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Botrytis cinerea Pers. is one of the major threats to grapevine, causing substantial losses in both yield and fruit quality. In light of the evolving regulatory frameworks and growing concerns over the use of chemical fungicides, the search for new green and affordable tools has become increasingly relevant. This study aims to investigate biochemical changes on grapevine induced by the application of UPSIDE® (U), a new yeast-based product developed for organic viticulture. Foliar spray applications of U were carried out once a week for three consecutive weeks on potted grapevines (U+), while other plants were sprayed with sterile water (U-). At the end of the treatments, half plants from each group were B. cinerea (Bc+)- or mock-inoculated (Bc-). Fully expanded leaves were sampled at 24 hours after each spray, and at 0-, 1-, 3-, 24- and 48-hours post inoculation (hpi), and then used for biochemical analysis and microscopic observations. In U+/Bc- plants, hydrogen peroxide levels increased at all analysis times (+50% on average), along with a 3-fold rise in ethylene/jasmonic acid (Et/JA) ratio at 3 hpi, in comparison to U-/Bc-. In U-/Bc+ plants, the Et/JA ratio remained high throughout the experiment, peaking at 48 hpi, while salicylic acid (SA) dropped at 1 hpi (more than 7-fold and –42%, respectively, compared to U-/Bc- ones). Similarly, U+/Bc+ plants showed increased levels of Et/JA ratio from 3 to 48 hpi and abscisic acid at 3 hpi (5- and 16-fold, respectively, compared to U-/Bc-), with a SA decrease at 1 hpi (–63%, in comparison to U-/Bc-). Microscopic observations revealed fully hyphal spread on U-/Bc+ leaves, while U+/Bc+ showed only slightly formed and misshaped germ tubes. Results confirmed the potential of U in triggering plant defense responses, thus protecting grapevine leaves against Bc.
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1 Introduction

Plant diseases have posed significant threats to farmers and stakeholders within all agricultural systems (O’Brien, 2017). Indeed, losses due to plant pathogens are not only referred as reduced yields, but they could be expanded in terms of low quality of crops and their products and high production costs (Reddy et al., 2024). The agricultural practices conventionally used for disease management take advantage of various approaches, including (i) plant breeding and genetic engineering for the development of tolerant/resistant genotypes, (ii) application of physical methods (exploiting heat treatments, UV radiation, modified/controlled atmosphere; Pisuttu et al., 2023; Santin et al., 2025), and (iii) agrochemicals distribution (which remains the most widely used strategy; Thambugala et al., 2020). In recent years, several chemical fungicides have been restrained due to the increasing concerns about environmental sustainability (i.e., their persistence and/or accumulation in the environment), increased acquired resistance in fungal strains and human health (McLaughlin et al., 2024). Therefore, there is an urgent need to replace unsustainable practices in agriculture, with growing interest in the biological control strategies.

Biological control (hereafter referred to as “biocontrol”) is a plant disease management strategy that involves the use of beneficial microorganisms and/or their metabolites, to suppress pathogens, boost plant defenses, and alter environmental conditions to reduce disease impact (He et al., 2021). Biocontrol approaches can be used alone or combined with an integrated strategy (Collinge et al., 2022). According to their modes of action, biocontrol agents (BCAs) can be classified into three categories: (i) pathogens suppressors, which develop a direct antagonism for space and nutrients competition, antibiosis or parasitism; (ii) defense activators, which enhance the plant’s own defense mechanisms; and (iii) ecological regulators, which modify the environment to favor natural enemies or competitors of pathogens (Raymaekers et al., 2020; Palmieri et al., 2022). The exogenous application of molecules, which could be either chemicals, plant or non-pathogenic and microbe extracts (such as filamentous fungi, bacteria, and yeasts), can activate internal plant alerting mechanisms. This occurs due to a specific plant phenotype named “induced resistance” (IR), which involves a decreased susceptibility following stimulation by external factors such as pathogens, insect herbivores, wounding, beneficial microbes, or chemical agents (De Kesel et al., 2021). Moreover, the IR phenotype includes both direct induction of defense responses (activated immediately upon contact with the IR stimulus) and primed defense responses (where defenses are triggered more quickly, strongly, or efficiently upon later exposure to a threat) (Mauch-Mani et al., 2017). A first general attempt in response to external stress factors involves the production of reactive oxygen species (ROS), with a special regard for hydrogen peroxide (H2O2), which usually contributes to the activation of a more sophisticated molecules crosstalk based upon pathogen nature recognition (Smirnoff and Arnaud, 2019; Shu et al., 2024). Thus, a second alerting defense layer, mostly represented by signaling molecules (principally phytohormones) such as ethylene (Et), salicylic, jasmonic and abscisic (SA, JA, and ABA) acids, is crucial for triggering pathogen-specific defense mechanisms (AbuQamar et al., 2017). In these terms, IR-elicitation represents an evolutive advantage in terms of energy investment to counteract infection processes (van Hulten et al., 2006). Consequently, IR induction could be considered a resilient strategy to exploit in the matter of crop protection and disease management (Urban et al., 2022).

An economically important trade in terms of plant yields is represented by the grapevine (Vitis vinifera L.) sector due to its extended cultivation for wine, distilled liquors, juice, table grapes and raisin production (FAO-OIV, 2016; Gambetta et al., 2020). The growth and productivity of V. vinifera varieties could be severely affected by many threats endangering both pre- and post-harvest. To cope with them and meet the quali-quantitative production standards, an intensive agrochemicals schedule is often required, leading winegrowers to frequently apply long-term fungicides (Provost and Pedneault, 2016; Pertot et al., 2017; Brulé et al., 2024). Among the most significant threats, Botrytis cinerea Pers. (Bc), a common polyphagous pathogen which represents the causal agent of grey mold, is well-known by winegrowers for its undesirable effects on grape berries (Toffolatti et al., 2020). Botrytis cinerea represents the cause of 20-50% yield grape loss in global viticulture (Fedorina et al., 2022) and, together with quantity, also berries quality is compromised due to the pathogen presence (Pertot et al., 2017). Even if the impactful effects are mostly recorded on fruits, other necrotic tissues, such as leaves and flowers, have been identified as potential inoculum sources (Fedele et al., 2020). Indeed, it is well established that if both humidity and temperatures are high during the vegetative season, the pathogen can prosper in the vineyard, and thus be preserved in soil, leaves and/or flowers (Toffolatti et al., 2020; Rahman et al., 2024). Consequently, active prevention of this pathogen may act as an important player in the grey mold-grapevine pathosystem to reduce the consequences of infection (Calvo-Garrido et al., 2014). Therefore, Bc control in vineyards usually involves the routine application of chemical fungicides at key growth stages (i.e., flowering, pre-bunch closure, veraison and before harvest; Altieri et al., 2024), combined with varying degrees of canopy management (i.e., bunch trash removal, leaf removal and mechanical thinning; Mundy et al., 2022). However, this approach overlooks the actual infection risk present in the field and contributes to the development of resistance to botryticides in Bc (González‐Domínguez et al., 2019). For this reason, Bc is considered a ‘high-risk’ pathogen for fungicide resistance development (Walker et al., 2017). Consequenlty, the existence of multi-resistant strains (Hahn, 2014), combined with the clear inefficiency of the major part of available chemicals (Jelenić et al., 2024) and the growing regulatory constraints in matter of plant protection products (Carisse and Heyden, 2025), is driving viticulture for request of new green and affordable tool to use against this pathogen as well.

Although progress has been made in biological control, the effectiveness of yeast-based formulations as resistance inducers in grapevine remains poorly understood. Therefore, the aim of this work was to study the potential of a new Saccharomyces cerevisiae Meyen extract formulate named “UPSIDE®” (U), developed by Kwizda Agro GmbH (ABE-IT 56, S. cerevisiae Stamm DDSF623, Kwizda Agro GmbH, Vienna, Austria; Scimone et al., 2024) as IR-inducer in V. vinifera-Bc pathosystem, by answering to the following questions: (i) Does U trigger biochemical defense responses in uninoculated grapevine leaves?, (ii) Does the signal similarly occur also in inoculated ones?, and (iii) Does U have any fungistatic/fungicidal effects on Bc?




2 Materials and methods

To determine the optimal in vivo application of U, bioassays were performed to assess its potential phytotoxic effects by evaluating leaf damage across increasing concentrations, while the U- direct antifungal activity against Bc mycelial growth was investigated by using the amended potato dextrose agar (PDA) method.



2.1 Leaf discs phytotoxicity assay

The potential phytotoxicity of U was visually evaluated on leaf discs following the method described by La Torre et al. (2014), with modifications. Forty leaf discs (Ø 2 cm) were excised from untreated leaves of V. vinifera cv. Sangiovese (clone F9-A5-48; rootstock 110 Richter) by using a cork borer. The discs were then surface sterilized with 0.5% sodium hypochlorite (v/v in water), followed by spraying with U solutions diluted in water at varying concentrations: 0.25 (suggested concentration), 0.5 and 1% (v/v). The suggested concentration was previously selected according to preliminary tests (see also Scimone et al., 2024). The double and quadruple concentrations were selected according to EPPO guidelines (EPPO, 2014). Leaf discs sprayed with only water were used as a control. After 24 h, the discs were observed under a stereomicroscope (Leica S9i, Leica, Wetzlar, Germany) to assess the presence of visible injuries related to phytotoxic effects. Ten leaf discs were used for each treatment.




2.2 In vitro evaluation of the antifungal activity of UPSIDE® on mycelium growth

A fungal strain of Bc (8335) stored in the fungal collection of the Department of Agriculture, Food and Environment (DAFE, University of Pisa) was grown on PDA (42 g L-1; BioLife, Milan, Italy) added with streptomycin sulfate (0.1 g L-1) in Petri dishes (Ø 9 cm) and incubated for 7 days at 23 °C and 12/12 h photoperiod. According to Scimone et al. (2025), the formulate was added to sterile PDA during solidification at the concentration of 2.5 mL L-1 (v/v), as suggested by the company. The microbiological medium, amended with sterile water at the same concentration, was used as control. Petri dishes (Ø 6 cm), containing the amended or control medium, were inoculated with a plug (Ø 0.6 cm) of an actively growing colony of Bc and measured daily until the control colony reached the edges. Ten independent replicates were performed for each treatment.




2.3 Plant material, inoculation with Botrytis cinerea and experimental conditions

In July 2022, 32 four-year-old plants of V. vinifera cv. Sangiovese, purchased from a local nursery, were placed in a greenhouse at San Piero a Grado (Pisa, Italy), which is owned by the DAFE. They were acclimated for 2 weeks under controlled conditions (temperature of 25±5 °C, relative humidity of 80±10% and photon flux density 530 µmol m-2 s-1 at plant height provided by incandescent lamps with light/darkness 12/12 h photoperiod) and kept well-watered. Temperature and RH were selected according to the optimum for Bc development, with minor modifications due to the plant needs and the phytotron used for the experiment (Fedele et al., 2020; Li et al., 2023). Subsequently, plants were divided into two groups: 16 grapevines were foliar sprayed with U (U+; 2.5 mL L-1, v/v in water, Scimone et al., 2024), once a week for three consecutive weeks, while the remaining 16 plants were sprayed with sterile water as control (U-). Fully expanded leaves from the two groups were sampled 24 h after each foliar application, to monitor the immediate plant response (24 h after the treatment resulted the time at which plants appeared more responsive at both biochemical and molecular level; Scimone et al., 2024). At the end of the treatments, eight plants of each group were transferred into plexiglass boxes (60×60×110 cm) under the same growth chamber conditions to proceed with the inoculation. For this purpose, a flask (0.5 L) of Bc liquid culture was obtained scratching conidia in a sucrose-yeast extract solution (2% and 0.05%, w/v in water, respectively), and maintained in an orbital homogenizer (711 CT, Asal, Milan, Italy) set at 150 rpm for 48 h at room temperature. The conidial concentration was measured through a hemocytometer (Henneberg-Sander, Giessen Lützellinden, Germany) and adjusted to 105 conidia mL-1. A sterile solution was used as control (mock inoculation). After the application by brush of carborundum powder to facilitate the infection, 5 mL of Bc spore suspension per plant was uniformly sprayed on V. vinifera leaf surfaces (Bc+). The remaining plants were brush-treated with the same carborundum powder and mock inoculated with sterile solution (Bc-). Thus, the 4 sets were named as follows: U-/Bc- (plants treated with sterile water and mock inoculated), U+/Bc- (plants treated with U and mock inoculated), U-/Bc+ (plants treated with sterile water and inoculated with Bc), and U+/Bc+ (plants treated with U and inoculated with Bc). Fully expanded leaves were harvested from five plants of each group at 0-, 1-, 3-, 24- and 48-hours post inoculation (hpi). At each time point, part of the sample was immediately used for microscopic observations and Et determination, while the remaining material was ground in liquid nitrogen and kept at -80°C until further biochemical analyses (Figure 1).

[image: Diagram showing two experimental setups for treating grapevine leaves. Panel a illustrates pre-inoculation treatments with UPSIDE® and control. Panel b shows post-inoculation with Botrytis cinerea and sampling times at 1, 3, 24, and 48 hours post inoculation for observations and analyses.]
Figure 1 | Schematization of experimental design. (a) Pre-inoculation: leaves of 32 plants of Vitis vinifera cv. Sangiovese were sprayed until runoff once a week for three consecutive weeks with sterile water (control; light blue circle) or UPSIDE® (blue circle). (b) Post-inoculation: after the pre-inoculation time frame, plants were mock- (control + mock, light blue circle; UPSIDE® + mock, blue circle) or Botrytis cinerea-inoculated (control + B. cinerea, filled light blue circle; UPSIDE® + B. cinerea, filled blue circle). hpi, hours post inoculation.




2.4 Oxidative stress markers

Hydrogen peroxide levels were quantified using the AmplexTM Red Hydrogen Peroxide/Peroxidase Assay Kit (Molecular Probes, Life Technologies Corp., Carlsbad, CA, USA), following the protocol described by Pisuttu et al. (2020). Frozen samples (50 mg) were extracted in 1 mL of 20 mM potassium-phosphate buffer (pH 6.5), incubated for 30 min at 25 °C in the dark. Then, H2O2 was determined by using a Victor3–1420 Multilabel Couter microplate reader (Perkin Elmer Inc., Waltham, MA, USA) at 530 and 590 nm for the excitation and emission of resorufin fluorescence, respectively, and plotted against a standard curve ranging from 0 to 20 μM H2O2.

Oxidative damage was assessed in terms of lipid peroxidation by performing the thiobarbituric acid-reactive-substances (TBARS) assay and checking for malondialdehyde (MDA) accumulation, as reported by Hodges et al. (1999), with minor modifications. Frozen samples (100 mg) were homogenized in 1 mL of 0.1% trichloroacetic acid (TCA; w/v, in water). A 200 µL sample aliquot was added to: i) 300 µL of 0.1% TCA (w/v, in water) and 500 ml of 20% TCA (w/v, in water); ii) 300 µl of 0.1% TCA (w/v, in water) and 500 µl of 0.5% thiobarbituric acid (w/v, in 20% TCA). Samples were then incubated for 30 min at 95 °C, then centrifuged at 10,000g for 10 min. The determination was performed with the same microplate reader previously reported at 532 nm and corrected for non-specific turbidity by the subtraction of 440 and 600 nm absorbance.

For each parameter, five biological replicates, technically repeated three times, were used.




2.5 Phytohormones

Ethylene emission was determined following the method described in Scimone et al. (2024). Fresh whole leaves (250 mg) were closed in 15 mL glass vials and, after a 2 h incubation, one mL of gas, taken from the headspace of each sample through a hypodermic syringe, was injected into an Agilent 8890B gas chromatograph equipped with an Agilent HP-PLOT/Q+PT capillary column (30 m × 0.32 mm; coating thickness 0.20 μm), and an Agilent 5977B single quadrupole mass detector (Agilent Technologies Inc., Santa Clara, CA, USA).

Jasmonic acid was determined according to the protocol of Modesti et al. (2023). Frozen samples (100 mg) were extracted with 1 mL of pure methanol (MeOH). After 30 min centrifugation at 13,000g, resulting supernatants were filtered and evaporated at 35 °C under a vacuum (RVC 2–25 CDplus, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode, Germany). The residues were re-suspended with 750 μL of ethyl acetate and injected into a GC-MS (previously described) equipped with an Agilent DB-5MS (UI) capillary column (30 m × 0.25 mm; coating thickness 0.25 μm).

Free and conjugated SA were determined following the method described in Scimone et al. (2024). Frozen samples (200 mg) were extracted with 1 mL of 90% MeOH (v/v, in water). After 15 min centrifugation at 10,000g, resulting supernatants were transferred, and the pellet was re-extracted in 0.5 mL of pure MeOH. Supernatants from both extractions were combined and left evaporated under vacuum at 35 °C. The residue was resuspended in 0.25 mL of 5% (w/v) TCA and partitioned twice using 0.8 mL of a 1:1 (v/v) mixture of ethyl acetate/cyclohexane. The upper phase containing free SA was concentrated under vacuum at 35 °C, while the lower aqueous phase with conjugated SA was hydrolysed by adding 0.3 mL of 8 N HCl and incubating at 80 °C for 1 h. The SA collected from each upper and lower phase was separately dissolved in 500 µL of 0.2 M sodium acetate buffer (pH 5.5), water (90%) and MeOH (10%). Separations were performed by an ultra-high pressure liquid chromatography (UHPLC) Dionex UltiMate 3000 system equipped with an Acclaim 120 C18 column (5 μm particle size, 4.6 mm internal diameter × 150 mm length; Thermo Scientific, Waltham, MA, USA), maintained at 40 °C, and a UltiMate™ 3000 Fluorescence Detector (Thermo Scientific, Waltham, MA, USA) with excitation at 305 nm and emission at 407 nm. The SA was eluted using 100% solvent (sodium acetate/MeOH, 90:10, v/v) for 20 min. The flow rate was 0.8 mL min-1.

Abscisic acid was determined using the Phytodetek® Immunoassay Kit for ABA (Agdia Elkhart, IN, USA), according to Pisuttu et al. (2023). Frozen samples (100 mg) were extracted with 1 mL of distilled water. After 30 min centrifugation at 13,000g, resulting supernatant was diluted 10 times. The determination of ABA was performed at 415 nm by using the same microplate reader, previously reported.

For Et determination, five biological replicates were used. Concerning all other analyses, five biological replicates, technically repeated three times, were used.




2.6 Microscopic observations

Botrytis cinerea hyphal structures developed in V. vinifera leaves were stained according to Modesti et al. (2023), to investigate the surface infection process after the inoculation. Tissue cuttings (1-cm) obtained through sampled leaves were boiled for 1.5 min in a mixture of 95% ethanol (v/v, in water):lactophenol cotton blue (2:1, v/v). After 48 h, samples were washed with distilled water and kept for 30 min in a chloral hydrate:water solution (2:1). Stained tissues were then fixed on glasses slides with 50% glycerol and visualized using an optical microscope (DM 4000® B led, Leica, Wetzlar, Germany). Photomicrographs were taken with a Canon PowerShot S50® camera (Canon Italia, Milan, Italy). For each treatment, a total of 20 sections were produced (four pieces for leaves, using five independent biological replicates).




2.7 Statistical analysis

Normal distribution of data was first assessed by the Shapiro-Wilk test. The effect of ‘treatment’ was investigated using a Student’s t-test for the data obtained at plant level at pre-inoculation stage. A two-way analysis of variance (ANOVA) was used to evaluate the effect of ‘treatment’, ‘time’ and their interaction on Bc mycelium growth, and at post-inoculation stage; Tukey’s HSD post hoc test was used for mean comparisons. A canonical discriminant analysis (CDA) was performed to evaluate the overall effect and differences of the hormones analyzed (i.e., Et/JA, SA, ABA and H2O2) among the experimental groups at post-inoculation stage. Then, Pearson’s correlation coefficient was assessed to identify which variables significantly contributed to group separation. Pearson’s correlation coefficient was calculated between individual variables and the scores of the first and second canonical functions, which explained 55.9 and 22.9% of the total variance, respectively. Differences were considered statistically significant at P ≤ 0.05. Statistical analyses were performed in JMP® Pro 14.0 (SAS Institute Inc., Cary, NC, USA) and SigmaPlot 12.5 (Sigmaplot. Ink, Systat Software Inc.).





3 Results



3.1 Phytotoxicity visual assessment

Microscopic observations provided a first assessment of the direct U-effect on V. vinifera cv. Sangiovese plants. Grapevine leaves treated with the recommended concentration (0.25%) and double of the recommended concentration (0.5%) showed no phytotoxic effects in comparison to the controls. Conversely, necrotic lesions were observed on both leaf surfaces following the application of the highest U concentration (1%; Figure 2).

[image: Four circular images show close-ups of a leaf surface. From left to right: Control, 0.25% UPSIDE, 0.5% UPSIDE, and 1% UPSIDE. Each displays varying levels of brightness and leaf texture, suggesting differences in treatments. Scale bar indicates 0.3 centimeters.]
Figure 2 | Visual assessment of phytotoxic effects on Vitis vinifera cv. Sangiovese leaf discs sprayed with water (Control) and UPSIDE® at 0.25, 0.5 and 1% (v/v in water).




3.2 UPSIDE® in vitro antifungal activity

The two-way ANOVA showed that the effects of ‘treatment’, ‘time’ and their interaction were significant in evaluating the antifungal activity of U on Bc mycelial growth (Figure 3). Notably, U-amended PDA caused strong inhibition of fungal growth at both 48 and 72 h (–31 and –36%, respectively, in comparison to the control). No significant differences were observed at 24 h.

[image: Petri dishes display mycelial growth under control and UPSIDE® treatments at 0, 24, 48, and 72 hours, with visible differences in fungal spread. Below, a bar chart compares mycelial growth in centimeters over time, indicating significant differences between treatments, times, and their interaction, denoted by asterisks. Bars labeled a to e signify statistical differences.]
Figure 3 | Mycelial growth of Botrytis cinerea in Potato Dextrose Agar added with water (Control; white bar) and UPSIDE® (grey bar). Data are shown as mean±standard deviation (n = 10). The results of a two-way analysis of variance (with ‘treatment’ and ‘time’ as variability factors) have been reported (***P ≤ 0.001). Different letters indicate significant differences among means according to Tukey’s HSD post hoc test.




3.3 Levels of oxidative stress markers and hormones at pre-inoculation stage

At 24 h after the first weekly treatment U+-treated leaves showed higher values of H2O2 and MDA than U- ones (+50 and +15%, respectively; Table 1). No significant differences were observed in relation to Et/JA ratio, SA and ABA contents. At 24 h after the second weekly treatment, U+ leaves recorded higher concentrations of H2O2 (+86%), and lower levels of both Et/JA ratio and SA (–46 and –49% in comparison to U- ones). No significant differences were observed regarding the remaining compounds (i.e. MDA and ABA). At 24 h after the third weekly treatment, only H2O2 values were recorded to significantly increase (+46%, in comparison to U- ones).


Table 1 | Weekly variation in hydrogen peroxide (H2O2), malondialdehyde (MDA), ethylene (Et) and jasmonic acid (JA) ratio, salicylic acid (SA) and abscisic acid (ABA) contents (expressed as fresh weight, FW) in Vitis vinifera cv.
	
	1st week of treatment
	2nd week of treatment
	3rd week of treatment


	Parameter
	U-
	U+
	P
	U-
	U+
	P
	U-
	U+
	P



	H2O2 (nmol g-1 FW)
	120±5
	180±3
	***
	117±2
	217±1
	***
	106±3
	135±3
	**


	MDA (nmol g-1 FW)
	20±1
	23±1
	**
	24±1
	25±3
	ns
	22±2
	28±1
	ns


	Et/JA (nl µg-1 h-1 FW)
	0.22±0.01
	0.17±0.02
	ns
	0.15±0.01
	0.08±0.01
	***
	0.14±0.01
	0.13±0.01
	ns


	SA (µg g-1 FW)
	3.5±0.4
	3.9±0.1
	ns
	4.9±0.2
	2.5±0.2
	***
	1.8±0.1
	1.7±0.2
	ns


	ABA (ng g-1 FW)
	256±57
	203±42
	ns
	158±12
	150±19
	ns 
	200±22
	144±17
	ns





Sangiovese leaves treated with water (control, U-) and UPSIDE® (U+) throughout the whole period of the experiment. Data are shown as mean±standard error (n = 5). In each row, P-values of Student’s t-test (U- vs U+) are shown for each week of treatment (***P ≤ 0.001, **P ≤ 0.01, ns P > 0.05).






3.4 Levels of oxidative stress markers and hormones at post-inoculation stage



3.4.1 Hydrogen peroxide content and lipid peroxidation

The effect of ‘treatment’, ‘time’ and their interaction was significant for H2O2 and MDA contents (Table 2). At 0 hpi, H2O2 levels did not statistically change among the different plant groups (Figure 4A). At 1 hpi, only H2O2 levels of U+/Bc+ plants were lower than U-/Bc- and U-/Bc+ (–16% on average; Figure 4B). At 3 hpi, a slight increase in U+/Bc- plants was observed in comparison to U-/Bc- and U-/Bc+ ones (+24 and +12%; Figure 4C). At 24 hpi, H2O2 reached higher values in U+/Bc- plants (+45%, in comparison to U-/Bc- and U-/Bc+, and +72% in comparison to U+/Bc+), while lower levels in U+/Bc+ (–16%, averagely, in comparison to both U-/Bc- and U-/Bc+, and –42% in comparison to U+/Bc-; Figure 4D). At 48 hpi, the trend was maintained for U+/Bc-, which increased over time in comparison to 0 hpi (+24, +49 and +79%, respectively) and reached the peak and maximum values recorded throughout the experiment (+56% on average, in comparison to U-/Bc-, U-/Bc+ and U+/Bc+; Figure 4E). Not other intense changes were observed over time, but minor statistical variations were observed at 48 hpi in U-/Bc- in comparison to 0 hpi (+19%; Figure 4E), and at 3 and 48 hpi in U+/Bc+, in comparison to 0 hpi (+6 and +12%; Figures 4C, E).


Table 2 | P levels (*** P ≤ 0.001, ** P ≤ 0.01, * P ≤ 0.05) of the two-way analysis of variance for the effects of ‘treatment’, ‘time’ and their interaction ‘treatment × time’ on hydrogen peroxide (H2O2), malondialdehyde (MDA), ethylene/jamonic acid (Et/JA) ratio, salicylic acid (SA) and abscisic acid (ABA) in Vitis vinifera cv. Sangiovese leaves treated with water or UPSIDE®, inoculated with Botrytis cinerea or treated with UPSIDE® and inoculated with B. cinerea.
	Parameter
	Treatment
	Time
	Treatment × Time



	H2O2 (nmol g-1 FW)
	***
	***
	***


	MDA (nmol g-1 FW)
	***
	***
	***


	Et/JA (nl µg-1 h-1 FW)
	***
	***
	***


	SA (µg g-1 FW)
	**
	***
	**


	ABA (ng g-1 FW)
	*
	***
	***







[image: Bar graph showing levels of hydrogen peroxide (H₂O₂) in millimoles per gram of fresh weight across five conditions: Control, UPSIDE, Botrytis cinerea, and UPSIDE plus Botrytis cinerea at various hours post-inoculation (hpi). Each panel (A to E) represents different time intervals: 0, 1, 3, 24, and 48 hpi. Bars are labeled with letters indicating statistical differences, with increasing levels noted over time in the UPSIDE and Botrytis treatment groups. The legend clarifies the pattern and shading for each condition.]
Figure 4 | Variation in hydrogen peroxide (H2O2) content in Vitis vinifera cv. Sangiovese leaves treated with water (control, white bar), UPSIDE® (grey bar), inoculated with Botrytis cinerea (white filled bar), treated with UPSIDE® and inoculated with B. cinerea (grey filled bar). At least five plants were sampled at 0- (A), 1- (B), 3- (C), 24- (D) and 48 (E) hours post inoculum (hpi). Data are shown as mean ± standard error (n = 5).  In each graph, different letters indicate significant differences among means according to Tukey’s HSD post hoc test. FW, fresh weight.

At 0 hpi, MDA values did not statistically change among the different plant groups (Figure 5A). At 1 hpi, MDA content increased in U-/Bc+ and U+/Bc+ in comparison to U-/Bc- ones (more than 2-fold and +87%, respectively; Figure 5B). At 3 hpi, MDA levels increased only in U-/Bc+ plants (+53%, in comparison to U-/Bc- ones; Figure 5C). Similarly, the content of MDA was higher in U-/Bc+ leaves in comparison to U+/Bc- and U+/Bc+ ones (+80%, as average) at 24 hpi, and in comparison to all other groups at 48 hpi (+61%, averagely; Figures 5D, E). Significant differences over time were observed in U-/Bc+ plants throughout the experiment if compared to the results observed at 0 hpi (+51%, averagely; Figure 5). Overall, the results regarding oxidative stress indicated that U, alone, led to the increase of H2O2 values over time and in comparison to controls, while in U+/Bc+ the values tended to be lower at certain times (1 and 24 hpi); MDA increased from 1 hpi in U-/Bc+, until the end of the experiment, while in U+/Bc+ it increased only at 1 hpi.

[image: Bar graphs labeled A to E, each depicting MDA levels in nmol/g FW measured at different hours post-inoculation (0, 1, 3, 24, and 48). The conditions include Control, UPSIDE, Botrytis cinerea, and UPSIDE with Botrytis cinerea. Each bar in the graphs is annotated with letters representing statistical significance. The highest MDA levels are observed in condition “UPSIDE + Botrytis cinerea” at 48 hours post-inoculation.]
Figure 5 | Variation in malondialdehyde (MDA) content in Vitis vinifera cv. Sangiovese leaves treated with water (control, white bar), UPSIDE® (grey bar), inoculated with Botrytis cinerea (white filled bar), treated with UPSIDE® and inoculated with B. cinerea (grey filled bar). At least five plants were sampled at 0- (A), 1- (B), 3- (C), 24- (D) and 48 (E) hours post inoculum (hpi). Data are shown as mean ± standard error (n = 5).  In each graph, different letters indicate significant differences among means according to Tukey’s HSD post hoc test. FW, fresh weight; hpi, hours post inoculum.




3.4.2 Hormones content

The effect of ‘treatment’, ‘time’ and their interaction was significant for all the examined hormones (Table 2). No changes were observed at either 0 or 1 hpi (Figures 6A, B). However, at 3 hpi, the Et/JA ratio was significantly higher in U+/Bc-, and even more in both Bc+ plants (more than 3- and 5-fold, on average, in comparison to U-/Bc- ones; Figure 6C). At 24 hpi, Et/JA reached a peak in U-/Bc+ and U+/Bc+ plants (more than 3- and 7-fold than U-/Bc- ones; Figure 6D). Similarly, inoculated plants, regardless of the U treatment, showed an increase of Et/JA ratio also at 48 hpi (more than 7- and 5-fold, respectively for U-/Bc+ and U+/Bc+, in comparison to uninoculated plants; Figure 6E). Significant changes over time were observed in the different plant groups, in comparison to 0 hpi. The Et/JA ratio decreased in U-/Bc- at both 3 and 48 hpi (–76 and –63%; Figures 6C, E), and in U+/Bc- at 48 hpi (–62%; Figure 6E). Conversely, the values increased in U-/Bc+ and U+/Bc+ at 24 and 48 hpi (2- and more than 2-fold in U-/Bc+, more than 6- and more than 2-fold in U+/Bc+, respectively; Figures 6D, E).

[image: Bar charts labeled A to E show Et/JA values over time intervals: 0, 1, 3, 24, and 48 hours post-inoculation (hpi). Different treatments are represented by distinct bar patterns: Control, UPSIDE, Botrytis cinerea, and UPSIDE + Botrytis cinerea. Statistical significance is indicated by letters above bars, with changes more pronounced at 24 and 48 hpi. A legend at the bottom right explains the bar patterns.]
Figure 6 | Variation in ethylene/jasmonic acid (Et/JA) ratio in Vitis vinifera cv. Sangiovese leaves treated with water (control, white bar), UPSIDE® (grey bar), inoculated with Botrytis cinerea (white filled bar), treated with UPSIDE® and inoculated with B. cinerea (grey filled bar). At least five plants were sampled at 0- (A), 1- (B), 3- (C), 24- (D) and 48 (E) hours post inoculum (hpi). Data are shown as mean ± standard error (n = 5). In each graph, different letters indicate significant differences among means according to Tukey’s HSD post hoc test. FW, fresh weight; hpi, hours post inoculum.

At 0 hpi, all plant groups showed similar SA levels (Figure 7A). At 1 hpi, SA levels were lower in U-/Bc+ and in U+/Bc+ in comparison to U-/Bc- plants (–42 and –63%, respectively; Figure 7B). No other changes were observed due to inoculation or treatment at separate analysis time (see Figure 7C), while minor variations were observed throughout the experiment and in comparison to 0 hpi. The SA levels decreased at 24 and 48 hpi in U-/Bc- (-80%, as average, in comparison to all other time; Figures 7D, E). A decrease of SA was observed also in U+/Bc-, U-/Bc+, and U+/B+ at 24 and 48 hpi in comparison to the level recorded at 0 hpi (–60, –73 and –80%, as average). Abscisic acid content did not change at 0 hpi (Figure 8A). It notably increased at 1 hpi only in U-/Bc+ (more than 2-fold, on average, in comparison to the other treatment combinations; Figure 8B). A great peak was observed in U+/Bc+ at 3 hpi (more than 19-fold higher than U-/Bc-, U+/Bc- and U-/Bc+; Figure 8C). At 24 hpi, ABA decreased in U-/Bc+ (–95%, averagely, in comparison to uninoculated plants) and in U+/Bc+ (–72% than U-/Bc-; Figure 8D). At 48 hpi, ABA content in U+/Bc- and U+/Bc+ plants resulted higher than U-/Bc+ ones (8-fold higher, on average; Figure 8E). Over time, ABA never changed in controls, but it increased in comparison to 0 hpi in U+/Bc- at 48 hpi (3-fold; Figure 8E), in U-/Bc+ at 1 hpi (more than 2-fold) and in U+/Bc+ at both 3 and 48 hpi (more than 8-fold and 4-fold higher, respectively; Figures 8B, C, E). No significant differences were recorded in the remaining sampling times.

[image: Bar chart showing salicylic acid (SA) content in micrograms per gram fresh weight across five time points (0, 1, 3, 24, and 48 hours post inoculation). Panels A to E represent different time points. Each panel compares four treatments: Control, UPSIDE, Botrytis cinerea, and UPSIDE + Botrytis cinerea. Error bars and letter notations indicate statistical significance. A key at the bottom right details the treatment legend.]
Figure 7 | Variation in salicylic acid (SA) content in Vitis vinifera cv. Sangiovese leaves treated with water (control, white bar), UPSIDE® (grey bar), inoculated with Botrytis cinerea (white filled bar), treated with UPSIDE® and inoculated with B. cinerea (grey filled bar). At least five plants were sampled at 0- (A), 1- (B), 3- (C), 24- (D) and 48 (E) hours post inoculum (hpi). Data are shown as mean ± standard error (n = 5). In each graph, different letters indicate significant differences among means according to Tukey’s HSD post hoc test. FW, fresh weight; hpi, hours post inoculum.

[image: Bar charts labeled A to E compare abscisic acid (ABA) levels across various treatments at different hours post-inoculation (hpi): 0, 1, 3, 24, and 48. Four treatments are shown: Control, UPSIDE™, *Botrytis cinerea*, and UPSIDE™ + *Botrytis cinerea*. Chart C shows significantly higher ABA levels at 3 hpi for the UPSIDE™ + *Botrytis cinerea* treatment. Statistical significance is indicated by differing labels above bars.]
Figure 8 | Variation in abscisic acid (ABA) content in Vitis vinifera cv. Sangiovese leaves treated with water (control, white bar), UPSIDE® (grey bar), inoculated with Botrytis cinerea (white filled bar), treated with UPSIDE® and inoculated with B. cinerea (grey filled bar). At least five plants were sampled at 0- (A), 1- (B), 3- (C), 24- (D) and 48 (E) hours post inoculum (hpi). Data are shown as mean ± standard error (n = 5). In each graph, different letters indicate significant differences among means according to Tukey’s HSD post hoc test. FW, fresh weight; hpi, hours post inoculum.

In summary, data regarding hormones highlighted a small increase in the Et/JA ratio at 3 hpi in all plant groups, but the most relevant variations were observed in U-/Bc+ and U+/Bc+ at 24 and 48 hpi; no particular peaks were observed in SA content, which, by contrast decreased over time; ABA content increased firstly in U-/Bc+ plant (1 hpi) and, subsequently, in U+/Bc+ a great peak was detected at 3 hpi.





3.5 Canonical discriminant analysis and Pearson’s correlation

A CDA was performed to evaluate whether, and how, the measured variables differentially influenced the different groups across different sampling times and to assess the extent to which these variables aligned with hormones analyzed (Et/JA, SA, ABA and H2O2; Figure 9). While the overall trend of the CDA revealed a limited segregation among the majority of groups, a distinct separation within the multivariate hyperspace was observed between U+/Bc+ at 24 hpi and U+/Bc- at 48 hpi, and between U+/Bc+ at 24 hpi and other groups, included U+/Bc- at 24 hpi. These clusters were primarily associated with Bc infection, regardless of the U treatment and, secondarily, the time of analysis. This differentiation was outlined by Can 1, which explained 55.9% of the total variation. By contrast, based on Can 2, on the y-axis of the plot, which explained 22.9% of the total variation, the main clusters are correlated with the application of U, regardless of the fungal inoculation and time of analysis, as demonstrated by the hyperspace distance detected between U-/Bc- at 3 hpi and U+/Bc- at 48 hpi. Moreover, Pearson’s correlation coefficients based on the CDA scores showed a strong positive correlation between the Et/JA ratio and Can 1, as between SA and Can 2, and between H2O2 and both Can 1 and Can 2 (Table 3).

[image: Scatter plot with two axes labeled “Can 1 (55.9%)” and “Can 2 (22.9%),” featuring data points grouped into colored circles. Circles are labeled with combinations like “U-/Bc+24” and “U+/Bc-48.” A legend on the right maps symbols and colors to these labels.]
Figure 9 | Two-dimensional scatterplot related to the Canonical Discriminant Analysis (CDA) performed on individual replicates, showing the separation of experimental groups based on hormones analyzed (Et/JA, SA, ABA and H2O2). Can 1, canonical function 1; Can 2, canonical function 2.


Table 3 | Pearson’s correlation coefficients (r) between individual variables (hormones, i.e. Et/JA, SA, ABA and H2O2) and the first canonical function scores from the Canonical Discriminant Analysis (CDA).
	
	Pearson coefficient (|r|)


	
	Can 1
	Can 2



	Et/JA
	0.94***
	0.20


	SA
	0.27
	0.71**


	ABA
	0.23
	0.30


	H2O2
	0.69*
	0.61*





*0.5 > |r| > 0.7; **0.7 > |r| > 0.9; ***0.9 > |r| > 1.






3.6 Microscopic observations

Microscopic observations allowed a first evaluation of the effective penetration of Bc in different areas of the leaves. In U-/Bc- and U+/Bc- plants, any stained fungal structure of Bc was observed, as expected (Figure 10). In U-/Bc+ plants, germ tubes emerged from conidia and elongated starting from 24 hpi. Their hyphae spread throughout leaf tissues until the end of the experiment. Even if similar structures were found in U+/Bc+, germ tubes resulted slightly formed and hyphae marginally spread over the leaves. The observed outcomes suggest an effect due to the U application.

[image: Microscopic images show plant tissue samples at various time points, labeled “hpi” for hours post-inoculation: 1, 3, 24, and 48. Four conditions are displayed: U-/Bc-, U+/Bc-, U-/Bc+, U+/Bc+. Each condition shows changes in cell microscopy images across the time points. Small scale bars are present.]
Figure 10 | Leaves of Vitis vinifera cv. Sangiovese colored with lactophenol-cotton blue and observed in an optical at 1, 3, 24 and 48 hours post inoculation (hpi) of each treatment. From up to bottom: leaves treated with water (U-/Bc-), with UPSIDE® (U+/Bc-), inoculated with Botrytis cinerea (U-/Bc+), treated with UPSIDE® and inoculated with B. cinerea (U+/Bc+). Bar = 50 µm.





4 Discussion

Defense priming is widely recognized as a highly cost-effective and efficient strategy of IR, enabling plants to conserve metabolic resources by avoiding unnecessary defense activation. Unlike constitutively expressed defenses, priming is typically associated with reduced fitness costs, supporting its role as an adaptive ecological mechanism that facilitates rapid and efficient responses to environmental stressors (Devi et al., 2023). However, elucidating the exact mechanism of action of a IR-inducer remains challenging, as it requires multiple analyses that are often labor-intensive and time-consuming. In Scimone et al. (2024), we conducted a greenhouse experiment to uncover the specific defense signals activated by U (so far named “yeast extract-based product”) in healthy grapevines both at biochemical and molecular levels. Our findings revealed a triggered JA-ABA mediated response and the up regulation of specific genes (chit1b, pr2, hsr1). Building on this previous work, the present study aimed to assess the efficacy of the yeast-inert-fraction based product as defense priming against Bc, and investigating again plant responses both prior to inoculation, and during the early stages following Bc inoculation, to better understand the dynamics of priming under biotic stress.

The first question to answer was: “Does U trigger biochemical defense responses in uninoculated grapevines at foliar level?”. In this study, U application in non-inoculated plants clearly induced a reduction of SA content at 24 h post treatment during the second week of experiment, an increase of H2O2 levels throughout the experiment, and a concomitant rise of Et/JA ratio. These results are supported by our previous findings (Scimone et al., 2024) and confirm the absence of SA involvement among the defense pathways. The decrease of this signaling molecule together with the accumulation of H2O2 suggests its crucial role as a regulator of cell survival to counteract ROS accumulation through the activation of phenylpropanoids pathway (Pellegrini et al., 2016; Ali, 2021; Dumanović et al., 2021). Concomitantly, the overall increase of H2O2 should not be considered as the consequence of a stressful event, but mostly as an activator of signaling cascade in plant defensive pathway (Černý et al., 2018; Smirnoff and Arnaud, 2019). Indeed, even if its presence is remarkably high throughout the U application time, unchanged MDA values (parameter always associated with lipid peroxidation due to oxidative stress; Toral et al., 2020) were observed at the end of the three weeks treatment, thus reflecting any detrimental effect due to the product application. A similar trend for H2O2 was found in U+/Bc- plants included among the post inoculation set, by showing an increase of this signaling molecule starting from 3 hpi until the end of the experiment. This further highlights the pivotal role of this molecule, whose effect endures due to its accumulation and the resulting signaling activity even 24 h after the final recommended treatment. Notably, the accumulation of H2O2 underscores its function as a key of mediator cell-to-cell signaling during plant priming and the enhancement of defense responses following the application of U. Again, this occurs without inducing phytotoxic effects or membrane damage, as evidenced by unchanged MDA levels. In a similar manner to Nie et al. (2017), who investigated the use of Bacillus cereus AR156 as an inducer of induced systemic resistance in Arabidopsis thaliana against Pseudomonas syringae, the role of H2O2 was emphasized as a key activator of the downstream signaling cascade. This activation leads to the engagement of both Et and JA pathways, often represented as a ratio due to their high level of interconnection, as Et can stimulate JA biosynthesis and viceversa. These pathways are particularly important for resistance against necrotrophic pathogens (Xue et al., 2021; Mazuecos-Aguilera et al., 2025). Here, the present but transient activation of the Et/JA ratio observed at 3 hpi in U+/Bc- plants indicates these hormones may be involved at early stages in U-priming-induced signaling responses. Therefore, the specific contribution of Et alone should be assessed at earlier time points following treatment (i.e., within the first two minutes; data not shown). In this context, it can be stated that U+/Bc- plants acquired a form of preventive ‘training’. The activation of ABA at different time points supports the ability of the treatment to induce a primed physiological state. This enhanced status enables U-treated plants to more effectively allocate resources when faced with biotic challenges (Vos et al., 2015; Shigenaga et al., 2017; Puccioni et al., 2025).

Consequently, the second question was: “Does the signal similarly occur also in inoculated ones?”. The presence of Bc remarkably stimulated the Et/JA ratio throughout the experiment in U-/Bc+ plants, while a decrease of SA was observed at 1 hpi. These results are consistent with existing literature, which identifies the Et/JA-mediated pathway as a key player responsible for the modulation of the necrotrophic infection at an early stage, while repressing SA signal (as those molecules usually act antagonistically; Li et al., 2019; De Bona et al., 2021; Wang et al., 2021). Moreover, the increase in ABA content at 1 hpi suggests an initial attempt by the plant to avoid Bc passive penetration, as the presence of this phytohormone is frequently linked to stomatal closure, which can be determinant to prevent pathogen invasion during the first stages of infection (Du et al., 2024). However, this necrotrophic fungus also owns the ability to actively infect and colonize the tissue through appressorium-like structures which produce phytotoxins and cell-wall-degrading enzymes, while interfering with the host metabolism and determining ROS accumulation in planta (Haile et al., 2017; Liu et al., 2019; Modesti et al., 2023). Increased MDA content was recorded throughout the experiment, confirming the infectious process was onsite (Cela et al., 2018). Similar trends were observed in U+/Bc+ plants, where elevated Et/JA ratio and reduced SA levels were also observed. It is worth noting that the timing of signal activation appears crucial to repress a specific infectious disease. Near to this, the great peak of Et/JA in U+/Bc+ at 24 hpi, preceded by Et/JA-ABA interplay, may have a role in the reinforcement of chemical and physical barriers, which resulted in reduced fungal development one day after the inoculation (as confirmed by microscopic observations). Overall, it is also important to note that the different variations observed over the course of the experimental time points may be influenced by two main factors. The first is the circadian rhythm, which is known to regulate plant susceptibility to numerous pathogens and insects and has been extensively studied in model plants (e.g., Arabidopsis thaliana) and modulates the defense-related hormones as JA and SA (Venkat and Muneer, 2022). The second factor is the fungal development, which in turn can be influenced by its circadian clock or the application of a treatment, consequently triggering plant responses, either early or delayed (Hevia et al., 2015; Ingle et al., 2015). At 48 hpi, once the apparent risk of infection seemed reduced and conidial germination was modified, the signal appeared not so evident as in emergency-stage. To evidence that, precisely at 24 hours, the group in question is clearly distant both from most of the groups and especially from the clusters that, within the same time range, were only inoculated (and not U-treated). Conversely, when U is not applied, the crosstalk between the different hormones, later activated, did not stop the Bc growth, thus limiting the success of an effective plant resistance. The increased but transient ABA levels were also observed in our previous work (Scimone et al., 2024) and further confirm this phytohormone-related priming effect due to product application. Additionally, at the end of the trial unchanged MDA values were observed, thus suggesting the mitigatory activity of U in alleviating Bc induced damages. Similar outcomes resulted from the application of other biocontrol agents such as B. velezensis, Streptomyces pratensis, Trichoderma harzianum in strawberry and tomato, respectively (Lian et al., 2017; Toral et al., 2020; Geng et al., 2022).

Lastly, the third question aimed to answer was: “Does U have any fungistatic/fungicidal effects on Bc?”. Here, the observations made through in vitro test confirmed the direct inhibition that U determined on Bc-mycelium growth. Similarly, at the optical microscope it was revealed Bc grew during the time over the U-/Bc+ leaves surface, while the fungus hyphae presumably stopped growing, due to their misshaped appearance, on the U+/Bc+ ones. It is well documented living yeasts application can directly affect Bc mycelium growth, through the production of killer toxins or cell wall-degrading enzymes among with volatile organic compounds emission (Santos et al., 2004; Lopes et al., 2015; Maluleke et al., 2022). However, few have been recorded for yeast-inert-fraction based products so far. According to Sun et al. (2018), the presence of chitin, a polysaccharide polymer with an important structural role within the yeast cell wall, could play a key role in terms of antifungal activity as its application was proved to be efficient against Bc on tomato fruits. Moreover, in De Bona et al. (2021) work, chitosan, a chitin derivate, manifested a direct fungistatic effect against Bc inoculated on amended PDA. In addition, chitosan already showed strong capability to control Bc germination, in a dose-dependent manner, disrupting fungal cell membrane (by affecting the electrostatic balance of phospholipids), and, consequently, inhibiting nucleic acid synthesis (Reglinski et al., 2010; Kim et al., 2019). Thus, U, not only determines the activation of defense system at leaf level but also owns antifungal properties due to its composition. Consequently, this highlights its dual mode of action against Bc: an indirect action due to the induction of plant resistance and a direct fungistatic effect.

This raises an additional question regarding the specific focus of our work: “Is the reduction in Bc mycelial growth induced by U primarily due to its antifungal activity or its IR-inducing effect?”

Based on the tests performed, it is not possible to attribute the observed reduction in Bc to a single mode of action of U.

Although similar products have been extensively studied by other researchers, this aspect has not been directly addressed. Evidence indicates that chitosan application promotes the accumulation of secondary metabolites—such as stilbene phytoalexins (trans- and cis-resveratrol, and ϵ-viniferins)—and enhances chitinase and β-1,3-glucanase activities. These compounds exhibit broad-spectrum antimicrobial activity at physiological concentrations by activating resistance to Bc and thereby reducing mycelial development in grapevine leaves. However, the study by Aziz et al. (2006) suggested that the overall reduction in Bc growth was not directly caused by the active compound’s inhibitory effect on the pathogen itself.

In our study, given the demonstrated dual mode of action of U, the observed decrease in Bc mycelial growth on leaf surfaces likely results from the additive interaction between its direct antifungal and indirect IR-inducing effects. Further targeted research is needed to clarify and quantify the relative contributions of each mechanism to the overall protective response.

The outcomes of this study represent a forward step in the field of vineyard disease management, as U can satisfy the demand for new alternative products to use against Bc. Indeed, as reported from the last research trends highlighted by selected keywords on Scopus, there is consistent and growing interest in developing new sustainable alternatives to exploit in Bc management. The clusters generated from the 90 documents reported show that, in 20 years, the interest shifted from studies focused merely on the grapevine and Bc itself, to applicative works which rely on applied prevention and control approaches using BCAs.

In conclusion, the efficacy of U against grey mold was proved. Biochemical analyses showed that the tested formulate can stimulate increasing levels of key hormones implied in the defense system pathways such as Et/JA, ABA and H2O2, at early stages, both alone and within the presence of biotic challengers such as Bc (preventive and curative effect). Thus, confirming the ability of the product to induce IR as mode of action. Moreover, the product determined changes in the fungus hyphal structure, suggesting its efficacy also in terms of fungistatic effect. This is a pivotal goal in the development of emerging new techniques and novel methods to control grapevine diseases, by offering an alternative to the use of traditional chemicals in viticulture. Nonetheless, additional research is necessary to comprehensively assess the efficacy of U across another grapevine related pathosystems, and to elucidate the involvement of the signaling molecules at the biochemical and molecular level.
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