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Abstract: Induced resistance (IR) based on elicitors application aims to strengthen plant defenses,
rather than directly targeting pathogens. These compounds are less toxic than conventional pesticides
and are useful in reducing their use. Strategies based on COS–OGA, Swinglea glutinosa, and low
copper doses were tested in this three-year (2021–2023) field investigation against grapevine downy
(DM) and powdery (PM) mildew. Their effectiveness was compared to copper, sulfur, untreated, and
water-sprayed plants in a naturally infected vineyard. Combined treatments provided higher levels of
protection. COS–OGA at 2 L ha−1 combined with low copper doses and an adjuvant protected canopy
and production from both DM and PM at the same level as copper and farm application (based
on copper and sulfur). In favorable seasons, 2023 for DM and 2022 for PM, this strategy reduced
the DM McKinney Index compared to untreated plants by 74% and 39% on leaves and bunches,
respectively. Reductions observed for PM were 85% on leaves and 46% on bunches. S. glutinosa
showed reductions only in one assessment against PM on bunches. This work validates IR-based DM
and PM management strategies under field conditions and paves the way toward concrete reduction
in copper and sulfur use in vineyards.

Keywords: induced resistance; grapevine disease; COS–OGA; Swinglea glutinosa; copper; sulfur

1. Introduction

The application of conventional fungicides is still the main strategy to prevent and
control fungal diseases that can severely impact crop yield and quality. These chemicals
act by directly inhibiting fungal growth, protecting plants, and ensuring crop productivity
and profitability [1]. However, severe limitations have been introduced on the use of plant
protection products (PPPs) in Europe, disorienting farmers that need tools to protect their
crops. In viticulture, restrictions have been recently placed on key compounds with the EU
Regulations 2018/1981 and 2020/2087, which limited the use of copper to 4 kg ha−1 per year
on average and banned mancozeb, respectively [2,3]. The repeated use of chemicals that
act directly on target organisms can even lead to the development of fungicide resistance in
pathogen populations. The ongoing challenge lies in balancing the benefits of fungicide
use with human health considerations and potential ecological impacts [4]. The Food
and Agriculture Organization of the United Nations (FAO), United Nations Environment
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Programme (UNEP), World Organization for Animal Health (WOAH), and World Health
Organization (WHO) are cooperating to mitigate the impact of present and future health
challenges. The concept of “One Health”, introduced recently, is an integrated and unifying
approach that aims to sustainably balance and optimize the health of people, animals, and
ecosystems. One Health recognizes the strong link between the health of humans, animals,
plants, and ecosystems, urging policy-making and cross-sector collaboration to ensure food
safety and maintain sustainable food production [5]. In this context, the development of
more sustainable strategies aiming at addressing these concerns while maintaining effective
crop disease control is needed.

Induced resistance (IR) in crop disease management consists of activating the plant’s
own defense mechanisms against organisms that cause diseases [6] and represents a crop
protection approach aligned with the “One Health” actions. This proactive defense can
be achieved by applying elicitors, which are substances that stimulate plant resistance
pathways [1]. Synthetic elicitors often originate from natural sources and exhibit lower
environmental impacts compared to conventional PPPs. IR enhances the plant’s ability to
resist or tolerate pathogen infections, at least under controlled environments, by triggering
the production of defensive compounds such as phytoalexins and pathogenesis-related
proteins [7]. Compounds involved in cell wall reinforcement and in the hypersensitive
response can also be produced due to the induction of specific defense-related genes [8].
The best-known and most studied forms of IR are systemic acquired resistance (SAR)
and induced systemic resistance, which can be distinguished based on the resistance
inducer and the regulatory pathways activated [9]. The presence of pattern recognition
receptors in plant cell membranes allows the detection of pathogens due to microbe-
associated molecular patterns (MAMPs) or host-derived damage-associated molecular
patterns (DAMPs) [10]. EU Regulation 1107/2009 introduced new categories of active
ingredients for PPPs to better classify new compounds with innovative modes of action
and lower environmental impact, such as low-risk active substances. The first low-risk
active substance authorized in Europe (EU Regulation 543/2015) was a patented complex
of chito-oligosaccharides and oligogalacturonides, named COS–OGA. This compound is
a strong elicitor that combines the effects of MAMPs and DAMPs thanks to the COS and
pectin-derived OGA parts, respectively [11]. COS–OGA acts by activating SAR processes,
but the pathways involved may vary depending on the crop [12]. For example, repeated
applications stimulate tomato defenses through the involvement of salicylic acid [11,12],
while on rice against nematodes, IR was mainly associated with the phenylpropanoid
pathway [13]. Swinglea glutinosa extract is another innovative compound and it is currently
under the approval process according to EU Regulation 1107/2009. This plant extract is
less studied compared to COS–OGA and is reported to show a twofold mode of action:
bio-fungicide and elicitor of host defenses [14].

Vitis vinifera is considered one of the most important species in agriculture, and
viticulture represents a strategic sector for many economies [15]. Several diseases and pests
have significant impacts on grapevine health and productivity. For this reason, every year
massive application of PPPs is required for vineyard management, both under organic and
integrated systems [16]. Downy (DM) and powdery mildew (PM) are noteworthy for their
destructive potential on vines. Despite ongoing research efforts, there has been limited
advancement in implementing long-lasting and sustainable management strategies for both
diseases [17]. Strategies based on plant defense stimulation to activate IR have the potential
to reduce or replace the use of chemical PPPs but validation in open-field conditions is
required prior to large-scale practical application [18]. Therefore, this three-year field
investigation aimed to test the effectiveness of innovative strategies that rely on IR or low
doses of copper against grapevine DM and PM. Elicitors were tested both in individual
applications and in combination with copper. The evaluation was carried out in accordance
with the European and Mediterranean Plant Protection Organization (EPPO) standards on
general principles for evaluating the efficacy of PPPs acting as plant resistance inducers.
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2. Materials and Methods
2.1. Vineyard, Experimental Design, and Treatments

Three-year (2021, 2022, and 2023) plot trials were carried out in an organic vineyard
located in Ancona (AN), central-eastern Italy (43◦35′30′′ N; 13◦30′13′′ E) and managed
by “Terre Cortesi Moncaro Soc. Coop. Agr.”. The vineyard is north–east-exposed and
70 m above sea level. It is established with the cv. Montepulciano grown with horizontal
spurred cordon, 2.5 m between rows and 0.8 m along rows. The height of the fruiting cane
is 60 cm from the ground and rows are around 150 m long. No irrigation was performed,
while fertilizers were distributed banded under vines in the winter with additional hedging
during spring and summer, as usual for the area.

Several grapevine protection strategies based on COS–OGA, S. glutinosa extract, and
reduced doses of copper were evaluated during the three-year trials (Table 1). Their effec-
tiveness was compared to copper alone, sulfur alone, conventional farm application (based
on copper and sulfur combined), and untreated control. The low-impact compounds were
applied alone or combined with copper. In some strategies, an adjuvant allowed in organic
farming and based on ethoxylated sorbitan mono oleate was added (Table 1). Randomized
blocks design was adopted over all the years. Each strategy consisted of four plots (one per
block) of six plants.

Treatments were generally carried out from late April to the beginning of August,
every seven or ten days according to meteorological conditions. Fourteen, ten, and eleven
treatments were performed in 2021, 2022, and 2023, respectively (Table S1 of Supplementary
Materials). Products were applied using backpack sprayers (Honda GX 25 model, Tokyo,
Japan) with a four-stroke gasoline engine of 25 cm3. The maximum pressure is 25 bar
and can be adjusted with a four-level manual control knob. The maximum flow rate is
10 L min−1 without nozzles. The flow rate was regulated to 1.8 L min−1 with nozzles.
The machines were extensively cleaned between applications to eliminate carryover. All
treatments were performed considering 1000 L ha−1 spraying volume, which corresponds
to 1.2 L per plot and 4.8 L per strategy.

Seven farm treatments were carried out in 2022 and thirteen in 2023 with a VMA
articulated atomizer, model Power 55, working at 7–8 km h−1 with pressures adjusted ac-
cording to the phenological phases. The volume of spraying in this case ranged from 200 to
500 L ha−1. The timing of farm application varied according to meteorological conditions.
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Table 1. Protection strategies tested on grapevines cv. Montepulciano against downy and powdery mildews. Active ingredients, commercial formulations, and
tested doses are reported for each year.

Strategy Active Ingredient (Concentration %) Commercial Product (Distributor) Tested Doses
(L or kg ha−1) 2021 2022 2023

Elicitor 1 COS–OGA (1.25) Ibisco (Gowan) 2 x x
Elicitor 2a Swinglea glutinosa (82) Perimeter (Gowan) 1 x
Elicitor 2b Swinglea glutinosa (82) Perimeter (Gowan) 2 x

Combined 1a
Copper hydroxide (20) and oxychloride (10) +
COS–OGA (1.25)

Airone Extra + Ibisco (Gowan)

0.75 + 2 x x
Combined 1b 1 + 2 x x x
Combined 1c 1.5 + 2 x x x
Combined 1d 1 + 2.5 x

Combined 2a Copper hydroxide (20) and oxychloride (10) +
COS–OGA (1.25) + adjuvant (12) 1 Airone Extra + Ibisco + Mago 1 (Gowan)

0.75 + 2 + 1.5 x x
Combined 2b 1 + 2 + 1 x
Combined 2c 1 + 2.5 + 1 x

Combined 3a
S. glutinosa (82) + adjuvant (12) 1 Perimeter + Mago 1 (Gowan)

1 + 2.5 x
Combined 3b 2 + 1.5 x

Alternate 1 2 Combined 1c/combined 4 1.5 + 2/1.5 + 4 x
Alternate 2 3 Combined 4/combined 1c 1.5 + 4/1.5 + 2 x

Copper 1a
Copper hydroxide (20) and oxychloride (10) Airone Extra (Gowan)

0.75 x x
Copper 1b 1 x x
Copper 1c 1.5 x x
Copper 2 Copper hydroxide (40) Heliocuivre (Biogard) 150 mL hL−1 x

Sulfur Sulfur (80) Tiovit Jet (Syngenta) 4 x
Combined 4 Copper 1 + sulfur (80) Airone Extra (Gowan) + Tiovit Jet (Syngenta) 1.5 + 4 x
Farm application 4 Copper and sulfur 4 Several commercial formulations 4 Conventional 4 x x
Untreated control - - - x x x
Water control - - 1000 x

1 Ethoxylated sorbitan mono oleate (12). 2 Combined 1c until BBCH 71 [19], then combined 4 until BBCH 83. 3 Combined 4 until BBCH 71, then combined 1c until BBCH 83.
4 Simultaneous applications of several fungicides based on copper and sulfur. Doses and spraying volumes varied according to disease pressure, meteorological conditions, farm
protocols, and phenological stages of vines. Details on the active ingredients used in farm application are reported in Table S2.
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2.2. Evaluation of Infections

Meteorological conditions were monitored from the Bollettino Agrometeorologico pub-
lished by Agenzia Marche Agricoltura Pesca (AMAP). Data are related to the AMAP weather
station located in Camerano (AN). Starting from symptoms appearance until harvest,
assessments were conducted periodically to estimate disease incidence, severity, and
McKinney Index [20], both for leaves and grape bunches. Infections were caused by
the natural inoculum. Assessments were carried out using empirical scales according to
Romanazzi et al. (2016) [21] based on the percentage of infected organs. In each plot of
6 plants, assessments were performed on 5 plants, discarding the border plants between
contiguous plots, for a total of 20 plants assessed per strategy. A total of 100 leaves per
plant were considered, while bunches were counted in each plant. For leaves, 11 classes of
severity were adopted: from 0 (no infection) to 10 (91–100% of the surface infected). For
grape bunches, 8 classes were used: from 0 (healthy grape bunch) to 7 (more than 75% of
grape bunch infected). Results are reported with the McKinney Index, which corresponds
to the weighted medium intensity of the disease, combining incidence and severity. The
following Formulas (1)–(4) were used to calculate disease incidence, severity, McKinney
Index, and percentage reductions compared to the controls, respectively:

Disease incidence (%) = (n·100)/N (1)

Disease severity = (c·f)/n (2)

McKinney Index (%) = [(c·f)/(N·X)]·100 (3)

Percentage reductions (%) = [(S − C)/C]·100 (4)

where n: number of fruits/leaves infected; N: total number of fruits/leaves considered;
c: value of the empiric class; f: frequency of the class; c·f: sum of all the multiplications
between classes and frequencies from the lowest class to the highest class of severity (1–10
for leaves, 1–7 for bunches); X: value of the higher class in the empiric scale; S: average
value of the parameter for one strategy (i.e., McKinney Index on leaves or bunches); C:
average value of the same parameter observed in the untreated control.

2.3. Evaluation of Quality Parameters and Production

Before harvest in 2021 and 2022, from each strategy under investigation, four replicates
of 0.5 kg of bunches were collected at BBCH 89 (16 September 2021 and 10 September
2022) to analyze the following parameters: Brix and Babo degrees, total acidity, pH, malic
acid, alpha amino nitrogen, ammonium nitrogen, and yeast-assimilable nitrogen (YAN),
and to detect copper. Grape samples were collected representing the entire plots of five
plants evaluated in the efficacy trial, collecting healthy berries from all the plants in the plot,
from different parts of bunches (upper, middle, and bottom parts), and from both sides of
the row. These analyses were conducted in collaboration with “Cooperativa Terre Cortesi
Moncaro” using the instruments Hyperlab Smart Automatic Analyzer (Hyperlab steroglass,
Perugia, Italy) and Foss WineScan (FossItalia, Padova, Italy). The medium production per
plant (kg plant−1) was determined for each strategy.

2.4. Statistical Analysis

The data analysis of the field efficacy trials was conducted considering each assess-
ment independent of the others and separately for each disease and plant part evaluated.
Similarly, for evaluating the quality parameters, each parameter was analyzed individually
for all the strategies. All the data sets were subjected to statistical analysis according to
the randomized block design. The normality and the homogeneity of the residuals were
evaluated through the Shapiro–Wilk (p ≤ 0.05) and Levene (p ≤ 0.05) tests, respectively.
When the normal distribution of residuals was not confirmed, data were subjected to

f(x) = arcsin (
√

x
100 ). Normal and homogenous data were analyzed with one-way ANOVA

followed by Fisher LSD post hoc test (p ≤ 0.05). When the homogeneity of variance was
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not confirmed, Welch’s ANOVA was performed, and means were separated using the
Games–Howell post hoc test (p ≤ 0.05). If the normal distribution was not confirmed,
even after the transformation, non-parametric tests were applied using the Kruskal–Wallis
test followed by the Mann–Whitney test (always with p ≤ 0.05). The statistical package
software RStudio (version 4.3.0) was used.

3. Results
3.1. Meteorological Trend

Weather conditions from March to September of each year from 2021 to 2023 are
reported in Figure 1. The years 2021 and 2022 were characterized by low amounts of
precipitation and high humidity, while 2023 was characterized by abundant rainfalls.
Consequently, the first two years resulted in more favorable conditions for PM infections,
both on leaves and bunches. DM infections appeared later in the season, due to late summer
rains. On the contrary, in 2023, conditions were very conducive for DM and in that year, it
was not possible to evaluate the effectiveness of the strategies against PM.
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Figure 1. Meteorological trend of (a) 2021, (b) 2022, and (c) 2023 in Ancona, Italy. Data were obtained
from the weather station of Camerano (AN), Italy. Data have been recorded from March to September
and are reported as weekly means. All the meteorological data have been provided by the Bollettino
Agrometeorologico published by Agenzia Marche Agricoltura e Pesca (AMAP), Marche region, Italy.

3.2. Strategies Effectiveness Against Grapevine Downy Mildew Infections

In 2021, no DM infections on leaves were detected, while on bunches, symptoms
appeared in late July, around BBCH 81. Incidence remained low until the assessment of 7
September (Figure 2), where it reached an average of 23% in the untreated plots. All the
strategies under investigation significantly reduced the DM McKinney Index on bunches
compared to the untreated control. Elicitor 1, combined 1a, 1b, 1c, 2a, copper 1a, 1b,
and 1c reduced the McKinney Index by 57%, 67%, 78%, 66%, 62%, 70%, 65%, and 60%,
respectively, compared to untreated bunches. The reductions achieved with COS–OGA
alone or combined with low doses of copper were not significantly different compared to
copper applied at full rate.
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Figure 2. McKinney Index (%) of DM infections recorded on grapevine bunches cv. Montepulciano
on 7 September 2021, at BBCH 89. Data are reported with means ± standard deviation (SD). Values
with different letters are significantly different according to the Kruskal–Wallis analysis and Mann–
Whitney test (p ≤ 0.05). Elicitor 1: COS–OGA (2 L ha−1). Combined 1: COS–OGA (2 L ha−1) + copper
1 (a: 0.75 kg ha−1, b: 1 kg ha−1, c: 1.5 kg ha−1). Combined 2a: COS–OGA (2 L ha−1) + copper 1
(0.75 kg ha−1) + adjuvant (1.5 L ha−1). Copper 1: copper hydroxide and oxychloride (a: 0.75 kg ha−1,
b: 1 kg ha−1, c: 1.5 kg ha−1).

In 2022, DM symptoms appeared on leaves and bunches during the first week of
June, after three treatments had been performed (around BBCH 71). Significant differences
among the strategies emerged on leaves on 2 September at BBCH 85, 42 days after the last
treatment (Figure 3). In this case, DM incidence on untreated leaves was around 68%. All
tested strategies showed reductions in the McKinney Index compared to the untreated
control. Elicitor 1, 2a, 2b, combined 1a, 1b,1c, 2a, 3a, 3b, and copper 1a reduced the DM
McKinney Index by 42%, 48%, 58%, 84%, 95%, 97%, 83%, 65%, 69%, and 67%, respectively.
The values observed with combined 1a, 1b, 1c, and 2a were significantly lower compared
to the control. All the innovative strategies, except for elicitors 1 and 2a applied alone, did
not differ significantly from copper 1b, 1c and farm application, which reduced the Index
by 92%, 94%, and 95%, respectively. On bunches, DM incidence remained lower than 5%
for the whole season and no significant differences were observed among the strategies.

In contrast to previous years, the 2023 meteorological trend was very favorable for DM
infections. Untreated plots resulted in complete defoliation and, thus, no berry production
(DM incidence was 100%). The assessments of 3 July (BBCH 79) and 7 August (BBCH 81)
are reported for bunches and leaves, respectively. Assessments were conducted after seven
and eleven treatments, respectively.

On leaves (Figure 4), all strategies, except sulfur, significantly reduced the DM McK-
inney Index compared to the untreated control. In detail, the DM McKinney Index was
reduced with combined 1b, 1c, 1d, 2b, 2c, 4, alternate 1 and 2, copper 2, and farm appli-
cations by 72%, 75%, 67%, 74%, 73%, 83%, 78%, 76%, 80%, and 73%, respectively. In that
year, a control based on just water application was added and all the strategies showed
significant reductions compared to it. Reductions of 72%, 75%, 68%, 75%, 74%, 83%, 78%,
76%, 80%, 10%, and 73% were observed compared to the water control. All the innovative
strategies, except for combined 1b and 1d, ensured the same level of protection compared
to copper control and farm application.
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Figure 3. McKinney Index (%) of DM infections recorded on grapevine leaves cv. Montepulciano on
2 September 2022, at BBCH 85. Data are reported with means ± SD. Values with different letters are
significantly different according to the Kruskal–Wallis analysis and Mann–Whitney test (p ≤ 0.05).
Elicitor 1: COS–OGA (2 L ha−1). Elicitor 2: Swinglea glutinosa (a: 1 kg ha−1, b: 2 kg ha−1). Combined
1: COS–OGA (2 L ha−1) + copper 1 (a: 0.75 kg ha−1, b: 1 kg ha−1, c: 1.5 kg ha−1). Combined 2a:
COS–OGA (2 L ha−1) + copper 1 (0.75 kg ha−1) + adjuvant (1.5 L ha−1). Combined 3: S. glutinosa (a:
1 kg ha−1, b: 2 kg ha−1) + adjuvant (a: 2.5 L ha−1, b: 1.5 L ha−1). Copper 1: copper hydroxide and
oxychloride (a: 0.75 kg ha−1, b: 1 kg ha−1, c: 1.5 kg ha−1).
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Figure 4. McKinney Index (%) of DM infections recorded on grapevine leaves cv. Montepulciano
on 7 August 2023, at BBCH 81. Data are reported with means ± SD. Values with different letters are
significantly different according to the Welch analysis and Games–Howell test (p ≤ 0.05). Combined
1: COS–OGA (b, c: 2 L ha−1, d: 2.5 L ha−1) + copper 1 (b, d: 1 kg ha−1, c: 1.5 kg ha−1). Combined
2: COS–OGA (b: 2 L ha−1, c: 2.5 L ha−1) + copper 1 (1 kg ha−1) + adjuvant (1 L ha−1). Alternate
1: combined 1c/combined 4. Alternate 2: combined 4/combined 1c. Copper 2: copper hydroxide
(150 mL hL−1). Sulfur (4 kg ha−1). Combined 4: copper 1 (1.5 kg ha−1) + sulfur (4 kg ha−1).
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On bunches (Figure 5), as also seen for leaves, all the innovative strategies significantly
reduced the DM McKinney Index compared to both untreated and water controls. The
reductions were 41%, 41%, 41%, 39%, 33%, 51%, and 62% compared to the untreated control
and 43%, 43%, 43%, 40%, 35%, 52%, and 63% compared to the water control, with combined
1b, 1c, 1d, 2b, 2c, and alternate 1 and 2, respectively. All the innovative strategies ensured a
significantly higher level of bunches protection compared to farm application, although the
results obtained with combined 4 and copper control were significantly lower compared
to the innovative strategies. The percentage McKinney Index reductions observed with
combined 4 were 72% and 73%, while with copper control were 59% and 60% compared to
untreated and water controls, respectively.
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Figure 5. McKinney Index (%) of DM infections recorded on grapevine bunches cv. Montepulciano
on 3 July 2023, at BBCH 79. Data are reported with means ± SD. Values with different letters are
significantly different according to the ANOVA analysis and Fisher LSD test (p ≤ 0.05) on arc sin
square root data transformed. Combined 1: COS–OGA (b, c: 2 L ha−1, d: 2.5 L ha−1) + copper 1 (b, d:
1 kg ha−1, c: 1.5 kg ha−1). Combined 2: COS–OGA (b: 2 L ha−1, c: 2.5 L ha−1) + copper 1 (1 kg ha−1)
+ adjuvant (1 L ha−1). Alternate 1: combined 1c/combined 4. Alternate 2: combined 4/combined 1c.
Copper 2: copper hydroxide (150 mL hL−1). Sulfur (4 kg ha−1). Combined 4: copper 1 (1.5 kg ha−1)
+ sulfur (4 kg ha−1).

In Figure 6, representative plants treated with the strategy combined 2b are compared
with representative untreated plants and plants treated with copper at the maximum label
dose plus sulfur (strategy combined 4). Pictures were taken on 10 July 2023, the season with
the highest DM pressure, at BBCH 79. Untreated plants were completely defoliated and
production was zeroed at the end of the 2023 season, while treated plants were effectively
protected from DM. Considering eleven copper-based treatments along the season as seen
in 2023 (Table S1), the strategy combined 2b allowed us to save 33% of copper compared to
the control strategy combined 4 in that season.
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Figure 6. Representative plants cv. Montepulciano (a) treated with the strategy combined 2b (COS–
OGA (2 L ha−1) + copper 1 (1 kg ha−1) + adjuvant (1 L ha−1)), (b) treated with the strategy combined
4 (conventional application of copper 1 (1.5 kg ha−1) + sulfur (4 kg ha−1)), and (c) untreated control.
Pictures of 10 July 2023, BBCH 79.
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3.3. Strategies Effectiveness Against Grapevine Powdery Mildew Infections

In 2021, PM symptoms appeared first on grape bunches (at the end of June, around
BBCH 75), and later on leaves. PM pressure remained low for the whole season but some
differences among the strategies emerged in the last assessment, conducted two months
after the last treatment. On 30 September, at BBCH 89 and after 14 treatments, all strategies
exhibited reductions in PM McKinney Index on leaves compared to the untreated controls
(Figure 7a). Reductions of 38%, 89%, 92%, 97%, 50%, 41%, 41%, and 67% were observed
with elicitor 1, combined 1a, 1b, 1c, 2a, copper 1a, 1b, and 1c, respectively, compared to the
untreated control. Nevertheless, only results registered on plants treated with combined
strategies were significant. Even if all the strategies reduced the PM McKinney Index on
bunches, the observed reductions were not significant (Figure 7b).

Agronomy 2024, 14, 2840 12 of 21 
 

 

differences among the strategies emerged in the last assessment, conducted two months 
after the last treatment. On 30 September, at BBCH 89 and after 14 treatments, all strategies 
exhibited reductions in PM McKinney Index on leaves compared to the untreated controls 
(Figure 7a). Reductions of 38%, 89%, 92%, 97%, 50%, 41%, 41%, and 67% were observed 
with elicitor 1, combined 1a, 1b, 1c, 2a, copper 1a, 1b, and 1c, respectively, compared to 
the untreated control. Nevertheless, only results registered on plants treated with 
combined strategies were significant. Even if all the strategies reduced the PM McKinney 
Index on bunches, the observed reductions were not significant (Figure 7b). 

 
Figure 7. McKinney Index (%) of PM infections recorded on grapevine cv. Montepulciano on 30 
September 2021, at BBCH 89 on (a) leaves and (b) bunches. Data are reported with means + SD. 
Values with different letters in the same graph are significantly different according to the Kruskal–
Wallis analysis and Mann–Whitney test (p ≤ 0.05). Elicitor 1: COS–OGA (2 L ha−1). Combined 1: 
COS–OGA (2 L ha−1) + copper 1 (a: 0.75 kg ha−1, b: 1 kg ha−1, c: 1.5 kg ha−1). Combined 2a: COS–OGA 
(2 L ha−1) + copper 1 (0.75 kg ha−1) + adjuvant (1.5 L ha−1). Copper 1: copper hydroxide and 
oxychloride (a: 0.75 kg ha−1, b: 1 kg ha−1, c: 1.5 kg ha−1). 

In 2022, PM symptoms appeared on grape leaves and bunches during the first week 
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protection comparable to those obtained with the conventional strategy based on sulfur. 

Figure 7. McKinney Index (%) of PM infections recorded on grapevine cv. Montepulciano on 30
September 2021, at BBCH 89 on (a) leaves and (b) bunches. Data are reported with means ± SD.
Values with different letters in the same graph are significantly different according to the Kruskal–
Wallis analysis and Mann–Whitney test (p ≤ 0.05). Elicitor 1: COS–OGA (2 L ha−1). Combined
1: COS–OGA (2 L ha−1) + copper 1 (a: 0.75 kg ha−1, b: 1 kg ha−1, c: 1.5 kg ha−1). Combined 2a:
COS–OGA (2 L ha−1) + copper 1 (0.75 kg ha−1) + adjuvant (1.5 L ha−1). Copper 1: copper hydroxide
and oxychloride (a: 0.75 kg ha−1, b: 1 kg ha−1, c: 1.5 kg ha−1).

In 2022, PM symptoms appeared on grape leaves and bunches during the first week
of June, around BBCH 71, and after three treatments performed. In the assessment of
2 September, conducted at BBCH 89 and 41 days after the last out of ten treatments
performed, all strategies showed reductions in PM McKinney Index on leaves compared to
the untreated control (Figure 8). Reductions of 49%, 43%, 46%, 86%, 91%, 94%, 85%, 43%,
50%, 60%, 78%, 82%, and 98% were observed with elicitor 1, 2a, 2b, combined 1a, 1b, 1c,
2a, 3a, 3b, copper 1a, 1b, 1c, and farm application, respectively. Only results obtained in
combined 1a, 1b, 1c, 2a, copper 1b, 1c, and farm application were significantly different
compared to the control. Combined 1a, 1b, 1c, 2a, and copper 1c showed levels of canopy
protection comparable to those obtained with the conventional strategy based on sulfur.

The representative assessment of 11 July (BBCH 79, after eight treatments) is reported
for bunches (Figure 9). All the strategies, except for copper 1a and 1b, significantly reduced
the disease McKinney Index on bunches compared to the untreated control. The observed
reductions obtained with elicitor 1, 2a, 2b, combined 1a, 1b, 1c, 2a, 3a, 3b, copper 1c,
and farm application were 33%, 34%, 29%, 26%, 33%, 26%, 46%, 35%, 23%, 26%, and
62%, respectively. Combined 2a did not differ significantly from farm application based
on sulfur.
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Figure 8. McKinney Index (%) of PM infections recorded on grapevine leaves cv. Montepulciano on 2
September 2022, at BBCH 85. Data are reported with means ± SD. Values with different letters are
significantly different according to the Kruskal–Wallis analysis and Mann–Whitney test (p ≤ 0.05).
Elicitor 1: COS–OGA (2 L ha−1). Elicitor 2: Swinglea glutinosa (a: 1 kg ha−1, b: 2 kg ha−1). Combined
1: COS–OGA (2 L ha−1) + copper 1 (a: 0.75 kg ha−1, b: 1 kg ha−1, c: 1.5 kg ha−1). Combined 2a:
COS–OGA (2 L ha−1) + copper 1 (0.75 kg ha−1) + adjuvant (1.5 L ha−1). Combined 3: S. glutinosa (a:
1 kg ha−1, b: 2 kg ha−1) + adjuvant (a: 2.5 L ha−1, b: 1.5 L ha−1). Copper 1: copper hydroxide and
oxychloride (a: 0.75 kg ha−1, b: 1 kg ha−1, c: 1.5 kg ha−1).
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Figure 9. McKinney Index (%) of PM infections recorded on grapevine bunches cv. Montepulciano
on 11 July 2022, at BBCH 79. Data are reported with means ± SD. Values with different letters are
significantly different according to one-way ANOVA analysis and Fisher LSD test (p ≤ 0.05). Elicitor
1: COS–OGA (2 L ha−1). Elicitor 2: Swinglea glutinosa (a: 1 kg ha−1, b: 2 kg ha−1). Combined 1:
COS–OGA (2 L ha−1) + copper 1 (a: 0.75 kg ha−1, b: 1 kg ha−1, c: 1.5 kg ha−1). Combined 2a:
COS–OGA (2 L ha−1) + copper 1 (0.75 kg ha−1) + adjuvant (1.5 L ha−1). Combined 3: S. glutinosa (a:
1 kg ha−1, b: 2 kg ha−1) + adjuvant (a: 2.5 L ha−1, b: L 1.5 ha−1). Copper 1: copper hydroxide and
oxychloride (a: 0.75 kg ha−1, b: 1 kg ha−1, c: 1.5 kg ha−1).
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3.4. Analysis of Fruit Quality Parameters and Production

In 2021, strategies did not significantly affect Brix, Babo, total acidity, pH, malic acid,
and ammonium nitrogen compared to the untreated control. All the strategies, except
for COS–OGA and copper, significantly reduced alpha amino N compared to untreated
berries. YAN was significantly lower in combined strategies and copper at the lowest
dose. All the innovative DM management strategies significantly reduced the amount of
copper in the must compared to copper applied at full rate (Table 2). In 2022 (Table 3),
treatments did not significantly affect Brix and Babo. Total acidity was significantly higher
compared to untreated control with combined 1a, 1b, 2a, and copper 1c. Combined 2a
showed the highest value of total acidity, significantly different even when compared to
farm application. Combined 1a, 1b, 1c, 2a, 3a, copper 1c, and farm application significantly
reduced pH of the musts. All the strategies, except for elicitor 1 and combined 3b, showed a
significant reduction in malic acid content in comparison with untreated bunches. Bunches
treated with strategies that involved copper (except for copper 1b) and copper plus sulfur
showed significantly lower values of alpha amino nitrogen, ammonium nitrogen, and,
consequently, YAN compared to untreated bunches, while natural compounds did not sig-
nificantly affect these parameters. In the same year, only the strategies that did not involve
copper application significantly reduced copper quantities in musts compared to copper 1c,
even though combined 1a and copper 1a were not significantly different compared to the
strategies where copper was not used at all. Regarding crop yield, evaluated in 2022 (the
season favorable to PM and in which the quantity of production was not brought to zero
by the disease),the management strategies under investigation did not show significant
differences in terms of average kilograms of grapes per plant (Figure S1).
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Table 2. Analyzes of the main quality parameters conducted in 2021 on cv. Montepulciano grapes treated with different downy and powdery mildew management
strategies.

Strategies * Brix (%) 1 Babo 1 Total Acidity
(g L−1) 1 pH 1 Malic Acid

(g L−1) 2
Alpha Amino N

(mg L−1) 3
Ammonium N

(mg L−1) 1
YAN

(mg L−1) 3
Copper

(mg L−1) 2

Elicitor 1 24.20 ± 0.73 a 20.81 ± 0.64 a 5.49 ± 0.28 a 3.28 ± 0.03 a 0.00 a 44.00 ± 8.04 ab 11.25 ± 8.06 ab 55.25 ± 12.28 ab 0.20 ± 0.02 c
Combined 1a 24.97 ± 1.03 a 21.45 ± 0.92 a 5.50 ± 0.18 a 3.27 ± 0.02 a 0.20 ± 0.24 a 36.50 ± 9.47 b 7.00 ± 0.82 ab 43.50 ± 10.28 abc 1.19 ± 0.14 b
Combined 1b 24.60 ± 0.84 a 21.16 ± 0.71 a 5.24 ± 0.48 a 2.54 ± 1.53 a 0.21 ± 0.12 a 35.50 ± 9.11 b 0.25 ± 0.50 b 35.75 ± 8.69 c 1.59 ± 0.53 b
Combined 1c 23.85 ± 0.79 a 20.56 ± 0.69 a 5.56 ± 0.25 a 3.26 ± 0.04 a 0.08 ± 0.05 a 29.75 ± 11.02 b 2.00 ± 2.16 ab 31.75 ± 13.15 c 2.23 ± 0.35 ab
Combined 2a 23.75 ± 0.41 a 20.46 ± 0.37 a 5.06 ± 0.46 a 3.33 ± 0.15 a 0.06 ± 0.11 a 30.50 ± 7.77 b 5.50 ± 4.20 ab 36.00 ± 10.86 c 1.59 ± 0.19 b

Copper 1a 24.22 ± 0.63 a 20.81 ± 0.53 a 5.43 ± 0.05 a 3.28 ± 0.02 a 0.20 ± 0.11 a 38.25 ± 4.11 ab 0.00 b 38.25 ± 4.11 bc 1.38 ± 0.32 b
Copper 1b 24.12 ± 0.78 a 20.76 ± 0.64 a 5.55 ± 0.14 a 3.28 ± 0.06 a 0.09 ± 0.15 a 37.50 ± 10.34 b 12.50 ± 3.00 a 50.00 ± 9.20 abc 2.12 ± 0.08 ab
Copper 1c 24.45 ± 0.95 a 21.01 ± 0.81 a 5.41 ± 0.53 a 3.26 ± 0.07 a 0.35 ± 0.13 a 36.00 ± 9.49 b 11.50 ± 14.34 ab 47.50 ± 21.62 abc 2.60 ± 0.04 a

Untreated control 23.87 ± 1.38 a 20.56 ± 1.23 a 5.04 ± 0.57 a 3.27 ± 0.03 a 0.09 ± 0.10 a 52.25 ± 15.52 a 8.50 ± 3.51 ab 60.75 ± 18.84 a 0.25 ± 0.11 c

Data are reported with means ± SD. Data followed by different letters in the same column are significantly different according to 1 Kruskal–Wallis analysis and Mann–Whitney test
(p ≤ 0.05), 2 Welch analysis and Games–Howell test (p ≤ 0.05), or 3 one-way ANOVA analysis and Fisher LSD test (p ≤ 0.05). * Elicitor 1: COS–OGA (2 L ha−1). Combined 1: COS–OGA
(2 L ha−1) + copper 1 (a: 0.75 kg ha−1, b: 1 kg ha−1, c: 1.5 kg ha−1). Combined 2a: COS–OGA (2 L ha−1) + copper 1 (0.75 kg ha−1) + adjuvant (1.5 L ha−1). Copper 1: copper hydroxide
and oxychloride (a: 0.75 kg ha−1, b: 1 kg ha−1, c: 1.5 kg ha−1).

Table 3. Analyzes of the main quality parameters conducted in 2022 on cv. Montepulciano grapes treated with different downy and powdery mildew management
strategies.

Strategies * Brix
(%) 1 Babo 1 Total Acidity

(g L−1) 2 pH 2 Malic Acid
(g L−1) 2

Alpha Amino N
(mg L −1) 1

Ammonium N
(mg L−1) 1

YAN
(mg L−1) 1

Copper
(mg L−1) 1

Elicitor 1 25.20 ± 1.76 a 21.71 ± 1.50 a 4.49 ± 0.34 ef 3.23 ± 0.04 abcde 0.58 ± 0.12 abc 67.25 ± 13.65 ab 13.75 ± 4.65 abc 81.00 ± 18.13 abc 0.16 ± 0.03 bc
Elicitor 2a 24.72 ± 1.96 a 21.29 ± 1.72 a 4.56 ± 0.18 def 3.25 ± 0.06 ab 0.18 ± 0.19 def 54.25 ± 5.91 abc 23.75 ± 7.41 ab 78.00 ± 12.03 abcd 0.41 ± 0.04 abc
Elicitor 2b 24.05 ± 1.97 a 20.69 ± 1.72 a 4.89 ± 0.39 bcde 3.23 ± 0.04 abcde 0.40 ± 0.26 bcd 57.00 ± 13.59 abc 19.25 ± 4.03 ab 76.25 ± 16.56 abcd 0.10 ± 0.05 c

Combined 1a 23.86 ± 1.25 a 20.50 ± 1.12 a 5.34 ± 0.17 ab 3.16 ± 0.05 efg 0.21 ± 0.13 def 35.75 ± 25.77 cd 7.75 ± 12.28 bcd 43.50 ± 38.03 cde 1.07 ± 0.19 abc
Combined 1b 23.53 ± 1.12 a 20.24 ± 0.93 a 5.23 ± 0.22 ab 3.12 ± 0.03 g 0.17 ± 0.20 def 28.50 ± 23.19 cd 5.25 ± 7.89 cd 33.75 ± 31.01 de 2.55 ± 0.53 ab
Combined 1c 24.73 ± 1.40 a 21.29 ± 1.20 a 5.17 ± 0.26 abc 3.14 ± 0.03 fg 0.03 ± 0.06 ef 25.75 ± 12.07 cd 1.00 ± 1.41 d 26.75 ± 13.12 e 3.03 ± 0.02 a
Combined 2a 24.27 ± 1.02 a 20.85 ± 0.85 a 5.51 ± 0.34 a 3.17 ± 0.06 cdefg 0.12 ± 0.23 def 32.75 ± 10.24 cd 0.50 ± 1.00 d 33.25 ± 10.87 de 2.41 ± 0.76 ab
Combined 3a 24.40 ± 1.34 a 20.97 ± 1.16 a 4.51 ± 0.32 ef 3.21 ± 0.04 bcdef 0.29 ± 0.25 cdef 55.50 ± 10.34 abc 11.75 ± 1.71 abcd 67.25 ± 11.27 abcde 0.10 ± 0.05 c
Combined 3b 24.07 ± 1.50 a 20.67 ± 1.32 a 4.40 ± 0.31 f 3.24 ± 0.03 abc 0.67 ± 0.17 ab 68.75 ± 17.17 ab 21.75 ± 6.75 ab 90.50 ± 22.90 ab 0.14 ± 0.08 bc

Copper 1a 24.47 ± 0.86 a 21.07 ± 0.73 a 4.99 ± 0.49 bcd 3.23 ± 0.09 abcde 0.38 ± 0.29 bcd 41.25 ± 22.08 bcd 12.00 ± 15.34 abcd 53.25 ± 37.35 bcde 1.15 ± 0.20 abc
Copper 1b 23.92 ± 1.51 a 20.54 ± 1.32 a 5.21 ± 0.39 abc 3.24 ± 0.10 abcd 0.33 ± 0.41 cde 56.75 ± 45.02 abc 10.75 ± 18.93 abcd 67.50 ± 63.92 abcde 1.49 ± 0.43 abc
Copper 1c 23.82 ± 0.40 a 20.51 ± 1.19 a 5.29 ± 0.33 ab 3.16 ± 0.05 defg 0.30 ± 0.24 cdef 32.00 ± 16.02 cd 7.50 ± 5.07 bcd 39.50 ± 20.70 cde 2.20 ± 0.30 abc

Farm application 23.25 ± 0.84 a 19.95 ± 0.70 a 4.90 ± 0.12 bcde 3.20 ± 0.02 bcdef 0.00 f 16.25 ± 7.80 d 10.25 ± 4.03 abcd 26.50 ± 11.62 e 0.87 ± 0.18 abc
Untreated control 23.87 ± 2.00 a 20.55 ± 1.74 a 4.76 ± 0.45 cdef 3.30 ± 0.08 a 0.78 ± 0.19 a 82.25 ± 19.19 a 30.25 ± 8.14 a 112.50 ± 26.89 a 0.51 ± 0.01 abc

Data are reported with means ± SD. Data followed by different letters in the same column are significantly different according to 1 Kruskal–Wallis analysis and Mann–Whitney test
(p ≤ 0.05) or 2 one-way ANOVA and Fisher LSD test (p ≤ 0.05). * Elicitor 1: COS–OGA (2 L ha−1). Elicitor 2: Swinglea glutinosa (a: 1 kg ha−1, b: 2 kg ha−1). Combined 1: COS–OGA
(2 L ha−1) + copper 1 (a: 0.75 kg ha−1, b: 1 kg ha−1, c: 1.5 kg ha−1). Combined 2a: COS–OGA (2 L ha−1) + copper 1 (0.75 kg ha−1) + adjuvant (1.5 L ha−1). Combined 3: S. glutinosa (a:
1 kg ha−1, b: 2 kg ha−1) + adjuvant (a: 2.5 L ha−1, b: 1.5 L ha−1). Copper 1: copper hydroxide and oxychloride (a: 0.75 kg ha−1, b: 1 kg ha−1, c: 1.5 kg ha−1).
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4. Discussion

Grapevine DM and PM management require many treatment applications each season.
In organic farming, the number of fungicide applications is even higher compared to
integrated viticulture since synthetic curative chemicals cannot be used [22]. In organic
viticulture, copper- and sulfur-based fungicides are the only effective tools to prevent DM
and PM infections, respectively. These compounds only exhibit a toxic action directly on
pathogens propagative structures, without penetrating plant tissues. For this reason, the
canopy protective cover must be constantly restored due to the leaching action of rain
and during shoot growth. Their repeated use over the years causes negative impacts on
non-target organisms [23–25], as well as representing a risk for operators and consumers.
This situation is not aligned with organic farming and One Health sustainability principles.
Furthermore, in Europe, the Farm to Fork strategy is guiding the virtuous process of
pesticide reduction, aiming to halve the use of dangerous PPPs and bring up to 25% of the
EU’s agricultural land under organic farming by 2030 [26].

In this three-year field experiment, innovative strategies based on COS–OGA and S.
glutinosa (only for 2022), applied alone or in combination with low copper doses, were
tested for grapevine DM and PM management. Natural elicitors are generally not toxic
for humans or non-target organisms compared to conventional PPPs and do not apply
direct selective pressure on pathogens [4,9]. However, field validation is essential since
environment and other factors can significantly influence IR effectiveness [18]. In this work,
strategies based on IR application together with rational use of conventional PPPs provided
significant disease control on both leaves and bunches. The individual application of
elicitors provided significant protection only on bunches against DM in 2021 and PM in
2022. Chitin-derived, chitosan, and low-molecular-weight oligochitosan are well-known
plant elicitors that act as MAMPs to trigger defensive reactions in plants [27–30]. Chitosan
ability to elicit plant defenses has been studied since the 1990s. Nowadays, molecular in-
vestigation provides a good understanding of the multiple actions of chitosan applications
on plant and fruit physiology. For example, repeated preharvest chitosan application to
strawberries can affect the expression level of several genes in fruit and the synthesis of
pathogenesis-related proteins, suggesting SAR induction [31]. In a previous study, real-
time polymerase chain reaction revealed low similarity in terms of single-gene expression
between chitosan and benzothiadiazole (the analog of salicylic acid, involved in SAR),
implying that SAR can be achieved through different pathways [32]. Chitosan effectiveness
against plant pathogens is not only associated with IR since it also exhibits antimicrobial
and film-forming properties [33]. This biopolymer is not soluble in water and its prop-
erties can be influenced by the acid used to dissolve it [34]. Chitosan hydrochloride is
registered as a basic substance in Europe (EU Regulation 563/2014) and, among them, is
one of the most promising in crop protection [21,35,36]. Unlike chitin derivatives, pectin
oligogalacturonides act as DAMPs, and their effectiveness in protecting plants is mainly
associated with IR rather than direct toxicity toward microorganisms [37,38]. OGAs can,
thus, potentiate the effectiveness of chitosan for plant disease management. In the complex
molecule COS–OGA, the two fragments simulate the plant–pathogen interaction and trig-
ger a double alarm signal. Makau et al. [39] reported that the in vitro antimicrobial activity
of COS–OGA was higher compared to chitosan hydrochloride at the same concentration
against several pre- and post-harvest fungal plant pathogens, highlighting the potential of
this compound. Additionally, in most cases, COS–OGA exhibited a fungicidal effect [39].
In this field trial, the stand-alone application of COS–OGA (in 2021 and 2022) was proba-
bly not sufficient to always guarantee effective crop protection from diseases. It must be
considered that the tested doses, which are in line with label instructions, consisted of a
much lower chitosan concentration compared to the effective reference concentration for
grapevine DM management of 0.5% w v−1 [21,40]. Presumably, these dosages can stimulate
plant defenses but do not exert any antimicrobial activities and, as highlighted by Walters
et al. [18], in practice IR activation can be hindered by several factors (i.e., environmental
conditions, microorganisms involved, crop stage, health, and genotype). The minimum
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COS–OGA concentration effective in in vitro trials against other fungal pathogens was
reported to be 0.025%, around ten times higher than the concentration sprayed in the field
with 2 L ha−1 of the commercial formulation. This supports the strong link between applied
concentration and antimicrobial activities [39]. In addition, van Aubel et al. [41] reported
that both dose and concentration play a key role in COS–OGA effectiveness in standalone
field applications against PM on grapevine and cucumber. In that study, COS–OGA concen-
trations were higher compared to the concentration tested here but were not always able to
reduce PM incidence. In another study, COS–OGA at 3 L ha−1, applied with 500 L ha−1

spraying volume, was ineffective against PM on cv. Nero d’Avola bunches and slightly
effective on cv. Inzolia bunches [42]. COS–OGA is already approved against PM and some
COS–OGA-based strategies have been already tested on different cultivars [41,42], while
the results obtained against DM open the way also towards COS–OGA applications against
this other devasting disease of grapevine.

The combined treatments tested in this study always guaranteed effective vines pro-
tection from both diseases, suggesting a synergistic effect between copper and the elicitor
COS–OGA. The combinations of COS–OGA and copper not only effectively protected
against DM but also ensured PM control without the need for sulfur application. This
finding is in line with the recent work of Taibi et al. [43], where COS–OGA at 2.5 L ha−1

tested with minimal doses of copper and sulfur limited DM and PM incidence and severity
on cv. Barbera. The addition of ethoxylated sorbitan mono oleate in the mixture as an
adjuvant agent did not significantly improve the effectiveness of the strategies. It has also
been confirmed how reduced copper doses can guarantee the same protection level from
DM compared to copper applied at full rate [44], especially when supported by COS–OGA.
These results demonstrate the potential of IR in minimizing chemical input for DM and
PM management, thus contributing toward the reduction in PPP application in vineyards.
Strategies based on the combination of COS–OGA with reduced doses of copper were not
significantly different from conventional treatments. This means that similar levels of vines
protection as with conventional treatments can be achieved by applying reduced quantities
of chemical fungicides. When DM pressure is high, several treatments are needed along
the season. The use of COS–OGA to support lower doses of copper can be useful to both
limit the disease with a satisfactory level of protection and respect the limit of 4 kg ha−1

of copper per year imposed by the EU Regulation 2018/1981, as seen comparing the strat-
egy combined 2b with the control combined 4. IR aligns with One Health, organic and
integrated pest management principles, and can contribute to a resilient and sustainable
agricultural system as well as to a reduction in PPP use and the risk of resistant pathogens,
and to enhancing the overall crop health [45].

As regards the treatments based on S. glutinosa, our findings suggest poor effectiveness
against both DM and PM of this compound. It is not excluded that the use of S. glutinosa in
combination with the rational use of conventional fungicide may lead to positive results,
as also seen for COS–OGA. Extracts of S. glutinosa act simultaneously, exhibiting toxicity
on the target microorganism while also eliciting plant defenses with accumulation of
hydrogen peroxide and callose [14,46]. Antimicrobial activity is mainly due to the drying
of cellular structures and alterations in the functioning of membranes, carried out primarily
by essential oils and secondary metabolites of this plant, as already observed in vitro on
Colletotrichum spp. and against Botrytis cinerea on strawberries and grapes [46,47]. The
open-field application of these compounds against fungal pathogens can face losses of
effectiveness compared to in vitro studies due to the volatility of these substances [48]. To
the best of our knowledge, there are no other articles in the literature on the use of this
plant extract against grapevine DM and PM, indicating that it is an unexplored compound.

The prolonged use of copper and sulfur for managing DM and PM is also associated
with a decline in wine quality [49,50]. Confirming this, we observed that the protection
strategies that involved the use of copper were associated with a reduction in YAN, whereas
the nitrogen content of the musts was unaffected by treatments with elicitors. The innova-
tive strategies did not show significant impacts compared to untreated control and farm
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application on the other main grape quality parameters, except for copper contamination.
The amount of copper in the harvested grapes was in line with the amount of copper
applied in the field, as also seen in a large-scale experiment [40]. Indeed, bunches treated
with strategies that involved copper at 0.75 kg ha−1 showed significantly lower quantities
of the heavy metal compared to bunches treated with copper at full dose. A positive
correlation was, thus, observed between the quantity of copper applied in the field for
DM management and the amount of copper in musts. Pesticide residues in fresh fruit and
vegetables are becoming a growing concern for consumers, since they can pose a risk to
human health [51]. Typically, organic produce exhibits lower residue presence [52] but
certain substances allowed in organic farming (such as copper) can contaminate the fruit
externally. The adoption of strategies to minimize the risk of pesticide residues in final
products is recommended for human well-being [52,53] and to respect the limits imposed
by retailers [35]. Our results align with Calderone et al. [42] concerning the non-influence
of the elicitors on wine quality parameters but contrast in terms of crop yield. Here, no
significant differences in terms of production (kg plant−1) per plant were observed.

IR holds the potential for effective and lasting control of a wide range of diseases
through harnessing the plants’ natural defense systems. Nevertheless, compared to con-
ventional PPPs, the inconsistency and, in certain situations, limited diseases control of IR
highlight its challenges as it is a host response significantly influenced by genotype and
the environment [18]. In this work, guidance for the management of DM and PM based on
IR supplementation to the use of reduced doses of copper is provided. Also, it has been
demonstrated that COS–OGA-based strategies can be effective against both DM and PM,
even under high disease pressure conditions (2023 for DM, 2022 for PM). Further research
in this direction is needed to develop effective strategies in the field based solely on IR.

5. Conclusions

COS–OGA provided promising results against both DM and PM, the main diseases
of grapevines. When it was associated with a standard fungicide such as copper, even
at low doses, satisfactory and consistent levels of protection were observed. For three
consecutive years, application of copper at 0.75 or 1 kg ha−1 in combination with COS–
OGA (2 L ha−1) ensured significant DM protection, at the same level or, in some cases,
even higher compared to copper applied at full rate or to conventional farm application.
These strategies also exhibited outstanding PM control even without sulfur application,
equalizing standard treatments based on copper and sulfur on leaves in 2022, under high
PM pressure. Combined strategies not only ensured effective disease containment but also
significantly reduced copper contamination on berries. Large-scale field investigations are
needed to validate the effectiveness of these strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy14122840/s1, Table S1. Dates of treatments carried
out during the three seasons and respective phenological stages [19]. Table S2. Active ingredients
and doses applied with the conventional protection strategy from downy and powdery mildew
(farm application). Figure S1. Production (kg plant−1) of plants treated with the different downy
mildew and powdery mildew management strategies under investigation. Data are reported with
means ± standard deviation. Values with different letters in the same graph are significantly different
according to Kruskal-Wallis analysis and Mann-Whitney test (p ≤ 0.05). Elicitor 1: COS–OGA
(2 L ha−1). Elicitor 2: Swinglea glutinosa (a: 1 kg ha−1, b: 2 kg ha−1). Combined 1: COS–OGA
(2 L ha−1) + copper 1 (a: 0.75 kg ha−1, b: 1 kg ha−1, c: 1.5 kg ha−1). Combined 2a: COS–OGA
(2 L ha−1) + copper 1 (0.75 kg ha−1) + adjuvant (1.5 L ha−1). Combined 3: S. glutinosa (a: 1 kg ha−1,
b: 2 kg ha−1) + adjuvant (a: 2.5 L ha−1, b: L 1.5 ha−1). Copper 1: copper hydroxide and oxychloride
(a: 0.75 kg ha−1, b: 1 kg ha−1, c: 1.5 kg ha−1).
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