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Abstract: Grapevine is highly susceptible to fungal diseases, whose incidence and severity increase 
due to climate change. The present work focuses on the assessment of eight combinations of natural 
products with chitosan oligomers with fungicidal capacity that may be effective in the integrated 
control of powdery mildew, in compliance with Article 14 of the European Directive 2009/128/EC. 
Their efficacy was evaluated in field conditions against natural infections, in a plot with high disease 
pressure during a growing season (assaying both foliar or root application), and against overwin-
tering inoculums (chasmothecia) through in vitro tests. In addition, their possible biostimulant ca-
pacities were evaluated based on harvest yields. Treatments based on chitosan oligomers in combi-
nation with secondary metabolites of Streptomyces spp. and chitosan oligomers combined with hy-
drolyzed gluten showed the best results in terms of disease control. Given the high efficacy of these 
formulations, comparable to that of conventional antifungals, they constitute an interesting alterna-
tive for the control of this disease whose treatment can, in some cases, represent almost half of the 
production costs. 
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1. Introduction 
Grapevine (Vitis vinifera L.) is highly susceptible to numerous diseases caused by aer-

ial pathogens, such as powdery mildew (Erysiphe necator Schwein., synonym Uncinula ne-
cator (Schwein.) Burrill), downy mildew (Plasmopara viticola (Berk. & M.A. Curtis) Berl. & 
De Toni) and grey mold (Botrytis cinerea Pers.) [1]. The incidence and severity of these 
diseases are increasing as a consequence of climate change [2,3], and, in France, it has been 
estimated that their treatment accounts for about half of the production cost. 

Under favorable environmental conditions, the pressure of these diseases forces the 
use of enormous quantities of phytosanitary products, which entails high economic and 
environmental costs and, in many cases, quickly generates resistance [4]. According to 
Eurostat data, the application of phytosanitary products per hectare per year in viticulture 
is the highest of all crops [5]. In some cases, the number of applications per growing sea-
son is higher than 12 [6], reaching up to 16 applications in times of high disease pressure. 
In a study on pecuniary and nonpecuniary costs of managing powdery mildew in Cali-
fornia grape production, Sambucci et al. [7] estimated that powdery mildew control ac-
counted for 89% of crop protection applications in this sector. 
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This disease is caused by a biotrophic fungus that survives during the winter in the 
form of ascospores contained in chasmothecia (sexual fruiting bodies) or in the form of 
mycelium in dormant buds [8]. These structures can survive for long periods under ad-
verse conditions. Their epidemiological importance lies in the fact that they constitute one 
of the main sources of primary inoculum for grapevine powdery mildew [9] provided 
that, in spring, under optimal conditions, the chasmothecia open, dispersing the asco-
spores. When these ascospores reach green tissues (mainly the most basal leaves closest 
to the bark of the grapevine’s trunk), they germinate, giving rise to infections and onset 
of the disease. These first infections will give rise to multiple secondary infections [10]. 
Hence, effective control of this initial source of inoculum is vital to control the develop-
ment of this fungus in the vineyard, thus breaking the disease cycle. 

Currently, the search for alternative solutions for pathogen control has become a key 
objective to comply with the guidelines of the European Directive 2009/128/EC, which 
establishes the basis for the sustainable use of pesticides, highlighting the reduction of 
their use (e.g., that of copper in viticulture [6]) as a fundamental aspect. In addition, re-
cently, in 2020, we have witnessed the signing of the European Green Pact, by which EU 
member states have agreed to reduce the use of chemically synthesized plant protection 
products by 50% by 2030. Breeding for resistant genotypes [11], flashes of UV-C light [12], 
out-of-season fungicide applications [13], use of spore traps [14], and application of non-
synthetic chemicals and organic control measures have been put forward as promising 
alternative approaches for powdery mildew management. 

The study presented herein explores the antifungal activity against powdery mildew 
on the grapevine of eight formulations based on natural products that have previously 
shown promise against other phytopathogenic fungi [15–17]. Their efficacy has been eval-
uated in field conditions, in a plot of Viñas del Vero winery (D.O. Somontano, Huesca, 
Spain), and in vitro against one of the primary sources of initial inoculum, chasmothecia. 

2. Material and Methods 
2.1. Reagents and Actinobacteria Isolates 

High molecular weight chitosan (CAS 9012-76-4; 310,000–375,000 Da) was purchased 
from Hangzhou Simit Chemical Technology Co. (Hangzhou, China). The ε-polylysine 
(CAS 25104-18-1), silver nanoparticles (40 nm particle size (TEM), 0.02 mg·mL−1 in aque-
ous solution, with sodium citrate as a stabilizer), fluorescein diacetate (CAS 596-09-8), 
phosphate buffer (for microbiology, APHA, pH 7.2), ethyl acetate (CAS 141-78-6; ≥99.5%), 
and citric acid (CAS 77-92-9; ≥99.5%) were supplied by Sigma-Aldrich Química S.A. (Ma-
drid, Spain). Neutrase® 0.8 L enzyme was supplied by Novozymes (Bagsvaerd, Denmark). 
Potato dextrose agar (PDA), yeast extract, and BactoTM Peptone were purchased from Bec-
ton, Dickinson & Company (Franklin Lakes, NJ, USA). Starch casein agar (SCA), Mueller 
Hinton agar (MHA), and malt extract agar (MEA) were purchased from Oxoid Ltd. 
(Hampshire, UK). Molasses were supplied by ACOR, Sociedad Cooperativa General Ag-
ropecuaria (Castilla y León, Spain). 

The two Streptomyces spp. strains from which the secondary metabolites were pro-
duced, Streptomyces lavendofoliae (DSM 40217) and Streptomyces rochei (DSM 41729) were 
acquired from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ; 
Braunschweig, Germany). 

2.2. Preparation of Chitosan Oligomers and Secondary Metabolites 
Chitosan oligomers (COS) were prepared according to the procedure described in 

the work by Santos-Moriano et al. [18], with the modifications indicated in [17]. Commer-
cial chitosan (MW = 310–375 kDa) was dissolved in aqueous 1% (w/w) acetic acid, and, after 
filtration, the filtrate was neutralized with aqueous 4% (w/w) NaOH. The precipitate was 
collected and washed thoroughly with hot distilled water, ethanol, and acetone. The pu-
rified chitosan was obtained by drying. The degree of deacetylation (DD) was determined 
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to be 90% according to Sannan et al. [19]. 20 g of purified chitosan were dissolved in 1000 
mL of Milli-Q water by adding 20 g de citric acid under constant stirring at 60 °C. Once 
dissolved, the commercial proteolytic preparation Neutrase® 0.8 L (a protease from Bacil-
lus amyloliquefaciens) was added to obtain a product enriched in deacetylated chitooligo-
saccharides and to degrade the polymer chains. The mixture was sonicated for 3 min in 1 
min of sonication/1 min without sonication cycles to keep the temperature in the 30–60 °C 
range. At the end of the process, a solution with a pH in the 4–6 interval with oligomers 
of molecular weight < 2 kDa was obtained, with a polydispersity index of 1.6. 

The two strains of the genus Streptomyces were grown on starch-casein agar medium 
at 28 °C for 10 days. The plates were stored at 4 °C. For long-term storage, lyophilizates of 
both strains were used. 

The method described by Sadigh-Eteghad et al. [20] was followed to obtain the sec-
ondary metabolites. After completion of fermentation, each final solution of the cultures 
of both strains was treated with 50 mL of phosphate buffer (pH 6.4) and subjected to ul-
trasonication with a 1000 W probe-type ultrasonicator operated at 20 kHz (model 
UIP1000hdT, Hielscher Ultrasonics, Teltow, Germany) for 5 min. The solutions were then 
filtered twice through a sterile muslin cloth. 

To determine the concentration of the bioactive compounds in the above solutions, 
the procedure described in Pazhanimurugan et al. [21] was followed: the filtrates were 
centrifuged, and the supernatant was extracted with 100 mL of ethyl acetate. The solvent 
with the crude bioactive compounds was concentrated under reduced pressure and then 
lyophilized. As a result, the culture filtrates had a concentration of approximately 2.0 
mg·mL−1 (1.96 mg·mL−1 for secondary metabolites of S. lavendofoliae and 1.88 mg·mL−1 for 
secondary metabolites of S. rochei). 

2.3. Bioactive Products Tested 
The treatments used are summarized in Table 1. The methods of preparation of each 

formulation are described in detail in previous work [15–17]. In short, the chitosan oligo-
mers solution was mixed in a 1:1 (v/v) ratio with the silver nanoparticles (nAg), ε-polyly-
sine (EPL), or hydrolyzed gluten solutions, or in a 3:1 (v/v) ratio with the secondary me-
tabolites (either from S. lavendofoliae or from S. rochei) solutions. Mixtures were prepared 
by sonication at 20 kHz, in periods of 2 min each, and for a total time of 20 min, avoiding 
that the temperature exceeded 50 °C. 

For root application and the in vitro tests on ascospores, no additives were used. For 
foliar application, 0.2% Tween® 20 (a sorbitan fatty acid ester ethoxylate) was added, be-
cause this highly effective nonionic surfactant effectively delivers multiple adjuvant func-
tionalities such as retention, enhanced uptake, humectancy, wetting, and spreading prop-
erties. 

Table 1. Summary of treatments used against powdery mildew in the field and in vitro against 
chasmothecia. 

Treatment Method of Application Abbreviation 

COS (20 g·L−1) 
Root T1R 

Foliar-spray T1F 
Chasmothecia T1C 

COS (20 g·L−1) + nAg (0.2 g·L−1) 
Root T2R 

Foliar-spray T2F 
Chasmothecia T2C 

COS (20 g·L−1) + EPL (2 g·L−1) 
Root T3R 

Foliar-spray T3F 
Chasmothecia T3C 

COS (20 g·L−1) + S. rochei metabolites (2 g·L−1), 3:1 (v/v) Root T4R 
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Foliar-spray T4F 
Chasmothecia T4C 

COS (20 g·L−1) + S. lavendofoliae metabolites (2 g·L−1), 3:1 (v/v) 
Root T5R 

Foliar-spray T5F 
Chasmothecia T5C 

COS (20 g·L−1) + hydrolyzed gluten (10 g·L −1) 
Root T6R 

Foliar-spray T6F 
Chasmothecia T6C 

Freeze-dried S. rochei (0.1 g) + gluten (10 g) * Root T7R 
Freeze-dried S. lavendofoliae (0.1 g) + gluten (10 g) * Root T8R 
Control with conventional treatment (see Table S1) Foliar-spray Tconv 

Untreated control - Tcontrol 
* Applied in solid phase (powder); COS = chitosan oligomers, nAg = silver nanoparticles, EPL = ε-
polylysine. 

2.4. Field Antifungal Activity Test 
The field application trial was carried out from the end of April 2019 to the end of 

August 2019 at the Viñas del Vero winery estate called ‘Litonera’ (41°58′46.6″ N 0°08′05.6″ 
E), in the municipality of Barbastro (Huesca, Spain), included in the Somontano designa-
tion of origin. This particular vineyard plot was selected because it is subject to the area’s 
highest pressure of fungal diseases (attributable to a higher environmental humidity due 
to two nearby irrigation ponds fed from the Selgua irrigation canal). 

The trials were carried out on grapevines of ‘Chardonnay’ variety, clone 151, on Rich-
ter 110 rootstock. For each treatment, two application types (foliar-spray and root) were 
tested, except for the freeze-dried Streptomyces strains, which were root-applied in a solid 
phase. 

Each experimental unit consisted of four replicates and three plants per replicate, 
separated by a guard plant. The separation between two application modes (foliar and 
root) consisted of 3 guard plants. Each product was tested in different rows, leaving a 
guard row between treatments (Figure S1). The efficacy of the treatments was compared 
against untreated control grapevines and against grapevines treated with the usual treat-
ment of the winery, based on conventional agrochemicals (Table S1). 

The dose of the product tested was the same throughout the campaign: 40 mL of 
active product/plant. The application of the product was carried out with agricultural 
spray backpacks (one for each product to be tested) and with buckets (one per product to 
be tested), depending on whether the application was foliar or root-based, respectively. 

The treatments were applied twice a month (25th April, 10th May, 27th May, 10th 
June, 24th June, 9th July, 22nd July, and 5th August) until the harvest date (23rd August). 

The applications were accompanied by monitoring of disease pressure. Due to the 
season’s weather conditions (Figure S2), only powdery mildew attack was significant. A 
total of 5 counts of leaf attack and 4 counts of bunch attack were carried out, starting on 
10th June and 24th June, respectively, and repeated every two weeks until 5th August in 
both cases. On each date, a sample of 40 randomly selected organs was observed in each 
block, and in due course, 40 bunches. The European and Mediterranean Plant Protection 
Organization (EPPO) procedure was followed to evaluate the parameters related to the 
presence and attack of powdery mildew. It establishes a scale based on the percentage of 
the area of the organ affected by the disease. The Townsend–Heuberger formula [22] was 
used to calculate the degree of damage by fungi attack: 𝐷𝑆ሺ%ሻ = ∑ሺ𝑛𝑣ሻ𝑁𝑉 × 100 
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where DS is the disease severity, n is the number of organs (leaves or bunches) in each 
class, v is the class value, N is the total number of assessed organs, and V is the highest 
class value. 

On 23rd August, coinciding with the harvest of the entire plot, the productivity of 
the different treatments was determined. To do this, the number of bunches and their 
weight were counted in one grapevine for each repetition (that is, in 4 grapevines per 
treatment and per mode of application of the active product). Once these measurements 
had been taken, 100 random grains were weighed, and the grape juice obtained was ana-
lyzed (pH, °Brix, potential alcohol, and acidity). 

2.5. In Vitro Test of Antifungal Activity on Ascospores 
2.5.1. Isolation of Chasmothecia 

For chasmothecia isolation, the protocol described by Cortesi et al. [23] was used with 
slight modifications: 100 g of leaves from a powdery mildew susceptible grapevine variety 
(‘Godello’) with abundant production of chasmothecia on leaves (dark coloration, Figure 
1) were collected. They were placed in a 2 L bottle with 1.5 L of distilled water (Figure 2A) 
and were vigorously shaken for 3 min. Chasmothecia were double-sieved through 0.2 and 
0.1 mm mesh sieves (Figure 2B–D). The process was repeated three more times, shaking 
for only 1 min each time. Finally, the chasmothecia were collected with a brush, allowed 
to dry on a filter paper (Figure 2E), and stored in a cool, dry place until further use. 

 
Figure 1. Chasmothecia on ‘Godello’ variety grapevine leaves. 

 
Figure 2. Chasmothecia obtaining process from ‘Godello’ variety grapevine leaves: (A) 100 g of 
chopped grapevine leaves in a 2 L bottle with 1.5 L of distilled water; (B) 0.2 mm sieve; (C) 0.1 mm 
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sieve; (D) clean chasmothecia on the 0.2 mm sieve; (E) recovered chasmothecia by drying on a filter 
paper for subsequent preservation. 

2.5.2. Fluorescein Diacetate Staining of Ascospores 
Three different protocols were evaluated, to which slight modifications were made 

regarding the staining time and the concentration of fluorescein diacetate (FDA). The 
tested protocols were: (i) the one proposed by Widholm [24]; (ii) that reported by Ingham 
and Klein [25]; and (iii) that of ibidi GmbH [26]. The selected protocol was the third one. 
Since this protocol contemplated a co-staining with propidium iodide, all volumes of pro-
pidium iodide were replaced by phosphate-buffered saline (PBS). Staining solution: FDA 
on PBS in a final concentration of 7.9 µg·mL−1 (stored at 4 °C in the dark for no more than 
2 h). 

Twenty-five chasmothecia were picked up with a brush and placed in a well of a 
multiwell plate where the compound to be evaluated was added, leaving it to act for 10 
min. After this time, the compound was removed, rinsed with sterile distilled water, and 
the staining solution was added for 5 min. To facilitate the staining of the ascospores, the 
chasmothecia were broken with a micropistil. 

For the same fields of observation, the number of viable ascospores (fluorescent un-
der fluorescence microscopy; Figure 3) and the total number of ascospores in brightfield 
(Figure 3) were counted. For each treatment, the viability of 100 ascospores was assessed 
and expressed as a percentage of viable ascospores. 

 
Figure 3. Open chasmothecia showing asci with ascospores. Both images show the result of the same 
preparation stained with fluorescein diacetate under (A) fluorescence and (B) brightfield micros-
copy (40×). 

The experiment was repeated once under the same conditions using chasmothecia 
obtained in the same isolation process. 

2.6. Statistical Treatment 
For the whole period, all the data of degree of damage by fungi attack (in leaves and 

bunches) were analyzed with Friedman’s test, non-parametric equivalent to the ANOVA 
test for repeated measures, with multiple comparisons by pairs employing the Nemenyi’s 
procedure/two-tailed test. Additionally, for the results of the degree of attack on each 
sampling date, a non-parametric analysis was carried out with the Kruskal–Wallis test, 
accompanied by the comparison of pairs with the Dunn and Conover–Iman methods, ap-
plying the Bonferroni correction. For the production measures (number of bunches, bunch 
weight, and weight of 100 grains), analysis of variance (ANOVA) was used with post hoc 
comparisons with Tukey’s test, when the requirements of normality and homoscedasticity 
of the data were fulfilled. 
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3. Results 
3.1. Field Antifungal Activity Tests 
3.1.1. Powdery Mildew Control on Leaves 

Mean values of the degree of powdery mildew attack on leaves for each treatment 
and sampling date are presented in Table S2. Environmental conditions throughout the 
period of study are summarized in Figure S2. 

From the results of Friedman’s test (Table S3), it was observed that the lowest degree 
of attack corresponded to root-applied COS + S. lavendofoliae metabolites treatment (T5R). 
Although there were no statistically significant differences, COS + hydrolyzed gluten 
treatments (foliar and root-applied, T6F and T6R, respectively) were the next most effec-
tive treatments. 

The best treatments at each date, separately analyzed by the Kruskal–Wallis test, are 
summarized in Table 2. Again, root-applied COS + S. lavendofoliae metabolites treatment 
and COS + hydrolyzed gluten treatments (T5R, T6R, and T6F, respectively) were the most 
effective, comparable to the conventional treatment (Tconv). 

Table 2. Summary of the most effective treatments (lowest degree of attack) on leaves and grapevine 
clusters for each sampling date. Results are based on non-parametric analysis using the Kruskal–
Wallis test. 

Organs 
Sampling Date 

10 June 2019 24 June 2019 8 July 2019 22 July 2019 5 August 2019 23 August 2019 

Leaves 

T5R T3F T4R T5R T5R T5R 
T5F T7R T6F T6R T6R T6R 
T6R T5F Tconv T6F Tconv T6F 
T6F T6R  Tconv  Tconv 

 T6F     

Grapevine clus-
ters 

- T1R T6R T5R T5R T5R 
 T1F T6F T6F T5F T6R 
 T4F T5R T6R T7R T6F 
    T6R  

The meaning of the abbreviations used for each treatment is provided in Table 1. 

3.1.2. Powdery Mildew Control on Grapevine Clusters 
Mean values of the degree of powdery mildew attack on grapevine clusters for each 

treatment and sampling date are summarized in Table S4. 
The results of Friedman’s test for the degree of attack on grapevine bunches (Table 

S5) were consistent with those obtained for the degree of attack on leaves, with a higher 
efficacy (statistically significant) of root-applied COS + S. lavendofoliae metabolites treat-
ment, followed by COS + hydrolyzed gluten treatments (without statistically significant 
differences). 

Based on the results of the degree of damage by fungi attack for each date, separately 
analyzed by the Kruskal–Wallis test, the best treatments in terms of grapevine bunch pro-
tection are summarized in the lower part of Table 2. If the 24th June result is excluded, the 
remaining results are consistent with those of Friedman’s test. 

In the manual harvest, it was clearly seen that the berries of the grapevines treated 
with the natural treatments mentioned above showed a greater turgidity. 

3.2. Effect on Production Quality and Yield 
No statistically significant differences were observed in the number of bunches per 

sampling unit (average of 21 bunches/4 grapevines sampled) or in the weight of 100 grains 
(mean value of 153 g), except for the foliar-applied COS-only treatment, in which a 
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presumable phytotoxicity reaction was found (with leaf chlorosis symptoms followed by 
foliage loss, Figure S3) and which led to almost no production (Table S6). 

Nevertheless, significant differences were observed in terms of bunch weight/plant, 
with the highest weights associated with foliar-applied COS + hydrolyzed gluten treat-
ment (T6F; 5.54 kg/plant), root-applied COS + S. lavendofoliae metabolites treatment (T5R; 
4.55 kg/plant), and the conventional treatment (3.85 kg/plant), a result consistent with the 
lower degree of attack on bunches referred above. However, the low bunch weight ob-
tained for the plants treated with root-applied COS + hydrolyzed gluten treatment was 
striking (T6R; 1.98 kg/plant). 

Concerning the parameters measured in the samples of grape juice (Table S6), no 
statistically significant differences were detected between treatments in terms of pH 
(mean value of 3.36), acidity (mean value of 7.37 g tartaric acid·L−1), sugar content (with a 
mean value of 22 °Brix), or potential alcohol (mean value of 15.1%), so it may be inferred 
that the quality of production was not affected. 

3.3. In vitro Effect of Antifungal Activity on Ascospores 
All treatments showed efficacy in terms of loss of viability of ascospores compared 

to the control treatment (Tcontrol, 69% viability). Those that combined chitosan oligomers 
with secondary metabolites of the two Streptomyces species used (S. rochei and S. lav-
endofoliae) were the most effective (T4C and T5C, 0% viable ascospores), followed by COS 
+ hydrolyzed gluten (T6C, 5%) and COS + nAg (T2C, 27%). Of all treatments, COS + ε-
polylysine (T3C, 47%) and COS (T1C, 57%) showed the lowest fungicidal activity on as-
cospores (Figure 4). 

 
Figure 4. Percentage of viable ascospores after subjecting chasmothecia to treatments with the fol-
lowing compounds: distilled H2O (Tcontrol), chitosan oligomers (T1C), COS + silver nanoparticles 
(T2C), COS + ε-polylysine (T3C), COS + Streptomyces rochei secondary metabolites (T4C), COS + S. 
lavendofoliae secondary metabolites (T5C), and COS + hydrolyzed gluten (T6C). 

4. Discussion 
4.1. Antifungal Behavior in Field Conditions and Effect on Yield 

The results obtained should be considered preliminary, given that they correspond 
to trials carried out in a single location and during a single season. However, considering 
that disease pressure was high, the observations made throughout the season indicate that 
the treatment based on root-applied COS + S. lavendofoliae metabolites (T5R) was the most 
effective against powdery mildew among the treatments tested, both on leaves and 
bunches. Streptomyces species usually show a remarkable antimicrobial activity, making 
them potential biological control agents [27]. Numerous species have been described for 
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controlling mildews in different crops, either by direct application or using substances 
produced by these bacteria [17,28–30], but powdery mildew in grapevine has been less 
widely addressed [31]. 

Treatments based on COS + hydrolyzed gluten (T6F and T6R) were the next most 
promising, which may be attributed to the high content of amino acids present in gluten. 
In this regard, there are previous reports on the high antifungal efficacy of COS−amino 
acid conjugate complexes [32,33], which try to mimic plant host defense peptides (HDPs). 
HDPs are generally cysteine-rich (nodule-specific cysteine-rich peptides, NCRs) and are 
considered one of the main barriers developed by plants to fight infective agents [34–36], 
including the Snakin class identified in the grapevine [37]. Further, in a study on the foliar 
application of Mn−amino acid complexes for powdery mildew control in cucumber 
(caused by Podosphaera fuliginea (Schltdl.) U.Braun & S.Takam.), Eskandari et al. [38] 
showed that the Mn−amino acid complexes resulted in disease suppression and that the 
spraying of free amino acids significantly decreased disease severity on the treated leaves, 
being more effective than sulfate. 

The efficacy of the aforementioned products was superior to that of the conventional 
treatments on all dates in which the monitoring was carried out, and, therefore, they could 
be used as an alternative to synthetic phytochemicals. For example, on the sampling date 
prior to harvest (5th August), the grapevines treated with root-applied COS + S. lav-
endofoliae metabolites and with root and foliar-applied COS + hydrolyzed gluten (T5R, 
T6R, and T6F, respectively) showed degrees of attack on clusters of 33.1, 47.5 and 51.25%, 
compared to 75.6% for the conventional treatment. It should be emphasized that these 
attack results correspond to a plot with an unusually high fungal disease pressure, so in 
other plots it is foreseeable that the degree of attack would be considerably lower. 

Regarding yield, the production per plant was significantly higher in the plants 
treated with root-applied COS + S. lavendofoliae metabolites (T5R) and foliar-applied COS 
+ hydrolyzed gluten (T6F), surpassing the production of the strains treated with conven-
tional products. This activity as biofertilizers, improving the yield, has previously been 
well documented for Streptomyces spp., making the species of this genus an interesting 
alternative to inorganic fertilizers [39]. However, little research works have combined 
COS with Streptomyces metabolites, and even less have been assayed in field conditions. 
On the other hand, the low production for the strains treated with root-applied COS + 
hydrolyzed gluten (T6R) discourages using this treatment. 

4.2. In Vitro Efficacy against Chasmothecia 
All the treatments used showed a fungicidal effect, evidenced by lower viability of 

the ascospores, highlighting the combinations of COS + Streptomyces spp. secondary me-
tabolites. Chasmothecia isolated and preserved in suitable conditions (cool, dry place with 
a not very high temperature of around 15–18 °C) lose viability, with some authors describ-
ing up to 50% loss of viability after 16 weeks of preservation at 17 °C [40]. This could 
explain why the control treatment showed a percentage of viability in the ascospores used 
of 69%. However, works that study the viability of chasmothecia and/or ascospores of this 
pathogen are not very abundant and usually focus on controlling the formation and de-
velopment of chasmothecia. An example is a recent work by Thiessen et al. [41] on the 
effect of using an organic oil to control chasmothecia production, or that by Legler et al. 
[42], in which a biofungicide based on Ampelomyces quisqualis Ces. (a hyperparasite) has 
shown good results in reducing the pathogen due to its activity in the later cycle stages. 
Although we do not know the effect that the assayed products have on the formation and 
maturation of chasmothecia, the fungicidal effect they have, not only on the viability of 
ascospores but also on the development of the disease, suggest that they could be an en-
vironmentally friendly alternative that could be combined with other treatments within 
an integrated powdery mildew management program. This makes the presented results 
interesting from a practical point of view for wine-growers, given that the presence of 
chasmothecia and the viability of their ascospores mark to a large extent the initial levels 
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of disease, which is also closely related to the subsequent difficulty to adequately control 
the pathogen in the course of its cycle [10,43]. 

4.3. Justification of the Observed Antifungal Behavior 
Several modes of action have been proposed regarding the mode of inhibition of chi-

tosan oligomers [44]. The interaction of the positively charged chitosan with the nega-
tively charged phospholipid components would result in increased permeability and 
leakage of cellular contents. Its chelating action would deprive fungi of trace elements 
essential for normal growth. In addition, their binding to fungal DNA would inhibit 
mRNA synthesis and affect protein and enzyme production. 

The good antifungal behavior observed in vitro for treatments based on polyelectro-
lyte complexes (PECs) of COS and secondary metabolites of S. lavendofoliae and S. rochei 
has to be referred to the bioactive compounds present in the extracts of these actinobacte-
ria (summarized in Table S7) and is consistent with that already observed against grape-
vine wood fungi [17]. 

Regarding the differences in terms of activity between Streptomyces strains in field 
trials, it can be tentatively referred to solubility problems of some of the active principles 
of the secondary metabolites of S. rochei, despite the formation of PECs with COS (for 
example, regarding one of the active compounds present in the filtrates of S. rochei, 
lankacidine, Harada et al. [45] have referred that lankacidine group antibiotics are poorly 
soluble in water and that the dissolving parts rapidly decompose into compounds without 
antimicrobial activity). However, other options cannot be ruled out a priori, such as sta-
bility problems of the substances present in uncontrolled laboratory conditions, degrada-
tion due to the effect of temperature, inactivation due to leaf exudates, or even the activity 
of other microorganisms present in the plant. 

Regarding the antifungal activity of the COS + hydrolyzed gluten complex, it can be 
attributed to the amino acids present in gluten, given that COS-amino acid conjugate com-
plexes have shown antifungal activity in other works [32,33]. 

5. Conclusions 
Among the treatments tested in the field, the highest antifungal activity against pow-

dery mildew corresponded to the root-applied COS + S. lavendofoliae metabolites treat-
ment, followed by the foliar-applied COS + hydrolyzed gluten treatment, in good agree-
ment with the results from the in vitro studies of ascospore viability (in which the COS + 
S. rochei metabolites treatment was also very effective). The efficacy of the two aforemen-
tioned natural formulations was superior to that of the conventional fungicides used by 
the winery, resulting in higher yields per plant. Therefore, treatments such as the ones 
proposed herein, which in addition to being effective in controlling the development of 
the disease at different points in its cycle, are environmentally friendly, open a new ave-
nue of action to reduce the use of chemically-synthesized phytosanitary products. 

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/agronomy12020495/s1, Figure S1: Distribution of the treatments on the vineyard plot; 
Figure S2. Environmental conditions (temperature and rainfall) in the vineyard plot throughout the 
study period; Figure S3. Phytotoxicity symptoms detected in grapevines upon foliar application of 
the COS-only treatment; Table S1: Phytosanitary applications carried out by Viñas del Vero winery; 
Table S2. Mean values of the degree of powdery mildew attack on leaves for each treatment and 
sampling date; Table S3. Results of Friedman’s test for multiple pairwise comparisons using the 
Nemenyi’s procedure/Two-tailed test for the treatments tested as a function of the degree of attack 
recorded on leaves; Table S4. Mean values of the degree of powdery mildew attack on grapevine 
clusters for each treatment and sampling date; Table S5. Results of Friedman’s test for multiple pair-
wise comparisons using the Nemenyi’s procedure/two-tailed test for the treatments tested as a func-
tion of the degree of attack recorded on grapevine bunches; Table S6. Average yield values and 
grape juice characteristics for the different treatments; Table S7. Secondary metabolites with biolog-
ical activity produced by S. lavendofoliae and S. rochei. 
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