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ABSTRACT 13 

Applying plant protection products (PPP) on grapevine pruning wounds is a viticultural practice used to 14 

mitigate the spread of Grapevine Trunk Diseases, which are posing serious economic losses in the vine-wine 15 

industry. However, PPP impact on woody tissues remains unclear. Our study, conducted in two European 16 

vineyards investigated the effects of Cuprocol®, Tessior®, Esquive® and Bentogran® on stilbenes, in canes of 17 

Cabernet sauvignon and Syrah, at three phenological stages. Main stilbenes, quantified by HPLC-UV-DAD 18 

and identified by HPLC-ESI/MS, included E-resveratrol, E-ɛ-viniferin, E-piceatannol and E-polydatin. Canes 19 

exhibited varying proportions of individual stilbenes, reflecting differences based on climatic conditions and 20 

phenological phases, rather than on the application of specific PPP. Vines grown in cool-climate conditions 21 

exhibited higher levels of E-resveratrol, whereas vines from Mediterranean climate area of E-ɛ-viniferin. We 22 

also observed divergences in the accumulation trend of wood stilbenes throughout the season in the canes 23 

collected in the two different growing areas.  24 

KEYWORDS: grapevine trunk diseases, wood, Cuprocol®, Tessior®, Esquive®, Bentogran®, resveratrol, ɛ-25 

viniferin, climatic conditions, HPLC-UV/DAD, HPLC-ESI/MS  26 



INTRODUCTION 27 

Grapevine trunk diseases (GTDs) comprise a group of fungal diseases involving several wood-colonizing fungi 28 

from diverse genera and species. These fungi infest perennial organs, instigating vascular infections that result 29 

in wood discoloration, necrotic lesions and white rot. Infected vines occasionally exhibit foliar symptoms that, 30 

altering the leaf photosynthetic capability, cause yield reduction and berry quality deterioration. While 31 

extensive research has examined various aspects of GTDs and their causal agents, the factors influencing the 32 

appearance and progression of leaf symptoms remain elusive [1]. The three primary GTDs – Botryosphaeria 33 

dieback, Eutypa dieback, and the esca complex – are detrimental diseases, with a serious economic impact in 34 

the vine-wine industry, worldwide. Their rising incidence and severity are exacerbated by stressful 35 

environmental conditions, often due to climate change issues, mainly severe water stress. The spread of GTDs 36 

is primarily attributed to cultural practices, particularly winter pruning [1]. Winter pruning, an essential 37 

practice in viticulture, inflicts numerous wounds in differently-aged wood, depending on the adopted pruning 38 

method. Pruning cuts serve as major entry points for GTD pathogens. Additionally, GTD fungi can also invade 39 

vines during grafting and nursery processes. The limited availability of effective control strategies and the 40 

current regulatory restrictions have added complexity to managing GTDs. In Europe, sodium arsenate was 41 

used to control their spread until its prohibition in 2003, because of its adverse impact on human health and 42 

environment [1], leaving no effective treatments. The use of other chemicals, including Fosetyl-Al® [2,3] and 43 

triazoles [4] as alternatives to sodium arsenate was proposed but their effectiveness is contingent upon factors 44 

such as the mode of application, the specific location (nursery or vineyard) and the targeted pathogens [for 45 

review, see 5]. Currently, an efficient approach to mitigate infection threats is to focus on preventing field 46 

infections, by choosing reasoned cultural practices such as delayed pruning [6], double pruning [7] and the 47 

application of wound protection products [8]. Delaying pruning and/or double pruning reduce exposure to 48 

rainfall, constricting the timeframe of wound vulnerability to infection. Double pruning is suitable for spur-49 

pruned vineyards, providing a preliminary pruning phase followed by conventional pruning. Pruning wound 50 

protection product distribution has gained widespread popularity [1, 5, 9] despite this approach is time-51 

consuming and costly. Mastics and pastes, alone or supplemented with fungicides, serve as protectors by 52 

creating a physical barrier that hinders the entry of fungi. When external factors compromise this physical 53 

barrier, fungicides may still actively limit pathogens, ensuring wound protection [5]. In vineyards, copper-54 



based fungicides are extensively used to control fungal and bacterial diseases [2, 10], also thanks to their ability 55 

to elicit several genes associated with plant defense mechanisms [11]. However, copper accumulation 56 

adversely affects the ecosystem biodiversity, due to its phytotoxic effects and accumulation in soil and water, 57 

highlighting the need for a reevaluation of its use in plant protection strategies. These aspects led the EU to 58 

introduce stringent limitations on copper distribution in vineyards (28 kg/ha in 7 years). Another promising 59 

approach is the utilization of biological control agents, notably Trichoderma species, or the application of 60 

natural products [12, 13]. In viticulture, two commercial solutions based on Trichoderma are used to control 61 

GTDs: Vintec® (Belchim Crop Protection) and Esquive® (Agrauxine by Lesaffre). However, despite several 62 

promising solutions for pruning wood protection, managing GTD using a single approach appears challenging. 63 

The evolutionary adaptation has enabled grapevines to trigger defense mechanisms in response to stress. In 64 

reaction to pathogen infection and wood colonization, grapevine deploys physical and biochemical barriers. 65 

Initially, the production of tyloses serves to compartmentalize the spread of fungi [14]. Subsequently, the 66 

induction of polyphenol-rich areas, particularly of stilbenes, inhibits the pathogen growth [15]. It seems well-67 

established that no grapevine species or varieties are inherently resistant to trunk diseases. However, grapevine 68 

varieties exhibit different levels of susceptibility [16, 17], associate to their capacity to accumulate specific 69 

stilbenes [18]. Stilbenes comprise a diverse range of compounds [19, 20], and their biosynthesis and 70 

accumulation can vary depending on several factors. These include the Vitis species and cultivar, cultivation 71 

and environmental conditions, vineyard age, rootstock, water availability, soil composition and the type of 72 

fungal diseases [21, 22, 23]. Studies demonstrated an increase in stilbene concentration within the affected 73 

discolored wood [24, 25], as well as in xylem vessels and adjacent tissues, following inoculation with 74 

pathogens such as Phaeoacremonium minimum and Phaeomoniella chlamydospora [15, 26]. Specifically, E-75 

resveratrol and E-ε-viniferin accumulate close to the colonized tissues, suggesting their role in inhibiting wood 76 

colonization [27, 28]. However, plant protection products (PPPs) may influence the capacity of treated plants 77 

to accumulate wood stilbenes, and this interference can be decisive in countering pathogen attacks. While 78 

extensive studies investigated the mode of action of PPPs against GTD pathogens [29, 30], their behavior 79 

within the plant after application [29, 30], and endophyte microbial ecology [9], research on the effects of PPPs 80 

on stilbene accumulation remains limited [31, 32]. This knowledge gap underscores the need for a 81 

comprehensive understanding of how PPPs influence stilbene dynamics in grapevine wood. The objective of 82 



this research was to investigate the accumulation of stilbenes in one-year old wood pruning wounds, after 83 

applying various pruning wound protection products. The study involved two internationally recognized 84 

grapevine cultivars, Cabernet sauvignon and Syrah, grown in Italy and Portugal, to evaluate the interactions 85 

with environmental conditions. By examining the relationship between PPP applications and the grapevine 86 

response, the study aimed to elucidate the stilbene accumulation dynamics in grapevine wood and their 87 

potential role in defending against pathogens. 88 

MATERIALS AND METHODS 89 

Reagents and Standards 90 

E-resveratrol, E-piceatannol, E-ɛ-viniferin, and E-polydatin were purchased from Extrasynthèse (Genay, 91 

France). HPLC-grade acetonitrile was provided by Sigma-Aldrich (Milan, Italy) and by Honeywell (Seelze, 92 

Germany). Methanol used for extraction was supplied by Sigma-Aldrich (Milan, Italy) and PanReac 93 

(Barcelona, Spain). Formic acid was supplied by Sigma-Aldrich (Milan, Italy).  94 

Vineyard description and seasonal weather conditions 95 

During winter 2021/2022, one-year-old canes of Cabernet sauvignon and Syrah vines were sampled in the 96 

collection vineyards of the University of Turin (DISAFA vineyard; 45 30530 0 N, 7350320 0 E) in Grugliasco 97 

(TO), Italy, and of the Instituto Superior de Agronomia (Almotivo vineyard; 38 42032.70 0 N, 911011.50 0 98 

W) in Lisbon, Portugal. The DISAFA vineyard, planted in 2008, has a density of 4400 vines/ha and is situated 99 

293 m above sea level, in a flat area. Vines are vertical-shoot positioned and trained to the Guyot pruning 100 

system. The soil composition is sandy; further details can be found in [33]. Integrated agricultural management 101 

practices are applied. Cabernet sauvignon is grafted onto 779P (Vitis berlandieri x Vitis rupestris), and Syrah 102 

onto SO4 (Vitis berlandieri x Vitis riparia). The Almotivo vineyard, established in 1998, has a vine density of 103 

3333 plants/ha and employs the Cordon Royat bilateral training system with spur pruning. The soil is 104 

categorized as vertisol. Integrated agricultural practices are applied. Cabernet sauvignon and Syrah are grafted 105 

on 140 RU rootstock (Vitis berlandieri x Vitis rupestris). The seasonal weather conditions are described in 106 

Table 1. 107 

Experimental Setup 108 

In autumn 2021, externally asymptomatic canes were carefully selected and labeled. In January 2022, when 109 

vines were dormant, we performed manual pre-pruning by shortening the one-year-old canes 2-3 cm above the 110 



fourth node (approx. 20 cm above the fruiting cane in Guyot-pruned vines (DISAFA vineyard) and 20 cm 111 

above the spur in Cordon Royat pruned vines (Almotivo vineyard). A three-day monitoring period was 112 

implemented to ensure minimal or no bleeding from the pruning wounds before applying the treatments. The 113 

pruning wound protection products used were: Cuprocol®, a copper-oxychloride-based contact fungicide; 114 

Tessior®, a liquid polymer containing two systemic fungicides, boscalid and pyraclostrobin; Esquive®, a 115 

Trichoderma-based bio-control agent; Bentogran®, a sodium bentonite inert clay acting as a physical barrier, 116 

largely used in cellars (Table 2). Cuprocol®, Esquive®, Tessior® and water (as control) treatments were applied 117 

with a micropipette (25 μL) on the surface of the wound and covered with Parafilm®. Bentogran®, was applied 118 

with a brush. Each treatment was applied to 3 canes on 4 different vines (each vine represented a biological 119 

replicate), obtaining 12 treated canes per treatment. Vines were treated with a unique pruning wound protection 120 

product to avoid potential interference among treatments.  Four canes per each treatment were sampled at three 121 

different time points, corresponding to three phenological phases: dormant bud, second extended leaf and sixth 122 

extended leaf with visible inflorescence [9]. Globally, 120 canes were sampled in each vineyard. (4 canes per 123 

5 treatments per 2 varieties per 3 sampling times). In Italy, samplings were carried out in March (dormant 124 

bud), April (second extended leaf) and May (sixth extended leaf and visible inflorescence). In Portugal, due to 125 

different climatic conditions, samplings were conducted approximately one month earlier compared to Italy, 126 

with the first sampling at the end of February, the second at the end of March and the third at the end of April.  127 

Sample Extraction  128 

Collected canes were immediately stored at -80 °C for one week. After, they were freeze-dried. To avoid 129 

unrealistic results due to the possible effect of the activation of polyphenol oxidases, we discarded the upper 5 130 

mm of the cane and we grounded samples to dust in a mortar, with the aid of liquid nitrogen [9]. Two hundred 131 

milligrams of each sample were extracted in 1 mL of methanol: water (8:2 v/v) acidified with 0.1% (v/v) acetic 132 

acid in an ultrasonic bath, for 1 hour. The extracts were then centrifuged at 4000 g/min for 10 minutes. The 133 

supernatants were filtered (0.2 μm pore size) and stored in vials [34].  134 

Quantitative and qualitative Analysis by HPLC−UV/DAD and HPLC-ESI/MS  135 

Wood extracts were analyzed by high-performance liquid chromatography with photodiode array detection 136 

(HPLC−UV/DAD) using a 1260 Agilent Infinity System equipped with a reverse phase HPLC column 137 

Licrosphere 100 RP-18 (5 μm particle size) packed with LiChroCART 250-4 (25 cm × 0.4 cm ID) HPLC-138 



Cartridge (Merck KGaA, Germany) with a guard column (LiChroCART 4-4). The mobile phase consisted of 139 

water added with 0.1% (v/v) formic acid (solvent A) and acetonitrile (solvent B), according to a previously 140 

published method [35]. Briefly, the flow rate was kept constant at 0.8 mL min−1 and the separation was 141 

performed at 25 °C under gradient elution conditions, starting with 5% B, increasing linearly to 100% B in 35 142 

min and keeping 100% B for 5 min. At the end, a reconditioning of the column was carried out eluting the 143 

column with 100% B to 5% B in 10 min, followed by a re-equilibration phase under isocratic conditions. 144 

Chromatograms were acquired at 320 nm and the injection volume was 20 μL. The system was fully operated 145 

by the Agilent Technologies (2001-2013) ChemStation (version 01.05 35; instrument 1). Targeted stilbenes 146 

were quantified by the external standard method through calibration curves via HPLC-UV/DAD analysis. The 147 

between-lab reliability of the HPLC-UV method was evaluated using an additional HPLC apparatus 148 

(instrument 2, see Supplementary Table 1). Superimposable UV chromatographic profiles were obtained in 149 

terms of both relative retention times and ratio between peak areas of the main analytes. Wood extracts were 150 

also analyzed by HPLC-ESI/MS, applying the experimental conditions described above (column and elution 151 

mode, injection volume 10 μL), using a Thermo Scientific LCQ FLEET system (Thermo Fisher Scientific, 152 

Waltham, MA, USA) equipped with a quaternary pump and a Surveyor autosampler connected to a LCQ Fleet 153 

ion trap spectrometer through an ESI source, operating under negative (ESI -) ion conditions. The ion spray 154 

and capillary voltage were set at 5 kV and -24 V in negative ion mode, respectively. The capillary temperature 155 

was 300 °C. The acquisition was performed in Full Scan mode (mass range 50–1000 Da). The Thermo Fisher 156 

Xcalibur MS Software Version 2.2 (Thermo Scientific®, San Jose, CA, USA) was used for data acquisition 157 

and processing. Target stilbenes (E-resveratrol, E-piceatannol, E-ɛ-viniferin, and E-polydatin) were identified 158 

by comparing retention times, UV spectra and MS patterns of fragmentation of authentic reference standards 159 

to those of the compounds detected in wood extracts. The total stilbene concentration was calculated by 160 

summing individual stilbenes to those categorized as "unknown" and attributed to stilbenes (Figure 1), based 161 

on the similarity of their spectra with those of the UV-spectra of standard E-ɛ-viniferin and E-resveratrol, 162 

particularly in the range of wavelength between 250 and 350 nm (maximum absorption at about 306 and 308 163 

nm). Data were expressed in g kg-1 of dry weight (DW).  164 

Statistical Analysis 165 



All data were analyzed by RStudio Build 372 software program version for Windows. Analysis of variance 166 

was performed by one-way ANOVA and followed by the Bonferroni post-hoc test at P ≤ 0.05. All 167 

measurements were performed in quadruplicates and results were expressed as means ± standard errors. 168 

All normalized data were submitted to a Principal Component Analysis (PCA), using Past 4.03 [36].  169 

RESULTS 170 

1. DISAFA Vineyard, Italy 171 

1.1 Treatment-related stilbene concentrations and seasonal evolution  172 

In Cabernet sauvignon, at the phenological stage of dormant bud, canes treated with Esquive® (1.98 g kg-1), 173 

Cuprocol® (1.90 g kg-1), Tessior® (1.25 g kg-1) and Bentogran® (1.76 g kg-1) did not exhibit any significant 174 

differences in stilbene accumulation compared to control samples (1.80 g kg-1). Tessior®-treatment 175 

significantly lowered the stilbene concentration respect to Cuprocol® and Esquive® treatments (P ≤ 0.05; Figure 176 

2A). At the phenological stage of the second extended leaf, Bentogran®-treated samples (1.33 g kg-1) displayed 177 

a lower stilbene concentration compared to controls (2.02 g kg-1; P ≤ 0.05). Cuprocol®, Esquive® and Tessior® 178 

(1.74 g kg-1, 1.42 g kg-1, 1.66 g kg-1, respectively) did not show any differences in stilbene total accumulation 179 

compared to controls (Figure 2A). At the phenological stage of six extended leaves and inflorescence 180 

appearance, Esquive® (0.52 g kg-1) significantly reduced cane stilbene concentration compared to control 181 

samples (1.07 g kg-1; P ≤ 0.05) whereas Cuprocol® (1.19 g kg-1), Tessior® (0.88 g kg-1) and Bentogran® (1.01 182 

g kg-1) treatments did not show any significant differences compared to controls (Figure 2A).  183 

In Syrah, at the dormant bud stage, Cuprocol® induced the highest stilbene concentration (2.76 g kg-1) although 184 

the amount was not statistically different from that observed in controls (2.12 g kg-1; Figure 2B). Esquive® 185 

(2.01 g kg-1) and Bentogran® (1.74 g kg-1) treatments showed similar stilbene accumulation compared to control 186 

samples. Syrah exhibited the lowest concentration under the Tessior® treatment (1.22 g kg-1), significant if 187 

compared to Cuprocol® (P ≤ 0.01; Figure 2B). At the phenological stage of the second extended leaf, 188 

statistically significant differences were observed in Esquive® (1.37 g kg-1) and Tessior® (1.43 g kg-1) samples 189 

compared to controls (2.00 g kg-1) and to Cuprocol®-treated samples (2.07 g kg-1; significant for P ≤ 0.05; 190 

Figure 2B). When the sixth leaf was extended and the inflorescence became visible, no significant differences 191 

were found between control and treated canes (Figure 2B).  192 



Thorough the season, Cabernet sauvignon control canes and Tessior®-treated canes, showed a significant 193 

decrease (P ≤ 0.05) in the total stilbene concentration (- 47%), from the second phenological phase to the third; 194 

similarly, Bentogran® samples reduced the total stilbene concentration by 43% (significant between the first 195 

and the third sampling time for P ≤ 0.05; Table 3A). Esquive® treatment gradually decreased the total stilbene 196 

concentration during the three phenological phases, reaching a reduction of 74% (P ≤ 0.001; Table 3A). No 197 

significant differences were detected in Cuprocol®-treated canes over the sampling period. In Syrah, the 198 

evolution of stilbene concentrations during the season showed a gradual decrease in control samples (- 57%; 199 

P ≤ 0.01), in Cuprocol® (- 57%; P ≤ 0.05) and in Bentogran® (- 56%; P ≤ 0.01) samples, whereas no significant 200 

differences were detected in Esquive® and Tessior®-treated canes over the sampling period (Table 3A). 201 

Taking the average values of the stilbene concentrations of samples collected in Italy per each cultivar, 202 

regardless the applied treatment, we did not find any cultivar-related influence at each phenological phase 203 

(Table 3B). 204 

1.2 Stilbene profiles  205 

At the dormant bud phase, E-resveratrol was the predominant molecule in Cabernet sauvignon canes, with an 206 

average concentration of 1.00 g kg-1, without significant differences among treatments (Figure 3-A1). At the 207 

second phenological phase, its concentration averagely decreased up to 0.46 g kg-1. Control samples (0.61 g 208 

kg-1) displayed significant higher concentration (P ≤ 0.01) compared to Tessior® (0.38 g kg-1) and Bentogran®-209 

treated canes (0.37 g kg-1; Figure 3-A2 and Supplementary Table 2). At the third sampling time, E-resveratrol 210 

average concentration was 0.19 g kg-1 and no major significant differences were detected among treatments 211 

(Figure 3-A3). E-ε-viniferin average concentrations were 0.40 g kg-1, 0.67 g kg-1 and 0.47 g kg-1 at the first, 212 

second and third phenological phase, respectively. During the season, no statistically significant variations 213 

were detected between treated and control samples (Figure 3-A1, Figure 3-A2 and Figure 3-A3). At the 214 

dormant bud phase, E-piceatannol concentration was 0.28 g kg-1. Control samples did not show any significant 215 

difference compared to treated canes, however, E-piceatannol concentration was significantly higher (P ≤ 0.05) 216 

in Esquive®-treated canes (0.38 g kg-1) respect to Tessior®-treated canes (0.15 g kg-1; Figure 3-A1 and 217 

Supplementary Table 2). At the second extended leaf stage, E-piceatannol average concentration was 0.13 g 218 

kg-1. Control samples (0.18 g kg-1) exhibited significant higher concentration (P ≤ 0.01) compared to Tessior®-219 

treated canes (0.11 g kg-1) and Bentogran®-treated canes (0.10 g kg-1; Figure 3-A2 and Supplementary Table 220 



2). At the third phenological phase, the mean concentration of E-piceatannol was 0.06 g kg-1, without 221 

significant differences among treatments (Figure 3-A3). E-polydatin was always found in trace amount, 222 

regardless the treatment (Figure 3-A1, Figure 3-A2 and Figure 3-A3). However, at the second extended leaf 223 

stage, Tessior®-treated canes showed significant higher concentration of E-polydatin (P ≤ 0.01) compared to 224 

the other treatments and controls (Figure 3-A2 and Supplementary Table 2). The concentration of unknown 225 

stilbenes was averagely 0.14 g kg-1, 0.33 g kg-1 and 0.18 g kg-1 at the first, second and third phenological phase, 226 

respectively. During the season, no statistically significant variations were detected between treated and 227 

control samples (Figure 3-A1, Figure 3-A2 and Figure 3-A3).  228 

Also in Syrah, at the dormant bud phase, E-resveratrol was the predominant stilbene with an average 229 

concentration of 0.90 g kg-1. Control samples (1.00 g kg-1) and Cuprocol®-treated canes (1.16 g kg-1) displayed 230 

significant higher concentration (P ≤ 0.01) compared to Tessior® -treated canes (0.56 g kg-1; Figure 3-B1 and 231 

Supplementary Table 3). At the second and the third phenological phase, the average concentration of E-232 

resveratrol was 0.56 g kg-1 and 0.26 g kg-1, respectively. No significant differences among treatments were 233 

detected at these two phenological phases (Figure 3-B2, Figure 3-B3). At the dormant bud phase, E-ε-viniferin 234 

was the second most abundant molecule, with an average concentration of 0.52 g kg-1 (Figure 3-B1). Control 235 

samples did not exhibit any significant differences compared to treated canes; however, Cuprocol® induced 236 

higher E-ε-viniferin concentration compared to Tessior® treatment (P ≤ 0.05; Figure 3-B1 and Supplementary 237 

Table 3). At the stages of the second extended leaf and sixth extended leaf with visible inflorescence, Ε-ɛ-238 

viniferin became the main molecule, exhibiting an average concentration of 0.70 g kg-1 and 0.60 g kg-1, 239 

respectively, with no major differences between control and treated samples (Figure 3-B2 and Figure 3-B3). 240 

At the dormant-bud phase, E-piceatannol concentration was averagely 0.34 g kg-1. Control samples did not 241 

show any significant difference compared to treated canes; however, Cuprocol® induced higher E-piceatannol 242 

concentration compared to Esquive®, Tessior® and Bentogran®-treated samples (P ≤ 0.001; Figure 3-B1 and 243 

Supplementary Table 3). At the second extended leaf, the average concentration was 0.15 g kg-1 and 0.06 g kg-244 

1 at the sixth extended leaf and visible inflorescence stage. No significant differences were found among 245 

treatments (Figure 3-B2 and Figure 3-B3). E-polydatin was present in trace amounts during the three 246 

phenological phases and no differences between treated and control samples were ever detected (Figure 3-B1, 247 

Figure 3-B2 and Figure -B3). Unknown stilbenes showed an average concentration of 0.16 g kg-1, 0.23 g kg-1 248 



and 0.17 g kg-1 at the first, second and third phenological phase, respectively. No significant differences were 249 

found between control and treated canes (Figure 3-B1, Figure 3-B2 and Figure 3-B3). 250 

2. Almotivo Vineyard, Portugal 251 

2.1 Treatment-related stilbene concentrations and seasonal evolution  252 

In Cabernet sauvignon, at the dormant bud phase, control samples (0.48 g kg-1) exhibited an intermediate 253 

stilbene concentration respect to Cuprocol® (0.72 g kg-1) and Tessior® (0.82 g kg-1) treated samples on one hand 254 

and Bentogran® (0.22 g kg-1) and Esquive® (0.31 g kg-1) on the other (Figure 4A). No significant differences 255 

were found between control and treated canes. However, differences were detected (significant for P ≤ 0.001) 256 

between Tessior® and Cuprocol® (higher concentration) and Esquive® and Bentogran® (lower concentrations; 257 

Figure 4A). At the second sampling time, regardless the treatment, the total stilbene concentration was 258 

averagely 0.35 g kg-1 and no major differences were found among treated and control samples (Figure 4A). At 259 

the stage of the sixth extended leaf with visible inflorescences, Esquive® significantly reduced the stilbene total 260 

concentration compared to control samples (P ≤ 0.01; Figure 4A). In Syrah at the first sampling time, control 261 

canes displayed a concentration of 0.57 g kg-1, which was not significantly different compared to the 262 

concentration of treated canes (averagely 0.71 g kg-1; Figure 4B). During the second sampling time, Cuprocol® 263 

(0.73 g kg-1) showed significant differences (P ≤ 0.05) compared to Bentogran®-treated samples (0.27 g kg-1) 264 

and no significant differences compared to controls (Figure 4B). At the stage of sixth extended leaf and visible 265 

inflorescence, the stilbene concentration in controls was 0.49 g kg-1 and no major differences were found 266 

between treated and control canes (Figure 4B). 267 

The Cabernet sauvignon total stilbene concentrations exhibited significant differences over the sampling 268 

period with the exception of Esquive®-treated canes (Table 4A). Control samples showed a seasonal increase 269 

of stilbene concentrations of + 30% (significant for P ≤ 0.001, from the second extended leaf to the sixth 270 

extended leaf and visible inflorescence; Table 4A). Cuprocol® and Tessior®-treated sample stilbene 271 

concentration increase was significant for P ≤ 0.01 (+ 37% and + 34%, respectively, from the second extended 272 

leaf to the sixth extended leaf; Table 4A). In Bentogran®-treated samples the stilbene concentration 273 

significantly increased (P ≤ 0.01; + 24% from the second extended leaf to the sixth extended leaf and visible 274 

inflorescence (Table 4A). In Syrah, the seasonal evolution of total stilbenes exhibited no major differences 275 



throughout the three phenological phases, with the exception of Bentogran®-treated samples where 276 

concentrations increased by + 34% (P ≤ 0.05, from the second phenological phases to the third; Table 4A).  277 

Comparing the average stilbene total concentrations of the two cultivars, regardless the treatment, differences 278 

emerged at the dormant bud stage (P ≤ 0.05) and at the stage of six extended leaf and visible inflorescence (P 279 

≤ 0.01. Table 4B).  280 

2.2 Stilbene profiles 281 

In Cabernet sauvignon, at the dormant bud and at the second extended leaf phases, E-resveratrol concentration 282 

was averagely 0.08 g kg-1 and 0.07 g kg-1, respectively, regardless the treatment. During these phenological 283 

phases control samples did not exhibit any significant differences compared to treated canes (Figure 5-A1 and 284 

Figure 5-A2). At the third phenological phase, Esquive® treatment lowered the concentration of E-resveratrol 285 

compared to controls (P ≤ 0.05; Figure 5-A3 and Supplementary Table 4). At the dormant bud phase, E-ε-286 

viniferin was the predominant molecule with an average concentration of 0.30 g kg-1, regardless the applied 287 

treatment. No significant differences between control and treated samples were found during this phase (Figure 288 

5-A1). However, the E-ε-viniferin concentration between Cuprocol® and Tessior® (higher concentration) and 289 

Esquive® and Bentogran® (lower concentration) was significant (P ≤ 0.001; Figure 5-A1 and Supplementary 290 

Table 4). At the second phenological phase, the concentration of E-ε-viniferin was averagely 0.20 g kg-, with 291 

no differences between treated and control samples (Figure 5-A2). At the third phenological phase, the E-ε-292 

viniferin in control samples reached 0.84 g kg-1 and it was significant higher compared to Cuprocol®, Esquive® 293 

and Bentogran® but not when compared to Tessior® (P ≤ .001; Figure 5-A3 and Supplementary Table 4). 294 

During the first and the second phenological phases, E-piceatannol, regardless the applied treatment, was found 295 

in traces (Figure 5-A1 and Figure 5-A2). At the third phenological phase, E-piceatannol reached a 296 

concentration of 0.15 g kg-1 in control samples, significantly higher compared to Cuprocol®, Esquive® and 297 

Bentogran® (P ≤ 0.001; Figure 5-A3 and Supplementary Table 4). E-polydatin was found in trace amounts 298 

over the three phenological phases (Figure 5-A1; Figure 5-A2 and Figure 5-A3), with no significant differences 299 

between control and treated samples. At the dormant bud phase, the concentration of unknown stilbenes was 300 

similar between controls and treated canes. Cuprocol® and Tessior® reached higher concentration compared to 301 

Esquive® and Bentogran® (P ≤ 0.001; Figure 5-A1 and Supplementary Table 4). At the second and third 302 



phenological phase, the unknown stilbene concentrations were 0.06 g kg-1 and 0.14 g kg-1, respectively, with 303 

no statistical differences among treatments (Figure 5-A2 and Figure 5-A3). 304 

In Syrah, at dormant bud, the E-resveratrol average concentration was 0.09 g kg-1, without significant 305 

differences between control and treated samples (Figure 5-B1). At second extended leaf phase, the E-306 

resveratrol average concentration was quite stable. However, we found significant differences (P ≤ 0.01) at the 307 

second sampling time between Cuprocol® and Esquive® (higher concentration) and Bentogran® (lower 308 

concentration), without significant differences respect to control samples (Figure 5-B2 and Supplementary 309 

Table 5). At the third phenological phase, the E-resveratrol average concentration increased but no significant 310 

differences were found among samples (Figure 5-B3). In Syrah, like in Cabernet sauvignon, at the dormant 311 

bud phase, E-ε-viniferin was the predominant molecule with an average concentration of 0.48 g kg-1, and no 312 

major differences among treatments were observed (Figure 5-B1). At the second and third sampling time, the 313 

concentration decreased to 0.34 g kg-1 and 0.36 g kg-1, respectively, with no significant differences among 314 

treatments (Figure 5-B2 and Figure 5-B3). During the three phenological phases, E-piceatannol, E-polydatin, 315 

and the sum of unknown stilbenes accumulated in trace amounts, with no significant differences between 316 

control and treated canes (Figure 5-B1, Figure 5-B2 and Figure 5-B3). 317 

3. Comparison between the two geographical areas  318 

As marked quantitative and qualitative differences emerged in the comparison between the two growing areas, 319 

normalized concentration data were used to perform a PCA that showed a net separation of the two 320 

geographical areas on the first principal component (PRIN1) which justified the 60.6% of the total variance. 321 

Variables associated to PRIN1 were E-ε-viniferin, unknown stilbenes and E-resveratrol; E-piceatannol was 322 

associated to the second principal component (PRIN2), justifying 25.4% of total variance. Based on this 323 

variable association, the two geographical areas were clearly separated: samples collected at DISAFA (Italy) 324 

were characterized by higher concentrations of E-ε-viniferin, unknown stilbenes and E-resveratrol at all 325 

sampling times, respect to Almotivo (Portugal). Within the DISAFA area, the first sampling time was clearly 326 

separated from the other two samplings, based on the high concentrations of E-resveratrol and E-piceatannol 327 

(cases were distributed in the positive quadrant of the Cartesian plane). Oppositely, the second and the third 328 

samplings were characterized by high amounts of E-polydatin and E-ε-viniferin and they distributed in the 329 

fourth quadrant of the Cartesian plane. Within the Almotivo area, the association of variables did not allow 330 



separating sampling times and cases, all distributed in the third quadrant. No cultivar discrimination emerged 331 

in any cultivation area.  332 

DISCUSSION 333 

In this study, we investigated the total accumulation and profiles of stilbenes in one-year-old canes of Cabernet 334 

sauvignon and Syrah, at three different phenological stages, after the application of pruning wound protection 335 

products, Cuprocol®, Tessior®, Esquive® and Bentogran®, a mineral product used as a cellar additive. Stilbenes 336 

play a crucial role in grapevine defense mechanisms, and, understanding their dynamics in separate vineyards, 337 

at different phenological stages and in response to PPP distribution is essential for improving disease 338 

management and sustainable viticulture, particularly considering the high reliance of viticulture on fungicides. 339 

The susceptibility of grapevines to various pathogens can necessitate up to 20 treatments per year. However, 340 

with increasing restrictions, there is an urgent need for more sustainable crop protection methods, including 341 

organic-based solutions. To ensure a comprehensive evaluation of the interactions between PPPs and wood 342 

stilbene accumulation, we conducted our study in two distinct viticultural districts, Piedmont (Turin, Italy) and 343 

Lisbon (Portugal). By considering their contrasting climates and geographical features, we aimed to explore 344 

how these factors might have influenced grapevine responses to treatments. Lisbon experiences a 345 

Mediterranean climate with mild, wet winters and hot, dry summers, while Turin has a continental climate 346 

with colder winters and temperate summers (Table 1).  The variations in temperature and precipitation between 347 

these two areas affect grapevine growth, phenology, and the exposition to stressors, potentially influencing the 348 

accumulation of stilbenes. The results obtained from the two locations revealed important variations in stilbene 349 

accumulation patterns and profiles (Figure 3 and Figure 5).  We observed an advancement of phenological 350 

phases in Lisbon, occurring approximately one month earlier compared to Turin. Moreover, the seasonal trend 351 

in stilbene accumulation showed a striking contrast, with a decrease observed in Turin and an increase observed 352 

in Lisbon. Major quantitative differences were found between the two cultivation areas (Figures 2, 4, and 6): 353 

in both cultivars, the average stilbene concentration, regardless the treatment, was higher in canes collected in 354 

the continental climate (Turin) respect to that detected in canes from the Mediterranean-type climate 355 

(Portugal).  356 

As previously hypothesized [37], variations in stilbene biosynthesis and concentration suggest the influence 357 

of climate and environmental conditions: Pinot noir cultivated in Canada exhibited an average trans-resveratrol 358 



concentration ranging from 1.3 to 4.1 g kg-1 DW [38]; in Chile, in the same cultivar, concentrations up to 3.7 359 

g kg-1 DW were found [21]. Additionally, the concentration of trans-resveratrol found in Pinot noir cultivated 360 

in France was 1.5 g kg-1 DW [39], and in Germany, it ranged between 1.0 and 2.3 g kg-1 of DW [40]. An 361 

extensive transcriptome analysis of Sangiovese berry skins during ripening [41] highlighted that, high 362 

temperatures (averages of 26 °C) had an inhibitory effect on stilbene biosynthesis, whereas lower temperatures 363 

(averages of 21 °C) induced the expression of several members of the stilbene synthase (STS) and 364 

phenylalanine ammonia-lyase (PAL) multigene families. Also [42] reported an inhibitory impact of high 365 

temperature on the grapevine stilbene biosynthetic pathway and [40] found that warm and dry conditions 366 

could potentially lead to lower stilbene amounts in grapevine canes. Turin and Lisbon displayed notable 367 

differences in their average temperatures. In Turin, medium winter temperatures were lower respect to Lisbon: 368 

with January, February and March average temperatures of 3.0°, 6.9° and 8.6 °C, respectively in Turin vs 369 

11.0°, 12.9° and 13.0 °C, in Lisbon. Furthermore, there were notable differences in terms of rainfall between 370 

the two locations. In Turin, the rainy days were distributed from January to May, resulting in a total of 121.4 371 

mm and 16 days of rain. Lisbon experienced rainy days exclusively in March (12 days), with a recorded rainfall 372 

of 51.6 mm. The contrasting climatic conditions between Turin and Lisbon likely played a pivotal role in 373 

shaping the accumulation of wood stilbenes in the respective vineyards. The inhibitory impact of high 374 

temperatures combined with scarce rainfall provides a plausible explanation for the lower stilbene levels 375 

observed in Lisbon. Beyond climatic factors, the endophytic microbiome represents an additional element that 376 

could influence stilbene accumulation and composition. For example, some endophytes within grapevine 377 

leaves can modify their host metabolome [43]. Within wood, certain pathogens trigger the synthesis of 378 

stilbenes [15], while others efficiently metabolize them [44]. Additionally, various fungal endophytes isolated 379 

from grapevines are capable of producing resveratrol independently [45], while others can bio-degrade it [46]. 380 

In our recent work [9], we observed major differences in the microbial composition of canes between the vines 381 

grown in Turin and those cultivated in Lisbon, and the extent to which certain dominant taxa contribute to 382 

stilbene abundance will be evaluated in an up-coming study. 383 

We also observed a divergence in the accumulation trend of wood stilbenes throughout the season in the two 384 

vineyards. In the continental-type climate (Turin) concentrations showed a gradual decline as the phenological 385 

stages advanced, in both cultivars (always significant, except in Cabernet sauvignon Cuprocol®-treated canes 386 



and in Syrah Esquive® and Tessior®-treated canes). In contrast, in Mediterranean climatic conditions (Lisbon), 387 

Cabernet sauvignon stilbene concentration showed an increasing trend from the phenological stage of the 388 

second extended leaf onwards, excluding Esquive®-treated samples, whereas, in Syrah the concentration 389 

showed a stable trend over the sampling times. Besrukow and collaborators [40] reported that time of sampling 390 

and pruning time, influence stilbene total amounts. They observed the highest concentrations in samples 391 

harvested in full winter (December) in Pinot noir, which aligns with the findings reported by [47]. In addition, 392 

[40] also highlighted a hibernal decrease in stilbene concentration from December to February, which is in line 393 

with the decreasing trend observed in samples collected in Turin. The increasing trend observed in Cabernet 394 

sauvignon from Lisbon vineyard, which contrasts with the overall stable trend of Syrah, remains difficult to 395 

explain. A plausible explanation for this increase could be attributed to a significant rainfall event in March 396 

that might have created favorable climatic conditions for disease development. In response to this potential 397 

threat, grapevines likely activated their defense mechanisms, leading to the accumulation of stilbenes. Despite 398 

also Syrah vines were exposed to the same rainfall event, no stilbene accumulation increase was found. This 399 

could suggest the existence of another influential factor, beyond environmental conditions, the genotype. 400 

Cabernet sauvignon has been recognized as a highly susceptible grapevine cultivar to wood diseases whereas 401 

Syrah displays a lower susceptibility. We can thus hypothesize that Cabernet sauvignon has evolved a more 402 

sensitive and rapid response system in wood tissues to react to stress conditions, especially those conducive to 403 

fungal inoculation. This heightened responsiveness might explain its higher stilbene accumulation. 404 

Acknowledging the potential impact of different sampling/pruning times on stilbene concentration, we based 405 

our sampling on the vine phenological stage, rather than on Julian day. This method ensured that we collected 406 

samples at specific growth stages, trying to guarantee the acquisition of homogeneous and representative 407 

samples from the two growing areas. Consequently, we minimized the influence of sample collection time on 408 

the observed differences. By adopting this strategy, any variations in stilbene concentration between Turin and 409 

Lisbon were more likely attributable to the contrasting environmental conditions, rather than to the timing of 410 

sample collection.  411 

In both vineyards, following the application of the pruning wound protection products, we did not observe any 412 

distinct responses in stilbene total concentration, respect to control samples. In the continental climatic 413 

conditions, we found a reduced concentration in Bentogran®-treated samples (second sampling) and Esquive®-414 



treated samples (third sampling) in Cabernet sauvignon, and after the application of Tessior® and Esquive® in 415 

Syrah (second sampling for both). In Mediterranean climate conditions, Esquive® reduced total stilbene 416 

concentration in Cabernet sauvignon (at the third sampling). Thus, from our study, it appears that there is no 417 

uniform response dynamic following the application of treatments, except a general capability of Esquive® to 418 

reduce the concentration of stilbenes. In literature, some studies evaluated the role of protection products on 419 

the accumulation of phenolic compounds. They demonstrated a significant up-regulation of STS in the leaves 420 

of a grapevine hybrid (Summer black) after the distribution of copper on the canopy of two-year old vines [48] 421 

and an eliciting effect when CuSO4 was sprayed on the leaves of Chardonnay plantlets in in vitro conditions 422 

[49]. Other authors [11] described the role of a copper-based product (LC2017) as an elicitor, demonstrating 423 

its capacity to activate PAL and STS, in the wood of three-node cuttings of Cabernet sauvignon. Copper 424 

treatment commonly leads to the rapid accumulation of reactive oxygen species (ROS) within plant cells, 425 

subsequently triggering oxidative stress and interfering with plant vital processes, including photosynthetic 426 

activity and electron transport and affecting the functionality of chloroplast membranes [11]. Further 427 

investigations into the assessment of chemicals employed as protectants against GTDs, revealed that vines 428 

treated with copper might develop necrotic lesions when infected with GTD pathogens and that symptoms 429 

may manifest even in copper-treated but non-inoculated vines [50], implying a potential phytotoxic effect. In 430 

our study, conducted in ‘in field’ conditions and on mature vines, Cuprocol® did not lead to a visible 431 

stimulatory effect on stilbene accumulation respect to control samples nor in Cabernet sauvignon or in Syrah, 432 

in both continental and Mediterranean climates.  433 

Several studies deal with the evaluation of the efficacy of Trichoderma species on vine pruning wound 434 

protection, as reviewed by [1], showing encouraging results. Trichoderma species have been described as plant 435 

growth and defense stimulators. Treatment with Trichoderma species induced the expression of PAL and STS. 436 

[51] but in another study [31], the use of another Trichoderma-based product resulted in a mild plant 437 

metabolomic response that was sufficient to differentiate between treated and untreated samples, but it was not 438 

enough to conclude that the treatment had a significant stimulating effect on the plant defense activation. In 439 

our study, Esquive® treatment led to a reduction in stilbene concentration in Cabernet sauvignon in both 440 

climatic conditions, at the stage of sixth extended leaf and visible inflorescence, whereas in the former 441 

phenological stages, Esquive® occasionally induced a higher stilbene accumulation. However, as stated in [31] 442 



the metabolic response was mild and not definite enough to assert that it effectively and definitively elicits a 443 

defensive response in the vines. 444 

To the best of our knowledge, there are no studies on the possible elicitor effects of Tessior® treatment on 445 

grapevine defense response. Some studies focused on the effectiveness of Tessior® application on pruning 446 

wounds demonstrating its capability to reduce GTD infections [52]. The findings from our study do not provide 447 

a clear interpretation. In fact, in continental climate area, both cultivars exhibited a lower concentration of 448 

stilbenes after Tessior® treatment (in some sampling stages), compared to the control samples. In the 449 

Mediterranean climate conditions, no differences in stilbene concentration in Cabernet sauvignon and Syrah 450 

Tessior®-treated samples compared to the controls were detected. Further investigations are necessary to fully 451 

comprehend the mechanisms of action of Tessior® and its possible impact on grapevine stilbene metabolism.  452 

Finally, we used Bentogran®, an enological cellar product for the clarification of wines. The mechanisms of 453 

action of sodium bentonite in enology rely on its ability to absorb unstable proteins present in must and wine. 454 

It acts as a clearing agent, binding unstable proteins and forming insoluble complexes that precipitate and settle 455 

at the bottom, allowing the removal of impurities. We were aware that this product has no direct fungicidal 456 

effect, but our purpose was to investigate the possible reuse of this waste product from the cellar, to reduce 457 

waste and to increase recycling in the vine-wine sector. Considering that sodium bentonite solidifies when 458 

rehydrated, we hypothesized to propose it as a physical protection on pruning wounds. In the continental 459 

climate area, in both cultivars, the results were satisfactory. Even though its application did not lead to a 460 

significantly higher accumulation of stilbenes respect to control samples it often induced a higher 461 

accumulation, compared to the other treatments. For example, both in Cabernet sauvignon and in Syrah, its 462 

application resulted in a higher accumulation compared to Tessior® treatment. Further research on this product 463 

would be potentially interesting to gain a comprehensive understanding of its effects on stilbene metabolism. 464 

Moreover, it would be interesting to investigate the effects it could have on "plant pathogenesis-related 465 

proteins," given its ability to bind proteins. This would provide valuable insights into its potential role in 466 

enhancing plant defense mechanisms and its broader implications in viticulture and vine health. 467 

Qualitative differences in the stilbene profiles emerged between the canes collected in continental climate and 468 

Mediterranean conditions. In continental climate conditions, E-resveratrol was the predominant molecule in 469 

both cultivars, E-ɛ-viniferin became the predominant molecule with the advance of the season. In the 470 



Mediterranean climate, E-ε-viniferin was the main molecule, in both cultivars, during all three phenological 471 

phases. STS represent crucial enzymes facilitating the condensation of three malonyl-CoA units and one 472 

cinnamic acid-derived CoA-ester (p-coumaroyl-CoA). This process results in the initial production of E-473 

resveratrol (3,5,4′-trihydroxystilbene); oligomerization and glycosylation reactions of E-resveratrol happen 474 

later in the biosynthetic pathway, resulting in the formation of E-ɛ-viniferin through the dimerization process 475 

[53]. A decrease of trans-resveratrol with a simultaneous increase in E-ɛ-viniferin was already observed [40], 476 

confirming a negative correlation between the contemporaneous presence of monomers and oligomers. 477 

Moreover, [54] highlighted a positive correlation between resveratrol and other monomeric stilbenes, such as 478 

piceatannol. In our study, we have confirmed findings from these two previous studies. In fact, in both 479 

continental and Mediterranean climates, E-resveratrol concentration was positively correlated with the 480 

concentration of E-piceatannol and negatively correlated with that of E-ɛ-viniferin. However, the pattern of 481 

individual stilbene accumulation differed in continental climates compared to the Mediterranean conditions, 482 

for both cultivars. Drier and warmer conditions were associated to a reduced abundance of oligomeric stilbenes 483 

[40] whereas cold and wet conditions induced lower abundance of monomeric stilbenes. In our studies, the 484 

concentration of E-ɛ-viniferin, in both localities, increased following a rainy period, creating favorable 485 

conditions for fungi development. In the vineyard grown in continental conditions, 100 mm of rain were 486 

recorded between April and May (corresponding to the phenological phase of the second extended leaf and the 487 

sixth extended leaf with visible inflorescence). In Mediterranean climate vineyard, in March (dormant bud 488 

phase) a precipitation event allowed the accumulation of 52 mm of rain. Thus, we could hypothesize that the 489 

increased concentration of E-ɛ-viniferin, possessing a higher antifungal efficacy than E-resveratrol, is directly 490 

related to the rate of environmental humidity, that, creating favorable conditions for pathogen development, 491 

increases the vine need to produce phytoalexins to face pathogens.  492 

We observed minimal differences in the concentrations of individual stilbenes between control and treated 493 

canes, with few exceptions. Indeed, we did not detect a consistent pattern of the accumulation of individual 494 

stilbenes, following treatment application. Furthermore, the PCA analysis revealed a sample clustering based 495 

on the accumulation of individual molecules, particularly in cultivars grown in continental climates, which 496 

appeared to be more influenced by the phenological phase rather than by the treatment. Conversely, in cultivars 497 

cultivated in Mediterranean climates, there was no discernible differentiation in the accumulation of individual 498 



stilbenes, regardless either the phenological phase or the applied treatment. Therefore, we can conclude, by 499 

highlighting the role of the seasonal evolution of wood stilbenes and the incidence of the cultivation area on 500 

both total concentrations and profiles, rather than the possible effect of fungicide treatments.  501 
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Figure 1. HPLC-UV/DAD chromatograms (1260 Agilent Infinity System) acquired at 320 nm of Cabernet sauvignon 662 

one-year old wood extracts. A and B: chromatographic separation of the wood extracts collected in continental climate 663 

conditions (Italy), at the phenological stage of dormant bud (A) and at the phenological stage of sixth extended leaf and 664 

visible inflorescence (B). C and D: chromatographic separation of the wood extracts collected in Mediterranean climate 665 

conditions (Portugal), at the phenological stage of dormant bud (C) and at the phenological stage of sixth extended leaf 666 

and visible inflorescence (D). 667 

Figure 2. Total stilbene concentrations in one-year-old canes of Cabernet sauvignon (A) and Syrah (B), sampled at the 668 

DISAFA vineyard (Italy) at three phenological phases. Average values of four replicates ± standard errors; statistical 669 

differences among treatments within the same phenological phase were assessed by the post-hoc Bonferroni test at P ≤ 670 

0.05. 671 

Figure 3. Stilbene profiles of one-year-old canes of Cabernet sauvignon (A1-A2-A3) and Syrah (B1-B2-B3), sampled at 672 

the DISAFA vineyard at three phenological phases. Average values of four replicates ± standard errors; per each 673 

individual stilbenes, different letters (Bonferroni test at P ≤ 0.05) represent significant differences among treatments.   674 

Figure 4. Total stilbene concentrations in one-year-old canes of Cabernet sauvignon (A) and Syrah (B), sampled at the 675 

Almotivo vineyard (Portugal) at three phenological phases. Average values of four replicates ± standard errors; statistical 676 

differences among treatments, within the same phenological phase, were assessed by the post-hoc Bonferroni test at P ≤ 677 

0.05. 678 

Figure 5. Stilbene profiles of one-year-old canes of Cabernet sauvignon (A1-A2-A3) and Syrah (B1-B2-B3), sampled at 679 

the Almotivo vineyard at three phenological phases. Average values of four replicates ± standard errors; per each 680 

individual stilbenes, different letters (Bonferroni test at P ≤ 0.05) represent significant differences among treatments.   681 

Figure 6. Distribution of the observations on the two first principal component (Component 1 and Component 2) and the 682 

5 variables. CS Cabernet sauvignon, SY Syrah, CN control, CP Cuprocol®, ES Esquive®, TS Tessior®, BN Bentogran®, 683 

1 dormant bud, 2 second extended leaf, 3 sixth extended leaf and visible inflorescence.  684 



Table 1. The seasonal weather conditions at the DISAFA (Italy, continental climate conditions) and Almotivo (Portugal, 685 

Mediterranean climatic conditions) vineyards from January to May.  686 

 687 

MTMIN: monthly average of minimum temperatures (ºC); MTMAX: monthly average of maximum temperatures (ºC); MTMED: 688 
monthly average of daily average temperatures (ºC); nFD: number of frost days, with minimum average temperatures below 0; nRD 689 
number of rainy days; TR: total rainfall (mm).  690 

 

DISAFA Vineyard 

 

YEAR MONTH MTMIN MTMAX MTMED nFD nRD TR 

2022 January -2.4 10.4 3 27 0 2.6 

 February 0.5 13.8 6.9 13 1 4.6 

 March 2.8 14.3 8.6 6 3 9.4 

 April 7.5 19.7 13.4 0 4 22.8 

 May 14.4 26.3 19.9 0 8 82 

 

Almotivo Vineyard 

 

YEAR MONTH MTMIN MTMAX MTMED nFD nRD TR 

2022 January 7.7 14.9 11.0 0 0 1 

 February 9.1 17.4 12.9 0 0 0.5 

 March 10.4 16.2 13.0 0 12 51.6 

 April 11.1 18.5 14.4 0 1 4.1 

 May 14.4 25.7 19.3 0 0 0 



Table 2. Protection products applied to the pruning wounds of one-year old canes of Cabernet sauvignon and Syrah vines 691 

grown in continental (DISAFA, Italy) and Mediterranean (Almotivo, Portugal) climatic conditions and relative tested  692 

concentrations.   693 

 

Trade name 

 

Manufacturer 

 

Active Ingredients or Biological control 

agent (BCA) 

 

Tested Concentration 

    

Cuprocol® Syngenta (Basel, Switzerland) Copper oxychloride 36.5 g L-1 

Esquive® Agrauxine (Marcq-en-Barœul, 
France) 

Trichoderma atroviride I-1237 (1 x 10 8 CFU g -1) 100.0 g L-1 

Tessior® BASF (Ludwigshafen, Germany) Boscalid 10 g L-1 + Pyraclostrobin 5 g L -1 10.0 g L-1boscalid + 5.0 g L-1pyraclostrobin 

Bentogran® AEB Bioq. Port. (Singapore) Sodium bentonite 80% (v/v) sodium bentonite in water 

 

  694 



Table 3. (A) Evolution of the total stilbene concentrations (g kg-1 dry weight) in Cabernet sauvignon and Syrah one-year-695 

old canes, treated with different plant protection products and sampled at the DISAFA vineyard (Italy). (B) Significance 696 

of the cultivar effect, within each phenological phase and regardless the treatment.  697 

 

Phenological phases 
 

 

A 
 

Cabernet sauvignon 
 

 

Treatments 
 

Dormant bud 
 

Second extended leaf 

 

Sixth extended leaf and 

visible inflorescence 

 

Level of 

significance 
 

Control 

 
1.80 ± 0.16 ab 

 
2.02 ± 0.14 a 

 
1.07 ± 0.23 b 

 
* 

 

Cuprocol® 

 
1.90 ± 0.04 

 
1.74 ± 0.15 

 
1.19 ± 0.17 

 
ns 

 

Esquive® 

 
1.98 ± 0.14 a 

 
1.42 ± 0.10 b 

 
0.52 ± 0.10 c 

 
*** 

 

Tessior® 

 
1.25 ± 0.06 ab 

 
1.66 ± 0.08 a 

 
0.88 ± 0.19 b 

 
* 

 

Bentogran® 

 
1.76 ± 0.14 a 

 
1.33 ± 0.12 ab 

 
1.01 ± 0.17 b 

 
* 

     
 

Syrah 
 

 

Treatments 
 

Dormant bud 
 

Second extended leaf 

 

Sixth extended leaf and 

visible inflorescence 

 

Level of 

significance 
 

Control 

 
2.12 ± 0.11 a 

 
2.00 ± 0.24 a 

 
0.92 ± 0.10 b 

 
** 

 

Cuprocol® 

 
2.76 ± 0.24 a 

 
2.07 ± 0.17 ab 

 
1.18 ± 0.30 b 

 
* 

 

Esquive® 

 
2.01 ± 0.30  

 
1.37 ± 0.17 

 
1.57 ± 0.19 

 
ns 

 

Tessior® 

 
1.22 ± 0.14  

 
1.43 ± 0.17 

 
1.22 ± 0.27 

 
ns 

 

Bentogran® 

 

1.74 ± 0.13 a 

 

1.73 ± 0.14 a 

 

0.77 ± 0.15 b 

 

** 

 

B 

 

Cultivars 
 

Dormant bud 
 

Second extended leaf 

 

Sixth extended leaf and 

visible inflorescence 

 

 

 

Cabernet sauvignon 

vs 

Syrah 

 

 

 
ns 

 

 
ns 

 

 
ns 

 

 
 

 

Averages of four replicates ± standard errors. Per each treatment, different letters (Bonferroni test) represent significant differences among phenological 698 
phases (* = P ≤ 0.05; ** P = ≤ 0.01: *** P = 0.001; ns= no significant).  699 



Table 4. Evolution of the total stilbene concentrations (g kg-1 dry weight) in Cabernet sauvignon and Syrah one-year-old 700 

canes, treated with different plant protection products and sampled at the Almotivo vineyard (Portugal). (B) Significance 701 

of the cultivar effect, within each phenological phase and regardless the treatment.  702 

 

Phenological phases 
 

 

A 
 

Cabernet sauvignon 
 

 

Treatments 

 

Dormant bud 

 

Second extended 

leaf 

 

Sixth extended leaf and 

visible inflorescence 

 

Level of 

significance 

 

Control 

 
0.48 ± 0.10 b 

 
0.36 ± 0.05 b 

 
1.61 ± 0.14 a 

 
*** 

 

Cuprocol® 

 
0.72 ± 0.11 a 

 
0.33 ± 0.05 b 

 
0.90 ± 0.04 a 

 
** 

 

Esquive® 

 
0.31 ± 0.03 

 
0.31 ± 0.04 

 
0.46 ± 0.08 

 
ns 

 

Tessior® 

 
0.82 ± 0.05 ab 

 
0.39 ± 0.02 b 

 
1.16 ± 0.19 a 

 
** 

 

Bentogran® 

 
0.22 ± 0.03 b 

 
0.36 ± 0.03 b 

 
0.91 ± 0.18 a 

 
* 

     
 

Syrah 
 

 
   

 

Treatments 
 

Dormant bud 
 

Second extended 

leaf 

 

Sixth extended leaf and 

visible inflorescence 

 

Level of 

significance 

 

Control 

 
0.57 ± 0.15  

 
0.49 ± 0.04 

 
0.49 ± 0.05 

 
ns 

 

Cuprocol® 

 
0.80 ± 0.12 

 
0.73 ± 0.11 

 
0.81 ± 0.07 

 
ns 

 

Esquive® 

 
0.69 ± 0.12 

 
0.47 ± 0.04 

 
0.95 ± 0.19 

 
ns 

 

Tessior® 

 
0.70 ± 0.08 

 
0.43 ± 0.07 

 
0.68 ± 0.16 

 
ns 

 

Bentogran® 

 
0.66 ± 0.08 ab 

 
0.27 ± 0.07 b 

 
0.80 ± 0.13 a 

 
* 

 

B 
 

Cultivar 
 

Dormant bud 

 

Second extended 

leaf 

 

Sixth extended leaf and 

visible inflorescence 

 

 

 

Cabernet sauvignon 

vs 

Syrah 

 

 

 
* 

 

 
ns 

 

 
** 

 

 

 

 

Averages of four replicates ± standard errors. Per each treatment, different letters (Bonferroni test) represent significant differences among phenological 703 
phases (* = P ≤ 0.05; ** P = ≤ 0.01: *** P = 0.001; ns= no significant).  704 
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Figure 4.  799 
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