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Abstract

:

The influence of regulated deficit irrigation on the anthocyanin composition in Cabernet Sauvignon grape skins throughout ripening and when grown in a warm geographic area for two consecutive seasons was investigated. The assay was carried out on own-rooted Cabernet Sauvignon plants maintained under three irrigation regimes (i.e., T1 = 12 L h−1 (90% of ETp), T2 = 6 L h−1 (60% of ETp) and T3 = 2 L h−1 (30% of ETp)) from veraison until harvest. The results showed that the concentration of total anthocyanins varied among the three groups. In terms of the different fractions of anthocyanins, mild water stress generated slight changes with a different behavior between the 2014 and 2015 seasons, although the pattern of accumulation was similar. The trihydroxylated anthocyanins were much higher in concentration than the dihydroxylated counterparts in both seasons, with no significant differences among irrigation treatments. The water status did not produce differences in terms of the different anthocyanin proportions at harvest, which could indicate that the different irrigation treatments did not induce a greater accumulation of one or another type of anthocyanin.
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1. Introduction


In recent years, climate change has led to serious threats in wine-producing regions around the world, including a strong decrease in rainfall and an increased frequency of high-temperature events, thus worsening water scarcity scenarios [1,2]. Regulated deficit irrigation (RDI) is a widespread practice in viticulture during grape ripening since water stress has been proven to improve berry quality by increasing the skin-to-pulp ratio and promoting the metabolism and concentration of phenolic compounds such as tannins, anthocyanins and phenolic acids [3,4,5,6,7].



Anthocyanins are phenolic compounds that highly influence the organoleptic quality of wines since they are responsible for giving color to red varieties and, therefore, red wine [8]. In Vitis vinifera L., these compounds are found in monoglucosylated forms of methoxylated and/or hydroxylated anthocyanins. The number and type of substitutes in the B-ring of the chemical structure of anthocyanins allow the identification of different compounds: cyanidin-3-glucoside and peonidin-3-glucoside with two substitutes and delphinidin-3-glucoside, petunidin-3-glucoside and malvidin-3-glucoside with three substitutes. The substitution depends on the action of diverse enzymes that are present in the synthesis pathway of the abovementioned molecules, such as flavonoid-3′-hydroxylase and flavonoid-3′5′-hydroxylase. In addition, a higher diversity of anthocyanins results from the acylation of glucose by acetic, p-coumaric and caffeic acids [9].



The concentration of anthocyanins can vary depending on diverse environmental factors and agricultural practices [10,11,12,13]. In a study by Zarrouk et al. [14], the authors described an increase in these flavonoid compounds under deficit irrigation, yet the opposite effect was found under dry farming conditions due to excessive dehydration, suggesting a strong relationship between seasonal climate (i.e., temperature profile) and the success of the deficit irrigation regime. In terms of anthocyanins, their concentration has been found to increase or decrease in grapes subjected to deficit irrigation; the change in concentration depends on many aspects, such as the timing of deficit irrigation [7] or the local regional climate [3]. To date, we have largely ignored what happens with these compounds in warm areas when deficit irrigation is utilized, especially regarding the concentration of the different anthocyanin fractions and the proportion of each class of anthocyanins. As anthocyanins are one of the most important molecules for wine quality, influencing its color, is important to analyze how water stress could modulate the concentration pattern throughout ripening in the different types of anthocyanins.



Clearly, water stress will change in a context of climate change and much more so in an area with a hot climate that can be affected by the progressive increase in temperatures and water scarcity. Thus, the aim of this study was to evaluate the effect of slightly to moderately controlled water deficits during grape ripening on the concentration of phenolic compounds, especially anthocyanins, in the skins of Cabernet Sauvignon grapes growing in a warm valley, specialized in red wine production, over two consecutive seasons (i.e., 2014 and 2015).




2. Materials and Methods


2.1. Reagents and Equipment


The following reagents were used in this assay: methylcellulose (1500 cP, viscosity at 20 g L−1), acetone, methanol, sodium hydroxide, ammonium sulphate, diethyl ether, ethyl acetate, potassium metabisulfite, phenolphthalein, formic acid, acetonitrile and sodium hydroxide, which were purchased from Merck (Darmstadt, Germany). PVDF membranes of 0.22 and 0.45 µm pore size were acquired from Millipore (Billerica, MA, USA). All reagents used were of analytical grade or higher. The absorbance values were measured using a UV-1601 model UV-Visible spectrophotometer (Shimadzu, Kyoto, Japan). The pH was measured with an 8417N pH meter (Hanna Instruments, Woonsocket, RI, USA). The anthocyanin profile was assessed using an Agilent 1200 Series HPLC System, consisting of a G1315B photodiode array detector (DAD), a G1311A quaternary pump, a G1313A autosampler, a G1322A degasser and a G1316A thermostated column compartment (Agilent Technologies, Santa Clara, CA, USA).




2.2. Experimental Site and Vegetal Material


The assay was carried out in 12-year-old, own-rooted Vitis vinifera L. plants of cv. Cabernet Sauvignon from an organic vineyard located in Central Chile (Haras de Pirque Winery, 33°42′30′′ S, 70°36′13′′ W) during two consecutive seasons (i.e., 2014 and 2015). The experimental site has a warm, semi-arid Mediterranean climate. In brief, the mean maximum and minimum temperatures showed warm conditions during the assay (January to April; see Figure S1), with a mean maximum temperature of 28.9 °C in 2014 and 29.7 °C in 2015 and a mean minimum temperature of 7.1 °C in 2014 and 8.4 °C in 2015. The solar radiation was 925.2 W m−2 in 2014 and 866.05 W m−2 in 2015. The accumulation of degree days (base 10 °C) between January and April was 1356.1 in 2014 and 1332.9 in 2015. In general, no rain occurred in either season (<1 mm). The mean potential evapotranspiration (ETp) during the season was 3.7 mm day−1 in 2014 and 3.6 mm day−1 in 2015. The soil was a deep colluvial type with a texture of 37% clay, 38% silt and 25% sand and between 0 and 60 cm corresponding to a clay loam texture. The pH of the soil was approximately between 7.6 and 7.8. The vineyard was trained using vertical shoot positioning with N–S-oriented rows with a planted distance of 2.5 m between rows and 1.5 m above the row and using a Guyot double pruning system. Water management was carried out using a drip irrigation system. Canopy management is the standard for vineyards located in this area, and the average yield was approximately 8000 kg ha−1.




2.3. Experimental Design, Treatments and Berry Sampling


A randomized complete block design was used in the assay. Five replicates were used in the field, and each replicate consisted of seven consecutive plants, excluding plants in the border of the vineyard or plants that presented evident disease symptoms. All blocks were comprised in one row in the field, and between each treatment in the block, five buffer vines were utilized. Three irrigation treatments were applied every week for up to five days before the last sampling date (commercial harvest) and were established using a combination of drip emitters with different volumes of water, resulting in the following treatments: Treatment 1 (T1) = 12 L h−1 (90% of potential evapotranspiration (ETp), Treatment 2 (T2) = 6 L h−1 (60% of ETp) and Treatment 3 (T3) = 2 L h−1 (30% of ETp). The irrigation regimes selected in this assay correspond to volumes of water commonly used in the production of commercial red wines prioritizing the sustainability of the vineyard. To reduce the stem water potential of the vines, irrigation was suspended 25 days before veraison until 10 days before veraison—that is, the time when irrigation treatments were started. The application of treatments produced the following midday stem water potential during both seasons: T1, Ψ = −0.8 MPa; T2, Ψ = −0.9 MPa; and T3, Ψ = −1.0 MPa. The water status of vines was checked weakly in the field using a Scholander pressure chamber. Further details concerning water status measurements are available in Talaverano et al. [15]. For reference, values from −0.9 to −1.1 MPa are considered to represent weak to moderate water deficits, respectively [16]. Berries were sampled on the following dates: three days before veraison and 13, 27, 41 and 60 days after veraison (DAV). Samples consisting of 50 berries per replicate were randomly collected from five to seven clusters per vine during ripening and were immediately weighed, frozen and stored at −80 °C until processing. The veraison dates (8 February 2014 and 5 February 2015) were determined by visual observation in the field and berry firmness. All treatments were harvested on the same day. This corresponded to the last sampling date (60 days after veraison), which was determined by the chemical parameters and mouthfeel characteristics of the berries.




2.4. Extraction of Phenolic Compounds from Grape Berry Skins


Ten grams of grape skins obtained from 50 berries were subjected to two consecutive extractions under mechanical stirring, first using a methanol–water solution (80:20 v/v) and then an acetone–water solution (80:20 v/v). In each case, 100 mL of solution was used with 60 min of extraction. A sieve was used for the separation of liquid and solid parts of the berries. After extraction, the liquid parts were mixed, centrifuged at 2500× g for 15 min and later evaporated under vacuum using a rotary evaporator at 30 °C to remove methanol and acetone until obtaining 40 mL of aqueous solution. The aqueous solution was adjusted to 100 mL with ultrapure water and was finally filtered through a 0.45 µm PVDF membrane [17]. This aqueous solution was used in all the methodologies for the analysis of phenolic compounds in this assay.




2.5. General Analytical Parameters


The total and skin weights of 50 berries, titratable acidity (g tartaric acid L−1), total soluble solids (°Brix) and pH were determined following OIV protocols [18]. The total phenol content was determined as follows: 1 mL of the aqueous solution was diluted 1:50 v/v) with distilled water and read at 280 nm in a spectrophotometer. Subsequently, the results were quantified by means of a standard curve of gallic acid and expressed as mg GAE (gallic acid equivalent) L−1 [19]. The total tannins were determined using methylcellulose as a precipitant agent. The precipitation of tannins was performed using a 0.04% methylcellulose solution (w/v in deionized water). The tannin concentration was determined by the difference at 280 nm between the tube without the addition of methylcellulose and the methylcellulose precipitated. After that, the content was quantified against a catechin standard curve and expressed as mg catechin g−1 [20]. The total anthocyanin content was measured using the method described by Ribéreau-Gayon and Stonestreet [21]. In brief, a dilution of the aqueous solution (sample) was carried out with a solution of HCl at 2% in ethanol, which was divided into two tubes. Into one of the tubes was added a solution of sodium metabisulfite at 15% (w/v in distilled water), and the other was mixed with distilled water. After 20 min of reaction, the absorbance of both tubes was measured at 520 nm. The anthocyanin concentration was calculated though the differences between both tubes from a calibration curve made with malvidin. The results are expressed in mg malvidin g−1.




2.6. HPLC-DAD Analysis of Anthocyanin Composition


A 2-milliliter sample of aqueous solution from grape skins was filtered through a 0.22 µm PVDF membrane, and an aliquot of 150 µL was subjected to reversed-phase chromatographic separation at 20 °C using a LiChro Cart 100 RP-18 column (5 µm, 4.0 mm × 250 mm, Agilent Technologies, Santa Clara, CA, USA) in an Agilent 1200 series system (Agilent Technologies, Santa Clara, CA, USA). The diode array detector (DAD) was set from 210 to 600 nm. Two mobile phases were utilized: A, water/formic acid (90:10 v/v), and B, acetonitrile. The gradient was applied at a flow rate of 1.1 mL min−1 from 0 to 22 min and 1.5 mL min−1 from 22 to 35 min as follows: 96–85% A from 0 to 22 min, 85–15% A from 12 to 22 min and 85–70% A from 22 to 35 min. Quantification was carried out by measuring the area of the peak at 520 nm. Calibration curves were obtained by injection of different volumes of standard solutions under the same conditions used for the samples over the range of concentration observed (r2 ≥ 0.94) [22].




2.7. Statistical Analysis


For the chemical analyses, analysis of variance (ANOVA) and Tukey’s honestly significant difference (HSD) test were used for mean separation with a significance level of 95% (p < 0.05). Statistical analysis was performed using Minitab 17 software (Minitab, Inc., State College, PA, USA).





3. Results


3.1. Water Relationships


The different irrigation treatments per plant in each treatment resulted in substantial differences in the stem water potential throughout ripening over the two seasons. The average xylem water potentials in 2014 were −0.83 ± 0.03 MPa for T1, −0.09 ± 0.03 MPa for T2 and −1.00 ± 0.03 MPa for T3. In 2015, the values were −0.85 ± 0.02 MPa for T1, −0.96 ± 0.02 MPa for T2 and −1.04 ± 0.01 MPa for T3. Statistical differences in water potentials were observed, particularly when irrigation was resumed before veraison. More details regarding the evolution of the xylem water potential throughout ripening over both seasons are available in Talaverano et al. [15].




3.2. Chemical Composition of Grapes


In general, and as expected, the pH constantly increased during grape berry ripening over the two seasons. This parameter varied between 2.56 and 3.59 in 2014 and between 2.81 and 3.73 in 2015, with differences between irrigation treatments (Table 1). Concomitantly, the titratable acidity diminished throughout grape berry ripening, from 15.45 to 2.97 g tartaric acid L−1 in 2014 and from 12.40 to 3.45 g tartaric acid L−1 in 2015, again with differences between treatments at 41 DAV in 2014 and 13 DAV in 2015. Regarding soluble solid content, °Brix increased from 12.88 to 21.57 in 2014 and from 12.00 to 21.27 in 2015 (Table 1). In both seasons, there were significant differences between treatments at 41 DAV, and particularly during the 2015 season, differences were also present at 27 DAV, although similar values were reached at harvest. The average berry weight varied from 0.98 to 1.16 g in 2014 and from 0.85 to 1.21 g in 2015. Water deficit increased the skin weight to berry weight ratio throughout ripening, especially in the 2014 season (Table 1).



Total phenols increased over ripening from 14.04 to 20.87 mg GAE g−1 in 2014 and from 13.73 to 20.42 mg GAE g−1 in 2015 (Figure 1). Some differences among treatments were found, as T2 and T3 led to higher concentrations of phenolic compounds than T1, especially in 2015, when T3 maintained higher levels of these compounds at harvest. In both seasons, the concentration of total tannins decreased from veraison until approximately 25 DAV but rose again until approximately 45 DAV (Figure 1). Significant differences in tannins between treatments were observed on some of the sampling dates, with higher concentrations in T2 and T3. Regarding total anthocyanins, a step increase in concentration was observed from veraison until 45 DAV, from 3.12 to 12.84 mg malvidin g−1 in 2014, while a lag between 15 and 30 DAV occurred in 2015, reaching 11.98 mg malvidin g−1, which was a lower average concentration compared with the previous season (Figure 1). In 2015, there were significant differences among treatments, with a higher concentration in grapes from T3 at the end of grape berry ripening and harvest.



The profiles of glucosylated, acetylated and p-coumaroylated anthocyanins are shown in Tables S1–S3, respectively. Some differences were observed in some anthocyanins, but in general terms, the irrigation treatments did not produce changes in the anthocyanin profile, and a clear seasonal effect was found to produce a higher concentration of the three types of anthocyanins in the 2014 season. To analyze the effect of the treatments on anthocyanins during ripening, these compounds were grouped into three categories: glucosylated, acetylated and coumaroylated. During the 2015 season, the grapes from T3 reached the highest average concentration of glucosylated anthocyanins at 13, 27 and 60 DAV, while coumaroylated anthocyanins reached a peak at 27 DAV, displaying significant differences in all cases compared with the control. In 2014, on the other hand, T2 reached a transiently lower concentration of acetylated anthocyanins at 27 DAV while reaching a significantly higher concentration of coumaroylated anthocyanins than T1 at 41 DAV (Figure 2).



For the number of substitutes in the B-ring of the chemical structure of anthocyanins, the concentration of dihydroxylated anthocyanins went from 10.58 to 26.78 mg g−1 in 2014 and from 5.94 to 15.04 mg g−1 in 2015 yet did not show clear effects by irrigation treatment (Figure 3). In contrast, the trihydroxylated anthocyanins ranged from 35.97 to 150 mg g−1 in 2014 and from 34.29 to 127.03 mg g−1 in 2015 (Figure 3). The trihydroxylated anthocyanins were much higher in concentration than the dihydroxylated counterparts in both seasons, resulting in a strong reduction in the dihydroxylated-to-trihydroxylated ratio, with no significant differences between treatments. The evolution of these compounds was season-dependent, with a progressive increase in concentration in 2014, while in 2015, a transient reduction was observed at 30 DAV, slightly increasing again from 40 DAV. Additionally, in 2015, the most restrictive irrigation treatment resulted in a higher concentration of trihydroxylated anthocyanins (Figure 3).



The proportion of the different types of anthocyanins at harvest did not show significant differences between treatments (Figure 4).





4. Discussion


Our study was carried out in Central Chile, which is the most important wine production area of the country and is characterized by a Mediterranean climate with dry summers. The Multicriteria Climatic Classification System developed by Tonietto and Carbonneau [23] showed that this geographic zone corresponds to a temperate warm zone (HI+1) with very cool nights (CI+2) and very dry conditions (DI+2). In addition, this area has been under a megadrought event for the past 10 years, with precipitation lower than 20–40% on average compared with a normal year [24]. The extent of water shortages has become a threat for the future cultivation of grapevines [2,25]. Among the cultivated species, however, Vitis vinifera L. is a species recognized as water-stress-tolerant, associated with a deep rooting system and with different hydraulic responses depending on the variety [26,27]. The abovementioned xylem water potential values are common in Mediterranean wine-producing areas [28], and they are considered slight (T1) to moderate (T3) water deficits [16]. However, the combination of a low water supply with high temperatures leads to a high vapor pressure deficit at the leaf–atmosphere interface, a phenomenon that is common at the study site and might end in earlier leaf shedding in vineyards, thus negatively affecting the carbon balance and the sugar supply to grape berries as well as yield and berry quality [1,4,29,30]. It is well known that water deficit results in smaller grape berries [31], but changes in the skin-to-pulp ratio might also occur. Indeed, a similar pattern was observed in our study toward the end of grape berry ripening in 2014 and only transiently after veraison in 2015. For sugar accumulation, it has been reported that water stress induces an earlier sugar load at veraison but with no important differences at the end of berry ripening. This effect is mediated by ABA and involves sugar transporter proteins in grapes [32,33]. In the present study, differences in sugar accumulation were observed in 2014 rather late in the ripening stage, with higher °Brix in control berries. In contrast, differences were observed earlier in 2015, but this time with higher concentrations in the more restricted berries (Table 1). These discrepancies might have been related to the fact that the sugar concentration in grape berries under water deficit results from the balance of the carbon export capacity, affected by stomatal limitations, and the grape berry volume, which is also affected by water availability [32]. In this regard, seasonal differences were evident in terms of the impact of water stress on the grape berry sugar concentration. It should be highlighted that water stress induced fasting on sugar accumulation in grape berries, something that has been observed very close to veraison [3] and that might have occurred earlier than 13 DAV, the earliest sampling date from ripening in our study. Together, sugars and abscisic acid act as synergistic signals triggering and modulating the gene expression of proteins involved in the synthesis of phenolic compounds in berry skins, leading to the accumulation of flavonols and anthocyanins [33,34]. Additionally, higher concentrations of secondary metabolites in berries result from reductions in the grape berry volume, increasing the skin-to-pulp ratio [31]. It is unlikely that this was the case in this study since no differences in the berry weight or skin-to-pulp ratio occurred during the irrigation treatments (Table 1). Therefore, the differences observed in total phenols, tannins and anthocyanins (Figure 1) were likely a result of a metabolic response. Tannins are thought to accumulate up to a maximum concentration at veraison, decreasing afterward during berry ripening [35]. Recently, it was reported in the Carménère variety that tannin synthesis resumed nearly 30 to 40 DAV, supported by an increase in the gene expression of proteins involved in tannin synthesis [33]. This was also observed in the present study during both seasons, as tannins increased in concentration after 25 DAV, which, as reported before, might have resulted from the positive response of genes such as VvLAR2, involved in the synthesis of (+)-catechin [36]; VvMYBPA1 and VvMYBPA2, all of which are involved in tannin synthesis [37] and have been observed to be responsive to water stress [38].



For the anthocyanins, when considering all these compounds during the 2015 season, differences were recorded toward the end of ripening, where the greater water restriction caused a higher concentration, which is consistent with previous studies [39,40,41]; however, in the different groups of anthocyanins, i.e., glycosylated, acetylated or p-coumaroylated, only small differences were observed, although in 2015, the higher concentration of glucosylated anthocyanins (Figure 2) could explain the higher concentration of total anthocyanins in the same season (Figure 1). A different behavior was observed in these types of anthocyanins during the 2014 and 2015 seasons, probably due to a seasonal effect, but the pattern of accumulation throughout the season in each type of anthocyanin was similar compared with the different treatments, although there was a higher concentration of these types of anthocyanins in 2014 compared with 2015. Other authors [3,5,42] have reported an increase in the concentration of anthocyanins caused by the combined effect of a smaller berry size and a greater concentration of these compounds; in this study, however, it seems that the increase in concentration was related to a greater quantity of anthocyanins and not to a smaller berry size (Table 1, Figure 1). Sofo et al. [43] also reported an increase in acetylated anthocyanin concentration in berries of the cv. Aglianico grown under rainfed conditions, but in this study, we observed an opposite effect, with no differences between treatments for this type of anthocyanin (Figure 2). The differences in climatic conditions, the higher water restriction due to rainfed growing conditions and the different grape varieties could explain the differences observed above [13]. Differences regarding the anthocyanin concentration were also observed when these compounds were grouped according to the hydroxylation of the B-ring in flavonoid compounds. This hydroxylation determines the coloration, stability and antioxidant capacity of these compounds [44]. The accumulation curve was different depending on the season but with an increase during ripening in both years. The differences due to the irrigation treatments caused differences only in the trihydroxylated anthocyanins, which were highly dependent on the season. In addition, when the proportion of the different types of anthocyanins was analyzed, no differences were observed at harvest, which could indicate that the different irrigation treatments did not influence a greater accumulation of one or another type of anthocyanin. In general, the concentration of anthocyanins in grapes from the same geographic location changes from year to year, probably because of differences in the biosynthesis of these compounds modulated by different climatic conditions during the grape-growing season [40,41,45,46]; however, in this study, we found differences in terms of concentration in some types of anthocyanins. In previous studies by our research group, water stress produced differences, especially in the concentration and composition of proanthocyanidins, with changes in their concentration toward the end of ripening and especially an increase in their size in the more restrictive irrigation treatment. This was related positively to the expression of genes and transcription factors involved in the synthesis of proanthocyanidins [38], especially VvMYB4a, a negative regulator of the synthesis of low molecular weight phenols [37], with a higher expression in the more restrictive irrigation treatments. This transcription factor could act as a biochemical valve, diverting substrates from the phenylpropanoid pathway toward the production of proanthocyanidins instead of small phenols, such as anthocyanins. This behavior could explain the minor differences in the concentration and composition of anthocyanins found between treatments in this work.




5. Conclusions


The results from this study highlight how challenging it can be to apply a desired regulated deficit irrigation system at the vineyard level. The irrigation regimes applied in this study were quite different (i.e., T1 = 12 L h−1 (90% of ETp), T2 = 6 L h−1 (60% of ETp) and T3 = 2 L h−1 (30% of ETp)). However, the resulting stem water potentials were consistently mild (T1, Ψ = −0.8 MPa; T2, Ψ = −0.9 MPa; and T3, Ψ = −1.0 MPa). Nevertheless, we found that controlled water deficit produced a slight increase in tannin concentration after 25 DAV. The concentration of total anthocyanins showed significant differences among treatments, but these differences were influenced by the seasons. Mild water stress generated changes regarding the different fractions of anthocyanins—i.e., glycosylated, acetylated and p-coumaroylated—with a different behavior between the 2014 and 2015 seasons, but the pattern of accumulation during the season in each type of anthocyanin was similar compared with the different treatments, although the concentration was different between seasons. The trihydroxylated anthocyanins were much higher in concentration than their dihydroxylated counterparts in both seasons, with no significant differences between treatments, and again, the evolution of these compounds during ripening was season-dependent. Finally, no differences in terms of the different anthocyanin proportions were observed at harvest, which could indicate that the different irrigation treatments did not influence a greater accumulation of one or another type of anthocyanin. Future studies involving gene expression that encodes the synthesis of these compounds are necessary to observe changes regarding the different types of anthocyanins that are present in grapes. Working with a narrow range of stem water potential is desired since we think most of important effects in secondary metabolism are happening in the water stress region presented in the study. Moreover, our data are field-based for this specific region of Chile and are very important for viticulturists and winemakers that work in this warm climate area. Most likely, the plants in the vineyard under study had a root system that allowed the plants to explore the soil for water resources, yielding mild differences in terms of plant water status. This is probably true in many wine-growing regions of the world with similar conditions of soil and climate. Future studies should take this into account and try to understand whether the results presented here hold for different cultivar/rootstock combinations.
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Figure 1. Total phenols, tannins and anthocyanin concentrations in Cabernet Sauvignon grape skins throughout ripening in the 2014 and 2015 seasons. Vertical bars indicate standard error from five replicates. Different letters indicate significant differences between treatments (Tukey’s HSD test, p < 0.05). 
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Figure 2. Glucosylated, acetylated and p-coumaroylated anthocyanin concentrations in Cabernet Sauvignon grape skins throughout ripening in the 2014 and 2015 seasons. Vertical bars indicate standard error from five replicates. Different letters indicate significant differences between treatments (Tukey’s HSD test, p < 0.05). 
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Figure 3. Dihydroxylated and trihydroxylated anthocyanin concentrations in Cabernet Sauvignon grape skins throughout ripening in the 2014 and 2015 seasons. Vertical bars indicate standard error from five replicates. Different letters indicate significant differences between treatments (Tukey’s HSD test, p < 0.05). 
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Figure 4. Proportion of glucosylated, acetylated and p-coumaroylated anthocyanins in Cabernet Sauvignon grape skins at harvest date. Different letters indicate significant differences between treatments (Tukey’s HSD test, p < 0.05). 
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Table 1. Global analyses in Cabernet Sauvignon grapes throughout ripening.
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2014

	
2015




	

	
DAV

	
T1

	
T2

	
T3

	
T1

	
T2

	
T3






	
pH

	
−3

	
2.57 ± 0.02

	
2.58 ± 0.01

	
2.56 ± 0.02

	
2.83 ± 0.00

	
2.87 ± 0.03

	
2.81 ± 0.01




	

	
13

	
2.84 ± 0.03 b

	
3.01 ± 0.01 a

	
2.88 ± 0.02 b

	
3.05 ± 0.02

	
2.99 ± 0.02

	
2.99 ± 0.03




	

	
27

	
3.14 ± 0.02

	
3.15 ± 0.01

	
3.13 ± 0.01

	
3.36 ± 0.02

	
3.35 ± 0.02

	
3.31 ± 0.02




	

	
41

	
3.29 ± 0.03 b

	
3.40 ± 0.04 a

	
3.44 ± 0.03 a

	
3.54 ± 0.01

	
3.54 ± 0.02

	
3.54 ± 0.01




	

	
60

	
3.50 ± 0.04

	
3.58 ± 0.04

	
3.59 ± 0.04

	
3.69 ± 0.02 ab

	
3.73 ± 0.02 a

	
3.63 ± 0.01 b




	
Titratable acidity

	
−3

	
15.32 ± 0.15

	
15.30 ± 0.15

	
15.45 ± 0.16

	
12.40 ± 0.09

	
11.30 ± 0.23

	
11.75 ± 0.47




	
(g tartaric acid L−1)

	
13

	
7.77 ± 0.19

	
8.13 ± 0.18

	
8.03 ± 0.31

	
5.65 ± 0.18 b

	
6.47 ± 0.16 a

	
5.97 ± 0.20 ab




	

	
27

	
5.30 ± 0.15

	
5.47 ± 0.25

	
5.25 ± 0.24

	
8.92 ± 4.51

	
4.80 ± 0.14

	
4.75 ± 0.13




	

	
41

	
4.13 ± 0.13 a

	
3.72 ± 0.18 b

	
3.97 ± 0.16 ab

	
3.80 ± 0.09

	
3.72 ± 0.06

	
3.62 ± 0.12




	

	
60

	
3.42 ± 0.13

	
2.97 ± 0.10

	
3.07 ± 0.15

	
3.45 ± 0.09

	
3.57 ± 0.08

	
3.60 ± 0.11




	
Soluble solids (°Brix)

	
−3

	
12.97 ± 0.25

	
13.00 ± 0.25

	
12.88 ± 0.30

	
12.33 ± 0.05

	
12.00 ± 0.41

	
12.47 ± 0.45




	

	
13

	
16.90 ± 0.30

	
16.07 ± 0.32

	
16.07 ± 0.25

	
17.60 ± 0.30

	
16.07 ± 0.56

	
16.87 ± 0.58




	

	
27

	
18.97 ± 0.40

	
18.30 ± 0.33

	
19.07 ± 0.15

	
17.80 ± 0.68 b

	
19.27 ± 0.71 ab

	
20.47 ± 0.50 a




	

	
41

	
20.20 ± 0.28 a

	
18.37 ± 0.27 b

	
19.83 ± 0.46 a

	
21.93 ± 0.30 a

	
20.27 ± 0.50 b

	
20.63 ± 0.48 ab




	

	
60

	
21.53 ± 0.42

	
21.57 ± 0.41

	
21.13 ± 0.28

	
21.13 ± 0.22

	
21.27 ± 0.37

	
21.27 ± 0.38




	
Average berry weight (g)

	
−3

	
0.98 ± 0.02

	
0.99 ± 0.02

	
0.98 ± 0.02

	
0.85 ± 0.02 b

	
0.97 ± 0.04 a

	
0.93 ± 0.01 a




	

	
13

	
1.09 ± 0.05

	
1.09 ± 0.02

	
1.07 ± 0.03

	
1.07 ± 0.02

	
1.05 ± 0.02

	
1.11 ± 0.01




	

	
27

	
1.11 ± 0.03

	
1.14 ± 0.03

	
1.11 ± 0.02

	
1.20 ± 0.03

	
1.19 ± 0.03

	
1.21 ± 0.03




	

	
41

	
1.10 ± 0.03

	
1.12 ± 0.04

	
1.16 ± 0.02

	
1.13 ± 0.02

	
1.12 ± 0.02

	
1.15 ± 0.02




	

	
60

	
1.14 ± 0.03

	
1.11 ± 0.03

	
1.09 ± 0.05

	
1.11 ± 0.03

	
1.09 ± 0.05

	
1.07 ± 0.02




	
Skin weight/total weight

	
−3

	
0.10 ± 0.04

	
0.10 ± 0.04

	
0.09 ± 0.04

	
0.15 ± 0.02

	
0.12 ± 0.00

	
0.10 ± 0.00




	
relationship

	
13

	
0.11 ± 0.04 a

	
0.10 ± 0.04 ab

	
0.10 ± 0.04 b

	
0.11 ± 0.00 a

	
0.10 ± 0.01 b

	
0.09 ± 0.00 b




	

	
27

	
0.11 ± 0.04 ab

	
0.12 ± 0.05 a

	
0.10 ± 0.04 b

	
0.10 ± 0.00

	
0.10 ± 0.00

	
0.09 ± 0.00




	

	
41

	
0.11 ± 0.04 b

	
0.11 ± 0.04 b

	
0.12 ± 0.05 a

	
0.12 ± 0.00

	
0.10 ± 0.00

	
0.11 ± 0.01




	

	
60

	
0.11 ± 0.04 ab

	
0.10 ± 0.04 b

	
0.12 ± 0.05 a

	
0.12 ± 0.00

	
0.12 ± 0.00

	
0.13 ± 0.01








Values are presented as mean ± standard error (n = 5). Different letters indicate significant differences between treatments in the same season (Tukey’s HSD test, p < 0.05). DAV: days after veraison.
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