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ABSTRACT

Background. Early defoliation is an innovative viticultural practice aimed to crop control. So far, the impact of early leaf removal on the monomeric phenolic composition of the wines has not been explored. Our paper examines the effects of early defoliation on the phenolic profile and content in Tempranillo wines. The influence of the defoliation method (manual and mechanical) and the timing of leaf removal (pre-bloom and fruit-set) was investigated.
Results. Over two consecutive seasons, 2007 and 2008, the monomeric phenolic composition was studied in Tempranillo wines by HPLC-DAD and 22 compounds were identified and quantified. Overall, early defoliation led to wines more intensely coloured, of higher alcohol content and larger concentrations of hydroxycinnamic acids, flavonols and anthocyanins (in 2008 only for mechanical treatments). In the absence of fungal infection, resveratrol was found to increase in wines corresponding to early defoliation treatments. The method of leaf removal seemed to be more critical than the timing of intervention, and larger effects on wine phenolic composition were observed for mechanical treatments. 
Conclusions. Early defoliation proved to be an effective technique for improving the phenolic composition of Tempranillo wines, by favoring the accumulation of hydroxycinnamic, flavonols and anthocyanins. This is an important achievement, as wine quality is often described by its colour and phenolic attributes. 
Key words: Early leaf removal, monomeric phenols, Tempranillo wine, pre-bloom vs fruit-set, hand vs mechanical.
INTRODUCTION

Grape yield control has been a main goal of the global wine industry over the last decade, given the huge wine surplus in the world, a 32 million hl1, and the need of improving grape quality. 

Early defoliation is a novel viticultural practice that effectively regulates yield components2,3 and improves canopy microclimate, through the increase of fruit exposure and canopy porosity4. Early leaf removal is conducted around flowering, unlike traditional defoliation, which is typically carried out later in the season (between fruit-set and veraison) on dense canopies, with the aim of improving fruit exposure and air circulation5,6,7. The goal of early defoliation is to reduce yield and it is based on the functional relationship that exists between the yield and the availability of carbohydrates at pre-bloom8. As a result of leaf pulling around flowering, crop regulation is achieved through reduced fruit-set, conducive to smaller and looser clusters of better quality and resistance to Botrytis infection3,4,9. In these studies, grape composition improved in early defoliated vines as higher soluble solids and total anthocyanin concentrations increased. The increase of sunlight exposure has been related to the improvement of grape quality,10-12 , leading to fruit richer in soluble solids, anthocyanins and phenols, and lower in titratable acidity and malic acid concentration. 
Phenolic compounds, flavonoids and non-flavonoids have been described as important indicators of grape quality13. They are responsible for the colour and sensory properties of wines, and their concentration in the berry is intrinsically related to their concentration in the wine14,15 as well as to its final quality16,17. Among the flavonoids, the anthocyanins and flavonols stand out. The anthocyanins, which exist in the first cellular layers of the hypodermis18 are responsible for grape and wine colour. The flavonols are synthesized in the vacuoles of the outer layers of epidermis and are considered as natural sunscreen protectors for the berries19. Both anthocyanin and flavonol biosynthesis pathways are regulated by enzymes that are light and temperature sensitive20,21. Thus, any alteration of the microclimate conditions, such as those imparted by early defoliation, might have a significant impact on the synthesis and accumulation of these flavonoids in the berries. Among the non-flavonoids, the hydroxycinnamic acids and stilbenes, such as resveratrol, also play an important role in grape composition. The importance of these parameters in berry and wine quality is widely recognized, especially regarding wine aging potential and sensory properties, mainly mouthfeel22. 

The scarce information on the effects of early defoliation on the phenolic profile and content of wines raises an important field of research. A deeper understanding of the impact of yield regulation and changes in canopy microclimate, induced by early leaf removal, on the different classes of phenolic compounds is needed. This work aims to investigate the influence of timing (pre-bloom and fruit-set) and method (manual and mechanical) of early leaf removal on the phenolic monomeric composition of Tempranillo wines. 
MATERIALS AND METHODS

Viticultural treatments. This study was conducted in a commercial V. vinifera L. cv. Tempranillo vineyard (clone 43 grafted onto 110 rootstock) located in Ollauri (lat: 42º 31’N; long 2º 49’W, 527 m), La Rioja (Spain), over two consecutive seasons, 2007 and 2008. Vines were planted in 1996 in a clay-loam soil at a spacing of 2.70 m x 1.15 m with 3220 vines per hectare and trained to a vertically shoot positioned (VSP) system, with each vine winter pruned to retain to six, 2-count node spurs. Vines were not irrigated during the growing season. Shoots were trimmed once at the end of July, before veraison. The experimental design compared the following treatments: (a) control or non-defoliated; (b) manual removal of the first eight basal leaves at pre-bloom, at stage 1923 ( (Man-PB); (c) manual removal of the first eight basal leaves at fruit set, at stage 2723 (Man-FS); (d) mechanical defoliation at pre-bloom (Mec-PB) and (e) mechanical defoliation at fruit-set (Mec-FS). Laterals, if present, were not removed in manual defoliation. Pre-bloom treatments were performed on May 29 and June 13, whereas fruit-set defoliation was carried out on June 15 and July 4 in 2007 and 2008, respectively. Mechanical leaf removal was conducted with a tractor-mounted pulsed air leaf remover (Collard, Bouzy, France), which operates by blowing compressed air with enough force to tear off a whole leaf or sections of leaf blades. The machine was driven at approximately 0.5 km per hour and removed the leaves around the basal 60 cm of foliage, in the fruiting zone. The leaf remover operated in two passages, one per each side of the canopy. In each experiment, treatments were arranged in a completely randomized design that consisted of five replicates of 20-vine plots for each treatment. Within each replicate plot, 5 vines were randomly chosen and labelled one month before bloom. 
Microscale fermentations and must and wine oenological parameters. 

For each treatment, grapes from the 25 tagged vines (5 vines per replicate plot) were hand-picked on the 14th and 16th of October 2007 and 2008, respectively, transported in boxes to the winery of the University of La Rioja and stored for 12 hours at 4.5 ºC. For each treatment, 5 wines were obtained, corresponding to the field replicates (1 wine per field replicate). Grapes were destemmed and slightly crushed using a motorized grape crusher (Enomundi, Zaragoza, Spain). Wine fermentations were carried out according to the microscale fermentation method developed by Sampaio et al.24 and used for the comparison of viticultural and winemaking research results due to its high reproducibility of commercial scale fermentations. For each crushed lot, a total amount of 3.5 L was poured into a 4-L glass fermentation vessel, and a subsample of 50 ml of the must was taken for the analysis of total soluble solids, pH and titratable acidity. The total soluble solid concentration (ºBrix) was determined using a temperature-compensating digital refractometer (Atago, Tokyo, Japan) and titratable acidity and pH were determined according to the OIV methods25. To each micro-fermentor, sulphur dioxide was added at a rate of 60 mg/kg and musts inoculated with yeast (Saccharomyces cerevisiae, Uvaferm 71B, Lallemand, Montréal, Québec, Canada) at a rate of 20 g/hl. Fermentation temperature was kept between 27 to 31 ºC. Alcoholic fermentations were completed after 7 days, but extended maceration was allowed for 8 more days in all cases. After fermentation, wines were manually racked off and pressed, and no malolactic fermentation was allowed. For each micro-fermentor, the free-run and pressed wine fractions were blended and bottled. The alcohol content, titratable acidity, pH and malic acid concentration were determined according to the OIV official methods25. Colour density was calculated by adding the absorbance readings at 420, 520 and 620 nm, whereas hue was measured as the ratio of absorbance readings at 420 and 520 nm25. Total polyphenol index was calculated by the absorbance reading at 280 nm26. All analyses were run in triplicate.
Analysis of monomeric phenolics by HPLC-DAD in wines. Monomeric phenolics were analysed by high performance liquid chromatography with photodiode-array detector (HPLC-DAD). Prior to analysis, the wines were filtered through PTFE discs of 0.45 (m and directly subjected to HPLC-DAD on a 1100 Agilent liquid chromatograph (Agilent Technologies, Waldbronn, Germany) equipped with one G1311A quaternary pump, an on-line G1379A degasser, a G1316A column oven, a G1313A automatic injector, and a G1315B photodiode-array detector  controlled by the Chemstation Agilent software. HPLC analyses were conducted using the method described by Lamuela-Raventos and Waterhouse26 and later modified and optimized by Donovan et al.27. Separation was achieved in a LiChrosphere( 100 RP-18 reverse phase (5 µm packing, 250 x 4 mm i.d) column protected with a guard column of the same material. Phenolic compounds were eluted under the following conditions: 0.5 ml min-1 flow rate; solvent A: 50 mM NH4H2PO4, pH 2,6 ; solvent B: 80% acetonitrile + 20% solvent A; solvent C: 200 mM o-phosphoric acid pH=1,5. The following gradient was used: isocratic 100% A in 5 min, from 100 to 92% A and from 0 to 8% B in 3 min, from 92 to 0% A, from 8 to 14% B and from 0 to 86% C in 12 min, from 14 to 16.5% B and from 86 to 83.5 % C in 5 min, from 16.5 to 21.5 % B and from 83.5 to 78.5% C in 10 min, from 21.5 to 50 % B and from 78.5% to 50% C in 35 min, from 50 to 100 % B in 5 min, from 0 to 100 % A in 4 min. Deionised water was purified with a Milli-Q water system (Millipore, Bedford, Massachusetts, USA) before use. Acetonitrile of HPLC-gradient grade, o-phosphoric acid of analytical reagent grade, and ammonium phosphate of analytical reagent grade were purchased from Scharlab (Barcelona, Spain). All other chemicals (analytical-reagent grade) were obtained from Panreac (Mollet del Vallès, Spain). 
Samples (25 µl) were injected in triplicate in the HPLC system and spectra were recorded between 250 and 600 nm. Quantification was carried out by peak area measurements at 316 nm for hydroxycinnamic acids and resveratrol, 365 nm for flavonols and 520 nm for anthocyanins. External standard calibration curves were drawn. Likewise, hydroxycinnamic acids were expressed as caffeic acid (y = 0.0046 x + 0.0468; r2 = 0.9953), resveratrol contents were expressed as resveratrol (y = 0.0058 x + 0.0973; r2 = 0.9841), glycoside flavonols as quercetin-3-rutinoside (y = 0.0252 x + 0.4957; r2 = 0.9997), aglycone flavonols as quercetin (y = 0.0056 x + 0.1531; r2 = 0.9999) and anthocyanins as malvidin 3-glucoside (y = 0.0084 x + 0.7767; r2 = 0.9997). The commercial standards used were, caffeic acid (caffeic acid ( 98% HPLC, Sigma Aldrich, St. Louis, MO, USA), resveratrol (resveratrol > 99% GC, Sigma Aldrich, St. Louis, MO, USA), quercetin-3-rutinoside (quercetin-3-rutinoside trihydrate ( 95% HPLC, Sigma Aldrich, St. Louis, MO, USA), quercetin (quercetin dihydrate ( 98% HPLC, Sigma Aldrich, St. Louis, MO, USA) and malvidin 3-glucoside (malvidin 3-glucoside chloride > 95% HPLC, Extrasynthèse, Genay, France). Individual phenolic compounds were tentatively identified according to their order of elution, retention times of standards and the information and characteristics of the UV-Vis spectra published in literature26,28-32. Total hydroxycinnamic acids were calculated as the sum of free acids, i.e., caffeic and ferulic acids, and hydroxycinnamates, i.e., cis- and trans-caftaric acids (cis- and trans-caffeoyl-tartaric acid) and cis- and trans-coutaric acids (cis- and trans-p-coumaryl-tartaric acid). Total resveratrol was computed as the sum of cis- and trans- resveratrol. Total flavonols included the concentrations of myricetin O-glucoside, quercetin O-galactoside, quercetin O-glucuronide, quercetin O-glucoside (these two flavonols co-eluted) and the aglycone form of quercetin. The identity of the two flavonols co-eluting was revealed by a more specific analysis of the chromatographic peak purity, together with the comparison of the peak spectra at several time points within the peak width, with those of quercetin O-glucuronide and quercetin O-glucoside individual substances, obtained from a spectral library. Total anthocyanins were calculated as the sum of delphinidin 3-glucoside (DpGl), cyanidin 3-glucoside (CyGl), petunidin 3-glucoside (PtGl), peonidin 3-glucoside (PnGl), malvidin 3-glucoside (MvGl), cyanidin 3-(6-acetyl)-glucoside (CyGlAc), malvidin 3-(6-acetyl)-glucoside (MvGlAc), cyanidin 3-(6-p-coumaryl)-glucoside (CyGlCm), petunidin 3-(6-p-coumaryl)-glucoside (PtGlCm), and malvidin-3-(6-p-coumaryl)-glucoside (MvGlCm).
Statistical analysis. Statistical analyses were conducted using the InfoStat statistical package (Professional 2007 edition; Cordoba, Argentina). Analysis of variance was performed on the data. The effect of defoliation vs. control, as well as the effect of timing and method of leaf removal were evaluated using a priori contrasts (p<0.05). Dunnett’s t-test 33, conducted with SPSS (15.0 version, Chicago, USA), was used to demonstrate significant differences between each defoliation treatment from the control at ( = 0.05. 
RESULTS and discussioN
Oenological parameters of musts and wines. On the whole, early defoliation led to musts richer in total soluble solids in both seasons, especially when leaf removal was carried out at pre-bloom, and had little to no effect on the acidity parameters (Table 1). Consequently, Tempranillo wines corresponding to early defoliated vines exhibited higher alcohol content than control wines, but in general, neither pH or titratable acidity were significantly altered, with the exception of the Mec-FS wine in 2007, whose pH was higher than that of control (Table 2). Malic acid concentration was only substantially diminished in wines made from pre-bloom defoliated vines in 2007. The yield reduction and larger values of the leaf-to-fruit ratio observed in early defoliated Tempranillo vines in a previous study34, together with the increase in the photosynthetic activity of younger canopies2,3, as those of early defoliated vines, as compared to control canopies, may have accounted for the increase of berry ºBrix values, hence wine alcohol content. The impact of the timing of defoliation was only significant for the must total soluble solids, wine alcohol content and malic acid concentration in 2008, and the effects were more pronounced for the pre-bloom treatments. The only notable differences in the oenological parameters of the Tempranillo wines between the two methods of defoliation, manual and mechanical, were observed for pH in season 2007, which tended to be larger in musts and wines corresponding to mechanical processes. Differently to traditional defoliation, the influence of early leaf removal on the oenological parameters of wine has not been practically explored in the literature. Tardaguila et al.4 recently published that early leaf pulling in Graciano and Carignan vines only had a minimal effect on the alcohol content (which increased in one of the two studied seasons in Graciano) and acidity parameters of the wines. 

The defoliation treatments led to more intensely coloured Tempranillo wines in both seasons (Table 2) while the total polyphenol index behaved differently over the two years for some treatments, as reflected by the significance of the treatment x year interaction (p=0.020) for this parameter. In this sense, only those wines corresponding to mechanical treatments exhibited larger values of the total phenol index (TPI) than control wines in the two years of study, and the Man-PB wine only in 2007. No matter the timing of leaf pulling, the colour density of the Tempranillo wines significantly increased in the two years, but particularly when defoliation was carried out mechanically, with increases of around 50% in comparison with the control. In general, the hue of the Tempranillo wines was not significantly affected by early leaf removal. Similar findings were observed by Tardaguila et al.4 in Graciano and Carignan wines made from early defoliated vines. These authors attributed the increase observed in the colour density and TPI of the wines to the combined effect of different outcomes derived from the early leaf pulling practice, such as the yield reduction, the increase in the leaf-to-fruit ratio and the improvement of cluster exposure and canopy porosity. In general, all these effects were more pronounced in mechanically defoliated vines as compared to the manual ones4, and could explain the greater magnitude of the colour density and total polyphenol index increase between the two methods of defoliation. Similarly, in a previous work of early defoliation in Tempranillo34 the yield reduction (23% on average) and the increase of the leaf-to-fruit ratios were larger for mechanical leaf removal treatments than for manual ones. Obtaining wines of greater colour density and total phenol content is a very positive and important result.
Phenolic composition. 
Hydroxycinnamic acids and resveratrol. The influence of early defoliation on the concentration of hydroxycinnamic acids in Tempranillo wines over the two seasons is shown in Table 3. The concentration of total hydroxycinnamic acids in the wines fluctuated between 74 to 96 mg/l in 2007, and between 65 and 97 mg/l in 2008, depending on the treatment. Early defoliation led to a significant increase (10-49%) of the concentrations of total hydroxycinnamic acids in the wines as compared to the control. This enhancement was observed for all leaf pulling treatments, regardless the timing and method of intervention, although the effect was greater for mechanical defoliation in the two years of study. Overall, the leaf removal method had a stronger influence on the concentration of hydroxycinnamic acids in the wines than the timing of intervention. At the level of individual compounds, early defoliation led to a significant increase in trans-caftaric (except for Man-PB in 2007), cis-coutaric (except for Mec-PB in 2007) and caffeic acids, these three compound accounting for the 88% of the total hydroxycinnamics in 2007 and 2008. For trans-caftaric and caffeic acids, the effect of the timing and method described for the concentration of total hydroxycinnamic acids proved the same here, in general terms. The only compound belonging to this group whose concentration was reduced in wines corresponding to early defoliated vines was ferulic acid, in 2008, that was found in very small quantities (0.8 % of total hydroxycinnamic acids). The increase in the concentration of hydroxycinnamic acids in wines from early defoliation treatments may also be explained by the yield reduction and enhancement of the leaf-to-fruit ratio aforementioned, but also by the improvement of cluster microclimate. The improvement of cluster microclimate is given by better canopy porosity and increased cluster exposure in early defoliated vines, as proved by Tardaguila et al.4 . Price et al.35 reported an increase in the concentration of caftaric acid in the skin of fruit exposed to the sun in Pinot Noir against the skin of fruit in the shade. However, the analysis of the wine showed opposite results in the concentrations of caftaric and caffeic acids against the increase in sun exposure of grapes from which these wines were produced. Price et al.35 argued that the higher levels of caftaric acid in wine produced from grapes from the shade were due to different degradation rates of this acid in wine. Apparently, the tartaric group hydrolyses faster in wines from exposed grapes than in wines from shaded grapes, causing an increase in the concentration of caffeic acid in wine produced from these exposed grapes. In our study, the concentrations of both trans-caftaric and caffeic acids in wines corresponding to early defoliated vines were consistently larger than those of control, providing no evidence of different hydrolysation rates of trans-caftaric acid into caffeic acid between wines from un-defoliated and defoliated vines.
The concentration of individual and total hydroxycinnamic acids in Tempranillo wines were in the range of 65-100 mg/l reported by Singleton et al.36 and more recently by Gómez-Alonso et al.26 and Guadalupe and Ayestaran37 in Tempranillo. Confirming the results of Gómez-Alonso et al.29, in our study the hydroxycinnamic acid found in greatest quantity in the Tempranillo wines was trans-caftaric acid. 
In the two years of study, cis- and trans-resveratrol isomers, were found in low quantities in the Tempranillo wines (Figure 1). Early defoliation seems to have led to opposite results in each of the two years of study. In 2007 the total concentration of resveratrol, as well as of the two isomers, increased in the wines corresponding to early defoliation, in comparison to the control wines. However, the effect on the cis- isomer was most noticeable when defoliation was carried out at fruit-set, whereas for the trans- isomer when defoliation was carried out at pre-bloom. At both timings, mechanical defoliation induced a greater enhancement of the resveratrol concentration, as well as of the two isomers, than manual leaf removal. On the other hand, in 2008, early defoliation resulted in the reduction of the total resveratrol concentration, and of the two isomers, compared to the control. This decrease was particularly pronounced when defoliation was carried out at fruit-set. Little to no differences were encountered in cis- , trans-¸ and total resveratrol concentrations in the wines between manual and mechanical treatments. 
The inter-seasonal discrepancies observed regarding the resveratrol values might be explained by the differences in the Botrytis incidence of the Tempranillo un-defoliated and defoliated vines observed in both seasons, and reported in a previous work34. In this study, early defoliation induced a severe diminishment of Botrytis infection in the grapes (2 % - 7 % Botrytis) in 2008 as compared to control vines (15 % Botrytis). Resveratrol is widely recognized as a phytoalexin, produced naturally by the plant in response to the attack by pathogens such as bacteria or fungi38. In this way, the larger concentrations of resveratrol in either of the two isomeric forms observed in the control wines as compared to the wines corresponding to early leaf pulling treatments in 2008, seem to reflect the response of the Botrytis affected vines to this infection. On the other hand, the absence of Botrytis incidence (0 %- 0.38 % Botrytis) in 2007, a warm and dry year, in grapes of all treatments (including the control)34, could have highlighted other factors that favour resveratrol synthesis, such as the increase in sun exposure or temperature. Langcake and Pryce39 suggested UV radiation as an abiotic factor capable of inducing resveratrol synthesis. The increase in resveratrol concentration in the 2007 wines from early defoliation treatments is a very new and important result, and could be related to the increase in cluster exposure and canopy porosity induced by this viticultural practice4. This outcome contrasts with observations made by Bavaresco et al.40, who did not detect changes in resveratrol concentration in any of its forms, as a result of traditional defoliation (between fruit set and veraison) in Croatina, Malvasia di Candia and Barbera varieties in warm and dry years. The concentration of the two resveratrol isomers in Tempranillo wines were similar to those described in29 in wines of the same variety, and in31 in Tempranillo, Graciano, Cabernet Sauvignon and Merlot wines.
Flavonols. The influence of early defoliation on the concentration of flavonols in Tempranillo wines in seasons 2007 and 2008 is showed in Table 4. Larger concentrations of flavonols were detected in wines from season 2007 as compared to those of 2008. Since flavonol synthesis benefits from higher radiation and sun exposure 44, it might have occurred that these seasonal discrepancies could be partially explained by differences in the climate features between both seasons. In this regard, 2007 was a drier, sunnier and warmer year, especially from May to November, than season 2008 (data not shown), this being in good agreement with larger contents of flavonols in 2007 than in 2008. Five compounds belonging to the flavonol group were identified, the majority being the flavonols that include the glycoside group, especially those derived from quercetin, whose presence as an aglycone was observed in both years. Flavonol aglycones are practically non-existent in the grapes, but were seen in the wines where they are released as a result of the hydrolysis process41. Early defoliation induced a significant increase (ranging from 39 % to 120 % in 2007, and from 29 % to 204% in 2008) in the total flavonol concentration in both years of study, which was also reflected for some individual flavonols, such as the quercetin aglycone (only in 2007). The quercetin glycosides were only seen in greater concentrations than the control in the wines of mechanically defoliated vines, in 2007 and 2008, whereas the concentration of myricetin-O-glucoside was only significantly larger in wines of early defoliated vines in 2007. The improvement of cluster exposure and canopy porosity, seen in previous early defoliation studies4 might explain these outcomes. Greater synthesis of flavonols in grapes, as a result of increased sun exposure, as may be caused by defoliation, has already been reported by several authors35,42,43. In this respect, Price et al.35 also observed a significant increase in quercetin and quercetin glycoside concentrations in wines manufactured from exposed grapes in the Pinot Noir variety, compared to those produced from shaded grapes. In our work, the increase in the concentration of flavonols in the wines as a result of early defoliation is a positive and much desired result, given the important role this group of compounds play in the co-pigmentation phenomenon (mainly observed in young wines) and in the stabilization of colour in red wines44-46. The colour of aged wines is the result of stable unions between anthocyanins and other compounds from the flavonol group, forming polymeric pigments47-49. The polymeric pigments form slowly in the wine and the anthocyanin-co-pigment complexes are considered intermediary structures that not only keep the anthocyanins in the middle, but also align them in locations favourable to the formation of more stable unions50. The most stable anthocyanin-co-pigmentation unions take place between the first wine anthocyanins, such as malvidin-3-glucoside, quercetin flavonols and quercetin-O-glucoside51. For this reason, any viticultural process, such as early defoliation, that promotes flavonol grape accumulation can influence wine quality to a significant degree.

The timing of defoliation did not seem to significantly affect the flavonol concentrations in the wines, with the only exceptions of quercetin-O-glucuronide + quercetin-O-glucoside and quercetin aglycone in season 2007, when larger concentrations were observed for wines corresponding to defoliation at fruit-set. Conversely, the method of leaf removal was found to be a main factor in the final wines flavonol concentrations, which in general were larger in wines corresponding to mechanical treatments as compared to manual ones in both seasons. 
Anthocyanins. The influence of early defoliation on the anthocyanin concentration in Tempranillo wines in season 2007 and 2008, is shown in Table 5. Concentrations of total and individual anthocyanins were larger in 2007 than in 2008, corroborating the differences in colour density observed in the wines between both seasons. Ten different anthocyanins were identified and quantified, of which five corresponded to the group substituted with a glycoside group in position 3, two from the acetyl group and the other three anthocyanins were from the coumarate group. The anthocyanin present in the greatest amounts in the Tempranillo wines for all the treatments was malvidin-3-glucoside, followed by delphinidin-3-glucoside and petunidin-3-glucoside.The concentration of total anthocyanin in the wines increased 12 % to 35.3 % against the control due to early defoliation in 2007 and around 32 % for mechanical treatments only, in season 2008.
The greater colour density values seen in the wines made from grapes of early defoliated vines in the two years of study suggested a significant increase in the wines’ anthocyanin concentration. This increase was confirmed for both the total anthocyanin concentration and for the different monomers, except for the coumarate of malvidin-3-glucoside (MvGlCm) in 2007, and the glucosides of cyanidin (CyGl) and peonidin (PnGl), as well as the coumarates of cyanidin-3-glucoside (CyGlCm), petunidin (PtGlCm) and malvidin-3-glucoside (MvGlCm), in 2008. Price et al.35 also described an increase in the anthocyanin concentration in Pinot Noir wines, produced from exposed grapes, compared to wines and extracts produced from shaded grapes. Like the flavonols, anthocyanins exist in the skins of the grapes52 and their biosynthetic pathway is regulated by the Phenylalanine Ammonio Lyase (PAL) enzyme, which is very sensitive to light17. Likewise, any improvement of cluster exposure, as caused by early defoliation4, may lead to the increase of both flavonol and anthocyanin concentrations in the berries and the resulting wines.  Furthermore, Poni et al.53 found that the skin mass (expressed as g/berry) as well as the skin-to-berry ratio (%) significantly increased in berries of early defoliated vines as compared to control berries, in Barbera and Lambrusco cultivars. Since the skin-to-pulp ratio is one of the main parameters taken into account for the potential color extraction into the wines, the results of these authors53 would also suggest and explain the increase in anthocyanins in wines of early defoliated vines, as it has happened in the present study.
The total anthocyanin concentration in the Tempranillo wines was in the range of the concentrations described in another work28 in wines of this variety (398-760 mg/l). Similarly, the anthocyanin profile of the Tempranillo wines was just as described by other authors 29. 

The timing of defoliation did not influence the accumulation of anthocyanins in Tempranillo wines, except for PnGl, PtGlCm and MvGlCm in 2008. Whereas PnGl concentration was larger in wines corresponding to pre-bloom defoliation, both PtGlCm and MvGlCm concentrations increased noticeably when defoliation was carried out at fruit-set. The method of leaf removal also affected the concentrations of total anthocyanins, as of those of delphinidin-3-glucoside (DpGl), petunidin-3-glucoside (PtGl) and cyanidin 3-(6-acetyl)-glucoside (CyGlAc) in 2008, which were larger in wines corresponding to mechanically defoliated vines.
Overall, the method of leaf removal seems to have influenced the oenological parameters and the phenolic composition of the wines more than the timing of defoliation. In this regard, the larger effects caused by mechanical treatments as compared to manual ones in the phenolic composition of the Tempranillo wines seem to be related to the greater yield reduction and increase of the leaf-to-fruit ratio induced by mechanical defoliation, as described in a previous study conducted in Tempranillo34. In that work, the yield decrease was mainly due to the reduction of fruit-set and looser clusters of less number of berries were obtained. Light penetration seems to be favoured in less compact clusters where berry ripening is more homogeneous and improved fruit quality, and hence wine quality, is expected. 

CONCLUSIONs
The removal of leaves around bloom, with the aim of yield control, has proved to positively influence final Tempranillo wine quality, especially in terms of colour and phenolic composition over two years of study. On the whole, wines from early defoliated vines were more intensely coloured and showed higher alcohol content and larger concentrations of hydroxycinnamic acids, flavonols and anthocyanins. One of the key outcomes of this study was that in the absence of biotic stress, such as fungal infection, resveratrol was found to increase in Tempranillo wines corresponding to early leaf pulling treatments. The method of defoliation seemed to be more critical than the timing of intervention, and larger effects on wine phenolic composition were observed for mechanical treatments. Overall, early leaf removal confirms as an effective technique for improving wine quality.
FIGURE CAPTIONS

Figure 1. Concentration of cis-resveratrol, trans-resveratrol and the sum of both isomers (total resveratrol) in the Tempranillo wines corresponding to control and early defoliation treatments in seasons 2007 and 2008. Vertical bars indicate standard errors.

REFERENCES 

1 OIV, State of the vitiviniculture world market. (2010). 

2 Poni S, Bernizzoni F, Briola G and Cenni A, Effects of early leaf removal on cluster morphology, shoot efficiency and grape quality in two Vitis vinifera cultivars. Proceedings of the Seventh International Symposium on Grapevine Physiology and Biotechnology :217-225 (2005). 

3 Poni S, Casalini L, Bernizzoni F, Civardi S and Intrieri C, Effects of early defoliation on shoot photosynthesis, yield components, and grape composition. Am J Enol Vitic 57:397-407 (2006). 

4 Tardaguila J, de Toda FM, Poni S and Diago MP, Impact of early leaf removal on yield and fruit and wine composition of Vitis vinifera L. Graciano and Carignan. Am J Enol Vitic 61:372-381 (2010). 

5 Bledsoe AM, Kliewer WM and Marois JJ, Effects of timing and severity of leaf removal on yield and fruit composition of Sauvignon blanc grapevines. Am J Enol Vitic 39:49-54 (1988). 

6 Percival DC, Fisher KH and Sullivan JA, Use of fruit zone leaf removal with Vitis vinifera L. cv. Riesling grapevines. II.Effect on fruit composition, yield, and occurrence of bunch rot (Botrytis cinerea Pers.:Fr.). Am J Enol Vitic 45:133-140 (1994). 

7 Tardaguila J, Diago MP, De Martinez Toda F, Poni S and Vilanova M, Effects of timing of leaf removal on yield, berry maturity, wine composition and sensory properties of CV. grenache grown under non irrigated conditions. J Int Sci Vigne Vin 42:221-229 (2008). 

8 Caspari HW and Lang A, Carbohydrate supply limits fruitset in commercial Sauvignon blanc grapevines. Proc.4 Int.Symp.Cool Climate Enol.Vitic:9-13 (1996). 

9 Intrieri C, Filippetti I, Allegro G, Centinari M and Poni S, Early defoliation (hand vs mechanical) for improved crop control and grape composition in Sangiovese (Vitis vinifera L.). Austr J Grape Wine Res 14:25-32 (2008). 

10 Mabrouk H and Sinoquet H, Indices of light microclimate and canopy structure of grapevines determined by 3D digitising and image analysis, and their relationship to grape quality. Austr J Grape Wine Res 4:2-13 (1998). 

11 Crippen DD and Morrison JC, The effects of sun exposure on the phenolic content of Cabernet Sauvignon berries during development. Am J Enol Vitic 37:243-247 (1986). 

12 Smart RE, Robinson JB, Due GR and Brien CJ, Canopy microclimate modification for the cultivar Shiraz. II. Effects on must and wine composition. Vitis 24:119-128 (1985). 

13 Downey MO, Dokoozlian NK and Krstic MP, Cultural practice and environmental impacts on the flavonoid composition of grapes and wine: A review of recent research. Am J Enol Vitic 57:257-268 (2006). 

14 Iland PG, Predicting red wine colour from grape analysis. The Australian Grape Grower and Winemaker 285:29 (1987). 

15 Jensen JS, Demiray S, Egebo M and Meyer AS, Prediction of wine color attributes from the phenolic profiles of red grapes (Vitis vinifera). J Agric Food Chem 56:1105-1115 (2008). 

16 Jackson DI and Lombard PB, Environmental and management practices affecting grape composition and wine quality - A review. Am J Enol Vitic 44:409-430 (1993). 

17 Francis IL, Iland PG, Cynkar WU, Kwiatkowski M, Williams PJ, Armstrong H, Botting DG, Gawel R and Ryan C, Assessing wine quality with the G-G assay. Proceedings of the Tenth Australian Wine Industry Technical Conference :104-108 (1999). 

18 Moskowitz AH and Hrazdina G, Vacuolar contents of fruit sub-epidermal eells from Vitis species. Plant Physiol 68:686-692 (1981). 

19 Stafford HA, Flavonoid metabolism. Boca Raton, pp. 254 (1990). 

20 Downey MO, Harvey JS and Robinson SP, Synthesis of flavonols and expression of flavonol synthase genes in the developing grape berries of Shiraz and Chardonnay (Vitis vinifera L.). Aust J Grape Wine Res 9:110-121 (2003). 

21 Hunter JJ, De Villiers OT and Watts JE, The effect of partial defoliation on quality characteristics of Vitis vinifera L. cv. Cabernet Sauvignon grapes. II. Skin color, skin sugar, and wine quality. Am J Enol Vitic 42:13-18 (1991). 

22 Kennedy JA, Saucier C and Glories Y, Grape and wine phenolics: History and perspective. Am J Enol Vitic 57:239-248 (2006). 

23 Coombe BG, Adoption of a system for identifying grapevine growth stages. Aust J Grape Wine Res 1:104-110 (1995). 

24 Sampaio TL, Kennedy JA and Vasconcelos MC, Use of microscale fermentations in grape and wine research. Am J Enol Vitic 58:534-539 (2007). 

25 Anonymous Compendium of International Methods of Analysis of Wine and Musts (1990). 

26 Lamuela-Raventos RM and Waterhouse AL, A direct Hplc separation of wine phenolics. Am J Enol Vitic 45:1-5 (1994). 

27 Donovan JL, Meyer AS and Waterhouse AL, Phenolic composition and antioxidant activity of prunes and prune juice (Prunus domestica). J Agric Food Chem 46:1247-1252 (1998). 

28 Revilla E, Garcia-Beneytez E and Cabello F, Anthocyanin fingerprint of clones of Tempranillo grapes and wines made with them. Aust J Grape Wine Res 15:70-78 (2009). 

29 Gomez-Alonso S, Garcia-Romero E and Hermosin-Gutierrez I, HPLC analysis of diverse grape and wine phenolics using direct injection and multidetection by DAD and fluorescence. J Food Compos Anal  20:618-626 (2007). 

30 Cano-Lopez M, Pardo-Minguez F, Lopez-Roca JM and Gomez-Plaza E, Effect of microoxygenation on anthocyanin and derived pigment content and chromatic characteristics of red wines. Am J Enol Vitic 57:325-331 (2006). 

31 Monagas M, Suarez R, Gomez-Cordoves C and Bartolome B, Simultaneous determination of nonanthocyanin phenolic compounds in red wines by HPLC-DAD/ESI-MS. Am J Enol Vitic 56:139-147 (2005). 

32 Tsao R and Yang R, Optimization of a new mobile phase to know the complex and real polyphenolic composition: towards a total phenolic index using high-performance liquid chromatography. J Chrom A 1018:29-40 (2003). 

33 Dunnett CW, A multiple comparison procedure for comparing several treatments with a control. J Am Stat Assoc 50:1096-1121 (1955). 

34 Diago MP, Vilanova M and Tardaguila J, Effects of timing of manual and mechanical early defoliation on the aroma of Vitis vinifera L. Tempranillo wine. Am J Enol Vitic 61:382-391 (2010). 

35 Price SF, Breen PJ, Valladao M and Watson BT, Cluster Sun Exposure and Quercetin in Pinot-Noir Grapes and Wine. Am J Enol Vitic 46:187-194 (1995). 

36 Singleton VL, Timberlake CF and Lea AGH, Phenolic Cinnamates of White Grapes and Wine. J Sci Food Agric 29:403-410 (1978). 

37 Guadalupe Z and Ayestarán B, Changes in the color components and phenolic content of red wines from Vitis vinifera L. Cv. "tempranillo" during vinification and aging. Eur Food Res Technol 228:29-38 (2008). 

38 Langcake P and Pryce RJ, The production of resveratrol by V. vinifera and other members of the Vitaceae as a response to infection or injury. Physiol Mol Plant Path :77-86 (1976). 

39 Langcake P and Pryce RJ, Production of resveratrol and viniferins by grapevines in response to UV irradiation. Phytochem 16:1193-1196 (1977). 

40 Bavaresco L, Gatti M, Pezzutto S, Fregoni M and Mattivi F, Effect of leaf removal on grape yield, berry composition, and stilbene concentration. Am J Enol Vitic 59:292-298 (2008). 

41 Cheynier V and Rigaud J, Hplc Separation and characterization of flavonols in the skins of Vitis-Vinifera var Cinsault. Am J Enol Vitic 37:248-252 (1986). 

42 Haselgrove L, Botting D, van Heeswijck R, Hoj PB, Dry PR, Ford C and Hand PG, Canopy microclimate and berry composition: The effect of cluster exposure on the phenolic composition of Vitis vinifera L. cv. Shiraz grape berries. Aus.J.Grape Wine Res 6:136-140 (2000). 

43 Spayd SE, Tarara JM, Mee DL and Ferguson JC, Separation of sunlight and temperature effects on the composition of Vitis vinifera cv. Merlot berries. Am J Enol Vitic 53:171-182 (2002). 

44 Boulton R, The copigmentation of anthocyanins and its role in the color of red wine: A critical review. Am J Enol Vitic 52:67-87 (2001). 

45 Downey MO, Harvey JS and Robinson SP, Analysis of tannins in seeds and skins of Shiraz grapes throughout berry development. Aust J Grape Wine Res 9:15-27 (2003). 

46 Diago-Santamaría MP, Effect of co-fermentation of red grapes with different amounts of white skins in the color of young red wines. MS Thesis, UCDavis, Davis, California (2003). 

47 Nagel CW and Wulf LW, Changes in the anthocyanins, flavonoids and hydroxycinnamic acid esters during fermentation and aging of Merlot and Cabernet Sauvignon. Am J Enol Vitic 30:111-116 (1979). 

48 Somers TC and Verette E, Phenolic composition of natural wine types. Wine Analysis 6:219-257 (1988). 

49 Mateus N, Silva AMS, Santos-Buelga C, Rivas-Gonzalo JC and de Freitas V, Identification of anthocyanin-flavanol pigments in red wines by NMR and mass spectrometry. J Agric Food Chem 50:2110-2116 (2002). 

50 Brouillard R and Dangles O, Anthocyanin molecular-interactions - the first step in the formation of new pigments during wine aging. Food Chem 51:365-371 (1994). 

51 Baranac JM, Petranović NA and Dimitrić-Marković JM, Spectrophotometric Study of Anthocyan Copigmentation Reactions. 2. Malvin and the Nonglycosidized Flavone Quercetin. J Agric Food Chem 45:1694-1697 (1997). 

52 Hrazdina G and Moskowitz AH, Subcellular status of anthocyanins in grape skins. Proceedings of the University of California, Davis, Centennial Symposium :245-253 (1981). 

53 Poni S, Bernizzoni F, Civardi S, Gatti M, Porro D and Camin F, Performance and water-use efficiency (single-leaf vs. whole-canopy) of well-watered and half-stressed split-root Lambrusco grapevines grown in Po Valley (Italy). Agric Ecosyst Environ 129:97-106 (2009). 






































































































































































































































































































































































































































































































































































































19

