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    Abstract

      Passito wine, made with dehydrated grapes, is widespread in Italy. The quality of the grapes to be withered is strongly influenced by qualitative factors and the anatomy and morphology of the berry, which in turn, are affected by vineyard management and microclimate. In Trebbiano toscano and Rossetto vines grown in the Latium region, the epicuticular wax of berries from bunches developed in intracanopy and extracanopy positions was analyzed from preveraison to preharvest during the 2007 and 2008 growing seasons. At harvest, the characteristics of cuticle and epidermis of each sample were examined using light and electron microscopy. The berries were then dehydrated at 20°C to 45% moisture to evaluate differences in water loss rate and the mechanical characteristics of the skin. The amount of epicuticular wax decreased during berry development. SEM observations of the berry skin at harvest showed differences in the structure of the epicuticular wax layers, with a wider berry surface covered with plate-like wax in extracanopy berries. The number of cell layers and the thickness of the berry skin were significantly different between cultivars and canopy positions, but these factors did not affect cuticle thickness. Shaded berries of both varieties dehydrated more slowly, particularly in vigorous Trebbiano toscano vines, in which intracanopy berries reached 40% weight loss later than the extracanopy berries. During dehydration, the berry skin color (hue angle) decreased and berries of both varieties increased skin resistance to puncturing; this was not affected by the position of the berry in the canopy.

    
	local grapevines
	berry ripening
	canopy
	microclimate
	passito wine

The production of passito wine has been traditional in every Mediterranean civilization with a hot climate, using grapes that have undergone a natural withering or drying process. Production of passito wine has recently spread to cooler regions, owing to the development of controlled dehydration conditions in a closed room. Accurate control of environmental factors such as temperature, relative humidity, and ventilation is important to obtain a high-quality dehydrated berry (Chkaiban et al. 2007). For this reason, the term “withering” is used to define natural, noncontrolled water loss, while for technologically controlled environmental conditions, the term used is “dehydration,” which indicates a mass transfer of water from inside the berry toward the outside (Barbanti et al. 2008). In addition to its affect on the quality of the dehydrated berry, the rate of dehydration is economically important. Winegrape varieties have different water loss rates (Mencarelli et al. 2006). In Tuscia (Latium region, Italy), local grape varieties were traditionally withered and used to produce the sweet wine vino santo. Some of these varieties still have an enological importance today, while others are at risk of extinction (Muganu et al. 2006, 2009).
The quality of the grapes to be withered is strongly influenced by qualitative factors and their morphological characteristics, which can be affected by agronomic techniques and by vineyard microclimate. Light intensity and temperature affect the accumulation of anthocyanins, sugar, and tannins (Bergqvist et al. 2001, Spayd et al. 2002, Downey et. al. 2004, Barbagallo et al. 2007), but can also modify grape morphological and anatomical characteristics that help regulate postharvest dehydration of the berry (Fregoni 2002, Tonutti and Mencarelli 2005). The cuticle, a protective membrane of the berry skin (Gabler et al. 2003), can also influence water loss from fruits and leaves (Riederer and Schreiber 2001). The weight of the cuticle per surface unit of berry skin is significantly reduced during veraison, but then remains stationary during ripening (Comménil et al. 1997), even though the cuticle of shaded berries weighs more than the cuticle of sun-exposed berries (Rosenquist and Morrison 1989). Modifications during berry growth can also affect the epicuticular wax: the amount of wax decreases from veraison to ripeness and this variation is accompanied by modifications to the structure of epicuticular wax platelets (Rogiers et al. 2004).
The aim of this study was to evaluate the influence of bunch position in the canopy on epicuticular wax during berry ripening and on weight loss during postharvest dehydration.

      Materials and Methods

      
        Sampling and plant material.

        The grape varieties selected for the experiments were Trebbiano toscano and Rossetto, which were traditionally used for the production of raisin wine in Latium (Cinelli 1884). The vines were grown in a local grapevine germplasm collection at the experimental farm of the University of Tuscia (42°25′21″N; 12°04′45″E) and were grafted on 420A Millardet et de Grasset. Vines were Guyot-pruned and spaced 3 m x 1.5 m, with a north-south orientation of the rows; all plants were subject to the same climate and agronomic conditions. The experiments were carried out during 2007 and 2008. At berry set, five vines of each variety were selected randomly and five sun-exposed bunches (EC) and five shaded bunches (IC) were selected from each vine, providing 25 sun-lit and 25 shaded bunches from which the berry samples were collected for analysis. Data on shoot and leaf morphology and on phenological phases of the two varieties were gathered according to the OIV descriptor list (OIV 2007). Ten readings for each descriptor were taken on the five plants.

      

      
        Measurement of PAR and berry skin temperature.

        During each growing season (July, August, and September), photosynthetic active radiation (PAR) and berry skin temperature were measured at three different times of day (0900, 1200, and 1600 hr) on sunny days with low wind speed. Intracanopy and extracanopy PAR were measured with a SunScan System SS1 (Delta-T Devices, Cambridge, UK) at a height of 80 cm aboveground. Surface temperatures of the berries were measured with an infrared thermometer (Minolta/Land Cyclops C3, Land Infrared, Sheffield, UK). The spot diameter (target size) was 8.8 mm.

      

      
        Extraction and quantification of berry epicuticular wax.

        Extraction and quantification of the epicuticular wax were carried out at three different stages of berry growth: at 60, 90, and 110 days after flowering (DAF). At each stage, 150 berries with the pedicel attached (three repetitions of 50 berries) were randomly collected for each sample from previously selected bunches. The weight of each berry was determined and the berry surface area was calculated by measuring the height and equatorial diameter with a digital caliper. Epicuticular wax was extracted by dipping the berries in chloroform as described elsewhere (Rogiers et al. 2004). Analyses were carried out on the berries when they reached 20 Brix at the time of harvest.

      

      
        Quality analysis.

        After harvest, grape must was obtained by manually pressing 30 berries (three replicates of 10 berries) from previously selected bunches to assess the total soluble solids (TSS) (Brix) with a refractometer (RG 701, Officine Galileo, Firenze, Italy).

      

      
        Light and electron microscopy.

        Tangential slices of the skin of intra- and extracanopy berries collected at harvest were taken (nine repetitions for each sample) by razor blade and fixed for 1 hr at 4°C with a mixture of 4% paraformaldehyde and 5% glutaraldehyde in 0.1 M sodium cacodylate at pH 7.2, rinsed overnight in the same buffer, post-fixed in 1% OsO4 for 1 hr at 4°C, and dehydrated in a graded ethanol series (50 to 100%). For scanning electron microscopy (SEM), the dehydrated samples were critical-point dried in a K850 apparatus (EMI-Tech, Timpson, TX) equipped with a liquid CO2 inlet and metal shadowed in a gold sputtering unit equipped with an argon inlet (MED 010, Balzers Union, Liechtenstein). Then specimens were examined in a JSM 5200 scanning electron microscope (Jeol, Tokyo, Japan). For optical and transmission electron microscopy (TEM), the dehydrated samples were infiltrated with a graded mixture of ethanol: Spurr resin (2:1 for 1 hr at 4°C; 1:1 for 2 hr at 4°C; 1:2 for 2 hr at 4°C), then embedded in Spurr resin polymerized at 70°C for 8 hours before semithin sections (1 μm) and ultrathin sections (70 nm) were cut on an Ultracut ultramicrotome (Reichert-Jung GmbH, Heidelberg, Germany). Semithin sections stained with blue toluidine were observed with Axiophot optical microscopy (Carl Zeiss, Oberkochen, Germany) and digital images for each sample were analyzed with Axiovision 4 software (Carl Zeiss). For TEM, ultrathin sections were collected on copper grids, stained with uranyl acetate and lead citrate, and observed with a 1200 EX II transmission electron microscope (Jeol).

      

      
        Dehydration of the grapes in a controlled environment.

        The dehydration procedure described (Bellincontro et al. 2009) was used. Perfectly sound berries (n = 500 from each shaded and sun-exposed sample) were cut with scissors from selected bunches collected at harvest. The berries, with a pedicel 3 to 4 mm long, were placed in perforated boxes (60 x 40 x 15 cm) in a single layer and placed in the dehydration tunnels inside a thermoconditioned room. Environmental conditions during dehydration were: temperature 20°C (±1°C), relative humidity 45% (±5%).

      

      
        Weight loss and colorimetric analysis.

        Fifty individual berries, chosen randomly from each sample of 500 berries, were initially weighed (T0) using a technical balance (Adam Equipment, Milton Keynes, UK). The decrease in weight of selected berries due to water loss was determined by daily weighing (Tn) and expressed as the percentage of weight lost at time Tn against T0. Berry color was assessed at the beginning of the experiment and at 10%, 20%, 30%, and 40% weight loss with a CM-2600d colorimeter (Konica Minolta, Ramsey, NY) set at SCE (specular component excluded). Each berry was measured twice according to CIELAB coordinates L, a, and b. The hue angle (h°) was calculated as h° = arctan (b/a).

      

      
        Skin resistance and TSS.

        Skin resistance to puncture was tested using a Universal Testing Machine 4301 (Instron Int., High Wycombe, UK) equipped with a 1-mm diameter needle for perforation. The load cell was 100N. The downward velocity of the bar was 10 mm/min. Thirty individual berries of similar size, sampled randomly at the beginning of the experiment and at 10%, 20%, 30%, and 40% weight loss, were placed horizontally over the plate of the Instron inside a small cavity to hold the berry still and punctured in the equatorial region. The data were expressed as maximum load to skin breakage (mm). On every berry, TSS were measured at 10%, 20%, 30%, and 40% weight loss as described above.

      

      
        Statistical analysis.

        Berry growth of the two varieties and positions in the canopy from 60 DAF to harvest was compared using the following equation by means of the Systat Nonlin procedure (Systat, ver. 8; SPSS, Chicago, IL): berry weight = iw + ((aw - iw) * (1 - exp (-ra * DAF - 60))), where iw: initial weight at 60 DAF; aw: asymptotic weight; ra: shape of the curve; and DAF = days after flowering. Regression analysis was applied to weight loss over time and to the relationship between TSS and % of weight loss. Skin and cuticle thickness and number of cell layers were subjected to analysis of variance considering variety, position in the canopy, and their interaction as factors of variation. Analysis of variance (ANOVA) and Tukey’s test were performed to identify significant differences in skin color of the berry samples at p ≤ 0.05.

      

    

      Results

      
        Ampelographical and microclimatic data.

        Comparison of morphological characteristics showed differences between the varieties (Table 1⇓). Rossetto has smaller mature leaves and less vigorous shoot growth than Trebbiano toscano; furthermore, Rossetto achieved budburst, bloom, and veraison significantly earlier than did Trebbiano toscano. PAR values on the east side of the canopy were highly variable and did not significantly differ between cultivars during berry growth. Nevertheless, a tendency toward lower PAR in intracanopy Trebbiano toscano vines than in Rossetto was observed in the afternoon, which could be due to the higher vegetative vigor and larger average leaf size of Trebbiano toscano vines (Table 2⇓). Skin temperature of extracanopy and intracanopy berries was significantly different between the two cultivars in July at noon, when higher values were measured in the sun-exposed berries of Rossetto. At noon in July and August, differences in skin temperature between Rossetto sun-exposed and shaded berries was greater by 1.2°C than that seen in Trebbiano toscano sun-exposed and shaded berries (Table 2⇓). The highest differences in skin temperature between extracanopy and intracanopy berries was observed in August for both Rossetto (5.4°C) and Trebbiano toscano (4.2°C).
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Table 1  Values for phenological and ampelographic descriptors of shoot and mature leaves of Trebbiano toscano and Rossetto. Data are means of 2007 and 2008.
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Table 2  Average values for photosynthetic active radiation (PAR) and berry skin temperature detected at 0900, 1200, and 1600 hr during July, August, and September 2008 in different zones on the east side of the canopy (± standard deviation).




      

      
        Berry characteristics during growth and at harvest.

        The interpolation of berry weight data from 60 DAF to harvest showed significant differences in growth rate and final asymptotic weight between the varieties (Table 3⇓), while there were no differences concerning the position of the bunches in the canopy (Figure 1⇓). However, for both varieties the highest average value of berry weight at harvest was found in the berries from bunches grown in the shade.
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Table 3  Interpolation of berry growth data (as reported in Figure 1⇓) from 60 DAF (days after flowering) to harvest in Trebbiano toscano and Rossetto; (IW: initial weight at 60 DAF; AW: asymptotic weight; RA: shape parameter of the curve; ± standard error).
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Figure 1  Growth of extra- and intracanopy berries of Trebbiano toscano and Rossetto from 60 days after flowering to harvest.




        Analysis of variance of the thickness of the berry skin and the number of cell layers showed significant differences between cultivars and positions in the canopy. In both varieties, extracanopy berries were characterized by thicker skin and a greater number of cell layers. No significant interaction between factors was observed (Table 4⇓; Figure 2⇓). Observations carried out with SEM showed a different morphology of the epicuticular wax surface among berry samples. The extracanopy samples of both varieties, in particular Rossetto, showed a higher number of horizontal platelike wax superimposed on more complex underlying layers (Figure 3⇓). The TEM analysis of the cuticle ultrastructure of the berry samples at harvest revealed three layers of varying contrast below an outermost layer of epicuticular wax: an amorphous layer, an intermediate region, and an inner reticulate layer, near the outer epidermal cell walls (Figure 4⇓). The thickness of the cuticle was not affected by the compared factors (Table 4⇓).
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Table 4  Influence of bunch position in the canopy on the characteristics of berry skin at harvest (n = 9 ± standard deviation).
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Figure 2  Light micrographs of transverse section of Rossetto berry skin at maturity: (A) extracanopy, (B) intracanopy berries. (C) cuticle; (Ec) epidermal cell layers; (Hc) hypodermal cell layers.
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Figure 3  Scanning electron micrographs of epicuticular wax on berry surface at harvest. Trebbiano toscano: (A) extracanopy, (B) intracanopy; Rossetto: (C) extracanopy, (D) intracanopy.
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Figure 4  Transmission electron micrographs of cuticular membrane of the berries at maturity. Trebbiano toscano: (A) extracanopy, (B) intracanopy; Rossetto: (C) extracanopy, (D) intracanopy. (Am) amorphous layer; (In) intermediate region; (Re) reticulate layer.




      

      
        Quantity of epicuticular wax.

        The epicuticular wax development observed from preveraison to preharvest in shaded and sun-exposed berries was similar for both varieties. The amount of berry surface wax decreased from 60 to 110 DAF, whatever the position of the bunch in the canopy (Figure 5⇓), and the reduction in epicuticular wax was greater in the intracanopy berries for both varieties, particularly in Rossetto, where the average values decreased from 1.52 μg mm−2 to ~0.73 μg mm−2.
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Figure 5  Epicuticular wax concentration during fruit ripening of extra- and intracanopy berries of Trebbiano toscano and Rossetto. Data are means of 2007 and 2008. DAF: days after flowering; Tr EC: Trebbiano toscano extracanopy; Tr IC: Trebbiano toscano intracanopy; Rs EC: Rossetto extracanopy; Rs IC: Rossetto intracanopy.




      

      
        Berry characteristics during dehydration.

        Berry weight loss increased linearly over time during dehydration, with significant differences between the varieties and the position of bunches in the canopy. The standard errors of the regression show that the dehydration rate was significantly slower in Trebbiano toscano berries collected from intracanopy bunches than in sun-exposed berries (Figure 6⇓). During dehydration, the TSS increased linearly in all samples, mainly because of the effect of concentration. The rate of increase in Trebbiano toscano was higher in intracanopy than in extracanopy berries (Figure 7⇓). At harvest, extracanopy berries of Trebbiano toscano showed the lowest hue angle value. Rossetto berries showed higher values of hue angle because of the greater yellow component, particularly in intracanopy berries, although the differences from berry location were not significant. During dehydration, in Trebbiano toscano, the hue angle decreased by 33% and 22%, respectively for intra- and extracanopy berries, while in Rossetto the decrease was 28% and 18%, respectively (Table 5⇓). In ripe berries of Trebbiano toscano, the penetration force for skin breakage was greater than for Rossetto. During dehydration, the penetration force increased, particularly in Trebbiano toscano, and the difference between the two varieties was maintained until they reached 30% weight loss, without significant differences because of the position of the berry in the canopy (data not shown).
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Table 5  Changes in hue angle of shaded and sun-exposed mature berries at harvest (0) and at different percentages of weight loss.
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Figure 6  Relationship between time and percentage of berry weight loss in Trebbiano toscano and Rossetto during dehydration. *** and **** indicate significance at p ≤ 0.001 and p ≤ 0.0001, respectively.
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Figure 7  Relationship between TSS (Brix) and percentage of berry weight loss as affected by variety and bunch position in the canopy. **, ***, and **** indicate significance at p ≤ 0.01, p ≤ 0.001, and p ≤ 0.0001, respectively.




      

    

      Discussion

      For both varieties, wax decreased progressively from preveraison (60 DAF) through ripening and, even though it was not statistically different, 110 DAF shade berries had smaller average wax concentrations. The greater amount of wax extracted at 110 DAF in the extracanopy samples is supported by the higher density of epicuticular wax observed by TEM in sun-exposed berries of the two varieties. The decrease in wax was similar to that observed in Shiraz berries (Rogiers et al. 2004), strengthening the hypothesis of these authors that deposition of epicuticular wax occurs during berry development prior to veraison. These results disagree with observations of clones of Pinot noir, in which the quantity of wax per surface unit increased during berry ripening (Comménil et al. 1997). In all samples, at maturity each of the different cuticle zones below the epicuticular wax layer have a similar thickness and are separated from an area of detachment by the epicuticular wax, as in Pinot noir (Comménil et al. 1997). SEM showed a different structure of the berry surface between intra- and extracanopy samples, with more evident horizontally developed, platelike layers in the sun-exposed berries of the two vines.

      The weight loss rate during postharvest dehydration was affected neither by the thickness of the skin nor by the quantity of epicuticular wax. Although intracanopy ripe berries of Rossetto and Trebbiano toscano had thinner skins and less wax at 110 DAF, they reached 40% water loss slower than the corresponding extracanopy samples. In the vigorous vine Trebbiano toscano, shaded berries reached 40% water loss five days later than the corresponding extracanopy samples, while in Rossetto, 40% weight loss was reached in shaded berries two days later than in sun-exposed berries. Epicuticular wax did not significantly affect cuticular transpiration of Shiraz berries (Rogiers et al. 2004) and berry water loss of raisin cultivars under controlled dehydration conditions was significantly influenced by berry size and by the amount of cuticle, rather than by wax content (Ramming 2009). In our study, the slower rate of water loss in intracanopy berries could be related to berry anatomy and morphology characteristics, such as the lower surface/mass ratio in shaded berries and the morphology of the epicuticular wax. Both of these characteristics were directly influenced by the microclimate in the vineyard during ripening.

      Even though the high variability of skin resistance to puncture (maximum loads) prevented the differences between shaded and sun-exposed berries from being significant, the values increased according to the percentage of weight loss, indicating that the elasticity of the skin increases because of turgor loss and the presence of thick skin. During on-vine drying of grapes, the energy required for berry skin breakage increased (Rolle et al. 2009).

      At harvest, Rossetto berries were more yellow than Trebbiano toscano berries and, for both varieties, the sun-exposed berries showed the lowest hue angles. At the end of postharvest dehydration, the values decreased and became similar in both intra- and extracanopy berries for each variety, but with the same differences between varieties. The differences in the color at harvest between intra- and extracanopy samples might be related to higher oxidation activity in sun-exposed berries. The effect of sunlight on browning of white grapes, degradation of carotenoids, and modification of the aroma profile is well-known (Razungles et al. 2000, Peinado et al. 2009). During dehydration, at 10% weight loss, the hue angle values of the intracanopy berries changed significantly (decreased yellow component and increased red component), indicating rapid oxidation. This result could be due to higher sensitivity to water stress leading to rapid activation of oxidative enzymes or perhaps to a higher concentration of oxidizable substrate. When the values of the intracanopy berries reach the initial values of the extracanopy berries, the change in berry color during dehydration is very slight; this occurs at 20% and 10% weight loss, respectively, for Trebbiano toscano and Rossetto. It is likely there are higher concentrations of extremely oxidizable substrates such as flavonols, isoflavones, flavanols, and carotenoids in intracanopy berries than in extracanopy berries. The high concentration of uncolored oxidizable flavonoids makes intracanopy berries more susceptible to oxidization during the first physiological phases of water loss, and their reduced skin thickness and wax concentration could favor oxidization. These physical characteristics do not affect the rate of berry water loss, which depends on the surface/mass ratio and is also probably affected by reduced cell wall degradation in shaded berries compared to that in sun-exposed berries. This reduction is due to the known effect of temperature on the activity of cell wall enzymes, as also observed in raisins stored at different temperatures (Femenia et al. 1999).

    

      Conclusions

      This paper presents the first data on the effect of bunch sunlight exposure in the canopy on berry dehydration. Since many grape varieties were historically used for producing raisin wine, it may be difficult to indicate the most appropriate varieties for withering purposes. Some characteristics linked to the variety, such as skin elasticity and low susceptibility to pathogens, are still considered positive characteristics of suitable grapes, although the high variability of environmental factors in traditional withering systems must also be considered. For these reasons, progress in postharvest dehydration of grapes requires a better knowledge not only of variety characteristics such as the rate of water loss, but also of agronomic and environmental factors during ripening that can influence grape morphology.
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