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Abstract

This study was conducted in order to improve our understanding of how phenolics and aroma compounds change in wine grapes
during postharvest dehydration. Pinot noir grapes grown in the Willamette Valley of Oregon were harvested at 22.0 and 24.0 �Brix.
Grapes harvested at 22.0 �Brix were divided into three equal lots with one lot immediately used for wine production, and the remaining
two lots placed inside an air tunnel with an air speed of 1.0–1.8 m s�1, 38% relative humidity and a temperature of 22 �C. The soluble
solids content and weight loss were measured daily and wines were made from grapes when they reached 24.8 and 26.7 �Brix. The soluble
solids of grapes increased about 1 �Brix per day; therefore, on the third and fourth day the berries reached the desired concentration;
weight loss was 14 and 16%, respectively. Results from berry phenolic analysis indicated that per berry anthocyanin amount remained
unchanged during dehydration. The composition of proanthocyanidins isolated from berries changed during dehydration. Volatile com-
pounds in wines made from dehydrated grapes contained more terpenes and norisoprenoids (b-ionone, b-damascenone) when compared
to wine made from the original fruit. Wines made from increasingly dehydrated grapes tended to resemble the composition and flavour
profile of wines made from grapes left on the vine (i.e. with extended ripening). The results of this study suggest that postharvest flavour
changes consistent with changes during fruit ripening can occur in grapes when harvested early and allowed to dehydrate under con-
trolled conditions prior to fermentation.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Postharvest dehydration is an important step in the pro-
cessing of some fruits, and is typically accomplished by sun
exposure or tunnel drying (Barbosa-Canovas & Vega-Mer-
cado, 2000). Research on the postharvest dehydration of
grapes for wine production has shown that in addition to
sugar concentration, phenolics and aroma compounds are
either concentrated or produced (Bellincontro, De Santis,
Botondi, Villa, & Mencarelli, 2004; Constantini, Bellincon-
tro, De Santis, Botondi, & Mencarelli, 2006).
0308-8146/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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Phenolic compounds are abundant in grapes and play
an important role in the quality of wines. Anthocyanins
are found in the skin tissue and are responsible for the col-
our of red wine. Flavan-3-ols are found in the skin and seed
tissue (Cheynier & Rigaud, 1986; Kennedy, Matthews, &
Waterhouse, 2002; Mazza, 1995; Mistry, Cai, Lilley, & Ha-
slam, 1991; Souquet, Cheyner, Brossaud, & Moutonet,
1996; Kovac, Alonsa, Bourzeix, & Revilla, 1992) and are
responsible for the bitter and astringent properties of red
wine (Gawel, 1998). Many factors can affect phenolic accu-
mulation in the grape, including maturity (Kennedy, Mat-
thews, & Waterhouse, 2000, 2002), temperature (Spayd,
Tarara, Mee, & Ferguson, 2002), light (Dokoozlian & Klie-
wer, 1996; Keller & Hrazdina, 1998) and vine water status
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(Bellincontro et al., 2004; Kennedy et al., 2002; Ojeda, An-
dary, Kreava, Carbonneau, & Deloire, 2002). Aroma com-
pounds are also important in wine quality and are
influenced by several factors such as grape variety and
maturity, growing climate, alcoholic fermentation and wine
age (Bueno et al., 2003; Gomez, Laencina, & Martinez,
1994; Nykänen, 1986; Oliveira, Barbosa, Silva Ferreira,
Guerra, & Guedes de Pinho, 2006).

Because fruit maturity has a tremendous influence on
the composition of grapes at harvest, winemakers are
aware of the significance that harvest decisions have on
the final wine composition. Some winemakers practice
extended ripening on the vine in order to achieve a desired
flavour profile. Extended ripening is the period of time that
fruit is left on the vine beyond the time needed for an
acceptable sugar concentration. The extended ripening
occurs in order to achieve a more desirable flavour compo-
sition and/or concentration. The purpose of this study was
to monitor how the phenolic and aroma compounds in
under ripe wine grapes changed in fruit and subsequent
wine following postharvest dehydration in order to better
understand the role of the vine in extended ripening flavour
development. From a practical standpoint, this study was
carried out to better understand if this form of sugar con-
centration and flavour development could be utilized for
the production of dry red table wines from fruit that would
otherwise be considered to be underripe.

2. Materials and methods

2.1. Fruit

Grapes (Vitis vinifera L. cv Pinot noir) grown in the Wil-
lamette Valley of Oregon in 2005 were harvested at two
maturities: Sept 27 and Oct 11 with soluble solids of 22.0
and 24.0 �Brix, respectively. Fruit harvested at 22.0 �Brix
were divided into three equal lots with one lot immediately
used for wine production, and the remaining two lots
placed inside an air tunnel for dehydration.

For humidity and temperature control during dehydra-
tion, the air tunnel was equipped with fans and a cooler
(MovinCool Classic Plus 26; Denso Sales California, Long
Beach, CA). Clusters were placed in perforated plastic
boxes with an average of 4.0 kg (±0.3 kg) fruit per box.
The soluble solids content was measured daily. A total of
300 kg was placed in the air tunnel. During dehydration
the temperature, air speed and relative humidity were con-
trolled. Air speed was monitored at various points within
the tunnel using an Anemometer (HHF81; Omega, Stam-
ford, CT), and varied from 1.0–1.8 m s�1. The temperature
remained at 22 �C (±2), and the relative humidity at 38%
(±2).

Grapes were removed from the dehydration tunnel when
they reached 24.8 and 26.7 �Brix so that wines could be
produced. Samples (16 clusters for each treatment) were
frozen and stored at �20 �C for later analysis. Frozen ber-
ries were removed from the rachis, and samples of 150 ber-
ries were randomly collected (5 replicates) for phenolic
analysis. The remaining berries were randomly separated
(3 replicates) for titratable acidity, pH and sugar analysis.
2.2. Chemicals

All chromatographic solvents were HPLC grade. Aceto-
nitrile, methanol, ethanol, acetic acid, ascorbic acid, and
potassium hydroxide were purchased from J.T. Baker
(Phillipsburg, NJ, USA). Phloroglucinol, (+)-catechin,
and (�)-epicatechin were procured from Sigma (St. Louis,
MO, USA). Ammonium phosphate monobasic and ortho-
phosphoric acid were obtained from Fisher Scientific
(Santa Clara, CA, USA). Hydrochloric acid and anhy-
drous sodium acetate were obtained from E.M. Science
(Gibbstown, NJ, USA) and Mallinckrodt (Phillipsburg,
NJ, USA), respectively. All aroma standards were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Tar-
taric acid was obtained from Mallinckrodt Inc. (Paris,
KY, USA).
2.3. Instrumentation

An Agilent model 1100 HPLC (Palo Alto, CA), consist-
ing of a vacuum degasser, autosampler, quaternary pump,
diode array detector, and column heater and operated by a
computer workstation and Chemstation software, was used
for HPLC chromatographic analysis.

An Agilent 5973 GC–MS equipped with a TDU auto-
sampler (Gerstel, Inc., Baltimore, MD) was used for vola-
tile analysis. The electron impact (EI) energy was 70 eV,
and the ion source temperature was set at 230 �C.
Enhanced ChemStation Software (GCA v. D.00.01.08, Ag-
ilent Technologies Inc.) was used for data acquisition and
analysis.
2.4. Phenolic extraction

Berry samples reserved for phenolic analysis were
removed from the freezer and processed as previously
described (Cortell, Halbleib, Gallagher, Righetti, & Ken-
nedy, 2005).
2.5. Winemaking

A total of four wines were produced (replicated three
times). These wines consisted of the following: vine pro-
duced with fruit harvested at 22.0 �Brix (T1) and 24.0 �Brix
(T2); and fruit harvested at 22.0 �Brix but dehydrated to
24.8 �Brix (T3) and 26.7 �Brix (T4). Wines were produced
as previously described (Pastor del Rı́o & Kennedy,
2006). For wine analysis, all wines were analyzed within
2 months after malolactic fermentation and final SO2

addition.
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2.6. General wine analysis

Alcohol was determined with an ebulliometer (Dujardin-
Salleron, Paris, France). A Thermo Orion pH meter, Model
370 (Thermo, Beverly, MA), was used to measure pH.
Titratable acidity (TA) was measured by titration of
10 mL grape juice or wine, with constant and gentle stirring,
with a solution of 0.1 N NaOH until a pH 8.2 using a pH
meter as an indicator. The results were expressed g/L tar-
taric acid. Soluble solids were measured with an Atago Dig-
ital Wine Refractometer (model WM-7, Atago, Japan).
Reducing sugar was measured by HPLC as previously
described (Ellefson, 2003).
2.7. Flavan-3-ol analysis

Flavan-3-ol monomer content was measured by
reversed-phase HPLC as previously described (Lamuela-
Raventos & Waterhouse, 1994). Proanthocyanidin isolates
were characterized by acid-catalysis in the presence of
excess phloroglucinol followed by reversed-phase HPLC
(phloroglucinolysis) (Kennedy & Jones, 2001), using a
modified HPLC method (Kennedy & Taylor, 2003). To
prepare samples for analysis, 3 mL seed or skin extract
was freeze-dried and then dissolved in 5 or 2 mL methanol,
respectively.

For wines, proanthocyanidin (PA) analysis was carried
out after the final SO2 addition. To prepare samples,
10 mL wine was evaporated in a centrivap concentrator
(Labconco, Kansas City, MO), redissolved in 6 mL of
water, and prepared as previously described (Pastor del
Rı́o & Kennedy, 2006).

The proportion of seed and skin proanthocyanidin
extracted into wine was calculated using a previously
described method (Peyrot des Gachons & Kennedy,
2003). Wine extract was determined as previously described
(Pastor del Rı́o & Kennedy, 2006).
2.8. Volatile analysis

The volatile analysis was performed according to a pre-
viously described procedure (Fang & Qian, 2006). A syn-
thetic wine solution was made by dissolving L-tartaric
acid (3.5 gm) in 1 L of 12% v/v ethanol solution, and
adjusting the pH to 3.5 with 1 N NaOH. Standard stock
solutions (1000 mg/L) were prepared in ethanol first and
then diluted to the proper concentrations of working stan-
dards in synthetic wine. An internal standard solution was
made as described previously (Fang & Qian, 2006).

Each standard solution (10 mL) was diluted with 10 mL
water in a 40 mL vial, in which 6 g of sodium chloride had
been added, and 20 lL of internal standard solution was
added to the vial. A stir bar coated with Poly(dim-
ethylsiloxane) (PDMS) phase (1 cm length, 0.5 mm thick-
ness, Gerstel Inc.) was used to extract the volatiles as
described previously (Fang & Qian, 2006).
Analytes were thermally desorbed at the Thermal
Desorption Unit (TDU, Gerstel Inc.) and refocused in a
programmed temperature vaporizing (PTV) injector (CIS
4, Gerstel, Inc.) with liquid nitrogen (�60 �C). After
desorption, the PTV was heated to 250 �C and held for
3 min. The solvent vent injection mode was employed. A
RTX-1 capillary GC column (60 m, 0.25 mm I.D., 0.5 lm
film thickness, Resteck Inc., Bellefonte, PA) was employed
to separate the analytes. Helium at a constant flow of
1.8 mL/min was used as the carrier gas. The oven temper-
ature was initially set at 50 �C for 2 min, raised to 210 �C at
a rate of 2 �C/min, then to 250 �C at a rate of 10 �C/min,
and held at 250 �C for 15 min.

Selective ion-monitoring (SIM) mass spectrometry was
used to quantify the aroma compounds. The calibration
curve for individual target compounds was built by plot-
ting the selected ion abundance ratio of target compounds
with their respective internal standard against the concen-
tration ratio.

Wine samples were pooled from three replicates. The
pooled wine samples were analyzed using the same proce-
dure as described for the standard curve. Triplicate analy-
ses were performed on each sample.

2.9. Statistical analysis

Statistical analysis of data was performed through an
analysis of variance (ANOVA) using Statgraphics Plus
5.0 Software. Differences among mean values were estab-
lished by the least significant difference (LSD) test at a sig-
nificance level of a 6 0:05.

3. Results and discussion

3.1. Dehydration

The composition of fresh and dehydrated fruit is shown
in Table 1. Grapes harvested at 22 �Brix (T1) and 24 �Brix
(T2) showed a slight difference in pH values, with an
increase in pH observed for T2. Dehydrated grapes that
reached 24.8 �Brix (T3) and 26.7 �Brix (T4) showed an
increase in TA, consistent with expectations based upon
water loss. Mean berry weight at harvest was 1.05 gm for
both T1 and T2, but was reduced upon dehydration (T3
and T4). An inverse effect was observed in the dry skin
weight. No differences in dry seed weight were observed,
consistent with previous studies on temporal development
(Cortell et al., 2005; Pastor del Rı́o & Kennedy, 2006).

Changes in berry weight and soluble solids during dehy-
dration can be explained by evaporative weight loss and
concentration. Weight loss during the first two days aver-
aged 5% per day, decreasing to 4% and 2% on days 3
and 4, respectively. By the third and fourth day berries
achieved a total weight loss of 14 and 16% respectively
indicating that dehydration induced a rapid weight loss in
cv. Pinot noir, consistent with previous results for others
varieties (Bellincontro et al., 2004; Constantini et al.,



Table 1
Average berry titratable acidity (TA), pH, soluble solids, seeds per berry and berry, skin and seed weights, for fruit harvested in the vineyard (T1 and T2)
or harvested in the vineyard at 22 �Brix, followed by postharvest dehydration (T3 and T4)

Treatment TA (g/L) pH Soluble solids (�Brix) Berry wt (gm) Seed # (per berry) Dry seed wt (mg) Dry skin wt (mg)

T1 6.7 ± 0.2 3.51 ± 0.06 22.0 ± 0.1 1.11 ± 0.06 1.4 ± 0.1 33.78 ± 2.48 20.40 ± 3.98
T2 6.7 ± 0.1 3.65 ± 0.01 24.0 ± 0.2 1.00 ± 0.04 1.5 ± 0.1 35.41 ± 2.11 20.40 ± 1.26
T3 7.5 ± 0.1 3.54 ± 0.01 24.8 ± 0.1 0.92 ± 0.02 1.4 ± 0.1 35.13 ± 1.11 24.08 ± 2.38
T4 9.4 ± 0.4 3.43 ± 0.08 26.7 ± 0.3 0.87 ± 0.03 1.5 ± 0.1 35.87 ± 2.05 25.72 ± 1.63

Ave ± SEM, N = 5.
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2006). Soluble solids measurements indicated when to end
dehydration (T3 and T4). The soluble solids increased
about 1�Brix per day; therefore, on the third and fourth
day the berries reached the desired concentration. The
increase in soluble solids strongly correlated with the loss
of weight as opposed to carbohydrate metabolism (Con-
stantini et al., 2006).
3.2. Skin analysis

The effect of postharvest dehydration on anthocyanins is
shown in Table 2. An increase in anthocyanins and pig-
mented polymer concentration in treated berries was
observed when expressed on a weight basis. When anthocy-
anins and pigmented polymers were expressed on a per
berry basis however, no significant difference was observed.
This is consistent with a concentration effect due to water
loss during dehydration and not biosynthesis. T2 did not
show a significant difference from T1 with regard to antho-
cyanin content per berry suggesting that anthocyanins were
not biosynthesized in the fruit during the two harvest dates.
Previous reports have found that in addition to anthocya-
nins increasing on a weight basis during dehydration, per
berry anthocyanin amounts increased as well (Constantini
et al., 2006). The increase was not significant in this study.

By phloroglucinolysis, proanthocyanidin (PA) amount
per berry decreased in skin for all treatments (Table 2).
(+)-Catechin (C) was the only flavan-3-ol monomer
observed in the skin. (�)-Epicatechin (EC), (�)-epigalloca-
techin (EGC), (�)-epicatechin-3-O-gallate (ECG) were pres-
ent as extension subunits. Extension subunit composition
Table 2
Skin colour content (malvidin-3-glucoside equivalents) and proanthocyanidin (P
for fruit harvested in the vineyard (T1 and T2) or harvested in the vineyard at
N = 5)

Treatment Skin colour S

Anthocyanin Pigmented polymer C

(mg/kg fruit) (mg/berry) (mg/kg fruit) (mg/berry) (m

T1 458 ± 30 aB 0.51 ± 0.04 a 56.7 ± 4.5 a 0.063 ± 0.006 b 7
T2 561 ± 13 bc 0.56 ± 0.02 a 62.6 ± 2.5 ab 0.063 ± 0.003 ab 7
T3 533 ± 25ab 0.49 ± 0.02 a 58.2 ± 2.2 b 0.054 ± 0.002 a 6
T4 636 ± 53 c 0.55 ± 0.05 a 68.4 ± 3.2 b 0.060 ± 0.002 ab 7

A Subunit abbreviations: C (+)-catechin, EC (�)-epicatechin, EGC (�)-epig
B Values with different letters are significantly different (P < 0.05).
was primarily EC and EGC. From the total extension sub-
unit pool, �60% (by mol) corresponded to EC and �34%
to EGC. Skin extension subunit composition changed little
between harvest and dehydration treatments. The skin PA
average degree of polymerization (mDP) decreased during
dehydration (37.6 to 25.7) and the same occurred with
increasing time in the vineyard (37.6–27.8). Overall, dehy-
dration appeared to cause a reduction in proanthocyanidin
amount on a per berry basis as well as a reduction in mDP,
and these results are consistent with those observed with
extended ripening. It was somewhat surprising that despite
the reduction in berry weight, there was not a consistent
increase in skin proanthocyanidin amount on a fruit weight
basis. A possible explanation for this may be that the fruit
lost physiological integrity during dehydration and the pro-
anthocyanidins reacted with other cell components.
3.3. Analysis of seed

The effect of postharvest dehydration on seed PA is
shown in Table 3. Seeds showed a significant increase in
PA concentration during dehydration when expressed on
a fruit weight basis. This change is consistent with a con-
centration effect. By mole, C made up nearly 60% of total
terminal subunits, EC had the second highest, representing
�31% of the total terminal subunits. Seed PA extension
subunit composition changed little between vineyard and
dehydration treatments. The seed PA mDP in dehydration
treatments experienced a decrease (3.31 to 3.02) and the
same occurred with the vineyard samples (3.31–3.16).
Overall, the changes due to dehydration were consistent
A) concentration, mean degree of polymerization (mDP), and composition
22 �Brix, followed by postharvest dehydration (T3 and T4) (Ave ± SEM,

kin proanthocyanidin

oncentration mDP Subunit composition (mol%)

g/kg fruit) (mg/berry) CA EC EGC ECG

35 ± 34 ab 0.81 ± 0.02 b 37.6 ± 2.4 b 2.9 a 59.7 a 35.0 bc 2.3 a
72 ± 61 ab 0.77 ± 0.06 a 27.8 ± 3.2 a 2.6 a 60.9 b 33.9 b 2.5 a
42 ± 42 a 0.59 ± 0.04 a 26.8 ± 2.5 a 2.8 a 58.6 a 36.3 c 2.3 a
99 ± 62 b 0.69 ± 0.05 ab 25.7 ± 2.5 a 4.0 b 61.9 b 31.5 a 2.5 a

allocatechin, ECG (�)-epicatechin-3-O-gallate.



Table 3
Seed proanthocyanidin concentration mean degree of polymerization (mDP), and composition (Ave ± SEM, N = 5)

Treatment Proanthocyanidin concentration mDP Extension subunit composition (mol%) Terminal subunit composition (mol%)

mg/kg fruit mg/berry CA EC ECG C EC ECG

T1 2370 ± 069 aB 2.63 ± 0.08 a 3.31 ± 0.06 b 11.1 aA 77.3 b 11.6 b 58.8 a 31.4 a 9.8 b
T2 2600 ± 226 ab 2.60 ± 0.23 a 3.16 ± 0.04 ab 13.0 bc 76.6 b 10.5 a 60.0 ab 31.4 a 8.6 a
T3 3040 ± 327 bc 2.81 ± 0.31 a 3.16 ± 0.09 ab 12.0 ab 76.8 b 11.2 b 61.3 b 30.1 a 8.6 a
T4 3319 ± 103 c 2.89 ± 0.07 a 3.02 ± 0.05 a 13.4 c 75.0 a 11.7 b 60.5 ab 31.1 a 8.4 a

A Subunit abbreviations: C (+)-catechin, EC (�)-epicatechin, ECG (�)-epicatechin-3-O-gallate.
B Values with different letters are significantly different (P < 0.05).
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with those from extended ripening (Pastor del Rı́o & Ken-
nedy, 2006).

3.4. Wine analysis

A partial composition of wines is shown in Table 4. Dif-
ferences between wine ethanol concentrations were associ-
ated with the differences in soluble solids. The pH and TA
values are consistent with expected results. An increase in
the concentration of T4 reducing sugar concentration was
consistent with expectation based upon the high soluble
solids for T4 musts. Overall, these compositional compo-
nents are consistent with expectations based upon a combi-
nation of dehydration and extended ripening.

Information on wine phenolic composition is shown in
Tables 4 and 5. An increase in wine anthocyanins was
observed with an increase in fruit maturity (T1 versus
T2) and with a variable response from dehydration (Table
4). There was little difference in per berry amounts of
anthocyanins (Table 2) suggesting that differences in wine
Table 4
Composition of wines (Ave ± SD, N = 3)

Treatment TA (g/L) pH Reducing sugarA (g/L) E

T1 6.7 ± 0.2 3.48 ± 0.05 1.32 ± 0.09 1
T2 6.2 ± 0.6 3.81 ± 0.07 1.19 ± 0.05 1
T3 6.5 ± 0.1 3.68 ± 0.03 1.56 ± 0.21 1
T4 6.3 ± 0.4 3.83 ± 0.08 3.42 ± 0.55 1

Values with different letters are significantly different (P < 0.05).
A Glucose + fructose.
B Malvidin-3-O-glucoside equivalents.

Table 5
Wine proanthocyanidin concentration, mean degree of polymerization (mDP)

Treatment Proanthocyanidin concentration mDP Extensio

Skin (mg/L) Seed (mg/L) Total (mg/L) CA

T1 125 aB 127 a 253 a 2.47 a 18.3 a
T2 178 ab 129 a 307 ab 2.81 b 13.4 a
T3 172 ab 179 b 352 b 2.84 b 15.0 a
T4 211 b 245 c 456 c 2.79 b 13.8 a

A Subunit abbreviations: C (+)-catechin, EC (�)-epicatechin, EGC (�)-epig
B Values with different letters are significantly different (P < 0.05).
anthocyanin concentration are driven by differences in
berry weight. The exception to this is for T4 where despite
a reduction in berry weight and little difference in per berry
amount of anthocyanin, no difference in wine anthocyanin
concentration was observed (compared to T1). Given that
anthocyanins are reactive compounds and the concentra-
tion of solutes is likely to be higher in T4 due to berry
weight reduction, one possible explanation for the lack of
difference in anthocyanin concentration is that the antho-
cyanins have become modified after extraction into the
wine. Consistent with this, an incremental increase in pig-
mented polymers was observed with dehydration, with
the T4 pigmented polymer concentration almost twice that
of T1. The colour of young red wine is mostly due to the
presence of grape-based anthocyanins which during matu-
ration and ageing become modified (Sáenz-López, Fernan-
dez-Zurbano, & Tena, 2004).

An increase in PA concentration in wines was observed
with dehydration and extended ripening (Table 5).
The large increase in PA concentration beyond expected
thanol (% v/v) Wine colourB

Anthocyanin (mg/L) Pigmented polymer (mg/L)

1.8 ± 0.1 339 ± 7a 108 ± 6a
2.9 ± 0.1 469 ± 16c 150 ± 9b
4.1 ± 0.2 395 ± 7b 162 ± 4b
5.7 ± 0.1 337 ± 7a 201 ± 7c

, and composition, (Ave ± SEM, N = 3)

n subunit composition (mol%) Terminal subunit composition (mol%)

EC ECG EGC C EC

61.3 a 2.7 a 17.7 ab 74.3 ab 25.7 bc
62.3 a 4.5 b 19.8 b 73.1 a 26.9 c
62.9 a 2.9 a 19.2 ab 74.9 bc 25.1 ab
68.1 b 2.1 a 16.0 a 76.1 c 23.9 a

allocatechin, ECG (�)-epicatechin-3-O-gallate.



760 J.J. Moreno et al. / Food Chemistry 109 (2008) 755–762
differences based upon the PA concentration in the fruit
suggests that the diffusional barrier between the PA locali-
zation in the plant cell vacuole and the fermentation vessel
have become modified. Because plant cell walls become
modified during ripening (Nunan, Sims, Bacic, Robinson,
& Fincher, 1998), it would be expected that the barrier to
diffusion would become modified as well. Dehydration
seemed to have a greater influence on PA concentration
in the wine than did extended ripening although our data
is limited.

The PA mDP for all wines was significantly lower than
skin (Table 2), and slightly less than seed PA (Table 3). The
differences in PA mDP observed between grape skin and
wine are likely to be due to selectivity during extraction
as observed in other studies (Kennedy et al., 2002; Pastor
del Rı́o & Kennedy, 2006). Overall, dehydration and
extended ripening behaved similarly.

The proportion of EGC in wine PA increased with
extended maturity (T1 versus T2), and because there was
little difference in skin PA EGC, this indicates that the pro-
portion of skin PA increased (Table 5). This increase in
skin PA proportion with fruit maturity is inconsistent with
previous research (Pastor del Rı́o & Kennedy, 2006). With
dehydration, the proportion of skin PA declined, consistent
Table 6
Concentration (lg/L) of wine aroma compounds (Ave ± SD, N = 3)

Compounds T1 T

Trans-carveol (IS)

Guaiacol 38.4 ± 5.3 2
Linalool 11.2 ± 1.2
Geraniol 10.1 ± 0.8 1
Eugenol 3.0 ± 0.2
Benzylethanol (mg/L) 64.2 ± 3.7 3
Citronellol 18.5 ± 3.0 2
4-Ethylguaiacol 4.1 ± 0.3

Hexyl formate (IS)

Ethyl isobutyrate 186 ± 8
Ethyl butyrate 377 ± 80
Isoamyl acetate 364 ± 18
2-Methylbutyl acetate 102 ± 15
Ethyl isovalerate 23.4 ± 5.8 1

Octyl propionate (IS)

Ethyl hexanoate 282 ± 22
Ethyl octanoate 181 ± 10
Ethyl decanoate 62 ± 3

2-Nonenal (IS)

b-Damascenone 6.8 ± 0.5
b-Ionone 0.36 ± 0.03 0
c-Nonalactone 14.8 ± 0.8 1

Linalyl isobutyrate (IS)

Ethyl phenylacetate 2.5 ± 0.3
Ethyl dihydrocinnamate 0.4 ± 0.1
Ethyl cinnamate 6.4 ± 0.8
Methyl vanillate 28.9 ± 5.7 3
Ethyl vanillate 6.3 ± 0.7
Phenethyl acetate 21.6 ± 1.7 1
Ethyl 3-phenylpropionate 0.5 ± 0.1
in this case with expected observations based upon grape
maturity (Pastor del Rı́o & Kennedy, 2006; De Freitas,
Glories, & Monique, 2000; Monagas, Gómez-Cordovés,
Bartolomé, Laureano, & Da Silva, 2003). The general con-
clusions from PA analysis indicate that the greatest factor
affected by dehydration is the concentration of PA in the
wine. PA composition, mDP and skin PA proportion, if
affected by dehydration (and extended ripening), were
influenced in a minor way.

3.5. Wine aroma analysis

Results for wine aroma analysis are shown in Table 6.
The dehydration of grapes resulted in an increase in several
aroma compounds including guaiacol, citronellol, geraniol,
citronellol, eugenol. The increase in some of these com-
pounds is beyond that expected by simple concentration
and suggests that the production of important flavour com-
pounds occurs after harvest. It is expected that these com-
pounds would contribute to an increase in floral and
fruity characters. Of particular interest, the concentrations
of specific norisoprenoids (b-ionone, b-damascenone),
which were similar to those reported elsewhere (Ferreira,
López, & Cacho, 2000; Francis & Newton, 2005), also
2 T3 T4

5.5 ± 3.2 38.2 ± 4.3 56.0 ± 7.6
8.5 ± 0.1 9.9 ± 0.2 11.3 ± 0.4
4.4 ± 1.0 13.3 ± 0.3 16.6 ± 1.3
2.3 ± 0.1 3.4 ± 0.1 5.2 ± 0.5
9.5 ± 0.8 35.4 ± 0.7 32.9 ± 2.1
0.9 ± 0.3 22.5 ± 0.7 31.9 ± 1.2
3.3 ± 0.1 4.9 ± 0.5 7.1 ± 0.6

167 ± 9 261 ± 22 143 ± 17
385 ± 26 549 ± 53 521 ± 51
279 ± 15 306 ± 14 287 ± 31
85 ± 5 87 ± 4 69 ± 8

2.7 ± 1.0 21.4 ± 1.9 13.0 ± 1.0

246 ± 17 258 ± 25 210 ± 20
175 ± 9 193 ± 12 185 ± 17
70 ± 7 83 ± 2 101 ± 10

7.3 ± 0.3 7.1 ± 0.1 7.7 ± 0.7
.35 ± 0.02 0.40 ± 0.01 0.63 ± 0.06
6.3 ± 1.0 11.8 ± 1.3 6.9 ± 1.9

1.6 ± 0.1 1.2 ± 0.2 1.0 ± 0.1
0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1
8.7 ± 0.7 7.0 ± 0.7 6.3 ± 0.8
0.6 ± 0.5 32.0 ± 4.5 29.9 ± 2.9
8.5 ± 0.7 6.4 ± 0.5 8.0 ± 1.0
7.2 ± 1.6 12.9 ± 1.5 11.3 ± 1.3
0.6 ± 0.1 0.4 ± 0.1 0.4 ± 0.1



J.J. Moreno et al. / Food Chemistry 109 (2008) 755–762 761
increased during dehydration. b-damascenone has a very
low sensory threshold of 0.05 lg/L in 10% alcohol solution
(Guth, 1997) and is associated with a fruity, floral, honey,
berry-like aroma. b-Ionone has a raspberry, dry fruit violet
aroma. The changes in aroma compounds suggest that an
increase in floral aroma attributes is possible (Bueno
et al., 2003; Sabon, Revel, Kotseridis, & Bertrand, 2002).
In general, the aroma compound changes with dehydration
were consistent with those occurring with extended
ripening.
3.6. Accounting for weight loss from dehydration

To understand if dehydration influences wine solute
concentration beyond simple concentration, specific wine
component concentrations were adjusted downward by
adjusting their values relative to berry weight information
(Table 1). Differences in ethanol concentration after correc-
tion were minimal suggesting that correcting solute concen-
trations for water loss in fruit reasonably accounts for
concentration changes due to dehydration (data not
shown). The adjusted concentration of anthocyanins
declined with dehydration suggesting that anthocyanins
degraded in the grape upon dehydration. On the contrary,
adjusted pigmented polymer and proanthocyanidin con-
centrations increased beyond expectation indicating that
dehydration affected the amount of this material in wine
beyond the expected changes due to dehydration. An
explanation for these observations could be that the phys-
iological integrity of the grape berry becomes compro-
mised. If this occurs, it would be expected that the rate
of reaction of compounds would increase in addition to
their rate of diffusion into the fermentation vessel. Extract
amount, while increasing significantly during dehydration,
changed very little after correction for water loss (data not
shown). Overall, changes due to extended ripening (T2)
were similar to changes in composition following
dehydration.

In summary, the results of this study indicate that post-
harvest dehydration for the purposes of concentrating
under-ripe grapes to appropriate sugar levels, results in
postharvest changes consistent with those expected during
extended ripening on the vine. The observed chemical
changes in grapes and wine suggest that positive posthar-
vest flavour development can occur.
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