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Abstract

BACKGROUND: Controlled water deficits affect grape berry physiology and the resulting wines, with volatile composition being
the one of the affected parameters. However, there is a potential disconnect between aromatic maturity and sugar accumulation.
Accordingly, the effects of three different water status levels over two growing seasons (2014 and 2015) and two different harvest
dates on the aroma compounds from Cabernet Sauvignon wines were studied. Volatile compounds were determined using
headspace solid phase microextraction coupled with gas chromatoghraphy/mass spectrometry.

RESULTS: Around 45 volatile compounds were determined in the wines and, among these, esters were affected the most,
presenting lower concentrations when the most restrictive water treatment was applied in both years. By contrast, volatile acids
presented the highest concentrations when the lowest level of irrigation was applied. On the other hand, a delay in harvesting
produced an increase in the total amount of volatile compounds in samples from the most restrictive water treatment. These
results are coincident with a principal component analysis that indicated a great separation between years, deficit irrigation
treatments and harvest dates.

CONCLUSION: The results of the present study suggest that a low water supply had a negative effect on the aromatic potential

of wines at a similar ripening stage. However, this effect could be countered by harvesting at a later date.
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INTRODUCTION

In grapevines, environmental factors such as climate and soil, as
well as plant material and field practices (i.e. variety, ripeness at
harvest and irrigation practices), are known to influence grape
composition.'~® Regarding irrigation, controlled water deficits are
acommon viticultural practice worldwide, particularly in red grape
varieties cultivated in Mediterranean climates because of their
well-known effects on wine.”~'*> Water deficits positively impact
the grape through lower berry sizes, with a concomitant increase
in the skin to pulp ratio, concentrating secondary metabolites.'
Additionally, a water deficit reduces plant vigour, improves the
microclimate of the fruiting zone and, most importantly, increases
the activity of the secondary metabolism in grapes, which is medi-
ated by abscisic acid.”~'7 Wine quality is a multi-faceted con-
struct, defined by different parameters, amongst which aroma has
been suggested as one of the most important.’® Wine volatile
compounds may originate from the grapes, must treatment and
the fermentation process, as well as the aging process.” Ter-
penes are primary/varietal compounds that originate from the
grape. These compounds represent part of the potential aroma
of the berries and are mainly present bound to sugar as glyco-
sides (90%), being chemically or enzymatically released in the
wine during fermentation.?® Some of these compounds have a
relative low odor threshold, and have an influence regarding the
sensory profile of the wine. Ethyl esters are mainly enzymatically
synthesized by yeast during alcoholic fermentation.?! In Cabernet
Sauvignon wine, esters have been positively related in sensory

studies to the overall aroma of the wine, including red fruits and
dark fruit, amongst others.”® Moreover, some alcohols such as
2-phenylethanol (rose-like aroma) have been described as com-
prising impact odorants of Cabernet Sauvignon.?? In this sense,
some studies have investigated the effects of different irrigation
practices on the grape with respect to free aroma compounds
and glycosidically bound aroma compounds (potential aroma), as
well as on the volatile composition of wines. These studies have
reported that a water deficit in the vines has a positive effect on
the aromatic potential of Cabernet Sauvignon grapes,? as well as
Merlot grapes,®* as a result of increases in the concentrations of
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aromatic precursors. This is in agreement with a study reported
by Ou etal,?> who observed that Merlot wine produced from
grapevines under deficit irrigation was affected similarly with
respect to the concentrations of terpene alcohols and noriso-
prenoids, which are both present in the grapes as glycosidi-
cally bound aroma compounds. Regarding the free aroma com-
pounds, water stress resulted in a decrease of major volatile com-
pounds in Merlot grapes, including hexanal, trans-2-hexenal and
1-hexanol.?* Qian etal.?® observed that Merlot wine produced
from deficit-irrigated vines had increased amounts of vitispirane,
p-damascenone, guaiacol, 4-methylguaiacol, 4-ethylguaiacol and
4-vinylguaiacol compared to wines produced from well-watered
vines. However, no effect was observed on the concentrations of
esters and terpenes.

Some sensory studies have also reported a positive effect of
restrictive grapevine irrigation on wine quality in Cabernet Sauvi-
gnon grapes and wines® and in Monastrell grapes.?’” Similarly,
after sensory evaluation of Cabernet Sauvignon wines, Chap-
man et al.® reported that vines under water deficit lead to wines
with fruitier and less vegetal aromas compared to those from
well-irrigated vines.

It should be emphasized, however, that the composition and aro-
matic profile of grapes and wines depends not only on the irri-
gation practices in the vineyards, but also, amongst many other
factors, on the ripeness of the berries. It is generally recognized
that grape maturity is governed by sugar content?® but not nec-
essarily coupled to the evolution of the grape berry’s aromatic
metabolism 303!

The timing of the so-called ‘optimal ripeness’ of grapes, leading
to a particular type of wine, is generally influenced by several fac-
tors, such as grape cultivar, climate, topography, seasonal weather
conditions and vineyard management practices.>?

Advanced grape maturity and greater sun exposure favour the
accumulation of varietal compounds in the berry.33 Additionally,
lower canopy densities may produce an increase in glycosidically
bound compounds in the berry.343>

In addition, in Pinot Noir wines, it has been observed that some
esters have a clear trend to decrease, whereas monoterpenoids
and C,5-norisoprenoids tend to increase with grape maturation.3
A study carried out on Cabernet Sauvignon wine concluded that
C,-alcohols, isobutyl methoxy pyrazine and hexyl acetate decrease
as ripening proceeds.?

A great deal of knowledge has been made available over the past
few years regarding grape berry aromatic composition. Some of
that knowledge addresses the impact of water irrigation regimes,
and other information addresses the ripening stage on the aro-
matic profile of berries and wines. However, very few studies have
been carried out aiming to determine which of these factors is the
most decisive in the aroma profile of the resulting wines. There-
fore, the present study aimed to evaluate the effect of different
irrigation regimes and two different harvest dates on the volatile
compounds of Cabernet Sauvignon wines from the Maipo Valley
in Chile. Insights from the present study will provide knowledge
that may eventually be applied toissues such as harvest timing and
may narrow the knowledge gap between water stress treatments
and wine aroma for one of the most important varieties cultivated
around the world.

MATERIALS AND METHODS
Plant material and experimental site
The assay was carried out in two seasons, 2014 and 2015,
on 12-year-old own-rooted Vitis vinifera plants cv. Cabernet

Sauvignon, in a commercial vineyard located in the Maipo Valley
(Haras de Pirque) in central Chile (33°42'30"'S, 70°36’13""W).
Grapevines were trained to a vertical trellising system (Guyot
double pruning method) with almost north—south oriented rows
planted in a plot size of 2.5 x 1.5 m and irrigated by conventional
drip irrigation. The historical average yield was 8 ton ha™'. The
maximum and minimum temperature in both seasons, from
January to April, showed warmer conditions with an average
maximum temperature of 28.9 °C in 2014 and 29.7 °C in 2015
and an average minimum temperature of 7.1 °Cin 2014 and 8.4
°C in 2015. In the 2014 growing season, there was an average
of 0.6 mm of rain, although no rain occurred during the assay
in 2015.

Irrigation treatments and experimental design

The experimental design in the vineyard consisted of a random-
ized complete block with five biological replicates. Each replicate
consisted of seven consecutive homogeneous vines. Three deficit
irrigation treatments were established by means of a combination
of drip emitters with different water volumes that began approx-
imately 10 days before veraison to maintain midday stem water
potentials: T1, ¥ = -0.8 MPa; T2, ¥ = -0.9 MPaand T3, ¥ = -1.0
MPa, throughout the season. The veraison date in both seasons
was determined by visual observation and historical data from the
winery. Plant water status was monitored weekly by measuring
midday stem water potential determined by means of a pressure
chamber. For wine making, three replicates per treatment were
made by harvesting and mixing the fruit of the same treatment
from five replicates. Therefore, there were three final wine repli-
cates for each treatment. The harvest data in 2014 was 55 days
after veraison (DAV).

In the case of 2015, the grapes were harvested on two different
dates: 55 and 64 DAV. Wine was produced with these grapes of two
different maturities. The characteristics of the grapes harvested on
55 DAV in 2015 were compared with the grapes harvested in 2014,
in terms of grape ripening.

Winemaking procedure

The grapes were manually harvested, destemmed and crushed by
a semiautomatic crusher machine and then disposed in 25-L plas-
tic alimentary vats per triplicate. All vats were inoculated with a
commercial yeastinoculum in accordance with the manufacturer’s
instructions (20 g hL™") (Lamothe-Abiet, Canéjan, France). The
density and temperature were checked daily. The fermentation
process was maintained at a temperature of 23 -24 °C with punch-
down twice per day. After 8—9 days, the wines were dry (<2 g L™!
fermentable sugar). Then, the replicates were pressed using a sin-
gle basket press. Free-run fractions were racked, cold-stabilized
and then SO, free levels were adjusted to 30 mg L™' preventing
malolactic fermentation and finally bottled and stored at 15 °C for
further analysis. The same winemaking procedure was utilized in
all treatments and for both seasons.

Grape and wine chemical analysis

The analytical methods recommended by OIV (1990)3” were used
to determine the pH in the grape juice and wine, the solu-
ble solid content in the grapes (°Brix), the sugar content in the
wines (g glucose L"), the titratable acidity in the grape juice
and wine (g tartaric acid L™") and the ethanol content (% v/v) in
the wine.
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Wine aroma analysis

Reagents and standards

All standard compounds employed in the present study were
supplied by Sigma-Aldrich (Hamburg, Germany), except for acetic
acid, ethyl acetate, sodium chloride and 4-methyl-2-pentanol,
which were purchased from Merck (Darmstadt, Germany). MilliQ
water was obtained from a Purelab Ultra MK2 purification system
(Elga, St Albans, UK). Helium gas was supplied by Indura SA
(Santiago, Chile).

Headspace solid phase microextraction (HS-SPME) and GC/MS
conditions

Parameters of the HS-SPME method were optimized for the most
suitable extraction and desorption of wine volatiles. Subsequently,
the conditions employed were 7 mL of wine, 1.5 g of sodium
chloride, 15 pL of internal standard, 4 methyl-2-pentanol (0.75 g
L-"), which were placed into a 20-mL glass vial and then in the
autosampler tray for HS-SPME sampling.

Static headspace sampling was employed after the fibre was
cleaned and conditioned. After 20 min of incubation at 45 °C and
agitation at 500 rpm, volatiles from the headspace of the wine
were extracted over a period of 40 min employing a 2-cm 50/30
um Carboxen/DVB/PDMS SPME fibre (Agilent Technologies, Santa
Clara, CA, USA). The fibre penetration in the vial during extraction
was 30 mm. Following this, the fibre was desorbed over 180 s. The
sample was injected using the splitless mode with a transfer line
temperature of 280 °C.

Gas chromatography analysis was then carried out using a 7890B
Agilent GC system coupled to a quadrupole mass spectrometer
(Agilent 5977 inert; Agilent Technologies).

A DB Wax capillary column with dimensions 60 X 0.25 mm
and a film thickness of 0.25 um (Agilent Technologies) was used
with helium carrier gas at a flow rate of T mL min~'. The oven
temperature programme comprised: temperature of 35 °C for 10
min, which was then raised to 100 °C at 5 °C min~', and then to
210°Cat 3 °C min~" (holding for 40 min). The electron ionization
mass spectra in the scan mode were recorded at 70 eV with the
electron energy in the range 40-300 amu.

All data were recorded using ChemStation (Agilent Technolo-
gies). The samples were analyzed in triplicate, and blank runs using
an empty glass tube were performed before and after each analy-
sis. Compound identification was based on mass spectra matching
using the 2.0 version of the standard NIST library and the reten-
tion index of authentic reference standards. Calibration curves
were performed to calculate the concentration of the volatile com-
pounds determined. These standard curves were constructed by
graphing the relative area of each compound versus the concen-
tration. The relative area was calculated by dividing the peak area
of the target ion of each compound by the peak area of the tar-
get ion of the internal standard. Those compounds for which we
do not have the standard were quantified as equivalents using the
curve equation of another compound of the same chemical group
with the same target ion, as indicated where appropriate.

Statistical analysis
The statistical method used for analysing the general parameters
of the berry and wine, as well as the aroma composition in the
wines (from the first harvest data in 2014 and 2015), was one-way
analysis of variance (ANOVA).

The volatile composition of the wine in 2015 was analyzed for
statistical significance by two-way [irrigation treatment (I) and
harvest data (HD)] ANOVA.

Principal component analysis (PCA) was carried out to observe
the distribution of different treatments depending on the aromatic
composition of the wines.

The data were analyzed using XLstat-Pro (2011) (Addinsoft, Paris,
France).

RESULTS AND DISCUSSION

Water relationships

In both seasons, the xylem water potential of the vines was
reduced by hastening irrigation from 25 days before veraison to
10 days before veraison. The use of different combinations of drip
emitters per treatment yielded substantial differences in the xylem
water potential throughout ripening. The average xylem water
potential values in 2014 were ¥ = -0.83 + 0.03 MPa for T1, ¥ =
—-0.90 + 0.03 MPa for T2 and ¥ = -1.00 + 0.02 MPa for T3. For
the 2015 season, stem water potential values were: ¥ = -0.85 +
0.02 MPa for T1, ¥ = -0.96 + 0.02 MPa for T2 and ¥ = -1.04
+ 0.01 MPa for T3. In both years, significant differences in the
potentials were observed among treatments, particularly when
irrigation was resumed after veraison, although, in 2014, as a result
of an unexpected rainfall event, differences between treatments
were more evident only from 35 DAV until the end of the season
(Fig. 1).

Grape and wine composition

Table 1 shows the analyses of the general parameters of the grape
and wine samples. In 2014, there were no significant differences
across the irrigation treatments in terms of pH, titratable acidity
and soluble solids in the grapes, as well as pH, titratable acidity,
residual sugar content and ethanol content in the wines. The cli-
matic conditions of 2014 produced that the grape water potentials
of the different treatments took longer to differentiate (advanced
maturation stage) (Fig. 1) and could be related to the absence of
differences in the general parameters analyzed. For 2015, there
were no differences in terms of pH or titratable acidity, although
a higher soluble solids value was observed in grapes from the
most restrictive irrigation treatment harvested 64 DAV compared
to T1 and T2 but not in grapes harvested at 55 DAV, suggesting
that water stress affected the concentration of sugars, although
only after a rather late harvesting time. Still, such differences in
grapes were not observed as differences in ethanol concentrations
in wines between irrigation regimes, although all of the wines from
grapes harvested at 64 DAV reached higher ethanol concentra-
tions compared to those harvested at 55 DAV (Table 1).

Volatile compound composition

Effects of different irrigation treatments

The results reported here correspond to the 2014 harvest and the
2015 early harvesting dates, considering that their maturity and
vegetative condition were very similar.

Table 2 presents volatile compounds from the two vintages,
2014 and 2015, in red wines, together with the ANOVA results for
the ‘deficit irrigation’ factor. Data are arranged into eight chemical
families (ethyl, acetate and isoamyl esters, alcohols, terpenes,
acids, aldehydes and C,5-norisoprenoids). In wines from both
years, 47 compounds were found in 2014 and 46 compounds
in 2015 (Table 2). In 2014, seven volatile compounds showed
significant differences among irrigation treatments, as did twelve
volatile compounds in 2015. Alcohols, acids, ethyl esters and total
esters varied significantly in 2015, whereas only the group of
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Figure 1. Midday stem water potential in 2014 and 2015 season. Different
letters denote significant differences among treatments: P < 0.05, Tukey's
honestly significant difference test (T1, ¥ = -0.8 MPa; T2, ¥ = -0.9 MPa
and T3, ¥ = -1.0 MPa).

isoamyl esters changed in 2014 as a function of the irrigation
treatment.

In terms of amounts, the alcohol group was the most abundant,
mainly as a result of the high concentration of 3-methyl-1-butanol;
however, the ester group presented a higher number/variety of
compounds. Within esters, most were ethyl esters and the most
abundant esters in both years were ethyl acetate, followed by
ethyl hexanoate, isoamyl acetate and propyl acetate in 2014, and
isoamyl acetate, ethyl hexanoate and ethyl butyrate in 2015. Their
content depends on several factors, such as yeast strain, fermen-
tation temperature, aeration and sugar content. Even though
the same winemaking equipment, procedures and replications
of fermentation lots were used in both years, the variability in
ester concentrations suggests the existence of non-obvious eno-
logical factors influencing annual fermentations for each level
of irrigation (e.g. the different weather conditions between vin-
tages). According to the ANOVA, the ester group was the most
modified by irrigation treatments. These correspond to six com-
pounds in 2014 (ethyl succinate, ethyl 3 methylbutyl succinate,
ethyl hexadecanoate, propyl acetate, isoamyl lactate and isoamyl

hexanoate) and seven compounds in 2015 (ethyl octanoate, ethyl
nonanoate, ethyl decanoate, ethyl hydrogen succinate, isobutyl
acetate, isoamyl hexanoate and isoamyl decanoate). It is notable
that the wines produced with grapes from the more restricted
vines (T3), resulted in the lowest total amount of esters. By contrast,
the wines from T1 and T2 (i.e. the least water-restricted treatment
and the intermediate irrigation treatment, respectively) resulted
in the highest number of esters. This could be partially explained
by the fact that water deficit affects the fatty acid metabolism, as
reported for Cabernet Sauvignon by Deluc et al.'” The abundance
of transcripts leading to the synthesis of the enzymes responsible
for the synthesis of plant volatile esters derived from fatty acids,
such as lipoxygenase and hydroperoxide lyase, was increased by
water deficit conditions. Our results suggest that esters, which con-
tribute to the typically fruity character of red wines, such as Caber-
net Sauvignon wines, as characterized by black and red fruit aro-
mas, are affected by the water status of vines.

Twelve alcohols were identified in the present study. The major
alcohols were 3-methyl-1-butanol followed by 2-phenylethanol
and isobutanol in wines from both years, although without a
clear trend with respect to the irrigation regimes. In 2014, higher
amounts were obtained in wines from T2, and in 2015 from T3.
Therefore, it is expected that environmental conditions are more
important with respect to the alcohol content in wines than the
plant water status of the vines alone.

Terpenes identified in the present study include o-cymene,
a-terpineol, citronellol and linalool (Table 2). In 2014, the major
terpene was o-cymene and, in 2015, it was citronellol, with a sim-
ilar trend in concentration based on irrigation treatment in both
years. Vline water stress has been reported to increase the concen-
tration of aroma glycosides of grapes.? It has also been reported
that red wines produced from vines under water stress (compared
to fully irrigated) have higher concentrations of terpene alcohols,
depending on the individual compound and vintage year,?*> which
is similar to our results. Indeed, we observed that the intermediate
deficitirrigation treatment (T2) resulted in wines with a higher ter-
pene content than in the most irrigated treatment (T1); however,
the lowest content was obtained in wines from the most restrictive
irrigation treatment (T3). This might be an indication that extreme
water stress conditions could lead to wines with lower terpene
content, meaning that the intermediate controlled water stress
conditions are a more suitable strategy for increased terpenes. The
concentrations of these terpenes are typically much lower in non-
floral wines such as Cabernet Sauvignon compared to Muscat or
Gewurztraminer, although their aroma contribution could have an
important synergistic effect.?®

As for the volatile acids composition, acetic acid, hexanoic acid,
octanoic acid and decanoic acid were identified. The major volatile
acid in 2014 was hexanoic acid and, in 2015, it was octanoic acid.
In 2014, the T1 and T2 treatments resulted in wines with higher
volatile acid contents, whereas, in 2015, T2 was significantly higher,
although no clear trend was observed.

Effects of different harvest dates

Table 3 shows the results corresponding to the two harvest dates
in 2015, under different deficit treatments. The results show that
the factor harvest date produced more significant differences
than the irrigation regimes on the aromatic profiles on the wines.
Twenty-nine volatile compounds showed significant differences
among ripening stages, whereas the irrigation regime caused
eleven significant differences. From a global point of view, the
total sum of the volatiles in the wine decreased from harvest
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Table 1. Grape and wine chemical parameters from different irrigation treatments in Cabernet Sauvignon variety harvested in 2014 and 2015 (n =
3, mean =+ SE)
2014 2015

Grape parameters Harvest date T1 T2 T3 T1 T2 T3
pH 55 DAV 35+00 3.6+0.0 3.6+0.0 3.7+00 3.7+0.1 3.6+0.0

64 DAV 3.8+00 3.7+0.1 3.7+00
Titratable acidity (g tartaric acid L=")" 55 DAV 34+0.1 3.0+0.1 3.1+0.2 3.4+0.1 3.6+ 0.1 3.6 +0.1

64 DAV 34+0.1 33+0.1 3.1+£00
Soluble solids (°Brix) 55 DAV 21.5+04 216+04 21.1+03 21.1+0.2 21.3+03 213+03B

64 DAV 219+03b 213+0.2b 24.0 + 0.3 Aa
Wine parameters
pH 55 DAV 38+01 39+02 38+0.1 3.7+0.1 3.7+0.1 3.7+0.1

64 DAV 3.8+0.1 3.7+0.2 3.7+0.1
Titratable acidity (g tartaric acid L™") 55 DAV 3.2+0.1 3.1+02 3.1+0.1 3.6+ 0.1 34+0.2 3.7+0.1

64 DAV 3.8+0.1 36+02 3.7+0.1
Sugar content (g glucose L™1) 55 DAV 1.9+0.1 22+0.1 2.1+0.2 1.2+0.1 09+0.2 1.3+0.1

64 DAV 1.4 +0.1 1.3+0.1 1.6+0.2
Ethanol content (% v/v) 55 DAV 134+02 135+0.1 13.0+03 120+02B 11.0+0.1B 125+038B

64 DAV 135+ 02A 13.6+0.1A 145+ 03A

significant difference test).

Different lowercase letters in the same row within a vintage indicate significant differences (P < 0.05) between irrigation treatments (Tukey’s honestly

Different uppercase letters indicate significant differences (P < 0.05) between harvest date (Tukey’s honestly significant difference test).
Deficit irrigation treatments: T1, ¥ = —0.8 MPa; T2, ¥ = —0.9 MPa and T3, ¥ = - 1.0 MPa. DAV, days after veraison

1 at 55 DAV (H1) to harvest 2 at 64 DAV (H2) when a mild
water deficit was applied (T1); however, the total concentration of
the compounds increased when medium and high water deficit
treatments were applied to the grapes (T2 and T3). This is probably
caused by the increase in the concentration of soluble solids
in grapes. Medium and high water deficits combined with a
late harvest date produced wines with a higher concentration
of volatile compounds; however, a delayed harvest date on T1
treatments decreased the aromatic potential of wines as a result
of possible degradation of volatile secondary metabolites in the
grapes.

Among the 24 esters found, there were seven esters whose lev-
els significantly increased when harvested later in the season,
independent of the irrigation treatment: ethyl heptanoate, ethyl
nonanoate, ethyl decanoate, ethyl dodecanoate, ethyl hexade-
canoate, isoamyl lactate and isoamyl decanoate (Table 3). By con-
trast, seven other esters decreased when harvested later: ethyl
butyrate, ethyl phenylacetate, ethyl hydrogen succinate, isobutyl
acetate, isoamyl acetate, isoamyl butanoate and isoamyl hex-
anoate.

Additionally, there were nine esters in which a significant inter-
action between harvest date and deficit irrigation (HD x DI) was
observed (Table 3). The esters group presented a heterogeneous
trend, which is in agreement with the results of Fang and Qian.3°
In general, esters were reduced for the later harvesting in the
mild and intermediate water stress conditions T1 and T2; however,
esters increased at the second date of harvest in wines produced
from the T3 vines under severe water stress. Bowen and Reynolds3°
suggested that the decrease in esters in later harvest dates is most
likely related to the concomitant reductions in titratable acidity in
the wine when harvested later in the season. These observations
contrast with the results of the present study because the titratable
acidity did not show significant differences between both harvests
dates, nor between water status treatments (Table 1). However,
other studies in Cabernet Sauvignon showed a ripening-related

increase in volatile esters, caused by an increase of the sugar
content,?? which agrees with the significant increase in sugar lev-
els in T3 between H1 and H2 (Table 1). In addition, some studies
have reported that the formation of total esters is directly propor-
tional to the quantity of amino acids.>® Indeed, the up-regulation
of the amino acid biosynthesis and their biomolecular solubiliza-
tion occurs during the late ripening phase of grape berries.3%4°

Similar to the esters group, some of the 12 alcohols deter-
mined were found in significantly higher concentrations in H2
(with respectto H1), regardless of the irrigation treatments, such as
butanol, 3-methyl-1-butanol and 2,3-butanediol (Table 3). By con-
trast, some alcohols decreased: 4-methyl-1-pentanol, 1-octanol,
1-nonanol, 1-decanol and hexanol. Similar to our results, Bindon
et al3? also showed that butanol increased and hexanol decreased
in wines with advancing harvest dates for Cabernet Sauvignon.
In addition, we found three interactions between HD x DI and
the total alcohols group, caused by a decrease between harvest
date in T1, and an increase in the other two treatments, except
for 2-phenylethanol, which was found in small amounts in T3H2
with respect to T3H1 (Table 3). The presence of 2-phenylethanol
contributes to flowery sweet and flowery/rose/honey notes.*! The
alcohol content in wines from T3 was almost the same for H1
and H2. Overripe grapes are known to have higher free amino
acids, thus reducing the requirement of yeasts to produce higher
alcohols.*? In addition, alcohols possess a higher propensity to
form fruity esters in the presence of carboxylic acids during
vinification.** This could be an explanation for the behaviour
observed in the T3 treatment, where there were no differences
in alcohol content, although there was a higher ester content
between H1 and H2.

Previous studies have reported that isobutyl methoxypyrazine is
one of the main compounds responsible for the typical aroma of
Cabernet Sauvignon wines.** A harvest delay of 15 days can signif-
icantly diminish the concentration of isobutyl methoxypyrazine.*®
This aroma, described as ‘green bell pepper’, is produced by Cg
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alcohols and their derivatives and is also related to attributes
such as ‘herbaceous’ or ‘green’.*>4 Bindon et al.3? observed that
these compounds decrease in Cabernet Sauvignon wines with
advancing harvest date. In the present study, hexanol decreased
between harvest dates, and the most significant reduction was
observed in the less restricted treatment (T1). In addition, T1 har-
vested earlier showed the highest values, similar to other studies
reporting higher contents at commercial harvest when full irri-
gation was applied compared to deficit irrigation.?* Recently, a
direct relationship between hexanol concentration during fermen-
tation and the action of yeast alcohol acetyl transferase has been
demonstrated.*” This is the likely explanation for the observed
decline in hexanol in wines produced from grapes harvested later
in the season. In addition, no difference was found in 3-hexen-1-ol
content in wines between harvest dates. This may suggest that
the characteristic aromas of Cabernet Sauvignon wine are better
expressed when harvesting early in T1. For T2 and T3, the slight
differences found between harvesting dates suggest that, in inter-
mediate and severe water limitation conditions, the characteristic
aromas of Cabernet Sauvignon are maintained regardless of the
harvest date.

With respect to the terpenes, it was found that the total terpenes
decreased when harvested later regardless of the irrigation treat-
ment (Table 3), in accordance with other studies carried out on
Cabernet Sauvignon.®® In addition, a-terpineol and linalool con-
tent significantly decreased in the later harvesting date, with no
effect from the irrigation treatments (Table 3). Fang and Qian3®
also reported reductions in linalool during grape ripening in wines.
It has also been reported that linalool could be synthesized de
novo by yeast metabolism, independently of the grape-derived
precursors available during fermentation of Cabernet Sauvignon
grapes.*®

With respect to citronellol, this has been reported to increase in
Pinot Noir wines along with the ripening of the grape berries.>
However, in the present study, this effect occurred only in plants
under mild water deficit (T1), decreasing along with ripening in
wine from the medium and high water deficit treatments (T2
and T3) and without significant differences between those two. In
addition, the total number of assessed terpenes was lower in H2
compared to the previous H1 harvest date.

With respect to the volatile acids, the total amounts were higher
in wines from H2 grapes compared with H1, mainly as a result of
the increase of acetic acid. Acetic acid can play a significant role in
wine aroma and excessive concentrations of these fermentation
by-products are highly detrimental to wine quality.*® In addition,
the decanoic acid content increased in the second harvest date
compared to the earlier date, whereas the opposite occurred
with octanoic acid, with no clear trend appearing from irrigation
treatments.

Some studies have reported that more ripe grape berries are usu-
ally accompanied by higher levels of C,;-norisoprenoids in Muscat
grapes>° or Pinot Noir wines.>' These non-volatile compounds are
expected to be released during fermentation, and the resulting
wines may in turn have more C,;-norisoprenoid in their compo-
sition. Nevertheless, we observed a decrease of f-damascenone,
a C,5-norisoprenoid that arises from carotenoid degradation dur-
ing ripening.?’ Our results are in agreement with other studies
in Riesling wines that showed higher free norisoprenoid content
from earlier rather than later harvest dates.>? Additionally, and in
agreement with previous studies,?® we observed that for both har-
vest dates the higher f-damascenone content corresponded to
the most restricted irrigation treatment (T3).

PCA

The PCA performed on the wine volatile compounds is illustrated
in Figs 2 and 3. PCA provides a visual representation of the relation-
ship between different irrigation treatments in both years (Fig. 2)
and between different irrigation treatments in different harvest
dates in 2015 (Fig. 3) based on their volatile compositions.

Regarding the first PCA (Fig. 2), all variables (47 aroma com-
pounds) were selected for PCA and, from the scores obtained, it is
suggested that the deficit irrigation treatments in both years were
well separated. The first two principal components accounted for
92.30% of the variance. The first component explains 85.88% of the
variance and the second explains 6.43% of the variance. PC1 was
mainly linked to esters and terpenes, as well as all alcohols, alde-
hydes and C13-norisoprenoids (Fig. 2), whereas PC2 was related to
ethyl isovalerates and linalool. Almost 44 variables show a loading
higher than 0.8 (in absolute value). A good separation among years
and irrigation treatment groups was observed in the first PCA.
The wine scores for wines made from the 2014 harvest, located in
the negative site of PC1, are different from those made from the
2015 harvest, situated in the positive site of PC1, because they are
grouped separately along the PC1 axis. The 2014 wines were char-
acterized mainly by ethyl ester, terpenes and aldehydes, whereas
the 2015 wines were described mainly by acetate ester, alcohols
and C13-norisoprenoids components. The T1 and T2 scores were
located more closely between them, and separated from T3, for
both years. In addition, the T1 and T2 were more related to PCI1,
which shows that the aroma contents were higher in those treat-
ments than in T3.

Forty-seven variables were preselected for the second PCA anal-
ysis, and the wine scores obtained are shown in Fig. 3. PC1 explains
64.38% of the variance and PC2 explains 22.12% of the variance
(the aggregated explained variance by the two first components
is 86.50%). Almost all variables have a remarkable influence in
PC1 because all loading values are roughly distributed between
0.7 and 1 (in absolute values), with the only exceptions being
2-phenylethanol (AL11), hexanol (AL12), o-cymene (T1) and ben-
zaldehyde (ALD1), which are related to PC2. For PC1, it appears
that the wine scores for wines made from H1 are different from
those made from the H2 harvest date because they are sepa-
rately grouped along the component 1 axis. In addition, wines
made from T1 and T3 elaborated from H1 appear to be quite
similar because they are grouped in the same range of scores.
T1H1 and T3H1 wines are characterized by ethyl butyrate (E2),
isobutyl acetate (E18), isoamyl acetate (E19), isoamyl butanoate
(E20), 4 methyl 1 pentanol (AL4), 1-nonanol (AL5), a-terpineol (TE2)
and linalool (TE4). By contrast, ethyl octanoate (E7), 1-octanol
(AL7), 1-decanol (AL10), citronellol (TE3) and octanoic acid (AC3)
are related to T2H1 wines. On the other hand, the wines pro-
duced from grapes harvested later, under T3, are characterized
by ethyl nonanoate (E8), ethyl decanoate (E9), ethyl dodecanoate
(E10), ethyl acetate (E16), isoamyl lactate (E21), butanol (AL2),
2,3-butanediol (AL8) and acetic acid (ACT). In addition, those
aroma compounds were also related to T2H2 wines, although ethyl
heptanoate (E6) was strongly associated with T2H2 wines. TTH2
was described by low concentrations of ethyl isobutyrate (E1),
2-phenylethanol (AL11), hexanol (AL12), benzaldehyde (ALD1) and
o-cymene (TET). The second PCA results strengthen the idea that
wines made from different harvest dates are quite different. In
addition, the higher number of aroma compounds associated with
T3H2 was related to an increase of the sugar content from H1 to
H2. However, the wines produced from H1 were associated with
terpenes compounds, especially in T1 and T3.
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Figure 2. PCA of 47 volatile compound (a) and score plot of wines made from deficit irrigation treatments (T1, ¥ = -0.8 MPa; T2, ¥ = -0.9 MPa and T3,
Y = -1.0 MPa) in 2014 and 2015 (b). E1, ethyl isobutyrate; E2, ethyl butyrate; E3, ethyl-2-methylbutyrate; E4, ethyl isovalerate; E5, ethyl hexanoate; E6,
ethyl heptanoate; E7, ethyl octanoate; E8, ethyl nonanoate; E9, ethyl decanoate; E10, ethyl dodecanoate; E11, ethyl succinate; E12, ethyl phenylacetate;
E13, ethyl tetradecanoate; E14, ethyl hexadecanoate; E15, ethyl hydrogen succinate; E16, ethyl acetate; E17, propyl acetate; E18, isobutyl acetate; E19,
isoamyl acetate; E20, isoamyl butanoate; E21, isoamyl lactate; E22, isoamyl octanoate; E23, isopentyl hexanoate; E24, isopentyl decanoate; AL1, isobutanol;
AL2, butanol; AL3, 3 methyl 1 butanol; AL4, 4 methyl 1 pentanol; AL5, 3-methyl-1-pentanol; AL6, 3-hexen-1-ol; AL7, 1-octanol; AL8, 2,3 butanediol; AL9,
1-nonanol; AL10, 1 decanol; AL11, 2-phenylethanol; AL12, hexanol; TE1, o-cymene; TE2, a-terpineol; TE3, citronellol; TE4, linalool; AC1, acetic acid; AC2,
hexanoic acid; AC3, octanoic acid; AC4, decanoic acid; ALD1, furfural; ALD2, benzaldehyde; C1, f-damascenone.
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Figure 3. PCA biplot of the aroma compound variables selected from
scores wines obtained from different irrigation treatments (T1, ¥ = -0.8
MPa; T2, ¥ = -0.9 MPaand T3, ¥ = - 1.0 MPa) harvested at 55 DAV (H1) and
64 DAV (H2) in 2015. E1, Ethyl isobutyrate; E2, Ethyl butyrate; E6, Ethyl hep-
tanoate; E7, Ethyl octanoate; E8, Ethyl nonanoate; E9, Ethyl decanoate; E10,
Ethyl dodecanoate; E16, Ethyl acetate; E18, Isobutyl acetate; E19, Isoamyl
acetate; E20, Isoamyl butanoate; E21, isoamyl lactate; AL2, butanol; AL4,
4 methyl1-pentanol; AL7, 1-octanol; AL8, 2,3-butanediol; AL9, 1-nonanol;
AL10, 1-decanol; AL11, 2-phenylethanol; AL12, hexanol; T1, o-cymene; T2,
a-terpineol; T3, citronellol; T4, linalool; AC1, acetic acid; AC3, octanoic acid;
ALD1, benzaldehyde; C1, f-damascenone

CONCLUSIONS

The results of the 2-year experiment clearly demonstrate that
deficit irrigation treatment was linked to wine aroma compounds
for Cabernet Sauvignon grapes, although their composition was

strongly influenced by year as a result of different weather condi-
tions. Analysis of volatile aroma compounds in wines suggested
that low water supply (T3) had a negative effect on the aromatic
potential of wines at a similar ripening stage. However, this neg-
ative effect could be improved by increasing the physiological
maturity at the second harvest time. Accordingly, although the
results of T1 and T2 improved at the first harvest, they had wors-
ened by the second harvest. Therefore, it is important to choose
the correct moment for harvest because grape composition will
determine the quality of the resulting wine, and this factor appears
to have stronger influence in the aromatic composition of the
wines than the irrigation treatment. For this reason, it is of great
importance to know the volatile compounds of the wine and the
mechanisms that influence their formation, such as the deficit irri-
gation treatments and the harvest date, and such data are essential
for developing strategies to produce wines with specific sensory
attributes that appeal to targeted markets.
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