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ABSTRACT: Water deficit and iron nutritional deficiency (iron chlorosis) are frequent
environmental stresses affecting grapevine production in the Mediterranean region. The
objectives of this work were (i) to study the combined effects of both stresses on aromatic profile
of Tempranillo grapes, occurring simultaneously in the vineyard, and (i) to evaluate the viability
of foliar chlorophyll content at veraison (Chl) to early assess aromatic quality potential of grapes
in those conditions. Twenty non-irrigated vineyard subzones (10 m x 10 m each), affected and
non-affected by iron chlorosis, were monitored in Ribera del Duero Appellation of Origin (North-
Central Spain) during two consecutive seasons. Factorial ANOVA was performed to study the
effects of predawn leaf water potential and Chl measured at veraison on the must composition
parameters and, specifically, on the concentrations of free and bound aromatic compounds.
Water deficit tended to increase color intensity and extractable anthocyanin content of the
grapes, whereas the incidence of iron deficiency enhanced total phenolic compound content
within subzones with better water status. More water or iron stressed subzones restricted C,-
alcohols contents than less stressed subzones. Without significant effects on vine vigor, yield
or berry size, the incidence of iron chlorosis increased the concentrations of some specific
terpenes, C,norisoprenoids, volatile acids and volatile phenols. These results showed that low
to moderate iron stress can have positive effects on grape aromatic quality, and demonstrated
that Chl can be a useful tool in precision viticulture to map the aromatic potential within rainfed
vineyards affected by iron chlorosis.

Introduction

Wine aroma is an essential marker of the product
quality. Wine aroma is very complex and its perception
is the result of a large number of volatile compounds
(free and bound) present in very low concentrations.
Free volatiles directly contribute to the varietal wine
aroma, while bound compounds are found in grape juice
as odorless conjugates, which can be turned into volatile
forms through acid and enzymatic hydrolysis during
winemaking, wine storage and ageing processes (Lopez
et al., 2004). Cultivar, and cultural practices are the most
influential factors affecting the aromatic composition of
grapes (Vilanova et al., 2007, 2017; Gonzalez-Barreiro et
al., 2015).

Iron deficiency chlorosis, in calcareous soils, and
water deficit are common environmental stresses in
the Mediterranean region, where they cause serious
economic losses to grapevine production. Within non-
irrigated vineyards, local variation in soil conditions,
such as layer to be explored by the root system, texture,
pH or active limestone content, can generate a wide
variability in vine-to-vine water and/or iron status,
affecting yield and grape composition (Martin et al.,
2007; Li et al., 2017).

In different ways, water stress (Flexas et al., 2002)
and iron chlorosis (Val et al., 1987; Bavaresco et al.,
2006; Hailemichael et al., 2016) decline photosynthetic
activity in grapevines, which depresses the synthesis
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and accumulation of substances in the fruits (Pirie and
Mullins, 1980; Ojeda et al., 2002). Nevertheless, mild
to moderate stress levels could have positive effects on
grape quality, as the plants restrict vegetative growth,
have less yield and smaller berries, concentrating
constituents such as sugars and phenolic compounds
(Balint and Reynolds, 2017; Gonzalez et al., 2019).

A number of studies have investigated the effects
of water stress or irrigation regimes on vines on grape
volatile compounds (Song et al., 2012; Balint and
Reynolds, 2014, 2017; Talaverano et al., 2017; Vilanova
et al., 2019). However, there are currently no field
studies on how iron deficiency affects aromatic fractions
of grapes. The objectives of this work were (i) to study
the combined effects of iron deficiency chlorosis
incidence and the vineyard water status at veraison
on aromatic (free and bound compounds) profile of
Tempranillo grapes, and (ii) to evaluate the viability
of foliar chlorophyll content, measured at veraison, to
assess aromatic quality of grapes in rainfed vineyards
affected by iron chlorosis.

Materials and Methods

Study site description

The study was conducted in the 2016 and
2017 seasons, on 20 non-irrigated vineyard subzones
located in Pesquera de Duero (latitude 41°38'34" N,
longitude 4°09'27" W, Ribera del Duero Appellation of
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Origin area, North Central Spain), at 800 m above sea
level. The soils in the study area are calcareous, very
basic, and poor in organic matter, with high spatial
variability in extractable potassium, phosphorus and
magnesium contents (Zarco-Tejada et al., 2013). Soil
texture ranged from medium to medium-weight.
Concentrations of active carbonate (3-16 %) and
diethylenetriaminepentaacetic acid (DTPA) extractable
iron (2.3-6.4 mg kg!) were highly heterogeneous within
the area. Such soil properties, along with the presence of
a lime sensitive rootstock as 110-Richter, led to different
levels of iron deficiency chlorosis in the vineyards, from
unaffected to moderately-affected.

The study area has a Mediterranean climate, with
low temperatures in winter, and hot and dry summers.
The monthly values of temperature and precipitation
registered in the study years are shown in Table 1. Mean
annual temperatures were 11.9 °C and 12.7 °C in 2016
and 2017, respectively. In 2017, late frosts (-2.3 °C in
28 Apr and -0.7 °C in 1 May) affected irregularly the
subzones, restricting yield. The rainfall from 1 Apr to 30
Sept was 176 mm in 2016 and 142 mm in 2017. Without
irrigation, these insufficient water supplies in soils,
varying in texture and root explorable depth, ensured
a broad variability of grapevine water status within the
area.

The studied subzones (10 m x 10 m each)
were located within 9.2 ha of vineyard, with 1.5
km of maximum distance between them. The sites
were selected after a previous visual screening of the
spatial variability on canopy size and color. Different
topography, soil depth and soil physicochemical
properties were chosen to ensure maximum variability
in water and nutrient status across the sites, according
to the purposes of the investigation. The vineyards
correspond to Tempranillo cultivar, 15 to 20 years old,
grafted on 110-Richter rootstock. Vines are spaced 3.0 m
x 1.5 m (2222 plants ha™') and trained in a vertical shoot
positioning system. Eight spurs per vine, with two buds
per spur, were retained during winter pruning.

Field data collection

Sixty petioles from fully expanded leaves were
collected at veraison from each subzone for the mineral
analysis. The sampling followed the recommendations of
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the OIV (1996). Nitrogen concentration was determined
directly on the dried plant material by the Kjeldahl
method. To determine the rest of nutrients, the samples
were waved in an oven at 450 °C, extracting the minerals
with 2N HCI. In the extracts, P and B were analyzed
spectrophotometrically, Ca, Mg, Fe, Mn, Cu and Zn
by atomic absorption spectroscopy, and K by atomic
emission spectroscopy. All results were expressed in
percentage on dry matter basis.

Each season, data on foliar chlorophyll content
(Chl) and predawn leaf water potential (LWP) were
obtained in the study subzones at veraison stage, with
75 % of colored berries (23-24 Aug 2016 and 9-10 Aug
2017). Chlorophyll content data were recorded by a
portable colorimeter in 30 leaves taken at random in
each subzone, always choosing the fourth or fifth leaf
counting from the first sheet of the apex. Chlorophyll
content per leaf area unit (ug cm2) was calculated from
colorimeter readings (R) by a regression line obtained
previously for cv. Tempranillo:

Chl = 6.0817-R + 7.6084

Measurements of LWP were taken during 2 h
before dawn (in equilibrium with soil water potential)
with a Scholander pressure chamber. Values were
recorded in six exposed leaves of different plants in each
subzone.

Yield, 100-berry weight and winter pruning weight
were determined, in 2016 and 2017 seasons, evaluating
21 plants in each subzone.

Grape composition analysis

Harvesting was performed in all subzones on the
same day in each year, after the mean value of total
soluble solid content of the must (TSS) in all study
subzones had reached 22 °Brix. At that moment, two
samples of 100 berries from each subzone were collected.
The must obtained from the first sample was used to
determine TSS, total acidity (TA), yeast assimilable
nitrogen concentration (YAN), pH, potassium content,
color intensity and hue, according to the European
official methods of analysis (European Commission,
1990). The berries from the second sample were used
to analyze total phenolic compound content (TPC), total

Table 1 — Monthly mean values of maximum (T__ ), minimum (T_. ) and average (T_ ) temperature (°C), and total precipitation (P, in mm), collected

during the study years from Valbuena de Duero (Valladolid, Spain).

ave’

Year Variables Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec
T 9.2 9.8 11.7 14.6 19.7 27.5 32.0 31.5 27.2 21.4 12.2 9.5
2016 T 1.7 0.7 -0.7 3.1 6.4 9.7 13.6 12.7 9.3 5.9 1.4 -0.2
T 5.3 5.0 5.2 8.6 12.9 18.9 22.8 22.3 18.2 13.1 6.4 3.7
P 136.4 56.8 40.3 87.1 45.3 6.8 27.9 0.4 8.8 38.6 61.2 14.0
o 9.2 12.7 16.5 21.1 24.2 30.7 30.7 30.3 25.5 24.1 14.1 9.2
2017 T -3.8 1.0 1.6 3.0 8.6 13.0 12.7 12.3 8.1 5.6 -1.2 -0.6
T 2.0 6.5 8.6 12.3 16.6 22.1 22.1 21.5 16.7 14.3 5.6 3.9
P 14.8 35.5 19.7 4.2 50.2 16.9 52.7 18.9 0.0 11.6 17.9 30.3
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anthocyanin (TAN) and easily extractable anthocyanin
(EA) contents, following the methodology described by
Saint-Cricq et al. (1998). TAN and EA were expressed on
the basis of berry fresh weight.

Analysis of grape volatile compounds by GC-MS

After harvest, 30 kg of grapes from each subzone
were stored at 5 °C overnight before they were
mechanically processed. Three hundred mL of must
from de-stemmed/crushed grapes from each sample
were collected and frozen immediately to -20 °C until
analysis.

To extract volatile compounds, the method
described by Oliveira et al. (2008) was used with some
modifications. Must samples were centrifuged (RCF =
9660, 20 min, 4 °C) and filtered through a glass wool
bed. We added 75 mL of juice, 3 pg of 4-nonanol and
passed it through a LiChrolut EN cartridge (Merck,
500 mg, 40-120 pm). The resin was previously pre-
conditioned with 10 mL of dichloromethane, 5 mL of
methanol and 10 mL of aqueous alcoholic solution (10
%, v/v). Free and bound volatile fractions were eluted
successively with 5 mL of pentane-dichloromethane
azeotrope and 7 mL of ethyl acetate, respectively.
The pentane-dichloromethane elute was dried over
anhydrous sodium sulphate and concentrated to 200 pL
by solvent evaporation with N, prior to analysis. The
ethyl acetate eluate was concentrated to dryness in a
Multivapor™ from Buchi (40 °C) and re-dissolved in
200 pL of 0.1 M citrate-phosphate buffer (pH = 5.0).
Fourteen milligrams of enzyme Rapidasa Revelation
Aroma (Erbsloh) were added to the glycoside extract and
the mixture was incubated at 40 °C, for 12 h. Released
aglycons were extracted with pentane-dichloromethane
azeotrope, after addition of 3 pg of 4-nonanol as internal
standard. The organic phase was then concentrated to
200 pL with N,.

The gas chromatographic analysis of volatile
compounds was performed using an Agilent GC
6890N chromatograph coupled to mass spectrometer
Agilent 5975C. A 1 pL injection was made into a
capillary column, coated with CP-Wax 52 CB (50 m x
0.25 mm, i.d., 0.2 pm film thickness, Chrompack). The
temperature of the injector was programmed from 20 °C
to 250 °C, at 180 °C min!. The oven temperature was
kept at 40 °C, for 5 min, then programmed to rise from
40 °C to 250 °C, at 3 °C min™?, then kept 20 min at
250 °C and finally programmed to go from 250 °C to
255 °Cat 1 °C min'. The carrier gas was helium N60 at
103 kPa, which corresponds to a linear speed of 180 cm
s! at 150 °C. The detector was set to electronic impact
mode (70 eV), with an acquisition range from 29 to 360
m/z, and an acquisition rate of 610 ms.

Identification was performed using the GC/MSD
ChemStation Software (Agilent), by comparing mass
spectra (Wiley and Nist libraries) and retention indices
with those of pure standard compounds. Pure standard
compounds were purchased from Sigma-Aldrich
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(Darmstadt, Germany) with purity higher than 98 %. All
compounds were quantified as 4-nonanol equivalents.

Statistical analysis

The factorial analysis of variance (ANOVA) and
the Tukey test were performed to separate the effects
of season, water status at veraison, and iron chlorosis
incidence on vigor, yield and grape composition
parameters, including free and bound aroma
concentrations. For this, the subzones were previously
classified into groups with high and low LWP, and with
high and low Chl. The limit values for segmentation
were the median of both explanatory variables in the
subzones throughout the two years studied: -0.737 MPa
and 99.9 ng cm?, respectively.

The relationships between variables were
studied using linear regression methods and Pearson
correlation coefficients. All data analysis was performed
with version 9.2 of SAS statistical software (Statistical
Analysis System).

Results and Discussion

Values of water potential and chlorophyll content

The mean values of LWP in 2016 and 2017 (Table
2) indicated moderate to severe water deficit, according
to ranges established from Van Leeuwen et al. (2009).
The variability of water status between subzones at the
beginning of ripening was clearly wider in 2017 than
in 2016, registering a higher total precipitation in June,
July and Aug (Table 1).

Both predawn and stem water potential
measurements were useful to evaluate water status of
Tempranillo grapevines (Santesteban et al., 2011). In this
study, predawn values at veraison were considered as
representative of water status of vineyard subzones. It is
assumed that, in semiarid Mediterranean climates, the
predawn potentials registered at veraison (at summer
end, after a long dry period) in different vines within
a vineyard could be correlated with the soil water
availability throughout all the season and therefore

Table 2 — Minimum, maximum and coefficients of variation (CV) of
foliar chlorophyll content (Chl) and predawn leaf water potential
(LWP) measured at veraison.

Year Value Chl LWP
pg cm2 MPa
Mean 93.53b -0.707 a
Min. 32.93 -0.491
2016 Max. 128.68 -0.865
CV (%) 25.34 13.350
Mean 108.95 a -0.708 a
Min. 78.40 -0.220
2017 Max. 160.44 —-0.900
CV (%) 21.02 23.970

In each column, means followed by the same letter are not significantly
different (p < 0.05, Tukey test).
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with their productive and qualitative potential. There
were no rains in the month before the water potential
measurements, nor abundant precipitations during fruit
ripening period in the two years studied (Table 1), which
might have limited the usefulness of LWP as indicator.

Mean values of Chl increased from 2016 to
2017 (Table 2). As Martin et al. (2008) previously
demonstrated, Chl is strongly influenced by nutrient
status in the study area, including the incidence of iron
deficiency chlorosis. Positive correlations of Chl with
petiole N (r = 0.39; p < 0.05) and K contents (r = 0.38;
p < 0.05), and negative with those Mg (r = -0.55; p <
0.01) and Mn (r = -0.33; p < 0.05), were found when
joined data of 2016 and 2017 were considered (n = 40).
Direct correlation with petiole N content demonstrate
that Chl is part and parcel of vigor component of the
grapevine. The correlation with the petiole K content
might be related to its role in the absorption and
transport of Fe (Tagliavini and Rombola, 2001).

The petiole Fe content was not correlated with Chl,
confirming that it is not a valid parameter to detect iron
deficiency in grapevines (Bavaresco et al., 1999). When
expressed on a dry weight basis, the Fe concentrations of
control and chlorotic leaves are usually not significantly
different because the deficiency reduces leaf area,
which produces a concentration effect. Moreover, Fe
may be immobilized somewhere in the chlorotic leaf
in an unavailable form (Morales et al., 1998). On the
other hand, Mn is antagonistic to Fe, and might be
accumulated in leaves from plants affected by iron
deficiency (Millaleo et al., 2010). Mg and Fe might be
also antagonistic, as proven in other species (Agarwala
and Mehrotra, 1984).

According to previous studies carried out in the
same area (Hailemichael et al., 2016; Gonzéilez et al.,
2019), no consistent correlations were obtained between
Chl and LWP in 2016 (r = 0.04, p > 0.05) and 2017
(r = 0.12, p > 0.05); therefore, both variables could be
considered independent.

Iron and water status affect grape aroma

Vigor, yield and fruit composition

The results of factorial ANOVA (Table 3)
show that the effects of season on vigor, yield, and
grape composition parameters were almost always
highly significant, evidencing a high variability of
meteorological conditions between the study years.
In the first season, the variability in water status at
veraison was narrower than in the second (Table 2)
and, consequently, the differences between subzones in
terms of grape composition were smaller (Table 3).

With no damages caused by spring frosts and
more water availability during the vegetative cycle, in
2016, vineyard subzones registered higher yield (0.75 kg
m?), pruning weight (0.26 kg m=) and 100-berry weight
(177 g) than in 2017 (0.44 kg m™2, 0.15 kg m2 and 131 g
respectively). Musts in 2016 had lower TSS than in 2017
(23.2 °Brix versus 24.0 °Brix) and higher pH (3.7 versus
3.6), without significant differences in TA or YAN.

Vigor was affected by vineyard water status; thus,
low LWP subzones registered pruning weights lower
than high LWP subzones in 2017 (0.11 kg m™2 versus 0.19
kg m2, p < 0.05). Neither Chl nor LWP significantly
modified yield or berry weight (Table 3). These results
do not agree with those of Tagliavini and Rombola (2001)
and Echeverria et al. (2017), probably because the iron
deficiency was not intense enough in the study area. On
the other hand, the lack of correlation between yield
and vineyard water status at veraison in 2016 could
be related to low variation coefficients of LWP in this
season (Table 2). The non-significant relations in 2017
would be due to the incidence of spring frosts, which
irregularly affected one and another subzone.

Iron chlorosis and water status modified differently
grape composition parameters. Total acidity, YAN
and TPC were mainly affected by Chl, whereas color
intensity and EA were affected by LWP. The incidence
of iron deficiency tended to advance fruit ripening;
therefore, low Chl subzones reduced TA in relation to
high Chl subzones in 2017 (3.9 g L versus 5.1 g L,

Table 3 - F-values of the factorial analysis of variance of vigor, yield and grape composition data obtained from vineyard subzones with high and
low predawn leaf water potential (LWP) and high and low foliar chlorophyll content at veraison (Chl), in 2016 and 2017.

Variables Model Year Chl LWP LWP*Chl
Pruning weight 10.19*** 26.03*** 3.23 4.61* 4.07
Yield 6.95*** 25.68*** 0.41 0.00 3.17
100 Berry weight 19.39*** 67.78*** 0.81 3.42 0.17
Yeast assimilable nitrogen 1.96 1.11 4.33* 1.44 0.91
Total soluble solids 3.75* 12.58** 0.03 0.03 3.48
pH 11.53*** 43.68*** 0.01 0.50 0.36
Total acidity 1.99 0.27 4.19* 0.95 0.79
Color intensity 8.79*** 21.58*** 0.00 8.12** 2.27
Hue 14.26*** 46.93*** 0.09 2.61 1.10
Potassium 6.65*** 21.95%** 2.02 0.21 0.65
Total phenolic compounds 23.35*** 65.49*** 7.74* 0.14 6.84*
Easily extractable anthocyanins 7.60*** 17.88*** 2.06 5.76* 0.38
Total anthocyanins 4.93** 16.01*** 0.25 2.16 0.25

*Significant p < 0.05; **Significant p < 0.01; ***Significant p < 0.001.
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p < 0.05), reaching better maturity indexes. Regardless
of study year, low Chl subzones had less YAN than high
Chl subzones (158 mg L versus 190 mg L}, p < 0.05).
Iron deficiency restricted nitrogen availability to vines,
as proven by the positive correlation between Chl and
petiole N content referred above.

Increases in TPC were associated to the incidence
of iron deficiency, according to Bavaresco et al. (2005)
and Gonzalez et al. (2019). However, due to LWP x Chl
interaction (Table 3), differences between low and high
Chl values were detected (p < 0.05) only in subzones
with better water status at veraison (1529 mg kg™ versus
1180 mg kg in 2016, 940 mg kg™ versus 780 mg kg! in
2017). Since the effects of iron chlorosis on vine vigor
were not significant (Table 3), the increase in TPC might
be more attributed to a direct effect on biosynthesis of
polyphenols in grapes than to changes in the cluster
microclimate. Bavaresco et al. (2005) suggested that,
as iron is a constituent of enzymes involved in lignin

Table 4 - F-values of factorial analysis of variance of data on free
volatile compound concentrations of musts obtained from vineyard
subzones with high and low predawn leaf water potential (LWP),
and with high and low foliar chlorophyll content at veraison (Chl),
in 2016 and 2017.

Group / compound Model Year Chl - LWP ChI*LWP
Alcohols

1-Butanol 5.05** 16.6** 1.05 0.00 0.95
(2 + 3)}Methyl-1-butanol 7.16** 21.6*** 1.24 283 221
4-Methyl-1-pentanol® 0.60 NA 0.16 091 0.56
3-Methyl-1-pentanol 8.31*** 30.96***0.34 0.03 0.10
Benzyl alcohol 1.48 1.56 094 1.79 0.81
2-Phenylethanol 1.65 325 1.29 1.33 0.08
g'e'\{']te;:z'l;,3'b“te”'l'°'+1' 0.57 NA 003 027 1.00
1-Octanol® 2.65 NA 3.28 1.11 0.89
Total 30.17*** 115.89***0.13 0.29 2.52
CgAlcohols

1-Hexanol 3.89* 1.64 5.70* 1.07 3.16

(E)}-3-Hexen-1-ol 36.20*** 141.87***3.31 0.06 4.82*

(2)-2-Hexen-1-ol 62.06*** 243.39***2.66 0.22 2.41
(2)-3-Hexen-1-ol° 2.37 NA 2.32 0.04 4.06
(E)-2-Hexen-1-ol° 1.68 NA 0.85 1.72 0.1
Total 4.42%* 1.6 5.38* 1.50 4.84*
Aldehydes
Phenylethanol? 0.36 0.07 0.40 0.48
Hexanal 11.54*** 43.38***0.08 0.41 1.29
(E)-2-Hexenal 1.23 0.22 272 0.01 1.72
Benzaldehyde® 1.25 NA 0.95 0.48 1.17
Total 2.55 339 236 1.71 1.08
Terpenes
Diendiol (If) 0.59 1.46 0.03 089 0.24
Terpinen-4-ol° 1.76 NA 2.75 0.00 2.39
o-terpineol® 1.28 NA 2.04 0.03 1.93
Trans-Pyran-inalool oxide
(LOP Y 1.13 NA 0.36 0.90 0.91
Continue...
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synthesis, iron deficiency may switch the shikimate
pathway towards other phenolics.

The subzones with low LWP showed higher
potassium content than those with high LWP in 2017
(1004 mg kg™ versus 778 mg kg, p < 0.05), probably
because vine water stress triggered a greater translocation
of K* cations from leaves to berries (Boulton, 1980). In
this season, low versus high LWP subzones increased
EA (1003 versus 778 mg kg, p < 0.05) and must color
intensity (3.11 versus 1.89, p < 0.05). This rise of the
coloring matter concentration might be a consequence
of both an increase in fruit exposure to sunlight (lower
canopy density) and a direct stimulation of anthocyanin
biosynthesis enzymes in more water stressed plants
(Romero et al., 2010).

Free and bound aroma compounds

We identified and quantified 43 free and 45 bound
aromatic compounds in must samples (Tables 4 and 5).

Table 4 - Continuation.

B-Citronellol® 0.26 NA 0.01 0.26 0.25
Nerol® 3.20 NA 8.07* 3.22 2.56
Geraniol’ 0.38 NA 0.10 0.35 0.27
Diendiol (I)° 0.46 NA 0.11 0.20 0.68
Total 35.41*** 137.09***0.09 1.18 0.03
Acetoin (carbonyl

compound) Y 0.40 NA 022 007 0.75
Volatile acids

Hexanoic acid 2.66 7.22* 0.45 080 0.62
Hexadecanoic acid 1.61 358 094 0.01 248
Geranic acid® 0.62 NA 1.28 0.18 0.28
Total 6.09** 23.78***0.73 0.14 1.13
C, 7Norisoprenoids

3-hydroxy-B-damascone? 1.57 NA 0.48 1.72 1.95
3-Oxo-7,8-dihydro-a-ionol 0.32 0.04 0.33 0.60 0.02
3-Oxo-o-ionol® 0.63 NA 1.47 0.41 0.11
4-Oxo-7,8-dihydroB-ionol>  0.45 NA 022 0.09 0.86
Total 3.99** 15.27** 0.07 0.68 0.01
Volatile phenols

Guaiacol 18.93*** 70.08***0.16 0.84 0.36
Vanillin 2.45 9.42** 0.82 0.69 0.00
Acetovanillone 3.13* 12.29** 0.12 0.11 0.37
4-Ethylphenol® 0.47 NA 0.34 0.32 0.22
4-Vinylphenol® 0.14 NA 0.00 0.18 0.12
Total 14.93*** 57.26***0.01 0.72 0.03
Acetates

Isoamyl acetate 56.43*** 217.50***0.05 1.35 0.14
2-Methyl-1-butyl acetate® 0.80 NA 1.11 0.01 0.87
Total 60.97*** 235.12***0.08 1.41 0.17
Ethyl esters

Ethyl hexanoate® 1.55 NA 2.37 0.03 1.72
Ethyl octanoate® 1.34 NA 2.08 0.00 1.74
Total® 1.50 NA 231 0.01 1.79
y-Butyrolactone (lactone) 1.18 243 022 1.52 0.00
Total free aromas 3.97** 8.55** 0.24 0.94 4.11

*Significant p < 0.05; **Significant p < 0.01; ***Significant p < 0.001.
aDetected only in 2016; *Detected only in 2017. NA = not applicable.
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Table 5 - F-values of the factorial analysis of variance of data on
bound volatile compound concentrations of the musts obtained
from vineyard subzones with high and low predawn leaf water
potential (LWP), and with high and low foliar chlorophyll content at
veraison (Chl), in 2016 and 2017.

Group /compound Model Year Chl LWP Chl*LWP
Alcohols

3-Methyl-1-pentanol 2.82 8.29** 0.09 0.63 2.30
1-Octanol? 1.13 NA 0.07 255 0.22

Benzyl alcohol 10.06™** 32.90*** 3.40 0.00 1.28
2-Phenylethanol 16.94** 61.05*** 2.20 0.11 0.76
1-Butanol® 0.35 NA 0.82 0.15 0.06
(2 + 3-Methyl-1-butanol>  1.80 NA 454 138 1.98

3-Methyl-3-buten-1-ol+1- 0,52 NA 0.37 044 0.09

pentanol®
4-Methyl-1-pentanol® 0.86 NA 2.30 0.20 0.60
Dodecanol® 1.64 NA 0.00 0.06 4.59
Total 4.23** 12.62** 1.18 0.01 2.89
CgAlcohols
1-Hexanol 4.37** 16.79** 0.07 0.16 0.25
(E)-3-Hexen-1-ol® 0.51 NA 0.02 0.62 0.62
(2)-2-Hexen-1-ol 2.13 6.81* 0.31 0.91 0.12
(E}-2-Hexen-1-ol° 1.55 NA 0.22 331 2.04
Total 5.07** 18.94*** 0.15 0.75 0.33
Aldehydes
(E)-2-Hexenal 8.12*** 27.85*** 0.97 1.86 0.91
Hexanal® 1.16 NA 2.85 0.02 0.01
Total 5.06** 15.62** 1.23 0.07 1.85
Terpenes
B-Citronellol 1.20 NA 0.07 1.64 1.27
Diendiol (I)2 0.81 NA 1.97 0.09 0.14
(E)-8-hydroxylinalool? 0.56 NA 0.09 0.33 1.52
Geraniol® 2.70 NA 7.25* 4.05 0.37
Total 8.99*** 31.27*** 0.69 2.37 1.38
Volatile acids
Hexanoic acid? 0.60 NA 0.32 0.66 0.48
(E)-2-Hexanoic acid 0.90 1.86 0.57 1.80 0.19
Octanoic acid? 0.42 NA 0.46 0.77 0.09
Hexadecanoic acid 4.03** 7.45** 513* 0.39 0.86
;2chrd3S)l;Methbeutan0|c 3.80* NA 6.69* 3.40 1.49
Total 5.58** 16.13** 2.68 0.00 0.47

C,sNorisoprenoids
3-hydroxy-B-damascone?  0.75 NA 1.52 0.23 0.36
3-Oxo-a-ionol 513 11.52** 6.16* 0.02 0.31

3-Hydroxy-7,8-dihydro- .
ponol 2.49 6.11 0.37 2.23 0.01

4-Oxo0-7,8-dihydro--ionol  1.94 0.14 6.66* 0.07 0.35
3-0xo0-7,8-dihydro-a-ionol  1.48 2.05 1.25 3.35 0.66

gjg{grlﬁ’xy'7'8'd'hyd'°' 173  NA 502" 184 052
Total 4,01 13.4** 041 0.44 0.12
Volatile phenols

Guaiacol 1.02 0.27 1.21 0.43 1.40
4-ethyl phenol® 0.98 NA 0.10 292 0.13
4-Vinylguaiacol 4.39** 15.12** 0.50 0.17 2.38
4-Vinylphenol 5.49** 20.89*** 0.00 0.61 213
Vanillin 2.14 0.84 3.44 3.68 1.13

Continue...
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Table 5 - Continuation.

Eugenol® 8.96** NA  26.19*** 257 1.98

Methyl vanillate® 1.44 NA 2.38 3.41 0.00

Acetovanillone® 2.20 NA 4.62* 211 0.42

3,4-Dimethoxyphenol® 2.71 NA 6.12* 0.02 0.00

Total 1.81 3.88 2.24 0.40 0.13
Acetates

Isoamyl acetate 14.14*** 53.41*** 0.87 0.17 0.77
Hexyl acetate 7.55** 29.58*** 0.01 0.18 0.97
2-Phenylethyl acetate® 0.19 NA 0.49 0.02 0.00
Total 11.11*** 41.12*** 0.82 0.11 1.08
y-butyrolactone (lactone) 4.07** 1458** 0.33 3.34 0.02
Ethyl esters

Ethyl hexanoate® 0.38 NA 1.02 0.21 0.01
Ethyl octanoate® 0.36 NA 0.87 0.00 0.04
Total® 0.35 NA 0.98 0.07 0.00
Total bound aromas 7.61** 24.48*** 2.95 0.05 0.18
Total aromas 1.54 242 0.91 0.15 2.53

*Significant p < 0.05; **Significant p < 0.01; ***Significant p < 0.001.
aDetected only in 2016; *Detected only in 2017. NA = not applicable.

Among free aromas, alcohols and terpenes constituted
the most abundant groups in number of compounds
determined. Among glycosylated bound compounds,
alcohols and volatile phenols were the most abundant.
The number of free terpenes detected increased from 1,
in 2016, to 8, in 2017, while bound terpenes varied from
3 to 1. Acetoin and ethyl esters (free and bound) were
detected only in 2017.

The concentrations of total free compounds and
most groups quantified in the two seasons showed
interannual differences (Table 4). These results are in
agreement with the analysis of volatile components from
different white and red grape varieties (Chardonnay;,
Sauvignon blanc, Semillon, Merlot, Syrah and Melon
blanc) that showed a strong year-to-year variation
(Bureau et al., 2000; Robinson et al., 2014). Total free
aroma concentrations were higher in 2017 (1160 pug LY
than in 2016 (961 pg L!), mainly due to differences on
isoamyl acetate concentrations (237 pg L™ versus 21 pg
L, respectively). When bound aroma compounds were
considered (Table 5), total values in 2016 were higher
than in 2017 (832 pg L' versus 467 pg L7!). Bound
alcohols, C,-alcohols, aldehydes, terpenes, volatile
acids, C ,-norisoprenoids, volatile phenols and lactones
decreased from 2016 to 2017, while acetates increased.
In the groups, maximum differences were observed
for (E)-2-hexenal (11 pg Lt versus 3 ug L), total bound
terpenes (73 pg L versus 2 pg L') and y-butyrolactone
(57 pg L versus 3 pg L). Finally, total concentrations
of (free + bound) aroma compounds quantified in 2016
and 2017 were not different (p > 0.05).

The ANOVAs in Tables 4 and 5 show that vineyard
water status at veraison did not modify the volatile profile
of the must. Nevertheless, in 2016, LWP was positively
correlated with free benzyl alcohol concentration (r
= 0.46, p < 0.05) and negatively correlated to total



Sanchez et al.

aldehydes that were determined (r = -0.48, p < 0.05),
including free phenylethanol (r = -0.49; p < 0.05) and
bound 4-ethyl phenol (r = -0.51, p < 0.05) concentrations.
In 2017, LWP correlated with free (Z)-3-hexen-1-ol (r =
0.53 p < 0.05), total bound C-alcohols r = 0.58, p <
0.01) and, within this family, with (Z)-2-hexen-1-ol and
(E)-2-hexen-1-0l concentrations. Moreover, LWP was
correlated to bound 1-hexanol (r = 0.45, p < 0.01) and
(2 + 3)-methylbutanoic acid concentration (r = 0.47, p <
0.05).

C,-Alcohols are responsible, to some extent, for the
green herbaceous and vegetable aromas in wines, which
is a negative quality attribute (Gonzalez-Barreiro et al.,
2015). The correlations between LWP and C_ -alcohols
are in agreement with sensory evaluation of Baconoir
(Balint and Reynolds, 2017), Pinot noir (Ledderhof et al.,
2014) and Cabernet sauvignon (Chapman et al., 2005)
wines, suggesting that vines with higher water status
were associated to more herbaceous and vegetal wines.
Several studies have documented that irrigation regimes
based on different reference evapotranspiration (ET)
levels modified the vegetal and herbaceous character
of wines. Balint and Reynolds (2017) reported that
moderate irrigation (50 % ET ) combined with an early
start (start irrigation at fruit set) increased the sensory
attribute of fresh grass in comparison to non-irrigated
control in Chardonnay wines. Gamero et al. (2014) found
that Tempranillo wines from full irrigation (100 % ET)
vines versus deficit irrigation (25 % ET) vines showed
higher herbaceous aroma. Deficit irrigation (25 % ET )
was also associated to reductions in vegetal aroma in
Syrah wines (Reynolds et al., 2012). Studies performed
by Talaverano et al. (2017) showed the water status in
Tempranillo vines affected total alcohols, C.-compounds
and phenol volatiles families, producing the highest
concentrations at the lower level of water availability.
However, there was no effect on ethyl esters, acetates,
volatile fatty acids, and lactones. Recent studies on
Verdejo wines reported that concentrations of volatile
compounds were increased in non-irrigated vines versus
different deficit irrigation regimes (25 % and 50 % ET )
(Vilanova et al., 2019).

As Table 6 presents, vines with low Chl produced
in 2016 musts with lower content of free total C,-
alcohols than those of high Chl, particularly 1-hexanol,
although the LWP x Chl interaction (Table 4) caused
significant differences between means only within high
LWP study subzones (184 pg L versus 110 pg L7). The
concentrations of C -alcohols in grapes decrease during
ripening (Salinas et al., 2004). The metabolism of these
compounds is initiated by the action of lipoxygenase
enzymes on polyunsaturated fatty acids, which catalyze
the formation of the corresponding hydroperoxides. The
presence of an atom of iron as cofactor at the active
site of lipoxygenases is essential for their catalytic
action (Podolyan et al., 2010). The hydroperoxides
obtained may be transformed into C -aldehydes by
hydroperoxidelyase enzymes. Then, some of these can
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Table 6 - Significant mean separations of volatile compound
concentrations in the must from vineyard subzones with different
foliar chlorophyll content (Chl) at veraison.

__ Concentrations
Low Chl  High Chl
pg Lt ——

Year Compound / groups

Free aromas
Total C,-alcohols
1-Hexanol (C -alcohol)
Bound aromas
3-Oxo-a-ionol (C, znorisoprenoid) 39.27a 16.79b
4-Oxo-7,8-dihydro-p-ionol (C, -norisoprenoid)  14.63a 2.51b
Free aromas

285.62b 376.05a

2016 125.41b 172.95a

1-Octanol (Alcohol) 097a 0.72b
Nerol (Terpene) 354a 3.09b

Bound aromas
Total volatile acids 102.09a 75.19b
2017 Hexadecanoic acid (volatile acid) 86.62a 63.05b
(2+3)-Methylbutanoic acid (volatile acid) 0.96a 0.68b
3-Oxo-aionol (C, norisoprenoid) 1237a 78lb

3-Hydroxy-7,8-dihydro-p-ionol (C, -

) c 7.37a 4.78b
norisoprenoid)
Eugenol (volatile phenol) 290a 2.04b
3,4-Dimethoxyphenol (volatile phenol) 9.14a 3.50b

In each row, means followed by the same letter are not significantly different
(p < 0.05, Tukey test).

be reduced to C -alcohols by alcohol dehydrogenases
in grapes (Mozzon et al.,, 2016). Recent studies
investigated the effect of iron deficiency on the genome-
wide transcriptional characterization of grapevine and
confirmed that the expression of lipoxygenase gen was
down-regulated in iron stressed plants compared to the
control ones (Vannozzi et al., 2017). Therefore, the lower
concentration of C -alcohols observed in subzones with
low Chl could be explained by a decline in the activity
of these iron-containing lipoxygenases.

In 2017, must from subzones with low Chl had
higher content of 1-octanol, nerol, total bound volatile
acids, eugenol and 3,4-dimethoxyphenol than the others.
In general, subzones affected by iron chlorosis increased
the amounts of some bound C, ,-norisoprenoids. 3-Oxo-
o-ionol, a spice tasting compound of grapes, was
more abundant in must from more chlorotic subzones
in the two seasons. These results agree with those of
Coelho et al. (2009), who reported that concentrations
of monoterpenoids, sesquiterpenoids, and C,-
norisoprenoids in sparkling wines from vines cultivated
in calcareous soils (where iron availability might be
limited) were higher than in those of clay and sandy
origin.

C,.-Norisoprenoids are a diverse group of volatile
compounds derived from grape carotenoids, which can
contribute significantly to the aroma of wines (Gonzalez-
Barreiro et al., 2015), adding, in many cases, floral
and fruity pleasant notes. In this context, the results
in this study (Table 6) indicate that moderate level of
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iron deficiency chlorosis could improve the aromatic
potential of grapes. Recently, Vannozzi et al. (2017)
reported that grapevines grown with a limiting supply
of iron increased the induction of the gen related to
the biosynthesis of B-carotene hydroxylase (BCH1), an
enzyme implicated in the carotenoid catabolic pathways.
This enzyme is responsible for B-ring hydroxylation of
B-carotene yielding zeaxanthin and B-cryptoxanthin,
which are precursors of C -norisoprenoids (Young et
al., 2012). The overexpression of B-carotene hydroxylase
under iron stress conditions was also coupled to the
induction of certain genes related to the biosynthesis of
terpenoids, which are important constituents of grape
flavor (Vannozzi et al., 2017).

In addition to the direct effects mentioned above,
iron deficiency could affect indirectly the synthesis of
C,,-norisoprenoids through the microclimate. In green
berries, light appears to increase the concentration of
carotenoids, which are photoprotective compounds
considered to be precursors of C -norisoprenoids
(Bureau et al., 2000). Asproudi et al. (2016) suggested
that a greater cluster exposure to sunlight in less vigorous
plants favors norisoprenoids peak concentration
during ripening while, on the other hand, very high
temperature in the fruits would lead to a decline of total
norisoprenoids content during the pre-harvest period.
Moreno et al. (2017) investigated the effect of cluster
exposure by early defoliation on volatile composition of
Tempranillo wines during three consecutive harvests.
These authors reported that defoliation increased the
concentration of all families of volatile compound
quantified, with exception of lactones, improving the
fruity and floral aroma. In this study, it seems that direct
effects of iron deficiency on biosynthesis of grape aroma
compounds were greater than those produced through
the microclimate, since there were no differences in
vigor between high and low Chl subzones (Table 3).

Iron chlorosis was associated to higher
concentrations of some volatile phenols, such as eugenol
and 3,4-dimethoxyphenol in 2017 (Table 6). Bavaresco
et al. (2005) suggested that, as iron is a constituent of
enzymes involved in lignin synthesis, iron deficiency
may switch the shikimate pathway towards other
phenolics. The exposure of clusters to sunlight also
would favor the accumulation of bound volatile phenols
in grapes (Gonzélez-Barreiro et al., 2015), although this
effect seems to be negligible in the present study, as
commented above for C,,-norisoprenoids.

When the relationships between volatile aroma
compounds with petiole nutrient content at veraison
were examined, strong correlations between N with
total free C,-alcohols were detected in 2016 (r = 0.72,
p < 0.001) and 2017 (r = 0.53, p < 0.01). Regardless
of the incidence of iron chlorosis, these results show
that increasing levels of N assimilation in plants have a
negative effect on the aromatic composition of grapes.
The herbaceous aroma content could be increased due to
an excess vigor (Song et al., 2012), which delays ripening.
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It has been reported that nitrogen fertilization increased
C,-alcohols concentrations in Pinot noir berries (Yuan et
al., 2018) and Riesling wines (Webster et al., 1993), and
promoted green aroma notes in Merlot wines (Mendez-
Costabel et al., 2014). 4-Ethylphenol concentration in
must was directly correlated with petiole Mg content (r
= 0.65, p < 0.01) in 2016, indicating that this smoky
type of aroma tended to be more abundant in chlorotic
than in non-chlorotic vines.

The relationships between concentrations of
Cé6-alcohols, C13-norisoprenoids and volatile phenols
with foliar chlorophyll level (Table 6) demonstrate
that Chl, as a symptom of iron deficiency and for its
relationship with nitrogen status, could be useful as an
early indicator of aromatic potential of grapes at harvest.
Within rainfed vineyards moderately affected by iron
chlorosis, the estimation of Chl at veraison using remote
sensing technologies (Zarco-Tejada et al., 2004; Martin
et al., 2007) allows delimiting subzones with higher
(low-Chl) and lower (high-Chl) aroma quality potential.
Grapes from different quality subzones could then be
batched for separate winemaking.

Aromas and maturity indices

Table 7 shows that concentrations of free and total
aroma compounds, free alcohols and free, and bound
aldehydes detected in the must were directly correlated
with vine yield, and non-correlated with berry size or
technological maturity (TSS) in the first season. In the
second one, spring frosts and water deficit in summer
caused a general restriction in yield of vineyard
subzones, and the Pearson coefficients between aroma
contents and yield were not significant. Nevertheless, in
2017, free aldehydes and several groups of bound volatile
compounds were directly correlated to TSS, while free
and bound C-alcohols concentrations were correlated to
berry weight. Low water availability reduced vine vigor
in 2017 (Table 3) thus tending to advance fruit ripening
and reducing C -alcohols concentrations.

Our results agree with those of Maoz et al. (2018),
who reported variations on volatile analysis of Crimson
Seedless table grapes based on acidity or TSS levels, but
not according to berry weight. Although many studies
have detected high correlation between volatiles and
sugar concentrations in grapes (Coelho et al., 2007; Ubeda
et al., 2017), others (Maoz et al., 2018) have reported that
some specific volatile compounds increased with maturity
grade and some others reported a decrease of volatile
compounds. It is generally recognized that grape maturity
affects the flavor profile parallel to the sugar content;
however, it is well accepted that aromatic maturity is
achieved before technological maturity (Marais, 1983).

The phenolic maturity, estimated as TPC, was
related to the aroma potential of grapes both in 2016 and
2017 (Table 7). Total phenolic compounds were positively
correlated to free terpenes, bound volatile acids, and
bound volatile phenols concentrations, and negatively
to free C_-alcohols in 2016. Bound alcohols and free and
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Table 7 - Pearson correlation coefficients between concentrations
of must aroma compounds with vine yield, 100 berry weight (BW),
total soluble solids (TSS) and total phenolic compound content
(TPC) in the grapes.

Year Type / group Yield BW TSS TPC
Alcohols 0.50**-0.01 -0.40 -0.32
CgAlcohols 0.08 0.13 -0.02 -0.58**
Aldehydes 0.44* -0.01 -0.41 0.13
Terpenes 0.03 -0.11 0.04 0.68***
Free Volatile acids 0.00 0.23 041 -0.10

aromas C,;Norisoprenoids 0.05 0.33 0.36 -0.10
Volatile phenols 0.05 0.15 0.27 0.05

Acetates 0.04 0.02 0.11 -0.12
Lactones -0.04 041 0.32 -0.26
Total free 0.44* 0.26 -0.19 -0.29
2016 Alcohols 0.32 0.02 -0.11 0.03
Cg-Alcohols 0.38 0.19 0.18 0.26
Aldehydes 0.61** 0.27 -0.32 0.01
Terpenes 0.27 0.21 0.07 -0.01
E%“n:gs Volatile acids 036 003 025 058"
C,Norisoprenoids-0.09  0.10 0.01 -0.29
Volatile phenols 0.04 -0.07 0.28 0.44*
Acetates 0.34 -0.05 -0.31 -0.28
Lactones -0.14 0.10 0.41 -0.07
Total bound 0.25 0.13 0.26 0.18
Total aromas 0.47* 0.26 0.10 -0.03
Alcohols -0.24 0.26 0.46* 0.02
CgAlcohols -0.14 0.53* 0.04 -0.15
Aldehydes -0.08 0.17 0.53* 0.19
Terpenes -0.21 0.17 0.34 0.02
Carbonyl
Compoa’n o 032 -0.25-028 0.1
Z[gren ,o \Voatleacids  -023 -023 019 048
C,Norisoprenoids-0.16 -0.12 0.27  0.16
Volatile phenols -0.21  0.12 0.24 0.06
Acetates -0.21 0.24 0.28 0.10
Ethyl esters 0.10 -0.22 -0.13 0.21
Lactones -0.23 0.20 0.31 0.00
2017 Total free -0.22 043 0.09 -0.01
Alcohols -0.08 0.35 0.34 0.50*
Cg-Alcohols 0.13 0.55*-0.10 0.14
Aldehydes -0.03 -0.01 -0.22 0.06
Terpenes -0.17 0.28 0.53* 0.31
Volatile acids -0.28 0.06 0.54* 0.53*
Bownd ¢ Norisoprencids-0.09 033 032 0.8
Volatile phenols  -0.17  0.32 0.45* 0.34
Acetates -0.16 0.18 0.51* 0.11
Lactones -0.21 0.25 0.58** 0.35
Ethyl esters -0.18 0.16 0.58** 0.22
Total bound -0.20 0.29 0.57** 0.37
Total aromas -0.30 0.47* 0.35 0.23

*Significant p < 0.05; **Significant p < 0.01; ***Significant p < 0.001.

bound volatile acids were positively correlated to TPC
in 2017. Grapes that are phenolically ripe contain higher
amounts of pleasant aromatic compounds and lower
levels of green herbaceous and vegetable compounds,
such as C,-alcohols (Hellin et al., 2010).
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Conclusions

Our results show that grapes from more water or
iron stressed vines restricted C,-alcohols concentrations
and reached more favorable aromatic maturity levels
than non-stressed grapes. Our results demonstrate that
mild to moderate iron deficiency can have positive
effects on grape aromatic quality through the increase of
biosynthesis of C ,-norisoprenoids and volatile phenols,
irrespective of its impact on vegetative growth, yield
or berry size. Foliar chlorophyll content, measured at
veraison, could be a useful tool in precision viticulture
to early characterization of the grape aromatic potential
within rainfed vineyards affected by iron deficiency.
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