
Contents lists available at ScienceDirect

Scientia Horticulturae

journal homepage: www.elsevier.com/locate/scihorti

Effects of irrigation and collection period on grapevine leaf (Vitis vinifera L.
var. Touriga Nacional): Evaluation of the phytochemical composition and
antioxidant properties

David Barrealesa,b,⁎, Ricardo Malheiroa, José Alberto Pereiraa, João Verdiala, Albino Bentoa,
Pedro Antonio Casqueroc, António Castro Ribeiroa

a Centro de Investigação de Montanha (CIMO)/Escola Superior Agrária, Instituto Politécnico de Bragança, Campus de Santa Apolónia, 5300-253, Bragança, Portugal
bDepartment of Engineering and Agricultural Sciences, Universidad de León, Av. Portugal 41, 24071, León, Spain
c Research Group of Engineering and Sustainable Agriculture, Natural Resources Institute, Department of Engineering and Agricultural sciences, Universidad de León, Av.
Portugal 41, 24071, León, Spain

A R T I C L E I N F O

Keywords:
Leaves
Deficit irrigation
Vitis vinifera L.
Total antioxidant capacity

A B S T R A C T

The cultivation of grapevines (Vitis vinifera L.) has extended worldwide, with great economic importance. From
this crop, we can obtain grapes for fresh consumption, raisins, juices, wine, and other derived products. The
cultivation of grapevines also generates some byproducts, such as seeds, skins, wood and leaves. The leaves can
be removed from the plant, as is common agricultural practice, to improve the production and quality of the
grapes at certain periods in the crop cycle. In the present work, the phytochemical composition (total phenols
content, hydroxycinnamic acids derivatives and flavonols) and antioxidant potential (reducing power, ABTS and
DPPH radical scavenging capacity) of grapevine leaves from cv. Touriga Nacional were evaluated. The studied
cultivar was under three severities of regulated deficit irrigation (RDI60, RDI40, and RDI20; providing 60, 40
and 20% of reference evapotranspiration, respectively) and non-irrigation (NI; exclusively rain-fed), in a vine-
yard located in the Demarcated Douro Region (Portugal). The leaves were collected at three different pheno-
logical stages: veraison, maturation, and grape harvest. For the first time, the interactions between different
irrigation regimes and the collection period were evaluated on grapevine leaves. The results obtained for the
phytochemical composition revealed that increasing irrigation reduced total phenols content, hydroxycinnamic
acids derivatives, and flavonols in all of the phenological stages studied. For instance, compared to that of the
control treatment (NI), the total phenols content reduced 19% in RDI20 (from 189mg GAE g−1 to 153 mg GAE
g−1), 28% in RDI40 (136mg GAE g−1), and 33% in RDI60 (127mg GAE g−1). The antioxidant activity suffered a
reduction when the irrigation amount was increased for all assays. Additionally, the antioxidant activity suffered
a reduction over time, presenting higher values in veraison. For harvest sampling, the loss of antioxidant activity
was more notable, with EC50 values varying between 0.092mgmL−1 (NI) and 0.187mgmL−1 (RDI60).
Altogether, the results suggest that grapevine leaves are a potential source of natural compounds with valuable
antioxidant properties that could be explored by the pharmaceutical, chemical and food industries.

1. Introduction

Drought is the main environmental factor limiting the production of
quality grapes in most of the world’s wine-producing regions (Jones,
2013). The Douro Demarcated Region in Portugal produces famous Port
wines, as well as other types of wines, on a land area of 247,420 ha.
Currently, the agricultural practices are changing in this region in-
cluding the addition of irrigation systems to achieve acceptable grape

yield and quality. Several studies have demonstrated the importance of
irrigation in improving the grape yield and quality in areas with arid
and semiarid climates (Kriedemann and Goodwin, 2003; De la Hera
et al., 2004; Torres et al., 2017).

In recent years, the number of dry days per year has increased in
southern Europe. In the future, almost all of the models predict a re-
duction in the precipitation in Portugal during the spring, summer, and
autumn months. Jones (2013) predicts that, in all future scenarios the
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entire Douro Region will see a significant increase in the average
temperatures up to 2080.

Regulated deficit irrigation (RDI) is one of the most frequently used
irrigation strategies in vineyards with the aim to balance grapevine
vegetative and reproductive growth by applying less than the full vi-
neyard water use at specific periods of the growing season (Dry et al.,
2001). However, successful strategies may vary between regions with
different climates and can even be site-specific, depending on the in-
teractions within the grapevine variety, soil type and vineyard man-
agement practices (Romero et al., 2013). Irrigation programs are in-
troduced in the vines to improve grape production for wine or table
grape, never to improve the composition of leaf production.

The rich and varied chemical composition of V. vinifera leaves ap-
pears to contribute to their biological potential (Fernandes et al., 2013;
Lima et al., 2016). Previous chemical investigations have shown the
presence of several organic acids, phenolic acids, flavonols, tannins,
procyanidins, anthocyanins, lipids, enzymes, vitamins, carotenoids,
terpenes, and reducing or nonreducing sugars in grapevine leaves
(Hebash et al., 1991; Şendoǧdu et al., 2006; Xia et al., 2010; Doshi
et al., 2006; Delìorman Orhan et al., 2009). In many countries of the
Mediterranean Basin, the grapevine leaves are considered a delicacy,
particularly in Greek cuisine, (Harb et al., 2015). Grapevine leaf infu-
sion may be a potential alternative to take advantage of vineyards after
a grape harvest. These findings have led to a considerable interest in
grapevine leaves as a promising source of compounds with nutritional
properties and biological potential (Lima et al., 2017; Devi and Singh,
2017). This approach also provides a means of taking advantage of this
byproduct.

Normally, the grapevine leaves have no economic use in many
producing countries and simply remain in the vineyard for incorpora-
tion into the soil as organic matter and for, in other cases, animal feed.
Some agricultural practices carried out in the vineyard justify the per-
iods selected to collect the grapevine leaves. In these periods, the vine
leaves can be treated as a byproduct: in the phenological stage veraison
and maturation. Leaf removal is the process of eliminating leaves from
the vine in the area around the fruit clusters, usually immediately above
and immediately below the fruit. This technique, also called leaf thin-
ning, is usually applied in order to improve air circulation, increase
fungicide/insecticide spray penetration, increase exposure of a cluster
to sunlight and aid in the ripening process. Furthermore, leaf thinning
improves the phenolic fraction in berries (Bubola et al., 2017; Pastore
et al., 2017), which can lead to a high-quality wine. After grape harvest,
it is also a good moment to take advantage of this byproduct, because
the leaves stops being functional for the plant and, with the arrival of
cold weather, begin the senescence phase.

There are many research studies that have measured the phyto-
chemical composition and antioxidant activity of grapes, leaves and
other parts of the vine but few that relate these parameters to RDI and
phenological stages. Within the existing balance of the vine plant be-
tween the different organs parts, one can predict that high phyto-
chemical content and bioactive properties in leaves can also lead to
high levels in grapes and consequently in the produced wine (Hamman
and Dami, 2000; Roby and Matthews, 2004).

In this sense, the main objective of the present study was to establish
the antioxidant properties and phytochemical composition of grapevine
leaves under RDI and at different harvestdates, corresponding to three
phenological stages: veraison, maturation and grape harvest.

2. Material and methods

2.1. Experimental site

The trial was located in a commercial organic vineyard, located in
the Douro region, NE Portugal (latitude 41° 31′ N; longitude 7° 5′N;
326m a. s. l.). The selected cultivar was Touriga Nacional, an important
traditional Portuguese variety. The vineyard was planted in 2008. Vine

spacing was 2.2×1m (4545 vines ha−1) and the vines were unilateral
cordon trained and spur-pruned with vertical shoot-positioning. Vine
rows were north-south oriented.

2.2. Irrigation treatments and experimental design

RDI was first applied to the vineyard in 2014 and it continued
during the following year. The leaves for this study were collected
during 2015. Irrigation water was applied three times a week, from pre-
veraison until harvest, through a drip irrigation system (Table 1). The
vines were irrigated at three severities of deficit irrigation: RDI60,
RDI40 and RDI20, which provides 60, 40, and 20% of reference eva-
potranspiration (ETo), respectively, and non-irrigated (NI). The re-
ference evapotranspiration was calculated using the modified FAO
Penman-Monteith method (Allen et al., 1998). This method requires air
temperature, air humidity, radiation, and wind speed data. Climatic
data were automatically collected from a weather station located near
the experimental trial.

The beginning of irrigation, in each year, was determined by
grapevine water status. The -0.4MPa value of predawn leaf water po-
tential was established to start irrigation that was continuously carried
out until harvest. The weekly volume of irrigation water to be applied
was calculated each week according to the previous week’s total ETo
and effective precipitation using the following equation:

RDI = (K×ETo – Pe)/Er

Here Pe is the effective precipitation; Er is the irrigation efficiency of
the irrigation system (0.95). The K value represents the fraction of the
ETo for the different irrigation regimes (0.2 for RDI20; 0.4 for RDI40,
and 0.6 for RDI60).

The experimental design was a randomized block with a one non
irrigation and three irrigation treatments with four replicates. Irrigation
treatments were randomly allocated to plots within each block and the
same irrigation treatment was applied to a plot for each successive
growing season.

The climate is classified as Mediterranean, according to Köppen
classification (Köppen, 1923). Summers are hot and dry and winters
have moderate temperatures and changeable, rainy weather. The cli-
matic conditions have been measured during the two years of the ex-
periment and are reported in from July to September 2015 (Fig. 1). The
predawn leaf water potential was measured with a pressure chamber
(Model 1000, PMS Instrument Company, Albany, USA). Measurements
were made before sunrise.

2.3. Plant material and phenological stages

The influence of RDI on leaf composition of the Portuguese wine-
grape Touriga Nacional (V. vinifera L.) was evaluated in three different
collected moments. The leaves were collected in the second year (2015)
of the field experiment, in three different dates, corresponding to three
phenological stages: veraison (11th August), maturation (1th

September) and grape harvest (28th September). Further information
regarding the phenological stages selected: 11th August 2015 - “ver-
aison”, 81 from BBCH scale (beginning of ripening: berries begin to
brighten in colour); 1th September 2015 – “maturation”, 83 from BBCH

Table 1
Dates of first and last irrigation and total water applied for the three treatments.

Growing season Irrigation dates Water applied
(mm)

Rainfall (mm)

First
irrigation

Last
irrigation

RDI20 RDI40 RDI60 NI

2014 25 Jun 05 Sep 70.3 140.6 211.0 192.8
2015 15 Jul 11 Sep 65.2 130.3 195.5 172.2
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scale (berries developing colour); 28th September 2015 – “harvest”, 89
from BBCH scale (berries ripe for harvest). (Lorenz et al., 1995; Meier,
2001).

Four independent samples of approximately 250 g of leaves were
collected on the intermediate zone of the adult shoot per irrigation
treatment and collected moment. Once in laboratory, leaves were vi-
sually inspected and those with signs of pests and diseases as well as
mechanical damages or with birds excrements were rejected for ana-
lysis, being all the debris removed and leaves cleaned when necessary
with distilled water. Dust was removed with a slightly humidified sci-
entific paper to avoid mechanical damages and cells disruption in the
leaves. All samples were then frozen.

2.4. Samples preparation and extraction conditions

All samples were freeze-dried and then grinded. The aqueous ex-
tractions were performed according to Lima et al. (2016): 5 g of freeze-
dried leaves were extracted with 250mL boiling water during 45min,
and then the extract was frozen, freeze-dried and dissolved in water to a
final concentration of 50mgmL−1. For each parameter assessed in this
study, per extract, two replicates were performed.

2.5. Determination of different groups of phenolic compounds

The determination of total phenol content, hydroxycinnamic acid

Fig. 1. Climatic conditions during the months of July, August and September 2015. (A) Precipitation (mm), maximum and minimum temperatures (ºC); (B)
Maximum and minimum relative humidity (%), and maximum solar radiation (W·m−2).
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derivatives and flavonols was performed according to the methodology
described by Boulanouar et al., (2013). One milliliter (0.5 mgmL−1 of
extract) was diluted with 1mL of aqueous ethanol (95% v/v) con-
taining 0.1% of hydrochloric acid and 8mL of 2% hydrochloric acid.
The absorbance was measured at 280 nm to determine total phenols, at
320 nm to determine hydroxycinnamic acid derivatives, and at 360 nm
to determine flavonols content (Genesys 10UV, Thermo Electron Cor-
poration). The results were expressed as gallic acid equivalents (GAE)
g−1 of extract for total phenols, caffeic acid equivalents (CAE) g−1 of
extract for hydroxycinnamic acid derivatives, and quercetin (QE) g−1 of
extract for flavonols.

2.6. Antioxidant activity determination

2.6.1. Scavenging effect on DPPH radicals
The capacity to scavenge the free radical 2,2-diphenyl-1-picrylhy-

drazyl (DPPH) was monitored according to the method of Hatano et al.
(1988). The extract solution (0.3 mL) was mixed with 2.7 mL of a me-
thanol solution containing DPPH radicals (6× 10−5 mol L−1). The
mixture was shaken vigorously and left to stand for 60min at room
temperature in the dark (until stable absorbance values were obtained).
The reduction of the DPPH radical was measured by continuous mon-
itoring of the absorption decrease at 517 nm (Genesys 10UV, Thermo
Electron Corporation). DPPH scavenging effect was calculated as the
percentage of DPPH discoloration using the following equation: %
scavenging effect = [(ADPPH – AS)/ADPPH] × 100, where AS is the
absorbance of the solution when the sample extract has been added,
and ADPPH is the absorbance of the DPPH solution. The extract con-
centration providing 50% inhibition (EC50) was calculated from the
graph of scavenging effect percentage against extract concentration in
the solution. Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-car-
boxylic acid) was used as a reference at concentrations ranging from
0.0025–0.25mgmL−1.

2.6.2. Scavenging effect on ABTS radicals
The ABTS method was applied according to that described by

Karaçelil et al. (2015), based on the capacity of a sample to inhibit the
ABTS radical. The ABTS radical was generated by chemical reaction
with potassium persulfate (K2S2O8). To 25mL of ABTS (7mmol L−1)
were added 440mL of K2S2O8 (140mmol L−1), being the solution kept
in darkness during 12–16 h at room temperature in order to form the
radical. An accurate volume of the previous solution was diluted in
ethanol until an absorbance of 0.70 ± 0.02 at λ=734 nm (Genesys 10
UV, Thermo Electron Corporation). Once the radical was formed 2mL
of ABTS radical solution were mixed with 100 μL of aqueous extract of
grapevine leaf at different concentrations (0.01–2mgmL−1) and the
absorbance measured at λ=734 nm. The ABTS scavenging effect and
EC50 values were calculated according to the previously mentioned for
the DPPH method. Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid) was used as a reference at concentrations ranging from
0.0025–0.25mgmL−1.

2.6.3. Reducing power
The reducing power was determined according to a described pro-

cedure (Berker et al., 2007). The extract solution (1mL from 0.1 to
2mgmL−1) was mixed with 2.5mL of 200mmol L−1 sodium phos-
phate buffer (pH 6.6) and 2.5 mL of 1% potassium ferricyanide. The
mixture was incubated at 50 °C for 20min. After cooling, 2.5mL of 10%
trichloroacetic acid (w/v) were added and mixture was centrifuged at
1000 rpm for 8min (Centorion K24OR-2003 refrigerated centrifuge).
The upper layer (2.5 mL) was mixed with 2.5mL of deionized water and
0.5 mL of 0.1% ferric chloride, and the absorbance was measured
spectrophotometrically at 700 nm (higher absorbance readings indicate
higher reducing power). Extract concentration providing 0.5 of absor-
bance (EC50) was calculated from the graph of absorbance at 700 nm
(Genesys 10UV, Thermo Electron Corporation) against extract

concentration in the solution. Trolox (6-hydroxy-2,5,7,8-tetra-
methylchroman-2-carboxylic acid) was used as a reference at con-
centrations ranging from 0.0025-0.25mgmL−1.

2.7. Statistical analysis

2.7.1. Analysis of variance
The statistical analysis was carried out using Statgraphics Centurión

XVI software. The mean and standard deviation were calculated using
MS Excel software. When analyzing the physicochemical properties and
antioxidant activity data, the normality and homogeneity of variance
were always checked by the Shapiro-Wilk and Levene Tests, respec-
tively. When both conditions failed the nonparametric Kruskal-Wallis
test was applied, followed by multiple comparison of order means. On
the contrary, when normality and homogeneity of variances were ob-
served, an ANOVA followed by Tukey post-hoc test was used. All sta-
tistical tests were performed at a 5% significance level. In addition,
linear regression analysis was applied to detect the existence of sig-
nificant relationships between severities irrigation and the antioxidant
activity.

2.7.2. Principal component analysis
Principal components analysis (PCA) was applied for reducing the

number of variables in the antioxidant activity and phytochemicals
composition of grapevine leaves to a smaller number of new derived
variables (principal component or factors) that adequately summarize
the original information. Overall 7 variables corresponding to the ex-
traction yield, antioxidant activity, and phenolic composition of the
grapevine leaf with different irrigation treatment and collected period
were used in PCA. PCA was performed by using SPSS software, version
22.0 (IBM Corporation, New York, U.S.A.).

3. Results and discussion

3.1. Phytochemical composition affected by deficit irrigation and sampling
period

In the present work the total phenols content, hydroxycinnamic
acids derivatives, and flavonols were studied in the grapevine leaves of
cv. Touriga Nacional under deficit irrigation at different phenological
stages of grapes, namely, veraison, maturation, and grape harvest. The
results obtained are reported in Fig. 2. The irrigation clearly reduced
the total phenols content in grapevine leaves at all phenological stages
studied (Fig. 2). Veraison was the most affected phenological stage. For
instance, compared to that of the control treatment (NI), the total
phenol content was reduced by 19% in RDI20 (from 189mg GAE g−1 to
153 mg GAE g−1), 28% in RDI40 (136mg GAE g−1), and 33% in RDI60
(127mg GAE g−1) (Fig. 2). In the maturation sampling, the following
total phenols content decreases were reported relative to that of the
control treatment: 13% in RDI20 (143mg GAE g−1); and 8% and 9% in
RDI40 and RDI60, respectively (151mg GAE g-1 and 149mg GAE g−1).
Grapevines leaves at harvest sampling also exhibited a severe reduction
in the total phenols content: 5% in RDI20 (130mg GAE g−1); 12% in
RDI40 (120mg GAE g−1); and 20% in RDI60 (109mg GAE g−1)
(Fig. 2). Therefore, independently of the sampling period, irrigation
reduces the amounts of total phenols content in grapevine leaves. Si-
milar results were observed for hydroxycinnamic acids derivatives and
flavonols. In the case of hydroxycinnamic acid derivatives, the reduc-
tion was less pronounced. In veraison sampling, the content ranged
from 45mg CAE g−1 (RDI60) to 60mg CAE g−1 (NI); in the maturation
sampling, the content ranged from 47mg CAE g−1 (RDI20 and RDI60)
to 51mg CAE g−1 (NI); and in the harvest sampling, it varied between
37mg CAE g−1 (RDI60) and 44mg CAE g−1 (RDI20) (Fig. 2).

Regarding the flavonols content, a severe decrease was observed,
mainly in conjunction with irrigation and the sampling time.
Comparing the samples from veraison NI with those of harvest at
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RDI60, the reduction in flavonols was approximately 41% (Fig. 2).
Our results for the non-irrigated grapevines from cv. Touriga

Nacional are within the range demonstrated by Lima et al. (2016) and
Fernandes et al. (2013) for the same variety and within the range of
other international varieties (Andelković et al., 2015; Farhadi et al.,
2016; Monagas et al., 2006). Nevertheless, our results are contrary to
those presented by Katalinic et al. (2011):these authors reported an
accumulation of phenolic compounds over time (from May to Sep-
tember) but with low amounts (maximum of 47mgmL−1) compared to

our results.
The decrease in the phenolic compound content in our study may be

related to the inhibition of some enzymes involved in the metabolic
pathways that lead to the formation of different phenolic groups. The
possible factor responsible for this inhibition is irrigation. For instance,
the formation of hydroxycinnamic acids is influenced by the activity of
ᴌ-phenylalanine ammonia-lyase (PAL) (Zhang and Liu, 2015). PAL
catalyzes the reductive deamination of ᴌ-phenylalanine to form trans-
cinnamic acid, which is the first step for the formation of

Fig. 2. (A) Total phenols content (mg GAE g-1), (B) flavonols (mg QE g-1) and (C) hydroxycinnamic acid derivatives (mg CAE g-1) in the aqueous extracts of
grapevine leaf. Mean values with different lowercase letters differ significantly (p≤ 0.05), for the irrigation treatments studied within the same phenological stage.
Mean values with different capital letters differ significantly (p≤ 0.05) for the phenological stages studied within the same irrigation treatment. NI, RDI20, RDI40,
RDI60: treatments are those explained in the Material and Methods section.
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phenylpropanoid compounds. Therefore, a higher accumulation of hy-
droxycinnamic acids in stressed vineyards is expected, as seen in our
study.

Another important enzyme is chalcone synthase (CHS), which is
responsible for the biosynthesis of flavonoids (Sgarbi et al., 2003). This
enzyme is responsible for the first steps of flavonoids formation
(Winkel-Shirley, 2002), and in the grapevines leaves of cv. Touriga
Nacional, 67% of the phenolic compounds are flavonoids, namely,
quercetin-3-O-glucoside and quercetin-3-O-galactoside (Fernandes
et al., 2013). Irrigation reduces the enzymatic activity of CHS, ac-
cording to Castellarin et al. (2007), because in water-stressed vines, it
was observed that genes encoding this enzyme were up regulated,
therefore yielding flavonoids.

Photosynthesis is the main function of the leaves in the plant. One of
the main mechanisms involved in the process of photosynthesis is the
regulation of the stomatal opening. Stomata are structures located on
the surface of the leaves that regulate gas exchange and transpiration in
the plant. When water stress occurs in the vineyard, there are different
responses of the plant to adapt and survive. One of these mechanisms of
resistance at the physiological level is the closing of stomata to reduce
water losses through transpiration (Taiz and Zeiger, 2006). This re-
sponse is mediated by abscisic acid (ABA) (Zhang and Outlaw, 2001).
ABA is a hormone that is synthesized in the roots. When there is a stress
situation caused by abiotic agents (drought, frost, among others) or by
biotic agents (pests or diseases), the levels of abscisic acid (ABA) are
increased in vegetative tissues (Sivaci et al., 2007). The synthesis of
ABA in the roots increases in response to a water shortage in the soil.

The ABA is transported to mesophyll cells through the xylem,

inducing stomata closure. As, we can see in the climatic conditions
represented in Fig. 1, during the period in which the leaves were col-
lected, the rainfall was residual, and the solar radiation reached max-
imum levels, producing a great hydric stress in the vines. This stress was
possibly manifested by a greater synthesis of ABA, which acts in the
closure of stomata in the hours of greater insolation. With the increase
in the concentration of ABA in the plant there, was an increase in the
synthesis of phenolic compounds and antioxidant activity, as demon-
strated by Xi et al. (2012). Therefore, due to irrigation, the water stress
was reduced, and consequently, the amounts of total phenols, flavonols
and hydroxycinnamic acid derivatives were also reduced.

The reduction in the total phenols content and the flavonols and
hydroxycinnamic acids derivative levels was also corroborated by the
correlations established with the different levels of irrigation (NI,
RDI20, RDI40, and RDI60) (Table 3). From the results obtained in the
regression analysis, it was possible to verify that the correlations ob-
tained were inversely proportional, with a negative slope. This in-
formation is important, since lower irrigation regimes are associated
higher concentrations of phytochemicals, namely, total phenols, hy-
droxycinnamic acids derivatives, and flavonols. This information was
verified independently of the harvest moment of the leaves.

Therefore, in general, vines responding stress increase the synthesis
of phenolic compounds, namely, flavonols and hydroxycinnamic acid
derivatives, since these compounds are involved in protective me-
chanisms against oxidative stress (Dixon and Paiva, 1995; Grace, 2005).
Accordingly, when irrigation water increases, low levels of hydric stress
are observed, negatively affecting the total phenols content. This result
may have repercussions in the bioactive properties of grapevine leaves,

Table 2
Extraction yield (%), antioxidant activity (DPPH, ABTS and reducing power) of aqueous extracts of grapevine leaf for different irrigation treatments and phenological
stages (n= 4; mean ± standard deviation).

Treatments Phenological
stage

Extraction yield
(%)

DPPH
(mg mL−1)1

ABTS
(mg mL−1)1

Reducing power
(mg mL−1)2

NI Veraison 21.7 ± 2.0 bA 0.055 ± 0.007 a,bA 0.271 ± 0.023 aB 0.397 ± 0.056 aA

Maturation 22.3 ± 1.4 cA 0.085 ± 0.010 aB 0.210 ± 0.019 bA 0.419 ± 0.063 aA

Harvest 19.4 ± 1.4 aA 0.092 ± 0.010 aB 0.339 ± 0.033 aC 0.440 ± 0.054 aA

RDI20 Veraison 20.3 ± 1.7 a,bAB 0.074 ± 0.020 bA 0.279 ± 0.025 aB 0.462 ± 0.065 a,bA

Maturation 19.7 ± 1.1 a,bA 0.112 ± 0.013 bB 0.185 ± 0.008 aA 0.549 ± 0.070 bB

Harvest 22.4 ± 1.3 a,bB 0.110 ± 0.014 a,bB 0.468 ± 0.086 bC 0.510 ± 0.067 bAB

RDI40 Veraison 17.8 ± 1.6 aA 0.047 ± 0.002 aA 0.330 ± 0.036 bA 0.479 ± 0.099 bA

Maturation 17.7 ± 1.8 aA 0.113 ± 0.008 bB 0.343 ± 0.027 cA 0.458 ± 0.045 aA

Harvest 20.5 ± 2.6 a,bA 0.133 ± 0.044 bB 0.450 ± 0.064 bB 0.573 ± 0.080 bB

RDI60 Veraison 18.6 ± 2.3 a,bA 0.094 ± 0.031 cA 0.333 ± 0.049 bA 0.488 ± 0.057 bA

Maturation 21.7 ± 1.6 c,bA,B 0.119 ± 0.020 bA 0.404 ± 0.033 dB 0.562 ± 0.049 bB

Harvest 22.9 ± 1.4 bB 0.187 ± 0.022 cB 0.507 ± 0.070 bC 0.580 ± 0.068 bB

Trolox – – 0.037 ± 0.000 0.068 ± 0.001 0.159 ± 0.001

Mean values with different lowercase letters differ significantly (p≤ 0.05), for the irrigation treatments studied within the same phenological stage. Mean values
with different capital letters differ significantly (p≤ 0.05) for the phenological stages studied within the same irrigation treatment.
NI, RDI20, RDI40, RDI60: treatments are those explained in the Material and Methods section.

1 EC50 (mg mL−1): effective concentration at which 50% of the DPPH or ABTS radicals are scavenged.
2 EC50 (mg mL−1): effective concentration at which the absorbance is 0.5.

Table 3
Correlation between irrigation treatments (NI, RDI20, RDI40, RDI60) for different collected time and respective antioxidant activity and phytochemical composition.

Veraison Maturation Harvest

Equation R2 P Equation R2 P Equation R2 P

Antioxidant activity
EC50 DPPH y=0.001x + 0.055 0.155 * y= 0.001x + 0.092 0.358 *** y=0.002x +0.084 0.636 ***
EC50 ABTS y= 0.001x + 0.267 0.375 *** y= 0.004x + 0.174 0.780 *** y=0.002x + 0.369 0.388 ***
EC50 Reducing power y= 0.001x + 0.413 0.183 * y= 0.002x + 0.445 0.210 ** y=0.002x + 0.454 0.402 ***
Phytochemical composition
Total phenols content y = -1.005x + 181.556 0.625 *** y = -0.185x + 157.436 0.080 n.s. y = -0.470x + 137.907 0.488 ***
Flavonols y = -0.516x + 114.33 0.494 *** y = -0.123x + 98.864 0.139 * y = -0.268x + 86.436 0.501 ***
Hydroxycinnamic acid derivatives y = -0.2517x + 57.783 0.511 *** y = -0.049x + 49.928 0.100 n.s. y = -0.100x +43.394 0.213 **

n.s. – not significant; *P≤ 0.05 – significant correlation; **P≤ 0.01 – very significant correlation; ***P≤ 0.001 – extremely significant correlation.
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since phenolic compounds are recognized compounds with an array of
important biological functions and properties (Caleja et al., 2017; Dani
et al., 2010).

3.2. Antioxidant properties affected by deficit irrigation and sampling
period

The antioxidant properties of the grapevine leaves, namely, anti-
radical activity (DDPH and ABTS) and the reducing power were as-
sessed, and the obtained results are reported in Table 2. Independently
of the method assessed and sampling period, the irrigation affected the
antioxidant properties of grapevine leaves from cv. Touriga Nacional, as
we observed a generalized reduction in the antioxidant properties. For
instance, at veraison phenological stage, the EC50 values ranged from
0.047mgmL−1 (RDI40) to 0.094mgmL−1 (RDI60). During matura-
tion, the DPPH values ranged from 0.085mgmL−1 (NI) to 0.119mg
mL−1 (RDI60). For harvest sampling, the loss of antioxidant activity
was more linked with EC50 values varying between 0.092mgmL−1 (NI)
and 0.187mgmL−1 (RDI60).

Regarding the ABTS assay, the same trend was observed, i.e., de-
creased antioxidant properties associated with irrigation and sampling
period. In veraison, the EC50 values for ABTS varied between
0.271mgmL−1 (NI) and 0.333mgmL−1 (RDI60). In the maturation,
RDI20 showed the lowest EC50 values, with 0.185mgmL−1, and RDI60
showed the highest value, with 0.507mgmL−1 (Table 2). Again, the
leaves from the harvest sampling showed the most decreased EC50 va-
lues, which varied between 0.339mgmL−1 (NI) and 0.507mgmL−1

(RDI60).
The capacity of the extracts from grapevine leaves to reduce the

Fe3+/ferricyanide complex to the ferrous form was also negatively af-
fected. The joint action of irrigation and sampling period caused the
greatest loss in the reducing capacity of grapevine leaf extracts. For
instance, in the sampling harvest at NI, the extracts reported an EC50

value of 0.440mgmL−1, while with the treatment RDI60, the value
increased to 0.580mgmL-1 (Table 2). At veraison, the EC50 values in-
creased from 0.397mgmL−1 at NI to 0.488mgmL−1 at RDI60. At
maturation sampling, the EC50 values ranged from 0.419mgmL−1 (NI)
to 0.562mgmL−1 (RDI60).

The results obtained in the antioxidant assays are in accordance
with those obtained by Lima et al. (2016) and Fernandes et al. (2013).
With the present study, we can conclude with the information found
that the joint action of irrigation and sampling period reduced the an-
tioxidant properties of the grapevine leaf extracts. This result was
clearly related to the loss of total phenolic compounds in the leaves, as
discussed earlier, due to the interference in the enzymatic pathways
that lead to the formation of flavonoids and phenylpropanoid com-
pounds. The same was observed in grapes with irrigation and sampling
period, as described by Garrido et al. (2016) and Conesa et al. (2016).

This aspect was corroborated by our data when we correlated the
antioxidant activity with the total phenol content. In Table 3, a re-
gression analysis was established between the different irrigation re-
gimes (NI, RDI20, RDI40 and RDI60) and the EC50 values from the
antioxidant assays. The correlations obtained were clear and directly
proportional, with a positive slope. Therefore, the more water provided
to the vineyard, the higher the EC50 values obtained in the antioxidant
assays were. However, a high EC50 value was ascribed with lower an-
tioxidant activity, since these two aspects are inversely related.

By applying the obtained data in a PCA, we also corroborated this
relation (Fig. 3). The first and second principal components (PC1 and
PC2) explained 75.62% of the total variance. The variables TPC (total
phenols content), HAD (hydroxycinnamic acid derivatives), and flavo-
nols are represented in the positive regions of both PCs. These variables
are related mainly to samples with higher amounts of these phyto-
chemicals, mainly those extracts without irrigation and veraison. In the
opposite region (the positive region of PC2 and the negative region of
PC1) are reported those extracts with lower amounts of phytochem-
icals, mainly those from the harvest sampling treatment RDI60. These
extracts are also characterized by higher EC50 values for DPPH, ABTS,
and the reducing power methods, as inferred from the resulting PCA
(Fig. 3). With PCA, it is also possible to verify that the joint action of
irrigation and sampling period was critical for influencing the phyto-
chemical composition and antioxidant properties of the extracts from
grapevine leaves.

4. Conclusions

The results obtained in the present study allowed us to conclude
that irrigation and sampling period drastically affect the phytochemical
composition and antioxidant activity of grapevine leaves. The joint
action of both variables (the amount of water and the sampling period)
can lead to a loss of approximately 42% of total phenols. The anti-
oxidant properties were affected as well. Higher losses were reported in
the period relative to the grape harvest. It was also concluded that the
loss of antioxidant properties was correlated with the decreased phe-
nolic content of the grapevine leaves. Therefore, we recommend that
grapevine leaves should be collected pre-veraison or at veraison in
order to obtain extracts that have a high content of phytochemicals and
bioactive properties. In this sense, we can obtain a byproduct with good
amounts of phytochemicals with bioactive properties, and, at the same
time, we can improve the berry quality to obtain grapes for a better
wine or for fresh consumption.
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