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Heat waves, high light intensities and water deficit are becoming important threats in many important
viticultural areas worldwide, so the implementation of efficient and cost-effective mitigation strategies
is crucial for the production of premium wines while maintaining productivity. In this context, the foliar
application of kaolin, a chemically inert mineral with excellent reflective properties, is being developed
and experimented as a strategy to reduce the impact of heat and drought in Douro vineyards (North-
ern Portugal), already revealing promising results. In the present study we investigated if an improved
Vitis vinifera antioxidant capacity is part of the beneficial effects of kaolin, by studying changes in the enzymatic
Oxidative stress and nonenzymatic antioxidant system in leaves and berries (cv Touriga Nacional). Results showed that
ROS mature grape berries contained higher amounts of total phenols (40%), flavonoids (24%), anthocyanins
(32%) and vitamin C (12%) than fruits from control vines, and important changes were also measured
in leaves. In parallel, kaolin application improved the antioxidant capacity in berries, which was corre-
lated with the observed increased content in secondary metabolites. Kaolin application also regulated
secondary metabolism at the transcriptional level through the increase in the transcript abundance of
genes encoding phenylalanine ammonia lyase and chalcone synthase.

© 2015 Elsevier GmbH. All rights reserved.
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1. Introduction

Douro Demarcated Region (DDR), recognized in 2001 by
UNESCO as World Heritage, is one of the iconic wine regions
in the world. This widespread area of vineyards, with a crucial
socioeconomic and cultural relevance, has peculiar soil and cli-
matic characteristics providing a suitable “terroir” for premium
wine production (Likar et al., 2015). Excess of temperature, high
irradiance and water scarcity are well-known environmental stress
factors that severely limit grapevine productivity in Douro, which
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are becoming particularly frequent in the context of ongoing cli-
mate change (Fraga et al., 2014).

High irradiance, including UVB radiation, is absorbed by cellular
components such as proteins and nucleic acids, resulting in biomass
reduction, impaired photosynthesis, reduced protein synthesis,
damage to DNA and to other chloroplast functions (Schultz, 2000).
Also, leads to oxidative stress (Molassiotis et al., 2006) when excess
of reactive oxygen species (ROS) are produced from the disruption
of metabolic activities and through the activation of membrane
localized NADPH oxidase (Majer and Hideg, 2012). It is well known
that oxygen radicals are remarkably reactive and cytotoxic in all
organisms, since they can react with unsaturated fatty acids and
thus induce the peroxidation of essential membrane lipids or intra-
cellular organelles (Zimmermann and Zentgraf, 2005). Peroxidation
leads to cell leakage, fast dehydration and finally cell death. Damage
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to intracellular membranes may influence mitochondrial respira-
tion and induce the degradation of pigments and a loss of the
CO,, fixation ability as well as photoinhibition (Zimmermann and
Zentgraf, 2005).

The negative impacts of extreme heat, water scarcity and high
irradiance in vineyards prompted the search for short mitigation
strategies through the application of exogenous compounds that
could maintain or even improve plant productivity under such
environmental stresses. Although the literature reports encourag-
ing results in other crops, these strategies are so far less explored in
grapevine. Indeed, exogenous mannitol application to salt-stressed
wheat, a plant unable to synthesize this polyol, significantly
increased its salt tolerance, mainly by stimulating the activity of
antioxidant enzymes (Seckin et al., 2009). Also, in maize, an exoge-
nous application of glycinebetaine limited the adverse effects of
water stress by modulating water relations (Nawaz and Ashraf,
2007), and its application in tomato (Park et al., 2006), a fleshy
fruit, enhanced tolerance to chilling by protecting membranes and
macromolecules directly and by inducing antioxidant enzymatic
mechanisms. Abscisic acid (ABA) is an important phytohormone
responsible for activating drought resistance, and has been success-
fully experimented as an exogenous protective compound against
abiotic stress in maize (Hose et al., 2000), tomato (Aroca et al.,
2008), spring wheat and poplar (Du et al., 2013).

From a set of promising compounds, we experimented the
exogenous application of kaolin, which is a chemically inert min-
eral with excellent reflective properties that has yielded promising
results. Kaolin reduced leaf surface temperatures, and improved
fruit maturation and quality in apple (Wand et al., 2006), and
reduced leaf surface temperature and increased CO, assimilation
rates in olive (Nikoleta-Kleio et al., 2012). In tomato, kaolin applica-
tion reduced the number of sunburned fruits, exhibited protective
properties against insect attack (Cantore et al., 2009) and influ-
enced the physiological response to salinity (Boari et al., 2014).
Also, in Merlot grape (Vitis vinifera L.), kaolin application enhanced
the total amount of berry anthocyanins (Song et al., 2012) and we
recently showed that in Touriga Nacional it induced a protective
effect on photosystem II structure and function (Dinis et al., 2016).
The protective properties of kaolin make imperative to investi-
gate in more detail the protective properties of kaolin in grapevine
against heat waves, high irradiance and water scarcity, and if an
improved antioxidant capacity is part of its beneficial effects also
due to its potential useful role in water management.

In the present study the effect of kaolin exogenous application
was investigated on the enzymatic and nonenzymatic antioxidant
capacity of leaves and berries from grapevine (cv Touriga Nacional)
through approaches that included ROS-scavenging assessment
by non-enzymatic methods, such as ABTS*+ and [(3-carotene and
hydroxyl radical-scavenging activity assays, the quantification of
key secondary compounds and antioxidants, and molecular biology
approaches to study the effect of kaolin on the expression of two
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important genes of the secondary metabolism, VWPAL1 and VvCHS1,
which encode phenylalanine ammonia lyase (PAL) and chalcone
synthase (CHS), respectively. The observed lower ROS levels,
increased hydroxyl radical scavenging and enhanced production
of antioxidants compounds, including phenolics, flavonoids and
anthocyanins, all key metabolites in berry, are likely important
mechanisms underlying the mitigation effects of kaolin on adverse
abiotic climatic stresses in grapevines.

2. Material and methods
2.1. Chemicals

All chemicals and reagents were of analytical grade and were
obtained from commercial sources (Sigma-Aldrich, Merck, and
Pronalab). Water was treated in a Milli-Q water purification system
(TGI Pure Water Systems, Greenville, SC, USA).

2.2. Plant material and samples preparation

Samples were obtained from Touriga Nacional (Vitis vinifera
L.) cultivar grafted on 110 R located in a commercial vineyard
“Quinta do Vallado” in the Douro Demarcated Region (Denomina-
tion of Origin Douro/Porto) located at Peso da Régua (41°09'44.5"N
07°45’58.2”"W), in northern Portugal. Touriga Nacional is consid-
ered the finest Portuguese red grape variety, and in Douro wine
region is particularly important in the production of Port. The
climate is typically Mediterranean-like, with a warm-temperate
climate and dry and hot summers (Kottek et al., 2006), with
higher precipitation during the winter months and very low during
the summer. The soil, essentially of schist origin with a loam-
dominated texture, is classified as dystric-surribi aric anthrosols
(Agroconsultores and Coba, 1991). Vines were managed without
irrigation and grown using standard cultural practices as applied by
commercial farmers. Monthly maximum temperature (Tmax) and
precipitation values (April to October) are shown in Fig. 1. Temper-
ature values were higher in July and September, while precipitation
values were lower in June and August.

Three vineyard rows, with twenty plants each, were sprayed
soon after veraison (17th July 2014) with 5% (w/v) Kaolin (Sur-
round WP; Engelhard Corp., Iselin, NJ), according to previous work
done by our team (Dinis et al., 2016). A second application in the
same day was done to ensure Kaolin adhesion uniformity. Other
three vineyard lines, with twenty plants each, were maintained as
control, i.e. without Kaolin application. All rows are located side-
by-side (ensuring the same edaphoclimatic conditions) on a steep
hill with an N-S orientation. The vines, with 7 years, were trained
to unilateral cordon and the spurs were pruned to two nodes each
with 10-12 nodes per vine.

Leaves (six fully expanded leaves of the first third of the shoot
per treatment) were sampled in three different dates: 23th July (one
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Fig. 1. Monthly values of maximum temperature (Tnax) and precipitation at the experimental site during 2014.
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week after pulverization), 21st August (one month after pulveriza-
tion) and 3rd September (one month and half after pulverization).
The berry samples were randomly collected (n=200 per row, from
different positions in the clusters and in the vine) in two different
dates: 28th August and 12th September (close to harvest). Samples
(leaves and berries) were kept at —80°C and protected from light
prior to further use.

For extraction of antioxidant compounds, samples were
lyophilized for 48 h and converted to a fine dried powder before
analysis (ground with liquid nitrogen). Sample extraction was car-
ried out combining 0.5¢g (triplicated per sample—one for each
treatment row) of each sample with 5ml of 50% (v/v) methanol
under shaken for 1 h. This step was repeated three times to increase
the yield of extraction. All samples were dissolved in the same
solvent at a concentration of 20 mg/ml.

2.3. ROS quantification

Reactive oxygen species (ROS) were determined with
2/, 7'-dichlorofluorescein diacetate (DCFH-DA) (Sigma-Aldrich,
Germany) (Kong et al., 2014). A 25 mM solution was prepared in
dimethyl sulphoxide for pending use. Twenty microliter of each
sample were loaded into a small well ELISA plate containing 0.2 ml
of PBS buffer (pH 7.4) and 12 uM of DCFH-DA and incubated for
20 min at 25°C.

Fluorescence was measured at 485 nm and 530 nm (excitation
and emission wavelength, respectively), in a CARY 50 Bio (Eclipse,
Australia) every 15 min until 60 min after the incubation. A cal-
ibration curve (y=0.0097x+0.3874; R?=0.99988) was prepared
with 2/,7’-dichlorofluorescein and the results were expressed as
nMDCFmg~! protein.

2.4. Determination of total antioxidant components

The concentration of total phenolics was quantified by the
Folin-Ciocalteu colorimetric method (Singleton and Rossi, 1965)
using a gallic acid (GAE) calibration curve (y=0.0459x+0.0184;
R%=0.99921), and the results were expressed as mg of gallic acid
equivalents/g of dry weight (GAEs).

Flavonoids concentrations in the extracts were determined by a
colorimetric method at 510 nm (Jia et al., 1999). A calibration curve
(y=0.0124x+0.0573 R2=0.99857) was prepared with (+)-catechin
and the results were expressed as pg of (+)-catechin equivalents
per g of dry weight (DW).

The concentrations of (3-carotene and lycopene were deter-
mined according to previously published method (Nagata and
Yamashita, 1992), and the following equations were used:

[B-Carotene(mg/100ml) = 0.216A663-1.220A645 — 0.304A505
+0.452A453

Lycopene(mg/100 ml) = — 0.0458A663 + 0.204A645 —
0.304A505 + 0.452A453

The results were expressed as pg/g (DW) of extract.

For the determination of the total concentration of
carotenoids (Car) (Lichtenthaler, 1987), leaves were ground
with liquid nitrogen and crushed in 80% acetone. The
absorbance was measured at 663, 645 and 470nm. The
results were expressed as wg/g DW of extract according the
followed equation: (1000A47¢9 -1.82C,-85.02C,)/198; where

Cq—chlorophyll a=12.25A663-2.79A645 and C,—chlorophyll
b=21.50A645-5.10A663.

Ascorbic acid concentration was measured at 515 nm (Klein and
Perry, 1982). A calibration curve (y = 2.4704x +0.0005; R? =0.9723)
was prepared with L-ascorbic acid and the results were expressed
as pg/g DW.

Total anthocyanin concentration was estimated using the pH
differential method (Meng et al., 2012). Extracts were diluted with
buffers at pH 1.0 and 4.5 to attain the same dilution. Absorbance
was measured at 520 and 700 nm in both pH 1.0 and 4.5 buffers.
Total anthocyanin (expressed in terms of cyanidin-3-glucoside per
DW) were calculated using the following formula:

. . A x DF x MW
Anthocyaninconcentration = —xC
X

A = (As20 — A700) PH1.0 — (As20 — A700) PHa 5

where MW is the molecular weight of cyanidin-3-glucoside
(449 g/ mol); DF is the dilution factor; ¢ is the molar extinction coef-
ficient of cyanidin-3-glucoside (29,600); C is the concentration of
extracted volume.

2.5. Antioxidant activity by chemical and biochemical assays

2.5.1. ABTS*+ radical-scavenging activity

The radical-scavenging activity of leaf and fruit extracts were
determined by ABTS® * (2,2’-azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid)) radical cation decoloration assay (Re et al.,
1999). The ABTS*+ radical was generated through the reac-
tion of 2,20-azinobis-(3-ethylbenzo- thiazoline-6-sulphonic acid)
diammonium salt (ABTS, 7mM), with potassium persulphate
(2.45mM), in water. The mixture was left to stand for 12-16h
in the dark at room temperature. Absorbance of the reactant was
later adjusted to 0.70 + 0.02, at room temperature, at a wavelength
of 734nm in a UV/vis VARIAN spectrophotometer (CARY 100 Bio,
Australia). The radical-scavenging activity (RSAagts ) was calculated
as a percentage of ABTS*® + discoloration, using the equation: %
RSAAgTs = [(AapTs — A 's)/AapTs] x 100, where Aagrs is the absorbance
of the ABTS® + solution and As the absorbance of the solution with
the sample extract (Dinis et al., 2012). The extract concentration
providing 50% of radical-scavenging activity relative to the tested
concentration (ECsg) was calculated from the graph of RSAags
percentage against extract concentration in the range between
0.25 and 1.5mgml-! of Trolox (hydrophilic homologous of o-
tocopherol) used as standard (y = —0.0287x+0.5535; R2 =0.9976).

2.5.2. DPPH radical-scavenging activity

Various concentrations of leaf and fruit extracts (0.5 ml)
were mixed with methanolic solution containing DPPH radicals
(60 wlmol/l) (Dinis et al., 2012). The mixture was vigorously
shaken and left to stand for 5min in the dark. The reduction of
the DPPH radical was measured by monitoring continuously the
absorbance at 517 nm. The radical-scavenging activity (RSApppy)
was calculated as a percentage of DPPH reduction, using the
same equation as for ABTS. The extract concentration providing
50% of radical-scavenging activity relative to the tested concen-
tration range (relative ECsg) was calculated from the graph of
RSApppy percentage against extract concentration in the range
between 0.1-0.6 mgml~! of extract. Trolox was used as standard
(y=-0.021x+0.3825; RZ =0.9976).

2.5.3. Ferric reducing activity (FRAP assay)

The FRAP assay was carried out according to a modifica-
tion of the original medicinal biochemical assay (Benzie and
Strain, 1996). The antioxidants present in the samples reduce the
Fe(Ill)/tripyridyltriazine (TPTZ) complex to the blue ferrous form,
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Table 1

Seasonal variation of total phenol (mgg~! DW), flavonoid (g g~' DW), vitamin C (g g~! DW) and anthocyanin concentrations (mgg~! DW) (mean £ SD) in leaves and fruits

of grapevines treated with Kaolin and untreated (n=6).

Month Controlo Kaolin p value
Total phenols (mgg~") Leaf July 46.8 +£3.65a 49.1 £3.16a 0.266
August 40.6 £2.36b 39.0+3.35b 0.391
September 40.9+1.16b 38.5+0.820b 0.002
p value 0.002 <0.001
Fruit August 29.6+4.38 39.0+3.16 0.003
September 234+1.64 39.0+2.78 <0.001
p value 0.010 0.928
Flavonoids Leaf July 13.6+0.350b 16.34+0.143a <0.001
(ngg™) August 15.1+£0.053a 11.1+0.108c <0.001
September 9.40+0.261c 11.9+£0.117b <0.001
p value <0.001 <0.001
Fruit August 9.82+0.619 9.08 +0.384 0.033
September 8.25+0.343 10.9+0.481 <0.001
p value <0.001 <0.001
Vitamin Leaf July 745+347a 65.3+4.25 0.045
C August 67.8+2.89b 68.8+2.08 0.639
(ngg™) September 68.2 +0.984ab 68.3+2.16 0.934
p value 0.038 0.426
Fruit August 57.0+0.488 55.440.695 0.035
September 51.6+0.768 58.94+0.131 <0.001
p value 0.003 0.003
Anthocyanins Leaf July 22.8+2.75a 22.8+1.12b 0.953
(mgg™) August 4.56 +£1.23c 2.7+1.41c 0.037
September 9.05+1.59b 37.3+10.5a <0.001
p value <0.001 <0.001
Fruit August 488.9+5.65 485.0+14.2 0.542
September 355.6 +15.6 521.8+10.4 <0.001
p value <0.001 <0.001

In each column different letters mean significant differences (p <0.05) during the season. In each row p < 0.05 represent significant differences between treatments.

Table 2

Seasonal variation of B-carotene and lycopene concentrations (g g~' DW) (mean + SD) and total carotenoids cconcentration (mgg~! DW) in leaves and fruits of grapevines

treated with kaolin and untreated (n=6).

Month Control Kaolin p value
B- Leaf July 28.14+0.062c 27.7+0.111c 0.004
Carotene August 37.6+£0.123a 35.94+0.120b <0.001
(ngg™) September 31.8+0.066b 40.0+£0.197a <0.001
p value <0.001 <0.001
Fruit August 2.09+0.088 24240471 0.307
September 1.19+£0.068 1.20+0.065 0.881
p value <0.001 0.011
Lycopene Leaf July 19.0+0.047c¢ 18.7 +0.066¢ 0.004
(ngg™) August 24.9+0.068a 23.6+0.627b 0.023
September 20.9+0.042b 26.1+0.215a <0.001
p value <0.001 0.005
Fruit August 1.26 £0.033 1.38+0.138 0.239
September 0.712+£0.061 0.718 £0.024 0.876
p value <0.001 0.001
Total Leaf July 1.11+£0.087a 1.02+0.205 0.362
carotenoids August 0.738 £0.043b 0.914+0.032 <0.001
(mgg1) September 0.685+0.132b 0.930+0.133 0.010
p value <0.001 0.397
Fruit August 0.042 +£0.009 0.044 +0.005 0.671
September 0.058 +0.006 0.048 +0.013 0.149
p value 0.008 0.546

In each column different letters mean significant differences (p <0.05) during the season. In each row p < 0.05 represent significant differences between treatments.

with an increase in absorbance at 593 nm. The working FRAP
reagent was freshly prepared by mixing 300 mM acetate buffer, pH
3.6, with 10mM tripyridyltriazine (TPTZ) in 40 mM hydrochloric
acid and 20 mM ferric chloride (FeCls) in water solution. A reagent
blank reading was taken at 593 nm (Aeagentblanks t=0min). Dif-
ferent concentrations of extracts (0.2 ml) were added to freshly
FRAP reagent, and were shaken for 30 min (Dinis et al., 2012).
Afterwards, the absorbance was read and selected as final read-
ing (Asample)- Sample blank reading, using extract and adequate

volume of acetate buffer, was taken also (Asampieblank)- The differ-
ence between Agzmple and Agampleblank Was calculated as Algmpie.
The FRAP value was calculated according the change in absorbance
0f Algample A8AINSt Areagentblank- The extract concentration providing
0.5 of absorbance relative to the tested concentration range (rela-
tive ECsq) between 0.25 and 1.5mgml~! of extract, was calculated
from the graph. Aqueous solutions of known Fell concentrations, in
range of 10-100 mM (FeSO47H;,0) and trolox were used as standard
(y=-0.0019x+0.157; R2=0.9934).
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2.5.4. Inhibition of lipid peroxidation using the B-carotene
linoleate mode system

The antioxidant activity of leaf and fruit grapevine extracts
was evaluated by the [3-carotene linoleate model system (Mi-Yae
et al., 2003). A solution of (3-carotene was prepared dissolving
2 mg of 3-carotene in 10 ml of chloroform. Two ml of this solution
were transferred into a 100 ml round-bottom flask. After remov-
ing the chloroform at 40 °C under vacuum, 40 mg of linoleic acid,
400 mg of Tween 80 emulsifier, and 100ml of distilled water
were added to the flask with vigorous shaking. This emulsion
(4.8 ml) was transferred to different test tubes containing 0.2 ml
of different concentrations of the extracts. The tubes were shaken
and incubated at 50°C in a water bath. As soon as the emul-
sion was added to each tube, the zero time absorbance was
measured at 470 nm. Absorbance readings were then recorded at
20 min intervals until the control sample had changed colour. A
blank, devoid of [3-carotene, was prepared for background sub-
traction. Lipid peroxidation (LPO) inhibition was calculated using
the following equation: LPO inhibition=([3-carotene concentra-
tion after 2 h of assay/initial (3-carotene concentration) x 100. The
extract concentration providing 50% antioxidant activity relative
to the tested concentration range (relative ECsg) was calculated
from the graph of antioxidant activity percentage against extract
concentration (0.25-4.00mgml-!). As standard we used TBHQ
(y=2.4965x3-19.87x% +53.464x +7.7787; R2 =0.9910).

2.5.5. Hydroxyl radical-scavenging activity

The OH-scavenging activity was obtained according to a modi-
fied biochemical assay (Chung et al., 1997). Succinctly, the reaction
mixture was prepared with 10mM FeSO4.7H,0, 10mM EDTA,
10mM 2-deoxyribose, 0.1 M phosphate buffer and sample in a
test tube to give a total volume of 1.8 ml. Finally, 200 wl of H,0,
was added to the mixture, which was incubated at 37°C for 4 h.
After that, 1ml trichloroacetic acid (2.8%) and 1ml thiobarbi-
turic acid (1%) were added to the test tube, which was boiled for
10 min. After cooling, its absorbance was measured at 520 nm in
a Shimadzu 160-UV spectrophotometer. The OH-scavenging activ-
ity (in%) was calculated using the following equation: Inhibition
(%)=[(Ag —A1)/Ao] x 100, where Ag is the absorbance of the con-
trol (without sample) and A; is the absorbance in the presence
of the sample. Tests were carried out in triplicate. The sam-
ple concentration providing 50% inhibition (ECs¢) was obtained
by plotting the inhibition percentage against extract concentra-
tions (0.25-1.75 mg ml~!). Mannitol was used as positive control
(y=-0.055x+91.705; RZ =0.9957)

2.5.6. RNA extraction and gene expression analysis by real time
qPCR

A total of 200 mg of grape berry previously grounded on lig-
uid nitrogen was used for total RNA extraction (Reid et al., 2006).
The obtained RNAs were then purified on RNeasy Mini Spin
columns (Qiagen). After treatment with DNase I (Qiagen), cDNA
was synthesised from 1 pg of total RNA using Omniscript Reverse
Transcription Kit of Qiagen.

Gene expression analysis of VWPAL1 and VvCHS1 on grape berries
at the previously mentioned maturation stages from control or
kaolin treated plants was performed by real-time qPCR. QuantiTect
SYBR Green PCR Kit (Qiagen) was used for qPCR analysis, using 1 .l
cDNA (diluted 1:10 in ultra-pure distilled water) in a final reaction
volume of 20wl per well. For reference genes, VVACT1 (actin)
and VvGAPDH (glyceraldehyde-3-phosphate dehydrogenase), two
genes proven to be very stable and ideal for qPCR normalization
purposes in grapevine (Reid et al.,, 2006) were chosen. Gene
specific primer pairs used for VvPAL1 transcriptional analysis
were: Forward-5'-CGAACCGAATCAAGGACTG-3' and Reverse -5'-
GTTCCAGCCACTGAGACAAT-3’; and for VvCHSI1 transcriptional

Table 3

ECsp values (A) and p-values (B) obtained in the antioxidant activity assays of leaves and fruits of grapevine treated with Kaolin and untreated.

Fruit

Leaf

September

August

September

August

July

ECso (mgml—')

Kaolin Control Kaolin Control Kaolin Control Kaolin Control Kaolin

Control

0.593 + 0.103
0.386 + 0.011
0.611 £+ 0.016
0.818 + 0.014
14.96 + 0.363

0.681 + 0.047
0.590 + 0.029
0.555 + 0.109

0.678 + 0.013
0.429 + 0.007
0.549 + 0.069
4.409 + 0.817

0.771 + 0.061
0.476 + 0.009
0.599 + 0.059

0.788 + 0.037
0.454 + 0.020
0.734 + 0.027

0.812 + 0.024
0.445 + 0.032
0.741 £+ 0.031

0.826 + 0.040
0.492 + 0.049
0.671 £ 0.054

0.626 + 0.128
0.202 + 0.019
0.643 + 0.083

0.483 + 0.016 0.416 + 0.017

ABTS (RSA)
DPPH (RSA)

FRAP

0.414 + 0.045
0.643 + 0.043
0.190 + 0.049

0.176 = 0.003
0.726 + 0.035
0.423 + 0.207

1.99 + 0.136
20.15 + 1.09

2.94 + 0497
30.5 + 2.95

1.56 + 0.321 2.50 £ 0.271 4.72 £ 0.259
46.6 + 6.86 88.4 + 18.7

49.1 + 1.80

1.14 + 0.074
42.7 +3.30

3-Carotene

26.2 + 6.15

285 +2.26 38.3 + 4.04

Hydroxyl (RSA)

Fruit

Leaf

Kaolin
0.227

August September Control
0.052 0.115
0.003

Kaolin

Control

August September

July

p value

0.247
<0.001

<0.001

0.005
<0.001

0.398aA
0.702a
0.789

0.051abA
0.001b
0.659

0.008bB
0.001b
0.05

ABTS (RSA)
DPPH (RSA)

FRAP

0.005

0.002

0.141
0.094
<0.001

0.202

0.424 0.567
0.002

<0.001

0.392

0.142
<0.001

0.007

0.046
0.34

0.090bB 0.001aA

0.042aB

0.130cC
0.022bB

B-Carotene

0.005 0.034

0.001

0.003

0.007

0.022aA

Hydroxyl (RSA)

In each column different letters mean significant differences (p <0.05). In each month p-values mean the significance between treatments and in each treatment mean the significance between months. Lowercase represents

significant differences between months in control grapevine plants and uppercase represents significant differences between months in Kaolin treated plants.
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Fig. 2. ROS concentration (nM DCF mg~! protein) of leaf and fruit extracts in control
and Kaolin treated grapevine plants in different development stages.

analysis were: Forward-5'-CGAGCTCACCACCGAGCACCTTACCT
- 3 and Reverse-5'-CCGCTCGAGTGTTGGCTACCTGCTTCACT-
3. The specific primers for the reference genes VVACTI

and VWGAPDH (Conde et al, 2015) and respectively:
Forward-5'-GTGCCTGCCATGTATGTTGCCATTCAG-3’ and
Reverse-5-GCAAGGTCAAGACGAAGGATAGCATGG-3'; and

Forward-5'-CACGGTCAGTGGAAGCATCATGAACTC-3’ and Reverse-
5-CCTTGTCAGTGAACACACCAGTTGACTC-3'. Melting curve
analysis was performed for specific gene amplification confir-
mation. The efficiencies of the PCR reaction for each gene were
assessed using serial dilutions of template cDNA and were taken
into account for gene expression values. The expression values of
VVPAL1 and VvCHST1 are normalized by the average of the expres-
sion of the reference genes (Pfaffl, 2001). For all experimental
conditions tested, three independent experiments, one for each
biological replicate, with duplicates were performed.

2.5.7. Statistical analysis

For total antioxidant compounds determinations, all the assays
were repeated six times per treatment in each harvest. The results
are expressed as mean values + standard deviation (SD). For the
other experiments, assays were done in triplicate. The differences
between the extracts were analyzed using one-way analysis of
variance, followed by Tukey Test using SPSS 20.0 software. The
ECsg values and their correlation (regression analysis) with non-
enzymatic antioxidant compounds for antioxidant activity were
obtained by GraphPad Prism 6 software.

3. Results

3.1. Kaolin decreases ROS levels and stimulates changes in
antioxidants components in berries and leaves

Results showed that the total amount of ROS in leaves from con-
trol plants decreased from July till August and then increased again
in September. Moreover, the amount of ROS in leaves from kaolin
treated plants was consistently lower in all sampling dates, par-
ticularly in July when ROS decreased by 48%. ROS levels decreased
abruptly from August to September in berry tissues but the pro-
tective effect of kaolin treatment was evident only in August (42%
reduction by comparing with control berries) (Fig. 2).

Table 1 shows the total phenol, flavonoid, vitamin C and antho-
cyanin concentrations in extracts from leaves and berries sampled
from July to September from grapevines treated with kaolin and
control plants. As can be seen, while the total amount of phe-
nols did not change substantially in leaves between control and
kaolin treated plants, they increased by 32% (in August) and 66% (in
September) in berries of treated plants. Regarding flavonoids, the
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Fig.3. Antioxidant activity of leaf (A) and fruits (B) extracts of Touriga Nacional (Vitis
vinifera L.) with (K) and without Kaolin (C) in different growth stages. Scavenging
activity on ABTS, DPPH and hydroxyl radicals (%), FRAP and bleaching inhibition (%).
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Fig. 4. The effect of Kaolin application in the transcript levels of the grapevine VvPAL1 (A) and VvCHS1 (B) in grape berries. Gene expression analysis, by real-time qPCR,
of VWPAL1 and VvCHS1 on grape berry tissues collected at the mature and full mature ripening stages from vines subjected to control (without application) or Kaolin-
treated grapevines. VvPALT and VvCHST relative expression levels were obtained after normalization with the expression of the reference genes VvACT1 and VvGAPDH. Two
independent qPCR runs with triplicates were performed for each tested mRNA. Values are the mean =+ SE.

most relevant result was observed in berries at the mature stage
(September) when an increase by 32% between control and kaolin
treated vines was measured. Regarding vitamin C, an increase by
14% in mature berries between control and kaolin-treated vines
was observed. Kaolin application also showed a stimulating effect
on the production of anthocyaninn in leaves and fruits. In leaves
from kaolin-treated plants a strong increase (14-fold) in antho-
cyanins content from August to September was observed, while
in control plants anthocyanins concentration only duplicated in
the same period. Moreover, the concentration of anthocyanins
increased by 47% in mature berries between control and kaolin-
treated plants.

Table 2 shows the concentrations of (3-carotene, lycopene and
total carotenoids in leaves and berries. The [B-carotene concen-
tration increased by 31% in leaves from July to September in
kaolin-treated vines, while in control samples its concentration
picked in August before decreasing till September. Consequently,
in September the concentration of [3-carotene was 45% higher
in leaves from kaolin-treated vines than in control plants. While
in leaves from control and kaolin treated plants the pattern of
lycopene variation from July to September was similar to the
reported above for [3-carotene, in berries the concentration of 3-
carotene was not influenced by the treatment.

Regarding total carotenoids, while in leaves from control plants
its concentration decreased by 38% from July to September, the
application of kaolin seemed to prevent this abrupt decrease.
Consequently, in September the total carotenoid concentration in
leaves increased by 26% between control and kaolin-treated plants.
In berries, the total carotenoids concentration was similar between
treatments.

Table 4

3.2. Kaolin application boosts the antioxidant activity of berry
tissues

The antioxidant potential of leaves (Fig. 3A) and berries (Fig. 3B)
was estimated from the scavenging activity of the corresponding
extracts on ABTS, DPPH and hydroxyl radicals, with the FRAP assay
and from the inhibition of lipid peroxidation using the (3-carotene
linoleate system.

As expected, the antioxidant activity of both extracts increased
with the increase of the concentration of each extract. The cor-
responding ECso values for each concentration range test (see
material and methods) are presented in Table 3. While in leaves
the results of the different antioxidant assays were somewhat vari-
able, in fruits, the increase of the antioxidant activity mediated
by kaolin application was very clear from the results of the ABTS,
DPPH and Hydroxyl assays both in August and September, while the
[3-carotene assay showed that kaolin improved berry antioxidant
activity only in September.

3.3. Kaolin application regulates the biosynthesis of phenolics
compounds at the transcriptional level

Real-time qPCR analysis showed that the transcript levels of
phenylalanine ammonia lyase (VwPAL1) (Fig. 4A), an enzyme that
catalyses the first step in the phenylpropanoid pathway in which
trans-cinnamic acid is produced, and key in grape berry secondary
metabolism; and of a chalcone synthase (VvCHS1) (Fig. 4B), an
enzyme that catalyses the first step of the flavonoid pathway,
increased in the final maturation stages in berries form kaolin-
treated plants.

Correlation matrix (r value) established between total phenol, flavonoid, anthocyanin and Vitamin C concentrations, and scavenging effect on ABTS, DPPH, hydroxyl radicals,

FRAP and (3-carotene.

Assays Leaf

Phenols Flavonoids Vitamin C Anthocyanins

Control Kaolin Control Kaolin Control Kaolin Control Kaolin
ABTS (RSA) -0.826 -0.939 —-0.645 —-0.987 -0.722 0.562 —0.504 -0.023
DPPH (RSA) -0.62 -0.527 -0.924 —0.658 -0.404 0.487 -0.23 -0.321
FRAP 0.073 -0.151 -0.716 0.157 0.147 0.191 0.418 0.808
B-Carotene —-0.766 -0.843 -0.84 -0.622 -0.531 0.348 -0.432 0.717
Hydroxyl (RSA) —0.862 -0.734 -0.441 -0.504 -0.646 0.191 -0.701 0.706
Fruit
ABTS (RSA) 0.593 0.398 0.847 -0.83 -0.622 0.42 0.655 -0.709
DPPH (RSA) —-0.947 —-0.459 —-0.811 -0.862 0.889 0.957 —-0.978 -0.816
FRAP 0.71 0.095 0.784 0.62 -0.728 -0.629 0.838 0.679
3-Carotene 0911 -0.484 0.857 —-0.802 -0.976 0.948 0.966 -0.638
Hydroxyl (RSA) 0.957 -0.423 0.902 -0.928 -0.857 0.908 0.947 -0.878
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4. Discussion

Results showed that kaolin decreased ROS levels and stimulated
changes in non-enzymatic antioxidants components in berries
and leaves, including phenols, flavonoids, anthocyanins and 3-
carotene, part of them with well-known contribution to berry and
wine quality. In agreement, the results of the ABTS, DPPH and
Hydroxyl assays showed a very consistent increase of the antiox-
idant activity in fruits mediated by kaolin. Phenols and flavonoids
were the components that exhibited a better correlation with ECsq
values for the antioxidant activity assays in leaves, excluding the
FRAP assay, while lower correlations were found between antiox-
idant activity and concentration of anthocyanins and vitamin C
(Table 4). Of note, phenols, flavonoids, anthocyanins and vitamin C
contents showed a consistent positive correlation with antioxidant
activity in berries (Table 4).

The observed stimulation of anthocyanin synthesis by kaolin
was particularly significant in mature berries, in which an increase
by 47% was observed. This stimulation may result from an increase
in the partitioning of carbohydrates into the fruit, following previ-
ous observations that kaolin promotes canopy photosynthesis and
protects photosystem II structure and function (Dinis et al., 2016;
Glenn et al., 2010). Indeed, the relationship between sugar and
anthocyanin content is well documented (Dai et al., 2014; Hunter
et al,, 1991; Larronde et al., 1998; Pirie and Mullins, 1977). The
protective role of kaolin against heat, which is reported to inhibit
the synthesis of anthocyanins and/or to stimulate anthocyanins
degradation (Ramesh et al., 2010) may also explain the observed
differences in the levels of anthocyanins in fruits, which is very
relevant at both basic scientific and agronomical standpoints.

As previously mentioned, phenylalanine ammonia lyase (PAL)
is a key enzyme in the beginning of the phenylpropanoid pathway
that provides the substrate for the activity of chalcone synthase
(CHS) that marks the beginning of the flavonoid biosynthesis
pathway, in which, among other compounds, anthocyanins are syn-
thesized. The increase of VWPAL1 and VvCHS1 expressionisindeed in
total agreement with the observed significant increase in total phe-
nol and flavonoid concentration, suggesting that kaolin application
positively influences secondary metabolism also at the transcrip-
tional level.

The observed improvement in polyphenols in grapes may also
result from increased water availability in grapevines, as suggested
before (Iriti et al., 2011), because kaolin particle film could reduce
water loss through the increase of canopy reflectance of infrared
and ultraviolet radiations, thereby reducing leaf and fruit tissue
temperature (Khaleghi et al., 2015). These effects could also explain
why kaolin lowered the decrease of carotenoids in leaves from July
to September, because heat, PAR and UV are known to activate
chlorophyllases (Glenn et al., 2003). Moreover, due to the reflec-
tive properties of kaolin, leaves were probably better adapted to
excessive solar radiation leading to this result.

Phenolic substances of grapes are of remarkable interest
due to their antioxidant and free radical scavenging proper-
ties (Orak, 2006) that might be explored biotechnologically in
biomedicine to alleviate oxidative stress associated with various
human disorders, including cardiovascular and neurodegenerative
diseases, atherosclerosis, cataracts and chronic inflammation (Dinis
et al., 2012). Relevant nutraceutical and pharmacologic properties,
including anti-allergic, anti-inflammatory and anti-carcinogenic
effects, as well as diabetes prevention and vision improvement
(Ghosh and Konishi, 2007), have been attributed to the complex
mixture of phenols present in berry tissue (Barreira et al., 2008;
Teixeira et al., 2013). In this regard, grapes and wines from Kaolin
treated plants deserve further attention in what regards the above
organoleptic and health related parameters.

In conclusion, the present work showed that kaolin exoge-
nous application mitigates the effect of adverse abiotic climatic
stresses in grapevines, in part by contributing to lower ROS levels,
increased hydroxyl radical scavenging and enhanced production
of antioxidants compounds, including phenolics, flavonoids and
anthocyanins, all metabolites with great positive influence on berry
quality. An increase in the transcript abundance of VvPAL1 and
VvCHS1 genes apparently contributed to these changes in phenolic
concentration. Overall, the results reinforce the promising nature
of kaolin application as summer stress mitigation strategy.
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