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Phenolic compounds are secondary metabolites synthesised in response to biotic or abiotic stress in plants.
This stress-induced increase in phenolic compound concentrations is generally activated by internal levels
of abscisic acid (ABA). The exogenous application of ABA or calcium chloride on grapevines is also known
to increase grape yield and alter the phenolic composition of grapes. Residues of cement industries such
as calcium carbonates (CaCO,) are a safe environmental source of calcium that could be used to induce
the synthesis of phenolic compounds and act as a yield promoter in grapes and other crops. Consequently,
the objective of this study was to evaluate the effect of cement industries’ CaCO, residues (CaCO,R) on
the yield and concentration of phenolic compounds in Shiraz grapes. Thirteen phenolic compounds were
identified and quantified by HPLC-DAD. Malvidin-3-O-glucoside was the major anthocyanin found in
Shiraz grapes, and its concentration increased by more than 200% in CaCO,R-treated vines. Similarly, the
concentration of cinnamic acid, the main precursor of phenolic compounds, increased by more than 900%
in grapes treated with CaCO, residues at harvest time. Finally, catechin, epicatechin and procyanidin
B1 and B2 increased significantly at harvest time in CaCO,R-treated grapes relative to the controls. In
general, it was found that foliar application of CaCO, residues from the cement industry at véraison
induced an increase in yield, and in the concentration and composition of phenolic compounds in grapes.

INTRODUCTION

Calcium (Ca) is a secondary messenger that triggers
environmental adaptive mechanisms in plants as a response
to biotic and abiotic stress (Ranty et al., 2016). Biotic
stress, resulting from the presence of insects or pathogens
in grapevines, for example, triggers jasmonic acid synthesis
in the tendrils. Similarly, abiotic stress due to exposure to
extreme cold, high UV-B radiation, high levels of metal
in the soil, high salinity or drought activates abscisic acid
(ABA) synthesis in the leaves and results in stomatal closure
(Taurino et al., 2015; Vishwakamara et al., 2017).

It has been demonstrated that Ca regulates at least three
groups of Ca-dependent proteins in Arabidopsis and other
plants. Proteins such as calmodulins (CMs), calcineurin
B-like proteins (CBLs) and calcium-dependent protein
kinases (CDPKs) can play a critical role in cellular signalling
cascades. These Ca-dependent proteins operate as sensors
and signal transmitters in response to salinity or drought
stress, and can induce gene expression that activates ABA

synthesis and stomatal closure (Yang et al., 2012; Zou
et al., 2015). In vineyards, regulated deficit irrigation is a
common practice to induce drought stress in the plant at
the onset of ripening or véraison in order to stimulate ABA
synthesis and enhance pigment accumulation. However, this
irrigation practice commonly reduces grape yield at harvest
time (De-la-Hera-Orts et al., 2005; Kyraleou et al., 2017).
Recent studies show that foliar ABA application enhances
pigment concentration in tomatoes, strawberries, litchis and
grapes (Singh et al., 2014; Yamamoto et al., 2015; Jia et al.,
2016). It was demonstrated that these ABA applications
induce the expression of structural genes and transcription
factor genes that activate the phenylpropanoid pathway and
anthocyanin synthesis through their effect on the activity
of phenylalanine ammonia-lyase (PAL) and chalcone
synthase (CHS) enzymes (Ferrandino & Lovisolo, 2014;
Koyama et al., 2014; Villalobos-Gonzalez et al., 2016).
However, exogenous applications in commercial farming
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are not economically feasible due to the high cost of ABA.
Consequently, other studies have explored the use of calcium
chloride (CaCl,) to increase the synthesis of total phenolic
compounds and anthocyanins in plants (Al-Qurashi & Awad,
2013; Xu et al., 2014; Martins et al., 2018). It has been
shown that the use of foliar CaCO, applications as a source
of Ca increases the total content of phenolic compounds in
olives (Squeo ef al., 2016). Moreover, CaCO, application
also increase grape yield in commercial vineyards (Sabir
etal.,2014).

Overall, phenolic compounds from grapes play a key role
in determining wine organoleptic characteristics and quality.
Anthocyanins and stilbenes, for example, provide the red or
purple coloration in wines, while phenolic acids and flavan-3-
ols are responsible for astringency and bitterness. In addition
to polyphenols, the overall characteristics and balance of
the wine are provided by the chemical characteristics of
the grapes at harvest. These include the concentration of
total soluble solids (TSS), pH, total titratable acidity (TA),
organic acid composition, and positive and negative aromas,
among others (Nogales-Bueno et al., 2013; Olivares et al.,
2017). Thus, the addition of various compounds to improve
yield in commercial vineyards must maintain the balance
among chemical characteristics and phenolic compounds.
It is hypothesised in this study that foliar applications of
CaCO, in grapevines during véraison will increase yield
and enhance the accumulation of phenolic compounds in the
grapes, without affecting chemical parameters.

Climate change has been associated with high
anthropogenic carbon dioxide (CO,) emissions into the
environment. To mitigate this environmental impact,
the cement industries use different processes to capture
CO, emissions and generate residues as CaCO, (Anbu
et al., 2016). These residues could be used as a source of
Ca in commercial farming operations. Particularly, CaCO,
from cement industry residues (CaCO,R) could provide
an inexpensive source of Ca to increase grape yield and
polyphenol concentrations in viticulture operations.
Consequently, the objective of this study was to evaluate
the effect of foliar CaCO,R applications on the yield of,
and on the total and individual concentrations of phenolic
compounds in, Shiraz grapes.

MATERIAL AND METHODS

Chemicals and solvents

Malvidin-3-O-glucoside chloride, pelargonidin-3-O-glu-
coside chloride, cyanidin 3-O-glucoside chloride, cyan-
idin-3-O-galactoside, gallic acid, trans-cinnamic acid,
trans-caftaric acid, protocatechuic acid, trans-resveratrol,
(+)-catechin, (-)-epicatechin, and procyanidin dimers Bl
and B2 standards were used for molecule identification and
quantification. All reagents and solvents used were of ana-
lytical or HPLC grade, and were purchased from Sigma-Al-
drich (St. Louis, Mo, USA), J.T. Baker (Baker-Mallinckrodt
Inc, Mexico), and Merck (Merck, Germany).

Study site and treatments

Experiments were conducted in 2017 at an experimental
vineyard (28° 25' N and 106° 51' W, 2 010 m above sea
level) owned by the Universidad Autéonoma de Chihuahua,
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Chihuahua, Mexico. The vineyard consisted of eight-year-
old Shiraz vines (1103P rootstock) planted at a 3 m distance
between rows and 1 m between grapevines. Vines were
trained using a Royat system, with rows oriented north-south
on sandy loam soils. Drip irrigation was applied from bud
break to véraison, and a humidity of 15.6% was maintained
throughout the experimental period. Climatic conditions
were monitored at a meteorological station (Quintas Lupi-
tas of Unifrut). Rainfall is frequent during the ripening pe-
riod at the study site, and the accumulation from the time of
CaCO,R application until harvest time was 201.4 mm. The
average maximum and minimum temperatures were 23.9°C
and 13.6°C respectively.

Calcium carbonate residues (Table 1) from a local ce-
ment industry were used as a source of Ca in the experimen-
tal treatments. A CaCO,R (1% w/w) aqueous solution was
prepared with tween-20 (0.05 mL L") as adherent agent. The
concentration of the solution was selected after conducting
preliminary field tests. The CaCO,R solution was applied to
the grapevine leaves when clusters reached > 90% véraison
using a backpack piston sprayer at a rate of 1 L plant! (ap-
prox. 3.9 g Ca plant’!, Table 2). Grape sampling started fif-
teen days after the CaCO,R foliar application. Approximate-
ly 200 berries were randomly collected from each treatment
once a week from véraison to harvest time.

Foliar elemental analysis

Forty grapevine leaves were randomly collected once a week
before harvest. Leaves were rinsed with deionised water and
oven-dried for 72 h in an oven at 70°C to constant weight.
The concentration of calcium (Ca), potassium (K), phospho-
rus (P), magnesium (Mg), manganese (Mn), iron (Fe), copper
(Cu) and zinc (Zn) in the leaves was determined using flame
atomic absorption spectrometry with oxygen-acetylene flow
(PinAAcle 900H, Perkin Elmer, Shelton, CT, USA) (Olivei-
ra et al., 2009). The flame emission measurements were de-
termined at 422.7 nm (Ca), 766.5 nm (K), 285.2 nm (Mg),
327 nm (Cu), 372 nm (Fe), 403.1 nm (Mn) and 213.9 nm
(Zn). Standards (0 to 20 ppm) were used to calibrate the in-
strument, and four replicates were analysed per sample.

Grape analysis

Chemical analysis

Fresh berries (50 per sample) were randomly collected (four
replicates) from each treatment and control to conduct chem-
ical and phenolic analyses. Samples were used to determine
tristimulus colour (lightness value L*, colour channels a*

TABLE 1
Characterisation of CaCO, residues from cement in-
dustries in Chihuahua, Mexico.

Molecule Concentration (% w/w)
Calcium (Ca) 20.4
Magnesium (Mg) 0.32

Calcium carbonate (CaCO,) 45.50

Silicon dioxide (SiO,) 33.77
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TABLE 2

Phenological stages from dormancy to leaf fall and CaCO,R application on Shiraz grapes.

Phenological stage

Gregorian day Degree days ("C)

Dormancy

Bud swelling

Bud burst

Beginning of foliar development
Foliar development (> 3 leaves unfolded)
Inflorescence clearly visible
Inflorescence fully developed
Flower separating

Flowering

Fruit set

Beginning of véraison

* Véraison (> 90%)

Berries ripe for harvest

Leaves falling

60 108.02
73 152.44
78 178.80
83 205.37
88 223.83
95 245.38
99 268.74
110 339.03
121 410.16
132 473.99
185 990.15
198 1096.63
242 1445.10
293 1784.27

*Timing of foliar application of CaCO,R.

and b*) using a tabletop colorimeter (CR-300 model, Mi-
nolta Co. Ltd, Osaka, Japan). Fruit firmness was determined
using a TA-XT2i texture analyser (Texture Technology
Corp., Scarsdale, N.Y., USA. and Stable Micro System Ltd,
Godalming, UK). The texture analyser was equipped with a
7 mm diameter stainless steel striker pin that punctured the
grape skin at a rate of 10 mm s'. The maximum puncturing
force (in Newtons) was determined for 20 berries per treat-
ment (four replicates). Berries were crushed and macerated
for 1 h to evaluate pH (HANNA Instruments Inc., Woon-
socket, USA), TA, TSS and phenolic compounds according
to international methods for grapes and wine (OIV, 2017).
Total soluble solids in the must were determined using a dig-
ital refractometer (ATAGO Co. Ltd., Osaka, Japan), and TA
was determined by titration of the sample with 0.1 N NaOH.

Analysis of polyphenols
Polyphenols were extracted from the grapes in a dark room
with a red safety light. Crushed berries (~3 g) were mixed
with 40 mL of acetone/water/trifluoroacetic acid (AWTA,
70:29.9:0.1 v/v) and homogenised using an Ultra Turrax
(IKA T18) at 1 000 rpm for 1 min. The sample was vor-
texed for 5 min, sonicated on ice for 5 min, and then fil-
tered through a Whatman filter paper No. 4. Material on the
filter was further rinsed with 40 mL AWTA until the tissue
was decolorised. The acetone phase was eliminated in a ro-
tavapor (39°C) and the solution was brought up to 50 mL
with 0.01% TA. Finally, the extracts were filtered through
a 0.45 pm membrane filter and stored in borosilicate amber
vials for subsequent polyphenol analysis.

Total phenolic compound concentration was deter-
mined spectrophotometrically after the Folin-Ciocalteau
reactions, and was quantified with gallic acid calibration
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curves. Individual phenol analysis was performed in an Agi-
lent 1200 series high-performance liquid chromatography
(HPLC) system (Agilent, Palo Alto, Ca, USA) with a diode
array detector (Ymc Inc. Miliford, Ma, USA) according to
standard protocols (Ornelas-Paz et al., 2017). The separation
of phenolic compounds was performed with an XDB-C18
column (Agilent, Zorbax eclipse 4.6 x 150 mm 5 pum). The
column was operated at 30°C with mobile phases consisting
of 2% (v/v) acetic acid (A) and acetonitrile (B). The flow rate
was maintained at 1.0 mL min™!, with the following gradient:
100% A/0% B at 0 min; 93% A/7% B at 12 min; 89% A/11%
B at 20 min; 86% A/14% B at 35 min; 84% A/16% B at 36
min; 82% A/18% B at 41 min; 76% A/24% B at 48 min; 70%
A/30% B at 54 min; 65% A/35% B at 59 min; 50% A/50%
B at 65 min; 35% A/65% B at 70 min; 25% A/85% B at 75
min; 15% A/85% B at 80 min; 5% A/95% B at 85-90 min;
and 100% A at 95 min. Polyphenols were monitored with
UV-visible spectra for anthocyanins (A = 520 nm), stilbenes
(A = 320 nm), phenolic acids (A = 280 nm) and flavan-3-ol
groups (A = 280 nm, except catechin, which was monitored
at A = 320 nm) (Wang et al., 2016). Individual polyphenols
were identified and quantified using standards and calibra-
tion curves. Compounds were identified using retention time
of the peak, the shape of the chromatographic peak and the
spectra of the extracted anthocyanins. The retention time and
shape of the chromatographic peak was compared to that of
specific standards. In addition, internal standards were in-
jected with the samples to verify the compound.

Statistical analysis

Results were statistically evaluated based on a split-plot in
time design. Analysis of variance and a least square means
test were used to detect significant differences among
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treatments, and were conducted using SAS System for
Windows 9.0 (SAS Institute. Inc. Cary, N.C., USA, 2002)
after testing for normality and homoscedasticity of the data.
The significance level was set at 0.05 and the experiments
were conducted using four replicates.

RESULTS

Effect of grapevine leaf CaCO,R application on yield
and chemical characteristics of grapes

Several macro- and micronutrient concentrations in
grapevine leaves varied significantly as a result of the
CaCO,R application relative to the controls (Fig. 1). Thus,
the relative concentration of Ca increased ~25% in CaCO,R-
treated grapevine leaves compared to the controls (Fig. 1A).
In contrast, absolute or relative concentrations of K, Mg,
Fe and Mn in CaCO,R-treated grapevine leaves decreased
significantly, but only by up to approximately 10% relative
to the controls (Fig. 1A and 1B). Finally, the concentration of
P, Cu and Zn in the leaves did not change significantly in the
CaCO,R-treated vines relative to the controls.

The grape yield and cluster weight of the Shiraz vines
also varied as a result of CaCO,R application (Fig. 2). While
the number of clusters per vine was kept similar between
treatments (Fig. 2A), the cluster weight and yield increased
significantly, by more than 50%, in the CaCO,R-treated
grapevines relative to the controls (Fig. 2B and 2C).

In general, there were no significant changes in the
chemical composition of the grapes as a result of CaCO,R
application (Table 3). The percentage of total soluble solids,
%TA and pH of the grapes did not vary significantly as a
result of CaCO,R application relative to the control at harvest
time. Similarly, the firmness and colour of the grapes were
statistically similar between the control and the treated vines
at harvest time.

Influence of pre-harvest CaCO,R on the concentration of
phenolic compounds in grapes

Total phenolic compounds, stilbenes and anthocyanins
Total phenolic concentration, as well as that of specific
phenolic compounds in the berries, varied significantly

between the treated and control vines (Table 4). Thus, the
total phenolic concentration was approximately threefold
greater in the CaCO,R-treated vines relative to the controls
at harvest time, whereas trans-resveratrol did not differ
significantly at harvest time between CaCO,R-treated vines
and the controls. The most abundant anthocyanin found in
Shiraz grapes was malvidin-3-O-glucoside, which increased
nearly threefold at harvest time in the CaCO,R-treated vines
relative to the controls. Similar to malvidin-3-O-glucoside,
the mean concentrations of cyanidin-3-O-galactoside,
cyanidin-3-O-glucoside and pelargonidin-3-O-glucoside
increased two- to threefold in CaCO,R-treated vines relative
to the controls.

Phenolic acids and flavan 3-ols
At harvest time, the concentration of most phenolic acids
and flavan-3-ols increased significantly in the grapes of
CaCO,R-treated vines relative to the controls (Table 5).
The concentration of gallic acid in the grapes was 10- to 70-
fold greater than that of the rest of the phenolic acids. In
most cases, the concentration of phenolic acids and flavan-
3-ols increased sharply 36 days after CaCO,R application.
The concentration of the phenolic acid #rans-cinnamic acid
significantly increased by 12-fold, while the concentration of
caftaric acid increased twofold at harvest time in the berries
of CaCO,R-treated vines relative to those in the controls.
In contrast, the concentration of gallic acid remained the
same in the treatment and controls at harvest time. The sharp
decrease in total and specific phenolic compounds 29 days
after CaCO,R application coincided with rainfall in the area.
Catechin, epicatechin, and procyanidin Bl and B2
were identified in Shiraz grapes (Table 5). Epicatechin
was the major flavan-3-ol in berries, and at harvest time its
concentration was twice as high in the CaCO,R-treated vines
than in the controls. Similar to epicatechin, the concentration
of catechin and procyanidin B1 was two- to threefold greater
at harvest time in the CaCO, R-treated vines compared to
the controls, whereas that of procyanidin B2 was only 35%
greater in the CaCO,R-treated vines than in the controls.
Overall, there was a significant increase in the relative
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Effect of foliar CaCO,R application on the relative concentration (%) of potassium (K), calcium (Ca), magnesium (Mg) and
phosphorous (P), and the concentrations (in ppm) of copper (Cu), iron (Fe), manganese (Mg) and zinc (Zn) in the leaves of
Shiraz grapes. Different letters above bars indicate statistically significant differences.
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Effect of foliar applications of CaCO,R on the average number of clusters per grapevine (+ SE), cluster weight and grape yield
at harvest time in Shiraz grapes. Different letters above bars indicate statistically significant differences.

concentration of polyphenolic compounds in Shiraz
grapes relative to the controls at harvest time. The relative
concentration of anthocyanins and flavan-3-ols increased
~twofold at harvest time in the berries of CaCO,R-
treated vines compared to that of the controls. Finally, the
relative concentration of stilbene in the berries increased
significantly, by ~30%, in the CaCO,R-treated vines relative
to in the controls. In contrast to these polyphenols, there was
no detectable variation in the concentration of phenolic acids
between treatments and controls at harvest time.

DISCUSSION

The results of the present study show that foliar CaCO,R
applications affect macro- and micronutrient concentrations,
grape yield, and total and specific polyphenolic concentrations
in vine and grape tissue. These results are consistent with
the wide impact of calcium on plant physiology found in
other studies. Increasing concentration of Ca, for example,
increased the biomass of leaves but decreased root dry
weight in tobacco plants (Lopez-Lefebre et al.,, 2001).
In contrast, respiration rates and ascorbic acid content in

S. Afr. J. Enol. Vitic., Vol. 41, No. 1, 2020

cherries decreased with increasing Ca concentration (Wang
et al., 2014). Finally, foliar applications of CaCl, increased
total phenolic content, especially that of anthocyanin, in
strawberries (Xu ef al., 2014). Clearly, Ca plays a key role in
the assimilation of macro- and micronutrients, the activation/
deactivation of specific enzymes, and the expression of genes
controlling key metabolic pathways. Similarly, the results of
this study suggest that foliar applications of Ca from CaCO,
residues produced by cement industries impact the overall
physiology of wine-producing grapes.

The decrease in tissue K, Fe, Mg and Mn concentrations
in CaCO,R-treated grape leaves observed in this study is
consistent with the results of prior studies. The decrease
in tissue Mg was observed even though there was a small
concentration (0.32%) of this element in the CaCO,-residues
used here. The concentration of P, K and Mg in leaves and
fruits of cherry trees, for example, decreased as a result
of foliar applications of Ca (Mikiciuk et al., 2015). In
addition, the concentration of Mg, Na and P decreased in the
leaves and roots of tobacco plants as a result of increasing
concentrations of Ca in the culture media (Lopez-Lefebre
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0.190

0.159

Effect of CaCO3 on Grape Phenolic Compounds

Harvest date (HD). Different letters indicate statistically significant differences (p < 0.05) between treatment and control. Standard error = S.E.

et al., 2001). Changes in the absorption of these ions can
affect stomatal aperture (Ruiz et al., 1993; Andrés et al.,
2014), the concentration of phenolic compounds, cell wall
organisation (Martins et al., 2018), the accumulation of
sugars and organic acids in fruit (Prasad et al., 2015), and
also overall plant physiology. For example, it has been
observed that a disruption in the accumulation of K in guard
cells reduces cell turgidity and the opening of the stoma
(Lopez-Lefebre et al., 2001). Similar to K, the increase in
Ca concentration in tissues was shown to reduce stomatal
aperture in a number of plants (Ruiz et al., 1993). The Ca-
induced suppression of stomatal aperture recovers after Ca
concentrations in the xylem decrease. Thus, increasing Ca
concentration via foliar applications might reduce the K
concentration in the leaves and reduce stomatal aperture.
Furthermore, the results of the present study suggest that
applications of foliar CaCO,R could have a similar effect
on stomatal closure as that observed in grapevines under
restricted irrigation. Moreover, the low concentrations of Fe,
Mg and Mn found in CaCO,R-treated grapevine leaves could
be related to other physiological processes, given that these
elements function as cofactors in a number of key metabolic
reactions such as photosynthesis.

The results of the effects of foliar ABA applications on
the maturation of grapes are equivocal. On the one hand,
some studies have found that the use of ABA and ethephon
to enhance phenolic compounds in grapes does not increase
grape yield and cluster weight (Peppi et al., 2006; Coelho de
Souza-Leaio et al., 2014). However, other studies indicate
that foliar ABA application can reduce grape yield and
berry size (Alonso et al., 2016). The results of the present
study suggest that foliar applications of CaCO,R positively
affect the yield and cluster weight of Shiraz grapes. This is
consistent with the findings in Narince grapes treated with
fertilisers containing CaCO, (Sabir ef al., 2014). In contrast,
the increase in yield and cluster weight in the present study
could be attributed to the fact that treatment with CaCO,R
reduces the stomatal opening and prevents vine and grape
dehydration.

External applications of chemical compounds can
affect plant cell physiology and chemical fruit composition.
Thus, in some cases, foliar application of ABA can increase
the concentration of TSS and anthocyanins in grapes and
litchis (Singh et al., 2014; Yamamoto et al., 2015). Other
studies, however, have found that the same ABA application
showed no differences in TSS, TA, pH or tristimulus colour
relative to controls (Peppi et al., 2006; Alonso et al., 2016;
Coelho de Souza-Leano et al., 2014). The results on the use
of exogenous ABA applications are thus equivocal. These
chemical parameters are of great interest for winemaking,
since they determine the technological maturation of the
grapes, potential alcohol content, and the balance between
some organoleptic parameters of phenolic compounds in
wines (Nogales-Bueno et al., 2013). The increase in TSS
and grape colour, however, is likely an artefact of grape
dehydration rather than an increase in the synthesis of
sugars or anthocyanins (Santiago ef al., 2013). The use of
CaCO,R in the experiment reported in the present study did
not affect TSS, TA or pH in Shiraz grapes. This suggests
that the use of CaCO,R does not interact with the plant’s
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TABLE 4
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Mean concentrations of total phenolic compounds, stilbene and anthocyanin in CaCO,R-treated Shiraz grapes during ripening

(mg g' dry weight).

Compound and treatment

Days after application (DDA)

15 22 29 36 44 (HD)
Total phenolic compounds
+CaCO,R 5.673 5.710* 1.855 3.340* 4.560+
Control 5.050 3.343° 2.295 1.540° 1.452°
S.E. 0.635 0.635 0.635 0.550 0.078
Stilbene
Trans-resveratrol
+CaCO,R 0.086 0.105 0.102 0.148* 0.076
Control 0.072 0.090 0.079 0.063° 0.052
S.E. 0.017 0.017 0.017 0.017 0.015
Anthocyanins
Malvidin-3-O-glucoside
+CaCO,R 1.690 3.152 2.291 5.787* 6.093*
Control 1.761 3.331 2.038 1.505° 2.212°
S.E. 0.361 0.312 0.361 0.361 0.442
Cyanidin-3-O-galactoside
+ CaCO,R 0.518 0.629 0.519 1.160*" 1.108
Control 0.442 0.618 0.582 0.435° 0.494°
S.E. 0.121 0.121 0.148 0.121 0.121
Cyanidin-3-O-glucoside
+CaCO,R 0.321 0.412 0.320 0.540* 0.621*
Control 0.340 0.428 0.363 0.206° 0.283°
S.E. 0.050 0.061 0.050 0.050 0.050
Pelargonidin-3-O-glucoside
+CaCO,R 0.204 0.299 0.157 0.477 0.443
Control 0.181 0.229 0.249 0.172° 0.257°
S.E. 0.040 0.032 0.032 0.032 0.032

Harvest date (HD). Different letters indicate significant differences between treatments (* = at p < 0.05 and ** =p < 0.001). S.E. = standard

error

maturation process, and that the latter is regulated by
climatic conditions. However, it is important to highlight
that other characteristics, such as the absolute and relative
concentrations of phenolic compounds, were positively
affected in grapes treated with CaCO,R.

Exogenous Ca application is used in the fruit industry to
increase fruit firmness and shelf life. While the use of CaCl,
was found to increase these characteristics in EI-Bayadi table
grapes (Al-Qurashi & Awad, 2013), leaf ABA application
decreased the firmness of Flame Seedless grapes. The use of
CaCO,R in the present study did not increase Shiraz grape
firmness at harvest. Further studies are thus necessary to
determine the effect of these chemicals on the firmness and
shelf life of different types of grapes. However, since Shiraz
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grapes are used in the production of wines, it is likely that
the application of CaCO,R does not play a critical role in the
production of wine-producing grapes.

Abscisic acid plays a key role in the biosynthesis of
phenols in plants, including grapevines. This acid triggers the
biosynthesis of phenolic compounds that filter UV radiation
in grapevine leaves (Berli et al., 2011). For example, total
phenolic compounds were shown to increase as a result of
foliar applications of ABA (Coelho de Souza-Leaiio et al.,
2014; Yamamoto et al.,2015; Alonso et al.,2016; Wang et al.,
2016). Similarly, foliar applications of 50 mM CaCl, led to
an increase in the concentration of total phenolic compounds
in grapes and strawberries (Al-Qurashi & Awad, 2013;
Wang et al., 2013, Xu et al., 2014). Furthermore, the use
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TABLE 5
Phenolic acids and flavan-3-ols identified and quantified in CaCO,R-treated Shiraz grapes and controls during ripening (mg g
dry weight).

Days after application (DDA)

Compound and treatment

15 22 29 36 44 (HD)
Phenolic acids
Trans-cinnamic acid
+ CaCO,R 0.021 0.030 0.041 0.155 0.169+"
Control 0.003 0.041 0.027 0.004° 0.014°
S.E. 0.006 0.006 0.006 0.006 0.006
Gallic acid
+ CaCO,R 30.558 23.470+ 26.420+ 22.145* 4.299
Control 13.644° 15.439° 13.723° 5.346° 4.541
S.E. 3.885 3.885 3.884 2.800 3.205
Caftaric acid
+CaCO,R 0.519 0.698 0.317 0.549* 0.473
Control 0.631 0.383° 0.459 0.319° 0.240°
S.E. 0.073 0.074 0.074 0.074 0.064
Protocatechuic acid
+CaCO,R 0.048 0.056 0.050 0.069* 0.061*
Control 0.044 0.044 0.039 0.034° 0.036°
S.E. 0.006 0.006 0.007 0.006 0.006
Flavan-3-ols
Catechin
+ CaCO,R 0.253 0.214 0.378 0.403 0.619*
Control 0.187 0.188 0.387 0.145° 0.219°
S.E. 0.039 0.039 0.045 0.045 0.039
Epicatechin
+ CaCO,R 1.583 1.916 1.195% 3.998 2.639"
Control 2.234 1.838 2.3428 2.905 1.270°
S.E. 0.275 0.275 0.318 0.389 0.318
Procyanidin B1
+ CaCO,R 0.904 0.356 0.732 0.424 1.106*
Control 0.908 0.228 0.886 0.454 0.421°
S.E. 0.092 0.076 0.092 0.076 0.076
Procyanidin B2
+ CaCO,R 0.070 0.334 0.366 0.636" 0.779*
Control 0.032 0.033° 0.284 0.379° 0.501°
S.E. 0.082 0.099 0.099 0.099 0.082

Harvest date (HD). Different letters indicate significant differences between treatments (* = p < 0.05 and ** = p < 0.001). S.E. = standard
erTor.

of CaCO, also increased the concentration of total phenolic CaCO, here also increased phenolic compound concentration
compounds in olives (Squeo et al., 2016). In agreement with in the skins of Syrah grapes. Therefore, the results of the
these studies, the foliar application of approximately 40 mM present study agree with the findings of previous studies
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that showed an increase in total phenolic compounds as
a result of the foliar application of Ca (CaCO, or CaCl,).
Calcium is a secondary messenger that regulates the groups
of Ca-dependent proteins related to the synthesis of ABA and
stomatal closure (Yang et al., 2012; Zou et al., 2015; Ranty
et al., 2016). Consequently, our results suggest that the use
of CaCO,R as a source of Ca could be more economical than
the use of ABA or other exogenous compounds to regulate
the phenolic concentration in grapes. Additionally, the
application of Ca could be used to regulate the concentration
of specific stilbenes, anthocyanins, phenolic acids and
flavan-3-ols.

Stilbenes are phytoalexins synthesised as a defence
mechanism against biotic stress in plants. The stilbene most
commonly studied in Vitis species is trans-resveratrol. The
application of a number of chemical compounds is known to
affect the accumulation of stilbenes in vine tissue, including
in the grapes. Exogenous applications of ABA to vines, for
example, increase the concentration of frans-resveratrol in
Beihong grapes. This increase was only observed 20 days
after ABA application and rapidly decreased thereafter
(Wang et al., 2016). Furthermore, applications of CaCl, to
Beihong and Hongbaladuo vines increased frans-resveratrol
concentrations in the leaves and berry skins relative to the
controls (Wang et al., 2013). In agreement with these studies,
foliar applications of CaCO,R in the present study resulted
in an increase in the concentration of trans-resveratrol as the
grapes matured. However, the concentration decreased to
levels similar as those measured in the controls at harvest
time. The initial increase in trans-resveratrol as a result of
CaCO,R application might be a direct response to increased
Caavailability. Calcium-dependent proteins, such as CDPKs,
CMs and CBLs, trigger the synthesis of ABA (Boss et al.,
1996; Yang et al., 2012; Zou et al., 2015; Vandelle et al.,
2018). Thus, it is likely that foliar applications of CaCO,
activate some Ca-dependent proteins. In turn, the decrease
in trans-resveratrol at harvest time might be the result
of substrate competition between stilbene and chalcone
synthases, as both use the same substrate. Therefore, the
competition for substrate could explain the relationship
between the higher concentrations of anthocyanins and
lower trans-resveratrol concentrations in CaCO,R-treated
grapes observed at harvest time in the present study.

Anthocyanins in grapes are extracted during maceration
and play a key role in the production of red wines. Thus, in
the last decade, exogenous substance applications to plants
have been used to increase the synthesis of anthocyanins
in fruits. Applications of ABA, for example, increased the
anthocyanin content in litchis and grapes by 50% (Singh
et al., 2014; Koyama et al., 2014). Similarly, exogenous
applications of ABA (approximately 2 mM) increased the
concentration of malvidin-3-O-glucoside and cyanidin in
Crimson seedless and Malbec grapes (Coelho de Souza-
Leaio et al., 2014; Alonso et al., 2016). External application
of CaCl, was also shown to increase the concentration of
cyanidin in strawberries and cherries (Wang et al., 2014; Xu
et al., 2014). The presence of pelargonidin-3-O-glucoside
and cyanidin-3-O-galactoside is not often reported in the
skins of Vitis vinifera grapes. Lately, however, the presence
of these molecules has been clearly established in Cabernet
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sauvignon and Pinot noir grapes grown in high-altitude
vineyards (approximately 2 500 m; He et al., 2010). It is
also likely that the presence of pelargonidin-3-O-glucoside
and cyanidin-3-O-galactoside is related to the high elevation
of our study site. The present study demonstrates for the
first time that foliar CaCO,R application increases the
concentration of anthocyanins. Thus, this study suggests that
exogenous application of 1% CaCO,R is as effective as ABA
or CaCl, in increasing the synthesis of anthocyanins. This
further suggests that there are a number of factors involved
in the ripening of grapes, including climatic conditions and
the effects of calcium on leaves. Grapevines have different
and complex responses to abiotic or biotic stress. Thus, our
results suggest that CaCO,R might be a source of Ca that
acts as the secondary messenger and activates the response
to abiotic stress, and possibly triggers ABA synthesis or
expression in the leaves.

Phenolic acids are the first phenolic compounds
synthesised mainly in the tissues of flowers and fruits.
The phenylalanine ammonia-lyase enzyme catalyses the
conversion of the amino acid phenylalanine to trans-
cinnamic acid, the first phenolic acid (Abdel-Salam &
Hassan, 2015). Foliar application of ABA and CaCl, to
vines has been shown to change the concentration of
phenolic acids in fruits. Thus, the application of ABA led to
a decrease in the concentration of gallic acid in the grapes
(Alonso et al., 2016). It was also demonstrated that CaCl,
application increased the concentration of frans-cinnamic
acid, yet other phenolic acids such as frans-caftaric acid and
protocatechuic acid were not affected (Kiselev et al., 2013;
Yamamoto ef al., 2015; Martins et al., 2018). In agreement
with findings obtained with CaCl, applications, the results of
the present study show that foliar applications of CaCO,R
increase the concentration of trams-cinnamic, acid trans-
caftaric acid and protocatechuic acid in Shiraz grapes at
harvest time. In contrast, gallic acid increases only during
carly grape maturity. These results suggest that foliar
application of CaCO,R induces the synthesis of the main
phenolic compound precursors.

Flavan-3-ols are responsible for the bitterness and
astringency of wines (Kyraleou et al., 2017). Monomeric and
oligomeric forms in grapes are known to be affected by ABA
application, e.g. the latter resulted in high concentrations of
catechin and epicatechin in Yan and Cabernet Sauvignon
grapes (Luan et al., 2014). These studies demonstrate that the
application of ABA to Cabernet Sauvignon grapes increases
the activity of the leucoanthocyanidin reductase, the enzyme
responsible for the synthesis of catechins (Lacampagne
et al., 2010). Furthermore, foliar application of CaCl,
increased the concentration of epicatechin and procyanidin
B1, while leading to a decrease in catechin and procyanidin
B2 in Tempranillo and Graciano grapes (Abdel-Salam &
Hassan, 2015). In the present study, the concentration of
catechin, epicatechin and procyanidin B1 and B2 increased
in grapes treated with CaCO,R. This suggests that the
application of CaCO,R increases ABA expression in leaves
and triggers leucoanthocyanidin reductase activity, resulting
in an increase in monomeric and oligomeric forms of flavan-
3-ols. In general, our results suggest that CaCO,R treatment
strongly affects the production of all phenolic compounds,
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including anthocyanins, stilbenes, phenolic acids and flavan-
3-ols. This further suggests that CaCO,R could be used to
enhance phenolic compounds such as anthocyanins and
flavan-3-ols in grapes and others fruits.

CONCLUSIONS

The present study evaluated the effect of foliar applications
of CaCO, residues from the cement industry on the
concentration of phenolic compounds in Shiraz grapes.
The results demonstrate that foliar applications of CaCO,R
increase grape yield and modify the concentration of ions that
regulate stomatal closure in the treated vines. Furthermore,
the increase in phenolic compound concentration in grapes
from treated vines suggests that CaCO,R activates the
expression of genes involved in the synthesis of ABA or
jasmonic acid. Finally, the use of CaCO, residues from
the cement industry offers an effective and economical
alternative to increase total phenolic compounds, including
anthocyanins, in wine grapes.
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