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ABSTRACT

The importance of phenolic compounds on grape and wine quality has drawn attention
to study different practices with the aim to increase their content. Cluster application of
elicitors is a viticultural practice which has shown promising results in recent years.
However, cluster application requires a previous defoliation which is time consuming
and expensive. In the present study, methyl jasmonate was foliar applied to Tempranillo
grapevines in order to study its effect on grape and wine phenolic composition. Methyl
jasmonate foliar application increased anthocyanin and stilbene content in both grape
and wine, besides enhancing wine flavonol content. This treatment induced the
synthesis of 3-O-glucosides of petunidin and peonidin and trans-p-coumaroyl
derivatives of cyanidin and peonidin. For stilbenes, trans-piceid content was
considerably increased in both grape and wine. The results obtained suggest that methyl
jasmonate foliar application could be a simple and accessible practice that allows to

enhance grape and wine quality.

KEYWORDS: elicitor, Vitis vinifera L. cv. Tempranillo, anthocyanins, stilbenes,

flavonols, grapevine treatment
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INTRODUCTION

Phenolic compounds are secondary metabolites which have a great importance in plant
metabolism. There exists a great diversity of phenolic compounds in grape and wine
although all of them share a common structure that consists of a benzene ring with one
or more hydroxyl groups attached. These compounds are formed through the
phenylpropanoid pathway via phenylalanine ammonia lyase.! In grape and wine,
phenolic compounds can be divided into two main groups: non-flavonoids
(hydroxybenzoic and hydroxycinnamic acids and stilbenes) and flavonoids
(anthocyanins, flavonols, and flavanols). On the one hand, hydroxycinnamic acids play
a key role in wine color as they participate in copigmentation reactions and in the
formation of pyranoanthocyanins.? Hydroxybenzoic acids are also important cofactors
which contribute to enhance and stabilize red wine color.®> Moreover, stilbenes are
phytoalexins which have been widely studied in recent years due to their health-
promoting properties and their role in disease prevention.* On the other hand,
flavonoids constitute the most abundant phenolic compounds in grape and wine. In this
respect, anthocyanins are the main responsible for red wine color; flavonols also
contribute to wine color as they act as copigments,? as well as being related to wine
health benefits;®> and flavanols (flavan-3-ol monomers or proanthocyanidins) play an
important role in wine mouthfeel sensations, such as astringency or bitterness,%’ as well
as they contribute to wine color stability.

By reasons of the matters aforesaid, phenolic composition is a key parameter of
grape and wine quality. Therefore, considerable attention is paid to increase the level of
these compounds either in grape or in wine.® Different approaches have studied the
foliar application to vineyard of hormones or growth regulators in order to improve

grape and wine phenolic composition. For example, Balint and Reynolds® observed
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that pre-harvest foliar application of abscisic acid (ABA) to Cabernet Sauvignon
grapevines induced anthocyanin synthesis and Berli et al.!* observed the same effect
when ABA was applied to Malbec grapevines. Moreover, a recent study revealed that
foliar application of oak aqueous extract to Monastrell grapevines improved wine
phenolic composition.?

Quite recently, there has been a growing interest in chemical elicitors as
molecules able to improve fruit phenolic content.!® Elicitors are molecules able to
trigger plant defense responses, contributing then to the plant resistance against
pathogen attacks.'* The activation of secondary pathways is one of the inducible
defense responses. In regard of this, phenylpropanoid pathway might be activated
leading to the accumulation of phenolic compounds. Among chemical elicitors,
jasmonic acid (JA) and especially its methyl ester, methyl jasmonate (MeJ), are
considered molecules of interest in order to induce plant defenses and therefore improve
food quality.r® In this respect, previous research has shown improvements in
anthocyanin and flavonol content when MeJ was applied before harvest to
blackberries,'® raspberries,'’ or apples.'® Several works have reported an accumulation
of diverse phenolic compounds, especially anthocyanins and stilbenes, after MeJ
treatments to grapevine cell cultures.?®? Moreover, there are a few studies that have
evaluated the impact of MeJ application on grape and wine phenolic composition under
field conditions. These works have shown that MeJ application to grapevine clusters
may lead to an increase in stilbene and anthocyanin content in grape and wine from
Vitis vinifera L. cvs. Syrah, Monastrell and Barbera.?*?

To our knowledge, no publications are found in the literature that address the
issue of MeJ foliar application to vineyard. In addition, no studies investigating this

treatment on Tempranillo grapevines have been found. Tempranillo is the most
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cultivated red grape variety in Spain accounting for around 21.5% of the total wine-
growing surface (2011). Moreover, it is the dominant red grape variety in Spanish aged
wines. Therefore, improving its phenolic content would be of oenological interest in
order to enhance its aging potential. According to the literature, all the experiments
conducted under vineyard conditions investigated the effect of direct applications of
MeJ to clusters. Cluster application requires a previous defoliation in order to achieve a
correct distribution of the applied product. In contrast, foliar application is a costless
and easier technique due to the fact that a previous defoliation is not required.
Therefore, the aim of this paper was to evaluate the influence of MeJ foliar application

to Tempranillo grapevines on grape and wine phenolic composition.

MATERIALS AND METHODS

Reagents and Standards. All solvents (methanol, acetonitrile, and formic acid)
were of HPLC quality, and all chemicals were analytical grade (>99%) unless otherwise
stated, and were purchased from Panreac (Barcelona, Spain). Water was of Milli-Q
quality (Millipore, Bedford, NY). Methyl jasmonate and Tween 80 were purchased
from Sigma-Aldrich (Madrid, Spain). Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid) and DPPH radical (diphenyl-1-picrylhydracyl) were purchased from
Fluka Chemie (Buchs, Switzerland). Folin-Ciocalteu reagent was purchased from
Merck (Darmstadt, Germany). The following commercial standards were purchased
from Sigma-Aldrich: (-)-epicatechin, (+)-catechin, rutin, quercetin, quercetin-3-O-
glucoside, quercetin-3-O-galactoside, kaempferol, muyricetin, piceatannol, trans-
resveratrol, trans-piceid, gallic acid, protocatechuic acid, caffeic acid, p-coumaric acid,
ferulic acid, and caftaric acid. Malvidin-3-O-glucoside was purchased from

Extrasynthese (Genay, France).
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Plant Material, Foliar Treatments and Vinification. The study was conducted
in 2013 in the experimental vineyard of La Grajera, located in the northern region of La
Rioja (Spain). Vines were grafted onto R-110 rootstock and vineyard was managed
under conventional soil tillage management system. The soil was classified as Typic
Calcixerept according to the American Soil Taxonomy. In 2013, the annual
precipitation was 569.3 mm, and the average annual temperature was 17.7 °C. Methyl
jasmonate (MeJ) was applied to Tempranillo (Vitis vinifera L.) grapevines. To carry out
the treatments, aqueous solutions at a concentration of 10 mM of MeJ were prepared
using Tween 80 as wetting agent (0.1% v/v). Control plants were sprayed with water
solution of Tween 80 alone. The applications of MeJ and control were carried out twice,
at veraison and one week later. For each application, 200 mL/plant were sprayed over
leaves. Treatments were carried out in triplicate with three vines for each replication and
arranged in a randomized block design.

Grapes were harvested at their optimum technological maturity. From each
treatment, about 150 berries were separated and frozen at -20 °C in order to determine
their monomeric phenolic composition. Grapes were destemmed and crushed and
oenological parameters were determined in the musts.

The alcoholic fermentation was performed following the method described by
Sampaio et al.>* Grapes from each replication (each group of three plants) were
elaborated separately. Three kilograms of pomace (must, seed, and skin) were
introduced into 4 L glass bottles. Potassium metabisulfite was added to the samples to
give a final total SO, concentration of 50 mg/L and then must was inoculated with the
commercial Saccharomyces cerevisiae strain Uvaferm VRB (Lallemand, St. Simon,
France) (25 g/hL). The must was fermented at controlled temperature of 25 °C. The end

of the alcoholic fermentation was determined by measuring the reducing sugars. Wine
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oenological parameters were then analyzed and aliquots of each wine were frozen and
stored at -20 °C until the analyses of monomeric phenolic compounds were carried out.

Oenological Parameters of Musts and Wines. °Brix was determined by
refractometry, pH, total acidity, malic acid, and potassium were determined in musts
according to ECC official methods,?® while tartaric acid was determined following the
Rebelein method.?® Wines were characterized by determining alcoholic degree, pH,
total acidity, malic acid, lactic acid, volatile acidity, hue, color intensity (CI), and Folin-
Ciocalteu index (FCI) according to ECC official methods? and tartaric acid by Rebelein
method.?® Total phenolics were determined as total polyphenol index (TPI) by
spectrophotometric absorbance at 280 nm after previous dilution of samples.?” Total
anthocyanins were determined by bleaching using sulphur dioxide?” and total tannins
were determined following the method described by Ribéreau-Gayon et al.?® lonised
anthocyanins were determined according to Glories?® and polymerization index was
calculated according to Ruiz.*

Field treatments were performed in triplicate and a wine was made from each
replicate, so the results of these oenological parameters are the average of the analyses
of three samples (n = 3).

Determination of Total Antioxidant Activity in Wines. The total antioxidant
activity in wines was determined according to the DPPH method which evaluates the
radical-scavenging activity of the sample.®! The analysis was performed following the
methodology described by Nixdorf and Hermosin-Gutiérrez.3? Briefly, 100 pL of wine,
previously diluted 5% (v/v) in methanol, were added to 2.9 mL of a 0.06 mM DPPH
methanolic solution. The percentage of absorbance decreased was measured after 25

min at 515 nm. Results were compared to a Trolox calibration curve set for the range of
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0.10 to 0.80 mM. Results were expressed as millimoles of Trolox equivalents per liter
of wine (mmol TE/L).

Determination of Grape and Wine Low Molecular Weight Phenolic
Compounds. Extraction of Grape Phenolics. Grape phenolic compounds were
extracted according to the following method. About 50 g of each frozen grape sample
were weighed and immersed into 50 mL of aqueous methanol solution (50% v/v), pH of
the solvent was adjusted at pH 2 with formic acid (>96%). Grapes were then
homogenized by Ultra-Turrax T-18 (IKA, Staufen, Germany) at high speed (18,000
rpm) for 1 min, obtaining a smooth paste. Then, samples were macerated in an
ultrasonic bath (JP Selecta, Barcelona, Spain) for 10 min and were centrifuged at 5,000
rpm at 10 °C for 10 min. A second extraction of the resulting pellets was completed
using the same volume of the solvent mixture (50 mL). The supernatants were
combined and the volume was annotated. Each sample was transferred to vials and
stored at -20 °C until the HPLC analyses were carried out.

Sample Preparation for the Analysis of non-Anthocyanin Phenolic Compounds.
Due to the fact that anthocyanins are present in a high quantity in red grape and wine,
other phenolic compounds might be masked during the chromatographic separation and
identification. On account of this, an extraction on PCX SPE cartridges (500 mg, 6 mL;
Bond Elut Plexa, Agilent, Palo Alto, CA) containing a mixture of reverse-phase and
cation-exchanger materials allowed the isolation of non-anthocyanin phenolic
compounds. Cartridges were placed in the extraction system (Vac Elut 20 station from
Varian, Palo Alto, CA). The separation was achieved following the method proposed by
Castillo-Mufioz et al.*® Firstly, 3 mL of grape extracts were diluted with 9 mL of HCI
0.1 N. In the case of wine samples, 3 mL of wine were diluted with 3 mL of HCI 0.1 N.

The PCX SPE cartridges were previously conditioned using 5 mL of methanol and 5
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mL of water. Then, diluted samples were passed through the PCX SPE cartridges and a
washing step was carried out with 5 mL of HCI 0.1 N and 5 mL of water. The non-
anthocyanin phenolic compounds fraction was eluted with 3 x 5 mL of methanol.
Adsorbed anthocyanins were removed by passing methanol with 2% HCI until the
eluate was colorless. The latter step also regenerates the cationic exchange sites for a
new use of the cartridges. The non-anthocyanin phenolic compounds fraction was dried

in a rotary evaporator (35 °C) and re-solved in 1.5 mL of 20% (v/v) methanol aqueous

solution. The anthocyanin-free fraction was used to analyze non-anthocyanin phenolic
compounds (flavonols, hydroxycinnamic and hydroxybenzoic acids, stilbenes, and
flavan-3-ols).

Analysis of Phenolic Compounds by HPLC-DAD. Phenolic compounds were
analyzed by reverse-phase HPLC using a chromatograph Agilent 1260 Infinity,
equipped with a diode array detector (DAD) coupled to an Agilent Chem Station.
Injection of samples was carried out after filtration (0.22 um, Easyprep, Quebec,
Canada). Separation was achieved on a Licrosphere® 100 RP-18 reversed-phase
column (250 x 4.0 mm; 5 pum packing; Agilent) with pre-column Licrosphere® 100 RP-
18 (4 x 4 mm; 5 um packing; Agilent), both thermostated at 40 °C. A flow rate of 0.63
mL/min was established.

Chromatographic conditions were based on Castillo-Mufioz et al.* In the case of
anthocyanin analysis, 10 puL of sample (grape extract or wine) were injected. Eluents
used were (A) acetonitrile/water/formic acid (3:88.5:8.5 v/vlv), and (B)
acetonitrile/water/formic acid (50:41.5:8.5 v/v/v). The linear solvents’ gradient for
anthocyanin analysis was as follows: zero min, 6% B; 15 min, 30% B; 30 min, 50% B;
35 min, 60% B; 38 min, 60% B; 46 min, 6% B. In the case of the analysis of non-

anthocyanin phenolic compounds fractions, the injection volume was 20 pL. Eluents
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were (A) acetonitrile/water/formic acid (3:88.5:8.5 v/v/v), (B) acetonitrile/water/formic
acid (50:41.5:8.5 v/viv), and (C) methanol/water/formic acid (90:1.5:8.5 v/v/v). The
linear solvents’ gradient for non-anthocyanin analysis was as follows: zero min, 4% B
and 0% C; 7 min, 4% B and 0% C; 38 min, 17% B and 13% C; 52 min, 30% B and 20%
C; 52.5 min, 40% B and 30% C; 57 min, 50% B and 50% C; 58 min, 50% B and 50%
C; 65 min, 4% B and 0% C.

Identification of phenolic compounds was carried out according to the retention
times of pure compounds and the UV-Vis data obtained from authentic standards and/or
published in previous studies.3*3® Phenolic compounds were quantified according to the
DAD chromatograms recorded at 520 nm (anthocyanins), 360 nm (flavonols), 320 nm
(hydroxybenzoic and hydroxycinnamic acids and stilbenes), and 280 nm (flavanols) and
the calibration graphs of the respective standards (R%>0.999). When a standard was not
available, quantification was made according to the calibration graph of the most similar
compound. Hence, malvidin-3-O-glucoside was used for anthocyanins, quercetin-3-O-
glucoside was used for flavonols, trans-caftaric acid was used for free hydroxycinnamic
acids and the corresponding tartaric esters, catechin was used for procyanidins B1 and
B2, epicatechin was used for epigallocatechin, and trans-piceid and trans-resveratrol
were used for their respective cis isomers. Concentrations in grape samples were
expressed as milligrams per weight of grape (mg/kg) while concentrations in wines
were expressed as milligrams per liter of wine (mg/L).

Field treatments were performed in triplicate and a wine was made from each
replicate, so the results for phenolic compounds correspond to the average of the
analyses of three samples (n = 3).

Statistical Analysis. The statistical procedure was performed using SPSS

Version 21.0 statistical package for Windows (Chicago, IL). The data for the different
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determinations were processed using the variance analysis (ANOVA). Significant

differences between means were determined by using the Duncan test at p < 0.05.

RESULTS AND DISCUSSION

Oenological Parameters. Results for grape oenological parameters are
summarized in Table 1. All samples presented normal values of these parameters for
Tempranillo grapes from La Rioja.®® No significant differences were found between
control grapes and grapes from grapevines foliar treated with MeJ. Ruiz-Garcia et al.%’
studied the application of MeJ at the same concentration as our study to clusters from
different clones of Monastrell and observed that, in general, grapes from the MeJ
treatment were very similar to the control grapes. Moreover, in a two-years study in
which Monastrell clusters were sprayed with the same dose of MeJ, authors observed
that the effect on total acidity, pH, tartaric and malic acid content varied from one year
to another.?? The latter finding might suggest that the influence of MeJ application on
grape physico-chemical parameters could therefore depend on the climatic conditions of
the year as well.

Physico-chemical parameters of wines are shown in Table 2. All wines
presented values within the usual ranges reported for young Tempranillo red wines from
La Rioja region.®® Significant differences between control wines and wines obtained
from treated grapevines appeared to be related to phenolic composition. Control wines
showed lower color intensity (CI) than wines from MeJ treatment. This result could be
explained by a higher proportion of ionised anthocyanins in wines from MeJ treatment
than in control ones (Table 2). In this respect, this parameter is correlated with colored
anthocyanins content. Moreover, the values obtained for Folin-Ciocalteu index (FCI)

were higher in the case of wines elaborated from grapevines treated with MeJ than in

11



242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

control wines, suggesting that those wines had a greater phenolic content. In accordance
with our results, Ruiz-Garcia et al.?? found that the application of MeJ to Monastrell
clusters led to wines with better chromatic characteristics (i.e. higher total anthocyanin
content, total phenol index (TPI), and CI). The same research group found that the
application of MeJ together with another elicitor (benzothiadiazole) led to wines with
higher TPI and C1.2° Moreover, Fernandez-Marin et al.! showed that the application of
MeJ to Syrah clusters resulted in darker wines with higher anthocyanin content at press
moment, although no differences were found after bottling. On another note, our results
showed that polymerization index in wine increased with the application of MeJ to
grapevine (Table 2). This parameter measures the stability of anthocyanins against
sulfur dioxide, providing information about anthocyanin polymerization and thus, wine
color stability.*® In this respect, the results suggest that greater color stability could be
found in wines made from grapevines treated with MelJ. For the remaining parameters,
no significant differences were found between the samples. Indeed, no significant
differences were observed regarding total antioxidant activity estimated by the DPPH
assay. In contrast, Ruiz-Garcia et al.*® observed that wine antioxidant capacity,
estimated by ABTS assay, increased with the application of a combination of MeJ and
benzothiadiazole.

Effect of MeJ Foliar Application on Anthocyanin Compounds. The HPLC
analysis led to identify seventeen anthocyanins in grape samples (Table 3). The 3-O-
glucosides (3-glc) of delphinidin, cyanidin, petunidin, peonidin, and malvidin were
identified together with their acetyl (3-acglc) and trans-p-coumaroyl (3-cmgic)
derivatives. In addition, cis-p-coumaroyl (cis-3-cmglc) and caffeoyl derivatives (3-
cfglc) of malvidin were also identified. The concentrations of individual anthocyanins

found in all the samples were within the ranges described for Tempranillo grapes in
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previous studies.*®* Thus, malvidin-3-O-glucoside and its derivatives were the
dominant anthocyanin type in all the samples accounting for 40% of all total
anthocyanins. non-Acylated anthocyanins represented around 90% of all anthocyanins.
Among acylated anthocyanins, p-coumaroyl derivatives were the dominant (87% of all
acylated anthocyanins), which is typical for this grape variety.*

The foliar application of MeJ to grapevine led to a significant enhancement of
anthocyanin synthesis by the plant. Consequently, grapes from this treatment showed
higher content of 3-O-glucosides of petunidin and peonidin, and trans-p-coumaroyl
derivatives of cyanidin and peonidin (Table 3). The total anthocyanin concentration,
calculated as the sum of individual anthocyanin contents, was increased in a 23% due to
the foliar treatment. The improvement of anthocyanin content seems to be an expected
outcome from MeJ application as it has been reported in previous studies. In this
respect, Ruiz-Garcia et al.?? observed that the application of MeJ to Monastrell clusters
led to increases around 16% of total anthocyanin content. In a recent study, the
application of the same dose of MeJ to different clones of Monastrell also resulted in an
increase of anthocyanin content in most of the clones.?” Similar results were reported by
Fernandez-Marin et al.?* who treated clusters of Syrah with MeJ and found that total
anthocyanin content was increased in an 11% in comparison with control grapes.
Moreover, induction of anthocyanin synthesis has also been observed in cell cultures of
V. vinifera cv. Gamay Fréaux?° or in studies in which MeJ was applied in combination
with other elicitor, benzothiadiazole,*® as well as in different works with other fruits
such as raspberry!’ or apple.® The enhancement of anthocyanin synthesis seems to be
explained by the accumulation of different enzymes involved in the phenylpropanoid
pathway.®® In this sense, it has been reported that grapevines may respond to Mel

application by activating enzymes responsible for phenolic biosynthesis such as
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phenylalanine ammonia lyase, chalcone synthase, stilbene synthase, UDP-glucose:
flavonoid-O-transferase, proteinase inhibitors and chitinase gene expression, with a
subsequent accumulation of anthocyanins and stilbenes in grapevine cell cultures.?
Regarding wine analysis, in addition to the seventeen anthocyanins found in
grape, two pyranoanthocyanins, vitisins A and B, were identified (Table 3). The
formation of the latter compounds occurs during the alcoholic fermentation by the
reaction of malvidin-3-O-glucoside with pyruvic acid (vitisin A) or with acetaldehyde
(vitisin B).*? Similarly to grape analysis, malvidin derivatives were the most abundant
type of anthocyanin and p-coumaroyl anthocyanins were the dominant acylated form.
Higher anthocyanin levels found in grapes from MeJ treatment were reflected in
the corresponding wines (Table 3). Thus, wines made from treated grapevines exhibited
higher content of 3-O-glucosides of delphinidin, petunidin, and peonidin, and higher
content of trans-p-coumaroyl-3-O-glucosides of cyanidin and peonidin, as well as
vitisin B. Furthermore, total anthocyanin content in wines from the treatment was
increased in a 24% with respect to control wine. The latter finding is partly in contrast
with the results obtained with the spectrophotometrically measure of total anthocyanins
in wine (Table 2). That measure revealed no significant differences between the samples
despite that a higher value (around 13%) was found in MeJ wines. Ruiz-Garcia et al.?
also observed discrepancies between HPLC and spectrophotometrically analyses
regarding anthocyanin concentration. These authors suggested that differences between
the two analyses were explained by the analytical method. In any case, other analysis
related to wine color (i.e. Cl and ionised anthocyanins content) showed higher values
for MeJ wines than for control wines. Moreover, the results of the individual analysis of
wine anthocyanins are also in accordance with those obtained in the analysis of grapes

(Table 3) showing a similar increase in total anthocyanin content. Ruiz-Garcia et al.??
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also found that MeJ application improved wine total anthocyanin content determined by
HPLC.

Anthocyanins play an important role in grape and wine quality since they are the
main responsible compounds for red wine color. Wine color is the first feature
perceived by the consumers and consequently, improvements on this parameter may
have a substantial impact on wine tasting and quality. Our results suggest that grape and
wine anthocyanic composition of Tempranillo variety was improved following the
foliar treatment with MeJ, which could be of a great oenological importance.

Effect of MeJ Foliar Application on Flavonol Compounds. Table 4 shows
individual flavonol content of grape and wine samples. The HPLC analysis indicated
the presence of fourteen flavonols in all the samples. Derivatives of the two major forms
in Tempranillo grape berries, myricetin and quercetin, were identified accounting
together for 85% of all total flavonols. The derivatives of the other four flavonol
structures naturally present in V. vinifera grape berries were also identified: laricitrin,
kaempferol, isorhamnetin, and syringetin derivatives. Results indicated the presence of
all 3-O-glucosides (3-glc) although 3-O-glucuronides (3-glcU) and 3-O-galactosides (3-
gal) of myricetin, quercetin, and kaempferol were detected too. In addition, quercetin-3-
O-rutinoside (3-rut) and isorhamnetin-3-O-galactoside (3-gal) were also identified.
There is little research on grape flavonols in comparison with anthocyanins. In this
respect, flavonol levels in our study seemed to be in accordance with the scarce
literature on this topic, which reports an important proportion of myricetin and
quercetin-type flavonols in Tempranillo grape berries.*®

There were not significant differences between control grape samples and those
from MeJ foliar treatment except for the content of isorhamnetin-3-O-glucoside, which

was higher in samples from MeJ treatment (Table 4). Isorhamnetin-type flavonols are
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formed by gradual methoxylation of quercetin during grape ripening.® As can be seen
from Table 3, peonidin-3-O-glucoside and its coumaroylated form were found in a
higher proportion in grapes from MeJ treatment. Therefore, results seem to suggest that
MeJ application had a marked effect on the methoxylated forms of disubstituted
flavonoids (i.e. peonidin and isorhamnetin). In this respect, flavonols are closely related
to anthocyanins since they share a big part of their biosynthetic pathway. However, our
results seem to indicate that MeJ application had less influence on flavonol compounds
than on anthocyanin composition. In accordance with our study, Ruiz-Garcia et al.%’
observed that flavonol content was normally unaffected by MeJ treatment. As well as
this, although Ruiz-Garcia et al.?? reported an increase in grape anthocyanin content in
the two years of their study, total flavonol content was only improved in the second
year. Therefore, it appears that the improvement of anthocyanin synthesis by MelJ
application does not necessarily imply a significant induction of flavonol synthesis.
Based then on the results, it seems as if MeJ application favors the activity of specific
enzymes for the anthocyanin synthesis (e.g. dihydroflavonol 4-reductase (DFR) or
flavonoid 3-glucosyltransferase (UFGT)) while in contrast, it does not significantly
favor the activity of specific enzymes for the flavonol synthesis (i.e. flavonol synthase
(FLS)).

Regarding wine analysis, during fermentation flavonol glycosides are
hydrolyzed releasing their corresponding aglycones.®*#3 In this respect, the aglycones
from the six possible structures were identified: myricetin, quercetin, laricitrin,
kaempferol, isorhamnetin, and syringetin (Table 4). Moreover, some glycosides that had
been quantified in grape were not identified in wine (3-O-galactosides of myricetin,
quercetin, kaempferol and isorhamnetin, as well as quercetin-3-O-rutinoside and

kaempferol-3-O-glucuronide). These compounds were in a small concentration in grape
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samples. Consequently, their hydrolysis during vinification decreased their
concentration in wine, making them undetectable. Moreover, Castillo-Mufioz et al.®
stated that 3-O-glucosides of mono and disubstitued flavonols (i.e. kaempferol,
quercetin, and isorhamnetin) appeared to be easily hydrolyzed. Furthermore, in our
study, syringetin-3-O-glucoside appeared to be the less hydrolyzed compound, which
might be an expected outcome according to Hermosin-Gutiérrez et al.** As seen in
grape analysis, myricetin and quercetin-type flavonols were the dominant type of
flavonols in wine samples accounting for around 90% of all total flavonols, followed by
laricitrin and syringetin-type flavonols. In agreement previous studies,*® isorhamnetin
and kaempferol-type flavonols were minor compounds in wine.

In general, more significant differences for these compounds were observed
between wine samples than between grape samples. Thus, wines obtained from
grapevines treated with MeJ showed higher total flavonol content in comparison with
control wines (Table 4). This result was probably due to differences in the individual
concentration of quercetin-3-O-glucoside and free-myricetin, which were quantitatively
important in the wine samples. Moreover, as seen in grape analysis, isorhamnetin-3-O-
glucoside was also found in a higher concentration in wines from the MeJ treatment
than in control ones. Since grape samples from control and MeJ treatment had shown
similar flavonol levels, the slight differences occurred between wines might be
attributed to higher flavonol extractability when MeJ was applied. Schwarz et al.**
reported that the prefermentation addition to the must of a flavonol compound, rutin,
favoured anthocyanin extraction during winemaking due to the formation of
copigmentation complexes. On account of this, it could be hypothesized that grapes
richer in anthocyanin compounds, as those from MeJ treatment, may as well lead to

wines not only richer in anthocyanins but also in flavonols. In contrast to our results,
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Ruiz-Garcia et al.?? found that MeJ application to Monastrell clusters had no influence
on wine total flavonol content. However, the latter authors found that wine flavonol
content increased with the application of another elicitor, benzothiadiazole.*

Effect of MeJ Foliar Application on Flavanol Compounds. Results of grape
and wine flavanol analysis are shown in Table 5. Catechin was the major flavanol
compound in grapes followed by epicatechin. The results showed that MeJ foliar
application did not affect flavanol synthesis since MeJ treated grape samples exhibited
similar flavanol levels than those found in control grape samples. There are only a few
works in the literature that studied the influence of MeJ application on flavanol
composition in grape or in other fruits. Shafiq et al.'® observed that pre-harvest MeJ
application to red blush apples increased skin catechin and epicatechin content, although
results depended upon the time of application. Ruiz-Garcia et al.?? found that skin
proanthocyanidin content was increased by MeJ application while, on the other hand,
there was barely any difference regarding seed tannin content between control and
treated samples. Moreover, the latter research group stated that MeJ application could
led to different results depending on the treated clone.®” In some clones, tannin synthesis
might be favored at the expense of anthocyanin synthesis while other clones could show
the opposite behavior. In our study, Tempranillo grapes treated with MeJ have shown a
significant enhancement of anthocyanin compounds while no differences have been
observed in terms of flavanol composition.

As seen in grape analysis, catechin and epicatechin were the most abundant
compounds in wines accounting together for around 65% of the total flavanols
identified (Table 5). Both wines showed a similar flavanol composition suggesting that
MeJ foliar application did not influence this group of flavonoids. Therefore, results

confirm those obtained from grape analysis which showed no differences between
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control grape and grapes from the foliar treatment. Similarly, Fernandez-Marin et al.?*
did not observe any difference concerning total flavanol content between control wines
and wines elaborated from Syrah clusters treated with MeJ. Moreover, Ruiz-Garcia et
al.?? observed that the application of MeJ to Monastrell clusters led to an increase in the
total amount of flavanols in the second year of the study, whereas no effect from MeJ
application was noticed in the first year.

Effect of MeJ Foliar Application on Grape and Wine non-Flavonoid
Composition. non-Flavonoid grape and wine composition is shown in Table 6. Gallic
acid was the only hydroxybenzoic acid identified in grape samples. Hydroxycinnamic
acids in grapes are esterified with tartaric acid.* trans-Caftaric and trans+cis-coutaric
acids were the dominant hydroxycinnamic acids. As for stilbenes, trans-piceid was the
most abundant stilbene in grape samples representing around 51% of total stilbene
content.

Hydroxybenzoic and hydroxycinnamic acids content in grapes was independent
of the MeJ foliar application since no differences were observed between the
concentration found in control grapes and that found in grapes from treated grapevines
(Table 6). In contrast, it was observed a markedly increase in stilbene concentration
after MeJ foliar treatment. The synthesis of both piceid isomers was enhanced by this
application. Thus, trans-piceid was 5.6-fold increased while cis isomer was 3.3-fold
increased. On the other hand, trans and cis-resveratrol were not affected by MeJ foliar
treatment. All the same, total stilbene content was three-fold increased. Induction of
stilbene formation seems to be an expected outcome as it has been reported in several
works. Ruiz-Garcia et al.>” observed that MeJ application normally leads to an increase
in stilbene concentration (up to five-fold increase depending on the clone). Syrah

clusters treated with MeJ were richer in different stilbenes than untreated clusters at the
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harvest moment.?* Moreover, trans-resveratrol content increased at ripening in Barbera
grapes treated by cumulative MeJ applications.?® Apart from this, Belhadj et al.
observed an accumulation of total piceids (trans and cis-piceids) in Gamay Fréaux cell
suspensions treated with MeJ alone or in combination with sucrose. Furthermore, they
found that different genes involved in the biosynthesis of polyphenols were up-
regulated by MeJ application. In a previous study conducted by the latter research
group,’® Cabernet Sauvignon leaves treated with MeJ showed an accumulation of
enzymes responsible for stilbene formation (e.g. stilbene synthase). Therefore, our
results confirm those previously reported for other grape varieties and obtained in
different conditions. Elicitors may reduce the use of conventional fungicides by
preventing the attack of certain pathogens through the induction of plant defense
responses.’*1® Accumulation of phytoalexins (e.g. stilbenes) is one of the plant
responses to elicitor perception.*® Thus, treated grapevines in our study seemed to
activate the synthesis and accumulation of stilbene compounds. In contrast, the absence
of significant differences regarding phenolic acids seems to be related to the different
biosynthetic pathway of these compounds. Results suggest that MeJ application may
favor the biosynthetic pathway of anthocyanins (also flavonols in a lesser extent) and
stilbenes, while it seemed to have little effect on phenolic acids synthesis.

Concerning wine analysis, protocatechuic acid was identified together with
gallic acid (Table 6). As expected, the hydrolysis of the hydroxycinnamoyl tartaric acids
during alcoholic fermentation released the corresponding free acids, enabling to identify
caffeic, p-coumaric, and ferulic acids. Still, trans-caftaric and trans+cis-coutaric acids
remained as the major hydroxycinnamic acid derivatives in the wine samples. As for
stilbenes, like in grapes, trans-piceid was the major compound in wine, representing

around 60% of total stilbene compounds. Moreover, the average trans-piceid/trans-
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resveratrol ratio decreased from 5.74 in grapes to 2.70 in wines, probably due to the
hydrolysis of trans-piceid to trans-resveratrol during the alcoholic fermentation.*®

It was confirmed that samples from MeJ foliar treatment showed a higher
concentration of total stilbenes and trans-piceid while the effect on other non-flavonoid
compounds was less evident. In particular, it could be of interest that wine made from
treated grapevines showed a similar concentration of non-sterified hydroxycinnamic
acids (caffeic, p-coumaric and ferulic acids) to the control wine. These compounds are
ethylphenol precursors and therefore they could be involved in ethylphenol formation
and subsequent wine alteration, especially during barrel aging.*” This might be a
noteworthy outcome taking into account that Tempranillo grapes are normally used for
producing aged wines.*® Despite this fact, it should be also taken into account that
hydroxycinnamic acids are also precursors in the formation of hydroxyphenyl-
pyranoanthocyanins, which are anthocyanin-derived pigments that contribute to wine
color stability.*® Regarding stiloenes, trans-piceid content was three times higher in
wines from MeJ foliar treatment than in control wines. Moreover, total stilbene content
was increased in a 163% in wines obtained from grapevines treated with MeJ in
comparison with control wines. The increase in wine total stilbene concentration is in
good agreement with previous works which have shown that MeJ application in
vineyard could result in an improvement of wine stilbene content. In this respect,
Fernandez-Marin et al.?! found that total stilbene content was increased in wine, both at
press and bottle moments, with the application of MeJ to Syrah clusters. In recent years,
research on stilbenes has become very popular due to their importance for human
health.>® Therefore, the foliar application of MeJ to Tempranillo grapevines could be an

interesting tool in order to enhance wine health-promoting properties.
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Our results describe for the first time the effect of MeJ foliar application on the
phenolic composition of cv. Tempranillo grape and wine. Grape and wine phenolic
content was increased in the samples from MeJ treatment in comparison with control
samples. Anthocyanin content was increased in both grape and wine by Mel
application. Similarly, wine color related parameters were also improved as a
consequence of MeJ application. Apart from this, stilbene synthesis was enhanced by
MeJ application as stilbene content was increased in both grape and wine. The effect of
MeJ application was less evident on flavonols, although total flavonol content was
higher in wines from MeJ treatment than in control wines. For the remaining
parameters, there were not significant differences between control and MeJ samples. It
should be taken into account that foliar application does not require a previous
defoliation which, in contrast, is necessary when the application is carried out directly
on clusters. Therefore, this paper has shown that foliar application of MeJ could be an
easy and interesting viticultural practice in order to increase the phenolic content of
grape. Furthermore, it could improve as well the wine color and its health-promoting

properties.
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Table 1. Oenological Parameters of Grape Berries from Control Grapevines and from
Grapevines Treated with Methyl Jasmonate (MeJ)?

control MeJ

weight of 100 berries () 232+25a 225+5a

°Brix 23.2+08a 22.3+03a
pH 3.30+0.02a 3.33+0.04a
total acidity (g/L)° 842+0.19a 8.53+0.40 a
tartaric acid (g/L) 6.16+0.11a 6.23+0.03 a
malic acid (g/L) 4.26+0.36 a 440+0.28 a
potassium (mg/L) 1635+110a 1583 + 58 a

&Since the treatments were performed in triplicate, all parameters are listed with their standard
deviation (n = 3). For each parameter, values with the same letters are not significantly different
between the samples (p < 0.05). ’As g/L tartaric acid.
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Table 2. Oenological Parameters and Total Antioxidant Activity of Control Wine and

Wine Made from Grapevines Treated with Methyl Jasmonate (MeJ)?

control MeJ

alcoholic degree (% v/v) 13.4+06a 12.7+0.0a

pH 3.69+0.08a 3.63+0.08a
total acidity (g/L)° 7.50+0.04 a 745+0.29a
tartaric acid (g/L) 1.95+0.13a 1.98+0.0la
malic acid (g/L) 3.82+0.15a 3.95+0.23a
lactic acid (g/L) 0.05+£0.03a 0.09+0.00a
volatile acidity (g/L)° 0.26 £0.09 a 0.18+0.04 a
hue 0.50+0.03a 0.44+0.01a
color intensity (CI) 1154+ 0.46 a 15.66+0.42 b
Folin-Ciocalteu index 433+23a 50.7+0.6 b

total polyphenol index (TPI) 51.86+3.20a 59.71+250a
total anthocyanins (mg/L) 992+ 77 a 1122+ 82 a

ionised anthocyanins (mg/L) 216 +15a 306+17b

total tannins (mg/mL) 250+0.28a 3.57+0.64a
polymerization index 1.33+0.09a 1.62+0.10b
total antioxidant activity (mmol TE/L) ¢ 5.60+0.34a 589+0.19a

&Since the treatments were performed in triplicate, all parameters are listed with their standard
deviation (n = 3). For each parameter, values with different letters are significantly different
between the samples (p < 0.05). "As g/L tartaric acid. °As g/L acetic acid. “As mmol of Trolox

equivalents per liter of wine.
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Table 3. Individual Anthocyanin Content in Tempranillo Grape Berries (mg/kg) and
Wines (mg/L) from Control Grapevines and from Grapevines Treated with Methyl
Jasmonate (MeJ)?

grape berries wines
control MeJ control MeJ

delphinidin-3-glc 256.94 +27.77a 32498+20.85a 57.80+£8.67a 87.21+5.44b
cyanidin-3-glc 84.28+26.65 a 142,75 +15.07 a 7.03+234a 1266 +1.20 a
petunidin-3-glc 164.80 £ 8.63 a 197.27+1.24b 63.22+8.01a 83.19+0.09b
peonidin-3-glc 115.37 £23.96 a 180.74 +1.32b 25.11+6.37a 41.77+0.73b
malvidin-3-glc 34244 +38.68a 364.48+39.13a 210.18+19.92a 228.15+14.81la
delphinidin-3-acglc 449+0.10a 4.68+0.58a 537+0.70a 6.31£0.00 a
cyanidin-3-acglc 0.83+0.17a 1.19+0.06 a 0.23+0.01a 0.21+0.00 a
petunidin-3-acglc 285+0.26 a 294 +0.52a 2.86+0.24 a 3.19+0.11a
peonidin-3-acglc 0.20+0.06 a 0.16 +0.06 a 0.79+0.15a 1.10+0.04a
malvidin-3-acglc 582+156a 512+1.18a 6.72+1.38a 6.39£0.54 a
delphinidin-3-cmglc 2437+211a 26.36+192a 6.90+1.38a 9.02+1.05a
cyanidin-3-cmglc 799+1.27a 11.70+0.47b 2.34+0.38a 4.16+0.40b
petunidin-3-cmglc 15.49+282a 15.67+1.78a 554+1.20a 6.65+0.28 a
peonidin-3-cmglc 1185+151a 15.88+0.28 b 4.66+0.84a 741+0.21b
malvidin-3-cis-cmglc 097+051a 0.79+0.13a 046+0.15a 041+0.01a
malvidin-3-trans-cmglc 42.64+14.34a 3795+6.41a 21.08+6.82a 2147+1.15a
malvidin-3-cfglc 0.48+0.16a 0.31+0.15a 0.20+0.07a 0.23+0.06a
total anthocyanins 1082+ 34a 1333+ 15b 420+40a 520+ 7b
vitisin A - - 157+0.20a 159+0.28a
vitisin B - - 147 +0.09 a 1.68+£0.02b

®Nomenclature abbreviations: glc, glucoside; acglc, acetylglucoside; cmglc, trans-p-
coumaroylglucoside; cfglc, caffeoylglucoside. Since the treatments were performed in triplicate,
all parameters are listed with their standard deviation (n = 3). For each parameter, values with
different letters are significantly different between the samples (p < 0.05).
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Table 4. Individual Flavonol Content in Tempranillo Grape Berries (mg/kg) and Wines
(mg/L) from Control Grapevines and from Grapevines Treated with Methyl Jasmonate
(MeJ)?

grape berries wines
control MeJ control MeJ
myricetin-3-glcU 1.59+0.33a 220+0.77a 154+0.16a 191+0.05a
myricetin-3-gal 0.72+0.43a 0.87+0.11a - -
myricetin-3-glc 18.76 + 2.68 a 22.63+0.01a 13.38+2.28 a 1790+ 0.04 a
quercetin-3-gal 0.57+0.29a 1.01+0.46a - -
quercetin-3-glcU 460+ 130a 6.43+2.76a 245+0.46a 3.63+0.8la
quercetin-3-glc 6.20+131a 11.13+3.03a 3.00+031a 6.55+1.17b
guercetin-3-rut 0.39+0.13a 052+0.33a - -
laricitrin-3-glc 2.03+0.63a 230+0.15a 1.09+0.11a 1.23+0.12a
kaempferol-3-gal 0.18+0.06 a 0.34+0.17a - -
kaempferol-3-glcU 0.16£0.04 a 0.20+£0.01a - -
kaempferol-3-glc 0.77+0.40 a 1.61+0.80a 0.03+0.03a 0.16 £0.02a
isorhamnetin-3-gal 0.11+0.03a 0.13+0.02a - -
isorhamnetin-3-glc 0.40+£0.10a 0.80+£0.18b 0.22+0.04 a 0.39+0.01b
syringetin-3-glc 0.71+0.23a 0.89+0.00a 0.81+0.13a 092+0.14a
free-myricetin - - 4.77+£0.45a 591+£0.00b
free-quercetin - - 252+021a 286+041a
free-laricitrin - - 0.10+£0.01a 0.10+£0.01a
free-kaempferol - - 0.33+£0.04 a 0.48+£0.08a
free-isorhamnetin - - 0.19+0.01a 0.19+.001a
free-syringetin - - 0.11+£0.03a 0.20+£0.05a
total flavonols 37.19+7.34a 51.06 £8.26 a 30.54+259a 42.42+0.11b

®Nomenclature abbreviations: glcU, glucuronide; gal, galactoside; glc, glucoside; rut, rutinoside.
Since the treatments were performed in triplicate, all parameters are listed with their standard
deviation (n = 3). For each parameter, values with different letters are significantly different
between the samples (p < 0.05).

33



Table 5. Individual Flavanol Content in Tempranillo Grape Berries (mg/kg) and Wines
(mg/L) from Control Grapevines and from Grapevines Treated with Methyl Jasmonate

(MeJ)?
grape berries wines
control MeJ control MeJ

procyanidin B1 13.95+295a 1549+0.25a 1316 +193a 17.84+0.78a
epigallocatechin 139+049a 1.06+0.15a 12.16 +097a 1251+166a
catechin 65.51+2.40a 66.43+14.40a 4390+3.00a 46.23+4.60a
procyanidin B2 1758 £ 257 a 16.47+158a 6.60+147a 6.86 £0.40a
epicatechin 34.75+2.69a 3451+388a 18.60+221a 19.69+0.12a
epicatechin-3-gallate 9.61+0097a 10.52+0.69a 0.38+0.23a 0.72+£0.33a
total flavanols 142.78 £8.39 a 144.48 +20.97 a 9481+6.42a 103.84+2.76a

&Since the treatments were performed in triplicate, all parameters are listed with their standard
deviation (n = 3). For each parameter, values with the same letter are not significantly different
between the samples (p < 0.05).
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Table 6. non-Flavonoid Compounds in Tempranillo Grape Berries (mg/kg) and Wines
(mg/L) from Control Grapevines and from Grapevines Treated with Methyl Jasmonate

(MeJ)?
grape berries wines
control MeJ control MeJ
hydroxybenzoic acids
gallic acid 041+0.17a 038x0.05a 17.48+2.05a 19.88+1.03a
protocatechuic acid - - 3.60+£0.55a 433+£0.01a
hydroxycinnamic acids
trans-caftaric acid 895+135a 9.69+2.08a 4757+283a 48.10+6.33 a
trans+cis-coutaric acids 9.04+135a 9.01+136a 46.82+5.15a 51.16 £ 6.81 a
trans-fertaric acid 0.68+0.01a 0.67+0.00 a 194+0.18a 2.16+0.09a
cis-fertaric acid 0.21+001a 0.25+0.00 a - -
caffeic acid - - 6.83+x1.21a 9.21+0.58a
p-coumaric acid - - 207+031la 255+0.19a
ferulic acid - - 0.93+0.22a 1.27+0.04a
total 18.89+267a 19.62+3.44a 106.15+7.64a 114.45+12.63a
stilbenes
trans-piceid 0.65+0.17a 3.65+x058b 1.74+031a 539+144b
cis-piceid 0.39+0.10a 1.30+0.06b 0.34+0.15a 0.87+0.59a
trans-resveratrol 0.13+0.05a 0.13+001a 0.63+0.14 a 1.31+0.54a
cis-resveratrol 0.10£0.01a 0.09+0.00 a 0.18+0.02a 0.26 £ 0.08 a
total 126+0.33a 517+061b 2.98+0.54a 7.83+2.65b

aSince the treatments were performed in triplicate, all parameters are listed with their standard
deviation (n = 3). For each parameter, values with different letters are significantly different
between the samples (p < 0.05).
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