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ABSTRACT

Berry skins from red grape cultivars contain significant amounts of polyphenols that
contribute to wine quality and provide health benefits. These compounds can be elicited by
plant hormones. The aim of this work was to increase the content of anthocyanins (ANT)
and trans-resveratrol (T-RES) by application of abscisic acid (ABA) and methyl jasmonate
(MeJA) in five red V. vinifera cvs. (Bonarda, Malbec, Syrah, Cabernet Sauvignon, and Pinot
Noir), in two Argentinean contrasting growing regions (Santa Rosa and Valle de Uco).
Results showed positive and differential effects of ABA and Me]A on the total ANT content
for the diverse cultivars with changes in the proportions of blue and red ANT. ABA increased
total ANT in both viticultural region, while MeJA had a positive effect only in Santa Rosa.
Also, ABA and MeJA induced an accumulation of T-RES in different cultivars, regardless of
the region; T-RES accumulation elicited by ABA was not previously described. This work
brings out the possibility to use these hormones as practical tools to produce high-quality
red wines in two contrasting viticultural regions.
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RESUMEN

Los hollejos de las uvas tintas contienen cantidades significativas de polifenoles que
contribuyen a la calidad del vino y proporcionan beneficios para la salud. Estos compuestos
pueden ser elicitados por hormonas vegetales. El objetivo de este trabajo fue aumentar
el contenido de antocianinos (ANT) y trans-resveratrol (T-RES) mediante la aplicacién de
acido abscisico (ABA) y jasmonato de metilo (MeJA) en 5 V. vinifera cvs. (Bonarda, Malbec,
Syrah, Cabernet Sauvignon y Pinot Noir), en dos contrastantes regiones viticolas argentinas
(Santa Rosa y Valle de Uco). Los resultados mostraron un efecto positivo y diferencial de
ABA y MeJA en el contenido total de ANT para los diversos cultivares, con cambios en las
proporciones de ANT azul y rojo. ABA aument6 los ANT totales en ambas regiones viticolas,
mientras que MeJA tuvo un efecto positivo solo en Santa Rosa. Ademas, ABA y Me]A indu-
jeron una acumulacidn de T-RES en diferentes cultivares, independientemente de la region;
la acumulacién de T-RES provocada por ABA ha sido previamente reportada. Este trabajo
pone de manifiesto la posibilidad de utilizar estas hormonas como herramientas practicas
para producir vinos tintos de alta calidad en dos regiones viticolas contrastantes.

Palabras clave
elicitores ¢ compuestos fendlicos ¢ vid e hormonas vegetales

INTRODUCTION

Wine is a traditional beverage that has been associated with both healthy and harmful
effects. Scientific evidence has demonstrated a tight correlation between a mild but regular
red wine consumption and a healthy cardiovascular system in populations where wine
accompanies everyday meals as a habit (28); benefits are mostly conferred by the presence
of certain phenolic compounds that possess antioxidant activity (14). Phenolic compounds
(mainly located in berry skin and seeds) have also an important role in determining the
final oenological quality of red wines (29), being red wine known to contain 10-fold more
phenolic compounds than white wine.

The biological potential of the wide range of chemical of polyphenols compounds in
wine has been examined in extensive reviews (6, 24). In general, anthocyanins (ANT) are
excellent antioxidants since they are easily oxidized under stress circumstances, having
a protective effect on human health, regarding degenerative and chronic diseases (6).
On the other hand, trans-resveratrol (T-RES) (a stilbene), is the most examined phenolic
compound over the past decade due to its nutritional and medicinal value. T-RES exerts a
plethora of biological functions, especially as a cardiovascular protective, antiplatelet, anti-
oxidant, anti-inflammatory, blood glucose-lowering, anticancer, antiaging, neuroprotective,
and anti-obesity compound (24).

Polyphenol content in grapes is very variable and it depends on several genetic, envi-
ronmental and management factors (8). Among the environmental factor, the vineyard
location has a very important role (3). For example, high altitude vineyards have a wider
temperature range and grapes are richer in polyphenolic compounds than grapes from vine-
yards located in lower altitude and warmer regions (19). Due to the important properties of
these compounds, there is an increasing interest in producing grapes or wines with higher
contents, which have more nutraceutical value. Plant hormones, such as abscisic acid
(ABA), play an important role in plant physiological and biochemical processes. Exogenous
applications of ABA induce the accumulation of ANT in grape berries by enhancing the
transcription of anthocyanins synthesis related genes, thus improving the color of the fruit
(17). On the other hand, jasmonates like methyl jasmonic acid (MeJA) stimulate T-RES
biosynthesis (3, 18). Several local studies regarding content and biosynthesis stimulation
of certain phenolic compounds have been conducted in red grapevine cultivars grown in
Mendoza (1, 3, 5) and, in this context, ABA has shown positive effects on grapes growing
under high temperature conditions, countering the decrease of ANT caused by this environ-
mental factor (22, 23). In addition, Me]A has significantly increased T-RES accumulation, by
exacerbating the expression of genes whose products are involved in its synthesis, such as
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several members of the Stilbene Synthase (I/vSTS) multigenic family, transcription factors
WMYB14 and V/wMYB15.2, and Phenylalanine ammonia-lyase (VWWPAL) gene in Malbec (10).
Currently, there are no previous works assessing the different phenolic compounds induced
by hormones such as ABA and Me]A simultaneously in more than one variety and located in
contrasting viticultural regions with dissimilar climate conditions, trellis systems, irrigation
methods and soil depth, among other factors, and although the impact of plant hormones
and high temperatures alone has been widely studied, their combined effect with other
vineyard factors on plants remains poorly understood.

In Argentina, the vineyards involved in the production of red wine, account for almost
50% of the total country vineyards, distributed across irrigated arid areas. Mendoza, is
one of the most favorable viticultural locations in Argentina that produces premium red
wines and its vast viticultural area comprises great differences that could play a role in the
modulation of ABA and MeJA exogenous application on berries. The aim of this work was
to evaluate the accumulation of ANT and T-RES in the berry skin of five red V. vinifera cvs.,
after direct spraying with ABA and MeJA, in two different Argentinean viticultural regions.

MATERIALS AND METHODS

The study was conducted during 2016 season, in commercial vineyards of two
contrasting viticultural regions of Mendoza-Argentina. One of the vineyards was located in
Santa Rosa (68°03'28" W and 33°15'56" S; 590 m a. s.1.), in East Mendoza. These vineyards
consisted in a spur-pruned overhead trellis system (vine spacing: 4 m x 4.5 m), flood irri-
gated. All East Mendoza viticultural region show high average daily temperatures and warm
nights (4), deep soils, and overhead is the predominant trellis system. The other vineyard
was located in Gualtallary (69°15'37" W and 33°23'51" S; 1450 m a. s. 1.), Valle de Uco,
a region located in South West Mendoza. These vineyards were trained in a spur-pruned
vertical shoot position system (vine spacing: 2.2 m x 1.4 m), drip irrigated. In comparison to
Santa Rosa, this region shows lower average temperatures and very cold nights (4), shallow
soils, and vertical shoot position system predominates.

Climatic differences were detected between the two growing regions by the analysis
of daily data from nearby meteorological stations provided by Direccion de Contingencias
Climaticas de Mendoza. Temperatures from January to March (2016) were significantly
higher in Santa Rosa than in Valle de Uco region while relative humidity was lower in
Santa Rosa than in Valle de Uco (table 1, page 454). According to these data, Santa Rosa
was considered to be warmer and drier than Valle de Uco during the period when the
experiment was conducted.

Vineyards from both locations were 10-12 years old, not covered by anti-hail net and
managed according to the standard viticultural practices for each region and cultivar. In
both locations Bonarda, Cabernet Sauvignon, Malbec, Pinot Noir and Syrah own-rooted
Vitis vinifera cvs. were selected. Within a plot, 20 plants of each variety, were chosen
randomly from a set of plants comprising only those with trunk perimeter of the media
of the block + 1 standard deviation. A randomized complete block experimental design
with five replicates was used, where the experimental unit was a plant and each block was
composed of a row. Two independent hormone treatments were performed. An aqueous
solution (distilled water) of 1 mM ABA plus Tween 20 0.1% and was applied directly on
the berries with a handheld sprayer until runoff, at three opportunities (10 days apart),
starting at veraison, according to Malovini (2017). According to Duran (2016), Me]A
treatment consisted of 10 mM Me]A in 40% ethanol-water solution with Tween 20 0.1%,
and was sprayed on the berries together with the last ABA application. ABA control solution
consisted of distilled water and Tween 20 0.1%, while MeJA control solution consisted
of 40% ethanol-water solution with Tween 20 0.1%. Bunches from all cultivars were
harvested 4 days after the last ABA and the Me]A application. In the laboratory, grapes from
the modal size of each variety were randomly chosen and kept at - 80°C. For phenolics
extraction, samples consisted of 1 g of fresh berry skins (after being manually separated
from the pulp), macerated in methanol-HCI 0.1% mixture at 4°C for 48 h in the dark and
then filtered through a 0.45 pm cellulose acetate membrane.
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Table 1. Temperature and relative humidity differences between the two studied regions.
Values are means of growing season (January-March). Meteorological stations were
located in Las Catitas (33°15'56" S; 68°03'28" W, Santa Rosa) and El Peral (33°20'48.2" S;
69°9'27.7" W, Valle de Uco).

Tabla 1. Diferencias de temperatura y humedad relativa entre las dos regiones estudiadas.
Los valores son los medios para la temporada de cultivo (enero-marzo). Las estaciones
meteoroldgicas se ubicaron en Las Catitas (33°15'56" S; 68°03'28" O, Santa Rosa) y
El Peral (33°20'48,2" S; 69°9'27,7" O, Valle de Uco).

Season | Meteorological Temperature Relative humidity
Station n Maximum (°C) Mean (°C) Minimum (°C) Mean (%)
2016 Santa Rosa 111 31.23+0,45a | 22.08+0.41a | 15.63+0.42a 66.78+1.16 b
Gualtallary 105 29.22+0,45b | 2096+0.41b | 14.03+0.40a 7241+1.16a

ANT and T-RES contents were assessed by HPLC-DAD (SPD-M10AVP, Shimadzu, and
Dionex Softron GmbH, Thermo Fisher Scientific Inc., Germering, Germany) according to the
official OIV methodology proposed by Otteneder (2004). Total ANT content was computed
as the sum of individual ANT (delphinidin-3-glucoside, malvidin-3-glucoside, petunidin-3-
glucoside, cyanidin-3-glucoside, peonidin-3-glucoside, malvidin3-0-(6"-acetyl)glucoside,
peonidin3-0-(6"-acetyl)glucoside, malvidin-3-0-(6"-p-coumaroyl) glucoside and peonidin-
3-0-(6"-p-coumaroyl)glucoside) and it was expressed as a mg of malvidin-30-glucoside
equivalent per gram of fresh berry skin weight. Also, ANT chemical profile as red (cyanidin-
3-glucoside and peonidin-3-glucoside) and blue (delphinidin-3-glucoside, malvidin-3-glu-
coside, and petunidin-3-glucoside) content was analyzed. T-RES content was expressed as
ug gt of fresh berry skin weight. At harvest, soluble solids (° Brix) were measured with
a portable automatic refractometer (Atago®), and also pH and berry size were assessed.
Data were analyzed using mixed linear models (MLM) with factorial structure, several
alternative correlation structures were evaluated, as well as different structures of residual
variance. Since natural pH and ° Brix variations between the different cultivars and regions,
at harvest, could influence ANT and T-RES content, these variables were considered as
co-variables in the MLM. The best models were selected using the Akaike (AIC) and Schwarz
(BIC) information criteria (InfoStat v.2016 software, Grupo Infostat, FCA-UNC, Argentina).
When significant differences were found between treatments, means were compared
using DGC method involving a comparison based on multiple hierarchical conglomerates,
(p <0.05) (7).

RESULTS AND DISCUSSION

Anthocyanins and resveratrol are important factors that determine berry color and nutra-
ceutical properties, relevant aspects for producing good quality red wines. Numerous reports
have shown that exogenous applications of ABA and Me]A can improve these parameters
in grape berry skin (9, 12, 26, 30, 31). In this trial, we examined the effect of these plant
hormones in five different V. vinifera red cultivars in two contrasting viticultural regions.

ABA treatment increased total ANT concentration in all cultivars, except in Syrah (ABA
treatment x Cultivar p < 0.0001) (figure 1, page 455). Such increments ranged from 35% in
Malbec and 46% in Pinot Noir, to 73 and 70% in Bonarda and Cabernet Sauvignon. Since
Syrah is known to have an anisohydric behavior (16), this could be due to deficient ABA
receptors, and it could also explain the lack of response to ANT accumulation after ABA
sprayed. On the other hand, the analysis revealed an interaction between cultivars and the
viticultural region (p < 0.0001). Regardless of the many differences that characterize both
regions, it could be expected that, given the lower temperatures in Valle de Uco, all cultivars
would accumulate more total ANT, when compared to Santa Rosa. However, not all cultivars
behaved in such a way. In Valle de Uco, Malbec showed a two-fold accumulation, Pinot Noir
53% and Syrah 40%, compared to Santa Rosa. Bonarda and Cabernet Sauvignon seemed to
be more plastic cultivars; there were no differences in this variable between the two regions.
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It seems most likely that the ANT accumulation is due to an upregulation of CHI, F3'H, DFR,
and UFGT genes and the V/WMYBA1 and V/WMYBAZ2 transcription factors, as Koyama et al.
(2018) demonstrated in Vitis vinifera x Vitis labrusca hybrid after elicitation with ABA.
In this experiment, since no triple interaction between hormonal treatment, cultivar and
regions was found, the two significant interactions mentioned above have additive effects.
Overall, ABA effect on total ANT was not affected by the viticultural region (p > 0.05). This
seems to indicate that ABA could turn into a good agronomic tool to be used in both regions.
On the other hand, the application of MeJA was effective to induce the accumulation of
total ANT only in Santa Rosa (p Me]A treatment x Region = 0.0289) (figure 1). One expla-
nation for this phenomenon could be an effect of environmental factors, as previous studies
have shown that the season had a significant effect on ANT accumulation in response to
exogenous application of MeJA (10, 26). In Santa Rosa, when the hormone was applied, the
difference with total ANT content observed in the control plants of Valle de Uco, was notori-
ously smaller (figure 1). This could be helpful to achieve wines of higher ANT content in a
region where it is normally lower, like Santa Rosa.

Regarding ANT chemical profile, ABA increased red ANT in all cultivars, while blue ANT
were increased in all, except on Syrah (ABA treatment x Cultivar for blue ANT p < 0.0001
and for red ANT p = 0.0001) (figure 2, page 456). This data suggested that the observed
increment in total ANT with ABA application did not occur under an equal distribution
of the two types of ANT. Bonarda, Malbec and Cabernet Sauvignon experienced a higher
accumulation of the red than the blue type. The proportional increment of red over blue in
Bonarda was 45%, 38% in Malbec and 19% in Cabernet Sauvignon. Interestingly, in Pinot
Noir, the increment on total ANT responded to a higher relative increment of blue over
red (43%), which has not been previously described and could be a desirable enological
trait for blending. Finally, Syrah only had a significant increment of 44% in red ANT after
ABA application.
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Figure 1. Bar graph for the interaction of hormonal treatments (ABA) and cultivars,
and the interaction of hormonal treatments (MeJA) and the viticultural region, on total
anthocyanins content in berry skin.

Figura 1. Grafico de barras para la interaccion entre el tratamiento hormonal (ABA) y los
cultivares de vid, y la interaccion del tratamiento hormonal (MeJA) con la region viticola,
sobre el contenido del total de antocianos en hollejo.
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Figure 2. Bar graph for the interaction of ABA treatments and cultivars on blue and red
anthocyanin contents in berry skins.

Figura 2. Grafico de barras para la interaccién de los tratamientos de ABA con los
cultivares sobre el contenido en hollejo de antocianos azules y rojos.

On the other hand, MeJA did not show any influence on the blue ANT accumulation
in berry skin, neither as a simple effect, nor in interaction with the other tested factors
(p > 0.05). Regarding red ANT in grape skin, the accumulation of these compounds was
affected by the triple interaction of the assessed factors (MeJA treatment x Region x
Cultivar p = 0.009) (table 2, page 457). In Syrah and Pinot Noir, MeJA did not influence red
ANT levels in plants of Valle de Uco, and when it was applied in Santa Rosa, these poly-
phenols reached comparable levels to those found in Valle de Uco. Cabernet Sauvignon
showed no differences in red ANT levels between treatments, nor between regions. Finally,
these compounds were not affected by MeJA applications on Bonarda and Malbec. They
only showed a difference attributable to the region where they grew, an effect previously
seen by other researchers (32).

Regarding T-RES content in berry skin, the effectiveness of both hormonal treat-
ments was not influenced by the viticultural region (p > 0.05). ABA and Me]A showed
an interaction with cultivars (MeJA treatment x Cultivar p = 0.0043 and ABA treatment x
Cultivar p = 0.0007) (figure 3, page 457). The effect on T-RES accumulation triggered by
the exogenous application of ABA, contradicts Wang et al. (2016) study. In both control
treatments, Malbec, Syrah and Pinot Noir had the highest values, while Cabernet Sauvignon
showed medium values, and Bonarda the lowest. This observation in Bonarda is coincident
with the low T-RES observed in Bonarda wines from Mendoza-Argentina (11). ABA only
increased the accumulation of this polyphenol in Malbec by 93% and in Syrah by 48%.
Methyl jasmonate, on the other hand, only induced a significantly higher accumulation in
Bonarda (150%) and Cabernet Sauvignon (53%).

On the other hand, Pinot Noir did not respond to hormonal applications. In this work,
induction values described are comparable to those previously found in similar studies on
Malbec (9), Syrah (12), Tempranillo, Graciano and Monastrel (13, 26). Finally, on the whole,
grapes accumulated more T-RES in Valle de Uco than in Santa Rosa (p ABA treatment x
Cultivar < 0.0001 and p Me]A treatment x Cultivar < 0.0001) (data not shown). This has an
additive effect to the one on 7T-RES accumulation given by the interactions detected between
ABA and Me]JA treatments x Cultivar.
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Table 2. Table of the interaction among cultivars, viticultural region and MeJA treatments
on red anthocyanins (mg. g 1) in berry skin.

Tabla 2. Tabla de la interaccién entre cultivares, zona viticola y tratamiento de Me]A sobre
los antocianos rojizos (mg. g ') en hollejo.

Grape cultivar Viticultural region Treatment Means * E.E.
Bonarda Valle de Uco MeJA 1.25+0.29B
Bonarda Valle de Uco Control Me JA 1.25+0.29B
Bonarda Santa Rosa MeJA 0.33+0.07C
Bonarda Santa Rosa Control MeJA 0.4+0.07C
Malbec Valle de Uco Control MeJA 1.06 +0.16 B
Malbec Valle de Uco Me]A 0.96+0.16 B
Malbec Santa Rosa Control MeJA 0.5+0.05C
Malbec Santa Rosa MeJA 0.48 +£0.05C
Syrah Valle de Uco MeJA 1.27+0.19B
Syrah Valle de Uco Control MeJA 146+0.19B
Syrah Santa Rosa Me]A 2.29+0.26 A
Syrah Santa Rosa Control MeJA 1.26 £+ 0.26 B
. Cabernet Sauvignon Valle de Uco Me]A 0.36 £0.06 C
Different letters 8 .
represent significant Cabernet Sauvignon Valle de Uco Control MeJA 0.49 £ 0.06 C
differences by DGC test Cabernet Sauvignon Santa Rosa Me]A 0.39+0.04C
(p <0.05). Cabernet Sauvignon Santa Rosa Control MeJA 0.31+0.04C
Letras diferentes indican Pinot Noir Valle de Uco MeJA 1.99+0.29 A
diferencias Sig“‘ﬁc?t“’as Pinot Noir valle de Uco Control MeJA | 1.84+0.29 A
deter;?n;%zg;‘;ﬁ; Pinot Noir Santa Rosa MeJA 2.81+032A
prueba DGC (p < 0,05). Pinot Noir Santa Rosa Control MeJA 0.88+0.32B
12.5 — B ABA
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determinadas por la
prueba DGC (p < 0,05).

Figure 3. Bar graph for the interaction of hormonal treatments and cultivars on T-RES
content in berry skin.

Figura 3. Grafico de barras para la interaccion de los tratamientos hormonales y los
cultivares sobre el contenido de T-RES.
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The higher levels of erythemal weighted UV-B irradiance received in Valle de Uco, due to
its altitude, could also be the cause of a higher T-RES content as it has been found to enhance
PAL activity (1, 2). However, differences in trellis or irrigation systems that could poten-
tially play a role in the ANT accumulation cannot be discarded. For example, it is possible
that the higher vigor of vines in Santa Rosa conferred by their architecture, the irrigation
method and the climate of the region lead vines to a different utilization of photosynthates
compared to vines of Valle de Uco; this intricate interaction of factors is hard to tell apart.
Even so, under the given experimental vineyards’ conditions, the influence of the different
thermal parameters between Santa Rosa and Valle de Uco are conspicuous and they might
be playing the major role in the accumulation of T-RES and polyphenols in general.

In this study, pH and °Brix were evaluated to determine its influence on the analyzed
polyphenols. They were used as co-variables in the GLMs and the analyses showed no
correlation with total ANT, ANT chemical profile or T-RES. Regarding these parameters,
Hiratsuka et al. (2001) suggested that the reason for ABA promoting the coloration of
grapes might be due to the increase of soluble sugar content caused by this hormone. This
would provide more substrate for the final production of ANT and promote the activation of
ANT synthase or the expression of related genes. In this experiment, none of the hormonal
treatments modified this parameter (p > 0.05). Similar results were previously described in
Syrah berries (27). Regarding pH, berries sprayed with Me]A had a higher pH (3.92 + 0.03)
than those sprayed with control solution (3.87 + 0.02) (p = 0.0001). Portu et al. (2018)
found that MeJA applications on Graciano cultivar resulted in more acidic berries, while
Fernandez-Marin (2014) found that this hormone did not affect the acidity of Syrah grapes.
Apparently, MeJA has an interaction with Vitis ssp. genotypes and, possibly, with the season
(26). ABA did not modify pH values (p > 0.05), in accordance with the results showed by
Sun et al. (2019) on V. vinifera cv. Merlot berries. Finally, none of the hormonal treatments
influenced berry size (p > 0.05).

The results of this experiment show that ABA is a valuable agronomic tool for increasing
ANT in grapes, in two contrasting Argentinean viticultural regions, Valle de Uco and Santa
Rosa. Meanwhile, the application of Me]A only increased these compounds in Santa Rosa.
These increases responded, at least in part, to changes in the blue and red ANT ratios
induced by the hormones. In addition, the use of MeJA and ABA constitutes a promising
innovation for both regions. It could increase wine's nutraceutical value by augmenting
the contents of T-RES. In addition, this study has led to another experiment, where red
wines with enhanced ANT and T-RES contents obtained with these hormones, are being
studied for their psychotropic effects on animal models. This contributes to understanding
the influence of wine consumption on human health. Also, current studies in similar
contrasting regions are being carried out, including transcriptomic analysis of ANT and
T-RES regulation mediated by ABA and Me]JA.

CONCLUSION

The phenolic composition of the main red grape cultivars treated with ABA and Me]A
in two contrasting viticultural regions (Santa Rosa and Valle de Uco, Mendoza-Argentina)
was reported for the first time. A positive effect of ABA and Me]A on the total ANT content
was observed, at different magnitudes, for the diverse cultivars. The increment of these
compounds responded to changes in their chemical profile. ABA increased total ANT
regardless of the viticultural region, while MeJA had a positive effect only in Santa Rosa.
On the other hand, ABA and MeJA induced an accumulation of T-RES in different cultivars,
while the region had no effect on these treatments. T-RES accumulation elicited by ABA was
previously non-reported.

The use of these practical tools would allow the industry to produce high-quality red wines
with enhanced organoleptic and nutraceutical value, in the mentioned contrasting areas.
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