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Abstract: Grape berries are one of the most important sources of phenolic compounds, either con-
sumed fresh or as wine. A pioneer practice aiming to enrich grape phenolic content has been
developed based on the application of biostimulants such as agrochemicals initially designed to
induce resistance against plant pathogens. A field experiment was conducted in two growing seasons
(2019–2020) to investigate the effect of benzothiadiazole on polyphenol biosynthesis during grape
ripening in Mouhtaro (red-colored) and Savvatiano (white-colored) varieties. Grapevines were treated
at the stage of veraison with 0.3 mM and 0.6 mM benzothiadiazole. The phenolic content of grapes,
as well as the expression level of genes involved in the phenylpropanoid pathway were evaluated
and showed an induction of genes specifically engaged in anthocyanins and stilbenoids biosynthesis.
Experimental wines deriving from benzothiadiazole-treated grapes exhibited increased amounts
of phenolic compounds in both varietal wines, as well as an enhancement in anthocyanin content
of Mouhtaro wines. Taken together, benzothiadiazole can be utilized to induce the biosynthesis of
secondary metabolites with oenological interest and to improve the quality characteristics of grapes
produced under organic conditions.

Keywords: Vitis vinifera L.; Savvatiano; Mouhtaro; biostimulants; benzothiadiazole; polyphenolic profile;
gene expression; phenylpropanoid biosynthesis

1. Introduction

Grapevine (Vitis vinifera L.) is a perennial woody plant with a prolonged cultivation
history in Europe since the second millennium B.C., revealing a fundamental socioeco-
nomic impact [1–3]. The Greek vineyard represents approximately an area of 60,000 ha,
planted mainly (i.e., over 90%) with indigenous varieties such as Agiorgitiko, Xinomavro,
Savvatiano, and Assyrtiko [4]. Savvatiano is an autochthonous Greek, white-colored variety
representing more than 16% of the Greek vineyard, and Mouhtaro, a rare autochthonous
red-colored variety, is planted mostly at the Muses Valley in the area Viotia (Central Greece),
representing more than 90% of the local vineyard [4].

Sustainable viticulture, including organic production, is typically characterized by
a lower crop yield compared to conventional production systems, mainly due to the
limitation imposed on fertilization (no use of chemical fertilizers) and on plant protection
and pathogens (no use of pesticides) [5,6]. Modern agriculture tends to minimize the use of
chemical plant protection agents and to replace them with compounds of natural origin [7].
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This group of compounds includes biostimulants that are used to alleviate environmental
stress [8]. In the last decade, research groups around the word study the application of
biostimulants on different grapevine varieties [9–12]. Despite the large and increasing
number of publications dealing with biostimulants [13], scientific-based information on
their optimal use and crop specificity relative to the growing conditions is still incomplete.

Phenolic compounds represent a class of intensively studied bioactive molecules which
are related with the organoleptic characteristics of wines, such as color, astringency and
bitterness, as well as wine stability through enzymatic and chemical oxidative mechanisms.
Moreover, they possess numerous health benefits and are used in the pharmaceutical
industry for the treatment of various diseases [14–17]. They are also utilized in the food
industry as additives, natural preservatives, and dyes as well as in the cosmetic industry
due to its antimicrobial, antioxidant, and anti-inflammatory properties [18,19]. Up to date,
there are about 5000 phenolic compounds of plant origin, and they vary in response to
plant species and environmental conditions [20].

The content and profile of polyphenols in grape are affected by the cultivar, environ-
mental factors, and viticultural practices.

In the last 10 years, several studies have been conducted regarding the impact of
biostimulants. The exogenous applications of biostimulants induce the activation of en-
zymes involved in the biosynthesis of phenolic compounds [21–23]. BTH is considered
to be an analogue of Salicilic Acid inducing resistance against a broad spectrum of plant
pathogens [24,25]. However, few research studies have focused on the impact of benzothia-
diazole (BTH) on the quality of grapes and wines. For instance, the contents of anthocyanin,
flavonols, stilbenes, and tannins of grapes were increased after the BTH application of
various clones of the Monastrell variety [26]. Benzothiadiazole also increased the levels
of anthocyanins [27]. An increase in aromatic compounds of wines after the application
of BTH was also recorded by Gómez-Plaza et al. [28] and by Vitallini et al. [29]. How-
ever, the BTH application on the biosynthesis of phenolic compounds showed that it is
variety-dependent, as shown in Monastrell, Merlot, and Syrah varieties [30].

Herein, we evaluated the application of biostimulant BTH at a pre-harvest stage and
determined the increased contents of phenolic compounds in grapes and wine. Changes in
the profile of phenolic compounds and gene expression upon BTH treatment were deter-
mined during ripening period in the red-colored variety Mouhtaro and the white-colored
Savvatiano. The produced wines were analyzed and the extractability of phenolic com-
pounds during winemaking was evaluated showing an enhancement of phenolic content.

2. Results
2.1. Meteorological Data for the Two Years of Study

Savvatiano is characterized as a late-harvested variety according its phenological
stages at the Muses Valley. In the two vintages of the trial, budbreak occurred on 20 and
14th March in 2019 and 2020, respectively, while veraison started around 15th August and
20th September in 2019 and 2020, respectively. The temperatures recorded between the two
experimental years showed no significant differences, whilst the total amount of rainfall
was higher during the 2020 season (Table 1).

Mouhtaro is an earlier-harvested variety compared to Savvatiano. Budbreak occurred
on 8th and 3rd March in 2019 and 2020, respectively, and veraison started on 9th August
and 15th July in 2019 and 2020, respectively. According to the meteorological data, August
was drier in 2019 compared to 2020. In addition to the higher rainfall recorded in 2020,
the mean temperature at the post-veraison stage was higher than 2019. Therefore, the
2020 ripening period was longer than 2019 for the Mouhtaro variety.

2.2. Physicochemical Parameters of Savvatianno Grape Berries

The high dose of BTH treatment exhibited significantly lower berry size values at all
phenological stages of both vintages (Table 2). The higher berry weight values observed in
2020 vintage could be the result of higher water absorption by the plant due to the higher
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amount of rainfall recorded in 2020 (Table 1). A similar effect of weather conditions has
been also described in the Monastrell variety by Paladines Quezada et al. [31].

Table 1. Meteorological data of the Muses Valley area during 2019 and 2020 vintages.

Meteorological Data

Savvatiano Mouhtaro

2019 2020 2019 2020

Mean Temperature (◦C)
Pre-veraison 1 22.8 22.2 19.62 19.42
Post-veraison 2 22.6 23.8 24.7 26

Growing season 3 22.8 22.5 21.11 22.32

Rainfall (mm)
Pre-veraison 363.8 266.5 146.2 207.4
Post-veraison 16.8 5.2 0.0 84.0

Growing season 112.0 299.2 146.2 291.4
Annual 4 492.6 570.9 505.4 587.5

1 Pre-veraison, period from budbreak to veraison; 2 Post-veraison, period from veraison to harvest; 3 Growing
season, period from budbreak to harvest; 4 Annual, period from harvest to harvest.

Total soluble solids were increased throughout grape development (Table 2). The
control samples recorded slightly lower oBrix values than the BTH-treated samples (low
and high doses) in 2019 vintage. The differences were not substantial in 2020 vintage, except
at the harvest stage. Control samples showed significantly higher oBrix values (20.13 oBrix)
compared to both high (19.10 oBrix) and low (19.53 oBrix) BTH treatments. Grapes treated
with BTH showed lower sugar concentration than the control grapes, as observed in 2020,
indicating that BTH treatment might delay the ripening process of Savvatiano variety.
Similar results were also recorded after the exogenous application of the biostimulants
chitosan and abscisic acid on Savvatiano grapes during 2020 vintage [32]. Previous studies
concerning BTH application showed that it can delay fruit-ripening [33,34]. The pH content
in all treatments was increased gradually, with no statistical differences among treatments
(Table 2). However, grapes treated with the high BTH dose recorded the highest pH
value (3.39) among all treatments in both vintages. On the other hand, titratable acidity
(TA) values were decreased during the ripening period and no significant differences
were observed among treated and control plants (Table 2). Our results concerning the
physiochemical parameters are in agreement with the findings of Ruiz-García et al. [35],
who recorded increased berry weight upon BTH application in Monastrell grapes in one of
the two seasons.

2.3. Metabolomic Analysis of Savvatiano Grape Berries in Response to BTH

In the last decade, several studies have demonstrated that the application of benzoth-
iadiazole modulates secondary metabolism [21,27,31,36]. However, the impact of BTH
on white-colored grape varieties is unknown. This prompted us to perform a targeted
metabolomic analysis and evaluate the changes in specific secondary metabolites in re-
sponse to different concentrations of BTH in the white-colored variety, Savvatiano. During
the 2020 vintage, the higher mean temperature during the post-veraison stage coupled
with higher precipitation than 2019 (Table 1) resulted in grape berries with a higher level of
weight/berry ratio. Consequently, the concentration of the phenolic compounds in berries
was lower in 2020 vintage than in 2019 vintage (Figures 1, S1 and S2). In the two consecu-
tive vintages, BTH did not substantially affect the majority of berry phenolic compounds
(Figures 1, S1 and S2).

Metabolomic analyses showed that different doses of BTH differentially affected
the metabolic composition, including amino acids, stilbenoids, flavonols, flavan-3-ols,
and anthocyanins diOH in Savvatiano grapes in all three phenological stages examined.
Six amino acids were identified in all treatments during grape maturation, namely, L-
proline, L-leucine, L-isoleucine, L-phenylalanine, L-tyrosine, and L-tryptophan. The amino
acids exhibited higher levels in the treated grape berries than the controls in the two first
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phenological stages, presenting no statistical differences except the middle veraison stage
of 2019 vintage (Figures S1 and S2). The treated grape berries showed slightly lower levels
than the control ones in 2019 harvest, and the BTH high dose showed higher concentration
levels of total amino acids than the BTH low dose and control grapes in 2020 harvest.
However, no statistically significant differences were observed among the treatments in
both vintages (Figure 1).

Table 2. Physicochemical characteristics of Savvatiano grapes at three phenological stages.

2019

Phenolic
Stage Treatment Berry Volume

(mg/berry)
Total Soluble
Solids (oBrix)

Total Acidity
(Tartaric Acid g/L) pH

V
Control 2.21 ± 0.29 ab 14.26 ± 0.75 b 5.42 ± 0.24 b 2.89 ± 0.12 a

BTH Low 2.23 ± 0.16 a 14.95 ± 0.30 ab 5.70 ± 0.32 ab 2.77 ± 0.02 a
BTH High 1.83 ± 0.05 b 15.3 ± 0.17 a 6.15 ± 0.22 a 2.87 ± 0.15 a

MV
Control 2.70 ± 0.16 a 17.13 ± 0.55 b 4.75 ± 0.11 a 3.14 ± 0.07 b

BTH Low 2.39 ± 0.12 b 18.13 ± 0.28 a 4.45 ± 0.35 a 3.32 ± 0.04 a
BTH High 2.07 ± 0.06 c 18.66 ± 0.11 a 4.72 ± 0.19 a 3.35 ± 0.01 a

H
Control 2.30 ± 0.06 b 19.53 ± 0.11 a 4.40 ± 0.67 a 3.35 ± 0.09 a

BTH Low 2.45 ± 0.07 a 19.73 ± 0.49 a 4.35 ± 0.30 a 3.37 ± 0.03 a
BTH High 2.12 ± 0.03 c 19.96 ± 0.35 a 3.90 ± 0.25 a 3.39 ± 0.07 a

2020

Phenolic
Stage Treatment Berry Volume

(mg/berry)
Total Soluble
Solids (oBrix)

Total Acidity
(Tartaric Acid g/L) pH

V
Control 2.64 ± 0.05 a 15.66± 0.73 a 6.2 ± 0.17 a 3.25 ± 0.03 a

BTH Low 2.63 ± 0.06 a 14.83 ± 0.64 a 6.4 ± 0.44 a 3.19 ± 0.09 a
BTH High 2.56 ± 0.10 a 15.00 ± 0.17 a 6.5 ± 0.43 a 3.20 ± 0.04 a

MV
Control 2.85 ± 0.11 a 17.76 ± 0.28 a 5.3 ± 0.34 a 3.32 ± 0.09 a

BTH Low 2.58 ± 0.07 b 16.53 ± 0.89 a 5.45 ± 0.22 a 3.22 ± 0.02 a
BTH High 2.59 ± 0.08 b 16.50 ± 0.70 a 5.6 ± 0.31 a 3.24 ± 0.04 a

H
Control 2.56 ± 0.23 a 20.13 ± 0.40 a 4.49 ± 0.26 a 3.36 ± 0.03 a

BTH Low 2.82 ± 0.19 a 19.53 ± 0.25 ab 4.6 ± 0.17 a 3.37 ± 0.07 a
BTH High 2.55 ± 0.14 a 19.10 ± 0.25 b 4.63 ± 0.20 a 3.39 ± 0.13 a

Data represent mean ± std. deviation (n = 3). For each vintage and compound, the mean values followed by dif-
ferent letters in the same column are significantly different according to the t-test at 5% probability. Abbreviations:
V—Veraison; MV—Mid-Veraison, and H—Harvest).

The BTH-treated berries recorded significantly higher concentration levels of total an-
thocyanins diOH than the controls at all phenological stages of 2019 vintage
(Figures 1, S1 and S2). Although the same trend was also observed in 2020 vintage, the dif-
ferences were not statistically significant (Figures S1, S2 and 1). Similar results concerning
the total anthocynanins diOH in Savvatiano were also recorded after the application of the
biostimulants of chitosan and abscisic acid, as shown by Miliordos et al. [32]. Conventional
HPLC methods which are used in order to detect and quantify grape anthocyanin are
not sensitive enough to detect pigments at the level of a few µg/kg grapes. However,
modern UPLC-MS/MS instruments which are characterized by a higher number of chro-
matographic theoretical plates and a higher sensitivity detector (triple quadruple MS) are
also able to detect and quantify traces of anthocyanins. So far, few research studies have
demonstrated the existence of anthocyanins in white grapevine varieties, such as in Vitis
vinifera, L. Siria. [37], Riesling, and Sauvignon Blanc [38].

An additional phenolic group detected by the UPLC–MS was the stilbenoids. Specifi-
cally, piceid, E-resveratrol, E-piceatannol, and E-ε-viniferin were detected in grape samples.
The effect of the BTH application was negligible at the middle veraison stage of both vin-
tages (Figure S2), while it was evident at the harvest stage (Figure 1). Notably, the high dose
of the BTH significantly increased the total stilbenoids level in both vintages. Although
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the low dose BTH exhibited higher total stilbenoids than the control grapes, the difference
was not statistically significant (Figure 1). An increased level of stilbenoids in Savvatiano
at the harvest stage was also observed after the application of chitosan and abscisic acid,
according to Miliordos et al. [32]. Stilbenoids are well-known grape phytoalexins that are
induced following environmental stress, such as fungal infections [38,39]; however, the
stilbenoid induction may also affect plant and berry development [40].
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Figure 1. Total concentrations of amino acids (a), anthocyanins diOH (b), stilbenoids (c), fla-
van-3-ols (d), flavonols (e) and phenolic acids (f) in Savvatiano berries at harvest stage (3rd sam-
pling) in 2019 and 2020 treated with benzothiadiazole. Control (grey), low concentration of ben-
zothiadiazole (light green), and high concentration of benzothiadiazole (dark green). Error bars 
represent the standard deviations. Different letters indicate significant differences No significant 
difference (ns) was found between values with the same letters (one-way ANOVA, p-value > 0.05). 
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Figure 1. Total concentrations of amino acids (a), anthocyanins diOH (b), stilbenoids (c),
flavan-3-ols (d), flavonols (e) and phenolic acids (f) in Savvatiano berries at harvest stage (3rd
sampling) in 2019 and 2020 treated with benzothiadiazole. Control (grey), low concentration of
benzothiadiazole (light green), and high concentration of benzothiadiazole (dark green). Error bars
represent the standard deviations. Different letters indicate significant differences No significant
difference (ns) was found between values with the same letters (one-way ANOVA, p-value > 0.05).
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In this study, eight flavan-3-ols were detected by UPLC–MS, namely, catechin, epi-
catechin, catechin gallate, procyanidin B1, procyanidin B2, procyanidin B3, procyanidin
B4, and procyanidin gallate. A consistent decrease in the total flavan-3-ols content in the
grape berries over the ripening period was recorded, while the BTH treatments did lead
to significant changes at veraison (Figure S1) and harvest stage (Figure 1). For instance,
the BTH high dose significantly decreased the concentration of total flava-3-ols at the
veraison stage in both vintages (Figure S1). On the other hand, the BTH low or high dose
significantly increased the flava-3-ols concentration at the harvest stages of 2019 and 2020,
respectively (Figure 1).

Similarly, the flavonols level was decreased over the ripening period. BTH application
did not induce the flavonol content at the veraison stage of the 2019 and 2020 vintage
(Figure S1). Similar results were observed at the middle veraison stage, when the flavonol
content was lower in the BTH-treated vines than the controls, while in 2019 vintage,
the treated berries showed significantly lower flavonol content than control (Figure S2).
Although differences between treated and control vines were recorded at harvest of both
vintages, only the BTH low dose led to grapes with significantly higher flavonol content
than controls at the harvest stage of 2019 vintage, while in 2020 vintage, no differences
were observed (Figure S2).

Four phenolic acids were detected by UPLC–MS, namely, gallic acid, coutaric acid,
caftaric acid, and fertaric acid. A consistent decrease in the total phenolic acid concentration
in grape berries was recorded over the ripening period, while BTH treatments did not lead
to any significant change (Figures1, S1 and S2).

2.4. Physicochemical Parameters of Savvatiano Experimental Wines

All Savvatiano wines showed usual values of enological parameters according to
the physiochemical grape berry data. In the second vintage (2020), wines presented
significant differences among the control wines and wines made from treated grapevines
(BTH low and high) regarding alcoholic degree, and both treatments produced wines with
decreased alcoholic degrees. In contrast, no significant difference was observed among the
treatments and the control wines in 2019 vintage. Furthermore, BTH treatments increased
the total acidity of wines compared to the control wines, without any statistically significant
difference (Table 3). Similarly, no significant difference was observed in pH values in wines
produced from treated and control wines (Table 3). Similar results were obtained upon
the application of ethephon to the white-colored variety, Verdejo [41]. Finally, the volatile
acidity values were below 0.6 g/L, which is usually perceived as a spoilage character for
wine at high concentrations.

2.5. Color and Phenolic Parameters of the Three Experimental Savvatiano Wines in Response to
Two Different Treatments and a Control

According to our results, BTH treatment (especially the high dose) significantly in-
creased the phenolic parameters of wine, such as Total Phenolic Index, color (420 nm
absorbance), and Total Polyphenol Concentration value, in 2019 vintage. On the con-
trary, the control wines provided a different profile in 2020 vintage compared to the 2019,
recording higher levels of the wine phenolic parameters than the BTH wines (Table 4).
Additionally, BTH-treated wines showed higher k factor levels than the control wines in
both vintages, suggesting that BTH-treated wines could provide brown color earlier than
the controls (Table 4). To our knowledge, no data have been presented so far concerning
the phenolic profile of white wines produced from grapes treated with BTH or with any
other bioelicitors.

2.6. Physicochemical Parameters of Mouhtaro Grape Berries

BTH treatment resulted in smaller grape berries, with higher sugar content and higher
total acidity in 2020 vintage. Different climatic conditions could have influenced grape
ripening and physicochemical composition. The weight/berry value (Table 5) gradually
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increased throughout ripening in both vintages and significant differences among BTH-
treated and control grapes were observed. BTH-treated grapes were smaller in size than
the control grapes in both vintages in all sampling dates. For instance, the observed berry
weight of the control and BTH-treated (high dose) at harvest stage was 2.11 g and 2.01 g for
the 2019, and 2.05 g and 1.96 g for 2020 vintage, respectively. It should be mentioned that
berry size is considered a quality factor in the red varieties, as the skin is the area of the grape
berry from which phenolic compounds will be released during the vinification process [42].
Hence, a smaller grape berry will result in a higher skin-to-pulp ratio, which means that
the phenolic compounds will be less diluted in the grape must during winemaking [27].
However, despite the higher amount of rainfall during the 2020 ripening period, the ratio
was smaller due to the higher temperature mean compared to 2019 vintage. Hence, the
weather conditions could have led to a longer ripening period and smaller grape berries.

Table 3. Conventional wine analysis parameters of experimental Savvatiano wines in response to
two different treatments (BTH low and high) and a control.

Savvatiano

Vintage Treatment Ethanol
(v/v %) Total Acidity (Tart. Acid g/L) Volatile Acidity (Ac. Ac. g/L) pH

2019
Control 10.8 ± 0.2 a 6.0 ± 0.3 a 0.2 ± 0.04 a 3.10 ± 0.04 a

BTH Low 10.8 ± 0.3 a 6.0 ± 0.1 a 0.2 ± 0.03 a 3.20 ± 0.12 a
BTH High 11.5 ± 0.5 a 6.2 ± 0.3 a 0.2 ± 0.01 a 3.17 ± 0.07 a

2020
Control 11.8 ± 0.2 a 4.1 ± 0.1 a 0.10 ± 0.01 a 3.47 ± 0.02 a

BTH Low 10.8 ± 0.1 b 4.3 ± 0.1 a 0.10 ± 0.02 a 3.35 ± 0.01 a
BTH High 10.7 ± 0.2 b 4.6 ± 0.5 a 0.10 a ± 0.06 a 3.33 ± 0.11 a

Data represent mean ± std. deviation (n = 3). Data represent mean ± std. deviation (n = 3). For each vintage and
analysis, the mean values followed by different letters in the same column are significantly different according to
the t-test at 5% probability.

Table 4. Color and phenolic parameters of the three experimental Savvatiano wines in response to
two different treatments.

Vintage Treatment TPI 420 nm
Total Polyphenol

Concentration
(Gal. Ac. mg/L)

k Factor

Savvatiano 2019
Control 5.37 ± 0.38 b 0.047 ± 0.003 b 23.2 ± 1.0 b 0.0031 ± 0.0005 a

BTH Low 5.72 ± 0.46 ab 0.0513 ± 0.007 ab 25.0 ± 2.0 b 0.0035 ± 0.0002 a
BTH High 6.42 ± 0.47 a 0.058 ± 0.002 a 31.1 ± 1.5 a 0.0036 ± 0.0001 a

Savvatiano 2020
Control 5.23 ± 0.06 a 0.05 ± 0.005 a 25.2 ± 1.6 a 0.060 ± 0.0004 b

BTH Low 4.46 ± 0.31 b 0.04 ± 0.005 b 20.6 ± 1.9 b 0.0641 ± 0.005 a
BTH High 4.45 ± 0.37 b 0.04 ± 0.001 b 21.5 ± 1.4 b 0.067 ± 0.002 a

Data represent mean± std. deviation (n = 3). For each vintage and analysis, the mean values followed by different
letters in the same column are significantly different according to the t-test at 5% probability.

The increasing trend of TSS in all treatments was similar to that of the weight. TSS
(Table 5) in grape samples increased during the ripening period, with the control samples
recording slightly higher oBrix values than the BTH-treated samples. However, the differ-
ences were not substantial except at the harvest stage of 2020 vintage (Table 5). Similar
results were observed in the Syrah variety by Fernandez-Marin et al. [43], while controver-
sial results were recorded in the Monastrell variety [35]. BTH treatments produced grapes
with a lower sugar concentration, as observed in the 2020 season, indicating that BTH
treatment might delay the ripening process of the red variety, as in the Savvatiano variety.

Titratable acidity (TA) values decreased during the ripening period and TA in 2019
recorded lower values in BTH-treated berries compared to the controls. In contrast, the TA
values of the treated berries showed higher values than the controls in 2020 vintage. On
the other hand, pH content was increased gradually during maturation and no statistically
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significant differences were observed between treatments in the two first phenological
stages (Table 5). However, the pH value of the BTH-treated berries recorded significantly
higher values than the control ones at harvest of both vintages (Table 5).

Table 5. Physiochemical characteristics of Mouhtaro grapes at three phenological stages.

2019

Phenologic Stage Treatment Berry Volume
(mg/berry)

Total Soluble
Solids (oBrix)

Total Acidity
(Tartaric Acid g/L) pH

V
Control 1.51 ± 0.15 a 14.1 ± 0.8 b 12.3 ± 0.4 a 2.86 ± 0.03 a

BTH Low 1.39 ± 0.10 ab 15.9 ± 0.1 a 13.0 ± 0.6 a 2.88 ± 0.13 a
BTH High 1.22 ± 0.02 b 16.2 ± 1.1 a 12.1 ± 0.2 a 2.87 ± 0.15 a

MV
Control 2.02 ± 0.10 a 18.9 ± 1.6 a 9.5 ± 1.1 a 3.50 ± 0.02 a

BTH Low 1.77 ± 0.05 b 19.1 ± 0.3 a 9.2 ± 0.2 a 3.41 ± 0.16 a
BTH High 1.59 ± 0.02 b 18.0 ± 0.8 a 9.4 ± 0.6 a 3.50 ± 0.05 a

H
Control 2.11 ± 0.01 a 23.7 ± 0.4 a 8.1 ± 0.2 a 3.31 ± 0.01 a

BTH Low 2.10 ± 0.07 ab 23.4 ± 0.3 a 8.1 ± 0.1 a 3.69 ± 0.07 b
BTH High 2.01 ± 0.02 b 23.2 ± 0.5 a 7.4 ± 0.2 b 3.76 ± 0.02 b

2020

Phenolic
Stage Treatment Berry volume

(mg/berry)
Total Soluble
Solids (oBrix)

Total Acidity
(Tartaric Acid g/L) pH

V
Control 1.74 ± 0.12 a 14.7 ± 0.2 a 17.9 ± 0.1 a 2.97 ± 0.06 a

BTH Low 1.88 ± 0.10 a 15.0 ± 0.8 a 16.8 ± 0.4 b 3.05 ± 0.05 a
BTH High 1.90 ± 0.11 a 14.3 ± 0.1 a 17.4 ± 0.2 ab 3.08 ± 0.02 a

MV
Control 2.38 ± 0.06 a 17.7 ± 0.3 a 10.3 ± 0.4 a 3.21 ± 0.09 a

BTH Low 2.16 ± 0.19 ab 18.3 ± 0.5 a 10.3 ± 0.4 a 3.23 ± 0.03 a
BTH High 2.06 ± 0.10 b 17.6 ± 0.3 a 10.8 ± 0.2 a 3.16 ± 0.03 a

H
Control 2.05 ± 0.09 a 24.6 ± 0.5 a 7.6 ± 0.3 a 3.37 ± 0.12 b

BTH Low 1.90 ± 0.23 a 23.6 ± 0.3 b 8.7 ± 0.9 a 3.51 ± 0.09 ab
BTH High 1.96 ± 0.80 a 23.6 ± 0.2 b 8.6 ± 0.2 a 3.62 ± 0.08 a

Data represent mean± std. deviation (n = 3). For each vintage and analysis, the mean values followed by different
letters in the same column are significantly different according to the t-test at 5% probability. Abbreviations:
V—Veraison, MV—Mid-Veraison, and H—Harvest).

2.7. Metabolomic Analysis of Mouhtaro Grape Berries in Response to BTH Applications

The phenolic groups detected by UPLC-MS in Mouhtaro grape berries after the appli-
cation of two different doses of benzothiadiazole in 2019 and 2020 vintages are presented
in Figure 2 and in Supplementary Figures S3–S5). Amino acids represent the most im-
portant part of the total nitrogen content in grape must [44] since they are metabolized
by yeast during the yeast growth phase and wine [45]. Total amino acids (L-proline,
L-leucine, L-isoleucine, L-phenylalanine, L-tyrosine, and L-tryptophan) were found to
decrease during the ripening period (Supplementary Figures S3–S5). At all phenological
stages examined, BTH treatment (mainly high dose) increased the total amino acid concen-
tration compared to the untreated vines (Figure S3), but the differences observed were not
statistically significant, except at the middle veraison stage of both vintages (Figure S4). In
contrast, lower concentrations of amino acids have been recorded upon BTH application in
Cabernet Gernischt grapes [21].

Anthocyanin biosynthesis in Mouhtaro grapes during 2019 was higher than in 2020
(Figures 2, S3 and S4) at all phenological stages. Therefore, it can be assumed that environ-
mental conditions could strongly affect the accumulation of anthocyanins in this variety,
probably by inhibiting biosynthesis and/or degradation [46]. As mentioned above, the
amount of rainfall was higher in the 2020 growing season compared to 2019 (Table 1),
which could have affected the accumulation and distribution of anthocyanins in the skins
of the grape berries. The decision of harvest was determined by the technological maturity,
and not by the phenolic maturity, hence, it could be that the Mouhtaro grapes were not
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harvested at the point of their highest polyphenolic concentration. The application of BTH
positively influenced the concentration of total anthocyanins in 2019 vintage but the dif-
ferences recorded were not statistically significant (Figures S3 and S4). On the other hand,
BTH treatment increased anthocyanins diOH concentration at the harvest stage of 2020.
The BTH low dose recorded significantly higher levels of anthocyanins in grapes than the
controls (Figure S5). The positive effect of BTH on the content of anthocyanins has been also
observed in Merlot and Monastrell varieties [26,47]. Anthocyanins triOH in untreated vines
were constantly increased during the ripening period in both vintages. The application of
BTH low dose resulted in significantly higher athocyanins triOH levels compared to the
controls at the middle veraison stage of 2019 vintage. However, the same treatment tended
to decrease the anthocyanins triOH content in 2020 vintage (Figures S3 and 3).

Flavan-3-ols (especially procyanidin) are related to color stability through reactions
of copigmentation and polymerization, and together with anthocyanins, they determine
the ability of wines to age [48]. BTH treatment had a negative impact on the content of
total flavan-3-ols in both vintages (Figures S3 and S4). However, both BTH treatments
resulted in a significantly higher level of total flavan-3-oles than the controls at the harvest
stage of 2020 (Figure 2). Remarkably, a wine with higher astringency and bitterness could
be produced by grapes with the excess of these phenolic compounds [49], an important
characteristic of fresh wines of high quality.

Flavonols are found in lower proportions in red-colored varieties since they form
very stable copigmentation complexes with anthocyanins [50]. The higher temperatures
recorded in 2020 (Table 1) combined with the greater number of days between veraison
and harvest (54 days in 2020 vs. 49 in 2019, Table 1), could have increased flavonols level,
compared to 2019. Koyama et al. [51] showed that biosynthesis of flavonols in grapes
depends, to a greater extent than other phenolic compounds, on light exposure, which
favors their accumulation in Cabernet sauvignon grapes by increasing the hours of solar
radiation. BTH application resulted in a slightly higher level of flavonols at the harvest
stage, but the difference was not statistically significant (Figure S5).

Four phenolic acids, namely, gallic acid, coutaric acid, fertaric acid, and caftaric acid
were detected in Mouhtaro grape berries. BTH treatments did not lead to any significant
difference in Mouhtaro grape berries except in the stage of middle veraison in 2019 vintage,
and led to significantly decreased levels of phenolic acids (Figure S4).

Regarding stilbenes, E-piceid was detected by UPLC-MS in berries. The BTH-treated
vines showed significantly higher level of E-piceid compared to the controls at middle
veraison and harvest stages of both vintages (Figure S5). Specifically, the BTH high dose
provided grapes with higher levels of E-piceid than the control and BTH low dose at middle
veraison stage of both 2019 and 2020 vintages. The highest E-piceid content among the
treatments was recorded at harvest stages of 2019 and 2020 upon the application of high
and low doses of BTH, respectively. Similar results were obtained upon the exogenous
application of benzothiadiazole in the red-colored variety, Merlot [47], and chitosan and
abscisic acid in the white-colored variety, Savvatiano [32].

2.8. Physicochemical Parameters of Mouhtaro Experimental Wines

Benzothiadazole treatment had no effect on the alcoholic degree in 2019 wine samples.
Contrarily, the alcoholic title was significantly lower in the wines produced from treated
vines compared to the controls in 2020 vintage (Table 6), which is similar to Savvatiano
wines (Table 2). These results are in agreement with Vitalini et al. [29] in which the BTH-
treated vines of the red-colored variety, Groppello Gentile, produced wines with a lower
alcoholic title. These results paralleled the physiochemical results of the Mouhtaro grapes.
Regarding the TA, BTH treatments reduced the total acidity of the wines with respect to
the control wines and increased the pH levels. As for the volatile acidity, BTH treatments
increased the volatile acidity; however, the values were well below 0.6 g/L (Table 6).
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Figure 2. Total concentrations of amino acids (a), anthocyanins diOH (b), stilbenoids (c), fla-
van-3-ols (d), flavonols (e), and phenolic acids (f) in Mouhtaro berries at Harvest (3rd sampling) 
stage in 2019 and 2020 treated with benzothiadiazole: control (grey), low concentration of benzo-
thiadiazole (pale orange), and high concentration of benzothiadiazole (dark orange). Error bars 
represent the standard deviations. Different letters indicate significant differences. No significant 
difference (ns) was found between values with the same letters (one-way ANOVA, p-value > 0.05). 
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Figure 2. Total concentrations of amino acids (a), anthocyanins diOH (b), stilbenoids (c),
flavan-3-ols (d), flavonols (e), and phenolic acids (f) in Mouhtaro berries at Harvest (3rd sampling)
stage in 2019 and 2020 treated with benzothiadiazole: control (grey), low concentration of benzothia-
diazole (pale orange), and high concentration of benzothiadiazole (dark orange). Error bars represent
the standard deviations. Different letters indicate significant differences. No significant difference
(ns) was found between values with the same letters (one-way ANOVA, p-value > 0.05).
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Table 6. Conventional wine analysis parameters of experimental Mouhtaro wines in response to
two different BTH treatments (low and high).

Vintage Treatment Ethanol
(v/v %)

Total Acidity (Tart.
Acid g/L) pH Volatile Acidity

(Ac. Ac. g/L)

Mouhtaro 2019
Control 13.7 ± 0.4 a 6.2 ± 0.3 a 3.43 ± 0.04 a 0.43 ± 0.07 a

BTH Low 13.4 ± 0.3 a 5.7 ± 0.4 ab 3.66 ± 0.24 a 0.53 ± 0.15 a
BTH High 13.3 ± 0.2 a 5.4 ± 0.2 b 3.82 ± 0.31 a 0.57 ± 0.02 a

Mouhtaro 2020
Control 14.2 ± 0.4 a 6.8 ± 0.5 a 3.8 ± 0.21 a 0.27 ± 0.03 a

BTH Low 13.2 ± 0.3 b 6.1 ± 0.6 ab 3.8 ± 0.22 a 0.33 ± 0.03 a
BTH High 13.4 ± 0.2 b 5.6 ± 0.1 b 3.9 ± 0.06 a 0.29 ± 0.02 a

Data represent mean± std. deviation (n = 3). For each vintage and analysis, the mean values followed by different
letters in the same column are significantly different according to the t-test at 5% probability.

2.9. Color and Phenolic Characteristics of the Mouhtaro Experimental Wines

The enological parameters such as Total Phenolic Index, wine color intensity, total
anthocyanins, Total Polyphenolic Concentration value, and the total tannins measured by
the Methyl Cellulose Precipitable (MCP) assay revealed differences among control wines
and wines made from BTH-treated vines in the two seasons (Table 7). The BTH-treated
vines produced wines with significantly higher color and phenolic profile when compared
to the control wines in both vintages. However, the concentration of the phenolics recorded
in wines was decreased in 2020 compared to 2019 vintage, probably due to the higher
precipitation. Therefore, the effect of the BTH treatment on the phenolics and the enological
parameters were milder than those detected for the 2019 wine samples. Similar differences
due to climatological conditions were also observed [52] in the Tempranillo variety in the
same vintages. Furthermore, Ruiz- Garcia et al. [35] observed an increase in athocyanin and
phenolic concentration in grapes and further to the elaborated wines upon the biostimulant
application.

Table 7. Color and phenolic parameters of the three experimental Mouhtaro wines in response to
two different BTH treatments.

Stage Treatment
Total

Phenolic
Index

Color

Intensity

Total Polyphenol
Concentration

(Gal. Ac. mg/L)

Total
Anthocyanins

(mg/L)
MCP

Mouhtaro 2019
Control 42.5 ± 2.5 b 13.0 ± 0.3 b 1506.5 ± 81.6 b 355.5 ± 4.5 b 232.3 ± 14.6 b

BTH Low 46.0 ± 1.7 b 14.0 ± 0.5 a 1675.4 ± 60.2 ab 385.1 ± 12.7 a 234.5 ± 12.5 b
BTH High 51.4 ± 2.2 a 13.3 ± 0.2 ab 1847.4 ± 133.1 a 363.9 ± 9.9 ab 339.7 ± 13.6 a

Mouhtaro 2020
Control 36.9 ± 3.7 b 12.5 ± 0.2 ab 1273.1 ± 49.3 c 325.5 ± 2.0 b 222.3 ± 6.6 c

BTH Low 45.7 ± 3.7 a 13.0 ± 0.1 a 1442.1 ± 32.4 b 344.4 ± 8.1 a 237.8 ± 6.4 b
BTH High 47.7 ± 3.4 a 12.2 ± 0.4 b 1610.7 ± 51.8 a 321.9 ± 3.8 b 323.1 ± 7.1 a

Data represent mean ± std. deviation (n = 3). For each vintage and analysis the mean values followed by different
letters in the same column are significantly different according to t-test at 5% probability.

2.10. Anthocyanins Content (mg/L) in Mouhtaro Experimental Wines

The color of grapes and red wines is due to the presence of anthocyanins. Antho-
cyanins biosynthesis occurs in the skin, and it is a critical factor of the diversity of the
varieties [53]. The wine anthocyanin content obtained by HPLC was different to that
analyzed in berries, probably due to the differential extraction ratio of anthocyanins, degra-
dation, and polymerization reactions [31,54].

In both vintages, the monomeric anthocyanins in the BTH-treated wines showed
significantly increased levels than the control wines. More specifically, the highest content
among the treatments was recorded in BTH low dose (Table 8). Moreover, the concentration
of anthocyanins in wines was decreased in response to the higher precipitations observed
during the year 2020 (Table 1). In addition to that, malvidin-3-O-glucoside significantly
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scored the highest content in all BTH treatments in the two consecutive seasons. The
enhanced content of malvidin-3-O-glucoside was also reported upon the exogenous appli-
cation of BTH and Methyl Jasmonate (MeJ) in Syrah and Tempranillo varieties [30]. The
total anthocyanin content obtained in our study is in agreement with the increase in the
phenolic capacity of both grapes and wines. The results also confirm previous studies
using the foliar application of BTH in red varieties Monastrell, Merlot, and Cabernet Sauvi-
gnon [27], and in Monastrell wines [26,35]. The total content of individual monomeric
anthocyanins (as quantified by HPLC) in wines also correlates with the wine absorbance
(color intensity and total anthocyanins).

Table 8. Individual anthocyanins evaluated by HPLC in Mouhtaro wines.

Vintage Treatment Dp3G Cy3G Pt3G Pn3G Mlv3G MlvAc MlvCm Total
Anthocyanins

Mouhtaro
2019

Control 32.0 ± 2.5 a 2.2 ± 0.1 b 41.1 ± 1.9 b 5.7 ± 0.5 b 260.0 ± 8.0 b 10.2 ± 1.0 a 4.7 ± 0.4 a 348.1 ± 7.9 b
BTH Low 38.2 ± 4.1 a 2.6 ± 0.1 a 50.1 ± 2.7 a 7.8 ± 1.1 a 265.1 ± 1.9 a 8.4 ± 0.4 b 4.3 ± 0.6 ab 372.6 ± 4.8 a
BTH High 38.7 ± 4.5 a 2.4 ± 0.1 a 49.5 ± 3.6 a 7.8 ± 1.1 a 251.1 ± 6.2 c 8.1 ± 0.4 b 3.5 ± 0.5 b 354.6 ± 8.6 b

Mouhtaro
2020

Control 27.0 ± 2.5 b 2.3 ± 0.1 ab 26.5 ± 1.6 b 2.6 ± 0.1 a 248.4 ± 3.1 a 12.6 ± 1.3 a 6.4 ± 0.8 a 319.6 ± 3.4 ab
BTH Low 33.7 ± 1.2 a 2.4 ± 0.1 a 29.4 ± 0.6 a 3.1 ± 0.4 a 246.1± 1.4 ab 10.6 ± 1.2 a 5.5 ± 0.3 a 325.6 ± 0.9 a
BTH High 34.2 ± 0.3 a 2.1 ± 0.1 b 25.8 ± 0.6 b 2.7 ± 0.1 a 241.0 ± 4.9 b 10.9 ± 0.1 a 5.4 ± 0.1 a 317.1 ± 3.9 b

Data represent mean ± std. deviation (n = 3). For each vintage and compound, the mean values followed by
different letters in the same column are significantly different according to the t-test at 5% probability. Abbrevia-
tions: Dp3G. delphinidin-3-O-glucoside; Pt3G. petunidin-3-O-glucoside; Pn3G. peonidin-3-O-glucoside; Mlv3G.
malvidin-3-O-glucoside; MlvAc. malvidin 3-O-acetate–glucoside; MvCm. malvidin 3-O-coumarate.

2.11. Gene Expression

To investigate the molecular nature of the metabolic shifts observed in grape berries
upon BTH treatments, the expression of genes encoding key intermediates of core metabolic
pathways was studied. Recent results have highlighted that benzothiadiazole caused
alterations in grape berry transcriptome [38,55–57]. In the present study, the effect of
benzothiadiazole application on gene expression was examined by the targeted RT-qPCR
analysis of berry samples collected at three different stages (veraison, middle veraison, and
harvest) during the 2019 and 2020 vintages.

We initially investigated the expression profile of phenylalanine ammonia lyase
(VviPAL) and cinnamate 4-hydrolase (VviC4H)—genes that encode the first two enzymes of
the phenylpropanoid pathway [58]. The expression level of the VviPAL gene in control vines
was higher in the red-colored Mouhtaro than the white-colored Savvatiano (Figure 3a).
Benzothiadiazole application had no statistically significant effect on the VviPAL expres-
sion, although the trend was to increase the expression level, especially the second vintage
in Mouhtaro (Figure 3a). The VviC4H transcript level in control vines was increased af-
ter veraison in both vintages in Mouhtaro but remained constant during maturation in
Savvatiano (Figure 3b). The application of BTH resulted in an increased VviC4H expres-
sion level at all phonological stages in Mouhtaro and at the middle veraison stage in
Savvatiano (Figure 3c,d).

The expression of UDP-glucose-flavonoid 3-O-glycosyltransferase gene (VviUFGT),
encoding for the critical step in anthocyanin biosynthesis [59], was found to be higher in
the red-colored Mouhtaro compared to the white-colored Savvatiano (Figure 3c). Similarly
to VviC4H, the VviUFGT expression was increased by BTH application at all phenological
stages in Mouhtaro, while the effect was negligible and dependent on the vintage in the
Savvatiano variety (Figure 3b,c). In the final step of anthocyanin synthesis, all the genes of
the flavonoid pathway were present both in white and red grape berries, including a UDP
glucose-flavonoid 3-O-glucosyl transferase (UFGT) [60,61]. Moreover, Walker et al. [61]
found that two very similar regulatory genes, VvMYBA1 and VvMYBA2, which could
activate anthocyanin biosynthesis, were not transcribed in white skin berries [62]. Never-
theless, the existence of several other MYB-type transcription factors that can modulate
flavonoid biosynthesis [63] and the identification of VviUFGT in transcriptomic studies in
white-colored cultivars [64] imply more complicated regulatory mechanisms.
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The stilbene synthase gene (VviSTS), initiating the stilbenes biosynthesis [65], also
exhibited a cultivar-dependent expression profile, with obviously higher transcript accumu-
lation in Savvatiano (Figure 3d). Benzothiadiazole treatment resulted in the up-regulation
of the VviSTS expression at the middle veraison stage of both vintages in Savvatiano. On
the other hand, an increased expression level in treated vines of Mouhtaro was observed
only in the second vintage (Figure 3d).

We further examined the expression patterns of genes involved in the biosynthesis
of flavonols and flavan-3-ols. The expression of flavonol synthase gene (VviFLS) that
encodes for the enzyme catalyzing the flavonol biosynthesis [66] was significantly higher
in the white-colored Savvatiano. Benzothiadiazole applications caused an alteration in the
VviFLS expression level, mostly dependent on the vintage (Figure S6a). A similar vintage-
dependent response to BTH—and a lower expression level in the control vines of both
cultivars—was observed for leucoanthocyanin reductase 1 gene (VviLAR1) and anthocyani-
din reductase (VviANR), both involved in flavan-3-ols biosynthesis [67] (Figure S6b,c).

Altogether, the results observed by gene expression analysis suggest that the applica-
tion of benzothiadiazole had a positive effect on the VviC4H expression in both cultivars, on
the VviUFGT expression in Mouhtaro and on the VviSTS expression in Savvatiano. Minor
alterations were also observed in the expression patterns of the other genes examined, but
they were mostly vintage-dependent.

3. Discussion

The application of biostimulants on grapevine is a promising technique which im-
proves the quality of grapes and the produced wine, specifically during recent years in
which viticulture has faced the challenge of climate change. The application of a biostimu-
lant onto grapevine during the developmental stage is crucial in order to optimize the result.
Herein, we investigated the influence of benzothiadiazole on the development of key phe-
nolic compounds and the expression level of specific key genes from the phenylpropanoid
pathway during the ripening period, using targeted UPLC- MS and RT-qPCR analysis.

The higher mean temperature during the post-veraison stage of 2020, combined with
higher rainfall than in 2019 (Table 1), produced grape berries with higher levels of the
weight/berry ratio. Consequently, the content of the phenolic compounds of the berries in
the 2020 vintage were lower than those in 2019, possibly by inhibition of their biosynthesis.
In the two consecutive vintages, BTH did not substantially affect the majority of berry
quality phenolic compounds.

BTH application increased the expression level of the VviC4H, VviUFGT genes in
Mouhtaro and the VviC4H, VviSTS genes in Savvatiano in both years. The changes in
the expression of the remaining genes were found to be dependent on the vintage. It
should be mentioned that the gene expression levels reflect the content of the phenolic com-
pounds. Similar alterations in the expression of phenylpropanoid pathway genes caused by
biostimulant application have been also reported in recent transcriptome studies [68–70].

Regarding the outcome from the gene expression studies, it was revealed that patterns
were related to the plant’s developmental stage regardless of the environmental/climatic
conditions. Characteristic examples of developmental regulation can consider the expres-
sion pattern of VviSTS (stilbenoids) [64], which was found to gradually increase during
ripening in both cultivars, while the expression of VviLAR1, which is a key regulator of
the flavan-3-ol [71], decreased during the ripening period in both cultivars. In contrast,
the vintage effect was evident in the expression patterns of the remaining genes studied.
The trend was similar to the content levels of the additional phenolic compounds during
their development in both studied years. Several studies conducted in recent years have
documented the application of bioelicitors and recorded grapes with an enhanced content
of athocyanins and stilbenes [12,51,71,72]. Therefore, several elicitors that are applied
exogenously have the capacity to increase the content of the phenolic compounds due
to the activation of the enzymes involved in their synthesis, mainly affecting enzymes
specifically related to anthocyanins and stilbenes [73,74].
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The wines produced in 2019 and 2020 from grapes treated with BTH presented differ-
ences in the content of phenolic compounds with respect to the control wines. However,
it should be mentioned that wines recorded less phenolic compounds in 2020 vintage
compared to 2019, which was due to the higher rainfall. These results are vividly shown in
the white-colored variety. Considering the effect of treatments, the positive effects of BTH
that were observed in the grapes were also reflected in the wines. The wines produced
from BTH-treated grapes as well, with respect to weather conditions, may have an even
greater impact on wine’s chromatic and phenolic properties.

According to our results, in the red-colored variety, the wines produced from treated
grapes had higher color intensity and total phenolic content than the wines produced
from the control grapes, indicating that the BTH application may be useful in producing
wines with an intense and stable red color. BTH application to Monastrell variety showed
a similar pattern [26,27]. A similar phenolic profile was also observed in the white-colored
variety in 2019 vintage, i.e., BTH-treated wines recorded higher phenolic content (TPI,
Folin–Ciocalteau’s assay, 420 nm absorbance and k factor) than the control wines.

Conclusively, the exogenous application of biostimulants such as benzothiadiazole can
be used in order to induce the biosynthesis of secondary metabolites of oenological interest,
with the aim of improving the quality characteristics of grapes and further to produce wine
styles that the winemaker will choose. The timing of the biostimulants application has
a significant impact on which compounds are dominant until harvest.

4. Materials and Methods
4.1. Experimental Design and Biostimulant Application

The experiment was conducted during two growing seasons (2019 and 2020) in
a commercial vineyard in Muses Valley for the Mouhtaro and Savvatiano varieties at
an elevation of 450 m in Central Greece. The Savvatiano vines were more than 50 years old
and pruned as bush vines. Mouhtaro vines were 12 years old. They were trained on double
cordon and the pruning system was 3 spurs in each cordon.

The vineyards were managed according to standard agronomical practices of the
region, without irrigation. The number and timing of viticultural practices (i.e., plant
protective applications) were similar for all treatments in each variety. The experiments
were conducted in a randomized block design according to [32]. Vines of each variety were
sprayed with an aqueous solution of (i) 0.3 mM (low application dose) and (ii) 0.6 mM
(high application dose) benzothiadiazole (benzo-(1,2,3)-thiadiazole-7-carbothioic acid S-
methyl ester, BTH, trade name Bion®, Syngenta®, Basel, CH, USA) or water (control).
Wetting agent Tween 80 (Sigma–Aldrich) (St. Louis, MO, USA) was used. BTH application
was carried out in the whole vine canopy at veraison stage and then 7 and 14 days later
(Table S1). Three different replicates were applied in each treatment.

4.2. Physicochemical Results of the Must and Wine

Grape samples were obtained during the two vintages from the commercial mono-
varietal vineyard Lachos (Mouhtaro single vineyard 38◦19′30.9′′ (N) and 23◦05′37.7′′ (E))
and Papanicolas (Savvatiano single vineyard, 38◦19′30′′ (N), 23◦05′37′′ (E)) at the three phe-
nological stages (veraison, middle veraison, and harvest) (Table S1). Samples of 50 berries
were collected randomly from each plot per sampling date and the fresh weight of the
berries was determined. Grape berry juice was analyzed for total soluble solids (TSS
in ◦Brix) by refractometry, titratable acidity (g/L of tartaric acid), and pH according to
the OIV [75].

4.3. Grape Metabolic Profile by UPLC-MS

The frozen grape berries (−80 ◦C) were ground to powder with liquid nitrogen af-
ter the elimination of the seeds and used for metabolic profiling, based on the adapted
methods from previous studies [76,77]. A total of 50 mg of ground-to-powder berry dry
weight was extracted using 1 mL of 80% (v/v) methanol. After 30 min of sonication, the
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samples were macerated overnight at 4 ◦C in the dark and centrifuged at 18,000× g for
10 min. The supernatant was diluted five-fold in 80% (v/v) methanol and stored at −20 ◦C
prior to further analyses. The UPLC–MS was performed using an ACQUITY™ Ultra
Performance Liquid Chromatography system coupled to a photo diode array detector
(PDA) and a Xevo TQD mass spectrometer (Waters, Milford, MA, USA), equipped with an
electrospray ionization (ESI) source controlled by Masslynx 4.1 software (Waters, Milford,
MA, USA). The analyte separation was achieved by using a Waters Acquity HSS T3 (C18)
column (150 × 2.1 mm, 1.8 µm), with a flow rate of 0.4 mL min−1 at 55 ◦C. The injection
volume was 5 µL. The mobile phase consisted of solvent A (0.1% formic acid in water)
and solvent B (0.1% formic acid in acetonitrile). The chromatographic separation was
achieved using an 18 min linear gradient from 5 to 50% solvent B. The MS detection was
performed in both the positive and negative modes. The capillary voltage was 3000 V
and the sample cone voltages were 30 and 50 V. The cone and desolvation gas flow rates
were 60 and 800 Lh−1. The identification of the analytes was based on retention times,
m/z values and UV spectra, and by comparison with commercial standards, own purified
compounds, or data from the literature when no authentic standards were available, as re-
ported in Milliordos et al. [32]. Data collection was carried in selected ion monitoring (SIM)
mode for the following compounds in positive mode: L-proline (m/z 116); L-isoleucine
and L-leucine (m/z 132), L-phenylalanine (m/z 166); L-tyrosine (m/z 182); L-tryptophan
(m/z 205); cyanidin-3-O-galactoside (m/z 449); delphinidin 3-O-glucoside (m/z 465);
petunidin-3-O-glucoside (m/z 479); cyanidin-3-O-(6-O-acetyl)-glucoside (m/z 491); malvidin-
3-O-glucoside (m/z 493); peonidin-3-O-(6-acetylglucoside)) (m/z 505); petunidin-3-O-(6-O-
acetyl)-glucoside (m/z 521); malvidin-3-O-(6-O-acetyl)-glucoside (m/z 535); peonidin-3-O-
(6-p-coumaroyl-glucoside)) (m/z 609); petunidin-3-O-(6-p-coumaroyl)-glucoside (m/z 625);
malvidin-3-O-(6-p-coumaroyl)-glucoside (m/z 639); malvidin-3,5-O-diglucoside
(m/z 655); peonidin-3-O-(6-p-coumaroyl-glucoside) (m/z 609). Additionally, the follow-
ing compounds were targeted in positive mode; gallic acid (m/z 169); catechin and
epicatechin (m/z 189); coutaric acid (m/z 295); caftaric acid (m/z 311); fertaric acid
(m/z 325); E-piceid (m/z 389); catechin-gallate (m/z 441); kaempferol-3-O-glucoside
(m/z 447); quercetin-3-O-glucoside (m/z 463); quercetin-O-glucuronide (m/z 477); myricetin-
glucoside (m/z 479); procyanidin B1-B4 (m/z 577); procyanidin-gallate (m/z 729); E-
resveratrol (m/z 227); E-piceatannol (m/z 243); E-ε-viniferin (m/z 453); kaempferol-3-
O-rutinoside (m/z 593). Absolute quantifications were conducted using pure standards
and using a five-point calibration curve (0–20 ppm). Total amino acid concentrations repre-
sented the sum of L-isoleucine, L-leucine, L-phenylalanine, L-tyrosine, and L-tryptophan
concentrations. Total anthocyanin diOH concentrations represented the sum of cyanidin-3-
O-galactoside and peonidin-3-O-(6-p-coumaroyl-glucoside). Total stilbenoid concentration
represented the sum of E-piceid, E-resveratrol and E-piceatannol concentrations. Total
flavan-3-ol concentrations represented the sum of catechin, epicatechin, catechin gallate,
procyanidin B1-4 and procyanidin gallate.

The extraction and UPLC–MS analyses were performed in triplicates.

4.4. RNA Extraction and Analysis of Gene Expression

Grape berries without seeds were ground to powder; liquid nitrogen and RNA was
extracted Reid et al. [78]. Briefly, approximately 1 g of ground tissue was extracted with
buffer containing 300 mM Tris-HCl (pH 8.0), 25 mM EDTA, 2 M NaCl, 2% (w/v) CTAB, 2%
(w/v) PVPP, and 0.05% (w/v) spermine at 65 ◦C for 15 min, mixed thoroughly with an equal
volume of chloroform: isoamyl alcohol (24:1), and centrifuged. The step was repeated
for the aquatic phase; the RNA was precipitated with a 0.6 volume of isopropanol and
a 0.1 volume of sodium acetate at −20 ◦C overnight, centrifuged, and finally dissolved in
100 µL ddH2O. The RNA samples were treated with DNAse I (Takara Bio, Shiga, Japan) and
further purified using phenol: chloroform: isoamyl alcohol (25:24:1) followed by ethanol
precipitation. The RNA quantity and quality were determined using a NanoDrop ND-1000
Spectrophotometer (Thermo Fisher Scientific Inc., Wilmington DE, USA) and verified by
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0.8% agarose gel electrophoresis. Reverse transcription was performed with 2 µg RNA
using SMART MMLV-Reverse Transcriptase (Takara Bio, Shiga, Japan) and oligo (dT)
primer (Eurofins Genomics, Ebersberg, Germany). The synthesized cDNA was five-fold
diluted and PCR conditions were optimized for primers corresponding to selected genes
from the phenylpropanoid pathway [32]. The samples were further diluted and quantitative
PCR reactions were performed in the PikoReal Real-Time PCR System (Thermo Fisher
Scientific, Vantaa, Finland) using KAPA SYBR FAST qPCR Master Mix (KAPA Biosystems,
Cape Town, South Africa) and by applying the following cycler conditions: 2 min at 50 ◦C,
2 min at 95 ◦C, followed by 40 cycles of 15 s at 95 ◦C, 30 s at 62 ◦C, 30 s at 72 ◦C. All
quantitative PCR reactions were performed as triplicates and melting curve analysis was
performed at the end of each reaction to confirm primer specificity. The quantification of
gene expression was performed according to the 2-∆Ct method and elongation factor 1a
(VviEF1a) was used as the reference gene for data normalization.

4.5. Vinification Process

Grapes from the two varieties were harvested in their optimum technological maturity.
For each replicate, 25 kg of grapes were handpicked and transferred to the experimental
winery of the Laboratory of Enology and Alcoholic Drinks at the Agricultural University of
Athens, and stored overnight at 4 ◦C. The vinification process started the day after harvest
early in the morning. Standard white and red vinification protocols were used as described
by Miliordos et al. [79,80].

4.6. Wine Phenolics
4.6.1. Wine Color, Color Density

According to Sudraud [81], color intensity was determined through molecular ab-
sorbance measured at 420, 520, and 620 nm. The color intensity gives, thus, an estimation
of the total color of a sample [82]. All analyses were performed in triplicate.

4.6.2. Total Anthocyanins

Total anthocyanins were determined by a spectrophotometric method based on SO2
bleaching [83], named the Bisulfite Bleaching method. All analyses were performed
in triplicate.

4.6.3. Total Phenolic Index, Follin–Ciocalteau, and Browning Test

The Total Polyphenol Index (TPI) was determined by measuring the 280 nm absorbance
of a 1:100 dilution of red wine and 1:25 of white wine with a spectrophotometer, using
a 10 mm quartz cuvette and multiplying the absorbance value by 100 [84].

The total polyphenol concentration was determined with the Folin–Ciocalteau as-
say using the microscale protocol [85]. The results were expressed as mg/L of gallic
acid equivalents.

The model used to assess browning development was a modification of the model
described by Singleton and Kramling [86]. Wine lots of 30 mL were filtered and placed
in a 30 mL, screw-cap glass vial (7.5 cm length, 2.1 cm internal diameter). Samples were
subjected to heating at a constant temperature of 55.0 ± 0.2 ◦C in a heating chamber.
Aliquots were withdrawn at 24 h intervals over a period of 13 days, and browning (A420)
was measured. The samples were then immediately returned to the vials to maintain the
initial headspace volume.

4.6.4. Anthocyanins by HPLC

Determination of the wine monomeric anthocyanins was carried out according to
Miliordos et al. [81]. In detail, reversed-phase HPLC analyses of anthocyanins were carried
out by a direct injection of 10 µL of wine into a Waters 2695 Alliance liquid chromatograph
system coupled with a Waters 2996 PDA detector (Milford, MA, USA) and by using a SVEA
C18 Plus 4.6 × 250 mm, 5 µm column (Nanologica, Södertälje, Sweden). The mobile phases
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used were 10% aqueous formic acid (solvent A) and methanol (solvent B). Chromatograms
were recorded at 520 nm, and anthocyanin standard curves were made using malvidin-3-O-
glucoside chloride. Identification was based on comparing the retention times of the peaks
detected with those of original compounds, and on a UV–Vis spectrum. The anthocyanidin-
3-O-monoglucosides delphinidin, peonidin, petunidin, and malvidin and the acetylated
and p–coumarylated of malvidin were expressed as mg/L of malvidin-3-O-glucoside.

4.6.5. Tannin Determination with Methyl Cellulose Precipitation (MCP) Assay

The MCP analysis assay was performed according to Sarneckis et al. [87]. MCP was
carried out in the red wines, in both vintages (2019–2020). All analyses were performed
in triplicate.

4.6.6. Climate Conditions

Meteorological data were obtained during the experiment from the National Observa-
tory of Athens Automatic Network [88].

5. Conclusions

The results of this study indicate that the exogenous application of BTH during
veraison could induce the biosynthesis of significant phenolic compounds. Targeted
metabolomic analysis revealed that anthocyanins and stilbenes were increased in both
varieties, which concurs with the corresponding gene expression profile. Particularly, the in-
crease in stilbene compounds concentration is of great interest considering their significant
antioxidant activity. According to the results obtained in the two-year trial, the effect of the
biostimulant application can be already observed immediately after the second sampling.
Furthermore, our results showed that benzothiadiazole affected the phenolic compounds
of the produced wines as well. In particular, BTH increased the phenolic and chromatic
profile of the produced experimental wines in both vintages. The results indicate that the
application of benzothiadiazole deserves attention beyond its efficacy in crop protection,
regarding its effect on the overall quality of the produced wine. The exogenous application
of benzothiadiazole could be utilized to induce the biosynthesis of secondary metabolites
of oenological interest, and therefore, to improve the quality characteristics of grapes and
the corresponding wine styles that the winemaker will choose to produce. The timing of
application is likely to be an important factor for these compounds to prevail until harvest.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12051179/s1, Table S1: Date of biostimulant applications
and sampling dates during 2019 and 2020 vintages; Figure S1. Total concentrations of amino acids
(a), anthocyanins diOH (b), stilbenoids (c), flavan-3-ols (d), flavonols (e), and phenolic acids (f) in
Savvatiano berries at Veraison (1st sampling) stage in 2019 and 2020 treated with benzothiadiazole.
Control (grey), low concentration of benzothiadiazole (light green), and high concentration of ben-
zothiadiazole (dark green). Error bars represent the standard deviations. Different letters indicate
significant differences. No significant difference (ns) was found between values with the same letters
(one-way ANOVA, p-value > 0.05); Figure S2. Total concentrations of amino acids (A\a), anthocyanins
diOH (b), stilbenoids (c), flavan-3-ols (d), flavonols (e) and phenolic acids (f) in Savvatiano berries at
Mid Veraison (2nd Sampling) stage in 2019 and 2020 treated with benzothiadiazole. Control (grey),
low concentration of benzothiadiazole (light green), and high concentration of benzothiadiazole
(dark green). Error bars represent the standard deviations. Different letters indicate significant
differences. No significant difference (ns) was found between values with the same letters (one-way
ANOVA, p-value > 0.05); Figure S3. Total concentrations of amino acids (a), anthocyanins diOH (b),
stilbenoids (c), flavan-3-ols (d), flavonols (e) and phenolic acids (f) in Mouhtaro berries at Veraison
(1st sampling) stage in 2019 and 2020 treated with benzothiadiazole: control (grey), low concentration
of benzo-thiadiazole (pale orange), and high concentration of benzothiadiazole (dark orange). Error
bars represent the standard deviations. Different letters indicate significant differences. No significant
difference (ns) was found between values with the same letters (one-way ANOVA, p-value > 0.05).
Figure S4. Total concentrations of amino acids (a), anthocyanins diOH (b), stilbenoids (c), flavan-3-ols
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(d), flavonols (e) and phenolic acids (f) in Mouhtaro berries at Mid Veraison (2nd sampling) stage
in 2019 and 2020 treated with benzothiadiazole: control (grey), low concentration of benzothiadia-
zole (pale orange), and high concentration of benzothiadiazole (dark orange). Error bars represent
the standard deviations. Different letters indicate significant differences. No significant difference
(ns) was found between values with the same letters (one-way ANOVA, p-value > 0.05); Figure S5.
Concentrations of Piceid in Mouhtaro berries in three sampling dates, 2019 and 2020 treated with
benzothiadiazole: control (grey), low concentration of benzothiadiazole (pale orange), and high con-
centration of benzothiadiazole (dark orange). Error bars represent the standard deviations. Different
letters indicate significant differences. No significant difference (ns) was found between values with
the same letters (one-way ANOVA. p-value > 0.05); Figure S6. Expression level of genes involved in
phenylpropanoid pathway: VviFLS (a), VviLAR1 (b) and VviANR (c) in Mouhtaro and Savvatiano
during two growing seasons (2019 and 2020). Vertical bars represent the standard deviation and
asterisks indicate the statistically significant differences (Student’s t-test. p–value < 0.05). The three
sampling points (veraison; middle veraison and harvest) are indicated under each graph.

Author Contributions: Conceptualization, D.-E.M., N.K. and A.L; methodology, D.-E.M. and N.K
software, D.-E.M.; validation, D.-E.M., A.A., N.K., M.U., A.L., P.H. and Y.K.; formal analysis, D.-E.M.,
N.K. and A.L.; investigation, D.-E.M. and N.K.; resources, D.-E.M., A.A., A.L. and N.K data curation,
D.-E.M.; writing—original draft preparation, D.-E.M., A.A., N.K. and A.L; writing—review and
editing, D.-E.M., A.A., N.K., M.U., A.L., P.H. and Y.K.; visualization, D.-E.M., A.A., A.L. and N.K.;
supervision, D.-E.M. and A.L.; project administration, D.-E.M. and A.L.; funding acquisition, Y.K.
and D.-E.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research has been co-financed by the European Regional Development Fund of
the European Union and Greek national funds through the Operational Program Competitive-
ness. Entrepreneurship and Innovation under the call RESEARCH–CREATE– INNOVATE (project
code: T1EDK-04200 MU-SA). This work was supported by the French Embassy in Athens-Greece
with the program “Programme de bourses pour séjour scientifique de haut niveau (SSHN) en
France 2020–2021”.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors (pending privacy and ethical considerations).

Acknowledgments: The authors would like to thank oenologist Nikos Zacharias of the winery Muses
Estate for providing grapes from the indigenous grapevine varieties Savvatiano and Mouhtaro.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Conde, A.; Pimentel, D.; Neves, A.; Dinis, L.-T.; Bernardo, S.; Correia, C.M.; Gerós, H.; Moutinho-Pereira, J. Kaolin Foliar

Application Has a Stimulatory Effect on Phenylpropanoid and Flavonoid Pathways in Grape Berries. Front. Plant Sci. 2016,
7, 1150. [CrossRef]

2. Grassi, F.; Labra, M.; Imazio, S.; Spada, A.; Sgorbati, S.; Scienza, A.; Sala, F. Evidence of a secondary grapevine domestication
centre detected by SSR analysis. Theor. Appl. Genet. 2003, 107, 1315–1320. [CrossRef] [PubMed]

3. Santos, J.A.; Fraga, H.; Malheiro, A.C.; Moutinho-Pereira, J.; Dinis, L.-T.; Correia, C.; Moriondo, M.; Leolini, L.; Dibari, C.;
Costafreda-Aumedes, S.; et al. A Review of the Potential Climate Change Impacts and Adaptation Options for European
Viticulture. Appl. Sci. 2020, 10, 3092. [CrossRef]

4. Hellenic Statistical Authority. Research of Viticulture. Available online: https://www.statistics.gr/en/statistics/-/publication/
SPG63 (accessed on 30 August 2022).

5. Orsini, F.; Maggio, A.; Rouphael, Y.; De Pascale, S. “Physiological quality” of organically grown vegetables. Sci. Hortic. 2016,
208, 131–139. [CrossRef]

6. Litskas, V.; Mandoulaki, A.; Vogiatzakis, I.N.; Tzortzakis, N.; Stavrinides, M. Sustainable Viticulture: First Determination of the
Environmental Footprint of Grapes. Sustainability 2020, 12, 8812. [CrossRef]

7. Mejía-Teniente, L.; Torres-Pacheco, I.; González-Chavira, M.M.; Ocampo-Velazquez, R.V.; Herrera-Ruiz, G.; Chapa-Oliver, A.M.;
Guevara-González, R.G. Use of elicitors as an approach for sustainable agriculture. Afr. J. Biotechnol. 2010, 9, 9155–9162.

8. Yakhin, O.I.; Lubyanov, A.A.; Yakhin, I.A.; Brown, P.H. Biostimulants in Plant Science: A Global Perspective. Front. Plant Sci.
2017, 7, 2049. [CrossRef]

9. Mihai, R.; Cristina, S.; Helepciuc, F.; Brezeanu, A.; Stoian, G. Biotic and abiotic elicitors induce biosynthesis and accumulation of
resveratrol with antitumoral activity in the long—Term Vitis vinifera L. callus cultures. Rom. Biotechnol. Lett. 2011, 16, 7.

http://doi.org/10.3389/fpls.2016.01150
http://doi.org/10.1007/s00122-003-1321-1
http://www.ncbi.nlm.nih.gov/pubmed/13679993
http://doi.org/10.3390/app10093092
https://www.statistics.gr/en/statistics/-/publication/SPG63
https://www.statistics.gr/en/statistics/-/publication/SPG63
http://doi.org/10.1016/j.scienta.2016.01.033
http://doi.org/10.3390/su12218812
http://doi.org/10.3389/fpls.2016.02049


Plants 2023, 12, 1179 20 of 23

10. Murcia, G.; Fontana, A.; Pontin, M.; Baraldi, R.; Bertazza, G.; Piccoli, P.N. ABA and GA3 regulate the synthesis of primary
and secondary metabolites related to alleviation from biotic and abiotic stresses in grapevine. Phytochemistry 2017, 135, 34–52.
[CrossRef]

11. Gutiérrez-Gamboa, G.; Romanazzi, G.; Garde-Cerdán, T.; Pérez-Álvarez, E.P. A review of the use of biostimulants in the vineyard
for improved grape and wine quality: Effects on prevention of grapevine diseases: Use of biostimulants in the vineyard for
improved grape and wine quality. J. Sci. Food Agric. 2019, 99, 1001–1009. [CrossRef]

12. Martins, V.; Billet, K.; Garcia, A.; Lanoue, A.; Gerós, H. Exogenous calcium deflects grape berry metabolism towards the
production of more stilbenoids and less anthocyanins. Food Chem. 2019, 313, 126123. [CrossRef]

13. Monteiro, E.; Gonçalves, B.; Cortez, I.; Castro, I. The Role of Biostimulants as Alleviators of Biotic and Abiotic Stresses in
Grapevine: A Review. Plants 2022, 11, 396. [CrossRef] [PubMed]

14. Montané, X.; Kowalczyk, O.; Reig-Vano, B.; Bajek, A.; Roszkowski, K.; Tomczyk, R.; Pawliszak, W.; Giamberini, M.;
Mocek-Płóciniak, A.; Tylkowski, B. Current Perspectives of the Applications of Polyphenols and Flavonoids in Cancer Therapy.
Molecules 2020, 25, 3342. [CrossRef] [PubMed]

15. Dwibedi, V.; Rath, S.K.; Prakash, R.; Saxena, S. Response surface statistical optimization of fermentation parameters for resveratrol
production by the endophytic fungus Arcopilus aureus and its tyrosinase inhibitory activity. Biotechnol. Lett. 2020, 43, 627–644.
[CrossRef] [PubMed]

16. El-Missiry, M.A.; Fekri, A.; Kesar, L.A.; Othman, A.I. Polyphenols are potential nutritional adjuvants for targeting COVID-19.
Phytother. Res. 2020, 35, 2879–2889. [CrossRef]

17. Ferrier, M.; Billet, K.; Drouet, S.; Tungmunnithum, D.; Malinowska, M.A.; Marchal, C.; Dedet, S.; Giglioli-Guivarc’h, N.; Hano, C.;
Lanoue, A. Identifying Major Drivers of Antioxidant Activities in Complex Polyphenol Mixtures from Grape Canes. Molecules
2022, 27, 4029. [CrossRef]

18. Anna Malinowska, M.; Billet, K.; Drouet, S.; Munsch, T.; Unlubayir, M.; Tungmunnithum, D.; Giglioli-Guivarc’h, N.; Hano, C.;
LaNoue, A. Grape Cane Extracts as Multifunctional Rejuvenating Cosmetic Ingredient: Evaluation of Sirtuin Activity, Tyrosinase
Inhibition and Bioavailability Potential. Molecules 2020, 25, 2203. [CrossRef]

19. Albuquerque, B.R.; Heleno, S.A.; Oliveira, M.B.P.P.; Barros, L.; Ferreira, I.C.F.R. Phenolic compounds: Current industrial
applications, limitations and future challenges. Food Funct. 2020, 12, 14–29. [CrossRef]

20. Vos, I.A.; Emoritz, L.; Pieterse, C.; Van Wees, S.C.M. Impact of hormonal crosstalk on plant resistance and fitness under
multi-attacker conditions. Front. Plant Sci. 2015, 6, 639. [CrossRef]

21. Salifu, R.; Chen, C.; Sam, F.E.; Jiang, Y. Application of Elicitors in Grapevine Defense: Impact on Volatile Compounds. Horticulturae
2022, 8, 451. [CrossRef]

22. Ge, Y.; Tang, Q.; Li, C.; Duan, B.; Li, X.; Wei, M.; Li, J. Acibenzolar-S-methyl treatment enhances antioxidant ability and
phenylpropanoid pathway of blueberries during low temperature storage. LWT 2019, 110, 48–53. [CrossRef]

23. Bektas, Y.; Eulgem, T. Synthetic plant defense elicitors. Front. Plant Sci. 2015, 5, 804. [CrossRef]
24. Friedrich, L.; Lawton, K.; Ruess, W.; Masner, P.; Specker, N.; Rella, M.G.; Meier, B.; Dincher, S.; Staub, T.; Uknes, S.; et al.

A benzothiadiazole derivative induces systemic acquired resistance in tobacco. Plant J. 1996, 10, 61–70. [CrossRef]
25. Lawton, K.A.; Friedrich, L.; Hunt, M.; Weymann, K.; Delaney, T.; Kessmann, H.; Staub, T.; Ryals, J. Benzothiadiazole induces

disease resistance in Arabidopsis by activation of the systemic acquired resistance signal transduction pathway. Plant J. 1996,
10, 71–82. [CrossRef] [PubMed]

26. Ruiz-García, Y.; Gil-Muñoz, R.; López-Roca, J.M.; Martínez-Cutillas, A.; Romero-Cascales, I.; Gómez-Plaza, E. Increasing the
Phenolic Compound Content of Grapes by Preharvest Application of Abcisic Acid and a Combination of Methyl Jasmonate and
Benzothiadiazole. J. Agric. Food Chem. 2013, 61, 3978–3983. [CrossRef] [PubMed]

27. Paladines-Quezada, D.F.; Moreno-Olivares, J.D.; Fernández-Fernández, J.I.; Bleda-Sánchez, J.A.; Martínez-Moreno, A.;
Gil-Muñoz, R. Elicitors and Pre-Fermentative Cold Maceration: Effects on Polyphenol Concentration in Monastrell Grapes and
Wines. Biomolecules 2019, 9, 671. [CrossRef]

28. Gómez-Plaza, E.; Mestre-Ortuño, L.; Ruiz-García, Y.; Fernández-Fernández, J.I.; López-Roca, J.M. Effect of Benzothiadiazole and
Methyl Jasmonate on the Volatile Compound Composition of Vitis vinifera L. Monastrell Grapes and Wines. Am. J. Enol. Vitic.
2012, 63, 394–401. [CrossRef]

29. Vitalini, S.; Ruggiero, A.; Rapparini, F.; Neri, L.; Tonni, M.; Iriti, M. The application of chitosan and benzothiadiazole in vineyard
(Vitis vinifera L. cv Groppello gentile) changes the aromatic profile and sensory attributes of wine. Food Chem. 2014, 162, 192–205.
[CrossRef]

30. Gil-Muñoz, R.; Bautista-Ortín, A.B.; Ruiz-García, Y.; Fernández-Fernández, J.I.; Gómez-Plaza, E. Improving phenolic and
chromatic characteristics of Monastrell. Merlot and Syrah wines by using methyl jasmonate and benzothiadiazole. J. Int. Sci.
Vigne Vin 2017, 51, 17–27.

31. Paladines-Quezada, D.; Fernández-Fernández, J.; Moreno-Olivares, J.; Bleda-Sánchez, J.; Gómez-Martínez, J.; Martínez-Jiménez, J.;
Gil-Muñoz, R. Application of Elicitors in Two Ripening Periods of Vitis vinifera L. cv Monastrell: Influence on Anthocyanin
Concentration of Grapes and Wines. Molecules 2021, 26, 1689. [CrossRef]

32. Miliordos, D.E.; Alatzas, A.; Kontoudakis, N.; Kouki, A.; Unlubayir, M.; Gémin, M.-P.; Tako, A.; Hatzopoulos, P.; Lanoue, A.;
Kotseridis, Y. Abscisic Acid and Chitosan Modulate Polyphenol Metabolism and Berry Qualities in the Domestic White-Colored
Cultivar Savvatiano. Plants 2022, 11, 1648. [CrossRef]

http://doi.org/10.1016/j.phytochem.2016.12.007
http://doi.org/10.1002/jsfa.9353
http://doi.org/10.1016/j.foodchem.2019.126123
http://doi.org/10.3390/plants11030396
http://www.ncbi.nlm.nih.gov/pubmed/35161376
http://doi.org/10.3390/molecules25153342
http://www.ncbi.nlm.nih.gov/pubmed/32717865
http://doi.org/10.1007/s10529-020-03032-7
http://www.ncbi.nlm.nih.gov/pubmed/33159246
http://doi.org/10.1002/ptr.6992
http://doi.org/10.3390/molecules27134029
http://doi.org/10.3390/molecules25092203
http://doi.org/10.1039/D0FO02324H
http://doi.org/10.3389/fpls.2015.00639
http://doi.org/10.3390/horticulturae8050451
http://doi.org/10.1016/j.lwt.2019.04.069
http://doi.org/10.3389/fpls.2014.00804
http://doi.org/10.1046/j.1365-313X.1996.10010061.x
http://doi.org/10.1046/j.1365-313X.1996.10010071.x
http://www.ncbi.nlm.nih.gov/pubmed/8758979
http://doi.org/10.1021/jf400631m
http://www.ncbi.nlm.nih.gov/pubmed/23560815
http://doi.org/10.3390/biom9110671
http://doi.org/10.5344/ajev.2012.12011
http://doi.org/10.1016/j.foodchem.2014.04.040
http://doi.org/10.3390/molecules26061689
http://doi.org/10.3390/plants11131648


Plants 2023, 12, 1179 21 of 23

33. Corio-Costet, M.; Dufour, M.; Cluzet, S.; Lambert, C.; Merdinoglu, D. “Biomolchem”: A tool to assess the defense status of
grapevines after stimulations or not of cultivar or resistant genotypes, from genes to the field. Acta Hortic. 2013, 53–60. [CrossRef]

34. Zhu, X.; Lin, H.; Si, Z.; Xia, Y.; Chen, W.; Li, X. Benzothiadiazole-Mediated Induced Resistance to Colletotrichum musae and
Delayed Ripening of Harvested Banana Fruit. J. Agric. Food Chem. 2016, 64, 1494–1502. [CrossRef]

35. Ruiz-García, Y.; Romero-Cascales, I.; Gil-Muñoz, R.; Fernández-Fernández, J.I.; López-Roca, J.M.; Gómez-Plaza, E. Improving
Grape Phenolic Content and Wine Chromatic Characteristics through the Use of Two Different Elicitors: Methyl Jasmonate versus
Benzothiadiazole. J. Agric. Food Chem. 2012, 60, 1283–1290. [CrossRef]

36. Ruiz-García, Y.; López-Roca, J.M.; Bautista-Ortín, A.B.; Gil-Muñoz, R.; Gómez-Plaza, E. Effect of combined use of benzo-
thiadiazole and methyl jasmonate on volatile compounds of Monastrell wine. Am. J. Enol. Vitic. 2014, 65, 238–243. [CrossRef]

37. Andrea-Silva, J.; Cosme, F.; Ribeiro, L.F.; Moreira, A.S.P.; Malheiro, A.C.; Coimbra, M.A.; Domingues, M.R.M.; Nunes, F.M. Origin
of the Pinking Phenomenon of White Wines. J. Agric. Food Chem. 2014, 62, 5651–5659. [CrossRef] [PubMed]

38. Bellée, A.; Cluzet, S.; Dufour, M.-C.; Mérillon, J.-M.; Corio-Costet, M.-F. Comparison of the Impact of Two Molecules on Plant
Defense and on Efficacy against Botrytis cinerea in the Vineyard: A Plant Defense Inducer (Benzothiadiazole) and a Fungicide
(Pyrimethanil). J. Agric. Food Chem. 2018, 66, 3338–3350. [CrossRef]

39. Billet, K.; Malinowska, M.A.; Munsch, T.; Unlubayir, M.; Adler, S.; Delanoue, G.; LaNoue, A. Semi-Targeted Metabolomics to
Validate Biomarkers of Grape Downy Mildew Infection Under Field Conditions. Plants 2020, 9, 1008. [CrossRef]

40. Savoi, S.; Wong, D.C.J.; Degu, A.; Herrera, J.C.; Bucchetti, B.; Peterlunger, E.; Fait, A.; Mattivi, F.; Castellarin, S.D. Multi-Omics
and Integrated Network Analyses Reveal New Insights into the Systems Relationships between Metabolites, Structural Genes,
and Transcriptional Regulators in Developing Grape Berries (Vitis vinifera L.) Exposed to Water Deficit. Front. Plant Sci. 2017,
8, 1124. [CrossRef]

41. González, R.; González, M.-R.; Martín, P. Abscisic acid and ethephon treatments applied to ‘Verdejo’ white grapes affect the
quality of wine in different ways. Sci. Agric. 2018, 75, 381–386. [CrossRef]

42. Flamini, R.; Mattivi, F.; De Rosso, M.; Arapitsas, P.; Bavaresco, L. Advanced Knowledge of Three Important Classes of Grape
Phenolics: Anthocyanins, Stilbenes and Flavonols. Int. J. Mol. Sci. 2013, 14, 19651–19669. [CrossRef] [PubMed]

43. Marin, M.I.F.; Guerrero, R.F.; Puertas, B.; Garcia-Parrilla, M.C.; Collado, I.G.; Cantos-Villar, E. Impact of preharvest and postharvest
treatment combinations on increase of stilbene content in grape. OENO One 2013, 47, 203–212. [CrossRef]

44. Héberger, K.; Csomós, E.; Simon-Sarkadi, L. Principal Component and Linear Discriminant Analyses of Free Amino Acids and
Biogenic Amines in Hungarian Wines. J. Agric. Food Chem. 2003, 51, 8055–8060. [CrossRef]

45. Yılmaz, C.; Gökmen, V. Formation of amino acid derivatives in white and red wines during fermentation: Effects of non-
Saccharomyces yeasts and Oenococcus oeni. Food Chem. 2020, 343, 128415. [CrossRef] [PubMed]

46. Vivas de Gaulejac, N.; Vivas, N.; Guerra, C.; Nonier, M. Anthocyanin in grape skins during the maturation of Vitis vinifera L. cv.
Cabernet Sauvignon and Merlot Noir from different Bordeaux terroirs. J. Int. Sci. Vigne Vin 2001, 35, 149–156. [CrossRef]

47. Iriti, M.; Rossoni, M.; Borgo, M.; Faoro, F. Benzothiadiazole Enhances Resveratrol and Anthocyanin Biosynthesis in Grapevine,
Meanwhile Improving Resistance to Botrytis cinerea. J. Agric. Food Chem. 2004, 52, 4406–4413. [CrossRef] [PubMed]

48. Escribano-Bailón, T.; Álvarez-García, M.; Rivas-Gonzalo, J.C.; Heredia, F.J.; Santos-Buelga, C. Color and Stability of Pigments
Derived from the Acetaldehyde-Mediated Condensation between Malvidin 3-O-Glucoside and (+)-Catechin. J. Agric. Food Chem.
2001, 49, 1213–1217. [CrossRef]

49. González-Muñoz, B.; Garrido-Vargas, F.; Pavez, C.; Osorio, F.; Chen, J.; Bordeu, E.; O’Brien, J.A.; Brossard, N. Wine astringency:
More than just tannin–protein interactions. J. Sci. Food Agric. 2021, 102, 1771–1781. [CrossRef]

50. Boulton, R. The Copigmentation of Anthocyanins and Its Role in the Color of Red Wine: A Critical Review. Am. J. Enol. Vitic.
2001, 52, 67–87. [CrossRef]

51. Koyama, R.; Roberto, S.R.; de Souza, R.T.; Borges, W.F.S.; Anderson, M.; Waterhouse, A.L.; Cantu, D.; Fidelibus, M.W.;
Blanco-Ulate, B. Exogenous Abscisic Acid Promotes Anthocyanin Biosynthesis and Increased Expression of Flavonoid Synthesis
Genes in Vitis vinifera × Vitis labrusca Table Grapes in a Subtropical Region. Front. Plant Sci. 2018, 9, 323. [CrossRef]

52. Pérez-Álvarez, E.P.; de Urturi, I.S.; Rubio-Bretón, P.; Román, S.M.-S.; Murillo-Peña, R.; Parra-Torrejón, B.; Ramírez-Rodríguez, G.B.;
Delgado-López, J.M.; Garde-Cerdán, T. Application of Elicitors, as Conventional and Nano Forms, in Viticulture: Effects on
Phenolic, Aromatic and Nitrogen Composition of Tempranillo Wines. Beverages 2022, 8, 56. [CrossRef]

53. Ortega-Regules, A.; Romero-Cascales, I.; López-Roca, J.M.; Ros-García, J.M.; Gómez-Plaza, E. Anthocyanin fingerprint of grapes:
Environmental and genetic variations. J. Sci. Food Agric. 2006, 86, 1460–1467. [CrossRef]

54. Revilla, E.; García-Beneytez, E.; Cabello, F.; Martín-Ortega, G.; Ryan, J.-M. Value of high-performance liquid chromatographic
analysis of anthocyanins in the differentiation of red grape cultivars and red wines made from them. J. Chromatogr. A 2001,
915, 53–60. [CrossRef] [PubMed]

55. Dufour, M.C.; Lambert, C.; Bouscaut, J.; Mérillon, J.M.; Corio-Costet, M.F. Benzothiadiazole-primed defence responses and
enhanced differential expression of defence genes in Vitis vinifera infected with biotrophic pathogens Erysiphe necator and
Plasmopara viticola. Plant Pathol. 2012, 62, 370–382. [CrossRef]

56. Wang, K.; Liao, Y.; Cao, S.; Di, H.; Zheng, Y. Effects of benzothiadiazole on disease resistance and soluble sugar accumulation in
grape berries and its possible cellular mechanisms involved. Postharvest Biol. Technol. 2015, 102, 51–60. [CrossRef]

http://doi.org/10.17660/ActaHortic.2013.1009.4
http://doi.org/10.1021/acs.jafc.5b05655
http://doi.org/10.1021/jf204028d
http://doi.org/10.5344/ajev.2014.13119
http://doi.org/10.1021/jf500825h
http://www.ncbi.nlm.nih.gov/pubmed/24857316
http://doi.org/10.1021/acs.jafc.7b05725
http://doi.org/10.3390/plants9081008
http://doi.org/10.3389/fpls.2017.01124
http://doi.org/10.1590/1678-992x-2017-0177
http://doi.org/10.3390/ijms141019651
http://www.ncbi.nlm.nih.gov/pubmed/24084717
http://doi.org/10.20870/oeno-one.2013.47.3.1548
http://doi.org/10.1021/jf034851c
http://doi.org/10.1016/j.foodchem.2020.128415
http://www.ncbi.nlm.nih.gov/pubmed/33268169
http://doi.org/10.20870/oeno-one.2001.35.3.1704
http://doi.org/10.1021/jf049487b
http://www.ncbi.nlm.nih.gov/pubmed/15237944
http://doi.org/10.1021/jf001081l
http://doi.org/10.1002/jsfa.11672
http://doi.org/10.5344/ajev.2001.52.2.67
http://doi.org/10.3389/fpls.2018.00323
http://doi.org/10.3390/beverages8030056
http://doi.org/10.1002/jsfa.2511
http://doi.org/10.1016/S0021-9673(01)00635-5
http://www.ncbi.nlm.nih.gov/pubmed/11358262
http://doi.org/10.1111/j.1365-3059.2012.02628.x
http://doi.org/10.1016/j.postharvbio.2015.02.011


Plants 2023, 12, 1179 22 of 23

57. Burdziej, A.; Bellée, A.; Bodin, E.; Fonayet, J.V.; Magnin, N.; Szakiel, A.; Richard, T.; Cluzet, S.; Corio-Costet, M.-F. Three Types of
Elicitors Induce Grapevine Resistance against Downy Mildew via Common and Specific Immune Responses. J. Agric. Food Chem.
2021, 69, 1781–1795. [CrossRef]

58. Deluc, L.; Barrieu, F.; Marchive, C.; Lauvergeat, V.; Decendit, A.; Richard, T.; Carde, J.-P.; Mérillon, J.-M.; Hamdi, S. Charac-
terization of a Grapevine R2R3-MYB Transcription Factor That Regulates the Phenylpropanoid Pathway. Plant Physiol. 2005,
140, 499–511. [CrossRef]

59. Boss, P.; Davies, C.; Robinson, S. Expression of anthocyanin biosynthesis pathway genes in red and white grapes. Plant Mol. Biol.
1996, 32, 565–569. [CrossRef] [PubMed]

60. Boss, P.K.; Davies, C.; Robinson, S.P. Anthocyanin composition and anthocyanin pathway gene expression in grapevine sports
differing in berry skin colour. Aust. J. Grape Wine Res. 1996, 2, 163–170. [CrossRef]

61. Walker, A.R.; Lee, E.; Bogs, J.; McDavid, D.A.J.; Thomas, M.R.; Robinson, S. White grapes arose through the mutation of
two similar and adjacent regulatory genes. Plant J. Cell Mol. Biol. 2007, 49, 772–785. [CrossRef]

62. Castellarin, S.D.; Di Gaspero, G. Transcriptional control of anthocyanin biosynthetic genes in extreme phenotypes for berry
pigmentation of naturally occurring grapevines. BMC Plant Biol. 2007, 7, 46. [CrossRef]

63. Ferreira, V.; Matus, J.T.; Pinto-Carnide, O.; Carrasco, D.; Arroyo-García, R.; Castro, I. Genetic analysis of a white-to-red berry skin
color reversion and its transcriptomic and metabolic consequences in grapevine (Vitis vinifera cv. ‘Moscatel Galego’). BMC Genom.
2019, 20, 952. [CrossRef] [PubMed]

64. Savoi, S.; Wong, D.C.J.; Arapitsas, P.; Miculan, M.; Bucchetti, B.; Peterlunger, E.; Fait, A.; Mattivi, F.; Castellarin, S.D. Transcriptome
and metabolite profiling reveals that prolonged drought modulates the phenylpropanoid and terpenoid pathway in white grapes
(Vitis vinifera L.). BMC Plant Biol. 2016, 16, 67. [CrossRef] [PubMed]

65. Vannozzi, A.; Dry, I.B.; Fasoli, M.; Zenoni, S.; Lucchin, M. Genome-wide analysis of the grapevine stilbene synthase multigenic
family: Genomic organization and expression profiles upon biotic and abiotic stresses. BMC Plant Biol. 2012, 12, 130. [CrossRef]
[PubMed]

66. Czemmel, S.; Stracke, R.; Weisshaar, B.; Cordon, N.; Harris, N.N.; Walker, A.R.; Robinson, S.P.; Bogs, J. The Grapevine R2R3-MYB
Transcription Factor VvMYBF1 Regulates Flavonol Synthesis in Developing Grape Berries. Plant Physiol. 2009, 151, 1513–1530.
[CrossRef]

67. Bogs, J.; Jaffé, F.W.; Takos, A.M.; Walker, A.; Robinson, S.P. The Grapevine Transcription Factor VvMYBPA1 Regulates Proantho-
cyanidin Synthesis during Fruit Development. Plant Physiol. 2007, 143, 1347–1361. [CrossRef] [PubMed]

68. Singh, R.K.; Soares, B.; Goufo, P.; Castro, I.; Cosme, F.; Pinto-Sintra, A.L.; Inês, A.; Oliveira, A.A.; Falco, V. Chitosan Upregulates
the Genes of the ROS Pathway and Enhances the Antioxidant Potential of Grape (Vitis vinifera L. ‘Touriga Franca’ and ’Tinto Cão’)
Tissues. Antioxidants 2019, 8, 525. [CrossRef]

69. Singh, R.K.; Martins, V.; Soares, B.; Castro, I.; Falco, V. Chitosan Application in Vineyards (Vitis vinifera L. cv. Tinto Cão) Induces
Accumulation of Anthocyanins and Other Phenolics in Berries, Mediated by Modifications in the Transcription of Secondary
Metabolism Genes. Int. J. Mol. Sci. 2020, 21, 306. [CrossRef] [PubMed]

70. Valletta, A.; Iozia, L.M.; Leonelli, F. Impact of Environmental Factors on Stilbene Biosynthesis. Plants 2021, 10, 90. [CrossRef]
71. Silva, V.; Singh, R.K.; Gomes, N.; Soares, B.G.; Silva, A.; Falco, V.; Capita, R.; Alonso-Calleja, C.; Pereira, J.E.; Amaral, J.S.; et al.

Comparative Insight upon Chitosan Solution and Chitosan Nanoparticles Application on the Phenolic Content, Antioxidant and
Antimicrobial Activities of Individual Grape Components of Sousão Variety. Antioxidants 2020, 9, 178. [CrossRef]

72. Garde-Cerdán, T.; de Urturi, I.S.; Rubio-Bretón, P.; Román, S.M.-S.; Baroja, E.; Ramírez-Rodríguez, G.; Delgado-López, J.;
Pérez-Álvarez, E. Foliar application of methyl jasmonate and methyl jasmonate supported on nanoparticles: Incidence on grape
phenolic composition over two seasons. Food Chem. 2023, 402, 134244. [CrossRef] [PubMed]

73. Wang, R.; Kumar, V.; Sikron-Persi, N.; Dynkin, I.; Weiss, D.; Perl, A.; Fait, A.; Oren-Shamir, M. Over 1000-Fold Synergistic Boost in
Viniferin Levels by Elicitation of Vitis vinifera cv. Gamay Red Cell Cultures over Accumulating Phenylalanine. J. Agric. Food Chem.
2022, 70, 5049–5056. [CrossRef]

74. Ju, Y.-L.; Liu, B.-C.; Xu, X.-L.; Wu, J.-R.; Sun, W.; Fang, Y.-L. Targeted metabolomic and transcript level analysis reveals the effects
of exogenous strigolactone and methyl jasmonate on grape quality. Sci. Hortic. 2022, 299, 111009. [CrossRef]

75. OIV. Compendium of International Methods of Analysis of Wines and Musts; Methods: OIVMA–AS313–01; OIV–MA–AS2–10;
International Organisation of Vine and Wine: Paris, France, 2018; Volume 2. Available online: https://www.oiv.int/public/
medias/3731/oiv-ma-as313-01.pdf (accessed on 30 August 2022).

76. Martins, V.; Unlubayir, M.; Teixeira, A.; Gerós, H.; Lanoue, A. Calcium and methyl jasmonate cross-talk in the secondary
metabolism of grape cells. Plant Physiol. Biochem. 2021, 165, 228–238. [CrossRef]

77. Billet, K.; Delanoue, G.; Arnault, I.; Besseau, S.; Oudin, A.; Courdavault, V.; Marchand, P.A.; Giglioli-Guivarc’h, N.; Guérin, L.;
LaNoue, A. Vineyard evaluation of stilbenoid-rich grape cane extracts against downy mildew: A large-scale study. Pest Manag. Sci.
2018, 75, 1252–1257. [CrossRef]

78. Reid, K.E.; Olsson, N.; Schlosser, J.; Peng, F.; Lund, S.T. An optimized grapevine RNA isolation procedure and statistical
determination of reference genes for real-time RT-PCR during berry development. BMC Plant Biol. 2006, 6, 27. [CrossRef]
[PubMed]

http://doi.org/10.1021/acs.jafc.0c06103
http://doi.org/10.1104/pp.105.067231
http://doi.org/10.1007/BF00019111
http://www.ncbi.nlm.nih.gov/pubmed/8980508
http://doi.org/10.1111/j.1755-0238.1996.tb00104.x
http://doi.org/10.1111/j.1365-313X.2006.02997.x
http://doi.org/10.1186/1471-2229-7-46
http://doi.org/10.1186/s12864-019-6237-5
http://www.ncbi.nlm.nih.gov/pubmed/31815637
http://doi.org/10.1186/s12870-016-0760-1
http://www.ncbi.nlm.nih.gov/pubmed/27001212
http://doi.org/10.1186/1471-2229-12-130
http://www.ncbi.nlm.nih.gov/pubmed/22863370
http://doi.org/10.1104/pp.109.142059
http://doi.org/10.1104/pp.106.093203
http://www.ncbi.nlm.nih.gov/pubmed/17208963
http://doi.org/10.3390/antiox8110525
http://doi.org/10.3390/ijms21010306
http://www.ncbi.nlm.nih.gov/pubmed/31906425
http://doi.org/10.3390/plants10010090
http://doi.org/10.3390/antiox9020178
http://doi.org/10.1016/j.foodchem.2022.134244
http://www.ncbi.nlm.nih.gov/pubmed/36126582
http://doi.org/10.1021/acs.jafc.2c00107
http://doi.org/10.1016/j.scienta.2022.111009
https://www.oiv.int/public/medias/3731/oiv-ma-as313-01.pdf
https://www.oiv.int/public/medias/3731/oiv-ma-as313-01.pdf
http://doi.org/10.1016/j.plaphy.2021.05.034
http://doi.org/10.1002/ps.5237
http://doi.org/10.1186/1471-2229-6-27
http://www.ncbi.nlm.nih.gov/pubmed/17105665


Plants 2023, 12, 1179 23 of 23

79. Miliordos, D.; Merkouropoulos, G.; Kogkou, C.; Arseniou, S.; Alatzas, A.; Proxenia, N.; Hatzopoulos, P.; Kotseridis, Y. Ex-
plore the Rare—Molecular Identification and Wine Evaluation of Two Autochthonous Greek Varieties: “Karnachalades” and
“Bogialamades”. Plants 2021, 10, 1556. [CrossRef]

80. Miliordos, D.E.; Kanapitsas, A.; Lola, D.; Goulioti, E.; Kontoudakis, N.; Leventis, G.; Tsiknia, M.; Kotseridis, Y. Effect of Nitrogen
Fertilization on Savvatiano (Vitis vinifera L.) Grape and Wine Composition. Beverages 2022, 8, 29. [CrossRef]

81. Sudraud, P. Interpretation of Red Wine Absorption Curves. Annu. Technol. Agric. 1958, 7, 203–208.
82. Ribèreau-Gayon, P.; Glories, Y.; Maujean, A.; Dubourdieu, D. Handbook of Enology. The Chemistry of Wine; Wiley: West Sessex, UK,

2006; Volume 2, pp. 1–441.
83. Ribereau-Gayon, P.; Stonestreet, E. Le dosage des anthocyannes’ dans Je vin rouge. Bull. De La Soc. Chim. De Fr. 1965,

9, 2649–2652.
84. Ribéreau–Gayon, P.; Glories, Y.; Maujean, A.; Dubourdieu, D. Handbook of Enology, the Chemistry of Wine Stabilization and Treatments;

John Wiley and Sons Ltd.: West Sussex, UK, 2000; Volume 2, pp. 157–162.
85. Arnous, A.; Makris, D.P.; Kefalas, P. Effect of Principal Polyphenolic Components in Relation to Antioxidant Characteristics of

Aged Red Wines. J. Agric. Food Chem. 2001, 49, 5736–5742. [CrossRef] [PubMed]
86. Singleton, V.L.; Kramlinga, T.E. Browning of White Wines and an Accelerated Test for Browning Capacity. Am. J. Enol. Vitic. 1976,

27, 157–160. [CrossRef]
87. Sarneckis, C.; Dambergs, R.; Jones, P.; Mercurio, M.; Herderich, M.; Smith, P. Quantification of condensed tannins by precipitation

with methyl cellulose: Development and validation of an optimised tool for grape and wine analysis. Aust. J. Grape Wine Res.
2006, 12, 39–49. [CrossRef]

88. Lagouvardos, K.; Kotroni, V.; Bezes, A.; Koletsis, I.; Kopania, T.; Lykoudis, S.; Mazarakis, N.; Papagiannaki, K.; Vougioukas, S.
The automatic weather stations NOANN network of the National Observatory of Athens: Operation and database. Geosci. Data J.
2017, 4, 4–16. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/plants10081556
http://doi.org/10.3390/beverages8020029
http://doi.org/10.1021/jf010827s
http://www.ncbi.nlm.nih.gov/pubmed/11743756
http://doi.org/10.5344/ajev.1974.27.4.157
http://doi.org/10.1111/j.1755-0238.2006.tb00042.x
http://doi.org/10.1002/gdj3.44

	Introduction 
	Results 
	Meteorological Data for the Two Years of Study 
	Physicochemical Parameters of Savvatianno Grape Berries 
	Metabolomic Analysis of Savvatiano Grape Berries in Response to BTH 
	Physicochemical Parameters of Savvatiano Experimental Wines 
	Color and Phenolic Parameters of the Three Experimental Savvatiano Wines in Response to Two Different Treatments and a Control 
	Physicochemical Parameters of Mouhtaro Grape Berries 
	Metabolomic Analysis of Mouhtaro Grape Berries in Response to BTH Applications 
	Physicochemical Parameters of Mouhtaro Experimental Wines 
	Color and Phenolic Characteristics of the Mouhtaro Experimental Wines 
	Anthocyanins Content (mg/L) in Mouhtaro Experimental Wines 
	Gene Expression 

	Discussion 
	Materials and Methods 
	Experimental Design and Biostimulant Application 
	Physicochemical Results of the Must and Wine 
	Grape Metabolic Profile by UPLC-MS 
	RNA Extraction and Analysis of Gene Expression 
	Vinification Process 
	Wine Phenolics 
	Wine Color, Color Density 
	Total Anthocyanins 
	Total Phenolic Index, Follin–Ciocalteau, and Browning Test 
	Anthocyanins by HPLC 
	Tannin Determination with Methyl Cellulose Precipitation (MCP) Assay 
	Climate Conditions 


	Conclusions 
	References

