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Abstract: Climate change will pose a challenge for the winemaking sector worldwide, bringing
progressively drier and warmer conditions and increasing the frequency and intensity of weather
extremes. The short-term adaptation strategy of applying biostimulants through foliar application
serves as a crucial measure in mitigating the detrimental effects of environmental stresses on
grapevine yield and berry quality. The aim of this study was to evaluate the effect of foliar
application of a seaweed based biostimulant (A. nodosum — ANE) and glycine betaine (GB) on berry
quality, bioactive compounds, antioxidant activity, and elucidated their action on the secondary
metabolism. A trial was installed in a commercial vineyard (cv. ‘Touriga Franca’) in the Cima Corgo
(Upper Corgo) sub-region of the Douro Demarcated Region. A total of four foliar sprayings were
performed during the growing season: at flowering, pea size, bunch closer, and veraison. There was
a positive effect of GB in the berry quality traits. Both ANE and GB increased the synthesis of
anthocyanins and other phenolics in berries and influenced the expression of genes related to the
synthesis and transport of anthocyanins (CHS, F3H, UFGT, MATE1 and GST). So, they have the
potential to act as elicitors of secondary metabolism, leading to improved grape quality, but also
sets the foundation for sustainable agricultural practices in the long run.

Keywords: A. nodosum; anthocyanin biosynthesis; antioxidant activity; berry quality; glycine
betaine; transporter genes

1. Introduction

Vitiviniculture is one of the most important socioeconomic sectors in Portugal. From a global
perspective, in the year of 2022 Portugal was the 10t largest wine producer and the 8t wine exporter
[1]. Portugal has a total of 14 wine regions (12 in Continental Portugal and two in the Azores and

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Madeira archipelagos) [2]. The Douro Demarcated Region (DDR), located in the northeast of
Portugal, was recognized as the first demarcated wine region of the world. The DDR is the largest
and the most heterogeneous mountainous wine region in the world, with a peculiar terroir,
presenting a Mediterranean-like climatic conditions, with warm dry summers and mild wet autumns
[3]. Portugal has many native cultivars, being “Touriga Franca’ the most utilized for wine production.
In the DDR, this cultivar is used to produce top-quality Port wines due to its rich phenolic
composition (anthocyanins and flavanols) [4,5]. The ongoing climate change will be a challenged for
the winemaking sector worldwide, but particularly in the warmest and driest regions of Southern
Europe. In Portuguese vineyards, climate change will inflict progressively drier and warmer
conditions, and increased frequency and intensity of weather extremes [6]. The used of foliar
protection formulations have been considered a short-term adaptation measure to cope with climate
change while improving fruit quality. Spraying with biostimulants such as Ascophyllum nodosum-
based seaweed extracts is increasing as it improves in grapevine the quality of berries by regulating
physiological, biochemical, and molecular processes [7-12] as well as with glycine betaine, that is
naturally synthetized and can act as an osmoprotectant, can protect the photosynthetic machinery
(photosystem II), and thylakoid membranes, alleviating cellular oxidative damage and stabilizing
protein structures in several plants [13-15]. It is known that several biostimulants contain bioactive
molecules called elicitors [12], which are all the signal molecules that are perceived and induce a
defensive reaction in the plant, improving their ability to face adverse environmental conditions,
acting on primary or secondary metabolism [16,17]. In this way, to understand how these
biostimulants improve the quality of berries as a whole and, consequently, wine, it is important to
study chemical and physical parameters of the berry. Contents in bioactive compounds and
antioxidant activities are relevant features of berry quality. Moreover, understanding the effect of
biostimulants spraying on the biosynthesis of secondary metabolites, particularly anthocyanins, is
extremely important in a red cultivar such as ‘Touriga Franca’. Although the mechanisms of action
and the effects of biostimulation on secondary metabolism are not totally clear [18], several studies
have been conducted, namely with kaolin foliar application, Conde et al. [5] and Dinis et al. [19] have
shown upregulation of genes of the phenylpropanoid and flavonoid pathways; Aziz et al. [20]
reported that Laminarin elicits defense responses in grapevine cv. ‘Gamay’; Ferrandino and Lovisolo
[21] and Koyama et al. [22] verified that abscisic acid mediates responses to abiotic stress in grapevine
due to secondary metabolites accumulation and increase the gene expression; Singh et al. [23] studied
the effect of chitosan in cv. ‘Tinto Cao’ and verified an increase in anthocyanins and phenolics
concentration and also the upregulation in several target genes encoding key enzymes involved in
secondary metabolic pathways.

Comparative transcriptomic analysis of key genes related to biosynthesis and transport of
anthocyanins, such as phenylalanine ammonia lyase (PAL), chalcone synthase (CHS), flavanone 3-
hydroxylase (F3H), anthocyanidin reductase (ANR), UDP-glucose: flavonoid 3-O-glucosyltransferase
(UFGT), anthocyanin transporter (ABCC1), tonoplast transporter (MATE1), and glutathione S-transferase
(GST) [5,21,23,24], enables also to assess the impact of treatments on berry quality.

The aim of this study was to evaluate the effect of foliar application of a seaweed based
biostimulant (A. nodosum) and glycine betaine on berry quality, bioactive compounds, antioxidant
activity and elucidated their action on the secondary metabolism of grapevine, namely in the
synthesis of phenolics, flavonoids, and anthocyanins, complemented with expression studies of
target genes encoding key enzymes of secondary metabolite synthesis, namely anthocyanins, and
transport.

2. Results

2.1. Berry Quality

All the biometric parameters analyzed (weight, height, width, and thickness) were influenced
by the foliar treatment, the phenological stage and the interaction between treatment and
phenological stage (0.05 < p < 0.001) (Figure 1A, 1B, 1C, and 1D). The values of biometric parameters
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tended to be lower in the treated grapevines than in the control (C). At veraison, among the treated
plants, those sprayed with glycine betaine (GB 0.1% and 0.2%) exhibited statistically significant and
higher fruit weight, width, and thickness values compared to those treated with ANE 0.05% (A.
nodosum extract). At harvest significantly higher values for all the biometric parameters were also

detected in grapevines treated with GB 0.2%, together with ANE 0.1% and C, comparatively to ANE
0.05% and GB 0.1%.
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Figure 1. Biometric parameters: weight (1A), height (1B), width (1C), and thickness (1C) of berries of
cv. ‘Touriga Franca’, under different treatments at veraison and harvest. Values are means * SE;
different letters mean significant differences (p < 0.05, Tukey’s test) between treatments within each

phenological stage (lowercase - veraison, uppercase - harvest). ANE - seaweed extract; GB — glycine
betaine; T - Treatment; PS — Phenological Stage.

Chroma (C*) was influenced by treatment (p < 0.001), phenological stage (p < 0.001), and the
interaction between treatment and phenological stage (p < 0.001) (Figure 2). At veraison, the berries

treatment with ANE (0.05% and 0.1%) and GB 0.2% revealed a significantly higher C* compared to
control and GB 0.1%.
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Figure 2. Chroma (C*) of berries of cv. ‘“Touriga Franca” under different treatments at veraison and
harvest. Values are means + SE; different letters mean significant differences, (p < 0.05, Tukey’s test)
between treatments within each phenological stage (lowercase - veraison, uppercase - harvest). ANE
— seaweed extract; GB — glycine betaine; T — Treatment; PS — Phenological Stage.

Titratable acidity (TA) was only influenced by the phenological stage (p < 0.001) (Figure 3A).

In this study MI (Maturity Index) was affected by the phenological stage (p < 0.001) and by the
interaction between treatment and phenological stage (p < 0.05) (Figure 3B). At statistical level no
significant differences were found between treatments.

p(T)>0.05 p(T)>0.05
p (PS)<0.001 p (PS)<0.001
A p (T*PS) > 0.05 B p (T*PS) < 0.05
8.0 400 —+

Nowoh g oo
©o © o o ©°
P A

Iy
o

Titratable Acidity (g L'! Tartaric Acid)

e
=)

Control ANE 0.05% ANE 0.1% GB 0.1% GB 0.2% Control ANE 0.05%  ANE0.1% GB 0.1% GB 0.2%

Treatment Treatment

EVeraison EHarvest

Figure 3. Titratable acidity (TA) (3A) and Maturity Index (MI) (°Brix*pH?) (3B) of berries of cv.
‘Touriga Franca’, under different treatments at veraison and harvest. Values are means + SE; no letters
indicate non-significant differences (p < 0.05, Tukey’s test) between treatments within each

phenological stage. ANE — seaweed extract; GB — glycine betaine; T — Treatment; PS — Phenological
Stage.

2.2. Bioactive Compounds

Overall, the treatments with GB enhanced the analyzed bioactive compounds (total phenolics,
flavonoids, ortho-diphenols, and total anthocyanins) compared to the control (Figure 4).

Total phenolics, flavonoids, ortho-diphenols, and total anthocyanins contents (Figure 4) were
influenced by treatment (p < 0.001) and phenological stage (p < 0.01). Additionally, total phenolics,
ortho-diphenols, and total anthocyanins contents were affected by the interaction between treatment
and phenological stage (p < 0.001).

At veraison, GB 0.2% increased the concentrations of total phenolics, flavonoids, and ortho-
diphenols by approximately 32%, 47%, and 29%, respectively, compared to the control (Figure 4A,
4B and 4C). At harvest, significant differences were observed in comparison to the control for ortho-

diphenols and anthocyanin content, even in plants treated with GB (0.1%) (values 37% and 52%
higher, respectively).
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Figure 4. Variation in the content of bioactive compounds: total phenolics (A), flavonoids (B), ortho-
diphenols (C), and total anthocyanins (D), in berries of cv. “Touriga Franca’ under different treatments
at veraison and harvest. Values are means + SE; different letters mean significant differences, (p <0.05,
Tukey’s test) between treatments within each phenological stage (lowercase - veraison, uppercase -
harvest), no letters mean no significant differences. ANE — seaweed extract; GB — glycine betaine; T —
Treatment; PS — Phenological Stage.

2.3. Antioxidant Potential

To assess the impact of foliar treatments on the antioxidant activity (AA) of berries, three
different methods were used, DPPH, FRAP, and ABTS** (Figure 5).

All the antioxidant activity results were affected by the treatment (p < 0.001) (Figure 5).
Furthermore, the FRAP results were also influenced by the phenological stage (p < 0.01) (Figure 5B)
and DPPH and FRAP by the interaction treatment x phenological stage (Figure 5A and 5C,
respectively).

At veraison, the FRAP results indicated that GB 0.2% exhibited the highest increase in AA,
approximately 43% higher than the control. For the remaining conditions, there were no significant
differences among the various treatments in terms of antioxidant AA results.

The antioxidant activity results exhibited a positive correlation with the bioactive compounds:
at veraison, the DPPH values were positively correlated with total phenolics (R?=0.480; p <0.01) and
ortho-diphenols (R? = 0.559; p < 0.01); FRAP values were correlated with total phenolics (R?2=0.619; p
< 0.01), flavonoids (R? = 0.344; p < 0.05) and ortho-diphenols (R2 = 0.794; p < 0.01); at harvest, positive
correlations were also found for DPPH values with ortho-diphenols (R? = 0.475; p < 0.01) and total
anthocyanins (R? = 0.542; p < 0.01); FRAP values were positive correlated with flavonoids (R? = 0.359;
p <0.05), ortho-diphenols (R? = 0.440; p < 0.01) and total anthocyanins (R? = 0.384; p < 0.01).
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Figure 5. Antioxidant activity (AA): DPPH radical-scavenging activity (A), FRAP assay (B), and
ABTS* radical-scavenging activity (C) in berries of cv. ‘Touriga Franca’, under different treatments
at veraison and harvest. Values are means + SE; different letters mean significant differences, (p <0.05,
Tukey’s test) between treatments within each phenological stage (lowercase - veraison, uppercase -
harvest), no letters mean no significant differences. ANE — seaweed extract; GB — glycine betaine; T —
Treatment; PS — Phenological Stage.

2.4. Gene Expression

To investigate the impact of the tested biostimulants on the secondary metabolism level, known
to enhance the content of bioactive compounds, we analyzed the expression of several target genes
encoding key enzymes involved in flavonoid biosynthesis and transport. These genes include PAL,
CHS, F3H, ANR, UFGT, ABCC1, MATE1, and GST in berries at veraison and harvest (Figure 6). The
relative gene expression was influenced by the treatment (0.05 <p <0.001) except for the gene ABCC1,
by the phenological stage (0.01 <p < 0.001), except for GST and by the interaction between treatment
and phenological stage (0.05 <p <0.001), except for PAL and ABCCI.

Ascophylum nodosum based extract at a concentration of 0.1% led to significant differences in the
relative gene expression of CHS and GST compared to the control at veraison. At a concentration of
0.05%, it affected the expression of F3H and MATEI. On the other hand, GB 0.1% promoted the
upregulation of UFGT and GST. However, at harvest, UFGT was upregulated in berries treated with
ANE 0.1%.
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Figure 6. Relative gene expression in berries of cv. “Touriga Franca’, under different treatments at
veraison and harvest. Values are means + SE; different letters mean significant differences, (p < 0.05,
Tukey’s test) between treatments within each phenological stage (lowercase - veraison, uppercase -
harvest), no letters mean no significant differences. ANE- seaweed extract; GB — glycine betaine; T —
Treatment; PS — Phenological Stage; PAL — Phenylalanine ammonia-lyase; CHS - Chalcone synthase; F3H
— Flavanone 3-hydroxylase; MATE1 - Tonoplast transporter; UFGT — UDP glucose: flavonoid 3-O-
glucosyltransferase; ABCC1 — Anthocyanin transporter; ANR — Anthocyanidin reductase; GST — Glutathione
S-transferase.
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3. Discussion

3.1. Impact of Biostimulants on the Quality Attributes of Berries

Several studies have shown that the foliar application of ANE and GB on grapevine can
influence the physical and chemical characteristics of fruits [7-10,25-29]. In this study, berries of
grapevines sprayed with GB (0.2%) were bigger and heavier in relation to the ANE 0.05% berries.
Studies using GB also report this trend in grapevine [31] and other species, namely strawberry [25],
sunflower achenes [27], sweet cherry [26,30], and olive [29].

Color is an important attribute in the cultivar under study, as this cultivar is widely used in the
production of Porto wine. During this study, it was verified that the parameter C* was lower in berries
treated with GB 0.1% (at veraison) and GB 0.2% (at harvest). Considering that C* refers to color
saturation, higher C* values are indicative of non-colored berries, whereas lower C* values are linked
to colored ones [25,32]. These results suggest that GB can enhance the color quality of grapes. Similar
results have been observed not only in grapevines [31], but also in other fruit species, including sweet
cherry [26] and strawberry [25]. The acidity of berries can be influenced by water availability and
high temperatures during berry ripening, which can have implications for wine quality [6,33]. In this
study, TA was affected by phenological stage (p < 0.001), decreasing, as expected, from veraison to
harvest (Figure 3A). Although higher values of TA were detected at veraison in berries from vines
treated with GB 0.2%, no significant differences were found between the treatments at the statistical
level. Frioni et al. [8] observed similar results in the 'Sangiovese' grapevine cultivar when applying
ANE, with no difference found in TA between treated and untreated grapevines.

The MI parameter is commonly employed to determine the optimum ripeness of red wine
grapes. As expected, the MI values increased from veraison to harvest due to the rise in soluble solids
content and the decrease in pH. The treatment did not significantly affect the Maturity Index (Figure
3A). Nevertheless, a delay in the MI at veraison was observed in berries treated with 0.2% GB and
0.1% and 0.05% ANE, compared to the other treatments and the control. In olives, Taskin and Ertan
[29] also reported that fruit maturity in the control group was more advanced compared to the treated
trees when using GB. As expected, the MI was influenced by the phenological stage (p < 0.001).
Weather conditions can influence the MI, as observed in grapevine by Rétsep et al. [34]. In Portugal
the year 2020 was notably hot and dry, resulting in an advancement of the veraison and harvest
phenological stages. This advance was not only evident compared to 2019 but also in comparison to
the six-year average from 2014 to 2019 (Figure 7). Across the three sub-regions of the DDR, the
advance for veraison varied from 6 to 8 days compared to the six-year average, while for harvest, it
ranged from 9 to 15 days [35].

3.2. Impact of Biostimulants on Bioactive Compounds, Antioxidant Activity, and Gene Expression

It is well established that biostimulants can enhance vigor, plant yield, fruit quality, antioxidant
capacity of plant tissues, nutrient uptake, and distribution within the plant, as well as bolster
tolerance to biotic and abiotic stress [36,37]. Biostimulants contain elicitors which can induce the
activation of enzymes involved in primary or secondary metabolism, leading to, for instance, an
increase in the synthesis of phenolic compounds [17,38]. However, the limited information regarding
the mode of action of the studied biostimulants, namely ANE and GB, and the mechanisms of
grapevine responses to their application calls for further research. In this study, the effects of both
extracts on grapevine were evaluated under field conditions. The concentration of bioactive
compounds (total phenols, flavonoids and ortho-diphenols) and the AA (DPPH and FRAP) were
found to be higher at the veraison stage compared to the harvest (Figure 5). The same trend was
observed in the study of the relative gene expression of the genes PAL, CHS, F3H, MATE1, UFGT, ABCC1,
and ANR. Veraison represents a critical phenological stage in red grape cultivars, initiating the
accumulation of phenolic compounds and anthocyanins responsible for color development [23]. The
application of ANE and GB increased the synthesis of anthocyanins and other phenolics in berries,
indicating their potential as elicitors of secondary metabolism during the veraison.
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The studied genes encode enzymes involved in key metabolic steps of the secondary metabolism
(Figure 6). Phenylalanine ammonia lyase (PAL) initiates the phenylpropanoid pathway, crucial for the
synthesis of important phenolics and flavonoids, including anthocyanins [5,39]. The biostimulants
under study seemed to not affect this gene (Figure 6). Other important genes encode enzymes that
serve as intermediates in the production of colorless anthocyanins, such as chalcone synthase (CHS),
flavanone3-hydroxylase (F3H), and anthocyanidin reductase (ANR), responsible for the synthesis of
proanthocyanidins, also referred to as condensed tannins [5,21,23,24]. The ANE treatment exhibited
amore pronounced influence on these genes during veraison (ANE 0.1% - upregulated CHS and GST;
ANE 0.05% - upregulated F3H and MATE1) (Figure 6), with a corresponding increase in flavonoids
concentration observed with ANE 0.1% compared to the control (Figure 4B). At harvest, it was the
GB 0.1% treatment that upregulated F3H (Figure 6), subsequently increasing the anthocyanins
content (Figure 4D). These findings suggest that the studied biostimulants, ANE and GB, induce the
flavone synthesis at the molecular level in cv. “Touriga Franca’. Similar outcomes were observed in
grapevines with kaolin application, which upregulated the CHS gene and enhanced flavonoid and
anthocyanin synthesis at maturity [5,21], as well as with chitosan, which upregulated the F3H gene
[23]. UFGT mediates the limiting step towards anthocyanin biosynthesis and is associated with
anthocyanins accumulation [23]. GB 0.1% upregulated UFGT during veraison (Figure 6), coinciding
with an increase in anthocyanin content for this treatment (Figure 4D). Singh et al. [23], similarly,
found an increase in anthocyanin content and upregulation of UFGT in treated vines of the cv. Tinto
Cao' following foliar application of chitosan. At harvest, UFGT was upregulated by ANE 0.1% (Figure
6), leading to a higher concentration of anthocyanins in this treatment compared to the control
grapevines (Figure 4D). Frioni et al. [8], similarly, observed an increase in total anthocyanins,
phenolic concentration, and gene expression (UFGT, LDOX, GST, F3’'H, F3'5’H, and DFR) through
the foliar application of ANE. Anthocyanins are stored in the vacuole and are transported by
anthocyanin transporter (ABCC1), tonoplast transporter (MATET), and glutathione S-transferase (GST)
[5,23]. The gene ABCC1 did not show significative differences (p > 0.05) (Figure 6), a finding consistent
with the lack of significant changes observed for this gene in the grapevine cv. ‘Tinto Cao’ following
chitosan application [23]. At harvest, GB 0.1% increased the expression of the key transporter gene
GST, with this treatment revealing slightly higher concentrations of total phenolics, flavonoids, and
ortho-diphenols, as well as significantly higher anthocyanins content (Figure 4). These results suggest
a potential positive elicitation effect.

Environmental conditions significantly influence grapevine development and consequently, the
quality of the berries [5,9]. Climate change scenarios are expected to accelerate berry ripening
processes, potentially leading to imbalanced wines, particularly in red cultivars, with high alcoholic
content and low polyphenolic contents [40]. Genes encoding enzymes involved in flavonoid
biosynthesis respond differently to heat stress depending on the cultivar and whether these high
temperatures occur during the day or at night [5]. Phenolic compounds in red grape play a vital role
in the important properties of berries and wines, including flavor, color, and stability against
oxidation processes. Anthocyanins and flavonols represent the most abundant polyphenol subclasses
identified in grape berries [5,9]. The use of biostimulants, such as the seaweed extracts and glycine
betaine employed in this study, can serve as a mitigation strategy for this issue, enhancing berry
quality traits, bioactive compounds, and the upregulation of associated genes, thus improving
antioxidant activity, as demonstrated in this study.

4. Materials and Methods

4.1. Plant material and sampling

Samples were obtained from Vitis vinifera cv. ‘Touriga Franca’, grafted on R110, in the growing
season of 2020. The trial was installed in Cima Corgo (Upper Corgo) sub-region of the Douro
Demarcated Region, Pinhao, Portugal (41°11'30.7"N 7°32'10.7"W, 170 m above sea level). Row and
vine spacing was 2.50 m and0.80 m, respectively and vines were trained to unilateral Royat Cordon
with vertical shoot positioning (VSP) in an East-southeast to West-northwest orientation. The
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vineyard was in rainfed conditions and grown using standard cultural practices of the region.
Monthly temperature and precipitation values were recorded by a weather station located near to the
experimental site and are shown in Figure 7.

Three vineyard rows were sprayed with the following treatments: A. nodosum (in the form of the
seaweed-based extract SPRINTEX NEW® L, Biolchim, containing high concentration of
naphthaleneacetic acid, amino acids and extract of A. nodosum) (ANE) at two concentrations (ANE
0.05% and ANE 0.1%); glycine betaine (Greenstim®, Massé Agro Department, containing (w/w) 12%
of total N, 11.5% organic N, 56% organic C, and a relation C/N of 4.9, as a concentrate of glycine
betaine extracted from sugar beet) (GB) at two concentrations (GB 0.1% and GB 0.2%) and control (C,
water) (5 treatments x 10 plants x 3 replicates). All applications were mixed with a wetting agent
(0.1%). SPRINTEX NEW® L and Greenstim® were commercialized according to the national
legislation decree-law 103/2015 of June 15th. Currently, only Greenstim® is part of the list of non-
harmonized fertilizing materials authorized for organic viticulture with registration valid until 2028
as requested by EU and national regulations (EU 2019/109 of June 5th and Ordinance 185/2022 of July
21st), respectively. Foliar applications were done during the morning covering the whole canopy,
with a total of four foliar sprayings: at flowering (BBCH 65), pea size (BBCH 75), bunch closer (BBCH
77) and veraison (BBCH 81) [41]. At veraison and harvest, around 90 berries per treatment (divided
in three replicates) were randomly sampled from the middle section of the bunches for quality
analysis. For the bioactive compounds, antioxidant activity determinations, and gene expression
analysis, three replicates of berries per treatment were sampled and immediately frozen in liquid
nitrogen until conservation at -80 °C, and then lyophilized and converted to a fine dried powder
(ground with liquid nitrogen) before the laboratorial analysis.
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Figure 7. Monthly mean climatic conditions occurred during growing season in the vineyard Quinta
do Bomfim in the Cima Corgo sub-region. Precipitation (mm); Maximum temperature—Tmax (-C);
Minimum temperature—Tmin (°C) and Mean temperature —Tmed (-C).

4.2. Quality Assessment of Fruit

To assess the impact of foliar treatments on the quality, 90 fresh berries were sampled at veraison
and harvest stages, biometric parameters (berry weight and dimensions), color, total soluble solids,
pH, and titratable acidity were determined. For biometric parameters, fruit weight (g) was
determined using an electronic balance, and the height, width, and thickness (mm) measured using
a digital caliper (0.01 mm sensitivity).

Using a colorimeter (CR-300, Minolta, Japan) the external fruit color was assessed in the same
fruits at opposite sides of each fruit. The colorimetric coordinates, L*, a* and b* were used to calculate
the chroma (C* = (a*2 + b*2)1/2). The colorimeter was calibrated using a standard white plate. The total
soluble solids (TSS in °Brix) of berries juice were determined using a portable refractometer (PAL-1,
ATAGO, Tokyo, Japan); the pH using a portable pH meter (Hanna instrument, USA); and the
titratable acidity (gL tartaric acid) by manual glass burette using 0.1 M NaOH to an endpoint of pH
8.1in 10 mL of juice diluted in 10 mL distilled water. Finally, the maturity index (MI) was calculated
according to Coombe et al. [42], using the formula: MI = TSS*pH?2.
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4.3. Determination of bioactive compounds

To assess the impact of foliar treatments on the bioactive compounds of berries, parameters such
as, total phenolics, flavonoids, ortho-diphenols, total anthocyanins and antioxidant activity (ABTS**,
DPPH and FRAP) were determined.

To obtain the berries extracts, 40 mg of dry material were mixed with 950 uL of 70% (v/v)
methanol in a vortex; then the mixture was submitted during 30 minutes to 70 °C and finally
centrifuged at 13000 rpm, at 1 °C for 15 minutes. These extracts were stored at — 20 °C and used for
the determination of the total phenolics, flavonoids, ortho-diphenols and in antioxidant activity (AA)
assays.

4.3.1. Total phenolics

The total phenolics concentration were determined using the Folin-Ciocalteu colorimetric
method at 765 nm according to Singleton and Rossi [43]. For that, 20 pL of extract were mixed with
100 pL of Folin—Ciocalteu reagent (1:10) and 80 uL of Na2COs (7.5%) in a 96 wells microplate. The
microplate was maintained in the dark for 30 minutes and then the absorbance values were obtained
at 765 nm. A gallic acid calibration curve was used, and the results were expressed as mg of gallic
acid equivalents per g of dry weight (mg GAE g1 of DW).

4.3.2. Flavonoids

According to the colorimetric method of Dewanto et al. [44], flavonoids concentration was
determined at Abs. 510 nm. In a 96 wells microplate was added 100 uL of ddH-0, 10 uL of NaNO:
(5%) and 25 pL of extract. The plate was placed in the dark at room temperature for 5 minutes; then,
15 uL of AlCls (10%) were added to each well and the plate was placed again in the dark for 6 minutes.
Finally, 50 uL of NaOH (1IM) and 50 uL of ddH>O were added and the absorbance was read. Using a
calibration curve prepared with catechin, the results were expressed as mg of catechin equivalents
per g of dry weight (mg CE g of DW).

4.3.3. Ortho-diphenols

The ortho-diphenols were quantified according to Gouvinhas et al. [45] and Leal et al. [46] using
a colorimetrically method at Abs370 nm. For that, in a 96 wells microplate, 160 uL of extract were
mixed with 40 pL of sodium molybdate (5% w/v) and the plate was placed in the dark for 15 minutes.
A calibration curve prepared with gallic acid was used and the results were expressed as mg of gallic
acid equivalents per g of dry weight (mg GAE g1 of DW).

4.3.4. Total anthocyanins

The total monomeric anthocyanins (ITMA) content was determined according to Lee et al. [47],
Meng et al. [48] and Ali Shehat et al. [49]. For the extracts preparation, 5 mL of methanol acidified
with 1% HCl were mixed in a vortex with 50 mg of berries. The mixture placed in the dark for 1 hour
at 4 °C and after that was centrifuged at 4000 rpm for 15 minutes at 4 °C and the supernatant was
collected. In a microplate, a mixture of 50 pL of extract plus 250 uL of 0.025 M KCl (pH = 1.0) or 50
uL of extract plus 250 uL of 0.4 M sodium acetate buffer (pH = 4.5) was pipetted into two different
wells. Lastly, absorbances were read at 510 and 700 nm. The concentration of total monomeric
anthocyanins was expressed as mg of cyanidin-3-O-glucoside equivalents per g of dry weight (mg
CGE g of DW), according to the following formula: TMA = (A*DF*MW)/(e*C). Where, MW is the
molecular weight of cyanidin-3-O-glucoside (449 g/mol); DF is the dilution factor; ¢ is the molar
extinction coefficient of cyanidin-3-O-glucoside (29.600); C is the concentration of extracted volume
and A = (As10 — Az0)pHuo — (Asio — Aroo)pHas.

doi:10.20944/preprints202311.1040.v1
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4.4. Antioxidant activity assays

4.4.1. ABTS** radical-scavenging activity

The discoloration assay ABTS** (2,2’-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid)), was
used to determine the radical-scavenging activity of berries extracts according to Re et al. [50] and
Stratil et al. [51]. To prepare the ABTS** work solution, were used 7 mM ABTS and 140 mM K:5:0s in
double distilled water. The mixture was incubated for 12-16 hours at room temperature, in the dark,
and then its absorbance adjusted to 0.7-0.8 with absolute ethanol in a wavelength of 734 nm. Then 15
uL of extract (or 70% methanol to measure the blank) plus 285 uL of the ABTS** work solution was
mixed and put in the dark for 10 minutes, and finally the absorbance was read at 734 nm. Using a
Trolox calibration curve the results were expressed as umol Trolox g™ of DW.

4.4.2. DPPH radical-scavenging activity

The radical-scavenging activity assay was carried out according to Brand-Williams et al. [52],
Sanchez-Moreno et al. [53] and Siddhraju and Becker [54]. Combining 285 pL methanolic solution
containing DPPH (2,2-diphenyl-1-picrylhydrazyl) radicals (10> mol/L) with 15 uL of extract. The
mixture was vigorously shaken and left to stand in the dark for 30 minutes. The reduction of the
DPPH radical was detected by measuring samples absorbance at 517 nm. The blank was made with
15 pL of 70% methanol and 285 uL of methanolic solution containing DPPH radicals. Using a Trolox
calibration curve the results were expressed as pumol Trolox ug? of DW.

4.4.3. FRAP assay

A modification of the FRAP (Ferric Reducing Antioxidant Power) assay was a modification of
methods of Benzie and Strain [55] and Stratil et al. [51]. The FRAP reagent was prepared using 1
volume of an aqueous 10 mM solution of TPTZ (2,4,6-Tri(2-pyridyl)-s-triazine) in 40 mM HCl mixed
with the 1 volume of 20 mM FeClssH20 and 10 volumes of 300 mM acetate buffer, pH 3.6. Then, 25
uL of extract were mixed with 275 uL of FRAP reagent. The mixture was vigorously shaken and left
to stand for 5 minutes in the dark and the absorbance at 593 nm was recorded. The blank was made
with 25 pL of 70% methanol and 275 puL of FRAP reagent. Using a Trolox calibration curve the results
were expressed as pmol Trolox pg™ of DW.

4.5. Total RNA Extraction, cDNA Synthesis and Quantitative Real-Time PCR

To investigate the impact of the tested biostimulants on the secondary metabolism, the
expression of several target genes (Table 1) encoding key enzymes involved in flavonoid biosynthesis
and transport was analyzed. For that we performed the extraction of total RNA from 100 mg of berry
tissue using Spectrum Plant Total RNA kit (Sigma-Aldrich, Darmstadt, Germany), and following the
manufacturer protocol. Quantity and quality of RNA were checked using a Nanodrop 2000
spectrophotometer (Thermo Scientific, Fremont, CA, USA) and 1% agarose gel electrophoresis
stained with Midori Green Advance ® (Nippon Genetics, Diiren, Germany). Per each sample, total
RNA reverse transcription was performed using 500 ng of RNA, SuperScript® IV Reverse
Transcriptase (Thermo Fisher Scientific, Waltham, MA USA), and a 1:1 mix of random primers and
50 uM oligo(dT)20 primers (Thermo Fisher Scientific,c, Waltham, MA USA), according to the
manufacturer’s instructions. The differential gene expression of eight (PAL, CHS, F3H, ANR, UFGT,
ABCC1, MATEI1, and GST) genes involved in the secondary metabolism was carried out by real-time
RT-PCR (Table 1). Real-time RT-PCR was carried out on a Quant Studio 3 Real-Time PCR Systems
(Thermo Fisher). Each reaction contained 500 nM of each primer, 4 uL of cDNA (1:10 dilution of the
synthesis reaction), 10 pl of PowerUpTM SYBRTM Green Master Mix (Thermo Fisher, Waltham, MA
USA) and water up to 20 pL. Each reaction was performed in triplicate. Applied thermal cycling
conditions were: hold stage at 50 °C for 2 minutes and 95 °C for 10 minutes, followed by 50 cycles: 95
°C for 20 s, 57 °C for 45 s and 72 °C for 30 s. Finally, a melting curve stage at 95 °C for 15 s and 57 °C
for 1 minute and 95 °C for 1 s, to detect non-specific amplification in cDNA samples. Gene transcripts

doi:10.20944/preprints202311.1040.v1
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were quantified upon normalization to the reference gene ubiquitin (UBI) [56] by comparing the
threshold cycle (Ct) of each target gene with UBI Ct. The relative quantification per each gene was
calculated according to the 2-44¢t method, where ACt is the difference in threshold cycle between the
average mean of the target and reference gene (UBI) and AACt is the difference between the average
ACt of the target and control samples [57].

Table 1. Primer sequences, and annealing temperatures for the genes analyzed.

Annealing  Reference

Gene Primer sequence
temperature

F 5 CCTACTGTTCAGAGCTCCAG 3’
PAL  Phenylalanine ammonia-lyase 57°C [23]
R 5 GCCACTAGGTATGTGGTAGACA 3’

F5 CACTCTTCGAACTCGTCTCT 3’
CHS Chalcone synthase 57 °C [23]
R 5 CCACCAAGCTCTTCTCTATG 3

F 5 CAGTGCAAGACTGGCGCGAGATCGTA 3’
F3H Flavanone3-hydroxylase 57°C [23]
R 5 TAGCCTCAGACAACACCTCCAGCAACT 3

F5 CTGTCAGGTTCAGTCTCCAT 3’
ANR Anthocyanidin reductase 57 °C [23]
R 5 GTTGGGACTTTGTACTGAGG 3’

. i13.0- F5 TGCAGGGCCTAACTCACTCT 3’
UFGT UDP glucose: flavonoid 3-O 57°C 23]

glucosyl transferase R5 GCAGTCGCCTTAGGTAGCAC 3’

F5 CTCCACTGGTCCTCTGCTTC ¥
ABCC1 Anthocyanin transporter 57°C [23]
R 5 AGCCTGCTTCGAAAGTACCA 3’

F5 TGCTTTTGTGATTTTGTTAGAGG 3’
MATE1 Tonoplast transporter 57°C [23]
R 5 CCCTTCCCCGATTGAGAGTA ¥

F5 AAGGATCCATGGTGATGAAGGTGTATGGC 3’
GST GlutathioneS-transferase 57 °C [23]
R5 AACTGCAGAAGCCAACCAACCAACAAACY

F 5 TCTGAGGCTTCGTGGTGGTA 3’
UBI Ubiquitin 57 °C [57]
R5' AGGCGTGCATAACATTTGCG 3’

4.6. Statistical analysis

Data were analyzed using SPSS Statistics for Windows (IBM SPSS Statistics for Windows,
Version 23.0. Armonk, NY: IBM Corp). The results were presented as the mean (n = 90 for quality
assessment of fruits or n=3 for the determination of bioactive compounds, AA, and relative gene
expression) with the standard error (SE). Statistical differences between treatments in each
phenological stage, were evaluated by one-way ANOVA, followed by Tukey’s multiple range test at
(p <0.05). One- and two-way ANOVA establishing phenological stage effects on control and treated
grapevines was also performed. Pearson’s correlation analysis was used to determine the relationship
between bioactive compound contents and antioxidant activity values.

5. Conclusions

The implications of climate change scenarios will profoundly impact grapevine development
and the quality of berries and wine. Phenolic compounds, particularly anthocyanins, play a critical
role in red grape cultivars, like cv. "Touriga Franca," which are extensively utilized in top wine
production in DDR. The application of the tested biostimulants, namely A. nodosum extract and
glycine betaine, led to notable enhancements in various biochemical parameters. This enhancement
included increased concentrations of total phenols, flavonoids, ortho-diphenols, and anthocyanins,
alongside heightened expression levels of key genes involved in the secondary metabolism, such as
CHS, F3H, UFGT, MATE1, and GST. The foliar application of both biostimulants significantly
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improved the performance of V. vinifera by positively affecting physiological parameters and
influencing secondary metabolism through elicitation, ultimately resulting in an improved grape
quality. Further studies focusing on formulations combining ANE and GB will provide valuable
insights into the combined effects of these biostimulants on grape quality.
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