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Abstract: Plant-based extracts have been recently employed as sustainable tools to improve biotic and abiotic
stress tolerance and increase grape quality. However, knowledge about the effect of these extracts on secondary
metabolism compounds, that are fundamental for grape and wine quality, is still scarce. In this study, a trial
was installed in an experimental vineyard with the variety Touriga Franca located at University of Tras-os-
Montes e Alto Douro, Baixo Corgo sub-region of the Douro Demarcated Region, in two growing seasons: 2019
and 2020. Foliar sprayings with the natural products, nettle extract (NE) and Japanese knotweed extract (JKE),
were tested to evaluate their effect on downy mildew incidence and severity, on grapevines bioactive
compounds contents and antioxidant activity, at veraison and harvest. NE and JKE have stimulated an
improvement in the concentration of total carotenoids in leaves and the concentration of total phenolics in
berries along with an improved concentration of total phenolics and flavonoids in leaves and berries. Thus, it
was verified that these extracts enhance grapevines bioactive compounds and antioxidant capacity and,
consequently, the physiological performance of the plant and the quality of the berries. Considering the
challenges posed by climate change in the Mediterranean basin viticulture sector, the use of plant extracts
might represent a sustainable tool to mitigate the increasing severity of drought, often associated to heatwaves
and high irradiation. Moreover, downy mildew incidence results suggest that an integrated disease
management approach combining conventional control with alternative fungicides can be used in the future
for a more sustainable viticulture.

Keywords: antioxidant activity; climate change; douro demarcated region; phenolic compounds;
plant extracts; sustainable viticulture; Vitis vinifera L.

1. Introduction

In Mediterranean viticulture, such as in Douro Demarcated Region (DDR), climate is the main
factor affecting grape and wine quality [1]. Extreme weather conditions, such as heatwaves,
continuous drought and spring frost will have an impact on flowering and fruit set, ripening and
berries size, which will decrease grapevine yield, and berries and wine quality[1,2]. On the other
hand, climate change will increase the pressure of pests and diseases on the vines, due to milder
winters [2,3]. Vitis vinifera L. is susceptible to many fungi and fungi-like pathogens, whose infections
will also reduce fruit quality and decrease plant vigor and yield [4-6]. These diseases lead to excessive
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use of fungicides in viticulture, and thus there is a growing concern regarding its residues in wine
and effects on human and environmental health [7-10]. Grapevine productivity and berries quality
are the most important concerns for winegrowers because they directly determine their profits [1]. In
recent years, 30% of the authorized products for downy mildew prevention have been removed from
the market, mainly due to their toxic effects. According to the Kumming-Montereal Agreement, and
the European Directive for Sustainable Use of Pesticides (2009/128/EC), a sustainable food system is
the main objective, with a 30% reduction in pesticide use by 2030. Alternative fungicides to prevent
grape fungal diseases are emerging, namely natural products derived from plant extracts. Some of
these contain several active compounds that have a positive role in the physiological performance of
the grapevines and, consequently, improve yield and fruit quality [11]. The search for alternative
solutions to fungicides to be widely applied has been a goal in agriculture. Some plants, like Urtica
species have antimicrobial effects on a variety of plant pathogens, such as Botrytis cinerea (in tomato)
[12], Alternaria sp. (in tomato) [13] and Phytophthora infestans (in potato) [14]. Products based on nettle
(Urtica spp.) extract are rich in nitrogen, promoting the growth and quality of some species, such as,
celeriac (Apium graveolens var. rapaceum) [15], white head cabbage (Brassica oleracea var. capitata) [16]
and bean (Phaseolus vulgaris) [17]. These extracts contain many oligoelements, which are used as
acaricides and also have a repelling effect on many insects [18]. Japanese knotweed (Reynoutria spp.)
extracts have been used as antifungal against Plasmopara viticola (in grapevine) [19] and Blumeria
graminis (in barley) [20]. Plants of the Reynoutria genus contain a large complex of biologically active
substances, including phenolic compounds, such as, resveratrol, piceid, furans, phenol carboxylic
acids and their derivatives, lignans, coumarins, catechins, naphthoquinones, and anthraquinones
[21-23].

In this context, the main objective of this work was to evaluate the effect of foliar applications of
plant extracts (nettle and Japanese knotweed) on grapevine downy mildew incidence and on
grapevine bioactive compounds and antioxidant capacity. Thus, berries quality was analyzed, aiming
to contribute to the increase of the profitability and sustainability of vines production while reducing
the use of chemicals to prevent and control fungal diseases.

2. Materials and Methods

2.1. Plant material and sampling

Samples were obtained from the black skinned Vitis vinifera cv. Touriga Franca, in two growing
seasons: 2019 and 2020. The trial was installed in an experimental vineyard located at University of
Tras-os-Montes e Alto Douro (41°17'14.8”N 7°44’'14.8”W, 500m above sea level), Baixo Corgo sub-
region of the Douro Demarcated Region, Vila Real, Northern Portugal. Vines were managed in
rainfed conditions and grown using standard cultural practices commonly employed by commercial
farmers. This area has peculiar climatic characteristics such as a warm-temperate climate with dry
and hot summers, and higher precipitation during the winter months and very low during the
summer. Monthly temperature and precipitation values were recorded by a weather station located
near to the experimental site and are shown in Figure 1.

Four vineyard rows, with 35 plants each were sprayed between leaves unfolded (BBCH 11) and
veraison (BBCH 81) [24]. Foliar sprayings were carried out during the morning, covering the whole
canopy and according to disease incidence and weather conditions, in a total of ten and fourteen
applications in 2019 and 2020, respectively. Four different foliar treatments were tested, namely: i)
nettle extract - NE (Urtica spp.) (3%); ii) Japanese knotweed extract - JKE (Reynoutria japonica) (4.5%);
iif) conventional treatment - CT (4.8% (p/p) cymoxanil + 40% (p/p) folpet + 8% (p/p) metalaxyl
(SAPEC) or 10.1% (p/p) penconazole (SAPEC) or 50% (p/p) tebuconazole + 25% (p/p) trifloxystrobin
(BAYER) (prepared according to the manufacturer guidelines), and iv) control — C (water) (4
treatments x 6 plants x 3 replicates). All the products were dissolved in water. Leaves and grapes
were sampled directly to liquid nitrogen. Sampling occurred in two development stages: veraison
(BBCH 81) and harvest (BBCH 89) [24], in three randomized blocks of six plants in each of the four
treatment conditions. The samples were kept at -80°C until analysis.
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Figure 1. Monthly average values of temperature (A) and precipitation (B) in the experimental
vineyard during 2019 and 2020.

2.2. Downy mildew incidence

Grapevine downy mildew (Plasmopara viticola) was evaluated according to the guidelines
EPPO/OEPP PP 1/31 (3) [25]. To assess disease incidence (0 no disease or 1 disease) and severity
(percentage of leaves and bunches with downy mildew symptoms), six vines randomly selected from
each of the three replicates at each evaluation date were examined. Disease incidence was assessed
in leaves and bunches, in three growth stages: pea-size (BBCH 75), veraison (BBCH 81) and harvest
(BBCH 89) [24]. The artificial inoculation of downy mildew under controlled conditions has been
attempted, however without success.

2.3. Determination of bioactive compounds

For sample extraction, in the case of leaves, 10mg of fresh material of each sample were weighted
and then 4 mL of 80% (v/v) acetone were added. Samples were vortexed 3 minutes, sonicated 10
minutes and finally centrifuged at 4000rpm, for 5 minutes, at 4°C. For berries, 40mg of dry material
(lyophilized and powdered with liquid nitrogen) of each sample were weighted, then added 950uL
of 70% (v/v) methanol, mixed thoroughly the extract in a vortex and the mixture submitted to 70°C
for 30 minutes, and finally centrifuged at 13000rpm, at 1°C, for 15 minutes. These extracts were stored
at -20°C and used for the determination of the total carotenoids, total phenolics, and flavonoids
contents and in antioxidant activity assays. All results are expressed as the average of six replicates
with standard error (SE) shown.

2.3.1. Total carotenoids

The concentration of total carotenoids was quantified according to Lichtenthaler (1987) [26],
using the leaves and berries sample extracts. The absorbance was measured at 663, 645 and 470nm.
The results were expressed as pg.g! fresh weight (FW) in leaves or dry weight (DW) in berries and
obtained according to the following equation: Total carotenoids = (1000*Absso — 1.82*Cla —
85.02*Clb)/198)*0.001, where Cla (Chlorophyll a = (12.7*Absess — 2.69*Abssss)/1000) and Clb
(Chlorophyll b = (22.9* Absess — 4.68* Absss3)/1000).

2.3.2. Total phenolics

The concentration of total phenolics was determined according to the Folin-Ciocalteu
colorimetric method at 765nm [27], using a gallic acid calibration curve and the results were
expressed as mg of gallic acid equivalents (GAE).g of FW in leaves or DW in berries.

2.3.3. Flavonoids

Flavonoid concentration in the same extracts was determined at 510nm according to the
colorimetric method [28]. A calibration curve was prepared with catechin, and the results were
expressed as mg of catechin equivalents (CE).g! of FW in leaves or DW in berries.
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2.3.4. Total anthocyanins

The total monomeric anthocyanin (TMA) content was determined according to Lee et al., Meng
et al., and Ali Shelat et al. [29-31]. To obtain the extracts, 5mL of methanol acidified with 1% HCI
were added to 50mg of berries or 20mg of leaves. The mixture was shaken and placed in the dark at
4°C for 1 hour. It was then centrifuged at 4000rpm for 15 minutes at 4°C. Subsequently, the
supernatant was collected. In a microplate, the mixture of 50uL of extract and 250uL of 0.025M KCI
(pH= 1.0) or 50uL of extract and 250puL of 0.4M sodium acetate buffer (pH= 4.5) was pipetted into
different wells. Finally, absorbances were read at 510 and 700nm. The concentration of total
monomeric anthocyanins was expressed as mg of cyanidin-3-O-glucoside equivalents (CGE).g* of

FW in leaves or DW in berries, according to the following formula: TMA = A*DEZMW, 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 = (Asi0 — A70)pH1.0 — (Asi0 — A7o)pH4.5.

2.4. Antioxidant activity assays

2.4.1. ABTS** radical-scavenging activity

To determine the radical-scavenging activity of leaf and fruit extracts the discoloration assay
ABTS** (2,2"-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid)) was used, according to Re et al. and
Stratil et al. [32,33]. To prepare the ABTS** work solution, 7mM ABTS were mixed with 140mM K:5:0s
in double distilled water. The mixture was incubated for 12-16 hours in the dark at room temperature
and then its absorbance was adjusted to 0.7-0.8 with absolute ethanol in a wavelength of 734nm. After
that, 15uL of leaf or berry extracts and 285uL of the ABTS** work solution was mixed and left for 10
minutes in the dark, and the absorbance was read at 734nm. The blank was made with 80% acetone
in leaves or 70% methanol in berries plus ABTS** solution. The results were expressed as pmol
Trolox.pug! of FW or DW in leaves or berries, respectively, using a Trolox calibration curve.

2.4.2. DPPH radical-scavenging activity

The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical-scavenging activity assay was carried out
according to Brand-Williams et al., Sanchez-Moreno et al., and Siddhraju and Becker [34-36], mixing
15uL of leaf or berry extracts with 285uL methanolic solution containing DPPH radicals (10 mol.L-
). The blank was made with 15uL of 80% acetone in leaves or 70% methanol in berries and 285uL
methanolic solution containing DPPH radicals. The mixture was vigorously shaken and left to stand
for 30 minutes in the dark. The reduction of the DPPH radical was detected by measuring samples
absorbance at 517nm. Using a Trolox calibration curve the results were expressed as pmol Trolox. g
1 of FW or DW in leaves or berries, respectively.

2.4.3. FRAP assay

The FRAP (Ferric Reducing Antioxidant Power) assay used in this study was a modification of
the previous methods of Stratil et al. and Benzie and Strain [33,37]. To prepare the FRAP reagent, 1
volume of an aqueous 10mM solution of TPTZ (2,4,6-Tri(2-pyridyl)-s-triazine) in 40mM HCl was
mixed with the 1 volume of 20mM FeCls.<H20 and 10 volumes of 300mM acetate buffer, pH 3.6. Then,
25uL of leaf or berry extracts were mixed with 275uL of FRAP reagent. The blank was made with
25uL of 80% acetone in leaves or 70% methanol in berries and 275uL of FRAP reagent. The mixture
was vigorously shaken and left to stand for 5 minutes in the dark and the absorbance at 593nm was
recorded. Using a Trolox calibration curve the results were expressed as umol Trolox.ug! of FW or
DW in leaves or berries, respectively.

2.5. Statistical analysis

Data were analyzed by using SPSS Statistics for Windows (IBM SPSS Statistics for Windows,
Version 23.0. Armonk, NY: IBM Corp). Statistical differences between treatments in each


https://doi.org/10.20944/preprints202308.0969.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 August 2023

d0i:10.20944/preprints202308.0969.v1

phenological stage and in each year, were evaluated by one-, two-, and three-way ANOVA, followed
by Duncan’s multiple range test at P < 0.05. Pearson’s correlation analysis was used to determine the
relationship between bioactive compounds and antioxidant activity in leaves and berries.

3. Results

3.1. Downy mildew incidence

In 2019, downy mildew was not detected in the trial under study. Although precipitation
occurred in April, the temperatures were not favorable for Plasmopara viticola development, and in
the following months the precipitation values were very low and temperatures high (Figure 1).

In 2020, downy mildew manifested itself with some intensity, mainly in bunches (Figure 2). In
May of 2020 meteorological conditions were favorable for downy mildew development, given the
rainfall and mild temperatures (Figure 1). It was also verified in leaves and berries that the incidence
of the disease was high, however the severity was low. The spraying with plant extracts had a positive
effect in reducing the incidence of downy mildew in 2020 on leaves, at pea-size (JKE and NE) and at
harvest (NE), when compared to control (C), although with no significant differences (Figure 2A). It
was also found a positive effect on disease severity, mainly at pea-size and harvest (Figure 2C). In
berries, at veraison, there was a decrease in disease incidence in plants treated with JKE compared to
untreated plants (Figure 2B). At harvest, mainly in berries (Figure 2B), the tested treatments did not
show effectiveness to reduce downy mildew incidence, but JKE seems to decrease the severity in
comparation to C (Figure 2D). The rainfall during the months of August and September (Figure 1),
may have led to the progression of the disease that was already installed in these grapevines in the
previous stages (pea-size and veraison).
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Figure 2. Downy mildew incidence on leaves (A) and berries (B) and severity on leaves (C) and berries
(D) of the cv. Touriga Franca during the season 2020. Values are presented as mean * SE; different
letters mean significant differences (P < 0.05, Duncan’s test) between treatments, within each


https://doi.org/10.20944/preprints202308.0969.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 August 2023 d0i:10.20944/preprints202308.0969.v1

phenological stage (numbers in letters refer to each phenological stage). CT - Conventional
Treatment; JKE - Japanese Knotweed Extract; NE — Nettle Extract; C — Control.

3.2. Effect on leaf and berry bioactive compounds

The total carotenoids concentration in leaves and berries from cv. Touriga Franca is shown in
Figure 3. In leaves the concentration of total carotenoids was affected by year (P < 0.001), by
phenological stage (P < 0.001), by the interaction between treatment and year (P < 0.001), by the
interaction between year and phenological stage (P < 0.05) and by the interaction of treatment, year
and phenological stage (P < 0.001) (Table S1). In case of berries was affected by treatment (P < 0.01),
by the phenological stage (P <0.001) and by the interaction between year and phenological stage (P
< 0.001) (Table S1). The total carotenoids concentration was higher in average, for both leaves (328
pg.g') and berries (55 pg.g1), at harvest of 2019. In this year and in all treatments, the carotenoids
concentration in leaves and berries increased in average 54% and 80%, respectively, from veraison to
harvest. In 2020, the carotenoids concentration at veraison and harvest stages was very similar, for
both leaves and berries.

At veraison of 2019, significant differences were detected in leaves, specifically between nettle
extract (NE) and the remaining treatments, with higher total carotenoids concentration (253 pg.g1)
being observed for this treatment (Figure 3A). In terms of total carotenoids in the berries, no major
differences were found between treatments, however CT seemed to slightly increase the total
carotenoids in berries (about 10 pg.g?), at harvest stage, when compared to control (C) (Figure 3).
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Figure 3. Total carotenoids concentration content in leaves (A) (ug.g! FW) and berries (B) (ug.g? DW)
of cv. Touriga Franca with different foliar treatments at veraison and harvest of 2019 and 2020. Values
are presented as mean + SE. Different letters mean significant differences (P < 0.05, Duncan’s test)
between treatments within each phenological stage: veraison or harvest of each year (lowercase, year:
1 - 2019; 2 - 2020); “ns” indicates non-significant differences. C — Control, CT — Conventional
Treatment; JKE — Japanese Knotweed Extract; NE — Nettle Extract.

Table 1 shows the data of total phenolic, total anthocyanin, and flavonoid concentrations, in
leaves and berries, sampled in veraison and harvest of 2019 and 2020 in grapevines treated with NE,
JKE, CT (conventional fungicide) and C (water).

For total phenolics, total anthocyanin and flavonoid concentration, data recorded in berries were
higher than in leaves. Furthermore, comparing the two analyzed years these parameters were higher
in 2020 than in 2019 (not considering the total anthocyanins content in leaves, which was residual in
both years). The differences were more pronounced in the flavonoids content in berries at veraison,
with values in 2020 being 32% higher in average than in 2019. For the remaining parameters, the
values obtained in 2020 were also higher than those of 2019, ranging from 71% (flavonoids in leaves
at harvest) to 48% (total anthocyanins in berries at harvest) higher in average.

The concentration of total phenolics in leaves were influenced by the treatment (P < 0.01) and
year (P < 0.001) (Table S1). At veraison of 2020, significant differences were detected among
treatments, with an increase of 19% in NE (27.33 mg.g") and 21% in JKE (28.09 mg.g) compared to
control (22.19 mg.g') grapevines. In berries was verified an influence of year (P <0.001), phenological
stage (P <0.001), the interaction between treatment and year (P < 0.05), the interaction between year


https://doi.org/10.20944/preprints202308.0969.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 August 2023 d0i:10.20944/preprints202308.0969.v1

7

and phenological stage (P < 0.001) (Table S1). At veraison 2019, the total phenolics content was
significantly higher in plants treated with NE with an increase of 30% when compared to C. Although
with no significant differences, in 2020, both in berries at veraison and at harvest, the highest content
of total phenolics was detected in grapevines treated with JKE (increasing 21% at veraison and 18%
at harvest, in comparison to C).

In this study, the total anthocyanins content was affected by the treatment (P < 0.001), the year
(P <0.001), the phenological stage (P < 0.001) the interaction between treatment and year (P < 0.05)
and the interaction between year and phenological stage (P < 0.001) (Table S1). The concentration of
total anthocyanins in leaves was residual (data not shown). In berries, the concentration of total
anthocyanins increased 1.04 times in 2019 and 3.02 times in 2020 between veraison and harvest, of
both years. At veraison and harvest of 2019, sprayings with plant extracts lead to berries with higher
total anthocyanins content than control, namely in NE (more 35% at veraison and 28% at harvest)
and JKE (more 38% at veraison and 11% at harvest). In fact, in both phenological stages and years,
there was always at least one natural treatment with anthocyanin contents higher than those detected
in the control berries (veraison 2019 — NE and JKE; veraison 2020 - NE; harvest 2019 — NE and JKE;
harvest 2020 -JKE) (Table 1).

Flavonoids content in leaves were affected by treatment (P < 0.001), year (P < 0.001) and
phenological stage (P < 0.01) (Table S1) and in berries by year (P < 0.001), phenological stage (P <
0.001) and by the interaction between year and phenological stage (P < 0.001) (Table S1). It was
verified that flavonoids content in leaves increased in average 20% in 2019 and 11% in 2020 from
veraison to harvest, in both years and in all treatment conditions, except for CT in 2020. In the
opposite, in berries, in all treatments, the flavonoids content decreased in average 2% and 46% from
veraison to harvest of 2019 and 2020, respectively. The highest flavonoids content (16.80 mg.g') was
found in berries at veraison 2020. The flavonoids content was higher at veraison (2020) and harvest
(2019) in leaves sprayed with NE (11% and 19% higher, respectively) and JKE (16% and 11% higher,
respectively) than in control leaves. At harvest of 2020, flavonoids content in leaves was also higher
in treated plants compared to untreated ones (24% higher in JKE-treated grapevines). In berries, at
the veraison of 2019 and harvest of 2020, the flavonoids contents were higher in both plant extract
treatments compared to CT or C grapevines: NE, 5.67 and 9.03 mg.g; JKE, 7.19 and 9.61 mg.g7;
conventional treatment, 4.33 and 9.33 mg.g! and control, 4.60 and 8.11 mg.g, respectively (Table 1).
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Table 1. Total phenolic, anthocyanin and flavonoid concentrations in leaves and berries of cv. Touriga Franca with different foliar treatments, at veraison and harvest of 2019 and 2020.

C - Control; CT - Conventional Treatment; JKE — Japanese Knotweed Extract; NE — Nettle Extract. Values are presented as mean + SE. Different letters mean significant differences (P <

0.05, Duncan’s test) between treatments within each phenological stage: veraison or harvest of each year (lowercase, year: 1-2019; 2 - 2020); no letters indicate non-significant differences.

Bioactive Compound Plant organ Growth stage C CT JKE NE
Veraison 2019 13.33 £1.35 13.51+1.32 11.25+1.01 11.02 £1.06
Leaf Veraison 2020 22.19 + 1.69a: 27.72 +0.94b> 28.09 + 2.14b> 27.33 + 1.64b2
Harvest 2019 11.36 £ 0.57 14.86 +1.31 12.90 £1.30 12,97 £1.20
Total Phenolics Harvest 2020 23.70+0.85 26.67 +1.28 26.91+1.02 24.14+1.29
(mg.g") Veraison 2019 18.34 + 3.16ab: 14.14 + 2.15a1 17.86 + 1.73ab: 26.31 £ 4.41b1
Berry Veraison 2020 50.38 +1.32 50.60 + 4.82 63.58 +£5.35 59.33 +4.81
Harvest 2019 16.99 £1.52 16.87 £2.11 13.61 £1.20 17.58 £+1.94
Harvest 2020 31.74+4.15 32.54+2.82 32.88 +3.55 28.30 +1.81
Veraison 2019 1.87+0.58 6.39 +0.33 3.01+2.42 2.86+1.12
Total Anthocyanins (mg.g) Berry Veraison 2020 3.26 +0.50 4.00 +1.57 1.27+0.28 3.34+0.70
Harvest 2019 2.20 £ 0.33a1 6.97 +1.30b1 2.46 + 0.85a1 3.05 + 1.88ab1
Harvest 2020 6.94 +0.94 9.95 +2.33 7.05+1.48 6.39 +0.47
Veraison 2019 2.54+0.21a1 3.63 + 0.25b1 2.54 +0.19a1 2.70+0.17a1
Leaf Veraison 2020 3.59 £ 0.50az 5.54 + 0.70b2 4.27 + 0.57abz 4.05 + 0.42ab:
Harvest 2019 2.85 +0.37a1 4.11 +0.35b1 3.22 +0.32ab: 3.51 + 0.54ab1
Flavonoids Harvest 2020 4.19 + 0.22a2 5.35 +0.19b2 5.54 + 0.34b2 4.30 + 0.32a2
(mg.g") Veraison 2019 4.60 + 0.62a1 4.33 +0.80a1 7.19 + 0.44b: 5.67+ 0.86ab:1
Berry Veraison 2020 18.32+2.31 14.27 +1.38 18.90 £ 2.57 15.72 £ 1.64
Harvest 2019 6.59 +1.86 4.03+0.85 6.17+3.73 5.43+0.85
Harvest 2020 8.51+0.99 9.33+1.45 9.61 +0.99 9.03+1.97
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3.3. Effect on leaf and berry antioxidant activity

In this study three antioxidant assays, ABTS**, DPPH, and FRAP, were used to access the
antioxidant activity in leaves and berries at veraison and harvest of 2019 and 2020 (Table 2). In case
of ABTS*+ significant differences were found for leaves in treatment (P < 0.001) and year (P < 0.001)
for berries in treatment (P < 0.05), year (P < 0.001) and phenological stage (P <0.01) (Table S1). DPPH
was affected by year (P < 0.001) and phenological stage (0.05 < P <0.01) in leaves and berries. It was
also verified an influence of year (P <0.001) and the interaction between treatment and year (P <0.01)
in FRAP for both leaves and berries (Table S1).

Antioxidant activity was much higher (60 times in average) in fruits than in leaves, as expected.
Unlike the antioxidant compound contents, which were higher in 2020 than 2019, the ABTS** assay
revealed higher antioxidant activity in 2019 than in 2020 in leaves and berries at veraison and harvest,
with more pronounced differences in leaves at harvest. DPPH in berries and FRAP in leaves were
also higher in 2019 than in 2020 both at veraison and harvest. Conversely, DPPH in leaves and FRAP
in berries were higher in 2020 than 2019 both at veraison and harvest.

There was a significant effect of the treatments in the antioxidant activity in leaves and berries
at veraison and harvest for most treatments (for ABTS** at veraison and harvest of both years and
berries at veraison of both years; for DPPH in leaves at both stages of 2019 and in berries at veraison
of 2019; in FRAP in leaves at both stages of 2019 and in veraison of 2020 in berries in both stages and
years). At least one of the tested products (NE, JKE) revealed a positive effect on the antioxidant
activity of the leaves in both phenological stages and years in comparison to the conventional
treatment, although lower in comparison to control. Nevertheless, for FRAP, at veraison of 2019, JKE-
treated leaves (0.74 umol Trolox.ug™) showed a positive effect in comparison with control (0.70 pmol
Trolox.pg). Similar situation was verified in harvest of 2019 for the natural products (NE 0.62 pmol
Trolox.pug! and JKE 0.66 umol Trolox.pg?) in comparison with control (0.58 pmol Trolox.ug). The
antioxidant capacity evaluated by the different methodologies revealed a significative increment in
leaves from plants treated with the natural products (NE and JKE) in comparison to the conventional
treatment at veraison 2019 and 2020 and at harvest 2019 (ABTS*+ and DPPH).

In berries, both plant extracts revealed a positive effect (1.1 times in average) on the antioxidant
capacity at veraison 2019 and harvest 2019 in relation to CT, measured by FRAP and DPPH,
respectively. The sprayings with NE (34.58 umol Trolox.ug in 2019 and 69.77 pumol Trolox.ug™* in
2020) and Japanese knotweed extracts (24. 87 umol Trolox pg? in 2019 and 66.21 umol Trolox ug™ in
2020) led to berries with higher antioxidant capacity (determined by FRAP) at veraison and with NE
(70.52 pmol Trolox pg ! in 2019 and 61.74 umol Trolox ug in 2020) (determined by DPPH) at harvest,
in both years compared to CT. In 6 of the 12 combinations berry/year/phenological stage/antioxidant
activity assay, NE-treated berries revealed a higher antioxidant capacity than the CT.

Table 2. Antioxidant activity in leaves and berries, using three different assays (ABTS**, DPPH, and
FRAP), in cv. Touriga Franca with different foliar treatments, at veraison and harvest of 2019 and
2020. C - Control; CT - Conventional Treatment; JKE — Japanese Knotweed Extract; NE — Nettle
Extract. Values are presented as mean * SE. Different letters mean significant differences (P < 0.05,
Duncan’s test) between treatments within each phenological stage: veraison or harvest of each year
(lowercase, year: 1 - 2019; 2 - 2020); no letters indicate non-significant differences.

Antioxi .
nthXI::SI;;aCtIVIty Plant organGrowth stage C CT JKE NE

Veraison 2019 0.46 + 0.03b1 0.31 + 0.02a1 0.41 + 0.03b: 0.45 + 0.04b1
Veraison 20200.31 + 0.02b2 0.13 + 0.02a2 0.19 £+ 0.04a2 0.21 + 0.03a2
Leaf  Harvest 2019 0.47 + 0.04b: 0.27 + 0.04a1 0.40 + 0.04b1 0.41 + 0.03b1

ABTS"+
(pmol Trolox pg?) Harvest 2020 0.17 + 0.02b: 006132&15 0.08 £ 0.02a20.15 + 0.03ab2
. 2
Berry  Veraison 2019 6519 8440+ 77.18 + 56.32 + 8.76a1

9.71ab: 4.60b: 8.39ab1
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. 59.36 + 56.48 + 38.29 +
Veraison 2020 6.79bs 11.51bs 9.73abs 27.89 + 7.03a2
Harvest 2019 79.01 +7.16 78.62+5.49 73.49 +7.49 80.59 +6.51
Harvest 2020 63.08 +4.72 75.81 £9.30 59.71 +7.78 54.82 +9.96
Veraison 2019 0.79+0.05 0.73+0.03 0.79+0.05 0.80+0.04

Veraison 2020 1.09+0.04 1.03+0.04 1.08+0.07 1.02+0.05

Leaf 1y vest 2019 0.74 + 0.04br 062 +0.03ar  *“CF 0,69 + 0.03abs
0.03abs
DPPH Harvest 2020 1.24+0.05 128+0.03 122+0.03 1.24+0.04
(pmol Trolox pg?) . 59.74 + 69.53 + 66.07 +
Veraison 2019 2 52ab 2 ddb, 450b, 54.61 +3.12a1

Berry  Veraison 2020 49.16 +2.14 49.42+2.13 45.14+2.40 47.02+2.87
Harvest 2019 65.48 +1.89 66.34 +3.58 68.23+254 70.52+1.73
Harvest 2020 57.57+1.49 58.99 +3.98 53.04 294 61.74 +5.64
Veraison 2019 0.70 + 0.07a1 0.92 + 0.05b1 0.74 + 0.06a1 0.70 + 0.06a1
Veraison 2020 0.38+0.03 0.53+0.05 0.54+0.07 0.48+0.06

Leaf Harvest 2019 0.58 + 0.03a1 0.97 = 0.11b1 0.66 + 0.06a: 0.62 + 0.05a1
Harvest 2020 0.48 +0.04 0.56+0.05 058+0.04 0.50=+0.04
. 33.82 + 19.22 + 24.87 +
FRAP Veraison 2019 4.80b1 1.05a; 5 75abs 34.58 +4.15b1
(umol Trolox pug?) . 55.40 + 64.68 + 66.21 +
Berry Veraison 2020 3.30a2 4.25abs 1 .66ba 69.77 + 3.99b2
23.70 + 20.17 + 19.29 +
Harvest 2019 1 18abs 1.97a; 5 50a1 25.86 +1.27b1
Harvest20p0 2010+ 43822 4235 o0 o) 4 a1

2.19ab: 2.80b2 3.31ab2

Analyzing the correlations between non-enzymatic antioxidant compounds and antioxidant
activity, in leaves FRAP showed a statistically significant (P < 0.01) positive correlation with total
phenolics and flavonoids in 2019 at veraison (R?=0.584 and R? = 0.530) and harvest (R?=0.654 and R?
=0.404). In 2020, in leaves, a statistically significant (P < 0.01) positive correlation was found between
FRAP and total phenolics at veraison (R? = 0.476) and harvest (R?= 0.438).

For berries, in 2019 FRAP assay showed a significant (P <0.01) and positive correlation with total
phenolics in veraison and harvest (R? = 0.841 and R? = 0.607, respectively) and in 2020, a positive
correlation with total phenolics was verified at veraison (R? = 0.560, P < 0.01) and at harvest (R? =
0.495, P < 0.05).

4. Discussion

4.1. Downy mildew incidence

During the year of 2019, downy mildew was not detected in the trial, and according to ADVID
[38] this year was considered of low pressure of diseases. The year 2020 was considered hot and dry
[39], and differences in disease incidence and severity were observed in the trial. During the season
of 2020, the leaves at pea-size and harvest sprayed with NE and JKE revealed a reduction of downy
mildew severity, when compared to control plants. Berries at pea-size sprayed with NE showed a
reduction of downy mildew incidence, and berries sprayed with JKE at harvest a reduction on
severity. Extracts obtained from these plants are a mixture of active ingredients, that contain many
secondary metabolites which display several mechanisms of actions, such as direct toxicity against
the pathogen or a capacity to stimulate the defense system of the vine [40-43]. New products with
formulations involving nettle and Japanese knotweed extracts could be tested in the future as eco-
friendly strategies to control downy mildew.
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4.2. Leaf and berry bioactive compounds

Carotenoids protect the photosynthetic apparatus from photooxidative damage, preventing the
formation of harmful reactive oxygen species (ROS), and by being directly involved in the extinction
of these activated oxygen species. If this protective mechanism fails or becomes overloaded, ROS can
accumulate, leading to lipid peroxidation [44], irreversible DNA damage and cell death [45]. NE and
JKE increased the total carotenoids concentration in leaves, indicating potential in the protection of
the photosynthetic apparatus, as well as helping prevent lipid peroxidation in plants under summer
stress. In fact, NE and JKE tended to increase primary metabolites in the leaves, such as chlorophyll
a, chlorophyll b, and total soluble sugars, among others (data not shown). Moreover, it is known that
the application of natural products may contribute to fruit nutritional value due to the increment of
secondary metabolites, such as carotenoids [46,47].

In 2020 the concentration of total phenolics, total anthocyanins and flavonoids in berries was
higher than in 2019. These differences can be explained due to differences in the climatic conditions
of both years (Figure 1). Bunch exposure to high temperature and radiation may increase
anthocyanins, flavonols, and flavanols synthesis in grapes due to increased activity of the
phenylalanine ammonium lyase (PAL) enzyme [48]. In addition, the year of 2020 also recorded higher
precipitation values and warmer temperatures in March and May (Figure 1), leading to a high
pressure of diseases, with emphasis on downy mildew due to its precocity. These factors may have
led to the accumulation of polyphenols, and specifically of anthocyanins in grapevine, in response to
the stress conditions in the year of 2020.

The total phenolics content in leaves was increased in the treatments under study; with similar
results being obtained by Singh et al. and Irani et al. [49,50] with the application of chitosan and a
seaweed extract, respectively. In berries at veraison 2019 and at both phenological stages in 2020, the
total phenolics content was significantly higher in grapevines sprayed with the plant extracts under
study, compared to control grapevines. Since berry quality, particularly of the grapevine cv. Touriga
Franca, is largely dependent on the accumulation of secondary metabolites such as polyphenols and
volatiles [51], these extracts could be used to improve berry quality in the future. Similar results were
obtained by Kok [52], who described an increase in phenolic content in the table grapevine Cardinal
treated with gibberellic acid. Other studies using chitosan [47] and different biostimulants [53], in
species such as strawberry and rocket plant (Eruca vesicaria subsp. sativa) [46] also reported an
increase in total phenolics content. There are many functions attributed to phenolic compounds,
highlighting their action in defense mechanisms, fruit color and their antioxidant effect. Given the
Mediterranean climate conditions to which the plants under study were subjected, which is
characterized by water deficit, high temperature and excessive sunlight radiation in the summer, the
synthesis of phenolics is very important, as these compounds are capable of reducing the effects of
the stress conditions, offering resistance to photooxidation by absorption of UV radiation [54].
Furthermore, given the antioxidant activity of some phenolic compounds, they may be able to
neutralize ROS [55].

In this study, the total anthocyanins content was affected by the foliar application of plant
extracts. In berries, NE and/or JKE treatment increased anthocyanins content when compared to
control: at veraison and harvest 2019 in plants treated with NE and JKE, at veraison 2020 in plants
treated with NE; and at harvest 2020 in plants treated with JKE. Increases of anthocyanins content in
treated grapevines have also been verified by other authors, which studied the effect of chitosan in
the cv. Touriga Franca [49], and with the application of Ascophyllum nodosum extracts in the cv.
Sangiovese [56].

It is known that flavonoids represent a huge fraction of the soluble phenolics present in
grapevine and play different physiological roles, being often involved in protection against biotic and
abiotic stress [57]. The concentration of flavonoids in berries varied during the different development
stages: the accumulation starts on fruit set until 1-2 weeks after veraison (the onset of ripening) and
then their level decrease [57], as we verified in this study. The application of NE and JKE extracts
increased the flavonoids content in leaves and grapes, which can improve the plant resistance to
summer stress, a major problem in DDR [58,59].
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4.3. Leaf and berry antioxidant activity

Antioxidant activity determination in the leaves of grapevines treated with NE and JKE extracts
revealed a significant increase compared to the CT but was lower than in control (C). In general, JKE-
treated leaves presented the highest antioxidant activity, suggesting that switching from
conventional fungicides to natural alternatives does not compromise, or even improve the
antioxidant capacity of the grapevines. Singh et al. [49] observed an increase in antioxidant activity
of leaves from Touriga Franca plants sprayed with chitosan.

In berries, treatments revealed a significative effect on the antioxidant capacity in FRAP in both
years and stages; in ABTS** at veraison of both years; and in DPPH at harvest 2019. NE-treated
grapevines had higher antioxidant capacity than the CT plants. Similar results were obtained by
Godlewska et al. [16], in Brassica oleracea var. capitata sprayed with nettle extract. It is known that the
application of alternative compounds can lead to changes in enzyme activity and influence the
antioxidant properties of compounds, such as, lycopene, ascorbic acid, and phenolic compounds [60].
In plants, several antioxidants can help to handle adverse growth conditions [61]. In this case, NE
appears to influence antioxidant activity and could be used in the future to mitigate the effects of
climate change in plants under summer stress. The compounds naturally present in plants are
responsible for the antioxidant activity [62], and different bioactive compounds are found in both
Japanese knotweed and nettle. In the case of Japanese knotweed, flavonoids, stilbenes,
anthraquinones, coumarins, and lignans, can be found in roots, leaves, stems and flowers [40,42]. In
the case of nettle, bioactive compounds can also be found in different parts of the plant, and include
flavonoids, phenolic acids, amino acids, carotenoids, organic acids, and fatty acids [43]. It was
verified that the antioxidant activity, namely FRAP, was correlated whit some non-enzymatic
antioxidant compounds in leaves and berries, showing a statistically significant (P < 0.01) positive
correlation with total phenolics in both leaves and berries, in both years and phenological stages.
Other studies in grapevine, such as those of Rockenbach et al. and Kupe et al. [63,64], have also found
a significant correlation between total phenol content and antioxidant activity. A statistically
significant correlation between FRAP and free phenolic acids has also been reported by Speranza et
al. [65] in sorghum kernels.

5. Conclusion

This study, comparing downy mildew protection using conventional fungicide and two
alternative products (nettle and Japanese knotweed extracts) under field conditions, highlights their
stimulatory effect on the leaves and berries non-enzymatic antioxidant compounds, as well as a slight
increase in the berry antioxidant activity.

In 2020 was possible to evaluate the effect of the tested plant extracts on downy mildew, being
verified that these putative alternative fungicides may decrease the incidence and severity of the
disease, mainly in the leaves. In the future, with the need to reduce pesticides, these extracts could be
an alternative, or could even be used in new formulations reducing the synthetic fungicides. They
can be applied from the beginning of the growing season in order to reduce the incidence and severity
of downy mildew in the leaves, as well as decreasing the probability of its incidence in the berries,
reducing the use of chemicals and making viticulture more sustainable.
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