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Abstract: Row orientation, among others, is a crucial factor in determining grapevine performance
and health status, thus affecting berry components that form the basis of the later wine profile.
However, the literature about the impact of changes in row orientation at steep slope sites on
grapevine fruit composition as well as the differentiation between canopy sides hardly exists. Thus,
the aim of this work was to gain knowledge about the impact of row orientation in steep slope
vineyards on selected primary and secondary metabolites in berries of Vitis vinifera L. cv. Riesling.
Samples were taken from both canopy sides of different row orientations of terraced and downslope
vineyards in steep slopes. Free amino acids in the juice and flavonols in the berry skin had a positive
correlation to sunlight exposure. Furthermore, grapevines showed adaptations to constantly higher
light conditions, e.g., physiologically in reduction in chlorophyll content or protective mechanisms
resulting in a lower susceptibility to sunburn damage. Thus, grapevine fruit parameters are affected
by row orientation change in steep slopes.

Keywords: terraced vineyard; berry quality; canopy microclimate; cluster exposition; amino acids;
polyphenols

1. Introduction

Content and composition of primary and secondary metabolites present in pulp, skin
and seeds of grapevine berries significantly determine wine quality. Furthermore, plants
primary metabolites (e.g., sugars, organic acids and amino acids) are crucial for vegetative
and generative growth, whilst secondary metabolites (e.g., phenolic, pigment and aroma
compounds) play an important role in environmental interactions, e.g., adaptation to biotic
and abiotic stressors.

The exposure of grapevine berries to solar radiation and high temperature bears
the risk of sunburn and crop damage [1], but is also known to alter the amount and
composition of antioxidative substances, which are important for palatability and are
valuable for consumers’ health [2]. The ongoing change in climate may, therefore, not only
impact the suitability of grapevine cultivation in some regions and its performance, but
also berry quality parameters and thus traditional wine profiles [3].

Lately, research was conducted on Vitis vinifera L. cultivar Riesling, the leading cultivar
for high quality white wine production in Germany and other countries worldwide [4].
Friedel et al. [5] showed that the expression of monoterpene and flavonol metabolic genes
in Riesling berries were up-regulated by bunch exposure to sunlight. Further studies
confirmed the effect of cluster exposure on the alteration of phenolic substances of berries
of the same variety. Sun-exposed bunches resulted in about 50% higher phenolic concen-
trations on average [6], while shading reduced total phenolics significantly by 43% and
56%, compared to different defoliation means [7]. An increased exposure to UV-B radiation
resulted in a decreased content and an altered composition of amino acids in Riesling [7,8],
whereas no differences were detected in other grape varieties [9–11]. The concentration

Foods 2021, 10, 2682. https://doi.org/10.3390/foods10112682 https://www.mdpi.com/journal/foods

https://www.mdpi.com/journal/foods
https://www.mdpi.com
https://orcid.org/0000-0002-5127-2415
https://doi.org/10.3390/foods10112682
https://doi.org/10.3390/foods10112682
https://doi.org/10.3390/foods10112682
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/foods10112682
https://www.mdpi.com/journal/foods
https://www.mdpi.com/article/10.3390/foods10112682?type=check_update&version=1


Foods 2021, 10, 2682 2 of 17

and composition of certain amino acids is not only associated with the amount of sunlight,
daytime and photosynthetic activity of the plant [12], but also depends on grapevine
cultivar [13], tissue [14] and origin [15].

Furthermore, the degree of bunch exposure to sunlight is known to affect aroma
precursors and compounds of grapes [16]. The impact of natural shading through row
orientation on norisoprenoid levels in Riesling was studied in South Africa [17]. Marais
et al. [17] found significantly higher norisoprenoid precursors in berries matured under
sunlit conditions compared to bunches ripened on the shaded side of the canopy. Since
the expression of several aroma compounds in Riesling found to be light dependent [5],
it seems that a minimum exposure of above 20% ambient light is necessary for a positive
response of monoterpenes [18]. However, the 20% light intensity threshold also applies for
the formation of undesired norisoprenoid TDN (1,1,6-trimethyl-1,2-dihydronaphthalene)
and its precursor Riesling acetal [19,20].

A change in row orientation, particularly under steep slope conditions, modifies light
microclimate in the vineyard [21,22], which affects the diurnal pattern of grapevine canopy
temperature, bunch zone light interception [23] and photosynthetically active radiation [24].
Energy input into a vineyard increases with the degree of slope and may result in 30 to 40%
higher solar energy intake compared to flat vineyard sites [25,26]. Hence, row orientation
changes at steep slopes, i.e., by carving terraces into the slope, affect bunch zone light
interception considerably [23].

The aim of this study was to determine the effects of different irradiation conditions
on the composition of selected fruit parameters of Riesling grape berries by separating the
berry exposition from both canopy sides of different row orientations in two steep slope
vineyard systems, i.e., terraced and downsloped vineyards.

2. Materials and Methods

In 2019 and 2020, data were collected in the Rheingau wine-growing region on
V. vinifera L. cultivar Riesling. Three vineyard pairs, each consisting of a vineyard ac-
cording to the standard cultivation method of vines planted downslope (control, C) and a
terraced vineyard system (T) were selected. The down-sloped vineyard site Geisenheimer
Rothenberg (GM) represented the N–S row orientation, while the terraced treatment was
aligned from E to W. At the sites Lorcher Eisersgrube (LE) and Lorcher Sesselberg (LS) row
orientations adapted to the Rhine river-dependent orography. Hence, control vineyards
were NE–SW-oriented while terraced vineyards were planted in NW–SE direction. The
vines were trained using vertical shoot positioning (VSP), with a single guyot comprising
6–8 buds per m2. Row spacing ranged from 1.4 m to 2 m among the control treatment and
1.8 to 2.3 m on terraces, depending on vineyard age and feasibility to mechanization. Vine
space ranged from 1 m to 1.2 m in down sloped vineyards and 0.6 m to 0.7 on terraces.
Detailed weather conditions can be found in Table S1 and are displayed in Figure S1.
Further information on the experimental setup was previously described [23].

2.1. Berry Sampling and Processing

At grapevine development stage E-L 38 (berries harvest-ripe [27]), three replicates of
one hundred to two hundred healthy berries were randomly collected from each side of
the canopy for berry maturity analyses.

For berry skin polyphenol analyses three replicates of twenty berries per sample were
cut with the pedicel, flushed with CO2 and immediately frozen in liquid nitrogen. Samples
were stored at −80 ◦C until further processing.

2.1.1. Berry Juice Analyses

Berries were pressed twice at 0.6 MPa for approximately two minutes (Longarone
85, Eis System GmbH, Norderstedt, Germany), interrupted by a manual crumbling. The
obtained juice was centrifuged for five minutes at 7830 rpm and 20 ◦C (Eppendorf 5430
R, Hamburg, Germany) and filtered coarsely (33/N). After a second centrifugation step
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at 14,000 rpm for five minutes, the yeast assimilable α-amino nitrogen content was deter-
mined by a spectrophotometer (Specord 50 plus, Analytik Jena, Jena, Germany) using a
N-Acetyl-L-Cysteine/ophthaldialdehyde (N-OPA) assay [28]. Total soluble solids (TSS),
total titratable acidity (TTA), malic acid (MA) and tartaric acid (TA) were analysed by
Fourier-transformed infrared spectroscopy (FTIR) via a FT2 Winescan spectrometer (FOSS,
Hillerød, Denmark) using an in-house grape must calibration. Amino acid spectrum was
obtained using an automatic amino acid analyser S433 (Sykam Chromatographie Vertriebs
GmbH, Fürstenfeldbruck, Germany) according to the protocol of Krause and Löhnertz [29].
The separation of amino acids from the juice occurred at a cation exchange separation
column via the distinctive isoelectric point of each individual amino acid, aided by a
lithium citrate buffer (pH 2.2). Amino acids were qualitatively measured by the retention
time. During post column derivatisation, the amino acids were labelled with the reagent
ninhydrin at a temperature of 130 ◦C. An UV/VIS-detector measured the primary and
secondary amino acids quantitatively at 570 nm and 440 nm, respectively. All data were
transformed from content to concentration (i.e., content per gram berry fresh weight).

2.1.2. Berry Skin Polyphenol Analysis

Frozen berries were peeled under CO2 atmosphere. Berry skins were freeze dried,
ground and desiccated until further processing. Phenolic compounds were then extracted
by acidified acetonitrile under SO2 protection prior to vacuum distillation. The polypheno-
lic extracts were analysed by an UHPLC system (UltiMate 3000, ThermoFischer, Dreieich,
Germany) coupled to a UV/VIS diode array detector (Vanquish, ThermoFischer, Dreieich,
Germany). Additionally, samples were measured by a LXQ mass spectrometer (Ther-
moFischer, Dreieich, Germany). Then, 3 µL sample volume were injected at a flow rate
of 250 µL min−1 into a 150 × 2 mm (inner diameter) 3 µm Luna 3u C18 100 A column
(Phenomenex, Aschaffenburg, Germany) for chromatographic separation. Flavanols, phe-
nolic acids and flavonols were detected at wavelengths of 280 nm, 320 nm and 360 nm,
respectively. The identification of the peaks was based on HPLC retention time, the UV
spectra and mass spectral data. External calibration curves were used for quantification.

Elution conditions were: solvent A was 2% acetic acid; solvent B was acetonitrile/
water/acetic acid (50:50:0.5; v/v/v). Gradient elution was applied: 0–20 min from 96–50%
solvent A, 4–50% solvent B, 20–23.1 min to 100% B; washing with 100% B for 2 min before
re-equilibrating the column. The following mass spec conditions were used: ESI source
voltage −3.00 kV during negative and +5.00 kV during positive ionization mode; capillary
temperature 275 ◦C; collision energy for MSn-experiments 35% (arbitrary units). A table
containing all standard sources is presented in the supplementary material (Table S3).
Where no standards were available, substances were quantified using the calibration for the
closest phenolic relatives (caftaric acid as caffeic acid; fertaric acid as ferulic acid, coutaric
acid and p-CGT as coumaric acid) [7].

2.2. Canopy Density Measurements

Point Quadrat Analysis [30] was conducted at flowering, onset of ripening and at
harvest to obtain additional information on bunch zone light conditions. Data was collected
by inserting a thin metal rod into the canopy along a measuring tape. Distance between
insertions was 20 cm. One hundred insertions were made within four replicates. Leaf layer
number (LLN), percentage of interior clusters (PIC) and percentage of interior leaves (PIL)
were calculated from recordings of contact with leaves and clusters, according to Smart
and Robinson [30]. The data is presented in the Supplementary Material (Table S4).

2.3. Cluster Light Interception

Cluster light environment was measured via dyed triacetyl cellulose strips (OptoLeaf
R-3D, Taisei-Environmental & Landscape Group, Tokyo, Japan). A grid (1 m × 0.3 m)
equipped with fifteen light sensitive films (LSF) was placed in front of either canopy sides,
both sunlit and shaded, at bunch zone height (0.7 m to 1 m) at all experimental sites in 2019
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and 2020 during same time intervals at flowering (LSF_f), onset of ripening (LSF_o) and
berries harvest-ripe (LSF_h). Film fading values were converted by calibration curves via
regression equations obtained from a nearby weather station, maintained by Hochschule
Geisenheim University (49◦98′4′′ N; 07◦95′44′′ E) [23]. The data were used as additional
quantitative parameter in principal component analysis to incorporate environmental data,
which is an important driver of grapevine fruit quality. The data are presented in the
supplementary material (Table S5).

2.4. Leaf Nutritional Status

A functioning photosynthesis apparatus is important for plant growth in general
and is determining for yield and berry quality in grapevine, since assimilated carbon is a
key element in organic structures such as carbohydrates, amino acids or polyphenols. A
chlorophyll-meter (Dualex 4 scientific, Force-A, Orsay, France) was used for leaf chlorophyll
measurements at two dates (flowering and bunch closure). The optical chlorophyll index
(Chli) was obtained by measuring the abaxial and adaxial side of three leaves per canopy
side on three selected and labelled shoots of six randomly selected vines of each treatment
and site. Leaf position and leaf age was considered similar due to measuring at comparable
internode lengths. The Chli index is recognized to perform well as a proxy for leaf nitrogen
content [31].

2.5. Scoring of Sunburn Damage

Subsequent to a row of heat days (i.e., daily maximum temperatures >30 ◦C), sunburn
damage was assessed in both years of 2019 (01.08.) and 2020 (13.08.). Four hundred grape
cluster per vintage, site, treatment and canopy side were evaluated following the seven
steps assessment scheme of EPPO guideline 1/031(3) [32], in order to evaluate reactions of
clusters exposed to different light regimes under extreme environmental conditions.

2.6. Statistical Analyses

Principal component analysis (PCA) was used for exploratory data analysis of berry
ingredients to examine the associations between individuals and variables and to detect
main components for later analyses. Data were checked for correlations and auto scaled
(i.e., xi−mean(x)

sd(x) ). PCA was performed using R packages FactoMineR [33] for conducting and
factoextra for visualization. All analyses were implemented within the RStudio environment
(v1.4.1106 (11 February 2021)).

Pairwise multiple comparison via Student–Newmann–Keuls test (significance level of
α = 0.05) was applied subsequent to one-way analyses of variance (ANOVA) conducted
on data of berry juice (harvest parameters and amino acids) and berry skin (polyphenol
analyses) as well as Chli measurements for the factor exposition. Subsets were divided
into single vintages and in case of Chli measurements into development stages. All data
sets were tested for homoscedasticity of variance via Levene test and checked visually for
normal distribution of residuals.

Sunburn data were analysed via a non-parametric Kruskal–Wallis test. Results were
compared post hoc via Dunn’s test (Bonferroni-adjusted, significance level of α = 0.05).

Statistical analyses were conducted using R packages agricolae [34], car [35] and
multcomp [36].

3. Results

Principal component analysis explained approximately 65% of total variance. In total,
72 individual samples and 54 variables (i.e., six technological juice parameters, 28 amino
acids and related derivates as well as twenty polyphenolic compounds) were analysed by
principal component analysis. Additionally, thirteen quantitative variables (i.e., cluster
light environment data, canopy density parameters and berry weight) were added. The
best distinguishing factor for the individual samples was (bunch) exposition. The score plot
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(Figure 1A) illustrates the individual samples grouped by exposition. Figure 1B displays
the variables with the highest contribution.
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Figure 1. Principal component analysis. (A) Score plot of individuals. Dots represent individual samples and dot
colour indicates bunch exposition. Big dots show the mean of sample group, ellipses represent 95% confidence interval.
(B) Loadings plot of variables. Black labels show analysed berry parameters (concentrations). Green labels represent
supplementary quantitative data. BW = berry weight, LLN = leaf layer number, PIC = percentage of interior clusters,
PIL = percentage of interior leaves (_f = flowering, _o = onset of ripening, _h = harvest-ripe), LSF = bunch zone radiation
energy interception, GABA = γ-aminobutyric acid, gal = galactoside, glc = glucoside, rut = rutinoside, GRP = grape reaction
product, Kmp = kaempferol, Que = quercetin.

SW-exposed canopy sides were characterized by a positive coordinate on the first
dimension (Dim1) and the second dimension (Dim2) axes (Figure 1A). SW exposition
of terraced vineyards showed high association with amino acid concentrations and low
values of berry weight, procyanidin B1 and PIC (Figure 1B). Whereas S-exposed berries
showed a strongly negative association with Dim1 (Figure 1A), thus low levels of amino
acids. Dimension 2 opposed individuals of S- and SW-exposition (strong positive correlated
to the axis) to individuals of N- and NE-exposition (strong negative relationship to the
axis). A positive association to Dim2 related to bunch zone sun light interception (LSF)
and flavonols.

Distance between sunlit (i.e., S, SW) and shaded (i.e., N, NE) sides of terraced vine-
yards (Dim2), but also between row orientations, in particular of terraced vineyards (Dim1),
and exposition, was apparent. The canopy sides of control vineyards (E, W, NW, SE) scat-
tered around the centre with a small negative association to Dim1. The W- and SE-exposed
berries showed a trending positive association to Dim2 (Figure 1A), demonstrating their
higher share on daily radiation compared to the E- and NW-facing canopy sides.

3.1. Berry Composition

To evaluate the effect of irradiation, harvest-ripe berries were picked from the different
canopy sides and analysed separately.

3.1.1. Berry Juice Composition

Analysed parameters of juice obtained from harvest-ripe berries showed similar trends
between the two vintages 2019 and 2020 for sites with the row comparison of NE–SW and
NW–SE (sites LE and LS). Control vineyards achieved higher contents of total soluble solids
and berry weight compared to the terraced treatment, resulting in a lower concentration of
TSS (Table 1). The highly sun-exposed canopy sides W and SE showed the highest Brix
values per gram berry weight.



Foods 2021, 10, 2682 6 of 17

Table 1. Berry maturity parameters (mean ± standard deviation) of Riesling juice obtained from harvest-ripe berries in 2019 and 2020, separated by canopy sides of each treatment (control
= C, terraced vineyard = T). Lower case indicates results of Student–Newmann–Keuls test. Different letters show significant differences (p < 0.05) between canopy expositions in respective
vintage for every site. GM = Geisenheimer Rothenberg, LE = Lorcher Eisersgrube, LS = Lorcher Sesselberg, TSS = total soluble solids, TTA = total titratable acidity, N-OPA = yeast
assimilable nitrogen. Table shows juice parameter content per gram berry fresh weight.

Vintage Site Treatment Exposition TSS (◦Brix g−1) TTA (g L−1 g−1) Tartaric Acid
(g L−1 g−1)

Malic Acid
(g L−1 g−1) pH N-OPA (g L−1 g−1) Berry Weight (g)

2019 GM C E 22.50 ± 0.44 a 12.00 ± 0.67 a 9.46 ± 0.52 a 3.18 ± 0.20 a 2.90 ± 0.00 b 60.06 ± 3.97 b 0.88 ± 0.02 c
2019 GM C W 22.57 ± 0.45 a 10.49 ± 0.20 b 8.63 ± 0.14 b 2.57 ± 0.04 b 3.07 ± 0.06 a 75.51 ± 7.94 a 0.87 ± 0.01 c
2019 GM T N 18.73 ± 0.25 c 7.44 ± 0.27 d 5.28 ± 0.12 d 2.37 ± 0.15 b 2.9 ± 0.00 b 26.71 ± 1.89 c 1.12 ± 0.02 a
2019 GM T S 20.12 ± 0.26 b 8.24 ± 0.12 c 6.20 ± 0.10 c 2.26 ± 0.09 b 2.97 ± 0.06 b 32.92 ± 0.77 c 1.02 ± 0.01 b

2019 LE C NW 15.94 ± 0.14 d 5.96 ± 0.09 c 4.22 ± 0.07 c 1.82 ± 0.03 c 2.87 ± 0.06 c 40.93 ± 1.29 c 1.20 ± 0.01 a
2019 LE C SE 16.65 ± 0.30 c 6.24 ± 0.25 c 4.53 ± 0.17 c 1.83 ± 0.10 c 2.90 ± 0.00 c 42.85 ± 1.04 c 1.18 ± 0.02 a
2019 LE T NE 24.11 ± 0.51 b 13.33 ± 0.30 b 10.28 ± 0.29 b 4.06 ± 0.20 b 3.17 ± 0.06 b 182.57 ± 19.8 b 0.77 ± 0.01 b
2019 LE T SW 28.22 ± 0.25 a 17.33 ± 0.6 a 13.9 ± 0.61 a 5.08 ± 0.07 a 3.27 ± 0.06 a 304.90 ± 33.19 a 0.67 ± 0.01 c

2019 LS C NW 19.19 ± 0.04 c 8.03 ± 0.04 c 5.92 ± 0.07 c 2.38 ± 0.01 c 2.93 ± 0.06 ab 63.32 ± 2.25 c 1.00 ± 0.00 b
2019 LS C SE 18.76 ± 0.12 c 7.41 ± 0.07 c 5.57 ± 0.06 c 2.19 ± 0.02 c 3.00 ± 0.00 a 56.09 ± 3.99 c 1.06 ± 0.01 a
2019 LS T NE 22.06 ± 0.67 b 10.39 ± 0.51 b 8.11 ± 0.44 b 2.69 ± 0.14 b 2.90 ± 0.00 b 113.60 ± 1.72 b 0.86 ± 0.02 c
2019 LS T SW 25.26 ± 0.68 a 13.91 ± 0.86 a 11.15 ± 0.79 a 3.35 ± 0.15 a 3.00 ± 0.00 a 171.79 ± 10.11 a 0.75 ± 0.02 d

2020 GM C E 17.51 ± 0.08 c 6.98 ± 0.11 a 6.95 ± 0.10 a 0.93 ± 0.07 b 3.07 ± 0.06 b 54.58 ± 2.04 b 1.14 ± 0.01 b
2020 GM C W 18.77 ± 0.13 a 7.18 ± 0.26 a 7.09 ± 0.26 a 0.69 ± 0.02 c 3.20 ± 0.00 a 73.13 ± 2.16 a 1.08 ± 0.02 c
2020 GM T N 17.79 ± 0.06 c 7.13 ± 0.00 a 6.42 ± 0.05 b 1.42 ± 0.05 a 3.00 ± 0.00 c 38.11 ± 0.75 c 1.17 ± 0.00 a
2020 GM T S 18.24 ± 0.37 b 6.88 ± 0.15 a 6.78 ± 0.22 a 0.93 ± 0.02 b 3.10 ± 0.00 b 36.37 ± 2.24 c 1.17 ± 0.02 a

2020 LE C NW 14.53 ± 0.13 d 4.65 ± 0.09 d 4.09 ± 0.05 d 0.98 ± 0.05 c 2.90 ± 0.00 b 27.57 ± 1.1 c 1.42 ± 0.01 a
2020 LE C SE 15.79 ± 0.27 c 5.57 ± 0.16 c 4.89 ± 0.14 c 1.18 ± 0.05 b 2.90 ± 0.00 b 30.05 ± 1.91 c 1.32 ± 0.02 b
2020 LE T NE 17.72 ± 0.11 b 9.61 ± 0.22 b 8.34 ± 0.24 b 2.23 ± 0.03 a 2.97 ± 0.06 a 76.95 ± 2.98 b 1.02 ± 0.01 c
2020 LE T SW 19.19 ± 0.44 a 11.15 ± 0.66 a 10.00 ± 0.59 a 2.37 ± 0.14 a 3.00 ± 0.00 a 119.24 ± 6.2 a 0.95 ± 0.02 d

2020 LS C NW 15.58 ± 0.21 d 5.21 ± 0.15 d 4.81 ± 0.15 d 0.95 ± 0.03 b 2.90 ± 0.00 b 45.60 ± 3.70 c 1.29 ± 0.02 a
2020 LS C SE 16.73 ± 0.34 c 5.98 ± 0.23 c 5.60 ± 0.22 c 1.05 ± 0.05 b 3.00 ± 0.00 a 52.65 ± 2.97 c 1.22 ± 0.02 b
2020 LS T NE 18.77 ± 0.24 b 10.82 ± 0.13 b 9.70 ± 0.11 b 2.16 ± 0.03 a 2.87 ± 0.06 b 98.13 ± 6.48 b 0.96 ± 0.01 c
2020 LS T SW 20.71 ± 0.43 a 13.05 ± 0.74 a 12.25 ± 0.66 a 2.27 ± 0.12 a 2.90 ± 0.00 b 136.67 ± 15.3 a 0.89 ± 0.02 d
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Amounts of tartrate and malate were low for SE-exposed berries, resulting in lowest
amounts of total titratable acidity, along with the NW-exposed samples. Terraced vineyards
in NW–SE orientation showed the highest levels of acidity, but tended to result in the
highest pH (Table 1). The E–W-oriented terraced treatment achieved higher amounts of
total soluble solids and berry weight compared to the N–S-oriented control. TTA was
highest for control treatments in 2019, but similar between treatments in 2020. In general,
the hill-facing canopy side of the terrace (N) and the shaded side of the control vineyard
(E) showed the highest amounts of malate within this site. The juice pH mainly increased
on the W-exposed canopy side (Table 1).

N-OPA values were the highest in samples of SW- and NE-exposed berries. Here,
the more sunlit canopy side (SW) showed higher values than the hill-facing NE-exposed
side. Samples from NE–SW oriented control vineyards had lower N-OPA values than the
terraced vineyards. In N–S0-oriented vineyards, the sunlit W-exposed berries showed
higher N-OPA concentrations than E-facing samples, while both canopy sides of the
terraced treatment did not differ in their low N-OPA concentrations (Table 1).

Treatments were significantly different in amino acid concentrations (Table S6). Sim-
ilar trends among different row orientation systems were observed. In both years, the
N–S-oriented control vineyard showed higher free and total amino acid concentrations
compared to the terraced treatment (Table S6). The E-exposed berries of the control usually
showed lower free amino acid concentrations compared to the more sunlit W side of the
canopy (Figure 2). The hill- and valley-facing sides of terraced vineyards planted in E–W
orientation (N and S) showed no differences in the total concentration of amino acids.
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Figure 2. Comparison of selected primary amino acid concentrations (mg L−1 g−1) obtained from
juice of harvest-ripe berries. Boxplots show the distribution of the data. Median is indicated
by horizontal line in the boxplot, mean values are represented by a black dot in the respective
boxplots. Different colors indicate different amino acids. Lower case indicates results of Student–
Newman–Keuls post-hoc test (different letters show significant differences (p < 0.05)) between canopy
exposition (E = east, W = west, N = north, S = south, SE = southeast, NW = northwest, NE = northeast,
SE = southeast) within row orientation pairs in respective vintage.

However, terraced vineyards planted in NW–SE direction contained higher amounts of
total and single amino acid concentrations compared to NE–SW oriented control vineyards
(Figure 2, Table S6). The NE–SW control vineyard often showed similar values of single and
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total amino acid concentrations of grape juice obtained from NW- and SE-exposed berries
(Figure 2, Table S6). In NW–SE-aligned vineyards (T), SW-exposed berries usually showed
higher amounts of single free amino acids compared to NE-exposed samples (Figure 2).

The proportional difference of total amino acids between SE (stronger light exposed)
and the, within the course of a day, less sun-exposed NW side of the canopy ranged between
−2.63% and 52.14%, resulting in no significant differences (Table S7). Row orientation
change to NW–SE alignment increased the differences in total amino acids to 1.8- to 4-fold
(NE) and 2.2- to 6-fold (SW), depending on the year and site. W-facing canopy sides
showed about 1.5 times higher total amino acid concentrations compared to the E-facing
side. N- and S-exposed berries (T) showed approximately half of the total amino acid
content compared to the comparative exposition E (C).

Arginine, proline and glutamine were the most abundant free amino acids in terms of
proportion (total sample averages: 25%, 19% and 12%, respectively; Table S7). Arginine
was found in high concentrations at site LE and LS in both treatments and years. Terraced
vineyards at site LE and LS showed higher concentrations for arginine and glutamine
compared to control. In turn, control vineyards planted in NE–SW direction showed higher
concentrations and share of proline (Tables S6 and S7). Proline was also higher in terraced
vineyards of E–W orientation, while arginine and glutamine were more abundant in the
N–S-aligned control vineyard. Glutamate, GABA and alanine had a maximum share of
13.5% on total amino acid concentration. Glutamate, GABA and alanine showed higher
concentrations in berries from NE–SW oriented terraces compared to control, but had a
lower share on total amino acids. Vines planted in N–S direction showed higher values in
glutamate, GABA and alanine, but the values represented a lower proportion to total amino
acid concentration compared to the E–W-aligned terraced treatment (Tables S6 and S7).

3.1.2. Berry Skin Polyphenol Content

Results of berry skin polyphenols were consistent during both years of the experiment.
Only single parameters showed a little variation between vintages. In general, catechin
and procyanidin B1 did not differ much among exposition and sites. However, control
vineyards showed a tendency of higher values for the sum of flavanols (Figure 3, Table S8).
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Figure 3. Comparison of sums of polyphenolic concentrations (mg g−1) obtained from skins of
harvest-ripe berries. Boxplots show the distribution of the data. Median is indicated by hori-
zontal line in the boxplot, mean values are represented by a black dot in the respective boxplots.
Different colors indicate different groups of polyphenolics. Lower case indicate results of Student–
Newman–Keuls post-hoc test (different letters show significant differences (p < 0.05)) between canopy
exposition (E = east, W = west, N = north, S = south, SE = southeast, NW = northwest, NE = northeast,
SE = southeast) within row orientation pairs in respective vintage.
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At site GM, the W-exposed berries showed highest amount of fertaric acid and caffeic
acid in 2020, while N- and NE-exposed berry skin extracts showed the lowest values
consistently. Nevertheless, differences in results of total hydroxycinnamates were not
consistent between the years (Table S8).

Flavonols were highest for berries harvested from the valley-facing sides of the ter-
raced vineyards (S and SW). SE- and NW-exposed samples from the control vineyards did
not differ, while W-exposed berries tended to have higher flavonols and sum of phenolic
content compared to those exposed to the east (Figure 3, Table S8). In essence, the more
sun-exposed canopy sides showed the highest values in sum of phenolic content of the
berry skin (Figure 1A,B and Figure 3).

3.2. Leaf Nitrogen Content

Significant differences (p < 0.05) were found for leaf Chli measurements between
expositions on each measurement date (Figure 4). Single canopy sides did not always reach
optimum Chli content [31] during the three years tested. Mainly NW- and SW-exposed
canopy sides, but also S- and W-facing leaves showed the lowest, and often insufficient,
leaf Chli values.
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Figure 4. Leaf chlorophyll content (µg cm−2) measured at development stages flowering and
bunch closure in 2019 (A,B), 2020 (C,D) and 2021 (E,F). Violins show the distribution of the data.
Median is indicated by horizontal line in the boxplot, mean values are represented by a black
dot in the respective boxplots. Different colours represent different canopy expositions. The grey
background shows approximated optimum range [31]. Lower case indicate results of Student–
Newman–Keuls post hoc test (different letters show significant differences (p < 0.05)) between canopy
exposition (E = east, W = west, N = north, S = south, SE = southeast, NW = northwest, NE = northeast,
SE = southeast) in respective vintage and development stage for N–S/E–W and NW–SE/NE–SW
row orientations.

Results of Chli measurements were different for the respective canopy side compar-
isons between the vintages. Chli content increased in N–S (control) and E–W (terraced)
oriented rows from flowering to bunch closure in all years. The Chli content of the control
vineyard was higher compared to the E–W-oriented terraced treatment (Figure 4A, C),
while in 2020 there was no difference between treatments. In 2021 Chli values were highest
for the observed canopy sides. Again, control vineyards tended to show higher leaf chloro-
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phyll content compared to the terrace, mainly due to high mean value of E-facing leaves
(Figure 4E).

NW–SE oriented terraces showed higher Chli values at flowering compared to the
control vineyards planted in NE–SW direction (Figure 4B,D). In 2021, data were less clear
due to high Chli levels in SE-exposed leaves (Figure 4F). At bunch closure, the NE–SW
aligned control vineyard tended to have a higher mean leaf Chli content. In general, less
sun-exposed canopy sides (E, N, NE, but also SE) showed higher Chli values compared to
their sun-exposed equivalents, which had a higher sun exposition during the afternoon
and early evening (S, W and NW and SW).

3.3. Sunburn Damage

The results of sunburn-damaged grapes are shown in Figure 5. In general, sunburn
damage was higher in 2019 compared to the vintage of 2020.
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Figure 5. Post-heat wave sunburn damage scoring for vintages 2019 and 2020 for three different sites
(Geisenheimer Rothenberg = GM, Lorcher Eisersgrube = LE, Lorcher Sesselberg = LS). Treatments
are separated by the vertical dashed line. Violins show the distribution of the data (n = 400). Median
is indicated by the horizontal line in the boxplot, mean values are represented by black dot in the
respective boxplots. Different colours represent different canopy expositions. Lower case indicate
results of Dunn’s test (different letters show significant differences (p < 0.05)) between canopy
exposition (E = east, W = west, N = north, S = south, SE = southeast, NW = northwest, NE = northeast,
SE = southeast) at the respective site, vintage and development stage for N–S/E–W and NW–SE/NE–
SW row orientations. Definition of sunburn severity classes: 1 = no disease; 2 = < 5%; 3 = 5–10%;
4 = 10–25%; 5 = 25–50%; 6 = 50–75%; 7 = > 75% (according to EPPO guideline PP 1/031(3)).

At the site GM, the W-exposed side of the canopy showed a significant higher severity
of sunburn damage on the grapes compared to the E-exposed side of the same canopy
or any canopy side of the terraced vineyard (Figure 5). However, the during the day
constantly irradiated valley facing side of the terrace (S) did not differ from the shaded
canopy sides facing N or E.

In both years, control vineyards planted in NE–SW direction showed higher incidences
of sunburn-damaged grapes compared to terraced vineyards in NW–SE alignment. The
most affected treatment was the control with its NW-exposed canopy side, followed by
the sunlit SE-exposed canopy side (Figure 5). Small sunburn incidences were observed
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at SW-facing canopy sides of terraced vineyards, in spite of higher energy input. The
hill-facing NE-exposed canopy side was not affected by sunburn damage.

4. Discussion

Recent research described the microclimatic conditions of two management systems
with different row orientations in steep slopes [23]. It was found that daily temperature
parameters were generally higher in steep slope vineyards planted downslope compared
to terraced vineyards, especially for N–S row orientations, except for daily minimum
temperature. While the valley-facing sides of terraced vineyards showed the highest light
interception values at bunch zone height, canopy sides of downslope aligned vineyards
were more balanced in sun exposure [23]. Grapevine fruit quality crucially depends on mi-
croclimate, mainly described by berry exposition to the sun [37]. Slightly excessive light and
temperature leads to metabolic protective mechanisms, e.g., accumulation of phenolics or
heat shock proteins, known to alter later wine quality [38–40]. Previous research conducted
on flat vineyards focused on differences in microclimate [41,42], physiological behaviour of
the grapevine [43,44] and its effects on fruit parameters [45,46] and wine [47–49] in respect
to row orientation changes, further considering differences in canopy sides. However, to
our knowledge, literature about the impact of row orientation on steep slopes on grapevine
fruit composition as well as a differentiation between canopy sides is not available. Thus,
data presented in this work will help to understand the role of quality determining factors
such as row orientation and its impact on primary and secondary metabolites of V. vinifera
L. cv. Riesling in steep slope vineyards.

4.1. Berry Parameters

It needs to be considered that vineyards were cultivated by different wineries with
individual schedules of vineyard management. Despite the renunciation of fertilizers dur-
ing the experimental years, an influence of the vineyard management cannot be excluded,
i.e., by different timing of, e.g., soil or canopy management. Nonetheless, applied means
followed the common practice and is partly owed to the management system itself.

Beyond this, a clear distinction of canopy sides, row orientation and treatments was
shown by the principal component analysis (Figure 1A).

4.1.1. Berry Juice Parameters

Related to berry weight, total soluble solid values were always the highest in SW-
exposed berries and higher in S- and W-exposed berries compared to N- or E-facing berry
samples (Table 1). This is based on a concentration effect, coinciding with smaller berries
due to higher light exposure [50]. The concentrations of organic acids were usually highest
in terraced vineyards planted in NW–SE direction and were also generally higher for small
berries, predominately from well-irradiated canopy sides, e.g., W and SW (Table 1).

The yeast assimilable nitrogen content, expressed as N-OPA, was generally low in
both years, due to multiannual drought stress of previous seasons 2017 to 2019. A sufficient
provision of yeast assimilable nitrogen, e.g., ammonia and primary amino acids, may
not necessarily lead to more aromatic wines [51], but guarantees growth of Saccharomyces
cerevisiae and a successful fermentation [52]. The concentrations of N-OPA and amino acids
varied between treatments of different row orientations. In both years, differences between
sunlit and shaded canopy sides existed at each site within the same vineyards and the same
row orientations (Table S6). Total amino acid concentrations were always significantly
higher in W-exposed berries, compared to those picked from the E-exposed side of the
control canopy. Additionally, grape berries harvested from the valley-facing side (SW)
of NW–SE oriented terraces showed significantly higher total amino acid concentrations
compared to the hill-facing NE-pendant. Beside the fact that no differences were found
among total amino acid concentrations in the comparison of N- to S-facing berries on
terraces or NW- to SE-exposed control berries (Table S6), juice from sun-exposed berries
showed higher amino acid concentrations compared to those derived from shaded berries.
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This is in contrast to earlier studies on Riesling relating the inhibition of amino acid
synthesis to sunlight UV-B [7,8,11], but is in accordance with the findings in other grapevine
cultivars [9,14]. Bunch zone leaf removal decreased amino acid concentration significantly
in Sauvignon blanc [53]. The application of leaf removal on the shaded, i.e., less sunlit,
side of the canopy is a common practice in viticulture to enhance aroma precursors and
to prevent diseases. Bunch zone leaf removal may lower amino acid concentration due
to a reduction in source leaves. In 2019 leaf removal was applied moderately at site GM
at both treatments (C and T) on the shaded sides of the canopy (E and N, respectively).
Whilst the E-facing berries of N–S-oriented rows showed a significant decrease (−28.5%)
in total amino acid concentration compared to the more sunlit, non-defoliated, W-side of
the canopy, there was no difference between the canopy sides of the E–W-oriented terraced
vineyard (Table S6). A higher number of leaf layers (LLN, Table S4) may explain why
the highly sun exposed S-facing canopy side of the terrace did not differentiate from the
hill-facing N-side. Solar radiation is highly absorbed by single leaf blades, leading to an
effective shading of subjacent leaves or clusters [30]. However, during berry ripening,
the maximum temperature of both canopy sides of E–W-oriented vineyards coincide in
the early afternoon [23], leading to the assumption that the contradictory role of UV-B on
amino acids may play a subordinated role to temperature. Another possible explanation
might be the compensation capacity of grapevines shown after defoliation treatments, by
which photosynthetic activity is regained theoretically [54]. LLN was low at the SE-facing
side of the canopy (Table S4). During the day, radiation may have penetrated the porous
canopy side and warmed up NW-facing clusters. S-, W- and SW-canopy sides constantly
showed warmer temperatures during the day, while SE- sides of control vines are just
slightly more favoured by sunlight than the NW-sides [23]. Leaves shading the clusters may
reduce excessive heat leading to a more favourable condition for amino acid accumulation
in the berries. Nevertheless, Arrizabalaga-Arriazu et al. [55] found a tendency to the
reduction in total amino acid concentration at maturity for a temperature difference of
4 ◦C compared to ambient environment, whereas the relative abundance of aspartates,
shikimates, phosphoglycerates and pyruvates was increased. However, results of the study
showed high standard errors, reducing the significance. GABA, proline and their precursor
glutamate were increased in berries of heated vines [56] and were attributed to warm
growing seasons [57]. Same amino acids were also elevated in samples from commonly
warmer N–S-oriented control vineyards and terraces in NW–SE orientation in this study,
where highly exposed SW-canopy sides reached high maximum temperatures [23]. It was
suggested, that GABA plays a role as a protective against UV-B-induced oxidative stress in
grape berries [11]. Furthermore, amino acid biosynthesis of several amino acids was up-
regulated under drought stress conditions [58,59]. Proline, leucine, isoleucine, and valine as
well as serine and tryptophan were elevated for highly exposed S- and SW-facing canopies
(Figure 2). Therefore, it can be concluded, that highly sun-exposed berries responded to
the stressors of light and high temperatures, possibly accompanied by drought stress, by
accumulating some of the defence-related amino acids.

Contrarily to others [38,60], samples derived from elevated temperature and high light
influenced SW-sides of the canopy were high in above mentioned amino acids, but also
showed high values of malate (Table 1). Commonly, low berry malate content is attributed
to high temperature exposure post-véraison [61,62]. However, Sweetman et al. [56] found
that berries exposed to higher temperatures post-véraison decreased in malate content,
but did not change when minimum temperatures were also elevated. Higher values of
malate from berries of the highly sun-exposed SW side of the canopies may be explained
by generally higher night temperatures in terraced vineyards [23].

4.1.2. Berry Skin Parameters

Flavonols showed a strong correlation to light exposure (Figure 1B). Pieri et al. [46]
defined a positive relationship between incoming solar radiation at berry scale with the
total amount of berry skin flavonols. Flavonols were proposed to be an adequate indicator
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for differences in light microclimate [40,63]. Martínez-Lüscher et al. highlighted the corre-
lation between Que-3-glc and Kmp-3-glc with the summed amount of UV-B received by
Tempranillo clusters [11] and Friedel et al. [7] found no increase in quercetin glucosides in
shaded Riesling clusters. In this study, those two flavonols were lowest in sunlight-reduced
expositions of the terraced canopies (namely N and NE; Table S8), where the canopy light
regimes are only one fifth of global radiation [23]. No clear effect of cluster exposition could
be attributed to the sum of flavanols and total hydroxycinnamates (Figure 3), but caffeic
acid and fertaric acid tended to be higher in more sunlit samples, approving previous find-
ings [5–7,38]. The opposed behaviour of flavonols and hydroxycinnamates was also shown
by Reshef et al., who highlighted the importance of canopy side and berry orientation on
grape berry metabolic composition due to light intensity levels [38,60]. While polyphenols
play a major role in red wine production, too high concentrations in juice and wine of
white grape cultivars may be detrimental to consumers’ perception. Therefore, cluster
exposure to high light intensities and temperature must be well considered concerning
desired wine style. Furthermore, berry health usually benefits from light exposure, but
berries are vulnerable to solar heating resulting in loss of berry mass and quality or sunburn
damage [1,64].

Sunburn is the physiological disorder which occurs on berries after the exposure of
intensive irradiation by sunlight, due to high UV radiation and excessive temperature [1].

Sunburn scoring data clearly showed, that the during the afternoon exposed canopy
sides (i.e., W and NW) of a grapevine are more prone to damage compared to berries
growing in less sunlit locations of the plant, i.e., E, N and NE, (Figure 5). Interestingly,
the most sun-exposed canopy sides (S and SW) did not differ from their shaded equiv-
alent (i.e., N and NE). Several authors pointed out the importance of row orientation
and, thus, exposition, on grape sunburn damage due to high irradiation of the afternoon
sun [1,65,66]. Apart from this, grapevines are able to acquire berry protection due to several
mechanisms [1]. Light induces photo-protective mechanisms, including the metabolism of
phenolic components [5,67] or heat shock proteins [68,69], both relying on sufficient amino
acid resources, e.g., phenylalanine. Phenylalanine was high in exposed S-, W- and SW-
berries (Table S6). The role of phenylalanine in secondary metabolite biosynthesis is crucial,
due to its key role in the phenylpropanoid pathway [70]. Furthermore, phenylalanine is
explicitly rate-limiting for some secondary metabolites in grapevine, e.g., quercetins [71].
Samples high in the amino acid phenylalanine were also high in flavonols, such as several
quercetins (Tables S6 and S8). While SW-exposed samples showed the highest concen-
trations of stress responding amino acids (Table S6), S-facing berries showed the highest
values of sun-screening flavonols (Table S8). The increased incidence of sunburn on W-
and NW-facing clusters was also promoted by the wave angle of sunbeams. The lower sun
position leads to a more directed warming of the clusters, which does not affect S-facing
canopy sides during noon, when sun’s zenith is reached. Consequently, row orientation
changes successfully prevented sunburn damage (Figure 5).

4.2. Leaf Nitrogen

Light stimulates aboveground growth of the grapevine [72]. A higher exposed leaf
mass under non-limiting growth conditions benefits carbon assimilation. However, exces-
sive light conditions bare the risk of damaging proteins and the light harvesting pigments
of the photosynthetic system [73]. High irradiation of leaf tissue results in significantly
lower leaf chlorophyll content compared to shaded leaves [74,75], which was also con-
firmed for exposed canopies in this study (Figure 4). Suggested optimum values for leaf
Chli content were seldom reached by the different canopy sites of the examined steep
slope management systems [31]. N-, E- and NE-exposed leaves showed the highest Chli
values (Figure 4). However, under humid conditions of 2021, leaves of the W- and S-side
of the canopy showed optimum Chli values. This highlights the importance of water
availability for leaf morphology and thus photosynthetically performance and can be used
as a proxy for the estimation of leaves physiological and nutritional status [76], further esti-
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mating grapevine performance [77]. In this study, however, it is not possible to distinguish
between performances of single canopy sides using Chli content as a proxy. Although,
north-, east- and northeast-exposed canopies showed highest chlorophyll levels, shaded
canopy sides performed inferior to more sunlit canopy sides (Figure 4, Table 1). While
it is possible to influence performance of source organs [78], the partitioning of carbon
structures (i.e., sucrose and amino acids) follows physical (sink gradients) or enzymatic
regulatory mechanisms in the berry [79].

5. Conclusions

In steep slope vineyards, fruit composition was affected by a change in row orien-
tation mainly due to microclimatic effects of sunlight (i.e., irradiation and temperature).
Additionally, water supply may play a major role in nutrition availability and grapevine
performance. Whilst terraced vineyards reduce the risk of erosion and improve the infil-
tration during precipitation, not fully adapted vines suffer from water stress are likely to
be hassled further through a higher evapotranspiration demand from a higher exposed
surface of the embankments. Hence, further research must evaluate applicable methods to
improve soil water retention, grapevine root development and hydraulics in steep slope
vineyard systems.

A change in cluster exposition, as a consequence of a change in row alignment,
showed to be a viable tool to reduce the risk of sunburn. Furthermore, the differences in
fruit composition between canopy sides of terraced vineyards may be useful to achieve
different quality goals in view of climate change adaption, i.e., lower TSS or maintaining
higher acidity, by selective harvesting.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10112682/s1, Table S1: Summarized weather conditions for 2019–2021. Figure S1:
Mean air temperature (solid line) and daily rainfall (black bars) during vegetation periods (1 April
to 1 October) 2019, 2020 and 2021 in Geisenheim (Rheingau, Germany). Table S2: List of standards
used for calibration of the UHPLC and determination of grape skin phenolics. Table S3: Canopy
density parameters for experimental sites Geisenheimer Rothenberg (= GM), Lorcher Eisersgrube
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canopy sides of each treatment.

Author Contributions: Conceptualization, T.S.; methodology, T.S.; formal analysis, T.S.; investigation,
T.S.; writing—original draft preparation, T.S.; writing—review and editing, M.S.; visualization, T.S.;
supervision, M.S.; project administration, M.S.; funding acquisition, M.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research as part of the BioQuiS project (www.bioquis.de) was funded by Deutsche
Bundesstiftung Umwelt (funding number AZ 34025). We acknowledge support by the German
Research Foundation (Deutsche Forschungsgemeinschaft DFG)—project number 432888308—and
the Open Access Publishing Fund of Geisenheim University.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: We thank the partner wineries (Weingut der Hochschule Geisenheim (Geisen-
heim), Weingüter Wegeler (Oestrich-Winkel), Weingut Laquai (Lorch) and Weingut Altenkirch
(Lorch)) for providing their vineyards for the investigations. We acknowledge the support of Regine

https://www.mdpi.com/article/10.3390/foods10112682/s1
https://www.mdpi.com/article/10.3390/foods10112682/s1
www.bioquis.de


Foods 2021, 10, 2682 15 of 17

Donecker, Jesus Felipe Ravelo Rodríguez and Annette Rheinberger in laboratory analyses as well as
Anja Giehl, Anja Rheinberger and Birgit Krause for conducting polyphenol and amino acid analyses.
Additionally, thanks to Anthony William Bennett for proofreading the work.

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

References
1. Gambetta, J.M.; Holzapfel, B.P.; Stoll, M.; Friedel, M. Sunburn in Grapes: A Review. Front. Plant Sci. 2020, 11, 604691. [CrossRef]
2. Yang, J.; Xiao, Y.-Y. Grape phytochemicals and associated health benefits. Crit. Rev. Food Sci. Nutr. 2013, 53, 1202–1225. [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. OIV. Focus OIV 2017: Distribution of the World’s Grapevine Varieties; OIV: Paris, France, 2017.
5. Friedel, M.; Frotscher, J.; Nitsch, M.; Hofmann, M.; Bogs, J.; Stoll, M.; Dietrich, H. Light promotes expression of monoterpene and

flavonol metabolic genes and enhances flavour of winegrape berries (Vitis vinifera L. cv. Riesling). Aust. J. Grape Wine Res. 2016,
22, 409–421. [CrossRef]

6. Brandt, M.; Scheidweiler, M.; Rauhut, D.; Patz, C.-D.; Will, F.; Zorn, H.; Stoll, M. The influence of temperature and solar radiation
on phenols in berry skin and maturity parameters of Vitis vinifera L. cv. Riesling. OENO One 2019, 53, 2. [CrossRef]

7. Friedel, M.; Stoll, M.; Patz, C.D.; Will, F.; Dietrich, H. Impact of light exposure on fruit composition of white ‘Riesling’ grape
berries (Vitis vinifera L.). Vitis 2015, 54, 107–116. [CrossRef]

8. Schultz, H.R.; Löhnertz, O.; Bettner, W.; Balo, B.; Linsenmeier, A.; Jähnisch, A.; Müller, M.; Gaubatz, B.; Varadi, G. Is grape
composition affected by current levels of UV-B radiation. Vitis 1998, 37, 191–192.

9. Keller, M.; Torres-Martinez, N. Does UV radiation affect winegrape composition? Acta Hortic. 2004, 313–319. [CrossRef]
10. Gregan, S.M.; Wargent, J.J.; Liu, L.; Shinkle, J.; Hofmann, R.; Winfield, C.; Trought, M.; Jordan, B. Effects of solar ultraviolet

radiation and canopy manipulation on the biochemical composition of Sauvignon Blanc grapes. Aust. J. Grape Wine Res.
2012, 18, 227–238. [CrossRef]

11. Martínez-Lüscher, J.; Torres, N.; Hilbert, G.; Richard, T.; Sánchez-Díaz, M.; Delrot, S.; Aguirreolea, J.; Pascual, I.; Gomès, E.
Ultraviolet-B radiation modifies the quantitative and qualitative profile of flavonoids and amino acids in grape berries.
Phytochemistry 2014, 102, 106–114. [CrossRef]

12. Wang, L.; Harada, J.; Endo, Y.; Hisamoto, M.; Saito, F.; Okuda, T. Diurnal Changes in Amino Acid Concentrations in Riesling and
Chardonnay Grape Juices and a Possible Role of Sunlight. Am. J. Enol. Vitic. 2014, 65, 435–442. [CrossRef]

13. Stines, A.P.; Grubb, J.; Gockowiak, H.; Henschke, P.A.; Høj, P.B.; Heeswijck, R. Proline and arginine accumulation in developing
berries of Vitis vinifera L. in Australian vineyards: Influence of vine cultivar, berry maturity and tissue type. Aust. J. Grape Wine
Res. 2000, 6, 150–158. [CrossRef]

14. Guan, L.; Wu, B.; Hilbert, G.; Li, S.; Gomès, E.; Delrot, S.; Dai, Z. Cluster shading modifies amino acids in grape (Vitis vinifera L.)
berries in a genotype- and tissue-dependent manner. Food Res. Int. 2017, 98, 2–9. [CrossRef] [PubMed]

15. Spayd, S.E.; Andersen-Bagge, J. Free Amino Acid Composition of Grape Juice from 12 Vitis vinifera Cultivars in Washington.
Am. J. Enol. Vitic. 1996, 47, 389.

16. Alem, H.; Rigou, P.; Schneider, R.; Ojeda, H.; Torregrosa, L. Impact of agronomic practices on grape aroma composition: A review.
J. Sci. Food Agric. 2019, 99, 975–985. [CrossRef]

17. Marais, J.; van Wyk, C.J.; Rapp, A. Effect of Sunlight and Shade on N orisoprenoid Levels in Maturing Weisser Riesling and
Chenin blanc Grapes and Weisser Riesling Wines. S. Afr. J. Enol. Vitic. 2017, 13, 23–32. [CrossRef]

18. Meyers, J.M.; Sacks, G.L.; Vanden Heuvel, J.E. Glycosylated Aroma Compound Responses in ‘Riesling’ Wine Grapes to Cluster
Exposure and Vine Yield. HortTechnology 2013, 23, 581–588. [CrossRef]

19. Gerdes, S.M.; Winterhalter, P.; Ebeler, S.E. Effect of Sunlight Exposure on Norisoprenoid Formation in White Riesling Grapes. In
Food Flavor; Tamura, H., Ebeler, S.E., Kubota, K., Takeoka, G.R., Eds.; American Chemical Society: Washington, DC, USA, 2008;
pp. 262–272, ISBN 9780841274112.

20. Daniel, M.A.; Capone, D.L.; Sefton, M.A.; Elsey, G.M. Riesling acetal is a precursor to 1,1,6-trimethyl-1,2-dihydronaphthalene
(TDN) in wine. Aust. J. Grape Wine Res. 2009, 15, 93–96. [CrossRef]

21. Smart, R.E. Sunlight Interception by Vineyards. Am. J. Enol. Vitic. 1973, 24, 141.
22. Hunter, J.J.; Volschenk, C.G.; Zorer, R. Vineyard row orientation of Vitis vinifera L. cv. Shiraz/101-14 Mgt: Climatic profiles and

vine physiological status. Agric. For. Meteorol. 2016, 228–229, 104–119. [CrossRef]
23. Strack, T.; Schmidt, D.; Stoll, M. Impact of steep slope management system and row orientation on canopy microclimate.

Comparing terraces to downslope vineyards. Agric. For. Meteorol. 2021, 307, 108515. [CrossRef]
24. Grifoni, D.; Carreras, G.; Zipoli, G.; Sabatini, F.; Dalla Marta, A.; Orlandini, S. Row orientation effect on UV-B, UV-A and PAR

solar irradiation components in vineyards at Tuscany, Italy. Int. J. Biometeorol. 2008, 52, 755–763. [CrossRef]
25. Hoppmann, D.; Schaller, K.; Stoll, M. Terroir: Wetter, Klima und Boden im Weinbau, 2nd ed.; Aktualisierte Auflage; Ulmer: Stuttgart,

Germany, 2017; ISBN 978-3800103508.

http://doi.org/10.3389/fpls.2020.604691
http://doi.org/10.1080/10408398.2012.692408
http://www.ncbi.nlm.nih.gov/pubmed/24007424
http://doi.org/10.3390/app10093092
http://doi.org/10.1111/ajgw.12229
http://doi.org/10.20870/oeno-one.2019.53.2.2424
http://doi.org/10.5073/vitis.2015.54.107-116
http://doi.org/10.17660/ActaHortic.2004.640.36
http://doi.org/10.1111/j.1755-0238.2012.00192.x
http://doi.org/10.1016/j.phytochem.2014.03.014
http://doi.org/10.5344/ajev.2014.13144
http://doi.org/10.1111/j.1755-0238.2000.tb00174.x
http://doi.org/10.1016/j.foodres.2017.01.008
http://www.ncbi.nlm.nih.gov/pubmed/28610728
http://doi.org/10.1002/jsfa.9327
http://doi.org/10.21548/13-1-2191
http://doi.org/10.21273/HORTTECH.23.5.581
http://doi.org/10.1111/j.1755-0238.2008.00033.x
http://doi.org/10.1016/j.agrformet.2016.06.013
http://doi.org/10.1016/j.agrformet.2021.108515
http://doi.org/10.1007/s00484-008-0168-1


Foods 2021, 10, 2682 16 of 17

26. Jagoutz, H. Bewässerungsbedarf von Reben in der Vergangenheit und in der Zukunft. In Deutsches Weinbau-Jahrbuch 2006;
Schruft, G., Ed.; Eugen Ulmer KG: Stuttgart, Germany, 2005; pp. 43–49, ISBN 978-3-8001-4900-X.

27. Coombe, B.G. Growth Stages of the Grapevine: Adoption of a system for identifying grapevine growth stages. Aust. J. Grape Wine
Res. 1995, 1, 104–110. [CrossRef]

28. Dukes, B.C.; Butzke, C.E. Rapid Determination of Primary Amino Acids in Grape Juice Using an o-Phthaldialdehyde/N-Acetyl-
L-Cysteine Spectrophotometric Assay. Am. J. Enol. Vitic. 1998, 49, 125.

29. Krause, B.; Löhnertz, O. Saccharopin und Pipecolinsäure: Diagnostische Biomarker in der klassischen Aminosäureanalytik.
MTA Dialog. 2017, 18, 316–321. [CrossRef]

30. Smart, R.E.; Robinson, M. Sunlight into Wine: A Handbook for Winegrape Canopy Management; Winetitles Media: Ashford, Australia,
1991; ISBN 1875130101.

31. Cerovic, Z.G.; Ghozlen, N.B.; Milhade, C.; Obert, M.; Debuisson, S.; Le Moigne, M. Nondestructive diagnostic test for nitrogen
nutrition of grapevine (Vitis vinifera L.) based on dualex leaf-clip measurements in the field. J. Agric. Food Chem. 2015, 63, 3669–3680.
[CrossRef]

32. EPPO. EPPO Database on PP1 Standards. Available online: https://pp1.eppo.int/standards/PP1-031-3 (accessed on
1 November 2021).

33. Lê, S.; Josse, J.; Husson, F. FactoMineR: An R Package for Multivariate Analysis. J. Stat. Soft. 2008, 25. [CrossRef]
34. De Mendiburu, F.; Yaseen, M. Agricolae: Statistical Procedures for Agricultural Research. Available online: https://cran.r-project.

org/package=agricolae (accessed on 1 November 2021).
35. Fox, J.; Weisberg, S. An R Companion to Applied Regression, 3rd ed.; Sage: Thousand Oaks, CA, USA, 2019.
36. Hothorn, T.; Bretz, F.; Westfall, P. Simultaneous inference in general parametric models. Biom. J. 2008, 50, 346–363. [CrossRef]
37. Smart, R.E. Principles of Grapevine Canopy Microclimate Manipulation with Implications for Yield and Quality. A Review. Am. J.

Enol. Vitic. 1985, 36, 230.
38. Reshef, N.; Walbaum, N.; Agam, N.; Fait, A. Sunlight Modulates Fruit Metabolic Profile and Shapes the Spatial Pattern of

Compound Accumulation within the Grape Cluster. Front. Plant Sci. 2017, 8, 70. [CrossRef]
39. Du Plessis, K.; Young, P.R.; Eyéghé-Bickong, H.A.; Vivier, M.A. The Transcriptional Responses and Metabolic Consequences of

Acclimation to Elevated Light Exposure in Grapevine Berries. Front. Plant Sci. 2017, 8, 1261. [CrossRef] [PubMed]
40. Pereira, G.E.; Gaudillere, J.-P.; Pieri, P.; Hilbert, G.; Maucourt, M.; Deborde, C.; Moing, A.; Rolin, D. Microclimate influence on

mineral and metabolic profiles of grape berries. J. Agric. Food Chem. 2006, 54, 6765–6775. [CrossRef]
41. Hunter, J.J.; Volschenk, C.G.; Bonnardot, V. Linking grapevine row orientation to a changing climate in South Africa. In

Proceedings of the 60th German Grape and Wine Congress, International IVIF Congress, Stuttgart, Germany, 24–27 March 2010;
pp. 60–70.

42. Friedel, M. Microclimatic Influences on Grape Quality. Ph.D. Dissertation, Universitätsbibliothek, Gießen, Germany, 2018.
43. Hunter, J.J.; Volschenk, C.G.; Booyse, M. Vineyard row orientation and grape ripeness level effects on vegetative and reproductive

growth characteristics of Vitis vinifera L. cv. Shiraz/101-14 Mgt. Eur. J. Agron. 2017, 84, 47–57. [CrossRef]
44. Hunter, J.K.; Tarricone, L.; Volschenk, C.; Giacalone, C.; Melo, M.S.; Zorer, R. Grapevine physiological response to row orientation-

induced spatial radiation and microclimate changes. OENO One 2020, 54, 411–433. [CrossRef]
45. Friedel, M.; Patz, C.-D.; Stoll, M. Impact of row orientation on berry quality parameters White Riesling (Vitis vinifera L.). In

Proceedings of the 17th International Symposium GiESCO, Asti-Alba, Italy, 29 August–2 September 2011; Novello, V., Bovio, M.,
Cavalletto, S., Eds.; Le Progès Agricole et Viticole: Asti-Alba, Italy, 2011; pp. 327–330.

46. Pieri, P.; Zott, K.; Gomès, E.; Hilbert, G. Nested effects of berry half, berry and bunch microclimate on biochemical composition in
grape. OENO One 2016, 50, 23. [CrossRef]

47. Minnaar, P.P.; Jolly, N.P.; Ntushelo, N.S. Effect of Grapevine Canopy Side on Selected Sensory Attributes of Pinotage and Cabernet
Sauvignon Wines. S. Afr. J. Enol. Vitic. 2020, 41. [CrossRef]

48. Lee, S.-H.; Seo, M.-J.; Riu, M.; Cotta, J.P.; Block, D.E.; Dokoozlian, N.K.; Ebeler, S.E. Vine Microclimate and Norisoprenoid
Concentration in Cabernet Sauvignon Grapes and Wines. Am. J. Enol. Vitic. 2007, 58, 291.

49. Chorti, E.; Theocharis, S.; Boulokostas, K.; Kallithraka, S.; Kotseridis, Y.; Koundouras, S. Row Orientation and Defoliation Effects
on Grape Composition of Vitis vinifera L. Agiorgitiko in Nemea (Greece). E3S Web Conf. 2018, 50, 1039. [CrossRef]

50. Shellie, K.C. Interactive Effects of Deficit Irrigation and Berry Exposure Aspect on Merlot and Cabernet Sauvignon in an Arid
Climate. Am. J. Enol. Vitic. 2011, 62, 462–470. [CrossRef]

51. Crépin, L.; Truong, N.M.; Bloem, A.; Sanchez, I.; Dequin, S.; Camarasa, C. Management of Multiple Nitrogen Sources during
Wine Fermentation by Saccharomyces cerevisiae. Appl. Environ. Microbiol. 2017, 83, e02617-16. [CrossRef] [PubMed]

52. Gobert, A.; Tourdot-Maréchal, R.; Sparrow, C.; Morge, C.; Alexandre, H. Influence of nitrogen status in wine alcoholic fermentation.
Food Microbiol. 2019, 83, 71–85. [CrossRef]

53. Gregan, S.M.; Winefield, C.; Jordan, B. Amino acid metabolism and accumulation in ‘Sauvignon Blanc’ grapes–Investigating
berry composition in response to canopy manipulation. Acta Hortic. 2017, 9–14. [CrossRef]

54. Bahr, C.; Schmidt, D.; Friedel, M.; Kahlen, K. Leaf removal effects on light absorption in virtual Riesling canopies (Vitis vinifera L.).
Silico Plants 2021. [CrossRef]

http://doi.org/10.1111/j.1755-0238.1995.tb00086.x
http://doi.org/10.3238/MTADIALOG.2017.0316
http://doi.org/10.1021/acs.jafc.5b00304
https://pp1.eppo.int/standards/PP1-031-3
http://doi.org/10.18637/jss.v025.i01
https://cran.r-project.org/package=agricolae
https://cran.r-project.org/package=agricolae
http://doi.org/10.1002/bimj.200810425
http://doi.org/10.3389/fpls.2017.00070
http://doi.org/10.3389/fpls.2017.01261
http://www.ncbi.nlm.nih.gov/pubmed/28775728
http://doi.org/10.1021/jf061013k
http://doi.org/10.1016/j.eja.2016.12.004
http://doi.org/10.20870/oeno-one.2020.54.2.3100
http://doi.org/10.20870/oeno-one.2016.50.3.52
http://doi.org/10.21548/41-1-3619
http://doi.org/10.1051/e3sconf/20185001039
http://doi.org/10.5344/ajev.2011.10103
http://doi.org/10.1128/AEM.02617-16
http://www.ncbi.nlm.nih.gov/pubmed/28115380
http://doi.org/10.1016/j.fm.2019.04.008
http://doi.org/10.17660/ActaHortic.2017.1188.2
http://doi.org/10.1093/insilicoplants/diab027


Foods 2021, 10, 2682 17 of 17

55. Arrizabalaga-Arriazu, M.; Gomès, E.; Morales, F.; Irigoyen, J.J.; Pascual, I.; Hilbert, G. High Temperature and Elevated Carbon
Dioxide Modify Berry Composition of Different Clones of Grapevine (Vitis vinifera L.) cv. Tempranillo. Front. Plant Sci.
2020, 11, 603687. [CrossRef] [PubMed]

56. Sweetman, C.; Sadras, V.O.; Hancock, R.D.; Soole, K.L.; Ford, C.M. Metabolic effects of elevated temperature on organic acid
degradation in ripening Vitis vinifera fruit. J. Exp. Bot. 2014, 65, 5975–5988. [CrossRef] [PubMed]

57. Pereira, G.E.; Gaudillere, J.-P.; van Leeuwen, C.; Hilbert, G.; Maucourt, M.; Deborde, C.; Moing, A.; Rolin, D. 1H NMR metabolite
fingerprints of grape berry: Comparison of vintage and soil effects in Bordeaux grapevine growing areas. Anal. Chim. Acta 2006,
563, 346–352. [CrossRef]

58. Gambetta, G.A.; Herrera, J.C.; Dayer, S.; Feng, Q.; Hochberg, U.; Castellarin, S.D. The physiology of drought stress in grapevine:
Towards an integrative definition of drought tolerance. J. Exp. Bot. 2020, 71, 4658–4676. [CrossRef] [PubMed]

59. Herrera, J.C.; Hochberg, U.; Degu, A.; Sabbatini, P.; Lazarovitch, N.; Castellarin, S.D.; Fait, A.; Alberti, G.; Peterlunger, E.
Grape Metabolic Response to Postveraison Water Deficit Is Affected by Interseason Weather Variability. J. Agric. Food Chem.
2017, 65, 5868–5878. [CrossRef] [PubMed]

60. Reshef, N.; Fait, A.; Agam, N. Grape berry position affects the diurnal dynamics of its metabolic profile. Plant Cell Environ. 2019,
42, 1897–1912. [CrossRef]

61. Sweetman, C.; Deluc, L.G.; Cramer, G.R.; Ford, C.M.; Soole, K.L. Regulation of malate metabolism in grape berry and other
developing fruits. Phytochemistry 2009, 70, 1329–1344. [CrossRef]

62. Rienth, M.; Torregrosa, L.; Sarah, G.; Ardisson, M.; Brillouet, J.-M.; Romieu, C. Temperature desynchronizes sugar and organic
acid metabolism in ripening grapevine fruits and remodels their transcriptome. BMC Plant Biol. 2016, 16, 164. [CrossRef]

63. Reshef, N.; Agam, N.; Fait, A. Grape Berry Acclimation to Excessive Solar Irradiance Leads to Repartitioning between Major
Flavonoid Groups. J. Agric. Food Chem. 2018, 66, 3624–3636. [CrossRef]

64. Smart, R.E.; Sinclair, T.R. Solar heating of grape berries and other spherical fruits. Agric. Meteorol. 1976, 17, 241–259. [CrossRef]
65. Webb, L.; Whiting, J.; Watt, A.; Hill, T.; Wigg, F.; Dunn, G.; Needs, S.; Barlow, E.W.R. Managing Grapevines through Severe Heat:

A Survey of Growers after the 2009 Summer Heatwave in South-eastern Australia. J. Wine Res. 2010, 21, 147–165. [CrossRef]
66. Schultz, H.R. Sommer 98: Verbrennungserscheinungen an den Trauben: Einfacher Sonnenbrand oder Umweltschaden? Der Dtsch.

Weinbau 1999, 3, 12–15.
67. Teixeira, A.; Eiras-Dias, J.; Castellarin, S.D.; Gerós, H. Berry phenolics of grapevine under challenging environments. Int. J. Mol.

Sci. 2013, 14, 18711–18739. [CrossRef] [PubMed]
68. Banilas, G.; Korkas, E.; Englezos, V.; Nisiotou, A.A.; Hatzopoulos, P. Genome-wide analysis of the heat shock protein 90 gene

family in grapevine (Vitis vinifera L.). Aust. J. Grape Wine Res. 2012, 18, 29–38. [CrossRef]
69. Rocheta, M.; Becker, J.D.; Coito, J.L.; Carvalho, L.; Amâncio, S. Heat and water stress induce unique transcriptional signatures of

heat-shock proteins and transcription factors in grapevine. Funct. Integr. Genom. 2014, 14, 135–148. [CrossRef]
70. Dixon, R.A.; Paiva, N.L. Stress-Induced Phenylpropanoid Metabolism. Plant Cell 1995, 7, 1085–1097. [CrossRef] [PubMed]
71. Manela, N.; Oliva, M.; Ovadia, R.; Sikron-Persi, N.; Ayenew, B.; Fait, A.; Galili, G.; Perl, A.; Weiss, D.; Oren-Shamir, M.

Phenylalanine and tyrosine levels are rate-limiting factors in production of health promoting metabolites in Vitis vinifera cv.
Gamay Red cell suspension. Front. Plant Sci. 2015, 6, 538. [CrossRef]

72. Grechi, I.; Vivin, P.; Hilbert, G.; Milin, S.; Robert, T.; Gaudillère, J.-P. Effect of light and nitrogen supply on internal C:N balance
and control of root-to-shoot biomass allocation in grapevine. Environ. Exp. Bot. 2007, 59, 139–149. [CrossRef]

73. Flexas, J.; Hendrickson, L.; Chow, W.S. Photoinactivation of photosystem II in high light-acclimated grapevines. Funct. Plant Biol.
2001, 28, 755. [CrossRef]

74. Cartechini, A.; Palliotti, A. Effect of Shading on Vine Morphology and Productivity and Leaf Gas Exchange Characteristics in
Grapevines in the Field. Am. J. Enol. Vitic. 1995, 46, 227–234.

75. Luo, Y.Y.; Li, R.X.; Jiang, Q.S.; Bai, R.; Duan, D. Changes in the chlorophyll content of grape leaves could provide a physiological
index for responses and adaptation to UV-C radiation. Nord. J. Bot. 2019, 37, 2101. [CrossRef]

76. Steele, M.R.; Gitelson, A.A.; Rundquist, D.C. A Comparison of Two Techniques for Nondestructive Measurement of Chlorophyll
Content in Grapevine Leaves. Agron. J. 2008, 100, 779–782. [CrossRef]

77. Taskos, D.G.; Koundouras, S.; Stamatiadis, S.; Zioziou, E.; Nikolaou, N.; Karakioulakis, K.; Theodorou, N. Using active canopy
sensors and chlorophyll meters to estimate grapevine nitrogen status and productivity. Precis. Agric. 2015, 16, 77–98. [CrossRef]

78. Chanishvili, S.S.; Badridze, G.S.; Barblishvili, T.F.; Dolidze, M.D. Defoliation, Photosynthetic Rates, and Assimilate Transport in
Grapevine Plants. Russ. J. Plant Physiol. 2005, 52, 448–453. [CrossRef]

79. Li, Y.-M.; Forney, C.; Bondada, B.; Leng, F.; Xie, Z.-S. The Molecular Regulation of Carbon Sink Strength in Grapevine
(Vitis vinifera L.). Front. Plant Sci. 2020, 11, 606918. [CrossRef]

http://doi.org/10.3389/fpls.2020.603687
http://www.ncbi.nlm.nih.gov/pubmed/33335536
http://doi.org/10.1093/jxb/eru343
http://www.ncbi.nlm.nih.gov/pubmed/25180109
http://doi.org/10.1016/j.aca.2005.11.007
http://doi.org/10.1093/jxb/eraa245
http://www.ncbi.nlm.nih.gov/pubmed/32433735
http://doi.org/10.1021/acs.jafc.7b01466
http://www.ncbi.nlm.nih.gov/pubmed/28661689
http://doi.org/10.1111/pce.13522
http://doi.org/10.1016/j.phytochem.2009.08.006
http://doi.org/10.1186/s12870-016-0850-0
http://doi.org/10.1021/acs.jafc.7b04881
http://doi.org/10.1016/0002-1571(76)90029-7
http://doi.org/10.1080/09571264.2010.530106
http://doi.org/10.3390/ijms140918711
http://www.ncbi.nlm.nih.gov/pubmed/24030720
http://doi.org/10.1111/j.1755-0238.2011.00166.x
http://doi.org/10.1007/s10142-013-0338-z
http://doi.org/10.2307/3870059
http://www.ncbi.nlm.nih.gov/pubmed/12242399
http://doi.org/10.3389/fpls.2015.00538
http://doi.org/10.1016/j.envexpbot.2005.11.002
http://doi.org/10.1071/PP99210
http://doi.org/10.1111/njb.02314
http://doi.org/10.2134/agronj2007.0254N
http://doi.org/10.1007/s11119-014-9363-8
http://doi.org/10.1007/s11183-005-0066-x
http://doi.org/10.3389/fpls.2020.606918

	Introduction 
	Materials and Methods 
	Berry Sampling and Processing 
	Berry Juice Analyses 
	Berry Skin Polyphenol Analysis 

	Canopy Density Measurements 
	Cluster Light Interception 
	Leaf Nutritional Status 
	Scoring of Sunburn Damage 
	Statistical Analyses 

	Results 
	Berry Composition 
	Berry Juice Composition 
	Berry Skin Polyphenol Content 

	Leaf Nitrogen Content 
	Sunburn Damage 

	Discussion 
	Berry Parameters 
	Berry Juice Parameters 
	Berry Skin Parameters 

	Leaf Nitrogen 

	Conclusions 
	References

