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The evolution of flavonoids under altered temperature and light conditions in the fruit zone
was followed in Cabernet Sauvignon (Vitis vinifera L.) grapes during ripening. The study
was conducted over two consecutive seasons in 2010/2011 and 2011/2012 comprising
two main treatments in which the light quantity was manipulated in the bunch zone:
(1) standard (STD) with no lateral shoot or leaf removal and (2) leaf removal west (LRW)
treatment with leaf removal on the western side of the bunch zone. Furthermore, the
light quality was altered by installing ultraviolet B-suppression sheets within the bunch
zone in both seasons. Tannin evolution was dependent on the prevailing light quality/
quantity and temperatures during berry development in a particular season. Grape seed
tannin accumulation coincided with seed development and commenced at the early
stages of berry development. Seed proanthocyanidin composition was not influenced
by the treatments. The largest impact on proanthocyanidin accumulation and structure
in the skin was due to seasonal variations highlighting the complex interaction between
light quality and/or quantity across the two growing seasons and eventually the complex
interaction with temperature. Flavonol accumulation was significantly influenced by the
light quality, which is known to be the main abiotic driver of flavonol biosynthesis regulation.
Anthocyanin concentration and content were largely dependent on the temperature and
light quality in a particular season. Anthocyanin composition was altered by the season
rather than the treatment.

Keywords: Cabernet Sauvignon, tannin, anthocyanins, flavonols, light quality, light quantity, PAR, temperature

INTRODUCTION

Cabernet Sauvignon (Vitis vinifera L. cv.) is one of the most planted red grape cultivars globally,
which is also true for the Stellenbosch Wine of Origin District in South Africa South African Wine
Industry Statistics (SAWIS, 2016). Despite the importance of this variety for winemaking, there are
still important research questions that should be addressed. One such question is about the impact
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of light quality and quantity in interaction with temperature on
berry flavonoid evolution/biosynthesis and concentration at the
microclimatic/bunch level.

Flavonoids perform major roles in plants such as pollen
fertilization, auxin transport regulation, pigmentation, defense
against pathogens and pests, and protection from ultraviolet (UV)
radiation (Ribereau-Gayon and Glories, 1986; Santos-Buelga and
Scalbert, 2000; Winkel-Shirley, 2001; Adams, 2006). Additionally,
flavonoids are important in wine because of their contribution to
color, taste, mouthfeel, and the potential beneficial role in human
health (Ribereau-Gayon and Glories, 1986; Santos-Buelga and
Scalbert, 2000; Winkel-Shirley, 2001; Adams, 2006). The three
main groups of flavonoids identified in red grape berries are
flavan-3-ols (tannin), anthocyanin, and flavonols.

Flavan-3-ols include a range of polyphenolic compounds that
include flavan-3-ol monomers, dimers, and various oligomers
and polymers that are connected by interflavan linkages (C4-
C8 or C4-C6) called condensed tannins or proanthocyanidins
(Adams, 2006). Proanthocyanidins are the most abundant class
of grape phenols in the grape berry and are present in the seeds,
skins, pulp, and stems (Jordao et al., 2001; Adams, 2006; Cerpa-
Calderén and Kennedy, 2008). Flavonols are colorless compounds
that accumulate after flowering and during ripening (Flint et al.,
1985; Cheynier and Rigaud, 1986; Price et al., 1995; Downey
et al., 2003; Mattivi et al., 2006). They contribute to wine color
by forming co-pigment complexes with anthocyanins (Scheffeldt
and Hradzina, 1978; Boulton, 2001). Moreover, flavonols are UV
protectants and act as free radical scavengers (Flint et al., 1985).
Research also found that flavonols participate in plant-pathogen
interactions (Macheix et al., 2005; Adams, 2006). Quercetin-3-O-
glucoside and quercetin-3-O-glucuronide have been identified as
the main flavonols within the grape berries (Cheynier and Rigaud,
1986; Price et al., 1995; Downey et al., 2003; Mattivi et al., 2006).
Anthocyanins are the pigmented compounds responsible for the
color of red grapes and wine (Mattivi et al., 2006). Anthocyanins
are synthesized and accumulate from véraison in the berry skin
of most grapes (Jordao et al., 2001; Guan et al., 2012). However,
some Vitis vinifera cultivars (i.e., Alicante Bouschet) and non-
Vitis vinifera (i.e., hybrid cultivars) contain anthocyanins also in
the pulp and are known as teinturier cultivars (Spayd et al., 2002).

A number of factors have been identified that can influence
flavonoid accumulation and composition in grapes. This includes
abiotic factors such as light, temperature, and water status as well

Abbreviations: avMM, Average molecular mass; B1, Dimer Ec-(4p-8)-Cat; B2,
Dimer Ec-(4p-8)-Ec; DAA, Days after anthesis; DD, Degree days; HPLC-DAD,
High-performance liquid chromatography diode array; LOD, Limit of detection;
LOQ, Limit of quantification; LRW, Leaf removal west side of the bunch zone
just after flowering; LRW-UV-B, Leaf removal west and UV sheet (Perspex®
Opal 050) on the western side of the bunch; LR (-UV-B, 2xOp50), Leaf removal
on both sides of the canopy (in the bunch zone) and (Perspex® Opal 050) on
both sides of the bunch zone; LR (-UV-B, 2xUHI), Leaf removal on both side of
the canopy (in the bunch zone) and UV sheet (UHI) extruded clear acrylic was
used on both sides of the bunch zone; mDP, Mean degree of polymerization;
PAR, Photosynthetically active radiation; RP-HPLC, Reversed-phase high-
performance liquid chromatography; STD, Standard (control) treatment; STD-
UV-B, Control treatment and UV sheet (Perspex® Opal 050) on the western
side of the bunch; TSS, Total soluble solids; PAL, Phenylalanine ammonia-lyase;
UV, Ultraviolet radiation.

as cultivar, crop level, nutritional status, soil type, and plant growth
regulators (Asen et al., 1972; Scheffeldt and Hrazdina, 1978; Flint
et al., 1985; Crippen and Morrison, 1986; Ricardo-da-Silva et al.,
1991; Ricardo-da-Silva et al., 1992a; Ricardo-da-Silva et al., 1992b;
Gao and Cahoon, 1994; Price et al., 1995; Dokoozlian and Kliewer,
1996; Smith and Markham, 1998; Mazza et al., 1999; Haselgrove
et al, 2000; Bergqvist et al., 2001; Boulton, 2001; Jorddo et al.,
2001; Kennedy et al., 2002; Ojeda et al., 2002; Downey et al., 2003;
Kolb et al., 2003; Ryan and Revilla, 2003; Downey et al., 2004; Mori
et al.,, 2005; Cortell and Kennedy, 2006; Downey et al., 2006; Mori
et al., 2007; Ristic et al., 2007; Cerpa-Calderén and Kennedy, 2008;
Koyama and Goto-Yamamoto, 2008; Berli et al., 2011; Lorrain et al.,
2011; Azuma et al,, 2012; Cohen et al., 2012; Gregan et al., 2012;
Guan et al,, 2012). The main flavan-3-ol subunits present in grape
seeds are (+)-catechin, (—)-epicatechin and (-)-epicatechin-3-O-
gallate. The main terminal subunit is (+)-catechin, and the main
extension subunit is (—)-epicatechin (Romeyer et al., 1986; Prieur
et al, 1994; Downey et al,, 2004). Grape skins differ from seeds
because (—)-epigallocatechin and a lower proportion of galloylated
units are present in the skins (Escribano-Bailon et al., 1995; Souquet
etal,, 1996; De Freitas et al., 2000; Kennedy et al., 2001; Downey et al.,
2003; Obreque-Slier et al.,, 2010). Furthermore, a higher degree of
polymerization occurs in grape skins (Adams, 2006). In berry skin,
(+)-catechin has been identified as the main terminal and extension
subunit skins (Escribano-Bailén et al., 1995; Souquet et al., 1996;
De Freitas et al., 2000; Kennedy et al., 2001; Downey et al., 2003;
Obreque-Slier et al., 2010). The accumulation of flavonoids and
their genes is up-regulated with exposure to light, while shading
down-regulates the gene expression (Ryan and Revilla, 2003; Mori
et al,, 2007). Flavonol amounts increased in grapes exposed to high
levels of sunlight (Crippen and Morrison, 1986; Price et al., 1995;
Haselgrove et al., 2000; Azuma et al., 2012; Martinez-Liischer, 2019).
Varying results have been obtained on the effect of light exposure on
anthocyanin accumulation. Gao and Cahoon (1994) and Dokoozlian
and Kliewer (1996) reported a reduction in the anthocyanin content
when fruits were shaded without altering the temperatures. Other
authors reported no change in the anthocyanin content of shaded
fruit compared with exposed fruit (Price et al., 1995).

The potential effects of light (quality vs UV-B and quantity)
and temperature (interaction or separately) on phenolic
grapevine berry biosynthesis, structure, and concentration are
still not clear, and further research is needed. The aim of this
study was to investigate the potential effect/role of light quality
and quantity (while the temperature was monitored) on berry
flavonoid accumulation and composition in Cabernet Sauvignon
(Vitis vinifera L.) by manipulating the light in the fruit zone over
two seasons. This work is part of a larger study in which grapes
were harvested sequentially to investigate the link between
fruit and wine chemical composition and wine sensory profiles
(Blancquaert, 2015; Blancquaert et al., 2019).

MATERIALS AND METHODS

Vineyard Characteristics
The study was conducted during two growing seasons (2010/2011
and 2011/2012) in a Stellenbosch University vineyard (GPS
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coordinates: 33°56'42”S 18°27'43"E). The vineyard is planted
with Vitis vinifera L. cv. Cabernet Sauvignon clone CS 388C,
grafted onto 101-14 Mgt (Vitis riparia x Vitis rupestris). The row
orientation was north-west/south-east. The vines are trained
on a six-wire vertical trellis system. Additionally, the block was
subjected to irrigation during critical phenological stages (e.g.,
fruit set and véraison) and as required throughout the season.
This was done to have a predawn leaf water potential between 0
and —0.3 MPa (Deloire and Heyns, 2011). The study comprised
two main treatments with altered bunch microclimates in both
seasons: no lateral shoot or leaf removal in the bunch zone (STD,
shaded bunches) and leaf removal on the western side of the
bunch zone (leaf removal west (LRW), exposed bunches in the
afternoon sun) (Table 1; Table S1). All the leaves were removed
just after berry set corresponding to growth stage 27 (Eichhorn
and Lorenz system) on the western side of the canopy at the fruit
zone level (+ 35-40 cm above the cordon) (Coombe, 1995)-
Furthermore, to study the effect of UV light on fruit growth
and composition, supplementary treatments were applied. A
UV sheet (Perspex® Opal 050, Perspex South Africa Pty Ltd,
Umbogintwini) (Table S1), reducing the UV-B radiation, was
added to the control/STD (STD-UV-B) and leaf removal west
(LRW-UV-B) treatment in 2010/2011. After analyzing the results
in 2010/2011, it became apparent that the row orientation is
north-west/south—east contrary to previous belief of a north-
south orientation. This resulted in treatments receiving longer
exposure in the morning (eastern side of the canopy) and shorter
exposure in the afternoon side (western side of the canopy).
Therefore, UV-B-suppression sheets were installed on both
sides of the canopy after the leaves were removed during the
2011/2012 season. In addition to the Perspex® Opal 050 sheets
(used in 2010/2011), a clear acrylic UV sheet (extruded high
impact (UHI)) was used during the 2011/2012 season. The latter
resulted in the following treatments: LR (-UV-B, -PAR) shaded
without leaves and laterals, and LR (-UV-B, 2xUHI) (Table 1).
These sheets were installed just after fruit set at +£35 cm above the
cordon and suspended on 1.2-m custom-made poles with hinges
to open for sampling and the spraying program. The treatments

were applied in a randomized block design. Each treatment was
carried out in five replicates, and each replicate comprised three
panels (18 vines per replicate).

Temperature Measurements

Microclimate within the canopy and bunch zone was determined
within each treatment with a Tinytag (Tinytag Plus TGP-1500,
West Sussex, UK). The Tinytags were placed on the surface of the
berry skins for the respective measurements. Berry temperatures
were measured every 15 min from December until March (96
measurements daily) in both seasons. The thermocouples were
attached on the outside of the berry surface. The average berry
temperature was calculated per hour throughout the season
for each treatment. Thermal time in degree days (DD, °C) was
calculated on each day and summed throughout each season.
The latter was computed, as follows:

1 n
DD =— T-Tb),
n;( )

where 7 is the number of averaged data logger readings per day, T
is the daily mean temperature (°C), and T} is the base temperature
(10°C) for grapevine growth.

Light Measurements

The incidence of photosynthetically active radiation (PAR) in
microeinsteins per square meter per second was determined with
a ceptometer (LP-80 AccuPAR, Decagon Devices Inc. Nebraska,
USA). Five measurements were taken in the middle of the bunch
zone on clear, sunny days at 11:00, 13:00, and 15:00 on 3 days
during the growing season in both seasons.

Sampling Procedure and Preparation

for Analyses

Sampling occurred at regular intervals throughout the season
(Table S2). Sampling was conducted between 06:00 and 08:00 at

TABLE 1 | Treatment description for 2010/2011 and 2011/2012 seasons.

Treatments

2010-2011

2011-2012

No lateral shoots or leaves were removed in the bunch zone, and no water shoots were suckered
Shaded (control) (STD)
Leaf removal west side of the bunch zone just after berry set
Exposed—Leaf removal west (LRW)

Control treatment and UV sheet (Perspex® Opal 050) on the western side
of the bunch
STD with decreased UV-B radiation

Leaf removal on both sides of the canopy (in the bunch zone) and (Perspex® Opal 050)
on both sides of the bunch zone
Leaf removal with decrease in PAR and UV-B radiation and 2xOp50 UV sheets

added on both sides of the bunch zone

(STD-UV-B)

Leaf removal west and UV sheet (Perspex® Opal 050) on the western side
of the bunch

LR (-UV-B,-PAR) (shaded without leaves and laterals)
Leaf removal on both sides of the canopy (in the bunch zone), and UV sheet (UHI)
extruded clear acrylic was used on both sides of the bunch zone

Leaf removal with decreased UV-B radiation and 2xUHI UV sheets added on
both sides of the bunch zone

LRW with decreased UV-B radiation
(LRW-UV-B)

LR(-UV-B, 2xUHI)
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each sampling date from after fruit set until harvest: 13-116 days
after anthesis (DAA) during the 2010/2011 season and 26-130
DAA in the 2011/2012 season (Table S2). Sampling corresponded
with the Eichhorn and Lorenz (E-L) system and started at stage 29
(pea size) until stage 38 (harvest) for phenolic analyses (Coombe,
1995). Two berries from 10 bunches were sampled from each of
the five treatment replicates in the middle of the bunch and kept
separate for phenolic analyses. The berries of the LRW treatment
were only sampled from the exposed bunches.

Chemicals

All chromatographic solvents were of high-performance liquid
chromatography (HPLC) grade. Ethanol, acetone, acetonitrile,
methanol (299.9%), L-ascorbic acid, gallic acid, (+)-catechin,
(-)-epicatechin, and quercetin were obtained from Sigma-
Aldrich (Johannesburg, South Africa). Quercetin-3-glucoside
was obtained from Fluka (Buchs, Switzerland), malvidin-3-
glucoside from Polyphenols Laboratories AS (Norway), and
acetic acid and orthophosphoric acid from Riedel-de Haén
(Seelze, Germany). Purified water was obtained from a Milli-Q
filtration system (Millipore Filter Corp., Bedford, MA, USA).

Extraction of Grape Seeds and Skins

The berries were processed immediately after sampling for the
phenolic analysis. Twenty berries from each treatment replicate
were weighed. The berries were then frozen in liquid nitrogen.
The berry samples were manually separated into skins and seeds,
rinsed with water, and dried with tissue paper. Isolated skins and
seeds were weighed. The extraction was performed as described
by Panprivech et al. (2015). The aqueous solution was frozen
overnight, lyophilized, and stored at —20°C until further analysis
was performed. The dried tannin extract representing one biological
repetition of 20 berries was re-dissolved in 10 mL of methanol for
seeds and 5 mL of methanol for skins before reversed-phase high-
performance liquid chromatography (RP-HPLC) analysis.

Analysis of Phenolic Compounds by
RP-HPLC

Monomeric and polymeric procyanidins (seed), proanthocyanidins
(skin) (tannins), flavonols, and anthocyanins were quantified
using RP-HPLC based on a method by Peng et al. (2001, 2002).
The dried seed and skin extracts were re-dissolved and filtered
using a 0.45-um Millipore filter (Millipore, Bedford, Mass, USA)
before injection and placed in a 1.5-mL amber HPLC vial. Tannin
elutes as an unresolved peak at the end of the run. This method
gives an estimation of tannin content and can show trends among
samples. A Hewlett Packard Agilent 1260 series HPLC system
equipped with a diode array detector (Agilent Technologies,
Palo Alto, CA, USA) was used. Separations were carried out on
a polystyrene/divinylbenzene reversed-phase column (PLRP-S,
100A, 250 x 4.6 mm, 5 um) protected by a guard cartridge with
the same packing material (PLRP-S, 10 x 4.6 mm). All materials
were purchased from Polymer Laboratories (Shropshire, UK). All
the conditions were the same as the method previously published
(Peng et al., 2002).

Phenols were quantified using external calibration standards:
(+)-catechin hydrate, (-)-epicatechin, gallic acid, malvidin-
3-O-glucoside, and quercetin-3-O-glucoside (Sigma-Aldrich,
Johannesburg, South Africa). Monomeric and dimeric flavan-3-
ols and polymeric phenols were quantified at 280 nm as mg/L
catechin units with a quantification limit of 0.78 mg/L and
epicatechin with a limit of quantification (LOQ) of 0.89 mg/L.
Gallic acid was quantified at 280 nm in gallic acid units with a
LOQ of 0.05 mg/L. The corresponding limit of detection (LOD)
for the monomeric and dimeric flavan-3-ols and polymeric
phenols was 0.23 mg/L for (+)-catechin units and 0.26 mg/L for
(—)-epicatechin. Flavonol glycosides were quantified at 360 nm
as mg/L quercetin-3-O-glucoside with a LOQ of 0.20 mg/L. The
following flavonols were identified: (i) quercetin-3-O-rutinoside,
(ii) quercetin-3-O-galactoside, (iii) quercetin-3-O-glucoside, and
(iv) quercetin-3-O-glucuronide. Anthocyanins and polymeric
pigments were quantified at 520 nm as mg/L malvidin-3-O-
glucoside with a quantification limit of 0.19 mg/L.

Condensed Tannin Analysis by Acid-
Catalyzed Cleavage in the Presence

of Phloroglucinol

Compositional analysis of proanthocyanidins was carried out
following acid-catalyzed cleavage in the presence of excess
phloroglucinol (phloroglucinolysis) as described in Oberholster
et al. (2013). The method provided information regarding
the subunit composition, mean degree of polymerization
(mDP), percentage of galloylation (%G), and the percentage
of prodelphinidin units (%P) in grape seeds and skins, where
applicable. The proanthocyanidin cleavage products were
determined by RP-HPLC. The conditions for the chromatographic
separation are described in Oberholster et al. (2013).

Statistics

All analyses were carried out using Statistica 12 (Statsoft Inc.,
Tulsa, USA). Mixed-model repeated-measures (2010/2011 = 8;
2011/2012 = 10) analyses of variance (ANOVAs) were used and
Fisher’s least significant difference (LSD) corrections were used
for post hoc analyses. Significant differences were judged on a
95% significance level (p < 0.05). Pearson’s correlation coefficients
were used to construct heatmap.2 R function using R software
(R Foundation for Statistical Computing, Vienna, Austria).
The distribution of grape flavonoid datasets was analyzed
with principal component analysis (PCA) using R software (R
Foundation for Statistical Computing, Vienna, Austria).

RESULTS AND DISCUSSION

Growing Degree Days

Theaccumulation of growing degree-days (GDD) was determined
from December until March in both seasons. The amount of
GDD for the 2010/2011 season was 1,262 and for the 2011/2012
season 1,451 (base temperature of 10°C). The accumulation of
fruit thermal degree-days (DD, microclimate) was affected by
the season and by the treatments (Table 2). The DD among the
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TABLE 2 | Accumulated thermal time and berry temperature and the average number of hours at thresholds in 2010/2011 and 2011/2012 seasons.

Season Thermal time Berry temp (°C) Number of hours berry temperature within the indicated temperature range (per day)
DD)=
D) Mean Max <20 20-25 25-30 30-35 >35
2010-2011
Treatments
STD 731.3 23.4 325Db 9.3b 55a 45a 3.8b 0.9d
LRW 757.8 23.9 35.4a 94a 52b 35¢ 4b 20a
STD-UV-B 756.1 23.8 33.8Db 9.5b 48¢c 3.7¢c 45a 16b
LRW-UV-B 746.3 23.6 33.7Db 9.3b 55a 4b 39b 14c
p-value ns - - sk sk o .
2011-2012
Treatments
STD 684.6 23.8 ab 40.4 a 104 ¢ 4b 3.3c¢c 32b 31b
LRW 686.7 23.2 ab 371Db 10.5b 41a 3.6b 3.3b 24¢c
LR (-UV-B, -PAR) 680.9 22.8b 34.5¢c 10.7 a 4 ab 39a 3.5 ab 1.8d
LR (-UV-B, 2xUHI) 729.7 242 a 39.6a 10.5 bc 35¢c 25d 3.7a 3.8a
p-value n . .. . . n

aThermal time in degree days over the season. STD (shaded/control); LRV (leaf removal west); STD-UV-B (STD with decreased UV-B radiation; LRW-UV-B (LRW with decreased UV-B radiiation);
LR (-UV-B, -PAR) (leaf removal with decreased UV-B radiation and 2xOp50 UV sheets added on both sides of the bunch zone); LR (-UV-B, 2xUHI) (leaf removal with decreased UV-B radiiation
and 2xUHI UV sheets added on both sides of the bunch zone). Different letters indicate significant differences at p < 0.05, 0.01, and 0.001, respectively; ns, not significant.

treatments in the 2011/2012 season was lower than that in the
2010/2011 season. The pattern of growing degree accumulation
varied among the two seasons, as the macroclimate in the
2010/2011 season was characterized by continuous drought
and heat throughout the summer (VinPro, 2011). On the other
hand, the 2011/2012 season was, however, considered as an ideal
growing season with a cool, and lengthened, harvesting period
without rain or prolonged heat (VinPro, 2012). As anticipated,
the STD treatment had the lowest DD, and LRW had the highest
accumulated DD in the 2010/2011 season. The addition of the
UV-B-suppression sheets altered the fruit temperatures in
the STD-UV-B treatment as it had a higher DD than the STD
(Table 2). This suggests that the leaf layers in the STD-UV-B
treatment in combination with the UV-B sheet retained the heat
and resulted in increased DD due to amplified solar radiation in
the fruit zone. In the 2011/2012 season, the fruit from the LR
(-UV-B, -PAR) (shaded without leaves and laterals) and LR (-UV-
B, 2xUHI) treatments had the lowest and highest DD, respectively
(Table 2). These results can be ascribed to the spectral properties
of the sheets that were used in the study. The Perspex Opal 50
sheet (Op50) has a shading coefficient of 0.47, which resulted in
more shading of the fruit, when compared with the UHI acrylic
sheet with a shading coefficient of 1.0 (Table S1). This result

agrees with that of Spayd et al. (2002), who observed that clusters
exposed to UV-radiation-reducing sheets had higher DD values
than exposed fruit.

Significant differences (p < 0.001) in the maximum
temperatures at the different phenological stages were observed
in both 2010/2011 and 2011/2012 seasons (Table S3). Smart
(2010) suggested that fruit hot spots in compact bunches with
low winds may occur within a season, which might have been
the case in 2011/2012 for STD having higher mean maximum
temperatures. Further analysis of the minimum, mean, and
maximum temperatures at each phenological stage shows this
phenomenon persisted within this season (data not shown).
Smart and Sinclair (1976) reported that temperature is directly
associated with the incident radiation. It is therefore difficult
to separate the effects of light and temperature during fruit
development. Berries in the LRW and, to a lesser extent, LRW-
UV-B treatments received more direct sunlight as they were more
exposed and therefore subjected to heating of the surface of the
berry, while the STD treatments (STD, STD-UV-B) had indirect
sunlight. In the 2011/2012 season the PAR and percentage
light intensity in the shaded treatments (STD and LR (-UV-B,
2x0p50) were significantly lower (p < 0.001) than the LRW and
LR (-UV-B, 2xUHI) treatments (Table 3).

TABLE 3 | Photosynthetically active radiation (PAR) and percentage light in the bunch zone in the 2010/2011 and 2011/2012 seasons.

2010-2011 2011-2012
Treatments PAR? % light Treatments PAR? % light
STD 175.3 bc 0.10¢c STD 72.0b 0.06 ¢
LRW 517.7 a 0.29 a LRW 278.9a 0.18 ab
STD-UV-B 1156.3¢ 0.06 ¢ LR (-UV-B, -PAR) 98.4 b 0.07 cb
LRW-UV-B 260.2 b 0.16 b LR (-UV-B, 2xUHI) 424.4 a 0.19a
p-value p-value

aPhotosynthetically active radiation (uE-m-2-s~'). STD (shaded/control); LRV (leaf removal west); STD-UV-B (STD with decreased UV-B radiation; LRW-UV-B (LRW with decreased UV-B
radiation); LR (-UV-B, -PAR) (leaf removal with decreased UV-B radiation and 2xOp50 UV sheets added on both sides of the bunch zone); LR (-UV-B, 2xUH) (leaf removal with decreased UV-B
radiiation and 2xUHI UV sheets added on both sides of the bunch zone). Different letters indicate significant diifferences at p < 0.05, 0.01, and 0.001, respectively; ns, not significant.
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Berry Growth and Development

The pattern of berry growth followed a typical double sigmoid
pattern in both seasons. However, there was no significant
difference in the average berry weight among the four treatments
in the 2010/2011 season, while a significant difference (p < 0.001)

TABLE 4 | Mean berry weights (n = 3) determined during the 2010/2011 and
2011/2012 seasons.

2010-2011 2011-2012
Treatments Berry Treatments Berry
weight weight (g)

STD 0.9 STD 1.0a
LRW 0.8 LRW 09b
STD-UV-B 0.9 LR (-UV-B, -PAR) 09b
LRW-UV-B 0.9 LR (-UV-B, 2xUHI) 0.8c
p-value ns p-value e

STD (shaded/control); LRW (leaf removal west); STD with decreased UV-B radiation
(STD-UV-B); LRW with decreased UV-B radiation (LRW-UV-B); LR (-UV-B, -PAR)
(leaf removal with decreased UV-B radiation and 2xOp50 UV sheets added on both
sides of the bunch zone); LR (-UV-B, 2xUHI) (leaf removal with decreased UV-B
radiation and 2xUH| UV sheets added on both sides of the bunch zone). Significance
Different letters indicate differences at p < 0.05, 0.01, and 0.001, respectively;

ns, not significant.

in the average berry weight was observed among the four
treatments in 2011/2012 (Table 4).

Mean berry weight of berries grown under lower light
intensities (STD, LRW-UV-B, and STD-UV-B) was slightly
higher than that of the berries grown under higher light
intensities (LRW) in 2010/2011. A similar pattern was observed
in the 2011/2012 season (Table 4). This phenomenon could
be due to the shaded berries having a lower transpiration rate,
which influenced the turgor pressure, resulting in enlargement
of the berry as previously reported by other authors (Crippen
and Morrison, 1986; Reynolds et al., 1986; Price et al., 1995). The
berries from the LR (-UV-B, 2xUHI) treatment had considerable
lower berry weight than do the other three treatments, which
can be ascribed to higher exposer to solar radiation and lower
shading ability, which resulted in higher transpiration rate.

Figure 1 and Table S4 show the accumulation of total soluble
solids and sugar (mg/berry) during the ripening period and
the mean values in the 2010/2011 and 2011/2012 season for
each of the respective treatments. An active period of sugar
accumulation was noted per berry from véraison at 41 DAA
and 54 DAA in the respective seasons. Sugar accumulation for
all treatments followed a similar trend for both seasons, slowing
down around 102 DAA in both seasons. Our findings support the

30,0 4 450,0 4
A 400,0 B
25,0
350,0
20,0 = 300,0
[
X % 250,0
a 15,0
@ £ 2000
——STD  150,0 31D
100 —e—STD-UV-B o —e—STD-UV-B
LRW 100,0 LRW
5,0 4
—a— LRW-UV-B 50,0 —a— LRW-UV-B
00 e 0,0 — — )
41 48 55 62 69 76 83 90 97 104111116 41 48 55 62 69 76 83 30 97 104 111 116
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C D
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FIGURE 1 | Total soluble solids and sugar accumulation determined in days after anthesis (DAA). (A) 2010/2011 TSS accumulation, (B) 2010/2011 sugar
accumulation, (C) 2011/2012 TSS accumulation and (D) 2011/2012 sugar accumulaiton in 2011/2012. mEach value represents the mean of 3 replicates +
standard error (Blancquaert, 2015).
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findings of Buttrose et al. (1971) who reported similar effects of
air temperature on berry size and total soluble solids that varied
with the duration of exposure on berry growth stage.

The mean sugar content (mg/berry) differed significantly
among treatments in both the 2010/2011 (p < 0.001) and
2011/2012 (p < 0.05) seasons. The mean sugar content in
the 2010/2011 season was the highest in the LRW-UV-B
treatment (231 mg/berry). The mean sugar content in the
remaining treatments was 208.5, 204.8, and 216.8 mg/berry
for STD, LRW, and STD-UV-B, respectively. In the 2011/2012
season, STD treatment had the highest sugar content
(216.5 mg/berry), while LR (-UV-B, 2xUHI), LRW, and LR
(-UV-B, 2xOp50) exhibited sugar contents of 205.8, 199.6,
and 198.3 mg/berry, respectively. The differences in the sugar
content can be attributed to the variation in the berry size,
which was altered by the exposure at a given temperature and
light intensity. Our findings support a study by Buttrose et al.
(1971) that reported similar effects of air temperature on berry
size and total soluble solids that varied with the duration of
exposure on berry growth stage.

Evolution of Grape Seed Procyanidins and
Proanthocyanidins During Ripening

The main seed flavan-3-ol monomersidentified were (+)-catechin,
(—)-epicatechin, and (-)-epicatechin-3-O-gallate (data not
shown). This is in agreement with the findings of several authors
(Kennedy et al., 2000a; Kennedy et al., 2000b) who found that
(+)-catechin, (—)-epicatechin, and (—)-epicatechin-3-O-gallate
were the main seed flavan-3-ol monomers in different grape
cultivars. Procyanidin B2 (EC-(4f-8)-Ec) was the most abundant
dimer in the seeds of the two measured: Bl (EC-(4p-8)-Cat)
and B2 (data not shown). Our results are in agreement with

other authors (Ricardo-da-Silva et al., 1991; Ricardo-da-Silva
et al., 1992a; Ricardo-da-Silva et al., 1992b; Prieur et al., 1994;
De Freitas et al., 2000) who reported that B2 was the predominant
dimer in grape seeds irrespective of the grape cultivar.

The concentration and content of individual monomers
and dimers followed a similar pattern increasing from fruit
set (13-22 DAA in 2010/2011 and 36-40 DAA in 2011/2012)
(Figures 2A, B). A maximum was reached close to véraison
(48 DAA in 2010/2011 and 54-68 DAA in 2011/2012)
followed by a decrease until harvest (116 DAA in 2010/2011
and 130 DAA in 2011/2012) in both seasons (Figures 2A, B).
The decrease in the monomer and dimer concentrations and
contents confirms the findings of other studies. These studies
reported that monomer and dimer syntheses occur before
véraison, followed by a decrease that can be ascribed to a
reduction in the extractability thereof (Kennedy et al., 2000a;
Kennedy et al., 2000b).

When evaluating STD and LRW, the two treatments that
were consistent between the two seasons, the mean monomer
and dimer concentrations and contents of STD treatment, were
similar between the seasons (Table 5). These results indicate
minimal light and temperature effects, which are consistent with
the findings of Dokoozlian and Kliewer (1996) and Downey et al.
(2004), who suggested that shading resulted in minimal variation
in seed chemistry. The mean monomer and dimer concentrations
of the LRW treatment were also similar between the two seasons
(Table 5). In the treatments with the UV-B-suppression sheets,
we can see that the exclusion of UV-B radiation had an impact
on the overall monomer and dimer concentrations and contents,
but it was not consistent.

The pattern of seed tannin concentration (mg/g seed)
and content (mg/berry) differed, according to RP-HPLC
determination, between the investigated seasons (Figure 2).

TABLE 5 | The seasonal mean monomer/dimer and seed and skin tannin concentration and content in 2010/2011 and 2011/2012.

Treatment Monomer and Monomer Total seed Total seed Monomer and Monomer Total skin Total skin
dimer seed and dimer tannin tannin dimer skin and dimer tannin tannin
concentrations seed concentration content concentrations skin concentration content
(mg/g seed) contents (mg/g seed) (mg/berry) (mg/g skin) contents (mg/g skin) (mg/berry)
(mg/berry) (mg/berry)
2010/2011
Standard (control) 5.89 0.33 4461 a 2.20 0.093 a 6.67 a 0.010a 0.668 a
Leaf removal west 4.93 0.26 43.26 a 2.02 0.065 b 7.06 a 0.006 b 0.693 a
STD-UV-B 4.88 0.27 39.96 ab 1.96 0.089 ¢ 6.54 a 0.003 ¢ 0.634 a
LRW-UV-B 5.37 0.28 37.58 b 1.75 0.065 b 4.78Db 0.006 b 0.448 b
Significance ns ns * ns o * o *
2011/2012
Standard (control) 5.41a 0.30a 44.88 a 2.40 0.090 ab 5.591 0.010 a 0.509 b
Leaf removal west 0.34c 0.29a 4222 a 2.36 0.116a 6.372 0.010a 0.588 a
LR (-UV-B, 0.09¢c 0.01b 42.80 a 2.31 0.086 b 6.117 0.007 ab 0.566 ab
2x0p50)
LR(-UV-B, 2xUHI) 294 b 0.25a 25.88 b 2.24 0.068 b 6.237 0.005 b 0.533 ab
Significance e e o ns * ns * *

Each value represents the mean of five replicates at eight sampling dates in 2010/2011 and five replicates at 10 sampling dates in 2011/2012. Means in columns followed by a

different letter are significantly diifferent within one season. Monomers: C, (+)-catechin; EC, (-)-epicatechin; ECG, (-)-epicatechin-3-O-gallate. Dimers: B1, Ec-(4p-8-)Cat; B2, Ec-(4p-8-Ec.
Treatments: STD (shaded/control); LRW (leaf removal west); STD with decreased UV-B radiation (STD-UV-B); LRW with decreased UV-B radiation (LRW-UV-B); LR (-UV-B, -PAR) (leaf
removal with decreased UV-B radliation and 2xOp50 UV sheets added on both sides of the bunch zone); LR (-UV-B, 2xUHI) (leaf removal with decreased UV-B radiiation and 2xUHI UV
sheets added on both sides of the bunch zone). Different letters indicate significant differences at p < 0.05, 0.01, and 0.001, respectively; ns, not significant.
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FIGURE 2 | Correlation analysis showing clustered image maps of the correlation between grape seed and skin composition during ripening. (A) 2010-2011 grape
seed and skin flavan-3-ol evolution during ripening (B) 2011-2012 grape seed and skin flavan-3-ol evolution during ripening, (C) 2010-2011 grape seed and skin
compoition during ripening and (D) 2011-2012 grape seed and skin composition during ripening.

The 2010/2011 season was characterized by an increase in the  tannin accumulation increased until véraison or 2 weeks prior
seed tannin concentration and content until véraison (48 DAA), to véraison and then fluctuated except for treatment UHI
followed by a decrease and another increase from 76 DAA inall ~ (Figure 2B). Our results are in agreement with the findings of
the treatments until harvest (Figures 2A, B). In the 2011/2012,  other authors who reported that the genes responsible for seed
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tannin biosynthesis are switched on after fertilization (Dixon
et al., 2005). A maximum seed tannin concentration is reached
close to véraison in Monastrell, Cabernet Sauvignon, and Shiraz,
and then their concentration or their extractability decreases
towards harvest (Kennedy et al., 2000a; Kennedy et al., 2000b;
Bogs et al., 2005; Cortell and Kennedy, 2006; Downey et al., 2006).
It has been reported that temperature and light conditions play an
essential role in berry development. Dokoozlian (2000) reported
that germination and pollen growth are greatly reduced or even
inhibited when temperatures fall below 15.6° or exceed 37.8°C. From
our study, it appeared that the seed development after flowering
could potentially be influenced by prevailing temperatures. In the
2010/2011 season, December 2010 (berry set) was characterized
by warm and dry periods, which could have contributed to
favorable conditions for seed development, which resulted in a
higher seed number and therefore influencing the evolution of
the seed flavan-3-ol monomers, dimers, and total tannin. In the
2011/2012 season, mid-October to November of 2011 (flowering
until berry set) had temperatures considered as below normal
with November being 2°C colder than average, which resulted in
a long, prolonged flowering period. However, the treatments and
the temperature loggers were only installed after flowering, and it
is difficult to assess the impact of temperature at flowering, which
will have a direct impact on the seed number and size per berry in a
particular season. We hypothesize that the evolution of the flavan-
3-ol monomers, dimers, and total tannin were a function of the
seed number per berry and were not influenced by the light and
temperature conditions during the growing season.

Evolution of Grape Skin Procyanidins and
Proanthocyanidins During Ripening
The main flavan-3-ol monomers identified in the skins were
(+)-catechin, (—)-epicatechin, and (—)-epicatechin-gallate; the
dimers were EC-(4p-8)-Cat (B1) and EC-(4p-8)-EC (B2) in
both seasons (data not shown). Many authors do not analyze
skin flavan-3-ol monomer concentrations due to the complex
interactions among sugars and other phenolics resulting in low
concentrations of flavan-3-ol monomers during quantification
(Monagas et al., 2003; Cortell and Kennedy, 2006). The
accumulation pattern of skin monomers and dimers differed
among the two seasons (Figures 2A, B). In general, the shaded
STD treatment had the highest flavan-3-ol monomer and
dimer concentrations and contents in 2010-2011 (Figure 2A).
However, the other shaded treatment (STD-UV-B) had the
lowest concentration and content. In the latter, UV-B radiation
was additionally influenced, indicating the potential impact of
UV-B radiation on flavan-3-ol synthesis. Downey et al. (2004)
also found an increase in the monomer concentration and
content in shaded canopies and a decrease in exposed fruit.
Differences in the concentration and content of total skin
tannins were observed between the two seasons among all the
treatments (Table 5). Overall, the skin tannin content was higher in
the 2010/2011 season when compared with the 2011/2012 season
(Table 5). Our results show that skin tannin reaches a maximum
at véraison followed by a decrease, similar to the findings of
other authors (Cortell et al., 2005; Hanlin and Downey, 2009).

Differences between the sample preparation and analytical method
used in our study could be a potential contributor to the variation
in the evolution of the skin tannin concentration and content. The
RP-HPLC quantification of tannin concentration and content is an
underestimation of the tannin as some is lost on the baseline (Peng
etal., 2001; Peng et al., 2002). This study indicates that light quantity
and quality have a potential impact on flavan-3-ol and tannin
accumulation in the skin. These findings also highlight the photo-
protective role tannin play in the berry skin, which is supported by
Downey et al. (2004) and Pastor del Rio and Kennedy (2006).

Grape Seed Compositional Changes
During Ripening

Seed tannin compositional data by phloroglucinolysis revealed
that the terminal seed flavan-3-ol subunits were (+)-catechin,
(—)-epicatechin, and (-)-epicatechin-3-O-gallate (Figures 2C,
D; Tables S5 and S6). The proportional composition of terminal
subunits changed throughout berry development in both seasons
(Tables S5 and S6). The compositional changes in the terminal
subunits during berry development were also observed by other
authors (Kennedy et al., 2000a; Kennedy et al., 2000b; Downey
et al., 2003). The seasonal impact on the seed proanthocyanidin
terminal subunit composition was larger than the treatment
impact. This is primarily due to the higher light intensities
observed in the 2010/2011 season and lower light intensities in
the 2011/2012 season.

(—)-Epicatechin was the main constituent of the seed extension
subunits with (+)-catechin and (-)-epicatechin-3-O-gallate being
present in lower proportions in both seasons (Tables S5 and S6),
similar to findings of other authors (Prieur et al., 1994; Cortell
et al., 2005; Pastor del Rio and Kennedy, 2006). The proportional
composition of extension subunits changed throughout berry
development in both seasons (Tables S5 and S6). The proportional
compositional changes during ripening correspond with those of
other studies for different cultivars (Kennedy et al., 2000b; Peng
et al,, 2001; Downey et al., 2003; Obreque-Slier et al., 2010). Our
results agree with that of Fujita et al. (2007) and Cohen etal. (2008)
who reported minimal variation in the seed proanthocyanidin
composition with shading, heating, and cooling of berries.

Seed mDP varied between 2.7 and 8.8 in the 2010/2011 season
and 2.9 and 7.7 in the 2011/2012 season during berry development
among treatments (Tables S5 and S6). Our findings are within the
range found by other authors (Downey et al., 2003, Monagas et al.,
2003, Chira et al., 2009). Similar to Obreque-Slier et al. (2010),
the seed mDP increased from harvest to overripe stage. In the
2011/2012 season, the respective treatments had higher amounts
of extension subunits at the beginning of berry ripening than the
2010/2011 season, resulting in higher mDP (Tables S5 and S6).
The decrease of mDP and avMM from fruit set corresponds with
the findings of other authors (Reynolds et al., 1986; Price et al.,
1995; Downey et al., 2003; Cortell et al., 2005; Chira et al., 2009).

The percentage of galloylated derivatives was determined
during both seasons (Table 6; Tables S5 and S6) with similar
values to those reported by Chira et al. (2009). A significantly
higher (p < 0.001) percentage of galloylation was observed in the
STD treatment when compared with the other three treatments in
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TABLE 6 | Mean seed tannin structural characteristics in 2010/2011 and 2011/2012 seasons.

2010/2011 2011/2012

Treatment Seed mDP avMM Treatment Seed mDP avMM

% G % G
Standard (control) 55+51a 6.1+24a 1,804.1 £ 736.4 a Standard (control) 78+7.0 50+18b 1,5618.6 £ 590.5 cb
Leaf removal west 27+15b 54+19b 1,682.5 + 555.8 b Leaf removal west 75+6.6 52+17a 1,681.6 + 569.8 ab
STD-UV-B 0.6+05d 45+15¢ 1,309.0 £ 449.3 ¢ LR (-UV-B, -PAR) 7674 48+1.7b 1,456.4 £ 565.9 ¢
LRW-UV-B 16+14c 51+23Db 1,499.2 + 673.9b LR (-UV-B, 2xUHI) 79+6.5 53+16a 1,687.9 £5449a
Significance o o e Significance ns o o

Means in columns followed by a different letter are significantly different within one season. Mass conversion based on percent recovery of proanthocyanidin by phloroglucinolysis;
%G, percentage galloylation; mDPF, mean degree of polymerization; avMM, average molecular mass. STD (shaded/control); LRW (leaf removal west); STD with decreased UV-B
radiation (STD-UV-B); LRW with decreased UV-B radiation (LRW-UV-B); LR (-UV-B, -PAR) (leaf removal with decreased UV-B radiation and 2xOp50 UV sheets added on both
sides of the bunch zone); LR (-UV-B, 2xUH|) (leaf removal with decreased UV-B radiation and 2xUHI UV sheets added on both sides of the bunch zone). Different letters indicate
significant differences at p < 0.05, 0.01, and 0.001, respectively; ns, not significant.

TABLE 7 | Proportions of mean grape skin terminal subunits in 2010/2011 and 2011/2012 seasons. Means in columns followed by a different letter are significantly
different within one season.

2010/2011 2011/2012
Treatment C EC ECG Treatment Cc EC ECG
Standard 79.2+17.7b 9.9+93b 104 +£11.7a Standard (control) 839+11.7a 165+ 127 3.1+31b
(control)
Leaf removal west 79.6 £18.3b 146+ 13.1a 58+69b Leaf removal west 81.7+12.7ab 156.3+10.9 3.1+£39b
STD-UV-B 84.8+13.6a 8.8+10.0b 6.4+69b LR (-UV-B, -PAR) 612+122c 15.6 + 13.7 216+132a
LRW-UV-B 86.4+£128a 39+76¢ 87+95a LR (-UV-B, 2xUHI) 79.8+152b 17.0 + 141 32+23Db
Significance e o e Significance e ns e

Percent composition of proanthocyanidin terminal skin subunits C, (+)-catechin,; EC, (—)-epicatechin; ECG, (-)-epicatechin-3-O-gallate. STD (shaded/control); LRW (leaf removal
west); STD with decreased UV-B radiation (STD-UV-B); LRW with decreased UV-B radiation (LRW-UV-B); LR (-UV-B, -PAR) (leaf removal with decreased UV-B radiation and 2xOp50
UV sheets added on both sides of the bunch zone); LR-UV-B, 2xUHI (leaf removal with decreased UV-B radiation and 2xUHI UV sheets added on both sides of the bunch zone).
Different letters indicate significant differences at p < 0.05, 0.01, and 0.001, respectively; ns, not significant.

2010/2011 (Table 6). During the 2011/2012 season, no significant contradict those of Fernandez et al. (2007), who identified
differences were observed between the galloylation percentages  epicatechin as the main contributor to skin extension subunits
among the treatments, suggesting that galloylation was influenced ~ with lower (-)-epigallocatechin proportions present when

more by the season than the applied treatments (Table 6). studying Carméneére skins. However, the (+)-catechin and

(—)-epicatechin-3-O-gallate proportions obtained during
Grape Skin Compositional Changes both seasons were similar to those of Fernandez et al. (2007).
During Ripening In our study, light exposure did not have a significant impact

(+)-Catechin, (-)-epicatechin, and (—)-epicatechin-3-O-gallate on the extension unit composition in either of the seasons
were identified as the grape skin proanthocyanidin terminal  investigated (Figures 2C, D).
subunits (Table 7; Tables S7 and S8). (+)-Catechin was the In the 2011/2012 season, the lowest average polymer length
predominant compositional contributor, with epicatechin =~ was observed in the LR (-UV-B, 2xUHI) treatment, while the
and (—)-epicatechin-3-O-gallate present in lower proportions LR (-UV-B,-PAR) (shaded without leaves and laterals) treatment
or not detected (Tables S7 and S8). This is in agreement with showed higher mDPs (Table 9). The low mDP observed in the
the findings of several other authors (Souquet et al., 1996; LR (-UV-B, 2xUHI) treatment can be a result of the high PAR
Kennedy et al., 2001; Downey et al., 2003; Monagas et al., 2003; ~ (Table 3) that may have been above optimal levels. However,
Cortell and Kennedy, 2006; Ristic et al., 2007). There was a this is not supported by LRW treatment that had similar high
significant difference (p < 0.001) in the mean (+)-catechin and PAR values combined with higher temperatures in 2010/2011.
(-)-epicatechin-3-O-gallate terminal subunit contribution Chorti et al. (2010) reported that excessive sunlight exposure
between the two seasons (Table 7). could result in excessive sunburn, which could influence skin
(-)-Epigallocatechin was the predominant extension  proanthocyanidins in the grape berry. Additionally, Lacampagne
subunits followed by epicatechin in grape skins. Lower et al. (2010) suggested that skin mDP is correlated with the
levels of (+)-catechin and (-)-epicatechin-3-O-gallate were state of skin cell walls. Skin tannins exhibit a higher degree of
found in both seasons (Table 8; Table S7 and S8). These  polymerization than seed tannins and are expressed as the
results are in agreement with other studies that found similar mDP (Adams, 2006). Where similar mDP values were obtained
extension subunit proportions in skins (Kennedy et al., 2001;  between the seeds in the respective seasons, skin mDPs were
Downey et al., 2003; Hanlin and Downey, 2009). Our results ~ higher in 2011/2012 when compared with 2010/2011 (Table 9).
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TABLE 8 | Proportions of mean grape skin proanthocyanidin extension subunit in 2010/2011 and 2011/2012 seasons. Means in columns followed by a different letter
are significantly different within one season.

2010/2011 2011/2012

Treatment (] EC ECG EGC Treatment Cc EC ECG EGC

Standard 19+£05b 412+29 03+02ab 56.6+3.1 Standard 12+0.1b 393+£24ab 07+03b 588+26

(control) (control)

Leaf removal 21+05a 40.1 £4.0 04+05a 57.4 +41 Leaf removal 1.3+0.1b 38.8+23Db 0.7+0.3b 59.2+2.6

west west

STD-UV-B 19+£083ab 406+25 02=+0.1b 55.0+2.8 LR (-UV-B, 1.3+02a 394+28ab 06+04c 588+47
-PAR)

LRW-UV-B 20+0.3b 422+65 02+01b 55.5+8.3 LR (-UV-B, 12+017b 39.7+23a 08+04a 583+26
2xUHI)

Significance = ns o ns Significance e * e ns

Percent composition of proanthocyanidin extension skin subunits C, (+)-catechin; EC, (-)-epicatechin; ECG, (-)-epicatechin-3-O-gallate; EGC, (-)-epigallocatechin. STD (shaded/
control); LRW (leaf removal west); STD with decreased UV-B radiation (STD-UV-B); LRW with decreased UV-B radiation (LRW-UV-B); LR (-UV-B, -PAR) (leaf removal with decreased
UV-B radiation and 2xOp50 UV sheets added on both sides of the bunch zone); LR-UV-B, 2xUHI (leaf removal with decreased UV-B radiation and 2xUHI UV sheets added on both
sides of the bunch zone). Different letters indicate significant differences at p < 0.05, 0.01, and 0.001, respectively; ns, not significant.

TABLE 9 | Mean skin tannin structural characteristics in 2010/2011 and 2011/2012 seasons.

2010/2011 2011/2012
Treatment Skin Skin mDP avMM Treatment Skin Skin mDP avMM
% G % P % G % P

Standard 08+0.7a 543+32 262+73c 7,8241+2179¢c Standard 08+03c b&7.5+26ab 464+73a 13,837.0+2,206a

(control) (control)

Leaf removal 0.6 + 0.6 b 56.3+4.0 299+86b 8899.4+2585b Leafremoval 0.7 +0.3c 578+24a 42.3+6.5b  12,620.5+1,934 b

west west

STD-UV-B 04+03c¢c 539+28 314+90b 9330.5+2,695b LR (-UV-B, 14+07a 56.7+32c¢ 326+4.6¢c 97408+ 1372c¢C
-PAR)

LRW-UV-B 05+03bc 547+26 356+84a 106142+2523a LR(-UV-B, 09+03b 569+25cbhb 465+91a 13,895.6+2,738a
2xUHI)

Significance *** ns o o Significance o e e

Means in columns followed by a different letter are significantly different within one season. Mass conversion based on percent recovery of proanthocyanidin by phloroglucinolysis;
mDR, mean degree of polymerization; %G, percentage galloylation; %F, percentage prodelphinidins; avMM, average molecular mass. STD (shaded/control); LRW (leaf removal west);
STD with decreased UV-B radiation (STD-UV-B); LRW with decreased UV-B radiation (LRW-UV-B); LR (-UV-B, -PAR) (leaf removal with decreased UV-B radiation and 2xOp50

UV sheets added on both sides of the bunch zone); LR-UV-B, 2xUH| (leaf removal with decreased UV-B radiation and 2xUHI UV sheets added on both sides of the bunch zone).
Different letters indicate significant differences at p < 0.05, 0.01, and 0.001, respectively; ns, not significant.

Grape skin tannin also differs from grape seed tannin, as it ~ respective seed and skin fraction concentrations and contents.
has a lower percentage of galloylation (Tables S7 and $8). Kazuya ~ However, this was not consistent over the two seasons, indicating
and Goto-Yamamoto (2008) reported that shading favored  agreater seasonal effect on berry development. A similar scenario
galloylation in grape skins. In our results, not all the shaded  was observable in the compositional data by phloroglucinolysis
treatments had consistently higher galloylation percentages  (Figures 2C, D). Clusters were formed between the different
compared with the more exposed treatments. Additionally, the  terminal and extension subunits, but the clustering was not
percentage prodelphinidins varied between 53.9% and 55.3% in ~ consistent over the two seasons.

2010/2011 and 56.7% and 57.5% in 2011/2012 (Table 9). These
prodelphinidin percentages are consistent with what have been

reported by others (De Freitas et al., 2000; Gregan et al., 2012). Flavonol Evolution During Ripening

Flavonol accumulation commenced after fruit set until harvest in
. . both seasons (Figures 3). Throughout both seasons, quercetin-
Correlation Between Grape Seed and Skin 3-O-glucoside and quercetin-3-O-glucuronide were the most
Composition and Temperature and Light abundant flavonol glycosides, while quercetin-3-O-rutinoside
The relationship between grape seed and grape skin compositions ~ and quercetin-3-O-galactoside were present in smaller
was examined by a hierarchical cluster analysis during ripening ~ quantities (data not shown). This contradicts the findings of
(Figures 2A, B). Shared clusters indicate the strength of the  Mattivi et al. (2006) who reported that myricetin is the major
relationship between the grape seeds and skin concentration  flavonol in Cabernet Sauvignon. In both seasons, the patterns
and content. In most cases, clusters were formed between the  of accumulation were characterized by an increase after fruit set
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FIGURE 3 | Correlation analysis showing clustered image maps of the correlation between flavonol and anthocyanin composition during ripening.

Total anthocyanin content
Total flavonol content
Total flavonol concentration

Total anthocyanin concentration

reaching a maximum 4 and 5 weeks post-véraison in 2010/2011
and 2011/2012, respectively, followed by small fluctuations in
2010/2011 or a decrease in 2011/2012 (Figure 3). Downey et al.
(2006) also found a decrease in flavonols per berry 2-4 weeks after
véraison in both exposed and shaded fruit within one season, while
the flavonol content fluctuated from véraison until harvest in the
other seasons.

Flavonol concentration and content were higher in the LRW
treatment when compared with the other treatments (Figure
3). Similar patterns of accumulation were seen in the STD
and LRW treatments in 2011/2012. The treatments with the
UV-B exclusion sheets had the lowest flavonol concentration
and content throughout ripening for both seasons (Figure 3).
Our results also indicate a clear seasonal impact on flavonol
evolution during ripening and are due to the significant
impact of the season on the light quality and quantity. This
is in agreement with the findings of several other authors
(Price et al., 1995; Haselgrove et al., 2000; Spayd et al., 2002;
Downey et al., 2004) who reported that shaded fruit had lower
flavonol glucosides at harvest or during berry development
in, respectively, Cabernet Sauvignon, Shiraz, and Merlot noir.

Martinez-Liischer etal. (2019) suggested that flavonol profile is
a reliable indicator to assess canopy architecture and exposure
of red wines to solar radiation. Flavonol concentration and
content clustered together over the two seasons (Figure 3).
This indicates that flavonol synthesis is independent within
the grape berry skin.

Our data suggest that UV-B radiation plays an important
role in the photo-protection of the berry against light exposure.
Increased sunlight radiation resulted in high levels of UV
exposure, leading to increased flavonol levels. Consequently, the
flavonol concentration and content are dependent on the light
quality. This in agreement with other studies describing that fruit
exposed to different light qualities had higher flavonol glucosides
(Crippen and Morrison, 1986; Downey et al., 2003). The latter
phenomenon was also confirmed by Flint et al. (1985) and Berli
et al. (2011). These authors suggested that flavonols act as UV
screening compounds, protecting the plant tissue from the light
damage during berry ripening. In this way, the accumulation
of phenols takes place in the epidermal cell vacuoles of leaf
tissue and grape berries, thereby protecting the photosynthetic
mesophyll tissue (Flint et al., 1985; Macheix et al., 2005).
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Differences were observed in the analysis of the individual
flavonoid compounds. Although ANOVAs were performed
to assess the statistical impact of the different variables on
the overall and individual flavonoid development, PCA
plots were also generated to determine the cumulative effect
from all the different variables on the overall phenological
stage and treatment. The PCA loading plot shows the
variable distribution according to the tannin and flavonols
(Figure 4A). The green berry, mature, and harvest stages were
mainly distributed along PC1 (52.5%) and the véraison stage
along PC2 (41.38%) (Figure 4B). The majority of the changes
in the grape seed, skin tannins, and flavonols occurred at
véraison in both seasons. STD, LRW, LR (-UV-B, 2xOp50),
and LR (-UV-B, 2xUHI) were mainly on the right side of PC1
axis (49.1%) (Figure 4C). Additionally, tannin and flavonol
compounds from STD-UV-B and LRW-UV-B were distributed
along PC2 (20.89%) (Figure 4C). From these results, it is clear

that the tannin and flavonol compounds in both seasons were
consistent in the STD and LRW treatments with the -UV-B
treatments from both seasons responded differently. The
-UV-B treatments in 2011-2012 have shown to have a bigger
impact on the tannins and flavonols.

Evolution of Anthocyanin Composition
During Ripening

Mono-glucosides, acetyl-glucoside, and coumaroyl-glucoside
derivatives of delphinidin, petunidin, peonidin, and malvidin
were determined in both seasons (data not shown). The
accumulation of the individual anthocyanins commenced
at véraison, at 48 DAA and 68 DAA, in 2010/2011 and
2011/2012, respectively (Figure 3), which is in agreement
with the findings of other researchers (Ryan and Revilla,
2003; Downey et al., 2006; Mori et al., 2007). In the total
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TABLE 10 | The mean anthocyanin concentration and content in 2010/2011 and
2011/2012.

Treatment Anthocyanin Anthocyanin content
concentration (mg/berry)
(mg/g skin)
2010/2011
Standard (control) 1.17 0.15
Leaf removal west 1.12 0.14
STD-UV-B 1.18 0.15
LRW-UV-B 1.25 0.14
Significance ns ns
2011/2012
Standard (control) 1.22 0.13 ab
Leaf removal west 1.1 0.12 ab
LR (-UV-B, 2xOp50) 1.30 0.16 a
LR (-UV-B, 2xUHI) 0.92 0.10b
Significance ns *

Each value represent the mean of five replicates at eight sampling dates in 2010/2011
and 10 sampling dates in 2011/2012. Means in columns followed by a different letter
are significantly different within one season. STD (shaded/control); LRW (leaf removal
west); LR-UV-B, 2xOp50 (leaf removal with decreased UV-B radiation and 2xOp50 UV
sheets added on both sides of the bunch zone); LR-UV-B, 2xUHI (leaf removal with
decreased UV-B radiation and 2xUHI UV sheets added on both sides of the bunch
zone). Different letters indicate significant differences at p < 0.05, 0.01, and 0.001,
respectively; ns, not significant.

anthocyanin pool, mono-glucoside was the predominant
form, while acetyl-glucoside and coumaroyl-glucoside forms
were present in lower proportions (data not shown). Malvidin-
3-O-glucoside was the dominant anthocyanin, and malvidin-
3-O-acetyl glucoside was the major acylated anthocyanin in
all treatments in both seasons (data not shown).

The trend of anthocyanin accumulation differed between
the two seasons, as shown in Figure 3. The 2010/2011 season
was characterized by an increase in anthocyanin concentration
and content from véraison and a decrease from 90-116 DAA
(Figure 3A). The 2011/2012 season was characterized by an
increase after véraison between 68 and 82 DAA, a decrease
between 83 and 96 DAA, followed by another increase from
96 to 110 DAA, and a decrease from 110 to 130 DAA. The STD
and LRW treatments (treatments that were consistent over
the two seasons) showed similar concentrations and contents
at 48 DAA with a maximum at 76 DAA and similar levels at
116 DAA in the 2010/2011 season (Figure 3). Overall, there
was no significant difference in the anthocyanin concentration
and content in both the STD and LRW treatments for both
seasons. The treatments with the UV-B exclusion sheets did
not vary significantly from the STD and LRW treatments in
2010/2011. The mean anthocyanin concentration and content
of the STD-UV-B and LRW-UV-B treatments in 2010/2011
were also similar. However, in the 2011/2012 season, the shaded
LR (-UV-B, 2xOp50) had the highest overall concentration and
content when than do the other treatments. The LR (-UV-B,
2xUHI) treatment had the lowest concentration and content
as shown in Table 10, while it had the highest light exposure
in addition to UV-B exclusion. Conflicting treatment results
indicate that the season had a significant impact. Overall, there

was no significant difference in the anthocyanin concentration
and content in both the STD and LRW treatments for both
seasons (Table 10). The mean anthocyanin concentration
and content of the STD-UV-B and LRW-UV-B treatments in
2010/2011 were also similar (Table 10).

The individual anthocyanin composition in 2010/2011
was not significantly different for most of the anthocyanins
among treatments. However, in 2011/2012, significant
differences were observed in all the derivatives except
for petunidin coumaroyl-glucoside. This indicates that
the higher temperatures experienced in 2010/2011 had a
larger impact rather than PAR. This also resulted in similar
concentrations and contents of anthocyanins in the STD and
LRW treatments in 2010/2011 and 2011/2012, respectively.
The second season (2011/2012) was cooler, resulting in shifts
in the anthocyanin profiles, confirming the findings of other
authors who found vintage effects to play an important role
in anthocyanin composition (Crippen and Morrison, 1986;
Gao and Cahoon, 1994).

Ryan and Revilla (2003) suggested that anthocyanin
fingerprint of a grape cultivar grown in a given location
changed slightly from year to year, probably because of
anthocyanin biosynthesis modulation by weather conditions
during ripening. Our results did not show a clear trend in
anthocyanin accumulation in grape related to a different
light exposure. Inconsistent treatment effects indicated that
seasonal (climatic) impact was greater than any impact due
to treatment.

Numerous studies investigated the impact of temperatures on
anthocyanins (Crippen and Morrison, 1986; Gao and Cahoon,
1994; Spayd et al., 2002; Mori et al., 2005; Mori et al., 2007). Other
studies have also found significant differences between seasons
(Brossaud et al., 1999; Spayd et al., 2002), whereas Mazza et al.
(1999) reported a minimal influence of the season in Cabernet
franc, Merlot, and Pinot noir due to an atypical growing season
over three seasons. Recently, Sebela et al. (2017) suggested that
the phenolic concentration in Chardonnay is a function of the
sunlight intensities preceding the sampling date during the
ripening season.

The PC1 from the PCA loadings for anthocyanin’s explained
97.77% of the variance, while PC2 described (2.32%) of
the variance (Figure 5A). Anthocyanin development was
impacted by the phenological stage and developed during the
mature berry stage.

Correlation Between Flavonol and
Anthocyanin Composition and Temperature
and Light

The relationship between flavonol and anthocyanin
composition as well as sugar accumulation was examined
by a hierarchical cluster analysis during ripening (Figure
3). Shared clusters indicate the strength of the relationship
between the flavonol, anthocyanin composition, and
sugar accumulation. Anthocyanin composition and sugar
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FIGURE 5 | PCA loading and scores plots of the anthocyanins throughout both seasons. (A) PCA loading plot of anthocyanins. (B) PCA scores plot according to

accumulation formed a cluster, while flavonol concentration
and content formed another cluster (Figure 3). Our results
indicate that anthocyanin accumulation and that of sugar take
place concurrently. These findings correspond with those of
Conde et al. (2007) who suggested that sugar and anthocyanin
accumulation commence at stage 3 of berry development.
A second cluster was formed by the flavonol concentration
and content during ripening (Figure 3). This suggests that
flavonol synthesis occurs independently in the grape berry.

CONCLUSIONS

This study highlighted the complexity of working under vineyard
conditions to investigate the complex interaction of abiotic
factors on berry metabolites. The novelty of our study involves
the work being conducted under actual vineyard conditions in
South Africa, which experiences high levels of UV radiation,
while other studies were based on experimental setups (Spayd
et al., 2002; Berli et al., 2008). This assisted to answer another
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research question, which was to assess the potential effect of the
treatments on Cabernet Sauvignon wine style (data not shown).
The results suggested that tannin evolution is dependent on the
prevailing light quality/quantity during berry development in
a particular season, while leaves and laterals at the bunch zone
seemed not to impact flavan-3-ol metabolism under the seasonal
conditions studied. The bulk of both seed and skin monomers,
dimers, and tannin was synthesized just after fruit set and
reached a maximum at véraison, after which it decreased in
both seasons. The post-véraison decrease of the seed and skins
monomers, dimers, and tannin concentration and content is
ascribed to a reduction in the extractability of the tannin post-
véraison. The skin tannin increases/decreases observed during
berry growth could be ascribed to the pattern of expression of
flavonoid pathway genes reported by Boss et al. (1996).

We hypothesize that the light quality and quantity are a
potential factor affecting the final skin total tannin concentration
and content. Brown et al. (2005) found that low UV-B rates result
in UV-B stimulation of some genes that are involved in a wide
range of processes that are responsible for flavonoid and phenolic
production (UV protection). Skin tannins, therefore, play a
photo-protective role within the berry. This study highlights the
importance of including seed number data and dry mass data to
enhance interpretation. The applied treatments in this study did
not introduce significant temperature differences. Treatments did
result in differences in light quantity and quality, which had only a
marginal impact on skin flavan-3-ol synthesis and no effect on seed
tannin. In the case of skin tannin, there was a hint of increased skin
tannin with light exposure, but this was only visible in the 2010/2011
seasons, indicating that seasonal variability had a larger impact than
the individual treatments applied to alter the light quantity and
quality. Therefore, from a vineyard perspective, seasonal differences
have a large impact on berry seed and skin tannin composition and
extractability; additional studies over several seasons are needed.

Flavonol and anthocyanin evolution is dependent on the
prevailing light quality/quantity and temperatures during berry
development in a particular season. Flavonol accumulation was
significantly impacted in treatments that restricted UV-B light in the
bunch zone, resulting in significant decreases in flavonol biosynthesis
in both seasons studied. Therefore, it can be concluded that the
light quality is the main abiotic driver of skin flavonol biosynthesis
regulation. Anthocyanin concentration and content were largely
influenced by the season and not the treatments applied, suggesting
a synergistic influence of both light quantity and temperature with
limited impact due to UV-B exclusion.

From a research perspective, working under controlled
conditions should help to better understand the effect of abiotic

REFERENCES

Adams, D. O. (2006). Phenolics and ripening in grape berries. Am. J. Enol. Vitic.
57 (3), 249-256.

Asen, R., Stewart, R. N, and Norris, K. H. (1972). Co-pigmentation of anthocyanins
in plant tissues and its effect on colour. Phytochemistry 11, 1139-1144. doi:
10.1016/S0031-9422(00)88467-8

Azuma, A., Yakushiji, H., Koshita, Y., and Kobayashi, S. (2012). Flavonoid
biosynthesis-related genes in grape skin are differentially regulated by

factors. At the same time, it should be taken into account that
working in vineyard conditions has consequences for the wine

quality and style.

DATA AVAILABILITY

All datasets GENERATED/ANALYZED] for this study are
included in the article and the Supplementary Material.

AUTHOR CONTRIBUTIONS

AD, AO, and JR-d-S conceptualized and planned the study. EB
and AO implemented the viticultural treatments. EB maintained
the viticultural treatments and was responsible for berry
sampling. EB was responsible for the extraction of grape seed
and skin tannin and RP-HPLC analysis and phloroglucinolysis.
EB, AO, JR-d-S, and AD drafted the original manuscript, and all
authors contributed and finalized the publication.

FUNDING

We gratefully acknowledge the Wine Industry Network for
Expertise and Technology (Winetech) grant number WW EW
10-02 and Technology and Human Resources for Industry
Programme (THRIP) grant number (TP2010072000042) for
financial support.

ACKNOWLEDGMENTS

We would also like to acknowledge Ms Monique Fourie and Mr
Renaldo Fourie for assistance with the viticultural treatments and/
or sampling, Dr Astrid Buica for her HPLC expertise, Prof. Martin
Kidd for his statistical analysis, and Mr Christopher Beaver for his
R-software expertise. This manuscript originates from the doctoral
dissertation entitled “Berry tannin structure and phenolics
evolution in cv. Cabernet Sauvignon (Vitis vinifera L.): effect of
light and temperature” of the first author, EB (Blancquaert, 2015).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2019.01062/
full#supplementary-material

temperature and light conditions. Planta 236, 1067-1080. doi: 10.1007/
$00425-012-1650-x

Bergqvist, ], Dokoozlian, N., and Ebisuda, N. (2001). Sunlight exposure and temperature
effects on berry growth and composition of Cabernet Sauvignon and Grenache in
the central San Joaquin valley of California. Am. J. Enol. Vitic. 52 (1), 1-7.

Berli, E, D’Angelo, J., Cavagnaro, B., Bottini, R., Wuilloud, R, and Silva, M.E.
(2008). Phenolic composition in grape (Vitis vinifera L. cv. Malbec) ripened
with different solar UV-B radiation levels by capillary zone electrophoresis.
J Agric Food Chem. 56, 2892-2898. doi: 10.1021/jf073421+

Frontiers in Plant Science | www.frontiersin.org

November 2019 | Volume 10 | Article 1062


https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpls.2019.01062/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2019.01062/full#supplementary-material
https://doi.org/10.1016/S0031-9422(00)88467-8
https://doi.org/10.1007/s00425-012-1650-x
https://doi.org/10.1007/s00425-012-1650-x
https://doi.org/10.1021/jf073421+

Blancquaert et al.

Grape Flavonoid Evolution and Composition

Berli, E ], Moreno, D., Piccoli, P, Hespanhol-Viana, L., Silva, M. E,
Bressan- Smith, R., et al. (2011). Abscisic acid is involved in the response
of grape (Vitis vinifera L.) cv. Malbec leaf tissues to ultraviolet-B radiation
by enhancing ultraviolet-absorbing compounds, antioxidant enzymes
and membrane sterols. Plant Cell Environ. 33, 1-10. doi: 10.1111/j.1365-
3040.2009.02044.x

Blancquaert, E. H. (2015) Berry tannin structure and phenolics evolution in
cv. Cabernet Sauvignon (Vitis vinifera L.): effect of light and temperature.
[Dissertation]. Stellenbosch University.

Blancquaert, E. H., Oberholster, A., Ricardo-da-Silva, J. M., and Deloire, A. J.
(2019). Research note: effect of light quality on fruit growth, composition
and the sensory impact on the wines. S. Afr. J. Enol. Vitic. 40 (II). doi:
10.21548/40-1-3060

Bogs, ], Downey, M. O., Harvey, J. S., Ashton, A. R., Tanner, G. ], and
Robinson, S. P. (2005). Proanthocyanidin synthesis and expression of genes
encoding leucoanthocyanidin reductase and anthocyanidin reductase in
developing grape berries and grapevine leaves. Plant Physiol. 139, 652-663.
doi: 10.1104/pp.105.064238

Boss, P. K., Davies, C., and Robinson, S. P. (1996). Expression of anthocyanin
biosynthesis pathway genes in red and white grapes. Plant Mol. Biol. 32, 565~
569. doi: 10.1007/BF00019111

Brossaud, E, Cheynier, V., Asselin, C., and Moutounet, M. (1999). Flavonoid
compositional differences of grapes among site test plantings of Cabernet
Franc. Am. J. Enol. Vitic. 50, 277-283.

Brown, B. A,, Cloix, C,, Jiang, G. H., Kaiserli, E., Herzyk, P, Kliebenstein, D. J.,
et al. (2005). A UV-B-specific signaling component orchestrates plant UV
protection. Proc. Natl. Acad. Sci. US.A. 102, 18225-18230. doi: 10.1073/
pnas.0507187102

Boulton, R. (2001). The copigmentation of anthocyanins and its role in the colour
of red wine: a critical review. Am. J. Enol. Vitic. 52 (2), 67-87.

Buttrose, M. S., Hale, C. R., and Kliewer, W. M. (1971). Effect of temperature
on the composition of ‘Cabernet Sauvignon’ berries. Am. J. Enol. Vitic. 22
(2), 71-75.

Cerpa-Calderon, E K., and Kennedy, J. A. (2008). Berry integrity and extraction of
skin and seed proanthocyanidins during red wine fermentation. J. Agric. Food
Chem. 56, 9006-9014. doi: 10.1021/jf801384v

Cheynier, V. and Rigaud, J. (1986). HPLC separation and characterisation of
flavonols in the skin of Vitis vinifera var. Cinsault. Am. J. Enol. Vitic. 37,
248-252

Chira, K., Schmauch, G., Saucier, C., Fabre, S., and Teissedre, P. L. (2009). Grape
variety effect on proanthocyanidin composition and sensory perception of skin
and seed tannin extracts from Bordeaux wine grapes (Cabernet-Sauvignon and
Merlot) for two consecutive vintages (2006 and 2007). J. Agric. Food Chem. 57,
545-553. doi: 10.1021/jf802301g

Chorti, E., Guidoni, S., Ferrandino, A., and Novello, V. (2010). Effect of different
cluster sunlight exposure levels on ripening and anthocyanin accumulation in
Nebbiolo grapes. Am. J. Enol. Vitic. 61, 23-30.

Cohen, S. D., Tarara, J. M., and Kennedy, J. A. (2008). Assessing the impact of
temperature on grape phenolic metabolism. Anal. Chim. Acta 621, 57-67. doi:
10.1016/j.aca.2007.11.029

Cohen, S. D., Tarara, J. M., Gambetta, G. A., Matthews, M. A., and Kennedy,
J. A. (2012). Impact of diurnal temperature variation on grape berry
development, proanthocyanidin accumulation, and the expression of
flavonoid pathway genes. J. Exp. Bot. 63, 2655-2665. doi: 10.1093/jxb/
err449

Conde, C,, Silva, P, Fontes, N., Dias, A. C. P, Tavares, R. M., Sousa, M. J., et al.
(2007). “Biochemical changes throughout grape berry development and fruit
and wine quality,” in Global Science Books (Food), 1, 1, 1-22.

Coombe, B. G. (1995). Adoption of a system for identifying grapevine growth
stages. Aust. ]. Grape Wine Res. 1, 104-110. doi: 10.1111/j.1755-0238.1995.
tb00086.x

Cortell, J. M., and Kennedy, J. A. (2006). Effect of shading on accumulation
of flavonoid compounds in (Vitis vinifera L.) Pinot noir fruit and extraction
in a model system. J. Agric. Food Chem. 54, 8510-8520. doi: 10.1021/
jf0616560

Cortell, J. M., Halbleib, M., Gallagher, A. V., Righetti, T., and Kennedy, J. A.
(2005). Influence of vine vigor on grape (Vitis vinifera L. cv. Pinot noir) and

wine proanthocyanidins. J. Agric. Food Chem. 53, 5798-5808. doi: 10.1021/
jf0504770

Crippen, D. D. J., and Morrison, J. C. (1986). The effects of sun exposure on the
phenolic content of Cabernet Sauvignon berries during development. Am. J.
Enol. Vitic. 37 (4), 243-247.

De Freitas, V. A. P,, Glories, Y., and Monique, A. (2000). Developmental changes of
procyanidins in grapes of red Vitis vinifera varieties and their composition in
respective wines. Am. J. Enol. Vitic. 51, 397-403.

Deloire, A. J., and Heyns, D. (2011). The leaf water potentials: principles, method
and thresholds. Wineland, 129-131.

Dixon, R. A,, Xie, D. Y., and Sharma, S. B. (2005). Proanthocyanidins—A final
frontier in flavonoid research? New Phytol. 165, 9-28. doi: 10.1111/j.1469-8137.
2004.01217.x

Dokoozlian, N. K. (2000). Grape berry growth and development. iv.ucdavis.edu/
files/24467.pdf.

Dokoozlian, N. K., and Kliewer, W. M. (1996). Influence of light on grape berry
growth and composition varies during fruit development. J. Am. Soc. Hortic.
Sci. 121, 869-874. doi: 10.21273/JASHS.121.5.869

Downey, M. O., Dokoozlian, N. K., and Krstic, M. P. (2006). Cultural practice and
environmental impacts on the flavonoid composition of grapes and wine: a
review of recent research. Am. J. Enol. Vitic. 57, 257-268.

Downey, M. O., Harvey, J. S., and Robinson, S. P. (2003). Analysis of tannins in
seeds and skins of Shiraz grapes throughout berry development. Aust. J. Grape
Wine Res. 9, 15-27. doi: 10.1111/j.1755-0238.2003.tb00228.x

Downey, M. O., Harvey, J. S., and Robinson, S. P. (2004). The effect of bunch
shading on berry development and flavonoid accumulation in Shiraz
grapes. Aust. J. Grape Wine Res. 10, 55-73. doi: 10.1111/j.1755-0238.2004.
tb00008.x

Escribano-Bailén, M. T., Guerra, M. T., Rivas-Gonzalo, J. C., and Santos-Buelga, C.
(1995). Proanthocyanidins in skins from different grape varieties. Z. Lebensm.
Unters. Forsch. 200 (3), 221-224. doi: 10.1007/BF01190499

Fernandez, K., Kennedy, J. A., and Agosin, E. (2007). Characterization of Vitis
vinifera L. Cv. Carmenere grape and wine proanthocyanidins. J. Agric. Food
Chem. 55, 3675-3680. doi: 10.1021/jf063232b

Flint, S. D., Jordan, P. W,, and Caldwell, M. M. (1985). Plant protective response
to enhanced UVB radiation under field conditions: leaf optical properties
and photosynthesis. Photochem. Phytobiol. 41, 95-99. doi: 10.1111/j.1751-
1097.1985.tb03454.x

Fujita, A., Soma, N., Goto-Yamamoto, N., Mizuno, A., Kiso, K., et al. (2007). Effect
of shading on proanthocyanidin biosynthesis in the grape berry. Japan. Soc.
Hort. Sci. 76, 112-119. doi: 10.2503/jjshs.76.112

Gao, Y, and Cahoon, G. A. (1994). Cluster shading effects on fruit quality, skin
color, and anthocyanin content and composition in Reliance (Vitis hybrid).
Vitis 33, 205-209.

Gregan, S. M., Wargent, J. J., Liu, L., Shinkle, J., Hofmann, R., Winefield, C,, et al.
(2012). Effects of solar ultraviolet radiation and canopy manipulation on the
biochemical composition of Sauvignon blanc grapes. Aust. J. Grape Wine Res.
18 (2), 227-238. doi: 10.1111/j.1755-0238.2012.00192.x

Guan, L., Li, ], Fan, P, Chen, S, Fang, ], Li, S, et al. (2012). Anthocyanin
accumulation in various organs of a teinturier cultivar (Vitis vinifera L.)
during the growing season. Am. J. Enol. Vitic. 62 (2), 177-184. doi: 10.5344/
ajev.2011.11063

Hanlin, R. L., and Downey, M. O. (2009). Condensed tannin accumulation and
composition in skin of Shiraz and Cabernet Sauvignon grapes during berry
development. Am. J. Enol. Vitic. 60 (1), 13-23.

Haselgrove, L., Botting, D., van Heeswijck, R., Hoj, P. B., Dry, P. R, Ford, C,, et al.
(2000). Canopy microclimate and berry composition: the effect of bunch
exposure on the phenolic composition of Vitis vinifera L cv. Shiraz grape
berries. Aust. J. Grape Wine Res. 6, 141-149. doi: 10.1111/§.1755-0238.2000.
tb00173.x

Jorddo, A. M., Ricardo-da-Silva, J. M., and Laureano, O. (2001). Evolution of
catechins and oligomeric procyanidins during grape maturation of Castelao
Francés and Touriga Francesca. Am. J. Enol. Vitic. 52 (3), 230-234.

Koyama, K., and Goto-Yamamoto, N. J. (2008). Bunch shading during different
developmental stages affects the phenolic biosynthesis in berry skins of
‘Cabernet Sauvignon’ grapes. J. Am. Soc. Hortic. Sci. 133, 743-753. doi:
10.21273/JASHS.133.6.743

Frontiers in Plant Science | www.frontiersin.org

November 2019 | Volume 10 | Article 1062


https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org
https://doi.org/10.1111/j.1365-3040.2009.02044.x
https://doi.org/10.1111/j.1365-3040.2009.02044.x
https://doi.org/10.21548/40-1-3060
https://doi.org/10.1104/pp.105.064238
https://doi.org/10.1007/BF00019111
https://doi.org/10.1073/pnas.0507187102
https://doi.org/10.1073/pnas.0507187102
https://doi.org/10.1021/jf801384v
https://doi.org/10.1021/jf802301g
https://doi.org/10.1016/j.aca.2007.11.029
https://doi.org/10.1093/jxb/err449
https://doi.org/10.1093/jxb/err449
https://doi.org/10.1111/j.1755-0238.1995.tb00086.x
https://doi.org/10.1111/j.1755-0238.1995.tb00086.x
https://doi.org/10.1021/jf0616560
https://doi.org/10.1021/jf0616560
https://doi.org/10.1021/jf0504770
https://doi.org/10.1021/jf0504770
https://doi.org/10.1111/j.1469-8137.2004.01217.x
https://doi.org/10.1111/j.1469-8137.2004.01217.x
https://doi.org/10.21273/JASHS.121.5.869
https://doi.org/10.1111/j.1755-0238.2003.tb00228.x
https://doi.org/10.1111/j.1755-0238.2004.tb00008.x
https://doi.org/10.1111/j.1755-0238.2004.tb00008.x
https://doi.org/10.1007/BF01190499
https://doi.org/10.1021/jf063232b
https://doi.org/10.1111/j.1751-1097.1985.tb03454.x
https://doi.org/10.1111/j.1751-1097.1985.tb03454.x
https://doi.org/10.2503/jjshs.76.112
https://doi.org/10.1111/j.1755-0238.2012.00192.x
https://doi.org/10.5344/ajev.2011.11063
https://doi.org/10.5344/ajev.2011.11063
https://doi.org/10.1111/j.1755-0238.2000.tb00173.x
https://doi.org/10.1111/j.1755-0238.2000.tb00173.x
https://doi.org/10.21273/JASHS.133.6.743

Blancquaert et al.

Grape Flavonoid Evolution and Composition

Kennedy, J. A., Hayasaka, Y., Vidal, S., Waters, E. J., and Jones, G. P. (2001).
Composition of grape skin proanthocyanidins at different stages of berry
development. Aust. J. Grape Wine Res. 49, 5348-5355. doi: 10.1021/jf010758h

Kennedy, J. A., Matthews, M. M., and Waterhouse, A. L. (2000a). Changes in
grape seed polyphenols during fruit ripening. Phytochemistry 55, 77-85. doi:
10.1016/S0031-9422(00)00196-5

Kennedy, J. A., Matthews, D., and Waterhouse, A. L. (2002). Effect of maturity and
vine water status on grape skin and wine flavonoids. Am. J. Enol. Vitic. 53 (4),
268-274.

Kennedy, J. A., Troup, G. J., Pilbrow, J. R., Hutton, D. R, Hewitt, D., Hunter, C. R.,
et al. (2000b). Development of seed polyphenols in berries from Vitis vinifera
L. cv. Shiraz. Aust. ]. Grape Wine Res. 6 (3), 244-254. doi: 10.1111/j.1755-
0238.2000.tb00185.x

Kolb, C. A., Kopecky, J., Riederer, and M. (2003). Pfiindel, E.E. UV screening by
phenolics in berries of grapevine (Vitis vinifera). Funct. Plant Biol. 30, 1177~
1186. doi: 10.1071/FP03076

Kazuya, K., and Goto-Yamamoto, N. J. (2008). Bunch shading during different
developmental stages affects the phenolic biosynthesis in berry skins of
‘Cabernet Sauvignon’ grapes. J. Am. Soc. Hortic. Sci. 133 (6), 743-753. doi:
10.21273/JASHS.133.6.743

Lacampagne, S., Gagné, S., and Gény, L. (2010). Involvement of abscisic
acid in controlling the proanthocyanidin biosynthesis pathway in grape
skin: new elements regarding the regulation of tannin composition and
leucoanthocyanidin reductase (LAR) and anthocyanidin reductase (ANR)
activities and expression. J. Plant Growth Regul. 29, 81-90. doi: 10.1007/
500344-009-9115-6

Lorrain, B., Chira, K., and Teissedre, P. (2011). Phenolic composition of Merlot
and Cabernet-Sauvignon grapes from Bordeaux vineyard for the 2009-vintage:
comparison to 2006, 2007 and 2008 vintages. Food Chem. 126(4), 1991-1999.
doi: 10.1016/j.foodchem.2010.12.062

Macheix, J. J., Fleuriet, A., and Jay-Allemand, C., (2005). “Les compose’s
phe noliques dans les interactions entre la plante et son environment,” in Les
Composes Phénoliques des Végetaux (Lausanne, CH: Presses Polytechniques et
Universitaires Romandes), 67-119.

Martinez-Lischer, J., Brillante, L., and Kurtural, S. H. (2019). Flavonol profile
is a reliable indicator to assess canopy architecture and the exposure of
red wine grapes to solar radiation. Front. Plant Sci. doi: 10.3389/fpls.2019.
00010

Mattivi, E, Guzzon, R., Vrhovsek, U, Steffanini, M., and Velasco, R. (2006).
Metabolite profiling of grape: flavonols and anthocyanins. J. Agric. Food Chem.
54, 7692-7702. doi: 10.1021/jf061538¢

Mazza, G., Fukumoto, L., Delaquis, P, Girard, B., and Ewert, B. (1999).
Anthocyanins, phenolics, and color of Cabernet Franc, Merlot, and Pinot
Noir Wines from British Columbia. J. Agric. Food Chem. 47, 4009-4017. doi:
10.1021/j£990449f

Monagas, M., Gomez-Cordoves, C., Bartolome, B., Laureano, O., and Ricardo-
da-Silva, J. M. (2003). Monomeric, oligomeric, and polymeric flavan-
3-ol composition of wines and grapes from Vitis vinifera L. Cv. Graciano,
Tempranillo, and Cabernet Sauvignon. J. Agric. Food Chem. 51, 6475-6481.
doi: 10.1021/jf030325

Mori, K., Goto-Yamamoto, N., Kitayama, M., and Hashizume, K. (2007). Loss of
anthocyanins in red-wine grape under high temperature. J. Exp. Bot. 58, 1935—
1945. doi: 10.1093/jxb/erm055

Mori, K., Sugaya, S., and Gemma, H. (2005). Decreased anthocyanin biosynthesis
in grape berries grown under elevated night temperature condition. Sci. Hortic.
105, 319-330. doi: 10.1016/j.scienta.2005.01.032

Oberholster, A., Carstens, L. M., and du Toit, W. J. (2013). Investigation of the
effect of gelatine, egg albumin and cross-flow microfiltration on the phenolic
composition of Pinotage wine. Food Chem. 138 (2-3), 1275-1281. doi:
10.1016/j.foodchem.2012.09.128

Obreque-Slier, E. Pena-Neira, A., Lopez-Solis, R., Zamora-Marin, F,
Ricardo-da Silva, J. M., and Laureano, O. (2010). Comparative study of the
phenolic composition of seeds and skins from Carmenere and Cabernet
Sauvignon grape varieties (Vitis vinifera L.) during ripening. J. Agric. Food
Chem. 58, 3591-3599. doi: 10.1021/jf904314u

Ojeda, H., Andary, C., Kraeva, E., Carbonneau, A., and Deloire, A. (2002).
Influence of pre- and postvéraison water deficit on synthesis and concentration

of skin phenolic compounds during berry growth of Vitis vinifera cv. Syrah.
Am. J. Enol. Vitic. 53, 261-267.

Panprivech, S., Lerno, L. A., Brenneman, C. A., Block, D. E., and Oberholster, A.
(2015). Investigating the effect of cold soak duration on phenolic extraction
during Cabernet Sauvignon fermentation. Molecules 20 (5), 7974-7989. doi:
10.3390/molecules20057974

Pastor del Rio, J., and Kennedy, J. A. (2006). Development of proanthocyanidins
in Vitis vinifera L. cv. Pinot noir grapes and extraction into wine. Am. J. Enol.
Vitic. 57, 125-131.

Peng, Z., Hayasaka, Y., Iland, P. G., Sefton, M. A., Hoj, P., and Waters,
E. J. (2001). Quantitative analysis of polymeric procyanidins (tannins)
from grape (Vitis vinifera) seeds by reverse phase high performance
liquid chromatography. J. Agric. Food Chem. 49, 26-31. doi: 10.1021/
jf0006700

Peng, Z., Iland, P. G., Oberholster, A., Sefton, M. A., and Waters, E. J. (2002).
Analysis of pigmented polymers in red wine. Aust. J. Grape Wine Res. 8, 70-75.
doi: 10.1111/§.1755-0238.2002.tb00213.x

Price, S. F., Breen, P. J., Valladao, M., and Watson, B. T. (1995). Cluster
exposure and quercetin in Pinot noir grapes and wine. Am. J. Enol. Vitic.
46, 187-194.

Prieur, C,, Rigaud, J., Cheynier, V., and Moutounet, M. (1994). Oligomeric and
polymeric procyanidins from grape seeds. Phytochemistry 36, 781-784. doi:
10.1016/S0031-9422(00)89817-9

Ribereau-Gayon, P., and Glories, Y. (1986). “Phenolics in grapes and wines,” in
Proceedings of the 6" Australian Wine Industry Technical Conference (Adelaide:
Wine titles).

Reynolds, A. G., Pool, R. M., and Mattick, L. R. (1986). Influence of cluster
exposure on fruit composition and wine quality of Seyval blanc grapes. Vitis
25, 85-95.

Ricardo-da-Silva, J. M., Belchior, A. P, Spranger, M. I, and Bourzeix, M. O.
(1992a). Oligomeric procyanidins of three grapevine varieties and wines from
Portugal. Sci. Aliments 12, 223-237.

Ricardo-da-Silva, J. M., Mourgues, J., and Moutounet, M. (1992b). Dimer and
trimer procyandins in Carignan and Mouvédre grapes and red wines. Vitis 31,
55-63.

Ricardo-da-Silva, J. M., Rigaud, J., Cheynier, V., Cheminat, A., and Moutounet, M.
(1991). Procyanidin dimers and trimers from grape seeds. Phytochemistry,
1259-1264. doi: 10.1016/S0031-9422(00)95213-0

Ristic, R., Downey, M. O,, Illand, P. G., Bindon, K., Francis, I. L., Herderich, M.,
etal. (2007). Exclusion of sunlight from Shiraz grapes alters wine colour, tannin
and sensory properties. Aust. J. Grape Wine Res. 13, 53-65. doi: 10.1111/§.1755-
0238.2007.tb00235.x

Romeyer, E. M., Macheix, J. J., and Sapis, J. C. (1986). Changes and importance of
oligomeric procyanidins during maturation of grape seeds. Phytochemistry 25
(1), 219-221. doi: 10.1016/S0031-9422(00)94532-1

Ryan, J. M., and Revilla, E. (2003). Anthocyanin composition of Cabernet
Sauvignon and Tempranillo grapes at different stages of ripening. J. Agric. Food
Chem. 51, 3372-3378. doi: 10.1021/jf020849u

Santos-Buelga, C., and Scalbert, A. (2000). Review: proanthocyanidins and
tannin-like compounds—nature, occurrence, dietary intake and effects
on nutrition and health. J. Sci. Food Agric. 80, 1094-1117. doi: 10.1002/
(SICI)1097-0010(20000515)80:7<1094:: AID-JSFA569>3.0.CO;2-1

Scheffeldt, P, and Hrazdina, G. J. (1978). Copigmentation of anthocyanins under
physiological conditions. Food Sci. 43, 517-520. doi: 10.1111/j.1365-2621.1978.
tb02343.x

Sebela, D., Turéczy, Z., Olejnickova, J., Kumsta, M., and Sotolaf, R. (2017). Effect of
ambient sunlight intensity on the temporal phenolic profiles of Vitis Vinifera L.
Cv. Chardonnay during the ripening season—a field study. S. Afr. J. Enol. Vitic.
38, 94-102. doi: 10.21548/38-1-1038

Smart, R. E., and Sinclair, T. R. (1976). Solar heating of grape berries and other
spherical fruits. Agr. Meteorol. 17, 241-259. doi: 10.1016/0002-1571(76)
90029-7

Smart, R.E. (2010). Berry temperatures getting the measurement right. Wine Ind. J.
25 (4), 20-23.

Smith, G. J., and Markham, K. R. (1998). Tautomerism of flavonol glucosides:
relevance to plant UV protection and flower colour. J. Photoch. Photobio. A
118, 99-105. doi: 10.1016/S1010-6030(98)00354-2

Frontiers in Plant Science | www.frontiersin.org

18

November 2019 | Volume 10 | Article 1062


https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org
https://doi.org/10.1021/jf010758h
https://doi.org/10.1016/S0031-9422(00)00196-5
https://doi.org/10.1111/j.1755-0238.2000.tb00185.x
https://doi.org/10.1111/j.1755-0238.2000.tb00185.x
https://doi.org/10.1071/FP03076
https://doi.org/10.21273/JASHS.133.6.743
https://doi.org/10.1007/s00344-009-9115-6
https://doi.org/10.1007/s00344-009-9115-6
https://doi.org/10.1016/j.foodchem.2010.12.062
https://doi.org/10.3389/fpls.2019.00010
https://doi.org/10.3389/fpls.2019.00010
https://doi.org/10.1021/jf061538c
https://doi.org/10.1021/jf990449f
https://doi.org/10.1021/jf030325
https://doi.org/10.1093/jxb/erm055
https://doi.org/10.1016/j.scienta.2005.01.032
https://doi.org/10.1016/j.foodchem.2012.09.128
https://doi.org/10.1021/jf904314u
https://doi.org/10.3390/molecules20057974
https://doi.org/10.1021/jf000670o
https://doi.org/10.1021/jf000670o
https://doi.org/10.1111/j.1755-0238.2002.tb00213.x
https://doi.org/10.1016/S0031-9422(00)89817-9
https://doi.org/10.1016/S0031-9422(00)95213-0
https://doi.org/10.1111/j.1755-0238.2007.tb00235.x
https://doi.org/10.1111/j.1755-0238.2007.tb00235.x
https://doi.org/10.1016/S0031-9422(00)94532-1
https://doi.org/10.1021/jf020849u
http://doi.org/10.1002/(SICI)1097-0010(20000515)80:7<1094::AID-JSFA569>3.0.CO;2-1
http://doi.org/10.1002/(SICI)1097-0010(20000515)80:7<1094::AID-JSFA569>3.0.CO;2-1
https://doi.org/10.1111/j.1365-2621.1978.tb02343.x
https://doi.org/10.1111/j.1365-2621.1978.tb02343.x
https://doi.org/10.21548/38-1-1038
https://doi.org/10.1016/0002-1571(76)90029-7
https://doi.org/10.1016/0002-1571(76)90029-7
https://doi.org/10.1016/S1010-6030(98)00354-2

Blancquaert et al.

Grape Flavonoid Evolution and Composition

Spayd, S. E., Tarara, J. M., Mee., D. L., and Ferguson, J. C. (2002). Separation of
sunlight and temperature effects on the composition of Vitis vinifera cv. Merlot
berries. Am. J. Enol. Vitic. 533, 171-181.

South African Wine Industry Statistics (SAWIS). (http://www.sawis.co.za/info/
download/Book_2016_engels_final_web.pdf) Number 40, 2016 (Accessed
June 6, 2016).

Souquet, J. M., Cheynier, V., Brossaud, F, and Moutounet, M. (1996). Polymeric
proanthocyanidins from grape skins. Phytochemistry 43, 509-512. doi:
10.1016/0031-9422(96)00301-9

VinPro (2011). South African wine: harvest report 2011. VinPro Consulting
Service. Available at: http://www.sawis.co.za/info/download/VINPRO_harvest_
resport_2011.pdf (Accessed June 16, 2014).

VinPro (2012). South African wine: harvest report 2012. VinPro Consulting
Service. Available at: http://www.sawis.co.za/info/download/VINPRO_harvest_
report_2012.pdf (Accessed June 16, 2014).

Winkel-Shirley, B. (2001). How work on diverse plant species has contributed to
an understanding of flavonoid metabolism. Plant Physiol. 127, 1399-1404. doi:
10.1104/pp.010675

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Blancquaert, Oberholster, Ricardo-da-Silva and Deloire. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org

19

November 2019 | Volume 10 | Article 1062


https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/journals/plant-science/
www.frontiersin.org
http://www.sawis.co.za/info/download/Book_2016_engels_final_web.pdf
http://www.sawis.co.za/info/download/Book_2016_engels_final_web.pdf
https://doi.org/10.1016/0031-9422(96)00301-9
http://www.sawis.co.za/info/download/VINPRO_harvest_resport_2011.pdf
http://www.sawis.co.za/info/download/VINPRO_harvest_resport_2011.pdf
http://www.sawis.co.za/info/download/VINPRO_harvest_report_2012.pdf
http://www.sawis.co.za/info/download/VINPRO_harvest_report_2012.pdf
https://doi.org/10.1104/pp.010675
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Grape Flavonoid Evolution and Composition Under Altered Light and Temperature Conditions in Cabernet Sauvignon (Vitis vinifera L.)

	Introduction

	Materials and Methods

	Vineyard Characteristics

	Temperature Measurements

	Light Measurements

	Sampling Procedure and Preparation for Analyses

	Chemicals

	Extraction of Grape Seeds and Skins

	Analysis of Phenolic Compounds by RP-HPLC

	Condensed Tannin Analysis by Acid-Catalyzed Cleavage in the Presence of Phloroglucinol

	Statistics


	Results and Discussion

	Growing Degree Days

	Berry Growth and Development

	Evolution of Grape Seed Procyanidins and Proanthocyanidins During Ripening

	Evolution of Grape Skin Procyanidins and Proanthocyanidins During Ripening

	Grape Seed Compositional Changes During Ripening

	Grape Skin Compositional Changes During Ripening

	Correlation Between Grape Seed and Skin Composition and Temperature and Light

	Flavonol Evolution During Ripening

	Evolution of Anthocyanin Composition During Ripening

	Correlation Between Flavonol and Anthocyanin Composition and Temperature and Light


	Conclusions

	Data Availability

	Author Contributions

	Funding

	Acknowledgments

	﻿Supplementary Material

	References



