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Exposure to solar radiation is a determining factor of grape composition. Flavonol
synthesis is upregulated by solar radiation leaving a fingerprint on flavonol profile. This
study aimed to test the factors affecting flavonol accumulation and profile and their
potential as an indicator to assess the overall exposure of red wine grape berry to
solar radiation. We performed three experiments to study the response of flavonol
accumulation and profile to (1) three different solar radiation exclusion treatments during
berry development; (2) canopy porosity and leaf area index (LAI); and (3) spatial variability
of water status, vigor and ripening and cultural practices in commercial vineyards.
Results showed a strong relationship between global radiation, inverse dormant pruning
weights or canopy porosity (inversely proportional to LAl) and % kaempferol or %
quercetin. Furthermore, the increase in concentration of the above two flavonols was
associated with a reduction of % myricetin. Total flavonol content, % kaempferol, %
quercetin, and % myricetin had significant correlations with inverse dormant pruning
weights, but these were less sensitive to over-ripening or water deficits. Flavonol profile
was associated to site hydrology (wetness index) through changes in vigor, and to LA
and responded to shoot thinning or fruit-zone leaf removal. These results support the
reliability of the flavonol profile as an assessment parameter for studies aiming to discuss
canopy architecture or the effect of solar radiation on grapevine berries.

Keywords: flavonoids, solar radiation, temperature, water status, fruit ripening, grape composition, precision
agriculture, UV-B radiation

INTRODUCTION

Flavonols are mainly accumulated in epidermal cells of plant tissues in response to solar radiation,
especially UV-B, filtering the most harmful part of the solar spectrum to DNA (Kolb et al., 2001).
Flavonols are known to play a role complementary to xanthophylls, protecting the photosynthetic
apparatus in situ from excess of solar radiation (Agati et al., 2013; Castagna et al., 2017). Due to their
strong radical scavenging activity, flavonoids such as flavonols and anthocyanins are involved in
the mitigation of drought-related oxidative damage (Nakabayashi et al., 2014). In a wider context,
flavonoids are one of the most versatile secondary metabolites in plants. For instance, they play
a key role promoting sexual reproduction of plants, enabling a normal development of pollen
and making flowers noticeable to pollinators or fruits to animals that contribute to seed dispersal
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(Koes et al., 1994). They also play an important role in cross-
talk between plants and microorganisms, as they are released
as exudates into the rhizosphere (Cooper, 2004). Flavonoids are
also remarkable for their inhibitory activity on inter-species seed
germination and on fungal pathogens (Kong et al., 2004).

Within each class of flavonoids, structural variation
exists in their basic 15-carbon skeleton, leading to different
physicochemical properties. Anthocyanins are colorful molecules
and hydroxyl and methyl group substituents in positions 3’ and 5
of the B-ring give place to six kind of compounds (Pelargonidins,
Cyanidins, Peonidins, Delphinidins, Petunidins, and Malvidins),
which can give place to a range of colors from orange to
purple to plant tissues (Dixon et al., 2013). Although flavonols
are practically colorless, their substituents in the B-ring may
also lead to different optical properties appreciable in the
absorbance in the UV range (Csepregi and Hideg, 2018). For
both anthocyanins and flavonols, there is a relationship between
the substituents in these positions and the chemical behavior.
The addition of hydroxyl groups in positions 3’ and 5" of the
B-ring result in a great increase in their antioxidant capacity
(Csepregi and Hideg, 2018).

Red and black-skinned grape varieties constitutively present
a wide range of anthocyanin and flavonol profiles depending
their substituents in 3" and 5 position, and interestingly, these
do not necessarily correlate with each other (Mattivi et al., 2006).
Most grapes used in medium and full-bodied red wines have a
highly 3’ and 5 substituted profile (rich in anthocyanins and
flavonols with hydroxyl or methyl groups in 3’ and 5" position
of the B-ring). For instance, the cultivars Cabernet Sauvignon,
Syrah, or Tempranillo being examples of highly 3’ 5’ substituted
profiles and cultivars Sangiovese and Pinot Noir are examples
of poorly 3’ 5’ substituted profiles, similar to most table grapes
(Mattivi et al., 2006). Anthocyanin and flavonol profiles are
highly determined genetically, controlled and inherited as a
quantitative loci trait (Fournier-Level et al., 2011; Malacarne
et al, 2015). In fact, flavonol profiles were proposed as an
authentication tool for wines (Hermosin-Gutiérrez et al., 2011).
Ultimately, anthocyanins and flavonol profiles are determined by
the proportion in the levels of expression of the gene/s encoding
flavonoid 3’ 5" hydroxylases (F3'5'H) and the synthetic enzymes
controlling the synthesis of each flavonoid, e.g., UFGT for
anthocyanins and FLS for flavonols (Castellarin and Di Gaspero,
2007; Martinez-Liischer et al., 2014a). In fact, there is also a strong
environmental regulation of this trait. Water deficits and speed
of sugar accumulation in the grape berry are involved in the
upregulation of F3'5'H (Castellarin et al., 2007; Dai et al., 2014),
encoding for the enzyme responsible for the hydroxylation of
dihydrokaempferol and dihydroquercetin into dihydromyricetin
(Kaltenbach et al., 1999), leading to higher proportion of
hydroxylated anthocyanins and flavonols under water deficit
(Castellarin et al., 2007; Martinez-Liischer et al., 2014a). F3’5'Hs
are actually a family of enzymes, with similar function and
regulation (Falginella et al., 2010). This family of enzymes
are controlled by two transcription factors; MYBAI, which is
also involved in the up-regulation of downstream anthocyanin
biosynthesis genes (e.g., UFGT), but specially MYBPA1, which is
not involved (Matus et al., 2017; Figure 1).

The synthesis of flavonols has one master transcription
factor, MYBF1, that controls the expression of chalcone synthase
(CHS), chalcone isomerase (CHI), flavone 3’ hydroxylase (F3'H),
and flavonol synthase (FLS) (Czemmel et al., 2009). In turn,
the expression of MYBFI is controlled through the signaling
cascade derived from the photoreception of UV-B radiation
by Ultraviolet Resistance Locus 8 (UVR8) homodimers (Matus,
2016; Figure 1). In previous research, Martinez-Liischer et al.
(2014b) reported that flavonol content in grape berry skins
increased linearly with the exposure time to an artificial source
of UV-B. This response corresponded also to a decrease in
the proportion of tri-substituted flavonols (myricetin, laricitin,
and syringetin glycosides) and an increase in the proportion of
disubstituted flavonols (quercetin and isorhamnetin glycosides)
and monosubstituted flavonols (kaempferol glycosides). The
study of the interactive effects of UV-B with water deficits
revealed that UV-B did not upregulates all genes involved in
flavonoid biosynthesis in the same way (Martinez-Liischer et al.,
2014a). Whereas genes encoding for enzymes in upstream in the
pathway may present a nearly twofold induction (e.g., CHS and
F3'H), the induction of FLS by a high UV-B dose was 10-fold.
This disproportion putatively resulted in stronger competition of
FLS with flavonoid hydroxylases (F3'H and F3/5'H) for flavonol
substrates, thus reducing their chances of being hydroxylated
before being transformed into flavonols (Figure 1) and leading to
a lower hydroxylation profile in flavonols but not anthocyanins.

In grape production, canopy density is controlled either
during the dormant period through pruning, or during the
growing season through leaf removal and shoot thinning. These
practices result in higher canopy porosity leading to enhanced
ripening, air circulation and exposure of grapes to solar radiation.
Fruit exposure has been associated to a reduction in humidity
and fungal diseases (English et al., 1993), and some desirable
effects for specific winemaking targets, such as herbaceous aroma
removal (Koch et al., 2012) and higher content of flavonoid
compounds in berries (Matus et al., 2009). Conversely, the impact
of the excess of solar radiation can be deleterious, resulting in
damage to grape berry and a decrease in berry flavonoid content
and acidity (Martinez-Liischer et al., 2017). Therefore, there is a
strong need of assessing canopy porosity and the exposure of red
grapes to solar radiation. The aim of this study was to deduce the
relationship between flavonol profile and solar radiation under
different field conditions and the use of flavonol profile in the
assessment of parameters associated with canopy architecture
and grape berry microclimate.

MATERIALS AND METHODS

Experiment 1: Response of Flavonol

Profile Development Under 3 Solar
Radiation Exclusion Treatments

An experiment was conducted in 2016 in a vineyard in Oakville,
CA. Plants were 7-year-old Vitis vinifera cv. Cabernet Sauvignon
clone FPS08 (Foundation Plant Services, University of California,
Davis, United States) grafted into 110R (Vitis rupestris x Vitis
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- Synthesis promoted by UV-B
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FIGURE 1 | Induction of transcription factors and the structural genes they up regulate relevant to flavonol biosynthesis and diversification (reviewed by Matus, 2016;
Matus et al., 2017; Left). Changes in flavonol synthesis observed by Martinez-LUscher et al. (2014a) in response to supplemental monochromatic UV-B radiation and
to water deficit under controlled conditions (Right). *Constitutive synthesis is deduced from the flavonol content of V. vinifera cv. Tempranillo grapes under UV-B
filtered solar radiation, 24/14°C cycle (day/night) and pots watered to field capacity or cyclic drought. Flavonol synthase (FLS) is strongly upregulated by UV-B
altering the balance with the levels of flavonoid hydroxylases (F3'H and F3'5'H), leading to a higher relative abundance of the less hydroxylated forms (kaempferol

and quercetin and isorhamnetin).

berlandieri) spur pruned with a bilateral cordon, shoots vertically
positioned and a vine spacing of 2.4 m X 2 m (row X vine).
A control (uncovered; 0% shade factor) and two polyethylene
nets treatments (20% shade factor and 40% shade factor; Ginegar,
Kibbutz, Israel) were installed on 27 May (31 days after anthesis).
There were four treatment replicates consisted of three vines
each. The uniformity of the nets’ light transmittance throughout
the solar spectrum was verified with a spectrometer (Black
Comet-SR, StellarNet; Tampa, FL, United States). In the range of
300 to 1000 nm, the minimal transmittance was from 77 to 58%,
the maximal was 84 and 61%, and the average 81 and 60% for the
20 and 40% shading factors, respectively. On dates 20 June, 19
July, 29 July, 9 August, 19 August, 29 August, and 9 September,
55-berry samples were collected to determine TSS and 20-berry
samples were collected, weighed and stored at —80°C for later
analyses of flavonols through HPLC-DAD.

Experiment 2: Relationship Between
Variability in Canopy Porosity, LAl and
Global Radiation and Flavonol Content

and Profile

The experiment was conducted in 2017 in Oakville, CA (38.428°
N, 122.409° W, 47 m asl) with row orientation NE-SW. Four
rows of V. vinifera Cabernet Sauvignon clone FPS08 grafted onto

420A (Vitis riparia x V. berlandieri) with bilateral cordon and
vine spacing of 2 m X 2 m (row X vine). In order to induce
some variability cluster exposure, eight rows were pruned as (1)
2-bud spurs positioning using two sets of wires 0.3 and 0.6 m
from the cordon to keep shoots growing upward between the
wires in a single plane (i.e., vertical-shoot-positioned trellis); and
(2) cane-pruned leaving 0.5 m-long fruiting canes and letting
shoots sprawl supported by the theriomorphism of shoot tendril
on the two sets of wires (i.e., similar to California sprawl).
For each of the 8 random grapevines used (4 for each of the
training systems), 2 clusters facing either east, interior or west (48
clusters in total) were flagged. Images from the cluster perspective
were captured at two times (24 of August and 9 September)
using a 150° hemispherical lens coupled to a smartphone
(iPhone SE, Apple, Cupertino, CA, United States). Although 180°
hemispherical lens are ideal, 150° lens have been successfully
tested canopy analyses (Bianchi et al, 2017). In addition, the
distance between rows and the neighbor plants’ canopy height
(ca. 1.2 m) contribute to reduce the error of assuming the 15°
angle omission on each side being blocked for the calculation
of global radiation. The images were processed in R (version
3.2.5-6). Thus, a simple thresholding condition was applied in
the same way to all images blue channel to convert them into
binary pixels (black/white). Canopy porosity was then calculated
as the % of binary pixels capturing the sky. Leaf area index (LAI),
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which in this case accounted also for non-leafy vegetation, was
estimated using the principles of commercial canopy analyzers
(Welles and Norman, 1991) adapted to hemispherical images
by ter Steege (1997). In brief, mean canopy gaps fraction of
five 13° wide angular bands at five zenith angles (7, 23, 38,
53, and 68°) were calculated and weighed as 0.034, 0.104,
0.160, 0.218, 0.494, respectively. Global radiation was calculated
simulating the trajectory of the sun through the period from
beginning of ripening (24 July) to harvest (9 September). We
assumed that diffuse radiation was 15% of the direct radiation
under clear sky conditions, modulated by canopy porosity
but not cloud cover. Modeled direct radiation values were
corrected with the onsite CIMIS meteorological station actual
data before summing accumulated radiation (Supplementary
Information 1). On 9 September, 5-berry samples were collected
from the top of each cluster. Grape berries were weighed and
skinned. Total soluble solids (TSS) were determined from the
pulp juice and skins were collected and stored at —80°C for
later analyses of anthocyanins and flavonols through HPLC-
DAD. To characterize the maximum temperature gain of clusters
under such conditions, on September 11, 2017, temperature of
4 fully exposed clusters from each side of the row (facing SE
and NW) and four plants with vertical-shoot positioning trellis
were determined with an infra-red thermometers (Spectrum
technologies; Aurora, IL, United States).

Experiment 3: Relationship Between
Flavonol Profile and Natural and Induced
Variability in Commercial Vineyards

Two commercial vineyards were monitored during 2016 season
in CA, United States. In Healdsburg, CA (38.66° N, 122.91° W, 32
asl), we used a 3.5 ha vineyard of 19-year-old Cabernet Sauvignon
grafted onto 110R (V. berlandieri x V. rupestris) and a vine
spacing of 2.14 m x 3.35 m (vine x row). Trellis consisted of a
double bilateral cordon (as in a Lyre trellis) with spurs pruned
to 2 buds per spur, and shoots trained upward by a set of wires
at 0.3 m from the cordon, letting shoots bend downward and
to the sides by its own weight. In Paso Robles, CA (35.58° N,
120.63° W, 223 asl), we used a 6 ha vineyard of 14-year-old
Merlot grafted onto 1103P (V. berlandieri x V. rupestris) and a
vine spacing of 1.83 m x 2.44 m (vine x row). Trellis consisted
in a bilateral cordon pruned to 2-bud spurs positioning using
two sets of wires 0.3 and 0.6 m from the cordon to keep shoots
growing upward between the wires in a single plane. Within these
vineyards, experimental units consisting in 5 plants each were
spread through each plot in a regularly spaced grid (33 and 40 m
between the units, respectively). In Paso Robles Merlot vineyard,
in order to emulate the most common industry practices, fruit-
zone leaf removal on the North side, shoot thinning down to
25 shoots per plant (13.6 per meter), and combination of leaf
removal and shoot thinning were applied randomly on 27 July
to 12 randomly distributed experimental units in addition to the
plants on the regularly spaced-grid. When maturity was reached,
55-berry samples were collected to determine TSS and 20-berry
samples were collected, weight and stored at —80°C for later
analyses of flavonols through HPLC-DAD.

Plant Water Status

Plant water status was assessed by means of stem water
potential (Wtem) measured after solar noon (13-15:00). Three
to five leaves from each experimental unit were covered with
a zip-top plastic bag and aluminum foil for 2 h prior to
measurement. Leaves were excised with a razor blade and
Wstem Was determined using a Scholander-type pressure bomb
(model 615, PMS, Albany OR, United States). There were seven
and four plant water status measurement dates collected for
Healdsburg and Paso Robles vineyards, respectively. Whereas for
Healdsburg Cabernet Sauvignon vineyard all the experimental
units arranged in a grid sampling were measured (n = 35), for
Paso Robles Merlot, only 24 experimental units were measured,
12 of these being subjected to leaf removal, shoot thinning or

both.

Canopy Size

Canopy size was estimated using dormant pruning wood
weight. Although dormant pruning wood does not include
leaves, it is a quick and reliable indicator of canopy size used
in viticulture. In January 2017, previous years growth was
pruned and individually weighed in all the experiments. For
easier comparisons between trellis, dormant pruning weights
are expressed in kg per meter of row (kg/m). The transmission
of solar radiation through canopies necessarily follows an
inverse proportionality relationship as dormant pruning weights
increased. The inversion of dormant pruning weights resulted
into a linear positive relationship with light transmission
(Supplementary Information 2), helping to interpret their
relationship with flavonols.

Spatial Data Acquisition

A high-resolution digital elevation model (DEM) was acquired
using a differentially corrected GPS (post processing accuracy
was 2-5 cm in all x, y, z directions), TRIMBLE Pro 6T DGNSS
receiver (Trimble Inc., CA, United States), and used for terrain
analysis using the routines in SAGA GIS (Conrad et al., 2015) as
in Brillante et al. (2017). Normalized vegetation difference index
(NDVI) was obtained from a 4 band PlanetScope Scene satellite
image, with a 3 m resolution, satellite ID 0c59. The image was
obtained around the beginning of ripening, the 2016-07-14 at
9:54, with 2.9° oftf-nadir angle, 45.6° sun elevation and 95° sun
azimuth. The image was further registered, and topographically
corrected using the cosine method on the previously described
DEM (Riafio et al., 2003).

Berry Skin HPLC Analyses

Berry skins were freeze-dried (Cold Trap 7385020, Labconco,
Kansas City, MO, United States). Dried tissues were ground
with a tissue lyser (MM400, Retsch, Germany). Fifty mg of the
powder were extracted with methanol: water: 7 M hydrochloric
acid (70:29:1, V:V:V) to determine flavonol concentration and
profile. Extracts were filtered (0.45 jum, Thermo Fisher Scientific,
San Jose, CA, United States) and analyzed using reversed-phase
high performance liquid chromatography (HPLC) coupled to a
diode array detector (DAD). The HPLC system was an Agilent
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1260 series (Agilent, Santa Clara, CA, United States) with a
reversed-phase Cjg column LiChrospher® 100, 250 mm X 4 mm
with a 5 wm particle size and a 4 mm guard column of the
same material. Anthocyanins may interfere significantly with
the quantification of flavonols. Anthocyanin removal through
solid phase extraction using a cationic exchange resin (e.g.,
Dowex 50X4-400, Acros Organics, Fair Lawn, NJ, United States)
has been proposed for the determination of flavonols (Hilbert
et al., 2015). However, the determination of flavonols is also
possible avoiding co-elution between anthocyanins and flavonols
(Downey and Rochfort, 2008). As Downey and Rochfort (2008)
method was not possible to implement directly on our HPLC
system, the method was fine-tunned for our instruments. Flow
was set to 0.5 ml per minute and temperature was set to
25°C. Two mobile phases were designed to always maintain
the following proportions (V/V) of acetonitrile, 0-8 min 8%,
at 25 min 12.2%, at 35 min 16.9%, at 70 min 35.7%, 70-
75 min 65%, and 80-90 min 8%. This acetonitrile gradient
and different isocratic concentrations of formic acid (HCOOH)
from 1.8 to 10% were tested by adjusting the gradients and
concentrations of two mobile phases (aqueous HCOOH and
HCOOH in acetonitrile) as in Supplementary Information 3.
A concentration 5% of HCOOH was the only one, avoiding
coelution and allowing the simultaneous quantification (Figure 2
and Supplementary Information 4). The remaining volume
up to 100% was achieved with purified water. For our HPLC
system and column, a 5% HCOOH helped to avoid co-elution,

separation of individual flavonols and a high degree of peak
sharpness in both anthocyanins and flavonols.

For the identification of flavonols, standards of myricetin-3-
O-glucoside, quercetin-3-O-galactoside, quercetin-3-O-
glucuronide, quercetin-3-O-glucoside, kaempferol-3-O-
glucoside, isorhamnetin-3-O-glucoside and syringetin-3-O-
glucoside (Extrasynthese, Genay, France) were used. Flavonols
were quantified determining the peak area of the absorbance
at 365 nm. Quercetin-3-O-glucoside was used as a quantitative
standard for all the flavonols. It must be noted that each
individual anthocyanin and flavonol have a different molar
relative response factors (e.g., absorbance per M unit) and even
though calculating a response factors for each flavonol would
have been possible using commercial standards, this is not the
standard practice in the literature and would make comparisons
of flavonol profiles harder.

Statistical Analyses

Linear regression was performed with Sigmaplot 13.0 (Systat
Software, San Jose, CA, United States). Pearson’s correlation
analyses were performed. Segmented regression was used to
determine the breaking point in the relationship between
global solar radiation, flavonol content and flavonol profile
with “segmented” 0.5-0.3 R package (Muggeo, 2008). For data
arranged by categorical factors (treatments), ANOVA combined
with a LSD post hoc was run using “agricolae” 1.2-8 R package
(de Mendiburu, 2016). Geostatistical analysis and kriging were

FIGURE 2 | Effect of formic acid concentration on the optimization of HPLC method for the quantification of flavonols (» = 365 nm; solid) in Cabernet sauvignon
grape skins. A concentration of 5% of formic acid in the mobile phases allows the separation of different flavonols while avoiding the co elution with anthocyanins
(» = 520 nm; dotted) with the apparatus and column used in this study. Mal, malvidin-3-O-glucoside; Myr, myricetin-3-O-glucoside; Que, quercetin-3-O-glucoside;
Kae, kaempferol-3-O-glucoside; Iso, isorhamnetin-3-O-glucoside; Syr, syringetin-3-O-glucoside.
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performed using the “gstat” 1.1-4 R package (Pebesma, 2004).
Because of marked trends with elevation or latitude/longitude,
which are potentially related to soil variability, universal block
kriging was used to interpolate % kaempferol and NDVL
Variogram shape was assessed by multiple tests and comparisons
using cross-validation, please refer to Brillante et al. (2017) for
further information. Modified t-test for Pearson’s correlation was
applied in spatially distributed data to correct for spatial trends
effect with “SpatialPack” 0.2-3 R package (Osorio et al., 2014).

RESULTS

Effect of Shading Factor on Flavonol
Profile Throughout Ripening and Over
Ripening

Grapes grown under a shading net had lower flavonol content
throughout ripening (Figure 3A). The content difference
declined after ripening, and in fact, this was not significantly
different at harvest. Changes in flavonol profile displayed
different patterns among the three major groups of flavonols.
For instance, % kaempferol (Figure 3B) increased throughout
ripening under all shading conditions until 19 August (20.9°Brix)
and remained similar through 30 August (22.5°Brix) and 9
September (24.5°Brix). The proportion of kaempferol was not
different before veraison but during ripening the significant trend
0% > 20% > 40% shading factor appeared. The proportion
of quercetin (Figure 3C) and myricetin (Figure 3D) flavonols
combined was always more than 80% of total flavonols, and
therefore, the increase in the proportion of one, was accompanied
by a decrease in the other. The proportion of Quercetin decreased
in all the treatments until harvest and increasing shading factors
resulted in lower quercetin proportions. Contrarily, we measured
the opposite response for % myricetin.

Response of Flavonol Content and
Profile to Modeled Global Radiation and
Contribution of Flavonol Degradation to
the Profile

Modeled accumulated radiation was strongly correlated to %
kaempferol (Figure 4A), with a stronger gradient for higher doses
of global radiation. Breaking point for the relationship between
global radiation and % kaempferol was found at 544.2 MJ
m~2; similar to the relationship between global radiation and
total flavonols, which had a breaking point at 560.2 MJ m~2.
Thus, two phases were visible in the response of flavonols to
solar radiation: A first one, where flavonols increased (i.e., net
synthesis) up to approximately 550 MJ m~2 from beginning
of ripening to harvest (11.7 MJ m~2 per day); and a second
one, where total flavonols decreased abruptly with doses above
550 MJ m~?2 (Figure 4B). This relationship was sharper when %
kaempferol was used as an indicator of solar radiation received
by the grapes (Figure 4C). The temperature of fully exposed
clusters in this vineyard measured on 11 September reached
a maximum average temperature of 46.5°C, 15.4°C above air
temperature (Supplementary Information 5). These results

FIGURE 3 | Evolution of flavonol content per berry (A), % kaempferol (B), %
quercetin (C), and % myricetin (D) under ambient (0% shading factor) and
under two shade nets (20 and 40% shading factor) covering the fruit-zone of
cv. Cabernet Sauvignon grapes. Ripening is considered from color change
(ca. 12°Bx) to soluble solids of ca. 22°Bx and over-ripening from 23°Bx to
harvest; 25°Bx in this case. Means in the same time point with no letters in
common differ (ANOVA-LSD, p < 0.05).

were supported by the higher content of flavonols in exposed
clusters and the abrupt decrease in those grapes with visual
symptoms of overexposure (Figure 4D). Despite these changes
in concentration, flavonol profile only changed in one direction
as exposure increased; increasing % kaempferol and % quercetin
in detriment to % myricetin. The rest of the flavonol profile was
constituted by methylated flavonols that remained constant ca.
18% from interior through overexposed grapes.

Relationship Between Flavonol Content
and Profile to Predict With Canopy
Porosity and Leaf Area Index (LAI)

Total flavonols and canopy porosity did not show a significant
trend (Figure 5A). Correlations were stronger for the
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FIGURE 4 | Flavonol profile is intimately related to the accumulated global radiation received by grapes and this response is exacerbated when degradation takes
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between % kaempferol and total flavonols per berry (C). Berry flavonol content (bars) and profile (pies) of grapes from interior, exposed, moderately, and severely
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proportion of kaempferol (r = 0.75; p < 0.001; Figure 5C)
compared to quercetin (r = 0.50; p = 0.002; Figure 5E) and
myricetin (r = 0.64; p < 0.001; Figure 5G) flavonols. LAI,
which had an inversely proportional relationship to canopy
porosity (r = 0.91; p < 0.001; data not shown), did not
present a significant correlation with total flavonols, either
(Figure 5B). Consequently, strong correlations were found with
% kaempferol (r = —0.68; p < 0.001; Figure 5D), % quercetin
(r = —0.55; p < 0.001; Figure 5F) and % myricetin (r = 0.64;
p < 0.001; Figure 5H). Methylated flavonols had slightly weaker
correlations with canopy porosity and LAI and in the case
of syringetin these were not significant (r = 0.28; p = 0.06;
Figure 5M). % laricitin had similar significant correlations
with canopy porosity (r = —0.37; p = 0.03; Figure 5K) and
LAI (r = 0.39; p = 0.01; Figure 5L) as % myricetin. However,
in the case of isorhamnetin and syringetin, their relationships
with canopy porosity and LAI were the contrary to their
non-methylated homologs Figures 5IJ,M,N) (quercetin and
myricetin, respectively).

Response of Flavonol Content and
Profile to Canopy Density, Plant Water
Status, and Total Soluble Solids

In the two datasets analyzed (experiment 3), the sensitivity of
flavonol content and profiles to canopy size, water status and
TSS represented two different wine grape production systems
(Table 1). The two sites, Healdsburg, CA and Paso Robles, CA
had similar weather conditions during the execution of the study,
with very low precipitation and hot temperatures throughout the
growing season, which is representative of the coastal viticulture
regions of California. Datasets were composed by two different
varieties and trellis systems and this most likely affected dormant
pruning weights and yields, being obviously greater in Cabernet
Sauvignon in Healdsburg, CA which had 2 bilateral cordons and a
sprawling canopy versus Merlot in Paso Robles, CA that had one
and a vertical trellised canopy. These Cabernet Sauvignon grapes
were harvested much riper (23.2-31.7°Brix) than Merlot (20.2-
24.9°Brix). The inverse-transformed dormant pruning weights
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FIGURE 5 | Relationship between estimated canopy porosity and leaf area index (LAl) and flavonol content per berry (A,B) % kaempferol (C,D), % quercetin (E,F),
% myricetin (G,H), % isorhamnetin (I,J), % laricitin (K,L), and % syringetin (M,N) in 5-berry samples collected from the top of individual clusters. Circles for sprawling
canopy and triangles for vertical-shoot-positioned trellis. Correlations among all variables recorded available in Supplementary Information 6.
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TABLE 1 | Minima, average, and maxima of yield components, water status, total soluble solids, anthocyanin content, flavonol content and profile, and climatic
conditions (from 15th May to 15th October) of two experimental sites used to study variations of vigor, water status and developmental stage on flavonol content and

profile (Figure 6).

Healdsburg, CA, United States,
Cabernet Sauvignon

Paso Robles, CA,
United States, Merlot

Min Average Max Min Average Max
Pruning weights (kg/m) 0.58 1.13 1.94 0.27 0.46 1.10
Yield (kg/m) 0.72 2.69 5.65 0.54 2.24 4.00
Berry weight (g per Berry) 0.68 1.01 1.30 0.84 1.08 1.61
Pstem (MPa) —1.45 —1.19 —0.95 —1.42 —-1.22 —-0.90
TSS (°Brix) 23.2 28.0 31.7 20.2 23.0 24.9
Total anthocyanins (mg per Berry) 1.07 1.98 2.83 1.26 1.70 2.15
Total flavonols (mg per Berry) 0.06 0.13 0.19 0.03 0.06 0.15
% Kaempferol 4.05 5.40 6.83 1.26 3.79 7.25
% Quercetin 47.63 51.5 56.1 39.6 54.0 63.0
% Myricetin 25.4 31.7 37.1 24.4 33.7 47.8
Daily min T (°C) 2.3 8.1 13.3 2.2 8.4 171
Daily mean T (°C) 11.0 17.2 23.2 10.5 18.6 291
Daily max T (°C) 13.7 28.5 38.2 16.7 29.9 41.2
Daily solar rad. (MJ/m?) 2.93 22.23 30.33 5.58 20.86 25.6
Rel humidity (%) 47.3 69.6 95.1 24.8 57.3 91.0

Total growing season

Total growing season

51.5
217.8

Daily precipitations (mm)
Irrigation (L/m)

76.9
672.8

were linearly correlated to flavonol profile but not the flavonol
content (Figures 6A,D,G,J). Among these determinations, the
% kaempferol had the best coefficients of determination in
both Cabernet Sauvignon and Merlot (r = 0.47 and r = 0.61,
respectively). Total flavonol content was strongly correlated
with stem water potentials in Healdsburg Cabernet Sauvignon,
indicating a reduction of flavonol content with increasing
water deficit. However, it must be noted that stem water
potentials were also strongly correlated with TSS in Cabernet
Sauvignon vineyard (r = —0.84; p < 0.001; data not shown).
Berry TSS only had significant effects on flavonol content in
Cabernet Sauvignon. In fact, total flavonol content had a marked
decrease with increasing TSS in the Cabernet Sauvignon vineyard
(Figure 6C).

Natural Spatial Variability of Grape Light
Interception and Effect of Canopy
Management Practices

Spatial variability in the proportion of kaempferol in flavonols of
Merlot was further studied. Spatial interpolation of % kaempferol
displayed a distinct spatial pattern based on semi-variogram
investigations (data not shown). Because of the relationship
between elevation and the proportion of kaempferol, the latter
was kriged using universal block kriging with elevation as a
covariate (Figure 7A in 2D and Figure 7C in 3D). Including
elevation in the geostatistical model improved the results
when compared to the ordinary kriging using leave-one-out

cross-validation. The cross-validation root mean squared error
was 0.8% kaempferol. In addition to the strong correlation
between % kaempferol with pruning weights in this vineyard
(Figure 6D), % kaempferol had a strong correlation with
SAGA wetness index (r = —0.48; p < 0.001; data not
shown) and NDVI (r = —0.60; p < 0.001; Figures 7B,D).
In addition, there was a strong correlation between SAGA
wetness index and NDVI (r = 0.5; p < 0.001; data not
shown).

After grouping experimental units by their dormant pruning
weights into low, medium and high vigor these came as
significantly different from each other (Table 2). These
differences in canopy size did not translate into different total
flavonol content. Contrarily, the % kaempferol, quercetin and
myricetin flavonols was significantly different in the Low vigor
group compared to Medium and High. Furthermore, mean
difference in these three parameters was greater from Low to
Medium than from Medium to High, suggesting an attenuation
in the response to increasing canopy size, similar to the
relationship reported in Figure 6A.

This expected response was also observed in Merlot grapevine
where leaf or shoot removal was applied (Table 2) that had
nearly twofold increase in flavonol content and higher %
kaempferol and % quercetin in detriment of % myricetin,
compared to medium vigor untreated controls. Combining
shoot thinning and leaf removal affected % kaempferol by
increasing its content greater than when leaf removal was applied
alone.
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FIGURE 6 | Relationship between flavonol content per berry (A=C), % kaempferol (D-F), % quercetin (G-I) and % myricetin (J-1) and the inverse of dormant
pruning weight (A,D,G,J) stem water potential (B,E,H,K) and total soluble solids (C,F,l,L) of Healdsburg, CA cv. Cabernet Sauvignon trained as double bilateral
cordons and sprawling canopy (Gray triangles) and Paso Robles, CA cv. Merlot trained as bilateral cordons and vertical-shoot-positioned trellis (Black circles).
Correlations among all variables recorded available in Supplementary Informations 7 and 8.
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DISCUSSION

Flavonol Profile Is Shaped by Solar
Radiation Over Time

Regulatory and synthetic genes responsible for flavonol
biosynthesis are upregulated by UV-B fraction of solar radiation
(Carbonell-Bejerano et al., 2014; Liu et al., 2014), and grape
flavonol content increases with exposure to UV-B radiation
unequivocally (Berli et al., 2011; Martinez-Liischer et al., 2014b;
Del-Castillo-Alonso et al., 2016b; Matus, 2016). In our study,
flavonol content of V. vinifera cv. Cabernet Sauvignon under
field conditions responded accordingly to increasing solar
radiation up to ripeness. However, flavonol content decreased
especially in exposed grapes (i.e., 0% shading factor) beyond
22°Brix, reducing the differences between the exposure levels
and making total flavonol concentration a poor indicator of
solar radiation or canopy architecture. Although reductions

in flavonoid content in the weeks prior to harvest are not the
rule, they are reported (Castellarin et al.,, 2007; Bautista-Ortin
et al., 2012; Bobeica et al.,, 2015). Small flavonoid losses may
be associated to fruit senescence (the loss of grape skin cellular
integrity) in the absence of stress, but exacerbated by high solar
radiation and temperature (Mori et al., 2007; Martinez-Liischer
et al., 2017) or severe water stress (Brillante et al., 2017).

The proportion of kaempferol and quercetin were consistently
higher in grapes under increased solar radiation (no shade nets,
higher canopy porosity and higher vigor). Great similarities
can be found in studies reporting kaempferol, quercetin and
myricetin percentages (Pastore et al.,, 2013) and contents (Berli
et al., 2011; Del-Castillo-Alonso et al., 2016b). For instance,
Del-Castillo-Alonso et al. (2016b) showed a strong reduction
(10-fold) of kaempferol-3-O-glucoside when solar UV radiation
was screened, similar to decreases quercetin-3-O-glucuronide or
quercetin-3-O-glucopyranoside (two and threefold reduction),
but much lower than myricetin-3-O-glucoside, which only
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FIGURE 7 | Kriged maps of % kaempferol in 2D (A) and 3D (B), maps of satellite-sensed NDVI (C), and relationship between % kaempferol and NDVI (D) in a cv.
Merlot vineyard trained as bilateral cordons and vertically shoot positioned. (A) Root mean squared error associated with the kriging procedure is 0.8% kaempferol
estimated with leave-one out cross-validation. Elevation is exaggerated twice in 3D map (B) to enhance topographic variation within the vineyard. Coordinates are
EPSG:32610. Black dots in the map are the centroid of the 5-vine experimental units. (B) Overlap of map in (A) on a Google Earth background, view from the
South-East (upper) and South-West corner (lower). (C) Three meters resolution, satellite-sensed NDVI map dated 2016-07-14. Black dots in map C are the centroid
of the 5-vine experimental units. Coordinates in (A,C) are EPSG:32610, consequently units are in meters. Background map in (A,C) is an USGS high resolution aerial
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TABLE 2 | Dormant pruning weight and flavonol composition at harvest in a cv. Merlot, Paso Robles, CA, United States, vineyard from vines homogeneously distributed
and grouped by their pruning weights and canopy management treatments.

Pruning wood

Total flavonols

(kg/m) (mg per Berry) % Kaempferol % Quercetin % Myricetin
Vigor groupings (n = 15)
Low 0.39+0.01¢c 0.059 + 0.003 3.92+0.18a 52+11a 36.8+1.2b
Medium 0.47 £0.01b 0.05 + 0.003 3.19+0.21b 476+09b 404 +1a
High 0.59 4+ 0.04 a 0.049 + 0.003 2.94 4+ 0.23b 46.6+1.2Db 419+14a
p-value <0.001 0.055 0.003 0.009 0.005
Treatments (n = 4)
Control 0.47 £ 0.08 a 0.052 4+ 0.008 ¢ 319+ 0.18¢c 48.5+0.8¢c 4124+09a
Leaf removal 0.45 £+ 0.06 ab 0.1 £ 0.004 ab 4.79+031b 51.2+04b 37.3+0.3b
Shoot thinning 0.34 £0.02b 0.091 £+ 0.006 b 5.36 + 0.41 ab 523+ 1.4ab 354 +17Db
Combined 0.33+0.08b 0.135 4+ 0.005 a 6.72+0.23a 55+ 05a 32.1+06¢c
p-value 0.047 <0.001 <0.001 0.001 <0.001

Effect of the cultural practices leaf removal, shoot thinning and their combination increasing grape exposure. Means in the same column with no letters in common differ

(ANOVA-LSD, p < 0.05).
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decreased by 15%. Contrarily to total flavonol content, flavonol
profile maintained the differences between shading factors down
to the end of the experiment. In addition, the proportion of
quercetin and myricetin kept evolving after ripeness (ca. 22°Brix),
when net synthesis is presumably not taking place, whereas the
proportion of kaempferol stabilized and remained unchanged
for a period of several weeks. Flavonol profile constitution
under UV-B radiation and water deficit has been described up
to ripeness (Martinez-Liischer et al., 2014a), but not beyond
22°Brix, when flavonols may decrease with increasing TSS
(Figure 6C). One plausible reason for profile changing in absence
of de novo synthesis is a differential degradation of the flavonols
according to their substituents in positions 3’ and 5'. The addition
of substituents of the flavonoid B-ring may strongly increase the
antioxidant capacity of flavonols (Csepregi and Hideg, 2018).
This higher antioxidant capacity could explain the differential
degradation observed in this study. Under in vitro conditions,
F3'5'H has been reported to have affinity for flavonols (in
addition to dihydroflavonols), which could lead to the conversion
of quercetins into myricetins (Kaltenbach et al., 1999).

Overexposed grapes clearly lost a majority of their
flavonols (Figure 4D) and other phenolic compounds such
as hydroxycynamic acids, gallic acid, flavan-3-ols, anthocyanins
and proanthocyanidins (data not shown). Flavonol accumulation
is one of the main mechanism of defense against high doses
of UV radiation (Agati and Tattini, 2010). However, in studies
where high doses of UV-B mimicking ozone depletion were
tested (Kakani et al., 2003), no decrease in flavonols with
increasing doses were reported. In the present study, where
flavonols decreased due to over exposure, grapes received
different exposures to full spectrum solar radiation and a
subsequent increase in temperature, not only UV-B radiation.
Efforts to decouple the effects of solar exposure prove that loss
of anthocyanins and flavonols are related to temperature gain
rather than the radiation itself (Spayd et al., 2002). In addition,
fruit temperatures much lower than the ones recorded in fully
exposed clusters in this study (i.e., 46.5°C; Supplementary
Information 5) may be responsible for the degradation of
flavonoids rather than down regulation of their synthesis
(Mori et al., 2007). Under such strong flavonol degradation, %
kaempferol continued increasing with solar radiation although
at a slightly higher rate when degradation started to take place
(Figures 4A,D). However, as cluster temperature is affected
by both exposure to solar radiation and air temperature, 550
MJ m? and 11% kaempferol thresholds were found for seeing
flavonol degradation. Furthermore, the degradation may be quite
sensitive to variations in air temperature during ripening. In fact,
2017 was a hot year at the study site of the experiment with a
maximum air temperature of 44°C.

Influence of Water Status Variability on

Flavonol Content and Profile

Flavonoid hydroxylation may be affected by plant water status
(Castellarin et al., 2007; Martinez-Liischer et al., 2014a). In this
study, mean Wgenm had a wide range of variation (—1.42 to
—0.90 MPa) and still the correlation between Wgenm and the

proportion of quercetin and myricetin was not significant. One
reason for the lack of effect of plant water status may be the
overriding effect of solar radiation on flavonol profiles as in
previous research water status led only to 10% of change in the
proportion of 3'4’5'-OH flavonols, which were mostly myricetin,
versus the 40% change induced by UV-B (Martinez-Liischer et al.,
2014a). In addition, although there is a wide range of variation in
Wgtem Within the commercial vineyards, these does not include
values comparable to a well-watered control (ca. —0.3 MPa) used
in field experiments reporting changes in hydroxylation and gene
expression (Castellarin et al., 2007). This suggested that higher
rates of flavonol hydroxylation in response to water deficit may
be taking place by default under the semiarid conditions of our
study sites.

The Use of the Proportion of Kaempferol
as a Metabolic Integrator of the Overall
Radiation Received by a Grape Berry and

Its Implications for Canopy Architecture

The percentage of kaempferol had a strong linear correlation to
modeled global radiation. Previous research indicated that total
flavonol content and the proportion of kaempferol, quercetin
and myricetin changed with exposure to solar radiation (Price
et al., 1995; Haselgrove et al., 2000; Pastore et al., 2013; Martinez-
Liischer et al., 2014b; Del-Castillo-Alonso et al., 2016a). However,
flavonol content was susceptible to degradation due to solar
radiation or over-ripening (Martinez-Liischer et al., 2017) and
the proportion of quercetin and myricetin may be affected by
the progress of ripening (Figures 3C,D) or water availability
(Martinez-Liischer et al., 2014a), potentially making of the
proportion of kaempferol a better indicator of grape exposure
to solar radiation under the conditions and varieties tested. The
results presented give the possibility of using flavonol profile for
accounting for mean radiation received by a berry. It must be
noted that large genotypic differences exist in flavonol profile.
For instance, baseline levels of % kaempferol can range from 0%
in Tannat to 17% in Muscat Rouge, which are very dark and
pale red skinned and have high and low apparent F3'5'H activity,
respectively (Mattivi et al., 2006). Therefore, cultivar differences
in the slope and intercept of the relationship between radiation-
flavonol can be expected. Pastore et al. (2017) reported flavonol
profiles of four varieties with changes of different magnitude
in the proportion of each flavonol in response to defoliation.
However, defoliation always corresponded to an increase in
the proportion of kaempferol and quercetin in detriment to
myricetin proportion.

A great number of studies have been aiming to assess the
effect of solar exposure on, for instance, the aroma composition,
organic  acids, anthocyanins, and proanthocyanidins
(Ryona et al,, 2008; Tarara et al, 2008; Chorti et al, 2010;
Cohen et al,, 2012; Koch et al., 2012). There are different
approaches to study the effects of solar radiation on grapes berry
including the use of partial (Koch et al., 2012) and complete
cluster shading (Downey et al., 2004; Cortell and Kennedy, 2006),
canopy management (Matus et al.,, 2009; Pastore et al., 2013),
or random variation among or within cluster exposure to solar
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radiation (Bergqvist et al., 2001). The use of flavonol profile as a
record of overall grape berry exposure allows to study the effect
of different levels of solar radiation as a continuous variable, in
contrast to studying it as an ordinal variable (i.e., in treatments),
to fine-tune the characterization of berries response. In addition,
this estimator can be as integrative as required to characterize the
microclimate of a single grape berry, clusters, vines or a groups of
grapevines.

The robust correlation between the flavonol profile with
solar radiation was also useful to verify the changes in canopy
architecture. In a vineyard with a great variability in vigor
(Table 2 and Figure 7), the amount of solar radiation reaching
the grape berry was increased through canopy management
practices aiming to increase its exposure to solar radiation.
Fruit-zone leaf removal and shoot thinning are the most widely
used cultural practices for this purpose, the second being more
effective increasing light transmission but potentially reducing
yield in the process. Treatments of leaf removal, shoot thinning
and their combination, obtained an increase in the proportion
of kaempferol and quercetin in detriment of myricetin in the
flavonol profile of Merlot due to greater grape berry exposure
to solar radiation. Increasing the exposure of grape berry and
vegetation vigor control are key factors in the production of
quality grapes, such as anthocyanins and tannins accumulation
and the removal of herbaceous aromas (Ristic et al., 2007;
Matus et al., 2009; Koch et al., 2012). In addition, more open
canopies are associated with higher wind speed and lower relative
humidity at the fruit-zone, reducing the incidence of fungal rot
(English et al., 1993).

The exposure of a single cluster was indicative of the local
estimations of canopy architecture parameters, canopy porosity
and LAI These are relevant ecophysiological parameters as they
are related light interception efficiency (Oyarzun et al., 2007), but
also estimated LAI, can be used to model carbon assimilation or
evapotranspiration in plant communities when the scale is too
large to take actual measurements of leaf area (Gan et al., 2018).
Flavonol profile was also related to satellite NDVI, a widely used
remote sensing estimator of canopy size based on the specific
spectral reflectance of chlorophyll tissues respect to the ground.
In turn, % kaempferol, dormant pruning weights and NDVI were
related to site hydrology (SAGA wetness index), suggesting that
gradients in potential plant water availability within the vineyard
may have led to differences in vigor, and thus, canopy architecture
and berry exposure to solar radiation. This variability patterns
have been observed by others, associating adequate canopy size
with improved grape composition (Baluja et al., 2012; Scarlett
etal., 2014).
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CONCLUSION

This study aimed make more accessible the determination
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available HPLC-DAD methods. We also aimed to propose
flavonol profile, and specially the proportion of kaempferol, as
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by grapes and test its reliability and use. In our results,
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weight at the vine level. This reliability was based on the
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HPLC-DAD to determine anthocyanin profile in research, we
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profile constitution with this method. The flavonol profile is
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