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Abstract: Background: Viticulture bioclimatic indexes like the Heliothermal Index (HI), Cool Night
Index (CI), and Dryness Index (DI), can be used to assess the influence of climate on grapes’ quality.
Methods: HI, CI, and DI + total seasonal irrigation were utilized to assess the effect of climate on
the flavonoids content and composition of two Vitis vinifera seedless varieties, ‘Summer Royal’ and
‘Crimson Seedless’, both grown in Apulia (Southern Italy). Results: The flavonoids content was
significantly affected by variety and climate conditions on the base of HI, CI, and DI + total seasonal
irrigation. Factor analysis applied to climate indexes and flavonoids showed that anthocyanins and
flavonols were negatively and positively correlated to CI in both varieties, respectively. Additionally,
warmer night temperatures determined higher fla-van-3-ols. HI increase promoted anthocyanins,
flavonols, and flavan-3-ols content in Crimson Seedless, whilst it induced an opposite trend in
Summer Royal. Finally, DI + total seasonal irrigation showed to be positively linked to flavonols
content and negatively linked to anthocyanins content just in the case of Crimson Seedless. Significant
regression models were also determined between climate indexes and productive parameters (i.e.,
yield, TSS, TA, pH, bunch, and berry weight). Conclusions: Climate indexes HI, CI, and DI + total
seasonal irrigation showed an effect on quality grape parameters like flavonoids and contributed to
building predictive models when new climatic zones are going to be evaluated for the production of
table grapes.

Keywords: flavonoids; quality; HPLC-DAD-MS; multivariate analysis; regression analysis

1. Introduction

Flavonoids are a group of polyphenolic compounds, different in chemical structure
and characteristics, which are biosynthesized through the shikimic acid pathway. Flavonols,
flavan-3-ols, and anthocyanins are among the principal flavonoid classes present in fruits
and vegetables [1]. Grapes, which are economically the most important fruit species in the
world, represent one of the major sources of flavonoid compounds [2]. The cultivation of
grapes is widely spread around the world [3]. In 2018, the global production of table grapes
was estimated to be 27 million tons [4]. Italy is the eighth highest producing country, with
1.04 million tons, after China (9.19 million tons). Italy is also in second place in terms of
exports, with 450 thousand tons of table grapes, for a value of EUR 550 million. Apulia, in
Southern Italy, is the leading Italian region, with approximately 24 thousand hectares and a
yearly production of over 0.6 million tons [4,5].
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Anthocyanins are pigments that give the color of black and red grape varieties; they
are mainly present as 3-O-monoglucosides, 3-O-acetylglucosides, and 3-O-p-cinnamoyl-
monoglucosides [6]. Flavonols are represented mainly by kaempferol, quercetin, and
myricetin, which accumulate in grapes as glycosides [7]. Flavan-3-ols can be present as
monomers, (+)-catechin and (−)-epicatechin, and proanthocyanidins, composed of flavan-
3-ols units linked together through C(4)–C(6) and C(4)–C(8) interflavonoid bonds [8].

In vine cycle growth, grape flavonoids carry out multiple functions: they protect
against predation and UV damage and serve as attractants for pollinators or foraging
animals to aid in seed dispersion [9,10]. Flavonoids are also of interest in human nutrition
because of their multiple biological properties that are beneficial for health [1,11]. Due to
the abundant roles of flavonoids in plants and humans, many studies to determine factors
influencing their metabolism were carried out.

It has long been known that the biosynthetic pathways involved in flavonoid pro-
duction in grape berries are greatly influenced by environmental conditions [12–14], such
as sunlight. In this regard, it would be normally expected that grapes highly exposed to
daylight are capable of increased flavonoid biosynthesis [7]. Also, temperature influences
the composition and quality of grapes. Indeed, during the ripening period, the air day
temperature plays a determinant role in grape maturation, including the aroma and the
coloration, and the effect of cool night temperatures on them is even stronger [15]. The dif-
ferent water level in the soil affects grape quality and flavonoid contents and in regions with
high rainfall, the ripening capacity of grapes together with their phenols bioaccumulation is
lower than that predicted by the climatic thermal indexes [16]. Within wine grape research,
the primary focus has been on the production of anthocyanins and other flavonoids, seen as
critical to wine quality [10]. Research has helped to uncover the effects of environmental fac-
tors such as sunlight exposure and temperature on the accumulation of these compounds,
as well as the biosynthetic pathways involved in their biosynthesis [13,17]. However, to
our knowledge, detailed long-term studies focusing on the effect of Mediterranean growth
conditions described by climate factor indexes on flavonoid contents in table grapes are
absent, there being, on the other hand, some research available dealing with wine grapes [6].
Moreover, in most cases, in order to make it possible to study the light exposure and/or
temperature of the fruit in the vineyard, investigators have trained shoots using artificial
shading or leaf removal [18,19]; however, these reports were not able to differentiate the
effects of light from those of temperature on grape composition. Eventually, experiments
were also conducted in phytotrons, growth chambers, or greenhouses, even though the
ripening process and final grape composition differ from field conditions [20,21].

Thus, the objective of the present study was to analyze yield parameters and character-
ize the composition of flavonoid compounds by HPLC-DAD-ESI-MS of two seedless table
grape varieties (Summer Royal and Crimson Seedless), in three consecutive harvesting
years (2014–2016) under field conditions. Several bioclimatic indexes based on tempera-
ture are available: Growing Season Temperature (GST) [22]; Heliothermic Huglin Index
(HI) [23]; Winkler Degree Days (WI) [24], Biologically Effective Degree Days (BEDD) [25]
Cool Night Index (CI) [26]. Moreover, at least two based on precipitation, like the Growing
Season Precipitation Index (GSP) and the Spring Rain Index (SprR), are known [27].

Furthermore, according to a literature study that tested their pertinence in character-
izing different viticulture areas [26], HI related to thermal conditions, CI related to night
temperature, and the Dryness Index (DI) related to water balance; these were calculated
all along the three years of study to determine their influence on the berry compositional
parameters. It is worth noting that these indexes in more recent research studies have been
also utilized to describe different future scenarios due to climate changes [28].

2. Materials and Methods
2.1. Plant Material and Growth Condition

The experiment was conducted along three consecutive harvesting years (2014–2016).
‘Summer Royal’ and ‘Crimson Seedless’ (Vitis vinifera L.), two seedless black and red table
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grape varieties, respectively, were grown both in the same trial site (long. 40.56◦ E, lat.
17.12◦ N) in the Apulian region (Southern Italy) on a sandy-clay soil composed of 50% sand,
12% silt and 38% clay, with a root zone depth of 1 m. All vines were grafted in 1999 on
140-RU Ruggeri (Vitis berlandieri × Vitis rupestris) rootstocks, 2.5 × 2.5 m spaced and with
a 1600 vines/ha planting density. Vines were fertilized once a year just before bud break
with 400 kg/ha of a complex fertilizer (Nitrophoska blu spezial 12.12.17.2) and trained to a
“tendone” trellis system, widely used in the Apulian region.

Similar to previous descriptions [29], the “tendone” allows controlling cluster temper-
ature (grape berries were on average 2 ◦C below ambient), because it improves the canopy
management protecting the grapes from direct UV radiation and avoids the sun-burning
of berries. Moreover, during the ripening stage, the grapes experience diffuse light that
avoids the different coloring between the shaded and the exposed parts of the bunches. As
regards the climate of the experimental site, it is classified as “Mediterranean semi-arid”,
characterized by hot dry summers and mild rainy winters. The warmest month is August
with a mean temperature of 24.9 ◦C, while the coldest one is January with a mean tempera-
ture of 6.3 ◦C. The mean annual rainfall is 640 mm, while the mean summer precipitation is
150 mm [30]. The irrigation treatments were imposed counterbalancing the total annual
reintegration and maintaining it (Net Irrigation Requirements NIR = ETc − effective rain-
fall) fixed over the years of experimentation, thus eventually amplifying yearly climate
variations. Also, the vineyards, similarly to the most part of the commercial vineyards
present in the area, were covered by an anti-hail net (Kristal—Retilplast, Salerno, Italy).
This covering net allows a slight reduction (15–20%) of vineyard crop evapotranspiration
(ETc) due to the moderate shading and wind reduction effect [31]. In particular, ETc was
estimated using varying crop coefficients (kc) (ETc = ET0 × kc) based on those proposed by
FAO and adjusted for the Mediterranean area. ET0 was calculated from the mean values of
the preceding 6 years (2005–2013) using the daily climate data collected by a set of climatic
sensors located 2.1 km from the experimental vineyard and were extrapolated from the
databank of the Ministry of Defense, Air Force weather station. The applied kc values were
0.35 in April, 0.45 in May, 0.5 in June, 0.75 from July to mid-August, and 0.60 from August
to the end of September [32]. In the three seasons, a fixed irrigation volume of 216 mm/Ha
was imposed considering the ETc reduction due to anti-hail net and the averaged total ETc
calculated in the earlier six years. The vines were drip irrigated by means of irrigation lines
installed 180 cm above the soil surface with drippers spaced 70 cm apart and set to supply
water at constant pressure with two 8 L/h drippers per vine. The time between irrigation
cycles was approximately 15 days starting 20 days after flowering until harvest.

2.2. Climate Data

Climate raw data were taken from a meteorological station situated close to the
vineyards (6 km). The daily Tmax, Tmin, Tmean, Rainfall (mm), Radiation (kJ/m2), and
ET0 (mm) as reference evapotranspiration of the ground cover were collected during the
growth periods of the two grape varieties. ET0 data were used to calculate ETc (mm) by
means of grape kc (monthly viticulture coefficient). Finally, data were used to calculate the
following climate indexes (HI, CI, and DI) with some modifications as reported below:

Heliotermal Index (HI) =
Harvest date

∑
01st Apr.

[(Tmean − 10) + (Tmax − 10)]
2

d

where Tmean and Tmax are the mean and maximum monthly temperature (◦C), respectively,
and d is the length of day coefficient ranging from 1.02 to 1.06 between 40◦ and 50◦ of
latitude, 1.00 for latitudes below 40◦. Given the latitude of the trial field, 1.02 was adopted.
The HI was partially modified since the period considered for its calculation was from
1 April until the harvest date, instead of the original formula for which the period goes
from 1 April to 30 September [23]. This index, largely used in world viticulture, provides
information regarding the level of heliothermal potential, includes the day temperature of
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the period when photosynthesis is active, providing a better idea of the potential sugar, and
is well-correlated with the Thermal Index of Winkler, but more pertinent to the qualitative
factors (e.g., berry sugar potential).

Cool night Index (CI) = Avg Tmin Harvest month

The CI is the night coolness that normally considers the average of Tmin during the
month of September, when normally grape ripeness occurs. In this case, for both varieties
the harvest month was considered, August for Summer Royal and September for Crimson
Seedless. The purpose of this index is to improve the assessment of the qualitative potentials
of wine-growing regions, notably in relation to secondary metabolites (polyphenols and
aroma) and grape color.

For what concerns the DI formula, it has to be underlined that it does not consider
irrigation, whilst in our case, being table grapes, the total seasonal irrigation component
was added. Therefore, we calculated an integrated Dryness Index as follows:

DI + total seasonal irrigation

The DI is the Dryness Index calculated as follows:

Dryness Index (DI) = ∑Harvest date
1st April W0 + P − Tv − Es

where W0 is the initial soil water reserve, which can be accessed by the vine roots (the
initial W0 was taken as 200 mm); P is the total monthly rainfalls (mm); Tv is the potential
monthly transpiration of the vineyard (mm); and Es is the monthly direct evaporation from
the soil (mm).

Tv was calculated using the expression:

Tv = ETp × k

where ETp is the monthly reference evapotranspiration given by the local weather station
using a Class A Evaporation Pan and k is the coefficient of radiation absorption by the vine
plant (k = 0.1 April, 0.3 May and 0.5 June-July-August).

Es was calculated using the expression:

Es = (ETp N) × (1 − k)JPm

where N is the number of days in the month, and JPm is the number of days of effective
evaporation from the soil per month, which was estimated by dividing P per 5 and should
be <N.

2.3. Chemicals

Formic acid, hydrochloric acid, and HPLC grade water were purchased from J.T. Baker
(Deventer, Holland). LC-MS grade solvent acetonitrile was purchased from Riedelde Haën
(Steinheim, Germany). Ethanol RPE was purchased from Carlo Erba (Milano, Italy). The an-
thocyanins delphinidin-3-O-glucoside chloride, cyanidin-3-O-glucoside chloride, peonidin-
3-O-glucoside chloride, and malvidin-3-O-glucoside chloride, the flavonols quercetin-3-
O-rutinoside, quercetin-3-O-glucoside, kaempferol-3-O-glucoside, and the flavan-3-ols
procyanidin B1, procyanidin B2 and catechin were purchased from Extrasynthese (Genay,
France) and used as HPLC reference standards.

2.4. Sampling and Chemical Analysis

The criterion used to determine when grapes were ready for harvest was their technol-
ogy maturity, when the amount of sugar in the pulp was at its highest, while the acidity
was low and the sugar/acid ratio was high [33]; therefore, comparable harvesting periods
for each cultivar were guaranteed in the three years. Specifically, in 2014, 2015, and 2016,
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Summer Royal grapes were harvested on 6th, 20th, and 30th of August, respectively, whilst
Crimson Seedless on 30 September, 21 and 5 October, respectively. Randomized blocks with
three replicates for each year were used. From ten different vines per replicate, 1 bunch
(by taking bunches in the middle of the fruit canes) was picked up. A total of 10 berries
from each bunch were collected and immediately frozen at −20 ◦C for HPLC flavonoids
analysis. From the remaining berries, the juice was extracted by gentle pressure and was
centrifuged for 5 min at 4000× g. Over the supernatant, the pH was determined using an
equilibrated pH meter (CRISON BASIC 20, Barcelona, Spain), total soluble solids (TSS)
were measured as ◦Brix using a portable refractometer (Atago PR32, Norfolk, VA, USA),
and titratable acidity was determined by titration with 0.1 N of NaOH to a pH 7 endpoint
and was expressed as grams of tartaric acid per liter.

2.5. Extraction and HPLC-DAD-MS Analysis of Flavonoids

According to our previous report [2], the frozen 10-berries samples were manually
separated from the pulp and freeze-dried skin samples were extracted with 25 mL of 70%
ethanol containing 1% hydrochloric acid. The solution was kept overnight in the dark.
The extracts were centrifuged at 4000× g for 3 min in an EPPENDORF centrifuge 5810R
(Hamburg, Germany), filtered through a 0.45 µm syringe cellulose filter, and analyzed
by HPLC.

The HPLC-DAD-MS system adopted in this work consisted of a capillary HPLC 1100
(Agilent Technologies, Palo Alto, CA, USA) equipped with a degasser, binary pump solvent
delivery, thermostated column compartment, diode array detector, and an XCT-trap Plus
mass detector (Agilent Technologies, Palo Alto, USA) coupled with a pneumatic nebulizer
assisted electrospray LC-MS interface. The reversed stationary phase employed was a
Gemini C18 110A (Phenomenex) 5 µm (150 × 2 mm i.d.) with a pre-column Gemini
C18 5 µm (4 × 2 mm i.d., Phenomenex). The following gradient system was used with
acetonitrile (solvent A) and water/formic acid (99:1, v/v) (solvent B): 0 min, 5% A-95%B;
10 min, 13% A-87% B; 20 min, 15% A-85% B; 30 min, 22% A-78% B; 50 min 22% A-78%B;
55 min 5% A-95% B; stop time to 70 min. The flow was maintained at 0.2 mL/min; sample
injection was 3 µL. Diode array detection was between 250 and 650 nm, and absorbance
was recorded at 520, 360, and 280 nm.

Both positive and negative electrospray modes were used for the ionization of molecules
with capillary voltage at 4000 V and skimmer voltage at 30 V. The nebulizer pressure was
40 psi and the nitrogen flow rate was 9 L/min. The temperature of the drying gas was
350 ◦C. In the full scan (MS) and daughter (MS/MS) modes, the monitored mass range
was from m/z 100 to 1200. Collision-induced fragmentation experiments were performed
in the ion trap using helium as the collision gas, and the collision energy was set at 50%.
Mass spectrometry data were acquired in the positive ionization mode for anthocyanins
and in the negative ionization mode for flavonols and flavan-3-ols. All data were acquired
and processed using ChemStation software (Agilent Technologies, Palo Alto, USA).

Compound identification was achieved by combining different information: posi-
tions of absorption maxima (λmax), the retention times, mass spectra, and the corre-
sponding daughter MS-MS fragments were compared with those from pure standards
and/or interpreted with the help of structural models already hypothesized in the litera-
ture [2,34]. Quantification of flavonoids was made by using the calibration curves of pure
standards, malvidin-3-O-glucoside, quercetin-3-O-glucoside, and catechin with R2 = 0.9918,
0.9921, and 0.9992, respectively. Anthocyanins were quantified at 520 nm as malvidin-3-O-
glucoside, flavonols at 360 nm as quercetin-3-O-glucoside, and flavan-3-ols at 280 nm as
catechin equivalents.

2.6. Experimental Design and Statistical Analyses

All data were analyzed statistically by the STATISTICA 12.0 software package (StatSoft
Inc., Tulsa, OK, USA). Three randomized replicates for variety were imposed as experi-
mental design. A PCA and a successive factor analysis (FA) with orthogonal rotation of
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axes (varimax rotation) were carried out on yield parameters and flavonoids together with
climatic indexes (HI, CI, IDI). Moreover, a one-way analysis of variance (ANOVA) together
with a Tukey’s HSD post hoc test for determining significance at p < 0.05 was performed
assuming years as additional replicates.

3. Results and Discussion
3.1. Climate Indexes

According to Table 1, the highest HI occurred in 2015 for both varieties with val-
ues ranging from 2320 to 2689. Therefore, 2015 was the year with the warmest climatic
conditions, and this happened for both varieties though they had different growth cycle
durations. As regards the CI index, for ‘Summer Royal’ the warmest nights were registered
during the 2015 ripening period (August). In contrast, for ‘Crimson Seedless’ the highest
CI in the ripening period (September) occurred in 2014. Finally, a moderately dry condition
was generally observed along the years, and this was reasonably due to the irrigation
practice providing a fixed integration of water irrigation all along the three years of the trial.
However, 2014 represented an exception as DI + total seasonal irrigation registered a high
variation ranging from 14 to 87.5, even though an irrigation water supply was provided.
Surely, it was due to an arid August and rainy September in the case of the Summer Royal
and Crimson Seedless ripening periods, respectively, as usually happens in Mediterranean
climate conditions.

Table 1. Climate indexes of two seedless table grape varieties, ‘Summer Royal’ and ‘Crimson Seedless’,
during a three-year trial (2014–2016) grown in the Apulian region (Southern Italy).

Summer Royal a

2014 2015 2016

Index Value Class Value Class Value Class
HI (◦C) 2115 Temperate warm 2320 Temperate warm 2179 Temperate warm
CI (◦C) 17.5 Temperate nights 19.6 Warm nights 18.6 Warm nights

DI (mm) −44.2 Moderately dry −75.1 Moderately dry −63.4 Moderately dry
DI + total seasonal irrigation

(mm) 14 Moderately dry 11 Moderately dry 23.3 Moderately dry

Crimson Seedless b

HI (◦C) 2518 Warm 2689 Warm 2570 Warm
CI (◦C) 15.3 Temperate nights 13.6 Cool nights 14.7 Temperate nights

DI (mm) 87.5 Sub-humid −100.4 Very dry −92.7 Moderately dry
DI + total seasonal irrigation

(mm) 87.5 Sub-humid −8.7 Moderately dry 6.4 Moderately dry

a HI and DI + total seasonal irrigation were calculated from 1st April to Harvest date in August; CI was calculated
for the month of August; b HI and DI + total seasonal irrigation were calculated from 1st April to Harvest date in
September; CI was calculated for the month of September. HI classes: Very warm: >3000; Warm: >2400 ≤ 3000;
Temperate warm: >2100 ≤ 2400; Temperate: >1800 ≤ 2100; Cool >1500 ≤ 1800; Very cool ≤1500. CI classes: Very
cool nights: ≤12 ◦C; Cool nights: >12 ≤ 14 ◦C; Temperate nights: >14 ≤ 18 ◦C; Warm nights: >18 ◦C. DI + total
seasonal irrigation classes: Very dry: ≤−100 mm; Moderately dry: ≤50 > −100 mm; Sub-humid: ≤150 > 50 mm;
Humid >150 mm

3.2. Yield and Chemical Parameters

As reported in Table 2, a significant influence of the year on yield was found in the case
of Summer Royal ranging from 12.3 to 13.0 kg/vine (p < 0.05) in 2014 and 2015, respectively.
In Crimson Seedless, the yield ranged from 9.7 in 2015 to 14.9 kg/vine (p < 0.001) in 2016.
Summer Royal bunch weight was significantly higher in 2016 (1010 g) than in 2014 (730 g)
and 2015 (810), whilst in Crimson Seedless the highest bunch weight was registered in
2015 (910 g). Berry weight did not show differences within the years in Summer Royal,
whilst 3.4 g in 2015 and 4.8 g in 2016 as minimum and maximum values, respectively, were
registered in Crimson Seedless.
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Table 2. Effect of the year on productive parameters of two seedless table grape varieties, ‘Summer
Royal’ and ‘Crimson Seedless’, during a three-year trial (2014–2016) grown in the Apulian region
(Southern Italy).

Summer Royal

2014 2015 2016 p Level

Yield (kg/vine) 12.3 (0.4) b 13.0 (0.2) a 12.3 (0.3) b *
Bunch weight (g) 730 (50) b 810 (30) b 1010 (30) a *
Berry weight (g) 6.6 (0.6) 6.2 (0.3) 6.2 (0.4) n.s.

TSS (◦Brix) 15.4 (0.5) b 17.3 (0.4) a 15.7 (0.6) b **
TA (g/L) 5.4 (0.2) a 4.6 (0.2) b 5.57 (0.12) a ***

pH 3.51 (0.03) 3.64 (0.06) 3.47 (0.04) n.s.

Crimson seedless

2014 2015 2016 s

Yield (kg*vine) 11.3 (0.4) b 9.7 (0.3) c 14.9 (0.4) a ***
Bunch weight (g) 630 (50) b 910 (30) a 580 (30) b ***
Berry weight (g) 4.3 (0.3) a 3.4 (0.4) b 4.8 (0.3) a **

TSS (◦Brix) 18.0 (0.5) b 20.4 (0.9) a 19.3 (0.4) ab *
TA (g/L) 5.45 (0.15) a 4.4 (0.4) b 5.06 (0.15) a **

pH 3.47 (0.06) a 3.54 (0.04) a 3.29 (0.08) b *
n.s.: not significant; * p < 0.05. ** p < 0.01. *** p < 0.005. Different letters between values in the same line indicate
significant differences, using Tukey’s multiple range test. TSS: total soluble solids; TA: titratable acidity.

Chemical parameters (TSS, pH, and TA) showed significant variations over the years
in both varieties. They showed higher TSS contents (17.3 and 20.4 ◦Brix) in 2015. Despite
the different ripening periods, TA contents also reacted over the years in the same way
in the two varieties appearing more acid in 2014 and 2016 than in 2015. Finally, pH was
statistically influenced by the year only in the case of Crimson Seedless (Table 2).

3.3. Anthocyanins, Flavonols and Flavan-3-ols Content in the Grape Cultivars

Nineteen anthocyanins were identified (Table 3) and three main groups were clearly
distinguished: the monoglucosides of five anthocyanidins (delphinidin, cyanidin, petuni-
din, peonidin, and malvidin), the acylated anthocyanins, and the cinnamoyl (coumaroyl
and caffeoyl) derivatives.

The only difference in the anthocyanin profile was the absence of the acylated deriva-
tives as well as the cis isomer of petunidin and malvidin-3-O-p-coumaroyl-glucoside and
the trans isomer of delphinidin-3-O-p-coumaroyl-glucoside in Crimson Seedless. However,
there were significant quantitative differences in the anthocyanin content according to
cultivar and study year (year x cultivar, F = 7730; p < 0.01). The analytical data showed that
the content of anthocyanins varied between 880 and 1200 mg/kg and 36 and 90 mg/kg of
fresh weight grapes (fw) in Summer Royal and Crimson Seedless, respectively. As expected,
the concentrations were higher in the berries from the black variety, irrespective of the year.

Similar to wine grapes [35], the main pigments in the black cultivar were the trihydrox-
ylated anthocyanins, malvidin-3-O-glucoside and its trans-p-coumaroyl derivative, with
values ranging from 320 to 430 mg/kg and from 135 to 182 mg/kg of fw, respectively. The
other most abundant compounds were peonidin-3-O-glucoside and its trans-p-coumaroyl
derivative, petunidin-3-O-glucoside and delphinidin-3-O-glucoside that occurred in higher
amounts in 2014 grape extracts. The above quantitative profile of anthocyanins was not
accomplished by Crimson Seedless which mainly contained dihydroxylated anthocyanins,
peonidin-3-O-glucoside and cyanidin-3-O-glucoside, of which the highest amount was
observed in grapes from the 2015 vintage (Table 3).
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Table 3. Anthocyanin compounds in the two varieties over the three years (2014–2016).

Compounds + Summer Royal Crimson Seedless

2014 2015 2016 p
Level 2014 2015 2016 p

Level

Total anthocyanidins
glucosides 860 (40) a 670 (70) b 710 (60) b * 33 (7) b 90 (20) a 65 (11) ab *

Dp-3-O-gl 125 (11) a 103 (8) b 108 (9) b * 0.20 (0.08) 0.32 (0.06) 0.27 (0.02) n.s.
Cy-3-O-gl 29 (5) b 45 (7) a 26 (5) b * 3.6 (0.2) 3.7 (1.3) 3.7 (0.7) n.s.
Pt-3-O-gl 117 (7) 95 (10) 104 (11) n.s. 0.23 (0.12) 0.6 (0.3) 0.44 (0.12) n.s.
Pn-3-O-gl 160 (14) a 102 (15) b 117 (18) b ** 27 (6) b 80 (20) a 57 (10) ab **
Mv-3-O-gl 430 (50) a 320 (30) b 350 (40) ab * 1.9 (0.8) 5 (3) 3.6 (1.2) n.s.

Total anthocyanidins
acetylglucosides 26.4 (1.8) 26.5 (1.9) 23.8 (1.6) n.s. n.d. n.d. n.d.

Mv3-O-acetgl 22 (2) 21.6 (1.7) 19.8 (1.8) n.s. n.d. n.d. n.d.
Df-3-O-acetgl 1.28 (0.05) a 0.97 (0.18) b 1.15 (0.04) ab * n.d. n.d. n.d.
Pn3-O-acetgl 1.01 (0.01) a 0.92 (0.01) b 1.02 (0.01) a ** n.d. n.d. n.d.
Cy-3-O-acetgl 0.67 (0.04) b 1.03 (0.02) a 0.60 (0.03) b *** n.d. n.d. n.d.
Pt-3-O-acetgl 1.42 (0.11) b 2.07 (0.05) a 1.28 (0.10) b ** n.d. n.d. n.d.

Total anthocyanidins
cinnamoylglucosides 284 (16) a 187 (8) c 236.6 (1.9) b *** 3.04 (0.06) 2.8 (0.5) 2.9 (0.3) n.s.

Mv-3-O-t-p-coumgl 182 (15) a 134 (3) b 148 (3) b ** 0.33 (0.12) 0.4 (0.3) 0.36 (0.08) n.s.
Dp-3-O-t-p-coumgl 1.33 (0.02) a 0.77 (0.10) b 1.19 (0.02) a *** n.d. n.d. n.d.
Pn-3-O-c-p-coumgl 1.66 (0.11) a 0.9 (0.2) b 1.49 (0.09) a ** 0.19 (0.01) 0.29 (0.12) 0.25 (0.07) n.s.
Pn-3-O-t-p-coumgl 53 (2) a 22 (4) b 47 (2) a *** 1.78 (0.10) 1.03 (0.07) 1.36 (0.08) ***

Cy-3-O-t-p-coumgl +
Mv-3-O-caffgl 14.9 (0.7) a 8.0 (1.1) b 13.4 (0.7) a ** 0.54 (0.02) 0.49 (0.04) 0.51 (0.01) n.s.

Pt-3-O-t-p-coumgl 2.30 (0.12) 2.0 (0.5) 2.07 (0.10) n.s. 0.17 (0.03) 0.5 (0.3) 0.37 (0.16) n.s.
Pt-3-O-c-p-coumgl +
Mv-3-O-c-p-coumgl 24 (3) a 16 (2) ab 18 (2) b * n.d. n.d. n.d.

n.s.: not significant; * p < 0.05, ** p < 0.01, *** p < 0.001. Different letters in the same line are significantly different
at 5% level (Tukey HSD test); n.d.: not detected. +: values are expressed as mg/kg of fresh weight of grape berry
(skin + flesh). Standard deviation is reported in parentheses (n = 3). Abbreviations: Dp-3-O-gl = Delphinidin-3-O-
glucoside, Cy-3-O-gl = Cyanidin-3-O-glucoside, Pt-3-O-gl = Petunidin-3-O-glucoside, Pn-3-O-gl = Peonidin-3-
O-glucoside, Mv-3-O-gl = Malvidin-3-O-glucoside, Df-3-O-acetgl = Delphinidin-3-O-acetylglucoside, Cy-3-O-
acetgl = Cyanidin-3-O-acetylglucoside, Pt-3-O-acetgl = Petunidin-3-O-acetylglucoside, Pn-3-O-acetgl = Peonidin-
3-O-acetylglucoside, Mv-3-O-acetgl = Malvidin-3-O-acetylglucoside, Dp-3-O-t-p-coumgl = Delphinidin-3-O-
trans-p-coumaroylglucoside, Cy-3-O-t-p-coumgl = Cyanidin-3-O-trans-p-coumaroylglucoside, Pt-3-O-t-p-coumgl
= Petunidin-3-O-cis-p-coumaroylglucoside, Pt-3-O-t-p-coumgl = Petunidin-3-O-trans-p-coumaroylglucoside,
Pn-3-O-c-p-coumgl = Peonidin-3-O-cis-p-coumaroylglucoside, Pn-3-O-t-p-coumgl = Peonidin-3-O-trans-p-
coumaroylglucoside, Mv-3-O-c-p-coumgl = Malvidin-3-O-cis-p-coumaroylglucoside, Mv-3-O-t-p-coumgl =
Malvidin-3-O-trans-p-coumaroylglucoside, Mv-3-O-caffgl = Malvidin-3-O-caffeoylglucoside.

As in previously published studies [36,37], the concentrations of the different pigments
recorded in this experiment depended on the year and cultivar, while the ratio between
them remained relatively constant. Indeed, in Summer Royal, for instance, the contribution
of delphinidins, petunidins, and malvidins to the total anthocyanins, was always around
12, 11 and 53%, respectively. Otherwise, the percentages of cyanidins and peonidins in
Crimson Seedless were more variable along the seasons, with values between 4 and 10% or
75 and 89%, respectively.

Table 4 shows the total flavonols and flavan-3-ols, together with the amounts of
procyanidins B1 and B2, (+)-catechin, and quercetins, kaempferols and isorhamnetins
glycoside isomers in the skins of table grapes. Not all the phenolics were identified, and
the structure of some of them is the object of further investigation due to the similarity
of their structure and the consequent little differences in their spectra. Nevertheless, the
unidentified compounds were clearly distinguishable based on their specific retention
times. Although the phenolic profiles of table grapes are less complex than those of wine
grapes, highly significant differences in the flavonols and flavan-3-ols composition and



Horticulturae 2024, 10, 28 9 of 17

amounts were found among the investigated cultivars and seasons (year x cultivar, F = 124;
p < 0.01). Apart from the absence of quercetin-3-O-galactoside in Crimson Seedless, the
other quercetins were identified in both varieties with higher contents in black grapes.
In particular, quercetin-3-O-glucoronide and quercetin-3-O-rutinoside (they coeluted in a
single peak under these chromatographic conditions and thus they were quantified as a
single peak) were the dominant flavonols in Summer Royal, with higher concentrations in
the 2015 and 2016 vintages. Kaempferol was completely undetected in Crimson Seedless as
already reported in other research [34]; furthermore, higher concentrations of isorhamnetin-
3-O-galactoside and isorhamnetin-3-O-glucoside were measured in Summer Royal from
the 2015 vintage. As regards flavan-3-ols, very high levels of procyanidin B1 and B2, and
(+)-catechin were found in Summer Royal, especially in 2015 (Table 4).

Table 4. Effect of the year on flavan-3-ols and flavonol compounds of the two varieties.

Compounds + Summer Royal Crimson Seedless

2014 2015 2016 p Level 2014 2015 2016 p Level

Total flavan-3-ols 11.2 (0.6) a 26 (2) c 21.0 (1.2) b *** 15 (2) a 8.4(0.4) b 11.9 (0.9) a **
PrB1 3.52 (0.15) b 7.3 (1.3) a 6.2 (0.9) a ** 3.7 (0.7) a 2.3(0.3) b 3.1 (0.3) ab *

Catechin 2.3 (0.3) b 5.8 (0.7) a 4.6 (0.4) a *** 3.5 (0.6) 3.09 (0.05) 3.3 (0.4) n.s.
PrB2 5.4 (0.6) b 12.6 (1.9) a 10.2 (1.2) a ** 7.3 (1.2) a 3.01 (0.02) b 5.5 (0.5) a **

Total flavonols 9.6 (1.3) c 30 (4) a 18.3 (1.6) b *** 7.69 (0.17) a 4.1 (0.5) c 6.70 (0.12) b ***
Qr-3-O-gal 0.15 (0.01) b 1.2 (0.6) a 1.08 (0.05) a * n.d. n.d. n.d.

Qr-3-O-rut +
Qr-3-O-glucur 2.9 (0.6) c 11.0 (0.9) a 6.7 (0.7) b *** 4.18 (0.16) a 1.56 (0.05) c 2.99 (0.09) b ***

Qr-3-O-gl 2.4 (0.6) b 6.8 (1.1) a 4.9 (1.2) a ** 1.44 (0.17) 1.1 (0.3) 1.29 (0.13) n.s

Iso-3-O-gal 1.34 (0.07) b 3.1 (1.0) a 1.55 (0.08) b * 0.59 (0.14)
ab 0.6 (0.2) b 1.03 (0.14) a *

Kf-3-O-gl 0.15 (0.05) b 0.6 (0.4) ab 1.1 (0.4) a * n.d. n.d. n.d.
Iso-3-O-gl 1.17 (0.12) 2.0 (0.6) 1.32 (0.14) n.s. 1.0 (0.3) 0.54 (0.11) 0.8 (0.2) n.s

Qr-3-O-acetgl 1.51 (0.12) b 5.4 (0.4) a 1.65 (0.13) b *** 0.44 (0.09)
ab 0.34 (0.02) b 0.57 (0.09) a *

n.s.: not significant; * p < 0.05. ** p < 0.01. *** p < 0.005. Different letters in the same line are significantly different
at 5% level (Tukey HSD test); n.d.: not detected. + Values are expressed as mg/kg of fresh weight of grape
berry (skin + flesh). Standard deviation is reported in parentheses (n = 3); Abbreviations: PrB1 = Procyanidins
B1, PrB2 = Procyanidins B2, Qr-3-O-gal = Quercetin-3-O-galactoside, Qr-3-O-rut = Quercetin-3-O-rutinoside,
Qr-3-O-glucur = Quercetin-3-O-glucuronide, Qr-3-O-gl = Quercetin-3-O-glucoside, Iso-3-O-gal = Isorhamnetin-3-
O-galactoside, Kf-3-O-gl = Kaempferol-3-O-glucoside, Iso-3-O-gl = Isorhamnetin-3-O-glucoside, Qr-3-O-acetgl =
Quercetin-3-O-acetylglucoside.

3.4. Relationship between Yield Paramenters, Flavonoids, and Climate Indexes

The behavior of the determined flavonoids and yield parameters was significantly
different in the three years of the experiments, suggesting that for the two grape varieties
grown using the same culture practices, the climate conditions during the annual growing
season exerted a decisive influence on the quantities produced. It is known that the
temperature of a grape berry or cluster is a function of its energy balance that involves the
exchange of energy between the cluster and its environment, which generally is dominated
by shortwave (i.e., solar) radiation and convection, and the transfer of heat between the
cluster and moving air. Accordingly, the effects of thermal conditions on grape berry
composition have been studied extensively, primarily in growth chambers, glasshouses,
and phytotrons to compare constant day and/or night temperatures, but altering, in this
way, the effective field influence on grape ripening [20,21]. On the contrary, in this research,
viticultural practices (such as a training system and adequate irrigation to optimize canopy
management and control berry temperature with minimal compromise to the cluster
microclimate) have been developed, that could exclude the effects of direct solar radiation
from confounding the assessment of those related to thermal conditions alone.

A PCA score plot (Figure 1) was obtained considering the whole variability due to
yield parameters and flavonoids measured in the two table grapes along the three years of
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study. The separation between Summer Royal and Crimson Seedless with respect to PC1
(accounting for 58.95% of the experimental variance) was more evident than the clustering
of the vintages along PC2 (accounting for 17.50% of the experimental variance). This
finding suggested to separately analyze the influence of the climate indexes for each variety
investigating the effects of the years. Therefore, in order to tentatively discover a possible
correlation between yield parameters, as well as flavonoids and climate indexes, a factorial
analysis (FA) was performed. A maximum extraction of three factors was imposed from
data (based on Kaiser and scree rules) and comprising the maximum cumulative variance
of 94.1% and 95.5% for Summer Royal and Crimson Seedless, respectively (Figures 2 and 3).
Specifically, an orthogonal axes rotation (varimax normalized rotation) was performed to
enhance the interpretability of the results; this rotation did not affect the sum of eigenvalues
but by changing the axes, the eigenvalues of factors can be changed, as well as the factor
loadings. In this way, a clearer pattern of loadings was determined by providing higher
loadings of variables on a single factor, finding the best fit of the three extracted factors
with the variables, thus avoiding sizeable loadings of the same variable on different factors
contemporarily and, finally, improving the understanding of the variables’ associations
and rules.
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  Figure 2. Factor analysis score plot (a) and factor loadings (b) relative to flavonoids, yield parameters,

and climate indexes of cv. Summer Royal.



Horticulturae 2024, 10, 28 12 of 17

 

2 

 
Figure 3. Factor analysis score plot (a) and factor loadings (b) relative to flavonoids, yield parameters,
and climate indexes of cv. Crimson Seedless.

Firstly, it is worth noting that in both varieties, as confirmed by the negative loadings
on Factor 1 (Figures 2a and 3a), TSS accumulation was favored by an increase in envi-
ronmental energy as measured by the HI index despite the different growth cycle and
climate conditions which occurred in the ripening stage. After all, HI has the advantage of
integrating day length and temperature, having a strong influence on grape development
and quality [26,38]; indeed, previous literature reports have already proved how HI was
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positively correlated to late season phenological events (véraison and harvest) and pro-
vided a better assessment of the sugar potential of vine varieties [39,40]. On the contrary,
HI inversely influenced TA as confirmed by FA score plots (Figure 3).

In addition, HI was also positively linked to the yield but only for Summer Royal
(Figure 2), while the yield as well as bunch and berry weight of Crimson Seedless (having
higher loadings on Factor 2) seemed to not be linked to climatic indexes (Figure 3).

Summer Royal positively reacted to the higher environmental energy registered by
the HI index and this was likely due to its genetic predisposition represented by its higher
cluster-to-shoot ratio. Summer Royal showed to favorably absorb more energy for its grape
ripening as compared with Crimson Seedless, mostly considering that it completed its
growth cycle within August and in a shorter time, with more yield per vine and with this
yield being more stable over the years (Table 4). Accordingly, Ponti et al. found that in
the future the temperature increase will generally determine higher yield levels except for
countries with already high availability of environmental energy and located at very lower
latitudes (i.e., Egypt) [41].

Regarding the effect of the Cool Night Index (CI), opposite behavior was registered on
the two varieties; in particular, CI was differently related to TSS (directly and inversely for
Summer Royal and Crimson Seedless, respectively). This was likely due to the different
ripening period of the two varieties, with Summer Royal characterized by very high night
temperatures (from the second half of July to the first half of August). Important processes
such as plant respiration, repair of damaged photosystems, and carbohydrate translocation
occurs during the night; the lack of photosyntate translocation can influence photosynthetic
efficiency of the leaves in the subsequent day. Therefore, night temperature can play an im-
portant role at respiration level influencing the carbohydrate translocation [42,43]. Indeed,
in the case of Summer Royal (Figure 2), CI and TSS were directly related (both with high
negative loadings on Factor 1) probably because the greater amount of sunlight during the
day, which was available in the ripening of this variety, needs a much better efficiency in the
photosyntate translocation process favored by the higher night temperatures. Conversely,
it is worth pointing out that this process did not seem to happen for Crimson Seedless
(having CI and TSS inversely related on Factor 1), due to the lower diurnal temperatures of
its ripening period because they are not capable to compensate for the negative effect of the
higher temperature of the night on the sugar accumulation (Figure 3).

As regards TA content, a significant decrease in the presence of a higher CI value
was registered in Summer Royal, denoting an opposite trend with respect to Crimson
Seedless. However, this can be explained by the different ranges of temperatures that
occurred: 17.2–17.8 ◦C and 13.4–15.4 ◦C in the ripening of Summer Royal and Crimson
Seedless, respectively. Indeed, the temperature ranges highlighted for both varieties that
the maximum TA content was to be reached when CI tended to be around 15–16 ◦C. Even
though the bunch is generally connected with the berry weight increase, in Summer Royal
CI appeared not related to berry and bunch weight, showing instead a positive link to yield
and TSS. This was clearly due to the fact that the number, and consequently the weight of
berries, originated from environmental conditions that occurred during the fruit set and
were completely unrelated to CI variations over the ripening period. DI + total seasonal
irrigation was positively related to the TA of grapes even though their higher loadings were
revealed on Factor 1 and Factor 2 for Summer Royal and Crimson Seedless, respectively.

For what concerns DI, in this paper we provided for the first time an integrated
bioclimatic index. Indeed, the original DI, born to characterize the suitability of an area
to host wine grape which is generally cultivated without irrigation, does not contemplate
irrigation in its formula. In our case, the total seasonal irrigation amount (mm) was added
to the traditional formula because it represents a significant input to achieve qualitative
and quantitative yields for table grapes cultivation.

In Summer Royal, the relationship of the DI + total seasonal irrigation with yield
was not significant confirming the mitigating effect of the irrigation already highlighted in
Crimson Seedless. However, in this variety, the DI + total seasonal irrigation was shown to
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be negatively related to the TSS level with the same strength as the HI Index and, conversely,
to positively be linked to TA content, even if, in a weaker way. It means that, despite the
water irrigation amount applied, the different climate conditions over the years did not
completely cancel their consequences on TA contents. Indeed, grapes with higher acidic
content were produced during the rainy years, with the opposite happening in case of
drought years.

In the Crimson Seedless variety, the bunch growth, as well as the yield and the pH
were found not linked to the DI + total seasonal irrigation index. This was likely due to
the compensating effect exerted by irrigation water amounts and by the different ripening
periods, the fall season, that occurred in the case of Crimson Seedless and which was
generally characterized by more rainfall amounts than August. With regard to flavonoids,
anthocyanins content in both varieties was negatively related to higher CI to emphasize
that the concentration of these compounds, and consequently the grape color, was primarily
influenced by the mean minimum night temperature during the ripening period. These
results agreed with other published data where total anthocyanins were highest in artificial
cooler berries of either wine grapes [22,44] or table grapes [45]. Notably, HI was differently
related to the amount of these pigments in the two grapes.

Indeed, in the presence of a higher HI, they increase or decrease in Crimson Seedless
and Summer Royal, respectively (Figures 2 and 3). June, July, and August are determinant
months for the HI accumulation, and with these months being already characterized by
high daily average temperatures, it can be expected that even more heat could be definitely
deleterious for anthocyanins.

Conversely to anthocyanins, flavonols and flavanols-3-ols resulted more concentrated
in grapes from vintage with higher CI values as shown by FA and factor loadings plots
(Figures 2 and 3). The level of flavonols and flavan-3-ols in grapes was also connected to HI
values (Figures 2 and 3); in particular, they were positively or negatively correlated with HI
in Summer Royal and Crimson seedless, respectively. These observations were in contrast
with previous studies which reported that the temperature regimes after veraison had
little effect on the proanthocyanins and flavonols concentration and composition [10,21].
The absence of seeds in the analyzed grapes could justify the discrepancy of our data
with those reported in the literature; however, further research is in progress to confirm
this speculation and generally to assess the impact of thermal indexes on the phenolic
metabolism of seedless table grapes. Similar to anthocyanins, DI + total seasonal irrigation
was found to be linked to these metabolites only in the case of Crimson Seedless but
this time they were directly related (positive loadings on Factor 1, Figure 3), meaning
that the dryer growing period also determined an increment of flavonols and flavan-3-ols
concentration in grapes.

4. Conclusions

In this work, we reported some data on the effects of climate indexes HI, CI and
DI + total seasonal irrigation calculated during the vegetative cycle, over field grown
grape berries of two seedless varieties (Summer Royal and Crimson Seedless) for three
consecutive years (2014–2016), with a focus on the flavonoids content and composition. The
relationships between these indexes and the berry characteristics of table grapes represent
one of the novelties of the present work, since the use of bioclimatic indexes in viticulture
has been considered mainly in the characterization of the suitability of an area for viticulture.
So far, little attention has been paid to table grapes, which also represent one of the most
important agricultural sectors in the world. As expected, climatic conditions have shown
a great relationship with the quantitative–qualitative characteristics of grapes, especially
with the content of sugars, flavonoids, anthocyanins, flavan-3-ols and flavonols.

In particular, the Cool Night Index (CI) was related to TSS and TA, differently between
the two cultivars; then, in contrast to anthocyanins, flavanols and flavanol-3-ols were more
concentrated when CI values were higher.
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Despite the mitigating effect of irrigation water, DI + irrigation was positively related
to TA in both varieties.

In Summer Royal, DI + irrigation was negatively related to TSS and in Crimson
Seedless, it was positively linked only to the concentration of flavonols and flavan-3-ols.

Finally, the most effective relationship via HI was found with anthocyanins, which
were increased or decreased in the presence of higher HI in Crimson Seedless and Summer
Royal, respectively.

The programmatic choices made by growers should consider the different variables
that can influence the quantitative–qualitative aspects of production. To this end, the
methodology used in this study provides useful information to elucidate the environmental
influences on the development and composition of the berries, on the basis of objective
parameters that, as such, characterize the climatic potential of a viticultural area and can
influence the qualitative and quantitative aspects of production. However, further research
is needed to confirm these results on other seeded and seedless grape varieties.
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