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Abstract: The optimal harvesting of table grapes is commonly determined based on technological
and phenolic indices analyzed over the course of its maturity. The classical techniques used for these
analyses are destructive, time-consuming, and work for a limited number of samples that may not
represent the heterogeneity of the vineyard. This study aimed to follow the ripening season of table
grapes using non-destructive tools as a rapid and accurate alternative for destructive techniques.
Grape samples were collected from a Sugranineteen vineyard during the ripening season to measure
the basic maturity indices via wet chemistry, and total polyphenols, anthocyanins, and flavonoids
were evaluated by spectrophotometry. Fluorescent readings were collected from intact clusters
with a portable optical sensor (Multiplex® 3, Force-A, France) that generates indices correlated to
different maturity parameters. Results revealed strong relationships between the Multiplex® indices
ANTH_RG and FERARI and the skin anthocyanin content, with R2 values equal to 0.9613 and 0.8713,
respectively. The NBI_R index was also related to total anthocyanins (R2 = 0.8032), while the SFR_R
index was linked to the titratable acidity (R2 = 0.6186), the sugar content (R2 = 0.7954), and to the
color index of red grapes (CIRG) (R2 = 0.7835). Results demonstrated that Multiplex® 3 can be
applied on intact clusters as an effective non-destructive tool for a rapid estimation of table grapes’
anthocyanin content.

Keywords: table grapes; optimal harvesting; technological maturity; phenolic maturity; non-destructive
tools; Multiplex® 3

1. Introduction

The maturity assessment of table grapes (Vitis vinifera L.) is necessary to determine the
optimal harvesting time, which is a critical point for the postharvest handling period. Both
destructive and non-destructive methods are applied in viticulture for crop monitoring
and evaluation [1]. A common practice is to harvest the grapes based on technological and
phenolic maturity indices that are measured using destructive laboratory analyses [2]. The
technological maturity mainly includes the measurement of sugar content, titratable acidity,
and the pH value of grape juice. The phenolic maturity reflects the ripeness of berry skin,
pulp, and seeds, considering their phenolic compositions, and is expressed either as total
polyphenols or skin anthocyanin content [3,4]. The total phenolic compounds are usually
extracted from grape skins and estimated via spectrophotometry methods, such as the
Folin–Ciocalteu assay [5]. The detailed profile of anthocyanins that are responsible for the
red color in mature berries [6] is commonly identified by high pressure liquid chromatog-
raphy (HPLC) [7]. Headspace solid phase microextraction (HS-SPME) followed by gas
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chromatography mass spectrometry (GC-MS) is applied for the analysis and quantification
of some polyphenols in wine and grapes [8].

Although effective and precise, all these techniques are expensive, destructive, time-
consuming, and consider a limited number of samples [9,10]. These problems demonstrate
the limitations of laboratory analyses to properly estimate the grape status in the vineyard
and to reflect the spatial and temporal heterogeneity of grapes throughout the matura-
tion period. Consequently, researchers are increasingly oriented toward non-destructive
techniques which are fast, accurate, and enable real-time analyses of fruit quality and
maturity for a large number of samples [11–13]. Particularly, the optical methods were
advantageously used for precision viticulture to solve the problem of grape heterogeneity
in vineyards [12,14,15]. Among the most recent optical techniques, a method based on fruit
auto-fluorescence has been successfully used for the monitoring of grape maturity [16,17].
The fluorescence indices were proved to reflect the epidermal phenolic content in wine
grape leaves and skin anthocyanin content in grape berries [16,18,19]. Multiplex® (FORCE–
A, Orsay, France) is a commercial hand-held optical sensor that applies the chlorophyll
fluorescence screening technique [15]. Several successful applications of Multiplex® sensor
were reported for the non-destructive determination of grape anthocyanins, the assessment
of the spatial variability of grape color in the vineyard, and the ripening evaluation of
different wine grape cultivars [12,17,20,21].

While most studies were applied to wine grapes, the present investigation aimed
to assess the ripening of red table grapes using both destructive and non-destructive
fluorescence-based methods. In practice, the objective was to evaluate the feasibility of
using the fluorescence-based method to measure skin anthocyanin content along with
maturity and to study the possible relationship between laboratory results and in-site
fluorescence readings collected by Multiplex® 3 from intact clusters.

2. Materials and Methods
2.1. Plant Material

The experiment was carried out during the ripening season of 2019 on Vitis vinifera
L. cv. Sugranineteen (Scarlotta Seedless® brand) grown in a commercial organic vineyard
(Azienda Agricola Romanazzi S.r.l., Castellaneta Marina, Taranto, Italy) in Castellaneta
Marina, south Italy. Scarlotta Seedless is a late-season seedless cultivar characterized by
sweet, crisp, red- to dark-red-colored and oval-shaped berries. Grapevines were grafted
onto a 1103 Paulsen rootstock, spaced 2.5 × 2.5 m, and trained to the Y-shaped trellis
system and covered by plastic film to protect canopy and clusters from hail, wind, and
rainfall. The plastic film was characterized by a high solar total transmissivity coefficient
(83.7%), while the photosynthetically active radiation (PAR) total transmissivity coefficients
was 81.8% and the long wave infrared (LWIR) transmissivity coefficient was 53.6%. The
growing techniques were implemented according to the viticulture practices of organic
table grapes in Italy, and the harvest time was determined according to the commercial ma-
turity specifications set by the parent company Sun World International, LCC, Bakersfield,
CA, USA.

2.2. Grape Sampling and In-Field Measurements

The monitoring of grape ripening was performed weekly from the onset of veraison
on 1 August 2019 (day of the year, DOY = 213) until the harvest time on 7 October 2019
(DOY = 280). The experimental site was divided into two blocks of different irrigation
systems: Scarlotta Block 1, SB1 (farmer irrigation) and Scarlotta Block 2, SB2 (controlled
irrigation by an Internet of Things sensor-based system). Each block constituted 98 vines
planted into 7 adjacent rows. At each sampling time, 3 berries per vine (294 berries per
block) were removed from different parts of the clusters free of visible damages, with their
pedicel still attached. In parallel, 2 fluorescence readings (196 measurements per block) were
collected by Multiplex® 3 from clusters attached to both sides of the grapevine (Section 2.3).
Collected berries were stored at −20 ◦C until total polyphenols and skin anthocyanins
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extraction and quantification. Additionally, another 10 clusters were randomly collected
5 times during maturation to conduct the basic wet chemistry analysis and decide the
optimal harvesting day (Section 2.4).

2.3. Optical Sensor and Indices

The fluorescence measurements of grapes were collected by the hand-held optical
sensor Multiplex® (FORCE-A, Orsay, France), which is described in detail elsewhere [17].
In this study, we used the version Multiplex® 3 (MP3) that generates 12 signals produced
by the combination of different excitation light emitting diodes (LED), i.e., UV and red–
blue–green (RGB), and three photodiode detectors for fluorescence recordings, i.e., yellow
(YF), red (RF), and far red (FRF). Real-time measurements were acquired directly in the
vineyard on intact clusters. Among the parameters that MP3 can measure, this study
focuses on the measurement of skin anthocyanins using 2 indices: ANTH_RG, which
is based on the chlorophyll fluorescence excited with red (R) and green (G) lights, and
FERARI (fluorescence excitation ratio anthocyanin relative index), which is based on the
far-red chlorophyll fluorescence under red excitation [12,17]. The other studied indices
include the FLAV index, which is proportional to skin flavonols, the simple fluorescent ratio
(SFR_R), which is related to the chlorophyll content in leaves and berries, and the nitrogen
balance index (NBI_R), which accounts for both epidermal phenolics and chlorophyll
contents [22–25].

The mathematical expressions of the used fluorescence indices are defined as:

ANTH_RG = log (FRF_R/FRF_G), (1)

FERARI = log (5000/FRF_R), (2)

FLAV = log (FRF_R/FRF_UV), (3)

SFR_R = FRF_R/RF_R, (4)

NBI_R = FRF_UV/FRF_R, (5)

where FRF_R, FRF_G, and FRF_UV are far-red fluorescence under red, green, and UV
excitation, respectively. RF_R is red fluorescence under red excitation. Mx fluorescence
signals were corrected for residual electronic offsets and normalized to a fluorescence
standard (blue plastic foil, FORCE-A, Orsay, France).

2.4. Chemical Analysis

The technological maturity of Sugranineteen was monitored starting from DOY = 246
to decide the optimal harvesting date. Three replicates of grape juice were extracted from
20 berries per replicate and then filtered after centrifugation (10 ◦C, 3000× g, 15 min). Total
soluble solids (TSS) were determined using a DBR 95 digital refractometer (XS Instruments,
Carpi, Italy) and the pH was measured with a pH meter (Eutech Instruments, Breda, The
Netherlands, XS pH 2700). The titratable acidity (TA) was determined by titrating the
juice with 0.1 N NaOH to an endpoint of 7.0 pH, and results are expressed as g/L tartaric
acid equivalent. Berry color was collected from 294 berries per block using a portable
spectrophotometer (CM–700d, Konica Minolta, Inc., Tokio, Japan). Results are expressed
as a color index of red grapes (CIRG), calculated from the CIELAB color coordinates, i.e.,
hue angle (h), lightness (L*), and chroma (C*), and defined as ((180 − h)/(L* + C*)) [26].
This index enables an objective color evaluation of red grape cultivars at different ripening
stages [27].

2.5. Analysis of Total Polyphenols, Anthocyanins, and Flavonoids

The assessment of total polyphenols, anthocyanins, and flavonoids during ripening
was performed on skin extracts. Nine berries of different color tones (fully, medium,
and slightly colored) were weighed using an electronic balance (Gibertini, Milan, Italy)
before the skins were peeled and infused in 25 mL of ethanol–chloride solution (70:30:1;
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C2H5OH:H2O:HCl) for 24 h in darkness. Extracts were then filtered through 0.45 µm filter
papers and stored at −20 ◦C until spectrophotometric analyses. Total polyphenols were
quantified using the Folin–Ciocalteu method on 1:10 diluted skin extracts with distilled
water. In an Eppendorf tube, 100 µL of distilled water, 100 µL of diluted skin extract, and
100 µL of Folin–Ciocalteu reagent were homogenized and incubated for 5 min at room
temperature. Another incubation for 90 min was performed after adding 500 µL of 10%
of sodium carbonate to the mixture, and the absorbance was then recorded at 750 nm
using the DU® 800 UV/Vis spectrophotometer (Beckman Coulter, Brea, CA, USA). The
quantification of total anthocyanins and flavonoids was performed on 1:25 diluted skin
extracts with the ethanol–chloride solution. In this case, the absorbance was determined
within the UV-Vis spectrum range of 230–700 nm, and peaks were identified using the
graphical method [28]. The obtained results of different parameters were expressed as
mg/kg of grape berries (skin and flesh).

2.6. Antioxidant Activity

The antioxidant activity of Sugranineteen was assessed with ABTS and DPPH assays
on grape juice obtained from nine weighed berries per sample and subjected to centrifu-
gation (8000 RPM for 5 min at 10 ◦C) and filtration using 0.45 µm filters. The ABTS
(2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) assay was carried out according to
a method reported elsewhere, with minor modifications [29]. This method is based on the
ability of antioxidants to scavenge the ABTS+. The stock solution was obtained by reacting
7 mM of ABTS solution (0.0960 g/25 mL H2O) with 400 µL of potassium persulphate
(K2S2O8) for 16 h at room temperature and in darkness. An aqueous solution of 100 mM
ABTS+ was then prepared and diluted with water to an absorbance of 0.80 ± 0.005 at
734 nm. The absorbance of 950 µL of diluted ABTS+ solution added to 50 µL of filtered
juice was then recorded at 734 nm after a sharp 8 min of incubation at room temperature
and in darkness.

The DPPH (2,2-diphenyl-1-picrylhydrazyl) assay was performed based on a pre-
explained method, with small adjustments [30]. A mother solution of DPPH 0.08 mM was
produced by solubilizing 0.0031 g of DPPH powder in 100 mL of ethanol. The solution
of DPPH was diluted with ethanol to an absorbance of 0.80 ± 0.003 at 517 nm to perform
the spectrophotometric analysis. A mixture of 50 µL of filtered juice and 950 µL of diluted
DPPH solution was incubated for 30 min at room temperature and in darkness to record
the absorbance of the mixture at 517 nm. The obtained results of both assays are expressed
as µM Trolox equivalent antioxidant capacity (TEAC)/g of grapes.

2.7. HPLC-DAD Anthocyanin Analysis

The anthocyanin composition of grape skins extracts was determined using an HPLC
Waters 600 E device (Waters Inc., Milford, MA, USA) equipped with a quaternary pump,
a photodiode array detector, and an injection valve with a 20 µL loop [31]. Skin extracts
were filtered through 0.45 µm nylon membrane and diluted 1:2 with 10% formic acid.
Samples were then injected into a NovaPack C18 (150 × 3.9 mm, 4 µm particle size, Waters
Inc.) column maintained at 30 ◦C and eluted at a flow rate of 1 mL/min with 10% formic
acid (solvent A) and acetonitrile (solvent B). The gradient program of solvent A was the
following: 0–10 min 95%, 10–20 min 87%, 20–30 min 85%, 30–45 min 75%, and 45–50 min
95%. Anthocyanins were detected at 520 nm and quantitative analysis was performed
according to an external standard method based on a calibration curve obtained by injecting
different concentrations of malvidin-3-O-glucoside solutions (R2 = 0.9991). Anthocyanin
compounds were identified by comparing the elution pattern and data reported in pre-
vious studies [32–34]. The results were expressed as mg/kg of malvidin-3-O-glucoside
equivalents in grape berries.
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2.8. Statistical Analysis

All destructive determinations were made in triplicate. Data processing and statistical
analysis were carried out on Microsoft® Excel and Minitab 20.3 (Minitab, LLC, State
College, PA, USA) software. A one-way analysis of variance (ANOVA) with Tukey’s
honest significant difference (HSD) test were performed for each studied parameter at a
p-value ≤ 0.05.

3. Results
3.1. Analysis of Ripeness

The technological maturity of grapes was monitored starting from 3 September
(DOY = 246) until harvest (Table 1). The pH of grape juice fluctuated with slight dif-
ferences among blocks and maturation days and averaged 3.47 for SB1 and 3.61 for SB2
at harvest. The sugar content had an increasing trend, while the acidity was decreasing
during maturation and reached at harvest an average TSS of 17.9 ◦Brix and an acidity value
of 4.86 g/L with no significant differences among the blocks.

Table 1. Changes in quality attributes of Sugranineteen grapes during ripening (mean values ± SD).

Quality Parameters Sample
Maturation Time (DOY)

246 254 263 278 280 (Harvest)

pH SB1 A 3.35 d ± 0.01 * A 3.51 b ± 0.01 A 3.56 a ± 0.01 A 3.51 b ± 0.01 B 3.47 c ± 0.01
SB2 A 3.34 c ± 0.01 A 3.49 b ± 0.02 B 3.44 b ± 0.02 B 3.45 b ± 0.01 A 3.61 a ± 0.01

TSS (◦Brix)
SB1 A 16.6 b ± 0.1 A 16.9 b ± 0.2 A 18.1 a ± 0.1 A 18.4 a ± 0.2 A 17.8 a ± 0.1
SB2 B 15.6 cd ± 0.3 A 16.5 bc ± 0.5 B 14.8 d ± 0.3 B 17.5 ab ± 0.1 A 18.1 a ± 0.2

Titratable acidity
(g/L)

SB1 B 7.23 a ± 0.58 A 4.83 b ± 0.03 B 4.26 c ± 0.15 A 4.89 b ± 0.19 A 4.78 b ± 0.08
SB2 A 8.18 a ± 0.09 A 5.03 b ± 0.30 A 4.54 b ± 0.04 A 4.83 b ± 0.05 A 4.94 b ± 0.10

CIRG
SB1 B 5.30 a ± 0.07 A 5.47 a ± 0.32 A 4.80 b ± 0.14 A 5.35 a ± 0.14 A 5.09 ab ± 0.16
SB2 A 5.89 a ± 0.21 A 5.59 ab ± 0.19 B 4.47 c ± 0.08 A 5.29 b ± 0.08 A 5.32 b ± 0.20

* On the same row, means with different right superscripts differ significantly (p ≤ 0.05). Between the SB1
(farmer irrigation) and SB2 (sensor-based controlled irrigation) pair, means with different left superscripts differ
significantly (p ≤ 0.05).

The CIRG averaged at harvest 5.09 and 5.32 for SB1 and SB2, respectively, reflecting
the red color of the berries. The harvest was conducted on 7 October (DOY = 280) according
to the measured parameters and the commercial maturity standards of Sugranineteen.

3.2. Polyphenols and Antioxidant Acitivy

The total amount of polyphenols, flavonoids, and anthocyanins measured using
spectrophotometry was expressed as mg/kg of berry FW (Table 2). Total polyphenols
fluctuated in a constant range during the ripening season between 586 and 996 mg/kg.
Both blocks had almost the same trend, with slightly higher amounts of polyphenols for SB2,
which showed an average concentration at harvest of 851 mg/kg compared to 738 mg/kg
in SB1. Total flavonoids followed the same trend, as total polyphenols and fluctuated
within a constant range until harvest. Flavonoids had significantly higher concentrations in
SB1 during maturation, but at harvest, the content was slightly higher in SB2 (508.8 versus
468.7 mg/kg). In contrast, anthocyanins had an evident increasing trend over the entire
maturation period, except for DOY 263, and had almost a similar trend among blocks, with
mostly higher values for SB2. At harvest, SB2 reached an average value of 145 mg/kg,
compared to 123 mg/kg for SB1.
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Table 2. Analyses of polyphenols and antioxidant activity of Sugranineteen grapes during ripening (mean values ± SD).

Parameters Sample
Maturation Time (DOY)

213 225 234 246 254 263 278 280 (Harvest)

Total polyphenols (mg/kg) SB1 B 715.3 b ± 9.2 * B 911.7 a ± 56.6 A 669.2 b ± 44.9 A 846.9 ab ± 95.5 A 746.5 b ± 33.9 A 710.1 b ± 30.0 A 813.8 ab ± 59.1 B 737.5 b ± 54.9
SB2 A 819.9 b ± 40.7 A 995.9 a ± 16.2 A 684.0 c ± 16.2 A 913.6 ab ± 89.0 A 731.4 bc ± 54.6 B 586.3 d ± 6.8 A 785.6 b ± 36.1 A 851.4 ab ± 43.4

Flavonoids (mg/kg) SB1 A 405.7 c ± 7.4 A 542.6 a ± 35.1 A 386.4 c ± 38.4 A 480.8 ab ± 55.2 A 436.8 b ± 9.3 A 376.4 c ± 22.4 A 469.4 b ± 36.0 A 468.7 b ± 28.0
SB2 B 379.3 b ± 11.2 B 485.0 a ± 13.7 A 365.7 b ± 17.9 A 473.7 a ± 20.8 B 376.5 b ± 34.5 B 289.8 c ± 1.7 A 454.4 a ± 24.8 A 508.8 a ± 33.0

Anthocyanins (mg/kg) SB1 B 44.8 e ± 7.4 A 86.2 bc ± 7.5 B 63.2 d ± 14.6 A 84.9 bc ± 14.3 A 82.4 c ± 1.6 A 63.9 d ± 0.1 B 93.4 b ± 6.4 B 123.0 a ± 4.1
SB2 A 65.7 d ± 11.4 B 65.6 d ± 9.7 A 91.5 c ± 10.8 A 99.9 c ± 1.6 A 84.5 c ± 19.2 B 58.6 d ± 2.1 A 133.7 b ± 4.3 A 144.6 a ± 1.7

Antioxidant activity

ABTS (µM/g) SB1 A 3.6 a ± 0.1 A 3.5 a ± 0.1 A 2.7 b ± 0.2 A 2.0 c ± 0.1 A 2.9 b ± 0.2 A 3.7 a ± 0.1 A 4.1 a ± 0.6 A 3.4 a ± 0.2
SB2 B 2.9 c ± 0.1 A 3.3 b ± 0.1 B 2.1 d ± 0.1 A 2.1 d ± 0.1 B 1.9 d ± 0.1 B 3.1 bc ± 0.1 A 3.7 a ± 0.2 A 3.8 a ± 0.2

DPPH (µM/g) SB1 A 0.9 c ± 0.1 A 1.2 c ± 0.2 A 1.7 b ± 0.1 A 1.6 b ± 0.1 A 1.8 b ± 0.1 A 2.0 ab ± 0.1 A 2.4 a ± 0.4 A 2.2 ab ± 0.3
SB2 A 1.1 d ± 0.1 A 1.2 d ± 0.1 B 1.4 cd ± 0.1 A 1.6 c ± 0.1 B 1.2 d ± 0.1 A 2.0 b ± 0.1 A 2.1 b ± 0.1 A 2.5 a ± 0.1

* On the same row, means with different right superscripts differ significantly (p ≤ 0.05). Between the SB1 (farmer irrigation) and SB2 (sensor-based controlled irrigation) pair, means
with different left superscripts differ significantly (p ≤ 0.05).



Foods 2022, 11, 663 7 of 15

Regarding the antioxidant activity, results were expressed as the µM Trolox equivalent
antioxidant capacity (TEAC)/kg of grapes (Table 2). This was analyzed using two different
assays, ABTS and DPPH. Despite the fluctuation of values, both methods revealed a similar
increasing trend throughout maturation. ABTS expressed the antioxidant activity with
higher concentration than DPPH, varying between 1.9 and 4.1 µM/kg. At harvest, no
significant difference was detected between the two blocks, and the values averaged 3.4
and 3.8 µM/kg for SB1 and SB2, respectively. Results from DPPH followed a range of
values between 0.9 and 2.5 µM/kg. At harvest, concentrations were also similar between
the two blocks, averaging 2.2 µM/kg for SB1 and 2.5 µM/kg for SB2.

3.3. Anthocyanin Profile

A total of 13 anthocyanin compounds were identified and quantified using HPLC-
DAD, as shown in Figure 1, corresponding to the SB2 sample at harvest time. The an-
thocyanin compositions of grape skin extracts are reported in Table 3. The most abun-
dant anthocyanins at harvest were peonidin-3-O-glucoside (37.5 and 42.4 mg/kg) and
malvidin-3-O-glucoside (17.4 and 24.7 mg/kg), followed by cyanidin-3-O-glucoside (14.9
and 8.8 mg/kg), peonidin-3-O-coumaroyl-glucoside (6.9 and 9.2 mg/kg), and trans-malvidin-
3-O-coumaroyl-glucoside (3.9 and 7.3 mg/kg) in SB1 and SB2, respectively. All these
compounds were significantly higher in SB2, except for cyanidin-3-O-glucoside.

1 

 

 

Figure 1. HPLC-DAD anthocyanin profile of SB2 Sugranineteen at DOY 280 (harvest).
Dp, delphinidin-3-O-glucoside; Cy, cyanidin-3-O-glucoside; Pt, petunidin-3-O-glucoside; Pn,
peonidin-3-O-glucoside; Mv, malvidin-3-O-glucoside; Pn-Ac, peonidin-3-O-acetyl-glucoside; Mv-
Ac, malvidin-3-O-acetyl-glucoside; Pn-Cf, peonidin-3-O-caffeoyl-glucoside; Mv-Cf, malvidin-3-O-
caffeoyl-glucoside; cis-Pn-Cm, cis-peonidin-3-O-coumaroyl-glucoside; cis-Mv-Cm, cis-malvidin-3-O-
coumaroyl-glucoside; Pn-Cm, peonidin-3-O-coumaroyl-glucoside; trans-Mv-Cm, trans-malvidin-3-O-
coumaroyl-glucoside.

Another observation is that the amounts of almost all the identified compounds
were increasing with maturation, despite the fluctuation of values among the maturation
days. At harvest, the total amount of anthocyanins reached 87.7 mg/kg for SB1, which is
significantly lower than the content of SB2, which averaged 101.6 mg/kg of grapes.
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Table 3. Anthocyanin composition of Sugranineteen grapes during ripening (mg/kg, mean values ± SD).

Anthocyanins Sample
Maturation Time (DOY)

213 225 234 246 254 263 278 280 (Harvest)

Dp SB1 B 0.5 d ± 0.2 * A 2.0 a ± 0.2 B 1.0 c ± 0.1 B 1.4 b ± 0.2 A 1.7 ab ± 0.1 A 0.7 cd ± 0.2 B 0.3 d ± 0.1 A 1.2 bc ± 0.1
SB2 A 1.4 c ± 0.1 A 1.9 b ± 0.3 A 1.7 bc ± 0.3 A 2.7 a ± 0.4 B 0.7 d ± 0.2 A 0.5 d ± 0.2 A 1.5 bc ± 0.5 A 1.4 c ± 0.1

Cy SB1 B 2.2 d ± 0.4 A 2.9 cd ± 0.4 A 1.9 d ± 0.3 A 2.6 cd ± 0.7 A 3.1 c ± 0.4 A 1.2 e± 0.1 A 10.6 b ± 0.1 A 14.9 a ± 0.3
SB2 A 5.9 b ± 1.5 A 2.5 c ± 0.2 A 2.4 c ± 0.5 A 2.2 c ± 0.1 B 1.0 d ± 0.3 B 0.7 d ± 0.1 B 5.3 b ± 1.7 B 8.8 a ± 0.6

Pt
SB1 B 1.0 d ± 0.2 A 2.5 a ± 0.2 B 1.3 cd ± 0.2 B 2.1 ab ± 0.2 A 2.2 a ± 0.1 A 1.6 c ± 0.1 A 1.3 cd ± 0.2 B 1.9 b ± 0.1
SB2 A 2.4 b ± 0.1 A 2.3 b ± 0.3 A 2.4 b ± 0.3 A 3.5 a ± 0.5 B 0.9 c ± 0.3 B 0.3 d ± 0.2 A 2.0 b ± 0.6 A 2.5 b ± 0.1

Pn
SB1 B 16.4 cd ± 3.9 A 21.5 c ± 2.3 A 21.5 c ± 4.5 A 19.5 cd ± 5.0 A 16.3 d ± 0.1 A 11.4 e ± 0.1 A 31.7 b ± 1.3 B 37.5 a ± 0.5
SB2 A 34.2 b ± 3.3 B 15.4 d ± 1.6 A 26.9 bc ± 4.8 A 16.7 d ± 0.9 B 7.1 e ± 2.1 A 10.0 e ± 2.1 B 22.6 c ± 3.2 A 42.4 a ± 0.5

Mv
SB1 B 10.5 c ± 1.5 A 23.0 a ± 1.3 B 15.8 bc ± 3.7 B 23.1 a ± 2.4 A 21.0 ab ± 2.1 A 15.6 bc ± 0.8 A 11.5 c ± 1.8 B 17.4 b ± 2.1
SB2 A 23.0 b ± 2.1 A 19.7 bc ± 3.0 A 24.1 b ± 2.9 A 32.5 a ± 1.6 B 8.4 c ± 2.5 A 14.1 c ± 2.4 A 15.8 c ± 5.0 A 24.7 b ± 0.9

Pn-Ac
SB1 A 0.2 c ± 0.1 A 0.3 d ± 0.1 A 0.4 c ± 0.1 A 0.7 b ± 0.1 A 0.8 b ± 0.1 A 0.6 bc ± 0.1 A 0.8 b ± 0.1 A 1.1 a ± 0.1
SB2 A 0.7 b ± 0.3 A 0.6 b ± 0.2 A 0.5 c ± 0.1 A 0.9 b ± 0.1 B 0.4 c ± 0.1 B 0.3 c ± 0.1 A 0.9 ab ± 0.3 A 1.2 a ± 0.1

Mv-Ac
SB1 B 0.3 c ± 0.1 A 0.8 ab ± 0.1 B 0.5 bc ± 0.1 B 0.8 ab ± 0.2 A 0.9 a ± 0.1 A 0.9 a ± 0.1 B 0.4 ab ± 0.1 B 0.6 b ± 0.1
SB2 A 0.8 bc ± 0.3 A 0.6 c ± 0.1 A 1.0 b ± 0.1 A 1.5 a ± 0.1 B 0.3 d ± 0.1 A 0.7 c ± 0.1 A 0.8 bc ± 0.2 A 1.1 b ± 0.1

Pn-Cf
SB1 B 0.1 e ± 0.1 A 0.7 cd ± 0.1 A 0.3 de ± 0.1 A 0.5 d ± 0.1 A 0.9 c ± 0.1 A 0.5 cd ± 0.1 A 1.3 b ± 0.1 A 1.6 a ± 0.1
SB2 A 0.6 bc ± 0.3 A 0.7 b ± 0.1 A 0.4 c ± 0.1 A 0.7 b ± 0.1 B 0.3 b ± 0.1 A 0.7 b ± 0.1 A 1.0 ab ± 0.3 B 1.2 a ± 0.1

Mv-Cf
SB1 A 0.3 ab ± 0.1 nd A 0.1 b ± 0.1 A 0.2 ab ± 0.1 nd A 0.4 a ± 0.1 nd nd
SB2 A 0.3 b ± 0.1 nd A 0.2 b ± 0.1 A 0.2 b ± 0.1 A 0.1 b ± 0.1 A 0.8 a ± 0.2 nd A 0.3 b ± 0.1

Cis-Pn-Cm
SB1 B 0.2 b ± 0.1 A 0.6 a ± 0.1 A 0.3 b ± 0.1 B 0.6 a ± 0.1 A 0.6 a ± 0.1 A 0.6 a ± 0.1 A 0.6 a ± 0.1 A 0.7 a ± 0.1
SB2 A 0.6 bc ± 0.2 A 0.6 b ± 0.1 A 0.5 bc ± 0.1 A 1.0 a ± 0.1 A 0.4 b ± 0.1 B 0.3 c ± 0.1 A 0.8 ab ± 0.2 A 0.9 ab ± 0.1

cis-Mv-Cm
SB1 A 0.1 a ± 0.1 B 0.2 a ± 0.1 A 0.2 a ± 0.1 B 0.3 a ± 0.1 A 0.3 a ± 0.1 A 0.3 a ± 0.1 A 0.1 a ± 0.1 B 0.2 a ± 0.1
SB2 A 0.3 b ± 0.1 A 0.3 b ± 0.1 A 0.2 b ± 0.1 A 0.6 a ± 0.1 B 0.1 b ± 0.1 A 0.2 bc ± 0.1 A 0.3 b ± 0.1 A 0.4 ab ± 0.1

Pn-Cm
SB1 B 1.5 f ± 0.3 A 2.9 e ± 0.2 B 2.7 e ± 0.8 B 3.7 cd ± 0.9 A 4.5 c ± 0.1 A 3.7 d ± 0.1 A 6.0 b ± 0.1 B 6.9 a ± 0.1
SB2 A 5.6 b ± 1.3 A 2.9 c ± 0.4 A 3.9 bc ± 0.6 A 5.0 b ± 0.3 B 2.5 c ± 0.7 B 2.8 c ± 0.2 A 5.7 b ± 1.8 A 9.2 a ± 0.2

trans-Mv-Cm
SB1 B 1.2 e ± 0.1 A 3.9 c ± 0.2 B 3.5 cd ± 0.9 B 6.2 ab ± 0.9 A 6.8 a ± 0.9 A 5.5 b ± 0.1 B 2.5 d ± 0.4 B 3.9 c ± 0.7
SB2 A 4.7 cd ± 2.1 A 3.8 cd ± 0.7 A 5.4 c ± 0.5 A 9.9 a ± 0.3 B 2.9 d ± 0.9 A 5.1 c ± 0.7 A 5.3 c ± 1.5 A 7.3 b ± 0.2

Total
SB1 B 34.5 d ± 5.8 A 61.5 bc ± 4.8 A 49.4 cd ± 10.9 B 61.6 bc ± 10.6 A 59.0 c ± 2.7 A 42.8 d ± 1.3 A 67.0 b ± 4.0 B 87.7 a ± 2.4
SB2 A 80.5 b ± 15.3 A 51.3 c ± 7.0 A 69.5 b ± 9.9 A 77.3 b ± 4.5 B 25.1 e ± 7.5 B 36.6 d ± 0.9 A 61.8 bc ± 19.7 A 101.6 a ± 0.4

* On the same row, means with different right superscripts differ significantly (p ≤ 0.05). Between the SB1 (farmer irrigation) and SB2 (sensor-based controlled irrigation) pair, means
with different left superscripts differ significantly (p ≤ 0.05). nd, not detected. For anthocyanins code, see the note to Figure 1.
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3.4. Changes in Cluster Fluorescence during Maturation

The variation of Multiplex® indices during the maturation period is shown in Figure 2.
The collection of fluorescent readings was performed in parallel with berry sampling from
DOY 213 to 280. The nitrogen balance index (NBI_R) that is correlated to the epidermal phe-
nolics and chlorophyll decreased until DOY 254, then increased until DOY 278 and dropped
again at harvest. The simple fluorescent ratio SFR_R that is correlated to the chlorophyll
content in berries had a decreasing trend without fluctuation until DOY 280 (harvest time).
In contrast, the indices correlated to the anthocyanin contents AHTH_RG and the FERARI
index had a similar trend over the entire maturation period, with higher ranges for the
former compared to the FERARI indices, and were increasing toward harvest time.
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3.5. Relationship between Destructive and Fluorescent Measurements

Regression model analyses were conducted to study the relationship between the dif-
ferent grape maturity parameters analyzed destructively and the fluorescent measurements
collected by Multiplex® 3 along the maturation season. Regression equations with the
corresponding coefficient of determination (R2) are shown in Figure 3 and Table S1. The
indices ANTH_RG and FERARI showed a significant relationship with skin anthocyanins
(p < 0.001) and fitted a positive linear model, with R2 values equal to 0.9613 and 0.8743,
respectively. The NBI_R index that is correlated to the epidermal phenolics and chlorophyll
revealed significant negative linear relationships with anthocyanins (R2 = 0.8032; p < 0.001)
and flavonoids (R2 = 0.4773; p = 0.039). Among the technological maturity parameters,
TA, CIRG, and TSS were significantly related to the simple fluorescent index SFR_R that is
associated with the chlorophyll content of berries, with R2 values equal to 0.6186 (p = 0.012),
0.7835 (p = 0.005), and 0.7954 (p = 0.001), respectively. The FLAV index that is correlated to
flavonols did not show a significant relationship when compared with flavonoid content
(Table S1).
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Figure 3. Regression models reflecting the relationships between different grape maturity param-
eters and the fluorescent measurements collected by Multiplex® 3 along the maturation season:
(a) relationship between ANTH_RG (Mx units) and anthocyanins (mg/kg) (n = 16); (b) relationship
between FERARI (Mx units) and anthocyanins (mg/kg) (n = 16); (c) relationship between NBI_R
(Mx units) and anthocyanins (mg/kg) (n = 16); (d) relationship between NBI_R (Mx units) and
flavonoids (mg/kg) (n = 9); (e) relationship between SFR_R (Mx units) and titratable acidity (g/L)
(n = 9); (f) relationship between SFR_R (Mx units) and CIRG (n = 10); (g) relationship between
SFR_R (Mx units) and TSS (◦Brix) (n = 9)); (h) relationship between ANTH_RG (Mx units) and CIRG
(n = 7). Each dot represents the mean value of triplicates of laboratory analyses and the relative 196
in-vineyard-collected fluorescent measurements.
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4. Discussion

The optimal harvesting of Sugranineteen table grapes was assessed on DOY 280 based
on the monitored technological maturity indices. The main indicator of the technological
maturity was the TSS of grape juice that averaged at harvest 17.9 ◦Brix, with a corresponding
low titratable acidity level (4.86 g/L). This sugar content was in line with the quality
standards of Sun World International, LCC, that indicate a minimum TSS of 15.5 ◦Brix
and the EU regulation (Reg. CE 1221/08) that claims a minimum of 14 ◦Brix for seedless
table grapes. The skin color had a CIRG of 5.20 that reflects the red to dark-red color of the
berries [35], which is the characteristic color of fully ripe Sugranineteen grapes. At harvest,
all the measured indices were higher in SB2 (sensor-based controlled irrigation) than in SB1
(farmer irrigation), but no significant differences were detected except for pH (Table 1).

Regarding the phenolic maturity, total polyphenols and flavonoids fluctuated during
the ripening period, while the anthocyanins had an increasing trend until harvest. The
main reason behind this fluctuation, despite collecting the berries from the same grapevines
at each sampling time, is the spatial and temporal heterogeneity of grape ripening in the
vineyard [9,15]. This is a challenging characteristic of grapes in general because it affects
the accurate monitoring of the maturity status, especially in large vineyards. The total
anthocyanins reached at harvest was 144.6 mg/kg in SB2, and this was expected due to
the high amounts of flavonoids (508.8 mg/kg) and total polyphenols (851.4 mg/kg). A
study conducted on seedless table grapes from the Apulia region to quantify their total
flavonoids revealed comparable results in 2007 for the black mid- and late-season cultivars
Summer Royal and Autumn Royal, with 540 and 450 mg/kg, respectively. All the measured
phenolic compounds were significantly higher in SB2 than in SB1 at harvest (Table 2),
indicating a major maturation degree of grapes in controlled irrigation conditions and
demonstrating the chemical composition (Table 1). The phenolic compounds are responsible
for the organoleptic and qualitative characteristics of the fruit. Grapes with high levels of
polyphenolic compounds appear redder or darker due to the presence of anthocyanins,
which are colored flavonoid-type polyphenols mainly concentrated in the fruit epidermal
tissues [36,37]. Except for the irrigation system, both blocks were grown using the same
agricultural practices and environmental conditions. The sensor-based controlled irrigation
system installed in SB2 provided an adequate amount of water to the grapevines, while
the block SB1 was irrigated according to the farmer management. Following other studies,
these results show the soil water content as a limiting factor affecting the overall quality of
grape production [38]. The effect of different environmental factors on the accumulation of
the phenolic compounds and their biosynthesis were previously demonstrated [39–41]. In
general, the concentrations of polyphenols, anthocyanins, and flavonoids are influenced
by the geographical site, climate conditions, soil fertility, cultivation practices, and pest
management [42]. In addition to the environmental factors, the content of polyphenols
varied widely between grape cultivars and growing seasons [42–45]. For instance, a
study performed on Sugranineteen in 2014 showed a lower content of total polyphenols
(451.4 mg/kg) and total anthocyanins (110.89 mg/kg) at harvest time [46] when compared
to the reported results of season 2019 in Table 2.

In addition to being recognized as food sources of polyphenols [47], grapes are also
known to be beneficial for human health, thanks to their antioxidant activity [48,49]. The
present study has applied the two assays ABTS and DPPH to evaluate the antioxidant
activity of Sugranineteen grapes. In parallel with total polyphenols, results fluctuated
during the ripening season and were higher in SB2 than in SB1, although no statistical
differences were detected. The antioxidant activity evaluated using the ABTS assay in SB2
reached 3.8 µM Trolox/kg at DOY 280, compared to 2.5 µM Trolox/kg when evaluated
using the DPPH assay. Results showed that the antioxidant activity was better expressed
by the ABTS method compared to DPPH, since the former revealed higher concentrations
of antioxidant activity when testing the same samples along the maturation period. In fact,
the ABTS assay is based on the ability of the sample to inhibit ABTS+, while the Trolox is
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used as a reference antioxidant standard, and the DPPH assay is a method that evaluates
the ability of the sample to scavenge against the stable chromogenic radical DPPH.

The anthocyanin-3-O-glucosides and their acetyl, caffeoyl, and coumaroyl derivatives,
eluted in the order Dp < Cy < Pt < Pn < Mv, were consistent with previous reports [43,50–52].
The most abundant anthocyanins throughout the maturation period were peonidin-3-O-
glucoside and malvidin-3-O-glucoside, followed by cyanidin-3-O-glucoside, peonidin-3-
O-coumaroyl-glucoside, and trans-malvidin-3-O-coumaroyl-glucoside. A similar profile
of anthocyanin peaks was detected in the red Autumn Royal cultivar [43]. These results
follow other studies, where it was found that the most abundant anthocyanins present
in pink- and red-colored cultivars were peonidin-3-O-glucoside, whereas malvidin-3-O-
glucoside, cyanidin-3-O-glucoside, and petunidin-3-O-glucoside forms were abundant in
red-black cultivars [51,53]. This means that different proportions of individual anthocyanin
compounds can affect the skin color of grapes [54].

Regarding the optical fluorescent measurements, the ANTH_RG and FERARI indices
that are correlated to skin anthocyanins [17] were increasing toward harvest time. In
parallel, the simple fluorescence index SFR_R and the nitrogen balance index NBI_R that
are correlated to the chlorophyll content of the berries [17] were decreasing with the
maturation time (Figure 2). These results reflect the normal variations that happened
during the growing season, where the chlorophyll content that characterizes the green
berries decreases and the anthocyanin content responsible for the color of berries rises
with the ripening season. The trends of ANTH_RG, FERARI, SFR_R, and NBI_R during
maturation were similar to the changes in the fluorescence ratios of Thompson Seedless
grapes [55] and other wine grape varieties [21].

The comparison between destructive and non-destructive methods applied to assess
the quality of table grapes was fruitful. Results revealed strong relationships among the
technological and phenolic maturity indices measured in the laboratory and the fluorescent
readings collected with the optical sensor Multiplex® 3. This means that it has the ability
to quantify the skin anthocyanin contents and other maturity indices of grape berries
immediately and rapidly in-vineyard without collecting samples or using time-consuming
technologies. Previous studies have described many calibrations of the Multiplex® for
anthocyanins estimation in wine grapes [12,17,20,24,56–58]. The most important relation-
ships were found between the total anthocyanins estimated by spectrophotometry and
the ANTH_RG and FEARI indices with R2 values equal to 0.9613 and 0.8743, respectively.
These indices were also highly correlated to other wine grapes anthocyanins, such as
Aleatico [12], Pinot Noir, Pinot Meunier, and Chardonnay [15]. In addition to these two
indices, the NBI_R index that reflects the epidermal chlorophyll and anthocyanins was also
correlated to total anthocyanins (R2 = 0.8032) and flavonoids, but with a low coefficient
of determination (R2 = 0.4773). Regarding the technological maturity parameters, the
simple fluorescent index SFR_R was correlated to the titratable acidity (R2 = 0.6186), CIRG
(R2 = 0.7835), and total soluble solids (R2 = 0.7954); this was also detected in a previous
study focused on wine grape cultivars [17]. Therefore, even though Multiplex® 3 provides
indices correlated to phenolic parameters, these results also revealed their good relationship
with the technological indices of maturity. Only the FLAV index did not have a relationship
with flavonoids, and the same results were found when it was compared to flavonols [12].

While almost all the studies were applied to wine grapes, these results revealed
the new regression equations characteristic of Sugranineteen table grapes. The obtained
models were generated from data collected from the veraison season (August 2019) until
full maturity (October 2019); thus, they can be used for different stages of grape maturation.
The relationship between the total anthocyanins evaluated through wet chemistry and the
ANTH_RG index fitted a positive linear relationship. The same trend was also detected
between the total anthocyanins and ANTH_RG index in Malvasia Rosa cultivar [21], while
it was not the case of Tempranillo wine grape berries evaluated in the laboratory, which
had a negative exponential model [20]. The prediction models depend on the cultivar and
its morphological differences among grape varieties (size, weight, berry-skin thickness,
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and color) that may influence the fluorescent signals acquired by the Multiplex® [59].
Another study suggests that the ANTH_RG index depends on the general anthocyanin
profile and every single compound of the cultivar [58]. Moreover, the cultural practices
and meteorological conditions that change among seasons can induce water stress status
in the vines, thus affecting berry size and anthocyanin synthesis [12,60,61]. Therefore,
more studies are required to characterize the ripening development of different table grape
cultivars under different seasons and conditions when analyzed using Multiplex®.

5. Conclusions

The non-destructive assessment of grape maturity has recently become a promising
technique in viticulture. The results demonstrated relationships between the different
quality parameters analyzed destructively and the optical non-destructive fluorescent
readings of Sugranineteen table grapes. The main finding was the regression equation
developed between the ANTH_RG index from Multiplex® 3 and the skin anthocyanin
content, which helps to estimate this latter rapidly in-vineyard without damaging the plant
material. While most of the previous studies were conducted on wine grape cultivars,
this study assessed the whole maturity season of table grapes. This is a first step toward
further promising studies to adjust the application of fluorescent techniques for the better
estimation of the maturity status of different cultivars of table grape.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods11050663/s1, Table S1: Relationships between the Multiplex®

3 ratios and the different quality parameters of Sugranineteen table grapes performed in this study.
The ratios are described according to the manufacturer (Force A, Orsay, France).
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