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1 | INTRODUCTION
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Abstract

Nitrogen regulation can effectively promote the improvement of berry components
and the formation of flavor compounds in wine grapes. In order to understand the
effects of foliar nitrogen spraying on grape quality and flavonoid substance, took
Cabernet Sauvignon as the test subject, grape leaves were sprayed by ammonium
sulfate, calcium ammonium nitrate, urea, phenylalanine, and glutamate during verai-
son, and clear water was used as the control. The results showed that spraying am-
monium sulfate could improve the contents of soluble solids, anthocyanins, and total
phenols of grape berries; spraying phenylalanine significantly increased the content
of titratable acid and tannin and decreased the ratio of sugar to acid in grape berries;
compared with the control group, spraying glutamate could significantly upregulate
some flavonol monomers; spraying calcium ammonium nitrate can adjust the mono-
mer content of some flavanols; urea spraying significantly increased the contents of
most anthocyanins, flavanols, and flavonol and increased the contents of total antho-
cyanins, total flavanols, and total flavonol in grape skins, laying a foundation for the

improvement of the nutritional value of grapes and wine in the future.
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al., 2017). Restricting nitrogen application in vineyards can prevent

excessive vegetative growth of grape and improve grape quality

Nitrogen is an essential nutrient element in plant growth and de-
velopment (Zhao et al., 2017), and rational utilization of nitrogen
affects the absorption of mineral nutrients, photosynthate, and
hormone levels of plants, and further affects the growth and de-
velopment of fruit trees and fruit yield (Chen et al., 2018; Miquel
et al., 2016; Zhao et al., 2018). Appropriate application of nitrogen
fertilizer could significantly increase leaf nitrogen content, dry mat-
ter weight, and yield (Zhang et al., 2007), and excessive application
of nitrogen fertilizer will lead to problems such as overgrowth of

tree body nutrition, decreased fruit setting rate, and yield (Zhang et

(Bell & Henschke, 2005). However, excessive nitrogen control will
lead to the decrease in nitrogen content in grapes, and the failure
to meet the normal nitrogen metabolism requirements of yeast in
the process of alcohol fermentation, leading to fermentation stop
(Bell & Henschke, 2005; Garde-Cerdan & Ancin-Azpilicueta, 2008;
Gutiérrez-Gamboa et al., 2017). Leaf nitrogen spraying did not af-
fect the nutritional growth of wine grapes, but could promote the
nitrogen content in the fruit, and provide sufficient yeast assimilable
nitrogen for the later grape alcohol fermentation (Gutiérrez-Gamboa
et al,, 2017; Hannam et al., 2016).
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Phenols are one of the most important secondary metabolites in
grape (Cheng et al., 2020), including flavonoids and nonflavonoids;
flavonoids can be divided into anthocyanins, flavanols, and flavonols,
while nonflavanoids can be divided into resveratrol, cinnamic acid, and
so on (Liang et al., 2013). Flavonoids are the most abundant pheno-
lic substances in grapes and wine, which are mainly distributed in the
pericarp and seed coat. They can resist the damage of ultraviolet radi-
ation and pathogens to grapes and have antioxidant functions (Bin et
al., 2019), and it also plays an important role in the quality parameters
of red wine (Gonzalo et al., 2019; Ma et al., 2020). These compounds
are produced by the flavonoid metabolic pathway (Wei et al., 2020);
the most important precursor of this pathway is phenylalanine (Javier
et al., 2017); moreover, spraying phenylalanine on the leaves could
promote the synthesis of phenolic compounds in grapes (Javier et
al., 2017). Flavonoids synthesis in grapefruits was most active in the
late stage of color turning. Flavonoids in grape and wine could be ef-
fectively improved by rapid nitrogen supplementation on leaf surface
(Cheng et al., 2020). Carina et al., (2019) found that nitrogen fertil-
izer could significantly affect the aroma and sensory characteristics of
grapes and wine, and the levels of 33 metabolites in leaves and 55 me-
tabolites in wine were significantly different due to the application of
fertilizers with different nitrogen forms. Javier et al., (2015) found in
the study of the effects of foliar spraying of phenylalanine and urea on
grape flavonoid substances that 0.9 kg N/ha urea could increase the
monomer content of several anthocyanins and flavonols. Some stud-
ies have also shown that the application of nitrogen fertilizer before
the turning period has no significant effect on the flavonoids and vola-
tile compounds in grape wine and wine due to the influence of special
environmental factors, such as water shortage and sunlight (Garde-
Cerdan et al., 2015; Javier et al., 2017; Martinez-Luscher et al., 2017).

There are many studies on the effects of soil nitrogen application
and nitrogen application amount on the fermentation, quality, and
yeast assimilated nitrogen of wine. However, the effects of nitrogen
regulation at the veraison stage on grape quality and flavonoid sub-
stances are less studied. The aim of this study was to understand the
effects of nitrogen regulation on grape berry composition and fla-
vonoid compounds in Cabernet Sauvignon vineyards during the color
turning period, so as to provide support for grape quality improve-
ment and wine fermentation.

2 | MATERIALS AND METHODS
2.1 | Testdesign

The experimental site was located in Lilan Chateau (105°58'20" E,
38°16'38" N) in Yongning County, Ningxia. The soil type is gravelly
light lime soil, and the soil texture was gravelly sand soil. The ex-
perimental grapes were 8 years old Cabernet Sauvignon, the planting
direction was north-south, the tree shape was “Inclined upper frame
shape,” the plant row spacing was 0.6 m x 3.5 m, and the irrigation
method was drip irrigation.

There were six treatments in the experiment, which were spray-

ing ammonium sulfate (AS), calcium ammonium nitrate (CAN), urea

CWILEY--*

TABLE 1 Typesand dosages of nitrogen sources

Nitrogen application

Nitrogen source type N content (%) rate (g/m?)
Control - 0
Ammonium sulfate 21.2 0.26
(AS)
Calcium Ammonium 23.0 0.24
nitrate (GAN)
Urea (Ur) 46.7 0.12
Phenylalanine (Phe) 8.5 0.64
Glutamate (Glu) 9.5 0.58

(Ur), phenylalanine (Phe), glutamate (Glu), and clear water (control),
and the amount of nitrogen fertilizer in each treatment was con-
verted to 1.5%o (Table 1). A single-factor random block design was
adopted in the experiment. Each treatment had 5 replicates, and
there were 30 plots in total, with a total area of 1,890 mZ. Spraying
was carried out three times (July 15, July 31, and August 13) during
the grape veraison stage, and irrigation, pruning, pest control, and

other production management measures were consistent.

2.2 | Determination of grapefruit quality

Soluble solids were measured with a handheld sugar meter, and the
titratable acid content was determined by the standard 0.1 mol-L?
NaOH method (Jin et al., 2016); reducing sugar was determined by
anthrone reagent method (Sohrab et al., 2016); the total phenol was
determined by Foling-Shocka method. Tannins were determined by
Flynn-Dennis method, and anthocyanins were determined by the
pH differential method (Yang, 2016).

2.3 | Analysis of flavonoids in grape

2.3.1 | Preparation and extraction of flavonoids
from grapes

The sample was placed in a freeze-drying machine (SCIENTZ-100F)
for vacuum freeze-drying, and the grinding machine (MM400,
Retsch) was used to grind the sample at 30 Hz for 1.5 min to powder
form. 100 mg of the freeze-dried powder was dissolved in 1.2 ml
70% methanol solution for vortex and then placed in a refrigerator
at 4°C after vortex. The sample was centrifuged at 12,000 rpm for
10 min and then filtered with a microporous membrane (pore size

was 0.22 um) for later use.
2.3.2 | Chromatographic analysis of flavonoids
in grapes

Sample extracts were analyzed by UPLC-ESI-MS/MS system (UPLC,
SHIMADZU Nexera X2, www.shimadzu.com.cn /; MS, Applied
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Biosystems 4,500 Q TRAP, www.appliedbiosystems.com.cn /). The
analysis conditions are as follows: UPLC: chromatographic column,
Agilent SB-C18 (1.8 um, 2.1 mm * 100 mm); the mobile phase consists
of solvent A: pure water containing 0.1% formic acid and solvent; B:
acetonitrile containing 0.1% formic acid. Use gradient program to
measure samples, which uses the initial conditions of 95% A and 5%
B; within 9 min, the proportion of phase B increased linearly to 95%
and remained at 95% for 1 min. In 10-11.1 min, the proportion of
phase B was reduced to 5%, and the balance was 5% to 14 min. The
flow rate was set at 0.35 ml/min. The temperature of the column box
is set to 40°C; the amount of injection was 4 pl.

The LIT and triple quadrupole (QQQ) scans were obtained on tri-
ple quadrupole linear ion trap mass spectrometer (Q TRAP), AB4500 Q
TRAP UPLC/MS/MS system, and the system is equipped with ESI Turbo
lon-Spray in 29 interface, which has two negative ion modes, and is con-
trolled by Analyst 1.6.3 software (AB SCIEX). The instrument was tuned
and calibrated with 10 and 100 pmol/L polypropylene glycol solutions
in QQQ and LIT modes, respectively. QQQ scan was obtained through
MRM experiment, and the collision gas (nitrogen) was set to medium.
Through further DP and CE optimization, DP and CE for a single MRM
transition were completed. A specific set of MRM ion pairs was mon-

itored in each period based on the metabolites eluted in each period.
2.4 | Statistical analysis
Microsoft Excel 2016 and SPSS 24.0 were used to process and ana-

lyze the data, and origin 2018 was used to plot the data, and the

significant level was (p < .05, n = 5).

3 | RESULTS AND ANALYSIS

3.1 | Effects of nitrogen regulation on grape and
berry components during veraison stage

AS treatment significantly improved the contents of TSS, TA, and
TP in grape berries, while Phe treatment increased the contents of

TAC and TN in grape berries and decreased the contents of TSS/
TAC (Table 2). AS treatment significantly increased the content of
TSS; the TAC content of grape berries was the highest under Phe
treatment, followed by GAN >Ur> AS. The TSS/TAC of grape ber-
ries under AS treatment was significantly higher than that of con-
trol and other treatments. Compared with control, AS, GAN, and
Phe treatments significantly increased TN content in grape berries,
Phe treatment was the highest, next is AS and GAN treatment, and
they increased by 26.84%, 18.45%, and 15.78% in turn. AS and Ur
treatments significantly increased the content of TA in grape ber-
ries, and they are increased by 79.05% and 78.37%, respectively.
AS treatment also significantly increased the TP content of grape

berries.

3.2 | Effects of nitrogen regulation on anthocyanins
in grape skins during veraison stage

GAN treatment significantly improved Pt and cMvcoum, Phe
treatment significantly improved Mvacet, and Ur treatment sig-
nificantly improved the content of total anthocyanins in grape
skins (Table 3). There were 22 anthocyanins in grape skins by
UPLC-MS analysis, and they are mallow malvidin class (5), cya-
nidin class (5), peonidin class (4), petunidin class (4), delphinidin
class (3), and pelargonidin class (1). From the perspective of indi-
vidual anthocyanins, the contents of Mv and its derivatives were
increased by nitrogen regulation at the veraison stage. The con-
tents of Pt and cMvcoum in grape skins under GAN treatment
were significantly higher than those under other treatments.
Under Phe treatment, the content of Mvacet in grape peel was
the highest, which increased by 18.35% compared with control;
except for Cy, Pngluc, Pt, and cMvcoum, almost all single antho-
cyanins in Ur treatment were significantly higher than those in
other treatments; In terms of total anthocyanins, the content
of total anthocyanin in grape skins under Ur treatment was the
highest, which increased by 12.73%, 28.56%, 23.21%, 17.18%,
and 16.50%, respectively, compared with control, AS, GAN, Phe,
and Glu.

TABLE 2 Effects of nitrogen regulation on the composition of Cabernet Sauvignon berries in the veraison stage

Indexes TSS TAC TSS/TAC

Control 24.53 + 0.18c 0.58 + 0.01c 42.08 + 0.88e
AS 29.07 +0.34a  0.61 +0.01bc 4791 + 0.46a
GAN 28.63+0.33ab  0.67 +0.03b 43.21 +2.66d
Ur 28.67 +0.18ab  0.65 +0.02b 43.97 + 1.54c
Phe 2693 +1.27b  0.85+0.05a 31.92 + 3.31f
Glu 24.67 +0.24c  0.56 + 0.05c 44.78 + 4.08b

RS TN TA TP

181.16 + 3.89a 15.72+0.53b 1.48 +0.01b 14.89 +0.17c
173.01 + 21.14a 18.62 +0.80a 2.65 +0.02a 21.13 +0.41a
160.62 + 11.85a 18.20+0.68a 2.07 +0.46ab 15.43 +0.20c
173.82 + 14.25a 15.30+0.55b 2.64 +0.1%9a 14.84 + 0.09c
189.23 + 7.70a 19.94 +0.52a 146 +0.34b 17.83 +0.57b
167.28 + 7.88a 1546 +0.33b 1.98 +0.20ab  15.24 + 0.31c

Note: All the parameters are given with their standard deviation (n = 5). TSS = total soluble solids (%). TAC: titratable acid content (expressed in
gram equivalent tartaric acid L™). RS: reducing sugar (expressed in gram equivalent glucose LY. TN, tannins (mg tannin/100 g fresh weight); TA,
anthocyanins (mg anthocyanin/100 g fresh weight); TP, total phenols (mg gallic acid/100 g fresh weight); Different lowercase letters indicate
significant differences between treatments as calculated by Tukey's HSD test (p < .05).
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TABLE 3 Effects of nitrogen regulation on anthocyanins in grape skins during veraison stage

Flavonoids Control AS

Cy 1.16 +0.12a 0.52 +0.13b
Pl 1.05 + 0.05a 0.73 £ 0.07b
Pn 1.12 + 0.07cd 0.98 + 0.03e
Cygala 0.89 + 0.09b 0.54 + 0.04d
Cygluc 1.04 +0.02a 0.51 + 0.06c
Pngluc 1.01 + 0.02a 0.72 + 0.05d
Mv 0.98 + 0.02c 1.07 + 0.03bc
Pt 0.98 + 0.01a 0.77 + 0.04b
Cyacet 1.08 + 0.04a 0.64 + 0.03b
Pncaff 0.85 + 0.04abc 0.79 + 0.06abc
Dpacet 1.01 + 0.04a 0.64 + 0.04b
Ptacet 0.98 + 0.02a 0.83 +£0.02a
Mvacet 0.89 + 0.06b 0.97 + 0.02ab
Mvmalo 0.88 + 0.06b 0.93 +0.02b
Cycoum 1.10 + 0.05a 0.84 + 0.01c
Decoum 1.03 + 0.06ab 0.85 +0.11b
Ptarab 1.11 +0.15b 0.73 +0.11c
Ptcoum 0.96 + 0.04b 0.87 +0.01c
Pndigl 1.08 +0.04b 0.94 + 0.09b
Dp 0.98 + 0.01bc 1.14 + 0.08ab
cMvcoum 1.03 + 0.03bc 0.93 +0.02c
Mvdi 0.79 +0.04d 1.06 + 0.13bcd
Total anthocyanins 22.00 + 1.58b 18.00 + 0.82d

CWILEY- -2

GAN Ur Phe Glu

0.67 +0.07b 0.70 £ 0.12b 0.56 +0.05b 0.46 +0.02b
0.68 +0.01b 0.93 + 0.06a 0.93 + 0.06a 0.92 + 0.03a
1.01 £ 0.01de 1.45 + 0.04a 1.23 £ 0.04bc 1.32 +£0.04b
0.58 +0.02d 1.06 + 0.03a 0.68 +0.02cd 0.79 + 0.05bc
0.60 + 0.02bc 0.94 + 0.0%9a 0.67 +0.02b 0.74 + 0.03b
0.76 + 0.04cd 0.95+0.04ab  0.87 + 0.04bc 0.90 + 0.05ab
1.21 +0.01bc 1.46 + 0.04a 1.41+0.01a 1.39 +£0.1a
1.02 + 0.02a 0.82 + 0.04b 0.83 +0.03b 0.83 + 0.05b
0.68 +0.01b 1.01 +0.1a 0.71 +£0.02b 0.69 +0.04b
0.74 + 0.02bc 0.89 + 0.06a 0.87 + 0.02ab 0.71 £ 0.05c
0.74 +£ 0.04b 1.01+0.12a 0.90 + 0.02ab 0.76 + 0.14ab
0.97 + 0.02a 1.00 + 0.04a 0.88 + 0.02a 0.84 +0.11a
1.08 +0.04ab 1.08 +£0.02ab  1.09 + 0.05a 1.02 +0.1ab
1.10 + 0.03ab 1.29 + 0.06a 1.31 + 0.05a 1.20 £ 0.15a
1.00 + 0.03ab 1.14 + 0.05a 0.76 + 0.03c 0.85 + 0.09bc
0.64 +0.05c 1.07 £ 0.01a 0.62 + 0.03c 0.87 + 0.08ab
1.21+0.12b 1.81 £ 0.05a 1.14 £ 0.1b 1.31+£0.16b
0.71 + 0.04d 1.42 + 0.00a 0.82 +0.01c 0.97 +0.01b
0.72 + 0.04c 1.32 +0.03a 0.94 + 0.04b 0.97 +0.08b
0.76 + 0.06¢ 1.25+0.12a 1.04 + 0.09ab 0.98 + 0.08bc
1.63 +£0.05a 0.93 +0.04c 1.06 + 0.03b 1.12 + 0.06b
0.85 + 0.09cd 1.68 +0.28a 1.56 + 0.16ab 1.35 + 0.15abc
19.36 + 0.19c 25.21+0.60a  20.88 +0.53b 21.04 +1.22b

Note: Different lowercase letters indicate significant differences between treatments as calculated by Tukey's HSD test (p < .05).

Abbreviations: Cy: Cyanidin; Dp: Pelargonidin-3-O-glucoside; PI: Peonidin-3-O-arabinoside; Cygala: Cyanidin-3-O-galactoside*; Cygluc:
Cyanidin-3-0-glucoside (Kuromanin)*; Pngluc: Peonidin-3-0O-glucoside; Mv: Malvidin-3-O-arabinoside; Pt: Petunidin-3-O-glucoside; Cyacet:
Cyanidin-3-0-(6"-O-acetyl) glucoside; Pncaff: Peonidin-3-0-(6"-O-Acetyl) glucoside; Dpacet: Delphinidin-3-0-(6"-O-acetyl) glucoside; Ptacet:
Petunidin-3-0-(6"-O-Acetyl) glucoside; Mvacet: Malvidin-3-0-(6'"-O-acetyl) glucoside; Mvmalo: Malvidin-3-0O-(6"-O-malonyl) glucoside; Cycoum:
Cyanidin-3-0-(6"-O-p-Coumaroyl)glucoside; Decoum:Delphinidin-3-0-(6'"-O-p-coumaroyl) glucoside; Ptarab: Petunidin-3-O-glucoside-5-0-
arabinoside; Ptcoum: Petunidin-3-0-(6"-O-p-Coumaroyl) glucoside; Pndigl: Peonidin-3,5-0-diglucoside; Dp: Delphinidin-3,5-di-O-glucoside;
cMvcoum: Malvidin-3-0-(6"-O-p-coumaroyl) glucoside; Mvdi: Malvidin-3,5-di-O-glucoside (Malvin).

3.3 | Effects of nitrogen regulation on flavanols and
flavonols in grape skins during veraison stage

The main flavanols in grape skins are catechin, followed by epicat-
echin. Among the 19 flavanols, catechin and its derivatives and epi-
catechin and its derivatives account for 63.16% of the total (Table 4).
From the perspective of individual flavanols, the contents of Meepi,
Epgal, and Cagal could be increased by nitrogen regulation dur-
ing the chromaticity stage. Under GAN treatment, the contents of
Hydro, Ga, Epgal, Cagal, pCadih, and Epiga were significantly higher
than those of other treatments. Except for Hydro, Epiga, Na, and
Gagal, the content of almost all flavanols in grape skin treated by Ur
was higher than that of control; under Ur treatment, the content of
total flavanols in grape pericarp was the highest, which was 16.30%,
52.19%, 26.87%, 32.93%, and 27.00% higher than that of control, as,
GAN, Phe, and Glu, respectively.

Table 4 shows the main flavonols are quercetin and its deriva-

tives, followed by myricetin, kaempferol, and its derivatives, which

account for 57.83% of the total flavonols. From the perspective of
individual flavonol types, the contents of Pa, gGoglu, and Pagen
were increased by different nitrogen fertilizer types. Pagen, Qusop,
and My were the highest under AS treatment, and Qugluco, sQu-
glu, *Quglu, Isglu, Tr, and Rh were the highest under Glu treatment.
Compared with control, Glu treatment significantly upregulated 15
flavonol monomers. In addition to Ur treatment, the total flavonol
content of grape peel under other nitrogen fertilizer treatments
decreased to different degrees compared with the control, and
the content of GAN treatment was the lowest, which decreased by
28.84% compared with the control.

3.4 | Principal component analysis of flavonoids
under nitrogen regulation at veraison stage

Principal component analysis (PCA) was used to represent the differ-

ences between different treatments (Figure 1). It can be seen from
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TABLE 4 Effects of nitrogen regulation on flavanols and flavonols in grape skins during veraison stage

Flavonoids

Ca

Pe

Ep
Hydro
Medic
Meepi
Ga
Epcat
Epgal
Cagal
Cid
pCadih
aCadih
Cic
Epglu
Epiga
Na
Gagal
Cacat
Total Flavan-3-ols
Az
Quara
Quxyl
Av

Ka
Kaglu
Kagal
Myara
Myxyl
iQuglu
Qugluco
Qugal
Hyglu
Is
sQuglu
Quglu
*Quglu
Isglu
Tr

Rh
Mygal

Goglu
Myglu
My

Control

0.94 +0.03b
0.96 + 0.04bc
1.05+0.03b
1.07 + 0.04a
3.16 +2.13a
0.77 + 0.40b
0.95+0.03b
0.98 + 0.04a
0.93 +0.04b
0.99 +0.02b
0.90 + 0.08a
0.95 + 0.05b
0.96 +0.03a
0.99 +0.01b
1.06 + 0.06b
1.06 + 0.04b
0.97 +£0.03a
1.39 + 0.45a
0.85+0.11c
20.03 +1.58b
1.03 +£0.10a
1.19 £ 0.15a
1.18 £ 0.10a
1.22 +0.14a
1.06 + 0.05a
1.17 +0.12a
1.07 £ 0.08a
0.98 + 0.02a
0.88 +0.08a
0.99 + 0.05a
1.00 £ 0.00a
0.93 + 0.04ab
1.05 +1.05a
1.09 + 0.04a
1.01 +0.02a
1.07 + 0.04a
0.80 + 0.00b
0.91 +0.10a
0.86 +0.11a
1.02 +0.14a
0.82 +0.05b
0.99 + 0.09b
0.79 + 0.04b
1.04 + 0.02a
0.96 + 0.03a
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AS GAN Ur Phe Glu

0.28 + 0.06d 0.68 + 0.02¢ 1.08 + 0.01a 0.66 +0.03c 0.68 +0.02¢
0.31 + 0.06d 1.15 + 0.04ab 1.20 + 0.11a 0.81 + 0.04c 0.84 + 0.06¢
0.38 +0.1d 1.16 + 0.04ab 1.26 +0.07a 0.81 +0.03c 0.99 + 0.06bc
0.99 + 0.04a 1.09 + 0.04a 0.98 + 0.04a 1.01 + 0.03a 1.03 + 0.06a
1.02 £ 0.16a 0.63 +0.26a 245+ 1.27a 1.49 + 0.65a 0.86 +0.13a
0.94 + 0.08b 0.96 + 0.19b 1.07 £ 0.06b 1.64 +0.4b 2.69 +0.28a
0.46 +0.10c 1.15+0.01a 112+ 0.03a 0.92 +0.01b 0.86 +0.02b
0.40 + 0.08c 1.01 + 0.02a 1.03 + 0.04a 0.81 +0.01b 0.83 +0.02b
0.94 + 0.09b 1.70 £ 0.09a 1.47 + 0.4ab 1.20 + 0.14ab 1.57 +£0.11a
1.00 + 0.18b 216 +0.15a 1.73 +£ 0.09a 1.83+0.18a 1.74 + 0.13a
0.45 + 0.02c 0.86 + 0.04a 0.94 + 0.03a 0.63 +0.02b 0.57 +0.06bc
0.96 + 0.12b 1.39 + 0.05a 1.23 + 0.08a 0.80 + 0.03b 0.84 + 0.06b
0.48 +0.04d 0.70 £ 0.01b 0.97 +£0.03a 0.56 +0.03cd 0.60 + 0.04bc
0.45 +0.08d 0.98 + 0.06b 1.23 +0.03a 0.64 +0.04c 0.60 + 0.04c
0.66 + 0.14c 0.69 + 0.04c 1.36 + 0.03a 0.72 + 0.03c 0.66 +0.08c
0.63 + 0.07c 1.34 £ 0.09a 1.04 +0.13b 0.96 + 0.06b 0.89 +0.09b
0.58 +0.02c 0.56 +0.01c 0.79 + 0.06b 0.72 + 0.02b 0.93 +0.01a
1.18 + 0.33a 0.53 +0.05a 1.40 + 0.51a 0.96 + 0.29a 0.65 +0.07a
0.73 £ 0.06c 1.16 + 0.04b 1.58 + 0.06a 0.88 +0.07c 0.84 +0.05c
11.44 + 0.82f 17.50 + 0.19c 23.93 +0.60a 16.05 + 0.52b 17.47 + 1.22e
1.00 +£0.13a 0.58 + 0.05b 0.91 £ 0.04a 1.01 + 0.06a 0.86 +0.10a
0.80 + 0.12bc 0.54 +0.03c 0.73 + 0.00bc 0.82 + 0.13abc 1.05 + 0.16ab
0.69 +0.13b 0.33 +0.01c 0.63 + 0.02bc 0.68 + 0.04b 0.81+0.17b
0.69 + 0.16b 0.31 +0.02c 0.69 +0.02b 0.73 + 0.04b 0.88 +0.15b
0.88 +0.12ab 0.59 +£0.10b 0.82 + 0.04ab 0.75 + 0.06ab 0.89 + 0.16ab
0.91 + 0.15ab 0.53 + 0.04c 0.82 + 0.02bc 0.80 + 0.06bc 0.91 + 0.15ab
0.68 + 0.17bc 0.39 +£0.03c 0.74 £ 0.08abc  0.71 + 0.07bc 0.76 + 0.15ab
0.79 + 0.02b 0.84 + 0.06ab 0.89 + 0.06ab 0.87 + 0.02ab 0.90 + 0.09ab
0.70 £ 0.02b 0.62 +0.04b 0.63 +0.02b 0.69 +0.03b 0.76 + 0.08ab
0.99 +0.05a 0.82 + 0.06b 0.95 + 0.03ab 0.94 + 0.05ab 0.96 + 0.03ab
0.91 + 0.06a 0.79 £ 0.05a 0.91 +0.03a 0.97 £ 0.06a 1.02 +0.14a
0.88 + 0.06ab 0.75 + 0.03b 0.87 + 0.06ab 1.03 + 0.02a 0.98 + 0.10a
0.89 + 0.89ab 0.62 +0.62c 0.78 + 0.78bc 0.85 +0.85ab 0.90 + 0.90ab
0.82 +0.12b 0.59 +0.01c 0.78 + 0.01bc 0.84 +0.04b 0.88 + 0.10ab
0.84 + 0.05ab 0.69 +0.02b 0.92 +0.05a 0.96 +0.03a 1.03 £0.13a
0.93 + 0.06ab 0.91 + 0.05ab 0.89 +0.02b 0.99 + 0.06ab 1.07 +£ 0.05a
0.71 +0.08bc 0.58 + 0.01c 0.76 + 0.04b 0.73 £0.03b 1.02 + 0.03a
1.05+0.13a 0.60 + 0.02b 0.91 + 0.03a 0.98 + 0.10a 1.09 +0.04a
1.01+0.12a 0.60 +0.02b 0.90 +£0.01a 0.98 +£0.08a 1.05 +0.02a
1.15+0.14a 0.64 + 0.03b 1.00 + 0.05a 1.09 +0.07a 1.19 + 0.10a
0.73 £ 0.06b 0.73 £0.03b 0.72 +0.02b 0.76 + 0.01b 0.99 +0.02a
1.18 + 0.12ab 1.14 + 0.07ab 1.14 + 0.05ab 1.26 +0.05a 1.05 + 0.07ab
0.73 £ 0.09b 0.71 +0.02b 0.67 +0.03b 0.73 +£0.03b 1.00 +0.03a
0.83 +0.05b 0.76 + 0.03b 0.80 + 0.03b 0.85 +0.05b 0.89 + 0.08b
1.02 +0.10a 0.90 +0.02a 0.97 +0.05a 0.99 + 0.06a 0.93 +£0.04a

(Continues)
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TABLE 4 (Continued)

Flavonoids Control AS GAN Ur Phe Glu

Qumal 1.38 +0.21a 0.63 +0.15c¢ 1.25 + 0.20ab 0.60 + 0.13c 0.77 £ 0.17bc 0.79 + 0.14bc
rKaglu 1.03 + 0.02a 0.69 + 0.02cd 0.77 +0.08cd 0.82 + 0.02bc 0.67 +0.02d 0.95 + 0.06ab
Kaneo 1.09 + 0.05a 0.84 + 0.04bc 0.86 + 0.02bc 0.94 +0.02b 0.76 + 0.03c 1.09 + 0.07a
*rQuglu 1.08 + 0.05a 0.84 +0.07c 0.64 +0.05d 1.05 + 0.03ab 0.68 +0.00d 0.92 + 0.06bc
Qurob 1.08 + 0.05a 0.86 + 0.13abc 0.67 + 0.05¢c 0.88 + 0.05abc 0.73 + 0.02bc 0.97 + 0.13ab
Qu 1.07 + 0.06ab 0.86 +0.07cd 0.66 +0.05e 1.13 +0.04a 0.69 +0.02de 0.91 + 0.09bc
Qurut 1.25+0.13a 1.01 + 0.16ab 0.61 + 0.04c 0.78 + 0.08bc 0.71 + 0.07bc 0.94 + 0.16abc
Quneo 1.06 + 0.04ab 0.91 +0.10b 0.68 + 0.04c 1.14 + 0.05a 0.72 +£0.02c 0.94 + 0.06b
rQuglu 1.01 +0.03a 0.80 + 0.06¢ 0.62 +0.04d 0.96 + 0.02ab 0.62 +0.02d 0.85 + 0.04bc
Se 0.93 + 0.04bc 0.92 + 0.04bc 0.73 +£0.01d 1.49 + 0.00a 0.83 + 0.02cd 0.99 + 0.06b
Me 0.90 + 0.07bc 0.89 + 0.04bc 0.75 + 0.04c 1.60 +0.13a 0.81 +0.03c 1.03 +0.02b
Qusop 1.23 + 0.14ab 1.35+0.15a 0.78 + 0.04c 1.19 + 0.02ab 0.88 + 0.01bc 1.16 + 0.17ab
Hy 1.16 + 0.13ab 1.13 + 0.11ab 0.79 +0.01b 1.19 + 0.01a 0.82 + 0.09ab 1.08 + 0.20ab
Hydig 1.19 + 0.25a 1.03 +0.23a 0.78 £ 0.02a 1.57 +0.02a 0.88 +0.13a 1.13+0.32a
Pa 0.92 + 0.04c 2.60 + 0.42a 1.16 + 0.08bc 2.21+0.13a 1.42 + 0.04bc 1.62 +0.25b
gGoglu 0.94 + 0.03c 1.20 +0.02b 1.14 + 0.01bc 2.25+0.17a 1.30 £ 0.04b 1.27 +0.07b
Pagen 0.84 +0.08d 1.97 + 0.26b 1.34 + 0.04c 2.70 +£0.17a 1.35 + 0.04c 1.32 + 0.04c
Total flavonoids 43.27 + 1.36a 40.34 +2.83b 30.79 +0.27d 43.33 +0.66a 36.65 +1.27c 41.78 + 3.48ab

Note: Different lowercase letters indicate significant differences between treatments as calculated by Tukey's HSD test (p < .05).

Abbreviations: Ca: Catechin®; Pe: 5,7,3'4',5'-Pentahydroxyflavan (Tricetiflavan); Ep: Epicatechin*; Hydro: 4'-Hydroxy-5,7-dimethoxyflavanone;
Medic: 7-O-Methyleriodictyol; Meepi: 3'-O-Methyl-(-)-epicatechin; Ga: Gallocatechin*; Epcat: Epigallocatechin*; Epgal: Epicatechingallate*; Cagal:
Catechingallate*; Cid: Cinchonainld; pCadih: Catechin-(7,8-bc)-4p-(3,4-dihydroxyphenyl)-dihydro-2-(3H)-one; aCadih: Catechin-(7,8-bc)-4a-(3,4-
dihydroxyphenyl)-dihydro-2-(3H)-one; Cic: Cinchonain; Epglu: Epicatechinglucoside; Epiga: Epigallocatechin-3-gallate; Na: Naringenin-7-O-(6"-
malonyl) glucoside; Gagal: Gallocatechin-(4a—>8)-gallocatechin; Cacat: Catechin-catechin-catechin; Az: Azaleatin (5-O-Methylquercetin); Quara:
Quercetin-3-0-arabinoside (Guaijaverin); Quxyl: Quercetin-3-O-xyloside (Reynoutrin); Av: Avicularin (Quercetin-3-O-a-L-arabinofuranoside); Ka:
Kaempferol-7-O-glucoside*; Kaglu: Kaempferol-3-O-glucoside (Astragalin)*; Kagal: Kaempferol-3-O-galactoside (Trifolin)*; Myara: Myricetin-3-O-
arabinoside; Myxyl: Myricetin-3-O-xyloside; iQuglu: Quercetin-3-0-glucoside (Isoquercitrin)*; Qugluco: Quercetin-7-0-glucoside*; Qugal: Quercetin-
3-0-galactoside (Hyperin)*; Hyglu: 6-Hydroxykaempferol-7-O-glucoside; Is: Isohyperoside; sQuglu: Quercetin-4'-O-glucoside (Spiraeoside)*; Quglu:
Quercetin-4'-0-glucuronide*; *Quglu: Quercetin-5-O-glucuronide*; Isglu: Isorhamnetin-7-O-glucoside (Brassicin); Tr: Tricin-4'-methylether-3'-O-
glucoside; Rh: Rhamnetin-3-0O-Glucoside; Mygal: Myricetin-3-0O-galactoside*; Go: Gossypetin-8-0-glucoside*; Goglu: Gossypetin-3-0O-glucoside™;
Myglu: Myricetin-3-0O-glucoside*; My: Myricetin-3-O-glucuronide; Qumal: Quercetin-3-0-(6"-malonyl) galactoside*; rKaglu: Kaempferol-3-0-
glucoside-7-O-rhamnoside; Kaneo: Kaempferol-3-O-neohesperidoside; *rQuglu: Quercetin-3-0-glucoside-7-O-rhamnoside; Qurob: Quercetin-
3-0-robinobioside; Qu: Quercetin-7-O-rutinoside; Qurut: Quercetin-3-O-rutinoside (Rutin); Quneo: Quercetin-3-O-neohesperidoside; rQuglu:
Quercetin-3-0-(4"-0-glucosyl) rhamnoside; Se: Sexangularetin-3-O-glucoside-7-O-rhamnoside; Me: 6-C-Methylquercetin-3-O-rutinoside; Qusop:
Quercetin-3-0-sophoroside (Baimaside); Hy: 6-Hydroxykaempferol-3,6-0-Diglucoside; Hydig: 6-Hydroxykaempferol-7,6-0O-Diglucoside; Pa:
Patuletin-3-O-rutinoside; gGoglu: Gossypetin-3-O-glucuronide-8-O-glucoside; and Pagen: Patuletin-7-O-gentiobioside.

the mix samples in the two figures that the instrument was rela-
tively stable in the detection process, indicating that the data could
be used for the following analysis. As can be seen from Figure 1a,
for different nitrogen source treatments, PC1 explained 34.9% of
the variance, and PC2 explained 25.8% of the variance, accounting
for 60.7% of all the variances. In terms of the first principal com-
ponent, GAN group and Ur group can be well distinguished from
other groups, while the metabolite accumulation in AS, Phe, and Glu
groups is similar, and the control group can be distinguished from
other groups in terms of the second principal component. As shown
in Figure 1b, for different nitrogen source treatments, PC1 explained
40.0% of the variance, and PC2 explained 18.6% of the variance, ac-
counting for 58.6% of all the variances. In terms of the first principal
component, the GAN group and the control group can be well dis-
tinguished from other groups, while the accumulation of metabolites

in the GAN, Ur, Phe, and Glu groups is relatively similar, and the Glu

group can be distinguished from other groups in terms of the second

principal component.

4 | DISCUSSION

4.1 | Effects of nitrogen regulation on grape and
berry components during veraison stage

Nitrogen can promote the nutritional growth of wine grapes and
then affect the quality of wine grapes (Carina et al., 2019). In this
study, it was found that nitrogen regulation at the veraison stage
could improve the contents of soluble solids, titratable acids, tannins,
anthocyanins, and total acids in grape berries, which was consistent
with the conclusion of Cheng et al., (2020) that proper application of
nitrogen fertilizer could improve grapefruit quality and thus improve
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FIGURE 1 Principal component analysis of flavonoids in grape berries regulated by different nitrogen. Note: (a): Relative content of
anthocyanins in grape berries treated with different nitrogen sources; (b): relative contents of flavanols and flavonols in grape berries treated

with different nitrogen sources

the contents of various indexes in fruits. The soluble solids of grape
berries are the highest in the treatment of ammonium sulfate, and
there is no significant difference in the treatment of glutamic acid
compared with the control, which is similar to the research results
of Janjanin et al., (2016). Javier et al., (2017) found that the titrat-
able acid content of grape berries was 5.41% higher than that of the
control after applying urea. Similar conclusions were also drawn in
this experiment. Nitrogen regulation at the veraison stage had no
significant difference in reducing sugar content of grape berries,
which was similar to the study of Perez-Alvarez et al., (2017). They
concluded that leaf nitrogen application had no significant effect on

some physicochemical parameters of grape.

4.2 | Effects of nitrogen regulation on anthocyanins
in grape skins during veraison stage

Anthocyanin is a natural colorant existing in the skins of red grapes,
which is the fundamental cause of the red appearance of grapes. The
proportion and amount of each anthocyanin are greatly affected by
varieties and cultivation conditions (Mattivi et al., 2006; Stéphane
et al., 2004). In this experiment, it was found that nitrogen regula-
tion at the veraison stage had no significant effect on the content of
single anthocyanins such as Ptacet and Mvacet, and some studies
also showed that leaf nitrogen application rate had almost no ef-
fect on the content of anthocyanins in grape (Gutiérrez-Gamboa
et al., 2017). Urea treatment significantly increased the monomer
contents of Cygluc and Dpacet in anthocyanins. Except for Cy, Pt,
and cMvcoum, the contents of almost all individual anthocyanins
under urea treatment were significantly higher than those under
other treatments. Moreover, the total anthocyanin content in grape
skins under urea treatment was the highest, which was similar to
Javier et al., (2017). However, this result is in contrast with the re-
search results of Chassy et al., (2014). Due to different vineyard
environmental factors and cultivation management measures, nitro-
gen types also have different effects on anthocyanins, so the effect

of phenylalanine is sometimes better than that of urea (Javier et
al., 2017; Riccardo et al., 2013).

4.3 | Effects of nitrogen regulation on flavanols and
flavonols in grape skins during veraison stage

Flavanols and flavonols are subgroups of flavonoids and are synthe-
sized mainly in grape skins (Gonzélez-Manzano et al., 2019). In this
study, flavanols were mainly catechins, followed by epicatechins,
which was also observed by Sergio et al., (2007). Nitrogen regu-
lation at the veraison stage would increase the contents of Meepi,
Epgal, and Cagal, but the contents of other flavanols did not signifi-
cantly increase compared with the control. Schreiner et al., (2014)
also found that the supply of different kinds of nitrogen fertilizer did
not change the contents of catechin, epicatechin, or epicatechin-3-
gallate. Only the content of total flavanols in low-concentration urea
treatment was significantly higher than that in the control group
(Javier et al., 2015), and this study also concluded that urea treat-
ment could improve the content of total flavanols in grape skins. In
summary, urea can increase the total content of flavanols and then
improve the quality and taste of wine and grapes.

Flavonols are important pigments that help to stabilize red an-
thocyanins (Boulton, 2001). Javier et al., (2015) found that the in-
crease in flavonol content in grapes may improve the quality of wine,
because flavonol, as an adjuvant, indirectly affects the formation of
wine color. In addition, Ritchey and Waterhouse (1999) found that
high-quality wines contain higher levels of flavonol compounds, indi-
cating that the flavonol content in grapes affects the quality of wine.
Javier et al., (2017) believed that myricetin was the main compound
of flavonol, followed by quercetin. Due to the influence of nitrogen
application rate, grape growing soil, and climate conditions, differ-
ent metabolites will be generated. In this experiment, it was found
that quercetin and its derivatives are the main flavonols, followed
by myricetin, kaempferol, and its derivatives, which is contrary to

previous conclusions. Javier et al., (2017) showed that there was
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no significant difference in flavonol content in grape skins between
control treatment and foliar application of nitrogen fertilizer. In this
study, it was also found that except urea, other nitrogen did not in-

crease the flavonol content, or even decreased the flavonol content.

5 | CONCLUSION

In this study, we determined the effects of nitrogen regulation at the
veraison stage on the composition of grape berries and the content
of flavonoids in grape skins. The contents of soluble solids, antho-
cyanins, and total phenols in grape berries were increased by spray-
ing ammonium sulfate on leaf surface. Spraying phenylalanine could
increase the content of titratable acid and tannin and decrease the
ratio of sugar to acid. Compared with the control, foliar spraying of
nitrogen fertilizer will increase the content of some flavonoid mono-
mers. And the treatment of spraying urea can significantly increase
the content of total anthocyanins, total flavanols, and total flavonols
in wine grape skins. These results have important oenological signifi-
cance for grape quality.
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