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ARTICLE INFO ABSTRACT

Keywords: Anthocyanins contents and compositions play an important role in grape berries and wines. Grapevines are
Anthocyanins widely cultivated in arid and semi-arid areas, and water shortage restricts the development of wine industry. The
Genes aim of this work was to gain insight on the effect of regulated deficit irrigation (RDI) on the accumulation and
Grape L biosynthesis of anthocyanins in Cabernet Sauvignon (Vitis Vinifera L.) grapes and wines. High-performance liquid
xi:r deficit irrigation chromatography (HPLC) was used for anthocyanins profiles analyses and real-time quantitative PCR (qQRT-PCR)

was used for the genes expressions measurement. The grapevines were treated with 60% (RDI-1), 70% (RDI-2),
80% (RDI-3), 100% (CK, traditional drip irrigation) of their estimated evapotranspiration (ETc) respectively. RDI
treatments significantly reduced titration acid and increased pH with higher total soluble solids. RDI-1 treatment
increased total anthocyanins contents in berries and wines in both two vintages. RDI-1 and RDI-2 treatments
significantly increased the contents of acylated anthocyanins in berries and wines, especially Malvidin-3-acetly-
glucoside. RDI treatments significantly increased non-acylated anthocyanins contents in wines, such as
Delphinidin-3-gliucoside and Malvidin-3-glucoside. RDI treatments upregulated the expressions of VVPAL,
VvC4H, VvCHS, WF3’H, WF3’5’H, VVLDOX, and VvOMT in both two vintages. Correlation analysis showed the
accumulation of anthocyanins was closely related to the key genes expressions, including VvPAL, VvF3’H,
VVF3’5’H etc. The present results provided direct evidence and detailed data to explain that RDI treatments
regulated the accumulation of anthocyanins by regulating genes expressions in the anthocyanin synthesis
pathway.

1. Introduction anthocyanins in grape fruit. In the absence of water, the content of

endogenous hormone of grape fruit changes, which promotes the

Anthocyanins are an important secondary metabolite in grape ber-
ries and wines, synthesized by the phenylpropane metabolic pathway
and are widely found in different tissues of plants and have important
biological and biochemical activities (He et al., 2008). They provide
color and antioxidant activity to grape berries and wines; the compo-
sition and contents of anthocyanins play an important role in wine color
stability (Li, 2006).

The biosynthesis and accumulation of anthocyanins are affected by
many factors, such as variety, light, and moisture. Moisture plays a
crucial role in the biosynthesis of anthocyanins in grape fruit.
Appropriate water deficit is beneficial to the accumulation of

synthesis of anthocyanins (Ferrandino and Lovisolo, 2014; Fortes et al.,
2015; Pilati et al., 2017). In recent years, the shortage of irrigation
water resources has seriously restricted the healthy development of the
wine industry. Regulated deficit irrigation (RDI) is an efficient water-
saving irrigation technology, which is of great significance for scienti-
fically and rationally utilizing water resources in semi-arid areas, such
as California, South Australia, Northwest China, and South Mediterra-
nean Europe, improving grape quality and ecological environment
(Cao, 2002; Costa et al., 2016).

In recent years, more and more studies have shown that a certain
degree of water stress during viticulture contributes to the
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General parameters of the ripe grapes and its wines of Ningxia for the two vintages studied (2015, and 2016).

Treatments Total soluble solids (*Brix) Titratable acidity (g/L) pH Berry Weight (g)
Grapes of 2015

CK 22.0 = 0.41b 5.42 *+ 0.35a 3.66 = 0.05c 120.0 = 1.53a

RDI-1 23.9 * 0.30a 4.31 * 0.25b 4.12 * 0.08b 104.9 + 1.83b

RDI-2 23.5 + 0.60ab 4.80 + 0.02ab 4.28 + 0.04a 109.4 + 1.74ab
RDI-3 23.5 = 0.42ab 5.02 = 0.0lab 3.69 * 0.04c 117.8 = 2.50a

Grapes of 2016

CK 22.85 + 0.07b 3.72 * 0.20a 3.84 + 0.0lab 124.8 + 1.68a

RDI-1 23.95 += 0.07a 3.15 = 0.12a 3.88 = 0.03ab 110.0 = 2.63b

RDI-2 23.55 + 0.28ab 3.11 *= 0.06a 3.73 = 0.06b 121.8 = 1.05a

RDI-3 23.20 * 0.35ab 3.49 * 0.24a 3.92 * 0.04a 122.0 + 0.12a

Treatments Total sugar (g/L) Titratable acid (g/L) pH Alcohol (% vol.)
Wines of 2015

CK 1.09 + 0.05ab 591 + 0.07a 3.74 £ 0.01b 10.44 = 0.46b

RDI-1 1.13 + 0.04a 5.44 = 0.06b 3.79 = 0.10ab 11.03 = 0.55a

RDI-2 1.12 + 0.07a 5.57 * 0.09ab 3.77 * 0.06ab 10.81 + 0.96a

RDI-3 1.1 + 0.08a 5.83 + 0.10a 3.82 + 0.05a 10.57 + 0.66ab
Wines of 2016

CK 1.78 + 0.04ab 6.96 + 0.03a 3.18 + 0.06b 10.75 + 0.65b

RDI-1 1.92 + 0.06a 6.21 * 0.04b 3.51 * 0.09ab 11.44 + 0.90a

RDI-2 1.82 + 0.11a 6.36 = 0.12ab 3.21 = 0.06b 11.13 = 0.89a

RDI-3 1.91 + 0.05a 6.33 = 0.08ab 3.78 = 0.03a 10.98 = 0.57ab

Different letters in the row indicate significant differences (p < 0.05) among treatments for the same vintage.
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Fig. 1. Contents of total anthocyanin in grape skins (mg/g dry weight). Different letters indicate significant differences among treatments at the same date using

Duncan's test (p < 0.05).

improvement of grape quality (Ji et al., 2015). RDI has a great impact
on the water use efficiency (WUE), growth and development, yield, and
wine quality (Ji et al., 2015; Chaves et al., 2010; Flexas et al., 2010).
Zhang et al. (2014) found that RDI increased the net photosynthetic
rate of grapevine. Treated with 25% ETc reduced the starch content in
the leaves and increased the soluble sugar content, which led to the
conclusion that RDI could significantly affect the distribution of carbon
sources in soluble sugars and starches (Dayer et al., 2016). RDI also
limited the vegetative growth of grapevine (Xu et al., 2015). Fang et al.
(2013) found that RDI significantly reduced the incidence of shoot
growth of grapevine without significant effected on Cabernet Sau-
vignon grape size and yield. Compared to conventional irrigation, RDI
increased anthocyanins, total phenolics and total tannin contents in
berries (Edwards and Clingeleffer, 2013). Basile et al. (2011) reported
that water stress affected the growth and compositions of Cabernet
Sauvignon grape berries and the effects were closely relative to phe-
nological stage. Romero et al. (2010) used Monastrell grapevines as
materials and conducted two RDI treatments: 30% ETc from fruit set to
harvest and 45% ETc post-harvest (RDI-1); 15% ETc from fruit set to
harvest (RDI-2), and the results revealed that polyphenol and antho-
cyanin contents decreased significantly in RDI-2 compared with RDI-1.
Santesteban et al. (2011) performed two RDI strategies: RDI-1 and RDI-
2 treatments were just after fruit set and, in RDI-2, vines were subjected
to an additional stress period shortly after veraison, and found that RDI
treated at the green stage significantly increased the contents of

anthocyanin and phenolics in Tempranillo grapes. Ju et al. (2018a)
found that RDI (from fruit set to two weeks before harvest) could reg-
ulate the fatty acid composition of grape berries, and increase the
aroma characteristics of berries, flowery and fruity aroma in wines in
arid and semi-arid areas. In addition, studies have reported that RDI
optimized the spectral properties of wines and improved the tasting
properties of wines (Terry and Kurtural, 2011). Plant water potential
could regulate the accumulation of metabolites and simultaneously
altered the expression of key genes in the synthesis of secondary me-
tabolites in grape berries (Zarrouk et al., 2012; Genebra et al., 2014).
Some previous studies reported that water deficit could regulate total
anthocyanin content in some grape varieties, including Shiraz, Cabernet
Sauvignon, Chardonnay, Meski, Tempranillo and Graciano (Pinillos
et al., 2016; Hochberg et al., 2015; Caceres-Mella et al., 2017; Niculcea
et al., 2015), however, much future works are needed to reveal the
effects of RDI on the regulation of the accumulation and biosynthesis of
anthocyanin in grape berries.

Previous studies have focused on the effects of RDI on the growth
and development total phenolics, aromas of grape berries, but the ef-
fects of different irrigation practices on the accumulation and bio-
synthesis of anthocyanin components are not clear yet. Therefore, this
work mainly studies the effect of RDI on accumulation of anthocyanin
components in grape berries and wines, and studies the effect of RDI on
the expressions of key genes, such as VvPAL, VvC4H, VvCHS, VvF3’H,
VVF3’5’H etc, involved in anthocyanin biosynthesis. The results can
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Fig. 2. Anthocyanins profiles in grape skins (mg/g dry weight). Values presented are means
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SE. Dp: Delphinidin-3-gliucoside, Cy: Cyanidin-3-glucoside, Pt:

Petunidin-3-glucoside, Pn: Peonidin-3-glucoside, Mv: Malvidin-3-glucoside, Pn-ac: Peonidin-3-acetly-glucoside, Mv-ac: Malvidin-3-acetly-glucoside, Pn-c-g:

Peonidin-3-coumayl-glucoside, Mv-c-g: Malvidin-3-coumayl-glucoside.

provide a theoretical basis for the application of RDI in vineyard, lo-
cated in arid and semiarid regions.

2. Materials and methods
2.1. Field conditions and materials

The experiment was conducted during two consecutive seasons,
2015 and 2016, in a commercial vineyard located in Yinchuan,
NingXia, China (38°34’N 106°1’E). Six-year-old own-rooted Cabernet
Sauvignon (V. Vinifera L.) vines were used in this study. Vines were
spaced at 3.0m X 0.6 m and drip irrigated. A randomized block design
was carried out with three blocks and four treatments, and each
treatment in the block consisted of five hundreds individual vines. The

RDI strategies used in this study were according to our previous
methods (Ju et al. 2018a, 2018b), briefly, the grapevines were watered
with 60% (RDI-1), 70% (RDI-2), 80% (RDI-3), 100% (CK, traditional
drip irrigation) of their estimated evapotranspiration (ETc) respec-
tively. The amount of irrigation was controlled by controlling the irri-
gation time, as the vines received water with two 2.4 L/h drippers per
plant and the irrigation amount was calculated by ETc according to
Pennman-Monteith method (Allen et al., 1998). The treatments were
conducted from fruit set until approximately two weeks prior to har-
vest. Six-hundred berries were sampled for each replicate at E-L 34, E-L
36, E-L 37, and E-L 38 stages according to Coombe (1995) and grapes
for vinification were harvested until the berries sugar content reached
190g/L- 230 g/L. All samples were frozen in liquid nitrogen im-
mediately and stored in —80 °C for further analysis.
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Fig. 2. (continued)

2.2. Vinification

One hundred kilograms of Cabernet Sauvignon grapes of each
treatment were crushed and destemmed by hand, and the must was
collected in a 100L stainless-steel tanks. The must was treated with
sulfur dioxide (SO,, 50 mg/L) and pectinase (30 mg/L). Musts were
inoculated 24h after crushing and then added a commercial yeast
Saccharomyces cerevisiae strain BO 213 (200 mg/L, Laffort, Bordeaux,
France). During the maceration, the cap was punched down every 8 h
and the temperature was maintained at 25 = 1 °C, the must density
were recorded. After completion of alcohol fermentation, the wines

were adjusted to 50 mg/L SO, and bottled to mature at 20 °C.

2.3. Determination of physicochemical indices of berries and wine

Brix values were determined with a hand-held digital Atago PAL-1
meter (Atago Co. Ltd., Japan), the titratable acidity, total sugar and
alcohol of wine were determined by the method of OIV (2012), the pH
was measured with a Mettler Toledo FE20 Desktop pH Meter (Mettler
Toledo Instruments Co. Ltd., Shanghai, China), the 100-berry weight
was recorded after washing with distilled water and drying with filter

paper.
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Fig. 3. Expressions of the genes VWPAL, VvC4H, VvCHS, VvF3’H, VwF3’5’H, VvDFR, WLDOX, VvUFGT, VvOMT, VvGST in grape skins of CK and RDI treatments in 2015
and 2016 vintages. Values presented are means + SE (n = 3). CK was set as a reference group in each period, and the gene expression level was recorded as 1. In the
figure, the ordinate value is multiple of the gene expression amount of each treatment group relative to the gene expression amount of the CK group, and the scale is

logarithmic scale.

2.4. Determination of antthocyanins

2.4.1. Determination of total anthocyanin content (TAC) in berries and
wine

The TAC was estimated according to the pH differential method
reported by Meng et al. (2012).

2.4.2. Determination of individual anthocyanins
2.4.2.1. Extraction of individual anthocyanins. About 50 berries were

selected from each treatment, skins were peeled and powered under
liquid nitrogen, then freeze-dried at —50 °C. The anthocyanins were
extracted according to the methods of Cheng et al. (2014) with some
modified, briefly, 0.50g powder was mixed with 10mL of HCl/
methanol/water solution (1:80:19, v/v/v, 1 mol/L). The mixture was
extracted under ultrasonic waves of 100 Hz for 10 min, and then shaken
at a rate of 150 rpm for 30 min at 25 °C in the dark. Then, the sample
was centrifuged at 10,000 rpm and 4 °C for 10 min using a high speed
refrigerated centrifuge and the supernatant was collected. The residue
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Fig. 3. (continued)

was re-extracted four times. Finally, all supernatants were dried using a
rotary evaporator, and then redissolved in 10 mL with mobile phase A
(as bellow). All extracts were filtered with 0.45 um filter prior to HPLC
analysis. All extractions have three repetitions.

2.4.2.2. HPLC analysis of individual anthocyanins. The analysis of
anthocyanins was performed using the method reported by Ju et al.
(2016). The high performance liquid chromatography system (HPLC,
SHIMADZU, Japan) fitted with a C;g column (250 X 4.6 mm; Japan)
was used for analysis. The column was operated at 30 °C. Phase A:

water/acetonitrile/formic acid (80:10:7 v/v/v); phase B: water/
acetonitrile/formic acid (40:50:7 v/v/v). Samples were eluted
according to the methods described by Wang et al. (2008) with some
modifications. Briefly:a 1 mL/min flow rate was used, from 0 to 30% B
in 15 min; 50% B for 25 min; 35 min, 0% B, with an injection amount of
20 uL. The anthocyanins were identified by comparing their UV-VIS
spectra from 200 to 600 nm to known standards and their retention
times; they were detected and quantified at 535nm. Malvidin-3-O-
glucoside (Sigma, Shanghai, China) was used as internal standard.
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Fig. 5. Correlation analysis of anthocyanins and genes expression in this study from grapes and wines with different treatments. Data was normalized by a pooled

sample from control groups.

3.2. Effects of RDI treatments on total anthocyanin content (TAC) in grape
skins

As Fig. 1 showed, in 2015 vintage, the total anthocyanin content
gradually increased from the E-L 34 stage to the E-L37 stage, and de-
creased from the E-L 34 to the E-L 38 stage. At the E-L 38 stage, the total
anthocyanin contents of RDI-1 and RDI-3 treatments groups were sig-
nificantly higher than the control group. In 2016 vintage, the RDI-1
treatment group was significantly higher than the other treatments
groups at the E-L 34 stage. The total anthocyanin content in the control
group and the RDI-1 group reached the maximum at the E-L 37 stage.
At the E-L 38 stage, the total anthocyanin content in the RDI-1 treat-
ment group was significantly higher than that of the control group, but
the RDI-2 and RDI-3 groups were not significantly different from the
control group. Above all, the RDI-1 treatment significantly increased
the total anthocyanin content in grape skin in both two vintage.

3.3. Effects of RDI treatments on anthocyanins profiles of grape skins

A total of 9 kinds of anthocyanins including Dp: Delphinidin-3-
gliucoside, Cy: Cyanidin-3-glucoside, Pt: Petunidin-3-glucoside, Pn:
Peonidin-3-glucoside, Mv: Malvidin-3-glucoside, Pn-ac: Peonidin-3-
acetly-glucoside, Mv-ac: Malvidin-3-acetly-glucoside, Pn-cg: Peonidin-
3-coumayl-glucoside, Mv-cg: Malvidin-3-coumayl-glucoside were de-
tected. As Fig. 2 shown that all kinds of individual anthocyanins began
to accumulate rapidly at the E-L 34 stage. In the mature red (Lacryma)
or white pulp (Gamay) fruit, the anthocyanin content decreased,
probably due to covalent attachment to glutathione transport to va-
cuoles under GST catalysis (Ageorges et al., 2006). From the E-L 34
stage to the E-L 37 stage, RDI treatments groups had higher antho-
cyanin contents than control group (Fig. 2). In the mature fruit, RDI-1
treatment increased the contents of all kinds of individual anthocyanins
in two vintages, which indicated that severe water shortage promotes
the accumulation of anthocyanins in grape skin (Fig. 2). In the mature
fruit, RDI-2 treatment increased the content of Pt and the Mv-cg in 2016
vintage, however, other anthocyanin levels were not significantly

different from the control group (Fig. 2). In 2015 vintage, RDI-3
treatment significantly increased the contents of Mv, Mv-ac, and Mv-cg
in grape skins. In 2016 vintage, RDI-3 treatment significantly increased
the contents of Dp, Pn, and Mv-cg in grape skins (Fig. 2). RDI treat-
ments increased the contents of glycosides anthocyanins in fruit, which
might be beneficial to increase color stability. The difference in rainfall
between 2015 and 2016 vintages might be the cause of the difference in
anthocyanin accumulation (Table S2). In 2016 vintage, the rainfall was
less before veraison, and the rainfall was more during veraison, which
may be the reason for the earlier and longer time for veraison (Table
S2).

3.4. Relative expression of anthocyanins biosynthesis genes

In order to better understand the effect of RDI on the anthocyanin
biosynthesis in gape skins, the relative expression levels of anthocya-
nins biosynthesis genes, including VVPAL, VwC4H, VvCHS, VVF3’H,
VVF3’5’H, VyDFR, VvLDOX, VWUFGT, VwvOMT and VvGST, were de-
termined. PAL, C4H and CHS enzymes act on the upstream of antho-
cyanin synthesis pathway. PAL is one of most important enzymes in the
phenylalanine metabolic pathway, and its expression was not sig-
nificantly different among different tissues of grape fruit, but the dif-
ference in its expression between different varieties (including V. vini-
fera, Ruby Okuyama (Ru) and Flame Muscat (F1)) was significant (Boss
et al., 1996a; Kobayashi et al., 2004). While CHS catalyzes the forma-
tion of chalcone, which is the first step in the metabolic pathway of
flavonoids (Boss et al., 1996b; Castellarin and Di, 2007; Castellarin
et al., 2010; Azuma et al., 2012). Therefore, VWPAL, VvC4H, and VvCHS
are key genes for anthocyanin synthesis. Compared with the control
group, RDI treatments increased the expressions of VWPAL and VvC4H at
E-L 34, E-L 36, and E-L 37 stage in both two years (Fig. 3). The ex-
pression of VwCHS was significantly higher in RDI treatments groups
than that of control groups at E-L 36 and E-L 37 in both two years
(Fig. 3). The up-regulation of these genes might be one of the important
reasons for the total anthocyanin contents were higher in RDI treat-
ments groups than that of the control group.
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F3’H and F3’5’H enzymes act on the precursor flavonoids of an-
thocyanins, and previous studies have shown that these two enzymes
directly affect the type of group of 3’ and 5’ of anthocyanin B ring, and
thus affect the type and proportion of individual anthocyanins (Sophie
et al., 2006; Holton and Cornish, 1995). The expression of VvF3’H was
up-regulated at the E-L 36, E-L 37 and E-L 38 stage in RDI treatments
groups, while the expression of VwF3’5’H was up-regulated at the E-L
34, E-L 36, and E-L 37 stage, especially in RDI-1 treatment group the
expression level was up-regulated more significantly in both vintages
(Fig. 3). The expression of VvF3’5’H was significantly increased during
veraison, which is consistent with previous studies (Jeong et al., 2006;
Bogs et al., 2006). At the E-L 38 stage, the expression of VvF3’5’H was
decreased in RDI-2 and RDI-3 treatment groups in 2016 vintage (Fig. 3).
These results indicated that RDI might result in changes in the com-
position and proportion of individual anthocyanins in the skin when the
grapes mature. The changes in Cy and Dp contents after RDI-1 treat-
ment may be closely related to the changes of the expression levels of
VVF3’H and VvF3’5’H (Castellarin et al., 2007).

DFR and LDOX are important synthesis enzymes in anthocyanin
synthsis pathway (Boss et al., 1996b; Bogs et al., 2006). DFR and LDOX
genes are highly expressed in leaves, seeds and tendrils of plants, but
are weakly expressed in the skin and pulp at maturity (Boss et al.,
1996b). The expression of VWDFR was up-regulated from the E-L 34 to
E-L 37 after RDI-1 and RDI-2 treatments in both two vintages (Fig. 3).
However, the expression of VWDFR was down-regulated at the E-L 38
stage, and the expression of VVDFR in RDI-2 group was the most sig-
nificantly down-regulated (Fig. 3). Compared to control group, the
expression of VWLDOX was down-regulated at the E-L 34 stage in RDI
treatments groups (Fig. 3). After veraison, the expression of VWLDOX
was up-regulated in RDI treatments groups. At the E-L 38 stage, the
expression of VWLDOX reached the highest level, and the expression of
VvDOX in RDI-2 group was the most significantly up-regulated (Fig. 3).

From the E-L 34 to the E-L 38 stage, VWUFGT was up-regulated in
RDI treatments groups, and the up-regulation was the most significant
in the RDI-1 group (Fig. 3). WUFGT plays an important role in the
synthesis of anthocyanins (Kobayashi et al., 2001). The up-regulation of
VVUFGT in grape skin from veraison to maturity might also be one of
the important reasons for the increase of total anthocyanin contents
after RDI treatments (Fig. 3). Previous studies have shown that water
and temperature factors could affect the expression of VWUFGT
(Castellarin et al., 2010). The expression levels of VWOMT in the fruit of
RDI groups were increased at the early stage of veraison, and the ex-
pression of VWOMT in RDI-1 group was the most significantly up-
regulated (Fig. 3). The increase in Pt and Mv-c-g content in RDI-1
treatments might be related to the up-regulated expression of VvOMT.
At the same time, the expression of OMT gene leads to O-methylation of
the anthocyanin skeleton structure, which changes its structural po-
larity and thus affects its compartmentalization in cells (Castellarin
et al. 2007, 2010; Kim et al., 2006). Compared with the control group,
the expression of VvGST showed down-regulated at the E-L 34 and E-L
38 stage in RDI treatments groups (Fig. 3). At the E-L 36 and E-L 37
stage, the expression level of this gene was up-regulated in 2015 vin-
tage (Fig. 3).

3.5. Effect of RDI treatments on total anthocyanin contents (TAC) and
anthocyanins profiles in wines

Anthocyanins affect the color and stability of wine directly. The
content of anthocyanin in wine has an important influence on the
sensory evaluation and quality of wine. Total anthocyanin contents
were significantly higher in RDI treatments groups than that of control
group in 2015 and 2016 wines (Fig. 4). The RDI-1 treatment had the
highest total anthocyanin content in wines in both two vintages (Fig. 4).

The anthocyanin compounds in wines are mainly derived from
grape berries. Therefore, there is a correlation of the individual an-
thocyanin contents between grape berries and wines. In this study, the
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contents of five non-acylated individual anthocyanins and four acylated
individual anthocyanins in wines was also determined (Table 2).
Compared to control group, RDI treatments were significantly increased
the concentration of Dp in wines of 2015 and 2016, and RDI-1 treat-
ment had the highest Dp content in both vintages (Table 2). The content
of Cy in wines increased after RDI-1 and RDI-2 treatments, but no
significant differences were observed (Table 2). Mv occupied the most
contents of non-acylated anthocyanin, which performed higher in RDI
treatments than control group in 2015 and 2016 wines, and RDI-1
treatment had the highest Mv content in both vintages (Table 2). Mv-ac
occupied the most content of acylated anthocyanin in wine which is
acylated by Mv and anthocyanin acyl transferase (Nakayama et al.,
2003). Wines from RDI treatments had higher content of Mv-ac than
wines from control treatment in both vintages (Table 2). Wines from
RDI-3 had the highest content of Mv-ac in 2015, while wines from RDI-
1 had the highest content of Mv-ac in 2016 (Table 2). In both 2015 and
2016 vintages, the total non-acylated anthocyanins contents of RDI
wines were higher than that of control wines and RDI-1 had the highest
content (Table 2). What is more, RDI-1 and RDI-2 treatments wines
showed higher content of total acylated anthocyanins than control
wines in both two vintages and RDI-1 treatments wines had the highest
content of total acylated anthocyanins (Table 2). RDI-3 treatment was
significantly increased the content of total acylated anthocyanins in
2015 wine, but no difference in 2016 wine (Table 2).

3.6. The correlation analysis between gene expression and anthocyanins in
grapes and wines

The correlation analysis of individual anthocyanins and structural
anthocyanin relative genes expression in grape berries and wines with
different treatments was shown in Fig. 5. There was a positive corre-
lation between Pn content in wines and Pn content in grape berries. The
same phenomenon was observed for Pn-ac and Pn-cg in both two vin-
tages. It was further suggested that the contents of individual antho-
cyanins composition in wines were closely related to grape berries.

The accumulation of individual anthocyanins in grape berry was
regulated by structural genes in the anthocyanin synthesis pathway.
The accumulation of Pn and Pn-ac had a positive correlation with its
synthetic upstream key enzymes F3’H and UFGT (Gong et al., 1997). In
this study, the accumulation of Pn, Pn-ac and Pn-cg in grape berries
showed closely correlation with the expression of its upstream key
enzyme synthesis genes, including VWF3’H and VWUFGT (Fig. 5). The
accumulation of Pt in grape berries performed high correlation with the
expression of VvF3’5’H, which was consistent with the results of Jeong
et al. (2006). The higher contents of Pn and Pn-cg in RDI-1 treatment
group were consistent with the higher relative expressions of VvF3’H
and WUFGT in RDI-1 treatment group. As a result, the up-regulation of
the expression of key genes leads to an increase in the contents of re-
lated individual anthocyanins in grape berries, which gave rise to an
increase in the contents of Pn and Pn-cg in RDI-1 wines. The expressions
of genes could be affected by many external environmental factors,
such as moisture and temperature (Castellarin et al., 2010). The change
of experimental water quantity will also lead to the different growth
quality of plant root, which will change the soil micro-environment of
the root part and finally affect the composition of grape berries (Santos
et al., 2007). Regulatory genes could regulate the specific expression of
related structural genes during anthocyanin biosynthesis, which in turn
affects anthocyanin accumulation and composition (Holton and
Cornish, 1995). As present results, RDI treatments regulated the accu-
mulation of anthocyanins by regulating genes expressions in the an-
thocyanin synthesis pathway.

4. Conclusions

The effects of RDI treatments on the accumulation and biosynthesis
of anthocyanins in Cabernet Sauvignon grapes and wines were
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evaluated for two consecutive vintages. RDI-1 treatment significantly
increased the total soluble solids and decreased berry weight, while
RDI-2 and RDI-3 had no significant effects. RDI-1 treated grapes and
wines had the highest total anthocyanins contents compared to that of
RDI-2 and RDI-3 treatments. RDI-1 treatment enhanced all kinds of
individual anthocyanins in grape berries and wines in both two vin-
tages. RDI-2 treatments increased the contents of Pt and the Mv-cg in
berries and RDI-3 treatments significantly increased the contents of Mv,
Dp, Mv-ac, and Mv-cg in grape berries. RDI-1 and RDI-2 enhanced the
total non-acylated anthocyanins and total acylated anthocyanins con-
tents in wines of both vintages. RDI treatments upregulated the ex-
pressions of key genes involved in anthocyanins biosynthesis pathway
in both two vintages. Correlation analysis showed that the accumula-
tion of anthocyanins was closely related to the key genes expressions,
including VWPAL, VvF3’H, VvF3’5’H etc. Overall, RDI treatments regu-
lated the accumulation of anthocyanins by regulating genes expressions
in the anthocyanin synthesis pathway.

Conflicts of interest
The authors declare no conflict of interest.
CRediT authorship contribution statement

Yan-lun Ju: Writing — original draft, Data curation, Writing —
review & editing. Bo-han Yang: Writing — original draft, Data curation.
Shuang He: Investigation, Methodology. Ting-yao Tu: Investigation,
Methodology. Zhuo Min: Writing — review & editing. Yu-lin Fang:
Resources, Supervision, Writing — review & editing. Xiang-yu Sun:
Resources, Supervision, Writing — review & editing.

Acknowledgments

This work was supported by the National Key R&D Program on
Monitoring, Early warning and Prevention of Major National Disaster
(2017YFC1502806); the Key Research and Development Program of
Ningxia (Grant No. 2016BZ0602); and China Agriculture Research
System for Grape (Grant No. CARS-29-zp-6).

Appendix A. Supplementary data

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.plaphy.2018.11.013.

References

Ageorges, A., Fernandez, L., Merdinoglu, D., Terrier, N., Romieu, C., 2006. Four specific
isogenes of the anthocyanin metabolic pathway are systematically co-expressed with
the red colour of grape berries. Plant Sci. 170 (2), 372-383.

Allen, R.G., Pereira, L.S., Raes, D., Smith, M., 1998. Crop Evapotranspiration Guidelines
for Computing Crop Water Requirements (FAO Irrigation And Drainage Paper no.
56). Food and Agriculture Organization of the United Nations, Rome.

Azuma, A., Yakushiji, H., Koshita, Y., Kobayashi, S., 2012. Flavonoid biosynthesis-related
genes in grape skin are differentially regulated by temperature and light conditions.
Planta 236 (4), 1067-1080.

Basile, B., Marsal, J., Mata, M., et al., 2011. Phenological sensitivity of Cabernet
Sauvignon to water stress: vine physiology and berry composition. Am. J. Enol. Vitic.
12 (62), 452-461.

Bogs, J., Ebadi, A., Mcdavid, D., Robinson, S.P., 2006. Identification of the flavonoid
hydroxylases from grapevine and their regulation during fruit development. Plant
Physiol. 140 (1), 279-291.

Boss, P.K., Davies, C., Robinson, S.P., 1996a. Expression of anthocyanin biosynthesis
pathway genes in red and white grapes. Plant Mol. Biol. 32 (3), 565-569.

Boss, P.K., Davies, C., Robinson, S.P., 1996b. Analysis of the expression of anthocyanin
pathway genes in developing Vitis vinifera L. cv Shiraz grape berries and the im-
plications for pathway regulation. Plant Physiol. 111 (4), 1059-1066.

Caceres-Mella, A., Talaverano, M.L., Villalobos-Gonzélez, L., Ribalta-Pizarro, C., Pastenes,
C., 2017. Controlled water deficit during ripening affects proanthocyanidin synthesis,
concentration and composition in Cabernet Sauvignon grape skins. Plant Physiol.
Biochem. 117, 34-41.

Cao, B., 2002. Research prospect of regulated deficit irrigation. Xinjiang Agricultural

Plant Physiology and Biochemistry 135 (2019) 469-479

Reclamation Economy 2, 55-56.

Castellarin, S.D., Di, G.G., 2007. Transcriptional control of anthocyanin biosynthetic
genes in extreme phenotypes for berry pigmentation of naturally occurring grape-
vines. BMC Plant Biol. 7 (1) 46-46.

Castellarin, S.D., Matthews, M.A., Gaspero, G.D., Gambetta, G.A., 2007. Water deficits
accelerate ripening and induce changes in gene expression regulating flavonoid
biosynthesis in grape berries. Planta 227 (1), 101-112.

Castellarin, S.D., Pfeiffer, A., Sivilotti, P., Degan, M., Peterlunger, E., Gaspero, G.D., 2010.
Transcriptional regulation of anthocyanin biosynthesis in ripening fruits of grapevine
under seasonal water deficit. Plant Cell Environ. 30 (11), 1381-1399.

Chaves, M.M., Santos, T.P., Souza, C.R., OrtunO, M.F., Rodrigues, M.L., Lopes, C.M., et al.,
2010. Deficit irrigation in grapevine improves water-use efficiency while controlling
vigour and production quality. Ann. Appl. Biol. 150 (2), 237-252.

Cheng, G., He, Y.N,, Yue, T.X., Wang, J., Zhang, Z.W., 2014. Effects of climatic conditions
and soil properties on Cabernet Sauvignon berry growth and anthocyanin profiles.
Molecules 19, 13683-13703.

Coombe, B.G., 1995. Adoption of a system for identifying grapevine growth stages. Aust.
J. Grape Wine Res. 1, 100-110.

Costa, J.M., Vaz, M., Escalona, J., Egipto, R., Lopes, C., et al., 2016. Modern viticulture in
southern Europe: vulnerabilities and strategies for adaptation to water scarcity.
Agric. Water Manag. 164 (1), 5-18.

Dayer, S., Prieto, J.A., Galat, E., Pena, J.P., 2016. Leaf carbohydrate metabolism in
malbec grapevines: combined effects of regulated deficit irrigation and crop load.
Aust. J. Grape Wine Res. 22 (1), 115-123.

Edwards, E.J., Clingeleffer, P.R., 2013. Inter-seasonal effects of regulated deficit irrigation
on growth, yield, water use, berry composition and wine attributes of Cabernet
Sauvignon grapevines. Aust. J. Grape Wine Res. 19 (2), 261-276.

Fang, Y.L., Sun, W., Wan, L., 2013. Effects of regulated deficit irrigation (RDI) on wine
grape growth and fruit quality. Sci. Agric. Sin. 46 (13), 2730-2738.

Ferrandino, A., Lovisolo, C., 2014. Abiotic stress effects on grapevine (Vitis vinifera, L.):
focus on abscisic acid-mediated consequences on secondary metabolism and berry
quality. Environ. Exp. Bot. 103 (1), 138-147.

Flexas, J., Galmés, J., Gallé, A., Gulias, J., Pou, A., Ribas-Carbo, M., et al., 2010.
Improving water use efficiency in grapevines: potential physiological targets for
biotechnological improvement. Aust. J. Grape Wine Res. 16 (s1), 106-121.

Fortes, A.M., Teixeira, R.T., Agudelo-Romero, P., 2015. Complex interplay of hormonal
signals during grape berry ripening. Molecules 20 (5), 9326-9343.

Genebra, T., Santos, R.R., Francisco, R., Pintomarijuan, M., Brossa, R., Serra, A.T., et al.,
2014. Proanthocyanidin accumulation and biosynthesis are modulated by the irri-
gation regime in Tempranillo seeds. Int. J. Mol. Sci. 15 (7), 11862-11877.

Gong, Z., Yamazaki, M., Sugiyama, M., Tanaka, Y., Saito, K., 1997. Cloning and molecular
analysis of structural genes involved in anthocyanin biosynthesis and expressed in a
forma-specific manner in perilla frutescens. Plant Mol. Biol. 35 (6), 915-927.

He, F., Pan, Q.H., Shi, Y., Duan, C.Q., 2008. Chemical synthesis of proanthocyanidins in
vitro and their reactions in aging wines. Molecules 13 (12), 3007-3032.

Hochberg, U., Batushansky, A., Degu, A., Rachmilevitch, S., Fait, A., 2015. Metabolic and
physiological responses of Shiraz and Cabernet Sauvignon (Vitis vinifera L.) to near
optimal temperatures of 25 and 35°C. Int. J. Mol. Sci. 16, 24276-24294.

Holton, T.A., Cornish, E.C., 1995. Genetics and biochemistry of anthocyanin biosynthesis.
Plant Cell 7 (7), 1071-1083.

Jeong, S.T., Goto-Yamamoto, N., Hashizume, K., Esaka, M., 2006. Expression of the fla-
vonoid 3’-hydroxylase and flavonoid 3’,5-hydroxylase genes and flavonoid compo-
sition in grape (Vitis vinifera). Plant Sci. 170 (1), 61-69.

Ji, X.W., Cheng, Z.Y., Zhao, X., 2015. Effect of regulated deficit drip irrigation on yield
and quality of wine grape in desert oasis. J. Arid Land Resour. Environ. 4, 184-188.

Ju, Y.L., Liu, M., Tu, T.Y., Zhao, X.F., Yue, X.F., Zhang, J.X., et al., 2018a. Effect of
regulated deficit irrigation on fatty acids and their derived volatiles in 'Cabernet
Sauvignon' grapes and wines of Ningxia, China. Food Chem. 245, 667-675.

Ju, Y.L, Xu, G.Q., Yue, X.F., Zhao, X.F., Tu, T.Y., Zhang, J.X., et al., 2018b. Effects of
regulated deficit irrigation on amino acid profiles and their derived volatile com-
pounds in Cabernet Sauvignon (Vitis vinifera L.) grapes and wines. Molecules 23 (8),
1983.

Ju, Y.L., Liu, M., Zhao, H., Meng, J.F., Fang, Y.L., 2016. Effect of exogenous abscisic acid
and methyl jasmonate on anthocyanin composition, fatty acids, and volatile com-
pounds of Cabernet Sauvignon (Vitis vinifera L.) grape berries. Molecules 21 (10),
1354.

Kim, B.G., Lee, H.J., Park, Y., Lim, Y., Ahn, J.H., 2006. Characterization of an o-me-
thyltransferase from soybean. Plant Physiol. Biochem. 44 (4), 236-241.

Kobayashi, S., Gotoyamamoto, N., Hirochika, H., 2004. Retrotransposon-induced muta-
tions in grape skin color. Science 304 (5673) 982-982.

Kobayashi, S., Ishimaru, M., Ding, C.K., Yakushiji, H., Goto, N., 2001. Comparison of udp-
glucose:flavonoid 3-o-glucosyltransferase (fgt) gene sequences between white grapes
(Vitis vinifera L.) and their sports with red skin. Plant Sci. 160 (3), 543-550.

Li, H., 2006. Wine Chemistry. Science Press, pp. 3.

Meng, J., Fang, Y.L., Gao, J.S., Qiao, L.L., Zhang, A., Guo, M.Y., 2012. Phenolics com-
position andantioxidant activity of wine produced from spine grape (Vitis Davidii
Foex) and Cherokee rose (Rosa laevigata Michx.) fruits from South China. J. Food Sci.
77, C8-C14.

Nakayama, T., Suzuki, H., Nishino, T., 2003. Anthocyanin acyltransferases: specificities,
mechanism, phylogenetics, and applications. J. Mol. Catal. B Enzym. 23 (2),
117-132.

Niculcea, M., Martinez-Lapuente, L., Guadalupe, Z., Sanchez-Diaz, M., Ayestaran, B.,
Antolin, M.C., 2015. Characterization of phenolic composition of Vitis vinifera L.
“Tempranillo” and “Graciano” subjected to deficit irrigation during berry develop-
ment. Vitis 54, 9-16.

OIV, 2012. International Code of Oenological Practices. Available online:http://www.


https://doi.org/10.1016/j.plaphy.2018.11.013
https://doi.org/10.1016/j.plaphy.2018.11.013
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref1
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref1
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref1
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref2
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref2
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref2
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref3
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref3
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref3
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref4
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref4
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref4
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref5
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref5
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref5
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref6
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref6
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref7
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref7
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref7
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref8
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref8
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref8
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref8
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref9
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref9
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref10
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref10
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref10
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref11
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref11
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref11
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref12
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref12
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref12
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref13
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref13
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref13
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref14
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref14
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref14
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref15
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref15
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref16
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref16
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref16
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref17
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref17
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref17
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref18
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref18
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref18
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref19
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref19
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref20
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref20
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref20
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref21
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref21
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref21
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref22
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref22
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref23
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref23
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref23
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref24
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref24
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref24
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref25
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref25
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref26
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref26
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref26
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref27
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref27
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref28
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref28
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref28
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref29
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref29
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref30
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref30
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref30
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref31
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref31
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref31
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref31
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref32
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref32
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref32
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref32
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref33
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref33
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref34
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref34
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref35
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref35
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref35
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref36
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref37
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref37
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref37
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref37
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref38
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref38
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref38
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref39
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref39
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref39
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref39
http://www.oiv.int/oiv/info/enpratiquesoenologiques

Y.-l Ju et al

oiv.int/oiv/info/enpratiquesoenologiques. , Accessed date: 1 January 2012.

Pilati, S., Bagagli, G., Sonego, P., Moretto, M., Brazzale, D., Castorina, G., et al., 2017.
Abscisic acid is a major regulator of grape berry ripening onset: new insights into
ABA signaling network. Front. Plant Sci. 8, 1093.

Pinillos, V., Chiamolera, F.M., Ortiz, J.F., Hueso, J.J., Cuevas, J., Clothier, B.E., et al.,
2016. Post-veraison regulated deficit irrigation in ‘crimson seedless’ table grape saves
water and improves berry skin color. Agric. Water Manag. 165, 181-189.

Romero, P., Fernandez, J., Martinez, C.A., 2010. Physiological thresholds for efficient
regulated deficit-irrigation management in winegrapes grown under semiarid con-
ditions. Am. J. Enol. Vitic. 61 (3), 300-312.

Santesteban, L.G., Miranda, C., Royo, J.B., 2011. Regulated deficit irrigation effects on
growth, yield, grape quality and individual anthocyanin composition in Vitis vinifera,
L. cv. ‘tempranillo’. Agric. Water Manag. 98 (7), 1171-1179.

Santos, T.P.D., Lopes, C.M., Rodrigues, M.L., Souza, C.R.D., Ricardo-Da-Silva, J.M.,
Maroco, J.P., et al., 2007. Effects of deficit irrigation strategies on cluster micro-
climate for improving fruit composition of moscatel field-grown grapevines. Sci.
Hortic. 112 (3), 321-330.

Sophie, P., Enrico, P., Alberto, N., Raffaella, M., Di, G.G., Castellarin, S.D., et al., 2006.

Plant Physiology and Biochemistry 135 (2019) 469-479

Colour variation in red grapevines (Vitis vinifera L.): genomic organisation, expression
of flavonoid 3'-hydroxylase, flavonoid 3',5-hydroxylase genes and related metabolite
profiling of red cyanidin-/blue delphinidin-based anthocyanins in berry skin. BMC
Genomics 7 (1), 1-17.

Terry, D.B., Kurtural, S.K., 2011. Achieving vine balance of Syrah with mechanical ca-
nopy management and regulated deficit irrigation. Am. J. Enol. Vitic. 62 (4),
426-437.

Wang, Z.Q., Han, F.L., Wang, Y., 2008. Determination of anthocyanin in Granoir grape
and wine with HPLC. J. Agric. Univ. HeBei 31 (6), 59-61.

Xu, B., Zhang, R., Cheng, Z.Y., 2015. Effect of deficit irrigation on growth and quality and
quality of greenhouse grape under delayed cultivation different stages. J. Irrigat.
Drain. 34 (6), 86-89.

Zarrouk, O., Francisco, R., Pinto-Marijuan, M., Brossa, R., Santos, R.R., Pinheiro, C., et al.,
2012. Impact of irrigation regime on berry development and flavonoids composition
in aragonez (Syn. Tempranillo) grapevine. Agric. Water Manag. 114 (6), 18-29.

Zhang, Z.H., Cheng, Z.Y., Zhang, G.Q., Zhang, R., University, G.A., 2014. Effects of
regulated deficit irrigation on the photosynthetic rate and transpiration rate of
greenhouse grape under delayed cultivation. J. Irrigat. Drain. 33 (2), 130-133.


http://www.oiv.int/oiv/info/enpratiquesoenologiques
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref41
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref41
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref41
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref42
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref42
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref42
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref43
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref43
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref43
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref44
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref44
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref44
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref45
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref45
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref45
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref45
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref46
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref46
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref46
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref46
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref46
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref47
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref47
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref47
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref48
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref48
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref49
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref49
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref49
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref50
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref50
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref50
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref51
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref51
http://refhub.elsevier.com/S0981-9428(18)30512-6/sref51

	Anthocyanin accumulation and biosynthesis are modulated by regulated deficit irrigation in Cabernet Sauvignon (Vitis Vinifera L.) grapes and wines
	Introduction
	Materials and methods
	Field conditions and materials
	Vinification
	Determination of physicochemical indices of berries and wine
	Determination of antthocyanins
	Determination of total anthocyanin content (TAC) in berries and wine
	Determination of individual anthocyanins
	Extraction of individual anthocyanins
	HPLC analysis of individual anthocyanins

	Expressions of anthocyanins biosynthesis genes
	Statistical analysis

	Results and discussion
	Vintage and berry attributes
	Effects of RDI treatments on total anthocyanin content (TAC) in grape skins
	Effects of RDI treatments on anthocyanins profiles of grape skins
	Relative expression of anthocyanins biosynthesis genes
	Effect of RDI treatments on total anthocyanin contents (TAC) and anthocyanins profiles in wines
	The correlation analysis between gene expression and anthocyanins in grapes and wines

	Conclusions
	Conflicts of interest
	mk:H1_22
	Acknowledgments
	Supplementary data
	References




