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Grapevines (Vitis vinifera L.) have had deep 
ties to  human culture for  more than 5 000 years 
(McGovern et  al. 1996). Being the  most widely 
cultivated and economically important fruit crop 
in the world, this crop plays a key role in many coun-
tries’ economies, with a global market size of over 
31.4 billion euros (OIV 2019). Sugar transport and 
partitioning are important for normal plant growth 
(Julius et  al. 2017). Grape berries are typical non-
transitional fruits, and their growth shows a typi-
cal double-S curve, which could be divided into 
three periods. The  first and third stages are rapid 
growth periods, and the second stage is a stagnate 
phase (Fillion et  al. 1999). Sugar is transported 

in the form of sucrose from the source organ (leaf ) 
through the phloem to the vascular phloem of the 
fruit. Sugar arrives at the sieve element-companion 
cell (SE-CC) complex in the fruit phloem and enters 
the sink cell through two cytological pathways: one 
is the symplast pathway, that is, the sugar is trans-
ported to  the sink cell through the  intercellular 
filament between the sieve element companion cell 
complex and the surrounding phloem parenchyma 
cells; the other is the apoplast pathway, that is, sugar 
is unloaded from the sieve-associated cell complex 
to  the ectoplasmic space, and then enters the  cell 
through the carrier or proton pump (H+–ATPase) 
on the  plasma membrane of  the cell. At  the same 
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water is in short supply, so it can increase the con-
centration of major solutes related to a wine’s qual-
ity (Triolo et  al. 2019). Water stress significantly 
increases the content of non-acylated anthocyanins 
in  wine (Liang et  al. 2011). Weak light and water 
stress contribute to the improvement of grape peel 
and wine phenols, and to  the reduction of  meth-
oxypyrazines in the wine while achieving high yields 
(Brillante et al. 2018). A water deficit affects the con-
centration of  the total phenols, total anthocya-
nins and chromaticity (Cáceres-Mella et  al.  2018). 
The use of partial root zone drought irrigation could 
improve the water interception efficiency, therefore 
affecting the berry quality (Ezzahouani et al. 2007). 
Regulated deficit irrigation (RDI) significantly re-
duces the  titratable acidity and increases the  pH 
of  the total soluble solids (Ju et al. 2019). Previous 
studies suggested that  short-term water stress can 
improve the fruit soluble solids content and can re-
duce the  total acidity and increase the  resveratrol 
content in fruits (Herrera et al. 2017). Water stress 
can regulate the  accumulation of  green leaf vola-
tiles (Ju et al. 2018). All these studies have suggested 
that water stress plays an important role in regulat-
ing the berry quality and controlling the substance 
synthesis in grape cultivation.

However, to  date, the  relationship between dif-
ferent degrees of water stress at different times and 
the  balance of  sugar and acid in  ‘Cabernet Sauvi-
gnon’ has not been investigated in detail. This study 
mainly focused on the  law of  sugar accumulation 
and organic acid change in  grapes under differ-
ent development stages with different water stress 
levels, and understanding the mechanism of sugar 
metabolism under water stress, so as to provide a 
practical and theoretical basis for water-saving cul-
tivation and quality improvement of wine grapes.

MATERIAL AND METHODS

Study area
The experiment was  carried out at  Yuquany-

ing farm in  the Ningxia agricultural reclamation 
group (38.28°N, 106.24°E) from May to  October 
in 2017. The region’s climate is typically continental 
and the soil is aeolian sandy, with an organic mat-
ter, alkali solution nitrogen, available phosphorus 
and available potassium content of  2 740, 22.35, 
18.64, 68.44 mg/kg, respectively. Nine-year-old vines 
of  V.  vinifera ‘Cabernet Sauvignon’ were selected 

time, the unloading pathways of grapes in different 
stages are also different, and the two pathways are 
inter-convertible, that  is, from the  symplast path-
way to the apoplast pathway (Lalonde et al. 2003). 
Zhang et  al. (2006) found that  in stage I and II 
of  the  grape fruit development, the  unloading 
mode of  the vascular bundle in  the phloem of  the 
fruits is mainly through the  apoplast unloading, 
while in stage III of the fruit development, the apo-
plast pathway was blocked, and the unloading mode 
is transformed into apoplast unloading.

Sugar accumulation is an  important event in  the 
physiological process of  ripening grapes, and is 
an important feature of a grape’s excellent physiologi-
cal characteristics and product value (Kambiranda 
et  al. 2011). Sugar metabolism is not only essential 
to this process, but the sugar also functions as a kind 
of signal molecule (Rolland et al. 2006). Synthesised 
carbohydrates must be transported from the  leaves 
(source tissues) to  the non-photosynthetic organs 
(sink tissues) such as  the roots and seeds (Chenu, 
Scholes 2015). Sugar utilisation is, therefore, a key 
factor that promotes plant growth and development 
(Yue et al. 2015). The process of sugar accumulation 
in a fruit is regulated by many factors. As a power-
ful metabolic sink, fruit obtains a large amount of as-
similates from source tissues during the maturation 
process. The ability of the fruit to obtain assimilates 
is largely determined by  the strength of  the sink, 
while the  strength of  the sink is determined by  the 
concentration of  the sucrose in  the fruit (Lemoine 
et  al.  2013). As  an osmotic substance, signalling 
the molecules and nutrients, sucrose plays a variety 
of important roles in tolerance to stress (Gupta, Kaur 
2005; Ruan et al. 2010; Gong et al. 2015). Therefore, 
the strength of the reservoir is determined by control-
ling the enzymes related to the sucrose synthesis, thus 
regulating the synthesis of the assimilates (Moriguchi 
et  al. 1990, Hubbard et  al. 1991). Invertase, sucrose 
synthase (SS) and sucrose phosphate synthase (SPS) 
regulate the  sugar accumulation and metabolism 
in  grape berries (Copeland 1990). Sucrose synthase 
(SS) is a highly regulated cytoplasmic enzyme that ca-
talyses the conversion of sucrose and nucleoside di-
phosphate into nucleoside diphosphate glucose and 
fructose (Li et al. 2013). Invertase can be divided into 
acid invertase (AI) and neutral invertase (NI) accord-
ing to the pH (Avigad 1982).

In recent years, studies on deficit irrigation have 
been further deepened, and it has been pointed out 
that the grapes have a higher skin to flesh ratio when 
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as  the experimental material. The  single Guyot 
training system was  used, the  row orientation is 
east-west with a spacing of 0.5 m × 3.0 m, the vine-
yard is equipped with a drip control system whose 
drip irrigation rate is 0.6 L/h.

Experimental design. Nine rows of  vine were 
selected, 180 plants in  each row, and water con-
trol valves were installed on the  drip irrigation 
pipes at both ends of each row. In this experiment, 
three degrees of water treatment were set from set-
ting to  veraison separately, which were mild (CK, 
T1,  T2), moderate (T3, T4, T5), and severe (T6, 
T7, T8), and within each group, a mild, moderate, 
and severe water stress treatment were set from 
post-veraison to  maturation, and a total of  nine 
groups were set for  treatment, the  data are shown 
in Electronic Supplementary Material (ESM) Table 
S1. All the treated vines bloomed (E-L 23) on May 
25, 2017 (Coombe 1995), the time of veraison var-
ied under the different water treatments. The form-
ing light-light (CK), T1 and T2 colouring took place 
from July 30 [65 days after anthesis (DAA)] to Au-
gust 4 (70 DAA), the T3, T4 and T5 colouring took 
place from July 23 (58 DAA) to  July 29 (64 DAA), 
the T6, T7 and T8 colouring took place from July 25 
(60 DAA) to August 1 (67 DAA), and all the treat-
ments were collected on September 23 (E-L 38). Wa-
ter stress began on June 8 (20 DAA) during the fruit 
setting. The irrigation amount was controlled by the 
drip irrigation time; the  pre-dawn leaf water po-
tential (Ψb) reflected the degree of water stress. All 
the treatments began to reach the set water potential 
range during the experiment at 40 DAA. 

The pre-dawn leaf water potential (Ψb) values were 
measured every 10 days, the  volume of  the irriga-
tion water (Supplementary Table S2) was  adjusted 
to reach the set water range according to the rainfall 
and temperature during the experiment (Supplemen-
tary Figure S1), the pre-dawn grape leaves water po-
tential (Ψb) is shown in Supplementary Figure S2.

Sampling began on June 25, 2017 (30 DAA), 
and was  conducted every ten days until Septem-
ber  23,  2017 (120  DAA). Sampling was  performed 
after measuring the  pre-dawn leaf water potential. 
Pruning ten branches which have two berry bunch-
es, and one to two buds left at the bottom were kept. 
The  leaf and cluster were separated after weighing 
one hundred berries, part of which was frozen with 
liquid nitrogen and put in  a refrigerator at  –80 °C 
for  determination of the AI, NI, SS and SPS activ-
ity. The  remaining berries were used for  the titrat-

able acid content (TA) determination. Three techni-
cal replicates we used in the repeated measurements 
of the same sample.

Determination index and method
Pre-dawn leaf water potential. The healthy func-

tional leaves in the middle of the new shoots of each 
treated vine were collected before dawn, put into 
plastic bags and brought back to  the laboratory. 
The  leaf water potential values were measured 
in  a  3005-plant water potential pressure chamber 
(Soil Moisture Equipment Company, USA). Three 
plants were selected randomly for  each treatment, 
and three leaves were taken from each plant.

Sugar composition in the berries. The total soluble 
sugar content was measured by using the anthrone-
sulfuric acid method (Zhang, Qu 2003), and the high-
performance liquid chromatography– evaporative 
light scattering detection (HPLC-ELSD) method was 
used to determine the sugar components in grape 
berries. The method of Li Mengge was used to ex-
tract the  sugar components (Li 2015). One gram 
(1.0 g) grape berry powder and 25 mL ethanol (90%) 
were mixed and transfered into  25  mL volumetric 
flask. The mixture was ultrasonically extracted at 
room temperature for 30 minutes. The mixture was 
centrifuged at 10 000 rpm for 15 min, the superna-
tant was filtrated under a 0.22  μm filtration mem-
brane, placed in a 2 mL centrifuge tube under 4 °C 
to save for futher determine. The chromatographic 
conditions: Prominence Ultra-Fast Liquid Chroma-
tography (UFLC); the experiment was performed in a 
YMC-Pack Polyamine II chromatographic column 
(4.6 × 250 mm, 5 µm) with acetonitrile-water (75 : 25) 
as  the mobile phase, the flow rate was 1.0 mL/min. 
The column temperature was kept at 30 °C, the injec-
tion volume was 10 μL.

The standard solution concentration was  taken 
as  the X-coordinate and the  peak area as  the Y-co-
ordinate, the  standard linear regression equation is 
shown in Supplementary Table S3, the chromatogram 
of the standard is shown in Supplementary Figure S3.

Extraction and activity determination of the sucrose 
metabolism related enzymes.The enzyme extraction 
and determination was performed with the method 
by (Gao 2006) with a moderate modification.

Enzyme extraction: 1.0  g of  grape berry powder 
was weighed in a pre-cooled mortar, 2 mL of an ex-
traction buffer was  used for  the ice bath grinding 
and then transferred to a centrifuge tube, 3 mL of an 
extraction buffer was added to wash the mortar and 
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then the contents were transferred to the centrifuge 
tube, which was  centrifuged at  4 °C (10 000  rpm) 
for  20  minutes. The  supernatant was  transferred 
to the dialysis bag, placed in the dialysis buffer, dia-
lysed for 24 h at 4 °C, the dialysed enzyme solution 
was transferred to a 5 mL centrifuge tube and stored 
in a refrigerator at 4 °C. The AI, NI, SS and SPS activi-
ties were determined.

AI activity determination: 0.97  mL of  the reac-
tion solution and 30  µL of  the dialysed enzyme 
solution were added to the 1 mL reaction system. 
After 30 minutes in a water bath at 37 °C, the reac-
tion was stopped in a boiling water bath for three 
min. 1  mL of  3,5-dinitrosalicylic acid (DNS) rea-
gent was added, boiled in water for fine min, then 
cooled to room temperature, and the optical den-
sity (OD) value was measured at 540 nm. A dead 
enzyme was added as a control.

NI activity determination: Similar to the AI activ-
ity determination method, the 1 mL reaction system 
was  changed into a 0.95  mL reaction solution and 
50 µL dialysed enzyme solution.

SS activity determination: 0.4  mL of  the enzyme 
reaction solution, 0.1 mL of uridine diphosphate glu-
cose (UDPG) and 100 µL of the oxidised enzyme solu-
tion were added to  the reaction system to  replenish 
the  water to  1 mL. After 30  min at  37 °C, the  reac-
tion was  stopped by  a boiling water bath for  3 min. 
2 mol/L NaOH of 0.1 mL was added, then boiled in a 
water bath for 10 min, cooled to room temperature, 
and 3.5 mL of  30% HCL and 1  mL of  0.1% phenol 
were added, which was kept in the water bath at 80 °C 
for  10 minutes, then cooled to  room temperature, 
and the OD value was measured at 480 nm. Distilled 
water was used instead of UDPG as the control.

SPS activity determination: Similar to the SS activ-
ity determination method, 10 mmol/L of  fructose-
6-phosphate (F-6-P) was  used to  replace the  fruc-
tose in the enzyme reaction solution.

Organic acids. The  titratable acidity was  deter-
mined using standardised 0.1 N NaOH (end-point 
pH 8.2); the  method of  Gao (GAO 2004) with 
a  moderate modification was  used for  the extrac-
tion and determination of the organic acids.

Data analysis. The statistical analysis was performed 
using Microsoft Excel 2010, a two-way analysis of var-
iance and, subsequently, Tukey’s test were performed 
to analyse the data, the differences were considered 
statistically significant at  P  <  0.05 using Data Pro-
cessing System v15.10 (Hangzhou Ruifeng  Informa-
tion Technology Co. LTD., Hangzhou, China). Origin 

9.0 and Sigmaplot 12.5 software (Systat Software, San 
Jose, CA, USA) were used to plot the results.

RESULTS AND ANALYSIS

Effects of water stress on the sugar composition 
in the grape berries

Effects of water stress on the fructose content in the 
grape berries. The fructose content in  the berries 
from setting to  harvesting showed a general trend 
of increasing rapidly at first, then slowly and stead-
ily, as  shown in  Supplementary Table S4 in  ESM. 
At 60–80 DAA, the fructose content in the berries 
with the  severe treatment was  significantly higher 
than the CK treatment, while at 80 DAA, the fruc-
tose content in the berries with the moderate treat-
ment was also slightly higher than the CK treatment, 
indicating that short-term water stress from setting 
to veraison is conducive to the accumulation of fruc-
tose. At 90–120 DAA, the fructose content gradually 
increased and levelled off, among which the T1, T2 
and T3 treatments were generally lower than the CK 
treatment, while the T4, T5, T6 and T7 treatments 
were generally higher than the CK treatment, indi-
cating that an appropriate amount of water stress is 
conducive to the accumulation of  fructose. The T8 
treatment, which was  treated heavily from setting 
to  maturity stage, was  always lower than the  CK 
treatment at  the post-veraison to  maturity stage, 
indicating that long-term severe water stress is not 
conducive to the accumulation of fructose.

Effects of water stress on the glucose content in the 
grape berries. The trend in the glucose content change 
in the berries from setting to harvesting is basically 
consistent with the fructose, the overall trend is up-
ward (Table S5 in ESM). At 60–70 DAA, the glucose 
content with the  heavy treatment was  significantly 
higher than the  CK treatment, indicating that  the 
heavy treatment from setting to veraison is condu-
cive to the accumulation of glucose. At 90–120 DAA, 
the glucose content gradually increased and levelled 
off. The glucose content of the T1, T2 and T8 treat-
ments were generally lower than the CK treatment, 
while the glucose content of the T4, T5, T6 and T7 
treatments were generally higher than the CK treat-
ment, indicating that  a too light or excessive water 
treatment does not improve the glucose content.

Effects of water stress on the sucrose content in the 
grape berries. The variation trend in the sucrose con-
tent in  grapes from setting to  vintage also presents 
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an  overall increasing trend with the  different treat-
ment degrees (Table S6 in ESM). Except that the mod-
erate treatment of 70 DAA was less than the CK treat-
ment, the moderate and severe treatment was higher 
than the CK treatment at the other times, indicating 
that  the moderate and severe treatment from set-
ting to  veraison are conducive to  the accumulation 
of  sucrose in  the berries, and the  severe treatment 
was more significant higher. At 90–120 DAA, the su-
crose content in the berries tended to gently change. 
Among them, the T1, T2, T3 and T8 treatments were 
generally lower than the CK treatment, while the T4, 
T5, T6 and T7 treatments were generally higher than 
the  CK treatment, indicating that  a too light or ex-
cessive water treatment does not improve the sucrose 
content in the berries.

Effects of  water stress on the  total soluble sugar 
content in the grape berries. The total soluble sugar 
content from setting to harvest showed an overall 
increasing trend under the different treatment de-
grees (Table S7 in ESM). At 60–70 DAA, the moder-
ate treatment was significantly higher than the CK 
treatment, indicating that the moderate treatment 
from setting to  veraison is beneficial for  the to-
tal soluble sugar accumulation. AT 90–120 DAA, 
the total soluble sugar content gradually increased 
and levelled off, the T4, T5, T6 and T7 treatments 
increased by 8.2%, 7.5%, 5.6% and 3.8% compared 
with the  CK  treatment at  120 DAA, respectively. 
At 60–120 DAA, the T8 treatment is always lower 
than  the  CK  treament, indicating that  an appro-
priate water treatment is conducive to  increasing 
the total soluble sugar content, while the long-term 
excessive heavy treatment is contrary to this.

To sum up, the content of three sugars in the T4 
treatment was  significantly higher than the  CK 
and other treatments at 120 DAA, and the T5, T6 
and T7 treatments were also significantly higher 
than those in  the CK treatment, which was  con-
sistent with the  results of  the total soluble sug-
ar, indicating that  the T4, T5, T6 and T7 treat-
ments increase the  sugar content in  the berries. 
The  sugar content of  the T1 and T2 treatments 
at  90–120 DAA, which were treated lightly from 
setting to veraison and treated moderately and se-
verely from post-veraison to  maturity were sub-
stantially lower than the  CK treatment, indicating 
that water stress in the early stage has a greater ef-
fect than that  in the  later stage. The T8 treatment, 
which was heavily treated from setting to maturity, 
was  significantly higher  than the  CK treatment at 

20–70  DAA and lower than the  CK  treatment at 
110–120  DAA, indicating that  the long-term wa-
ter stress is not conducive to  the accumulation 
of  sugar in  the berries. Therefore, a proper water 
treatment  in the early stage is beneficial to control 
the sugar accumulation in the berries.

Effects of water stress on the activity of the su-
crose-metabolising enzymes. During the  growth 
and development process of  the grape berries, 
the acid invertase activity of the grape berry firstly 
showed an  increasing trend and then a decreasing 
one in a fluctuating manner (Figure 1A). Among the 
treatments, the acid invertase activity increased rap-
idly at 40–70 DAA and reached a peak at 70 DAA. 
The acid invertase activity was highest under the se-
vere treatment, followed by  the moderate treat-
ment, and the  CK treatment showed the  lowest 
activity, indicating that  water stress at  the early 
stage of  fruit ripening improves the acid invertase 
activity. At 90–110 DAA, the acid invertase activ-
ity in  each treatment decreased and tended to  be 
flat. In the maturity stage at 110 DAA, the T3, T4, 
T5, T6 treatments were higher than the CK treat-
ment, which increased by  8.7%, 11.5%, 13.0% and 
2.6%, respectively, indicating that  the T3, T4, T5, 
T6 treatments improve the  acid invertase activity. 
The T8 treatment was higher than the CK and other 
treatments at  40–70 DAA, and significantly lower 
than the CK treatments at 90–110 DAA, indicating 
that  short-term water stress increases the acid in-
vertase activity, while excessive water stress over a 
long period is contrary to this.

The neutral invertase activity in  the growth 
and development process of  the grape berries in-
creased slowly at first and then tended to be stable 
(Figure 1B). Among them, at 40–60 DAA, the mild 
and moderate treatment showed a slow upward 
trend, while the severe treatment decreased, indi-
cating that  the neutral invertase is more sensitive 
to water stress in the early stage; at 70–110 DAA, it 
fluctuates and stabilises. At 90 DAA, except for the 
T3 and T8 treatments, the neutral invertase activ-
ity of  all the  other treatments were significantly 
higher than the CK treatments; at 100–110 DAA, 
the  neutral invertase activity of  the T4 and T5 
treatments was higher than the CK treatment, and 
the difference between the T4 and CK treatments 
is extremely significant. These results indicate 
that  the T4 and T5 treatments improve the  neu-
tral invertase activity. The neutral invertase activ-
ity in the T7 and T8 treatments were significantly 

https://www.agriculturejournals.cz/web/hortsci/
https://doi.org/10.17221/23/2021-HORTSCI
https://www.agriculturejournals.cz/publicFiles/416658.pdf
https://www.agriculturejournals.cz/publicFiles/416658.pdf


169

Original Paper	 Horticultural Science (Prague), 49, 2022 (3): 164–178

https://doi.org/10.17221/23/2021-HORTSCI

Figure 1. Effect of the water stress on the AI, NI, SS and SPS activity in the grape berries
The data are represented by mean ± SD from three independent experiments
Different letters indicate significant differences (P < 0.05) between the sample points within a single variety, as determined 
by a one-way analysis of variance followed by Tukey’s test, using SPSS statistical software 
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lower than the CK treatment at 100–110 DAA, es-
pecially the T8 treatment, indicating that excessive 
water stress reduces the neutral invertase activity.

The sucrose synthase activity in  the grape ber-
ry growth and development remained at  a low 
level, which first declined and then fluctuated, 
but overall increased (Figure 1C). Among them, it 
shows a gradually decreasing trend at 40–70 DAA; 
at  90–110  DAA, there is an  upward fluctuating 
trend. At  40–90  DAA, except for  the T3 and T5 
treatments at  90  DAA, all the  other treatments 
showed a gradual decline, and   the  sucrose syn-
thase activity of the CK treatment was higher than 
the other treatments. At 90 DAA, the sucrose syn-
thase activity of the CK treatment reached a peak 
of  1.68  mg/g  FW/h. At  100–110  DAA, except 
for the T5 treatment at 100 DAA, the sucrose syn-
thase activity of the T5 and T7 treatment was sig-
nificantly higher than the  CK treatment, and all 
the other treatments were significantly lower than 
the CK treatment.

The sucrose phosphate synthase activity in  the 
growth and development process of the grape ber-
ries always maintained a low level, and the overall 
level tends to be stable (Figure 1D). At 40–70 DAA, 
the treatment group was substantially higher than 
the CK treatment, but the difference was not signif-
icant. At 90 DAA, the sucrose phosphate synthase 
activity of  the T3, T4, T5, T7 and T8 treatments 
was higher than the CK treatment, and the maxi-
mum value of the T4 treatment was 1.37 mg/g FW/h. 
At 100–110 DAA, the sucrose phosphate synthase 
activity of  the T3 and T4 treatments was  higher 

than the CK treatment. The sucrose phosphate syn-
thase activity of the T8 treatment was higher than 
the CK treatment at all times except at 110 DAA, 
and had a peak value (1.06 mg/g FW/h) at 90 DAA.

Correlation analysis of  the sugar components 
and the  sucrose metabolisation-related enzyme 
activities in the grape berries. As shown above, wa-
ter stress has an obvious influence on both the sugar 
components and metabolisation-related enzyme, 
a correlation analysis was conducted to further ex-
plore the  relationship between the  changes in  the 
different sugar components and the variation in the 
metabolic enzyme activity.

During the grape berry ripening process, the AI 
is positively correlated with the sugar components 
of  the grape fruits. Compared with the  CK treat-
ment, the T1, T2, T4 and T5 treatments increased 
the  correlation between the  sugar components 
and the AI in the berries, while the T3, T6, T7 and 
T8 treatments decreased the  correlation between 
the sugar components and the AI in the berries (Ta-
ble  1). It can be concluded that  the AI activity is 
closely related to the accumulation of fructose and 
glucose in the grape berries.

There was a negative correlation between the NI 
and grape sugar components. Among them, the sug-
ar components of  the berries treated with T7 and 
T8 showed a significant negative correlation with 
the NI, while only the sugar components of the ber-
ries treated with T5 showed a positive correlation 
with the  NI. It can be concluded that  the activity 
of NI has no significant effect on the accumulation 
of the sugar components in the berries.

Figure 1 to be continued
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SS was positively correlated with the sugar com-
ponents of  the grape berries. Compared with 
the  CK treatment, the  T3 and T5 treatments in-
creased the correlation between the sugar compo-
nents and the SS-s, while the T1, T2, T4, T6, T7 and 
T8 treatments decreased the  correlation between 
the sugar components of the berries and the SS-s. It 
can be concluded that the activity of SS-s is mainly 
related to the sucrose accumulation.

The SPS was  positively correlated with the  sugar 
components of  the grapes. Compared with the  CK 
treatment, the  T3 and T4 treatments increased 
the  correlation between the  sugar components and 
the SPS, the T8 treatments increased the correlation 
between the sucrose and the SPS, and the T1, T2, T5, 
T6, T7 and T8 treatments decreased the correlation 
between the  sugar components of  the grapes and 
the SPS. It can be concluded that the SPS is the key 
enzyme for the sucrose accumulation.

Effects of water stress on the organic acid content 
in the grape berries

Effects of water stress on the tartaric acid content 
during the  grape berry development. The  tartaric 
acid content in  the grape berries under different 
water stress treatments showed an increasing trend 
firstly, then a rapidly decreasing and gradually sta-
ble one (Figure 2A). It showed a downward trend 
under moderate water stress at 20–40 DAA, while 

the  tartaric acid content in  the other treatments 
showed an upward trend; 40–90 DAA, the tartaric 
acid content decreased rapidly under each treat-
ment, and the  results showed that  the severe wa-
ter stress during setting to  veraison could inhibit 
the tartaric acid synthesis.

The tartaric acid content per berry under the dif-
ferent water stress treatments showed an  overall 
increasing trend. From 20 to  40 DAA, the  tartaric 
acid content rapidly increased and then gradually 
increased (Figure 2B). The tartaric acid content per 
berry under the severe water stress was significantly 
lower than that under the mild and moderate water 
stress; 90–120 DAA, compared with the  CK treat-
ment, the  tartaric acid content in  the other treat-
ments was  lower; the  highest tartaric acid content 
was in the CK treatment at 110 DAA (9.54 mg per 
berry), followed by the highest tartaric acid content 
in the T4 treatment, which was 8.95 mg per berry.

Effects of  water stress on the  change in  the mal-
ic acid content in  the grape berries during the de-
velopment process. The  malic acid content in  the 
grapes under the different water stress treatments 
showed significant differences with an  increas-
ing trend firstly, then a decreasing rapidly and 
decreasing slowly one (Figure 3A). The malic acid 
content reached a maximum at 40 DAA under all 
the  treatments, among which the  malic acid con-
tent was  the lowest (12.04 g/L) under the  severe 

Sucrose metabolism-related 
enzymes

Sugar 
component

Treatments

CK T1 T2 T3 T4 T5 T6 T7 T8

AI
fructose 0.323 0.411 0.648 0.018 0.495 0.502 –0.139 –0.120 –0.340
glucose 0.332 0.413 0.662 0.015 0.472 0.498 –0.142 –0.139 –0.333
sucrose 0.392 0.418 0.798 –0.199 0.250 0.267 –0.283 –0.351 –0.467

NI
fructose –0.348 –0.433 –0.226 –0.741 0.481 –0.207 –0.416 –0.828* –0.867*
glucose –0.382 –0.454 –0.244 –0.748 0.519 –0.195 –0.429 –0.834* –0.873*
sucrose –0.363 –0.458 –0.285 –0.620 0.594 –0.094 –0.313 –0.765 –0.915*

SS
fructose 0.515 –0.319 –0.700 0.706 0.013 0.733 –0.340 0.143 –0.224
glucose 0.535 –0.294 –0.705 0.722 0.066 0.783 –0.360 0.140 –0.257
sucrose 0.513 0.124 –0.726 0.785 0.040 0.819* –0.146 0.339 –0.322

SPS
fructose 0.496 –0.057 –0.577 0.625 0.752 –0.341 0.284 0.153 0.321
glucose 0.486 –0.049 –0.575 0.646 0.742 –0.361 0.274 0.155 0.343
sucrose 0.434 0.199 –0.474 0.400 0.740 –0.479 0.192 0.083 0.627

*Significat correlation at P < 0.05, Tukey’s HSD test
AI – acid invertase; NI – neutral invertase; SS – sucrose synthase; SPS – sucrose phosphate synthase; CK – forming 
light-light

Table 1. Correlation between the sugar components and enzyme activity related to the sucrose metabolism in the 
grape berries
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water stress; the malic acid content in  the berries 
under the moderate water stress (T3, T4 and T5) 
decreased the  most significantly, with an  average 

decrease of  12.36 g/L; the  malic acid content in-
creased slightly under the  T5 and T8 treatments 
during 90–110 DAA, which may be due to  the 

Figure 2. Effect of the different water stress treatments on the tartaric acid content in the Cabernet Sauvignon 
grape berries 
(A) change in the tartaric acid content during the grape growth and development; (B) change in the tartaric acid content 
per berry during the grape growth and development
The data are represented by mean ± SD from three independent experiments

Figure 3. Effect of the different water stress levels on the malic acid content of the Cabernet Sauvignon grape berries
(A) change in the malic acid content during the grape growth and development; (B) change in the malic acid content per 
berry during the grape growth and development
The data are represented by mean ± SD from three independent experiments
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severe fruit shrinkage caused by  the severe water 
stress at post-veraison.

The malic acid content per berry under different 
water stress showed an increasing trend at first, then 
a decreasing rapidly and decreasing slowly one (Fig-
ure 3B). At 20–40 DAA, the malic acid content per 
berry showed a large increase under the  mild and 
moderate water stress and a small increase under 
the severe water stress, indicating that  severe water 
stress inhibits the  accumulation of  malic acid per 
berry before veraison; the content of  the malic acid 
per berry decreased significantly under the moderate 
water stress, while the malic acid content per berry 
did not change significantly under the  other treat-
ments. At  70–90 DAA, the  malic acid content per 
berry of  each treatment decreased rapidly, the  CK 
treatment had the highest malic acid content which 
was 2.39 mg per berry at 110 DAA, and the other re-
maining water stress treatments all decreased com-
pared with the CK treatment.

Effects of water stress on the change in  the citric 
acid content in the grape berries during the develop-
ment process. The citric acid content in  the grape 
berries under the  different water stress showed 
an  overall increasing trend at  first, followed by  a 
decreasing and stabilising one, moreover, the  cit-
ric acid content increased in  all the  treatments 
during 20–60  DAA, but the  citric acid content 

has  the biggest increase under the  severe water 
stress, which was 0.42 g/L; the increase in the cit-
ric acid under the mild and moderate water stress 
was the same, which was 0.33 g/L; at 60–100 DAA, 
the citric acid content in the berries continuously 
decreased; at 90–110 DAA, the citric acid content 
in  the berries increased under all the  treatments 
except for  the CK, T3 and T4 treatments; at  110 
DAA, the citric acid content was the highest under 
the T1 and CK treatments, but there was no signifi-
cant difference in the other treatments (Figure 4A).

During the whole growth period, the change in the 
trend of the citric acid content per berry was basically 
the same as that of the tartaric acid content.

Effects of  water stress on the  titratable acid (TA) 
content in the grape berries. The TA content showed 
a different declining degree in the process from set-
ting to harvest (Figure 5). Among them, the TA con-
tent decreased rapidly at 40–70 DAA, and gradually 
levelled off at 100–120 DAA. During 40–120 DAA, 
the  TA content of  the T8 treatment was  generally 
higher than the CK treatment, indicating that severe 
stress hinders the degradation of the TA in the grape 
berries; at 120 DAA, the TA content of the T3, T4, T5, 
T6 and T7 treatments compared with the CK treat-
ment decreased by 2.6%, 1.2%, 2.2%, 1.8% and 13.4%, 
respectively, indicating that a proper water treatment 
promotes the degradation of the total acid content.

Figure 4. Effect of the different water stress levels on the citric acid content of the Cabernet Sauvignon grape berries
(A) the change in the citric acid content during the grape growth and development; (B) the change in the citric acid 
content per berry during the grape growth and development
The data are represented by mean ± SD from three independent experiments
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DISCUSSION

When plants are subjected to drought stress dur-
ing their growth and development stages, their phys-
iological metabolism will change (Per et  al. 2017). 
Water stress can promote an increase in the total sol-
uble sugar content in grapes, but severe water stress 
can reduce the total soluble sugar content in grapes, 
the  results showed that an appropriate level of wa-
ter stress was beneficial to  the accumulation of  the 
total soluble sugar content in  grape berries, while 
the  long-term severe water stress caused irrevers-
ible damage to the plants, thus reducing the quality 
of the fruit. The main sugars accumulated in grapes 
are fructose, glucose and a small amount of sucrose 
(Davies, Robinson 1996). In  this study, the  content 
of  the three sugars increased in  an “S” curve and 
reached the maximum value during the fruit ripen-
ing period, indicating that  the water stress did not 
change the accumulation pattern of the sugar com-
ponents in the grape berries. A large number of pre-
vious studies have shown that an appropriate water 
stress level can increase the sugar component of fruit 
(Peterlunger et al. 2002; Castellarin et al. 2007). This 
study found that, during the harvest period, the con-
tent of the three sugars in the T4 treatment was sig-
nificantly higher than that in the CK and other treat-
ments, and that  in the  T5, T6 and T7 treatments 
was also higher than that in the CK treatment, which 

was  consistent with the  results of  the total soluble 
sugar, indicating that  the T4, T5, T6 and T7 treat-
ments increase the content of the sugar components 
in the grape berries.

Studies have found that, on the basis of deficit irri-
gation, the fruit growth rate of pear trees can increase 
after rehydration (Cui et  al. 2009). In  this study, 
the  T6, T7 and T8 treatments were treated severe-
ly from setting to veraison and were treated mildly, 
moderately and severely from post-veraison to  har-
vesting stage, respectively. The  content of  the sugar 
components of  the T6 and T7 treatments was  still 
higher than the CK treatment after rehydration, while 
the T8 treatment was lower than the CK treatment, 
indicating that  the T8 treatment caused unrecover-
able damage to the grape berries. The time and inten-
sity of the water deficits influence the degree of me-
tabolism occurring in the berry (Chaves et al. 2010). 
The T3, T4 and T5 treatments, which were all mod-
erately treated from setting to  veraison, were re-
spectively moderately and severely treated from 
post-veraison stage to harvesting stage, which could 
increase the sugar content of grape berries, indicating 
that the T4 and T5 treatments were beneficial to the 
accumulation of the grape berry sugar. In the T1 and 
T2 treatments, which were treated lightly from set-
ting to veraison and were treated moderately and se-
verely from post-veraison to harvest period, the con-
tent of  sugar component was  generally lower than 
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the CK treatment at 90~120 DAA, the reason may be 
the I growth stage (growth phase) is the critical pe-
riod that determines the split, the water stress effect 
on the II and III growth period (lag phase; ripening 
and growth phase) was not significant compared with 
the I growth period (Pérez-Pérez et al. 2014). The re-
sults showed that  both light and heavy water stress 
treatments were not conducive to the accumulation 
of the sugar components in the grape berries.

Sucrose metabolisation-related enzymes play an 
important role in  the degradation of  sucrose and 
are closely related to  the unloading of  the phloem 
and the accumulation of cellular sugar. Sucrose syn-
thases (SPS + SS-s) promote sucrose accumulation, 
and sucrose decomposers (SS-s + AI + NI) promote 
hexose accumulation (Klann et  al. 1996; Hongyan 
et al. 2005). This study found that the activity of AI 
under the T3, T4, T5, T6 and T7 treatments was high-
er than the  CK treatment at  110  DAA, indicating 
that water stress could significantly improve the AI 
activity. The AI activity was significantly higher than 
the NI activity, and the water stress increased the ac-
tivity of two invertases, indicating that the AI activity 
was closely related to the strength of the water stress. 
Under water stress, the  activity of  SS-s in  the ber-
ries from setting to ripening was always lower than 
the CK treatment, but the activity of the T5 and T7 
treatments at 120 DAA was higher than the CK treat-
ments. Between 20 and 30 days before physiological 
maturation, the  activity of  invertase  (AI) increased 
significantly, while inversely, the SPS and SS had lower 
activities in the papaya mesocarp (Zhou et al. 2018). 
In this study, it was found that water stress could in-
crease the activity of the SPS over the entire berries’ 
growth period, and the activity increase of  the SPS 
in the late stage of veraison was greater than that in 
the early stage of veraison.

During the  development of  the grape berries, 
the organic acid content in the berries first increased 
and then decreased significantly, in  which malic 
acid was the main component that decreased. Inside 
the cell, malic acid is formed from phosphoenolpyru-
vate (PEP) through the  activities of  phosphoe-
nolpyruvate carboxylase (PEPC) and malate dehydro-
genase (MDH) (Sweetman et al. 2009), and cytosolic 
malate is transported and sequestered in the vacuole 
(Schulze et al. 2002). Malate can be degraded by the 
reversible reaction of  MDH and nicotinamide ad-
enine dinucleotide phosphate-malic enzyme (NADP-
ME) (González-Agüero et al. 2016). In grapes (V. vin-
ifera L.), the  malic acid content always decreases 

as the light intensity increases and as the water sup-
ply decreases (Zheng et al. 2018). Tartaric and malic 
acids, which are the main organic acids that generally 
account for 69 to 92% of all the organic acids in grape 
berries and leaves (Kliewer 1966), rapidly decrease 
during the fruit ripening (Liang et al. 2011). Studies 
have proven that  water stress can increase the  or-
ganic acid content in grape berries (López et al. 2009; 
Cholet et al. 2016). According to the current analysis, 
the  tartaric acid content per grape was  higher than 
that of the other two acids (citric acid and malic acid). 
The  tartaric acid and citric acid content increased 
under water stress, while the  malic acid content 
first increased and then decreased during the  sec-
ond growth period, the  tartaric acid content in  the 
grape berries remained unchanged, but the  malic 
acid content decreased rapidly. Citric acid is mainly 
involved in respiration and gluconeogenesis as a sub-
strate (Cercós et al. 2006). The amount of tartaric acid 
per berry is stable after veraison, the decrease in the 
concentration during ripening is due to the increase 
in the volume (DeBolt et al. 2008), it was once again 
proven that  tartaric acid was  synthesised and accu-
mulated during the whole growth and development 
of  the grape berries, but not degraded and utilised, 
mainly because it did not participate in the main bio-
chemical metabolism process.

During the growth and development of grape ber-
ries, various organic acids in  the berries are accu-
mulated, but the organic acid content was different 
under the  different water stress treatments. Based 
on the analysis, it can be seen that  light treatment 
from setting to veraison is beneficial to the synthe-
sis of various organic acids, while heavy water stress 
will inhibit the  synthesis of  organic acids. This is 
due to  applying the  water stress before the  verai-
son, which reduces the  activity of  the malic acid 
anion channel and malic acid operating protein on 
the vacuole membrane, blocks the release of malic 
acid from vacuole into cytoplasm, and further af-
fects the expression of malate and the malate dehy-
drogenase related genes. The  grape berry organic 
acid content directly affects the  taste and aroma 
of a wine, and too low of an acid content will make 
the wine body unbalanced, resulting in quality deg-
radation (Ju et al. 2018). In order to preserve the or-
ganic acid content in the grapes, a light or moderate 
water stress treatment should be applied from set-
ting to  veraison. Combined with the  effects of  the 
water stress on the grape berry quality, the T5 and 
T6 treatments had moderate titratable acid contents 
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in  nine water stress treatments, which met the  re-
quirements of wine production.

CONCLUSION

The results of this study demonstrate that:
	– Water stress can increase the  total soluble sugar, 
fructose, glucose and sucrose content in grape ber-
ries. Pre-veraison is an  important period to  syn-
thesise the organic acid, and the malic acid content 
gradually decreases after veraison.
	– Light water stress before veraison is conducive 
to  the organic acid synthesis, while a heavy treat-
ment inhibits the  organic acid synthesis. The  T5 
and T6 treatments had moderate titratable acid 
contents which meet the requirements of wine pro-
duction, while the T8 treatment will hinder the TA 
degradation.
	– All the  treatments increased the  AI, NI and SPS 
activities over the whole grape growth period, and 
the  AI activity was  higher than the  NI and SPS 
activity on the  whole. All the  treatments reduced 
the  SS-s activity before veraison and increased 
the SS activity at post-veraison.

To sum up, a moderate treatment is suitable from 
setting to veraison, and a moderate and severe treat-
ment are suitable from post-veraison to  harvesting, 
because these treatments were conducive to the sug-
ar transport and accumulation, as well as improving 
the fruit quality.
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