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Abstract The aim of this study was to examine the effect of
abscisic acid (ABA), sucrose, and auxin on grape fruit devel-
opment and to assess the mechanism of these three factors on
the grape fruit ripening process. Different concentrations of
ABA, sucrose, and auxin were used to treat the grape fruit, and
the ripening-related indices, such as physiological and molec-
ular level parameters, were analyzed. The activity of BG pro-
tein activity was analyzed during the fruit development.
Sucrose, ABA, and auxin influenced the grape fruit sugar
accumulation in different ways, as well as the volatile com-
pounds, anthocyanin content, and fruit firmness. ABA and
sucrose induced, but auxin blocked, the ripening-related gene
expression levels, such as softening genes PE, PG, PL, and
CELL, anthocyanin genes DFR, CHI, F3H, GST, CHS, and
UFGT, and aroma genes Ecar, QR, and EGS. ABA, sucrose,
and glucose induced the fruit dry weight accumulation, and
auxin mainly enhanced fruit dry weight through seed weight
accumulation. In the early development of grape, starch was
the main energy storage; in the later, it was glucose and fruc-
tose. Sucrose metabolism pathway-related gene expression
levels were significant for glucose and fructose accumulation.
BG protein activity was important in the regulation of grape

ABA content levels. ABA plays a core role in the grape fruit
development; sucrose functions in fruit development through
two pathways: one was ABA dependent, the other ABA in-
dependent. Auxin blocked ABA accumulation to regulate the
fruit development process.
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Abbreviations
ABA Abscisic acid
IAA Indole-3-acetic acid
NDGA Nordihydroguaiaretic acid
NPA 1-N-Naphthylphthalamic acid

Introduction

Fruit development and ripening mechanism are complex pro-
cesses. They involved lots of physiological changes, such as
softening, coloring, and aroma appearance (Giovannoni 2001;
Seymour et al. 2013). In these processes, plant hormone was
important in regulating these physiological changes and in-
duced the substrate translation (Su et al. 2015; Jia et al.
2011; Li et al. 2012). Sugar, in addition to being a carbon
source, provided energy for plant organ growth, which could
be metabolized in the fruit for lots of substance (Huang et al.
2016; Ai et al. 2016; Qin et al. 2016). In a manner similar to
classical plant hormones, sugars acted as signaling molecules
that controlled gene expression and developmental processes
in plants. The emerging scenario in plants pointed to the ex-
istence of a complex signaling network that interconnected
transduction pathways from sugars, other hormones, and nu-
trient signals (Solfanclli et al. 2006; Huang et al. 2016). These
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signal transduction pathways crossed to regulate the plant res-
piration, metabolism, growth, tissue development, and senes-
cence (Solfanclli et al. 2006). In the plant tissues, fruit was the
most important target for the researcher. So the sugar and
hormone were very important for fruit quality during fruit
development and ripening.

According to the patterns of respiration and ethylene pro-
duction during maturation and senescence, fruits were classi-
fied as climacteric and non-climacteric (Giovannoni 2001).
The mechanism of climatic fruit ripening had been understood
that climatic fruits such as tomato showed an increase in eth-
ylene production in association with increased rates of respi-
ration during the ripening process (Giovannoni 2001;
Giovannoni 2004; Alexander and Grierson 2002). In these
fruits, the burst of ethylene production was essential as it co-
ordinates the transcription and translation of many ripening-
related genes and downstream proteins were responsible for
normal fruit ripening. Abscisic acid (ABA) was also associat-
ed with ethylene production and fruit development (Zhang
et al. 2009). However, the signal transduction in non-
climacteric fruit has not been revealed. Such as in pepper
(Lee et al. 2010) and grape (Villalobos-González et al.
2016), there were no respiratory burst, and ethylene responded
little to the fruit maturation. A lot of reports used the physio-
logical method to show that ABA (Zhang et al. 2009), methyl
jasmonic acid (MeJA) (Jia et al. 2015), and brassinosteroids
(BR) (Symons et al. 2006; Fu et al. 2008) accelerated the
process of grape skin coloring. Auxin, as a classic plant hor-
mone, could block ABA effect on the plant growth. For in-
stance, the endogenous ABA levels had been shown to in-
crease after veraison, but the treatment of the synthetic
anxin-like compound on grape fruit delayed this increase
and led to the delay in the onset of ripening (Corso et al.
2016), suggesting that the content of both endogenous hor-
mones ABA and auxin coordinately played a role in the reg-
ulation of grape fruit ripening. However, little is known about
their controlling fruit ripening mechanism or whether other
plant growth regulators are involved in the process of fruit
ripening. These results suggested that the non-climacteric fruit
ripening maybe controlled by the integration of multiple sig-
nals, but there were no intensive researches on the molecular
mechanism of grape fruit ripening.

In recent years, with the continuous development of test
technology, a growing number of studies have shown that
sugar could be used as a signal to participate in the regulation
of every aspect of plant growth and development (Gibson
2005; Solfanclli et al. 2006; Baker et al. 2016; AI et al.
2016). Sugar could induce the expression of transcription fac-
tors. For example, the SUSIBA2 transcription factor of the
WRKY superfamily could be induced by sucrose, and
SUSIBA2 binds to the SURE and W box components in the
iso1 gene promoter, controlling the starch accumulation in
wheat endosperm (Sun et al. 2003). Sucrose and ABA could

together regulate the expression of some genes. Cakir et al.
(2003) found that in grapes, a gene named ASR (ABA-stress-
ripening induced, ASR) associated with maturity was induced
strongly by sucrose and ABA existing at the same time. This
suggested that the sucrose linked with the ABA signal trans-
duction system regulated the expression of functional genes in
plant growth and development.

In this study, we presented the sucrose metabolism path-
way in fruit development, and the sugar accumulation was
affected by ABA and auxin in different ways. The ABA and
sucrose metabolism-related gene expression levels were also
different in the fruit development, and ABA and sucrose both
promoted the grape fruit ripening. The NCED gene played an
important role in the early fruit development of ABA accumu-
lation, and the BG protein functioned better in the later fruit
development. Auxin blocked the ABA accumulation, thus
blocking the fruit coloring and softening. The purified
VvBG protein of ABA biosynthesis released more freely
active ABA in grape fruit to promote fruit ripening.

Results

Morphological and physiological changes during grape
fruit development

Based on previous reports, and the seeds’ state, we defined
seven developmental visual stages of grape fruit in 14 weeks
post flowering (Wpf): at about 2, 4, 6, 8, 10, 12, and 14 Wpf,
respectively (Fig. 1a). We observed that the size of the grape
fruit had two swellings and rapid growth stages from 4 to 8
Wpf followed by 10 to 14 Wpf and one slow growth stage
from 8 to 10 Wpf (Fig. 1b). However, the proportion of dry
material increased continually from 4 to 12 Wpf, especially
from 10 to 12 Wpf (Fig. 1c), whereas levels of soluble sugars
(sucrose, glucose, and fructose), particularly glucose and fruc-
tose, showed rapid increase from 8Wpf in the skin and 4 Wpf
in the flesh and skin. But the sucrose content which increased
a little from 6 to 14 Wpf was very low compared to glucose
and fructose (Fig. 1d, e). Although sucrose accumulation of
the sucrose transporter protein gene (VvSUTs) and sucrose
phosphate synthase (SPS) increased during grape fruit devel-
opment (Fig. S1A-C and Fig. 2a), the high levels of sucrose
degradation enzyme activity of sucrose acid invertase (AI) and
neutral invertase (NI) made the sucrose cleaved into other
sugars quickly in grape (Fig. 2b, c). Notably, we observed
under the electron microscope that there was a lot of starch
granule present in the chloroplast in the fruit flesh and skin
during the early fruit development, but it disappeared quickly
with the fruit development (Fig. 3). Further research showed
that the levels of starch declined continually at 2 Wpf in the
flesh and skin, but in the skin, there was a peak of starch
content on 8 Wpf (Fig. 4a), and in general the starch content
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was higher in the skin than that in the flesh. The starch
metabolism-related enzyme activity of starch synthesis aden-
osine diphosphate glucose pyrophosphoyrlase (ADPase)
(Fig. 4b) and starch degradation α-amylase (AMY) (Fig. 4c)
and β-amylase (BMY) (Fig. 4d) also supports this view.

The effect of sucrose, ABA, and auxin on grape fruit
coloring and softening

In order to investigate the function of sucrose, ABA, and
auxin on the fruit development and ripening process, dif-
ferent concentrations of sucrose (8, 16, and 25 mM), glu-
cose (222, 444, and 666 mM), and mannitol (666 mM) as a
control were used to treat the fruit of 7 Wpf, as well as ABA
(100 and 200 μM), ABA inhibitor nordihydroguaiaretic acid
(NDGA) (100 mM), auxin (indole-3-acetic, IAA) (100 and
200 μM), and IAA transport inhibitor 1-N-naphthylphthalamic
acid (NPA) (100 μM), and water as a control. The results
showed that ABA, sucrose, and glucose markedly increased
the anthocyanin content and stimulated cell wall metabolism

enzyme activity (Table 1), and sucrose had much better effect
than glucose in the regulation of fruit coloring and softening.
NDGA and IAA inhibited the fruit ripening compared to
water, but NPA had no more effect on the fruit ripening
(Table 1). Notably, ABA or sucrose obviously promoted
the grape berry ripening progress; conversely, IAA delayed
this progress (Fig. 5). In order to further verify it, fruit dry
weight was measured, and the results showed that ABA
promoted the dry weight accumulation remarkably, com-
pared to water or mannitol 20 or 30 days after treatment
(Fig. 6a–c), and 30 days after treatment, glucose (222, 444,
and 666 mM) and sucrose (16 mM) both promoted the dry
weight accumulation and sucrose functioned much better
(Fig. 6b). In the former stage, low concentration of glucose
(222 mM) and sucrose (8 mM) and high sucrose concen-
tration of 25 mM induced the soaking of fruit in the water
to enhance the fresh weight of the fruit. ABA (100 and
200 μM) and a low concentration of IAA (100 μM) pro-
moted the dry weight accumulation (Fig. 6c). IAA promot-
ed the dry weight accumulation through enhancing the

Fig. 1 Morphological and physiological changes in the receptacle of
grape fruit during developmental processes divided into the following
seven stages: 2, 4, 6, 8, 10, 12, and 14 weeks post flowering. a Fruit
color and seed state. b Changes in fruit size. c Changes in fruit dry

weight and the dry weight percentage. d Changes in soluble sugar
contents in fruit skin. e Changes in soluble sugar contents in fruit flesh
(sucrose, glucose, and fructose). Values are means + SD of four biological
replicates
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Fig. 3 Ultrastructrural changes in
the skin and flesh of grape fruit
during its development. ① Skin
cell at 14 days after flowering,
bar = 1 μm. ② Flesh cell at
14 days after flowering,
bar = 1.2 μm. ③ Skin cell at
42 days after flowering,
bar = 1 μm. ④ Flesh cell at
42 days after flowering,
bar = 1.5 μm. ⑤ Skin cell at
70 days after flowering,
bar = 0.7 μm. ⑥ Flesh cell at
70 days after flowering,
bar = 0.8 μm. CW cell wall; PP
polyphenolic; V vacuole; N
nucleus; Ch chloroplast; M
mitochondrion; OG osmiophilic
globule; VE vesicle; PM plasma
membrane; T tonoplast; ML
middle lamella; ICS intercellular
space; S starch granule

Fig. 2 Sugar metabolism-
associated enzyme activity in
grape fruit. a Changes in sucrose
phosphate synthase (SPS). b
Sucrose acid invertase (AI). c
Sucrose neutral invertase (NI)
enzyme activity in grape skin and
flesh. Values are means + SD of
four biological replicates
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seed sugar accumulation (Table 2), but reduced the sugar
content in other fruit tissues, suggesting that an appropriate
IAA is necessary for the fruit ripening progress. High con-
centration of IAA (200 μM), ABA inhibitor NDGA, and
IAA inhibitor NPA reduced the dry weight. And the IAA
inhibitor NPA helped in soaking the fruit in the water com-
pared to other tissues (Fig. 6a, b). Compared to the corre-
sponding control, the IAA-, ABA-, and sucrose-treated

fruit exhibited a large decrease and increase in sugar accumu-
lation (Table 2). Different concentrations of ABA, sucrose,
and glucose promoted the fruit tissue sugar accumulation in
different ways (Table 2). Furthermore, ABA, sucrose, and
IAA led to an increase and decrease, respectively, in the
contents of alkanes, alcohol, ester, amine, and benzene
compounds (such as 3-ethylhexane, octane,4-methyloctane,
1-hexanol, benzeneethanol, hexadecanoic acid, butyl ester,

Fig. 4 Changes in starch content
and various kinds of sugar
metabolism-associated enzyme
activity in grape fruit. a Starch
content in grape skin and flesh 1
to 12 weeks post flowering. b
Changes in adenosine
diphosphate-glucose
pyrophosphoyrlase (ADPase). c
α-Amylase (AMY). d
β-Amylase (BMY) enzyme
activity in grape skin and flesh.
Values are means + SD of four
biological replicates

Table 1 Effect of ABA, ABA inhibitor NDGA, IAA, IAA inhibitor NPA, sucrose, and glucose on the major fruit ripening-associated parameters

Anthocyanin
(mg/kg skin)

Firmness
(kg/cm2)

PG activity
(μg galacturonic
acid/g FW h)

PME activity
(1 μMNaOH/g
FW 10 min)

Cellase activity
(relative activity %)

Control 38.9 ± 0.7 2.9 ± 0.2 11.3 ± 0.6 18.6 ± 0.9 4.3 ± 0.3

ABA 100 μm 46.1 ± 1.1* 2.3 ± 0.4* 12.8 ± 0.4* 21.5 ± 0.9* 4.7 ± 0.1

ABA 200 μm 50.1 ± 1.5* 2.1 ± 0.2* 13.9 ± 0.8* 22.7 ± 0.8* 5.3 ± 0.3*

NDGA 100 μm 30.3 ± 0.9* 3.3 ± 0.3 8.4 ± 0.3* 15.8 ± 0.6* 3.8 ± 0.2*

IAA 100 μm 31.2 ± 0.6* 3.2 ± 0.2 9.1 ± 0.5* 15.5 ± 0.8* 3.9 ± 0.2

IAA 200 μm 29.5 ± 1.1* 3.4 ± 0.3* 8.1 ± 0.7* 14.2 ± 0.5* 3.5 ± 0.3*

NPA 100 μm 32.6 ± 0.7* 3.0 ± 0.4 12.3 ± 0.3* 20.1 ± 0.3* 4.5 ± 0.4

Sucrose 8 mM 47.6 ± 1.3* 2.2 ± 0.1* 12.8 ± 0.4* 21.5 ± 0.9* 4.9 ± 0.3*

Sucrose 16 mM 45.1 ± 0.8* 2.3 ± 0.2* 13.1 ± 0.6* 22.3 ± 0.4* 5.2 ± 0.1*

Sucrose 25 mM 48.2 ± 1.3* 2.1 ± 0.2* 13.1 ± 0.8* 22.7 ± 0.6* 5.2 ± 0.1*

Glucose 222 mM 40.3 ± 0.9 2.3 ± 0.3* 12.5 ± 0.5* 20.8 ± 0.8* 4.7 ± 0.2*

Glucose 444 mM 44.2 ± 1.6* 2.1 ± 0.1* 13.3 ± 0.3* 22.9 ± 0.7* 5.5 ± 0.3*

Glucose 666 mM 45.5 ± 1.4* 2.0 ± 0.3* 13.9 ± 0.5* 23.8 ± 0.5* 5.8 ± 0.2*

They were used to treat the pre-veraison grape fruit, 1 month after fruit treatment; fruits were detached and used for the analysis. Values are means ± SD
of four samples (each sample includes ten fruits)

*Significant differences compared with the control (water-treated fruits) sample at <0.01, using Student’s test
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1,2-benzenedicarboxylic acid, dibutyl ester, 4-octyl-N-(4-
octylphenyl)-benzenamine, butylated hydroxytoluene, etc.),
and conversely a decrease and increase in the contents of
others such as alkanes, ketone, and ester compounds (such as
2,3,7-trimethyldecane, nonadecane, heptadecane, 2,6,10,15-
tetramethyl, 5-methyl-5-propylnonane, tetratetracontane,
tetracosane, 9-hexyl-heptadecane, 3-ethyl-5-(2-ethylbutyl)-
octadecane, 2-methyl-2-hepten-4-one, 1,2-benzenedicarboxylic
acid dibutyl ester, etc.) (Table 3). Based on thematurity of grape
fruits containing more concentrations of multiple alkanes, alco-
hol, ester, amine, or benzene compounds and lower concentra-
tions of some amount of alkanes, ketone, or ester compounds,
overall, the changes of anthocyanin, aroma, and cell wall

metabolism in the sucrose-, ABA-, or IAA-treated fruits collec-
tively suggested that sucrose, ABA, and IAA promoted and
inhibited grape fruit ripening progress, respectively.

Consistent with the observation of the changed patterns
of the ripening-associated physiological parameters as de-
scribed above, ABA, sucrose, and IAA remarkably modu-
lated a series of gene expression levels implicated in fruit
color and cell wall and aroma metabolism, including several
anthocyanin synthesis-associated genes chalcone synthase
(CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase
(F3H), UDP-glycose:flavonoid 3-O-glycosyltransgerase
(UFGT), dihydroflavonol-4-reductase (DFR), and glutathione
S-transferase (GST) (Fig. 7a); softening genes pectin

Fig. 6 Exogenous hormone and
sugars on the grape fruit dry
weight. a Twenty days after
treatment. b Thirty days after
treatment, 100 and 200 μm of
ABA, 100 μm of ABA inhibitor
NDGA, 100 and 200 μm of auxin
(IAA), and 100 μm of auxin
transport inhibitor NPA. c Thirty
days after treatment, 222, 444,
and 666 mM of glucose; 8, 16,
and 25 mM of sucrose; and
666 mM of mannitol were used to
treat the pre-veraison grape berry
for three times, respectively.
Asterisks indicate statistically
significant differences at P < 0.05
as determined by Student’s test

Fig. 5 Influence of exogenous
ABA, IAA, sucrose, or ABA +
sucrose on the grape berry
ripening progress. Berries were
treated with these exogenous
concentrations of 100 μM ABA
and IAA and 16 mM sucrose at 0,
8, and 16 post the first treatment.
Percent colored berries were
calculated for each observation
time by counting the numbers of
berries showing any degree of
color development
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esterase (PE), cellulose (Cell), polygalacturonase (PG),
and pectate lyase (PL) (Fig. 7b); and aroma genes (E)-
beta-caryophyllene synthase (ECar), eugenol synthase
(EGS), and quinine oxidoreductase (QR) in a converse
manner (Fig. 7c). Similar to sucrose, the sucrose analog

turanose also induced the ripening-related gene expression
levels (Fig. 8). In order to know if there are genes that are
independent of ABA signal transduction that can be in-
duced by sucrose, the ABA synthesis was blocked by
NDGA and in the meantime induced by sucrose. The results

Table 3 Effect of ABA, IAA, and sucrose on the grape fruit violate compounds

Control ABA 100 μm Sucrose 16 mM IAA 100 μm

3-Ethylhexane 2.56 ± 0.08 3.72 ± 0.06* 3.96 ± 0.04* 2.01 ± 0.04

Octane,4-methyloctane 3.99 ± 0.07 5.38 ± 0.02* 5.69 ± 0.07* 3.14 ± 0.07*

1-Hexanol 8.77 ± 0.18 6.26 ± 0.13* 5.97 ± 0.09* 9.21 ± 0.11

3-[1-Methylethyl]1-phenol 0.95 ± 0.08 0.88 ± 0.02 0.79 ± 0.05* 1.02 ± 0.04

(E,E)-5-Chloro-4-methy-2,4-heptadiene 0.48 ± 0.09 0.46 ± 0.06 0.47 ± 0.05 0.46 ± 0.02

2-Hepten-4-one,2-methyl- 0.72 ± 0.01 0.56 ± 0.04* 0.62 ± 0.03* 0.91 ± 0.07*

3-[1-Methylethyl]1-phenol 0.28 ± 0.02 0.26 ± 0.03 0.25 ± 0.05 0.31 ± 0.03

2-Propyl-1-pentanol 0.00 ± 0.00 0.56 ± 0.03* 0.63 ± 0.02* 0.00 ± 0.00

Ethylhexanol 0.00 ± 0.00 2.93 ± 0.08* 3.02 ± 0.06* 0.00 ± 0.00

3,7-Dimethylnonane 0.49 ± 0.04 0.76 ± 0.04* 0.69 ± 0.03* 0.41 ± 0.01

1,1,3,3-Tetramethylcyclopentane 0.4 ± 0.01 0.82 ± 0.03* 0.87 ± 0.03* 0.36 ± 0.01

5-Methyldodecane 0.52 ± 0.04 0.96 ± 0.02* 0.88 ± 0.03* 0.47 ± 0.02

Undecane 1.66 ± 0.03 2.34 ± 0.04* 2.22 ± 0.03 1.21 ± 0.01

2,3,6,7-Tetramethyloctane 1.73 ± 0.03 1.24 ± 0.05 1.32 ± 0.04 2.01 ± 0.02

Benzeneethanol 3.63 ± 0.07 4.39 ± 0.09* 4.48 ± 0.05* 2.67 ± 0.09*

4,7-Dimethylundecane 0.81 ± 0.05 0.98 ± 0.07* 0.93 ± 0.03* 0.76 ± 0.03

3,7-Dimethylundecane 0.00 ± 0.00 0.86 ± 0.04* 0.79 ± 0.06* 0.00 ± 0.00

3-Ethyl-3-methyldacane 0.00 ± 0.00 0.35 ± 0.05* 0.28 ± 0.03* 0.00 ± 0.00

2,3,7-Trimethyldecane 0.26 ± 0.03 0.14 ± 0.03* 0.12 ± 0.02* 0.35 ± 0.04

Octane,5-ethyl-2-methyl-/5-ethyl-2-methyloctane 0.00 ± 0.00 0.08 ± 0.02 0.09 ± 0.01 0.00 ± 0.00

Butylated hydroxytoluene 0.11 ± 0.01 0.35 ± 0.06* 0.42 ± 0.05* 0.03 ± 0.02

1,3,5-Trimethyl-2-octadecyl-cyclohexane 0.00 ± 0.00 0.04 ± 0.03* 0.03 ± 0.02* 0.00 ± 0.00

Octadecane 0.06 ± 0.01 0.12 ± 0.02 0.15 ± 0.01 0.02 ± 0.02

Nonadecane 0.09 ± 0.02 0.56 ± 0.02* 0.79 ± 0.05* 0.08 ± 0.01

1,2-Benzenedicarboxylic acid,dibutyl ester 0.87 ± 0.03 29.48 ± 1.34* 26.97 ± 1.57* 0.69 ± 0.02*

5,8-Diethyldodecane 0.61 ± 0.03 0.88 ± 0.02* 0.97 ± 0.04* 0.58 ± 0.01

Heeptadecane,2,6,10,15-tetramethyl 1.05 ± 0.02 0.89 ± 0.04* 0.82 ± 0.02* 1.21 ± 0.03*

N-(1-Methylethyl)-N′-phenyl-1,4-benzene-diamine 1.12 ± 0.06 1.15 ± 0.04 1.13 ± 0.04 1.1 ± 0.02

Octadecanoic acid 0.44 ± 0.01 0.41 ± 0.03 0.45 ± 0.02 0.44 ± 0.02

Hexadecanoic acid,butyl ester 0.00 ± 0.00 0.22 ± 0.02* 0.19 ± 0.01* 0.00 ± 0.00

5-Methyl-5-prpyl-nonane 1.45 ± 0.01 1.27 ± 0.05* 1.3 ± 0.07* 1.51 ± 0.03

Tetratetracontane 2.21 ± 0.09 1.68 ± 0.05* 1.71 ± 0.8* 2.69 ± 0.07*

1-Heptatriacotanl 0.00 ± 0.00 0.25 ± 0.01* 0.23 ± 0.01* 0.00 ± 0.00

Tetracosane 2.45 ± 0.03 2.01 ± 0.03* 2.06 ± 0.02* 2.87 ± 0.05*

1,2-Benzenedicarboxylic acid,dibutyl ester 8.96 ± 0.16 8.31 ± 0.15 8.42 ± 0.09 8.66 ± 0.14

9-Hexyl-heptadecane 1.88 ± 0.14 1.76 ± 0.03* 1.79 ± 0.09 1.91 ± 0.10

3-Ethyl-5-(2-ehtylbutyl)-octadecane 1.52 ± 0.09 1.07 ± 0.05* 0.98 ± 0.02* 1.86 ± 0.11*

Octadecanoic acid, 2-hydroxy-1-(hydroxymethyl)ethyl ester 0.00 ± 0.00 0.34 ± 0.07* 0.41 ± 0.05* 0.00 ± 0.00

4-Octyl-N-(4-octylphnyl)-benzenamine 0.35 ± 0.04 0.89 ± 0.07* 0.92 ± 0.04* 0.24 ± 0.03*

The 100 μmABA and IAA or 16 mM sucrose were used to treat the pre-veraison grape fruit, 1 month after treatment; fruits were detached and used for
the analysis. Values are means ± SD of four samples (each sample includes ten fruits)

*Significant differences compared with the control (water treated fruits) sample at <0.01, using Student’s test
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showed that VvCHS, VvF3H, VvUFGT, VvPG, VvPL,
VvSAAT, and VvQR were induced by sucrose + NDGA
(Fig. 8). Collectively, these results implicated that ABA,
sucrose, and IAA coordinately regulate the grape fruit
development and ripening progress.

The gene expression of sucrose, ABA, and IAA
metabolism

In order to know the roles of main regulator factors in the fruit
development, the ABA, sucrose, and IAA metabolism path-
ways in the fruit development were analyzed. The energy stor-
age in grapes is in two forms: sugar and starch. Starch is mainly
produced in the early stage of fruit development, and sugar is in
the later stage. During the fruit development, there was a peak
of ADPase, that is, starch synthesis enzyme, at 8 Wpf in the
skin and not in the flesh, as well as the synthesis gene expres-
sion levels of VvAPS and VvAPL (Fig. S2A-B), but the starch
contents of degradation enzymes VvAMY and VvBMY were
opposite to the starch content in the skin and flesh—the same
with their coding genes VvAMY and VvBMY (Fig. S2C-D).
There are three sucrose transporter genes, namely, VvSUT1,
VvSUT2, and VvSUT3, which had different expression levels
during fruit development. The VvSUT1 and VvSUT2 gene ex-
pression increased from 2 to 14 Wpf; on the contrary, the
VvSUT3 gene expression increased from 2 to 14 Wpf
(Fig. S1A-C). The sucrose synthesis gene expression of sucrose
phosphate synthase (SPS) increased from 4 to 8 Wpf
(Fig. S1D), but then it reduced until ripening in the skin and
flesh. For the sucrose degradation metabolism, different from
the invertase gene expression patterns, the high levels of su-
crose acid and neutral invertase activity increased from 2 to 14
Wpf in the flesh and skin, indicating that sucrose was cleaved
quickly and hardly stored (Fig. S1D and 2B–C). ABA metab-
olism is a critical step during fruit development. There are three

Fig. 7 Exogenous sucrose, ABA,
and IAA on fruit ripening-
associated gene expression levels.
Concentrations of 100 μm of
ABA and IAA and 16 mM
sucrose treat the pre-veraison
grape berry. Seven days later,
gene expression levels were
analyzed. a Anthocyanin-related
gene expression levels. b
Softening-related gene expression
levels. c Aroma synthesis-related
gene expression levels. qRT-PCR
was conducted using Vv18s as an
internal control. Error bars
represent the SE (n = 3). Asterisks
indicate statistically significant
differences at P < 0.05 as
determined by Student’s test

Fig. 8 Exogenous sucrose analog turanose, sucrose + NDGA on fruit
ripening-associated gene expression levels. Concentrations of 16 mM
turanose and 16 mM sucrose + 100 μm NDGA treat the pre-veraison
grape berry. Seven days later, gene expression levels were analyzed.
qRT-PCR was conducted using Vv18s as an internal control. Error bars
represent the SE (n = 3). Asterisks indicate statistically significant
differences at P < 0.05 as determined by Student’s test
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NCED genes of ABA synthesis found in grapes: VvNCED1,
VvNCED2, and VvNCED3. The VvNCED2 gene expression
levels were consistent with the fruit ABA content changes,
but the other two VvNCED1 and VvNCED3 genes’ expression
decreased and increased during fruit development, respectively;
however, the ABA degradation-related gene CYP707A tran-
script levels were also consistent with ABA content to balance
the ABA content during fruit development (Fig. 9a, b). The
ABA receptor PYR which controls the intensity of ABA in-
creased during fruit development and had a reduction in the
ripening fruit, whereas the expression levels of negative regu-
lator VvPP2C and VvSnRK2.6 genes existing in the ABA
signal transduction pathway all declined during fruit develop-
ment (Fig. 9c). Consistent to the auxin content in the fruit, the
gene expression of the auxin transporter VvPin gene expression
level also declined with grape fruit development and had an
expression peak at 10 Wpf (Figs. 9a, c). Three genes were
found coding the BG protein which are VvBG1, VvBG2, and
VvBG3. The VvBG1 gene expression levels increased from 2
to 14Wpf; however, VvBG2 or VvBG3 gene expression levels
declined in the fruit ripening (Fig. 10).

The relationship of sucrose, ABA, and IAA

In order to analyze the relationship of sucrose, ABA, and IAA
in grape, their synthesis-associated genes were selected. The
results showed that sucrose induced the ABA synthesis
VvNCED2 gene expression and reduced the ABA degradation
VvCYP707A gene expression, but had no more effect on the
IAA gene expression (Fig. 11a). On the contrary, auxin

induced the ABA degradation VvCYP707A gene expression
and reduced ABA synthesis VvNCED1, VvNCED2,
VvNCED3, VvBG1, VvBG2, and VvBG3 gene expression
(Fig. 11b). At the same time, auxin can induce sucrose trans-
porter SUT gene expression and sucrose degradation acid in-
vertase gene expression (Fig. 11b). ABA also reduced the
IAA accumulation gene auxin transporter gene VvPIN, syn-
thesis gene indole synthase (INS), indole-3-pyruvate
monooxygenase YUCCA (YUC), and tryptophan aminotrans-
ferase of Arabidopsis1 (TAA1) expression levels and induced
the VvSUT gene expression (Fig. 11c).

The function of BG protein of ABA synthesis

In addition to free ABA, there is another form of ABA-GE for
the fruit to store ABA. ABA-GE was hydrolyzed by β-
glucosidase (BG) protein into the free ABA facing different
stress or physiological changes. In order to verify the function
of the BG protein in fruit development, the VvBG1 gene was
selected and an expression system of pET30a-VvBG1 was
constructed and the target protein purified. A total of 10 mg
protein was purified to be used for further research (Fig. S3).
The seven-stage samples were grinded into liquid and incu-
bated with the purified BG protein; the results showed that the
BG protein released more ABA and in the later stages more
ABA forming ABA-GE to meet emergencies (Fig. 12). In the
meantime, the BG enzyme activities also increased during
fruit development (Fig. 10). Collectively, these results sug-
gested that the BG protein is related to plant ABA
accumulation.

Fig. 9 ABA and IAA contents and ABA signal transduction pathway gene expression levels during berry development. Values of ABA and IAA
content are means + SD of four biological replicates. qRT-PCR was conducted using Vv18s as an internal control. Error bars represent the SE (n = 3)
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Discussion

The sucrose metabolism during fruit development

The growth pattern of developing grape berries (Vifis vinifera
L.) can be described as a double sigmoidal curve with an
initial rapid increase in size followed by a lag period during
which berry volume does not increase (Fig. 1a, c) (Coombe
1992). The lag period is followed by a second phase of growth
during which ripening occurs. Unlike the berry volume, the
fruit dry weight increased quickly from a small fruit to a

ripening fruit and did not have a lag period, and the dry weight
percentage also increased continuously during fruit develop-
ment (Fig. 1b). These findings suggest that the fruit volume
changes are responsible for the fruit water intake capacity. In
the early fruit development, the fruit turgor is lower and needs
more water to reduce the turgor to make the fruit soft
(Robinson et al. 1988). In veraison of fruit, the conversation
of material was intense; it needs a little water. After this peri-
od, the material accumulated quickly and the fruit became soft
and had color followed by having an increased fruit volume;
the dry weight accumulation producing the turgor needed

Fig. 10 β-Glucosidase enzyme
activity and its coding gene
expression levels during fruit
development. Values of enzyme
activity are means + SD of four
biological replicates. qRT-PCR
was conducted using Vv18s as an
internal control. Error bars
represent the SE (n = 3)

Fig. 11 Relationship of ABA,
IAA, and sucrose in grape berry.
Concentrations of 100 μM of
ABA and IAA and 16 mM
sucrose treat the pre-veraison
grape berry. Seven days later,
gene expression levels were
analyzed. a–c qRT-PCR was
conducted using Vv18s as an
internal control. Error bars
represent the SE (n = 3). Asterisks
indicate statistically significant
differences at P < 0.05 as
determined by Student’s test
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more water to reduce the turgor to make the fruit soft. So
during the ripening process, the increase in volume is accom-
panied by an increase in berry softness, accumulation of hex-
oses in the berries, and decrease in the level of malic and
tartaric acids, and in red grape varieties the skin becomes
colored due to the accumulation of anthocyanins (Fig. 1d, e)
(Coombe 1992).

During grape berry ripening, sucrose transported from the
leaves is accumulated in the berry vacuoles as glucose and
fructose. High levels of SUT gene expression levels and SPS
enzyme activity benefited to the sucrose transported from the
sink (Fig. 2a and Fig. S1). Although a lot of sucrose was
poured into the grape fruit, there was little sucrose accumula-
tion in the grape berries. Hardy (1967) introduced the sucrose
that was marked by radioactive carbon C14 into the detached
grape fruit, discovering that sucrose was cleaved quickly, and
the fructose content was higher than glucose in the radioactive
component within 2 h, followed by the increasing glucose
content. During fruit development, the high level of sucrose-
transported gene VvSUTs and sucrose phosphate synthase ac-
tivity made lots of sucrose accumulation (Fig. 2a and Fig. S1),
but we found that there were high levels of acid invertase and
neutral invertase that led to sucrose being cleaved into glucose
and fructose in grapes (Fig. 2b, c). Therefore, the sucrose
invertase is responsible for the sucrose accumulation. The
strawberry fruit accumulated high levels of sucrose during
fruit development, due to its low levels of acid invertase
(Basson et al. 2010); however, the tomato (Lycopersicon
esculentum Mill.) has high levels of invertase activity and
stores little sucrose (Wang et al. 2016). The accumulation of
sugar in the form of glucose and fructose within the vacuole is
one of the main features of the ripening process in grape
berries. It suggested that sucrose was metabolized quickly in
the grape.

Aside from sugar, there is another energy storage, which is
starch (Nardozza et al. 2013). Our microscope study of grape
fruit showed that starch appeared mainly in small fruits and
disappeared during the later stages of fruit development

(Fig. 3). The fruit is very hard in the early stage of grape
development, and the starch works as a cell content playing
a role in structural support to maintain the cell turgor pressure
(Robinson et al. 1988). But the starch accumulation form was
varied in grape flesh and skin; at 8 Wpf, there was a starch
peak in the skin but low levels of starch content in the flesh
(Fig. 4a), due to the different starch metabolic enzyme activ-
ities. In the early fruit development stage, the grape fruit sugar
content was very low, the photosynthesis material in grape
transported from the leaves was stored with the starch form,
and high levels of starch synthesis enzyme ADPase or low
levels of starch degradation enzymatic activity AMY and
BMY led to more starch accumulation in the fruit. With the
fruit development, the fruit needs more energy to maintain its
quick growth, material conversion, and quality formation; the
starch began to convert by high levels of starch degradation
enzymes AMY and BMY into other energy forms, glucose
and fructose (Fig. 4b–d and Fig. S1). Different to flesh, the
grape skin had a starch peak at 8 Wpf. Grape skin coloring
represents the fruit ripening, sugar is the substance for antho-
cyanin production (Neta-Sharir et al. 2000), starch converted
into sugar quickly, at 8 Wpf, the starch in the skin and flesh
began to decline quickly, the starch synthase ADPase began to
decline, and the starch degradation enzymes AMYand BMY
immediately increased quickly which led to the starch being
cleaved into glucose and glucose. Meanwhile, the starch was
degraded into soluble sugar completely and metabolized,
which made the cell tension decline (Kaplan and Guy 2005),
leading to the fruit softening (Fig. 4b–d and Fig. S1). The
sugar and starch metabolism in the fruit are very important
in fruit coloring and softening. In the skin, there was higher
starch content than that in the flesh, so the starch in the skin
can be converted indirectly into sucrose. But in the flesh, there
was little starch with fruit ripening (Fig. 4a). So sucrose in the
flesh was mainly from leaf transportation, and the expression
levels of sucrose transporter SUT genes were higher in the
flesh than those in the skin (Fig. 2a and Fig. S2A-C). But
the expression levels of sucrose phosphate synthase or their

Fig. 12 ABA content in the
receptacle of grape. C: Seven
different development stages of
grape fruit. Treatment: Purified
BG protein incubated with seven
different development stages of
grape fruit
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coding genes were lower with the fruit ripening (Fig. 2b and
Fig. S2D), which showed that glucose and fructose used for
sucrose synthesis became less with the fruit ripening process.
And the sucrose degradation rate is faster with the fruit ripen-
ing, which leads to the higher content of glucose and fructose
with the fruit ripening.

Influence of hormone and sucrose on the fruit ripening

In grape, the changing content of hormone ABAwas consis-
tent with the fruit development (Fig. 9a), but there was a high
content of ABA in the early developmental stages of grape
fruit swelling and cell division and expansion, with a high
content of IAA, GA, and CTK to meet the fruit growth
(Fig. 9a) (Coombe 1992) and balance the hormone content
(Fig. 9a).

In this study, we observed that ABA, sucrose, and auxin
have integrated regulation during grape fruit ripening (Fig. 5).
In these three regulators, ABA plays a core role in the fruit
ripening. ABA promoted the sucrose accumulation, which led
to the fruit dry weight enhancement (Fig. 6), and promoted
cell wall, anthocyanin, and aroma metabolism (Tables 1, 2,
and 3). Notably, the sugar acts as material to synthesize the
anthocyanin and fruit aroma to induce fruit ripening. What is
more, ABA speeded the aroma production (Table 3) and in the
meantime blocked the auxin accumulation to accelerate the
fruit ripening (Fig. 11b). In the process of fruit development,
the grape skin anthocyanin represents the fruit ripening stage.
We used ABA to treat the grape fruit at 7 Wpf. After 20 days,
they obviously promoted the fruit anthocyanin accumulation
compared to the water-treated fruits (control) (Table 1).
Meanwhile, the gene expression levels of anthocyanin, soft-
ening, or aroma associated were also induced by the ABA
treatment (Fig. 7a–c). The sucrose accumulation gene SUT
and the auxin accumulation gene expression levels were in-
duced and blocked by ABA treatment, respectively (Fig. 11b).
On the contrary, compared to the control fruit, using ABA
inhibitor NDGA to treat with the fruits delayed the anthocya-
nin accumulation (Table 1) and stopped the fruit dry weight
accumulation (Fig. 6a, b). These suggested that ABA is in-
volved in the fruit ripening progress.

Pre-veraison auxin treatments delayed grape berry ripen-
ing, but auxin treatments maintained the berry in the pre-
veraison state as judged usually by a delay in the physical
and biochemical changes normally associated with ripening
(Corso et al. 2016), but there is limited information about their
effects on berry development and fruit volatile compounds or
sugar accumulation (Yuan and Carbaugh 2007; Trainotti et al.
2007; Anderson et al. 2012). In our study, the auxin treatments
delayed the grape fruit ripening progress (Fig. 5) and also
reduced the transcript levels of ABA synthesis genes
(Fig. 11a) and induced the transcription of some genes nor-
mally expressed during the pre-ripening period, such as

anthocyanin-, softening-, and aroma-related genes (Fig. 7a–
c), and in some cases, the corresponding activities of the
encoded products, such as anthocyanin content, sugar content,
and volatile compounds (Table 1, 2, and 3) and the low con-
centration of IAA, promoted the seed development and sugar
accumulation, which led to the increase in grape dry weight
(Fig. 6). The IAA inhibitor did not obviously induce the fruit
ripening (Tables 1 and 2), but reduced the fruit dry weight
accumulation (Fig. 6a, b), suggesting that in the later stage
of grape fruit development, the IAA is also necessary for fruit
ripening.

Sucrose, as a signal, is also involved in the grape fruit dry
weight and skin anthocyanin accumulation. Although not all
the concentrations of sucrose were effective for the grape fruit
ripening process, we found that a suitable level of sucrose was
16 mM (Tables 1 and 2). This concentration obviously pro-
moted the grape fruit dry weight and skin anthocyanin accu-
mulation (Fig. 6a, b and Table 1). Similar to hormone ABA,
sucrose also influenced the ripening-related gene expression
levels (Fig. 7a–c). Unlike sucrose, all of the different concen-
trations of glucose promoted the grape fruit dry weight and
skin anthocyanin accumulation, and the high concentration of
666 mM was the reliable dose (Fig. 6c and Table 1). In order
to further verify the sucrose function during the fruit devel-
opment, we used sucrose analog turanose which did not
degrade into other materials, but could mimic the function
of sucrose (Fernie et al. 2001). The results showed that
turanose was the same with sucrose to promote the grape
fruit ripening-related gene expression levels (Fig. 8),
suggesting that the function of sucrose in the fruit ripening
was of its own, but not degraded into glucose and fructose.
Interestingly, although ABA and sucrose influenced each
other, sucrose played a role that was independent of ABA.
When the ABA signal transduction was blocked by ABA
inhibitor NDGA, some ripening-related genes were also
induced by sucrose (Fig. 8), suggesting that sucrose played
roles in grape fruit in two ways: one was ABA-dependent,
and another was ABA-independent. Collectively, exoge-
nous ABA, sucrose, and glucose treatment positively influ-
enced the fruit ripening process, and auxin negatively
affected the fruit development.

ABA signal transduction during grape fruit ripening

There are a number of evidences related to fruit begging for
fruit maturity (Koyama et al. 2010; Tadiello et al. 2016).
However, the molecular mechanism of ABA in regulation of
grape fruit development, especially grape fruit maturity, is
questioned. The beginning of the maturity of grapes relies
on the rapid rise of ABA (Fig. 9a). Furthermore, high levels
of sugars led to the accumulation of ABA (Fig. 11c) (Price
et al. 2004). Based on this, we cloned an ABA receptor PYR
whose expression levels were low in the early fruit
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development and increased rapidly in the former phase of the
grape fruit. The expression changes of receptor PYR were
consistent with ABA content, in response to ABA, to pass
the signal to PP2C to relieve the positive factor SnRK to start
the downstream gene expression (Fig. 9c). Therefore, not only
does hormonal effect depend on the hormone content in the
affected part (or the number of target cells inside and outside),
but also the number and activity of receptors are closely relat-
ed to signal transduction components of protein (Xing et al.
2016). The expression level of PP2C declined during fruit
development, but the positive regulator of SnRK family mem-
ber SnRK2.6 did not increase rapidly during the fruit devel-
opment (Fig. 9c). On the contrary, its expression levels de-
clined in the ripening fruit (Fig. 9c). A previous report showed
that SnRK2.6 in strawberry fruit is an ortholog of open sto-
mata 1 (OST1) which negatively regulated the fruit develop-
ment and ripening progress, but other members such as
SnRK2.1 gene expression levels were consistent with the fruit
development (Han et al. 2015). This suggests that the grape
fruit ripening is controlled by a complex ABA signaling trans-
duction pathway.

As for the ABA synthesis genes, presently, the NCED gene
is considered to be the key gene in the regulation of ABA
accumulation (Nambara andMarion-poll 2005). In the present
study, we found three NCED genes in the fruit, and they
showed different expression patterns (Fig. 9b). In addition to
the active ABA, ABA has another inactive form, ABA-GE,
stored to respond to stresses. The BG enzyme can release the
inactive form ABA glucose ester (ABA-GE) to active ABA
(Lee et al. 2006). In grape, we found three BG genes in the
fruit, and their expressions were also different (Fig. 10). For all
the BG genes, the BG1 gene expression level was relatively
high and consistent to the ABA content changes, suggesting
that the ABA synthesis in the fruit is complex and regulated
by two forms: synthesis and storage. Based on the NCED and
BG expression level patterns, we found that in the early stage
of fruit development, the ABA accumulation was due to the
NCED gene expression, and in the later stage of fruit devel-
opment, the high content of ABA was mainly from the BG
protein activity (Fig. 10). At the same time, the ABA content
was also affected by the ABA degradation CYP707A gene
expression, and in turn, its expression level was also consis-
tent with the ABA content to balance the ABA content
(Fig. 9b). We used the BG protein to incubate with the differ-
ent stages of grape fruit grinding liquid to determine the ABA
content. With the fruit development, there were more and
more ABA released (Fig. 12), suggesting that there are more
active ABA to be stored with the ABA-GE form to respond to
fruit ripening. Therefore, in the late period, the BG protein that
regulates the ABA levels to promote fruit ripening has impor-
tant biological significance. All in all, the ABA signal trans-
duction pathway is very important in revealing the ABA func-
tion during the grape fruit development.

Conclusions

IAA, ABA, and sucrose delay and promote the grape fruit
anthocyanin accumulation, fruit firmness and cell wall metab-
olism, sugar content increase, and aroma spread through reg-
ulation of their metabolism-associated gene expression levels.
ABA plays a core role to increase sugar and decrease IAA
content in inducing the fruit ripening process. IAA inhibits
ABA and sugar accumulation in fruit to maintain fruit un-
ripening. Sucrose induces and reduces ABA and IAA contents
to involve fruit anthocyanin and aroma appearance, and its
low content is due to high sucrose invertase. ABA
metabolism-related enzyme BG is important in the regulation
of the ABA content in the fruit ripening process. Taken to-
gether, ABA is a core signal that is positively and negatively
influenced by sucrose and IAA during the fruit ripening
process.

Materials and methods

Plant material

Grapevine (Vitis vinifera) fruits of cultivar BFujiminori^
8 years old were collected from a commercial vineyard during
the 2014 season. Approximately 300 berries from at least 50
bunches were tagged, treated, and collected at 10-day intervals
throughout berry development from 2 weeks after flowering
until harvest (Cakir et al. 2003). All samples were pictured and
frozen in liquid nitrogen and stored at −80 °C until analyzed.

RNA extraction and qRT-PCR analysis

Total grapevine RNAwas isolated from the various plant tis-
sues (Cakir et al. 2003). Genomic DNAwas eliminated using
an RNase-free DNase I kit (Takara, Japan) according to the
manufacturer’s instructions. The quality and quantity of total
RNA samples were assessed by agarose gel electrophoresis
and by its A260/A230 and A260/A280 ratios. The comple-
mentary DNA (cDNA) was synthesized from 1 μg of total
RNA using the PrimeScript™ RT Reagent Kit (Takara,
Japan) according to the manufacturer’s instructions. Primers
used for qRT-PCR, designed using Primer 5 software (http://
www.premierbiosoft.com/), are listed in Table S1. 18sRNA
was used as an internal control gene. All primer pairs were
tested by PCR. The presence of a single product of the correct
size for each gene was confirmed by agarose gel electrophoresis
and double-strand sequencing (Invitrogen, www.invitrogen.
com). The amplified fragment of each gene was sub-cloned into
the pMD18-T vector (Takara) and used to generate standard
curves by serial dilution. qRT-PCR reactions (20 μl) contained
10μl SYBRPremix Ex Taq (perfect real-time buffer containing
dNTPs,MgCl2, andDNApolymerase; Takara, Japan), 0.4μl of
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10 μM forward specific primer, 0.4 μl of 10 μM reverse spe-
cific primer (Sangon, Shanghai, P.R. China), and 2 μl cDNA
template. The mixture was placed in a Bio-Rad iQ5 Sequence
Detector (Bio-Rad, Hercules, CA, USA), and DNA amplifica-
tion was conducted using the following thermocycling pro-
grams: 1 cycle of 95 °C for 2 min, and 40 cycles of template
denaturation at 94 °C for 20 s, primer annealing at 56 °C for
20 s, and primer extension at 72 °C for 30 s, and 71 cycles
increasing from 60 to 95 °C at 0.5 °C per cycle for 30 s. The
sequence detector was programmed to measure fluorescence
only during the annealing step. At this temperature, no incor-
porated uniprimer was in the hairpin conformation contributing
to fluorescence measurements.

Determination of anthocyanin, ABA, auxin, soluble sugar
content, and volatile compound

Anthocyanin concentration was measured by extracting grape
receptacle and skin surface of equal weight (five replications)
with 1%HCl methanol and determining the absorbance at 530
and 657 nm. The formula A = A530 − 0.25 A657 was used to
compensate for the contribution of chlorophyll and its degra-
dation products to the absorption at 530 nm. The anthocyanin
concentration was a relative value, and we set A = 0.01 equal
to 1 unit (Jia et al. 2011). ABA, auxin, and soluble sugar
contents were determined as described by Jia et al. (2011).
Volatile compound production by grape berry was character-
ized by headspace solid-phase micro-extraction and gas chro-
matography mass spectrometry as described (Dong et al.
2013). The relative content of each volatile compound was
calculated using the peak areas and expressed as a percentage
of the total volatiles.

6xHis-tagged protein expression and purification

To express VvBG1 in bacteria, the pET-30a vector with a
6xHis tag at the N-terminal end was used to construct the
pET-30a-VvBG1 vector (Qiagen). To clone VvBG1 cDNA in
the same reading frame as the 6xHis affinity tag, its opening
reading frame was modified (boldface letters) by PCR using
the primers (forward: 5′-GGATCCATGGCGTTCGGAAG
ATTCATC-3′ and reverse: 5′-CTCGAGGGGAGAAT
TCAAGAAGTTC-3′). In parallel, BamH I and XhoI restric-
tion sites (underlined sequence in the primer above) suitable
for cloning were introduced at the 5′ end, respectively. For the
construct, the PCR product was checked by sequencing before
and after ligation. The E. coli BL21 (DE3) host strain was
transformed with the pET-30a-VvBG1 construct. A Luria-
Bertani culture medium (25 g/mL kanamycin) was inoculated
(1:500) with overnight culture and grown at 28 °C with vig-
orous shaking until an OD600 of 0.6 was reached. After in-
duction with 2 mM isopropylthiogalactoside (IPTG), the cul-
ture was incubated for an additional 4 to 5 h at 37 °C. Cells

were harvested at different times to determine the best expres-
sion level and then frozen in liquid nitrogen. Total proteins
were extracted under non-denaturing conditions, and VvBG1
purification by nickel-nitrilotriacetic acid agarose (Ni-NTA)
affinity chromatography and elution were achieved under na-
tive conditions according to the recommended QIA expres-
sionist protocol (Qiagen). After dialysis against the column
fixation buffer, the VvBG1 protein was purified a second time
by Ni-NTA affinity chromatography and concentrated by cen-
trifugation in a centricon tube (3000 D; Pharmacia).

Determination of the dry weight percentage

Firstly, the fresh grapes were collected and weighed; secondly,
the grape fruits were cut and dried under 80 °C for 2 days and
then weighed. The ratio of dry/fresh weigh of grape represents
the accumulation of dry material percentage.

Determination of the total β-glucosidase activity

An assay of the total β-glucosidase activity of strawberry
pulp was performed spectrophotometrically by measuring
the release of reducing sugars by the p-NPG method
(Wegrzyn andMacRae 1992), in which the synthetic substrate
p-nitrophenyl-β-D-glucopyranoside (p-NPG) was used to de-
tect β-glucosidase activity. Fifty milliliters of crude β-
glucosidase solution was made from 5 g strawberry pulp in a
citrate, respectively. A volume of 0.6 ml of the β-glucosidase
solution and 0.4 ml p-NPG were added to 2 ml buffer in a test
tube, and the mixture was kept in a water bath at 56 °C for
60 min. The reaction was interrupted by the addition of 4 ml
1 M Na2CO3. The p-nitrophenol released in the reaction was
determined by a spectrophotometer at 400 nm. A p-
nitrophenol calibration curve had previously been prepared.
One unit of enzyme activity (U) was defined as the amount of
β-glucosidase which would release 1 μmol p-nitrophenol/min
under experimental conditions.

Cell wall metabolism enzyme activity measure

Ten grams of frozen pulp was ground with liquid nitrogen
and mixed with 20 ml of cold 5% (v/v) polyethylene glycol
(PEG) supplemented with 1 ng ml−1 of leupeptin. After
centrifugation (16,000×g, 30 min), the supernatant was
discarded, and the sediment was washed with 10 ml of
5% (v/v) of PEG (plus 1 ng ml−1 leupeptin) before further
centrifugation (16,000×g, 10 min). The supernatant was
discarded, and the residue was re-suspended by vibration
for 10 min in 25 ml of 20 mM EDTA and 1.25 M NaCl, pH
6.5. After centrifugation (16,000×g, 30 min), the superna-
tant was made up to 1 l with a solution of 100 mM NaCl
that included 5 ng of leupeptin and this was kept at pH 6.5.
After 12 h of dialysis followed by centrifugation (16,000×g,
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20 min), the supernatant (extract) was used to assess enzyme
activity. Assays for polygalacturonase (EC3.2.1.15), pectin
methylesterase (EC3.1.1.11), and cellulose were conducted
according to previously published methods (Andrews and Li
1995; Engelen et al. 1995).

Microscope of grape fruit

The fruit was cut with a double-sided blade into 1–2-mm2

small pieces and fixed with 3% glutaraldehyde (pH 7.2 phos-
phoric acid buffer preparation) for 3 h at room temperature
and in the meantime had a suction until slices sink in glutar-
aldehyde. After washing by phosphate buffer (pH 7.2), fruit
pieces were fixed with 1% hungry acid (pH 7.2 phosphoric
acid buffer preparation), fixed for 1.5 h at room temperature,
and rinsed again with phosphoric acid buffer, dehydrated in an
ethanol series, and embedded in Spurr’s resin. Sections were
cut at 90 nm, collected on formvar-coated copper grids, and
observed under JEM-1005 transmission electron microscopy
(Hardie et al. 1996).

Exogenous sucrose, glucose, ABA, IAA, NDGA, and NPA
application of detached grape fruit

The grape fruits 60 days after flowering were used. A bunch
of 30 fruits were collected, and 120 fruits of similar size
were selected. These fruits were soaked into the following
solutions: sucrose (8, 16, and 25 mM, n = 8, respectively),
glucose (222, 444, and 666 mM, n = 8, respectively), ABA
(100 and 200 μM, n = 8, respectively), auxin (indole-3-
acetic, IAA) (100 and 200 μM, n = 8, respectively), NPA
(100 μM, n = 8), NDGA (100 μM, n = 8), and water (con-
trol, n = 8). They were vacuumed three times, each time for
10 min, and then with a sealed plastic bag on the earth; after
7 days, the samples were frozen with liquid nitrogen frozen
after peeling, and seed were removed and stored at −80 °C
until use.
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