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Abstract

Prohexadione-Calcium (Pro-Ca) plays key roles in improving fruit quality and yield by regulating various aspects of
plant growth. However, the effects of how Pro-Ca regulates the regulation of sugar and acid balance and its impact
on the production of volatile aroma substances during fruit growth and development are poorly understood. In
this study, the Pro-Ca solutions developed at concentrations of 200, 400, 600 and 800 mg-L'" were sprayed on the
entire “Chardonnay” grape tree 22, 42, 62 and 82 days after initial flowering. The values of endogenous hormones,
sugar and acid content, enzyme activities and flavor content were then measured in grapes 45, 65, 85 and 105
days (ripeness stage) after the initial flowering. The results showed that Pro-Ca had significant effects on fruits
during development, including reducing ABA content, increasing ZT, GA; and IAA levels, promoting fruit ripening
and enhancing enzymes, which are involved in sugar and acid synthesis. Consequently, these effects led to an
increase in sugar and acid content in the berries. Particularly during the ripening phase, the application of 600

mg L' Pro-Ca resulted in an increase in soluble sugar content of 11.28% and a significant increase in citric acid
and malic acid content of 97.80% and 68.86%, respectively. Additionally, Pro-Ca treatment enhanced both the
variety and quantity of aroma compounds present in the berries, with the 600 mg-L" Pro-Ca treatment showcasing
the most favorable impact on volatile aroma compounds in ‘Chardonnay’ grapes. The levels of aldehydes, esters,
alcohols, phenols, acids, ketones, and terpenes were significantly higher under the 600 mg-L" Pro-Ca treatment
compared to those of control with 51.46 —423.85% increase. In conclusion, Pro-Ca can regulate the content

of endogenous hormones and the activities of enzymes related to sugar and acid metabolism in fruit, thereby
increasing the content of soluble sugar and organic acid in fruit and the diversity and concentration of fruit aroma
substances. Among them, foliar spraying 600 mg - L' Pro-Ca has the best effect. In the future, we need to further
understand the molecular mechanism of Pro-Ca in grape fruit to lay a solid foundation for quality improvement
breeding.
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Introduction

The taste of fruits is determined by the combination of
basic metabolites such as sugar, organic acid and volatile
compounds. Together, these components influence the
overall quality of the fruit [1].In wine grapes, the delicate
balance between sugars and organic acids plays a funda-
mental role in the exceptional quality and distinct flavor
of wine, which are mainly regulated by sucrose metabo-
lism and the tricarboxylic acid cycle [2]. In addition,
volatile aroma, as an important secondary metabolite in
fruits, also plays a vital role in fruit flavor [3]. Recently,
the study of volatile fruit aromas has gained popularity
as detection and analysis techniques have advanced [4].
Currently, various methods such as soil improvement [5],
pruning techniques [6], foliar micro-fertilization [7], and
the application of growth regulators [8] are primarily uti-
lized to increase the accumulation of sugar and organic
acids in grape fruits, thereby enhancing fruit quality and
flavor. With the improvement of people’s living standards
and the emphasis on health, there is a rapidly increasing
demand for quality fruit and vegetables [9]. Thus, how to
efficiently improve the quality of grapes fruit has been a
key area of research.

Prohexadione calcium (Pro-Ca) is an industrially syn-
thesized plant growth regulator that is low-toxic and
environmentally friendly [10]. Pro-Ca could promote
plant development, improve fruiting rate and effec-
tively control plant overgrowth, improving both yield
and quality when applied to plant leaves [11]. In addi-
tion, new research has shown that Pro-Ca treatment also
affects sugar-acid metabolism and aroma components
in fruits, thereby affecting their taste and sensory prop-
erties. Studies have shown that the use of Pro-Ca can
effectively regulate the concentration of important sugar
acids such as malic acid and tartaric acid in fruit tissue
[12]. In particular, Pro-Ca treatment has been shown to
increase the accumulation of malic acid, which contrib-
utes significantly to fruit acidity and flavor improvement
[12]. This change in sugar-acid composition caused by
Pro-Ca treatment can have a significant impact on the
overall flavor and quality of the fruit [13]. Furthermore,
Pro-Ca treatment enhances fruit aroma by upregulating
the biosynthesis of volatile compounds [14, 15]. There-
fore, Pro-Ca treatment promises to be a valuable tool
for manipulating sugar-acid metabolism and improving
aroma profiles in fruits, ultimately leading to improved
fruit quality and higher consumer satisfaction.

Previous studies have shown that Pro-Ca regulates
plant growth by inhibiting gibberellin synthesis in plants
[16]. However, there is limited research on the effects of
exogenous Pro-Ca on the dynamic changes of endog-
enous hormones as well as fruit quality and flavor dur-
ing grape growth and development. Therefore, in this
study, Pro-Ca effervescent granules were used to spray
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the entire “Chardonnay” grape tree. The aim of the study
was to analyze the influence on endogenous hormones,
sugar and acid components, the activities of enzymes
related to sugar and acid metabolism and the content of
aromatic substances in different growth stages of grapes.
This study of the effects of Pro-Ca on dynamic changes
in sugar and acid metabolism and on the flavor quality
of grapes is intended to provide a theoretical basis for
improving the quality of grapes.

Materials and methods

Test materials

Plant materials: The 11-year-old ‘Chardonnay’ wine grape
variety was selected as the test material. Only plants
exhibiting consistent growth without pest or disease
infestations were chosen. The grape plants were arranged
in rows with a spacing of 0.75 m x 1.5 m, and a single-
arm hedge frame was set up in a north-south direction.
From April to October 2022, different concentrations of
Pro-Ca were sprayed on the entire grape plant within the
vineyard at Gansu Agricultural University.

Test reagent: The test reagent used in this study was
Shibida brand Pro-Ca effervescent granules, which were
produced by Anyang Quanfeng Biological Technology
Co., Ltd.

The general situation of the test site is as follows: The
site is located at coordinates N 36°5" -37°10; E 103°34’
-103°47, with an elevation of approximately 1,517 m
above sea level. It falls within the temperate climate zone
and exhibits specific climatic characteristics including
abundant sunlight, low precipitation, high evaporation,
arid climate, soil drought, and an annual precipitation of
349.90 mm. The site experiences an annual evaporation
of 1,664.00 mm and receives approximately 2,476 h of
sunshine per year.

Treatment and experimental designinary test

A randomized block design was employed for the experi-
ment. The study consisted of five treatments: a control (0
mg-L™ Pro-Ca), 200 mg-L™ Pro-Ca, 400 mg-L" Pro-Ca,
600 mg-L! Pro-Ca, and 800 mg-L™ Pro-Ca. Each treat-
ment was replicated three times. Five plants displaying
consistent growth and free from pests and diseases were
selected within each plot. The whole plant was sprayed
at 22, 42, 62 and 82 days (d) after the initial flowering, so
that the leaves were full of water droplets, and labeling
uniformly growing bunches after fruit set.

Determination items and methods

Fruits were sampled at 45, 65, 85, and 105 d after the
initial flowering, respectively, for a total of 4 times. The
samples were fully frozen in liquid nitrogen and stored in
an ultra-low temperature refrigerator at -80 ‘C for later
use.



Li et al. BMC Plant Biology (2024) 24:122

Determination of endogenous hormones in fruits

The endogenous hormone contents of gibberellin (GA;),
indole acetic acid (IAA), kinetin (KT), and abscisic acid
(ABA) were determined using high-performance liquid
chromatography. Following the method by Zhuo-heng
CHI et al. [17], 2 g of grape pulp was rapidly ground into
powder using liquid nitrogen. The powder was extracted
three times with 10 mL of 80% chromatographic metha-
nol (prepared with ultrapure water) into a 10 mL centri-
fuge tube. It was then refrigerated at 4 °C for 24 h to allow
extraction. After centrifugation at 8000 rpm for 10 min,
the supernatant was concentrated using a rotary evapo-
rator at 38 °C to remove methanol, resulting in approxi-
mately 1 mL of concentrated solution. The walls of the
evaporation bottle were washed with 50% chromato-
graphic methanol, and the volume was finally adjusted
to 1.5 mL. The concentrated solution was extracted using
a disposable needle tube, filtered with a 0.22 pm organic
membrane, and placed in a 1.5 mL sample bottle. The
sample bottle was stored in a dark ice box and repeated
three times. The contents of ZT, IAA, GA; and ABA
were determined using the following chromatographic
conditions: Symmetry C18 column (4.6 mm X 250 mm,
5 pm); mobile phase of methanol 0.1% phosphoric acid
(1:9, v/v); flow rate of 1.0 mL-min'; detection wavelength
at 254 nm; column temperature at 30 C; and an injection
volume of 10 pL.

Determination of soluble sugars, sugar components, and
sucrose metabolism-related enzyme activities in fruits
The total soluble sugar content was determined using
the anthrone method [18], The grape pulp was rapidly
ground into powder with liquid nitrogen, 50 mg of dried-
ground sample was added into a 10 mL centrifuge tube
and added 5 mL of 80% ethanol. A glass ball was placed
on top of the tube and kept in a water bath at 80-85 °C
for 30 min. Centrifuged at 3,000 rpm for 10 min and
decanted into a 50 mL volumetric flask, kept the residue
in centrifuge tube, and repeat the extraction three times.
The supernatant in 50 mL volumetric flask was then filled
up by 80% ethanol. This extract was used for total soluble
sugar content. For total soluble sugar analysis, 0.5 mL
of soluble sugar extract and 4.5 mL of 80% ethanol were
added into a test tube. Put the sample tubes into an ice
bath and slowly added 10 mL of anthrone reagent to the
tubes, and then place it in a boiling water bath for exactly
7.5 min and then immediately cooled in an ice bath. After
cooling, the absorbance at 630 nm in 1 h was measured.
The sugar components were analyzed through high-
performance liquid chromatography. The grape pulp was
ground with liquid nitrogen, and 0.5 g of it was weighed.
Next, 5 mL of 80% ethanol was added to the grape pulp,
which was then ultrasonically extracted at 35 °C for
20 min. After centrifuging at 12,000 rpm for 15 min, the
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extraction process was repeated twice. On each occa-
sion, 2 mL of 80% ethanol was added, and the resulting
supernatant was combined to obtain a total volume of 10
mL. The solution was dried in a vacuum centrifugal con-
centrator at 60 °C. Subsequently, 1 mL of acetonitrile was
redissolved with 1 mL of ultrapure water, filtered through
a 0.22 pm organic phase microporous membrane, and
transferred into a sample bottle for testing. Fructose,
glucose and sucrose standards were used to prepare
standard solutions of different concentrations, and then
the content of sugar components was determined using
the Waters Acquity Arc high-performance liquid chro-
matograph (HPLC). The HPLC conditions were based
on a method developed by Wang et al. [19]. An LC-NH2
amino column (250 mm X 4.6 mm, Waters Corp., Mil-
ford, MA, USA) was used as the chromatographic col-
umn. The mobile phase consisted of acetonitrile and
water in a ratio of 3:1, with a flow rate of 1.0 mL-min™.
The column temperature was maintained at 30 °C, and
the injection volume was set to 20 pL.

The extraction of sucrose synthase synthesis direc-
tion (SuSy-s), sucrose synthase decomposition direction
(SuSy-c), sucrose phosphate synthase (SPS), acid inver-
tase (AI), and neutral invertase (NI) enzymes, as well as
the determination of their activity, followed the method
described by Joshi S [20]. A total of 3.5 mL of extract was
added to 0.7 g of pulp powder and thoroughly ground.
The extract consisted of a 50 mM Hepes-NaOH buffer
(pH 7.5) containing 2.5 mM 1,4-Dithiothreitol (DTT),
5 mM MgClI2, 0.05% (v/v) TritonX-100, 1 mM Ethyl-
enedinitrilotetraacetic acid (EDTA), 0.1% (w/v) Bovine
Serum Albumin (BSA), and 2% (w/v) Polyvinyl pyrrol-
idone (PVP). After centrifugation at 13,000 g at 4 °C for
10-15 min, the supernatant was desalted using a Sepha-
dex G25 PD-10 desalination column, and the desalted
enzyme extract was stored at 4 °C for enzyme activity
determination.

SPS activity determination: A 1.3 mL enzyme solu-
tion was mixed with 50 pL of the test reaction solution
consisting of 50 mM Hepes-NaOH buffer (pH 7.5), 15
mM MgCl,, 1.0 mM Ethylenedinitrilotetraacetic acid
(EDTA), 16 mM Uridine diphosphate glucose (UDPG),
4.0 mM Fructose-6-phosphate (F-6-P), and 20 mM Glu-
cose-6-phosphate (G-6-P). The reaction was conducted
at 32 °C for 30 min, followed by the addition of 50 pL
of 5.0 M NaOH to stop the reaction. Subsequently, the
enzyme was inactivated by boiling in a water bath for
10 min. After cooling, 1.5 mL of 36% HCI and 0.5 mL of
0.1% resorcinol were added. The reaction proceeded at
40 °C for 30 min, resulting in a light tea color. Following
cooling, the absorbance was recorded at 480 nm using
an ultraviolet-visible spectrophotometer. The enzyme
activity was determined based on the sucrose standard
curve (1.0 mg-mL™). SuSy-s activity determination: 1.3
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mL of the enzyme solution was mixed with 50 pL of the
test reaction solution containing 80 mM Hepes-NaOH
buffer (pH 8.5), 100 mM fructose, and 15 mM Uridine
diphosphate glucose (UDPG). Following a 30 min reac-
tion at 32 °C, 50 pL of 5.0 mM NaOH was added to halt
the reaction. Subsequently, the reaction was conducted
in a boiling water bath for 10 min. After cooling, 1.5 mL
of 36% HCI and 0.5 mL of 0.1% resorcinol were added.
The reaction was then carried out at 40 °C for 30 min,
resulting in a pink color. Upon cooling, the absorbance at
480 nm was measured using an ultraviolet-visible spec-
trophotometer. The enzyme activity (umol-g™-min™FW)
was determined based on the standard curve of sucrose
(1.0 mg:mL™). SuSy-c activity determination: By combin-
ing 1.0 mL of enzyme solution with 1.0 mL of extract,
followed by the addition of 490 pL of the test reac-
tion solution containing 100 mM Phosphate buffered
saline (PBS) (pH 6.0), 100 mM sucrose, and 5 mM Uri-
dine diphosphate (UDP). The reaction was incubated at
30 °C for 1 h, and then 490 pL of 3,5-Dinitrosalicylic acid
(DNS) reagent was added to stop the reaction, result-
ing in a yellow color. Subsequently, the reaction mixture
was heated in a boiling water bath for 5 min, resulting
in no color change for the blank and dark orange color
for the other sample. After cooling, the absorbance was
measured at 520 nm using an ultraviolet-visible spectro-
photometer. The enzyme activity was calculated based on
the standard curve of glucose (1.0 mg:mL™). AI activity
determination: By adding 1.0 mL of enzyme extract to
490 pL of a reaction solution consisting of 30 mM potas-
sium acetate buffer (pH 5.0) and 200 mM sucrose. The
reaction took place at 30 °C for 30 min, following which
490 pL 3,5-Dinitrosalicylic acid (DNS) reagent was added
to stop the reaction. Subsequently, the absorbance at
540 nm was measured using an ultraviolet-visible spec-
trophotometer. The enzyme activity (umol-g'-min™! FW)
was calculated based on the standard curve of glucose
(1.0 mg-mL™). NI activity determination: By combining
2.0 mL of enzyme solution with 490 pL of a reaction solu-
tion containing 40 mM Hepes buffer (pH 7.5) and 200
mM sucrose, and incubating the mixture in a water bath
at 30 °C for 30 min. Subsequently, 490 pL of 3,5-Dinitro-
salicylic acid (DNS) was added to terminate the reaction,
followed by centrifugation at 13,000 rpm for 8 min and
heating in a boiling water bath for 5 min (except for the
control, which exhibited different colors). The superna-
tant was collected, and the absorbance was measured at
540 nm using an ultraviolet-visible spectrophotometer.
The enzyme activity (pmol-g'-minFW) was calculated
based on the standard curve of glucose (1.0 mg-mL™).
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Determination of organic acid components and enzyme
activities related to organic acid metabolism in fruits

The organic acid components were analyzed through
high-performance liquid chromatography. The con-
centrations of oxalic acid, tartaric acid, shikimic acid,
fumaric acid, citric acid, and malic acid in fruits were
determined according to Ma et al. [21]. The grape pulp
was rapidly ground into powder with liquid nitrogen.
Subsequently, 1.5 g of the sample was weighed and
mixed with 7.5 mL of ultrapure water. After centrifuging
at 10,000 rpm for 10 min, the supernatant was filtered
through a 0.22 pm aqueous microporous membrane, and
the resulting filtrate was transferred to the sample bottle
for testing. A column with specifications of Atlantis T3
(4.6 mm X 150 mm, 3 um) was employed for the analysis.
The mobile phase consisted of a 20 mmol-L™' NaH,PO,
solution, with the pH adjusted to 2.7 using H;PO,. The
flow rate was set at 0.50 mL-min"!, while the column tem-
perature was maintained at 30°C. Detection was carried
out at a wavelength of 210 nm, and the injection volume
was 20 uL.

The extraction and activity determination of Citric
acid synthase (CS), Cytoplasmic aconitase acid enzyme
(Cyt-ACO), Mitochondrial aconitase acid enzyme (Mit-
ACO), NAD-isocitrate dehydrogenase (NAD-IDH),
Phosphoenolpyruvate carboxylase (PEPC), NAD-malate
dehydrogenase (NAD-MDH), and NADP-malic enzyme
(NADP-ME) enzymes followed the method described
by Tang Mi [22]. All procedures were conducted at 4 C.
Samples (3g) were weighed in a mortar, fruit pulp was
extracted with 5 mL of grinding buffer [200 mM Tris-HCl
(pH 8.2), 600 mM sucrose, 10 mM isoascorbic acid] and
ground with a mortar and pestle. The mixture was centri-
fuged at 4000 g. The supernatant was then collected and
re-centrifuged. Both supernatant and pellet were used
to assay enzyme activity. The supernatant was diluted
to 5 mL with an extracting buffer [200 mM Tris—HCl
(pH 8.2), 10 mM isoascorbic acid, 0.1% Triton X-100].
Next, 2 mL of the diluted supernatant was centrifuged
at 15,000 g for 15 min at 4 ‘C. The resulting pellet was
diluted to 2 mL with an extracting buffer for ACO and
IDH assays. The remaining 3 mL of the diluted superna-
tant was further diluted to 6 mL with the extracting buf-
fer, after which 2 mL of this was used for MDH and ME
assays. The remaining 4 mL underwent dialysis with the
extracting buffer for 10 h and then used for PEPC and CS
assays. The specific determination system is as follows:
ACO activity was determined in a 0.5 mL mixture com-
posed of 40 mM Tris-HCl (pH 7.5), 100 mM NaCl, and
200 mM cis-aconitate. IDH activity was determined in a
0.5 mL mixture composed of 40 mM Hepes (pH 8.2), 800
mM Nicotinamide adenine dinucleotide (NAD), 200 mM
MnSO,, and 2 mM isocitrate. MDH activity was deter-
mined in a 0.5 mL mixture composed of 40 mM Tris-HCI
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(pH 8.2), 2 mM MgCl,, 10 mM KHCO,, 500 mM Gluta-
thione (GSH), 150 mM Nicotinamide adenine dinucleo-
tide (NADH), and 2 mM oxaloacetate (OAA). ME activity
was determined in a 0.5 mL mixture composed of 80
mM Tris-HCl (pH 7.4), 170 mM Nicotinamide adenine
dinucleotide phosphate (NADP), 200 mM MnSO,, and 2
mM malate. PEPC activity was determined in a 0.5 mL
mixture composed of 40 mM Tris-HCI (pH 8.5), 2 mM
MgCl,, 10 mM KHCO,, 500 mM Glutathione (GSH),
150 mM Nicotinamide adenine dinucleotide (NADH),
and 2 mM Phosphoenolpyruvate (PEP). CS activity was
assayed in a 0.5 mL mixture composed of 40 mM Tris-
HCI (pH 9.0), 40 mM 5,5’-Dithiobis-(2-nitrobenzoic acid)
(DTNB), 40 mM acetyl-CoA, and 4 mM Oxaloacetic acid
(OAA). All the reactions were started by the addition of
the respective enzyme extracts. The changes per minute
in absorption were recorded by a spectrophotometer
(Shimadzu UV-2401, Japan).

Determination of the aroma components of the fruit

At the maturity stage, 105 d after the initial flowering, a
total of 30 grapes were selected from the fruit samples of
the same maturity. The stems and seeds were removed,
and the pulp was homogenized using a homogenizer.
The SPME-GC-MS procedure followed the methodology
outlined in previous studies [23]. For each sample, 9 g of
pulp was mixed with 2-Octanol (35 pL, 8.82 mg-L™) as an
internal standard and NaCl (1.5 g) in a 20 mL glass vial,
which was then capped. The sample was equilibrated at
50 °C for 10 min before extraction with an SPME fiber
for 30 min. After extraction, the fiber was immediately
desorbed into the GC injection port at 260 °C for 5 min
in splitless mode. The aroma compounds were sepa-
rated and identified using an Agilent 7890 GC (Agilent
Technologies, Santa Clara, CA) coupled with an Agilent
5975 C MS.

The content of each aroma
substance(ug-kg')=(A1/A2)-(M1/M2)-1 000, A1 was the
peak area of the substance to be measured; A2 was the
peak area of internal standard; M1 was the mass of inter-
nal standard, pg; M2 was sample mass, g.

Statistical analysis of data

All parameters were measured in a minimum of three
replications and are presented as means*standard devia-
tion (Data show the mean+SE (»=3).SPSS 23.0 was used
for data processing, and Duncan ‘s multiple comparison
was used for analysis of variance. Excel 2016 and Origin
2022 were used for chart drawing.
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Results

Effects of pro-ca on endogenous hormone content in
‘chardonnay’ fruit

During the development process of grapes from young
fruit to maturity, the ABA content in the fruit showed a
pattern of first decreasing, then increasing, and finally
decreasing again (Fig. 1A). Except during the ripen-
ing stage, different concentrations of Pro-Ca treatment
reduced ABA content and promoted fruit ripening at
different growth stages compared to the control. Among
these treatments, 600 mgL™' Pro-Ca treatment and
800 mg-L! Pro-Ca treatment had a significant effect on
reducing ABA content in grape berries.

GA; content in grape fruit decreased as the fruit
developed from setting to ripeness, with a sharp decline
observed 65 days after first flowering. GA; content
tended to stabilize in the later stages of fruit growth and
development (Fig. 1B). Pro-Ca treatment significantly
increased GA; content at 45 d(days)after the initial flow-
ering. It is noteworthy that treatment with 600 mg.L™*
Pro-Ca showed the most significant improvement effect
with an increase of 34.62% compared to the control.

The IAA content in grape fruit initially increased and
then decreased as the fruit ripened (Fig. 1C). Pro-Ca
treatment significantly increased IAA content at 65 d,
85 d and 105 d after the initial flowering. The 600 mg-L™*
Pro-Ca treatment showed higher IAA content than other
treatments at these time points, showing an increase of
28.79%, 91.71% and 29.51% compared to the control,
respectively.

As grape fruit ripening progressed, the ZT content in
the control group first decreased and then increased,
while the Pro-Ca treatment group showed a pattern that
first decreased, then increased, and finally decreased
(Fig. 1D). In particular, the Pro-Ca treatments of 400
mgL™ and 600 mgL"' significantly increased the ZT
content 45 d after the initial flowering, resulting in an
increase of 12.45% and 13.08% in comparison led to con-
trol. At 65 d after the initial flowering, the grape fruits
treated with 800 mg-L™! Pro-Ca had the highest ZT con-
tent and showed an increase of 13.04% compared to the
control. At 85 d after the initial flowering, the Pro-Ca
treatments of 600 mg-L' and 800 mgL" increased the
ZT content by 66.98% and 55.84%, respectively, com-
pared to the control.

Effects of pro-ca on total soluble sugar and sugar
components of ‘chardonnay’ fruits

Total soluble sugar content in grape fruit gradually
increased as the fruit matured (Fig. 2A), with a rapid
increase observed 85 d after initial flowering. Com-
pared to the control, Pro-Ca treatment increased total
soluble sugar content of fruits at 65 d, 85 d and 105 d
after initial flowering. Among these treatments, the
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Fig. 1 Effect of Pro-Ca on endogenous hormone content in‘Chardonnay’grape fruit. (A) ABA: abscisic acid. (B) GA;: gibberellic acid. (C) IAA: auxin. (D) ZT:
zeatin. Results are means + SE of three independent replications. Different letters represent significant differences between treatments (p < 0.05)

total soluble sugar content of grapefruit treated with 600
mg-L™ Pro-Ca was highest at 85 d and 105 d after the ini-
tial flowering, showing an increase of 19.18% and 11.28%,
respectively, compared to the Control.

Grape sucrose content also increased gradually as
the fruit matured (Fig. 2B), with the greatest increase
observed 105 d after the initial flowering. Among the
different treatments, 600 mg-L"! Pro-Ca treatment had
the most significant effect at 45 d, 65 d, 85 d and 105 d
after the initial flowering, resulting in increases of 1.56%,
6.44%, 33.03% and 81.28% compared to the control.

During the period from the initiation of young fruit to
full maturity, there was an observable increase in the lev-
els of glucose and fructose within grape berries (Fig. 2C,
D). This increase occurred particularly rapidly 85 d after
the first flowering. The application of Pro-Ca demon-
strated a significant effect on enhancing glucose and
fructose levels in grape berries at 85 and 105 d after ini-
tial flowering. Specifically, grape berries treated with 800

mg-L! Pro-Ca exhibited higher contents of glucose and
fructose at 85 d after initial flowering compared to other
treatments. Additionally, grape berries treated with 600
mg-L™ Pro-Ca at 105 d after initial flowering also showed
higher contents of glucose and fructose compared to
other treatments.

Effects of pro-ca on the activity of sugar metabolism
enzymes in ‘chardonnay’ fruit

The activity of SuSy-s in each treatment decreased gradu-
ally from young fruit to mature fruit (Fig. 3A). Different
concentrations of Pro-Ca treatment increased the activity
of SuSy-s in the fruit. Among them, the activity of SuSy-s
in the fruit treated with 600 mg-L™! Pro-Ca was signifi-
cantly higher than the other treatments at 105 d after the
initial flowering, showing a 21.08% increase compared
to the control group. The SPS activity of grape fruit did
not show significant changes from young fruit to matu-
rity (Fig. 3B). However, when comparing with the control
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group, the SPS activity of grape fruit treated with 600
mgL™ Pro-Ca at 85 and 105 d after the initial flower-
ing was higher than the other treatments by 24.23% and
45.99%, respectively.

As grape berries matured, the SuSy-c activity exhibited
a gradual decrease across all treatments (Fig. 3C). Dur-
ing the final stages of fruit development, just before har-
vest, the application of Pro-Ca had a diminishing effect
on SuSy-c activity. At 45 and 65 d after the initial flower-
ing, no significant differences were observed between the
treatment and control groups. However, by 85 d after the
initial flowering, there was a reduction in SuSy-c activity
with an increase in Pro-Ca concentration, and the SuSy-
c activity in the various Pro-Ca treatment groups was
notably lower than that of the control group. Specifically,
when compared to the control, there were reductions in
SuSy-c activity by 24.40%, 33.01%, 33.17%, 54.55%, and

27.34%, respectively. By 105 d after the initial flowering,
the SuSy-c activity of the fruits treated with 600 mg-L™*
Pro-Ca was the lowest, exhibiting a 59.36% decrease
compared to the control group.

Grapefruit Al activity gradually increased as the fruit
matured (Fig. 3D), and Al activity was significantly higher
in ripe fruits compared to young fruits. Notably, fruits
treated with 600 mg-L™! Pro-Ca at 65, 85, and 105 d after
initial flowering showed significantly higher AI activity
compared to other treatments, with increases of 137.30%,
64 0.22% and 46.23% respectively. During the gradual
maturation of grape fruits, except for the decrease in
NI activity observed in fruits treated with 600 and 800
mg L™ Pro-Ca, the NI activity of fruits treated with
other methods showed an initial increase followed by a
decrease (Fig. 3E). Among them, the NI activity of the
fruits treated with 800 mg-L-1 Pro-Ca was significantly
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higher than the other treatments at 45 d after the initial
flowering, with a 66.59% increase compared to the con-
trol. At 85 and 105 d after the initial flowering, the NI
activity of the fruit treated with 600 mg-L™' Pro-Ca was
the highest and significantly higher than the control
group, with increases of 27.34% and 75.51%, respectively.

Effects of pro-ca on the content of organic acid
components in‘chardonnay’ fruit

Grape fruit oxalic acid content showed an initial decrease
in each treatment and then an increase as the fruits

ripened (Fig. 4A). Pro-Ca treatment increased oxalic acid
content compared to control. In particular, 105 d after
the initial flowering, the oxalic acid content increased
significantly in the fruits treated with 400 mgL"' Pro-
Ca, 600 mg-L"! Pro-Ca and 800 mg-L™! Pro-Ca by 56.02%,
49.38% and 50.23% compared to the control.

The tartaric acid content in the fruit decreased gradu-
ally from young fruit to mature fruit in all treatments
(Fig. 4B). Pro-Ca treatment increased the tartaric acid
content in the fruit compared to the control. Specifically,
at 65 and 85 d after the initial flowering, the treatment



Li et al. BMC Plant Biology (2024) 24:122

0.8 A
[ o(Contiol)
~ 0.7 T 200mg-L"! Pro-Ca
‘&0 [ 400mg-L™! Pro-Ca
%D 0.6 T 600mg-L"! Pro-Ca
~ [ 800mg-L! Pro-Ca a
‘a 0.5F aa _I_ a a
2 b - =ab 4 i
=] b T b, []
(=) 0.4 T a be b
o b c B
) 1 ccl™
) 0.3 d ek d
2
= 02
K
© o1
0.0
45d 65d 85d 105d
C
. 20+ a
"0 o[
) L |be
E 15¢ ‘B
= [T
2
=1
3 10f d
=]
8 a
3 b
E o5} d S 2
45d 65d 85d 105d
0.12 E
- a
"on 0.10 - b 1
2 |
£
= 008} T a
ot
: T
0.06 |
; be|
8 ” a
o 004} &8
= aaf%a
o) b b
= 0.02 —
” i
0.00
45d 65d 85d 105d

Time after initial flowering(d)

Page 9 of 20

14 B
£ a
= 12—bb 4, e
&0 T & a
E 10T | 11 T
I
3 H a
g b b[ |
Q C =
=N ¢ = d
8
2 4f
k|
B 2
0
45d 65d 85d 105d
D
20t b armd
—'90 —
on
E 15¢ .
~— b a T b 2}
g {_—i—T b
8 d.c
S 10H5¢ z
°
Q
c e
] b2 aab
] ulill
0
45d 65d 85d 105d
F
0.014 1 aa
bl I ;T a;ai_
L C _(I:_ b
a
b2 d 1
[ab ¢
_T a,bﬁabb
} T
45d 65d 85d 105d

Time after initial flowering(d)

Fig. 4 Effect of Pro-Ca on the content of organic acid components in ‘Chardonnay’ fruit. (A) Oxalic acid. (B) Tartaric acid. (C) Citric acid. (D) Malic acid.
(E) Shikimic acid. (F) Fumaric acid. Results are means+ SE of three independent replications. Different letters represent significant differences between

treatments (p <0.05)

with 600 mg-L™' Pro-Ca resulted in the highest tartaric
acid content, which was significantly higher than that of
the control (P<0.05).

The citric acid content of grape fruit increased gradu-
ally as the fruit matured (Fig. 4C), with a rapid increase
at 105 d after the initial flowering (maturity stage). Pro-
Ca treatment increased the citric acid content at each

stage. Notably, at 105 d after the initialflowering, the fruit
treated with 600 mg-L! Pro-Ca had significantly higher
citric acid content compared to other treatments, show-
ing a 97.80% increase compared to the control.

The malic acid content of grape fruits in each treat-
ment (Fig. 4D) initially increased and then decreased as
the fruits grew and developed, reaching its peak at 65 d
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after the initial flowering, and sharply decreasing at 105
d after the initial flowering. At 105 d after the initial
flowering, the malic acid content of grape fruits treated
with different concentrations of Pro-Ca was significantly
higher than that of the control. Specifically, it was 44.29%,
70.51%, 68.87%, and 56.56% higher than the control for
different Pro-Ca concentrations, respectively.

The contents of shikimic acid and fumaric acid in the
fruits were low (Fig. 4E, F), and the fumaric acid con-
tent gradually increased as the shikimic acid content
decreased in mature fruits (Fig. 4E). At 85 d after the ini-
tial flowering, the contents of shikimic acid and fumaric
acid in fruits treated with 600 mg-L™! Pro-Ca were higher
than those in other treatments, being 119.02% and
118.21% of that in the control, respectively.

Effects of pro-ca on the activities of enzymes related to
organic acid metabolism in ‘chardonnay’ fruit
During the process of the grape from young fruit to
maturity, CS activity showed a trend of slow decrease, fast
increase, and slow decrease in each treatment (Fig. 5A).
Activity was highest at 85 d after the initial flowering
and slowly decreased at 105 d after the initial flower-
ing (maturity stage). Different concentrations of Pro-Ca
treatment in each period increased the CS activity of the
fruit. Among them, the CS activity of 600 mg-L™! Pro-Ca
treatment was highest at 45 d, 65 d, 85 d and 105 d after
the initial flowering and was 60.19%, 53.17%, 38, 02% and
26.21% higher than that of the control. ACO catalyzes cit-
ric acid to produce water and cis-aconitic acid. Cyt-ACO
and Mit-ACO are two isozymes in plants. The activities
of Cyt-ACO and Mit-ACO were highest 45 d after the
initial flowering, decreased rapidly, and then increased
slowly with fruit development (Fig. 5B, C). Compared
to control, Pro-Ca treatment increased the activities of
Cyt-ACO and Mit-ACO. The activities of Cyt-ACO and
Mit-ACO were highest in the treatment with 600 mg-L™
Pro-Ca at 45 d, 65 d, 85 d and 105 d after the initial flow-
ering. NAD-IDH is also a control factor for citric acid
degradation. NAD-IDH activity (Fig. 5D) showed a trend
that initially decreased slowly and then increased rapidly
during fruit development. NAD-IDH activity was high-
est 105 d after initial flowering (maturity). At 45 d and
65 d after the initial flowering, the NAD-IDH activity of
the 600 mg-L™! Pro-Ca treatment was significantly higher
(P<0.05) than that of other treatments, which increased
by 14.10% and was 11.54% higher than that of the control.
With the development and maturity of the fruit, the
PEPC activity of the fruit decreased first, then increased
and then decreased (Fig. 5E). With the increase of Pro-Ca
treatment concentration, the PEPC activity of the fruit
increased first and then decreased at each stage. Among
them, the PEPC activity of 600 mg-L! Pro-Ca treatment
was the highest at each stage, and the PEPC activity of
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600 mgL' Pro-Ca treatment was significantly higher
than that of other treatments at 45 d after the initial flow-
ering (P<0.05), which was 27.58% higher than that of
the control. The NAD-MDH activity decreased gradu-
ally during fruit development (Fig. 5F). Pro-Ca treat-
ment increased the NAD-MDH activity of fruit. Among
them, the NAD-MDH activity of 600 mgL"' Pro-Ca
treatment was the highest at 45 d, 65 d and 85 d after the
initial flowering, which was 36.82%, 23.54% and 25.85%
higher than that of the control, respectively. The activity
of NADP-ME increased first and then decreased during
fruit development (Fig. 5G). The activity of NADP-ME
decreased at 105 d after the initial flowering (maturity
stage). With the increase of Pro-Ca treatment concentra-
tion in each period, the activity of NADP-ME in fruits
increased first and then decreased. Among them, the
activity of NADP-ME treated with 600 mgL"' Pro-Ca
was the highest in each period.

The impact of pro-ca on the volatile aroma compounds of
‘chardonnay’ grape berries

Under the condition of HS-SPME-GC-MS, we ana-
lyzed the aroma substances of ‘Chardonnay’ grape fruits
treated with different concentrations of Pro-Ca at 105
d after initial flowering (maturity stage). The results are
presented in Table 1.

Table 1 shows that a total of 36 aroma substances
were isolated and identified. Among these, 18 aroma
substances were present in all treatments. The levels
of aldehydes, esters, alcohols, phenols, acids, ketones,
and terpenes were significantly higher in the 600 mg-L™*
Pro-Ca treatment compared to the control. Specifically,
compared with the control group, the levels of alde-
hydes increased by 56.72%, esters by 423.85%, alcohols
by 89.51%, phenols by 266.54%, acids by 211.62%, ketones
by 51.46%, and terpenes by 83.96%. In the control group,
11 types of aldehydes were detected. However, Pro-Ca
treatment reduced the number of aldehyde types and
increased the types of esters, alcohols, and phenols. Each
treatment only had one type of acids and terpenes, while
ethers and alkenes were only found in the control group.

In order to further analyze the effect of exogenous Pro-
Ca treatment on the volatile aroma substances of wine
grape fruits, the original values of volatile aroma sub-
stances of the samples were analyzed by cluster heat map.
The average content of aroma substances in each treat-
ment was used to draw a cluster heat map. As shown in
Fig. 6, it can be intuitively seen that there are significant
differences in volatile aroma substances between the
samples. Blue indicates low content, red indicates high
content, and the darker the color, the higher the content
of this component.

From Fig. 6, each treatment can be clustered into
two categories, 600 mg-L'Pro-Ca treatment and 400
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mg-L'Pro-Ca as a class, the control and other treatments
as a class, indicating that 600 mg-L'Pro-Ca treatment
and 400 mgL'Pro-Ca have similar effects on volatile
aroma substances in grape fruits, and there are significant
differences with the control. In the cluster analysis of vol-
atile aroma substances in wine grape berries, it was found
that (Figs. 6), 2,4-Decadienal, (E, E) -, Dimethyl phthalate,

Linalool, trans-.beta.-Ionone, Butylated Hydroxytolu-
ene, Phenylethyl Alcohol, Cyclohexanol. 5-methyl-2-
(1-methylethyl) -, Nonanal, Methyl salicylate, 1-Heptene,
6-methyl-, Phenol, 4-ethyl-2-methoxy-, Eugenol were
clustered into one group, indicating that they had high
similarity, and 600 mg-L! Pro-Ca treatment significantly
increased the content of such substances.
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Fig. 6 Cluster Heat Map of Volatile Aroma Components of ‘Chardonnay’ Fruit Treated with Exogenous Pro-Ca. The data used in the figure are the normal-
ized original values of aroma volatiles. Blue indicates a lower content and red indicates a higher content

Correlation analysis between endogenous hormones,
sugar and acid components and aroma substances in
grape fruits

The correlation between the contents of endogenous
hormones, sugar and acid components and aroma sub-
stances in grape berries at 105 d after initial flowering
(maturity stage) was analyzed by Origin software, and
the reasons for the effect of Pro-Ca on fruit flavor quality
were discussed. According to the correlation coefficient
matrix (Fig. 7), there is a certain correlation between fruit
endogenous hormones and the content of sugar and acid
components and aroma substances, and there is also a
certain correlation between the content of sugar and acid
components and different aroma substances.

The correlation analysis between endogenous hor-
mones and sugar-acid components and aroma substances
in fruits showed that GA; was significantly positively
correlated with tartaric acid (P<0.01) and shikimic acid
(P<0.05). IAA was significantly positively correlated with
oxalic acid and aldehydes (P<0.05), and was significantly
positively correlated with acids (P<0.01). ZT was posi-
tively correlated with oxalic acid (P<0.05).

The results of correlation analysis between the con-
tent of sugar and acid components and different aroma
substances showed that soluble sugar was significantly
positively correlated with aldehydes, esters, phenols,
acids, ketones and terpenes (P<0.05), and extremely sig-
nificantly positively correlated with alcohols (P<0.01).
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Fig. 7 Cluster Heat Map of Volatile Aroma Components of ‘Chardonnay’ Fruit Treated with Exogenous Pro-Ca Notes: *

(P<0.05), ** means extremely significant difference (P<0.01)

Sucrose, glucose and fructose were significantly posi-
tively correlated with esters and alcohols (P<0.01), and
significantly negatively correlated with ethers and olefins
(P<0.05). Citric acid was significantly positively corre-
lated with esters and alcohols (P<0.01), significantly pos-
itively correlated with ketones (P<0.05), and significantly
negatively correlated with ethers and olefins (P<0.05).
Malic acid was significantly positively correlated with
esters (P<0.05), extremely significantly positively corre-
lated with alcohols (P<0.01), and significantly negatively
correlated with ethers and olefins (P<0.05).

Correlation analysis between endogenous hormones,
sugar and acid components and aroma substances in
grape fruits

The contents of sugar, organic acid and aroma substances
in ‘Chardonnay’ grape fruit were analyzed by principal
component analysis at 105 d after the initial flowering

means significant difference

(maturity stage). The results are shown in the following
table. It can be seen from Table 2 that three principal
components were extracted from ‘Chardonnay’ grapes,
and the Eigen value of each principal component were
greater than 1, and the cumulative variance contribution
rate of these three principal components was 96.82%,
indicating that the three principal components of wine
grape ‘Chardonnay’ can reflect all the information of
each index. Comprehensive evaluation of different con-
centrations of Pro-Ca treatment of ‘Chardonnay’ grapes,
according to the principle of high score and good treat-
ment effect, 600 mg-L™' Pro-Ca treatment was the best.
(Comprehensive score=variance contribution rate 1 X
FACl1+variance contribution rate 2 x FAC2+variance
contribution rate 3 X FAC3)
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Table 2 The principal component score table of Pro-Ca treatment on ‘Chardonnay’ grapes

Treatment FAC1 FAC2 FAC3 Comprehensive score Ranking
0(Control) -1.60 0.77 0.15 -1.18 5

200 mg - L-1Pro-Ca -0.10 -0.97 -1.49 -0.28 4

400 mg - L-1Pro-Ca 0.61 0.46 0.06 0.54 2

600 mg - L-1Pro-Ca 1.02 0.92 -0.04 091 1

800 mg - L-1Pro-Ca 0.07 -1.18 1.32 0.01 3

Eigen value 16.73 231 1.29

Variance contribution rate (%) 79.69 11.00 6.13

Cumulative variance proportion (%) 79.69 90.69 96.82

Discussions

The impact of pro-ca on endogenous hormones in
‘chardonnay’ grape berries

Plant endogenous hormones are trace organic substances
found in plants that play a role in cell growth, division,
and differentiation. They also regulate physiological pro-
cesses such as seed dormancy, fruit development, tissue
senescence, and stress resistance [24]. One of the sig-
nificant inhibitory effects of ABA on plant growth dur-
ing plant development is the acceleration of plant organ
abscission, which contradicts the effects of IAA, GA, and
ZT on plant growth [25].

The results demonstrated that, except for the 600
mgL™ Pro-Ca treatment, the ABA content in the fruits
of the other treatments was higher at 45 d and 85 d after
initial flowering. As the grape fruits approached maturity
in the late growth stage, the ABA content decreased. This
decrease can be attributed to the fact that ABA stimu-
lated cell division and meristem activity in the young
fruit stage and participated in the regulation of pigment
synthesis and color change during the color conver-
sion stage. In the later stage, the main processes of cell
division and differentiation were completed as the fruit
approached maturity, resulting in a decrease in ABA
content. Additionally, ABA can regulate cell division and
differentiation, as well as promote the synthesis of carot-
enoids, thus increasing the pigment content of plants [26,
27].

Furthermore, the application of 600 mgL"! Pro-Ca
treatment significantly reduced the ABA content in the
young fruit stage. However, at 65 d after initial flowering,
the ABA content was higher compared to 45 d after ini-
tial flowering. At fruit ripening (105 d after initial flow-
ering), there was no significant difference in fruit ABA
content compared to the control, indicating that 600
mg-L"! Pro-Ca treatment effectively promoted fruit rip-
ening, as evidenced by the color change observed at 65 d
after initial flowering. Previous studies have shown that
Pro-Ca treatment can promote fruit ripening and reduce
fruit drop in fruit trees, thereby increasing the fruit set-
ting rate. This effect may be related to the impact of Pro-
Ca on the endogenous ABA levels during the fruit setting
period [28, 29].

The results also indicated that the GA; content in
grapes was highest at 45 d after initial flowering, while
the IAA content was highest at the same interval. As the
fruit ripened, the contents of GA; and IAA gradually
decreased. Research has revealed that seeds produce a
substantial amount of gibberellin during the green fruit
stage, which is then transported to the nearby short
branches to inhibit the formation of flower buds and
retain nutrients for the normal growth of the fruit [30].
During the fruit expansion period, the synthesis and
transport activities of IAA were more active, promoting
the elongation and expansion of fruit cells [31]. Previ-
ous studies have demonstrated that Pro-Ca can sustain
the original activity level of gibberellin in plant tissues
for an extended period of time [32]. The results displayed
that Pro-Ca treatment significantly increased the con-
tents of GA; and IAA during fruit development. Garcia
R et al. [33] discovered that hormone treatments such as
GA; increased fruit endogenous hormones, resulting in
increased fruit yield and quality.

ZT is primarily stored in shoot tips, root tips, imma-
ture seeds, and growing fruits in plants. It possesses the
ability to promote cell division, delay senescence, and
prevent fruit drop [34]. The results revealed that the con-
tent of ZT was highest at 45 d after initial flowering, simi-
lar to the changing trend of GA;, and Pro-Ca treatment
significantly increased the content of ZT.

In addition, the correlation analysis of endogenous
hormones with sugar and acid components and aroma
substances in mature fruits showed that GA; was sig-
nificantly positively correlated with tartaric acid (P<0.01)
and shikimic acid (P<0.05). IAA was significantly posi-
tively correlated with oxalic acid and aldehydes (P<0.05),
and was significantly positively correlated with acids
(P<0.01). ZT was positively correlated with oxalic acid
(P<0.05). It shows that endogenous hormones in fruits
can regulate fruit sugar and acid accumulation and fruit
aroma substance content.

The impact of pro-ca on the sugar- acid metabolism of
‘chardonnay’ grape berries

The sugar and organic acid content of grape berries is
crucial for wine quality. Research indicates that in wine
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grapes, the majority of sugars are converted into alcohol,
while approximately 10% is transformed into lipids and
phenolic acids. Alterations in the types and quantities
of organic acids have an impact on the taste, color, and
stability of wine, as well as regulate the acid-base balance
[35]. Grape fruits contain soluble sugars such as glucose,
fructose, and sucrose, which play a crucial role in grape
fruit quality. Studies have revealed a gradual increase in
the content of glucose, fructose, and sucrose during the
maturation and development of grape fruits. During the
pre-ripening stage, grape metabolism primarily utilizes
hexose, whereas post-veraison, hexose is predominantly
accumulated [36]. The content of glucose, fructose,
and sucrose exhibits an upward trend as the fruits near
maturity, with fructose and glucose accumulating more
prominently compared to sucrose. Furthermore, the
application of Pro-Ca treatment can effectively enhance
the content of soluble sugars in fruits, suggesting its abil-
ity to stimulate sugar accumulation, which is attributed
to its promotion of plant photosynthesis. Increased pho-
tosynthesis benefits the accumulation of organic com-
pounds [37].

Enzymes such as sucrose synthase(SuSy), sucrose
phosphate synthase(SPS), acid invertase(Al), and neu-
tral invertase(NI)mainly regulate the conversion and
accumulation of sucrose, fructose, and glucose in plants
[38]. SuSy performs a dual function by participating in
both the synthesis and breakdown of sucrose. AI and NI
catalyze the hydrolysis of sucrose into glucose and fruc-
tose, whereas SPS facilitates the conversion of fructose
and glucose into sucrose [39]. The conversion direction
of SuSy relies on its phosphorylation state and is tradi-
tionally associated with its involvement in sucrose break-
down [40]. However, SuSy may also play a significant role
in sucrose synthesis in photosynthetic organs, which can
vary among different plant species [41]. Sucrose is a vital
product of plant photosynthesis and serves as a critical
means for long-distance carbohydrate transport [42].
Research indicates that SuSy and SPS are the primary fac-
tors contributing to sucrose synthesis in grapes, whereas
Al and NI are the key enzymes influencing fruit sweet-
ness [43]. During fruit growth and maturation, sucrose
synthase synthesis(SuSy-s)activity declines, SPS activity
remains relatively stable, but decreases during the ripen-
ing stage. NI and sucrose synthase cleavage(SuSy-c)activ-
ities gradually decrease, while Al activity increases as the
fruit develops, potentially linked to the accumulation of
fructose and glucose in ripe fruit. Throughout fruit rip-
ening, Al and NI display heightened activity, facilitating
the buildup of fructose and glucose in the fruit [44].

Organic acids play a crucial role in plants, particularly
in determining the taste, aroma, and overall quality of
fruits [45]. Grape fruits primarily contain tartaric acid
and malic acid as the primary organic acids [46].Malic
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acid is vital for fruit development, and its concentration
significantly influences the ultimate quality of the fruit
[47].Malic acid is closely associated with the conversion
of sugars during grape fruit ripening, serving as a carbon
source for sugar accumulation [48].Ripe grape fruits also
contain a significant amount of tartaric acid, while the
levels of citric acid and oxalic acid are relatively low [47].
Experimental findings indicate a gradual decrease in the
levels of tartaric acid, malic acid, and oxalic acid as the
fruit matures, alongside a corresponding slow increase
in citric acid content. As the fruit approaches ripening,
the order of organic acid content is as follows: tartaric
acid>malic acid > citric acid >oxalic acid. The application
of Pro-Ca treatment can effectively enhance the content
of tartaric acid, malic acid, citric acid, and oxalic acid in
grape fruits, particularly during the period when the fruit
is approaching ripeness. This suggests that Pro-Ca treat-
ment assists in facilitating the buildup of organic acids in
grape fruits. The accumulation of different organic acids
in fruits relies on the equilibrium between their synthesis,
breakdown, and utilization [49]. Tartaric acid, malic acid,
succinic acid, oxalic acid, and citric acid are the primary
organic acids that influence the flavor of grape fruits.
They are directly or indirectly regulated by key enzymes
such as phosphoenolpyruvate carboxylase(PEPC),
NADP-malate  enzyme(NADP-ME), NAD-isocitrate
dehydrogenase(NADP-IDH), cytoplasmic aconitic acid
enzyme(Cyt-ACO), NAD-malate dehydrogenase(NAD-
MDH), and citrate acid synthase(CS) [50]. Specifically,
enzymes like NAD-MDH and PEPC control the synthesis
of malic acid, whereas NADP-ME regulates its degrada-
tion [51]. During the ripening period, which occurs 105
d after the initial flowering, the activities of key enzymes
NAD-MDH and PEPC decrease. These enzymes play
a crucial role in controlling the synthesis of malic acid,
and their reduced activity results in a decrease in malic
acid synthesis. Conversely, the activity of NADP-ME, the
enzyme responsible for malic acid degradation, remains
steady throughout the ripening period. This suggests that
the degradation rate of malic acid in the fruit does not
change significantly. Citric acid is synthesized through
the production of oxaloacetic acid and the action of
citrate synthase [52]. Experimental results demonstrate
that the activities of CS and PEPC gradually decrease
as the fruit ripens. This decline is associated with CS’s
role in regulating the acid-base balance and enhancing
the fruit’s sweetness and aroma [53]. Previous studies
have indicated that Pro-Ca can influence the acid-sugar
balance in fruits by regulating source-sink balance and
nutrient allocation [28]. The findings of this study dem-
onstrate that the application of 600 mg-L! Pro-Ca treat-
ment can substantially boost the activity of enzymes
like PEPC, NADP-ME, NADP-IDH, Cyt-ACO, NAD-
MDH, and CS. This enhancement is advantageous for the
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accumulation of organic acids in fruits and the enhance-
ment of grape fruit quality.

The correlation analysis between the content of sugar
and acid components and aroma substances showed
that there was a certain correlation between the content
of sugar and acid components and different aroma sub-
stances. Soluble sugar was significantly positively corre-
lated with aldehydes, esters, phenols, acids, ketones and
terpenes (P<0.05), and extremely significantly positively
correlated with alcohols (P<0.01). Sucrose, glucose and
fructose were significantly positively correlated with
esters and alcohols (P<0.01), and significantly nega-
tively correlated with ethers and olefins (P<0.05). Citric
acid was significantly positively correlated with esters
and alcohols (P<0.01), significantly positively correlated
with ketones (P<0.05), and significantly negatively cor-
related with ethers and olefins (P<0.05). Malic acid was
significantly positively correlated with esters (2<0.05),
extremely significantly positively correlated with alcohols
(P<0.01), and significantly negatively correlated with
ethers and olefins (P<0.05). The study of Fan X et al. [54]
also showed that the synthesis of fruit aroma substances
was related to fruit sugar and organic acids. Therefore,
increasing the sugar and acid content of wine grape fruit
plays an important role in increasing the content of fruit
aroma substances, which can provide better raw materi-
als for wine making.

The impact of pro-ca on the volatile aroma compounds of
‘chardonnay’ grape berries

The GC-MS analysis detected a total of 36 volatile aroma
substances in this experiment. Varying concentrations of
Pro-Ca treatment led to variations in both the types and
concentrations of the detected aroma substances. Alco-
hol compounds are metabolic byproducts resulting from
the decomposition of sugars, decarboxylation, and deam-
ination of amino acids [55].Alcohol compounds produce
a distinct “heteroalcohol” aroma in red wine when their
concentration exceeds 400 mgL'; at concentrations
lower than this threshold, they contribute to a more
“complex” aroma [56].The experimental findings indicate
that Pro-Ca treatment enhances the diversity of alcohol
compounds in ‘Chardonnay’ grapes and significantly
boosts the overall alcohol content. Ester compounds are
formed through the condensation of alcohols and car-
boxylic acids. They belong to a group of volatile aromatic
compounds that constitute the primary components of
wine aroma and play a vital role in the winemaking pro-
cess. Moreover, they are the key contributing factors
to its flavor. Typically, small and medium-chain esters
exhibit a “fruity” aroma, while large-chain esters pos-
sess a “soapy” characteristic [57]. Seven ester compounds
were identified in the wine grapes during this experiment,
and Pro-Ca treatment resulted in an increase in both the
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variety and quantity of lipid compounds. Notably, Diethyl
Phthalate and Formic acid, ethenyl ester exhibited higher
concentrations among them. This observation aligns with
the general presence of ethyl acetate (resulting from the
condensation of ethanol and fatty acid) or ethyl ester
(arising from the condensation of ethanol and acetic
acid) in wines [56]. To summarize, the application of Pro-
Ca treatment affects the aroma profile of ‘Chardonnay’
grapes, leading to an increase in both the diversity and
concentration of alcohol and ester compounds. These
findings imply that Pro-Ca treatment could potentially
enhance the flavor and aroma characteristics of grapes.

Aldehyde and ketone compounds are a type of com-
pounds that contribute to the fruity aroma and can be
formed through the oxidation of alcohols. Nevertheless,
these compounds are prone to instability and subsequent
oxidation into carboxylic acids, resulting in a reduction
of their concentration [58]. During Pro-Ca treatment,
while there is a decrease in the variety of aldehyde and
ketone compounds, their content significantly rises in
each treatment group compared to the control group,
which is advantageous for the winemaking process. Ter-
penoids are commonly found in fruits as glycosides. In
the process of winemaking, they undergo hydrolysis by
acids or enzymes to generate free volatile compounds,
imparting a fruity and floral aroma to the wine. Terpe-
noids are crucial flavor components in wine, possessing
a low aroma threshold, whereby even at low concentra-
tions, they make a substantial contribution to the over-
all aroma of the wine [59]. This experiment identified
solely one terpenoid compound, namely Cyclohexanol,
5-methyl-2-(1-methylethyl)-, in the wine grapes; how-
ever, Pro-Ca treatment led to an elevation in the terpe-
noid content within the grapes. Phenolic substances
contribute significantly to the characteristics of wine,
influencing its appearance, astringency, taste, health
benefits, and serving as a key factor in the diversity of
wine flavors [60]. This experiment identified three types
of phenolic substances in wine grapes, namely Phenol,
4-ethyl-2-methoxy-, and Eugenol, with exclusive detec-
tion in the Pro-Ca treatment group. Notably, in the Pro-
Ca treatment group with a concentration of 600 mg-L'l,
the content of phenolic substances reached the highest
level, surpassing other treatment groups significantly.

Based on a comprehensive evaluation of the effects of
Pro-Ca treatment on the quality of wine grape fruit, the
most optimal concentration for foliar spraying is deter-
mined to be 600 mg-L ™" Pro-Ca. This conclusion is drawn
from the principal component analysis of the sugar,
organic acid, and aroma substance content of ‘Chardon-
nay’ grape fruit at 105 d after initial flowering (maturity
stage).
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Conclusions

The results demonstrate the effectiveness of Pro-Ca in
reducing ABA content during fruit development and
increasing the levels of ZT, GA;, and IAA. This treat-
ment promotes fruit ripening and enhances the activities
of enzymes involved in sugar and organic acid synthesis,
leading to higher sugar and organic acid content in the
fruit. Moreover, Pro-Ca treatment improves both the
variety and amount of fruit aroma substances, with the
best effect observed at a concentration of 600 mg-L™'.
Principal component analysis confirms that 600 mg-L ™!
Pro-Ca is the optimal concentration for foliar spraying.
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