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Abstract

In subtropical regions, the implementation of a two-crop-a-year cultivation system depends on local climatic conditions. Grape volatile
compounds vary greatly with the season, due to climate differences, which lead to extreme differences between summer grape fruits (SF) and
winter grape fruits (WF). In the present study, a gas chromatography-mass spectrometer (GC-MS) was used to analyze volatile compounds from
'‘Ruidu Kemei' grapes grown under the two-crop-a-year cultivation system. Results showed that fruits in summer and winter contained 620
volatile compounds in 15 categories. Among them, terpenoids constituted the largest group, with 122 metabolites, followed by 115 esters. This
indicated that the main volatile characteristic substances of 'Ruidu Kemei' were terpenoids and esters. Higher volatile compounds in SF might be
associated with higher active accumulated temperatures in the summer growing season. In addition, terpenoids, heterocyclic compounds, esters,
and aromatics showed greater differences than other compounds between SF and WF. Regarding terpenoids, WF exhibited superior perfor-
mance, while SF performed better in esters and aromatics. For WF, higher solar radiation intensity promoted the biosynthesis of terpenoids,
which lead to more floral characteristics than SF. According to the flavor omics analysis, 'Ruidu Kemei' was primarily characterized by green, fruity,
herbal, woody, sweet, floral, fresh, fatty, citrus, and earthy. In the SF, green and fruity flavors were more prominent, while floral was the dominant
fruity aroma in WF. This work provides new insights into the metabolism of volatiles in summer and winter grapes and reference for the selection
and promotion of varieties with suitable aromas for a two-crop-a-year cultivation system.
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Introduction

Grape (Vitis vinifera L.) is one of the most popular fruits in the
world. Table grapes account for approximately 36% of global
grape productionl'l. In China, table grapes account for 80% of
total grape production?l. In light of this, it is very important to
study the aroma of table grapes. The volatile compounds in
grapes affect sensory evaluation, which could be the reason
that consumers choose certain grapes over othersi34. Volatile
compounds in fruits are responsible for defining their aroma
and flavor. We can obtain grapes with distinct aromas and
characteristics for the varying volatile combinations and
concentrationsPl. Fruit volatile compounds are mainly com-
prised of esters, alcohols, aldehydes, ketones, lactones, terpe-
noids, and apocarotenoidsl®. Many factors affect volatile
composition, including the genetic diversityt”:8], viticultural
techniques(®1%, degree of maturity!, climatic conditionst11.12],
and postharvest storage conditions!*'3l, Among these factors,
climate conditions (sunlight, temperature, water status, etc.)
were often considered an important factor for grape volatile
compounds for the same cultivarl''l,

Light is the primary climatic factor affecting volatile composi-
tion. As we all know, intensity, quality, and photoperiod are the
main factors of light regulation('4l. Sunlight promotes the accu-
mulation of terpenoids and monoterpene, which are the typi-
cal aroma components in Muscat grapes'2. Modified canopy
management (basal leaf removal) and exposure to appropriate
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proportions of blue and red light were effective strategies to
improve the characteristic aromal'#'%l, Temperature is another
important climate factor affecting volatile composition. Gene-
rally, excessively high temperature is deemed to have negative
effects on fruit metabolism['®l. For example, high temperature
in the winter season inhibited most VWiCCDs expression than
in summer grape berries, which was associated with noriso-
prenoid accumulationl3l. Temperate zones are more conducive
to the formation of aroma substances!'’. Compared with
grapes grown under cool conditions, the same grape variety
presented a higher concentration of monoterpenes when cul-
tivated under warm conditions!'8l, The other factor that
influences grape development is water availability. Proper
water deficit has been proven to be available for increasing
the characteristic aroma contents, especially terpenes and
estersl920 Therefore, improving water use efficiency can
increase fruit flavor.

Different terrains forms different aroma characteristics. The
southern subtropical region of China was not a traditional viti-
cultural area due to the sticky rainy weather and inadequate
low-temperature accumulation32'l, With the application of
grape two-crop-a-year cultivation technology, the above-
mentioned problems have been conquered??, and Guangxi (a
province in southern China) has become a unique advantage
viticulture areal?l. Due to the plentiful sunlight and tempera-
ture accumulation, grape berries could be harvested twice a
year322 Summer grape fruits are the name of grapes
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harvested in the first growing season, while winter grape fruits
are the name of grapes harvested in the second growing
season!?4, 'Ruidu Kemei', breeding from a cross between ‘ltaly’
and 'Muscat Louis', is a new table grape variety appropriate to
two-crop-a-year cultivation(2526], At present, there are few
reports about grape volatiles under two-crop-a-year cultivation
systems. Recently, Lu et al. compared the volatile profiles of
'Riesling’, 'Cabernet Sauvignon', 'Victoria’, and 'Muscat
Hamburg' grape berries under two-crop-a-year cultivationt!.
However, knowledge about the volatile profiles of two-crop
grapes is still very rare. More work needs to be carried out to
establish the aroma substance characteristics, and to provide a
theoretical basis for improving aroma under two-crop-a-year
cultivation systems.

To distinguish grape volatiles under the two-crop-a-year
cultivation system, the volatiles in summer and winter berries
of 'Ruidu Kemei' were qualitatively and quantitatively analyzed
by headspace solid phase microextraction (HS-SPME) com-
bined with gas chromatography-mass spectrometry (GC-MS).
Meanwhile, two crops' volatiles were also conducted in rela-
tion to climate factors in the present study.

Materials and methods

Experimental vineyard and two-crop-a-year
viticulture practices

This experiment was conducted during two growing seasons
in 2022 on 3-year-old 'Ruidu Kemei' grapevines in the vine-
yards of the Grape and Wine Research Institute, Guangxi
Academy of Agricultural Sciences, located in Nanning, Guangxi
Province, China (22°36'39" N, 108°13'51" E). In this vineyard, the
vines were managed on a canopy frame with a single trunk
and were planted in north-south-oriented rows spaced 1.5 m
(between vines) x 2.5 m (between rows). Nutrition, pest, water,
and fertilizer management was carried out by uniform stan-
dards for two-crop-a-year as previously describedBl.

The key techniques of two-crop-a-year cultivation systems
was described by Cheng et al.l24. Summer grape fruits (SF) were
harvested on July 15th, and winter grape fruits (WF) were
harvested on December 31st.

Berry sampling and meteorological data
collection

Six vines for sampling were chosen based on their relatively
consistent growth status. Six biological replicates were con-
ducted in this study, and each biological replicate comprised 90
berries from six clusters of different vines, then sampled berries
of each biological replicate were mixed and put into a 50 mL
centrifuge tube, and immediately frozen in liquid nitrogen, and
stored at —80 °C until needed.

Temperature (°C), relative humidity (%), and solar radiation
intensity (W/m2) were acquired according to Cheng et al.l24l,
Growing degree days (base 10 °C) were calculated from bloom
to harvest according to Bindi et al.27],

Volatile metabolome methods

Sample preparation and treatment

Samples of each biological replicate were ground to powder
in liquid nitrogen, and 500 mg powder was transferred imme-
diately to a 20 mL head-space vial (Agilent, Palo Alto, CA, USA),
containing NaCl-saturated solution, to inhibit any enzyme
reaction. The vials were sealed using crimp-top caps with
TFE-silicone headspace septa (Agilent). At the time of SPME
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analysis, each vial was placed at 60 °C for 5 min, then a 120 um
DVB/CWR/PDMS fiber (Agilent) was exposed to the headspace
of the sample for 15 min at 60 °C.

GC-MS conditions

After sampling, desorption of the VOCs from the fiber coa-
ting was carried out in the injection port of the GC apparatus
(Model 8890; Agilent) at 250 °C for 5 min in the splitless mode.
The identification and quantification of VOCs was carried out
using an Agilent Model 8890 GC and a 7000D mass spectrome-
ter (Agilent), equipped with a 30 m X 0.25 mm x 0.25 um DB-
5MS (5% phenyl-polymethylsiloxane) capillary column. Helium
was used as the carrier gas at a linear velocity of 1.2 mL/min.
The injector temperature was kept at 250 °C and the detector at
280 °C. The oven temperature was programmed from 40 °C
(3.5 min), increasing at 10 °C/min to 100 °C, at 7 °C/min to
180 °C, at 25 °C/min to 280 °C, hold for 5 min. Mass spectra was
recorded in electron impact (El) ionization mode at 70 eV.
The quadrupole mass detector, ion source, and transfer line
temperatures were set, respectively, at 150, 230, and 280 °C.
The MS with selected ion monitoring (SIM) mode was used for
the identification and quantification of analytes.

Statistical analysis

Principal component analysis (PCA)

Unsupervised PCA was performed by the statistics function
prcomp within R (www.r-project.org). The data was unit
variance scaled before unsupervised PCA.

Hierarchical Cluster Analysis (HCA) and Pearson
correlation coefficients

The HCA results of samples and metabolites were presented
as heatmaps with dendrograms, while Pearson correlation coe-
fficients (PCC) between samples were calculated by the cor
function in R and presented as only heatmaps. Both HCA and
PCC were carried out by the R package ComplexHeatmap. For
HCA, normalized signal intensities of metabolites (unit variance
scaling) are visualized as a color spectrum.

Differential metabolites selected

For two-group analysis, differential metabolites were deter-
mined by VIP (VIP > 1) and absolute Log,FC (|Log,FC| = 1.0). VIP
values were extracted from OPLS-DA results, which also contain
score plots and permutation plots, and was generated using R
package MetaboAnalystR. The data was log transform (log) and
mean centering before OPLS-DA. To avoid overfitting, a permu-
tation test (200 permutations) was performed.

Kyoto Encyclopedia of Genes and Genomes (KEGG)
annotation and enrichment analysis

Identified metabolites were annotated using the KEGG Com-
pound database (www.kegg.jp/kegg/compound, accessed on
April 21, 2022), annotated metabolites were then mapped to
the KEGG Pathway database (www.kegg.jpkegg/pathway.html,
accessed on April 2nd, 2022). Pathways with significantly regu-
lated metabolites mapped then fed into MSEA (metabolite sets
enrichment analysis), their significance was determined by
hypergeometric test's p-values.

Results

Meteorological data

Volatiles in grape berries were affected by meteorological
parameters under the double cropping system!3, Significant
differences in meteorological parameters between the two
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crop growing seasons are shown in Table 1. The summer
growing season was from 1 March to 15 July, and the winter
growing season was from 1 September to 31 December. In the
present study, the active accumulated temperatures for both
growing seasons were greater than 3,100 °C (Table 1), meaning
that the active accumulated temperatures were sufficient to
guarantee normal grape maturity!28l, The active accumulated
temperature, the effective accumulated temperature, and the
daily average temperature for the summer growing season was
higher than those of the winter growing season. However,
there were 83.33 h of high temperatures over 35 °C during the
summer growing season, which was less than the winter
growing season (127.17 h). Moreover, the relative humidity
during the summer growing season showed a higher value
than the winter growing season. For the solar radiation inten-
sity and cumulative solar radiation, the winter growing season
was higher than the summer growing season.

Table 1. Phenology and climatic factors during the two crop-growing
seasons in Nanning (China) in 2022.
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Overview of the volatile compounds of summer
fruit and winter fruit

To figure out the difference between SF and WF, volatile
metabolite analysis was applied in this study. A total of 620
metabolites in 15 categories were detected, including 122
terpenoids, 115 esters, 99 heterocyclic compounds, 60 hydro-
carbons, 52 ketones, 48 alcohols, 47 aldehydes, 31 aromatics,
11 amines, 11 acids, eight phenols, seven nitrogen compounds,
three halogenated hydrocarbons, two sulfur compounds, and
four others (Fig. 1a, Supplementary Table S1). There was no
difference between SF and WF for 12 categories (Fig. 1b). WF
had more terpenoids and heterocyclic compounds than SF.
Conversely, SF had more esters (Fig. 1b).

For the relative metabolite contents, it was found that the
metabolites were divided into two clusters, and significant
differences could be observed in the substances between SF
and WF. The metabolite relative contents in Cluster | were
higher in SF, while WF exhibited higher relative contents in
Cluster Il metabolites (Fig. 1c). Phenols showed little difference

Meteorological data summer Winter between SF and WF, but SF was richer in the 14 other cate-
ih$"°$%é) ! "3’)‘2;3?;”' 15 2”194‘93918'3“ gories than that of WF (Fig. 1d).
ctive , . N B . . . .
Effective T (°C) 2023.53 1.769.98 SF and. WF were eV|de.ntIy .dlstln.gm.shed by PCA (Fig. 2a), the
Average daily temperature (°C) 24.78 21.92 explanation rate of the first five principal components reached
High temperature (> 35 °C) (°C) 83.33 127.17 87.1% (Fig. 2b). The cluster dendrogram divided SF and WF into
Relative humidity (%) 86.94 80.78 two groups, which was consistent with PCA (Fig. 2¢). The results
Solar radiation Intensity (W/m?) 93.86 108.65 indicated that the volatile compounds differed greatly between
Cumulative solar radiation (W/m?) 3,703,264.3 3,805,233.3 SE and WEF.
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analysis (HCA). (d) The relative content of classified metabolites for SF & WF.
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Analysis of differential volatile compounds

To better distinguish volatile compounds between summer
fruits and winter fruits, metabolites with fold change =2 and
fold change < 0.5 were selected as significant differences. The
comparison SF_vs_WF showed a total of 143 different metabo-
lites accounted for 23.18 % of the total detected substances,
including 85 up-regulated metabolites and 58 down-regulated
metabolites (Fig. 3a). The metabolites with a higher number for
up-regulated were terpenoids, ketone, hydrocarbons, ester,
aldehyde, alcohol, halogenated hydrocarbons, acids, and
others (Fig. 3b). The metabolites with a higher number for
down-regulated were amine, aromatics, nitrogen compounds,
phenol, and heterocyclic compounds. It's worth noting that no
sulfur compounds showed a statistically significant difference
between SF and WF (Fig. 3a & b). For relative content, terpe-
noids, heterocyclic compounds, esters, and aromatics showed
greater difference than other compounds (Fig. 3c).

To determine the metabolites with large differences for the
SF_vs_WF comparison, a list of the top 20 substances using
Log,FC was made, including 10 up-regulation substances and
10 down-regulation substances (Fig. 3d). There were obvious
distinctions between the SF and WF. The top 20 substances
using Log,FC contained five categories: terpenoids (8), aroma-
tics (4), heterocyclic compounds (3), esters (3), and ketones (2).
The top 10 up-regulation substances contained seven terpe-
noids, one aromatic, one heterocyclic compound, one ketone,
while three esters, three aromatics, two heterocyclic com-
pounds, and one ketone in the top 10 down-regulation sub-
stances. These results suggested that, for the top 20 substances

a 2D PCA plot

Volatile substances of grapes under the two-crop-a-year cultivation system

using Log,FC, terpenoids were mainly up-regulated in WF,
while esters and aromatics were up-regulated in SF. Specifically,
the up-regulated and down-regulated substances with the
largest Log,FC for SF_vs_WF comparison were [1a,4a0,8aa]-
1,2,4a,5,6,8a-hexahydro-4-7-dimethyl-1-[1-methylethyllnaph-
thalene (terpenoid) and 3-Hexen-1-ol, acetate, (Z)-(ester).

KEGG enrichment analysis of differential volatile
compounds

Fourty-nine of the 620 metabolites were annotated to
20 KEGG pathways (Supplementary Table S2). Additionally, 13
differential volatile compounds out of 143 differential volatile
compounds between SF and WF were primarily annotated
and enriched in the following seven pathways: biosynthesis
of secondary metabolites, metabolic pathways and sesqui-
terpenoid and triterpenoid biosynthesis, monoterpenoid bio-
synthesis, limonene and pinene degradation, terpenoid back-
bone biosynthesis, and a-Linolenic acid metabolism (Fig. 4a & b;
Table 2). Among them, the top three KEGG pathway types were
biosynthesis of secondary metabolites, metabolic pathways
and sesquiterpenoid, and triterpenoid biosynthesis, account-
ing for 53.85%, 46.15%, and 38.46% of the total differential
volatile compounds annotated in KEGG respectively (Fig. 4a).
KEGG annotations and enrichment showed that sesquiter-
penoid and triterpenoid biosynthesis, monoterpenoid biosyn-
thesis, limonene and pinene degradation were the main KEGG
pathways for the differential volatile compounds between SF
and WF (Fig. 4b). Significantly except sesquiterpenoid and
triterpenoid biosynthesis, the other six pathways were mainly
down-regulated (Table 2). These 13 differential volatile
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compounds were nine terpenoids, three aldehydes, and one
ester (Table 2). Only four terpenoids were more in WF when
compared with SF, including (E)-f-Famesene, Naphthalene,
1,2,3,5,6,8a-hexahydro-4,7-dimethyl-1-(1-methylethyl)-, (1s-
cis)-, o-Farnesene, and (E)-1-Methyl-4-(6-methylhept-5-en-2-
ylidene)cyclohex-1-ener (Table 2). All the remaining nine diffe-
rential volatile compounds were less in WF than in SF (Table 2).

Flavor omics analysis of differential volatile
compounds

One hundred and fourty-three differential volatile com-
pounds were annotated to 159 sensory flavors (Supplementary
Table S3). The top 10 sensory flavors with the highest number
of annotations were green (23), fruity (21), herbal (14), woody
(14), sweet (13), floral (9), fresh (8), fatty (8), citrus (8), and earthy
(7) (Fig. 5a), which were the most important sensory flavors for
SF and WF. The top 10 differential volatile compounds with
high numbers of sensory flavor features annotation were
Hexanoic acid, propyl ester (Ester), 3-Hexen-1-ol,acetate,(Z)-
(Ester), Butanoic acid,hexyl ester (Ester), Butanoic acid, octyl
ester (Ester), Fenchone (Terpenoids), Isocyclocitral (Aldehyde),
Pyrazine, 2-methyl-5-(1-methylethyl)-(Heterocyclic compound),
Heptanal (Aldehyde), and Geranyl isobutyrate (Ester), which
were the most important differential volatile compounds of
sensory flavors for SF and WF (Fig. 5b).

Compared with WF, SF mainly showed green, fruity, herbal,
woody, sweet, and earthy, the relevant substances were
Hexanoic acid, propyl ester (Ester), 3-Hexen-1-ol,acetate,(Z)-
(Ester), Butanoic acid,hexyl ester (Ester), Butanoic acid,octyl
ester (Ester), Fenchone (Terpenoids), Isocyclocitral (Terpenoids),
Pyrazine, 2-methyl-5-(1-methylethyl)-(Terpenoids), etc (Fig. 5b).

Yu et al. Fruit Research 2024, 4: e035

WF mainly showed more floral, fresh, fatty, and citrus than
SF, according to a higher number of up-regulated metabolites
for SF_vs_WF comparison, including 2-Undecenal,E-(Aldehyde),
2-Octen-1-ol,(E)-(Alcohol), 2-Dodecenal,(E)-(Aldehyde), (E)-p-
Famesene (Terpenoids), etc (Fig. 5b).

Discussion

Meteorological data differ greatly between the two crop
seasons in Guangxi (China). The active accumulated tempera-
ture, the effective accumulated temperature, the daily average
temperature, and the relative humidity for the summer gro-
wing season were higher than those of the winter growing
seasonB2429 which were in line with the present research.
However, there were more hours of high temperatures over
35 °C in the winter growing season than that in the summer
growing season. This result is the opposite of other study
findings324l. Consistently with previous studies2429, the solar
radiation intensity and cumulative solar radiation was higher in
the winter growing season. According to the results of this
research and literary references, meteorological data for two
crop seasons varies by year.

In the present research, 620 volatile compounds in 15 catego-
ries were detected in summer and winter fruits, including 122
terpenoids, 115 esters, 99 heterocyclic compounds, 60 hydro-
carbons, 52 ketones, 48 alcohols, 47 aldehydes, 31 aromatics,
11 amines, 11 acids, eight phenols, seven nitrogen compounds,
three halogenated hydrocarbons, two sulfur compounds, and
four others. These results indicated that terpenoids were the
main volatile characteristic substances of 'Ruidu Kemei',
followed by esters. It has been confirmed that terpenoids were
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Fig. 4 The classification of the KEGG enrichment pathway. (a) KEGG enrichment analysis of differential volatile compounds. (b) KEGG
annotations and enrichment of differential volatile compounds for SF_vs_WF comparison.

Table2. KEGG functional annotation and enrichment of differential volatile compounds between SF and WF.

Formula Compounds KEGG_pathway Class Odor SF vs WF
CyoHi80 L-a-Terpineol Metabolic pathways, Biosynthesis of secondary ~ Terpenoids Lilac, floral, terpenic Down
metabolites, Monoterpenoid biosynthesis
C,HgO BenzAldehyde Metabolic pathways Aldehyde  Sweet, bitter,almond,  Down
cherry
CgHgO BenzAldehyde, 2-methyl- Metabolic pathways Aldehyde  Mild floral, sweet Down
CyoH180 Bicyclo[3.1.0]hexan-2-ol, Metabolic pathways, Biosynthesis of secondary  Terpenoids  Balsam Down
2-methyl-5-(1-methylethyl)-, metabolites, Monoterpenoid biosynthesis
(Ta,26,50)-
Ci5Hay Naphthalene, 1,2,3,5,6,8a- Metabolic pathways, Biosynthesis of secondary  Terpenoids  Thyme, herbal, woody, Up
hexahydro-4,7-dimethyl-1-(1- metabolites, Sesquiterpenoid and triterpenoid dry
methylethyl)-, (15-cis)- biosynthesis
C;HgO, 2-hydroxy-BenzAldehyde Metabolic pathways Aldehyde  Medical, spicy, cinmon, Down
wintergreen, cooling
CgH140, 3-Hexen-1-ol, acetate, (2)- Biosynthesis of secondary metabolites, a- Ester Fresh, green, sweet, Down
Linolenic acid metabolism fruity, ba--, apple,
grassy
CisHoy o-Farnesene Biosynthesis of secondary metabolites, Terpenoids  Citrus, herbal, Up
Sesquiterpenoid and triterpenoid biosynthesis lavender, bergamot,
myrrh, neroli, green
CisHay (E)-1-Methyl-4-(6-methylhept-5-  Biosynthesis of secondary metabolites, Terpenoids — Up
en-2-ylidene)cyclohex-1-ene Sesquiterpenoid and triterpenoid biosynthesis
Cy5H,4,0 2,6,10-Dodecatrienal, Biosynthesis of secondary metabolites, Terpenoids — Down
3,7,11-trimethyl-, (E,E)- Terpenoid backbone biosynthesis,
Sesquiterpenoid and triterpenoid biosynthesis
Ci5Hay (E)-B-Famesene Sesquiterpenoid and triterpenoid biosynthesis ~ Terpenoids  Woody, citrus, herbal, Up
sweet
CyoH:60 Bicyclo[3.1.1]hept-2-ene-2- Limonene and pinene degradation Terpenoids  Woody, minty Down
methanol, 6,6-dimethyl-
CyoH:60 3-Oxatricyclo[4.1.1.0(2,4)Joctane, Limonene and pinene degradation Terpenoids  Green Down

2,7,7-trimethyl-

— indicates no annotation of substance.
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Fig.5 (a) Radar map for analysis of differential metabolite sensory flavor characteristics. (b) Sankey diagram of flavor omics.

the characteristic aroma components of muscat flavored varie-
ties, which was consistent with the present study3%,

Grape cultivation in the field was greatly impacted by climate
conditions. Berries were influenced greatly by their growing
environment in terms of chemical composition. Due to varia-
tions in climate between the summer and winter growing
seasons, the most important metabolites of grapes perform
differently under a two-crop-a-year cultivation system, such as
flavonoids(2429, phenols, carotenoids[?8], and volatilesi®]. The
present study showed clear differences in the concentration of
volatile compounds in response to meteorological data for two
crop seasons, which verified the findings of previous researchl3],
while the compounds of volatiles mainly remained similar for
the volatile compounds depending largely on the genotype of
the grape cultivar rather than the growing environment(''l,
However, when compared with WF, higher volatile compound
concentration was observed in berries of summer, which would
be caused by more hours of high temperatures over 35 °C
during the winter growing season. Generally, lower tem-
peratures were conducive to the accumulation of aromatic
substances. Furthermore, this data appears to be related to the
higher active accumulated temperatures in the summer
growing season, which favored the grape ripening and volatile
accumulation in the grape berries['031],

To determine the distinction of volatile compounds between
summer fruits and winter fruits, 143 significant different meta-
bolites were selected. For number and relative content, terpe-
noids, heterocyclic compound, ester and aromatics showed
greater differences than other compounds. In particular, for
the top 20 substances using Log,FC, terpenoids (such as
[1a,4aa,8aa]-1,2,4a,5,6,8a-hexahydro-4-7-dimethyl-1-[1-
methylethyllnaphthalene) were mainly up-regulated in WF,
while esters (such as 3-Hexen-1-ol, acetate, (Z)-) and aromatics
(such as Benzene, (1-methoxypropyl)-) were up-regulated in SF,
since heat and sunlight stress can reduce the aromatic content

Yu et al. Fruit Research 2024, 4: e035

of grapes, while less solar radiation intensity favored the higher
level of aromaticst. The most likely precursors for the esters
were lipids and amino acids. Their metabolism during ripening
will therefore play an important role in determining both the
levels and types of esters formedB2., It has been reported that
cluster sunlight exposure in viticulture in dry-hot climates
caused a notable decrease in esters, including ethyl hexanoate
and hexyl acetatel’], Sunlight was advantageous for accumu-
lating terpenoidst], the activation of terpene synthase genes
(WTPS54 and WWTPS56) and the synthesis of carotenoids in
grapes, subsequently leading to the accumulation of terpe-
noids and norisoprenoids3334, As reported, higher solar radia-
tion intensity and cumulative solar radiation enhanced accu-
mulation of terpenes!l'2. Zhang et al. indicated that WDXS2 and
VWDXR were partially linked to differential terpene accumula-
tion for different illumination conditionsB°l. Sun et al. found
that grape berries grown in rain shelters contain lower levels
of terpenoids and norisoprenoids during development, possi-
bly as a result of less light, inhibiting isoprenoids during
development!'%, In this study, more hours of high tempera-
tures over 35 °C in the winter growing season than that in the
summer growing season, higher solar radiation intensity, and
cumulative solar radiation still promoted sesquiterpenoid and
triterpenoid biosynthesis, monoterpenoid biosynthesis, limo-
nene, and pinene degradation (Fig. 4b). These results recon-
firmed that the increased light exposure was beneficial for
terpene accumulation, which could infer that the negative
effect of the elevated berry temperature might be surpassed by
the beneficial effect of increased synthesis of terpenes induced
by light. However, Friedel et al. made an opposite judgment(33I,
Thus, grape cultivars might respond differently to climate. In
summary, for 'Ruidu Kemei', WF performed better in terpe-
noids, whereas SF displayed better in esters and aromatics.
Based on previous studies of other grape varietiest], it could
be concluded that WF probably always forms higher
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concentrations of terpenes than SF under a two-crop-a-year
cultivation system in the Guangxi region of South China, which
has a typical subtropical humid monsoon climate.

Among other qualities, aroma flavor contributes to
consumers' acceptance of table grapes%. Table grapes' flavor
was generally determined by their free volatiles since they were
directly detectable and tasteablel3¢. Flavors varied from diffe-
rent ingredients and different concentrations of volatile sub-
stances. In the present study, the different relative content of
volatile substances was the reason for the different flavors of
grapes in two growing seasons. Fruit aroma profile visually
displayed that the most important sensory flavors for 'Ruidu
Kemei' were green, fruity, herbal, woody, sweet, floral, fresh,
fatty, citrus, and earthy. Green and fruity were the most critical
aroma for 'Ruidu Kemei', due to most volatiles annotated.
Green, fruity, herbal, woody, sweet, and earthy were more
prominent in the SF, the relevant substances were Hexanoic
acid, propyl ester, 3-Hexen-1-ol,acetate,(Z)-, Butanoic acid,hexyl
ester, Butanoic acid, octyl ester, Fenchone, Isocyclocitral,
Pyrazine, 2-methyl-5-(1-methylethyl)-, etc (Fig. 5b). Compared
with SF, for WF, floral was the most prominent fruit smell,
followed by fresh and fatty smell, and then citrus smell, the
metabolites with the greatest contribution were 2-Undecenal,
E-, 2-Octen-1-ol,(E)-, 2-Dodecenal,(E)-, (E)-f-Famesene, etc
(Fig. 5b). In general, seasonal differences can be observed in
the sensory properties of grape berries from the same
varietyB7). Floral dominated in WF for performing better in
terpenoids than SF. Due to their association with floral scents,
terpenoids may attract appropriate pollinators and facilitate
reproduction37],

Conclusions

In the present research, 620 volatile compounds in 15 cate-
gories were detected in summer and winter fruits by a GC-
MS/MS-based metabolomics approach. Terpenoids were the
main volatile characteristic substances of 'Ruidu Kemei',
followed by esters. Meteorological data for two crop seasons
varied by years. The variational climatic factors in the summer
and winter growing seasons were responsible for the diffe-
rence in volatile metabolites between the two crops of grapes.
Compared with the WF, higher active accumulated tempera-
tures in the summer growing season contributed to higher
volatile compound concentration in SF. Moreover, terpenoids,
heterocyclic compounds, esters, and aromatics showed greater
differences than other compounds between SF and WF. In
addition, it was demonstrated that the winter cropping cycle
promoted the biosynthesis of terpenoids by higher solar
radiation intensity and cumulative solar radiation, which lead to
more floral fruit smell than SF. On the contrary, more esters and
aromatics were observed in SF in response to less solar radia-
tion intensity, cumulative solar radiation and higher active
accumulated temperatures in the summer growing season.
Flavor omics analysis presented that the most important
sensory flavors for 'Ruidu Kemei' were green, fruity, herbal,
woody, sweet, floral, fresh, fatty, citrus, and earthy. Green and
fruity were the most critical aroma for 'Ruidu Kemei', due to the
most volatiles annotated. Green, fruity, herbal, woody, sweet,
and earthy were more prominent in the SF. Floral was the most
prominent fruit smell in WF. Clarification the characteristics of
aroma substances of grape berries in two growing seasons can
provide a basis for the scientific control of grape aroma, the
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improvement of grape quality, and the optimization of grape
cultivation technology.

Author contributions

The authors confirm contribution to the paper as follows:
study conception and design: Guo R, Lin L, Zhang Y; data collec-
tion: Lin L, Yu H, Liu J, Shi X; analysis and interpretation of
results: Yu H, Huang G; draft manuscript preparation: Yu H;
review & editing, project administration and funding acquisi-
tion: Guo R, Lin L. All authors reviewed the results and
approved the final version of the manuscript.

Data availability

All data generated or analyzed during this study are included
in this published article and its supplementary information files.

Acknowledgments

This work was supported by grants from the Guangxi Key
Research and Development Program (GuikeAB19245031), the
special project for basic scientific research of Guangxi Academy
of Agricultural Sciences (Guinongke2021YT127 & Guinongke
2023YM111).

Conflict of interest

The authors declare that they have no conflict of interest.

Supplementary information accompanies this paper at
(https://www.maxapress.com/article/doi/10.48130/frures-0024-
0029)

Dates

Received 29 May 2024; Revised 11 July 2024; Accepted 31
July 2024; Published online 4 November 2024

References

1. Romero |, Vazquez-Hernandez M, Maestro-Gaitan |, Escribano M,
Merodio C, et al. 2020. Table grapes during postharvest storage: a
review of the mechanisms implicated in the beneficial effects of
treatments applied for quality retention. International Journal of
Molecular Sciences 21(23):9320

2. WuY,Duan§S, Zhao L, Gao Z, Luo M, et al. 2016. Aroma characteri-
zation based on aromatic series analysis in table grapes. Scientific
Reports 6:31116

3. LuHC, Chen WK, Wang Y, Bai XJ, Cheng G, et al. 2021. Effect of the
seasonal climatic variations on the accumulation of fruit volatiles
in four grape varieties under the double cropping system. Fron-
tiers in Plant Science 12:809558

4. Ubeda C, Cortiella MGl, Villalobos-Gonzalez L, Gémez C, Pastenes
C, et al. 2020. Ripening and storage time effects on the aromatic
profile of new table grape cultivars in Chile. Molecules 25:5790

5. Xu XQ, Liu B, Zhu BQ, Lan YB, Gao Y, et al. 2015. Differences in
volatile profiles of Cabernet Sauvignon grapes grown in two
distinct regions of China and their responses to weather condi-
tions. Plant Physiology and Biochemistry 89:123-33

6. El Hadi MAM, Zhang FJ, Wu FF, Zhou CH, Tao J. 2013. Advances in
fruit aroma volatile research. Molecules 18(7):8200-29

7. YangC,WangY, Liang Z, Fan P, Wu B, et al. 2009. Volatiles of grape
berries evaluated at the germplasm level by headspace-SPME with
GC-MS. Food Chemistry 114:1106—14

Yu et al. Fruit Research 2024, 4: e035


https://www.maxapress.com/article/doi/10.48130/frures-0024-0029
https://www.maxapress.com/article/doi/10.48130/frures-0024-0029
https://www.maxapress.com/article/doi/10.48130/frures-0024-0029
https://www.maxapress.com/article/doi/10.48130/frures-0024-0029
https://www.maxapress.com/article/doi/10.48130/frures-0024-0029
https://doi.org/10.3390/ijms21239320
https://doi.org/10.3390/ijms21239320
https://doi.org/10.1038/srep31116
https://doi.org/10.1038/srep31116
https://doi.org/10.3389/fpls.2021.809558
https://doi.org/10.3389/fpls.2021.809558
https://doi.org/10.3390/molecules25245790
https://doi.org/10.1016/j.plaphy.2015.02.020
https://doi.org/10.3390/molecules18078200
https://doi.org/10.1016/j.foodchem.2008.10.061

Volatile substances of grapes under the two-crop-a-year cultivation system

8.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Chen H, Zhang Z, Zhang L, Bai S, Ning P, et al. 2024. Comparative
analysis of the evolution of green leaf volatiles and aroma in six
Vitis vinifera L. cultivars during berry maturation in the Chinese
Loess Plateau region. Foods 13(8):1207

Scafidi P, Pisciotta A, Patti D, Pasquale T, Di Rosario L, et al. 2013.
Effect of artificial shading on the tannin accumulation and
aromatic composition of the Grillo cultivar (Vitis vinifera L.). BVIC
Plant Biology 13:175

Sun Q, Zhao Y, Zhu S, Du F, Mao R, et al. 2022. Rain-shelter cultiva-
tion affects the accumulation of volatiles in 'Shuijing' grape berries
during development. HortScience 57(8):877—88

Xie S, Lei Y, Wang Y, Wang X, Ren R, et al. 2019. Influence of conti-
nental climates on the volatile profile of Cabernet Sauvignon
grapes from five Chinese viticulture regions. Plant Growth Regula-
tion 87:83-92

Rodriguez-Lorenzo M, Mauri N, Royo C, Rambla JL, Diretto G, et al.
2023. The flavour of grape colour: anthocyanin content tunes
aroma precursor composition by altering the berry microenviron-
ment. Journal of Experimental Botany 74(20):6369-90

Mencarelli F, Bellincontro A. 2020. Recent advances in postharvest
technology of the wine grape to improve the wine aroma. Journal
of the Science of Food and Agriculture 100(14):5046—55

Ding S, Su P, Wang D, Chen X, Tang C, et al. 2023. Blue and red
light proportion affects growth, nutritional composition, antioxi-
dant properties and volatile compounds of Toona sinensis sprouts.
LWT 173:114400

He L, Xu XQ, Wang Y, Chen WK, Sun RZ, et al. 2020. Modulation of
volatile compound metabolome and transcriptome in grape
berries exposed to sunlight under dry-hot climate. BMC Plant Bio-
logy 20:59

Pons A, Allamy L, Schiittler A, Rauhut D, Thibon C, et al. 2017. What
is the expected impact of climate change on wine aroma
compounds and their precursors in grape? OENO One 51:141-46
Gonzalez-Barreiro C, Rial-Otero R, Cancho-Grande B, Simal-
Gandara J. 2015. Wine aroma compounds in grapes: a critical
review. Critical Reviews in Food Science and Nutrition 55(2):202—18
Reynolds AG, Wardle DA, Dever M. 1996. Vine performance, fruit
composition, and wine sensory attributes of gewdlrztraminer in
response to vineyard location and canopy manipulation. American
Journal of Enology and Viticulture 47(1):77-92

Kovalenko Y, Tindjau R, Madilao LL, Castellarin SD. 2021. Regu-
lated deficit irrigation strategies affect the terpene accumulation
in Gewurztraminer (Vitis vinifera L.) grapes grown in the Okanagan
Valley. Food Chemistry 341:128172

Leng F, Zhou J, Wang C, Sun L, Zhang Y, et al. 2022. Post-veraison
different frequencies of water deficit strategies enhance Reliance
grapes quality under root restriction. Food Chemistry 390:133181
Khalil-Ur-Rehman M, Wang W, Dong Y, Faheem M, Xu Y, et al. 2019.
Comparative transcriptomic and proteomic analysis to deeply
investigate the role of hydrogen cyanamide in grape bud
dormancy. International Journal of Molecular Sciences 20:3528

Lu G, Zhang K, Que Y, Li Y. 2023. Grapevine double cropping: a
magic technology. Frontiers in Plant Science 14:1173985

Guo R, Wang B, Cheng G, Lin L, Cao X, et al. 2016. Research
advances in regionalization for two-crop-a-year grape cultivation
in China. Journal of Southern Agriculture 47:2091-97

Cheng G, Zhou S, Liu J, Feng Q, Wei R, et al. 2023. Widely targeted
metabolomics provides new insights into the flavonoid

Yu et al. Fruit Research 2024, 4: e035

25.

26.

27.

28.
29.
30.
31.
32.

33.

34.
35.

36.

37.

Fruit
Research

metabolism in 'Kyoho' grapes under a two-crop-a-year cultivation
system. Horticulturae 9(2):154

Li F, Jia J, Song X, Liu X, Zhu X, et al. 2021. Selection of grape varie-
ties suitable for double cropping a year in northern greenhouse.
Agricultural Biotechnology 10(5):5-11

Ma Y, Gao Z, Du W, Xie F, Ren G, et al. 2023. Integrated
metabolomic and transcriptomic analyses reveal that bagging
delays ripening of 'Ruidu Kemei' grape berries. Scientia Horticul-
turae 317:112058

Bindi M, Miglietta F, Gozzini B, Orlandini S, Seghi L. 1997. A simple
model for simulation of growth and development in grapevine
(Vitis vinifera L.) Il. model validation. Vitis 36:73-76

Cheng G, Zhou S, Zhang J, Huang X, Bai X, et al. 2019. Comparison
of transcriptional expression patterns of phenols and carotenoids
in 'Kyoho' grapes under a two-crop-a-year cultivation system. PLoS
ONE 14(1):e0210322

Chen WK, Bai XJ, Cao MM, Cheng G, Cao XJ, et al. 2017. Dissecting
the variations of ripening progression and flavonoid metabolism
in grape berries grown under double cropping system. Frontiers in
Plant Science 8:1912

Wang H, Wang X, Yan A, Liu Z, Ren J, et al. 2023. Metabolomic and
transcriptomic integrated analysis revealed the decrease of
monoterpenes accumulation in table grapes during long time low
temperature storage. Food Research International 174:113601
Alessandrini M, Gaiotti F, Belfiore N, Matarese F, D'Onofrio C, et al.
2017. Influence of vineyard altitude on Glera grape ripening (Vitis
vinifera L.): effects on aroma evolution and wine sensory profile.
Journal of the Science of Food and Agriculture 97(9):2695-705
Beekwilder J, Alvarez-Huerta M, Neef E, Verstappen FWA,
Bouwmeester HJ, et al. 2004. Functional characterization of
enzymes forming volatile esters from strawberry and banana.
Plant Physiology 135(4):1865—-78

Friedel M, Frotscher J, Nitsch M, Hofmann M, Bogs J, et al. 2016.
Light promotes expression of monoterpene and flavonol
metabolic genes and enhances flavour of winegrape berries (Vitis
vinifera L.cv. Riesling). Australian Journal of Grape and Wine
Research 22:409-21

Kwasniewski MT, Vanden Heuvel JE, Pan BS, Sacks GL. 2010. Timing
of cluster light environment manipulation during grape develop-
ment affects C;3 norisoprenoid and carotenoid concentrations in
Riesling. Journal of Agricultural and Food Chemistry 58(11):6841-49
Zhang E, Chai F, Zhang H, Li S, Liang Z, et al. 2017. Effects of
sunlight exclusion on the profiles of monoterpene biosynthesis
and accumulation in grape exocarp and mesocarp. Food Chemis-
try 237:379-89

Yao H, Jin X, Feng M, Xu G, Zhang P, et al. 2021. Evolution of
volatile profile and aroma potential of table grape Hutai-8 during
berry ripening. Food Research International 143:110330

Dunlevy J, Kalua C, Keyzers R, Boss P. 2009. The production of
flavour & aroma compounds in grape berries. In Grapevine Molecu-
lar Physiology & Biotechnology, ed. Roubelakis-Angelakis KA.
Dordrecht: Springer. pp. 293-340. doi: 10.1007/978-90-481-2305-
6_11

Copyright: © 2024 by the author(s). Published by
Maximum Academic Press, Fayetteville, GA. This

article is an open access article distributed under Creative
Commons Attribution License (CC BY 4.0), visit https://creative-
commons.org/licenses/by/4.0/.

Page 9 of 9


https://doi.org/10.3390/foods13081207
https://doi.org/10.1186/1471-2229-13-175
https://doi.org/10.1186/1471-2229-13-175
https://doi.org/10.21273/HORTSCI16567-22
https://doi.org/10.1007/s10725-018-0455-8
https://doi.org/10.1007/s10725-018-0455-8
https://doi.org/10.1007/s10725-018-0455-8
https://doi.org/10.1093/jxb/erad223
https://doi.org/10.1002/jsfa.8910
https://doi.org/10.1002/jsfa.8910
https://doi.org/10.1016/j.lwt.2022.114400
https://doi.org/10.1186/s12870-020-2268-y
https://doi.org/10.1186/s12870-020-2268-y
https://doi.org/10.1186/s12870-020-2268-y
https://doi.org/10.20870/oeno-one.2017.51.2.1868
https://doi.org/10.1080/10408398.2011.650336
https://doi.org/10.5344/ajev.1996.47.1.77
https://doi.org/10.5344/ajev.1996.47.1.77
https://doi.org/10.1016/j.foodchem.2020.128172
https://doi.org/10.1016/j.foodchem.2022.133181
https://doi.org/10.3390/ijms20143528
https://doi.org/10.3389/fpls.2023.1173985
https://doi.org/10.3969/j:issn.2095-1191.2016.12.2091
https://doi.org/10.3390/horticulturae9020154
https://doi.org/10.1016/j.scienta.2023.112058
https://doi.org/10.1016/j.scienta.2023.112058
https://doi.org/10.1016/j.scienta.2023.112058
https://doi.org/10.1371/journal.pone.0210322
https://doi.org/10.1371/journal.pone.0210322
https://doi.org/10.3389/fpls.2017.01912
https://doi.org/10.3389/fpls.2017.01912
https://doi.org/10.1016/j.foodres.2023.113601
https://doi.org/10.1002/jsfa.8093
https://doi.org/10.1104/pp.104.042580
https://doi.org/10.1111/ajgw.12229
https://doi.org/10.1111/ajgw.12229
https://doi.org/10.1021/jf904555p
https://doi.org/10.1016/j.foodchem.2017.05.127
https://doi.org/10.1016/j.foodchem.2017.05.127
https://doi.org/10.1016/j.foodchem.2017.05.127
https://doi.org/10.1016/j.foodres.2021.110330
https://doi.org/10.1007/978-90-481-2305-6_11
https://doi.org/10.1007/978-90-481-2305-6_11
https://doi.org/10.1007/978-90-481-2305-6_11
https://doi.org/10.1007/978-90-481-2305-6_11
https://doi.org/10.1007/978-90-481-2305-6_11
https://doi.org/10.1007/978-90-481-2305-6_11
https://doi.org/10.1007/978-90-481-2305-6_11
https://doi.org/10.1007/978-90-481-2305-6_11
https://doi.org/10.1007/978-90-481-2305-6_11
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Experimental vineyard and two-crop-a-year viticulture practices
	Berry sampling and meteorological data collection
	Volatile metabolome methods
	Sample preparation and treatment
	GC-MS conditions

	Statistical analysis
	Principal component analysis (PCA)
	Hierarchical Cluster Analysis (HCA) and Pearson correlation coefficients
	Differential metabolites selected
	Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation and enrichment analysis


	Results
	Meteorological data
	Overview of the volatile compounds of summer fruit and winter fruit
	Analysis of differential volatile compounds
	KEGG enrichment analysis of differential volatile compounds
	Flavor omics analysis of differential volatile compounds

	Discussion
	Conclusions
	Author contributions
	Data availability
	References

