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Abstract: Green leaf volatiles (GLVs) are important in giving grape a fresh and green aroma. But
the changes in GLVs during the phenological development of grapevines are not well known. This
study analysed the GLVs and transcription levels of associated biosynthetic genes in six grape
species from the Loess Plateau region at five stages of maturation. Thirteen GLVs were detected,
showing unique patterns for each grape type at various growth phases. The primary components
in six grapes were (E)-2-Hexenal, (E)-2-Hexen-1-ol, and Hexanal. With the exception of Cabernet
Franc in 2019, the overall GLV contents of the six types generally increased during growth and
development, peaking or stabilizing at harvest. And Sauvignon Blanc, Cabernet Gernischt, and
Cabernet Sauvignon exhibited higher total contents among the varieties. Correlation analysis
revealed a strong positive correlation between the levels of Hexanal, 1-Hexanol, (E)-2-Hexen-1-ol,
(Z)-3-Hexenyl acetate, Nonanal, and (E, E)-2,6-Nonadienal and the expression of VoHPL and VoAAT
genes in the LOX-HPL pathway. Specifically, VoHPL emerges as a potential candidate gene
responsible for species-specific differences in GLV compounds. Comprehending the changing
patterns in the biosynthesis and accumulation of GLVs offers viticulturists and enologists the
opportunity to devise targeted strategies for improving the aromatic profile of grapes and wines.

Keywords: wine grapes; Loess Plateau; green leaf volatiles; LOX-HPL pathway

1. Introduction

Volatile substances are important secondary metabolites in grapes that are essential for the
sensory assessment of grapes and wines [1,2]. The aroma components derived from grapes mainly
include C13-norisoprene, terpenes, C6/C9 compounds, methoxypyrazines, and thiol substances,
among others [3]. Among them, C6/C9 compounds are present in elevated levels in grapes and wines,
with concentrations reaching mg/L levels, and are synthesized through the pathway of lipoxygenase
from precursor fatty acids [4]. Additionally, C6/C9 components consist of C6 and C9 aldehydes,
alcohols, and esters, which are significant fragrance constituents found in grapes and wines. C6/C9
components, sometimes referred to as green leaf volatiles (GLVs), are emitted by plants as signaling
molecules during times of environmental stress, aiding in the transmission of signals [5]. GLVs in
grapes and wines have a low olfactory threshold and are characterized by green, fresh, fruity, and
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floral aromas, they play a significant role in providing aroma in certain grape varietals used in
winemaking [6,7].

The lipoxygenase-hydroperoxide lyase (LOX-HPL) pathway facilitates the direct production of
C6 and C9 aldehydes by the oxidative cleavage of linoleic and a-linolenic acids [8]. The primary
enzymes found in grape berries within this system are Lipoxygenase (LOX), hydroperoxide lyase
(HPL), alcohol dehydrogenase (ADH), and acyltransferase (AAT) [9]. Previous research has
demonstrated that the biosynthesis and accumulation of GLVs in grapes are influenced through
vineyard management techniques such as leaf removal [10], plant development regulation [11,12],
irrigation [13], and foliar fertilization [14] and vary with grape variety and stage of berry maturation
[15]. Moreover, a number of studies have investigated the fluctuating levels of volatile compounds
as grape berries mature [16]. Prior researches have primarily examined individual grape varieties or
viticultural methods, with less research initiatives evaluating the developmental processes of various
varieties, particularly with the dynamics of GLVs [17]. Investigations into the the terpenoid
components in Muscat Hamburg and Sauvignon Blanc vary at different maturation stages [6,18].
Concurrently, another study found variations in volatile esters between Cabernet Sauvignon and
Syrah grapes and wines. It suggests that the existence of a more active LOX-HPL pathway in Syrah
grapes affects esters the most [19]. Thus, the importance of C6 substances in grapes has been
substantiated with regard to varietal typicity, and the distinct variations in the LOX-HPL pathway
have garnered increased attention. Nonetheless, the progression of GLV profiles and the expression
of LOX-HPL pathway genes during berry development t in various grape species have not been fully
elucidated.

As a rapidly developing wine-producing powerhouse, China has established a series of unique
grape-growing regions. The Loess Plateau area, located in the central section of the Yellow River in
China, is particularly notable. The microclimates easily formed in this distinctive plateau region
significantly impact the quality attributes of grapes and wines [20]. The Loess Plateau in China is
well-suited for grape growth. It supports key wine grape varieties such as Chardonnay, Sauvignon
Blanc, Cabernet Sauvignon, Cabernet Franc, Cabernet Gernischt, and Marselan. To better explore the
biosynthesis and accumulation mechanisms of GLVs in grapes, this study investigated the GLV
profile during the ripening process of six widely planted wine grape varieties in the Loess Plateau
area, revealing variations in GLV profiles across grape varieties and developmental stages.
Furthermore, this research thoroughly examines how genes in the LOX-HPL pathway are expressed
at five different developmental phases in the berries of six types, analyzing their links with GLV
metabolism and regulation. This study highlights the dynamic shifts in GLV components across the
developmental stages of fruit in various grape varieties. It establishes a crucial foundation for
identifying the development of distinctive aromas in the grapes and wines extensively cultivated in
the Loess Plateau region.

2. Materials and Methods
2.1. Field Conditions and Materials

Grape materials, including Sauvignon Blanc, Chardonnay, Cabernet Franc, Cabernet Sauvignon,
Cabernet Gernischt and Marselan were sampled in 2019 and 2020 from the Yaojing vineyard in Linfen
city, Shanxi Province, China. The vineyard management procedures, including irrigation and
fertilization, adhered to local regulations. The grape planting density was 0.5 x 3 m. The samples were
taken randomly during designated phases according to the E-L technique created by Coombe et al.
[21]. Each replication involved sampling around 500 berries, with each type being evaluated three
times. The samples were immediately placed on dry ice and stored in a -80°C freezer for future
analysis.

2.2. Analysis of the Chemical Characteristics of Grapes

The grapes' chemical properties, including total soluble solid content, titratable acidity, and pH,
were analyzed following the method outlined by Ju et al. [9].
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2.3. Determination of Meteorological Data

Meteorological data for the years 2019 and 2020, encompassing temperatures, rainfall, along
with hours of sunshine, were acquired from the China Meteorological Data Service Center
(https://data.cma.cn/en) (Table S1).

2.4. Analysis of GLV Compounds in Grapes by GC-MS

GLV components were isolated from grapes using the method as described by Yue et al. [12].
50g of grapes, frozen with liquid nitrogen, were placed in a mortar, after which the seeds were
removed and mixed with polyvinylpolypyrrolidone and D- (+) gluconic acid d-lactone. Five
millilitres of the supernatant were transferred to sample bottle, to which 10 pL of 4-methyl-2-
pentanol, 1.00 g of NaCl. GLV compounds were analysed using an Agilent 7890B gas chromatograph.
Each sample was analysed three times.

2.5. Odour Activity Values

The impact of GLVs on the distinct aroma of grapes was assessed quantitatively by the odour
activity value (OAV). Citing previous research on the descriptive vocabulary of aroma compounds
and their odor thresholds [22].

2.6. Expression of LOX-HPL Pathway Genes

The extraction of total RNA from samples was carried out following the methodology of a
previous study [1]. 1 ug of purified RNA was utilized, cDNA was generated through reverse
transcription with the TransGen cDNA Synthesis Kit (Beijing, China). Gene expression levels were
measured using quantitative real-time PCR (qRT-PCR), with each sample analyzed in triplicate.
VviActin served as the reference gene. Specific primers used for the LOX-HPL pathway in this study
are listed in Table S9. Gene expression levels were quantified using the 2 -2ACT method [23].

2.7. Statistical Analysis

All experimental data were analyzed using SPSS 20.0. Statistical treatments, including Analysis
of Variance (ANOVA) and Tukey's HSD test, were applied (p < 0.05). Histograms were prepared
using Origin 2021. Heatmaps were drawn using ChiPlot (https://www.chiplot.online).

3. Results and Discussion
3.1. Primary Chemical Characteristics of Berries

The chemical characteristics of six grape varieties were measured at harvest (Table S2). In 2019,
the soluble solids of the six varieties ranged from 19.22-23.65 °Brix. In 2020, the soluble solids of the
six varieties ranged between 18.87 and 21.53 °Brix. Marselan had higher levels of soluble solids in the
grapes across both years, while Chardonnay had lower. Chardonnay and Sauvignon Blanc had
titratable acidity levels between 5.47 and 6.40 mg/L in both years, which were significantly greater
than those of the other four varieties. The pH of the varieties ranged from 3.80 to 4.31 over the two
years.

3.2. Green Leaf Volatile Evolution

GLVs are generated from unsaturated fatty acids through enzymatic processes involving
lipoxygenases, hydroperoxide lyases, as well as alcohol dehydrogenases [24]. GLVs in grapes are
responsible for citrus, leafy, and green sensory attributes, and they play a significant role in the
fragrance profile of grapes [25]. We studied the development of total GLVs in six grape types, as
shown in Figure 1la-h.
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Figure 1. Analysis of GLVs in six grape types during the 2019 and 2020 vintages. CH, Chardonnay;
SB, Sauvignon Blanc; CS, Cabernet Sauvignon; CF, Cabernet Franc; CG, Cabernet Gernischt; ML,
Marselan. (Consult the online version of this article for an elucidation of the color codes mentioned
in the figure legend.).

In 2019, during the grape maturation process, all the varieties exhibited lower C6 aldehyde
concentration at E-L 34 (Figure 1a). The C6 aldehyde concentration in the six grape types at harvest
varied from 97.59 to 227.11 ug/L. Cabernet Sauvignon and Sauvignon Blanc had significantly greater
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total C6 aldehyde levels at harvest E-L38 than the other varieties. The C6 aldehyde growth pattern in
the 2020 grapes resembled that of 2019, showing lower concentrations in the early stages of
development and steady accumulation with maturation (Figure 1b). Compared with those of the
other varieties, the overall C6 aldehyde levels in Sauvignon Blanc and Cabernet Sauvignon
significantly increased throughout development. The C6 aldehyde levels in the six grape types at
harvest in 2020 varied between 174.93 and 469.86 ug/L. In line with our results, Lu et al. [26] found
C6 aldehyde concentrations were different in summer and winter, suggesting that the yearly
variation in C6 aldehyde leves in grapes might be due to seasonal weather differences, necessitating
additional research.

In 2019, the trends in total C6 alcohols and acetates varied significantly among different types
(Figure 1c). The concentrations of C6 alcohol and acetate in grapes rose by factors of 4.04-
(Chardonnay), 0.93- (Sauvignon Blanc), 0.65- (Cabernet Sauvignon), 5.25- (Cabernet Franc), 4.52-
(Cabernet Gernischt), and 4.18-fold (Marselan). In 2020, Sauvignon Blanc grapes exhibited the
greatest levels of total C6 alcohol and acetate concentrations at E-L 34 and E-L 35. The highest leves
of total C6 alcohols and ethyl esters at harvest were discovered in Cabernet Gernischt grapes, with
Cabernet Sauvignon and Merlot varietals displaying lower levels (Figure 1d). The growth trends of
total C6 alcohol and acetate varied within the six grape types in 2020 compared to 2019. Except for
those of Chardonnay and Cabernet Franc, the total C6 alcohol and acetate contents of the 2020 grapes
were significantly lower than those of the 2019 harvest, which was possibly related to climate
differences. A warmer climate facilitates the transformation of free C6 aldehydes into C6 alcohols,
which generally have higher herbaceous odour thresholds (negative aroma) than the corresponding
aldehydes [26]. Additionally, alcohols are more likely to form esters, thereby minimizing the
herbaceous characteristics of aldehydes and maximizing the fruity characteristics of esters [25].

C9 compounds in grapes primarily exist in aldehyde form, such as (E)-2-Nonenal, (E, E)-2,6-
Nonadienal and Nonanal. C9 aldehydes, even in low quantities, have low thresholds that enable
them to impart citrus and cucumber scents to grapes [13]. In 2019, Marselan at E-L 34 exhibited the
highest C9 aldehyde level compared to all other grape types (Figure le). During the mature stage (E-
L 38), Sauvignon Blanc exhibited the highest concentration of C9 aldehyde, with Cabernet Sauvignon
following closely behind. The overall accumulation trend of C9 aldehydes in 2020 was similar to that
in the 2019 vintage, with six varieties gradually accumulating C9 aldehydes or exhibiting stabilization
of C9 aldehyde levels with growth and development (Figure 1f).

With respect to the total GLV contents in 2019, except for Cabernet Franc, the GLV contents in
which slightly declined at maturity, all the other varieties exhibited maximum GLV levels at maturity
(Figure 1g). The GLV contents of all the varieties at maturity ranged from 214.86 to 524.81 pg/L.
Cabernet Gernischt and Cabernet Sauvignon had higher GLV contents during growth and
development. At harvest, Cabernet Gernischt exhibited the greatest GLV contents. The GLV
concentration among all berries at harvest in the 2020 vintage varied between 281.14 and 565.31 ug/L
(Figure 1h). Sauvignon Blanc and Cabernet Gernischt had higher total GLV contents at harvest, while
Marselan and Chardonnay had lower GLV contents at harvest.

As all grape samples originated from the same vineyard, differences in external influences were
reduced when comparing different grape kinds and vintages. These results indicate that variations
in GLV contents among different varieties might be due to genetic variations affecting LOX-HPL gene
expression and the influence of different environmental conditions [13] (Wang et al., 2019). Consistent
with our findings, Yue et al. [12] found that the vintage had an impact on the variation patterns of
GLVs. Seasonal variations in microclimate, such sunlight and rainfall, could impact gene expression
in the GLVs synthesis pathway, therefore affecting the function of enzymes associated with GLVs
biosynthesis [8,18]. The cultivar significantly impacts the aroma of grapes. Li et al. [1] noted
substantial variations in GLV levels between Marselan and Merlot scion-rootstock grapes. there is
insufficient research on the alterations in GLV compounds associated with green aromas as different
wine grape varieties ripen. Our study fills this gap by demonstrating that GLV volatiles not only
affect the aromatic characteristics of grapes but are also a component of varietal typicity.
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3.3. Analysis of Green Leaf Volatile Profiles in Grapes as They Mature

Among the six grape varieties harvested, 13 GLVs were detected (Figure 2). The main GLVs in
all mature 2019 berries were (E)-2-Hexenal and (E)-2-Hexen-1-ol. (E)-2-Hexenal makes up 14.01-
47.71% of the total GLVs composition, whereas (E)-2-hexen-1-ol accounts for 13.93-42.34% (Figure
2a,b). Hexanal and (E)-2-Hexenal constituted the predominant components in mature grapes in 2020,
with Hexanal making up 31.26-57.51% of the total GLV contents and (E)-2-Hexenal accounting for
15.42-27.73% (Figure 2c,d).
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Figure 2. GLV concentrations in six grape varieties at harvest in the 2019 and 2020 vintages. (Consult
the online version of this article for an elucidation of the color codes mentioned in the figure legend.).

Regarding C6 alcohols, at harvest, all grapes in both vintages contained 1-Hexanol, (E)-2-Hexen-
1-ol, 2-ethyl-1-Hexanol, and (Z)-3-hexen-1-ol. Cabernet Gernischt had the greatest C6 alcohol
concentration in 2019 (415.10 ug/L) and 2020 (250.53 pg/L) among the six mature varieties, while
Cabernet Franc had the lowest level in 2019 (91.15 pug/L) and Sauvignon Blanc in 2020 (84.56 ug/L).
1-Hexanol enhances the perception of fruity, floral, and green notes in grapes [27]. In both vintages,
Sauvignon Blanc and Cabernet Sauvignon exhibited higher 1-Hexanol concentrations. (E)-2-Hexen-
1-ol imparts fruity aromas to grapes, produced through the catalytic action of ADH genes from (E)-
2-Hexenal [28]. According to the C6 alcohol profile, (E)-2-Hexen-1-ol made up 14.16-74.43% among
all grapes in both years. Cabernet Gernischt had the greatest concentrations of (E)-2-Hexen-1-ol
among all the types, with 222.21 pg/L in 2019 and 186.46 ug/L in 2020, similar to its overall C6 alcohol
values.

Four distinct C6 aldehydes were identified in ripe berries. (E)-2-Hexenal and Hexanal, the
primary C6 aldehydes, were found in all grape types at harvest, in line with prior research on fresh
grape varietals [5,29]. (E)-2-Hexenal concentrations in mature berries varied between 30.05 and 177.74
pg/L over the two years. All the mature grapes had higher Hexanal contents in 2020 than in 2019. In
particular, mature Sauvignon Blanc had the greatest Hexanal levels in 2019 (135.28 pg/L) and 2020
(325.30 pg/L). Consistent with our findings, (E)-2-Hexenal and Hexanal were the predominant C6
volatiles in the six wild grape species [9,25]. These compounds might impart a rich grassy and tomato
flavour to grapes [30]. Wang et al. [11] also suggested that Hexanal production is influenced by the
growing environment and variety of grape plants.
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The GLV profiles showed (Z)-3-Hexenyl acetate (4.45-7.78 ug/L) as the only C6 ester. In 2019,
the (Z)-3-Hexenyl acetate content was highest in Chardonnay (6.78 ug/L), and in 2020, it was highest
in Sauvignon Blanc (7.78 ug/L). Some studies showed that (Z)-3-Hexenyl had a minor impact on
grape fragrance [23].

Four distinct C9 compounds were identified in ripe berries. Nonanal, (E)-2-Nonenal, 1-Nonanol,
and (E, E)-2,6-Nonadienal were detected in all grapes. Minimal quantities of 1-Nonanol found in wine
grapes (0.00-0.02 pg/L), consistent with a previous study [11]. In future study, implementing
comprehensive two-dimensional gas chromatography (2D GC) analysis could enhance detection
accuracy and reduce detection thresholds for this set of chemicals [18]. The levels of (E)-2-Nonenal
and (E, E)-2,6-Nonadienal were between 1.10-7.49 ug/L and 0-3.44 ug/L, accordingly, beyond their
smell thresholds of 0.08 and 0.02 ug/L [13,31]. The evolution of the GLV profiles in 2019 and 2020
respectively as shown in Figure 3a,b. Our findings suggest that the development of the GLV profile
varies not only among grape varieties but also among different vintages of the same variety
suggested that this variation might be attributed to genetic factors and environmental influences.
Below, we describe the variations in the GLV profiles of the six grape varietals as they progress
through the stages of berry maturation.
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Figure 3. Evolutionary heatmaps showing quantified GLVs in six grape types for the 2019 and 2020
vintages. (Consult the online version of this article for an elucidation of the color codes mentioned in
the figure legend.).

The heatmap of concentrations reveals that GLV profiles are grouped into three distinct clusters.
In 2019, 3-Hexenal and Hexanal exhibited similar evolution patterns in all six grape varieties, with
higher contents occurring at E-L 34 and lower contents occurring at harvest (Figure 3a). 1-Hexanol,
(E, E)-2,6-Nonadienal and (Z)-3-Hexenyl acetate showed consistent patterns of rise in all six types,
reaching their highest levels at the mature stage as they grew and developed. Some GLVs existed
only at specific stages in typical varieties. For instance, the levels of (E)-2-Hexenal and (E, E)-2,4-
Hexanol are lower across the varieties at E-L 34. In the 2020, Hexanal, 1-Hexanol, (Z)-3-Hexenyl
acetate, and 3-Hexenal in the six varieties matured into the same category, gradually increasing in
content with growth and development and peaking near maturity in Sauvignon Blanc berries (Figure
3b). Similar to the year 2019, the contents of 1-Hexanol, Hexanal and (Z)-3-Hexenyl acetate increased
with growth and development in 2020, peaking at the mature stage. However, (E)-2-Nonenal and 3-
Hexenal had inconsistent evolution patterns over the two years.

The differences in the accumulation patterns of C6 and C9 aldehydes among different grape
varieties highlight the complex interplay of genetic and environmental factors that influence grape
aroma characteristics. As reported by Wang et al. [27], the total content of C6 aldehydes was greater
in 2020, indicating a strong environmental impact, possibly related to climatic conditions. This
observation is crucial for grape growers and winemakers, as it implies that annual climatic variations
can significantly affect the aromatic compounds in grapes, thus influencing the quality of the wines.
Furthermore, the variation in the peak accumulation stages of different grape varieties underscores
the importance of determining the exact timing of grape harvesting to optimize the aroma profile.
This knowledge can aid in developing targeted viticultural practices to enhance the aromatic
characteristics of wines.
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3.4. GLV Evolution Pattern Recognition

GLVs are mostly produced through the LOX-HPL pathway and their production is influenced
by grape farming and environmental conditions [6]. Genetic profile plays a major role in regulating
GLV synthesis [32]. Prior research has shown that C6 volatile components differ among various fresh
grape cultivars [33]. There is limited research on the development of GLV profiles in a diverse range
of wine grapes in the Loess Plateau region. Therefore, principal component analysis (PCA) was was
applied to GLV profiles of six wine grape varietals during a two-year period, as shown in Figure 4.
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Figure 4. PCA Biplot showing the variation in GLVs generation during different phases of berry
evolution in the 2019 (o) and 2020 (/) vintage. Legend: (a) Chardonnay, (b) Sauvignon Blanc, (c)
Cabernet Sauvignon, (d) Cabernet Franc, (e) Cabernet Gernischt and (f) Marselan. (Consult the online
version of this article for an elucidation of the color codes mentioned in the figure legend.).
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The synthesis of GLVs is controlled by environmental and viticultural conditions, as well as the
genetic traits of the grape variety [9]. The PCA analysis revealed significant differences in the GLV
expression patterns among various grape varieties across different developmental stages. This
indicates that PCA successfully reduced data dimensions while retaining key information
distinguishing between varieties. Between 2019 and 2020, the explained total variance by PC1 and
PC2 changed, with PC1 increasing from 39.53% to 49.96% and PC2 decreasing from 32.13% to 26.77%,
suggesting certain features became more prominent over time in distinguishing varieties (Figure S1).
This analysis is crucial for identifying biochemical markers impacting grape quality and wine flavor.
PCA was utilised to examine the variations in GLV components across different cultivars during fruit
development (Figure 4a—f). The first two functions accounted for over 60.00% of the variance across
all the types. The PCA results indicated that the GLV components of the six varieties exhibited
noticeable differences at various growth stages. Furthermore, analysis of berry GLVs profiles were
showed significant differences between the E-L34 and E-L38 period across the six varieties. Previous
studies on fresh cultivation varieties also indicated that grapes have distinctive C6 volatile contents
at harvest, which aligns with our findings [34].

3.5. Aroma Activity Analysis

Odor Activity Value (OAV) was calculated by assessing the ratio of compound concentration to
its odor threshold in water [8]. Components with an OAV more than 1 made a substantial
contribution to the grape scent, as detailed in Table S3-8. Among all the mature berries from 2019 and
2020, there were nearly 7 and 8 GLV compounds, respectively, with an OAV > 1. Out of the six fully
developed grape types assessed in both years, three odor-active GLVs with OAV exceeding 30 were
identified as 3-Hexenal, (E)-2-Nonenal, and (E, E)-2,6-Nonadienal, which are likely to play a
substantial role in grape scent.

In 2019, Chardonnay at E-L 35 had the highest (E)-2-Nonenal OAV (243.95), followed by
Marselan (209.01). Sauvignon Blanc had a greater (E, E)-2,6-Nonadienal OAV at harvest (172.00), with
mature Chardonnay and Cabernet Sauvignon berries having (E, E)-2,6-Nonadienal OAVs of 157.50
and 111.12, respectively. The compound (E, E)-2,6-Nonadienal had the highest OAV among all the
mature berries in 2020 (49.91-96.95), followed by (E)-2-Nonenal and 3-Hexenal. Mature Cabernet
Sauvignon had the highest (E, E)-2,6-Nonadienal OAV (96.95), with mature Sauvignon Blanc having
higher (E)-2-Nonenal (82.78) and Hexanal (72.29) OAVs, which likely played significant impact on
the creation of aroma.

Descriptors are commonly employed to describe volatile substances in odour compounds.
Aroma compound descriptors are classified into six kinds: sweet, fruity, green, citrus, chemical, and
floral [35]. The aroma profiles of the six grape types differed, with mature Sauvignon Blanc berries
exhibiting the most pronounced green aroma due to elevated levels of Hexanal. The odour Cabernet
Sauvignon, Cabernet Gernischt, and Cabernet Franc peaked at maturity. The aroma profile of the
berries changed as they matured, affected by the changing seasons. In 2020, green notes were more
pronounced than other odours in all six grape varieties. The aroma characteristics of the six grape
varieties generally increased gradually with growth and development. During harvest, Sauvignon
Blanc grapes exhibited the strongest green aroma.

This research contributes to a deeper understanding of the chemical basis of grape aroma and
flavour, which is crucial in the field of oenology. Furthermore, investigating the effects of these
compounds on the final product quality will be valuable. Although our study provides significant
insights, it is limited to a few grape varieties. Extending this research to a broader range of varieties
could provide a more comprehensive understanding of the variability in aroma compounds.

3.6. Expression of Genes in LOX-HPL Pathway

In this investigation, we focused on the differential concentrations of GLV compounds,
specifically C6/C9 volatiles, which are direct products of the lipoxygenase-hydroperoxide lyase
(LOX-HPL) pathway. We conducted transcriptomic expression analysis on genes encoding enzymes
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related to the LOX-HPL pathway, specifically LOX, HPL, ADH, and AAT. The levels of gene
expression related to the accumulation of GLVs, as shown in Figure 5.
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Figure 5. Gene expression levels of LOX-HPL pathway genes in six grape types. The data were
normalized against the VviActin expression data. (Consult the online version of this article for an
elucidation of the color codes mentioned in the figure legend.).

Lipoxygenase (LOX) catalyses the synthesis of hydroperoxides, which are direct precursors for
aldehyde synthesis [16]. The expression patterns of the VoLOX genes varied among the six types
during development (Figure 5a,f). The study found that the activity of the VoLOX gene gradually
increased during the growth and development of the six grape varieties, especially in 2020. In 2019,
the highest expression of the VvLOX genes was detected in Cabernet Franc and Cabernet Sauvignon
during E-L 34. In Sauvignon Blanc, Cabernet Sauvignon, and Cabernet Gernischt, the expression
peaked during the ripening stages. This discovery implied that a cultivar-specific temporal
expression pattern could influence the timing and intensity of aroma compound synthesis. In 2020,
the highest expression of the VoLOX gene was detected in Cabernet Sauvignon and Chardonnay
during E-L 34. In the early maturation stages, E-L 34, 35, and 36, the expression of VvLOX in Cabernet
Franc and Marselan was significantly lower than that in the other varieties. During the ripening
stages, the VoLOX gene exhibited markedly elevated expression in Cabernet Sauvignon and Cabernet
Gernischt relative to other grape varieties. Despite this, the levels of C6/C9 aldehydes in these two
varieties did not significantly surpass those in other grapes at the same stages. This observation
indicates a potential delay in the VoLOX-mediated regulation of C6/C9 aldehyde accumulation in
Cabernet Sauvignon and Cabernet Gernischt (Figures 2 and 6).
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Figure 6. Correlation analysis was conducted on the quantities of GLVs and the level of LOX-HPL
pathway genes in six grape types in this study. The color scale in this study represents correlations
from -1 to 1, with orange color denoting a positive association between GLVs concentrations and
related genes, and green indicating a negative association. Cells are colored based on statistical value
and marked with asterisks. * denotes a significance level between 0.01 and 0.05, whereas ** denotes a
significance level between 0.001 and 0.01. (Consult the online version of this article for an elucidation
of the color codes mentioned in the figure legend.).

Hydroperoxide lyase (HPL) breaks down fatty acid hydroperoxides into C6/C9 aldehydes [6,36].
Over the two years, the levels of VoHPL in Chardonnay and Sauvignon Blanc generally increased
with growth and development, while that in the other varieties generally increased initially and then
decreased during the maturation period, suggesting genetic differences in the regulation of the LOX-
HPL pathway (Figure 5b,g). In 2019, during E-L 34, the highest expression of VoHPL occurred in
Sauvignon Blanc, followed by Cabernet Sauvignon and Marselan, which could impact the early
formation of aroma compounds. In the early maturation stages E-L 35 and 36, the levels of VoHPL in
Cabernet Gernischt was markedly greater than that in other varieties. At E-L 38, the expression in
Sauvignon Blanc and Cabernet Gernischt was notably higher compared to other varietals. This is
consistent with the development of aldehydes (Figure 2). In 2020, during the E-L 34 stage, the
expression of VoHPL in Cabernet Sauvignon and Cabernet France significantly greater than that in
the other varieties. At the mature stage, the expression in Cabernet Sauvignon was significantly
greater than that in the other varieties. Chardonnay and Sauvignon Blanc show a positive correlation
with (E, E)-2,4-hexadienal and hexanal, in contrast to Marselan, which shows a negative correlation
with hexanal. This pattern suggests the presence of distinct VoHPL regulatory mechanisms in
different grape varieties.

Alcohol dehydrogenase (ADH) catalyses the synthesis of alcohols [28]. The transcript levels of
VvADHI1 and VvADH? overall showed a declining trend in the six varieties over the two years. Qian
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et al. [23] found that the leves of VvADH in Muscat Tchervine, Gewurztraminer and Syrah decreased
after the veraison stage, similar to the results of our studies. In 2019, the VvADH1 gene exhibited the
highest expression in Chardonnay at harvest, while Marselan having the lowest expression
throughout the developmental process (Figure 5c). In 2020, the expression of the VvADH1 gene was
greatest in Chardonnay at harvest, while Cabernet Franc exhibited relatively low VoADH1 gene
expression throughout the developmental process (Figure 5h). VoADH?2 is the most abundant among
all the VoADHSs. In 2019, at harvest, Chardonnay exhibited the highest VvADH?2 expression (Figure
5d). In 2020, at harvest, Sauvignon Blanc and Marselan exhibited an increase in VvADH?2 expression,
while the other varieties generally exhibited a gradual decrease in VvADH?2 expression with growth
and development (Figure 5i). Among them, Cabernet Sauvignon exhibited the highest expression,
and Cabernet Franc exhibited the lowest.

Alcohol acyltransferase (AAT) catalyses the conversion of low-molecular-weight alcohols into
esters [11]. Over the two years, the expression of the VvAAT genes in each variety generally increased
with growth and development. In 2019, Chardonnay exhibited the highest VvAAT gene expression
at E-L 36 phases (Figure 5e). the expression of the VvAAT gene in Sauvignon Blanc was significantly
greater than that in the other varieties at mature stage. VVAAT gene expression in the later stages of
maturation in 2020 was significantly greater than that in 2019, possibly due to the lower rainfall in
2020 (Figure 5j). At the mature stage, the expression of VoAAT gene in Mareslan was significantly
greater than that in the other varieties. This finding suggested that a cultivar-specific temporal
expression pattern could influence the timing and intensity of aroma compound synthesis. In the
berries of Chardonnay and Sauvignon Blanc, a pronounced transcription of VvAAT correlates with
elevated levels of C6 esters. This indicates a significant positive relationship between VvAAT
expression and C6 ester accumulation in these grape varieties.

3.7. Correlation Analysis

To improve our understanding of these results, we conducted a correlation analysis between the
expression of C6/C9 aromatic substances and LOX-HPL pathway genes in grapes, as shown in Figure
6. Among the six wine grape varieties, VoLOX exhibited a positive correlation with most C6/C9
volatile compounds, although the correlation was not significant. VoHPL exhibited a highly
significant positive correlation with Hexanal, (Z)-3-Hexenyl acetate, and (E)-2-Hexenal. It was also
significantly positively correlated with 3-Hexenal, (E)-2-Hexen-1-ol, 1-Hexanol, Nonanal, and (E, E)-
2,6-Nonadienal. Both VoADH1 and VoADH?2 were strongly negatively correlated with Hexanal, (E)-
2-Hexen-1-o0l, and 1-Hexanol. These genes were significantly negatively correlated with (E, E)-2,6-
Nonadienal, (Z)-3-Hexenyl acetate, and Nonanal. VoAAT had a highly significant positive correlation
with 1-Hexanol, Hexanal, (E, E)-2,6-Nonadienal and a significant positive correlation with (Z)-3-
Hexenyl acetate and Nonanal. This discovery suggests a strong connection between the activity of
these LOX-HPL pathway genes and the build-up of C6 volatiles. Additionally, Hexanal was
significantly positively correlated with 3-Hexenal, 1-Hexanol, and (E, E)-2,6-Nonadienal.

Recent studies have demonstrated that viticultural practices and varietal differences regulate the
transcription of genes in the LOX-HPL pathway [37,38]. Specifically, Gene transcription levels within
the LOX-HPL pathway vary among wine grape varieties and are closely linked to the production of
C6/C9 volatile compounds. Notably, Syrah grapes exhibit a higher concentration of C6 aldehydes,
suggesting that increased expression of VoLOX and VvHPL genes contributes to this heightened
accumulation [39]. Ju et al. [9] further highlights the variability in C6 compound concentrations across
six varieties of prickly grapes, a variation that correlates with the expression levels of the VdALOX and
VAHPL genes.

Our findings further reveal that (E)-2-Hexenal, Hexanal, and (E)-2-Hexen-1-ol are most
abundant in six grape varieties (Figure 3). There is a particularly strong positive correlation between
the levels of Hexanal and (E)-2-Hexenal and the expression of VoHPL. These findings point to VoHPL
as a potential key gene influencing varietal differences in GLV profiles.
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4. Conclusion

This research assessed how GLV profiles vary with grape variety during the ripening of six wine
grape types in the Loess Plateau region. A total of 13 GLVs were profiled: 4 kinds of C6 aldehydes, 4
kinds of C6 alcohols, 1 kind of C6 ester, 3 kinds of C9 aldehydes, and 1 kind of C9 alcohol. The
predominant components detected in the mature berries' GLV profiles in 2019 were (E)-2-Hexenal
and (E)-2-Hexen-1-ol, whereas in 2020, Hexanal and (E)-2-Hexenal were the main components.
Changes in the evolutionary patterns of total GLV contents were influenced by grape variety and
season. With the exception of the 2019 Cabernet Franc variety, the overall GLV content of the six
types generally increased during growth and development, reaching a peak or stabilising at harvest.
Sauvignon Blanc, Cabernet Gernischt, and Cabernet Sauvignon had the highest total levels compared
to other varietals. Over the two years, the evolutionary patterns of 1-Hexanol, Hexanal and (Z)-3-
Hexenyl acetate in the six grape varieties were similar, with the contents of these compounds
gradually increasing with growth and development and peaking at maturity. We also assessed the
gene expression of LOX-HPL pathway-related genes at various phenological stages in the six grape
types. In the Loess Plateau region, the six wine grape varieties were found to have the highest levels
of (E)-2-Hexenal, Hexanal, and (E)-2-hexen-1-ol, with Hexanal and (E)-2-Hexenal accumulation
showing a highly significant positive correlation with the expression of VoHPL. These results suggest
that VoHPL could be a candidate gene responsible for the varietal differences in GLV compounds
observed in the Loess Plateau area, indicating its pivotal role in the biosynthesis and accumulation
of these key aroma compounds in grapes. The results of this study provide insights into the GLV
profiles and related genes of various wine grape varieties at different stages. Meanwhile, the present
results could assist winemakers improve the "green" aroma in wines production by choosing the
optimal grape varietal and maturity to create a good wine aroma balance.
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