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ARTICLE INFO ABSTRACT

Keywords: HS-SPME/GC-MS and aroma descriptive analysis were used to gain insights into the volatile and sensory details
Wine of 99 red wine samples collected from four varieties in five regions. The general volatile fingerprints of Cabernet
Volatile . Sauvignon and Merlot wine samples in Xinjiang and Ningxia regions were similar, even though chemometric
i::rs]:ry analysis models could not discriminate between them. The main drivers of the diversity were secondary metabolites of
Chemometric grape such as terpenes, benzene-derivatives, and ketones. Fermentation-derivatives (esters and alcohols) were
GC-MS also responsible for region and variety-related differences in wines. Analysis of volatile compounds also showed

that the primary factor accounting for diversity in wines in this study was region rather than variety. These
results highlight the sensory attributes and volatiles of different regions and varieties, and provide a quantitative
basis for screening for differential metabolites and potential markers in wines.

1. Introduction

Volatile compounds are the main determinants of wine aroma per-
formance, which relate to particular attributes that characterize the
overall sensory profile (Chen and Darriet, 2021). Hundreds of volatile
compounds have been identified in wine, including terpenes, phenols,
alcohols, esters, aldehydes, ketones, and lactones, with concentrations
ranging from a few ng/L to hundreds of mg/L (Tang et al., 2019). Some
of the volatile compounds are formed during the process of fermentation
and aging while others emit directly from the grape berries
(Gonzalez-Barreiro et al., 2015). As for a young wine, the composition
and content of aroma compound largely depend on the variety and
vineyard (Luzzini et al., 2021; Wei et al., 2019; Zhang et al., 2020).

The different combinations of volatiles provide us with aromatically
diverse and distinctive wines (Chen and Darriet, 2021; Liu et al., 2017;
Sherman et al., 2020), which could become chemical markers to
differentiate between wine samples. In recent years, large amounts of
evidence implicating geographic or varietal effects on wine quality have
been reported (Alem et al., 2019; Dourtoglou et al., 2014; Slaghenaufi
et al., 2019). For instance, Cabernet Sauvignon wines show common
sensory attributes related to the geographic origin that have been
confirmed by many authors (Zhang et al., 2021; Kustos et al., 2020).
Sauvignon Blanc wines are well known for their characteristic aromas

related to varietal thiols, which can exhibit variations in their concen-
tration due to the yeast used during the winemaking process (Pavez
et al., 2016; Dubourdieu et al., 2006). Surveyed consumers have re-
ported a willingness to pay more for wines exhibiting typical qualities
(Goode, 2021). Therefore, the recognition of a compound or group of
compounds that are associated with a certain region or variety is a goal
for researchers trying to develop a better understanding of geographical
and varietal typicality. However, many studies focus on origin trace-
ability and pursue the perfect identification model, though it may not
adapt to other samples. Large amounts of samples and characteristic
flavors attributable should be studied in depth.

The wine grape cultivation region in China has a very scattered
distribution, with a distance of over 2000 km on an east-west orienta-
tion, containing entirely different environments and eco-climate con-
ditions (Pan et al., 2022; Wei et al., 2019; Li et al., 2011). This wide
geographic and ecological distribution raises the question of which is
more significant in wine diversity and typicality: region or variety.
Common practice is making wines in the laboratory, which are not
reflective of the retail wine market. This method produces typically
young, mostly unoaked wines under the same standardized winemaking
protocols, which will limit some of the authenticity and characteristic of
the local areas (Costello et al., 2018; Kustos et al., 2020). Moreover,
previous studies have had a limited number of samples fermented in the
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same laboratory and were not extensive enough to draw conclusions
about wine grapes grown and fermented across China.

The present study investigated commercial wines collected from
different regions and varieties to identify volatile compounds by GC-MS
and evaluate the diversity driver of red wines in China. In addition, the
sensory attributes were assessed to investigate the wine aroma features.
Chemometric approach models were established to distinguish volatile
compounds, contributing to finding evidence of potential volatile
markers associated with regions and varieties.

2. Materials and methods
2.1. Wine samples

In this study, a total of 99 commercial wine samples in three groups
were collected. The first group was Cabernet Sauvignon wines from five
different regions, including Hebei (HB), Xinjiang (XJ), Shanxi (SX), Nei
Mongol (NMG), and Ningxia (NX), where HB was located in the east and
XJ, SX, NMG, NX were in the west; the second group was three different
varieties of wines from the Xinjiang region, including Merlot (ML),
Syrah (SR), and Cabernet Sauvignon; the third group was three different
varieties of wines from the Ningxia region, including Cabernet Gernischt
(CG), Merlot, and Cabernet Sauvignon. The sample size was marked in
Fig. 1. The physical and chemical parameters of the sample wines can be
found in Table S1. Wines were collected evenly in all vintages to select
important compounds with persistence and representativeness
(Table S1). Original and monovarietal wines were collected to guarantee
the varietal and geographical typicality. All samples were stored in the
underground cellar of the College of Enology of Northwest A & F Uni-
versity for low-temperature storage until analysis.

2.2. Chemicals and reagents

Chromatographically pure standards included ethyl acetate, ethyl
isobutyrate, isobutyl acetate, butyl acetate, ethyl 2-methylbutyrate, 2-
methyl-1-propanol, isoamyl acetate, 1-butanol, 3-methyl-1-butanol,
ethyl hexanoate, hexyl acetate, propanoic acid, ethyl L(-)-lactate, 1-hex-
anol, cis-3-hexenol, ethyl octanoate, 1-heptanol, 2,3-butanediol, 1-octa-
nol, isobutyric acid, diethyl succinate, L-a-terpineol, phenethyl acetate,
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hexanoic acid, benzyl alcohol, phenylethyl alcohol, octanoic acid, dec-
anoic acid, ethyl lactate, ethyl decanoate (Sigma-Aldrich, Shanghai,
China). Ultrapure 18.2 MQ cm water used for these experiments was
produced from the Milli-Q Ultrapure water system (Human Corp., Seoul,
Korea). Absolute ethanol (analytically pure) was purchased from
Sichuan Xilong Chemical Industry Co. Ltd. (Chengdu, Sichuan, CHN).

2.3. Volatile compounds analysis

The method for qualitative and quantitative analysis of volatile
compounds in wine samples used head space solid-phase micro-
extraction GC-MS (HS-SPME-GC-MS) and was based on the method by
Kong et al. (2019), with some modifications. Eight mL of the supernatant
were held in a 20 mL headspace vial containing 40 pg/L internal stan-
dard (2-octanol) and 2 g NaCl. The vial was tightly capped and heated at
40 °C for 15 min on a heating platform. Then, the activated solid-phase
fiber was exposed to the headspace vial at 40 °C for 30 min until the
distribution was balanced. Subsequently, the fiber was desorbed in the
GC injector for 5 min at 230°C. The solid-phase fiber of divinylbenze-
ne/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) was purchased
from Supelco Corporation (Bellefonte, PA, USA).

The QP2020 GC-MS system (Shimadzu Corporation, Kyoto, JPN)
coupled with a DB-Wax column (60 m x 0.25 mm x 0.25 pm, St. Louis,
MO, USA) was used to analyze volatile compounds. Gas chromatography
conditions: The carrier gas was ultrapure helium (purity >99.999%) in
the splitless mode at 1 mL/min flow rate. The temperature program was
40 °C for 5 min, ramping to 130 °C at 2 °C/min, increasing to 220 °C at 5
°C/min, and maintaining for 10 min. Mass spectrometer conditions:
Electron ionization (EI) mass spectrometric data from m/z 35 to 350
were scanned at 0.2 s intervals. The ion source and the injector tem-
perature were 200 °C and 230 °C, respectively.

The identification of volatile compounds was based on comparing
the mass spectra and retention time with those of pure standards in the
NIST 17 library. Moreover, the quantification was performed according
to the internal standard-standard curve method. The internal standard
substance was 2-Octanol, and the standard curve was plotted using the
5-point method. For the volatile compounds without pure standards, the
standard curve of substance with similar chemical structure was used for
calculation.
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Fig. 1. The distribution of wine regions. The numbers in parentheses indicated the sample sizes.
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2.4. Sensory analysis

The sensory panel was composed of ten experts, including five males
and five females aged 20 to 30. All of them came from the College of
Enology and have related education backgrounds. They were trained to
identify typical wine aromas with a 54-aroma kit (Le Nez du Vin®,
France) and evaluate aromatic descriptors by tasting real wines (Sun
et al., 2018; Lan et al., 2021). Wine samples were numbered with
three-digit random codes in black wine-tasting glasses. Recognition
training sessions were performed repeatedly for two months (two or
three times a week) until the accuracy exceeded 90%. Every participant
was asked to describe the aroma by at least five trained descriptors, and
assign a value (0-5) according to the intensity of the aroma.

To simplify the analysis of the aroma characteristics of wines, the 54
aroma descriptors were divided into seven groups referring to reported
literature and participants’ opinion (Panceri et al., 2015): tropical fruity,
berry, floral, vegetal, roasted, spicy, and fatty.

2.5. Statistical analysis

International Business Machines Statistical Package for Social Sci-
ences (IBM SPSS) 26 was used for Duncan test of ANOVA and linear
discriminant analysis (LDA). The online platform MetaboAnalyst 5.0
performed principal component analysis (PCA) with sample normali-
zation by sum. PCA and LDA models were established to observe the
differentiation of volatiles on regions and varieties and to screen for
important characteristic compounds. Sensory analysis was performed by
SPSS to calculate the mean and standard deviation. And the radar charts
were plotted by Origin 2022b.

3. Results and discussion
3.1. Volatile compounds profile

In the present study, a total of 54 volatile compounds were identified
qualitatively and quantitatively (Table 1), including esters, alcohols,
fatty aldehydes, monoterpenoids, benzene-derivatives, C¢ compounds,
and volatile fatty acids, as well as volatile sulfides with very low odor
thresholds. Fermentation-derived esters and alcohols were the main
volatile components in the wine studied as expected. Most compounds
showed significant differences in five regions, and some could be found
only in specific regions. For example, nonanal could be identified only in
HB and NMG, and trans-linalool oxide could be found in part samples of
HB, indicating that the region factor strongly influenced the synthesis,
accumulation, and release of volatiles (Avellone et al., 2018; Petretto
et al., 2021; Tang et al., 2019). Moreover, compared to HB and SX, XJ
has longer sunshine hours and greater temperature differences which
were important factors affecting the chemical composition of wine and
grapes, too (Pan et al., 2022; Xu et al., 2015). As many previous studies
suggested that the component contributes to wine aroma when its
concentration is at least 20% of the threshold, the volatiles with odor
activity values (OAV)>0.2 were listed respectively (Tables 52-S4) (Lan
et al., 2019; Peng et al., 2013; Wang et al., 2016; Zhu et al., 2021).

Fermentation-derived esters have long been associated with wine
fruitiness (Cameleyre et al., 2021; Previtali et al., 2022), including ac-
etate esters, such as ethyl acetate, isobutyl acetate, isoamyl acetate, and
ethyl fatty acid esters butyl acetate, ethyl hexanoate, and ethyl octa-
noate. Most of the esters were higher than the odor threshold in con-
centration. Ethyl acetate ranged from 40.8 to 264.3 mg/L concentration
in CS samples and was the most abundant ester analyzed. A noteworthy
phenomenon was that the OAV of ethyl octanoate far exceeded other
compounds and contained higher concentrations in the four western
regions (XJ, NX, NMG, and SX) than in the eastern region (HB)
(Table S2). These results indicate that, to some extent, ethyl octanoate
played a vital role in the aroma composition and presentation of the

Current Research in Food Science 6 (2023) 100418

samples. In previous studies, the OAV of ethyl octanoate reached a
concentration of more than 4000 (Jiang et al., 2013).

Branched-chain esters ethyl 2-methylbutyrate (threshold 18 pg/L)
and ethyl 3-methylbutyrate (threshold 3 pug/L) were significantly higher
in HB than other four regions (Table 1), which might be related to the
low altitude of HB area. As reported, branched-chain esters may be the
source of the aroma of red fruit in some wines (Lan et al., 2019), which
was easy to present at lower elevations (Falcao et al., 2007).

Compared with other varieties in XJ (Table 2), CS wines contained
the highest concentrations of branched-chain ester, and the same situ-
ation also occurred in NX (Table 3). As branched-chain esters tend to
show higher levels in older wines, we checked the vintages table and
found that the difference in each treatment was not significant
(Table S1). This high concentration of branched-chain esters is pre-
sumably due to the basic situation of grape varieties, such as juice
turbidity, sugar, and other nutrient conditions (Binati et al., 2020; Chen
et al., 2021; Tufariello et al., 2021).

The majority of the higher alcohols in this study have significant
differences between different regions (Table 1), which may have resul-
ted from the vineyard and winemaking environment (Ciani et al., 2016;
Clemente-Jimenez et al., 2004). Branched alcohols such as 2-methyl-1--
propanol, 3-methyl-1-butanol, and aromatic alcohol phenylethyl
alcohol were identified in this study, with concentrations ranging from
35.0-108.0 mg/L, 216.0-476.5 mg/L, and 21.7-76.0 mg/L in CS sam-
ples, respectively (Table 1). Despite the observed concentration of
1-hexanol being below the threshold, this volatile compound still pro-
vided contributed partly to wine aroma together with other volatiles
(Zhu et al., 2021).

Volatile fatty acids in wine include both straight and branched
chains. In this study, three straight-chain fatty acids and one branched-
chain fatty acid, namely hexanoic acid, octanoic acid, decanoic acid, and
isobutyric acid, showed significant differences among regions. As a
whole, the concentrations in the west four regions were significantly
higher than HB, because they were in arid and semi-arid areas. Less
rainfall is more conducive to the formation of fatty acids (Ju et al.,
2018).

As we all know, the secondary metabolites of grapes are recognized
as the basis of varietal typicality in wine. Terpenes a-terpinol, linalool,
and citronellol, benzene-derivatives benzyl alcohol, phenylethyl alcohol
and phenethyl acetate, Cl3-norisoprenoids damascone and epoxy-
a-ionone, volatile phenols Guaiacol, 4-Ethyl-2-methoxyphenol and 2,4-
Di-tert-butylphenol, C¢ compound 1-hexanol and thiols 3-methylthio-
propanol were important secondary metabolites identified in this
study, contributing to the unique aroma in wines. Terpenes are regarded
as key odorants in aromatic grape varieties of Vitis vinifera, such as
Muscat of Alexandria, Riesling, and Gewiirztraminer, to which they
impart their characteristic floral aromas. Citronellol and L-a-terpinol
contribute floral, fruity, and citrus attributes, presenting concentrations
ranging from 0 to 5.4 pg/L and from O to 40.3 pg/L. Several authors
studied the effect of light on terpene concentrations in grapes (Rienth
et al., 2021; Yang et al., 2019), proposing a general conclusion that
monoterpenes increased with sunshine levels. Reports from the litera-
ture were consistent with this study, where the concentration of
L-a-terpinol in HB was significantly higher than in SX, as the HB area is
stronger in both effective accumulated temperature and solar radiation
intensity (Table 1). However, NMG with high sunlight radiation did not
show a high L-a-terpinol concentration. A possible explanation for this
phenomenon was the heat stress on grapes (Alem et al., 2019; Scafidi
et al., 2013).

In XJ (Table 2), L-a-terpinol in CS wines was significantly higher than
in ML and SR samples. Of the three wine varieties in the NX, the con-
centration of phenethyl alcohol, characterized by rose aroma, exceeded
its odor threshold and showed significantly more aromatic in CS and ML
wines than in CG (Table 3). Several C13-norisoprenoids, such as dam-
ascenone with stewed apple, rose, and honey aroma (Francis and
Newton, 2005), are powerful odorants in wine, which can be present in



Table 1

Volatile compounds of CS wine samples from five regions.

volatile compounds (pg/L) HB XJ SX NMG NX

Max Min Mean Max Min Mean Max Min Mean Max Min Mean Max Min Mean
Ethyl acetate 264260.04 52031.27 103269.44a 115508.24 59124.5 77482.76 ab  102485.79 64448.87 80825.20 ab 122303.85 55965.28 71224.14b  104552.9 40761.98 72901.28b
Ethyl isobutyrate 621.81 nd 34.54ns nd nd nd nd nd nd nd nd nd nd nd nd
Isobutyl acetate 1148.39 41.48 330.32a 467.84 nd 51.03c 470.51 nd 225.45 ab 480.32 30.3 127.60bc 210.87 nd 70.31c
Butyl acetate 1382.11 368.35 633.81ns 1011.15 nd 645.63ns 1067.31 630.16 852.03ns 944.37 nd 696.25ns 944.19 415.96 634.21ns
Ethyl 2-methylbutyrate 147.23 6.46 41.32a 51.75 5.77 14.96b 60.07 6.87 28.41 ab 34.95 nd 15.15b 39.91 13.19 26.41 ab
Ethyl 3-methylbutyrate® 208.27 11.19 63.20a 59.61 8.6 27.59b 96.96 11.71 46.36 ab 53.51 10.27 26.89b 81.29 30.24 53.09 ab
isoamyl acetate 819.5 281.21 456.71ns 1712.81 334.94 637.62ns 762.53 254.6 483.46ns 1017.61 312.1 554.06ns 1137.57 294.77 579.27ns
Ethyl hexanoate 2968.35 1369.41 2187.58b 3468.96 2178.71 2866.19a 3260.17 2132.72 2607.26a 3027.25 2169.1 2569.32a 3793.44 2323.51 2906.90a
Hexyl acetate 30.16 26.7 28.10a 50.08 nd 24.16 ab 27.77 nd 3.97¢ 29.84 nd 13.88bc 47.21 nd 21.79 ab
Ethyl heptanoate” 293.29 nd 141.14a 160.7 nd 74.65b nd nd nd nd nd nd 256.51 nd 27.62b
Ethyl L(-)-lactate 801138.67 nd 189050.02a nd nd nd nd nd nd 29486.09 nd 2948.61b nd nd nd
Ethyl octanoate 2807.15 855.64 1628.26ns  2668.4 1438.02 1986.80ns 1924.84 1371.64 1689.43ns 2223.54 1138.36 1739.93ns 3096.02 1239.51 1840.25ns
Ethyl 2-hydroxy-4- 738.73 nd 281.11ns 458.54 nd 299.56ns 473.42 367.86 412.92ns 391.35 nd 291.52ns 515.04 391.74 438.23ns

methylvalerate®
Isoamyl lactate® 864.67 322.47 529.57a 501.05 318.87 412.69bc 546.68 355.53 430.92b 449.85 nd 324.29¢ 727.13 464.28 537.70a
Diethyl succinate 33276.14 4678.57 10989.39 ab 26813.72 7769.14 16557.26a 17015.62 40.16 7195.70b 22178.55 757.46 12290.17 ab 25235.56 1734.22 15860.56a
Ethyl isopentyl succinate® 1593.58 354.12 795.14a 1607.29 345.36 929.88a 899.37 287.39 434.85b 1529.71 271.84 802.62a 2105.19 nd 991.62a
Ethyl lactate 369204.25 nd 165039.49¢c  402383.04 147702.6 257700.56ab 478816.31 137907.27 252793.42 348086.25 nd 190098.31bc  409498.13 201514.37 282042.98a
ab

Ethyl decanoate 833.8 nd 291.59bc 1516.85 322.76 604.05a 329.94 180.43 276.06¢ 616.15 239.37 413.36bc 823.45 nd 476.95 ab
Diethyl glutarate® 194.26 nd 130.22a 165.64 nd 76.07 ab 172.02 nd 47.55 ab 170.48 nd 65.62 ab 172.49 nd 45.20 ab
2-Methyl-1-propanol 107984.9 46916.21 66331.25b  58967.37 34981.56 46107.49c 104980.5 58142.81 76757.08a 77789.95 49285.56 63724.47b  89483.62 46726.95 65096.16b
1-Butanol 5498.26 1452.48 2852.84b 5369.22 430.25 3661.32b 4881.18 2773.25 3660.97b 7471.64 3281.59 4308.00 ab  15692.58 nd 5862.13a
3-Methyl-1-butanol 476549.62 215937.65 299251.87b 439389.26 245020.77 323482.93b  420265.67 299086 371731.34a  437919.4 285071.34 376871.73a 429674.46 342889.42 382937.42a
4-Methyl-1-pentanol” 253.3 112.84 144.32b 255.52 138.2 163.76b 160.25 107.35 133.68b 184.1 145.27 163.67b 961.72 nd 265.64a
2-Heptanol” 5.98 0.39 2.84a 8.37 0.65 2.58 ab 2.19 nd 0.56¢ 4.32 nd 1.08bc 10.21 nd 0.94c
3-Methyl-1-pentanol” 245.07 123.35 161.92¢ 362.12 139.04 228.32b 236.37 131.07 183.84bc 308.54 155.35 228.48b 545.26 156.07 346.72a
1-Heptanol 40.32 nd 22.46ns 54.59 12.39 27.70ns 28.96 12.74 18.62ns 26.34 9.82 14.93ns 44.12 nd 24.10ns
3-Ethyl-4-methylpentan-1-ol” 13784.29 nd 7055.85a 9549.47 nd 3111.73b 2870.29 nd 410.04b 5437.51 nd 1628.16b 11418.5 nd 2905.09b
2,3-Butanediol 34806.98 nd 16207.70a  21212.55 9838.02 15468.80a 15571.6 nd 9235.44b 11968.39  5750.42 9078.42b 23833.98 nd 12303.10 ab
trans-2-Octen-1-0l" 1177.01 nd 339.10a 334.92 nd 52.76b nd nd nd nd nd nd nd nd nd
Isobutyric acid 451.8 61.15 141.29a 166.12 nd 44.17b 200.03 nd 93.54a 70.16 nd 19.79b nd nd nd
Hexanoic acid 3603.03 1471.75 2484.81b 3974.35 1512.32 2893.31b 3117.68 1706.09 2402.77b 3213.08 1586.53 2513.07b 4742.35 2647.88 3445.73a
Octanoic acid 1160.65 410.93 626.54b 1147.17 477.02 800.68a 763.14 449.01 634.15b 888.25 480.24 687.09 ab 1083.16 607.14 799.66a
Decanoic acid 173.03 nd 99.30 ab 231.69 92.14 130.77a 109.72 nd 70.27b 151.87 nd 108.64 ab 214.71 nd 116.12a
Linalool nd nd ndns 20.45 nd 1.20ns nd nd ndns 4.43 nd 0.44ns nd nd ndns
trans-Linalool oxide® 4.43 nd 0.54ns 1.61 nd 0.39ns nd nd ndns nd nd ndns nd nd ndns
Citronellol 2.70 nd 0.44b 3.54 nd 1.69a 1.33 nd 0.64 ab 2.29 nd 1.19 ab 5.45 nd 1.10 ab
Nerolidol 56.80 nd 9.51a 26.16 nd 1.54 ab nd nd ndb 12.16 nd 1.36 ab nd nd ndb
epoxy-a-ionone” 3.37 nd 0.19ns nd nd ndns nd nd ndns nd nd ndns nd nd ndns
2-Undecanone” 3.42 nd 1.53a 1.43 nd 0.21b 2.50 nd 0.36b nd nd ndb nd nd ndb
Damascone nd nd ndns nd nd ndns nd nd ndns nd nd ndns 5.61 nd 0.37ns
Guaiacol 127.76 nd 7.10ns nd nd ndns nd nd ndns nd nd ndns nd nd ndns
4-Ethyl-2-methoxyphenol 14.23 nd 1.58ns 93.74 nd 5.51ns nd nd ndns nd nd ndns nd nd ndns
2-Nonanone 271 nd 0.27ns nd nd ndns nd nd ndns nd nd ndns nd nd ndns
Methyl salicylate 43.29 nd 4.59ns 27.03 nd 7.27ns 13.67 nd 1.95ns 26.51 nd 7.24ns nd nd ndns
1-Hexanol 4680.61 1662.32 3276.09 ab  4663.19 2318.92 3072.88bc 3234.74 1955.61 2474.00c 4022.68 1732.2 2905.67bc 5701.27 2416.37 3868.96a
cis-3-Hexen-1-ol 254.26 120.36 196.59a 306.68 126.69 200.08a 242.42 130.59 186.31a 241.48 nd 154.98a 307.86 nd 80.89b
Nonanal” 4.27 nd 0.93ns 3.29 nd 0.30ns 1.09 nd 0.16ns 3.23 nd 1.17ns 6.71 nd 0.45ns
trans-2-Hexen-1-0l" 733.19 nd 166.13ns 511.5 nd 145.61ns nd nd nd 396.39 nd 105.84ns nd nd nd
L-a-Terpineol 26.58 nd 10.06a 9.52 nd 4.56 ab 4.5 nd 0.64b 5.67 nd 1.91b 40.29 nd 6.32 ab
2,4-Di-tert-butylphenol” 379.5 125.41 180.25¢ 1446.55 108.68 805.77b 1140.42 586.86 845.42b 1617.11 478.07 1113.77b 2265.84 794.83 1572.35a
Benzyl alcohol 2164.95 170.04 1013.23a 840.34 241.05 538.52b 582.5 nd 224.33c 979.08 214.92 524.73b 1097.3 nd 610.95b
Phenylethyl alcohol 75339.61 35382.12 50041.99ns 75640.64 21658.13 49735.32ns 68816.23 26019.14 45822.93ns 76013.13 34305.56 56325.12ns  68367.05 41337 55862.88ns
Phenethyl acetate 86.48 37 50.25ns 109.47 21.89 45.15ns 52.61 25.27 33.11ns 60.83 26.2 39.03ns 130.17 28.79 53.96ns
3-Methylthiopropanol® 4214.33 1149.35 1955.87 ab  1489.1 nd 694.96b 1237.22 nd 631.46b 1962.42 nd 840.45b 12989.72 nd 3141.51a

Note: nd: not detected. ns: not significant. Different letters in the row mean significant differences by ANOVA among the areas (p < 0.05). Data are the mean of three replicates.
# Quantified with a calibration curve of a compound of the same chemical class.
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Table 2
Volatile compounds of wine samples from three varieties of XJ.

volatile compounds(pg/L) CS ML CG

Max. Min. Mean Max. Max. Min. Mean Min. Max.
Ethyl acetate 115508.24 59124.5 77482.76ns 103101.14 41748.79 70791.97ns 135703.12 72474.29 91559.76ns
Isobutyl acetate 467.84 nd 51.03ns 233.15 nd 47.86ns 182.36 30.15 76.67ns
Butyl acetate 1011.15 nd 645.63ns 1185.44 577.21 785.02ns 1047.56 584.6 782.14ns
Ethyl 2-methylbutyrate 51.75 5.77 14.96ns 27.31 4.74 11.37ns 20.77 nd 8.03ns
Ethyl 3-methylbutyrate® 59.61 8.6 27.59ns 46.52 10.61 22.3ns 46.11 4.82 18.34ns
isoamyl acetate 1712.81 334.94 637.62ns 1353.64 279.63 621.24ns 2435.58 417.79 1124.18ns
Ethyl hexanoate 3468.96 2178.71 2866.19ns 4001.83 2301.8 2741.09ns 3187.48 2317.27 2639.23ns
Hexyl acetate 50.08 nd 24.16ns 32.62 nd 22.28ns 48.51 nd 31.72ns
Ethyl heptanoate® 160.7 nd 74.65ns 157.7 nd 34.82ns 160.38 nd 80.07ns
Ethyl octanoate 2668.4 1438.02 1986.8ns 2375.38 1477.74 1786.87ns 2387.37 1395.5 1780.13ns
Ethyl 2-hydroxy-4-methylvalerate® 458.54 nd 299.56ns 400.2 nd 240.58ns 439.22 nd 139.86ns
Isoamyl lactate® 501.05 318.87 412.69ns 492.25 316.05 388.66ns 445.78 311.15 366.49ns
Diethyl succinate 26813.72 7769.14 16557.26ns 19950.61 8658.21 14332.41ns 20237.85 8573.99 13218.02ns
Ethyl isopentyl succinate® 1607.29 345.36 929.88a 1193.48 335.38 635.09b 1022.98 456.36 682.1 ab
Ethyl lactate 402383.04 147702.6 257700.56ns 392610.57 196812.61 279798.25ns 404329.71 175101.77 238208.42ns
Ethyl decanoate 1516.85 322.76 604.05ns 1071.68 319.89 581.89ns 579.73 246.97 449.77ns
Diethyl glutarate® 165.64 nd 76.07ns 162.52 nd 71.7ns 169.34 nd 28.22ns
2-Methyl-1-propanol 58967.37 34981.56 46107.49ns 52860.69 36069.87 45727.47ns 66339.81 46866.74 52635.92ns
1-Butanol 5369.22 430.25 3661.32ns 10668.48 2441.81 4618.75ns 9248.44 nd 4957.19ns
3-Methyl-1-butanol 439389.26 245020.77 323482.93ns 388222.37 242221.29 313743.05ns 398244.19 241807.5 301043.08ns
4-Methyl-1-pentanol” 255.52 138.2 163.76a 161.9 131.11 145.73a 158.41 nd 112.8b
2-Heptanol® 8.37 0.65 2.58ns 3.35 nd 1.79ns 3.59 1.28 2.62ns
3-Methyl-1-pentanol” 362.12 139.04 228.32ns 427.17 143.48 224ns 244.74 138.42 173.87ns
1-Heptanol 54.59 12.39 27.7ns 33.82 10.26 17.78ns 37.53 19.35 26.9ns
3-Ethyl-4-methylpentan-1-ol” 9549.47 nd 3111.73ns 6418.46 nd 2159.32ns nd nd ndns
2,3-Butanediol 21212.55 9838.02 15468.8b 22443.5 7439.78 14079.67b 28068.24 10801.36 21211.48a
trans-2-Octen-1-ol” 334.92 nd 52.76ns 267.68 nd 29.74ns nd nd ndns
Isobutyric acid 166.12 nd 44.17ns 126.06 nd 22.41ns 120.44 nd 55.38ns
Hexanoic acid 3974.35 1512.32 2893.31ns 4988.97 1741 3048.08ns 3361.13 475.07 2063.97ns
Octanoic acid 1147.17 477.02 800.68a 1270.1 580.54 770a 715.56 382.21 550.06b
Decanoic acid 231.69 92.14 130.77a 167.72 89.96 118.23 ab 146.39 nd 88.07b
Linalool 20.45 nd 1.20ns 5.77 nd 0.64ns 21.87 nd 6.25ns
trans-Linalool oxide® 1.61 nd 0.39ns nd nd ndns 1.4 nd 0.4ns
Citronellol 3.54 nd 1.69ns 3.41 nd 1.68ns 3.52 nd 2.14ns
Nerolidol 26.16 nd 1.54ns 22.03 nd 4.19ns 19.78 nd 5.84ns
2-Undecanone” 1.43 nd 0.21 nd nd nd nd nd nd
Benzyl alcohol 840.34 241.05 538.52b 1665.82 378.05 1002.08a 455.71 116.8 218.23c
Phenylethyl alcohol 75640.64 21658.13 49735.32ns 67802.59 24044.05 41944.28ns 55450.72 24691.79 34195.14ns
Phenethyl acetate 109.47 21.89 45.15ns 74.29 24.79 38.66ns 72.92 30.63 48.31ns

Note: nd: not detected. ns: not significant. Different letters in the row mean significant differences by ANOVA among the areas (p < 0.05). Data are the mean of three
replicates.
# Quantified with a calibration curve of a compound of the same chemical class.

wine at up to 5.6 pg/L far higher than its odor threshold of 0.05 pg/L.

3.2. Sensory description analysis

According to data obtained from ANOVA and post-hoc test (Duncan)
(Fig. 2), the berry group scored the highest, vegetal, roasted, spicy floral,
and tropical fruity groups scored the second-highest, and the fatty
groups scored the lowest. CS wine samples from five regions showed
significant differences in the odor characteristics of the berry aroma
(Fig. 2A). HB showed the highest intensity, which may be due to the
elevation. In Fig. 2A, the sum scores of the vegetal group, including bell
pepper, green grass, and herbal, were significantly higher in four
western regions than in HB, which may be due to the elevation (Falcao
et al., 2007). The vegetal odor was presumably related to 1-hexanol and
3-methylthiopropanol (Lan et al., 2019). The C¢ compound 1-hexanol
produces a typical herbal aroma. Volatile sulfides 3-methylthiopropa-
nol, with a concentration range in wine from 0 to 4.5 mg/L, elicits un-
pleasant flavors of potatoes, cauliflower, and cooked cabbage (Lan et al.,
2019). The fatty group included oil, fat meat, cream, and butter, which
had a significant difference in the five regions. As same as the study of
Pearson et al. (2020), three wines originating from the Heathcote region
can be distinguished from other wines based on beef stock odor. As for
three different varieties in XJ (Fig. 2B), SR wine samples showed the
highest fatty odor value, which may relate to some long-chain fatty acids

(Geffroy et al., 2020).

3.3. Chemometric approach

To assess more detailed information about the volatile compounds,
the relevant quantitative data were subject to principal component
analysis (PCA) (Petretto et al., 2021). The overlapping ellipses seemed
inevitable as all the volatile data was entered into the model, which did
not suggest the failure in the modeling even if the separation was less
fine. Because our aim was to find the important compounds that can
separate the model, rather than strictly classify or traceability research.

According to Fig. 3, the differences between varieties were relatively
small in the same region, whereas for the same variety (CS) larger dif-
ferences among regions were highlighted. Due to the scattered and far
away regions, geographic diversity has remained dominant in China,
although some studies have reported that variety rather than region
showed a more obvious difference in wine (Ziotkowska et al., 2016).
Another interesting phenomenon was the volatile fingerprints of
Cabernet Sauvignon and Merlot samples overall were similar in quan-
tification in the same region. However, a previous study reported that in
the north-eastern part (Ebro Valley) of Spain, only quantitative differ-
ences in volatiles were observed in young Cabernet Sauvignon and
Merlot wines, and no odorants were characteristic of a single variety
(Ferreira et al., 2000).
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Table 3

Volatile compounds of wine samples from three varieties of NX.
volatile compounds(pg/L) Cs ML CG

Max. Min. Mean Max. Min. Mean Max. Min. Mean

Ethyl acetate 104552.9 40761.98 72901.28b 114631.68 43668.28 62640.41b 155706.96 68151.44 117762.87a
Isobutyl acetate 210.87 nd 70.31b 170.17 nd 24.8b 541.28 20.47 204.9a
Butyl acetate 944.19 415.96 634.21b 721.47 337.66 594.37b 953.62 835.46 884.01a
Ethyl 2-methylbutyrate 39.91 13.19 26.41ns 37.64 nd 23.14ns 38.25 5.71 18.7ns
Ethyl 3-methylbutyrate® 81.29 30.24 53.09ns 77.23 19.1 45.83ns 64.73 7.81 29.64ns
isoamyl acetate 1137.57 294.77 579.27ns 809.77 305.04 489.13ns 748.81 339.45 472.74ns
Ethyl hexanoate 3793.44 2323.51 2906.9ns 3384.57 1956.5 2606.46ns 3317.69 2049.88 2758.37ns
Hexyl acetate 47.21 nd 21.79a 29.25 nd 2.44a 29.52 nd 22.67b
Ethyl heptanoate” 256.51 nd 27.62ns 207.47 nd 17.29ns nd nd ndns
Ethyl octanoate 3096.02 1239.51 1840.25ns 2368.84 1164.71 1755.07ns 1691.08 1075.67 1415.39ns
Ethyl 2-hydroxy-4-methylvalerate® 515.04 391.74 438.23ns 617.82 nd 404.91ns 587.9 nd 406.75ns
Isoamyl lactate® 727.13 464.28 537.7ns 823.72 340.18 491.24ns 575.89 497.6 525.68ns
Diethyl succinate 25235.56 1734.22 15860.56ns 23565.4 1192.3 14595.56ns 19755.52 14090.21 16279.09ns
Ethyl isopentyl succinate® 2105.19 nd 991.62a 1619.52 371.43 912.19a 678.39 213.42 409.77b
Ethyl lactate 409498.13 201514.37 282042.98b 450198.35 123261.12 253182.64b 501518.48 397586.3 472161.41a
Ethyl decanoate 823.45 nd 476.95ns 873.74 236.54 502.51ns 975.77 263.05 584.49ns
Diethyl glutarate® 172.49 nd 45.2ns 200.9 nd 45.87ns 163.94 nd 65.2ns
2-Methyl-1-propanol 89483.62 46726.95 65096.16a 98028.85 51699.83 67661.39%a 58155.69 34118.77 47990.42b
1-Butanol 15692.58 nd 5862.13ns 9386.87 nd 5100.47ns 4457.09 2501.44 3158.75ns
3-Methyl-1-butanol 429674.46 342889.42 382937.42a 471071.17 316557.45 383475.34a 305825.67 244292.24 281690.66b
4-Methyl-1-pentanol” 961.72 nd 265.64ns 476.66 nd 258.27ns 144.8 101.67 130.29ns
2-Heptanol® 10.21 nd 0.94ns 11.47 nd 1.04ns 5.49 0.23 1.99ns
3-Methyl-1-pentanol” 545.26 156.07 346.72a 495.67 171.24 330.64a 185.16 125.65 148.77b
1-Heptanol 44.12 nd 24.1ns 51.29 nd 20.09ns 22.39 12.4 16.88ns
3-Ethyl-4-methylpentan-1-ol” 11418.5 nd 2905.09a nd nd ndb 5942.77 2732.52 3938.74a
2,3-Butanediol 23833.98 nd 12303.1ns 34914.83 nd 11126.08ns 12604.02 nd 8758.04ns
Isobutyric acid nd nd ndns 69.13 nd 11.21ns nd nd ndns
Hexanoic acid 4742.35 2647.88 3445.73ns 4492.47 nd 2931.71ns 6032.7 2554 3845.63ns
Octanoic acid 1083.16 607.14 799.66ns 1027.71 659.6 807.82ns 1305.4 638.32 921.8ns
Decanoic acid 214.71 nd 116.12ns 159.71 nd 110.31ns 196.5 92.62 135.44ns
trans-Linalool oxide (furanoid)® nd nd ndb nd nd ndb 1.84 nd 0.37a
Citronellol 5.45 nd 1.10ns 5.10 nd 1.47ns 3.35 nd 0.67ns
Nerolidol nd nd ndns 19.64 nd 1.64ns 19.16 nd 3.83ns
Damascone 5.61 nd 0.37ns nd nd ndns nd nd ndns
Methyl salicylate nd nd ndb 46.74 nd 12.10a 18.05 nd 15.74a
1-Hexanol 5701.27 2416.37 3868.96b 5540.18 2375.62 3503.62b 6874.48 3523.15 4899.88a
cis-3-Hexen-1-ol 307.86 nd 80.89ns 1063.12 nd 153.83ns 248.87 161.18 187.47ns
Nonanal® 6.71 nd 0.45ns 27.74 nd 2.69ns 0.78 nd 0.16ns
trans-2-Hexen-1-ol” nd nd ndb 309.35 nd 25.78b 266.07 nd 150.15a
L-a-Terpineol 40.29 nd 6.32ns 16.14 nd 2.72ns 13.7 6.36 8.73ns
2,4-Di-tert-butylphenol” 2265.84 794.83 1572.35a 2131.53 817.88 1692.59a 1223.88 949.97 1095.81b
Benzyl alcohol 1097.3 nd 610.95ns 1334.68 nd 830.61ns 752.94 423.49 588.77ns
Phenylethyl alcohol 68367.05 41337 55862.88a 84359.26 48379.84 57647.85a 34489.19 20788.5 28495.83b
Phenethyl acetate 130.17 28.79 53.96a 67.14 34.68 48.22a 30.79 24.65 27.69b
3-Methylthiopropanol® 12989.72 nd 3141.51ns 13027.07 nd 2930.01ns 695.78 nd 283.81ns

Note: nd: not detected. ns: not significant. Different letters in the row mean significant differences by ANOVA among the areas (p < 0.05). Data are the mean of three

replicates.

@ Quantified with a calibration curve of a compound of the same chemical class.
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Fig. 2. Graphical representation of the sensory profiles of CS wine samples in five regions(A), three varieties in Xinjiang (B) and three varieties in Ningxia (C). The
values were converted as a nonlinear normalized logarithmic function for each attribute. The individual attributes marked with the asterisk * represent significant

differences between the samples (p < 0.05).

In the score plot (Fig. 3A), it was clear that the sample could be
divided into two groups, the first group was represented by samples in
HB, and the second was represented by NMG, XJ, SX, and XJ. Geography
was undoubtedly the most significant driver of variation in wines since
the two PCA groups isolated the location in eastern China and from the

four locations in western China (Jiang et al., 2013; Xu et al., 2015). The
two components explained about 95% of the total variance.

For the PCA of three varieties in XJ, two components explained more
than 90% of the total variance, including PC1 explained 60.7% of the
overall variance (Fig. 3B). It can be noticed this dataset was not
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Fig. 3. PCA performed with CS wine from five regions (A), three varieties in Xinjiang (B) and three varieties in Ningxia (C). Ellipses display 95% confidence regions.

separated among the CS, ML and SR samples. Moreover, regarding
different varieties in NX, the first two PCs explained 94% and 3.8% of
the variance. In Fig. 3B and C, CS and ML wine samples showed great
similarities in XJ and NX, while CG showed a big separation from them.

Unavoidably, the PCA models built for different varieties had some
problems, whether in XJ or NX (Fig. 3B and C). As mentioned earlier, the
volatile compounds of CS and ML wines in the same region showed great
similarities. However, when contrasting the two regions carefully, the
individual volatile compounds that demonstrated similarity in CS and
ML samples were not the same. For example, ethyl acetate showed no
significant difference in CS and ML samples from the XJ region but
differed greatly in NX, suggesting that regions were of vital importance
to wine quality within the same variety (Yue et al., 2014).

To observe the differences of wines in regions and varieties more
intuitively and screen differential metabolites for the markers of
different regions and varieties, the scores of PCA components were used
in the LDA (Garde-Cerdan et al., 2021; Cosme et al., 2020).

The application of forwarding stepwise LDA on a volatile compounds
data matrix allowed an 88.1% correct discrimination rate among CS
samples from the five regions studied (Table S5). The key volatile
compounds associated with the discriminant classification were 2,4-Di-
tert-butylphenol, 2-methyl-1-propanol, 3-ethyl-4-methylpentan-1-ol, 2-
undecanone, isoamyl lactate, and trans-2-hexen-1-ol. In Fig. 4A, the data
were concentrated essentially around the group means based on the first
two discriminant functions. The coordinate points from the NMG and NX
regions appeared in the same area, which may have resulted from their
close geographic locations and similar climate.

In XJ, the LDA analysis allowed us to distinguish among three vari-
eties with a 93.8% certainty rate (Table S6). Benzyl alcohol, 2,3-butane-
diol, L-a-terpineol, 3-ethyl-4-methylpentan-1-ol, ethyl decanoate, and
methyl salicylate were the key volatile compounds associated with the
discriminant classification. Despite the relatively dispersed data, each

group of variety could be clearly distinguished (Fig. 4B). In the LDA
analysis concerning the three varieties in NX, the validation rate was
90.6% (Table S7), involving the diversity drivers phenylethyl alcohol,
hexyl acetate, ethyl decanoate, nerolidol, trans-2-hexen-1-ol, ethyl
octanoate, isobutyl acetate, diethyl succinate, and ethyl hexanoate. As
shown in Fig. 4C, the data of the same variety were concentrated
together, and different varieties of wine have been distinguished clearly.

Cross-validations were established to validate the region identifica-
tion and prediction ability of LDA models. The principle is to randomly
select n-1 samples from n samples as the training sample. The remaining
1 sample is used as the test sample so that each sample will be predicted
by the established model once (Hao et al., 2021). The rates of the CS
wines in the five regions, the three different varieties in XJ, and the three
different varieties in NX were 82.1%, 78.1%, and 75.0%, respectively.

Available studies have shown that norisoprenoids, terpenes, and
fermentation-derivatives like esters and alcohols play important roles in
geographic difference and typicality (Slaghenaufi et al., 2019). A pre-
vious study using only seven volatiles achieved the discrimination of
varietal wines. The volatiles used were 3-methyl-1-butanol, 2,3-buta-
nediol, ethyl lactate, 3-methyl-1-butylacetate, 2-phenylethanol, phenyl
ethyl acetate, and p-hydroxy phenylethanol (Dourtoglou et al., 2014),
suggesting that alcohols, esters, and benzene-derivatives were likely to
play a role in the expression of varietal features of wines. Our data
agreed that the diversity of region and variety relied mainly on sec-
ondary metabolites of grapes compounds such as benzene-derivatives,
terpenes, ketones, and some esters and alcohols.

4. Conclusion
The results obtained showed great variability among the volatile

compound profiles of wines from different regions and varieties except
for CS and ML. One further point to make was that the main primary
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Fig. 4. LDA classification of CS wines from five regions (A), three varieties of wines in Xinjiang (B), and three varieties of wines in Ningxia (C).
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factor of wine diversity in China seemed to be region rather than variety.
Terpenes L-a-terpineol, nerolidol, benzene-derivatives benzyl alcohol,
phenylethyl alcohol, ketones 2-undecanone, and methyl salicylate
played obvious roles among the groups. Fermentation-derivatives such
as esters and alcohols were also important secondary metabolites partly
responsible for the region- and variety-related differences in wines. It is
not enough to screen for differential metabolites through volatiles alone,
and these characteristic compounds could only be considered as po-
tential markers for wine volatiles. Further research and verification are
needed to confirm the representative markers of each region and variety.
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