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Characterisation of Tannin and Aroma Profiles of Pinot Noir
Wines Made with or without Grape Pomace

Pradeep M. Wimalasiri 1, Jicheng Zhan 2 and Bin Tian 1,*

1 Faculty of Agriculture and Life Sciences, Lincoln University, Lincoln 7647, New Zealand
2 Beijing Key Laboratory of Viticulture and Enology, College of Food Science and Nutritional Engineering,

China Agricultural University, Beijing 100083, China
* Correspondence: bin.tian@lincoln.ac.nz; Tel.: +64-3-423-0645

Abstract: The contribution of grape pomace on tannin concentration, tannin composition and aroma
profile of Pinot noir wine was studied using different fermentation media to make up four treatments:
GJ-P, grape juice plus pomace; MJ-P, model juice plus pomace; GJ, grape juice; MJ, model juice.
The MJ-P treatment showed significantly lower amounts of tannins, mean degree of polymerisation
(mDP), similar amounts of anthocyanin, and a similar secondary aroma profile compared to the GJ-P
treatment. Grape pomace addition significantly increased the tannin concentration in wines. This
study was also revealed the importance of phenolics present in grape juice in tannin polymerisation
and final tannin concentration in wines. Grape pomace addition significantly reduced some important
aroma compounds such as acetate esters (except ethyl acetate), most of the volatile fatty acids, a few
ethyl esters and β-damascenone but increased some primary aromas in wines due to the presence of
their aroma precursors in skins. Hence, these results indicate that grape pomace may bind or delay
the release of some aroma compounds and/or lose these compounds during cap management in
GJ-P and MJ-P treatments compared to the respective juice treatments.

Keywords: aroma profile; grape pomace; model juice; Pinot noir; tannin

1. Introduction

Tannins, anthocyanin, and the aroma profile of red wines collectively determine the
final wine quality. Wine phenolics mainly originated from grape skins, seeds, and stems
if used in the winemaking process, of which extraction could be influenced by various
winemaking techniques [1–3]. Volatile aroma compounds in wine are usually divided
into three groups based on their origin: primary aroma compounds are derived from
grapes; secondary aroma compounds are mainly originated from the metabolism of yeast
and bacteria; and tertiary aroma compounds are formed from barrel maturation or bottle
ageing [4,5].

In winemaking, tannin origin, composition, and extractability determine the final
phenolic and colour attributes of the wine [6–8]. Ultimately, wine colour, flavour and
mouthfeel are largely determined by the relative proportions of tannin extracted from
different grape tissues in the winemaking process. Making wine from Pinot noir grapes has
long been a challenge due to its delicate flavour, light colour, and sometimes poor ageing
potential of the wine [2]. According to previous studies, Pinot noir grapes have a higher
seed tannin concentration compared to skin tannin levels, which results in a lower skin-
to-seed tannin ratio [2,9,10]. This tannin distribution in Pinot noir berries may contribute
to lower tannin concentration in wine and increase seed-originated tannin proportion in
the wine [11,12]. Previous studies suggested that the perception of astringency in wine
is related to berry tannin concentration, composition, and molecular size of the tannins.
Moreover, a greater degree of polymerization and a greater percentage of galloylation (G%),
are reported to provoke the sensation of astringency in wine, and lower molecular weight
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tannins could contribute to bitterness in wines [6,13,14]. Hence, the extraction of optimum
proportions of tannins from different tissues is important in wine quality. In the present
study, wines prepared with grape juice and model juice with and without grape pomace
help to understand the effect of grape juice and pomace on final wine tannin concentration
and composition.

The factors affecting the formation of wine aromas are complex. In general, wine
aroma is greatly influenced by the grape variety, relative proportions of grape skins, vintage,
viticultural practices, maceration and winemaking practices, regional variation, etc. [15–19].
During fermentation, yeast converts grape sugars into alcohol and fermentation drives
complex chemical reactions that affect the aroma and flavour of the wine. Primary aromas
such as monoterpenes, C13-norisoprenoids, methoxypyrazines, some volatile phenols such
as eugenol, C6 compounds and thiols are mainly found in grape skin, in free volatile form
or bound into non-volatile precursors such as glycoside. Later, glycosidically bounded
aroma compounds are released during fermentation or ageing and contribute to primary
aroma and wine quality [15,20]. Most of the previous studies have also confirmed that there
is a positive correlation between skin contact time and the concentration of primary aromas
observed in final wine [21]. In contrast, fermentation-derived aroma compounds make
up the largest percentage of the total aroma composition of wine comprising volatile fatty
acids, higher alcohols, ethyl esters and acetate esters but most of them do not significantly
contribute to the wine aroma due to their higher aroma thresholds in wine [21]. However,
the dividing line between primary aromas and secondary aromas is not clear-cut in terms
of their origin. For example, yeast also could indirectly contribute to the primary aromas by
converting odourless grape-derived precursors into important aroma compounds through
enzymatic hydrolysis in wine [22].

There is very limited studies investigating the effect of grape pomace and juice on Pinot
noir wine composition. In this study, Pinot noir grape pomace and juice were separated, and
model juice was used to substitute the grape juice, in order to have a better understanding
on the contribution of individual grape components (grape juice and grape pomace) to the
tannin and aroma composition of resultant Pinot noir wine.

2. Materials and Methods

2.1. Chemicals

All chemicals used for model juice preparation, phenolic analysis and HPLC were pur-
chased from Sigma-Aldrich (Auckland, New Zealand). Purchased aroma standards used in
GC-MS include ethyl decanoate and cis-3-hexen-1-ol (FlukaChemicals, Ronkonkoma, NY, USA),
deuterated benzaldehyde-d6 and hexanoic-d11-acid (Isotec, St. Louis, MO, USA). The
deuterated octanoic-d2-acid, isoamyl-d3-acetate, ethyl-d5-hexanoate, hexyl-d3-acetate,
ethyl-d5-octanoate, d5-ethyl butyrate, and d5-ethyl decanoate were previously synthesized
and stored at Lincoln University, New Zealand [17].

2.2. Microvinification

Pinot noir grapes were harvested in 2020 from the Akarua vineyard in Central Otago,
New Zealand. In this study, four treatments of wines were prepared through fermentation
of: (1) grape juice and pomace (GJ-P), (2) model juice and grape pomace (MJ-P), (3) grape
juice (GJ), and (4) model juice (MJ). Winemaking in each treatment was triplicated in 2 L
plastic containers.

Hand-destemmed grapes (1.6 kg) were used in each replicate of the GJ-P treatment.
Another 1.6 kg of hand-destemmed grapes was pressed to obtain 1 L of grape juice that was
used for each replicate of the GJ treatment, and the pressed grape pomace was combined
with 1 L of the model juice to prepare each replicate of the MJ-P treatment. Each replicate
of the MJ treatment was prepared using 1 L of model juice without pomace.

Model juice included three different solutions, which were sterilized separately at
121 ◦C for 20 min and then combined aseptically [23]: solution A (110 g/L D-glucose,
110 g/L D-fructose, 10 mg/L ergosterol, and 1 mL/L Tween 80), solution B (6 g/L L-(+)-
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tartaric acid, 3 g/L L-(−)-malic acid, and 0.5 g/L citric acid), and solution C (1.7 g/L yeast
nitrogen base with amino acids, 2 g/L casamino acids, 0.2 g/L CaCl2, 0.8 g/L arginine-HCl,
1 g/L L-(2)-proline, and 0.1 g/L L-(2)-tryptophan). The final pH was adjusted to 3.21 using
2 M sodium hydroxide to match the grape juice.

The EC1118 yeast (Lallemand, Montreal, QC, Canada) was inoculated at 0.25 g/L for
all winemaking treatments. The fermentation temperature was maintained in the range of
25 to 30 ◦C. The weights of ferments were recorded to monitor the progress of fermentation.
For the fermentations with addition of pomace, the cap was plunged twice a day until the
end of fermentation. Free-run wines were then collected and added with 50 mg/L of SO2.
After two days of cold settling at 4 ◦C, wine samples were racked off the lees and bottled.

2.3. Oenological Parameters

Total soluble solids (TSS), residual sugar, alcohol content, pH, and titratable acidity
were measured using standard protocols [24]. Briefly, the total soluble solid (TSS) in the
juice was analysed using an Atago 101 digital handheld refractometer with an automatic
temperature compensation function (Atago Co., Ltd., Tokyo, Japan). The Rebelein method
was used to determine the residual sugar concentration in wines. Alcohol concentration
was measured by an ebulliometer (Dujardin Salleron, France). Titratable acidity and pH
were determined using a Suntex SP-701 pH meter. Titratable acidity (TA) was measured
by titrating 10 mL of juice/wine with a standardised 0.1 N sodium hydroxide (NaOH)
solution to a pH endpoint of 8.2. Yeast assimilable nitrogen (YAN) was determined using a
commercial enzyme test kit (Vintessential Laboratories, Dromana, Victoria, Australia).

2.4. Spectrophotometric Analysis

Wine samples were centrifuged at 3000× g for 5 min (Model Heraeus Multifuge X1R,
Thermo Fisher Scientific, Lower Saxony, Germany) prior to analysis. Spectrophotomet-
ric measurements were carried out on a Shimadzu 1800 UV-Visible spectrophotometer
(Shimadzu, Tokyo, Japan).

2.4.1. Methyl Cellulose Precipitable (MCP) Tannin

Tannin in wine samples was determined using the 1 mL methyl cellulose precipitation
(MCP) method [25]. The absorbance of the sample and the respective control at 280 nm
was measured using the spectrophotometer. The absorbance difference between treatment
and control was used to calculate the concentration of MCP tannins against an epicatechin
calibration curve.

2.4.2. Total Phenolics

Total phenolic content was performed using the microscale Folin–Ciocalteu assay [26]. The
sample and standard solutions were measured at 765 nm using a UV–Vis spectrophotometer.

2.5. Analysis of Flavan-3-Ols Monomers by HPLC

Monomeric phenolic fractions in wine samples were separated using the optimised
solid-phase extraction (SPE) method [27]. In brief, an Oasis HLB cartridge (3 mL, 60 mg,
30 μm) (Waters, Rydalmere, NSW, Australia) was conditioned with 2 mL of methanol
followed by 2 mL of water. Wine samples were centrifuged at 3000× g for 5 min before
loading into the SPE cartridge. The wine sample (1 mL) was then loaded under gravity and
completely dried with a gentle stream of nitrogen. The monomeric phenolic fraction was
eluted by adding 40 mL of 95% acetonitrile and 5% 0.01 M hydrochloric acid. The elute was
vacuum evaporated completely at 36 ◦C and then dissolved in 1 mL of 10% ethanol/0.1%
formic acid.

HPLC analysis was carried out according to the previously published method [28]. In
brief, the monomeric phenolic fraction (10 μL) was loaded at 1 mL/min and the elution
of monomeric phenolics was monitored by absorbance at 280, 320, 360 and 520 nm in
the diode array detector (DAD) and the corresponding excitation at 280 nm and emission
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at 320 nm in the fluorescence detector (FLD). Phenolic compounds were identified by
comparing their retention times and the spectra with those of standards. Quantification
of phenolic compounds was carried out by area measurements at 280 nm, 320 nm and
FLD separately. Quantitative assays were achieved using external calibration curves for all
standard phenolics by the dissolution of the standard solution accordingly.

2.6. Phloroglucinolysis

Wine tannin was characterised by acid catalysis in the presence of excess phloroglu-
cinol followed by reversed-phase HPLC [29]. Phloroglucinolysis was carried out with
modifications, which provided information on subunit composition, conversion yield,
and mean degree of polymerization (mDP). Wine samples (4 mL) were rotary evaporated
to 0.2–0.3 mL at 40 ◦C to remove ethanol, and re-dissolved in 4 mL of deionised water.
After that, the sample was loaded onto a pre-conditioned 0.36 g C18 SEP-PAK cartridge
(WAT051910, Global Science, Auckland, New Zealand) with 5 mL of methanol, 7.5 mL
ethyl acetate and 7.5 mL of deionised water. The loaded C18 cartridge was washed with
7.5 mL of deionised water and allowed to dry with nitrogen gas at a 3 L/min flow rate for
60 min. After that, 5 mL of ethyl acetate was passed through the cartridge to wash off the
monomeric phenols and the required polymeric fraction was eluted with 5 mL of methanol.
This methanolic solution was rotary evaporated at 40 ◦C and reconstituted with methanol
to a final volume of 1 mL. Then, 0.5 mL of this prepared methanolic solution was reacted
with an equal volume of phloroglucinol reagent (A solution of 50 g/L phloroglucinol in
methanol, containing 0.1 M hydrochloric acid, and 10 g/L ascorbic acid) in a screw cap
tube in a water bath at 50 ◦C for 20 min. To stop the reaction, 5 mL of 40 mM sodium
acetate solution was added into the screw cap tube and vortexed the mixture for dissolving.
This solution was filtered through a 0.45 μm pore size 13 mm diameter PTFE filter into the
HPLC vial (the first few drops discarded).

Reversed-phase HPLC analysis was carried out using an Agilent 1100 series HPLC
(Waldbronn, Germany) equipped with a quaternary pump, diode array detector (DAD) and
fluorescence detector (FLD) was used to identify and quantify proanthocyanidin cleavage
products. A sample fraction of 40 μL was injected and separated using an ACE C18-
PFP 150 × 4.6 mm, particle size 3 μm column (Advanced Chromatography Technologies,
Aberdeen, Scotland) that was thermostat at 25 ◦C. Two mobile phases were used: 2%
v/v aqueous acetic acid (A), and 2% v/v acetic acid in methanol (B). The flow rate was
set at 0.8 mL/min, with the mobile phase set initially as a linear pump gradient from
5 to 10% B in 5 min, a gradient from 10 to 40% B in 25 min, and a gradient from 40
to 100% B in 1 min and held for 5 min, then reduced to 5% B in 1 min and held for
5 min, before equilibrating the column to the initial running conditions. The detection and
quantification of proanthocyanidin cleavage products were conducted at 280 in the DAD.
The corresponding excitation at 280 nm and emission at 320 nm in the FLD were used for
assisting in the identification and confirmation.

To estimate the molarity of proanthocyanidin cleavage products (terminal and exten-
sion subunits), the areas obtained from HPLC analysis were divided by their respective
molar response factors (relative to (+)-catechin) [29] to convert into catechin equivalent
molar response areas. Then, the catechin equivalent molar response areas were used to
calculate the molarity of proanthocyanidin cleavage products using a catechin calibra-
tion curve. After that, the relative molar composition of terminal subunits (flavan-3-ol
monomers) and extension subunits (phloroglucinol adducts) were calculated separately.
The mDP was calculated as the sum of all subunits (terminal and extension subunits in
moles) divided by the sum of all terminal subunits (in moles). The per cent conversion
yield was determined as the proportion of epicatechin equivalent total tannin concentration
determined by phloroglucinolysis divided by the epicatechin equivalent total tannin results
from the MCP tannin assay.
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2.7. Volatile Aroma Compounds

Volatile aroma compounds were analysed according to the methods described pre-
viously [17,30]. Three different methods were used to determine three groups of aroma
compounds: esters and alcohols, volatile fatty acids, and low-concentration compounds.

The wine sample (0.9 mL) was pipetted together with 8.06 mL of pH 3.5 acidified
water, followed by 40 μL of deuterated internal standard solution and 4.5 g of sodium
chloride into a 20 mL SPME vial. The samples were incubated and agitated for 10 min at
60 ◦C. The SPME fibre (Stableflex DVB/CAR/PDMS, Sigma-Aldrich, St. Louis, MO, USA)
was conditioned for 60 min at 60 ◦C. Desorption of the fibre occurred in the injection port at
270 ◦C for 5 min. The GC–MS was equipped with dual columns in series: a Rtx-Wax column
(30.0 m × 0.25 mm ID × 0.5 μm film thickness, polyethene glycol, Restek, Bellefonte, PA,
USA) and a Rxi–1 MS column (15 m × 0.25 mm ID × 0.5 μm film thickness, 100% dimethyl
polysiloxane, Restek). Helium was used as the carrier gas with a linear velocity of 33.5 cm/s.
Splitless injection was used for the initial 3 min and then switched to a 20:1 split ratio. The
GC oven temperature was held at 35 ◦C for 3 min, heated to 250 ◦C at 4 ◦C/min and then
held for 10 min. The interface and MS source were set to 250 ◦C and 200 ◦C, respectively.
The MS source was operated in electron impact (EI) mode with ionization energy of 70 eV.
Analysis of the chromatograms was performed on GCMS Solution software, version 2.5
(Shimadzu, Auckland, New Zealand).

For volatile fatty acids analysis, the HS-SPME extraction and GC operational condi-
tions were changed. The helium gas flow was set at a constant linear velocity of 46.8 cm/s.
The GC oven temperature was held at 50 ◦C for 3 min, then increased to 240 ◦C at 10 ◦C/min,
further increased to 250 ◦C at 30 ◦C/min and held for 5 min. The column configuration
and other operating conditions remained the same as for esters and alcohol analysis.

For low-concentration compounds analysis, the method is similar to that for esters
and alcohols, but the acquisition mode was changed to the selected ion monitoring (SIM)
to increase the sensitivity, and the GC oven temperature ramp was modified to 35 ◦C for
3 min, increased to 105 ◦C at 3 ◦C/min and held for 10 min, increased to 140 ◦C at 2 ◦C/min
and held for 10 min, and finally increased to 250 ◦C at 4 ◦C/min and held for 10 min.

2.8. Odour Activity Values

The odour activity value (OAV) of each aroma compound was calculated as the ratio
between the concentration of an individual aroma compound and the perception threshold
of the corresponding compound found in the literature. All aroma compounds with OAV
above 0.1 were considered significant aroma compounds in this study. Important aroma
compounds were categorised into seven aroma series (fruity, floral, spicy, chemical, fatty,
woody, and green) based on their odour description [28]. Woody, green, and spicy aroma
series were combined to make herbaceous aroma series in this work due to the lower OAVs
detected in wines.

2.9. Statistical Analysis

Data were presented as mean ± SD of three replicates. Data obtained from HPLC,
GC-MS, and OAVs were analysed by one-way analysis of variance (ANOVA) with a post
hoc analysis using the Tukey’s honestly significant difference (HSD) test at a significance
level of 0.05 (Minitab Inc., State College, PA, USA, version 18.1). Tannin composition
data from phloroglucinolysis was analysed using a two-sample t-test at 0.05 level of
significance using Minitab 18. All aroma compounds analysed in this study were subjected
to principal component analysis (PCA). R statistical software (R Core Team 2019, Vienna,
Austria) and mixOmics package from Bioconductor (https://bioconductor.org/ accessed
on 21 September 2022) was used for statistical analysis.
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3. Results and Discussion

3.1. Oenological Testing

At harvest, the total soluble solids (TSS) in grapes were measured at 23.4◦Brix, and
TSS in model juice was determined at 22.2◦Brix. YAN in grape juice and model juice was
measured at 236 mg/L and 362 mg/L, respectively. The pH and TA in juice and wine,
alcohol content, residual sugar, total phenolics, and tannins in wine are shown in Table 1.
The GJ-P wine showed significantly higher pH, total phenolics and tannin concentration
compared to all other treatments. The pH and TA of the wines ranged from 3.40 to 3.16 pH
and 10.91–8.54 g/L TA. Comparatively higher pH in GJ-P is likely due to the extraction
of potassium from grape pomace during fermentation. However, when comparing MJ-P
and GJ treatments they did not show a significant difference in pH between them because
the model juice pH had to be adjusted to match grape juice pH by adding 2 M sodium
hydroxide before inoculating and it ultimately caused significantly lower TA in juice and
wine. The highest TA was observed in GJ treatment as expected because of the absence of
grape pomace. The alcohol content ranged from 10.9 to 13.4% and reflected the differences
in juice soluble solids and final residual sugar amounts in the wines.

Table 1. General oenological parameters.

GJ-P MJ-P GJ MJ

Juice
pH 3.20 ± 0.02 a 3.22 ± 0.01 b 3.13 ± 0.06 c 3.21 ± 0.00 b

TA (g/L) 9.57 ± 0.18 b 6.38 ± 0.12 b 9.70 ± 0.22 a 6.10 ± 0.00 c
Wine
pH 3.40 ± 0.03 a 3.22 ± 0.02 b 3.16 ± 0.02 c 3.23 ± 0.02 b

TA (g/L) 9.62 ± 0.19 b 8.34 ± 0.08 c 10.91 ± 0.58 a 8.54 ± 0.00 c
Alcohol (%) 13.4 ± 0.2 a 10.9 ± 0.5 b 14.2 ± 0.2 a 11.0 ± 0.4 b

Residual sugar (g/L) 2.78 ± 0.42 b 2.22 ± 0.08 b 1.58 ± 0.16 c 3.70 ± 0.13 a
Total phenolics (mg/L) 2705 ± 69 a 2152 ± 34 b 274 ± 13 c 127 ± 3 d

Tannin (mg/L) 1225 ± 119 a 821 ± 22 b ND ND
ND-Not Detected; different lowercase letters in rows indicate a significant difference among treatments (p < 0.05).
GJ-P, grape juice plus pomace; MJ-P, model juice plus pomace; GJ, grape juice; MJ, model juice.

Comparing to MJ-P treatment, GJ-P treatment showed significantly higher MCP tannin
and total phenolic concentrations in the wine. This may be due to two reasons. First, the
phenolics present in grape juice, which could be involved in the polymerisation of tannins
by interacting with phenolics extracted from skins [31]. Second, the higher concertation
of alcohol may have increased the extraction of tannins from grape skin and seeds [32,33].
As expected, MJ and GJ treatments showed a lot lower total phenolic concertation and
zero MCP tannin concertation compared to the wines fermented with grape pomace, as
vast majority of the phenolics in the wine are derived from the skin and seed tissues [2,34].
The total phenolics observed in MJ treatment were mainly because the Folin–Ciocalteu
method is an antioxidant assay, which measures the reductive capacity of antioxidants in
the sample, such as amino acids, sugars, etc. [35].

3.2. Monomeric Phenolics Composition

Concentrations of monomeric phenolics determined by HPLC were shown in Table 2.
The flavan-3-ols, predominantly catechin and epicatechin represented 52–54% of total
monomeric phenolics quantified by HPLC in GJ-P and MJ-P treatments. Significantly
higher monomeric flavan-3-ol concentrations were observed in the GJ-P treatment and
reflected the same trend as that of tannin and total phenolics concentrations observed in
the wines.
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Table 2. Monomeric phenolic composition of the wines.

Phenolics (mg/L) GJ-P MJ-P GJ MJ

Flavan-3-ols
Catechin 356 ± 16 a 306 ± 24 b 2.40 ± 0.37 c ND

Epicatechin 95.7 ± 6.8 a 81.8 ± 5.3 b ND ND
Procyanidin B1 24.2 ± 1.3 a 17.3 ± 1.8 b ND ND
Procyanidin B2 21.9 ± 1.4 a 13.4 ± 1.4 b ND ND
Anthocyanins

Delphenidin-3-O-glucoside 26.7 ± 2.1 a 31.2 ± 2.2 a ND ND
Cyanidin-3-O-glucoside 1.04 ± 0.11 a 1.21 ± 0.18 a ND ND
Malvidin-3-O-glucoside 217 ± 4 a 196 ± 22 a 10.7 ± 0.8 b ND
Peonidin-3-O-glucoside 21.8 ± 1.2 a 21.8 ± 3.5 a 0.86 ± 0.17 b ND

Flavonols
Kaempferol 0.72 ± 0.54 ab 1.24 ± 0.19 a 0.14 ± 0.07 b ND
Quercetin 5.45 ± 0.78 a 5.58 ± 0.58 a 0.45 ± 0.20 b ND

Rutin 0.50 ± 0.02 a 0.78 ± 0.33 a ND ND
Hydroxybenzoic acids

Gallic acid 13.8 ± 1.1 a 12.3 ± 0.6 a 0.35 ± 0.05 b 0.18 ± 0.06 b
Protocatechuic acid 1.52 ± 0.04 a 0.97 ± 0.07 b 0.67 ± 0.07 c ND

Syringic acid 3.84 ± 1.30 a 2.78 ± 0.94 ab 0.95 ± 0.12 bc ND
Vanilic acid 3.82 ± 0.07 a 1.63 ± 0.66 b 1.27 ± 0.11 a 3.70 ± 0.17 b

Hydroxycinnamic acids
Caffeic acid 0.00 ± 0.00 b ND 0.09 ± 0.01 a ND
Caftaric acid 2.60 ± 0.13 b 3.20 ± 0.09 a 0.85 ± 0.06 c ND

Cinnamic acid 0.10 ± 0.00 b 0.13 ± 0.02 a ND ND
Ferulic acid 0.05 ± 0.09 b 0.29 ± 0.04 a 0.03 ± 0.05 b ND

p-Coumaric acid 0.00 ± 0.00 b 0.00 ± 0.00 b 0.28 ± 0.01 a ND
Stilbenes

Resveratrol 0.06 ± 0.05 b 0.15 ± 0.02 a ND ND
ND-Not Detected; different lowercase letters in rows indicate a significant difference among treatments (p < 0.05).
GJ-P, grape juice plus pomace; MJ-P, model juice plus pomace; GJ, grape juice; MJ, model juice.

The main anthocyanin form found in Pinot noir wine is malvidin-3-O-glucoside [36].
Malvidin-3-O-glucoside, delphenidin-3-O-glucoside, cyanidin-3-O-glucoside, and peonidin-
3-O-glucoside were quantified within the concentration range previously reported in
Pinot noir wines [28,37,38]. There was no significant difference in the concentrations of
monomeric anthocyanins between GJ-P and MJ-P treatment. This confirms that the model
juice could extract anthocyanin from the grape skins effectively as grape juice and stabilize
it in the wine matrix. A lower concentration of malvidin-3-O-glucoside was detected in GJ
treatment confirming the possible leaching of anthocyanin during pressing grapes.

Flavonols in wines are mainly originated from the grape skins [39] and cluster sunlight
exposure appears to be the primary factor determining flavonol levels in grapes [40]. Hence,
this could be the reason for observing no significant differences in flavonol concentrations
between GJ-P and MJ-P treatments because both treatments contained a similar amount
of skin. Lower concentrations of kaempferol and quercetin in GJ treatment may be due
to leaching from skins because they are not present in the pulp and are mainly located in
grape skins. A recent study on Vranac grapes also confirmed that quercetin and kaempferol
are not present in grape pulp [41].

Hydroxybenzoic acids in the GJ-P treatment, including gallic acid, protocatechuic acid,
syringic acid, and vanillic acid were quantified within the concentration range previously
reported in Pinot noir wine [28,42]. According to previous studies [41,43], gallic acid is
mainly located in grape seeds, while syringic acid, protocatechuic acid, and vanilic acid
are present in grape skins, seeds, and pulp in variable amounts. Hence, the presence of
hydroxybenzoic acids (except gallic acid) in both MJ-P and GJ treatments confirms the
presence of these compounds in both skins and pulp of Pinot noir berries because these
compounds could quickly release from pulp to grape juice during pressing. Interestingly,
the sum of hydroxybenzoic acids in MJ-P and GJ treatments is also similar to the concen-
trations observed in the GJ-P wine. The main hydroxycinnamic acid found in the wines
was caftaric acid and it agrees with previous studies [28,44]. Hydroxycinnamic acids are
mainly found in grape pulp, and also present in skin, seeds and stems in variable amounts.
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Moreover, their concentration varies a lot between different tissues and different grape
varieties [43,45,46]. The lower concentrations of caftaric acid, ferulic acid, and p-coumaric
acid in GJ treatment confirm the presence of these compounds in grape pulp in very low
concentrations in Pinot noir berries and/or these compounds are oxidised by endogenous
tyrosinase when grapes are crushed [46].

3.3. Tannin Composition and Mean Degree of Polymerisation (mDP)

Analysis of tannin composition was carried out in GJ-P and MJ-P treatments using
phloroglucinolysis (Table 3). GJ-P treatment showed significantly higher epicatechin gallate
terminal and extension subunit proportions, and significantly lower epicatechin terminal
and extension subunit proportions compared to MJ-P treatment. This could be mainly
associated with higher seed tannin extraction during fermentation in GJ-P treatment due to
the presence of higher alcohol concentration compared to MJ-P treatment [47].

Table 3. Tannin mean degree of polymerisation (mDP) and composition in wines.

GJ-P MJ-P

Concentrations
Total Terminal (nmol/L) 270 ± 73 a 330 ± 81 a
Total Extension (nmol/L) 1368 ± 153 a 999 ± 113 b

Terminal subunit composition (%)
C 59.1 ± 0.2 a 59.8 ± 1.2 a

EC 32.1 ± 0.3 b 33.4 ± 0.3 a
ECG 8.8 ± 0.5 a 6.9 ± 0.9 b

Extension subunit composition (%)
P-C 10.4 ± 0.6 a 11.7 ± 0.7 a

P-EC 73.0 ± 0.3 b 73.8 ± 0.1 a
P-ECG 7.3 ± 0.1 a 5.7 ± 0.6 b
P-EGC 9.3 ± 0.7 a 8.9 ± 0.2 a

Tannin characteristics
mDP 6.2 ± 0.6 a 4.1 ± 0.4 b
Yield 38.7 ± 4.5 a 47.1 ± 7.6 a

Different lowercase letters in rows indicate a significant difference among treatments (p < 0.05). GJ-P, grape juice
plus pomace; MJ-P, model juice plus pomace; GJ, grape juice; MJ, model juice.

GJ-P treatment showed a significantly higher mean degree of polymerisation than
MJ-P treatment, agreeing with a previous study [2]. It was mainly due to the significantly
higher total extension subunit concertation recorded in GJ-P treatment because the phenolic
acids in grape juice and anthocyanins leached into grape juice may contribute to the
tannin polymerisation reactions in GJ-P treatment. Many previous studies have shown that
anthocyanin is associated with polymerisation reactions with tannins present in the must
during winemaking [31,48,49].

3.4. Aroma Compound Analysis

Forty-six aroma compounds were identified and quantified in the wines, including
nineteen esters, seven volatile fatty acids, eight higher alcohols, one aldehyde, four volatile
phenols, three C13-norisoprenoids and four monoterpenes (Table 4). All aroma compounds
showed significant differences between the treatments.
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Table 4. Aroma compound concentrations and odour activity values.

Aroma Compounds *
Aroma

Threshold
Aroma
Series

Concentration of Aroma Compounds Odour Activity Values

GJ-P MJ-P GJ MJ GJ-P MJ-P GJ MJ

Acetate Esters
Ethyl acetate (mg/L) 7.50 3, 1 112.8 ± 8.5 a 57.3 ± 4.0 c 86.9 ± 5.5 b 34.4 ± 0.2 d 15.07 7.64 11.59 4.59

Isobutyl acetate 1605 1 46.9 ± 3.9 bc 34.0 ± 3.6 c 263.9 ± 16.3 a 60.3 ± 0.3 b - - 0.16 -
2-Methylbutyl
acetate (mg/L) 0.313 1 0.255 ± 0.012 b 0.207 ± 0.018 b 5.009 ± 0.145 a 0.254 ± 0.006 b 0.81 0.66 16.01 0.81

Isoamyl acetate
(mg/L) 0.030 1 0.208 ± 0.009 b 0.141 ± 0.008 b 2.535 ± 0.169 a 0.171 ± 0.003 b 6.93 4.70 84.67 5.70

Hexyl acetate 700 1 6.73 ± 0.34 b 5.79 ± 0.40 b 55.24 ± 7.26 a 4.57 ± 0.48 b - - - -
Octyl acetate 50,000 1, 2 4.97 ± 0.34 b 4.82 ± 0.15 b 6.24 ± 0.31 a 0.96 ± 0.05 c - - - -

Volatile fatty acids
Acetic acid (mg/L) 200 3 139 ± 7 c 174 ± 4 b 172 ± 10 b 640 ± 3 a 0.70 0.87 0.86 3.20
Butyric acid (mg/L) 0.173 4 1.136 ± 0.025 a 0.960 ± 0.017 b 1.100 ± 0.026 a 0.466 ± 0.003 c 6.59 5.55 6.36 2.69

Isobutyric acid
(mg/L) 2.30 4 2.696 ± 0.091 b 2.363 ± 0.020 c 3.514 ± 0.127 a 1.571 ± 0.010 d 1.17 1.03 1.53 0.68

2-Methylbutyric acid
(mg/L) 3.00 4 0.665 ± 0.087 a 0.363 ± 0.016 b 0.777 ± 0.027 a 0.207 ± 0.003 c 0.22 0.12 0.26 -

Isovaleric acid
(mg/L) 0.0334 4 0.638 ± 0.032 a 0.461 ± 0.017 c 0.588 ± 0.006 b 0.178 ± 0.002 d 19.10 13.80 17.60 5.33

Hexanoic acid
(mg/L) 0.420 4 2.45 ± 0.07 b 2.08 ± 0.05 c 2.63 ± 0.02 a 0.87 ± 0.02 d 5.83 4.95 6.26 2.08

Octanoic acid
(mg/L) 0.500 4 1.86 ± 0.07 b 1.49 ± 0.22 c 3.10 ± 0.04 a 1.25 ± 0.04 c 3.72 2.98 6.20 2.50

Alcohols
Isoamyl alcohol

(mg/L) 30.0 3 177 ± 2 a 117 ± 5 c 145 ± 6 b 58 ± 1 d 5.90 3.90 4.83 1.92

cis-3-Hexen-1-ol 1000 4, 5 50.1 ± 0.5 a 28.3 ± 1.1 a 41.3 ± 16.6 a 1.0 ± 0.1 b - - - -
trans-3-Hexen-1-ol 1000 5 22.1 ± 0.5 a 18.9 ± 0.3 a 20.6 ± 5.4 a ND - - - -
trans-2-Hexen-1-ol 1000 5 9.52 ± 3.22 a 6.53 ± 0.34 ab 8.08 ± 0.63 a 2.63 ± 0.07 b - - - -
Hexanol (mg/L) 1.10 5 1.180 ± 0.083 a 1.131 ± 0.067 a 0.657 ± 0.072 b 0.015 ± 0.001 c 1.07 1.03 0.60 -

1-Heptanol 200 4 53.9 ± 6.4 a 55.7 ± 11.0 a 7.8 ± 0.4 b 7.8 ± 0.4 b 0.27 0.28 - -
Phenylethyl alcohol

(mg/L) 14.0 2 45.0 ± 5.0 a 40.4 ± 0.2 ab 38.2 ± 0.4 b 19.0 ± 0.1 c 3.21 2.89 2.73 1.36

1-Octanol 800 2 35.8 ± 3.3 a 31.3 ± 2.8 a 18.0 ± 0.3 b 14.2 ± 2.2 b - - - -
Aldehydes

Benzaldehyde 2000 12.4 ± 2.9 a 10.7 ± 1.2 ab 11.3 ± 1.0 ab 6.9 ± 0.9 b - - - -
Ethyl Esters

ethyl isobutyrate 15.0 1 27.3 ± 2.1 b 21.7 ± 0.4 c 41.2 ± 3.2 a 17.7 ± 0.3 c 1.82 1.45 2.75 1.18
Ethyl butyrate 400 1 422 ± 27 a 226 ± 17 b 406 ± 21 a 90 ± 3 c 1.06 0.57 1.02 0.23

Ethyl lactate (mg/L) 150 1, 4 8.10 ± 0.34 b 9.23 ± 0.67 a 9.10 ± 0.79 a 5.99 ± 0.08 b - - - -
Ethyl

2-methylbutyrate 18.0 1 3.59 ± 0.47 b 2.43 ± 0.28 bc 5.78 ± 0.95 a 1.29 ± 0.05 c 0.20 0.14 0.32 -

Ethyl pentanoate 5.00 1 1.41 ± 0.21 a 1.38 ± 0.12 a 1.48 ± 0.06 a 0.95 ± 0.07 b 0.28 0.28 0.30 0.19
Ethyl hexanoate 14.0 1, 2 806 ± 25 b 496 ± 25 c 919 ± 24 a 228 ± 7 d 57.57 35.43 65.64 16.29
Ethyl heptanoate 2.20 1 1.72 ± 0.18 b 2.46 ± 0.27 a 0.92 ± 0.01 c 0.97 ± 0.08 c 0.78 1.12 0.42 0.44

2-Phenylethyl
acetate 250 2, 5 12.6 ± 1.3 b 12.1 ± 1.1 b 244.0 ± 9.7 a 22.7 ± 1.3 b - - 0.98 -

Ethyl octanoate
(mg/L) 0.580 1, 2 1.239 ± 0.064 a 0.866 ± 0.037 b 1.256 ± 0.006 a 0.500 ± 0.008 c 2.14 1.49 2.17 0.86

Diethyl succinate 1,200,000 1, 2 240.9 ± 28.4 a 248.5 ± 16.9 a 152.0 ± 13.6 b 13.8 ± 0.3 c - - - -
Ethyl cinnamate 1.10 5 0.970 ± 0.131 a 0.747 ± 0.151 a 0.846 ± 0.102 a 0.141 ± 0.024 b 0.88 0.68 0.77 0.13

Ethyl
hydrocinnamate 1.60 1, 2 0.705 ± 0.069 a 0.688 ± 0.114 a 0.550 ± 0.004 a 0.197 ± 0.052 b 0.44 0.43 0.34 0.12

Ethyl decanoate
(mg/L) 0.200 1, 3, 4 1.06 ± 0.04 b 0.85 ± 0.01 c 1.34 ± 0.08 a 0.26 ± 0.01 d 5.30 4.26 6.70 1.32

Volatile phenols
Phenol 5900 3, 5 3.87 ± 0.12 a 3.01 ± 0.19 b 2.49 ± 0.13 c 2.57 ± 0.14 c - - - -

Guaiacol 9.50 3, 5 6.26 ± 0.13 a 5.30 ± 0.47 b 5.27 ± 0.16 b 4.10 ± 0.01 c 0.66 0.56 0.55 0.43

4-Ethylguaiacol 33.0 5 0.123 ± 0.028 a 0.097 ± 0.034
ab 0.126 ± 0.007 a 0.043 ± 0.003 b - - - -

Eugenol 6.00 5 3.02 ± 0.48 a 1.99 ± 0.10 b 1.81 ± 0.28 b 0.94 ± 0.02 c 0.50 0.33 0.30 0.16
C13-norisoprenoids
β-Damascenone 7.00 1, 2 6.57 ± 0.16 b 2.22 ± 0.21 c 14.11 ± 2.22 a 0.42 ± 0.01 c 0.94 0.32 2.01 -

α-Ionone 2.60 1 0.117 ± 0.008 b 0.137 ± 0.009 a 0.050 ± 0.005 c 0.047 ± 0.000 c - - - -
β-Ionone 5.00 1, 2 0.711 ± 0.021 a 0.663 ± 0.032 a 0.396 ± 0.016 b 0.351 ± 0.031 b 0.14 0.13 - -

Monoterpenes
Geraniol 30.0 1, 2 8.59 ± 0.11 a 4.73 ± 0.16 c 6.10 ± 0.12 b ND 0.29 0.16 0.20 -
Linalool 25.2 2, 1 17.7 ± 0.5 a 10.7 ± 0.3 c 15.4 ± 0.6 b 2.4 ± 0.1 d 0.70 0.42 0.61 -

Citronellol 100 2 19.2 ± 0.8 a 13.5 ± 0.7 b 12.0 ± 0.5 b 4.9 ± 0.1 c 0.19 0.14 0.12 -
Nerol 300 2 5.16 ± 0.40 a 3.84 ± 0.36 b 2.92 ± 0.21 c ND - - - -

* Concentrations are expressed in μg/L unless otherwise noted; ND: Not Detected; different lowercase letters in
rows indicate a significant difference among treatments (p < 0.05). GJ-P, grape juice plus pomace; MJ-P, model juice
plus pomace; GJ, grape juice; MJ, model juice. Aroma Series: 1-fruity; 2-floral; 3-chemical; 4-fatty; 5-herbaceous.

When comparing GJ-P and MJ-P treatments, about half of the analysed aroma com-
pounds did not show a significant difference between GJ-P and MJ-P treatments, which
includes aldehydes, acetate esters except ethyl acetate, higher alcohols except isoamyl alco-
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hol, some ethyl esters including ethyl-2-methylbutyrate, ethyl pentanoate, 2-phenylethyl
acetate, diethyl succinate, ethyl cinnamate, and ethyl hydrocinnamate, 4-ethylguaiacol in
volatile phenols, and β-Ionone in C13-norisoprenoids. Among these compounds, ethyl
cinnamate, ethyl hydrocinnamate, and benzaldehyde were identified as important aroma
compounds contributing to varietal characteristics in Pinot Noir wine [17,50]. These results
indicate that grape skins largely determine the aroma profile of Pinot noir wine because
MJ-P treatment showed a similar aroma profile to GJ-P treatment even in the absence of
grape juice. Furthermore, most of these compounds were secondary aroma compounds,
mainly originated from the metabolism of yeast, and enzyme activity during fermenta-
tion [4]. Secondary aromas are the most abundant aroma fraction in Pinot noir wine and
form the aroma base of all wines [18,28].

Compared to MJ-P treatment, twenty-one compounds out of total forty-six aroma
compounds analysed in this work showed significantly higher concentrations in GJ-P
treatment including, monoterpenes, most of the volatile phenols, C13-norisoprenoids,
volatile fatty acids except acetic acid, few ethyl esters and isoamyl alcohol. Primary aroma
compounds (monoterpenes, eugenol and C13-norisoprenoids) are found in both grape
skins and juice [15] hence, higher concentrations are expected in GJ-P treatment compared
to MJ-P treatment. In addition, the aroma precursors originating from grape juice may also
contribute to result in significantly higher concentrations of these compounds in GJ-P treat-
ment. Previous studies have shown that precursors of monoterpenes, C13 -norisoprenoids,
and volatile phenols such as eugenol are derived in the berries at earlier stages of berry
development, and they have been identified as monoglucosides and diglycosides forms in
both grape skin and juice [20,51]. Ethyl decanoate, ethyl octanoate, and ethyl butanoate
were identified as important wine aroma compounds contributing to the fruity aroma
characteristics in New Zealand Pinot noir wine [17]. Apart from the primary aromas, a
higher concentration of isoamyl alcohol in GJ-P treatment may be associated with the
lower YAN levels recorded in GJ-P treatment because a previous study has demonstrated
that lower amounts of YAN (200–300 mg/L) led to a higher concentrations of isoamyl
alcohol, 2-methyl propanol, 2-methyl butanol, and 2-phenyl ethanol in wine [52]. In addi-
tion, higher concentration of butyric acid, isobutyric acid, their corresponding ethyl esters,
and branched chain fatty acids including 2-methylbutyric acid and isovaleric acid in GJ-P
treatment also agrees with the lower YAN levels in wine but also has been shown that yeast
strain has a profound effect on the concentration of medium chain fatty acids and their
corresponding ethyl esters in wines [52,53].

When comparing GJ-P and GJ treatments, sixteen aroma compounds including acetate
esters (except ethyl acetate), most of the volatile fatty acids, a few ethyl esters and β-
damascenone showed significantly lower concentrations in GJ-P treatment. A previous
study on Muscat blanc grapes has also shown that fermentation with skins greatly reduced
ho-trienol, β-damascenone, fatty acids and esters in wine [21]. According to a previous
study [5], it is possible that skins in some way inhibited the formation of these compounds
by providing either competitive substrates or enzyme inhibitors or adsorbing them on their
surface. It is also possible that cap management during fermentation in GJ-P and MJ-P
treatments had a significant effect on aroma compound evaporation. A previous study has
also shown that solid parts of the grapes inhibit the biosynthesis of volatile fatty acids in
yeast cells and result in lower concentrations in the wines [54]. However, a recent study
on Pinot noir grapes fermented with and without grape skins has shown fairly similar
results to this study but wines showed no significant difference in most of the volatile fatty
acids analysed [55]. This may be associated with the vintage differences, and higher cap
management frequency used in winemaking.

Moreover, eighteen aroma compounds including all monoterpenes, C13-norisoprenoids
(except β-damascenone), volatile phenols (except 4-ethylguaiacol), most of the higher alco-
hols, few ethyl esters, and ethyl acetate showed significantly higher concentrations in GJ-P
treatment compared to GJ treatment. Most of the primary aromas, such as monoterpenes,
C13-norisoprenoids, and volatile phenols (eugenol) are largely found in grape skins in free
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volatile form or bound into non-volatile precursors [15,55] and hence higher concentrations
are expected in GJ-P treatment. However, the higher concentration of higher alcohols in
GJ-P treatment may be linked to the presence of more amino acids in the fermentation
media because GJ-P treatment contained grape pomace during the fermentation. Previous
studies have shown that the total production of higher alcohols increases as the concentra-
tions of corresponding amino acids increase in grape must during fermentation [4,53,56].
Interestingly twelve aroma compounds including butyric acid, 2-methylbutyric acid, cis-
3-hexen-1-ol, trans-3-hexen-1-ol, trans-2-hexen-1-ol, benzaldehyde, ethyl butyrate, ethyl
pentanoate, ethyl octanoate, ethyl cinnamate, ethyl hydrocinnamate, and eugenol showed
no significant difference between GJ-P and GJ treatments and it confirms that their concen-
trations are not affected by the grape solids in the media.

MJ treatment had the lowest concentration in most of the aroma compounds analysed
in this study, which is mainly due to the absence of primary aroma compounds and aroma
precursors which comes from grapes in MJ treatment. Hence, primary aroma compounds
including C13-norisoprenoids, monoterpenes, C6 alcohols (hexanol, cis-3-hexen-1-ol, trans-
3-hexen-1-ol, and trans-2-hexen-1-ol) were not detected or detected below the limit of
quantification (LOQ) in MJ treatment. MJ treatment showed a higher concentration of
acetic acid (640 mg/L) compared to other treatments, which is still below the sensory
threshold in red wine and well below the legal limits of acetic acid in wine [57,58]. Higher
concentration of acetic acid in MJ treatment may be due to the high level of nitrogen source
added in model juice, and previous studies have shown that higher YAN level in must
resulted in a higher acetic acid concentration and volatile acidity in wines [52,59]. The
higher acetic acid concentration in MJ treatment may also be associated with the absence of
tannins and lower alcohol levels. In addition, no cap management could be another reason
for relatively high acetic acid in MJ as more acetic acid is preserved in wine.

Medium-chain fatty acids (C6–C12), hexanoic acid and octanoic acid were detected
in MJ treatment because they are mainly produced by yeast during sugar metabolism in
fermentation [56]. Corresponding ethyl esters of medium-chain fatty acids were also found
in MJ treatment such as ethyl hexanoate, ethyl heptanoate, ethyl octanoate, ethyl decanoate
because medium-chain fatty acids are the initial substrate for the final formation of ethyl
esters in wines [56,60]. The presence of higher alcohols in MJ treatment indicates that the
amino acids in model juice have been converted to higher alcohols through the Ehrlich
pathway [4]. For example, isoamyl alcohol and phenylethyl alcohol in MJ treatment is
derived from leucine, and phenylalanine amino acids in the model juice, respectively. These
higher alcohols are the initial substrate for the final formation of acetate esters in wine. For
example, isobutyl acetate in MJ treatment is derived from the isoamyl alcohol (derived
from leucine).

3.4.1. Odour Activity Value (OAV) Analysis

Odour activity values (OAVs) are commonly used to assess the contribution of volatile
compounds to the overall wine aroma in many studies [61–64]. According to previous
studies, aroma compounds with an OAV above 0.1 is considered important contributors
to the overall wine aroma due to the synergistic effect of certain aroma compounds in
wine [61,63]. Hence, all aroma compounds with OAV above 0.1 were considered significant
aroma compounds in this study.

All the aroma series showed significant differences between treatments and the aroma
series intensity patterns showed that the aroma profile of the wines mainly consisted of
fruity, floral, fatty, chemical, and herbaceous aromas (Figure 1). GJ treatment showed
a significantly higher total odour activity value (ΣOAV) in all aroma series except the
chemical aroma series. It was mainly due to the significantly higher concentrations of
2-methylbutyl acetate, isoamyl acetate, isobutyric acid, hexanoic acid, octanoic acid, ethyl
isobutyrate, and ethyl decanoate.
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Figure 1. Comparison of aroma series based on ΣOAV between four treatments. Different letters in
the same aroma series means a significant difference (p < 0.05). GJ-P, grape juice plus pomace; MJ-P,
model juice plus pomace; GJ, grape juice; MJ, model juice.

The fruity aroma series was the major aroma series having the highest intensity in
all the treatments, which agrees with previous observations in Pinot noir wines [28,61].
The major contributors to the fruity aroma series include two acetate esters (ethyl acetate,
and isoamyl acetate) and two ethyl esters (ethyl hexanoate and ethyl decanoate) in all the
wines and accounted for 85% to 90% of the ΣOAV of fruity aroma series. Previous studies
also confirm that isoamyl acetate, ethyl hexanoate and ethyl decanoate are important
wine aroma compounds contributing to the fruity aroma characteristics in Pinot noir
wine [28,61]. When comparing GJ and GJ-P treatments, the higher ΣOAV of fruity aroma
series in GJ treatment was mainly due to the higher concentrations of isoamyl acetate and 2-
methylbutyl acetate. Their concentrations in the GJ treatment were twelve times and twenty
times higher than that in the GJ-P treatment. This is in agreement with a previous study [55],
reporting that the concentration of isoamyl acetate in the wine fermented without grape
skins was eleven times higher than in the wine made with grape skins. In general, a higher
concentration of acetate esters observed in GJ compared to GJ-P treatment could be due to
grape skins binding or delaying the release of some volatile compounds in wine [5], and
no cap management in GJ treatment during fermentation that could better preserve esters
formed in wines.

Floral and fatty aroma series were also two other major aroma series in this work. For
the floral aroma series, the ΣOAV was dominated by three compounds (ethyl hexanoate,
phenylethyl alcohol, and ethyl octanoate) and the fatty series was dominated by six com-
pounds (isovaleric acid, butyric acid, hexanoic acid, ethyl decanoate, octanoic acid, and
isobutyric acid). However, β-damascenone was also a major contributor to the fruity aroma
series in GJ treatment, while isobutyric acid was not a major contributor to the fatty aroma
series in MJ treatment. Compared to the GJ-P treatment, significantly higher concentrations
of ethyl hexanoate and β-damascenone in the GJ treatment led to significantly higher ΣOAV
of floral aroma series in the resultant wine. A higher concentration of β-damascenone in
GJ treatment indicates grape juice is a good source of β-damascenone, which can be better
preserved in the wine by avoiding cap management.
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3.4.2. Principal Component Analysis

The score plot and correlation circle plot obtained from principal component analysis
(PCA) is shown in Figure 2. The ellipses in the score plot represent 95% confidence intervals
for the means of the treatments. Ninety-one per cent of the differences in the concentration
of aroma compounds between treatments can be explained by the first two principal
components (PCs).

(a)

(b)

Figure 2. (a) Score-plot and (b) correlation circle obtained from principal component analysis of
aroma compounds determined in wines, GJ-P, grape juice plus pomace (•); MJ-P, model juice plus
pomace (�); GJ, grape juice (�); MJ, model juice (�).
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Triplicate ferments from each treatment were tightly clustered together on the score
plot and it indicates good reproducibility of the treatments. The PC1 explained 65% of the
differences and separated all four treatments. Loading vectors of PC1 and PC2 are given in
Table S1. The MJ treatment was grouped away from all other treatments toward the left
on the plot, showing a distinctive aroma profile. It was largely characterised by the higher
concentration of acetic acid in MJ treatment. While PC2 explained 26% of the differences and
wines prepared with grape pomace (GJ-P and MJ-P) were grouped separately from wines
made with juice (GJ and MJ). Wines made with grape pomace were characterised mostly by
primary aromas, and higher alcohols, including 1-heptanol, α-ionone, ethyl heptanoate, β-
ionone, 1-octanol, phenol, hexanol, diethyl succinate, nerol, eugenol, respectively. Because
it is generally accepted that most of the primary aroma compounds such as monoterpenes,
C13-norisoprenoids, C6 compounds and volatile phenols (eugenol) are largely found in
grape skins [15,55]. The higher concentrations of higher alcohols indicate the presence
of a higher concentration of amino acids in grape pomace added treatments, which can
act as aroma precursors to form higher alcohols through the Ehrlich pathway during
fermentation as discussed above [4]. In contrast, GJ treatment was mainly characterised
by the higher concentrations of acetate esters (except ethyl acetate) compared to grape
pomace-added treatments. This may be associated with the effect of skins in GJ-P and
MJ-P treatments, which may adsorb aroma compounds into skins or provide competitive
substrates or enzyme inhibitors to reduce the formation of acetate esters in wines [5], and
lower fermentation temperatures and aeration in GJ treatment during fermentation could
enhance acetate ester concentration in wines (Figure S1) [65,66].

4. Conclusions

Tannin extraction is important in red wine production, and this study investigated the
impact of phenolics in grape juice and polyphenols in grape pomace on tannin concentration
and tannin composition. Grape skins and seeds are the most important source of tannins
extracted into wine during fermentation. This study revealed the important role of phenolic
compounds in grape juice in the polymerisation and composition of tannins in the wines.
Inclusion of grape pomace in the fermentation enhanced the concentrations of primary
aromas including monoterpenes, and C13-norisoprenoids, which are mainly responsible
for floral and fruity notes in wines. The presence of corresponding aroma precursors are
well documented in grape skins. Fermentation derived aroma compounds, e.g., esters,
volatile fatty acids, are better preserved in the fermentation without pomace addition.
These observations reflect the differences in aroma profiles between red winemaking and
white winemaking.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fermentation8120718/s1, Table S1: Loading vectors of first principal
component (PC1) and second principal component (PC2), Figure S1: Fermentation curves: (a) total
mass reduction of the ferments; (b) must temperature fluctuation during fermentation.
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Abstract: Pinot noir is a grape variety with thin grape skin, which means the extraction of colour
and polyphenols is more challenging than other red grape varieties. The aim of this study was
to investigate the impact of protein removal by adding bentonite prior to fermentation on Pinot
noir wine composition. Four treatments were conducted, including the control without bentonite
addition and Pinot noir wines produced with the addition of three different types of bentonites before
cold soaking. The juice and wine samples were analysed for pathogenesis-related proteins, tannin,
wine colour parameters, and aroma composition. The results showed that bentonite addition at
0.5 g/L had little impact on tannin and aroma compounds but more impact on wine colour, especially
significantly higher level of SO2 resistant pigments observed in Na bentonite addition treatment. This
study indicates the potential use of bentonite to modulate the Pinot noir juice composition that may
facilitate the extraction of colour components from grape into juice, which plays an important role in
colour stabilization in finished wine.

Keywords: anthocyanins; bentonite; cold soaking; colour; pathogenesis-related proteins; Pinot noir;
tannin; wine aroma

1. Introduction

The extraction of anthocyanins and tannins is critical for red wine production as they
are associated with important sensory attributes, e.g., wine colour, taste, and mouthfeel [1].
Pinot noir is a grape variety with thin grape skin, so the winemaking techniques that can
enhance the extraction of colours and polyphenols are useful tools to produce quality Pinot
noir wine.

Previous studies [2,3] have reported that tannins in wine can interact with proteins,
which influences the perception of astringency [4]. Tannins and proteins can bind with each
other through the hydrogen bonding and hydrophobic interactions [5]. From a winemaking
point of view, the tannin–protein interaction may also influence the extraction of those
components from grape into juice and wine. As the major soluble proteins in white grape
juice and wine, pathogenesis-related (PR) proteins have been well studied as they could
cause protein haze formation in white wine [6–8]. PR proteins have been reported to be
present in both the grape skin and pulp of but not in the seed in Sauvignon blanc [9] and
their concentrations were gradually increased in grape skin and pulp during ripening [10],
but the diversity of PR proteins decreased during grape maturation [11]. The level of
PR proteins in grapes can also be influenced by UV radiation and fungal infection [12].
To remove PR proteins in white wine in order to prevent protein haze formation [13],
bentonite is commonly used as a fining agent. Bentonite is a negatively charged clay
belonging to the group of montmorillonites (hydrated aluminium silicates), which is able
to swell when combined with water and produce a gel-type suspension [14,15]. Bentonite
interacts with positively charged wine proteins to form flocculation and precipitate [16].
The exchangeable cations mainly Na+, Ca2+, and Mg2+ localized on the external surface
of clay particles and in-between the layers are important for balancing the net negative
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charge of the clay [17]. The three major types of bentonite used in the wine industry are
sodium (Na) bentonite, calcium (Ca) bentonite, and sodium and calcium combined (NaCa)
bentonite, with Na bentonite having the greatest swelling capacity and Ca bentonite having
the most compact lees [18]. In red wine production, fining is also commonly carried out
but for different purposes, e.g., adjusting wine colour using charcoal and lowering tannins
using egg albumin. Bentonite has been used in finished red wines to achieve colloidal
stability and reduce astringency [14,19,20].

In red wine, proteins have also been reported and characterized in Cabernet Sauvi-
gnon [21] and a recent study suggested the PR proteins can limit the retention of added
condensed tannins during red wine fermentation [22]. Thus, the removal of or reduction
in proteins in red grapes may facilitate the extraction of phenolic substances from grape
into juice and wine during fermentation. The typical bentonite addition rates for protein
stabilization in white wines are between 0 and 1 g/L and the protein content in red grape
juice is normally lower than in white grape juice, so in this study three common types of
bentonites are added at 0.5 g/L, with the aim to investigate the impact of early protein
removal by adding bentonite on Pinot noir wine composition.

2. Materials and Methods

2.1. Grapes and Wine Samples

Pinot noir grapes (clone/rootstock: AM 10-5/Swartzman) were harvested in 2021
from the Pegasus Bay vineyard located in north Canterbury. Four treatments, including
control, were carried out in this study. In each treatment, the wines were produced in
triplicate and, in each replicate, 700 g of destemmed and crushed grapes were placed in a 1 L
plastic bucket. Three types of bentonite (Enartis Pacific, Napier, New Zealand), including
sodium (Na), calcium (Ca), and sodium and calcium combined (NaCa) bentonites, were
added at a rate of 0.5 g/L into grape must prior to the cold maceration (5 days). After
five days cold maceration, the grape must was warmed up to room temperature at 20 ◦C
and then inoculated with EC1118 yeast. Alcoholic fermentation was carried out in a
temperature-controlled room at 28 ◦C and cap management was conducted once a day. The
fermentation was considered finished when the residual sugar is less than 2 g/L and all
the ferments have gone through three days of post-fermentation maceration. The free-run
wines from different treatments were collected at the end of alcoholic fermentation for
chemical analysis. No malolactic fermentation was carried out in this study as the aim of
this study was to investigate the immediate effect of bentonite addition on Pinot noir wine
composition at the end of alcoholic fermentation.

2.2. Oenological Parameters

The free-run wines collected at the end of alcoholic fermentation were analysed
for pH, titratable acidity (TA), and alcohol content according to the methods described
previously [23].

2.3. Methylcellulose Precipitable Tannins

The total tannins were measured in the free-run wines collected at the end of the
alcoholic fermentation using the methylcellulose precipitation method [24].

2.4. Analysis of Pathogenesis-Related Proteins by HPLC

Two major pathogenesis-related (PR) proteins, thaumatin-like proteins (TLPs) and
chitinases, were measured in grape juice at crushing, after 5 days’ cold maceration, and in
resultant wines according to the method published previously [25]. In brief, the juice/wine
samples (50 μL) were loaded at 1 mL/min and the elution of proteins was monitored by
absorbance at 210, 220, 260, 280, and 320 nm. The identification of thaumatin-like proteins
(TLPs) and chitinases was assigned from the 210 nm chromatogram by comparison of
the peak retention times to the purified TLPs and chitinases. The protein was quantified
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through a comparison with the peak area of thaumatin from Thaumatococcus daniellii (Sigma–
Aldrich) and thus the protein concentration was expressed as thaumatin equivalents.

2.5. Colour Parameters in Resultant Wines

The wine samples were analysed for colour parameters using the modified Somer’s
assay [24]. All wine samples were diluted by 10 times in the model wine (0.5% w/v
tartaric acid in 12% v/v ethanol adjusted to pH 3.4 with 5 M NaOH) and treated with
0.375% w/v sodium metabisulphite, 0.1% v/v acetaldehyde, and 1 M HCl, respectively. The
absorbance of the mixtures was measured at 280 nm, 420 nm, and 520 nm, respectively, after
incubation using UV-Visible spectrophotometer (Model UV-1800, Shimadzu Corporation,
Kyoto, Japan) and colour parameters were calculated using the formulas described in
the method.

2.6. Aroma Profiling by SPME GC-MS

The volatile aroma compounds in the wine samples were analysed according to the
previously published method [26]. Two different methods were used to quantify two
groups of aroma compounds: esters and alcohols and low concentration compounds. In
brief, the esters and alcohols were analysed using a headspace solid-phase micro-extraction
(HS-SPME)-GC/MS method. The wine samples (0.9 mL) were pipetted together with
8.06 mL of pH 3.5 acidified water, followed by 40 μL of deuterated internal standard
solution, and 4.5 g of sodium chloride into a 20 mL SPME vial. The samples were incubated
and agitated for 10 min at 60 ◦C. The SPME fibre was conditioned for 60 min at 60 ◦C
before being desorbed in the injection port at 270 ◦C for 5 min. The GC/MS was equipped
with dual columns. The MS source was operated in the electron impact (EI) mode with
an ionization energy of 70 eV. The analysis of the chromatograms was performed on
GC/MS Solution software, version 2.5 (Shimadzu, Auckland, NZ). The compounds of
low concentration were analysed by changing the acquisition mode to the selected ion
monitoring (SIM) to increase the sensitivity.

2.7. Statistical Analysis

All data were presented as means and standard deviations of three replicates, which
were analysed using one-way analysis of variance (ANOVA), followed by a post hoc
analysis (Tukey’s test p ≤ 0.05) using Minitab 18 (Minitab Inc., State College, PA, USA).

3. Results

3.1. Fermentation Kinetics and Oenological Parameters

The grapes were harvested with total soluble solids (TSS) at 22◦Brix and the titratable
acidity (TA) and pH at harvest were measured at 9.51 g/L and 3.14, respectively. The
addition of bentonite prior to the cold soaking did not show a significant impact on
fermentation dynamics. The fermentation progress was measured as ferment cumulative
weight loss and all the fermentations in different treatments were finished after eight
days (Figure 1). The pH, TA, and alcohol content in resultant wines were determined at
the ranges of 3.62–3.67, 6.71–6.88 g/L, and 12.09–12.31% abv, respectively (Table 1). No
significant difference in pH, TA, and alcohol content was observed in the resultant wines
between treatments. There was also no significant difference in the tannin concentration
between treatments, with the concentration ranging from 890 mg/L to 929 mg/L.

Table 1. Oenological parameters and tannins measured in resultant wines.

Control Na Ca NaCa

pH 3.65 ± 0.11 a 3.63 ± 0.03 a 3.62 ± 0.02 a 3.67 ± 0.01 a
TA (g/L) 6.88 ± 0.08 a 6.73 ± 0.15 a 6.88 ± 0.04 a 6.71 ± 0.04 a

Ethanol (%) 12.11 ± 0.22 a 12.14 ± 0.26 a 12.09 ± 0.32 a 12.31 ± 0.22 a
Tannin (mg/L) 890 ± 98 a 929 ± 61 a 929 ± 95 a 918 ± 17 a

Different letters in the same row indicate significant differences statistically between treatments.
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Figure 1. Fermentation progress of Pinot noir wine with or without bentonite addition, measured as
ferment cumulative weight loss.

3.2. Pathogenesis-Related Proteins in Juice

The free run Pinot noir grape juice was analysed for both TLPs and chitinases, with
concentrations determined at 70.4 mg/L and 58.7 mg/L, respectively (Table 2). After five
days cold soaking, the concentrations of both TLPs and chitinases decreased to 37.5 mg/L
and 38.7 mg/L, respectively.

Table 2. Analysis of pathogenesis-related proteins in juice with and without bentonite addition.

PR Proteins
(mg/L)

Juice at
Crushing

Juice after Cold Soaking

Control Na Ca NaCa

TLPs 70.4 ± 0.6 a 37.5 ± 4.0 b 16.3 ± 6.1 c 25.5 ± 4.5 bc 28.2 ± 5.9 bc
Chitinases 58.7 ± 2.7 a 38.7 ± 4.8 b 28.1 ± 10.0 b 33.1 ± 5.6 b 33.9 ± 6.8 b

Different letters in the same row indicate significant differences statistically between treatments.

In the treatments with a bentonite addition, the concentration of TLPs and chitinases
was decreased even further, with the Na bentonite-added treatment showing the lowest
level of TLPs and chitinases at 16.3 mg/L and 28.1 mg/L, respectively. Compared to
the control, the concentrations of TLPs and chitinases were not significantly different in
treatments added with a Ca bentonite or NaCa bentonite. After fermentation, no PR
proteins were observed in wines from any treatments (data not shown).

3.3. Wine Colour and Phenolics

The colour parameters measured by the modified Somer’s assay are shown in Table 3.
At the end of fermentation, all colour parameters except chemical age I, hue, and total
phenolics showed significant differences between the treatments. However, Na bentonite
addition seems to have a greater effect on wine colour compared to the other types of
bentonites used in this study. The Na bentonite addition showed a significantly higher
chemical age II, colour density, SO2-corrected colour density, and SO2 resistant pigments,
compared to the control treatment. In contrast, the addition of Ca or NaCa bentonite
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showed no significant difference in chemical age I, colour density, SO2 corrected colour
density, hue, and SO2 resistant pigments in wines compared to the control treatment.

Table 3. Colour parameters of resultant wines measured by modified Somer’s assay.

Parameters Control Na Ca NaCa

Chemical age I 0.44 ± 0.02 a 0.47 ± 0.01 a 0.47 ± 0.02 a 0.45 ± 0.01 a
Chemical age II 0.13 ± 0.01 a 0.16 ± 0.01 b 0.17 ± 0.01 b 0.15 ± 0.01 ab

Degree of ionization of anthocyanins (%) 21.11 ± 1.38 a 25.56 ± 1.92 b 26.83 ± 1.90 b 23.18 ± 0.97 ab
Total anthocyanin (mg/L) 170.89 ± 8.06 a 150.89 ± 7.82 b 139.44 ± 7.00 b 153.89 ± 2.84 ab

Colour density 6.37 ± 0.21 a 7.32 ± 0.28 b 7.02 ± 0.50 ab 6.48 ± 0.35 ab
SO2 corrected colour density 6.45 ± 0.17 a 7.26 ± 0.30 b 6.99 ± 0.36 ab 6.52 ± 0.34 ab

Hue 0.96 ± 0.03 a 1.04 ± 0.03 a 1.01 ± 0.06 a 0.98 ± 0.03 a
SO2 resistant pigments 1.45 ± 0.05 a 1.67 ± 0.09 b 1.62 ± 0.10 ab 1.48 ± 0.10 ab

Total phenolics 32.88 ± 0.68 a 33.50 ± 0.75 a 30.00 ± 3.00 a 31.42 ± 0.40 a

Different letters in the same row indicate significant differences statistically between treatments.

The total anthocyanin concentration was reduced by 10–18% in all the bentonite-
treated wines compared to the control treatment, although the reduction degree varied in
each wine. For example, the NaCa bentonite addition did not show a significant difference
in the total anthocyanin concentration, while the Na and Ca bentonite addition significantly
reduced the total anthocyanin level in wines compared to the control treatment. The degree
of ionization of anthocyanin (DIA) in wines ranged from 21.11% to 25.74%, with a signifi-
cantly higher DIA observed in the Na and Ca bentonite treatments compared to the control
treatment. A significantly higher colour density and SO2 corrected colour density values
were observed in Na-bentonite-added treatment. Furthermore, the Na bentonite addition
also showed a significantly higher SO2 resistant pigments compared to the control treat-
ment. However, the Na bentonite-added treatment did not show significantly higher total
phenolic concentration but still showed averagely higher total phenolic results compared
to the control treatment.

3.4. Wine Aroma Composition Affected by Bentonite Addition

There were 36 aroma compounds, including esters, higher alcohols, terpenes, and
volatile phenols, analysed in the resultant Pinot noir wines, and the concentrations of these
aroma compounds are shown in Table 4.

There was no significant difference in the concentrations of aroma compounds be-
tween treatments except for three aroma compounds, ethyl cinnamate, hexyl acetate, and
cis-3-hexenol, which showed significantly lower concentrations in the treatments added
with bentonite compared to the control. The significantly higher concentrations of ethyl
cinnamate, hexyl acetate and cis-3-hexenol in the control Pinot noir wines were determined
at 1.15 μg/L, 4.3 μg/L, and 51.08 μg/L, respectively. The wines from Na bentonite treat-
ment showed significantly lower concentrations of ethyl cinnamate and hexyl acetate at
0.61 μg/L and 3.48 μg/L, respectively. The wines from the Ca bentonite treatment showed
significantly lower concentrations of ethyl cinnamate and cis-3-hexenol at 0.55 μg/L and
36.54 μg/L, respectively. The wines from the NaCa bentonite treatment showed sig-
nificantly lower concentrations of ethyl cinnamate, hexyl acetate, and cis-3-hexenol at
0.71 μg/L, 3.54 μg/L, and 38.33 μg/L, respectively.

In general, the addition of bentonite at the level of 0.5 g/L prior to the cold soaking
seems to have no impact on the aroma profile in resultant Pinot noir wines except for the
aforementioned three aroma compounds.

23



Fermentation 2022, 8, 639

Table 4. Quantification of aroma compounds in resultant Pinot noir wines.

Aroma Compounds * Control Na Ca NaCa

Esters
Ethyl 2-Methyl Butyrate 5.75 ± 0.41 a 5.41 ± 0.57 a 5.07 ± 0.49 a 5.46 ± 0.58 a
Ethyl Hydrocinnamate 0.78 ± 0.17 a 0.59 ± 0.03 a 0.57 ± 0.05 a 0.60 ± 0.06 a

Ethyl Cinnamate 1.15 ± 0.30 a 0.61 ± 0.06 b 0.55 ± 0.08 b 0.71 ± 0.03 b
Ethyl Acetate (mg/L) 58.03 ± 5.80 a 53.46 ± 7.39 a 50.59 ± 2.88 a 57.39 ± 4.93 a

Ethyl Isobutyrate 29.86 ± 2.60 a 26.62 ± 0.74 a 26.08 ± 1.87 a 26.78 ± 2.25 a
Ethyl Butanoate 292.78 ± 18.94 a 285.52 ± 28.12 a 255.54 ± 13.50 a 290.97 ± 29.70 a
Ethyl Isovalerate 5.92 ± 1.27 a 5.48 ± 0.18 a 5.29 ± 0.70 a 6.12 ± 0.79 a
Ethyl Pentanoate 1.77 ± 0.14 a 1.67 ± 0.10 a 1.64 ± 0.10 a 1.76 ± 0.13 a
Ethyl Hexanoate 1020.45 ± 16.90 a 1057.21 ± 66.13 a 1004.36 ± 51.83 a 998.97 ± 60.26 a

Ethyl Lactate 3413.55 ± 161.66 a 3304.15 ± 233.72 a 3258.34 ± 44.85 a 3432.74 ± 123.63 a
Ethyl Heptanoate 8.18 ± 0.29 a 7.66 ± 1.11 a 8.19 ± 0.35 a 7.70 ± 0.86 a
Ethyl Octanoate 2369.14 ± 34.52 a 2659.39 ± 285.58 a 2446.15 ± 131.14 a 2298.64 ± 175.76 a
Isoamyl Acetate 188.70 ± 7.77 a 167.30 ± 7.93 a 156.20 ± 22.90 a 172.45 ± 3.08 a
Isobutyl Acetate 49.99 ± 2.58 a 45.93 ± 2.52 a 37.65 ± 9.11 a 46.00 ± 2.77 a

Octyl Acetate 10.00 ± 0.56 a 10.73 ± 0.45 a 9.15 ± 2.31 a 9.35 ± 0.91 a
2-Phenylethyl Acetate 17.88 ± 1.03 a 16.63 ± 1.50 a 15.21 ± 1.84 a 16.12 ± 0.71 a

Hexyl Acetate 4.30 ± 0.23 a 3.48 ± 0.07 b 4.31 ± 0.49 a 3.54 ± 0.20 b
Higher alcohols
Trans-2-Hexenol 4.19 ± 0.47 a 4.63 ± 0.48 a 4.07 ± 0.24 a 3.94 ± 0.79 a

1-Octanol 42.49 ± 3.03 a 38.87 ± 5.98 a 34.35 ± 8.90 a 40.42 ± 6.70 a
Isoamyl Alcohol (mg/L) 201.74 ± 6.79 a 199.58 ± 6.91 a 194.38 ± 10.16 a 201.97 ± 2.98 a

Hexanol 2670.13 ± 124.75 a 2445.67 ± 124.61 a 2440.31 ± 77.77 a 2429.43 ± 121.52 a
Trans-3-Hexenol 51.54 ± 3.63 a 49.32 ± 0.71 a 47.94 ± 2.59 a 49.45 ± 2.46 a
Cis-3-Hexenol 51.08 ± 6.76 a 39.56 ± 6.15 ab 36.54 ± 1.98 b 38.33 ± 2.48 b

1-Heptanol 80.03 ± 4.61 a 72.40 ± 4.13 a 72.21 ± 3.32 a 76.55 ± 3.01 a
Phenyethyl Alcohol (mg/L) 59.41 ± 3.70 a 57.66 ± 4.00 a 57.28 ± 1.07 a 58.40 ± 1.65 a

Terpenes
Linalool 36.65 ± 2.31 a 36.21 ± 1.21 a 35.20 ± 3.22 a 37.91 ± 0.97 a

Citronellol 24.72 ± 0.83 a 24.06 ± 0.18 a 23.89 ± 0.96 a 24.93 ± 0.94 a
Nerol 8.58 ± 0.54 a 8.61 ± 0.60 a 8.13 ± 0.69 a 9.11 ± 0.39 a

β-Damascenone 12.44 ± 0.45 a 11.82 ± 0.46 a 12.30 ± 1.12 a 12.50 ± 0.25 a
Geraniol 9.75 ± 0.39 a 9.73 ± 0.20 a 9.38 ± 0.40 a 10.06 ± 0.47 a
α-Ionone ND ND ND ND
β-Ionone 0.63 ± 0.06 a 0.64 ± 0.02 a 0.65 ± 0.03 a 0.61 ± 0.00 a

Volatile phenols
Guaiacol 5.45 ± 0.61 a 4.02 ± 0.68 a 3.81 ± 1.27 a 5.40 ± 1.18 a
Phenol 3.80 ± 0.27 a 3.65 ± 0.12 a 3.98 ± 0.26 a 4.21 ± 0.37 a

4-Ethyl Guaiacol 0.10 ± 0.02 a 0.09 ± 0.01 a 0.10 ± 0.02 a 0.10 ± 0.00 a
Eugenol 3.79 ± 0.16 a 4.06 ± 0.49 a 4.49 ± 0.23 a 4.34 ± 0.22 a

* concentration of aroma compounds is expressed as μg/L, except of three compounds specified in the table
that are expressed as mg/L; ND: not detected; different letters in the same row indicate significant differences
statistically between treatments.

4. Discussion

As expected, the addition of bentonite prior to the cold soaking had no impact on
general oenological parameters. After cold soaking, the concentration of the PR proteins
was significantly reduced in all treatments, including the control. The reduction in PR pro-
teins during cold soaking might be due to their interactions with phenolic compounds [27]
and a consequent complex may precipitate during the cold soaking process. Treatments
added with bentonite showed a further reduction in PR proteins, especially a significant
reduction in TLPs observed in Na bentonite treatment. Bentonite can bind PR proteins and
remove them, which has been well studied in white wine [28]. The greater reduction in PR
proteins by adding Na bentonite could be associated with its higher swelling ability and
cation exchange capacity compared to Ca and NaCa bentonites [29].

The reduction in anthocyanins due to the bentonite addition observed in this study is
in agreement with previous studies [14,20,30]. The decrease in total anthocyanins could be
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associated with the binding ability of bentonite with anthocyanins. The bentonite indirectly
binds phenolic compounds that have complexed with proteins and they can also bind
anthocyanins, with a resulting loss in wine colour [31]. However, a previous study [32]
reported that the addition of Na bentonite at rate of 15 g/100 g of grapes during pre-
fermentation maceration increased the malvidin concentration in wines due to the removal
of suspended solids and yeast lees in the fermenting juice, which consequently prevents
the adsorption of anthocyanins into solids. The contradictory results might be due to the
much higher dosage rate of bentonite.

The degree of ionization of anthocyanin (DIA) in wines ranged from 21.11% to 25.74%,
which is in the range previously reported in young red wines [33]. A significantly higher
DIA were observed in Na and Ca treatments compared to the control treatment. However,
bentonite has proven to be an important agent for the removal of colouring matters and
is constituted of ionized anthocyanins (flavylium cations), tannins, polysaccharides, and
proteins when added in a 0.2–0.5 g/L dose rate in wines [19]. The increased degree of
ionization of anthocyanin in bentonite-treated wines may be due to the lower anthocyanin
levels observed in Na and Ca treatments, which has been observed in our previous study
that wines with lower anthocyanin (e.g., older wines) showed a higher degree of ionization
of anthocyanins (data not shown).

The higher colour density and SO2-corrected colour density values were observed in
Na bentonite treatments, which agrees with a previous study on Monastrell wines [31]. The
increase in colour density may be attributed to the self-association and co-pigmentation
of anthocyanins and the higher concentration of ionized anthocyanins found in wine.
Interestingly, some studies [14,30,34] suggested that the addition of bentonite (0.5 g/L) at
the end of fermentation could reduce the colour density in wines by 1–7%. This suggests
that the wine colour could be influenced by the timing of bentonite addition and vary
between grape varieties.

The Na bentonite addition also showed significantly higher SO2 resistant pigments
compared to the control treatment. This might associate with the reduced concentrations of
PR proteins observed in Na bentonite treatment. A previous study [22] reported that PR
proteins could limit the retention of added tannins and, thus, reducing the PR proteins is
likely to aid tannin retention, which may favour the formation of polymeric pigments by
the interaction with anthocyanins and increase the colour density in wine.

Although 36 aroma compounds have been analysed in resultant Pinot noir wines,
only three aroma compounds—ethyl cinnamate, hexyl acetate, and cis-3-hexenol—showed
significant differences between the treatments. Ethyl cinnamate could contribute to sweet
floral notes to the wine, but it has a relatively short life in wine as it can slowly hydrolyse
to form alcohol [35], so its reduction in bentonite-added treatments may have little impact
on Pinot noir in long term. The concentration of hexyl acetate, contributing red berry
aromas to the wine, was significantly reduced in the Na and NaCa bentonite treatments,
but its concentrations in all the treatments were almost 100 times lower than its perception
threshold at 400 μg/L [36]. The cis-3-hexenol has been reported to be associated with grassy
herbaceous notes in wine [37]. The lower level of cis-3-hexenol in Pinot noir wines pro-
duced from bentonite treatments may reduce the green notes that are normally negatively
associated with Pinot noir wine quality [38].

5. Conclusions

This study reveals that the bentonite addition prior to fermentation had a significant
impact on the Pinot noir wine colour but little impact on the aroma profile at the end of
fermentation. One aroma compound, cis-3-hexenol, showed significantly lower levels in
bentonite-added treatments, which may positively contribute to Pinot noir wine quality by
reducing the negative green notes. The significantly higher level of colour density and SO2
resistant pigments observed in Na bentonite treatment suggests more colour stability in
resultant wine, which is beneficial for varieties similar to Pinot noir that are challenging in
colour extraction. In this study, PR proteins still remained after cold soaking, indicating the
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dosage rate at 0.5 g/L is not sufficient to remove all the PR proteins in the must. Further
studies could investigate if a higher dosage rate of bentonite addition could further increase
the formation of un-bleachable pigments and even increase the extraction of tannins in
Pinot noir wine, without having a negative impact on the aroma profile.
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Abstract: Although using non-Saccharomyces yeasts during alcoholic fermentation can improve the
wine aroma, most of them are not ethanol tolerant; therefore, in 2017, this study screened 85 non-
Saccharomyces yeasts isolated and identified from 24 vineyards in seven Chinese wine-producing
regions, obtaining Pichia terricola strain H5, which displayed 8% ethanol tolerance. Strain H5 was
subjected to ultraviolet (UV) irradiation and diethyl sulfate (DES) mutagenesis treatment to obtain
mutant strains with different fermentation characteristics from the parental H5. Compared with
strain H5, the UV-irradiated strains, UV5 and UV8, showed significantly higher ethanol tolerance and
fermentation capacity. Modified aroma profiles were also evident in the fermentation samples exposed
to the mutants. Increased ethyl caprate, ethyl caprylate, and ethyl dodecanoate content were apparent
in the UV5 samples, providing the wine with a distinctly floral, fruity, and spicy profile. Fermentation
with strain UV8 produced a high ethyl acetate concentration, causing the wine to present a highly
unpleasant odor. To a certain extent, UV irradiation improved the ethanol tolerance and fermentation
ability of strain H5, changing the wine aroma profile. This study provides a theoretical basis for the
industrial application of non-Saccharomyces yeasts that can improve wine flavor.

Keywords: non-Saccharomyces yeasts; ethanol tolerance; ultraviolet irradiation; diethyl sulfate
mutagenesis; fermentation

1. Introduction

Wine making involves microbial interaction. Although bacteria, fungi, and yeasts
participate during the fermentation process, yeasts play a leading role [1]. Saccharomyces cere-
visiae is mainly responsible for alcoholic fermentation and is the dominant strain during
the wine-making process; however, in addition to Saccharomyces cerevisiae, many non-
Saccharomyces yeasts are also involved [2]. Non-Saccharomyces yeasts refer to a large group
of yeasts other than Saccharomyces cerevisiae, which exist during all the stages of wine
making after the grapes are harvested, including Metschnikowia pulcherrima, Starmerella stel-
lata, Torulaspora delbrueckii, Debaryomyces hansenii, Pichia fermentans, Hanseniaspora uvarum,
Pichia terricola, etc. [3–5]. They mainly improve the aroma of wine via metabolism and
autolysis, and participate in the formation of complex, fresh flavor substances [6]. These
yeasts improve the taste of wine, providing it with fruity, floral, and nutty aroma charac-
teristics, which positively impacts the wine quality [7,8]. Previous studies have shown an
increase in the acetate, phenethyl acetate, and 2-phenylethanol content in wine produced
via the combined fermentation of Hanseniaspora vineae and Saccharomyces cerevisiae, while
the ethyl ester proportion decreases, enhancing the fruity flavor and complexity of the
wine [8]. Whitener et al. [9] studied Kazachstania gamospora fermentation, revealing that
it produced more floral-scented esters (such as phenethyl propionate) than commercial
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Saccharomyces cerevisiae. Mixed fermentation with Pichia kluyveri and Saccharomyces cerevisiae
can increase the concentration of volatile mercaptans, especially hexyl 3-mercaptoacetate,
which is recommended for the production of Sauvignon Blanc, Chardonnay, and Riesling
wines [10].

Non-Saccharomyces yeasts represent the dominant microbiota during the early stage
of wine making [11]; however, many factors affect the growth and metabolism of non-
Saccharomyces yeasts during the complex fermentation process, such as ethanol, SO2, tem-
perature, sugar, and acid. Of these, ethanol stress is a vital influencing factor. The ethanol
concentration continues to rise as fermentation progresses, leading to a continuous decline
in the number of non-Saccharomyces yeasts during the middle and late stages, with some
even dying [12], reducing their positive effect on the final wine quality. Different methods
have been adopted for selection and cultivation to improve the yeast tolerance to high
ethanol stress conditions. Using chemical mutagens and ultraviolet (UV) irradiation for
random mutagenetic breeding presents advantages, such as a short mutagenetic cycle and
high mutagenetic efficiency, providing practical strategies to modify the physiological yeast
characteristics [13,14]. UV mutagenesis can induce cytosine to thymine nucleotide base
substitution and DNA photoproducts produced by UV radiation, such as cyclobutane
pyrimidine dimers (CPDS) and (6-4) pyrimidine–pyrimidone photoproducts (6-4 PPs), to
block the DNA replication process [15,16]. Diethyl sulfate (DES) can alkylate some oxygen
sites, including the ethylation of the sixth guanine oxygen atom. The mutagenicity of DES
manifests in the occurrence of mutations via direct mispairing [17,18].

This study subjected strain H5 to UV irradiation and DES mutagenesis to obtain
mutants with higher ethanol tolerance. Applying these mutants to fermentation revealed
that their fermentation characteristics differed from the parental H5. Mutant UV5 added a
distinctly floral, fruity, and spicy aroma to the sample, while strain UV8 produced a high
ethyl acetate concentration, causing a highly unpleasant odor.

2. Materials and Methods

2.1. Yeast Strains and Growth Conditions

In 2017, the 85 non-Saccharomyces yeasts used in this experiment were identified and
isolated from 24 vineyards in seven Chinese wine-producing regions. The yeast information
is shown in Table S1.

The strains were stored at −80 ◦C in cryovials containing 20% (v/v) glycerol. The
strains were cultured and propagated in YPD liquid medium (2% glucose, 2% peptone, and
1% yeast extract (all w/v)). During the study, the strains were cultured on the YPD agar
medium and stored at 4 ◦C.

2.2. Screening the Non-Saccharomyces Yeasts for Ethanol Tolerance
2.2.1. High-Throughput 2,3,5-Triphenyltetrazolium Chloride (TTC) Medium Method for
First Stage Selection

The method described in the previous study [19] was used with minor changes. Yeast
cell suspensions were diluted in gradients and plated on the TTC lower medium (YPD
agar medium at pH 5.5), while three parallel inoculations were performed for each yeast.
The plates were incubated at 28 ◦C for 48 h and stained by a lay of TTC upper medium
(0.5% glucose, 1.5% agar, and 0.05% TTC). The red colonies were selected after incubation
at 28 ◦C in the dark for 3 h. TTC, a redox substance that can react with yeast metabolites,
can be reduced to red by hydrogen. It can be used to judge the dehydrogenase activity in
yeast, that is, the alcohol production capacity of yeast.

2.2.2. Detecting Non-Saccharomyces Yeast Activity under Ethanol Stress

The loopful volume of the cell suspensions (OD600 = 1.2) were streaked on YPD solid
plates at ethanol volume fractions of 4%, 6%, 8%, 9%, 10%, 11%, and 12% (v/v). Three
parallels were set for each treatment and incubated at 28 ◦C for 72 h. The colony growth on
the plate was monitored, with the untreated plate as a control.
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2.2.3. The Influence of Ethanol Addition on Yeast Cell Growth

Here, 2% of the yeast cell suspensions, which were diluted to OD600 of 1.2, were
inoculated into the YPD liquid medium at ethanol concentrations of 0%, 4%, 6%, 8%, and
10% (v/v), and cultured at 28 ◦C in a rotary shaker at 180 rpm. Each treat was set in three
parallels, and the untreated medium was used as a control. The absorbance of the yeast
cultures was measured at 600 nm at 3-h intervals (at 6-h intervals in stationary phase) for
30 h to determine their growth rates under ethanol stress.

2.3. Mutation Procedure of Non-Saccharomyces Yeast by DES and UV

To obtain strains with higher ethanol tolerance, the cell suspension of strain H5 was
subjected to DES mutagenesis and UV irradiation, using a method described by Yi et al. [20]
with minor modifications. The treatment conditions with a lethality rate of about 80%
were set as the mutation conditions [21]. During UV irradiation, the cell suspension
(OD600 = 1.2) was spread on the YPD agar plate by the gradient dilution coating plate
method, and irradiated with UV (20 W) at a distance of 50 cm for 0, 10, 20, 30, 40, 50, 60,
70, 80, 90, 100, 110, and 120 s. After irradiation, the plates were immediately shielded
from light and incubated at 28 ◦C in the dark for 48 h. During DES treatment, 10 mL of
the H5 bacterial suspension cultured to the mid-log phase (OD600 = 1.2) was centrifuged
at 805× g for 10 min. The precipitate was washed twice with phosphate buffer (pH 7.2),
and then redissolved in 10 mL of phosphate buffer. The cell suspension was treated with
10 mL of 1% DES in phosphate buffer (pH 7.2) for 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20 min,
after which the procedure was terminated with 10 mL of 25% sodium thiosulfate. After the
gradient dilution of the treated cells with sterile saline, they were spread on a YPD agar
plate and incubated at 28 ◦C for 48 h.

The lethality was computed as follows:
Lethality (%) = (Number of strains before mutation − Number of strains after muta-

tion)/(Number of strains before mutation) × 100.

2.4. Identification of Yeast

The strains requiring identification were inoculated in YPD liquid medium and in-
cubated for 12 h at 28 ◦C while exposed to constant shaking at 160 rpm. The yeast cells
were harvested after the centrifugation of 2 mL of the cell suspension, and the ribosomal
DNA genomes of yeast were extracted using a TIANamp Yeast DNA Kit (by TIANGEN
Biotech (Beijing) Co., Ltd., Beijing, China). ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and
ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) [22] primers were used for PCR amplification
of the 5.8S-ITS rDNA sequence [23]. The PCR cycling conditions were as follows: 95 ◦C
pre-degeneration for 5 min; 95 ◦C degeneration for 1 min, 52 ◦C annealing for 2 min, 72 ◦C
extension for 2 min 20 s, repeated 35 times; complementary extension at 72 ◦C for 10 min.
The reaction system consisted of 50 μL 2×TSINGKE® MasterMix 25 μL, 10 μ MF-primer
1 μL, 10 μM R-primer 1 μL, template DNA 1 μL, and DD water 22 μL. The PCR products
were detected via 1% agarose gel electrophoresis and sent to Beijing Tsingke Biological
Technology for sequencing. The gene sequences of the strains were searched on the NCBI
website (https://blast.ncbi.nlm.nih.gov/Blast.cgi) (21 February 2022), and compared with
similar sequences using MEGABLAST to preliminarily determine the strain species based
on the similarity of homologous sequences. The strains were then compared with the ITS
sequences of the most similar type strains found in the MEGABLAST search by pairwise
Blast alignment.

2.5. The Practical Fermentation of Selected Strains

Cabernet Sauvignon grape juice (2018, Changli Hebei) was used for single-strain
fermentation. Grape juice stored at −20 ◦C was thawed at 4 ◦C. After centrifugation at
13,919× g for 15 min at 4 ◦C, the grape juice was sterilized using 0.65 μm and then 0.45 μm
filter membranes. Separate 500 mL fermentation bottles were filled with 200 mL of sterile
grape juice. The strains were pre-cultured in YPD medium at 28 ◦C and 120 rpm for 24 h
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and then statically incubated in sterile grape juice at 28 ◦C for 72 h to obtain 107 CFU/mL
cells. The pre-cultured strains were inoculated with 1% inoculum at 0 d of fermentation.
With commercial Saccharomyces cerevisiae S1 as the control group, all strains were subjected
to single-strain fermentation, and each fermentation group was triplicated. Each group
was subjected to static fermentation at 20 ◦C, and samples were taken at 0, 2, 4, 7, 10,
13, and 16 d of fermentation to determine the number of yeast colonies, ◦Brix, and pH
value, as well as the residual sugar, glycerin, ethanol, acid, and volatile aroma compound
content. The remaining samples were stored at −20 ◦C for high-performance liquid
chromatography (HPLC) and headspace-solid phase microextraction/gas chromatography–
mass spectrometry flame-ionization detection (HS-SPME/GC-MS-FID).

2.6. Determining the Physicochemical Indexes via HPLC

A method described by Sun et al. [24] was used to determine the content of glucose,
fructose, glycerol, and ethanol. The chromatographic conditions included an Aminex
HPX-87H (300 mm × 7.8 mm) analytical column at a temperature of 55 ◦C; the differential
detector was Waters-2414 (Waters, Dublin, Ireland); an internal temperature of 40 ◦C;
respective sample injection volumes of 10 μL, a mobile phase of 0.005 mol/L H2SO4, a flow
rate of 0.5 mL/min, and isocratic elution. Qualitative analysis was based on retention time.
Quantitative calculation occurred according to peak areas.

The oxalic acid, citric acid, tartaric acid, malic acid, succinic acid, lactic acid, and
acetic acid content were determined according to a method described by Chen et al. [25],
with minor modifications. The chromatographic conditions included an Aminex HPX-87H
(300 mm × 7.8 mm) analytical column at a temperature of 40 ◦C; the photodiode array
detector was Waters-2996 (Waters, Dublin, Ireland); a detection wavelength of 210 nm;
a mobile phase of 0.005 mol/L H2SO4; a flow rate of 0.4 mL/min; respective injection
volumes of 20 μL; isocratic elution. Qualitative analysis was based on retention time. The
quantification occurred according to the peak area.

2.7. Determining the Aroma Compounds via HS-SPME/GC-MS-FID

The volatile aroma compounds were determined using a method delineated by Chen,
Chia, and Liu [25]. HS-SPME/GC-MS-FID was used to determine the volatile aroma
compounds in the sample. The pH of wine samples was adjusted to 2.5 ± 0.1 using 1 mol/L
hydrochloric acid. A 20 mL headspace bottle was filled with 5.0 mL of the wine sample and
sealed with a cap with a rubber septum. The injection port temperature was 250 ◦C, the
carrier gas (He) flow rate was 1.0 mL/min, and the splitless injection mode was selected.
The temperature programming conditions included an initial temperature of 50 ◦C for
5 min, which was increased to 230 ◦C at a rate of 5 ◦C/min, and maintained for 30 min. The
signals were acquired in full scan mode via electron ionization (EI) at 70 eV, an interface
temperature of 280 ◦C, an ion source temperature of 230 ◦C, a quadrupole temperature of
150 ◦C, a scanning mass range (m/z) of 35–500 amu, and a scan speed of 5.2 times/S, and
a solvent delay of 3 min. The qualitative analysis of aroma components was performed
using the NIST 14 mass spectrum library, while the relative percentages of each volatile
compound were determined according to the GC-FID peak area. All samples were tested
in triplicate.

2.8. Sensory Evaluation

The wine aroma evaluation panel consisted of 12 members who had extensive wine
tasting experience. Members awarded the samples scores ranging from 1–5 and evaluated
six aromatic qualities of the Cabernet Sauvignon wine (alcohol, floral, fruity, preserved fruit,
spicy, and fermented aroma). Furthermore, the participants performed a preference ranking
and difference comparison. The samples were randomly numbered and presented to the
panelists. The aroma characteristics were characterized via the five-point intensity method
(blank—no odor, 1—just detected the odor, 2—weak, 3—medium, 4—strong, 5—intense).
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2.9. Statistical Analysis

The mean and standard variance were calculated using the data of triplicate fermenta-
tions, and the results were expressed as mean ± standard deviation (SD). The significant
differences were carried out using SPSS 21.0 software (SPSS Inc., Chicago, IL, USA) based
on a one-way analysis of variance (ANOVA, significance level was 0.05) with Duncan’s
multiple range test. The Shapiro–Wilk’s and Levene’s tests were used in the test for the nor-
mality and homogeneity of variances. Principal component analysis (PCA) was performed
using Matlab R2013b software (MathWorks, Natick, MA, USA).

3. Results

3.1. Selecting a Non-Saccharomyces Yeast with High-Alcoholicity Endurance

The TTC medium chromogenic method was employed to examine the red color
intensity of 85 non-Saccharomyces strains. The results demonstrated that the chromogenic
levels of the strains were significantly different. The strains B21, D1, D6, F26, E31, and
H5 displayed a prominent dark red color and had better consistency between the three
parallel. Commercial Saccharomyces cerevisiae S1 was used as a positive control, and the
strain H67 was used as a negative control. The colorimetric results are shown in Figure 1a.
Although the TTC medium method could quickly screen out the strains displaying better
color, quantitative evaluation was impossible; therefore, six selected yeasts were utilized in
the follow-up study to determine their tolerance at different ethanol concentrations. As
shown in Table 1, strain D1 exhibited the worst ethanol tolerance and only proliferated at
a 4% ethanol concentration. Strains B21 and E31 showed good tolerance of a 6% ethanol
concentration. The strains displaying the highest ethanol tolerance were F26, H5, and D6,
which could form colonies on the medium containing 8% ethanol.

Table 1. The ethanol tolerance results of the screened strains.

Strain
Ethanol Concentration (% (v/v))

4 6 8 10 12

D1 + - - - -
D6 + + + - -
B21 + + - - -
E31 + + - - -
H5 + + + - -
F26 + + + - -

Note: “+” indicates that the strain can grow colonies on the medium, and “-” indicates that the strain cannot grow
on the medium.

To further evaluate the tolerance of the D6, F26, and H5 strains against ethanol, their
growth curves at different ethanol concentrations were measured at OD600, as shown
in Figure 1b. Commercial Saccharomyces cerevisiae S1 was used as the control group. In
ethanol conditions, all strains displayed extended lag phases, reduced growth rates, and
significantly lower maximal OD values than in non-ethanol conditions (p < 0.05). At
an ethanol concentration of 6% (v/v), the proliferation of strains D6, F26, and H5 was
noticeably inhibited. The absorbance values of strains H5 and F26 at 30 h were only half that
of the control group, while strain D6 was reduced to one-fourth. At an ethanol concentration
of 8% (v/v), the absorbance values of the three strains when reaching the stationary phase
were less than one-fourth of the control group; however, in general, the growth rate of H5
was significantly faster than F26 and D6 at different ethanol concentrations; therefore, H5
was selected for subsequent experiments.
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Figure 1. (a) The coloration results obtained via the TTC medium chromogenic screening method.
The red intensity level of colonies in the culture medium can indirectly reflect the ethanol tolerance of
the strains; (b) the growth curves of the screened strains at ethanol concentrations of 0%, 4%, 6%, and
8% (v/v).

3.2. Screening for Non-Saccharomyces Yeasts with High Ethanol Tolerance Using DES and UV

The effect of a mutagen dosage on the lethality of strain H5 is shown in Figure 2.
The cells cultivated to the logarithmic phase were subjected to UV irradiation and DES
mutagenesis. Figure 2a shows that the lethality increased with extended UV irradiation
time. The lethality reached 76.28% and 90.29% at UV irradiation times of 40 s and 50 s,
respectively. Figure 2b shows that the lethality increased with extended DES mutagenesis
time. The lethality reached 69.38% and 83.14% at DES mutagenesis times of 8 min and
10 min, respectively. The treatment condition that produced a lethality of about 80% was set
as the mutation concentration [21]; therefore, a UV irradiation time of 40 s (lethality 76.28%)
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and a 1% DES mutagenesis time of 10 min (lethality 83.14%) were set as the mutation
conditions for strain H5.

Figure 2. The lethality curve during mutagenesis. (a) The lethality curve of strain H5 subjected to
UV mutagenesis after exposure to different irradiation times. A UV irradiation time of 40 s was
set as the mutation conditions for strain H5; (b) the lethality curve of strain H5 subjected to DES
mutagenesis after exposure to different times. Treatment with 1% DES for 10 min was set as the
mutation conditions for S. cerevisiae. The results expressed as mean ± SD.

After treatment with 1% DES for 10 min and UV irradiation for 40 s, 15 mutants (UV1-
UV8 and DES1-DES7) displaying a dark red colony color and screened via high-throughput
TTC medium were collected. These strains were streaked onto the YPD solid medium
containing ethanol to evaluate the ethanol tolerance of the mutant strains. Strain H5 and
commercial Saccharomyces cerevisiae S1 were used as controls, and the results are shown in
Table 2. The ethanol tolerance of the UV5 and UV8 mutants improved significantly after
UV irradiation, increasing to 11% and 10%, respectively. After DES treatment, at the same
ethanol concentration (8%), only DES7 exhibited better proliferation than strain H5, while
the ethanol tolerance of the other strains did not improve.

Table 2. The ethanol tolerance results of mutants H5 and S1 introduced as control strains.

Strain
Ethanol Concentration (% (v/v))

8 9 10 11 12

S1 +++ +++ ++ ++ ++
H5 + - - - -

UV1 - - - - -
UV2 - - - - -
UV3 + - - - -
UV4 - - - - -
UV5 +++ ++ ++ + -
UV6 - - - - -
UV7 + - - - -
UV8 +++ ++ ++ - -
DES1 - - - - -
DES2 - - - - -
DES3 - - - - -
DES4 + - - - -
DES5 + - - - -
DES6 - - - - -
DES7 ++ - - - -

Note: “+++” indicates that the strain grows well on the medium, “++” indicates that the strain grows generally,
“+” indicates that the strain can grow, and “-” indicates that the strain cannot grow.

To further explore the ethanol tolerance of the mutants, their growth curves were measured
at different ethanol concentrations, using strain H5 and commercial Saccharomyces cerevisiae S1
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as controls, as shown in Figure 3. The growth rates of strain UV5 and UV8 were higher
than that of strain H5 at different ethanol concentrations, but they did not exceed that of
commercial Saccharomyces cerevisiae S1. At an ethanol concentration of 6%, the absorbance
values of UV5 and UV8 exceeded 2.00 at 30 h, while that of strain H5 was 0.84. At an
ethanol concentration of 8%, the absorbance values of UV5 and UV8 remained higher than
1.00 after 30 h, while that of strain H5 was only 0.46. When the ethanol concentration
reached 10%, strain H5 was completely inhibited, and the OD value did not increase,
while strains UV5 and UV8 continued to proliferate, and the absorbance values exhibited
significant differences (p < 0.05); however, the growth of strain DES7 at 6% and 8% ethanol
concentrations was slightly superior to that of strain H5, while the absorbance values
were significantly different (p < 0.05) at 30 h. DES7 showed no growth at 10% ethanol
concentration, which was consistent with the results in the solid YPD medium. The findings
indicated that the ethanol tolerance of strains UV5 and UV8 surpassed that of strain H5.

Figure 3. The growth curves of the mutants at ethanol concentrations of 4%, 6%, 8%, and 10% (v/v).
Strain H5 and S1 served as controls at various ethanol concentrations.

3.3. Evaluation of the Fermentation Ability of the Mutagenized Strains
3.3.1. The Performance of the Mutants during Fermentation

The yeast cell dynamics during the fermentation process are shown in Figure 4a, while
the ◦Brix change is shown in Figure 4b. As shown in Figure 4a, the yeasts continued to
proliferate as the fermentation progressed, reaching their maximum count at 7 d and main-
taining high cell viability until the end of the process. The ◦Brix value results showed that
neither strain H5 nor the three mutants could fully utilize the sugar content in grape must.
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Figure 4. (a) The changes in the colony numbers during fermentation; (b) changes in the ◦Brix values
of the different fermentation groups during fermentation.

The impact of the yeast metabolism on the wine composition was evaluated, quanti-
fying the main analytical components of the grape must and wine at the end of fermen-
tation. The chemical analysis results are summarized in Table 3. Except for commercial
Saccharomyces cerevisiae S1, the remaining four yeast strains still contained residual sugar
that could not be ignored at 16 d fermentation (>0.4 g/L). This confirmed that they could
not complete the wine fermentation process independently, which was consistent with the
◦Brix value test results. The ability of strain UV5 to utilize glucose and fructose improved
significantly compared with strain H5, reducing the content of these substances to 15.17 g/L
and 40.10 g/L, respectively. Strain UV8 also used more glucose, reducing the residual
glucose content to 31.83 g/L after fermentation. At the end of fermentation, the ethanol
and glycerol content produced by the three mutant strains and strain H5 were significantly
lower than those of strain S1. The ethanol yield of strain UV5 was 3.20 times that of the
H5, while the glycerol yield increased by 16.27%. Although strain UV8 consumed more
glucose than strain H5, the ethanol production only increased by 0.39% (v/v), while no
significant differences were evident in glycerol production (p < 0.05). The glucose, fructose,
ethanol, and glycerol levels indicated that the fermentation performance of UV5 and UV8
was surpassed that of strain H5, while the fermentation performance of UV5 was stronger.
The data indicated that UV irradiation improved the fermentation performance of strain
H5, which was not significantly different from that of strain DES7 (p < 0.05).

Table 3. The physicochemical indexes in the grape must and wine.

Grape Must
(Day 0)

Wine (Day 16)

S1 H5 DES7 UV5 UV8

◦Brix 18.77 ± 0.05 a 5.67 ± 0.09 e 15.20 ± 0.28 b 14.90 ± 0.08 b 10.43 ± 0.25 d 12.27 ± 0.42 c

Ethanol (% v/v) N.D. 11.32 ± 0.12 a 2.05 ± 0.10 d 2.28 ± 0.07 cd 6.55 ± 0.06 b 2.44 ± 0.17 c

Glycerol (g/L) N.D. 10.45 ± 0.08 a 7.07 ± 0.18 c 7.62 ± 0.31 bc 8.22 ± 0.51 b 6.81 ± 0.75 c

Sugar (g/L)
Glucose 105.08 ± 0.76 a N.D. 61.18 ± 2.53 b 62.78 ± 1.26 b 15.17 ± 2.34 d 31.83 ± 3.58 c

Fructose 106.05 ± 1.00 a 2.16 ± 0.08 e 63.39 ± 2.14 c 69.12 ± 2.82 b 40.10 ± 1.59 d 68.59 ± 2.80 b

Acid (g/L)
Citric acid 0.81 ± 0.02 b 0.75 ± 0.02 c 0.67 ± 0.02 d 0.58 ± 0.02 e 0.77 ± 0.01 bc 0.88 ± 0.03 a

Tartaric acid 3.00 ± 0.05 a 2.28 ± 0.08 c 3.06 ± 0.00 a 2.96 ± 0.02 a 1.87 ± 0.03 d 2.51 ± 0.11 b

Malic acid 4.29 ± 0.08 a 2.86 ± 0.07 d 2.29 ± 0.03 f 2.59 ± 0.03 e 3.53 ± 0.07 b 3.30 ± 0.08 c

Succinic acid 3.59 ± 0.12 c 4.42 ± 0.13 a 3.82 ± 0.31 bc 3.66 ± 0.09 c 4.15 ± 0.03 ab 2.94 ± 0.21 d

Lactic acid N.D. N.D. 1.05 ± 0.22 a 0.86 ± 0.14 a N.D. N.D.
Acetic acid 0.06 ± 0.01 c 0.11 ± 0.00 b 0.15 ± 0.02 a 0.11 ± 0.01 b 0.09 ± 0.00 b 0.15 ± 0.01 a

Note: Different letters in the same row indicate that the content levels of the measured substances are significantly
different, p < 0.05. N.D. denotes “not determined”.
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Organic acids are important compounds found in grape must and wine. After alcoholic
fermentation, the citric acid content of strain UV8 was the highest at 0.88 g/L, while that
of DES7 was the lowest at 0.58 g/L. Tartaric acid represents the dominant organic acid
in wine, primarily contributing to its acidity and tart taste [26]. The tartaric acid content
of strains UV5, UV8, and S1 was significantly reduced after fermentation compared with
grape must. This was attributed to a decline in the solubility and precipitation of tartaric
acid crystals due to alcohol accumulation during fermentation, decreasing the tartaric
acid content [27,28]. Malic acid provides a green, astringent taste that can be synthesized
or degraded by yeast during alcoholic fermentation [26,29]. Significant differences were
apparent between the malic acid levels of the five experimental groups. Compared with
grape must, the malic acid content declined substantially after fermentation. The lactic acid
in wine is mainly produced during malolactic fermentation. Lactic acid bacteria convert
part of the malic acid into lactic acid, rendering the taste of the wine softer and less harsh.
Only some yeast strains can produce trace amounts of lactic acid during the fermentation
process due to the lack of an effective lactic acid pathway [30]. During this experiment,
lactic acid was only detected in strains H5 and DES7, providing milky and buttery flavors
to the wine. The results suggested that UV irradiation affected the metabolic capacity of
the organic acids in yeasts.

3.3.2. The Influence of Mutants on the Volatile Aroma Compounds

The volatile metabolites in grape must and wine samples were identified via HS-
SPME/GC-MS-FID. A total of 102 volatile aroma compounds were detected, which could
be divided into six categories: alcohols, acids, esters, aldehydes and ketones, terpenes, and
other compounds. The volatile aroma compounds in the samples were semi-quantitatively
analyzed using the area normalization method. The peak area and relative content of each
substance are shown in Table S2.

Twenty-six aroma compounds were detected in the grape must, including eight al-
cohols, one acid, one ester, eight aldehydes and ketones, one terpene, and seven other
aroma compounds. After fermentation, the aroma compound diversity detected in each
sample was significantly increased compared with the grape must. Fifty-five volatile
aroma compounds were identified in the S1 fermentation samples, 59 in strain H5, 56 in
DES7, 54 in UV5, and 48 in UV8. The aroma compounds detected during the fermentation
processes mainly consisted of esters, alcohols, and acids. Although the total number of
aroma compounds in each sample was similar, the types and relative content were signifi-
cantly different. Compared with the S1 group, the unique volatile compounds detected in
other groups included citronellol, 2-methylpropanol, benzyl alcohol, isovaleric acid, hexyl
caproate, methyl salicylate, etc. Compared with strain H5, mutant DES7 displayed fewer
aroma compound species and relative peak areas; however, although the aroma compound
types decreased in UV5 and UV8, the relative peak areas were higher.

As vital aroma compounds produced during alcoholic fermentation, esters present
strong floral, fruity flavors and significantly contribute to the fruity aroma of young
wines [31,32]. The total peak area of the esters in group S1 was 2357.37 × 106, which
was significantly higher than in other groups. The total peak area of the esters in group
H5 was 294.87 × 106, accounting for 58.74% of the total aroma content, among which
ethyl caproate was the most abundant, accounting for 19.04%, providing tropical fruit
aromas, such as bananas and pineapples. The total peak area of the esters in the DES7
group was 202.57 × 106, accounting for 49.56% of the total aroma content, of which ethyl
caproate was the highest, accounting for 22.83%. The relative ester content in UV5 was
significantly higher than in H5. The total peak area was 1790.31 × 106, accounting for
88.19% of the total aroma content. Furthermore, the ethyl caprate, ethyl caprylate, and
ethyl dodecanoate were higher, accounting for 32.22%, 15.47%, and 15.47%, respectively.
Ethyl decanoate provided oily, floral, grape, and other aromas, while ethyl caprylate was
responsible for pleasant fruity, buttery, mushroom, and other aromas. Ethyl dodecanoate
presented a strong aroma of peanuts [33]. The total peak area of the esters in the UV8 group
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was 938.43 × 106, accounting for 91.85% of the total aroma content, of which ethyl acetate
was the most abundant, accounting for 74.85%. The peak area of the ethyl acetate in the
UV8 group was significantly higher than in other groups, possibly indicating that UV8 can
produce high ethyl acetate concentrations. Although ethyl acetate can add grape, cherry,
and other fruit characteristics, when its content exceeds 100 mg/L, the wine presents a
solvent/nail varnish-like and other unpleasant aromas [34].

Higher alcohols are aroma compounds produced by yeast via amino acid metabolism
and can enhance the wine aroma complexity to a certain extent [35]. Compared with the
S1 group, more types of higher alcohols were evident in the other groups. Fourteen alcohols
were detected in the H5 group, the relative content accounting for 32.44%. Although more
than ten alcohols were detected in each mutant group, the relative alcohol content in the
UV5 and UV8 groups were significantly reduced, at 3.69% and 5%, respectively. Phenethyl
alcohol and isoamyl alcohol, representing higher alcohols synthesized by yeast, were the
most abundant in each sample after fermentation, mainly providing aromas of roses and
fruit, such as bananas. In addition, compared with strain H5, the unique alcohols detected
in the DES7 group were 1,2-butanediol, trans-2-hexenol, octanol, while amyl alcohol was
found in the UV5 group, and geraniol and 2, 6-octanediol in the UV8 group.

High acid levels may cause undesirable flavors in wine [36]. This experiment showed
low acid content levels in each group after fermentation. Aldehydes and ketones are
metabolites found during the early fermentation phase and are generally abundant in grape
must. In this study, eight aldehydes and ketones were detected in the grape must, among
which hexanal, hexenal, and β-damascenone displayed higher levels. After fermentation,
the relative aldehyde and ketone content in each group was below 2%. These results
indicated that the metabolic ability of the volatile aroma compounds of the strains was
modified by DES mutagenesis and UV irradiation.

PCA was performed on the 43 primary aroma compounds to delineate the differences
between these components in the different samples more intuitively. The results are
illustrated in Figure 5a, showing that the variance contribution rate was 43.42% in the first
principal component (PC1), and 22.48% in the second principal component (PC2), while the
cumulative variance contribution rate was 65.90%. The aromas presented on the positive
semi-axis of PC1 is mainly included fermented notes provided by alcohols, esters, and acids.
UV5 and S1 were designated to the positive semi-axis of the PC1, while H5, DES7, UV8, and
grape must were assigned to the negative semi-axis of PC1. The aroma mainly included
that of the original grape must variety and some fermented aromas provided by hexanal,
trans-2-hexenol, damascene, phenylacetaldehyde, citronellol, and phenethyl acetate. This
may be related to the fermentation ability of the five strains, of which only S1 completed
the alcoholic fermentation process. Of the remaining four strains, the fermentation ability
of UV5 was the highest.

The positive semi-axis area of PC2 included ethyl caprylate, ethyl nonanoate, nerolid
alcohol, lauric acid, n-hexanol, and hexyl acetate, while the negative semi-axis area was
represented by nonyl acetate and caprylic acid, isoamyl esters, isoamyl alcohol, citronellol,
phenethyl alcohol, and ethyl caproate. The five groups of samples were divided into four
categories according to the scores of the two principal components. UV5 appeared in
the upper right quadrant, S1 in the lower right quadrant, grape must in the upper left
quadrant, and H5, DES7, and UV8 in the lower left quadrant. Although UV8 was in the
third quadrant with H5 and DES7, as shown in Table S2, this strain contained a higher
level of ethyl acetate, providing the wine with the unpleasant smell of nail polish. In
addition, the grape must and UV5 were designated to the positive semi-axis of the Y-axis
according to PC2, indicating that this strain retained the original grape must aroma within
a certain range.
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Figure 5. (a) PCA of selected volatile compounds in Cabernet Sauvignon must and wine; (b) the
aroma radar map of the sensory evaluation.

The aroma radar map of the sensory evaluation is shown in Figure 5b, indicating
that the volatile profile of the UV5 group presented prominent floral, fruity, fermented,
and spicy aromas. The S1 group displayed higher alcohol, fermented, and fruity aromas
scores. The volatile profiles of H5 and DES7 were similar, with the preserved fruit aroma
scoring the highest. Previous studies have shown that the β-glucosidase extracted from
Pichia terricola can significantly increase the phenol and isoprenoid concentrations in wine,
providing preserved fruit and raisin aromas [37]. The UV8 group displayed the smallest
volatile profile and presented an unpleasant nail polish smell. The sensory evaluation and
HS-SPME/GC-MS-FID results could be mutually verified.

3.4. Identification of Strain UV5

Strain UV5 was identified via molecular taxonomy via sequence similarity analysis
of the ITS region of the ribosomal DNA gene. The sequence of the UV5 ITS region was
consistent with the type of strain of Pichia terricola (CBS 2617), and the similarity percentage
with the ITS sequence of the type strain was 99.51%; therefore, strain UV5 was identified as
Pichia terricola.

4. Discussion

The aroma properties in wine are complex and essential for evaluating its flavor
resulting from the interaction between various volatile components, such as esters, alcohols,
aldehydes and ketones, acids, and terpenes [38]. Alcohols and esters mostly add rich floral
and fruity characteristics to the wine. Aldehydes provide a floral, green apple aroma,
while some acids and volatile phenols enhance wine aroma complexity; however, excessive
amounts of these volatile aroma substances can cause undesirable and unanticipated
odors [39]. Furthermore, wine can present different aroma characteristics and styles due to
variation in metabolic pathways, enzymatic activity, and yeast strain metabolite type and
content [40]. For example, the mono-culture fermentation of Torulaspora delbrueckii produces
lower levels of volatile acids than Saccharomyces cerevisiae [41]. Metschnikowia pulcherrima
generates more ethyl caprylate, providing the wine with pineapple or pear aromas [42].
Yeasts are in continuous and extensive competition during the alcoholic fermentation
process. Temperature, alcohol, oxygen, SO2, carbon source, nitrogen source, and other
factors affect this competitive relationship as fermentation progresses, impacting the taste
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and aroma characteristics of wine [43]. Toxic metabolites mediate ethanol inhibition. The
toxic effect of ethanol on yeast is mainly reflected in the impact of cell morphology and
physiological cell activity. Morphological cell modifications are primarily evident in cell
enlargement and skeleton evacuation. Changes in the physiological cell activity are mainly
represented by the destruction of the cell membrane structure, affecting the synthesis and
metabolism of biological macromolecules, and modifying the activity of related enzymes
during the glycolysis process [44,45]. Different yeast species display varying ethanol
tolerance levels. Compared with Saccharomyces cerevisiae, non-Saccharomyces yeasts display
a weaker tolerance to alcohol. Studies show that Saccharomyces cerevisiae 101, ITB, and
AAV2 can tolerate 15% ethanol, while Issatchenkia occidentalis APC and Issatchenkia orientalis
cl1132 can only tolerate 10% [46]. The present study showed that Pichia terricola H5 could
tolerate 8% ethanol. Strains D6 (Wickerhamomyces anomalus) and F26 (Meyerozyma caribbica)
were tolerant to an 8% ethanol concentration. This was consistent with the results obtained by
Kim et al. [47], who showed that W. anomalus and M. caribbica could proliferate at 8% ethanol.

The potential of genetically modified yeasts has been greatly weakened due to the
severe restriction of wine markets to the application of genetically modified organisms.
Non-genetically modified organism techniques have been used to improve the performance
of yeasts to meet the demands of the wine industry [48]. To improve the ethanol toler-
ance of yeasts, the performance of the strains was modified via mutagenetic breeding and
genetic recombination. Some studies constructed hybrids between Kluyveromyces fragilis
and Saccharomyces cerevisiae using protoplast fusion technology to directionally change
the ethanol tolerance of Kluyveromyces fragilis [49]. Compared with genetic recombination,
mutation breeding presents advantages, such as simple operation, low technology and
equipment requirements, and high mutation frequency; therefore, mutation breeding is
widely used for yeast cultivation. Pattanakittivorakul et al. [50] obtained a thermotolerant
ethanol-fermenting yeast strain via UV radiation and ethyl methane sulfonate mutagenesis
that effectively improved the efficiency of ethanol production. Watanabe et al. [51] treated
Pichia stipitis with UV irradiation for 25 min to obtain the Pichia stipitis NBRC1687 mutant
after screening. It displayed significant ethanol tolerance, with the ethanol content pro-
duced via fermentation in the same conditions was 1.4 times that of the parental strain. In
this experiment, Pichia terricola H5 was used as the mutagenic material and subjected to
UV irradiation and DES mutagenesis to improve its ethanol tolerance. The results showed
that the ethanol tolerance of UV5 and UV8 increased significantly after UV irradiation,
reaching 11% and 10%, respectively, which was consistent with previous studies indicating
that UV irradiation could modify the ethanol tolerance of yeast. Of the DES mutants, only
the ethanol tolerance of DES7 was slightly higher than the parental H5, differing from the
findings in existing literature [52]. This may be attributed to the DES concentration and the
processing time used during the experiment. Less strain variability is evident at a lower
mutagen concentration and shorter mutagenesis time, reducing the likelihood of changes
in the strain performance [53].

This study selected three mutants for alcoholic fermentation with commercial Saccha-
romyces cerevisiae S1 and strain H5 after analyzing their ethanol tolerance while evaluating
the fermentation performance and volatile aromatic substances. The fermentation results
showed that the three mutants and H5 could not complete alcoholic fermentation inde-
pendently, while their fermentation ability was weaker than commercial Saccharomyces
cerevisiae, which was consistent with the research results of Clemente-Jimenez et al. [42].
Although the residual sugar content exceeded 4 g/L when only Pichia terricola was used
for alcoholic fermentation, the fermentation capacity of the UV5 mutant was improved.
Compared with strain H5, the residual sugar content in the UV5 group was reduced by
32.83%, while the ethanol content was 3.75 times that of the H5 group. UV irradiation
improved the ethanol tolerance and alcohol production of yeast, which was consistent with
previous studies [54]. Furthermore, Pichia terricola could reduce acid levels by degrading
malic acid and citric acid to improve the taste of the wine [55]. This study showed that
the citric and malic acid levels were significantly lower in the H5 strain and DES7 mutant
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than in S1 while exhibiting higher levels in the UV5 group. It is speculated that while
the UV-irradiated yeast develops ethanol resistance, it may also affect the metabolic cell
pathways related to citric and malic acid; however, the specific reasons for this require
further analysis. Clemente-Jimenez et al. [42] indicated that Pichia terricola displayed low
fermentation ability while producing high ethyl acetate levels, causing the wine to present
an unpleasant odor. The H5 group did not exhibit high ethyl acetate content, while the
sensory evaluation results did not indicate the presence of an unpleasant odor; however,
high ethyl acetate levels were evident in the UV8 mutant group, displaying a severely un-
pleasant odor, which was consistent with the literature. This may be because UV irradiation
not only induces the ability of cells to resist ethanol stress but also promotes the expression
of genes related to ethyl acetate synthesis in cells; however, further research is necessary
to provide confirmation. Moreover, the aroma determination results indicated that the
fermentation of strain UV5 with improved ethanol tolerance produced higher levels of
ethyl caprate, ethyl caprylate, and ethyl dodecanoate, providing a stronger floral, fruity
fragrance.

Since this study only measured the ethanol tolerance of the strain at the macro level,
the related stress resistance pathways and mechanisms require further exploration. Studies
have shown that 359 genes in Saccharomyces cerevisiae cells are associated with ethanol toler-
ance [56]. The mutant genotypes and mutation sites require further exploration to clarify
the differences in ethanol tolerance, fermentation characteristics, and aroma characteristics
between the mutant and strain H5.

5. Conclusions

This research aims to improve the ethanol tolerance of non-Saccharomyces yeast and
apply it to wine fermentation. An appropriate UV irradiation dose increased the ethanol
tolerance of strain H5 and improved its fermentation performance. In particular, the
production of ethyl caprate, ethyl caprylate, and other volatile aroma compounds in strain
UV5 were significantly higher, which increased the aroma structure complexity of the wine.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation8040149/s1, Table S1: The region and vineyards of
strains used; Table S2: The average peak area and relative peak area of volatile aroma compounds in
each sample.
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Abstract: In order to understand the influence of nitrogen and lipid nutrition on the aromatic quality
of wines for cognac distillation, we developed a transdisciplinary approach that combined statistical
modeling (experimental central composite design and response surface modeling) with metabolomic
analysis. Three Saccharomyces cerevisiae strains that met the requirements of cognac appellation
were tested at a laboratory scale (1 L) and a statistical analysis of covariance was performed to
highlight the organoleptic profile (fermentative aromas, terpenes, alcohols and aldehydes) of each
strain. The results showed that nitrogen and lipid nutrients had an impact on the aromatic quality of
cognac wines: high lipid concentrations favored the production of organic acids, 1-octen-3-ol and
terpenes and inhibited the synthesis of esters. Beyond this trend, each yeast strain displayed its own
organoleptic characteristics but had identical responses to different nutritional conditions.

Keywords: nutrients; central composite design; Saccharomyces cerevisiae; wine; strain effect; aromas

1. Introduction

Cognac is a French protected designation of origin (PDO) whose quality is recognized
worldwide. This wine spirit is obtained after a double distillation using almost exclusively
the Ugni blanc grape variety. The geographical area of production is divided into six
crus around the city of Cognac, approximately 75,000 hectares, encircling the Charente
River. Despite this, cognac spirits can be distinguished by very different and specific
characteristics. Indeed, the quality of the final product not only depends on the terroir
but also on viticultural and oenological practices, including blending and aging [1]. The
character, delicacy and roundness that the Charente eaux-de-vie will acquire are mainly
due to its aromas resulting from a great variety of volatile substances. Fermentative aromas
(higher alcohols, esters, aldehydes, acetyls, fatty acids, etc.) are synthesized by yeast during
alcoholic fermentation [2] while varietal aromas, such as terpenes or aliphatic aldehydes,
originate from the grape berries. For both these aromatic classes, the proportions found in
wines are influenced, modified or even disturbed during alcoholic fermentation by different
environmental parameters [3]. Thus, yeast assimilable nitrogen (YAN) and lipids, which
are the main nutrients in grape musts [4], can have a significant impact on the production
of volatile compounds.

During recent years, many studies have focused on the impact of YAN must sup-
plementations on the production of volatile compounds [3,5–12]. The results are partly
contradictory because they vary depending on the type of must (synthetic or natural), the
nature of the added assimilable nitrogen (mineral and/or organic) and the yeast strain
used for fermentation. Nevertheless, global trends can be considered. Generally, the
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concentration of higher alcohols goes through a maximum as a function of must YAN
concentration [5,8,13,14] while that of esters increases continuously [5,11,13,15]. The effect
of lipid nutrition on aroma synthesis has been less well-studied. Lipids can be synthesized
by yeast in the presence of oxygen; however, this mechanism is limited during oenolog-
ical fermentation [16]. Therefore, yeasts primarily use the lipids (phytosterols) present
in the solid particles of the must [17]. Most studies have concluded that phytosterols
have an overall positive effect on higher alcohol synthesis and a negative impact on ester
synthesis [9,18–20].

In this study, an experimental design was implemented to understand the influence
of YAN and lipid nutrients, and to model their effect on aroma production. Compared to
previous studies [7,9,13], this work has several specificities: (1) the alcoholic fermentations
were carried out with natural musts containing very high lipid concentrations due to the
high turbidities encountered in cognac (500 to 2000 NTU compared to 100 to 150 NTU in
conventional oenology); (2) a metabolomic analysis including several families of volatile
compounds was carried out in order to obtain a general overview of aroma production, not
limited to a specific category of molecules; (3) three yeast strains of Saccharomyces cerevisiae
commonly used in the cognac appellation area were included in the statistical modeling
design to compare their metabolic response to nutrients and identify their specificities in
terms of aromatic profiles.

2. Materials and Methods

2.1. Fermentations

Fermentations were performed in 1.2 L cylindrical glass fermenters containing 1 L of
must with continuous magnetic stirring (150 rpm) at 23 ◦C. CO2 release was measured by an
accurate, automatic online monitoring of weight loss every 20 min [21]. The fermenters were
inoculated with 20 g/hL of active dry yeast (Lalvin FC9®, Lallemand SA, Montreal, QC,
Canada; Fermivin 7013® and Fermivin SM102®, Erbslöh S.A.S., Servian, France) previously
rehydrated for 30 min at 37 ◦C in a 50 g/L glucose solution. The must (Ugni blanc grape
variety) was harvested in the Cognac region of France. The must characteristics were as
follows: 183 g/L total sugars, 114 mg/L assimilable nitrogen, pH 3.32 and a turbidity of
100 NTU. Ugni blanc grapes were pressed, and the must was settled for 24 h at 4 ◦C in
the presence of 3 mL/hL enzymes (MYZYM SPIRIT, Institut Oenologique de Champagne,
Mardeuil, France). A final turbidity of 100 NTU was achieved for the must and the sludge
was collected separately. A correlation between the sludge concentration and turbidity was
previously performed (R2 = 0.999) by adding different amounts of solid particles to final
volumes (100 mL) of must:

Turbidity = 75 × [solids particles] + 100 (1)

with the concentration of added solid particles ([solid particles]) in % (v/v) and the turbidity
in NTU.

Turbidity was measured with a 2100 N turbidimeter (Hach®, Lognes, France).
Based on the determined relationship (Equation (1)) between turbidity and the per-

centage of solid particles, 59, 100, 200, 300 and 340 mL of sludge were added to a final
volume of 1 L of must, and turbidities of 500, 820, 1600, 2380 and 2700 NTU, respectively,
were obtained. Each corresponding volume of must was removed from the fermenter to
be substituted by the sludge. Assimilable nitrogen was adjusted to 115, 140, 200, 260 or
285 mg Nass/L with a solution of amino acids and NH4Cl, respecting the proportions of
30% mineral nitrogen (NH4

+) and 70% organic nitrogen (a mix of amino acids) found in
the initial Ugni blanc must. The free amino acid content of the initial Ugni blanc must
was determined by cation-exchange chromatography (see Section 2.3). The composition
of the amino acid solution added was as follows (in g/L): tyrosine,1.77; tryptophan, 1.63;
isoleucine, 0.74; aspartate, 16.48; glutamate, 17.2; arginine, 46.65; leucine, 1.81; threonine,
4.11; glycine, 0.23; glutamine, 14.18; alanine, 7.17; valine, 4.17; methionine, 0.44; phenylala-
nine, 3.59; serine, 6.42; histidine, 1.60; lysine, 0.53; asparagine, 0.82; and proline, 42.98. A
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solution of NH4Cl (80.24 g/L) was used as an ammonium source. To obtain 115, 140, 200,
260 and 285 mg/L of assimilable nitrogen in the must, 0.03, 0.76, 2.51, 4.27 and 5 mL of the
amino acid stock solution and 0.04, 0.91, 3.02, 5.12 and 6 mL of an NH4Cl solution were
added to 1 L of must, respectively.

2.2. Quantification of Sterols and Fatty Acids in Grape Solids
2.2.1. Dry Matter

A total of 200 mL of must were centrifuged for 10 min at 10,000 rpm to concentrate the
grape solids. The supernatant was removed and the grape solids were washed consecu-
tively three times with an NaCl solution (10 mM) to remove sugars. The final pellet was
freeze-dried overnight to recover the dry matter (DM).

2.2.2. Lipid Composition

Total lipids were extracted from lyophilized grape solids (aliquot of 1 g) overnight
with methanol/chloroform (2:1, v/v), and the solid residue was then extracted for 2 h
with methanol/chloroform/water (2:1:0.8, v/v/v). The organic extracts were dried over
Na2SO4 and concentrated to dryness using a rotatory evaporator. Phytosterols (campes-
terol, stigmasterol and β-sistosterol) and main fatty acids were determined in the remaining
solids according to the protocol used by Grison et al. (2015), as adapted by Casalta et al.
(2019). Total fatty acid concentration was 37.28 mg/g in the DM (Table 1) C18 unsaturated
acids represented approximately 48% of the total fatty acid content, and the most abun-
dant saturated fatty acid was palmitic acid (22%). The concentration of phytosterols was
8.43 mg/g in the DM (Table 2), i.e., within the limits of the concentrations described for
other grape varieties [17]. The main phytosterol was β-sitosterol (83%), while campesterol
and stigmasterol accounted for approximately 11% of the total phytosterols.

Table 1. Fatty acid composition of Ugni blanc grape solids.

Name Formula mg/g of Dry Matter mg/L of Grape Solids

Lauric C12:0 0.03 0.82

Myristic C14:0 0.12 3.24

Pentadecylic C15:0 0.06 1.46

Palmitic C16:0 8.29 215.07

Palmitoleic C16:1 0.14 3.51

Margaric C17:0 0.08 2.04

Stearic C18:0 0.93 24.23

Oleic C18:1 2.95 76.49

Linoleic C18:2 17.69 458.83

Linolenic C18:3 4.43 114.84

Arachidic C20:0 0.36 9.24

Gondoic C20:1 0.07 1.94

Heneicosylic C21:0 0.12 3.12

Behenic C22:0 1.00 25.85

Tricosylic C23:0 0.13 3.34

Lignoceric C24:0 0.32 8.30

Total 37.28 897.57
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Table 2. Phytosterols composition of Ugni blanc grape solids.

Name mg/g of Dry Matter mg/L of Grape Solids

Campesterol 0.51 13.24

Stigmasterol 0.39 10.12

β-sitosterol 7.01 181.80

Sitostanol 0.24 6.34

Unidentified sterols 0.28 7.1

Total 8.43 218.60

Using the lipid composition of the solid particles from the dry matter (Tables 1 and 2)
and Equation (1), we calculated turbidities of 500, 820, 1600, 2380 and 2700 NTU corre-
sponding to 12.9, 21.9, 43.8, 65.6 and 74.5 mg/L sterols, respectively. These turbidities (500,
820, 1600, 2380 and 2700 NTU) also corresponded to fatty acid concentrations of 57.1, 96.8,
193.5, 290.3 and 329.9 mg/L, respectively.

2.3. Analytical Methods

Ammonium concentration was determined enzymatically (R-Biopharm AG™, Darm-
stadt, Germany). The free amino acid content of the must was measured by cation-exchange
chromatography with post-column ninhydrin derivatization (Biochrom 30, Biochrom™,
Cambridge, UK), as described by [22].

Ethanol, glucose, fructose, glycerol, succinic acid, alpha-ketoglutaric acid and acetic
acid concentrations were determined by High Performance Liquid Chromatography (HPLC)
(HPLC 1260 Infinity, Agilent™ Technologies, Santa Clara, CA, USA) on a Phenomenex
Rezex ROA column (Phenomenex™, Le Pecq, France) at 60 ◦C. The column was eluted
with 0.005 N H2SO4 at a flow rate of 0.6 mL/min. Organic acids were analyzed with a UV
detector (Agilent™ Technologies, Santa Clara, CA, USA) at 210 nm; the concentrations of
the other compounds were quantified with a refractive index detector (Agilent™ Technolo-
gies, Santa Clara, CA, USA). The analysis was carried out with the Agilent™ OpenLab CDS
2.x software package (Santa Clara, CA, USA).

The concentrations of ethyl acetate, ethyl propanoate, ethyl 2-methylpropanoate, ethyl
butanoate, ethyl 2-methylbutanoate, ethyl 3-methylbutanoate, ethyl hexanoate, ethyl oc-
tanoate, ethyl decanoate, ethyl dodecanoate, ethyl lactate, diethyl succinate, 2-methylpropyl
acetate, 2-methylbutyl acetate, 3-methyl butyl acetate, 2-phenylethyl acetate,
2-methylpropanol, 2-methylbutanol, 3-methylbutanol, hexanol, 2-phenylethanol, propanoic
acid, butanoic acid, 2-methylpropanoic acid, 2-methylbutanoic acid, 3-methylbutanoic acid,
hexanoic acid, octanoic acid, decanoic acid and dodecanoic acid were measured in the liquid
phase after sample pretreatment by double liquid-liquid extraction with dichloromethane
in the presence of deuterated standards (ethyl butanoate-D5, ethyl decanoate-D5, ethyl
hexanoate-D5, ethyl octanoate-D5 and phenylethanol-D4) [9]. The samples were analyzed
with a Hewlett Packard (Agilent™ Technologies, Santa Clara, CA, USA) 6890 gas chromato-
graph equipped with a CTC Combi PAL autosampler AOC-5000 (Shimadzu™, Columbia,
SC, USA) and coupled to a Hewlett Packard 5973 mass spectrometry detector (Agilent™
Technologies, Santa Clara, CA, USA).

The total liquid concentration of acetaldehyde was precisely measured using a com-
mercial enzymatic test kit (Ref. 984347, ThermoFischer Scientific™, Waltham, MA, USA)
and a Thermo Scientific™ Gallery™ automated photometric analyzer.

The metabolomic analysis was realized by solid-phase microextraction (SPME).
Before SPME analysis, 5 mL of wine were placed into a 20 mL headspace amber

glass vial and diluted with 5 mL of ultra-pure water. The samples were spiked with
100 μL of 2-octanol (internal standard solution at 1 mg/L in ethanol) and saturated with
sodium chloride before closure with a PTFE-faced silicone septum-aluminum crimp cap.
A 50/30 μm DVB/CAR/PDMS fiber (divinylbenzene/carboxene/polydimethylsiloxane;
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Supelco, Bellefonte, PA, USA) was used for volatile extraction. Before the analysis, the
fiber was conditioned into the GC injector at 270 ◦C for 30 min to prevent contamination.
The sample was pre-incubated for 5 min at 40 ◦C. Adsorption lasted for 30 min at 40 ◦C
with stirring at 250 rpm (10 s ON and 1 s OFF). Next, desorption took place in the injector
in splitless mode for 600 s at 250 ◦C. All analyses were made in triplicate. The injections
were fully automated using an MPS robotic autosampler (Gerstel) operated by Maestro
software (Gerstel). An Agilent 8890 gas chromatograph (Agilent Technologies, Palo Alto,
CA, USA), coupled to an Agilent 5977B mass spectrometer were used. The sample was
analyzed on a DB-HeavyWAX column (60 m × 0.25 mm i.d., 0.25 μm film thickness, Agilent
Technologies). The injector and MSD transfer line temperatures were fixed at 250 ◦C. The
oven temperature was held at 40 ◦C for 10 min, raised to 240 ◦C at a rate of 3 ◦C per minute
and then held for 5 min. The column carrier gas was helium at a constant flow rate of
1 mL/min. The splitless injection mode was used. The temperature of the ion source was
set at 230 ◦C while the electron impact mass spectra were recorded at 70 eV ionization
energy. The GC-MS analysis was carried out in the scanning mode (SCAN); the mass range
was from 35 to 350 m/z.

2.4. Statistical Analysis
2.4.1. Experimental Central Composite Design

The statistical analysis was performed with R software, version 3.6.2 (R Development
Core Team 2012), and the rsm library [23].

In order to study and understand the impact of yeast nutrition in cognac, we used a
central composite design (CCD), the most common design used to fit quadratic models,
described by [24]. CCD combines a two-level factorial design with axial points (star points)
and at least one point at the center of the experimental region in order to fit quadratic
polynomials. The center points are usually repeated to obtain a good estimate of the
experimental error (pure error). If the distance from the center of the design space to
a factorial point is ±1 unit for each factor, the distance from the center of the design
space to a star point is ±α, where |α| > 1. The star points represent new extreme values
(low and high) for each factor in this design. The variables included the concentration of
assimilable nitrogen and turbidity coded levels, −α, −1, 0, +1, +α (the value of α is 1.41
rotatable design), and are shown in Table 3 as well as the actual levels of the variables in
the CCD experiments.

The effect of the two independent variables on each volatile compound (Y) was
modelled by a polynomial response surface:

Y = β0 + β1x1 + β2x2 + β12x1x2 + β11x12 + β22x22 + ε (2)

where x1 and x2 represent the coded values of the initial nitrogen content and turbidity,
respectively, Y is the predicted response, β0 is the intercept term, βi is the linear coefficient,
βii is the quadratic coefficient and βij is the interaction coefficient. When necessary, a
simplified model was fitted for some compounds by suppressing the interactive terms of
the equation according to validity criteria.

In addition, the normality of residual distributions and the homogeneity of vari-
ance were studied with standard diagnostic graphs; no violation of the assumptions
was detected.

The accuracy and general ability of each polynomial model described above was evalu-
ated by a lack of fit test, the Fisher test and the adjusted coefficient of determination (adjR2).

The reliability of the fitted models was very good overall: each polynomial model
produced a non-significant lack of fit test at a 0.05 threshold, a significant Fisher test at a
0.05 threshold and a range of adjR2 between 35% and 99%.

A CCD was performed for each strain independently.
For graphical representations of the surface responses, a custom version of the persp()

function was used.
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Table 3. The experimental plan of fermentation conditions for each yeast used in spirit production.

Independent Variable

Experiments Assimilable Nitrogen (mgN/L) Turbidity (NTU)

Coded Level Uncoded Level Coded Level Uncoded Level

1 −1 140 −1 820

2 +1 260 −1 820

3 −1 140 +1 2380

4 +1 260 +1 2380

5 a 0 200 0 1600

6 a 0 200 0 1600

7 a 0 200 0 1600

8 a 0 200 0 1600

9 −1.41 115 0 1600

10 +1.41 285 0 1600

11 0 200 −1.41 500

12 0 200 +1.41 2700
a Four replicates included at the center of the experimental domain.

2.4.2. Analysis of Covariance (ANCOVA)

ANCOVA is a general linear model with a continuous outcome variable and two or
more predictor variables, where at least one is continuous (covariate) and at least one is
categorical (factor). In addition to studying the impacts of nitrogen and lipid nutrition on
the synthesis of fermentative aromas, an analysis of covariance was performed in order
to demonstrate a difference in production between strains, which we will call the “strain
effect”. This analysis did not allow us to determine which strain was different but evidenced
any overall difference.

2.4.3. Analysis of Correlation Tree and PCA

The statistical evaluations of the metabolomic analysis were performed using the JMP
(SAS Institute JMP, Brie Comte Robert, France) software, version 15.0.0.

3. Results and Discussion

The impacts of YAN and turbidity on the (1) kinetic parameters, (2) metabolites of
central carbon metabolism and (3) production of volatile compounds (fermentative aromas,
aldehydes and terpenes) were studied. A central composite design was used to minimize
the number of factor combinations required to evaluate the effects of these two factors.
Twelve fermentations were performed for each of the three strains with five different
assimilable nitrogen concentrations (from 115 to 285 mgN/L) and five different turbidities
(from 500 to 2700 NTU). The conditions are summarized in Table 3.

The central composite design enabled us to plot the concentrations of volatile com-
pounds as a function of the two environmental parameters and to build an associated
mathematical model. With this model, a “weight” was assigned to each parameter (assimil-
able nitrogen and turbidity); thus, a classification of these two parameters according to their
influence on the synthesis of each volatile compound or on the fermentative parameters
could be performed. The significance of this effect was determined from its expressed
p-value (p). Based on the sign of the coefficients (Equation (2)) of the polynomial surface
response, the positive or negative effect of the fermentative parameter on the production of
the studied volatile compound was determined. The interactions between the parameters
(i.e., the effect of one factor as a function of the value of another) were also studied, as well
as the non-linear effects of these parameters, also called quadratic effects.
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3.1. Fermentation Kinetics

In all the fermentations, the sugars were almost exhausted. The residual sugar content
for all fermentations performed was lower than or equal to 5 g/L. The YAN was completely
consumed at the end of the growth phase; therefore, assimilable nitrogen was the limiting
nutrient in these experiments. The three yeast strains displayed similar fermentation
kinetics (Figure 1), although the effects of the nutrients were slightly different. Under
identical nutritional conditions, the maximum rates of CO2 production were identical for
the three strains, while the fermentation durations were noticeably different: strain SM102®

was 50 h faster at low nitrogen concentration than strain 7013® and 30 h faster than strain
FC9® (Figure 1).

Figure 1. The impact of assimilable nitrogen concentration in the must (A–C) and turbidity (D–F) on
fermentation kinetics at 23 ◦C for three yeast strains: FC9® (A,D), 7013® (B,E) and SM102® (C,F).

For all strains, a very strong positive impact of assimilable nitrogen was noted on the
maximum CO2 production rate, resulting in a shorter fermentation time, in agreement with
previous works [25–27]. The maximum CO2 production rate was also positively impacted
by turbidity, but to a much lesser extent (Table 4).
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Table 4. The effects of nutrient parameters on maximum CO2 production rate and central carbon
metabolism (MCC) compounds for FC9®, 7013® and SM102® strains described by the CCP model
with ANCOVA analysis to identify a “strain effect”.

Kinetic Parameters MCC Compounds

Strain Effect Variable Vmax
Time of

Fermentation
Glycerol Succinate α-Ketoglutarate

FC9®

Simple
effects

Nass ↗ ↘ ↗ ↘ ↘
NTU ↗ ↗ ↗ ↗

Interaction
effects Nass:NTU ↗ ↗

Quadratic
effects

Nass ↘ ↗
NTU

7013®

Simple
effects

Nass ↗ ↘ ↗ ↘
NTU ↗ ↗

Interaction
effects Nass:NTU

Quadratic
effects

Nass ↘ ↗
NTU

SM102®

Simple
effects

Nass ↗ ↗ ↘ ↘
NTU ↗ ↗ ↗ ↗

Interaction
effects Nass:NTU ↗ ↗ ↗

Quadratic
effects

Nass ↘ ↘ ↘
NTU ↘ ↘ ↘

ANCOVA (p-value): « strain effect » +++ +++ +++ +++ +++
�: p < 0.001, �: p < 0.01, �: p < 0.05, �: p < 0.001, �: p < 0.01, �: p < 0.05, �: p < 0.001, �: p < 0.01, �: p < 0.05, �:
not significant, (↗): positive effect, (↘): negative effect, (+++): ANCOVA p < 0.05, Nass: assimilable nitrogen,
NTU: turbidity, Vmax: maximum rate of CO2 production.

3.2. Compounds of Central Carbon Metabolism

The amount of ethanol produced in all conditions was similar, whereas significant
differences were observed in the concentrations of glycerol, succinic acid, acetic acid and α-
ketoglutaric acid, which are metabolic markers that result from central carbon metabolism.
The effects of the nutrients were different depending on the compound, although succinate
and α-ketoglutarate generally reacted in the same way (Table 4). Firstly, only very small
quantities of acetic acid (<0.015 g/L) were found, compared to the concentrations of 0.34 to
1.21 g/L generally present in wine [3]. This observation might be explained by the fact that
our working range of phytosterol concentration is much higher (from 13 to 75 mg/L) than
the range commonly used in previous studies [9,28,29]; indeed, the production of acetic
acid during alcoholic fermentation is low for high concentrations of phytosterols [28,30,31].
Therefore, there was almost no demand for acetyl-CoA, the precursor of lipid biosynthesis.
In these conditions, the pool of cytoplasmic acetyl-CoA not used to produce lipids can be
converted to citrate by the citrate synthase Cit2p. Then, citrate can be transported to the
mitochondria and participate in succinic acid synthesis via the TCA cycle [9]. Therefore,
the synthesis of α-ketoglutaric and succinic acids is promoted by the intake of lipids
(Table 4). On the other hand, and consistent with bibliographic data, the concentrations
of α-ketoglutaric and succinic acids decreased when the YAN supply increased [5,7,9,11].
Meanwhile, the turbidity and assimilable nitrogen positively impacted glycerol production
(Table 4). When nitrogen is the limiting nutrient face to lipids, as was the case in this
work, glycerol production increases with lipid content [30]. This can be explained by
the important role of glycerol in maintaining the redox balance of the cell. When the
production of organic acids is increased after lipid addition, an excess of NADH will be
synthesized that will then be oxidized by the glycerol synthesis pathway [32]. In this
study, the glycerol concentration was also favored by YAN supply (Table 4). This quite
surprising result differs from the literature [9,14,32,33]; however, it is still consistent with
our previous study [7]. Finally, a highly significant strain effect was observed for all central
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metabolism compounds. Indeed, strain FC9® produced less organic acids and glycerol in
all conditions, with average concentrations of 0.09 ± 0.03; 0.81 ± 0.08 and 6.81 ± 0.33 g/L of
α-ketoglutaric acid, succinic acid and glycerol, respectively, whereas the other two strains
(7013® and SM102®) produced 0.12 ± 0.05 and 0.14 ± 0.04 g/L of α-ketoglutaric acid,
respectively; 1.08 ± 0.07 and 1.09 ± 0.1 g/L of succinic acid, respectively; and 8.18 ± 0.42
and 8.14 ± 0.37 g/L of glycerol, respectively.

3.3. Aromas

Volatile compounds present in distilled beverages have been reported in the litera-
ture [34]. Aroma compounds involved in olfactory perception belong to different chemical
classes, such as alcohols, esters, aldehydes, norisoprenoids and terpenes. In this work,
a metabolomic analysis was applied to the study of the impact of YAN and lipids on
the production of fermentative aromas (higher alcohols and esters), terpenes, aldehydes
(acetaldehyde) and more atypical alcohols present in wines intended for charentaise batch
distillation.

3.3.1. Fermentative Aromas

Since all the higher alcohols (isobutanol, isoamyl alcohol, hexanol, methionol and 2-
phenylethanol) and acetate esters (isobutyl acetate, 2-methylbutyl acetate, isoamyl acetate,
hexyl acetate and 2-phenylethyl acetate) reacted in the same way to the nutrients, we
considered them as sums and by compound families (Table 5).

Table 5. The effects of nutrient parameters on fermentative aromas: sum of higher alcohols and
acetate esters for FC9®, 7013® and SM102® strains described by the CCP model with ANCOVA
analysis to identify a “strain effect”.

Strain Effect Variable
Sum of Higher

Alcohols
Sum of Acetate

Esters

FC9®

Simple
effects

Nass ↘ ↗
NTU ↗ ↘

Interaction
effects Nass:NTU ↗

Quadratic
effects

Nass

NTU

7013®

Simple
effects

Nass ↘ ↗
NTU ↗ ↘

Interaction
effects Nass:NTU

Quadratic
effects

Nass ↘
NTU ↘ ↗

SM102®

Simple
effects

Nass ↘ ↗
NTU ↗ ↘

Interaction
effects Nass:NTU

Quadratic
effects

Nass

NTU ↗
ANCOVA (p-value): « strain effect » +++ +++

�: p < 0.001, �: p < 0.01, �: p < 0.05, �: p < 0.001, �: p < 0.01, �: p < 0.05, �: p < 0.001, �: p < 0.01, �: p < 0.05, �:
not significant, (↗): positive effect, (↘): negative effect, (+++): ANCOVA p < 0.05, Nass: assimilable nitrogen,
NTU: turbidity.

For the three yeast strains, the production trend of higher alcohols decreased with an
increasing supply of assimilable nitrogen (p-value < 0.001) but was promoted by enhanced
turbidity (p-value < 0.001), whereas opposite effects of the nutrients were observed for
acetate esters (Table 5 and Figure 2A,B). These data are consistent with previous findings [7].
The observed effects can be explained by the regulation of acetyltransferases that catalyze
the conversion of higher alcohols into their corresponding esters. The positive impact
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of nitrogen on acetate ester [7,9] production can be explained by the higher expression
of genes coding for alcohol acetyltransferases during nitrogen supplementation of the
must [10,35]. In this case, the alcohol/ester balance changes in favor of ester accumulation
with increasing doses of YAN in the medium. The effect of turbidity is, however, quite
surprising because there is no metabolic connection between the anabolic pathways of
alcohol production and the lipid pathway. This effect can also be explained by the activity of
alcohol acetyl transferases, which decreases in the presence of lipids. Indeed, the expression
of ATF1 (the major gene encoding this enzymatic activity) is repressed by lipids [36,37]. In
the presence of increased lipids, the repression of acetate ester synthesis is to the benefit
of the accumulation of higher alcohols. Although the strains responded similarly to the
nutrients in the synthesis of higher alcohols and acetate esters, their production levels were
significantly different (Table 5), indicating a probable strain effect on the contribution to the
wine’s fruity and floral character. YAN supply resulted in complex effects on the synthesis
of ethyl esters depending on the involved Saccharomyces cerevisiae strain for fermentations
(Table 6).

Figure 2. Response surfaces of fermentative aromas: sum of higher alcohols (A), sum of acetate
esters (B), ethyl esters (ethyl butanoate (C) and ethyl hexanoate (D)) and acids (octanoic acid (E) and
pentanoic acid (F)) for all three strains: FC9® (—), 7013® (—) and SM102® (—).
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Table 6. The effects of nutrient parameters on fermentative aromas: ethyl esters for FC9®, 7013® and
SM102® strains described by the CCP model with ANCOVA analysis to identify a “strain effect”.

Strain Effect Variable
Ethyl

Isobutanoate
Ethyl

Butanoate
Ethyl

Hexanoate
Ethyl

Octanoate
Ethyl

Decanoate

FC9®

S.E Nass ↘
NTU ↘ ↘

I.E Nass:NTU

Q.E Nass ↗
NTU ↗ ↗

7013®

S.E Nass ↘ ↗ ↗ ↗
NTU ↗ ↘ ↘ ↘ ↘

I.E Nass:NTU ↘
Q.E Nass ↗

NTU ↗ ↗ ↗

SM102®

S.E Nass ↗
NTU ↗ ↘ ↘ ↘

I.E Nass:NTU ↘
Q.E Nass

NTU ↗ ↗
ANCOVA (p-value): « strain effect » +++ +++ +++ +++ +++

�: p < 0.001, �: p < 0.01, �: p < 0.05, �: p < 0.001, �: p < 0.01, �: p < 0.05, �: p < 0.001, �: p < 0.01, �: p < 0.05, �:
not significant, (↗): positive effect, (↘): negative effect, (+++): ANCOVA p < 0.05, Nass: assimilable nitrogen,
NTU: turbidity, S.E: Simple effects, I.E: Interaction effects, Q.E: quadratic effects.

Ethyl butanoate increased with assimilable nitrogen in 7013® and SM102® strains,
while only 7013® reacted positively to this nutrient for the synthesis of ethyl hexanoate and
ethyl decanoate. The production of these previous esters was not impacted by nitrogen
addition for strain FC9®. Lastly, an opposing behavior was noticed with a decrease in ethyl
isobutanoate production induced by nitrogen supply (FC9® and 7013®).

This complex YAN effect has already been observed in several studies, certainly
due to the fact that the synthesis pathways of these esters are not linked to nitrogen
metabolism [7,9,12,14] and depend on the yeast strain used [38]. More generic trends
were noticed for the impact of turbidity, with a positive effect on the synthesis of ethyl
isobutanoate (7013® and SM102®) and a negative effect on almost all other ethyl esters
(Table 6). In addition to this negative impact, a positive quadratic effect (i.e., the bending
of the curve) was also visible for ethyl butanoate and hexanoate (anise seed, apple-like
aroma), where a minimum production of these flavors was obtained close to 1500 NTU
(Figure 2C,D). Observing a similar effect of phytosterols on ethyl esters for the three strains
is rather logical because these compounds are produced from the lipid metabolism whose
regulation appears to be relatively conserved within the Saccharomyces cerevisiae species.
Moreover, the negative effect of this nutrient is in accordance with the data obtained by [19]),
showing that the addition of unsaturated fatty acids to the fermentation medium results in
a global decrease in ethyl ester production. As for ethyl esters, the acids did not all respond
in the same way to assimilable nitrogen (Table 7).

The production of C:6, C:8 and C:10 acids increased with YAN addition (7013® and
SM102®). The production of theses acids is favored by the contribution of assimilable
nitrogen in the must and passes through a maximum of concentration (quadratic effect)
at 200 mg/L of nitrogen (Figure 2E), as previously observed by [7,39]. An opposing effect
was observed for propionic acid, C:3 (only for SM102®) and pentanoic acid, C:5 (all three
strains), with decreased synthesis when the nitrogen concentration was increased and a
minimum concentration (quadratic effect) at 200 mg/L of nitrogen (Figure 2F). As observed
for ethyl esters, lipid nutrition provided a more consensual response in acid production
with a globally decreased synthesis (Table 7). First, the impact of nitrogen on acid synthesis
can vary depending on the Saccharomyces cerevisiae strain, as do the intrinsic production
levels [39,40]. Second, the pairing of the production of esters from their acid precursors was
not systematic and not all of the pairs of compounds reacted in the same way to nutrient
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changes. This latter observation indicates that, for ethyl esters, the key factor is not only
the availability of the precursors (fatty acids) but also the enzymatic activity (Eht1p and
Eeb1p) responsible for this bioconversion [41].

Table 7. The effects of nutrient parameters on fermentative aromas: acids for FC9®, 7013® and
SM102® strains described by the CCP model with ANCOVA analysis to identify a “strain effect”.

Strain Effect Variable
Propionic

Acid
Pentanoic

Acid
Octanoic

Acid
Decanoic

Acid
Hexanoic

Acid

FC9®

S.E Nass ↘
NTU ↘ ↘ ↘

I.E Nass:NTU

Q.E Nass ↗
NTU ↗

7013®

S.E Nass ↘ ↗ ↗ ↗
NTU ↘ ↘ ↘

I.E Nass:NTU ↘
Q.E Nass ↗ ↘ ↘

NTU ↗ ↗ ↗

SM102®

S.E Nass ↘ ↘ ↗ ↗ ↗
NTU ↘

I.E Nass:NTU ↘
Q.E Nass ↗ ↗ ↘ ↗

NTU ↗ ↗
ANCOVA (p-value): « strain effect » +++ +++ +++ +++ +++

�: p < 0.001, �: p < 0.01, �: p < 0.05, �: p < 0.001, �: p < 0.01, �: p < 0.05, �: p < 0.001, �: p < 0.01, �: p < 0.05, �:
not significant, (↗): positive effect, (↘): negative effect, (+++): ANCOVA p < 0.05, Nass: assimilable nitrogen,
NTU: turbidity, S.E: Simple effects, I.E: Interaction effects, Q.E: quadratic effects.

3.3.2. Terpenes

While the contribution of terpenoids has been extensively studied in grapes and
wines [42,43], some significant works have also been specially dedicated to mono- and
sesquiterpenes in brandies and cognac [1,44–46]. Indeed, terpenes are some of the com-
pounds that impart a fruity and floral character to cognac [47]. Terpenes are generally
known and described as varietal compounds occurring in free as well as bound forms,
depending on the odor active molecule (aglicone) that may or may not be bound to a sugar
moiety. The majority of free monoterpenes are found in the grape berry skin as well as in the
pulp, while the forms combined with sugar are mainly found in the juice [48]. Bound forms
are commonly known as aroma precursors since they undergo hydrolysis easily, generating
the active odor molecule and free sugar. Studies have shown that β-glucosidase activity
is low or non-existent in Saccharomyces cerevisiae strains [49,50] because the fermentation
conditions (acidic pH and high sugar concentration) are unfavorable for the activity of
this enzyme.

Therefore, the terpenes studied are considered to be the free forms when initially found
in the musts [48] and the glycolized forms as those released during wine distillation [51]. In
wines made from Ugni blanc grapes, the monoterpenes found include trans-nerolidol (rose
aroma), citronellol (shade of lemongrass), α-terpineol (lily of the valley aroma) and linalool
(floral aroma). Firstly, it should be noted that increasing the concentrations of assimilable
nitrogen reduced wine terpene levels (trans-nerolidol, citronellol and linalool) for all strains
(Table 8).
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Table 8. Effects of assimilable nitrogen and turbidity on varietal flavors, including terpenes and
ketone compounds for FC9®, 7013® and SM102® strains described by the CCP model with AN-
COVA analysis.

Terpenes Ketone

Strain Effect Variable
Trans-

Nerolidol
Citronellol α-Terpineol Linalool Acetophenone

FC9®

Simple
effects Nass ↘

Interaction
effects Nass:NTU ↗

Quadratic
effects Nass ↗

7013®

Simple
effects

Nass ↘ ↘ ↘ ↗
NTU ↗ ↘

Quadratic
effects

Nass ↘ ↘
NTU ↘

SM102®

Simple
effects

Nass ↘ ↘ ↘ ↗
NTU ↗ ↗ ↘

Interaction
effects Nass:NTU ↘

Quadratic
effects Nass ↘

ANCOVA (p-value): « strain effect » +++ +++ +++ +++ +++

�: p < 0.001, �: p < 0.01, �: p < 0.05, �: p < 0.001, �: p < 0.01, �: p < 0.05, �: p < 0.001, �: p < 0.01, �: p < 0.05, �:
not significant, (↗): positive effect, (↘): negative effect, (+++): ANCOVA p < 0.05, Nass: assimilable nitrogen,
NTU: turbidity.

These results are partly comparable to the ones presented by [3], who reported that
nitrogen supplementation (DAP) significantly decreased citronellol and nerol concentra-
tions, while linalool was present in higher concentrations at moderate DAP concentrations
(350 mgN/L) [52]. Secondly, the changes in nitrogen content had no effect on the synthesis
of α-terpineol (Table 5A), likely suggesting that the low pH of the medium led to its forma-
tion through the chemical transformation of linalool, rather than through the involvement
of a cyclase enzyme, as also demonstrated by [52]. Thus, the effect of nitrogen on terpenes
is difficult to interpret and further studies will be necessary.

On the other hand, we observed that turbidity favors the presence of citronellol and
linalool in wines (Table 8). This result can be explained by the fact that increasing tur-
bidity results in the addition of important quantities of solid particles (from 6 to 34%),
composed of the skin and pulp of grapes [17], that are important sources of free monoter-
penes, such as citronellol or linalool [17]. Moreover, it has been proposed that terpene
and sterol biosynthesis are related [53] and that terpenes can also be synthesized by Sac-
charomyces cerevisiae [52,54,55]. Anaerobic conditions were suggested to inhibit several
essential steps in ergosterol biosynthesis, including squalene epoxidation and the oxidative
demethylation/dehydrogenation of lanosterol, which are essential steps in the formation
of ergosterol [56]. In this study, a large excess of phytosterols (13 to 75 mg/L) likely favored
terpene biosynthesis from geranyl pyrophosphate (GPP) by the yeast. Finally, a strain effect
was identified on terpene synthesis (Table 8). Strain SM102® produced more linalool while
the 7013® strain synthesized more citronellol (Figure 3A). Although the link between the
varietal aromas and the impact of fermentation on their production remains unclear, it has
previously been shown that linalool production can vary depending on the Saccharomyces
cerevisiae strain used, because the presence of polyphenolic and aromatic fractions in grapes
exerts a strong influence on yeast metabolism [57]. In our case, the yeast strains’ metabolism
did not always favor the production of linalool, nerolidol or citronellol from the precursor
geranyl PP (GPP) [52]. In the FC9® strain, linalool synthesis (followed by α-terpineol)
was very low. These two aromas only accounted for 5% of the terpenes produced, instead
of about 25% for the other two strains (Figure 3). These data confirm that, in the case
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of wines dedicated to cognac distillation, the proportion of terpenes of varietal origin is
essential; however, the proportion linked to yeast metabolism is also important. In fact,
high turbidities provide the geraniol precursor in large quantities, and yeast becomes a tool
to modulate the terpene-linked aromatic fraction of wines.

Figure 3. The distribution of terpene synthesis for strain (A) FC9® (—), (B) 7013® (—) and (C) SM102®

(—), including all fermentative conditions.

3.3.3. 1-octen-3-ol

1-octen-3-ol is a natural chemical derived from linoleic acid, which was first isolated
from the matsutake pine mushroom and thereafter from plants and other fungi. This
alcohol is a well-known compound associated with fresh mushroom odors in grapes and
wines [58] and is associated with rotten grapes, particularly due to Botrytis cinerea [59].
1-octen-3-ol has a relatively low perception threshold and, because its odor persists after
alcoholic fermentation [60], it may be responsible for defects in wine. As shown in Table 9,
the presence of 1-octen-3-ol seemed to be favored by the presence of solid particles in
high quantities.
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Table 9. Effects of assimilable nitrogen and turbidity on other alcohols for FC9®, 7013® and SM102®

strains described by the CCP model with ANCOVA analysis.

Strain Effect Variable 1-Octen-3-ol 2-Nonanol

FC9®

Simple
effects

Nass

NTU

Interaction
effects Nass:NTU ↗

Quadratic
effects

Nass ↗
NTU

7013®

Simple
effects

Nass

NTU ↗ ↗
Interaction

effects Nass:NTU ↘
Quadratic

effects
Nass ↗
NTU ↗

SM102®

Simple
effects

Nass

NTU ↗
Interaction

effects Nass:NTU ↘
Quadratic

effects
Nass

NTU ↘
ANCOVA (p-value): « strain effect » / +++

�: p < 0.001, �: p < 0.01, �: p < 0.05, �: p < 0.001, �: p < 0.01, �: p < 0.05, �: p < 0.001, �: p < 0.01, �: p < 0.05, �:
not significant, (↗): positive effect, (↘): negative effect, (+++): ANCOVA p < 0.05, Nass: assimilable nitrogen,
NTU: turbidity.

However, the vineyard from which the must was obtained was considered as healthy
and was not affected by Botrytis cinerea. In our case, 1-octen-3-ol biosynthesis resulted
from the aerobic oxidation of linoleic acid through a specific enzymatic reaction [61]. In
the elaboration of cognac, the collection of musts as well as the pre-fermentation stages
are carried out in the total absence of SO2. Oxidative phenomena, such as the oxidation
of linoleic acid, are therefore favored. 1-octen-3-ol is thus a marker of this oxidative
phenomenon, which was all the more marked as the musts were rich in solid particles and
therefore in lipids.

3.3.4. Acetaldehyde

Acetaldehyde is a key compound in yeast metabolism and an intermediate of glycoly-
sis that is produced during alcoholic fermentation, where pyruvate can be converted to
acetaldehyde and carbon dioxide by pyruvate decarboxylase (PDC) and the acetaldehyde
can then be reduced to ethanol through the action of alcohol dehydrogenase (ADH). In
addition, acetaldehyde is a powerful aromatic compound that can be found in many food
matrices [62]; however, excess acetaldehyde in cognac is not desired as it is responsible
for a poor aromatic profile [47]. During the aging of brandies, acetaldehyde reacts with
ethanol to form diethyl acetal, which can impart a strong apple smell when present in too
high a concentration. In wine, free acetaldehyde can form more or less stable combinations
with other molecules; we can then speak of combined or bound acetaldehyde, the sum of
the two forms being the total acetaldehyde amount. In this study, only total acetaldehyde
was discussed. The final acetaldehyde concentration appeared to be favored by a high
concentration of assimilable nitrogen (Table 10).
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Table 10. Effects of assimilable nitrogen and turbidity on aliphatic aldehydes for FC9®, 7013® and
SM102® strains described by the CCP model with ANCOVA analysis.

Strain Effect Variable Acetaldehyde Benzaldehyde

FC9®

Simple
effects

Nass ↗
NTU

Interaction
effects Nass:NTU

Quadratic
effects

Nass

NTU

7013®

Simple
effects

Nass ↗ ↘
NTU ↘ ↗

Interaction
effects Nass:NTU ↘

Quadratic
effects

Nass ↘
NTU

SM102®

Simple
effects

Nass ↗ ↘
NTU ↘

Interaction
effects Nass:NTU ↘

Quadratic
effects

Nass ↗
NTU

ANCOVA (p-value): « strain effect » +++ /
�: p < 0.001, �: p < 0.01, �: p < 0.05, �: p < 0.001, �: p < 0.01, �: p < 0.05, �: p < 0.001, �: p < 0.01, �: p < 0.05, �:
not significant, (↗): positive effect, (↘): negative effect, (+++): ANCOVA p < 0.05, Nass: assimilable nitrogen,
NTU: turbidity.

A high ammonium consumption can be associated with an increased concentration of
final acetaldehyde [5], whereas a high concentration of amino acids in the must significantly
decreases the acetaldehyde content [63]. A strain effect is superimposed on this nitrogen
effect (mineral versus organic): in some strains, the residual acetaldehyde at the end
of fermentation will be lower for a high nitrogen concentration, while for others the
residual acetaldehyde will be higher [39]. The strain effect on the production of this
molecule was also highlighted in this study (Table 9), which was in agreement with the fact
that Saccharomyces cerevisiae strains have a different potential to produce this aroma [64].
Unlike nitrogen, an increase in lipid content in the musts reduced acetaldehyde synthesis.
Presumably, when there is an excess of lipids, the yeast does not need to produce acetyl-
CoA for lipid biosynthesis; therefore, the yeast does not need to overproduce and therefore
accumulate acetaldehyde to switch to the acetate (lipid precursor) metabolism pathway.
Nevertheless, the impact of sterols on acetaldehyde has been poorly studied and makes
comparisons difficult. One study showed that the most turbid musts had significantly
higher concentrations of acetaldehyde during the first 4 days of fermentation; however,
at the end, the difference was statistically non-significant [65]. Therefore, the impact of
turbidity remains difficult to analyze and is not well understood at this time [65].

The other compounds mentioned, benzaldehyde, 2-nonanol and acetophenone, are
recognized for their importance to the aromatic quality of cognac [1].

3.4. Aromatic Typicity of the Strains

Regardless of the yeast strain, the synthesis of aroma compounds is similarly affected
by the main fermentation parameters, such as YAN and lipids. However, notable differences
were obtained in the production levels for the three strains tested. A fruity wine or, on the
contrary, a softer or rounder wine, can be obtained by prior management of nutritional
parameters that will impact aroma synthesis, and also by the choice of yeast strain. A
strong interaction between these two control levers of fermentation was demonstrated here:
the FC9® strain displayed a greater synthesis of fruity aromas, such as esters (Figure 4A).
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Figure 4. Principal component analysis of aroma production (fermentative aromas, terpenes, alde-
hydes, noriseprenoids and alcohols) for the three strains (FC9® (—), 7013® (—) and SM102® (—)
under all conditions of fermentation (A) and its correlation with the hierarchical classification of the
aromatic composition of wines (B).

The other two strains, 7013® and SM102®, seemed to be quite similar, although they
each had their own aromatic character. This result was also supported by the decision
tree, which demonstrated the aromatic typicity of strain FC9® (Figure 4B). The other
strains had a similar strong interaction effect with the fermentation parameters: the same
aroma fingerprint for SM102® and 7013® was correlated to the same levels of YAN and
lipid nutrition parameters. Beyond the classic aromas resulting from the well-known
fermentation metabolism, the Saccharomyces cerevisiae strains differed in their terpene
fraction through the distribution of monoterpene production (Figure 3). Strain FC9®

contributed a rose aroma note (trans-nerolidol), strain 7013® had lemon grass nuances
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(citronellol) and strain SM102® produced a flower aroma (linalool). Under high lipid level
conditions, the metabolic pathway of terpene biosynthesis is activated and should not be
neglected compared to the varietal source.

4. Conclusions

In conclusion, this study allowed us to analyze the impact of the two main fermentation
parameters, nitrogen and turbidity, on the production of fermentation aromas and also on
a wider range of aromas through a metabolomic analysis. First, it appeared that the results
for the CCM metabolites were consistent with the literature: at a high initial lipid content,
the acetate synthesis pathway was repressed while that of glycerol was favored. Moreover,
in the working range of assimilable nitrogen in this study, the production of higher alcohols
decreased, while their synthesis was favored by the presence of phytosterols and fatty
acids. The effects of these nutrients on acetate esters were the complete opposite, indicating
that the key element in the regulation of their synthesis is not the availability of their
precursor. Finally, the metabolism of ethyl esters and their corresponding acids remained
more complex to understand, although the lipid concentration was decreased. This study
also supported the fact that terpenes are not only aromas of varietal origin, and an important
part of their production originates from yeast metabolism under conditions of excess lipids
in the medium, and moreover, in a different way, depending on the strains used. In addition,
acetaldehyde, which plays a central role in Saccharomyces cerevisiae metabolism, seemed to
be strongly impacted by the nitrogen and lipid supply. A forthcoming study will detail the
chronology of its synthesis based on data obtained from an online monitoring system.
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Abstract: Cis-Rose oxide was found to be an important chiral compound in Gewürztraminer wine,
with an enantiomeric ratio range from 76 to 58%. The enantiomeric ratio showed an important
influence on white wine aroma when other monoterpenes were present. The aim of this study was to
evaluate rose oxide at different ratios and changes to aroma perception, and the interaction of rose
oxide with linalool and α-terpineol. A wine model was made based on Gewürztraminer wine. Twelve
models were created with different ratios of rose oxide and concentrations of linalool and α-terpineol.
Triangle tests, check-all-that-apply (CATA) and descriptive analysis were used to evaluate the aroma
of the wines. Results show that the rose oxide ratios of 70:30 and 65:35 were statistically different.
Additional descriptive analysis showed that the ratios altered aroma when linalool and α-terpineol
were at low and medium concentrations. At high concentrations, linalool and α-terpineol masked any
influence from rose oxide. Understanding how monoterpenes alter aroma perception of white wine
when at different combinations and concentrations is important to achieving desired wine qualities
and helps provide information on how flavor chemistry results can be interpreted without having to
run sensory analysis.

Keywords: monoterpenes; triangle test; check-all-that-apply; correspondence analysis; Cochran’s Q-test

1. Introduction

The aroma of wine is an important aspect of wine quality [1] and is normally described
using pleasant aromas, such as floral, green fruit, citrus fruit, stone fruit, tropical fruit, red
fruit, black fruit, dry fruit, herbaceous, herbal, spices, and more [2,3]. Aroma characteristics
in wine are of interest to consumers, especially for white wine, as it reflects the typicity for
a specific region or terroir [4,5]. One of the most important factors in determining wine
typicity and quality is which compounds are most important to aroma perception [4,6].

Aroma is one of the first quality aspects assessed when evaluating wine [7]. The aroma
compounds travel from the wine, into the air and through the nose, until they bind to the
receptors of the olfactory bulb [8]. The olfactory bulb is the first relay station of the central
olfactory system in the mammalian brain, and contains a few thousand glomeruli on its
surface. Individual glomeruli represent a single type of odorant receptor [9], and each
receptor can detect a limited number of odorants substances [10].

Many olfactory receptors are specific to different enantiomers [11]. Enantiomers are a
type of isomer that display a quality called chirality, meaning that they have same molecular
formula and the same connectivity, but they differ in the way that they are oriented in three-
dimensional space [12]. The olfactory receptors react differently with the two enantiomeric
forms of a chiral odorant, leading to differences in odor strength and quality [11]. A slight
modification of the chemical structure of a stimulus molecule can lead to large changes
in the odor impression. Linalool is an example of this characteristic, as its (+)-enantiomer
displays a sweet, petitgrain aroma, and the (−) enantiomer has lavender notes and an oily,
woody aroma [11].
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The sensory perception of aroma in wine is complex. A single glass of wine can contain
hundreds of aroma compounds [8]. Traditionally, it was thought that only compounds at
high concentrations, those above their known perception thresholds, influenced aroma
perception [13]. However, it has been shown that low impact odorants may act to change the
perception of other odorants in a mixture, may interact synergistically or antagonistically,
and can significantly impact aroma perception [5].

Many monoterpenes are chiral [14] and their enantiomeric forms can be found in
grapes and wine [15]. There has been a growing awareness and interest in their enantiomer
specific properties [16], as aroma characteristics of wine cannot be understood only from the
knowledge of aroma composition alone [17]. In some cases, both enantiomers have similar
odors and thresholds [12], such as α-pinene [18]. In others, one enantiomer is odorous and
some do not have odors [12] like androstenone [11], while others have different detection
thresholds, such as cis-rose oxide [12,19]. Few studies have evaluated the different chiral
monoterpenes and the effect of interactions among them. Monoterpenes are of interest, as
monoterpene combinations have been found to influence the aroma of wine, resulting in
different aroma qualities [17].

Monoterpenes are present in grapes of all wine varieties, but the highest concentrations
occur in aromatic varieties such as Muscat, Gewürztraminer, Irsai Oliver, and Riesling [20].
Considerable research has been done with respect to the identification and contribution of
terpene compounds to the muscat aroma of muscat grapes and wines [21]. In general, there
are indications that many terpenes, not just linalool and geraniol, contribute to muscat and
related aromas [21]. Furthermore, it was found that terpenes interact to such an extent that
one component can increase the aroma intensity of another compound, and that a mixture
could become more aromatic than the most aromatic single component which belongs to
that mixture [21].

The monoterpene content of Pinot gris, Riesling and Muscat wines has been investi-
gated [21–24], including how monoterpenes influence aroma perception [17,25]. However,
there is much less information available focusing on Gewürztraminer wines. Gewürz-
traminer is one of the world’s oldest vine varieties found in Europe, America, and Aus-
tralia [26]. Their aroma is characterized as having a “Traminer” smell or aroma quality
reminiscent of the tropical fruit lychee [27]. Other terms used to describe this on Gewürz-
traminer wine are: spicy, floral (rose petals), fruity (citrus, grapefruit, peach), lychee, cold
cream, honey, and jasmine tea [28]. The compounds that are responsible for the overall
flavor of Gewürztraminer wines [26,29], and their monoterpene concentration has been
investigated [22]. Yeast strain used during fermentation and time of grape harvest has been
found to influence the aromatic profile [20,30]. Cis-rose oxide has been found to have a
significant influence in odor profiles [29].

Cis-rose oxide has been identified as the most characteristic odor compound in Gewurz-
traminer [27]. Additionally, linalool, geraniol, nerol, citronellol, and α-terpineol are known
to be significant compounds, where linalool is considered important in both free and bound
form [31]. In spite of this, cis-rose oxide is the main impact odorant related to sweet and
fruity [11], and it is thought to produce the aroma of lychee in Gewürztraminer wine [32].

Additionally, (−)-rose oxide has shown an important influence in wine aroma when
monoterpenes were added in different mixtures in white wine, where the wines that
were perceived as different contained (−)-rose oxide [19]. Furthermore, Gewurztraminer
wines have reported a range of enantiomeric ratio of cis-rose oxide, always in favor of
the (−)-enantiomer, going from 58 to 76% [22,29,33], and when combined with trans-rose
oxide, the percentage has been found from 70 to 85% in favor of the (−)-enantiomer [22].
Additionally, it has been observed that the concentration of monoterpenes changed when
using different yeast, and when grapes were harvested later [20,30]. Its enantiomers are
found in many mixtures of monoterpenes in wine, but two aspects are unclear. (1) Do
the two different ratios of enantiomers produce different aroma qualities in wine? and
(2) how does rose oxide alter aroma quality when in mixtures of other monoterpenes? Does
it dominate the perceived aroma, or are the differences more subtle? The aim of this work
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was to evaluate the sensory perception of the different ratios of rose oxide in mixtures with
other monoterpenes and assess aroma interactions with other monoterpenes in wine.

2. Materials and Methods

2.1. Wine Base

Wine aroma compounds were removed in the same way as described by Song et al. [17].
LiChrolut EN resin was added to wine at a rate to 1.5 g L−1. Wines with resin were stirred
for 24 h before filtering out the resin and storing in Stainless Ball Lock Kegs (AMCYL,
Wyoming, MN, USA) with nitrogen at 4 ◦C for later use. A week prior to sensory analysis,
the aroma base (Supplementary Table S1) was added to the dearomatized wine. This model
wine was then bottled in 750 mL glass wine bottles with screw caps ((Stelvin Amcor, Zurich,
Switzerland) and stored at 4 ◦C until the sensory panel.

2.2. Chemicals

The following chemical standards were used in the Aroma Base and were obtained
from Sigma-Aldrich Co. (St. Louis, MO, USA): Acetaldehyde (≥99%), hexanol (98%),
ethyl octanoate (≥98%), isoamyl acetate (≥99%), 2-phenyl acetate (≥99%), ethyl bu-
tanoate (≥98%), dyacetyl (97%), methionol (≥98%), isobutyl acetate (≥97%), ethyl 3-
methylbutanoate (≥98%), ethyl 2-methylbutanoate (≥98%), isobutanol (≥99%), ethyl ac-
etate (≥99%), phenethyl alcohol (≥99%), butanoic acid (≥99%), ethyl decanoate (≥99%),
ethyl hexanoate (≥99%), hexanoic acid (99%), octanoic acid (≥99%) and decanoic acid
(≥98%). The terpenes compounds added to the model wine for the treatments were:
(−)-rose oxide (Analytical Standard), (−)-rose oxide (Analytical Standard), Linalool (≥97%)
and α-terpineol, which were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).
Solvents. Mili-Q water.

2.3. Standards and Wine Treatments

Stock standard solutions of all chemicals used in the aroma base and wine models were
prepared in 14% aqueous ethanol. The stock solutions were stored at −20 ◦C. Composite
standards were created from the stock standards so that fewer additions were made
when aroma base or treatments were added. Prior to additions, the working standards
were defrosted one day before in a fridge (4.9 ◦C). Aroma base compounds were added
to the model wine 4 days prior to the first sensory analysis (Supplementary Table S1).
Treatment standards were added to the model wine 1 h prior to each day sensory analysis.
Concentrations of the terpenes in each treatment were chosen according to literature
concentrations [20,22,30]. The final concentrations chosen can be found in Table 1.

Table 1. Concentrations (μg/L) of Terpenes in each treatment.

Wines (−) Rose Oxide (+) Rose Oxide Linalool α-Terpineol

Model 1 a 15 5
Model 2 b 14 6
Model 3 c 13 7
Model 4 d 12 8
Model 5 e 50
Model 6 f 50

Model 7 b,g 14 6 50 50
Model 8 c,g 13 7 50 50
Model 9 b,h 14 6 20 15
Model 10 c,h 13 7 20 15
Model 11 b,i 14 6 100 100
Model 12 c,i 13 7 100 100

The wine models that had rose oxide had 4 ratios: a 75:25, b 70:30, c 65:35 and d 60:40. e Just linalool, f Just
α-terpineol, g Medium concentration of linalool and α-terpineol, h low concentration of linalool and α-terpineol,
i high concentration of linalool and α-terpineol.
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2.4. Sensory Analysis

This study was approved by the Oregon State University Internal Review Board
(#8606). All panelists were non-smokers, not pregnant at the time of the study, free of taste
deficit disorders, free of oral lesions or sores, and had no piercings on the lips, cheeks,
or tongue. Panelists were regular white wine consumers (at least one serving of white
wine a week). All panels occurred at Oregon State University in the Arbuthnot Dairy Lab
(Corvallis, OR, USA). The room was kept at a constant of 21 ◦C, with a mix of natural
and artificial light. Each panelist had their own individual booth (61 cm × 71 cm center,
61 cm × 65 cm sides) and two air purifiers (Winix, Vernon Hills, IL, USA) were used
for air quality maintenance. Results were collected using Compusense Cloud Software®

(Version 21.0.773.192939).

2.5. Triangle Test Procedure

A total of 65 participants (49 Women and 16 men, all above 21 years old) were re-
cruited from Oregon State University and the surrounding area, for the triangle tests. The
triangle test evaluated models 1 to 4 (Table 1), as the main goal was to determine if the
ratio of rose oxide enantiomers elucidated different sensory responses. Testing occurred
between 19 April and 23 April 2021; each panelist attended a single session. Each panelist
was presented with six triangle tests to cover the comparison between the 4 ratios in all
possible combinations.

For each wine, 20 mL of sample was served in black INAO wine glasses (Lehmann
glass, Kiyasa Group, New York, NY, USA) with three-digit random codes and covered with
plastic lids (Clark Associates, Inc. Lancaster, PA, USA). The treatments were kept at 4 ◦C
until serving and were poured 30 min before each sensory test. Panelists were instructed
to smell the samples in the order indicated, from left to right, and choose the sample that
was most different. A 1 min break between each test was required to avoid any carryover
effects and fatigue.

2.6. CATA

The treatments that were found to be significantly different in triangle tests and the
additional terpene combinations were used in CATA (treatments 2, 3, 5, 6, 7, 8, 9, 10, 11 and
12). The CATA included 23 sensory descriptors with two “other” options so that panelists
could write in any descriptors that they thought were important, but were not in the terms
provided. CATA analysis occurred in the same room as triangle test at OSU on 29 April
2021. Twenty-five wine consumers (20 women and four men, one—chose not to specify,
age 21 to 60) participate in one session (1-h sessions). Panelists were instructed to smell
the sample and select all the descriptors that were perceived in the sample. A 30 sec break
between each test was required to avoid any carryover effects and fatigue.

2.7. Descriptive Analysis for Aroma Intensity

From the CATA results, 13 aroma descriptors were selected for further descriptive
analysis. Attributes with their training standards and images used in training can be found
in Table 2. Nineteen wine consumers (11 women and 8 men, all over 21 years old) were
trained on recognizing 13 different aroma standards (Table 2). Participants were trained
through multiple choice odor and image recognition training [17]. During the second
training, panelists also evaluated two random aromatic wines using a 100 mm line scale
with anchors at 30 mm and 70 mm labeled none and extreme respectively, to help them
become familiar with the test.
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Table 2. Standards and Images used for Descriptive Panel Training.

Attribute Amount per Glass Components Image

Honey 1 tsp * Clover Honey a

Honeysuckle 1 drop Honey suckle
essential oil b

Rose 4 drops Rosewater concentrate c

Dried Fruit d 1 tsp Golden raisins mix with
DI water

Stone Fruit 1 tsp pf each White peach e and
apricot puree e

Pome 1 tsp of each Green apple e and
Pear puree e

Melon 1 tsp and 1 drop of
each

Honeydew puree made f

and melon essential oil g

Orange 1 tsp Orange pure made h

Grapefruit 1 tsp Grapefruit pure made h

Lemon 1 tsp Lemon pure made h

Lychee 1 tsp Lychee pure i

Tropical fruit 1 tsp of each Mango e and passion
fruit puree i

Ginger 1
8 tsp Ground ginger j

tsp * = teaspoon, The components were sourced from: Hanna’s Honey (Salem, OR, USA) a, Rainbow Abby 2013
(Guangzhou, China) b, Nielsen-Massey c (Waukegan, IL, USA), the perfect purée of Napa Valley (Napa, CA, USA)
e, Silver Cloud Flavors g (Belcamp, MD), Funkin pro (Arlington Rd, LDN, UK) i and Private selection j (Cincinnati,
OH, USA). Purees were kept frozen at −23 ◦C d Dried fruit was pureed with the addition of distilled water one
day before each sensory session and kept at refrigeration temperatures until analysis. f Puree was made two
weeks prior sensory and kept frozen at −23 ◦C; the seeds and rid were removed to make the puree. h Purees were
made using the whole fruit two weeks prior sensory and kept frozen at −23 ◦C. All purees were defrosted one
day before the first training and kept in refrigeration at 4 ◦C between sessions.
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2.8. Statistical Analysis

Binomial Statistical model was used to determine differences in the triangle test
between the models 1 and 4. As part of the binomial model, a Z-test was used to determine
if there is a significant difference between the models (α = 0.05). For CATA analysis, a
Cochran’s Q test and correspondence analysis were performed to determine the aroma
descriptors to be used in further descriptive analysis, utilizing line scales. For the line
intensity scales, the data were analyzed using principal component analysis (PCA) and
agglomerative hierarchical clustering (AHC). All statistical analyses were performed using
XLstat (2020.1.3).

3. Results

3.1. Triangle Test

The models evaluated were dearomatized white wines with the same aroma base but
with different concentrations of the rose oxide enantiomers comparing four different ratios;
75:25, 70:30, 65:35 and 60:40 (Table 1). A significant difference was found when comparing
model 2 with model 3 (Table 3).

Table 3. Triangle Test results for the models with different Rose oxide ratios, performed by z-test
(n = 65, for all tests) a.

Comparison
Number of
Participants

Number of
Correct Responses

p-Value

Model 1 vs. Model 2 65 24 0.3156
Model 1 vs. Model 3 65 25 0.296
Model 1 vs. Model 4 65 17 >0.5
Model 2 vs. Model 3 65 37 <0.001 ***
Model 2 vs. Model 4 65 21 >0.5
Model 3 vs. Model 4 65 17 >0.5

a Significant difference Level: *** p < 0.001.

3.2. CATA

There were 22 attributes used more than 15% for CATA and included in the statistical
analysis (Table 2). The first three variates of correspondence analysis explained 65.74% of
the total variance (Figure 1). The terms could be separated into four groups using multiple
pairwise comparisons (Sheskin critical difference) (Supplementary Table S2). Pome fruit,
honey, stone fruit, and dried fruit had the greatest citation frequencies.

Figure 1. First three dimensions of results from corresponding analysis for CATA data, (A) F1 and F2,
(B) F2 and F3.
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3.3. Descriptive Analysis Results

Differences were found in the model wines with the first two variates explained
53.25% of the total variance (Figure 2). A third dimension was not included, since it did
not greatly increase the amount of total variance (only explained 15.42% more) and did
not elucidate any additional groupings/separation of models. The wine models were
classified into 3 clusters using agglomerative hierarchical clustering (AHC) (Supplementary
Figure S1. Cluster 1 included models 3 and 10, and was characterized by pome, stone fruit,
melon, and grapefruit descriptors. The second cluster included models 6, 8 and 9, and
was characterized by lemon aroma. The third cluster included models 2, 5, 7, 11 and 12,
and was characterized by lychee, honey, honeysuckle, rose, dried fruit, ginger, orange, and
tropical fruit aromas.

Figure 2. Separation of wines models by monoterpene profile using PCA; circles represented the
clusters obtained from dendrogram.

4. Discussion

4.1. Triangle Test

Gewurztraminer wines are known to have different enantiomers of cis-rose oxide,
with the ratio of enantiomers primarily altered during yeast fermentation [33]. In wine, the
(−) enantiomer is dominant [17,33]. The dominant form is important as the enantiomers
have different perception thresholds and aroma qualities [34]. Triangle tests (Table 3)
show evidence that the ratio of rose oxide (RO) enantiomers altered aroma perception,
specifically when comparing the ratio of 65:35 (Model 3) with the ratio of 70:30 (Model 2).
This difference is interesting since those are the treatments closer in concentration and
unexpectedly, model 2 was not considered to be different from model 4, which had a greater
concentration difference in the enantiomer ratio. Unfortunately, model 1 and model 4 were
not included in the descriptive analysis, so it is unclear exactly how aroma was altered.
However, by looking at where model 2 and model 3 were located in the PCA results
(Figure 2), there is the possibility that model 1 and model 4 may be located between these
two points in the PCA, and therefore not different enough to show significant differences
in the triangle test, something to be investigated in a future study.

4.2. Descriptive Analysis

Rose oxide is not present by itself in wine, and therefore, to understand the impact
it has on quality, it is important to appreciate how this compound interacts with other
compounds to alter aroma perception. Rose oxide is a monoterpene, and previous work
has shown that when one monoterpene is altered, many others are also, as they all share
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the same biosynthesis pathway, starting with geranyl diphosphate (GPP) [35–37]. This
work focused on the interaction between rose oxide, linalool and α-terpineol, based on
concentrations determined in previous work [17]. Of the 10 model wines tested, three
different clusters were found for descriptive analysis, as shown in Figure 2. How the wines
grouped, and which aroma descriptors are related to those wines, clearly show interactions
that result in aromatic perception changes.

Clusters are as follows; (1) model 3 and model 10, (2) models 6, 8 and 9, and
(3) models 2, 5, 7, 11 and 12. Within these clusters, the rose oxide ratio is clearly a driver
of aroma, especially when the other monoterpenes are at low concentrations. Something
quite interesting is noted based on the ratios tested. When a ratio of 65:35 of rose oxide is
present, this appears to be the main driver of aroma when linalool and α-terpineol are at
low concentrations, as models 3 and 10 are in the same cluster (Figure 2). As the concentra-
tions of linalool and α-terpineol increase, the interactions start to alter and change, being
dominated by the other two compounds. However, the same does not occur when the rose
oxide ratio is 70:30 and wines contain low concentrations of linalool and α-terpineol, as
model wines 2 and 9 are not in the same group. This is most likely due to the different
thresholds of the two enantiomers (Table 4).

Table 4. Thresholds of Rose oxide enantiomers, Linalool and α-Terpineol in different conditions.

Components Detection
Double DI Water

[38]
Water Beer [39]

Carbonated
Water/Ethanol

(5%)

Water/Ethanol
(10%)

(−)-cis-Rose oxide 50 [34] - - - - -
(+)-cis-Rose oxide 50 [34] - - - - -

cis-Rose oxide - - 0.1 [27] - - 0.2 [29]
(−)-trans-Rose oxide 160 [34] - - - - -
(+)-trans-Rose oxide 80 [34] - - - - -

Linalool - (−) 0.8 (+) 0.7 1 [40] 5 3 [41] 15 [29]
α-Terpineol 280–350 [42] (−) 9180 (+) 6800 460 [37] 2000 450 [41] -

Of the other monoterpenes being investigated, linalool appears to be greatly altering
the aroma of wine, although this is dependent on concentration. As stated previously,
linalool by itself is associated with floral aromas [43]. When no linalool is present, or
when linalool is at low concentrations, there are no floral aromas associated with the wines
(models 2, 3, 9 and 10). As the concentration of linalool increases the aroma of model
7, shifts to honeysuckle and honey, adding a floral characteristic to the wine. The other
wines with medium amounts of linalool, model 5 and 8, are primarily associated with
lemon and pome. Although model 5 is grouped with model 7, but it is clearly associated
with the lemon eigenvector, as model 8 is with pome eigenvector. When linalool is at high
concentrations, models 11 and 12, where a more consistent aroma profile is seen, with both
wines described as tropical fruit, ginger, etc. The increased concentrations of α-terpineol in
models 11 and 12 are altering the aroma of model 7 from floral to more tropical fruit, ginger
aromas. A similar trend to linalool can be seen with increasing α-terpineol concentrations.
A more systematic study would need to be determined if the main driver of aroma at high
concentrations is primarily linalool or α-terpineol and not rose oxide.

It is known that (+)-cis rose oxide has floral-green and rose aromas, while (−)-trans
has floral-green, herbal (minty) and fruity aromas [34]. Model 3 has a lower (−) enantiomer
ratio (65:35) with pome as its main aroma descriptor, and as the (−) enantiomer increases
(ratio 70:30, model 2), the aromas that characterized the wine are lychee and dried fruit. This
suggests that a slight change in enantiomers is enough to bring out the traditional lychee
aroma associated with Gewürztraminer wines [32]. Our results suggest that you need the
70:30 ratio to achieve lychee aroma. The known thresholds of (−)-cis-rose oxide, (+)-trans
rose oxide and (−)-trans rose oxide are above the concentration used in our wines (Table 4),
although these thresholds were not done in wine, and it is known that monoterpene
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thresholds decrease when in mixtures [44]. This could mean that the threshold for (−)-rose
oxide in wine is lower than these values (Table 4).

A surprising result from the descriptive analysis was the tropical fruit, orange and
ginger aromas associated with model 12. Linalool has been found to be an important com-
pound for fresh ginger aroma [45]. Tropical fruit aromas in wine are traditionally associated
with esters and volatile thiols, and not with monoterpenes [46]. Although linalool and
α-terpineol are important components of passionfruit [47,48]. This combination of high
concentrations of the two compounds may be another possible compound combination for
tropical fruit aromas, which has been largely overlooked in wine.

The strong association of lemon aroma with model 9 was also unexpected, as lemon
aroma is associated with limonene [49]. Limonene was not used in this study. Linalool is
known to be a major component of lemon and orange juices [50], but is not considered to be
a main driver of these aromas. Additionally, α-terpineol is considered to draw from flavors
to aged lemon and citrus products; it is a degradation product of linalool [51]. Based on
this information from lemon and orange products, it was a surprise to see such a strong
lemon aroma association with combinations of the used terpenes. Although lemon was
also noted in models 6 and 8, all three models have different rose oxide enantiomer ratios
and concentrations of linalool and α-terpineol. No clear trend or explanation can be seen,
and this association should be studied further.

When the ratio of rose oxide changed and the other terpene concentrations remained
the same (model 9 versus model 10), the main descriptors changed from lemon to stone
fruit, grapefruit and melon. Grapefruit aroma is traditionally associated with volatile thiols,
3-mercaptoheptan-1-ol and 3-mercaptohexanol [15] and not with rose oxide. However,
of the other terpenes investigated, linalool is important to grapefruit aroma, when in
combination with other monoterpenes [52]. Linalool and α-terpineol have previously been
associated with stone fruit aroma in Viognier wines, at similar concentrations to those
used in our study (58 and 18.5 μg/L, and 91 and 28 μg/L means, respectively) [53]. Our
work supports this aroma association, although only when linalool and α-terpineol are at
low concentrations.

5. Conclusions

These results not only suggest that monoterpene interactions impact aroma perception,
but that also, the ratios of the enantiomers are crucial on aroma perception when low
and medium concentrations of other monoterpenes are present. The low and medium
concentrations are the most common concentrations found in wine. These aroma qualities
help to anticipate variations in wines when modifying or altering grape and wine practices,
with a focus on altering monoterpene content. Further research should be done to tease
out the nuances found, and to determine which compound is more influential on aroma
perception when higher concentrations are found.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/fermentation8010030/s1, Table S1: Final concentration of aroma compounds found in the
wine base, Table S2: Multiple pairwise comparisons using the Critical difference (Sheskin) procedure.
Figure S1: Differentiation of the wine models in dendrogram of AHC.
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Abstract: Organic nitrogen plays a significant role in the fermentation performance and production
of esters and higher alcohols. This study assessed the use of yeast protein hydrolysate (YPH) as
a nitrogen source for grape must fermentation. In this study, we prepared an enzymatic protein
hydrolysate using yeasts recovered from a previous fermentation of wine. Three treatments were
performed. DAP supplementation was used as a control, while two YPH treatments were used.
Low (LDH) and high degrees of hydrolysis (HDH), 3.5% and 10%, respectively, were chosen. Gas
chromatography and principal component analysis indicated a significant positive influence of
YPH-supplementations on the production of esters and higher alcohols. Significantly high concen-
trations of 3-methyl-1-penthanol, isoamyl alcohol, isobutanol, and 2-phenylethanol were observed.
Significant odorant activity was obtained for 3-methyl-1-pentanol and ethyl-2-hexenoate. The use
of YPH as nitrogen supplementation is justified as a recycling yeasts technique by the increase in
volatile compounds.

Keywords: yeast protein hydrolysate; nitrogen supplementation; volatile compounds; wine aroma;
wine higher alcohols; wine esters

1. Introduction

Despite the variations in wine volume, approximately 270 million hectoliters are pro-
duced each year [1], along with the unavoidable generation of wastes. The main byproducts
from the wine industry are grape stems, pomace, marc, and lees, which are mainly utilized
for landfills, incineration, or animal feed [2]. Yeast is one of the lees’ components and
contains proteins and carbohydrates, resulting in a potential source of nutrients for the
general purposes of the food industry [3]. A wide spectrum of applications of inactive
dry yeast preparations in winemaking has been reviewed by Pozo-Bayón et al. [4]. An at-
tractive alternative to increase the bioavailability of the components of yeasts is cell lysis
and the enzymatic hydrolysis of proteins [3,5,6]. This process increases the bioavailability
of proteins by generating assimilable nitrogen in the form of peptides. Nitrogen supple-
mentation is a key aspect to attempt an effective and profitable fermentation process by
affecting the fermentative activity and the formation of metabolites [7] and represents the
challenge of achieving an organoleptic profile to satisfy consumers. Four components
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contribute to the assimilable nitrogen for yeasts during fermentation: ammonium, amino
acids, oligopeptides, and proteins [8]. During the fermentation process, nitrogen is re-
quired for the synthesis of cell metabolites and structures such as proteins, cell walls,
nucleic acids, and, in general, biomass. The assimilation of organic nitrogen in the form of
amino acids and peptides allows the direct availability of these molecules, lowering energy
consumption [8–10].

The concentration and nature of the nitrogen source directly affect biomass generation
and the fermentation rate [11]. Additionally, nitrogen plays a fundamental role in the
generation of secondary metabolites, which confer the characteristic flavors and taste
to wine. These metabolites are higher alcohols and esters. Higher alcohols are formed
in amino acid catabolism by the Ehrlich pathway. Some of these amino acids are direct
precursors of higher alcohols, such as isoamyl alcohol from leucine, 2-phenylethanol from
phenylalanine, and methionol from methionine [12]. The odors of these compounds are
not desirable when isolated. However, they have a minor contribution to the vinous nature
of wine and an important role in the formation of esters and aldehydes [8]. Therefore, the
production of esters is not directly affected by the nitrogen source. However, nitrogen
availability affects the redox balance of the cell and could modify the concentration of
acetyl-CoA [13]. Surely, we can conclude that nitrogen has a primary and a secondary role
in yeast metabolism and, consequently, in the organoleptic profile of wine.

The most used nitrogen source in the wine industry is diammonium phosphate (DAP),
which is an inorganic compound with high bioavailability. It is well documented that
nitrogen supplementation with organic sources, such as amino acids, allows an increase in
the generation of volatile compounds, enhancing the sensorial perception of wine [13–17].
However, yeasts recovered from the same fermentation are a more economically suitable
organic nitrogen source.

A few studies have evaluated the effect of yeast lysates on wine must fermentation.
González–Marco et al. [18] studied the generation of biogenic amines after the addition
of yeast autolysate to wine. Kevvai et al. [19] studied the growth of Saccharomyces cere-
visiae in synthetic medium supplemented with yeast hydrolysate. They determined that
40% of the total nitrogen in the fermenting yeasts originated from the yeast hydrolysate.
Supplementation with organic nitrogen sources has been studied in more detail in the
fermentation of malt worts, especially high-gravity worts. Protein hydrolysates from wheat
gluten [20–24], soy [25], and walnut meal [26] were used as supplements. All these studies
have confirmed the improvement of fermentation performance in a variety of aspects:
increased biomass growth, increased cell viability, increased ethanol content, increased
wort fermentability, enhancement of cell membrane integrity, a decrease in radical oxygen
species, and increased osmotic and ethanol stress tolerance. In addition, Li et al. [26]
observed an improved formation of alcohols and esters and an increased ratio of higher
alcohols to esters, which means a better-balanced taste of final beers.

To the best of our knowledge, the protein hydrolysate from recovered yeasts is still
unevaluated as a nitrogen source for winemaking. Therefore, we recovered yeasts from
previous batches of wine fermentation, hydrolyzed them by enzymatic proteolysis, and
used them as a nitrogen supplement for grape must fermentation in a winemaking process
involving the whole cycle of yeast usage. The wine production process was conducted
in the laboratory; however, the procedure emulated each stage of winemaking in the
commercial winery, including bottling before chemical and sensorial analyses. This article
evaluates the use of yeast protein hydrolysate (YPH) as a nitrogen source for fermentation
and its effect on the molecular and sensorial profiles of wine.

2. Materials and Methods

2.1. Materials

Wine lees were obtained from Villaseñor winery (Maule, Chile; 35◦08′37” S 71◦21′35.2” W),
recovered from the fermentation of a Syrah wine. The yeast for fermentation was Lalvin
EC1118 (Danstar Ferment AG, Fredericia, Denmark). Alcalase protease manufactured by
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Novozymes (Bagsvaerd, Denmark) was used in the protein hydrolysis, corresponding to
the endoprotease subtilisin with 24 AU/g. Cabernet Sauvignon grapes obtained from In-
domita winery (Casablanca Valley, Chile; 33◦21′34.8” S 71◦20′37.8” W) were used for wine
production. Reagents HCl, NaOH, diammonium phosphate (DAP), potassium metabisul-
fite, and formaldehyde were analytical grade and obtained from Winkler (Santiago, Chile).

2.2. Preparation of the Nitrogen Source
2.2.1. Yeast Recovery from Lees

The solid phase from the lees was separated by gravitation and filtration. The wet solid
phase was mixed with an equal mass of 1.5% v/v HCl for 45 min at 50 ◦C with constant
stirring by IKA agitator (Cole Parmer, IL, USA) to dissolve the tartaric salts. Yeasts were
recovered by gravitation and filtration, and the liquid phase was discarded. The remaining
yeasts were suspended in water at a 1:1 ratio and autoclaved at 121 ◦C for 15 min in an
AMILAB autoclave (Laboratory Instruments, Santiago, Chile). Thermal treatment was
used as an inactivating treatment to avoid living yeasts interfering with the fermentation
process and as a primary lysate treatment.

2.2.2. Yeast Protein Hydrolysis

Autoclaved yeast suspensions contained 95 g/L dried yeast, corresponding to 31 g/L
protein, previously quantified by the Kjeldahl method (AOAC). Next, 300 g of yeast
suspension was stirred in a 0.5-L vessel in a water bath at 50 ◦C (Julabo ED, Seelbach,
Germany). The suspension pH was adjusted to 8 with 1.5 N NaOH. The hydrolysis
reaction was started by the addition of 15 mAU of Alcalase per g of suspension. The pH
was controlled by the addition of 1.5 N NaOH with the G20 Mettler-Toledo auto titrator
(Schwerzenbach, Switzerland). Two hydrolysates were prepared at different degrees of
hydrolysis (DH), 3.5% and 10%. The DH was controlled based on the volume of NaOH
solution added, according to a previous publication [27]. The reaction was stopped by
inactivating the protease in a water bath at 85 ◦C for 30 min. The resulting hydrolysates
were aliquoted in 50-mL tubes and frozen at −15 ◦C (Freezer Daewoo FF09) for later use as
a nitrogen source.

2.3. Wine Production

The experiments were designed to test the effects of 3 nitrogen sources: diammonium
phosphate (DAP), yeast hydrolysate DH 3.5% (LDH), and yeast hydrolysate DH 10%
(HDH). Experiments supplemented with DAP were designed as controls, while those
supplemented with LDH and HDH corresponded to treatments with low and high degrees
of hydrolysis hydrolysates, respectively. Fermentation experiments were performed with
5 replicates for each nitrogen source, resulting in a total of 15 experiments.

2.3.1. Fermentation

Each fermentation replicate consisted of 5 kg of destemmed and crushed Cabernet
Sauvignon grapes conditioned with 70 ppm potassium metabisulfite and kept in 6-l open
vessels until the first racking. The must contained 219 mg/L nitrogen quantified as free
amino groups by the formaldehyde method [28]. Nitrogen sources were added as the
necessary amount to achieve 250 mg/L of total nitrogen. The must pH was adjusted to
3.45 with tartaric acid. A total of 4 g of EC1118 yeast was hydrated with 40 mL of equal
volumes of must and water at 35 ◦C and left unstirred for 10 min. Then, the mixture
was gently hand-stirred and left to rest for another 15 min. The hydrated yeasts were
left at room temperature to let them cool. An adequate aliquot of this suspension was
added to each fermentation batch to obtain an initial yeast concentration of 0.05 g/L. The
fermentation was followed up for 5 days with withdrawal samples to quantify the specific
gravity and sugar concentration using a glass densimeter (TrueBrew, TX, USA) and a digital
refractometer Hanna HI96811 (Woonsocket, RI, USA), respectively.

81



Fermentation 2021, 7, 313

2.3.2. Post-Fermentation

After 8 days of fermentation, each batch was racked individually. The fermentation
content was filtered, and the pomace was pressed. The fermented must was kept in closed
glass bottles with an airlock for a month. The lees were separated in the second racking,
and the fermented must was again kept in closed glass bottles with an airlock for 10 weeks
at outdoor temperatures between 8 ◦C and 12 ◦C. Tartaric salts precipitated under this
condition. After the third racking, tartaric salts were separated, and the wine was corked
in 750-mL bottles and maintained at room temperature until molecular characterization
was performed.

2.4. Analytical Techniques

The fermentation progress was characterized by the quantification of sugars, acids, and
alcohols measured by Alpha Bruker FTIR equipment (Billerica, MA, USA). The working
parameters were spectral range 4000–400 cm−1 and spectral resolution of 2 cm−1. FTIR
equipment was previously calibrated for wine samples, and the analyses were performed by
the software Opus 7.0. The Folin–Ciocalteu method was used to quantify the concentration
of polyphenols in bottled wines using gallic acid standards between 25 and 125 mg/L [29].
The calibration curve was made measuring absorbance at 760 nm in a Thermo Scientific
Orion AquaMate 8000 UV-Vis Spectrophotometer (Fisher Scientific, Göteborg, Sweden).
Results of gallic acid calibration are shown in Figure S2 (Supplementary Material). The
concentrations of volatile compounds, such as higher alcohols and esters, were quantified
to characterize the bottled wines prepared with different nitrogen sources. The procedure
consisted of solid-phase microextraction and injection of samples in Shimadzu GCMS
QP2010 Ultra gas chromatography-mass spectrometry equipment (Suzhou, China). The
mass spectrum of each sample was compared with a NIST-EPA-NIH library consisting of
130,000 spectrums. The quantification was carried out by the internal standard method
considering a response factor equal to 1. A total of 23 higher alcohols and 57 esters were
analyzed in 15 samples of bottled wines (5 for each supplementation). An analysis scheme
is represented in Figure 1.

Figure 1. Scheme representing the fermentations, samples, and analysis.

2.5. Sensory Evaluation

A wine tasting session was conducted with 43 participants who were volunteer wine
consumers and not wine experts. This test was performed as an initial approach to wine
tasting with the objective of obtaining a mere perception of consumers. Three attributes
were considered for the sensorial characterization of the wines: sweetness, acidity, and
astringency. The first stage consisted of training, where the participants identified the
3 attributes by tasting solutions of glucose, tartaric acid, and tannic acid at concentrations
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of 20, 0.75, and 1.0 g/L, respectively. The second stage consisted of ordering the attribute
intensity of glucose solutions with concentrations of 2, 10, 20, and 30 g/L; tartaric acid
solutions with concentrations of 0.25, 0.50, 0.75, and 1.0 g/L; and tannic acid solutions with
concentrations of 0.50, 0.75, 1.00, and 1.25 g/L. The aroma was also included as a wine
attribute in the test. However, it was not trained and remained as a pure consumer’s
perception attribute. The third stage consisted of tasting the three wines with different
nitrogen supplementation. Two randomly distributed blind samples of each wine were
given to the panelists. Finally, the participants were asked to qualify each wine in order of
intensity for the three attributes previously trained, the aroma (not trained), and order the
wine samples according to their preference. All the processes were performed individually
and without contact between participants.

2.6. Statistical Analysis of The Results

The results for chemical analyses performed by FTIR (acids, sugars, ethanol, and glyc-
erol), GCMS (higher alcohols and esters), and polyphenols by the Folin–Ciocalteu method
were evaluated for significant differences between 2 samples at 95% confidence. The re-
sults from these analytical techniques consisted of 5 replicates for each supplementation.
A detailed list of results can be checked in the supplementary material Figures S1 and S2.

Principal component analysis (PCA) was performed to detect the effects of the treat-
ments with different nitrogen sources on the molecular profile based on volatile compounds,
including higher alcohols and esters. The raw data for higher alcohols and esters from the
15 wine samples was used as an entry. Higher alcohols and esters were analyzed by PCA
in separated procedures for better visualization of the results.

The results obtained with the sensorial panel for each nitrogen source were analyzed
through Friedman analysis for a nonparametric statistic [30]. This simple ranking test
consisted of the evaluation of the effects of the three nitrogen sources according to H0:
all the effects of the nitrogen source are zero; and H1: not all the effects of the nitrogen
source are zero. Each wine sample was ranked by the panelists, and the ranked sum was
compared between samples to evaluate significance at 95%.

3. Results

The progress of fermentation presented in Figure 2 indicated that all batches involving
the different nitrogen sources resulted in sugar consumption. The progress profiles and the
final density of the musts were similar, as observed in Figure 2a. However, a pattern in the
fermentation rate was observed in Figure 2b. The batch supplemented with YPH and HDH
had the highest rate, followed by the LDH- and DAP-supplemented batches (Figure 2b). In
all cases, fermentation was performed on the sixth day. The same observations were made
by measuring ◦Brix, as shown in Figure 2c. At this point, we can infer that all nitrogen
supplementations allowed proper fermentation of the must. The higher the DH, the shorter
the lag phase and the faster the fermentation rate.

The bottled wines were characterized by the quantification of acids, sugars, alcohols,
and polyphenols. Results were plotted in Figure 3. The highest concentration of acids
corresponded to lactic and tartaric acids. High variations in replicates (error bars) were
observed for malic and lactic acids. The variations can be attributed to variations in
malolactic fermentation, suggesting a lack of homogeneity among replicates. The variations
in tartaric acid can be explained by a nonhomogeneous precipitation of this acid among the
replicates. The highest acidity was obtained in the wine supplemented with HDH, followed
by the LDH- and DAP-supplemented wines. The residual sugars were between 1.2 and
1.4 g/L in the different wines. Glucose presented the same residual concentration, while
fructose was different depending on the experiment. The highest fructose concentration
was obtained in batches supplemented with DAP. A lower concentration was obtained
in the wines supplemented with YPH, consisting of the same value for LDH- and HDH-
supplemented wines. Ethanol and glycerol production levels were similar among the
different nitrogen supplementations. Polyphenols resulted in different concentrations,
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depending on the nitrogen source supplemented. Both YPH supplementation, LDH,
and HDH resulted in higher concentrations of polyphenols compared with the DAP-
supplemented wine. The only difference observed during fermentation was the sugar
uptake rate. Faster production of ethanol in batches supplemented with YPH could cause
a higher extraction of polyphenols. This inference is not supported by our evidence or by
antecedents. Fermentations supplemented with YPH were faster, consumed more sugars,
and obtained higher acidity and polyphenols compared to DAP supplementation. After
the characterization of wines, analysis of volatile compounds was performed.

   
(a) (b) (c) 

Figure 2. Fermentation progress of Cabernet Sauvignon musts supplemented with different nitrogen sources: (a) must
density, (b) density rate, and (c) ◦Brix versus time.

   

(a) (b) (c) 

Figure 3. Characterization of Cabernet Sauvignon wines produced by supplemented fermentations with different nitrogen
sources: (a) acids, (b) sugars, and (c) alcohols and polyphenols. Different letters indicate significant differences (p < 0.05).

The concentrations of higher alcohols and esters are presented in Figure 4. The highest
concentration of higher alcohols and esters was obtained in the HDH-supplemented wine.
The results agree with previously published data. The production of higher alcohols
depends on the availability of amino acids. This evidence shows the feasibility of using
YPH as a nitrogen source to promote the formation of higher alcohols. The esters were
classified according to their origin, as shown in Figure 4b. In all cases, supplementation with
HDH achieved higher concentrations of esters. Comparisons between the pairs DAP/HDH
and LDH/HDH resulted in significant differences. Supplementation with LDH resulted
in an equal or lower generation of esters compared to DAP-supplemented wine. The
necessity of a DH threshold for the hydrolysate to cause an increase in ester production
is inferred from this evidence. The requirement of yeast proteases to hydrolyze low-DH
peptides means a higher energy cost for yeast, which could impede an improvement of
ester production compared to DAP supplementation.
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(a) (b) 

Figure 4. Characterization of Cabernet Sauvignon wines produced by supplemented fermentations
with different nitrogen sources: (a) total higher alcohols and total esters, (b) ethyl, acetate, and grape
esters. Different letters indicate significant differences (p < 0.05).

A total of 23 higher alcohols and 57 esters were quantified by gas chromatography.
The complete list of higher alcohols and esters can be checked in the worksheet file “Higher
alcohols and esters” in the Supplemental Material. A total of 11 higher alcohols and
18 esters presented significant differences among the different supplementations. The list
of these volatile compounds is presented in Table 1. The wines supplemented with YPH
presented higher volatile compound concentrations than control (DAP) in just 6 higher
alcohols and 13 esters. In the rest of the cases, the control (DAP) presented higher values of
the compounds. The isoamyl alcohol was the only volatile compound which concentration
increased in the order of DAP-, LDH- and HDH-supplementations, presenting 443, 484, and
547 μg/L, respectively. The 2-phenyl ethanol presented a significantly higher concentration
in the HDH-supplementation compared to both LDH- and DAP-supplementations. In
the case of esters, the compounds ethyl 2-hydroxyhexanoate and ethyl dodecanoate were
higher in both YPH-supplementations compared to the control, while isoamyl decanoate
was significantly higher in HDH-supplementation compared to both LDH- and DAP-
supplementations. The concentrations of all volatile compounds were compared to their
odor threshold. Those compounds with concentrations higher than the odor threshold are
listed in Table 2. One higher alcohol and 8 esters presented an odor activity value (OAV)
higher than 1, which means that these compounds present significant odor among the total
aroma components of the sample.

Principal component analysis (PCA) was performed to evaluate the effect of each
treatment on each volatile compound. Figures 5 and 6 show the results of PCA for all
the treatments and volatile compounds explored. A total of 15 samples were analyzed,
corresponding to 5 samples for each nitrogen supplementation. The PCA plot for higher
alcohols in Figure 5 presents the component in the x-axis with 35.6% of the variance, and
in the y-axis, the other component with 23.4% of the variance. Both represent 59% of the
total variance. A difference in the sample’s distribution was observed for higher alcohols:
samples 1 to 5 (DAP) at the left, samples 6 to 10 (LDH) at the center, and samples 11 to 15
(HDH) at the right. The samples with DAP obtained the highest variability and dispersed
along the y-axis but not along the x-axis. Various higher alcohols are located to the right
due to their influence contained in PC 1. One of these higher alcohols is the 3-methyl-1-
pentanol, which presented a significantly higher concentration in HDH-supplemented
wines and significant OAV (Tables 1 and 2).
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Table 1. List of significantly different volatile compounds for Cabernet Sauvignon wines with different
nitrogen supplementations.

Compound

Concentration (μg/L)

DAP LDH HDH

Mean Sd Mean Sd Mean Sd

1-Butanol 3.58 a 0.67 2.80 ab 0.47 2.42 b 0.23

1-Decanol 1.54 a 0.15 1.88 ab 0.28 2.24 b 0.21

1-Heptanol 19.1 ab 2.03 17.38 a 0.79 19.88 b 1.56

1-Hexanol 132.16 a 7.83 115.08 b 6.01 114.86 b 5.85

1-Pentanol 0.62 a 0.04 0.54 ab 0.05 0.52 b 0.04

3-Ethoxy-1-propanol 0.9 a 0.14 0.56 b 0.13 0.36 b 0.09

3-Methyl-1-pentanol 8.52 a 0.86 9.36 ab 0.53 10.56 b 1.18

4-Methyl-1-pentanol 3.78 a 0.26 4.40 b 0.35 4.90 b 0.43

Isoamyl alcohol 443.52 a 10.13 484.02 b 28.19 547.08 c 16.54

Isobutyl alcohol 37.58 a 2.56 40.54 ab 2.73 43.92 b 2.13

2-Phenyl ethanol 255.84 a 15.77 264.72 a 8.70 285.38 b 12.96

Citronellyl acetate 2.16 a 0.32 1.60 b 0.25 1.42 b 0.13

Ethyl 2-hexenoate 3.32 a 0.39 3.70 ab 0.50 4.52 b 0.70

Ethyl 2-hydroxyhexanoate 6.14 a 0.66 8.10 b 1.22 8.32 b 0.73

Ethyl dodecanoate 10.76 a 2.82 15.96 b 2.51 18.46 b 1.74

Ethyl palmitate 0.46 a 0.18 0.78 ab 0.20 0.90 b 0.10

Ethyl propionate 15.62 a 1.67 13.38 ab 1.19 12.58 b 1.15

Ethyl trans-4-decenoate 0.20 a 0.00 0.10 ab 0.00 0.04 b 0.05

Ethyl undecanoate 0.42 a 0.08 0.60 ab 0.07 0.60 b 0.07

Ethyl phenyl lactate 1.36 a 0.13 1.60 ab 0.21 1.78 b 0.24

Hexyl acetate 3.38 a 0.81 2.24 b 0.30 3.52 ab 2.96

Isoamyl butyrate 0.42 a 0.04 0.58 ab 0.20 0.70 b 0.07

Isoamyl decanoate 2.02 a 0.83 3.66 a 1.06 5.42 b 0.91

Isoamyl hexanoate 5.86 a 0.58 6.12 ab 1.13 7.42 b 0.68

Isoamyl isovalerate 0.22 a 0.04 0.30 ab 0.07 0.32 b 0.04

Isoamyl octanoate 8.20 a 1.44 10.48 ab 2.78 12.56 b 1.34

Methyl octanoate 2.30 a 0.19 2.58 ab 0.62 2.76 b 0.13

Octyl formate 6.24 a 0.42 6.86 ab 1.09 7.46 b 0.30

Propyl acetate 1.96 a 0.42 1.16 b 0.13 1.78 ab 1.58

Different letters indicate significant differences (p < 0.05).

Table 2. List of volatile compounds with significant OAV for the different nitrogen supplementations.

Compound
Threshold

(μg/L)

Concentration (μg/L)

DAP LDH HDH

Mean Sd Mean Sd Mean Sd

3-Methyl-1-pentanol 7.5 8.52 a 0.86 9.36 ab 0.53 10.56 b 1.18

Amyl propionate 0.09 0.60 0.83 1.26 0.05 1.28 0.13

Ethyl-2-hexenoate 0.14 3.32 a 0.39 3.70 ab 0.50 4.52 b 0.70

Ethyl butyrate 20 26.06 3.12 26.54 2.41 25.56 2.13

Ethyl heptanoate 2.2 11.54 2.67 9.72 0.99 10.24 0.73

Ethyl hexanoate 62 232.44 14.90 231.26 18.85 246.62 10.42

Ethyl isovalerate 3 11.66 2.21 13.70 1.24 13.82 1.11

Ethyl phthalate 0.33 4.26 3.03 9.96 6.33 10.44 5.93

Isoamyl acetate 30 171.30 20.10 170.94 14.42 196.04 62.98
Different letters indicate significant differences (p < 0.05).
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Figure 5. PCA for higher alcohols in Cabernet Sauvignon wines produced by supplemented fermen-
tations with different nitrogen sources. Samples 1 to 5 are DAP (BLACK), 5 to 10 are LDH (red), and
11 to 15 are HDH (green).

 

Figure 6. PCA for esters in Cabernet Sauvignon wines produced by supplemented fermentations
with different nitrogen sources. Samples 1 to 5 are DAP (black), 5 to 10 are LDH (red), and 11 to 15
are HDH (green).

Other relevant higher alcohols are isoamyl alcohol, isobutanol, and 2-phenylethanol.
These are located on the right, together with the HDH samples. The PCA results suggest
an influence of HDH treatment on the formation of these compounds. The PCA for esters
is plotted in Figure 6. Almost all analyzed esters are located to the right of the plot, where
they overlap with the points corresponding to the HDH and LDH samples. Except for
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citronellyl acetate, all acetate esters are in this zone and are generated by the amino acid
metabolism of the yeasts. Regarding other compounds, the variability of isoamyl acetate is
mainly involved in PCA 2, which also occurs for ethyl butyrate to a lesser extent. Except for
isoamyl acetate, these compounds are ethyl esters generated by fatty acid metabolism. This
suggests some correlation between the nitrogen source and the metabolism of these esters.

The evaluation of sensory attributes by the sensorial panel provided information
about consumers’ preferences and qualifications of attributes of the different wines. The
results for ranked sensory attributes are plotted in Figure 7. Significant differences between
the wines were detected in aroma and astringency. A significant difference in aroma was
detected between both YPHs. Astringency differences were detected between DAP- and
both YPH-supplemented wines.

 

Figure 7. Parameterized results of the sensory attributes evaluation of Cabernet Sauvignon wines
produced by supplemented fermentations with different nitrogen sources. Different letters indicate
significant differences (p < 0.05).

The highest qualification in aroma was assigned to HDH supplementation, while both
YPH-supplemented wines were qualified with the highest astringency. The attributes of
sweetness and acidity did not present significant differences among the different supple-
mented wines. The panelists were asked for their preference among the wine samples.
The results are presented in Table 3. The preference was significantly different between
all treatment comparisons. The panelists’ preference for wine samples in decreasing order
was DAP-, HDH-, and LDH-supplemented.

Table 3. Ranked sum for the panelists’ preference among the different nitrogen-supplemented wines.

N-Supplementation Ranked Sum

DAP 341 a
LDH 257 b
HDH 306 c

Different letters indicate significant differences (p < 0.05).

4. Discussion

Overall, the YPH-supplemented fermentations performed similarly to the DAP-
supplemented fermentations. However, differences were noted in the initial fermentation
rate, where the HDH-supplemented fermentation was faster than the others. We inferred
that shorter-length peptides were more rapidly assimilated by the yeasts. This finding
agrees with previous studies on the availability and assimilation of nitrogen sources, es-
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pecially with Kevvai et al. [19], where a preference for nitrogen assimilation from YPH
was detected. For the substrate utilization, residual sugar concentrations were similar
among the different nitrogen supplementations and did not present significant differences.
Nevertheless, a more interesting and significant impact was observed in the production
of higher alcohols and esters. Increased concentrations of higher alcohols and esters com-
pounds were observed in wines produced with YPH-supplementation. The influence of
the YPH-supplementations was observed in individual volatile compounds (Table 1) and
in the results of PCA (Figures 5 and 6). These findings suggest a metabolic impact by the
presence of peptides from organic nitrogen sources. These observations also agreed with
previous studies on the effect of organic nitrogen sources on the volatile compounds of
wine [13–17]. However, studies on the metabolic effects caused by the rapid-assimilated
nitrogen sources are required to evidence the changes in the metabolic fluxes directed to the
production of higher alcohols and esters. Some studies reported that higher alcohols are
produced by amino acid metabolism [31]. Isoamyl alcohol, isobutyl alcohol, and 2-phenyl
ethanol are produced from leucine, valine, and phenyl alanine, respectively. These higher
alcohols were detected in the wine samples and presented significant differences between
the YPH- and the DAP-supplemented wines. Among the esters, the group formed by ethyl
isovalerate, ethyl 2-methyl butyrate, and ethyl isobutyrate display an odorant synergy
that could contribute to a red fruit aroma in red wines [32,33]. From the group of volatile
compounds presenting higher significant concentrations, the 3-methyl-1-pentanol and the
ethyl-2-hexenoate obtained significant OAV. The olfactory descriptors associated with these
compounds are fusel, cognac, wine, cocoa, fruit, and pungent for the higher alcohol, and
sweet, fruity, and vegetable for the ester. The differences in aroma detected by the panelists
could have been caused by the presence of these significant volatile compounds. The
preference for the DAP-supplemented wine could be influenced by the higher astringency
perceived in the YPH-supplemented wines.

The recycling and utilization of yeast protein hydrolysates as a nitrogen source for
wine fermentation is justified by the observed increase in higher alcohols and esters. The
impact on wine tasting needs to be evaluated by experts and by a more extended consumers’
preference test.

5. Conclusions

Supplementation with yeast protein hydrolysate with a high degree of hydrolysis
is an effective treatment to increase the yeast assimilation of amino acids from must.
Additionally, it increases the production of esters and higher alcohols, possibly influencing
the sensorial perception of wine aroma. Future studies can be directed to modulate the
effect of the DH of yeasts proteins and the supplement dose to achieve a compromise
between the production of volatile compounds and the consumers’ perception.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/fermentation7040313/s1, Figure S1: Box charts for acids, sugars and alcohols obtained from
FTIR analysis. Figure S2: Calibration curve for polyphenols analysis using gallic acid as standard.
Excel file: complete list of all the higher alcohols and esters analyzed by sample.
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Abstract: In this work, the hydrothermal extract of spent coffee grounds (SCG) was used to make
alcoholic beverages with commercial S. cerevisiae strain D254. The sensory characteristics of the SCG
alcoholic beverages were analyzed using sensory description, electronic nose, electronic tongue, and
gas chromatography-mass spectrometry (GC-MS). The results suggested that the supplement of 0.20%
(NH4)2HPO4 was effective at improving growth and alcohol fermentation of Saccharomyces cerevisiae
D254 in SCG extract. SCG fermented beverages (SFB) and SCG distilled spirits (SDS) produced at
the optimized fermentation conditions had appropriate physicochemical properties and different
sensory characteristics. Fermentation aromas, especially esters, were produced in SFB, increasing the
complexity of aroma and lowing the irritating aroma. The combination of original and fermentation
components might balance the outstanding sourness, astringency, and saltiness tastes of SFB. The
fermentation aroma was partially lost and the sourness, bitterness, astringency, and saltiness tastes
were relieved in distillation, leading to the relatively more prominent aroma typicality of coffee and a
soft taste. These findings lay a foundation for producing new high-quality coffee-flavored alcoholic
beverages or flavoring liquors.

Keywords: spend coffee grounds; fermentation; sensory property; volatile profile

1. Introduction

Coffee is one of the most popular beverages worldwide because of its unique flavor
and positive effects on health [1]. It has been consumed for over 1000 years and the demand
of coffee production is growing steadily [2]. Nevertheless, spent coffee grounds (SCG)
are inevitably produced during the processing of instant coffee [3,4]. Producing 1 kg of
instant coffee could yield 0.9 kg of by-product SCG simultaneously [4,5]. As the main
coffee industry residue, the vast majority of SCG are unconsumed and disposed of into the
environment, leading to serious environmental pollution [6]. The reuse of SCG is thus of
huge importance from environmental and economic viewpoints.

Resource utilization of SCG is currently of increasing concern. To improve the added
value of SCG, some scholars and enterprises try to use SCG in many ways, such as being
processed to feed and fertilizer [7], extraction of oil [8], obtaining polyphenols and dietary fiber
from SCG [9,10], or using them for fuel production and alcoholic beverages making [11–14]. In
South America and Vietnam, people have a tradition of drinking alcoholic beverages of
coffee. Coffee-flavored alcoholic beverages, which can be drunk directly or used to prepare
cocktails, are generally produced by the mixture of distilled liquor (such as edible alcohols,
brandy, rum, and rice wines), coffee, sugar, cream, and other ingredients on the market.
This method is relatively convenient for preparing coffee-flavored alcoholic beverages.

Fermentation 2021, 7, 254. https://doi.org/10.3390/fermentation7040254 https://www.mdpi.com/journal/fermentation
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However, the fusion of aromas is not satisfactory enough in this type of alcoholic beverage
and the flavor is not typical or full.

SCG are rich in high value molecules and organic compounds and might retain
the typical flavor and taste of coffee [14,15], making it a source of brewing potential for
new coffee-flavored alcoholic beverages or flavoring liquors. Liu et al. [16–18] develops
SCG fermented beverages (SFB) using different inoculation strategies and analyzes the
changes of strains growth and chemical compositions in fermentation. Sampaio et al. [11]
produces SCG distilled spirits (SDS) using SCG extract and analyzes the sensory profile.
Machado et al. [14] produces SFB and SDS using SCG extract and also conducts a sensory
evaluation. Sensory attributes are one of the most important factors affecting alcoholic
beverages’ quality and consumer preference. At present, electronic sensing technologies
are widely used in the flavor evaluation of fermented food. The amount of research
reporting on the combination of electronic nose/electronic tongue, gas chromatography-
mass spectrometry (GC-MS), and sensory description to evaluate the sensory characteristics
of food is increasing [19–21]. However, the sensory evaluation of SCG alcoholic beverages
by integrating the above-mentioned methods has not been reported.

In this study, to further characterize the fermentation potential of SCG extract and
enrich the understanding of the sensory quality of the two kinds of SCG extract products
SFB and SDS, the sensory characteristics of SFB and SDS produced at the optimized fer-
mentation conditions were evaluated using sensory description, electronic nose, electronic
tongue, and headspace solid-phase microextraction (HS-SPME) combined with GC-MS.

2. Materials and Methods

2.1. Raw Material and Yeast Strain

SCG used in this study were the by-products created during the processing of Arabica
green coffee beans to instant coffee, in which countercurrent continuous extraction was con-
ducted, and were provided by Hainan Lisun investment holding Co., Ltd. (Haikou, China).
SCG were dried at 68 ◦C to a moisture content of about 10% and refrigerated for later use. The
commercial S. cerevisiae strain D254 was purchased from LALVIN (Fredericia, Denmark).

2.2. Fermentation Process

The fermentation process of SCG alcoholic beverages is shown in Figure S1. SCG
and distilled water were mixed in a proportion of 1:5 (g/mL) and heated at 95 ◦C for
45 min. After cooling and filtering with 500 mesh filter cloth, the SCG extract was obtained
(2.5◦Brix, pH 5.26). According to Sampaio et al. [11] and Machado et al. [14], 200 mg/L
sodium metabisulfite was used to avoid bacterial contamination.

For the analysis of fermentation blocked in the SCG extract, the following media were
used: (1) SCG extracts were mixed with 20% sucrose and pH was adjusted to 4.0 by HCl,
obtaining the SCE medium, (2) the modified RAE medium contained 20% sucrose, 1%
yeast extract, 1% peptone, 0.3381% Na2HPO4·12H2O, and 0.151% citric acid and pH was
adjusted to 4.0 by HCl, (3) water in the RAE medium was replaced by SCG extract and
other compositions remained unchanged, obtaining the RS medium, (4) Na2HPO4·12H2O
was removed from the RS medium to obtain the RS-P medium, and (5) yeast extract and
peptone were removed from the RS medium to obtain the RS-N medium.

To ensure the smooth fermentation of SCG alcoholic beverages, the optimization of
nutrition was conducted at the following condition: SCG extract was mixed with 20%
sucrose and pH was adjusted to 4.0 by citric acid (equivalent to 2.54 ± 0.09 g/L citric
acid in SCG extract) according to Sharma et al. [22] and Hlaing and Joshy [23]. Natively,
2.45 ± 0.03 g/L of citric acid exists in the SCG extract used in this work. Yu et al. [24]
reports that citric acid has no obvious effects on the cell count, mortality rate, and alcohol
fermentation ability of Saccharomyces cerevisiae at a concentration below 19.0 g/L (equivalent
to pH 2.51) in apple wine making. Citric acid has no obvious effects on the volume of
S. cerevisiae cells at a concentration below 5.4 g/L (equivalent to pH 2.97) in the tested
conditions. However, citric acid remarkably affects the growth and alcohol fermentation
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of S. cerevisiae at high concentrations (32.8 g/L, 47.1 g/L, and 61.5 g/L, equivalent to pH
2.31, 2.17, and 2.03, respectively). Wang et al. [25] finds similar results using the basic
medium YEPD (20 g/L glucose, 20 g/L peptone, and 10 g/L yeast extract). Nitrogen
sources were supplemented by NH4Cl, (NH4)2SO4, or (NH4)2HPO4 at a concentration of
0.05%, 0.10%, 0.20%, 0.40%, 0.80%, 1.60%, and 2.00%, successively. Then, 4% activated
(equivalent to about 5.0 Log CFU/mL cells, hydration in 5% of glucose solution at 37 ◦C
for 30 min) commercial yeast strains were added to the media, and the main fermentation
was conducted at 25 ◦C for 9 days.

After the main fermentation (in which time alcohol fermentation basically finished and
the difference of CO2 production in two consecutive days was below 0.5 g/L) at the optimal
condition, the post fermentation (during which time a small amount of residual sugar was
used and SCG alcoholic beverages tended to be biologically stable) was conducted at 15 ◦C
for 30 days.

SCG distilled spirits were obtained using the traditional secondary distillation method.
The fresh SCG fermented beverages were distilled in a pre-concentration step to obtain the
primary distillate product at an ethanol content of about 25%, and the head part (1.5% of
the fresh sample) was removed. Then, the primary distillate product was distilled below
85 ◦C in the second distillation. 1.5% of the distillate was removed. The heart distillate was
collected at an ethanol content above 40% and the ethanol content of SCG distilled spirits
was adjusted to 50% using ultrapure water. The fermentations were conducted three times.

2.3. Analysis of Yeast Growth

The cell density was measured at 30 ◦C using a UV spectrophotometer (T6, Persee,
Beijing, China). The yeast cells were centrifuged at 1500× g for 15 min and washed two
times with 4 ◦C sterile water. Then, yeast cells were dried at 105 ◦C to constant weight. The
final biomass yield was determined by the gram of dry cells per liter fermentation broth.

2.4. Analysis of CO2 Production

CO2 weight loss was measured using an analytical balance (EL602, Mettler Toledo,
Shanghai, China). The CO2 weight loss rate was expressed as the gram of CO2 weight loss
production per liter of fermentation broth per fermentation time.

2.5. Analysis of Physicochemical Properties

Residual sugar was determined by titration with methylene blue indicator. An appro-
priate glucose standard solution (2.5 g/L) mixed with 5 mL Fehling solutionI, 5 mL Fehling
solutionII, and 50 mL distilled water. After boiling for 2 min, two drops of methylene
blue indicator were added and the glucose standard solution was used to titrate. The total
volume of glucose standard solution consumed (V) was recorded when the reaction solu-
tion was colorless. The volume of glucose standard solution consumed (V’) was recorded
when the appropriate samples replaced the glucose standard solution in the first step of
above-mentioned method. The gram of glucose that was equivalent to that in 5 mL Fehling
solutionI and II(F) = grams of anhydrous glucose used × V/1000. The residual sugar of
sample = F × 1000/(volume of sample used/volume of sample used after dilution) × V’.
The results were expressed as glucose. Total acidity was determined by direct titration of
organic acids in samples with 0.05 mol/L NaOH solution. A pH of 8.2 was used as the
end point of potentiometric titration. The content of total acid of sample = 0.05 × 75 ×
(volume of NaOH solution for titrating the sample-volume of NaOH solution for titrat-
ing the control group)/volume of sample used. The results were expressed as tartaric
acid. Ethanol content was obtained by distillation combined with a portable densimeter
(DA-130N, KEM, Tokyo, Japan). pH was determined by using a pH meter (SevenEasy
S20, METTLER TOLEDO, Zurich, Switzerland). Total esters were determined by titration
with 0.1 mol/L sulfuric acid solution. An appropriate 0.1 mol/L NaOH solution was
used to neutralize the free acid in 50 mL samples. Two drops of phenolphthalein were
used as the reaction indicator. After adding 25 mL of 0.1 mol/L NaOH solution, esters
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saponification was conducted by heating reflux on a boiling water bath for 30 min. Then,
0.1 mol/L sulfuric acid solution was used to titrate the sample. The content of total ester of
sample = 0.01 × 88 × (volume of sulfuric acid solution for titrating the sample-volume of
sulfuric acid solution for titrating the control group)/volume of sample used. The results
were expressed as ethyl acetate.

2.6. Analysis of Volatile Profile

HS-SPME-GC-MS was used to extract and analyse the volatiles. The SPME fiber
(75 μm CAR/PDMS, Supelco, PA, USA) was pretreated in the GC injector at 250 ◦C for
30 min with 1.0 mL/min flow rate of carrier gas, and 5 g samples were sealed in a 20 mL
headspace vial and stirred at 400 r/min. After equilibrating in a 50 ◦C water bath for
10 min, the aged SPME fiber was suspended 1.6 cm above the sample for 40 min and
desorbed in the GC injector at 250 ◦C for 5 min.

Compound analysis was performed using an Agilent 7890A GC (Agilent, Santa Clara,
CA, USA) coupled with an Agilent 5975C mass spectrometer system equipped with a
DB-WAX capillary column (60 m × 0.25 mm × 0.25 μm, Agilent, Santa Clara, CA, USA).
Helium (purity 99.999%) was used as the carrier gas at 2.0 mL/min. The oven was initially
held at 40 ◦C for 6 min, subsequently raised to 100 ◦C at a rate of 3 ◦C/min, and finally
raised to 230 ◦C at a rate of 5 ◦C/min for 10 min. The electron ionization energy of the
mass-selective detector was 70 eV. The chromatogram was recorded by monitoring the
total ion currents in the m/z range of 30 to 450 atomic mass units.

The volatile compounds were identified by comparing retention indices and retention
times with those obtained for authentic standards, or those of literature data, or with
mass spectra in the NIST/WILEY Database. The relative quantification of volatile com-
pounds was performed by peak area method, and 20 μL 2-Methoxy-d3-phenol-3,4,5,6-d4
(410 mg/L) was used as an internal standard.

2.7. Electronic Nose Analysis

The Germany Airsense PEN 3 portable electronic nose system (Schwerin, Mecklenburg-
Vorpommern) was used to estimate the aroma profile of SCG alcoholic beverages. The
performance of ten metal oxide semiconductor sensors is listed in Table S1.

A 10 mL sample (diluted to 10% vol ethanol with ultrapure water) was sealed in a
sample vial for 60 min for data collection. The headspace sampling method was used for
electronic nose detection. Detection conditions were set as follows: the sensor cleaning
time was 170 s, the auto-zero time was 10 s, the sample preparation time was 5 s, the
injection rate of gas and carrier gas speed were 400 mL/min, and the detection time was
120 s. Samples were analyzed using WinMuster statistical analysis software self-contained
with PEN 3 and the sensor response values at 98 s were used to establish the radar chart.

2.8. Electronic Tongue Analysis

Electronic tongue analysis was performed on an SA402B system (Insent, Kanagawa,
Japan) equipped with seven sensors and reference electrodes, which could analyze bitter-
ness, sourness, saltiness, sweetness, astringency, and bitter anion tastes. The composition
of electrode and standard solutions is shown in Table S2. The ethanol concentration of
samples was diluted to 10% vol with ultrapure water and the supernatants were used for
analysis.

2.9. Sensory Evaluation

SFB and SDS were evaluated by a well-trained panel of 11 members (6 men and
5 women, ranging from 20 to 55 years old). Then, 20 mL of samples was presented to the
panelists at 21 ± 1 ◦C. The sensory scoring criteria and rules were set based on those of dry
grape wine, taking into account the sensory characteristics of coffee. The specific sensory
scoring rules of SCG fermented beverages were shown in Table S3.

96



Fermentation 2021, 7, 254

2.10. Statistical Data Analysis

Results were shown as averages of at least three independent experiments ± SD.
Statistically significant differences (p < 0.05) were determined using one-way ANOVA and
Tukey’s honestly significant difference (HSD) tests.

3. Results and Discussion

3.1. Analysis of Fermentation Blocked in SCG Extract

In our previous study, the fermentation capacity of four yeast strains, S. cerevisiae D254,
S. bayanus BV818, S. bayanus DV10, and S. bayanus EC1118, commonly used in fruit wine
industry, was evaluated in SCG extract [26]. Surprisingly, the four yeast strains exhibited
inferior capacities of producing CO2 and ethanol in SCE (Table S4, [26]). We speculated
that this problem may be related to insufficient nitrogen and phosphorus sources and
the existence of a toxic component, such as coffee polyphenols, in the SCG extract. In
previous studies, Liu et al. [16–18] comprehensively analyzed the chemical composition of
SCG hydrolysates before and after the microbial transformation, and found the insufficient
assimilable nitrogen of unfermented SCG hydrolysates. As shown in Table S5, regarding the
chemical parameters of unfermented SCG extract used in this work, a similar phenomenon
was observed, revealing the necessity of supplementing with a nitrogen source in SCG
extract fermentation.

In this study, firstly, the reasons for the weak fermentation of yeast strains in the SCG
substrate were analyzed using the “medium components addition/subtraction” method.
The strain S. cerevisiae D254, which was relatively more suitable for SCG extract fermen-
tation in terms of ethanol content and sensory characteristics, was used in this work. As
shown in Figure 1a, compared with that in SCE, the growth of S. cerevisiae D254 improved
obviously in RAE, RS, and RS-P media. The biomass yield of S. cerevisiae D254 achieved or
even exceeded 3.0 g/L in RAE, RS, and RS-P media, whereas only 1.4 g/L biomass yield
was observed in SCE (Figure 1b). Simultaneously, the residual sugar and ethanol content in
RAE, RS, and RS-P were close to the theoretical values (Figure 1c). However, similar slow
growth and fermentation to those in SCE were displayed in the RS-N medium.

These results were corresponding to the analysis of chemical parameters of SCG
extract and also indicated that an insufficient nitrogen source was the main factor of weak
fermentation in SCG substrate, whereas SCG extract and phosphorus source were not the
key limiting factors for yeast strains in SCG substrate.

Generally speaking, the lack of assimilatable nitrogen source is a common cause of
slow and stagnant fermentation in yeast [27]. The level of nitrogen source could influence
the genes expression of yeasts [28]. Yeast cells behave similar as when under carbon
starvation at a low concentration of nitrogen, inhibiting their growth and metabolism [29].
In this work, the growth of S. cerevisiae D254 was slow with the lack of nitrogen sources;
no rapid growth period and few biomass accumulations were observed under the same
conditions. This result was consistent with that of Hernandez-Orte et al. [30], which
showed that nitrogen source directly affected the biomass of yeast in the rapid growth
period at the initial stage of fermentation. Insufficient biomass could lead to the slow
fermentation and prolong the fermentation time.
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Figure 1. The growth and fermentation properties of S. cerevisiae D254 in different substrates. (a) The
growth of D254 was monitored using OD600 and (b) the biomass yield was calculated using cell dry
weight per liter medium. (c) The residual sugar of fermentation end point was tested. SCE medium:
Spent coffee ground (SCG) extracts mixed with 20% sucrose and pH was adjusted to 4.0 by HCl. RAE
medium: 20% sucrose, 1% yeast extract, 1% peptone, 0.3381% Na2HPO4·12H2O, and 0.151% citric
acid mixed and pH was adjusted to 4.0 by HCl. RS medium: water in the RAE medium was replaced
by SCG extract and other compositions remained unchanged. RS-P medium: Na2HPO4·12H2O was
removed from the RS medium. RS-N medium: yeast extract and peptone were removed from the
RS medium. Values with different capital letters in the columns of the same color are significantly
different (p < 0.05).
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3.2. Optimization of Nitrogen Source for SFB

Considering the high quality, high efficiency, low price, and easy availability of inor-
ganic ammonium salts, different concentrations of NH4Cl, (NH4)2SO4, and (NH4)2HPO4
were used to try to improve alcohol fermentation [26]. As shown in Figure 2a, the addition
of the three nitrogen sources performed different effects on the metabolism of S. cerevisiae
D254. Overall, the growth and fermentation capacities enhanced first and then decreased
with the increasing concentration of nitrogen sources. The highest biomass yield and
ethanol content and the lowest residual sugar were observed at the addition of 0.20%
of each nitrogen source, and the biomass yield and ethanol content in the addition of
(NH4)2HPO4 were higher than those seen with the addition of NH4Cl and (NH4)2SO4 at
the same concentration (Figure S2, [26]).

Figure 2. Effects of exogenous nitrogen sources on (a) CO2 weight loss rate of S. cerevisiae D254 and (b) growth of S. cerevisiae
D254 in SCG substrate. The YEPD agar plate was used for the viable count of the yeast cells. Values with different capital
letters in the columns of the same color are significantly different (p < 0.05).

These results reflected that appropriate addition of nitrogen source was promising
and essential to the growth and alcohol fermentation of S. cerevisiae in SCG extract. The
addition of 0.20% (NH4)2HPO4 could be used to improve the growth of S. cerevisiae D254
(Figure 2b) and solve the slow fermentation in SCG extract.

The addition of 0.20% NH4Cl/(NH4)2SO4/(NH4)2HPO4 was beneficial for cell growth
and CO2 production. The decreased biomass yields at the nitrogen sources’ levels above
0.20% might be caused by the negative effect of excess NH4+ on the utilization of amino
acid in an amino acid starvation condition [31]. The low utilization of sugar under the same
conditions might be attributed to the slow growth of yeast cells and the negative effect of
excess nitrogen sources on the expression of genes related to the transport of ammonium
salts/amino acids, such as GAP1 and MEP2 [28]. In addition, excessive nitrogen sources
may form carcinogens urethane, biogenic amine, and nitrosamine [32,33], which could
negatively affect the quality and safety of wines. (NH4)2HPO4 could not only complement
the nitrogen source but also provide phosphate ions, further improving the growth and
metabolism of yeast cells.

Based on this result, other factors including the ratio of SCG-liquid, inoculation
concentration, sugar degree, pH, and fermentation temperature were optimized by single-
factor test (Figure S3). Using the content of residual sugar, total acidity, and ethanol and
sensory score as evaluation indexes, the optimal main fermentation condition was set as
follows: SCG-liquid ratio was 1:4; 0.2% (NH4)2HPO4 was added; initial sugar level was
24% sucrose; pH was adjusted to 4.3 by citric acid (equivalent to 2.51 ± 0.02 g/L citric acid
in SCG extract, and the content of citric acid kept at 2.51 ± 0.10 g/L when the fermentation
finished); 6% activated S. cerevisiae strain D254 (equivalent to about 5.3 Log CFU/mL cells)
was inoculated; and the main fermentation was conducted at 23 ◦C for 8 days.
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3.3. Physicochemical and Sensory Characteristics of SCG Alcoholic Beverages

The contents of residual sugar, total acidity, ethanol, and total esters of SFB and SDS
were analyzed at the optimal main fermentation condition. Furthermore, the sensory
attributes including colour and lustre, aroma, and taste of SFB and SDS were described. As
shown in Table 1, SFB and SDS exhibited suitable content of ethanol. The total acidity of
SFB was 9.07 g/L, but that for SDS was only 0.37 g/L. The content of total esters of SDS
decreased from 730.42 mg/L of SFB to 426.93 mg/L. For the sensory attributes, compared
with SFB, SDS possessed a more typical coffee aroma without fruity aroma, but lacked the
multi-level, typical taste of coffee.

Table 1. General physicochemical properties of SFB and SDS.

Indexes SFB SDS

Residual sugar (g/L) 6.27 ± 0.51 /
Ethanol (% vol) 12.5 ± 0.1 50.5 ± 0.2

Total acidity (g/L) 9.07 ± 0.43 0.37 ± 0.02
Total esters (mg/L) 730.42 ± 46.65 426.93 ± 44.28
Colour and lustre Yellowish-brown, clear, and transparent Light amber, clear, and transparent

Aroma Typical coffee, sweet fruity, and good
wine aromas

A typical and rich coffee aroma with a
pure wine aroma

Taste Full-bodied wine with a harmonious and
palatable sour, sweet, and bitter taste Mellow, soft, and elegant wine

/: not tested. Spent coffee grounds: namely SCG. SCG fermented beverages: namely SFB. SCG distilled spirits: namely SDS.

These results suggested that SFB and SDS had different sensory styles with distin-
guished physicochemical characteristics. Acids play a role in presenting flavor in wines [34].
The total acidity of SFB was higher than that of most fruit wines, in which the acidity con-
tent is commonly below 8 g/L. Meanwhile, the total acidity of most SFB samples possessing
a high sensory score was higher than 8 g/L (Figure S3). The high content of acidity could
balance the bitter odor of coffee, contributing to a harmonious and palatable taste of SFB.
The acids in SFB include dicaffeoylquinic acid, caffeic acid, quinic acid, citric acid, tartaric
acid, and acetic acid [35–37]. As the main acids of coffee, the former three ones hardly
evaporate in distillation, resulting in the low acidity of SDS. Enough acids could provide
more precursors of esters. Esters are one of the most important volatile compositions that
contribute to wine flavor [38]. The high content of total esters of SFB could bring about a
fruity aroma. Esters were inevitably lost in distillation. The content of total esters of SDS
was lower than that of Baijiu, but this level was similar to that of some distilled wines, such
as brandy [39]. Therefore, SCG alcoholic beverages have development potential in terms of
aroma, flavor, and style.

3.4. Analysis of Electronic Nose and Electronic Tongue
3.4.1. Analysis of Electronic Nose

The electronic nose and electronic tongue were used to relatively objectively evaluate
the aroma and taste characteristics of SCG alcoholic beverages, respectively. The response
values of SCG extract and coffee liquid were similar in each sensor (Figure 3(a1)). Compared
with SCG extract and coffee liquor, the response values of SFB and SDS in sensors S2, S6,
S7, S8, and S9 were remarkably increased. PCA was used to study the similarities and
differences of SCG extract, coffee, and SCG alcoholic beverages. The locations of SFB and
SDS partially overlapped and separated from SCG extract and coffee, and the two groups
overlapped in the second quadrant (Figure 3(a2)).
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Figure 3. The analysis of the (a) electronic nose and (b) electronic tongue. (a1): Radar graph of samples’ aroma, (b1): Radar
graph of samples’ taste. (a2,b2): PCA of samples. C: Coffee. S: SCG extract. SFB: SCG fermented beverages. SDS: SCG
distilled spirits.

These results indicated that the SCG extract well retained the aroma of coffee and had
the value for making coffee-flavored products. Fermentation and distillation affected the
aroma profile of SCG extract and coffee. The difference between SCG alcoholic beverages
and SCG extract/coffee on aromas was probably caused by the increase of nitrogen oxides,
sulfides, alcohols, and other substances during fermentation.

3.4.2. Analysis of Electronic Tongue

Compared with SCG extract, SFB exhibited strong sourness, astringency, umami, and
saltiness tastes and astringency aftertaste with thin sweetness and bitterness tastes and
bitter aftertaste. A similar richness taste to SCG extract was observed in SFB. However, the
response to eight taste attributes, excluding sourness, in SDS was lower than those in SCG
extract (Figure 3(b1)). SCG extract, SFB, and SDS were located in three different quadrants
in the PCA result (Figure 3(b2)).

Compared with SDS, SFB had a prominent coffee taste with strong sourness and astrin-
gency feeling. Nevertheless, typical coffee flavor did not represent high consumer acceptance.
Some consumers had low acceptance of pure coffee flavor. The final taste characteristic of
alcoholic beverages depended on the balance and coordination of all taste attributes.

Sourness, sweetness, bitterness, and saltiness tastes are four main senses of coffee [40].
The sour and astringent tastes of coffee are largely come from a variety of organic acids,
such as citric acid, malic acid, tartaric acid, chlorogenic acid, and its degradation prod-
uct dicaffeoylquinic acid, in the baking process [35,40,41]. The content of organic acids
increased during fermentation, and the solubility of dicaffeoylquinic acid in ethanol was
higher than that in water [42]. Therefore, sour and astringent substances increased in SFB
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and the corresponding taste senses enhanced. Sugars of coffee can give a sweet taste, and
the caramel compounds produced in the baking process can give sweet and bitter tastes.
With the decomposition of sugars in fermentation, the sweetness and bitterness tastes
reduced, which in turn made the sourness and saltiness tastes more prominent. Combined
with the results of taste evaluation in Table 1, the findings suggested that such changes of
taste of coffee in fermentation were favor to the mutual inhibition and balance of sourness,
sweetness, bitterness, and saltiness senses in this study. Distillation was a process that selec-
tively extracted the volatile flavor components of fermentation wines. Many compositions with
strong water solubility and weak fat solubility could not be brought out with the distillation
of ethanol. The prominent sour and astringent tastes in SFB reduced in distillation with less
sweetness and saltiness senses, which were suitable for consumer groups with low acceptance
of pure coffee. This finding was corresponded to the results of Machado et al. [14], in which
SDS exhibited a high global value in quantitative descriptive analysis.

3.5. Volatile Profile of SCG Alcoholic Beverages

A total of 77 volatile compounds were identified in this study, including 15 esters,
8 alcohols, 1 acid, 8 aldehydes, 3 ketones, 4 phenols, 9 pyrazines, 16 furans, 7 terpenes,
3 pyrroles, 1 lactone, and 2 other compounds (Table 2). The most abundant variety but
the lowest content of total volatile compositions was observed in SCG extract (Figure 4).
The lowest variety of volatile compositions was observed in SDS with the moderate total
content (Figure 4). SFB displayed the highest content of total volatiles with the moderate
variety (Figure 4). These results suggested that the types and content of volatiles of SCG
extract changed in fermentation and distillation. Partial original aromas of SCG extract
were lost and converted in alcohol fermentation with the formation of a large amount
of fermentation aromas. Both original and fermentation aromas were partially lost in
distillation. The types and contents of volatiles differed from those reported in Machado
et al. [14] and Liu et al. [16]. This discrepancy could be caused by the difference of extraction
and test methods.

More than 800 aromatic components of coffee have been detected in previous studies,
of which pyrazines, furans, aldehydes, and sulphur compounds are the key ones and
contribute the most to coffee aroma [37,40]. Pyrazines have high contents and low odor
thresholds, mainly giving nutty and baking odors [43]. Furans commonly contribute
to balsamic, wheat, and baking odors [44]. Aldehydes giving fatty, spicy, sweety, and
bread odors could confer a richer, more elegant, and unique aroma to wines [45]. Most
sulphur compounds contribute to a negative sulphur aroma. The types and contents
of typical aroma of coffee could be changed by different treatment conditions, such as
baking temperature, extraction temperature, and extraction method, such as that of the
extraction of phenolic/flavonoid compounds using different methods [46,47]. Only one
sulphur compound was detected in this work. This result was not consistent to the strong
response to sulfides in the electronic nose analysis. The detection method needs to be
further optimized in future study. The above-mentioned four kinds of aromatic components
accounted for 34.0%, 11.9%, and 32.2% in SCG extract, SFB, and SDS, respectively. A similar
proportion of four key aromatic groups to SCG extract in SDS might bring the outstanding
typicality of coffee aroma in Table 1 and Figure 4a1, though the fewest types of volatiles
were observed in SDS. The proportion of original aroma in SFB decreased with increased
fermentation aroma, producing a complex and rich aroma and more flavor levels of SFB.
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Table 2. The concentration of volatile compounds identified in SCG extract, SFB, and SDS.

Code Compounds Odor Description *
Concentration (μg/L)

SCG Extract SFB SDS

Esters
E1 Ethyl acetate Pineapple 7105 ± 30 B 36690 ± 64 A 5094 ± 22 C

E2 Ethyl propionate Fruit 230 ± 4 B 936 ± 12 A 19 ± 2 C

E3 Ethyl 2-methylpropanoate Sweet, rubber - - 33 ± 2
E4 2-Methyl-1-propyl acetate Fruit, apple, banana - 33 ± 3 -
E5 Ethyl butanoate Apple - 148 ± 5 -
E6 Ethyl 2-methylbutanoate Apple - - 75 ± 3
E7 Ethyl 3-methylbutanoate Fruit - 4 ± 0.2 -
E8 Isoamyl acetate Banana 46 ± 2 C 1346 ± 12 A 342 ± 5 B

E9 Ethyl hexanoate Apple peel, fruit 63 ± 2 C 651 ± 7 A 152 ± 4 B

E10 Ethyl octanoate Fruit, fat 172 ± 5 C 717 ± 12 B 878 ± 16 A

E11 Ethyl nonanoate - 55 ± 3 11 ± 1
E12 Furfuryl acetate - 2194 ± 22 -
E13 Ethyl decanoate Grape 62 ± 2 B 257 ± 4 A 265 ± 4 A

E14 Ethyl butyrate Apple 84 ± 4 - -
E15 Phenethyl acetate Rose, honey, tobacco - 149 ± 2 -

Alcohols
A1 2-Methyl-1-butanol Wine, onion 473 ± 7 C 7421 ± 22 A 3898 ± 15 B

A2 3-Methyl-1-butanol Whiskey, malt, burnt 810 ± 21 C 11804 ± 32 B 12565 ± 43 A

A3 Isobutanol Wine, solvent, bitter 78 ± 2 C 1480 ± 10 A 377 ± 4 B

A4 2-Heptanol Mushroom 35 ± 4 - -
A5 2,3-Butanediol Fruit, onion 616 ± 11 - -
A6 2-Furylmethanol Burnt 854 ± 22 B 1789 ± 14 A -
A7 Benzyl alcohol Sweet, flower 88 ± 4 A 29 ± 1 B -
A8 2-Phenylethyl alcohol Honey, spice, rose, lilac 435 ± 9 B 10183 ± 34 A -

Acids
AC1 Acetic acid Sour 62 ± 4 B 1017 ± 23 A 58 ± 3 B

Aldehydes
Al1 Ethanal Pungent, ether - 617 ± 10 B 1792 ± 14 A

Al2 Isovaleraldehyde Malt 25 ± 2 - -
Al3 Acetaldehyde diethyl acetal - - 6395 ± 21
Al4 (Z)-4-heptenal Biscuit, cream 42 ± 2 - -
Al5 Octanal Fat, soap, lemon, green 34 ± 2 - -
Al6 Nonanal Fat, citrus, green 289 ± 5 - -
Al7 Furfural Bread, almond, sweet - - 1027 ± 22
Al8 Phenylacetaldehyde Hawthorne, honey, sweet 44 ± 3 B - 1093 ± 13 A

Ketones
K1 2-Methylpentan-3-one Mint 29 ± 2 A 21 ± 2 B -
K2 2,3,4-Trimethyl-cyclopent-2-enone 137 ± 4 - -
K3 Cyclopentanone - - 19 ± 1

Phenols
P1 Phenol Phenol 322 ± 7 A 80 ± 3 B -
P2 4-Ethyl-2-methoxyphenol Spice, clove 1835 ± 20 A 1232 ± 16 B 89 ± 4 C

P3 2-Ethylphenol 61 ± 3 - -
P4 4-Allyl-2-methoxyphenol Clove, honey 249 ± 6 A 239 ± 6 A -

Pyrazines
Py1 2-Methypyrazine Popcorn 159 ± 8 C 1130 ± 21 A 221 ± 5 B

Py2 2,5-Dimethyl pyrazine Cocoa, roasted nut, roast
beef, medicine 60 ± 2 B 477 ± 13 A -

Py3 2-Eethyl pyrazine Peanut butter, wood 64 ± 5 B 192 ± 4 A 24 ± 2 C

Py4 2-Ethyl-6-methylpyrazine - - 12 ± 1
Py5 2-Ethyl-5-methyl pyrazine Fruit, sweet 1901 ± 22 A 1117 ± 12 B -
Py6 2-Methyl-3-ethylpyrazine Roast 77 ± 5 B 424 ± 8 A -
Py7 2-Ethyl-3,6-dimethylpyrazine Potato, roast 1761 ± 15 A 1538 ± 26 B -
Py8 3,5-Diethyl-2-methylpyrazine Baked 340 ± 9 B 381 ± 8 A -
Py9 2,3-Diethyl-5-methylpyrazine Potato, meat, roast 313 ± 6 A 286 ± 6 B -

Furans
F1 2-(2-Propenyl)furan - - 52 ± 2
F2 Furfuryl ethyl ether - 1518 ± 16 A 408 ± 7 B

F3 2,5-Dimethylfuran 20 ± 1 B 11 ± 2 C 40 ± 1 A

F4 2-(2-Pentenyl)furan - - 225 ± 2
F5 5-Methyl-2-acetylfuran 70 ± 2 - -
F6 2-Vinylfuran 269 ± 7 A 39 ± 1 B 38 ± 1 B

F7 5-Methyl-2-furanaldehyde Almond, caramel, burnt
sugar - - 156 ± 3

F8 2-Methyl-Furan 36 ± 2 - -
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Table 2. Cont.

Code Compounds Odor Description *
Concentration (μg/L)

SCG Extract SFB SDS

F9 Benzofuran 18 ± 1 - -
F10 2-Acetylfuran Balsamic 550 ± 6 B 2350 ± 21 A 152 ± 3 C

F11 5-Methyl-2-propenyl furan 105 ± 2 A 4 ± 1 C 27 ± 1 B

F12 Methyl Furfuryl Disulphide Smoke 66 ± 3 - -
F13 2-(2-Furfuryl)furan 768 ± 14 A 70 ± 3 C 309 ± 6 B

F14 5-Methyl-2-propiony furan 252 ± 5 - -
F15 Difurfuryl ether 1015 ± 10 A 608 ± 9 B -
F16 2-Furfuryl-5-methyl furan 532 ± 11 A 64 ± 1 C 82 ± 1 B

Terpenes
T1 β-Myrcene Balsamic, must, spice 13 ± 1 B - 99 ± 3 A

T2 DL-Limonene 80 ± 2 B 48 ± 3 B 396 ± 9 A

T3 Styrene Balsamic, gasoline 538 ± 11 B - 1030 ± 10 A

T4 cis-Linaloloxide (2-methyl-2-vinyl-5-(alpha
hydroxyisopropyl) tetrahydrofuran) Flower, wood 308 ± 3 A 213 ± 6 B -

T5 Camphor Camphor 199 ± 4 - -
T6 Linalool 273 ± 3 A 254 ± 6 B -
T7 β-Damascenone Apple. rose, honey 173 ± 2 A 19 ± 1 B -

Pyrroles
Pyr1 3-Methylpyrrole 53 ± 4 B 368 ±7 A -
Pyr2 N-methyl-2-acetyl pyrrole 571 ± 14 B 808 ± 9 A -
Pyr3 1-Furfurylpyrrole 893 ± 15 - -

Lactones
L1 γ-Butyrolactone Caramel, sweet 83 ± 2 B 167 ± 5 A -

Others
O1 3,4-Diethylthiophene - - 19 ± 2
O2 4-Methylthiazole Roasted meat 63 ± 4 - -

Values shown represent the averages of triplicate samples (data are mean ± SD). Values with different superscript letters in the same row
are significantly different (p < 0.05). -: not detected. Spent coffee grounds: namely SCG. SCG fermented beverages: namely SFB. SCG
distilled spirits: namely SDS. * http://www.flavornet.org/flavornet.html (accessed on 22 October 2021).

Figure 4. Variation in (a) concentration and (b) number of volatile compounds in samples. SFB: SCG fermented beverages.
SDS: SCG distilled spirits. Values with different capital letters upon the columns of the same item are significantly different
(p < 0.05).

Compared with SCG extract, 20 volatile compounds including 1 ester, 2 alcohols,
5 aldehydes, 1 ketone, 1 phenol, 5 furans, 3 terpenes, 1 pyrrole, and 1 thiazole lost in SFB,
but those for SDS were 36 volatile compounds including 1 ester, 5 alcohols, 4 aldehydes,
2 ketones, 3 phenols, 6 pyrazines, 6 furans, 4 terpenes, 3 pyrroles, 1 lactone, and 1 thiazole.
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Simultaneously, 8 volatile compounds, including 6 esters, 1 aldehyde, and 1 furan were
added in SFB, compared with SCG extract, and those for SDS were 13 volatile compounds
including 3 esters, 3 aldehydes, 1 ketone, 1 pyrazine, 4 furans, and 1 thiophene. These
results reflected that the better aroma sense of SDS was not due to the higher retention of
original aroma, but might be due to the few fermentation aromas. Two types of aromas
balanced and the original aroma was uncovered. Aldehydes, furans, and terpenes were
the first three decreasing groups in SFB in terms of the number of compounds, accounting
from 1.7% to 0.7%, 14.3% to 5.1%, and 6.1% to 0.6%, respectively. Aldehydes produce
in the early stage of alcohol fermentation and are subsequently reduced to alcohols and
CO2. Furans and terpenes can be formed via carbohydrate degradation during alcohol
fermentation [48,49]. The loss of several furans and terpenes might convert to other types
of volatile compositions, such as increased pyrroles converted from furans. The absence
of several aldehydes, furans, and terpenes might affect the typicality of coffee aroma of
SFB. However, the stimulating aroma might be decreased in SFB, generating a harmonious
overall aroma.

Esters were the most noteworthy group in terms of the variation of number and
content of volatile compounds. The number and proportion of esters in SFB increased from
7 to 12 and from 30.0% to 47.4%, respectively. The increased alcohol and acid provided
sufficient precursors for the synthesis of esters in SFB. The increase of esters enhanced
fruity aroma of SFB, which was consistent with the results of physicochemical and sensory
evaluation (Table 1). The rich fruity flavor could alleviate the prominent sour and astringent
tastes of SFB to a certain extent.

The odor activity values (OAVs) were used to further investigate the contribution of
each compound to the flavor of SFB and SDS (Table 3). The OAVs of 28 volatile compounds
were above 1 in this test. Amongst them, 17, 13, and 8 compounds were shown in SCG
extract, SFB, and SDS, respectively. The largest number of esters possessing OAV > 1
was observed in SFB, thus contributing the rich fruity odor to SFB. As with SCG extract,
several aldehydes of SDS exhibited OAV > 1. However, strong fatty, ether, and sweet
odors were negative to wine flavor. Compared with SCG extract, the outstanding alcohols-,
ketones-, and pyrroles-induced odors might disappear in SFB and SDS, but phenols- and
terpenes-induced odors may remain with OAVs of 4-ethyl-2-methoxyphenol, 4-allyl-2-
methoxyphenol, styrene, linalool, and β-damascenone >1. As one of the major groups of the
typical flavors of coffee, furans might contribute the most in SFB with the OAV of furfuryl
ethyl ether >1, and furans-induced odors might balance with the fruity odor induced by
esters. The odor threshold values of many furan compounds did not be retrieved from
literature. Therefore, the contribution of furans to SDS could not be ignored.

Table 3. OAVs (>1) for the main volatile compounds in SCG extract, SFB, and SDS.

Code Compounds Odor Description * SCG Extract SFB SDS

Esters
E1 Ethyl acetate Pineapple 1421.0 4.9 0.8
E2 Ethyl propionate Fruit 255.6 20.8 /
E3 Ethyl 2-methylpropanoate Sweet, rubber - - 7.3
E5 Ethyl butyrate Apple 560.0 - -
E7 Ethyl 3-methylbutanoate Fruit - 1.3 -
E8 Isoamyl acetate Banana 0.2 44.9 6.2
E9 Ethyl hexanoate Apple peel, fruit 12.6 46.5 0

E10 Ethyl octanoate Fruit, fat 8.9 35.9 6.0
E13 Ethyl decanoate Grape 12.4 1.3 0.2
E15 Phenethyl acetate Rose, honey, tobacco - 0.6 -

Alcohols
A1 2-Methyl-1-butanol Wine, onion 29.7 0.2 0.1
A2 3-Methyl-1-butanol Whiskey, malt, burnt / 0.4 0.7
A4 2-Heptanol Mushroom 0.5 - -

Aldehydes
Al1 Ethanal Pungent, ether - 0.5 1629.1
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Table 3. Cont.

Code Compounds Odor Description * SCG Extract SFB SDS

Al3 Acetaldehyde diethyl acetal - - 6.4
Al4 (Z)-4-heptenal Biscuit, cream 12.4 - -
Al5 Octanal Fat, soap, lemon, green 1.5 - -
Al6 Nonanal Fat, citrus, green 15.9 - -
Al8 Phenylethanal Hawthorne, honey, sweet 55.0 - 1.0

Ketones
K1 2-Methylpentan-3-one Mint 5.8 / -

Phenols
P2 4-Ethyl-2-methoxyphenol Spice, clove 26.4 37.3 1.8
P4 4-Allyl-2-methoxyphenol Clove, honey 1464.7 39.8 -

Furans
F2 Furfuryl ethyl ether - 138.0 0.9

Terpenes
T3 Styrene Balsamic, gasoline / - 4.1
T6 Linalool 2.7 10.2 -
T7 β-Damascenone Apple. rose, honey / 380.0 -

Pyrroles
Pyr3 1-Furfurylpyrrole 8.9 - -

Lactones
L1 γ-Butyrolactone Caramel, sweet 2.4 4.8 -

-: not detected./not calculated due to unreferenced odor threshold values. * http://www.flavornet.org/flavornet.html (accessed on
22 October 2021). OAVs were calculated by the ratio of the concentration of a compound to its odor threshold value. To calculate the OAVs
of compounds in SCG extract, SFB, and SDS, odor threshold values in water, low content of alcohol (<15%), and high content of alcohol
(>40%) were referred from literature, respectively.

4. Conclusions

The supplement of 0.20% (NH4)2HPO4 was effective for improving growth and alcohol
fermentation of S. cerevisiae D254 in SCG extract. SFB and SDS produced at the optimized
fermentation conditions (SCG-liquid ratio 1:4; 24% sucrose; pH 4.3; 6% activated S. cerevisiae
strain D254; 23 ◦C for 8 days) had appropriate physicochemical properties (12.5% and 50.5%
ethanol, respectively; 9.07 g/L and 0.37 g/L total acidity, respectively) and different sensory
characteristics, including aroma and taste senses. Fermentation aromas, especially esters,
produced in SFB, increased the complexity of aroma and lowered the irritating aromas, such
as nitrogen oxides-induced ones. The combination of original and fermentation aromatic
components could balance the outstanding sourness, astringency, and saltiness of SFB.
Fermentation aroma was partially lost (e.g., the total contents of esters decreased by 84%,
compared with SFB) and the sourness, bitterness, astringency, and saltiness tastes were
relieved in distillation according to the electronic tongue system, leading to the relatively
more prominent aroma typicality of coffee and a soft taste.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/fermentation7040254/s1, Figure S1: The brewing process of SCG beverages, Figure S2: Effects
of types and concentrations of nitrogen source on a biomass yield of D254, b residual sugar, and c
ethanol content in SCG substrate, Figure S3: Effects of a the ratio of SCG b the inoculation amount of S.
cerevisiae D254 c the initial content of sucrose d pH e fermentation temperature on the physicochemical
and sensory properties of SFB, Table S1: Chemical sensors used in electronic nose corresponding
to different types of volatile substances, Table S2: Standard solution for electronic tongue analysis,
Table S3: Sensory scoring rules for the SCG fermented beverages, Table S4: Performance of different
yeast strains in SCG extract. Table S5: Chemical parameters of unfermented SCG extract.
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Abstract: The aim of this work was to enhance the levels of fruity esters in spine grape (Vitis
davidii Foёx) wine by goal-directed amino acid supplementation during fermentation. HPLC and
GC-MS monitored the amino acids and fruity esters, respectively, during alcoholic fermentation of
spine grape and Cabernet Sauvignon grape. HPLC was also used to determine the extracellular
metabolites and precursors involved in the synthesis of fruity esters. Alanine, phenylalanine, and
isoleucine levels in spine grape were less than those in Cabernet Sauvignon. Pearson correlation
between amino acid profile and fruity ester content in the two systems indicated that deficiencies
in alanine, phenylalanine, and isoleucine levels might have limited fruity ester production in spine
grape wine. Supplementation of these three amino acids based on their levels in Cabernet Sauvignon
significantly increased fruity ester content in spine grape wine. Interestingly, goal-directed amino acid
supplementation might have led to changes in the distribution of carbon fluxes, which contributed to
the increase in fruity ester production.

Keywords: amino acid; fruity ester; wine aroma; nitrogen management; Pearson correlation analysis;
carbon metabolism; Vitis davidii Foёx

1. Introduction

Yeast assimilable nitrogen (YAN), composed of organic (amino acids) and inorganic
(ammonium ions) forms, is an important macronutrient involved in yeast metabolism [1].
Their concentrations vary depending on variety, geographical location, climate, and viti-
culture practices [2,3]. During alcoholic fermentation, YAN is used to sustain growth and
produce biomass as well as synthesize fermentative aroma compounds [4]. Esters are the
major fermentative aroma compounds, and they can impart aroma even at concentrations
below their odor threshold [5]. Fruity esters, including acetate esters and fatty acid ethyl
esters (FAEEs), are considered target components to enhance wine aroma [6].

Studies on the correlation between amino acids and aroma compounds have revealed
an association between amino acids and fruity ester production [7–9]. Amino acid sup-
plementation in grape must enhanced the production of fermentation-derived aroma
components, such as acetate esters and ethyl esters [10–12] and improved the scores for
the descriptors “confectionary”, “red fruit”, and “dark fruit” [13]. These findings suggest
that amino acid supplementation potentially improves wine aroma quality. The synthesis
of fermentation-derived aroma compounds as well as their association with nitrogen and
sugar metabolism in Saccharomyces cerevisiae has been extensively studied. α-keto acids
have been considered as important intermediaries in the formation of higher alcohols
and volatile acids. Either amino acid catabolism via the Ehrlich pathway [14] or glu-
cose/fructose metabolism via central carbon metabolism [15] produces these precursors.
Nevertheless, mechanisms underlying the increase in fruity esters under amino acid sup-
plementation are still not clearly understood. Recent studies have shown that only a small
fraction of higher alcohols is produced by catabolism of consumed amino acids [16,17]. The
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interaction between central carbon metabolism and nitrogen metabolism may significantly
influence the production of volatile compounds in S. cerevisiae [2]. Traditionally, nitrogen
was supplemented without the determination of amino acid content of grape must. Injudi-
cious supplementation of nitrogen is wasteful and has negative impacts on wine aroma
due to high acetic acid and ethyl acetate production [4]. Therefore, several studies have
highlighted the need to determine the nutritional status of grape juice before nitrogen
supplementation to increase aromatic compound production by yeast [11,18]. Further
studies are necessary to evaluate the increase in wine aroma and explore the possible
mechanisms of increase in fruity esters under goal-directed amino acid modulation.

Spine grape is a wild species widely distributed in southern China. Spine grape wine
has high anthocyanin and polyphenol content [19] with poor fruity aroma. A study has
shown that spine grape wine has weak aroma characteristics, which may be related to
low levels of varietal aroma precursors and fermentative aroma compounds. In particular,
fruity esters were positively correlated with wine fruity aroma [20]. On the contrary,
Cabernet Sauvignon, a well-known Vitis vinifera grape, has elegant fruity aroma with high
fruity ester content. Variations in the ester profiles of Shiraz and Cabernet Sauvignon wines
were related to specific grape-juice nitrogen composition [21], and our previous study
also indicated the significant correlation between amino acid composition and fruity ester
production during fermentation of spine grapes [22]. Therefore, modulation based on the
amino acid profile of Cabernet Sauvignon can be an effective approach to increasing the
fruity ester content of spine grape wine.

In this study, we attempted to enhance the fruity ester content in spine grape wine by
goal-directed amino acid supplementation. Pearson’s correlation was used to describe the
association between amino acid profile and fruity ester content in spine grape and Cabernet
Sauvignon grape during fermentation. Subsequently, we supplemented these amino
acids before spine grape winemaking and evaluated the fruity ester content at different
concentrations of the nitrogen supplement. We also analyzed the extracellular metabolites
and precursors involved in fruity ester synthesis. These findings can provide novel insights
into the mechanisms underlying the increase in fruity esters under goal-directed amino
acid supplementation.

2. Materials and Methods

2.1. Grape Material

Cabernet Sauvignon grapes were harvested from Heyang, Shaanxi Province, China on
28 August 2019. Grape berries were disease-free, pest-free, and healthy and had 207.5 g/L
reducing sugars, 5.0 g/L titratable acidity (tartaric acid), and a pH value of 3.34. Spine
grape ‘Xiang Pearl’ was harvested from Huaihua, Hunan Province, China on 25 August
2019. Grape berries had 172.5 g/L reducing sugars, 4.3 g/L titratable acidity (tartaric acid),
and a pH value of 3.57.

2.2. Chemicals, Standards, and Microorganisms

The analytical reagents glucose, sodium hydroxide (NaOH), sodium chloride (NaCl),
potassium phosphate monobasic (KH2PO4), sodium carbonate (Na2CO3), sodium bicar-
bonate (NaHCO3), sodium acetate (NaAc), 2,4-dinitrofluorobenzene (DNFB), and diammo-
nium phosphate (DAP) were purchased from Kermel (Tianjin, China).

Non-volatile standards (purity ≥ 98.0%), included L-aspartic acid, L-tryptophan, L-
isoleucine, L-alanine, L-arginine, γ-aminobutyric acid (GABA), L-methionine, L-phenylalanine,
L-tyrosine, and L-proline (Yuanye Shanghai, China); L-glutamic acid, L-valine, and L-
leucine (Solarbio, Beijing, China); and L-malic acid, citric acid, acetic acid, succinic acid,
and glycerol (DrE, Ratzeburg, Germany) (Table S1). Methanol and acetonitrile were ob-
tained from Kermel (Tianjin, China). Water was obtained from a Milli-Q purification system
(Millipore, Bedford, MA, USA).

Volatile chemical standards (purity ≥ 97.0%), including ethyl acetate, isobutyl acetate,
isoamyl acetate, phenylethyl acetate, ethyl butyrate, ethyl hexanoate, ethyl octanoate,
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ethyl decanoate, isobutyl alcohol, isoamyl alcohol, 2-phenylethanol, 2-octanol, hexanoic
acid, octanoic acid, and decanoic acid, were obtained from Sigma-Aldrich (Shanghai,
China) (Table S2).

S. cerevisiae strain Angel RV171 (Angel Yeast, Yichang, China), a neutral wine yeast
strain for dry wine fermentation, was used in this study.

2.3. Winemaking and Nitrogen Supplementation

Alcoholic fermentation was carried out as described by Kong et al. [20] Mature and
healthy grape berries were manually selected, destemmed, and crushed. Sulfur dioxide
(SO2; 60 mg/L) was added to the grape must to avoid oxidation. Subsequently, cold macer-
ation was conducted at 4 ◦C for 24 h, and the must was divided into triplicates. Sucrose
was added to the must to achieve a final alcohol concentration of 12% (w). Fermentation
was performed in 20 L bottles after yeast inoculation. Fermentation temperature was
maintained between 20 ◦C and 22 ◦C, and cap management to push the floating caps
into the juice was done thrice daily. For the analysis of the nitrogen compounds, aroma
compounds and other metabolites, fermented juice was sampled every 24 h. Each sample
was centrifuged for 10 min at 8000 rpm to remove yeast cells, and 20 mL of the supernatant
was collected and stored in a freezer at −20 ◦C until further analysis. After fermentation
(reducing sugar level < 2 g/L), clear wine was separated from skin and lees, followed by
sulfur dioxide addition (60 mg/L).

To determine the Pearson’s correlation coefficient between amino acids and fruity
esters during fermentation, spine grape must was divided into six groups for different
nitrogen supplements. Samples were analyzed before and after nitrogen addition to ensure
similar YAN concentrations in spine grape must and Cabernet Sauvignon grape must
(Table S3). Six different nitrogen supplements were used in the study, including IN, AA-
Ala, AA-Phe, AA-Ile, MAA, and IN+MAA (Table 1). The treatment IN+MAA was used in
an attempt to modulate the concentration of alanine, phenylalanine, and isoleucine in spine
grape must to the same level as that in Cabernet Sauvignon must, and the difference in
YAN was adjusted by DAP addition. MAA treatment was used to add the three key amino
acids multiple times to attain a final proportion similar to IN+MAA without DAP. All
supplements contained approximately 50 mg N/L YAN. After nitrogen supplementation,
YAN in spine grape and Cabernet Sauvignon must was between 185.3 and 187.9 mg N/L.
Similar alcoholic fermentation was carried out after nitrogen addition. All fermentation
experiments were performed in triplicate. Wine samples were stored at −20 ◦C until
further analysis.

Table 1. Composition of each nitrogen supplement.

Supplement Composition

IN DAP, 236 mg/L
AA-Ala Alanine, 318 mg/L
AA-Phe Phenylalanine, 589 mg/L
AA-Ile Isoleucine, 468 mg/L
MAA Alanine, 163 mg/L; phenylalanine, 71 mg/L; isoleucine, 170 mg/L

IN+MAA Alanine, 39 mg/L; phenylalanine, 17 mg/L; isoleucine, 39 mg/L; DAP, 178 mg/L

2.4. Amino Acid Analysis

Amino acids were analyzed by precolumn derivatization using DNFB as described by
Li et al. [23] with some modifications. For precolumn derivatization, 100 μL of clarified
wine or standard was mixed with 100 μL of 0.05 M NaHCO3 and 40 μL of DNFB solution
(5 mg/mL; w). The mixture was incubated in a water bath at 60 ◦C for 60 min in the dark.
After returning to room temperature, 760 μL of KH2PO4 buffer (0.01 M; pH 7.0) was added
to the tube, vortexed, and kept in the dark for 15 min.

Amino acids were analyzed in a Waters Alliance 2695 HPLC system (Milford, MA,
USA) using Agilent ZORBAX SB-C18 column (Analytical 4.6 × 250 mm; 5 micron). The
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solvent system consisted of mobile phase A (acetonitrile), mobile phase B (ultrapure water),
and mobile phase C (NaAc buffer; pH = 6.4). Samples were filtered through a nylon filter
(0.22 μm), injected (20 μL) onto the column, and eluted at 33 ◦C at a flow rate of 1 mL/min
according to the following gradient: initial—8% A, 8% B, 84% C; 0–2 min/8–15% A, 8–15%
B, 84–70% C; 2–4 min/15–7% A, 15–17% B, 70–66% C; 4–8 min/17–20% A, 17–20% B, 66–60%
C; 8–14 min/20–21% A, 20–22% B, 60–57% C; 14–24 min/21–28% A, 22–27% B, 57–45%
C; 24–27 min/28–28% A, 27–27%B, 45–45% C; 27–36 min/28–49% A; 27–49% B, 45–2% C;
and 36–40 min/49–8% A, 49–8% B, 2–84% C. The separated amino acid derivatives were
detected using Waters 2996 photodiode array detector at 360 nm. The external standard
method was used to qualitatively and quantitatively analyze the separated amino acids.

2.5. Organic Acid and Glycerol Analyses

Malic acid, acetic acid, citric acid, and succinic acid were determined in a Waters
Alliance 2695 HPLC system (Milford, MA, USA) with a Welch Ultimate AQ-C18 column
(Analytical 4.6 mm × 250 mm; 5 μm) at 30 ◦C. The column was eluted with 98% 0.02 mM
KH2PO4:2% methanol at 1 mL/min. The separated organic acids were detected using a
Waters 2996 photodiode array detector at 210 nm. Glycerol was measured with a Welch
Ultimate XB-NH2 column (Analytical 4.6 mm × 250 mm; 5 μm) at 30 ◦C. The column
was eluted with 85% acetonitrile at 1 mL/min. Glycerol was detected using a Waters
2410 refractive index detector. Glycerol and organic acids were quantitated using the
calibration curves.

2.6. Yeast Assimilable Nitrogen Analysis

Yeast assimilable nitrogen (YAN) was calculated using the following Equation (1):

YAN = TAN + Nammonium − Nproline (1)

where TAN indicates total amino nitrogen concentration, Nammonium indicates contribution
of nitrogen corresponding to ammonium, and Nproline indicates contribution of nitrogen
corresponding to proline.

The formaldehyde titration method was used to analyze the concentration of TAN
and Nammonium [24]. Briefly, 10 mL of filtered juice was titrated with NaOH solution until
neutralized (pH = 8.0), and then 2 mL of neutral formaldehyde (pH = 8.0) was added.
The mixture was titrated with NaOH solution until pH = 8.0. TAN and Nammonium were
calculated using the following Equation (2):

TAN + Nammonium = (V1 × C × 14 × D × 1000)/V2 (2)

where V1 indicates the volume of NaOH solution used in titration, C indicates the concen-
tration of NaOH titrant, D indicates dilution factor of juice sample, and V2 indicates the
volume of juice sample.

2.7. Quantification of Volatiles

The volatiles were analyzed using headspace solid-phase microextraction (HS-SPME)
coupled with GC–MS as described by Hu et al. [25]. A 50/30 μm DVB/CAR/PDMS fiber
(Supelco, Bellefonte, PA, USA) was used to extract the volatiles. In a 20 mL gas-tight vial,
2 g of NaCl, 2 mL of wine, 6 mL of pure water, and 20 μL of internal standard (16 mg/L,
2-octanol) were added and incubated in a 40 ◦C water bath with stirring at 600 rpm for
15 min, extracted for 30 min, and desorbed in the GC injection port (230 ◦C) for 5 min
using a Shimadzu QP2020 GC–MS (Shimadzu Corporation, Kyoto, Japan) and a DB-WAX
column (60 m × 0.25 mm × 0.25 μm; Agilent Corporation, Santa Clara, CA, USA). The
carrier gas used was helium (99.999%) at a flow rate of 1.5 mL/min. The GC program
was as follows: 40 ◦C for 3 min, raised to 160 ◦C at 4 ◦C/min, followed by an increase to
220 ◦C at 7 ◦C/min, and hold for 8 min. MS transfer line and ion source temperatures were
set to 220 ◦C and 200 ◦C, respectively. Electron ionization (EI) mass spectrometric data
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from m/z 35 to 350 were scanned at 0.2 s intervals. Esters were identified by comparing
their retention time and mass spectra with those of pure standards using the NIST 17 mass
spectral library. Target compound concentration was calculated by interpolation of relative
areas in the calibration graphs obtained with the pure reference compound (2-octanol).

2.8. Statistical Analysis

All experiments were performed at least in duplicate. Data were expressed as mean
± standard deviation. One-way analysis of variance (ANOVA) was used to compare the
means with Duncan’s test. Data correlation was evaluated using bivariate (two-tailed)
Pearson correlation coefficient (r) in SPSS 23.0 (IBM Corp., Armonk, IL, USA).

3. Results

3.1. Evolution of Amino Acids and Fruity Esters during Alcoholic Fermentation

We investigated the dynamic evolution of 13 amino acids in spine grape and Cabernet
Sauvignon during alcoholic fermentation (Table S4). Total amino acid content (except
proline) of spine grape must was more than that of Cabernet Sauvignon must. In spine
grape must, aspartic acid, valine, glutamic acid, GABA, and arginine levels were signifi-
cantly (p < 0.01) more than those in Cabernet Sauvignon grape must, while proline, alanine,
phenylalanine, and isoleucine levels were significantly less than those in Cabernet Sauvi-
gnon grape must (Figure 1). With progress in alcoholic fermentation, almost all amino acids
gradually decreased, except proline and tyrosine. Proline was not assimilated and finally
produced by yeast, and tyrosine content decreased slightly during Cabernet Sauvignon
fermentation and increased during spine grape fermentation.
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Figure 1. Concentrations of total amino acid (except proline), alanine, isoleucine, and phenylalanine in Cabernet Sauvignon
and spine grape must. Difference significant at 99% (**) confidence level.

Evolution of fruity esters during alcoholic fermentation was monitored by HPME-
GC-MS (Figure 2, Tables S5 and S6). Acetates and ethyl esters rapidly increased once
fermentation started, and the highest ethyl acetate and short-chain fatty acid ethyl ester
(SCFAEE) levels were detected at the end of fermentation. In contrast, acetates of higher
alcohols (AHAs) and medium-chain fatty acid ethyl esters (MCFAEEs) decreased during
the later stage of fermentation (day 7 to day 12). The level of ethyl acetate in spine grape
wine was 58% of that in Cabernet Sauvignon wine, AHA was 5%, SCFAEE was 89%, and
MCFAEE was 67%.
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Figure 2. Evolution of fruity esters during Cabernet Sauvignon and spine grape alcoholic fermen-
tation: (a) Ethyl acetate, (b) Acetate of higher alcohol, AHA, (c) Short-chain fatty acid ethyl ester,
SCFAEE, (d) medium-chain fatty acid ethyl ester, MCFAEE. AHAs included isobutyl acetate, isoamyl
acetate, hexyl acetate, and β-Phenylethyl acetate; SCFAEEs included ethyl butyrate; and MCFAEEs
included ethyl hexanoate, ethyl octanoate, and ethyl decanoate.

3.2. Correlation Analysis and Identification of Goal-Directed Amino Acid

To estimate the goal-directed amino acid, Pearson correlation analysis was used to
establish a fitting model between the amino acid profile and fruity ester levels in spine grape
and Cabernet Sauvignon grape during fermentation (Table S7), and the differences in these
Pearson’s correlation coefficients (r) were further assessed (Table 2). During fermentation,
almost all amino acids were rapidly consumed and the fruity ester content gradually
increased, thus all r values were negative. Correlation coefficients between these amino
acids and AHAs were slightly less than those during Cabernet Sauvignon fermentation,
nevertheless, a correlation coefficient similar to or higher than that of Cabernet Sauvignon
fermentation was observed between the amino acids arginine, aspartic acid, glutamic
acid, GABA, and valine and the fruity esters SCFAEEs and MCFAEEs during spine grape
fermentation. In contrast, the correlation coefficients between the amino acids alanine,
phenylalanine, and isoleucine, and the fruity esters AHAs, SCFAEEs, and MCFAEEs
during fermentation of spine grape were less than those during fermentation of Cabernet
Sauvignon. As mentioned in Section 3.1, arginine, aspartic acid, glutamic acid, GABA,
and valine levels in spine grape must were more than those in Cabernet Sauvignon grape
must, while alanine, phenylalanine, and isoleucine levels were less than those in Cabernet
Sauvignon grape must. These findings indicate that the lesser abundance of alanine,
phenylalanine, and isoleucine may have led to lower fruity ester production during spine
grape fermentation. Therefore, alanine, phenylalanine, and isoleucine were used for
nitrogen supplementation.
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Table 2. Difference in Pearson’s correlation coefficients (r) during Cabernet Sauvignon and spine
grape fermentation. Data were calculated by rcabernet sauvignon − rspine grape, where rcabernet sauvignon

indicates the correlation coefficient of Cabernet Sauvignon fermentation and rspine grape indicates the
correlation coefficient of spine grape fermentation. Red cell means the correlation coefficient during
spine grape fermentation was less than that during Cabernet Sauvignon fermentation. The darker
the red, the weaker the correlation between the amino acids and fruity ester during spine grape
fermentation. AHA, acetate of higher alcohol; SCFAEE, short-chain fatty acid ethyl ester; MCFAEE,
medium-chain fatty acid ethyl ester.

Amino Acid AHAs SCFAEEs MCFAEEs

Total AAs −0.274 −0.011 −0.075
Arg −0.185 −0.010 0.031
Asp −0.186 0.080 −0.002
Glu 0.038 0.123 0.143

GABA −0.164 0.149 −0.044
Leu −0.143 0.011 −0.002
Met −0.101 0.095 0.072
Trp −0.123 0.004 0.024
Val −0.136 −0.064 0.045
Ala −0.251 −0.156 −0.022
Ile −0.099 −0.020 −0.157

Phe −0.406 −0.266 −0.237

3.3. Modification of Fruity Ester Production under Nitrogen Supplementation

Based on the results described in Section 3.2, different nitrogen sources were supple-
mented to the six groups of spine grape must with Cabernet Sauvignon control (CK-CS)
and spine grape control (CK-SP) (Table S3). Fruity esters, especially ethyl acetate, AHAs,
and MCFAEEs, in MAA and IN+MAA treatments were considerably more than that
in CK-SP and their levels reached or even exceeded the ester levels in CK-CS (Table 3).
A significant increase in ethyl acetate concentration was observed in MAA, which was
2.1-fold and 1.5-fold more than CK-SP and CK-CS, respectively, and even 1.6-fold more
than that in the IN+MAA treatment. Meanwhile, the content of FAEEs was 1.2-fold less
than that in IN+MAA treatment. These findings show that a comprehensive supplementa-
tion of alanine, phenylalanine, and isoleucine significantly influences the production of
fruity esters.

With single nitrogen supplements, no significant difference was observed in the
acetate and FAEE levels between inorganic nitrogen treatment (DAP addition, IN) and
CK-SP. AA-Ala led to significantly higher levels of ethyl acetate, SCFAEEs, and MCFAEEs
compared with other single amino acid supplements. AA-Phe and AA-Ile showed no
significant increase in ethyl acetate content, while AA-Ile reduced the content. However,
AHA production with AA-Ala was less than with AA-Phe and AA-Ile. AA-Phe significantly
increased phenethyl acetate content, and AA-Ile significantly increased isobutyl acetate and
isoamyl acetate levels. AA-Phe and AA-Ile increased FAEE content compared to CK-SP; no
significant difference was observed compared with IN+MAA treatment.
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3.4. Analysis of Extracellular Metabolites and Precursors Involved in Fruity Ester Synthesis

Fruity ester precursors and corresponding extracellular metabolites, including higher
alcohols (isobutanol, isopentanol, 1-hexanol, and 2-phenylethanol), volatile linear fatty
acids (hexanoic acid, octanoic acid, and decanoic acid), and carbon-metabolism-derived
extracellular metabolites (L-malic acid, acetic acid, citric acid, succinic acid, and glycerol),
under different treatments were analyzed (Tables 3 and 4). Nitrogen supplementation
significantly increased the levels of higher alcohols and fatty acids. AA-Phe and AA-Ile
dramatically increased the higher alcohol level; AA-Phe increased 2-phenylethanol content
(5-fold compared with CK-SP); and AA-Ile increased the isoamyl alcohol level (1.8-fold
compared with CK-SP), whereas AA-Ala and IN+MAA did not contribute to higher alcohol
production. In contrast, AA-Ala, AA-Phe, and IN+MAA treatments significantly enhanced
the production of medium-chain fatty acids (MCFAs). Analysis of carbon-metabolism-
derived extracellular metabolites indicated that CK-CS had the highest organic acid content
while AA-Ile produced the highest amount of glycerol. All nitrogen treatments reduced
citric acid content in spine grape wine. Compared with CK-SP, the treatments AA-Ala,
AA-Phe, AA-Ile, and MAA led to a significant increase in glycerol content in spine grape
wine while IN+MAA led to a significant decrease in glycerol, malic acid, and citric acid
levels. Other nitrogen treatments, except AA-Phe, increased acetic acid content. In addition,
IN+MAA produced the highest level of extracellular succinic acid, while other treatments
had no significant effect on succinic acid production.

Table 4. Concentrations of extracellular metabolites in wines obtained from different nitrogen nutrient treatments (g/L).
Data are mean ± standard deviation. Values displaying different letters within each row are significantly different according
to the Duncan test at 95% confidence level. The Duncan test was carried out in columns CK-SP, IN, MAA, and IN+MAA.
CK-CS, Cabernet Sauvignon control; CK-SP, spine grape control; IN, DAP supplement; AA-Ala, single alanine supplement;
AA-Phe, single phenylalanine supplement; AA-Ile, single isoleucine supplement; MAA, mixed nitrogen supplement with
alanine, phenylalanine, and isoleucine; IN+MAA, mixed nitrogen supplement with DAP, alanine, phenylalanine, and
isoleucine.

Compounds CK-CS CK-SP IN AA-Ala AA-Phe AA-Ile MAA IN+MAA

Glycerol 7.47 ± 0.12 7.26 ± 0.22b 7.36 ± 0.28ab 7.65 ± 0.24 7.63 ± 0.19 7.76 ± 0.26 7.73 ± 0.30a 6.98 ± 0.15c
Malic acid 2.51 ± 0.14 0.78 ± 0.04a 0.72 ± 0.01a 0.65 ± 0.01 0.71 ± 0.01 0.67 ± 0.01 0.73 ± 0.02a 0.64 ± 0.01b
Acetic acid 1.41 ± 0.01 0.71 ± 0.04b 0.67 ± 0.03b 0.77 ± 0.07 0.66 ± 0.03 0.74 ± 0.01 0.85 ± 0.03a 0.81 ± 0.01a
Citric acid 0.70 ± 0.06 0.33 ± 0.08a 0.33 ± 0.04a 0.25 ± 0.01 0.22 ± 0.01 0.25 ± 0.01 0.22 ± 0.01ab 0.19 ± 0.01b

Succinic acid 4.61 ± 0.10 1.01 ± 0.02b 1.06 ± 0.02b 0.92 ± 0.01 1.11 ± 0.01 0.92 ± 0.04 1.03 ± 0.01b 1.22 ± 0.04a

Furthermore, the differences in yeast extracellular metabolites involved in MCFA and
acetate synthesis pathways are illustrated in Figure 3. Only MAA and IN+MAA treatments,
which resulted in significant modification of fruity ester profile, were selected in Figure 3
while CK-SP and IN were used as controls. Compared with CK-SP and IN, IN+MAA
treatment decreased glycerol and acetic acid levels and increased citric acid, succinic acid,
ethyl octanoate, and ethyl decanoate levels. In contrast, IN had no significant influence
compared with CK-SP.
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S. cerevisiae

Figure 3. Redistribution of carbon fluxes in the central metabolic network by different nitrogen treatments. PYR, pyruvate;
GA3P, glyceraldehyde 3-phosphate; ACTA, acetaldehyde. Data are mean ± standard deviation. Differences are significant at
95% (*), 99% (**)confidence level. AHA, acetate of higher alcohol; MCFA, medium-chain fatty acid; MCFAEE, medium-chain
fatty acid ethyl ester; CK-SP, spine grape control; IN, DAP supplement; MAA, mixed nitrogen supplement with alanine,
phenylalanine, and isoleucine; IN+MAA, mixed nitrogen supplement with DAP, alanine, phenylalanine, and isoleucine.

4. Discussion

Amino acids are important factors involved in the synthesis of fermentation-derived
aroma compounds. Studies have correlated amino acid profiles with grape varieties [26].
In this study, we show differences in amino acid composition and consumption dynamics
during fermentation between spine grape and Cabernet Sauvignon. S. cerevisiae has a
nitrogen-catabolite repression (NCR) system that suppresses alanine assimilation until
ammonium gets exhausted from the media. Therefore, alanine is always consumed late [27].
Here, the start of alanine consumption was delayed by more than 3 days during Caber-
net Sauvignon fermentation, while it was consumed rapidly to depletion during spine
grape fermentation. Meanwhile, tyrosine was not consumed in large amounts in either
system. This observation is consistent with the findings of Gao et al. [28] who reported
that tyrosine is not fully consumed during wine alcoholic fermentation due to the pres-
ence of aromatic amino acid biosynthetic pathway in certain S. cerevisiae [29]. However,
Garde-Cerdán et al. [10] showed complete consumption of tyrosine during alcoholic fer-
mentation of four different V. vinifera varieties. These contradictory results indicate that
tyrosine evolution might be highly dependent on fermentation conditions. The levels of
leucine, tryptophan, and methionine were not different between the two grape varieties.
Alanine, isoleucine, and phenylalanine were lowest in spine grape must while their levels
were still within the rational concentration range [1]. Moreover, yeast cannot assimilate
proline [30], and therefore, its evolution and correlation with esters are not discussed.

Fruity esters are the main aroma compounds in wine [31]. Only a few studies have
so far focused on aroma compounds in spine grape wine. Meng et al. analyzed the
characteristic aroma components in spine grape berries instead of spine grape wine [32].
Kong et al. analyzed ester content in spine grape wine without comparing it with other
types of wine and found that the fruity ester content in spine grape wine was significantly
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less than that in Cabernet Sauvignon wine [20]. Fruity esters, which are the fermentative
volatiles, contributed significantly to the aroma of spine grape wine. This indicates that a
low level of fruity esters is responsible for the weak fruity aroma of spine grape wine.

The amino acid profile of grapes and wine varied between varieties [33]. Different
methods have been used to establish a model to determine the correlation between amino
acids and aroma compounds. Procopio et al. [8] established a fingerprint of the amino
acid and aroma compound profiles by partial least-squares regression (PLS) analysis, and
Fairbairn et al. [7] established a linear model between amino acids and volatile aroma
components of synthetic juice. In this study, Pearson’s correlation was used to determine
the association between amino acid profile and fruity ester content during spine grape and
Cabernet Sauvignon grape fermentation. The analysis revealed that alanine, phenylalanine,
and isoleucine at low levels and with low correlation coefficients may have led to limited
fruity ester production during spine grape fermentation, which is in accordance with
our previous study that the low content of specific amino acids could negatively affect
ester productions during alcoholic fermentation [22]. Accordingly, we speculate that
the modification of amino acid profile in spine grape must by supplementing alanine,
phenylalanine, and isoleucine has the potential to increase fruity ester production.

Studies have shown that amino acid addition affects wine ester concentration [7,12,34].
Generally, nitrogen management during winemaking is based on the catabolism of the
amino acids combined with de novo synthesis of proteinogenic amino acids [16,17]. How-
ever, there are limited studies on amino acid supplementation based on the amino acid
profile of grape must and on the correlation between amino acids and aroma compounds.
We found that goal-directed supplementation of amino acids led to significant increase in
the production of AHAs and MCFAEEs. In contrast, IN had no significant effect on fruity
ester content. Earlier, Hernández-Orte et al. reported no effect of DAP supplementation on
the ester content of synthetic juice [35]. Meanwhile, Vilanova et al. [4] showed an increase
in ethyl ester content with DAP supplementation. These differences in findings may be
due to the differences in nutrient availability and yeast strains [2]. Amino acid utilization
via Ehrlich pathway had pronounced effects on the balance between higher alcohols and
corresponding acetate esters. In the present study, AA-Phe and AA-Ile caused a higher
production of β-phenylethyl acetate and isoamyl acetate due to increase in 2-phenylethanol
and isoamyl alcohol precursors. However, AA-Ile had no marked effect on total MCFAEE
content and, similar to AA-Phe, had reduced ethyl acetate production. In contrast to
AA-Phe and AA-Ile, AA-Ala significantly enhanced ethyl acetate production. This may
be because alanine is converted to pyruvate [36], a main precursor of acetyl-CoA, and
the accumulation of acetyl-CoA could have led to increase in ethyl acetate and fatty acid
biosynthesis [15,37]. To conclude, AA-Ala enhanced fruity ester production; however,
AHA and MCFAEE levels in AA-Ala were less than that in IN+MAA.

Despite similar YAN content, differences in amino acid composition significantly
influenced the ester content in wine. The production of fruity esters was considerably
higher under both MAA and IN+MAA treatments; however, a higher (2.1-fold) increase
in ethyl acetate content with MAA treatment may lead to off-flavor and finally decreased
wine quality [38]. Meanwhile, IN did not contribute to fruity ester production. Single
amino acid supplements led to an imbalance in the fruity ester profile. Therefore, IN+MAA,
a balanced and goal-directed amino acid supplement, can be used to enhance fermentative
aroma quality of spine grape wine.

In addition to the aroma compounds produced during fermentation, changes in
metabolic intermediates also greatly affect wine ester profile. Amino acids act as precur-
sors of fermentation-derived aroma compounds principally via the Ehrlich pathway [14].
Research has indicated that transamination of amino acids is essential for the subsequent
redistribution of nitrogen for the de novo synthesis of proteinogenic amino acids [16],
which consequently releases α-keto acid intermediates [39]. Crepin et al. [16] showed
that the carbon skeletons of consumed amino acids contribute less to the production of
volatile compounds. This is in contrast to the findings of Fairbairn et al. who reported that
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even minor changes in the amino acid profile of synthetic grape must significantly influ-
ence volatile production [7]. These contradicting results indicated an interaction between
carbon and nitrogen metabolism for the production of aroma compounds. Accordingly,
we analyzed fruity ester precursors and corresponding extracellular metabolites to illus-
trate the mechanism involved in fruity ester production. CK-SP, CK-CS, IN, and AA-Ile
showed lower production of MCFAs, which are markers for limited acetyl-CoA levels [40].
Saerens et al. [41] showed that the level of fatty acids is the most limiting factor in ethyl
ester production. An increase in MCFA production enhanced MCFAEE production [25].
Studies have shown that nitrogen management positively influences fatty acid biosynthesis
via intensified glycolysis, impaired TCA cycle, and enhanced metabolic fluxes channeling
pyruvate and acetyl-CoA [42]. Similarly, IN+MAA, the goal-directed supplementation
of specific amino acids in moderate amounts based on the levels in Cabernet Sauvignon,
seemingly triggered carbon-flux redistribution combined with an increase in α-keto acid
precursors via the central carbon metabolism. These mechanisms led to higher acetyl-
CoA and MCFA-CoA levels and enhanced MCFA production, which finally improved the
contents of corresponding ethyl esters in spine grape wine. To conclude, IN+MAA may
redistribute carbon flux and favor fruity ester production.

Other treatments also have led to an increase in MCFA and MCFAEE, which supports
that amino acid supplements favor fruity ester production. AA-Ala improved MCFA
production, while it resulted in lesser AHA production compared with IN+MAA. Ac-
etate esters are synthesized from alcohols and acetyl-CoA by alcohol acetyltransferases
(AATases) [43]. Amino acid profiles in grape juice influence the redox potential [44], which
can modulate the enzymatic activity or gene expression [45] thereby affecting wine ester
production. The variation in the formation of AHA derivatives from their precursors may
be due to an imbalance in the amino acid profile that affects the intracellular redox poten-
tial. This might have led to limited activity or expression of AATases [45] under excessive
supplementation of specific amino acids (MAA and AA-Ala). Besides, MAA treatment
led to an increase in glycerol, acetic acid, citric acid, succinic acid, and ethyl acetate levels.
This may be due to the increase in total carbon fluxes derived from the carbon skeletons
of these specific amino acids and resultant increase in metabolites of carbon metabolism
pathway [17]. However, in-depth studies are needed to reveal the transcriptomic and
metabolomic differences under goal-directed amino acid supplementation.

5. Conclusions

This work demonstrates a change in fruity ester production with goal-directed amino
acid supplementation during alcoholic fermentation of spine grape. Alanine, phenylalanine,
and isoleucine may be the defect in the amino acid profile of spine grape must that lowered
fruity ester production. Supplementation of these three amino acids based on the amino
acid profile of Cabernet Sauvignon grape must dramatically enhanced the fruity ester
content in spine grape wine. In addition, modification of the amino acid profile triggered
carbon-flux redistribution, promoted MCFA production, and, finally, enhanced MCFAEE
content. However, further work is needed to reveal the molecular mechanisms of fruity
ester biosynthesis under nitrogen intervention.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/fermentation7040231/s1, Table S1: Qualitative and quantitative information of chromato-
graphically pure standards in HPLC analysis, Table S2: Qualitative and quantitative information of
chromatographically pure standards in SPME-GC-MS analysis, Table S3: Concentrations of yeast
assimilable nitrogen in different nitrogen treatments and controls, Table S4: Evolution of amino acid
content during alcoholic fermentation of spine grape and Cabernet Sauvignon grape (μmol/L), Table
S5: Concentrations of wine fruity esters during alcoholic fermentation of Cabernet Sauvignon grape
(μg/L), Table S6: Concentration of wine fruity esters during alcoholic fermentation of spine grape
(μg/L), Table S7: Pearson’s correlation coefficients (r) between amino acids and wine fruity esters
during alcoholic fermentation, Table S8 Physiochemical indices of wine samples.
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Abstract: The aim of this study is to comprehensively investigate the aroma composition and
sensory attributes of Vidal icewine fermented with four yeast strains (ST, K1, EC1118, and R2). A
total of 485 kinds of volatile components were identified by comprehensive two-dimensional gas
chromatography-time of flight mass spectrometry, among which 347 kinds of volatile compounds
were the same in four kinds of sample. The heat map was conducted with 156 volatile compounds,
which have aroma contributions, and the analysis results identified the characteristics of the aroma
composition of icewine fermented with different yeasts. Quantitative descriptive analysis was
performed with a trained panel to obtain the sensory profiles. The aroma attributes of honey and nut
of the icewine fermented by R2 were much higher than others. Partial least squares discriminant
analysis further provided 40 compounds that were mainly responsible for the differences of the
aroma characteristics of the icewines fermented by four yeasts. This study provides more data on the
current status of Vidal icewines by main commercial yeasts.
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1. Introduction

Icewine is a unique sweet wine, made by delaying grape harvest, freezing, and air-
drying the fruits hanging on the branches at −7 ◦C (EU regulations) and −8 ◦C (Canada,
Vintners Quality Alliance 1999), pressing and low-temperature sugar-preserving fermenta-
tion in the freezing state. The ripening condition of icewine grapes at low temperatures is
quite different from that of ordinary wine grapes. In this stage, the grapes are dried and
shriveled, and the flavor substances such as sugar and aroma are continuously “concen-
trated”. Therefore, icewine has more unique flavor characteristics than ordinary wine [1].
At present, only a few countries in the world (Canada, Germany, Austria, Switzerland,
China, etc.) can produce icewine in a few regions [2]. In addition, the special post-freezing
ripening process requires the ice grape berries to have thick skins, easy to preserve, and
the ice grape to resist cold. Vidal is a hardy hybrid grape that is grown mainly in Canada
and the northeastern United States. It has thick skin, strong resistance to cold, and high
natural acidity, thus good for icewine [1,3].

Similar to regular wines, the aroma is also a core factor in determining the quality of
icewine [4]. In general, the aroma of icewine is mainly influenced by grape raw material
and vinification, and among the vinification, the yeast is one of the important factors
to determine the aroma characters of icewine [5]. During fermentation, yeast converts
sweet and low-aroma grape juice into high-aroma wine through the glycolytic pathway.
In this process, the fructose and glucose are converted to ethanol, carbon dioxide, and
volatile metabolites [6–8]. Furthermore, many volatile metabolites are also released from
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non-volatile grape-derived precursors by yeast enzymes [9]. Unlike the regular grapes, the
grapes for making icewine have to be harvested in their naturally frozen state and pressed
while still frozen under a higher-than-normal pressure. Normally, the sugar concentration
of grape juice for making icewine reach a minimum 35◦ Brix, and sometimes it can be as
high as 50◦ Brix [10]. However, the more noteworthy are the challenges of making icewine
that is caused by the high reducing sugar and viscosity of ice grape juice. The high sugar
fermentation environment means that it takes longer for icewine to reach the expected
alcohol content, sometimes even last for several months. Besides, high sugar also can cause
high osmotic stress, which leads to the higher volatile acid content of icewine than ordinary
wine [11]. For all of this, special measures should be taken to ensure the safety of long-term
fermentation, the excellent quality, the harmony of taste, and the volatile acid content of
icewine. The main methods are selecting appropriate yeast and controlling fermentation
temperature, especially the yeast species that have significant effects on the formation of
acetic acid and glycerol, the fermentation speed, and the sensory properties of icewine [1].

Due to the ability to ferment under high-sugar conditions, be alcohol-tolerant, and
produce relatively lower volatile acidity, V1116 (Saccharomyces cerevisiae), ST (S. cerevisiae),
N96 (S. cerevisiae), EC1118 (S. bayanus), R2 (S. bayanus), VL1 (S. cerevisiae), and AWRI 1572 (a
hybrid between S. cerevisiae and S. bayanus) are normally utilized to ferment icewine [12–15].
Erasmus et al. (2004) [13] found that N96 and EC1118 could be used to produce high-
quality icewine with a strong fruit aroma and low sulfur-like aroma level by studying the
differences of seven commercial yeast strains (ST, N96, VIN13, VIN7, EC1118, 71B, V1116)
in Riesling icewine production. Crandles et al. (2015) [12] researched the aroma compounds
of icewine fermented by different yeasts (V1116, VL1, EC1118, natural fermentation) and
found that yeast strain impacted odor-active compounds in Riesling and Vidal icewines,
but yeast effects depended upon cultivar and vintage. Synos et al. (2015) [16] used three
kinds of yeast (V1116, EC1118, VL1) to ferment and compare with natural fermentation
in Cabernet Franc icewine. It was found that the content of aroma active substances in
EC1118 and naturally fermented icewine was the highest, but there were great differences
between them in the kinds of aroma active substances. Pigeau et al. (2007) [17] studied
the effects of ice grape juice with a sugar content over 40 Brix on fermentation, and the
results showed that with the increase of ice grape juice sugar content, more acetic acid and
glycerol were produced during fermentation, the opposite was that the yeast growth rate
and ethanol production were reduced. However, studies assessing yeast effects on icewine
aroma compounds are still uncommon, especially in Vidal icewine.

In this work, volatile compounds and sensory were evaluated in Vidal icewine fer-
mented by four different commercial yeasts using comprehensive two-dimensional gas
chromatography-time of flight mass spectrometry (GC×GC-TOFMS) and quantitative
descriptive analysis (QDA), respectively. Furthermore, relationships between the aroma
compounds and sensory attributes were analyzed by multivariate statistical analysis to
compare the differences and characteristics of volatile components in icewine fermented
by different yeasts. The aim of this study was to comprehensively investigate aroma
characteristics in Vidal icewine and to provide more data on the current status of Vidal
icewine by main commercial yeasts.

2. Materials and Methods

2.1. Icewine Samples

Experimental Vidal icewines were available from Vidal grapes harvested from ChangYu
Winery in Huanren-on-the-Huanlong Lake, LiaoNing province, China, in 2018. The total
sugar and total acid (in tartaric acid) were 380.5 g/L and 9.1 g/L for the icewine juice,
respectively. The icewine samples were fermented by 4 different commercial yeasts (ST, K1,
EC1118, R2) at 0.2 g/L—in three replicates for each one (n = 3). The alcoholic fermentation
temperature was 13 ± 1 ◦C in 10 L carboys with 100 mg/L of K2S2O5. Fermentation
proceeded until sugar consumption by yeast stopped, after which carboys were moved
to a −2 ◦C chamber for cold stabilization. The icewine samples were then racked off the
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gross lees and bottled for analysis. At bottling, 50 mg/L K2S2O5 were added. Details of the
icewine samples are provided in Table 1 (the physico-chemical method of wine based on
GB/T 15037-2006).

Table 1. Summary of icewine samples by four different commercial yeast strains.

Treatment
Residual Sugar

(g/L)
Ethanol
(%, v/v)

Titratable Acidity
(g/L)

Acetic Acid
(g/L)

pH

EC1118 183.45 ± 1.22 10.5 ± 0.1 11.2 ± 0.5 1.11 ± 0.02 3.51
R2 170.21 ± 1.05 11.4 ± 0.2 12.8 ± 0.4 1.40 ± 0.02 3.45
K1 181.33 ± 2.11 10.6 ± 0.1 12.1 ± 0.4 1.22 ± 0.03 3.52
ST 178.92 ± 1.57 10.8 ± 0.1 12.2 ± 0.3 0.92 ± 0.11 3.52

2.2. Chemicals and Reagents

All chemical standards and internal standards (IS) were of the highest available
purity (GC-grade). The analytical standards employed for the positive identification of
the aroma compounds were obtained from Sigma-Aldrich (St. Louis, MO, USA) with at
least 97% purity. n-hexyl- d13-alcohol (≥98, IS1), 2-methoxy-d3-phenol (≥98, IS2), menthyl
acetate (≥98, IS3) were purchased from ANPEL Scientific Instrument Co., Ltd. (Shanghai,
China). Ethanol (99.9%, HPLC grade) was purchased from Sigma-Aldrich (Shanghai,
China). Sodium chloride (NaCl) was purchased from China National Pharmaceutical
Group Corp. Ultrapure water was obtained from a Milli-Q purification system (Millipore,
Bedford, MA, USA). Four different S. cerevisiae (ST, K1, EC1118, R2) were purchased from
France Lallemand Co., Ltd., Paris, France.

2.3. Descriptive Sensory Analysis (DA)
2.3.1. Panel

Panel candidates were recruited among students and employees of the school of
Biotechnology in Jiangnan University. The candidates were selected based on interest,
health status, availability, and familiarity with wine using an initial recruitment question-
naire. Thereafter, the candidates were required to complete sensory ability tests for aroma
identification, ranking, and response scales (10 cm unstructured scale, ranging from “none”
on the left end to “strong” on the right end) [18]. A total of 30 candidates were selected
who had achieved at least 70% acuity and were available during the designated time. The
general training schedule consisted of 16 h (2 h/week) for introduction to sensory analysis,
aroma description and identification, ranking, and triangle tests [19]. Commercial icewines
were provided for descriptive tests after 2 to 3 months of general training. The consistency,
discernibility, and repeatability of panelists were then evaluated. A total of 12 assessors
(5 females and 7 males, aged between 21 and 31 years old) with good sensory perfor-
mance according to the evaluation were finally selected to participate a further training of
descriptive analysis.

2.3.2. Training

The training process was the same as the previous method [20] and took 3 months
(once a week). Firstly, 6 descriptors (nut, tropical fruit, apricot, honey, caramel, and rose)
of Vidal icewines were obtained by a panel discussing to describe the icewine flavor.
Then, assessors were trained for the identification and intensive evaluation of the selected
descriptors with reference standards. The reference standards were prepared by adding
corresponding aroma standards from Le nez du vin (Jean Lenoir, Provence, France) to
10% v/v aqueous ethanol (pH 3.4) and diluted in series. The sensory reference standards
of the 6 descriptors are shown in Table S1. The assessors’ performance was assessed by
PanelCheck in terms of their ability in consistency, stability, and repeatability for giving
scores before sample evaluation.
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2.3.3. Sample Evaluation

Samples were provided to assessors in standard wine glasses covered, coded with
random 3-digit numbers, and containing 30 mL icewine (8–12 ◦C) per glass [21]. Each
assessor scored the icewines for each attribute with unipolar 10 cm line scale [22], anchored
on the left end with 0 (none) means low intensity, and on the right end with 10 (extreme).
Scores were converted to scores from 0 to 10 and exported to an Excel spreadsheet. Between
samples, the panelists were asked to take a short break and smell the water to minimize
any carry-over effect from the previous sample. All the testing took place in isolated booths
illuminated with standard yellow light to eliminate color differences at 20 ◦C. All sample
evaluation was performed in duplicate.

2.4. Analysis of Volatile Aroma Compounds

Headspace solid-phase microextraction coupled with comprehensive 2-dimensional
gas chromatography and time-of-flight mass spectrometry (HS-SPME-GC×GC-TOFMS)
was employed to determine the volatile profile of the icewine samples, and each sample
was analyzed in 3 replicates. Based on previously described methods with slight mod-
ifications [23], 5 mL of icewine were placed into 20 mL glass with a silicon septum and
saturated with 1.5 g of NaCl. Internal standard mixture (10 uL; IS1: n-hexyl- d13-alcohol,
403.76 μg/L; IS2: 2-methoxy-d3-phenol, 197.6 μg/L; IS3: menthyl acetate, 20.08 μg/L) was
added as an internal standard used for the semi-quantification of aroma compounds. A
MultiPurpose autosampler (Gerstel GmbH and Co. KG, Mülheim an der Ruhr, Germany)
with a 50/30 μm divinylbenzene/Carboxen/polydimethylsiloxane (DVB/CAR/PDMS)
fiber (2 cm; Supelco Inc., Bellefonte, PA, USA) was used to extract the volatile compounds
from the headspace of the sample vial based on the previous work with slight modifications.
The sample was equilibrated at 50 ◦C for 5 min and then extracted for 45 min under stirring
(250 rpm). After extraction, the fiber was inserted into the gas chromatograph injection
port (250 ◦C) and desorbed for 5 min (splitless) to GC × GC-TOFMS analysis.

A LECO Pegasus 4D GC × GC-TOFMS instrument (LECO Corporation, St. Joseph, MI,
USA) equipped with an Agilent 7890B gas chromatograph (Agilent Technologies, Palo Alto,
CA, USA) was used in GC × GC-TOFMS analysis. A polar/moderately polar column set
was optimized for the GC × GC separation. The first dimension (1D) column was DB-FFAP
column (60 m × 0.25 mm i.d. and 0.25 μm film thickness, Agilent Technologies Inc., Santa
Clara, CA, USA), and the second dimension (2D) column was Rxi-17Sil MS Cap. column
(1.5 m × 0.25 mm i.d.and 0.25 μm film thickness, Restek Technologies Inc, Bellefonte, PA,
USA). The oven temperature of the first column was held at 45 ◦C for 2 min, ramped at
4 ◦C/min to 230 ◦C, held for 15 min. The temperature of the second column was held at
40 ◦C for 2 min, ramped at 5 ◦C/min to 250 ◦C, held for 5 min. A quad-jet, dual-stage
thermal modulator was equipped between the 1D and 2D columns. The modulation period
as set for 4 s with a 1 s hot pulse time. Helium (99.9995% purity) was used as the carrier gas
at a constant flow of 1.0 mL/min. For the TOFMS system, the temperatures of the transfer
line and ionization sources were 280 and 230 ◦C, respectively. Electron impact mass spectra
were recorded at 70 eV, and the acquisitions were performed over an m/z scan range of
35–400 amu.

LECO ChromaTOFTM Workstation (version 4.44) was used for all acquisition con-
trol and data processing. Automated peak detection and spectral deconvolution were
employed. The minimum value for the signal to noise (S/N) ratio necessary to record a
chromatographic peak was set as 50 in GC × GC. The positive identification of the com-
pounds was achieved by comparing the retention data and mass spectra of the standard
compounds. For unavailable standards, tentative identification of the compounds was
achieved by comparing their experimental retention indices (I) with the retention indices
reported in the scientific literature (IT). A compound was considered to be tentatively identi-
fied if the similarity between mass spectrometric information of each chromatographic peak
and the National Institute of Standards and Technology (NIST) mass spectra library was at
least 75%, and the difference between I and IT did not exceed 30 units. Semi-quantitative
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analysis was performed in triplicate, and average values of concentration were used in
further data elaboration.

2.5. Statistical Analysis

Panelcheck (version 1.4.2, Nofima Mat and DTU-Informatics and Mathematical Mod-
elling, Norway) was used to assess the consistency, discernibility, and repeatability of the
results from panelists. Partial least squares (PLS) regression analysis was conducted using
XLSTAT software (version 2014; Addinsoft, Paris, France), employed to investigate the
relationships between the compositional variables (x data) and the sensory attributes (y
data) in icewine samples fermented by 4 different yeast strains. Heatmap were visualized
with Gephi (Version 0.9.1) using classic FruchtermanReingold algorithm.

3. Results and Discussion

3.1. Samples of Icewines

The four commercial yeast strains produced icewines with small differences in residual
sugar values (170.21–183.45 g/L), pH (3.45–3.52), ethanol values (10.5–11.4%), and TA
(11.2–12.8 g/L) (Table 1). These results are consistent with Fuleki (1994) [14], who also
found that little differences in Riesling icewines fermented by five commercial yeasts.
Furthermore, R2 icewines contained the lowest residual sugar, had the lowest pH, and
highest ethanol.

Acetic acid is a key indicator during the wine-making progress, and its content
determines the quality of wine directly. Equally, acetic acid is important to the production
of icewine. The yeast will be exposed to a high osmotic pressure due to the high sugar
concentration of ice grape juice, which results in yeast metabolism abnormality. On the one
hand, achieving the desired alcohol content needs to take more time. On the other hand,
high osmotic pressure will lead to the formation of a large number of volatile acids that
are dominated by acetic acid [13,24]. Appropriate acetic acid will not have a bad effect on
icewine. Under the catalysis of ethanol acetyl transferase, acetic acid can react with ethanol
to produce ethyl acetate, which will bring a fruit flavor for icewine. In Canada, VQA
(1999) limits that the volatile acid content in icewine must be below 2.1 g/L. However, Cliff
and Pickering (2006) [25] found that the threshold of acetic acid in icewine was 3.185 g/L,
meaning the acetic acid content in most icewine would not be above this value. A previous
study of Canadian icewine reported that there was a wide range of acetic acid in Canadian
icewine, from 0.49 to 2.29 g/L. The average level was around 1.3 g/L, which was still far
below the sensory threshold and will not have a great change on the flavor of icewine [3].
Table 1 shows that the concentration of acetic acid was between 0.92 and 1.40 g/L in the
four yeast-fermented icewine samples, also far below the 3.185 g/L. The content of acetic
acid in icewine fermented by ST yeast was the lowest, which was only 0.92 g/L, and
EC1118 yeast also had a good effect on the control of acetic acid, which was 1.11 g/L. The
results were the same as Erasmus et al. (2004) [13], who compared the differences of acetic
acid in icewines that fermented by seven different commercial yeasts and found that ST
yeast produced the least acetic acid, followed by N96 and EC1118.

3.2. Sensory Analysis

In order to describe the sensory differences of Vidal icewine fermented by different
yeasts, QDA was used to analyze the flavor of icewine samples. Based on the average
strength of six aroma descriptors (nut, tropical fruit, apricot, honey, caramel, and rose) in
icewine [4,20] to plot a spider web (Figure 1). It shows that the aroma intensity of honey
and nut was the highest in icewine fermented by R2 yeast, especially the honey aroma, was
much higher than others, and the aroma intensity of rose and tropical fruit was ranked only
second to EC1118 yeast-fermented wine. For the icewine fermented with EC1118 yeast, it
has a stronger aroma intensity on tropical fruits and caramel than others. However, the
aroma intensity in icewine fermented by K1 was much lower than others except for the
apricot aroma.
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Figure 1. Sensory profiles of Vidal icewines fermented by different yeasts.

3.3. Chemical Analysis
3.3.1. Volatile Profiling of Icewines Fermented by Different Yeasts

Due to the complexity of wine aroma composition and matrix, there were some
problems in the separation and detection of wine by one-dimensional gas chromatography,
such as insufficient peak capacity, co-outflow, low sensitivity, and so on. Therefore, this
method cannot satisfy our needs for the study of wine flavor chemistry. However, the
emergence of GC×GC-TOFMS provides a useful tool for better separating and identifying
these complex components [26]. In this study, the volatile compounds of four different
Vidal icewine fermented by four yeasts (ST, K1, EC1118, R2) were analyzed by GC×GC-
TOFMS. A total of 3784 chromatographic peaks were detected. Figure S1A shows the
chromatogram of the volatile components in R2 fermented icewine. It can be seen from
Figure S1B that the three compounds, 4-methyl-1-pentanol, 1-butanol, and ethyl valerate,
co-flowed in one dimension and were difficult to identify and quantify, but they were
well separated in the two-dimensional chromatography. Consequently, it can be proved
that GC×GC-TOFMS can effectively solve the co-outflow phenomenon and improve the
accuracy of qualitative analysis.

Finally, 485 volatile compounds were identified in four icewine samples, including
123 esters, 26 terpenes, 105 alcohols, 115 carbonyl compounds, 23 furans, 21 nitrogen-
containing compounds, 19 volatile phenols, 7 sulfides, 35 aromatic compounds, and 11 lac-
tones. A total of 391, 399, 364, and 457 volatile compounds were detected in four icewines,
which fermented by K1, EC1118, ST, and R2 yeast, respectively (Table 2). It can be seen
that the number of volatile compounds in icewine fermented by R2 was much higher than
the other. In addition, there were 347 compounds in common, accounting for 72% of the
total volatile compounds. It can also be seen from Table 2 that the icewines fermented by
different yeasts differed greatly in yeast fermentation products such as esters, alcohols, car-
bonyls (aldehydes and ketones), and nitrogen-containing compounds. In previous studies,
the aroma compounds were analyzed using GC-MS in Riesling, Vidal, and Cabernet Franc
icewines, which was fermented by different yeasts, the differences of aroma compounds
mainly in alcohol and ester compounds, and the sum of these two classes of compounds
accounted for more than 50% of the total [12,16]. The results of this study were basically
consistent with the above research.
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Table 2. Volatile compounds in Vidal icewine fermented by different yeasts.

K1 EC1118 ST R2

Esters 97 91 93 117
Alcohols 79 81 73 105
Ketones 50 49 46 55

Aromatic compounds 34 35 32 31
Terpenes 25 24 24 26

Aldehydes 18 23 14 26
Furans 18 19 19 23
Acids 19 21 19 22

Nitrogen-containing compounds 17 21 10 18
Phenols 17 18 17 17
Lactones 11 11 11 11
Sulfides 6 6 6 6

Total 391 399 364 457

3.3.2. Chemical Characteristic of Icewines Fermented by Different Yeasts

Among the 485 volatile compounds identified in all icewine samples, not all of them
have aroma contributions, and the study of flavor pays more attention to the compounds
with aroma contributions [27]. Therefore, based on the qualitative results and matched it
with the aroma substance database (Flavornet, http://www.flavornet.org/flavornet.html,
accessed on 11 December 2018), 156 volatile compounds were selected to further analyze,
details can be seen in Table S2.

The semi-quantitative results were obtained by the internal standard method and then
drawn on a heat map (Figure 2). In the figure, the rows represent the compounds, and
the columns represent the yeasts used for fermentation. The distance measure used in
clustering rows (compounds) was the Euclidean method, and the data were standardized
before cluster analysis. According to the results of heat map analysis, the 156 compounds
can be divided into three classes, the compounds of class A were the highest content
in R2 yeast fermented icewine, class B substances were highest in ST yeast fermented
icewine, and class C aroma components had the highest content in K1 and EC1118 yeast
fermented icewine.

In class A, most of the compounds were esters, alcohols, terpenes, and carbonyl com-
pounds. In this group, ethyl 2-methylbutyrate, ethyl isobutyrate, ethyl octanoate, and ethyl
caproate were all the major aroma contributors in Vidal icewine, which smells similar to
the apple, pineapples, and so on. In addition, the 1-octen-3-ol and 1-octen-3-one showed a
mushroom characteristic, 1-hexanol showed a resin characteristic, β-damascenone, linalool,
and geraniol with the aroma characteristics of honey, lavender, and rose, respectively.
α-Terpinene, γ-terpinene, and 1,4-cineole were the aroma characteristics of pine. Benzalde-
hyde showed the aroma characteristics of almonds. These compounds were all key aroma
compounds reported in Vidal icewine [4,20], especially β-damascenone, which has been
reported in many studies that is the strongest aroma in Vidal icewine [4,20,28]. In red
wines, β-damascenone has been found to enhance fruit aroma while can also inhibit the
plant aroma produced by methoxypyrazine [29]. Similar phenomena have also been found
in the study of icewine, β-damascenone not only affects the perception of honey but also
affects the perception of other aromas such as apricot peach [4].

Class B is mainly composed of aromatic compounds and ester compounds, including
seven aromatic compounds, six ester, four alcohol, six aldehydes and ketones, two nitrogen
compounds, and one volatile phenol, of which phenethyl acetate (flowers), homofura-
neol (sweet), ethyl valerate (fruit) were reported as the important aroma compounds in
icewine [4]. Class C compounds gather all lactones, which usually have aroma characteris-
tics such as apricot [4]. From the above analysis, we can see that some key aromas, which
has reported on Vidal icewine were significantly higher in R2 than other samples, such as
1-octen-3-ol, 1-hexanol, β-damascenone, linalool, geraniol, 1-octen-3-one, and so on, and
the alcohol, ester, and carbonyl compounds in the wine also had obvious advantages.

131



Fermentation 2021, 7, 211

Figure 2. Heat map of 156 compounds with different aroma characteristics of four different yeast fermented icewines. In the
figure, the rows represent the compounds, and the columns represent the yeasts used for fermentation. Distance measure
used in clustering rows (compounds) was Euclidean method, and the data were standardized before cluster analysis.
(A), the compounds were higher in R2 yeast fermented icewine; (B), the compounds were higher in ST yeast fermented
icewine; (C), the compounds were higher in K1 and EC1118 yeast fermented icewine.
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3.4. Relationships between the Sensory Attributes and Aroma Compounds

To further understand the chemical origin of the sensory descriptors, PLS regression
analysis was employed to determine the associations between the aroma attributes (y
variables, n = 6) and the significantly different aroma compounds (x variables, n = 65)
in four different icewine samples. The result showed that differences existing in Vidal
icewines fermented by different yeasts could be revealed by the chemometric methods.
The aroma compounds plotted in the vicinity of the sensory descriptors were positively
associated with those attributes (Figure 3).

Figure 3. Projection on the PLS regression between sensory attributes and aroma compounds (p < 0.05) of four different
yeast fermented icewines (A); the VIP values were calculated from the PLS regression model (B).
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As we can see from Figure 3A, the aroma attributes of honey and nut can be used
to distinguish the aroma of the icewine fermented by R2 and other icewines. At the
same time, R2 was also well related to β-damascenone, 2-hydroxybenzoic acid methyl
ester, 2-methylpyrazine, Butanedioic acid diethyl ester, 5-hexyldihydro-2(3H)-furanone,
3-hydroxy-butanoic acid ethyl ester, and 3-octanol. The icewines fermented by EC1118 had
high correlation with some sweet aromas such as caramel and tropical fruit. The caramel
was well related to dihydro-2(3H)-furanone and hexanoic acid, which showed the aroma of
caramel and sweet. The esters, such as ethyl vanillate, hexanoic acid hexyl ester, octanoic
acid ethyl ester, hexyl octanoate together with butylcaprylate were associated with the
“tropical fruit” aroma. The esters generally contributed to the fruity aroma of the wine,
which conforms to the PLS regression results. In previous studies, Huang et al. (2018) [20]
find the sensory profiles of icewines from China were characterized as nut and honey
aromas, while icewines from Canada expressed caramel and rose aromas. Bowen and
Reynolds (2015) [30] stress the importance of time of harvest, whereby early-harvested
fruit (e.g., following a “cold snap” in late November) typically produces wines that were
fruit-forward (citrus, peach, etc.), whereas fruit harvested after several freeze-thaw cycles
normally produce wines that were more caramel, nutty, and sherry-like. According to the
results of this study, the possible reason for the different aroma characteristics of Chinese
and Canadian Vidal icewine was not only the harvest time but also the selection of different
yeast during the fermentation.

In addition, the variable importance for projection (VIP) values was obtained from the
PLS regression model (Figure 3B). The VIP scores for the 40 aroma compounds were >1,
including 11 esters (butylcaprylate, butanoic acid ethyl ester, hexyl octanoate, octanoic acid
methyl ester, butanoic acid 2-methyl- ethyl ester, ethyl vanillate, benzeneacetic acid ethyl
ester, hexanoic acid hexyl ester, octanoic acid ethyl ester, butanoic acid 3-hydroxy- ethyl
ester, butanedioic acid diethyl ester), five alcohols (3-octanol, 1-undecanol, 1-octen-3-ol,
1-decanol, 3-ethoxy-1-propanol), five terpenes (α-terpinene, piperitone, geranyl acetone, α-
terpinolene, 1,8-cineole), five aldehydes and ketones (pentanal, 3-methyl-butanal, 4-methyl-
3-penten-2-one, 6-heptyltetrahydro-2H-pyran-2-one, 2-hexanone), four furans (5-ethyl-
2(5H)-furanone, 5-hexyldihydro-2(3H)-furanone, dihydro-2(3H)-furanone, (Z)-dihydro-
5-(2-octenyl)-2(3H)-furanone), four phenols (3-ethyl-phenol, 2-methoxy-4-vinylphenol,
phenol, 2-methyl-phenol), three acids (hexanoic acid, octanoic acid, henzoic acid), and
three sulfides (trisulfide dimethyl, 1-propanol 3-(methylthio)-, benzothiazole). These aroma
compounds can be considered as being mainly responsible for the differences in the aroma
characteristics between the icewines fermented by four yeasts.

4. Conclusions

In this study, four different yeast fermented icewines were further analyzed by evalu-
ating the chemical and sensory profiles and then the potential associations between them.
A total of 485 volatile components were identified by HS-SPME-GC×GC-TOFMS, among
which 347 kinds of volatile compounds were the same in four kinds of the sample. Match-
ing it with aroma substance database (http://www.flavornet.org/flavornet.html, accessed
on 22 September 2021), finally, 156 aromas were selected to draw the heat map, and the
analysis results identified the characteristics of aroma composition of icewines fermented
by different yeasts. The sensory differences of different Vidal icewine samples were distin-
guished by QDA. PLS-DA also provided some candidate compounds that were correlated
with particular sensory characteristics in different yeast fermented icewine samples. This
study not only comprehensively investigates aroma characteristics in icewine fermented
by different yeasts but also provides a theoretical reference for the production of icewine.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/fermentation7040211/s1. Figure S1: Analytical ion chromatogram contour plot analysis
of volatile components in icewine fermented R2 yeast (A) and modulated peaks of 3 compounds
found in icewine (B) and deconvoluted mass spectra of 3 compounds(C). Table S1: Aroma descriptor
reference. Table S2: Information on 156 compounds with aroma characteristics (μg·L−1).
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Abstract: The common use of commercial yeasts usually leads to dull wine with similar aromas and
tastes. Therefore, screening for novel indigenous yeasts to practice is a promising method. In this
research, aroma discrepancies among six wine groups fermentated with indigenous yeasts were
analyzed. Three Saccharomyces yeasts (FS36, HL12, YT28) and three matched non-Saccharomyces yeasts
(FS31, HL9, YT2) were selected from typical Chinese vineyards. The basic oenological parameters,
aroma compounds, and sensory evaluation were analyzed. The results showed that each indigenous
Saccharomyces yeast had excellent fermentation capacity, and mixed-strain fermentation groups
produced more glycerol, contributing to sweeter and rounder taste. The results from GC-MS,
principal components analysis (PCA), and sensory evaluation highlighted that the HL mixed group
kept the most content of Marselan varietal flavors such as calamenene and β-damascone hereby
ameliorated the whole aroma quality. Our study also implied that the indigenous yeast from the
same region as the grape variety seems more conducive to preserve the natural variety characteristics
of grapes.

Keywords: marselan wine; aroma compounds; indigenous yeast strains; Saccharomyces; non-Saccharomyces

1. Introduction

A balanced and complex aroma is one of the most attractive factors that determine
consumers’ preference for wine, which also reflects the wine quality and value [1]. Yeasts
are one of the most significant factors that impact the wine aroma profile by producing a
large array of volatile compounds [2]. However, with the wide application of commercial
Saccharomyces strains, inherent limitation gradually appears due to reducing the uniqueness
and particularity of regional wine bouquets [3]. The current set of commercial S. cerevisiae
strains and its derived hybrids is insufficient to provide novel properties to wine, stressing
the need for new and improved strains for the industry [4]. Moreover, different yeast
species and even different genotypes of yeasts displayed distinct wine aroma profiles [5].
The use of standard starter cultures, mainly applied to reduce the risk of spoilage and
unpredictable changes of wine flavor, can ensure a balanced wine flavor, but it also causes a
loss of characteristic aroma and flavor determinants. Therefore, this awareness opened new
requirements to meet wine makers’ demand for “special yeasts for special traits”. Recently,
the role of indigenous Saccharomyces yeast strains has gained much more attraction as a
novel tool to convey regional characters to wine itself. Indeed, the application of a “location-
specific” starter culture highlighted the association between the profile of wine aromas
and the geographical origin of the yeast used for the fermentation process [3,6–8]. There
are plenty of yeast resources distributed widely in Chinese vineyards, requiring deeper
research and proper application urgently. Therefore, using autochthonous Saccharomyces
yeasts instead of commercial ones has been greatly encouraged in current winemaking due
to their excellent adaptability for the local climate, soil, and micro-conditions and improve
the aroma quality of wine by generating unique regional characters [9].
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Usually, wine fermentations constitute complex microbial ecosystems, including Sac-
charomyces yeasts and non-Saccharomyces yeasts. The term “non-Saccharomyces yeasts” was
used in the past to refer to a group of species with secondary relevance during the fermen-
tation of grape musts to wine, considered even as spoilage organisms [10]. More recently,
they are recognized for their beneficial role in improving the wine quality by producing
some distinctive metabolites and are selected and screened for desired requirements [8].
Although most non-Saccharomyces yeasts are incapable of completing alcoholic fermentation
due to low ethanol tolerance, they play a significant role in producing aroma compounds,
such as esters, higher alcohols, acids, and monoterpenes [11]. The contributions to the
wine aroma by non-Saccharomyces yeasts can occur through different mechanisms. The
most important is probably the direct biosynthesis of volatile aroma compounds, and
many of them have been identified. Some non-Saccharomyces yeasts produce certain glu-
cosidase enzymes such as β-glucosidase or β-xylosidase that release volatile compounds
from glycosidic precursors. Other metabolic products include terpenoids, esters, higher
alcohols, acetaldehyde, organic acids, volatile fatty acids, carbonyl, and sulfur compounds.
In addition, the application of non-Saccharomyces can also reduce the content of sulfur
dioxide (SO2) to lessen the hazards on human health and improve the content of total
glycerol, which positively influences the wine taste by improving smoothness, sweetness,
mouth-feel, and complexity [12]. In recent years, the inoculation of non-Saccharomyces
yeasts as co-starters in wine production represents a promising winemaking method to
ameliorate the wine aroma profiles. Besides the enhancement of wine aroma, they can also
provide more essential functions, such as modulating the acidity, lowering the alcohol level,
producing enzymes that optimize the winemaking process, such as clarification, filtration,
and color extraction [13]. Numerous studies about co-fermentations of Saccharomyces yeasts
with selected non-Saccharomyces yeasts in a controlled manner have proven to produce the
wine with distinct aromatic profiles and higher complexity and quality of wine aromas,
such as improving the content of glycerol, enhancing medium-chain fatty acid ethyl esters
or producing higher contents of esters and β-damascenone [7,14].

Our previous study has screened and selected a wide diversity in an extensive col-
lection of both Saccharomyces yeasts and non-Saccharomyces yeasts from multiple regions
in China, giving suitable support and a solid foundation to this study. Here, we used
Marselan as material, a young but promising variety in China. Marselan (Vitis vinifera L.) is
a hybrid cultivar of two famous grape varieties, Cabernet Sauvignon and Grenache [15],
combining the finesse and high quality of Cabernet Sauvignon, disease resistance, and
high yield of Grenache, which has the capacity to produce high qualified wine with deep
color, elegant aromas, and potential for aging [16]. However, little is understood about
the aromatic profile of Marselan must and how Chinese autochthonous Saccharomyces
yeasts inoculated with non-Saccharomyces yeasts perform on Marselan. In our previous
work, three indigenous Saccharomyces yeast strains (FS36, YT28, and HL12) and three
corresponding indigenous non-Saccharomyces (FS31, YT2, and HL9) were isolated from
Fangshan (Beijing), Yantai (Shandong province), and Huailai (Hebei province), respectively.
Therefore, the main objectives of the study were to firstly identify the characteristic aroma
compounds of Marselan must by GC-MS; then to analyze the aroma profiles of Marselan
wine fermented with autochthonous Saccharomyces yeasts and non-Saccharomyces yeasts by
pure and mixed methods; and to evaluate the sensory attributes of different Marselan wine
through panelists sensory evaluation, PCA and partial least squares regression (PLSR).

2. Materials and Methods

2.1. Marselan Must Samples

There are four Marselan must samples (China). Three were from the 2018 vintage,
from Huailai (Hebei), Fangshan (Beijing), and Yantai (Shandong), respectively, shorted
for 2018 HL, 2018 FS, and 2018 YT. Another sample was from 2017 vintage and Huailai,
shorted for 2017 HL.
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2.2. Yeast Strains

The detailed information about yeast strains was listed in Table 1, all selected and
identified in our lab previously. Six autochthonous strains, including three S. cerevisiae
strains (FS36, YT28, and HL12) and three matched non-Saccharomyces strains (FS31, YT2,
and HL9). The strains were stored at −80 ◦C in yeast extract peptone dextrose medium
(YPD, yeast extract 10 g/L, peptone 20 g/L, and glucose 20 g/L) with the addition of
glycerol (20% v/v final concentration). Among them, HL12, YT28, and FS31 were deposited
in China General Microbiological Culture Collection Center (CGMCC), and the numbers
were No. 20632, No. 20633, and No. 20636, respectively.

Table 1. The information of yeast strains.

Name Region Species Property

FS36 Fanghshan, Beijing Saccharomyces cerevisiae Saccharomyces
FS31 Fanghshan, Beijing Kazachstania exigua Non-Saccharomyces
YT28 Yantai, Shandong Saccharomyces cerevisiae Saccharomyces
YT2 Yantai, Shandong Candida glabrata Non-Saccharomyces

HL12 Huailai, Hebei Saccharomyces cerevisiae Saccharomyces
HL9 Huailai, Hebei Hanseniaspora opuntiae Non-Saccharomyces

2.3. Chemicals

Sulfuric acid, sulfuric acid, ammonia, sodium hydroxide, peptone, and hydrochloric
acid were purchased from Beijing Chemical Reagent Factory (Beijing, China). Methanol and
acetonitrile were purchased from Merck, Germany. Standards (glucose, fructose, glycerol,
ethanol, citric acid, tartaric acid, pyruvic acid, malic acid, succinic acid, acetic acid, and
ascorbic acid) were all purchased from Sigma-Aldrich, China Co. (St. Louis, MI, USA) with
at least 97% purity.

2.4. HS-SPME-GC-MS Analysis

The volatile compounds of Marselan wine samples were extracted using the Head
Space Solid Phase Microextraction (HS-SPME) method as described [17]. For each analysis,
2.5 g of sodium chloride (NaCl) and 10 μL of 2-octanol (internal standard) were added
to 5 mL of must sample into a 20 mL headspace screw vial. Helium (He) was the carrier
gas at a constant flow rate of 1 mL/min. The SPME fiber was inserted through the needle
and exposed into the headspace of the vial to adsorb volatile compounds at 45 ◦C for
50 min and then immediately injected into the gas chromatography injection port at 250 ◦C
for 2.5 min to desorb volatile compounds; afterward, GC-MS separation, analysis, and
identification was performed.

The volatile compounds from the samples were analyzed by Gas Chromatography
and Mass Spectrometry (GC-MS) according to a previous description with some modifi-
cation [18]. GCMS-QP2010 Ultra (SHIMADZU, Kyoto, Japan) was used with a DB-Wax
capillary column (30 mm length × 0.25 mm i.d. × 0.25 μm film thickness), and splitless in-
jection mode was adopted. High purity helium, as a carrier gas, was used at a constant flow
rate of 1 mL/min. The gas chromatographic oven was set at 50 ◦C for 5 min, increased until
230 ◦C at a rate of 5 ◦C/min, and finally maintained for 30 min. Other conditions included
an interface temperature of 250 ◦C, an emission current of 100 μA, and mass spectra were
obtained at 70 eV in the electron ionization + (EI+) mode. The mass spectral identification of
volatile compounds in the samples was carried out by comparing to the National Institute
of Standards and Technology (NIST) 2014 and Wiley 8.0 database. Qualitative analysis of
mass spectral data was verified by comparing the retention indices and mass spectra of
identified compounds. The qualitative aroma components were qualitatively determined
by NIST2011 and the Demo library. Volatile compounds extraction (μg/L) = (peak area
of volatile compounds/peak area of internal standard × mass of internal standard)/mass
of sample.
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2.5. Fermentation Methods

The 2017 HL Marselan grape must was used as material for all trails. The frozen grape
juice was placed at 4 ◦C, centrifuged at high speed in 50 mL tubes. The supernatant was
filtered with 0.65 then 0.45 μm filters to obtain the sterile grape juice. Yeasts were inoculated
at 28 ◦C for 48 hours until the amount was 107 CFU/mL. A total of 300 mL sterile grape
juice was measured. For single-strain fermentation groups, the pre-cultured Saccharomyce
yeasts (FS36, YT28, and HL12) were inoculated. For mixed-strain fermentation groups,
non-Saccharomyce yeasts (FS31, YT2, and HL9) were inoculated (with the ratio of 1%). Three
parallels for each group were set. After the inoculation, all samples were placed in the
incubator at 20 ◦C. On the 4th day, the pre-cultured Saccharomyce yeasts (FS36, YT28, and
HL12) were added to the corresponding mixed groups (with the ratio of 1%). On the
0th, 2, 4, 6, 10, 14, and 19 days, the wine bottles were fully shaken, samples were taken
to detect the yeast number, Brix, pH, residual sugar, acid, ethanol, glycerol, and volatile
aroma components. When the yeast began to decline and the Brix value kept stable, the
fermentation was terminated. The supernatant of wine was taken and stored at 4 ◦C. All
the trials were demonstrated in Table 2: (1) single fermentation with FS36 (short for FS36);
(2) mixed fermentation of FS36 and FS31 (short for FS mixed); (3) single fermentation with
YT28 (short for YT28); (4) mixed fermentation of YT28 and YT2 (short for YT mixed); (5)
single fermentation with HL12 (short for HL12); and (6) mixed fermentation of HL12 and
HL9 (short for HL mixed).

Table 2. The method of fermentation trails.

Fermentation Trails Yeasts Method

FS36 FS36 alone /
FS Mixed FS31 + FS36 FS36 was inoculated on 4th day

YT28 YT28 alone /
YT Mixed YT2 + YT28 YT28 was inoculated on 4th day

HL12 HL12 alone /
HL Mixed HL9 + HL12 HL12 was inoculated on 4th day

2.6. Sensory Analysis

Wine aroma was evaluated in triplicates by a tasting panel consisting of four females
and four males trained with a 54-aroma kit (Le Nez du Vin®, France) for three weeks.
During the training, the performances were evaluated by aroma sense test every five days
until their identification accuracy for each aroma reached above 95%. The analysis was
conducted in a tasting room at 23 ◦C. Approximately 30 mL of wine (15 ◦C) was held in a
black wine glass. Throughout the wine sensory analysis, the samples were presented in
random order. The interval between the two samples was 5 min. The panelists evaluated
wine aroma according to the following procedure: they smelled the aroma of wine sample
for approximately 5–8 s, then shook the wine to smell the aroma for 5–10 s, defined aromas,
and scored. The sensory descriptors were alcohol, floral, citrus, stone fruits, berries, dry
fruits, herbs, and fermentative aromas. The samples were quantitatively measured on a 5-
point interval scale to grade the intensity (1—very weak; 2—weak; 3—medium; 4—intense;
5—very intense).

2.7. Detection of Physicochemical Parameters

Glucose, fructose, ethanol, glycerol were all detected by high-performance liquid
chromatography (HPLC) [19]. The chromatographic conditions: sugar analysis column
Aminex HPX-87H (300 × 7.8 mm), column temperature 55 ◦C, differential detector (RID,
Waters-2414), internal temperature 40 ◦C, 0.005 mol/L H2SO4, injection volume 10 μL, flow
rate 0.5 mL/min isocratic elution, qualitative by retention time, and quantitative peak area.
pH and Brix were detected by pH meter and Brix meter. Based on our previous method,
the flow rate was modified to 0.8 mL/min, RP-HPLC was used to detect eight organic
acids. The chromatographic conditions are: Tech Mate ST-C (4.6 × 250 mm, 5 μm), column
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temperature 25 ◦C, ultraviolet detector (PAD, Waters-2996), detection wavelength 210 nm,
mobile phase: ammonium dihydrogen phosphate (NH4H2PO4) 40 mmol/L (4.6 g/L),
H3PO4 adjusted pH to 2.5, injection volume 10 μL, flow rate 0.8 mL/min, isocratic elution,
qualitative retention time, and peak area quantification.

2.8. Statistical Analysis

Analysis of variance (ANOVA, least significant difference method at a significance
level of p ≤ 0.05) was used to evaluate differences between the samples by the SPSS 19.0
software (SPSS Inc., Chicago, IL, USA). Principal component analysis (PCA) was carried
out by R studio to visualize the differences between wines fermented by different strains
and inoculation methods. PLSR was applied to identify the contribution of the key aroma
compounds to the flavor characteristics of wine samples, and it was conducted using
Unscrambler X version (Camo, Trondheim, Norway). All the figures were carried out by
Graphpad Prism 8 (GraphPad Software Inc., San Diego, CA, USA).

3. Results

3.1. Aroma Compounds of Marselan Must Detected by GC-MS

Previously, it has been identified that some key aromas such as β-damascenone,
eugenol, and 2,3-butanedione in Marselan wine [20]. However, little research was found
to investigate the characteristic aromas of Marselan must. There is no doubt that it is
very essential to figure out the features of a certain variety before making a type of wine.
Therefore, firstly we carried out the experiments to identify the characteristic varietal
aromas in Marselan must, and those aromas could represent and distinguish the various
properties. Table 3 showed the total volatile compounds that were identified and quantified
by GC-MS with HS-SPME in four Marselan must samples. There were 30 aroma compounds
detected in 2017 HL, 39 in 2018 FS, 42 in 2018 YT, and 41 in 2018 HL Marselan must,
of which 20 aromas were detected in common. The threshold of C13-norisoprenoids
and terpenes in grape fruits is very low; however, they have great influence on grape
aroma formation. The results showed that C13-norisoprenoid compounds mainly included
violine, β-damascenone, and calamenene; terpenes mainly included linalool, α-terpene,
4-terpineol, β-myrcene, and semenene. The aroma compounds detected in all groups
included calamenene, β-damascenone, phenylethyl alcohol, ethyl octoate, ethyl hexanoate,
ethyl benzoate, ethyl laurate, n-hexanal, benzaldehyde, furfural, ceremonene, 2,4-di-tert-
butylphenol, etc. Furthermore, calamenene, β-damascenone, n-hexanal, furfural, and
ceremonene were significantly different among the samples. Moreover, α-ionone was only
detected in 2018 YT, and linalool was only found in 2018 HL. 2-Hexenal with 27% relative
content only appeared in 2018 FS, accounting for a relatively high proportion. Hexanal,
nonanal, and semenene could be detected in all samples. The relative content of 1-hexanol
in 2018 YT and 2018 HL reached more than 60%; however, it was not detected in the rest
samples; the relative content of n-hexanal in 2017 HL was the most abundant, accounting for
46.5%. All these results indicated that different must samples had verified aromatic profiles.
To compare all the samples, the relative content of characteristic aroma compounds was
showed in Figure S1. There were seven characteristic aromas as summarized: phenethyl
alcohol, ethyl octoate, ethyl caproate, calamenene, β-damascenone, benzaldehyde, and 2,4-
di-tert-butylphenol. In 2017 HL and 2018 HL, except for calamenene, all aroma compounds
had significant differences. On the whole, except for β-damastonone that 2018 HL produced
most, 2017 HL had more levels of aroma compounds than 2018 HL. Comparing the
samples from 2018, significant differences were observed in all aroma compounds apart
from β-damastonone. Grape aroma is principally influenced by sugar accumulation and
transformation [21], which might explain the variation of the aroma profiles.
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Table 3. The average peak area and relative peak area (RPA) of volatile aroma compounds of Marselan must.

2017 HL 2018 FS 2018 YT 2018 HL

Aroma Compound Peak Area * 106 RPA% Peak Area * 106 RPA% Peak Area * 106 RPA% Peak Area * 106 RPA%

C13-Norisoprenoids
Violine N.D. 0.00 5.42 ± 0.12 a 1.10 2.35 ± 0.09 b 0.24 2.17 ± 0.01 b 0.24

Calamenene 1.37 ± 0.33 d 0.42 3.45 ± 0.10 a 0.72 2.28 ± 0.39 b 0.23 1.77 ± 0.22 c 0.20
β-Damascone 18.35 ± 0.42 d 5.60 32.82 ± 1.01 a 6.83 30.69 ± 0.59 b 3.16 29.29 ± 0.72 c 3.25

Terpenes
Linalol N.D. 0.00 N.D. 0.00 N.D. 0.00 0.53 ± 0.01 0.06

4-terpineol N.D. 0.00 N.D. 0.00 N.D. 0.00 0.57 ± 0.03 0.06
α-terpene N.D. 0.00 N.D. 0.00 0.91 ± 0.01 0.09 N.D. 0.00
β-myrcene N.D. 0.00 N.D. 0.00 N.D. 0.00 2.81 ± 0.13 0.31
Semenene 1.65 ± 0.11 c 0.50 2.35 ± 0.30 b 0.49 2.40 ± 0.14 b 0.25 3.34 ± 0.14 a 0.37
Alcohols

Phenylethyl alcohol 4.46 ± 0.97 a 1.36 2.44 ± 0.26 ab 0.51 1.40 ± 0.10 b 0.14 1.19 ± 0.15 b 0.13
1-hexanol N.D. 0.00 N.D. 0.00 659.27 ± 2.14 a 67.80 555.95 ± 3.67 b 61.70

1-hexene-3-ol N.D. 0.00 N.D. 0.00 N.D. 0.00 6.59 ± 0.33 0.73
Esters

Hexyl acetate N.D. 0.00 N.D. 0.00 4.45 ± 0.12 a 0.37 2.48 ± 0.04 a 0.28
Ethyl octoate 1.50 ± 0.28 a 0.31 0.63 ± 0.01 a 0.13 0.40 ± 0.06 a 0.04 0.24 ± 0.00 a 0.03

Phenethyl acetate 1.42 ± 0.02 0.43 N.D. 0.00 N.D. 0.00 N.D. 0.00
Ethyl benzoate 0.52 ± 0.07 a 0.16 0.50 ± 0.07 a 0.10 0.34 ± 0.05 a 0.03 0.28 ± 0.01 a 0.03

Ethyl hexanoate 4.33 ± 0.21 a 0.99 0.82 ± 0.19 a 0.17 0.50 ± 0.01 a 0.05 0.53 ± 0.09 a 0.06
Ethyl phthalate N.D. 0.00 0.14 ± 0.00 a 0.03 0.07 ± 0.00 b 0.01 N.D. 0.00
Ethyl myristate 1.88 ± 0.83 a 0.57 0.28 ± 0.05 a 0.06 0.09 ± 0.00 a 0.01 N.D. 0.00
Ethyl palmitate 1.85 ± 0.02 a 0.56 0.33 ± 0.11 b 0.07 0.14 ± 0.02 a 0.01 N.D. 0.00

Ethyl laurate 5.93 ± 0.31 a 1.81 1.56 ± 0.37 a 0.32 1.11 ± 0.01 a 0.11 0.36 ± 0.00 a 0.04
Others

n-hexanal 152.28 ± 2.54 a 46.50 81.57 ± 0.06 b 17.00 53.60 ± 1.25 c 5.51 94.70 ± 0.22 b 10.50
2-hexenal N.D. 0.00 129.77 ± 2.34 27.00 N.D. 0.00 N.D. 0.00

Benzaldehyde 6.01 ± 0.56 b 1.83 15.65 ± 0.22 a 3.26 14.02 ± 0.57 ab 1.44 2.73 ± 0.03 b 0.30
Nonanal 4.17 ± 0.03 a 0.97 1.77 ± 0.03 b 0.37 1.16 ± 0.16 c 0.12 1.00 ± 0.00 c 0.11

2-decanone N.D. 0.00 0.93 ± 0.01 a 0.19 1.06 ± 0.05 a 0.11 1.02 ± 0.00 a 0.11
2,4-di-tert-butylphenol 30.08 ± 0.37 a 9.18 13.41 ± 0.07 b 2.79 10.34 ± 0.05 b 1.06 10.17 ± 1.20 b 1.13

N.D. means no detection. Different letters indicate the significant differences at p < 0.05.

3.2. Basic Parameters of Marselan Wine

The whole fermentation process was monitored, and the physiochemical parameters
(alcohol, glycerol, glucose, fructose, and Brix) were detected (Table S1 and Figure 1). On
the whole, the fermentation speed of single-strain groups (FS36, YT28, and HL12) was
significantly faster than mixed-strain groups (FS mixed, YT mixed, and HL mixed), which
was in agreement with numerous authors [8,22–24]. Among them, FS36 was the fastest,
followed by HL12 and YT28, implying that FS36 had the best fermentation ability. The
mixed-strain groups began to ferment rapidly after sequentially inoculated the Saccha-
romyces yeast strains on the 4th day. On the 19th day, the Brix value of FS36, YT28, and
HL12 was 7.7, 7.5, and 7.3, respectively; FS mixed, YT mixed, and HL mixed was 8.0, 7.8,
and 7.7, respectively. All groups reached basically the same level and remained stable,
indicating that all these Saccharomyces yeasts were well capable of completing alcoholic
fermentation, and non-Saccharomyces did not hinder the process.

During the fermentation process, the use of glucose is usually superior to fructose [22],
which is consistent with our results. Single-strain groups consumed glucose faster, and the
final content was less than 2 g/L on the 14th day. Mixed-strain groups used glucose from
the 4th day and completed it on the 19th day. Finally, the residual glucose in all groups
was about 1 g/L. It should be noticed that the difference in fructose consumption rate was
minor than glucose. FS36 metabolized fructose fastest, and YT mixed was the slowest. HL
mixed and YT mixed groups had the maximum residual fructose, which was 0.81 and
2.92 g/L, separately. Interestingly, no matter in glucose or fructose consumption, the speed
rank was the same (FS36 > HL12 > YT28). Figure 1C exhibited that FS36 produced the most
glycerol as well as with the fastest speed. Compared with mixed-strain groups, single-strain
groups produced glycerol at a higher rate. In contrast, the mixed-strain groups (FS mixed
and YT mixed) yielded much more glycerol in the end. Glycerol is a by-product of yeast
metabolism during wine fermentation that had been previously discovered that mixed
fermentation with non-Saccharomyces provides more glycerol, offering wine richer sweety
and round tastes [7,8]. Single-strain groups produced alcohol faster; however, the final
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alcohol volume tended to be approximative, suggesting that the non-Saccharomyces applied
in the study did not block the fermentation process because some research pointed that the
addition of non-Saccharomyces could spoilage the alcoholic fermentation [23]. These results
presented that all the selected Saccharomyces yeast strains have excellent fermentation
property and all chemical parameters belonged to a normal range, thus providing a solid
foundation for our further analysis.

Figure 1. The basic parameters of six Marselan wines during fermentation.

3.3. Identification of Aroma Compounds in Marselan Wine by GC-MS

A total set of 53 aroma compounds were detected in FS36, 48 in YT28, 46 in HL12,
48 in FS mixed, 47 in the YT mixed, and 45 in the HL mixed, respectively. The main
classes of volatile compounds were consistent with those analyzed by Lyu [24]. The results
of quantitative GC-MS analysis for the aroma compounds were listed in Table 4 and
summarized in Table S2.

Esters, including acetate esters and ethyl esters, are closely related to floral and fruity
attributes formed by the esterification of fatty acids [25]. A total of 27 kinds of esters were
detected, making them the most numerous groups in all aroma compounds. A total of
26 kinds of esters were detected in FS36, YT28, HL12 mixed, and FS mixed; a total of 27
and 25 kinds of esters were detected in YT mixed and HL mixed. Among them, ethyl
decanoate was the single most abundant ester in all samples, with a significant difference
between YT28 and YT mixed, giving fruity and pleasant floral flavors to the wine. Ethyl
9-decanoate ranked second, was less in HL groups (8.76% of single group and 7.73% of
mixed group), but had above 16% relative content in the other groups. The content of ethyl
octoate ranked third and was highest distributed in YT28, also accounting for 5% to 8%
among all groups. Importantly, ethyl octoate offers a pleasant flower, fruit flavors such as
apricot, pineapple, pear, and creamy mushroom with a threshold of only 0.01 mg/L, giving
critical impacts on aroma profile [26]. Compared with grape must, the content of ethyl
laurate was significantly increased as fermentation process. FS36 and FS mixed produced
the most content of ethyl laurate, followed by YT and HL. Compared with the Marselan
must samples, the number of esters in wine was remarkably increased, indicating that
yeast biosynthesis is the main synthetic way to produce esters during fermentation.
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Table 4. The average peak area of volatile aroma compounds of Marselan wine.

FS36 YT28 HL12 FS Mixed YT Mixed HL Mixed

Aroma Compound Peak Area * 106 Peak Area * 106 Peak Area * 106 Peak Area * 106 Peak Area * 106 Peak Area * 106

Norisoprenes
Calamenene N.D. N.D. N.D. N.D. 1.17 ± 0.01 b 4.42 ± 0.03 a

β-Damascone 2.60 ± 0.20 c 2.20 ± 0.09 d 3.03 ± 0.15 b 3.18 ± 0.08 ab 2.77 ± 0.06 c 3.34 ± 0.18 a

Alcohols
Phenethyl alcohol 284.27 ± 3.75 de 371.74 ± 1.97 c 287.04 ± 0.91 de 249.47 ± 0.89 e 462.46 ± 0.29 a 323.63 ± 1.02 d

Decyl alcohol 2.07 ± 0.07 a N.D. 1.84 ± 0.07 b N.D. N.D. N.D.
Trans β-farnesol 6.82 ± 0.70 a 3.68 ± 0.59 b N.D. 1.33 ± 0.16 c N.D. 1.06 ± 0.11 d

β-bisabolol 4.02 ± 0.81 a 1.28 ± 0.23 b 1.04 ± 0.21 b 2.02 ± 0.11 ab 1.32 ± 0.27 b 1.40 ± 0.21 b

Cis-α-bisabolol 0.70 ± 0.15 a 0.54 ± 0.10 a 0.50 ± 0.16 a 0.88 ± 0.07 a 0.11 ± 0.02 a 0.66 ± 0.32 a

Esters
Ethyl hexanoate 33.62 ± 6.22 b 37.08 ± 2.62 b 67.43 ± 1.20 a 40.74 ± 0.76 b 43.93 ± 0.94 b 63.21 ± 1.39 a

Hexyl acetate N.D. N.D. N.D. 2.45 ± 0.44 a 2.55 ± 0.87 a 3.40 ± 0.30 a

Ethyl octanoate 771.21 ± 5.13 b 792.82 ± 31.12 b 996.70 ± 8.57 a 732.79 ± 14.52 b 766.20 ± 1.45 b 777.31 ± 7.79 b

7-Ethyl caprylate 3.38 ± 0.78 b 3.11 ± 0.05 b 3.00 ± 0.85 b 2.52 ± 0.56 b 5.70 ± 0.82 a 4.56 ± 0.13 ab

3-Methylbutyl octanoate 3.24 ± 0.79 b 7.29 ± 1.42 a 6.27 ± 0.18 ab 4.95 ± 0.36 ab 6.20 ± 1.42 ab 3.87 ± 0.40 b

Ethyl benzoate 0.72 ± 0.13 b 1.31 ± 0.15 ab 3.42 ± 0.31 a 1.07 ± 0.23 ab 1.88 ± 0.38 ab 1.68 ± 0.44 ab

Diethyl succinate 2.07 ± 0.12 bc 1.83 ± 0.34 bc 3.06 ± 0.06 ab 1.27 ± 0.20 c 2.34 ± 0.44 b 3.56 ± 0.09 a

Phenethyl acetate 39.51 ± 6.42 c 51.78 ± 1.70 bc 40.29 ± 3.12 c 43.98 ± 0.75 c 72.26 ± 1.03 a 56.46 ± 0.56 b

2-Methyl propyl caprylate 2.03 ± 0.08 a 2.03 ± 0.12 a 2.05 ± 0.15 a 1.81 ± 0.40 a 2.04 ± 0.14 a 2.49 ± 0.06 a

Ethyl decanoate 3493.96 ± 43.58 a 3455.40 ± 23.77 a 3154.25 ± 24.12 ab 3051.76 ± 7.57 ab 2577.69 ± 19.87 b 2520.97 ± 15.39 b

Ethyl 9-decanoate 2670.03 ± 28.46 a 2093.40 ± 18.67 b 990.66 ± 7.37 c 1992.78 ± 17.91 b 2261.45 ± 3.09 ab 850.23 ± 8.75 c

Ethyl oleate 23.73 ± 1.82 a 6.22 ± 0.54 bc 4.82 ± 1.38 bc 11.11 ± 0.81 b 3.21 ± 1.26 c 3.39 ± 0.25 c

Ethyl propionate N.D. N.D. N.D. 11.96 ± 1.20 a 3.28 ± 1.26 a 3.83 ± 1.40 a

Trans ethyl 4-decanoate 16.98 ± 3.64 a 16.65 ± 2.52 a 6.70 ± 1.07 b 11.88 ± 0.96 ab 4.10 ± 1.61 b N.D.
Isoamyl caprylate 52.56 ± 6.71 a 48.57 ± 1.07 a N.D. 42.43 ± 2.70 a N.D. N.D.
Propyl decanoate 4.91 ± 0.22 a 2.91 ± 0.48 b 2.08 ± 0.29 c 4.21 ± 2.74 a 2.35 ± 0.80 bc 1.67 ± 0.75 c

Ethyl undecanoate 2.48 ± 0.46 ab 2.29 ± 0.60 b 0.97 ± 0.02 c 2.90 ± 0.34 a 2.03 ± 0.09 b 0.93 ± 0.14 c

Ethyl laurate 65.84 ± 0.96 ab 51.71 ± 0.08 b 33.36 ± 0.84 c 71.22 ± 0.10 a 41.28 ± 0.15 bc 21.37 ± 0.23 c

Ethyl palmitate 149.85 ± 6.42 a 158.53 ± 1.18 a 68.69 ± 1.24 b 156.30 ± 1.62 a 129.55 ± 0.37 a 46.82 ± 1.17 b

Others
Benzaldehyde 2.75 ± 0.21 b 4.99 ± 0.07 ab 4.20 ± 0.15 b 3.57 ± 0.04 b 3.47 ± 0.05 b 4.67 ± 0.06 ab

Phenylacetaldehyde 2.14 ± 0.05 b 5.39 ± 0.16 a 4.80 ± 0.04 a 5.55 ± 0.18 a 4.73 ± 0.08 a 3.80 ± 0.21 ab

16-octadecenal 1.63 ± 0.23 N.D. N.D. N.D. N.D. N.D.
Ethyl benzaldehyde 25.42 ± 0.91 a 11.71 ± 1.03 b 12.17 ± 0.67 b 10.21 ± 0.12 b 10.66 ± 0.30 b 8.49 ± 0.08 b

Curcumene 4.63 ± 0.10 a 5.10 ± 0.07 a N.D. 5.50 ± 0.58 a 4.30 ± 0.09 a 6.15 ± 0.18 a

Cyclohexene 31.26 ± 1.21 a N.D. N.D. 16.76 ± 0.20 b N.D. N.D.
2,4-Di-tert-butylphenol 7.26 ± 0.05 b 8.11 ± 0.14 b 9.23 ± 0.13 b 6.35 ± 0.11 b 7.54 ± 0.01 b 5.82 ± 0.07 b

N.D. means no detection. Different letters indicate the significant differences at p < 0.05.

The higher alcohols were the main group of alcohol compounds in this study. Nor-
mally, the concentration of 300–400 mg/L is acceptable, and the optimal level gives a
pleasant character [27]. It could be found that phenylethyl alcohol, contributing to “rose”
and “sweet” notes for wine, distributed highest in all groups, and its content was improved
greatly by yeast metabolism during fermentation. There was no significant difference
between FS and FS mixed, but the content of phenylethyl alcohol in YT and HL mixed
was higher than corresponding single groups, thus adding more floral flavors to mixed
fermented wine. The amount of β-bisabolol was higher in FS36 and FS mixed groups;
farnesol, bringing the wine with floral and greenwood flavor, was only detected in single
FS36 and YT28.

Oxidation-related aldehydes with low sensory thresholds and apple-like odors are
important to wine aroma, making wine smell fresher [28]. Four aldehydes were identified
in this study. They were benzaldehyde, phenyl acetaldehyde, 16-octadecenal, and ethyl
benzaldehyde. Compared with Marselan must, the types and content of aldehydes in
wine dropped distinctly as the result of chemical reactions such as oxidation/reduction,
enzymatic hydrolysis, or participating in yeast bio-metabolism to form new aroma com-
pounds. Phenyl acetaldehyde, generating floral and honey odor in wine, was highest in
YT28, lowest in FS36.

Norisoprenes and its derivatives usually have apple, raspberry, papaya, violet, and
other floral and fruity features, with very low threshold, and have attracted much attention
in wine aroma researches. β-Damascenone is a typical substance of C13-norisoprene family,
contributing lovely characteristics of apple, rose, and honey to wine [26]. The highest value
was obtained in HL mixed; moreover, the concentration of each mixed-strain group was
much higher than that of the corresponding single-strain groups, responsible for giving
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more sweety and floral flavors to the wine. Except for the major aroma compounds, a small
amount of olefinic substances were also detected in Marselan must and wine. Among
them, cyclohexene with the value of 31.26 and 16.76 was only detected in FS groups (single
and mixed). Calamenene, as one of the most typical aromas in the Marselan grape, was
detected only in YT mixed and HL mixed (latter was significantly higher than the former),
indicating that HL mixed could preserve more varietal characteristics. All these results
indicated that the aromatic profiles of single and mixed fermentation methods varied a lot,
and the inoculation with non-Saccharomyces relatively retained more Marselan features.

3.4. Comparison of Aroma Compounds between Marselan Must and Wine

Compared with must, the relative content of phenethyl alcohol (50–100-fold change),
ethyl caprylate (480–670-fold change), and ethyl caproate (10–20-fold change) was much
higher in wine (Figure 2). These aromas were produced by yeasts during wine fermentation.
However, some feature aromas of Marselan such as calamenene, only increased in HL
mixed; β-damascenone reduced more than 80% in all groups; benzaldehyde diminished
54.26%, 16.92%, and 22.23% in FS36, YT28, and HL mixed, respectively (Tables 3 and 4);
2,4-di-tert-butylphenol dropped 68–81% in each group. In general, FS36 and FS mixed were
worse on preserving characteristic aroma compounds, indicating that FS36 and FS mixed
possibly were not capable of shaping the individual quality for Marselan wine. Esters were
the main compound produced during fermentation, of which FS36 produced the most,
yet HL mixed produced the least. FS36 also produced the most of new alcohols. Other
fermentative aroma compounds included acids, aldehydes, etc., with a relatively minor
effect on the wine, of which FS groups produced the most, followed by YT and HL groups.
In conclusion, FS groups produced the most content of aromas in wine, followed by YT
and HL groups. However, YT and HL groups were more capable of maintaining Marselan
varietal characters such as calamenene and β-damascone.

 
Figure 2. Changes of characteristic aromas in Marselan wine. Different letters indicate the significant differences at p < 0.05.
(A,C) The fold change of phenethyl alcohol, ethyl caproate and ethyl caprylate in Marselan wines in comparison of must,
respectively; (B) The retention percentage (%) of four varietal aromas in Marselan wines in comparison of must; (D) The
peak area of easters of Marselan wines; (E) The peak area of alcohols of Marselan wines.
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3.5. The PCA Analysis of Marselan Wine

The composition and abundance of aroma compounds in six groups were subjected
to PCA analysis and explained 71.3% of the variability in the first two dimensions. Eight
characteristic Marselan varieties and six newly produced aroma compounds were used to
analyze. Figure 3 depicted that PCA1 accounted for the 43.0% and PCA2 for an additional
28.0% of the variability, which clearly separated single-strain groups from mixed-strain
groups, proving that different fermentation methods had dissimilarity during the aromatic
compound formation, the inoculation of non-Saccharomyces indeed changed the whole
quality of wine aromas. Overall, characteristic variety aromas were preserved better in
the mixed-strain groups, implying that mixed-strain fermentation was a better way to
retain variety features. Reversely, single-strain groups were capable of producing new
fermentative aroma compounds. Interestingly, HL mixed (with apparent benzaldehyde
and β-damascenone) was located in a single quadrant, implying that the features of this
group were totally diverse with others; obviously, fermentative aromas of this group were
less than other groups. Ethyl octoate, ethyl 9-decanoate, and decyl alcohol coming from
the fermentation process were mainly centralized on the quadrant of single-strain groups.

Figure 3. Principal Component Analysis (PCA) biplots of selected volatiles in six Marselan wines.
(Notes X1: Benzaldehyde X2: Ethyl caprylate X3: Phenethyl alcohol X4: Ethyl caproate X5:
Calamenene X6: β-Damascenone X7: 2,4-Di-tert-butylphenol X8: Phenethyl acetate X9: Hexyl
acetate X10: Diethyl succinate X11: Ethyl caprate X12: Ethyl propionate X13: Trans β-farnesol X14:
Decyl alcohol).

3.6. The Sensory Analysis of Marselan Wine

Eight aroma attributes, namely, ethanol, floral, citrus, stone fruits, berries, dry fruits,
herbs, and fermentative aromas, contributed to the aroma profile of the wine. Figure 4
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demonstrated the mean scores of the sensory attributes of wines. Fermentative, ethanol, and
floral attributes, mostly produced during the fermentation process, were the dominating
descriptors in single-strain groups. Apparently, HL mixed had the most intense attributes
of citrus, herbs, berries, and dry fruits, implying that HL mixed group had a stronger and
more complicated aroma profile than other groups. FS36 has the strongest fermentative
flavor but a weaker perception of other attributes. On the whole, mixed-strain groups
showed stronger notes of citrus, berries, and herbs, of which HL mixed had the highest
scores in both terms. Thus, HL mixed showed the most promising potential to preserve
Marselan varietal and also the richest sensation among all groups.

Figure 4. Radar plots of sensory evaluation of six Marselan wines.

In the PLSR model, 14 key aroma compounds were specified as the X-matrix, and
the sensory attributes were specified as the Y-matrix. The correlation loading plot was
shown in Figure 5. For the HL12, dried fruits, floral and alcoholic attributes were found to
be associated with any of the key aroma compounds: specifically, with ethyl caprylate, β-
damascenone, ethyl caproate, and diethyl succinate. For the HL mixed, strong correlations
with aroma compounds were found for the citrus attribute. This was consistent with the
sensory evaluations that HL mixed had the highest scores for citrus attribute, implying that
citrus odor could be the characteristic sensory evaluation for HL mixed. The citrus attribute
was correlated with several key aroma compounds, including benzaldehyde, trans-β-
farnesol, ethyl propionate, hexyl acetate, and calamenene. For the FS36 and FS mixed,
fermentation aromas and berries were the main attributes that correlated with the aroma
compounds such as decyl alcohol, 2,4-di-tertbutyl phenol, and phenethyl acetate. For YT28
and YT mixed, both were related to phenethyl alcohol, but there was no related attribute.
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Figure 5. Partial least square regression correlation plot for six Marselan wines. The model was
established by 14 key aroma compounds of GC-MS measurements as X, Y for the flavor attributes.
(A) Scores of samples; (B) correlation loadings of X and Y.

4. Discussion

Aroma compounds are secondary metabolites that play an essential role in grape qual-
ity for enological purposes. Grape aromas were mostly coming from sugar. Many factors,
including biotic and abiotic types, can influence the biosynthesis of aroma compounds
in grape fruits, such as grape maturity, geographical locations, climates, and agronomic
practice [29–31]. To the best of our knowledge, we were the first team to analyze the
varietal aroma of Marselan grape must. Totally, there were 42 kinds of aromas identified,
of which 2018 YT had the most. Three samples coming from the 2018 vintage had more
types of aromas than the 2017 sample, probably due to its younger vintage. As wine ages,
chemicals such as oxidation and reduction reactions will happen, and aging aromas will
arise, but varietal aromas will decline. Compounds forming primary aromas belong to
a limited number of chemical families, including methoxypyrazines, C13-norisoprenoids,
volatile sulfur compounds, and terpenes [32]. Twenty kinds of aromas were detected in
common, and five of them (calamenene, β-damascenone, n-hexanal, furfural, and cere-
monene) were significant among samples. β-ionone and β-damascenone are the main
C13-norisoprenoids compounds derived from carotenoids detected much in non-floral
grapes. Terpenoids mostly existed in aromatic varieties such as Muscat, Gewürztraminer,
and Rhine Riesling [33]. Particularly, five monoterpenoid alcohols, namely linalool, geran-
iol, nerol, citronellol, and α-terpineol, are the most abundant and the strongest contributors
to wine aroma with floral sense and low odor thresholds [34]. Compared with other
kinds of aromas, the concentrations of terpenes and C13-norisoprenoids were much lower
(Table 3), and our results were consistent with other studies [35–37].

It has been uncovered that phenols, terpenes, C13-norisoprenoids, and non-terpenic
alcohols are the most important aroma substances in grapes, and they can be detected as
free volatiles or glycol-conjugated molecules, of which the non-volatile glycosylated group
contributes the largest and presents in all varieties of Vitis vinifera. However, only volatile
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groups can be detected by GC-MS, so there still remains many aroma compounds that
cannot be captured in the must. These important aroma precursors are linked to sugar
molecules, mainly terpenol and C13-norisoprenoid glycosides. Free styles could be released
by hydrolysis during fermentation through the bioactivities of yeasts. There are two
enzymes that existed in yeasts involving in aroma release, one is glycosidases, hydrolyzing
the non-volatile glycosidic precursors, and the other is carbon-sulfur lyases, releasing
volatile thiols from aroma-inactive cysteine-bound conjugates [38]. Even though all samples
coming from the same region and vintage, the influences of agronomic practices cannot
be excluded, such as irrigation, training systems, leaf removal, and bunch thinning [39].
Usually, agronomic practices do not always have uniform results, and each viticulturist has
a distinct personal pattern; therefore, the metabolic and physiological changes resulting
from agronomic practices were unknown. Furthermore, 20 characteristic aromas were
found in common in all must samples, relatively representing the varietal aromas of the
Marselan grape.

Marselan is one of the most popular grape varieties planted in China in recent
years. The Marselan wine fermented by commercial Saccharomyces yeasts usually has
a monotonous taste, lacking the varietal vigor and geographical characteristics. Con-
versely, indigenous wild yeasts are exhibiting more and more diversity and suitable brew-
ing potential. However, limited studies have been carried out to improve its enological
characteristics through the use of indigenous wine yeasts. Nowadays, the use of non-
Saccharomyces yeasts co-inoculated with Saccharomyces cerevisiae is a popular strategy to
improve the diversity and quality of wine aroma. The design of starters, including selected
non-Saccharomyces yeasts with optimized biotechnological characteristics, has become one
of the main challenges for researchers and oenologists. In this study, the effect of in-
digenous non-Saccharomyces inoculated with matched indigenous S. cerevisiae strains on
aroma quality was investigated, with the aim to evaluate whether multiculture of specific
non-Saccharomyces with local S. cerevisiae strains could produce high diversified aromatic
quality. Naturally, Saccharomyces yeasts have a better ability to complete fermentation
than non-Saccharomyces yeasts due to their adaptative genes to transform sugar and high
tolerance of alcohol [40]. Consistent with above, all single-strain groups in our results
fermented faster, which was in agreement with numerous studies [7,41–46]. FS36 was the
fastest, implying that this strain has the best fermentation ability, followed by HL12 and
YT28. There is a concern wherein the initial growth of non-Saccharomyces may be stuck or
sluggish fermentations or reduce the production of detrimental compounds to the sensory
properties of wine [47]. Like many successful non-Saccharomyces isolates, the selected
non-Saccharomyces yeasts in our experiments did not suspend or affect the fermentation
process, so these strains were well qualified to be used as starters [48–51]. All the groups
showed suitable fermentation kinetics, implying that they have great potential to be used
in industrial production.

Glycerol is one important product of yeast fermentation and is typically found at
concentrations of 4–10 g/L in dry wine. In general, higher glycerol levels are considered to
improve wine quality, contributing to smoothness, sweetness, and complexity for wines.
From our results, except for FS36, mixed-strain groups produced more glycerol than single-
strain groups. Previous studies discovered that wine fermented with non-Saccharomyces
yeasts produced higher glycerol concentrations during alcoholic fermentation, which was in
accordance with our results [8,52–54]. Generally, increased glycerol together with reduced
alcohol in mixed fermentation has been observed in many research. The main reason is that
some non-Saccharomyces cerevisiae is able to convert part of the carbon flux from the way of
synthesizing alcohol to glycerol due to gene mutation or natural selection. However, from
Table S1, the content of alcohol in three mixed-strain groups was not statistically significant
from that of the single-strain groups, and there was even a slight increase trend, which was
inconsistent with the above theory. In fact, many factors could affect the synthesis of alcohol
or glycerol because numerous metabolic behaviors occur at the same time, although their
carbon source all derives from sugar, the product of photosynthesis. For one thing, there is
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no absolute negative relation between the synthesis of glycerol and alcohol. For instance,
the hybrid yeasts from S. cerevisiae × S. uvarum increased glycerol production compared to
the S. cerevisiae parent; however, no reduction in ethanol concentration was observed [55].
Glycerol production in Saccharomyces cerevisiae can be induced by the addition of sulfite to
the growth medium, which cannot be used for ethanol production due to the combination
of sulfite and acetaldehyde. Thus, another study used sulfite to select yeasts with suitable
adaption of high osmotic pressure, and this method successfully led to finding the yeasts
that resulted in a 46% increase in glycerol yield. However, ethanol production was just a
minor decrease [56]. For another, the production of glycerol largely depends on the redox
balance within yeast cells, and both osmotic pressure and fermentation temperature can
influence its content. In addition to alcohol, the synthesis rate of glycerol is widely adjusted
by some metabolites such as organic acids, which can alter redox balance and/or influence
yeast metabolism [56]. From Table S1, it could be found that the level of organic acids in
the mixed group was lower (such as acetic acid, tartaric acid, and citric acid) than single
ones, which partly explained why the alcohol content was not reduced because fractional
carbon flux for organic acids has been transferred to the synthesis branches of alcohol,
which further regulate the redox balance in the whole environment. Therefore, it is not
credible to deduce the content of any one according to the other content. Furthermore,
non-Saccharomyces yeasts have the ability to redirect the sugar consumption to produce
alternative compounds, such as glycerol, with no apparent harm to wine or pyruvic acid
produced via glycerol–pyruvic metabolisms. In conclusion, the inoculation with non-
Saccharomyces yeasts as co-starters could be a promising technology to enhance the wine
taste and final quality.

Previously, Lyu et al. identified several key aromas such as β-damascenone, eugenol,
and 2,3-butanedione in Marselan wine, and found a suitable similarity of blackberry,
green pepper, honey, raspberry, caramel, smoky, and cinnamon aroma attributes between
the original Marselan wine and the reconstructed wine [20]. In this study, there were
53 aroma compounds detected in total, containing esters, higher alcohols, aldehydes, and
norisoprenes. Esters are the most abundant compounds found in this study. Compared
with the must, esters in wine were greatly improved due to the yeast metabolic activities.
Ethyl decanoate was the single most abundant ester in all samples, associated with fruity
and floral aromas [57]. Although esters provide wine with pleasant flavors, to preserve the
varietal characteristics from the grape, the production of esters at proper concentrations is
important to avoid masking the grape varietal aromas. The co-inoculation with some non-
Saccharomyces yeast is an efficient way to produce wine with lower esters than Saccharomyces
only. It has been found that the use of M. pulcherrima (a non-Saccharomyces) reduced the
final total ester yield by approximately 33% [58]. Our results showed that the amount
of esters in mixed-strain groups were lower than in single-strain groups, suggesting that
the selected non-Saccharomyces reduced the easter aromas (Table S2). β-Damascenone is
a typical substance of the C13-norisoprene family, associated with apple, rose, and honey
flavors [26]. The highest value was obtained in HL mixed; moreover, the concentration of β-
damascenone in each mixed-strain group was much higher than that of the corresponding
single-strain groups, implying that mixed fermentation was better to preserve the varietal
aroma characteristics. Calamenene was another important aroma of Marselan must, which
was also kept better in mixed groups. Actually, the promotion of flowery and fruity aromas
by mixed fermentation with non-Saccharomyces have been confirmed by many studies.
Zhang et al. used indigenous Torulaspora delbrueckii (TD12) co-fermented with Saccharomyces
and found the mixed fermentation achieved higher aroma diversity, and generate higher
intensity of fruity, flowery and sweet attributes of wine [59]. Another selected Hanseniaspora
uvarum (H. uvarum) Yun268 (non-Saccharomyces) was found to improve the concentration
of aromatic compounds via high levels of β-glucosidase activity and fatty acids [60].
The application of indigenous non-Saccharomyces Hanseniaspora vineae and Metschnikowia
pulcherrima co-fermentation with Saccharomyces cerevisiae improved the aroma diversity in
Vidal blanc ice wine [61]. Tristezza et al. used a local S. cerevisiae co-fermented with three H.
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uvarum and found that H. uvarum contributed to increasing the wine organoleptic quality
and simultaneously reducing the volatile acidity [61]. In addition, many studies came to
similar conclusions [42,44–46,60,62]. These results explicated that mixed fermentation have
more advantages than single fermentation.

Generally, there are two practices when using non-Saccharomyces yeasts in mixed
fermentation. One is co-inoculation, the other is sequential inoculation. When fermenta-
tions are conducted with more than one yeast, complex interactions between organisms
will happen. Both methods are feasible, although potential interactions between yeasts
could determine which inoculation strategy is more appropriate. In this study, all groups
were treated with sequential inoculation. Therefore, co-inoculation should be investigated
further to figure out which method is better to improve aromas in Marselan wine. Interest-
ingly, a study investigated both methods with Torulaspora delbrueckii and found sequential
inoculation achieved higher aroma diversity than co-inoculation. The possible mechanism
was the inhibitory effects on the growth of non-Saccharomyces in the initial fermentation [59].
Importantly, the composition, interaction, and diversity of the yeast micro-population
significantly contribute to the sensory characteristics of wine, so more research needs to
be performed to elucidate the relations between yeasts and final aromas. In this paper,
we did not carry out the commercial fermentation trials because the main purpose of this
study was to compare and explore the single or mixed fermentation started by indigenous
Saccharomyces or non-Saccharomyces yeasts to figure out the effects on the aroma formation
in Marselan wine. We hope to provide a theoretical basis for the industrial application of
these promising yeasts. From the sensory analysis, it could be found that the features and
uniqueness of the Marselan grape were most highlighted by HL mixed with the must from
the same place. Previous studies have shown that the yeast populations have been found
to be regionally distinct, a concept coined microbial terroir, which suggests that the certain
aroma fingerprints formed between grapes and the environment are likely to be based
on specific microbial populations, especially non-Saccharomyces cerevisiae. So indigenous
yeasts from the same region as grape variety possibly are more conducive to preserve local
variety characteristics than the yeasts from other areas.

Taken together, our results suggest that the wild indigenous yeasts from the same
region as grape variety are possibly in favor of preserving varietal characteristics in wine,
especially the mixed fermentation with non-Saccharomycetes, probably due to its better
adaptability of local climate and geography, which could be applied as a clue to make
personalized wine with outstanding characteristics.

5. Conclusions

Three autochthonous Saccharomyces yeasts had the excellent ability of fermentation,
and the inoculation of matched non-Saccharomyces did not suspend or hinder the whole
process. The sequential inoculation of non-Saccharomyces kept the varietal sensation better
than single Saccharomyces, both in chemical compounds and sensory evaluation. HL mixed
had the best performance to preserve Marselan grape features such as citrus, berries, dry
fruits, and herbs characters, also with the least tedious fermentative flavors. Our study
implies that the indigenous yeasts from the same region as the grape variety seem more
conducive to preserve local variety characteristics.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/fermentation7030133/s1. Figure S1: The relative content of characteristic aroma compounds
in Maeselan must. Table S1: The results of physicochenmical indexes of Marselan must and wine.
Table S2: Summary of the volatile aroma components of Marselan wine.
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Abstract: Key varietal characteristics of Sauvignon Blanc, including the descriptors of ‘green’ and
‘tropical fruit’, are mostly attributed to methoxypyrazines and volatile thiols, while monoterpenes,
higher alcohols, esters, fatty acids, and other volatile compounds also add complexity and fruity
notes to the wines. During the winemaking and ageing period, oxidation decreases the concentrations
of these compounds and diminishes the flavours derived from this aromatic grape variety. Therefore,
antioxidants, such as sulfur dioxide, are commonly utilized in Sauvignon Blanc wine production
for better preservation of those beneficial primary aromas. This review focuses on key varietal
aromas in Sauvignon Blanc wine and how they are influenced by oxidation, and SO2 alternatives,
including ascorbic acid, glutathione, and glutathione-enriched inactivated dry yeasts, that can be
used in winemaking as antioxidants.

Keywords: antioxidants; glutathione; glutathione-enriched inactivated dry yeasts; methoxypyrazines;
oxidation; Sauvignon Blanc; thiols

1. Introduction

Sauvignon Blanc is one of the most popular white wines around the world. Originating
from the Loire Valley of France, Sauvignon Blanc was considered a wild weed before
winemakers started to turn grapes into wine hence the name Sauvignon Blanc came from the
meaning of ‘wild whites’ in French. Some of the best grape-growing regions for Sauvignon
Blanc in the world are namely Loire Valley (France), Bordeaux (France), Marlborough (New
Zealand), California (United States), and Casablanca (Chile). The flavours and styles of
Sauvignon Blanc may vary by region due to different terroir and winemaking practices,
but typically, Sauvignon Blanc wines are made in a dry, still, and light-bodied style with
high acidity and aromatic characteristics dominated by grape-derived fruity flavours.

Sauvignon Blanc vines in New Zealand were first commercially planted in Marlbor-
ough in the mid-1970s and the wines have gained worldwide recognition since then. Until
now, Sauvignon Blanc is the most widely planted grape variety in New Zealand, with over
26,000 hectares of vineyard land devoted to growing the grape. The majority of which is
planted in Marlborough (23k ha), followed by Hawke’s Bay (1k ha) and Nelson (0.6k ha) [1].
Sauvignon Blanc accounts for 72% of New Zealand’s wine production and makes up 86%
of total wine exportation from New Zealand. The advantages of New Zealand’s growing
environment, including cool climate, low rainfall, long sunshine hours, large diurnal tem-
peratures, and mixed soil types, aid in reaching the freshness and crispiness of Sauvignon
Blanc grapes. Reductive winemaking, which aims at minimizing oxygen exposure during
vinification, is commonly adopted for Sauvignon Blanc to reduce the loss of primary aromas
and limit the development of oxidative characters.

2. Important Aroma Compounds in Sauvignon Blanc

Sauvignon Blanc is an aromatic variety typically having pronounced aromas of ‘green’
and ‘tropical’ characters. Green characters, including leafy, herbaceous, and grassy notes,
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are generally related to a specific group of volatile compounds, methoxypyrazines, while
tropical characters with aromas of gooseberry, grapefruit, and passion fruit are attributed
to volatile thiols. Despite the varietal aromas of Sauvignon Blanc being dominated by
methoxypyrazines and volatile thiols (Table 1), other aroma compounds (Table 2) derived
from sugar and amino acid metabolisms during alcoholic fermentation, such as higher
alcohols, fatty acids, esters, and to a lesser content, acetaldehyde, play a supportive role [2].
These volatile metabolites enhance wine complexity and impart fruity aromas that are not
varietal specific to Sauvignon Blanc [3,4].

Table 1. Key varietal compounds in Sauvignon Blanc wines.

Compound Sensory Description
Concentrations in
Wine (ng/L)

Sensory
Threshold (ng/L)

Methoxypyrazines

2-methoxy-3-isobutylpyrazine
(IBMP) Asparagus, capsicum 0.4–56.3 [5,6] 2 [7] 1

2-methoxy-3-
isopropylpyrazine
(IPMP)

Earth, leaf <0.03–13.7 [5,6,8] 2 [7] 1

2-methoxy-3-sec-
butylpyrazine
(SBMP)

Earth, leaf <0.03–11.2 [5,9] 2 [7] 1

Volatile thiols

4-mercapto-4-methylpentan-2-
one
(4MMP)

Box tree, passion fruit, black
currant bud 4–40 [8,10] 0.8 [11] 2

3-mercaptohexan-1-ol
(3MH)

Passion fruit, grapefruit,
gooseberry, guava 200–18,000 [8,10] 60 [11] 2

3-mercaptohexyl acetate
(3MHA) Passion fruit, box tree 0–2500 [8,10] 4.2 [11] 2

Benzenemethanethiol
(BMT)

Mineral, flint, smoke,
burnt wood 10–15 [12] 0.3 [12] 2

1 determined in water; 2 determined in model wine.

2.1. Methoxypyrazines

Methoxypyrazines are commonly associated with the ‘green’ character in Sauvignon
Blanc must and wine [13]. Methoxypyrazines are nitrogen-containing heterocyclic sub-
stances (Figure 1) biosynthesised as the secondary metabolites of amino acids, which are
considered grape-derived aroma compounds [14]. Three methoxypyrazines in Sauvignon
Blanc have very low perceptive thresholds in wine with general concentrations well above
these threshold values [15].

Figure 1. Methoxypyrazines in Sauvignon Blanc grapes and wine. (a) 2-methoxy-3-isopropylpyrazine,
IPMP; (b) 2-methoxy-3-isobutylpyrazine, IBMP; (c) 2-methoxy-3-sec-butylpyrazine, SBMP.

The 2-methoxy-3-isobutylpyrazine (IBMP) with asparagus or capsicum-like aromas
has the highest concentration recorded at 307 ng/L in grapes and 56.3 ng/L in wines,
and thus it is considered the main contributor to the green character of Sauvignon Blanc
wine [13]. However, the correlation between IBMP and the ‘capsicum’ attribute is found to
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be surprisingly weak [8], the explanation behind this may lean on the masking effect of other
volatile compounds, such as varietal thiols, C6-alcohols, and dimethyl sulfide [8,16]. In ad-
dition, the study indicated when IBMP, (Z)-3-hexenol, and 1-hexanol were added together,
the aroma presented in wine was changed from a veggie and earthy character to a pepper
odour nuance, which showed a synergistic interaction among these compounds [17].

Both 2-methoxy-3-isopropylpyrazine (IPMP) and 2-methoxy-3-sec-butylpyrazine (SBMP)
mainly contribute to earthy and leafy notes, however, they make subtle contributions to
the green character due to their low concentrations present in grapes and wine. The aroma
imparted by pyrazines was also found to depend on the presence of other compounds. In
terms of the concentrations of pyrazines, up to 48.7 ng/L and 13.7 ng/L of IPMP were found
in grapes and wines, respectively, and to a lesser content, the highest concentration of SBMP
was recorded at 11.2 ng/L in both grapes and wines [8].

Studies conducted on red wine grapes showed that IBMP begins to accumulate in
berries 10 days after anthesis, and declines rapidly during the maturation afterwards [18,19].
Final concentration of IBMP is determined before véraison [20], while early basal removal
from the fruiting zones was found to reduce IBMP accumulation effectively [21]. The
concentration of methoxypyrazines also depends on the climate of growing regions as
the accumulation and degradation of these compounds are sensitive to temperature and
sunlight exposure [20,22,23].

2.2. Volatile Thiols

Volatile sulfur compounds in wine can be divided into two classes based on the
aromas perceived by humans, either negative or positive. On the one hand, some sulfur-
containing compounds are responsible for off-flavours, such as rotten eggs ascribed to
H2S produced by wine yeast [24,25], and cooked vegetables caused by thioacetic acid
esters and mercaptans under low redox potential in wine [25]. On the other hand, certain
sulfur- containing compounds can contribute to positive odours such as the notes of
gooseberry, passion fruit, grapefruit, and guava [3]. These compounds considered to be
the impact odorants in New Zealand’s Sauvignon Blanc are referred to as volatile thiols or
polyfunctional mercaptans [26]. Volatile thiols contain one or more sulfhydryl groups with
additional functional groups such as ketones, alcohols, and esters in their molecules [3],
and they can be perceived by the human nose at very low concentrations [27].

Three important volatile thiols, 4-mercapto-4-methylpentan-2-one (4MMP),
3-mercaptohexan-1-ol (3MH), and, 3-mercaptohexyl acetate (3MHA) (Figure 2), are key
aroma compounds of New Zealand Sauvignon Blanc, i.e., imparting aromas of box tree and
black currant bud contributed by 4MMP [28], and aromas of passionfruit and grapefruit
contributed by 3MH and 3MHA [11]. The perceptive thresholds of 4MMP, 3MH, and
3MHA in model wine are 0.8 ng/L, 60 ng/L, and 4.2 ng/L [11], and their concentrations
in Sauvignon Blanc wines from France and New Zealand are reported in the range of
4–40 ng/L, 200–18,000 ng/L, and 0–2500 ng/L, respectively [29]. If present at high con-
centrations, these compounds can emit sweaty aromas of cat urine character [30]. The
biosynthesis of 3MHA is the result of the esterification of 3MH with acetic acid during
fermentation, which is controlled by yeast ester-forming alcohol acetyltransferase encoded
by the ATF1 gene [31]. The amount of 3MHA depends on the conversion rate differed
in yeast strains [32], which is normally up to 10% of 3MH [33]. Previous studies have
proposed three biogenesis pathways to explain the formation of 3MH and 4MMP in wine.

The first pathway involves cysteinylated precursors, S-3-(hexan-1-ol)-cysteine (Cys3MH)
and S-3-(4-mercapto-4-methylpentan-2-one)-cysteine (Cys4MMP), which originate from grapes
and are cleaved of the carbon-sulfur linkage by wine yeast through its beta-lyase activity
during fermentation [33]. The second biogenesis pathway involves glutathionylated precur-
sors, S-3-(hexan-1-ol)-glutathione (Glu-3MH) and S-3-(4-mercapto- 4-methylpentan-2-one)-
glutathione (Glu-4MMP), which also originate from grapes and act as the precursors of both
volatile thiols, 3MH and 4MMP, respectively [34]. Apart from this, Glu-4MMP also acts as
the precursor of Cys3MH deciphering part of the Cys3MH biogenesis pathway [35]. The
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third biogenesis pathway involves the direct reaction of H2S and unsaturated C6 compounds,
such as (E)-2-hexenal and (E)-2-hexenol [36]. H2S can be produced by yeast metabolism of
different sulfur sources, including elemental sulfur. The reduction of elemental sulfur by grape
enzymes or other reducing agents, i.e., without the involvement of microorganisms, has also
been suggested [37]. C6 compounds are formed through the enzymatic breakdown of polyun-
saturated fatty acids catalysed by lipoxygenase, hydroperoxide lyase and isomerase [38].
While the importance of this pathway remains to be determined, it has been demonstrated
that suppling H2S to grape juice directly (Harsch paper again) or indirectly via elemental sulfur
additions [37] invariably leads to an increase in 3MH and 3MHA concentrations in wine.

Figure 2. Volatile thiols found in Sauvignon Blanc wines. (a) 4-mercapto-4-methylpentan-2-one,
4MMP; (b) 3-mercaptohexan-1-ol, 3MH; (c) 3-mercaptohexyl acetate, 3MHA.

Apart from three varietal thiols that contributed mainly to tropical fruit aromas, there
is another volatile thiol, benzenemethanethiol (BMT) that is worth mentioning. BMT was
found to be responsible for some minerality characteristics, including flint, wet stones, and
smoke in white wines [12,39], especially for a gun flint aroma presenting in Sauvignon
Blanc wine [12]. However, the mineral character perceived in wine is considered a complex
issue as it can be associated with various aspects of wine composition, including other
aroma compounds [40], acidity [41], and reductive character [42]. The contribution of BMT
to minerality in wine needs further investigation.

Table 2. Other volatile compounds in Sauvignon Blanc wines.

Compounds Sensory Description Concentrations in Wine Sensory Threshold

Terpenes Linalool floral, citrus 7.2–24.3 μg/L [43,44] 100 μg/L 1 [45]
Geraniol freshly cut grass 1.0–2.8 μg/L [46] 130 μg/L 1 [45]

Higher alcohols 2-phenylethanol (2-PE) Rose, honey, spice 43.4–436 μg/L 3 [43,47] 200 mg/L 2 [48]

Isoamyl alcohol Solvent, whiskey, malt,
burnt 80–300 mg/L [10,46] 60 mg/L 2 [48]

Esters
Isoamyl acetate Banana, pear 2080–2880 μg/L 3 [43] 50 μg/L 2 [48]
Ethyl hexanoate Apple, banana, violets 999–2892 μg/L [46] 45 μg/L 2 [46]
2-phenylethyl acetate
(2-PEA) Rose, fruity, honey 0.21 mg/L [49] 1.8 mg/L 2 [48]

Volatile fatty acids Acetic acid Vinegar 150–900 mg/L 3 [50] 1130 mg/L 3 [51]

Others

Acetaldehyde Bruised apple, grass,
nut, sherry 7–240 mg/L 3 [52] 100 mg/L 3 [53]

Methionol Asparagus, potato,
tomato 529–728 μg/L [46] 500 μg/L 2 [54]

2-furanmethanethiol Roast coffee 0.42–0.44 ng/L [55] 0.4 ng/L 2 [55]
Sotolon Curry n.d.–36 μg/L [56] 8 μg/L 3 [57]

1 determined in Muscat Alexandre, Muscat Blanc wines; 2 determined in model wine; 3 determined in dry white
wine.

2.3. Terpenes

Monoterpenes and their oxygen-containing derivatives, monoterpene alcohols, are
C10 compounds commonly found in grapes. Within more than 50 monoterpenes identified
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in grapes, linalool, citronellol, geraniol, nerol, and α-terpineol are the most abundant
monoterpenes, especially in aromatic grape varieties, such as Muscat grapes, Riesling, and
Gewürztraminer [58,59]. They contribute to floral (rose-like in particular), fruity, citrus,
and perfume odours [60]. Even though the concentrations of terpenes are generally below
the sensory threshold in Sauvignon Blanc, terpenes can still have a synergistic impact on
the overall aromas present in wines [61].

Monoterpenes can be present in grapes in free form, polyhydroxylated form, or glyco-
sidically bounded form [59]. Free forms of monoterpenes are odour-active compounds that
include additional monoterpene ethyl esters and acetate esters present in wine. Polyhydrox-
ylated forms of monoterpenes are free odourless polyols that make no direct contribution
to wine aroma but can break down to release pleasant volatiles [59], i.e., diendiol can
form hotrienol and nerol oxide (Williams, Strauss, & Wilson, 1980); (E)-3,7-dimethyl octa-
2,5-dien-1,7-diol can form cis-rose oxide [62]. The majority of monoterpenes in grapes
are glycosidically conjugated and are considered potential aroma compounds as they
can be hydrolyzed into aroma-activated forms by acid or enzymatic hydrolysis during
fermentation [63,64].

Monoterpene biosynthesis firstly involves the production of isopentenyl diphosphate
(IPP) and its allylic isomer, dimethylallyl pyrophosphate (DMAPP), through the 2-C-
methyl-D-erythritol 4-phosphate (MEP) pathway catalysed by terpene synthases (TPSs)
and monoterpenol β-D-glucosyltransferases (GTs) in grape [65]. Then, IPP and DMAPP are
condensed to form geranyl pyrophosphate (GPP) under the action of geranyl diphosphate
synthase [66]. Finally, GPP is catalyzed by terpene synthases to form monoterpenes [67].

2.4. Higher Alcohols

Among all the yeast-derived volatile compounds, higher alcohols and esters are the
two most abundant groups in wines [68]. Higher alcohols, also known as fusel alcohols, are
alcohols that have more than two carbon atoms, and are mostly derived from amino acid
metabolism during fermentation via the Ehrlich pathway, which includes transamination,
decarboxylation, and reduction. After the initial transamination, amino acids are transferred
into α-keto acids, which are then decarboxylated into fusel aldehydes and reduced into fusel
alcohol [69]. Higher alcohols can be classified into aliphatic and aromatic alcohols based on
amino acids that they are assimilated from [70]. Aliphatic alcohols are derived from linear-
or branched-chain amino acids and have a strong solvent-like odour. Aromatic alcohols
contain at least one benzene ring, which can enhance wine complexity and contribute
positively to wine aromas when present at around 300 mg/L in white wines [71–73].
However, excessive higher alcohols (over 400 mg/L), including both aromatic and aliphatic
alcohols, could contribute to a pungent smell and taste, and thus negatively affect the
quality and character of wines [32,74]. The most important aromatic alcohol found in
wines is 2-phenylethanol (2-PE), which is derived from phenylalanine and is associated
with a rose-like aroma [75,76]. The 2-PE is naturally present in grapes at an undetectable
concentration [49], however, certain yeast strains can enhance the production of 2-PE by
increasing the production of its precursor, phenylalanine [77]. Apart from yeast strain
selection, there are other factors during alcoholic fermentation that can affect the production
of higher alcohols, such as fermentation temperature, juice clarity, oxygen levels, and amino
acid composition [71,73]. Grape variety also has an impact on the concentration of higher
alcohols, both general trends, and individuals. Overall, white wine varieties contain lower
concentrations of higher alcohols than red wine varieties; individually, for example, more
isoamyl alcohol is detected in Sauvignon Blanc than in Chardonnay [78].

2.5. Esters

Esters are found in wine through the reactions between alcohols and fatty acids. Yeast-
derived esters can be categorised into acetate esters and ethyl esters [30]. In white wines,
acetate esters largely contribute to the floral and tropical-fruity character of the wines [79],
and ethyl esters contribute to wine complexity with the hints of tree fruits aromas at low
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concentrations but forming off-flavour like wax and honey at high concentrations [71]. High
concentrations of esters in Sauvignon Blanc can be produced by selected yeast strains, which
could have a masking effect over the green notes pertinent to methoxypyrazines [80]. The
formation of acetate esters is mainly influenced by the yeast strains and the concentration
of higher alcohols, while the formation of ethyl esters largely depends on the fermentation
rate, which can be affected by the fermentation temperature and oxygen exposure [81].
Among these significant esters, the most critical esters identified in white wines that
contribute to wine aromas are acetate esters of higher alcohols, such as isoamyl acetate,
ethyl hexanoate and 2-phenylethyl acetate (2-PEA) [82]. Isoamyl acetate relates to banana
and pear nuances, while ethyl hexanoate is associated with apple, banana, and violets notes.
2-PEA formed from the esterification of 2-PE contributes to the aromas of rose, fruity, and
honey in wines [32]. Similar concentration ranges of most esters are found in Sauvignon
Blanc to those in other white wine varieties except for a few compounds, such as ethyl
hexanoate and ethyl isovalerate with higher concentrations, and ethyl isobutyrate with
lower concentrations are quantified in Sauvignon Blanc [46].

2.6. Volatile Fatty Acids

Volatile fatty acids in wines are referred to a group of short- or medium-chain organic
acids, including those responsible for volatile acidity (VA). The concentrations of volatile
acids normally range from 500 to 1000 mg/L, and about 90% of them are acetic acid [50,83].
Acetic acid possesses a vinegar-like aroma when the concentration is near its perception
threshold (0.7–1.1 g/L) [73]. Excessive production of acetic acid is usually associated with
microbial spoilage of Acetobacter and Gluconobacter [84].

Medium-chain fatty acids in wine, such as hexanoic, octanoic, and decanoic fatty acids,
are found to play an essential role in the fruity notes of wine [3]. These fatty acids are
believed to be produced by yeast as intermediates in the biosynthesis of long-chain fatty
acids [73]. The biosynthesis starts with the formation of acetyl coenzyme A (acetyl-CoA)
from the oxidative decarboxylation of pyruvic acid, followed by the action of the fatty acid
synthase complex [85].

The factors affecting the concentrations of volatile fatty acids include yeast strains,
fermentation temperature, and juice nutrients. As for higher alcohols, the concentration
of volatile fatty acids in wine is also depending on grape varieties, and differences in the
concentrations of several volatile acids have been reported between Sauvignon Blanc and
Chardonnay wines. Significantly higher concentrations of acetic acid, decanoic acid, oc-
tanoic acid, and hexanoic acid are found in Sauvignon Blanc than in Chardonnay wines [86].

2.7. Other Volatile Compounds

Volatile aldehydes contribute to different flavours, including notes of citrus, apple,
grassy, pungent and nutty depending on the chemical structures [24,87], and they are of
importance to wine aroma and flavours as they have low sensory thresholds. Volatile
aldehydes are the intermediates in the Ehrlich pathway involving the formation of higher
alcohols from amino acids and sugar [69], therefore, conditions favour the production
of higher alcohols and also favour the formation of aldehydes [88]. Main aldehydes
found in wine include acetaldehyde, 3-(methylthio)-propionaldehyde (methional), and
phenylacetaldehyde, which are mainly generated from the oxidation of corresponding
alcohols [89,90].

Acetaldehyde formed predominantly from the oxidation of ethanol via the coupled
auto-oxidation of certain phenolic compounds [91], accounting for more than 90% of total
aldehydes contents in wines [70]. The concentration of acetaldehyde in dry white wines
ranges from 7 to 240 mg/L [52]. Methional and phenylacetaldehyde have also been found
to occur via the Strecker reaction in which dicarbonyl compounds react with amino acids,
methionine, and phenylalanine, respectively [89,90]. They have perception thresholds of
0.5 μg/L and 1 μg/L [89,92] with the concentrations in young Sauvignon Blanc wine at
bottling below 0.5 and 5 μg/L, respectively [93].
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Sauvignon Blanc wines are normally produced in a crisp and acidic way with fruit-
driven aromas, however, oak-related aroma compounds can still be found in Sauvignon
Blanc wines matured in barrels. For example, 2-furanmethanethiol contributing to roast
coffee aroma is found in barrel-aged Sauvignon Blanc as the biogenesis of furanthiol
derivatives requires furfural extracted from oak [94]. Sotolon (4,5-dimethyl-3-hydroxy-
2(5)H-furanone), a volatile furanone with an intense curry odour that causes a detrimental
effect on dry white wines [57,95], is also found in barrel-aged wines. Its concentration
even exceeds the perceptive thresholds (8 μg/L) in Sauvignon Blanc wines aged in barrels
without yeast lees, as the formation of sotolon in wines involves oxygen which can be easily
reached without the protection from yeast lees during the ageing period [57].

3. Oxidation of Aroma Compounds in Sauvignon Blanc

Grape must and wine are inevitably exposed to oxygen during winemaking, and
the amount of oxygen dissolved in wine can be up to 8 mg/L at cellar temperatures and
air pressure [96]. Either insufficient or excessive amounts of oxygen in wine can lead to
negative effects on wine quality. Too little oxygen exposure is associated with the formation
of reductive characters in wine, while too much oxygen exposure causes the oxidation of
both grape- and fermentation-derived aroma compounds, the development of undesirable
oxidative odours, and the acceleration of colour browning [97,98]. Oxidation is detrimental
for white wine, especially for Sauvignon Blanc wine, which is typically pale in colour and
with pronounced fresh and fruity aromas.

3.1. Oxidation Mechanism for Volatile Thiols

The cysteinylated and glutathionylated precursors of volatile thiols cannot be directly
oxidised during fermentation, as the C–S bond in the precursors is quite stable towards
oxidation [27]. However, after alcoholic fermentation, volatile thiols have been released
and their concentrations in wine can diminish largely by various mechanisms, including
oxidation and nucleophilic addition, as they are highly reactive and chemically unstable [3].
First, volatile thiols can be easily oxidised into the corresponding disulfides in the pres-
ence of oxygen and trace amounts of metal ions [99,100]. Second, these compounds are
nucleophilic and can undergo substitution reactions with polymeric phenolic compounds,
with detailed results proposed by Nicolantonaki et al. that (−)-epicatechin was more
reactive with thiols than (+)-catechin and the presence of Fe (III) favoured the oxidation
reactions [101]. Third, these compounds can also take part in Michael addition reaction
with phenolic oxidation products, such as o-quinones [102].

In the third mechanism, phenolic compounds react directly with RSO (reactive species
of oxygen) which are activated oxygen species formed by the reduction of O2 in the pres-
ence of metals, such as Fe2+ [101]. Two types of RSO are found related to phenolic oxidation,
free superoxide (O2•−) and peroxide (O2

2−) radicals, while peroxide (O2
2−) radicals are

present in hydrogen peroxide form at wine pH [103,104]. Then, the oxidation of pheno-
lic compounds undergoes a series of chemical transformations and forms semiquinone
radicals and quinones, which are both catechol derivatives [101]. The formation of these
catechol derivatives initiates in two pathways, oxidation by the intermediates from the
reduction of oxygen to hydrogen peroxide [103,105] and direct oxidation by Fe3+ under
acid conditions [101]. The acid conditions provided by wine preferentially go through
the pathway of direct oxidation by Fe3+ to reduce the formal reduction potential of the
Fe3+/Fe2+ couple caused by RSO formation and further facilitate the redox cycling [103]. Fi-
nally, the phenol oxidation products, which are electrophilic, unstable, and highly reactive,
can react with other compounds with low redox potentials, such as phenolic molecules,
SO2, and thiol-containing compounds, including glutathione and amino acids [106].

Quinones can react directly with nucleophilic thiols by a Michael addition reaction [104,107],
and the thiols are degraded to an odourless form causing a loss of fruit character in the wine [108].
Specifically, the o-quinones derived from caftaric acid or (+)-catechin reacting with 3MH are
most likely to be responsible for the loss of 3MH in wine under oxidative conditions [109].
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3.2. Oxidation during Winemaking

Winemaking practices from harvesting, grape crushing, skin contact, and pressing, to
alcoholic fermentation can input various amounts of oxygen into the musts. Winemaking
decisions such as different harvesting methods, skin contact time, and pressing pressure
applied should be made into consideration when producing Sauvignon Blanc wines, as the
precursor content and the extraction rate in the juice leading to different concentrations of
volatile compounds in the corresponding wines will be affected [110].

During the winemaking process, a high oxygen consumption rate, related to enzymatic
activity, occurs with grape crushing [111]. A study demonstrated that adding SO2 and
ascorbic acids at crushing produces more pleasant wines with richer and more delicate
aromas [111]. Skin contact and pressing under nitrogen increase the concentrations of
glutathione (a natural antioxidant present in grapes) in Sauvignon Blanc wine [112,113]. Al-
though longer skin contact time increases Cys3MH in the juice and larger pressure applied
during pressure aids the release of volatile compounds [114], the oxidative potential of the
juice also increases, which affects the concentrations of phenolic compounds dramatically,
leading to decreased concentrations of 3MH and 3MHA in the resulting Sauvignon Blanc
wines [115].

Methoxypyrazines are less prone to oxidation during winemaking. The concentration
of IPMP was found to decrease at the stage of juice settling [15] and increase during the first
day of maceration as methoxypyrazines are mainly found in the skins, seeds, and stems
of the grapes and these compounds are extracted from grape musts to juice [116]. After
racking, methoxypyrazines in Sauvignon Blanc wines level off regardless of the O2/SO2
additions at the juice stage [117,118].

The effects of the fermentation vessels on the chemical, physical, and sensory attributes
of Sauvignon Blanc wines were compared, showing that different materials of the vessels
affect the carbon dioxide and the oxygen dissolved in juice. As a result, juice fermented in
stainless steel tanks with less oxygen dissolved produced higher concentrations of volatile
fatty acids and esters, while juice in polyethylene tanks and clay jar received lower levels
of these volatile compounds [113].

3.3. Oxidation during Ageing

Despite oak barrels have an antioxidant capacity that influences the oxidation potential
of the wine and a positive correlation was demonstrated between the oxidative stability of
the wine and barrel ageing [119], barrel maturation is not a common winemaking practice to
produce Sauvignon Blanc wines, except for a specific style known as Fumé Blanc, developed
in the United States. However, some Sauvignon Blanc wines will go through bottle ageing
due to transportation or storage required from time to time, and oxidation during this
ageing period can affect the aroma compounds significantly.

Closures with consistently low oxygen transfer rates, such as screw caps and micro-
agglomerated corks, were found to be effective in detaining the oxidation of Sauvignon
Blanc wine during long-term ageing [120], the oxidative status of the bottle-ageing wine
between closures can be visually indicated by the degree of browning [121].

The concentration of methoxypyrazines during ageing was studied on Riesling and
Cabernet Franc wine regarding the closure effects. The result showed that the concentration
of IBMP decreased by 30% after 12 months of bottle-ageing, with the highest concentration
retained in wines bottled with corks, followed by screw caps, synthetic corks, and Tetrapak
cartons decrease the most after 18 months of bottle-ageing [122,123]. However, most
studies suggested that bottle ageing had no measurable effect on the concentrations of
methoxypyrazines in Sauvignon Blanc wine [124], and they remain stable even under
progressive oxidative storage [118].

Volatile thiols are particularly prone to oxidation during bottle-ageing, and they
can easily oxidise to corresponding disulfides [100]. During the bottle-ageing period of
Sauvignon Blanc wines, 3MHA is considered to be the least stable one that decreases
steadily throughout the first year of bottle-ageing [100] while 3MH first level off then
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increases after 3-month ageing, and the hydrolysis of 3MHA to 3MH is pointed to be the
reason [125]. The concentrations of 3MH decrease after 6-month bottle ageing and continue
declining as the ageing periods extended [93].

Closure and packaging options affecting the amounts of oxygen transferred through
the bottles are also important to the concentrations of volatile thiols preserved in wines.
3MH was found to be better preserved in wines ageing in glass bottles compared to other
configurations [93], while wines sealed with screw caps and bottle ampules displayed
higher contents of volatile thiols compared to wines bottled using closure with higher
permeability to oxygen [52].

The evolutions of other volatile compounds during ageing are mostly illustrated in
other white wines as they are not specific to Sauvignon Blanc and are less prominent
compared to methoxypyrazines and volatile thiols. Monoterpenes, such as linalool and α-
terpineol, were found to decrease during storage [126,127], while increases of monoterpene
alcohol derivatives, such as linalool oxides, nerol oxide, and hotrienol, were observed
during ageing [128].

Wine aromas change drastically during the ageing period, in which the concentra-
tions of yeast-derived compounds are significantly affected by oxygen exposure. Higher
alcohols are supposed to decrease as they can be oxidised to form aldehydes during age-
ing [129], however, the concentrations of higher alcohols were reported to be stable [130,131]
while hexanol was found to increase probably from the oxidation of linoleic and linolenic
acids [132]. Ester concentrations decrease during bottle ageing due to chemical hydroly-
sis [126,127] or ester interactions with o-quinones or oxidation caused by a direct attack
by hydroxyl radicals [97,133]. On the other hand, the concentrations of fatty acids are
supposed to increase due to the hydrolysis of the corresponding ethyl ester, however,
some compounds were reported to increase while others decrease or remain stable during
ageing [122,134].

Oxidative aromas of white wines described as honey, woody, and cooked vegetables
are mainly attributed to aldehydes, lactones, and acetals [95,97]. Under extreme storage
conditions, such as higher dissolved oxygen concentrations and higher storage tempera-
tures [95], the concentrations of methional and phenylacetaldehyde in dry white wines
were found to increase significantly. Packaging materials with different gas exchange rates
can influence the wine even under a short period of ageing. Higher concentrations of
methional, phenylacetaldehyde, and sotolon were found in wines ageing in Bag in Box®

and PET (polyethylene terephthalate) monolayer bottles compared to wines ageing in PET
multi-layer bottles and glass bottles as oxygen is allowed to permeate and the wines are
easily oxidised [93].

4. Antioxidants Used in Wine Production

Sulfur dioxide has been used as the main antioxidant in wine production at various
winemaking stages, even though it occurs naturally in the wines as a by-product of yeast
metabolism during fermentation [135]. Wines without any SO2 additions will still have
10−20 mg/L of total SO2 at the end of the alcoholic fermentation originating from yeast
metabolism of amino acids [136]. The majority of SO2 is mainly added in the form of
potassium bisulfite, with typical concentration of free SO2 ranging from 20 to 40 mg/L to
protect juice or wine from oxidation, as well as, to keep the molecular SO2 concentration
below its sensory threshold of 2 mg/L.

Volatile thiols could be well preserved in red wines and model wines by the use of
SO2 under oxidative winemaking conditions in the presence of polyphenols [101,102,137].
The maximum amounts of 3MH and 3MHA were found in the final Sauvignon Blanc wines
when SO2 was added at around 120 mg/L at harvest [138]. However, the excessive use
of SO2 can have negative effects on human health, such as hives, swelling, headaches,
stomach pain, and diarrhea [139]. In addition, the total SO2 in wine is regulated and the
use of SO2 should be declared on the wine label in most winemaking countries. Therefore,
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there is a trend that the use of SO2 is minimized in wine production and the wine industry
has always been seeking for alternatives to reduce the usage of SO2.

Common SO2 alternatives used in wine production that have shown the efficacy of
protecting juice and wine against oxidation are ascorbic acid and glutathione, to a lesser ex-
tent, glutathione-enriched inactivated dry yeast. Most of these alternatives have combined
effects when used together with SO2 while some of them need to be used complemen-
tary with SO2. Various combinations of these antioxidants have been studied to find the
most effective and efficient way to protect the wines while keeping the SO2 additions to
a minimum level.

4.1. Ascorbic Acid

Ascorbic acid has been utilized as an antioxidant with its capability to protect wines
from oxidation by preferentially reacting with oxygen before the auto-oxidation of phe-
nolic compounds happens and by reducing o-quinones back to the original phenolic com-
pounds [103,140]. The oxidation of ascorbic acid generates hydrogen peroxide and dehy-
droascorbic acid, which is unstable and can degrade to a wide range of products [141].
Therefore, ascorbic acid is recommended to be used in conjunction with sulfur dioxide
in wines as the presence of sulfur dioxide is essential to sufficiently remove hydrogen
peroxide [142,143] and bind the dehydroascorbic acid and its degradation products [103].

Ascorbic acid protects white wines against oxidation and minimizes the browning
of the wine under regular oxygen concentrations [144]. The combination of ascorbic acid
and SO2 better preserves fruity aromas as well as reduces oxidative aromas of the wines
than using SO2 alone [145]. Sauvignon Blanc wines supplemented with ascorbic acids
and SO2 were shown to contain higher levels of varietal thiols [146], and present higher
intensities of fruity, grass, and green pepper aromas compared to wines added with SO2
alone [147]. In addition, the presence of ascorbic acid decreases the requirement of SO2
for a given amount of oxygen consumed in wines and thus extends the shelf-time of the
wines [148,149]. However, in wines exposed to excessive amounts of oxygen either from
poor bottling practices, inadequate closures, or long-term ageing, the role of ascorbic acid
might convert from anti-oxidant to pro-oxidant [150,151]. This pro-oxidant activity relies
on the rapid oxygen consumption of ascorbic acid together with SO2, which will result in
browning and a shortened lifetime compared to ascorbic acid-free wines, and can even
contribute to spoilage of the wine over a longer time [150]. Conversely, Sauvignon Blanc
wines added with ascorbic acids but sealed with closures with low oxygen transmission rate
were found to develop reductive characters after bottle ageing [52]. Therefore, TPO (total
package oxygen) concentrations indicating the oxidation potential should be considered
when bottling [150].

4.2. Glutathione

Glutathione (GSH) is a tripeptide consisting of L-glutamate, L-cysteine, and glycine.
The unique reducing and nucleophilic properties of glutathione that allow protein thiolation
and modification of protein structure and function are ascribed to its free sulfhydryl moiety
of the cysteine residue [152]. When acting as an antioxidant, glutathione can be oxidised
enzymatically to glutathione disulfide (GSSG) [153]. Under unstressed conditions, GSSG
can then be reduced back to glutathione by glutathione reductase, resulting in over 90% of
glutathione existing in a reduced form [154,155].

Glutathione is naturally present in grapes and accumulates during grape matura-
tion [156]. The concentration varies due to different grape varieties and is affected by
both viticultural and oenological practices [107,114,157]. It can also be supplemented into
musts or wine during the vinification process. A study revealed that glutathione added
to Sauvignon Blanc juice shortly after crushing can provide antioxidant protection to the
juice, reduce the use of SO2, and produce more volatile thiols in wines [158]. However, the
amount of glutathione supplementation is regulated by the Organisation Internationale de
la Vigne et du Vin (OIV) with a limited dose of no more than 20 mg/L in the must [159]. The
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antioxidant properties of glutathione rely on the capability of its high affinity for oxygen
which allows it preferentially oxidise its thiol group into a disulfuric group and form grape
reaction products (2-S-glutathionyl caftaric acid), which terminates the oxidation process
and thus protect other molecules from the attack of reactive oxygen species [160].

The effect of glutathione on the stability of wine flavour and wine colour has been
demonstrated. It limits the formation of browning pigments by trapping o-quinones in
a colourless form [161] and by limiting the production of xanthylium cation pigment
precursors and o-quinone-derived phenolic compounds [162]. Additionally, glutathione
protects varietal thiols from oxidation during bottle ageing [106], while its cysteinyl residue
can be used as a source of sulfur to increase the concentration of polyfunctional mercap-
tans by reacting with trans-2-hexenal to form Glut-3MHal [163]. In addition, glutathione
decreases the degradation of polyfunctional mercaptans during storage. Glutathione in-
hibits the decrease of several aromatic esters and terpene alcohols, such as isoamyl acetate,
ethyl hexanoate, linalool, and α-terpineol [164], as well as limits the accumulation of ac-
etaldehyde [165] during storage. Furthermore, it suppresses the formation of stolon and
2-aminoacetophenone (2-AAP), which release unpleasant odours in wines and contribute
to atypical wine ageing defects [166]. However, glutathione is found to favour the accu-
mulation of hydrogen sulfide and methyl mercaptan, especially in the presence of copper
under low oxygen conditions [167].

The use of glutathione in conjunction with SO2 has a combined effect on protecting
volatile thiols against oxidation [26], also, the addition of SO2 slows down the enzymatic
reduction of trans-2-hexenal and inhibits the enzymatic oxidative loss of glutathione [163].
The combination of glutathione and ascorbic acids strengthens the antioxidant capabilities
and protects the phenolic compounds from oxidation [26], in addition, glutathione delays
the loss of ascorbic acids and inhibits the reaction of ascorbic acids degradation products
and (+)-catechin [162].

4.3. Glutathione-Enriched Inactivated Dry Yeast

Despite glutathione has good antioxidant property, the application of glutathione to
winemaking is still limited as the amount of glutathione supplementation is regulated [168].
The recommended approach of adding glutathione to juice or wine is through the addition
of inactivated dry yeast (IDY) with guaranteed glutathione levels [169]. The preparations
of glutathione-enriched inactive dry yeast (GSH-IDY) are manufactured from the thermal
inactivation of Saccharomyces cerevisiae, which is cultivated under specific conditions (highly
concentrated sugar medium) to stimulate the intracellular accumulation of glutathione.
Commercial GSH-IDY were claimed to boost glutathione content either by liberating
glutathione into the wine or by allowing the yeast to assimilate glutathione precursors
during alcoholic fermentation for increased glutathione production [170]. Sauvignon Blanc
wines supplemented with GSH-IDY preparations are shown to increase the concentration
of certain volatile compounds, including thiols, higher alcohols, fatty acids, esters, and
monoterpenes, and lead to higher intensities of aromas associated with riper tropical fruit
than GSH-added wines [171]. The reasons that influenced the aroma profile of the wine
are ascribed to the release of compounds other than glutathione by yeast products [26,171].
Previous studies that supplemented GSH-IDYs into the wines had some promising find-
ings (Table 3), most of them affirming the antioxidant capability provided by glutathione
released into the wine. More research is needed to better understand the full potential of
this prospective antioxidant in white wine production, e.g., optimization of glutathione
accumulation process, dosage rate, and timing of addition.
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Table 3. Summary of previous studies on glutathione-enriched inactivated dry yeast (GSH-IDY).

Wine Matrix Addition Timing Key Findings Reference

Sauvignon Blanc Before fermentation
Increased thiols, higher alcohols, fatty acids,
esters, and monoterpenes, leading to higher
intensities of riper tropical fruity notes in wines.

[171]

Model wine N.A. Decreased the loss of typical wine terpenes. [172]

Model wine N.A.

Both yeast strain and glutathione accumulation
process in preparation of GSH-IDY played
an important role in the modulation of
glutathione released into wine.

[173]

Model wine N.A.
Yeast derivatives enriched with glutathione were
more efficient at quenching radical species than
those without glutathione enrichment.

[174]

Grenache Rosé Before fermentation
More intense in fruity aromas (strawberry,
banana) and less intense in yeast notes after
9 months ageing.

[175]

Sauvignon Blanc After fermentation
Increased the release of polysaccharides into
wines, and positive effects on the wine colour
and on the prevention of wine oxidation.

[176]

5. Conclusions and Future Study

With low perception thresholds and distinctive aroma characters, methoxypyrazines
and volatile thiols constitute the key varietal characteristics of Sauvignon Blanc wines.
In addition to that, terpenes and other fermentative-derived volatile compounds are also
important in adding complexity and imparting fruity notes to the wine. Being a fruit-driven
wine dominated by primary aromas, one of the most important issues for Sauvignon Blanc
wine production is oxidation during winemaking and ageing.

Methoxypyrazines are shown to remain stable after racking while oxidation condition
including the additions of O2/SO2 plays a minor role. However, inconsistent reviews
present in the concentration changes during ageing. The discrepancy between the results
is speculated to be the variables in the ranges of ageing periods, the grape varieties, or
the ageing conditions, and thus further investigation is needed to confirm the influenc-
ing factors behind it. Compared to methoxypyrazines, volatile thiols are more prone to
oxidation after alcoholic fermentation. They can either be oxidised into corresponding
disulfides or be degraded to an odourless form. The oxidation mechanisms for volatile
thiols are well studied, but more research is needed to build a comprehensive perspective
of the concentration changes for 4MMP during ageing, as most studies only focused on
the concentrations of 3MH and 3MHA. Additionally, further investigation is needed to
understand the whole picture of biogenesis pathways and to fill the gap between the theo-
retical amounts of thiols backtracking from the precursors and the actual concentrations
present in wine. During ageing, some monoterpenes are oxidized into corresponding
terpene alcohol derivatives; esters concentrations decrease due to hydrolysis or oxidation;
higher alcohols remain stable in concentrations as they can be oxidized to aldehydes but
also be released from the oxidation of acids. The concentrations of certain volatiles such
as aldehydes, lactones, and acetals increase, while some other volatile compounds evolve
without a general trend during ageing.

In general, SO2 is still the most commonly used antioxidant in wine production. Other
SO2 antioxidants, such as ascorbic acid and glutathione, have been commonly accepted to
exhibit their antioxidant capabilities when added at harvest. Given that SO2 has been con-
firmed to have negative effects on sulfite-sensitive individuals and can cause a detrimental
effect on wine quality and thus should be limited in addition, finding antioxidants other
than SO2 to protect wines from oxidation during storage and transportation is especially
crucial to the aromatic expression of New Zealand Sauvignon Blanc.
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Inactivated dry yeasts enriched with glutathione with promising potential have been
researched, and products have been developed and sold to commercial wineries. The
suggested timing of supplement by the manufacturers is before alcoholic fermentation
as the yeast derivatives are found to improve alcoholic fermentation and protect wines
from oxidation at the early stage. However, previous experiments regarding GSH-IDYs
were insufficient and the supplemented timing of GSH-IDYs was studied to a limited
extent. Further investigation is needed to compare the difference between adding the
glutathione-enriched yeasts before and after fermentation and to study the antioxidant
capability of GSH-IDYs protecting wines during ageing.
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Abstract: Grapes are one of the most valuable fruit crops in the United States and can be processed into
a variety of products. The grape and wine industry contributes to and impacts the U.S. agricultural
economy. However, rising labor costs and global competition pose challenges for the grape and wine
industry. Vineyard mechanization is a promising strategy to increase efficiency and address the labor
shortage and cost issues. Recent studies have focused on the impact of vineyard mechanization on
general grape and wine quality. Wine phenolics, aroma compounds, and sensory characteristics
are the key indicators of wine quality and consumer preference. This article aims to review the
impact of vineyard mechanization, specifically mechanical harvesting, mechanical leaf removal,
mechanical shoot thinning, cluster thinning, and mechanical pruning on grape and wine phenolics,
and aroma compounds and sensory profile. Studies have shown that vineyard mechanization
significantly affects phenolic and aroma compounds, especially grape-derived aroma compounds
such as volatile thiols, terpenes, C13-norpentadiene, and methoxypyrazine. Mechanically processed
grapes can produce wines of the same or better quality than wines made from hand-operated grapes.
Vineyard mechanization could be a promising strategy for grape growers to reduce operating costs
and maintain or improve grape and wine quality. Future research directions in the area of vineyard
mechanization were discussed. It provides a comprehensive view and information on the topic to
both grape growers and winemakers in the application of vineyard mechanization.

Keywords: vineyard mechanization; phenolics; aroma compounds; sensory properties

1. Introduction

Grapes are one of the most valuable crops in the American agricultural sector. The
grape and wine industry is the main economic engine of the U.S. agricultural economy.
According to a market analysis report, the U.S. wine market was worth $63.69 billion in 2021
and is predicted to grow at a compounded annual growth rate (CAGR) of 6.8% through
2030 [1]. California leads the country in grape production, and 2021 grape acreage of
this region totaled 881,000 acres [2]. The crop is mainly used for wine, raisins, table
grapes, concentrated grape juice, and distillate. It is well known that grape production
is highly labor-intensive. Labor costs account for about 60% of the annual cost of wine
grape production [3]. Grape harvesting, pruning, canopy management, grapevines tying,
and suckering are the most labor-intensive practices. However, over the last several years,
labor-related issues are becoming increasingly challenging due to labor shortage [4,5].
Labor safety issues such as respiratory problems, high temperatures, and seasonal rainfall,
and the recent effects of COVID-19 negatively affect the production cost and stable labor
supply for future seasons. Short-term strategies to deal with labor shortages include
raising wages, reducing workload or using immigrant labor. In the long run, adopting
vineyard mechanization to manage labor demand and production costs and improving
working conditions for farm workers are sustainable solutions. In addition, the increased
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competition from global markets with inexpensive labor is also one of the big drivers
behind the faster adoption of mechanization in the vineyard to ensure competitiveness.

Vineyard mechanization has been around for about 70 years. In the early 1950s, the
University of California, Davis, began to study the mechanization of vineyards [6]. In 1957,
a few researchers at Cornell University’s New York State Agricultural Experiment Station
in Geneva, NY developed the Geneva double curtain (GDC) trellis, which facilitated the
mechanical harvesting of Concord grapes [7]. Today, mechanization is used in vineyards
for different purposes, from simple tillage to harvesting, pruning, defoliation, shoot posi-
tioning, and shoot and cluster thinning throughout the vine growing season. Well-trained
operators can perform tasks more efficiently [8].

An increasing number of grape growers are interested in adopting mechanization in
their vineyards, especially in the regions focusing on grape yield, such as the Central Valley
of California. It is critical to understand better the relationship between mechanization and
berry/wine quality. Vineyard mechanization is a rapidly evolving area of research and
development. A number of studies have focused on the effects of vineyard mechanization
of harvesting, pruning, leaf removal, and shoot thinning on berry and wine phenolics,
aroma compounds, and sensory changes. Wine phenolics (polyphenols, phenols) are a
diverse group of compounds that share a phenol ring in their primary chemical structure.
Important groups of wine phenolics include anthocyanins, flavan-3-ols, and their deriva-
tives, which contribute to wine color, wine texture, mouthfeel, and aging potential. The
majority of phenols in wine are grape-derived, and a small proportion may be contributed
by oak barrels or oak adjuncts. Aroma compounds are important secondary metabolites.
Although they only accounts for a small part of grape and wine, these compounds play
an essential role in shaping wine’s identity. They can be grape-derived, such as terpenes,
C13-norisoprene, methoxypyrazine, or microbial-derived esters. From the consumers’
perspective, taste is generally considered the most important factor influencing purchase
preference. This article reviews the impact of vineyard mechanization on grape and wine
phenolics, aroma compounds and sensory profiles. It will help researchers, grape grow-
ers, and winemakers better understand the benefit and potential application of vineyard
mechanization.

2. Mechanical Harvesting

The wine industry has been using hand-picking as a differentiator when promoting
the quality and style of wine. Despite the lack of evidence to support a relationship between
this practice and wine quality, it has made consumers believe that mechanically harvested
grapes produce inferior wines [9].

Mechanical harvesting of wine grapes was developed in the 1950s [6,7] and widely
studied in the United States in the 1970s [10]. The practice was widely adopted in Italy
as early as 1980 [11]. The rudimentary technology of early mechanical harvesters led to
increased mechanical stress on the fruit and could not sufficiently eliminate materials other
than grapes (MOG) during the harvest. The extent of mechanical stress grapes undergo
during harvesting depends on several factors, including the degree of ripeness and the
overall condition and health of the berries at harvest. Technologies in mechanical harvesting
have evolved over the past four decades, particularly with the addition of sorting and
destemming techniques to remove MOG. Typically, the purpose of hand-sorting at the
winery is to eliminate undesirable fruit picked by mechanical harvesters, but it is tedious
and requires tremendous resources as inspection of individual berries is necessary to sort
the already destemmed fruit. Optical sorters, however, are well-suited to sort destemmed
grapes rapidly. Sorting is based on parameters, such as berry size, color, and shape, and
whether there is foreign material. Nowadays, optical berry sorters have become more
common in commercial wine production. There are a few studies investigating their effects
on the chemical and sensory properties of wine. In a study on synergistic effects of harvest
method (hand and machine) and optical sorting or none, differences in the cv. Pinot Noir
grape and wine composition that were attributable to the harvest method were reduced or
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eliminated with the use of optical sorting. The machine-harvested grapes had higher levels
of β-damascenone, linalool, β-myrcene, and -terpinene, potentially caused by glycosidic
hydrolysis triggered by berry damage during harvest or from induced synthesis as a
wounding response [12].

There is growing evidence that wines made from mechanically harvested grapes
are of comparable quality to wines made from hand-picked grapes. One study used cv.
Chardonnay wines were made with machine- and hand-harvested grapes and found that
there was no significant difference between the two for both young wines and wines aged
18 months made from grapes harvested by the two methods [13]. Another study evaluated
red and white grape varieties (cv. Petit Syrah, French Colombard, and Chenin Blanc) and
found no difference in wines made from grapes harvested with either method [14]. In
some studies, wines made from machine-picked grapes were even superior to wines made
from hand-picked grapes [15]. Kaltbach et al. (2022) investigated the effects of manual
and mechanical harvesting on the composition of Merlot musts and wines produced in
the Campanha Gaúcha region of Brazil through comprehensive testing of physicochemical
parameters. Merlot wines made from mechanically harvested grapes had slightly higher
levels of pH, ethanol, and magnesium. Mechanical harvesting significantly reduced caffeic
and coumaric acids in wines. All other parameters did not show significant differences.
Manual and mechanical harvesting of grapes can produce identical wines [16].

The fruity aroma of Sauvignon blanc wine is dependent upon concentrations of varietal
thiols, various esters, higher alcohols, methoxypyrazines, and terpenes. The intense passion
fruit aroma has been associated with the varietal thiols, which includes 3-Mercaptohexanol
(3MH), 3-mercaptohexyl acetate (3MHA), 4-mercapto-4-methylpentan-2-one (4MMP), 4-
mercapto-4-methylpentan-2-ol (4MMPOH), 3-mercapto-3-methylbutan-1-ol (3MMB) [17].
3MH and 3MHA are key compounds of the aroma typicity of young Sauvignon blanc wines
and generated during the fermentation process by yeast from precursors initially present
in the grape. Cys-3MH and glutathionyl-3MH (Glut-3MH) are two longer-lived precursors,
which were the first 3MH precursors to be identified [16]. Bonnaffoux et al. (2018) identified
and quantified two short-lived precursors such as 3S-cysteinylglycinylhexan-1-ol (CysGly-
3SH) and 3S-glutamylcysteinylhexan-1-ol (-GluCys-3SH) in juice and wine samples [18].

Jouanneau (2011) has found that the 3-MH concentrations in commercial Marlborough
cv. Sauvignon blanc made from machine-harvest grapes are 5–10 times higher than the
values obtained in experimental Sauvignon blanc wines made from hand-picked fruits [19].
Allen et al. (2011) and Herbst-Johnstone et al. (2013) showed that the harvesting of cv.
Sauvignon blanc by machine harvester increased certain varietal aroma compounds [20,21].
The ability to increase the aroma precursor compounds during the harvesting process
provides an opportunity to alter maceration techniques to enhance the passion fruit aroma
in the finished wines. Olejar et al. (2015) sourced hand and mechanically harvested grapes
of cv. Sauvignon blanc from Marlborough, New Zealand [22]. There was an increase
in varietal thiol content for wines made from juices that had been machine harvested
compared to the hand-picked samples. Herbst-Johnstone et al. (2013) sourced cv. Sauvignon
blanc grapes from five locations in Marlborough and at five stages during the harvesting
process. Grapes were picked by hand and mechanical harvester. Commercial free run was
pressed at one bar pressure. The study found that varietal thiols were present at relatively
higher concentrations in wines made from machine-harvested fruit compared with wines
made from hand-picked grapes [21]. A possible explanation is that berry damage that
occurs during mechanical harvesting can release glycosidases, which may lead to higher
concentrations of varietal thiols in mechanically harvested crops.

3. Mechanical Leaf Removal

Canopy management practices are carried out annually in vineyards to establish and
maintain healthy canopies. Leaf removal is an integral part of canopy management prac-
tices in wine grapes (Vitis vinifera) to remove leaves around grape clusters, which commonly
occurs in cool climate vineyards to accelerate air movement in the cluster zone, prevent
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disease, and promotes the biosynthesis of several important grape constituents, improve
berry maturation, color and flavor [23]. Defoliation is typically performed between fruit
set and veraison, but early leaf removal is a good cultural practice for yield management
in grapevines and usually occurs around bloom. Due to the link between yield and the
availability of carbohydrates at pre-bloom, early leaf removal suppresses yield [24], the
effects of which are known to improve wine quality parameters. Leaf removal can be
performed manually or mechanically. Vineyard mechanization can decrease labor costs and
reduce exposure to the impact of labor shortages, but its influence on wine organoleptic
properties is still not fully understood. With regard to leaf removal, research has focused
on changes to red wine phenolics [25–28], white wine aroma compounds [29–31], hydrox-
ycinnamates [32,33], and wine sensory quality [34–36], but few studies connect the effects
of mechanization to wine sensory characteristics.

The timing of intervention plays a key role in the complex mechanisms involved in
grape and wine aroma since it will affect the extent of berry sunlight exposure. Diago et al.
(2010) investigated the effect of defoliation timing (before flowering and fruit set) on cv.
Tempranillo grapes and wines. The effect of manual and mechanical defoliation on the
aroma and sensory attributes of wines was compared in a vineyard in La Rioja, Spain,
over two consecutive seasons, 2007 and 2008. The study confirms the effectiveness of
both manual and mechanical early leaf removal. Pre-blooming leaf removal resulted in
smaller berries and improved fruit health by reducing the occurrence of botrytis occurrence.
Significant differences in wine aroma attributes were observed between the control and
mechanical defoliation treatments [37].

Guidoni et al. (2008) studied the effects of mechanical and manual defoliation on the cv.
Barbera in northwest Italy. In moderate climates, such as in northwestern Italy, leaf removal
is employed to increase spray penetration and allow more light into the canopy to achieve
physiological ripeness. There were significant differences in climatic conditions during the
three years the experiment was conducted, which explains most of the variation in results.
In terms of phenolic compounds, total phenols, proanthocyanidins, and anthocyanins
were measured, but no significant differences between mechanical and hand defoliated
grapes were found. Proanthocyanidins contribute to astringency in wine, a major factor
for mouthfeel. From a sensory perspective, significant differences were not found between
the treatment and control groups. This study suggests that the application of mechanical
defoliation may vary. Climate, vineyard weather conditions, and vintage are key factors
to consider when using mechanical defoliation. Under unfavorable ripening conditions,
mechanical defoliation is more effective in improving grape health and quality. Excessive
direct sunlight exposure needs to be prevented since it will cause berries to sunburn. This
study suggests that random leaf removal by mechanical leaf removers may have greater
advantages than manual leaf removal [38].

Kemp et al. (2011) in New Zealand investigated the effects of mechanical leaf removal
on flavan-3-ol composition and concentration in cv. Pinot noir wine. The timing of the
intervention was also explored. Flavan-3-ol is one of the phenolics that play a role in
forming various tannins and influence the perception of bitterness in the wine. The study
indicated that the naturally shaded fruit produced wines with lower monomer flavan-3-ol
and tannin concentrations compared with the wines produced from defoliated grapevines.
Leaf removal that occurred on the fruiting zone 7 days and 30 days after flowering, led
to the highest tannin concentration. The second-year had higher tannin and monomer
flavan-3-ols concentrations, which were attributed to either higher alcohol levels or more
aggressive leaf removal in the second year or a combination of both factors [39].

Bubola et al. (2019) compared mechanical and manual defoliation with an untreated
control group of Croatian cv. Istrian Malvasia grape varieties to understand their effect on
wine quality. The study applied treatments at the pea-size stage of berry development. The
experiment was carried out in a season characterized by abundant rainfall. Istrian Malvasia
is a white Vitis vinifera variety that resembles cv. Sauvignon blanc. The study showed that
mechanical leaf removal treatment significantly increased the concentration of some aroma
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compounds such as varietal thiol 3-sulfanylhexan-1-ol, monoterpenes, β-damascenone, and
esters. Phenolics such as hydroxycinnamates were lower in wine made from mechanical
leaf removal than wine from hand leaf removal. Sensory evaluation indicated wine made
from mechanical leaf removal berries contained more enhanced floral, fruity and tropical
attributes, which can be attributed to the improvement of aroma compounds [32].

4. Mechanical Shoot and Cluster Thinning

Shoot and cluster thinning are other canopy management practices that reduce crop
load to the desired level for optimizing grape and wine quality [40]. Shoot thinning is a
highly labor-intensive operation. Dean (2016) reports that the cost of thinning is about
$650/ha. Mechanical shoot thinning is a cost-effective practice that reduces vineyard labor
by 25 times compared to manual operations [41]. However, it is difficult to adjust the
position and orientation of thinning end-effector to the shape of the cordons. The efficiency
of mechanical thinning varies from 10% to 85%, depending on the forward speed of the
tractor and the rotational speed of the thinning end effector [42]. Majeed et al. (2000)
conducted research showing the performance and efficiency of mechanical shoot thinning
machines can be greatly improved if the position of thinning end-effector is automatically
controlled [43].

Yield management through the mechanical shoot and cluster thinning could induce
berry chemical compositional changes, thus affecting wine aroma, taste, and mouthfeel.
Diago et al. (2010) conducted an experiment applying mechanical cluster thinning at
different intensities and different timings on cv. Grenache and cv. Tempranillo vines in
Spain’s Rioja region. The results indicated that mechanical cluster thinning was effective
in yield reduction and resulted in more ripened fruit and wines with higher alcohol and
pH values, more intense color, and increased phenolic content. The extent of the sensory
implications seems dependent on several factors, such as the variety and timing of thinning
applications. Regardless of the intensity of refinement, Grenache wines had less sensory
impact than Tempranillo wines, which had improved aromas, acidity, and astringency from
the vines subjected to mechanical cluster thinning [44].

Mechanical thinning could be combined with other vineyard management practices to
improve grape and wine quality. Brillante et al. (2018) investigated the interactive effects of
mechanical shoot thinning and irrigation management on the accumulation of phenolic and
aroma compounds of cv. Syrah grapes and wines under the warm and semi-arid growing
conditions of the San Joaquin Valley of California. The results showed that the interaction
of two treatments could improve berry skin and wine phenolics and reduce herbaceous
aroma, methoxypyrazines, and C6-alcohol/aldehydes, in wine while achieving high yield
if there is no precipitation from fruit set to veraison [45].

Petrie et al. (2006) studied the effects of mechanical crop removal after fruit set (when
berries were pea-sized) on cv. Cabernet Sauvignon, at two vineyard sites in Australia
(Riverland of South Australia and Sunraysia District of Victoria). The study indicated a
significant increase in color density from the Riverland site over several vintages, while
phenolic and anthocyanin concentrations in the wines showed similar trends to the grapes.
Mechanical thinning successfully reduced crop level to the target yield. Mechanical thinning
distorts the distribution for Brix and berry weight but can increase color and is best suited
to small pruning situations. The results are consistent with other studies where either hand
thinning or mechanical thinning had been used to reduce the crop level [46].

5. Mechanical Pruning

Pruning is a vineyard management practice that removes lignified growth from previ-
ous years of vines to promote new growth and fruiting while also controlling yield and
growing time. Without pruning, grapevines would stimulate excessive vegetation and the
proliferation of small clusters of fruit not suitable for winemaking. Leaving too many buds
during pruning can lead to an imbalance in the vine’s nutritional and reproductive growth,
resulting in poor herbal aromas in the wine [47]. Mechanized vineyard management can
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reduce labor costs by 45–90%, depending on the region and trellis system [48,49]. Therefore,
understanding the impact of mechanical pruning on wine phenolics, aroma, and sensory
profile is essential to developing an accurate cost-benefit analysis. The effects of fully
mechanized pruning systems on vine physiology, crop load, grapes, and wine quality have
been studied since the early 1970s [50]. The studies showed inconsistent results about the
application of mechanical pruning on grape and wine quality.

Reynolds (1988) evaluated the response of cv. Riesling vines in the Okanagan Valley,
British Columbia, to different training systems and mechanical pruning. The study aimed
to determine whether mechanical pruning was a viable option for maintaining profitability
in an environment of increasing labor costs without negatively impacting wine quality. Vine
training systems, mid-wire bilateral cordon (MBC), Hudson River Umbrella (HBU), and
Lenz Moser (LM) were used for mechanical and hand pruning. The ethanol and pH levels
of wines made from mechanically trimmed grapes were overall lower than those of hand-
pruned wines. The sensory panelists found that mechanical pruning tended to reduce wine
quality compared to manual pruning [51]. Santos et al. (2015) conducted an experiment
in Brazil using cv. Cabernet Franc, IAC-Máximo, and Merlot to determine the effects of
the initial adoption of mechanical pruning on the grape composition, quality, and sensory
characteristics of wines. The results showed that applying mechanical pruning in traditional
vineyards caused small fluctuations in grape quality [52]. Holt et al. (2008) conducted a
study on the relationships between wine phenolic composition and wine sensory properties
for cv. Cabernet Sauvignon between 2003–2005 at one vineyard site in the Clare Valley
region of South Australia. Machine pruning was compared to hand and spur pruned vines.
The results of the study showed that machine-pruned vines resulted in wines that were
comparable to hand-pruned wines with respect to wine composition. Machine pruned
berry and wine were significantly higher in total anthocyanins. However, color density in
the finished wine was the same as in the hand-pruned treatments, suggesting that berry
anthocyanins from machine-pruned vines were less extractable than their hand-harvested
counterparts [53]. These results are supported by other research, which has shown no direct
correlation between berry tannins and their corresponding wine tannins in various red
Vitis vinifera L. species [54]. Higher concentrations of anthocyanins, tannins, and phenolics
in berries from machine-pruned vines did not always correspond to higher concentrations
in wine.

Kronfli III (2018) evaluated the sensory effects of mechanical pruning on cv. Syrah
via a general descriptive analysis. The mechanically pruned Syrah wines were shown
to be not significantly different from the wines made from the hand-pruned vines when
harvested at equal levels of ripeness [55]. Between 2013–2015, a study was conducted
in Fresno, California, to evaluate the impact of converting a non-mechanized cv. Merlot
vineyard to mechanized pruning [49]. The control groups were cane pruned (CP) and
bilateral cordon spur pruned (HP) vines and the treatment was a mechanically box-pruned
single high-wire sprawling system (SHMP). The effects of mechanization on phenolics
profile were determined by evaluating the concentration of gallic acid, total flavan-3-ol, total
flavonols, total anthocyanins, and individual anthocyanins. The results of the study showed
no adverse effects of mechanical pruning on berry flavonoid concentration throughout
the experiment.

The interaction between mechanical pruning and plant nutrition was comprehensively
investigated by Botelho et al. (2020, 2021, 2022) [56–58]. The study assessed the interaction
between mechanical pruning and soil organic amendments in two trial fields in Portugal.
The objective was to evaluate whether a deleterious effect on cv. Syrah berry composition
could occur between mechanical pruning and organic soil amendments because their
interaction has been known to negatively affect the balance between grapevine vegetative
and reproductive growth and berry composition. In particular, the effects of nitrogen
(N), added by sources such as organic soil amendments, have been shown to decrease
polyphenol content [59]. Treatment groups included mechanical pruning and organic soil
amendments of biochar, municipal solid waste compost, cattle manure, and sewage sludge.
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These treatments were compared to control groups of spur pruning by hand and no organic
soil amendments. The study found that the pruning method had little influence on color
intensity and the color hue of wines. However, total anthocyanins were significantly lower
in blocks pruned mechanically. Total phenols and tannin power showed little difference
between pruning methods. The results of the sensory analysis showed that mechanical
pruning reduced aroma balance, body, and astringency. Based on this study, mechanical
pruning had significant effects on wine quality when the yield was above a certain level
(6 kg/vine in the cooler climate and 8 kg/vine in the warmer climate. Thus, with this
pruning system, the choice of the organic amendment and its amount may be critical. The
combination of these two treatments is more suitable for the warm-climate region. In warm
regions, harvest can be delayed with no threat of B. cinerea infections.

6. Conclusions and Future Directions

Wine-grape producers in many viticultural regions face many challenges. The ma-
jor challenges are the increasing shortage and cost of skilled manual labor for vineyard
management tasks that could suppress economic margins. This has driven more research
investigating the potential of vineyard mechanization to manage vineyards cost-effectively.

Viticultural practices are known to influence secondary metabolites, phenolics, and
aroma compounds. The berries’ chemical composition is very sensitive to the microcli-
mate. Vineyards are subjected to a large number of management practices, including
row orientation and spacing, density, pruning, clipping, tilling, soil surface management,
or manipulation of the canopy structure, among others, which leads to changes in the
microclimate of the cluster. Most of them can be converted to mechanization. Some studies
have demonstrated that phenolics and aroma compounds are affected by different types of
vineyard mechanization (Tables 1 and 2). Some other studies have shown that mechanically
treated grapes could produce wine of equal or better quality than wine made from grapes
that had been operated manually. Vineyard mechanization could be a promising strategy
for grape growers, especially in the regions focusing on yield. However, more research
needs to be conducted to understand additional cultivars in different wine regions since
this factor could be a variable.

Table 1. The impact of vineyard mechanization on grape and wine phenolics.

Phenolics Functions
Vineyard

Mechanization
Varieties References Impact

Hydroxycinnamate

Major phenolic
compounds in white

wine and are
important in white

wine color [60]

Mechanical
harvesting Merlot Kaltbach et al. (2022) [16]

Reduced caffeic and
coumaric acids in

wines

Mechanical leaf
removal Istrian Malvasia Bubola et al. (2019) [32]

Reduced
hydroxycinnamatein

wines

Anthocyanin Responsible for red
wine color [60]

Mechanical
harvesting with
optical sorting

Pinot noir Hendrickson et al. (2016) [12]
Increased total

anthocyanins in
berries

Mechanical leaf
removal Barbera Guidoni et al. (2008) [38] Comparable to hand

leaf removal

Mechanical crop
thinning

Cabernet
Sauvignon Petrie et al. (2006) [46]

Increased total
anthocyanins in

berries

Mechanical pruning

Merlot Kurtural et al. (2019) [49] Comparable to hand
pruning

Cabernet
Sauvignon Holt et al. (2008) [53]

Increased
anthocyanins in both

berries and wines
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Table 1. Cont.

Phenolics Functions
Vineyard

Mechanization
Varieties References Impact

Mechanical pruning
and soil amendment Syrah Botelho et al. (2020) [58]

Combination of two
practices reduced

anthocyanins

Flavan-3-ol
monomers

Responsible for
bitterness in wine
and may also have

some associated
astringency [60]

Mechanical leaf
removal Pinot noir Kemp et al. (2011) [39] Increased

flavan-3-ols in wines

Mechanical pruning Merlot Kurtural et al. (2019) [49]
Comparable to hand

pruning

Proanthocyanidins
(condensed

tannin)
Impart astringency to

red wines [60]

Mechanical leaf
removal

Barbera Guidoni et al. (2008) [38] Comparable to hand
leaf removal

Pinot noir Kemp et al. (2011) [39] Increased tannin in
wines

Mechanical pruning
and soil amendment Syrah Botelho et al. (2020) [58]

Combination of two
practices reduced
tannin in wines

Table 2. The impact of vineyard mechanization on grape and wine aroma compounds.

Aroma Compounds
Odor

Descriptor
Precursors

Vineyard
Mechanization

Varieties References Impact

Varietal thiols

3-Mercaptohexanol
(3MH or 3SH);

3-mercaptohexyl
acetate (3MHA or

3SHA)

Passion fruit,
Grapefruit

S-3-(hexan-1-ol)-
L-cysteine

(Cys-3MH);
S-3-(hexan-1-ol)-

glutathione
(Glut-3MH)

Mechanical
harvesting Sauvignon blanc

Jouanneau (2011)
[19]

Allen et al. (2011)
[20]

Herbst-Johnstone
et al. (2013) [21]

Olejar et al. (2015)
[22]

Increased
3MH and

3MHA in both
berries and

wines

Mechanical leaf
removal Sauvignon blanc Bubola et al. (2019)

[32]
Increased

3MH in wines

Methoxypyrazine IBMP Bell pepper Leucine

Mechanical
shoot thinning

and deficit
irrigation

Syrah Brillante et al.
(2018) [45]

Reduced
IBMP in wines

C13-
norisoprenoid β-Damascenone Cooked apple,

quince, floral

Glycosylated
aroma

compound

Mechanical leaf
removal Sauvignon blanc Bubola et al. (2019)

[32]

Increased β-
Damascenone

in wines

Mechanical
harvesting with
optical sorting

Pinot noir Hendrickson et al.
(2016) [12]

Increased β-
Damascenone

in wines

Alcohols C6 Alcohol Grass, green Linoleic acid and
linolenic acid

Mechanical
shoot thinning

and deficit
irrigation

Syrah Brillante et al.
(2018) [45]

Reduced C6
alcohol in

wines

Monoterpenes

Citronellol
Nerol

Geraniol
α-terpinene

Rose, citrus
Floral

Glycosylated
aroma

compound

Mechanical leaf
removal Sauvignon blanc Bubola et al. (2019)

[32]

Increased
monoterpenes

in wines

Mechanical
harvesting with
optical sorting

Pinot noir Hendrickson et al.
(2016) [12]

Increased
α-terpinene in

berries

Based on the previous studies, vineyard mechanization has a significant impact on
aroma compounds, especially grape-derived aroma compounds such as volatile thiols,
terpene, C13-norisoprenoid, and methoxypyrazine (Table 2). Grape-derived aroma com-
pounds are one area of particular importance for wine quality due to their distinctiveness
and ability to impart ‘varietal aromas’ to wines. Despite the noticeability of these odorants
in the finished wines, these compounds are exclusively produced during fermentation and
are not found in distinctive levels in the grape berry or pressed juice. It is the amounts of
precursors (glycosides) that provide these aroma potentials. Although their proportion
is not directly related to the organoleptic properties of the grapes, the concentration of
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precursor compounds in grapes could be an indicator of their aromatic potential. Moreover,
these aroma precursors change throughout berry development, which is highly dependent
on enzyme activity. To date, there are many studies on the impact of manual vineyard
operation on grape and wine quality, but few have focused on the effect of vineyard mech-
anization on aroma precursors. Only Sauvignon blanc wine has been studied. Several
volatile thiol precursors have been identified (3S-glutathionylhexan-1-ol (glut-3MH) and
3S-cysteinylhexan-1-ol (cys-3MH). Some studies showed enhanced enzymatic activity that
follows mechanical harvesting might be very important in the formation of 3MH precur-
sors in many grape lots and the subsequent release of the free thiols during fermentation.
Additional research is needed to identify new aroma precursors, the effects of mechanical
practice on enzymatic activity and aroma precursors’ synthesis. A scientific understanding
of precursors’ change during berry development from fruit set to harvest is also critical.

The key to vineyard mechanization is to optimize aroma precursors and phenolics
(hydroxycinnamate, anthocyanin, flavan-3-ol, condensed tannin, etc.) using different
mechanical treatments during the vine growing and berry development period, which will
give growers good guidance on the timing of operation application. More integrated work
needs to be explored, such as mechanical harvesting with advanced sorting techniques,
mechanical defoliation, mechanical crop thinning, mechanical pruning with vineyard
irrigation, soil, or cover crop management.
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