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Abstract: This work outlines the influence of Cu(II) and SO2 concentrations in Chardonnay juice or
Shiraz must on the respective wine composition. Analyses were conducted pre- and post-fermentation,
after cold stabilization, after bentonite treatment (Chardonnay only), at bottling, and 15 months after
bottling. The quantification of total Cu was conducted by inductively coupled plasma optical emission
spectrometry and free Cu by stripping potentiometry. Low molecular weight sulfur compounds,
volatile aldehyde compounds, and general volatile compounds, including esters and terpenes,
were quantified with gas-chromatography- or liquid-chromatography-QQQ-mass spectrometry. For
Chardonnay, increased Cu concentration in the juice resulted in higher concentrations of Cu in the
respective wine, while Shiraz wines showed no significant difference. Increased Cu addition to
Chardonnay juice also produced significantly higher concentrations of H2S, 3-methylbutanal, and
methional, but lower concentrations of methanethiol and phenylacetaldehyde, while SO2 addition
increased 3-methylbutanal and phenylacetaldehyde, and decreased methanethiol production from
post-fermentation to post-bottle aging. For the Shiraz, SO2 led to higher concentrations of H2S,
and both SO2 and Cu addition increased the concentrations of hexanal, 3-methylbutanal, and
phenylacetaldehyde in wine, but this effect diminished after cold stabilization. This study shows that
SO2 and Cu in grape juice/must can have long-term implications for wine composition.

Keywords: copper; sulfur dioxide; low molecular weight sulfur compounds; volatile aldehyde
compounds; Chardonnay; Shiraz

1. Introduction

Alcoholic fermentation is a critical step during wine production, as it allows ethanol production
from sugars via yeast (mainly Saccharomyces cerevisiae) metabolism. Besides ethanol, other secondary
metabolites are also produced, such as volatile compounds, including esters, terpenes, norisoprenoids,
carbonyl compounds, and sulfur-containing compounds [1,2]. These compounds can contribute
beneficial or detrimental aromas to the wine sensory profile [3].

Carbonyl compounds, especially aldehydes, are related to the oxidative off-flavors found in
wines [4,5]. Aldehyde compounds can be oxidized from alcohol compounds [1], such as acetaldehyde
from ethanol. They are also intermediate products of the Ehrlich pathway that occurs in yeast cells [6],
or produced through Strecker degradation [1,7], which involves the reaction between amino acids and
α-dicarbonyl or o-quinone compounds [8–10]. Sulfur dioxide (SO2) is the most commonly used additive
in wineries to limit the production or accumulation of aldehyde compounds in wine [2]. Aldehyde
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compounds are prone to nucleophilic attack by hydrogen sulfite (HSO3
−, an equilibrium form of SO2)

and hence readily form addition products that are odorless (non-volatile) [10–12]. However, as SO2

can be gradually depleted during aging [13,14], the addition products can progressively dissociate and
release free aldehyde compounds [15,16] and the accompanying off-flavors.

In contrast to the aldehyde compounds, low molecular weight sulfur compounds (LMWSCs)
can contribute significant ‘reductive’ off-flavors to wine [17]. Sulfur-containing pesticides [18] and
gaseous sulfur dioxide (SO2) or potassium metabisulfite (PMS) [17] added after harvest are potential
precursors for LMWSCs. Grape juice with high turbidity [19] and/or a lack of sufficient oxygen [20] and
nitrogen [18,19,21,22] supply during fermentation also facilitates the production of these compounds.
For example, hydrogen sulfide (H2S), a detrimental LMWSC in wine, can be generated by S. cerevisiae
from elemental sulfur, sulfate, or sulfite [3,22,23] through the sulfate assimilation and reduction
pathway [24]. Sufficient nitrogen and oxygen supply during fermentation can promote the yeast sulfide
assimilation and thereby reduce H2S concentration in the finished wine [20]. Other LMWSCs are also
produced through yeast metabolism [3,18,24], such as methanethiol (MeSH) [17,25,26] and dimethyl
sulfide (DMS) [27–29]. Conventional wine production procedures utilized to remove LMWSCs include
aeration, copper fining, and the addition of yeast lees [23,30]. In terms of copper fining, H2S can readily
form copper(I) sulfide (Cu2S) upon reaction with Cu(II) in model wines [31]. Although the Cu2S is
involatile, the particles formed are approximately 0.1–0.2 µm in diameter, do not readily settle, and are
not readily removed via filtration [32].

SO2 is added to grape juice/must as an antiseptic, anti-oxidative, and antioxidasic agent [33].
A concentration of 50 mg/L SO2 is typically added during crushing and/or pressing [33]. Cu in
juice/must mainly arises from the usage of copper-based sprays in the vineyard (e.g., Bordeaux
mixture) and/or excessive Cu uptake from the soil by grapevine [34]. Consequently, a broad range of
concentrations of SO2 and Cu are possible in the grape juice/must before fermentation.

Given the reactions of SO2 with volatile aldehyde compounds, and Cu(II) with LMWSCs, there is
a potential for increased SO2 and Cu(II) concentrations in grape juice/must prior to fermentation to
trap the aldehydes and LMWSCs generated by yeast. Consequently, Cu(II) and LMWSCs in juice/must
may increase the yield of these volatile compounds in the finished wine. Therefore, the aim of this
work is to examine the influence of SO2 or Cu treatments to grape juice/must on the concentrations of
aldehyde compounds and LMWSCs throughout the wine production process and after 15 months of
bottle aging. The trial was conducted with both Chardonnay and Shiraz grapes with two different SO2

and Cu levels.

2. Materials and Methods

2.1. Chemicals

All the standard compounds were supplied by Ajax (Taren Point, NSW, Australia), Alfa Aesar
(Gymea, NSW, Australia), Fluka (Castle Hill, NSW, Australia), and Sigma-Aldrich (Castle Hill, NSW,
Australia). Isotope-labeled analogues were purchased from CDN isotopes (Pointe-Claire, Quebec,
Canada) (Table S1). Individual stock solutions of each analyte were prepared in pure ethanol or
methanol, stored at −80 ◦C, and used within 3 months of preparation. All of the solvents and reagents
were HPLC grade or analytical grade unless otherwise stated. Regenerated cellulose (RC) membrane
syringe filters (Phenex, 0.2 µm) were all supplied by Phenomenex (Lane Cove West, NSW, Australia).
The ultrapure water (18.2 MΩ cm) utilized was generated from a Milli-Q Plus purification system
(Merck Millipore, Bayswater, VIC, Australia). The glassware used for metal measurement was soaked
in 10% (v/v) nitric acid (VWR, Randor, PA, USA) overnight and rinsed with ultrapure water.

2.2. Wine Making and Bentonite Treatment

Chardonnay and Shiraz grapes were vinified and five different treatments were applied: control
(no post-harvest addition), low copper treatment (LCu, 3 mg/L of copper addition as Cu(II) sulfate
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pentahydrate), high copper treatment (HCu, 6 mg/L of copper addition), low sulfur treatment (LSO2,
40 mg/L and 50 mg/L of SO2 addition for Chardonnay and Shiraz, respectively) and high sulfur
treatment (HSO2, 60 mg/L and 80 mg/L of SO2 addition for Chardonnay and Shiraz, respectively). The
concentrations of SO2 and copper were measured before and after the treatment. For each Chardonnay
treatment, 9 L of juice was fermented in triplicate in 10 L demi-johns at 16 ◦C. The Shiraz triplicate
treatments consisted of 2.8 kg of crushed/destemmed Shiraz grapes and were fermented in 3 L glass
jars at 28 ◦C. Inoculation was with 250 mg/L S. cerevisiae Lalvin EC1118 yeast (Lallemand Australia,
Edwardstown, Australia) and cap management consisted of a daily punch down. The fermentation
was monitored twice daily with a DMA 35 N portable density meter (Anton Paar GmbH, Graz, Austria).
After reaching consecutive negative Baumé readings, the Shiraz wines were pressed with a small
air-inflated membrane press to 2 bar pressure, and the Chardonnay wines were racked off the yeast lees.
This time point was referred to as post-alcoholic fermentation (PAF). Afterward, both Chardonnay
and Shiraz wines had a 50 mg/L SO2 addition and were allowed to settle at 4 ◦C for 60 days (PCold
for Chardonnay, PB for Shiraz). After the cold stabilization, each fermented Chardonnay wine was
divided into two equal volumes, one of which was treated with 0.8 g/L Optibent bentonite (calcium
bentonite, Martin Vialatte, Magenta, France, Bent), and the other had no bentonite addition (nonB).
Then, both portions were stored at 18 ◦C for 3 days. Then, the Chardonnay and Shiraz wines were
racked off the sediments (sampled as PB), added with 30 mg/L of SO2, and were bottled in 375 mL
green glass bottles that had been purged with carbon dioxide and sealed with a screw cap. All of the
bottled wines were stored at 14 ◦C for 15 months in darkness (15Mo).

2.3. Juice, Must, and Wine Compositional Analyses

Analyses were conducted at five stages for Chardonnay and four stages for the Shiraz treatments.
For Chardonnay, measurements were performed on the juice (J), post-fermentation (PAF), post-cold
stabilization (PCold), pre-bottling with and without bentonite treatment (PB_Bent and PB_nonB,
respectively), and after 15 months of bottle aging (15Mo). For Shiraz, samples were analyzed from
the must (M), PAF, pre-bottling (PB), and 15Mo. All of the measurements were conducted on fresh
juice/must or wine samples immediately after collection, with the exception of aldehyde compounds
that were analyzed after storage at −80 ◦C.

Free and total concentrations of SO2 were analyzed using the FIAStar 5000 analyzer (FOSS,
Melbourne, VIC, Australia), and the pH and titratable acidity (TA) were measured by an 888 Titrando
automatic titrator (Metrohm, Gladesville, NSW, Australia). Alcohol concentration was measured with
an Anton Paar Alcolyzer (Wine, North Ryde, NSW, Australia).

The total metal concentrations in the wines were determined by inductively coupled plasma
optical emission spectrometry (ICP-OES, Varian 710, Varian, Palo Alto, CA, USA) as described by
Rousseva et al. [35]. Non-sulfide-bound Cu (free Cu) was measured by medium exchange constant
current stripping potentiometry (ME-CCSP) utilizing a thin mercury film on screen-printed carbon
electrodes as described by Clark et al. [36]. LMWSCs were analyzed by the method adopted from
Siebert et al. [37]. The gas-chromatography (GC, Agilent 7890B GC system, Agilent Technologies
Australia, Mulgrave, VIC, Australia) and sulfur chemiluminescence detector (SCD, Agilent 355
SCD, Agilent Technologies Australia) conditions were set up as per Rousseva et al. [35], and a
DB-Sulfur SCD column (60 m, 0.32 mm, 4.2 µm, Agilent J&W Scientific, Agilent Technologies
Australia) was utilized. The concentrations of volatile aldehyde compounds in wine were quantified by
liquid-chromatography-QQQ-mass spectrometry (LC-QQQ-MS, Agilent 6400 LC system, and Agilent
6470 Triple Quardrupole MS system, Agilent Technologies Australia) as per Zhang et al. [38]. The
column used for this technique was an Acquity UPLC BEH C18 column (1.7µm, 2.1 mm× 50 mm, Waters
Australia, Rydalmere, NSW, Australia). Esters, C6 compounds, terpenes, and lactones were determined
by headspace solid-phase-microextraction (HS-SPME, DVB/CAR/PDMS fiber, Supelco, Bellefontem,
PA, USA) coupled to GC-MS (Agilent 7890 GC and Agilent 5975C MS system, Agilent Technologies
Australia), installed a DB-WAXetr capillary column (60 m, 0.25 mm, 0.25 µm, Agilent J&W Scientific),
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as described by Antalick et al. [39]. Wine color parameters were measured by spectrophotometer
(UV-1700, Shimadzu, Kyoto, Japan) according to the methods outlined by Somers and Evans [40].
The protein concentrations of the samples were determined by the Bradford dye-binding microassay
method [41]. In a cuvette, 1 mL of Brandford’s reagent and 0.1 mL of sample were mixed, left for
30 min, and then measured by spectrophotometer (Helios Gamma, Thermo Spectronic, UK) at 595 nm.
Quantification was achieved with an external calibration curve obtained from model wine solution
spiked with bovine serum albumin (BSA) standard.

2.4. Statistical Analysis

Statistical analyses were performed on SPSS (IBM, Armonk, NY, USA). One-way analysis of
variance (ANOVA) was conducted to compare the difference among the five treatments (control, LCu,
HCu, LSO2, and HSO2) within the same wine at each sampling point. The means were separated
using the Duncan’s test and different letters represent significant differences at p ≤ 0.05. The quoted
uncertainty is the standard deviation of three replications within one treatment.

3. Results and Discussion

For the terminology associated with the measurement of Cu forms in wine utilizing the ME-CCSP
method, the Cu detected is termed as ‘free Cu’, while that not detected is termed as ‘bound Cu’. This is a
simplification of the terminology used for the same electrochemical technique in a recent publication [36],
which referred to both forms as ‘non-sulfide bound Cu’ and ‘sulfide-bound Cu’, respectively.

3.1. Basic Parameters for Chardonnay and Shiraz Wines

After fermentation, pH, TA, and ethanol concentrations were determined for both Chardonnay
and Shiraz wines. For Chardonnay, the average pH of all of the wine samples was 3.76 ± 0.01, TA was
4.40 ± 0.08 g/L tartaric acid equivalents, and the ethanol concentration was 13.3 ± 0.1% (v/v). The
equivalent results for Shiraz wines were 4.24 ± 0.05, 4.32 ± 0.33 g/L tartaric acid equivalents, and 13.8 ±
0.2% (v/v), respectively.

3.2. Evolution of the Concentrations of Cu and SO2 during Wine Production

The concentrations of Cu and SO2 at each sampling time point are shown in Tables 1 and 2.
As expected, the concentrations of total Cu for each sample (i.e., control, LCu, HCu, LSO2, and HSO2)
decreased dramatically in both Chardonnay and Shiraz wines (i.e., compare J/M to PAF, Tables 1
and 2) as a consequence of fermentation. The observed decrease in concentration was greater than
90% and 70%, respectively, consistent with the results previously reported by Bekker et al. [42],
Rousseva et al. [35], and Vystavna et al. [43].
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Table 1. Concentrations of Cu and SO2 in different forms in Chardonnay and Shiraz wines during
production and bottle aging process.

a,b

Chardonnay
Control LCu HCu LSO2 HSO2

total Cu (µg/L)

J 1222 ± 49 c 4295 ± 92 b 7299 ± 227 a 1182 ± 21 c 1225 ± 87 c
PAF 124 ± 2 c 311 ± 4 b 430 ± 14 a 124 ± 3 c 121 ± 2 c

PCold 86 ± 7 c 186 ± 0 b 321 ± 47 a 76 ± 1 c 73 ± 3 c
PB:

nonB/Bent 82 ± 1d 46 ± 2 e 203 ± 2 b 153 ± 11 c 335 ± 42 a 229 ± 2 b 79 ± 5 d 45 ± 13 e 73 ± 2 de 60 ± 6 de

15Mo:
nonB/Bent 11 ± 11 d 38 ± 9 e 167 ± 10 c 136 ± 1 cd 305 ± 49 a 204 ± 13 b 63 ± 10 e 51 ± 10 e 50 ± 1 e 44 ± 9 e

free Cu (µg/L)

J n/a n/a n/a n/a n/a
PAF 17 ± 2 bc 24 ± 9 b 52 ± 2 a 17 ± 1 bc 10 ± 1 c

PCold 28 ± 1 c 55 ± 3 b 80 ± 6 a 24 ± 2 c 22 ± 3 c
PB:

nonB/Bent 34 ± 4 e 26 ± 2 fg 66 ± 4 c 50 ± 6 d 93 ± 3 a 75 ± 8 b 33 ± 4 ef 23 ± 2 g 19 ± 1 g 21 ± 0 g

15Mo:
nonB/Bent nil nil nil nil nil nil nil nil nil nil

bound Cu (µg/L)

J n/a n/a n/a n/a n/a
PAF 107 ± 2 c 287 ± 9 b 390 ± 4 a 108 ± 2 c 110 ± 2 c

PCold 58 ± 8 c 131 ± 3 b 224 ± 20 a 52 ± 3 c 51 ± 6 c
PB:

nonB/Bent 48 ± 5 d 21 ± 1 e 137 ± 5 b 103 ± 15 c 229 ± 20 a 151 ± 4 b 51 ± 6 d 22 ± 10 e 54 ± 1 d 42 ± 1 d

15Mo:
nonB/Bent 110 ± 11 d 38 ± 9 e 167 ± 10 c 136 ± 1 cd 305 ± 49 a 204 ± 13 b 63 ± 10 e 51 ± 10 e 50 ± 1 e 44 ± 9 e

total SO2 (mg/L)

J 8 ± 0 c 7 ± 0 c 8 ± 0 c 48 ± 1 b 66 ± 1 a
PAF 55 ± 1 e 64 ± 1 d 69 ± 3 c 88 ± 3 b 101 ± 2 a

PCold 108 ± 1 c 114 ± 3 bc 120 ± 5 b 144 ± 8 a 151 ± 3 a
c PB:

nonB/Bent 129 ± 7 cd 123 ± 4 d 156 ± 4 ab 152 ± 2 b 163 ± 4 a 161 ± 2 a 136 ± 6 c 131 ± 2 c 132 ± 4 c 132 ± 4 c

15Mo:
nonB/Bent 89 ± 3 e 94 ± 10 e 106 ± 5 d 111 ± 4 cd 119 ± 3 b 120 ± 5 b 120 ± 2 b 118 ± 3 bc 129 ± 3 a 129 ± 2 a

free SO2 (mg/L)

J 0 c 0 c 0 c 25 ± 1 b 39 ± 1 a
PAF 0 a 0 a 0 a 1 ± 0 a 1 ± 0 a

PCold 10 ± 2 a 6 ± 1 b 2 ± 1 c 12 ± 2 a 10 ± 1 a
c PB:

nonB/Bent 24 ± 2 b 25 ± 2 ab 26 ± 3 ab 29 ± 5 a 24 ± 1 b 26 ± 1 ab 18 ± 1 c 20 ± 1 c 11 ± 1 d 12 ± 1 d

15Mo:
nonB/Bent 4 ± 1 ab 5 ± 3 a 4 ± 1 ab 4 ± 1 ab 2 ± 1 b 3 ± 1 b 4 ± 1 ab 3 ± 1 ab 4 ± 1 ab 4 ± 0 ab

a The significant difference (p ≤ 0.05) among treatments was calculated across the row. At PB and 15Mo, samples
without (nonB) and with (Bent) bentonite addition were considered as a single treatment for statistical analysis; b

Sampling time points included: J, juice; PAF, post-fermentation; PCold, post cold stabilization; PB, pre-bottling;
15Mo, 15 months after bottling aging. PB and 15Mo included parallel treatments of without (nonB) and with (Bent)
bentonite addition; c Results of SO2 concentrations after the SO2 addition at pre-bottling (after bentonite treatment).
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Table 2. Concentrations of Cu and SO2 in different forms in Shiraz wines during production and bottle
aging process.

a,b Shiraz Control LCu HCu LSO2 HSO2

total Cu (µg/L)

M 2007 ± 76 c 10577 ± 412 b 15051 ± 2756 a 1985 ± 70 c 1807 ± 78 c
PAF 567 ± 31 a 679 ± 100 a 598 ± 31 a 565 ± 28 a 577 ± 77 a
PB 305 ± 34 bc 351 ± 23 ab 278 ± 27 c 331 ± 22 abc 383 ± 60 a

15Mo 272 ± 33 a 189 ± 20 b 142 ± 0 c 188 ± 18 b 212 ± 30 ab

free Cu (µg/L)

M n/a n/a n/a n/a n/a
PAF 59 ± 5 b 62 ± 8 b 131 ± 26 a 39 ± 1 bc 28 ± 3 c
PB 40 ± 2 a 31 ± 3 b 22 ± 4 c 22 ± 0 c 34 ± 2 ab

15Mo nil nil nil nil nil

bound Cu (µg/L)

M n/a n/a n/a n/a n/a
PAF 508 ± 30 ab 618 ± 95 a 467 ± 14 b 526 ± 27 ab 549 ± 79 ab
PB 270 ± 32 b 320 ± 23 ab 256 ± 28 b 306 ± 18 ab 349 ± 58 a

15Mo 272 ± 33 a 189 ± 20 b 142 ± 0 c 188 ± 18 b 212 ± 30 ab

total SO2 (mg/L)

M 0 c 0 c 0 c 135 ± 38 b 244 ± 71
PAF 6 ± 1 c 6 ± 0 c 5 ± 0 c 12 ± 1 b 20 ± 1 a

c PB (pre-SO2) 65 ± 4 b 66 ± 4 b 75 ± 15 ab 76 ± 8 ab 88 ± 1 a
d PB (post-SO2) 120 ± 8 b 119 ± 5 b 129 ± 6 ab 138 ± 9 a 129 ± 4 ab

15Mo 79 ± 3 b 80 ± 7 b 91 ± 2 a 89 ± 4 ab 92 ± 3 a

free SO2 (mg/L)

M 0 c 0 c 0 c 57 ± 17 b 109 ± 36 a
PAF 0 a 0 a 0 a 0 a 1 ± 0 a

c PB (pre-SO2) 5 ± 0 b 5 ± 0 b 4 ± 0 b 8 ± 2 a 8 ± 1 a
d PB (post-SO2) 29 ± 10 a 27 ± 1 a 24 ± 0 a 29 ± 1 a 30 ± 4 a

15Mo 23 ± 3 a 21 ± 3 a 21 ± 4 a 25 ± 4 a 26 ± 6 a
a The significant difference (p ≤ 0.05) among treatments was calculated across the row; b Sampling time points
included: M, must; PAF, post-fermentation; PB, pre-bottling (after cold stabilization); 15Mo, 15 months after bottling
aging; c Results of SO2 concentrations before the SO2 addition at pre-bottling; d Results of SO2 concentrations after
the SO2 addition at pre-bottling.

After cold stabilization (PCold for Chardonnay, PB for Shiraz), an additional reduction in total Cu
concentration was evident in both wines (Tables 1 and 2). This was most likely due to the removal of
Cu associated with the further settling of yeast lees and grape solids [42]. For the Chardonnay wine,
the Cu treatments to the juice resulted in higher Cu concentrations in the final wine (i.e., compare
control to LCu to HCu at PAF, Table 1). The bentonite treatment of the Chardonnay wines also removed
18%–44% of total Cu from the wine, as observed by Bekker et al. [42], but LCu and HCu samples
still contained more than triple the total Cu than the control at PB. After 15 months of bottle aging,
there were trends of lower total Cu concentrations, but the differences were not generally significant
(p ≤ 0.05, Table 1). Consequently, the differences in total Cu concentrations at PAF induced by the
treatments to the Chardonnay juice (J) remained in the finished wines (at PB) and the wines after bottle
aging (at 15Mo), albeit with a reduced magnitude of difference. This was the case despite the multiple
production steps between the juice and the bottle aged wines.

Alternatively, in the Shiraz wines, the total Cu concentrations were not significantly different
(p ≤ 0.05) between treatments after fermentation (Table 2), with the final Cu concentration in the Shiraz
wines seemingly independent of the Cu treatments to the must. The different outcome for total Cu
in the two grape varieties is probably a consequence of the presence of grape solids in the Shiraz
fermentation compared to the minimal amount of solids in the Chardonnay fermentation.
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In Chardonnay at PAF, the concentrations of both free and bound Cu were higher with increasing
additions of Cu to the juice (Table 1). Free Cu tended to increase from PAF to PB, while the opposite
result was observed for bound Cu (Table 1). A portion of the decrease in bound Cu would be due to
the decreases in total Cu, and the increases in free Cu were consistent with oxygen exposure to the
wine during the different wine production steps. The oxidation of wine can lead to the dissociation of
the Cu–sulfide complexes (bound Cu) and regeneration of Cu(II) (free Cu) [44,45]. For the Shiraz, the
HCu treatment had the highest free Cu concentration at PAF, but by PB, there was minimal difference
among all samples. In Shiraz wines, both free and bound Cu decreased significantly (p ≤ 0.05) after the
cold stabilization (PB for Shiraz, Table 2). The large decrease in free Cu in the Shiraz HCu treatment
may have been a consequence of the high phenolic concentration in the wine sample, leading to
faster oxygen consumption compared to the white wine. This would have allowed a low oxygen
concentration to be reached relatively rapidly in the Shiraz wine, and hence it favored free Cu in
sequestering sulfide from sources in the wine. Low oxygen conditions in wine are known to induce a
decrease in free Cu in certain wines [46].

The addition of SO2 to grape juice/must did not significantly (p ≤ 0.05) impact the total or free Cu
concentration for either Chardonnay or Shiraz throughout the production process (Tables 1 and 2). SO2

has been reported to lead to the degradation of polysulfanes to generate H2S [47], but in this study, the
results did not reflect a significant (p ≤ 0.05) decrease in free Cu and increase in bound Cu for wines
when the SO2 was added prior to fermentation.

The SO2-treated Shiraz musts (M) had particularly high total SO2 concentrations with poor
precision, which was due to the difficulty of mixing and taking a representative sample from the
must. As expected, free SO2 was largely absent in all the wine samples after fermentation (PAF),
regardless of any SO2 addition to the grape juice/must (Tables 1 and 2). In the Shiraz wines, the total
SO2 concentrations were lower than those for Chardonnay, which was presumably due to more rapid
oxidative losses in the must and/or due to the adsorption onto solid materials. After 15 months of
aging (15Mo), both Chardonnay and Shiraz wines showed lower total SO2 concentrations than at
bottling (PB-post SO2).

3.3. Impact of Cu or SO2 Addition to Juice/Must on Total Concentrations of Low Molecular Weight Sulfur
Compounds (LMWSCs) in Wine

The method used to measure the LMWSCs in wine involved the saturation of wine with 300 g/L of
NaCl and incubation for 30 min at 45 ◦C [37]. For the majority of LMWSCs, this method is recognized
as measuring the total concentrations, including the forms bound to metals as well as non-metal bound
forms. The exception is hydrogen sulfide/sulfide, for which the pretreatment is regarded as being
insufficient to release all sulfide from metal complexes, particularly Cu. In this instance, the measured
sulfide concentration represents the sulfide in wine that is not bound to metals and sulfide that can be
released from metal complexes based on the pretreatment [48].

Of the measured LMWSCs, only H2S and MeSH were significantly (p ≤ 0.05) influenced by the
Cu and SO2 treatments (Figure 1, Table S2). For Chardonnay, after fermentation (PAF), a trend to
increased H2S concentration with higher Cu addition to the grape juice (J) was evident (Figure 1A).
This is consistent with Cu being toxic for yeast [49], which consequently up-regulates the expression of
sulfur metabolism related genes [50] to convert Cu to the less toxic sulfide-bound form. After the cold
stabilization (PCold for Chardonnay), the concentrations of H2S dropped to below its odor threshold of
1.1 µg/L [37] in all of the Chardonnay treatments. This may have been a consequence of the oxidative
wine production process [42], the removal of some colloidal sulfide (e.g., complexed to Cu) during
racking, and volatile H2S losses.
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Figure 1. Concentrations of low molecular weight sulfur compounds (LMWSCs) in Chardonnay and
Shiraz wines during production and bottle aging process. The X-axis of the figure represented sampling
time points: J/M, juice/must; PAF, post-alcoholic fermentation; PCold, post-cold stabilization; PB,
pre-bottling; 15Mo, 15 months after bottle aging. (A) H2S in Chardonnay wines; (B) H2S in Shiraz
wines; (C) methanethiol (MeSH) in Chardonnay wines; and (D) MeSH in Shiraz wines. Note that
different scales were used on the concentration axes of A–D to aid the clarity of differentiating the
sample treatments within each graph.

It is interesting that the decrease in bound Cu (i.e., sulfide bound) with bentonite treatments
(Table 1) did not show equivalent decreases in H2S (Figure 1A). The lack of change in H2S concentrations
with bentonite treatments may be due to the incomplete dissociation of all bound sulfide from Cu
during the LMWSCs quantification [48]. After 15 months of bottle aging (15Mo), the Cu addition
treatments had significantly (p ≤ 0.05) increased H2S concentrations in the Chardonnay wines.
However, the bentonite-treated low Cu addition samples (LCu) showed significantly (p ≤ 0.05) lower
H2S concentrations after 15 months of bottle aging compared to the equivalent samples without
bentonite treatment (Figure 1A). Cu has the ability to sequester sulfide when low oxygen conditions are
reached in wine [46,51,52]. Therefore, the higher measured H2S concentrations in the non-bentonite
aged wines may have resulted from the free Cu in the finished wines sequestering sulfide during
bottle aging. As bentonite removes proteins, which may act as a potential source for sulfide in wine,
this may explain why significantly (p ≤ 0.05) lower H2S concentrations were measured in several
bentonite-treated wines after 15 months of bottle aging. Additionally, the elevated Fe concentration
(Table S2) in bentonite-treated wines [35,42] may have accelerated wine oxidation, and contributed to
an increased oxidative loss of H2S. Apart from Cu treatment, SO2 addition to the grape juice did not
significantly (p ≤ 0.05) alter the H2S concentration in Chardonnay (Figure 1A).

The concentrations of H2S in the Shiraz wines were predominantly higher than the equivalent
treatments for the Chardonnay wines, which may have been induced by a lower yeast assimilable
nitrogen (YAN) concentration in the Shiraz must (180 mg/L) compared to the Chardonnay juice
(340 mg/L) (Figure 1B). Additionally, in contrast to the trends observed in Chardonnay wines, the
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Shiraz wines at PAF had a progressively lower H2S concentration in the samples with increasing
Cu addition to the must (Figure 1B). However, the measured bound Cu showed no decrease with
Cu treatments from post-fermentation (PAF) to 15 months of aging (15Mo) (Table 2). Hence, the
apparent decrease in H2S concentration may have been due to an incomplete dissociation of the copper
sulfide complexes during quantification [48]. Again, in contrast to the Chardonnay wines, the elevated
SO2 concentration in the grape must significantly (p ≤ 0.05) increased the H2S concentration in the
Shiraz wines (Figure 1B). SO2 is a potential source of sulfur for the yeast during fermentation and can
contribute to the H2S production [22], especially when nitrogen availability is low [17]. The Shiraz juice
YAN of 180 mg/L is at the lower level of the suggested YAN concentration range for fermentation [53].
Therefore, in combination with elevated SO2, it may have facilitated the accumulation of H2S in the
Shiraz wines.

Cu addition to the grape juice/must lowered the concentrations of MeSH after fermentation (PAF)
in both wine matrices (Figure 1C,D). Similar to H2S, the concentrations of MeSH decreased significantly
(p ≤ 0.05) after the cold stabilization in both Chardonnay (PCold) and Shiraz (PB) wines, and any
differences that were previously evident were largely eliminated by PB (Figure 1C). This decrease in
concentration was most likely caused by the oxygen exposure to the wines during production [52].
Bentonite treatment had little influence on MeSH concentration. After 15 months of bottle aging, the
influence of juice/must Cu treatments to lower MeSH concentrations was evident and more prevalent
for Shiraz than Chardonnay wines (Figure 1C,D). The relationship of increased Cu concentrations
with lower MeSH concentrations during bottle aging has been previously described in wine [54].
Consequently, the presence of Cu in the juice/must created long-term MeSH concentration differences
in both Chardonnay and Shiraz wines, despite this effect being not evident for Shiraz wine at bottling.

The SO2 treatment to the juice significantly (p ≤ 0.05) decreased the concentrations of MeSH in
Chardonnay after fermentation (PAF), but this influence was not detected in any measurements after
cold stabilization (PCold for Chardonnay, Figure 1C). In contrast, in Shiraz, the SO2 treatment did not
display any significant (p ≤ 0.05) influence until 15Mo, with increased MeSH concentrations in both of
the two SO2 treated wine samples at 15Mo (HSO2 and LSO2 treatments, Figure 1C,D). The presence of
increased concentrations of SO2 in the Shiraz must may have led to increased precursors for MeSH,
such as methionine, which may have been degraded during bottle adding to produce MeSH [55].

3.4. Impact of Cu or SO2 Addition to Juice/Must on Total Concentrations of Volatile Aldehyde Compounds in
Wine

The addition of Cu or SO2 to grape juice/must influenced several of the measured volatile aldehyde
compounds in the finished and bottle aged wines (Table S2), including certain Strecker aldehydes (e.g.,
3-methylbutanal, phenylacetaldehyde, and methional) and hexanal. The effects of the added Cu or
SO2 on these aldehyde compounds were different for the Chardonnay and Shiraz wines.

Most aldehyde compounds showed increasing concentrations in the Chardonnay wines throughout
the wine production process (from PAF to PB), while a negligible change or a decrease occurred in the
Shiraz wines (Table S2). Examples included 2-methylpropanal, 3-methylbutanal, phenylacetaldehyde,
hexanal, benzaldehyde, and methional. Bueno et al. [56] reported a negative relationship between the
accumulation of certain volatile aldehyde compounds in bottle aged red wines with the concentration
of aldehyde-reactive phenolic compounds. The latter phenolic compounds included anthocyanins
and procyanidins. The different aldehyde concentration changes observed for white and red wines
were most likely a consequence of the lower aldehyde-reactive phenolic concentration and higher
free SO2 concentration in the white wine compared to red wine. This would allow aldehyde
compounds to accumulate more in white, albeit in their hydrogen sulfite-bound form. Although the
SO2 concentrations in the Chardonnay and Shiraz wines were adjusted to similar concentrations after
fermentation (Section 2.2), the free SO2 measured in red wines includes the portion that is actually
bound to anthocyanins.
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Cu and SO2 additions to the grape must, regardless of the magnitude of addition, increased the
concentration of hexanal after fermentation in Shiraz wines (Figure 2B), while no significant (p ≤ 0.05)
effect was observed in Chardonnay wines (Figure 2A). Somewhat surprisingly, in the Shiraz wines,
the influence of Cu was more significant than SO2, despite SO2 having the ability to act as a binding
agent for aldehyde compounds. However, it should be noted that the higher SO2 concentration in
the juice/must may also stimulate the production of acetaldehyde by S. cerevisiae [57]. The generated
acetaldehyde would bind SO2 more strongly than hexanal and hence limit the efficacy of SO2 to
trap hexanal. If not bound to SO2, the hexanal present during fermentation may be more readily
metabolized by yeast (e.g., reduced to hexenol) or react with flavonoid compounds, and thereby
decrease in concentration. The role of Cu in increasing hexanal concentration is unclear. It is possible
that Cu could influence the oxidative processes (i.e., chemical oxidation of lipids), particularly if
oxygen concentrations increased toward the end of fermentation. However, although the effects of Cu
and SO2 treatments were evident on hexanal concentrations in Shiraz wines at PAF, these differences
had largely disappeared by bottling (PB). For Chardonnay, the bentonite treatment led to elevated
concentrations of hexanal at PB, but this effect only remained significant (p ≤ 0.05) for the high SO2

treatment (HSO2) after 15 months of bottle aging. This concentration increase was possibly due to the
higher Fe concentrations (Table S2) in the bentonite-treated wines [35], inducing a higher oxidative
production of hexanal.

For 3-methylbutanal and phenylacetaldehyde, the impacts of Cu and SO2 treatments were
significant (p ≤ 0.05) in both Chardonnay and Shiraz (Figure 2C–F). In all cases, the SO2 treatment
led to increased concentrations of both aldehydes immediately after fermentation (PAF). In the
Chardonnay, a further increase in the concentrations of the two aldehydes occurred after PAF as
for hexanal, and the treatment effects remained significant (p ≤ 0.05) until after 15 months of bottle
aging (15Mo, Figure 2C,E). This indicated that the Chardonnay juice SO2 concentration influenced the
3-methylbutanal and phenylacetaldehyde concentrations in wine until at least 15 months after bottling,
regardless of the multiple wine production steps and the standard SO2 additions after fermentation.
This in turn indicated that upon free SO2 depletion in the wine during aging (i.e., oxidatively or
thermally), the wines with more SO2 addition to the juice had a larger reservoir of oxidative-aroma
compounds to release.

With Cu treatment, phenylacetaldehyde concentrations decreased after fermentation (PAF) and
remained reduced until PB. However, the differences were less evident after bottle aging (15Mo,
Figure 2E). Bentonite treatment increased the concentrations of 3-methylbutanal in most Chardonnay
samples at PB and/or 15Mo (Figure 2C,E). In the Shiraz, both SO2 and Cu treatments increased the
concentrations of 3-methylbutanal and phenylacetaldehyde at PAF, which then decreased significantly
(p ≤ 0.05) until PB, when no difference amongst treatments was found (Figure 2D,F). The increase
in phenylacetaldehyde concentration during red wine aging, as observed in Figure 2F, has also been
reported by Bueno et al. [56], who indicated that this compound was less reactive to flavonoids than
other Strecker aldehydes.

Methional only showed a marginal difference in the Chardonnay wines after cold stabilization
(PCold for Chardonnay, Figure 2G–H). Benzaldehyde, the least electrophilic compound of all the
aldehydes studied, was the only aldehyde that showed no decrease in concentration during the Shiraz
production (Figure S1). This is consistent with benzaldehyde having a particularly slow reaction
rate with red wine flavonoid compounds [12]. The lack of an SO2-induced (SO2 treatment) effect on
benzaldehyde is also consistent with it being a particularly weak binder to hydrogen sulfite [12].
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Figure 2. Concentrations of volatile aldehyde compounds in Chardonnay and Shiraz wines during production 
and bottle aging process. The X-axis of the figure represented sampling time points: J/M, juice/must; PAF, 
post-alcoholic fermentation; PCold, post-cold stabilization; PB, pre-bottling; 15Mo, 15 months after bottle aging. 
(A) Hexanal in Chardonnay wines; (B) hexanal in Shiraz wines; (C) 3-methylbutanal in Chardonnay wines; (D) 
3-methylbutanal in Shiraz wines; (E) phenylacetaldehyde in Chardonnay wines; (F) phenylacetaldehyde in 
Shiraz wines; (G) methional in Chardonnay wines; and (H) methional in Shiraz wines. Note that different scales 
were used on the concentration axes of A–D and G–H to aid the clarity of differentiating sample treatments 
within each graph. 

Figure 2. Concentrations of volatile aldehyde compounds in Chardonnay and Shiraz wines during
production and bottle aging process. The X-axis of the figure represented sampling time points: J/M,
juice/must; PAF, post-alcoholic fermentation; PCold, post-cold stabilization; PB, pre-bottling; 15Mo,
15 months after bottle aging. (A) Hexanal in Chardonnay wines; (B) hexanal in Shiraz wines; (C)
3-methylbutanal in Chardonnay wines; (D) 3-methylbutanal in Shiraz wines; (E) phenylacetaldehyde
in Chardonnay wines; (F) phenylacetaldehyde in Shiraz wines; (G) methional in Chardonnay wines;
and (H) methional in Shiraz wines. Note that different scales were used on the concentration axes of
A–D and G–H to aid the clarity of differentiating sample treatments within each graph.

3.5. Impacts of Cu or SO2 Addition to Juice/Must on Wine Color Parameters, Protein Concentration
(Chardonnay Only), and Esters and Terpenes Concentrations in Wine

Results of the color parameters, esters and terpenes for both Chardonnay and Shiraz, and the
protein concentration of the Chardonnay, are summarized in Tables S3 and S4. No significant (p ≤
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0.05) influences from the Cu or SO2 additions to the grape juice/must were observed for most of these
features in either of the wine matrices.

Another interesting observation was that the Cu addition to the grape juice/must resulted in
an increased concentration of certain esters after fermentation (PAF). Three higher alcohol acetates
(HAAs), two ethyl esters of fatty acid (EEFAs), two ethyl esters of cinnamic acids (EECAs), and ethyl
propanoate showed increased concentrations in Shiraz with Cu additions to the must. Alternatively,
the Cu and SO2 addition to Shiraz must resulted in decreased ethyl phenylacetate concentrations after
fermentation (PAF). For Chardonnay wines, five HAAs were increased at PAF with Cu additions to the
juice (Table S4).

4. Conclusions

In Chardonnay, the concentration differences of total Cu and free Cu remained significant until
bottle aging for 15 months. However, in the Shiraz wines, there was no significant difference for
total Cu, except for free Cu at post-fermentation. Cu treatments increased the H2S concentration in
Chardonnay, and SO2 must additions resulted in elevated H2S concentrations in the Shiraz wines.
While none of the treatments were found to have an effect on H2S concentrations at bottling, the
impacts of Cu treatment remerged after 15 months of aging in the Chardonnay wines, regardless of the
bentonite treatment. Cu treatments in the juice/must repressed MeSH concentrations in all the wines
after fermentation, regardless of variety. However, the differences were most evident in Chardonnay
after fermentation and became less significant after 15 months of bottle aging. In Shiraz, differences in
MeSH levels decreased at bottling, but remerged after bottle aging. Both of the Cu and SO2 additions
increased the concentrations of hexanal, 3-methylbutanal, and phenylacetaldehyde after fermentation,
showed no influences at the pre-bottling stage, and decreased their concentrations after bottle aging in
Shiraz wines. In Chardonnay, only 3-methylbutanal and phenylacetaldehyde were impacted by Cu
and SO2 treatments, and importantly, the treatment effects remained significant throughout the wine
production and the bottle aging process. Bentonite treatments increased the concentrations of most
measured aldehydes, and this effect largely remained throughout bottle aging. Hexanal and methional
showed more subtle differences due to Cu treatments after the cold stabilization, and no differences
were evident after bottle aging. This study shows that the SO2 and Cu composition of juice/must can
have long-term implications for wine composition, and in particular it can impact wine compounds
that are linked to oxidative and reductive wine aroma.

Supplementary Materials: The following are available online at http://www.mdpi.com/2306-5710/5/4/70/s1. Table
S1. Analytical standards used for the chemical analysis; Table S2. Concentrations of Fe (mg/L) in Chardonnay
wines, and concentrations (µg/L) of analysed LMWSCs and volatile aldehyde compounds in Chardonnay and
Shiraz wines during production and bottle aging process; Table S3. Color parameters and protein concentrations
(Chardonnay only) of Chardonnay and Shiraz wines at PB; Table S4. Concentrations (µg/L) of analyzed esters, C6
compounds, terpenes, and C13 compounds in Chardonnay and Shiraz wines during production and the bottle
aging process; Figure S1. Concentrations of benzaldehyde in Chardonnay and Shiraz wines during production
and the bottle aging process. The X-axis of the figure represented sampling time points: J/M, juice/must; PAF,
post-alcoholic fermentation; PCold, post-cold stabilization; PB, pre-bottling; 15Mo, 15 months after bottle aging.
(A) Benzaldehyde in Chardonnay wines; (B) benzaldehyde in Shiraz wines.
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