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It is thought that the formation of hydroxysulphonate when sulphur dioxide is added to wine containing
free acetaldehyde negates the sensory impact of the latter compound, but little research has been done
on this. Descriptive analyses were employed using a trained sensory panel to assess the sensory effect of
sulphur dioxide and acetaldehyde as single compounds and in combination in model wine. The addition of
acetaldehyde or sulphur dioxide as singular compounds led to large increase in especially the green apple or
sulphur descriptors respectively. When these two compounds were added in equimolar concentrations, the
green apple description decreased drastically; however, a prominent sulphur description was still noted. It
thus seems that hydroxysulphonate also has a sulphur-like aroma. The hydroxysulphonate did not influence
the perception of a prominent ester, isoamyl acetate, in model wine. A low pH influences the perception of
sulphur when sulphur dioxide is present on its own, but this is not the case with hydroxysulphonate. The
implications of these results for wine production are discussed further.

INTRODUCTION

Acetaldehyde is considered the principal compound
responsible for the particular aroma of wine subjected to
oxidative ageing (Zea et al., 2015; Coetzee et al., 2016b).
Its organoleptic influence and its ability to combine rapidly
with SO,, even at low temperatures, makes this compound
one of the critical oxidation markers during winemaking
(Burroughs & Sparks, 1973). Acetaldehyde is produced
by yeast during alcoholic fermentation (Margalit, 2012)
and can also originate from the microbial activity of other
microbes, such as lactic acid bacteria and acetic acid bacteria
(Drysdale & Fleet, 1988; Liu & Pilone, 2000). However,
some post-fermentation winemaking practices may enhance
acetaldehyde formation and can lead to moderate to
important increases in acetaldehyde (Jackowetz & Mira de
Orduia, 2013).

The most important non-microbial production of
acetaldehyde in wine is due to the oxidation of ethanol
(Wildenradt & Singleton, 1974). This reaction is not direct,
but rather via the coupled auto-oxidation of certain phenolic
compounds. Free SO, present in wine will prevent this
oxidation by reacting with intermediate oxidation products,
as well as with the formed acetaldehyde, resulting in a
(supposedly) odourless sulphite combination known as
hydroxysulphonate, which is stable in the acid medium
(Waterhouse & Laurie, 2006). The reaction between
acetaldehyde and bisulphite is rapid and, at a pH of 3.3,
98% of the acetaldehyde will be combined with the sulphite
within 90 minutes. It has been estimated that only 0.04% of
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acetaldehyde is in the free form in the presence of 30 mg/L
free SO, (Blouin, 1966).

Odours associated with the presence of free acetaldehyde
have been described as “green apple”, “oxidised green
apple”, “grass” and “chemical” (Coetzee et al., 2016a). At
low concentrations, the presence of free acetaldehyde could
contribute to the pleasant, fruity aroma of a wine, but the
typical oxidation-related nuances will develop at higher
concentrations (Zea et al., 2010; Coetzee et al., 2016a)1.5,
2.5,4.5, and 6 years in the Montilla-Moriles region (southern
Spain. The sensory effect of acetaldehyde has also been
shown to have important suppressive interactions with
compounds such as 3-mercaptohexan-1-ol and 3-isobutyl-2-
methoxypyrazine (Coetzee et al., 2016a). When in the bound
form, the sensory effect of acetaldehyde is presumably
reduced (Jackowetz et al., 2011), and it is thus recommended
that a sufficient level of free SO, is maintained to ensure the
fixation of acetaldehyde. However, to our knowledge, this
recommendation is not supported by scientific tests.

The aim of this study was to determine the sensory
effectiveness of SO, in reducing the oxidation odour
associated with acetaldehyde and to confirm whether
hydroxysulphonate is odourless, as generally believed.
The effect of varying pH on the perception of “sulphur”
was also investigated. In addition, a brief interaction study
was conducted to investigate the interactive effects of
hydroxysulphonate on the perception of a common and
generally abundant aromatic ester, isoamyl acetate. This
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ester is present in wines made from a wide range of varieties
and is described as contributing a “banana” aroma (Van Wyk
etal., 1979).

MATERIALS AND METHODS

Chemicals and spiking

The model wine consisted of distilled water, 5 g/L tartaric
acid (Sigma-Aldrich, Steinheim, Germany) and 12% v/v
ethanol (Illovo, Durban, South Africa), with the pH adjusted
to 3.5 using sodium hydroxide (Sigma-Aldrich, Steinheim,
Germany). After preparing the model wine, the composition
was confirmed using a WineScan FT 120 instrument (FOSS
Analytical, Denmark).

The compounds used in the sensory study were SO,,
acetaldehyde and isoamyl acetate. Sulphur dioxide solution
at 18% m/v (Laffort, France) was added directly to the
samples. Acetaldehyde dilutions (Sigma-Aldrich, Steinheim,
Germany) were prepared fresh every week to a concentration
of 100 g/L using Milli-Q-Water (Millipore Filter Corp.,
Bedford, MA, USA) and stored at 4°C. Isoamyl acetate
solution (Riedel de Haén, Seelze, Germany) was prepared
fresh daily to a concentration of 3 g/L using 99.5% v/v ethanol
(Merck Chemicals, South Africa). These solutions were
used to spike the model wine to the desired concentration.
Acetaldehyde and SO, were added to the model wine 18
hours prior to sensory evaluation. Isoamyl acetate was added
to the samples one hour prior to sensory evaluation.

Experimental design

The concentrations used in this study are shown in Table 1.
Acetaldehyde concentrations (25 and 50 mg/L) were chosen
based on the concentrations found in dry white wines in
general (Jackowetz & Mira de Ordufa, 2013). Sulphur
dioxide levels were calculated (based on bisulphite molar
mass) to match acetaldehyde levels in specific molar ratios.
For instance, a combination of 25 mg/L acetaldehyde with 46
mg/L SO, resulted in a 1:1 molar ratio; a combination of 25
mg/L acetaldehyde and 92 mg/L SO, resulted in a 1:2 molar
ratio. The isoamyl acetate concentration (2.5 mg/L) was
chosen based on levels found in dry white wines (King et al.,
2011; Benkwitz et al., 2012). Pre-screenings by experienced
wine tasters were done before finalising the concentrations.

Sensory analysis

The method used for sensory analysis is based on descriptive
analysis with some deviations, which are pointed out in the
following sections. The sensory panel consisted of 12 judges
(all female and between the ages of 27 and 64, with a mean
age of 39). For reasons of human ethics, a brief explanation
of the addition of flavour to the samples was given prior to

TABLE 1

testing, although care was taken to exclude any information
that could have caused bias.

Descriptors were generated during the first training
sessions, after which line scaling exercises were done. During
training, the panellists were not informed of the composition
of each sample. A range of reference standards was available
for the duration of the training and testing (Table 2).
Intensity rating was done using a 100 mm unstructured line
scale that rated intensity from “none” to “intense”. Testing
was done in booths using standard ISO wine-tasting glasses.
The booths had standard artificial daylight lighting and
were temperature control at 20 + 2°C. Sample glasses were
marked with a unique random three-digit code for each
judge, and the glasses were covered with a plastic lid prior
to sensory assessment to prevent the aroma contaminating
the laboratory environment. The order of the samples was
random and balanced across the assessors. Along with the
set of samples containing the spiked compound, a glass
containing the unspiked model wine only, the “blank”, was
provided for comparison. Panellists evaluated the samples
orthonasally only, and the data was collected on a paper
ballot. Testing was done in triplicate and regular breaks
between samples were encouraged, while compulsory breaks
were taken between replicated sample sets to avoid fatigue.

Determination of the effect of single compound additions
on sensory perception

The various concentrations of acetaldehyde and sulphur
dioxide were added singularly to the model wine solution
in order to confirm the sensory effect of each compound.
Training was done over three sessions (one hour each; all
on separate days), after which a test was conducted. During
training and testing, the panel members were presented with
the eight samples together with a blank glass containing
model wine only.

Determination of the effect of the addition of acetaldehyde
and sulphur dioxide on sensory perception

After the assessment of single compounds, acetaldehyde and
sulphur dioxide were added together in the same sample at
different combinations (Table 1). At this stage the judges
were already familiar with the sensory characteristics of the
single compounds. Training for these samples took place
over seven sessions (one hour each), after which a test was
conducted. Samples were tested on a comparison basis. The
panel member was presented with a pivot glass, as well as the
sample to be profiled (Table 3). The pivot glass consisted of
a sample containing a single compound only. On the scaling
sheet provided, the profiling information of the pivot glass
was already available for the panel member (information

Concentrations and molar ratios tested. Ratios are shown as acetaldehyde:sulphur dioxide.

Total sulphur dioxide (mg/L)

23 (S23) 46 (S46) 92 (S92) 184 (S184)
Acetaldehyde (mg/L) 25 (A25) 1:0.5 1:1 1:2
50 (A50) 2:1 2:2 2:4
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TABLE 2

Attributes and reference standards used for descriptive analysis of spiked model wines.

Descriptor Definition Reference standard
-‘i Green apple Sliced/grated green apple 5 g grated green apple (Granny Smith)
E Chemical/solvent Chemical/solvent 15 mg/L acetaldehyde in model wine
=
3
<
Sulphur Sulphur 46 mg/L sulphur dioxide in model wine
8“' Plastic Plastic Children’s plastic toy
Dusty Smell associated with a closed None
basement or cupboard
% Banana Artificial banana Wilson’s toffee, banana flavour
:g Nail polish Nail polish and nail polish Open nail polish bottle (13.5 mL; Rimmel) and open
= remover bottle nail polish remover (100 mL; Cutex)
g
=3
=
TABLE 3 mg/L acetaldehyde, 46 mg/L sulphur dioxide and 2.5 mg/L

Pivot sample and corresponding tested samples. Ratios are
shown as acetaldehyde:sulphur dioxide.

Pivot sample Tested samples
1:0 1:05 1:1 1:2
2:0 2:1 2:2 2:4
0:0.5 1:0.5

0:1 1:1 2:1

0:2 1:2 2:2

0:4 2:4

gathered during the profiling of the single samples). The
panel member had to compare the two samples and provide
the intensity rating of each attribute in comparison to the
pivot sample.

Determination of the effect of the addition of acetaldehyde
and sulphur dioxide and isoamyl acetate on sensory
perception

The profiling of samples containing acetaldehyde and
sulphur dioxide together with isoamyl acetate was done after
the profiling of samples containing acetaldehyde and sulphur
dioxide only. The same range of concentrations was used;
however, isoamyl acetate (2.5 mg/L) was also added to all
samples.

Determination of the effect of pH on the sensory
perception of the combined samples

The effect of changing pH on the sensory perception of
the compounds was measured. Three different pH levels
were chosen: 3.0, 3.5 and 4.0, and they were adjusted
accordingly using sodium hydroxide. Samples containing 25
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isoamyl acetate singularly were profiled at the different pH
levels. Samples containing a combination of compounds (25
mg/L acetaldehyde, 46 mg/L sulphur dioxide and 2.5 mg/L
isoamyl acetate) were also profiled at pH levels of 3.0, 3.5
and 4.0.

SO, analysis

Analyses of free and total SO, were outsourced to an
accredited laboratory (Vinlab Pty Ltd., Stellenbosch, South
Africa). the analyses were done using the aspiration method
(Amerine & Ough, 1980).

Data analysis

Assessor performance was evaluated using PanelCheck
(Version V1.4.0, Nofima, Tromse, Norway) according to the
workflow described by Tomic et al. (2010). For the statistical
analysis of the data, one-way analysis of variance (ANOVA)
was conducted to investigate differences between treatments.
Post-hoc Fisher’s least significant difference (LSD) tests
were used to test for significance, and a p-value threshold of
0.05 (p < 0.05) was used for the determination of statistical
significance.

RESULTS AND DISCUSSION

Evaluation of single compounds

The attributes and the relevant reference standards used to
describe single compounds are shown in Table 2. Table 4
shows the average intensity rating for each concentration.
The main attribute used to describe acetaldehyde was “green
apple” (scored at the highest intensity), and it delivered
intensities of 37 and 61 intensity units for the 25 mg/L
and 50 mg/L of acetaldehyde respectively. The description
“green apple” has also previously been used as an attribute
of acetaldehyde in model wines (Coetzee ef al., 2016a), and
is also one of the main attributes associated with a white
wine in which acetaldehyde concentrations increased due
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to oxidation (Coetzee et al., 2016b). The addition of SO,
resulted in the attributes “sulphur”, “plastic”, and “dusty”,
of which “sulphur” was rated at the highest intensity. For
“sulphur” there were no significant differences in intensity
between 23 and 46 mg/L of SO,, while “plastic” and “dusty”
were rated higher at 46 mg/L compared to both 23 mg/L and

184 mg/L.

Acetaldehyde and SO, combinations

Fig. 1 shows the intensity of the “green apple” attribute of
samples containing only acetaldehyde (A25 and A50), as
well as samples containing a mixture of acetaldehyde and
sulphur dioxide (shown as A+S, together with the respective
molar ratios). A25 delivered an average “green apple”
intensity of 37, while A50 reached 61 intensity units, a
statistically significant difference (Table 4). Adding sulphur
dioxide at half the molar ratio of the acetaldehyde (1:0.5 and
2:1) decreased the intensity of the attribute by 38% in both
cases. Adding sulphur dioxide at a molar ration of 1:1 and
2:2 led to a decrease in attribute intensity of 90% and 92%

respectively. As expected, the addition of sulphur dioxide to
the acetaldehyde in an equimolar ratio reduced the “green
apple” aroma significantly, to less than five intensity units.
Adding sulphur dioxide at double the molar ratio of the
acetaldehyde (1:2 and 2:4) decreased the attribute intensity
further, resulting in an decrease in intensity of 96% and 97%
respectively. This confirms the effectiveness of the ability of
SO, to reduce the aroma associated with acetaldehyde.
Figure 2 shows the mean attribute intensity ratings of
“sulphur” in samples containing various concentrations of
sulphur dioxide alone (S23, S46, S92 and S184), and in
combination with acetaldehyde (shown as A+S, together with
the respective molar ratios). Adding acetaldehyde and SO, in
a ratio of 1:0.5 and 2:1 (acetaldehyde in excess) resulted in
a decrease in “sulphur” by 68% (to eight intensity units) and
92% (to two intensity units) respectively. Adding the two
compounds at a ratio of 1:1 or 2:2 was expected to result in
very low attribute intensities. However, the results showed no
significant decrease in the case of A25 + S46 (1:1) compared
to S46 alone, and a smaller decrease of 27% in A50 + S92

TABLE 4
Mean attribute intensity of samples containing single compounds only.
Acetaldehyde SO,
mg/L 25 50 23 46 92 184
o Green apple 37° 612 0° 3c 0° 0°
§ Chemical/solvent 19° 27 3ed 4 0? 0
Q —
E S Sulphur 24 0¢ 25¢ 26° 450 66"
§% Plastic 2¢ 2¢ 16° 220 247 13°
22 Dusty 6° 4 13 210 11b 6°
b=
E Banana candy 0° 0° 0° 0° 0° 0°
<
Nail polish 0c 0° 0° 0° 0° 0°
Different letters in a row show a significant difference
0 0
65 65 T
60 60
55 85
0 50
45 45
z = = b
=" g2 °
ZE = <E
of b og
<L 25 L 25
2 20
15 15
10 = 10 c
5 5 T
u - u L
A25 A25+ 523 A25+ S46 A25+ 592 AS0 A0 + S46 AS0 + 592 AZ0 + 5184
1:0.5 1231 152 24 2:2 2:4
FIGURE 1

Mean attribute intensities of "green apple" of samples containing acetaldehyde only (A) and samples containing a specific
molar ratio of both acetaldehyde and sulphur dioxide (A + S). Molar ratio shown as acetaldehyde : sulphur dioxide. Tests were
done in triplicate; different letters indicate significant differences at p 0.05.
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(2:2) compared to S92 alone. Therefore, from comparing a
sample containing free sulphur dioxide (S46) with a sample
that should theoretically have no free SO, available (1:1) it
is evident that the aroma perception showed the two samples
to have the same attribute intensity when profiling “sulphur”.
As demonstrated here, hydroxysulphonate has a prominent
“sulphur” smell at similar intensities as a sample containing
free SO, at the same concentration (S46).

The possibility of excess free SO, still being present in the
medium was considered. Samples were subjected to analysis
and the results showed a free SO, concentration of 5 mg/L in
sample A25 + S46 (1:1). This confirms hydroxysulphonate
as the origin of the “sulphur” smell in this specific sample,
especially considering the comparison of this sample (1:1),
which contains as little as 5 mg/L of free SO,, to a sample
containing only SO, at a concentration of 46 mg/L free SO,.
Similar results were obtained when comparing sample 2:2
(free SO, concentration of 10 mg/L) with sample S92. The

~
a

same tendency was seen for “plastic” (results not shown).

Effect of hydroxysulphonate on the perception of isoamyl
acetate

The effect of hydroxysulphonate on the perception of
attributes brought by isoamyl acetate was also evaluated.
The reason for choosing isoamyl acetate is that it is an
ester commonly occurring in wine and is not known to
react chemically with SO, and acetaldehyde. The addition
of isoamyl acetate (2.5 mg/L) to the model wine medium
contributed an attribute described as “banana candy”, at
an intensity of 24 units. Samples containing the isoamyl
acetate together with acetaldehyde and sulphur dioxide in a
ration of 1:1 or 2:2 showed no significant difference in the
“banana candy” intensity (results not shown). It would thus
seem that there was little to no sensory interaction between
hydroxysulphonate and isoamyl acetate (Coetzee et al.,
2016a).
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0 0
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1:05 i | 1:2 2:1 2:2 2:4

Mean attribute intensities of S46 "sulphur" 35 30 A25+ sg2 SIU ASO+ S46 ASO + SIB4 of samples containing sulphur
dioxide only (S) and samples containing a specific molar ratio of both acetaldehyde and sulphur dioxide (A + S). Molar ratio
shown as acetaldehyde : sulphur dioxide. Tests were done in triplicate; cffferent letters indicate significant differences at p 0.05.
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FIGURE 3
Mean attribute intensities of "sulphur" of samples containing sulphur dioxide (46 mg/L) at different pH. Tests were done in
triplicate; cffferent letters indicate significant differences at p 0.05.
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Effect of pH on the intensity of “sulphur”

The effect of varying pH on the perception of aroma
attributes was also tested. The results showed a significant
difference in “sulphur” in samples containing sulphur
dioxide at 46 mg/L. Mean intensity ratings for “sulphur” can
be seen in Fig. 3. As expected, the lowest pH (3.0) resulted in
the highest rating of the attribute, at 57 intensity units, while
pH 3.5 and pH 4.0 delivered significantly lower intensities,
of 35 and 37 units respectively. The higher concentration of
molecular SO, (2.9, 0.9, 0.3 mg/L molecular SO, at pH 3.0,
3.5 and 4.0 respectively) present at the lower pH (Margalit,
2012) could explain this observation. The same test was
repeated with samples containing acetaldehyde and sulphur
dioxide at a ratio of 1:1; however, the results did not show
any significant difference in the “sulphur” intensity between
the three different levels of pH (results not shown). It would
seem that the pH did not have an effect on the sensory
perception of hydroxysulphonate.

CONCLUSIONS

These findings can have important implications for wine
producers as well as sensory scientists. Sulphur dioxide is a
very efficient antioxidant additive in wines and is normally
used judiciously in most wine cellars as an antioxidant. The
addition of SO,, however, should not be considered as the
only preventative measure. Too much oxygen contact and
subsequent oxidation could result in acetaldehyde formation
and, even though the reaction between acetaldehyde and
sulphur dioxide effectively lowers the “green apple” odour
associated with oxidation, the hydroxysulphonate formed
has now been shown not to be odourless, as was believed
in the past. The apparent “sulphur” smell that results due to
the combination of acetaldehyde and sulphur dioxide could
influence the aromatic composition of a wine. Thus, ongoing
measures should be in place to prevent excessive oxygen
contact with wine.

This study elucidates the role of sulphur dioxide
in ecliminating the “green apple” aroma and shows the
contribution (“sulphur”) of hydroxysulphonate to the aroma.
The hydroxysulphonate did not have any sensory interactive
effect on the perception of isoamyl acetate; however, wine
is a complex medium with many other aroma-contributing
compounds that could possibly be affected by elevated
concentrations of the compound. Other than that, the reactivity
of both sulphur dioxide and acetaldehyde with other wine
constituents will have an effect. Sulphur dioxide binds with
various compounds, especially aldehydes, ketones, phenolic
compounds and sugars (Margalit, 2012). Depending on
the binding strength, this can limit the availability of SO,
to bind with excess acetaldehyde. Acetaldehyde can also
bind to other wine constituents and especially participate
in acetaldehyde-mediated reactions involving phenolic
material (Margalit, 2012). These reactions will influence
the production of hydroxysulphonate, and subsequently the
perception of the “sulphur” attribute. Future studies should
thus also test the sensory implications of hydroxysulphonate
in a real wine medium.
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