











Controlling Dimethyl Sulphide Levels in Bottled Wines

TasLE 2. Variation in potential dimethyl sulphide consumption by different yeast strains during micro-fermentations (1 L) of a Syrah must

Length of SMM % of SMM
fermentation (hours) (ug eq. DMS/L) remaining
Syrah must 464
Yeast strain Temperature Must Final wine

Yeast 1 24°C Syrah 209 69 15
Yeast 2 24°C Syrah 209 91 20
Yeast 3 24°C Syrah 209 53 1
Yeast 4 24°C Syrah 329 113 24
Yeast 4 20°C Syrah 351 85 18
Yeast 4 28°C Syrah 212 89 19

vines raised assimilable nitrogen levels by 81% in the
musts made with the grapes harvested on the first date
(dry wine), and by 38% in those made with the grapes
harvested later (sweeter wine). The utilization of a nitro-
gen-sulphur mixture (N10S5) brought an even greater in-
crease (figure 7). The increase of assimilable nitrogen in
the musts following the directions for N10 preserved the
PDMS in the wines by 23% and 74% for date 1 and date
2, respectively. But with N10S5, while the increase in ni-
trogen was less important, the consumption of PDMS was
identical to what was observed for the control. Spraying
sulphur appears to annul the protective effect of increas-
ing assimilable nitrogen on the preservation of PDMS
(figure 7).

2.4 WINE CONSERVATION: CORRELATION BETWEEN THE
PERCENTAGE OF FREED DIMETHYL SULPHIDE AND THE AGE OF THE
WINE

DMS is considered an aging aroma, but no relation ex-
ists between the concentration of DMS and the age of the

wine. However, the percentage of DMS released (the ratio
of free DMS over the initial PDMS) is linearly correlated
to the age of the wines (Ségural et al. 2004, and Dagan
2006). New results obtained with Malbec wines aged
from three to 33 years allowed to us complete the preced-
ing correlations (Ségural et al. 2004, and Dagan 2006).
Thus, the correlation reaches a plateau beyond 10 years
of aging, at which point the percentage of DMS released
tops out at about 75% (figure 8). Two hypotheses could
explain this observation. The first would be the presence
of a chemical balance between the SMM and the DMS
not exceeding 75% for the DMS in oenological condi-
tions. The second would be that among the molecules
measured by the PDMS analysis method, the 25% not
from the SMM could not free the DMS during the con-
servation of the wine. Thus, the PDMS measured in those
conditions would overestimate the quantity of DMS ac-
tually releasable, and the SMM would be the only DMS
precursor during conservation.

FiGure 6. Influence of the addition of Fermaid E on the consumption of potential dimethyl sulphide by different strains of yeast during

alcoholic fermentation
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UNDERSTANDING VARIETAL AROMAS DURING ALCOHOLIC AND MALOLACTIC FERMENTATIONS

Ficure 7. Influence of foliar spraying of nitrogen and sulphur on potential dimethyl sulphide consumption during yeast fermentation
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Indeed, the variability of the percentages of freed DMS
observed for the wines of the same vintage shows that
other parameters influence the release of DMS. The condi-
tions of conservation constitute, therefore, a tool to modu-
late the forming of DMS in wines. Given the heat sensitiv-
ity of SMM, the conservation temperature could be the

principal parameter to explain this variability.

il

N10S10  Control N10 N10S10
Date 1 Date 2 Date 2 Date 2
97 68 91 97
33 32 56 34

3. Conclusions

Dimethyl sulphide (DMS) is an aroma exhauster and, al-
though complex, its contribution to wine aroma can be
qualitative. Thus, the presence of potential dimethyl sul-
phide (PDMS) in numerous varietals implies specific sen-
sory studies regarding the contribution of DMS to different
wine typologies. The identification of PDMS and, more

Ficure 8. Correlation between the percentage of freed dimethyl sulphide ([free DMS]/([free DMS]+[PDMS])) and the age of wines
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precisely, of S-methylmethionine (SMM) in the grapes and
the must as the principal precursor of DMS during wine
aging, has opened up new opportunities for study to mas-
ter DMS in wines through the upstream management of
its potential.

Among the winegrowing parameters studied here, some
have a strong influence on the PDMS, but the fermenta-
tion parameters appear to be the determining factors to
master the PDMS at racking. The choice of the yeast strain
and the management of the nitrogen nutrition are two
key parameters for limiting the assimilation of the PDMS
during fermentation. Such pre-fermentation operations
as maceration on skins and lees stabulation still need to
be studied to confirm their involvement in the extraction
of the PDMS, which appears to be located mainly in the
grape skin.

Beyond fermentation, it is foreseeable that the manage-
ment of DMS in wine will be through the management of
PDMS at racking and through the length of conservation.
PDMS management could also be optimized through
blending. As for the length of conservation, the correla-
tions obtained allow us to predict the approximate per-
centage of DMS that can be released, but this model must
be further refined with a better understanding of the in-
fluence of storage conditions on the percentage of freed
DMS.

A set of parameters for the production and accumulation
of PDMS in the grapes, and its appreciation in the wines,
can permit us to imagine integrated and better adapted
production processes for different wines.
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Abstract

The main focus of this study was to obtain a better un-
derstanding of the evolution of glutathione (GSH) during
alcoholic fermentation (AF) and to ascertain the effects
of various oenological factors on its levels in Sauvignon
Blanc wine. The influence of different combinations of
O3 and SO; additions to Sauvignon Blanc must on the
GSH content in the must and wine was investigated. Wine
made from oxidized juice without sulphur dioxide protec-
tion contained significantly lower levels of GSH. Twenty
commercial Saccharomyces cerevisiae wine yeast strains
were evaluated in chemically defined grape juice for dif-
ferences in GSH content after AF. Significant differences
were observed between strains, with some strains result-
ing in a sevenfold higher wine GSH content. In Sauvignon
Blanc grape juice with a range of initial GSH concentra-
tions, the concentrations fluctuated during fermentation.
After AF, however, GSH concentration was generally
lower than that initially present in the juice. Commercial
glutathione-enriched inactivated dry yeast preparations
(GSH-IDY) were also assessed in terms of the GSH con-
centration released into model solution. The GSH levels
in grape juice fermentations supplemented with GSH-IDY
were also assessed in relation to different addition times
during fermentation. The GSH-IDY addition could lead
to elevated wine GSH levels, provided the supplemen-
tation is done early during AF. The data have broadened
our knowledge of several oenological factors, influencing
GSH levels in wine and provided a new baseline for fu-
ture research studies.
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1. Introduction

Sauvignon Blanc is globally one of the most important
cultivars and is the second most widely planted white
cultivar after Chardonnay. However, wine made from this
cultivar is sensitive to oxidation, which has detrimental
consequences on wine quality, resulting in a loss of char-
acteristic aroma, the development of an atypical aging fla-
vour character and visual browning. Strategies to improve
and preserve wine quality would confer a competitive
advantage to the wine producer. Increasing the glutathi-
one (GSH) levels in wine could assist in obtaining such
an advantage, considering the quality-preserving function
this natural antioxidant plays in wine. Apart from limiting
oxidative colouration in grape juice and wine (Vaimakis
and Roussis 1996, and Dubourdieu and Lavigne 2004),
during wine aging GSH exerts a protective effect on vari-
ous impact aroma compounds, including volatile thiols
(Lavigne-Cruege and Dubourdieu 2002, Dubourdieu and
Lavigne 2004, and Ugliano et al. 2011), esters and ter-
penes (Papadopoulou and Roussis 2001 and 2008, and
Roussis et al. 2009). It has also been shown that the de-
velopment of atypical aging flavour characters, including
sotolon and 2-aminoacetophenone, is hampered by the
presence of GSH (Dubourdieu and Lavigne 2004). High
levels of this natural antioxidant may also permit the use
of lower sulphur dioxide (SO,) dosages in wine, partially
addressing health-related concerns regarding the use of
SOy in wine (Freedman 1980, and Jackson 2008). Al-
though factors affecting GSH content in grapes (Cheyni-
er et al. 1989, Choné et al. 2006, Lacroux et al. 2008,
and Kritzinger et al. 2013a) and grape juice have been
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TasLe 1. Code and description of different oxygen and SO; treatments in Sauvignon Blanc must (adapted from Coetzee et al.2013)

Code Treatment Oxygen concentration in must SO; additions to must
A -S0,/-0; <0.5mqg/L 0 mg/L
B +S0y/ -0 <0.5mg/L 60 mg/L
C -S0,/+5S07 4 mg/L 0 mg/L
D +502/4+0; 4 mg/L 60 mg/L

elucidated (du Toit et al. 2007, Maggu et al. 2007, and
Patel et al. 2010), literature on the effect of winemaking
practices on GSH levels in wine is scant or contradictory.
Similarly, the evolution of GSH during alcoholic fermen-
tation (AF) is an unexplored field of study. While work
done by Lavigne et al. (2007) suggests that the specific
wine yeast strain may influence the GSH levels present
after AF, Fracassetti (2010) regarded the influence of the
yeast strain as insignificant. GSH can be assimilated by
the yeast (Penninckx 2002), which would lead to reduced
GSH levels in the wine. When compared to GSH levels
initially present in grape juice, the levels in wine have
been reported to be either lower (du Toit et al. 2007, Pa-
tel et al. 2010, and Coetzee 2011) or higher (Park et al.
2000a and 2000b, Fracassetti 2010, and Anddjar-Ortiz
et al. 2011). A wide range of glutathione-enriched inac-
tive dry yeast products (GSH-IDY) are currently available
on the market that claim to enhance the sensory stabil-
ity of wines due to their ability to lead to higher wine
GSH levels (Pozo-Bayén et al. 2009). However, little to no
independent and published research on the influence of
GSH-IDY on GSH levels in wine is available. Surprisingly,
the single published study, by Anddjar-Ortiz et al. (2011),
reported that no significant difference in GSH content was
observed between a control and GSH-IDY supplemented
wine. Uncertainty also exists as to when these products
should be added during AF. The main focus of this study
was to obtain a better understanding of the evolution of
GSH during AF and to ascertain the effects of various oe-
nological factors on GSH levels in Sauvignon Blanc wine.
Ultimately, the identification of factors resulting in high
GSH levels in wine would be highly beneficial to wine
quality and at the same time would possibly permit the
use of lower SO, dosages in wine.

2. Methods and Materials

2.7 INFLUENCE OF DIFFERENT COMBINATIONS OF Q2 AND
SO2 ADDITIONS TO SAUVIGNON BLANC MUST ON THE
GLUTATHIONE CONTENT IN THE MUST AND WINE

Sauvignon Blanc juice pressed hyper-reductively us-
ing Bucher Inertys® apparatus, which excludes air dur-
ing pressing by replacing it with nitrogen, was obtained
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from a cellar. The juice was divided into 4.5 litre glass
bottles, previously sparged with CO, gas until inert at-
mosphere was reached, corresponding to Oy concentra-
tion below 1%. Oxygen concentration was checked us-
ing an Oxi 330i handheld oxygen meter with a cell-ox
325 probe (Wissenschaftlich-Technische Werkstatten). All
juices were treated with 0 or 60 mg/L SO, additions and
0 or 4 mg/L Oy additions. In treatments where no Oy was
added, the O levels were kept <0.5 mg/L. The different
treatments and abbreviations used in this article are listed
in table 1.

In the relevant treatments, the SO, was first added to the
bottle that was then filled with juice. Oxygen levels were
achieved by racking the juice into a plastic 20 L bucket
to encourage Oy pickup with continuous measurement
of the oxygen until the required values were reached.
Dissolved oxygen measurement was done using the Oxi
330i. A pectolytic enzyme (Rapidase® Vino Super, DSM
Oenology) was added to the juice, the bottles were sealed
with plastic screw caps and parafilm, and settled for one
day at 15°C and the following day at 4°C. After the two
days, about 3.5 L of the juice was racked from the grape
lees under CO; pressure into another 4.5 L glass bottle
(also previously filled with CO3y). All juices were inocu-
lated with rehydrated Saccharomyces cerevisiae VIN 7
(Anchor Yeast Biotechnologies) at 0.3 g/L according to
the supplier’s recommendations, and fermentations were
performed at 15°C. All treatments were performed in trip-
licate and the results reported are the means of the three
trials. Samples destined for GSH analysis were taken be-
fore and after AF (Coetzee et al. 2013).

2.2 SCREENING OF YEAST STRAINS IN SYNTHETIC MEDIUM

The commercial wine yeast strains used in this study are
listed in table 2. Chemically-defined grape juice (CDQJ)
(Bely et al. 1990, Henschke and Jiranek 1993) was used
for synthetic wine fermentations; the protocol of Hen-
schke and Jiranek (1993) was followed, with the excep-
tion of the amino acid stock which was based on Bely et
al. (1990). The yeast-assimilable nitrogen (YAN) content
of this medium was 300 mg/L in the form of free alpha
amino nitrogen and NH4Cl; 90 mL CDGJ was transferred
into 100 mL glass bottles and spiked with GSH (Sigma-Al-
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TasLe 2. Commercial Saccharomyces cerevisiae wine yeast strains used in this study, listed according to manufacturer (Kritzinger et al.

2013b)

Strain

Company

VIN7,VIN 13, Alchemy 1, Alchemy 2, NT 116

LALVIN ICV® D21, LALVIN QA23 YSEO®, LALVIN DV10°, Lalvin® Rhéne 4600,

Anchor

Lallemand

LALVIN® V1116, Lalvin® BA11 YSEO, LALVIN R2¢®, Cross Evolution® YSEO,

LALVIN EC-1118°
CK'S102, UCLM S325
X16, X5,VL3

ES181, Top Essence

drich, St. Louis, MO, USA) to a concentration of 40 mg/L.
Active dry yeast strains were rehydrated as recommended
by the suppliers and inoculated into the CDGJ to give a
cell concentration of 1 x 106 cells/mL. The bottles were
sealed with fermentation locks and fermented at 20°C.
Fermentations were conducted in triplicate. Samples des-
tined for GSH analysis were taken directly before inocula-
tion and after the completion of AF.

2.3 SCREENING IN GRAPE JUICE

Settled Sauvignon Blanc juice was obtained for commer-
cial cellars and all measures were taken to protect the
wine against oxidation during collection and transport.
The juice was divided into 4.5 L glass bottles that had
been saturated with CO; gas prior to filling. For the 2010
harvest, three juices were used, which will be described
shortly. The GSH content of juice A was 20 mg/L. The bot-
tles containing juice A were then divided into two groups.
One group was left as is, while the other group was spiked
with GSH (Sigma-Aldrich) to 80 mg/L, subsequently re-
ferred to as juice B. The GSH content of juice C was 10
mg/L and also left as is. For the 2011 harvest, settled Sau-
vignon Blanc juice was obtained and exactly the same
protocol was followed as for the 2010 harvest. This juice is
referred to as juice D. The free SO, concentration of each
treatment was adjusted to 30 mg/L. The juice was then
inoculated with commercial preparations of S. cerevisiae
at 0.3 g/L according to the suppliers’ recommendations;
juices A, B and C were inoculated with strains VIN7, LAL-
VIN QA23 YSEO®, Cross Evolution® YSEO and VL3, and
juice D was inoculated with these strains plus three ad-
ditional strains, LALVIN R2®, X16 and LALVIN EC-1118®
(see table 2). The bottles were all sealed with airlocks and
weighed until fermentation was completed. This experi-
ment was conducted in quadruplicate in the 2010 season
and in triplicate in the 2011 season. Samples destined for
GSH analysis were taken five times during fermentation
according to the weight loss, which corresponded to 0,
25%, 50%, 75% and 100% sugar loss. Juice samples were
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taken before inoculation after it had been divided into the
separate bottles (Kritzinger et al. 2013b).

2.4 DEeTERMINATION OF GSH RELEASED FROM VARIOUS GSH-
IDY

By using a model solution, the GSH, oxidized glutathione
(GSSQ) and total GSH concentrations (GSH + 2 X GSSG
as molar equivalents) released by five different commer-
cial GSH-IDYs were evaluated. The GSH-IDY were sup-
plied by four different manufacturers. The model solution
consisted of 5 g/L tartaric acid adjusted to pH 3.3 using 5
M NaOH (Merck Chemicals). To attain an Oy concentra-
tion < 1 mg/L, N2 gas (Afrox, South Africa) was bubbled
through the solution for several minutes; 1 g GSH-IDY was
transferred quantitatively into a 100 mL volumetric flask,
filled to the mark with model solution, and stirred for 10
minutes when sampling for GSH analysis was done. This
experiment was performed in triplicate (Kritzinger et al.
2012).

2.5 INFLUENCE OF GSH-IDY ADDED AT DIFFERENT
FERMENTATION STAGES ON GSH CONCENTRATION IN WINE

Settled Sauvignon Blanc juice was obtained from a com-
mercial cellar. Several measures were taken to prevent
the oxidation of the juice during collection and transport;
2 L glass bottles were used as fermentation units. These
bottles were first filled with water, which was then dis-
placed with CO2 gas (Afrox SA) to achieve inert atmo-
sphere. The juice was then displaced with CO> gas into
the 2 L glass bottles. The free SO, concentration of each
treatment was adjusted to 30 mg/L. The juice was inocu-
lated with LALVIN QA23 YSEO® (Lallemand) S. cerevisiae
yeast at 0.3 g/L; the yeast had been rehydrated in GoFerm
Protect® (Lallemand). OPTIWHITE® (GSH-IDY) addition
at 0.3 g/L was made to the different treatments, as listed in
table 3, the bottles were sealed with airlocks and weighed
to monitor the progress of fermentation which took place
at 15°C. FermaidK® yeast nutrient (Lallemand) addition at
0.25 g/L was made after 5° Brix had fermented out. This
experiment was performed in triplicate. Samples were
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TasLe 3. Time of OPTIWHITE® additions to Sauvignon Blanc must during alcoholic fermentation

Code Description

Control No addition made

Juice
1/3
2/3

taken three times during the course of the experiment;
juice samples drawn before inoculation, must samples in
the middle of alcoholic fermentation and wine samples
after completion of AF (Kritzinger et al. 2012).

The evolution of GSH in Sauvignon Blanc juice during
fermentation was studied, where no GSH (C), 5.5 mg/L
GSH (5.5 GSH), 80 mg/L GSH (80 GSH), GSH-IDY (YE)
and 80 mg/L GSH (YE+ 80 GSH) were added to the juice
in another experiment. We obtained the clear juice from
a commercial cellar and added the products 10 minutes
after yeast inoculation (LALVIN QA23 YSEO®) according
to the supplier’s recommendations. Wine samples were
taken at the end of AF.

2.6 SAMPLING PROCEDURE, SAMPLE PREPARATION AND
GLUTATHIONE ANALYSIS FOR JUICE AND WINE SAMPLING

Samples for GSH analysis were drawn at the stages de-
scribed above. The required sample volume was trans-
ferred under COy gas into plastic sampling bottles that
had been previously filled with CO2 gas; 1000 mg/L SO»
and 500 mg/L ascorbic acid were also added to the sam-
pling bottles prior to sampling. Additional CO> gas was
blown on the headspace after sampling. The samples were
then immediately frozen at -20°C until analysis.

2.7 GSH ANALYSIS OF JUICE AND WINE SAMPLES

GSH in the must and wine was detected and quantified by
the method described by Fracassetti et al. (2011) using ul-
tra performance liquid chromatography (UPLC). Samples
from the GSH-IDY experiments were detected and quan-
tified by the method described by Kritzinger et al. (2012)
using UPLC.

3. Results and Discussion

3.1 INFLUENCE OF DIFFERENT COMBINATIONS OF O2 AND
SO2 ADDITIONS TO SAUVIGNON BLANC MUST ON THE
GLUTATHIONE CONTENT IN THE MUST AND WINE

Figure 1 displays the GSH concentrations in grape must
and the corresponding wines exposed to different SO
and Oy treatments. There was little or no difference in
GSH concentrations among treatments A, B and D. A
significant decrease in GSH concentration is observed
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Addition made to settled juice directly before inoculation with yeast
Addition made a third of the way through fermentation (at 14.5° Brix)
Addition made two thirds3 through fermentation (at 7.3° Brix)

in treatment C, where oxidation took place as a result of
oxygen exposure without the protective effect of SO;. Al-
though treatment D was exposed to the same amount of
oxygen, sufficient SO, was present to inhibit the oxidation
of GSH. This highlights the importance of SO in inhibit-
ing grape polyphenol oxidase, which catalyzes the oxi-
dation of phenols to ortho-quinones with the subsequent
incorporation of GSH to form the Grape Reaction Product
(GRP).

Ficure 1. Reduced glutathione (GSH) concentration in juice and
wine submitted to different SO, and O, treatments

Juice after settling

g 30 a ¢ B After fermentation
> a
E 25
o
5 20
2
<
8 15
3
)
- 10 d
g
2 5 b b by, I
(]
< 0 l.. -_. - | |
A B C D
Treatment

A (-502/-02), B (+502/-02), C (-502/+02) and D (+02/+502)

Error bars indicate 95% confidence intervals for the
means. Letters indicate significant differences on a 5%
(p<0.05) significance level.

Although not measured, more GRP would have formed
in treatment C, resulting in less GSH available for further
protection against oxidation and more ortho-quinones
present in the juice.

Itis evident that GSH concentrations decreased during AF.
There were no significant differences in GSH concentra-
tions between the different treatments after AF, with the
exception of treatment D. Uncertainty remains as to what
exactly led to the increased GSH concentration in treat-
ment D, and this observation necessitates further investi-
gation (Coetzee et al. 2013).
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Ficure 2. Reduced glutathione (GSH) concentration at the end of alcoholic fermentation for 20 different commercial Saccharomyces

cerevisiae strains.

4.5
4.0 a
35 ab
3.0 bc
. bcd
2 25
=
E cde
I 70 def def
S efg defg
15 fghi efghi efghi
ghi fghi ghi
1.0 . hio hi
i i
) H H " “ "
0 | |
"> 53382 5238248882288 ¢2 3
£ s 0 & & 5 X 5§ = E =7 & C ¥ <3 9
= c < 4 3 > s x Z o © a
R > 3 v c ]
< < o ] Q o}
w0 2 [a's |9
°
O

Yeast Strain

3.2 SCREENING OF YEAST STRAINS IN SYNTHETIC MEDIUM

Twenty commercial yeast strains were screened in a CDG)
containing 40 mg/L GSH to resemble a natural grape must.
During AF, a drastic decrease in GSH concentration was
observed, with end concentrations ranging from 0.5 mg/L
to 3.5 mg/L (figure 2). Marchand and de Revel (2010),
Janes et al. (2010), and Fracassetti et al. (2011) found simi-
lar GSH concentrations in several white wines after AF.
The formation of ortho-quinones with the subsequent in-
corporation of GSH to form 2-S-glutathiony! caftaric acid
(GRP) was impossible, as the synthetic medium contained
no phenolic compounds or polyphenol oxidase. There-
fore, the decrease in GSH concentration cannot be attrib-
uted to the incorporation of GSH into GRP. Statistically
significant differences (p<0.05) in final GSH content were
observed among the different treatments. Synthetic wines
fermented with strains X16 and Lalvin® Rhéne 4600
displayed a sevenfold higher GSH content compared to
those fermented with strains LALVIN R2® and CK S102. It
therefore seems the yeast strain may indeed influence the
GSH concentration present after AF, which agrees with
the results of Lavigne et al. (2007). It would be interest-
ing to investigate whether this observation is linked to the
nitrogen demand of yeast strains, and whether strains with
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high nitrogen demands would result in wines with lower
GSH concentrations (Kritzinger et al. 2013b).

Vertical bars denote 95% confidence intervals for the
means. Letters indicate significant differences on a 5%
(p<0.05) significance level (Kritzinger et al. 2013b, repro-
duced with permission of the Australian Journal of Grape
and Wine Research).

3.3 SCREENING IN GRAPE JUICE

Four yeast strains were selected for further evaluation in
grape juice A, B and C in 2010. In juice D, during 2011,
three additional strains were implemented. Figure 3 dis-
plays the GSH concentration during AF for the four musts.
The GSH concentration during AF for the four musts var-
ied considerably, depending on the initial GSH concen-
tration present in the must and the yeast strain used to
conduct fermentation. This highlights the variability in
GSH evolution under different conditions. In general, the
GSH concentration in wines was similar or lower than
initially present in the grape juice. The decrease in GSH
in the early stages of fermentation may be due to the in-
corporation of GSH to form GRP. However, several mea-
sures were taken to prevent the formation of GRP and the
subsequent loss of GSH. The juice was treated reductively
by means of dry ice and CO3 gas to prevent the oxidation
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Ficure 3. Reduced glutathione (GSH) evolution during alcoholic fermentation for different yeast strains for juice A,B,Cand D

Vertical bars denote 95% confidence interval for the means. Letters indicate significant differences on a 5% (p<0.05) significance level
(Kritzinger et al. 2013b, reproduced with permission of the Australian Journal of Grape and Wine Research).
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of polyphenols. In addition, the free SO, concentration
was also adjusted to 30 mg/L free and 60 mg/L total SO;.
According to Dubernet and Ribéreau-Gayon (1973), the
addition of 25 to 75 mg/L SO; to clarified juices led to an
inhibition of 75% to 97% in polyphenol oxidase activity,
respectively.

An additional explanation for the decrease in GSH con-
centration at the onset of AF is the possible uptake by the
yeast through the ATP-driven, high-affinity GSH transport-
er, Hgtlp (Bourbouloux et al. 2000). According to Pen-
ninckx (2002), GSH is implicated in many stress response
mechanisms, such as sulphur and nitrogen starvation, oxi-
dative stress and the detoxification of heavy metals and
xenobiotics. An interesting observation is that, in some
instances, the GSH concentration increased to a con-
centration exceeding that originally present in the must.
This may possibly be ascribed to the de novo synthesis of
GSH by yeast with the subsequent secretion into the must.
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This hypothesis was also made by Park et al. (2000a and
2000b) who ascribed the increase in GSH concentration
during fermentation to the formation of GSH by S. cere-
visiae. Perrone et al. (2005) showed that endogenously
produced GSH in the yeast cytosol can be secreted under
normal growth conditions. Moreover, the secreted gluta-
thione was predominantly in the reduced form (GSH) and
this GSH could again be taken by the yeast GSH trans-
porter. It was thus shown that intracellular GSH may cycle
with the extracellular GSH present in the medium, which
might explain the fluctuation of GSH observed during AF
in this study. Although the exact mechanism of GSH ex-
port is not known, a novel GSH exchanger, Gex1, was re-
cently identified in S. cerevisiae (Dhaoui et al. 2011). It is
unclear what led to the decrease in GSH concentration in
the last quarter of AF. Park et al. (2000a), however, report-
ed the same observation in fermenting Palomino grape
juice, which was not explained by the authors. According
to Lavigne and Dubourdieu (2004), the YAN content of
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Ficure 4. (A) Reduced (GSH), (B) oxidized (GSSG) and (C) total glutathione content released by various GSH-IDY

Vertical bars denote 95% confidence interval for the means. Letters indicate significant differences on a 5% significance level (Kritzinger
et al.2012, reproduced with permission of Food Additives and Contaminants. Part A: Chemistry, Analysis, Control, Exposure and Risk

Assessment).
A

Current effect: F(4,10)=297.09, p=<0.01 Kruskal-Wallis p=0.01

2.8

24

2.0

1.6

1.2

GSH (mg/L)

0.8

0.4

a
b

4

I d | d

GSH-IDY-1

0.0

GSH-IDY-2 ~ GSH-IDY-3 ~ GSH-IDY-4 ~ GSH-IDY-5

GSH (mg/L)

B
Current effect: F(4,10)=1392.3, p=<0.01 Kruskal-Wallis p<0.01
2.8
24

20

0.8
04 b ]
d
= B L m

GSH-IDY-1

0.0
GSH-IDY-2 ~ GSH-IDY-3 ~ GSH-IDY-4  GSH-IDY-5

C

Current effect: F(4,10)=389.25, p=<0.01 Kruskal-Wallis p=0.01

3.6
3.2
2.8
24
2.0
1.6
1.2
0.8
0.4
0.0

Total GSH (mg/L)

GSH-IDY-1

the juice may influence the yeast’s ability to release GSH.
They also reported that a content of 200 mg/L is needed to
allow GSH release during fermentation. The YAN contents
of all four juices were, however, was above 300 mg/L,
excluding the possibility that a limiting nitrogen source
could have potentially influenced the data. Nevertheless,
it is evident that variable GSH evolution was observed
during AF as a result of the different strains used, which
corroborates data by Lavigne et al. (2007). Juices with ini-
tial high GSH concentrations would not necessarily result
in wines with high GSH concentrations, which corrobo-
rates work done by du Toit et al. (2007). It should also be
mentioned that the GSH concentration at the end of AF
could be subject to variability due to the variable length
of fermentation of the various strains. However, further
research is necessary to elucidate this hypothesis. For fur-
ther details, Kritzinger et al. (2013b) can be consulted.
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3.4 Determination of GSH released from various
GSH-IDY

The GSH and GSSG contents in this section are reported as
a 0.3 g/L GSH-IDY addition. Figure 4 displays the amount
of GSH released by the different GSH-IDY. The GSH con-
centrations released by the various preparations differed
significantly, ranging from 1.45 mg/L to 2.53 mg/L. This
is in line with data by Andujar-Ortiz et al. (2011), who
reported four GSH-IDY preparations released from 1T mg/L
to 2 mg/L GSH into synthetic wine solutions. According to
the authors, the differences in the amounts released might
be ascribed to different manufacturing processes, espe-
cially with regards to the nutrients provided during the
growth of the yeast culture.

Other factors of variance that may influence the GSH re-
leased from the GSH-IDY could be strain differences and
the extent of thermal damage that takes place during the
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Ficure 5. Reduced glutathione (GSH) evolution during alcoholic fermentation for Sauvignon Blanc juice supplemented with GSH-IDY-4 at

different stages during fermentation

Vertical bars denote 95% confidence interval for the means (Kritzinger et al. 2012, reproduced with permission of Food Additives and
Contaminants. Part A: Chemistry, Analysis, Control, Exposure and Risk Assessment).
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drying process (Tirelli et al. 2010, and Andujar-Ortiz et al.
2011). The latter may also account for the large variation
reported for the GSSG contents (0.04 mg/L to 0.88 mg/L
GSSG). The total GSH contents released ranged from 1.63
mg/L to 3.44 mg/L, which is similar to results by Andujar-
Ortiz et al. (2011) reporting total GSH levels in the range
of 1.82 mg/L to 2.72 mg/L. GSH-IDY-3 released the high-
est total GSH concentration, but this was attributed to
the high GSSG content of this product. The data illustrate
the variation that exists among GSH-IDY in terms of GSH
content, and it underlines the importance of distinguish-
ing between GSH and total GSH contents as only the re-
duced form can act as an active antioxidant in wine. For
further details, Kritzinger et al. (2012) can be consulted.

GSH-IDY-5 (Lallemand OPTIMUM WHITE®) released
considerably more GSH compared to other the products.
It would be interesting to investigate whether this product
would be more efficient in reducing the oxidation phe-
nomena in wines when compared to the other GSH-IDY
in this study.

3.5 INFLUENCE OF GSH-IDY ADDED AT DIFFERENT
FERMENTATION STAGES ON GSH CONCENTRATION IN WINE

Figure 5 presents the GSH concentrations during AF for
wine supplemented with OPTIWHITE® at different stages.
The GSH concentration increased during fermentation,
regardless of the treatment applied. The GSH concentra-
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tions for treatments “juice” and “1/3” were 59.9 mg/L and
58.5 mg/L, respectively, which were considerably higher
than those of the control and “2/3” treatment (51.6 mg/L
and 51.8 mg/L, respectively). This correlates to a 7-8 mg/L
difference in GSH concentration between the control and
the “juice” or “1/3” treatment, which is rather interest-
ing, taking into consideration the 1.5 mg/L GSH released
from GSH-IDY-4 (OPTIWHITE®) into the model solution
as determined in the previous section (figure 4). Several
soluble nitrogenous compounds are released by inactive
dry yeast preparation (Pozo-Bayén et al. 2009) with some
stimulating GSH synthesis by the yeast (Wen et al. 2004,
and Andujar-Ortiz et al. 2011). The nutrients supplied by
OPTIWHITE® (free amino acids, peptides, etc.) at the ear-
ly stages of fermentation might have led to increased GSH
synthesis and release. We hypothesize that the GSH-IDY
supplementation of the “2/3” treatment was made too late
during AF for the yeast to benefit from the increased nu-
trients to synthesize and release GSH. Indeed, it has been
shown that the hydrogen ion-coupled import of amino
acids is inhibited by ethanol (Bisson 1996). For further de-
tails, Kritzinger et al. (2012) can be consulted.

We also found in preliminary results that the addition of
different levels of GSH and GSH-IDY to the must may in-
fluence the GSH content in the final wine, as indicated
in table 4.
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TasLE 4. Average GSH levels of wines treated with different GSH
and GSH-IDY treatments

Average STD

C 10.0 0.7

80 GSH 67.3 3.8
YE 13.2 1.3

5.5 GSH 11.8 0.4
YE+80 GSH 69.8 4.1

STD: Standard deviation

This study demonstrates that the specific GSH-IDY (OPTI-
MUM WHITE®) can often lead to increased GSH concen-
trations in wine. Furthermore, this increase can exceed
the GSH concentration present in the product itself. It re-
mains unclear whether this is as a result of increased GSH
synthesis and secretion by the yeast or whether it can be
ascribed to the preferential uptake of additional nutrients
supplied by GSH-IDY over GSH.

4. Conclusions

This study has shown that glutathione (GSH) concentra-
tions in juice can be protected if sufficient amounts of
SO» are used, even in the case of exposure to oxygen.
SO; limits the oxidation of polyphenols, especially trans-
caftaric acid, which results in the formation of the very
reactive ortho-quinones. GSH reacts with ortho-quinones
to form the grape reaction product (GRP) (Singleton et al.
1985, and Cheynier et al. 1986).

Differences in GSH content were observed for synthetic
wines fermented with different strains, with some strains
resulting in a sevenfold higher synthetic wine GSH con-
tent. However, when these strains were inoculated into
Sauvignon Blanc juice, they did not necessarily result in
the highest wine GSH concentration. Important trends
regarding GSH evolution during alcoholic fermentation
were observed. GSH levels fluctuated during fermenta-
tion, depending on several factors, such as the yeast strain
and the initial GSH concentration of the juice. It appears
from this experiment that the GSH concentration in some
instances increases to levels on par or higher than those
initially present in the juice, suggesting the de novo syn-
thesis and secretion of GSH by the yeast. Differences in
GSH content for wines fermented with different yeast
strains could be observed, albeit small.

The commercial GSH-IDY tested differed significantly
in the amount of GSH and oxidized glutathione (GSSG)
levels released into a model solution, which highlights
the variability among the products in terms of their an-
tioxidant potential. OPTIWHITE® supplementation could
result in elevated wine GSH levels, provided the supple-
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mentation is made within the first third of alcoholic fer-
mentation. Moreover, the difference in GSH content be-
tween the control and the OPTIWHITE® supplemented
wine was fivefold higher than the GSH content released
into a model solution. Further investigation into GSH-IDY,
especially with regards to their influence on yeast me-
tabolism, is needed to elucidate the exact mechanism by
which GSH-IDY leads to increased GSH levels in wine.
Future research will also benefit from a comprehensive
sensory evaluation of the wine to establish the influence
GSH-IDY supplementation has on the sensory profile of
wines.
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Abstract

Lactic acid bacteria (LAB) are responsible for malolactic
fermentation (MLF), first to degrade L-malic acid to L-lac-
tic acid, and second to contribute to the wine aroma and
flavour by the production of volatile metabolites and the
modification of aroma compounds derived from grapes
and yeasts. The yeast strains used for alcoholic fermenta-
tion have been shown to impact MLF through the produc-
tion of ethanol and sulphur dioxide, as well as the com-
petition for nutrients, etc. Most commercial MLF starter
cultures still consist of Oenococcus oeni, but recently the
focus has shifted towards the use of Lactobacillus planta-
rum alone or in mixed cultures with O. oeni. In the past
decade, several studies have shown that co-inoculating
MLF and alcoholic fermentation starter cultures has sev-
eral advantages, especially in warmer climate regions that
produce high alcohol levels. Those advantages include re-
duced overall fermentation duration, positive aroma mod-
ifications with fruitier wines and reduced risk of spoilage.

Studies of the impact of yeasts on MLF and wine aroma
show that the volatile aroma profiles differ in their ratios
of esters, higher alcohols and carbonyl compounds, de-
pending on the yeast strain used. Therefore it is important
to select and pair the yeast strains to ensure the desired
wine style can be obtained.

Different MLF inoculation strategies can be used to
change the wine style — a major trend for the fresh and
fruity wine styles. In a study of two different O. oeni strains
on cool-climate Riesling wines and four different inocula-
tion times that compared wines produced by sequential
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inoculation with co-inoculation wines, the results tend to
show higher concentrations of ethyl and acetate esters, in-
cluding acetic acid phenylethyl ester, acetic acid 3-meth-
ylbutyl ester, butyric acid ethyl ester, lactic acid ethyl es-
ter and succinic acid diethyl ester, in the co-inoculated
wines. Another investigation studied the influences of pH
and ethanol on MLF, and the volatile aroma profile of the
subsequent white wines from Riesling and Chardonnay
inoculated with two different O. oeni strains. The wines
showed significant differences in total higher alcohols and
in the esters and acids that are important for the sensory
profile and quality of wine. This work demonstrated that
the wine matrix, the pH and the alcohol concentration
affect MLF and the final volatile aroma profile. The results
indicate that changes in volatile aroma composition are
not necessarily related to complete MLF, and that partial
MLF already has distinct influences on the aroma profile
of white wines.

The changes in volatile aroma composition can also be
driven by using different LAB strains. The major differ-
ence between using O. oeni and L. plantarum regards
esters and monoterpenes, and lies within the arsenal of
enzymes which L. plantarum has and, therefore, the ca-
pacity to produce a greater diversity of compounds that
can contribute to varietal aromas.

1. Introduction

Alcoholic fermentation (AF) is the primary fermentation in
wine, carried out by yeast, mainly the more alcohol toler-
ant Saccharomyces cerevisiae that convert sugar to etha-
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nol and CO;. Other yeast genera frequently associated
with wine include Torulaspora, Candida, Hanseniaspora,
Brettanomyces, Pichia, Zygosaccharomyces, Schizosac-
charomyces, Willopsis and Kloeckera, to name a few (Zott
et al. 2010, and Comitini et al. 2011). AF, and especially
the choice of yeast strain, contributes to the aroma profile
of the wine by producing compounds such as esters, high-
er alcohols, aldehydes and fatty acids (Styger et al. 2011).

Malolactic fermentation (MLF) is a secondary fermen-
tation conducted by lactic acid bacteria (LAB), mainly
Oenococcus oeni, in most red wines and some white and
sparkling wines. It is a decarboxylation process where L-
malic acid is converted to L-lactic acid with the produc-
tion of COy. The three main reasons for conducting MLF
in wine are to deacidify the wine, to improve the micro-
bial stability of the wine by removing malic acid (malate)
as a possible carbon source, and to modify wine aromas
(Lerm et al. 2010). MLF can modify wine aroma via the
production or modification of flavour-active compounds
(Swiegers et al. 2005, Boido et al. 2009, and Michlmayr et
al. 2012). In cooler climate countries, such as New Zea-
land and Canada that produce high-acid wines, MLF is
conducted mostly for the purpose of deacidification (Liu
2002). In warmer regions, where deacidification is of less
importance as lower malic acid concentrations are pres-
ent in the grapes, MLF is conducted mainly for the pur-
pose of changing the sensory profile of the wine (Lerm
2010).

The main LAB associated with wine are in the Oenococ-
cus, Lactobacillus, Pediococcus and Leuconostoc genera.
Of the four LAB genera found in wine, O. oeni is the best
adapted to overcoming the high ethanol levels, low pH
conditions and fermentation temperatures, as well as SO,
all of which make wine a harsh environment. This ex-
plains the use of O. oeni as the predominant LAB in MLF
starter cultures today. However, Lactobacillus plantarum
has also proven its resilience, and is therefore now includ-
ed in MLF starter cultures, especially for high pH wines,
and for co-inoculation with yeast (Lerm et al. 2010, and
du Toit et al. 2011).

2. Factors that Influence Lactic Acid Bacteria
Growth and Malolactic Fermentation

In the complex, harsh wine environment that contains dif-
ferent microorganisms competing for survival, many fac-
tors can influence LAB growth and, therefore, the success-
ful completion of MLF. These factors include high ethanol
concentration (exceeding 15% v/v), low pH (less than
3.2), low temperature and SO2 concentration (more than
50 mg/L), lysozymes, phenolic compounds, medium-
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chain fatty acids, yeast-bacteria interactions and nutrient
availability (Alexandre et al. 2004, Lerm et al. 2010, and
Bartowsky and Borneman 2011).

Ethanol plays a critical role in the success of MLF, because
it can disrupt bacterial membranes and affect many mem-
brane-associated processes, including malolactic activity
and the processes involved in stress resistance (Zapparoli
et al. 2009). According to Rosi et al. (2003), ethanol and
pH are the most important wine parameters impacting
on bacterial activity. In their study, they found that pH
values below 3.2 lowered O. oeni viability. Ethanol has
shown synergistic interactions with temperature, inhibit-
ing LAB growth (Lerm 2010). High ethanol concentrations
lower the optimal growth temperature of LAB, whereas
increased temperatures lower the ability of LAB to tolerate
higher ethanol concentrations (Henick-Kling 1993).

The effect of SOz on LAB is dependent on such factors as
yeast strain and wine composition, specifically wine pH
(Alexandre et al. 2004). It has been found that the mo-
lecular form of SOy is toxic to wine yeasts and bacteria.
It was also suggested that molecular SO; inhibits bacte-
rial growth by reducing maximal biomass and malic acid
activity.

Yeast can produce medium-chain fatty acids, such as dec-
anoic acid, that impact the growth rate and malolactic ac-
tivity of LAB, depending on concentration, and the pH of
the medium as well (Carreté et al. 2002, and Alexandre et
al. 2004). Therefore, not only can medium-chain fatty ac-
ids cause yeast-bacterial antagonism, they can reduce the
malic acid degradation abilities of the bacteria (Alexandre
etal. 2004). The impacts of the yeast on MLF fall into three
categories: inhibitory, neutral or stimulatory.

3. Inoculation Scenarios

Spontaneous MLF is generally considered to be carried
out by the indigenous LAB present in the wine and/or
on the winemaking equipment, making the outcome of
the process very unpredictable. The risks involved with
spontaneous MLF include the possible presence of spoil-
age microorganisms that can produce undesirable off-
flavours, and/or biogenic amines that can affect human
health and postpone the onset or completion of MLF. All
these risks can diminish the quality of the wine (Alexan-
dre et al. 2004, Lerm 2010, and Lépez et al. 2011).

Inoculation for MLF traditionally occurs after the comple-
tion of AF (in sequential inoculation) using commercial
starter cultures. The inoculation with LAB and yeast at the
beginning of AF (co-inoculation/simultaneous inocula-
tion) is now an alternative for especially high pH and high
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alcohol wines. MLF can also be induced during alcoholic
fermentation (Knoll et al. 2012).

3.1 SEQUENTIAL INOCULATION

Some of the literature suggests that sequential inoculation
could be a means to avoid such problems as antagonistic
yeast-bacteria interactions potentially associated with si-
multaneous inoculation (Lerm 2010). Due to the comple-
tion of AF, the lower residual sugar concentrations that
reduce the risk of acetic acid production are another ad-
vantage of sequential inoculation (Costello 2005).

Risks involved with sequential inoculation include slug-
gish or stuck MLF due to LAB viability problems caused
by high ethanol concentrations, low pH, SOy, or other
microbial compounds produced by the yeast and nutri-
ent depletion (Larsen et al. 2003). Massera et al. (2009)
stated that inoculation with starter cultures after AF does
not always result in the dominance of the selected strain
and the desired contribution.

3.2 DURING ALCOHOLIC FERMENTATION

Some winemakers implement this inoculation regime
to overcome high ethanol concentrations, as is the case
with sequential inoculation, so the LAB inoculated into
the wine can still adapt to the increasing ethanol concen-
trations. Another reason why mid-AF inoculation may be
implemented is because most of the free SO; is bound,
thereby reducing the possible inhibition of LAB by SO».
Moreover, the heat generated from the on-going AF will
aid in inducing the growth of the LAB and therefore MLF.
A study by Rosi et al. (2003) showed an immediate and
extreme decrease in LAB cell counts when the wine was
inoculated midway through AF, declining as low as 104
CFU/mL in the first six to eight days after inoculation then
increasing again to 106 CFU/mL, at which point malic
acid degradation began.

3.3 Co-INOCULATION

Co-inoculation of LAB and yeast is a helpful time-saving
tool that can be used to overcome high ethanol concen-
trations and reduced nutrient availability, which is often
associated with the conditions after the completion of AF
leading to incomplete MLF (Jussier et al. 2006). The grad-
ual adaptations of the bacteria to the increasing ethanol
concentrations enhance their performance (Zapparoli et
al. 2009). Co-inoculation allows an early dominance of
the selected strain and better control over the outcome
of MLF (Massera et al. 2009). A study by Nehme et al.
(2008) found improved bacterial growth and malic acid
consumption using co-inoculation.
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As previously discussed, the possible yeast-bacterial inter-
action that might occur during co-inoculation is an im-
portant factor to consider when making decisions regard-
ing inoculation time. Homofermentative LAB, such as L.
plantarum, produce lactic acid as the major end product;
whereas heterofermentative LAB (such as O. oeni) pro-
duce lactic acid, CO;, ethanol and/or acetic acid (Zdiga
et al. 1993). The risk of increased volatile acidity due to
sugar metabolism by bacteria is negligible if AF is suc-
cessfully carried out by yeasts (Azzolini et al. 2011). This
statement is in agreement with studies done by Nehme et
al. (2010) and Knoll et al. (2012) that showed no risk of
increased volatile acidity during co-inoculation. The fear
of this possible increase in volatile acidity is the reason for
the infrequent utilization of co-inoculation in the industry
currently (Nehme et al. 2010). Studies show that co-inoc-
ulation reduces the overall fermentation time without af-
fecting the growth of the yeast or the rate of AF (Massera et
al. 2009, Abrahamse and Bartowsky 2012, and Knoll et al.
2012). Shortened fermentation times provide the oppor-
tunity to stabilize wines earlier, thereby reducing the risk
of microbial spoilage (Abrahamse and Bartowsky 2012).
In the study done by Massera et al. (2009), co-inoculated
MLF completed in 10 to 26 days without an increase in
biogenic amine production. A study done by Knoll et al.
(2012) showed that co-inoculation tended to increase
ethyl and acetate esters.

Co-inoculation is therefore a handy tool which can be
used to overcome possible problematic wine conditions,
like high initial sugar content of the grapes (often associ-
ated with such warm-climate countries as South Africa)
leading to high alcohol levels and insufficient nutrient
availability that, in turn, may lead to sluggish or stuck MLF
when the wine is inoculated after AF. Co-inoculation can
also be used for better tank utilization in the cellar, as well
as improved microbial stability, because it reduces overall
fermentation time without the risk of off-flavours (Jussier et
al. 2006, and Nehme et al. 2010).

4. Aroma Modification

The aroma and flavour of wines are influenced by the LAB
strain as well as the MLF inoculation scenario utilized. The
production of flavour and aroma compounds is a result
of the metabolism of grape constituents, such as sugars,
amino acids and organic acids, and/or the modification of
grape- and yeast-derived aroma compounds (Swiegers et
al. 2005, and Bartowsky and Borneman 2011).

4.1 INFLUENCE OF THE YEAST STRAIN

The amount of total esters produced after MLF differed ac-
cording to the yeast strain used (figure 1). The esters pro-
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Ficure 1. Total ester concentration using 14 different yeast strains in co-inoculation in Merlot with three different malolactic fermentation
starter cultures and a control that was not inoculated for MLF,in 2011 Merlot (Schéltz 2013)
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duced that differed significantly were ethyl lactate, ethyl
acetate, ethyl caprylate, ethyl-3-hydroxy butanoate, ethyl
phenyl acetate and diethyl succinate. Variations in higher
alcohols are more apparent between yeast treatments than
between MLF treatments. MLF resulted in higher concen-
trations of diacetyl and acetoin, independent of the yeast
strain used. Therefore, the selection of yeast strain with
MLF is important as it will impact the final aroma and
style of the wine (Schéltz 2013).
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4.2 INFLUENCE OF THE LACTIC ACID BACTERIA STRAIN

Malherbe et al. (2012) evaluated the influence of different
O. oeni MLF starter cultures on the volatile aroma com-
position, using Pinotage and Shiraz grapes. Changes were
observed in ester concentrations after the completion of
MLF. The synthesis and hydrolysis of esters during MLF
were evident. Ethyl lactate, diethyl succinate, ethyl oc-
tanoate, ethyl 2-methylpropanoate and ethyl propionate

Ficure 2. Graph of the ester contribution imparted by four different malolactic fermentation starter cultures during MLF in 2008 Pinotage

(adapted from Malherbe et al.2012)
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Ficure 3. Principal component analysis plot showing the impact of pH and ethanol on the shift in the flavour profile of all the Riesling

wines (adapted from Knoll et al. 2011)1
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concentrations were increased during MLF, compared to
the control wine, for all four O. oeni strains. Increases in
the concentrations of most of the higher alcohols were
observed in MLF wines. Isoamyl alcohol, isobutanol,
2-phenylethanol, propanol, butanol, hexanol, 3-methyl-
1-pentanol, and 3-ethoxy-1-propanol concentrations
were significantly increased by MLF, which indicates their
potential contribution to specific characteristics in wine
(figure 2).

4.3 ImpAcT OF PH AND ETHANOL

Knoll et al. (2011) investigated the influences of pH and
ethanol on MLF and the volatile aroma profile in Riesling
and Chardonnay wines using two different O. oeni strains.
The pH was 3.2, 3.6 and 3.8 respectively, and ethanol
concentrations of 12.5 and 15% (v/v) were evaluated.

The results demonstrate that even if the MLF was incom-
plete, the ester concentrations were impacted. Increases
in such fruity esters as ethyl acetate, ethyl propionate and
ethyl butyrate were observed. Acetic acid ethyl ester, ace-
tic acid 3-methylbutyl ester, succinic acid diethyl ester
and lactic acid ethyl ester were most affected by wine pH
and ethanol. Lower pH resulted in greater increases in to-
tal fruity esters (figure 3). For monoterpenes, the content
of trans- and cis-linalooloxide and a-terpineol increased

with lower pH values, and the linalool content increased
with higher pH.

4.4 IMPACT OF MALOLACTIC FERMENTATION INOCULATION
SCENARIO

Knoll et al. (2012) evaluated four different MLF inocula-
tion scenarios, from co-inoculation, 40% of AF, 60% of
AF to sequential, using two different O. oeni starter cul-
tures. The results show that the different inoculation sce-
narios were driven by different esters and resulted in dif-
ferent wine aroma profiles. When compared to sequential
inoculation, co-inoculated wines showed higher concen-
trations of ethyl and acetate esters, including acetic acid
phenylethyl ester, acetic acid 3-methylbutyl ester, butyric
acid ethyl ester, lactic acid ethyl ester and succinic acid
diethyl ester.

The strain differences were more profound in co-inocu-
lation and 40% of AF where there was a clear separation
between the two strains and the esters they produced.

4.5 IMPACT OF THE LACTIC ACID BACTERIA USED FOR MALOLAC-
TIC FERMENTATION

It was shown in different studies that L. plantarum can,
under specific conditions, perform MLF just as well as O.

TReprinted from LWT - Food Science and Technology , Vol. 44, Caroline Knoll, Stefanie Fritsch, Sylvia Schnell, Manfred Grossmann,
Doris Rauhut, Maret du Toit Influence of pH and ethanol on malolactic fermentation and volatile aroma compound composition in
white wines, Pages No. 2077-2086, Copyright (2011), with permission from Elsevier.
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Ficure 4. Principal component analysis score plot derived from volatile aroma compounds of all Riesling wines following MLF and the

control wine with no MLF (Knoll et al.2012)2
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oeni. L. plantarum possess different genes and enzymes

that can lead to different wine aroma profiles
al. 2011, and Lerm et al. 2011). Apart from
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different ester ratios, the biggest impact from using L. plan-
tarum is related to the release of monoterpenes due to
B-glycosidase activity (figure 5) (Lerm et al. 2012).

Ficure 5. Comparison of the monoterpene production (excluding geraniol) of the mixed culture containing Oenococcus oeni and
Lactobacillus plantarum, the individual O. oeni strain from the mix, and two commercial O. oeni cultures during co-inoculation in

2011 Shiraz (Lerm et al.2012)
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2 With kind permission from Springer Science+Business Media: World Journal of Biotechnology and Microbiology, Impact of dif-
ferent malolactic fermentation inoculation scenarios on Riesling wine aroma, Vol. 28, 2011, page 1151, Caroline Knoll, figure
number 7, © Springer Science+Business Media B.V. 2011.
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Malherbe et al. (2013) assessed the link between con-
sumer liking, chemical and sensory attributes in Pinotage
wines that were made over two vintages by four different
O. oeni MLF starter cultures, and a control wine where
MLF was prevented. The results show that consumer liking
was influenced by the sensory attributes. The main chemi-
cal and sensory correlations found for MLF-treated wines
were related to 2,3-butanedione (diacetyl) with the but-
tery character and various esters with fruity aromas. Most
important was that all consumers preferred the MLF wines
over the control wine, which indicates the importance of
MLF and how it can be used to meet consumer demand
in a globally competitive market.

5. Conclusion

The modifications in flavour profiles during malolactic fer-
mentation are dependent not only on the bacterial strain
conducting MLF, but on the grape cultivar as well, espe-
cially in regards to the precursors available, the specific
wine parameters (especially pH and ethanol content), and
the timing of inoculation. These factors can all be utilized
to tailor the wine style.
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Abstract

This paper presents a review of our knowledge and under-
standing of the role played by the different aroma chemi-
cals in the positive aroma attributes of wine, and presents
a systematic approach to classifying the different aroma
chemicals of wine. One basic idea is that all wines share a
common basic aromatic structure formed by ethanol and
27 different aroma compounds, most of them by-products
of fermentation. Combined, the mixture of these products
has the typical wine aroma and exerts an aroma-buffer-
ing effect with the ability to suppress the effect of many
odorants added to it, particularly those with fruity char-
acteristics. The ability of the different odour chemicals to
break such a buffer, and hence transmit a different aroma
nuance to the wine, and the relationship between the
transmitted aroma nuance and the aroma of the chemi-
cal, is used to define the different roles played by aroma
compounds on wine aroma. These roles can be as high-
impact compounds, major contributors, net contributors,
subtle aroma compounds, aroma enhancers and aroma
depressors.

The factors can be individual aroma chemicals or well-
defined mixtures of molecules sharing chemical and
odour properties (aroma families). Different examples of
the aroma chemistry behind some of the most relevant
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wine aroma nuances from simple or complex wines are
also presented and discussed.

1. Introduction

The aim of this presentation is to show the latest findings
regarding the chemical interpretation of wine aroma and
how the aroma chemicals interact to form the aroma nu-
ances of wine.

Understanding wine aroma initially requires aroma ex-
traction by gas chromatography-olfactometry analysis.
Through gas chromatography-mass spectrometry (GC-MS)
we can conduct qualitative and quantitative analyses to
obtain quantitative lists. Sensory tests then compare the
wine glass aromas.

Our work has two parts: the aroma deconstruction and
the aroma reconstruction. The originality of the procedure
is that we track the key odour molecules perceived in the
glass of wine, analyzing only the key odorants perceived
in the glass, not all the odorants.

2. Aroma Buffer

Ethanol and the other major fermentation volatiles form
a sort of “aroma buffer” which is not easy to break. Note
that some aroma compounds are present in all wines,
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independent of the wine’s origin or type. They are the
groups of the volatile aroma compounds produced by
fermentation in relatively well-defined proportions, and
all these compounds are present at concentrations well
above the perception threshold in nearly all wines, form-
ing a particular aroma mixture often described as vinous
— slightly sweet, pungent, alcoholic and a little bit fruity
(Escudero et al. 2004). Although not formed by yeast dur-
ing fermentation, another compound, B-damascenone,
can be included in this group because it can also be found
in nearly all wines at concentrations above the perception
threshold.

3. Classification of Wine Odorants

The aroma buffer can be broken only by certain mole-
cules, particularly by groups of molecules acting syner-
gistically. The following classifications are a new proposal
based not only on observation, but on well-established
concepts of flavour chemistry (Belitz and Grosch 1999).

3.1. GENUINE IMPACT COMPOUND

This role is played by individual compounds which, in a
given wine, are in concentrations high enough to transmit
their specific aroma nuances to that wine, i.e., the aroma
of the compound can be recognized in the wine.

3.2. MAJOR CONTRIBUTORS

This role is played by individual compounds or families
of aroma compounds present in the wine in a concentra-
tion high enough to transmit a primary generic descriptor
of its aroma (e.g., red fruit, citric, minty, etc.), but not the
specific descriptor of the compound (i.e., the compound
cannot be clearly recognized in the wine). The transmitted
descriptor in the wine is nearly entirely due to the com-
pound, so that if the compound or family of compounds
were removed the sensory aspect would be affected both
qualitatively and quantitatively.

3.3. SECONDARY OR SUBTLE CONTRIBUTORS

This role is played by those individual compounds or
families of aroma compounds present in the wine in a
concentration below the level required to transmit indi-
vidually one of its generic descriptors. However, such an
aromatic descriptor (usually very general, such as sweet
or fruity) is noted because of the concerted action of many
aroma molecules or families.

Therefore, if the compound or family of compounds were
removed from the wine, the sensory effect would be very
weak or even null.
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3.4. AROMA ENHANCER

This role is played by those individual aroma molecules
or families of aroma compounds which fail to transmit
their specific or generic descriptors, but nonetheless
enhance the specific aroma of some other molecule or
group of molecules present in the wine. In some cases,
the enhancement brings about a new aroma quality as a
consequence of the mixture of the odours, while in others
the effect of the enhancement is merely an increase of
the aroma intensity. In any case, if the enhancer were re-
moved a decrease in the intensity of an aroma nuance
not directly related to the aroma of the enhancer would
be noted.

3.5. AROMA DEPRESSOR

This role is played by those individual aroma molecules or
families of aroma compounds whose presence in the wine
causes a decrease in the intensity of an odour note. If the
depressor were removed from the wine, an increase in the
intensity of the depressed odour nuance would be noted.

4. Wine Aroma Formation

The most relevant notes of great wines are caused by com-
plex associations of aroma compounds playing different
roles (i.e., as contributors, suppressors or enhancers).

Red wines are, by nature, much more complex as, among
many other factors, they contain quite large amounts of
volatile phenols which exert a suppression effect on fruity
notes (Atanasova et al. 2004). This phenomenon is even
more intense when the wines are aged in oak casks, in-
creasing the concentrations of volatile phenols and add-
ing whisky lactones. In this chemical environment, the
perception of the different notes, particularly fruity ones,
is extremely complex. Furthermore, great red wines do
not have explicit or specific odour nuances, but a large
palette of many subtle odours instead. It is not surprising
then, that we usually do not find genuine impact com-
pounds in red wines, aside from the whisky lactones, but
we do find relatively large groups of compounds which
contribute to the different odour nuances.

To date, we have identified several major contributors to
the fruity notes of red wines:

* The concerted action of ethyl esters, including several
recently discovered branched ethyl esters, with noriso-
prenoids (B-damascenone and B-ionone) and with the
enhancing effect of dimethyl sulphide, that can impart
berry fruit notes to the wine (Escudero et al. 2007);

¢ The concerted action of five y-lactones (y-octa-, y-nona-,
v-deca-, y-undeca- and y-dodecalactones) that can be
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responsible for the peach notes of some reds, particu-
larly those from certain areas of Spain and Portugal (Ja-
rauta et al. 2006);

® The concerted action of furaneol, homofuraneol, maltol,
sotolon, norisoprenoids and methional that can be re-
sponsible for some cherry and chocolate notes in some
reds (Ferreira et al. 2005).

¢ The concerted action of volatile fatty acids as contribu-
tors to the fruity notes and suppressors of 4-ethylphenol
(San-Juan et al. 2011).

It is very interesting to note that it is better to work in terms
of aroma profiles rather than aroma intensities: wine fruiti-
ness is a concept, and odour concepts seem to be linked
to the existence of well-defined ratios of odorants.
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