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Summary

Acetaldehyde plays a role in the rate of fermentation and the quality of wine. High levels
of acetaldehyde in fermenting juice may result in sluggish/stuck fermentations, and in
wine, it may impart undesirable aromas usually associated with oxidative aromas.
Depending on its levels, acetaldehyde has an effect on yeast metabolism and can

therefore impact alcoholic fermentation.

The overall aim of this project was to investigate the effect of yeasts and oenological
parameters on acetaldehyde production, to better understand the impact of acetaldehyde
on alcoholic fermentation and wine sensorial composition. Ten commercial
Saccharomyces cerevisiae strains and 10 non-commercial non-Saccharomyces yeasts
were evaluated. These yeasts were screened in a laboratory trial for their acetaldehyde-
producing ability during alcoholic fermentation, and resulted in the selection of a high-,
medium- and low-acetaldehyde producing yeasts. The selected yeasts were the S.
cerevisiae yeasts NT50 (high), NT116 (medium) and VIN13 (low); and the non-
Saccharomyces yeasts Torulaspora delbrueckii (high), Candida guilliermondii (medium)

and Candida valida (low).

The above-mentioned selection of Saccharomyces yeasts was used individually for
vinification of grape must, as well as in all possible permutations with the non-
Saccharomyces yeasts, and resultant wines analysed chemically and evaluated
sensorially. The initial sensory results showed noticeable differences between
treatments, in terms of aroma and sweetness. Statistical evaluation of the data from the
screening and cellar trials showed that yeast strain and time of fermentation have an
impact on levels of acetaldehyde. The ability of the yeast strains to produce acetaldehyde
was affected differently by fermentation temperature during the screening trial. Wines co-
inoculated with non-Saccharomyces cerevisiae yeasts have lower levels of acetaldehyde
than wines only inoculated with Saccharomyces cerevisiae yeasts as observed in the

cellar trial.
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Sulphur dioxide (SOz2) has a very high affinity for acetaldehyde, therefore the impact of
various concentrations of SO2 on the levels of acetaldehyde in fermenting must was
monitored in a second cellar trial. The resulting effects on fermentation and final wine
quality were monitored. Although it is known that SO2 impacts wine quality, it was also
found that the varying levels of SO2 have a direct effect on the acetaldehyde levels

produced during fermentation.

During a separate fermentation trial (laboratory-scale), using three Saccharomyces
cerevisiae yeast strains, the total enzyme activity of alcohol dehydrogenase (ADH) was
monitored. The ADH activity showed a similar trend to acetaldehyde concentration, where
high enzyme activity of the Saccharomyces cerevisiae yeasts correlated with high

acetaldehyde levels.

In summary, there were significant differences in acetaldehyde levels between yeast
strains tested in this study and the levels were within acceptable ranges normally found
in wines. Higher acetaldehyde levels were found in wines inoculated with S. cerevisiae,
exposed to high SOz levels, and fermented at higher temperatures. There was a direct
correlation between total ADH activity and total acetaldehyde production of

Saccharomyces cerevisiae yeasts.

To ensure lower levels of acetaldehyde in wine, winemakers should preferably co-
inoculate with low ADH activity Saccharomyces cerevisiae and non-Saccharomyces
yeast strains, at low fermentation temperatures, while ensuring low levels of SOz before

fermentation.
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Opsomming

Asetaldehied speel ‘n rol by die fermentasietempo en wynkwaliteit. Hoé vlakke van
asetaldehied in gistende druiwesap kan lei tot slepende/steekgistings, en in wyn kan dit
lei tot wangeure wat gewoonlik met oksidatiewe aromas geassosieer kan word.
Asetaldehiedvlakke het ‘n effek op gismetabolisme en kan dus fermentasiekinetika

beinvioed.

Die oorhoofse doel van hierdie studie was om spesifiek te kyk na die bydrae van
verskillende gisrasse en wynkyndige parameters op asetaldehiedproduksie, om
sodoende die impak van asetaldehied op alkoholiese fermentasie, asook op die
sensoriese aspek van wyn, beter te kan verstaan. Tien kommersiéle Saccharomyces
cerevisiae rasse en 10 nie-Saccharomyces gisrasse was ondersoek. Hierdie giste was in
laboratorium skaal proewe geévalueer vir hul vermoé om asetaldehied te produseer
tydens alkoholiese fermentasie en ‘n seleksie van hoog, -medium en lae asetaldehied
produserende giste is gemaak. Die geselekteerde giste was S. cerevisiae yeasts NT50
(hoog), NT116 (medium) en VIN13 (laag), en die nie-Saccharomyces giste was

Torulaspora delbrueckii (hoog), Candida guilliermondii (medium) en Candida valida

(laag).

Die bogenoemde Saccharomyces giste was gebruik op hul eie en in alle moontlike
kombinasies met die nie-Saccharomyces giste gedurende die eerste wynmaakproef in
die kelder. Die wyne was ook chemies en sensories geévalueer. Die aanvanklike
sensoriese resultate het gewys dat die behandelings van mekaar verskil ten opsigte
aroma en soetheid. Statistiese analise van die data het gewys dat gisras en fermentasie
tyd ‘n impak op asetaldehiedvlakke gehad het. Die vermoé& van die gisrasse om
asetaldehied te produseer, was deur fermentasie temperatuur beinvioed. Wyne wat met
nie-Saccharomyces giste in kombinasie met Saccharomyces giste geproduseer was, het
laer asetaldehiedvlakke gehad as wyne wat slegs met Saccharomyces giste geinokuleer

was.

Swaweldioksied (SO2) het ‘n baie hoé affiniteit vir asetaldehied, daarom is die impak van

verskeie SO:2 vlakke op asetaldehiedproduksie ondersoek in ‘n tweede kelderproef. Die
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resultante effekte van voorgenoemde interaksies op fermentasie en wynkwaliteit was ook
gemonitor. SO2 het ‘n impak op wynkwaliteit en die variasie in SO2 vlakke het ‘n direkte
effek gehad op die asetaldehied vlakke gedurende fermentasie asook in die finale wyne.

Tydens ‘n onafhanklike fermentasieproef (laboratorium skaal) is die totale alkohol
dehidrogenase (ADH) ensiemaktiwiteit van drie Saccharomyces cerevisiae gisrasse
gemonitor. Die ADH aktiwiteit het ‘n soortgelyke tendens getoon as die
asetaldehiedvlakke, waar hoé ensiemaktiwiteit van Saccharomyces cerevisiae giste

gekorreleer het met hoé asetaldehiedvlakke.

Die asetaldehiedvlakke het betekenisvol verskil tussen die gisrasse wat getoets was en
die vlakke was binne aanvaarbare perke wat normaalweg in wyne aangetref word. Hoér
asetaldehiedvlakke was aangetref in wyne wat met Saccharomyces cerevisiae
geinokuleer was, aan hoé SO:2 vlakke blootgestel was en teen hoé temperature gegis
was. Daar was ‘n direkte korrelasie tussen totale ADH aktiwiteit en totale

asetaldehiedproduksie van Saccharomyces cerevisiae giste.

Om lae asetaldehiedvlakke in wyne te verseker, word wynmakers aangeraai om lae ADH
aktiwiteit Saccharomyces cerevisiae en nie-Saccharomyces gisrasse te gebruik teen lae

fermentasie temperature en ook om lae SOz2 vlakke voor gisting te handhaaf.
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Preface

This thesis is presented as a compilation of five (5) chapters. Chapter 2, or part thereof,

has been published in Winelands (Van Jaarsveld & October, 2015).

This thesis consists of:

e CHAPTER 1 : General introduction and project aims
e CHAPTERZ2: Literature review

e CHAPTER3: Methodology

e CHAPTER4 : Results and discussion

e CHAPTERS : Conclusion and references

All attempts to minimise inevitable repetitions were made.
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CHAPTER 1

GENERAL INTRODUCTION AND PROJECT AIMS

1.1 Introduction

The South African Wine Industry is a major role player in the South African economy and
contributed approximately R36 billion to the country’s gross domestic product (GDP)
during 2018 and the total exports of wine were 420.2 million litres (SAWIS, 2018).
Therefore, continuous research into improving wine quality has become vital in securing
a sustainable industry, as well as stable livelihoods and employment security for many

South Africans in the long term.

Acetaldehyde (ethanal) is a volatile chemical compound found to play a significant role in
wine aroma, colour and stability (Osborne et al., 2006). It is formed during the anaerobic
fermentation of grape must to wine, and is the most important carbonyl compound
produced by yeast metabolism during alcoholic fermentation (Nykanen et al., 1977,
Romano et al., 1994). Post-fermentation activity, like the oxidation of ethanol in wine, can
also lead to the production of acetaldehyde (Wildenradt & Singleton, 1974; Ribéreau-
Gayon et al., 1983; Fleet & Heard, 1993; Elias, et al., 2009). At low levels (i.e. below the
aroma threshold of 100 mg/L), acetaldehyde can contribute pleasant fruity aromas, and
add flavour complexity in full bodied wines, especially red wines (Liu & Pilone, 2000;
Swiegers et al., 2005; Aleixandre-Tudo et al., 2015). Excessive levels of acetaldehyde
(i.e. above the aroma threshold of 100 mg/L) can leave the wine tasting flat with flor sherry
characteristics, and cause a defective, pungent, irritating odour (Miyake & Shibamoto,
1993; Zea et al., 2015; Coetzee et al., 2016a). It can also impart an undesirable green,
grassy, apple-like aroma (Frivik & Ebeler, 2003; Coetzee et al., 2015), usually masked by
the addition of sulphur dioxide (SOz2).

High levels of acetaldehyde in fermenting juice are unwanted as it may retard or inhibit
ethanol formation by yeast, resulting in sluggish or stuck fermentations (Liu & Pilone,
2000). Acetaldehyde can affect fermentation kinetics through concentration-dependent
inhibition or stimulation of the lag phase and growth rate of yeasts (Stanley et al., 1993;
Liu & Pilone, 2000; Vriesekoop, 2007; Hucker & Vriesekoop, 2008). It has been reported
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that for ethanol-stressed Saccharomyces cerevisiae the lag phase was shortened and
the growth rate stimulated at low acetaldehyde concentrations, also implying that
acetaldehyde may play a role in preventing ethanol-induced stress/growth inhibition of
yeast cells (Walker-Caprioglio & Parks, 1987; Stanley et al., 1993; Stanley et al., 1997).

The accumulation of acetaldehyde during fermentation is dependent on the relative
activity of the enzymes alcohol- and aldehyde dehydrogenase, each of which comprises
of several isoenzymes (Cortes et al., 1998; Ciani & Ferraro, 1998). The rate of
acetaldehyde production is affected by the equilibrium between the oxidized and reduced
coenzymes of ADH (Millan & Ortega, 1988).

1.2 Aims and objectives of this thesis

The overall aim of this project was to investigate the effect of yeasts and oenological
parameters on acetaldehyde production, to better understand the impact of acetaldehyde
on alcoholic fermentation and wine sensorial composition. The specific objectives of this
study were:

i. To screen yeast strains for acetaldehyde production in South African context;

ii. To select and evaluate high-, medium- and low-acetaldehyde producing yeast

strains;
iii. To evaluate the effect of winemaking practices on acetaldehyde levels;
iv. To evaluate the impact of acetaldehyde on sensory properties of wine, and;

v. To determine the ADH activity in yeasts during acetaldehyde production.
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CHAPTER 2

LITERATURE REVIEW

2.1 Importance of acetaldehyde

Acetaldehyde (ethanal; C2H40) is a low molecular weight, volatile compound found in a
wide variety of aromatic foods and beverages that have, prior to their final stage of
production, undergone a degree of fermentation (McCloskey & Mahaney, 1981; Liu &
Pilone, 2000; Jackowetz et al., 2011; Aguera, et al., 2018). Acetaldehyde has been known
to be a product of alcoholic fermentation by yeasts for more than a hundred years (Grey,
1913), but its presence in wine was confirmed by Dittrich and Barth (1984). It is formed
during the first stages of alcoholic fermentation (Osborne et al., 2000; Jackowetz et al.,
2011) and is one of the most important carbonyl compounds formed during alcoholic
fermentation as it constitutes more than 90% of the total aldehyde content in wine
(Nykanen, 1986). Wine aroma exists predominantly as a result of the presence of
acetaldehyde, together with a large number of other volatile compounds, in wine (Liu &
Pilone, 2000). Acetaldehyde levels in wines range from 4 mg/L to 493 mg/L (Table 2.1),
with an average of 30 mg/L (red wine) and 80 mg/L (white wine) (McCloskey & Mahaney,
1981; Romano et al., 1994; Aguera, et al., 2018). The very high levels in sherry are due
to the fact that this wine style is produced under oxidative conditions (Romano et al.,
1994, Coetzee et al., 2016).

Table 2.1 Acetaldehyde levels normally found in wine?

Type of wine Acetaldehyde range (mg/L)
Red wine 4-212
White wine 11— 493
Sweet wine 188 — 248
Sherry (fortified wine) 90 - 500
Brandy (distilled wine) 63 — 308

aData summarised from: Liu & Pilone (2000).

Acetaldehyde is the last precursor in yeast fermentation before ethanol is formed, and is
produced when pyruvate, the end-product of glycolysis, is converted to acetaldehyde
(Swiegers & Pretorius, 2005). Conversely, a secondary source of acetaldehyde

production in red wine, which could occur during aging, is as a result of the oxidation



Stellenbosch University https://scholar.sun.ac.za

20

(exposure to air/oxygen) of ethanol. Oxidation of polyphenolics in wine yields hydrogen
peroxide (H202) which oxidizes ethanol to acetaldehyde (Wildenradt & Singleton, 1974;
Ribéreau-Gayon et al., 1983; Romano et al., 1994; Jackowetz et al., 2011). Acetaldehyde
is also partially generated by decayed micro-organisms or low quality yeasts (Shin & Lee,
2019). Enzymatic oxidation, by alcohol dehydrogenase (ADH), of ethanol to acetaldehyde
is also possible in wine (Millan & Ortega, 1988).

It must also be noted that the production levels of acetaldehyde during the early stages
of fermentation differ widely from the final acetaldehyde concentration in wine (Cheraiti et
al., 2010). This is as a result of reutilisation by the yeast cells (Jackowetz et al., 2011; Li
& Mira de Ordufia, 2010), as well as its degradation by bacteria (Osborne et al., 2000;

Jussier et al., 2006) during the last stages of fermentation.

2.2 Effect of alcohol dehydrogenase (ADH) on acetaldehyde production

During alcoholic fermentation (AF), acetaldehyde production is linked to yeast
fermentative metabolism of sugars via the action of pyruvate decarboxylase and alcohol
dehydrogenase (Aguera, et al., 2018). Alcohol dehydrogenases (ADHs) catalyse the
interconversion of ethanol and NAD™ to acetaldehyde and NADH, and they are commonly
found in bacteria, yeasts, plants and animals (Pal, et al., 2009). Saccharomyces
cerevisiae possesses at least five genes (ADH1 to ADHS5) that encode alcohol
dehydrogenase isoenzymes involved in ethanol metabolism. The isoenzymes alcohol
dehydrogenase | (ADH 1), lll, IV, and V reduce acetaldehyde to ethanol during alcoholic
fermentation. In contrast, ADH Il (EC 1.1.1.1) is glucose-repressed and catalyses the
reverse reaction (i.e. the oxidation of ethanol to acetaldehyde). Therefore, when glucose
in the fermentation medium is depleted, ADH Il is the first enzyme to make use of ethanol.
The accumulation of acetaldehyde during fermentation is dependent on the relative
activity of the enzymes alcohol- and aldehyde dehydrogenase, each of which comprises
of several isoenzymes (Maestre et al., 2008; Pal et al., 2008). The interconversion
between ethanol and acetaldehyde is catalysed by the alcohol dehydrogenases (Aranda
& del Olmo, 2003). In the glycolytic pathway, during alcoholic fermentation, sugars are
converted to pyruvate. Pyruvate is decarboxylated to acetaldehyde, and subsequently
reduced to ethanol by alcohol dehydrogenase (ADH), with NADH as reducing co-enzyme
(Fig. 2.1).
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Figure 2.1 Schematic of the biochemical breakdown of pyruvate to acetaldehyde, and

subsequently the conversion of acetaldehyde to ethanol.

During the latter conversion process NADH is oxidised to NAD*. The use of SOz during

winemaking can affect the activity of enzymes involved in acetaldehyde metabolism. The
production of acetaldehyde is yeast dependent, but can also be directly related to the
activity of ADH (Cortes et al., 1998; Ciani & Ferraro, 1998). The rate of acetaldehyde

production can also be affected by the equilibrium between the oxidised and reduced
coenzymes of ADH, i.e. NAD" and NADH (Millan & Ortega, 1988).

2.3 Sensorial effects of acetaldehyde in wine

The oenological levels of acetaldehyde vary between different types of wine, e.g. white,
red and sherry/port wines. Acetaldehyde has a low sensory threshold (Longo et al., 1992).
The threshold in wine ranges between 100-125 mg/L (Liu & Pilone, 2000; Osborne et al.,
2006; Aguera, et al.,, 2018). In table wines, increased levels of acetaldehyde are
undesirable, but at low wine levels acetaldehyde gives a pleasant, fruity aroma, whereas
at higher levels it imparts typical oxidation-related nuances (Coetzee et al., 2016a,b;
2018) and an irritating odour that has been described as a green, grassy, nutty or apple-
like aroma (Liu & Pilone, 2000; Aguera, et al., 2018). However, in sherry/port wines
(fortified wines) the high acetaldehyde levels are considered to be a unique feature of that
style (Liu & Pilone, 2000; Aguera, et al., 2018).

High acetaldehyde levels in sherry/port wines also contribute to the increased colour
observed in these wines, as compared to normal red wines (Liu & Pilone, 2000; Aguera,
et al., 2018). Rapid polymerisation of anthocyanins and other phenolics (e.g. catechins,

tannins) occur in the presence of acetaldehyde, which assists in the formation of
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pigmented condensation products that have higher colour intensity and stability (Osborne
et al., 2006; Sheridan & Elias, 2016). Furthermore, acetaldehyde also indirectly enhances
and stabilises wine colour in that it strongly binds sulphur dioxide (SOz2) which is known
to have a decolourising/bleaching effect on anthocyanins in wine (Liu & Pilone, 2000;
Aguera, et al., 2018).

In addition to changes brought about by acetaldehyde in the polymeric fraction of the
phenolic substances, with corresponding effect on wine colour density and astringency,
the volatiles fraction seem to be better protected in the presence of acetaldehyde during
ageing, but needs to be confirmed sensorially. Acetaldehyde, therefore, leads to a clear

difference in the chemical composition of the wines (Aleixandre-Tudo et al., 2016).

2.4 Methods of acetaldehyde quantification

Total acetaldehyde concentration levels can either be determined chemically (iodimetry)
or biochemically by utilizing an enzymatic assay kit (McCloskey & Mahaney, 1981; Longo
et al., 1992; Stanley et al., 1993; Roustan & Sablayrolles, 2002; Osborne et al., 2006;
Jussier et al., 2006; Li & Mira de Orduna, 2010; Jackowetz et al., 2010; Cheraiti et al.,
2010), or quantitatively by traditional detection methods like gas or liquid chromatography
(Ciani & Maccarelli, 1998; Romano et al., 1994; Romano et al., 2003; Peinado et al.,
2004; Paraggio & Fiore, 2004; Vriesekoop et al., 2007; Hucker & Vriesekoop, 2008;
Domizio et al., 2011). The chemical method has proven to give results 1-20% higher than
the enzymatic method, while the enzymatic method was considered more accurate and
specific, as acetaldehyde is the predominant aldehyde in wine (Ough & Amerine, 1988;
Liu & Pilone, 2000; Coetzee, 2014; Van Jaarsveld & October, 2015). Gas and liquid
chromatography, however, usually require expensive instruments and complicated
operations. Compared to traditional detection methods, fluorescence chemosensors offer
a number of advantages including simplicity, quick response and real-time detection,
however, reports of their usage in the literature are still rare (Yang et al., 2019). It has
also been found that acetaldehyde bound to SOz can affect the quantification of
acetaldehyde, resulting in lower levels measured by titration and headspace gas
chromatography (GC) than by enzymatic and OIV (International Organisation of Vine and
Wine) methods. Selection of an appropriate analytical method is therefore important for
the quantification of acetaldehyde in alcoholic beverages (Shin et al., 2019).
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2.5 Oenological parameters affecting acetaldehyde levels
2.5.1 Effect of sulphur dioxide (SO2)

The total SO2 content in wine may consist of varying levels of free and bound SO2. Other
than SOz2 being directly added to grape must/wine as a preservative during vinification,
its presence in wine can also be attributed to yeasts, which also produce it to varying
degrees (Osborne et al., 2006). Furthermore, acetaldehyde is also chemically very active
(Osborne et al., 2006) and has a strong affinity for SO2 (Liu & Pilone, 2000; Elias et al.,
2008). It therefore binds with free SOz (specifically the bisulphite ion, HSO3") to form a
complex compound known as acetaldehyde hydroxy-sulphonate, which accounts for the
largest percentage of the total SO2 content (Liu & Pilone, 2000; Elias et al., 2008). The
reaction between acetaldehyde and bisulphite is rapid and, at pH 3.3, 98% of the
acetaldehyde will bind with the sulphite within 90 minutes (Coetzee et al., 2018), although
it has been demonstrated that acetaldehyde remains reactive in the presence of bisulphite
(Andorra et al., 2018). This bisulphite-acetaldehyde complex, consequently, reduces the
potent sensory effects of acetaldehyde, but at the same time also reduces the
antimicrobial, anti-enzymatic and antioxidant properties of SO2 (Jackowetz et al., 2011;
Aguera, et al., 2018). A lack of SO2 could lead to spoilage of the wine. Therefore, due to
this phenomenon more SOz is usually added to a wine containing high acetaldehyde
levels, not only to bind it, but also to limit further formation of acetaldehyde, thereby
making more free SOz available and subsequently protecting the wine’s taste and aroma
(Liu & Pilone, 2000; Osborne et al., 2006; Coetzee et al., 2018). However, as a result of
escalating consumer awareness of the adverse health risks related to SOz, efforts have

been prioritised to reduce the SOz contents of wines (Osborne et al., 2006).

Sulphur dioxide (SO2) induces acetaldehyde formation by yeasts, and the final
concentrations of acetaldehyde are higher in wines fermented with SO2 than in wines
fermented without SO2 (Aguera, et al, 2018). SOz either inhibits aldehyde
dehydrogenase (so acetaldehyde is not converted to ethanol) or binds directly with
acetaldehyde and thus reduces the amount of acetaldehyde that can be transformed to
ethanol (Andorra et al., 2018).

2.5.2 Effect of fermentation temperatures
Some controversy exists regarding the effect of fermentation temperatures on the

production levels of acetaldehyde. It was previously reported that acetaldehyde
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concentration levels increased significantly at a fermentation temperature of 30°C,
compared to 12°C, 18°C and 24°C (Romano et al., 1994), which was in direct contrast to
reports that fermentation temperature does not affect the final aldehyde content (Amerine
& Ough, 1964). The increased level of acetaldehyde at 30°C could be due to an inhibitory
effect of the temperature on the activity of alcohol dehydrogenase (ADH), the enzyme
reducing acetaldehyde to ethanol (Romano et al., 1994). However, it was also reported
that cooler fermentation temperatures, in a strict oxygen-regulated environment, actually
led to higher acetaldehyde levels, which could be due to a reduced reutilisation of
acetaldehyde by the yeasts during the last stages of fermentation (Jackowetz et al.,
2011). Acetaldehyde is the major product of oxidation, and is also formed as an
enzymatically-derived by-product of yeast metabolism during and after alcohol
fermentation (Han et al., 2017, 2019). Acetaldehyde is very reactive and takes part in a
number of reactions with wine phenolics (i.e. anthocyanins/flavanols) during aging, which

impact characteristics such as colour, flavour and astringency (Han et al., 2019).

2.6 Role of yeasts
2.6.1 Effect of acetaldehyde on Saccharomyces cerevisiae

Saccharomyces cerevisiae is the most important wine yeast and is responsible for the
metabolism of grape sugar to alcohol (ethanol) and carbon dioxide (CO2) (Jolly et al.,
2006). It can grow in high sugar concentrations, as well as at low pH, and can survive in
relatively high ethanol concentrations too, and as a result of these unique characteristics
it is able to effectively ferment grape musts (with high sugar concentrations) to ethanol,
giving it a competitive advantage over other yeasts (Swiegers & Pretorius, 2005; Ciani &
Comitini, 2011).

The large variety of commercially available S. cerevisiae strains is partially responsible
for the differences in acetaldehyde concentrations in wines, as this can be attributed to
their varying rates of acetaldehyde production during alcoholic fermentation (Nykanen,
1986; Longo et al., 1992; Romano et al., 1994).

Although these wine yeasts are the primary producers of acetaldehyde during alcoholic
fermentation, this metabolite, at high production levels, may have an inhibitory effect on
the kinetics of S. cerevisiae by either lengthening its lag phase and/or slowing down its
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growth rate. Conversely, it has been reported that for ethanol-stressed S. cerevisiae the
lag phase was shortened and the growth rate stimulated at low acetaldehyde
concentrations, also implying that acetaldehyde may play a role in preventing ethanol-
induced stress/growth inhibition of yeast cells (Stanley et al., 1993). However, this
stimulatory and/or protective effect of acetaldehyde is not fully understood as yet,
because the underlying mechanisms seem to be more complex than initially proposed by
Stanley (1997) and Vriesekoop (2007), who both reported that the acetaldehyde effect
was a redox-based mechanism (Hucker & Vriesekoop, 2008), and thus needs to be

investigated more meticulously (Liu & Pilone, 2000).

From the above inhibitory effects of acetaldehyde and the stress induced on yeast cells
by ethanol it is evident that, at certain concentrations, acetaldehyde and ethanol can be
very toxic to yeast metabolism and growth. To resist these adverse growth conditions
(acetaldehyde- and ethanol-stress), it has been found that acetaldehyde also triggers the
transcription and expression of several HSP genes that are responsible for the synthesis
of heat shock proteins (Hsp), of which one protective protein, Hsp104p, has been shown
to resist in vitro stress factors (e.g. cold, glucose starvation, oxidative-, osmotic-, ethanol
and/or acetaldehyde-stress) on certain yeast cells (Aranda et al., 2002). High
concentrations of acetaldehyde, intracellularly and extracellularly, may also retard/inhibit
yeast ethanol formations, resulting in sluggish or stuck fermentations (Liu & Pilone, 2000).

2.6.2 Effect of acetaldehyde on non-Saccharomyces yeasts

Non-Saccharomyces yeast is a colloquial term, used mostly amongst wine
microbiologists, and includes a wide variety of yeast species (Jolly et al., 2014). This
group of yeasts consists of many different genera frequently found on grapes, i.e.
Candida, Kloeckera, Hanseniaspora, Lachancea, Metschnikowia, Pichia and
Torulaspora, to name but a few (Jolly et al., 2006; Domizio et al., 2011; Beckner Whitener
etal., 2017; du Plessis et al., 2017a, b). Non-Saccharomyces yeasts are naturally present
in all wine fermentations and therefore their metabolites can impact wine quality, either
negatively or positively (Jolly et al., 2006, 2014). Historically, they are also known as wine
spoilage yeasts, due to their ability to produce undesired compounds during the first
stages of alcoholic fermentation (Ciani & Comitini, 2011). However, in recent years this

perspective has started to change with more research being focused on its positive role



Stellenbosch University https://scholar.sun.ac.za

26

towards favourable volatile aroma profiles in mixed fermentations (Beckner Whitener et
al., 2017; du Plessis et al., 2017b).

Acetaldehyde is one of many compounds produced by yeasts that positively or negatively
contributes to wine aroma. The realisation that non-Saccharomyces yeasts can contribute
significantly to the flavour and quality of wine has led to more detailed investigations into
their properties (Romano et al., 2003; du Plessis et al., 2017b), as well as the studying of
mixed fermentations, which involve the co-inoculation of S. cerevisiae with one or more
different non-Saccharomyces strains (Beckner Whitener et al., 2017; du Plessis et al.,
2017b). Metabolites normally produced by non-Saccharomyces yeasts at high
concentrations, and considered detrimental to wine quality (i.e. negative aroma/flavour),

does not reach detectable sensory levels in mixed fermentations (Domizio et al., 2011).

Most of these non-Saccharomyces yeasts are susceptible to the adverse conditions of
wine (e.g. pH, SO2 & ethanol concentrations) and die off eventually during alcoholic
fermentation (Jolly et al., 2006). Other species, like Saccharomycodes ludwigii can
produce large amounts of acetaldehyde that negatively affects wine aroma (Ciani &
Maccarelli, 1998).

pulcherrima were found to lead to low acetaldehyde residues (less than 10 mg/L), while

Non-Saccharomyces strains of the species H. uvarum, and M.

C. stellata and a S. pombe strain led to large residues (24 — 48 mg/L) (Romano et al.,
1997; Li & Ordufia, 2017). However, the presence of Starmerella bacillaris reduced
acetaldehyde and total SOz (Binati, et al., 2020). Table 2.2 displays acetaldehyde levels

for a few Saccharomyces cerevisiae and non-Saccharomyces yeasts.

Table 2.2 Acetaldehyde levels produced by some yeasts?

Yeast Acetaldehyde (mg/L)
Saccharomyces cerevisiae 0.5-286
Saccharomyces uvarum 110-350
Saccharomyces bayanus 16-683
Saccharomyces oviformis 36-125
Saccharomyces fructuum 10-33
Saccharomyces ludwigii 30
Kloeckera apiculata 6—66
Torulaspora delbrueckii 0.5-5
Hanseniaspora guilliermondii 10.5-28
Metschnikowia pulcherrima 23-40

aData summarized from: Cortes et al. (1998), Di Stefano & Ciolfi (1982), Fleet & Heard (1993), Ibeas et
al. (1997), Longo et al. (1992), Millan & Ortega (1988), Rankine & Pocock (1969), Romano et al. (1994,

1997), Stratford et al. (1987).
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2.7 Effect of lactic acid bacteria

Acetaldehyde levels in wine can be reduced by appropriate yeast strain selection, as well
as the prevention of oxidation during vinification. In most cases, the reduction of
acetaldehyde after alcoholic fermentation can be accomplished by wine lactic acid
bacteria (LAB). Different strains of LAB (Oenococcus, Lactobacillus, and Pediococcus)
have been found in wine during malolactic fermentation (MLF) (Wang et al., 2018). Some
LAB strains, such as Lactobacilli, Leuconostocs, Pediococci and Streptococcus spp.,
have ability to produce acetaldehyde (Liu & Pilone, 2000; Wang et al., 2018). Homo- and
heterofermentative wine LAB of the genera Lactobacillus and Oenococcus are capable
of degrading free and SO2-bound acetaldehyde (Osborne et al., 2000). Acetaldehyde is
normally consumed during MLF, since alcohol dehydrogenase (ADH) releases the LAB
Oenococcus oeni, which has been reported to take charge of the acetaldehyde
degradation (Wang et al., 2018). Metabolism of the acetaldehyde moiety of SO2-bound
acetaldehyde by LAB result in the release of free SO2 which in turn inhibit LAB growth.

2.8 Health related problems associated with high acetaldehyde levels in wine

It is crucial for winemakers to monitor and control acetaldehyde levels in wine since, in
excess, it can pose several health-related problems. Besides its positive sensorial
attributions in wines, numerous studies have shown that the administration of large
concentrations of acetaldehyde can lead to a range of behavioural effects, notably those
linked with symptoms of hangover such as vomiting, restlessness, nausea, confusion,
sweating and headaches. Further, acetaldehyde has been shown to have several
fundamental etiologic roles in the pathogenesis of liver fibrosis (Mello et al., 2008) and
fetal injury during pregnancy (Quertemont et al., 2005). In addition, chronic alcohol
consumption is often observed in patients who suffer oesophageal and gastric cancers
as a result of the carcinogenic effect of high acetaldehyde levels in wines. Although no
legal limits for concentration of acetaldehyde in wines are currently imposed, the
importance of screening acetaldehyde levels in alcoholic beverages has been given

special attention as a result of health concerns (Salaspuro, 2011).

2.9 Conclusion

Acetaldehyde plays an important role in the sensorial quality of wine. For table wines low

levels of acetaldehyde contributes positively to the wine quality, while higher levels have
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a negative impact. However, for fortified wines, high acetaldehyde levels contribute to the
unique character of these wines. Recently, most studies focused on the biological and
oxidative aging processes and the impact of acetaldehyde on the sensory properties of
wine. Yeasts are the main contributors to acetaldehyde in wine, and the levels produced
are species and strain dependent. Non-Saccharomyces yeasts have different attributes
than Saccharomyces yeast and are currently utilised in the winemaking process to
manipulate flavour and improve wine quality. The impact of mixed fermentations of
Saccharomyces and non-Saccharomyces yeast interactions on acetaldehyde has
received little attention. More research is also necessary regarding the correlation
between intracellular ADH activity and the extracellular acetaldehyde levels. The role of
fermentation temperature on acetaldehyde in wines have been studied, but there are
some conflicting results. There is a strong relationship between acetaldehyde production
and SOz levels in wine and with growing concerns about the health risks related to SO2
further research is required. In the following chapters, the effect of yeast strain and
oenological parameters on acetaldehyde production and sensory properties of wine will
be discussed.



Stellenbosch University https://scholar.sun.ac.za

29

CHAPTER 3

METHODOLOGY

3.1 Screening of yeasts (laboratory-scale trials)

Pinotage grapes were harvested from ARC Infruitec-Nietvoorbij research farm
(Stellenbosch, Western Cape, South Africa) and destemmed and crushed (macerated)
as per the Nietvoorbij Cellar winemaking procedures (Section 3.4), but vinified according
to a “blanc de noir” style. With no Chenin blanc (white cultivar) available at this point of
the study, Pinotage (red cultivar) grapes was vinified according to the “blanc de noir” style
in an attempt to minimise the polyphenol content in the must, and subsequently minimise
its interactions with acetaldehyde. For this style the macerated grapes with minimal skin
contact (less than 1 hour) was gently pressed at 1 Bar and later vinified according to the

Nietvoorbij white wine preparation (Section 3.4.1).

A sample of the pressed must (before settling) was taken and the following parameters
were analysed: residual sugar (°B), total acidity (TA), pH, free and total sulphur dioxide
(FSO2 and TSO2). The SOz2 levels were determined using the Ripper method (lland et al.,
2000). Acetaldehyde concentrations (mg/L) were quantified using an Arena 20XT
Enzyme Robot (Thermo Electron, Finland), which utilises an enzymatic kit (Acetaldehyde
Assay Kit/K-ACHYD, Megazyme Ltd., Bray, Co. Wicklow, Ireland) for the analyses. A 20
L canister of must was used for this laboratory-based screening trial and the remainder
of the must was frozen at -20°C for vinification until a later date (Section 3.2) after
completion of the screening trial.

The laboratory-scale trials were performed to screen the yeasts for their ability to produce
acetaldehyde and to select the highest, medium and lowest (relative to one another)
acetaldehyde-producing yeast strains. Ten Saccharomyces cerevisiae and 10 non-
Saccharomyces yeasts were screened for their acetaldehyde-producing abilities during
the laboratory trials (Table 3.1).

Yeast strains were sourced from the ARC Infruitec-Nietvoorbij yeast genebank. Published
literature (Romano et al., 1994; Romano et al., 2003; Swiegers et al., 2005; Vriesekoop,
2007; Barrajon, 2011; Ciani & Comitini, 2011; Domizio et al., 2011) was used as a guide
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by ascertaining the levels of acetaldehyde produced by other yeasts in studies around
the world. Before finalising the selection a consultation was held with the supervisor of
the ARC Infruitec-Nietvoorbij yeast genebank, to confirm which of the yeasts of interest

were available in the genebank. The final selection is tabulated in Table 3.1.

Standard laboratory protocol was followed for the culturing of the yeasts. All yeasts were
cultured on yeast peptone dextrose agar (YPDA, Biolab, Merck, South Africa) at 30°C for
2-3 days, before a single colony or part of a single colony was transferred to 10 mL YPD
broth (Biolab, Merck, South Africa) and grown for up to 2 days, with shaking, at 30°C.
After sufficient growth was observed (i.e. when the growth medium became very turbid,
and/or, a sizeable pellet of yeast cells was formed upon settling), the 10 mL yeast
suspension was inoculated, into bottles containing 500 mL autoclaved grape juice, at the
following cell densities: non-Saccharomyces yeasts at ~2 x 108 cells/mL; and,
Saccharomyces cerevisiae strains at ~1 x 10° cells/mL.

Fermentations were conducted at two temperatures: 15°C and 25°C. The fermentation
rates were monitored by weighing the bottles every second day and recording the mass-
loss of fermenting must. Samples were taken to determine acetaldehyde levels (mg/L)
and routine winemaking parameters, i.e. pH, ethanol (v/v %), total residual sugar (glucose
and fructose) concentration, total acidity (TA) and malic acid. For the S. cerevisiae ftrial,
samples were taken on day 0, day 2 (for 25°C fermenting musts only), day 3 (for 15°C
fermenting musts only), and days 8, 15 and 22. Similarly, for the non-Saccharomyces
trial, samples were taken on day 2 (for 25°C fermenting musts only), day 3 (for 15°C
fermenting musts only), day 6 (for 25°C fermenting musts only), day 7 (for 15°C
fermenting musts only), and days 8, 11, 15, 18 and 22. All fermentations were done in

duplicate.

Yeast cell counts, unfortunately, were not done during the screening trial, as initially the
focus was to only screen for acetaldehyde production by a variety of yeasts, and only

thereafter select a smaller group of yeasts to continue with.
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Table 3.1 Yeasts screened for their acetaldehyde-producing abilities

Saccharomyces yeast species Strain name Supplier/Source

Saccharomyces cerevisiae VIN13 IAnchor Oenology, South Africa
Saccharomyces cerevisiae EC1118 Lallemand, France
Saccharomyces cerevisiae Zymaflore VL1 [Laffort, France
Saccharomyces cerevisiae Zymaflore VL3 [Laffort, France
Saccharomyces cerevisiae D47 Lallemand, France
Saccharomyces cerevisiae QA23 Lallemand, France
Saccharomyces cerevisiae NT202 IAnchor Oenology, South Africa
Saccharomyces cerevisiae NT116 IAnchor Oenology, South Africa
Saccharomyces cerevisiae NT50 IAnchor Oenology, South Africa
Saccharomyces cerevisiae NT112 IAnchor Oenology, South Africa

Non-Saccharomyces yeast species Strain number Supplier/Source
Hanseniaspora uvarum (Kloeckera apiculata)* Y0858 ARC Infruitec-Nietvoorbij yeast genebank, Stellenbosch, South Africa
Metschnikowia pulcherrima (Candida pulcherrima) Y0839 IARC Infruitec-Nietvoorbij yeast genebank, Stellenbosch, South Africa
Torulaspora delbrueckii (Candida colliculosa) Y1031 ARC Infruitec-Nietvoorbij yeast genebank, Stellenbosch, South Africa
Pichia fermentans (Candida lambica) Y0850 ARC Infruitec-Nietvoorbij yeast genebank, Stellenbosch, South Africa
Hanseniaspora valbyensis Y0083 IARC Infruitec-Nietvoorbij yeast genebank, Stellenbosch, South Africa
Pichia guilliermondii (Candida guilliermondii) Y0848 ARC Infruitec-Nietvoorbij yeast genebank, Stellenbosch, South Africa
Pichia membranifaciens (Candida valida) Y0865 ARC Infruitec-Nietvoorbij yeast genebank, Stellenbosch, South Africa
Pichia kluyveri Y0878 IARC Infruitec-Nietvoorbij yeast genebank, Stellenbosch, South Africa
L achancea fermentati Y0183 ARC Infruitec-Nietvoorbij yeast genebank, Stellenbosch, South Africa
Lachancea thermotolerans (Kluyveromyces thermotolerans) Rhythm™  |ARC Infruitec-Nietvoorbij yeast genebank, Stellenbosch, South Africa

*Yeast names in brackets are the anamorphic names of the preceding teleomorphic versions.
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3.2 Factors influencing acetaldehyde levels in must/wine (cellar trial 1)

3.2.1 Effect of winemaking treatments on acetaldehyde production

After 2 months, the vinification process commenced on the Pinotage must from the
screening trial (Section 3.1). The acetaldehyde levels of the must were monitored from
the defrosting step up until just before yeast inoculation, to ascertain whether there were
any significant changes in the levels of acetaldehyde because of freezing. Must samples
(50 mL) were taken immediately after it was thawed (after defrosting), after settling (by
gravity, overnight at 4°C), as well as after racking and before yeast inoculation. All
samples that were taken above were split into two equal volumes, and one portion was
filtered through a 0.22 um syringe filter, with the remaining portion left unfiltered. This was

done to measure the effect of filtering on the acetaldehyde levels of the must/juice.

3.2.2 Effect of selected yeast strains/combinations on wine sensorial composition

The fermentation (cellar) trial commenced in which 20 L stainless steel canisters of must
were inoculated with wet cultures of the three selected S. cerevisiae strains, individually,
and in combination with the three selected non-Saccharomyces strains in all possible
permutations (Table 3.2). The in-house reference yeast, VIN13 (ADWY, Anchor
Oenology), normally used in the standard winemaking process at the Nietvoorbij Cellar,
was used as a positive control for standard winemaking during this experimental trial.
Standard laboratory protocol was followed for the culturing of the yeasts (as described in
Section 3.1). Except for the ADWY control yeast which was rehydrated and inoculated at
a dosage of 30 g/hL, as recommended by the supplier, all the other yeasts were wet
cultures. All wet culture inoculations were done by hand for the non-Saccharomyces
yeasts at ~2 x 10° cells/mL, and for the S. cerevisiae at ~1 x 108 cells/mL, and added to
20 L stainless steel canisters containing the must. All treatments were done in triplicate.
The S. cerevisiae yeasts were NT50 (high acetaldehyde producer), NT116 (medium
acetaldehyde producer) and VIN13 (low acetaldehyde producer); and, similarly, the non-
Saccharomyces yeasts were Torulaspora delbrueckii (high), Candida guilliermondii
(medium) and Candida valida (low). For the mixed culture fermentations, the non-
Saccharomyces yeasts were inoculated 48 hours prior to S. cerevisiae inoculation. The
standard Nietvoorbij winemaking protocol (Section 3.4) was followed, except for the yeast
inoculations. Similar culturing conditions and procedures were followed as described in

Section 3.1. Wine was fermented to dryness, i.e. when the residual sugar
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(glucose/fructose) concentrations were below 5 g/L, whereafter it was cold stabilised at

0°C, bottled and stored until the sensorial evaluations.

Yeast cell count during fermentation was monitored by preparing a 5-step dilution series
of each sample and plating out the two highest dilutions on YPDA and lysine agar, with
both media containing 50 mg/L chloramphenicol (EMD Millipore Corp., Billerica, MA,
USA) to inhibit bacterial growth. The plated yeast cells were allowed to grow aerobically
for 2-3 days at 30°C until the colony forming units (CFUs) started forming on the agar
plates. Saccharomyces cerevisiae and non-Saccharomyces yeasts grew on YPDA, while
lysine was selective for non-Saccharomyces yeasts. The yeast cells were counted as

soon as the CFUs became clearly visible on the plates, and was expressed as CFU/mL.

The first sensorial evaluation took the form of an informal tasting and discussion with 3
judges from the Department of Viticulture and Oenology (Stellenbosch University), and 7
judges from ARC Infruitec-Nietvoorbij in possession of the wine-evaluation certificate of
the South African Wine & Spirits Board. During this evaluation, "free profiling" was done
where each judge evaluated the wines and gave a list of various descriptors for each
wine. This list of free-profiling descriptors also included some of the typical descriptors
associated with the presence of free acetaldehyde, as obtained from literature, e.g. “green
apple”, “bruised apple”, “grassy”, “pungent” (off-odour), “nutty” and “sherry”(-like) (Miyake
& Shibamoto, 1993; Liu & Pilone, 2000; Frivik & Ebeler, 2003; Coetzee, 2014). Similar
descriptors were grouped together under general headings (e.g. “rose petals” was
grouped under Floral). For the formal sensory evaluation, the following descriptors were
used on a 10 cm unstructured line scale: nutty, sherry-like, metallic, fruity flavours, off-
flavour aroma, vegetative flavours, astringency, mouthfeel, sweet-associated, floral,
alcohol, acidity and berry. Since the aforementioned “free profiling” exercise on the final
wines did not yield clear differences amongst typical acetaldehyde descriptors (from
literature), some of the acetaldehyde descriptors were thus grouped under “fruity flavours”
and “vegetative flavours”. The intensity of the aroma descriptors were rated from
“Undetectable” to “Prominent”, mouthfeel was rated from “Thin” to “Full’, and the other
taste descriptors from “Low” to “High”, by the same panel of experienced wine judges
from ARC Infruitec-Nietvoorbij. Thirty millilitres of each wine was presented in standard

wine glasses, in a randomised order, to the judges.
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Samples for acetaldehyde, and routine wine analyses, including ethanol analyses, were
taken daily (from day O — 8) during the alcoholic fermentation to dryness. Acetaldehyde
concentrations (mg/L) were quantified using an Arena 20XT Enzyme Robot. Free SO2
and Total SO2 were measured using the Ripper method (lland et al., 2000). Routine
analyses, which included pH, ethanol (v/v %), residual sugar (g/L), malic acid (g/L),

volatile- and total acidity (g/L), were performed on an OenoFoss™ (FOSS, Denmark).

Table 3.2 Yeast strains/combinations for cellar trial 1 in Pinotage must

Treatment 1st inoculation 2nd inoculation (48 h later)
1 Control* N.A.
2 NT50 N.A.
3 NT116 N.A.
4 VIN13** N.A.
5 Torulaspora delbrueckii NT50
6 Candida guilliermondii NT50
7 Candida valida NT50
8 Torulaspora delbrueckii NT116
9 Candida guilliermondii NT116
10 Candida valida NT116
11 Torulaspora delbrueckii VIN1T3**
12 Candida guilliermondii VIN13**
13 Candida valida VIN13**

*Control refers to the commercial dry yeast (VIN13) used. **This VIN13 refers to the wet cultured strain.

3.3 Effect of SO2 on the acetaldehyde levels in must/wine (cellar trial 2)

In an independent cellar trial, Chenin blanc and Pinotage grapes were harvested from the
ARC Infruitec-Nietvoorbij research farm and vinified as per the Nietvoorbij winemaking

procedures (Section 3.4). Routine parameters of the must are listed in Table 3.3.

Table 3.3 Routine parameters of must for SO trial

Pre-settling Sugar (°B) | TA (g/L) pH Free SO, (mg/L) | Total SO, (mg/L)
Pinotage 21.8 8.2 3.19 6 21
Chenin blanc 21.4 6.3 3.30 11 23
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Different concentrations of SO2 (0, 50, 100 and 150 mg/L) were added to the Chenin
blanc and Pinotage grape must prior to fermentation (day 0) to monitor its effect on
acetaldehyde levels. All treatments were done in triplicate. In addition to the control (no
SO2 added), initial SO2 concentrations were manipulated externally by addition of pre-
calculated volumes from a stock SO2 (potassium metabisulphite) solution to the must
samples, to final concentrations of 50, 100 and 150 mg/L. The control (no SO2 addition)
had a baseline TSOz2 value of 23 mg/L for Chenin blanc, and 21 mg/L for Pinotage. The
standard Nietvoorbij red and white wine-making protocols, with the exception of the SOz
additions, were followed (Section 3.4). SO2 additions were done before inoculation with
the standard Nietvoorbij Cellar winemaking yeast, VIN13 (ADWY). Only the standard
winemaking yeast was used during this trial, not only to, limit the number of samples
(since 2 cultivars are also included), but also because the focus was mainly on the

interaction between SOz and acetaldehyde during this trial.

Samples for SOz, acetaldehyde and routine wine analyses were taken daily from days 1
— 7 until the acetaldehyde started levelling off, and then fermented to dryness (residual
sugar <5 g/L). FSO2 and TSO2 were measured using the Ripper method. Acetaldehyde
concentrations (mg/L) were quantified using an Arena 20XT Enzyme Robot. Routine
analyses were performed on an OenoFoss™. Wines did not undergo malolactic
fermentation (MLF) (Supplementary Results, Table 1). Before bottling, SO2 levels in the
wines were adjusted as per the Nietvoorbij winemaking procedures, then bottled and
stored at 15°C until the sensorial evaluations were performed. A formal sensory

evaluation of the finished wines was performed as described in Section 3.2.

3.4 Nietvoorbij winemaking procedures

3.4.1 White wine preparation

White cultivar grapes were crushed, the juice and skins immediately pressed at up to 1
Bar. No skin contact was applied. For sedimentation 0.5 g/hL Ultrazym (Novozymes) was
added to the turbid/cloudy juice. Fifty mg/L SO2 was also added to the juice. A sample of
the juice was taken for analyses (pH, total acid, sugar, SO2) and the SO2-level adjusted
to a total of 50 mg/L, if necessary. Thereafter, the sediment was allowed to settle
overnight at 14°C. The clear, settled juice was racked off the lees by siphoning into a

fermentation container and the volumes of the juice and lees noted. The juice was
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inoculated at 14°C with rehydrated pure yeast (VIN13) at a concentration of 30 g/hL,
unless otherwise specified, as well as an addition of 50 g/hL diammonium phosphate
(D.A.P.). After inoculation the fermentation continued at 14°C. Bentonite at 75 g/hL was
added on the third day of fermentation (10 mL/L of 7.5% bentonite solution). Close to the
end of fermentation, samples were taken (under CO2 gas) and analysed for sugar
content. After fermentation the wine was racked off the yeast lees. The FSO2 and TSO:2
were adjusted to 45 mg/L FSO2 whereafter the wine was cold stabilised at 0°C for at least
two weeks. After cold stabilisation the wine was filtered by using filter mats (K900 and
EK) and bottled into nitrogen-filled wine bottles at room temperature. The FSO2 and TSO2
were tested and the FSO2 adjusted to 45 mg/L at bottling.

3.4.2 Red wine preparation

Red cultivar grapes were crushed, 50 mg/kg SO2 was added, before the grape slurry was
punched-down (Section 3.4.3). A sample of the must was taken for routine analyses (pH,
total acidity and residual sugar). Skin contact was allowed for at least 1 hour before the
grapes were inoculated with rehydrated pure yeast (VIN13) at a concentration of 30 g/hL,
unless otherwise specified, as well as an addition of 50 g/hL diammonium phosphate
(D.A.P.). Fermentation took place on the grape skins at a temperature of 25°C and the
‘cap” was punched down three times a day. Once the must had fermented to between
0°B and 5°B, the must/wine and skins were separated and pressed at 2 Bar. The pressed
wine was added to the free-run wine, and fermented at 25°C until it was dry. Close to the
end of fermentation, samples were taken (under CO2 gas) and analysed for sugar content
(°B). The fermentation was considered to be complete (dry) once the sugar concentration
was less than 2 g/L. After fermentation the wine was racked off the yeast lees. The FSO2
& TSO2 was tested and adjusted to 45 mg/L FSOz2 (in accordance with the analysis). The
wine should be analysed again to confirm the FSO2. Bentonite was added to the wine
before the wine was cold stabilised at 0°C for at least two weeks. After cold stabilisation
(at least 2 weeks at 0°C) the wine was filtered using filter mats (K900 and EK), as well as
a 0.45 um membrane and bottled into nitrogen-filled wine bottles at room temperature. At
bottling, the FSO2 and TSO2 were tested again, and the FSO2 adjusted to 45 mg/L.
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3.4.3 Punching-Down

To break up the cap that forms over fermenting red wine as the result of grape skins and
solids rising to the surface, because of the carbon dioxide gas (CO2) created by

fermentation, the cap of skins and solids was “punched down” three times a day.

3.5 Acetaldehyde production and enzyme (ADH) activity

3.5.1 Alcoholic fermentation

The three S. cerevisiae yeast strains (i.e. NT50, NT116 & VIN13) were also used in a
laboratory-scale fermentation trial to correlate the production of acetaldehyde with
specific ADH activity. Standard laboratory protocol was followed for the culturing of the
yeasts (see Section 3.1). After sufficient growth was observed, (i.e. when the growth
medium became very turbid, and/or, a sizeable pellet of yeast cells was formed upon
settling) the 10 mL yeast suspension was inoculated into bottles containing 500 mL
autoclaved Chenin blanc juice and kept at room temperature (ca. 22°C) for 15 days. All

fermentations were done in triplicate.

The fermentation rates were monitored by weighing the bottles every second day and
recording the mass-loss of fermenting must. Samples for the enzyme assay,
acetaldehyde concentration (mg/L) and routine winemaking parameters, i.e. pH, ethanol
(v/v %), total residual sugar (glucose and fructose), total acidity and malic acid, were
taken on days 2, 3, 4, 5, 9, 11 and 15 and stored at —20°C until needed.

3.5.2 Enzyme extraction

The stored yeast cells (from the fermentation trial) were thawed and centrifuged at 5000
rom for 5 minutes at 4°C, according to Teusink et al. (2000). The supernatant was
discarded and the pellets washed twice, with wash buffer (100 mM KH2PO4 at pH 7.0).
Thereafter, the pellets (yeast cells) were resuspended in 0.5 mL extraction buffer. The
extraction buffer consisted of 20 mM KH2PO4 at pH 7.0, 1 mM PMSF (1 M stock in DMSO)
and approximately 0.5 g acid-washed glass beads were added. The 0.5 mm diameter
glass beads were prepared by incubating them overnight in 1 M HCI, whereafter they
were rinsed thoroughly with demineralised water and dried in an oven. The pellets and
glass beads were vortexed for 30 seconds, with 30-second rest intervals on ice, over a
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10-minute period, to lyse the cell walls so as to release the enzymes. Finally, the extracted
enzymes were centrifuged at 10 000 rpm for 3 minutes at 4°C, and the supernatant
(lysate) saved and stored at -20°C until the enzyme activity assay.

3.5.3 Enzyme plate assay

Each enzyme extract (lysate) was thawed and kept on ice while the assay stock solutions
were being prepared. The assay buffer was made up of the following ingredients in 1 L
dH20: 50 mM PIPES, 100 mM KCI, 5 mM MgSOs4, 50 mM KH2PO4, and adjusted to pH
7.0, according to Teusink et al. (2000). A 1:10 dilution (cocktail mix) of the following
metabolite stock solutions was prepared using assay buffer: 525 mM (25 x Km) ethanol;
40 mM NAD"; 20 mM oxidised glutathione; 200 mM semicarbazide, and adjusted to pH
8.8. For the spectrophotometric reading, 10 uL of each lysate was placed in a microtitre
plate well (Greiner 96 F-bottom) and immediately before the absorbance was taken, 90
ML of cocktail mix was added to the lysate to initiate the enzymatic reaction. Absorbance
was measured at 340 nm on a SPECTROStar® Nano microplate reader (BMG
LABTECH, Germany) at 30°C over a 10-minute period.

3.5.4 Protein assay

To calculate the specific enzyme activity (i.e. activity per mg protein) for each sample, the
total protein concentration of the enzyme extract was determined using the protocol as
described by Bradford (1976). One hundred microliters of the enzyme extract were
transferred to a 2 mL cuvette, which contained 100 pL dH20 and 800 pL bovine serum
albumin (BSA) protein standard. Absorbance readings were done on a BioTek microplate
reader (BioTek EIx800, USA) at 595 nm, and protein concentration calculated using BSA

standard calibration curve.

3.6 Statistical analyses

For the screening trial, with selected yeast strains, the experimental design was
completely random with twenty yeast inoculations replicated two times at random. The
treatment structure included 10 non-Saccharomyces yeasts and 10 S. cerevisiae single

inoculations.
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For the winemaking trial with selected yeast strains and combinations, the experimental
design was completely random with thirteen yeast inoculations replicated three times at
random. The treatment structure was a 3 x 3 factorial with three non-Saccharomyces
yeasts and three S. cerevisiae co-inoculations, plus four (4) single inoculations (S.

cerevisiae only, as well as the control (commercial active dry wine yeast).

For the trial assessing the effect of SO2 on the levels of acetaldehyde, the experimental
design was completely random with four SOz2 levels (0, 50, 100 and 150 mg/L SO2 added

to grape must before inoculation with VIN13), replicated three times at random.

Sensory data were pre-processed to test for panel reliability using a model that includes
panellist, replicate and sample effects and interactions (Naes et al., 2010). The Shapiro-
Wilk test for normality was performed on the standardised residuals from the model, and
outliers were removed when the standardised residual for an observation deviated more
than three standard deviations from the model value. Following confirmation of panel
reliability and normality, statistical analyses on the sensory data were conducted on

means over judges.

Sensory and instrumental data were subjected to analysis of variance (ANOVA)
according to the experimental design to test for treatment effects. Fisher's LSD was
calculated at the 5% level to compare treatment means. A probability level of 5% was
considered significant. Univariate analyses were performed using SAS software (Version
9.4, SAS Institute Inc., Cary, USA).

Multivariate statistical techniques were applied to elucidate patterns in data using XLStat
(Version 2016, Addinsoft; New York, USA). Discriminant analysis (DA) was performed to
clarify the association amongst treatments, sensory profile and instrumental data.
Similarly, discriminant analysis (DA) was carried out to determine whether wines with
different levels of SO2 addition could be mathematically distinguished on the basis of the

sensory and instrumental data.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Screening of yeasts (laboratory-scale trials)

The routine parameters for the Pinotage juice were: 24.6 °B; TA 5.1 g/L; pH 3.56; FSO:2
4 mg/L; TSO2 12 mg/L, and the acetaldehyde concentration was 11.08 mg/L. The
concentrations of acetaldehyde produced by 10 commercial Saccharomyces and 10 non-
commercial non-Saccharomyces yeasts during fermentation of Pinotage at two
temperatures (15°C or 25°C) are listed in Table 4.1.

For the S. cerevisiae yeast group, only strain VL3 showed significant differences (p <
0.05) between acetaldehyde production at 15°C and 25°C. Almost all of S. cerevisiae
yeasts produced lower acetaldehyde levels at 25°C than at 15°C. The exception to this
trend was NT50, which produced higher acetaldehyde levels at 25°C than at 15°C.
Significant differences in acetaldehyde levels were observed among some of the non-
Saccharomyces yeast species at the two temperatures. Candida pulcherrima and
Torulaspora delbrueckii produced significantly higher acetaldehyde concentrations at
15°C than at 25°C. In contrast, Candida lambica, Pichia kluyveri and Candidia valida
produced significantly lower acetaldehyde concentrations at 15°C than at 25°C. Increases
and decreases in acetaldehyde concentration at specific temperatures for different yeast
species have been reported (Romano et al., 1994; Jackowetz et al., 2010). The fluctuation
in acetaldehyde levels during fermentation and at the different fermentation temperatures
could be ascribed to the yeast cells metabolising acetaldehyde at different rates, as well
as being degraded or absorbed by various substances in the fermentation medium
(Osborne et al., 2000; Li & Mira de Ordufia, 2010).
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Table 4.1 Mean acetaldehyde values of Pinotage wines after fermentation with different
yeasts at 15°C and 25°C

Saccharomyces yeast species Strain name | Temperature (°C) | Acetaldehyde (mg/L)
Saccharomyces cerevisiae D47 15 16.292¢cdef * (15,857) **
Saccharomyces cerevisiae D47 25 12.606° (6.064)
Saccharomyces cerevisiae EC1118 15 17.363¢%% (16.560)
Saccharomyces cerevisiae EC1118 25 16.166¢°9f (7.854)
Saccharomyces cerevisiae NT112 15 17.884cd (18.408)
Saccharomyces cerevisiae NT112 25 13.450¢f (6.534)
Saccharomyces cerevisiae NT116 15 14.756°9¢f (13.874)
Saccharomyces cerevisiae NT116 25 14.687¢°9¢f (7.899)
Saccharomyces cerevisiae NT202 15 15.957¢def (16.027)
Saccharomyces cerevisiae NT202 25 15.508¢4¢f(8.176)
Saccharomyces cerevisiae NT50 15 23.3412b (22.568)
Saccharomyces cerevisiae NT50 25 26.5082 (21.349)
Saccharomyces cerevisiae QA23 15 16.4100d¢f (12.275)
Saccharomyces cerevisiae QA23 25 13.203¢f (5.866)
Saccharomyces cerevisiae VIN13 15 15.423¢cd¢f (15.332)
Saccharomyces cerevisiae VIN13 25 12.848¢%f (6.605)
Saccharomyces cerevisiae VL1 15 14.723¢%4¢f (10.163)
Saccharomyces cerevisiae VL1 25 12.1157 (5.799)
Saccharomyces cerevisiae VL3 15 18.922¢ (14.497)
Saccharomyces cerevisiae VL3 25 13.531¢€f (7.265)

Non-Saccharomyces yeast species | Strain name | Temperature (°C) | Acetaldehyde (mg/L)
Kloeckera apiculata Y0858 15 16.4459"i (8.215)
Kloeckera apiculate Y0858 25 14.809hik (8.999)
Hanseniaspora valbyensis Y0083 15 17.374f9" (4.068)
Hanseniaspora valbyensis Y0083 25 14.401hik (3.383)
Lachancea fermentati Y0183 15 13.139k (5.106)
Lachancea fermentati Y0183 25 14.004ik (4.803)
Lachancea thermotolerans Rhythm™ 15 21.457¢ (4.317)
Lachancea thermotolerans Rhythm™ 25 23.931¢ (2.508)
Candida pulcherrima Y0839 15 20.610¢ (7.195)
Candida pulcherrima Y0839 25 16.0529hi (6.165)
Candida lambica Y0850 15 11.672% (6.093)
Candida lambica Y0850 25 18.340f" (9.772)
Candida guilliermondii Y0848 15 14.772hik (7.793)
Candida guilliermondii Y0848 25 16.1789Ni (5.461)
Pichia kluyveri Y0878 15 11.654k (3.351)
Pichia kluyveri Y0878 25 19.240% (10.052)
Candida valida Y0865 15 5.424' (1.333)
Candida valida Y0865 25 16.1939"i (6.775)
Torulaspora delbrueckii Y1031 15 56.875¢ (10.177)
Torulaspora delbrueckii Y1031 25 40.2489 (5.710)

*Values in same column followed by a letter or group of letters (superscript), different from another, were
significantly different from each other (p < 0.05, Student t-test); and, values in the same column followed
by the same letter or group of letters (superscript), did not differ significantly (p < 0.5). **Standard deviation
of the mean. For S. cerevisiae yeasts, the acetaldehyde values are the mean values of duplicate
fermentations and five sampling times (n = 10); For non-Saccharomyces yeasts, the acetaldehyde values
are the mean values of duplicate fermentations and seven sampling times (n = 14).
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Differences in acetaldehyde levels were observed for the yeast strain used, time of
fermentation, and fermentation temperature (Figs 4.1 and 4.2). The highest acetaldehyde
levels were produced on day 2 or day 3, after which it decreased and only increased at
the end of fermentation. At 15°C, most of the S. cerevisiae yeast produced the highest
acetaldehyde levels (>30 mg/L) on day 3. However, the same trend was not observed for
the non-Saccharomyces yeasts. In general, the non-Saccharomyces yeasts produced
lower acetaldehyde levels during fermentation than the Saccharomyces yeasts, which is

in agreement with other reports (see Table 2.2).

From the screening trial data, the following yeasts were selected, based on statistical
differences in acetaldehyde production, S. cerevisiae yeasts: NT50 (high), NT116
(medium), VIN13 (low), and non-Saccharomyces yeasts: T. delbrueckii (high), C.
guilliermondii (medium), C. valida (low) (Table 4.2). Technically, VL1 was the lowest
producer, but VIN13 being the second lowest producer, was selected instead, based on
additional interest in it as the in-house reference yeast, since it was also used in the

Nietvoorbij Cellar as the standard winemaking yeast.

4.2 Factors influencing acetaldehyde levels in must/wine (cellar trial 1)

4.2.1 Effect of winemaking treatments on acetaldehyde levels in juice

Winemaking treatments such as freezing, settling and racking of grape must before
analysis, did not have a mentionable effect on acetaldehyde levels (Fig. 4.3). However,
filtration reduced the acetaldehyde in the must/juice samples. The acetaldehyde levels in
the unfiltered must/juice samples ranged between 12.1 and 13.6 mg/L, and between 8.5
and 11.1 mg/L for the filtered samples. These acetaldehyde levels in this must/juice are
not necessarily high, since not much has been reported with regard to acetaldehyde
levels in grape juice. However, McCloskey & Mahaney (1981) reported acetaldehyde
levels of 61 mg/L in Riesling juice.
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Figure 4.1 Impact of Saccharomyces cerevisiae yeasts, fermentation time and temperature on acetaldehyde levels. Each yeast was
screened for acetaldehyde production during fermentation, in duplicate, over 5 sampling days, at 15°C and at 25°C (n = 10). Error bars
represent the standard error of the mean (SEM).
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Figure 4.2 Impact of non-Saccharomyces cerevisiae yeasts, fermentation time and temperature on acetaldehyde levels. Each yeast was
screened for acetaldehyde production during fermentation, in duplicate, over 7 sampling days, and at 15°C and at 25°C (n = 14). Error bars

represent the standard error of the mean (SEM).
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Table 4.2 Overall mean acetaldehyde values in Pinotage wine produced by different

yeasts over the course of the fermentation trial

Saccharomyces yeast species Strain name Acetaldehyde (mg/L)
Saccharomyces cerevisiae D47 14.449°* (11.836) **
Saccharomyces cerevisiae EC1118 16.733° (12.374)
Saccharomyces cerevisiae NT112 15.667° (13.635)
Saccharomyces cerevisiae NT116 14.722° (10.952) - medium level
Saccharomyces cerevisiae NT202 15.721° (12.150)
Saccharomyces cerevisiae NT50 24.9252 (21.442) - higher level
Saccharomyces cerevisiae QA23 14.806° (9.507)
Saccharomyces cerevisiae VIN13 14.136" (11.566) - lower level
Saccharomyces cerevisiae VL1 13.419° (8.163)
Saccharomyces cerevisiae VL3 16.227° (11.498)
Non-Saccharomyces yeast species Strain name Acetaldehyde (mg/L)
Kloeckera apiculata Y0858 15.627% (8.496)
Hanseniaspora valbyensis Y0083 15.887% (3.971)

Lachancea fermentati Y0183 13.571¢ (4.884)

Lachancea thermotolerans Rhythm™ 22.694° (3.686)

Candida pulcherrima Y0839 18.3319(6.972)

Candida lambica Y0850 14.873° (8.596)

Candida guilliermondii Y0848 15.475% (6.642) - medium level
Pichia kluyveri Y0878 15.447% (8.305)

Candida valida Y0865 10.394 (7.148) - lower level
Torulaspora delbrueckii Y1031 48.561° (11.715) - higher level

*Values in same column followed by a letter or group of letters (superscript), different from another, were
significantly different from each other (p < 0.05, Student t-test); and, values in the same column followed
by the same letter or group of letters (superscript), did not differ significantly (p < 0.5). **Standard deviation
of the mean. For S. cerevisiae yeasts, the acetaldehyde values are the mean values of duplicate
fermentations, five sampling times and two temperatures (n = 20); For non-Saccharomyces yeasts, the
acetaldehyde values are the mean values of duplicate fermentations, seven sampling times and two
temperatures (n = 28).
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Figure 4.3 Effect of different Pinotage must treatments before fermentation on

acetaldehyde concentrations. Samples per treatment (n) = 3. Error bars represent the

standard error of the mean (SEM).

4.2 2 Effect of selected yeast strains/combinations on wine sensorial composition

The selection of high-, medium- and low-acetaldehyde producing yeast strains and
combinations of these strains used in the cellar trial are listed in Table 4.3. For the
treatments where non-Saccharomyces yeasts were used in combination with S.
cerevisiae yeasts, the S. cerevisiae yeasts were inoculated 48 hours after the non-

Saccharomyces yeasts.
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Table 4.3 Mean acetaldehyde values (n = 3) for Pinotage finished wines (after bottling)

produced by different yeast/combinations (cellar trial 1)

Yeast(s) and combinations Acetaldehyde (mg/L)

Control* 28.35% (8.51)
NT50 38.182 (15.67)
NT50-Torulaspora delbrueckii 25.90%¢ (7.80)
NT50-Candida guilliermondii 21.47%% (3.61)
NT50-Candida valida 24.63 (8.28)
NT116 32.83% (7.38)
NT116-Torulaspora delbrueckii 24.843¢ (7.30)
NT116-Candida guilliermondii 26.93%° (6.29)
NT116-Candida valida 19.56°% (2.83)
VIN13 18.40% (4.11)
VIN13-Torulaspora delbrueckii 22.43%c (5.56)
VIN13-Candida guilliermondii 19.23Pcd (3.04)
VIN13-Candida valida 17.16° * (3.19) **

*Values in same column followed by a letter or group of letters (superscript), different from another, were
significantly different from each other (p < 0.05, Student t-test); and, values in the same column followed
by the same letter or group of letters (superscript), did not differ significantly (p < 0.5). **Standard
deviation of the mean (n = 3). Control indicates the commercial dry yeast VIN13 used by Nietvoorbij
Cellar.

The levels of acetaldehyde during alcoholic fermentation (AF) varied from 4.8 mg/L on
day 3 (i.e. for one of the three NT50_Candida valida co-inoculations) up to 86.1 mg/L on
day 7 (i.e. for one of the three single NT50 inoculations). This large variation confirmed
that certain yeasts or yeast combinations play a role in the levels of acetaldehyde in
fermenting musts and wines. Day 8 signified the last day of fermentation and was also
the last day of sampling, whereafter the SO2 levels were adjusted according to the
Nietvoorbij winemaking protocol (Section 3.4). The acetaldehyde levels in the finished
wines were determined before the wines were sensorially evaluated and these results are
listed in Table 4.3.

During fermentation, acetaldehyde levels increased, levelled off, and decreased (Fig.
4.4). Yeast strains had an impact on the levels of acetaldehyde during fermentation and

in the finished wine (Fig. 4.4 and Table 4.3). In most cases, co-inoculations with a non-
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Saccharomyces yeast generally resulted in lower levels of acetaldehyde than the single
inoculations with only Saccharomyces cerevisiae (except for VIN13 from culture
collection) (Fig. 4.4 and Table 4.3). It has also been reported that mixed fermented wines
also showed a reduction in acetaldehyde and were evaluated with the highest scores for
‘colour’, ‘flavour’ and ‘taste’ (Kim et al., 2008; Jolly et al., 2014). The decreasing levels of
acetaldehyde could possibly be as a result of the acetaldehyde being re-utilised by the
yeast cells, degraded or absorbed by various substances in the fermentation medium (Liu
& Pilone, 2000; Li & Mira de Orduna, 2010; Jackowetz et al., 2011; Shin et al., 2019).
Varying acetaldehyde levels as a result of either fermentation conditions and/or yeast
strains, have been reported in literature, and in certain cases the mutant strains of S.
cerevisiae accumulated more acetaldehyde in the medium than the parental strain
(Casalone, et al., 1992; Romano et al., 1994).
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Figure 4.4 Acetaldehyde production by various Saccharomyces cerevisiae strains, and
by the same strains co-inoculated with non-Saccharomyces yeasts, during the
fermentation of Nietvoorbij Pinotage must. For improved visualisation, related yeasts and
their combinations have been grouped together into figures A (NT50 and its

combinations), B (NT116 and its combinations) and C (Vin13lab and its combinations).
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A similar trend in acetaldehyde levels was also observed for most of the yeasts from day
3 onwards, which seemed to directly correlate with yeast cell counts from the YPDA plates
for the same time interval (Supplementary Results, Figure 1). Yeast cell count data for

the earlier time intervals were incomplete, and therefore not shown in these results.

The reason why two types of the VIN13 yeasts were used in this study was because the
isolate from ARC Infruitec-Nietvoorbij yeast genebank (“Vin13lab”) was associated with
lower levels of acetaldehyde production during the screening trial. It was therefore
selected to be used in the cellar trial. The commercial ADWY strain of VIN13 was used
as a standard wine control, since it was the standard wine yeast used in the Nietvoorbij
Cellar. However, a significant difference was observed between the acetaldehyde levels
associated with these two types of VIN13, with the isolate from yeast genebank showing
an average acetaldehyde concentration (n = 3) of 18.4 mg/L, while the commercial
(ADWY) strain averaged significantly higher at 28.35 mg/L. The yeast preparation (ADWY
or cultured) thus seems to have a significant impact on acetaldehyde levels, but one can
also not rule out the possibility that one of these strains might have undergone a mutation,

and therefore further research into these differences is needed.

Figure 4.5 shows the results of a discriminant analysis (DA) plot for the different yeast
combinations quantifying the factors contributing the most to separating the results for
the various sensory and chemical analyses. The three Saccharomyces cerevisiae yeasts
i.e. NT50, NT116 and the ADWY, VIN13, associated with the higher acetaldehyde levels
(Table 4.3), formed clusters with strong fruity and floral aromas, with berry and vegetative
nuances present at lower intensities. In the same cluster the chemical attributes,
acetaldehyde and TSOz2, are prominent at similar intensities, which is to be expected
because of their high affinity for each other (Liu & Pilone, 2000; Elias et al., 2008).
Acetaldehyde at low wine levels, i.e. 30 — 60 mg/L (Miyake & Shibamoto, 1993; Zea et
al., 2010; Coetzee et al. 2016a) can impart pleasant, fruity aromas (Liu & Pilone, 2000;
Coetzee et al., 2016a,b; 2018), which could explain the cluster of the fruity descriptors

with acetaldehyde levels in this study.
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The negative aroma descriptors (metallic, sherry-like, cooked vegetative and off-flavour
aroma) cluster around the co-inoculated treatments where the medium and lower
acetaldehyde producing S. cerevisiae strains are in combination with the two Candida
species. These unpleasant aromas are not necessarily an effect of acetaldehyde levels,
but could rather be due to the wild yeasts. In the past, non-Saccharomyces yeasts were
generally known as wine spoilage yeasts, due to their ability to produce undesired
compounds during the first stages of alcoholic fermentation (Ciani & Comitini, 2011), and
they were initially given 48 hours to interact with the grape must prior to the co-inoculation

with the S. cerevisiae strains, which could explain the negative nuances.
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Figure 4.5 Discriminant analysis plot of Pinotage based on sensory and chemical attributes of finished wines fermented with different yeast
inoculations, i.e. NT116, NT116 and Candida guilliermondii (C.g.), NT116 and Candida valida (C.v.), NT116 and Torulaspora delbrueckii
(T.d.), NT50, NT50 and Candida guilliermondii (C.g.), NT50 and Candida valida (C.v.), NT50 and Torulaspora delbrueckii (T.d.), VIN13
(Control), VIN13lab, VIN13lab and Candida guilliermondii (C.g.), VIN13lab and Candida valida (C.v.), VIN13lab and Torulaspora delbrueckii
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(T.d.). Chemical variables analysed include the routine wine parameters pH, TA, VA, ethanol, malic acid, total sugar (glucose + fructose),
free and total SO2 and acetaldehyde. Sensory descriptors include nutty, sherry-like, metallic, fruity flavours, off flavour aroma, vegetative
flavours, astringency, mouthfeel, sweet-associated, floral, alcohol, acidity and berry. “Vin13lab” indicates the yeast sourced from the ARC

Infruitec-Nietvoorbij yeast genebank at Nietvoorbij, Stellenbosch. “Vin13” indicates the commercial dry yeast (control).
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4.3 Effect of SO2 on the acetaldehyde levels in must/wine (cellar trial 2)

The varying levels of SO2 had a direct effect on the acetaldehyde levels during
fermentation of Chenin blanc grape must. The increased production of acetaldehyde in
response to increased levels of SO2 is evident from figure 4.6. The low levels of
acetaldehyde in Chenin blanc and high levels in Pinotage at day 1 are possibly due to the
fact that the fermentation rates of these two grape cultivars were affected by their
respective fermentation temperatures (i.e. Chenin blanc at 15°C and Pinotage at 25°C).
During the screening trial (Section 4.1) it was observed that for most S. cerevisiae yeast
strains (Fig. 4.1), acetaldehyde levels peaked earlier at 25°C (day 2 of fermentation) than
at 15°C (day 3 of fermentation). This could explain why Pinotage must, fermented at 25°C
according to the red winemaking preparation (Section 3.4.1), displays higher levels of
acetaldehyde (Fig. 4.6) than Chenin blanc must, fermented at 15°C according to the white
winemaking preparation (Section 3.4.1). Reasons for the levelling off and decreasing
trends, during the latter stages of fermentation, could be due to yeast cells dying in the
presence of higher ethanol concentrations, exposure to oxygen (aldehydes degrade in
air via the process of autoxidation), and because of the tendency of acetaldehyde to
oligomerise, polymerise or hydrate. Fermentations under severely repressive conditions,
such as juices treated with high SO2 (metabisulfite) prior to the onset of fermentation,
cause a correspondingly higher production of acetaldehyde by the yeast cells to bind the
SOz2. A possible explanation for this observed trend could be that high SOz levels inhibits
the enzyme responsible for metabolising acetaldehyde into ethanol (i.e. aldehyde
dehydrogenase), by binding directly with acetaldehyde, thereby preventing its
transformation to ethanol, and resulting in high levels of acetaldehyde remaining in the
fermenting must (Frivik & Ebeler 2003; Andorra et al., 2018).

Acetaldehyde is released by the yeast as the detoxification mechanism for sulphites
(Jackowetz et al., 2011). Acetaldehyde has a strong affinity for SO2 (Liu & Pilone, 2000;
Elias et al., 2008), therefore, varying concentrations of the one, will affect the free or
available levels of the other, with possible subsequent effects on wine quality (Coetzee
et al., 2016a; Coetzee et al., 2018).

The fermentation of Pinotage took place on the grape skins and the “punching- down™
activity was performed to extract colour (anthocyanins) and aroma compounds. An

additional reason for the high acetaldehyde levels on day 1 for the Pinotage fermenting
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must (Fig. 4.6) could be as a result of there not being free SOz available to bind the
acetaldehyde, since most SO2 bound to anthocyanins, thereby reducing its availability to
bind the acetaldehyde (Coetzee, 2014; Andorra et al., 2018; Giacosa et al., 2019). As
fermentation on the grape skins progressed, the acetaldehyde concentration decreased
during the initial stages, while the latter part of the fermentation showed an increased and
decreased trend up to the end of fermentation (Fig. 4.6). These decreases could be
explained by the yeast cells producing more sulphites, which in turn would bind the
acetaldehyde, or even as a result of acetaldehyde binding to anthocyanins, amongst other
grape phenolics, during fermentation (Frivik & Ebeler, 2003; Aleixandre-Tudo, 2016;
Andorra et al., 2018; Giacosa et al., 2019). Increases in observed SO2 and acetaldehyde
levels (particularly noticeable for low or no added SO2 treatments) after a few days of
fermentation, could be reflective of SO2 produced by the yeast, and auto-oxidation of
alcohol to acetaldehyde (Wildenradt & Singleton, 1974; Ribéreau-Gayon et al., 1983;
Andorra et al., 2018). The concentrations of SOz used in the experiment were within the

legal upper limit of 150 mg/L, imposed by South African regulations (SAWIS, 2018).

Groupings based on chemical and sensorial attributes of Chenin blanc and Pinotage
finished wines could clearly be observed using Discriminant Analysis (DA) (Figs 4.7 and
4.8, respectively). It was observed that the varying SO2 treatments did have an impact on
the groupings observed. Higher acetaldehyde levels were observed to fall within the same

quadrant on the DA plot (i.e. group together) as the higher SO2 treatments.

The dynamics of acetaldehyde and SO2 changed throughout fermentation and
culminated in the finished wine, with red and white winemaking procedures impacting on
these dynamics (Figs 4.6 — 4.8). Not only did the patterns of acetaldehyde levels differ
during fermentation between red and white musts, but also the levels of acetaldehyde in
the finished white wine (Chenin blanc) was more varied than in the case of red wine
(Pinotage) (Table 4.4).

The levels of acetaldehyde in this study fell within reported levels for acetaldehyde in
white (11 — 493, average 80 mg/L) and red (4 — 212, average 30 mg/L) wines (Liu &
Pilone, 2000). All acetaldehyde levels in this study are the total acetaldehyde levels, and

not the free acetaldehyde portion, since some challenges still exist in accurately
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determining free acetaldehyde levels, which need to be investigated further (Coetzee,
2014).

Table 4.4 Acetaldehyde and SO:2 averages (n = 3) for bottled wines from the SOz2 cellar trial

before sensorial evaluation of the wines

SO,
Finished wines | Treatment | Acetaldehyde (mg/L) | Total SO, (mg/L) Free SO (mg/L)
(mglL)

Chenin blanc 0 21.1289* (0.701) ** | 39.000¢ * (0.000) ** | 15.000° * (1.414) **
Chenin blanc 50 44.517° (2.099) 63.333° (2.082) 15.333% (1.528)
Chenin blanc 100 101.8712 (4.716) 85.000° (2.000) 15.000° (0.000)
Chenin blanc 150 68.196" (1.288) 124.5002 (3.536) 18.000° (1.414)
Pinotage 0 25.7807 (3.832) 45.6672 (6.110) 34.0007 (4.243)
Pinotage 50 24.7612 (3.036) 40.3332 (3.215) 30.667% (4.041)
Pinotage 100 28.7832 (9.451) 44.667° (4.163) 24.667° (5.131)
Pinotage 150 31.0912 (0.966) 41.667° (2.081) 27.000% (0.000)

*Values in same column followed by a letter or group of letters (superscript), different from another, were
significantly different from each other (p < 0.05, Student t-test); and, values in the same column followed

by the same letter or group of letters (superscript), did not differ significantly (p < 0.5). **Standard
deviation of the mean (n = 3).
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Figure 4.6 Impact of added SO2 (0, 50, 100 and 150 mg/L) on acetaldehyde production
by VIN13 during fermentation, and changes in the concentration of SO2 during
fermentation. Acetaldehyde, free and total SO2 concentrations were measured during
fermentation. SO2 was added on day 0, and the first sample taken on day 1. The control
(no SO2 added) had a baseline SOz value (i.e. Chenin blanc: TSO:2 of 23 mg/L; Pinotage:
TSO2 of 21 mg/L) and was not 0 mg/L. Abbreviations: Ab, after bottling.
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Figure 4.7 Discriminant analysis plot of Chenin blanc finished wines based on sensory and chemical variables for discrimination between
classes, i.e. 0, 50, 100 and 150 mg/L SOz added before inoculation of grape must with VIN13. Chemical variables analysed for include the
routine wine parameters pH, total acidity (TA), volatile acidity (VA), ethanol, malic acid, free and total SOz, and acetaldehyde. Sensory
descriptors include vegetative, sherry-like, acidic, metallic, astringency, nutty, caramel-butter, bruised apple, fruity, mouthfeel, off-flavour

aroma, alcohol, sweet-associated aroma and floral.
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Figure 4.8 Discriminant analysis plot of Pinotage finished wines based on sensory and chemical variables for discrimination between
classes, i.e. 0, 50, 100 and 150 mg/L SO2 added before inoculation of grape must with VIN13. Chemical variables analysed for include the
routine wine parameters pH, total acidity, VA, ethanol, malic acid, free and total SO2, and acetaldehyde. Sensory descriptors include
vegetative, sherry-like, acidic, metallic, astringency, nutty, caramel-butter, bruised apple, fruity, mouthfeel, off-flavour aroma, alcohol,
sweet-associated aroma and floral. Most of the variation can be explained by Factor 1 (F1) which is mainly as a result of the total SO2

concentration.
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4.4 Acetaldehyde production and enzyme (ADH) activity

During a separate fermentation trial of Chenin blanc (laboratory-scale) evaluating yeast
strains NT50, NT116 and VIN13, the specific enzyme activity of ADH showed a similar
increasing/decreasing trend as that of acetaldehyde concentration. ADH activity and
acetaldehyde concentration peaked at day 9 for NT116 and VIN13, while NT50 showed
peaked ADH activity at day 11 (Fig. 4.9). Non-Saccharomyces yeasts were not included
in this trial, since the idea was to initially monitor ADH activity in a more well-known yeast

such as Saccharomyces cerevisiae.
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Figure 4.9 ADH activity and total acetaldehyde concentration during fermentation of
Chenin blanc juice/must by (A) NT116, (B) VIN13 and (C) NT50. Each yeast treatment
was done in triplicate (n = 3) and sampled at specific days during fermentation. Error bars

represent the standard error of the mean (SEM).

It was observed that the S. cerevisiae strains, NT116 and VIN13, behaved similarly by
both having peak acetaldehyde levels at day 9 (Fig. 4.9 A and B) of the fermentation trial,
and this was on the same day that the total ADH enzymes had a peak in its specific

activity too. This possibly was the point where most of the grape sugars (glucose/fructose)
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had been depleted, and could be explained by induction of the ADH2 to start producing
more acetaldehyde from the ethanol present in the fermentation. (Maestre et al., 2008;
Pal et al., 2008).

However, the NT50 yeast strain did not follow the same pattern (Fig. 4.9 C) as that of its
counterparts (NT116 and VIN13) for enzyme activity. The specific activity of ADH in the
NT50 yeast was very low throughout the trial, especially at day 9, even though the
acetaldehyde concentration peaked on day 9. This strange observation, especially since
NT50 was the higher acetaldehyde producing strain in a prior trial (Section 4.2), could be
as a result of there not being sufficient yeast cells present during the fermentation
process, since the Bradford assay showed that the protein extract for this yeast yielded a
lower concentration, as fermentation progressed, as compared to the other two.

However, the acetaldehyde levels during this trial were relatively higher than the previous
trials (Sections 4.2 and 4.3). This could be as a result of an alternative method of
quantification for acetaldehyde being attempted, since the Arena Enzyme Robot was
rendered unavailable during this trial. For this trial the acetaldehyde quantification was
done manually, using a slightly different enzymatic assay kit which was later found to be
for total aldehyde quantification (Aldehyde Quantification Assay Kit (Colorimetric)
#ab112113 by abcam®). It was assumed that the actual acetaldehyde levels would not
be too far off, since acetaldehyde does make up 90% of the total aldehyde content in
wine (Nykanen, 1986).

4.5 General discussion

The overall aim of this project was to investigate the effect of yeasts and oenological
parameters on acetaldehyde production, and to better understand the impact of
acetaldehyde on fermentation and wine sensorial composition. The specific objectives of
this study were:

I. To screen yeast strains for acetaldehyde production;

ii. To select and evaluate high-, medium- and low-acetaldehyde producing yeast

strains;
iii. To evaluate the effect of winemaking practices on acetaldehyde levels;
iv. To investigate the impact of acetaldehyde on sensory properties of wine, and;

v. To determine the total ADH activity in yeasts during acetaldehyde production.
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Successful screening of various S. cerevisiae and non-Saccharomyces yeasts resulted
in a statistically-based selection of high-, medium- & low acetaldehyde-producing yeast
strains from each genus. The high-, medium- & low acetaldehyde-producing yeasts were
combined in various permutations in a cellar trial. The impact of yeast strain and time of

fermentation on levels of acetaldehyde is evident.

Yeast metabolism, specifically the production of acetaldehyde by different yeast strains,
is also influenced by the fermentation temperature (screening/laboratory trial), but this

needs to be investigated on a larger or cellar scale to obtain a more conclusive result.

In the cellar trial that monitored the effect of varying SOz levels on acetaldehyde levels in
fermenting must, the varying levels of SO2 had a direct effect on the acetaldehyde levels
during fermentation and in the finished wine. Higher levels of SO2 can trigger increased
production of acetaldehyde by yeasts in fermenting musts. However, in the finished wines
the acetaldehyde levels were below the flavour threshold. No significant organoleptic

differences were found between the different SO2 treatments.

Although there were differences in acetaldehyde levels between yeast strains used in this
study, the levels were still within acceptable ranges or limits found in wines. Acetaldehyde
levels in samples inoculated with were generally higher than in samples co-inoculated

with non-Saccharomyces.

During the fermentation of Chenin blanc (laboratory-scale) by the S. cerevisiae yeasts,
the increased/decreased acetaldehyde concentration is the result of up-/down-regulated

ADH activity during alcoholic fermentation.
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CHAPTER 5

CONCLUSION

This study investigated the effects of Saccharomyces and non-Saccharomyces yeasts,
as well as oenological parameters, on acetaldehyde production and the impact they had
on wine flavour. Yeast strain, fermentation temperature and SO:2 levels can affect
acetaldehyde levels in wine. Selecting a commercial yeast strain for white or red wine
production to reduce acetaldehyde levels, while enhancing flavour, is important. Co-
inoculation of wine with a selected S. cerevisiae and non-Saccharomyces yeast, as well
as maintaining low levels of SOz during fermentation, can result in wines with lower levels
of acetaldehyde. For two of the S. cerevisiae strains studied, a positive trend was
observed between total alcohol dehydrogenase activity and total acetaldehyde
production. Generally, the acetaldehyde levels in our wines were below the sensory
threshold values and within acceptable ranges for table wines. The above knowledge is
valuable in optimising the alcoholic fermentation process and enhancing the safety and
quality of wine. To ensure lower levels of acetaldehyde in wine, winemakers should
preferably co-inoculate with low ADH activity Saccharomyces cerevisiae and non-
Saccharomyces yeast strains, at low fermentation temperatures, while ensuring low
levels of SO2 before fermentation. This research also provides information, which is both
of fundamental and industrial importance, and confirms how complex wine production is.
One of the limitations of this study was that other volatile compounds, in addition to
acetaldehyde, were not analysed. Knowing the volatile chemical composition of the wines

would have enabled us to study possible correlations with the sensory data.

RECOMMENDATIONS

This study showed that there is great variability among the yeast strains investigated.
One of the limitations of this study was the number of Saccharomyces and non-
Saccharomyces strains that were screened. Screening different non-Saccharomyces
yeast species, and a larger number of Saccharomyces and non-Saccharomyces strains,
could be useful in finding yeast strains that produce low acetaldehyde levels, while
improving wine flavour. Future research should focus more on commercial (ADWY) S.

cerevisiae and non-Saccharomyces yeast strains and their interactions.
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This study did not investigate the interactions between S. cerevisiae, non-
Saccharomyces yeasts and lactic acid bacteria (LAB) strains. Malolactic fermentation
plays an important role in red wine production, and understanding how these interactions
between different yeast and LAB strains affect acetaldehyde levels, could produce some

interesting results.

This study mainly focused on acetaldehyde and future studies should include other
volatile compounds to try and correlate chemical data to the sensory profiles that were

obtained.

Only two wine grape cultivars/varieties were investigated in this study, but the results and
trends observed might not be the same for other cultivars. Therefore, further research is
needed to establish if the same trends, with regard to Saccharomyces and non-

Saccharomyces yeast interactions, would be observed in different grape varieties.

Total alcohol dehydrogenase (ADH) activity showed a general correlation to total
acetaldehyde production. Further work into gene expression (transcriptomics) is
necessary to confirm which specific genes and/or isoenzymes are responsible for such

correlations.
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