
 

 

http://researchspace.auckland.ac.nz 
 

ResearchSpace@Auckland 
 

Copyright Statement 
 
The digital copy of this thesis is protected by the Copyright Act 1994 (New 
Zealand).  
 
This thesis may be consulted by you, provided you comply with the 
provisions of the Act and the following conditions of use: 
 

• Any use you make of these documents or images must be for 
research or private study purposes only, and you may not make 
them available to any other person. 

• Authors control the copyright of their thesis. You will recognise the 
author's right to be identified as the author of this thesis, and due 
acknowledgement will be made to the author where appropriate. 

• You will obtain the author's permission before publishing any 
material from their thesis. 

 
To request permissions please use the Feedback form on our webpage. 
http://researchspace.auckland.ac.nz/feedback 
 

General copyright and disclaimer 
 
In addition to the above conditions, authors give their consent for the 
digital copy of their work to be used subject to the conditions specified on 
the Library Thesis Consent Form and Deposit Licence. 

http://researchspace.auckland.ac.nz/
http://researchspace.auckland.ac.nz/feedback
http://researchspace.auckland.ac.nz/docs/uoa-docs/thesisconsent.pdf
http://researchspace.auckland.ac.nz/docs/uoa-docs/depositlicence.htm


PhD Thesis

IDENTIFICATION OF YEAST GENES INVOLVED

IN SAUVIGNON BLANC AROMA

DEVELOPMENT

This thesis was submitted in fulfilment of the requirements
for the degree of Doctor of Philosophy in Biological Sciences

by

Michael Johannes Harsch

The University of Auckland, 1st of May 2009





III

Abstract

The grape variety Sauvignon Blanc (SB) is the flagship of New Zealand’s wine industry
and accounted for over 75 % of the value of total wine exports in 2008. Two volatile
thiols, 3-mercaptohexan-1-ol (3MH) and 3-mercaptohexyl-acetate (3MHA), reminiscent
of grapefruit and passion fruit respectively, are critical for the main varietal characters
in New Zealand SB. These aromatic thiols are not present in the grape juice, but are
synthesized and released by the yeast during alcoholic fermentation from non-aromatic
precursors.

The aim of this work was to elucidate the underlying genetics of volatile thiol synthesis
in yeast (Saccharomyces cerevisiae) during alcoholic fermentation of grape juice. A gene-
deletion strategy was chosen for the investigation of putative genes influencing 3MH and
3MHA release.

The first part of this thesis optimized fermentation conditions in grape-juice-based me-
dia, which enabled auxotrophic laboratory strains, derived from S288C, to ferment grape
juice to completion with high efficiency. Key steps to achieving this goal were the sup-
plementation of the grape juice with higher than recommended amounts of amino acids,
which increased the fermentation rate of auxotrophic yeast strains. Lysine auxotrophic
strains especially benefited from this measure. In combination with the dilution of SB
grape juice by 25 % with synthetic grape juice without sugars, the auxotrophic laboratory
yeast BY4743 was able to metabolize all sugars in the grape-juice-based media in a time
frame similar to that of a commercial wine yeast. The key properties of the resulting wine
were comparable to wine made with a commercial wine yeast under the same conditions.

In the second part, these newly developed fermentation conditions were employed to
screen 69 single-gene deletion strains in the laboratory yeast background BY4743. The
list of the 69 candidate genes was compiled by combining existing knowledge about thiol
production in yeast with the mining of several biological databases. Screening of the
single-gene deletions revealed 17 genes which caused biologically relevant increases or
decreases in volatile thiol production, but none abolished it. The majority of the 17 genes
were related to the sulfur and nitrogen metabolism in yeast. A subset of these thiol-
influencing genes were also deleted in a wine yeast, and were overexpressed in both wine
yeast and laboratory yeast, to gain more insight in their regulatory effects. The findings
confirmed that sulfur and nitrogen metabolism in yeast were important in regulating 3MH
and 3MHA synthesis. Different sulfur and nitrogen sources were added to the grape



IV

must prior to fermentation and their effect on thiol release was studied. It was found
that nitrogen sources urea and DAP, as well as, the sulfur compound S-ethyl-L-cysteine
(SEC) increased 3MH and 3MHA concentrations in the resulting wines. The addition of
cysteine to grape juice fermented with wine yeast deleted in genes CYS3 and CYS4 more
than doubled total thiol production.

Mapping approaches to investigate thiol production in yeast were employed in the fi-
nal part of this thesis. Genetically mapped F2 progeny of a cross between a low thiol-
producing yeast strain and a high-thiol producer were screened for their thiol phenotype.
The 3MH and 3MHA phenotypes across 48 screened F2 progeny resembled normal dis-
tributions, indicating a quantitative trait. Subsequent mapping identified a locus on chro-
mosome 14 with a small effect on the 3MHA phenotype, but no obvious candidate genes
were evident in the region.

Another approach to investigate the evolution of volatile thiols in yeast included the
use of SEC, a thiol compound resembling the cysteinylated precursor of 3MH, as a sole
nitrogen source in a yeast growth assay. It was found that most wine yeast, European yeast
isolates and laboratory yeasts could utilize SEC as a nitrogen source, whereas various
other S. cerevisiae isolates could not. Crosses between three pairs of Sec− and Sec+

yeast strains strongly indicated that this trait was monogenically inherited. However, no
direct correlation between the SEC phenotype and volatile release could be observed.
Genetic mapping experiments in one SEC-segregating yeast population linked this SEC
phenotype to the leu2-∆0 deletion in a cross between a Leu+ and Leu− yeast strain. It
was shown that leucine auxotrophy most likely caused the Sec− phenotype.

In a second F2 population of a cross between prototrophic Sec+ and Sec− strains,
strong linkage was established to a region on chromosome 6 containing two candidate
genes, DUG1 and IRC7. DUG1 was proved not to be the cause of the SEC phenotype,
whereas IRC7 remains a strong candidate gene.
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In my Blakean years

I was so disposed

Toward a mission yet unclear

Advancing pole by pole

Fortune breathed into my ear

Mouthed a simple ode

One road is paved in gold
One road is just a road

Patti Smith
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1 Introduction

1.1 Origins of winemaking and its arrival in New Zealand

The art of wine making accompanies the history of mankind and is, along with cheese
making and beer brewing, one of the oldest applications of biotechnology. Historians
and archaeologist believe that wine was being made in Mesopotamia around 3500 BC
(Robinson, 2006). However, chemical analyses of organic residues on ancient potsherds
indicated that grape juice was deliberately being fermented in China and present-day Iran
as early as 7000 BC (McGovern, 2003; McGovern et al., 2004). According to historical
mural paintings and ancient pottery, the Egyptians, Phoenicians and Greeks were also
quite willing winemakers and consumers. The Romans are assumed to have acquired the
ability for cultivating grapes and winemaking from the Greeks and spread it into central
and northern Europe around 100 AD. European pioneers in the 16th and 17th century in-
troduced the grape vine into South, Middle and North America (von Bassermann-Jordan,
1923).

In 1819 the first vines were planted by Samuel Marsden in New Zealand at Kerikeri
(Scott, 1964). However, it took another 150 years until New Zealand’s wine growers and
wine makers produced internationally acknowledged wines. In the last two decades, New
Zealand’s wine industry has been a fast growing business with export earnings of 800
million dollars (NZD) in 2008. Current projections forecast exports of 1 billion dollars
and domestic sales of 0.5 billion by 2010 (NZ-Winegrowers, 2008).

Vitis vinifera L. cv. Sauvignon Blanc (SB), responsible for some of the world’s most
popular and aromatic dry white wines, is the flagship of New Zealand’s wine varieties
with about 12000 ha of production in 2009. More than 90 % of SB is grown in the cool-
climate region of Marlborough, which is known worldwide for its distinctive SB style
Lund et al. (2009). New Zealand has a need to supply innovative and distinctive wines,
in order to target the high quality end of the international market in the future. A key
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factor to enable this is a better understanding of the aroma development process during
fermentation, which is mainly conducted by the yeast Saccharomyces cerevisiae. The
goal of this PhD project is to identify and characterize genes of yeast that are responsible
for the development of key aromas in Sauvignon Blanc wines especially in New Zealand.

1.2 Yeast in winemaking

Louis Pasteur was the first to demonstrate in 1863 that yeast are the primary microorgan-
isms responsible for the conversion of grape sugars, glucose and fructose, into ethanol and
carbon dioxide. It was later found that numerous secondary metabolites resulting from
this alcoholic fermentation are very important for the organoleptic properties of wine (e.g.
see review by Swiegers et al., 2005a).

1.2.1 Types of yeast in winemaking and in the laboratory

Grape must (juice) represents a relatively hostile environment for microorganisms, with
low pH (2.9–4.0), high initial sugar content (up to 400 g/L for Botrytis-affected wines
or ice wines), increasing concentrations of alcohol (up to 16 % v/v) and anaerobiosis
as fermentation proceeds. Further pressure is placed on the growth of microorganisms
by the often limiting amounts of assimilable nitrogen and by the addition of sulfite (up
to 80 mg/L) to the grape must, which is a standard measure to prevent oxidation and
wine spoilage. Traditional winemaking relied on natural yeast populations found in the
vineyards or in the winery itself. In these so-called indigenous, spontaneous or wild fer-
mentations the yeast species S. cerevisiae is by far the most predominant microorganism
and yeast species at the end of fermentation. This indicates the S. cerevisiae is well-
adapted to the high-stress environment imposed by the grape must. Furthermore, it has
been shown that S. cerevisiae gains a fitness advantages over other yeast species/genera
and microorganisms by modifying its environment both through the production of ethanol
and through the generation of heat (Goddard, 2008). For these reasons, S. cerevisiae is
often simply referred to as “wine yeast”.

S. cerevisiae is found in very low numbers in natural environments such as vineyards
and in uninoculated grape must. Other yeasts, such as species of the genus Candida,
Hanseniaspora, Kloeckera, Metschnikowia and Pichia are known to predominate the
early stages of natural ferments before S. cerevisiae quickly outcompetes them (Anfang



1.2 Yeast in winemaking 3

et al., 2008; Pretorius, 2000). This natural non-S. cerevisiae microflora has been shown
to add to the complexity and quality of wine (Anfang et al., 2008; Ciani et al., 2006;
Henick-Kling et al., 1998) and is thought to contribute to the “terroir effect” . However,
the increasing risk of encountering sluggish and stuck fermentations combined with the
danger of wine spoilage caused by unwanted genera of yeast and bacteria, made sponta-
neous fermentations a less attractive choice for large-scale winemaking operations, where
rapid and reliable fermentations are a prerequisite to ensure consistent and predictable
wine quality. The advent of modern-day microbiology made it possible to isolate pure S.

cerevisiae yeast strains, cultivate and prepare them as active dry yeast so that they could
be used as pure yeast starter cultures in wineries.

Over the past 40 years, commercial wine strains of S. cerevisiae have been developed
that have a high fermentative capability combined with the ability of shaping different
styles of wines by altering the composition of secondary wine metabolites. This research
is an ongoing process as it provides winemakers with “tools” required for the creation of
new wine styles, which are increasingly important in the very competitive wine business.

Apart from its industrial roles in the food and wine industry, S. cerevisiae is one of the
most popular model organisms in basic and medical sciences. As an unicellular eukary-
ote, with a short generation time, its ability to grow as a haploid and the possibility to
alter the genetic structure of its genome through homologous recombination makes it an
excellent model system. It was of no surprise that the S. cerevisiae strain S288C became
the first eukaryote to be completely sequenced in 1996 (Goffeau et al., 1996). S. cere-

visiae strains with this genetic background are generally referred to as laboratory or “lab”
yeasts. Compared to their species siblings in the wine and beer industry, laboratory yeast
are typically grown in synthetic media with low sugar content and medium-ranged pH
levels. Unlike laboratory yeast strains, industrial wine yeast strains are mainly homothal-
lic, genetically largely undefined and carry few convenient genetic markers (Cebollero
and Ramon, 2004). Wine yeast strains generally show some level of chromosome length
polymorphism, are mainly heterozygous and some are hybrid or aneuploid which often
results in low sporulation rates and poor spore viabilities (Bradbury et al., 2006; Preto-
rius, 2000; Rachidi et al., 1999; Snow, 1983). Recent studies by Liti et al. (2009) and
Schacherer et al. (2009) compared the degree of heritage between common laboratory
yeasts and wine yeasts based on single nucleotide polymorphisms (SNPs). It was found
that laboratory and wine yeast fall into two separate groups. More background informa-
tion and recent developments in this area are presented in Chapter 3.1.
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This work is entirely based on the yeast species S. cerevisiae. Therefore, the use of the
word “yeast” refers to S. cerevisiae only, unless stated otherwise.

1.2.2 Wine fermentation by yeast

The fermentation temperature used in winemaking can range from as low as 12 ◦C up to
30 ◦C. It is highly dependent on the style of wine being produced as well as on cultural
and regional preferences. In general, fermentation temperatures in red wine can range be-
tween 20 and 30 ◦C, whereas white grape varieties are normally fermented under cooler
conditions ranging from 15 to 20 ◦C to better preserve the fruity characters in the result-
ing wines. However, some New Zealand wineries ferment SB wines as a low as 12 ◦C,
whereas some winemakers in Austria have been reported to conduct SB ferments reaching
25 ◦C in tanks without cooling units (C. Krampl, personal communication).

Grape musts are typically inoculated at about 106 yeast cells/mL. This cell number in-
creases in the course of the fermentation and can reach, depending on the yeast strain and
grape juice properties, up to 109 cells/mL, which is about 5–8 generations. Cell growth
during fermentation can be divided into three stages: (1) the lag phase, where only mini-
mal yeast growth can be measured; (2) the log phase in which the cell population increases
exponentially, and (3) the stationary phase in which cell growth ceases. The fermentation
kinetics can be separated into lag, log and completion stage as well, but the corresponding
phases do not directly correlate with each other. The fermentation rate peaks during the
exponential growth phase of the cells and diminishes gradually as alcohol levels rise and
sugar and nutrient levels decrease. Most of the sugars are metabolized during stationary
phase of growth. Measuring the development of CO2 and/or the decrease in sugar lev-
els during fermentation allows an exact monitoring of the fermentation as CO2 release
(weight loss) and sugar decrease (density change of the must) directly correlate with the
production of ethanol. Fermentation is completed, or in oenological terms has reached
“dryness”, when the residual sugar concentration is less than 2 g/L. Final ethanol concen-
trations can vary from as low as 7 % (v/v), for some German Rieslings, up to 16 % (v/v),
for red wines especially from hot-climate regions in Australia and the Napa Valley in the
USA (Robinson, 2006). However, these are the extremes and the great majority of the
wines range from 12.5 % (v/v) to 14.5 % (v/v) ethanol.
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1.2.3 Fermentation products

Although the majority of the grape sugar is converted into CO2 and ethanol (up to 16 %
v/v depending on the initial sugar content), up to 5 % of the hexoses are diverted to yeast
biomass formation and the synthesis of by-products such as glycerol, higher (fusel) alco-
hols, volatile esters, various (non)-volatile organic acids and other secondary metabolites
such as odorous sulfur-containing compounds (Boulton et al., 1999).

• Glycerol is mainly produced at the beginning of fermentation when grape must is
inoculated with aerobically grown yeast (Boulton et al., 1999). Its concentration in
wine varies from 1 to 15 g/L. The perception threshold in wine is about 5 g/L (slight
sweet taste), whereas a change in wine viscosity is thought to be perceived only at
concentrations starting from 25 g/L. Glycerol should therefore be not relevant for
the mouthfeel of wine (Scanes et al., 1998).

• Higher alcohols such as n-propanol, isobutyl and isoamyl alcohol are named fusel
alcohols (fusel meaning “bad liquor” in German). They are mainly derived from
intermediates in the branched chain amino acids biosynthesis (isoleucine, leucine
and valine). Higher alcohols can be detrimental for wine aroma and flavours es-
pecially at high concentrations, but may contribute to wine complexity at lower
concentrations (Kunkee and Amerine, 1970; Webb and Ingraham, 1963).

• Volatile esters are the major aromatic by-products produced by yeast during al-
coholic fermentation and are the main contributors to the fruity characteristics in
young wines. Fruity esters like ethyl, hexyl, isoamyl and isobutyl acetates are syn-
thesized by yeast through acetyltransferases (e.g. Atf1p) which react with fatty acid
derivative co-enzyme A and various higher alcohols to produce esters (Fujii et al.,
1997, 1994). Over 160 specific esters have been identified in wines.

• The predominant organic acids in grape juice are tartaric acid and malic acid fol-
lowed by citric acid. The concentration of tartaric acid and citric acid changes only
marginally during fermentation, whereas malic acid can be synthesized and catabo-
lized by yeast more efficiently. Succinate (salty, bitter taste) and ketonic acids (can
bind sulfur dioxide) are present only in trace amounts in grape must, but can be
formed by the action of yeast (Radler, 1993; Rankine and Pocock, 1969).
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• Sulfur-containing compounds like hydrogen sulfide, mercaptans and thioesters,
are usually present at very low concentration in wine. However, due to their low
perception thresholds (a few µg/L) they are very powerful odorants and can have
dramatic but mainly detrimental effects on the aroma of wine. Hydrogen sulfide,
which is reminiscent of rotten egg, can be formed by yeast from inorganic sulfur
compounds (sulfate, sulfite) and from organic sulfur compounds like cysteine and
glutathione. Hydrogen sulfide production is increased in grape musts deficient in
assimilable nitrogen (Jiranek et al., 1995b; Spiropoulos et al., 2000; Spiropoulos
and Bisson, 2000). Undesirable and desirable sulfur-containing compounds are
further reviewed in Section 1.4.

1.2.4 Nitrogen metabolism

Nitrogen is an essential nutrient for all organisms and it is of no surprise that the amount
and nature of nitrogen has a major impact on yeast growth and metabolism. The two
main sources of yeast assimilable nitrogen (YAN) in grape must are ammonium ions (up
to 40 %) and the α-amino nitrogen of amino acids. Proline and arginine contribute up
to 65 % of the total amino acid content in the grape must. However, proline cannot be
utilized by yeast under anaerobic conditions and is therefore not considered to be a yeast
assimilable nitrogen (Beltran et al., 2004; Henschke and Jiranek, 1993). The nitrogenous
compounds in grape must depend on grape cultivar, root stock, harvest time and on factors
influenced by viticultural practices such as nitrogen fertilization, irrigation (water stress),
soil type and fungal grape vine diseases (Bell and Henschke, 2005; Henschke and Jiranek,
1993).

Due to the high sugar content in the grape must, yeast requires high levels of nutrients
to metabolize all grape sugars. Yeast growth under oenological conditions is generally
considered to be nitrogen-limited. Nitrogen fails to become depleted only in grape musts
with YAN levels above 600 mg N/L (Bell and Henschke, 2005). It is well established that
nitrogen limitation is the major cause of stuck and sluggish fermentations, due to irre-
versible arrest of hexose transport (Bisson, 1999). Nitrogen assimilation during fermen-
tation is dependent on grape must composition (e.g. higher glucose levels require high
YAN levels) and seems to be highly yeast strain-dependent (Jimenez-Marti et al., 2007).
A common way to counteract nitrogen limitation is through the addition of diammonium
hydrogen phosphate (DAP) as an ammonium source, which facilitates fermentation com-
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pletion and can lower hydrogen sulfide production (Bely et al., 1990). Both high (> 480
mg/L) and low (< 140 mg/L) nitrogen concentrations in grape must are associated with
the production of undesirable aromas (Bell and Henschke, 2005). The addition of nitro-
gen should therefore be carefully planned (e.g. sequential supplementation during the
fermentation) in order to maximise desirable aromas. In any case, nitrogen addition at
any stage of the fermentation is thought to result in a shorter fermentation (Beltran et al.,
2005).

Yeast assimilable nitrogen is rapidly taken up during the first part of the yeast growth
phase, stored in the vacuole, and used for protein synthesis and growth when required
(Beltran et al., 2005). Nitrogen permeases, responsible for ammonium transport into the
yeast cell, include Mep1p, Mep2p (high affinity) and Mep3 (low affinity) (Marini et al.,
1997). Gap1p is a general amino acid permease with high capacity and low affinity,
whereas numerous other amino acid permeases transport specific amino acids with low
capacity and high affinity (Magasanik and Kaiser, 2002). Ammonium ions are prefer-
entially utilised and stimulate yeast growth, leading to an overall increase in nitrogen
utilisation (Jiranek et al., 1995a). Beltran et al. (2005) confirmed the findings by Jiranek
et al. (1995a) and grouped amino acids according to their consumption preferences by the
yeast cell: (a) glutamine and tryptophan were the most consumed; (b) followed by his-
tidine, isoleucine, leucine, methionine, phenylalanine, valine, threonine; and (c) alanine,
arginine, aspartate, glycine and tyrosine, which were hardly consumed, especially when
ammonium was not deficient.

Nitrogen catabolite repression

As outlined in the previous section, yeast has a choice of different nitrogen sources dur-
ing fermentation, but not all nitrogen sources support growth equally well. A mechanism
called nitrogen catabolite repression (NCR) enables yeast to select nitrogen sources that
provide the best growth (Wiame et al., 1985). All pathways for metabolising the various
nitrogen sources present in the grape feed into the core pathway for the biosynthesis of
glutamate and glutamine. The ammonia ions resulting from the various nitrogen sources
react with α-ketoglutarate (a key intermediate from the Krebs cycle) to form glutamate,
or with glutamate to form glutamine (Magasanik and Kaiser, 2002). The amino group of
glutamate supplies 85 % total cellular nitrogen and the amide group of glutamine is the
source of the remaining 15 % (Cooper, 1982). NCR allows yeast to utilize “preferred”
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nitrogen sources for glutamate and glutamine synthesis, by repressing the transcription
of genes encoding for enzymes and permeases for the utilization for “non-preferred” ni-
trogen sources (Magasanik and Kaiser, 2002). Once preferred nitrogen sources become
limited or are depleted in the media, genes responsible for the utilisation of non-preferred
sources are gradually derepressed and NCR is lifted. A study by Godard et al. (2007)
revealed that a range of different nitrogen sources in the media can affect the expression
of about 10 % of all yeast genes.

The classification between preferred and non-preferred nitrogen sources is not always
clear as yeast strain-specific preferences do exist. Generally two criteria are applied to
judge the quality of a particular nitrogen source: (1) preferred nitrogen sources gener-
ally allow greater growth rates; (2) preferred nitrogen sources do not derepress nitrogen-
regulated genes for the use of poor nitrogen sources, whereas nitrogen sources that do
induce derepression of these genes are considered to be non-preferred (Magasanik and
Kaiser, 2002). By applying these two criteria, Godard et al. (2007) classified the nitrogen
sources for the laboratory yeast ∑1278b as follows:

• asparagine, glutamine and serine were classified as preferred, inducing strong NCR
associated with fast growth.

• ammonium and aspartate induced intermediate NCR combined with fast growth,
whereas alanine and arginine caused intermediate NCR combined with slower growth.

• ornithine, phenylalanine, proline and valine induced weak NCR associated with
slow growth, while urea caused weak NCR but induced fast growth.

• isoleucine, leucine, methionine, threonine, tryptophan and tyrosine do not induce
NCR but were associated with very slow growth.

NCR is regulated by short-term post-transcriptional responses leading to direct enzyme
inactivation and/or degradation, and longer-term transcriptional response (Beltran et al.,
2005).

The post-transcriptional regulation mostly involves the rapid proteolytic degradation
of permeases responsible for the transport of poor nitrogen sources (e.g. Beltran et al.,
2005). Phosphorylation and dephosphorylation of permeases by specific phosphatases is
the main regulatory process.

The transcriptional regulation involves four members of the GATA family of transcrip-
tion factors, as well as the regulatory protein Ure2p (Cooper, 2002). The target promoter
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sequences of nitrogen-regulated genes are called UASNT R and contain two dodecanu-
cleotide sites with the sequence GAT(T/A)A at their core. The GATA family consists
of two transcriptional activators, GLN3 and GAT1, and two transcriptional repressors,
DAL80 and GZF3 (Cooper, 2002). Dal80p and Gzf3p repress gene expression by com-
peting for the same binding sites as the Gln3p and Gat1p activators (Coffman et al., 1997).
The presence of a preferred nitrogen source such as glutamine and asparagine activates
Ure2p, which binds Gln3p and Gat1p, retaining it in the cytoplasm and preventing the
activation of NCR-sensitive genes (Beck and Hall, 1999). Figure 1.1 depicts the core
transcriptional regulation of NCR in yeast. However, NCR regulation is a complex sys-
tem, which includes other transcription factors (GCN4, MKS1), phosphatases (SIT4) and
the TOR signalling pathway.

excess nitrogen 

Ure2p 

Figure 1.1: Model of NCR-regulated gene expression. Dal80p and Gzf3p (Deh1p) repress gene
expression of NCR-sensitive genes by competing for the same binding sites (GATA)
as the Gln3p and Gat1p activators. Arrows and bars represent positive and negative
regulation, respectively. Dashed lines indicate weak regulation. Taken from Cooper
(2002).
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1.3 An overview of the aromas in wine

The aroma of wine is the result of the combination and interaction between numerous
odorous and non-odorous compounds in the chemical wine matrix. Wine quality and es-
pecially white wine quality depends largely on the wine aroma. The aroma or “bouquet”
of a wine is influenced by the interaction of several hundred compounds with the sensory
organ. Scientists have identified close to 1000 different volatiles in wines with concen-
trations ranging from a few nanograms/L to amounts in the milligram/L range. The total
content of aroma compounds in wine is equivalent to about 1 % of the ethanol concentra-
tion. Aroma compounds in wine can be classified into four categories, depending on the
stage of the winemaking process at which they emerge (Rapp, 1988).

• The primary aroma characters are synthesized in the grape berries. Their final con-
centration is dependent on the grape variety and can be strongly influenced by
factors like weather, soil type and vineyard management. Methoxypyrazines are
important primary aroma compounds in SB (Allen and Lacey, 1993). Although
odourless, aroma precursors are also classified as part of the primary aroma group.
The most important example for the SB aroma are cysteinylated precursors, which
are converted into odorous volatile thiols by yeast during fermentation (see Section
1.4.2).

• The secondary aroma or pre-fermentation aroma is formed during the processing
of the grapes (between harvest and begin of fermentation). This group consists
mainly of C6 compounds like hexanal, 1-hexanol, 2-hexenal, and n-hexenol, which
are generated by grape enzymes from unsaturated lipids.

• The fermentation aroma is formed during alcoholic and malolactic fermentation by
yeast and bacteria respectively. Important examples out of this group are esters and
higher alcohols (see Section 1.2.3).

• The post-fermentation aroma is caused by chemical or biochemical reactions during
wine blending and maturation (Pisarnitskii, 2001).
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1.4 Volatile sulfur compounds in wine

Sulfur is an essential component required for yeast growth and biological life in general. It
is component of the amino acids cysteine and methionine as well as part of co-factors like
coenzyme-A and S-adenosylmethionine (SAM), which are essential for a functional yeast
metabolism. Yeast is able to transform inorganic sulfur sources like sulfate and sulfite ions
into organic sulfur compounds like cysteine, methionine and glutathione. This process
is called the sulfur assimilation pathway or the sulfur amino acid biosynthetic pathway.
Grape must is generally deficient in organic sulfur compounds, but abundant in inorganic
sources (Moreira et al., 2002; Park et al., 2000; Henschke and Jiranek, 1993).

The modulation of sulfur compounds is very important in winemaking, as sulfur com-
pounds are generally powerful odorants and most of them can be produced by yeast during
fermentation. Sulfur compounds can be classified according to their molecular weight or
chemical structure: polysulfides, sulfides, thioesters, thiols and heterocyclic compounds.
Most of these sulfur compounds with low molecular weight possess strong off-flavours
like rotten egg and garlic aromas and are therefore undesirable in wine (Mestres et al.,
2000; Rauhut, 1993). However, a few sulfur compounds, especially with a higher molec-
ular weight, can have a more complex contribution to the wine bouquet. The prime exam-
ple for this group are the so-called “fruity” volatile thiols (Darriet et al., 1995; Tominaga
et al., 1996). These two groups are discussed in detail below.

1.4.1 Undesirable sulfur compounds

The most important undesirable sulfur compounds that impact negatively on the sen-
sory attributes of wine are: (a) hydrogen sulfide (rotten egg aroma); (b) methanethiol
(rotten cabbage); (c) dimethylsulfides (garlic, onion) and (d) methylthioesters (cooked
cauliflower, cheesy) (Swiegers and Pretorius, 2007).

Hydrogen sulfide (H2S) is an intermediate in the sulfur amino acid biosynthetic path-
way of yeast and is therefore frequently formed during fermentation. Its production de-
pends on the yeast strain, the presence of other sulfur compounds and the nutrient com-
position of the grape must, especially the nitrogen status (Henschke and Jiranek, 1993).
Low-YAN juices are more likely to produce higher amounts of H2S, because nitrogen
is required for the biosynthesis of the amino acids cysteine and methionine. If nitrogen
is limited, Met17p, the key enzyme responsible for the incorporation of the inorganic
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H2S into organic sulfur compounds, has no substrate (homocysteine). As a result H2S
concentration increases (Spiropoulos and Bisson, 2000).

Due to its low aroma threshold (50 - 80 µg/L), combined with its unpleasant rotten-egg
smell, H2S is probably one of the most common problems during vinification (Swiegers
et al., 2005b). However, “healthy” fermentation conditions rarely produce undesirable
sulfur compounds above the perception threshold. Furthermore, due to their high volatil-
ity, the majority of these unpleasant sulfur compounds evaporate during the course of the
fermentation, mainly due to carbon dioxide formation. Common measures to strip off
detrimental sulfur compounds in wine are aeration and the use of copper, which reacts
with H2S to form copper sulfide (Swiegers et al., 2005b). However, both methods also
increase the risk of loosing desirable compounds like the fruity volatile thiols.

1.4.2 Desirable sulfur compounds - volatile thiols

The aroma of SB wines is often described as being reminiscent of bell pepper, blackcur-
rant, box tree, and tropical fruits like grape fruit and passionfruit. By using gas chro-
matography (GC) coupled to an olfactometric port, the Dubourdieu laboratory was the
first to identify the thiol 4-mercapto-4-methyl-pentan-2-one (4MMP) in SB wine (Dar-
riet et al., 1991). The volatile thiol 4MMP was isolated from SB wines by a reversible
reaction with p-hydroxymercuribenzoic acid (pHMB) and quantified using GCMS (Dar-
riet et al., 1991, 1995). Other thiols identified in SB were: 3-mercapto-hexanol (3MH),
3-mercaptohexylacetate (3MHA), 4-mercapto-4-methyl-pentan-2-ol (4MMPOH),
3-mercapto-3-methylbutan-1-ol (3MMB) (Tominaga et al., 1996, 1998a). Although all
these thiols can contribute to the flavour of SB, it was found that in particular 4MMP, 3MH
and 3MHA were important contributors to the flavour characteristics of French SB wines,
because they were well above the perception threshold (Dubourdieu et al., 2006). A main
feature of these volatile thiols is their extremely low perception threshold in wine, starting
from as low as 0.05 ng/L for 4MMP. Table 1.1 is adapted from Dubourdieu et al. (2006)
and Swiegers et al. (2005b) and lists the chemical structures, olfactory descriptions, per-
ception thresholds and average concentrations in French SB of five volatile thiols. Due to
their structural properties, 3MH and 3MHA can exist as two different stereoisomers, the
R-enantiomer and S-enantiomer. A study by Tominaga et al. (2006) recently revealed that
the R-form of 3MHA has a perception threshold of 9 ng/L and is reminiscent of passion
fruit, whereas the S-form of 3MHA is more odorous (perception threshold of 2.5 ng/L)



1.5 The synthesis of volatile thiols by yeast 13

and exhibits a more herbaceous odour characteristic. The distribution of the R- and S-
form in white wines made from healthy grapes is racemic for 3MH, whereas 70 % of the
3MHA normally exists in its S-form (Tominaga et al., 2006).

Although very important for the varietal typicity of SB, volatile thiols are not exclu-
sively found in SB wines. The volatile thiols 4MMP, 3MH or 3MHA have been also
identified in wines of the following red and white grape cultivars: Bacchus, Champagne
wines (Chardonnay and Pinot Noir), Cabernet Franc, Cabernet Sauvignon, Grenache,
Gewürtraminer, Merlot, Muscadet, Petite Arvine, Scheurebe and Semillion (Blanchard
et al., 2004; Fretz et al., 2005; Guth, 1997b,a; Murat et al., 2001b, 2003; Schneider et al.,
2003; Thibon et al., 2009).

In recent literature 4MMP, 3MH, and 3MHA have been renamed 4-methyl-4-sulfanyl-
pentan-2-one (4MSP), 3-sulfanylhexan-1-ol (3SH) and 3-sulfanylhexyl acetate (3SHA)
respectively (Thibon et al., 2008, 2009). However, this thesis uses the nomenclature
4MMP, 3MH, and 3MHA exclusively.

1.5 The synthesis of volatile thiols by yeast

Unlike aroma compounds such as methoxypyrazines, which are synthesized by the grape
vine, volatile thiols cannot be detected in the unfermented grape juice. They are synthe-
sized by yeast from odourless cysteine-conjugated precursors during alcoholic fermenta-
tion (Peyrot des Gachons et al., 2000; Tominaga et al., 1998c). Tominaga et al. (1995)
showed that a cell-free enzyme extract from Eubacterium limosum could cleave the cys-
teinylated precursor of 4MMP (Cys-4MMP) and release the volatile thiol 4MMP. The
bacterial enzyme responsible for the cleavage of the precursor exhibited a cysteine β -
lyase activity. It cleaved the C-S bond at the β -carbon of cysteine and releases the odor-
ous volatile thiol, pyruvic acid and ammonium in the presence of pyridoxal phosphate
(Tominaga et al., 1995). Figure 1.2 illustrates this type of reaction with S-3-(hexan-1-ol)-
L-cysteine (Cys-3MH) as a substrate.

Other studies confirmed the same cleavage reaction, carried out by a bacterial ex-
tract from E. limosum or purified tryptophanase from Escherichia coli, for Cys-3MH-
precursors and Cys-4MMPOH-precursors (Tominaga et al., 1998c; Wakabayashi et al.,
2004). These findings led to the hypothesis that a yeast carbon-sulfur (C-S) lyase could
be responsible for the synthesis of volatile aromatic thiols during alcoholic fermenta-
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Table 1.1: Characteristics and abundance of five volatile thiols in French wines. Adapted from
Dubourdieu et al. (2006) and Swiegers et al. (2005b).

  Olfactory  
   Perception

Compound Structure description
threshold 

Box tree, 
 broom

  4

4MMP

3MHA

3MH

4MMPOH

3MMB

  0.05

(ng/L)

Box tree, 
 passion fruit

  60

Grapefruit, 
 passion fruit

Citrus zest
   55

Cooked leeks
   1500

   Avg. conc. 
 Bordeaux 

SB
(ng/L, n=4)

   Avg. conc. 
 Sancerre 

SB
(ng/L, n=4)

475

  6

  8106

 20

  86

  414

  16

 1813

 10

  97

    3.3

  17

  20

  1300

a

c

a, c

a

b

a

b

a

b

a b cwater, water/ethanol, wine
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3+

S-3-(hexan-1-ol)-L-cysteine
(Cys-3MH)

3-mercapto-hexan-1-ol 
               (3MH)

pyruvate 
              

cysteine-β-lyase 
              

Figure 1.2: General mechanism of a β -lyase enzyme. A β -elimination reaction produces pyru-
vate and ammonia and releases the cysteine-bound molecule (3MH). Arrow indicates
cleavage site of the β -lyase enzyme.

tion. Tominaga et al. (1998c) provided support for this hypothesis by adding S. cerevisiae

(strain VL3) to a fermentation model medium, supplemented with laboratory-synthesized
Cys-3MH. 3MH was released during fermentation while simultaneously a small fraction
of the flavour precursor was degraded. However, after adding pimaricin, a polyene antibi-
otic that inhibits yeast growth, no 3MH could be measured after 10 days of fermentation.
Both this study and work by Murat et al. (2001a) showed that on average only about 3
% of the precursor was released as 3MH. Several other studies, conducted in synthetic
media spiked with Cys-3MH and in different grape musts, indicate that the molar conver-
sion rate of Cys-3MH into 3MH can range from 0.1 % up to 10 %, with an average of
less than 5 % (Dubourdieu et al., 2006; Peyrot des Gachons et al., 2000; Subileau et al.,
2008a; Thibon et al., 2008; Tominaga et al., 1998a). Similar conversion rates (0.06 % to
11%) are reported for Cys-4MMP into 4MMP (Masneuf-Pomarede et al., 2006; Murat
et al., 2001a; Thibon et al., 2008). Conversion yields seemed to be lower (below 1 %) in
synthetic media spiked with precursor than in grape juice (up to 11 %) (Subileau et al.,
2008a).

The remaining precursor in the wine is therefore a large untapped source of aroma
that could be revealed by developing more efficient precursor converting yeast strains.
Unlike 4MMP and 3MH, no cysteinylated precursor has been identified so far for 3MHA.
The common model for 3MHA synthesis during fermentation is the acetylation of 3MH,
which is mediated by alcohol acetyltransferase(s) produced by yeast (Swiegers et al.,
2006b).
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The current model of the synthesis of volatile thiols by yeast still has a few gaps. For
example, it is not known which yeast uptake systems are involved. Similarly, not much
is known about the secretion of the volatile thiols out of the cells. There is even the
possibility that the precursor-cleaving enzyme itself is secreted by the yeast cell, and that
the cleaving process is taking place in the grape juice. However, this possibility is highly
unlikely considering the low pH of the grape juice (< 3.5). Furthermore, not much is
known about possible precursor and thiol losses during fermentation. Considering the
poor precursor conversion rate, it could be possible that the formation of volatile thiols by
yeast is only an “unwanted” side-reaction and that the majority of precursors and thiols
are degraded and used as nitrogen, sulfur and carbon sources by yeast. Figure 1.3 depicts
the current model of volatile synthesis by yeast.

1.6 Alternative thiol precursors

Until 2006 the only thiol precursors proposed for the synthesis of 3MH and 4MMP in
grape must were Cys-3MH and Cys-4MMP respectively. Although the conversion rate
of Cys-3MH into 3MH was reported to be low, correlations between the decline of Cys-
3MH and the increase of 3MH were demonstrated by Murat et al. (2001b) for Cabernet
Sauvignon and Merlot rosé musts. Murat et al. (2001b) also demonstrated that prolonged
skin contact increased Cys-3MH in the must and resulted in higher 3MH concentration
in the wine. In SB must, Dubourdieu et al. (2006) demonstrated that as the amount of
Cys-3MH declined, 3MH concentration increased. However, a recent study by (Subileau
et al., 2008a) refuted the claim that Cys-3MH is the main precursor in SB must. Three
different French grape juices were spiked (12.5 µgL) with deuterated Cys-3MH-d8 and
fermented by using a commercial wine yeast. It was found that on average only about 9
% of the 3MH yield originated from Cys-3MH.

1.6.1 (E)-hex-2-enal and mesityl oxide

In 2006 Schneider et al. proposed alternative pathways for the formation of 4MMP and
3MH during fermentation, which included mesityl oxide and (E)-hex-2-enal as precursors
respectively. Both compounds need the addition of sulfur, either by direct addition from
hydrogen sulfide or by conjugation with cysteine, creating intermediate compounds that
can later be cleaved by yeast enzymes (Schneider et al., 2006).
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Figure 1.3: Volatile thiol synthesis by yeast. Question marks indicate that these processes are not
fully understood.
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The C6 compound (E)-hex-2-enal is generated from must from unsaturated lipids by
grape enzymes. Its concentration (100-µg-per-litre range) is dependent on the grape vari-
ety and pre-fermentation treatment. However, two studies using deuterated (E)-hex-2-enal
as precursor in grape must showed that its contribution to the total 3MH concentration
ranged from below 1 % (Subileau et al., 2008a) up to 10 % (Schneider et al., 2006),
which represents a relatively minor fraction of the total.

To the best of my knowledge mesityl oxide has never been identified in grape must or
wine and remains therefore just a theoretical precursor for 4MMP.

1.6.2 Glutathionylated pre-precursor

By percolating Gros Manseng grape must through a column coated with γ-glutamyl-
transpeptidase Peyrot des Gachons et al. (2002b) could measure an increase in Cys-3MH.
This increase was attributed to the breakdown of S-3-(hexan-1-ol)-glutathione (G-3MH).
The glutathione-degrading γ-glutamyltranspeptidase has never been identified in grapes,
but is encoded by the gene ECM38 in yeast. A study by Subileau et al. (2008a) indicated
that G-3MH might indeed be a precursor of 3MH. A yeast, deleted in OPT1 which is cod-
ing for the main glutathione permease, was fermented in a French SB grape must and re-
sulted in a 50 % drop of 3MH and 3MHA concentrations compared to its wild type strain.
A recent study by Fedrizzi et al. (2009) identified 4-S-glutathionyl-4-methylpentan-2-one
(G-4MMP) for the first time in SB grape must. The concentration was estimated to be
approximately 5 µg/L.

1.7 Genetic regulation of volatile thiol synthesis by

yeast

The enzymatic liberation of volatile thiols from their cysteinylated precursors has been
achieved by employing cysteine β -lyases from bacteria, as described in Section 1.5. It
has also been shown that yeast is able to perform a similar cleaving activity, as it is able to
cleave cysteinylated precursor in grape juice and synthetic media. However, the gene(s)
encoding these enzyme(s) have not been identified yet.

The first research group to report on the genetic regulation of 4MMP production was
(Howell et al., 2005). Four genes BNA3, CYS3, GLO1 and IRC7 were selected by look-
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ing for similarities between cross-species carbon-sulfur (C-S) lyases and S. cerevisiae

sequences. A single-gene deletion strategy was employed and the genes were individu-
ally knocked out in haploid laboratory strain BY4742 and wine yeast VL3 (GLO1 was not
tested in VL3). Deletion mutants were fermented in a synthetic medium containing Cys-
4MMP (200 µM). All four single-gene deleted strains exhibited at least a 40 % reduction
in 4MMP production compared to their corresponding wild type strain, indicating that
all genes played an important role in the release of 4MMP. However, during the course
of this thesis Thibon et al. (2008) deleted BNA3, CYS3 and IRC7 in the same wine yeast
background using synthetic media spiked with Cys-4MMP and Cys-3MH in amounts nor-
mally encountered in French SB grape must (20 nM and 3000 nM respectively). It was
found that the amount of precursor in the media had a major impact on the outcome of the
experiment. Only the irc7 mutant exhibited a significant reduction in 4MMP (∼96 %),
3MH (∼40 %) and 3MHA (∼60 %).

In the same study Thibon et al. (2008) also investigated the effect of NCR (see Section
1.2.4) on the release of volatile thiols. It was found that wine yeast VL3, deleted in URE2,
exhibited a 2.3- to 4-fold increased thiol release (4MMP, 3MH and 3MHA), whereas
VL3 deleted in GLN3 showed a 3.3-fold decrease in all thiols. Additionally, the ure2

mutant was found to upregulate mainly the synthesis of the R-form of 3MH. These results
strongly indicate that NCR is a major regulatory mechanism for volatile thiol synthesis
in yeast. Furthermore, Thibon et al. (2008) demonstrated that IRC7 was transcriptionally
regulated by URE2, because an irc7/ure2 double mutant strain exhibited the same low-
thiol phenotype as a single-gene irc7 deletion. These results show that in synthetic media,
spiked with Cys-4MMP and Cys-3MH, IRC7 is the principal gene responsible for thiol
precursor cleavage.

Swiegers et al. (2006b) was the first to show that 3MHA can be formed from 3MH
by yeast during fermentation. Commercial wine yeast VIN13, overexpressing the gene
ATF1, was employed in the fermentation of synthetic media spiked with 1 mg/L Cys-
3MH. A 6-fold increase in 3MHA synthesis could be detected in the ferments conducted
with the overexpressed ATF1 strain compared to the wild type strain. Furthermore, the
overexpression of IAH1 in the same yeast background resulted in significant decrease of
3MHA, as did the the deletion of ATF1 in a laboratory strain (∼ 30 % decrease). The
enzyme Atf1p is an alcohol acetyltransferase mainly known for its role in the formation
of the ester ethyl acetate during wine fermentation (see Section 1.2.3), whereas Iah1p is
an esterase counteracting the function of Atf1p (Lilly et al., 2006a).
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The only indication about the genetic regulation of the uptake of potential 3MH pre-
cursors was recently provided by Subileau et al. (2008a,b). In one instance, the general
amino acid permease GAP1 (see Section 1.2.4) was deleted in a laboratory strain, which
was employed for the fermentation of synthetic media spiked with Cys-3MH (250 µg/L).
Subileau et al. (2008b) encountered a significant decrease of 3MH synthesis in ferments
conducted with the gap1-deleted strain. This indicated that the Gap1p permease was re-
sponsible for the uptake of the major part of the Cys-3MH. However, these results were
restricted to synthetic media spiked with Cys-3MH, as the gap1 strain showed no effect
on volatile thiol production in SB grape must. In another study, Subileau et al. (2008a)
investigated the effect of the main glutathione permease Opt1p on thiol synthesis in grape
must. A opt1-deleted laboratory yeast mutant exhibited a 50 % reduction in 3MH and
3MHA, which indicated that G-3MH could be a potential 3MH precursor (see Section
1.6.2).

As mentioned in Section 1.5, the conversion yields of the cysteinylated precursors into
their corresponding volatile thiols are very low, which means that less than 10 % of the
grape aromatic potential is converted into volatile thiols. In order to utilize this untapped
aroma potential, Swiegers et al. (2007) cloned and overexpressed the bacterial tnaA gene,
encoding a tryptophanase with strong cysteine-β -lyase activity, into the genome of a com-
mercial wine yeast (Vin13). Overexpression of the heterologous tnaA gene from E. coli

was achieved by utilizing the yeast promoter of phosphoglycerate kinase I, which is abun-
dantly expressed in cells growing on glucose. The overexpression resulted in∼ 25-fold in-
crease of the 3MH and 4MMP concentrations in synthetic media spiked with Cys-4MMP
(16 mg/L) and Cys-3MH (2 mg/L), and overpowering passion fruit aromas in SB wines.

1.8 Factors influencing volatile thiol concentrations in

wine

The concentration of volatile thiols in wine can be influenced by a range of parameters,
starting from viticultural practices–which influence the composition of the grape must–
winemaking practices like fermentation temperature and the choice of the yeast strain.
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1.8.1 Composition of grape must

The composition of grape must is highly dependent on climate, weather, soil and vine-
yard management. For example, SB wines from warm-climate regions in Australia and
the USA tend to exhibit lower levels of volatile thiols than SB wines from the cool-climate
region in Marlborough in New Zealand (Lund et al., 2009). A study by Peyrot des Ga-
chons et al. (2005) indicated that severe water deficit stress limits the aroma potential of
SB grapes (Cys-4MMP), but mild water deficit combined with moderate nitrogen supply
has the potential to produce grapes with increased Cys-4MMP content. The type of soil
influences both the supply of nitrogen and other nutrients to the grape vines as well as the
water supply of the vines (Peyrot des Gachons et al., 2005).

Lee et al. (2008) confirmed earlier results (Murat et al., 2001a) showing that the major
factor influencing the amount of volatile thiols in the wine, is the origin of the juice.
Commercial ferments were conducted by two wineries located in different grape-growing
regions of New Zealand (Hawke’s Bay and Marlborough) under varying wine-making
conditions. Additionally, juice sampled from the wineries was used to conduct small-
scale laboratory ferments with standard wine yeast EC1118. It was found that the major
factor influencing 3MH and 3MHA levels in wines was the source of grape juice (10-fold
differences). The strain-influence of different commercial wine yeast strains had less than
2-fold effect on 3MH and 3MHA yields.

Sarrazin et al. (2007) noted that 3MH concentration in wines made from Semillon and
SB grapes increased drastically when grapes where infected by Botrytis cinerea. Con-
centrations were correlated with severity of the Botrytis infection. A similarly designed
study correlated these 3MH increases with a 100-fold increase of Cys-3MH (Thibon et al.,
2009). The increases of Cys-3MH and 3MH could not be explained just by dehydration
of the grape berries.

1.8.2 Winemaking practices

It is known that Cys-3MH is much more abundant in the skin, whereas Cys-4MMP is
equally distributed between the skin and the juice of the grape berry (Peyrot des Gachons
et al., 2002a). Thus, prolonged skin contact has the potential to increase Cys-3MH con-
centrations in the must (Maggu et al., 2007; Murat et al., 2001a; Peyrot des Gachons
et al., 2002a). This enrichment can be maximized by increasing the temperature during
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grape-bunch pressing (Murat et al., 2001a).

As described in Section 1.2.4, the amount and nature of nitrogen has a major impact on
yeast growth and metabolism. It is therefore not surprising that nitrogen can also have a
significant impact on volatile release. On one hand, it was found the addition of DAP to
French SB grape must decreased 3MH and 3MHA concentrations in the resulting wine
significantly, on the other hand, the use of urea as the sole nitrogen source in synthetic me-
dia spiked with Cys-3MH seemed to cause an increase of the synthesized thiols (Subileau
et al., 2008b). DAP is thought to activate NCR, whereas urea does not (see Section 1.2.4).
This result indicated that thiol-influencing genes were subjected to NCR (see also Section
1.7).

1.8.3 Impact of yeast strains

Several studies looked at the impact of yeast strains on volatile thiol production (Howell
et al., 2004b; Lee et al., 2008; Murat et al., 2001a; Swiegers et al., 2006c, 2009). The
common trend in these studies is that variation in 4MMP production between the strains
is much higher (up to 25-fold) compared to the variation in 3MH (∼2-fold). Commer-
cial wine yeast strains EG8, Vin7, VL3 and X5 were generally considered to be good
4MMP producers. The 3MH to 3MHA conversion ratio amongst different yeast strains
is very variable as well and seemed not be directly related to the total amount of 3MH
or to the ability to release 4MMP (Swiegers et al., 2005a, 2009). Since 3MHA has
a much lower perception threshold than 3MH (Table 1.1), yeast strains producing high
3MHA:3MH ratios can have a great impact on the final wine aroma. Recently, Anfang
et al. (2008) demonstrated that a co-fermentation with wine yeast VL3 and an isolate of
Pichia kluyveri, at a 1:9 starting ratio, significantly increased 3MHA levels in SB wine
compared with the single species ferments.

1.8.4 Fermentation temperature

Howell et al. (2004b) was the first to report the impact of fermentation temperature on
4MMP production in synthetic medium spiked with Cys-4MMP (100 mg/L). The 4MMP
production of three yeast strains was compared when fermented at 18 ◦C and 28◦C.
Warmer conditions generally caused increases in 4MMP. However, the effect seemed
to be highly strain-dependent. This strain-dependent effect could not be confirmed by
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Masneuf-Pomarede et al. (2006), but final levels of 4MMP, 3MH and 3MHA in synthetic
media and in wines were higher when the fermentation was conducted at 20 ◦C com-
pared to 13 ◦C. Swiegers et al. (2006a) have shown that the increase of 4MMP at warmer
temperatures was restricted to the early stages of fermentation, and as the fermentation
progressed cooler fermentation temperatures led to higher concentrations of 4MMP in the
synthetic media.

1.9 Aims of this research

New Zealand is known worldwide for its distinctive aromatic Sauvignon Blanc (SB) wine.
As the volatile thiols 3MH and 3MHA have a major impact on the aroma profile of SB
wines, it is important to understand and control the formation of these compounds during
alcoholic fermentation.

At the start of this thesis, little was known about the genetic regulation of volatile thiol
synthesis in yeast during wine fermentation. The first study, published in 2005 by Howell
et al. (2005), investigated the genetic regulation of 4MMP production by yeast. How-
ever, nothing was known about the underlying molecular mechanism of 3MH and 3MHA
synthesis. During the course of this thesis, a study by Thibon et al. (2008) indicated that
in synthetic media three genes were involved in regulating the synthesis of 4MMP, 3MH
and 3MHA. These two studies were all based on synthetic media spiked with cysteiny-
lated thiol precursors and had not been tested on actual Sauvignon Blanc grape must.

The overall aim of my work was the identification of yeast genes responsible for the
formation of the volatile thiols 3MH and 3MHA during Sauvignon Blanc wine fermenta-
tion.

1. My first aim was the development of a system which would enable me to use the
poor-fermenting laboratory yeast strain BY4743 to ferment SB grape must with an
efficiency similar to those of commercial wine yeast. This was important, because
it would enable me to employ the existing single-gene deletion library, which is
based on the laboratory yeast BY4743.

2. The second aim was to compile a list of yeast candidate genes putatively influenc-
ing volatile thiol synthesis, and to screen these single-gene mutant strains for their
putative impact on volatile thiol synthesis in SB grape must.
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3. The third goal was the deletion and overexpression of thiol-influencing genes in
wine yeast in order to verify the results obtained in the laboratory yeast background.

4. The final section of my thesis describes the development of alternative assays and
the use of genetic mapping approaches, for the identification of genes putatively
responsible for the volatile thiol formation.
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2 Materials and methods

All chemicals, solutions, enzymes and living organisms in this work were used accord-
ing to good laboratory practice (OECD, 2007). Yeast and bacteria were handled un-
der sterile conditions if possible. All buffers, solutions and media were prepared with
MilliQ® filtered water (Millipore™) and were autoclaved at 121 ◦C for 15 min prior to
use unless otherwise stated. Non-autoclavable solutions were filter sterilized through
Minisart® 0.20 µm filters supplied by Sartorius™. All products used in this research
were sourced from following suppliers: Amersham Bioscience™, AppliChem™ GmbH,
B.D. Chemicals Inc.™, BDH™ Chemicals NZ Ltd., Bio-Rad Laboratories™, DIFCO
Laboratories™, GE Healthcare™, Global Science™, Invitrogen™, Merck™, New England
Biolabs™, Promega™, Qiagen™, Remel™, Roche Applied Science™, SIGMA Aldrich™,
Univar™ and Werner Bioagents™.
This work follows the International Union of Pure and Applied Chemistry (IUPAC) of sul-
fur nomenclature recommendations and uses sulfate, sulfide, sulfite, and sulfur through-
out, since the terms are generally used in a technical context.

2.1 Buffers and solutions

The buffers and solutions used in this thesis are listed in Table 2.1. All percentages are
weight by volume (w/v) unless otherwise stated.

2.2 Antibiotics

The antibiotic geneticin® (G418) was used to select for the kanMX module in yeast at a
final concentration of 200 mg/L (Wach et al., 1994). The selection for the hphMX cassette
was achieved by adding hygromycin B® to the yeast growth medium at a concentration
of 300 mg/L (Goldstein and McCusker, 1999). ClonNat (nourseothricin) successfully
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Table 2.1: Composition of buffers and solutions

Name Constituents

Chelex solution 5 % Chelex® 100 Resin (Bio-Rad™) in water
Co-TF DNA 2 mg/mL deoxyribonucleic acid sodium salt from salmon testes

(Sigma, D1626) in TE
DNA lysis buffer 1 mM EDTA (pH 8), 0.1 M NaCl, 10 mM Tris-HCl (pH 8),

1 % sodium dodecyl sulfate
Electrophoresis loading dye (6x) 30 % (v/v) glycerol, 0.25 % bromophenol blue, 0.25 % xylene

cyanol, 1x TBE
LiOAc 1 M lithium acetate
Methylene blue 0.2 g methylene blue, 20g sodium citrate dihydrate in 1 L of water
Outcrossing solution 40 U/mL lyticase, 1107 U/mL β -glucuronidase, 50 mM

dithiothreitol
P:C:I phenol:chloroform:isoamyl alcohol (25:24:1 v/v)
PEG-4000 polyethylene glycol (MW 4000)
Revco medium 40 mM K2HPO4, 22 mM KH2PO4, 1.7 mM sodium citrate,

0.4 mM MgSO4x7H2O, 30 % (v/v) glycerol
SDS 20 % sodium dodecyl sulfate in water
TBE 2 mM EDTA, 90 mM H3BO3, 90 mM Tris-HCl (pH 8)
TE 1 mM EDTA, 10 mM Tris-HCl (pH 8)
TransS1 100 mM lithium acetate
TransS2 33 % PEG-4000, 100 mM lithium acetate, 0.4x TE

selected at a concentration of 100 mg/L for the marker cassette natMX. Ampicillin was
used at a final concentration of 100 mg/L for plasmid selection in bacteria.

2.3 Growth media

2.3.1 Bacterial growth media

Luria-Bertani (LB) medium was used for standard propagation of bacteria. It contained
1 % bacto-tryptone, 0.5 % bacto yeast extract, 1 % NaCl and was adjusted to pH 7 with
NaOH. To obtain high cell densities and subsequently high plasmid yield, Terrific Broth
was used: tryptone 12 g/L, yeast extract 24 g/L, K2HPO4 9.4 g/L, KH2PO4 2.2 g/L,
glycerol 4 g/L. Preparation of solid medium was obtained by adding 1.5 % agar. SOC
medium was used as a temporary incubation medium after bacterial transformation (Sec-
tion 2.11.2). Its components were: 2 % bacto-tryptone, 0.5 % bacto yeast extract, 10 mM
NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4 and 20 mM glucose.
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2.3.2 Aerobic yeast growth media

Yeast peptone dextrose (YPD)

YPD medium was used for routine yeast culturing and contained 1 % bacto-yeast extract,
2 % bacto-yeast peptone and 2 % D-glucose. For solid medium, 2 % bacto-agar was
added to the medium prior to autoclaving.

Synthetic dextrose minimal medium (SD)

SD was described by Sherman et al. (2002) and contains a nitrogen source, salts, vitamins
and trace elements. It was used to select against amino acid auxotrophy in yeast. SD
contained 0.67 % bacto-yeast nitrogen base without amino acids, 2 % bacto-agar and 2 %
D-glucose. Supplementing SD with the appropriate amino acid and/or nucleotide allowed
auxotrophic yeast to grow. Table 2.2 lists the standard supplementation used for growth
under aerobic conditions.

Table 2.2: Standard supplementation under aerobic conditions

Constituent Stock (mg/mL) Final concentration (mg/L)

Adenine sulfatea 2 20
L-arginine-HCl 10 20
L-aspartic acida,b 10 100
L-glutamic acida 10 100
L-histidine-HCl 10 20
L-isoleucine 10 30
L-leucine 10 30
L-lysine-HCl 10 30
L-methionine 10 20
L-phenylalaninea 10 50
L-serine 80 400
L-threoninea,b 40 200
L-tryptophan 10 20
L-tyrosine 2 30
Uracila 2 20
L-valine 30 150
a Stock solution stored at room temperature.
b Stock solution added after autoclaving the media.
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Synthetic dextrose minimal medium (SD) for geneticin and hygromycin B

selection

Because ammonium sulfate impedes the function of G418 and hygromycin, synthetic
medium containing these antibiotics was made up with 0.1 % sodium-L-glutamate as
a nitrogen source, 0.17 % bacto-yeast nitrogen base without amino acids and without
ammonium sulfate. Bacto-agar (2 %) was added to plates if needed.

Modified synthetic dextrose minimal medium (MSD)

To enable screens for sulfur and nitrogen compounds as a sole sulfur or nitrogen source,
SD was modified. MSD is based on medium described by Cherest and Surdin-Kerjan
(1992). Table 2.3 summarises all the constituent chemicals and their concentrations. Since
the use of bacto-agar resulted in background growth, especially in the S-free MSD, all the
screens were conducted in liquid media.

Table 2.3: Composition of modified synthetic minimal medium (MSD)

Name Constituents

Carbon source 2 % D-glucose
Iron 0.05 µg/mL FeCl3x6H2O
Mineral salts without nitrogen 0.7 mM CaCl2x2H2O, 6.6 mM KH2PO4 , 0.5 mM

K2HPO4, 2 mM MgCl2x6H2O, 1.7 mM NaCl
Trace salts without sulfur 0.04 µg/mL CuCl2xH2O, 0.5 µg/mL H3BO3, 0.1 µg/mL

KI, 0.19 µg/mL ZnCl2
Vitamins and growth factors 0.02 µg/mL biotin, 2 µg/mL calcium pantothenate,

0.2 µg/mL folic acid, 20 µg/mL myo-inositol, 2 µg/mL
nicotine acid, 2 µg/mL pyridoxine HCl, 0.2 µg/mL
p-aminobenzoic acid, 0.2 µg/mL riboflavin, 2 µg/mL
thiamine HCl

Nitrogen source (omitted for N-free MSD) 15 mM NH4Cl
Sulfur source (omitted for S-free MSD) 1 mM Na2SO4

Minimal acetate medium (MAM)

MAM plates were used to induce yeast sporulation and consisted of 1 % potassium ac-
etate, 0.1 % bacto-yeast extract, 0.05 % D-glucose, 0.0025 % zinc sulfate and 2 % agar.
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2.3.3 Anaerobic yeast growth media

Synthetic grape medium (SGM)

Since the constitution of natural grape juice is not fully defined and is prone to seasonal
changes, chemically defined SGM was used in some fermentation experiments. Addi-
tionally, to reduce the osmotic pressure and final ethanol concentration, SGM without
glucose and fructose was mixed in a ratio of 1 to 4 with natural grape juice. The basic
composition of SGM was from Henschke and Jiranek (1993), but the amino acid and di-
ammonium phosphate supplementation, were adjusted to reflect Sauvignon Blanc juice
from the Marlborough region in New Zealand (2004-2006). All stock solutions were
autoclaved and kept at room temperature except for vitamins and iron(II) sulfate, which
were filter sterilized and stored at 4 ◦C. Table 2.4 defines the ingredients of SGM.

Sauvignon Blanc (SB) grape juice

SB grape juice from the Marlborough region in New Zealand was provided by Pernod
Ricard NZ. It was commercially harvested and stored at -20 ◦C prior to use. The juice of
the year 2004 was sourced from the Squire vineyard (Rapaura, Marlborough), whereas the
juices of the years 2005 and 2006 were a blend of three different sites in the Marlborough
region: Awatere, Brancott and Rapaura. One litre of juice was sterilized with 200 µL
dimethyl dicarbonate (DMDC) and incubated at 25 ◦C with 100 rpm shaking for 12 h
prior to start of fermentation. The basic properties of the grape juices are listed in Table
2.5.

2.4 Micro-fermentations

Ferments were conducted in triplicate or duplicate unless stated otherwise.

2.4.1 Pre-culture and determination of yeast counts

Yeast was streaked out from a -80 ◦C stock solution and grown for two days at 28 ◦C on
YPD plates. Single yeast colonies were then used to inoculate liquid YPD medium and
grown at 28 ◦C, 150 rpm for 24 h. Since ergosterol is synthesized by yeast only in the
presence of oxygen, YPD culture volumes were no more than 20 % of the flask volumes.
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Table 2.4: Composition of synthetic grape medium (SGM) with a YAN of 300 mg/L

Carbon source and major salts g/L Amino acids and nitrogen source mg/L

D-glucose 105 L-alanine 100
D-fructose 105 L-arginine 302
CaCl2x2H2O2 0.44 L-aspartic acid 50
Citric acid 0.20 L-cysteine 5
L-malic acid 3 L-glutamic acid 75
MgSO4x7H2O 1.23 L-glutamine 125
K2HPO4 1.14 L-glycine 5

Trace minerals µg/L

CoCl2x6H2O 24 L-histidine 20
CuSO4x5H2O 50 L-isoleucine 25
FeSO4x7H2O 70 L-leucine 25
H3BO3 6 L-lysine 6
KIO3 11 L-methionine 10
MnCL2x4H2O 248 L-phenylalanine 37.5
NaMoO4x2H2O 24 L-proline 75
ZnSO4x7H2O 288 L-serine 50

Vitamins mg/L

Biotin 0.125 L-threonine 75
Calcium pantothenate 1 L-tryptophan 10
Folic acid 0.2 L-tyrosine 10
Myo-inositol 100 L-valine 25
Nicotinic acid 2 (NH4)2HPO4 612
p-aminobenzoic acid 0.2
Pyridoxine HCl 2
Riboflavin 0.2
Thiamine HCl 0.5
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Table 2.5: Properties of Sauvignon Blanc grape juice from Marlborough, NZ

grape juice of year grape juice of year
Amino acids (mg/L) 2004 2005 2006 Properties 2004 2005 2006

L-alanine 76 94 150 YAN (mg/L) 244 330 194
L-arginine 271 553 665 Degree brix 22.1 22.2 22.8
L-aspartic acid 41 64 58 pH 3.1 3.1 3.1
L-cysteine 7 1 2 TA (g/L) 12.4 9.9 10.5
L-cysteic acid nd 4 4 VA (g/L) 0.1 0.17 0.3
L-glutamic acid 62 146 184 Tartaric acid (g/L) 4.9 5.8 4.7
L-glutamine 177 nd nd Malic acid (g/L) 6.1 4.2 3.7
L-glycine 2 2 3
L-histidine 24 27 28
L-isoleucine 27 22 18
L-leucine 38 29 24
L-lysine nd 6 4
L-methionine nd 6 6
L-phenylalanine 45 48 38
L-proline 51 286 449
L-serine 42 63 79
L-threonine 58 75 84
L-tryptophan 11 13 15
L-tyrosine 6 11 13
L-valine 27 30 29
nd = not determined
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To determine the cell numbers per mL of medium, 10 µL of an appropriately diluted
well-vortexed culture was transferred to a Neubauer hemocytometer. After a cover slip
was placed on top of it, yeast cells in 5 of the large squares from two separate counting
chambers were counted under a 40x objective (Figure 2.1). Following rules were applied:
budding yeast cells were counted as one cell unless the buds were of equal size, yeast
cells touching the top and left-hand side of each large square were counted but no cells
touching the bottom or right-hand side, the medium was diluted so that the cell numbers of
ten squares ranged between 30-400. Following formula was used to calculate the number
of cells per mL:

Cells per mL =
(cells in 10 squares)×dilution factor

4
× (1·105) (2.1)

Methylene Blue was used to determine cell viability by mixing it 1:1 with the diluted
culture. After five min of incubation at room temperature, cells were counted as described
above. Only viable cells were able to reduce Methylene Blue to a colourless residue at
the cell walls, whereas dead cells appeared blue.

Pre-cultures were centrifuged at 2800 g for 4 min and the YPD supernatant was dis-
carded. Cells were resuspended in different volumes of fermentation medium to adjust all
pre-cultures to the same number of cells per mL.

2.4.2 Micro-fermentation set-up and monitoring

All ferments were conducted in 250-mL conical flasks sealed with standard home-brewing
fermentation locks filled with 2 mL of sterile water. The working volume was 200 mL
of SB grape juice, SGM or a mixture of both, inoculated at a concentration of 2.5 x 106

yeast cells per mL. A non-inoculated negative juice control was included in all micro-
fermentation experiments. The fermentation was performed at either 15 ◦C or 25 ◦C with
100 rpm shaking. Fermentation progress was monitored by weight loss every 12 h during
the logarithmic growth of the ferment and every 24 h afterwards. The rate of conversion
of glucose to ethanol correlates with production of CO2 and a corresponding weight loss
from the flask (Bely et al., 1990). Starting with 22 °Bx, complete fermentation of the
sugar in the juice i.e. dryness, is expected to produce a weight loss of around 21 g.
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Figure 2.1: Counting chamber of a hemocytometer. The number of yeast cells in the shaded
squares of two separate counting chambers was used to calculate the total concentra-
tion of cells in the medium (Formula 2.1).

2.4.3 Harvesting the ferment

Weight loss constancy was reached when the inoculated ferment lost approximately the
same amount of weight than the uninoculated juice control (assumed to be evaporation).
However, to prevent oxidation ferments were normally harvested when they lost ≤ 0.2 g
per 24 h. In the 2005 SB grape juice a ferment was considered to be finished when it lost
about 20.7 g in total from a starting volume of 200 mL. Juices of different years varied
in their sugar concentration (◦Bx) and hence the absolute total weight loss of a finished
ferment varied as well. Ferments were harvested via centrifugation (6000 g, 10 min)
to remove yeast cells and other solids. All wine samples were then DMDC-treated as
described under Section 2.3.3 and stored at -20 ◦C prior to analysis.

2.5 Automated measurements of optical density (OD)

with the Bioscreen C analyzer

Continuous OD measurement was achieved by employing the Bioscreen C analyzer (Oy
Growth Curves Ab Ltd). A total volume of 150 µL of grape juice was inoculated with 2.5
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x 106 cells/mL in a 100-well microtiter plate, which was then covered with a tight fitting
plastic lid. After placing the microtiter plate into the temperature controlled Bioscreen
C analyzer, OD readings of up to 200 samples (two plates) were taken simultaneously
every 15 min. Cultures were shaken vigorously (setting high) for 75 s prior to each mea-
surement. All experiments were initially carried out in quintuples and were reduced to
triplicates by omitting the samples with the lowest and highest OD readings after the ex-
periment. Negative uninoculated controls were always included, but are not shown in the
results.

2.6 Yeast growth assays for cysteinylated derivatives

This assay was developed to determine if yeast is able to use cysteinylated derivatives as
a sole sulfur and nitrogen source. The development of the assay is described in further
detail in Appendix A.1.

2.6.1 Cysteinylated derivatives as a sole sulfur source

The sulfur-free MSD medium for yeast is based on Cherest and Surdin-Kerjan (1992) and
is listed in Table 2.3. Single yeast colonies were transferred into a flat-bottomed, 96-well
microtiter plate filled with 200 µL of YPD-broth per well, sealed with sticky aluminium
foil and grown overnight at 28 ◦C and 200 rpm shaking. By using a 96-pin replica-plater,
pre-cultured cells were picked up off the plate, dipped two times into 96-well-plates filled
with sterile water to get rid of the YPD-broth and to dilute the cells, before the starva-
tion medium consisting of sulfur-free MSD medium was inoculated. After incubation for
24 h as described above, cells were then replica plated into sulfur-free medium supple-
mented with the appropriate cysteinylated derivative at a final concentration of 0.5 mM
and incubated for 48 h as described above. The addition of cysteine (0.5 mM) was used
as a positive control and the medium without any sulfur as negative control. Growth was
scored by assessing final cell density visually on a scale of 0-4.

2.6.2 Cysteinylated derivatives as a sole nitrogen source

Cysteinylated derivatives were also tested if they could be used by yeast as a sole nitrogen
source. The procedure was followed as described in section 2.6.1 with the exception
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of omitting NH4Cl and adding Na2SO4 (1 mM) as a sulfur source to the now nitrogen-
free medium. The medium was supplemented with cysteinylated derivatives at a final
concentration of 15 mM. Ammonium sulfate (15 mM) was used as a positive control and
the medium without any nitrogen as a negative control.

2.7 Organisms

2.7.1 Bacterial strains

The Escherichia coli strain DH10β [F-, mcrA, ∆(mrr-hsdRMS-mcrBC), φ80dlacZ∆M15,
∆lacX74, deoR, recA1, endA1, ara∆139 D(ara, leu)7697, galU, galK λ -rpsL, nupG] was
used as a bacterial host for the propagation of plasmids in this work.

2.7.2 Yeast strains

Yeast strains used in this work belong to the species Saccharomyces cerevisiae unless
otherwise stated. All yeast strains are listed in Table 2.6.

Table 2.6: Saccharomyces cerevisiae strains and their properties

Strain Genotype, origin and comments

03-461.4 1.0x; UWOPS collection; nectar from Bertam palm; Malaysia; Race uvarum
05-217.3 1.0x; UWOPS; mel-; nectar from Bertam palm; Malaysia
05-227.2 1.0x; UWOPS; mel+; Trigona (bee) from Bertam palm; Malaysia
273614X 0.9x; clinical isolate, faecal; RVI, Newcastle, UK
322134S 1.0x; clinical isolate, throat-sputum; RVI, Newcastle, UK
378604X 1.1x; clinical isolate, sputum; RVI, Newcastle, UK
43 Uvaferm Wine yeast; selected for its ability to restart stuck ferments; Lallemand
71B Lalvin Wine yeast isolated in Narbonne, France by INRA; Lallemand
83-787.3 0.9x; fruit from Opuntia stricta; Bahamas
87-2421 1.0x; UWOPS; cladode from Opuntia megacantha, Hawaii
AC Lalvin Wine yeast; selected from fermentation in the Nantes region, France; Lallemand
BCDL Wine yeast
Bordeaux Red Enoferm; wine yeast; isolate of UCD-725; Lallemand
BY4716 MATα , lys2-∆0; laboratory strain; all BY strains are derived from S288c
BY4741 MATa, his3-∆1, leu2-∆0, met15-∆0, ura3-∆0; laboratory strain; EUROSCARF

Continued on next page
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Table 2.6 – continued from previous page

Strain Genotype, origin and comments

BY4742 MATa, his3-∆1, leu2-∆0, lys2-∆0, ura3-∆0; laboratory strain; EUROSCARF
BY4743 MATa/α , his3-∆1/his3-∆1, leu2-∆0/leu2-∆0, LYS2/lys2-∆0, met15-∆0/MET15,

ura3-∆0/ura3-∆0
BC186 Monosporic isolate from YPS606, which was isolated from oak tress;

Justin Gerke (Washington University in St. Louis)
BC186-u ura3, spontaneous mutant of BC186; W. + M. Timberlake, this laboratory
BC186-l lys2, spontaneous mutant of BC186; W. + M. Timberlake, this laboratory
BC187 Monosporic isolate from wine barrel; Napa Valley, USA; Justin Gerke
BC187-l lys2, spontaneous mutant of BC187; W. + M. Timberlake, this laboratory
BC187-u ura3, spontaneous mutant of BC187; W. + M. Timberlake, this laboratory
BC233 SPS2:EGFP:kanMX4/SPS2:EGFP:kanMX4; derived from BC186; Justin Gerke
BC240 SPS2:EGFP:natMX4/SPS2:EGFP:natMX4; derived from BC187; Justin Gerke
BC241 SPS2:EGFP:hygMX4/SPS2:EGFP:hygMX4; derived from BC187; Justin Gerke
BC248 SPS2:EGFP:hygMX4/SPS2:EGFP:hygMX4; derived from BC186; Justin Gerke
B.C. S103 Wine yeast isolated from Chard. musts; Champagne area; Springer Oenologie
C Lalvin Wine yeast; Lallemand
Coll. Cépage Chard. Wine yeast; DSM
CM52 MATα , his3-∆200, leu2-∆1, lys2-∆202, trp1-∆63, ura3-52 ; laboratory strain
Cote des Blanc Wine yeast
DBVPG1106 0.7x; grapes; Australia
DBVPG1373 1.3x; soil; Netherlands
DBVPG1788 1.2x; soil; Finland
DBVPG6040 0.9x; fermenting fruit juice; Netherlands
DBVPG6044 1.4x; Bili wine; West Africa
DBVPG6765 3.3x; no further information
EC1118 Lalvin Prise de Mousse; wine yeast isolated in Champagne; Lallemand
EC1118-T1-4 monosporic haploids of EC1118; H. Niederer, this laboratory
F10 Zymaflore Wine yeast; Bordeaux Faculty of Oenology and Laffort Oenologie
F10 h MATa, ho::hphMX, ura3-∆0; H. Niederer, this laboratory
F15 Zymaflore Wine yeast; Bordeaux Faculty of Oenology and Laffort Oenologie
F15 h MATα , ho::hphMX; H. Niederer this laboratory
F15 h, aux MATα , ho::hphMX, ura3-∆0; H. Niederer, this laboratory
Fermichamp Wine yeast; selected in Alsace by INRA, Narbonne, France
FY23 ura3-52, leu2-∆1, trp1-∆63
G135 Bioethanol strain, Brazil
ICV-D254 Wine yeast; selected from Syrah fermentations in Gallician, France
ICV-D80 Anaferm Red; wine yeast

Continued on next page
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Table 2.6 – continued from previous page

Strain Genotype, origin and comments

ICV-GRE Wine yeast isolated in the Rhône valley by Dominique Delteil,
Institut Coopératif du Vin

ICV-GRE h MATα , ho::hphMX, ura3-∆0; H. Niederer, this laboratory
ICE-K1 Lalvin V1116; wine yeast; isolated in the south of France; Lallemand
K11 0.9x; Shochu Sake strain; Awamori-1
Klosterneuburg Oenoferm; wine yeast selected in Austria; Erbslöh
L-1528 1.2x; wine; Chile
L2056 Lalvin Wine yeast selected in Côte du Rhône region, France; Lallemand
M2 Lalvin Wine yeast, Lallemand
M2 h MATα , ho::hphMX, ura3-∆0 ; H. Niederer, this laboratory
Maurivin B Wine yeast; capacity to consume high quantities of malic acid
Montrachet Wine yeast; derived from the collection UC Davis (#522); LeSaffre
MT Lalvin Wine yeast; selected in Saint-Émilion, France; Lallemand
NCYC110 0.9x; ginger beer from Zingiber officinale; West Africa
NCYC361 0.7x; beer spoilage strain from wort; Ireland
NT50 Anchor Wine yeast; hybrid of S. cerevisiae and S. kudriavzevii; South Africa
Pasteur Red Wine yeast; derived from collection of the Institute Pasteur, Paris; LeSaffre
Premier Cuvée Wine yeast
R2 Lalvin Wine yeast; isolated in the Sauternes region, Bordeaux; Lallemand
RA17 Lalvin Wine yeast; Burgundy, France; Lallemand
RB2 Zymaflore Wine yeast; Laffort Oenologie
RC212 Lalvin Wine yeast; selected from fermentations in the Burgundy region; Lallemand
R-HST Wine yeast; short lag phase; selected in Riesling fermentations; Austria
RM11 Homozygous diploid derived from Bb32(3) a natural isolate

collected by Robert Mortimer from a Californian vineyard
RM11-1a MATα , leu2-∆0, ura3-∆0, ho::KanMX; derived from RM11
RM11-1b MATa, lys2-∆0, ura3-∆0, ho::KanMX; derived from RM11
S101 Saint Georges; wine yeast; Beaujolais area, France; Springer Oenologie
S288C 1.2x; MATa, mal, mel, gal2, flo1, flo8-1; laboratory strain; rotting fig; California
SB Monosporic diploid from Lalvin Bo213, a high sulfide producer; P. Marullo
SK1 3.6x; laboratory strain; soil; USA
SVG Uvaferm Wine yeast; selected in the Loire valley, France; Lallemand
VIN7 Anchor Wine yeast; hybrid of S. cerevisiae and S. kudriavzevii
VL1 Zymaflore Wine yeast; Bordeaux Faculty of Oenology and Laffort Oenologie
VL2 Zymaflore Wine yeast; produces strong varietal characters in Chard.; Laffort Oenologie
VL3 Zymaflore Wine yeast; Bordeaux Faculty of Oenology and Laffort Oenologie
W15 Lalvin Wine yeast; isolated from Müller Thurgau must; Switzerland; Lallemand

Continued on next page
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Table 2.6 – continued from previous page

Strain Genotype, origin and comments

W27 Lalvin Wine yeast; Viticulture Research Station Wädenswil (Switzerland); Lallemand
W303 2.4x; laboratory strain; Eurofan 64/A
X5 Zymaflore Wine yeast; Bordeaux Faculty of Oenology and Laffort Oenologie
Y12 0.9x; NRRL-Y12663; palm wine strain; Africa
Y9 0.8x; NRRL-Y5997; Ragi (similar to sake wine); Japan
YJM450 Clinical isolate; John McCusker
YJM975 1.0x; clinical isolate, vagina; Bergamo, Italy
YJM978 1.1x; clinical isolate, vagina; Bergamo, Italy
YJM981 0.8x; clinical isolate, vagina; Bergamo, Italy
Yllc17_E5 1.0x; wine; no growth on minimal media; Sauternes, France
YPS128 1.3x; oak tree isolate; Pennsylvania, USA
YPS606 1.6x; oak tree isolate; Pennsylvania, USA
YS2 0.7x; baker strain; Australia
YS4 1.1x; baker strain; Netherlands
YS9 1.0x; baker strain; Singapore; LeSaffre

aux. = auxotroph, h = haploid, Strains with the notation N.Nx were derived from the Saccharomyces
Genome Project (SGRP). N.NX indicates the degree of sequence coverage (as of 22/01/2008).
"Wine yeast" indicates strains that were derived from commercial suppliers.

2.7.3 Long term storage of bacteria and yeast

If bacteria and yeast required storage for longer than four weeks, cells from a 2-mL
overnight liquid culture were harvested via centrifugation (4500 g, 2 min), resuspended
in 1 mL of Revco medium and stored at −80 ◦C.

2.8 Plasmids

A derivative of the centromeric yeast plasmid pFL38 (Ampr, ARS-CEN, kanMX, natMX,

ORI, URA3; constructed and supplied by Kien Ly, this laboratory) acted as positive control
during yeast transformation. To determine the transformation efficiency during bacterial
transformation the plasmid cloning vector pUC19 (Ampr, ColE1) was employed. The
2µ-based plasmid pFLR-A (Ampr, ORI, URA3) was used for cloning of the E. coli tryp-
tophanase gene (tnaA). This plasmid was derived from the yeast expression vector pFL61
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(Minet et al., 1992) and included a new multiple cloning site (MCS) inserted at a NotI site
(Drummond, 2004).

2.9 Preparation of DNA

2.9.1 Chelex yeast genomic DNA isolation

For a fast and crude extraction of genomic DNA from yeast the Chelex method was used.
Under constant stirring a total volume of 200 µL Chelex solution (Table 2.1) was trans-
ferred into a 1.5-mL microfuge tube. After adding a single colony to this solution using
a sterile toothpick, the tube was boiled (100 ◦C) in an oil bath for 10 min, vortexed vig-
orously for 1 min and immediately placed on ice for 5 min. Following centrifugation for
5 min at 12000 g, the supernatant was transferred into a new microfuge tube and stored at
−20 ◦C until aliquots (5−10 µL) were used for PCR reactions.

2.9.2 P:C:I yeast genomic DNA isolation

If high DNA quality and quantity was required, the following protocol was used.
Cells of a freshly grown YPD-broth over-night culture (10 mL) were collected via cen-
trifugation (2000 g, 2 min) and washed once with 0.5 mL of water. After centrifugation
for 30 sec at 2000 g the supernatant was discarded and the cells were resuspended in
230 µL of DNA lysis buffer (Table 2.1). Subsequently, 0.4 g of acid-washed glass beads
(425-600 µm diameter) and 200 µL of P:C:I (Table 2.1) were added. The yeast cell walls
were broken open by vigorously vortexing the microfuge tube for 4 min. Following a
centrifugation at 12000 g for 5 min the aqueous top-layer phase was transferred to a new
microfuge tube and 600 µL of ice-cold absolute ethanol were added to precipitate the
DNA. Centrifugation (12000 g, 5 min) was carried out to pellet the DNA, which was then
dried under vacuum for 10 min. Subsequent RNA digestion was achieved by resuspend-
ing the DNA pellet with 400 µL of TE buffer and 3 µL RNase A (10 mg/mL) followed
by an incubation for 10 min at 37 ◦C. In a final precipitation step 41 µL of 3M NaOAc
and 900 µL of ice-cold absolute ethanol were added, the mixture centrifuged and the pel-
let vacuum dried as described above. After resuspending the dried pellet with 100 µL of
water, the DNA was quantified (Section 2.9.5) and stored at −20 ◦C until used for PCR.
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2.9.3 Isolation of plasmid from bacteria

Plasmid DNA from bacteria was isolated by using the High Pure Plasmid Isolation Kit
(Roche Applied Sciences ™). A total volume of 4 mL Terrific Broth supplemented
with the appropriate antibiotic was inoculated with a single bacterial colony of the strain
DH10β containing the plasmid of interest and incubated overnight with shaking at 37 ◦C.
The manufacturer’s instructions were followed thereafter.

2.9.4 Purification of PCR products

If amplified PCR products were used for subsequent transformation and/or sequencing,
DNA was purified by using the High Pure PCR Product Purification Kit (Roche Applied
Sciences ™).

2.9.5 Quantification of nucleic acids

The concentration of nucleic acid present in solution was determined by using a Nanodrop
spectrophotometer (ND-1000), which measures the absorbance of a sample at 260 nm.
Purity could be estimated by calculating the A260/A280 ratio. A ratio of 1.8 was considered
to be pure for DNA, whereas RNA samples with a ratio of 2.0 were regarded as high in
quality.

For crude quantification of DNA content in a sample, electrophoresis through an agarose
gel was performed (Section 2.10.3). The band intensity of the sample was compared vi-
sually with bands of known DNA quantity, which normally was a high molecular weight
ladder (1kb-plus, Invitrogen™). As a result, the DNA quantity in the samples was esti-
mated.

2.10 Manipulation and visualisation of DNA

2.10.1 Oligonucleotides

All oligonucleotides were designed using Primer3Plus and NetPrimer software unless
otherwise stated. Primers were synthesized by Invitrogen™ and are based on the Sac-

charomyces cerevisiae laboratory strain S288C (SGD). Table 2.7 lists all oligonucleotides
used in this thesis and their applications.
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Table 2.7: Oligonucleotides used in this thesis

Name Sequence 5’-3’ Use (source, if other than author)

Cys3-F CACTGGACCCCATACCACTT Combined with Cys3-R: amplification
of CYS3 or cys3::KanMX4 replacement

Cys3-R GGAAGCAGGCTTCTGCTCTA See above
Cys3-F-test ACGAGATTAGCGACCTCGAA Combined with Cys3-R-test test primer

for cys3::KanMX4 replacement
Cys3-R-test GCGGATGAGTAAGCGAAGAG See above
Cys4-F ATATCCGGCATATGCAGTCC Combined with Cys4-R: amplification

of CYS4 or cys4::KanMX4 replacement
Cys4-R GGTTTCGCAAGACCTCAAAC see above
Cys4-F-test AGCGCTGACAAAGCTTCATT Combined with Cys4-R-test: test primer

for cys4::KanMX4 replacement
Cys4-R-test TGACGGCCTGTTCTTCTTCT see above
Dug1-F CCTCTGACACCCTTTCCAGA Combined with Dug1-R: amplification

of DUG1 or dug1::KanMX4 replacement
Dug1-R CACCCATACTGGTATCTCTTTGC see above
Dug1-F-test AGCAGACGCAAGAAGGAAAA Combined with Dug1-R-test: test primer

for dug1::KanMX4 replacement
Dug1-R-test TTGGTGCAGCAGTTCTTGAG see above
Dug1-Res-F ACGCTGCAACTGGCTCTAAG Combined with Dug1-R: amplification

of DUG1 alleles for AVAII digest
Gln3-F GATTCCGTCCATTCATGCTT Combined with Gln3-R: amplification of

GLN3 or gln3::KanMX4 replacement
Gln3-R GAACTGTCATTTCATTGGATGG see above
Gln3-F-test ATAGCGTCACAGTGCACACC Combined with Gln3-R-test: test primer

for gln3::KanMX4 replacement
Gln3-R-test AGCCATCCATATGCGTCAAT see above
Irc7-F GGCAATCAAGATCGGAAAGA Combined with Irc7-R: amplification of

IRC7 or irc7::KanMX4 replacement
Irc7-R GTCAAGCTCAAGCCTGGTTC see above
Irc7-F-test TACACCAGCCCGGATTTAAG Combined with Irc7-R-test: test primer

for irc7::KanMX4 replacement
Irc7-R-test TACGGGCTCTTCGGTTACTG see above
Met17-F GGGTTCGAATCCCTTAGCTC Combined with Met17-R: amplification of

MET17 or met17::KanMX4
Met17-R GCCTCTAGCAGCAACGAAAT see above
Met17-F-test GAGTTTGGCCGAGTGGTTTA Combined with Met17-R-test: test primer

Continued on next page
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Table 2.7 – continued from previous page

Name Sequence 5’-3’ Use (source, if other than author)

for met17::KanMX4 replacement
Met17-R-test TCGAGGTTAGAGGAAGCTGAAG see above
Npr1-F ACGCATCCCACAATTCCTAC Combined with Npr1-R: amplification of

NPR1 or npr1::KanMX4 replacement
Npr1-R GCTGCCTGTGACATTATGGA see above
Npr1-F-test GGAATAGTCGCGCATTTTGT Combined with Npr1-R-test: test primer

for npr1::KanMX4 replacement
Npr1-R-test ACCGGTACACCTGGCTGATA see above
Shm2-F AAGCTGCCCACACTGCTTAT Combined with Shm2-R: amplification of

SHM2 or shm2::KanMX4 replacement
Shm2-R AACAGTGGTGCCAAAGGATT see above
Shm2-F-test CAATCCCGCTTTACAAGCAC Combined with Shm2-R-test: test primer

for shm2::KanMX4 replacement
Shm2-R-test GGAGAAGCATGGGTAAGCAG see above
tnaA-F AAAATAGCGGCCGCATGAA Combined with tnaA-R: amplification of

GGATTATGTAATGGAAAAC tnaA; NotI cut site
tnaA-R AAAATACTCGAGTTAAACT see above; XhoI cut site

TCTTTAAGTTTTGCGGTG

Ure2-F ACCATAGAACGCCGAAACAG Combined with Ure2-R: amplification of
URE2 or ure2::KanMX4 replacement

Ure2-R TGAACAAAAACCGTTTGCAT see above
Ure2-F-test GCACTACATGCGGAGAATCA Combined with Ure2-R-test: test primer

for ure2::KanMX4 replacement
Ure2-R-test TCGGGAAATCTTGCCTTAAA see above
UKP-Atf1-test-F GCTTGCGATTTACGGTTTTT Combined with UKP-Atf1-test-R:

test primer for integration of UKP
UKP-Atf1-test-R CAGGCAGATTTCCCTCAAAG see above (Heather Niederer)
UKP-Cys3-F ATTTGCACCTTATACATATACA Combined with UKP-Cys3-R: amplifi-

CACAAGACAAAACCAAAAAAAA cation of uracil-kanMX-PGK with 45 bp
TGTCGGGGCTGGCTTAACTAT overhang homology to gene CYS3

UKP-Cys3-R ATGAATGGCCTTGGTAGCAAATTT See above
ATCAGATTCTTGTAGAGTCATGTT

TTATATTTGTTGTAAAAAGTAG

UKP-Cys3-test-F CGTGCCAGATTGAATTTTGA Combined with UKP-Cys3-test-R:
test primer for integration of UKP

UKP-Cys3-test-R AGGAGAAAGCCAACCCGTAT See above
UKP-Cys4-F CACTTGCTCAAAGGACATCTAG Combined with UKP-Cys4-R: amplifi-

Continued on next page
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Table 2.7 – continued from previous page

Name Sequence 5’-3’ Use (source, if other than author)

ATAAATACGACGTAAGAATAAA cation of uracil-kanMX-PGK with 45 bp
AGTCGGGGCTGGCTTAACTAT overhang homology to gene CYS4

UKP-Cys4-R GATAACGTTATGTCTTGAATCGGC See above
TTGCTGCTCAGATTTAGTCATGTT

TTATATTTGTTGTAAAAAGTAG

UKP-Cys4-test-F CGTGATGCTTCTATGCCAAA Combined with UKP-Cys4-test-R:
test primer for integration of UKP

UKP-Cys4-test-R AGCTTCAGCTTCTTCCACCA See above
UKP-Gln3-F GACGAGAGAGAGCACAGGGCCC Combined with UKP-Gln3-R: amplifi-

CCTTTTCCCCCACCAACAAACA cation of uracil-kanMX-PGK with 45 bp
AGTCGGGGCTGGCTTAACTAT overhang homology to gene GLN3

UKP-Gln3-R ATTCAGCAGGTCGTACAGCTTCG See above
AATTTTCGGGGTCGTCTTGCATG

TTTTATATTTGTTGTAAAAAGTA

UKP-Gln3-test-F GACATGGCAATGCTGAGAGA Combined with UKP-Gln3-test-R:
test primer for integration of UKP

UKP-Gln3-test-R TTGCCACTACTCTGGCTCCT See above
UKP-Irc7-F AACTGTGAATATAAAATTCCAG Combined with UKP-Irc7-R amplifi-

CAAAAACCAAAATATTCACTAC cation of uracil-kanMX-PGK with 45 bp
AGTCGGGGCTGGCTTAACTAT overhang homology to gene IRC7

UKP-Irc7-R TTGCGTAGTAATACCAAACTTCG See above
ATAACTCGGTACGATCAATCATG

TTTTATATTTGTTGTAAAAAGTA

UKP-Irc7-test-F TGGGACACCACAATGAAAAA Combined with UKP-Irc7-test-R:
test primer for integration of UKP

UKP-Irc7-test-R GAACCTGCTGTCCCGTAAAA See above
UKP-Shm2-F TACCCCATAGCAAAGCATAACA Combined with UKP-Shm2-R: amplifi-

GCTTAAACCGAATCCTCCTTAA cation of uracil-kanMX-PGK with 45 bp
CGTCGGGGCTGGCTTAACTAT overhang homology to gene SHM2

UKP-Shm2-R AGAGGTGATCAACTTATGATGAG See above
CGTCGGATAGAGTGTAAGGCATG

TTTTATATTTGTTGTAAAAAGTA

UKP-Shm2-test-F GCTTCCCTTAGTTTGCGTTC Combined with UKP-Shm2-test-R:
test primer for integration of UKP

UKP-Shm2-test-R CAATCAAATCGATGGAGTGC See above
3’kanI-F GGTCGCTATACTGCTGTC Used as test primer in deletion

and overexpression experiments

Continued on next page
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Table 2.7 – continued from previous page

Name Sequence 5’-3’ Use (source, if other than author)

5’kanI-R GCACGTCAAGACTGTCAAGG See above (Heather Niederer)
PGK5’+Ho5’-F TATTTTGGCTTCACCCTCATACT Combined with Ho5’+Tef-R:

ATTATCAGGGCCAGAATTAATTA amplification of Ho5’ with homology-
ACTGTTTCTATGCCTTTCTCT overhang to PGK5’ and TEF region

Ho5’+Tef-R ATGTATGGGCTAAATGTACGGG See above (Bakir Al-Sinawi)
CGACAGTCACATCATGGCTTAT

GAGGATATGGATTTA

TEF+PGK5’-R CGTGCTTTATGAGGGTAACATC Combined with TEF5’-F:
AATTCAAGAAGGAGGGAAACAC amplification of the TEF-natMX-TEF
TCGTTTTCGACACTGGAT construct

TEF5’-F AGAATACCCTCCTTGACAGT See above (Bakir Al-Sinawi)
PGK3’+Ho3’-F TTCCCATTCGATATTTCTATGT Combined with Ho3’+PGK3’-R:

TCGGGTTCAGCGTAAATGTGTA amplification of Ho3’ with homology-
TATTAGTTTAAAAAGTTG overhang to PGK3’

Ho3’+PGK3’-R ACAATTTCACACAGGAAACAGCT See above (Bakir Al-Sinawi)
ATGACCATGATTACGCTTAATTA

ATTCCAAGTCCAAGATTGAAG

2.10.2 Polymerase chain reaction

Polymerase chain reactions (PCR) were performed in a GeneAmp PCR-system 9700 ther-
mocycler (Applied Biosystems) using 200-µL thin-walled microAmp tubes. All PCR
reagents were purchased from Invitrogen™. The following standard 50-µL PCR reaction
set-up was used unless otherwise stated: one unit of Taq polymerase (Platinum® Taq),
1x PCR buffer (20 mM Tris-HCl, pH 8.4; 50 mM KCl) 0.2 mM dNTP (each), 1.5 mM
MgCl2 and 0.2 µM of the appropriate primers (Table 2.7). If the PCR construct was used
for a subsequent transformation, the following reagents were used: appropriately diluted
template DNA, 1.25 units of proofreading Platinum® Pfx DNA polymerase, 1x Pfx DNA
amplification buffer (Invitrogen™), 0.3 mM dNTP (each), 1 mM MgSO4 and 0.3 µM of
the appropriate primers (Table 2.7).

The thermocycle parameters consisted of an initial 5 min denaturing step (94 ◦C) fol-
lowed by 25-35 cycles of denaturing (94 ◦C for 15 s), annealing (55 ◦C for 30 s), ex-
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tension (72 ◦C) for 1 min per kb and a final extension step of 7 min at 72 ◦C. When
using the proofreading Platinum® Pfx DNA polymerase the extension temperature was
dropped down to 68 ◦C. PCR products were assayed via electrophoresis (Section 2.10.3)
and stored at −20 ◦C if needed for subsequent transformation or cloning.

2.10.3 Agarose gel electrophoresis

UltraPure™ agarose (Invitrogen™) was made up at 0.7−3 % in 1x TBE buffer (Table
2.1) and dissolved by boiling. Solidified gels were horizontally submerged into 1x TBE
buffer and DNA samples mixed with 0.4 volumes of 6x electrophoresis loading dye (Table
2.1) were loaded into wells. After electrophoresis for 30-70 min in a field of 4 to 7
V/cm, depending on the separation resolution needed, the gels were stained for 20 min
in ethidium bromide (0.5 mg/L). To remove background luminescence and to increase
resolution of faint bands, gels were de-stained for 20 min in water. Visualization and
documentation of the nucleic acids was achieved under UV light (302 nm) by using the
GelDoc-system combined with the Quantity One software (Bio-Rad).

2.10.4 DNA sequencing

Sequencing was carried out by the staff at the DNA Sequencing Facility, School of Bio-
logical Sciences, University of Auckland. Sequencing reactions to incorporate the fluores-
cent dyes were performed using the ABI PRISM™ BIG DYE Terminator Sequencing Kits.
Sequence products were separated on the ABI™ PRISM 373A and 377 DNA Sequencer.
DNA sequences were edited and analyzed by using Vector NTI 10.3.0 (Invitrogen).

2.10.5 PCR-based deletion strategy through homologous

recombination

In order to knock out genes in yeast, a PCR-based deletion strategy was chosen that is
based on Baudin et al. (1993) and Wach et al. (1994) but also takes advantage of the ex-
isting deletion mutant collection in the BY4743 yeast background. Figure 2.2 illustrates
this deletion strategy. Genomic DNA of BY4743-orf-x was extracted and amplified to
generate PCR products by using the corresponding integration primer pair for each target
gene (Int-F and Int-R in Figure 2.2; see detailed list for each gene in Table 2.7). The
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PCR products amplified from each deletion strain contained the antibiotic resistance gene
kanMX4 plus about 300 bp of gene-specific flanking DNA for each locus. Previous exper-
iments in this laboratory had shown that longer regions of homology assist in obtaining
targeted integration in most wine yeast strains (H. Niederer, unpublished). The amplified
knock out constructs were purified and yeast were transformed with them (Chapter 2.9.4
and 2.12).

kanMX4-deletion cassette 
≈ 300 bp
homology 

≈ 300 bp
homology

yeast ORF/wild-type gene 

Int.-F

Int.-R

Test 1-F

Test 1-R

3’kanI-F

5’kanI-R

Figure 2.2: PCR-based gene deletion strategy through homologous recombination. The kanMX4
module out of BY4743-orf x was amplified via PCR by using the integration primer
pair (Int-R/F). This knock-out construct included around 300 bp of homology to the
wild-type gene on either side, which enabled the replacement of the wild-type gene
with the kanMX cassette via homologous recombination. Primers Test1-F/R, 5’kanI-R
and 3’kanI-F were used to verify successful gene deletions after transformation.

Plasmid pFL38, which confers KanR, acted as a positive control and sterile water
as negative control during yeast transformations. To select for colonies containing the
kanMX4 cassette, transformants were plated onto YPD + G418. After 4 days of incuba-
tion at 28 ◦C, putative transformed colonies were picked and re-streaked onto selective
medium. To confirm that the kanMX deletion cassette had integrated at the right loca-
tion in the yeast genome, at least two colonies of each putative transformant were tested
via PCR with test primer pairs (Test1-F/R, 3’kanI-F+Test1-R or Test1-F+5’kanI-R). The
kanMX4 deletion cassette normally differed in size from the wild-type gene. This size
difference between the kanMX4 module and the wild-type gene could be visualized by
amplifying both regions with the corresponding Test1-F/R primers. Whenever deleted
genes were expected to cause auxotrophies, phenotypes were tested on the appropriate
drop-out medium as well.

Gene deletions in commercial wine yeast were performed in derivatives of Zymaflore
F15 (F15) and/or ICV-GRE (GRE), which were haploid, hygromycin resistant and aux-
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otrophic for uracil (see Chapter 2, Table 2.6: F15 h, aux; ICV-GRE h).

2.10.6 PCR-based overexpression strategy through homologous

recombination

Overexpression of genes was also achieved by using a method based on homologous re-
combination, similar to the one described in the previous Section 2.10.5 and references
therein. In this approach, the high-level, constitutive promoter from the yeast phospho-
glycerate kinase gene PGK1 was integrated immediately upstream of the chromosomal
copy of the targeted gene.

The overexpression cassette contained two marker genes encoding for URA3 and kan-

MX4 as well as the PGK1 promoter (UKP cassette). This UKP cassette was previously
engineered, transformed and successfully tested in haploid wine yeast F15 (h, aux) by
Heather Niederer and Soon Lee in this laboratory. The same wine yeast strain was used
in this thesis to extract total genomic DNA (using the P:C:I method, see Chapter 2.9.2).
The UKP cassette was then amplified from the template DNA with the appropriate UKP-
GeneX-F/R primer pair, which was designed with 45 bp of gene-specific homology to
either side of the start codon of the target gene. Amplification was performed with Pfx

proofreading polymerase to minimize unwanted alteration of the functional UKP cassette.
After checking the size via gel electrophoresis and purification, the amplicon was inserted
via transformation into diploid BY4743 and haploid F15 (h, aux) strains, which were then
plated onto YPD + G418. Replica plating of putative transformants onto G418 medium
lacking uracil and subsequent amplification of the UKP module with UKP-GeneX-test-
F/R and 3’kanI-F/UKP-GeneX-test-R primers ensured that the cassette had integrated at
the right locus. Figure 2.3 illustrates this overexpression strategy. Transformation of yeast
strains was performed as described in the previous section 2.10.5.

2.10.7 Digestion of DNA with restriction endonucleases

Cutting of DNA with restriction endonucleases was performed by following the instruc-
tions of the manufacturers. Any deviation from the standard protocols are provided in the
appropriate chapters. To ensure complete digestion, the reaction was incubated overnight
at 37 ◦C.
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UKP-GeneX-F

UKP-GeneX-R

UKP-GeneX-test-R

UKP-GeneX-test-F

kanMX4URA3 PGK1 promoter

Target gene x 

45 bp

45 bp

3’kanI-F

Figure 2.3: PCR-based gene over expression strategy through homologous recombination. The
uracil, kanMX4 and PGK (UKP) overexpression cassette was amplified with UKP-
GeneX-F/R primers, which were designed to include 45 bp of homology to regions
on both sides around the start of the target gene. This enabled the transforma-
tion/insertion of the UKP module in front of the target gene in the appropriate yeast
strain. Successful transformants were verified with primers UKP-GeneX-test-F/R and
3’kanI-F/UKP-GeneX-test-R.

2.10.8 Ligation of DNA fragments

Ligation reactions were carried out in volumes of 20 µL, containing 4 µL of 5x ligation
buffer (Invitrogen), 660 µM ATP, and 5 units of T4 DNA ligase (Invitrogen). The ratio
of vector to insert varied from 1:2–1:5, with ≈120 ng of vector DNA being used in each
reaction. After incubation at 16 ◦C overnight, completed ligations were diluted 1:5 with
water prior to bacterial transformation with the construct.

2.11 Transformation of bacteria

2.11.1 Conditioning E. coli cells for electroporation

A single colony of the E. coli strain DH10β , grown on a fresh LB-plate, was used to
inoculate 10 mL of LB-broth, which were then incubated overnight with shaking at 37 ◦C.
A 5-mL aliquot from the overnight culture was subcultured into 500 mL of LB-broth in a
2-L flask the following morning. This secondary culture was grown at 37 ◦C with 200 rpm
shaking until it reached log phase indicated by an OD600 of ∼0.55. Growth was arrested
by placing the 2-L flask on ice for 30 min. The cells were then centrifuged at 4000 g
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for 15 min at 4 ◦C and the supernatant discarded. A total volume of 500 mL ice-cold
water was used to resuspend the cells with gentle shaking on ice and the sample was
centrifuged again, as above. This rinse step was repeated but with 250 mL of ice-cold
water, followed by a final centrifugation step. After disposing of the supernatant, cells
were resuspended in 1 mL of 10 % glycerol. Aliquots of 40 µL of these electrocompetent
cells were dispensed into frozen microfuge tubes and stored at −80 ◦C prior to use.

2.11.2 Electroporation of E. coli

Transformation of electrocompetent E. coli DH10β (Section 2.11.1) cells was carried out
using a Bio-Rad Gene Pulser™. An aliquot of 40 µL electrocompetent cells was thawed
on ice and mixed gently with 1 µL of plasmid DNA at varying concentrations. This
mixture was left on ice for 1 min, transferred to a chilled Bio-Rad 1-mm electroporation
cuvette and electrically pulsed at 25 µFd, 200 Ω with 1.8 kV. One mL of SOC medium
was added and the tube was incubated for 1 h at 37 ◦C with gentle shaking. After 1 h, cells
were spread onto LB-plates containing the appropriate antibiotic and were incubated for
12−16 h at 37 ◦C. Transformation efficiencies of 1x106 to 1x107 colonies per µg DNA
were routinely observed using pUC19 plasmid DNA (1 ng/µL) as a positive control.

2.12 Transformation of yeast

This transformation protocol is based on the method of Gietz et al. (1995).

2.12.1 Preparation of competent yeast cells

Ten millilitre of YPD-broth was inoculated with a single colony of the recipient yeast
strain and cultured overnight at 28 ◦C with 100 rpm shaking. The following morning a
50-mL culture was inoculated with a sufficient volume of the primary culture, usually
50−500 µL depending on the yeast strain, so that the secondary culture was in mid-
exponential phase 24 h later. After the yeast culture had reached an OD600 between 0.6
and 0.8, cells were collected via centrifugation at 2000 g for 5 min, washed twice with 20
mL of sterile water and once in 10 mL of TransS1 (Table 2.1). After resuspending the
cells in a final volume of 500 µL of TransS1 and incubating them for 15 min at 30 ◦C, the
yeast cells were ready for transformation.
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2.12.2 Transformation and recuperation

A total volume of 5 µL purified PCR product or plasmid DNA (0.2-1 µg) was transferred
into a 1.5-mL microfuge tube and placed on ice. An aliquot of Co-TF DNA (20 µL)
(Table 2.1), which had been boiled for 10 min and placed immediately on ice, was added
to the microfuge tube containing DNA. After 15 min incubation on ice, the tubes were
allowed to warm at ambient temperature for 1 min and were mixed gently with 50 µL of
competent yeast cells and 285 µL TransS2 (Table 2.1). The transformation mixture was
left at room temperature for 5 min, incubated at 30 ◦C for 30 min and then heat-shocked
at 42 ◦C for 25 min. Wine yeast F15 (h, aux) was heat-shocked for 50 min to increase
transformation efficiency.

To allow recuperation, cells were centrifuged at 2000 g for 2 min, the supernatant was
discarded and the yeast cells were resuspended in 2 ml of YPD and incubated for 3 h at
28 ◦C with gentle shaking (100 rpm). Prior to plating, this centrifugation was repeated and
the cells were resuspended in 1 mL of water. Depending on the transformation efficiency
of the yeast strain and the transformation construct, various volumes were plated onto
selective plates to ensure recovery of single colonies. Transformed yeast colonies were
scored on the plates after 2-3 days of incubation at 28 ◦C.

2.13 Sporulation of yeast

2.13.1 Random spore isolation

One colony of the appropriate yeast strain was picked from a freshly grown YPD-plate,
added into 5 mL of YPD-broth and grown overnight at 30 ◦C with 150 rpm shaking. The
next morning the cells were centrifuged (2000 g, 5 min), washed twice with 4 mL of water
and resuspended in 500 µL of water. The cells were then plated on MAM-plates (Section
2.3.2) at a density of 1x108 cells per plate and incubated at 20 ◦C for seven days.

After incubation the spores were washed off the MAM-plate with 2 mL of water and
the sporulation rate was determined by using a Neubauer hemocytometer. Following two
wash steps, each with 2 mL of water (2000 g, 5 min), the spores were resuspended in
1 mL outcrossing solution (Table 2.1) and incubated at 37 ◦C overnight with 200 rpm
shaking. To help digest diploid parental cells, SDS was added to a final concentration of
1 % and the spore solution incubated for another hour. Following vortexing for 60 s, the
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spores were washed three times in 1% SDS-solution, centrifuged as above and plated onto
YPD-plates at a density of 200 spores per plate. After two days of incubation at 28 ◦C
individual colonies representing individual spores were picked and used for phenotyping
and genotyping.

2.13.2 Single spore isolation

Sporulation was induced as described above (Section 2.13.1). A total volume of 100 µL
sporulated culture was centrifuged for 4 min at 2000 g. After an additional wash step
with 100 µL of water the pellet was gently resuspended in 50 µL β -glucuronidase and
incubated at 30 ◦C for 15-25 min depending on the age of the tetrads. A De Fonbrune
micromanipulator (Ref. 8187-834), connected to a standard polarizing Zeiss microscope,
which was fitted with a needle holder (Singer Instruments), was then used for dissection
of individual tetrads and isolation of single spores, which were placed onto YPD plates in
an ordered array and incubated for three days at 28 ◦C.

2.14 Mating of yeast

Two differently marked yeast strains were sporulated as described in the previous Section
2.13. Spores of each strain were counted (Section 2.4.1) and numbers adjusted to 1 x
107 spores in ≈ 20 µL. Spore solution of strain 1 was transferred with a pipette onto a
YPD plate. After spores were dried, spores of strain 2 were pipetted on top of spot 1 and
the YPD plate incubated for 36 h at 28 ◦C. Appearing yeast colonies were streaked onto
selective medium on which only the hybrids could grow but not the parental strains.

2.15 Quantification of volatile thiols

The following method was used to quantify the three main volatile thiols, 3-mercaptohexan-
1-ol (3MH), 3-mercaptohexyl acetate (3MHA) and 4-mercapto-4-methylpentan-2-one
(4MMP), in Sauvignon Blanc wine. The analysis is based on the method described in
Tominaga et al. (1998b) and was further developed by Laura Nicolau and colleagues in
the Wine Science Department of Auckland University, as described below. Table 2.8 lists
all reagents required for this method.
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Table 2.8: Reagents used for thiol analysis

Constituent Concentration Supplier

3MH = 3-mercaptohexan-1-ol 98 % Interchim, France
4MMP= 4-mercapto-4-methylpentan-2-one 1 % in PEG Interchim, France
3MHA = 3-mercaptohexyl acetate 98 % Oxford Chemicals Ltd, UK
4M2M2MB = 4-methoxy-2-methyl-2-mercaptobutane 98 % Acros Organics, USA
Butylated hydroxyanisole (BHA) ≥98.5 % Sigma-Aldrich, Germany
Dichloromethane: SupraSolv for GC ≥99.8 % Merck, Germany
DOWEX Resin 1x2, chloride-form, 50-100 mesh n.a. Sigma-Aldrich, Germany
Ethanol ≥99.5 % Ajax Finechem, Australia
Ethyl acetate 99.7 % Sigma-Aldrich, Germany
Hydrochloric acid 37 % Scharlau, Spain
L-Cysteinehydrochloridehydrate 99 % Sigma-Aldrich, Germany
pHMB = p-hydroxymercuribenzoate ≥95 % (Hg) Sigma-Aldrich, Germany
Sodium acetate ≥99 % Scharlau, Spain
Sodium dihydrogen phosphate dihydrate ≥98 % Scharlau, Spain
Sodium hydroxide ≥99 % Scharlau, Spain
Sodium sulfate ≥99 % Scharlau, Spain
TRIS ultrapure ≥99 % AppliChem, Germany

2.15.1 Sample preparation

After gently defrosting the wine in 37 ◦C warm water, the following constituents were
sequentially added to 50 mL of wine samples and stirred for 10 min at 500 rpm: 0.5 mL
of 2 mM BHA ethanol-solution, 5 ml of 1 mM pHMB in 0.1 M TRIS and 24 µL of the
2.5 nM internal thiol standard solution 4M2M2MB, which was used to quantify 3MH,
3MHA and 4MMP. To increase the repeatability of the thiol assay this latter internal stan-
dard was replaced by the deuterated forms of [1-2H2]3MH (22 µM) and [1-2H2]3MHA
(2.8 µM) to quantify 3MH and 3MHA respectively in later experiments. These deuter-
ated standards were kindly synthesized by Katherine Hebditch (2007). After adjusting
the pH to 7 with sodium hydroxide to allow the pHMB-thiol complexes to form, the wine
sample was ready for extraction.

2.15.2 Sample elution

The DOWEX resin was activated by adding 500 mL of 0.1 M hydrochloric acid to 200 mL
of DOWEX resin and adjusting the pH to around 5-6 by rinsing the resin with Milli-Q-
Water®. A vertical glass column, plugged loosely with a small amount of silanised glass
wool, was then filled with 13.5 mL of activated strongly basic anion-exchange DOWEX
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resin. Before loading the sample onto the column, a small filter paper disc was floated
on top of the resin to prevent disturbing of the resin. The DOWEX resin was conditioned
by percolating 100 mL of water through the column at a flow rate of 1 drop per second.
The sample was then loaded onto the column by pouring the wine into a glass reservoir
attached to the top of the column. With a flow rate of 1 drop per 5 s the sample was then
percolated through the DOWEX resin, which bound the pHMB-thiol complex from the
wine. To remove water-soluble compounds, the resin was washed once with 50 mL of
0.1 M sodium acetate buffer (pH 6) mixed with 0.5 mL of 2 mM BHA solution at the
same flow rate as above. The thiols were liberated from the pHMB by percolating 50 mL
L-cysteinehydrochloridehydrate solution (80 g/L) supplemented with 0.5 mL of 2 mM
BHA through the column, at a flow rate of 1 drop every 7 s.

2.15.3 Sample extraction

To increase the extraction yield, 0.5 mL of ethyl acetate was added to the thiol eluate,
which was then extracted twice using 4 and 2 mL of dichloromethane. After stirring
the eluate-dichloromethane mixture for 5 min at 1000 rpm, the lower organic phase was
recovered by passing it through a separating funnel. The organic phases obtained from
both extractions were combined and all residual water was eliminated by adding sodium
sulfate powder, which formed solid congregates with the water. After transferring the
organic phase (∼ 4 mL) to a new glass tube, the sample was concentrated down to 25 µL
under nitrogen gas (food grade) flow.

2.15.4 GC-MS analyses of volatile thiols

An Agilent Gas Chromatograph 6890N coupled to an Agilent 5973 mass-selective detec-
tor, was used to analyse 5 µL of the sample extract. The properties and basic settings of
the GC-MS are listed below:
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General settings Inlet
EM Voltage: 2047 V Carrier gas: Helium
Interface of detector: 230 ◦C Flow: 23.8 mL/min
Ion source: EI mode, 70 ev , 230 ◦C Injection mode: Split
Quadrupole mass spectrometer : 150 ◦C Injector temperature: 240 ◦C
Column Pressure: 112 kPa
HP-Innowax: 60 m x 0.252 mm x 0.25 µm Split flow, ratio: 5 mL/min, 5:1
Pressure: 112 kPa
Average velocity: 26 cm/s

Table 2.9 specifies the temperature and air flow parameters of the GC-MS programme
used for quantification of the volatile thiols. The following ions were used for quantifi-
cation of the thiols: 4MMP 132/75/99 , 4M2M2MB 134/75, d2-3MHA 118/103, 3MHA
116/101, d2-3MH 136/102 and 3MH 134/100. Integration of the thiol peaks was achieved
by using MSD ChemStation D.01.02.16 (Agilent).

Table 2.9: GC-MS oven and air flow settings for analyses of volatile thiols

Oven ◦C/min Next ◦C hold (min) Air flow mL/min2 mL/min hold (min)

Initial – 50 5 Initial – 1.0 38.2
1 3 115 22 1 1.5 2.4 22.0
2 40 150 3 2 1.5 1.0 3.0
3 3 173 0
4 70 250 17
5 40 50 3
6 0 – –

Linearities for the quantification of volatile thiols were obtained by adding known
amounts of 3MHA (0-2000 ng/L), 3MH (0-20000 ng/L) and 4MMP (0-200 ng/L) in-
cluding their standards to 50 ml of Corbans White Label Sauvignon Blanc 2006. Five to
eight different doses of increasing concentrations were added for each thiol. After extract-
ing the thiols, following the method described above, the peak areas of the base wine with
no extra thiols added were subtracted from the area of the spiked peaks and the standard
curves were compiled. Representative examples of standard curves are given in Appendix
A.2. Linearities and their correlation coefficients (r2) are given in the appropriate chap-
ters.
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2.16 WineScan

For rapid analyses of wine samples, a WineScan™ FT 120 spectrophotometer (Foss, Den-
mark) was used. This Fourier Transform Infrared Spectroscope (FTIR) scans the full
infrared spectrum and obtains quantitative values for ethanol, pH, total acidity, volatile
acidity, malic acid, ethyl-acetate, glycerol, tartaric acid and density.

2.17 Statistical analysis

Statistical analysis in this thesis was focused on applying effect size statistics rather than
relying on simple null hypothesis significance testing. However, p-values are occasionally
provided along with effect sizes. These p-values were derived by applying a two-tailed
Student’s t-test (Student, 1908). Variances of this pair-wise comparison were tested with
Fisher’s F-test.

Disadvantages of using null hypothesis significance testing (p-values) are that the mag-
nitude of an effect and the precision of the estimate of the magnitude of that effect are not
taken into account (Nakagawa and Cuthill, 2007). This means that a statistically signifi-
cant effect does often not relate back to a biological and practical significance. Or in other
words, the biological importance of an statistically significant effect is often questionable.
Armstrong (2007a,b) even argues that tests of statistical significance are harmful to the
development of scientific knowledge.

Formulas 2.2-2.6 were used to calculate the standardised bias corrected effect size, a
parameter known as Hedges’ d, which estimates the magnitude of the difference between
two measurements. From now on this difference parameter will be referred to simply
as d, which has associated 95 % confidence intervals. All formulas were derived from
Nakagawa and Cuthill (2007) and references within.

dbiased =
m2−m1
SDpooled

(2.2)

dbiased = Cohen’s d, m1 and m2 = means of two groups,
SDpooled = pooled standard deviation
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SDpooled =

√
(n2−1)s12 +(n1−1)s22

n1 +n2−2
(2.3)

n1 and n2 = sample size of two comparison groups, s2 = variance

dunbiased = dbiased

[
1− 3

4(n1 +n2−2)−1

]
(2.4)

95% CI = dunbiased−1.96se to dunbiased +1.96se (2.5)

se = standard error for the effect size
CI = Confidence Interval

sed =

√
n1 +n2

n1n2
+

d2

2(n1 +n2−2)
(2.6)

The absolute value of the standardized unbiased effect size d describes the magnitude of
the difference of the effect (d = 0 means no difference). The sign of the number indicates
the direction of the effect compared to the control group. To evaluate and interpret effects,
the CI of each effect should be considered. Cohen (1988) proposed benchmarks for small
(d < 0.2), medium (d = 0.2-0.5) and large (d > 0.8) biological effects. In this thesis,
especially for the results presented in Chapter 4, a much more stringent cut-off point of d

≥ |4| was applied.
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3 Optimised fermentation in grape

juice by laboratory strains of yeast

3.1 Introduction

Elucidating the genetics of industrial wine yeast is an important step towards understand-
ing their desirable properties and enables strain improvement through conventional breed-
ing strategies or genetic engineering. Unfortunately, this undertaking is made difficult be-
cause, unlike laboratory yeast strains, industrial wine yeast strains are mainly homothallic,
genetically largely undefined and carry few convenient genetic markers. Most wine yeast
strains show some level of chromosome length polymorphism, have many heterozygous
loci and may be hybrid or aneuploid which often results in low sporulation rates and
poor spore viabilities (Bradbury et al., 2006; Pretorius, 2000; Rachidi et al., 1999; Snow,
1983). Despite these drawbacks, some progress has been made in developing genetically
tractable versions of selected strains of wine yeast (Borneman et al., 2008; RM11-1a,
2008; SGRP, 2008; Walker et al., 2003, 2005).

The genetic background used for sequencing of the whole yeast genome, creation of
a set of single gene deletion mutants and a single gene overexpression library, is the
commonly used laboratory strain, S288C (Brachmann et al., 1998; Gelperin et al., 2005;
Jones et al., 2008; SGD, 2008; SGDP, 2008; Sopko et al., 2006; Winzeler et al., 1999).
These single gene deletion and overexpression libraries are powerful research tools for
elucidating genetic pathways important in winemaking fermentations. Disappointingly,
in comparison to industrial wine yeast strains, many laboratory strains are reported to
ferment poorly (Jimenez-Marti and del Olmo, 2008; Pizarro et al., 2007; Swiegers et al.,
2007). For this reason a single gene deletion library is currently being developed in a
wine yeast background (Borneman et al., 2007a,b). Grape juice represents a hostile en-
vironment, with low pH, high sugar content and as fermentation proceeds an increasing
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alcohol concentration combined with nutrient limitation. High expression of stress genes
has been observed in yeast during the different phases of fermentation (Rossignol et al.,
2003; Varela et al., 2005; Zuzuarregui et al., 2005). Ivorra et al. (1999) discovered that
the laboratory strain (W303) was less resistant to most stresses imposed by fermentation
of grape juice than wine yeast strains. However, after comparing a diploid prototrophic
laboratory strain (HHD1) and two commercial yeast strains for their ability to ferment
plum and pear mashes, Schehl et al. (2004) could not find any performance differences
between them.

This chapter describes experiments aimed at developing conditions under which the
S288C laboratory strain is able to ferment grape juice to completion with high efficiency.
Such conditions would allow us to use the host of molecular genetic technologies available
for laboratory strains in an oenological environment.

3.2 Fermentation of laboratory yeast strains in

Sauvignon Blanc grape juice

Preliminary tests with laboratory yeast strains (BY4741-BY4743) showed that BY4742
fermented considerably more slowly than BY4741 or BY4743 in Sauvignon Blanc grape
juice (data not shown). BY4741 and BY4742 are haploid isogenic strains that differ only
in the auxotrophies they carry: BY4741 requires methionine to grow whereas BY4742 is
auxotrophic for lysine (see Chapter 2, Table 2.6). To examine whether the lysine auxotro-
phy was affecting the rate of fermentation, a range of different lysine auxotrophic deletion
strains (Figure 3.1) was fermented in Sauvignon Blanc juice. The grape juice was supple-
mented with the appropriate amino acids at standard recommended concentrations (1x)
according to Sherman (2002) (see Table 2.2). This practice was applied to all ferments
with auxotrophic strains unless otherwise stated. The results are illustrated in Figure 3.2.
All lysine auxotrophs fermented markedly slower and had lower Vmax values than their
Lys+ counterparts. In addition, all of the S288C strains fermented more slowly than the
commercial wine yeast Zymaflore VL3, which had a Vmax of 0.32 compared to 0.16 of
BY4743 and ≈0.08 for all the BY4743-lys strains. The Vmax differences between VL3,
Lys+ and Lys− strains had p values of < 0.001 and d values of < -45.7 (CI = -88.1 to
-24.55).

While wine yeast VL3 finished fermenting after 278 h (11.6 days), none of the labora-
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LYS5
LYS14activates

Transcriptional activator of 
LYS1, LYS2, LYS5 and LYS9

Figure 3.1: Lysine biosynthesis in S. cerevisiae (SGD, 2008). Black bordered genes were tested
as single gene knockouts in the diploid deletion set (SGDP, 2008).

tory strains achieved this even after 374 h (15.6 days) of fermentation. For example, com-
paring the cumulative weight loss of VL3 with the pooled average weight loss of BY4743
and BY4741 before harvest showed a 1.96 g (SEM = 0.17) difference. The cumulative
weight loss difference between the Lys+ laboratory strains and the Lys− strains ranged
from 1.73 g (SEM = 0.34) for BY4743-lys12 to 7.16 g (SEM = 0.10) for BY4743-lys1.

The phenotype of all strains used in Figures 3.2 and 3.3 was confirmed by replica
plating onto SD(−aa), SD(+ura,+his,+leu,+met,+trp,+lys), SD(+ura,+his,+leu,+met,+trp,-lys), and
SD(+ura,+his,+leu,+met,+trp,+lys,+G418) before and after fermentation. Apart from mutants in
the homo-isocitrate dehydrogenase lys12 and the transcriptional activator lys14 (in Figure
3.2), all other lysine deletion mutants did not grow on SD(+ura,+his,+leu,+met,+trp,-lys)-
plates, but exhibited normal colonies on SD(+ura,+his,+leu,+met,+trp,+lys)-plates before and
after fermentation. The slow-growth phenotype of lys12 and lys14 deletion mutants ob-
served in minimal medium without lysine is in agreement with reports of Feller et al.
(1994) and Giaever et al. (2002) and who also reported slow growth under the same con-
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ditions.

Figure 3.2: Fermentation (25 ◦C) of wine yeast VL3 (Zymaflore), laboratory yeast BY4743,
BY4741 and different lysine auxotrophic laboratory yeast strains (triangles) in SB
grape juice from 2005. Lysine auxotrophic mutants (lysx) ferment poorly although
grape juice was supplemented with 30 mg/L lysine according to literature. A = Cu-
mulative weight loss, B = Rate of weight loss, n=3, error bars = SEM.

3.3 Supplementing lysine auxotrophic laboratory

strains of yeast with increased amounts of lysine

One simple explanation for the slow fermentation rate by the lysine auxotrophs is that the
amount of lysine in supplemented grape juice was insufficient under fermentation condi-
tions. To test this hypothesis, yeast strain BY4743, three single gene deletions out of the
lysine biosynthesis pathway (lys1, lys12, lys14, see Figure 3.1) and two amino acid per-
meases gene deletions (gap1, lyp1) were fermented in SB grape juice supplemented with
standard levels of lysine (1x = 30 mg/L) and elevated levels of lysine (10x = 300 mg/L).

Figure 3.3 shows that supplementing grape juice with a ten-fold higher concentration
of lysine increased the rate of fermentation of the lysine auxotrophic mutants to that of
the isogenic parent. The addition of extra lysine (10x) to the grape juice fermented with
BY4743 showed negligible changes in Vmax (d= 2.7) and weight loss (d = 2.9) compared
to the 1x amino acid supplementation. In contrast, the effect sizes for the lys14, lys12 and
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lys1 deletions were much greater between the 1x and 10x amino acid addition (see Figure
3.3 for effect sizes).

The BY4743 strains carrying the gene deletion of the general amino acid permeases
gap1 and specific lysine permease lyp1 fermented similarly to their otherwise isogenic
parental strain when supplemented with 1x lysine. Adding 10x lysine caused only minor
changes of Vmax and weight loss in wine samples fermented with the amino acid permease
deletions. This indicates that, for strains with a functioning lysine biosynthesis pathway,
lysine uptake is not the limiting factor influencing fermentation rate.

Extra lysine also had only minor effects on Vmax and weight loss of VL3. Figure 3.3
clearly depicts the gap in fermentation rate between VL3 and the laboratory strains. The
best Vmax of the laboratory strain (BY4743-lys1 fermented in the 10x lysine grape juice)
was 73 % lower compared to VL3 (d = 23.4), resulting in a difference in cumulative
weight loss of 6.67 g (d = 24.2) at day seven between these two strains. Furthermore,
wine yeast VL3 was close to finishing the ferment after seven days (20.52 g lost), whereas
the laboratory yeast BY4743-lys1 (with 13.84 g weight loss) was still fermenting (Figure
3.3).

Cell staining tests (Section 2.4.1) at the end of ferment revealed 83 % and 76 % total cell
viability for the lys12 and lys1 deletion strains supplemented with 1x lysine, compared
to 93 % cell viable cells of their 10x lysine counterparts. All other laboratory strains
of yeast had an average cell viability of 93 % (SEM = 0.3) independent of the lysine
supplementation. With just 66 % (SEM = 0.01), wine yeast VL3 exhibited the lowest
total cell viability in this experiment, and viability was independent of the lysine addition.
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Figure 3.3: The effect of supplementing SB grape juice from 2004 with elevated levels of lysine
on the fermentation rate of different BY4743-x single gene deletions and wine strain
VL3. A ten fold increase of lysine supplementation overcomes the slow fermentation
of lysine auxotrophs in the laboratory background strain. n=3, error bars = SEM.
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3.4 Supplementing grape juice with elevated amounts of

lysine and the effects on key wine parameters

To determine the effect on key wine parameters, samples from the 10x lysine supple-
mented ferments (Figure 3.3) were analyzed on a WineScan™ FT 120 spectrophotometer
(Section 2.16). Figures 3.4 and 3.5 illustrate the outcome of these measurements. Three
separate effects were observed.

First of all, the most obvious differences in Figures 3.4 and 3.5 were due to strain effects
between wine yeast VL3 (right side of each graph) and the laboratory yeast BY4743 (left
side of each graph). Increased ethanol (d = 35) was accompanied by an expected decrease
of residual sugar (d = -26) levels in samples of the wine strain background. In addition,
glycerol levels increased (d = 12) and a reduction could be observed for methanol (d =
-5), citric acid (d = -3), tartaric acid (d = -8), malic acid (d = -6) and volatile acidity (d =
-9).

Secondly, a lysine effect could be observed. This was mostly apparent in the three
lysine deletions strains lys12, lys1 and lys14 fermented in 10x lysine grape juice: the con-
centration of ethanol, glycerol and ethyl acetate increased (Figure 3.4), while the amount
of residual sugar, methanol and tartaric acid decreased (Figure 3.5). Wine samples fer-
mented with BY4743-wt, gap1, lyp1 and wine yeast VL3 showed only minor changes
across the eleven measured parameters between the two lysine treatments of each yeast
strain (Figures 3.4 and 3.5).

Thirdly, a key driver of changes of the wine parameters was the fermentation rate of the
particular yeast strain, which is dependent on the yeast strain and, in the case of the lysine
auxotrophic yeast strains, can be influenced by varying levels of lysine. BY4743-lys14,
the strain with the smallest increase in fermentation rate, shows consistently the smallest
change in the six wine parameters as shown in Figure 3.6. Summarizing the results, it
seems that the observed changes in the lys deletion strains supplemented with 10x lysine
compared to the 1x lysine addition are consistent with a direct effect on the increased
fermentation rate.
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Figure 3.4: Influence of adding extra lysine to SB grape juice from 2004 on methanol, glycerol,
ethanol, residual sugars (glucose and fructose) and ethyl acetate after fermenting for
seven days with laboratory yeast BY4743-wt, different BY4743 single gene deletions
and wine yeast Zymaflore VL3. n=4, error bars = SEM, fermentation at 25 ◦C, 1x lys
= 30 mg/L, 10x lys = 300 mg/L.
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Figure 3.5: Influence of adding extra lysine to SB grape juice from 2004 on key wine acids and pH
after fermenting for seven days with laboratory yeast BY4743-wt, different BY4743
single gene deletions and wine yeast Zymaflore VL3. n=4, error bars = SEM, fermen-
tation at 25 ◦C, 1x lys = 30 mg/L, 10x lys = 300 mg/L.
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Figure 3.6: Effect sizes (d) of tartaric acid, methanol, residual sugar, glycerol, ethyl acetate and
ethanol between two lysine additions (1x and 10x) for different lysine auxotrophic
yeast strains (lys14, lys12, lys1) in the BY4743 background.
positive d -> increase of measured compound compared to 1x lysine,
negative d -> decrease of measured compound compared to 1x lysine,
d = 0 -> no change.

3.5 Supplementing auxotrophic wine yeast strains with

increased amounts of the required amino acids

I next addressed the question of whether the rate of fermentation for other auxotrophic
mutations could be similarly increased by increasing the amounts of the amino acid sup-
plementation. This experiment also utilized a different strain background, to see whether
the conclusions were specific for the S288C strain or applied more generally. In particu-
lar, I took advantage of genetically marked haploid derivatives of a natural wine isolate,
RM11, whose complete genome sequence is available (RM11-1a, 2008). Along with
wildtype strain RM11, haploid yeast strains RM11-1a and RM11-1b (Table 2.6) were
employed in a SB ferment and supplemented with different amounts of amino acids ac-
cording to their auxotrophies.

Figure 3.7 A + B shows that a 10x leucine addition to the RM11-1a ferments increased
the cumulative weight loss and Vmax by 3.3 g and 50 % respectively1. On its own, addi-
tional uracil could increase the cumulative weight loss just by 0.9 g, whereas no change in

1Effect size d could not be calculated because ferments were not replicated in this experiment
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Vmax could be observed compared to the 1x amino acid control. However, in combination
with a ten-fold leucine supplementation, additional uracil caused a Vmax increase of 35 %
compared to the 10x leucine addition on its own. The addition of 10x leucine and 10x
uracil overcame the inhibited fermentation rate of RM11-1a and increased it almost to
that of the prototrophic wildtype diploid RM11 parent.

A similar observation could be made for the lysine auxotrophic strain RM11-1b (Figure
3.7 C + D) with the difference that the increase in weight loss and Vmax was much more
pronounced than in the leucine auxotrophic strain. At the end of ferment, RM11-1b sup-
plemented with 10x lysine and 10x uracil lost 6.7 g more weight and had a Vmax increase
of 263 % compared to the same strain fermented in grape juice with 1x added lysine and
uracil.

In summary it can be noted that similarly to laboratory strains, auxotrophic wine yeast
RM11-1a+b also exhibited sluggish fermentation rates when fermented in SB grape juice
supplemented with the appropriate amino acids according to levels recommended in the
literature (1x). After increasing the amino acid addition to 10x the recommended levels,
these inhibited fermentation rates could be overcome.

3.6 The influence of adding extra amino acid to minimal

SD medium with varying osmotic pressures on

growth rate of RM11-1b

An experiment was performed to establish whether the additional amino acid supplements
are required specifically under fermentation conditions, or apply to aerobic growth in
standard minimal (SD) medium as well. Because fermentation occurs in medium with
high osmotic pressure (typically 200 g/L glucose initially), the effect of this parameter
on growth rate was also examined by the addition of sorbitol. Figure 3.8 shows the rate of
growth of lysine auxotrophic strain RM11-1b monitored by optical density (600 nm) in
aerobic conditions in standard minimal medium containing various levels of lysine (0.1x,
1x and 10x the normal recommended concentration).

Increasing the osmotic stress resulted in an increasing lag phase ranging from 1.5 h
(0.1 M sorbitol) over 3.5 h (1 M sorbitol) to 7.5 h (2 M sorbitol) as well as a decreasing
final cell titre, which ranged from OD600 = 2.1 to OD600 = 1.5 in the 10x lysine treatment.



68 OPTIMISED FERMENTATION IN GRAPE JUICE BY LABORATORY STRAINS OF YEAST

Figure 3.7: Fermentation rates of RM11-1a (leu2-∆0, ura3-∆0, MATα) and RM11-1b (lys2-∆0,
ura3-∆0, MATa) haploid auxotrophic mutants of wine yeast RM11 in SB grape juice
from 2005. A ten-fold increase (10x) of leucine (A, B) or lysine (C, D) combined
with a ten-fold increase of uracil supplementation pushes the fermentation rates in
RM11-1a or RM11-1b up to that of the RM11 diploid wildtype. Single ferments, at
25 ◦C, 10x leu = 300 mg/L, 10x lys = 300 mg/L, 10x ura = 200 mg/L.

Increasing the lysine concentration increased the final cell titre across all sorbitol treat-
ments. Although the final cell titre decreased with increasing osmotic stress as described
above, the relative response to additional lysine between the 1x and 10x lysine supple-
mentation appeared not to be affected by the osmotic concentration as indicated by the
constant OD differences of 0.4 (SEM = 0.02) across all sorbitol treatments. However,
comparing the same response between the 0.1x and 1x lysine treatment indicated a de-
cline with rising osmotic stress: OD600 1.4, 1.1, 0.8. Neither the lag phase nor the initial
growth rate of the cultures were affected by adding concentrations of lysine supplement
higher than the recommended rate.

These results demonstrated that the final cell titre of RM11-1b in minimal medium
under aerobic condition responded to increased amino acid supplementation, similar to
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fermentation rate under anaerobic conditions in grape juice.

Figure 3.8: Growth of RM11-1b in minimal medium (SD) supplemented with three different sor-
bitol levels and three different lysine levels under aerobic conditions. Addition of high
levels of lysine increases the final cell titre in standard growth medium, independently
of the sorbitol concentration. n = 3, SEM < 0.02.

3.7 Fermenting laboratory yeast BY4743 in modified SB

grape juice

The results presented so far show that the slower fermentation of laboratory strains is at
least partially due to the auxotrophic markers that they carry, and that this slow fermenta-
tion can be overcome by adding higher concentrations of the appropriate supplement.

However, S288C strains that were fully supplemented for all their auxotrophic markers
still did not achieve rates of fermentation as those of commercial wine strains. In partic-
ular, S288C could not finish the fermentation even when fermented twice as long as wine
yeast VL3 (data not shown).

For practical experimental purposes, I sought to develop medium which would allow
laboratory strains to achieve complete fermentation of grape-juice-based medium within
a similar time frame as wine yeasts (typically 8 to 11 days at 25 ◦C depending on the ini-
tial Brix level). To achieve this, grape juice was diluted to various extents with a synthetic
grape juice medium (SGM, Table 2.4) lacking glucose and fructose. This step was in-
tended to reduce the concentration of starting sugars in the medium (and correspondingly



70 OPTIMISED FERMENTATION IN GRAPE JUICE BY LABORATORY STRAINS OF YEAST

decrease the final alcohol concentration in the fermented product), without significantly
altering the levels of organic acids, amino acids, minerals and vitamins.

The rate of fermentation of S288C derived strain BY4743 was measured in 50 – 100 %
grape juice. Figure 3.9 confirms that laboratory strain BY4743 fermented significantly
slower than VL3 in 100 % grape juice. In particular, the fermentation rate after seven
days was reduced to low levels, despite there being significant amounts of residual sugar
still available (Table 3.1). However, when grape juice was diluted to 50-70 % of the
starting sugars, fermentation proceeded almost to dryness within a week.

Figure 3.9: Fermentation rate of wine yeast VL3 and laboratory yeast BY4743 in grape juice (%)
from 2005 diluted with different levels of synthetic grape medium (SGM) without
glucose and fructose. Medium for all ferments was supplemented with 10x lysine,
10x histidine and 10x uracil. n = 3, error bars = SEM, fermentation at 25 ◦C.

The characteristics of the fermentation products produced under these conditions were
analysed using a WineScan™ FT 120 spectrophotometer (Chapter 2.16). Table 3.1 shows
the results obtained after ten days of fermentation. Dilution of the grape juice caused
a corresponding change for six of the attributes of the wine that were measured; final
alcohol content, pH, ethyl acetate content and the levels of total acidity, volatile acidity
and malic acid. However, two attributes of the final wine - glycerol concentration and
tartaric acid concentration - showed more complex responses that did not correlate with
the reduction in grape juice.
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Table 3.1: Properties of ferments after ten days in juice (%) diluted with synthetic grape medium
without glucose and fructose as stated. Data obtained with a WineScan FT 120 spec-
trophotometer. (n = 12, relative SEM ≤ 6 %)

Strain Juice EtOH Sugars Glycerol EtOAc Citrica Malica Tartarica Totalb Volatileb pH
(vol%) (g/L) (g/L) (mg/L) (mg/L) (g/L) (g/L) (g/L) (g/L)

BY 100 % 9.9 44.2 2.7 1538 1.3 5.5 1.8 5.4 0.43 2.84
BY 90 % 9.4 18.4 3.4 1365 1.1 4.4 1.3 4.5 0.40 2.94
BY 80 % 9.2 6.0 3.8 1220 0.8 3.8 1.0 4.2 0.37 2.99
BY 70 % 8.5 0 3.8 1087 0.6 3.5 0.7 3.8 0.35 3.02
BY 60 % 6.7 0 2.7 983 0.6 3.1 1.1 3.2 0.28 3.06
BY 50 % 6.0 0 2.5 990 0.6 3.1 1.1 3.0 0.30 3.07

VL3 100 % 11.6 0 6.4 1256 0.6 3.7 1.4 5.1 0.23 2.97
a acid
b acidity

3.8 Fermentation of BY4743, S288C and wine yeast VL3

in SB grape juice (100 % and 75 %) with varying

amino acid supplementations

An experiment was undertaken to test if laboratory yeast BY4743 (his3-∆1, leu2-∆0, ura3-∆0)

and its ancestral strain S288C (MATα , prototroph) could finish a ferment in a similar time
frame as wine yeast VL3 under optimized conditions. By comparing BY4743 and S288C
it was also investigated if the auxotrophies in BY4743 were solely responsible for the
slow fermentation rates in grape juice or if other genetic differences between these two
closely related strains affected the fermentation performance. All strains were fermented
in 100 % grape juice or in 75 % modified grape juice (see Section 3.7) and were separately
supplemented with 0x, 1x or 10x the recommended levels of histidine, leucine and uracil.

Figure 3.10 depicts the fermentation rates of this experiment. The fermentation rate
of BY4743 in 100 % juice was drastically increased by the addition of 10x amino acids.
However, compared to wine yeast VL3, which reached dryness at day twelve, BY4743
(+10x amino acids) was still fermenting after day 26 (data after day 23 not shown in
Figure 3.10). Fermentation in 75 % juice reduced this gap to 3 days: the weight loss
of the VL3 ferment plateaued at day 9 whereas BY4743 did at day 12. In 100 % grape
juice, adding amino acids had no effect on fermentation rates of S288C and VL3 (data not
shown for VL3), whereas in 75 % grape juice the 10x times amino acids supplementation
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increased the final weight loss in S288C (d = 16) and VL3 (d = 26) by 1 g compared to
their 0x and 1x amino acid counterparts.

Surprisingly, with no amino acids added to the must, including uracil which is assumed
not to be present in grape juice, Ura− BY4743 was able to ferment slowly but steadily in
a linear manner (Figure 3.10 top graphs). BY4743 could even finish the ferment after 47
days in 75 % juice, and was close to finishing in 100 % juice (data not shown). Methylene
blue staining tests after 47 days revealed that over 80 % of the BY4743 cells in the fer-
ments with no amino acids added were viable compared to under 5 % yeast cell viability
in all the other ferments.

The left bottom graph of Figure 3.10 shows that if undiluted grape juice is supple-
mented with 10x amino acids no significant difference in the fermentation rate between
BY4743 and S288C could be detected. Although differences were small between day two
and day eight of fermentation in 75 % juice, they were nonetheless significant (p < 0.001,
d = 6 to 16, bottom right graph in Figure 3.10). This difference however was not evident
when comparing the fermentation rate of BY4743 + 10x amino acids with S288C + 1x
amino acids.

3.8.1 Effects on growth rates in grape juice

To establish if the inhibited fermentation rates of BY4743 in grape juice under normal
(1x) or subnormal (0x) conditions were due to low growth rates of yeast under the same
conditions, OD measurements were taken by a Bioscreen C analyzer (Chapter 2.5). The
growth rate experiment was performed in parallel to the previously described experiment
with the same batch of medium and pre-cultures. Although oxygen levels in the medium
were not measured it can be assumed anaerobic conditions prevailed during the experi-
ment once CO2 was produced, because a tight fitting lid was used to cover the samples.

Figure 3.11 depicts the outcome of this experiment. The growth curves generally show
the same pattern as the fermentation curves in Figure 3.10. The slow fermentation rates
of BY4743 supplemented with 0x and 1x amino acids showed the lowest OD readings
in both juices (100 % and 75 %), whereas the addition of amino acids only had marginal
effects on cell densities and growth rates of S288C and VL3. To put it another way, amino
acid supplementation only affected final cell titres in the auxotrophic strain BY4743.

Similarly to the growth curves in Figure 3.8, decreasing the osmotic pressure had three
effects: it shortened the lag phase in the samples fermented with 75 % juice by about 5 h
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(BY4743, S288C) and 2 h (VL3). It increased the growth rates significantly for all three
strains and increased the final OD values in BY4743 and S288C.

S288C showed slightly reduced OD readings in the undiluted juice (OD 1.7), but
reached equal final cell numbers (OD 1.9) as VL3 in 75 % juice. Although BY4743
(10x amino acids) fermented at similar rates to S288C, final cell densities were slightly
reduced in 100 % juice (OD 1.4) and in 75 % juice (OD 1.6) compared to its ancestral
background strain.

3.8.2 Effects on wine parameters

Key wine parameters of all ferments in this experiment were analyzed to determine if the
elevated amino acid supplementation was changing the composition of the final wine.

Adding 1x amino acids to VL3 and S288C had only minor effects on the composition
of the wines. Only malic acid (-11 %) and tartaric acid (+19 %) showed changes over
10 % in S288C. Adding 10x amino acids increased the concentration of citric acid and
volatile acidity in VL3 and S288C consistently by around 20 %. The addition of amino
acids affected wine parameters most in the BY4743 ferments as indicated by the yellow
coloured cells in Table 3.2. These changes can most likely be attributed to the increased
fermentation rate caused by the addition of extra amino acids.

Overall it can be summarised that apart from some larger fermentation-dependent
changes in the BY4743 ferments, adding 10x amino acids increased the concentration of
citric acid and volatile acidity in ferments conducted with VL3 and S288C independent
of the initial sugar concentration of the juice used.
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Figure 3.10: Fermentation rates of Zymaflore VL3 and BY4743 or S288C in grape juice supple-
mented with histidine, leucine and uracil at different levels (0x, 1x, 10x) as indicated.
VL3 and BY4743 are diploid, S288C is haploid (MATα). The juice was 2006 SB;
n = 3; error bars = SEM.
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Figure 3.11: Cell growth rates of BY4743, S288C and Zymaflore VL3 in SB grape juice (100 %
and 75 %) from 2006 supplemented with histidine, leucine and uracil in three differ-
ent levels (0x, 1x, 10x) under anaerobic conditions. Growth curves were generated
through measurements every 15 min, indicated by data points. Sudden ’zigzag-like’
changes are due to cell clumping. n = 3, SEM < 0.06.
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Table 3.2: Properties of wine samples after 14 days of fermentation at 25 ◦C. Undiluted SB grape
juice (100 %) and grape juice diluted with synthetic grape medium without sugars (75
%) was fermented with wine yeast VL3 and laboratory yeasts S288C and BY4743.
Histidine, leucine and uracil were supplemented at 0x, 1x, and 10x the recommended
levels. Numbers with a sign indicate the change compared to wine samples fermented
with no amino acids added. Yellow coloured cells indicate ≥ 10 % change with p <
0.05. (n = 4, relative SEM ≤ 6 %)

Strain Amino EtOH Sugars Glycerol EtOAc Citrica Malica Tartarica Totalb Volatileb pH
acid (vol%) (g/L) (g/L) (mg/L) (g/L) (g/L) (g/L) (g/L) (g/L)

VL3, 100% 0x 13.7 0 7 813 0.4 3.5 0.9 4.6 0.4 3.2
1x −0.3 0 ±0 +10 +0.0 −0.2 ±0.0 −0.1 ±0.0 +0.1

10x ±0.0 ±0 ±0 −73 +0.1 −0.1 ±0.0 ±0.0 +0.1 +0.1

VL3, 75% 0x 9.8 0 5 999 0.4 3.1 1.1 3.9 0.3 3.2
1x −0.3 ±0 ±0 −46 ±0.0 ±0.0 −0.1 −0.2 ±0.0 ±0.0

10x +1.0 ±0 ±0 −91 +0.1 +0.3 −0.3 +0.2 +0.1 ±0.0

S288C, 100% 0x 11.7 26 5 1217 1.0 3.9 1.4 4.4 0.5 2.9
1x +0.4 +3 ±0 +11 −0.1 −0.4 +0.3 +0.2 ±0.0 +0.2

10x +0.4 +2 ±0 +18 +0.1 −0.3 +0.6 +0.3 +0.1 +0.2

S288C, 75% 0x 10.2 0 4 1063 0.4 3.4 0.9 3.9 0.4 3.2
1x −0.2 ±0 ±0 −42 ±0.0 −0.1 +0.1 −0.1 ±0.0 ±0.0

10x +0.9 +1 ±0 −7 +0.1 +0.2 +0.2 +0.4 +0.1 ±0.0

BY4743, 100% 0x 5.1 135 4 ndc 1.8 4.2 5.4 6.2 1.0 3.2
1x +5.9 −94 +3 +(1871) −0.5 −0.8 −2.6 −0.5 +0.1 −0.1

10x +6.8 −107 ±0 +(1097) −0.8 −0.5 −3.7 −1.6 −0.4 ±0.0

BY4743, 75% 0x 5.0 84 2 1244 1.6 5.3 3.5 5.7 0.8 2.9
1x +4.7 −80 +5 +609 −0.8 −2.0 −2.0 −0.7 +0.2 +0.2

10x +5.8 −83 +2 −204 −1.0 −1.7 −2.7 −1.6 −0.2 +0.2

a acid
b acidity
c not detected due to high residual sugar content in the medium
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3.9 Discussion and conclusion

This chapter describes the development of a grape-juice-based medium in which labo-
ratory yeasts derived from the S288C genetic background could ferment efficiently. The
two key steps in achieving this were the addition of increased levels of amino acid supple-
ments to auxotrophic strains, and the dilution of grape juice with synthetic medium lack-
ing sugars. This protocol allowed fermentations using S288C-based laboratory yeast to
be completed in a time frame similar to that of a commercial wine yeast. These conditions
will allow more effective comparisons of fermentation dynamics and fermentation prod-
ucts between laboratory strains and will enable the utilization of the currently available
yeast gene deletion library under fermentative conditions. Hence, the procedure described
allows analysis of the effects of various deletion mutations on the formation of secondary
metabolites and aroma compounds during fermentation, which was of particular interest
in this thesis.

Laboratory strains carrying different gene deletions required for the biosynthesis of
lysine showed sluggish fermentation performance in grape juice with standard concentra-
tions of lysine supplemented. Additional lysine supplements improved the fermentation
performance, indicating; that the lysine requirement of yeast under these conditions is
much higher than previously expected. Gasnet-Ramirez and Benitez (1997) argue that
the accumulation of the toxic lysine intermediate α-aminoadipate semialdehyde could
cause growth inhibition of yeast. Looking at the variation of weight loss of the lysine
auxotrophic strains in Figure 3.2 it can be argued that BY4743-lys1, lys9, lys5, which
exhibit the slowest fermentation rates amongst the Lys− strains, could be at least partially
due to the accumulation of the toxic intermediate α-aminoadipate semialdehyde, because
the faster fermenting BY4743-lys2, lys12 do not synthesize this compound (see Figure
3.1).

A significant improvement in fermentation rates was achieved by adding elevated a-
mounts of a required amino acid, normally 10x the recommended level, to auxotrophic
strains. Experiments conducted with wine yeast RM11 in this study showed that adding
extra lysine resulted in a bigger increase in fermentation rate than adding extra leucine in
the same genetic background. Adding 10x uracil on its own had only a minor effect, but
increased Vmax and cumulative weight loss in combination with extra lysine and leucine
(Figure 3.7). A reason for the different effect size between supplementing with lysine
and leucine in Lys− and Leu− strains could be due to the fact that 90 % of the lysine
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is normally stored in the vacuoles whereas leucine is equally distributed between the
vacuoles and the cytoplasm (Messenguy et al., 1980). It could be possible that in order
to replenish the main lysine stocks in the vacuole the cell simply needs more external
lysine to build up the potential required for internal transport between the cell organelles.
Additionally, it is known that all lysine is used up by yeast when fermented in SGM during
the first 30 h of fermentation, whereas leucine is not being used as rapidly and not taken
up completely (Jiranek et al., 1995a).

The observations in the RM11-1a and RM11-1b ferments demonstrate that the in-
creased fermentation rates after supplementing grape juice with extra amino acids is not
just applicable in a ferment conducted with auxotrophic laboratory strains of yeast, but
probably applies to auxotrophic strains in general. This non-strain-specific response indi-
cates that the underlying mechanism must be basic and fundamental.

Since adding extra lysine to ferments conducted with the knocked out lysine permease
lyp1 and general amino acid permease gap1 had no effect on fermentation rates, which
were similar to BY4743-wt (1x and 10x lysine), it can be concluded that lysine uptake is
not limiting in yeast strains with a functional lysine biosynthesis. However, to see if this
is also the case in a Lys− strain one would have to test fermentation and growth rate in
ferments conducted with a lyp1-lysx double knock out.

The fermentation kinetics of the lyp1 and gap1 deletions, as well as, BY4743 and VL3,
also show that extra lysine is not simply increasing fermentation rates by acting as an
additional nitrogen source, but that it specifically affects lysine auxotrophic strains. This
suggests that either lysine uptake in Lys− strains is limited and/or the lysine requirement
in Lys− strains is much higher than previously assumed. The growth experiments under
aerobic (Figure 3.8) and anaerobic (Figure 3.11) conditions indicate that lysine require-
ments were indeed limiting growth and are therefore higher than previously expected.
Messenguy et al. (1980) report that histidine and lysine are normally not catabolized in S.

cerevisiae. This statement however seems not to be valid under fermentative conditions
in grape juice, because Jiranek et al. (1995a) report that amongst other amino acids ly-
sine was most heavily utilized, probably as a nitrogen source, in SGM (with YAN values
similar to work presented in this thesis) across several tested wine yeast strains.

One could argue that increasing amino acids to high levels, in the case of lysine to
2.05 mM, could have negative effects on growth rates. Indeed, Gasnet-Ramirez and Ben-
itez (1997) reported that under aerobic conditions increased amounts of lysine (0.6 mM)
in minimal medium with proline as a sole nitrogen source prevented growth of a com-
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mercial yeast. However, yeast derived from the same strain could tolerate lysine levels
up to 10 mM. In this study adding extra amino acids never caused any inhibitory effects
on fermentation performances or growth rate, even in juice samples fermented with pro-
totrophic wine yeast. Two reasons for the discrepancy of the two studies could be the
stark differences in media used and yeast-strain-specific lysine sensitivity indicated by
the high lysine tolerant strains isolated from a continuous cultures of the same genetic
background. Messenguy et al. (1980) report that medium supplemented with histidine
and lysine slowed down the growth rate of yeast when a nitrogen source other than NH+

4

was utilized. However, the YAN levels in ferments conducted in this thesis ranged from
194 to 330 mg/L, which is considered to be normal to high, and should therefore provide
enough NH+

4 to prevent toxic effects of additional lysine and histidine. Nonetheless, de-
creased growth rates might be observed in ferments conducted in low YAN juices with
prototrophic strains of yeast supplemented with lysine and histidine, but probably not
when fermented with Lys− and His− strains.

Based on the results of cell density measurements in standard growth medium, as well
as in grape juice, it can be concluded that the extra supplements overcame a growth lim-
itation that led to increased final cell titre and hence increased fermentation rates. These
observations applied under aerobic conditions in minimal medium (Figure 3.8) and under
anaerobic conditions in grape juice (Figure 3.11). Although cell numbers of BY4743 with
no additional amino acids added (0x) to the juice hardly surpassed the initial inoculum,
the strain was able to finish the ferment in a slow but linear fashion after 47 days of fer-
mentation in 75 % juice (data not shown). Histidine and leucine are found naturally in SB
grape juice at levels around 30 mg/L (Table 2.5), which should be sufficient to support
initial growth of His− and Leu− strains. However, little is known about the occurrence of
uracil in grape juice. The low cell numbers of BY4743 fermented in unaltered juice in-
dicate that little uracil is present in grape juice. The observed slow fermentation of Ura−

BY4743 might be due to growth from initial uracil carried over from the pre-cultures,
which were grown in YPD medium. A similar interpretation may underlie the results of
Schehl et al. (2004), who observed a much slower rate of fermentation of auxotrophic
haploid laboratory strains compared to the corresponding prototrophic diploid. Schehl’s
explanation for this phenotype, that a good fermenting strain of yeast needs at least a
diploid set of chromosomes, can be ruled out and is most likely due to the auxotrophies of
the strains (see Figure 3.7 and 3.2 for a fermentation comparison of haploid and diploid
strains).
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Increasing the content of certain amino acids by 10x is expected to change the metabo-
lite profile produced by yeast. Combined with the dilution of juice (75 %) with sugarless
SGM (25 %), the medium composition will be different from the real wine making situa-
tion.

The results of the WineScan data show, that in prototrophic yeast, additional histidine,
leucine and uracil had only marginal effects on ethanol, residual sugars, glycerol, ethyl
acetate, malic acid and total acidity, but did cause increases of citric acid, tartaric acid
and volatile acidity (Table 3.2). The possibility that high amino acid supplementation can
cause changes in the formation of volatile metabolites cannot be ruled out (Garde-Cerdan
and Ancin-Azpilicueta, 2008; Lilly et al., 2006b). However, one has to take into account
that the fermentations were conducted mainly with auxotrophic yeast, which have, as
this chapter clearly demonstrates, much higher demands for the auxotrophically required
nutrient. Pronk (2002) argues that by not meeting the demands of the auxotrophically
required nutrient, starvation or growth limitation occurs, which results in metabolic, regu-
latory, and morphological changes of the yeast. This may readily lead to misinterpretation
of experimental data. Indeed, Brauer et al. (2008) report that the expression of ∼27 % of
all yeast genes is linearly correlated with growth rate. Brauer et al. (2008) also observed
that ura3 and leu2 yeast strains limited by auxotrophic requirements fermented glucose
(0.5 %) completely to ethanol, whereas excess glucose is spared when growth of the cul-
tures is limited by natural non-auxotrophic nutrients. This phenomenon plays certainly
just a marginal role under wine making conditions with its high glucose levels.

The possibility of obscuring physiological properties while working with auxotrophic
strains is a common issue (van Dijken et al., 2000; Pronk, 2002). It is therefore always
advisable to confirm results obtained with auxotrophic laboratory strains in unaltered juice
fermented with an engineered wine yeast.

Once supplemented with 10x amino acids the fermentation performance of BY4743
was not different to its prototrophic ancestor S288C in undiluted juice (Figure 3.10). The
observed differences during lag phase in 75 % juice between these two strains, were
significant when compared to S288C (10x amino acids), but not when compared to S288C
(1x amino acids), indicating that extra amino acids might act slightly differently in a
prototrophic background in 75 % juice. The haploidy of S288C might also influence this
behaviour. Overall it can be said, that the fermentation differences between BY4743 and
S288C are mainly due to auxotrophies and not due to other genetic differences. This
statement is supported by a study of Schacherer et al. (2007) who observed only 39 SNPs
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in a genome-wide comparison between S288C and BY4716, which differs from BY4743
only in the auxotrophies it carries.

The rationale for optimizing the fermentation of laboratory yeast in grape-juice-based
medium was that many precursors of metabolites produced by yeast are not characterized
and hence cannot be synthesised for use in fully defined medium. The use of juice-based
medium to elucidate the formation of these metabolites is therefore absolutely necessary.
For example, experiments conducted with various single-gene deletions in the BY4743
background, show that thiol aroma compounds in Sauvignon Blanc, which are derived
from precursors in grape juice, can be readily measured in the final product derived from
fermentation of modified juice, suggesting this diluted and amino-acid-adjusted medium
is oenologically relevant (Chapter 4). The fermented wine resulting from diluted grape
juice generally showed corresponding reductions in the concentration of its components
(Table 3.1). However, the concentrations of both glycerol and tartaric acid showed an
unexpected complexity in the response to dilution of the starting must. It is likely that both
the failure to complete fermentation in undiluted juice concentrations and the differences
in fermentation rate are responsible in part for this complexity.

The procedures described here allow the efficient and complete fermentation in modi-
fied grape juice by the set of yeast deletion strains in the S288C background. This enables
a high-throughput screen of single-gene deletions under wine-like conditions. Similar
strategies should be applicable to other yeast laboratory strains and auxotrophic wine
yeast.
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4 Identification of yeast genes

influencing volatile thiol production

in Sauvignon Blanc

4.1 Introduction

A candidate-gene approach was chosen to identify yeast genes responsible for volatile
thiol production during fermentation of SB grape must. Three factors led to this decision.

Firstly, preliminary experiments showed that the variation of 3-mercaptohexan-1-ol
(3MH) and 3-mercaptohexyl acetate (3MHA) production amongst various commercial
yeast strains fermented in SB grape juice was small (see Appendix A.3). Therefore the
pursuit of natural genetic variants did not seem like a promising approach.

Secondly, the formation of 3MH and 4-mercapto-4-methylpentan-2-one (4MMP) from
cysteinylated precursors found in SB grape juice was demonstrated by using a cell-free
enzyme extract of Eubacterium limosum and purified tryptophanase from Escherichia coli

(Tominaga et al., 1995, 1998c). It was hypothesized that a similar mechanism might be
responsible for the formation of volatile thiols during fermentation of SB must by the
action of yeast. This hypothesis made it attractive to focus candidate gene selection on
possible genes for uptake and cleavage of cysteinylated precursors.

Thirdly, after the fermentation performance of BY4743 in grape-juice-like medium had
been optimized (see Chapter 3), the deployment of the set of yeast deletion strains seemed
like a valuable resource to elucidate the genetic function of volatile thiol production in
yeast. During the course of this work Howell et al. (2005) and Thibon et al. (2008)
showed that yeast carrying single-gene knockouts in BNA3, CYS3, GLO1, IRC7, and the
transcriptional activators GLN3 and URE2 can influence the formation of volatile thiols;
however, this work was carried out in synthetic medium supplemented with synthetic
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cysteinylated 4MMP and 3MH.
This chapter describes the compilation of the list of candidate genes by mining several

online databases, followed by the screening of these candidate genes by fermenting the
appropriate single-gene deletion strains in SB grape-juice-based medium, which was sub-
sequently analyzed for volatile thiols via GC-MS. After comparing the thiol phenotype of
the single-gene deletion ferments with the parental strain, eight genes were selected for
investigation in a commercial wine yeast background. These eight genes were deleted in
a haploid wine yeast strain and screened for thiol production. Subsequently, six of the
eight chosen genes were overexpressed both in a wine yeast and a laboratory yeast strain
and screened for their volatile thiol synthesis.

Results obtained during the course of this work indicated that the sulfur amino acid
pathway might play a role in regulating volatile thiol release in yeast. Hence the effect
of cysteine, S-ethyl-L-cysteine (SEC) and glutathione (GSH) on volatile thiol produc-
tion was elucidated. SEC was chosen for its structural similarity to the potential 3MH-
precursor S-3-(hexan-1-ol)-L-cysteine (Cys-3MH). Nitrogen sources, diammonium phos-
phate (DAP) and urea were also added to grape juice to investigate the effect of added
nitrogen on volatile thiol synthesis during fermentation.

4.2 Candidate genes for volatile thiol production in

yeast

As described in Chapter 4.1, the tryptophanase enzyme from E. coli exhibits a cysteine-
S-conjugate β -lyase activity, which enables the release of volatile thiols from SB must
by cleaving a carbon-sulfur (C-S) bond (Chapter 1.5). In order to identify enzymes with
similar functions in yeast and genes influencing volatile thiols synthesis, the following
databases were queried:

• databases listed under protein blast, blastp (http://blast.ncbi.nlm.nih.gov/Blast.cgi)

• BRENDA (http://www.brenda-enzymes.info/)

• MIPS, Comprehensive Yeast Genome Database (http://mips.gsf.de/genre/proj/yeast)

• Pfam, protein database of the Sanger Institute (http://pfam.sanger.ac.uk)

• Saccharomyces Genome Database (SGD, 2008)
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The following eleven strategies were pursued to compile a list of 69 candidate genes,
which are summarised in Table 4.1. The criteria to include yeast candidate genes after a
database query were a combination of E-values (e−3 and lower) and an examination of
the conserved motifs.

I. Protein sequences with known C-S β -lyase functions in different species were iden-
tified in the literature and searched against the S. cerevisiae background by using
BLAST.

The E. coli tnaA gene has been shown to exhibit a strong cysteine-β -lyase activity
with the ability to release volatile thiols from grape must (Tominaga et al., 1995).
Furthermore Swiegers et al. (2007) overexpressed this gene in yeast and demon-
strated that 4MMP and 3MH were liberated from their cysteinylated forms in syn-
thetic medium. However, after querying the BLAST database (gi:147997) no signif-
icant match could be identified in S. cerevisiae.

Jones et al. (2003) isolated a cystine lyase from Brassica oleracea (L.) (BOCL3).
The BLAST search of its amino acid sequence (gi:28192642) identified four candi-
date proteins/genes in S. cerevisiae: ALT2 (1.7e−14), ALT1 (2.3e−14), BNA3 (2.3e−11)
and HIS5 (2.3e−4) (see Table 4.1 for description of the genes). All these genes en-
code for putative aminotransferases (EC 2.6.1.X), but their roles in yeast have not
all been fully elucidated.

Perry et al. (1993) obtained the amino acid sequence of a cysteine-S-conjugate β -
lyase (gi:46396412) from rat and mouse, also known as KAT1 or GTK (Kynurenine
amino-transferase I or glutamine transaminase K). The closest hits against the S.

cerevisiae background were again BNA3 (9.4e−58), ALT2 (7.9e−4) and ALT1 (5.7e−3).

Another rat gene, AGATII, which encodes for the L-alanine-glyoxylate aminotrans-
ferase II, was identified to have cysteine S-conjugate β -lyase activity (Cooper et al.,
2003). Database queries (gi:123787831) revealed homologies to ARG8 (1.8e−37, not
tested, deletion mutant unavailable), CAR2 (3.4e−31), UGA1 (1.9e−11) and BIO3

(1.1e−9). In the same study it was argued that AGATI (gi:167040921) potentially
exhibits cysteine S-conjugate β -lyase activity as well, hence it was included in the
database search and showed similarities to AGX1 (3.5e−35), SER1 (3.4e−3), MET17

(7.8e−3), NFS1 (2.5e−3) and IRC7 (3.9e−3).
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Cooper et al. (2003) argue that most aminotransferases have the ability to catalyse β -
lyase reactions and it could therefore be possible that some other aminotransferases are
able to catalyse a cysteine S-conjugate β -lyase reaction as well. A search in the Pfam
protein database revealed that almost all aminotransferases belong to the pyridoxal-5’-
phosphate (PLP)-dependent aminotransferase super family clan. Members of this super
family clan and their ORFs (total number in brackets) present in S. cerevisiae are listed in
the next six categories below (II - VII) and were included in Table 4.1.

II. β -eliminating lyase (1)

III. Cysteine/methionine metabolism PLP-dependent enzyme (8)

IV. Serine hydroxymethyltransferase (2)

V. Pyridoxal-dependent decarboxylase conserved domain (2)

VI. Glycine cleavage system P-protein (1)

VII. Aminotransferase class I-V (26)→ enzymes of this group overlap with other groups

VIII. Gene ontology searches for ’C-S lyases’ and ’thiol’ were performed in SGD and
MIPS. This procedure revealed ten genes.

IX. Glutathione (GSH) conjugates like S-3-(hexanol-1-ol)-GSH are thought to be in-
volved in the aroma development of SB (Peyrot des Gachons et al., 2002b). Addi-
tionally, GSH is attributed a major protective role against the oxidation of volatile
thiols by scavenging reactive quinones, which would otherwise react with thiols
(Chone et al., 2006). For these reasons 16 genes from the GSH meta- and cata-
bolism pathway were selected. During the course of this thesis a paper by Ganguli
et al. (2007) revealed an alternative pathway for the degradation of GSH. Genes from
this pathway (DUG1, DUG2, DUG3) were included in the deletion screen as well.

X. It is not known if the precursors of volatile thiols are actively taken up by the yeast
cell or if they passively diffuse across the plasma membrane. Therefore the general
amino acid transporter GAP1 and the more specific oligopeptide and GSH trans-
porter OPT1 were chosen to test as single-gene knock outs.
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XI. Thibon (2006) reported that differences of assimilable nitrogen between juices were
responsible for up to 35 % of the variation in the release of volatile thiols; higher
YAN levels generally caused lower thiol release. This observation and the fact that
thiol precursor(s) could potentially serve as a nitrogen source(s) led to the hypothe-
sis that the gene(s) responsible for the cleavage of the precursor(s) might be under
the control of nitrogen catabolite repression (NCR). Hence eight key genes from
the NCR network were selected and tested individually as single-gene knock outs.
It is known that the TOR (target of rapamycin) signalling pathway can inhibit the
function of transcriptional activators that are involved in NCR (Inoki et al., 2005).
Therefore four genes out of the TOR pathway were also tested as single-gene knock-
outs.

Table 4.1: Candidate genes that potentially influence volatile thiol synthesis in yeast. All ORFs

listed in this table are non-essential as homozygous knock outs.

ORF Molecular function Description Reason
Gene and and for
EC no. biological process comments selection

I. Yeast genes encoding for proteins homologous to proteins with C-S β -lyase function in different species

YLR089C
ALT1
2.6.1.2

aminotransferase activity, biological
process unknown

putative mitochondrial alanine
aminotransferase

homol. to proteins (Brassica,
E. coli, Mus musculus) with
known C-S β -lyase activity

YDR111C
ALT2,2.6.1.2

aminotransferase activity, biological
process unknown

putative alanine transaminase see ALT1

YJL060W
BNA3,2.6.1.X

kynurenine-oxoglutarate amino-
transferase activity

tested by Howell et al. (2005) and
Thibon et al. (2008)

see ALT1

YIL116W
HIS5
2.6.1.9

histidinol-phosphate aminotrans-
ferase activity, histidine biosynthesis

catalyses the seventh step in histi-
dine biosynthesis, responsive to gen-
eral control of amino acid biosynth.

homologous to BOCL3 a cys-
teine/cystine lyase from Bras-
sica

YLR438W
CAR2,2.6.1.13

ornithine-oxo-acid aminotransferase
activity, arginine catabolic process

catalyses the second step of arginine
degradation, not NCR sensitive

homology to C-S β -lyase from
Rattus norvegicus (AGATII)

YGR019W
UGA1,2.6.1.19

4-aminobutyrate aminotransferase
activity, nitrogen utilization

required for normal oxidative stress
tolerance and nitrogen utilization

Pfam: aminotransferase class
III, see CAR2

YNR058W
BIO3,2.8.1.6

biotin biosynthetic process incorporates sulfur in dethiobiotin to
form biotin

Pfam: aminotransferase class
III, see CAR2

YFL030W
AGX1
2.6.1.44

alanine-glyoxylate aminotransferase
activity, glycine biosynthesis

catalyses the synthesis of glycine
from glyoxylate

Pfam: aminotransferase class
V, homology to AGATI (Rattus
norvegicus)

YOR184W
SER1,2.6.1.52

phosphoserine aminotransferase ac-
tivity, serine and glycine biosynth.

regulated by control of amino acid
biosynthesis mediated by Gcn4p

see AGX1

Continued on next page
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Table 4.1 – continued from previous page

ORF Molecular function Description Reason
Gene and and for
EC no. biological process comments selection

YLR303W
MET17
2.5.1.47/49

O-acetylhomoserine (thiol)-lyase,
cys-synthetase activity, sulfur amino
acid metabolism

cleaves C-C bond and joins C-S (re-
action reversible ?)

Pfam: enzyme of cys/met
metabolism, homology to
AGATI (Rattus norvegicus)

YFR055W
IRC7
4.4.1.8

cystathionine β -lyase activity,
copper ion homeostasis, sulfur
metabolism

expression induced by nitrogen limi-
tation, tested by Howell et al. (2005)
and Thibon et al. (2008)

see MET17

II. Candidate yeast gene with β -eliminating lyase function

YEL046C
GLY1
4.1.2.5

threonine aldolase (low specificity),
glycine biosynthesis, threonine
catabolism

cleaves C-C bond, gly1 not glycine
auxotroph on ethanol medium, fer-
mentative growth rate decreased

Pfam: β -eliminating lyase

III. Candidate yeast genes encoding for cysteine/methionine metabolism PLP-dependent enzymes

YJR130C
STR2,2.5.1.48

cystathionine γ-synthase, sulfur
metabolism

converts cysteine into cystathionine
by joining C-S bond (reversible)

Pfam: enzyme of cys/met
metabolism

YGL184C
STR3,4.4.1.8

cystathionine β -lyase activity, me-
thionine biosynthesis

converts cystathionine into homo-
cysteine by cleaving C-S bond

see STR2, not tested due to un-
availability

YHR112C
nd nd

cystathionine β -lyase activity, sulfur
metabolism

putative protein of unknown func-
tion

see STR2

YLL058W
nd 2.5.1.48

putative protein similar to Str2p see STR2 see STR2

YML082W
nd 2.5.1.48

C-S lyase activity, sulfur metabolic
process

putative protein with predicted C-S
lyase activity

see STR2

YAL012W
CYS3
4.4.1.1

cystathionine γ-lyase, sulfur
metabolism, threonine catabolism

amino acid transferase, cleaves C-S
bond, tested by Howell et al. (2005)
and Thibon et al. (2008)

see STR2

YGR155W
CYS4
4.2.1.22

cystathionine β -synthase, sulfur
amino acid metabolism

synthesis of cystathionine from ser-
ine and homocysteine, makes C-S
bonds (reaction reversible ?)

see STR2

YGR012W
nd nd

putative cysteine synthetase, biolog-
ical process unknown

possibly involved in sulfur degrada-
tion

see STR2

IV. Candidate yeast genes encoding for serine hydroxymethyltransferase

YLR058C
SHM1
nd

mitochondrial serin hydroxymethyl-
transferase, converts serine to
glycine, reaction reversible

involved in generating precursors for
purine, pyrimidine, amino acid, and
lipid biosynthesis

Pfam search for lyase, serine
feeds into GSH biosynthesis
and cysteine biosynthesis

YLR058C
SHM2 nd

Cytosolic serine hydroxymethyl-
transferase, see SHM1

see SHM1 see SHM1

V. Candidate yeast genes encoding for proteins with pyridoxal-dependent decarboxylase conserved domain

YDR294C
DPL1
4.1.2.27

sphinganine-1-phosphate aldolase,
calcium-mediated signalling, cellu-
lar response to starvation

regulates intracellular levels of sph-
ingolipid long-chain base phos-
phates

Pfam search for lyase:
pyridoxal-dependent de-
carboxylase conserved domain

Continued on next page
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Table 4.1 – continued from previous page

ORF Molecular function Description Reason
Gene and and for
EC no. biological process comments selection

YMR250W
GAD1
4.1.1.15

glutamate decarboxylase activity,
glutamate catabolic process, re-
sponse to oxidative stress

Glutamate decarboxylase, converts
glutamate into gamma-aminobutyric
acid during glutamate catabolism

see DPL1

VI. Candidate yeast gene encoding for glycine cleavage system P-protein

YMR189W
GCV2
1.4.4.2

glycine dehydrogenase (decarboxy-
lating) activity, glycine decarboxyla-
tion

P subunit of the mitochondrial
glycine decarboxylase complex, re-
quired for the catabolism of glycine

Pfam search for lyase: glycine
cleavage system P-protein,
glycine is precursor of GSH

VII. Candidate yeast genes encoding for aminotransferases class I and II

YKL106W
AAT1
2.6.1.1

aspartate transaminase activity, as-
partate biosynthetic/catabolic pro-
cess, asparagine biosynthesis

mitochondrial aspartate aminotrans-
ferase, catalyses the conversion of
oxaloacetate to aspartate

Pfam search for lyase: amino-
transferase class I and II

YGL202W
ARO8,2.6.1.5

aromatic-amino-acid transaminase
activity, aromatic aminotransferase I

expression is regulated by general
control of amino acid biosynthesis

see AAT1

YLR027C
AAT2 2.6.1.1

aspartate transaminase activity, cy-
tosolic aspartate aminotransferase

involved in nitrogen metabolism see AAT1

YER152C
nd nd

molecular and biological function
unknown

shares amino acid similarity with the
aminotransferases Aro8p and Aro9p

see AAT1

VIII. Candidate yeast genes after gene ontology (GO) search for ’C-S lyases’ and ’thiol’

YAL039C
CYC3,4.4.1.17

cytochrome c heme lyase attach. of haem group on two cys-
teine residues of cytochrome c, c1

GO term is associated with C-S
lyase activity (SGD)

YKL087C
CYT2,4.4.1.17

cytochrome c1 heme lyase, cy-
tochrome c-heme linkage

see CYC3 see CYC3

YML004C
GLO1
4.4.1.5

lactoylglutathione lyase, glutathione
metabolism

condensation of methylglyoxal with
glutathione, osmotic stress depen-
dent, tested by Howell et al. (2005)

see CYC3

YOR251C
nd 2.8.1.1

thiosulfate sulfurtransferase activity,
tRNA wobble base modifi.

similarity to mammalian thiosulfate
sulfurtransferase

see CYC3

YIL160C
POT1,2.3.1.16

acetyl-CoA C-acyltransferase activ-
ity, fatty acid beta-oxidation

3-ketoacyl-CoA thiolase with broad
chain length specificity

SGD search for thiol, performs
thiolysis

YPR167C
MET16,1.8.4.8

phosphoadenylyl-sulfate reductase
(thioredoxin) activity

involved in sulfate assimilation and
methionine metabolism

MIPS search for thiol

YDR142C
PEX7 nd

peroxisome matrix targeting signal-
2 binding

peroxisomal signal receptor, protein
import into peroxisome

see MET16

YML028W
TSA1 nd

thioredoxin peroxidase and perox-
iredoxin activity, ribosome binding

ribosome-associated and free cyto-
plasmic thiol specific antioxidant

see MET16

YDR453C
TSA2 nd

thioredoxin peroxidase and perox-
iredoxin activity

removal of reactive oxygen, nitrogen
and sulfur species

see MET16

YIR037W
HYR1 nd

(hydroperoxide) glutathione peroxi-
dase and thioredoxin activity

thiol peroxidase that functions as a
hydroperoxide receptor

see MET16

IX. Candidate yeast genes involved in the GSH metabolism/catabolsim

Continued on next page
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Table 4.1 – continued from previous page

ORF Molecular function Description Reason
Gene and and for
EC no. biological process comments selection

YDR513W
GRX2
1.11.1.9

GSH transferase activity, GSH per-
oxidase activity, disulfide oxidore-
ductase activity

Cytoplasmic glutaredoxin, thi-
oltransferase, involved in maintain-
ing redox state of target proteins

involved in GSH metabolism,
thioltransferase

YIR038C
GTT1,2.5.1.18

GSH peroxidase and transferase ac-
tivity

expression induced during the di-
auxic shift and throughout stationary

GSH metabolism

YLL060C
GTT2,2.5.1.18

GSH transferase activity GSH S-transferase see GTT1

YJL101C
GSH1,6.3.2.3

glutamate-cysteine ligase activity,
GSH biosynthesis

γ-glutamylcysteine synthetase see GTT1

YPL091W
GLR1,1.8.1.7

GSH-disulfide reductase activity converts oxidized glutathione to re-
duced glutathione

see GTT1

YGR154C
GTO1 nd

ω-class GSH S-transferase activity GSH metabolic process see GTT1

YKR076W
ECM4 nd

ω-class GSH S-transferase activity GSH metabolic process see GTT1

YMR251W
GTO3 nd

ω-class GSH S-transferase activity GSH metabolic process see GTT1

YCL035C
GRX1,1.11.1.9

GSH peroxidase and transferase,
disulfide oxireductase activity

protects cells from oxidative damage see GTT1

YDR098C
GRX3,1.11.1.9

disulfide oxireductase activity, pro-
tects cells from oxidat. damage

related YER174C (GRX4) and
YPL059W (GRX5) also tested

see GTT1

YLR299W
ECM38,2.3.2.2

γ-glutamyltranspeptidase, GSH-
catabolic process

major GSH-degrading enzyme, in-
duced by nitrogen starvation

see GTT1

YFR044C
DUG1 nd

di- and tripeptidase activity, GSH
degradation

forms complex with Dug2p and
Dug3p

involved in GSH degradation

YBR281C
DUG2 nd

see DUG1 see DUG1 see DUG1

YNL191W
DUG3 nd

see DUG1 see DUG1 see DUG1

X. Candidate yeast genes encoding for potential thiol precursor transport proteins

YJL212C
OPT1 nd

oligopeptide transporter of the
plasma membrane

GSH and pytochelatin transporter,
tested by Subileau et al. (2008a)

high affinity GSH transporter

YKR039W
GAP1 nd

amino acid transmembrane trans-
porter

general amino acid permease, tested
by Subileau et al. (2008b)

amino acid uptake

XI. Candidate yeast genes involved in nitrogen catabolite repression (NCR)

YER040W
GLN3
nd

transcriptional activator transcriptional activator of
genes regulated by NCR,
tested by Thibon et al. (2008)

NCR related genes

YNL229C
URE2
nd

transcriptional corepressor of NCR,
GSH peroxidase activity

acts by inhibition of GLN3 tran-
scription in good nitrogen source,
tested by Thibon et al. (2008)

see GLN3

YEL009C
GCN4 nd

transcriptional activator of amino
acid biosynthetic genes

acts in response to amino acid star-
vation

see GLN3

Continued on next page
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Table 4.1 – continued from previous page

ORF Molecular function Description Reason
Gene and and for
EC no. biological process comments selection

YNL076W
MKS1 nd

pleiotropic negative transcriptional
regulator

regulation of nitrogen utilization, in-
volved in lysine biosynthesis

see GLN3

YFL021W
GAT1 nd

transcriptional activator acts on genes involved in NCR see GLN3

YJL110C
GZF3 nd

transcriptional inhibitor negatively regulates NCR gene ex-
pression by competing with Gat1p

see GLN3

YKR034W
DAL80 nd

transcriptional inhibitor of genes in
nitrogen degradation pathways

expression is regulated by N levels
and Gln3p, forms dimers with Gzf3p

see GLN3

YPL111W
CAR1,3.5.3.1

arginase, arginine catabolic process
to ornithine

expression responds to both induc-
tion by arginine and NCR

see GLN3

YJR066W
TOR1
2.7.1.137

protein kinase, target of rapamycin
(TOR) signalling pathway, controls
growth in response to nutrients

regulates translation, transcription,
ribosome biogenesis, nutrient trans-
port and autophagy

NCR and TOR related gene

YMR068W
AVO2 nd

regulation of cell growth, fungal-
type cell wall organization

component of a complex containing
the Tor2p kinase and other proteins

see TOR1

YDL047W
SIT4,3.1.3.16

serine-threonine phosphatase TOR signalling pathway see TOR1

YNL183C
NPR1,2.7.1.X

protein kinase, regulation of nitro-
gen utilization

stabilizes several plasma membrane
amino acid transporters

see TOR1

4.3 Screening of single-gene deletion yeast strains for

volatile thiol production in Sauvignon Blanc

The quantification of volatile thiols via GC-MS (Section 2.15) required the preparation of
standard curves. Representative examples are given in Appendix A.2, Figure A.2.

All ferments with laboratory yeast BY4743 were conducted in SB grape juice diluted
with 25 % SGM without sugars at 25 ◦C. Amino acids histidine and leucine were sup-
plemented at 10x levels whereas uracil was supplemented at 5x levels according to the
findings in Chapter 3. Auxotrophies arising from deleted candidate genes were overcome
by adding the appropriate substance at levels recommended in the literature. The BY4743
single deletion strains are simply referred to as "italicized gene name in lower case" e.g.
phd1. All fermentations were performed in triplicate, apart from the experiment pre-
sented in Section 4.3.2. Uninoculated juice samples were included as negative controls in
all experiments. Volatile thiols were never detected in significant amounts in uninoculated
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samples and these data were therefore omitted from figures of this chapter. Volatile thi-
ols in Section 4.3.1 were quantified by using internal standard 4M2M2MB. From Section
4.3.2 onwards, deuterated forms of 3MH and 3MHA were added as internal standards to
determine their corresponding natural forms in the wine samples (see Appendix A.2).

4.3.1 BY4743-cys3 and cys4 increase volatile thiol synthesis

Twelve different single-gene deletion strains in the BY4743 background were tested si-
multaneously in the first screen. Although glycine was added to the ferments, gly1 exhib-
ited the longest lag phase (24 h) and the lowest Vmax compared to all the other strains, as
depicted in Figure 4.1 (A) (d > 2, p < 0.05). This slower fermentation rate however had
no negative impact on thiol levels; a significant increase could be observed instead. Vmax

and total weight loss, which ranged from 14.2 g for cys3 to 15.9 g for yml082w, were not
correlated with thiol phenotype.

The non-essential open reading frame YAL068C (the first gene on chromosome I)
codes for a hypothetical protein of unknown function and was expected not to influence
thiol synthesis. To determine if the KanMX4-gene-deletion-cassette itself was causing a
change in thiol synthesis, yal068c was included as a control alongside the wild type strain,
BY4743. As shown in Figure 4.1 (B and C), yal068c displayed no significant difference
in 3MH and 3MHA compared to the wild type strain.

No reduction in 3MH and 3MHA could be observed for any of the tested deletion
strains. However, gly1 and cyc3 and most notably cys3 and cys4 showed significant in-
creases in both thiols, whereas the deletion of CYT2 caused an increase of 3MH only.
Although all these increases were statistically significant in the experiment shown, most
of the changes were quite minor. Throughout this thesis, only changes with an effect size
of d ≥ |4| were considered to be of biological relevance. Therefore only the elevated
levels produced by cys3 (3MH) and cys4 (3MH and 3MHA), which in both cases more
than doubled the volatile thiol production, were regarded as biologically relevant.

CYS3 and CYS4 encode enzymes that perform consecutive steps in the sulfur amino
acid biosynthesis pathway, as shown in Figure 4.2. CYS4 adds serine onto homocysteine
to form cystathionine, which is cleaved by CYS3 to make cysteine.
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Figure 4.1: Volatile thiol production of 12 different single-gene knockouts in the BY4743 yeast
background. A: Fermentation was conducted at 25 ◦C in SB grape juice (2005) di-
luted with 25 % SGM without sugars. Grape juice was supplemented with 30 mg/L
cysteine, 30 mg/L glycine, 200 mg/L histidine, 300 mg/L leucine, 20 mg/L methion-
ine and 100 mg/L uracil. B and C: levels of 3MH and 3MHA in the resulting wine;
black dashed lines indicate volatile thiol levels of BY4743-wt; bolded strains exhib-
ited changes of biological relevance; A: n = 3; B and C: n = 5; error bars = SEM; *p
< 0.01, **p < 0.001; numbers above bars = effect size d.



94 IDENTIFICATION OF YEAST GENES INFLUENCING VOLATILE THIOL PRODUCTION IN SB

Sulfate (SO4 )
2-

SUL1
SUL2

Sulfate (SO4 )
2-

APS

MET3

PAPS

Sulfite (SO3 )
2-

MET14

MET16

MET10,
ECM17

H2S, Sulfide (S   )
2-

MET17

Homocysteine 

Cystathionine  

Cysteine 

Methionine S-Adenosyl-
 methionine
    (SAM) 

 S-Adenosyl-
homocysteine
      (SAH)  

γ-Glutamylcysteine

Glutathione
     (GSH)

Cysteinyl-
  glycine

DIP5

Aspartate

Aspartate

HOM3

Aspartyl-4-P

HOM2

Aspartate-semialdehyde

HOM6

Homoserine

 O-Acetyl-
homoserine

MET2

 Threonine
biosynthesis

Glutamate & γ-Glutamyl
           peptides

Glycine

Glutamate

CYS4

STR3

CYS3STR2

Serine

NH3 & pyruvate

  O-acetyl-
homoserine

MET6

SAM1,
SAM2

CH3-THF

SAH1
Adenosine

GSH1

GSH2
ECM38

CYS3  Cystathionine γ-lyase
CYS4  Cystathionine β-synthase
DIP5  Dicarboxylic amino acid permease
DUG1,2,3 protein complex → degradation of GSH
ECM17  Sulfite reductase
ECM38  γ-Glutamyltranspeptidase
GSH1  γ-Glutamylcysteine synthetase   
GSH2  GSH synthetase
HOM2  Aspartic semi-aldehyde dehydrogenase
HOM3  Aspartate 4-P-transferase
HOM6  Homoserine dehydrogenase
MET2  Homoserine O-trans-acetylase
MET3  ATP sulfurylase
MET6  Methionine synthase
MET10  Sulfite reductase
MET14  APS kinase
MET16  PAPS reductase
MET17  O-acetylhomoserine (thiol) lyase
OPT1  Oligopeptide (GSH) transporter 
SAH1  S-adenosyl-homocysteine hydrolase
SAM1+2  S-adenosylmethionine synthetase
SHM2  Serine hydroxymethyltransferase
STR2  Cystathionine γ-synthase
STR3  Cystathionine β-lyase
SUL1+2   Sulfate permease
APS  Adenylylsulfate  
PAPS  Phosphoadenylylsulfate
THF  Tetrahydrofolate

Degraded GSH
DUG1-DUG2-DUG3

OPT1 

Glutathione
    (GSH)

GSH

CH2-THF

THF

Serine
GlycineSHM2

MET13

Glycine

CH3 

ATP

Figure 4.2: Sulfur metabolism of Saccharomyces cerevisiae [based on Ganguli et al. (2007); Ku-
mar et al. (2003); Momose and Iwahashi (2001); Ono et al. (1999); Spiropoulos and
Bisson (2000); Tehlivets et al. (2004); Wang et al. (2003)]. Red coloured bold single-
gene knockouts caused significant increase in volatile thiol(s). Red coloured genes
showed reduction in volatile thiol(s). Purple genes were tested but showed no changes
in volatile thiols when deleted.
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4.3.2 The influence of BY4743-shm2, ser1 and met17 on volatile

thiol synthesis

Figure 4.3 shows the screen of 40 additional candidate genes undertaken in a second
experiment. The majority of the single-gene deleted strains fermented similarly to their
otherwise isogenic wild type strain BY4743 (Figure 4.3 A). BY4743-ser1, shm2, aat2 and
alt1 showed longer lag phases than the rest of the strains, and shm2, aat2 and most notably
ser1 also exhibited slower fermentation rates. The levels of volatile thiols produced by
these slow fermenting strains varied. Wine fermented with ser1 and shm2 had reduced
levels of thiols (3MH and 3MH/3MHA), whereas in samples of aat2 a significant increase
of 3MH could be observed.

Overall 13 out of 40 genes caused significant changes in either 3MH or 3MHA or
both (Figure 4.3 B, C). Simultaneous changes in both compounds were not unexpected,
since it is assumed that the majority of 3MHA is derived through esterification from 3MH
(Swiegers et al., 2006b). To get a better picture of the total thiol production of each strain,
the unit of measurement was converted into nMol/L and the levels of 3MHA and 3MH
were summed. This procedure revealed highly significant changes in thiols for met17,
ser1 and shm2 (p < 0.001, d > |4|). BY4743-car2, bio3, aat2, shm1 and uga1 caused
significant, but minor changes (p < 0.01, d < |3.5|).

The most significant change was an increase in thiols by the MET17 deletion. MET17,
like CYS3 and CYS4, is part of the sulfur amino acid biosynthesis pathway and synthesizes
homocysteine from hydrogen sulfide and O-acetyl-L-homoserine (Figure 4.2). The two
other genes with major effects, both decreases, are involved with serine biosynthesis:
SHM2 reversibly converts serine to glycine, whereas SER1 is part of an alternative serine
biosynthesis pathway. Serine is required by CYS4 to form cystathionine and ultimately
cysteine, which is, together with glycine and glutamate, a precursor of GSH (see Figure
4.2).

4.3.3 Fermentation in Sauvignon Blanc grape juice of a different

year

At this point in the screening, no further 2005 SB juice was available, and experiments
switched to 2006 juice. To compare results in the different juice, a subset of five previ-
ously re-tested strains (Figure 4.3) were chosen to ferment again in triplicate in 2006 SB
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Figure 4.3: Volatile thiol release of 40 different single-gene knockouts in the BY4743 yeast back-
ground. A: Fermentation was conducted at 25 ◦C in SB grape juice (2005) diluted
with 25 % SGM without sugars. Grape juice was supplemented with 7 mg/L cysteine,
200 mg/L histidine, 300 mg/L leucine and 100 mg/L uracil. B and C: Levels of 3MH
and 3MHA; black dashed lines indicate volatile thiols levels of BY4743-wt. A: n =
1; B and C: n = 2; error bars = SEM; *p < 0.01, **p < 0.001; numbers above bars =
effect size d; bold indicates strains showing biologically relevant changes.
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juice. This juice had higher Brix values and lower YAN values (Table 2.5), which resulted
in the fermentation time increasing by four days. The 2005 juice used to generate data in
Figure 4.3 was supplemented with 7 mg/L cysteine. The omission of adding extra cys-
teine to the 2006 juice was the only difference in the experimental setup between the two
experiments.

Overall the fermentation kinetics of the re-tested strains depicted in Figure 4.4 A were
similar to the single ferments conducted in the grape juice of the year 2005. Both the
Vmax ranking of the strains (fastest to slowest) and total weight loss were in accordance
with the values reported in Section 4.3.2.

The amount of 3MH/A and the total amount of volatile thiols produced by the reference
strain BY4743-wt did not differ between the two experiments (p > 0.01, d < 1.5). Table
4.2 compares the changes in thiol release of five deletion strains fermented in SB juices
of two different years.

Most of the re-tested deletion strains showed a similar response in volatile thiol release
in both juices. Only aat2 exhibited an inconsistent change in 3MH concentrations be-
tween the two juices: an increase in the 2005 juice compared to a decrease in 3MH in the
2006 juice respectively.

The absolute difference in the magnitude of the change between a particular deletion
strain fermented in the two grape juices is expressed as ∆ % in Table 4.2. This difference
was most pronounced for 3MH in the met17 and aat2 strains. For the other strains, this
difference was small (∆ % ≤ 17).

For met17 and aat2, it is worth mentioning that, although the concentrations of 3MH
measured in the 2005 juice were much higher than the ones found in the 2006 juice, this
difference was not reflected in 3MHA; both years exhibited similar levels.

In this experiment, for the first time, 4MMP could be detected in samples fermented
with laboratory strain BY4743 (Figure 4.4 D). It appeared that grape juice fermented
with aat2, met16 and met17 showed increased concentrations of 4MMP. However, these
differences were not significant, due to high SEM-values, which were caused by low
abundance of 4MMP. Concentrations were at the detection limit of the assay for this
volatile thiol.
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Figure 4.4: Repetition of screen for volatile thiols with BY4743 single-gene knock out strains
aat2, met16, met17, shm1 and shm2 in SB juice of a different year (2006) diluted
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4.3.4 Influence of NCR-related and GSH-degradation genes on

volatile thiol production

In this section, 12 NCR/TOR-related genes and three genes involved in the degradation
of GSH were tested as single deletion knockouts in a laboratory yeast background (see
Section 4.2 IX and XI for more information on the genes). Additionally, ser1 was chosen
to be re-tested, since it exhibited a severely inhibited fermentation rate in the earlier screen
depicted in Figure 4.3. To overcome this defect and to assess the effect of fermentation
rate on thiol release, serine was added to the juice prior to inoculation with the ser1 strain.

As Figure 4.5 A shows, the addition of serine to the juice improved the fermentation
performance of ser1 dramatically compared to the experiment shown in Figure 4.3. ser1

even exhibited the highest Vmax value of all strains (p < 0.001, d > 20; data not shown),
but lost less weight than remaining strains except sit4 (Figure 4.5 A). However, this big



4.3 Screening of single-gene deletion yeast strains for volatile thiol production in SB 99

Table 4.2: Comparison of volatile thiol levels of five single-gene deletion strains fermented in SB
grape juice of the year 2005 and 2006

% change to wt (3MH) % change to wt (3MHA)
Strain 2005 n = 2 2006 n = 6 ∆ % 2005 n = 2 2006 n = 6 ∆ %

shm2 -28 * ≈ -32 * 4 -72 * ≈ -77 ** 5
shm1 -22 ≈ -11 * 11 -24 ≈ -7 17
aat2 +25 * 6= -10 35 +30 ≈ +23 7
met16 -6 ≈ -9 3 -46 * ≈ -30 ** 16
met17 +57 ** ≈ +13 * 44 -2 ≈ ±0 2
*p < 0.01, **p < 0.001, n = number of measurements, ≈ similar trend, 6= different trend,
∆ % change between the two experiments

increase in fermentation rate caused no change in its thiol phenotype.

For the ferments inoculated with the NCR-related and GSH-catabolic deletion strains,
only mks1 and sit4 showed significantly inhibited fermentation rates; both had reduced
Vmax (p < 0.001, d < -46) and total weight loss at day eight of ferment (p < 0.001, d <

-6).

Experiments presented in Figure 4.4 and 4.5 were performed in the same batch of
juice (2006) with an identical experimental setup, but showed a difference in fermentation
time of two days. Comparing the 3MH and 3MHA release of BY4743-wt between these
two experiments, however, unveiled a highly significant increase in both thiols for the
experiment depicted in Figure 4.5 (p < 0.001, d > 8). Even the 3MHA/3MH ratio of
BY4743-wt differed between to the two experiments, although with a smaller effect size
(p < 0.001, d = 2.6).

Thiol production from this experiment is shown in Figure 4.5 B and C. The majority
of single-gene deletions (9 out of 12) involved in the NCR regulation and TOR signalling
pathway caused significant changes in either 3MH, 3MHA or both. Observed differences
varied much more in 3MHA than in 3MH and generally caused decreases. The only
biologically relevant change for 3MH was a decrease in mks1. gcn4 was the only strain
causing a biologically relevant increase in 3MHA. Decreases in 3MHA with d ≥ |4| could
be observed for six strains: gln3, car1, tor1, mks1 and most notably for ure2 and npr1.
The role, interaction and thiol phenotype of all NCR-related genes tested are illustrated in
Figure 4.6. No clear pattern could be observed in the changes of the thiol concentrations
and the reported effect of deletion mutants on NCR. For example, the main transcriptional
regulator of NCR, URE2, abolishes NCR when deleted. This means genes suppressed by
NCR are upregulated even under excess of a rich nitrogen source. Conversely, gln3 cannot
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activate NCR-regulated genes. If thiol influencing genes are under the control of NCR one
would expect an opposite thiol response of ure2 compared to gln3 deletions. However,
this was not the case, both deletion strains showed a reduction in 3MHA.

BY4743-dug2 was the only gene out of the alternative GSH degradation pathway,
which caused a biologically relevant decrease in 3MHA. Additionally, total amounts of
thiols were significantly different from wild type only in dug2. See Figure 4.2 for the
relation of these genes in the sulfur metabolism pathway.

4.3.5 Summary of single-gene deletion screens in the laboratory

yeast background

In total 69 candidate genes were screened as single-gene deletions in the BY4743 yeast
background. The results for 67 genes are described earlier in this section. Genes GAP1

and OPT1, which encode transport proteins (see Section 4.2 X) were the first genes to be
screened as deletions in this thesis. Technical issues with the thiol assay and differences
in the experimental setup caused large standard deviations, which was the reason for not
showing these data earlier in this chapter. However, it appeared that gap1 and opt1 did
not cause any significant differences in thiol release compared to their wild type strain.
Soon Lee of this laboratory confirmed this observation at a later stage in the laboratory
strain background (data not shown).

Table 4.3 lists all genes which exhibited biologically relevant changes (d ≥ |4|) in
volatile thiol release. In total 17 single-gene deletion strains caused changes in either
3MH, 3MHA or both. The majority of the NCR-related gene deletions caused changes
only in 3MHA. Four out of six single-gene deletion strains did not reach the biological
threshold (d ≥ |4|) again when tested in a second experiment. However, apart from aat2,
the direction of change was always in accordance between two experiments.

Out of the seven genes tested by Howell et al. (2005), Subileau et al. (2008b) and
Thibon et al. (2008) only gln3 showed a similar response in the laboratory background in
this thesis. The observed increase for cys3 shown here was in total contrast to the findings
of Howell et al. (2005) and Thibon et al. (2008). None of the changes seen corresponded
to a loss of more than 50 % of total thiols, suggesting than none of the mutated genes fall
into the category of being essential for thiol production.
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Table 4.3: Single gene deletions, which showed changes of biological relevance (d ≥ |4|.)

Pathway 3MH 3MHA

cys3 sulfur metabolism ⇑ –
cys4 sulfur metabolism ⇑ ⇑
met17 sulfur metabolism ⇑ –x – –
met16 sulfur metabolism – – ⇓ –x

dug2 GSH degradation/sulfur metabolism – ⇓
shm2 serine⇐⇒ glycine ⇓ ⇓ ⇓ ⇓
ser1 serine and glycine biosynthesis ⇓ – x – –
aat2 aspartate and threonine biosynthesis ⇑ – – –
bio3 biotin synthesis ⇑ –
car1 arginine degradation – ⇓
car2 arginine degradation ⇑ –
mks1 NCR ⇓ ⇓
gln3 NCR – ⇓
gcn4 NCR – ⇑
npr1 NCR + TOR – ⇓
tor1 NCR + TOR – ⇓
ure2 NCR – ⇓
⇓ = decrease; ⇑ = increase; – = no change; two symbols indicate
results of two separate experiments; x = same trend, but d ≤ |4|

4.4 Deletion of candidate genes in wine yeast and their

influence on volatile thiol release

Section 4.3 identified gene deletions in the laboratory yeast background that caused changes
in volatile thiol release during wine fermentation. To verify these changes in a wine yeast
strain, eight candidate genes were chosen, deleted in wine yeast and tested for their im-
pact on volatile thiol release during fermentation in full grape juice. Two reasons led to
this decision.

Firstly, data obtained in a laboratory background do not necessarily translate to data
generated in wine yeast. Quite large genetic differences between laboratory yeast and
wine yeast have been reported in detail recently (Liti et al., 2009; Schacherer et al., 2009).

Secondly, the modified grape juice employed for the laboratory strain, with its lower
sugar content and increased YAN-values, could potentially alter or disguise changes in
thiol release caused by deleted genes. Confirming the results in full grape juice would
show that the data were oenologically relevant.

Table 4.4 lists the eight genes selected for comparison in wine yeast. Four genes in-
volved in sulfur metabolism, which exhibited the biggest changes as deletions in the lab-
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oratory yeast were selected to be deleted in wine yeast as well. NCR-related genes GLN3,
NPR1 and URE2 mainly showed changes in 3MHA; however, the high YAN-values in the
laboratory yeast screen could have potentially masked effects of these genes on thiol re-
lease. For this reason IRC7 was selected as well. Indeed, during the course of this screen
Thibon et al. (2008) reported that IRC7 is under control of NCR.

Table 4.4: Genes selected to be deleted in wine yeast.

Genes Pathway Reason for selection

cys3 sulfur
metabolism

** increase in 3MH and 3MHA (Figure 4.1); Howell et al. (2005) reported
decrease in 4MMP; Thibon et al. (2008) reported no change; both experi-
ments were done in synthetic medium spiked with cysteinylated thiols

cys4 sulfur
metabolism

** increase in 3MH and 3MHA (Figure 4.1)

met17 sulfur
metabolism

** increase in 3MH (Figure 4.3 and 4.4)

shm2 related to sulfur
metabolism

** decrease in 3MH and 3MHA (Figure 4.3 and 4.4)

irc7 not known no change in thiols (Figure 4.3), but both Howell et al. (2005) and Thibon
et al. (2008) reported decrease in 4MMP, 3MH and 3MHA in synthetic
medium spiked with cys-4MMP and cys-3MH

gln3 NCR ** decrease in 3MHA (Figure 4.5); Thibon et al. (2008) reported 70 %
decrease of 4MMP, 3MH and 3MHA in synthetic medium spiked with
cys-4MMP and cys-3MH

npr1 NCR ** decrease in 3MHA (Figure 4.5)
ure2 NCR * 3MH increase and ** 3MHA decrease (Figure 4.5); Thibon et al. (2008)

reported a 3-4 fold upregulation in all three thiols
*p < 0.01, **p < 0.001

Zymaflore F15 was chosen as a model wine yeast because it showed homozygous mi-
crosatellite profiles paired with good spore viability and transformation efficiency (Brad-
bury et al., 2006; Niederer et al., unpublished data). A haploid progeny from Zymaflore
F15 showed no difference in fermentation performance to its diploid parent and was there-
fore used for the constructions of the single-gene deletions (see Section 2, Table 2.6: F15
h, aux for more information on this strain).

Deletions were successfully constructed in all eight target genes in F15 (h, aux). The
gene deletion strategy utilized is described in Section 2.10.5. Integration and test primers
of the corresponding genes are listed in Section 2.10, Table 2.7. The detailed results of
the transformation and PCR verification for all eight deleted genes are listed in Appendix
A.4.
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4.4.1 Comparison of volatile thiol release between single-gene

knockouts in laboratory yeast and wine yeast F15 (h aux)

The eight single-gene deletion strains were fermented in SB grape juice and screened for
their production of volatile thiols (Figure 4.7). The fermentation temperature was set at
25 ◦C, but a malfunction of the temperature sensor in the incubator possibly elevated the
fermentation temperature by about 2 ◦C to ≈ 27 ◦C.

All strains completed fermentation in a similar time frame (Figure 4.7 A and B). How-
ever, F15-gln3 and shm2 exhibited reduced Vmax-values and longer lag phases (p < 0.001,
d = 10-20). These lower Vmax-values were also observed when gln3 and shm2 were fer-
mented in the BY4743 background. Overall, the fermentation performance of the single-
gene knock outs in the two different yeast backgrounds were in accordance with each
other.

Volatile thiol concentrations were significantly increased in five of the F15 (h aux)
knockouts and decreased in two others. Only irc7 did not differ from F15-wt (h, aux). In
particular, the ure2, cys3 and cys4 mutants showed increases (d ≥ 4) in both 3MH and
3MHA, while the npr1 mutant increased 3MHA and met17 increased 3MH production.

Table 4.5 compares the changes in thiol release for all eight deletion knock outs be-
tween the laboratory yeast BY4743 and the wine yeast F15 (h, aux). Changes in trend,
which were most pronounced in npr1 and ure2, could be seen for 3MH (npr1, gln3) and
3MHA (ure2, npr1, met17). The differences in the magnitude of change (∆ %) between
the BY4743 and F15 (h, aux) background varied more for 3MHA than for 3MH. The
increases for both thiols of cys3 and cys4 in BY4743 were roughly twice as large as those
observed in F15 (h, aux). irc7 on the other hand consistently showed no significant change
in thiol release for both laboratory yeast and wine yeast.

4.5 Volatile thiol release in yeast overexpressed in five

candidate genes

Studying the effect of gene overexpression on phenotypic changes is another tool com-
monly used to elucidate and assign gene functions (Puria et al., 2007; Stevenson et al.,
2001). For this reason five candidate genes previously tested as single-gene knockouts
were overexpressed in both the laboratory yeast BY4743 and the wine yeast F15 (h, aux)
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Figure 4.7: Fermentation kinetics and volatile thiol release of wine yeast F15 (h, aux) individually
deleted in eight single genes and fermented in 100 % SB juice (2006; ≈ 27 ◦C) sup-
plemented with 30 mg/L cysteine, 20 mg/L methionine and 100 mg/L uracil. Black
dashed lines indicate volatile thiols levels of F15-wt (h, aux). A, B: n= 3-4; C, D: n =
5-8; error bars = SEM; *p < 0.01, **p < 0.001; numbers above bars = effect size d;
bold indicates strains showing biologically relevant changes.
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Table 4.5: Comparison of volatile thiol release of single-gene deletions knocked out in laboratory
yeast BY4743 and wine yeast F15 (h, aux)

% change to wt (3MH) % change to wt (3MHA)
Strain Pathway BY F15 ∆ % BY F15 ∆ %

cys3 sulfur +95 ** ≈ +69 ** 26 +123 ** ≈ +56 ** 67
cys4 sulfur +104 ** ≈ +51 ** 53 +217 ** ≈ +46 ** 171
met17 sulfur +13 * ≈ +26 ** 13 ±0 6= +15 * 15
shm2 sulf. related -32 ** ≈ -8 * 24 -77 ** ≈ -32 ** 45
irc7 not known -15 ≈ -3 12 -6 ≈ -6 0
gln3 NCR -6 6= -29 ** 23 -26 ** ≈ -24 ** 2
npr1 NCR +4 6= +33 ** 29 -65 ** 6= +35 ** 100
ure2 NCR +9 * ≈ +57 ** 48 -33 ** 6= +81 ** 114
*p < 0.01, **p < 0.001, ≈ similar trend, 6= different trend, ∆ % change between the two experiments

and their influence on thiol release was determined. Table 4.6 lists the genes selected
for this overexpression study. Overexpression was achieved using the PGK promoter,
which was introduced using URA3 and kanamycin resistance markers ("UKP" cassette,
see Section 2.10.6).

The integration of the UKP overexpression cassette was accomplished for all five genes
by following the strategy described in Section 2.10.6. Overexpression and test primers of
the corresponding genes are listed in Section 2.10, Table 2.7. Amplification, transforma-
tion and PCR verification of the overexpression cassettes are described in Appendix A.5.
Two individual verified colonies of each of the five transformation experiments were used
to make wine.

Fermentation performance of the single-gene overexpression strains differed only be-
tween strains carrying oxGLN3 and their corresponding wild type strain. Both the labora-
tory and wine yeast oxGLN3 strains exhibited longer lag phases. The F15-oxGLN3 strain
fermented sluggishly and did not finish the ferment (Figure 4.8 A and B).

The overexpression of genes CYS3, CYS4, GLN3, IRC7 and SHM2 had no impact on
3MH release in both strain backgrounds (Figure 4.8 C and D). Only strain oxGLN3 ex-
hibited a significant 3MHA decrease, again in both the laboratory and wine yeast back-
grounds (d ≥ |5.5|). Interestingly, although the fermentation rate of F15-oxGLN3 was
extremely sluggish, total thiol concentrations (3MH + 3MHA in nMol/L) did not differ
from F15-wt (h, aux). It appeared that the 3MHA release from three other transformed
strains in F15 (h, aux) was elevated. However, this increase was only biologically relevant
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Table 4.6: Genes selected for overexpression in yeast.

Genes Pathway Reason for selection

CYS3 sulfur cys3 caused ** increase in 3MH and 3MHA (Figure 4.1 and 4.7); Howell
et al. (2005) reported decrease in 4MMP; Thibon et al. (2008) reported no
change; both experiments were done in synthetic medium spiked with cys-
teinylated thiols

CYS4 sulfur cys4 caused ** increase in 3MH and 3MHA (Figure 4.1 and 4.7)
SHM2 sulf. related shm2 caused ** decrease in 3MH and 3MH (Figure 4.3, 4.4 and 4.7)
IRC7 not known irc7 caused no change in thiols (Figure 4.3 and 4.7), but Howell et al. (2005)

and Thibon et al. (2008) reported decrease in 4MMP, 3MH and 3MHA
GLN3 NCR gln3 caused ** decrease in 3MHA (Figure 4.5) ** decrease in 3MH and

3MHA (Figure 4.7); Thibon et al. (2008) reported 70 % decrease of 4MMP,
3MH and 3MHA in synthetic medium spiked with cys-4MMP and cys-3MH

*p < 0.01, **p < 0.001

in F15-oxCYS3.

BY4743-wt, which was fermented in grape juice diluted with 25 % SGM without sug-
ars, released 28 % less thiols (3MH + 3MHA) than its wine yeast counterpart. This indi-
cates that the precursor thiol conversion rate at 25 ◦C is similar between the two strains.

All strains were successfully tested by replica plating before and after fermentation on
SD−ura+G418 medium. Only strains carrying the overexpression cassette, which contained
the URA3 and kanMX4 genes, were able to grow on these plates. The URA3 gene in
the overexpression cassette could provide enough uracil to the originally Ura− strains,
which enabled fermentation rates similar to those experienced in wild type strains. Note
that the ferments of Ura− wild type strains were supplied with additional uracil. These
results indicate that the selectable marker genes in the UKP module were functional.
However, mRNA levels of the overexpressed target genes were not monitored during
the fermentation. Hence there is no direct evidence that the target genes were actually
overexpressed. The only indications for this can be seen in the fermentation phenotype of
oxGLN3, which differed from that of the wild type and the single-gene deletant in BY4743
and F15 (h, aux) (see Figures 4.5 and 4.7). Furthermore, F15-oxSHM2 strains exhibited a
giant cell phenotype as described by Yang and Meier (2003). This cell enlargement was
not discernible in BY-oxSHM2 (data not shown).
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Figure 4.8: Fermentation kinetics and volatile thiol release of laboratory yeast BY4743 and wine
yeast F15 (h, aux) overexpressing one of five genes. F15 (h, aux) strains were fer-
mented in SB juice (2006) at 25 ◦C. BY4743 strains were fermented in the same juice
diluted with 25 % SGM without sugars, which was supplemented with 200 mg/L his-
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(h, aux) strains. Black dashed lines indicate volatile thiols release of wild type strains.
A and B: n= 3-4; C to F: n = 4-6; error bars = SEM; *p < 0.01, **p < 0.001; num-
bers above bars = effect size d; bold indicates strains showing biologically relevant
changes.
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4.6 Supplementation of grape juice with sulfur and

nitrogen compounds and their influence on volatile

thiol release

The following sections describe the impact of additional sulfur and nitrogen on the release
of volatile thiols during fermentation in SB grape juice. Three sulfur sources, cysteine,
glutathione (GSH) and S-ethyl-L-cysteine (SEC), were added in the 1 mM range. Two
nitrogen sources, diammonium phosphate (DAP) and urea, were added to provide addi-
tional 120 mg/L nitrogen to the SB grape juice.

4.6.1 Cysteine

The preceding section showed that mutations in cysteine biosynthetic genes increased
thiols, raising the possibility that cysteine supply in yeast cells may affect thiol synthesis.
Preliminary experiments indicated that cysteine influenced volatile thiol release in CYS3

and CYS4 deletions (data not shown). There are several plausible mechanisms for this
effect. Schneider et al. (2006) suggested that cysteine might be able to bind to E-2-
hexenal, a compound commonly found in grape must, which could then be converted by
yeast to 3MH. The proposed cysteinylated thiol precursor could possibly act as a sulfur or
nitrogen source for the yeast cell. Since cysteine and methionine are the major products
of the sulfur metabolism in yeast, cysteine could play a role in regulating the uptake of
Cys-3MH into the cell or its cleavage.

To test the potential impact of cysteine on volatile thiol release, various amounts were
added to grape juice, which was then fermented with BY4743 and three different com-
mercial wine yeasts. The response to cysteine was also examined in single-gene deletions
of CYS3 and CYS4 in the laboratory strain background and in two wine strains.

4.6.1.1 Effect of cysteine on cys3 and cys4 laboratory strains and two wild type

strains

The response of volatile thiol release to increasing amounts of cysteine in the grape juice
was investigated in wine yeast EC1118 and laboratory yeast BY4743 including its cys3

and cys4 deletion mutants.
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As shown in Figure 4.9 (A), additional cysteine caused only minor changes in fermen-
tation rate for the majority of yeast strains. A marginal and not always significant trend
of increasing Vmax-values with increasing cysteine levels could be detected. Contrary to
this observation, the addition of 200 mg/L cysteine extended the lag phase for all strains
by a few hours, most notably for EC1118. Only BY4743-cys4 showed a severely inhib-
ited Vmax when no additional cysteine was added to the medium (p < 0.001, d = 34).
BY4743-cys3 + 0 mg/L cysteine on the other hand fermented as fast as BY4743-cys3

+ 30 mg/L cysteine. This observation was in agreement with preliminary tests, where
BY4743-cys3 could ferment 100 % SGM lacking cysteine very slowly, whereas BY4743-
cys4 failed to do so (data not shown). Note that the fermentation medium used in this
experiment contained trace levels of cysteine and cysteic acid, which originated from the
SB grape juice (see Table 2.5).

A biologically significant increase of 3MH was observed in the cys3 and cys4 deletion
strains compared to their wild type BY4743 strain with no cysteine added, as indicated
by the arrows in Figure 4.9 (B). This increase was surprisingly not reflected in the 3MHA
levels of the deletion strains. A significant decrease could be detected instead. This
observation seemed to disagree with the results presented in Chapter 4.3 (Figure 4.1 C)
where an increase of 3MHA could be observed. A closer look revealed that the grape juice
used in Figure 4.1 was supplemented with 30 mg/L cysteine. Taking this into account, the
results of two experiments agree with each other.

Increasing levels of cysteine caused a decreasing trend of volatile thiol release in juice
samples inoculated with BY4743-wt. In samples fermented with wine yeast EC1118 this
negative response could be observed only when 200 mg/L cysteine was added. Samples
of BY4743-cys3 showed the same decreasing 3MH response to cysteine as its wild type
strain, whereas no significant decrease could be observed in wine samples of BY4743-
cys4. In contrast to BY4743-wt, the 3MHA levels showed a significant upward trend in
both deletion strains. This trend was much more pronounced in samples fermented with
cys4 than with cys3.

4.6.1.2 Effect of cysteine on two wine yeast strains and their corresponding cys3

and cys4 single-gene deletions

The CYS3 and CYS4 genes were knocked out in two wine yeast strains, F15 (h, aux) and
GRE (h), as described in Appendix A.4. These strains were used to ferment undiluted
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Figure 4.9: The effect of cysteine on volatile thiol release in BY4743-cys3/4, BY4743-wt and
commercial wine yeast EC1118. Fermentation was performed in SB grape juice
(2005) diluted with 25 % SGM without sugars at 25 ◦C (A). Grape juice was sup-
plemented with 200 mg/L histidine, 300 mg/L leucine and 100 mg/L uracil. Cysteine
was added at three different levels as indicated. Black dashed lines indicate levels of
volatile thiols when no cysteine was added to the corresponding strain. Coloured lines
indicate thiol concentration in the wine of BY4743-wt with no added cysteine. A: n
= 3; B + C: n = 6; error bars = SEM; statistical significance levels always refer to the
difference compared to the previous sample; *p < 0.01, **p < 0.001; numbers above
bars = effect size d.
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grape juice along with their wild type controls. Two independent verified colonies of each
transformation were used to ferment diluted grape juice in duplicate with no cysteine and
200 mg/L cysteine added (Figure 4.10).

Additional cysteine caused a significant increase in Vmax for all strains. This increase
was much more pronounced (higher effect sizes) in the CYS mutants as shown in Figure
4.10 (B). Cysteine supplementation increased total weight loss only marginally. Just F15-
cys3 showed a response to the addition of cysteine (d = 5.8).

The effect of deleting CYS3 and CYS4 in both wine strains generally showed an in-
creasing trend of 3MH release compared to the corresponding wild type strain. However,
this increase was not biologically relevant, as indicated by the low effect sizes (d ≤ 4)
above the solid bars in Figure 4.10 (C). The same conclusion was drawn for 3MHA in the
cys3 and cys4 mutants (Figure 4.10 D).

Adding cysteine to the juices more than doubled the 3MH release in the cys3/4 mutants.
For 3MHA these increases were substantial but not as pronounced as in 3MH. Cysteine
caused also significant increases of 3MH/A in the wild type wine strains, but these in-
creases were much lower than in the cys3/4 mutants. It appeared that the supplementation
with cysteine caused bigger increases in cys3 mutants than in cys4 mutants. Note that the
standard deviations, which highly influence effect size d, were exceptionally low for 3MH
in the wild type strains, explaining the high d-values of F15-wt (h, aux) and GRE-wt (h),
although relatively low mean differences were observed.

The response to cysteine presented in this experiment differed greatly from results ob-
tained in Figure 4.9 (B + C). While BY4743-wt and EC1118 generally showed decreasing
trends in both 3MH and 3MHA with rising cysteine levels, wine yeasts F15 (h, aux) and
GRE (h) exhibited significant increases at least for 3MH.

4.6.2 Glutathione, S-ethyl-L-cysteine, DAP and urea

The tripeptide glutathione (GSH), is a powerful antioxidant, which is known to protect
volatile thiols in wine (Lavigne et al., 2007). Additionally it is part of sulfur metabolism in
yeast and could potentially, like cysteine, influence volatile thiol release during wine fer-
mentation. S-ethyl-L-cysteine (SEC) was used in studies presented in Chapter 5. Due to
its structural similarity to the potential 3MH-precursor S-3-(hexan-1-ol)-L-cysteine (Cys-
3MH) its influence on thiol release was also investigated. The results presented in Figure
4.7 demonstrate that in wine yeast NCR partially controls thiol release during must fer-
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Figure 4.10: The effect of cysteine on volatile thiol release in haploid wine yeast F15 (h, aux),
ICV-GRE (h) and their corresponding cys3/4 single-gene deletions (C and D). Fer-
mentation was conducted in 100 % SB grape juice (2005) at 25 ◦C (A and B). Grape
juice was supplemented with 100 mg/L uracil. Cysteine was added to half of the
ferments (solid bars = no cysteine; horizontal bars = 200 mg/L cysteine). Dashed
lines indicate thiol levels of the respective wild type strain with no cysteine added.
A: n = 4; B and C: n = 8; error bars = SEM; statistical significance on solid bars
refers to the differences compared to the corresponding wild type strain; statistical
significance on horizontal bars indicates differences between cysteine treatments; *p
< 0.01, **p < 0.001; numbers above bars = effect size d.
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mentation. The deletion of URE2, one of the major inducers of NCR, caused an increase
in volatile thiols, which indicates that thiol releasing genes are negatively regulated when
NCR is active. To further test this hypothesis, DAP and urea were added to the grape
juice. Urea is known not to induce NCR, whereas DAP, being a rich nitrogen source, ac-
tivates NCR (Magasanik and Kaiser, 2002). If NCR plays a major role in thiol regulation
one would expect an increase of thiols in the urea ferments and a decrease in the DAP
ferments.

All ferments in this experiment were conducted in full SB grape juice (2006) inoculated
with commercial wine yeast F15 Zymaflore. Figure 4.11 shows the results of ferments
with these four compounds added. Additional nitrogen (120 mg/L) was supplied to the
must by adding urea and DAP accordingly, which resulted in a total YAN of 314 mg N/L.
Grape must was adjusted with sulfur sources GSH and SEC to a final concentration of
1.5 mM, which provided extra 29 mg/L sulfur to the must.

Vmax values were highly increased in ferments supplemented with DAP and urea (d=
14.2 and 17.1 respectively), whereas the addition of GSH and SEC did not influence
fermentation kinetics (Figure 4.11 A and B). This increase in fermentation rate indicates
that the initial nitrogen status of the grape juice was a limiting factor for the growth of the
yeast.

Extra available nitrogen in the grape must caused major increases in 3MH and 3MHA
for both nitrogen sources (d = 9 – 18.5). Similar thiol increases could be observed in the
samples supplemented with 1.5 mM SEC. The addition of 1.5 mM GSH on the other hand
had no biologically relevant effect on thiol levels in the wines.
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Figure 4.11: The effect of GSH, urea, DAP and SEC on volatile thiol release in commercial wine
yeast Zymaflore F15. Fermentation was conducted in full SB grape juice (2006)
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and urea increased the YAN values by 120 mg N/L to a final value of 314 mg N/L.
Dashed lines indicate thiol levels of F15 without any additions. A and B: n = 3; C
and D: n = 5; error bars = SEM; *p < 0.01, **p < 0.001; numbers above bars =
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4.7 Discussion and conclusion

The task of this chapter was to identify yeast genes responsible for volatile thiol forma-
tion during alcoholic fermentation of grape juice. Key findings were the identification of
17 genes affecting volatile thiol release when deleted in a laboratory yeast background.
These genes could be divided into four groups: (a) five genes related to the sulfur amino
acid pathway; (b) two genes related to serine and glycine biosynthesis; (c) six genes
related to nitrogen catabolite repression (NCR); and (d) four genes which could not be
assigned to any of these groups.

A subset of these genes was deleted in a wine yeast background. Thiol phenotypes
were similar for both laboratory and wine yeast deletions, except for NCR-related genes.
The overexpression of five genes involved in sulfur and nitrogen regulation revealed one
NCR-related gene, which displayed an inhibited fermentation rate accompanied with a
decrease in 3MHA. Supplementation of the grape must with additional nitrogen generally
increased thiol release in wine yeast, whereas the thiol response to additional sulfur was
dependent on the type of sulfur source and the yeast strain used.

No distinctive β -lyase responsible for the formation of 3MH could be identified in this
deletion analysis. Indeed, the majority of genes previously shown to influence volatile
release during fermentation of synthetic medium had no effect in grape juice ferments.
Most notably IRC7, which is thought to be the major gene responsible for the release
of volatile thiols in yeast (Thibon et al., 2008), did not show any effect when deleted or
overexpressed in both laboratory yeast and wine yeast. The only consensus with pre-
vious studies was obtained with two NCR-related genes, which showed similar 3MH/A
responses when fermented as single-gene knock outs in a wine yeast background.

All these key findings are discussed in more detail in the following sections.

4.7.1 Repeatability and variability of thiol assays

The repeatability of the thiol assay used in this chapter was good. Within single fermen-
tation experiments, the extraction and analysis of 3MH and 3MHA could generally be
performed with a standard deviation of less than 10 %. However, the absolute amount of
thiols produced and the 3MH-3MHA conversion rate varied significantly between some
experiments fermented in the same batch of juice with the same strain, as seen in Figures
4.4 and 4.5 for laboratory yeast BY4743-wt and in Figures 4.7 and 4.8 for wine yeast
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F15-wt (h, aux). Several factors could have led to this between-ferment variability.

First, thiol extractions and GC-MS analysis for both comparisons (BY4743 and F15
(h, aux)) were performed about six months apart from each other. Slight adjustments to
the injection mode, run time and temperature gradient of the GC-MS, as well as column
changes and the use of different batches of internal standards could have all influenced
the measurement of the final thiol titre. By looking at the absolute thiol concentrations it
seemed that the 3MH-3MHA conversion rate of F15-wt (h, aux) between two experiments
(Figures 4.7 and 4.8) had changed 2-fold. However, when comparing the ratio of the peak
area (3MHA/3MH) between the two experiments, no difference could be observed. The
only explanation for this is that the d2-3MHA/d2-3MH ratio of the internal standard must
have been different between the two experiments. This change could either had occurred
through degradation or batch to batch differences. Investigation revealed that a different
batch of internal standard had been used in the experiment depicted in Figure 4.8.

Second, one could argue that properties of the frozen juice and wine samples had
changed over time. For example, the difference could be explained if juice kept longer
in storage (-20 ◦C) produced more thiols in the finished wine. It could be possible that
prolonged storage is changing the chemical composition of the grape juice by slowly
degrading molecules (i.e. pre-precursor of volatile thiols) previously not accessible to
yeast. The difference described here is based on only two data points, which means this
observation could have been by chance.

Third, it is known that grape juice, even when sampled from sub-blocks of the same
vineyard, can vary greatly in its volatile thiol yield (Lee et al., 2008). The SB grapes used
in this thesis were machine harvested and the juices were sampled from large winery tanks
into 2-L bottles. If mixing in the large tanks was incomplete, inter-vineyard differences
in the amount of thiol precursor could potentially have been carried over into the bottles,
which could explain the thiol yield differences between experiments. Note that the grape
juice for each experiment was homogenized by mixing before yeast inoculation, which
would have contributed to the low intra-experiment variation.

All the thiol screens in this thesis were comparative in nature, using an internal control
(typically the wild type strain). Therefore, although these differences in absolute thiol
concentration between ferments of the same strain were not ideal, they do not influence
the conclusions drawn from each experiment.
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4.7.2 Identification of candidate genes

The strategy chosen for the discovery of yeast genes influencing volatile thiol release
was the screening of candidate genes deleted individually in yeast, which were then used
to make wine. However, deleting genes, especially in wine yeast, can be a lengthy and
tedious process, which limits the total number of genes which can be screened. After
optimizing the fermentation performance of laboratory yeast BY4743 in SB grape juice,
this bottleneck no longer existed (see Chapter 3). It became feasible to screen a large
number of candidate genes by harnessing the existing Saccharomyces genome deletion
library (SGD, 2008). The search strategies described in Section 4.2 (I - XI) led to the
identification of 69 candidate genes for testing.

As indicated in Table 4.1, during the course of this thesis, three different research
groups (Howell et al., 2005; Subileau et al., 2008b; Thibon et al., 2008) identified 8 genes
which they showed to be involved in thiol synthesis in synthetic medium spiked with
synthetic cysteinylated precursor. The list of candidate genes in this thesis was compiled
prior to publication of Howell et al. (2005), Subileau et al. (2008b) and Thibon et al.
(2008) and included all of these 8 genes, suggesting that the choice of search strategies
was appropriate.

4.7.3 Effects of deleted genes on fermentation rate and its relation

to thiol release

One would expect that by deleting certain genes immediate negative effects on the growth
of yeast would be a common feature, especially during fermentation in grape must with its
high osmotic pressure and low pH. Surprisingly only eight gene deletions caused signifi-
cant decreases in fermentation rate and/or prolonged lag phases in the laboratory yeast
background. In any case, it appeared that fermentation rate was not correlated with
volatile thiol release. This was most apparent in the ferments conducted with the ser1

deletion. In the experiment depicted in Figure 4.3 the fermentation rate of this deletion
strain was severely inhibited and showed a reduction for 3MH (d = -4.4). The addition
of serine to the must elevated the fermentation rate of ser1 almost to that of the wild type
but caused no major change in thiol phenotype (d = -3.4, Figure 4.5). The gly1 and aat2

deletions, which were also inhibited in their fermentation rates, even appeared to cause
increases in thiol concentration (Figure 4.1 and 4.3), whereas the remaining five out of
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eight strains showed either a decrease or no change in thiol release. In a recent paper,
Brauer et al. (2008) reported that the expression of about a quarter of all yeast genes is
linearly correlated with growth rate. Under the assumption that growth rate and fermenta-
tion rate go hand in hand, it could be concluded that thiol influencing genes do not belong
to this group of genes influenced by growth rate. However, findings in this laboratory
indicated that there is only a moderate correlation between growth rate and fermentation
rate in grape juice (R. Deed, unpublished).

4.7.4 Genes influencing thiol release in the laboratory strain

background

The results obtained in the laboratory strain background led to the identification of 17
genes which caused biologically relevant changes (d ≥ |4|) in 3MH and/or 3MHA when
deleted as single deletion knock outs. Surprisingly, the largest changes encountered were
increases in thiols. Increases were most apparent for the cys3, cys4 and met17 mutants
in BY4743. These genes encode enzymes which are responsible for three consecutive
steps in sulfur metabolism of S. cerevisiae: the conversion of H2S to homocysteine,
to cystathionine and then to cysteine (see Figure 4.2). Deletions of SHM2 and SER1

showed decreasing trends in 3MH/A. Both genes are involved in the synthesis of serine
and glycine, which feed into the sulfur amino acid pathway in yeast. Serine is a substrate
for Cys4p, which synthesizes cystathionine, whereas glycine is, together with cysteine
and glutamate, a building block of GSH. DUG2, another gene thought to be involved in
GSH degradation, showed 3MHA decreases when deleted.

4.7.4.1 Sulfur metabolism

These observations indicate that the sulfur amino acid biosynthetic pathway has a major
influence on the evolution of volatile thiols in yeast. The disruption of genes needed for
the synthesis of cysteine (MET17, CYS4, CYS3) caused an increase in volatile thiol re-
lease. If cysteine and subsequently GSH are in limited supply in such yeast cells, it could
be possible that the cell is compensating for this shortage with an increased uptake of
cysteine, GSH and similar-structured sulfur compounds, which may include thiol precur-
sors. Hansen and Johannesen (2000) reported that, in strains deleted for CYS4 and CYS3,
methionine-mediated repression of the sulfur amino acid pathway could not take place.
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Thus it is likely that the uptake of sulfur-containing molecules into the cell is upregulated
in such strains. Indeed, the high-affinity GSH transporter OPT1 is induced by sulfur star-
vation and repressed by cysteine through the 5’-CCG binding motif (Hiraishi et al., 2008;
Wiles et al., 2006). It has been proposed that the uptake of the potential 3MH precursor,
S-3-(hexan-1-ol)-glutathione also known as glutathionyl-3MH (G-3MH), could be medi-
ated by OPT1 (Subileau et al., 2008a). However, unlike in the study of Subileau et al.
(2008a), BY4743-opt1 did not appear to synthesize less 3MH/A than its wild type strain
when fermented in SB must in this thesis (data not shown). This could either mean that
the composition of the grape juices between the two hemispheres is different, i.e. New
Zealand SB contains only marginal amounts of OPT1-mediated thiol precursor. Alterna-
tively, the thiol effect of the met17, cys4 and cys3 deletions may not have a major influence
on the uptake of the 3MH precursor(s), but may be acting via the activation of precursor-
cleaving genes. This hypothesis is further discussed in Section 4.7.7 (last paragraph of
section).

The deletion of MET16, which reduces PAPS to sulfite, caused a decrease in 3MHA.
The reason behind this observation cannot be elucidated with the data available.

The role of DUG2, which caused a 3MHA decrease when deleted, in the formation of
3MH/A cannot be easily explained. Ganguli et al. (2007) reported that for the degradation
of GSH a functional Dug1p-Dug2p-Dug3p protein complex is required. Hence, if GSH or
similar-structured peptides are involved in volatile thiol synthesis in yeast, strains deleted
in any of these three genes should display similar thiol phenotypes. This was valid for
dug2 and dug3, but not for dug1. Dug1p is able to cleave i.e cysteine-glycine bonds on its
own, whereas nothing is known about the function of Dug2p and Dug3p, apart from their
role in GSH degradation.

4.7.4.2 Serine and glycine

The decrease of 3MH/A in the shm2 and ser1 deletions can not be readily explained. Al-
though glycine and serine are both necessary for the synthesis of cysteine and GSH, both
amino acids play many other important roles in yeast. For example, serine and glycine are
the main single-carbon donors in yeast (Tsoi et al., 2009). In addition to the formation of
purine nucleotides and vitamins, single-carbon derivatives of tetrahydrofolate (THF) are
also required for the biosynthesis of methionine (Figure 4.2; Thomas and Surdin-Kerjan,
1997). In a recent study, Tsoi et al. (2009) showed that increased serine is required by



122 IDENTIFICATION OF YEAST GENES INFLUENCING VOLATILE THIOL PRODUCTION IN SB

the yeast cell during anaerobiosis. Tsoi et al. (2009) argue that this is most likely due
to anaerobic remodelling of the cell wall, which requires large amounts of serine-rich
mannoproteins. If serine supply is limited, highly extended lag phases can be observed.
This hypothesis fits with data obtained in this thesis because ser1, shm2 and gly1 strains,
which are all involved in the serine biosynthetic pathway, exhibited extended lag phases
and decreased fermentation rates. As described in Section 4.7.3, the supplementation of
serine to BY4743-ser1 reverted this growth defect almost back to wild type, without af-
fecting thiol release. Since the large amounts of serine (400 mg/L) added to the must
resulted in wild type fermentation rates, it seems likely that the serine requirements of the
yeast cell were met. Under this assumption, combined with the observation that the addi-
tion of serine to the must did not change thiol release of BY4743-ser1, it can be concluded
that the reduction in thiol release observed in shm2 and ser1 strains is complex in nature
and cannot be easily explained by a low supply of serine to the cell, which then affects the
supply of cysteine and glutathione. For example, SHM2 is the main cytosolic gene pro-
viding CH2-THF (out of the conversion from serine to glycine), which is required for the
synthesis of methionine. Adding extra serine to grape must fermented with a shm2 dele-
tion strain would not compensate for a CH2-THF shortage and consequently methionine
shortage (Figure 4.2). On the contrary, additional serine in a medium has been reported to
limit the amount of methionine and S-adenosylmethionine (SAM) by depleting the homo-
cysteine pool to form cystathionine (Chan and Appling, 2003). The putative role of SAM
in controlling thiol-influencing genes is further discussed in Section 4.7.7 (last paragraph
of section).

4.7.4.3 Nitrogen catabolite repression

Six out of the 17 deleted genes were connected to NCR and these mainly showed changes
in 3MHA (Table 4.3). This would suggest that the main 3MH precursor-cleaving enzyme
is not subjected to NCR in the BY4743 background under these experimental conditions,
but that genes affecting the acetylation of 3MH are under the control of NCR. Genes under
the control of NCR are suppressed when rich and preferred nitrogen sources like ammo-
nium, asparagine and glutamine are abundant (Figure 4.6). In a wine ferment situation,
good nitrogen sources can be depleted as early as 35 hours after start of the fermentation
(Rossignol et al., 2003). This section discusses the effect of NCR genes on thiol release
under the assumption that the precursor-cleaving enzymes are under the control of NCR.
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Table 4.7 compares the expected changes in thiol phenotypes with the thiol phenotypes
observed in the BY4743 and F15 (h, aux) background.

Table 4.7: Changes in thiol release of NCR-related single-gene deletions in the BY4743 and F15
(h, aux) yeast background.

Expected change1 BY4743 F15
Gene ∆ 3MH + 3MHA 3MH 3MHA 3MH + 3MHA

gcn4 ? wt ⇑ nt
gln3 ⇓ wt ⇓ ⇓
mks1 ⇓ ⇓ ⇓ nt
npr1 ? wt ⇓ ⇑
tor1 ⇑ wt ⇓ nt
ure2 ⇑ wt ⇓ ⇑
1under the assumption thiol precursor-cleaving genes are subjected to NCR
wt = wild type; nt = not tested; ⇓/⇑ = decrease/increase compared to wt

MKS1 which showed biologically significant decreases in both thiols when deleted, is
described in the literature as a pleiotropic negative transcriptional regulator and is thought
to suppress the activity of Ure2p (Edskes et al., 1999). Ure2p prevents Gln3p and Gat1p
from entering the nucleus where they activate genes suppressed by NCR (Cooper, 2002).
mks1 mutants should therefore enhance NCR (less thiols) and ure2 mutants should de-
crease it (more thiols). If this hypothesis is correct, the deletion of URE2 should show the
opposite effect to the mks1 and gln3 deletions. This was not observed in BY4743 (Figure
4.5).

The deletion of GCN4 upregulated 3MHA concentrations markedly. GCN4 is consid-
ered to be a master regulator, both positive and negative, of a broad range of genes under
conditions of nutrient limitations. This includes the URE2-independent negative regula-
tion of GLN3 (Sosa et al., 2003). Due to this pleiotropic effect the direction of change
in volatile thiol synthesis could not be predicted. The upregulation of 3MHA observed
in BY4743-gcn4 suggests that the gene(s) responsible for 3MH acetylation is negatively
regulated by GCN4 and that this regulation is not mediated by GLN3. Interestingly, Tsoi
et al. (2009) recently showed that GCN4 is also involved in the adaptation to anaerobic
growth in yeast by inducing the one-carbon metabolism which increases the supply of
serine. However, unlike the study of Tsoi et al. (2009), no extended lag phase in ferments
conducted with gcn4 could be observed in this work. As argued earlier, this indicates that
serine was not limited throughout the fermentation.

The main role of the Npr1 kinase is the stabilization of various permeases, including
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Gap1 and Mep1/2. Its role in Gln3-mediated regulation has been questioned (Feller et al.,
2006). Under the assumption that Cys-3MH is mainly uptaken by the Gap1 permease
as proposed by Subileau et al. (2008a), a deletion of NPR1 should decrease 3MH and
3MHA. However, the large decrease of 3MHA but not 3MH in the npr1 mutant cannot
be easily explained under this assumption. Annan et al. (2008) hypothesizes that Npr1p
is also needed in the signalling pathway for the adaptation to high osmotic stress. It could
be possible that this osmotic maladaptation in npr1 mutants, which showed reduced Vmax

values (d = 13) in must, could have caused the reduction of 3MHA.

Tor1 is part of the TOR complex 1 and is a peripheral membrane protein, which is in-
volved in the regulation of many cellular processes including cell cycling, meiosis, protein
synthesis and NCR-related nutrient sensing (Cooper, 2002). Under nitrogen-rich condi-
tions, the Tor complex 1 prevents transcriptional activators (Gln3p, Gat1p) entering the
nucleus, similar to Ure2p. Hence, the tor1 deletion should relieve NCR and release more
thiols. This could not be observed as Table 4.7 depicts.

In conclusion, volatile thiol synthesis in the BY4743 yeast background seemed not to be
controlled by NCR. The effect of NCR-deleted genes on total thiol release was minor and
did not follow any clear pattern. However, as seen in Table 4.2, large differences in YAN
levels between juices can potentially lead to differences in volatile thiols concentration in
the wine.

4.7.4.4 Other deleted genes

Genes AAT2, BIO3 and CAR2 caused 3MH increases as single-gene deletions. Both AAT2

and CAR2 are involved in nitrogen metabolism, whereas BIO3 is needed for biotin biosyn-
thesis. Given their reported functions, they are unlikely to have catalytic roles (precursor
cleavage) and are more likely to have regulatory or other indirect roles in thiol release.

The cytosolic AAT2 synthesizes aspartate from glutamate and oxaloacetic acid. In-
terestingly, the mitochondrial gene AAT1 performs the same reaction, but the deletion
showed no change in thiol release. Aspartate is the major source of homoserine, which
is required for the biosynthesis of threonine and homocysteine (Figure 4.2). It could be
argued, that the increase of 3MH in the aat2 strain was caused by a similar mechanism to
that in the met17 deletion: a shortage of homocysteine.

CAR1 and CAR2 catalyse the first two steps of the arginine degradation pathway. Argi-
nine is often the most abundant amino acid in grape juice (Table 2.5) and is considered
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to be a non-preferred nitrogen source. CAR1, which is subjected to NCR, liberates urea
from arginine and showed a 3MHA decrease when tested as a single-gene deletion in
grape juice (Figure 4.5). CAR2 is not controlled by NCR and releases glutamate from
ornithine, which is converted into proline. Glutamate is the major source (85 %) of total
nitrogen in the yeast cell (Magasanik and Kaiser, 2002). The reason for the thiol pheno-
types and the cause of the differences in thiol synthesis between car1 and car2 was not
understood.

The increase of 3MH in the BIO3 deletion strain cannot be simply explained by an
under-supply of biotin, which is synthesized by the 3-genes-cluster BIO3, BIO4 and BIO5.
Interestingly, BIO3 uses SAM as a substrate, which would not be needed in a BIO3 dele-
tion and could therefore possibly have altered the SAM:SAH ratio (see Section 4.7.7).

4.7.4.5 Summary

In summary it should be noted that no single-gene deletion abolished 3MH/A production
completely; reductions in total thiol synthesis did not correspond to a loss of more than
50 %. This indicates that 3MH release during must fermentation is either a quantitative
trait controlled by many genes or that the potential 3MH-forming enzyme, presumably
a β -lyase, was not amongst the 69 candidate genes. In contrast to work published by
Howell et al. (2005) and Thibon et al. (2008), which identified IRC7 as the major β -
lyase responsible for the synthesis of 4MMP and 3MH, no change could be observed in
3MH/A release when IRC7 was tested as a deletion strain in this work. As mentioned
earlier, the results here from the deletion of CYS3 and URE2 were in total contrast to
results obtained by Howell et al. and Thibon et al. for the same genes. The main reason
for these discrepancies is most likely due to the fact that Howell et al. and Thibon et al.’s
work was entirely based on spiking the fully synthetic medium with Cys-4MMP and Cys-
3MH only. Other potential thiol precursors, as proposed by Subileau et al. (2008a), were
therefore not assessed. This is consistent with the results of Subileau et al. (2008a), and
suggests that under the experimental conditions used in this thesis, Cys-3MH is not the
major thiol precursor in New Zealand SB must. Therefore, there may be several different
pathways to produce thiols which act on different 3MH-precursors.
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4.7.5 Differences between laboratory yeast and wine yeast strains

As shown in Table 4.5 the deletion of eight genes in the haploid wine yeast F15 (h, aux)
revealed some differences in their thiol phenotypes when compared to the results obtained
in BY4743. Trends of changes in the sulfur-related genes (CYS3, CYS4, MET17, SHM2)
generally agreed with each other but seemed to be more pronounced in the BY4743 back-
ground than in F15 (h, aux) background. Apart from possible strain-specific effects, it
is most likely that the lower 3MH/A levels experienced in the sulfur-related F15 (h, aux)
deletions were caused by differences between the medium used. All deletion screens
in the wine strain background were conducted in SB must supplemented with 100 mg/l
uracil, whereas for the BY4743 screens, diluted SB juice, complemented with elevated
levels of histidine, leucine and uracil was used. During-Olsen et al. (1999) reported that
extracellular leucine increased the uptake of cysteine in S288C-gap1 in minimal ammo-
nium medium by almost 5-fold. As suggested in Section 4.7.4, this could mean that
cysteine-like molecules (e.g. Cys-3MH) could increasingly enter the cell as well.

Differences in trends of the changes (increase versus decrease) between the two strains
were seen for NCR-related genes gln3, ure2 and npr1 (Table 4.5). Again, genetic di-
vergence between the laboratory yeast and the wine yeast could have caused these dif-
ferences. Indeed, Magasanik and Kaiser (2002) reported that ammonia does not induce
NCR in laboratory strains derived from S288C. Additionally, the increased YAN val-
ues (+111), which originated from the auxotrophic supplementation of the diluted must,
may have disguised the thiol phenotype of gln3 and most notably ure2 in the laboratory
yeast background. This YAN difference could also explain the large variations in 3MHA
compared to the relatively small effects in 3MH for the NCR-related gene deletions in
the BY4743 screen. 3MHA is mainly produced through acetylation of 3MH in the later
stages of the fermentation when rich nitrogen sources are becoming increasingly limited
(Beltran et al., 2004; Rossignol et al., 2003; N. Deed, unpublished data). The results
obtained for the NCR-related genes in the wine yeast background fit the model proposed
by Thibon et al. (2008), in which volatile thiol release is partly regulated by NCR. How-
ever, the up- and down-regulation of 3MH/A in the ure2 and gln3 mutants respectively
were not as pronounced as those reported by Thibon et al. (2008). The measured thiol
increase in ferments of F15-npr1 is probably also due to relief of NCR. The stabiliza-
tion/upregulation of several ammonium and amino acid permeases (Gap1, Mep1/2) can
no longer occur in npr1 mutants even under increasing nitrogen limitation. This may
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cause the relief of NCR and the subsequent upregulation of important thiol genes much
earlier than in the wild type strain. Subileau et al. (2008b) reported that the general amino
acid permease Gap1 is partly responsible for the uptake of Cys-3MH in synthetic medium
spiked with Cys-3MH. If Gap1 is not as active in npr1 deletions, one would expect a
decrease in 3MH/A rather than an increase. However, Subileau et al. could not replicate
their results in grape must and no reduction of 3MH/A in gap1 mutants could be observed
in this work.

In contrast to work by Thibon et al. (2008), and just as in BY4743, the deletion of IRC7

in wine yeast F15 (h, aux) did not show any changes in 3MH and 3MHA, indicating that
this gene is not responsible for 3MH release in SB must from Marlborough (vintage 2005
and 2006) when fermented with these two strains. As argued in Section 4.7.4, this could
mean that Cys-3MH is not the major 3MH precursor in this particular SB must, and that
other genes are responsible for the conversion of other 3MH precursor(s). Alternatively,
both strains used in this study share a similar allele of IRC7, which differs in its activity
from strains used in the study of Thibon et al. (2008).

The comparison between laboratory yeast and wine yeast showed that the majority
of the tested genes (5 out 8) exhibited similar phenotypes in either yeast background.
This re-emphasizes the conclusion that the available single-gene deletion library in the
laboratory yeast background can be a valuable tool to elucidate genetic function under
oenological conditions. The disagreement of the results in the NCR-related genes were
not necessarily just due to genetic variations between the two strains, but could had been
also caused by differing nitrogen availabilities in the medium. Therefore, results obtained
in a laboratory yeast are not systematically transposable and should ideally be confirmed
in a wine yeast in order to emphasize their oenological relevance.

4.7.6 Implications of gene overexpression on volatile thiol release

As described in Section 4.5 the overexpression of genes CYS3, CYS4, GLN3, IRC7 SHM2

in BY4743 and F15 (h, aux) did not provide much insight into the evolution of volatile
thiols. The largest effect could be observed in the overexpression of GLN3; both strains
exhibited large decreases in 3MHA. The decrease was accompanied by a reduced fer-
mentation rate, which was most pronounced in the wine strain. This observation was in
agreement with findings by Minehart and Magasanik (1991) who observed a drastic de-
crease in growth rate with an increase in copies of GLN3. GLN3 is mostly known for its
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role as a transcriptional activator for genes regulated by NCR. One reason for this growth
defect could be that increasing amounts of Gln3p constitutively upregulate genes which
are detrimental for cell growth when overexpressed. The reason that BY4743-oxGLN3

exhibited only mild reduction in its fermentation rate could be connected with the lower
osmotic pressure of the diluted grape juice in the BY4743 ferments. In any case, the
3MHA reduction appeared to be correlated with the severity of the fermentation defect in
the oxGLN3 strains.

IRC7 was included in all deletion and overexpression studies, because the literature
strongly indicated its involvement in the formation of volatile thiol in yeast (Howell et al.,
2005; Thibon et al., 2008). However, as described in Section 4.7.5, this could not be
verified by any of the results in this thesis. In fact Swiegers and Pretorius (2007) had
previously reported that the overexpression of IRC7 and CYS3 did not induce an increase
of 4MMP release.

Genes CYS3 and CYS4 were included in this overexpression study, because it was hoped
that this would shed more light on the role of the sulfur amino acid pathway in the regu-
lation of volatile thiols. The slight increases in 3MHA experienced were barely over the
biological threshold.

These results are consistent with the conclusion that all five overexpressed genes were
not directly responsible for the cleavage of the 3MH precursor(s), as the deletion screens
suggested, but may act by regulating precursor-cleaving enzymes.

4.7.7 The role of cysteine in the formation of volatile thiols

The importance of cysteine and its conjugates as odour precursors in the food and flavour
industry is well known and has been recently described in depth by Starkenmann et al.
(2008). In a study by Moreira et al. (2002) the addition of cysteine and methionine to dif-
ferent grape musts enhanced the content of wines in several volatile sulfur compounds (i.e.
3-mercapto-1-propanol, 2-mercaptoethanol). More specifically, Schneider et al. (2006)
hypothesized that both cysteine and hydrogen sulfide (H2S) could potentially react with
E-hex-2enal to form 3MH during wine fermentation. Interestingly, Jiranek et al. (1995b)
reported that, amongst all amino acids, mainly cysteine induced the liberation of H2S in
synthetic grape must when added as a sole nitrogen source. Combining these observa-
tions, one might expect an increase of 3MH/A when cysteine is added to the medium.
As Figures 4.9 and 4.10 show, this was not necessarily the case. Only grape must fer-
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mented with wine yeast strains F15-wt (h, aux) and GRE-wt (h) showed a significant but
small increase in thiols (Table 4.8 summarizes the impact of different sulfur and nitrogen
compounds on the release of 3MH/A). This marginal increase could indeed have orig-
inated from the reaction of cysteine (H2S) with E-hex-2enal as proposed by Schneider
et al. (2006), who observed that up to 10 % of the 3MH formed could originate from E-
hex-2enal. However, increasing amounts of cysteine in the diluted grape juice generally
caused a decreasing trend in BY4743-wt and EC1118. These discrepancies could have
been caused by strain-specific genetic differences. Rossignol et al. (2003) reported that
cysteine was not utilized by EC1118 during alcoholic fermentation. This inability may
be specific to BY4743 also, but may not apply to F15-wt (h, aux) and GRE-wt (h). Ad-
ditionally, deviations in the grape medium used could have contributed to the differences
in thiol response as well. As mentioned in Section 4.7.5, extracellular leucine has been
reported to increase the uptake of cysteine. Combined with the lower osmotic pressure
in the ferments conducted with BY4743 and EC1118, this could have led to an increased
uptake of cysteine. Negative growth effects arising due to sulfide toxicity could have af-
fected thiol synthesis. Note that all strains showed elongated lag phases in the 200 mg/L
cysteine treatment. Indeed, Kumar et al. (2006) reported that cysteine inhibited growth
of laboratory yeast BY4742 when added to minimal medium at concentrations similar to
the ones used in this thesis (1.65 mM). However, the higher Vmax values experienced with
increasing cysteine concentration in this work suggest that growth was inhibited only in
the initial stages of the fermentation (Figures 4.9 and 4.10).

Table 4.8: Impact of different nitrogen and sulfur sources on volatile thiol release.

3MH 3MHA
Strain mg/L N mg/L S mg/L No addition = 100

Cysteine BY47431 (his3, leu2, ura3) 200 23 53 66 ∗∗ 59 ∗∗

EC11181 (commercial) 200 23 53 67 ∗∗ 57 ∗∗

F152 (ho::hphMX, ura3) 200 23 53 133 ∗∗ 110 ∗∗

GRE2 (ho::hphMX, ura3) 200 23 53 136 ∗∗ 103

SEC F153 (commercial) 135 13 29 159 ∗∗ 181 ∗∗

GSH F153 (commercial) 277 38 29 92 114

DAP F153 (commercial) 566 120 – 145 ∗∗ 206 ∗∗

Urea F153 (commercial) 258 120 – 145 ∗∗ 209 ∗∗

1in diluted juice with elevated levels of histidine, leucine and uracil; 2in undiluted grape juice with
elevated levels of uracil; 3in undiluted grape juice; ∗∗p ≤ 0.001
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It seemed that the concentration of cysteine in the must, fermented with wine yeast
deletion strains cys3 and cys4, was positively correlated with the concentration of volatile
thiols measured in the medium: weak increase with no cysteine (Figure 4.10), medium
increase with 30 mg/L cysteine (Figure 4.7), strong increase with 200 mg/L cysteine
added (Figure 4.10). This response seemed to be negatively correlated in the laboratory
yeast. Hansen and Johannesen (2000) postulated that cysteine acts as the main repressor
of the sulfur pathway in a laboratory strain background. It could be possible that this
cysteine repression is differently regulated in some wine yeast strains.

The reason why the addition of cysteine was causing much higher 3MH/A increases
in the cys3/4 wine yeast deletions than in the wild type strains cannot be fully explained
with the data available. Nevertheless, it is known that CYS4 plays a key role in the regula-
tion of the S-adenosylmethionine (SAM):S-adenosylhomocysteine (SAH) ratio, which is
hypothesized to be important in regulating SAM-dependent methyltransferases (Christo-
pher et al., 2002). SAM serves as a cofactor in numerous metabolic reactions, including
the methylation of proteins and RNAs (Thomas and Surdin-Kerjan, 1997). Christopher
et al. (2002) showed that the addition of homocysteine to yeast cells disrupted in the CYS4

gene, resulted in a 4-fold increase in both methionine and SAM (see Figure 4.2). Similar
responses could have occurred in cys3/4 mutants when cysteine was added, which in turn
could have possibly upregulated 3MH-specific β -lyase activities and/or downregulated
3MH/A loss activities in a SAM-related fashion.

4.7.8 Additional nitrogen and S-ethyl-L-cysteine increases 3MH and

3MHA

The large increase in fermentation rate after addition of DAP and urea to the must sug-
gests that nitrogen supply was limited as early as 16 hours after start of the fermentation
(Figure 4.11 A). The grape juice used in this particular experiment had an initial YAN of
194 mg/L, which is considered to be in the moderate range and above the minimal limit
(140 mg/L) to perform a complete fermentation in white grape musts (Bell and Henschke,
2005). Both DAP and urea were supplied to provide a further 120 mg/L N to the com-
mercial wine yeast strain F15 Zymaflore, which is advertised as having medium nitrogen
requirements. It was surprising to see that F15 Zymaflore exhibited a faster fermentation
rate in grape must supplemented with the less-preferred nitrogen source urea, than in the
must supplemented with DAP, which is reported to be a preferred nitrogen source (Bell
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and Henschke, 2005).

The addition of either DAP or urea increased 3MH and 3MHA and also increased
the 3MHA/3MH ratio. Although the results obtained in Figure 4.7 suggested that thiol-
influencing genes are suppressed when NCR is active, the increase of 3MH/A in the grape
must supplemented with DAP did not support this finding. One would have expected a
decrease in volatile thiols since additional DAP is thought to prolong the duration of NCR.
Indeed, Subileau et al. (2008b) reported that additional DAP (+70 mg/L N) in two French
SB grape musts decreased 3MH/A significantly. Note that the initial YAN levels in the
French musts were 25 % and 50 % lower than in the studies conducted in this thesis.
However, the relative 3MH/A reduction between the two French grape juices seemed not
to be affected by the initial YAN concentrations.

As a non-preferred nitrogen source, urea is known not to trigger NCR. Hence, genes
suppressed by NCR are expected to be upregulated much earlier than compared to the ad-
dition of DAP. As shown in this work, there were no differences in thiol release between
musts supplemented with DAP or urea. Again, this finding was in contrast to the study
by Subileau et al. (2008b), who observed a significant increase in 3MH/A in synthetic
medium supplemented with urea compared to medium supplemented with DAP. The syn-
thetic medium used in their study was spiked with Cys-3MH and had comparable YAN
levels to the grape must-based experiments used in this thesis.

It is known that yeast strains can differ in their response to DAP, mainly because of dif-
ferences in permease induction (Bell and Henschke, 2005; Magasanik and Kaiser, 2002).
Such strain differences could explain the discrepancies above. Perhaps, as in labora-
tory strain S288C, ammonium does not induce full NCR in F15 as well. Alternatively,
stark differences in the composition of the grape juices and synthetic media (amino acid
composition, initial levels of nitrogen, thiol precursor) used could be responsible for the
nonconformity of the results between experiments.

Interestingly, in ferments with additional DAP and urea, the 3MHA/3MH ratio was
significantly increased compared to the ferments with no nitrogen added. The gene pro-
moting this conversion, ATF1, is known to be upregulated with increasing amounts of
nitrogen (Swiegers et al., 2006b; Yoshimoto et al., 2002). This observation, together with
the increased fermentation rates, suggest that additional nitrogen, originating from DAP
or urea, upregulated many genes including thiol-influencing genes and that this upregula-
tion had considerably more impact on thiol release than potential NCR effects.
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The structural similarities between Cys-3MH and SEC led to the expectation that SEC
might compete with the precursor and reduce thiol production. The remarkable increase
of 3MH/A in the ferments supplemented with relatively low concentrations of SEC was
therefore rather unexpected. Following the currently proposed model of the formation of
3MH from Cys-3MH, SEC cannot be used by yeast as a 3MH precursor directly, due to its
structural properties. However, the possibility of SEC acting as a precursor via an alterna-
tive pathway cannot be completely ruled out. For example, Jin et al. (2001) demonstrated
that after oxidation of SEC, the derived S-ethyl-L-cysteine sulfoxide acted as a substrate
for the C-S lyase alliinase, causing the characteristic odour of garlic. Due to its structural
similarity to methionine, it is perhaps more likely that the addition of SEC to the grape
must affected the regulation of the sulfur metabolism in yeast. SEC is reported to inhibit
yeast growth under certain conditions by competing for various intracellular reactions
with methionine (Maw, 1961b). As reported by Christopher et al. (2002), methionine and
ultimately the SAM:SAH ratio are important parameters for healthy yeast growth. Thus,
SEC could have altered this ratio by increasing SAM concentrations, which ultimately
could have upregulated thiol-related genes.

GSH is closely connected to the biosynthesis of cysteine in yeast and can be converted
through hydrolysis into cysteine when needed (Thomas and Surdin-Kerjan, 1997). Al-
though GSH was added to must in concentrations more than comparable to 200 mg/L
cysteine, no influence on thiol release could be detected in fermentations conducted with
F15 Zymaflore. In other ferments performed in Wine Science at the University of Auck-
land, GSH addition to the must actually induced a small reduction in thiol yields using
EC1118 yeast (P. Kilmartin, unpublished results). Given that deletion of GSH1, the main
gene involved in the synthesis of GSH, showed no significant changes in total thiol re-
lease, the data in this chapter suggest that GSH has little direct influence in the formation
of volatile thiols in yeast.

In this chapter, 69 candidate genes were tested for their effect on thiol production from
grape juice. No single gene proved essential, although 17 genes increased or reduced
thiol concentrations up to a maximum of 2.5-fold. Most of the 17 genes affected either
sulfur, sulfur-related or nitrogen pathways in yeast. The addition of a range of sulfur- or
nitrogen-containing compounds to must influenced thiol yields. Based on these results, I
hypothesise in Section 6.2 that methionine supply and the SAM:SAH ratio within yeast
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cells may be important in regulating the expression of genes that affect thiol yield.
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5 Genetic mapping approaches to

assess the regulation of volatile

thiols

5.1 Introduction

This chapter describes a genetic mapping approach to identify genes for two phenotypic
traits: the production of the volatile thiol 3MHA and genes conferring the ability to grow
on S-ethyl-L-cysteine (SEC) as the sole nitrogen source. Two different genotyped F2
populations with different marker densities were used to accomplish this mapping.

5.2 Mapping of thiol-production genes in a cross

between a laboratory yeast and a vineyard isolate

5.2.1 Testing of potential parents for the mapping study

With the aim of mapping thiol-related genes, several yeast strains of different origins
were screened for their ability to release volatile thiols. Four sequenced strains were
of particular interest since genetically mapped progeny were available which had these
strains used as parents.

The haploid strain RM11-1a, derived from a vineyard isolate in California (Mortimer
et al., 1994), and BY4716, a haploid derivative of the standard laboratory strain (Brach-
mann et al., 1998), were genotyped by Brem et al. (2002) using oligonucleotide microar-
rays, as described by Winzeler et al. (1998). After crossing both strains, 123 F2 segregants
derived from single spores were genotyped for their segregating markers (auxotrophies
and antibiotic resistance), and DNA was isolated and hybridized to microarrays. The re-
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sulting genetic map revealed 3312 markers covering >99 % of the genome. The mapped
F2 segregants were kindly provided by Erin Smith of Princeton University. Erin also used
the phenotypic data described in this chapter to map the trait directly onto the genetic
map, as described in Brem et al. (2002) and Brem and Kruglyak (2005).

A second segregating yeast population was derived from a cross between BC186, a
monosporic isolate from the bark of an oak tree, and BC187, a monosporic isolate origi-
nating from a wine barrel. Genetic markers were developed to produce a genetic linkage
map of 225 loci in 374 recombinant F2 segregants. The map covered the yeast genome
with a density of around 1 marker every 11 centimorgans (Gerke et al., 2009). The par-
ents, F1 hybrids and all segregants were kindly supplied by Justin Gerke (Washington
University in St. Louis), who also performed the mapping analysis. Table 2.6 lists all
strains and their corresponding genotypes.

A prerequisite to using a genetic mapping approach is that the parents show a large
difference in the trait of interest. To increase the chances of encountering large differ-
ences in thiol production between strains, six additional yeast strains of different origins
were screened for their thiol release: (a) four haploid monosporic isolates of wine yeast
EC1118, for which DNA sequence is available (Borneman et al., 2008); (b) sequenced
strain 03-461.4, a nectar isolate from Bertam palm; and (c) YJM450, a clinical isolate
which is homozygous diploid (Table 2.6). Additional criteria for choosing these strains
were their different genetic backgrounds, their homozygous status and the fact that their
genetic sequence was available, with the exception of YJM450. To be close to New
Zealand SB winemaking conditions, fermentations were performed at 15 ◦C. Figure 5.1
(A - D) summarizes the fermentation kinetics and volatile thiol release in all ten yeast
strains.

Figure 5.1 (A + B) shows that there was a large variation in the measurable fermen-
tation parameters (lag phase, Vmax and weight loss) of these strains. Most surprisingly,
three of the four haploid single spore isolates of EC1118 (T1-T3) showed no sign of fer-
mentation activity, whereas EC1118-T4 was the best fermenting yeast strain amongst the
ten strains and therefore resembled its parent, the commercial strain EC1118. RM11-1a
and BY4743, which are isogenic to the parents of the first mapped population, exhib-
ited large differences in Vmax values and final weight loss; wine yeast RM11-1a clearly
outcompeted the laboratory strain. Similar differences in fermentation rates could be ob-
served for BC186 and BC187, the parents of the second mapped population. Again the
wine yeast (BC187) was much better adapted to the grape juice environment than the
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oak strain (BC186). Judging by the cumulative weight loss, only wine yeasts EC1118-
T4, RM11-1a and BC187 were close to metabolizing all of the sugars after 18 days of
fermentation. These differences in fermentation rates were also subjected to mapping
analysis in the experiment described in Section 5.2.3.
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Figure 5.1: Fermentation kinetics and volatile thiol release of ten yeast strains fermented at 15 ◦C.
SB grape juice (2006) was supplemented with 200 mg/L histidine, 300 mg/L leucine
and 100 mg/L uracil. Mapped parental strains of segregating population 1; mapped
parental strains of segregating population 2; A and B: n = 3; C and D: n = 6; error
bars = SEM; comparison between parents indicated by arrows; **p < 0.001; numbers
above bars = effect size d.

It was surprising to see that three non-fermenting strains, EC1118-T1 to 3, produced
half of the 3MH that the strong fermenting sibling strain EC1118-T4 released. However,
no 3MHA could be detected in the EC1118-T1 to 3 samples. The relative rank order of
the strains for their total weight loss values showed a moderate correlation (R2 = 0.76)
with the 3MHA/3MH ratio across the ten yeast strains (Figure 5.2).

The differences in 3MH/A between one set of parents, BC186 and BC187, were not
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Figure 5.2: Correlation between 3MHA/3MH ratio and weight loss of ten yeast strains. Numbers
in bars = relative rank order of weight loss (Figure 5.1 A); n = 3; error bars = SEM.

biologically relevant, despite the sluggish fermentation performance of BC186. In con-
trast, volatile thiol release between the ferments conducted with RM11-1a and BY4743
showed nearly 2-fold and 10-fold differences in 3MH and 3MHA respectively. These
differences led to the decision to further investigate this phenotype in the genotyped seg-
regating progeny of RM11-1a x BY4716 (see next section).

Yeast strains YJM450 and 03-461.4 were the only strains producing 4MMP. This find-
ing was further investigated by M. Roncoroni (this laboratory), who used the clinical yeast
isolate YJM450 for meiotic mapping studies concerning 4MMP synthesis.

5.2.2 Volatile thiol release in the progeny of a mapped population

The genetic mapping of potential thiol-influencing genes had two goals: (i) to assess the
inheritance of the trait (single locus or multigenic inheritance) and (ii) to map potential
thiol-influencing genes (in the following Section 5.2.3).

A total of 48 segregating progeny from the RM11-1a x BY4716 cross were fermented
in SB grape juice. The parental strains (RM11-1a, BY4716) and their F1 hybrid (not avail-
able) were not included in the screen. Figure 5.3 depicts the outcome of this phenotypic
screen. As expected from the dissimilar fermentation performance of the parental strains
(Figure 5.1 A), the segregating progeny exhibited a wide range of fermentation pheno-
types (Figure 5.3 A). However, these growth phenotypes could not be linked significantly
to any genomic region (LOD < 3, see Box 1).
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Box 1: LOD stands for logarithm of the odds ratio for linkage. The LOD score is

a measure of the likelihood of genetic linkage between loci. The log (base 10) of the

odds that the loci are linked (with recombination fraction q) rather than unlinked. For

a mendelian character, a LOD score greater than +3 is evidence of linkage; one that is

less than -2 is evidence against linkage (Strachan and Read, 1999).

The differences in volatile thiol release between different progeny ranged from about 2-
fold for 3MH to about 10-fold for 3MHA, which is the same range seen between the parent
strains (Figure 5.3 B). Neither 3MH nor 3MHA correlated with Vmax or total weight loss
at day 10 of fermentation (R2 ≤ 0.15). With an R2 value of 0.08, 3MH and 3MHA
showed no correlation across the 48 strains either. 3MH and 3MHA values of all 48
strains were divided into 10 and 11 classes respectively and plotted against their frequency
of occurrence. Both the 3MH and 3MHA curves resembled normal distributions, typical
of a quantitative trait affected by multiple genetic loci (Figure 5.3 C and D).

5.2.3 Genetic mapping of volatile thiol release

Genetic linkage analyses of volatile thiols was performed using the Wilcoxon test (Brem
et al., 2002; Brem and Kruglyak, 2005). No linkage could be detected for 3MH con-
centrations (LOD < 3, data not shown). Figure 5.4 depicts the outcome of the 3MHA
phenotype linkage analyses. The 3MHA production phenotype could be linked with a
relatively low LOD score of 3.6 to a region on chromosome 14 (p = 0.002, Figure 5.4 A
and B). The effect plot (Figure 5.4 C) shows 3MHA production by the 48 segregants, as
split by the peak marker YBL074C-2443 on chromosome 14. Progeny with the RM11-1a
genotype had an average 3MHA phenotype of 232 ng/L, compared to 145 ng/L 3MHA
in progeny with the BY4716 genotype, which agreed with the phenotypes of the parents.
The peak marker gene, YNL074C (MLF3), codes for a serine-rich protein of unknown
function (Fujimura, 1998). Interestingly, adjacent to MLF3 was gene MKS1, which had
been shown to decrease both 3MH and 3MHA production when knocked out in BY4743
(Figure 4.5). MKS1 acts as a pleiotropic negative transcriptional regulator involved in the
lysine biosynthetic pathway and NCR (Edskes et al., 1999; Feller et al., 1997). Due to
a relatively poor marker coverage around the region of interest, the LOD score peak was
broad, and up to 50 genes could have been responsible for the 3MHA phenotype differ-
ences of the two genotypes. This factor, combined with the low mean differences and
high overlap of 3MHA concentrations between the two genotypes (Figure 5.4 C), led to a
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decision not to pursue further the identity of the causal gene affecting 3MHA production
in this area.

5.3 S-ethyl-L-cysteine as a sole sulfur source

The molar conversion rate of Cys-3MH into 3MH has been reported to range between
0.1 and 11 %, with an average of around 3 %. The rate seemed to be lower in synthetic
medium compared to grape must (Murat et al., 2001b; Subileau et al., 2008b). At full
precursor consumption it was hypothesized that the majority of the remaining Cys-3MH
was utilized as a sulfur and/or nitrogen source during alcoholic fermentation, instead of
being synthesized into 3MH. It was decided to attempt to develop a yeast growth assay,
with the aim of screening the entire single gene deletion library for its ability to grow on
Cys-3MH as the sole sulfur source. This growth assay is described in Section 2.6. Further
information on the development of this assay is given in Appendix A.1.

A C-S lyase has two regions where it is possible to cleave Cys-3MH at the sulfur atom:
(a) as a β -lyase it liberates 3MH, ammonium and pyruvate (Figure 1.2) or (b) as a γ-lyase
("loss lyase") it cleaves at the other side of the sulfur atom and liberates hexanol and cys-
teine. In both cases nitrogen is released, but, under the assumption that all volatile 3MH is
evaporating, sulfur is only made available for yeast in (b). Strains carrying gene deletions
that affected the ability to cleave Cys-3MH as a γ-lyase would show reduced growth on
Cys-3MH as a sole nutrient source, especially when used as a sole sulfur source. Due to
unavailability of the actual Cys-3MH in amounts needed for this screen, four compounds
were tested that were available commercially and that had structural similarities to Cys-
3MH: S-benzyl-L-cysteine, S-carboxymethyl-L-cysteine, S-ethyl-L-cysteine (SEC) and
S-t-butyl-L-cysteine (Appendix, Figure A.1). Amongst these sulfur compounds only SEC
could form an aqueous solution at room temperature at concentrations required for this
assay.

When SEC was supplied in liquid medium to pre-starved yeast cells at the same concen-
tration as the positive sulfur control cysteine (0.5 mM), neither laboratory yeast BY4743
nor wine yeast F15 (h, aux) could use it as a sulfur source (data not shown). Testing SEC
at increased concentrations (15 mM) as a sole nitrogen source revealed that wine yeast
F15 (h, aux) could utilize nitrogen derived from SEC but that the three laboratory yeasts
BY4741-3, in which the deletion sets were constructed, could not. Figure 5.5 represents
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a typical 96-well screen in liquid medium (columns 1-3+5 show BY4741-3 and F15 (h,
aux) respectively). Growth was assessed visually as yeast cell precipitation at the bottom
of the 96-well plate. Since some strains showed flocculant cell types, a 96-well plate
spectrophotometer did not give reliable results and added no further information to the
visual screen.

BY474x
1 2 3 FY23 F15 CM52 RM11 -1a    -1b107

118 145
147

271
272

Y K L-

Figure 5.5: Test of S-ethyl-L-cysteine as a sole nitrogen source amongst different yeast strains.
Growth assay was performed in 96-well microtiter plates as described in Chapter 2.6.
Photo was taken via photocopier, grey wells represent precipitated yeast cells at the
bottom of the well, clear wells indicate no growth. YKL-145-272 are segregating
progeny of the cross between RM11-1a and BY4716. See Appendix, Figure A.5 for
genotypes of this cross, all other strains are listed in Table 2.6. Auxotrophic strains
were supplemented with the appropriate amino acids according to Sherman (2002).
All strains were successfully tested on positive- and negative-control media.

5.4 S-ethyl-L-cysteine as a sole nitrogen source

Growth on SEC as a nitrogen source provided a reasonably rapid assay for screening yeast
strains for their ability to take up and cleave compounds that resembled thiol precursors.
Because BY4743 and its haploid derivatives BY4741 and BY4742 were unable to grow
on SEC, the original goal of screening the deletion library was not feasible. However, the
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SEC growth assay was used to screen the available yeast collection for variation in this
trait.

In order to clarify whether S. cerevisiae yeast stains vary in their ability to utilize SEC as
a nitrogen source, 93 strains were screened in duplicate. This included 36 natural isolates
from the sequenced Sanger collection (Liti et al., 2009; SGRP, 2008), various commercial
wine isolates and miscellaneous other strains. Amongst 93 strains, a total of 13 from
the Sanger collection and six other strains could not use SEC as a nitrogen source (see
Appendix, Table A.4). It was noted that SEC often had a toxic effect on these Sec− yeast
strains, because negative controls, in medium without any nitrogen, sometimes exhibited
very limited background growth, whereas the same Sec− strains with SEC added showed
no growth at all (data not shown).

To investigate the underlying genetic mechanism of the SEC phenotype, six pre-existing
F1 hybrids of crosses between a Sec− and a Sec+ yeast strain were analysed. These
crosses involved two different Sec− parents, YJM450 and BC186. The F1 hybrids were
sporulated, spores of each hybrid were randomly selected (Section 2.13) and screened for
their ability to use SEC as its sole nitrogen source. Table 5.1 shows that the SEC pheno-
type segregated consistent with a 2:2 ratio, indicating a single-gene trait, in all six hybrid
crosses. The two F1 hybrids of the crosses between BC187 and BC186 showed a Sec+

phenotype, whereas the four F1 hybrids of the crosses between a wine yeast and YJM450
were Sec−. This indicated that the Sec− allele in BC186 was recessive and the one in
YJM450 was dominant.

A total of 96 segregating progeny was screened for each of the six crosses. How-
ever, spores were randomly selected, and not all hybrid parental strains could be killed
during spore preparation. For the two crosses between BC187 and BC186, any such par-
ents could be identified by screening for the markers they carried (progeny that were both
KANR and NATR were parents) and were excluded from the scoring. The average parental
survival rate for the BC187 x BC186 crosses was 6 %. Due to the genetic marker struc-
ture of the four wine yeast x YJM450 crosses, it was not possible to identify the parents
unambiguously. Thus, the SEC and marker scoring were performed on all 96 progeny.
The potential remnant parents in these four crosses were hygromycin resistant and uracil
prototroph (h+u+). There was a slight excess of this phenotypic class in two of the four
crosses (with F15 (h, aux) and F10 (h), see Table 5.1), but not in the other two. It was con-
cluded that the parental survival rate in the wine yeast x YJM450 crosses lay in a similar
range or lower than that seen in the two BC187 x BC186 crosses.
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Table 5.1: Progeny of hybrid strains and their ability to use SEC as a sole nitrogen source

Parent strains Sporu. Sec Segregating phenotype χ2

Sec+ Sec− (%) F1 markers Sec− Sec+ (2:2) p

BC187 x BC186∗ 94 Sec+ KANR 48; NATR 44 41 51 1.09 0.30
ho::kanMX4 x ho::natMX4

BC187 x BC186∗ 88 Sec+ KANR 40; NATR 47 38 49 1.39 0.24
ho::natMX4 x ho::kanMX4

F15 h, aux x YJM450x
50 Sec− h−u− 20; u+h+ 34 45 51 0.38 0.54

ho::hphMX, ura3 x – h−u+ 23; h+u− 19

M2 h x YJM450x
47 Sec− h−u− 27; u+h+ 26 45 51 0.38 0.54

ho::hphMX, ura3 x – h−u+ 23; h+u− 20

F10 h x YJM450x
45 Sec− h−u− 18; u+h+ 30 52 44 0.67 0.41

ho::hphMX, ura3 x – h−u+ 22; h+u− 26

ICV-GRE h x YJM450x
56 Sec− h−u− 25; u+h+ 22 46 50 0.17 0.68

ho::hphMX, ura3 x – h−u+ 30; h+u− 19
Hybrids created by ∗ Justin Gerke (Washington University, St. Louis) and x Bakir Al-Sinawi (this labora-
tory); h+/− = hygromycin resistant/sensitive; u−/+ = uracil auxotroph/prototroph; p = probability of the
χ2 distribution with 1 degree of freedom (df), p > 0.05 indicates that Sec−/+ segregated with a 2:2 ratio

To verify that the segregation of the SEC phenotype followed that of a single gene, four
tetrads from two crosses, BC187 x BC186 and ICV-GRE-h x YJM450, were dissected
(Section 2.13.2) and screened. Table 5.2 confirmed the 2:2 segregation pattern for both of
these crosses. The other segregating markers in the two crosses were not tested for their
segregation in this tetrad dissection experiment.

5.5 Mapping the gene conferring yeast to use

S-ethyl-L-cysteine as a nitrogen source

Both of the available mapped progeny populations described in section 5.2.1 were de-
rived from a Sec− parent and a Sec+ parent. The prospect of a single-gene trait made it
attractive to map the gene determining the SEC phenotype.

5.5.1 Mapping in the RM11-1a and BY4716 cross

The SEC screen of the Sanger collection (Appendix, Table A.4) showed that RM11 was
Sec+, whereas BY4716 is very closely related to BY4743, which is a Sec− strain. The
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Table 5.2: S-ethyl-L-cysteine phenotype after tetrad dissection

T E T R A D S
1 2 3 4

BC187 x BC186
Spore 1 Sec+ Sec+ ng ng

2 Sec+ Sec− Sec− Sec+

3 Sec− ng Sec+ Sec−

4 Sec− ng Sec+ Sec−

ICV-GRE h x YJM450
Spore 1 Sec+ Sec+ Sec+ Sec+

2 Sec+ Sec+ Sec− Sec−

3 Sec− Sec− Sec+ Sec−

4 Sec− Sec− Sec− Sec+

ng = no growth

123 progeny of the RM11-1a and BY4716 cross were screened for their SEC phenotype
and showed a 2:2 segregation ratio (χ2 of 1.0, p = 0.32, 1 df), as was seen in the progeny
of the six hybrids presented in Table 5.1. The phenotype linked highly significantly to
LEU2 with a LOD score of 32.9. Sec− strains carried almost exclusively the leu2∆0

deletion. Note that this result implied that the RM11-1a parent (Leu−) was contributing
the Sec− phenotype in the cross while BY4716 (Leu+) was Sec+. This was the opposite
orientation to that expected; however, the exact parents of the cross had not been tested
previously (see below in this section).

Only two progeny strains, YLK195 and YLK441, were discordant; both were Leu+

but did not grow on SEC (see Appendix A.7 for the genotypes and SEC phenotypes of all
123 progeny). The strong linkage of the Sec− phenotype with the leu2∆0 deletion, led to
the decision to verify all segregating markers in the progeny. The genotyping of all segre-
gating markers, including those of strains YLK195 and YLK441, confirmed the original
genotyping performed by Erin Smith (Table A.5). Yeast strains, YLK195 and YLK441
were retested as Leu+ and Sec−, whereas all the other Leu+ strains exhibited a Sec+ phe-
notype. Two possibilities may account for this discordance. Firstly, the marker in leu2

was tightly linked to a gene in close proximity, which affected the SEC growth phenotype.
Secondly, the leu2∆0 deletion itself could have caused the Sec− phenotype and the two
discordant strains YLK195 and YLK441 were simply mis-scored or mislabelled.

The leu2∆0 deletion could have been responsible for the Sec− phenotype in the fol-
lowing manner: (a) the complete removal of the LEU2 gene and its adjacent regions in
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the leu2∆0 strains could have affected the coding region of adjacent genes, which were
responsible for the liberation of nitrogen from SEC; (b) SEC could have inhibited the up-
take of leucine and therefore prevented the growth of Leu− strains or (c) extra leucine in
the medium may have facilitated the uptake of SEC which led to toxic concentrations in
the cell.

The investigation of hypothesis (a) revealed that NFS1 (YCL017C), an essential sulfur-
liberating gene, was adjacent to LEU2 on chromosome 3 (Figure 5.6). NFS1 is described
in the literature as a cysteine desulfurase responsible for the iron-sulfur protein matura-
tion and predominantly located in the mitochondria (Mühlenhoff et al., 2004). Due to
its function, it is possible that the NFS1 coding region was affected by the knockout of
LEU2 and was therefore responsible for the inability to liberate nitrogen from SEC. In-
deed, Brachmann et al. (1998) reported that in leu2∆0 strains the overall levels of NFS1

transcripts were reduced and in particular the largest transcripts appeared to be missing. A
comparison of the NFS1 coding sequence between the sequenced strain RM11-1-a, which
carried the leu2∆0 deletion, and BY4716 revealed that the RM11-1-a NFS1 allele had 119
bp missing at the 3’ end of the open reading frame (Appendix, Figure A.7). However, it
could not be determined from the RM11-1-a sequence database if this missing sequence
was a true deletion or just a sequencing gap. In theory, the leu2∆0 deletion should not
have affected the coding region of NFS1, as there is no sequence overlap (Figure 5.6).
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Figure 5.6: Mapped recombinant region on chromosome 3 responsible for the SEC phenotype in
the F2 progeny of the cross between Rm11-1a and BY4716. Discordant yeast strains
YLK195 and YLK441 were excluded from the analysis. The peak marker (LOD =
32.9) was situated in the LEU2 gene. Yellow highlighted is the 3’ end region of NFS1,
which was not retrievable from the RM11-1a sequencing database. Highlighted in
green are the sizes of the two different leu2 deletions.
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In order to determine if all leucine auxotrophic yeast strains were Sec− or the Sec−

phenotype only applied to strains carrying the leu2∆0 deletion, yeast strains carrying
different types of leucine deletions were screened for their SEC phenotype. Compared
to leu2∆0, which deletes the complete LEU2 gene and adjacent ty elements, the internal
deletion leu2∆1 erases just 486 bp of the LEU2 coding region (see Figure 5.6). Figure
5.5 depicts the SEC screen of a range of strains. Yeast strains FY23 and CM52 both
carried the internal leu2∆1 deletion and were Sec−. RM11-1a (MATα , leu2-∆0, ura3-∆0,

ho::KanMX) was Sec−, whereas the parental diploid RM11-wt and RM11-1b (MATa, lys2-

∆0, ura3-∆0, ho::KanMX) were both Sec+. All leucine auxotrophic BY strains exhibited a
Sec− phenotype, whereas the prototrophic parental laboratory strain S288C was Sec+

(Figure 5.5 and Table A.4).

All these observations indicated that leu2 was the most likely cause of the Sec− phe-
notype and reduces the probability of hypothesis (a), that NFS1 or other regions adjacent
to LEU2 were responsible for the Sec− phenotype. The results also confirmed the above
conclusion that the Sec− parent in the cross was RM11-1a, while BY4716 (not available)
was likely contributing the Sec+ allele.

Increasing the supply of leucine (5x) resulted in growth for all strains, in both the SEC
medium and the negative-control medium (data not shown). Therefore, hypothesis (b),
which states that SEC could have inhibited the uptake of leucine, could not be tested with
this assay. This result does not rule out the possibility that extra leucine facilitates the
uptake of SEC, which leads to increased cellular toxicity (option (c) above).

5.5.2 Mapping in the BC186 and BC187 cross

The results in the previous section demonstrated that a leucine auxotrophy turns an orig-
inally Sec+ yeast strain into a Sec− one. However, this observation does not explain the
Sec− phenotype of the 19 prototrophic yeast strains listed in Table A.4, at least two of
which appeared to result from single genetic loci, based on the 2:2 (Sec−/Sec+) ratios of
the F2 progeny of the crosses between Leu+ strains (Table 5.1).

To map the genetic location of this single-gene trait locus in a Leu+ strain, the mapped
F2 progeny of the cross between BC186 x BC187 (Section 5.2.1) were screened for their
SEC phenotype in duplicate. Five strains out of the original 374 progeny were excluded
from the screen since cross contamination was observed. Out of the 369 strains, 217 grew
on SEC and 152 did not (Appendix A.6). In contrast to the segregating progeny of the two
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BC186 x BC187 crosses shown in Table 5.1, the Chi-squared test on the 369 progeny did
not confirm a 2:2 ratio (χ2 = 11.4, p = 0.0007). It should be noted that these progeny were
derived from parents carrying different genetic markers and had different ploidies. The
parents of the first two crosses were haploid with antibiotic markers kanMX4 or natMX4

replacing the HO locus; whereas the parents of the mapped 369 segregating progeny were
diploid and carried either kanMX4 or natMX4 at the intact SPS2 locus, which was fused
to a gene coding for a green fluorescent protein.

The mapping of the SEC trait was performed by Justin Gerke using the software pack-
age Mapmaker Exp and QTL Cartographer. Since this software was set up to map quanti-
tative traits only, the "no" and "yes" of the SEC phenotypes were converted to values 0.01
and 1.0 respectively. Initial mapping data provided by Justin Gerke linked the Sec−/+

phenotypes to the right arm of chromosome 6, between the S288C coordinates VI:223546
and VI:246612 with a highly significant LOD score of 56.1 at marker L66. Due to this
information it was decided to focus on this region alone. However, a subsequent inves-
tigation revealed that no additional marker existed between L66 and the end of the right
arm on chromosome 6, which means that the region of interest could have spanned an
extra 24 kb at the terminus of the chromosome (Figure 5.7). The genomic region between
marker L65 and L66 comprised 13 characterized, four uncharacterized and two dubious
ORFs. After investigating the functions of the 13 characterized genes, DUG1 was chosen
as the best candidate gene putatively responsible for the SEC phenotype. Interestingly,
DUG1 had been picked as a candidate gene potentially influencing volatile thiol synthesis
during wine fermentation in this thesis (see Table 4.1, IX.), but had not shown any effect
on the thiol phenotype when knocked out. Its function and role in connection with volatile
thiol release is discussed in Chapter 4.7.4.1.

The comparison of the DUG1 allele sequence between BC186, BC187 and the S288C
reference sequence revealed two SNPs in the BC186 allele and five SNPs in the BC187
allele (SGRP; data not shown). All SNPs caused synonymous base pair substitutions.
However, the available sequence in the region for these strains is relatively sparse, so it
was decided to test the hypothesis that the DUG1 allele in BC186 is responsible for the
Sec− phenotype, by using an allele replacement strategy.
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Figure 5.7: Linkage analysis between genetic markers and the SEC phenotype in 369 segregating
progeny of BC186 and BC187. A: linkage across all yeast chromosomes; B: linkage
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scissa; C: region of interest between marker L65 and L66 on chromosome 6. DUG1
(boxed) was selected as the most likely candidate gene (see text).
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5.5.3 Reciprocal-hemizygosity analysis

Reciprocal-hemizygosity analysis is described in detail by Steinmetz et al. (2002). A
target gene is deleted in strain 1 and crossed with a wild type strain 2 and vice versa.
Each hybrid strain (hemizygote) now carries only a single reciprocal allele of the target
gene, but has an otherwise hybrid diploid genome. If one allele is responsible for (or
contributing to) a particular phenotype, it can be measured in the corresponding hybrid.

In order to test the two DUG1 alleles by applying this reciprocal-hemizygosity strategy,
alternative genetic markers needed to be introduced into the BC186 and BC187 strains.
Yeast strains carrying auxotrophic mutations, BC186-u (ura3) and BC187-l (lys2), had been
generated and were kindly provided by W. Timberlake and M. Frizzell in this laboratory.

DUG1 was deleted in BC186-u and BC187-l by using the gene deletion strategy de-
scribed in Section 2.10.5. The experimental evidence for the successful deletion of one
DUG1 allele in both strains is provided in Appendix A.10. Strains BC186-u-dug1::kanMX,
BC186-u, BC187-l-dug1::kanMX and BC187-l were sporulated (Section 2.13) and crossed
as follows (Section 2.14): (a) BC186-u-dug1::kanMX was crossed with BC187-l and (b)
BC186-u was crossed with BC187-l-dug1::kanMX. After mating, the cells were plated
onto SD(−lys,−ura,+G418) to select for prototrophic F1 hybrid strains carrying the dug1::kan-

MX4 deletion cassette.

To confirm which allele had been knocked out in the hybrids, primers were designed
to amplify a DNA amplicon in the DUG1 region, which contained one synonymous SNP
in the BC187 allele but none in the BC186 allele. This SNP difference was used to
distinguish the two alleles by cutting with the restriction enzyme AvaII, which had two
cut sites in BC186 allele and one in the BC187 allele. Appendix A.11 describes the
successful differentiation between the two alleles in the hybrids in more detail.

After successful creation of the reciprocal DUG1 hemizygotes in the BC186-u x BC187-
l hybrids, the SEC screen was performed. Table 5.3 summarizes the SEC screening re-
sults of the BC186 and BC187 heterozygous DUG1 knock outs and their reciprocal hy-
brids. Four independent knock out lines of BC186 and two independent knock out lines of
BC187 were obtained and used for hybridisation; all gave similar results. The heterozy-
gous DUG1 deletions exhibited the same SEC phenotypes as their wild type parents (see
Table A.4 in Appendix A.6). Surprisingly, none of the reciprocal hemizygotes could use
SEC as a sole nitrogen source. This finding was unexpected, because the two F1 BC186 x
BC187 hybrids listed in Table 5.1 could both grow on SEC. The only difference expected



152 GENETIC MAPPING APPROACHES TO ASSESS THE REGULATION OF VOLATILE THIOLS

between the hybrids in Table 5.1 and the reciprocal DUG1 hemizygotes in Table 5.3 were
the genetic markers they carried.

Table 5.3: Reciprocal hemizygosity analysis of the SEC phenotype after DUG1 allele deletion.

Strain SEC phenotype

Heterozygous DUG1 deletions

BC186-u-(DUG1/dug1)-I∗ –
BC186-u-(DUG1/dug1)-II∗ –
BC186-u-(DUG1/dug1)-III∗ –
BC186-u-(DUG1/dug1)-IV∗ –
BC187-l-(DUG1/dug1)-Ix +
BC187-l-(DUG1/dug1)-IIx +

Reciprocal DUG1 hemizygotes

BC186-u-(dug1)-I X BC187-l-wt –
BC186-u-(dug1)-II X BC187-l-wt –
BC186-u-(dug1)-III X BC187-l-wt –
BC186-u-(dug1)-IV X BC187-l-wt –
BC187-l-(dug1)-I X BC186-u-wt –
BC187-l-(dug1)-I X BC186-u-wt –

∗+ 20 mg/L uracil; x+ 30 mg/L lysine; each individual strain was
screened in quadruplicate.

In order the determine if the dug1::kanMX4 knock out had at least targeted the right re-
gion responsible for SEC phenotype, a tetrad dissection (Section 2.13.2) was carried out
on two reciprocal hemizygotes. Five tetrads of hybrid-1 (BC186-u-(dug1)-I x BC187-
l-wt) and six tetrads of hybrid-2 (BC187-l-(dug1)-I x BC186-u-wt) were dissected and
screened for their segregating markers. If the mapped region on chromosome 6 was re-
sponsible for the SEC phenotype, it was expected that the kanMX4 marker gene would
co-segregate with the SEC phenotype. As Table 5.4 shows, this was not the case. All seg-
regating markers (KanR, ura3 and lys2) exhibited the expected segregation ratio, which
confirmed that spores were obtained from tetrads correctly. However, unlike in Table 5.2,
the SEC phenotype did not segregate in a 2:2 ratio. Moreover, the SEC phenotype did not
co-segregate completely with the Kanamycin gene inserted into the DUG1 locus.
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Table 5.4: S-ethyl-L-cysteine phenotype of dissected tetrads of reciprocal hemizygotes

T E T R A D S
1 2 3 4 5 6

BC186-u-dug1 x BC187-l-wt
u−l− + + + + +
u−l+ – + + – –
u+l− + – – + +
u+l+ + – – + +

BC187-l-dug1 x BC186-u-wt
u−l− + + + + + +
u−l+ + – – + – –
u+l− + + + + + +
u+l+ – + – – + +

KanR; u/l −/+ = uracil/lysine auxotroph/prototroph

5.6 Relationship of SEC phenotype and volatile thiol

phenotype

The correlation between the SEC phenotype and the quantitative trait of volatile thiol
production was also analysed. Levels of thiols had been determined for a subset of 48
progeny from the cross between RM11-1a and BY4716 (Section 5.2.2) and for 38 F2-
progeny from the BC186 x BC187 cross (M. Sue, this laboratory). The same progeny
were divided into the Sec− and Sec+ and plotted against their volatile thiol release. As
Figure 5.8 shows, the phenotypic differences of the volatile release in the two populations
were similarly distributed amongst the Sec− and Sec+ strains. It was concluded that there
was no correlation between the SEC phenotype and the thiol phenotype.
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5.7 Discussion and conclusion

The results obtained in Chapter 4 indicated that 3MH and 3MHA synthesis during al-
coholic fermentation can be affected by mutation in a large number of genes. A genetic
mapping approach was used in this chapter to see how differences in thiol release between
two strains segregated in their F2 progeny. It was found that the thiol phenotype of 3MH
and 3MHA in a subset of F2 progeny resembled normal distributions, which showed that
natural variation at multiple genetic loci is affecting 3MH and 3MHA release. Genetic
mapping analysis of 48 segregating progeny, showed only a weak linkage of the 3MHA
phenotype to a region on chromosome 14.

The second part of this chapter investigated the ability of yeast to use a cysteine deriva-
tive, S-ethyl-L-cysteine (SEC), as a sole sulfur or nitrogen source. This compound was
chosen because it structurally resembled Cys-3MH, and was both commercially available
and soluble. Since it is known that only a small portion of Cys-3MH is actually converted
into 3MH and 3MHA, it was speculated that any yeast strain that showed inhibited or
no growth on SEC as as a sole sulfur or nitrogen source, would reveal insights into the
pathways of volatile thiol formation. Neither laboratory yeast strain BY4743 nor wine
yeast strain F15 (h, aux) could use SEC as a sole sulfur source.

Screens for SEC as the sole nitrogen source revealed that a range of yeast strains from
different backgrounds could not liberate nitrogen from SEC, whereas most others could.
The SEC phenotype showed no direct correlation with volatile thiol release, either across
the population as a whole, or within progeny of a single cross. However, it was speculated
that the identification of the underlying genetic mechanism, which enabled yeast strains
to utilize nitrogen from SEC, could yield new insights in volatile thiol release during
wine fermentation. Segregating progenies of six crosses between a Sec− and a Sec+

strain exhibited a 2:2 segregation of the SEC trait, which indicated that a single gene was
responsible for the phenotype. The SEC phenotype could be mapped to LEU2 in the F2
progeny of a cross between a Leu− and a Leu+ strain. Leucine auxotrophic yeast strains
showed no growth on SEC.

The mapping of a second cross between leucine prototrophic Sec− and Sec+ strains
linked the SEC phenotype to a region on the right arm of chromosome 6. From this
region, the gene DUG1 was chosen as a candidate gene. However, an allele replacement
in the two hybrid strains showed unambiguously that the DUG1 alleles were not the cause
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of the SEC phenotype. Moreover these experiments gave contradictory results in that
these apparently isogenic crosses did not show close linkage of the SEC phenotype to the
chromosome 6 region containing DUG1.

5.7.1 Genetic regulation and variability of volatile thiol release

amongst yeast strains

The ferments conducted with seven yeast strains at 15 ◦C showed the highest variability
in 4MMP (≈ 21x) followed by 3MHA (≈ 10x) and 3MH (≈ 2x) amongst the strains
(Figure 5.1). The observation that the majority of the yeast strains, five out of seven, did
not produce any 4MMP and that the variation between the two 4MMP-producing strains
was high, indicates that only a limited number of genes are involved in 4MMP release.
Indeed, M. Roncoroni, a MSc student in this laboratory showed that, in a cross between
BY4743 (no 4MMP) and YJM450 (high 4MMP), the 4MMP phenotype segregated in a
ratio resembling a 2:2 distribution, which indicates a monogenic trait (unpublished data).
The less variable 3MHA and 3MH phenotypes across the seven strains suggest that the
genes affecting these traits did not differ greatly from each other between the strains
and/or were more numerous.

It appeared that the 3MHA/3MH ratio was moderately correlated with total weight
loss across the seven strains (Figure 5.2). The observation that the three non-fermenting
EC1118-T1-3 monosporic isolates released significant amounts of 3MH but no 3MHA
indicates that 3MHA is not produced at the start of wine fermentation, which means
that the genes responsible for the acetylation of 3MH varied according to the rate of
fermentation. The only gene known to carry out 3MH acetylation is ATF1 (Swiegers
et al., 2006b). The ATF1 gene, which is also responsible for the major part of volatile ester
production during wine fermentation, is repressed by trace amounts of oxygen, ethanol
stress, nitrogen and carbon starvation (Verstrepen et al., 2003, 2004). This indicates that
ATF1 is unlikely to be active in the semi-aerobic conditions at the very beginning of the
ferment and is most likely highly transcribed in the first third of the fermentation when
nitrogen and sugar levels are still reasonably high and ethanol concentrations low. This
assumption was confirmed by a study of Molina et al. (2007), which showed that the
expression of ATF1 in wine yeast EC1118 was low at the beginning of the fermentation
and increased during exponential phase. However, two separate microarray experiments
in SB ferments inoculated with wine yeast M2, conducted by N. and R. Deed in this



5.7 Discussion and conclusion 157

laboratory, showed that ATF1 exhibited the same level of transcripts at 2 % and 70 % of
the total CO2 release during fermentation. This indicates that the regulation of ATF1 may
be highly yeast-strain dependent.

The work of Swiegers et al. (2006b) showed that a yeast strain deleted in ATF1 was still
able to synthesize ≈ 75 % of the amount of 3MHA of the wild type strain. This suggests
that other genes are involved in 3MHA acetylation as well, which is supported by the
normal distribution of the 3MHA phenotype encountered in the segregation progeny pre-
sented in Figure 5.3. Furthermore, it is not only 3MHA-producing genes that contribute
to the 3MHA phenotype, but also 3MHA-degrading genes. This was demonstrated by the
overexpression of the esterase-coding IAH1 gene, which resulted in a reduction of 3MHA
(Swiegers et al., 2006b).

The independent segregation of the three phenotypic traits, 3MH, 3MHA and fermen-
tation rate, shows that different genes are responsible for these phenotypes and indicates
that the major genes influencing these traits are not linked.

The genetic mapping of thiol-influencing genes in 48 segregating progeny of the cross
between RM11-1a x BY4716 linked the 3MHA phenotype to a single locus on the left
arm of chromosome 14, with the peak marker in gene MLF3. The identification of a single
locus indicates that only a small number, possibly even just one gene, in this region could
have been responsible for the difference of the 3MH phenotype between the two strains.
However, additional loci might have been revealed if a larger number of F2 progenies
would have been screened for thiol production.

A total of 25 genes had a LOD score higher than 3 and could therefore possibly had
contributed to the 3MHA phenotype. Here I discuss just two genes out of the 25: MLF3,
because it contained the peak marker and MKS1, because it was shown that it had an
effect on volatile thiols release when deleted (see Section 4.3.4). According to the anno-
tated functions, the remaining genes in this area did not seem to have any involvement
in 3MHA synthesis. The DNA sequence alignment of MLF3 between RM11-1a and
BY4716 revealed four non-synonymous nucleotide changes at position 190 (A to G, Lys
to Glu), 307 (A to G, Lys to Glu), 857 (G to C, Ser to Thr) and 1266 (T to A, Asp to
Glu) of the coding sequence. This level of variation signalled that the two MLF3 alleles
could have induced the phenotypic differences. Fujimura (1998) reported that the overex-
pression of MLF3 confers resistance to the immunosuppressant drug leflunomide in yeast,
but the natural function of MLF3 has not been elucidated yet. The serine-rich properties
of Mlf3p (Fujimura, 1998) is consistent with the idea that the protein is involved in the
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remodelling of the cell wall during anaerobiosis, which requires large amounts of serine-
rich proteins (Tsoi et al., 2009). A maladaptation to anaerobic conditions could have
caused reduced fermentation rates which in turn could have decreased 3MHA release.
However, this hypothesis remains highly speculative.

In close proximity to MLF3 on chromosome 14 is MKS1, a NCR-related gene which
showed biologically relevant decreases in 3MH and 3MHA when deleted in BY4743
(Chapter 4.3.4, Figure 4.5). The MKS1 sequence alignment between RM11-1a and BY-
4716 detected a single base change at position 1349 of the coding region (G to A), which
translated into an amino acid substitution from glycine to glutamine in the protein. There-
fore, a contribution of the MKS1 alleles to 3MHA phenotype differences is also possible.

One way of proving that alleles of MLF3 and/or MKS1 were indeed responsible for the
differences in the 3MHA phenotypes would be the use of an allele replacement strategy,
similar to the one performed with DUG1, as described in Section 5.5.3.

Whatever caused the 3MHA phenotype in this genomic region, the small differences
and large overlap of the 3MHA phenotypes between the segregants (Figure 5.4) indicated
that this influence is only minor. A screening of the 75 remaining untested progeny of
the cross (123 in total), would have helped to increase the LOD score and therefore the
significance of the linkage, but would not have changed the overlap/impact of this region
on the 3MHA phenotype. However, the screening of additional progeny could have iden-
tified further QTLs in the genome. In addition triplicate ferments for each progeny may
have improved the resolution of the screen. However, the high cost and large time effort
needed for the thiol screen, combined with the low prospect of success, were the main
reasons not to pursue this linkage further.

5.7.2 Yeast screens for S-ethyl-L-cysteine as a sulfur and nitrogen

source

The grounds for choosing SEC as a Cys-3MH analogue were its structural similarity
to Cys-3MH, its commercial availability and its solubility in water. From work done
with E. coli-tryptophanase, which exhibits also a strong cysteine β -lyase activity and is
able to cleave Cys-3MH (see Appendix A.12), it is known that some enzymatic cysteine
β -elimination activity is non-specific and acts on a broad range of cysteine derivatives,
including SEC (Snell, 1975). Ideally, the use of Cys-3MH would have been preferred, if
it had been available in quantities and purity needed for the screens.
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Tests with SEC as the sole sulfur source showed that yeast could not liberate sulfur from
SEC. Not much is known about SEC in relation to yeast growth. To my best knowledge
only a few studies in the 1960s used SEC as yeast substrate (Maw, 1961b; Maw and
Coyne, 1966; Schlenk and Zydek, 1968). Consistent with the results obtained in this
thesis, Maw (1961b) reported that yeast was completely unable to use SEC as a sulfur
source. Although Maw (1961b) described that SEC can inhibit growth under certain
conditions, this work demonstrated that most yeast strains could use it as a nitrogen source
even at high concentrations (15 mM). Figure 5.9 depicts the SEC phenotype in connection
with the genetic lineage of the 38 sequenced strains of the Sanger collection. The majority
of the Sec− strains grouped with four distinctive lineages or were closely related to them:
strains isolated from oak trees in North America, strains from sake and related ferments,
Malaysian and West African strains. This indicates that these strains may share a common
genetic feature, which prevents them from growing on SEC. The reason why Y9 (sake)
and UWOPS03-461.4 (Malaysian) are both Sec+, whereas very closely related strains are
Sec− cannot be easily explained. It would be advisable to verify the strain identity and
SEC phenotype of these two outliers again.

5.7.3 Causes of the S-ethyl-L-cysteine utilization phenotype

Statistical analysis of F2 progeny of several crosses between Sec− and Sec+ yeast strains
of different genetic backgrounds was consistent with a 2:2 SEC segregation, which strongly
suggested that the SEC trait was inherited by a single gene. The SEC screen of the F2
progeny of these crosses indicated that the SEC phenotype was caused by three separate
genetic mechanisms.

Firstly, the hybrids of a cross between a Sec− oak isolate (BC186) and a Sec+ wine
isolate (BC187) were all Sec+, which indicated that the underlying gene causing BC186
to become Sec− was recessive. This could mean that the gene/enzyme in BC186 had lost
its ability to cleave SEC and use it as a nitrogen source.

Secondly, the hybrids of a cross between Sec+ wine yeasts (F15 (h, aux), M2 (h),
F10 (h) and GRE (h)) and a Sec− clinical isolate (YJM450) exhibited a Sec− phenotype,
which suggested that the “Sec−-gene” in YJM450 acted as a dominant repressor. This
could indicate that the “Sec−-gene” in YJM450 had the ability to cleave SEC, which
resulted in the release of a toxic catabolic derivative of SEC.

Thirdly, the genetic mapping analysis of the segregating cross between wine yeast
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RM11-1-a and laboratory yeast BY4716 showed that any disruption in the LEU2 gene
resulted in a Sec− phenotype.

The genetic mapping of the SEC phenotype in Section 5.5.1 linked the Sec− phenotype
highly significantly to the leu2-∆0 deletion. It was further demonstrated that wild type
Sec+ yeast strains such as RM11 and S288C became Sec− when they carried the leu2-

∆0 deletion. Furthermore, two yeast strains which carried an internal leu2-∆1 deletion
were also Sec−. These findings strongly indicate that any leu2 allele in a yeast strain, and
perhaps any leucine auxotrophy, results in the loss of the ability to grow on SEC. In order
to prove that this is the case, one would have to SEC-screen prototrophic Sec+ strains and
their corresponding isogenic leucine auxotrophs, carrying different disrupted genes of the
leucine biosynthetic pathway (e.g. LEU1 and internal deletion leu2-∆1). There is a low
possibility that Leu2p itself is needed for the liberation of nitrogen from SEC. Leu2p is
annotated as a β -isopropylmalate dehydrogenase, which releases CO2 and NADH from
3-isopropylmalate. No other function of this enzyme has been reported. It is therefore
very unlikely that Leu2p itself was cleaving SEC directly.

Under the assumption that all Leu− yeast strains are Sec−, one could argue either that
SEC is inhibiting leucine uptake by competing for its permease; or that extra leucine in the
medium is facilitating SEC uptake, which leads to sulfur-related toxicity. An increase of
leucine caused background growth in the nitrogen-free negative-control medium. There-
fore, neither hypothesis can be ruled out entirely.

SEC is structurally closely related to cysteine. Horak (1997) reported that cysteine
acted as a competitive inhibitor for leucine uptake in Schizosaccharomyces pombe. In-
deed, four amino acid permeases in S. cerevisiae (AGP1, BAP2, GAP1 and TAT1) are
known to transport cysteine as well as leucine (During-Olsen et al., 1999), which would
support the conclusion that leucine and cysteine/SEC are competing for uptake. In sup-
port of the second hypothesis, cysteine and leucine permeases BAP2 and TAT1 are both
transcriptionally induced by leucine and cause increased uptake of cysteine During-Olsen
et al. (1999). In theory, a combination of both hypothesis could have caused the Sec−

phenotype in the leu2 strain. Judging by the results obtained in Chapter 3, which clearly
demonstrated that increased amounts of leucine facilitated the growth and fermentation
rates of auxotrophic yeast, leucine uptake is very crucial for the growth of Leu− yeast.
Under the SEC-screening condition, any inhibition of leucine uptake would prevent the
yeast cell from being able to grow. It is therefore most likely that SEC and leucine were
competing for uptake, and that this competition led to the growth inhibition of leu2 strains.
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As mentioned at the beginning of this section, the segregation ratio of several crosses
between Sec− and Sec+ yeast strains was consistent with a 2:2 SEC segregation. How-
ever, this 2:2 segregation ratio in the 96 segregating progeny of the two crosses between
BC186 and BC187 seemed to be skewed towards the Sec+ side. In the mapping popula-
tion (369 progeny) of the same cross this distortion was even more pronounced, so that
the SEC phenotype did not segregate with a 2:2 ratio. The corresponding parental strains
of the crosses were isogenic and differed only in their ploidy status and in the markers
they carried (see Table 5.5). The two hybrids (top two in Table 5.1) of the initial crosses
were created by crossing haploid versions of the strains (ho::natMX4 x ho::kanMX4)
with each other, whereas the parents of the mapping population were diploid and car-
ried their antibiotic markers at the SPS2 locus, which was fused to a green fluorescent
protein (SPS2:EGFP:kanMX4 x SPS2:EGFP:natMX4). It is possible that the different
ploidy status (haploid versus diploid) of the F2 progeny between the crosses, caused gene
dosage effects, which resulted in the different segregation ratios. Alternatively, there may
be some other genes segregating in the BC186 x BC187 progeny that affect the scoring of
the SEC phenotype in some progeny so that the 2:2 ratio became slightly skewed.

Table 5.5: Genetic markers, S-ethyl-L-cysteine phenotype and F2 segregation ratios of crosses
between BC186 and BC187

Genetic markers of yeast strains F2 Genetic
BC186 X BC187 F1 Sec+/− (2:2) linkage

ho::natMX4 X ho::kanMX4 Sec+ yes nt
ho::kanMX4 X ho::natMX4 Sec+ yes nt

HO, SPS2:EGFP:kanMX4 X HO, SPS2:EGFP:natMX4 nt∗ no chrom. 6

HO, ura3 X HO, lys2 Sec− nt nt
HO, ura3, dug1::kanMX4 X HO, lys2 Sec− no not DUG1
HO, ura3 X HO, lys2, dug1::kanMX4 Sec− no not DUG1

nt = not tested; ∗ not provided; chrom. = chromosome

The genetic mapping experiment in the F2 segregants of the cross between the diploid
BC186 (Sec−) and BC187 (Sec+) linked the SEC phenotype to a region on chromosome
6 which comprised 19 ORFs, of which, 13 were characterized and 6 were not character-
ized or dubious. However, due to the low marker coverage around the marker L66 (LOD
= 56.1), it is most likely that this region comprised a much larger area on chromosome 6,
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potentially from marker L65 until the right end of the chromosome, which spans approx-
imately 17 % of chromosome 6 (see Figure 5.7 B). Judging by the annotated functions of
the genes in this area, only two genes were likely candidates: DUG1 and IRC7.

DUG1 is located close to marker L66 (about 5.2 kb away) and is involved, together
with DUG2 and DUG3, in the degradation of GSH, which acts independently to the γ-
glutamyl cycle, which is thought to be the major pathway for GSH degradation (Ganguli
et al., 2007; see Chapter 4, Figure 4.2). Additionally, Kaur et al. (2009) demonstrated in
a recent paper that Dug1p on its own was able to cleave the dipeptide cysteinyl-glycine,
which enabled yeast to use it a sulfur source. This indicated that Dug1p had a non-specific
cysteine-cleaving activity, which made it very likely that it could cleave SEC as well.

IRC7 is situated in the telomeric region on the right arm of chromosome 6, about
17.6 kb away from the closest marker L66. IRC7 exhibits a putative cystathionine β -
lyase activity, its protein presents homology to Cys3p and Met17p (Gross et al., 2000)
and it has been shown to be involved in volatile release (Howell et al., 2005; Thibon et al.,
2008). Interestingly, the recently published sequences of these strains (Liti et al., 2009)
reveal that the IRC7 allele in BC186 (Sec−) contains a 38-bp insertion at the 3’ end of the
gene, whereas BC187 (Sec+) does not. Taking these facts into account, IRC7 is a strong
candidate for causing the SEC utilisation phenotype as well. However, the initial mapping
data, which did not reveal that there was no further marker to the right of L66, resulted in
the selection of DUG1 for gene verification.

The SEC phenotyping results of the reciprocal DUG1 hemizygotes cannot be readily
explained (see Table 5.3 and 5.4 for results). The heterozygous DUG1 deletions showed
the expected SEC phenotypes (BC186 = Sec− and BC187 = Sec+), but all reciprocal
DUG1 hemizygotes were unable to grow on SEC. Note that the original F1 hybrids be-
tween BC186 and BC187 carrying different markers were previously Sec+ (Table 5.1).
If the DUG1 allele in BC186 was responsible for the Sec− phenotype, one would have
expected the hybrids BC186-u-(dug1) x BC187-l-wt to grow on SEC and the hybrids
BC187-l-(dug1) x BC186-u-wt not to grow. However this was not the case. Three ex-
planations for the non-growth of all reciprocal DUG1 hemizygotes are discussed in the
following paragraphs.

(1) The introduction of the uracil and lysine auxotrophies into the parental strains could
have caused negative side effects, which influenced the outcome of the SEC screen. It
is not entirely clear how this could have influenced the hybrids, which should be pro-



164 GENETIC MAPPING APPROACHES TO ASSESS THE REGULATION OF VOLATILE THIOLS

totrophic. However, the results obtained with the leucine auxotrophic strains indicate that
in hindsight it would have been advisable to use parental strains marked with antibiotic
resistance genes instead of amino acid auxotrophies.

(2) The introduction of random genetic changes caused by the transformation proce-
dure, which itself can be mutagenic, could have induced the recessive Sec− gene (not
DUG1) in BC186 to become dominant. However, four (BC186-dug1) and two (BC187-
dug1) independent transformants were constructed and tested as hemizygotes, which
means that an introduction of a random mutation in all of the transformants is unlikely.
In order to rule out this possibility entirely, one could have backcrossed the transformants
with the wild type parent.

(3) The SEC screening assay could have been susceptible to experimental variation.
In order to test possible disruptive factors, one could have investigated drawbacks of the
SEC assay in more depth, e.g. one could have determined the minimum inoculation cell
density required for successful growth of Sec+ strains in the SEC medium.

The tetrad dissection of the reciprocal hemizygotes and the subsequent SEC screen
of them (Table 5.4) revealed two inconsistencies compared to previous SEC studies pre-
formed in this thesis.

Firstly, compared to the SEC screens previously performed (Table 5.1 and 5.2), the
SEC phenotype did not segregate consistent with a 2:2 ratio in the dissected tetrads.

Secondly, the dug1::kanMX4 deletion cassette did not co-segregate completely with the
SEC phenotype, which indicated that DUG1 was not responsible for the SEC phenotype.

It is important to highlight again that the SEC screens of BC186, BC187, their F1
hybrids and their F2 progeny were performed on three different sets of parents as outlined
in Table 5.5. This was most likely one of the reasons for the experienced inconsistencies.

It remains possible that the IRC7 gene is responsible for the SEC phenotype in the
BC186 x BC187 cross. This option is discussed in Section 6.5.

5.7.4 Concluding summary

This chapter showed that 3MH and 3MHA synthesis in yeast as well as fermentation rate
are quantitative traits and therefore regulated by many genes. Furthermore, the major
genes influencing these traits are different from each other and not linked. Genetic map-
ping could identify a QTL on the left arm of chromosome 14, which contributed to the
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differences in 3MHA release amongst 48 segregating progeny.

It was demonstrated for the first time that the cysteine derivative SEC can be used by
most yeast strains as a nitrogen source. The majority of yeast strains isolated from oak
trees in North America and sake, as well as yeast strains originating from Malaysia and
West Africa, could not utilize SEC as a nitrogen source. This SEC-trait was monogenet-
ically inherited in several segregating F2 progenies, but dominant and recessive Sec−

heredity strongly suggests that different genes or alleles caused the SEC phenotype in the
different crosses.

Genetic mapping experiments could link the SEC-trait highly significantly to gene
LEU2 on chromosome 3. Leucine auxotrophic strains could not grow on SEC, most
likely due to leucine uptake inhibition caused by SEC.

Highly significant linkage could be established to a genetic region on the right arm on
chromosome 6. Candidate gene DUG1 out of this region was not responsible for the SEC
phenotype, but IRC7 remains as a likely candidate gene causing the SEC phenotype.
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6 Concluding Discussion

My research has led to four key findings:

1. The development of a system that enabled me to employ auxotrophic laboratory
yeast in grape-juice-based medium demonstrated the importance of using grape
must for the investigation of volatile thiol production during wine fermentation.

2. The sulfur pathway in yeast plays a major role in the regulation of volatile thiol
release during wine fermentation.

3. Synthesis of 3MH and 3MHA in yeast is controlled by multiple genes.

4. The cysteine derivative S-ethyl-L-cysteine can be used as a model compound for
genetic mapping of thiol-related genes.

This chapter summarizes the main findings of this work, discusses their importance for
the understanding of volatile thiol release in yeast and puts them into context with the
available knowledge in this field of research. It also includes suggestions for next steps to
be taken in order to better understand the evolution of volatile thiol release in yeast during
wine fermentation.

6.1 Laboratory yeast can be used in wine fermentations

The aim of this work was to elucidate the underlying genetic regulation of volatile thiol
synthesis in yeast (S. cerevisiae) during alcoholic fermentation. At the start of this study,
previous work in this research field mainly conducted fermentation experiments in syn-
thetic media spiked with Cys-3MH and/or Cys4MMP (Howell et al., 2004a, 2005; Swiegers
et al., 2006b). To maintain an unbiased research approach and to elucidate potential New
Zealand-specific aspects in volatile thiol synthesis, it was decided to conduct all fermen-
tation experiments in SB grape must.
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I have reported here the development of a grape-juice-based medium which allowed
auxotrophic laboratory yeast BY4743 to ferment grape juice reliably to completion with
high efficiency on a laboratory scale. This was an important step for this work as it
allowed me to employ the existing single-gene deletion library, which was constructed in
the genetic background of laboratory yeast BY4743, for the screening of a large number
of putatively thiol-influencing candidate genes under oenologically relevant conditions.

The first step to achieving this was the supplementation of grape juice for the aux-
otrophic markers carried by BY4743 with amounts much higher than recommended in the
standard yeast literature (Sherman, 2002). It was found that especially the amounts of ly-
sine and leucine were crucial for optimal growth of different auxotrophic laboratory yeast
and wine yeast in SB grape juice. The 10-fold increase of both amino acids was chosen
somewhat arbitrarily and other concentrations were not tested. However, yeast strains re-
sponded well to these concentrations, with fermentation rates largely increased to those of
isogenic prototrophic strains. The investigation of minimal supplementation levels needed
to overcome the growth limitations would have been of limited value in any case, since
grape juices of different years and origins can vary immensely in their amino acid content.
Pronk (2002) has estimated the theoretical minimal auxotrophy requirements in defined
medium with 2 % glucose under aerobic conditions. The estimates were higher than the
ones recommended in handbooks of yeast research (e.g. Sherman, 2002). Based on these
calculations, the theoretical minimal requirement for leucine in grape must with about 20
% sugar under anaerobic conditions would be 1000 mg/L. However, this work showed
that under oenological conditions the addition of 300 mg/L leucine, combined with the
amount of leucine already existing in the grape juice (30 mg/L, see Table 2.5), was suf-
ficient to restore the fermentation rate of leucine-auxotrophic laboratory yeast and wine
yeast back to the fermentation rates of the corresponding wild type strains. Supplemen-
tation with elevated amounts of amino acids is not a perfect solution, as increased amino
acid concentrations have the potential to influence and/or disguise phenotypic traits. How-
ever, physiological and metabolic changes arising from amino acid under-supplied, and
therefore growth-inhibited, auxotrophic strains had by far a much bigger impact on the
final wines. In combination with the reduction of the total sugar content in grape must
by 25 %, laboratory yeast BY4743 was now able to metabolize all sugar as efficiently
as its prototrophic ancestor S288C and more importantly as wine yeast VL3. Reducing
the sugar content in the grape must was not achieved by simply diluting it with water,
but with complex synthetic grape medium, which reflected largely the major components
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of SB grape must (see Table 2.4). This measure resulted in final ethanol concentrations
between 10 % and 11 % (v/v), which can be found in medium-alcoholic wines produced
in cool-climate regions. Therefore, the fermentation product of this modified grape must
can be regarded as oenologically relevant.

The findings in my work highlighted the fact that results obtained in synthetic media do
not necessarily reflect results obtained in a complex grape must. Single-gene deletions of
BNA3, CYS3 and IRC7 had been described by Howell et al. (2005) to decrease 4MMP re-
lease in synthetic medium spiked with Cys4MMP. Thibon et al. (2008), who retested these
genes in synthetic medium spiked with Cys-4MMP and Cys-3MH in amounts normally
found in SB grape musts, could only verify Howell’s results for irc7, which decreased
4MMP and 3MH. In my work, which was conducted in grape must without the addition
of Cys-3MH, I could not verify any of these results. Strains mutated in bna3 and irc7

showed no changes in 3MH and 3MHA, whereas cys3 caused an increase in 3MH and
3MHA release as described in Section 6.2. It is important to note that in my work cys3

and irc7 were tested as single-gene deletions in two yeast backgrounds: wine yeast F15
(h, aux) and laboratory yeast BY4743. Additionally, M. Roncoroni in this laboratory
tested an IRC7 knockout in YJM450, a clinical yeast isolate, in SB ferments and could
not detect any reductions in 3MH either. Hence, although the studies of Howell et al.
(2005) and Thibon et al. (2008) both employed wine yeast strain (VL3), it is unlikely
that yeast strain effects can be made responsible for these discrepancies. It is much more
likely that these differing results were due to differences in the complexity of the media
used. These results raise the question of whether Cys-3MH is the main 3MH precursor
in New Zealand SB grape must. Subileau et al. (2008a) has recently shown that, in three
different French grape musts, Cys-3MH contributed on average only 4.3 % of the total
3MH production. Unpublished studies in this laboratory conducted by S. Lee indicated
that this result can be most likely extended to New Zealand SB must as well.

Working with defined synthetic medium has many advantages: e.g. complete knowl-
edge of the medium components, simple adjustment of the composition, consistency from
year to year, homogeneity, and availability. However, the complexity of grape must can
only be mimicked to a certain degree by synthetic medium. To maintain an unbiased
research approach it is advisable to conduct oenological relevant research in grape-juice-
based medium. This is of great importance especially when researching secondary aroma
compounds, which are formed by yeast from precursors present in the grape must. Pos-
sible interactions of aroma precursors with other compounds in the complex grape must
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matrix might have important impacts on aroma production. Furthermore, as the 3MH re-
search has shown, additional unknown precursors cannot be discovered by relying solely
on synthetic medium.

This work has demonstrated that findings from fermentations in juice-based medium in
laboratory yeast BY4743 can be of oenological relevance. Deletion and overexpression
studies of several genes conducted in BY4743 and wine yeast F15 (h, aux) generally
showed similar results in terms of the changes of volatile release. Only three single-gene
deletions, gln3, npr1 and ure2, which were all involved in nitrogen catabolite repression
(NCR), exhibited stark differences in thiol phenotypes between the strains. The reason
for these differences may have been due to two factors: (i) differences in the medium
used (diluted grape juice medium with elevated levels of histidine, leucine and uracil
versus undiluted grape juice with elevated levels of uracil) and (ii) genetic differences
between wine yeast and laboratory yeast in general. Considering that the three single-gene
deletions (gln3, npr1 and ure2) were all part of NCR, it is quite likely that the elevated
levels of amino acids in the diluted grape juice medium influenced the thiol phenotype in
the laboratory strain background. In an extensive study Schacherer et al. (2009) showed
that, based on their SNP differences from the S288C reference strain, laboratory yeast
and wine yeast fall into distinct population groups, but seemed to be more closely related
to each other than for example sake yeast and wine yeast strains. However, even for
strains closely related to each other (e.g. different commercial wine yeast strains), minor
DNA sequence differences can still cause important effects on biological pathways and
phenotypes. Therefore, from a genetic perspective, the use of laboratory yeast strains in
experiments under oenological conditions should not categorically be excluded.

In conclusion, for my project the ability to use laboratory strains as a model organism
in wine research was very important, as it enabled me to discover new aspects in the
regulation of volatile thiol release, which would have been difficult to discover by just
relying on wine yeast. As this work has shown, not all findings obtained in a laboratory
yeast background can be blindly transferred to wine yeast. However, this can also be
the case for results obtained between different commercial wine yeast strains. Due to
the necessity of preparing SGM and the supplementation with high amounts of amino
acids, the use of auxotrophic laboratory yeast in grape-juice-based medium is confined to
small-scale winemaking (< 100 L). Since the use of genetically engineered yeast in New
Zealand is currently restricted to the laboratory, this should not be a major limitation.
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6.2 Sulfur metabolism plays an important role in volatile

thiol release

This project was the first to describe the importance of sulfur metabolism in yeast for the
regulation of 3MH and 3MHA synthesis during fermentation (see Figure 4.2 for path-
way). The single-gene deletions of CYS3 and CYS4, which control two core steps in the
biosynthesis of cysteine, showed up to 2-fold increases in total thiol release in laboratory
yeast and wine yeast. This response was dependent on the initial cysteine content in the
grape juice. Met17p incorporates inorganic hydrogen sulfide into O-acetyl-homoserine
to form homocysteine, which is required as substrate for the biosynthesis of cysteine and
methionine. The deletion of MET17 also showed upregulation of 3MH in both laboratory
yeast and wine yeast. The interconversion of serine and glycine is also related to sul-
fur metabolism as it provides the single carbon required for the synthesis of methionine
from homocysteine. Shm2p supplies this single carbon by attaching it to tetrahydrofo-
late through the conversion of serine and glycine. The disruption of SHM2 was crucial
for thiol production in yeast and caused decreases in 3MH but most notably in 3MHA.
Furthermore, the addition of S-ethyl-L-cysteine (SEC)–which is structurally related to
cysteine, methionine and Cys-3MH–to grape must increased thiol levels in ferments con-
ducted with commercial wine yeast. These observations strongly suggest that the regula-
tion of sulfur metabolism plays a major role in controlling volatile thiol formation during
fermentation.

My working hypothesis is that the S-adenosylmethionine (SAM):S-adenosylhomo -
cysteine (SAH) ratio is a major regulator of genes responsible for either volatile thiol
synthesis or degradation of thiol precursors or both processes. Due to its highly reactive
methyl group at the sulfur atom, SAM serves as a methyl group donor for many methyl-
transferases, which are involved in cellular pathways like protein methylation, mRNA
formation, rRNA processing and possibly DNA methylation (Christopher et al., 2002;
Thomas and Surdin-Kerjan, 1997). Christopher et al. (2002) postulated that SAH may
inhibit various biological methylation reactions by competing with SAM and that chang-
ing the SAM/SAH ratio can influence cell growth. Furthermore, it was shown that yeast
strains disrupted in CYS4 exhibited a reduction in intracellular methionine concentra-
tions and that the addition of homocysteine to a cys4-deleted strain increased both me-
thionine and SAM concentrations (Christopher et al., 2002). Under the assumption that
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homocysteine and cysteine cause similar effects, this would suggest that the 3MH/A in-
creases, detected in wine fermented with cys3/4-deleted wine yeast and supplied with ex-
tra cysteine, were due to increased methionine and SAM concentrations. The disruption
of SHM2 should theoretically lead to a shortage of methionine and consequently SAM,
which would also fit this model. How SEC could have influenced this SAM:SAH ratio
is not entirely clear. On one hand, SEC has been reported to be a methionine analogue,
so that additional SEC could have therefore increased SAM levels; on the other hand, it
is known that SEC can be converted by yeast into S-adenosylethionine (SAE) which is
thought to be an antagonist of SAM (Maw, 1961a; Schlenk and Zydek, 1968).

To verify this working hypothesis one could alter methionine, SAM, SAH and SAE
levels in grape juice and measure the influence on volatile thiol release in a methion-
ine auxotrophic strain constructed by disrupting MET6. If any of these approaches altered
volatile thiol levels greatly, microarrays could be employed to identify genes which are af-
fected by these measures. Identification of the key steps triggering the changes in volatile
thiol production in the sulfur amino acid pathway should be the focus of future research
in this area.

6.3 Impact of nitrogen supply and nitrogen catabolite

repression on volatile thiol release

Gene deletion studies with GLN3, NPR1 and URE2, which are involved in the regulation
of nitrogen catabolite repression (NCR) in yeast, demonstrated that some thiol-influencing
genes were under the control of NCR. These findings were in accordance with results
obtained in synthetic grape medium spiked with Cys-3MH and Cys-4MMP published
during the course of this thesis by Thibon et al. (2008). However, the thiol increases
(ure2) and decreases (gln3) were not as pronounced as in the study of Thibon et al. (2008)
and lay in the 2-fold range comparable with changes encountered in gene deletion of the
sulfur pathway. Furthermore and contradictory to Thibon et al. (2008), IRC7 was not
responsible for 3MH and 3MHA synthesis in NZ SB grape must.

The addition of DAP and urea to SB grape juice inoculated with commercial wine
yeast F15 Zymaflore greatly increased the concentrations of volatile thiols in the finished
wine. This finding was in total contrast to work conducted by Subileau et al. (2008b)
who observed significant reductions in total thiol levels after the addition of DAP to two



6.4 Volatile thiol synthesis of 3MH and 3MHA is a quantitative trait 173

French grape musts. Furthermore, N. Deed in this laboratory could not detect any change
in thiol production when DAP or urea was added to SB grape must fermented with wine
yeast M2. It is important to note that this grape must was from the vintage 2007 and
not from the year 2006 as in my study, and that a different strain was also used. These
discrepancies are consistent with the hypothesis that the varying composition of the grape
juices–which could include thiol precursor quantity and/or form–were responsible for
these contradictory findings. However possible yeast strain effects, like differences in
nitrogen requirements of yeast, cannot be precluded either. The lack of consistency in
the direction of these changes, combined with our poor understanding of exactly what the
thiol precursors are, mean that further studies on the influence of nitrogen on volatile thiol
release may be difficult to interpret. However, further studies could entail the correlation
of the nature and amount of the nitrogen source on the impact on volatile thiol release, in
relation to different commercial wine yeasts.

6.4 Volatile thiol synthesis of 3MH and 3MHA is a

quantitative trait

A total of 48 segregating progeny of a cross between a laboratory yeast and a wine yeast
showed normally distributed 3MH and 3MHA phenotypes, which demonstrated for the
first time that both traits are quantitative. Like the results presented in Chapter 4, previous
authors had shown that deletions in more than one gene can affect the production of
4MMP (Howell et al., 2004b) and 3MH (Thibon et al., 2008), but to my knowledge,
analysis of thiol production by the progeny of a single cross has not previously been
published. Furthermore, the results demonstrated that the genes responsible for variations
in 3MH release, 3MHA release and fermentation rates are not linked and are therefore
different genes. One QTL, explaining some of the 3MHA differences in a segregating
progeny of a cross between a wine yeast and a laboratory yeast, could be located on the
left arm of chromosome 14. Finer genetic mapping, which would require the screening
of more progeny, could narrow down the number of candidate genes in this region and
would enable the utilization of allele replacement strategies for gene verification.

The genetic dissection of complex quantitative genetic traits (QTL) into their responsi-
ble genes is a challenging exercise (Hu et al., 2007). Furthermore, QTL analysis relies on
a high divergence of the studied trait. Considering the low phenotypic variances in 3MH
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and, to a lesser degree, 3MHA across yeast strains, combined with the costly and time-
consuming thiol assay, this task becomes even more challenging. The use of reliable and
sensitive alternative thiol assays that are more rapid, such as headspace solid-phase mi-
croextraction (HS-SPME), or yeast protein-based assays (which relies on the knowledge
of the main 3MH precursor), would allow higher sample throughput and would therefore
greatly assist the impact of QTL mapping approaches. Because of the higher variation
observed, these could initially by useful for mapping loci involved in 3MHA production.

6.5 S-ethyl-L-cysteine as a model compound to

genetically map thiol-related genes

This project was the first to determine that the cysteine derivative SEC can be utilized as
a nitrogen source by yeast. This ability was absent amongst several S. cerevisiae strains
from different geographical origins.

Crosses between three pairs of Sec− and Sec+ yeast strains strongly indicated that
this trait was monogenically inherited. A genetic mapping experiment established that
strains disrupted in the gene LEU2 lose their ability to grow on SEC, most likely due to
uptake competition between SEC and leucine. This observation could also have impli-
cations for volatile thiol release of leucine auxotrophic yeast and for prototrophic yeast
grown in leucine-enriched grape juice. Indeed, in Section 4.6 (Figure 4.9 and 4.10) it was
shown that laboratory yeast BY4743 and wine yeast EC1118, fermented in leucine-rich
grape-juice-based medium, responded differently to increasing cysteine levels (decrease
in volatile thiols) compared to two wine yeast strains fermented in leucine-poor undi-
luted grape juice (increase in volatile thiols). One explanation for these differing obser-
vations could be that leucine and thiol precursors may have competed for uptake in the
leucine-rich medium. Additionally, it is interesting to note that leucine has been reported
to strongly inhibit the uptake of SAM (Thomas and Surdin-Kerjan, 1997), which would
support the hypothesis formed in Section 6.2 regarding the possible role of the SAM:SAH
ratio in regulating thiol production.

The genetic mapping of F2 progeny between prototrophic Sec+ and Sec− strains re-
vealed a very strong linkage of the SEC phenotype to a DNA locus on the right arm of
chromosome 6. Initial mapping data, combined with the annotated functional properties
of the genes in the region of interest, led to the selection of DUG1 for candidate gene veri-
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fication. An allele swap experiment proved that the DUG1 alleles in the two parents were
not responsible for the SEC phenotype. Additional mapping data makes IRC7, a gene
located in close proximity to the right telomere of chromosome 6, a strong candidate gene
for causing the SEC phenotype. This is further backed up by the sequence data of BC186
(Sec−) and BC187 (Sec+) recently published by Liti et al. (2009). BC187 contains a sim-
ilar protein to the sequenced laboratory strain, whereas BC186 contains an extra 38-bp
insertion at the 3’ end of the IRC7 coding region. This results in a protein of 400 amino
acids, compared to the 340 in BC187 and S288C. Comparison with homologous genes
in the Saccharomyces sensu stricto, as well as in other fungal and bacterial species, show
that they all have the longer 400-amino-acid version of the gene. It could be possible that
this deletion in the IRC7 allele of BC187 results in a loss of the ability to cleave SEC and
thereby a loss of the ability to produce a toxic SEC derivative. Such strains can therefore
grow by utilizing SEC as a nitrogen source, presumably via a different cleavage step. The
hypothesis that IRC7 can generate a toxic cleavage product would also explain the dom-
inance of some Sec− alleles. Scherens et al. (2006) and Thibon et al. (2008) have shown
that IRC7 is upregulated when NCR is lifted. With SEC as the sole nitrogen source in
the assay, NCR is most likely lifted, and IRC7 should be highly expressed throughout the
growth phase of the SEC assay. If IRC7 was indeed responsible for the SEC phenotype,
this would also explain why the 3MH and 3MHA phenotype was not linked with the SEC
trait. Both this thesis and work by M. Roncoroni (this laboratory) clearly showed that
IRC7 had no impact on 3MH/A release in SB must from New Zealand. However, the
work of M. Roncoroni and Thibon et al. (2008) demonstrated that IRC7 was the major
4MMP-influencing gene. To prove that IRC7 is responsible for the SEC phenotype, one
should pursue an allele replacement strategy similar to the one performed with DUG1

in this thesis. Additionally, one could measure 4MMP production in the deleted strains
(providing the thiol assay is sensitive enough) and link the resulting 4MMP phenotype
with the SEC phenotype.

The existence of dominant and recessive Sec− strains suggests that different SEC-
cleaving mechanisms exist, which are likely controlled by more than one gene. A Sec−-
recessive gene could lack the ability to liberate nitrogen from SEC, presumably because
it lacks the second cleavage step. A cross with a Sec+ yeast strain would restore this
nitrogen-cleaving ability and would therefore result in a Sec+ hybrid. In contrast, the
dominance of a Sec− gene could come from a different cleavage mechanism of SEC, by
IRC7 for example, which results in a metabolite toxic for yeast. An F1 hybrid with such
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a Sec− parent would not counteract this toxicity, explaining the resulting dominance of
Sec− in the hybrid.

Maw (1961a) reported that the toxicity of SEC to yeast is greatly increased in sulfur-
deficient medium and that the addition of methionine can annul this toxicity. It would
be worthwhile to determine if the addition of methionine to the SEC-containing medium
enables Leu− yeast strains, like BY4743, to overcome the leu2-induced non-growth. If
this is the case, one could employ the BY4743-based single-gene deletion library in the
SEC screen to identify further genes influencing the SEC phenotype. Alternatively, one
could use the whole genome deletion library constructed in a wine yeast background
(Borneman et al., 2007b), which is expected to be released in the near future. In either
case, the addition of methionine could potentially relieve the toxicity of SEC. Single-gene
deletions which are not able to utilize SEC under these conditions, cannot liberate nitrogen
from SEC. These genes could therefore be potentially also involved in the cleavage of the
3MH precursor.

A prerequisite in order to pursue this research is a reliable SEC assay. It is crucial to
develop the SEC assay from a “yes and no” screening to a more quantitative assay, which
could be based on optical density readings. This measure should also greatly improve the
reliability and consistency of the SEC assay.

Moreover, the test of Cys-3MH and other potential 3MH precursors as sole sulfur and
nitrogen sources in this assay, would be very interesting to pursue.

6.6 Concluding thoughts

In comparison with other studies conducted in this field of research, the findings in this
work indicated that Cys-3MH might not be the major 3MH precursor in SB from the
Marlborough region in New Zealand. However, this has not yet been shown unambigu-
ously and should therefore be a future goal. If Cys-3MH is indeed not the major 3MH
precursor, the identification of the main 3MH precursor(s) in New Zealand SB should be
of greatest importance for future research in this area. The fact that 3MH and 3MHA are,
besides methoxypyrazines, the key varietal aroma compounds in SB from the Marlbor-
ough region in New Zealand (Lund et al., 2009), highlights this need even more.

One way to determine additional 3MH precursors would be the identification of all sul-
fur compounds found in grape must. One could ferment different grape musts derived
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from different wine-growing regions with a standard wine yeast and measure the volatile
thiol levels in the resulting wines. Wines showing high 3MH concentration should poten-
tially also exhibit elevated levels of certain sulfur compounds in the corresponding grape
juice.

My work has also clearly shown that the volatile thiol phenotype is a multigenic trait
in yeast. Considering this finding, an unbiased metabolomic seems like an attractive ap-
proach to identify further pathways, enzymes and genes responsible. For example, one
could ferment “high-thiol” and “low-thiol” grape juices with one yeast strain, examine
the metabolome of the yeast cells during fermentation and look for differences between
high and low thiol ferments. Increased concentrations of certain metabolites could lead
to the identification of additional precursors and of further metabolic and catabolic reac-
tions involved in volatile thiol synthesis. Based on these findings, the underlying genes
responsible for thiol production could be identified.
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Appendices

A.1 Development of the yeast growth assays for

cysteinylated derivatives

To test cysteine derivatives as sole sources of sulfur and nitrogen, yeast growth assays
were used as described in Chapters 2.6, 5.3 and 5.4. This section briefly outlines the
different stages in developing these assays.

Initially four cysteine derivatives were ordered from Sigma-Aldrich: S-ethyl-L-cysteine
(SEC), S-t-butyl-L-cysteine, S-carboxymethyl-L-cysteine and S-benzyl-L-cysteine. In
later experiments S-methyl-L-cysteine (SMC) was also included in the screen since a
study by Maw (1961b) showed that it had antagonistic effects to SEC when supplied to
yeast. Figure A.1 depicts Cys-3MH in comparison to the five cysteine derivatives used in
this study.

S-carboxymethyl-
       L-cysteine

     S-ethyl-
L-cysteine (SEC)

  S-t-butyl
-L-cysteine

 S-benzyl-
L-cysteine

S-methyl-
L-cysteine

S-3-(hexan-1-ol)-L-cysteine
              (Cys-3MH)
    

Figure A.1: Cys-3MH and other cysteine derivatives used in this study.

A prerequisite for the use of these compounds in the assays was their solubility in water
at room temperature. S-t-butyl-L-cysteine, S-carboxymethyl-L-cysteine and S-benzyl-L-
cysteine could not be dissolved in water at ambient temperature. Further tests revealed,
that a 1:1 mixture of water and ethanol, combined with applying heat, dissolved these
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compounds. However, while heating, a strong smell developed, which indicated degra-
dation of the compounds. For these reasons S-t-butyl-L-cysteine, S-carboxymethyl-L-
cysteine and S-benzyl-L-cysteine were not further used in this study. The only compounds
fulfilling the solubility requirements to be used in this work were SEC and SMC.

Initial growth tests were carried out by using the compounds as sulfur sources in solid
medium: 0.17 % bacto-yeast nitrogen base without amino acids and without ammonium
sulfate, 0.1 % sodium-L-glutamate and 2 % bacto-agar medium. All screens were per-
formed with positive (0.5 mM cysteine) and negative (no sulfur addition) controls. YPD
pre-cultures, consisting of yeast F15 (h, aux) and BY4743 (which were supplemented in
all steps for auxotrophies accordingly), were inoculated, grown and replica plated (which
included two dilution steps) onto the sulfur-free plates as described in Chapter 2.6.1. Af-
ter 48 hours of incubation, all the plates showed colonies, even the negative controls. This
was presumed to be due to remaining sulfur in the yeast nitrogen base and agar. Indeed,
both yeast nitrogen base and agar contain different sulfur sources (i.e. magnesium sulfate,
manganese sulfate and copper sulfate). Hence, from there on, liquid agar-free medium in
96-well plates was used, and the medium was prepared without using yeast nitrogen base
as described in Table 2.3. These measures reduced the background growth further, but
did not prevent it completely. To eliminate background growth in the negative-control
medium, yeast cells were starved by replica plating them (using a 96-pin replica-plater)
in negative-control medium and culturing them for 24 hours at 28 ◦C; they were then
replica plated into sulfur-free medium supplemented with the appropriate compound.

After successfully establishing the screen for cysteinylated derivatives in a sulfur-free
medium, the medium was stripped of all nitrogen sources as described in Chapter 2.6.2
and used to screen for the ability of yeast strains to grow on cysteinylated derivatives as
sole nitrogen source. Again, liquid medium was employed, along with a starvation pre-
culture. Auxotrophic strains were supplemented with standard amounts of the appropriate
amino acid (Sherman, 2002). Although the addition of amino acids provided nitrogen
to the nitrogen-free medium, no background growth could be observed in the negative-
control medium.
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A.2 Standard curves for the quantification of volatile

thiols in wine

The quantification of volatile thiols via GC-MS (Section 2.15) required the prepara-
tion of linearities to derive a correlation between the ratio of the integrated peak areas
(thiol/internal standard) and the amount of volatile thiols added to a base wine. In early ex-
periments the internal thiol standard 4-methoxy-2-methyl-2-mercaptobutane (4M2M2MB)
was used as a reference for all volatile thiols already present in the wine samples. To im-
prove accuracy, this standard was later replaced by deuterated forms of 3MH and 3MHA
to quantify their natural forms in the wine. Figure A.2 shows representative examples of
standard curves used for the quantification of 4MMP, 3MH and 3MHA.
The volatile thiol 4MMP was not detectable in most ferments conducted in this thesis.
The naturally low abundance of 4MMP in wines, combined with fluctuations in the sen-
sitivity of the thiol assay, meant that a reliable continuous monitoring of 4MMP was not
possible.
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Figure A.2: Standard curves for the quantification of 4MMP, 3MH and 3MHA with internal stan-
dard 4M2M2MB (upper row) and deuterated forms of 3MH and 3MHA (bottom
row). Although in this particular example the correlation coefficient (r2) of the stan-
dard curve performed with the deuterated internal standard d2-3MH is lower than its
counterpart performed with 4M2M2MB, the introduction of the deuterated internal
standards generally improved the repeatability of this assay and pushed the relative
standard deviation consistently below 10 %.
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A.3 Variation of volatile thiol release amongst

commercial wine yeast

A screen of eight commercially available wine yeast strains in SB juice (2004) revealed
that the differences of 3MH and 3MHA between the strains lay within a 2-fold range,
whereas 4MMP could vary up to 100-fold (Figure A.3). This observation was in accor-
dance with results obtained from a more extensive screen of wine yeast strains performed
by Soon Lee in this laboratory.
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Figure A.3: Variation in 3MH, 3MHA and 4MMP yields amongst commercially used wine yeast
strains. n = 3-9; error bars = SEM



A.4 Deleting CYS3, CYS4, GLN3, IRC7, MET17, NPR1, SHM2 and URE2 in wine yeast 183

A.4 Deleting CYS3, CYS4, GLN3, IRC7, MET17, NPR1,

SHM2 and URE2 in wine yeast

CYS3 and CYS4 were selected to be knocked out in two haploid wine yeast strains, F15
(h, aux) and GRE (h) (see Section 2.10.5 for detailed information).
Table A.1 lists the number of G418-resistant colonies obtained after transformation with
the cys3/4::kanMX deletion cassettes.

Table A.1: G418-resistant colonies after transformation with cys3/4 amplicons.

cys3::kanMX cys4::kanMX +ve control -ve control
Strain amplicon (230 ng) amplicon (240 ng) pFL38 (900 ng) water

F15 38 82 ≈ 1000 0
GRE 38 96 ≈ 1000 0

Four colonies of each deletion construct were picked for each strain and re-streaked
onto YPD+G418 and SD+ura-cys. All colonies could grow on G418 but not on medium
lacking cysteine, indicating that genes CYS3 and CYS4 were successfully deleted in both
wine yeast strains individually.

To confirm this observation, two putative transformants of each wine yeast were tested
via PCR with test primer pairs as indicated in Section 2.10.5. Putative cys4 deletions were
used as wild-type controls for amplifications with Cys3-Test1 primers and vice versa.
Figure A.4 shows gel electrophoresis of cys3 and cys4 deletions successfully generated in
the haploid wine yeasts F15 (h, aux) and GRE (h).

Since F15 (h, aux) and GRE (h) deleted in CYS3/4 showed very similar behaviour in
their volatile thiol phenotype, subsequent gene deletion experiments were only performed
in F15 (h, aux). G418-resistant colonies were obtained for GLN3, IRC7, MET17, NPR1,
SHM2 and URE2 knock out constructs as shown in Table A.2. Transformation efficiencies
appeared to be lower for amplicons in this transformation than compared to those listed
in Table A.1, even when adjusted for differences in quantity of the template used.

Figure A.5 depicts the PCR-based verification of these F15 (h, aux) strains deleted in
the target gene of interest. Only two putative transformants, F15-gln3-II and F15-npr1-I,
exhibited the wild-type band indicating that in these cases the kanMX4 deletion cassette
had not integrated at the right place in the genome. Different colonies of gln3 and npr1

were picked and successfully tested later (gel picture not shown). In total two separate
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colonies of each deletion construct was verified via PCR and used to ferment grape juice
(Chapter 4.4).
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Figure A.4: DNA band pattern of wine yeast strains knocked out in CYS3 and CYS4 after PCR
with the corresponding Test1 primer pair. All tested transformants exhibited bands of
expected sizes (shown below the first amplified pair). The PCRs failed for F15-cys3I
and F15-cys4I and was repeated successfully later (gel picture not shown).

Table A.2: Number of G418-resistant colonies after transformation of wine yeast F15 (h, aux)
with gln3, irc7, met17, npr1, shm2 and ure2 amplicons.

o r f - x : : k a n M X - a m p l i c o n +ve control -ve control
gln3 irc7 met17 npr1 shm2 ure2 pFL38 water

(76 ng) (138 ng) (91 ng) (38 ng) (103 ng) (119 ng) (900 ng) (0 ng)

8 2 7 4 5 5 1075 0
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Figure A.5: DNA band pattern of haploid wine yeast F15 (h, aux) knocked out in six candidate
genes after PCR with corresponding Test1 primer pair. A: IRC7, URE2, SHM2; B:
GLN3, MET17, NPR1; Met17 (A) and Irc7 (B) integration primers were used for PCR
template control. F15-gln3-II and F15-npr1-I both showed wild type bands.
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A.5 Overexpression of CYS3, CYS4, GLN3, IRC7 and

SHM2

Five genes were overexpressed by replacing the native promoter of each target gene with
the UKP cassette containing the constitutive promoter PGK1. The procedure applied is
described in the materials and methods Chapter 2.10.6.

Figure A.6 A shows the UKP cassettes containing sequence homology to each gene
of interest after PCR amplification, purification and electrophoresis. This gene-specific
UKP cassette was then transformed into haploid wine yeast F15 (h, aux) and diploid
laboratory yeast BY4743. Table A.3 displays the number of G418-resistant and uracil
prototrophic colonies after transformation of the gene-specific UKP cassette. The trans-
formation efficiency of the UKP amplicon in the wine yeast was 4 to 24 times lower than
in the laboratory yeast BY4743, although the control plasmid differed only ≈ 2-fold.

The first four lanes in Figure A.6 B confirm that the PGK promoter had integrated
directly in front of the CYS3 gene in all four BY4743 transformants tested. This can be
concluded, because the PCR with the primer pair employed (3’kanI-F/UKP-CYS3-test-R)
amplifies the PGK promoter through to the beginning of the CYS3 gene (see Figure 2.3).
All gene-specific overexpression cassettes were verified in BY4743 and F15 (h, aux) with
the corresponding primer pair (Figure A.6 C - E). However, it was not possible to amplify
the full length UKP-construct across the integration junctions with the appropriate test
primer pairs in the laboratory strain. BY4743 is diploid and was expected still to contain
one functional copy of the wild-type allele. The PCR most likely favoured the amplifi-
cation of the short wild-type construct (≈ 300 bp) over the much longer overexpression
cassette (≈ 3400 bp). In the haploid wine yeast F15 (h, aux) this long construct could be
amplified for all five overexpressed genes as shown for genes CYS4 and GLN3 in A.6 (D
+ E). PCR tests for the overexpression of genes CYS3, IRC7 and SHM2 were successfully
performed, but are not shown in Figure A.6.

These results suggested that the PGK promoter was successfully integrated upstream
of all five target genes in both F15 (h, aux) and BY4743. The success of this strategy
in the wine yeast F15 (h, aux), despite the short (45 bp) regions of flanking homology
used, suggests that the recombination capability of this strain is similar to that of the
laboratory strain, and that standard methods of gene targeting developed in the laboratory
strain should be applicable to F15 (h, aux).
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Table A.3: Number of G418-resistant and uracil prototrophic colonies after transformation of lab-
oratory yeast BY4743 and wine yeast F15 (h, aux) with overexpression cassettes UKP-
CYS3, CYS4, GLN3, IRC7 and SHM2.

U K P - O R F - x +iv control -iv control
CYS3 CYS4 GLN3 IRC7 SHM2 pFL38 water

Strain (52 ng) (64 ng) (123 ng) (119 ng) (47 ng) (900 ng) (0 ng)

BY4743 18 27 73 74 13 ≈ 1000 0
F15 5 2 3 5 5 ≈ 500 0
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Figure A.6: DNA band pattern of haploid wine yeast F15 (h, aux) after transformation with over-
expression cassette UKP. A: PCR amplicons of the gene-specific UKP-cassettes for
the overexpression of genes CYS3, CYS4, GLN3, IRC7 and SHM2. B - E: PCR
verification of the UKP cassette after transformation in BY4743 and F15 (h, aux).
All colonies exhibited bands of the expected sizes when amplified with primer pair
3’kanI-F+ORFx-testR. Amplification of the full UKP construct, with primers UKP-
ORFx-F/R, could not be accomplished in the diploid BY4743 strains (red labelled
lanes in B). This full length amplicon could be successfully amplified in haploid F15
(D + E). A - E represent five individual agarose gels. Sections of gel D and E were
excised since they were not relevant to the results.
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A.6 S-ethyl-L-cysteine utilisation phenotype of 93

different yeast strains

Table A.4 lists the 93 strains that were tested for their ability to grow on SEC as the sole
nitrogen source. Testing was performed in duplicate in liquid medium as described in
Section 2.6 and 5.4.



190 APPENDICES

Table A.4: S-ethyl-L-cysteine utilisation phenotype of 93 yeast strains when used in minimal
medium as the sole nitrogen source. Bold = no growth on S-ethyl-L-cysteine (SEC).
Top 37 strains (S288C to RM11) have been sequenced.

Other commercial wine yeast strains
STRAIN SEC STRAIN SEC STRAIN SEC STRAIN SEC
F15wt Yes 43 Yes S101 Yes Lavin C Yes
X5 Yes L2056 Yes VL3 Yes ICV D80 Yes
Cotes des Blanches Yes VL2 Yes D254 Yes Pasteur Red Yes
Prem Cuvee Yes RC 212 Yes RB2 Yes W15 Yes
Fermichamp Yes RA17 Yes BCS103 Yes Bordeaux Red Yes
CCC Yes R-HST Yes Maurivin B Yes MT Yes
Klosterneuburg Yes BCDL Yes Vin7 No VL1 Yes
ICV D80 Yes W27 No V1116 Yes S67 Yes
71B Yes AC Yes NT50 Yes Montrechet Yes
F10 Yes SVG Yes R2 Yes

STRAIN SEC Geographic Source Notes
S288C Yes California, USA Rotting fig Lab strain
YJM978 Yes Bergamo, Italy Clinical isolate (Vaginal)
DBVPG1788 Yes Finland Soil
YPS606 No Pennsylvania, USA Oak
UWOPS03-461.4 Yes Malaysia Nectar, Bertam palm
DBVPG1853 Yes Ethiopia White Tecc
L-1374 Yes Chile Wine
Y55 Yes France Wine Lab strain
YJM981 Yes Bergamo, Italy Clinical isolate (Vaginal)
DBVPG1373 No Netherland Soil Poor sporulation
YPS128 No Pennsylvania, USA Oak
UWOPS05-217.3 No Malaysia Nectar, Bertam palm Mel-
Y12 No Africa Palm wine strain NRRL-Y12663
L-1528 Yes Chile Wine
SK1 No USA Soil Lab strain
YJM975 Yes Bergamo, Italy Clinical isolate (Vaginal)
YIIc17_E5 ? Sauternes, Franxe Wine No growth in minimal media
YS2 Yes Australia Baker strain Likely to be tetraploid
UWOPS05-227.2 No Malaysia Trigona, Bertam palm Mel+
NCYC110 No West Africa Ginger beer from Z. officinale ex S. chevalieri
UWOPS87-2421 No Hawaii Cladode, Opuntia megacantha
W303 ? Unknown Unknown Lab strain, ade2
322134S No RVI, Newcaslte Clinical isolate (Throat-sputum)
DBVPG6040 Yes Netherland Fermenting fruit juice Likely to be tetraploid
YS4 Yes Netherland Baker strain Likely to be tetraploid
K11 No Japan Shochu Sake strain Awamori-1
DBVPG6044 No West Africa Bili wine Ex S. manginii
DBVPG1106 Yes Australia Grapes
378604X Yes RVI, Newcastle UK Clinical isolate (Sputum)
NCYC361 Yes Ireland Beer spoilage strain from wort Ex S. diastaticus
YS9 Yes Singapore Baker strain, Le Saffre Likely to be tetraploid
Y9  Yes Japan Ragi (similar to sake wine) NRRL-Y5997
DBVPG6765 Yes Unknown Unknown Ex S. boulardii
UWOPS83-787.3 No Bahamas Fruit, Opuntia stricta
273614X Yes RVI, Newcaslte UK Clinical isolate (Fecal)
BC187 Yes Napa Valley, USA Barrel fermentation Spore from UCD2120

Yes
Yes H. Niederer, this laboratory No ferm. in grape juice
Yes H. Niederer, this laboratory No ferm. in grape juice

YJM450 No USA McCusker, clinical isolate
GDB135 No Brazil bioethanol strain Homozygous
BC186 No monosporic isolate of YPS606 Homothallic diploid
F15-12b+xBYkan-1a Yes H. Niederer, this laboratory F1 hybrid 
F15-8d+xBYkan-1e Yes H. Niederer, this laboratory F1 hybrid 
F15-8d Yes H. Niederer, this laboratory ura3
F15-12b Yes H. Niederer, this laboratory ho, HGMr
EC1118 Yes Commercial wine yeast strain 
BA11 Yes Commercial wine yeast strain 
M2 Yes Commercial wine yeast strain 
GRE Yes Commercial wine yeast strain 
GRE-alpha, haploid Yes H. Niederer, this laboratory ho
F15 haploid Yes H. Niederer, this laboratory ho, HGMr, ura3

RM11 California  Vineyard, R. Mortimer

EC1118-T4 No H. Niederer, this laboratory 
Yes H. Niederer, this laboratory No ferm. in grape juiceEC1118-T3

EC1118-T2
EC1118-T1
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A.7 S-ethyl-L-cysteine utilisation phenotype of

segregating progeny of RM11-1a crossed with

BY4716

Table A.5 lists the genotypes and SEC phenotypes (SEC as the sole nitrogen source) of
123 mapped progeny of the cross between the Sec+ RM11-1a and the Sec− BY4716.
Genotyping was originally performed by Erin Smith at Princeton University and was ver-
ified in duplicate upon arrival of the strains in this laboratory. Red (Sec+) and green
(Sec−) highlighted strains were used in Section 5.2.2 for the thiol mapping experiment to
ferment SB grape must.



192 APPENDICES

Table A.5: SEC phenotype and segregating markers of 123 segregating progeny of RM11-1a
crossed with BY4716. Red and green highlighted strains were used in experiment
5.3. Yellow highlighted strains are the only strains which were Leu+ and Sec−.

YLKname KanR Leu- Lys- Ura- Mat SEC+
YLK103 HO::KAN leu2Δ0 LYS2 URA3 MATa No
YLK107 leu2Δ0 LYS2 ura3Δ0 MATb No
YLK111 HO::KAN leu2Δ0 lys2Δ0 URA3 MATa No
YLK115 HO::KAN LEU2 lys2Δ0 ura3Δ0 MATb Yes
YLK123 HO::KAN LEU2 lys2Δ0 URA3 MATb Yes
YLK118 LEU2 lys2Δ0 ura3Δ0 MATb Yes
YLK127 LEU2 LYS2 ura3Δ0 MATa Yes
YLK131 LEU2 lys2Δ0 URA3 MATb Yes
YLK132 leu2Δ0 LYS2 ura3Δ0 MATa No
YLK139 LEU2 lys2Δ0 URA3 MATa Yes
YLK143 HO::KAN LEU2 lys2Δ0 URA3 MATb Yes
YLK144 HO::KAN leu2Δ0 lys2Δ0 URA3 MATb No
YLK145 LEU2 LYS2 ura3Δ0 MATa Yes
YLK146 LEU2 lys2Δ0 ura3Δ0 MATb Yes
YLK147 HO::KAN leu2Δ0 LYS2 URA3 MATa No
YLK151 LEU2 lys2Δ0 ura3Δ0 MATa Yes
YLK155 LEU2 lys2Δ0 ura3Δ0 MATa Yes
YLK159 HO::KAN LEU2 lys2Δ0 URA3 MATb Yes
YLK163 HO::KAN leu2Δ0 lys2Δ0 ura3Δ0 MATb No
YLK167 LEU2 lys2Δ0 URA3 MATb Yes
YLK170 HO::KAN leu2Δ0 lys2Δ0 ura3Δ0 MATb No
YLK172 leu2Δ0 LYS2 ura3Δ0 MATa No
YLK179 LEU2 lys2Δ0 URA3 MATb Yes
YLK183 HO::KAN leu2Δ0 LYS2 URA3 MATa No
YLK187 leu2Δ0 LYS2 ura3Δ0 MATb No
YLK191 HO::KAN LEU2 LYS2 ura3Δ0 MATa Yes
YLK195 HO::KAN LEU2 LYS2 ura3Δ0 MATb No
YLK199 HO::KAN LEU2 LYS2 URA3 MATb Yes
YLK203 HO::KAN leu2Δ0 LYS2 URA3 MATa No
YLK207 HO::KAN leu2Δ0 lys2Δ0 URA3 MATa No
YLK209 HO::KAN leu2Δ0 lys2Δ0 URA3 MATa No
YLK214 leu2Δ0 lys2Δ0 URA3 MATa No
YLK219 HO::KAN leu2Δ0 LYS2 URA3 MATa No
YLK223 HO::KAN LEU2 lys2Δ0 ura3Δ0 MATb Yes
YLK227 HO::KAN LEU2 LYS2 ura3Δ0 MATb Yes
YLK231 LEU2 LYS2 URA3 MATa Yes
YLK235 HO::KAN LEU2 lys2Δ0 ura3Δ0 MATb Yes
YLK238 HO::KAN LEU2 lys2Δ0 URA3 MATb Yes
YLK243 HO::KAN LEU2 lys2Δ0 URA3 MATb Yes
YLK246 HO::KAN LEU2 lys2Δ0 ura3Δ0 MATb Yes
YLK251 HO::KAN leu2Δ0 LYS2 URA3 MATa No
YLK254 HO::KAN LEU2 LYS2 URA3 MATb Yes
YLK258 HO::KAN LEU2 LYS2 URA3 MATb Yes
YLK263 HO::KAN leu2Δ0 LYS2 URA3 MATb No
YLK264 HO::KAN leu2Δ0 lys2Δ0 ura3Δ0 MATa No
YLK271 LEU2 lys2Δ0 ura3Δ0 MATb Yes
YLK272 HO::KAN LEU2 lys2Δ0 URA3 MATb Yes
YLK278 HO::KAN leu2Δ0 LYS2 ura3Δ0 MATa No
YLK281 LEU2 LYS2 URA3 MATb Yes
YLK286 leu2Δ0 lys2Δ0 ura3Δ0 MATa No
YLK289 LEU2 lys2Δ0 ura3Δ0 MATb Yes
YLK295 LEU2 lys2Δ0 ura3Δ0 MATb Yes
YLK299 HO::KAN leu2Δ0 LYS2 ura3Δ0 MATb No
YLK303 leu2Δ0 LYS2 URA3 MATa No
YLK307 HO::KAN leu2Δ0 LYS2 ura3Δ0 MATb No
YLK311 HO::KAN leu2Δ0 lys2Δ0 URA3 MATa No
YLK315 HO::KAN leu2Δ0 lys2Δ0 ura3Δ0 MATb No
YLK319 LEU2 LYS2 URA3 MATb Yes
YLK322 leu2Δ0 lys2Δ0 ura3Δ0 MATa No
YLK327 LEU2 lys2Δ0 ura3Δ0 MATb Yes
YLK335 LEU2 LYS2 ura3Δ0 MATb Yes
YLK336 leu2Δ0 LYS2 ura3Δ0 MATa No

YLKname KanR Leu- Lys- Ura- Mat SEC+
YLK343 leu2Δ0 lys2Δ0 URA3 MATa No
YLK345 HO::KAN LEU2 lys2Δ0 URA3 MATa Yes
YLK351 leu2Δ0 lys2Δ0 URA3 MATb No
YLK353 leu2Δ0 lys2Δ0 URA3 MATa No
YLK356 leu2Δ0 lys2Δ0 ura3Δ0 MATa No
YLK362 HO::KAN leu2Δ0 lys2Δ0 URA3 MATa No
YLK365 leu2Δ0 lys2Δ0 ura3Δ0 MATb No
YLK368 HO::KAN leu2Δ0 lys2Δ0 URA3 MATb No
YLK374 leu2Δ0 lys2Δ0 ura3Δ0 MATa No
YLK377 leu2Δ0 LYS2 ura3Δ0 MATa No
YLK382 HO::KAN LEU2 lys2Δ0 URA3 MATb Yes
YLK387 HO::KAN leu2Δ0 LYS2 ura3Δ0 MATa No
YLK388 leu2Δ0 LYS2 ura3Δ0 MATa No
YLK393 HO::KAN LEU2 lys2Δ0 ura3Δ0 MATb Yes
YLK399 HO::KAN leu2Δ0 LYS2 ura3Δ0 MATa No
YLK402 HO::KAN leu2Δ0 LYS2 URA3 MATa No
YLK407 leu2Δ0 LYS2 ura3Δ0 MATa No
YLK409 LEU2 LYS2 ura3Δ0 MATb Yes
YLK415 LEU2 lys2Δ0 ura3Δ0 MATb Yes
YLK417 HO::KAN leu2Δ0 LYS2 ura3Δ0 MATb No
YLK422 HO::KAN leu2Δ0 lys2Δ0 ura3Δ0 MATa No
YLK427 HO::KAN LEU2 lys2Δ0 URA3 MATb Yes
YLK428 leu2Δ0 lys2Δ0 URA3 MATa No
YLK435 HO::KAN LEU2 LYS2 URA3 MATa Yes
YLK436 HO::KAN LEU2 lys2Δ0 URA3 MATb Yes
YLK441 LEU2 lys2Δ0 URA3 MATb No
YLK447 HO::KAN LEU2 lys2Δ0 ura3Δ0 MATb Yes
YLK451 HO::KAN leu2Δ0 LYS2 URA3 MATa No
YLK455 leu2Δ0 LYS2 ura3Δ0 MATa No
YLK458 LEU2 lys2Δ0 ura3Δ0 MATb Yes
YLK463 leu2Δ0 LYS2 ura3Δ0 MATb No
YLK466 HO::KAN leu2Δ0 lys2Δ0 URA3 MATa No
YLK470 LEU2 lys2Δ0 ura3Δ0 MATa Yes
YLK474 HO::KAN LEU2 LYS2 ura3Δ0 MATb Yes
YLK477 HO::KAN LEU2 lys2Δ0 URA3 MATb Yes
YLK481 HO::KAN leu2Δ0 LYS2 ura3Δ0 MATb No
YLK487 HO::KAN LEU2 lys2Δ0 URA3 MATa Yes
YLK491 leu2Δ0 lys2Δ0 ura3Δ0 MATa No
YLK494 HO::KAN LEU2 lys2Δ0 URA3 MATb Yes
YLK498 HO::KAN LEU2 LYS2 ura3Δ0 MATa Yes
YLK503 HO::KAN leu2Δ0 lys2Δ0 URA3 MATa No
YLK507 leu2Δ0 LYS2 URA3 MATb No
YLK511 HO::KAN leu2Δ0 LYS2 ura3Δ0 MATa No
YLK515 LEU2 lys2Δ0 URA3 MATa Yes
YLK519 leu2Δ0 LYS2 ura3Δ0 MATa No
YLK522 LEU2 LYS2 ura3Δ0 MATb Yes
YLK527 LEU2 LYS2 URA3 MATb Yes
YLK531 leu2Δ0 LYS2 URA3 MATa No
YLK533 leu2Δ0 lys2Δ0 ura3Δ0 MATa No
YLK539 HO::KAN LEU2 lys2Δ0 URA3 MATb Yes
YLK543 leu2Δ0 LYS2 ura3Δ0 MATa No
YLK551 HO::KAN LEU2 lys2Δ0 ura3Δ0 MATb Yes
YLK559 leu2Δ0 LYS2 ura3Δ0 MATa No
YLK563 leu2Δ0 lys2Δ0 ura3Δ0 MATa No
YLK567 HO::KAN leu2Δ0 LYS2 ura3Δ0 MATa No
YLK571 leu2Δ0 lys2Δ0 URA3 MATa No
YLK575 leu2Δ0 lys2Δ0 ura3Δ0 MATa No
YLK583 leu2Δ0 lys2Δ0 ura3Δ0 MATa No
YLK587 leu2Δ0 lys2Δ0 URA3 MATa No
YLK591 leu2Δ0 lys2Δ0 ura3Δ0 MATa No
YLK330 LEU2 LYS2 ura3Δ0 MATb Yes
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A.8 DNA sequence alignment of the NFS1 3’ end

Figure A.7 shows the DNA sequence alignment of the NFS1 3’ end, between BY4716
and RM11-1a as obtained from the SGD- and RM11-1a-databases. See Section 5.5 for
further information.

1270 13161280 1290 1300
GCTTCCCTAGAACCTTCTTATGTTTTACATGCGCTGGGTAAGGATGA
GCTTCCCTAGAACCTTCTTATGTTTTACATGCGCTGGGTAAGGATGA
GCTTCCCTAGAACCTTCTTATGTTTTACATGCGCTGGGTAAGGATGA
1317 13631330 1340 1350
TGCATTAGCCCATTCTTCCATCAGATTTGGTATTGGTAGATTTAGTA
TGCATTAGCCCATTCTTCCATCAGATTTGGTATTGGTAGATTTAGTA
TGCATTAGCCCATTCTTCCATCAGATTTGGTATTGGTAGATTTAGTA
1364 14101370 1380 1390 1400
CTGAAGAGGAGGTCGACTACGTCGTTAAGGCCGTTTCTGACAGAGTA
CTGAAGAGGAGG-----------------------------------
CTGAAGAGGAGG                                   
1411 14571420 1430 1440
AAATTCTTGAGGGAACTTTCACCATTATGGGAAATGGTTCAAGAAGG
-----------------------------------------------

                                               

1458 14941470 1480
TATTGACTTAAACTCCATCAAATGGTCAGGTCATTGA
-------------------------------------
                                     

BY4716-NFS1
RM11-1a-NFS1
      Consensus

BY4716-NFS1
RM11-1a-NFS1
      Consensus

BY4716-NFS1
RM11-1a-NFS1
      Consensus

BY4716-NFS1
RM11-1a-NFS1
      Consensus

BY4716-NFS1
RM11-1a-NFS1
      Consensus

Figure A.7: DNA sequence alignment of the NFS1 3’ end between BY4716 and RM11-1a as
obtained from the SGD- and RM11-1a-database. The RM11-1a allele is missing 119
bp of sequence at the 3’ end of the open reading frame. Whether this missing sequence
was caused by a sequencing gap/error or was a true deletion was not discernible from
the RM11-1a-databases.
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A.9 S-ethyl-L-cysteine utilisation phenotype of

segregating progeny of BC186 crossed with BC187

A total of 369 progeny of the cross between BC186 x BC187 were screened for their SEC
phenotype (SEC as the sole nitrogen source) as described in Chapters 2.6 and 5.5.2. Table
A.6 lists the outcome of this screen. Yeast strains BC248 and BC241 listed in the table
were isogenic to BC233 and BC240 respectively, which were the actual parental strains
of the cross. BC248 and BC233 both were derived from the oak strain BC186, whereas
BC233 and BC240 origin from wine strain BC187. See Table 2.6 for more information on
the markers they carry. For simplicity, all strains derived from the oak isolate are referred
to as BC186 and all strains derived from the wine isolate are called BC187.
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Table A.6: S-ethyl-L-cysteine phenotype of 369 progeny of the cross between BC186 x BC187
when used in minimal medium as the sole nitrogen source. Red = Sec−; green = Sec+;
yellow = parental strains; the Sec−:Sec+ ratio did not follow a 2:2 segregation (χ2 =
11.4, p = 0.0007, df = 1).

Count Strain SEC+ Count Strain SEC+ Count Strain SEC+ Count Strain SEC+ Count Strain SEC+
1 2A3 no BC248 no 150 22F7 no 74 8A7 yes 146 15A9 yes
2 2A6 no 76 15A5 no 151 22G9 no 75 8A11 yes 147 15A10 yes
3 2A7 no 77 15A8 no 152 22E10 no 76 8A12 yes 148 15B5 yes
4 2A10 no 78 15A11 no 1 2A4 yes 77 8B3 yes 149 15B6 yes
5 2B3 no 79 15A12 no 2 2A5 yes 78 8B4 yes 150 15B8 yes
6 2B6 no 80 15B1 no 3 2A8 yes 79 8B8 yes 151 15B10 yes
7 2B11 no 81 15B4 no 4 2A9 yes 80 8B10 yes 152 15C1 yes
8 2C7 no 82 15B11 no 5 2A11 yes 81 8B11 yes 153 15C3 yes
9 2C9 no 83 15C2 no 6 2B1 yes 82 8C1 yes 154 15C5 yes

10 2D1 no 84 15C9 no 7 2B4 yes 83 8C2 yes 155 15C7 yes
11 2D2 no 85 15C11 no 8 2B5 yes BC241 yes 156 15C8 yes
12 2D6 no 86 15D6 no 9 2B8 yes 84 8C7 yes 157 15C12 yes
13 2D7 no 87 15E5 no 10 2B9 yes 85 8C9 yes 158 15D1 yes
14 2D12 no BC248 no 11 2B10 yes 86 8D1 yes 159 15D2 yes
15 2E3 no 88 15E9 no 12 2C1 yes 87 8D2 yes 160 15D4 yes
16 2E7 no 89 15F10 no 13 2C2 yes 88 8D5 yes 161 15D7 yes
17 2E10 no 90 15F11 no 14 2C3 yes 89 8D8 yes 162 15D11 yes
18 2F2 no 91 22A2 no 15 2C6 yes 90 8D9 yes 163 15D12 yes
19 2F5 no 92 22A3 no 16 2C8 yes 91 8D11 yes 164 15E3 yes
20 2F7 no 93 22A11 no 17 2C11 yes 92 8D12 yes 165 15E4 yes
21 2F11 no 94 22B5 no 18 2C12 yes 93 8E3 yes 166 15E8 yes
22 2G3 no 95 22B8 no 19 2D4 yes 94 8E5 yes 167 15E10 yes
23 2G6 no 96 22C4 no 20 2D5 yes 95 8E8 yes 168 15E12 yes
24 2G9 no 97 22D2 no 21 2D9 yes 96 8E10 yes 169 15F2 yes
25 2G10 no 98 22E8 no 22 2D10 yes 97 8E12 yes 170 15F3 yes
26 7A2 no 99 22E12 no 23 2D11 yes 98 8F1 yes 171 15F5 yes
27 7A5 no 100 2A1 no 24 2E4 yes 99 8F2 yes 172 15F8 yes
28 7A8 no 101 2C4 no 25 2E5 yes 100 8F5 yes 173 15F12 yes
29 7A10 no 102 2E2 no 26 2E8 yes 101 8F6 yes 174 15G1 yes
30 7B1 no 103 2E12 no 27 2E9 yes 102 8F7 yes 175 22A1 yes
31 7B3 no 104 7A1 no 28 2F1 yes 103 8F11 yes 176 22A4 yes
32 7B11 no 105 7C6 no 29 2F3 yes 104 8F12 yes 177 22A5 yes
33 7C1 no 106 7C8 no 30 2F6 yes 105 8G3 yes 178 22A7 yes
34 7C3 no 107 7D6 no 31 2F8 yes 106 8G4 yes 179 22A9 yes
35 7D1 no 108 7E7 no 32 2F12 yes 107 8G5 yes 180 22A10 yes
36 7D4 no 109 7E10 no 33 2G1 yes 108 8G6 yes 181 22A12 yes
37 7D9 no 110 7F8 no 34 2G4 yes 109 12A1 yes 182 22B3 yes
38 7D11 no 111 7F11 no 35 2G5 yes 110 12A2 yes 183 22B4 yes

BC248 no 112 8B1 no 36 2G8 yes 111 12A6 yes 184 22B6 yes
39 7E1 no 113 8B5 no 37 2G11 yes 112 12A7 yes 185 22B9 yes
40 7E5 no 114 8B9 no 38 7A3 yes 113 12A9 yes BC241 yes
41 7E9 no 115 8C8 no 39 7A4 yes 114 12A11 yes 186 22C1 yes
42 7F2 no 116 8C11 no 40 7A6 yes 115 12B1 yes 187 22C2 yes
43 7F5 no 117 8D7 no 41 7A9 yes 116 12B3 yes 188 22C3 yes
44 7F6 no 118 8D10 no 42 7A11 yes 117 12B5 yes 189 22C6 yes
45 7F10 no 119 8F10 no 43 7A12 yes 118 12B9 yes 190 22C8 yes
46 8A1 no 120 8G1 no 44 7B4 yes 119 12B10 yes 191 22C9 yes
47 8A4 no 121 12A3 no 45 7B5 yes 120 12C1 yes 192 22C11 yes
48 8A9 no 122 12A4 no 46 7B6 yes 121 12C2 yes 193 22D1 yes
49 8A10 no 123 12A5 no 47 7B8 yes 122 12C4 yes 194 22D4 yes
50 8B6 no 124 12B4 no 48 7B9 yes 123 12C6 yes 195 22D6 yes
51 8C3 no 125 12B8 no 49 7B10 yes 124 12C9 yes 196 22D7 yes
52 8C4 no 126 12C7 no 50 7C2 yes 125 12C11 yes 197 22D11 yes
53 8C6 no 127 12D1 no 51 7C4 yes 126 12C12 yes 198 22D12 yes
54 8C12 no 128 12E2 no 52 7C7 yes 127 12D4 yes 199 22F5 yes
55 8D6 no 129 12E4 no 53 7C9 yes 128 12D5 yes 200 22F6 yes
56 8E2 no 130 12F3 no 54 7C11 yes 129 12D6 yes 201 22F8 yes
57 8E4 no 131 15A4 no 55 7C12 yes 130 12D7 yes 202 22E2 yes
58 8E7 no 132 15C4 no 56 7D2 yes 131 12D9 yes 203 22E3 yes
59 8E9 no 133 15D5 no 57 7D5 yes 132 12D10 yes 204 22E4 yes
60 8F3 no 134 15D9 no 58 7D7 yes 133 12D11 yes 205 22E5 yes
61 8F8 no 135 15D10 no 59 7D10 yes BC241 yes 206 22G8 yes
62 12A8 no 136 15E2 no 60 7D12 yes 132 12E3 yes 207 22G10 yes
63 12A10 no 137 15E7 no 61 7E3 yes 133 12E5 yes 208 22G11 yes
64 12B6 no 138 15F1 no 62 7E4 yes 134 12E8 yes 209 22E7 yes
65 12B11 no 139 15F6 no 63 7E8 yes 135 12F2 yes 210 22E9 yes
66 12C3 no 140 15F7 no 64 7E12 yes 136 12F7 yes 211 22G12 yes
67 12C8 no 141 22A6 no 65 7F1 yes 137 12F8 yes 212 22H2 yes
68 12D2 no 142 22A8 no 66 7F3 yes 138 12F10 yes 213 22H3 yes
69 12D12 no 143 22B1 no 67 7F7 yes 139 12F11 yes 214 22H4 yes
70 12E7 no 144 22B11 no 68 7F12 yes 140 12G1 yes 215 22F1 yes
71 12E9 no 145 22C7 no 69 7G1 yes 141 15A1 yes 216 22F2 yes
72 12E12 no 146 22C12 no 70 8A2 yes 142 15A2 yes 217 22F3 yes
73 12F5 no 147 22D5 no 71 8A3 yes 143 15A3 yes
74 12F6 no 148 22D9 no 72 8A5 yes 144 15A6 yes
75 12F12 no 149 22D10 no 73 8A6 yes 145 15A7 yes Sec+ 217

Sec-  152 χ2 = 11.4
p = 0.0007 
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A.10 Deleting DUG1 in BC186 and BC187

For the reciprocal-hemizygosity analysis DUG1 had to be deleted in yeast strains BC186-
u and BC187-l (see Section 5.5.3). The knock out of one DUG1 allele was accomplished
by using the deletion strategy described in Section 2.10.5. Table A.7 lists the number
of G418-resistant colonies obtained after transformation with the dug1::kanMX4 deletion
cassette. Four colonies of BC186-u and two colonies of BC187-l were picked and re-
streaked onto YPD + G418 plates. DNA was extracted and verified in a PCR for the
dug1::kanMX4 replacement. Figure A.8 depicts the DNA bands after PCR amplification
with the appropriate primer pairs (Table 2.7). All putative transformants were successfully
deleted in one DUG1 allele.

Table A.7: G418-resistant colonies after transformation with dug1 amplicon.

dug1::kanMX4 +ve control -ve control
Strain amplicon (150 ng) pFL38 (900 ng) water

BC186-u 5 ≈ 1014 0
BC187-l 2 ≈ 738 0
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Figure A.8: PCR verification of putative dug1::kanMX4 transformants in BC186-u and BC187-l
strains. The four BC186-u-I-IV and the two BC187-l-I+II colonies exhibited a closely
spaced pair of bands – a wild type band (2326 bp) and the deletion band (2585 bp) –
when amplified with the Dug1-Test1 primers, as indicated by the grey arrows. Since
these two bands were not easily separable on the 1 % agarose gel, strains were also
tested with the 3’kanI-F + Dug1-Test1-R primer pair for the dug1::kanMX4 cassette,
as shown on the far right of the gel for one putative transformant of each strain. All
transformed strains successfully amplified the expected 550-bp band with this primer
pair (gel picture not shown). BC186-u-wt and BC187-l-wt did not show any DNA
band when amplified with the 3’kanI-F + Dug1-Test1-R primer pair indicating that
this primer pair specifically amplified only the dug1::kanMX4 cassette. Gln3 primers
acted as a DNA template control and the BY4743-wt strain as a primer control.
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A.11 Differentiation between the two DUG1 alleles with

restriction endonuclease AvaII

In order to distinguish between the two DUG1 alleles in the reciprocal-hemizygosity ex-
periment in Section 5.5.3, it had to be determined which of the two DUG1 alleles had
been knocked out in the hybrids between BC186 and BC187. Figure A.9 depicts the
DNA sub-region of the DUG1 allele in BC186. This region was amplified with primer
pair Dug1-Res-F and Dug1-R and digested with restriction enzyme AvaII. A synonymous
SNP in BC187 caused the loss of a cut site of the restriction enzyme AvaII, which was
used to distinguish between the two alleles (Figure A.10).

acgctgcaactggctctaagacaagtttgtacgacaagaaggaagacatcttgatgcacagatggaggta
tccttcgttgtccattcatggtgtggaaggcgccttttccgctcaaggtgcaaagactgtcattccagct
aaggtcttcggtaagttttccattagaaccgtccccgacatggattctgagaaactgacctctttggtcc
agaagcattgtgatgccaaattcaagtccttgaactctccaaacaagtgcagaacagaattgatccatga
tggtgcttattgggtttctgatccattcaacgcccaatttactgctgctaaaaaggccacaaaactggtc
tatggtgtcgatcctgattttaccagggaaggtggttccattcctatcactttgactttccaagatgcct
tgaacactagtgtcttattgctgccaatgggtagaggcgatgatggtgctcattcaatcaatgaaaagtt
agatatttcaaattttgttggtggtatgaagacgatggctgcttacttgcaatattactctgaatcgcca
gaaaactaaGTCATCTTATTTATATATGTGTATATATGTGTAAATTCCATGTCATTCAAGTTTACTCATT
CCTATTCGAATTCTGAAAAGAGAGGAAAAACAGAAAACTCTTTATAGAGAAAATCTGATGCAGCAAGATA
GCAAGTATATATACGCAAAAATACCAATCTACCATGGTTCTTCAATACCCCCAGAATAAAATATTGGTTT
TATCAGATCACCCACACAACTTTTTAAAAACACAATTTTTGCAAGACCTGTTTCATTGCTCTAGCACGGG
CATCAGTATAGTTAAGGACCAAACTTGGGAAAATAGATACTATAAAGTCCATTTTGATCTTTATATTGAC
TCTTGCAAAGAGATACCAGTATGGGTG 

Part of DUG1 allele in yeast strain BC186 AVAII cut site GGWCC

 

Dug1-RDug1-Res-F

Figure A.9: DNA sub-region of the DUG1 allele in BC186. A base pair change in the BC187
allele from C to G (highlighted in red) caused the loss of one of two AvaII cut site
(also shown in red). This made it possible to distinguish between the two alleles.
Lower case = DUG1 coding region; grey highlighted = 3’ 301-bp homology region
used to create the gene deletion; green highlighted = primer sequences as indicated.
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Figure A.10: Differentiation between DUG1 alleles of BC186 and BC187 via AvaII digest. The

picture shows a 1 % agarose gel loaded with 10 µl DUG1 amplicons, which were
digested for 12 h with AvaII. Paired lanes show duplicate digestions. The DUG1
allele in BC187-l-wt had one cut site and exhibited two bands after digestion (81
bp and 856 bp), whereas the BC186-u-wt version had two cut sites and produced
three bands (81 bp, 206 bp and 650 bp). AvaII did not digest the 856 bp band
of the BC186 DUG1 allele completely as indicated by the remaining faint 856 bp
band. Both BC186-u-dug1 and BC187-l-dug1 still showed the band pattern of their
corresponding wild type allele, because both strains carried heterozygous DUG1
deletions (the Kan-containing deleted allele was not amplified by the Dug1-Res-F
primer). The wild type hybrid showed all four bands, since it carried the two DUG1
alleles. The fainter 856 bp DNA band, which was due to partial digestion of AvaII, of
the hybrid between BC187-l-dug1 x BC186-u-wt, compared to the wild type hybrid,
indicated that this strain carried the DUG1 allele of BC186 only. The band pattern of
the hybrid between BC187-l-wt x BC186-u-dug1 showed that it carried the BC187
DUG1 allele only. The uncut DUG1 amplicon exhibited the largest band (937 bp)
and demonstrated that all other amplicons had been digested.
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A.12 Overexpression of the heterologous tnaA gene in

yeast

Tominaga et al. (1995, 1998c) demonstrated that cell-free enzyme extract of Eubacterium

limosum and purified tryptophanase from Escherichia coli could liberate 3MH and 4MMP
from their cysteinylated precursors in SB grape juice. The bacterial tnaA gene from E.

coli codes for tryptophanase, an enzyme which catalyses the cleavage of L-tryptophan
to indole, ammonium and pyruvate, but also exhibits a strong cysteine-β -lyase activity
(Phillips et al., 2003). This cysteine-β -lyase activity is non-specific, as tnaAp is known to
cleave cysteine, S-methyl-L-cysteine, S-ethyl-L-cysteine, S-benzyl-L-cysteine and others,
including the thiol precursors Cys-3MH and Cys-4MMP (Snell, 1975; Tominaga et al.,
1998c).

During wine fermentation, the molar conversion rate of Cys-3MH into 3MH has been
reported to range between 0.1 % and 25 %, with an average of around 3 %, depending
on the medium used (synthetic vs. grape must) and must properties (e.g. nutrient status)
(Murat et al., 2001b; Subileau et al., 2008b). Maximisation of this conversion rate would
allow comparisons of SB grape juices from different origins for their Cys-3MH and Cys-
4MMP potential. In order to achieve this goal, the bacterial tnaA gene was cloned and
overexpressed in yeast.

This appendix describes the cloning of tnaA and its expression in yeast on a replicating
plasmid. This construct resulted in increased 3MH and 3MHA content in wine, but was
unstable during yeast growth in grape juice, even with selection. Finally attempts to over-
express tnaA stably in the chromosome are described. The initial cloning and sequenc-
ing of tnaA was performed by Keith Richards, the plasmid construction was performed
jointly, and I undertook the fermentation analysis.

Subsequent to the initiation of this project, Swiegers et al. (2007) published similar
work describing the overexpression of tnaA in yeast to produce high-thiol wines.

A.12.1 Integration of tnaA gene into a yeast expression plasmid

The tnaA gene was amplified with Platinum Taq™ DNA polymerase from the genome
of E. coli strain DH10β by using the primer pair tnaA-F and tnaA-R (Table 2.7). These
primers had 5’ overhangs, which introduced a NotI (tnaA-F) and a XhoI (tnaA-R) cut site
at either end of the amplicon. PCR products were cloned into the pGEM-T easy vector
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(Promega) by following the manufacturer’s instruction. Sequencing of independent differ-
ent tnaA clones in the gGEM-T easy vector revealed multiple sequences, presumed due to
PCR error. Clone pGem-tnaA-1.6 was selected as the best clone, since it exhibited a sin-
gle base change (A to G at position 652 of the coding region). This point mutation caused
a change from methionine to valine at amino acid position 218 of the tryptophanase en-
zyme. Due to the distance of this amino acid substitution from the active binding sites of
the enzyme (Phillips et al., 2003; Tsesin et al., 2007), it was decided to use clone pGem-
tnaA-1.6 for the expression studies in yeast. After digestion with NotI and XhoI, the tnaA
gene was cloned into the NotI and XhoI insertion sites of the multi-copy plasmid pFLR-
A (see Chapter 2.8 for more information on plasmid). The multiple cloning site of this
plasmid was under the control of the constitutive S. cerevisiae phosphoglycerate kinase I
(PGK) promoter (Figure A.11). Above steps were all performed in E. coli strain DH10β .

pFLR-A
5408 bp 

MCS
PGK5’

PGK3’

lacZ

URA32-micron 

NotI (1257)

XhoI (1267)

AMP

+ ORI

lacZ

tnaA

Figure A.11: Cloning of the bacterial tnaA gene into the NotI and XhoI insertion sites of the over-
expression vector pFLR-A. AMP = ampicillin resistance; lacZ = β -galactosidase;
MCS = multiple cloning site; PGK5’/3’ = constitutive promoter/terminator; URA3
= gene required for uracil biosynthesis; ORI = origin of replication; only essential
restriction sites are shown.
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A.12.2 Transformation of tnaA-containing plasmid into yeast

The tnaA-containing plasmid was extracted out of E. coli, purified and transformed into
haploid wine yeast F15 (h, aux) and plated onto SD-ura (Table A.8). Putative transfor-
mants were re-streaked onto selective plates, DNA extracted and tested for the tnaA gene
by amplifying it with primer pair tnaA-F/R (Figure A.12).

Table A.8: F15 (h, aux) colonies growing on SD-ura plates after transformation with plasmid
pFLR-A-tnaA.

pFLR-A-tnaA -ve control +ve control
Strain amplicon (900 ng) water 50 µl plated on YPD

F15-I 808 0 lawn
F15-II 656 0 lawn
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Figure A.12: PCR amplicons of transformed F15 (h, aux) yeast strains containing plasmid pFLR-
A-tnaA visualized on an 1 % agarose gel. Transformed F15 (h, aux) colonies and
the purified E. coli plasmid showed the expected DNA band after amplification with
primer pair tnaA-F/R, whereas the negative controls (F15 (h, aux) and F15-pFLRA)
did not.

A.12.3 Volatile thiol release of F15-pFLR-A-tnaA in Sauvignon

Blanc grape juice

Initial tests in SB grape must showed that a URA3-containing plasmid could successfully
complement Ura− yeast strains under anaerobic conditions to enable fermentation rates
comparable to their corresponding Ura+ strains (data not shown). It was therefore decided
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not to provide any additional uracil to the grape must used for the fermentation with F15-
pFLR-A-tnaA, to keep the Ura− F15 (h, aux) strain under selection for the presence of
the plasmid throughout the wine fermentation. For this reason, yeast pre-cultures for the
inoculation of the SB must were also grown in SD-ura medium.

Figure A.13 shows the fermentation kinetics and volatile thiol release of yeast strain
F15-pFLR-A-tnaA in comparison to its isogenic F15 (ho::hphMX) strain. The plasmid-
containing F15 (h, aux) exhibited a longer lag phase and lower Vmax values, but was able
to finish the ferment within 8 days (Figure A.13 A and B). The overexpression of the
tnaA in the pFLRA resulted in a doubling of the volatile thiol release, for both 3MH and
3MHA (Figure A.13 C and D). Cells of yeast strain F15-pFLR-A-tnaA were checked for
their plasmid stability before and after fermentation by plating 50 µl of a 1:2000 dilution
(pre-culture or wine-culture) onto SD-ura and SD+ura plates. It was surprising to see
that after 24 h growth in selective pre-culture medium SD-ura, only 35 % of the yeast
cells contained the plasmid. This number dropped even lower to 0.5 % after eight days
of fermentation (data not shown). The extremely low recovery rates for pFLR-A-tnaA
were unexpected, because similar plasmids showed recovery rates of about 7 % after
fermentation.

The doubling of 3MH and 3MHA in the ferments conducted with F15-pFLR-A-tnaA
combined with the low plasmid recovery rate at the end of fermentation suggested that the
Cys-3MH cleavage of the tnaA gene mainly occurred in the early stages of fermentation,
where the plasmid-containing cells were more numerous. It is known that yeast is able to
recycle uracil from exogenous or internal turnover sources (Kern et al., 1990). This might
explain why Ura− F15 (h, aux) cells were still able to ferment even without containing
the uracil-synthesizing plasmid.

A.12.4 Chromosomal integration of the PGK-tnaA construct

Due to the high instability of the pFLR-A plasmid, it was decided to integrate the PGK-
tnaA construct into the chromosome, and the HO locus on the yeast chromosome 5 was
chosen as a suitable site. Figure A.14 depicts and explains the major steps in achieving
this. The construct was successfully integrated at the HO locus in F15 (ho::hphMX), which
was confirmed via sequencing (data not shown). However, a base pair change (C to
G) in the tnaA coding region at position 789 caused the introduction of the amber stop
codon (TAG) at position 263 of the amino acid sequence. This stop codon in the middle
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Figure A.13: Volatile thiol synthesis of yeast strain F15-pFLR-A-tnaA in comparison to its iso-
genic F15 (ho::hphMX) strain. Fermentation was performed in SB grape juice (2006)
at 25 ◦C with no uracil addition. Black dashed lines indicate volatile thiols levels of
F15-wt (h). A + B: n = 3; C + D: n = 6; error bars = SEM; **p < 0.001; numbers
above bars = effect size d.

of the 476 long enzyme caused most likely a dysfunctional tryptophanase/β -lyase. The
replacement of the non-functional gene with the functional tnaA gene has not been done
yet.
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pFLR-A

MCS

PGK5’ PGK3’ URA3

2-micron AMP
+ ORI

ho5’
Tef-NAT-TefP3

P2

P1
47 bp

+PacI
38
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P4
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P5
36 bp

ho3’

P6

47 bp

+PacIHindIII

+ tnaA

Figure A.14: Strategy to integrate the PGK-tnaA construct into the HO locus on the yeast chro-
mosome 5. ho5’, Tef-NAT-Tef and ho3’ constructs were amplified with primer pairs
P1/2, P3/4 and P5/6 out of the appropriate yeast strains. Plasmid pFLR-A, which
already contained the tnaA gene at the multiple cloning site (MCS), was digested
with HindIII and rejoined by transforming the ho3’ amplicon into it. The plasmid
was extracted out of E. coli and transformed into BY4743. Amplicons ho5’ and
Tef-Nat-Tef were transformed simultaneously into the plasmid. Yeast transformants
were selected by screening for nourseothricin (Nat) resistance and uracil auxotro-
phy. The plasmid was then transformed back into E. coli for extraction and plasmid
verification via restriction digestion: all three constructs had integrated at the right
site (data not shown). The whole overexpression cassette was finally cut out with
PacI and transformed into the HO locus of F15 (ho::hphMX) via homologous recom-
bination. Successful transformants were no longer hygromycin resistant but showed
natMX resistance instead. P1 = PGK5’+Ho5’-F, P2 = Ho5’+Tef-R, P3 = TEF5’-F,
P4 = TEF+PGK5’-R, P5 = PGK3’+Ho3’-F, P6 = Ho3’+PGK3’-R
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