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Abstract

Since the first vineyard was planted in Sydney more @@M years ago, the
Australian wine industry, propelled by technological advange yeast biology,
viticulture and the fermentation process, has been tmanstb into a multi-billion
dollar economy for export and domestic consumption. klgvitavour stability and
clarity are key characteristics of white wines. Thiaenflavour profile is primarily
governed by secondary metabolites from fermenting ySasicharomyces cerevis)ae
and most of the flavoursome metabolites result framogen metabolism, with many
of the flavour compounds derived from amino acids. Intlseroaspect, sulfur-
containing compounds, such as hydrogen sulfid&S)tnd sulfur dioxide (S£ are
metabolic by-products which can have a serious impacteonented beverages.
Clarity is one of the major constraints in the winéustry, since most of the methods
available to avoid clarity problems such as hazing invol¥peesive or time-
consuming procedures that often lead to loss of podiaweur compounds. In this
project, the molecular mechanisms underlyingSHand S@ metabolism were
investigated, and a new clarity-enhancing measure wasregpénd its effect on
flavour profile analysed. The experimental approachesluded anaerobic
fermentation in both laboratory and pilot-scale femers, yeast cDNA gene
expression microarray technology and solid phase mitaetion gas
chromatography - mass spectrometry (GC-MS SPME) fore gexpression and
volatile flavour profiling over time and between treatrnse

At the start of this PhD project, there were limiteptions in terms of yeast
genome-wide differential gene expression microarrayfglas. Due to the cost
restraint and the need to outsource the one-colour Affyxnehips, optimisation of
glass-based two-colour cDNA microarray technology waasied out in-house. Many
aspects of the protocol were examined such as cDNA mettigel, type and
hybridisation condition. As a result, however, only iled improvements were
achieved. Since then, the outsourced more reliable opefrcdlffymetrix chips
became cheaper, and were therefore used as the magr@datform for subsequent
experiments. The issue of replicate design was invéstiga order to clarify whether
biological triplicate microarray data were necessasymilar results were achievable
in duplicates with lower costs. To verify this, micn@gr data that had been obtained
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in biological triplicate was analysed in a duplicate mararet the generated lists of
significant genes were compared. Comparison of ANOVAlyses of the triplicate

dataset and each of the three possible duplicate dashssted R values of at least

0.95, indicating high correlation between these sets.dDuhose genes that were
significantly up- or down-regulated, three-quarters of tjenes were common
between the triplicate gene list and each of the daigi sets, with the genes that
weren’'t common being those with only minor differehtggene expression. This

suggests that yeast microarray experiments can becaaut in biological duplicates,

saving a third of the costs without significantly changihg tesults. However, a

major disadvantage is that p-value generation reqtiiigiicate data. The analysis
also demonstrated that technical replicates were unnegessa

H,S is an essential sulfur-containing compound found in v@@mewing conditions
containing cysteine resulted in elevategSHand S@ production, however, when a
nitrogen source was added;34was decreased. To elucidate the underlying molecular
mechanism, microarray analysis was performed with aokebnditions including
cysteine only, nitrogen (in the form of ammonium sefabnly, combination of
cysteine and nitrogen, and a control with neither cysteior nitrogen. The data
analysis suggests that nitrogen catabolite repressi@R)Nnay be responsible for
both the reduction in ¥ quantities when the rich nitrogen source, ammonium, is
present, but also could be linked with why yeast releaSewHhen grown in cysteine-
rich media.

Due to consumer preferences, wine clarity is a magorcern for winemakers.
Many methods have been developed to combat colloidalbitistacaused by an
excess of proteins, phenolic compounds and metal ions wsclts in ‘cloudy’ wine.
These methods utilise a range of materials such asrbentisinglass and egg or milk
products. However, there are disadvantages associatedheir application, as they
can be expensive, time-consuming and most undesirably,ctre strip the wine of
flavour compounds. In this study, the macromolecules,rpecid carrageenan were
investigated for their potential as fining agents in imprgvclarity and flavour
stability. Both pectin and carrageenan are natural prediuotn citrus or marine
plants and are currently used extensively in the food tnguknitial experiments
found that pre-treatment with these two compounds nagt iomproved the clarity of
the final wine but also the flavour of the final wine gwot revealed by GC-MS
SPME. This was further confirmed using 20 L Chardonnaydetations to determine
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the effects of pectin (1 g/L) and carrageenan (0.15 g/Lflaour and the gene
expression of the wine yeast strain (QA23). Gene expressita revealed expression
of genes encoding for amino acid permeases were up-tegulahich could lead to
higher amino acid uptake and in turn cause higher levetsaaf flavour compounds.
While the adverse-tasting higher alcohols were alseased in the treated wine, the
levels remained below their flavour threshold. The tlkee flavour compounds that
were greatly elevated were ethyl hexanoate, ethyl oatarand isoamyl acetate, all of
which impart fruity characteristics. However, thignfentation was only done in
singlet due to the high cost involved. Further validagaperiments followed using
laboratory-scale (2 L) fermentations with frozen Chardgngrape juice in triplicate
of a control, pectin only, carrageenan only and a combmabf pectin and
carrageenan, respectively, to further understand thehanexns using gene
expression microarrays.

A significant increase in ¥ production in the pectin-treated fermentations was an
intriguing finding. In comparison, the carrageenan treatneich not produce any
detectable k5. The combined pectin and carrageenan treatment resulbesimilar
amount of HS as the carrageenan only treatment, indicating treatcarrageenan
counter-acted the effect of pectin onS3Hmetabolism. In terms of sulfur dioxide
(SO,), carrageenan decreased in concentration towards thefahd fermentation,
which was also evident in the pectin and carrageenammgea whereas the amounts
of SO, in the control and pectin treatments remained unclithngee genes from the
sulfur pathway were down-regulated in the presence of rpetti48 h, but this

pathway was unaffected by the other treatments.
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Chapter 1: General introduction

1.1. Project overview

Since the first vineyards were planted in Australalye in the 1800s, the
Australian wine industry has been transformed into aithbillion dollar economy,
exporting to more than 100 countries around the world. uFttkerpinning technical
factors that drive the industry are innovation in vitioté, advances in yeast biology
and process improvements in wine production. On the aitler the business and
marketing aspects, it is brand management and compliaticehe Australia New
Zealand Food Authority (ANZFA) and international wine king regulators which
govern the global success and acceptance of wine produd¥semaking is
continually under review, as are all matters in thst fmoving food and beverage
industries. The emergence of bovine spongiform encephéBSE), commonly
known as mad cow’s disease (MacLachlan, 2012), highlightedehsitivity of the
business to much broader agricultural concerns than ef@elealised. The retail
sector became overly aware, even paranoid, about thefuaaimal products in
winemaking for clarification, and demanded transparemlialy be adhered to. This,
of course, had always been lobbied for by vegans and vegetabbyists but the
BSE scare thrust this issue into the spotlight whereutd no longer be ignored.

New developments in yeast genetics and metabolism hiaxseysa influenced
winemaking processes but the new labelling regulatiowsthe reluctance of most
winemakers to detail animal residues on labels acceterah urgent search for
replacements that had no labelling requirements. This the time when these
studies commenced. The question became whether aniothigs such as gelatine,
fish isinglass, albumin and other protein products, evevinboblood, could be
eliminated or replaced with plant-based products. Impoxansiderations for the
replacement include whether the additive could be tlaveeutral or preferably
improve the flavour of the wine or flavour managemant ideally create physically
stable wine and even improve the yield of the wine.

This research was initiated by a commercial problem acwhanercially relevant
application was sought based on yeast genetics. Aintlee there was a study that
had been well advanced at Foster's Group Limited, regguritie use of pectin and

carrageenan as fining agents for the heat stabilisatiowhite wines in place of
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gelatine, isinglass or the more heavy handed and unpops#arof bentonite and
diatomaceous earths. As discussed later in sect®4, bentonite has remained the
most commonly used clarification aid, despite its disathges, due to the lack of a
more suitable alternative. This project evolved in iravith the study at Foster’s,
and looked at the effects of these alternative tre@nen flavour creation during
white wine fermentations; Foster’'s went on to patleeatuse of pectin and carrageenan
for white wine physical stabilisation by reducing the conegioin of calcium ions in
white wines. The additives can also contribute to bedtility. In the meantime, a
genetics approach to consider the effects of modifiee wiice composition on yeast
gene expression and thereby flavour outcomes was developed.

Many flavour compounds contribute to the flavour profileaadiven wine, and a
great number of these flavour compounds are derived fremnbtabolism of
Saccharomyces cerevisidgeast) during fermentation. One of the most important
factors relating to the flavour profile is the nitrogeetabolism since many of the
flavour compounds originate from amino acids. In additisalfur-containing
compounds, such as hydrogen sulfideSHand sulfur dioxide (S£p are important
metabolic by-products because of their impact on fermeftexderages. As
mentioned, clarity is a major constraint in the whifee industry and measures have
been developed to tackle the problem. However, theybeaexpensive or time-
consuming and, introduce flavour (taint) defects (Watera., 2005). The holy grail
of winemakers is to make white wine of high qualityhmito introduced defects, as
clear as mountain stream water, with exceptionabflaand physical stability.

This project aims to gain a greater understanding of yeirstgen and sulfur
metabolism, especially in regards teSHand S@ production as well as to investigate
two new fining agents, pectin and carrageenan for thegnpat to enhance wine
clarity and their effects on wine flavours. Molecufaechanisms for (& and S@
production were investigated by analysis of yeast culturesiging nitrogen and
sulfur conditions using the genome-wide gene expressafiipg technology, cDNA
microarray transcriptomics. The effects of pectin @adrageenan on clarity and
flavours were studied via initial wine fermentations usifigtplant fermenters at
Fosters Australia in Melbourne. This was then folldwg with a laboratory scale
fermentation setup at UWS in Campbelitown, NSW. Dedacharacterisation was
then carried out on wine samples including clarity testmsory panel assessments
and flavour analysis using gas-chromatography-coupled mast@metry (GC-MS),
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and on yeast samples for genome-wide gene expressioiingraising cDNA
microarray transcriptomics. Although this sounds stréaghard, there have been
many logistical problems that had to be sorted out becaiud®e transfer of grape
juice across state borders and the need to keep the grepefrpzen to eliminate
spoilage.

In the following sections of this introductory chapter,will discuss the
winemaking process, the sensory flavour wheel and thernedfectors of wine
flavour and the use of fining agents in winemaking. dditgon, these sections will
cover sulfur and nitrogen metabolism within the contédeneral yeast metabolism,
gene expression, the use of functional genomics whichrisopany investigations,
and finally a review of my aims for this project.

1.2. Wine

Wine, an alcoholic and flavourful beverage, is tradaily made via the
fermentation of grape juice by yeast and has been pariant part of human need
and culture (Joffe, 1998). Wine consumption around the weilicreasing year by
year along with the population growth and the rise @fi@ft, urban Asian markets.
This in turn has led to more wine production. In Augralone, 1.6 million tonnes of
crushed grapes were fermented and nearly 1.14 billie@s laf wine were produced in
the 2009-2010 financial year. Most of the wine, approximaf&§ million litres
(worth $2.2 billion), was exported to the rest of the ldjoand the remainder was
consumed domestically. In the 2009-2010 financial year,ewine sold in the
Australian domestic market rose 3.3% to 219.5 milliaeditout of the total wine sales
of 470.8 million litres (Australian Bureau of StatisticR010). Australia is
consistently in the top ten wine producing countries ofwbéd. Wine is produced
all around the country, with the main areas being theo®ar Valley in South
Australia, the Hunter Valley and the Riverina in NSWAs the Australian wine
industry is worth $4.3 billion (Australian Bureau of Statisti2010), it is important to
maintain and promote its growth. To achieve this, aatsearch and development is
a necessity. The Australian Wine Research InstitutWRB in Adelaide has been a
driving force in winemaking innovation. In fact, the Awadian industry demonstrated
to the rest of the world how quality wine could be mada marginal country. The

mobility of winemakers and their regular contact witimemnakers in other countries
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has accelerated the spread of new knowledge. While dhiastmay have been well
ahead of others in the 70s and 80s and even later diveatitage has been reduced and
other countries are now far more efficient at manufang quality wines — including
South America, South Africa, China and the UK.

There is a large variety of wines, which result froiffiedences in yeast strains
used in fermentation and grape varieties. However,svia@ be broadly split into
two main types, characterised by their colour; red andewhthe differences arise
mainly due to the grape varieties used, namely red and ftaples for red wine and
green grapes for white wine, although white wine can alsmdde from the darker
varieties by removing the skins prior to fermentationedRvine contains more
polyphenols, such as tannins, than white wine, because phesolics are contained
in grape skins. Unlike white wine fermentation, theseaiann the juice during the
entire fermentation for red wine production. PolypHerare thought to provide red
wine with additional health benefits such as the prevenvibmeart disease and
atherosclerosis.Prima facie evidence as well as scientific research found that th
French population has a lower prevalence of coronaait kksease despite the French
diet often being rich in saturated fat. This phenomeisooommonly termed the
“French Paradox.” It is believed that dietary satutdis was counteracted by a
moderate consumption of red wine in French culture (ReaaddDe Lorgeril, 1992;
Criqui and Ringel, 1994; de Leiris and Boucher, 2008). Previoesnds has also
revealed a J-curve relationship between the consumptisime and the risk of heart
disease, in that heavy drinkers (more than 100 g of elquér day) have a high risk
but moderate drinkers (up to 55 g of alcohol per day) actbale a lower risk than
those who don't drink any wine at all (Renaud et al., 199®)similar correlation
pattern was also found between heavy drinkers and theaswd lung cancer risk
(Freudenheim et al.,, 2005) whilst moderate wine consumptioprovaes lung
function, with white wine having a stronger correlati@cliinemann et al., 2002).
However, these benefits conferred by moderate wine oguigan did not extend to
other alcoholic beverages (Prescott et al., 1999). mdterely, certain scientific
evidences suggested that the increased folate intake dhigghtey fruit and vegetable
consumption is the cause of the French Paradox (Rd@9r) or that the perceived
health benefits are actually due to moderate wine drinkavéng a higher social
status (Mortensen et al., 2001). Nonetheless, the berighoderate wine drinking
has become popularised within the general public and, therefone consumption
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has increased based on the actual or perceived rdiatdth benefits (Dodd and
Morse, 1994).

1.3. Wine fermentation

The overall winemaking process is schematically illusttah Figure 1.1. This
includes selection of grape variety, crushing, use ofdidt€white wine) or unfiltered
juice (red wine), yeast fermentation, clarificatiamd&ining, maturation and bottling.
These steps are outlined in the next few sections.

Harvest
C\rus‘hing 1Yeast
Fining Bottling AYA
%
—
Pressing _ J
Fermentation Ine

Figure 1.1. Schematic diagram of the overall current white winkengprocess.

1.3.1. Grape vines

The base ingredient of wine is grape juice from crushegegraOver 70% of the
grapes grown in the world are crushed for wine fermemiatiThe grapes used for
wine are most commonly froMitis viniferaspecies and contain approximately 24%
sugar (by weight) when they are harvested. The grapeyngdeivn in Australia for
white wine production is the Chardonnay variety. Origin&lbm Asia and made
popular in Burgundy, France, it was first brought to Australi1832 by James Busby
but did not become popular until the 1950s. It is now th@érnwhite wine variety
produced in Australia due to its climatic adaptability. Asm@onnay wine is very
popular and clarity is a critical issue for this typeaafe, this juice was used in this
study. Chardonnay wines have a wide range of flavour diesisics depending on
the method of fermentation but are generally fruity wine



1.3.2. Crushing

After the grapes have been harvested, they are crushad tprifermentation.
Originally this was done manually by treading on the ggape barrel to break open
the grapes and release the juice. Nowadays this igwachiusing mechanical
methods. White wine is produced when yeast fermentuti@sin grape juice (also
called must) which is free from skin and seeds, wigittwine is made from the juice
in the presence of grape skins and seeds, which allowsrrcdgénnins and other
compounds to leach out into the wine during the fermemtatihe latter step is

referred to as maceration.

1.3.3. Yeast fermentation

Once the grapes have been crushed and the stems remaveextistep is the
yeast fermentation. Originally, the yea$§. (cerevisiaeor other strains such as
Saccharomycebayanu¥ came from the skins of grapes being fermented (Bisson,
2004) and is still sometimes used to add complexity to wieg(d et al., 2009), but
these days selected pure or mixed wine yeast cultures aee &olcensure that the
flavours are consistently desirable for consumers. s Tactice also practically
eliminates the possibility of an acetic bacterial eombation in the fermentation.
This kind of contamination can lead to wine spoilage, lgtiaining it into vinegar if
conditions allow. This can also happen after the vinme been bottled, especially in
the case of red wine, as discussed in the review by Bskioand Henschke (2008).
During fermentation, the yeast utilise the sugar andratbmpounds from the grape
juice to produce the ethanol, carbon dioxide and flavoompounds that make up the
wine.

Yeast are not only used in the fermentation industrigs,atso as an scientific
model for pure research into higher organisms. Technalbgavances in this field
as well as the industrial field have led to an increaskarpotential manipulation and
understanding of yeast genetics and therefore yeast éhems(Borneman et al.,
2007). Such technology has been used to analyse the ip&n®er, proteome and
metabolome of different yeast strains or yeast rerainder different growth
conditions, enabling researchers to understand what is agpby changing the
yeast strain or growth condition. This knowledge has hesed by winemakers and

researchers for the development of yeast strains emdehtation conditions that
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improve winemaking. Such developments have included theentmation of
nitrogen required in the must and indicators for a stuck fetatien (Bell and
Henschke, 2005; Vilanova et al., 2007). A stuck fermentatoours when
unfavourable conditions cause the fermentation to stemaiurely. Since nitrogen
deficiency in the grape juice is one of the common eswd stuck fermentations, the
monitoring of such can help prevent the problem. AWRI haudished the genome
sequence of five wine strains, AWRI 1631, AWRI 796, QA23, VL3 ¥Hil3 since
2008 (Chambers and Pretorius, 2010).

1.3.4. Clarification and fining

While wine flavour is of utmost importance, the claotythe wine, especially for
white wines, is also extremely critical. Wine candéhaz become cloudy for a variety
of reasons, including an excess of protein or calcium iaagpropriate storage
conditions, which take place once the consumer hahased the wine. Although
wine haze generally does not have a detrimental effactiavour but rather only
appearance, consumers prefer to drink clear wine partgubemf the usual link they
make between cloudiness of solutions and bacterial camation. To avoid colloidal
instability, winemakers clarify and fine wine using agessh as bentonite, milk
products and egg white (Rankine and Emerson, 1963; Lambr; 204R).

Many of the fining agents, bentonite for example, havegative impact on the
wine and its production process. Bentonite, as mertdi@aglier, is a clay and, as
such, is physically difficult to remove from the wias well, thereby reducing the
volume of wine. More importantly, not only does benit® remove proteins from the
wine but also indiscriminately removes flavour compourds well, therefore,
reducing the flavour profile of the resulting wine. Hoeewbentonite has still been
the leading choice for winemakers since its initial suggesin 1934 (Blade and
Boulton, 1988) due to its effectiveness in clarifying wine asdong history of use.
Most of the other fining agents are animal-derived amdthns unsuitable for the
increasing vegan and environmentally-conscious consumekemass mentioned
earlier. In addition, some consumers have allerggctions to the sub-trace amounts
of these substances in the wine, despite being preseevats Ibelow detection by
tests (Vassilopoulou et al.,, 2011). Some work has beeductsd to counter the

negative effects of fining agents and to investigate nomarbased products,
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however, bentonite, in conjunction with milk and egg produststill the leading
fining agent in the wine industry because of its effecigs at preventing haze. The
clarification and fining agents, pectin and carrageenanhmwere studied in this
project, are further discussed in Section 1.8.

1.4. Alcohol in wine

Apart from water, alcohol is the main component ofmiented beverages,
including wine. Generally, wine contains 10-15% (v/v)oalzl. It is the alcoholic
nature of fermented beverages that accounts for thpulaaty; however, it is also
responsible for their negative side-effects. Onthefobvious advantages for the high
alcohol content is its inhibition of microbial growthljowing foods and drink to be
stored for much longer. As described in Section h&getare also health implications
associated with drinking wine; positive for moderate drinlears negative for heavy
drinkers. There are many health and behavioural disaatyasto drinking alcoholic
beverages; however, these are generally limited toidgnk excess.

There are several methods of determining the alcohol monfewine. One of
them is based on the difference in refractive indéwéen ethanol and water. This is
a quick and easy method with an accuracy level of + Ovalame, utilising a
refractometer and correcting for the temperature ofwtime. A hydrometer is also
commonly used to determine the specific gravity of the waraple, which allows for
the determination of ethanol content by differencedeinsities. Another method with
similar accuracy is the ebulliometer method, which meirges the level of alcohol in
a wine sample by measuring the boiling points (alcobds @t 78.4°C while water
boils at 100°C). Other methods include capillary electrophoresislli@ et al.,
1997), spectrophotometer measurement after dilution withtasgiam dichromate
solution (Magri et al.,, 1997), GC-MS (Stackler and Chnst@, 1976) and
amperometric biosensors (Esti et al., 2003).

1.5. Volatile flavour compounds in wine

As mentioned previously, wine flavours vary with grapeetas, yeast strains and
the type of fermentation. Wine generally contains 85-3@8ter, 10-15% alcohol,

0.4-1% glycerol, 0.5-1.5% acid, with volatile flavour quoands accounting for less
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than 1% of the volume of the wine. These volafide&’our compounds make up a
large and important part of the organoleptic propertiesioé, which includes taste,
aroma, mouthfeel and colour. Many of these compounds halmv asensory
threshold, which means that their effect can be peoyounced with relevantly low
content involved. The term “sensory threshold” fogieen flavour compound, is
defined as the concentration at which 50% of people cartdée presence of the
flavour (Santos et al., 2010). A compound present atecrations below its
threshold concentration is generally not detected kg tasds. For this very reason,
bad-tasting compounds might not spoil the flavour ofiaewf present at below-
threshold concentrations. Conversely, it also mehas relatively small increases
above the threshold for desirable flavour compounds canaaigmificant difference
in the flavour of a wine. In reality, the compositiohwine flavour compounds is
more complex and the threshold level of a given compa@amdchange considerably
depending on what other flavours are present in the wine,talueompounds’
interactions. Such a combinatory effect is describetieadmatrix effect” (Ebeler and
Thorngate, 2009). Thus, the same flavour compound can beexnqesl positively at
one concentration (generally close to the flavourghold) in one wine but negatively
in another wine due to the presence or absence of athgrotinds.

Wine flavours can be described and reported in a numbevags, but one
conventional method is to use a flavour wheel estallistweording to the flavour
profile obtained from a trained sensory panel, like the sim@wn in Figure 1.2
(Swiegers et al., 2005a; Arroyo et al., 2009). The senzrgl approach can be more
accurate in terms of assessing overall flavours whiehgaverned by combinations
among different volatile flavour compounds. Howevée amounts and attributed
individual flavours for each volatile can not be diffgieted, and compounds below
the flavour threshold are certainly not detected. rdfoee, to complement such a
deficiency, GC-MS profiling is necessary for flavour lgas in addition to a sensory
panel assessment. The various types of wine flavoup@onas are described in the
following sections, which are broadly categorised asrgshigher alcohols, carbonyl

compounds, volatile acids and volatile sulfur compounds.



Passionfruit

Asparagus Pineapple
Capsicum | | | | Floral
Box tree Lemon
Graggfruit

Figure 1.2. A spider wheel of some flavours in a theoreticaleyishowing some of
its flavour characteristics, as judged by a human semmngl. Adapted
from Swiegers et al. (2005b).

1.5.1. Esters

Esters are a group of compounds with the structure of R-RO@here R and R
are various side chains. They are generally produced byeHwion between a
carboxylic acid and an alcohol, a process called est#ign. There are two main
types of ester — ethyl esters (where R' is Q) and acetate esters (where R is —
CHs). Examples of these include isoamyl acetate, phenyl atiethte and, the most
abundant ester in wine, ethyl acetate. These are bdeddn Table 1.1. While esters
are found in wine at very low concentrations, they dlave low flavour thresholds,
making them important elements of the flavour profil&sters generally impart
pleasant fruity and floral characteristics. Estedpiction is influenced by numerous
different factors, e.g. yeast strain, temperature,t mlaity, winemaking methods,
grape skin contact, SQevels and amino acids concentration. Fermentadioa

higher temperature can result in an increase of estdugption (Saerens et al., 2008b).
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Table 1.1. Characteristics of important esters in wine.

Flavour
Flavour threshold Structure
(mg/L)*
Fruity, ®)
ineapple,
Ethyl acetate P i PP | 7.5 /\ )k
sometimes nai
polish O

@)
Fruity, green
Ethyl hexanoate 0.005
apple /\O
Fruity, pear, Q
Ethyl octanoate 0.002 )k/\/\/\
sweet soap /\O
@)
Floral, roses,
Phenylethyl acetate _ 0.25
fruity, honey O
@)
Isoamyl acetate Banana, pear 0.03 A/\ )k
O

Y(Moreno et al., 2005)

1.5.2. Higher alcohols

Higher alcohols are compounds with an -OH alcohol graup raore than two
carbons. They are produced by yeast and found in wine atdogtentrations
compared to other flavour compounds. Examples include isoaogfol, propanol,
isobutanol and phenylethyl alcohol, as shown in Table When present at optimal
concentrations (below 300 mg/L), higher alcohols add reefimal complexity and

fruity flavour to wine (Rapp and Versini, 1995). Howeviéthey exceed 400 mg/L,
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they can have negative consequences (Rapp and Versini, $88B)as giving the
wine a strong, pungent flavour (Swiegers et al., 2005b). whbk esters, the
production of higher alcohols by yeast is increased at ehiglermentation
temperatures (Landaud et al., 2001). High nitrogen concemnsatould decrease
higher alcohol production (Hernandez-Orte et al., 2005)icpéatly for phenylethyl
alcohol, methionol and isoamyl alcohol where the eéase can be close to 60%.
Clarification of the grape must by filteration priay fermentation reduces higher
alcohols, most notably isoamyl alcohol (Ancin et al., 199@)though leucine is
thought to be the precursor amino acid of isoamyl algahely do not seem to be
directly linked in fermented filtered must (Ancin et, dl996). In fact, studies with
labelled amino acids show that greater proportionsgiidri alcohols are synthesised
from sugarvia a-keto acids (Chen, 1978)'hese a-keto acids are the building blocks
of higher alcohols and are derived from both amina aetabolism and glucose
anabolism (Reazin et al., 1973; Suomalainen and Lehtonen, L@y &t al., 2006b).
When media is amino acid deficient, yeast will gefgmnthesise amino acids from
glycolysisderived a-keto acids, which are then used for the production of highe
alcohols in nitrogen-poor conditions (Ugliano and HenscBR@9a).

Table 1.2. Characteristics of important higher alcohols in wine.

Flavour
Flavour threshold Structure
(mg/L)*

OH
n-Propanol Pungent, harsh 830 /\/

Fusel,
Isobutanol . 40 */OH
spirituous
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Fusel, cheese
Isoamyl alcohol _ 30
(can be fruity) OH

OH

Phenylethyl alcohol|  Floral, roses 10

Y(Moreno et al., 2005)

1.5.3. Carbonyl compounds

Carbonyl compounds contain a carbon double-bonded to anm®&ygm such as
aldehydes and ketones. While esters technically fall thi® category, they are
considered separately in the wine industry due to their ddsicharacteristics in
contrast with the carbonyl compounds which are often sed@lito off-flavour
molecules. The main carbonyl compound found in wine esadadehyde, which is the
precursor for ethanol. It is found in large quantitiesrufermentation. The amount
of acetaldehyde decreases towards the end of fermentagicause of its conversion
into ethanol. The addition of sulfur dioxide to mustn ceesult in a higher
accumulation of this intermediate compound becauseeottifong affinity between
these two compounds (Herrero et al., 2003). Another impbdarbonyl compound is
diacetyl, which contributes a buttery or butterscotakidlr at low concentrations (1-4
mg/L), but is undesirable at high concentrations (Swiegteas, 2005b).

1.5.4. Volatile acids

The major volatile acid in wine is acetic acid, makip approximately 90% of
the volatile acids in wine. Others include hexanoid,agsctanoic acid and decanoic
acid, shown in Table 1.3, which are produced as a restdittyfacid metabolism in
yeast. These compounds generally have unpleasant flagoahsas cheese, rancidity
and sweat although octanoic acid and decanoic acid cagtistes have hints of faint
fruity aromas (Morris, 1935; Swiegers et al., 2005b).

13



Table 1.3. Characteristics of important volatile acids in wine.

Flavour
Flavour threshold Structure
(mg/L)*

O
Acetic acid Vinegar-like 286 ) k
OH

O
) ) Cheese,
Butanoic acid o 10
rancidity, sweat|
OH

_ @)
) ) Sweat, hint of
Hexanoic acid _ 3
fruity/grass
OH

O

Octanoic acid Sweat, cheese 8.8 /\/\/\)k
OH

Decanoic acid Rancidity, fatty 15 /\/\/\/\)k
OH

Y(Moreno et al., 2005¥(Swiegers et al., 2005b)

1.5.5. Volatile sulfur compounds

There are a number of sulfur compounds found in wine, sortte pasitive
characteristics, and others with negative ones. Mdsthese have low flavour

thresholds. However, at concentrations slightlgvabtheir flavour threshold, they

14



often impact positive or neutral aromas, with negatheitst being detected when
present at high concentrations (Duan et al., 2004; Miratlal., 2005). The non-
volatile precursors of volatile sulfur compounds areveoted by yeast to form those
thiols found in the wine. Many of these precursor compsamnd bound with cysteine
in the grapes, which is released during yeast metabolisvied8rs and Pretorius,
2007).

Some of the desirable sulfur compounds are 4-mercaptdid/dpentan-2-one
(4MMP) with a flavour threshold in wine of 3.3 ppb, 3-mercapt@n-1-ol (3MH,
threshold 60 ppb) and 3-mercaptohexyl acetate (3MHA, thieeshd ppb) which
impart tropical fruit and passionfruit flavours to the gwot when present in small
amounts. However, these can be perceived as cat's iripeesent at higher
concentrations.

The sulfur compounds that contribute negatively to wineugreldiethyl sulfide
(rubbery), dimethyl disulfide (cabbage, onion), diethgutfide (garlic, burnt rubber),
dimethyl sulfide (sulfurous cabbage) (Hansen et al., 2002)yinetercaptan (rotten
cabbage), methionol (meaty, onion) (Miracle et al., 2008)rogen sulfide (k)
(rotten egg). In this study, the primary sulfur compoundd@ivestigated was 43
due to its intense rotten egg odour and very low threshith the flavour threshold
of only 10 ppb (Burdock, 2002; Swiegers et al., 2005%% I3 highly undesirable and
numerous research initiatives have been carriedt@utinderstand the metabolic
mechanisms of the compound’s production in the coursevioé fermentation.
Research has been carried out, for example in tefrearging vitamin and amino
acid levels (Eschenbruch and Bonish, 1976), nitrogen avaijafdiianek et al., 1995;
Gardner et al., 2002; Ugliano et al., 2009a), the effe& ptoduction has on flavour
production, such as an increase in n-propanol production i(Gieidal., 1993) and
which genes are involved in this process (Linderholm et al., 2008)s last study
utilised a yeast deletion library grown on BiGGY agas(Buth Glucose Glyine Yeast
agar) which is used to distinguish strains with diffeddss production by the colour
of the colony caused by bismuth sulfide precipitation. s€heesults were not
correlated to the results found in wine studies, howelvet suggest thaVlIET17,
CYS4 HOM2, HOM6 and SER33are involved (Linderholm et al., 2008). Due to the
importance of controlling £ in wine, an additive that could reduce these levels while
improving or maintaining overall wine flavour would be b&cial to the wine
industry.
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Another extremely important sulfur-containing compound Ifusudlioxide (SQ),
which is metabolically closely linked to,8 but has a very different role in wine. SO
acts as a preservative and has many benefits when piresene up to its relatively-
high flavour threshold of 25 ppm, which is 400 times higheantthat of HS
(Landaud et al., 2008). Below this threshold, $0es not have a negative effect on
the flavour and aroma. Rather, it gives the windo@er antioxidant protection by
scavenging reactive oxygen species (ROS) and fouhtpstarbonyl compounds.
This promotes wine and beer stability (Hansen and KigdBrandt, 1996a; Duan et
al., 2004). Although it is produced via yeast metabolism, waiers often add SO
to the wine prior to bottling. Wine oxidation produces aeuole called acetaldehyde
that has a bruised apple odour. This molecule binds tn8@ralising this affect on
the wine (Usseglio-Tomasset, 1992; Osborne et al., 200@).these reasons, $3
considered to be a favourable molecule to have in wine,isaetbsely monitored
during wine fermentation. Due to its close link teSHHSQ will also be investigated
in this study.

As described above, the wine flavour profile is inextrigdlilked to the starting
grape varieties, yeast metabolism and interactions degtwvarious flavour
components. As yeast are responsible for much of éavedl and alcohol in wine, it
has always been a subject of intensive research atigemme molecular levels
(Backhus et al., 2001; Bisson, 2004; Abbott et al., 2009).

1.5.6. Grape flavour compounds

The flavour profile of a wine is made up of compounds @ahatderived from yeast
and grapes. The grape flavour compounds include terpenegpmensids, phenolics
and methoxypyrazines. Many of these compounds are bound inhihe grape and
may be metabolised by yeast to form volatile compoundschwincreases the
complexity of a wine.

The terpenes found in grapes lend a characterist@l fwoma to whole grapes as
well as creating a similar flavour in wine (Ebeler, 200jhen two of the same
terpenes combine, they form a monoterpene compound. Thegaex terpenes are
abundant in grapes and add to the floral aroma. Norisopignanother form of
terpenes present in grapes, contribute to a wine’s cangptema, including grassy,
pineapple, lime and honey (Ebeler, 2001). The low pH okvwtgombined with yeast
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enzymes convert the terpene glycosides in must to Viodeile terpenes in wine
(Ebeler and Thorngate, 2009).

Phenolic compounds are primarily found in the seeds kim$ ®f the grapes,
therefore, are in higher concentrations in red wir th white wine, where skins are
discarded prior to fermentation. The phenolic contehtwbite wines is low,
approximately 100 — 250 mg/L gallic acid equivalent, while red worgains 1,000 —
3,500 mg/L gallic acid equivalent. While some of the phendlage positive aroma
characteristics, many are considered off-flavours, suchethgl-phenols, which
contribute a medicinal or barnyard flavour to wine (Dupdi883; Swiegers et al.,
2005). A common class of phenolic compounds is wine tannilmeaply found in
red wine, which are modified proanthocyanidins (Swiegeas €2005).

Methoxypyrazines are described as having a vegetable acoméibuting to a
wine’s varietal characteristic (Allen et al., 1991)a& maturity has a large impact on
the levels of these compounds. Therefore, early hargempes are sometimes
fermented together with late harvest grapes to getltad level of methoxypyrazines
in wine.

Yeast fermentation has a large impact on the finahfof many of these grape-
derived flavour compounds, and thus has a large effecteofindd flavour profile of
the wine produced. For instance, many of these compouedsoand in grapes but
become released by yeast activity and achieve theatiopotential. An example of
this is seen with volatile thiols, the precursors ofclhare bound to cysteine, and are
released following the pitching of yeast into the grape r(ibsminaga et al., 1998;
Swiegers and Pretorius, 2005).

1.6. Saccharomyces cerevisiae

S. cerevisiaas a species of budding yeast within the fungi familis ability to
ferment sugars into ethanol and carbon dioxide formsndamental basis for the
alcoholic beverage and baking industries (Bamforth, 2000). g Llmefore humans
knew what yeast was, its functionality was empiricallylised in order to make
fermented foods and beverageS. cerevisiaehas, thus, been used as a workhorse
microorganism to make wine, beer, bread and other ferohefsted and drink
products for many thousands of years (Campbell-Platt, 11984sen and Kielland-

Brandt, 1996¢).
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Most wine yeast strains are thought to have originateesopotamia before
spreading to the rest of the world via human migraticegras et al., 2007). People
living in the Middle East around 8,000 BC are thought to haen lthe first to begin
controlled food production, rather than sourcing their fodoch the wild (Campbell-
Platt, 1994; Cornell, 2000). This would have given them mine to consider
alternatives to what they were eating, to find newcessing techniques to decrease
food spoilage and improve the taste of some foods. if$teevidence of alcoholic
fermentation used to produce beer and wine using barlegrapaés was thought to
date to around 4,000 BC in lower Mesopotamia by the SumeriaRecent
archaeological findings demonstrated that fermenteshalic drinks were brewed by
Chinese villagers as far back as 7,000 BC (McGovern €20f14). At the time, dirty
drinking water and the short lifespan of many foods mads, veine, yoghurt and
other fermented foods a more feasible option. Theih l&thanol or acid content
prevented contamination by other bacteria and fungi,ingathe food or drink less
perishable (Campbell-Platt, 1994). This, as well as itheroved taste and the
relaxing effect of the alcohol content, popularised aidtiotbeverages.

Even though fermented products such as beer and wine hamecbesumed by
humans for at least 6,000 years, the working organismt,ye@s not observed
through a microscope until 1680 by Antonie van Leeuwenhoek (Beleie, 1953).
Only in 1857 Louis Pasteur demonstrated that living yeastedafsrmentation
(Pasteur, 1860).

Industrial strains 08. cerevisiagsuch as the brewing and wine strains, have been
isolated from the natural environment, with favourable tdraietained and
unfavourable traits eliminated via genetic breeding. Indligtiains are polyploid,
having more than two copies of each gene (Panchal el384). In contrast,
laboratory strains used in experimental studies aroundianie have either one copy
(haploid) or two copies (diploid) of each chromosofkegrman, 2002). The genomic
complexity of industrial strains makes them more robusemgbling them to cope
with the stresses of industrial beer- and winemaking psesesuch as the fluctuation
of temperature and the higher concentration of sugar thadi@. Interestingly, those
strains such as BY4743 employed in this project have actuadinated from the
industrial strains. The genetic simplicity of the lediory strains, however, makes
them amenable to genetic modification, such as generafidhe deletion mutants
used herein. The laboratory yeast strain S288C becanfiestnreukaryote to have its

18



genome fully sequenced, after a worldwide effort in 1996, usiegdsources of 600
scientists (Goffeau et al., 1996). The genome has just 000 kilobases (kb)
across 16 chromosomes, arranged in 5,885 open reading f(@R&s) which are

potential genes that encode for proteins (Goffeau et al., 1996 S. cerevisiae

genome is comparatively compact, with a protein-encogérg being found for each
2 kb, 15 times more frequently than the genome of hun@oigau et al., 1996).

Due to the importance of yeast metabolism on alcobohéntation and wine
flavour, technical innovation in the yeast industry, whgm turn driven by scientific
research, plays a pivotal role in wine fermentatidAn example on this front is the
use of gene expression microarray technology in theodésy of genes related to the
aroma profile of wine and followed with the tailored nimation of wine yeast.
Overexpression of five genesYMR210W BAT1, AAD1Q AAD14 and ACS]
demonstrated the reliability and usefulness of microarpagause of the correlation
of the data, since changing these genes can be useddiace wine with desirable
flavour profiles (Rossouw et al., 2008).

The industrial yeast strain used for this study is $echaromyces cerevisiae
variant bayanusstrain QA2% (from Lalvin, Lallemand, Blagnac Cedex, France). It
has many advantages over other wine yeast, includingplieérance of up to 16%
alcohol, its fast fermentation rate, very low askible nitrogen requirement,
producing low levels of volatile acidity (less than dwuivalence of 0.2 g/L 40, on
average) as well as low,H and S@production. This strain primarily produces citrus
fruit and pineapple aromas when used to ferment Chardarapg juice.

Apart from its prominent role in industrial applicationgagt is also the most
studied eukaryote at the molecular level and servespasaaligm of higher species
like plants, animals and human beings in fundamentaulaellstudies. The
completion of the whole yeast genome sequencing in 1986ehabled numerous
breakthroughs in the understanding of basic cellularmamiécular processes (Dujon,
1996; Goffeau et al., 1996; PiSkur and Langkjeer, 2004), which gigextlyfits other
research fields such as medicine. The developmemheofcomplete set of gene
deletion yeast mutants has further advanced both basitcscand the wine industry.
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1.6.1. Yeast deletion library

The yeast deletion library is a collection of yeastins, each of which has a
single gene deleted using gene disruption techniques. The @&agenetic
manipulation in yeast enables a gene to be disabled byimgsarteletion cassette in
the place of the regular ORF (Giaever et al., 2002e cHssette used to construct the
yeast deletion library was developed by Wach et al. (199Apart from the
transcriptional and translational control sequencéss KanMX cassette also
comprised an ORF from théscherichia colitransposon Tn903, which contained a
geneticin (G418) resistance gene (Wach et al., 1994). Thissmadkgeast strains that
have been transformed with tianMX cassette (the deletion yeast strains) resistant to
the antibiotic, whereas the parent str&n,cerevisiadBY4743, is not viable under
geneticin conditions, therefore allowing for selectiofhe addition of this cassette
into the genome of the mutant strains makes it edsiekeep them free from
contamination with other microbes and the wildtypeeparstrain. An additional
advantage of using theanMX cassette is the inclusion of UPTAG and DOWNTAG
sequences flanked by universal primers. These sequences, tmigaeh mutant,
allows for its identification by sequencing or microaggyVinzeler et al., 1999;
Giaever et al., 2002).

The comprehensive deletion of single genes throughoutvtitde genome has
only been carried out in a single organism and that igehst. For each of the 4,757
non-essential genes in the yeast’s genome, therewisanstrain that contains every
other gene that the wildtype yeast would have, exceph&brdeleted gene (Giaever et
al., 2002). Due to the deletion of these genes, researche now investigate what
would happen to a yeast cell if it did not have that geesent in its genome (Giaever
et al., 2002). This allows us some insight into the funabibthe protein encoded by
the ORF and whether the treatment interacts with dcplar protein or group of
proteins, by observing how the cell reacts when the praemssing.

The advances in yeast genomics and gene deletion mutaws facilitated a
myriad of studies in yeast metabolic pathways (Backhwd. €2001; Harshman and
Martinez-A, 2002; Pérez-Ortin et al., 2002; Rossignol .et2803; Rossignol et al.,
2006; Tanaka et al.,, 2006). The resulting knowledge is d¢riecine wine industry
since most of the flavours found in wine are produced as dappiy-products of
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yeast metabolism, particularly involving sugar, nitrogeunlfus and amino acid

metabolism.

1.7. Yeast metabolism

1.7.1. General metabolism

Yeast metabolism is the production line for the chemitanponents of wine
including ethanol and flavour compounds. As shown in FigiBethere are two types
of metabolism depending on oxygen availability, namely l@eroespiration and
anaerobic fermentation, although yeast will undergo datation aerobically if they
are grown in high sugar conditions. Fermentation is usuahjbited by oxygen,
resulting in respiration; this is known as the PastdiecE (Pasteur, 1860). During
aerobic respiration, sugar is converted into pyruvate MA®H, which is then
processed through the citric acid cycle with oxidative phosylation to produce GO
and ATP. This process yields 18 times more energy thanefdaation (36 ATP
molecules instead of only two) so that growth and bions@ssimulation is much
quicker when yeast respire (Dharmadhikari, 2001). In theerade of oxygen, or
because of catabolite repression (which occurs whengoigar and oxygen are both
present), anaerobic fermentation takes place (Zan&f@9). Fermentation taking
place in aerated high-sugar grape juice / media is knasvtha Crabtree Effect
(Crabtree, 1928). During fermentation, pyruvate is cdede into ethanol and
oxaloacetate, releasing glycerol, ethanol,,@@d succinate from the cell. It is this
anaerobic fermentation that produces wine from grape. jMieast gains a competitive
advantage over other microbes associated with thengtanaterial — grapes — due to
the production of ethanol and yeasts’ capacity of survimala much higher
concentration of alcohol. This competitive advantagmaest likely the reason for the
preference of alcohol production (fermentation) over laissrproduction (respiration)
in aerated high-sugar environments (Dharmadhikari, 2001; Zamora, . 2809
with the alcoholic fermentation, flavour compounds @mduced as secondary
metabolites, as shown in Figure 1.4.
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Aerobic respiration Anaerobic fermentation
(This pathway also occurs under high
oxvaen and sugar conditions)

Sugar —» Glucose-6-phosphate

Sugar—» Glucose-6-phosphate ¢
\ Gycerol «—— Triose phosphates
NADH
Pyruvate

Pyruvate

/ \‘co2

Ethanol «— Ethanol Oxaloacetate

Citric acid cycle
Oxygen = (Oxidative phosphorylation

+
CO,«—— CO, l
CO, «— CO, ATP Succinate «—  Succinate

Figure 1.3. Sugar metabolism in yeast under aerobic and anaeroldiioos.
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Figure 1.4. A simplified schematic of yeast metabolism involving ikion of
flavour compounds from sugar, amino acids and sulfur loésmn in
wine yeast. Adapted from (Swiegers et al., 2005b).
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An important category of these compounds are estdrishvare produced by the
reaction between higher alcohols generated by nitrogensagar metabolism in
conjunction with Acetyl-CoA or Acyl CoA from sugar afigid metabolism (Chen,
1978; Verstrepen et al.,, 2003). While some volatile esterdommed through the
degradation of the amino acids from grape juice or suppi&ten, most are
produced by other mechanisms (Miller et al., 2007). The prmaiuct acetate esters
are regulated by at least three acetyltransferaseshall acetyltransferase (AAT),
ethanol acetyltransferase (EAT) and iso-amyl alcobetydiransferase (IAT) which
interact with acetyl-CoA and higher alcohols to forhe tacetate ester (Pretorius,
2000). Various genes are responsible for synthesising diffexsgars and higher
alcohols, includingATF1, ATF2 EHT1 andlAH1. The alcohol acetyltransferases,
ATF1andATF2 synthesises ethyl acetate and isoamyl acetate. Vdteegpression
of ATF1 results in a large increase in ethyl acetate, isoamyhi@cephenylethyl
acetate and ethyl hexanoate while the over-expres$iaiife2 had a lesser impact on
ethyl acetate and isoamyl acetate concentratios11 overexpression caused a
decrease in ethyl acetate, isoamyl acetate, hexyl acatatgphenylethyl acetate.
EHT1 overexpression increased ethyl hexanoate, ethyl octaaodt ethyl decanoate
concentrations (Lilly et al., 2006b; Rossouw et al., 2008).

Amino acids are an integral part of the flavour producpathways as shown in
Figure 1.5, with amino acids coloured blue and flavour comg®woloured green,
for example yeast convert valine into isobutanol andnealndirectly influences
propanol. Lucine and isoleucine directly contribute twamyl alcohol production.
While most of the flavour compounds measured in this studyireluded in this
schematic, there are other compounds mentioned [ateare are ten major genes that
are involved in flavour production, which akDH1, BAP2 BAT1 BAT2 ILV5,
ATF1, ATF2 IAH1, EHT1andEEB1(Saerens et al., 2008a).
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Figure 1.5. Simple schematic of the production of flavour compoubgsyeast
metabolism. As shown in the diagram, amino acids iategral to
flavour production. Blue indicates amino acids, green aidg flavour
compounds and red indicates gene names. Adapted fromeitilgf.
(2006a) and Rossouw et al. (2008).

1.7.2. Nitrogen metabolism in yeast

Understanding nitrogen metabolism is essential for uraiestg wine
fermentations, because nitrogen metabolism is an intpgraof the inter-connected
networks including cell growth, alcohol fermentatiounlfer metabolism and flavour
profile. The main nitrogen sources for yeast using grape,jaie@ ammonia, amino
acids, polypeptides and other amines. Amazingly, in csinttahuman beings, the
yeast cell contains all the biosynthetic genes f@rgamino acid. From ammonium
alone, each amino acid can be synthesised. Furthergiatamine and glutamic acid
can serve as the precursors of the remaining amino @ei@sndano et al, 1997; Ter
Schure et al, 1998). As a consequence, ammonia, glutandrgdigamic acid are the
primary or preferred nitrogen supplies for yeast growthjenbiher nitrogen sources
are secondary. Yeast cells have an intrinsic abifipquired through their long
evolutionary history, to sense the quality and amounh@fmitrogen sources in their
environment.

When the preferred ammonia, glutamine and glutamic acithaecess, the yeast
cell only utilises these compounds for amino acid bio®sishand protein translation.
At the same time, the cell represses the expressiaheofjenes required for the
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metabolism of the secondary nitrogen sources. Thisepsods called nitrogen
catabolite repression (NCR), which is depicted in Figlréa. The process is
regulated via the TOR (target of rapamycin) pathway, bysphorylating the GATA
transcription factor, GIn3p. Once phosphorylated, thasgription factor resides in
the cytoplasm by binding to Ure2p, which serves as an anodradering it inactive
(Bertram et al, 2000). Consequently, the preferred nitregences are used in cell
cycle and cell proliferation. On the other hand, unddicidacy of the preferred
nitrogen source, NCR sensitive genes are no longer represdad. de-repression
process is mediated through the GATA transcription factsuch as GIn3p and
Dal80p (Coffman et al., 1997; Cunningham et al, 2000; Georis 20@9a, Georis et
al, 2009b). GIn3p is the positive, and, Dal80p the negativeatgsl(Figure 1.6b).
During growth on poor nitrogen sources, GIn3p is translodabed the cytoplasm to
the nucleus where it binds to GATA sequences in promofddCR sensitive genes,
such asGAPL PUT4, GDH1 and GLN1 (Ter Schure et al, 1998). Such a process
involves dephosphorylation of GIn3p and importation of GIn@f ithe nucleus
(Bertram et al, 2000).

Excessof NH**, Gu, Gn Deprivationof NH**, Glu, GIn
| I
- ' 2
NH4*, Glu, GIngd NH“’C‘;:G'N’
ﬁ E @ _____ Dal80p
i
Tor pathway_)'T‘ : /l\
1 a L
@ A
//,
70U =7, .

\ [ NCR sensitive genes NUC"?US]j \ NCR sensitive gene Nucleus J

Figure 1.6. Schematic diagram of nitrogen catabolite repressionRN&hd the de-
repression process. (a) With abundance of the prefertregjen source,
the transcription factor, GIn3p, remains phosphorylateaarchored in
the cytosol by Ure2p. As a result, the expressiormefgenes required
for the secondary nitrogen sources is repressed. Thiggwog called
NCR. (b) Under deficiency of the preferred nitrogen soutee NCR is
de-repressed and GIn3p is dephosphorylated and translocatda to
nucleus, which activates the NCR-sensitive genes. Tied & such
activation is further controlled by the negative regulatDal80p, as
indicated by the broken lines. Glu denotes glutamine andgBltamic
acid.
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Ultimately, the knowledge of nitrogen metabolism rbayused in practice, that is,
winemaking. The key point is knowing how to manipulateogen metabolism and
its inter-connected network and knowing what constitutekesirable wine. Or in
commercial terms, wines that consumers prefer. Fastance, nutrient
supplementation is a commonly used practice to enriclitionally suboptimal grape
juice to favour preferred aroma compounds or reduce otlegarded as defects
(Winter et al, 2011). Such nutrient additives, allowedMnye regulatory authorities
in many countries, include the preferred nitrogen source, yswadded as
diammonium phosphate (DAP). The concentrationsstére and higher alcohols,
which impart fruity and fusel aromas are greatly influenogchitrogen availability
(Bell and Henschke, 2005; Ugliano et al, 2008). A previtudysalso demonstrated
that nitrogen is a critical modulator of volatile swlifcompounds such as;$ a
volatile with a rotten egg odour (Rauhut, 1993). Part af phoject is focused on the

effects of ammonium and cysteine on the concentratbhkS and SQ@

1.7.3. Amino acid metabolism in yeast

Wine yeast need to import and use external amino amigedtein translation and
catabolic metabolism, under both anaerobic and aeraidittons. Proline, stands
apart as the only amino acid which can only be assedilander aerobic conditions
(Boulton et al, 1996a). Amino acids are known for tineies as the building blocks
of proteins, the basic functioning and regulatory mdéscdor cellular structure and
metabolism. They are also the precursors for flavaumpounds as described in
Section 1.5; for example, the amino acid phenylalanitieeiprecursor of phenylethyl
alcohol (Dickinson et al, 2003). Amino acids can be dwid#o several groups
within yeast metabolism, according to the precursotheir biosynthetic pathways;
for instance, glutamate, glutamine, proline and argininesgnéhesised from alpha-
ketoglutarate; valine, alanine, leucine from pyruvate; &afgr asparagine,
methionine, threonine, isoleucine, lysine from alpha-ketaghti¢; serine, glycine,
csyteine from 3-phosphoglycerate; phenylalanine, tyrositrgptophan from
phosphoenolpyruvate and erthrose-4-phosphate; and, mestiiom ribose 5-
phosphate families. Grapes contain many amino acigeckedly proline, arginine,
alanine, glutamate, glutamine, serine and threonine. Awgi@nd proline are

generally in the highest abundance; one could imaginettisaa pity that proline can
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only be taken up in aerobic conditions (Duteutre et al, 19Ammonium (usually
from DAP) is the preferred nitrogen source for yeastamspared to arginine, perhaps
understandably as arginine is uniquely positioned for dthportant processes such
as the production and metabolism of ornithine, urea, gluearat ammonium as well
as general amino acid biosynthesis. In fact nitrogehcapn to grape vines prior to
harvest promotes grape arginine levels. Bell and Hens(®@5) reported and
proposed that this may be more beneficial than DAP supgritation.

Amino acid uptake is facilitated by amino acid permeasgsplp is a general
amino acid permease, which is usually expressed wheroauid levels are low, so
that yeast can allow as many amino acids as possilgetén the cell (Rubio-Texeira
and Kaiser, 2006). Gaplp regulation occurs via the localisaif the protein —
Gaplp is found in the plasma membrane when amino a@dse &w concentrations,
and in the vacuole when amino acids are abundant. &hermany permeases that
are specific to individual amino acids, such as thssed in Table 1.4. Yeast utilise
various amino acid permeases that are involved witlupteke of one or more amino

acids to ensure the correct amino acid concentratidme cell.

Table 1.4. List of the most prominent amino acid permeases.

Gene
Description Reference
name
General permease for most uncharged aming Schreve et al, 1998
AGPL acids, particularly asparagine and glutamine | Regenberg et al, 1999
Low-affinity amino acid permease, uptakes
AGP3 amino acids as a nitrogen source in nitrogen-| Schreve and Garrett,
poor conditions, induced under sulfur limited 2004
conditions

High-affinity leucine permease, uptake of
BAP2 o _ _ Grausland et al, 199
leucine, isoleucine and valine

O1

Uptake of cysteine, leucine, isoleucine and
BAP3 i Regenberg et al, 1999
valine

Uptake of glutamine (expressed regardless of the
GNP1 _ _ Zhu et al, 1996
available nitrogen source)
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Permease of phenylalanine, tryptophan and

TAT2 _ Regenberg et al, 1999
tyrosine

PUT4 Permease for alanine, glycine and proline Regenberg et al,| 1999

As illustrated previously with the NCR pathway, propernipalation of
amino acid uptake can improve the usage of amino akiegfioline, arginine and
isoleucine, and can increase fermentation efficienehjch of course is very
commercially important. Inactivation of the genegnfr an industrial yeast strain
involved in negative regulationJREZ2 the anchor for GIn3p within the cytoplasm,
leads to the increased use of secondary amino acidsigimdermentation efficiency
in terms of alcohol production (Salmon and Barre, 1998).

1.7.4. Sulfur metabolism in yeast

Saccharomyces cerevisides a highly effective sulfate reductive pathway in
which sulfate is reduced stepwise to sulfite and subseguenH,S (see Figure 1.7
and subsequent text) The reduced sulfur is used to synthesise important organic
metabolites, most notably methionine and cysteine, whiehesuired for cell growth
and metabolism. So, on the one hand, sulfate reducainrbe considered an electron
sink, a redox buffer that can contribute very signiftci redox balance. Under redox
stress, one can imagine that high levels of Han be released during yeast
fermentations. In addition, under some conditiong &M accumulate if redox stress
is not a factor and if sulfur demand for biosynthesiewe As described in Section
1.5.5, HS and SQ@ are highly relevant sulfur-containing compounds to winemaking.
Winemakers want to avoid detrimental levels gEHvhile preferring to increase the
beneficial SQcontent (up to its flavour threshold). While S€an be added to the
ferments to boost the antioxidant capacity of wine afdguard flavour, k& cannot
be readily removed. In fact,.B is part of the sulfur metabolism in the synthesis of
sulfur-containing amino acids such as cysteine and methicamdepther compounds
like homocysteine and glutathione. Copper sulfate has bsed in winemaking to
remove excess 3. ‘Copper guns’ are still in practice in some breweded
probably in the odd winery as well, however, copper iliatmore commonly used
(Ugliano et al., 2011). Even silver salts have been use@rove reduced sulfur
compounds. However, these approaches lead to negatisequeences, namely the
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simultaneous removal of beneficial thiols from wine {&yers and Pretorius, 2007).
So the ‘sledge hammer’ approach to deal wit$ ks just not sophisticated enough
especially in today’s aspirational markets. Grape mustagas low levels of organic
sulfur compounds but high levels of inorganic sulfur compoufdiss allows yeast to
synthesise organic sulfur compounds from the inorganic boéshe balance between
different thiols that is needed to achieve a desired sgnsmult rests on this
complicated interplay between anabolic and catabotivorés.

H,S and S@formation from sulfate is described in Figure 1.7. Sel{8Q?)
enters the yeast cell, where it is converted intditsul{SQ?) (in equilibrium with
SO, and sulfite (8) (i.e. HS). The combination of 4% andO-acetyl homoserine,
catalysed byD-acetyl homoserin@-acetyl serine sulfhydrylase (Met17p) encoded by
MET17 form homocysteine, which is the precursor of methiom@iné cysteine (via
cystathionine), as shown in Figure 1.7 (Hansen and KielBaaddt, 1996a; Duan et
al, 2004; Linderholm et al, 2008; Rauhut, 2009). In previous wartld) as Duan et
al (2004) and Ono et al (1996&);acetyl serine was said to combine witfSHn the
formation of cysteine with the aid of Metl7p. Howevéis thas since been shown to
only occurin vitro (Linderholm, et al, 2008; Rauhut, 2009). The earlier view thas
Metl7p acted as both @racetyl homoserine sulfhydrylase and @sacetyl serine
sulfhydrylase in yeast cells. In fact, Met17p facilisatiee combination of 4 andO-
acetyl homoserine to form homocysteine, and doesenable cysteine formation
directly fromO-acetyl serine. Clearly Metl17p performs both functiongtro, butin
vivo it only acts a®-acetyl homoserine sulfhydrylase, that is the comhmnadf H,;S
and O-acetyl homoserine to create homocysteine, which eatyr leads to cysteine
rather than the direct method seeitro.
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Figure 1.7. The sulfur pathway, adapted from Duan et al. (2004), Linderletlal.
(2008) and Rauhut (2009). The names of genes are in lightvithiile,
H,S and S@are in bolded dark blue.

Glutathione is produced from cysteine. These three mieleci.e. cysteine,
methionine and the tri-peptide glutathione are very imporfantyeast survival.
Cysteine is involved in the formation of disulfide boritiat are required for the
tertiary and quaternary structures of functional proteMsthionine is the start codon
of all protein synthesis. Methionine limitation would crippjeast metabolism.
Glutathione is required to maintain a reduced intracellatarironment for normal
cellular metabolism (Grant and Dawes, 1996). Therefarging off or cutting back
on sulfate runs the risk of stalling metabolism and dakitig the yeast (Hansen and
Kielland-Brandt, 1996a; Duan et al, 2004). It is the soristifthat most wine makers

would not be prepared to make. Interestingly thougB, $timulation happened when
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glutathione was added to synthetic medium despite appatsmhanged sulfur gene
expression (Winter et al, 2011). Complex networks regareful consideration.

As shown in the biochemical pathway illustrated in Figur&, O-acetyl
homoserine is derived from aspartate within the nitrogestabolism pathways.
Therefore, if grape must contains low nitrogen level§ Ean not be converted into
methionine and cysteine but instead accumulates in theaxdree HS and can
diffuse into the wine (Vos and Gray, 1979). Figure 1.7shieb,S combining withO-
acetyl homoserine to form homocysteine (and in turnhimeine and cysteine).
Hence, nitrogen availability in must seems crucial toatmeunt of HS produced, and
therefore the addition of DAP into nitrogen deficiengmg must can control the
amount of HS produced (Vos and Gray, 1979; Ugliano et al, 2009b).

In addition to nitrogen levels, sulfur metabolism carsoalbe altered by
environmental conditions or yeast variants with geneiigtinction (Hansen and
Kielland-Brandt, 1996a; Hansen and Kielland-Brandt, 1996b; Detamal, 2004).
Hansen and Kielland-Brandt (1996a) found that inactivatindytB&2 gene increases
sulfite levels in beer. Th&ET2 gene inS. cerevisiaeencodes for the protein
homoserineD-acetyl transferase, a catalyst involved in the comwersf homoserine
into O-acetyl homoserine, which leads to homocysteine,hen fgresence of 49.
Therefore, without this gen®JET2 there is no demand for,8 which leads to the
build-up of sulfide and sulfite. The accumulatiortfedse sulfur compounds was most
significant when all of the copies of tMET2 gene were knocked out; however, the
presence of only on®MET2 gene still resulted in significant sulfur compound
accumulation (Hansen and Kielland-Brandt, 1996a). Haaseh Kielland-Brandt
(1996b) later discovered that S@vels and the stability of flavour in the resultant
beer increases wheMET1Q a gene that encodes fdfe a-subunit of the sulfite
reductase enzyme, was inactivated. Duan et al (2004) foahdHi and SQlevels
increased when cysteine and methionine were added to theithgmedia. With the
addition of nitrogen, however,,8 concentrations decreased, and 9els slightly
increased, a desirable outcome in brewing fermenta(ibnan et al, 2004). This
inverse relationship between,$ and nitrogen has also been reported by Vos and
Gray (1979).
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1.8. Wine clarification and fining

While wine flavour is of utmost importance, the claotythe wine, especially for
white wines, is also extremely relevant to consuraetswinemakers, as discussed in
Section 1.3.4. Despite hazing only being a cosmetic iasuepposed to safety or
wine flavour, consumers demand clear wine because it lomks appealing. The
public associate cloudiness with bacterial or othetasnmation making hazed wine
unappealing to consume. Wine hazing, a problem mainly in w¥ites, can be
caused by colloidal instability resulting from excess ke proteins in the wine,
contributed by the presence of calcium, brought on by ased temperatures. This
can occur, for example, where a wine bottle has beemlaficonsumers’ car for too
long. Therefore, removing excess protein from the vie®re they are sold is a
viable solution. To achieve this, winemakers clarify ané fvine using filtration,
bentonite, milk products, egg white, etc. However, manhede fining agents have
negative impacts on the wine and its production procEss.example, bentonite is a
clay and, as such, is difficult to remove from theneviafter fining. It not only
removes proteins from the wine but also indiscrimilyatemoves flavour compounds
resulting in an altered wine flavour profile. Most oktbther fining agents are
animal-derived and, therefore, unsuitable for the inangasvegan and
environmentally-conscious market. Despite the disadgasta due to the
effectiveness of haze-avoidance and the lack oalsleitalternatives, bentonite has
been the leading choice for winemakers since its Irstiggestion in 1934 (Blade and
Boulton, 1988) with egg and milk products also commonly used.

It has been suggested by Cabello-Pasini g2805) as well as one of the largest
wine companies in the world, Fosters Australia (PedlsGoanmunication, Prof Peter
Rogers, Fosters Australia, 2007), that the polysacchapdesn and carrageenan
could be used to clarify and fine wine. These two anionagdtively-charged)
polysaccharides are plant-derived from fruit and seawespectively. In addition,
they are commonly used in the food industry alreadydaltiees, carrageenan is
added to chocolate flavoured milk drinks and used to thickémmove mouthfeel of
food and drinks. Carrageenan has also been used withieéndrewing industry to

precipitate proteins from the wort (Ryder and Power, 1995).
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1.8.1. Pectin (E440)

Pectin is a hetero-polysaccharide, found in the celsvedilhigher terrestrial plants
such as citrus. It can be quite abundant, with 30%tafscpeel being pectin. Pectin
contains methylated esters of polygalacturonic acid, songi of chains of 300 to
1,000 D-galacturonic acid unitsa 10—4 linkages, as shown in Figure 1.8. It has an
aldehyde group at C1 and a carboxylic acid or methyl ester gtdD@.

Pectin is used to gel, thicken and stabilise foods (siralaarrageenan’s use) and
is also used for acid stability. It is commonly usedhasgelling ingredient for fruit
preserves, jellies and jam. Pectin is also able toitate calcium and it is because
of this property that it is employed for fining in winerfentation because calcium
promotes protein precipitation, leading to wine haze. i@ernial pectin is produced
in Denmark, Germany and Brazil by CP Kelco (under the conamme GENGO).
There are three types — high methoxyl (HM), amidated toethoxyl (LMA) and
conventional low methoxyl (LMC). The raw ingredierits pectin are generally
citrus peel, water and acid. Alkali (NHis also added to make LMA. Pectin is
precipitated with alcohol and standardised using sucrd&ece pectin gels in the
presence of calcium and other cations, pectin is staisddrdo calcium responses
with added sugars.

The gelling property of pectin is mainly affected by the degof esterification
(DE). This relates to how many methyl ester units (-©Bk) the structure contains
for every carboxyl group (-COOH). For example, thr€eOOCH; to every 2
—COOH units equates to 60% DE (which is also called &DRectin). The calcium
reactive pectin used in this study is a low-methyl e@tkf) with a DE of less than
50%.

COOCH, COOH COOCH, COOCH, COOH
0 0 0 0 0
H H b H h H i H i Ho
O Now ul-® Now u/l-® Non n/d® Now u/-® Non w/-°
H H H H H
H OH H OH H OH H OH H oOH

Figure 1.8. Structure of pectin, a polym of a-galacturonic acid containing a
variable number of methyl ester groups.
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1.8.2. Carrageenan (E407 (a))

Carrageenan is a high molecular weight linear sulfatégs@ocharide, found in
red seaweeds and is made up of repeating units of galartds®6 anhydrogalactose
(3,6-AG) both sulfated and non-sulfated using altergat#8 and beta 1-4 glycosidic
linkages, as depicted in Figure 1.9. Carrageenan diffens dgar because it contains
sulfate groups (-OS§) instead of some of the hydroxyl groups. Carrageenan, like
pectin, is commonly used in the food industry for thickensugpending and gelling
food products. For example, it is found in most chdeolavoured milk drinks, such
as those from the O8K brand, listed as a vegetable gum. The carrageenanarsed f
wine fining in this study is the iota-dominated cold wageluble type. It has been

used in beer production as a clarifier, to remove hameiog proteins.

Figure 1.9 Diagram showing the structure of carrageenan.
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It is important to determine what effect the added comp®amd having on the
wine in terms of both clarity and flavour but an addiibtest is to determine why
such compounds (in this case, pectin and carrageenahawarg the effect they are
having on the wine. This can be done using functional genamatyses such as
microarrays which allows for the measurement of waifitial gene expression in the

wine yeast.

1.9. Functional genomic analyses

Genomics is the study of the genome of an organismicplarly related to the
sequencing, transcription and translation of the genome pgrotein. The first
sequenced genome was of a bacteriophage by Fred Sanger iiSEigér et al.,
1978), with yeast being the first eukaryotic organism to litavgenome sequenced in
1996 (Goffeau et al., 1996). Due to major technological rmmh& sequencing has
become less expensive and quicker, thus genome sequencingspaogetecoming
more frequent, with the human genome completely segdenby 2007
(approximately 6 billion base pairs). A major benefit bistknowledge is the
introduction of the field of functional genomics, inciogl transcriptomic analysis,
whereby the genome-wide expression can be analysed vatens conditions. The
limitation of most genomic projects involves bioinforinatand computer capacity,
which has greatly increased in the past few decades. A gopeduencer at the
moment is the SOLID system from Applied Biosystemsclwvhcan sequence 60
gigabases during a run (Pandey et al., 2008). The numbenaihgs that have been
sequenced has greatly increased in the last few yearglimglhumans (Lander et al.,
2001; Venter et al., 2001)S. cerevisiae(Goffeau et al., 1996)Drosophila
melanogaste(Adams et al., 2000) and mice (Eppig et al., 2005) among ey
species.

There is a variety of functional genomics platforesilable to the scientific
community that are able to provide details about changesytplkace within a cell at
the molecular level. This allows for the comparisdrireated samples to controls.
Some of these involve phenotypic analysis (the studypleysical changes),
transcriptomics (the study of gene expression), proteo(measurement of proteins),
metabolomics (metabolites; small-molecules producedmagabolism), glycomics

(the study of sugars) and lipidomics (the study of lipids)ncorporating the
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information obtained from each of these ‘omics’ emabla more thorough

understanding of the influences of a particular stimulus.

1.9.1. Transcriptomics: cDNA microarrays

Genes within a genome are transcribed into messenger (RMAA) and then
translated into functional proteins (Schena et al.,, 1998nalysing the mRNA
transcripts can reflect what is happening in a cell. Cemehtary DNA (cDNA)
microarray technology facilitates this type of anaysicDNA microarrays are a
popular method for gene expression analysis, as theybsady high throughput and
informative (Epstein and Butow, 2000; Hegde et al., 2000; HughdsShoemaker,
2001). It enables the measurement of the expressioroo$dhds of genes when
comparing two conditions — such as presence versus abstacdrug or different
environmental conditions. This can rapidly indicatechhgenes have increased or
decreased in expression in response to the altered mmérdal conditions the cell
faces. The differentially expressed genes would prosfiges for understanding the
biological processes. A major advantage of cDNA miceyatechnology is its
genome-wide nature, whereby all genes and pathways argtigated at the same
time, rather than using directed research techniques, wdggcfire prior knowledge to
focus experiments (Kothapalli et al., 2002). This lack @sbbetween genes in
microarray analysis arises because the gene exprgssiiles of a gene from a single
sample are treated under the same condition on the saomoarray slide or chip.
RNA is extracted from a sample of treated cells anthes in turn converted into
cDNA, labelled with a fluorescent dye and the labelBiA hybridised onto a slide
before the slide is scanned.

When microarrays were first introduced to the scientibmmunity, they largely
used two-colour fluorescent labels. That is, two cDN#ngles were labelled with
different dyes and hybridised on the same chip. Todasscotour microarrays are
the most common method, which has many advantageste/@revious two-colour
system. A single sample is hybridised to a single chipp thus allows for more
combinations between samples to be made without havirtgylddise the same
sample onto multiple chips (Duggan et al., 1999; Harshmanviamtnez-A, 2002;
Jaluria et al., 2007).
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Due to the vast amount of data that is produced from mi@paxperiments,
bioinformatic programs are used to create lists of gémsshave differential gene
expression compared to another chip (one-colour systeno) thve other channel on
the same chip (two-colour system). They also producalyes and other statistical
data to identify which of the gene expression changeslikely to be due to the
treatment rather than to chance. The benefitsiogusioinformatics are the speed of
analysis, the ability of programs to recognise patteitismthe data, lack of bias and
calculations of statistical significance. Howevéie tlisadvantages involved are cost
and that the quality of the results is based on the tguadithe program and the
programmers who wrote the program. If information oftgras exist that are not
expected by the programmers, they may be missed (BraamaVilo, 2000;
Kothapalli et al., 2002).

1.9.2. Metabolites: Volatile flavour compound detection

There are a wide range of flavour compounds, many witstlyaliffering
properties and, as such, there are many ways of detemtithigquantifying these
compounds. The earliest technique used a sensory pameh wtilised trained
experts to identify the presence of flavour compounds saraple by smelling and
tasting wine samples. Quantification protocols using eneid such as gas
chromatography — mass spectrometry (GC-MS) have beerlogped to more
accurately identify and quantify flavour compounds than adst@ sensory panel.
However, there are disadvantages to this change. p@Qamd interactions create
different tastes than the single compounds alone, whichr&an nose can identify but
an instrument simply detects the compounds that havedrapirically determined to
be responsible for such aromas and flavours. These plattowever, have led to
unbiased assessments and allow for actual compound quaiatificasen those below
the flavour threshold. Research into these methodarben 1942 (Rapp, 1998) by
Henning and Villforth, who suggested that esters were tagral aspect of a wine’s
flavour by compiling a list of compounds in wine (Amerimeldoslyn, 1970).

Since the 1950s, many instrumental methods have beed,testkiding liquid
chromatography (LC), gas chromatography (GC), infrared spssxipy (IR) and
nuclear magnetic resonance (NMR). GC has now beenbiced with mass

spectrometry (GC-MS) to become the industry standardawodr detection and
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guantification (Boutou and Chatonnet, 2007). Sometimes, alengiidund option is
used, which is gas chromatography-olfactometry (GC-O) evlibe volatiles are
separated by GC and then the flavours are detected bynedtdauman subject to
identify the smell of a particular compound or to idstife isolated compound (Pons
et al., 2008).

GC-MS determines what sensory compounds are in a liquidlsarg separating
the compounds using GC and then detecting the compound usindf MSommonly
used in many different fields such as the detection of drodsfaensics. GC-MS
was developed by Roland Gohlke and Fred McLafferty in the 1850klke and
McLafferty, 1993), but has improved in sensitivity sincerth Separation via the GC
occurs when a sample is eluted through a capillary colwitin varying properties
depending on what attributes desired compounds have, widretites being in
column length, diameter, phase, etc. When a compouresdioim the GC column, it
is processed by the MS which ionizes the molecules fraigments for detection,
allowing for accurate identification of compounds. Thigws by comparing the
detected mass to charge ratios to those in a librargnown values or directly
comparing to standards run through the same machine (Boulddhatonnet, 2007).
This project will utilise headspace solid-phase mict@etion (SPME) with GC-MS,
similar to that used in Wang et al. (2004), using the §bcamparison method.

1.9.3. Amino acid analysis for wine samples

As outlined in Section 1.7.3, amino acids are not onlysthece of nitrogen for
yeast metabolism but also the metabolic intermedimtéavour production. The
AccQ Waters amino acid system is suitable for amied adentification and
guantification. It uses ultra-performance liquid chrorgeaphy (UPLC) to separate
and detect amino acids. Derivatisation uses the Watec€-Fluor reagent (6-
aminoquinolyl-N-hydrozysuccinimidyl carbamate; ACQ), whatmverts primary and
secondary amino acids to stable, fluorescent deriwtiveThe by-product, 6-
aminoquinoline, does not interfere with this system asidt does not co-elute with
any amino acid, its peak on the chromatogram is usetknmnstrate derivatisation
efficiency. Separation of the amino acids occurs walgent gradient through a mass
trak “physiological’ column and detection is at 260 nm (UVJhe details of this

method can be found on the Waters website at www.weabens
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1.9.4. Phenotypic screening

Another method of determining what is happening within a &=la result of a
particular stimulus is phenotypic screening. This is rehgeast is grown under
different conditions or different yeast deletantdityr mutants are grown in the same
growth condition to determine what physical differencesliierent growth patterns
might arise. An example of this is theSimembrane assay in this project where a
single mutant can be grown in each well of a 96-watlrotitre plate and a silver
nitrate infused membrane is placed on top of the platl, W5 production of all the
mutants in the plate monitored. Growth is simultangousonitored using the
microtitre plate reader and by ‘frogging’ the microtiplates out onto agar plates, to
ensure that the strains are growing at a normal rate.

1.10. Project aims

With the emergence of frontier technologies suchasstriptomics following the
sequencing of yeast genome, yeast metabolism is beingctidsin an increasing
pace at molecular level. Sulfur-containing compounds, sgclinydrogen sulfide
(H2S) and sulfur dioxide (S£p are important metabolites underpinned by both
nitrogen and sulfur metabolism. A better understandinteif metabolism through
transcriptomics would lead to new fermentation innovetifr increasing desirable
SO, and lessening off-flavour #3. Additionally, as the wine industry lacks an
effective method to alleviate clarity problems, two néming agents, pectin and
carrageenan, are investigated for their ability to enhamoe clarity and their effects
on wine flavour in the hope that developing a possibléhoteto overcome clarity
problems for white wine production. Therefore, the airhgshe project were as
follows:

e To establish a transcriptomic method of analysis throotimisation of two-
colour generic cDNA microarray protocols and, in additibto determine the
veracity of singlet, duplicate and triplicate dataseii$ wne-colour Affymetrix
microarrays.

e To delineate the effects of cysteine, nitrogen (inftren of ammonium sulfate)
and cysteine plus nitrogen on yeastSHmetabolism using cDNA microarray

transcriptomics.
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To investigate the effect of pectin and carrageenan oe wiarity and flavour

using fermentations on industrial and laboratory scales.

To gain insights into the effect of pectin and carrageena wine yeast
metabolism by functional genomics analyses.
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Chapter 2: Materials and Methods

2.1. Materials

2.1.1. General reagents

The common chemicals and organic solvents used inttidy svere of analytical
grade or higher and were obtained from commercial suppliegiuding Sigma-
Aldrich (St Louis, MO, USA) and Merck (Whitehouse StatidNJ, USA). Type 1
ultrapure deionised water (Sartorius Stedim Biotech, gnobaFrance) or Milli-Q
deionised water (Millipore Corporation, Billerica, MASA4) was used to make up all

media and buffers.

2.1.2. Laboratory yeast strains

The diploid laboratory strain of yeast used in thisglgtwas BY4743. Its genotype
is MATala  his341/his341  leu2A0/leu2A0  lys2A0/LYS2  met1 SAO/METI15

ura340/ura3A0. The genotype of the yeast deletion library NATal
orfA: :kanMX4/orfA::kanMX4 his3A41/his341 leu2A0/leu2A0 lys2A0/LYS2
metl1 SAO/METI1S ura340/ura340 (Winzeler et al., 1999). BY4743 was derived from
the S288C-originated BY4742 and BY4741 haploid strains. Theidpat’ S288C
strain is an early parental laboratory yeast stised in the sequencing project
(Mortimer and Johnston, 1986; Brachmann et al., 1998). A hayoosydiploidS.
cerevisiaeyeast deletion library with 4,757 deletion mutants derifrem BY4743
was purchased from EUROSCARF (Europ&atcharomyces cerevisiaechive for
functional analysis; Frankfurt, Germany). Each & tteletion strains has a single
ORF knocked out (Giaever et al., 2002).

2.1.3. Industrial yeast strain

The industrial wine strain Lalvin QA235&ccharomyces bayanusas obtained
from Winequip (Melbourne, VIC, Australia). This strairasvcommercialised by
Lallemand (Blagnac Cedex, France) after isolation ortigal and has many
advantages over other wine strains, including its highhalctolerance (16%), fast

fermentation rate, very low assimilable nitrogen requasetnlow volatile acidity
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production (generally less than the equivalence of 0.2 g&Op) and low HS and
SO, production as described by the manufacturer. It is comyrused to ferment
Chardonnay grape juice, usually giving rise to citrus find pineapple aromas.

2.1.4. Yeast growth media

BY4743 and its mutants were cultured in liquid minimal mediwtich consists
of 20 g/L D-glucose, 1.7 g/L yeast nitrogen base with reifmmonium sulfate nor
amino acids, and 5 g/L ammonium sulfate, supplemented 20itmg/L uracil, 10
mg/L adenine and the following amino acids: 50 mg/L L-arggnBO mg/L L-aspartic
acid, 20 mg/L L-histidine HCI, 100 mg/L L-leucine, 50 mg/L Isilye HCI, 20 mg/L
L-methionine, 50 mg/L L-phenylalanine, 100 mg/L L-threonine, 50 mgiL
tryptophan, 50 mg/L L-tyrosine, 140 mg/L L-valine, and 50 mgflducine.

Variations of the minimal media were also used, witfedng concentrations of
ammonium sulfate (between 0 and 30 g/L total ammoniumtsyiad the addition of
cysteine (between 0 and 100 ppm total cysteine). Stgsteine solutions were
freshly prepared by filter-sterilisation using a sterileoggn-free 25 um, 75 psi
cellulose acetate disposable syringe filter unit (AdeseanMFS, Inc, Dublin, CA,
USA).

Yeast strains were temporarily maintained by streakingYeast Extract /
Peptone / Dextrose (YEPD) agar plates, which consi$0aj/L yeast extract, 20 g/L
bacteriological peptone, 20 g/L D-dextrose (glucose) and 2@&ggr. These plates
were stored at 4C. Fresh yeast cells were prepared when necessagydiseaking
from the storage plates onto new YEPD agar plateswetloby incubation at 38C
for 48 h. Long-term stocks of the yeast strains weept at —80°C in YEPD
containing 15% glycerol (v/v).

2.1.5. Synthetic Grape Juice Media

The synthetic grape juice medium used for fermentatiorthis study was
developed by Dr Simon Schimdt et al. at the AustraliameMResearch Institute
(AWRI, Adelaide, SA, Australia) to emulate Chardonnaypgrguice (Personal
Communication, Dr Simon Schimdt, 2010). It consisted wih@ous chemicals,
supplemented by trace element, vitamin and amino acidogeit stock solutions as
described below. The medium was made up in 4 L batcheslisindbuted evenly
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between four fermenters at a time (making up a singlécadp). Sufficient dry

components of Table 2.1 to make up 4 L of the synthetipegpaice medium were
added to 2.8 L water with mixing. The stock solutions (teleeents, vitamins and
amino acid / nitrogen mixes) as shown in Table 2.1 weea tidded. The pH was
adjusted to 3.5 with 1 M potassium hydroxide (KOH) befdegonised water was
added to a final volume of 4 L. The synthetic grapesjwes filter-sterilised through
a 0.45 pum cellulose acetate membrane filter (Whatmamgddtbne, Kent, UK) via

vacuum filtration using a reusable Bottle-top Filter uniEFSalgene, Rochester, NY,
USA), with 500 mL filtered through an individual filter foee replacement. After
filtration into twelve 2 L fermenters, lipid and stestbcks (2 mL each) were finally
added.

Table 2.1 Synthetic grape juice media recipe (per 4 L batch afiae

Component Weight (g) / Vol (mL) Source
Glucose 400 Sigma
Fructose 400 Sigma

Citric acid 0.8 Merck
Malic acid 12 Aldrich

KH Tartrate 10 Aldrich
KH,PO, 12 BDH

MgSQyue7H,0 6 BDH

CaChe2H,0 1.6 ChemSupply

H3BOs 0.16 Aldrich
Trace element stock 4 mL (Stock 1 below)
Vitamin stock 4 mL (Stock 2 below)

Nitrogen mix 80 mL (Stock 3 below)

Lipid stock 2 mL per fermenter (2 L (Stock 4 below)

Sterol stock 2 mL per fermenter (2 L) (Stock 5 below)

43



Table 2.2 Stock #1: The components for the trace elemenk stocsynthetic grape
juice media (1000 x).

Trace element Weight (g) Source
MnSQOyeH,O 3.5 Univar
ZnCh 1 Sigma
FeSQ7H,O 6 BDH
CuSQe5H,0 15 BDH
KIO3 0.01 Univar
Co(NGs),#6H,0 0.03 Aldrich
Na,MoO42H,0 0.025 Unilab
LiCl 0.1 Sigma
NiSO,6H,0O 0.05 Sigma
RbCl 0.7 Sigma

The trace element stock components in Table 2.2 weslded in 800 mL
deionised water, the pH was adjusted with concentratdd$igina) to 1.5. The total
volume was then made up to 1 L with water. After aatanb, the 1000 x trace

elements stock was stored &4

Table 2.3 Stock #2: The components for the vitamin stock fortsstit grape juice
media (1000 x).

Vitamin Weight (g) Source
Thiamine HCI 0.5 Sigma
Riboflavin 0.2 Sigma
Pyridoxine HCI 1 Sigma
Calcium D-pantothenate 1 Sigma
Nicotinic acid 1 Sigma
Myo-inositol 10 Sigma
Biotin 0.05 Sigma
Folic acid 0.05 Sigma
4-amino benzoic acid 0.05 Sigma
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The vitamin stock components in Table 2.3 were also Wsdoin 800 mL
deionised water, the pH was adjusted with KOH to pH 7thadvolume was then
made up to 1 L. This stock was sterilised by vacuumafiin as described above
using 0.45 um cellulose acetate membrane filters, pridveing stored at 2C. The

stock was used within a week.

Table 2.4 Stock #3: The amino acid components for the amir /agitrogen stock
for synthetic grape juice media (50 x)

Amino acid Weight (g) Source
Alanine 10.542 Sigma
a-amino butyrate 7.229 Sigma
Arginine 27.108 Sigma
Asparagine 0.422 Sigma
Aspartic acid 3.012 Sigma
Citruline 0.422 Sigma
Glutamic acid 6.024 Sigma
Glutamine 8.434 Sigma
Glycine 0.422 Sigma
Histidine 1.205 Sigma
Isoleucine 1.205 Sigma
Leucine 1.205 Sigma
Lysine 0.422 Sigma
Methionine 0.422 Sigma
Ornithine 0.422 Sigma
Phenylalanine 0.843 Sigma
Serine 5.422 Sigma
Threonine 6.024 Sigma
Tryptophan 0.422 Sigma
Tyrosine 0.422 Sigma
Valine 2.108 Sigma
Cysteine 1.205 Sigma
Proline 65.060 Sigma
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The amino acids listed in Table 2.4 were dissolved in 80@@pnised water and
the pH adjusted to 2.5 with concentrated HCI. Once ¢etely dissolved, 27.8 g of
28% ammonium hydroxide (Sigma) was added to the solutiome pH was then
adjusted to 3.5 with concentrated HCI and the solutias made up to a total volume
of 1L.

According to the calculation by AWRI, the final yeassimilable nitrogen (YAN
— ammonia and free alpha amino acids) of this medsuapproximately 250 mg N/L
(mg/L equivalence of Nitrogen) and total assimilable g (TAN) excluding
proline (proline is excluded because under anaerobic conslityeast cannot
metabolise proline) is 440 mg N/L. Analytical measureneérthe medium made up
by AWRI using this protocol showed that the YAN was 246 mg Mfamonia was
91 mg/L and lie a-amino content was 171 mg/L, which was comparable with the
theoretical calculation.

Table 2.5 Stock #4: The components for the lipid stock for Isgtit grape juice
media (1000 x).

Lipid Weight (g) Source
Palmitic acid (C16:0) 0.2 Sigma
Oleic acid (C18:1) 0.1 Sigma
Linoleic acid (C18:2) 0.3 Sigma
Linolenic acid (C18:3) 0.05 Sigma

Each of the lipids in Table 2.5 was weighed out intsoalie ethanol (Sigma) in
1.5 mL eppendorf tubes, with the palmitic acid warmed t8C3fr 5 min to dissolve
it. The four dissolved lipids were then combined andibs ethanol added to a final
volume of 100 mL to make the 1000 x lipid stock.

Stock #5 was the 1000 x sterol stock which was maddiBsglving 0.1 g B-
sitosterol in 100 mL absolute ethanol.
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2.1.6. Fermenter setup for the lab-scale wine fermentations

The lab-scale wine fermentations were carried out in Qchott bottles (Boeco,
Hamburg, Germany), with pour rings removed from the lé®tin order for the
fermentation caps to be set up. The fermentation waps made up of a three-port
cap with one port blocked off and the other two capped avithue port with silicone
tubing running through. The point of connection was wrapped pWtimbers tape
(Bunnings, Australia) prior to the blue port being attached tothhee-port cap to
ensure an airtight seal. One of the blue ports was ctathé long tubing that would
reach to nearly the bottom of the Schott bottle Jample collection with a 50 mL
syringe on the outer end of the tubing. A stopcock vakle located between the blue
port and the syringe to allow sample to be removed withthodving air to enter the
system. The other blue port was set up the same wayptettat the internal tubing
was a lot shorter so that it reached only the headspat@ HS detection tube (see
Section 2.3.2 for a description of these tubes) replabmgyringe. A silicone O-ring
was inserted between the three-port cap and the Satté im place of the removed
pour ring. A photograph of this fermentation setup is showFigure 2.1.

The Schott bottles, O-rings, tubing and the three-port dép plumbers tape,
tubing and blue ports were sterilised by autoclaving at °@%or 15 min. The
stopcock valves and syringes were supplied sterile.

This fermentation setup was tested before use to determhether it was
anaerobic and airtight. One test was conducted bynptieg to withdraw liquid
through a syringe via tubing in the completed setup. I6ylsgem is airtight, such an
attempt should be impossible. The other test was meefd by pushing air through
the setup with the other valve closed when the engingpswas under water. There
should be no bubbles produced if the setup is airtight. dimeeitation setup in this
study passed both tests.
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Figure 2.1 Photograph of the lab-scale wine fermentation sbaipre inoculation,
showing the HS detection tube outlet on the left and the sampling tubing
on the right.

2.1.7. Commercial wine

For comparison purposes, commercial un-oaked Chardonnag wiere used in
some of the assays described in this study. Four suclmeaial wines were
purchased from Dan Murphy’s at Macarthur Square (NSW, Atustral April 2010
for wines 1 to 3 and in November 2010 for wine 4.

Commercial wine #1 (codes 7534 and B used in the analysis)an750 mL
unoaked Chardonnay from Somerton in 2009. The label statei Had ‘an inviting
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bouquet of ripe peaches and apricots. The palate is rich and generous, smooth and
creamy with a crisp lively finish.It was produced in South-Eastern Australia with an
alcohol content of 13.0% (approx. 7.7 standard drinks witth estandard drink
containing 10 g of alcohol). Preservative 220 {S®as added and the wine was
produced with the aid of milk products. It was produced byaMia Wines Pty Ltd,

Old Wentworth Road, Merbein, Vic 3505, Australia.

Commercial wine #2 (codes 8825 and A) was a 750 mL SouthemsteYie
Australian unwooded Chardonnay from Goundry. It receivedgold medal at the
Hobart International Wine Show in 2008 (class 6). Thelel content was 13.5%
(approx. 8 standard drinks). Preservative 220 was added aed whdhe fining
agents which included egg and / or milk products may remain. Wwins was
produced by Goudrey Wines, location 10460, Vasse Highway, NannBp62ans,
Australia. The label stated that this wine wasreuth-watering fruit-driven wine.
Flavours of pineapple, peach and fresh melon will melt in your mouthe wie
wine’s natural crispness will leave you wanting more. Made in dfeesl vibrant
style without the use of oak.

Commercial wine #3 (codes 9017 and C) was a 750 mL South ahastr
unwooded Chardonnay from the Yalumba Y series from 2008. wWins had an
alcohol content of 12.5% (approx. 7.4 standard drinks). Pases 220 was added
and the wine contained milk products. It was vintaged by Yadynkden Valley
Road, Angaston, SA 5353, Australia. Its label statedttistwine ‘has rich aromas
of melon, grapefruit and honey. Fresh tropical fruit flavours of peachappie and
fig gave this wine texture and palate weight. A crisp, citrus @yclaings balance
and zest to this fruit driven Chardonnay.

Commercial wine #4, used as a control in the real grapee jlab-scale
fermentation, was also a 750 mL South Australian um&doChardonnay from the
Yalumba Y series as was commercial wine #2, but froenfoiowing year, 2009.
The other characteristics were the same as the 208 withough the label stated

that the flavours includedyfapefruit and pineappfe
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2.1.8. Pectin and carrageenan

GENU® pectins were derived from citrus peel or sugar beet putpacted in hot
acidified water. The type used in this study (TS1580) wkasvamethylester (LM)
pectin which forms a gel in the presence of calcium aherativalent cations (degree
of esterification (DE) lower than 50), as describe8eation 1.8.1.

Carrageenan used in this study was the CSW-2 cold wateblesotype.
Carrageenan was derived from fRiodophyceaeed seaweed family, extracted using
hot water under neutral or alkaline conditions. The tygexl was iota carrageenan, as
described in Section 1.8.2.

Both the carrageenan and pectin were sourced from CP K&flemta, Georgia,
USA) via Fosters Australia (Melbourne, Victoria, Awdi). They were added at a
concentration of 0.15 g/L for carrageenan and 1 g/L fotipned hese concentrations
were found to be ideal by the Fosters research groupofi¢rsommunication, Dr
David Duan, Fosters Australia, 2007).

2.2. Yeast culture

2.2.1. BY4743 and its mutant cultures

Yeast cells in exponential phase, typically atgg[1.0, were used in all assays.
This was achieved by inoculating a colony of yeast into 1starile water. The
measured OB was used to calculate how much of this yeast solutimuld be
added into media. The calculation was made for a 19 h, 12@nmimal media
BY4743 culture, using the empirical formula below.

Volume required = 62.832 / QRyof the yeast suspension

For an example of a yeast suspension otdD.5, using the above formulae,
41.9uL of the suspension is needed for inoculating 120 mL mihimadium in a
flask. It is expected that after an incubation of 8 BO°C with shaking at 150 rpm,
the ODyp Of this culture should reach 1.0. Adjustments were madalifferent
culture volumes and strains. The empirical practicevigedl a good control in

experimental planning and implementation.
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2.2.2. Industrial wine yeast in fermentation

Dried Saccharomyces bayan(fs. bayanusstrain QA23, the industrial wine yeast,
as described in Section 1.3.3, was used for the pilot-gsodilestrial fermentation at
Fosters Australia (Melbourne, VIC, Australia) and botlthe lab-scale fermentations
at the University of Western Sydney. The yeast wa®dnwith ten times the volume
of 35 °C sterile deionised water, stirred and allowed to hydiat@approximately 20
min. The pilot-scale fermentation required 31.12 g ofy®dnich was re-hydrated in
320 mL water (35C). This was equally split between the fermentersiltiag in the
desired concentration of 0.4 g/L yeast (dry weight). r Both of the lab-scale
fermentations, 20 g of QA23 yeast was added to 200 mL wadle8 anL of this yeast
mixture was added to each of the 2 L fermenters, reguin the same final
concentration of 0.4 g/L yeast (dry weight).

2.3. Detection of sulfur compounds

2.3.1. The membrane assay b detection using silver nitrate

Relative HS production was analysed using a slightly modified versibthe
membrane overlay method developed by Duan et al. (2004). reEotion in this
assay betweenAS gas and the silver nitrate in the membrane resulitver sulfide
which is black, so the reaction can be seen on thebmzama by the presence of spots,
with the intensity of the colour related to the amoainit,S produced. Cultures were
added to wells in a microtitre plate, with the additafrfilter-sterilised cysteine (100
ppm) into medium to induce J3 production where necessary to increase the
sensitivity of the assay. The differential ratdsH»S formation detected by the
membrane assay were not caused by varying yeast growttlerasnstrated by
monitoring yeast growth spectrometrically, which wasnd to be constant among
treatments.

A 7.5 x 11.5 cm piece of WhatnfarB8MM Chromatography paper was infused
with approximately 3.6 mL of freshly prepared 20% (w/v) silmdrate (AgNQ).
The membrane was blotted to remove excess liquid and\aidtloe microtitre plate
wells. After sealing with a lid, the plates were wrappealuminium foil in order to
protect the reaction from light and incubated statjcaill30°C. After 12 and 24 h of
incubation, the results were observed and photograptieeahembranes were taken
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of the paper using a digital camera. Spots were quaditasing ImageJ (Image
Processing and Analysis in Java), available online at/fmttpgej.nih.gov/ij/, where
the intensity of spots were compared to the backgroundi(adiff et al., 2004).

2.3.2. Headspace HS detection

H.,S production in the headspace of the wine fermentatiassd@termined using a
H,S detection tube with a range of 25 — 2000 ppm (Airmet 8teerNunawading,
VIC, Australia). The sealed ends of the tubes west\fisnapped off using tweezers
and then connected to the top of each fermenter visshbeer length of tubing,
allowing H,S from the headspace to react with the silver nitrathe HS detection
tube. The top of each tube was supported to ensurelibeatas vertical. The more
H,S that was produced during fermentation, the higher the déskrcchange rose in
the tube. Each tube had markings with correspondu® phm levels. The tubing
was connected to the fermenter with a one-way stopcalek go that when the colour
change had reached the top of a tube, the valve couldd®edcand the tube replaced

without loss of HS and without allowing air to enter the fermentaticectly.

2.3.3. Sulfite Kit Test

SO, levels were determined using the photometric sulfite tatst(Merck,
Darmstadt, Germany). The volumes required to assayatin@les were reduced by a
factor of 8 to increase the number of samples thatdcbeltested. The pH of the
samples was adjusted to between 6.5 and 7.5 with 1 M Npf,to measurement.
The reagent for testing nine samples was prepared by thoyodgidolving 1
microspoon of reagent SQ in reagent Se2 (3 mL) by shaking and then diluting in
deionised water (5 mL). Each pH-adjusted sample (200 Lds @@mbined with
reagent (800 pL) in a cuvette and incubated at room teroperatr 2 min before the
absorbance was measured at 412 nm, with sodium metabigSIMBS; NaS,Os,
Aldrich, St Louis, MO, USA) as the standard. A ran§&WMIBS concentrations was
used to establish the standard curve. The standard clowe@ISQ levels (in ppm)
to be determined by multiplying the absorbance by 0.032, viftvalue of 0.9962.
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2.4. Microarray gene expression profiling technology

Microarray technology can determine the gene expressianlarge number of
genes, if not all, in a particular organism under aagetreatment. For exampl§,
cerevisiaecells grown in low and high nitrogen conditions can eadly compared
to each other, with the cDNA of each condition preedsin parallel through
hybridisation to the comprehensive set of gene probesedefrom 6,250 ORFs.
However, it is important to get accurate informatiamnirthe microarray chips, with
as few as possible non-hybridised spots, to ensure dathecaollected about each
gene and a low background with high reproducibility.

There are a number of steps in the protocol to preparglsafior gene expression
analysis using microarray technology. These include eidraof RNA, conversion
of the RNA into cDNA, labelling the cDNA with fluoresot dyes and hybridising the
labelled cDNA onto microarray slides. These stepd@h two-colour microarrays
and one-colour Affymetrix microarrays are outlined ie following sections, while
sample preparation is outlined in relevant sections. st,Fiihe steps involving
extraction and purification of RNA are described, fokmivby the protocols for the

two-colour and then one-colour microarrays.

2.5. Extraction and purification of RNA

2.5.1. Total RNA isolation

Total RNA was isolated from the cells using the TRIzoagenf (Invitrogen,
USA) using a modified version of the method developed by et al. (1993).

TRIzol Reagerft (1 mL) was added to frozen yeast pellets. This wasfeeed to
a tube with 0.75 g of 425-600 pum glass beads (Sigma). Tkiren was then
homogenised using a Bead Mill for 2 min af@ and incubated in ice for 5 min.
Chloroform (200 uL) was added to the lysed cells and the wadse then shaken
vigorously for 15 sec and incubated at room temperature iain3 The phases were
separated by centrifuging at 12,000g>for 15 min at 4°C. The clear top layer
(400 pL) was carefully transferred to a fresh microfugeetfor RNA precipitation.

Isopropyl alcohol (500 pL) was added to the clear supernat@ahtthe tubes
inverted once to mix. This was then incubated at roonpéeature for 10 min and
centrifuged at 12,000 g for 10 min at 4°C. The pellets were washed with 75%
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ethanol (1 mL) and centrifuged at 7,50@ for 5 min at 4°C. The supernatant was
carefully removed, the tubes re-centrifuged and thedwatiethanol pipetted off
before the pellets were air dried for 20 min. The RNAepeMwere then resuspended
in RNase-free water (30 - 200 pL depending on expected mivatien). The

concentration, quality and integrity of RNA were detera by NanoDrop and

Bioanalyzer as per Section 2.5.3.

2.5.2. RNA clean-up

RNA samples were further purified using the QIAGEN RNddsy Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s inswwasti Each RNA sample,
with no more than 100 pg of RNA made up to a final volurhel@ pL with
deionised water, was mixed with lysis buffer RLT (350 plgppietary composition
but containing guanidine thiocyanate) and 100% ethanol (250 Tty was added to
the RNeasy column and centrifuged for 15 sec at 8,09@t>xoom temperature. The
RNA was washed twice on-column with wash buffer RPE ({@DGach; proprietary
composition but diluted with 4 volumes of 100% ethanol pt@ruse) before the
column was dried to remove excess solvent. The RN#& elaied with RNase-free
water (50 pL and then a further 30 pL). The concentratjoality and integrity of
RNA were determined using the NanoDrop and Bioanalyzeleasribed in Section
2.5.3.

2.5.3. Assessment of quantity and quality of nucleic acids

The concentration and purity of nucleic acid (DNA, RNAdacDNA) were
assessed using a NanoDFoBpectrophotometer ND-1000 machine obtained from
BioLab (Mulgrave, VIC, Australia). The NanoDrop speginotometer measures the
absorbance of the nucleic acid sample continuously leetwevelengths of 220 and
350 nm. With this information, the software determines ¢bncentration of the
nucleic acid as well as the purity of the samplese [Enels of nucleic acid / protein
contamination is determined by the ratio between therbasoes at 260 nm and 280
nm (the 260/280 ratio) and levels of sugar / solvent contaimmé determined by
the ratio between the absorbances at 260 nm and 230 nm (tB8@26&to0). Samples
with both of these ratios above 1.8 and a smoothrptisn curve are considered to be
of high purity and samples having a 260/230 ratio above 1.5deved acceptable.
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The integrity of the RNA samples was analysed using &R B000 Nano
LabChig® on a Bioanalyzer 2100 (Agilent Technologies, SantaaCl&A, USA),
following the manufacturer’'s instructions. Samples asaswlered to have intact
RNA if the sample has distinct 18S and 28S peaks witl@rchinomatogram, without

unexpected peaks, such as those associated with DNA.

2.6. Two-colour custom microarrays

Multiple steps were involved in the two-colour cDNA noiarray protocol
following the cell harvest, snap-freeze, total RNA asimn, RNA clean-up and
guantitative/qualitative assessments as described aboVéese steps include
conversion and labelling of the purified RNA into cDNAtkvcyanine or Alexa fluor

dyes, hybridisation onto the microarray slides, dataiation and analysis.

2.6.1. cDNA conversion method 1: Non-kit method

First strand buffer (8 pL), anchored oligo dT primer (JuB; Invitrogen,
Melbourne, Australia), 0.1 M DTT (4 uL), total RNA (2@)pand RNase-free water
(to a total volume of 32.2 uL) were combined in a 0.2 mLaBNfree PCR tube.
These samples were incubated in a GeneAmp PCR Sy&7i&» PCR machine
(Applied Biosystems, Melbourne, Australia) or a heatimghlat 65°C for 5 min and
then at 42C for 5 min. While at 42C, 10 mM d(ACG)TP (2 pL), 2.5 mM dTTP
(2.6 pL), 10 mM aa-dUTP (1.35 pL) and Superscript 11l Revé&rsascriptase (2 uL)
were added. The samples were incubated &E4@r a further 2.5 h.

To hydrolyse the unconverted RNA, 0.5 M EDTA (5 pL) and 0.25\N&0OH
(10 pL) were added and incubated af@&5or 20 min, and then 0.2 M acetic acid (15
pL) was added. The cDNA was then purified from unused dNaréshydrolysed
RNA using Qiagen QiaQuitk PCR purification columns as described in Section
2.6.5. The samples were concentrated to 1 — 2 puL by maceatrifugation before
the concentration and purity of cDNA samples wereetksising a NanoDrop

spectrophotometer (see Section 2.5.3).
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2.6.2. cDNA conversion method 2: Invitrogen kit-based method

Rather than using separate reagents as in method 1, thischveas based on the
Invitrogen SuperScrip! Plus indirect cDNA labelling system (Invitrogen). RN20(
Hg) and RNase-free water (to a total volume of 16 plLyeweombined in a
microcentrifuge tube. After the addition of 2 uL andtboligo d§o primer to each
tube, they were incubated at % for 5 min in a heating block and then on ice for 1.5
to 2 min. After the incubation but with the tubed st ice, first strand buffer (6 pL;
250 mM Tris HCI, pH 8.3, 375 M KCl and 15 mM Mg{;10.1 M DTT (1.5 pL),
dNTP mix (1.5 pL), RNase OUT (1 pL) and SuperScript Il €&sg Transcriptase
(2 pL) were added to each tube as part of a master Tiiese tubes were incubated at
42°C for 3 h.

To hydrolyse the unconverted RNA, 1 M NaOH (15 pL) was addednanbated
at 70°C for 10 min. 1 M HCI (15 pL) was added. The solutionsewmurified to
remove unused dNTPs and hydrolysed RNA using Qiagen QiaQuRE&R
purification columns as described in Section 2.6.5. &nepées were concentrated to
1 — 2 pL by vacuum centrifugation before the concentradioth purity of samples

were tested using a NanoDrop spectrophotometer, as desaribection 2.5.3.

2.6.3. Cyanine dye coupling

From this point on, all work (including slide washing) wasried out in the dark.
Limited light was provided by a fluorescent light in afjaadnt room. The reason for
this was to prevent the cyanine dyes from degradatiadhegsare sensitive to UV and
ozone levels in the atmosphere. The cyanine dyes, QyZ¢h, were resuspended
separately using DMSO (18.5 pL for 1 x strength omulOfor 2 x strength). The
relevant cyanine dyes (Cy3 or Cy5; 2 uL each) were couplgtie cDNA in the
presence of 0.1 M NaHGOpH 9 (9 puL) and incubated at room temperature in the
dark for 45 min. The labelled cDNA probes were then m@arifusing Qiagen
QiaQuick¥® PCR purification columns as described in Section 2.6.5 nwve the
uncoupled dye. The samples were concentrated to approlirBaté pL by vacuum

centrifugation.
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2.6.4. Alexa fluor dye coupling

Alexa fluor dye coupling was also used in this project. was the case with the
cyanine dye, all consecutive steps were carried out iddHewith a fluorescent light
in the adjacent room. The cDNA pellets were resuspemd@dxi coupling buffer (5
pL) provided in the Invitrogen SuperScript Plus kit. The Aldkior dyes, Alexa
fluor 555 (AF 555) and Alexa fluor 647 (AF 647), were resuspendearaiegty in
DMSO (2 pL each). The appropriate alexa fluor dye witked to the cDNA and
incubated at room temperature in the dark for 2 h. ThalléabcDNA probes were
then purified using Qiagen QiaQuftkPCR purification columns as described in
Section 2.6.5 to remove uncoupled dye. The samples fivedéy concentrated to

approximately 3 — 5 pL by vacuum centrifugation.

2.6.5. Qiagen DNA purification clean-up

Purification of cDNA is necessary at several stepsnduiie microarray protocol.
It was performed using a QIAGEN QIAquick PCR Purificatkit (Qiagen, Hilden,
Germany) to remove free nucleotides, primers and unbfluadescent dyes. The
cDNA solution was diluted in binding buffer PB (3pl; propriety composition,
obtained separated from Qiagen, rather than the sudmli#er PBI due to possible
interference with later processes). This mixture wdsled to the column and
centrifuged at 13,200 g for 1 min at room temperature. The DNA was washeadetw
on-column using 700 puL 75% ethanol before being air driedrtmve excess ethanol.
The DNA was eluted in 50 uL RNase-free water (Invitrogéijpowed by a further
30 pL.

2.6.6. Microarray slide blocking

S. cerevisiaenicroarray slides were obtained from the Ramacdietitre for Gene
Function Analysis at the University of New South Wgl8gdney, NSW, Australia).
Slides were Schott Nexteri®rSlide A+ with an amino-link coating (Schott, Mainz,
Germany) and spotted with 50-mer oligonucleotides probe$,260 yeast ORFs
(Version MWGSc6K; MWG Biotech, Ebersburg, Germany§luplicate. Microarray
slides were baked at 12C for 30 min prior to delivery. The slides were blocked
during the 2.5 h of cDNA conversion in Section 2.6.1. Thés warried out by
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dipping the slides (in a metal rack) in 0.1% SDS af®Hor 1 min with constant
shaking, then dipping them immediately in 5% ethanol Tomin with constant
shaking, and finally dipping them in de-ionised water at roemperature for 1 min
with constant shaking. The slides were then centrifuage2,000 >g for 20 sec and
stored in a dark dust-free box until the samples wexréyréo be hybridised within 10
h. The glass coverslips were washed in 100% ethanalj géooves and Kimwipes
(Kimberly-Clark Corporation, Irving, TX, USA).

2.6.7. Sample hybridisation

DIG-Easy hyb buffer (50 pL; propriety composition, Rochdannheim,
Germany), yeast tRNA (2.65 pL, Ambion, Austin, TX, US#d herring sperm DNA
(2.5 pL, Invitrogen) were added into each tube of labad@NA. The solution in
each Cy5 or Alexa Fluor 647 tube was mixed with the spoeding Cy3 or Alexa
Fluor 555 tube. The mixture was then incubated &06fr 5 min and centrifuged at
16,110x g for 5 min. With the coverslips placed on the slideshsthat the ridges
were facing the slide, the labelled cDNA probe soluti@s applied through the gap
between the coverslip and the corresponding slide. Slid#ers were recorded and
the slides were hybridised overnight at ®7 in a rocking hybridisation incubator
(Grant Boekel HIS25, BioLab) held on ridges above a Kimvapaked in 2« SSC
buffer (prepared from 28 SSC stock containing 3 M sodium chloride and 0.3 M tri-
sodium citrate, adjusted to pH 7.0 and sterilised by autoclating@1°C for 15 min)
inside a light proof box in order to create a humid enviranimélternatively, an a-
Hyb hybridisation station (Miltenyi Biotec) at a pumgte of 1 mL/min was used to
circulate the hybridisation mixture over the chip. Appmately double the volume

was used for this method, in order to ensure enough flusdver the chip.

2.6.8. Slide washing method A: 1 x strength

Following hybridisation, the slides were washed by immgrshem in 1 x SSC
buffer at room temperature in individual 50 mL centrifugkets until the coverslips
dislodged. The slides were then washed in 1 x SSC, 00S6f& 15 min at 56C
three times. The residual SDS was removed by rinsing timess in 1 x SSC at
50°C for 15 min each time, then once in 0.2 x SSC at raampeérature for 15 min.

The washed slides were centrifuged at 2,0@0for at least 20 sec to dry and stored in
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50 mL centrifuge tubes in a double layer of aluminium fal transporting
(approximately 1.5 h duration) to the Ramaciotti CenttdNEW for scanning.

2.6.9. Slide washing method B: 2 x strength

As described above, following hybridisation, the slidese briefly agitated in 2 x
SSC buffer, 0.2% SDS at room temperature in a glassioen until the coverslips
fell off. The slides were then placed in a metal rac# washed in this solution for a
further 10 min at room temperature with gentle rocking uaimgcking hybridisation
incubator. The metal rack was first transferred afieesh glass container containing
1 x SSC and the slides were washed for 10 min, thervibegy washed in 0.2 x SSC
at room temperature for a further 10 min with gentle ragkifhe washed slides were
tapped onto Kimwipes to get rid of excess liquid and thetribeged at 2,006 g for
20 sec to dry and stored in the same manner, as describedusty, prior to

scanning.

2.6.10.Scanning and acquisition of data

The microarray slides were scanned at 635 nm (Cy5 / AF 64753hdm (Cy3 /
AF 555) with a GeneP%4000B scanner from Axon Instruments (Molecular Devices,
Sunnyvale, CA, USA) at the Ramaciotti Centre within UNSWhis was performed
within 2 h following completion of the final wash. Timages were analysed using
GenePiX Pro 6.0 software, as described in Section 2.8.1.

2.7. One-colour Affymetrix microarrays

Cell pellets from prepared samples were snap-frozensaéd at -80°C until
required. Total RNA was isolated using the TRIzol metbiotlined in Section 2.5.1,
purified using Qiagen RNeasy columns as described in Seztio? and analysed
using the NanoDrop and Bioanalyzer as described indpe2tb.3. Pure intact RNA
(50 pL of a 50 ng/uL solution) was transported to the RasttaCientre (UNSW) for
outsourced processing with the Yeast 2.0 Affymetrix migena chips using the
FS450_0003 fluidics protocol (available from www.affymetrix.gdan hybridisation,
washing and scanning. Once processed, the data were seatGarvin Institute of
Medical Research (Sydney, NSW, Australia) before dha@iccessed electronically at
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UWS, in the .cel file format and a pre-normalised fie. Only the .cel files were

used for further analysis with Partek, as described ¢tid3e2.8.3.

2.8. Bioinformatics analysis

The vast amounts of data that are generated by high-tipoughkperiments such
as microarray analysis require various programs to s@dlye data. The ones used

are outlined below.

2.8.1. GenePix

Two-colour microarray images were analysed using Gegrnef® 6.0 microarray
and acquisition software. This program aligned the feat(spots) on the slide with
the genes in the appropriate array list file (MWGSc6Kv4 galp. The alignments
were manually checked and altered where necessary. §mwte were flagged and
not included in further analysis if the background was tgb br if the intensity from
a neighbouring spot had falsely registered as belongitigataspot. These anomalies
were mostly automatically marked, but manually checking warformed. The
program allowed for the conversion of the data frora 8tanned image into
guantitative numerical data for further analyses. rBayimatic analysis of these data

was carried out using the programs described below.

2.8.2. GeneSpring

Pre-analysis was performed using GneePix Pro 6.0, as delsahibee, before the
data was imported into GeneSpring. Firstly, normatisatvas performed on the data
using the LOWESS method within the GeneSpring GX 7.3.1 (Agilechnologies)
analysis software package. The genes whose expressor{traatment / control)
was significantly different (fold-change of 2 or mpreere identified based on
Welch's analysis of one-way ANOVA where the variansese not assumed to be
equal and the level of significance was set to 0.05.

2.8.3. Partek Gene Expression Analysis

The one-colour Affymetrix microarray data, in the foroh .cel files, were
imported into the Part&kGenomics Suite 6.5 (Partek Incorporated, St Louis, MO,
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USA). A new column was added with the attributes efftles, which was classed as
a “categorical factor” before Analysis of Variance (BMA) was carried out. Only

the files involved in each individual ANOVA was inputtedoirihe program, so that
normalisation would only occur on these files. Foradats with at least three
replicates, false discovery rate (FDR) and volcand at@alyses were carried out to
identify significant genes with a fold change above ¥.2 and a p-value above the
figure generated by the FDR analysis. The replicadysis, as described in Chapter
3, involved several different choices of fold changectomparison purposes.

2.8.4. FunSpec (Functional Specification)

Lists of significant genes identified from the previouspstvere inputted into the
FunSpec program, available online at http://funspec.mednitboa/ (Robinson et al.,
2002). The program classifies the genes in the datasetgmups based on the
function of the genes and returns a p-value for eadhpgtmased on the likelihood that
the result was not by chance. The functional smetibins are derived from GO
Molecular Function, GO Biological Process and MIPS daonal Classification

databases.

2.8.5. Saccharomyces Genome Database (SGD)

SGD is an online database, with information about th@menofS cerevisiae
Available at www.yeastgenome.org (Cherry et al., 1998igbiwet al., 2002), it is a
free resource, which includes information about each g&&D was used to discover
the purpose of each gene, along with other data aboujefes and pathways of

yeast.

2.9. Ammonium sulfate and cysteine sample preparation

Overnight BY4743 cultures prepared as outlined in Section 2Q0%qo of 1.0)
were spun down at 4,000g<for 5 min at 20°C and the supernatant discarded. The
pellets from 20 mL for each sample were resuspended in 10@fnane of four
varieties of minimal media — 30 g/L ammonium sulfatd 260 ppm cysteine, 30 g/L
ammonium sulfate and 0 ppm cysteine, 0 g/L ammonium suéate 100 ppm
cysteine and 0 g/L ammonium sulfate and O ppm cysteinaintdi media containing
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0 and 30 g/L ammonium sulfate was prepared prior to the iexpatrwhile220 pL of

the freshly dissolved and filtered cysteine stock oewatas added to 110 mL of the
media within 1 h of useOnce resuspended, 200 uL aliquots were taken in triplicate

for the membrane assay to monitosSHoefore the samples were incubated at@G0
with shaking at 150 rpm. Once the gpof the main cultures had reached 1.0, the
samples were split into two 50 mL tubes which were dag&d at 4,000 >g for 5
min at 20°C. The supernatant was removed and the pellets spun agsnesidual
media was thoroughly removed before the cell pelletsevemap frozen in liquid
nitrogen and stored at -8C for RNA isolation, as outlined in Section 2.5.1. The
supernatant was stored for later analysis. The bi@bgiplicates for this experiment

were prepared independently to ensure accuracy.

2.10. Wine fermentation

2.10.1.Pilot-scale wine fermentation with grape juice

Four 20 L fermentations (two red and two white wines)ewen at the pilot-scale
fermentation plant at the Abbotsford pilot-scale Ifgaciat Carlton and United
Breweries, Fosters Group (Melbourne, VIC, Australidhe grape juices used were
Tumbarumba Sauvignon Blanc, combining the free run juntk @essings (for the
white wine) and Cab Sauvignon (from Karadoc for the reteyyiwhich was frozen at
-20 °C until required (sourced from the Great Western wimegyon, VIC, Australia).
The white grape juice had a Baumé level of 12 (21% or 218ugjhrs), pH 3.25, total
acidity of 7.77 g/L, 14 ppm free S@41 ppm total Sg¢), yeast assimilable nitrogen
(YAN, the amount of total nitrogen including alpha nitrogerd ammonia) of 239 mg
N/L (in the normal range for grape juice) and conta#h&dg/L malate. The red grape
juice had 44 ppm free SA150 ppm total S¢), pH 3.66, 12.6 Baumé (22.05% or
220.5 g/L sugars) and 4.7 g/L total acidity.
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Table 2.6 Composition of white and red grape juice used in thet-pdale

fermentation.
White grape juice Red grape juice
Baumé (% sugar) 12 (21% sugar) 12.6 (22% sugar)
pH 3.25 3.66
Total acidity (g/L) 7.77 4.7
Free SQ (ppm) 14 44
Total SQ (ppm) 41 150
Yeast assimilible nitrogen _
(YAN) (mg N/L) 239 Not determined
Malate (g/L) 4.6 Not determined

Pectin and carrageenan were added to half of the defrpstpd juice (20 L) and
then mixed for 15 min with a mechanical stirrer in a pdalsticket. The juice was
then transferred into the 25 L fermenters withoutrigttit settle and the untreated
juice was added to the remaining fermenters. Three dfigs addition, the grape
juice was inoculated with the yead, bayanuswine strain QA23 re-hydrated as
described in Section 2.2.2 to a final concentration of 0.4ygést. Inoculation of all
four of the fermenters took 10 min. The temperature optlm-scale fermentation
facility was found to be between 16 and’@0during the study, averaging 18G.

Samples of the fermented grape juice / wine were taker a day for the first
four days and then daily for the remainder of the 10 daydatation. At each
timepoint, two batches of approximately 50 mL of grapegui wine was removed
from each fermenter using a 60 mL syringe and long hekeh was rinsed clean
with hot water between fermenters. These tubes wenifuged for 3 min at C at
2,000 xg for the first 7 samples (including the 72 h sample) and 168Gor the
remaining samples (from 90 h onwards). The two supermnsataom each fermenter
were pooled and stored at -2C until processed for volatile flavour compound
analysis. The yeast pellets were re-suspended in tisiaesquid and pooled into a
2 mL screw-capped tube. This was centrifuged at 1,5@0fer 3 min at 4°C,
supernatant discarded, re-centrifuged at 1,5@0for 3 min at 4°C and the residual

supernatant discarded. RNA isolation then proceeded ashb#estn Section 2.5.1,
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except that the samples were homogenised in the BeadoM&l min, followed by 2
min on ice and then a further 2 min in the Bead Mill. Thear RNA layer after
chloroform addition was, in fact, yellowish (for the vehivine samples) and pinkish
red (for the red wine samples) instead of a clear liqina@lsp because of the wine
colour.

The first sample (0 h) was analysed slightly diffely with 40 mL of the juice
centrifuged initially, followed by a further 20 — 50 mL addedtis approximately 10
min later because the yeast pellets were not largeighno The samples were
homogenized using the Bead Mill for only 2 min, which wasaased to 4 min for all
subsequent samples to ensure the cells were thoroughly bapge&m After
homogenization, 1 mL of TRIzol was used for the 0 harRNA isolation, but in
order to increase the volume of air inside the tubesssist with the homogenization
of the cells, this was reduced to 800 uL for all the foilgatimepoints. In addition,
the samples from the 72 h to 120 h treated red wine featiens were processed
individually instead of pooling the two lots of samples tluéhe large pellet sizes for
this sample.

Two additional lots of approximately 50 mL were sampled freach of the
treated and untreated red wine fermenters, with tworweadshes (50 mL each time)
included for these extra samples before the yeast pallte combined and the RNA
isolated as normal, in order to test whether any ofctiieuration of the red wine
samples could be removed.

Once sampled, the supernatant of each sample was fabz20°C until analysis
with GC-MS, alcohol content and haze testing, by émsstAustralia using their
standard methods similar to those outlined in Section 2.11

2.10.2.Lab-scale wine fermentation with synthetic grape juice med

Lab-scale fermentations were carried out with thenénters set up as described in
Section 2.1.6, the synthetic grape juice medium as idescm Section 2.1.5 and 0.4
g/L of the wine yeast strain QA23 (Section 2.2.2). Samplere taken at frequent
intervals (0, 6, 12, 24, 37, 50, 61, 74, 99, 109, 122, 135, 147, 157, 17@189241,
268, 289 and 341 h) over a two week period, using a syringegintbe tubing at the
top of the fermenter. The wine samples were ardlgs described in Section 2.11.
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Once the two week fermentation was complete, theewwvas centrifuged at
10,000 xg for 4 min at 20°C in 50 mL batches. The supernatant was then filtered
through glass wool using gravity filtration to remove paitite matter.

2.10.3.Lab-scale wine fermentation with grape juice

Chardonnay grape juice was sourced from the Australiare\Research Institute
(AWRI, Adelaide, SA, Australia) and shipped frozen to UV¢®be being completely
thawed prior to use. The fermentations were carriedroah air-conditioned room
with the temperature found to be 17 —*Dthroughout the fermentation, averaging
18.7°C. Four lots of 500 mL grape juice was aliquoted into eddi2o< 2 L Schott
bottles. Pectin (2 g per bottle) and carrageenan (0.3 babe) was added into the
grape juice such that there were three replicategdotin only, carrageenan only and
pectin and carrageenan combined, respectively. Threledait grape juice with
nothing added were used as the controls. All bottleg wkaken vigorously before
the fermentation caps were put on the bottles. Oheesétup was complete, the
fermenters were inoculated with re-hydrated QA23 y&ast final concentration of
0.4 g/L yeast, as described in Section 2.2.2. The ferm@mtahen proceeded over
two weeks approximately, with samples taken at frequergpinmts (0, 12, 24, 36,
48, 60, 74, 85, 96, 109, 120, 149, 172, 219, 244, 266, 293, 336 and 375 h), by
removing 50 mL from each fermentation vessel using a 5&ynibge via the tubing
in the fermentation setup. The sample was thenfeaed into a 50 mL centrifuge
tube and centrifuged at 1,500gXor 5 min at room temperature. The pellet was re-
spun to remove any remaining supernatant before being ssmgifm liquid nitrogen
and stored at -8fC. The initial supernatant was re-centrifuged at 6,0§@ox 5 min

with the resultant supernatant stored for later arglgs described in Section 2.11.

2.11. Wine analysis

In order to determine what effects the pectin and carnagelave on actual wine,
the supernatant from each sample was tested forugparameters. Some of the tests
were conducted only with the final timepoint, such as #zeland sensory panel tests,
whilst various timepoints during the two weeks were amalyfer sugar, amino acid,

protein and volatile metabolite levels, as describediigisection.
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2.11.1.Sugar

Wine samples were stored at -2D until the sugar test was carried out. Any
samples that contained more than 4 g/L total sugar wssdfluted up to 60 times to
ensure they were in the linear range of this assay. 3gds were determined using
the glucose / fructose (Gluc/Fru) UV method kit from &anLaboratories (Crumlin,
Co Antrim, UK). Buffer R1 (800 pL) was combined with 8 pl.sample in a cuvette,
mixed by inverting while holding parafilm over the cuvettp. The absorbance of
this solution was measured at 340 nm)(AEight pL of glucose enzyme (hexokinase
and glucose-6-phosphate dihydrogenase) R2 was added, mixedhoas and
incubated for 10 min at room temperature before the adsoebwas re-measured
(A2). Four pL of fructose enzyme (phosphogluccose isomeR®3 was added, mixed
as above, incubated for a further 10 min and the absorbaermeasured (4. The
concentrations of glucose and fructose of each soluias determined using the

formulae on the next page.

[Glucose (g/L)] = (A sampley— At (sample) — (A2 planky— A1 plank) X 2.917
[FFUCtOSQ (g/L)] = (A (sample)™ A (sample) - (A3 (blank) — A (blankp x 2.930

2.11.2.Protein

The protein concentration of wine samples was determusgdg a slightly
modified Bradford reagent (Bradford, 1976; Waters et1#191). The reagent was
made up by dissolving Coomassie Brilliant Blue G-250 (0.2 gre&oo, Solon, OH,
USA) in 50 mL 96% ethanol and 100 mL 85% phosphoric acid. risd water was
added to make the volume up to 1 L and thoroughly mixed. riiixisire was filtered
through 1MM filter paper (approximately 100 mL per sheet) #re reagent was
stored at 4£C until use The sample (50 pL) and Bradford reagent (1.5 mL) were
combined in a cuvette of 10 mm width and 3 mL capacitgcubated at room
temperature for 45 min, before the absorbance was mdasus®5 nm, using bovine

serum albumin (BSA,; Sigma) as a standard.

2.11.3.Haze test

The absorbance of each sample was measured at 430, 540 and l6&f0netmand.
Five mL of each sample was added to a glass test-tubseated. The samples were
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incubated at 86C for 7.5 h, then at ZC for 12 h before the absorbance was measured
again at the same wavelengths. The difference betweerabsorbance readings
before and after the heat / cool treatment was compared. greater the difference,
the more likely the wine is to form a haze after gtl

2.11.4.Sensory panel

Sensory panel analysis was carried out using the fimed supernatants from the
two lab-scale fermentations. Both panels consisteatafiemics and students within
the science research groups at UWS Campbelltown, sfonbom had received wine
tasting training. Participants did not eat, drink or kenduring the 30 min preceding
the test. The timing of the tests was staggered to d@lothe testing to run smoothly.
Coffee beans and water were available to all partitgoam case they needed to
cleanse their sense of smell or palate between samples

The second fermentation set was made with synthetpegnsice media using
commercially supplied chemicals as described in Secti@rb.2Some ingredients
could be hazardous to health. To ensure the safetyegddrticipants of the sensory
panel, this test was by smell only. Twenty participavése involved in this panel, all
of whom volunteered. Codes were given to each sato@eoid bias. This consisted
of five random digits preceded by an identifying digit, belnépr the 10% ethanol
control, 2 for the non-treated control wine, 4 for peetin/carrageenan treated wine, 8
for carrageenan treated wine, 9 for pectin treated wideOafor the commercial wine
(coded 9017 in Section 2.1.7). Each participant smelledbfegical replicate, with
six people smelling set A and seven each for sets B andMbite wine glasses
(obtained from Big W, Campbelltown, NSW, Australiagne used for the samples.

The second lab-scale fermentation from the real gj@pe was safe for human
consumption. All glassware was purchased brand-newht® specific use in this
experiment in order to avoid any hazards for sensory ¢efter on. The samples
were centrifuged to remove all yeast and other particleBe wine samples were
tested in a similar way to the one described abovegweny participants were asked
to drink the wine after smelling it. Twenty seven ggpants were asked to assess the
fruitiness, sweetness and overall pleasantness shteé and taste of each wine, with
one participant limited to smelling the wine due to teechto drive after the test.
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2.11.5.Amino acid analysis

The amino acid content of the wine samples was detedrby the Australian
Proteome Analysis Facilty (APAF) at Macquarie Univers{Sydney, NSW,
Australia). The supernatants from the wine fermentatiere stored at -78C until
analysis. The samples were centrifuged through a 10 kDecudar weight cut-off
filter at 2,112 g for 1 h at &C. This filtrate was mixed with an equal volume of the
internal standard Norvaline (Sigma) and then analysed wkedVaters AccQ-Tag
Ultra chemistry on a Waters Acquity Ultra Performamn€ mass trak “physiological”
2.1 x 150 mm column (Waters, Milford, MA, USA). This utlis the AccQ-Fluor
reagent which derivatises primary and secondary amino. aSigisiple (10 pL), buffer
(70 pL) and the AccQ-Fluor reagent (20 pL) were combined InCaMS vial,
vortexed, incubated at room temperature for 1 min angbated 55°C for 10 min
before being separated on the column. Two pL wastegeato the machine, using a
flow rate of 0.6 mL/min with a gradient of 20 min at %0 and 11,000 — 13,800 psi
prior to detection at 260 nm UV. The raw data was nosedlusing the internal
standard and amino acid concentrations were calculageAPAF using the free
amino acid molecular weights. Tryptophan and cysteigdcnot be measured using

this protocol.

2.12. Volatile metabolic profiling

2.12.1.Qualitative GC-MS standard and sample preparation

Three drops of ethyl hexanoate 99% purity, Sigma) and two drops of methyl
nonanoate X 98% purity, Sigma) (20 to 40 mg each) were added to 50% ethanol
(5 mL) and made up to a volume of 100 mL in a volumdtask using absolute
ethanol. This was accurately diluted one in ten usingssgipette and a volumetric
flask with absolute ethanol. Twenty microlitres of thvas added to deionised water
(5 mL) in a 20 mL screwtop GC-MS vial, 2-2.5 g NaCl added andvidletightly
sealed immediately on addition. The standards wese ftaced into the rack for
analysis. Standards were included at the beginning andfes@cb run as well as
between samples such that no more than six samples rwerin a row between

standards.
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Sample (5 mL) was alioquoted into a GC-MS vial before2¢2NaCl was added.
The vial was tightly closed immediately on additionl &lne sample was then ready for
analysis. Samples were analysed within a 12 h peripdoggssing.

2.12.2.Qualitative Headspace GC-MS protocol

The SPME GC-MS volatile metabolite profiling protocolsmaodified from the
standard protocol used by Fosters Australia and optimisethéotocal GC-MS by
Sergio Baipas, so that in-house profiling of the twedahle fermentations could be
carried out. This was essential as volatiles candmepoomised by storage. This
protocol utilised an SGE BP20 60 m x 0.25 mm x Qu2bcolumn using an Agilent
7890 series Gas Chromatograph equipped with COMBIPAL roboilemg5975
series MS detector and headspace injector capability ainaneed MSD Chemstation
software (Version E.02.00493) with a Supelco 50/30 um DVB Carboxen / PDMS
Stableflex (grey) fibre.

The sealed vial containing the sample was placed by Hue ito a 66°C heating
block and agitated at 500 rpm to promote volatile releaseewtd fibre pierced the
vial seal and penetrated 22 mm into the vial to exposaliretb the volatiles. This
fibre exposure time lasted 40 min and overlapped with thelsaseparation of the
previous injection. The volatiles were then desorbed af@4fyer 2 min penetrating
54 mm into the injector port. The volatiles were euteto the GC column for
splitless separation over 50 min with a 2 mL/min flater (consisting of 56C for 2
min, 5°C/min ramp to 220C, 220°C for 10 min, 20°C/min ramp to 260C which
was held for 2 min). The resulting chromatograms wanalysed using the
accompanying software. A cut-off area of 50 million wasd to eliminate noise.
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Chapter 3: Optimisation of cDNA microarray conditions for
functional genomic analysis of yeast sulfur and flavau

compound metabolism

3.1. Introduction

Yeast sulfur and flavour metabolites, as previously miesd in Chapter 1, are
critical to wine quality. In order to fully understamideir metabolism at the gene
expression level, a high-throughput methodology for detemgn genome-wide
expression, namely cDNA microarray transcriptomics, used in this study. Since
the technology involves a large number of parametensiinerous steps which could
affect the final result, an optimised procedure mustdtablished first. Consequently,
the objective of this chapter is to optimise and estaltlieh cDNA microarray
protocol including RNA purification, cDNA synthesis, flusoent dye labelling,
hybridisation and washing conditions as well as detengitie appropriate quantity
of replicates.

At the start of this study, there were two optionsdonducting cDNA microarray
analysis - the in-house analysis by hybridisation ofllade&eDNA samples onto two-
colour yeast genome oligo-printed glass slides or theoorgsd service by sending
RNA samples to a microarray processing centre sucheaRamaciotti Centre at the
University of New South Wales for cDNA labelling and hyglisation onto one-colour
Affymetrix® yeast chips. The advantages of the in-house optios itgeprovision of
a learning experience in broad molecular biology and usiisgcomplex technology
in particular, the freedom in controlling experimental dians, and the low cost.
However, these advantages could be, seriously chalileby the large number of
parameters, time-consuming nature of optimisation and tguebntrol of each
required step of analysis. To gain experience in thispcehensive functional
genomic technology and determine the best option fois¢rgptomic analysis in a
range of experimental conditions for yeast sulfur dadour compound metabolism,
both in-house and outsourced cDNA microarrays were sglm this chapter.

Affymetrix GeneChip® microarray chips have been availadilece the early
1990s. The earliest version of the Affymetrix Yeast Espion GeneChip series was

the Ye6100. Its dataset was derived from the dataadlaibs of September 1996
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from the SaccharomyceGenome Database (SGD). The second version (Yeast
Genome S98; YG-S98) was developed using open reading franméisiedeby SGD
as of December 1998 as well as those identified by MIPS (Munformation Center
for Protein Sequences) and other databases. The mest geray (GeneChip Yeast
Genome 2.0 Array) was released in 2005 and represented S, 8%&tevisiaggenes
(out of a possible 5,845) and 5,08thizosaccharomyces pomioanscripts (out of
5,031), derived from databases in 2004. This last one was thesdd in this study.
These two species diverged from each other more than Bldhngears ago and are
therefore the most genetically diverse yeast spetias gcientists study. Each
transcript is detected by 11 oligonucleotide pairs, which makesresults more
reliable.

My specific objectives of this chapter are as follows:
e To optimise the protocol for two-colour cDNA microarsay
e To analyse the common elements in gene lists geneirat@dbiological and

technical replicates in one-colour Affymetrix cDNA moarrays.

3.2. Summary of two-colour cDNA microarray methodology

The methodology for two-colour cDNA microarrays invav@any steps, such as
sample preparation, RNA isolation and purification, cDNynthesis, fluorescent
labelling, hybridisation to chips, washing and scanning, as iseeigure 3.1. Many
parameters exist within these steps that could be optimiiexeries of 13 batches of
two-colour microarrays were run, with between two ante nslides in each run,
totalling 64 microarrys. Between each batch, various patersiwere changed in an
attempt to improve the quality of the microarray slidesdpced. A summary of the
methodological properties of these microarray batgskown in Table 3.1.
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Figure 3.1 Schematic of the overall two-colour microarray s
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Table 3.1 Summary of the 13 batches of two-colour microarrays

No. of cDNA synthesis Coupling Hybridisation ,
Batch slides method method Method Wash Quality
L Cy3/Cy5 , [1x]
1 9 Non-kit using 42C [1x] Static 7x15 min Low
L Cy3/Cy5 , [1x]
2 9 Non-kit using 42C [1x] Static 715 min Low
L Cy3/Cy5 , [1x]
3 9 Non-kit using 56C [1x] Static 7%15 min Low
. L [2x] High (samples
Invitrogen kit using | Alexa fluor . .
4 4 46°C with acetic acid  555/647 Static 3x15 m_|n, from another
4x1 min student)
Invitrogen kit using | Alexa fluor . [2%] .
5 2 46°C with HCI 555/647 Statc | gqgmin| Medium
6 5 Invitrogen kit using | Alexa fluor Static [2x] High (used in
46°C with acetic acid  555/647 3x10 min Chapter 4)
7 8 4|g Xgr\?v%ﬁnalé'étfgg d Alexa fluor Static [2x] High (used in
or HCI 555/647 & a-hyb 3x5 min Chapter 4)
8 5 Invitrogen kit using | Alexa fluor Static [2%] Hég;uélijse?ilm
o . .
46 °C with HCI 555/647 & a-hyb 3x10 min (2009) article)
9 4 Invitrogen kit using | Alexa fluor a-hvb [2x] Low (wine
50°C with HCI 555/647 y 3x10min|  samples)
it v Cy3/Cy5 i [2%] High (used in
10 4 Non-kit using 56C [2x] a-hyb 3x10min | Gauci et al)
it e Cy3/Cy5 i [2x] Low (wine
11 2 Non-kit using 56C [2x] a-hyb 3%10 min samples)
Invitrogen kit using | Alexa fluor i [2x] .
12 3 46°C with HCI 555/647 ahyb g o min | Medium
Invitrogen kit using | Alexa fluor i [2x] .
13 3 46°C with HCI 555/647 ahyb | g igmin| Medium

Note: The non-kit cDNA synthesis method is outlined ict®a 2.6.1, Chapter 2.
The Invitrogen kit used was the Invitrogen SuperScript PluisecidcDNA labelling
system, outlined in Section 2.6.2, Chapter 2. The teatyes listed in the table are
those used during the 2.5 h extension period. To hydrolysantenverted RNA,
two methods were used for the Invitrogen kit — 1 M NaQid & M HCI as in the
protocol (listed in the table as “with HCI”) or 0.25 M NaGidd 0.2 M acetic acid
instead (listed in the table as “with acetic acid’heTyanine (Cy3 and Cy5) coupling
method is outlined in Section 2.6.3, Chapter 2 where [L&>] refers to the strength
of the cyanine dye, with [2X] using approx. half the vaduofi DMSO to dissolve the
dye as used in the [1x] preparation. The Alexa fluor (559/6dudpling method is
outlined in Section 2.6.4, Chapter 2. Sample hybridisatlescribed in Section 2.6.7,
was of two types, either static (under a coverslipyvitin circulation using the a-Hyb
hybridisation station. Slide washing was carried oulesxribed in Section 2.6.8 for
[1x] and in Section 2.6.9 for [2x] with wash times outlinedhe table above. The
complete raw microarray dataset for the published mtated microarrays from
Gauci et al. (2009), in which | am a co-author, is availadodine at the Gene
Expression Omnibus (GEO) database (Accession numberl 183B).

73



3.3. Slide guality

3.3.1. Hybridisation rate

In terms of the quality of two-colour cDNA microarrajides, a major question
that first needs to be addressed is what is actuadgninby “quality”. The most
important factor is the hybridisation rate, whichhe tate at which the coupled cDNA
attaches to the probes on the microarray slidesn ather words how many gene
probes have data. Figure 3.2 shows a single block witlirmicroarrays, one with a
low hybridisation rate and one with a high hybridisatiater Only the second

microarray contains usable data.
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Figure 3.2. lllustration of low (left) and high (right) hybricsion rates of two-
colour cDNA microarray slides. The image has been enlaoyskaw a
single block of each microarray (out of 24 blocks eachihe slide on
the left is from batch 2 while the right hand slidéraam batch 6.

3.3.2. Slide appearance

The appearance of the slide is an important factohénduality of two-colour
cDNA microarrays. Two-colour microarrays tend to haveias towards the green
dye, however, this is generally even across the siitl is compensated for during the
bioinformatic normalisation process. Problems withnmadisation arise, however,
when background noise is uneven such as in the left ariceqeanels of Figure 3.3,
where patterns can be clearly seen against the backgrolinel.first of these has
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massive red spots covering large sections of the miaypafocks and the second has
a “smudge” across most of the bottom half of the slileese cause two problems —
firstly, the background is uneven causing inaccurate resultbetaeported by
bioinformatic programs, and secondly, data from those dpatsare “underneath”
this interference are obscured.

Good quality spots have uniform fluorescence and a cirqgat that does not
interfere with the surrounding spots. In the right hantepaf Figure 3.3, bad quality
spots are shown. Where spots appear to have “tails)é s the fluorescence from
these spots have bled into the surrounding area, someiticiading covering the
surrounding spots, meaning that these spots cannot be atcuanadlysed. Another
issue is the “doughnut effect” where the fluorescencenmsven across the spot,
usually having fluorescence only on the outside of the sgdtis makes accurate
analysis difficult.

OO
" 0000 OQ

Figure 3.3. Examples of two-colour cDNA microarray slides withopdackground
quality (left and middle) and poor spot quality (right). Tt two
panels show the entire microarray slide with unevekdracind caused
by incorrect binding or insufficient slide washing. Therd panel
shows two separate issues with spot quality, namely §peeding into
the surrounding features and the “doughnut” effect where s
fluorescence is only seen on the edges of the spots andthe centre.
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3.4. Preparation of labelled probe hybridisation mixture

3.4.1. Yeast strains

The cDNA microarrays using glass slides were designed tisshgenome of the
laboratory yeast strains. Information from our indukfp@rtners indicated that the
industrial strains had lower hybridisation rates thart thistained for laboratory
strains. The microarray probes are specifically desigar laboratory strains and this
could account for this difference. Alternatively, thdustrial strains being polyploidy
or more robust could require fewer genes to be expressgetially under conditions
that may be considered “stressful’ for laboratorysyestrains. Batch 3 contained
microarrays for both industrial brewing strain A anbldeatory strain BY4743. Other
than yeast strain, these samples were prepared angethah an identical manner,
thus allowing the comparison of strain type on the qualityhe microarray data,
particularly hybridisation rate.

An example of the industrial strain microarrays atié laboratory strain
microarrays can be seen in Figure 3.4, which show higatjtiality of the two images
are very similar, despite showing very low hybridisatiates. This shows that strain

type is unlikely to be an important factor in a sucadssificroarray experiment,

despite what industrial sources have suggested.

Figure 3.4 Images of two-colour microarrays using laboratorgistBY4743 (left)
and industrial brewing strains A vs O (right) show sinhlalow
hybridisation rates. These arrays are part of batch 3.
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3.4.2. The effect of residual medium on RNA quality

Once samples were prepared, the yeast cells werefrezapr in liquid nitrogen
ready for RNA isolation. The last step prior to sfi@ezing is the removal of the
media from the yeast cells. The samples were deged and the medium discarded.
These were then centrifuged again and the residual meédid to 200 uL) discarded
by pipette. In order to test whether this second stegdeessary, two samples were
prepared, identical in all ways except that the residealianvas only removed in one
of the samples. RNA was isolated from both samaéesormal and compared on the
Bioanalyzer. The Bioanalyzer analyses the RNA fdrADcontamination as well as
RNA intactness. A clean chromatograph generally shbvee sharp peaks, showing
5S, 18S and 28S (from left to right) ribosomal RNA withaubroad peak around
50 sec that would indicate DNA contamination. The Bayrer chromatograph in
Figure 3.5 shows the normal sample without residual mediured and the sample
containing the residual medium is shown in blue. The 5S (@aknd 26 seconds) is
similar between the two samples; however, the 18286dpeaks (around 42 and 46
seconds, respectively) are much lower in the RNA sammalecontained the residual
media. This shows how important discarding all thedted media is in order to get

good quality intact RNA.
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Figure 3.5 Bioanalyzer trace of total RNA isolated from yeaatscwith (blue) and
without (red) residual media. The three main peaks at 26nd26 sec
represent the 5S, 18S and 28S ribosomal RNA peaks, regpgctiv

3.4.3. cDNA synthesis

Increased amounts of cDNA should result in a higherl leeoupled cDNA in
each reaction for hybridisation onto a slide, whicloudth produce higher signal
intensities on a microarray slide. Therefore, cDNynthesis optimisation was
considered. Two different cDNA synthesis methods wesed, each with slight
variations. These included a non-kit version usingviddial components as well as a
kit-based method using the ‘Invitrogen SuperScript PlusrantlicDNA labelling’
system.

Variations to these methods included an increase itethperature for the cDNA
extension step. While the non-kit protocol called fiis tstep to be at 42C, other
protocols using SuperScript Il reverse transcriptase adtisedise of 50C while
42°C was more commonly used for SuperScript Il reverse drgtase. The
Invitrogen kit method used a temperature of°@ A temperature of 56C was

trialled for the extension step for both of these mesh
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There was a large variation in the cDNA concentratidetween batches and
within the same cDNA synthesis batch. cDNA conaituns throughout the entire
project from the non-kit method at 42 resulted in 2.9 to 156.8 while at 80, the
cDNA ranged from 11.2 to 201.3 pg/uL. The lower temperature averaged 49.2 pg/ulL
(n=40) and the higher temperature averaged 76.6 pg/uL (n=70). While the spread of
these cDNA concentrations greatly varied, the minimumaximum and average
showed that increasing the temperature to°G0for the extension process was
advisable. The main question was whether this increasqzbtatare would have an
effect on the microarray quality. Batch 2 used@and batch 3 used 5Q, however,
they both had low microarray quality with a low hybratien rate, indicating that the
temperature of the extension step as well as the coatientof cDNA (beyond a
threshold) has little effect on quality.

An important part of the quenching step to hydrolyse themverted RNA is the
neutralisation of the pH. The original method comprisihgndividual components
advised that equal volumes of the acid and base used in thehingestep should turn
PBI buffer (supplied with the Qiagen QiaQuicRCR purification columns) yellow.
The Invitrogen method used a higher concentration of NEIOM instead of 0.25 M)
and HCI (1 M) instead of acetic acid (0.2 M). Howevke, inore concentrated NaOH
and HCI did not turn the solution yellow, so the lesacentrated NaOH and acetic
acid were trialled as well since they did result ireloyv colour when combined with
the PBI buffer.

The non-kit methods were capable of obtaining higher cDbiFcentrations than
the Invitrogen kit methods, as shown in Table 3.2. Thiketalso shows the effect of
temperature on both the non-kit method and the Invitrogamd¢hod using HCI. An
increase in the extension temperature from°’@2to 50°C for the non-kit method
increased the cDNA concentrations. However, the testhpe increase from 4€ to
50 °C for the Invitrogen kit method using HCI resulted in wédo average cDNA
concentration. These results showed that the begidrature for the non-kit method
is 50°C and the best temperature for the Invitrogen kit-basettiod was 46C.
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Table 3.2. cDNA concentrations obtained through different sysihenethods.

Range fig/pL) | Average(pg/pL) N:;nn?sl:agf
BERES  wows | ws | w
N?ngﬁg e 2.9t0 156.8 49.2 40
N?ngﬁg mehod 11.2 t0 201.3 76.6 70

An important aspect to consider is the labelling efficiesicof these methods,

which is addressed in the following section.

3.4.4. Fluorescent dye coupling

In order to visualise the cDNA on the microarray, ti@NA is coupled with
fluorescent dyes, either the cyanine dyes, Cy3 and Cil3ecAlexa Fluor 555 or 647
dyes. Cy3 and Alexa Fluor 555 appear as a green colour whsleuiAlexa Fluor
647 appear red.

Figure 3.6 shows the comparison of the cDNA conceontraii samples after the
cDNA synthesis step and their corresponding labelled pcobeentration after the
labelling step, including data from samples that did cooitinue to the hybridisation
step. This shows that while the non-kit method resuitedhe highest cDNA
concentration, the Invitrogen kit method resulted in tiigher level of dye
concentration, showing that this method enables high cauefficiencies.

The previous section showed that, on average, the Invitrkigemethod using
acetic acid as the quenching acid obtained higher coatients of cDNA than the
method using HCI, this graph shows that there is a logielation between the cDNA
and dye concentrations for the HCI method, with a 89%etation (see Figure 3.6)
compared to 5% and 11% correlation for the Invitrogen kithoe with acetic acid
and the non-kit method, respectively (data not showinis result, coupled with HCI
being the recommended quenching acid by Invitrogen, has ledpusféo HCI as the
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guenching acid over acetic acid. There was no visiblerdiftee between the various
methods in terms of microarray quality.

Our experience during this optimisation process suggestshindiest microarray
results can be obtained by ensuring only samples withNAcconcentration of 10
ng/uL or higher using the Invitrogen kit method with HCI and a dye @omration of
1 pmol/uL using Alexa Fluor dyes are hybridised onto the slides. edetthresholds
are not met, there is a much higher chance of theoami@ays being unsuccessful.
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Figure 3.6. cDNA concentration vs labelled probe concentratiomuged by the
cDNA synthesis method used. Legend: Samples made ubkag
Invitrogen kit using acetic acid cDNA method are indidabg the dark
blue diamonds, those made using the Invitrogen kit using HCGil@wn
as pink squares and the non-kit samples are reprddantée light blue
triangles.

3.5. Microarray slides

Once we have labelled cDNA, the next step involves thegahmicroarray slide.
The microarray slides were purchased from the RamaCietitre at the University of

New South Wales and this process was out of our convel.were able to access the
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printing records afterwards, which allowed us to deterntime effect on the
microarrays of the time that had passed between glidéng and hybridisation, of
the manufacturing batch in which the slides were madetlse blocking protocol used
just prior to hybridisation.

Each microarray was visually examined using GenePixgargh a score between
0 and 5 (5 being the best) for three different quality patars, namely the number of
spots (or hybridisation rate), the background quality andjtiadity of the spots.

3.5.1. Slide age

As shown in Figure 3.7, there was no correlation betwie age of the slides and
the background quality or the hybridisation rate, howetr,only microarrays with
guestionable spot quality were those that were more thamohéhs old. Despite this,
we recommend that slides are used within six months atiqgi

5 [ | HE Em | [ |
He A & Background Quality & ¢
4 me o me W Spot Quality . &
_ e A A # of Spots A m
g
@
S 3 » o Ak |
Lo
\ul A AM A
2
‘E 2 *A A A n
o
A A A
1 L A
A A
O A T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20

Slide age (months)

Figure 3.7. Visually determined quality ratings vs the age of theroarray slides in
months. Legend inset.
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3.5.2. Slide printing batch

During the duration of the optimisation process, we ivecemicroarray slides at
various points, however, they all were part of four goxg batches. The four slide
manufacturing batches did not appear to have a large ingpatite quality of the
results, as shown in Figure 3.8, although batch 2 had Iepegrquality, batches 1 and
4 had lower numbers of spots and batches 2 and 4 had laskgrbund quality,
although all of these had at least one slide that esbah acceptable quality level.
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Figure 3.8. Visual determined quality ratings vs the batch of slidetipg.

3.5.3. Slide blocking

After delivery of the pre-printed slides but before hybdti@n, the slides were
blocked, to ensure that anything that had attached during awuard, transport and
storage were removed. This involved a process of washenglites. Hegde et al.
(2000) found that if cDNA microarray slides are not used ewhiately after the
blocking process, there is a decrease in the efficiehbybridisation, particularly if it

is left for more than an hour.

83



Initially, the slides were blocked a maximum of thre@risan advance, but were
kept in a dust-free box after blocking, which would have redubis risk. Later, we
ensured that slides were blocked no more than half an lbefore hybridisation.
However, the time between the blocking process and hghtidn did not appear to
impact the quality of the microarrays.

Another blocking method was attempted during batch 4 of teoarrays. This
was shown not to have any influence on the quality efdides, so the original
blocking method was retained.

3.6. Hybridisation and washing

The fundamental basis of microarray technology isgpecific hybridisation of
each probe on slide to the labelled complementary tahgetg the hybridisation
process. Considerable efforts were therefore sperisnstep. cDNA samples
labelled with either the Cy3 or Alexa Fluor 555 dye ev@ombined with their
corresponding samples labelled with either the Cy5 ex®IFluor 647 dye and then
hybridised onto the slide. Once the probes were hybridiserithe microarray slides,

the excess was washed off before the slides wereegtann

3.6.1. Hybridisation method

Two hybridisation methods were examined: static and flulthe static method
made use of capillary forces and a coverslip to haddhybridisation fluid in place
over the microarray slide during hybridisation. Thedlaethod utilised a machine
called the a-hyb hybridisation station, which activelymped the hybridisation
mixture across the slide, allowing the probes more acteshe slides. While this
hybridisation method did not appear to improve the hybtidisaate, it did seem to
reduce the chance of an uneven background.

84



3.6.2. Slide washing

After hybridisation overnight, the microarray slides ravevashed to remove
unhybridised cDNA and dyes. Different wash durations dndgency were used
during the optimisation, and these found that the moregsint wash cycle for a
medium duration of time obtained the best results imseof background and spot

quality.

3.7. Optimised protocol

After the complete optimisation process, the protoetdw was established as the
one that would result in the best quality microarragiesli possible. It needs to be
mentioned that this protocol was also described in detaile chapter of Materials
and Methods, Chapter 2 (in the sections specified below).

1. Sample preparation: Remove all residual media fronséineples prior to snap-

freezing them.

2. RNA Isolation: As outlined in Section 2.5.1. RNeasyaoleip columns are
recommended, as described in Section 2.5.2. Ensure ¢hRNA is of good
guality and is intact, as described in Section 2.5.3.

3. cDNA synthesis: As outlined in Section 2.6.2 using the IngéroSuperScript
Plus indirect cDNA labelling system. Ensure that theceotration of cDNA
is above 10 ng/uL before continuing to the next step.

4. Dye coupling: As outlined in Section 2.6.4, using Alexa fluorsdy&nsure
that the dye concentration exceeds 1 pmol/uL for the relevant dye (either 555
or 647) before continuing to the next step.

5. Blocking: As described in Section 2.6.6, within an hounyddridisation.

6. Hybridisation: Either the static or fluid protocolssdebed in Section 2.6.7,
although if the choice is available, the a-hyb hybridisatmachine is the
preferred choice.

7. Washing and scanning: Follow the washing protocol as describ8ddition
2.6.9. Within 2 h of washing, scan the slides using a Gensfairner as
described in Section 2.6.10.
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3.8. Overall assessment of two-colour microarray quality

Optimisation of the two-colour microarrays led to #uguisition of reliable good-
quality data for both a hydrogen sulfide project (theltesaf which are the subject of
Chapter 4) and a zinc project (which resulted in a publicatioGdoyci et al (2009)).
However, in order to obtain these meaningful resuoiemy arrays had to be processed
because of the occurrence of some unsuccessful omedy-six of the 11 zinc
microarrays scanned were used in the publication (Gawdi,€2009) and only eight
of the 27 scanned for the,&l experiments were usable due to the low hybridisation
rates or high background seen with the remaining microarrdys addition, six
microarrays were analysed using wine samples from pilesfermentations, with
none of these providing good quality data.

Thus, the inconsistency of two-colour microarray qualiecame an issue, which
led me to investigate the one-colour Affymetrix micrags;, particularly because the
financial benefit of the two-colour system is elimgtby the large number of
unusable microarrays produced in addition to the usable ones.

3.9. One-colour Affymetrix microarrays

The table over page, Table 3.3, shows that the onexckblymetrix microarrays
were of high quality for each of the four batches uséthen comparing this data to
the data in Table 3.1, it is clear that the one-coloifiymetrix microarrays are more
consistent with their high quality data. It is for themson that we have employed the
one-colour Affymetrix system in the transcriptomic gerpression profiling studies
of the following chapters, despite the improvements ssemg the optimised protocol
and the publishable data obtained during this process.
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Table 3.3 Summary of the four batches of one-colour Affymetnicroarrays.

No. of _ i
Batch slides Description Notes Quality
Pilot-scale wine Same RNA samples as

1 2 : used in Batches 9 and 1L High (used in Chapter 6

fermentation (96 h) X
in Table 3.1
2 12 Nitrogen and sulfur High (used in Chapter 4
samples

Lab-scale grape juice . .

3 12 wine fermentation (48 h) High (used in Chapter 6
Lab-scale grape juice 1 microarray was an . .

4 12 wine fermentation (96 h)| outlier and was discarded High (used in Chapter 6

3.10. Replicates for one-colour Affymetrix cONA microarrays

Microarray experiments generate large amounts of ddia.order to achieve

accuracy, replicates for each treatment are carrigd orhere are two types of

replicates — biological and technical. Biological reqitles involve separately prepared
samples for a treatment and technical replicates ievahalysing the same sample
twice or thrice, as shown in Figure 3.9. Biologicaplicates measure the actual

differences related to the biological entity such asepts or yeast whereas technical

replicates measure the differences related to timodagy and experiment itself.
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Figure 3.9. Schematic of the differences between technical andodl
replications, specifically in terms of microarrays.

Three biological replicates are generally thought tdhgeminimum requirement
for one-colour microarrays, with technical replicated usually used. However, in
some cases biological replicates are not possiblebtain, such as in the case of
Chapter 6 where only a single biological replicate qilat-scale fermentation was
possible due to equipment limitations. This work aims terdene the usefulness of
replicated data within the one-colour Affymetrix micr@arplatform — will the same
reliable data be generated from microarray data with twe,or three biological
replicates? Is there any need for technical repkCatéf fewer replicates generate
similar data, doing so will save a third or half of teeaurces required, and will allow
microarrays from experiments that require limited eqeiptrsuch as our pilot-scale

fermentation.
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Most single-channel microarray experiments no longertasknical replicates,
due to the high reliability found in the system. Howewerterms of the generation
and comparison of gene lists, no study has determined whétheise of technical
replicates are in fact not necessary and do not add amyssgnificance to the data.

These questions will be answered by examining severaletisitdmt exist within
my research group, including a set that has technical digliof a biological

triplicate.

3.11. Methodology for replicate comparison in one-colour

Affymetrix microarray

| am more interested in the actual gene lists ratier the statistical implications
of using different levels of replication within the ooalour Affymetrix microarray
platform. Datasets that contained replicates weatyaed as if biological or technical
replication had not occurred and then the ANOVA listgefies compared between
the datasets to determine the level of differencesr demm the inclusion of
replication.

This examination of replicates uses the following:

e PCA plots generated through the bioinfromatic progranteRar these plots
show the overall similarity between samples and fhdretgrouping has
occurred.

e ANOVA lists of gene expression fold change (through étart- these lists
show the gene expression differences caused by the ém@atm

e XY scatterplots — These graphs compare the fold chaing@articular gene in
one list with that of another. This is useful in detming correlation. The
XY scatterplot shows the similarity of the entire asst.

e Venn diagrams — An online Venn diagram generator calledi®@angavailable
at www.pangloss.com/seidel/Protocols/venn4.cgi) wa®du$o generate
numbers of common genes, etc between various listsgoificant genes.
Venn diagrams used for illustrative purposes in this chaptee created using
Venny, an online tool (available online at
http://bioinfogp.cnb.csic.es/tools/venny/index.html).

e “Commonality graph” — Another graph, here | have callexd“commonality”

graph, was created to determine the fold change levelewtigferences
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between datasets can be seen. This separated thécaigngene into three
categories — firstly, a “common” category with geilest were significant in
all of the datasets, secondly, the “false positivéégary containing genes that
were significant in the partial dataset but not in toenplete dataset, and
finally, the “false negative” category containing gerfest twere significant in
the complete dataset but not in the partial datasdts. rdnge of fold changes
of the genes that fall into each category can theitydas seen, such as in the
graph in Figure 3.14.

3.12. Comparison of bioinformatic programs Partek and

GeneSpring

Firstly, | wanted to ensure that the results fronfiedéint bioinformatic programs
would be similar. Two of the most popular bioinformaifograms at the time were
Partek and GeneSpring. The ratios (treated vs controiergeed via the two
programs using the same gene data were found to be atteostal with over 99.9%
correlation. A comparison of lists of significanteiftered genes found that only one
gene different between the two lists. This indicalbes the same results are obtained
when using either of these two bioinformatic prograr@sce the results were almost
identical but Partek was easier to use with one-coldiym#etrix microarrays, Partek
has been used for the remainder of the analysis forcolper Affymetrix

microarrays.
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R?=0.9992

Gene ratio (Partek)
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Figure 3.10. XY scatterplot of the gene fold ratios obtained tigio Partek (y-axis)
compared to those found using GeneSpring (x-axis) with the sam
data.

3.13. Technical replication of one-colour Affymetrix microarrays

This section asks whether the accepted view of nosinglitechnical replicates
within the one-colour Affymetrix microarray platform vgarranted, or whether their
inclusion adds something to the results. The datasetfaselis comparison was
generated by colleagues who carried out an oxidative sikpesiment in biological
triplicate and included technical duplicate microarrays &iatistical reasons
associated with comparisons with metabolomic data ¢@dpty, Wu and Higgins,
personal communication, 2009). These files were themyseth as if technical
replication had not occurred and then the ANOVA listgefies compared between
the three datasets (being each of the two technicatagplsets individually and also
the gene list as a result of analysing both technigdicedes together) to determine
the level of differences, if any, that would resubbnfr the inclusion of technical
replication.

Principal component analysis (PCA) illustrates the alesimilarity between
samples (microarrays in this case). The positioraufh sample in relation to the
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others shows the similarity and grouping between samplese components of

difference are mapped out in 3D, where the highest ld\difference (called the first

principal component, or PC1) is represented on the x-dndssécond, PC2, on the y-
axis and the third, PC3, on the z-axis.

The PCA plot for this dataset showed definite separdietween the six control
microarrays (represented by the diamonds) and the @atett microarrays
(represented by the circles), as shown in Figure 3.11s graph shows that while
there is a difference between the biological repdsafor each set, the technical
replicates for this data practically overlap. Thestfiset of technical replicates is
represented by red shapes, hereafter called “Set A'thendther set is represented by
blue shapes, hereafter called “Set B”. The entireseataith all 12 microarrays are
hereafter called “Set AB.”

&

< ®
&

e l
0

Figure 3.11 PCA plot of a microarray dataset using biologicaplicates and
technical duplicates. Key: Diamonds are control sampl@sles are
treated samples, Red represents the first technickdaep(Set A) and
blue is the second technical replicate dataset (Set B).
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The degree of similarity between these technical ref@& was determined by
normalising the three datasets (A, B and AB) separateRMA and using ANOVA
to generate gene lists. The XY scatterplot in Figure 3H®ved that there was a
correlation of approximately 98 % between the gene expressid change of the
technical singlet datasets A and B and that of the teghdiiplicate dataset AB.

30 4

y =1.0072x
s} R?=0.9824
f 25 -
(]
7]
% y = 0.9978x
o R?=0.9811
@ 201
©
Q
B
3 15 -
©
0
ey
S 10
Q
S # Ratio of Set A
o
= 5 .
5:5 H Ratio of Set B
O T T T T 1
0 5 10 15 20 25 30

Ratio of technical singlet dataset A or B

Figure 3.12.XY scatter plot comparing the ratios of technical ®ngdplicate sets A
(orange) and B (blue) over the technical duplicate dateBet A

While Figure 3.12 demonstrated a high overall correlatlmnpoint of microarray
experiments is to determine which genes are significahtinged by the treatment.
Lists of significantly altered genes were generateceémh dataset and compared to
show the number of genes and the corresponding fold chariglbese genes that fall
into three different categories: common to the texdirginglet (either set A or B) and
the technical duplicate AB or unique to either list, asigeeTable 3.4 and Figure
3.13. The complete dataset with technical duplicate cwutal24 down-regulated
and 66 up-regulated genes, with fold changes ranging freiit8 to 27.1.
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The comparison showed that 97% and 95.5% of the up-reggjates in Set AB
were also present in Sets A and B, respectively. dbwen-regulated genes were 96%
and 96.8% present in Sets A and B, respectively. Howderguestion remains
about the impact of the other genes, which fall into tategories — the false positives
that are significant in the singlet datasets but atesigmificant in the duplicates, and
the false negatives which are significant in the duplicatgésot in the singlet dataset.
If only a singlet dataset were used, the false positiedd be incorrectly included in
analysis and the false negatives would be incorreeftyolut of the analysis. While
there are not many of these genes, the importargidenation is that of the fold

changes of these.

Table 3.4. Number of genes and their fold changes for technipditege analysis.

Set “A” vs “AB” Set “B” vs “AB”
up 64 63
(up to 27.87) (up to 27.38)
Common to both o 119 120
(down to -11.58) (down to -13.13)
6 2
False positives up (up to 2.07) (up to 2.12)
(Unique to singlet) down 5 18
(down to -2.04) (down to -2.51)
2 3
False negatives up (up to 2.08) (up to 2.16)
(Unique to duplicate) down 5 4
(down to -2.03) (downto -2.12)
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AB down A down

B down B up

Figure 3.13.Venn diagrams showing the number of genes that arenooror unique
to the technical singlets A or B and the technical dafdi@B.

The “commonality” graph in Figure 3.14 showed that the-oommon genes were
of low fold changes, indicating that if only one technigglicate was used, only a
few genes that are of low fold change would vary whiad #nerefore, of lower
significance to the overall results of a researchegtoj
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Figure 3.14. Commonality graph for technical replicates. Thengeaspots are those
from technical singlet Set A and the blue spots represergsggom
technical singlet Set B.

This indicates that the general rule of not includieghhical replicates has merit

and will save resources without compromising on theltsesu

3.14. Biological replicates of one-colour Affymetrix microarray

Biologically triplicated data are generally the suggéstenimum, especially for
publication, within the scientific community, although soomy use duplicate (Mira
et al., 2009). However, especially with cultures as oppdsetissue or biopsy
material, it may be possible to get very similar reswith fewer biological replicates.
This is relevant in situations where biological refbsaare not possible due to the
lack of resources.

The real impact of biological replication on the oumeoof a research project was
determined by comparing the three possible singlet dataseB 4Ad C) to the three
possible duplicate datasets (AB, AC and BC) to thdidate dataset (ABC) of the
first technical replicate of the oxidative stress ekpent described above. The PCA
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plot in Figure 3.15 shows the three corresponding biolbggdicates that make up

this microarray data, with orange representing Set A, t#peesenting Set B and

purple representing Set C. There is a distinct diffezebetween the treated and
control microarrays for the first principal compond®C1) on the x-axis, which

accounts for 37.5% of the differences between the smmphereas PC2 accounts for
23.1%.

PCA Mapping (60.6%) Replicate |=A=B=C
Array Type | «Controle Treated

R S

65;

501

) L J

20

24

54

70 4 s
-80 ) -64 -49 -34 -19 -5 10 25 40 55 70

Figure 3.15.PCA plot of the biological triplicate dataset. D@mds represent the
control microarrays, circles represent the treatedraarrays, orange
represents Set A, blue represents Set B and purple regr&sar.

The XY scatterplot in Figure 3.16 shows that the sintyldrvetween the duplicate
sets and the triplicate set is over 95.3%. The cospamwith the singlet data shows
that while two of these (A and C) are over 88.9%, SBa865% correlation. While
this shows that duplicates are more closely correlated,therefore more accurate,

the data for the singlet datasets are still promising.
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Figure 3.16. XY Scatterplot of biological replicates. See insmt the legend. The
equations and Reorrelation values for each trend line is shown in the
corresponding colour.

Figure 3.17 shows the actual numbers and Figure 3.18 betmsghe proportion
of genes that are common or unique in each dataset. Theocoand false positive
categories (blue plus green) that add up to 100% in the @eh are those genes
that would appear in the significant list if only duplesitor singlets had been tested.
The false negative category (orange), on the other haadthase genes that the
triplicate data deemed significant while the duplicasinglet data suggest that they
are not significant, thus being missed if only duplicatesirgglets were analysed.
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Figure 3.17.Number of genes that are common or unique to the bezbgeplicate
datasets, with a fold change cut-off of 1.5. Legend inset.
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Figure 3.18.Proportion of the common, false positive and falsgatige genes in the
biological replicate datasets, with a fold change ctibbfL.5. Legend
inset.

Percentage of Genes from Gene List
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While the common genes are the prominent feature ofitiplicate datasets, the
singlet datasets contain many false negatives anddatsgves. This suggests that at
least duplicate data is advisable. However, when lookingeafold change of these
three categories in Figure 3.19, it is clear that tlggsees that are different (either
present when they should not be or absent when thaydshe present) are of low
fold change. This indicates that while replicatiomiportant, data from experiments
where only single biological data is possible such as itbegeale fermentation can
still be meaningful in a research study.

40 -
A Duplicate Set AB

: A Duplicate Set BC
30 1 A .
A A Duplicate Set AC
f A @ Singlet Set A
20 1 2 @ Singlet Set B

Singlet Set C

"False positives"
(Unique to Duplicate /

‘ ‘ ‘ i Singlet sets)
‘ “ Arabo AAAGO
A ' YYY Y IYYYX )
"False negatives"
2.
*

10 4

Fold Change of Triplicate Set ABC

.10 (Unique to Triplicate set)

Common to
20 4 Triplicate Set

Fold Change of Duplicate / Singlet Sets

Figure 3.19. Commonality graph of biological replicates. Legeneins

The genes that are not common are of lower fold clwaBoge are therefore
assumed to be of less significance to the reseafie way to see whether this is
indeed the case is via functional specification (FunSaealysis, which groups genes
based on the function of the genes. The above asalged a cut-off of 1.5, but for
this part | used a cut-off of 2 to allow a manageable nurobgenes to be properly
analysed. The Venn diagram in Figure 3.20 shows the groupitige agignificant
genes. For this exercise, the up and down regulated yenesombined.
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To allow for an easy comparison, each FunSpec categdhe triplicate dataset
results was assigned an unique number, as shown in Talderged by the p-values
of ABC. The number of genes in each category withirdti@icate datasets is similar
to that of the triplicate dataset. There were foategories in ABC that contained
more than five genes. These were also the top cagsgorithe duplicate datasets.
This suggests that the duplicate dataset would result itasimolecular mechanisms

within the research study.

Figure 3.20.Venn diagram showing the grouping of the significant gentsavcut-
off fold change of 2. The Venn diagram was generated) uk&Venny

online tool.
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Table 3.5. FunSpec analysis of the significant genes (above 2 db&hge) from
triplicate dataset ABC and duplicate datasets AB, BCA(Ddising MIPS
functional classification (Robinson et al., 2002). Eeategory has been
assigned a unique number.

11213456 ]|7]|8]|9|10]11]12|13|14[15]|16|17|18[19]20]|21(22[23|24

ABC |22|11|7 |6 ]|5|5|5|5|5|5]|4|4]|4|4]14|3|3|3|3]|3[2]|2[2]2

AB 121|117 |5|5]10|5|4|5|5]|4|4]|4]14]4|3]|3|3|3]3]2]|2]|2]2

BC |20]19|8|6|5|5]|5]|5|0]5]|4]3|0)4([4]3|3|]0(3]3]|2(2|0])0

AC |23]9|6|5|5]0]|5|4|0|0]|5)4]|4)14]4|3|3|3|3]|3|]0]2|0]0

3.15. Duplicate vs triplicate analysis in published data

After noticing the trend continued for other microarratadats within the research
group, | wanted to test whether it would also be torettiat of a microarray dataset
that was completely processed elsewhere and had beashpdbl This publication
tested yeast cultures under the stress condition of 8%n&, 60 g/L glucose
compared to the normal condition of 0 % ethanol, 20 g/caga. While Alper et al.
(2006) examined both the wildtype yeast and a mutant straly the wildtype yeast
data was compared here (data accessible at NCBI GECadatébdgar et al., 2002),
accession GSE5185). Raw data files obtained through GE® avelysed using
Partek.

The degree of similarity between the duplicate data¥&fs,YZ and XZ and the
triplicate dataset XYZ, is high as seen in Figure 3.2th worrelation levels of at least
95.8%. As shown in Figure 3.22, the same trend was seem e genes that were
unique to either the duplicate set or the triplicatewsse of very low fold changes,

therefore being of minor significance to the overadults.
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Figure 3.21. XY scatterplot for the duplicate vs triplicate dataset

The triplicate dataset contained 190 significantly downdeggd and 67 up-
regulated genes, with a total of 257 significant genes. i€aiplsets XY, YZ and XZ
contained 90.3%, 97.7% and 91.1% of these genes, respectivbegse genes that
were not common between the sets (the false negativkdalse positives) were of
low fold change, illustrated in Figure 3.22, like the ex®given above.
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Figure 3.22. Commonality graph comparing duplicate and triplicate degadeegend
inset.

3.16. Mouse back skin microarray replicate analysis

Yeast cell cultures are more likely to be more bi@ally similar to each other
because of more-controllable parameters. Is it pessbéxtend the replicate analysis
to studies that involved tissue samples rather than galigres?

This question might be answered using one-colour Affymetii#ta (data
accessible at NCBI GEO database (Edgar et al., 2002),samté€3DS2629) from a
study which tested biological triplicate samples of gkirm the backs of embryonic
mice to examine epidermal differentiation in knock owgghe wildtype mice (Yu et
al., 2006). As before, the raw data files were analysed U2artek. Correlation
between the duplicate sets and the triplicate se6@&#, 32.7% and 44.1% for the
two duplicate sets named KM, LK and LM, respectively. Manythe significant
genes above a fold change of 2 were common to duplicatetrgplicate dataset.
However, the commonality graph in Figure 3.23 showsttie@ffold change of genes

unique to one group (the false positives and false negatved)igher than seen in
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the situations above, including a gene found in Set Lfaldachange of 12.7 which
would be considered to be extremely significant but whiolld/not be present in the

triplicated data.
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Figure 3.23.Commonality graph for a microarray experiment involviagnples of
the skin from the back of mice (Yu et al., 2006).

This shows that for samples involving tissue samplese tisea larger difference
and triplicated data is always advisable, while for yeasdture microarrays fewer
replicates, when necessary, will allow reliable ac®udata, due to the inherent low

variability between cultures.
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3.17. Discussion

3.17.1.Two-colour microarray protocol optimisation

Gene expression analysis is very useful in undedsigryeast metabolism and the
molecular mechanisms involved in various treatmentdNADicroarrays analyse the
expression of every gene in an organism at the same tiAtethe start of this
research, two-colour microarrays were commonly used tduéheir lower cost,
however sometimes resulted in low hybridisation rateliginly uneven background
noise. Considerable time and efforts were spent dimng these two-colour
microarrays, as described. According to the results64ftwo-colour arrays
performed, the cDNA synthesis method based on an Igetrckit, using an a-hyb
hybridisation machine and a quicker stringent washing protesulted in high
guality microarrays with good hybridisation rates in fofehe 13 batches. However,
to get these high quality data, many more slides had todmegsed because of the
occurrence of inconsistency. For example, only sixth&f 11 zinc microarrays
scanned were of publication quality (Gauci et al., 2009) and eight of the 27 kb5
microarrays scanned were able to be analysed in Chapteywi.hybridisation rates
or an uneven background is a major issue. Importantissfmeconsider during the
two-colour microarray process are to remove the resitedium from samples prior
to snap freezing them in liquid nitrogen for RNA isolatiamd to ensure optimal
hybridisation by using at least 10 ng/uL cDNA and 1 pmol/uL labelled probe
solutions.

The inconsistency of these microarrays led to the tigat#n into the one-colour
Affymetrix microarray platform. Four batches of Affgtnix cDNA arrays were
carried out, all of which resulted in high quality micrags, the significance of which

were described in Chapters 4 and 6.

3.17.2.Replicates of one-colour Affymetrix microarray

An important parameter in microarray experiments & design of replicates,
namely, biological replicates, where separate sangiflestreatment are analysed on
individual chips, and technical replicates, where the sangle is analysed more

than once.
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The data shown in this chapter demonstrate that techeaation in one-colour
yeast Affymetrix microarrays are not necessary, duehe&o very high correlation
between a singlet technical replicate and that of aichipl The few genes that were
different had very low fold changes, suggesting thatatided technical replicate
would not provide significant benefit to the researchis itnportant to note that this
replicate analysis is only relevant to the one-colafiymetrix microarray platform.
The two-colour microarray system discussed in tha fialf of this chapter has the
added complexity of a requirement of a dye-swap replicaithker biological or
technical, due to the differences seen between the dyes

A very high correlation exists between biological duplexe biological triplicate
data in one-colour Affymetrix arrays. The differentetween these two groups are
minimal with relatively few genes varying betweee iists. Those that are different
have very low fold changes between the treatment amaatosuggesting no effect on
the overall study. The data in this chapter from dffeérsources (Figure 3.19 and
Figure 3.22) indicate that biological duplicate datasetscapable of producing very
similar results while cutting the costs by a third. T™osvnside, however, is that it
makes statistical output less accurate. Thereforerenpassible, biological triplicate
is suggested for one-colour Affymetrix microarrays, hesve duplicates would be
acceptable where necessary, for example, in theoéaseoutlier in the data described
in Chapter 6.

Is this the case for microarrays using higher organismsaore complex types of
samples? While duplicate datasets from mouse tissu@amiays showed similarity
with that of the triplicate datasets, those genesdtadifferent had much larger fold
changes (up to 12.7) than those from yeast cultures @@@3). Tissue samples
have more biological variation than a cell culture, & reduction in biological
replicates is not wise for cDNA microarrays.

Furthermore, comparison of biological singlet data & tf triplicate data shows
that the correlation was less reliable despite twthefthree possible singlet datasets
having good correlation of approximately 90%, with the o#ie86% (Figure 3.16).
The genes present in the singlet data but absent frentrifilicate data are false
positives, whereby they falsely suggest that the changes eaused by the treatment.
While singlet data contain many genes that are comnitmthat of triplicate data,
the difference lies in the number of false positivathw the data, which would
confuse the results. Despite this, due to the genesralifferent being of low fold
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change (Figure 3.19), this study suggests that where negebsgrstill could provide
meaningful data. While not suggesting that researchergyehana singlet dataset
methodology, this research suggests that when replicatioot possible due to lack
of resources or the scale of experiments, such as inag® of the pilot-scale wine
fermentation of this project, singlet datasets cdhgstie researchers an insight into
the molecular mechanisms involved. This is because tresgersent in the singlet
dataset with high fold changes were generally found tdsoepaesent in datasets with
multiple replicates as shown previously. Where possibiyever, biological
triplication is always preferable to ensure the accucd@xperimental data.

So much was learnt, in terms of the intricacies DNA microarrays, from the
works of this chapter, which formed the bases of the ggpeession analyses for the
effects of sulfur and nitrogen (Chapter 4) and the finingntsgepectin and
carrageenan (Chapter 6).
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Chapter 4: Application of cDNA microarray in studying

yeast sulfur pathways

4.1. Introduction

Wine’s organoleptic qualities are determined by a rangdagbdr compounds,
including alcohols, esters, monoterpenes and thiols. rtumately, the off-flavour
hydrogen sulfide (kB) in the finished product is a problem often encountemned i
fermentation industries. J3 is monitored during wine fermentation. As discussed in
Section 1.5.5, Chapter 1, its intense rotten egg odouwenydiow threshold of only
10 ppb makes it highly undesirable. Closely linked to the lmdéitan of HBS is sulfur
dioxide (SQ) with a much higher threshold of 25 ppm, as previously destrwhich
is also important to winemakers due to its antioxidant ptmser The production of
H.S and S@ as intermediate metabolites by yeast cells is ifeily related in the
so-called sulfur pathway (Linderholm et al., 2008). Previstudies carried out with
wine yeasts demonstrated that formation @& Hs a response to nitrogen depletion
(Jiranek et al., 1995). Consequently, research and wineghgkactice have found
that supplementation of di-ammonium phosphate as aeairnitrogen can reduce
the production of BB, whilst the addition of cysteine in media or grapesjuncreases
H,S. Following the completion of cDNA microarray opisiation as described in the
previous chapter, here, the optimised protocol was usedamiee the effect of
nitrogen and cysteine addition on the metabolism, qdatily the sulfur pathway, of
the yeast lab strain BY4743. The gene expression profiliogn fhe two-colour
microarray was supplemented with one-colour Affymetrixcromrrays. It is
important to keep in mind that the concentrations of rottmanpounds in wine or
media could influence how nitrogen is metabolised by yeewst thus there must be

caution in extrapolating findings into the larger winemgkield (Torrea et al., 2011).
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4.2. Methodology

Relative HS production was analysed using a silver nitrate infused nae@br
over a 96-well microtitre plate, as described in Sect3.1, Chapter 2. This
captured the k6 being produced during yeast growth in the microtitre ptaraing
the silver nitrate into silver sulfide, appearing as blgekson the membrane.

As described in Section 2.9, Chapter 2, the ammonium sudiad / or cysteine
treatments for the microarray analysis were preparaeésyspending pellets from an
overnight ORgo 1.0 culture into the treatment media to ang®Mf 0.2 and grown
back up to an O of 1.0. Four media conditions were used — 30 g/L ammonium
sulfate plus 100 ppm cysteine, 30 g/L ammonium sulfate onlypf@Ocysteine only
and a control without ammonium sulfate nor cysteinke yeast was grown up in the
fresh control and treatment media to anef 1.0 before the pellet was snap-
frozen, RNA isolated and microarrays carried out, usimgttvo-colour microarray
platform as described in Section 2.6, Chapter 2 andotiecolour Affymetrix
microarray platform, as described in Section 2.7, Chaptdtach biological replicate
for this experiment was prepared independently on separgtet@a@nsure accuracy.
Concurrently, samples of these cultures were grown anatiire plates and tested for
H,S production using the silver nitrate membrane described atmeasure that the
media was correctly prepared.

4.3. H,S concentrations were increased by cysteine and lowered b

ammonium

While the addition of cysteine increased the produatio,S, ammonium sulfate
(as a source of nitrogen) decreased its production, cagtitey the effect of cysteine,
as shown in Figure 4.1 on the next page. The media tigaesin the gene expression
analysis later in this chapter demonstrated that theeiogsonly media resulted in
very high HS concentrations, the ammonium sulfate plus cystem@ianresulted in
very low production concentrations, with ammonium sulfate control treatments
below detection levels. It is important to note thla¢ tgrowth seen for these
concentrations of ammonium sulfate (0 — 30 g/L) and @ysté0 — 100 ppm) in
minimal media remained constant, thereby showing tiatlack of HS production
was not due to poor growth caused by possible supplement ypXiait rather the

supplements themselves.
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Figure 4.1. H,S production in yeast grown in media containing a range of
ammonium sulfate and cysteine concentrations, detectec \@dver
nitrate membrane test.

4.4, Ammonium and sulfate ions

The silver nitrate membrane test was also used t@tiest sources of ammonium
and sulfate, such as ammonium chloride and magnesiunteswfaich showed that
the ammonium ion in (NF,SO, is the cause of the effect shown in Figure 4.1, with
no difference in KIS production when magnesium sulfate was used to thdteof
control and no difference in 8 production when ammonium chloride was used

instead of ammonium sulfate (data not shown).

4.5. |Initial gene expression analysis with two-colour microarrays

Initially, gene expression was tested using the two-cotddNA microarrays,
which was analysed using GeneSpring, as described in Sedi@nad?.Chapter 2.
Ammonium sulfate plus cysteine was compared to cystingological duplicate
with a technical dye-swap replicate. Cysteine vsrobaind ammonium sulfate plus
cysteine vs control were also tested, each usinghaitad dye-swap replicate. Dye-

swap replicates involve reciprocal labelling of sampteadcount for dye bias in two-
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colour microarrays. Ammonium sulfate up-regulated 62gemd down-regulated 58
genes, compared to the control. Ammonium sulfate pysseine up-regulated 138
genes and down-regulated 81, compared to cysteine only.ei@ystp-regulated 25
genes and down-regulated 45 genes, compared to the control.

Enrichment of the functional categories found in tignificantly altered genes
was determined by FunSpec (Robinson et al., 2002), as descriBedtion 2.8.4 of
Chapter 2. This analysis, shown in Table 4.1, reveaidasity in the enrichment
between ammonium sulfate vs control and ammonium teulfdus cysteine vs
cysteine, due to the presence of ammonium sulfate indmottitions. Many of the
adenine requiringADE) genes, such a&DE1, ADE13 ADE17, ADE4 and ADE2
involved in the purine nucleotide biosynthesis pathway, wereegulated in these
two microarray sets. The down-regulated categoriedvavieeavy metals, branched
chain amino acids and nitrogen metabolism. Interestingbsynthesis of cysteine
was up-regulated in the ammonium sulfate plus cysteinplsasompared to cysteine
despite both samples containing the same amount ofirggstendicating that
ammonium sulfate might affect this pathway, or prevasteine from accessing the
cell. The cysteine in the media up-regulates arginiosybihesis and the urea cycle,
while down-regulating the methionine and cysteine pathways.

The ammonium sulfate media also caused down-regulatioranaho acid
importation, particularly indicated b¥sAP1, which is the general amino acid
permease and is regulated in response to the availaldgentsource.GAP1 gene
expression was over 10 fold down-regulated for the rarcays involving ammonium
sulfate whereasGAP1 was up-regulated (+2.2) in the cysteine condition. The
ammonium sulfate treatments include ammonium sulfage the control (-10.7), as

well as ammonium sulfate plus cysteine over the oysteonditions (-12.3).
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Table 4.1. Functional enrichment of the genes significantly gemhby ammonium
sulfate and / or cysteine treatment, as determined BWSMrunctional
Classification, FunSpec (Robinson et al., 2002) using thectour
microarray platform. Enrichment was considered at 0.61. Up-
regulated categories are highlighted in red and down-reguatedories
are highlighted in green.

Category | p-value | Genes in category

Ammonium sulfate plus cysteine vs cysteine (two-colour microarrays):

Up-regulated genes:

RPL19B RPS11B RPS6B RPL21A RPL41A RPL4B
RPP2B RPL27B RPL30 RPS26A RPL24B RPSOA
RPS20 RPL2B RPL14A RPS21A RPL10 RPS31
RPL16B RPS15 RPL18A RPL20B RPL21B RPS6A
RPLS5 RPL33A NIP7

Ribosomal proteins

Purine nucleotide /
nucleoside / nucleobase
anabolism

ADE1 ADES ADES5,7 ADE3 MTD1 ADE13 ADE17
ADE4 ADE2 SER1

Tetrahydrofolate-

dependent C-1-transfer SHM1 ADE8 ADE3 MTD1 SHM2 ADE17

Degradation of glycine GCV3 SHM1 SHM2 GCV2

Biosynthesis of serine SHM1 SER3 SHM2 SER1

Glycolysis and

gluconeogenesis CDC19 TPI1 TDH3 ENO1 TDH2 FBA1 GPM1

CDC19 TPI1 TDH3 ENO1 TDH2 FBA1 GPM1
ACO1 FUM1

Sugar, glucoside, polyol
and carboxylate catabolis

Metabolism of methionine SAM2 MET18 MET3 SAM1 MET17

Translation elongation EFB1 TEF2 RPP2B TEF1

CIT2 FEN1 EMI2 DLD3 HSP12 HXK1 HXK2 ADH4
ENO1 MAE1 PDC1 ADH1

C-compound and
carbohydrate metabolism

C-1 compound anabolism SHM1 SHM2

Metabolism of vitamins,
cofactors, and prosthetic
groups

GCV3 SHM1 MTD1 SHM2 GCV2

Alcohol fermentation ADH4 PDC1 ADH1

C4-dicarboxylate transpor

(eg malate, succinate, OAC1 DIC1
fumarate)

Biosynthesis of cysteine CYS3 MET17
Degradation of lysine SHM1 SHM2
C-1 compound catabolism GCV3 GCV2
S-adenosyl_-meth|on|ne- SAM2 SAML
homocysteine cycle

Biosynthesis of leucine LEUL ILV5

Down-regulated genes:

Biosynthesis of arginine ARG4 CPA2 PUT1 ARG7 CPAl

Metabolism of urea (urea

DUR1,2 ARG4 CAR2 CAR1
cycle)

HXT7 HXT6 CAN1 GAP1 FRE1 HXT2 FET3 MEP2

Cellular import CTR1

Aminoadipic acid pathway LYS2 LYS21 LYS20

Degradation of arginine CAR2 CAR1
Metabolism of alkaloids ARO8 ARO9
Aromate anabolism ARO4 ARO3

113



Metabolism of the cystein
— aromatic group

C-compound and
carbohydrate transport

ARO4 ARO3

Degradation of leucine

DUR3 ESBP6 ODC2 PDR12

Degradation of glutamine

ARO10 BAT2

Homeostasis of metal ion
(Na, K, Ca, etc)

CPA2 CPAl

Catabolism of nitrogenous
compounds

GGC1 IRC7 FRE1 FET3 ISU1 CTR1

Amino acid / amino acid
derivatives transport

DAL7 DAL3

Biosynthesis of valine

AGP1 CAN1 GAP1 ODC2

Nitrogen, sulfur and
selenium metabolism

ILV6 BAT?2

Metabolism of derivatives
of dehydroquinic acid,
shikimic acid and
chorismic acid

IRC7 MET13 CAR2 ISU1

Metabolism of tryptophan

ARO4 ARO3

Purine nucleotide
/nucleoside / nucleobase
metabolism

ARO8 ARO9

Cytoplasmic and nuclear
protein degradation

DURL1,2 DAL7 DAL3

Sugar transport

PRB1 LAP4 UBI4 LAP3

Peptide transport

HXT7 HXT6 HXT2

Vacuolar protein
degradation

PTR2 OPT2

Anion transport

PRB1 LAP4

Metabolism of
phenylalanine

DUR3 MEP2

Alcohol fermentation

ARO8 ARO9

ADH5 ARO10

Ammonium sulfate vs control (two-colour microarrays):

Up-regulated genes.

Purine nucleotide /
nucleoside / nucleobase
anabolism

Degradation of glycine

ADE1 MTD1 ADE13 ADE17 ADE4 ADE2 SER1

C-1 compound catabolism

GCV3 GCV1 SHM2 GCV2

Biosynthesis of serine

GCV3 GCV1 GCV2

Metabolism of vitamins,
cofactors, and prosthetic
groups

SER3 SHM2 SER1

Tetrahydrofolate-
dependent C-1-transfer

GCV3 GCV1 MTD1 SHM2 GCV2

Lactate fermentation

MTD1 SHM2 ADE17

Sulfate assimilation

DLD1 DLD3

Alcohol fermentation

MET3 MET14

Conjunction of sulfate

ADH3 ADH1

Down-regulated genes:

MET3

Biosynthesis of leucine

Biosynthesis of valine

LEU1 BAT2 ILV5 LEU4

Inorganic chemical agent
resistance (eg heavy
metals)

BAT2 ILV5 ILV2

Vacuolar protein
degradation

CUP1-1 CUP1-2 FET3

APE3 PRB1 PEP4
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Translation elongation TEF2 EFT2 EFT1

Biosynthesis of isoleucine BAT2 ILV5

Cellular import HXT7 HXT6 CAN1 GAP1 FET3

Metabolism of urea (urea

cycle) DUR1,2 CAR2

Heavy metal binding (Cu,

Fe, Zn) CUP1-1 CUP1-2

Biosynthesis of arginine PUT1 ARGY

Amino acid / amino acid

derivatives transport CAN1 GAP1 ODC2

Nutrient starvation

PRB1 PEP4
response
Translation PAB1 ASC1
Biotin binding DUR1,2
Metabolism of proline CAR2
Urea catabolism (not urea DURL,2

cycle)

Cysteine vs control (two-colour microarrays):

Up-regulated genes.

Biosynthesis of arginine ARG4 ARG7 ARG1 CPA1l

Metabolism of urea (urea

cycle) ARG4 ARG1

C-compound and

carbohydrate transport DUR3 MCH4 PDR12

Metabolism of aspartate ARG4 ARG1
Anion transport DUR3 MEP2
Homeostasis of anions DUR3

Cellular import GAP1 FRE1 MEP2

Homeostasis of metal ion

(Na, K, Ca, etc) GGC1 IRC7 FRE1

C-compound and

carbohydrate metabolism ADH5 GND1 DAL7 PDR12

Drug / toxin transport QDR3 PDR12

Heavy metal ion transport

(CU+, Fé+, etC) GGC]. FRE].

Down-regulated genes:

Metabolism of methionine SAM2 MET18 SAM1 MET17

Electron transport and
membrane-associated
energy conservation

INH1 QCR7 COX4 CYC1 QCR2

Biosynthesis of cysteine CYS3 MET17
Tricarboxylic-acid pathwa KGD2 MDH1 CIT1
S-adenosyl-methionine- SAM2 SAML

homocysteine cycle

Inorganic chemical agent
resistance (eg heavy
metals)

CUP1-1 CUP1-2

Heavy metal binding (Cu,

Fe, Zn) CUP1-1 CUP1-2

Aerobic respiration QCR7 COX4 QCR2

Sugar, glucoside, polyol

and carboxylate catabolis KGD2 MDH1 CIT1

Electron transport INH1 COX4 CYC1

Catalase reaction CTT1
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4.6. Further gene expression analysis using one-colour Affymetrix

microarrays

The above microarray data was derived from technicalsdy replicates with
biological singlet for two of the conditions and bigical duplicate for the third
condition, using the two-colour microarray platformin order to include further
replication and to enable comparison of ammonium suffus cysteine to the control
condition, one-colour Affymetrix microarrays were perhed on samples made in a
similar way to that above and analysed using Partekhidncase, it was possible to
compare ammonium sulfate plus cysteine to a contralathing added instead of
above where the control used was media containingiogste

Principal component analysis (PCA) was conducted on Adfyimmmicroarrays of
yeast grown in ammonium sulfate, ammonium sulfate pisteine, cysteine and
control conditions. A PCA plot illustrates the sianity between the microarrays and
groups them in terms of this similarity. The PCA pioEigure 4.2 shows that while
there is a difference between the control (purple) eygleine (green) samples, the
close grouping of the ammonium sulfate plus cysteine anthoamm sulfate
microarrays (red and blue, respectively) in the PCA plaiws that the addition of
cysteine in the presence of ammonium sulfate doesawa & significant impact on

the gene expression of yeast.
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Figure 4.2. PCA plot for one-colour Affymetrix ammonium sulfatedacysteine
microarrays. Legend: Red represents the ammonium eufiats
cysteine microarrays, blue are ammonium sulfate onemgrcysteine
only and purple are the control microarrays.

Lists of significant genes were determined by ANOVA. nBigant genes were
those that had a fold change of at least 2, with gdisesirded if their p-value was
below the false discovery rate (FDR) p-value, whicheasg p-values of 0.021, 0.020
and 0.012 for ammonium sulfate plus cysteine, ammoniumtsuwifaly and cysteine
only, respectively, each compared to the control. Amomrsulfate plus cysteine vs
control contained 79 up-regulated and 169 down-regulated gemesonium sulfate
vs control contained 52 and 130, respectively and cystee 53 and 63,
respectively.

Enrichment of the functional categories found in tlgmificantly altered genes,
shown in Table 4.2, shows an up-regulation of arginineybihesis and glycine
degradation in the ammonium sulfate plus cysteine sampldsdown-regulation of
nitrogen catabolism (with genes suchDasL2, DAL3and DALY7), arginine, leucine

and proline degradation and stress response. Ammoniuntesuffaregulated many
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genes that involved the sulfur pathway, which will becdssed in further details
below, and down-regulated genes involved with nitrogen, pscted. Cysteine up-
regulates genes with a nitrogen involvement, suddAdsl, DAL2 andDAL7, which

was down-regulated by ammonium sulfate. Metal ion hetases is also up-

regulated and, not surprisingly, cysteine metabolism Bas down-regulated.

Table 4.2. Functional enrichment of the genes significantly gemhby ammonium
sulfate and / or cysteine treatment, as determined WSMrunctional
Classification, FunSpec (Robinson et al., 2002), using tiecolour
Affymetrix microarray platform. Enrichment was caesied at p < 0.01.
Up-regulated categories are highlighted in red and down-tegula
categories are highlighted in green.

Category | p-value | Genes in category

Ammonium sulfate plus cysteine vs control (one-colour Affymetrix microarrays):

Up-regulated genes:

POP8 SRD1 FAL1 RPF1 RIX1 FAF1 HCA4 REX4

rRNA processing RRP36 RRS1

Metabolism of nonprotein

; > ARG5,6 ARG3 ARGS
amino acids

Biosynthesis of arginine ARG5,6 ARG3 ARGS8

C4-dicarboxylate transpor OAC1 DIC1

Metabolism of vitamins,
cofactors, and prosthetic
groups

GCV1 PYC1 GCV2 ISU2

C-1 compound catabolis GCV1 GCV2

Degradation of glycine GCV1 GCV2

Ribosome biogenesis RIX1 DHR2 REX4 RRS1

Biosynthesis of vitamins,
cofactors, and prosthetic
groups

BNA4 THI4 BIO2 SNO1 SNZ1

Down-regulated genes.

Catabolism of nitrogenou

DAL1 DAL2 DAL7 DAL3
compounds

Metabolism of energy
reserves

TPS2 GLC3 GIP2 GSY1 GSC2 TSL1 GAC1 GDB1

Anion transport MEP1 DUR3 MEP2 MEP3

Alcohol fermentation NDE2 ARO10 NDE1 ALD4

Metabolism of urea (urea

DUR1,2 CAR2 CAR1
cycle)

CAN1 SIT1 MEP1 HXTS5 DALS GAP1 HXT2 MEP2

Cellular import PUT4

Peroxidase reaction GPX2 GPX1 HMX1

Electron transport and
membrane-associated
energy conservation

NDE2 CYC7 CYC1 SDH1 CYB2 NDI1 NDE1

Degradation of arginine CAR2 CAR1

Purine nucleotide /

; DUR1,2 GUD1 DAL1 DAL7 DAL3
nucleoside / nucleobase

118



metabolism

Peptide transport OPT1 PTR2 OPT2

Nitrogen, sulfur and

selenium metabolism GDH2 AMD2 IRC7 OPT1 CAR2 ATO2

SSE2 HSP30 TPS2 CYC7 SLT2 XBP1 SDP1 MSN4

Stress response UBI4 TSL1 DDR2

Aerobic respiration NDE2 MBR1 SDH1 NDI1 ISF1 NDE1 CYT1

Respiration CYC7 GUT2 CYC1 CYB2 YTP1 ALD4

Degradation of leucine ARO10 BAT2

Degradation of proline PUT2 PUT1

Amine / polyamine

transport DUR3 TPO1 PNS1

Amino acid / amino acid

derivatives transport AGP1 CAN1 GAP1 PUT4 ODC1

Protease inhibitor YHR138C TFS1

Ammonium sulfate vs control (one-colour Affymetrix microarrays):

Up-regulated genes:

Sulfate assimilation MET10 MET3 MET5 MET14

NAD/NADP binding SER3 MET10 GND2 MET5

Sulfate / sulfite transport OAC1 sUL2
Metabolism of methionine MET3 MHT1 MET17
C-1 compound catabolis GCV1 GCV2
Degradation of glycine GCV1 GCV2
Biosynthesis of methionin MET14 MET?2
Blosynthes_ls of MET10 MET5
homocysteine

Conjunction of sulfate MET3

Down-regulated genes.

Catabolism of nitrogenou

DAL1 DAL2 DAL7 DAL3
compounds

Metabolism of urea (urea

cycle) DUR1,2 ARG4 CAR2 CAR1

Anion transport MEP1 DUR3 MEP2 MEP3

CAN1 SIT1 MEP1 DALS GAP1 HXT2 FET3 MEP2

Cellular import PUT4

Alcohol fermentation ADH5 NDE2 ARO10 ALD4

Biosynthesis of arginine ARG4 CPA2 PUT1 ARG7

Purine nucleotide /
nucleoside / nucleobase
metabolism

DUR1,2 GUD1 DAL1 DAL7 DAL3

Degradation of arginine CAR2 CAR1

Nitrogen, sulfur and

selenium metabolism GDH2 AMD2 IRC7 CAR2 ATO2 GLN1
Degradation of leucine ARO10 BAT2

Metabolism of glutamate GDH2 GLN1

Metabolism of energy
reserves

TPS2 GLC3 GIP2 GSC2 GAC1

Regulation of nitrogen

metabolism GAT1 DALS8O0

Cysteine vs control (one-colour Affymetrix microarrays):

Up-regulated genes:

CCC2 SIT1 IRC7 ARN2 SMF3 FRE1 FET4 COT1 FH
CTR1

Homeostasis of metal ion
(Na, K, Ca, etc)

RE3

Sideophore-iron transport SIT1 ARN1 ARN2 ENB1 FRE3

Drug / toxin transport QDR3 SIT1 ARN1 ARN2 ENB1 PDR12

Heavy metal ion transport CCC2 SMF3 FREL FET4 COT1 CTR1

(CU', F€", etc)
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Detoxification QDR3 ADHS5 SIT1 ARN1 ARN2 ENB1 SSU1

Catabolism of nitrogenou

DAL1 DAL2 DAL7
compounds

Cellular import UGA4 SIT1 DAL4 DALS FRE1 FET4 CTR1

Alcohol fermentation ADH5 ARO10 ADH4

ADHS YDR248C ARO10 ADH4 ATF2 GND1 DAL7
PDR12

C-compound and
carbohydrate metabolism

C-1 compound catabolis GCV1 GCV2
Degradation of glycine GCV1 GCV2

lon transport FIT2 FIT3

ABC transporters VMR1 ENB1 PDR12
Allantoin and allantoate DAL4 DAL5

transport

C-compound and

carbohydrate transport ESBP6 MCH4 PDR12

Metabolism of vitamins,
cofactors, and prosthetic
groups

GCV1 ARN2 GCV2

Transport facilities VHT1 ESBP6 MCH4 OPT2

Pentose-phosphate

pathway oxidative branch SOL3

Degradation of

phenylalanine ARO10

Down-regulated genes.

Electron transport and
membrane-associated
energy conservation

INH1 RIP1 CYC7 COX13 QCR10 CYC1 SDH2 NDE[
COX7 QCR2

RIP1 COX13 QCR10 MBR1 SDH2 ISF1 NDE1 COXf

Aerobic respiration CYT1 QCR2

Electron transport INH1 CYC7 COX13 CYC1 SDH2 NDE1 COX7 CYT]

Oxidative stress response MXR1 CTT1 SRX1 GRE1

Metabolism of cysteine MET32 MHT1

4.7. Sulfur pathway

The cysteine and ammonium sulfate treatments had arcirapahe production of
H.S. The two-colour microarray results showed thatatldition of cysteine in media
results in a down-regulation of the sulfur pathway wherthe addition of ammonium
sulfate results in an up-regulation. This was showpetthe case with the Affymetrix
microarray results as well, as shown in Table 4.3. Amom sulfate in the growth
media caused an up-regulation of the sulfur pathwayticplarly the transition
between extracellular sulfate to homocysteine.

As seen in Figure 4.3, most of the genes in the sulfur pgtlane down-regulated
when grown in medium containing cysteine and up-regulated awimemonium sulfate
is present. There is a lessening of this effect inathenonium sulfate plus cysteine
microarrays (as seen in Table 4.3), suggesting that themecombined effect from
both compounds.
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Table 4.3. Gene expression of the sulfur pathway for the ammosulfate and / or
using data from the one-coloufynadtrix
microarrays. The red highlight indicates a fold changeve 2, pink 1.5
to 2, lime green -1.5 to -2 and green a fold change below -2.

cysteine treatments,

Ammonium sulfate plus Ammonium sulfate Cysteine
cysteine vs control vs control vs control
SUL1 -1.08 -1.24 1.05
1.26 -1.12
-1.35
MET14 1.94 -1.72
MET16 -1.02 1.10
SSuU1 -1.07
MET5 1.63
MET10 1.46
MET17 1.72
MET6 1.40 1.30 1.05
SAM1 1.42 1.50 -1.75
SAM2 -1.14 -1.02 -1.48
SAH1 -1.08 -1.13 1.02
STRUCYS3 -1.16 1.17 -1.82
STR2 -1.53 -1.95 1.99
STR3 1.34 1.09 -1.40
STR4/CYSA -1.15 -1.03 1.05
MET2
HOM3 -1.22 -1.55 1.36
HOM2 -1.08 -1.23 1.15
HOM6 1.06 1.07 1.06
THR1 -1.01 -1.06 1.08
THR4 1.03 -1.02 1.09
__car1 O . 1.4
MUP1 -1.1 1.1 -1.2
MUP3 -1.8 -1.7 -1.8
YCT1 1.1 -1.2 1.3
MEP1 1.4
MEP2 15
MEP3 1.1
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Figure 4.3. The effect of ammonium sulfate (top) and cysteinett@mo) on
expression of genes in the sulfur pathway, as wellnsisaacid and
ammonia transporters. Gene names coloured in red dgnoggulation
and gene names in green indicate down-regulation, wdtit-aff of 1.5
in expression.
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4.8. The effect of deletion of genes involved in the sulfyrathway

on the production of H,S

The non-essential deletion yeast mutants, each othvidaked a gene in the sulfur
pathway, were cultured and tested fopSHproduction using the silver nitrate
membrane method.Metl44 produced more $$ in media containing ammonium
sulfate plus cysteine, compared to the wildtype BY4743, widdium production.
Sami, Sam2l, Strl1 andFrels had low quantities of % detected, compared to the
wildtype which was below the detection leve8er2, and to a lesser exter8erl,
produced less #6 than the control when grown in media containing aysteiithout
nitrogen.

An unexpected result in this deletion strain analysisas ofCdc1Q, which was
included in the analysis randomly in an attempt to fill up mhicrotitre plate. The
mutant strain actually produced:$l at the same rate in the ammonium sulfate plus
cysteine as in the cysteine medium, whereas the wildB743 produced k5
below the detection limit when ammonium sulfate wassent in the medium.
CDC10encodes a septin, which is required for cytokinesis sauma/olved in budding
and can act as a barrier to membrane diffusion, althotgghieletion does not
eliminate cytokinesis (Frazier et al., 1998; Takizawalgt2000). This mutant was
re-tested using various nitrogen concentrations, whichirooed this result. CDC10
might be preventing ammonium entering the cell due tartembrane diffusion role
of Cdc10p.

4.9. Discussion

Hydrogen sulfide (BB) is an important off-flavour in wine, both becauseat®
intense rotten egg odour and because of the difficultyemioval (Linderholm et al,
2008). Previous studies carried out with wine yeast demoedtthat formation of
H.,S is a response to nitrogen depletion (Jiranek et al, 1998hsequently, research
and winemaking practice have found that supplementatiorashchonium phosphate
as a source of nitrogen can reduce the production,8f (Mendes-Ferreira et al,
2009), whilst the addition of cysteine in media or grapeejincreases #$. Here, we
examined the effect of nitrogen and cysteine additiorhermtetabolism, particularly
the sulfur pathway, of the yeast lab strain BY4743. Amiona sulfate was used in
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this study because it was found that only the ammonamaitered the level of 43
production by yeast and that the sulfate ion had no effedhe silver nitrate
membrane assay as shown in the results (Section 4@\evér, | am cognisant that
the levels of other compounds in the wine or mediomid change the way nitrogen
interacts with the yeast metabolism. Torrea €R8lL1) urged caution extrapolating
these sorts of data to commercial winemaking.

Initial two-colour gene expression analysis showed thaty of the adenine
requiring ADE) genes, such asDE1, ADE2 ADE4, ADE13andADEL17 involved in
the purine nucleotide biosynthesis pathway, were up-regglle the presence of
ammonium sulfate. The categories of down-regulated genes/ed heavy metals
and branched chain amino acids. Interestingly, aysteiosynthesis was up-regulated
in the ammonium sulfate plus cysteine sample comparexydieine alone despite
both samples containing the same amount of cystéiihés can be explained if NCR
causes yeast to use the ammonium ions not only asageritrsource but also for
amino acid synthesis; that is in preference to impgrtysteine. This was further
seen by the down-regulation of amino acid importatarticularly GAP1, which
encodes the general amino acid permease and is regulatesponse to the type of
nitrogen source availabl&GAP1gene expression was over 10 fold down-regulated in
the microarrays involving ammonium sulfate wher&a#s€?1was up-regulated (+2.2)
in the cysteine only samples, due to a lack of favouraiil®gen sources. The
ammonium sulfate treatments include ammonium sulfage the control (-10.7), as
well as ammonium sulfate plus cysteine over the gysteonditions (-12.3).

Subsequent analysis using the Affymetrix one-colour micagaisystem in
triplicate showed similar results, showing that thespnce of ammonium sulfate
caused the yeast cell to up-regulate amino acid biosysthiesluding the genes
within the sulfur pathway. Ammonium sulfate in the growtadium caused an up-
regulation of the sulfur pathway, particularly the ei@tom extracellular sulfate to
homocysteine. The presence of cysteine instead of ammasulfate in the medium
resulted in down-regulation of this pathway, which isvaman Figure 4.3. When
ammonium ion was present in the medium, the geliel 2, was up-regulated by five
fold. This gene encodes L-homoserine-O-acetyltranseragportant for the synthesis
of O-acetyl-homoserine which is the intermediateaielite to react with & to form
homocysteine (Hansen and Kielland-Brandt, 1996a). The igeakved in this down-
stream reaction IMET17 which was also up-regulated (+2.36). Such enhanced gene
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expression is likely to push the metabolism pas$,Hand on to methionine and
cysteine, rather than being stuck at th& ldtep causing its accumulation. A previous
study showed that nitrogen affects the sulfur pathway thadproduction of kb5
because nitrogen sources are involved in the productiorowibserine (Bell and
Henschke, 2005). My findings correlate to these findingsBblf and Henschke
(2005).

Interestingly, the genes involved in the up-stream @®deom aspartate to
homoserine were largely unaffected other than thediep which was slightly down-
regulated HOM3, -1.55). MET2 is also up-regulated when ammonium sulfate and
cysteine are added, but to a lesser extent (+2.17), wsteioe down-regulated this
gene (-3.46), indicating that there is a combination effere. The addition of
cysteine up-regulated the $©xporter,SSU1(+2.31) (Park and Bakalinsky, 2000;
Donalies and Stahl, 2002), but had little effect on #s of the pathway, although
select genes had a low level of down-regulation. ThedadedSTR1(-1.82) which
is responsible for the conversion of cystathionine intsteige andVIET17 (-1.89)
which is responsible for converting$linto homocysteine (Cherest et al, 1993). This
result is important because, without an avenue for durthetabolism, t& would
accumulate and be released as seen under cysteineoadltians.

Non-essential deletion yeast mutants, each of wlickedd a gene in the sulfur
pathway, were grown up and tested fosSHproduction using the silver nitrate
membrane method.Met144 produced more $$ in media containing ammonium
sulfate plus cysteine, compared to the wild type BY4743) wiedium production.
SamiA, Sam24, Cys34 and Frel4 had low levels of kS detected, compared to the
wildtype which was below the detection leveéer24, and to a lesser exterfigriA,
produced less #6 than the control when grown in medium containingeigstonly.
These findings are in agreement with the transcriptaiaia set.

An unexpected result in this deletion strain analysis that ofCdc104, which
was included in the analysis randomly in an attemptltagithe microtitre plate. The
mutant strain actually produced:$lat the same rate in the ammonium sulfate plus
cysteine medium as in the cysteine only medium, wisetba wildtype BY4743
produced HS below the detection limit when ammonium sulfate weesent in the
medium. CDC10encodes a septin, which is required for cytokinesis smavolved
in budding and can act as a barrier to membrane diffuaithmough its deletion does
not eliminate cytokinesis (Frazier et al, 1998; Takizatval, 2000). This mutant was
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re-tested using various nitrogen concentrations, whichrooed this result. CDC10
might be involved in preventing the ammonium entering thledoe to the membrane
diffusion role of Cdc10p.

An important aspect to note here is that these expetsn using either the
microtitre plate method for 1$ measurement or the flask cultures for cDNA profiling,
were not carried out under anaerobic conditions. Sdyotheé laboratory yeast strain
BY4743 was grown to exponential phase prior to cDNA mieceyaanalysis. This
time-point must be considered when trying to relate theaséathere to wine
fermentations. The cells were prepared by diluting agktrcultures of Olgy 1.0
five fold and then grown back up in the various media ¢amd up to an OB 1.0
while shaking, taking approximately five hours before being gseed. In a
winemaking scenario, yeast are grown in complex grapee junder anaerobic
conditions with about ten times the amount of sugan the minimum media used in
the laboratory scenario, with fermentation continumgtwo weeks. Therefore, it is
significant to find that nitrogen supplementation stilpgresses % production (as
shown in Figure 4.1). This demonstrates that the phermmeiscovered in wine
fermentation is also true under aerobic conditionsyasalso revealed in research by
Stratford and Rose (1985).

As is known, nitrogen assimilation is managed viavatibn or repression of
nitrogen catabolite repression (NCR) (Ter Schure £1898; Beltran et al., 2004). In
the presence of favourable nitrogen sources, such as ammoniglutamate, NCR
sensitive genes responsible for utilisation of less dealole nitrogen sources, for
example other amino acids, are repressed (Bell anddHke, 2005). The NCR
regulators ar6&LN1, GAT1 URE2andDALS8O0 (Coffman et al, 1995; Ter Schure et al,
1998). In response to the ammonium sulfate conditiGh$y1l, GAT1 and DAL80
were down-regulated 2.3, 3 and 8 fold, respectively, whilegéme expression of
URE2 remained unchanged. Conversely, in cysteine rich dondjt DAL80
expression was shown to increase 8 fold. Most oDk andDUR genes behaved
in this way, with down-regulation by ammonium sulfatel arp-regulation in the
cysteine condition. The allantoin degradation pathwayg down-regulated since it is
only necessary when ammonium is not present. NE® family of ammonium
permeases were down-regulated due to NCR (an over 20 folebdedoMEP2) and
up-regulated in the cysteine rich media (+2.@AP1was heavily down-regulated by
the ammonium sulfate condition with an at least 1@ felduction in expression, as
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seen from both the two-colour and one-colour micrgadata. HoweverGAP1
(Chiva et al, 2009) was slightly up-regulated (2.2 and 1.4 invwbecolour and one-
colour systems, respectively) under the cysteine dongitvhich is caused by the
presence of amino acids (secondary) rather than ammamigtutamate (preferred)
as the nitrogen source. Other genes with an involveméh preferable nitrogen
sources aréRC7, ARG4andDALY7, all of which were down-regulated in ammonium
sulfate rich conditions and up-regulated in the presemagsteine (less favourable
nitrogen source). These results demonstrate how impatitantype of nitrogen
source in the media is to the amino acid biosynthetibyays, which in turn affect
the level of HS production due to its close link to methionine and cysteine.

It is important to compare these results to those of ighdd data. A
transcriptomic analysis of the effect of DAP as aogien source using wine yeast by
Marks et al (2003) showed up-regulation of the genes involvekei assimilation of
sulfate andle novaopurine biosynthesisADE genes). These results are very similar to
those presented here, despite the differences inieg@al design, where Marks et al
(2003) used industrial wine yeast that had reached statiohasgpn a fermentation
setup. Up-regulation of the sulfur pathway and purine biosgighand down-
regulation of nitrogen related genes due to NCR were sdem by Aranda et al
(2006). Gene-deletion studies by Hansen and Kielland-Brd®®6a) showed that
the lack ofMET2 increased the production obEl This correlates with our studies
where MET2 increased 5-fold under nitrogen-rich conditionSIET2 up-regulation
would result in a higher level @-acetyl homoserine, which sequestegSH When
more O-acetyl homoserine is produced stoichiometrically thanlekel of HS, a low
level of S arises. This molecular mechanism explains the inhibatfd#hS level by

the ammonium in the membrane assay.

127



Chapter 5: Wine flavour and clarity: The effects ofpectin

and carrageenan

5.1. Introduction

A major problem for winemakers, particularly when prodgcimhite wines, is
cloudiness or hazing. An excess amount of proteingpardolic compounds in the
wine often results in precipitation due to heat or ageaying to cloudy wine. Whilst
the hazing has little or no effect on the flavourtled wine, consumers prefer clear
wine. The perception that cloudiness of liquids isoagted with bacterial
contamination keeps consumers away from hazy wines. Agrilded in Section
1.3.4, Chapter 1, the measures currently taken by the Aastrainemakers to
combat this problem are to add bentonite or animal by-productsas egg and milk
products and previously isinglass to remove the excessmrptdyphenols and other
haze-initiating compounds from the wine. There are, vy some major
disadvantages to these measures. For example, lent@ clay and, as such, is
difficult to remove from the wine which can be cogtlythe winemaker, both in terms
of raw materials and because of the added cost assbciaith filtration.
Furthermore, the most undesirable feature of bentonitbeisreduction of flavour
compounds by the indiscriminate removal of positivelgrged compounds (Waters
et al., 2005). Other alternative fining agents like eggraitid products are undesired
by the increasing consumer market of vegan, vegetarian aandal-conscious
consumers.

In this chapter, the fining potential of pectin and careage when added to grape
juice prior to fermentation was investigated. Bothha&se compounds are naturally
available, as described in Sections 1.8.1 and 1.8.2, Chaptdtectins are hetero-
polysaccharides found in the cell walls of higher téri@splants such as citrus peel,
apples and even hop cones while carrageenans are higicutaol weight, linear,
sulfated polysaccharides present in red seaweed. Theybleawn used in beer making
and have been suggested for use in wine, because carrageenhave the same
clarification capability under some conditions as bei¢o (Cabello-Pasini et al.,
2005). However, their usefulness depends ultimately e #difect on the flavour
profile and in this chapter | wish to address this issue.
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My specific objectives of this chapter are as follows:

e To determine whether the rate of fermentation difidue to the addition of
pectin alone, carrageenan alone and pectin plus careagéercombination
compared to a control fermentation.

e To determine whether pectin and carrageenan treatmemgechamprove the
clarity of white wine.

e To determine whether the pectin and carrageenan ®e&tnctause any
changes in flavour profile - the esters, acids and higleehols of the wine.

e To determine whether pectin and carrageenan treatmesttsafhydrogen
sulphide (HS) and sulfur dioxide (SQin finished wine.

5.2. Methodology

Three sets of fermentations were undertaken involvingrpand carrageenan pre-
treatment of grape juice. The wine yeast strain QA28 used for these studies. The
first set was a pilot-scale study (20 L fermentatiomnshe@ Fosters Group laboratories,
in Melbourne, Victoria, using red and white grape juiceegitreated with both pectin
and carrageenan pre-fermentation or left untreatedr@pmt singlet (two fermenters
for red and two for white). The second and third set®waé lab-scale studies (2 L)
carried out in triplicate with either pectin or camagan or pectin plus carrageenan in
combination. Synthetic Chardonnay grape juice mediumuwsas in the first lab-
scale fermentation and real Chardonnay grape juiceinebtérom AWRI (Adelaide,
SA, Australia) for the second lab-scale set, as showrigure 5.1. The fermentation
methodology was described in Section 2.10, Chapter 2.
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Control

Control
Control

Pectin plus / Pectin Pectin
carrageenan Carrageenan Carrageenan
Pectin plus Pectin plus
carrageenan carrageenan
Lab-scale synthetic media Lab-scale grape juice fermentation
Pilot-scale fermentation fermentation (each in triplicate) (each in triplicate)

Figure 5.1. A schematic of the three fermentations that wareied out. The pilot-
scale ferments were carried out using the Foster'siipdot brewery at
Abbotsford in Melbourne. The lab-scale ferments wayaducted at
UWS with synthetic grape juice and also for authent@pgrjuice.

Ferments were periodically sampled. The samples wereifuged to obtain the
yeast pellets which were then snap-frozen in liquicbgi#én and stored at -8C for
cDNA microarray gene expression profiling analysis, wisctiescribed in Chapter 6.
The supernatants were centrifuged again and the cleamatgeis were analysed as
described in the text. Fermentation rates are basethanol or sugar concentrations.
The clarity of the wines was determined using absorbamicieh was then converted
to the EBC scale of colour. Heat stability was eated as described in Section
2.11.3, Chapter 2. Sodium, potassium, magnesium andi@eaichs were monitored
during the pilot-scale fermentations. Headspag8& Hnd soluble SOwere also
determined. The assays were performed as describedtiar2.11, Chapter 2.

Volatile flavour compounds were determined using SPME GC-MS¥hese
included ethyl acetate, ethyl hexanoate, ethyl octanphtylethyl acetate, isoamyl
acetate (esters), n-propanol, isobutanol, isoamyl alcahd phenylethyl alcohol
(higher alcohols) and butyric acid, hexanoic acid, axtaacid and decanoic acid
(acids). These were quantitated for the pilot-scaledatation whereas the entire
detectable profile was anlaysed for the lab fermentatgainst a compound library,
relative to each other, as described in Section 2.12pt€h2.

In addition to volatile flavour analysis, an amateansory panel was used to
assess consumer preference for the smell and tadfee gfectin and carrageenan
treated wines, as described in Section 2.11.4, Chaptéw2nty participants selected
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at random were involved, each panel member ranking aregimal set in order of
preference. Twenty seven participants smelled the geape juice lab-scale
fermentation and ranked the wine based on perceivdddrss, sweetness and overall
pleasantness, with 26 of these paricipants also tabkngine.

5.3. The fermentation rate is unchanged by pectin and carragean

treatment of grape juice

The fermentation rate was monitored by determining than®l concentration of
each of the four pilot-scale fermentations at variauepoints of 24, 72, 95, 139 and
263 h over the 11-day fermentation period, as shown in &g for white wine and
Figure 5.3 for red wine. The result showed that thd #tlaanol concentration was
much the same in the treated and the control fermengafor both the red and the
white wine ferments, namely, 13.9% and 12.6% for the whiterad wine ferments,
respectively. The red wine fermentation was a littlever than the white wine. The
addition of pectin and carrageenan to the grape juice did inftuence the
fermentation rate of the wine, indicating that threniy agents were not detrimental to
the yeast metabolism.
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Figure 5.2 The effect of pectin plus carrageenan pre-treatment atmohol
production during white wine fermentation under pilot-scaleditions
at Foster's Group in Melbourne. Yellow indicates thetipeplus
carrageenan pre-treatment, while the orange line isahigol.
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Figure 5.3 Ethanol production during red wine fermentation of a ipegius
carrageenan treated and untreated red wine, under piletawaditions
at the Foster’s Group in Melbourne. Red indicatesdteand maroon

the control fermentation.
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Clearly, the fermentation rate was unchanged by pqitis carrageenan pre-
treatment of grape juice, be it red or white juice nigithe pilot-scale fermentation at
Foster’'s. During the lab-scale fermentation, sugasgmption was tested instead of
ethanol production. In addition, a measurement of itte yeast optical density for
the grape juice lab-scale fermentation was taken magpace the fermentation rates of
the treatment. The sugar consumption for the sywthgtape juice media
fermentations rose dramatically for the first sijysland then plateaued as the sugar
was consumed, as shown in Figure 5.4. This consumptam at a much more
consistent rate over the fermentation for the geape juice set, as shown below in
Figure 5.5. There are some variations between thetreatments. However, they all
follow a similar pattern. The pattern of consumptidnglucose and fructose are
similar to each other, so only total sugar consumptioruatschave been shown here.

Despite the similar pattern in sugar consumption betweetréatments, statistical
analysis via ANOVA showed a significant increase inrdgdual sugar in the control
fermentations compared to the pectin and / or carrageeeatments (p < 0.05), as
shown in Figure 5.6. There was a significantly higher amai fructose in the
control wine at the end of fermentation, compared e¢goérctin treated wine, as shown
in Figure 5.6. The others do not have significantly adtdrectose concentration.
Glucose, on the other hand, is present in the contra &t a much higher rate than
the pectin, carrageenan and pectin plus carrageenan witlesignificance levels of
p < 0.01. This suggests that the control wine is sweedarttte treated wines. While
this is not at concentrations that would make the cbwiree a sweet wine, it would
be a concentration at which wine drinkers would noticat(iels et al., 2008).
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Figure 5.4 Total sugar consumed (glucose plus fructose) oveddination of the
fermentation of the lab-scale synthetic media feriakons at UWS,
normalised to the relevant 0 h timepoint. Key: Turqualssmotes
control, lime green denotes pectin only treatment, rosmotes
carrageenan only treatment and lavender denotes the paotn
carrageenan treatment.
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Figure 5.5 Total sugar (glucose plus fructose) consumed over tregiaiirof the
fermentations for the lab-scale grape juice wine fetateons at UWS.
Key: Blue denotes control, green denotes pectin teatimmed denotes
carrageenan treatment and purple denotes the pectin griegy@enan
treatment.
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There were differences in the glucose and fructoseerdrations in the end
ferments as shown in Figure 5.6; these data show tnetbfe and glucose are used
more in the carrageenan or pectin treated fermentatibhs aspect is one that | did
not pursue, despite being interesting, because there were fetteres of the
fermentation results that were more important to wiglears.

Yeast samples were recovered from these fermensgpenodically and the yeast
recovered by centrifugation and then snap frozen for kmealysis, as described in
Chapter 6. As may be seen in Figure 5.7, there is not & dgabof difference in
turbidity at the end of the fermentation period. Tgextin treated wine had the
highest, with 12.9% more yeast than the control feraimt.

10 4

Optical density adjusted for final volume

Control Pectin Carrageenan Pectin plus
carrageenan

Figure 5.7. Absorbance measurements at 600 nm at the close of fatroarfor the
control and polysaccharide treated wine ferments at UW®8y: Blue
denotes control, green denotes pectin treatment, redetecarrageenan
treatment and purple denotes the pectin and carrageeniametnea
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5.4. The clarity and heat stability of white wine was improvedby

pectin and carrageenan treatment in white wine fermeration

The effect of pre-fermentation pectin and carrageereatment on the clarity and
stability of a final white wine product was investigated ttas primary goal of this
chapter. White wine samples collected from fermentativeated with pectin and
carrageenan were tested for thermal stability, protement and colour intensity.

The results for each of these tests are described/belo

5.4.1. Heat stability / haze test

The heat stability or haze test was described in Se2tibl.3, Chapter 2. This test
mimics an extended period of storage under normal conditidhe more heat stable
a wine is, the less turbidity that accumulates during tilme. At the end of the first
batch, the pilot-scale industrial fermentation{ tay), the heat stability of the control
white wine was 15.4 NTU (Nephelometric Turbidity Units) wtitke white wine that
had been treated with pectin and carrageenan had a Hzhtlystavel of 6.62 NTU, a
reduction of 57%. This indicated that the treated whiteewwas much more stable in
the heat compared to the untreated wine, and therefsselilely to haze during
storage. Statistical analysis of these results waposgible due to the use of only a

single replicate. Therefore, the trend may or maybeapplicable.
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Figure 5.8. Heat stability of control (dark orange) and pectin/carrageetreated
(yellow) white wine made at Foster’'s Group in Melbourne.

Using the lab-scale fermentation, | obtained simiksuits with the authentic
grape juice. The control wine had the lowest heatl#tafftigure 5.9). The pectin-
treated wine had the best heat stability (34% of thercbior 2.93 times more
effective). The carrageenan and pectin plus carrageeeared wines had similar
heat stability to each other, 46 and 47% of the contradbmut twice as effective.
These findings indicate that both of the agents ase@ft in fining the wine.
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Figure 5.9. Heat instability of control (purple), pectin (red), reayeenan (green) and
pectin plus carrageenan (blue) treated wine from thadake real grape
juice fermentations.

Heat stability tests demonstrated that the treatmedézthimproved the stability
and clarity of the white wines that had been treati# pectin and carrageenan.

5.4.2. Effects of pectin and carrageenan on white wine colour

An indirect way of testing wine clarity in white wine tise colour of the wine.
Since the same grape juice was used for both theot@mia treated samples, it stands
to reason that the resulting wine with a lighter oolavould be clearer and have
higher clarity compared to wine of darker colour. Tlmdowgr of the white wine
samples was tested after 96 and 264 h of fermentatiorg tiee European Brewing
Convention (EBC) scale. This means measuring abscebat 430 nm and
multiplying this value by 25 to obtain EBC units. Thetpeplus carrageenan wine
exhibited lower colour during fermentation and at the ead Egure 5.10), with 32%

less colour at the end of fermentation than the ocbsimples.
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Figure 5.10.EBC “colour” of the control (orange) and pectin plusageenan treated
(yellow) white wines after 96 and 264 h of the pilot-scalenentation.
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Figure 5.11 EBC “colour” of the control (orange) and pectin/egenan treated
(yellow) white wines after 264 h of the pilot-scale femtation. The
treated wine had a 32% reduction in colour compared tootiiteod.
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As with the heat stability tests, the synthetic grapieej media fermentation
samples could not be tested due to the low absorbartbéesafhedia. The real grape
juice fermentations were monitored, however, as showhRigure 5.12. The four
fermentations began at the same point and the carragesmhrihe pectin and
carrageenan treatments remained steady throughout tteefennhentation. However,
after 4 days, the colour for both the control and pefetimentations increased. The
control rose sharply until day 7 (4.1 units on the EB@les compared to the ~1.7
“baseline” of the other samples) and then slowlyrel@sed, but ended at a much
higher level than the starting point (2.9). The pectated wine rose with a lower
peak of 2.7 units on the EBC scale around day 7 and thenadedréack to the
starting point around the $2day (1.7). The increased colour of the control wine
compared to the treated wines demonstrated that the pacticarrageenan were able
to prevent an increase rather than causing a decre#ise @olour. The carrageenan
was also able to over-ride the pectin affect, showrhbypectin peak and the lack of
such a peak in the pectin and carrageenan wine.

Colour (EBC scale)

0 2 4 6 8 10 12 14 16 18 20
Duration of fermentation (days)

Figure 5.12. The effect of pectin and carrageenan on wine EBC “coloUitie colour

levels were measured throughout the time course duringrépe juice

lab-scale fermentation. The control is denoted in,gheetin in green,
carrageenan in red and pectin plus carrageenan is purple.
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5.4.3. Protein concentration

Excessive protein concentration contributes to hazingwine.  Protein
concentration was measured at the end of the syntrajpe juice media fermentation
and the results are shown in Figure 5.13. The pectitetteaine contained 0.61
mg/mL protein compared to only 0.34, an 82% increase. Thagemnan treated
wine contained 0.15 mg/mL, only 46% the amount of proteirhédontrol. The
pectin/carrageenan treated wine contained 0.42 mg/mL, 23% tinan the control.
While pectin increased the protein concentration in theevaind carrageenan reduced
it, together there was a slight increase. While #gems counterintuitive since
increased protein concentrations should lead to wine itistadond other researchers
have reported reduced protein levels (Marangon et al., 20i2)eat stability tests
show that the treatments resulted in increased stabilit
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Figure 5.13 Protein concentrations after 336 hours of fermentatging synthetic
grape juice media, using a modified Bradford's reagentB®4 as a
standard.
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5.4.4. pH levels of wine were not significantly affected by pectiand

carrageenan

pH levels were monitored for the three fermentatiofer-the white and red wines
in the pilot-scale fermentations at Fosters (Figure &ridiFigure 5.15, respectively),
the synthetic grape juice media fermentation (Figure 5ab@) the real grape juice
fermentation (Figure 5.17). The figures below all shovarsge of pH between 2.4
and 4, to enable easier comparisons. There was aediferbetween the pH of the
different fermentations, with the pilot-scale rechavifermentation around 3.9 while
the real grape juice fermentation at UWS recorded a pldbout 3. However,
comparisons within each of the fermentation sets shahadthe pH levels were not
significantly different. While the two pilot-scalerfeentations were only monitored
at two timepoints, the UWS ones were monitored througtize fermentation. Both
of these showed a slight dip in pH at the second to daiydof fermentation, followed

by an increase back up to the original level.
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Figure 5.14 pH of the control (orange) and pectin plus carrageérated (yellow)

white wines after 96 and 264 h of the pilot-scale ferm&mtaat

Foster's. The pH at the end of the fermentation 868 and 3.75 for
control and treated respectively.
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Figure 5.15 pH of the control (burgundy) and pectin plus carragednsated (red)
red wines after 96 and 264 h of the pilot-scale fermemtatt Foster’s.
The pH at the end of the fermentation was 3.84 and 3.8%farot and
treated respectively.
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Figure 5.16 pH of triplicate control (light blue), pectin (lime egn), carrageenan
(pink) and pectin plus carrageenan (lavender) treatedewhine
monitored throughout the synthetic grape juice lab-deateentation.
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Figure 5.17. pH of triplicate control (blue), pectin (green), cgeanan (red) and
pectin plus carrageenan (purple) treated white wine moditore
throughout the lab-scale fermentation.

5.5. Metal ion analysis showed that pectin and carrageenan treadl
wine contained more sodium and less calcium than coruf
wine

The concentration of sodium, potassium, magnesiuch @alcium ions was
determined for the white and red wine pilot-scale ferat@rs only. These results
are shown in the following graphs with all values norredli®d the relevant control to
allow for comparison. Sodium concentrations moantoubled in the pectin plus
carrageenan treated wine (58 and 126 mg/L for the contdotraated wines). This
was also the case for the red wine, although theasergvas slightly less (44 versus
84 mg/L). Potassium concentrations were above thetaetdinit for the white wine
samples; the red wine concentrations were unchangedgnédium concentrations
were 14% higher for the treated white wine sample but 308%r in the treated red
wine. Calcium concentrations decreased in the treahde and red wines, by 28%

and 14%, respectively).
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Figure 5.18 Metal ion concentrations in white and red wines, wélues normalised
to the corresponding control. Dark orange = White wimatrol; Yellow
= White wine treated; Burgundy = Red wine control; Red = Rat
treated. Note: Potassium exceeded levels of detectihiie wine and
was normalised to 1. (n=1)

Sodium and calcium were most affected by the fining treatr(Figure 5.19 and
Figure 5.20). This is because of the carryover of sodimnbath pectin and
carrageenan. It is interesting to note that for beitte types, the concentration of
sodium increases over the time course of the fermentatThere were decreased
concentrations of calcium in the treated samples, 28%14% lower in the white and
red wines, respectively. Pectin forms a complex wiltium ions and the presence
of calcium contributes to the problem of hazing by deksing proteins. There is a

very slight reduction in calcium over the course offdrenentation.
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fermentations for pilot-scale white (left) and redjt) wine. Key: dark
orange = control white wine, yellow = treated white wibhefgundy =
control red wine and red = treated red wine.

Studies that were later carried out at Foster’s in Mei® by Dr David Duan,

Peter Rogers and Allen Hart, using Victorian grape juigkere they achieved

reduction in calcium concentrations as well.

Pectimté® wine had the largest

decrease, whereas pectin plus carrageenan responded dike qudy did (personal
communication, 2012).
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5.6. Volatile flavour compounds are increased by the pectin and

carrageenan treatment in wine

5.6.1. Sensory panels

An amateur sensory panel, consisting of myself andra-tsained Fosters wine
taster, Dr David Duan, were able to observe a differdmmtween the trial and control
wine fermentations, in terms of smell and taste, fitbmn fifth day of fermentation
onwards. There was apparently a much stronger banavaufl from the treated
fermentations. The wine odour was sweeter, morespigaand occurred earlier for
the treated wine.

A larger amateur sensory panel was carried out fordbersl fermentation, using
synthetic grape juice. However, due to the chemicald tsenake the media, the
wine was only smelled rather than tasted. Each ofthpanel members were asked
to smell the four conditions from one of the three icapés plus two controls; a
commercial un-oaked Chardonnay and a 10% ethanol solufitwe. solutions were
given random codes to ensure that participants would reimdiased and served in a
white wine glass. Panel members were asked to rargatéi of the solutions from O
to 5, giving each a unique rank. The control wine was gineswvarage rank of 2 and
the treated wines were 2.8 (an increase of 40%), 2.5 (2§kemiand 2.95 (47.5%
higher) for pectin, carrageenan and pectin plus carrgegpatments, respectively
(data not shown).

The third fermentation set used frozen grape juice ardcgfiire, the sensory panel
could taste the wine. This time, all of the samplesevgenelled and tasted by all of
the participants, instead of just a single replicateept for one participant who
smelled but did not taste the wine.

Each person rated the sweetness, fruitiness and dagirabihe aroma and taste
of each test wine. ANOVA significance tests determhirtbat sweetness and
desirability of the odour of the wine was not signific@iat= 0.708 for sweetness and
0.606 for the desirability of the aroma). However, thaty aroma as well as
sweetness, fruitiness and desirability of the tastethef wine had significant
differences and are graphed below in Figure 5.21.
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Figure 5.21 shows the average rating the sensory panel gave ceteria —
fruitness of the aroma, fruitiness of the taste,etness (taste) and overall rate when
tasting the wine. Panel members were also askedd@viketness and overall rate of
the aroma of the wine, but there was no significafferdince in those categories.
The carrageenan and pectin plus carrageenan treated adnadre of a fruity smell
than the control, with a significant difference be&m pectin and pectin plus
carrageeenan. The control was higher than the theasrtents in all of the taste tests
— fruity, sweetness and overall rate, with a signifiadifference beteween the control
and each of the treatments. While there was no &gnif difference between the
fruitiness and sweetness of the treated wines to etwh, the pectin treated wine
received the highest overall rate, significantly higthem the pectin and carrageenan

treated wine.
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5.6.2. GC-MS volatile flavour analysis of the pilot-scale fermentation

The final timepoint is more indicative of what the usdtwine will taste like for
consumers — after this point, the wine is bottled aoded before purchase. At the
end point of the pilot-scale fermentation at the t€ies Group in Melbourne, the
overall flavour compound composition of the wine samplas higher for the treated
samples than for their relevant controls, as shawrrigure 5.22. The red wine
samples were consistently higher in flavour conceptiatthan the white wine
samples, although the increase between treated comparenttol is more prominent
for the white wine than for the red wine. The conaaiun of all the flavour
compounds tested (esters, acids and higher alcohols medylwas 259 mg/L for the
control white wine and 352 mg/L for the treated white warejncrease of 36%. For
the red wine samples, the difference was 19% with 3d/L fitavours detected in the
controls and 379 mg/L for the treated wine.

Whilst clarity was enhanced by the pectin and carrageémaiment, it also
resulted in a higher flavour profile outcome in the whit@evihan in the red wine.
There was a 49% increase in esters (fruity flavold4% increase in higher alcohols
and 58% increase in volatile acids in the treated whitee compared to the control
white wine. These values for the red wines were 5%, 233a2@M0, respectively.
However, the white wine flavour increase of 36% suggestpossibility to
winemakers, of diluting three litres of the 14% alcofwdV) pectin and carrageenan
treated wine to get four litres of 9% alcohol (v/vdrmal flavoured wine, resulting in
35% more wine for a similar cost and therefore mowitpfor the wine industry
and/or lower prices for the consumers. This couldéweficial to the wine industry
because consumers desire wine with low alcohol contdum, to the negative
consequences of alcohol abuse, without compromising ite'saflavour (Erten and
Campbell, 2001). This is also good for society so it coulcease the popularity of
wine companies as they can be seen to be sociallgcious. A few drinks are
actually beneficial to the health of moderate drinkessd@cussed in Section 1.2,
Chapter 1. The flavour profile would be improved in thisagion because while the
dilution would reduce the higher alcohols to their nore@hcentration, the fruity
esters and the acids would still remain at a higher corat®n in the diluted wine.
The acids are below the sensory detection level ofams (as explored below in
Section 5.10) so that the fruity esters should be thg wedl difference, thereby
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suggesting an improvement in the overall flavour of wete wines, although this

would have to be tested by a sensory panel.
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Figure 5.22 Comparative flavour levels between control and pealtis carrageenan
wines at Foster’s, with values normalised to the spwading controls.
Dark orange = White wine control; Yellow = White wine ated;
Burgundy = Red wine control; Red = Red wine treated. (n=1).
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Table 5.1 Flavour concentrations in treated and control whit r&al wines in the
pilot-scale fermentation at the final timepoint (igix) (n=1).

Control Treated Control Treated
white wine | white wine red wine red wine
Ethyl acetate 23.1 34.1 58.72 61.42
Ethyl hexanoate 0.33 0.53 0.14 0.16
Ethyl octanoate 0.34 0.61 0.06 0.12
Phenylethyl acetate 0.23 0.28 0.24 0.6
Isoamyl acetate 1.07 1.75 0.56 0.64
Total esters 25.07 37.27 59.72 62.94
n-propanol 44.6 64.4 12.94 29.34
Isobutanol 42.7 71.2 46.62 67.86
Isoamyl alcohol 106.1 135 124.82 144.32
Phenylethyl alcohol 33.2 32.2 70.04 70.18
Total alcohols 226.6 302.8 254.42 311.7
Butyric acid 1.26 1.94 0.64 0.68
Hexanoic acid 2.14 3.03 1.08 1.24
Octanoic acid 3.22 4.99 1.24 1.68
Decanoic acid 0.8 1.76 0.38 0.64
Total acids 7.42 11.72 3.34 4.24
Total flavours 259.09 351.79 317.48 378.88
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Table 5.2 Percentage change in the aroma compound concentrbdbmsen pectin

and carrageenan treated white and red wines over cent®in the pilot-
scale fermentation at the final timepoint.

Change measured in the Change measured in the
white wine samples (%)| red wine samples (%)
Ethyl acetate 47.6 4.6
Ethyl hexanoate 60.6 14.3
Ethyl octanoate 79.4 100.0
Phenylethyl acetate 21.7 150.0
Isoamyl acetate 63.6 14.3
Total esters 48.7 5.4
n-propanol 44.4 126.7
Isobutanol 66.7 45.6
Isoamyl alcohol 27.2 15.6
Phenylethyl alcohol -3.0 0.2
Total alcohols 33.6 22.5
Butyric acid 54.0 6.3
Hexanoic acid 41.6 14.8
Octanoic acid 55.0 355
Decanoic acid 120.0 68.4
Total acids 58.0 26.9
Total flavours 35.8 19.3

5.7. Esters of the treated wine were increased in pilot-ate
fermentation.

Esters are an essential part of the flavour of widdjrg primarily sweet fruity or
floral aroma and flavours, as described in Section 1.5Hey are found at very low
concentrations, but due to their low flavour threshaddsy greatly impact the wine
characteristics. In the pilot-scale fermentatithe esters tested were ethyl acetate,

ethyl hexanoate, ethyl octanoate, phenylethyl acetate aainyd acetate. The
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concentration of each of these five compounds was addealdolate the total ester
content of the wines.

The total ester quantities increased with the treatimgd8.6% in the white wine
samples, from 25.1 mg/L in the control wines to 37.3 mg/al testers in the pectin
and carrageenan treated wines. The red wine differeveeslower despite a higher
amount of esters in the wine. The difference was 5@96, 59.7 mg/L for the control
wine up to 62.9 mg/L for the treated wine, however at 9Behtreated wine contained
57% more esters than the control wine (14.0 mg/L and 32.b fogthe control and
treated, respectively).

The most prominent ester was ethyl acetate, which hasitg, pineapple and
slightly solvent odour, accounting for more than 90%hef esters. The percentage
change in white wine for ethyl acetate was 47.6%, howéwered wine, the change
was insignificant (only 4.6%). The most significant mipa in esters was phenylethyl
acetate in red wine at a 150% increase, although this cli@anggite wine was only
21.7%. As shown in Figure 5.23, Figure 5.24 and Figure 5.25, aasdls, the pectin
and carrageenan treated wine contained more ester hbacotresponding control.
This can be an improvement for the wine as esters Havey and floral
characteristics, but the resultant effect on wirevdur needs to be confirmed by

formal sensory evaluation tests.
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Figure 5.23 Comparative ester quantities in control and treateeesy with values
normalised to the corresponding controls. Dark orand®hite wine
control; Yellow = White wine treated; Burgundy = Red wuuntrol;
Red = Red wine treated.
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Figure 5.24 Total ester quantities in pectin and carrageenan treatédcamtrol
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5.8. Higher alcohols of the treated wine were increased in lpt-scale

fermentation

As discussed in Section 1.5.2, higher alcohols are foumiglmer concentrations
than most flavour compounds. When present at optimalesdrations of 300 mg/L
or less, higher alcohols add a beneficial complexity fanity flavour to wine. This
optimal concentration only applies to regular wine apdl dgistilled wine, such as
brandy, which contains greater concentrations of higieshols. In the pilot-scale
fermentation, n-propanol, isobutanol, isoamyl alcohm @henylethyl alcohol were
measured. The pectin and carrageenan treatment incrtedslealcohols from 226.6
mg/L to 302.8 mg/L (33.6%) in white wine and from 254.4 mg/L to 311g/Lm
(22.5%) in red wine. Higher alcohols made up more than 8D#eototal flavour
compounds.

The most prominent higher alcohol in the fermentatiasas isoamyl alcohol,
which gives wine an unpleasant cheesy flavour when presexncentrations above
its flavour threshold, however, when it is below tb@centration, isoamyl alcohol
can add a fruity undertone to wine. The largest inereeass for n-propanol with
126.7% for red wine. All the esters increased, except fenyathyl alcohol which
was not significantly altered, with a 3% decrease irtewvine and a 0.2% increase in
red wine. Figure 5.26, Figure 5.27 and Figure 5.28 shows ghatpanol, isobutanol
and isoamyl alcohol were increased by the treated wheteasylethyl alcohol was
unchanged at the end of the fermentation.
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Figure 5.26 Comparative higher alcohol concentrations betwestrol and treated
wines, with values normalised to the corresponding otmtr Dark
orange = White wine control; Yellow = White wine treatBdygundy =
Red wine control; Red = Red wine treated.
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Figure 5.28 Concentrations of the alcohols, n-propanol, isofmitasoamyl alcohol
and phenylethyl alcohol, in pectin and carrageenan treagda@ntrol
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orange = control white wine, yellow = treated white wihergundy =
control red wine and red = treated red wine.

159



5.9. Acids of the treated wine were increased in pilot-scale

fermentation

Acids are generally negative flavour compounds, as dieduss Section 1.5.4,
Chapter 1. They are mostly by-products of yeast fatiy awetabolism and have
unpleasant flavours. The acids that were tested Wwetgic acid, hexanoic acid,
octanoic acid and decanoic acid.

The total acids increased from 7.42 mg/L to 11.72 mg/L in theewhibhe and
from 3.34 mg/L to 4.24 mg/L in the red wine (increases of 584d 27%,
respectively). Decanoic acid was the flavour compoundwha increased the most,
with a 120% increase in white wine and 68.4% increase invied. The lowest
increase was 6.3%, which was butyric acid in red wine, altholighincrease was
54% in the white wine samples. Figure 5.29, Figure 5.30 anad-b.31 demonstrate
these increases.
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Figure 5.29 Comparative acid concentrations between control taeated wines,
with values normalised to the corresponding controlarkdrange =
White wine control; Yellow = White wine treated; BurgundRed wine
control; Red = Red wine treated.
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Figure 5.31 Concentrations of the acids, butyric acid, hexanoid, actanoic acid
and decanoic acid, in pectin and carrageenan treated aritblcon
fermentations for pilot-scale white (left) and redjt) wine. Key: dark
orange = control white wine, yellow = treated white wihergundy =
control red wine and red = treated red wine.

In summary, esters, higher alcohols and acids akkas®d as a result of the pectin
plus carrageenan treatment. Despite the increade indgative flavours as well as
the increase in the positive flavours, only the frygbsitive flavours seem to come
through in the flavour and odour of the final wine. Téason behind this lies in the
flavour thresholds of different compounds, which is inigaged in the next section.

5.10. Flavour thresholds and olfactory activity values (OAV)

Various flavour compounds are detected by humans at diffeccentrations.
The concentration of a volatile flavour compound where 53%he population are
expected to detect the presence of the compound is ¢hdethvour threshold. The
olfactory activity value (OAV), which is the division tiie flavour concentration by
the flavour threshold, indicates whether a flavour wolbé perceived as present
(OAV > 1) or absent (OAV < 1) (Du et al., 2010). Since tlavour analysis for the
pilot-scale fermentation was quantitative, OAVs couwddchlculated for these flavour
compounds, using the flavour thresholds stated in thedutt@mn. Table 5.3 shows
that a number of the compounds would not be detectettiher the treated or control
wines, even though the treatment had caused an indre#tse concentration of the

flavour compound.
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Table 5.3 Olfactory activity values (OAV) for flavour compounds tireated and
control white and red wines in the pilot-scale fermeotatt the final
timepoint. Bold indicates OAV above 1, indicating ttlese compounds

are detectable by humans.

Control Treated Control Treated
white wine | white wine red wine red wine
Ethyl acetate 3.1 4.5 7.8 8.2
Ethyl hexanoate 66 106 28 32
Ethyl octanoate 170 305 30 60
Phenylethyl acetate 0.92 1.12 0.96 2.4
Isoamyl acetate 35.7 58.3 18.7 21.3
n-propanol 0.05 0.08 0.02 0.04
Isobutanol 1.07 1.8 1.17 1.7
Isoamyl alcohol 3.5 4.5 4.2 4.8
Phenylethyl alcohol 3.3 3.2 7.0 7.0
Butyric acid 0.13 0.19 0.06 0.07
Hexanoic acid 0.71 1.01 0.36 0.4
Octanoic acid 0.37 0.57 0.14 0.19
Decanoic acid 0.05 0.12 0.03 0.04

Compounds with high OAV indicate suggest that these compdusds a larger
impact on the wine flavour profile than compounds with @AV, for example, ethyl
hexanoate, ethyl octanoate and isoamyl acetate, itdl @AV above 10 and with
fruity, green apple, pear and banana characteristicshwigce evident in the wine.
The OAV is much more informative than the raw conamns in determining the
affect the flavour compound actually has on the wiredfits

These data can be visualised using radial plots illusgyéhe OAVs normalised to
the OAV of the control for white wine (Figure 5.32) and weine (Figure 5.33). This
demonstrates that while there is an increase in theutas@mpounds caused by the
treatment (except for phenylethyl alcohol), some of tlwsapounds are still below
the detection level for humans. These compounds arepapol and all of the acids,
except for hexanoic acid in the treated white wine, whéclonly at 1.01. These
compounds have pungent, harsh, cheese, rancid, chedsétty characteristics,
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which are undesirable in wine, however, due to the low OA¥se increases do not
have any affect on the wine.

An interesting compound is phenylethyl acetate, which hawlfland fruity
characteristics and is undetectable in both of thérabwines with OAVs of 0.92 and
0.96 but detected in the treated wines with OAVs of 1.122a#dfor the white and
red wines, respectively). This flavour compound is desirableine, therefore, it

would result in an improvement of the flavour profitetihe treated wines.

Figure 5.32 Spider graph of the treated (orange) and controlaiy¢lwhite wine
compared to the flavour threshold (blue) of each flavaampound,
normalised to the control.
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Figure 5.33 Spider graph of the treated (red) and control (maroa) wine
compared to the flavour threshold (blue) of each flavaampound,
normalised to the control.

When comparing the changes in flavour compound concentsabietween the
treated and control wines and examining the OAVSs, alaar that the flavour profile
differences caused by the pectin and carrageenan &etasire favourable in terms of
intensity. Sensory evaluation would be needed to spieference. The positive
esters were more concentrated in the treated winekhas being detectable, whereas
the negative acids were not detectable in the wine. higteer alcohols added a rich
complexity to the wine and were not increased to upper threshold or above.
Therefore, the findings demonstrated that the pectincanégeenan treatment in the

pilot-scale fermentation is likely to have a positifie& on flavour.

5.11. Flavour profile for grape juice lab-scale fermentation

Flavour analysis of the grape juice lab-scale fermiemtaanalysed by GC-MS, is
shown in the figures below (Figure 5.34). Unlike the ghlcdle fermentation above,
the trend of the flavour profile varied with the flavaampound, instead of having a
unified trend. The fruity flavours, such as ethyl acetaseamyl acetate and
phenylethyl acetate tended to have similar or higher quaniiti¢ise treated wine
compared to the control. This correlated with the highgtiness that the sensory

panel found when smelling these samples, as shown ineFag2t .
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While most of the flavour compounds were similar or highethe treated wine,
some flavour compounds were found at a lower concentratidhe treated wine,
such as hexanol and ethyl decanoate, which were similae ipectin treated wine but
lower in the carrageenan and pectin plus carrageenas.wiany of the acids were
lower in all three treated wines compared to the cantrol

The pectin plus carrageenan flavour profile closelyemdsded that of the
carrageenan flavour profile. Most of the differencesnswere not large differences,
other than that of ethyl n-dodecanoate, which was fourmsk tgreatly reduced in the
carrageenan and pectin plus carrageenan samples, beinghaorg0% lower than
the control. The flavour of this compound can be desdras fatty (Simpson and
Miller, 1984).
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Figure 5.34 The effect of pectin and carrageenan on the flavoutlemf wine, as
determined by GC-MS.

5.12. Pectin and carrageenan altered K5 and SQ production

H,S and S@balance is a continuing topic for winemakers (Jiranel.e1995), as
described in Section 1.5.5, Chapter 1 and discussed in Chapidrede levels were
measured in a study similar to our pilot-scale fermeniaaind showed that free 50
concentrations increased approximately four-fold due toréa&ment, from 21 ppm in
the control to 81 ppm in the treated wine (Figure 5.35). iRdisated that pectin and
carrageenan were actually increasing the amount gp8&iduced by the yeast or that
the compounds were breaking down to formp,.S®lowever, this is contradictory to
other results discovered during the lab-scale fermenigtias seen in Figure 5.37,
which tested the amount of 3@ the liquid samples. After an initial dip that ik
samples experienced, the control and pectin treategl emained relatively constant,
while after the 11 day, the S@ decreased in the carrageenan and pectin and
carrageenan treated wines to about half the concemrabf the control
(approximately 18 ppm compared to approximately 37 ppm). Théastynbetween
the carrageenan and pectin/carrageenan suggests thageeama was solely
responsible for this change.
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Figure 5.35 Free sulfur dioxide (ppm) in white wine (orange contyellow treated).
Data by Foster's from 2009 in the pilot plant using pectiaspl
carrageenan treated white grape juice.
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Figure 5.36 Wine SQ concentrations (in-liquid) for synthetic grape juice dme
fermentation. Standard curve with SMBS y = 0.032x (datashotvn)
was used to determine 2(ppm). Key: Control = light blue; Pectin =
lime green; Carrageenan = pink; Pectin plus carrageefarender.
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Figure 5.37. SG concentrations (in-liquid) for real grape juice winenfentation.
Standard curve with SMBS indicated that the relationshgs w =
0.032x (data not shown) to determine the concentration ef(&®n).
Key: Control = Blue; Pectin = Green; Carrageenan = Redfin plus
carrageenan = purple.

The consequences for$ formation through the use of pectin and carrageenan are
very interesting. b5 headspace detection tubes were used for both of tisedéd
fermentations at UWS. The synthetic grape juice enéslimentations resulted in no
H,S production at all. However, this was not the casetlier real grape juice
fermentation. As shown in Figure 5.38 below, the reseén for headspace,$
production was quite significant. The headspag® Was very elevated in the pectin
treated wines and reached 1,900 ppm over the duration adrtneritation. Compare
this to the zero value for the carrageenan treated. wifleere was also a marked
decrease in headspaceSHoncentrations in the pectin plus carrageenan treated
which had only 50 ppm compared to 495 ppm ¢% lih the control. Despite the huge
increase brought about by the pectin treatment, the gesnan was still able to
suppress this phenomen to values nearly ten times lesshib@acontrol. ANOVA
statistical analysis showed that the differencesvéen each of the conditions were
significant (p < 0.05), other than between the pectis parrageenan and carrageenan
H,S concentrations.
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Figure 5.38. Accumulative HS production in the headspace of wine fermentation.
Key: Control = Blue; Pectin = Green; Carrageenan = Redfin plus
carrageenan = purple.

Another question to consider was whether the increfbbS in the pectin-treated
wine is at a particular point and then stabilises tioviothe others or if this increase is
throughout the fermentation. The latter can be $edpe the case in Figure 5.39,
where the rate of production is higher at all points dutine fermentation. While the
rate of production is highest initially and decreasesr o course of the
fermentation, it is still higher at all times. Thrstial increase and then decrease in
rate over the course can be seen for the control featien as well. The other two

treatments did not produce enougiSHo illustrate the same pattern.
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Figure 5.39 Rate of HS production during fermentation. Key: Control = Blue;
Pectin = Green; Carrageenan = Red, Pectin plus canageepurple.

5.13. Discussion

Pectin and carrageenan are both plant-based compoundsddeom citrus peel
and red seaweed, respectively. They have both been usatsiealy in the food
industry, mainly as thickening agents, and are therefoee feafinclusion in wine
fermentation protocols. However, the important aspectensider are their impact on
the flavour and clarity of the wine. The results ascdeed above are both expected
and surprising. It is expected and indeed demonstrated inttlig that pectin and
carrageenan impacted positively on the wine clarity.wéie@r, their marked effects
on the flavour of the wine are totally anew. Thremfentation sets were carried out —
with the first being a pilot-scale fermentation andrthtwo lab-scale fermentations.
The attempt that utilised a synthetic Chardonnay grage jomedia in the lab-scale
failed to give some insight into the effects of peetnd carrageenan on wine clarity,
due to the media’s absorbance being too low to be meadwved the start.
Therefore, frozen grape juice was sourced from Southrdlizstand the same setup
was used for the second lab-scale fermentation.

The pilot-scale fermentation showed no impact of peatid carrageenan on the

fermentation rate, but demonstrated their potentiaingisgf agents, since any adverse
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effect on fermentation would devalue their usefulnddss notion is further validated

by the finding with the lab-scale fermentation, nambgy tesidual sugar remaining at
the end of the fermentation being significantly higimethe control fermentation than
for the treatments, suggesting that pectin and carrageesmanactually promote

fermentation.

The most important question here is the one of clarPgctin and carrageenan
clearly improved the heat stability of the wine by 0v8%0, meaning this wine would
be 1.75 times less likely to form a haze than therobnfThe treated grape juice lab-
scale wines were two to three times less likely thencontrol wine to haze, with the
pectin treated wine being less likely than the carrageandrpectin plus carrageenan
treatments. These results demonstrate that pedicarageenan indeed clarified the
wine. The underlying rationale for their fining role wasnd, as expected, to be due
to their sequestration of calcium by ionic interactiontlie wine (Figure 5.20).
Calcium, a contributor to wine hazing, is positively ¢feat and is chelated by anionic
pectin and carrageenan.

While the agents’ positive effect on clarity was afiad, their influence on wine
flavour, as mentioned previously, is a complete surpridee taste and aroma of the
treated pilot-scale fermentation was much more fraitgl pleasant than the control.
GC-MS analysis showed that the tested flavour compoundsmare abundant in the
treated fermentation than the control, even thosk wipleasant flavours or aromas.
However, the ‘unpleasant’ components were belowfltveur threshold, so only the
pleasant fruity flavours were apparent in the treategeywnaking it more pleasant to
drink than the control wine. Although the grape juiceda@le fermentation did not
show such a clear-cut result as that of the pilotestaimentation, the effects of these
potential fining agents were clearly demonstrated. Toeefit is imperative for
researchers like me to further investigate how suclctsffarose at the molecular
level. This is exactly what | did and the findings arecdbsd in the next chapter.

The sensory panel data was not conclusive and the woekwith the lab-scale
fermentations was really never intended to be quartstatThe use of an amateur
group, the difficulty in getting the same panel members #med level of wine
appreciation was restricted. But it is worth nothingtthhe taste and aroma
appreciation differed. Some would prefer one wine orb#ss of aroma, but another
on the basis of taste. In general, preference tamarand preference for taste did not
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coincide. | was also concerned that preference faresvess may have unduly
influenced the panel members.

Correlation exists between increased fruity volatiletabolites detected by GC-
MS and fruity odours detected by a sensory panel. This dok correlate with a
fruity taste, however. There is more at play hiian thresholds. The taste profile
differed from the aroma profile. While the sensory panggests a positive increase
in the fruity aroma, the taste was negatively afiédtg the treatments. The lab-scale
fermentation utilised a comparative approach to theMZCwithout being able to
assess the actual concentrations. Some of thospocmis that had a flavour or
aroma that negatively affects wine but was undertkineshold in the pilot-scale
fermentation could be above the flavour threshold is Hib-scale fermentation and
thus contributing to the flavour negatively.

As noted above, residual sugar concentrations differédelea the conditions,
with the control remaining sweeter than the treatsahthe end of the fermentation.
This correlated with the sweet taste detected by theosepsnel and could have
contributed to the preference of the control overtteated samples. A correlation
exists between the sweet taste detected by the sepmoey and the sugar test. The
control, which was sweeter, was more liked by the sgnpanel (Figure 5.6 and
Figure 5.21).

H,S concentrations were dramatically altered by theipaetd carrageenan, with
four times as much headspacgSHn the pectin treated wine than the control wine, a
tenth of the headspace&lin the pectin plus carrageenan treated wine compared to
the control wine and no detectable headspat® iH the carrageenan treated wine.
Despite the huge increase caused by the pectin treatmecgrlageenan was able to
mostly counteract this increase in the pectin plus gaa@an treated wine, containing
nearly 40 times less 3 than the pectin treated wine. This is a remarkalsialtre
especially when the structure of the polysaccharidesnsidered, with carrageenan
and not pectin containing sulfate. Instead, perhapsehst ynetabolism is responsible
for this result? This question is examined in Chapter ith \yene expression
microarrays compared at 48 and 96 h timepoints.

The potential application of pectin and carrageenanarctmtext of winemaking
has not been investigated in too much detail to date, howeabello-Pasini et al
(2005) and Marangon et al (2012) have studied these biopolymeiigen @abello-
Pasini et al (2005) supported the results presented here,nghthat pectin and
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carrageenan were capable of reducing the probability of kaming. The results here
indicated that pectin and carrageenan increased pretess] however, our sample
size was small and the results contradicted thosMarbngon et al (2012), who
demonstrated that proteins and small polypeptides were rémboyepectin and

carrageenan, increasing wine stability; this increase bilisgawas also seen in my
study.

Taken together, these results demonstrated the potehfiattin and carrageenan
being fining agents for winemaking. Furthermore, they pogent in flavour
modulation. In order to understand their effect on yesstibolism at the molecular
level, gene expression microarrays profiling was caroret] which are described in

the following chapter.
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Chapter 6: Understanding the effects of pectin and
carrageenan on yeast metabolism by means of gene

expression profiling

6.1. Introduction

Pectin and carrageenan have an impact on the clalayour and headspace
hydrogen sulfide (k5) production of wine, as described in Chapter 5. Trexietin
white wine clarity is explainable because of their aniamature and hence being
capable of forming complexes with cations and positieélgrged proteins, leading to
improved clarity and heat stability. However, the timgent led to additional
unexpected outcomes, such as an increased quantity oflavowe compounds and a
dramatic impact on headspacgSHevels. These unexpected outcomes prompted the
exploration in this chapter in order to decipher thdeswar mechanisms of wine
yeast treated with pectin and carrageenan. Here, the @gression of wine yeast
isolated from the pectin and carrageenan treated feati@miwas investigated using
cDNA microarray analysis at 96 hours for the pilot-sdarmentation and at 48 and
96 hours for the grape juice lab-scale fermentation utidetreatments as detailed in
Chapter 5.

The specific objectives of this chapter are as follows:

e To delineate the effect of pectin / carrageenan tredtnmethe pilot-scale

fermentation on flavour compounds at a gene expressieh |

e To understand molecular mechanisms whereby pectin increased

carrageenan decreaseg-toncentrations in the lab-scale fermentation.

6.2. Transcriptomic gene expression profiling

Pilot-scale (20 L) and lab-scale (2 L) white wine fertaéions were set up to
study the effect of pectin and carrageenan. The piedermentation involved a
comparison between the pectin plus carrageenan treaamérihe control. The lab-
scale fermentation compared pectin only, carrageenan anty pectin plus
carrageenan treatments to a control respectivelyjpiicate, as shown in Figure 6.1.
Yeast samples were taken from the wine fermentatadtey 96 h of pilot-scale
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fermentation and after 48 and 96 h of lab-scale ferrtientaand RNA purification
was followed. cDNA was transcribed from each isolatdtARand hybridised onto
Affymetrix® yeast gene expression microarrays. These data watgsed through
the ParteR bioinformatic program to determine the genes of signififald change.
Significant genes were deemed to be those with a higharl.5 fold change. A full

list of significant genes above a cut-off of 2 carseen in Appendix A.

Control
96 h Control

Pectin and N _ ——»U Pectin

carrageenan Carrageenan
Lab-scale grape juice fermentation

Pectin and
> carrageenan
Pilot-scale fermentation (each in triplicate)

48h 96 h

Figure 6.1. Experimental scheme of the fermentations analysed by gepression
microarrays.

6.3. Amino acid uptake was increased in pilot-scale fermentain

Transcriptomic analysis from the Affymetrix microarrdata showed that 451
genes were significantly altered (above a 1.5 fold charme)the pectin and
carrageenan treatment after 96 h in the pilot-scale faatien. Of these, 252 were
up-regulated, 54 of which had fold changes above 2, and 199 genesdowen-
regulated, of which 30 showed a fold change below -2.

Functional Specification (FunSpec) analysis, as desdrin Chapter 2, Section
2.8.4, using the databases GO Molecular Function, G@dadl Process and MIPS
Functional Classification, showed that the molecudsmponse of yeast to pectin and
carrageenan treatment involved stimulation of amind aptake and repression of

alternative nitrogen source catabolism, as shown ineTahl
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Table 6.1 Amino acid and nitrogen uptake genes significantly altbsedectin and
carrageenan treatment in pilot-scale wine fermeontati

Fold
change

Gene Description

High-affinity leucine permease, functions as a brandiedn
BAP2 | amino acid permease involved in the uptake of leucine,
isoleucine and valine.

Amino acid permease involved in the uptake of cysteine,

BAP3 leucine, isoleucine and valine.

GNP1 Hig_h-affinity gl_utamine permease, al_so transports Ie}_Jcin
serine, threonine, cysteine, methionine and asparagine.

MUP1 High affinity methionine permease, also involved in ciyste

uptake.

MUP3 | Low affinity methionine permease, similar to Muplp.

High-affinity S-methylmethionine permease, required for
MMP1 | utilisation of S-methylmethionine as a sulfur source; has
similarity to S-adenosylmethionine permease Sam3p.

TAT2 | High affinity tryptophan and tyrosine permease.

v-SNARE binding protein that facilitates specific protein
BTN2 | retrieval from a late endosome to the Golgi; modulatgsine
uptake.

Zinc-finger protein of unknown function, possibly involved i
STP3 | pre-tRNA splicing and in uptake of branched-chain amino
acids.

Urea amidolyase, contains both urea carboxylase and
allophanate hydrolase activities, degrades urea t0a@@NH;
DUR1,2| expression sensitive to nitrogen catabolite repressidon an
induced by allophanate, an intermediate in allantoin
degradation.

Plasma membrane transporter for both urea and polyamine
expression is highly sensitive to nitrogen catabolic rejiyas
and induced by allophanate, the last intermediate of the
allantoin degradative pathway.

DURS3

Allantoicase, converts allantoate to urea and ureidotye in
the second step of allantoin degradation; expression isertsit
nitrogen catabolite repression and induced by allophaaate,
intermediate in allantoin degradation.

DAL2

Malate synthase, role in allantoin degradation unknown;
expression sensitive to nitrogen catabolite repressidn an
induced by allophanate, an intermediate in allantoin
degradation.

DALY

Note: The FunSpec categories were amino acid transmeenlmamsporter activity, amino
acid transport, allantoin catabolic process, urea bclita process and catabolism of
nitrogenous compounds. Gene descriptions were derived from @agtites Genome
Database (SGD). The fold changes highlighted in red shoatstlte expression is up-
regulated in the treated sample and the green highhgltssdown-regulation.
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On the basis of the gene expression at 96 h, thereavimead increase of the
amino acid transporter gene expressioBAP2 (+1.81 fold increase) encodes a
branched-chain amino acid permease involved in the uptakieeolbranched-chain
amino acids like leucine, isoleucine and valine (Grausluiadl ,et995). BAP3(+2.12)
encodes an amino acid permease with a similar funet®oBap2p but which also
involved in the uptake of cysteine (Regenberg et al., 198NP1(+2.74) is a gene
for the high-affinity glutamine permease, which canngport leucine, serine,
threonine, cysteine, methionine and asparagine (Zhu et286; Regenberg et al.,
1999). MUP1 (+1.99) encodes a high affinity methionine permease, which is
involved in cysteine uptake as well (Isnard et al., 1996; Kosugl., 2001). MUP3
(+1.65) is a gene that encodes a low affinity methionine peseneath similar
function to Muplp (Isnard et al., 1996MMP1 (+2.46) is a gene for high affinity S-
methylmethionine permease, which is required for utilisatib-methylmethionine
as a sulfur source and is similar to the S-adenosylovette permease, Sama3p
(Rouillon et al., 1999).TAT2(+1.51) encodes a high affinity permease of tryptophan
and tyrosine (Schmidt et al., 1994BTN2 (+7.18) encodes for a v-SNARE binding
protein that also modulates arginine uptake (Chattopadhyalearde, 2002)STP3
(+1.53) encodes for a zinc-finger protein with unknown fumgtiwhich is possibly
involved in the uptake of branched-chain amino acids (AbdedrSt al., 2004).

The increase of these transporter genes for amino aomigests the elevated
uptake activity of the yeast cells under pectin and carnagegeatment, which could
explain the enchanced levels of flavour compounds (Ch&pteection 5.6), since the
branched amino acids are precursors for such compoundkir(§in et al., 1998;
Dickinson et al., 2000; Hazelwood et al., 2008). For exanyaline is the amino acid
precursor for isobutanol which was increased in theddeaine by 67% and leucine
is the precursor of isoamyl acetate (increased by 64&b)smamyl alcohol (increased
by 27%). The branched-chain amino acids are involvedhén Bhrlich pathway
(Hazelwood et al., 2008), whereby the amino acids arebwiktad to form higher
alcohols and then esters, as shown in Table 6.2 agute=6.2. The example of
leucine is shown in Figure 6.3, demonstrating how an inaleaseke of this amino

acid can account for the increase of isoamyl acetatesmamy! alcohol.
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Table 6.2. Amino acids that involved in the Ehrlich pathway andrésulting higher
alcohols and esters produced.

Amino acid Higher alcohol Ester
Leucine Isoamyl alcohol Isoamyl acetate
Isoleucine Active amyl alcohol Active amyl acetate
Valine Isobutanol Isobutyl acetate
Phenylalanine Phenylethanol
Tyrosine Tyrosol
Trpytophan Tryptophol
Methionine Methionol

References: Lilly et al. (2006a), Lee et al. (2011), Haaebthiet al. (2008).

Acetyl CoA

Alcohol acetyl
transferase

(ATFI. ATFD)

/ Ehrlich Pathway

> Esters

Ehrlich Pathway (catabolism of amino acids)

— |T5dd.eh}rdes % coz_|

Leucine AROS AROIO SEAI

Isoleucine AROY PDC]  ADHI NADH
Valine BATHTWT2 PDC3 ADH? 1 .
Phenvlalanine BATIL/TWTI PDCE ADH3 ) NADH
Tyrosine ADH4

Tryptophan ADH3Y

Methionine =

Figure 6.2. Amino acids are the precursors for higher alcohols aterg through
the Ehrlich pathway.
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Amino acids

Leucine
BAP2 +1.81
BAP3 +2.12 Amino acids
GNP1 42.74 / \
Higher _
Acetyl-CoA alcohols Acids
\ J Isoamyl
Y alcohol
| IAcetate
soamyl esters 0
acetate 127 %

164%

FLAVOUR ACTIVE COMPOUNDS

Figure 6.3. Schematic of how an amino acid (leucine in this cafferta flavour
production.

6.4. Grape juice lab-scale fermentation

The grape juice lab-scale (2 L) fermentation involvedtipeonly, carrageenan
only and pectin plus carrageenan treatments compared tmlcarmentations, in
triplicate. Transcriptomic analysis of the Affymgtmicroarrays was conducted on
the wine yeast from these fermentations isolated8aand 96 h. Firstly, principal
component analysis (PCA) was conducted on these Affgmeicroarray data using
Partek and the results are shown in Figure 6.4. Alihefdatasets were grouped
reasonably, except for an outlier of carrageenan at @hich was excluded from the
bioinformatic analysis.

The PCA plot is useful to investigate the similarigtieeen various samples (in
this case, each point represents a single microaridyg. position of each sample in
relation to the others shows how similar or difféerenis to the others. The

components of difference are mapped out in 3D, where tiest level of difference
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seen is represented on the x-axis, then on the y-adisharthird level is represented
on the z-axis. Distances between samples on thesxragresent more difference
between samples than distances on the other axethe Iplot below, PC1 (x-axis)
represents 52.6% of the difference, PC2 (y-axis) accdunt42.8% and PC3 for
9.62%. The spheres in the PCA represent the 48 h timepdneteas the diamonds
represent the 96 h microarrays. The colours representvarious fermentation
treatments, with pectin only, carrageenan only, pquiiis carrageenan and control
represented by purple, red, green and blue, respectively. triplieates are seen
grouped together, except for a 96 h carrageenan microara&h was grouped with
the 48 h microarrays and was thus excluded from any dawarstanalysis. While
the 48 h timepoints are not as tightly grouped as the 3funhterparts, there is little
difference on the x-axis, indicating that these mimaa are similar to each other. It
appears that the carrageenan only and pectin plus carrageeatanents are the most

similar out of the treatments, with overlap at 48 h.

70— I

58— { [
46—

7 T T T T
312ho 64 -49 -34 -19 5

PC #3 9.62%

Figure 6.4. PCA plot of microarrays after 48 and 96 h of grape jua®scale
fermentation.

Note: The outlying microarray of the third replicatetlué carrageenan treated sample
at 96 hours was excluded (the right most diamond in therdiabove). Legend:
Spheres = 48 h, diamonds = 96 h; red = carrageenan only, ldoatrol, green =
pectin, purple = pectin plus carrageenan.
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The number of significant genes in the microarray dat@bulated in Table 6.3
below, showing the number of genes found in each ddiedeabove 1.5 and above 2
fold changes. There is a larger amount of variatiomwéen the treatment and the
control in the 48 h samples with a smaller number dt. 96he exception to this is the
pectin and carrageenan treatment, which had more difigilgrexpressed genes at 96
h than at 48 h.

When looking at the carrageenan treatment, many of theses were common
with the pectin plus carrageenan treatment, for exa@plef the 37 down-regulated
genes at 96 h were common with the pectin plus carragesan-regulated genes
(62%). The majority of the up-regulated genes in theagaenan treatment (75 out of
94) were also up-regulated in the pectin plus carragegeated gene list (80%).
Ninety-nine of the 148 up-regulated genes at 48 h were comwitbnpectin plus
carrageenan (67%) and 64 of the 199 down-regulated genes wer®nd32%).

In contrast, the comparison between the pectin angdlein plus carrageenan
datasets showed some opposite findings. Whilst 14 of the Yégupated pectin
genes were up-regulated in both treatments, pectin anith p&cs carrageenan at 96 h
(82%), the down-regulated comparison showed six common gewkean additional
two genes that were up-regulated in the pectin plus camagedataset. At 48 h, 95
of the 302 up-regulated pectin genes were also up-regulatéde ipectin plus
carrageeenan samples. However, eight genes were @gwiated. The down-
regulated genes at 48 h showed that 16 of the 206 genes weneonty down-
regulated in pectin and pectin plus carrageenan dat&setever, one gene was up-
regulated in pectin plus carrageenan. Venn diagranthdse datasets at both 48 and
96 h are presented in Figure 6.5.
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Table 6.3. Number of significant genes for each treatment.

PC Pectin Carra PC Pectin Carra
48 hr 48 hr 48 hr 96 hr 96 hr 96 hr

Note: PC denotes pectin plus carrageenan treatmenta @anotes carrageenan
treatment.

Pectin plus Pectin Vs Pectin plus
carrageenan RS carrageenan
Vs Control Vs Control
48 hours 48 Hours

up DOWN

Pectin Vs
Control
48 hours
DOWN

Carrageenan Vs Control 48 hours UP Carrageenan Vs Control 48 hours DOWN

Pectin plus
carrageenan
Vs Control
96 hours
up

Pectin plus
carrageenan
Vs Control
96 hours
DOWN

Pectin Vs
Control
96 hours
UP

Pectin Vs
Control
96 hours
DOWN

Carrageenan Vs Control 96 hours UP Carrageenan Vs Control 96 hours DOWN

Figure 6.5. Venn diagrams showing the common genes between & tii@atments,
pectin (red), carrageenan (yellow) and pectin plus gaa@an (blue) vs
the control at 48 h (top half) and 96 h (bottom halfthwip-regulation
on the left and down-regulation on the right. Thalgsis was facilitated
by the web-based tool Pangloss, found at
www.pangloss.com/seidel/Protocols/venn.cgi.
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Enrichment of the functional categories found in thenificantly altered gene
dataset was examined in Table 6.4, Table 6.5 and Table 6.¢eftin plus
carrageenan, pectin, and carrageenan vs the controlctiespyefor 48 and 96 h.
Some involvement of rRNA and protein processing was fourfabth of the pectin
plus carrageenan up-regulated datasets. At 96 h, the padimcarrageenan dataset
also had genes that were involved with polysaccharideoeanched-chain amino acid
metabolism. Iron uptake, metabolism relating to enegiytamate degradation was
down-regulated, with a large portion of unclassified prstein the pectin plus
carrageenan 48 h dataset.

Metabolism relating to energy was up-regulated in tretipes control dataset at
48 h. Down-regulated genes for the pectin vs controkdat 48 h fall primarily into
sulfate and sulfur-containing amino acid metabolism {asudsed later in detail) as
well as purine nucleotide anabolism (mainly &E genes). In addition, there were
some amino acid transport genes down-regulated, whiclumegected since these
genes were up-regulated in the pilot-scale fermentatibmugh some of these genes
were up-regulated in some other conditions, sudBAd33which had fold changes of
+1.98 and +2.68 in the pectin plus carrageenan and carragdatasets at 48 h
despite a fold change of -1.89 for the pectin dataset &t 48on uptake was again
down-regulated in the pectin vs control 48 h dataset. Mé&sab of nitrogen was
down-regulated at 96 h.

As with the pectin plus carrageenan dataset, rRNA wavoént was present in the
carrageenan vs control dataset at 48 h. Iron uptake was-reégwlated at 48 h, as
was the case in the other two treatments. Homessifisnetal ions was also down-

regulated, with copper and iron mainly involved.

185



Table 6.4. Functional enrichment of the genes significantly gesghby pectin plus
carrageenan treatment at 48 and 96 h, as determined byRdiR8onal
Classification, FunSpec (Robinson et al., 2002). Enrichmsas
considered as p < 0.01. Up-regulated categories are highlighted and
down-regulated categories are highlighted in green.

Category | p-value | Genes in category

48 hours (pectin plus carrageenan vs control)

Up-regulated genes at 48 h:

ENP1 RSA4 NOP1 UTP6 DBP3 UTP22 NSR1
IMP3 DBP8 UTP10 REX2 ERB1 UTP15
HASINOP2 DBP2 POP3 UTP23 NOP58 NOC4

rRNA processing

ENP1 SRO9 UTP6 UTP22 NSR1 IMP3 SNP1

RNA binding UTP10 UTP15 NAF1 VTS1 NOC4

Ribosome biogenesis RSA4 ARX1 IMP3 RRB1 NOG1 NOC4

Cytoskeleton / structural

proteins SMY2 ATC1 SPR6 PAC10 GIC1 AUR1 ICY2 CLN2

rRNA modification NOP1 IMP3 NOP58

Down-regulated genes at 48 h:

Siderophore-iron transpor FTR1 ARN1 FET3 FRE4 ENB1

Metabolism of energy
reserves

GLC3 GIP2 GSY1 IMA1 PIG2 GLG1 GSY2

Glycogen anabolism GSY1 GLG1 GSY2

Proton driven symporter MAL31 UGA4

Aerobic respiration ETR1 NDE2 COX20 AAC1 MRPL22 NCA2

Degradation of glutamate UGA2 GAD1

Antiporter SFC1 AAC1

Amino acid / amino acid

derivatives transport UGA4 MMP1 PUT4 DIPS

YBR182C-A YBR285W FMP16 RGI1 YGRO053C
YGR174W-A YGR204C-A SPG1 AIM17 YIL029C
OM45 YIL165C FMP33 YJL163C YJR0O05C-A
YKRO75C YLRO53C RKMS YLR177W YLR312C
ART10 BLS1 EIS1 YMR105W-A SPG4 YNL115C
YNL144C YNL195C AIM39 DCS2 YOR186W

Unclassified proteins

YPL119C-A UIP4
C-_2 compou_nd and organi SYM1 ALD4
acid catabolism

96 hours (pectin plus carrageenan vs control)

Up-regulated genes at 96 h:

MAK16 RSA4 TSR1 NOP14 ARX1 NSA2 LOC1
CGR1 NOP7 IMP3 RIX1 URB2 MRT4 RIX7 RLP24
RRB1 NOP15 NOG2 NOC2 YTM1 RRP12 NOG1
NOP53 NOC4

Ribosome biogenesis

ENP1 RRP7 SPB1 PWP2 RSA4 NOP1 TSR1
NOP14 NHP2 RRP8 RRP1 UTP4 ESF1 UTP6
CGR1 DBP3 UTP22 NOP7 UTP8 NSR1 RRP3
IMP3 UTP9 RIX1 HCA4 UTP10 MRT4 URB1
UTP11 EBP2 NOC3 DIP2 CBF5 NOP56 UTP13
IFH1 UTP21 UTP14 ERB1 UTP15 RNT1 HAS1
DBP2 RRP36 NOP58 RRP12 NAN1 NOP53 NIP7
MRD1 RRP15 NOC4

rRNA processing

ENP1 SRO9 PWP2 LHP1 NOP14 NHP2 UTP4
ESF1 UTP6 LOC1 UTP22 UTP8 NSR1 SSF1 IMP3
NMD3 UTP9 UTP10 UTP11 DIP2 UTP13 UTP21
RPL6B UTP14 UTP15 RNT1 NOP13 BRX1 TRM11
VTS1 NAN1 MRD1 NOC4

RNA binding
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RRP7 NOP1 RPL13A MAK21 RLI1 RPS17B
RPL27B RPL12A RPS26B RPL22B DBP3 RPLYA
NSR1 SSF1 NMD3 RPS22A RPL43B RPL40B
RPS28B RPL38 RPS29A RPL6B RPS18B RPS10B
BRX1 RPS7A NIP7 RRP15

Ribosomal proteins

RPB5 RPC17 RRN7 RPA34 RPC25 RRB1 RPA49

rRNA synthesis RPA43 RPA190 RPA135 RPC40 RPO26

rRNA madification SPB1 NOP1 NHP2 IMP3 CBF5 NOP56 NOP58

Biogenesis of cellular

MAK21 CGR1 RRB1 NOC2
components

Metabolism of the pyruvat
family (alanine, isoleucine,
leucine, valine) and D-
alanine

ILV1 MAE1

Polysaccharide metabolis CHS2 SMI1 GAS3 SCW10 GAS1 SUN4

tRNA synthesis RPB5 LHP1 RPC17 RPC25 RPC40 RPO26

Translation initiation RPG1 RLI1 TIF4631 SUI2 NIP1 PRT1

Transcription SRO9 YCRO087C-A NMD3 SRP40 NOP13

CHS2 PWP2 SCW11 DSE2 CTS1 HOF1 NOP15

Cytokinesis DSE4

Down-regulated genes at 96 h:

Sugar, glucoside, polyol

X GAL7 TKL2 TPS1 INO1 XYL2 ATH1
and carboxylate anabolis

Metabolism of urea (urea

DUR1,2 CAR2 CARL
cycle)

Metabolism of secondary

. INO1 XYL2
monosaccharides

Degradation of arginine CAR2 CAR1

Siderophore-iron transpor ARN1 FET3 ENB1

Metabolism of energy
reserves

TPS1 GLC3 GIP2 PIG2 GLG1 ATH1

Sugar, glucoside, polyol

. GAL7 TKL2 TPS1 XKS1 XYL2 ZWF1 ATH1
and carboxylate catabolis

Catabolism of nitrogenous

DAL2 DALY
compounds
Modification by
phosphorylation, PRR2 GIP2 PKP2 SIP2 SAP4 TPK1 PTK2 KKQ8
dephosphorylation, YPK2 MEK1 RAD53

autophosphorylation
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Table 6.5. Functional enrichment of the genes significantly chanbgdpectin

treatment at 48 h and 96 h, as determined by MIPS Funttiona

Classification, FunSpec (Robinson et al, 2002). Enrichmeas
considered as p < 0.01. Up-regulated categories are highlighted and
down-regulated categories are highlighted in green.

Category | p-value |

Genes in category

48 hours (pectin vs control)

Up-regulated genes at 48 h:

Tricarboxylic-acid pathwa

Degradation of glutamate

Metabolism of nonprotein
amino acids

Accessory proteins of
electron transport and
membrane-associated
energy conservation

Oxidative stress response

Sugar, glucoside, polyol
and carboxylate catabolis

C-compound and
carbohydrate metabolism

Down-regulated genes at 48 h:

Sulfate assimilation

Purine nucleotide /
nucleoside / nucleobase
anabolism

Metabolism of methionine

Metabolism of cysteine

Nitrogen, sulfur and
selenium metabolism

Degradation of glycine

Biosynthesis of serine

Biosynthesis of
homocysteine

C-1 compound catabolism

Metabolism of vitamins,
cofactors and prosthetic
groups

Tetrahydofolate-depende
C-1-transfer

Biosynthesis of methionin

Biosynthesis of valine

NAD/NADP binding

Transcription elongation

Amino acid/amino acid
derivatives transport

Sulfate/sulfite transport

Homeostasis of sulfate

Chromosome condensatio

Extension / polymerisation
activity

Siderophore-iron transpor

GDH3 CIT2 YJLO45W MDH1 SDH1 ACO1
YMR118C FUM1

GDH3 UGA2 GAD1

ARG3 CAT2 ALD3 ALD2

RAV1 CYT1

UGA2 TSA2 SCH9 SKN7 GTT1 FMP46 GAD1
AFT2

TKL2 SUC2 RPE1 MDH1 SDH1 XYL2 ACO1 PGM2
FUM1

BDH2 CIT2 BSC1 EHD3 ARO10 SCS2 MIG1 UGA1l
IRC24 YJLO45W RGT1 ECM38 ALD3 ALD2 FKS3
LAT1 MLS1 IRC15

MET8 MET10 MET3 MET5 MET14 MET1 MET22
MET16

ADE1 HIS4 ADES8 ADES5,7 ADE6 IMD2 MTD1
ADE13 ADE17 ADE12 ADE2 SER1

MET32 MET3 MET1 MHT1 MET17 SAM4 MET16

MET32 YLLOS8W MHT1 YNL247W SAM4

STR3 YHR112C FMO1 NIT1 BNA3 OPT1
YLLOS8W ALT1 MET17 CAR2

GCV3 GCV1 SHM2 GCV2

SER2 SER33 SHM2 SER1

MET10 STR3 YHR112C MET5

GCV3 GCV1 GCV2

GCV3 PYC2 GCV1 MTD1 SHM2 PCD1 GCV2

ADES8 MTD1 SHM2 ADE17

MET14 MET2 MET22

ILV6 ILV3 BAT2

MET8 MET10 SER33 LYS12 MET5 MTD1

PAF1 RTF1 MFT1 TOP1 CTR9

AGP1 BAP3 MUP1 HIP1 MMP1 DIP5

SUL1 SUL2

SUL1 SUL2

MCD1 ECO1 CTF18 TOP1

POL4 SLD2 CDC45 RFC3 TOP1

ARN1 FET3 ENB1
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Amino acid metabolism MET8 SUL1 MUP1 ALT1 SUL2

Spindle pole body /
centrosome and
microtubule cycle

SPC19 CLB1 DAD2 CIK1 BBP1

Biosynthesis of isoleucine ILV3 BAT2

Chromosome segregation

division MTW1 SPC19 DAD2 CSM3 CTR9 SGO1

Metabolism of porphyrins MET8 MET1 FET3

96 hours (pectin vs control)

Up-regulated genes at 96 h:

(no significant categories) [ESIGEI_(no significant genes)

Down-regulated genes at 96 h:

Catabolism of nitrogenous

DAL2 DAL7
compounds
Regulation of nitrogen,
sulfur and selenium DCG1 CAR1
metabolism
Homeostasis of anions DUR3
Degradation of arginine CAR1

Table 6.6. Functional enrichment of the genes significantly geahby carrageenan

treatment at 48 and 96 h, as determined by MIPS Functional

Classification, FunSpec (Robinson et al, 2002). Enrichimeas
considered as p < 0.01. Up-regulated categories are highlighted and
down-regulated categories are highlighted in green.

Category | p-value | Genes in category

48 hours (carrageenan vs control)

Up-regulated genes at 48 h:

ENP1 RSA4 NOP1 UTP6 DBP3 NSR1 IMP3 REX2

rRNA processing ERB1 HAS1 NOP2 DBP2 NOP58 NOC4

Degradation of threonine CHA1 GLY1ILV1

lon channels AQY2 YLLO53C AQY1

rRNA modification NOP1 IMP3 NOP58

Metabolism of urea ARG3 ARG1

Down-regulated genes at 48 h:

Siderophore-iron transpor FTR1 ARN1 FET3 ATX1 FRE4 ENB1

GLC3 GIP2 GSY1 IMA1 PIG2 GLG1 GSY2 TSL1
PGM2 GPH1 GDB1

Metabolism of energy
reserves

GIP1 YSW1 DOA4 SPR28 DIT2 SHC1 SPO74
SPR3 PFS1 SPO75 OSW2 CDA1 TEP1 SPR1
SSP2 OSW1 SPS4 SMA1

Development of asco-
basidio- or zygospore

Catabolism of nitrogenous

DAL1 DAL2 DAL7 DAL3
compounds

Glycogen anabolism GSY1 GLG1 GSY2

Allantoin and allantoate

transport DAL4 YCT1 THI73

Purin nucleotide /
nucleoside / nucleobase
metabolism

DUR1,2 YBR284W DAL1 DAL7 DAL3

Polysaccharide metabolis GLC3 CDA1 GAS4 GPH1 GDB1

Degradation of proline PUT2 PUT1
Degradation of glutamate UGA2 GAD1
Protease inhibitor PAI3 PBI2

CCC2 FTR1 COX17 SMF3 CTR3 FET3 ATX1
FRE4

Homeostatis of metal ions
(Na, K, Ca, etc)

ABC transporters VMR1 NFT1 YKR104W ENB1
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96 hours (carrageenan vs control)

Up-regulated genes at 96 h:

PHOS5 FEN1 BSC1 EXG2 SCW11 YGLO39W HXK2
ATF2 DSE2 CSI2

C-compound and
carbohydrate metabolism

Polysaccharide metabolis CHS2 GAS3 SCW10 SUN4

Cytokinesis CHS2 SCW11 DSE2 HOF1 DSE4

Enzymatic activity

regulation CLB1 CLN1 PCL1 CLN2 CLB2

Cell wall ggﬁl EXG2 DSE1 DSE2 CIS3 GAS3 YMR317W
lon channels AQY2 YLLO53C

Deoxyribonucleotide RNR1 RNR3

metabolism

Down-regulated genes at 96 h:

Stress response SSA3 HSP30 XBP1 ALD3 DDR2

Amino / polyamine

transport UGA4 PNS1

Degradation of serine CHAl1

6.4.1. The sulfur pathway and headspace hydrogen sulfide

The real grape juice lab-scale wine fermentation skhoaveemarkable difference
in headspace #$ between the treatments, whereby pectin dramaticaihgased the
concentration above the control while the carrageémted fermentation resulted in
concentrations below detection, as shown in Figure T88pter 5. The pectin and
carrageenan treatment resulted in a very low quantityeadspace 6. The gene
expression data here were explored to gain insightstiainderstanding of these
remarkable observations. As shown in Table 6.7, the spdithway was largely
unaffected by most of the conditions at both timepomtsept that at 48 h, the pectin
treatment caused this pathway to be down-regulatedeéksia Figure 6.6, the down-
regulated genes seem to funnel towards homocysteineptgocind in the pathway
after HS.

As shown in Figure 6.6, extracellular sulfate is brougtd the yeast cell by the
high affinity sulfate permeaseSUL1 and SUL2 (Cherest et al., 1997). These two
genes were down-regulated 1.5 and 3.3 fold in the pectindréateent compared to
the control at 48 h. This demonstrated that the pathves suppressed from the start.
Further down-regulation by pectin were exhibited with ATRusylase encoded by
MET3 (-5.4) which converts sulfate inté-&denylylsulfate, the first step of the sulfur
pathway (Cherest et al., 1985). The transcriptioMBIT3 is strongly repressed by
methionine through the transcription factors, Met4p, Met31p Mat32p (with fold
changes of -1.1, 1.0 and -4.4 under pectin treatmentY14d€-5.7), adenylylsulfate
kinase, is responsible for the next step with conearsio 3-phospho-5
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adenylylsulfate. This is combined with reduced thioredoxin by Me¢d%R) to form
adenosine-3¥'-bisphosphate and free Q@Schwenn et al., 1988), the latter being
transported out of the cell by Ssulp (-1.3), a plasma memBtdfite pump (Park and
Bakalinsky, 2000). MET5 (-3.6) encodes for a sulfite reductase beta subunit and
MET10 (-1.9) encodes for the alpha subunit of sulfite redigtavhich together
convert SQ into H,S. MET17encodes for O-acetyl homoserine sulfhydrylase, which
combines O-acetyl homoserine angSHo form homocysteine, which then goes on to
form methionine and cysteine, the sulfur-containing amawids. The down-
regulation of the sulfur pathway by the pectin treatnseeims to end at this point with
homocysteine production, which is also the case #ftR3(-2.7) which encodes for
peroxisomal cystathionine beta-lyase which converts cystatl@onto homocysteine.

The reverse reaction involv&T R4which was unchanged (-1.3).

Table 6.7. Gene expression data for the sulfur assimilationvpaghunder treatment
of the fining agents.

P&C vs Pectinvs Carravs P&C vs Pectinvs Carravs

Control Control Control Control Control Control

(48 hr) (48 hr) (48 hr) (96 hr) (96 hr) (96 hr)
SUL1 -1.38 1.05 -1.45
SUL2 -1.49 -1.37 1.02
MET3 -1.15 1.01 1.01
MET14 -1.11 -1.04 1.04
MET16 -1.01 1.02 1.09
SSuU1 1.03 1.01 1.01
MET5 -1.11 1.10 -1.03
MET10 1.05 -1.06 1.14
MET17 -1.12 -1.07 1.12
MET6 -1.07 -1.02 1.06
SAM1 1.40 1.09 1.45
SAM2 1.09 1.18 1.04 1.05 1.02 1.01
SAH1 1.14 1.16 1.09 1.03 -1.01 -1.00
STR1 1.36 -1.34 146 | 101 1.25
STR2 -1.19 -1.18 -1.19 -1.04 -1.03 -1.04
STR3 -1.45 -1.25 -1.09 -1.04 -1.01
STRA4 1.04 1.11 1.29 1.08 1.16
MET2 -1.42 -1.20 -1.06 -1.09 -1.00
HOM3 1.43 -1.09 1.40 1.24 1.17
HOM2 1.01 -1.27 1.02 1.15 1.07 1.14
HOM®6 -1.04 -1.20 1.02 1.04 1.07 1.01
THR1 1.22 -1.35 1.27 1.01 -1.04 1.09
[ TrR: (RGO 121 | 105 | 103

Note: P&C denotes pectin plus carrageenan treatmemta C@notes carrageenan
treatment. Green indicates a gene expression ldwer-.5 and red indicates a gene
expression above 1.5.
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Table 6.8 Annotation of the genes involved in the sulfur pathway.

Gene Description

SUL1 | High affinity sulfate permease.

SUL2 | High affinity sulfate permease.

ATP sulfurylase, catalyses the primary step of inthalee

MET3 | sulfate activation, essential for assimilatory regucof sulfate
to sulfide.

MET14 | Adenylylsulfate kinase, required for sulfate assimilation
3'-phosphadenylsulfate reductase, reduces 3-phosphoade

MET16 | sulfate to adenosine-3',5'-bisphosphate and free suéitg
reduced thioredoxin as cosubstrate.

Plasma membrane sulfite pump involved in sulfite metaiol

SSuU1l ; > _
and required for efficient sulfite efflux.

METS | Sulfite reductase beta subunit.

Subunit alpha of assimilatory sulfite reductase, whmiverts

MET10 o .
sulfite into sulfide.

Methionine and cysteine synthase (O-acetyl homoserine-O

MET17 .
acetyl serine sulfhydrylase).

Cobalamin-independent methionine synthase, involved in

MET6 o . . -1.08
methionine biosynthesis and regeneration.

SAM1 S-adenosylmethionine synthetase, catalyses transtiee of 116
adenosyl group of ATP to the sulfur atom of methionine. '
S-adenosylmethionine synthetase, catalyses transtiee of

SAM2 | adenosyl group of ATP to the sulfur atom of methionine 1.18
(Samlp and Sam2p are differentially regulated isozymes).
S-adenosyl-L-homocysteine hydrolase, catabolises S-ageno

SAH1 L-homocysteine which is formed after donation of tbevated 116
methyl group of S-adenosyl-L-methionine (AdoMet) to an '
acceptor.

Cystathionine gamma-lyase, catalyses one of the tvatioea
involved in the transsulfuration pathway that yieldseye

STR1 Nl ; . . -1.34
from homocysteine with the intermediary formatidn o
cystathionine.

STR2 Cystathlomne gamma-synthase, converts cysteine into 118
cystathionine.

STR3 Peroxisomal cystathionine beta-lyase, converts cystatt@oni
into homocysteine.

Cystathionine beta-synthase, catalyses synthesis of

STR4 | cystathionine from serine and homocysteine, the fostroitted | -1.25
step in cysteine biosynthesis; responsible fgB bleneration.
L-homoserine-O-acetyltransferase, catalyses theersion of

MET2 | homoserine to O-acetyl homoserine which is the $irsp of the
methionine biosynthetic pathway.

Aspartate kinase, catalyses the first step in thenrwmmpathway

HOM3 o i i : -1.09
for methionine and threonine biosynthesis.

Aspartic beta semi-aldehyde dehydrogenase, catalyses the

HOM2 . - -1.27
second step in the common pathway for methionine and
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threonine biosynthesis.

HOMS6 Homoserine dehydrogenase, catalyses the third step in the
common pathway for methionine and threonine biosynthesis.
THR1 Homoserine kinase, conserved protein required for threonin 135
biosynthesis.

-1.20

Threonine synthase, conserved protein that catalyses th
THR4 . : :
formation of threonine from O-phosphohomoserine.

Extracellular SO, Extracellular sulfate

A ¢5ULL2 -1.5;-3.3

S5U1 -1.3

Intracellular sulfate

¢MFP’3 54

5'-Adenylylsulfate
MET14 -5.7

3'-Phospho-5'-Adenylylsulfate

MET16 -3.2
Aspartate

HOM3 -1.1 Intracellular SO,

HOM2 -1.3 MET5,10 -3.6,-1.9

HOMG6 -1.2 HS

MET2 -2.5
. . MET17 -2.3

Homoserine == O-Acetylhomosering =————————p

THR1 -1.3 Homocysteine

imm 16 Smg_z/ ¢M5'6 1.1
Threonine stra -1.3  Methionine
Cystathionine
¢SAM12 12,12
S- Adenosylhomocysteme denosylmethmnme
STR1 -1.3 *

Cysteine+

Figure 6.6. Yeast sulfur pathway showing the gene expression aatg@efctin vs
control at 48 h. Note: blue indicates the gene name witmuhebers
beside them denoting the gene expression fold changeefdin vs
control at 48 h, green being down-regulated and red beingouated.
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6.5. Discussion

Following the outset of this chapter, a fundamental uhaiedsng of the effects of
pectin and carrageenan on yeast metabolism was pursoegdftranscriptomic gene
profiing. The acquired datasets as described above rev&ghaticant insights. In
Chapter 5, pectin and carrageenan showed an impact orclanity and flavour as
well as on the production of hydrogen sulfide$iH While, as mentioned previously,
the effect on wine clarity is most likely the resatftinteraction between the pectin /
carrageenan and the cations and positively charged protang)itial thinking that
their influences on wine flavour compounds angb Hre due to their modulation on
yeast metabolism was confirmed by the findings in thisp@ra namely the
differences of their transcriptome under each treatmen

Acetate esters and ethyl esters, produced by yeast duringerfition, are
important flavour compounds in wine and other fermentedrbges (Verstrepen et
al., 2003; Swiegers et al., 2005b; Saerens et al., 2008a)t tAdaamino acid
permeases were up-regulated in the treated pilot-scatemeation (Table 6.1 and, for
the specific example of leucine, Figure 6.3) provides aportant clue for its
enhanced flavour compounds, because these branched aminaragmtscursors for
higher alcohols and esters (Hazelwood et al., 2008). Wémssnot the case for the lab-
scale fermentations, however, with a few of thesege@own-regulated. Amino acid
concentrations were assessed during the wine fermentadiative to each other,
however, they were used up so quickly that results wiffreudt to analyse, although
it does seem that pectin used up the amino acids quiceramrageenan slower than
the control. Nonetheless, this leads to a harderigunesthow pectin and carrageenan
incur such a beneficial phenomenon?

Similarly, the transcriptomic analysis unravelledttiiae sulfur pathway was
down-regulated in the pectin vs control microarray at Auk largely unchanged for
the other conditions at the 96 h timepoint. This findinghsoto the possibility that
H.,S levels could be already elevated under pectin tegdtmrior to the 48 h
timepoint, resulting in the down-regulation via negateedback loop of the pathway.
The benign variation in gene expression for pectin parsageenan treatment and
carrageenan alone might explain their inhibitive effentHS levels. But, more
experiments are definitely needed to shed more light esetpotential agents’ effect

on yeast fermentation.
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From the gene expression data, one thing is certainisth@ectin and carrageenan
affects yeast metabolism. To understand this andjdbstion asked a moment ago,
we need to look at them from the basics. Marangon @0dl2) showed that pectin
and carrageenan reduce the amount of protein and small podigseavailable as a
nitrogen source, leading the yeast to up-regulate theincaagid permease activity,
which could explain the results seen in the pilot-scalenéntation microarrays.
Lower nitrogen availability has been shown to induce tieiispathway, which may
be the case here with the pectin and carrageenaedreamples where this pathway is
down-regulated in pectin samples.

How exactly are pectin and carrageenan impacting the yeamst expression?
These compounds are too large and complex to be direetigbolised by the yeast.
This means that they must be somehow indirectly impadtie yeast metabolism.
Both pectin and carrageenan are anionic so ionic interacéire possible with cations
of interest. This raises the question of which catiasild bind to pectin and
carrageenan. The principal cations are probably metalsach as calcium and zinc,
and in addition amino acids and proteins that carry &ip®o<harge should bind.
Most wine proteins have a positive overall charge atattidic pH of wine (Waters et
al., 2005). While most amino acids are neutral, arginirgjdime and lysine are
positively charged and thus would bind with pectin and carrageenan

The other method of sequestration could involve the dmadsgag of pectin and
carrageenan, which is how they form gels in soluti@alcium is involved in this
process as a counter-ion. Some components, such ad imesa proteins,
carbohydrates and amino acids may be sequestered by padticaarageenan.
Evidence suggesting that this is possible comes from pbeagibility as drug delivery
agents (Ashford et al., 1993; Murano, 2000).

The differences between the primary structure of pesticd carrageenan could
result in different sequestration abilities and thenrefoould explain the differences
seen in the results in Chapter 5. Yeast cells ddtegbresence or absence of various
compounds, which adjusts their gene expression sohdgeast adapt to their growth
media and utilise the available resources suitably.pelftin and carrageenan are
sequestering various compounds within the grape juice withnoss-linking gelling
framework as well as binding cations, this could explaww titey are having such an
impact on the yeast gene expression without being ineetabolised.

195



Metal ions impact the fermentation rate, stabilityarity and flavour amongst
other characteristics of wine, either in a positiva oegative way. Zinc, for example,
has a positive impact on the fermentation rate, y@asbass and alcohol production.
This positive impact is due to the yeast’s requirememtgihc and fermentations can
become “stuck” when there is insufficient zinc in thestn(Gauci et al., 2009; Tariba,
2011). Calcium and potassium can result in clarity issuésttled wine, due to the
precipitation of tartaric salts. Copper and iron dse avolved in haze formation and
wine discolouration. As well as haze, a wine’s flavgrofile is affected by the
presence of metal ions; potassium and manganese hawa&ti@eponpact on white
wine flavour, while sodium, selenium and zinc have a tiagampact (Tariba, 2011).
A limit of 60 mg/L sodium (stoichiometrically exceedinglaride concentration) has
been imposed by the Office International de la VigngueYin.

Calcium binds with pectins (and is found as a counter-igrectin compounds in
the cell wall) as well as contributing to the irompphate hazing phenomenon
(Aceto, 2003). High calcium concentrations also phkyrole in suppressing
fermentation, most likely by hindering magnesium uptakec(Bet al., 2003), which
is an important cofactor for many enzymatic reactionsyeast. Increasing the
magnesium : calcium ratio (as would be the case th&hreduction of calcium ions)
resulted in increased fermentation rates and yeast lgr@irtch et al., 2003). They
also found that pre-conditioning yeast cells with magmesesulted in a higher rate
of ethanol production despite not influencing yeast groi@grmentations with higher
magnesium concentrations enhance ethanol productioveksas final wine quality
whereas higher calcium concentrations result in aenamidic wine (Birch et al.,
2003).

Pectin and carrageenan could be indirectly affectingydest gene expression
through limiting the nutrient availability of the fermation, thus, leading to a change
in flavour compound and 43 production. Availability of nutrients in individual
fermentations and differences seen between lab-swade pilot-scale fermentors
themselves could account for differences seen betwesa thw fermentations. The
effect of pectin and carrageenan on nutrient availabiibuld be tested by
determining the effect of nutrient supplementation experimeThe effect of certain
nutrients on the flavour and other aspects of wine cowniel gs insights into which
nutrients could be influenced by pectin and carrageenan.
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It is entirely possible that pectin and carrageenan doelldsed commercially to

clarify grape juice and control the amount gBHn wine ferments.
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Chapter 7: General discussion

What constitutes a good white wine? Clarity and flavond ahe overall
impression of aroma and taste compounds are major detan®iof white wine
quality. Of these, wine flavour is the most mysteritacet due to its complexity. It
is considered to be a function of a range of parameteksding grape variety, yeast
strain, supplements in fermentation, élevage and aglhgf which can be exploited
for making a better or unique wine. For winemakers an@cnddr biologists, it is the
yeasts and supplements that their efforts have bemrsif@y upon. In this study, |
began by attempting to establish a transcriptomic cDN&raarray gene profiling
methodology, then moved to the application of thehtetogy to understand the
yeast’s sulfur metabolism. The usefulness of pectth@mrageenan in wine fining
was thoroughly assessed and their effects on yeasemation and production of
aroma compounds were dissected at the gene expressieln le&v number of
discoveries and unexpected findings were described in tk@psechapters, and they
are discussed together below.

7.1. Understanding yeast fermentation through gene expression
profiling

Polypoid industrials. cerevisiag@lays a major role in oenology. Unlike laboratory
yeast strains which have haploid or diploid yeast genoamaining only around
6,000 protein-encoding genes (Goffeau et al., 1996), industmn&l ygasts are highly
specialised in improved fermentative efficiency, stressistance, production of
metabolites and in particular aroma compounds (RaiarefiPretorius, 2000; Ugliano
et al., 2009a). Increasingly, the science of transumpis has been employed to
correlate the gene function of wine yeasts to phenotgfiidutes (Rossouw et al.,
2009). When this project started in 2007, cDNA microarrayustralia was still not
fully established as a robust high throughput functional gentechnology.
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7.2. Yeast metabolism and winemaking

Yeast metabolism is inextricably linked to wine aromgpart from nitrogen and
phosphorus metabolism, the sulfate in the medium s@mdated in the sulfur
pathway, leading to the synthesis of the key amino aciisteine and methionine.
Along with this line of metabolism, an unwanted interraggl HS, is generated. The
addition of cysteine into media increases the reledsd,S, while the addition of
nitrogen sources such as ammonium sulfate or DAP resultsver HS amounts
(Spiropoulos et al., 2000). Chapter 4 investigated this ptwanen using a laboratory
setting, which showed the same effect as seen in wimeehtations under anaerobic
conditions. The gene expression of yeast under twsgitions was examined using
microarrays. It was found that increased ammoniumlahiily caused a strong
down-regulation of nitrogen catabolite repression (NG&)ether with a concurrent
up-regulation of the sulfur pathway. Expression ofwsulkelated genes, such as
MET17 METS5 MET3andSAMJ and the likely increased availability of homoserine,
allowed HS to continue through to the final sulfur metabolismdoicts, cysteine and
methionine.

In stark contrast, treatment with cysteine resultedrapression of the sulfur
pathway and up-regulation of genes under NCR regulatoryadplikely causing the
H,S intermediate to accumulate and ultimately be reteasehis suggests that.8
production is dependent on the available nitrogen soureepreferred nitrogen one
such as ammonium or a poor nitrogen source such as mdbe admino acids,
excluding glutamate. This is supported by the work carriedbgudiranek et al
(1995), which suggests that poor nitrogen sources are lessiwdfin providing yeast
with cellular nitrogen for producing sufficie@-acetyl homoserine to sequesteiSH
The NCR appeared to also be involved when DAP was addedhatgrape juice
under fermentation conditions (Marks et al., 2003).

The central carbon metabolism is of course the bawkibof the whole yeast
fermentation, resulting in alcohol, carbon dioxide,tyfaadcids and amino acids
production. Fatty acid co-enzyme A and higher alcohwds tcombine to produce
important esters, which are the most desirable flavompounds. Any supplements
to the fermentation medium should bring about improvemevithout a negative
impact on flavours. This should be the case fgB Feduction measures and for wine

fining agents as well. As outlined in Figure 7.1, this stuwiyi$ed on the effects of
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pectin and carrageenan, either alone or in combinati@nvapplied in fermentation.
The findings described in the previous chapters revealedniseected aspects of the
fining polysaccharides, namely their impacts on yeashloadism.
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Pectin and carrageenan both exhibit potential as winegfiagents, as shown in
Chapter 5. Although, it is their other attributes thaiuae significant scientific
curiosity, which is behind the gene expression analysidhapter 6. How did pectin
cause a dramatic surge in3production in the middle of fermentation? The gene
expression profile at 48 h showed a complete down-regalatif the sulfur
assimilation pathway. This suggests several scenafastly, pectin affected the
sulfur metabolism well before the testing time point48& h. The amount of
intracellular HS was already elevated, which then triggered a negatidédek loop,
leading to the down-regulation of genes. Alternativéltys gene expression could
show us that the same situation as that above wdfeicye is occurring — where due to
down-regulation, the sulfur pathway, which leads to acdatmum and then release of
H,S. The non-event or no effect on the pathway by gaeaan and carrageenan plus
pectin treatments demonstrated that carrageenan haegertti impact on yeast
metabolism relative to pectin. Specifically, carraggn resulted in a decrease y8H
release (Figure 5.38, Chapter 5). The precise molec@ahanism for this observed
reduction of HS by carrageenan remains to be answered.

7.3. Pectin and Carrageenan as fining agents and much more

Pectin and carrageenan are polysaccharides, with peeimg the most abundant
carbohydrate in the primary cell wall and middle laneetid terrestrial plants whereas
carrageenan is dominantly in seaweeds (Caffall and Mol2@8). Their primary
biological function is to maintain cell integrity andrio a defence barrier, similar to
mammalian epidermis. Their effects on a varietpiofogical systems from bacteria
to humans have been investigated in the past decade befdabse application as
food additives. Carrageenan was found to have a rangelogical activities other
than its original role in seaweed, from anticoagulatitfmombotic, antiviral,
immuno-inflammatory, antilipidemic and antioxidant actest to their potential for
therapeutic application (Jiao et al., 2011).

The primary biological function of pectin is to crossl cellulose and
hemicellulose fibres, providing rigidity to the plantlagall, although pectin also has
a role in cell signalling (Ridley et al., 2001). Whaki®wn in regard to the structure
and function of pectin and carrageenan provides an impoftamidation for

understanding the discoveries in this project. The anioaitire of these two
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biopolymers allow the formation of a complex with pogity charged proteins and
ions such as calcium (€& in wine. This directly leads to an enhanced wingtygla

In the past few years wine districts that experiena®d long summers produced
sparkling white wines that were susceptible to post bothame formation. This has
been the experience of Foster’s wine arm (now caltedsury Wines). Product recall
is damaging and expensive to those concerned, especlaly you consider that at
least half the wine sold in Australia is white wine. galcium concentrations seem
to have arisen during the sustained hot and dry weakparienced in most wine
districts in Australia over recent years. In ortkecope with heat stress, plants use
various mechanisms. These include the changes in membudshity fand hence
makeup, scavenging of reactive oxygen species, productiomtebxadants, the
accumulation of particular protein kinases, and sigmtfigafor this discussion the
activation of the Ca-dependent protein kinase cascadseeihs that the changes in
membrane fluidity trigger the influx of €a(Wahid et al., 2007).

Other effects of pectin and carrageenan on yeast olsiabobserved in this
study, have prompted the notion that these compoundsoéeatially more than just
fining agents. The reduction of,8 by carrageenan, for example, demonstrated an
exciting promise for its role in wine fermentation, sirasey reduction of b5 would
clearly beneficial. Secondly, the overall enhancerétte flavour profile of wine is
highly significant, whereby an overall increase of 35%o0s&rthe different flavour
categories — acids, esters and higher alcohols — veas (&hapter 5, Section 5.6).
Importantly, the flavour compounds associated with undasifavours remained at
concentrations below their flavour threshold, for gilet-scale fermentation. Some
variations in the flavour profile were seen in the-$zale fermentation, which were
confirmed by a decrease in desirability, as determinedseysory panel. Differences
between the fermentations could have led to thesetwasain flavour, possibly
attributable to the scale and equipment used, an unkndawouf compound
negatively influencing the treated wine, the availableients in the grape juice, the
concentrations of undesirable flavours observed inlabescale being above the
flavour threshold, and finally the high amount of sugathe control, which correlates
with the sensory panel results.

By using transcriptomic gene profiling technology, theireet on yeast
metabolism after 48 and 96 h of wine fermentation werauatied (Chapter 6).
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Specific synthetic pathways are responsible for thendbion of wine aroma
compounds. The profiles of esters, higher alcohols, agana acids have a strong
impact on wine quality. The aroma balance of thesepooimds is often used as an
organoleptic fingerprint for specific wines (Saerens et 2008b). The higher
amounts of isoamyl alcohol and isobutanol in pectin parsageenan treated pilot-
scale ferment are likely derived from amino acid meiabovia Ehrlich pathway
activity that was first proposed a century ago (Hazetiad al., 2008) while
isobutanol and phenyl alcohol can be produced from valire @renylalanine
respectively (Etschmann et al., 2002).

S. cerevisiaedegrade the aromatic amino acids (tyrosine, phenylalaaine,
tryptophan) and branched-chain amino acids (valine, leuaimisoleucine) and thiol
aminoacid (methionine) via the Ehrlich pathway. This pathisacomprised of the
following steps: 1) deamination of the amino acid to ¢heresponding alpha-keto
acid catalysed by amino acid aminotransferase; 2) dmcgddtion of the resulting
alpha-keto acid to the respective aldehyde by decarboxyase;3) reduction of the
aldehyde by alcohol dehydrogenase to form the correspolatiggchain or complex
alcohol, known as a fusel alcohol or higher alcohdigher alcohols are important

flavor and aroma compounds in yeast-fermented food prododtbeverages.

7.4. Where to from here — Are carrageenan and pectin accepbée

commercial finings agents?

Pectin is a natural molecule found in plant cellstagé cell walls contain about
30% pectin (Mojsov et al., 2011). Exploitation of this pesource would benefit
winemakers. Indeed, attempts to release grape pectinpedtinases demonstrated
that pectolytic treatment can break the physical baofigrape skin and increase not
only wine clarity but also the yield per ton of grapesaoted (Mojsov et al., 2011).

Furthermore, pectinase exists in grapes, and is actumaibtved in the ripening
process. Can pectinases be used to release grape na¢iotin than supplementing
citrus pectin instead? The answer to this is yes, buisiog grape pectinases because
they are inactive under the pH and ;S€nditions associated with winemaking.
Fungal pectinases, in contrast, are resistant to #mehhwinemaking conditions

(Canal-Llaubénes, 1993). This study reinforced the ropeofin in wine clarity. The
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additional findings are its role in flavour enhancemernt as application together
with carrageenan.

The fining of wine can be performed pre- or post-ferragmn. This study shows
that grape juice treatment (pre-fermentation fining)yntee a more convenient,
simpler way to stabilize wine than current practice, Whiceats wine after the
fermentation is complete (Pocock and Waters, 2006). oBéatby itself has a very
limited ability to remove calcium from wine, when addeither pre- or post-
fermentation. However, pectin is a very effectigerat for calcium removal (Waters
et al., 2005). In combination with carrageenan it appedss ®ightly more effective.
Carrageenan removes protein yet has almost no negdtdatseon volatile levels.
The amounts of these two agents used are relativeyymeute for having a fining
effect. This should provide plenty of scope for wine malasatility. So it seems
that this could be a real commercial approach to staigliwhite wines. The work of
Marangon et al. (2012) supported the findings of this study singe fothmd that
protein levels could be reduced without the detrimental textum flavours.

In answer to the question of commercial applicaticat thias posed at the start,
yes, it does seem that treatment with these polyaadels could be used
commercially. Both carrageenan and pectins are cheap iamde scalculations
indicate that cost should not be a hindrance to uptdtkeugh whether this process
will achieve accreditation for wine making by ANZFA raims unknown. With more
trials and studies, there is no doubt that the finingacty of pectin and carrageenan
will be considered commercially. After all, pectin acdrageenan are natural
products with wide applications in other areas of food gssing (Willats et al.,
2006). In fact the production of pectins is booming anddarespectin producers the
problem is getting enough raw materials to satisfy demand.

Is carrageenan a tool to manipulatgSkand flavour? My research has shown that
pectin increases hydrogen sulfide production; carrageenamatasiHS production
(below detection levels), and that pectin plus carrageeogether decrease hydrogen
sulfide production. Winemakers may choose to remoy® Ity simple treatment of
grape juice with carrageenan. This does not appear toe¢dedermentation rate,
the end production of alcohol and at the same time pgseiifdrs greater aroma
control. However, we must bear in mind that falllustrial production is several

steps removed from the laboratory studies carried oat he
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The work of Marangon et al. (2012) which was carried oth wdustrial partners,
the AWRI and at the instigation of the Foster's Groupowed that pectin and
carrageenan do remove protein from white wine, in additigrartially stabilising the
wine, almost to within target values below 2 NTU. Thias also observed in
laboratory trials carried out at the Foster's group witinewmade in their pilot
fermentation plant. Similar outcomes were obtaifreain work carried out with
Foster’'s research winemaker. Although the bentonite nedjaifter this to achieve
acceptable stability was greatly reduced, it would nosumrising if the ratio of
carrageenan to pectin has a determining effect on thebdison of esters in wine.
This is something that | did not have time to investigatenér.

What is the effect of carrageenan dampenigg production? Is it possible that in
the end carrageenan can be the arbitrator and henceddyisvinemakers to ‘trim’
flavor outcomes? Flavour control is something of & lgpail for researchers in the art
(Swiegers et al., 2006) and if asked to look into the futtipmlysaccharides | believe
they could be very important tools.

Therefore, taken together, the data suggest that peaitarageenan treatment
do not compromise yeast activity, they can increase éstaation, they definitely
can affect HS production and there is the exciting prospect of being ahlséd this

approach commercially to manipulate flavour.
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Appendix A: Pectin and carrageenan gene expression
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-1.25347 1.72738
1.05674 1.00147
1.1869 1.18661
1.15754 1.93934
-1.27001 1.30833
15513  -1.05168
41.0384  -1.15151
1.35160 [ EEEEE
1.08902 -1.0379
1.01376 1.11474
4.02295  -1.05823
-1.14628 1.2867
-1.34001  -1.38262
-1.53534 1.1327
-1.1919 1.03266
4114 -1.04453
41.29545  -1.06361
1.90958  -1.07219
-1.01491 1.88809
4.17072  -1.18198
1.3455 151425
117678  -1.40517
11738 -1.04523
1.01486 1.00847
1.31045 1.4674
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YJR112W
YJR137C
YJR155W AAD10
YKLO01C MET14
YKLOG8W-£ -
YKLO81W TEF4
YKLO82C RRP14
YKLO86W SRX1
YKLO99C UTP11
YKL164C PIR1
YKRO8OW MTD1
YKR092C SRP40
YLLO10C PSR1
YLLOSSW YCT1
YLLO62C MHT1
YLRO53C -
YLRO92W SUL2
YLR0O94C GIS3
YLR136C TIS11
YLR142W PUT1
YLR154C-H ---
YLR162W-£ ---
YLR245C CDD1
YLR258W GSY2
YLR281C -
YLR301W -
YLR303W MET17
YLR307C-A -
YLR308W CDA2
YLR312C -
YLR356W -
YLR364W -
YLR456W -
YMLOO7C-A -
YMLO22W APT1
YMLO27W YOX1
YML123C PHO84
YMRO11W HXT2
YMR104C YPK2
YMR169C ALD3
YMR175W- -
YMR194C-E -
YMR215W GAS3
YMR290C HAS1
YMR292W GOT1

NNF1
ECM17

YMR323W ERR1/// H

YNLO42W-E ---
YNLOG66W SUN4
YNLO74C MLF3
YNLO93W YPT53
YNL110C NOP15
YNL141W AAH1
YNL230C ELA1
YNL237W  YTP1
YNL248C RPAA49
YNL269W BSC4
YNL270C ALP1
YNL277W MET2
YNL318C HXT14
YNRO14W ---
YNR062C -
YNRO71C -

1.2349
-1.31652
-1.01941

-1.0659
1.06779
1.34861

-1.79101
1.29265

-1.05043
-1.88435

1.20095

1.01404

1.23195
-1.0327

1.26278
-1.11038

1.00548
1.42779

1.20673
1.00733
1.09293

1.14716
1.07462
1.05104
1.27944
1.50548
1.45663
1.29369
-1.36583

-1.11331
-1.28118
-1.11191
-1.42139
1.70228
1.12375
-1.15658
1.23657
1.61465
-1.24117
1.82669
1.69303
-1.79352
-1.31907
-1.84134

-1.48596 -1.16243
-1.21674  1.0563 -1.13127
-1.64101  -1.42462
-1.23802  1.39606
-1.06807  1.10167 1.02043
-1.33147  -1.13523 -1.40684
1.58932 1.30807
-1.53927  1.42557
-1.04523  1.32263 -1.12164
-1.07446  -1.42231 1.00099
-1.11942 1.00432
-1.38618  -1.0419 -1.35465
1.0582 -1.42503
1.09084 -1.80299
1.36525 1.35679
-1.07511 1.28104
102893  -1.0704 -1.04303
119401  1.39912 -1.00022
125146  -1.06767 1.26399
129719 1.46095 1.70729
-1.30166 || EIGE0SH 1.36338
-1.2446  1.00388 1.6433
-1.19968 11703 -1.40402
-1.10764 -1.13336
-1.24401  1.30061
-1.00092  1.31852
117451 -1.25712
157501  1.31096
-1.00709  1.02717
-1.36991  1.31965
-1.10855 -1.01809
153093 1.49143

1.61886

1.95832
1.1724

1.12518
-1.2029
1.74577
1.18158
-1.25697
1.23081
1.53945
-1.06916
1.60628
1.45802
-1.70515
1.04434

1.27757
-1.61324

1.20869
-1.05016

1.30058 1.36264
-1.53542 -1.92735
13118  -1.11334 1.21465
1.61286 1.72264
1.95621 1.3574
-1.10609 -1.77231
1.34693  -1.05991 1.30421
1.02034 -1.08031
-1.11608 -1.27023
-1.42312 -1.2032
1.01275  1.60175
-1.31636  -1.24269 -1.0355
11368  1.16087 1.14388
-1.20975  1.29366 | EENE0EE|

1.29321
-1.106
-1.60259
1.12334
1.78322

1.6074
-1.22449
1.50016
1.43088
-1.15189
1.65695
1.18701
-1.14869
-1.16333
-1.10416
-1.28643
-1.13193
-1.49841
-1.0173
-1.18577
-1.83656
1.35228
-1.46936
1.11416
1.37778
1.05563
1.51643
-1.00336
-1.41278
1.00518
1.16978
1.25805
1.21468
1.65305

1.25573
-1.41822
-1.6101
-1.49168

-1.43951

1.23278

-1.26539

-1.34437
-1.69396
1.69083
1.36496
1.11378
-1.77613

-1.02751
-1.03573
-1.06253
-1.16341
-1.81515

1.17111
-1.12636

1.08794
1.10311
-1.03604
-1.04423
1.43233
1.36015
-1.78653
-1.12384
-1.10678
1.02043
-1.06206
1.27305
1.29181
1.01032
-1.12697
-1.01166
-1.36572
-1.03213
-1.0507
1.00541
1.29228
-1.10893
1.19022
-1.44543
1.33616
1.00205
-1.06876
1.6595
1.25371
1.04627
1.06801
1.25552
1.11835
1.25361
1.29758
-1.18264
1.01821
1.48771
-1.11835
1.03983
-1.37274
-1.02265
1.14546
1.30626
1.06675
-1.37052
1.6888
1.13577
-1.02428
-1.03129
-1.16782
1.32321
1.12257
-1.11268
1.3338
1.12414
1.23035
-1.08712
-1.04617
-1.26236
1.20187
-1.21164

-1.01243
-1.03322
-1.46094
1.04132
1.14758
1.46377
-1.23681
-1.39788
1.16482
1.26184
-1.06527
1.07191
-1.04501
-1.00823
-1.05203
-1.25163
1.02122
1.03248
-1.08154
-1.05884
-1.14902
1.04399
1.0555
1.03876
1.00343
1.3073
1.12103
-1.33438
1.01586
-1.29891
-1.03824
-1.01337
1.01678
-1.2062
1.20151
1.95802
1.21237
-1.01977
-1.22624
-1.53325
-1.43383
-1.07863
1.84114
1.4251
1.03443
-1.25151
-1.06783
1.83361
-1.2468
-1.38333
1.16826
1.02686
-1.12431
-1.29949
1.54293
-1.29591
-1.12356
-1.00334
-1.06188
-1.5231
1.0679
1.10474
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YNRO72W HXT17
YOLO13W- ---
YOLO14W  ---
YOL110W SHR5
YOL132W GAS4
YORO042W CUES5
YORO044W  ---
YORO72W- ---
YOR161C PNS1
YOR184W SER1
YOR214C ---
YOR306C MCH5
YOR340C RPAA43
YOR348C PUT4
YOR382W FIT2
YOR384W FRES5
YOR387C ---
YPLO36W
YPLO68C ---
YPL201C
YPL225W  ---
YPL252C YAH1
YPL262W FUM1
YPROO9W SUT2
YPR144C NOC4
YPR159C-A ---
YPR167C MET16
YPR194C OPT2

-1.19411
-1.16097
1.28241
1.24318|
1.4253
1.82736
-1.18687

-1.20945  -1.15942 -1.23311
1.01398 -1.0834 1.26449
1.17785 -1.13137
1.04787  1.24584
1.01042  1.42617

1.49552
-1.12214
-1.09193
-1.24785
-1.12464

1.03427
1.08344
1.2468

-1.11106  1.17156
-1.08048  1.86956
153242 -1.02967
-1.8267 | EIEE0EE
-1.03529  1.44498
-1.01544  -1.16935
-1.17993  -1.35837
1.14861  1.38868
1.80929
-1.59133  -1.22928
-1.08572  1.0711 -1.15125
1.52792 -1.04035
1.02877 -1.08168
1.28488  -1.13241 1.59563
1.93557 1.63052
-1.09254  1.14645 -1.35035
-1.01135 1.27187
-1.48059  1.07754 -1.95633]

-1.23926
1.10882

-1.06838
1.02623
1.1962
1.17788
-1.4566
1.0789
-1.04314
1.06386

-1.07552
1.27824
1.07618

1.04433
-1.25601

1.80594
-1.10795
1.14953
-1.02181

-1.20523
1.43661
1.1676
1.22755
1.02529
-1.05859
1.09563
1.04643
-1.00179
1.00129
1.04416
1.24294
1.11052
1.01857
-1.1869
-1.38773
-1.01028
1.52731
1.08667
-1.2165
1.08274
-1.01143
-1.00922
1.73577
1.33493
-1.004
1.02487
1.06864

1.01522
1.06016
1.71766
1.02288
-1.01282
-1.07631
1.02499
-1.10252
-1.55034
1.11722
1.0253
-1.02706
1.5107
-1.27485
-1.70012
-1.70414
1.08242
1.11356
1.1233
-1.46212
1.05204
1.1165
-1.12011
1.20145
1.36828
-1.08994
1.09059
-1.00509
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