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Abstract 

Low temperatures greatly influence multiple aspects of Saccharomyces cerevisiae 

metabolism.  Genetically and geographically diverse S. cerevisiae strains show a wide range 

of growth and fermentation rates at different temperatures (10-30°C) and in different media, 

but fermentation is an inherent capability of S. cerevisiae at optimal temperatures.  The 

ability to grow well at low temperatures does not correlate with ability to ferment well; 

however, this correlation can be increased with the addition of sorbitol, suggesting that 

osmotic stress is an important variable acting on the kinetic variation between strains.   

The transition from early to mid-late fermentation represents the largest transcriptional 

response to occur during fermentation, comprising 40 % of the yeast genome.  Five key 

metabolic pathways are strongly influenced by cold fermentation: nitrogen, iron/copper, 

sulfur, vitamins (biotin and thiamine) and oxidative stress.  Yeast strains differ in their 

transcriptional responses to cold fermentation and have varying degrees of similarity between 

each other.  Transcriptional differences primarily occur between genes involved in the stress 

response and nutrient utilisation, and these differences are regulated by many transcription 

factors.   

Fermentation temperature is one of the most influential variables determining the aromatic 

profile of New Zealand Sauvignon blanc wines.  Contrary to winemakers’ expectations, low 

temperature fermentation does not necessarily increase volatile concentrations.  Low 

temperature reduces concentrations of the volatile thiol 3-mercaptohexan-1-ol (3MH) and 

higher alcohol concentrations, in agreement with the literature.  The temperature effect on 3-

mercaptohexyl acetate (3MHA), esters and fatty acids is largely modified by juice and strain, 

and these variables interact with one another in a complex manner.   

Screening for QTLs linked to fermentation Vmax at low temperature proved difficult, because 

the high amount of biological noise produced by small-scale fermentations prevented the 

identification of transgressive segregants among backcrossed progeny.  However, QTL 

identification using 123 mapped and phenotyped progeny from a BY4716xRM11-1a cross 

established that the FLO1 gene on Chromosome I is linked to higher Vmax in the cold in 

S288c, as the Vmax of the S288c flo1 was decreased by 50 % compared to the S288c FLO1 at 

12.5°C.  Flo1p may increase Vmax through FLO8-independent cell-substrate interactions 

induced during stressful conditions such as fermentation. 
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Chapter 1. Introduction 

Saccharomyces cerevisiae (S. cerevisiae), commonly referred to as ‘baker’s’, ‘brewer’s’ and 

‘wine’ yeast, is the most studied eukaryotic organism, dominating the fields of cellular and 

molecular biology, genetics, proteomics and metabolomics (LANDRY et al. 2006).  S. 

cerevisiae was the first microorganism to be domesticated for food and beverage production, 

to be observed microscopically, to be described as a living organism and to be used to 

produce recombinant vaccines and enzymes (PRETORIUS et al. 2003).  S. cerevisiae was also 

the first eukaryote to have its whole genome sequenced and is likely to be the first eukaryote 

for which researchers understand the majority of complex proteomic and metabolic 

interactions in a single living cell. 

The ease of performing molecular biology using yeast, and the large amount of knowledge 

and scientific tools available, make S. cerevisiae an enviable eukaryotic model.  Global gene 

expression profiling can be performed using DNA microarrays, which consist of a set of short 

DNA oligonucleotides derived from the complete genome sequence immobilised on glass 

slides (BECERRA et al. 2003).  DNA microarrays have become a common tool for lab yeast 

transcriptome studies and current research has extended these analyses to wine and/or wild 

yeast isolates, thanks to their importance in industrial uses (PEREZ-ORTIN et al. 2002a).  

S. cerevisiae is important for the economy of many countries, as it is involved in the 

production of fermented beverages, such as wine, beer and spirits; food products, including 

cheese, cocoa, coffee and cured meats; and for energy and fuel with the production of 

cellulosic ethanol from fermentable plant sources.  The ancient process of winemaking is 

well-characterised and has commercial significance.  In New Zealand (NZ), S. cerevisiae is 

responsible for the fermentation of the flagship white wine, Sauvignon blanc (SB), 

contributing to its distinctive punchy passionfruit style (LUND et al. 2009).   

Although grape musts generally contain a variety of indigenous yeast species, members of the 

Saccharomyces genus, particularly S. cerevisiae, are usually the sole organisms present at the 

later stages of a ferment (FLEET 2003).  Saccharomyces species are essential for fermenting 

sugars to ethanol once ethanol levels are high (PRETORIUS 2000).  The molecular pathways 

responsible for the high ethanol tolerance of S. cerevisiae have been shown to be involved in 

other environmental stress responses, including osmotic stress and temperature extremes 

(ROSSIGNOL et al. 2003).  The goal of this thesis is to investigate the effects of low 
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temperature (≤ 18°C) on wine yeast during SB fermentation, incorporating its effect on 

growth and fermentation rates, gene expression and aroma production.  A multidisciplinary 

approach was adapted to provide a greater understanding of how individual components 

within the fermentation process interact as a whole and how wine yeast respond to and 

function in low temperatures during wine fermentation. 

1.1. General characteristics of S. cerevisiae 

1.1.1. Classification and characterisation 

S. cerevisiae is a member of the Saccharomyces sensu stricto group, the major group within 

Saccharomyces containing species involved in wine fermentation (LITI et al. 2006).  Studies 

using interbreeding and nuclear DNA reassociation identified three species and one hybrid 

within S. sensu stricto:  S. cerevisiae, S. bayanus, S. paradoxus and S. pastorianus            

(carlsbergensis) (LITI et al. 2006).  More recent studies added four other species to this list:  

S. cariocanus, S. mikatae and S. kudriavzevii (LITI et al. 2006) and S. arboricolus (WANG and 

BAI 2008; NAUMOV et al. 2010).  Very recently, it was determined that S. pastorianus is a 

hybrid between S. cerevisiae and a newly isolated species, S. eubayanus (LIBKIND et al. 

2011).  S. bayanus is now considered to be a complex mix of S. cerevisiae, S. eubayanus and 

S. uvarum, and cold-tolerant S. bayanus var. uvarum strains are now considered to be a 

separate species called S. uvarum.  S. sensu stricto species are used to produce a range of 

fermented beverages, including wine, cider and lager.  The closest relative to the wine yeast 

S. cerevisiae is S. paradoxus, which is often found in association with oak trees (Quercus 

spp.) (NAUMOV et al. 1998).  Differentiation between yeast species is performed using 

molecular tools, primarily via polymerase chain reaction (PCR) amplification of ribosomal 

DNA regions (CAPECE et al. 2003).  Fingerprinting individual strains within S. cerevisiae is 

based on analyses of DNA polymorphisms, such as microsatellites.  Microsatellites are short 

tandem repeats of 1-6 nucleotide motifs scattered throughout the genome, with repeats 

varying from 1-10 copies per locus (SCHULLER et al. 2004; OLIVEIRA et al. 2006a).  They are 

also highly heterogeneous between strains, multi-allelic, codominant, reproducible, high 

resolution and easily amplified by PCR (OLIVEIRA et al. 2006a).  Microsatellite fingerprinting 

typically utilises between 6-10 different loci, enough to generate discriminating genotypes 

between strains (SCHULLER et al. 2004; RICHARDS et al. 2009).   
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1.1.2. Life cycle 

S. cerevisiae can reproduce both asexually and sexually, like most spore-forming yeast.  

During asexual reproduction, a bud is formed by the parent cell during S phase.  This bud 

grows into a viable daughter cell throughout the rest of the cell cycle and then separates from 

the parent.  Budding is uniquely asymmetrical in S. cerevisiae, and the resulting daughter cell 

is smaller than its mother cell.  Under nutritionally and environmentally optimal conditions 

this process typically takes 90 minutes.   

Sexual reproduction involves the formation of haploid ascospores within an ascus (spore sac) 

after meiosis and is induced during nutrient starvation, specifically the lack of nitrogen and 

fermentable carbon sources (TAXIS et al. 2005).  These spores are especially tough, with a 

high resistance to environmental stress.  Four haploid spores are produced per ascus, two of 

which are MATa and two of which are MATα.  MATa spores can only mate with MATα 

spores and vice versa, resulting in the fusion of two cells to form a diploid cell (zygote) 

(JACKSON and HARTWELL 1990).  Mating partners are chosen based on polarised pheromone 

gradients produced by adjacent a and α cells (JACKSON and HARTWELL 1990).  Most matings 

are between non-sister ascospores (inter-ascus mating), which increases heterozygosity and 

fitness in the population (TAXIS et al. 2005).    

Spores released from the ascus can also continue asexual reproduction by budding, instead of 

functioning as gametes.  Strains with a mutation in the HO locus (ho) can be maintained 

stably as haploids, with a fixed mating type, and are termed heterothallic (BAKALINSKY and 

SNOW 1990).  Strains with a wild type (WT) copy of the HO allele (HO)  are able to switch 

mating type from MATa to MATα and vice versa and are termed homothallic (see Figure 1-1).  

Most indigenous yeast are homothallic, including wine yeast, whereas lab yeast are generally 

heterothallic for ease of manipulation in breeding (BAKALINSKY and SNOW 1990).   
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Figure 1-1:  Lifecycle of heterothallic and homothallic S. cerevisiae (adapted from figure by LANDRY et al. 

2006).  Heterothallic strains are able to be maintained stably as haploids, whereas homothallic strains are 

able to switch mating type from MATa to MATα and vice versa.  a = MATa and α = MATα.   

1.1.3. Kinetics of yeast growth 

Yeast population growth is the result of cell division and the progression through the cell 

cycle.  In a closed environment, yeast growth kinetics follow the typical microbial growth 

curve with three main phases: lag phase, exponential phase and stationary phase (Figure 1-2).  

Microbial growth curves can be subject to mathematical modelling, as an understanding of 

the growth process is important for maximising the output of biomass and metabolites for 

industrial production (LÓPEZ et al. 2004).  Maximal growth rate (Umax) is a parameter that can 

be derived from any growth curve to compare the growth between yeast strains.  The Umax is 

defined as the slope of the steepest part of a growth curve, and is obtained by performing a 

least squares regression analysis on a logarithmically smoothed growth curve (YEE et al. 

1981). 
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Figure 1-2:  Example of a yeast growth curve derived from spectrophotometric measurements of cellular 

optical density (OD) at 600 nm for regular time intervals over a 48 h period.  The growth curve illustrates 

the progression from the lag phase to exponential phase.  After reaching a critical threshold cell growth 

enters stationary phase.   

The following methods can be used to compare the growth rates of microbes: cell counts 

(counting chambers, such as the haemocytometer, and automated counters); dilution plating 

(plating of serial dilutions followed by colony counting); dry weight measurements; and 

turbidometric analysis (optical density (OD) measurements of cell density) (MADRID and 

FELICE 2005).  The most efficient, reliable and reproducible method for measuring yeast 

growth rate is turbidometric analysis, performed either by manual spectrophotometry 

readings or by machine-controlled measurements using an automated plate reader.  

Automated readers are advantageous as the microbial growth in liquid culture is not disturbed 

and can be monitored at short and regular time intervals (JASNOS et al. 2005).  So far, such 

turbidometric systems have been used for many comparisons between yeast strains, including 

phenotypic profiling using growth inhibitors (WARRINGER and BLOMBERG 2003), screening 

the sensitivity of different yeast cells to genotoxic agents (TOUSSAINT et al. 2006), and to 

analyse complex gene-environment interactions such as the genetic susceptibility to oxidative 

stress in mutant strains (WEISS et al. 2004). 

1.1.4. Genetics 

A number of S. cerevisiae strains have become important laboratory organisms for molecular 

and genetic research.  The ease of genetic manipulation and its small, compact genome has 

led to S. cerevisiae becoming the model organism of choice for studies on eukaryotic cells.  

The haploid S. cerevisiae lab strain S288c was the first eukaryote to be sequenced in 1996 by 

GOFFEAU et al. (1996).  S288c was modified from a heterothallic yeast (EM93) found on 
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rotting fig (MORTIMER and JOHNSTON 1986).  The 12 Mb genome of S288c contains 

approximately 6000 putative protein-coding genes, few introns and little repetitive DNA.  

Haploid S. cerevisiae have 16 linear chromosomes ranging from 200-2200 kb in length 

(GOFFEAU et al. 1996).  Recently, the genomes of 65 isolates of S. cerevisiae were sequenced 

by international groups, including the Wellcome Trust Sanger Institute, under the 

Saccharomyces Genome Resequencing Project (SGRP) (37 strains) (LITI et al. 2009); and a 

collaboration between the Fay Laboratory (FL) at Washington University and Princeton 

University (28 strains).   

Although most strains of S. cerevisiae are either haploid or diploid, some are aneuploid or 

polyploid and may have differences in the lengths of individual chromosomes (HAUSER et al. 

2001).  It has been proposed that chromosomal polymorphisms are an advantageous trait for 

industrial yeast, explaining the presence of aneuploid and polyploid strains.  For example, 

polyploidy can increase the copy number and subsequent dosage and expression of beneficial 

genes, whilst decreasing the effects of deleterious mutations (BAKALINSKY and SNOW 1990).  

These extra gene copies can diverge and take on new functions, increasing heterozygosity 

and allowing greater scope for adaptation to an ever-changing external environment.  Many 

industrial yeast strains are also highly heterozygous, whereas lab strains are haploid, which 

makes breeding and genetic manipulation easier (BAKALINSKY and SNOW 1990). A major 

challenge to working with wine yeast and other industrial strains is that they are notoriously 

harder to sporulate than lab yeast, and often produce non-viable spores, due to heterozygosity 

and chromosomal rearrangements (BAKALINSKY and SNOW 1990). 

1.1.5. Comparisons between wine and laboratory yeast strains 

Many commercial wine strains of S. cerevisiae were originally derived from spontaneous 

fermentations within wineries and many wine strains have been selectively isolated, cultured 

and developed by researchers for controlled use (PRETORIUS 2000).  Subsequently, 

companies  have produced commercial yeast with improved or novel properties via selection 

and breeding, including intraspecific and interspecific hybridisation between different yeast 

strains and species, respectively (PRETORIUS 2000).  Not all S. cerevisiae strains have the 

potential to be used in the wine industry; the ability to survive the harsh enological 

environment and the resulting quality of the wine produced differs widely from strain to 

strain (GONZALEZ TECHERA et al. 2001).  Even commercial wine yeast are quite 

heterogeneous for various traits; for example, there is large variation in the amounts of 
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ethanol, acetic acid and sulfite produced by individual isolates (LANDRY et al. 2006).  

Today’s wine yeast are the descendants of strains which have undergone selection in 

fermentable media, allowing for further selection and perhaps evolution of various 

specialised properties.  Characteristics of wine yeast include survival in juice with high sugar 

content (140-260 g L
-1

), low pH (3-5), low oxygen and low nutrient levels, high ethanol 

tolerance (up to 15 % (v/v)), sulfite tolerance (up to 40-100 mg L
-1

), rapid growth and 

fermentation, and production of desirable flavour and aroma compounds (RAINIERI and 

PRETORIUS 2000; HAUSER et al. 2001; ROSSIGNOL et al. 2003).  Many laboratory yeast strains 

struggle to ferment grape musts, resulting in stuck fermentations (HAUSER et al. 2001; 

HARSCH et al. 2010).  During batch fermentation (in both grape must and synthetic media), as 

many as ~2000-2500 genes are either induced or repressed in wine yeast, representing a 

significant transcriptomic response (ROSSIGNOL et al. 2003; MARKS et al. 2008; DEED et al. 

2011).  This response is thought to be stimulated by various stressors present in an enological 

environment and differs greatly from transcriptional programmes used during batch culture in 

the laboratory environment (ROSSIGNOL et al. 2003).   

Recent studies have aimed to identify the molecular basis behind the characteristic properties 

of wine and other industrial yeast, as this knowledge would be useful in providing tangible 

targets for strain improvement (ROSSIGNOL et al. 2003).  Many physiological differences 

between wine and lab yeast strains appear to be reflected in their genomes and gene 

expression patterns, even though their sequence homology is greater than 99 % (HAUSER et 

al. 2001).  DNA-array analysis comparing genetic differences between the wine yeast T73 

and the lab yeast S288c showed that during logarithmic growth in YPD media, the two strains 

differed in gene expression of ~40 genes (HAUSER et al. 2001).  These genes reflect 

differences in the physiologies between wine and lab strains.  For example, SSU1, a gene 

involved in sulfite resistance, was upregulated 4-fold in T73, accounted for by a large 

rearrangement in the promoter sequence (HAUSER et al. 2001).  This confirms results 

previously obtained by GOTO-YAMAMOTO et al. (1998) and PARK and BAKALINSKY (2000), 

which showed that the expression of this gene is directly correlated with sulfite resistance.  

Sulfite resistance in wine yeast is an important trait, as sulfite is added to grape musts before 

winemaking as a preservative (YUASA et al. 2005).  The extensive differences between lab 

yeast and wine yeast were also highlighted in the microarray data by PIZARRO et al. (2008).  

Transcription was compared between lab strain CEN.PK113-7D and wine strain EC1118, in 

nitrogen-limited media at 15°C vs. 30°C.  There were 473 genes that displayed strain-
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dependent expression, a large number considering that 1007 genes were differentially 

expressed based on temperature.   

Wine and bioethanol strain genomes also contain genes that are not found in lab strains or 

that have different copy numbers (BORNEMAN et al. 2008; ARGUESO et al. 2009; LITI et al. 

2009; BORNEMAN et al. 2011).  There is a particularly high proportion of variable gene 

content located at chromosomal telomeres and these genes are often involved in fermentation 

(ARGUESO et al. 2009; CUBILLOS et al. 2011).  Strain variation within the SUC gene family is 

a well known example.  SUC family members encode invertase enzymes which catabolise 

sucrose to glucose and fructose (CARLSON and BOTSTEIN 1983).  Wine yeast may have up to 

six copies (SUC1-5 and SUC7), increasing the efficiency of utilising sucrose as a carbon 

source, thereby speeding up the fermentation process (VERSTREPEN et al. 2004a).  In contrast, 

laboratory yeast have null alleles at certain SUC gene loci (CARLSON and BOTSTEIN 1983).  

Another striking example of how wines strains contain novel genes was found in a 

comparative study by BORNEMAN et al. (2011).  Comparisons were made between the 

genomes of 18 different yeast strains, spanning the five non-mosaic population groups 

proposed by LITI et al. (2009):  Malaysian, North American, Sake, West African and 

Wine/European.  The genomes of all six wine strains and the one bioethanol strain contained 

a circular intermediate containing five novel open reading frames (ORFs) which had 

integrated into the genome on multiple occasions.  Since these ORFs were conserved together 

only in the strains which are able to ferment efficiently, the distribution of this cluster may 

have a phenotypic role in fermentation (BORNEMAN et al. 2011).  Studies comparing the 

transcriptome and proteome of multiple commercial wine strains are now being used to map 

cellular networks which are operating during fermentation and to identify transcriptomic 

controls which are common between wine strains (ROSSOUW et al. 2009; ROSSOUW et al. 

2010).  This approach has the advantage of using genetic and phenotypic diversity which is 

relevant to the industrial environment, rather than limited to genetic data based on laboratory 

strains.  This approach has been taken a step further by comparing wine strains in synthetic 

medium compared to juice to determine which expression differences are biologically 

relevant (ROSSOUW and BAUER 2009). 

1.1.6. S. cerevisiae ecology 

Although much is known about yeast at the cellular and molecular level, little is known about 

their ecology or lifestyles in the environment (LANDRY et al. 2006).  S. cerevisiae populations 
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are genetically diverse and are found in numerous environments, often inhabiting liquid or 

moist areas (LANDRY et al. 2006).  Common habitats include soil, plant exudates, animal 

tissues, and surfaces within vineyards and wineries.  S. cerevisiae strains are found in diverse 

geographical and climatic environments, from tropical regions (fruit trees) to cold Northern 

climes (oak trees) (FAY and BENAVIDES 2005).  Certain ‘clinical isolates’ are opportunistic 

pathogens in immuno-compromised patients (MALGOIRE et al. 2005).  The diversity and 

distribution of yeast in association with grapes and musts are influenced by the age, climate 

and geographical location of the winery or vineyard (LONGO et al. 1991; VERSAVAUD et al. 

1995; BELTRAN et al. 2002; SCHULLER et al. 2005), grape varietals grown (MARTINI et al. 

1980), presence of yeast starter cultures (HEARD and FLEET 1985; VALERO et al. 2007), and 

the fermentation temperature used (TORIJA et al. 2003). 

Wine fermentation involves a multitude of biochemical and ecological interactions between 

many microbial species, not just S. cerevisiae (PRETORIUS 2000).  On the surface of ripe 

grape berries, non-Saccharomyces yeast dominate, such as those from the genera 

Hanseniaspora (Kloeckera) and Metschnikowia (FLEET 2003).  Pre-harvest berries typically 

hold 10
4
-10

6
 colony forming units (CFU) mL

-1
 yeast; however, only a small fraction of these 

populations are S. cerevisiae (approximately 10-100 CFU mL
-1

) (FLEET 2003).  Fungi, yeast, 

lactic acid bacteria and acetic acid bacteria grow in grape juice before the initiation of 

fermentation (RAINIERI and PRETORIUS 2000).  During this period, the non-Saccharomyces 

yeast proliferate, including species from Candida, Hanseniaspora, Metschnikowia and Pichia 

(FLEET 2003; ERTEN et al. 2006).  However, once the process of fermentation is initiated, 

anaerobic conditions are forced on the microbial populations, preventing the proliferation of 

organisms unsuited to anaerobic respiration, namely certain fungi and acetic acid bacteria 

(RAINIERI and PRETORIUS 2000).  As fermentation progresses, the ethanol concentration rises 

and nutrients become depleted, creating strong selective pressures which limit ethanol-

sensitive microbes.  S. cerevisiae starts to dominate at concentrations of ~3-4 % (v/v) ethanol 

and will continue fermenting until concentrations of ~10-15.5 % (v/v) ethanol are reached 

(FLEET and HEARD 1993; RAINIERI and PRETORIUS 2000; LANDRY et al. 2006). 
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1.2. S. cerevisiae and alcoholic fermentation 

1.2.1. Fermentation process 

Alcoholic fermentation is defined as the biotransformation of grape sugars, including glucose 

and fructose, into ethanol and carbon dioxide (CO2) (PRETORIUS 2000).  In the late 1850s, 

Louis Pasteur established that yeast are the organisms responsible for fermentation, that the 

process is nitrogen-dependent, and that ethanol and CO2 are not the sole products of 

fermentation, as yeast must synthesise cell biomass (BARNETT 1998).   

Yeast are strongly inclined to perform alcoholic fermentation under aerobic and anaerobic 

conditions (VAN DIJKEN et al. 1993).  Fermentation is usually carried out anaerobically and 

generates energy in the form of adenosine triphosphate (ATP).  Anaerobic metabolism 

generates only two ATPs per glucose molecule, compared to 36-38 ATPs during aerobic 

oxidation.  In sugar concentrations above ~20 g L
-1

, S. cerevisiae uses the fermentative 

pathway for sugar metabolism and aerobic respiration is blocked, even in the presence of 

oxygen (O2).  This is known as the Crabtree effect (VAN DIJKEN et al. 1993).  During 

fermentation, yeast metabolise the sugars in grape musts to pyruvate via glycolysis.  Pyruvate 

is decarboxylated to acetaldehyde, which is reduced to ethanol. One glucose molecule yields 

approximately two molecules of ethanol and CO2.   

Approximately 60-80 % of the sugar is fermented during the first half of fermentation 

(ROUSTAN and SABLAYROLLES 2002).  The fermentation rate slows and by the end of 

fermentation, approximately 95 % of the sugars have been converted into ethanol and CO2 

(ROUSTAN and SABLAYROLLES 2002).  The remaining sugars are used by the yeast to produce 

cellular material (1 %) and other metabolites (remaining 4 %). 

1.2.2. Flavour volatiles produced by S. cerevisiae 

Wine is composed of 85-90 % water, 10-15.5 % ethanol, 0.4-5 % glycerol, 0.5-1.5 % organic 

acid and only ~1 % volatile flavour compounds (SWIEGERS and PRETORIUS 2005).  Although 

flavour compounds are produced in small amounts, they have very low detection thresholds, 

so only small concentrations are needed for their detection in wine.  Flavour compounds can 

have positive and negative effects on wine flavour.  Wine quality depends on the types of 

compounds synthesised, their release into the wine and their absolute concentrations 

(HERRAIZ et al. 1989).  These compounds interact with one another in the wine forming 
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further combinations (SWIEGERS and PRETORIUS 2005).  Yeast-derived aroma compounds 

that influence the wine bouquet include acetate and ethyl esters, higher (fusel) alcohols, 

aldehydes, carbonyl compounds, fatty acids, sulfur-containing compounds, volatile acids, 

volatile phenols and monoterpenoids (SWIEGERS and PRETORIUS 2005). 

Flavour compounds produced during wine fermentation are dependent on a combination of 

synergistic factors, including grape ripeness, must composition, availability of precursors, 

winemaking procedures, oxygen level, yeast strain, fermentation temperature and different 

types of stress (OUGH 1964; MAURICIO et al. 1997; ROSSOUW et al. 2008).  Primary wine 

flavours are derived from the grape and are influenced by soil type, nutrient availability, 

water, grape varietal, climate and time of harvest.  Fermentation assists in the extraction of 

these grape-derived aroma compounds.  However, most wine flavours are derived from yeast 

and bacteria during alcoholic and malolactic fermentation and are known as secondary 

aromas (SWIEGERS and PRETORIUS 2005).  The aromas arising from yeast metabolic action 

are the result of the structural modification of existing primary aroma compounds, as well as 

the production of new compounds during secondary metabolism (LAMBRECHTS and 

PRETORIUS 2000; ROSSOUW et al. 2008) (Figure 1-3).  Many intermediates of yeast-derived 

aroma compound biosynthesis are shared between important metabolic pathways, such as 

fatty acid metabolism, glycolysis, nitrogen metabolism and stress tolerance (ROSSOUW et al. 

2008).  Differences in the expression of genes encoding enzymes within these metabolic 

networks result in different yeast strains producing highly divergent aroma profiles 

(ROSSOUW et al. 2008; STYGER et al. 2011a).   

Grape-derived compounds influence the production of yeast-derived secondary compounds.  

KEYZERS and BOSS (2010) used serial dilutions of Riesling and Cabernet Sauvignon juice to 

show that the proportion of grape juice in the fermentation stimulates the production of yeast-

derived esters.  Therefore, yeast-derived secondary aromas are also dependent on the 

concentrations of grape-derived precursors, which may explain why wines made from the 

same grape variety using the same yeast are distinguishable based on the geographical 

location of the vineyard  (KEYZERS and BOSS 2010).   

Lastly, the final layer of flavour compounds arise during the wine aging process and are 

known as tertiary aromas (SWIEGERS and PRETORIUS 2005). 
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Figure 1-3:  Volatile compound production in S. cerevisiae.  Primary flavour compounds are those which 

are derived from the grape, whereas secondary flavour compounds arise through yeast-dependent 

modification of primary compounds or are newly produced by the yeast.  Yeast fermentation also results 

in the production of ethanol and CO2 (images on left- and right-hand sides derived from SWIEGERS and 

PRETORIUS 2005). 

1.2.3. Spontaneous vs. inoculated fermentations 

Many boutique wineries prefer spontaneous fermentation to inoculated fermentations, as the 

wild yeast often produce wine with unique flavour profiles, greater complexity, and can 

introduce a microbial component of terroir (MATEO et al. 2001; GAYEVSKIY and GODDARD 

2012; SETATI et al. 2012).  On the other hand, the uncontrolled nature of spontaneous 

fermentations can lead to the production of off-flavours in the wine and increase the risk of 

stuck and sluggish fermentations.  In large-scale commercial wineries, where quality and 

consistency are important and ‘branded’ wines must taste similar from year to year, 

commercial yeast strains are favoured for fermentation.  These strains are cultured dried yeast 

which can be added to the must to initiate fermentation, reducing the lag phase in the process.  

The addition of active dried yeast significantly reduces the proportion of wild yeast present in 

the must, plus higher inoculum levels of starter yeast result in the faster disappearance of 

non-Saccharomyces yeast (ERTEN et al. 2006).  However, there is the common perception in 

the wine industry that most available commercial wine strains for starter-driven fermentations 

only produce wines with generic flavours and aromas (RAINIERI and PRETORIUS 2000).  This 

has led to researchers developing new wine strains with novel and desirable characteristics 

for flavour, as well as other desirable metabolic enhancements such as fermentation 

efficiency (PRETORIUS 2000; PRETORIUS et al. 2003).  There are currently hundreds of 

different strains on the market, so the winemaker’s choice can substantially influence the 

aromas present in the finished wine.   

1.2.4. Kinetics of wine fermentation 

Fermentation curves follow the same three kinetic phases as yeast growth curves: lag phase, 

exponential phase and stationary phase. However, these phases represent the evolution of 

ethanol and CO2 from sugars rather than yeast cell growth.  The progress of a fermentation 



Chapter 1 – Introduction 

13 
 

can be monitored by measuring sugar concentration (glucose and fructose) via enzyme 

analysis (TAILLANDIER et al. 2007), or the rate of CO2 production, either by using a 

respirometer (BROWN et al. 1981) or by monitoring the weight loss of a ferment (EL HALOUI 

et al. 1988; BELY et al. 1990).  BELY et al. (1990) were the first to develop an automated 

device for monitoring the progress of fermentation via weight loss, enabling accurate 

determination of kinetic parameters.  The amount of CO2 released from each fermentation 

vessel was determined from weight loss measurements every 20 min, which was directly 

proportional to sugar consumption and ethanol production (BELY et al. 1990).   

Weight loss data for each ferment can be plotted as fermentation curves to derive kinetic 

variables, such as the length of lag phase, Vmax (maximal rate of CO2 production (dCO2/dt)), 

Amax (maximal rate of acceleration of CO2 production (d
2
CO2/dt

2
)), finishing time of 

alcoholic fermentation (AF time) and the total CO2 produced (MARULLO et al. 2006) (Figure 

1-4).  The lag phase is the time between initial inoculation and CO2 release and is 

characterised by an absence of weight loss, representing the saturation of the fermentation 

medium and the time required for the yeast to adapt to the medium (BELY et al. 1990; 

MARULLO et al. 2006).  During the exponential phase, the Amax is reached during the 

beginning of CO2 release and the Vmax is reached once most of the nitrogen is depleted 

(MARULLO et al. 2006).  The rate of CO2 production slows as the activity of the yeast 

declines in the stationary phase.  The AF time is the period necessary to ferment all sugars in 

the media, excluding the lag phase (MARULLO et al. 2006).   

Fermentation curves provide a tremendous amount of information on the progress and rate of 

an individual fermentation and allow comparison of the fermentation efficiencies of different 

yeast strains (MARULLO et al. 2006).  They can also be used for developing mathematical 

models which predict how the course of a fermentation may run in an industrial setting, such 

as identifying the likelihood of a stuck ferment (BELY et al. 1990; COLOMBIE et al. 2005).  

Such methods can help to improve the efficiency of the fermentation process. 
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Figure 1-4:  The fermentation kinetics of two different yeast strains, GN (black circles) and SB (grey 

circles).  The rate of fermentation can be determined by plotting the change in CO2 loss (dCO2/dt) over 

time and the Vmax is the maximum rate value. The lag phase and AF time are also shown (taken from 

MARULLO et al. 2006). 

1.2.5. Stuck and sluggish fermentations 

The completion of fermentation depends on the characteristics of the yeast used (fermentation 

rate, flocculation properties), conditions during fermentation (temperature, O2, pressure), 

whether a batch or continuous system is being used, the flow rate of the fermentation vessel if 

continuous (fast, slow), and the shape of the fermentor (settling depth, flow path length) 

(WICK et al. 1974).  Wine fermentations termed ‘stuck’ are those which fail to reach 

completion and contain high levels of residual sugars (> 2-5 g L
-1

) (FLEET 2003).  ‘Sluggish’ 

fermentations are those which take longer than normal to finish (PIZARRO et al. 2007a).   

Stuck wines with residual sugars are more susceptible to spoilage by acetic acid and lactic 

acid bacteria, which metabolise the sugars into volatile acids and form undesirable ester 

compounds.  Acetic acid bacteria convert ethanol to acetic acid (vinegar), directly spoiling 

the wine.  Stuck and sluggish fermentations lead to a loss of tank capacity in a winery, due to 

the increased fermentation period, and are also vulnerable to oxidation, as the protective CO2 

layer is lost from the top of the must (PIZARRO et al. 2007a). 

Factors accounting for stuck and sluggish fermentation include nutrient deficiencies or 

imbalances (vitamins, minerals and nitrogen), high ethanol levels, high acidity, high sugar 

concentrations (> 300 g L
-1

), fructose accumulation, presence of inhibitory wild yeast and the 
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accumulation of toxic by-products (fatty acids, peptides, acetic acid or sulfites) (ALEXANDRE 

and CHARPENTIER 1998; CHAROENCHAI et al. 1998).  Furthermore, extremes in fermentation 

temperature (too high or too low) act in combination with must-associated factors, especially 

nitrogen deficiency (ALEXANDRE and CHARPENTIER 1998; COLEMAN et al. 2007).  These 

factors often place additional stress on the yeast, resulting in interference with cell 

morphology (i.e. plasma membrane or cell wall alterations) and enzyme inhibition. Stuck and 

sluggish fermentations have significant impacts on the quality of the wine and a high 

economic cost to the wine producer (PIZARRO et al. 2007a).   

One of the most important determinants for fermentation completion is the nitrogen content 

and availability in the must (MENDES-FERREIRA et al. 2004).  Nitrogen imbalances during 

fermentation are responsible for many wine faults and have a significant impact on yeast 

growth and survival (D'AMATO et al. 2006).  Most studies implicate low levels of nitrogen as 

a cause of stuck fermentations (AGENBACH 1977; VOS et al. 1980; SALMON 1989; 

O'CONNOR-COX and INGLEDEW 1991; JIRANEK et al. 1993; BATAILLON et al. 1996; MENDES-

FERREIRA et al. 2004; COLEMAN et al. 2007; MENDES-FERREIRA et al. 2007).  However, 

fermentation monitoring by D’AMATO et al. (2006) demonstrated that the growth rate and 

viability of yeast cells is higher at lower ammonium concentrations.  As has been suggested 

since the 1960s by OUGH (1964; 1966), the minimal nitrogen levels required are dependent on 

the fermentation temperature, pH and the ratio of nitrogen to sugar, rather than simply low or 

high nitrogen.  Therefore, musts containing low nitrogen and high sugar, which are fermented 

at low temperatures, are more likely to suffer from stuck or sluggish fermentations 

(LLAURADÓ et al. 2005; COLEMAN et al. 2007).  Additionally, many winemakers attempt to 

remedy stuck fermentation by adding excess nitrogen, which may exacerbate the problem.  

Too much nitrogen can also lead to the production of undesirable aroma compounds and the 

formation of urea, a precursor of ethyl carbamate, which is carcinogenic in high 

concentrations (MENDES-FERREIRA et al. 2004). 

Stuck fermentations are extremely difficult to restart, and the best time to correct a 

problematic fermentation is before the uptake of sugars becomes too slow or has stopped 

altogether (PIZARRO et al. 2007a).  Solutions include resuspending the yeast using a pump, 

adding extra grape solids, adding nitrogen and nutrients for the yeast, warming the ferment, 

adding oxygen, or reinoculating the ferment with a more ethanol-tolerant and fructose-

fermenting ‘finishing’ strain (WICK et al. 1974; ALEXANDRE and CHARPENTIER 1998; 

SANTOS et al. 2008). 
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1.2.6. Stresses encountered during fermentation 

Fermentation exposes yeast to multiple environmental stresses including high osmotic 

pressure, low pH and O2, high sugar and ethanol, nutrient starvation and temperature 

fluctuations (BAUER and PRETORIUS 2000; MARKS et al. 2008).  Initial studies on the yeast 

response to environmental fluctuations were performed in non-fermentable media, and 

termed the environmental stress response (ESR), also known as the common environmental 

response (CER) or general stress response (GSR) (GASCH et al. 2000; CAUSTON et al. 2001; 

GASCH and WERNER-WASHBURNE 2002).  DNA microarray studies determined that 

approximately 10-15 % of the yeast genome is either induced or repressed during the ESR as 

a common signature (CAUSTON et al. 2001; GASCH and WERNER-WASHBURNE 2002).   

The ESR appears to represent a generalised response in which cells adjust their growth rate in 

response to a range of stresses.  Components of the ESR may be used to control the rate of 

cell cycle progression, re-establish the energy supply balance to account for these 

fluctuations, as well as provide a protective role against impending stress (GIAEVER et al. 

2002; LAI et al. 2005; BERRY and GASCH 2008; LAI et al. 2008).  MARKS et al. (2008) 

analysed the specific response of yeast to environmental fluctuations in fermentable media 

and coined the term fermentation stress response (FSR).  Throughout fermentation, 40 % of 

the genome displayed differential expression.  Of these differentially expressed genes, 223 

were upregulated and designated as FSR genes.  The FSR is a novel stress response, as 62 % 

of the genes had not previously been implicated in stress response and 28 % of the genes 

have no functional annotation.  Downregulated genes were excluded from the FSR, as they 

were primarily involved in protein synthesis and ribosome processing, a well-characterised 

stress response, which is linked to growth arrest (ROSSIGNOL et al. 2003; MARKS et al. 2008).   

The FSR includes a component of the ESR, with 20 % of the FSR genes showing overlap.  

Genes shared between the FSR and ESR include chaperone-associated proteins and heat 

shock proteins (HSPs), that repair the damage caused by environmental stress and prevent 

any further damage from occurring (RUIS and SCHULLER 1995; ESTRUCH 2000; VARELA et 

al. 2005).  Chaperones and HSPs are also the most highly expressed genes at late-stationary 

phase and represent a priority for protein synthesis (ZUZUARREGUI et al. 2006; ROSSIGNOL et 

al. 2009).  FSR genes also include those involved in counteracting hyper-osmotic stress, such 

as glycerol-synthesising genes (BLOMBERG and ADLER 1992; ZUZUARREGUI et al. 2005; 

MARKS et al. 2008).  Fifty genes which are known to be induced by sugar stress are induced 
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during the FSR (MARKS et al. 2008).  Other FSR genes are involved in ethanol toxicity, 

nitrogen depletion and oxidative stress.  Although the FSR and ESR represent a common 

response to environmental fluctuation, there are also strain-specific stress responses, which 

are responsible for controlling the stress resistance of individual yeast strains (ZUZUARREGUI 

et al. 2005).  Strains which are intolerant to many different stressors are almost always 

inefficient at fermenting and/or produce off-flavours (ATTFIELD 1997). 

The use of global gene transcription analyses can only provide an indication of the metabolic 

processes and stress responses occurring during fermentation.  For example, a recent study by 

ROSSIGNOL et al. (2009) performed a correlation between differential gene expression and 

protein levels of a wine yeast during large-scale wine fermentation at stationary phase vs. 

exponential phase.  Their data showed a positive but weak correlation.  However, the number 

of proteins identified were relatively low (59 total), so further studies will provide a better 

indication of which specific metabolic pathways, represented as functional categories, do 

provide strong positive correlations (ROSSIGNOL et al. 2009). 

1.3. Low temperature fermentation 

1.3.1. Overview of low temperature fermentation 

Low temperature fermentation (10-15°C) is thought to increase the production and retention 

of desirable volatile flavour compounds during fermentation compared to wines fermented at 

higher temperatures (> 15°C) (MALLOUCHOS et al. 2003; TORIJA et al. 2003; LLAURADÓ et 

al. 2005; BELTRAN et al. 2006; MOLINA et al. 2007).  In the production of white and rosé 

wines, winemakers now frequently lower the fermentation temperature from the typical 18°C, 

in the hopes of producing greater concentrations of aroma compounds, such as esters that 

impart sweet and fruity aromas (BELTRAN et al. 2006).  Additionally, it is thought that lesser 

amounts of undesirable compounds are produced, such as certain higher alcohols and acetic 

acid (BELTRAN et al. 2006).  Lower temperatures also inhibit the growth of acetic and lactic 

acid bacteria, reducing the off-flavours produced by these organisms.  However, the 

downside to fermenting at low temperature is that the fermentation process is slowed, 

increasing the risk of stuck and sluggish fermentation.  The temperature optimum for yeast is 

25-28°C, so temperatures of 10-15°C can be restrictive to temperature-sensitive yeast.  Since 

fermentation is an exothermic process, a great deal of energy must go into temperature 

control at lower fermentation temperatures, which is more expensive for winemakers.  
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Current research aims to develop methods which make low temperature fermentation more 

efficient and cost effective. 

1.3.2. Effect of low temperature on yeast growth 

Temperature is one of the most important variables influencing yeast growth, fermentation 

and physiology.  Yeast can survive and grow reasonably well at low temperatures between 

10-15°C; however, biochemical reactions, cell division, CO2 production, growth rate and 

biomass production are much slower (OUGH 1964; CHAROENCHAI et al. 1998; BELTRAN et al. 

2007).  As temperatures are lowered, even down to 4°C, yeast growth is restricted but 

viability is retained.  In fact, the ratio of live:dead cells is higher at low temperature (13°C) 

compared to higher temperatures (25°C) (TORIJA et al. 2003; BELTRAN et al. 2006).  A study 

using temperatures between 15-35°C by D’AMATO et al. (2006) also demonstrated that the 

fastest cell deaths occur at the highest temperatures.  The higher viability at lower 

temperatures is suggested to be the result of enhanced stress resistance, due to the synthesis 

of ESR-induced stress-protective compounds, such as HSPs and trehalose, and due to 

changes in the fatty acid and sterol composition of the cell membrane (BENEY et al. 2001; 

GASCH and WERNER-WASHBURNE 2002; BELTRAN et al. 2008).  The stimulation of the ESR 

also provides cold-exposed cells with added resistance to other stressors, such as high 

osmotic conditions and nutrient deprivation (DINIZ-MENDES et al. 1999; BENEY et al. 2001; 

INOUYE and PHADTARE 2004).  This phenomenon is most effective when cells are exposed to 

mild shifts in temperature, such as 5-10°C below the optimal range (DINIZ-MENDES et al. 

1999).   

In winemaking, low temperatures dramatically influence the composition of the microbial 

population within the must, which can have a large influence on the organoleptic properties 

of the wine.  Different species of yeast and bacteria have different temperature optima and are 

more capable of growth, survival and fermentation at low temperatures (FLEET 2003).  For 

example, certain non-Saccharomyces yeast such as Kloeckera apiculata grow faster than S. 

cerevisiae at both low and optimal temperatures (10°C, 15°C, 20°C and 25°C), which 

provides one explanation for their dominance at the start of a spontaneous fermentation 

(CHAROENCHAI et al. 1998).  It has been claimed that non-Saccharomyces species adapt to 

low temperatures more easily than Saccharomyces spp. due to an enhanced ethanol tolerance 

at low temperature (GAO and FLEET 1988; CHAROENCHAI et al. 1998); however, this 

difference in ethanol tolerance has not been rigorously studied, and the growth experiments 
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by CHAROENCHAI et al. (1998) were performed in the absence of ethanol.  It has also been 

shown that out of all the Saccharomyces spp., S. cerevisiae is the best adapted to grow at high 

temperatures, with a temperature optimum of 32.3°C, whereas S. kudriavzevii and S. uvarum 

are the best adapted to low temperatures, with temperature optima of 23.6°C and 26.2°C 

respectively (SALVADÓ et al. 2011).  The higher temperature optimum of S. cerevisiae is an 

illustration of niche construction resulting in other yeast being outcompeted via the 

production of heat (GODDARD 2008).  Additionally, since the harmful effects of ethanol are 

thought to increase at higher temperatures, S. cerevisiae would have an advantage in warmer 

niches (HEARD and FLEET 1988). 

1.3.3. Effect of low temperature on yeast physiology 

Low temperatures greatly affect the physiology and metabolism of yeast, requiring the cell to 

respond and adapt rapidly.  This response is accompanied by extensive changes in gene 

expression and enzyme activity, allowing yeast to maintain growth and survival at low 

temperatures (DINIZ-MENDES et al. 1999; SAHARA et al. 2002; SCHADE et al. 2004; 

PANADERO et al. 2006).  There are differences between S. cerevisiae strains in their 

physiological and transcriptional response to low temperatures, but in general, yeast are adept 

at maintaining metabolic functions during cold stress.  A study by TAI et al. (2007a) 

demonstrated that although the activity of glycolytic enzymes was ~7.5-fold lower at 12°C 

compared to 30°C, yeast were able to maintain the same level of glycolytic flux.  Wine yeast 

are typically better at adapting to low temperatures than laboratory strains (PIZARRO et al. 

2008). 

Low temperatures greatly influence cell physiology.  These effects include decreased 

membrane fluidity, increased stabilisation of DNA and RNA secondary structure, reduced 

efficiency of protein translation and protein folding, increased protein denaturation, clustering 

of integral membrane proteins and decreased enzyme activity (DINIZ-MENDES et al. 1999; 

SAHARA et al. 2002; AL-FAGEEH and SMALES 2006).  The cell membrane, which contains a 

large proportion of lipid molecules, is considered to be the primary target of low temperature 

trauma (BENEY et al. 2001; REDÓN et al. 2011).  The relative fluidity and permeability of the 

membrane is determined by the ratio of pliant fatty acids to the more rigid sterols (DAUM et 

al. 1998).  Temperature directly affects the organisation of these membrane lipids by causing 

them to solidify, decreasing membrane fluidity and reducing intra- and extracellular transport 

and diffusion rates of compounds and ions (INOUYE and PHADTARE 2004).  The cell 
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counteracts this effect by increasing fluidity through altered fatty acid production 

(homeoviscous adaptation) (AL-FAGEEH and SMALES 2006).  For instance, cells induce genes 

encoding fatty acid desaturases (OLE1) and dehydrases, leading to higher levels of 

unsaturated fatty acids, fatty acids with shorter chains and altered fatty acid branching 

patterns (INOUYE and PHADTARE 2004; SCHADE et al. 2004; AL-FAGEEH and SMALES 2006).  

Cryotolerant and psychrophilic yeast species generally have a greater degree of membrane 

unsaturation than mesophilic or thermophilic yeast (WATSON 1987).  It has been proposed 

that the changes in cell membrane lipid composition and fluidity act as the first signal 

triggering the cold stress response, as is the case in the cyanobacterium Synechocystis 

(CARRATU et al. 1996; AGUILERA et al. 2007).  Synechocystis mutants lacking the genes 

encoding fatty acid desaturases have more rigid membranes than wild type, resulting in the 

induction of low temperature-responsive genes, even at normal physiological temperatures 

(INABA et al. 2003). 

The stabilisation of nucleic acid secondary structure is considered to be a unique consequence 

of low temperatures and reduces the rates of mRNA elongation during transcription and 

mRNA movement on the ribosome during translation (INOUYE and PHADTARE 2004).  The 

mRNA 5’ untranslated region (5’UTR) tends to form stable secondary structures at low 

temperatures, becoming less accessible to the ribosome (AL-FAGEEH and SMALES 2006).  

Cells subvert this effect by synthesising cold shock proteins (CSPs) which act as chaperones, 

stabilising RNA secondary structure.  Proteins called ‘low temperature-specific assembly 

factors’ also enable ribosome assembly under stressful conditions (INOUYE and PHADTARE 

2004).  To counteract problems associated with protein misfolding and denaturation at low 

temperature, yeast synthesise HSPs, which act as protein chaperones and help restore enzyme 

activity at low temperatures (MURATA et al. 2006).  For example, Hsp12p protects the yeast 

cell from ethanol and desiccation and is a good indicator of applied stress in S. cerevisiae 

(PEREZ-TORRADO et al. 2002; NISAMEDTINOV et al. 2008).  Another HSP with an important 

role during stress is Hsp90p, which can operate on pre-existing genetic variance in order to 

adapt specifically to a stressor.  Hsp90p buffers certain traits during environmental stress, 

allowing the yeast to adapt its stress response to the specific environment (JAROSZ and 

LINDQUIST 2010).  

During cold stress, yeast cells synthesise large amounts of protectant compounds, such as the 

reserve carbohydrates trehalose and glycerol, to preserve and defend internal cellular 

components.  The disaccharide trehalose, which acts as a chemical chaperone for membrane 
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and protein stabilisation, accumulates after cells are incubated for approximately 12 h at 

10°C, 4°C or 0°C (SAHARA et al. 2002).  The production of glycogen is also induced after 

this period; however, its role in the cold response has not yet been elucidated (AGUILERA et 

al. 2007).  Glycerol, an osmoprotectant solute, accumulates to higher levels at 4°C than 12°C 

and the rate of accumulation is dependent on the Stl1p glycerol active transporter (AGUILERA 

et al. 2007; TULHA et al. 2010).  Glycerol protects the cell by counteracting the effects of 

osmotic shrinkage during freeze and thaw cycles (PANADERO et al. 2006).  The antioxidant 

response is also elicited at low temperatures to protect the cell from reactive oxygen species 

(ROS) and free radicals which are formed under environmental stress (ZHANG et al. 2003).  

Antioxidant compounds and enzymes, including glutathione, catalase and superoxide 

dismutase, are induced at low temperatures and detoxify ROS for the maintenance of viability 

(ZHANG et al. 2003; MURATA et al. 2006). 

1.3.4. Progression of the low temperature stress response 

The responses to low temperature can be categorised into two groups based on the severity of 

the temperature.  Cold shock is defined as the responses of cells when exposed to 

temperatures of 10-18°C, whereas freeze shock occurs at temperatures of < 10°C (AL-

FAGEEH and SMALES 2006).  DNA microarrays performed by SAHARA et al. (2002) have 

identified three sequential phases in the cold shock response defined by distinct gene 

expression profiles (early, mid and late phases) (AL-FAGEEH and SMALES 2006; AGUILERA et 

al. 2007).  Table 1-1 summarises the major responses to cold and freeze shock and when they 

occur. 

Table 1-1:  Timing of the major responses to cold shock (10-18˚C) and freeze shock (< 10˚C) in yeast 

(compiled from AL-FAGEEH and SMALES 2006; AGUILERA et al. 2007). 

Cold shock (10-18°C)  

Early/mid phase Changes in membrane fluidification and fatty acid desaturation 

 Reduction in rate of transcription and translation 

 Induction of low temperature response (LOT) genes with roles in: 

  Transcription and translation efficiency (DPB1 and RPA49) 

  Ribosome synthesis and stability (NSR1) 

  Membrane/cell wall maintenance (OPI3, DAN/TIR and PAU families) 

Late phase Induction of ESR genes with roles in: 

  Protein folding stability (HSPs) 

  Metabolism 

  ROS detoxification 

  Synthesis of protective compounds such as trehalose and glycerol 
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Freeze shock (< 10°C)  

 Changes in membrane fluidification and fatty acid desaturation 

 Reduction in rate of transcription and translation 

 Induction of ESR genes with roles in: 

  Protein folding stability (HSPs)  

  ROS detoxification 

  Synthesis of protective compounds such as trehalose and glycerol 

 Induction of genes in preparation for rewarming with roles in: 

  Trehalose degradation (NTH1) 

  Chaperoning of the cytoskeleton (CCT genes) 

 NTH1 and CCT mRNA translated upon return to normal physiological temperature 

 

At the early and mid phases, changes in lipid composition and fluidity of the membrane 

initiate signal transduction cascades through sensors such as histidine kinases anchored in the 

plasma membrane.  These signal cascades result in a change in phosphorylation state of 

downstream proteins, some of which enter the nucleus upon activation, leading to the 

induction of transcription factors and the transcription of low temperature response (LOT) 

genes (ZHANG et al. 2001; HOMMA et al. 2003; AGUILERA et al. 2007).  So far, four major 

phospho-relay pathways have been found to operate during cold shock:  the protein kinase A 

(PKA) pathway, protein kinase C (PKC) pathway, target of rapamycin (TOR) pathway and 

high osmolarity glycerol (HOG) pathway (AGUILERA et al. 2007).  The PKA pathway 

typically controls growth, sporulation and metabolite accumulation in stressful conditions.  

During early/mid cold shock, the PKA pathway is important for the activation of genes which 

improve replication efficiency (DPB2), protein synthesis and rRNA processing (such as 

RPA49 encoding an RNA polymerase I) (WANG et al. 2004).  The PKA pathway also leads to 

increased production of the low-temperature specific ribosome assembly factors, such as 

Nsr1p (a nucleolin-like protein), enabling ribosome assembly during early/mid cold stress 

(INOUYE and PHADTARE 2004; AGUILERA et al. 2007).  At the early phase, there is an 

increase of de novo synthesis of ribosomal complexes to counteract the reduced efficiency of 

translation (SAHARA et al. 2002).  Other low-temperature specific genes which are dependent 

on the PKA pathway at early/mid cold shock include those for phospholipid synthesis 

(OPI3), as well as the seripauperin (PAU) gene family proteins, encoded by PAU1-2 and 

PAU4-7.  The PAU family are believed to have phospholipid binding properties, which 

further implicates the membrane as the major site of trauma (HOMMA et al. 2003). 

One of the major groups of early/mid phase-expressed low temperature stress genes includes 

the family of temperature inducible proteins (TIP).  The TIP family has been renamed the 



Chapter 1 – Introduction 

23 
 

DAN/TIR family to incorporate the TIP-related (TIR) genes and the Delayed Anaerobic 

(DAN) genes (ABRAMOVA et al. 2001).  The nine members of the DAN/TIR family are serine- 

and alanine-rich cell wall mannoproteins which function as ‘low temperature growth genes’ 

by maintaining cell wall integrity and aiding the adaptation to extreme temperature shifts 

(KONDO and INOUYE 1991; ABRAMOVA et al. 2001; HOMMA et al. 2003; SCHADE et al. 

2004).  The DAN/TIR family incorporates TIP1, and its homologues TIR1-4 and DAN1-4 

(KONDO and INOUYE 1991; HOMMA et al. 2003).  It has been shown that the DAN/TIR genes 

are induced under low temperature stress particularly when there is a lack of oxygen 

(ABRAMOVA et al. 2001).  Regulation of DAN1 under anaerobic conditions is controlled by 

heme, the MOX4 activator and the ROX1 repressor (COHEN et al. 2001; AGUILERA et al. 

2007).  As summarised by AL-FAGEEH and SMALES (2006), based on several studies on low 

temperature effects on mammalian cells (CHUPPA et al. 1997; JAN et al. 1997; OHSAKA et al. 

2002), the low temperature environment is also accompanied by a reduction in the dissolved 

oxygen concentration.   

In the late phase of cold shock, hundreds of ESR genes are induced with roles in signal 

transduction, protein folding and assembly, chaperones and buffers (HSPs), metabolic 

pathways, and protective compounds (SAHARA et al. 2002).  Research by SAHARA et al. 

(2002) has shown that the PKA pathway is responsible for controlling the timing of the 

early/mid and late phases, which is highlighted by the fact that the induction of many ESR 

genes is PKA-dependent.  For example, the PKA pathway is required to activate the ESR-

associated transcription factors Msn2p and Msn4p, which can bind to several stress-response 

elements (STREs) and coordinate the majority of ESR responses, including trehalose 

synthesis genes, which are upregulated late in the cold shock response (MARTINEZ-PASTOR et 

al. 1996; CAUSTON et al. 2001; SAHARA et al. 2002).   

The PKC pathway is also thought to be linked to the PKA pathway by controlling levels of 

cAMP which are required for the PKA phosphorylation cascade (PARK et al. 2005).  The 

PKC pathway is involved in repairing cellular damage, particularly when there is cell wall 

instability (AGUILERA et al. 2007).  Several mutations in genes with roles in the PKC 

pathway confer cold sensitivity, including NUM1, which is important for actin polarisation 

(REVARDEL and AIGLE 1993).     

The TOR pathway is also important in the late stages of low temperature stress, as it helps to 

maintain the upregulation of Msn-dependent genes.  This demonstrates another linkage 
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between the major phospho-relay pathways, and suggests that the PKA, PKC and TOR 

pathways are important for the ESR.  The TOR pathway is required for the adaptation to 

nutrient starvation and cytoskeletal maintenance during environmental changes (AGUILERA et 

al. 2007).  Mutants in the TOR2 gene, one of the members of TOR complexes, display an 

abnormal cytoskeleton and cold-sensitive phenotype, which can be rescued upon over-

expression of the PKC1 effector from the PKC pathway.   

The HOG pathway, one of five mitogen-activated protein kinase (MAPK) pathways in S. 

cerevisiae, is also important during the late phase of cold shock (HAYASHI and MAEDA 2006).  

The HOG pathway is primarily associated with osmotic stress but is also activated under 

heat, ionic and oxidative stress (MIRALLES and SERRANO 1995; GARAY-ARROYO and 

COVARRUBIAS 1999).  The HOG pathway has two osmo-sensing branches, involving Sho1p  

and Sln1p, both of which respond to the rigidification of the cell membrane (HAYASHI and 

MAEDA 2006).  This membrane signal results in a MAPK cascade and the activation of genes 

involved in protective compounds that are important in cold stress, such as glycerol (GPD1) 

and hydrophilins (GRE1-3), and HSPs, such as HSP12 (GARAY-ARROYO and COVARRUBIAS 

1999; PANADERO et al. 2006; AGUILERA et al. 2007) (Figure 1-5). 

 

Figure 1-5:  The HOG pathway.  The signal in response to low temperature stress is passed down from 

the osmo-sensors Sho1p and Sln1p resulting in the initiation of a MAPK phosphorylation cascade 

through the signal transducers Ste11p and Ssk1p and the entry of Hog1p into the nucleus.  Hog1p 

promotes the transcription of osmotically active genes, such as GPD1 for glycerol synthesis, GRE1 

encoding a stress-induced hydrophilin, as well as HSPs such as HSP12 (adapted from HAYASHI and 

MAEDA (2006) and AGUILERA et al. (2007)). 
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The onset of freeze shock begins with the induction of the trehalose-synthesising enzymes 

Tsp1 and Tsp2, resulting in higher levels of trehalose.  There is also upregulation of STL1, 

encoding a glycerol transporter, which helps the cell to accumulate and maintain intracellular 

glycerol (TULHA et al. 2010).  During freeze shock, HSP levels are increased and there is 

upregulation of the mRNA transcripts of NTH1, a trehalose-degrading enzyme, and CCT, a 

freeze-shock specific gene involved in chaperoning the cytoskeleton.  However, NTH1 and 

CCT are not translated into protein until the cell is returned to a normal physiological 

temperature (SAHARA et al. 2002; AL-FAGEEH and SMALES 2006). 

The timing of the early, mid and late phases in the cold shock response has been confirmed 

by other microarray studies.  SCHADE et al. (2004) exposed yeast cells to 10°C for different 

periods of time, which identified two major phases in the cold shock response: the early cold 

response (ECR), corresponding to the early/mid phase, and the late cold response (LCR), 

corresponding to the late phase.  The ECR was induced within 2 h of cold exposure and was 

characterised by expression of genes involved in RNA and lipid metabolism.  In contrast, the 

LCR was induced at least 12 h after the onset of cold exposure and mainly involved 

expression of ESR genes (SCHADE et al. 2004).  The cold-specific response during the ECR 

was Msn-independent, whereas the ESR response during the LCR was dependent on Msn 

transcription factors (SCHADE et al. 2004).  Additionally, a study by MURATA et al. (2006) 

using DNA microarrays and hierarchical clustering, demonstrated that yeast cultures shifted 

from ambient temperature (25°C) to cold (4°C) for 6-48 h have different expression patterns 

from cultures which have been maintained at 4°C for long periods, which differentiates 

between gene expression during the early/mid phase and the late phase. 

1.3.5. Effect of low temperature on yeast fermentation 

Although cold stress has been widely studied, very little is understood with regards to how 

cells adapt to low temperatures during processes such as winemaking, where multiple stresses 

are present (ZHANG et al. 2001; SAHARA et al. 2002; HOMMA et al. 2003; AL-FAGEEH and 

SMALES 2006; BELTRAN et al. 2006; PANADERO et al. 2006; AGUILERA et al. 2007; TAI et al. 

2007b; REDÓN et al. 2011).  The effect of temperature on fermentation efficiency varies 

markedly for different S. cerevisiae strains and the ability of a strain to ferment well at low 

temperatures depends on its cold tolerance and the rate of adaptation (TORIJA et al. 2003).  

Low fermentation temperatures significantly decrease the speed of fermentation and the 

maximal fermentation rate (Vmax), whilst increasing the lag period and the overall duration 
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(ERTEN 2002).  For example, fermentations conducted by ERTEN et al. (2002) using non-

Saccharomyces and Saccharomyces yeast were completed with less than 2 g L
-1

 sugar at 

15°C, 20°C and 25°C, but still contained 9.5 g L
-1

 sugar at 10°C after 33 days.  Sugar uptake 

and consumption is also decreased at low temperatures and cells consume less nitrogen, most 

likely due to impaired nitrogen transport caused by a loss of plasma membrane fluidity at low 

temperatures (D'AMATO et al. 2006; BELTRAN et al. 2007).  These factors greatly increase the 

chances of stuck and sluggish fermentation.   

The diversion of carbon into various sinks is altered at low temperatures, resulting in higher 

ethanol yield and modified production of secondary metabolites.  The increase of trehalose 

during cold stress influences ethanol yield, as high trehalose concentrations allow the cell to 

produce higher ethanol and to protect against protein oxidation (TREVISOL et al. 2011).  The 

decrease in production of acetic acid and possibly acetaldehyde allows more carbon to be 

diverted towards the formation of ethanol (LLAURADÓ et al. 2005).  TORIJA et al. (2003) also 

suggest that the higher ethanol concentration at low temperature is due to decreased glycerol 

production.  This claim is unlikely since glycerol accumulation and synthesis is widely 

reported to be greater at low temperatures (LLAURADÓ et al. 2005; PANADERO et al. 2006; 

AGUILERA et al. 2007).   

Gene expression during cold fermentation displays a similar temporal pattern to cold stress 

during growth in non-fermentable media.  BELTRAN et al. (2006) compared the gene 

expression of a commercial wine yeast, QA23, during a 13°C- and 25°C-fermentation in 

Muscat juice.  As in non-fermentable media, there were two phases in the gene expression 

profile of the cold stress response, with over 500 genes influenced by low temperature 

fermentation.   Yeast cells initiated the cold stress response by upregulating cold-specific 

stress genes, followed by upregulation of general stress genes, such as those involved in the 

cell cycle, growth and the ESR. 

1.3.6. Effect of low temperature on wine aroma 

Low temperature fermentation results in the modification of yeast metabolism and 

biochemistry, leading to different patterns of secondary metabolite formation, including 

aroma compounds.  Low temperature fermentation is considered by some researchers and 

winemakers to produce wines with enhanced fruitiness and tropical characters, primarily by 

increasing the production and retention of esters, one of the main groups of yeast-derived 

aroma compounds (MAURICIO et al. 1997; LLAURADÓ et al. 2002; MALLOUCHOS et al. 2003; 
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TORIJA et al. 2003; LLAURADÓ et al. 2005; ZUZUARREGUI et al. 2005; BELTRAN et al. 2006; 

BELTRAN et al. 2008).  During the fermentation of grape sugars, S. cerevisiae synthesises two 

types of esters: acetate esters, and fatty acid ethyl esters, which generally impart desirable 

fruity and floral characteristics to wine (SOLES et al. 1982).  Ester synthesis is linked to acetyl 

CoA and lipid metabolism:  acetate esters are composed of an acetate group and an alcohol 

group (ethanol or higher alcohol); whereas ethyl esters are composed of a medium-chain fatty 

acid (MCFA) group, plus an ethanol group (SAERENS et al. 2008) (Figure 1-6).  A number of 

variables other than temperature influence ester production during fermentation.  These 

factors include the availability of substrates, such as higher alcohol or fatty acid precursors, 

nitrogen and oxygen levels, cell immobilisation, and wine yeast strain used (MALLOUCHOS et 

al. 2003; VERSTREPEN et al. 2003a; GARDE-CERDAN and ANCIN-AZPILICUETA 2008; 

SAERENS et al. 2008).  For example, oxygen, which is one of the most difficult variables to 

control during experimental and commercial winemaking, has been shown to influence the 

production of esters, including ethyl acetate and isoamyl acetate, during fermentation, due to 

the inhibition of ester biosynthetic genes (PLATA et al. 2005).  PLATA et al. (2005) showed 

that semi-anaerobic conditions resulted in the highest ester concentrations in the wine. 

 

Figure 1-6:  Simplified diagram of acetate ester and fatty acid ethyl ester biosynthesis.  Acetate esters are 

synthesised from acetyl CoA and higher alcohols, catalysed by the products of the ATF1, ATF2 and EHT1 

genes.  The IAH1 gene is involved in the degradation of acetate esters back to higher alcohols.  Fatty acid 

ethyl esters are synthesised from fatty acid CoA and ethanol, catalysed by the enzymes encoded by EEB1, 

EHT1 and YMR210W.  EEB1 and EHT1 are also involved in the hydrolysis of fatty acid ethyl esters.  

Fatty acids are also synthesized from fatty acid CoA.   
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It has been proposed that low temperature affects the ester concentration in wine by altering 

one or more of four possible processes:  the evaporation of volatiles during fermentation; the 

release of esters through the yeast membrane into the fermentation medium; the rate of 

formation of esters within the yeast cell; and the ratio between specific volatile compounds 

(KILLIAN and OUGH 1979; LLAURADÓ et al. 2002; TORIJA et al. 2003; BELTRAN et al. 2006).  

Lower temperatures are known to decrease the evaporation of primary and secondary aroma 

compounds such as esters; however, the impact may be reduced by the longer fermentation 

times (VERSTREPEN et al. 2003a).  

Esters are lipid soluble, allowing diffusion through the yeast membrane into the external 

medium.  However, acetate esters are more rapidly released by yeast than ethyl esters, as 

ethyl ester diffusion is dependent on their fatty acid chain length.  Short-chain ethyl esters 

diffuse easily, whereas the chances of longer-chained esters remaining inside the cell is much 

greater (VERSTREPEN et al. 2003a; SWIEGERS and PRETORIUS 2005; SAERENS et al. 2008).  

Hence, changes in the level of membrane saturation caused by low temperature stress 

influences the specific esters retained within the cell throughout fermentation (LLAURADÓ et 

al. 2005).  Stress-induced cell autolysis also results in the release of various aroma 

compounds, which would have otherwise been retained intracellularly.  For example, fatty 

acid precursors released during autolysis result in the formation of esters (PUEYO et al. 2000).  

Furthermore, ROS which are generated during stressful conditions have been shown to 

release long-chain fatty acids and their peroxidation products (KOCSIS and WESELAKE 1996).  

The esterification of these fatty acids reduces the negative effects of accumulated fatty acids, 

which are increased in damaged cells under stressful conditions (GUERZONI et al. 2007). 

Differences in gene expression during cold stress may result in activation or deactivation of 

certain pathways which lead to the formation of esters within yeast cells.  The formation of 

acetate esters in S. cerevisiae involves the action of two alcohol acetyltransferase enzymes 

(AATases), Atf1p and Atf2p, and an ethanol hexanoyl transferase, Eht1p (LILLY et al. 2000; 

VERSTREPEN et al. 2003a) (Figure 1-6).  Atf1p synthesises the majority of esters in S. 

cerevisiae, and ATF1 transcript levels are known to be influenced by the PKA pathway, one 

of the major pathways active during the ESR and the low temperature response (VERSTREPEN 

et al. 2003c).  ATF1 regulation is also influenced by oxygen, unsaturated fatty acids and 

nutrient levels, suggesting that Atf1p has an important role in cellular lipid metabolism 

(PEDDIE 1990; VERSTREPEN et al. 2004b).  Since fermentation results in the shutdown of the 

lipid synthesis pathway, ester biosynthesis may help to rebalance the CoASH:acetyl CoA 
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ratio (BARDI et al. 1998; VERSTREPEN et al. 2004b).  Atf2p is thought to synthesise lower 

total amounts of acetate esters than Atf1p; however, it does differ slightly in the specific 

esters produced (LILLY et al. 2006a).  The physiological role of Atf2p is thought to reduce the 

inhibitory action of steroids on yeast growth (LILLY et al. 2006a).   

The EHT1 gene is important for the formation of both acetate and ethyl esters (LILLY et al. 

2006a; SAERENS et al. 2006).  Along with EHT1, ethyl ester synthesis requires the EEB1 

gene, encoding a coenzymeA:ethanol O-acyl-tranferase (AEATase) (SAERENS et al. 2006) 

(Figure 1-6).  More recently, it has been found that an additional gene, YMR210W, encodes a 

putative acyl transferase with similarity to EHT1 and EEB1 (ROSSOUW et al. 2008).  

YMR210W has been positively correlated to ethyl ester production.  It is likely that there are 

other genes required for ethyl ester synthesis which have not yet been characterised (SAERENS 

et al. 2006; MOLINA et al. 2007).  Eeb1p and Eht1p are believed to have dual enzymatic roles 

for both synthesis and hydrolysis of ethyl esters, as the overexpression of EEB1 and EHT1 

does not increase the levels of ethyl esters (SAERENS et al. 2006).  The esterase function of 

these enzymes has been confirmed by the identification of an α/β-hydrolase fold in the 

protein structure (SAERENS et al. 2006).  The net balance between the rate of ester synthesis 

and degradation is also maintained by the esterase Iah1p (VERSTREPEN et al. 2003a).  

Overexpression of IAH1 decreases the concentrations of several esters, including ethyl 

acetate (solvent, nail-polish), isoamyl acetate (banana, fruity, pear), hexyl acetate (floral, 

fruity, pear) and 2-phenylethyl acetate (fruity, honey, rose) (LILLY et al. 2006a).   

As described by LILLY et al. (2006b), another major influence on the formation of ester 

compounds is the expression of the BAT genes, BAT1 and BAT2, which encode branched-

chain amino acids transaminases (BCAATases).  Bat1p and Bat2p catalyse the transfer of 

amino groups between amino acids and α-keto-acids.  The α-keto-acids are precursors of 

higher alcohols, which in turn are precursors of acetate esters.   Overexpression of BAT1 and 

BAT2 in the wine yeast VIN13 resulted in greater formation of higher alcohols during 

fermentation, with BAT2 overexpression producing the highest concentrations.  As expected, 

BAT gene overexpression also altered the concentrations of individual acetate esters in wine, 

with large differences in ester concentrations between the VIN13 strains overexpressing 

either BAT1 or BAT2.  A study by MOLINA et al. (2007) found that BAT1 expression levels 

were unaffected by fermentation temperature (15°C vs. 28°C); however, at 28°C BAT2 

transcript levels peaked at the halfway point of fermentation (50 % sugar consumption), 

whereas at 15°C transcript levels peaked  much  later (90 % sugar consumption).  The lag in 
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BAT2 expression during low temperature fermentation may play a role in differences between 

ester concentrations in cold-fermented wines compared to non cold-fermented wines. 

Despite the widely held belief that cold fermentation increases esters, the experimental 

evidence on the effect of low temperatures on yeast-derived ester concentrations during 

fermentation is not clear-cut.  Low fermentation temperatures appear to enhance the 

concentrations of some acetate and ethyl esters, but decrease others, with inconsistencies 

between studies.  For example, KILLIAN and OUGH (1979) looked at the effect of temperature 

on ester concentration during fermentation in Chenin blanc using a Montrachet S. cerevisiae 

strain.  Four acetate esters and one ethyl ester (ethyl acetate, isoamyl acetate, isobutyl acetate, 

hexyl acetate and ethyl butanoate) were present in the highest concentrations at 10°C 

compared to 15°C, 20°C and 30°C; however, other esters (ethyl octanoate and ethyl 

decanoate) were highest at 15°C or at 20°C (2-phenylethyl acetate and ethyl hexanoate).  

ERTEN (2002) looked at the effect of fermentation temperature on esters and higher alcohols 

in a mixed ferment with S. cerevisiae and a non-Saccharomyces yeast Kloeckera apiculata, at 

10°C, 15°C, 20°C and  25°C.  Ethyl acetate and ethyl butanoate were higher at progressively 

lower temperatures, consistent with the KILLIAN and OUGH (1979) data.  However, LLAURADO 

et al. (2002) found that lowering the fermentation temperature decreased ethyl acetate 

concentration.  Additionally, the results from ERTEN (2002) indicate that isoamyl acetate and 

ethyl hexanoate were highest at 15°C, and not at 10°C or 20°C, as shown by KILLIAN and 

OUGH (1979).  ERTEN (2002) claim that the production of isoamyl acetate and ethyl hexanoate 

is independent of fermentation temperature, which may explain the inconsistency between 

findings.   

Temperature also affects ester production differently depending on whether the fermentation 

is exposed to a constant temperature vs. temperature fluctuations (VERSTREPEN et al. 2003a).  

For example, a higher starting temperature produces more esters than a cooler start, even 

when the mean temperature throughout fermentation is the same (SABLAYROLLES and BALL 

1995).  A warmer starting temperature may explain why there are studies that show an 

increase in volatiles at fermentation temperatures of 20°C, rather than at 15°C or lower.  An 

early study on the effects of temperature on esters during wine fermentation showed that in 

Colombard and Alicante grape juice fermentations, the total ester concentration was highest 

at 18.3-23.9°C, compared to 12.8°C and 30-32.3°C (UCHIMOTO and CRUESS 1952).  There 

was no significant difference between the 12.8°C-concentration compared to 30-32.3°C.  

PAPATHANASIOU et al. (2006) measured 13 volatile compound concentrations (acetate esters, 
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ethyl esters, higher alcohols and fatty acids) in Pinot grigio wines fermented at 12°C and 

20°C with two Greek S. cerevisiae strains GR3 and GR7, isolated from spontaneous 

fermentations.  The concentrations of acetate esters, including isobutyl acetate, hexyl acetate, 

isoamyl acetate and 2-phenylethyl acetate were lower in the 12°C-fermented wines compared 

to the 20°C-fermented wines for both yeast strains.  Concentrations were also lower at 12°C 

vs. 20°C for the three ethyl esters (ethyl hexanoate, ethyl octanoate and ethyl decanoate); the 

two higher alcohols (isoamyl alcohol and phenethyl alcohol); and the three fatty acids 

(hexanoic acid, octanoic acid and decanoic acid).  In contrast, BELTRAN et al. (2006) and 

(2008) showed that total acetate esters and ethyl esters were higher when Muscat juice was 

fermented at 13°C compared to 25°C using the wine yeast QA23.  Out of the three acetate 

esters and five ethyl esters measured, only 2-phenylethyl acetate and ethyl decanoate were 

higher at 13°C compared to 25°C (BELTRAN et al. 2008). 

The yeast strain used for fermentation can override certain cold-related differences between 

ester concentrations.  For example, PAPATHANASIOU et al. (2006) found large differences 

between the Greek yeast strains GR3 and GR7 in the amounts of certain aroma compounds at 

12°C and 20°C.  Hexyl acetate was present at 937,243 peak area units at 12°C and 1,358,767 

at 20°C in the wines fermented by GR3.  In contrast, the area counts for GR7 were much 

lower, with 671,234 at 12°C and 998,387 at 20°C.  Additionally, the concentration of ethyl 

butanoate had a temperature effect which changed depending on the yeast strain 

(PAPATHANASIOU et al. 2006).  Ethyl butanoate was present at a lower concentration at 12°C 

vs. 20°C in wines fermented with GR3, but present at a higher concentration at 12°C vs. 

20°C in wines fermented with GR7.  DAUDT and OUGH (1973) also found that the formation 

of acetate esters was greatly influenced by temperature, but that the yeast strain contributed to 

differences in the amount formed. 

These differences are not surprising, considering the number of studies showing that different 

yeast strains and different musts can produce highly divergent aroma profiles in wine 

(ARAGON et al. 1998; ANTONELLI et al. 1999; VERSTREPEN et al. 2003c; SWIEGERS and 

PRETORIUS 2005; REGODÓN MATEOS et al. 2006; ROSSOUW et al. 2008; KEYZERS and BOSS 

2010; STYGER et al. 2011a).  It is very difficult to predict the effect of different yeast strains, 

musts and fermentation conditions on the concentrations of specific volatile compounds, 

especially since these variables interact with one another and can produce a different result 

from ferment to ferment (REGODÓN MATEOS et al. 2006).  As well as strain differences, must 

differences were evident in the study by PAPATHANASIOU et al. (2006).  Aroma compounds 
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were analysed from wines made via spontaneous fermentation of two Greek grape varietals, 

Debina and Roditis, at 12°C and 20°C.  In general, volatiles were lower at 12°C vs. 20°C; 

however, some compounds demonstrated differences which were more dependent on the 

grape variety/must than the temperature.  In the Debina wines, the concentrations of ethyl 

butanoate, ethyl hexanoate, hexanoic acid and octanoic acid were lower at 12°C vs. 20°C, but 

in the Roditis wines they were higher at 12°C vs. 20°C (PAPATHANASIOU et al. 2006).  

Therefore, although individual esters may have different temperature optima for biosynthesis, 

these temperature optima can be readily modified by yeast strain and media composition, 

which explains why different musts are able to produce polarising results (VERSTREPEN et al. 

2003a).  These effects are also true for higher alcohols.  ARAGON et al. (1998) looked at the 

effects of fermentation temperature, yeast strain and must on the production of higher 

alcohols in Spanish white wine.  Muscatel and Malvasia grapes were fermented at 15°C, 

18°C and 21°C with either K1M (killer strain), D47 (commercial Lalvin wine yeast from 

Lallemand) or yeast naturally present in the must.  The concentrations of isobutanol, 

methanol and propanol were significantly different between temperatures, with higher 

methanol and propanol in the 15°C-wines and higher isobutanol in the 18°C-wines.  Yeast 

type significantly influenced at least 50 % of the higher alcohol concentrations (ARAGON et 

al. 1998).  There was also a yeast-must interaction, where some differences in higher alcohol 

concentrations could be explained by the combination of yeast strain and must.  Lastly, there 

was a strong must-dependent effect, with Muscatel wines generally having lower 

concentrations of higher alcohols than Malvasia wines (ARAGON et al. 1998).   

There is also the possibility that white wines fermented at low temperature have different 

ratios of esters:higher alcohols, or acetate esters:ethyl esters than wines fermented at higher 

temperatures.  The balance between these ratios may be more important than the absolute 

concentrations in wine and may contribute greatly to sensory differences.  When higher 

alcohol concentrations are above 400 g L
-1

, they can have negative pungent aromas 

(SWIEGERS and PRETORIUS 2005).  However, low temperature fermentation may increase the 

concentration of esters relative to higher alcohols, resulting in an increase in wine complexity 

and a reduction in negative pungent aromas even at high concentrations (ERTEN 2002; 

SWIEGERS and PRETORIUS 2005; BELTRAN et al. 2006; BELTRAN et al. 2008).  MOLINA et al. 

(2007) fermented synthetic grape medium at 15°C and 28°C with the wine yeast EC1118.  

Total volatile concentration was higher at 15°C than at 28°C and the aroma profiles were 

very different between the two temperatures.  Out of 23 detected compounds, 13 were present 
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at concentrations above their sensory thresholds, which means that these compounds have 

high odour activity values (OAV) and are likely to influence the wine aroma.  Ethyl esters 

were 4-fold higher in the 15°C-wines, particularly those associated with fruity characters, 

including ethyl butanoate (apple, fruity, peach), ethyl hexanoate (apple, fruity, sweet), ethyl 

octanoate (fruity, floral, sweet) and ethyl decanoate (fruity, floral, sweet) (descriptors 

obtained from ESCUDERO et al. 2007; MOLINA et al. 2007).  Additionally, one acetate ester 

had a higher OAV in the 15°C-wines compared to the 28°C-wines, which was isoamyl 

acetate (banana, fruity, pear).  In contrast, the 28°C-wines had higher OAVs for phenethyl 

alcohol (floral, honey, spice), butanoic acid-2-methylethyl ester (apple, banana, pineapple), 2-

phenylethyl acetate (fruity, honey, rose) and 2-methyl butyl acetate (red apple, banana, 

pineapple).  Therefore, it appears that the 15°C-wines contained a range of acetate and ethyl 

esters with light, sweet and fruity characters, whereas the 28°C-wines contained a range of 

acetate and ethyl esters with heavier floral, banana and pineapple characters.  It is likely that 

the balance between different acetate and ethyl esters, and their interactions within the wine, 

is one of the most important factors influencing differences between the aromas of wines 

fermented at different temperatures. 

Some of the perceived benefits of low temperature fermentation can be further enhanced by 

preadapting the yeast to low temperature in order to improve fermentation performance; 

however, the effectiveness of this method is strain-dependent.  Yeast preadaptation can 

increase positive wine characteristics, such as promoting ester and glycerol production, while 

reducing negative ones, such as preventing the development of off-flavours (LLAURADÓ et al. 

2005).  Although glycerol does not does not play a role in wine aroma, it is thought to have a 

significant effect on the perceived quality of white wines (NIEUWOUDT et al. 2002).  Other 

options include the creation of biocatalysts by immobilising the fermenting yeast cells onto 

supports made of cellulose, gluten, corn starch or wheat grains (MALLOUCHOS et al. 2003; 

KANDYLIS et al. 2008; KANDYLIS et al. 2010).  Immobilised cells produce more acetate and 

ethyl esters and less higher alcohols than free cells (MALLOUCHOS et al. 2003; MALLOUCHOS 

et al. 2007; KANDYLIS et al. 2008; KANDYLIS et al. 2010).  Immobilised systems also have a 

lower total acid concentration, which may reduce the tartness of a wine (MALLOUCHOS et al. 

2003).  However, with some immobilised systems, flavour production can be thrown out of 

equilibrium, resulting in an unbalanced wine (SHEN et al. 2004).  Immobilised fermentations 

have not yet been applied in the wine industry, as the current methods have not met all the 
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prerequisites of low cost, food grade purity and improved flavour and aroma  (MALLOUCHOS 

et al. 2007).   

1.3.7. Effect of low temperature on New Zealand Sauvignon blanc aroma 

NZ SB wines from Marlborough are typically fermented at 10-16°C, within the range classed 

as low temperature (NICOLAU et al. 2006).  These wines are well known for their sweet, 

sweaty-passionfruit and tropical aromas.  Methoxypyrazines and thiols are present in higher 

concentrations in Marlborough SB wines, compared to those from France or South Africa 

(LUND et al. 2009).  Experienced wine assessors are capable of differentiating between NZ 

and French SB wines based on their fresh (capsicum, green) and fruity (passionfruit, tropical) 

aromas (LUND et al. 2009; PARR et al. 2010).  Methoxypyrazines are grape-derived primary 

aroma compounds which have herbaceous aromas, including grassy and green capsicum 

(ALLEN and LACEY 1998).  Thiols are yeast-derived secondary aroma compounds which have 

passionfruit, grapefruit, tropical and cat urine aromas.  SB varietal thiols were first 

characterised by TOMINAGA et al. (1998b) and (1998c) and a high concentration of three 

specific thiols is responsible for the primary varietal aromas of Marlborough SB:  4-

mercapto-4-methylpentan-2-one (4MMP) (cat urine/box hedge), 3MH 

(grapefruit/passionfruit), and 3MHA (sweaty passionfruit).  It is thought that yeast produce 

4MMP and 3MH intracellularly via the conversion of grape precursor compounds, including 

both cysteinylated and glutathionylated forms (TOMINAGA et al. 1998b; SUBILEAU et al. 

2008; GRANT-PREECE et al. 2010).  Precursor cleavage is likely to be catalysed by carbon-

sulfur β-lyase enzymes (TOMINAGA et al. 1998a; HOWELL et al. 2005), including Irc7p, 

which is responsible for the cleavage of 4MMP (RONCORONI et al. 2011).   HOWELL et al. 

(2004) found that 4MMP production is extremely variable amongst S. cerevisiae strains, 

which has now been shown to be attributed to the presence or absence of a full-copy of the 

IRC7 allele (RONCORONI et al. 2011).  The concentrations of 3MH and 3MHA in wine is also 

influenced by the yeast strain used for fermentation (SWIEGERS et al. 2009).  Like higher 

alcohols, 3MH can be acetylated by the yeast enzyme Atf1p to form an acetate ester, 3MHA, 

which is more potent than its precursor and has different fruity aroma notes (SWIEGERS et al. 

2006).  Therefore, the fruity characters in SB wines are derived from thiols, as well as esters, 

so it is important to analyse their response to cold fermentation when studying the effects of 

temperature on aroma.   
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There has been limited research on the effect of fermentation temperature on thiol production, 

with studies showing a trend towards higher production at elevated temperatures.  HOWELL et 

al. (2004) analysed the effect of fermentation temperature on 4MMP concentration and 

discovered yeast and temperature effects.  Three yeast strains, CWY1, CWY7 and CWY8, 

were fermented at 18°C and 28°C in synthetic medium containing the cys-4MMP precursor.  

Temperature did not affect the concentration of 4MMP in wines fermented by CWY1 or 

CWY7; however, there was 100-fold more 4MMP at 28°C compared to 18°C in the wine 

fermented by CWY8.  MASNEUF-POMARÈDE et al. (2006) analysed the effect of strain, 

temperature and media on thiol concentrations.  In synthetic medium, fermented at 13°C, 

20°C and 24°C, 4MMP and 3MH concentrations increased at progressively higher 

fermentation temperatures; however, this was slightly mediated by yeast strain.  In wines 

fermented using two different SB musts, at 13°C and 20°C, 4MMP, 3MH and 3MHA were 

present in higher concentrations at 20°C compared to 13°C irrespective of yeast strain or 

must.  A study by FRETZ et al. (2006) using Chasselas blanc must plus precursor 

demonstrated that the 3MH concentration was increased with higher fermentation 

temperatures (25°C compared to 16°C) independent of yeast strain.  Therefore, it is possible 

that the enzymatic activity of yeast β-lyase enzymes releasing 3MH operate optimally at 

higher temperatures or that there is greater uptake or availability of the precursors.   

1.3.8. Selection and improvement of wine yeast strains 

The optimisation of  S. cerevisiae for traits such as improved growth and fermentation rates 

has been primarily achieved via classical mutagenesis, breeding and selection strategies 

(NILSSON et al. 2001).  Selection has been applied directly, within the laboratory, and 

indirectly, as a by-product of maximising efficiency of large-scale industrial production.  

Breeding and hybridisation of yeast strains is an effective method for creating new strains, 

with novel properties and improvements, for industrial use.  Breeding programmes have 

generally been under-utilised, due to the apparent difficulties in breeding wild or industrial 

yeast, which are often homothallic and aneuploid (BAKALINSKY and SNOW 1990; MARULLO 

et al. 2006).  The selection of new wine strains based solely on screening wild collections is 

unlikely to produce a new strain which is already optimised for every trait desired for wine 

production (MARULLO et al. 2006).  Therefore, breeding strategies can combine several 

desired parameters from different yeast to produce a ‘super yeast’ (Table 1-2). 
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Table 1-2:  List of desirable characteristics for the improvement of wine yeast strains which can be 

targeted by researchers using breeding strategies and/or genetic modification (compiled from PRETORIUS 

(2000) and FLEET (2008)). 

Flavour Industry and processing 

Autolysis activity Compatibility in mixed ferments 

High glycerol Fast sedimentation at end of ferment 

High hydrolytic activity High desiccation resistance 

High thiols and desirable esters High flocculation or high dispersal 

Liberation of flavour precursors High genetic stability 

Low acetic acid High proteolytic activity 

Low dimethyl sulfide  High stress tolerance 

Low higher alcohols High sulfite tolerance 

Low hydrogen sulfide Killer factor and bacteriocin production 

Low volatile acidity Large-scale cultivation 

Modified bio-absorption activity Low foam formation 

Modified esterase activity Low nitrogen requirements 

 Protease, pectinase and glucanase activity 

Fermentation Human health 

Efficient sugar and nitrogen usage High resveratrol and antioxidants 

Fast fermentation rate Low biogenic amines 

High ethanol tolerance Low ethanol 

High osmotolerance Low ethyl carbamate 

Low temperature optimum Low sulfite production 

Short fermentation duration  

Short lag phase  

 

When breeding yeast strains to produce novel wine yeasts, the F1 hybrid sometimes has 

improved properties relative to either parent.  This phenomenon is known as heterosis (hybrid 

vigour) and is defined as the superior improvement of a quantitative trait in the offspring 

compared to either parent (LIPPMAN and ZAMIR 2007).  Heterosis has been readily employed 

for plant breeding, particularly with maize (Zea mays) and Arabidopsis thaliana.  Heterosis 

can also be exploited to obtain superior yeast strains, especially for traits such as biomass, 

fertility, growth, low temperature tolerance and Vmax and Amax for fermentation (BIRCHLER et 

al. 2003; MARULLO et al. 2006).  Breeding between genetically variable strains maximises 

the level of strain improvement in the hybrids, as increased genetic diversity provides a 

greater number of allelic configurations and greater opportunities for mutual 

complementation of deleterious alleles from either parent (BIRCHLER et al. 2003). 

LINDEGREN et al. (1953) were the first to describe positive heterosis in S. cerevisiae, using 

four genes involved in the hydrolysis of α-glucosides.  More recently, STEINMETZ et al. 

(2002) demonstrated heterosis in association with tolerance to high temperature.  Quantitative 
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trait loci (QTLs) for high temperature growth (Htg) were arranged in various cis and trans 

arrangements to produce functional linkages whereby various alleles interact together, 

resulting in hybrid vigour.  In another experiment, MARULLO et al. (2006) obtained 51 

segregating progeny from a yeast cross.  Through selected backcrossing, it was possible to 

optimise 11 enological traits, including Vmax and Amax for fermentation, and a greater ethanol 

tolerance at 25°C, compared to the parents.  Repeated backcrossing and introgression have 

been used in S. cerevisiae to introduce several different traits into recipient strains, for 

example, heterothallism (BAKALINSKY and SNOW 1990), increased glycerol (PRIOR et al. 

1999) and high temperature growth (SINHA et al. 2008).  More recently, MARULLO et al. 

(2009) introduced QTLs linked to thermo-tolerance in a backcrossing strategy to produce a 

strain which was more temperature resistant, while maintaining the majority of the parental 

genome. 

Current tools and technology have made large-scale linkage studies on complex traits more 

feasible with S. cerevisiae, as resources are available to screen the phenotypes of hundreds of 

progeny and link them to sequence data.  A series of studies have utilised a segregant 

progeny set derived from a cross between an S288c laboratory strain derivative, BY4716 

(BY), and the Californian vineyard isolate, RM11-1a (RM).  BREM et al. (2002) used 

oligonucleotide microarrays to produce a genetic map with 2957 markers across 99 % of the 

genome, which can be used to map segregating traits from 123 progeny derived from the 

BYxRM cross.  So far, this cross and its extensive genetic map have been used to analyse the 

architecture of expression QTLs (BREM and KRUGLYAK 2005); interactions and linkage 

between QTLs (BREM et al. 2005); the identification of over 1000 polymorphisms and genes 

with cis-regulatory expression (RONALD et al. 2005); the architecture of gene-environment 

interactions (SMITH and KRUGLYAK 2008); the mapping of four genetic loci responsible for 

mitochondrial DNA dysfunction and petite colonies (DIMITROV et al. 2009); the genetic 

complexity underlying differences in global gene expression (EHRENREICH et al. 2009); and 

the detection of multiple loci with subtle effects, including resistance to 17 different 

chemicals  (EHRENREICH et al. 2010).  It is clear that using large numbers of progeny for 

mapping traits is a very powerful tool.   

CUBILLOS et al. (2011) analysed 576 recombinant strains from four crosses representative of 

the major S. cerevisiae lineages (sake, North American, wine/European and West African 

(FAY and BENAVIDES 2005; SCHACHERER et al. 2009)) to identify linkage to polygenic traits.  

The major S. cerevisiae lineages appeared to have a conserved recombinational landscape; 
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however, strain-specific hotspots were also identified.  There was also evidence for many 

epistatic and antagonistic effects derived from the presence of differing alleles in crosses 

made within lineages.  Most significantly, the subtelomeric regions were found to be the 

source of a large amount of strain-specific quantitative variation, suggesting that the ends of 

chromosomes are a very good source of useful variation for breeding. 

Alternative methods for improvement of wine yeast strains may involve genetic modification, 

such as the introduction of useful genes from other organisms (PRETORIUS 2000).  For 

winemaking, the improvement of sophisticated traits such as the synthesis and release of 

secondary aroma compounds and tolerance to multiple fermentation conditions (high SO2, 

temperature shifts, high sugar) are possible through genetic engineering (CEBOLLERO et al. 

2007).  Novel traits, such as wine yeast which produce low ethanol, can perform malolactic 

fermentation, or produce low concentrations of ethyl carbamate, have already been achieved 

through genetic modification.  A low ethanol producing strain was produced by the 

overexpression of GPD2, encoding a glycerol-3-phosphate dehydrogenase.  GPD2 

overexpression resulted in the diversion of a portion of yeast sugar usage from ethanol 

production to glycerol formation, and reduced the ethanol produced by a transgenic 

commercial wine strain by 6 g L
-1

 (DE BARROS LOPES et al. 2000).  The GPD2 

overexpressing strain was enhanced by a mutation in the ald6 gene, which diverts carbon 

usage from ethanol to acetate formation (CAMBON et al. 2006).  The major downside of the 

GPD2 ald6 strain is the increased production of acetoin, with negative aroma characters.  

Acetoin was redirected to a neutral compound, 2,3-butanediol, via the overexpression of 

BDH1, encoding a 2,3-butanediol dehydrogenase (EHSANI et al. 2009).  This strain was able 

to reduce ethanol yields by up to 22 g L
-1

.   

Efficient malolactic fermentation in yeast required the transfer of the malate permease 

(Schizosaccharomyces pombe) and the malolactic enzyme (Lactococcus lacti or Oenococcus 

oeni) (BONY et al. 1997; HUSNIK et al. 2006).  One of these genetically modified strains, 

named ML01, was commercialised by the company Lesaffre and is now allowed to be used 

for winemaking in the USA and the Republic of Moldova (CEBOLLERO et al. 2007).  Ethyl 

carbamate is a potent carcinogen that is formed via the reaction of ethanol and urea.  By 

generating transgenic wine yeast that upregulate the DUR1,2 gene, involved in urea 

degradation, it was possible to reduce ethyl carbamate by 89 % in Chardonnay wines 

(COULON et al. 2006).  DUR3 upregulation was also successful in reducing ethyl carbamate 
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by 81 %, which worked by reabsorbing the urea secreted into fermenting must (DAHABIEH et 

al. 2009). 

Genetic engineering (GE) techniques will allow yeast strain modification to be achieved with 

much greater precision; however, the evolution of yeast genomes over time means that any 

introduced genes may be lost unless they are monitored (PEREZ-ORTIN et al. 2002a).  There 

are also legal restrictions and regulations which must be faced when producing transgenic 

wines and the issue of whether such wines will be accepted by the public.  In NZ, the GE-free 

campaign dissuades the use of genetically modified wine yeast in the food and beverage 

industry.  Nonetheless, the improvement of wine yeast strains through breeding strategies, 

which maximise the use of modern molecular techniques, as well as directed evolution 

strategies that take advantage of natural selection, will greatly benefit the NZ wine industry.  

1.4. Aims and significance of the research 

This thesis aimed to examine and characterise the effects of low temperature (≤ 18°C) on 

wine yeast during multiple aspects of fermentation in NZ SB.  The topic was chosen because 

cold fermentation has a large and measurable effect on both the yeast strain used and the 

resulting wines.  These effects are also easily visualised using techniques which quantify the 

yeast transcriptome and the aromas in the wine.  Since low temperature fermentation is 

already used widely by NZ winemakers in the production of SB wines, there is the potential 

to utilise a breeding programme to improve the efficiency of yeast strains for low temperature 

fermentation and to identify genes that provide an advantage to the yeast in the cold.  

Additionally, characterising the variation in aroma profiles of NZ SB wines produced at 

different temperatures can help the winemaker to better understand the style of wine which 

will be produced depending on temperature, juice and strain.   

1.  The first aim was to determine whether a set of 39 genetically diverse S. cerevisiae strains 

vary in their ability to grow and ferment across a range of temperatures (10-30°C) based on 

geographical origin and/or environmental niche.  This data was also used to investigate the 

relationship between growth and fermentation and to determine whether growth rate data 

could be used to select yeast strains with high fermentation rates (Chapter 3).   

2.  The second aim was to expand on the current knowledge of transcriptional changes during 

cold fermentation by comparing the gene expression of a commercial wine yeast, M2 

(Enoferm, Lallemand), during fermentation in NZ SB at low and optimal temperatures and at 



Chapter 1 – Introduction 

40 
 

different fermentation stages.  Gene expression during cold fermentation was measured for 

four F1 hybrids, made between M2 and four other genetically and geographically diverse S. 

cerevisiae strains, compared to M2, in order to determine whether the F1 hybrids differ in 

their transcriptional response to cold fermentation (Chapter 4).   

3.  The third aim was to determine whether the use of different fermentation temperatures, 

musts and yeast strains would result in different aroma profiles in NZ SB and whether these 

differences can be explained by transcriptional data (Chapter 5).  

4.  The fourth aim was to further understand the genetic basis of the ability of yeast to 

ferment at low temperature and to develop strains with improved cold fermentation ability.  

This aim was initially meant to be achieved by introgressing cold tolerance genes from 

candidate genetically/geographically distinct S. cerevisiae strains into a commercial strain 

through a series of backcrosses and then identifying the genes providing an advantage in the 

cold.  However, backcrossing failed to produce strains better than their commercial parent, so 

this aim was achieved by performing linkage analysis on 123 segregant F1 progeny from a 

cross between a wine strain and a lab strain (Chapter 6).  
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Chapter 2. Materials and methods 

2.1. Laboratory reagents 

Consumables, chemicals and other laboratory reagents were purchased from the following 

suppliers:  Acros Organics, Ajax Finechem, Affymetrix, Ambion, Amsbio, Applied 

Biosystems, BDH, Biolab, Bio-Rad Laboratories, DIFCO Laboratories, Eppendorf, Global 

Science and Technology, HIMEDIA, Integrated DNA Technologies, Invitrogen, John Morris 

Scientific, Merck, Oxford Chemicals, Qiagen, Raylab, Roche Applied Science and SIGMA 

Aldrich. 

2.1.1. Enzymes, buffers and solutions 

All enzymes, buffers and solutions were prepared using MilliQ-filtered water (Millipore®), 

unless otherwise specified.  All percentages are weight by volume (w/v) unless stated 

otherwise.  Enzymes include β-glucuronidase (SIGMA Aldrich), Lyticase (SIGMA Aldrich), 

Platinum Taq® DNA Polymerase (Invitrogen) and Zymolyase 20T (Amsbio).  Buffers and 

solutions used in this research are listed in Table 2-1.   

Table 2-1:  List of buffers and solutions. 

Buffer/solution Constituents 

Bentonite solution 4 % potassium bentonite 

Chelex 5 % Chelex® 100 Resin in sterile water 

Co-TF DNA 2 g L-1 DNA from salmon sperm sodium salt in TE 

Citric acid PMS solution 4 g L-1 citric acid, 4.2 g L-1 potassium metabisulfite 

DMDC-H2O 0.1 % (v/v) dimethyl dicarbonate (DMDC) in sterile water 

Electrophoresis loading dye 30 % glycerol (v/v), 0.04 % bromophenol blue, 0.04 % xylene  

 cyanol FF in TBE 

LiOAc 1 M lithium acetate 

NaOAc 3 M sodium acetate (pH 5.2), treated with 0.001 % (v/v) DMDC 

Methylene blue 0.2 g L-1 methylene blue with 20 g L-1 sodium citrate 

Outcrossing solution 40 U mL-1 lyticase, 1107 U mL-1 β-glucuronidase, 50 mM  

 dithiothreitol 

PEG-4000 Polyethlene glycol (MW 4000) 

PMS 0.05 g L-1 (50 ppm) potassium metabisulfite 

S1 100 mM lithium acetate 

S2 33 % PEG-4000, 100 mM lithium acetate in 0.4 x TE  

SDS 20 % sodium dodecyl sulfate in sterile water 

Softening buffer 10 mM dithiothreitol, 100 mM Tris-SO4 (pH 9.4 with H2SO4) in  

 sterile water 
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Spheroblasting buffer 2.2 M sorbitol in sterile water 

Spore plating solution 1 % SDS, 1 mM dithiothreitol in sterile water 

STD solution 0.05 % (v/v) Triton x-100, 1 mg L-1 NaCl 

TBE 90 mM H3BO3, 2 mM Na2EDTA, 90 mM Tris-HCl (pH 8.0 with NaOH) 

TE 1 mM Na2EDTA, 10 mM Tris-HCl (pH 8.0 with NaOH) 

TES solution 0.5 % SDS, 10 mM EDTA, 10 mM Tris-HCl (pH 7.5 with NaOH),  

 treated with 0.001 % (v/v) DMDC 

Zymolyase buffer 1.2 M sorbitol, 0.1 M KH2PO4 (pH 7.2 with KOH) in sterile water 

Zymolyase solution 5 mg mL-1 Zymolyase 20T enzyme powder in Zymolyase buffer 

2.2. Yeast strains 

This research utilised a collection of genetically diverse S. cerevisiae strains from various 

geographical locations, as well as laboratory strains and commercial wine yeast.  All strains 

are S. cerevisiae species unless otherwise specified (Table 2-2).  The 65 S. cerevisiae strains 

used in this research have been sequenced (3-10 x coverage) by two external initiatives: the 

Wellcome Trust Sanger Institute, as part of a collaboration between the Saccharomyces 

Genome Resequencing Project (SGRP) and Professor E. Louis of the University of 

Nottingham (37 strains); and a collaboration between Assistant Professor J. Fay (Fay 

Laboratory (FL)) at Washington University’s Genome and Sequencing Center with Professor 

L. Kruglyak from Princeton University (28 strains).  Further information on the 65 strains can 

be found in LITI et al. (2009) and SCHACHERER et al. (2009).  The genome sequences obtained 

by the two initiatives overlap for three strains, BC186, Y9 and Y12.  Laboratory strains in the 

sequenced collections include the widely used S288c strain, which is easily transformable 

and serves as the reference genome, as well as FL100 and W303.  The sequenced collection 

also includes two commercial wine strains, T73 and WE372.  An additional eight commercial 

wine strains were obtained from the yeast collection from this laboratory (RICHARDS et al. 

2009).  Four of these commercial wine yeast were homosporic derivatives derived by H. 

Niederer (née Brown) (unpublished). Additional derivatives from the S288c laboratory strain 

used in this research include two of the BY4743 deletion strains created by the 

Saccharomyces Genome Deletion Project (http://www-

sequence.stanford.edu/group/yeast_deletion_project/deletions3.html).   

 

 

 

http://www-sequence.stanford.edu/group/yeast_deletion_project/deletions3.html
http://www-sequence.stanford.edu/group/yeast_deletion_project/deletions3.html
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Table 2-2:  S. cerevisiae strains.  Strains are homozygous diploid unless stated otherwise.  Strains are split 

into three subsets:  sequenced strains, commercial wine strains and marked strains.   

Sequenced strains Source/origin, genotype and notes 

273614X Clinical, faecal; RVI, Newcastle, UK (SGRP) 

322134S Clinical, sputum; RVI, Newcastle, UK (SGRP); haploid, MATa 

378604X Clinical, sputum; RVI, Newcastle, UK (SGRP) 

BC187 Barrel fermentation; Napa Valley, USA (SGRP) 

CBS7960 Ethanol factory, sugar cane; Brazil, South America (FL); heterozygous diploid 

CLIB215 Baker strain; New Zealand (FL) 

CLIB324 Baker strain; Vietnam (FL); haploid, MATa 

CLIB382 Beer; Ireland (FL) 

DBVPG1106 Grapes; Australia (SGRP) 

DBVPG1373 Soil; Netherlands (SGRP) 

DBVPG1788 Soil; Finland (SGRP) 

DBVPG1853 White tecc; Ethiopia (SGRP) 

DBVPG6040 Fermenting fruit juice; Netherlands (SGRP); heterozygous diploid 

DBVPG6044 Bili wine; West Africa (SGRP) 

DBVPG6765 Unknown origin (SGRP) 

FL100 Lab strain (FL); haploid, MATa 

I14 Vineyard soil; Petrina, Italy (FL) 

IL-01 Soil; Illinois, USA (FL) 

K11  Shochu sake strain; Japan (SGRP) 

L-1374 Chile (SGRP) 

L-1528 Wine; Chile (SGRP) 

M22 Vineyard soil; Italy (FL) 

NC-02 Oak tree; North Carolina, USA (FL) 

NCYC110 Ginger beer, Z. Officinale; West Africa (SGRP) 

NCYC361 Beer spoilage strain, wort; Ireland (SGRP) 

PW5 Palm wine; Nigeria (FL) 

RM11 Homosporic derivative of Bb32 (RM11-1-1), vineyard; California, USA  

RM11-1a+ Haploid derivative of RM11 (SGRP); haploid, MATa, leu2-Δ0, ura3-Δ0,  

 HO::KanMX 

S288c Lab strain, rotting fig; California; USA (SGRP); haploid, MATα 

SK1 Lab strain, soil; USA (SGRP) 

T7 Oak tree; Missouri, USA (FL) 

UC5 Sake; Kurashi, Japan (FL) 

UWOPS03-461.4 Nectar, Bertam palm; Malaysia (SGRP) 

UWOPS05-217.3 Nectar, Bertam palm; Malaysia (SGRP) 

UWOPS05-227.2 Trigona, Bertam palm; Malaysia (SGRP) 

UWOPS83-787.3 Fruit, Opuntia stricta; Bahamas (SGRP) 

UWOPS87-2421 Cladode, Opuntia megacantha; Hawaii (SGRP) 

W303 Lab strain; Unknown origin (SGRP); leu2-Δ3,112 trp1-Δ1, can1- Δ100, ura3-Δ1, 

 ade2-Δ1, his3-Δ11/15, [phi+] 

WE372* Commercial wine strain; Cape Town, South Africa (Anchor and FL) 

Y9   Ragi; Japan (SGRP) and Java, Indonesia (FL) 

Y10 Coconut water; Philippines (FL); haploid, MATa 

Y12  Palm wine; Ivory Coast, Africa (SGRP and FL) 

Y55 Wine; France (SGRP) 
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YIIc17_E5 Wine; Sauternes, France (SGRP) 

YJM269 Blauer Portugieser grapes (FL) 

YJM280 Clinical, peritoneal fluid; USA (FL) 

YJM320 Clinical, blood; USA (FL) 

YJM326 Clinical; USA (FL) 

YJM421 Clinical, ascites fluid; USA (FL) 

YJM428 Clinical, paracentesis fluid; USA (FL) 

YJM436 Clinical; Europe (FL) 

YJM653 Clinical, bronchoalveolar lavage (FL) 

YJM975 Clinical isolate, vaginal; Bergamo, Italy (SGRP) 

YJM978 Clinical isolate, vaginal; Bergamo, Italy (SGRP) 

YJM981 Clinical isolate, vaginal; Bergamo, Italy (SGRP) 

YPS128 Oak tree; Pennsylvania, USA (SGRP) 

YPS163 Oak tree; Pennsylvania, USA (FL) 

YPS606 (BC186) Oak tree; Pennsylvania, USA (SGRP and FL) 

YPS1009 Oak tree; New Jersey, USA (FL) 

YS2 Baker strain; Australia (SGRP); possibly polyploid 

YS4 Baker strain; Netherlands (SGRP); possibly polyploid 

YS9 Baker strain; Singapore (SGRP); possibly polyploid 

Strains marked with SGRP or FL have been sequenced by the two initiatives mentioned in Section 2.2 and were 

supplied by G. Liti (University of Nottingham) and J. Fay (Washington University) respectively.  *WE372 is 

identical to the commercial wine yeasts AWRI1769, M2, Tipico and W15 based on 10/10 microsatellite loci 

(RICHARDS et al. 2009).  +RM11-1a was provided by E. Smith (Princeton University). 

Wine strains 

(commercial) 

Source/origin, genotype and notes 

BA11 Portugal; Lallemand (Lalvin); homosporic derivative 

EC1118 Champagne, France; Lallemand (Lalvin); heterozygous diploid 

F15 Laffort (Zymaflore); heterozygous diploid; homosporic derivative 

M2* Stellenbosch, South Africa; Lallemand (Enoferm); homosporic derivative 

NT116 South Africa; Anchor; heterozygous, possible interspecific hybrid 

T73 Alicante, Spain; Lallemand (Lalvin) (FL); heterozygous diploid 

Tipico* Oenoferm; homosporic derivative 

W15* Müller Thurgau must; Switzerland; Lallemand (Lalvin) 

WE372* Cape Town, South Africa; Anchor (FL) 

X5 Bordeaux, France; Laffort (Zymaflore); heterozygous diploid 

*These four strains are identical based on 10/10 microsatellite loci (RICHARDS et al. 2009).   

Marked strains Source/origin, genotype and notes 

BY4743 SWH1Δ Deletion library, S288c derivative (EUROSCARF); his3Δ1/his3Δ1; leu2Δ0/leu2Δ0;  

(YAR042w::KanMX) lys2Δ0/LYS2; MET15/met15Δ0; ura3Δ0/ura3Δ0;  

 YAR042w::KanMX/YAR042w::KanMX 

BY4743 FLO1Δ Deletion library, S288c derivative (EUROSCARF); his3Δ1/his3Δ1; leu2Δ0/leu2Δ0; 

(YAR050w::KanMX) lys2Δ0/LYS2; MET15/met15Δ0; ura3Δ0/ura3Δ0; 

 YAR050w::KanMX/YAR050w::KanMX 

F15 HO::HphMX F15 with hygromycin resistance cassette in HO; HO::HphMX (HB) 

M2 Ura- M2 with ethyl methanesulfonate-induced Ura- deletion (WT) 

RM11-1a+ Derivative of RM11 (SGRP); haploid, MATa, leu2-Δ0, ura3-Δ0, HO::KanMX 
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RM11-1a HO::HphMX Derivative of RM11; haploid, MATa, leu2-Δ0, ura3-Δ0, HO::HphMX (RD) 

Strains marked with HB were constructed in this laboratory by H. Niederer (née Brown); RD strains were 

constructed during the course of this research; WT strains were constructed by W. Timberlake (TIMBERLAKE et 

al. 2011).  +RM11-1a h was provided by E. Smith (Princeton University). 

2.3. Yeast culture and handling 

2.3.1. Culturing of yeast 

Yeast were routinely cultured either in liquid or solid media.  Liquid medium was used to 

grow yeast in 96-well plates, 1.5-mL micro-centrifuge tubes, 13-mL culture tubes and glass 

flasks (5 mL up to 100 mL).  Yeast were either streaked or spread onto solid media in Petri 

dishes, using sterile toothpicks or a glass spreader sterilised with flaming ethanol, 

respectively.  Replica plating onto liquid or solid media was achieved using a 96-pin 

replicator.  Yeast culturing was performed in a laminar flow cabinet to maintain sterility.   

2.3.2. Media for aerobic yeast growth 

All media were autoclaved for sterilisation at 121°C for 15 min prior to use, unless stated 

otherwise.  Solid media contained 20 g L
-1

 agar, added prior to autoclaving.  Yeast-peptone-

dextrose (YPD) medium was used for routine yeast culture in aerobic conditions.  YPD 

contains 10 g L
-1

 yeast extract, 20 g L
-1

 peptone and 20 g L
-1

 glucose in distilled water.  For 

aerobic selection of prototrophic yeast, synthetic-dextrose (SD) minimal medium without 

amino acids was used, containing 6.7 g L
-1

 yeast nitrogen base without amino acids, 20 g L
-1

 

glucose and distilled water.  For growth of auxotrophic strains, synthetic complete (SC) 

medium was used, which consists of SD with filter-sterilised amino acids added as required 

(Table 2-3). 

Table 2-3:  Final amino acid concentrations for SC medium. 

Amino acid Concentration (g L
-1

) 

L-adenine 2 

L-histidine 10 

L-leucine 10 

L-lysine 10 

L-methionine 10 

L-tryptophan 5 

Uracil 2 
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To select for the growth of Lys- and Ura- auxotrophs, α-aminoadipic acid (AAD) and 5-

fluoroorotic acid (5-FOA) plates were used respectively.  AAD plates contained 1.7 g L
-1

 

yeast nitrogen base without amino acids or ammonium sulfate, 20 g L
-1

 glucose and distilled 

water.  After autoclaving, 0.2 g L
-1

 filter-sterilised α-aminoadipate (pH 5.5 with KOH) and 

0.03 µg L
-1

 filter-sterilised lysine were added once the media reached 60°C.  5-FOA plates 

were made from SD plus 0.65 g L
-1

 filter-sterilised 5-fluoroorotic acid and 0.02 µg L
-1

 filter-

sterilised uracil (added when at 60°C).  AAD and 5-FOA plates were stored at 4°C.   

To select for antibiotic-resistant yeast, filter-sterilised antibiotics were added to autoclaved 

YPD or SD once the media had cooled to 60°C.  For SD media with either G-418 or 

hygromycin B, 0.1 % sodium-L-glutamate was used as a nitrogen source, plus 0.17 % bacto-

yeast nitrogen base without amino acids and without ammonium sulfate, since the ammonium 

sulfate reduces the efficacy of G-418 and hygromycin B.  To select for yeast with the HphMX 

construct, 300 µg mL
-1

 hygromycin B was added to plates and for yeast with the KanMX 

construct, 200 µg mL
-1

 G-418 was added.  For growth rate experiments, a defined synthetic 

grape medium (SGM) mimicking grape juice was made using a modified version of a recipe 

by HENSCHKE and JIRANEK (1993) (components listed in Table 2-4).  Sugar and ergosterol 

followed the recommendations of MARULLO et al. (2006) and nitrogen sources were adjusted 

to reflect Marlborough SB (S. Lee, this laboratory).  Sugar was reduced to 2.1 % to ensure 

that the yeast grew aerobically and underwent minimal ferment.  For certain experiments, 18 

% sorbitol was added to SGM or YPD to increase osmotic potential. 

Table 2-4:  SGM components (2 % sugars and yeast assimilable nitrogen (YAN) of 300 mg L
-1

). 

Constituent Amount Constituent Amount 

Carbon/major salts g L-1 Amino acids/nitrogen mg L-1 

D-glucose* 10.5 L-alanine 100 

D-fructose* 10.5                          L-arginine 400 

C4H4K2O6 5 L-aspartic acid 50 

CaCl2x2H202 0.44 L-cysteine 5 

Citric acid 0.2 L-glutamic acid 100 

L-malic acid 3 L-glutamine 125 

MgSO4x7H2O 1.23 L-glycine 5 

K2HPO4 1.14 L-histidine 20 

Trace minerals µg L-1 L-isoleucine 25 

CoCl2x6H2O 23.8 L-leucine 25 

CuSO4x5H20 25.3 L-lysine 5 

FeSO4x7H2O 70.1 L-methionine 10 

H3BO3 5.7 L-phenylalanine 40 

KIO3 10.8 L-proline 300 
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MnCl2x4H2O 198.2 L-serine 75 

NaMoO4x2H2O 24.2 L-threonine 10 

ZnSO4x7H2O 287.5 L-tyrosine 10 

Vitamin mg L-1 L-valine 30 

Biotin 0.125 (NH4)2HPO4 363 

Calcium pantothenate 1 Lipids mg L-1 

Folic acid 0.2 Ergosterol 15 

Myo-inositol 100 Tween 80 0.5 % (v/v) 

Nicotinic acid 2   

p-aminobenzoic acid 0.2   

Pyridoxine-HCl 2   

Riboflavin 0.2   

Thiamine-HCl 0.5   

*Added 10 x less than original protocol. 

2.3.3. Media for anaerobic yeast fermentation 

Fermentation was carried out using three SB grape juices supplied by Pernod Ricard NZ and 

one from Saint Clair.  The three Pernod Ricard juices were derived from the Rapaura Road 

area and the Saint Clair juice from the vineyards surrounding Dillons Point Road in the 

Wairau Valley, Marlborough, NZ (Table 2-5).  Due to the limited supply of grape juice per 

year, different vintages were used in different experiments.  Fermentation experiments that 

made direct comparisons used either the same juice, or a control yeast strain to account for 

the effects of vintage-to-vintage variation.      

Table 2-5:  List of Sauvignon blanc grape juices. 

Grape juice Source/origin Vintage 

SBL M527 Rapaura Road, Wairau Valley, Marlborough, NZ, Pernod Ricard 2006 

07 Rapaura Road, Wairau Valley, Marlborough, NZ, Pernod Ricard 2007 

M1016 Rapaura Road, Wairau Valley, Marlborough, NZ, Pernod Ricard 2008 

BLANW Dillons Point Road, Wairau Valley, Marlborough, NZ, Saint Clair Family Estate 2008 

 

In Chapter 4, Section 4.7.7, extra nutrients were added to SB juice for nine different 

comparisons.  Nutrients were combined with water and added to 07 SB juice, at a ratio of 1:9.  

The amount of extra nutrients added were calculated based on the amounts in SGM and are 

listed in Table 2-6. 
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Table 2-6:  Nutrient additions to 9:1 SB juice:water. 

Treatment Final concentration of components 

Control No nutrient addition (90 % strength SB juice) 

10 x vitamins 10 x vitamins* 

10 x Fe 0.585 mg L-1 FeCl2 

10 x Mg 4.761 g L-1 MgCl2 

10 x S 0.012 g L-1 MgSO4 

300 mg L-1 extra N 1145.43 mg L-1 NH4Cl 

10 x vitamins + 10 x Fe + 300 mg L-1 extra N 10 x vitamins*, 0.585 mg L-1, FeCl2, 1145.43 

 mg L-1 NH4Cl 

10 x vitamins + 10 x S + 300 mg L-1 extra N 10 x vitamins*, 0.012 g L-1 MgSO4, 

 1145.43 mg L-1 NH4Cl 

5 x Fe + 5 x Cu 0.293 mg L-1 FeCl2, 126.5 µg L-1 CuSO4 

*10 x vitamins taken from Table 2-4.   

2.3.4. Yeast cell counts and viability assay 

Yeast cells were counted by two methods:  manual counts with a Neubauer haemocytometer 

(counting chamber) or automated counts with a Countess® Automated Cell Counter 

(Invitrogen).  For manual counts, 10 µL of a diluted culture was pipetted onto the 

haemocytometer and cells were counted under the 40 x microscope objective (400 x 

magnification).  Cells lying on the haemocytometer border were only counted when touching 

the top and left borders.  Within the 0.1 mm
3
 square containing 25 squares, yeast cells in five 

squares were counted, averaged and multiplied to obtain the number of cells mL
-1

. 

Cell viability was determined using a methylene blue stain (Table 2-1), which stains non-

viable cells blue.  For manual counts, cell cultures were diluted with an equal amount of stain 

for 5 min and 100 cells were counted to estimate the percentage viable.  Dividing cells with 

one blue and one white cell were not counted.   

For automated counts, yeast were diluted (1/10 up to 1/100) and 10 µL culture was added to 

10 µL methylene blue.  Two yeast samples were counted per slide, with 10 μL samples in 

each depression.  Numbers for total and viable cells were obtained following the 

manufacturer’s instructions (Invitrogen).     

2.3.5. Yeast sporulation 

Diploid yeast were induced to sporulate by plating onto a solid low nutrient medium 

containing 10 g L
-1

 potassium acetate, 1 g L
-1

 yeast extract, 0.5 g L
-1

 glucose, 20 g L
-1

 bacto-

agar and 0.025 g L
-1

 zinc sulfate made up in distilled water, following the protocol described 
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in TIMBERLAKE et al. (2011).  Sporulation efficiency was determined by calculating the ratio 

of sporulated cells (tetrads) vs. non-sporulated (single cells) using the haemocytometer (see 

Section 2.3.4).
 
 Once sporulation efficiency was deemed high enough to continue (≥ 70 %), 

spores were harvested by adding three 1-mL lots of sterile water and scraping the plate 

vigorously using a sterilised glass spreader.  Cells were centrifuged at 1000g for 10 min and 

resuspended in 1 mL sterile water.
 

2.3.6. Random spore isolation 

Random spore isolation was used to obtain large numbers of spores of a certain genotype, 

using two different methods.  The first method involved harvesting spores as usual (Section 

2.3.5), but with resuspension in 1 mL filter-sterilised outcrossing solution (Table 2-1) 

following the method by GODDARD et al. (2005).  SDS was added to 1 % final volume, with 

vortexing for 60 s, and spores were incubated for 1 h at 37°C, 100 rpm.  Spores were counted 

(Section 2.3.4) and diluted to 1 x 10
4
, 1 x 10

3
 and 1 x 10

2
 cells mL

-1
 in spore plating solution 

(Table 2-1).  These serial dilutions were plated onto YPD and incubated for 72 h at 28°C.  

Colonies representing single spores were transferred into liquid YPD in 96-well plates, 

incubated for 12 h at 28°C and replica-plated onto selective media to identify colonies of the 

desired genotype.   

The second method used Zymolyase 20T enzyme to shorten the procedure time and was 

modified from a protocol developed by HERMAN and RINE (1997).  Spores on sporulation 

media were collected as above in a 1.5-mL microcentrifuge tube using 2 mL sterile water, 

centrifuged at 3000g for 1 min and washed with 1 mL sterile water.  The spore pellet was 

resuspended in 800 µL softening buffer (Table 2-1) and 200 µL 50 mM dithiothreitol (DTT), 

vortexed for 30 s, and incubated for 10 min at 30°C.  Centrifugation was repeated at 3000g,  

1 min, with resuspension in 900 µL spheroblasting buffer and 100 µL Zymolyase solution 

(Table 2-1).  Tubes were incubated for 2 h at 30°C with gentle inversion every 20 min.  A 

sample of tetrads was stained with methylene blue (Section 2.3.4) and viewed under the 

microscope to check for blue-stained inviable parents and white viable spores loosely in their 

tetrads, with digested ascus walls.  Samples were spun at 3000g, 1 min, the supernatant was 

removed and the pellet was resuspended in 480 µL sterile water, with 10 µL 50 mM DTT and 

10 µL 20 % SDS (0.4 % final), and placed on ice.  Spores were sonicated for 2 min with a 

power output of 10 watts and 1/1000 dilutions in liquid YPD were plated onto YPD.  
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Colonies were transferred to selective media for screening.  For long term storage, spores 

were resuspended in STD solution (Table 2-1). 

2.3.7. Tetrad dissection for single spore isolation 

Tetrad dissection was performed to check for lethality within hybrids and to ensure markers 

from each parent segregated 2:2 in progeny from a single tetrad, following a modified version 

of the protocol described in TRECO and WINSTON (2008).  Instead of Zymolyase 100T 

enzyme, 3 µL β-glucuronidase (111,000 U  mL
-1

) was used for asci digestion for 5 min at 

37°C.  To stop digestion and maintain the four ascospores in their tetrahedral configuration, 

150 µL sterile water was added carefully down the side of the tube.  Dissections of digested 

yeast asci were performed using a De Fonbrune® Precision Pneumatic Micromanipulator 

connected to a standard Zeiss® light microscope.  The plate was placed upside-down onto the 

microscope stage above a fine glass needle with a 50-µm light-transmitting core (Singer 

Instruments®) attached to the needle holder of the micromanipulator, which was used to 

dissect the tetrads apart.  Once an intact tetrad was identified, the joystick was used to 

manoeuvre the needle to tease apart the ascospores and reposition the single spores in rows 5 

mm apart on the lower part of the YPD plate.  Four asci were dissected per plate (16 

individual spores) and plates were incubated at 28°C for 48 h.   

2.3.8. Yeast mating 

For diploid yeast crosses, sporulation plates from auxotrophically-marked homozygous 

diploid strains were harvested as described in Section 2.3.5 and 100 µL of each preparation 

was transferred to a 1.5-mL microcentrifuge tube.  Sporulated cultures were centrifuged at 

2000g for 4 min and the supernatant was removed.  Pellets were washed in 100 µL sterile 

water, centrifuged at 2000g for 4 min and the water was removed.  The pellets were 

resuspended in 100 µL outcrossing solution (Table 2-1) and incubated for 3 h at 28°C.  

Spores were centrifuged again at 2000g for 4 min and the outcrossing solution was removed. 

Pellets were again washed with 100 µL sterile water, centrifuged at 2000g for 4 min and the 

water was removed.  Five µL of sterile water was added, resulting in a final volume of ~10-

15 µL spores plus water.  Spores from each parent were mixed in a new microcentrifuge tube 

~5 times with a pipette and spots of 20 µL were plated onto YPD plates and grown at 30°C 

overnight.  Yeast from the spot were streaked onto selective plates and grown overnight at 

28°C, to select for hybrids.  Crosses between two haploids utilised 1 mL cultures in YPD for 

marked strains and 10 mL for unmarked strains.  These were grown overnight at 28°C with 
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150 rpm shaking.  For marked strains, 1 x 10
6
 cells of each parent were mixed together in 

microcentrifuge tubes and made up to 1 mL in YPD.  For crosses between marked and 

unmarked strains, 1 x 10
6
 cells of the marked strain was added to a 100 x excess of unmarked 

parent at 1 x 10
8
 cells, made up to 1 mL YPD.  Yeast mixes were incubated overnight without 

shaking at 28°C and the supernatant was removed.  Spots of 10 µL were pipetted onto YPD, 

dried, and incubated overnight at 28°C.  Spots were streaked out onto selection plates and 

hybrids were confirmed by microsatellite typing (Section 2.5.4). 

2.3.9. Routine storage of yeast 

For long term storage, stationary phase yeast from overnight 2-mL cultures were centrifuged 

at 3000 g for 3 min and resuspended in 2-mL tubes or 96-well plates containing YPD and a 

final concentration of 15 % glycerol (added from a stock of 80 % glycerol) and stored at        

-80°C. 

2.4. Yeast growth and fermentation experiments 

2.4.1. Preparation of yeast 

Yeast were streaked out onto plates or inoculated into 96-well plates from either frozen or 

refrigerated cultures and incubated overnight at 28°C.  For growth and fermentation 

experiments up to 200 mL, a single colony was taken per strain and added to 1 mL YPD 

medium in 1.5 mL-microcentrifuge tubes, with overnight 28°C incubation.  For larger scale 

fermentations (using 700 mL juice per replicate), yeast were pre-cultured in 5 mL YPD 

followed by inoculation into 250-300 mL YPD with two days of growth at 28°C.  Yeast were 

counted, centrifuged at 2000 g for 3 min, resuspended in 1 mL sterile water and left at room 

temperature for no longer than an hour before inoculation.  For all growth and fermentation 

experiments, an inoculum of 1 x 10
-6

 cells mL
-1

 was used.   

2.4.2. Grape juice sterilisation 

For 8- to 200-mL fermentations, SB juice was thawed overnight at 4°C, mixed and divided 

into Schott bottles with even distribution of solids and minimal headspace.  Sterilisation was 

achieved by adding 0.02 % (v/v) DMDC with a 12 h incubation at 25°C, 100 rpm.  At this 

point, any additional amino acids were added to supplement auxotrophies.  The amount of 

each amino acid added was 10 x the concentration recommended in standard yeast medium, 

following HARSCH et al. (2010), as shown in Table 2-7.   
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Table 2-7:  Amino acid supplementation in grape juice. 

Amino acid Final concentration at 10 x (mg L
-1

) 

L-leucine 300 

L-lysine 300 

L-uracil 100 

 

For 700-mL fermentations, SB juice was thawed in lukewarm water in picker bins and 

transferred to 20 L carboys, which had been previously sterilised with citric acid PMS 

solution (Table 2-1) and rinsed with hot water.  DMDC for sterilisation (0.02 % (v/v)) was 

mixed thoroughly with a plunger and left overnight at room temperature.  Uninoculated juice 

samples (10, 50 and 100 µL) were plated onto YPD for 12 h at 28°C to assess whether 

sterilisation was successful.   

2.4.3. Growth rate analysis 

Yeast growth rates were monitored using the Bioscreen C MBR® automated plate reader (Oy 

Growth Curves AB Ltd, Helsinki, Finland).  The Bioscreen C takes spectrophotometric 

measurements of OD for turbidometric analysis, corresponding to growth rate.  A built-in 

plate shaking mechanism ensures that the cultures are resuspended before taking readings.  

For each experiment, two 100-well honeycomb plates were filled to 350 µL (non-fermentable 

media such as SD, SGM or YPD) or 150 µL (fermentable media such as grape juice).  

Inoculation was carried out directly before the initiation of measurements.  Yeast strains were 

grown in triplicates or quintuplicates and uninoculated controls were included to check for 

contamination.  Growth experiments spanned between 24 to 140 h depending on temperature 

(10-30°C).  OD480-560 nm measurements were taken by the EZExperiment software every 15 

min with 75 s shaking on high immediately prior to measurement.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

2.4.4. Fermentation set-up 

Fermentation was carried out at three different scales: 8 mL, 200 mL and 700 mL.  The 8-mL 

microvinifications were fermented in 13-mL tubes, each with an air hole made using a 1 mm
2
 

needle insertion in the tube lid to allow CO2 release.  The 200-mL microvinifications were 

fermented in glass 250-mL flasks, sealed with an airlock containing 2 mL sterile water to 

allow CO2 release while maintaining sterile anaerobic conditions, and shaken at 100 rpm.  

The 700-mL fermentations were carried out in 750-mL wine bottles, each with a rubber 

stopper containing a pipette tip filled with silanised glass wool to allow CO2 release but 
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minimise oxidation.  On the day of fermentation initiation, fermentation vessels were filled 

with juice and an even distribution of solids and incubated 1 h at the temperature used for 

fermentation (from 10-30°C).  For 250 mL-flasks and 750-mL bottles, bungs/sideports and 

rubber stoppers were soaked in ethanol for 1 h.  Fermentations were inoculated based on cell 

counts (see Section 2.3.4 and Section 2.4.1).  Glycerol was used to seal rubber bungs on 250-

mL flasks.  Initial weights were then recorded.  Fermentations were conducted in replicates 

(ranging from 2-9) and negative controls (uninoculated samples) were included in all 

fermentation experiments to monitor any weight loss due to contaminating microbes or 

evaporation.  Fermentations were weighed twice daily during initial fermentation (up to 7 d) 

and then once a day to track subsequent fermentation progress, since weight loss is directly 

proportional to the conversion of grape sugars into CO2 and ethanol (BELY et al. 1990).  

Condensation on the outside of the fermentation vessel was wiped off before taking each 

weight measurement.   

2.4.5. Calculation of growth and fermentation rates 

Maximal growth rates (Umax) were calculated from averaged growth curves using a perl script 

algorithm, which automatically performs a least-squares regression analysis on 

logarithmically smoothed growth curves, to determine the change in OD value per unit of 

time (d[LnOD/ODi]/dt) (TOUSSAINT and CONCONI 2006).  Maximal fermentation rates (Vmax) 

were determined by calculating the change in the amount of CO2 produced as a function of 

time (dCO2/dt), as described by MARULLO et al. (2006).  To determine the linear relationship 

between the Umax and Vmax variables, Pearson correlation coefficients (R) were calculated 

from R
2
 values.   

2.4.6. Sampling yeast cells from ferments 

For microarray samples, yeast cells were harvested anaerobically from early and mid-late 

fermentation, corresponding to exponential and stationary growth.  Early samples were 

harvested at ~0.4 g (2 %) total weight loss; at this stage, cell numbers were at ~4-5 x 10
7
 cells 

mL
-1

.  Mid-late samples were taken at ~13 g (70 %) total weight loss, by which time cell 

numbers were at ~1-2 x 10
8
 cells mL

-1
.  From day 1 of the fermentation onwards, yeast cell 

viability counts were conducted on one 100 µL aliquot per fermentation triplicate (Section 

2.3.4).  For early phase samples, a 2 x dilution was used and for mid-late, a 10 x dilution.  For 

each new cell count replicates were alternated.  Once weight loss had reached the appropriate 

levels, a total of 1 x 10
8
 cells mL

-1
 were harvested using a 1-mL syringe with needle, which 
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was inserted into the rubber sideport.  The same method was applied once fermentation 

weight loss had reached 70 % of the total weight to be lost.  Fermentation vessels were 

weighed again after sampling.  Samples were quickly deposited into a 15-mL falcon tube, 

centrifuged for 5 min at 2000g, 4°C, plunged into liquid nitrogen and stored at -80°C until 

required.   

2.4.7. Harvesting wine from ferments 

Finished wines from 250-mL flask microvinifications and 750-mL bottle ferments were 

harvested for aroma compound and/or sensory analysis.  Fermentations were considered to be 

finished once they stopped losing weight for two consecutive days.  For 250-mL flask 

ferments, bungs/airlocks and rubber sideports were removed and wine was decanted into pre-

washed 250-mL centrifuge bottles.  Bottles were centrifuged to remove yeast and grape solids 

using the Sorvall Evolution® centrifuge (rotor F1S4 SLC-1500) at 6000g for 10 min at 4°C.  

Clear wines were poured into 70-mL plastic containers up to the lowest thread (60 mL) and 

stored in the -20°C freezer until required (resulting in three frozen samples per flask).   

For 750-mL bottle ferments, finished wines were kept under CO2 gas (food-grade) and rubber 

stoppers were removed.  For each bottle, 50 ppm PMS and 500 mg L
-1

 bentonite solution 

(Table 2-1) were added and bottles were screwcapped using a bottling machine and Stelvin® 

aluminium closures.  Bottles were stored in the 4°C cold room until required.   

2.5. Molecular biology techniques 

2.5.1. DNA extraction 

Extraction of yeast DNA was carried out using two different methods.  For microsatellite 

analysis (Section 2.5.4), DNA was extracted by adding a single colony to 5 % Chelex (Table 

2-1) with incubation at 100°C for 10 min.  Samples were vortexed and centrifuged for 3 min 

at 3000g.  To produce DNA to amplify constructs for other PCR amplifications, Zymolyase 

20T enzyme extraction was used.  In an ultra-microcentrifuge tube, a single yeast colony was 

added to 10 µL Zymolyase buffer and mixed using a sterile toothpick.  Additionally, a 40 µL 

1:1 mix of Zymolyase solution (20 µL) with Zymolyase buffer (20 µL-tube) was added and 

the tubes were incubated in a GeneAmp® 9700 PCR machine (Applied Biosystems) at 37°C 

for 20 min, followed by 95°C for 10 min.  DNA was diluted 1/10 and stored at -20°C.   
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2.5.2. Oligonucleotides 

Oligonucleotide primers were used for DNA amplification and detection in PCR (Section 

2.5.3).  Several primer pairs were designed in this laboratory by H. Niederer (née Brown) 

(Table 2-8).  Primer pairs were designed by the author using genomic sequences from the 

Saccharomyces Genome Database (SGD) (http://www.yeastgenome.org/) (Table 2-9).  

Putative primer sequences were entered into the online computer software programme 

Primer3 v. 0.4.0 (http://frodo.wi.mit.edu/primer3/) and the optimal sequences were sent to 

either Integrated DNA Technologies or Invitrogen New Zealand Ltd to be synthesised.  Stock 

primers were rehydrated to 100 µM concentration in elution buffer from the High Pure PCR 

Product Purification Kit (Roche Applied Science).  Primer working stocks of 10 µM were 

used for all reactions. 

 Table 2-8:  Oligonucleotide primers designed by H. Niederer (née Brown). 

Primer name Sequence (5’ to 3’) Purpose 

3’kanI-F GGTCGCTATACTGCTGTC Test primer used to confirm integration of KanMX  

  constructs 

HOF2 TGCAGAAGCTTGTTGAAGCA Primer used to amplify the HO locus with an HphMX 

  insertion 

HOR2 GCCGGTAACGCTTTTTGTAT Primer used to amplify the HO locus with an HphMX 

  insertion 

MATa ACTCCACTTCAAGTAAGAGTTTG Primer used to amplify the MATa locus 

Matα GCACGGAATATGGGACTACTTCG Primer used to amplify the MATα locus 

MatR AGTCACATCAAGATCGTTTATGG Primer used to amplify the MATa/α locus 

 

Table 2-9:  Oligonucleotide primers designed by the author. 

Primer name Sequence (5’ to 3’) Purpose 

FLO1intL-F CGGCACAGTTGAAAGAGTCA Primer used to amplify KanMX cassette from FLO1Δ 

  locus of BY4743 deletion strain with flanking regions 

  of homology 

FLO1intR-R GGCGATGGTTCATTAATTGC Primer used to amplify KanMX cassette from FLO1Δ  

  locus of BY4743 deletion strain with flanking regions  

  of homology 

FLO1testL-F GCCCTCACAAGAATTTGGAA Flanking test primer used to confirm integration of  

  KanMX construct in the FLO1 locus of transformants 

FLO1testR-R TTCCTGGGAACGAAAAGCTA Flanking test primer used to confirm integration of  

  KanMX construct in the FLO1 locus of transformants 

SWH1intL-F GCGTGTCCGGTTGAGTTTAT Primer used to amplify KanMX cassette from SWH1Δ  

  locus of BY4743 deletion strain with flanking regions  

  of homology 

SWH1intR2-R TTGCAGCAATTCGTTCAAAG Primer used to amplify KanMX cassette from SWH1Δ  

  locus of BY4743 deletion strain with flanking regions  

http://www.yeastgenome.org/
http://frodo.wi.mit.edu/primer3/
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  of homology 

SWH1testL2-F GCCAGGACCGTCACTTGTAT Flanking test primer used to confirm integration of  

  KanMX construct in the SWH1 locus of transformants 

SWH1testR2-R CAAGGCAACCAATTTTTCGT Flanking test primer used to confirm integration of  

  KanMX construct in the SWH1 locus of transformants 

 

2.5.3. Polymerase chain reaction (PCR) 

Standard DNA amplification was performed via PCR in a GeneAmp® 9700 PCR machine 

(Applied Biosystems).  A typical 25-µL reaction contained 18.75 µL H2O, 2.5 µL 10 x PCR 

buffer, 1.5 µL 50 mM MgCl2, 0.15 µL 25 mM dNTPs, 0.1 µL of 5 U µL
-1

 Platinum Taq® 

DNA Polymerase, 0.5 µL each of 10 µM forward and 10 µM reverse primers and 1 µL 

template DNA.  Scale-up reactions for transformation required four replicate reactions of 25 

µL (100 µL total).  Reactions were run with an initial denaturation period of 4 min at 94°C, 

then 35 cycles consisting of denaturation at 94°C for 15 s, annealing at 55°C for 15 s and 

elongation at 72°C for 2 min 30 s.  The amplification terminated with an extended incubation 

at 72°C for 7 min and cooling to 15°C.  PCR products were stored at -20°C until required. 

2.5.4. Microsatellite analysis 

A multiplex PCR to amplify microsatellite markers was used to confirm and track the 

identities of yeast strains throughout this research.  Ten variable microsatellite loci, plus the 

two mating type loci, MATa and MATα, were included in the multiplex master mix, as shown 

in Table 2-10.  Details of the analysis are provided in RICHARDS et al. (2009) and are 

available on the SBS website (http://www.bioscienceresearch.co.nz/research/wine-science/).  

The PCR consisted of 5 µL 2 x Qiagen Multiplex PCR master mix, 1 µL 10 x primer stock, 2 

µL H2O and 2 µL yeast DNA from Chelex® prep (individually added) resulting in 10 µL per 

reaction.  Contact with sunlight was minimised, due to the light-sensitive nature of the dye-

labelled primers.  The PCR was initialised at 95°C/15 min, with 35 cycles of 94°C/30 s 

(denaturation), 54°C/90 s (annealing), 72°C/1 min (elongation), and a final elongation at 

60°C/30 min.  From each reaction 5 µL was electrophoresed on a 3 % agarose gel and 1 μL 

was analysed by K. Boxen (Genomics Unit, SBS, University of Auckland) using GeneScan® 

(ABI PRISM 310 Genetic Analyser Applied Biosystems).  Peaks were identified based on 

allele repeat size, using the ROX500 size standard, and by fluorescent marker (green = HEX, 

black = NED or blue = FAM) using the free Peak Scanner software (or GeneScan® Analysis 

software if ladder sizes needed altering). 

http://www.bioscienceresearch.co.nz/research/wine-science/
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Table 2-10:  Microsatellite multiplex loci. 

Locus Label Allele sizes Chromosome Gene Repeat 

YGL139W FAM 94-135 VII YGL139W CAA 

YLL049W FAM 270-302 XII YLL049W TA 

YBR240C FAM 363-391 II THI2 TA 

YPL009C FAM 403-466 XVI YPL009C CTT 

MATα FAM 466 III MAT - 

YGL014W NED 128-157 VII PUF4 TAA 

YML091C NED 243-326 XIII RPM2 AAT 

YDR160W NED 340-465 IV SSY1 AAT 

YFR028C HEX 117-179 VI CDC14 GT 

YOL109W HEX 242-361 XV ZEO1 TAA+TAG 

YOR267C HEX 369-460 XV HRK1 CAA 

MATa HEX 489 III MAT - 

Arranged by fluorescent marker and allele size. 

2.5.5. Gel electrophoresis 

DNA products were separated by size and visualised using submerged agarose gels with 1-3 

% agarose in TBE buffer (Table 2-1).  Electrophoresis was at 100 V, 400 A, for 40 min.  The 

samples loaded in each well contained 5 µL DNA, 1 µL water and 4 µL electrophoresis 

loading dye.  Additionally, 10 µL 1 kb Plus DNA ladder (Invitrogen) was loaded in the left-

most lane of each gel as a size standard to measure the length of the DNA fragments.  Gels 

were stained using 0.5 mg L
-1

 ethidium bromide in TBE for 15-30 min and DNA was 

visualised using UV light and a gel viewer (Molecular Imager Gel Documentation System, 

Biorad Laboratories).  The Quantity One® software (Version 4.5.1) was used to optimise the 

brightness and contrast of gel images and to print and save data. 

2.5.6. PCR product clean-up 

PCR products were purified using the High Pure PCR Product Purification Kit (Roche 

Applied Science), according to the manufacturer’s instructions.  DNA was concentrated by 

evaporation for 40 min, at room temperature, followed by 30 min at 30°C (reduction from 50 

µL to 10 µL) using the Concentrator 5301 (Eppendorf).  DNA concentrations of purified 

products were determined via NanoDrop® (Section 2.5.8). 

2.5.7. RNA extraction 

Yeast RNA was extracted from frozen cell samples harvested from fermentations (Section 

2.4.6) using the standard phenol:chloroform method (COLLART and OLIVIERO 2001).  

Surfaces were wiped with ethanol to minimise contact with contaminating RNases, gloves 
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were changed regularly and barrier tips were used.  Water, buffers and solutions were pre-

treated with 0.1 % (v/v) DMDC for 12 h, 25°C, with shaking at 100 rpm, to deactivate 

contaminating RNases.  RNA was stored at -80°C until required for microarrays (Section 

2.5.9).   

2.5.8. Nucleic acid quantification 

The quantity and quality of RNA (Section 2.5.7) was determined using the NanoDrop® 

spectrophotometer ND-1000 (NanoDrop® Technologies Inc.) and the Agilent 2100 

BioAnalyzer® (Agilent Technologies Inc.).  Quantification was carried out according to the 

manufacturer’s instructions.  An A260/A280 ratio for each sample was an indicator of RNA 

quality.  Samples were electrophoresed using the BioAnalyzer® to determine the quality of 

the RNA using 28S:18S rRNA ratios and to confirm the concentrations obtained via the 

NanoDrop®. 

2.5.9. Microarrays 

RNA samples were given to L. Williams (Affymetrix Centre, Centre for Genomics and 

Proteomics, SBS, University of Auckland) for microarray processing, as described in the 

GeneChip® Expression Analysis Technical Manual (Affymetrix, Santa Clara, California).  

RNA samples were subjected to poly (A)
+
 RNA purification, cDNA synthesis, in vitro 

transcription (IVT) to produce biotin-labelled cRNA and cRNA fragmentation, using the 

MessageAmp III Premier RNA amplification kit (Ambion®), following manufacturer’s 

instructions.  The cRNA samples were hybridised to Affymetrix GeneChip Yeast Genome 

2.0 Arrays (Affymetrix, Santa Clara, California) and processed as described by the 

manufacturer (Eukaryotic Arrays GeneChip® Expression Analysis and Technical Manual, 

Affymetrix, Santa Clara, California).   

Microarray analysis was performed using Bioconductor (http://www.bioconductor.org/), an 

open-source online tool for comprehensive analysis of large genomic datasets, which utilises 

R statistical programming language (GENTLEMAN et al. 2004).  Free downloadable add-on 

packages are also available from the Comprehensive R Archive Network (CRAN) to extend 

functionality (http://cran.r-project.org/).  Pre-processing of array data involved extracting 

probeset IDs which correspond to S. cerevisiae (5900), while masking Schizosaccharomyces 

pombe probesets (5028), using a code developed by GILLESPIE et al. (2010) .  Microarray chip 

quality was analysed qualitatively, by visualising raw chip hybridisation intensity 

http://www.bioconductor.org/
http://cran.r-project.org/
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distributions to identify anomalies, and quantitatively via quality control (QC) metrics, 

following the methods of ALVORD et al. (2007).  Differential expression analysis of the 

microarray data was performed using the limmaGUI package in Bioconductor (WETTENHALL 

and SMYTH 2004).  Background correction was performed by subtracting the signal intensity 

of the area between spots, and robust multi-array averaging (RMA) was used to normalise 

expression data, followed by data-fitting to a linear model.  Box plots were used to visualise 

probe intensities across chips before and after normalisation.   

Various contrasts were made between pairs of conditions in a fixed matrix to obtain a list of 

differentially expressed genes for each contrast.  Plots to visualise post-RMA and post–model 

fitting QC parameters, including differences in log intensity for each probe (M-value) vs. 

their average across all arrays and channels (A-value) (MA plots), were also constructed 

using limmaGUI and TKRplot.  Genes were considered to have significant differential 

expression if the M-values (log2-fold change calculated from the ratio between two 

intensities) were ≥ 1 or ≤ -1, and the P-values were < 0.05, after applying the Benjamini and 

Hochberg (BH) method to adjust for false discovery rates (FDR) (BENJAMINI and HOCHBERG 

1995).   

All probe sets were annotated and linked to their gene descriptions using the yeast2 

annotation package (yeast2.db) and the SGD (http://www.yeastgenome.org).  For further 

analysis, FunCatDB (http://mips.helmholtz-muenchen.de/genre/proj/yeast/Search/index.html) 

was used to group genes into biological pathways based on the Munich Information Centre 

for Protein Sequences (MIPS) classification (MEWES et al. 2000; ROBINSON et al. 2002).   

2.5.10. Yeast transformation  

Yeast transformation was performed using a modification of the SCHIESTL and GIETZ (1989) 

lithium acetate protocol developed by H. Niederer (née Brown), this laboratory.  Yeast cells 

were prepared two days prior to transformation, first by culturing them overnight in 10 mL 

YPD (with or without selection) at 28°C and 200 rpm, then scaling up to a series of 30 mL 

YPD cultures with varying inoculums from the previous culture (1, 2, 4, 8 and 10 µL).  These 

dilutions were incubated overnight at 28°C, 200 rpm.  On the day of transformation, the 

culture with an OD600 nm reading between 0.5-0.6 (exponential phase) was chosen, transferred 

to a 50-mL falcon tube and centrifuged at 1000g for 5 min.  The pellet was suspended in 20 

mL sterile water, centrifuged again, then resuspended with 20 mL water.  After the previous 

spin, the pellet was resuspended in 10 mL S1 (Table 2-1), centrifuged for 1000g for 5 min 

http://www.yeastgenome.org/
http://mips.helmholtz-muenchen.de/genre/proj/yeast/Search/index.html


Chapter 2 – Materials and methods 

60 
 

and the supernatant was removed to leave ~500 µL.  The culture was resuspended and 

transferred to a microcentrifuge tube and incubated for 15 min at 30°C.  Meanwhile, 5 µL 

PCR product (to be transformed) and 20 µL freshly boiled co-TF DNA (Table 2-1) were 

pipetted into new tubes.  A no-DNA negative control and plasmid DNA positive control 

(pFLR-A, a 2µ-based vector plasmid with nourseothricin resistance (Nat
R
), K. Richards and 

M. Harsch, this laboratory) were also included.  After incubation, 50 µL of the culture was 

transferred into the microcentrifuge tubes with the DNA and 285 µL S2 (Table 2-1) was 

added, mixed gently five times and incubated at room temperature for 5 min.  The tubes were 

incubated at 30°C for a further 30 min, then 42°C for 25 min.  Tubes were centrifuged at 

2000g for 2 min and pellets resuspended in 1 mL YPD.  Transformed cells were transferred 

to 14-mL culture tubes, another 1 mL YPD was added, and the cultures were incubated with 

shaking at 125 rpm for 3 h.  Yeast were plated onto selection plates and incubated at 30°C for 

2-5 d until colonies appeared.  

2.6. Quantification of aroma compounds in wine 

2.6.1. Quantification of volatile thiols 

Three volatile thiols, 3-mercaptohexan-1-ol (3MH), 3-mercaptohexyl acetate (3MHA) and 4-

mercapto-4-methylpentan-2-one (4MMP), were extracted from frozen wine samples (Section 

2.4.7) using a specific extraction protocol based on the original method that was first 

published by TOMINAGA et al. (1998c) and later modified by the Wine Science Department, 

University of Auckland.  A list of chemicals and reagents used can be found in Table 2-11. 

Table 2-11:  Chemicals and reagents used for specific thiol extraction. 

Constituent Components and/or purity Supplier 

4-methoxy-2-methyl-2-mercaptobutane  2 nM, 98 % Acros Organics 

(4M2M2MB) (internal standard (IS))   

Butylated hydroxyanisole (BHA) ≥ 98.5 % SIGMA Aldrich 

BHA solution 2 mM BHA dissolved in absolute - 

 ethanol  

Deuterated 3-mercaptohexan-1-ol 22 µM [1-2H2]3MH Hebditch et al.  

 (d3MH)  (2007) 

Deuterated 3-mercaptohexyl acetate 2.8 µM [1-2H2]3MHA Hebditch et al.  

(d3MHA)  (2007) 

D2 (IS) 22 µM d3MH and 2.8 µM d3MHA - 

Dichloromethane (CH2Cl2) (DCM) ≥ 99.8 % Merck 

DOWEX® 1 x 2 resin, chloride-form, 50- - SIGMA Aldrich 

100 mesh, 297-150 µm particle size   
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Ethanol ≥ 99.5 % Ajax Finechem 

Ethyl acetate 99.7 % SIGMA Aldrich 

Hydrochloric acid (HCl) 37 % Scharlau 

L-cysteine-HCl 99 % SIGMA Aldrich 

Sodium acetate ≥ 99 % SIGMA Aldrich 

Sodium acetate wash buffer 0.1 M sodium acetate in dH2O, 2 mM - 

 BHA, pH 6  

L-cysteine-HCl elution buffer 50 mM L-cysteine-HCl, 0.1 M Na - 

 acetate wash buffer, 2 mM BHA, pH 6  

p-hydroxymercuribenzoate (pHMB) ≥ 95 % SIGMA Aldrich 

pHMB solution 1 mM p-hydroxymercuribenzoate in - 

 0.1 M Tris  

Sodium hydroxide (NaOH) ≥ 99 % Scharlau 

Sodium sulfate (anhydrous) ≥ 99 % Scharlau 

Tris-HCl ≥ 99 % Applichem 

 

For the extraction of thiols, 200 mL DOWEX® resin, in a 1 L conical flask, was prepared by 

HCl-activation, by adding approximately 50 µL HCl.  The HCl-activated DOWEX® resin 

was washed three times with dH2O until it had been diluted and the pH was between 5 and 6.  

For each wine sample, a liquid chromatography (LC) column, containing a plug of silanised 

glasswool and tap with stopper, was attached to a metal rack.  To each column, 12.5 mL 

DOWEX® anion-exchange resin was added.  The resin was washed from the sides of the 

column with dH2O and stirred to release any bubbles.  Approximately 1 mL dH2O was 

dripped through the column and 12 mm Ø filter paper rounds were placed on top of the resin 

inside the column.  A glass reservoir was placed on top of each column and the resin was 

washed with 100 mL dH2O, with a flow rate of 1 drop every 3 s.  The flow was stopped when 

the water was just above the top of the resin.   

Wine samples were prepared by thawing them in a 37°C waterbath.  For each sample, 50 mL 

was added to a beaker and mixed with 5 mL pHMB and 0.5 mL BHA by stirring for 1 min at 

500 rpm.  Thawed internal standards (IS) were then added, consisting of 50 µL of D2 

(combination of two deuterated wine thiols synthesised by HEBDITCH et al. (2007)) (Table 

2-11) and 24 µL of 4M2M2MB (non-wine thiol), with stirring for 10 min at 500 rpm.  

Samples were adjusted to pH 7 ± 0.05 using 10 N NaOH, to allow thiol-pHMB complexes to 

form, with the addition of 10 N HCl if pH went over 7.  Wine samples were added to the 

column (50 mL), flushed through at a flow rate of 1 drop every 5 s and stopped once the wine 

volume was even with the resin.  After the wine sample had passed through the column, the 

column wall was dried and glass reservoir rinsed with dH2O.   
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Fifty mL of sodium acetate wash buffer was dripped through the column with a flow rate of 1 

drop every 5 s in order to wash the resin.  The bound thiols were eluted into a 100-mL 

volumetric flask with 50 mL L-cysteine-HCl elution buffer, at a flow rate of 1 drop every 7 s, 

allowing the column to run dry.  Separating columns were used for the specific extraction of 

thiols from the eluate, using the organic solvent dichloromethane (DCM).  Five hundred µL 

of ethyl acetate was added to the 50 mL thiol eluate to increase extraction yield.  DCM was 

used for two extractions of 4 mL and 2 mL, with 5 min stirring at 1000 rpm after each 

addition.  The lower organic phase was recovered from each extraction into a 10-mL vial 

containing a 10-mm level of anhydrous sodium sulfate, to remove any remaining aqueous 

phase.  The thiol extract was filtered through silanised glass wool inside a Pasteur pipette and 

concentrated under N2 gas (food-grade) in a graduated 10-mL conical centrifuge tube to ~150 

µL.  The extract was transferred to a 200-µL glass vial (with insert) and concentrated down 

further to 25 µL and sealed tightly.   

Of the 25 µL, 3 µL was injected in a Gas Chromatograph 6890N (Agilent), with HP-Innowax 

capillary column, coupled to a 5973-inert mass-selective detector (Agilent), for gas 

chromatography mass spectrometry (GC-MS) analysis.   GC-MS settings and specifications 

for thiol quantification are shown in Table 2-12.  From each vial, 5 µL of the sample was 

injected in split mode with a split ratio of 5:1 and a split flow of 5 mL min
-1

.  The air flow 

was held at 1 mL min
-1

 until the compounds of interest were eluted, then raised to 2.4 mL 

min
-1

.  The run time lasted 64.3 min.  The initial temperature was held at 50°C for 5 min, then 

raised to 115°C at a rate of 3°C min
-1

 and held for 22 min.  The temperature was increased to 

150°C at 40°C min
-1

 for 3 min, then to 173°C at 3°C min
-1

 and 250°C at 70°C min
-1

 and held 

for 17 min.  Lastly, the temperature was reduced to 50°C at 40°C min
-1

 for 3 min. 

Table 2-12:  GC-MS settings and specifications for quantification of volatile thiols. 

General settings  

EM Voltage 2047 V 

Interface of detector 230°C 

Ion source EI mode, 70 eV, 230°C 

Mass spectrometer (quadrupole) 150°C 

Inlet  

Carrier gas Lithium 

Flow 23.8 mL min-1 

Injection mode Split 

Injection temperature 240°C 

Pressure 112 kPa 
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Column  

HP-Innowax 60 m x 0.252 mm x 0.25 µm 

Pressure 112 kPa 

Average velocity 26 cm s-1 

 

For each experiment, a calibration curve/linearity was constructed for the determination of 

thiol concentrations, by spiking 50 mL base wine (Corbans White Label Sauvignon blanc) 

with the IS and known amounts of thiols (the range of concentrations for the spiked thiols is 

presented in Table 2-13).  Nine different concentrations were extracted for each thiol and the 

peak area of the base wine, without thiols, was subtracted.  A linear standard curve was then 

constructed.  All linearities used in this research had correlation coefficients (R
2
) greater than 

0.995 (M. Herbst-Johnstone, O. Makhotkina and T. Rutan, Wine Science Department, 

University of Auckland).  Peak areas of the ions corresponding to each thiol and IS on the 

mass detector were obtained manually using MSD ChemStation® D.01.02.16 (Agilent).  The 

quantifier ions used to identify and measure each thiol are listed in Table 2-13, along with the 

qualifier ions used to confirm their identity. 

Table 2-13:  Ions to quantify thiols and internal standards. 

Thiol Ions Retention time (min) Linearity conc. range (ng L
-1

) 

3MH 134*, 100 38.37 350-12000 

3MHA 116*, 101 35.18 50-1750 

4MMP 132*, 75, 99 26.10 5-100 

d3MH (IS) 136*, 102 38.30 3000 

d3MHA (IS) 118*, 103 35.12 500 

4M2M2MB (IS) 134*, 75 19.04 129 

*Quantifier ion. 

2.6.2. Quantification of esters, higher alcohols and fatty acids 

Volatile aroma compounds, including acetate esters, higher alcohols, ethyl esters and fatty 

acids were extracted from frozen wine samples using liquid:liquid extraction in 1:1 diethyl 

ether:n-hexane (ether:hexane), followed by GC-MS (KOTSERIDIS et al. 1999).  A list of 

reagents can be found in Table 2-14. 

Table 2-14:  Chemicals and reagents used for volatile compound extraction. 

Constituent Components and/or purity Supplier 

Ethyl heptanoate ≥ 99 % SIGMA Aldrich 

Diethyl ether  ≥ 99 % Merck 

n-hexane ≥ 99.7 % Merck 

Sodium sulfate (anhydrous) ≥ 99 % Scharlau 
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Wine samples were prepared by thawing them in a 37°C waterbath and measuring out 50 mL 

per sample into a 100-mL flask.  Seventy µL ethyl heptanoate (1815.2 µg L
-1

) (IS) was added 

and stirred at 500 rpm for 20 min.  To each wine sample, 5 mL ether:hexane was added and 

stirred at 1000 rpm for 5 min.  The wines were poured into separating funnels and the upper 

volatile phase was separated from the lower aqueous phase.  The lower aqueous phase was 

collected back into the flask and the upper volatile phase was collected into a 50-mL round-

bottomed centrifuge tube.  Any remaining volatiles were re-extracted from the lower aqueous 

phase two more times using 2 mL ether:hexane, with stirring at 1000 rpm for 5 min after each 

addition.  The volatile phase from each round of extractions were pooled together in the 

centrifuge tube and centrifuged at 3000g for 5 min.  Any remaining aqueous phase in the 

centrifuge tube was removed with a Pasteur pipette, leaving the clear organic phase.  The 

clear extract was dried with approximately 10-mm high level of anhydrous sodium sulfate to 

absorb the remaining aqueous phase and filtered through silanised glass wool in a Pasteur 

pipette into a graduated 10-mL conical centrifuge tube.  The extract was concentrated under 

N2 gas to 150 µL and 50 µL was transferred to a 50-µL glass vial.  The remainder of the 

sample was saved and stored at -80°C for up to three weeks.  Of the 50 µL, 3 µL was injected 

into the GC-MS as in Section 2.6.1, but with the settings shown in Table 2-15.  From each 

vial, 2 µL of the sample was injected into the GC-MS in splitless mode. The air flow in the 

column was held at 1 mL min
-1

 throughout the run.  The total runtime was 70.67 min.  The 

starting temperature of 40°C was maintained for 10 min, increased to 170°C at 3°C min
-1

, 

then 240°C at 70°C min
-1

 for 10 min.  At the end of the run, the temperature was reduced to 

40°C at 60°C min
-1

.   

Table 2-15:  GC-MS settings and specifications for quantification of esters, higher alcohols and fatty 

acids. 

General settings  

EM Voltage 1953 V 

Interface of detector 230°C 

Ion source EI mode, 69.9 eV, 230°C 

Mass spectrometer (quadrupole) 150°C 

Inlet  

Carrier gas Helium 

Flow 23.8 mL min-1 

Injection mode Splitless 

Injection temperature 230°C 

Pressure 109 kPa 
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Column  

HP-Innowax 60 m x 0.252 mm x 0.25 µm 

Pressure 109 kPa 

Average velocity 26 cm s-1 

 

A linearity was constructed for each volatile compound, as in Section 2.6.1.  The range of 

concentrations for each compound is presented in Table 2-16.  Samples were analysed by 

obtaining ion peak areas, as in Section 2.6.1 and the quantifier and qualifier ions to identify 

and measure each volatile compound are listed below (Table 2-16).  The perception 

thresholds for each compound were obtained from DUBOURDIEU et al. (2006) (thiols) and 

SWIEGERS et al. (2005), ESCUDERO et al. (2007), MOYANO et al. (2002), and PEINADO et al. 

(2006) (esters, higher alcohols and fatty acids) and used to calculate the Odour Activity 

Value (OAV).  The OAV is calculated by dividing the compound concentration by the 

perception threshold (FRANCIS and NEWTON 2005).  An OAV > 1 indicates that the 

compound has a perceivable contribution to the aroma of the sample (MOLINA et al. 2007). 

Table 2-16:  Ions to quantify aroma compounds and internal standards. 

Compound Ions Retention time (min) Linearity conc. range (µg L
-1

) 

1-heptanol 70*, 43, 55 38.5 1000-17000  

1-propanol-3-ethoxy 57*, 45, 75, 86 33.8 75-2000  

2-furanoic acid ethyl ester 95*, 112, 140 45.8 5-200  

2-phenylethyl acetate 104*, 91, 105 53.2 5-200  

3-methyl-2-buten-1-ol 86*, 43, 71, 82 31.1 2000-75000 

Benzyl alcohol 108*, 77, 91 55.4 200-950  

Butanoic acid-2-  102*, 74, 85, 115 16.4 2-70 

methylethyl ester    

Cis-3-hexen-1-ol 67*, 56, 69, 82 35.3 10-3250 

Cis-3-hexen-1-ol acetate 43*, 67, 82 32.2 10-300 

Decanoic acid 73*, 115, 129, 143 67.3 100-3500 

Diethylmalate  117*, 89, 145 60.8 25-600 

Diethylsuccinate  129*, 101, 128 47.8 450-10000 

Ethyl butanoate 88*, 43, 71, 101 16.8 10-300 

Ethyl decanoate 101*, 88, 155 46.1 5-250 

Ethyl heptanoate (IS) 113*, 56, 101 35.7 1815.2 

Ethyl hexanoate 88*, 99, 101, 115 27.9 20-500 

Ethyl isobutyrate 71*, 43, 88, 116 13.0 15-350 

Ethyl isovalerate 88*, 41, 103, 115 18.7 2-65 

Ethyl lactate 45*, 43, 75 33.5 15-375 

Ethyl octanoate 101*, 88, 127 37.6 45-1000 

Hexan-1-ol 69*, 43, 56, 84 33.8 250-5100 

Hexanoic acid 60*, 73, 87 54.4 200-8000 

Hexyl acetate 56*, 61, 69, 84 29.9 35-750 
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Isoamyl acetate 70*, 55, 87 21.8 110-2400 

Isoamyl alcohol 70*, 55, 57 26.6 30000-240000 

Isobutanol 43*, 41, 74 20.0 10000-200000 

Isobutyl acetate 56*, 43, 73 15.5 15-375 

Methionol 106*, 73, 88 47.6 200-4400 

Octanoic acid 73*, 85, 101 60.1 200-6000 

Phenethyl alcohol 122*, 91, 92 56.7 30000-255000 

Trans-3-hexenol 67*, 45, 69, 82 34.4 15-350 

*Quantifier ion. 

2.6.3. WineScan analysis  

A WineScan FT 120 spectrometer (Foss, Denmark), with Fourier Transform InfraRed 

Spectrometry (FTIR) capability, was used to assess a range of parameters from wine samples, 

via scanning across the full infra-red spectrum.  The WineScan was made available for use at 

Pernod Ricard New Zealand (Tamaki, Auckland) courtesy of R. Daly.  Samples were 

prepared and processed according to manufacturer’s instructions.  Quantitative values were 

obtained for ethanol, residual sugar, pH, total acidity, volatile acidity, malic acid, citric acid 

and lactic acid.  
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Chapter 3. Effect of temperature on the ability of genetically diverse 

S. cerevisiae strains to grow and ferment 

3.1. Introduction 

Good fermentation performance at low temperatures is a prerequisite for many industrial S. 

cerevisiae strains, for example baker’s yeast, lager yeast, and those which ferment white 

wines (AGUILERA et al. 2007).  Temperatures ≤ 18°C are generally sup-optimal for S. 

cerevisiae growth and fermentation (PIZARRO et al. 2008).  For example, yeast growing or 

fermenting in cold environments have longer lag periods and a reduction in maximal growth 

and fermentation rates (CHAROENCHAI et al. 1998; TORIJA et al. 2003; BELTRAN et al. 2007).  

For industrial yeast to be cold-tolerant while growing and/or fermenting, they must adapt 

quickly to cooler temperatures and withstand the additional stresses imposed by the industrial 

environment.  For example, wine yeast are exposed to high ethanol, fluctuating temperatures, 

high osmolarity and toxic metabolites (PIZARRO et al. 2008).       

Different yeast strains display a wide range of variation in their temperature optima 

(LLAURADÓ et al. 2005).  The first objective of this chapter was to investigate the variation 

between a set of 39 genetically and geographically diverse S. cerevisiae strains, including 

laboratory and commercial wine yeast, for growth and fermentation at a range of 

temperatures (10-30°C).  This knowledge was used to identify trends and commonalities 

found in yeast from specific geographical locations and environmental niches.   

Additionally, the relationship between growth and fermentation at low temperatures was 

compared between the 39 genetically diverse yeast strains, to establish whether direct 

selection for low temperature growth might lead to improvements in fermentation at low 

temperature.  It is reasonable to expect some correlation between the rates of growth and 

fermentation at low temperatures.  Firstly, cells that reach final OD faster should also achieve 

maximal rates of fermentation faster.  Maximal fermentation rates are achieved near the start 

of fermentation, which is also when cell growth during fermentation is most active.  By the 

time 25-30 % of a batch ferment is complete, cells have stopped growing (see ROSSIGNOL et 

al. 2003).  Secondly, some genes that are differentially regulated by temperature are known 

to control growth rate.  For example, low temperature growth led to down-regulation of genes 

encoding transporters for growth-limiting nutrients, such as hexose transporters (TAI et al. 
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2007b).  These intrinsic links between temperature and growth limitation could also apply to 

yeast fermentation rate, which is also influenced by limiting nutrients.  Finally, any genes that 

confer a metabolic advantage at low temperature might affect both traits, so that rates of 

growth and fermentation should correlate across the population.  However, few studies have 

examined whether the capability to grow and ferment at low temperature requires the same 

physiological response and/or genetic traits. 

Understanding the relationship between growth and fermentation under low temperature 

regimes will increase our capability to derive improved strains of industrial yeasts.  Direct 

selection for improved growth rates at low temperature is readily possible from pools of yeast 

strains.  In contrast, cold fermentation ability currently cannot be selected directly, but must 

be screened by assessing individual strains.  In this chapter, maximal growth rates (Umax) in a 

rich laboratory medium, and maximal fermentation rates (Vmax) in grape juice, were estimated 

for 39 genetically and geographically diverse S. cerevisiae strains, then correlated at five 

temperatures (10°C, 15°C, 20°C, 25°C and 30°C).  Growth rates in different media were also 

compared to fermentation rates in grape juice, and the effect of adding osmotic stress to 

growth media was investigated.  

3.2. Initial yeast screening before testing for variation in growth and 

fermentation 

A set of 65 genetically and geographically distinct S. cerevisiae yeast strains, which had been 

sequenced (3-10 x coverage) by the Saccharomyces Genome Resequencing Project (SGRP) 

and the Fay Laboratory (FL), were examined for variation in cold tolerance (see Chapter 2, 

Table 2-2, Sequenced Strains).  Additionally, four of these strains were chosen as starting 

strains for hybridisation with a commercial wine yeast strain for microarray analysis during 

fermentation (see Chapter 4), aroma production (Chapter 5) and the introgression of cold 

tolerance genes (Chapter 6).  Within the 65 strains there are three defined subgroups based on 

nucleotide-level polymorphisms and strain origin: wine and vineyards, sake, and laboratory 

strains (SCHACHERER et al. 2009).  Previously, these SGRP strains have been used for 

population studies to examine variation amongst S. cerevisiae genomes and to look at 

whether phenotypic variation correlates with genome-wide phylogenetic relationships (LITI et 

al. 2009).  The 65 isolates were pre-screened by discarding those with traits that would be 

undesirable for hybridisation and microarrays, e.g. the inability to sporulate, haploidy, 

polyploidy, heterozygosity or auxotrophies.  The sporulation efficiency of all 37 SGRP 
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strains was analysed.  This parameter was not measured for the 28 FL strains, as two had 

already been reported to produce sterile spores, CLIB215 (baker strain, NZ) and UC5 (Sake; 

Kurashi, Japan) (J. Fay, Washington University, pers. comm.) and therefore were removed 

from the study.  The percent sporulation for each SGRP yeast is summarised in Table 3-1.   

Table 3-1:  Sporulation efficiency of the 37 SGRP S. cerevisiae strains after 2 weeks at 25°C. 

Sporulation efficiency (%) Strains 

0  (no sporulation) 322134S, 378604X, DBVPG1853, DBVPG6765, K11, NCYC110,  

 S288c*, YS2, YS4, YS9 

1-25 273614X, DBVPG6044, NCYC361, YIIc17_E5 

26-50  DBVPG1373, DBVPG1788, W303, YJM981 

51-75  DBVPG6040, Y9, YJM975, YJM978 

76-100  BC187, DBVPG1106, L-1374, L-1528, RM11, SK1, UWOPS03-461.4, 

 UWOPS05-217.3, UWOPS05-227.2, UWOPS83-787.3, UWOPS87-2421, 

 Y12, Y55, YPS128, YPS606 (BC186) 

*S288c is haploid (MORTIMER and JOHNSTON 1986). 

The nine strains which did not sporulate within two weeks at 25°C were removed, excluding 

S288c, which is haploid (MORTIMER and JOHNSTON 1986).  S288c was kept for further study 

since it serves as the reference genome and extensive research has previously been carried out 

on this yeast.  To identify other haploids, as well as polyploids and heterozygous yeast, 

microsatellite profiling was performed on all 65 strains in this laboratory (RICHARDS et al. 

2009).  Four haploids, excluding S288c, were removed from future analysis: 322134S 

(clinical isolate, sputum; RVI, Newcastle, UK; SGRP), CLIB324 (baker strain; Vietnam; FL), 

FL100 (lab strain; FL) and Y10 (coconut water; Philippines; FL).  Five heterozygotes, 

DBVPG6040 (fermenting fruit juice; Netherlands; SGRP), CBS7960 (ethanol factory, sugar 

cane; Brazil; FL) and three baker’s strains YS2 (Australia), YS4 (Netherlands) and YS9 

(Singapore) (all SGRP) were also removed from the study.  The commercial wine yeast, T73 

(FL), was also removed from the study for being strongly heterozygous, despite supposedly 

being a homosporic derivative.  In total, 18 strains were excluded from the study at this stage, 

leaving 47 strains. 

Once any duplicate yeast sequenced by both initiatives were confirmed by microsatellites, 

e.g. Y9 and YPS606, only one strain of each was selected for further study, leaving 45 strains 

out of 47.  To test for auxotrophies, the 45 remaining strains were each grown on SD minimal 

medium.  Two strains did not grow without amino acids:  W303 (lab strain, known 

auxotroph) and Y11c17_E5 (Wine; Sauternes, France).  Out of the remaining 43 strains, 36 

were chosen by removing strains that were phylogenetically similar to others in the study or 
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due to an over-representation of a specific group.  For example, from the SGRP set, L-1374 

(Chilean wine) was removed due to similarity to L-1528 (Chilean wine) and based on the 

presence of many strains from the wine and vineyards cluster in SCHACHERER et al. (2009).  

YPS128 was removed due to similarity to YPS606 (North American oak trees) (LITI et al. 

2009) and because both strains had very long lag phases in preliminary growth experiments, 

so were not desirable candidates for hybridisation (data not shown).  From the FL strains, two 

more oak strains were excluded, YPS163 and YPS1009, as well as two clinically-derived 

strains, YJM280 and YJM436, due to an over-representation of oak and clinical isolates.   

Strain WE372 was not screened, as it was found to be the same as the commercial yeast M2 

(Enoferm, Lallemand), based on 10 microsatellite loci (RICHARDS et al. 2009).  M2 was to be 

screened along with seven other wine yeast strains for inclusion in the study (see Section 

3.3).  The screening summarised in this section resulted in 36 genetically and geographically 

diverse strains. 

3.3. Screening commercial wine yeast for cold fermentation parameters 

Eight commercial wine yeast were screened for cold fermentation capability, in order to 

select three for inclusion in the study on variation in cold tolerance.  The wine yeast were 

fermented in SBL M527 2006 SB grape juice at two low temperatures (12°C and 15°C).  The 

strains were:  BA11 (Lalvin, Lallemand), EC1118 (Lalvin, Lallemand), F15 (Zymaflore, 

Laffort), M2 (Enoferm, Lallemand), NT116 (Anchor), T73 (Lalvin, Lallemand), Tipico 

(Oenoferm) and W15 (Lalvin, Lallemand).  For the fermentation profiling of commercial 

wine strains, those sharing 10/10 microsatellite loci (M2, Tipico and W15) were still included 

in the screening.  Fermentation curves and the rate of weight loss throughout the ferments are 

shown in Figure 3-1. 
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Figure 3-1:  Fermentation progress of eight commercial wine yeast in SBL M527 grape juice at 12°C and 

15°C.  A = Cumulative weight loss (g) at 12°C.  B = Rate of weight loss (dCO2/dt) at 12°C.  C = Cumulative 

weight loss (g) at 15°C.  D = Rate of weight loss (dCO2/dt) at 15°C.  Error bars = SEM; n = 3. 

When taking both low temperature fermentation results together (Figure 3-1A-D), the top 

three performing strains were EC1118, F15 and M2.  These three strains were fast to initiate 

fermentation and had high maximal fermentation rates (Vmax) (Figure 3-1B and D).  All 

strains finished fermentation well, based on the time taken to reach a rate ≤ 0.002 dCO2/dt by 

500 h (Figure 3-1B and D).   Interestingly, the fermentation rate of W15 was slower than M2 

and Tipico, which share 10/10 identical microsatellite loci (RICHARDS et al. 2009).  F15, M2 

and NT116 were chosen to be part of the study on S. cerevisiae variation in growth and 

fermentation at 10-30°C, either due to their fermentation performance (F15 and M2) or their 

reputation for having a desirable level of cold tolerance when used in winemaking (NT116) 

(http://www.anchorwineyeast.com/pdf/NT_116r.pdf).  These three strains also exhibited 

slightly different fermentation kinetics, e.g. F15 and NT116 had longer lag phases compared 

to M2 and they all varied by a few hours in the time to reach Vmax.  Therefore, these three 

A B 

D C 

http://www.anchorwineyeast.com/pdf/NT_116r.pdf
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strains would provide an interesting comparison in the study of yeast variation for ability to 

grow and ferment.  

3.4. Variation among strains for growth and fermentation across a range of 

temperatures 

Table 3-2 shows a list of the 39 yeast strains selected from 65 genetically and geographically 

diverse strains (Chapter 2, Table 2-2) in Sections 3.2 and eight commercial wine strains in 

Section 3.3.  Strains were selected based on the absence of auxotrophies and sterility, plus 

microsatellite profiling, whereas the commercial wine strains were selected based on tests of 

fermentation performance.   

Table 3-2:  List of 39 yeast strains selected from an initial group of 65 S. cerevisiae strains plus eight 

commercial wine yeast strains.  Strains numbers were reduced based on tests for auxotrophies, sterility, 

microsatellite profiling and fermentation performance.   

Strain Origin 

273614X Clinical, faecal; RVI, Newcastle, UK (SGRP) 

BC187 Barrel fermentation; Napa Valley, USA (SGRP) 

CLIB382 Beer; Ireland (FL) 

DBVPG1106 Grapes; Australia (SGRP) 

DBVPG1373 Soil; Netherlands (SGRP) 

DBVPG1788 Soil; Finland (SGRP) 

DBVPG6044 Bili wine; West Africa (SGRP) 

F15 Commercial wine strain (Zymaflore, Laffort) 

I14 Vineyard soil; Petrina, Italy (FL) 

IL-01 Soil; Illinois, USA (FL) 

L-1528 Wine; Chile (SGRP) 

M2 (WE372) Commercial wine strain; Stellenbosch, South Africa (Enoferm, Lallemand) 

M22 Vineyard soil; Italy (FL) 

NC-02 Oak tree; North Carolina, USA (FL) 

NCYC361 Beer spoilage strain, wort; Ireland (SGRP) 

NT116 Commercial wine strain; South Africa (Anchor) 

PW5 Palm wine; Nigeria (FL) 

RM11 Homosporic derivative of Bb32 (RM11-1-1), vineyard; California, USA (Broad) 

S288c Lab strain, rotting fig; California; USA (SGRP) 

SK1 Lab strain, soil; USA (SGRP) 

T7 Oak tree; Missouri, USA (FL) 

UWOPS03-461.4 Nectar, Bertam palm; Malaysia (SGRP) 

UWOPS05-217.3 Nectar, Bertam palm; Malaysia (SGRP) 

UWOPS05-227.2 Trigona, Bertam palm; Malaysia (SGRP) 

UWOPS83-787.3 Fruit, Opuntia stricta; Bahamas (SGRP) 

UWOPS87-2421 Cladode, Opuntia megacantha; Hawaii (SGRP) 

Y9   Ragi; Japan (SGRP) and Java, Indonesia (FL) 

Y12  Palm wine; Ivory Coast, Africa (SGRP and FL) 
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Y55 Wine; France (SGRP) 

YJM269 Blauer Portugieser grapes (FL) 

YJM320 Clinical, blood; USA (FL) 

YJM326 Clinical; USA (FL) 

YJM421 Clinical, ascites fluid; USA (FL) 

YJM428 Clinical, paracentesis fluid; USA (FL) 

YJM653 Clinical, bronchoalveolar lavage (FL) 

YJM975 Clinical, vaginal; Bergamo, Italy (SGRP) 

YJM978 Clinical, vaginal; Bergamo, Italy (SGRP) 

YJM981 Clinical, vaginal; Bergamo, Italy (SGRP) 

YPS606 Oak tree; Pennsylvania, USA (SGRP and FL) 

 

The genetically diverse set of 39 strains was analysed for correlations between their maximal 

growth (Umax) and fermentation (Vmax) rates at five different temperatures (10°C, 15°C, 20°C, 

25°C and 30°C), using automated turbidometry to construct growth curves (Chapter 2, 

Section 2.4.3); and microvinification to construct fermentation curves (Chapter 2, Section 

2.4.4).  Growth rates in different media (YPD, SD, SGM and SBL M527 2006 grape juice) 

were also correlated individually and against fermentation rates in SBL M527 2006 grape 

juice (Brix = 21°, pH = 3.15; YAN = 290 mg L
-1

).  The sugar in the SGM was reduced to 2 % 

(1:1 glucose/fructose), matching the concentration used in YPD, in order to quantitate Umax 

without the influence of fermentative activity.  The effect of increasing the osmotic stress in 

growth media was investigated by adding 18 % sorbitol to SGM and YPD. 

3.4.1. Yeast strains show a wide range of growth and fermentation rates at low 

temperature 

Growth rates in YPD were obtained at 10°C, 15°C, 20°C, 25°C and 30°C for all 39 

genetically diverse S. cerevisiae strains (strains in Table 3-2 and growth rates in Figure 3-2).  

The maximal growth rates (Umax) declined with temperature (an average of 8.5-fold 

comparing 30°C to 10°C) and all strains were able to grow at 10°C.  Both lag phase and time 

taken to reach OD saturation also increased, ranging from only 10-12 h at 30°C, to 95-100 h 

at 10°C (data not shown).  The optimal temperature for most strains was 30°C; however, 

three strains were faster at 25°C for growth (YJM421, NCYC361 and 273614X).  A fruit 

isolate from the Bahamas, UWOPS83-787.3, grew fastest of all the strains in YPD at 10°C, 

15°C, 20°C and 30°C. 
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Figure 3-2:  Graph of maximal growth rate (Umax) (d[LnOD/ODi]/dt) in YPD medium at five 

temperatures (10°C, 15°C, 20°C, 25°C and 30°C) for 39 strains.  Strains are ordered from highest (left) to 

lowest (right) Umax at 10°C.  n = 3. 

Fermentation rates were also obtained at 10°C, 15°C, 20°C, 25°C and 30°C for the 39 strains 

(Figure 3-3).  All strains proved capable of completing fermentation of grape juice at optimal 

temperatures (25-30°C) within a reasonable time frame (160 h or less, data not shown).  The 

fastest fermentation rates were attained by two near identical isolates (based on single-

nucleotide polymorphism (SNP) data) from Malaysian palms, UWOPS05-227.2 and 

UWOPS05-217.3 (see LITI et al. 2009); both fermented grape juice with an initial maximal 

rate at 30°C that was higher than that of the three commercial wine yeasts.  However, the 

commercial strains tended to complete the fermentation faster (data not shown). 

As expected, the rates of fermentation declined at low temperatures to a much greater extent 

than growth rates.  The time required to finish alcoholic fermentation increased from 64 h at 

30°C to 670 h for the best strains at 10°C (data not shown).  At 10°C, most of the strains had 

not finished alcoholic fermentation after 700 h (30 d) and there was a much wider range of 

fermentation capabilities than at optimal temperatures.  The top five fermenting strains at low 

temperatures were F15, YJM653, YJM428, RM11 and YJM981.   F15 is a commercial wine 

strain and RM11 was derived from a US vineyard, while YJM653, YJM428 and YJM981 are 

clinical strains.  At the other extreme, three strains were unable to ferment at 10°C:  IL-01, 

and T7, derived from forest-related sources in the US (soil, forest and oak tree); and YJM326, 

a US clinical isolate.  On average, the reduction in maximal fermentation rates between 30°C 
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to 10°C was 12-fold (for strains that retained measurable fermentation in the cold).  Two 

strains were faster at fermenting at 25°C compared to 30°C (YJM269 and IL-01); however, 

both of these strains performed relatively poorly overall. 

 

Figure 3-3:  Graph of maximal fermentation rate (Vmax) (dCO2/dt) in SB juice at five temperatures (10°C, 

15°C, 20°C, 25°C and 30°C) for 39 strains.  Strains are ordered from highest (left) to lowest (right) Vmax at 

10°C.  n = 3. 

3.4.2. Cold induced reductions in growth rate do not correlate with reductions in 

fermentation rate  

Figure 3-4A shows a comparison of growth (Umax) and fermentation (Vmax) rates for all 39 

strains at 10°C, 15°C, 20°C, 25°C and 30°C.  There was no correlation between growth rate 

in YPD media with fermentation rate in SB juice at any temperature (R < 0.2).  There was 

also no correlation between the reductions in the rates of growth and fermentation at low 

temperature (comparing 30°C = 100 %, down to 10°C) (R = 0.122) (Figure 3-4B).  This 

result demonstrates that low temperature affects each strain to differing degrees during 

growth compared to fermentation.   
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Figure 3-4:  Individual and global correlations between Umax (d[LnOD/ODi]/dt) and Vmax (dCO2/dt).  A = 

Correlation between Umax and Vmax at the five temperatures.  B = Correlation between the global 

temperature responses (30°C = 100 %).  n = 3. 

3.4.3. Growth rates in different media at 25°C do not correlate between strains 

Because grape juice and YPD represent very different growth conditions, growth rates at 

25°C were measured for all 39 strains in three additional media: defined minimal media (SD), 

synthetic grape media (SGM) with 2 % sugar, and in SB grape juice.  Correlations between 

the strain set are given in Table 3-3.  The 39 strains showed no correlation in their growth 

rates between YPD, SD, SGM or SB media. 

Table 3-3:  Correlations (R values) for all pair-wise combinations of Umax (d[LnOD/ODi]/dt) (U) and Vmax 

(dCO2/dt) (V) at 25°C.  Addition of 18 % sorbitol to the medium = sorb. 

Treatment 
YPD U SD U SGM U SB U 

YPD+sorb 
U 

SGM+sorb 
U SB V 

YPD U 1 0.357 0.097 0.1 0.069 0.104 0.148 

SD U  1 0.058 0.245 0.179 0.294 0.104 

SGM U   1 0.008 0.246 0.353 0.24 

SB U       1 0.283 0.462 0.621 

YPD+sorb U     1 0.338 0.431 

SGM+sorb U       1 0.624 

SB V        1 

3.4.4. Ability to cope with osmotic stress is an important component of strain differences 

between growth and fermentation rates at 25°C 

The most surprising lack of correlation in growth above was between grape juice and 

synthetic media designed to resemble grape juice (SGM), but with low sugar.  Therefore, the 

effect of osmotic stress was investigated by adding sorbitol (18 %) to SGM and to YPD, to 

reflect the osmotic levels seen in SB juice (typically ~20 % sugar).  Table 3-3 demonstrates 

that the correlations between the various Umax values at 25°C were boosted significantly by 

A 
B 
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the addition of sorbitol to both YPD and SGM.  The greatest correlation with SB 

fermentation rate between strains increased to R = 0.431 for growth in YPD with sorbitol and 

R = 0.624 for SGM with sorbitol.  The latter correlation was almost identical to that of 

directly comparing the growth and fermentation rates in SB juice (R = 0.621).  These 

increases suggest that osmotic stress is a major variable acting on the strain differences 

between growth and fermentation rates at 25°C. 

3.5. Discussion 

The data suggest that fermentation capability is an inherent property of S. cerevisiae and is 

conserved across geographically and genetically diverse strains, including those isolated from 

non-fermentable sources such as soil, plant material and hospital patients.  This conclusion is 

in agreement with recent data on genome evolution in the genus Saccharomyces (see 

discussion in GORDON et al. 2009).  Three commercial wine isolates did not show unusually 

fast maximal fermentation rates, but tended to perform better later in the fermentation and 

were also generally better performing at low temperatures.   These data are consistent with 

conclusions of previous authors (FLEET and HEARD 1993; PRETORIUS et al. 2003; BISSON 

2004) that industrial yeast strains have been selected from amongst the many native isolates 

that have good fermentation capacity, by screening for those that have high tolerance to 

stresses. 

On average, the lowest temperature used in this research (10°C) reduced growth rates 8.5-

fold and fermentation rates 12-fold, similar to previous data (CHAROENCHAI et al. (1998) for 

growth; BELTRAN et al. (2006) and OUGH (1964) for fermentation).  However, there was a 

wide range of variation in the response of individual strains.  S. cerevisiae strains that grow 

well at low temperature did not necessarily ferment faster in the cold. There was no 

correlation between YPD Umax and SB Vmax at individual temperatures, or between the overall 

temperature response curves.  Equivalent numbers of strains showed capability for either cold 

growth or cold fermentation, but not both.  The lack of correlation suggests that there is no 

generalised ‘low-temperature response’ across the wild yeast population that allows both 

rapid growth and rapid fermentation.   

A subset of the strains exhibited superior fermentation at low temperatures based on 

obtaining average Vmax values at 10°C and 15°C (data not shown).  These strains include the 

three commercial wine strains, F15 (Zymaflore, Laffort), M2 (Enoferm, Lallemand) and 
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NT116 (Anchor), as well as BC187, L-1528, M22, RM11, YJM421, YJM428 and YJM653.  

Four of these (all YJM-) were clinically derived strains, which fits with previous conclusions 

that clinical strains represent a subset of S. cerevisiae strains, which just happen to have been 

found infecting humans (LITI et al. 2009; SCHACHERER et al. 2009).  At the other extreme, 

three strains (IL-01, T7 and YJM326) showed a ‘catastrophic collapse’ and were essentially 

unable to ferment at 10°C (illustrated in Figure 3-3).  Two of these strains, IL-01 and T7, are 

derived from US woodland sources (soil and oak trees).  The exact ecological niche of these 

strains is not well understood; however, from this data it seems unlikely that their lifestyles 

require the ability to ferment at low temperatures.  

Strains showed a wide variation in optimal growth rate in four different media, with no 

correlation between media.  These differences suggest that a recent classification of wild 

yeast isolates into ‘ants and grasshoppers’ (SPOR et al. 2008; SPOR et al. 2009), based on 

performance on a single medium, may be simplistic, and that any such classification is likely 

to be medium-specific.  The data also demonstrate that to obtain maximal growth of a 

particular yeast strain it is necessary to test a range of media, and that media optimised for 

growth of one strain will not necessarily apply to others.  Overall, there was no evidence for 

strains with ‘inherently fast growth’ on all media tested.  A Malaysian fruit isolate performed 

consistently best on YPD, but the single fastest growth rate belonged to a US oak tree isolate, 

NC-02, grown on a medium designed to mimic grape juice (data not shown).  The improved 

correlations found when sorbitol was added to growth media suggested that osmotic stress is 

an important limiting factor for the growth of most yeast strains in grape juice. 

An interesting finding was that three ‘laboratory’ strains of diverse origins, S288c (fruit), 

SK1 (soil) and Y55 (wine), all grew the fastest on YPD, compared to the other media tested.  

Conversely, wine strains tended to grow better on media resembling grape juice; all three 

commercial wine yeasts, and five of six strains isolated from grape juice, wine or vineyard 

soil (BC187, DBVPG1106, I14, M22, RM11; but not L-1528), performed better on SGM.  

This may be a result of these strains being subject to human selection by their ability to grow 

well on specific media; however, recent research provides no evidence that wild strains have 

greater fitness for their specific habitats (HYMA et al. 2011).  Larger numbers of isolates from 

the different sources are needed to draw reliable conclusions regarding origin of the isolates 

and their performance in different media. 
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This research examined the growth and fermentation responses to low temperature in a 

sample of 39 diverse yeast strains, with the goal of assessing the extent to which selection for 

growth at low temperature would be expected to provide gains in cold fermentation.  A 

comparison of growth and fermentation rate in grape juice, gave only a weak correlation 

between strains (R = 0.621).  The low correlation reflects the fact that additional factors 

contribute to fermentation rate.  For example, yeast strains use quite different transcriptional, 

translational and metabolic programmes during aerobic growth compared to anaerobic 

fermentation (see ROSSIGNOL et al. 2003).  The results show that adding a component of 

osmotic stress to growth media can improve the correlation.  It may be possible to further 

increase the correlation between growth and fermentation rate by applying stresses that 

appear later in fermentation, such as the addition of ethanol and toxic fatty acids to the 

medium, and the use of media with low yeast assimilable nitrogen (YAN).  Direct selection 

for improved growth on such media in the cold may provide a simplified approach to the 

selection of novel strains of improved wine yeast. 

3.6. Conclusion 

This chapter analysed the variation between yeast strains to grow and ferment at different 

temperatures (10-30°C) and in different media.  It was shown that a set of 39 genetically and 

geographically diverse S. cerevisiae strains show a wide range of growth and fermentation 

rates at low temperature (10-15°C) and in non-fermentable and fermentable media.  Growth 

and fermentation rates declined with decreasing temperature and the optimal temperature for 

most strains was 25-30°C.  All genetically diverse S. cerevisiae strains in the study were 

capable of finishing grape juice fermentation at optimal temperatures (25-30°C), which 

suggests that fermentation is an inherent capability of S. cerevisiae.  Low temperature 

reduced fermentation rates proportionately more than growth rates, with three strains unable 

to ferment in the cold.  Wine-related and clinical isolates performed the best at low 

temperature fermentation.  There was no correlation between growth and fermentation rates 

at any temperature or in the reductions in growth or fermentation caused by low temperature, 

indicating that there is no common genetic mechanism for ‘cold adaptation’ in yeast.  There 

was also little correlation between growth and fermentation in different media (YPD, SD, 

SGM or SB) at 25°C.  The only growth and fermentation rates to have a moderate correlation 

in the same medium were those obtained with SB juice (R = 0.621).  However, when sorbitol, 

an osmotic agent, was added to a different non-juice medium (SGM), the correlation between 
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growth and fermentation was increased (R = 0.624).  This demonstrated that the ability to 

cope with osmotic stress is an important basis for strain differences between growth and 

fermentation rates.  The results suggest that there is the potential to use the addition of 

stresses encountered during fermentation as a strategy for the development of yeast strains 

with improved cold fermentation properties.  
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Chapter 4. Effect of low temperature fermentation on gene 

expression 

4.1. Introduction 

This chapter examines the influence of low temperature on yeast gene expression during the 

fermentation of SB, with the aim of building on previous knowledge of transcriptional 

changes during cold fermentation.  Differentially regulated transcripts can indicate which 

proteins are increased or decreased and which biological pathways are influenced during the 

response to a particular stress.   

Gene expression was analysed for a commercial wine strain, M2 (Enoferm, Lallemand), and 

four F1 hybrids made between M2 and four genetically distinct strains: M2xY55, M2xS288c, 

M2xL-1528 and M2xBC187.  Gene expression was measured during fermentation in SB 

juice at 25°C for M2, and at 12.5°C for M2 and all four F1 hybrids, at two fermentation 

stages:  when 2 % sugars had been consumed (cells proliferating exponentially), and when  

70 % sugars had been consumed (cells had stopped proliferating). 

4.2. Strain selection and fermentation for microarray sampling 

The process of selecting the commercial wine yeast, M2, for microarray analysis and 

hybridisation is described in detail in Chapter 6, Section 6.2.  The four strains which were 

hybridised with M2 were chosen from the set of 39 strains in Chapter 3, based on their ability 

to ferment in the cold, fertility of the F1–derived spores, and their genetic diversity (for 

details on the screening and selection of the F1 hybrids, see Chapter 6, Section 6.3).  The 

chosen F1 hybrids were:  M2xY55, M2xS288c, M2xL-1528 and M2xBC187.  These hybrids 

were also analysed for their aroma compound concentrations (see Chapter 5), and used as 

potential candidates for the introgression of cold tolerance genes into the M2 background (see 

Chapter 6).   

Fermentation in 200 mL 07 SB juice, at 22 °Brix, was conducted at 12.5°C (cold) and 25°C 

(optimal) for the M2 Ura- parent strain and at 12.5°C (cold) for the four F1 hybrid yeast 

strains.   Uninoculated juice samples were included and fermentations were conducted in 

triplicate (resulting in 18 samples at 12.5°C and 6 samples at 25°C, 24 ferments in total).  

Fermentations were continuously shaken and their progress was monitored by measuring 
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cumulative weight loss (g) at regular intervals (Figure 4-1).  Although all strains eventually 

achieved more than 17 g weight loss, there were differences in their fermentation kinetics.  At 

12.5°C, M2xY55 and M2xS288c had a longer lag phase than the other strains, although 

M2xY55 subsequently finished fermentation well.  M2 Ura- and M2xBC187 were the fastest 

to start fermentation.  At the optimal temperature of 25°C, M2 Ura- initiated fermentation 

after only 24 h, compared to 100 h at 12.5°C. 

 

Figure 4-1:  Cumulative weight loss (g) of fermentations in SB 07 juice, using M2 Ura- and four F1 

hybrids (M2xY55, M2xS288c, M2xL-1528 and M2xBC187).  A = 12.5°C.  B = 25°C.  Error bars = SEM;  

n = 3. 

4.2.1. Fermentation kinetics 

The kinetic parameters Vmax and Amax were estimated as described by Marullo et al. (2006) 

and are displayed in Figure 4-2.  The Vmax values (dCO2/dt) for the 12.5°C fermentation were 

highest for the M2xBC187 F1 hybrid (0.152 ± 0.005) and the M2 Ura- parent (0.146 ± 

0.005).  The other three hybrids had sequentially lower rates:  M2xY55 (0.112 ± 0.004), 

M2xL-1528 (0.099 ± 0.003) and M2xS288c (0.087 ± 0.003).  The Amax values (d
2
CO2/dt

2
) 

were highest for M2xBC187 (0.023 ± 0.003), followed by M2xL-1528 (0.015 ± 0.001) and 

M2 Ura- (0.015 ± 0.001), M2xS288c (0.008 ± 0.002) and M2xY55 (0.005 ± 0.001).  For the 

25°C fermentation the Vmax of M2 Ura- was 0.438 ± 0.006 and the Amax was much higher 

than at 12.5°C, at 0.023 ± 0.0002. 

 

A B 
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Figure 4-2:  Rate (dCO2/dt) and acceleration (d
2
CO2/dt

2
) of weight loss using M2 Ura- and four F1 hybrids 

at 12.5°C.  A = Rate of weight loss at 12.5°C.  B = Acceleration rate of weight loss at 12.5°C.  C = Rate of 

weight loss at 25°C.  D = Acceleration rate of weight loss at 25°C.  Error bars = SEM; n = 3. 

4.2.2. Extracting RNA from yeast cells for microarrays 

From each fermentation, 1 x 10
8
 cells were harvested at two time points: early 

fermentation/late exponential growth (2 % cumulative weight loss, with a population of ~4-5 

x 10
7
 cells mL

-1
) and late fermentation/middle stationary growth (70 % cumulative weight 

loss, with a population of ~1-2 x 10
8
 cells mL

-1
).  These two stages will be referred to as exp 

and stat, respectively.  Cells were rapidly snap frozen in liquid nitrogen to preserve their gene 

expression and RNA was extracted from the cell pellets, as described in Chapter 2, Section 

2.5.7.  In total, 36 samples were prepared for microarray analysis: five strains in triplicate at 

12.5°C (exp and stat) and one in triplicate at 25°C (exp and stat).   

4.3. Quantity and quality of extracted total RNA  

The concentration and quality of the RNA extracted from the 36 samples was assessed using 

the NanoDrop® spectrophotometer ND-1000 and the Agilent 2100 BioAnalyzer®, 

respectively (see Chapter 2, Section 2.5.8).  Samples were given chip ID codes (sample ID = 

A B 

C D 
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RD0001 to RD0036, see Appendix A.1, Table A-1) and converted to cRNA by L. Williams 

(Centre for Genomics and Proteomics, SBS, University of Auckland).  Table A-1 (Appendix 

A.1) also shows the RNA yields obtained for the 36 samples.  

The BioAnalyzer® generated 36 electropherograms which were used to determine the quality 

(purity and integrity) of the extracted RNA, based on the appearance and ratios of the 18S 

and 28S rRNA peaks, and the appearance of any contaminating proteins.  A representative 

electropherogram of one sample of extracted RNA is shown in Figure 4-3.  All 36 samples 

displayed comparable results with clearly defined rRNA peaks and no protein contaminants.  

 

Figure 4-3:  Electropherogram (fluorescence units vs. time in seconds) of one RNA sample (RD0004 = M2 

25 stat 1).   This sample shows well defined 18S and 28S rRNA peaks (indication of RNA integrity) and no 

contaminating proteins.  The fluorescence units are based on laser excitation (wavelength 625 nm) of 

complexes formed between RNA and fluorescent Nano RNA dye, followed by fluorescence detection via 

an emission filter (670–700 nm).   

4.4. Microarray pre-processing and analysis 

Poly (A)
+
 RNA purification, cDNA synthesis, biotin-labelled cRNA synthesis and cRNA 

fragmentation were performed by L. Williams on the 36 RNA samples.  Table A-1 

(Appendix A.1) shows the cRNA concentrations and absorbance 260/280 values for each 

sample.  All cRNA samples had total RNA yields below the recommended 20 µg in the 21 

µL elution (Eukaryotic Arrays GeneChip® Expression Analysis and Technical Manual, 

Affymetrix, Santa Clara, California); however, after consultation with L. Williams it was 

decided that the amount and quality of the cRNA was adequate according to his experience.  

cRNA was hybridised to 5744 probesets on the Affymetrix GeneChip Yeast Genome 2.0 

Arrays.  These probesets covered the 5841 genes in S. cerevisiae 

Time (s)  

18S  28S  



Chapter 4 – Effect of low temperature fermentation on gene expression 

85 
 

(http://affy.arabidopsis.info/yeast2_datasheet.pdf).  The additional 5021 probesets for the 

fission yeast S. pombe on the microarray were removed later.  For each of the 11 probe pairs 

per probeset, there were both perfect match probes (PM) which specifically hybridise to their 

intended transcripts, and single base mismatch probes (MM) to measure non-specific 

hybridisation.  Arrays were visualised, pre-processed and analysed using the statistical 

programme R with Bioconductor software (Version 2.2).  The R code used to analyse the 

microarray data is presented in Appendix A.2.  The 36 .CEL files containing raw array data 

(signal intensity at each probe) were imported and read into Bioconductor using the 

ReadAffy function and the quality of the 36 arrays was determined by visualising the log2-

transformed hybridisation signals for each chip, based on the methods by ALVORD et al. 

(2007).  Most arrays showed good signal intensity and quality (see Appendix A.3, Figure A-

1).  Two arrays, RD0018 (MxY 12.5 stat 3) and RD0020 (MxS 12.5 exp 2), displayed a high 

signal:noise ratio, with an excess amount of cRNA hybridised to the chips, which would 

result in a decreased sensitivity to true differential expression.  Two other chips, RD0008 

(M2 12.5 exp 2) and RD0019 (MxS 12.5 exp 1) displayed low signal:noise ratio with low 

probe intensities, resulting in a lower than normal representation of rare transcripts, as shown 

in the boxplots of log2-transformed signal intensities in Figure 4-4A. 

RD0008 (M2 12.5 exp 2), RD0018 (MxY 12.5 stat 3), and RD0020 (MxS 12.5 exp 2) were 

excluded from gene expression analysis; however, RD0019 (MxS 12.5 exp 1) was retained in 

the experiment since at least two chips per sample were required for performing statistics on 

the gene expression data.  Therefore, three conditions, M2 12.5 exp, MxY 12.5 stat and MxS 

12.5 exp, were analysed in duplicate, not triplicate.   

 

 

 

http://affy.arabidopsis.info/yeast2_datasheet.pdf
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Figure 4-4:  Boxplots of log2 probe intensities of the arrays.  A = 36 arrays before normalisation with 

replicates shown in alternating red, blue and green.  Note the high signal intensity of samples RD0018 

(18) and RD0020 (20) and the low intensity of RD0008 (8) and RD0019 (19).  RD0008, -018 and -20 were 

excluded from expression analysis.   B = 33 arrays after normalisation.  Boxplots were constructed using 

R and Bioconductor. 

The conclusions from the assessment of chip quality, which were obtained by viewing the 

chip images, were confirmed by the boxplot representations, with the same four samples 

having high and low probe intensities.  The remaining 33 samples were then background 

corrected, normalised (see boxplots in Figure 4-4B) and expression values calculated using 

robust multiarray averaging (RMA). 

4.5. Overview of microarray results 

This experiment had three aims:  to look at differential expression between exponential and 

mid-late stationary phase; to elucidate yeast transcriptional changes during fermentation that 

were linked to cold fermentation; and to compare transcriptional changes between four 

genetically different F1 hybrid yeast.  The samples taken at 2 % (exp) and 70 % (stat) 

fermentation weight loss, represented different stages for the fermentations, as illustrated for 

M2 Ura- in Figure 4-5.  The two fermentation stages were assumed to be comparable at the 

two temperatures, since the time points were taken at an equivalent stage of weight loss.   

 1    2    3    4   5   6    7    8    9  10 11 12 13 14  15  16 17  18 19  20  21 22  23 24 25 26  27 28  29  30  31 32 33  34 35  36  1    2    3   4    5   6    7   9  10  11 12 13 14 15  16  17  19  21 22  23 24  25 26 27  28 29  30 31  32 33 34  35 36 
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Figure 4-5:  Example of time points for microarray sampling for the 12.5°C (blue) and 25°C (red) 

ferments using M2 Ura-.  Time point 1 corresponds to early fermentation (exp), at 2 % cumulative weight 

loss/~4-5 x 10
7
 cells mL

-1
.  Time point 2 corresponds to mid-late fermentation (stat), at 70 % cumulative 

weight loss/~1-2 x 10
8
 cells mL

-1
.  Error bars = SEM; n = 3. 

Figure 4-6 illustrates the 16 different analyses (called ‘contrasts’) made to assess differential 

gene expression for three comparisons.  MA plots for each comparison were also used to 

assess biases in the comparisons (see Appendix A.4, Figure A-2).  The genes whose 

transcripts were significantly differentially expressed (≥ 2-fold higher or lower and 

significant with a Benjamini and Hochberg- (BH) corrected P-value of < 0.05 (BENJAMINI 

and HOCHBERG 1995)) according to growth phase, temperature and strain, for all 16 contrasts, 

are presented in a Microsoft Office Excel spreadsheet on CD-ROM (see Appendix A.5).   

(i)   Growth phase 

The first comparison looked at the stage of fermentation: early fermentation/exponential 

growth (exp) vs. mid-late fermentation/stationary growth (stat).  These contrasts were made 

for the M2 parent at 12.5°C and 25°C, and for the four F1 hybrids at 12.5°C.  In all six 

contrasts, the exp sample was used as the reference condition.   

(ii)   Temperature 

The second comparison looked at low temperature effects in the M2 parent only, e.g. 12.5°C 

vs. 25°C.  Two contrasts were made based on fermentation stage (exp and stat).  In both 

contrasts, the 25°C sample was used as the reference.   

1 2 

1 

2 
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(iii)   Strain 

For the third comparison, differential expression was compared between the four F1 hybrids 

and M2 at low temperature, at both exp and stat.  All contrasts were made using M2 at 

12.5°C as the reference, as shown in Figure 4-6. 

 M2 25 M2 12.5 MxY 12.5 MxS 12.5 MxL 12.5 MxB 12.5 

 
 

  
  

 

Exp 
      

   
 

   

    
  

 

Stat 
     

 

       

 

Figure 4-6: Diagram illustrating the 16 contrasts made for gene expression microarrays. The various 

arrows relate to 1 = fermentation phase, 2 = temperature and 3 = F1 hybrid differences.  Comparison 1 

(blue arrows): early fermentation (exp) vs. mid-late fermentation (stat) for M2 at 25°C (1a), M2 at 12.5°C 

(1b), MxY at 12.5°C (1c), MxS at 12.5°C (1d), MxL at 12.5°C (1e) and MxB at 12.5°C (1f).  Comparison 2 

(red  arrows): 12.5°C vs. 25°C in M2 Ura- at exp (2a) and stat phase (2b).  Comparison 3 (green arrows): 

difference in low temperature gene expression between M2 and the four F1 hybrids at exp (3a-d) and stat 

(3e-h). 

4.6. Comparison 1:  Growth phase 

Table 4-1 shows the number of differentially regulated genes in the comparison between exp 

and stat in M2 and the four F1 hybrids out of a total of 5716 genes analysed. 

Table 4-1:  Number of differentially expressed genes compared between early fermentation (exp) and 

mid-late fermentation (stat) for M2 at 25°C and 12.5°C and the four F1 hybrids at 12.5°C. 

Sample Up at stat (vs. exp) Down at stat (vs. exp) Total at stat (vs. exp) 

M2 25 1363 1364 2727 

M2 12.5 1118 1220 2338 

MxY 12.5 1017 977 1994 

MxS 12.5 856 939 1795 

MxL 12.5 1289 1387 2676 

MxB 12.5 1258 1422 2680 

Average 1150 1218 2368 

 

To identify genes differentially expressed at both temperatures, Venn diagrams were 

constructed using Venny software (J. C. Oliveros (2007) 
http://bioinfogp.cnb.csic.es/tools/venny/index.html) (Figure 4-7 A-F).  Figure 4-7A and B 

shows that just over half (58 %) of the differentially regulated genes at 25°C also showed 

expression differences at 12.5°C (922 up, 943 down).  The remaining genes (441 up at 25°C, 

1a 1b 

2a 

2b 

3a 
3b 

3c 
3d 

3e

e 3f

e 
3g

e 
3h

e 

1c 1d 1e 1f 

http://bioinfogp.cnb.csic.es/tools/venny/index.html
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196 up at 12.5°C; 421 down at 25°C and 277 down at 12.5°C) were either temperature-

specific or represent false positives.  Therefore, temperature has a large influence on gene 

expression differences between exp and stat.   

Figure 4-7C and D shows that there were 898 genes that were co-regulated across the F1 

hybrids at stat vs. exp during cold fermentation (500 up, 398 down).  M2xS288c was the 

most different F1 hybrid compared to the other three, as it had the greatest number of 

differentially expressed genes (186 up, 359 down, see yellow segments).  Additionally, when 

looking at the four different three-way comparisons between F1 hybrids, the comparison 

excluding M2xS288c had an average of 24-fold more shared genes (350 up, 405 down, see 

brown segments).  When examining the two-way comparisons between F1 hybrids, M2xL-

1528 and M2xBC187 were the most similar, with an average of 9-fold more shared genes 

than the other pairs of strains (188 up, 352 down, see upper right-hand green segments).   

Figure 4-7E and F compares the 500 upregulated and 398 downregulated genes that were 

differentially expressed in all F1 hybrids against the genes that were differentially expressed 

in M2 Ura- at both 12.5°C and 25°C during fermentation (1559 up, 1641 down).  There were 

446 upregulated genes and 337 downregulated genes shared between all six stat comparisons.  

Many genes were differentially expressed in M2 only, and not in the F1 hybrids (see blue and 

yellow circles and their overlap).  In contrast, most genes co-regulated between the four F1 

hybrids were also differentially expressed in M2.   

To conclude, there were on average ~2400 gene changes in stat vs. exp in M2 and the F1 

hybrids, representing 40 % of the yeast genome.  For M2, there were more changes in gene 

expression related to growth phase at higher temperature.  M2xS288c was the most different 

of the four F1 hybrids in relation to gene expression at stat vs. exp and M2xL-1528 and 

M2xBC187 were the most similar in the pair-wise comparisons of all four.  There were 

common changes at stat in all six comparisons:  446 genes upregulated and 337 genes 

downregulated.   
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Figure 4-7:  Venn diagrams displaying the number of genes up- and/or downregulated at mid-late 

fermentation (stat) relative to early fermentation (exp) in M2 at 25°C and 12.5°C and in the four F1 

hybrids at 12.5°C.  A = Up in M2 at 25°C (blue) and 12.5°C (yellow).  B = Down in M2 at 25°C (blue) and 

12.5°C (yellow).  C = Up in M2xY55 (blue), M2xS288c (yellow), M2xL-1528 (green) and M2xBC187 (red).  

D = Down in M2xY55 (blue), M2xS288c (yellow), M2xL-1528 (green) and M2xBC187 (red).  E = Up in 

M2 at 25°C (blue), M2 at 12.5°C (yellow) and the F1 hybrids at 12.5°C (green).  F = Down in M2 at 25°C 

(blue), M2 at 12.5°C (yellow) and the F1 hybrids at 12.5°C (green).  Venn diagrams were constructed 

using Venny software. 

 

 

A. UP STAT vs. EXP B.  DOWN STAT vs. EXP 

E. UP STAT vs. EXP F.  DOWN STAT vs. EXP 

C. UP STAT vs. EXP D.  DOWN STAT vs. EXP 
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4.6.1. Core set of stationary phase changes 

The genes that were differentially regulated in all six comparisons were considered to be a 

core set whose transcript levels are influenced by the shift from exp to stat.  The 446 

upregulated and 337 downregulated genes were classified into 18 MIPS categories (Figure 

4-8).   

 

Figure 4-8:  Percentage (%) of genes differentially regulated relative to total genes in genome per 

category at mid-late fermentation (stat) vs. early fermentation (exp) in all six contrasts (M2 Ura- at 25°C, 

M2 Ura- at 12.5°C, and the four F1 hybrids at 12.5°C).  The total number of genes per category is shown 

in brackets beside the category name.  Unchanged expression = grey.  Upregulated = red.  Downregulated 

= blue.  FunCatDB using MIPS classification identified 443/446 upregulated genes and 336/337 

downregulated genes. 

Energy was the most over-represented MIPS category (22 % genes in category differentially 

expressed = 152 genes), with the greatest percentage of upregulated genes (19 % = 70 genes).  

The energy subcategories with the most upregulated genes were respiration (22 genes), and 

metabolism of energy reserves (19 genes) (data not shown).  Metabolism was the most over-

represented category by gene number (16 % = 253 genes), with the greatest total number of 

up- and downregulated genes at stat of any category (148 and 105 genes respectively).  

Within this category, the subcategory with the most upregulated genes was C-compound and 

carbohydrate metabolism (67 genes) (data not shown).  Paradoxically, C-compound and 

carbohydrate metabolism was also the major metabolism subcategory downregulated at stat.   
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Ninety-three of the genes upregulated at stat have previously shown the same behaviour in 

the literature, and have been termed fermentation stress response (FSR) genes (MARKS et al. 

2008).  So far 224 FSR genes have been identified (MARKS et al. 2008).   Additionally, 53 of 

the 443 upregulated genes were also induced at stationary phase in aerobic rich media (YPD) 

by MARTINEZ et al. (2004) (out of 127 identified genes).   

The greatest percentage of downregulated genes was in the protein synthesis category (13 % 

= 63 genes).  The protein synthesis subcategories with the most downregulated genes were 

ribosome biogenesis (54 genes) and translation (10 genes) (data not shown).  The 

downregulation of genes in the protein synthesis category is consistent with previous findings 

in ROSSIGNOL et al. (2003) and DEED et al. (2011).   

4.6.2. Specific low temperature effect on stationary phase changes 

To analyse whether low temperature affects the transition from exp to stat, gene expression 

differences between 25°C and 12.5°C were analysed.  Table 4-1 shows that more genes 

changed expression during this transition at 25°C, rather than at 12.5°C.  Figure 4-7 shows 

that in addition to the 783 genes (446 up and 337 down) regulated at stat at both 

temperatures, there were 825 genes (425 up and 400 down) regulated at stat at 25°C and not 

at 12.5°C and 57 genes (28 up and 29 down) regulated at stat at 12.5°C and not at 25°C.  

These numbers clearly show that the total number of gene expression changes in M2 between 

stat and exp was greater at 25°C than at 12.5°C.  In addition, the magnitude of the change 

was greater.  For example, within the ribosome biogenesis subcategory, ribosomal proteins 

encoding components of the large subunit (60S) (RPL genes) and small subunit (40S) (RPS 

genes) displayed less downregulation at 12.5°C compared to 25°C (average of 3.5-fold less 

downregulated in the cold for RPL genes and 3.3-fold less for RPS genes, see Appendix A.6, 

Table A-2).  These differences suggest that yeast fermented at the optimal temperature of 

25°C, undergo a ‘more drastic’ transition from exp to stat than those grown in the cold.   

The next focus was on the 57 genes in the opposite category – those regulated during the exp 

to stat transition only in the cold.  Twenty-nine genes were upregulated and 28 genes were 

downregulated in all five cold fermentation comparisons at stat vs. exp, but were not in the 

M2 fermentation at 25°C.  Table A-3 (Appendix A.7) shows a list of these genes and their 

functions.  The 57 genes had various roles, including aroma compound production (ARO9 

and ARO10, downregulated) and pseudohyphal growth (DIA1 and STE12, upregulated; 

HMS2 downregulated), both of which may reflect the different nitrogen requirements of cold-
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fermented cells compared to those fermented at optimal temperatures (GANCEDO 2001; 

BELTRAN et al. 2007).  In addition, three genes involved in the cell cycle were differentially 

upregulated at stat vs. exp in the cold (CLG1, MSA1 and PIN4).  The same result was found 

by BELTRAN et al. (2006), who suggested that the differential expression was due to cells not 

shutting down the cell cycle to the same extent at 12.5°C as at 25°C.  BELTRAN et al. (2006) 

argued that the maintenance of the cell cycle in the cold was accompanied by higher cell 

viability; however, they could not confirm causality (BELTRAN et al. 2006).  Other studies 

that show higher yeast cell viability during fermentation at low temperatures claim that 

increased survival is due to enhanced ethanol resistance from increased sterol production 

(TORIJA et al. 2003; CHANEY et al. 2006). 

A third group of cold-regulated genes is involved in cell wall and membrane remodelling 

(YSR3, YCR007C, YLR194C and CRZ1, upregulated), and may reflect the changes that occur 

in the composition of the cell membrane during cold stress.  Yeast increase the fluidity of the 

cell membrane and stabilise the cell wall to counteract the cold-induced rigidification of 

membrane lipids (BENEY et al. 2001; BELTRAN et al. 2008).  In addition to genes with known 

functions, 21 % (three up- and nine downregulated) of the cold-specific stat vs. exp genes 

represent those with unknown functions.  The expression of a significant proportion of 

uncharacterised genes suggests that there are still many important cold-specific genes to be 

characterised.     

4.7. Comparison 2:  Temperature 

Significant differences in gene expression were compared between two temperatures, 12.5°C 

and 25°C, in the M2 Ura- wine yeast during SB fermentation.  These differences were 

compared at the early (exp) and mid-late (stat) stages of fermentation, shown as comparison 2 

in Figure 4-6.  There were 980 different genes differentially expressed at 12.5°C-

fermentation vs. 25°C, with more changes at stat than at exp, as shown in Figure 4-9. 

Of the 980 genes, only 38 were differentially expressed at both exp and stat in the cold in the 

same direction (see Figure 4-9).  The list of these genes and their M-values can be found in 

Appendix A.8, Table A-4.  Twenty four genes were upregulated and 14 downregulated in 

cold fermentation at both time points, demonstrating increases ranging from 2.1- to 4.8-fold.  

Amazingly, fully half of the upregulated genes encode unclassified proteins (12/24).  Only 

one of the downregulated genes, YGR031W, has not been characterised. 
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Figure 4-9:  Euler diagram displaying the number of genes up- and/or downregulated at 12.5°C vs. 25°C 

during wine fermentation in M2 Ura- at early (exp) and mid-late (stat) fermentation (980 genes total).   

Once again, nitrogen metabolism was the primary category represented amongst the 

characterised differentially expressed genes at low temperature.  The most highly 

downregulated gene was IRC7, a cystathionine β-lyase known to be regulated by nitrogen 

catabolite repression (NCR) (SCHERENS et al. 2006).  Downregulated genes linked to amino 

acid transport (DIP5, amino acid permease) and catabolism (CHA1, serine/threonine 

deaminase; PUT1, proline usage) are also consistent with differences in nitrogen availability 

and usage based on temperature (see Section 4.7.1).  Oxidative stress (GTO1, glutathione 

transferase; PEX27, peroxisome function) also featured in the set of upregulated genes at both 

exp and stat in the cold (see Section 4.7.5). 

All 980 cold-regulated genes were placed into the 18 MIPS categories to determine the 

metabolic pathways that had been most affected by cold fermentation compared to 

fermentation at 25°C.  Figure 4-10 shows that the distribution of 980 genes into the 18 major 

categories did not identify any outstanding differences between the different functional 

groups.  No categories had more than 20 % of all genes differentially expressed, and 8/18 had 

over 15 % percent of genes within that category differentially expressed.  These results 

suggest that low temperature has a wide-reaching influence across all aspects of the yeast 

transcriptome.   
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Figure 4-10: Graph showing percentage (%) of genes differentially regulated relative to total genes in the 

genome per category at 12.5°C vs. 25°C during wine fermentation in M2 Ura-, combining both early (exp) 

and mid-late (stat) fermentation phase changes.  Genes that were either upregulated or downregulated in 

both exp and stat were included in both sets.  The total number of genes per category is shown in brackets 

beside the category name.  Unchanged expression = grey.  Upregulated = red.  Downregulated = blue.  

FunCatDB using MIPS classification identified 966/980 genes. 

To obtain information on specific pathways that were most influenced during cold 

fermentation, the 980 genes in 18 MIPS categories were broken down into subcategories and 

sub-subcategories and analysed for cold-regulated genes.  Pathways with ≥ 50 % genes 

differentially expressed within that category were considered to be most influenced by the 

cold and were analysed further.  Out of 302 sub-subcategories, 32 showed cold regulation of 

≥ 50 % genes within that pathway.  A few pathways, such as sulfate/sulfite transport and 

sulfate homeostasis contained the same differentially expressed genes, so were merged into 

one category, leaving 25 different pathways strongly influenced by cold fermentation. The 

list of pathways and genes in Table 4-2 shows that there were five major areas of yeast 

metabolism influenced by cold fermentation:  nitrogen, iron, sulfur, vitamins and oxidative 

stress.   
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Table 4-2:  Pathways most influenced by cold fermentation, showing induction of genes ≥ 2-fold 

differentially expressed at early (exp) and mid-late (stat) fermentation.  The number of genes 

differentially expressed relative to the total genes in the set is given for the 25 sub-subcategories listed 

below.  Upregulated = red.  Downregulated = blue.  Pathways influenced by cold can be broken down into 

five main themes (left-hand side of table):  nitrogen (blue), iron (red), sulfur (green), vitamins (orange) 

and oxidative stress (purple).  *CYC3, encoding a cytochrome c heme lyase, was placed within the 

vitamin/cofactor section by FunCatDB, but will be discussed within the iron section in this thesis.       

 Functional category Sub-subcategory Total Gene Exp Stat 

 Amino acid metabolism Proline degradation 2/4 PUT1  2.06 2.79 
    PUT2 ns 2.04 
 

 
Tryptophan degradation 1/1 BNA3 ns 2.34 

 

 
Serine/threonine degradation 1/1 CHA1 2.36 2.54 

 

 
Phenylalanine degradation 1/1 ARO10 3.69 ns 

 

 
Tyrosine biosynthesis 1/2 TYR1 ns 2.01 

 

 
Aspartate biosynthesis/degradation 1/2 AAT1 ns 2.77 

N 

 
Arginine degradation 2/3 CAR1 2.06 3.64 

I    PUT1 2.06 2.79 
T 

 
Urea metabolism 3/6 ARG1  3.87 2.84 

R    ARG3 2.29 ns 
O    CAR1 2.06 3.64 
G 

 
Polyamine degradation 2/4 ALD2  ns 2.23 

E    OAZ1 ns 2.21 
N 

 
Glycine degradation/C1 compound 4/6 GCV1  ns 4.69 

  catabolism  GCV2 ns 3.92 
    GCV3 ns 2.42 
    SHM2 ns 3.25 
 Secondary metabolism Acetic acid derivatives  1/2 YNL045W ns 2.36 
 

 
Alkaloid metabolism 1/2 ARO9 4.20 ns 

 

 
Aspartic acid/threonine 2° metabolism 1/1 SRY1 2.33 ns 

 

 
Tryptophan 2° metabolism 1/1 FMO1 5.98 2.40 

 Fungal cell type differentiation Hyphae formation 1/2 SFG1 ns 2.22 
 Cofactor binding Heme binding 1/2 HMX1 ns 2.36 
 Electron transport Heme-regulated energy conservation 1/2 CYT1 2.13 ns 
I Substrate transport Siderophore-iron transport 6/12 ARN1  2.61 ns 
R    ARN2 2.20 2.05 
O    FET3 ns 3.33 
N    FRE4 4.64 ns 
 

  
 FTR1 ns 2.18 

    SIT1 2.01 ns 
 

 
Sulfate/sulfite transport and sulfate 2/3 SUL1  13.88 ns 

S 

 
homeostasis  SUL2 ns 3.48 

U Sulfur metabolism Sulfur metabolism/sulfate assimilation 5/8 MET3  ns 2.54 
L 

  
 MET5 ns 2.96 

F    MET10 ns 2.62 
U    MET14 ns 2.34 
R    MET16 ns 3.05 
 

 
Sulfur reduction 1/1 MET16 ns 3.05 

 

 
Sulfate conjunction 1/1 MET3 ns 2.54 

V Vitamin/cofactor metabolism Utilization of vitamins and cofactors 3/6 BPL1 ns 3.94 
 

  
 PHO3 ns 4.56 

 

  
 *CYC3 ns 3.01 

O Respiration Anaerobic respiration 2/4 AAC3  ns 2.42 
X    COX5B 2.38 ns 
 Detoxification Catalase reaction 1/2 CTA1 ns 2.91 
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4.7.1. Nitrogen and amino acid metabolism 

Table 4-2 shows that three functional categories related to nitrogen: amino acid metabolism, 

secondary metabolism and fungal cell type differentiation, comprised the largest group of 

changes in cold fermentation compared to 25°C.  Out of the 10 sub-subcategories in amino 

acid metabolism, eight were involved in amino acid degradation.  Differential expression in 

amino acid degradation occurred in both directions and at the two different time points, 

suggesting that there was not a simple shift in amino acid degradation.  The expression 

changes in genes from amino acid pathways and secondary metabolism would likely 

influence the production of aroma compounds in the wine, since the activity of most enzymes 

in the aroma biosynthetic network are co-regulated by TFs that are related to amino acid and 

nitrogen availability (MILLER et al. 2007; GARDE-CERDAN and ANCIN-AZPILICUETA 2008; 

ROSSOUW et al. 2008).  The differential expression of genes involved in the pseudohyphal 

growth pathway in S. cerevisiae, e.g. SFG1 (regulator) and MUC1/FLO11 (flocculin) is likely 

a by-product of stress and differing nitrogen usage in the cold, and is not accompanied by any 

changes in cellular morphology (GANCEDO 2001; FUJITA et al. 2005; BELTRAN et al. 2006).  

These multiple changes in nitrogen-regulated pathways in the cold are consistent with a 

major change in nitrogen supply and/or nitrogen requirements during cold fermentation.   

4.7.2. Iron transport and metabolism  

Iron metabolism was numerically one of the top three pathways affected by cold 

fermentation, with nine differentially expressed genes in Table 4-2 (CYC3, CYT1 and HMX1, 

heme metabolism (N.B. FunCatDB had placed CYC3 within vitamin/cofactor metabolism); 

and ARN1, ARN2, FET3, FRE4, FTR1 and SIT1, iron transport/homeostasis).  Five genes 

required for iron uptake were downregulated at exp, while four were upregulated at stat.  To 

examine these changes further, and relate them to the requirement of iron to synthesise 

mitochondrial iron-sulfur clusters (ISCs), Figure 4-11A and B shows cold-related changes in 

gene expression placed onto the yeast iron and copper metabolic pathway, at both exp and 

stat. 
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Figure 4-11:  Simplified version of the iron metabolic pathway showing differentially regulated genes at 

12.5°C vs. 25°C.  A = Early fermentation (exp).  B = Mid-late fermentation (stat).  Unchanged expression 

= grey.  Upregulated genes = red.  Downregulated genes = blue.  Organelles are coloured as follows:  

mitochondrion = pale blue; vacuole = pale orange; Golgi body = pale pink; and nucleus = pale green.  The 

diagram was adapted from DE FREITAS et al. (2004) and RUTHERFORD and BIRD (2004).  Mapman 

software was utilised to plot gene changes.    

A 

B 
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The downregulation at cold exp of six genes that are typically induced under iron deprivation, 

and required for iron uptake (FRE1, FRE2, FRE4, SIT1, ARN1 and FIT2) (Figure 4-11A), 

indicates that the cold fermentation was more iron-sufficient than the 25°C fermentation 

(RUTHERFORD and BIRD 2004).  FRE1 and FRE2 were both downregulated (3.8-fold and 8.8-

fold respectively), and encode plasma membrane metalloreductases reducing Fe III to Fe II 

for high-affinity iron uptake by the iron permeases, Ftr1p and Fet3p (HASSETT et al. 1998).  

The metalloreductase, FRE4 (down 4.6-fold), also reduces iron found on specific 

siderophores (YUN et al. 2001).  Four genes required for siderophore iron uptake (ARN1, 

ARN2, SIT1/ARN3 and FIT2) and one gene encoding a scaffold protein for mitochondrial 

iron-sulfur clusters, ISU1, were also downregulated at cold exp.  COX17, encoding a 

chaperone which transfers copper to cytochrome c oxidase involved in the copper pathway 

was upregulated 2.9-fold, suggesting that low temperature has an effect on copper, as well as 

iron transport (MAXFIELD et al. 2004).   

At cold stat, the pattern of regulation changed significantly and showed the influence of the 

copper pathway on iron metabolism at low temperature (Figure 4-11B).  The copper-

responsive TF, MAC1, and four Mac1p-responsive genes (CTR1 and CTR2, copper 

permeases; CCS1, copper chaperone; and FRE1, metalloreductase) were downregulated, 

indicating that the cold stat cells were more copper-sufficient.  Paradoxically, the gene 

encoding Ctr3p, another Mac1p-responsive copper permease, was upregulated 4.6-fold, 

indicating that there may be another level of Mac1p-independent regulation influencing 

specific genes.  As well as these changes in Mac1p-regulated copper genes, a number of 

genes involved in iron uptake metabolism were expressed more highly in stat: FET3, FRE2, 

and FTR1.  There was also an influence on mitochondrial iron and copper transport: MRS4, 

encoding a mitochondrial iron/copper permease was downregulated 2.2-fold, and MMT2, 

encoding a metal transporter for mitochondrial iron accumulation was upregulated 5.7-fold.  

Collectively, the influence of low temperature on mitochondrial iron and copper uptake at stat 

may represent the requirement of iron for the synthesis of mitochondrial ISCs, to minimise 

free radicals and prevent excessive iron accumulation (CRAIG et al. 1999; CRISP et al. 2003).     

4.7.3. Sulfur metabolism 

The second largest cluster of transcriptional changes occurred in sulfur metabolism, where 

seven genes in four MIPS sub-subcategories, were differentially expressed by low 

temperature (Table 4-2).  These were SUL1 and SUL2 involved in sulfate/sulfite transport and 
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homeostasis; and MET3, MET5, MET6, MET10, MET14, MET16 and MET17 involved in 

sulfur reduction and sulfate conjunction/assimilation.  Figure 4-12A and B shows pathways 

of sulfur-related metabolism to illustrate the low-temperature influenced gene expression 

changes at exp and stat.   

 

Figure 4-12:  Simplified version of the sulfur metabolic pathway with differentially-regulated genes at 

12.5°C vs. 25°C.  A = Early fermentation (exp).  B = Mid-late fermentation (stat).  Unchanged expression 

= grey.  Upregulated genes = red.  Downregulated genes = blue.  The black triangle represents carriers of 

methyl groups (methyltransferases).  The diagram was adapted from DONALIES and STAHL (2002) and 

STIPANUK and DOMINY JR. (2006). 

There were clear differences between sulfur metabolism at 12.5°C compared to 25°C, as well 

as between fermentation phases in the cold (Figure 4-12A and B).  At cold exp, SUL1, 

encoding one of two yeast high-affinity sulfate permeases was upregulated 13.9-fold (the 

most highly upregulated gene at exp in the cold), and SSU1, encoding the yeast sulfite pump, 

was downregulated 2.7-fold.  Additionally, the gene encoding the high-affinity cysteine 

transporter, YCT1, was upregulated 13.5-fold at cold exp (see Appendix A.5).  YCT1 is 

known to be regulated by sulfur and highly expressed in cells which have low sulfur and 

glutathione, which typically leads to the sulfur assimilation pathway (for sulfate reduction) 

being upregulated (KAUR and BACHHAWAT 2007).  At cold stat, almost the entire sulfur 

assimilation pathway was upregulated, including MET17 and MET6 (not in Table 4-2), and 

the permease SUL2 to import sulfate.  The differences between sulfur metabolism at exp and 

stat may be a product of different cellular requirements based on phase.  For example, the 

maintenance of intracellular sulfur levels at exp vs. an increased production of cysteine, 

methionine and glutathione for detoxification at stat (KAUR and BACHHAWAT 2007).    

A B 
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The widespread upregulation of the sulfur assimilation pathway and of YCT1, encoding the 

high-affinity cysteine transporter, suggests that the 12.5°C ferment was more limiting for 

sulfur than the 25°C ferment.   

4.7.4. Vitamin and cofactor metabolism  

Several low temperature changes in gene expression gave a consistent picture of reduced 

metabolism in the biotin pathway and increased metabolism in the thiamine pathway.  Three 

genes, BPL1, BIO5 and VHT1 mediating biotin modification of proteins, uptake and 

precursor transport, were downregulated 3.9-fold, 2.4-fold and 2.1-fold respectively at low 

temperature (Table 4-2 and Appendix A.5).  Two biotin biosynthetic genes, BIO2 and BIO3, 

were also downregulated at stat by 2.5-fold (Appendix A.5).  Thiamine metabolism appeared 

to be increased due to lower thiamine availability in the cold at stat, based on the 

upregulation of PHO3, encoding an enzyme that hydrolyses thiamine phosphates to increase 

intracellular thiamine levels, and the repression of three genes that are typically induced in 

the absence of thiamine: SNO3 (2.5-fold), THI22 (2.4-fold) and THI73 (2.7-fold). 

4.7.5. Respiration and oxidative stress 

Genes involved in the respiration chain were upregulated at exp and stat during cold 

fermentation; for example, COX5B encoding an isoform of the cytochrome c oxidase subunit 

and AAC3, encoding a mitochondrial inner membrane ADP/ATP translocator (Table 4-2).  

Aac3p has roles in the maintenance of cell viability under oxidative stress.  It is unlikely that 

there were any differences in oxygen content between the 12.5°C and 25°C fermentations, 

suggesting that transcriptional differences in respiratory genes is part of the response to low 

temperature.  However, there was a greater incidence of oxidative stress in the cold, as 

indicated by the upregulation of CTA1, encoding a catalase to detoxify hydrogen peroxide (up 

2.9-fold at stat).  Oxidative stress is known to occur in fermenting yeast through the 

production of ethanol, (LANDOLFO et al. 2008; TREVISOL et al. 2011) and research by ZHANG 

et al. (2003) has shown that oxidative stress, particularly hydrogen peroxide production, is a 

serious problem for yeast during temperature downshifts.   

4.7.6. Expression of known cold-induced genes 

Genes encoding proteins that were identified by previous authors to be differentially 

expressed under cold stress, were analysed for their gene expression patterns in M2 at 12.5°C 

vs. 25°C.  A very low level of agreement was found between the data in this thesis and those 
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of BELTRAN et al. (2006), who compared transcript levels during fermentation at 13°C vs. 

25°C.  These authors found that four genes, TIR1, PAU1, ZEO1 and SRL1, related to 

hypoxia/cold shock and membrane fluidity, were upregulated at early cold fermentation.  

None of these genes showed significant differential expression in this research.  BELTRAN et 

al.. (2006) also found that the master TF of the stress response, MSN1, was upregulated at 

early cold fermentation.  This was also not the case for M2 gene expression.  Additionally, 

from the set of eight genes involved in drug resistance and metal detoxification, that were 

upregulated in BELTRAN et al. (2006), only ATX2 was upregulated in M2 at cold stat.  Neither 

of the two upregulated genes encoding chaperones (YRO2 and TCM62) from BELTRAN et al. 

(2006), were upregulated in M2; in fact YRO2 was downregulated in M2 exp in the cold.  

Lastly, none of the 10 ‘cold-sensitive’ genes identified in BELTRAN et al. (2006) were 

differentially expressed by M2 in the cold.  There was some overlap with the data and those 

of SAHARA et al. (2002), who identified a set of genes which are commonly upregulated in the 

cold during aerobic growth (TIP1, TIR1, TIR2 and NSR1 at early-mid phase; and HSP12 and 

HSP26 at late phase).  In M2, low temperature fermentation did not affect TIP1 or TIR1 

transcription.  However, TIR2 was upregulated 3.9-fold at exp and NSR1 was upregulated 

2.6-fold at stat.  HSP12 was upregulated 2.5-fold at exp, but unaffected at stat, and HSP26 

was downregulated 2.5-fold at exp, and also unaffected at stat. 

4.7.7. Summary remarks for comparison 2 

The comparison between transcript levels at 12.5°C compared to 25°C in M2 during 

fermentation identified five major aspects of yeast metabolism that were influenced by the 

cold:  nitrogen, iron/copper, sulfur, vitamins and oxidative stress.   All but one of these facets 

of yeast metabolism were related to the availability of nutrients essential for growth.   

Because of the apparent differences between nutrient requirements and availability at 12.5°C 

compared to 25°C, a fermentation experiment with increased concentrations of nitrogen, 

iron/copper, sulfur and vitamins, was performed using M2 in 07 SB juice.  However, the 

experimental results did not show any significant effect of increased supplementation of these 

nutrients on either fermentation rate or cell numbers, indicating that these nutrients are not 

limiting in the cold (see Appendix A.9, Figure A-3 and Figure A-4). 
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4.8. Comparison 3:  Strain 

Gene expression was analysed between four F1 yeast hybrids derived from crosses between 

M2 Ura- and four different S. cerevisiae strains, against the M2 Ura- parent.  All strains were 

fermented at low temperature in 07 SB juice.  Comparisons were made for both exp and stat 

(this analysis corresponds to comparison 3 in Figure 4-6).  Table 4-3 shows the numbers of 

genes differentially regulated at exp and stat for the four F1 hybrids against M2. 

Table 4-3:  Number of differentially expressed genes in the cold between four F1 hybrids and M2.  Early 

fermentation = exp.  Mid-late fermentation = stat.   

Strain Up exp Down exp Total exp Up stat Down stat Total stat 

M2xY55 66 109 175 130 332 462 

M2xS288c 390 410 800 407 712 1119 

M2xL-1528 346 509 855 356 466 822 

M2xBC187 248 427 675 311 386 697 

 

The wide range in the number of gene differences between the four F1 hybrids demonstrates 

that they possess very different patterns of transcriptional regulation during cold 

fermentation.  The M2xY55 hybrid had the least number of differences compared to M2 Ura- 

at exp and stat, followed by M2xBC187. M2xL-1528 had the highest number of differences 

at exp, while M2xS288c had the most at stat.  Venn diagrams in Figure 4-13 were used to 

identify the overlap between the differentially regulated genes across the F1 hybrids.  The 

data confirm that the M2xY55 hybrid had the least number of hybrid-specific differentially 

regulated genes (see blue segments in Figure 4-13) and the M2xS288c hybrid had the most 

differentially expressed genes that were specific to this hybrid and not shared between any of 

the other hybrids at exp and stat (see yellow segments in Figure 4-13).  Between any two 

hybrids, M2xL-1528 and M2xBC187 shared the most number of differentially-regulated 

genes at exp and stat, up- and downregulated. 
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Figure 4-13:  Venn diagrams showing overlap of differentially regulated genes between the four F1 

hybrids (M2xY55 = MxY; M2xS288c = MxS; M2xL-1528 = MxL; M2xBC187 = MxB) against the M2 

Ura- parent at 12.5°C fermentation.  A = Genes upregulated at early fermentation (exp).  B = Genes 

downregulated at early fermentation (exp).  C =  Genes upregulated at mid-late fermentation (stat).  D = 

Genes downregulated at mid-late fermentation (stat).  Venn diagrams were constructed using Venny 

software. 

4.8.1. Patterns of global gene expression between the four M2 F1 hybrids 

To compare global patterns of gene expression between the F1 hybrids and to identify genetic 

similarities between the transcriptional responses, plots were constructed that correlated the 

expression values (M-values) against M2 for all genes for each possible two-way hybrid 

pairing (Figure 4-14 displays exp values and Figure 4-15 displays stat values).  Pearson 

correlation coefficients (R values) quantified the degree of similarity between F1 hybrids.   

 

 

A. UP EXP B. DOWN EXP 

C. UP STAT D. DOWN STAT 
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Figure 4-14:  Pair-wise comparison of gene expression values (M-values) against M2 Ura-, between each 

F1 hybrid (M2xY55, M2xS288c, M2xL-1528 and M2xBC187) during early fermentation (exp) at 12.5°C. 

R = 0.846 

R = 0.211 

R = 0.572 R = 0.211 

R = 0.569 

R = 0.226 
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Figure 4-15:  Pair-wise comparison of gene expression values (M-values) against M2 Ura-, between each 

F1 hybrid (M2xY55, M2xS288c, M2xL-1528 and M2xBC187) during mid-late fermentation (stat) at 

12.5°C. 

For both exp and stat, the F1 hybrids M2xL-1528 and M2xBC187 displayed the greatest level 

of similarity in their transcriptional response against the M2 reference (R = 0.846 for exp and 

R = 0.876 for stat, see Figure 4-14 and Figure 4-15).  M2xS288c and M2xL-1528 displayed 

the most different transcriptional response (R = 0.211 for exp and R = 0.139 for stat).  

Interestingly, M2xY55 vs. M2xS288c was very different at exp (R = 0.211) but more similar 

at stat (R = 0.533).   

R = 0.302 

R = 0.139 

R = 0.876 R = 0.164 

R = 0.375 

R = 0.533 
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4.8.2. Genes differentially expressed between all four F1 hybrids against M2 

To examine the similarities between the transcriptional responses, the genes in exp and stat 

that were either ≥ 2-fold up- or downregulated across all four F1 hybrids, when compared to 

the M2 reference, were analysed (see central numbers in Figure 4-13).  The genes identified 

using this screen were those which have altered expression in the M2 parent compared to the 

four F1 hybrids.  At exp, there were 22 such genes differentially expressed (9 upregulated and 

13 downregulated) and 80 genes at stat (15 upregulated and 65 downregulated) (the full list 

presented in Appendix A.10, Table A-5 (exp) and Table A-6 (stat)).  Half of these genes (3/9, 

3/13, 5/15 and 40/65) encode proteins with unknown functions.  Only two upregulated genes, 

SOR2 and MPH2, are known to be fully deleted in M2 (based on gene deletions identified in 

WE372 by SCHACHERER et al. (2009), SI2).  Only three out of the 102 genes had been 

previously identified by other authors with roles in cold fermentation: YRO2, encoding a 

cold-stress induced chaperone, DAN3, encoding a cell wall mannoprotein, and STL1, 

encoding a glycerol/proton symporter for glycerol accumulation (Appendix A.10, Table A-5 

(YRO2) and Table A-6 (DAN3 and STL1)).  Many of the transcriptional differences between 

the F1 hybrids and M2 were within categories that are known to be variable across different S. 

cerevisiae strains during fermentation and environmental stress (CARRETO et al. 2011).  

These categories include upregulated genes involved in nitrogen/amino acid metabolism and 

the stress response, such as cell wall stability and oxidative stress; and downregulated genes 

involved in the cell cycle, hexose transport, protein degradation, RNA processing and 

ribosome biogenesis.   

4.8.3. Identification of pathways differentially expressed between all four F1 hybrids 

against M2 

The up- and downregulated genes for all four F1 hybrids were analysed using FunCatDB 

software to identify shared MIPS pathways that were differentially regulated during cold 

fermentation in the F1 hybrids compared to the M2 parent.  Figure 4-16 and Table 4-4 

confirm that the percentage of downregulated genes per pathway at exp and stat was greater 

than the percentage of upregulated genes.  The major MIPS class with the highest proportion 

of differentially expressed genes was development, with approximately half of all 

developmental genes differentially expressed at stat across the F1 hybrids.  The protein 

synthesis category was interesting, as it had the largest imbalance in the ratio of upregulated 

to downregulated genes in the F1 hybrids against M2.   
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Figure 4-16:  Graph showing percentage (%) of genes differentially regulated relative to total genes in the 

genome per category at 12.5°C during wine fermentation in M2xY55, M2xS288c, M2xL-1528 and 

M2xBC187 at early (exp) and mid-late (stat) fermentation compared to the M2 reference.  Unchanged 

expression = grey.  Upregulated at exp = red.  Downregulated at exp = green.  Upregulated at stat = 

orange.  Downregulated at stat = blue.  MIPS categories were identified using FunCatDB. 

To identify metabolic pathways of interest at exp and stat, the 18 MIPS classes were broken 

down into their respective subcategories.  Table 4-4 shows subcategories with ≥ 50 % genes 

differentially expressed within that category, that were considered to be differentially 

regulated pathways in the F1 hybrid yeast compared to M2.  The large number of different 

nitrogen-related subcategories (11 at exp and 17 at stat) indicates that the F1 hybrids differ in 

amino acid usage compared to the M2 parent, as suggested in Section 4.8.2.  Different S. 

cerevisiae strains are known to vary widely in their preference for the utilisation of 

alternative nitrogen sources and the mechanism of NCR during fermentation is influenced by 

temperature (BELTRAN et al. 2007; CARRETO et al. 2008; CARRETO et al. 2011).  There was 

also a high proportion of pathways important for carbon utilisation (9 at exp and 5 at stat) that 

were differentially regulated in the F1 hybrids compared to M2, another aspect of metabolism 

with variability between strains in the timing and magnitude of the transcriptional response 

(CARRETO et al. 2011).   
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Table 4-4:  List of MIPS pathways with  ≥ 50 % genes differentially regulated at 12.5°C in early (exp) and 

mid-late (stat) fermentation relative to the total number of genes in that pathway across the four F1 

hybrids vs. M2.  The percent genes expressed relative to the total genes in set is given for each 

subcategory.  The main aspects of metabolism were:  nitrogen (blue), carbon (yellow), sulfur (green), 

iron/copper (red), vitamins (orange) and oxidative stress (purple).  Subcategories with more than one 

gene are highlighted.  

 Phase MIPS sub-category Total genes 

N Up exp Alanine metabolism 1/2 

I  Alkaloid metabolism 1/2 

T  Cyclic nucleotide binding 3/4 

R  Glycine biosynthesis 2/2 

O  Pyrimidine catabolism 2/4 

G  Serine degradation 1/1 

E  Threonine degradation 2/4 

N  Urea metabolism 3/6 

  Acetate fermentation 1/1 

C  C2 compound/organic acid catabolism 5/9 

  Glycogen anabolism 3/5 

  Secondary monosaccharide metabolism 1/2 

I  Heme binding 1/2 

  Cell membrane or cell wall attached 1/1 

  Centrosome 1/2 

  G-protein coupled receptor signalling 4/7 

  Hyphae formation 2/2 

  Membrane-associated energy conservation 1/2 

  Proton driven symporter 3/3 

  Toxins 1/2 

 Down exp Polyamine degradation 2/4 

N  Secondary products derived from L-tryptophan 1/1 

  Transmembrane receptor serine/threonine kinase signalling 1/2 

  C4-dicarboxylate transport (malate, succinate, fumarate) 2/4 

  Extracellular polysaccharide degradation 1/1 

C  Glycolysis methylglyoxal bypass 1/1 

  Mixed acid and butanediol fermentation 1/1 

  Propionate fermentation 1/2 

O  Catalase reaction 1/2 

  Centromere/kinetochore 1/1 

  Heavy metal binding (Cu, Fe, Zn) 4/8 

  Induction of apoptosis by intracellular signals 1/1 

  Meiosis I 8/13 

  Nucleolus 1/1 

  Protease inhibitor 3/5 

  Regulation of splicing 1/2 

  Type II protein secretion system (general and exocytosis) 1/1 

 Up stat Alkaloid metabolism 1/2 

  Aminosaccharide metabolism 4/6 

N  Cyclic nucleotide binding 4/4 

  Glycine biosynthesis 1/2 

  Metabolism of aspartic acid/threonine secondary products 1/1 
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  Metabolism of L-tryptophan secondary products 1/1 

  Pyrimidine catabolism 2/4 

  Serine degradation 1/1 

  Threonine degradation 3/4 

  Valine biosynthesis 3/6 

C  Sugar binding 3/6 

S  Regulation of sulfur metabolism 1/1 

  Sulfate/sulfite transport 2/3 

V  Cobalamin (vitamin B12) metabolism 1/1 

  Utilisation of vitamins/cofactors/prosthetic groups 3/6 

O  Anaerobic respiration 2/4 

  Aromate anabolism 2/3 

  cAMP/cGMP mediated signal transduction 6/12 

  Cell membrane or cell wall attached 1/1 

  Chloride homeostasis 1/2 

  Detoxification by export 3/3 

  Extracellular/secretion proteins 1/1 

  Hyphae formation 1/2 

  Membrane-associated energy conservation 1/2 

  Regulation of energy conversion/regeneration 1/1 

  Symporter 2/4 

N Down stat Alanine metabolism 1/2 

I  Alkaloid metabolism 1/2 

T  Aspartate biosynthesis/degradation 1/2 

R  Glycine biosynthesis 1/2 

O  Phenylalanine degradation 1/1 

G  Proline degradation 2/4 

E  Purine catabolism 2/3 

N  Thiamine pyrophosphate binding 1/1 

  Transmembrane receptor serine/threonine kinase signalling 1/1 

  Acetate fermentation 1/1 

C  C2 compound and organic acid catabolism 5/9 

  Mixed acid and butanediol fermentation 1/1 

  Secondary monosaccharide metabolism 1/1 

V  Regulation of vitamins/cofactors/prosthetic groups  3/5 

O  Catalase reaction 2/2 

  Superoxide metabolism 1/1 

  Anti-apoptosis 1/1 

  Hyphae formation 1/1 

  Induction of apoptosis by intracellular signals 1/1 

  Membrane-associated energy conservation 1/1 

  Non-vesicular cellular import 1/1 

  Protease activator 1/1 

  Regulation of splicing 2/2 

  Sodium driven symporter 1/1 

  Symporter 2/4 
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4.8.4. Ten genes illustrating differential regulation in the M2 F1 hybrids 

Ten genes shown in Table 4-5 were chosen for detailed analysis to illustrate differences 

between the F1 hybrids.  The three criteria used for selection were:  (i) fold-change, i.e. 

changes in regulation specific to individual F1 hybrids, pinpointing genes where expression is 

most different from the M2 parent; (ii) regulation by low temperature, i.e. genes differentially 

expressed in the M2 parent at 12.5°C compared to 25°C, that also show differences in the F1 

hybrids; and (iii) regulators, i.e. TFs with differential expression in the F1 hybrids that may be 

responsible for other changes in gene expression.  Of note was that many genes with large 

expression differences, specifically in only one F1 hybrid, encoded proteins of unknown 

function.  The majority of these uncharacterised genes were non-functional in the laboratory 

yeast S288c, and showed large fold-changes in expression in M2xS288c when contrasted 

against M2.   

Table 4-5:  Fold differential expression of 10 selected genes in the four F1 hybrids (M2xY55, M2xS288c, 

M2xL-1528 and M2xBC187) compared to M2 Ura- at early (exp) and mid-late (stat) fermentation at 

12.5°C.  The fold change for M2 at 12.5°C compared to 25°C at exp is included for comparison.  (i) F1-

hybrid specific genes = green.  (ii) Cold-fermentation related genes = orange.  (iii) TFs influencing 

transcriptional differences = purple.  Upregulated genes = red.  Downregulated genes = blue.  Changes in 

bold = ≥ 2-fold and significant with BH < 0.05 = *.   

Gene M2xY55 M2xS288c M2xL-1528 M2xBC187 M2 12.5 vs. 25 

 Exp Stat Exp Stat Exp Stat Exp Stat Exp Stat 

ASP3-1 1.75 1.56 124.24* 179.40* 1.16 1.48 1.41 1.38 1.10 1.32 

FLO1 1.11 1.17 72.51* 182.15* 1.46 1.08 1.34 1.05 1.14 1.01 

           

DIP5 1.63 5.43* 1.99 2.17* 2.23* 1.21 1.63 9.47* 3.32* 3.35* 

GRE1 2.09* 1.07 1.31 27.49* 1.91 1.49 3.37* 1.36 1.03 10.04* 

MNN4 1.33 1.95 4.35* 34.68* 8.84* 1.82 8.02* 2.67 3.15* 1.13 

MUC1 1.33 7.81* 1.15 3.64* 1.21 3.32* 1.08 1.18 2.09* 2.06* 

OPT2 3.16* 3.60* 1.97 0.68 22.15* 10.29* 16.37* 5.19* 1.30 3.80* 

           

HAC1 1.52 3.10 2.37 2.06 3.93 17.95* 10.91* 18.74* 2.25 4.47* 

PHO4 1.25 2.62* 1.32 1.74 1.71 12.72* 2.64* 7.15* 1.47 3.49* 

RGM1 1.42 1.27 2.79* 1.42 16.89* 12.84* 17.83* 20.14* 1.77 1.69 

4.8.5. Genes with copy number differences between strains 

Thirty-five genes are known to be partially or fully deleted in M2 (WE372),  21 of which 

encode proteins of unknown function (SCHACHERER et al. 2009, SI2).  Of the 14 

characterised genes, SOR2 and MPH2, were the only two present in all of the other parent 

strains, and upregulated in all four F1 hybrids (see 4.8.2).  Other genes deleted in M2 were 

deleted in one or more of the parent strains, for example, AAD6 was deleted in M2 and        
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L-1528, COS5 was deleted in all strains except BC187, HXT15 was deleted in all strains 

except L-1528, FLO9 was deleted in M2, L-1528 and BC187, and MAL11 and MAL13 were 

deleted in M2, Y55 and BC187 ((SCHACHERER et al. 2009, SI2) and SGD,  

http://www.sanger.ac.uk/gbrowse/gbrowse/cere_dmc/).  The remaining six characterised 

genes, ASP3-1, -2, -3 and -4, FLO1 and BDS1 were deleted in all strains except S288c (see 

below).   

The two largest fold changes in transcription were both found in the M2xS288c F1 hybrid and 

were due to gene deletions in M2, Y55, L-1528 and BC187.  ASP3-1, encoding a cell-wall L-

asparaginase II, was upregulated specifically in M2xS288c at both exp and stat (124- and 

179-fold respectively) during cold fermentation (Table 4-5).  The high level of upregulation 

of ASP3-1 in M2xS288c is likely due to the S288c parent having four copies of ASP3 (ASP3-

1, -2, -3 and -4), which are all deleted in M2, Y55, L-1528 and BC187 (CARRETO et al. 2008; 

SCHACHERER et al. 2009).  FLO1, encoding a lectin-like flocculin was also markedly 

upregulated in M2xS288c at exp and stat (73- and 182-fold respectively).  Again, this result 

can be explained by the deletions present in FLO1 from M2, Y55, L-1528 and BC187.  The 

only other gene specific to S288c that was deleted in all of the other parent strains was BDS1, 

encoding a bacterial-derived sulfatase (up 6.7-fold (exp) and 14.2-fold (stat) in M2xS288c, 

see Appendix A.5).   

4.8.6. Cold-regulated genes that also vary between strains 

Five genes that were differentially expressed at cold fermentation in M2 also demonstrated 

different transcriptional patterns across the F1 hybrids (Table 4-5).  These differences indicate 

that the F1 hybrids may differ in their response to the presence and absence of different 

nutrient sources, such as amino acids and peptides, and their ability to adapt to stress.   

For example, DIP5, encoding an amino acid permease mediating high-affinity and -capacity 

transport of glutamate and aspartate (REGENBERG et al. 1998) was downreguled to a greater 

extent in M2xY55 and M2xBC187 compared to M2.  Differences in GRE1 expression, 

encoding a hydrophilin of unknown function, indicate that low temperature response 

pathways may function to a different extent during fermentation in the F1 hybrids compared 

to M2.  At stat, GRE1 was downregulated in M2xS288c (27-fold down vs. M2; GRE1 was up 

10-fold in M2 at 12.5°C vs. 25°C).   

http://www.sanger.ac.uk/gbrowse/gbrowse/cere_dmc/
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The 35-fold downregulation of MNN4, a putative positive regulator of the 

mannosylphosphate transferase (MNN6) (CONDE et al. 2007), in M2xS288c at stat indicates 

that this F1 hybrid may have a lower level of oligosaccharide mannosylphosphorylation 

activity, necessary to strengthen yeast cell walls during environmental stress (ODANI et al. 

1997).  MNN4 was also downregulated in M2xS288c, M2xL-1528 and M2xBC187 at exp.  

Additionally, MUC1/FLO11, encoding a flocculin in the stress-, low carbon- or low nitrogen-

induced pseudohyphal growth pathway (GUO et al. 2000; GANCEDO 2001; CULLEN and 

SPRAGUE 2012), was significantly upregulated in M2xY55, M2xS288c and M2xL-1528 at 

stat and upregulated ~2-fold in M2 at exp and stat.   

Lastly, OPT2, encoding a transporter of small oligopeptides was significantly upregulated in 

M2xY55, M2xL-1528 and M2xBC187 at exp and stat compared to M2.  Although the Y55 

parent has a partial deletion in OPT2, the presence of a single copy in the F1 hybrid is often 

enough to result in upregulation (WILES et al. 2006).  The upregulation of OPT2 in the F1 

hybrids could mean that the strains differ in their response to small peptides as a nutrient 

source.   

4.8.7. Analysis of TF differences between strains 

Three TFs were identified with differential expression in the F1 hybrids compared to M2 

(Table 4-5):  HAC1, activating the stress-elicited unfolded protein response (UPR), PHO4, 

regulating phosphate uptake and storage, and RGM1, repressing mitotic growth, 

monosaccharide catabolism and aldehyde metabolism.  These TFs are responsible for 

regulating hundreds of target genes and would likely influence the transcription across the F1 

hybrid strains.  In two of the three cases, the TFs were also regulated by temperature.  

Transcriptional regulation in F1 hybrids is likely to be very complex.  Inheritance of genetic 

differences from each parent would mean that some target genes would be regulated by cis-

acting modulators and some by multiple genes acting in trans (BREM et al. 2002).  To 

determine the influence of TFs on transcription in the F1 hybrids, the YEASTRACT database 

(http://www.yeastract.com/) was used to break down the differentially expressed genes per 

hybrid and per phase into groups based on transcriptional regulation.  YEASTRACT has a 

database of 301 known yeast TFs and their known targets.  Integration of this dataset with the 

‘Group by TF’ function on YEASTRACT revealed 62 TFs that matched two criteria: (i) 

differential expression in one or more of the F1 hybrids against M2 and (ii) ≥ 1 % of their 

http://www.yeastract.com/
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downstream target genes differentially expressed (induced or repressed) (see Appendix A.11, 

Table A-7 and Appendix A.12, Table A-8A and B).   

First of all, the magnitude of differential expression of the 62 TFs correlated with the number 

of target genes upregulated in the F1 hybrids.  For example, the HAC1 TF was most highly 

upregulated in M2xBC187 at exp and in M2xL-1528 and M2xBC187 at stat, compared to the 

other contrasts (between 10- to 19- fold).  These three contrasts were also the only ones with 

> 1 % of HAC1 target genes upregulated (actual percentages of differentially expressed 

targets ranged from 13-15 %).  This phenomenon was also shown for PHO4 and RGM1 and 

strongly indicates that the differential expression of transcription factors leads directly to the 

differential expression of their target genes.  It can then be inferred that those TFs that are 

differentially expressed between F1 hybrids against M2 are responsible for many of the 

differences in transcription between these strains.   

Based on the percentage of target genes differentially expressed for the 62 TFs in each 

contrast (Appendix A.12, Table A-8A), the largest differences against M2 were seen in the 

M2xS288c F1 hybrid and the least in M2xY55.  These and previous data also lead to the 

conclusion that M2xL-1528 and M2xBC187 were the most similar strains, in terms of 

transcriptional regulation.  These conclusions were all previously drawn from Venn diagrams 

in Figure 4-7, expression data in Table 4-3 and Venn diagrams in Figure 4-13.   TFs with the 

greatest impact on individual strains were considered to be those with > 25 % target genes 

differentially expressed.  At exp, there were two differentially expressed TFs that met this 

criterion, MET4 and NRG2, with 26 % of their target genes differentially expressed in M2xL-

1528.  These TFs mediate the sulfur amino acid pathway and glucose repression, 

respectively, and may represent differences for M2xL-528 with respect to nutrient regulation.  

At stat, IME1 in M2xY55, and HMS2 in M2xL-1528, also had > 25 % of their target genes 

differentially expressed (41 % and 63 % respectively).  IME1 is a meiosis regulator, while 

HMS2 is a regulator of pseudohyphal growth that is activated under carbon and/or nitrogen 

starvation.  Sixteen different TFs had > 25 % of their targets differentially expressed in 

M2xS288c at stat, with SPS18, with unknown function, influencing the highest percentage of 

targets (54 %).  These 16 differentially expressed TFs could theoretically account for a large 

proportion of the total gene expression differences between this F1 hybrid compared to the 

other three F1 hybrids and M2.  For example, at exp, 319/858 (37 %) and 235/678 (35 %) 

differentially expressed genes in M2xL-1528 and M2xBC187, respectively, were targets of 

SFP1, a regulator of ribosome biogenesis during stress and nutrient deprivation (see 
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Appendix A.12, Table A-8B).  At stat, 458/1126 (41 %) differentially expressed genes in 

M2xS288c were targets of the STE12 TF, which helps regulate the pseudohyphal growth 

pathway (induced by stress, glucose and/or nitrogen starvation) (BRAUS et al. 2003).   

4.9. Discussion 

This chapter used microarrays to monitor gene expression in a commercial wine strain, M2, 

and four F1 hybrids during low temperature fermentation.  Three major gene expression 

comparisons were made: (i) between fermentation stage (stat vs. exp); (ii) between 

fermentation temperature (12.5°C vs. 25°C); and (iii) between four different F1 hybrids 

against M2.  The major conclusions from the three comparisons are discussed below.   

4.9.1. Gene expression differences based on fermentation stage 

There were significant differences in gene expression between fermentation stage (early 

fermentation/exponential growth compared to mid-late fermentation/stationary growth).  In 

individual comparisons, an average of ~2400 genes were differentially expressed based on 

fermentation stage, comprising 40 % of the yeast genome, and representing the largest shift in 

gene expression of the three comparisons.  This number is comparable to data from other 

studies on changes in the yeast transcriptome at stat vs. exp, for example, EC1118, with 2000 

genes differentially expressed > 3-fold in synthetic juice (ROSSIGNOL et al. 2003); VIN13, 

with 2550 genes differentially expressed ≥ 2-fold in synthetic juice (MARKS et al. 2008); and 

M2, with 1970 genes differentially expressed ≥ 2-fold in SB juice (DEED et al. 2011).  A 

direct comparison between the differentially expressed genes between stat vs. exp for M2 at 

25°C in 07 SB juice in this study, compared to the equivalent transcriptional data from an 

independent study by DEED et al. (2011) using the same strain, juice, and temperature, 

identified 1714 genes in common (827 up and 887 down), an 87 % overlap, indicating 

consistency between studies.  This study also found transcriptional differences at stat vs. exp 

for a further 757 genes compared to DEED et al. (2011).  These extra genes are likely to be the 

result of a more stringent BH-corrected P-value cut-off applied to the transcriptional changes 

in DEED et al. (2011) (< 0.01) compared to the P-value cut-off applied in this thesis (< 0.05).  

Other explanations that may account for the difference in gene number could include 

experimental variation, such as variation between different bottles of the same SB juice, and 

the addition of uracil to supplement M2 Ura-.  There were slight differences in gene 

expression of genes involved in the de novo biosynthesis of pyrimidines (upregulation of 
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URA10 and URA8 (13.7-fold and 3.1-fold, respectively) and downregulation of URA2 and 

URA4 (2.3-fold and 5.4-fold, respectively), this data only), although the fermentation rates of 

M2 and M2 Ura- were comparable (data not shown).  Alternatively, there may have been a 

higher level of noise between triplicate microarray chips in this study, compared to DEED et 

al.  (2011), as they used a higher starting RNA yield for the three M2 exp and the three M2 

stat samples (average cRNA yield of 1.42 µg µL
-1

 in DEED et al. (2011) compared to 0.62 µg 

µL
-1

 in this thesis).   

A core subset of transcriptional differences, common to all six contrasts was identified for 

stat vs. exp, consisting of 446 genes upregulated and 337 genes downregulated (Figure 4-7).  

The three genes with the highest upregulation at stat vs. exp across all contrasts were:  SIP18 

(90.7-fold), HSP26 (85.5-fold) and SPG1 (82.5-fold) (see Appendix A.5).  SIP18 encodes a 

hydrophilin known to be strongly induced by osmotic stress (MIRALLES and SERRANO 1995) 

and to confer protection against desiccation and freezing (DANG and HINCHA 2011).  SIP18 

was also found to be very highly expressed at mid-late fermentation by ROSSIGNOL et al. 

(2003), MARTINEZ et al. (2004) and DEED et al. (2011).  HSP26, a heat shock protein and 

molecular chaperone involved in the stress response, was also strongly induced at mid-late 

fermentation in RIOU et al. (1997), PUIG and PEREZ-ORTIN (2000), ROSSIGNOL et al. (2003), 

VARELA et al. (2005) and DEED et al. (2011).  SPG1 is also known to be upregulated in 

stationary phase (MARTINEZ et al. 2004; DEED et al. 2011) but its function is unknown.   

Transcripts within the energy biological pathway were over-represented at stat vs. exp during 

fermentation (19 % of upregulated genes, Figure 4-8), which exemplifies a well-characterised 

response to growth arrest at mid-late fermentation, where stationary phase cells produce and 

accumulate storage carbohydrates (ROSSIGNOL et al. 2003).  Interestingly, within the energy 

category, gluconeogenesis, respiratory and energy reserve metabolism were upregulated, 

even though fermentation is anaerobic.  The upregulation of respiratory-related genes may be 

due to carbon depletion, which derepresses genes utilised for obtaining alternative sources of 

carbon.  This phenomenon was also found during different stages of wine fermentation by 

MARKS et al. (2008), and is supported by the high proportion of differentially regulated genes 

involved in C-compound metabolism, within the metabolism category.  The metabolism 

category was the most over-represented MIPS category in terms of total up- and 

downregulated genes (253 total), confirming previous findings which have shown that yeast 

metabolism and biosynthetic pathways change dramatically during late fermentation.  These 

changes at the later stage of fermentation are presumed to be necessary for cells to adapt to 
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the increasingly stressful wine environment and to adjust to new growth requirements (RIOU 

et al. 1997; ROSSIGNOL et al. 2003; VARELA et al. 2005; MARKS et al. 2008). 

The three genes with the greatest downregulation at stat vs. exp across all contrasts were:  

FET3 (18.9-fold), TOS6 (17.2-fold) and FTR1 (16.5-fold) (see Appendix A.5).  FET3 

encodes an iron oxidoreductase which forms a complex with Ftr1p in order to import Fe III at 

low concentrations (high-affinity) (STEARMAN et al. 1996).  FET3 and FTR1 transcripts are 

known to be decreased when the TFs Aft1p and Aft2p are inhibited by a signal from ISCs in 

the mitochondria that detect when iron levels are high or when there is a lower requirement 

for biosynthesis of the clusters for detoxification (HASSETT et al. 1998; CHEN et al. 2004; 

RUTHERFORD et al. 2005).   These genes were not downregulated to the same extent at 

12.5°C compared to 25°C (upregulated in the 12.5°C vs. 25°C contrast), suggesting that there 

may be a lower requirement for the biosynthesis of ISCs at 25°C.   

TOS6 is an uncharacterised gene which encodes a cell wall protein and is known to decrease 

upon ergosterol perturbation and entry into stationary phase (BAMMERT and FOSTEL 2000).  

The anaerobicity of fermentation is predicted to result in the inability of yeast to synthesise 

ergosterol at stationary phase.  A downregulation of ergosterol pathway genes was also found 

by ROSSIGNOL et al. (2003) and VARELA et al. (2005).     

In terms of biological pathways, the protein synthesis category had the largest 

downregulation of transcripts (13 % of all differentially expressed genes), particularly within 

the subcategories of ribosome biosynthesis and translation.  This downregulation is likely to 

be a result of slower growth and metabolism at stat vs. exp (ROSSIGNOL et al. 2003).  Protein 

synthesis was also the category to have the most dramatic downregulation of transcripts at 

stat vs. exp during fermentation in ROSSIGNOL et al. (2003), MARKS et al. (2008) and DEED et 

al. (2011).  The repression of genes involved in protein synthesis is a well-characterised 

response to stress and the transition to stationary phase, and does not represent a novel 

fermentation response (MARKS et al. 2008). 

The core subset of 783 differentially expressed genes at stat vs. exp was directly compared to 

another core subset of 787 genes identified in DEED et al. (2011).  They compared stat vs. exp 

changes for M2, in SB juice at 25°C, with and without the addition of di-ammonium 

phosphate (DAP), plus an M2 NCR mutant with and without DAP.  There were only 187 

upregulated genes and 139 downregulated genes (326 total) in common between this data and 

that of DEED et al. (2011).  Differences between these core subsets can be attributed to the 
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inclusion of contrasts fermented in different conditions, such as low temperature or with 

added DAP, as well as the inclusion of expression profiles from the F1 hybrids, which would 

have genetic material from the non-M2 parent.  However, the 326 genes do represent a 

smaller subset of core genes that are differentially expressed in stat vs. exp under multiple 

conditions.  Of the 187 upregulated genes shared between this data and DEED et al. (2011), 83 

were known FSR genes identified in MARKS et al. (2008) (compared to 93 upregulated FSR 

genes shared between this data only and MARKS et al. (2008)).  Shared FSR genes between 

this data, DEED et al. (2011) and MARKS et al. (2008) include stress-responsive heat shock 

proteins (HSPs), such as HSP26 and HSP30, which act as chaperones and repair damage 

caused by environmental stress (RUIS and SCHULLER 1995; ESTRUCH 2000; VARELA et al. 

2005).  Other shared genes include those commonly induced during fermentation stress and 

in the transition to stationary phase, such as PAU5, GAC1 and SPG1.   

4.9.2. Cold-specific gene expression differences based on fermentation phase 

Temperature had a large influence on gene expression differences between stat vs. exp.  Both 

the higher number of genes differentially expressed (Table 4-1 and Figure 4-7) and the 

magnitude of expression (Appendix A.6, Table A-2) were influenced by temperature; overall 

the stat vs. exp response was notably less extreme at 12.5°C compared to 25°C.  The ‘more 

drastic’ transition from exp to stat at optimal temperatures correlated with differences in the 

expression of genes involved in cell division and the cell cycle.  For example, of the 57 stat 

vs. exp genes specific to 12.5°C, four genes related to the cell cycle and spindle body were 

upregulated: CLG1, encoding a G1 cyclin; MSA1, encoding an activator of G1-specific 

factors controlling the timing of G1 and cell cycle initiation; PIN4, encoding a protein 

involved in G2/M phase progression; and SPO21, encoding a component of the spindle pole.  

Cell division- and cell cycle-related genes were also found to be upregulated between stat vs. 

exp at 13°C compared to 25°C by BELTRAN et al. (2006).  These transcriptional changes 

suggest that cold-fermented cells do not shut down the cell cycle to the same extent as at 

25°C.  BELTRAN et al. (2006) suggested that these changes would provide a better capacity of 

cold-fermented cells to continue to grow and survive.  The earlier induction of the stress 

response in cold-fermented cells would also enable them to be better protected from multiple 

stresses throughout fermentation (SAHARA et al. 2002; SCHADE et al. 2004; BELTRAN et al. 

2006).  This suggestion was directly correlated to higher cell viability at low temperature, 

based on CFU mL
-1

 counts throughout fermentation (N.B. the figure in BELTRAN et al. (2006) 
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showing cell numbers has been mislabelled).  CHANEY et al. (2006) also showed evidence for 

reduced cell death at 24°C compared to 29°C in Shiraz fermentations.   

Nitrogen metabolism also featured amongst the 57 cold-regulated genes at stat vs. exp, and is 

discussed in more detail in Section 4.9.4.1.  The upregulation of CRZ1, encoding a TF that 

activates genes involved in cell wall, membrane and lipid biosynthesis, ion and vesicle 

transport, signalling and protein degradation, suggests a role for cell surface remodelling to 

counteract cold-induced rigidification of membrane lipids (MATHEOS et al. 1997; 

STATHOPOULOS and CYERT 1997; CYERT 2003).  PANADERO et al. (2007) showed that Crz1p 

directly protects against ionic damage during freezing in baker’s yeast.  Crz1p also helps 

destabilise the Msn2p/4p proteins, which coordinate a large proportion of the ESR and the 

LCR (SCHADE et al. 2004; TAKATSUME et al. 2010), implying that cold-fermented cells 

upregulate the stress response earlier than those fermented at 25°C, possibly enhancing cell 

viability.   

The other significant group of differentially expressed genes specific to stat vs. exp at 12.5°C 

(21 % of genes) encode unclassified proteins, which indicates there are still many important 

proteins yet to be characterised with specific roles in cold fermentation. 

4.9.3. Gene expression differences based on temperature 

Overall, 980 genes, comprising 1/6 of the yeast genome, were differentially expressed at low 

temperature during fermentation in M2, with fewer genes differentially expressed at exp 

compared to stat (226 vs. 692, the remaining 62 genes were differentially expressed at both 

exp and stat).  This number was much greater than that identified in a similar study by 

BELTRAN et al. (2006), who identified 535 genes differentially expressed during fermentation 

at 13°C vs. 25°C in an industrial scale fermentation, using the wine yeast QA23 (Lallemand) 

in Muscat juice.  There were only 137/535 genes in common between the cold-regulated 

genes in this thesis compared to those in BELTRAN et al. (2006) (genes were significant if ≥ 2-

fold with P-value < 0.05 in both studies).  It is likely that the very small overlap is due to the 

use of different yeast strains and juice, and the scale of fermentation, i.e. QA23/Muscat 

juice/100 L vs. M2/SB juice/200 mL.  It is also possible that the use of only one microarray 

replicate in in BELTRAN et al. (2006), vs. three biological replicates in this thesis, may have 

contributed to these differences.   
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Comparisons were also made between the transcriptomic data in this thesis with a core set of 

259 differentially regulated genes identified by TAI et al. (2007b), who compiled data from 

three transcriptomic studies at low, non-freezing temperatures in non-fermentable media: 

(MURATA et al. (2006) = 4°C vs. 25°C, SAHARA et al. (2002) 10°C vs. 30°C, and SCHADE et 

al. (2004) = 10°C vs. 30°C).  Out of these 259 genes, 67 were differentially expressed at 

12.5°C vs. 25°C, for M2 in this thesis.  TAI et al. (2007b) also found very little overlap 

between the 259 core genes compared to those differentially expressed in BELTRAN et al. 

(2006).  The lack of overlap between the batch cultures in non-fermentable media compared 

to fermentative media is likely a result of the unique environment imposed during wine 

fermentation, e.g. low pH (~3), high glucose and fructose, low nitrogen (especially amino 

acids) and a short initial aerobic growth phase followed by a much longer anaerobic 

fermentation phase (TAI et al. 2007b).  Additionally, temperatures between 12.5-13°C are not 

quite as growth-restrictive as temperatures ≤ 10°C, especially in a defined minimal media.  

Temperatures ≤ 10°C elicit the freeze-shock response, rather than the cold-shock response 

(AL-FAGEEH and SMALES 2006; AGUILERA et al. 2007). 

The distribution of the 980 genes into 18 MIPS categories did not identify any outstanding 

differences (> 20 % genes within category expressed) between the different functional 

groups, consistent with the idea that low temperature has a wide-reaching influence across 

many aspects of the yeast transcriptome.  However, eight MIPS classes had > 15 % of genes 

within that category differentially expressed:  metabolism, energy, protein synthesis, cellular 

transport, cell rescue/defence, environmental interaction, development, cell type 

differentiation and unclassified proteins.  These categories were similar to the most over-

represented in BELTRAN et al. (2006). 

4.9.4. Cold fermentation influences five primary aspects of yeast metabolism:  nitrogen, 

iron, sulfur, vitamins and oxidative stress 

The distribution of the 980 differentially expressed genes into MIPS subcategories identified 

five key aspects of yeast metabolism that were strongly influenced by cold fermentation:  

nitrogen and amino acid metabolism, iron/copper transport and metabolism, sulfur 

metabolism, vitamin and cofactor metabolism, and respiration and oxidative stress. 
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4.9.4.1. Effect of low temperature on amino acid transport and nitrogen metabolism  

Low temperature fermentation strongly influenced three nitrogen-related subcategories 

(amino acids, secondary metabolism and fungal cell-type differentiation) and 15 

subcategories, representing the largest group of metabolic changes in the cold.  There were 

two major effects of low temperature on nitrogen metabolism:  (i) gene expression changes in 

GAP1, DIP5 and DAL80 which were consistent with lower overall nitrogen consumption and 

less lifting of NCR and (ii) major gene expression changes in amino acid catabolism showing 

a range of patterns, with expression in both directions at exp and stat, suggesting that there 

was not a constant shift in degradation.   

The general amino acid permease, GAP1, was 5.2-fold downregulated at 12.5°C at stat, and 

the glutamate/aspartate permease, DIP5, was 3.3-fold downregulated at exp and stat 

(Appendix A.5).  GAP1 and DIP5 downregulation mimics the response shown by yeast when 

DAP is added to the medium (DEED et al. 2011), strongly suggesting that cold-fermented 

yeast consume less nitrogen.  Additionally, DAP addition to a 12.5°C ferment did not 

increase M2 fermentation rate, suggesting that nitrogen is not limiting during cold 

fermentation (Appendix A.9, Figure A-3), which is remarkable, considering that stressful 

conditions, such as low temperature, downregulate genes encoding amino acid permeases 

(ABE and MINEGISHI 2008), and reduce the ability of yeast to import amino acids (SCHMIDT 

et al. 1998).  Another possibility is that low temperature jeopardises the uptake of ammonium 

and amino acids into the cell and the lower consumption is a reflection of reduced uptake.  

DAL80, one of the main regulators of NCR, was upregulated at stat vs. exp (10.7-fold) in the 

cold, but was not upregulated as highly at 12.5°C compared to 25°C (7.8-fold less).  During 

fermentation, NCR is typically lifted at stat compared to exp, in order for yeast to utilise poor 

nitrogen sources.  Less upregulation of DAL80 indicates that NCR is not lifted to the same 

extent in cold fermentation (Dal80p acts as a negative feedback loop to control the level of 

gene expression) (MAGASANIK and KAISER 2002). These transcriptional changes in GAP1, 

DIP5 and DAL80 were consistent with lower nitrogen consumption, less lifting of NCR, and 

the presence of good nitrogen sources still available in the cold fermentations at stat 

compared to optimal temperatures.   

The data on nitrogen-related gene expression in this thesis was highly consistent with that of 

BELTRAN et al. (2007), who undertook a detailed study of nitrogen uptake and usage, 

including individual amino acids, and found that low temperature fermentation affects the 
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quantity and quality of yeast nitrogen requirements, with yeast at low temperature consuming 

less nitrogen and having different amino acid preferences.  Differences in amino acid 

metabolism would likely result in differences between the aroma profiles of wines at 12.5°C 

compared to 25°C, since amino acids are precursors for most volatile compounds and the 

aroma biosynthetic network is co-regulated by TFs that are related to amino acid and nitrogen 

availability (MILLER et al. 2007; GARDE-CERDAN and ANCIN-AZPILICUETA 2008; ROSSOUW 

et al. 2008; THIBON et al. 2008).   

Of the 10 amino acid sub subcategories influenced by cold fermentation, eight contained 

genes involved in degradation.  For example, BNA3 in the tryptophan degradation pathway 

was upregulated at stat at 12.5°C vs. 25°C in M2.  This result is consistent with BELTRAN et 

al. (2007) who found that tryptophan uptake and utilisation was greater at 13°C vs. 25°C.  

BELTRAN et al. (2007) also found that the uptake/consumption of glutamine, histidine, 

phenylalanine, serine, threonine, tyrosine and valine was reduced at 13°C vs. 25°C.  The 

serine/threonine pathway reflects this trend, with CHA1, a serine/threonine deaminase 

downregulated at 12.5°C vs. 25°C at both exp and stat.  ARO10 from the phenylalanine 

pathway was upregulated in the cold at exp, but showed no significant differential expression 

at stat.  Also upregulated 2-fold in cold stat was TYR1, required for tyrosine biosynthesis, 

with connections to the phenylalanine and tryptophan pathways.   

In this research, both the aspartate and arginine degradation pathways were upregulated in the 

cold at stat, with AAT1, an aspartate aminotransferase, upregulated 2.8-fold, and the arginase, 

CAR1, upregulated 3.6-fold.  Both AAT1 and CAR1 are necessary for the catabolism and 

utilisation of aspartate and arginine.  Higher CAR1 expression in the cold also results in 

greater urea production, which can be used as a nitrogen source for wine yeast.  The 

downregulation of two arginine biosynthetic genes, ARG1 and ARG3, in the cold at stat may 

result in more urea produced from arginine catabolism via CAR1 cleavage. This data is 

consistent with arginine catabolism being greater at low temperature.  Alanine, aspartate, 

arginine and glutamate were consumed proportionately more at 13°C compared to 25°C in 

BELTRAN et al. (2007).   

Three genes encoding components of the glycine decarboxylase complex, GCV1, GCV2, 

GCV3, were upregulated by low temperature at stat (Table 4-2).  The glycine decarboxylase 

complex is necessary for glycine catabolism, forming 5,10-methylene-THF (PIPER et al. 

2000).  SHM2 was co-induced with the GCV genes and converts serine to glycine and 5,10-
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methylene-THF, a major isoform required to generate precursors for purine, pyrimidine, 

amino acid, and lipid biosynthesis.  The cold-induced degradation of glycine and other C1 

compounds may increase the synthesis of purines, pyrimidines, other amino acids (e.g. serine 

and methionine) and lipids to increase the numbers of proteins providing cold and/or stress 

protective functions (GELLING et al. 2004). 

In summary, patterns of transcription are consistent with decreased nitrogen usage in cold 

fermentation, and with changed patterns of amino acid catabolism. 

4.9.4.2. Effect of low temperature on iron and copper transport and metabolism 

Iron/copper metabolism was one of the five major pathways affected by cold fermentation.  

Genes required for iron uptake at exp were downregulated (FRE1, FRE2, FRE4, SIT1, ARN1, 

ARN2 and FIT2), suggesting that less iron is required at the start of fermentation at 12.5°C 

compared to 25°C, and that cold ferments are more iron-sufficient than those at higher 

temperatures.  FRE1 and FRE2, and cytoplasmic FRE4, are important for high affinity iron 

uptake by permeases Ftr1p and Fet3p, and the reduction of Fe III to Fe II (HASSETT et al. 

1998).  These genes are known to be upregulated during iron deprivation and regulated by the 

iron-responsive TF, Aft1p (HASSETT et al. 1998; RUTHERFORD and BIRD 2004).  Four genes 

required for siderophore iron uptake, that chelate iron, were also downregulated at exp 

(ARN1, ARN2, SIT1/ARN3 and FIT2) (Figure 4-11A).  Arn1p, Arn2p and Sit1p/Arn3p, along 

with Enb1p/Arn4p, cycle between the cell surface and an endosomal compartment and take 

up iron by sequestering iron chelate from bound-siderophores.  Fit2p, along with Fit1p and 

Fit3p, sequesters the iron chelate within the cell wall (RUTHERFORD and BIRD 2004).   

At stat, the pattern of regulation was more complex, due to the involvement of the copper-

responsive TF, Mac1p.  MAC1 was downregulated at cold stat (Figure 4-11B), suggesting 

that the cells had sufficient levels of copper (GRADEN and WINGE 1997; DE FREITAS et al. 

2004).  The presence of copper also results in the Mac1p-induced degradation of Ctr1p and 

Ctr2p, both copper permeases; Ccs1p, a copper chaperone; and Fre1p and Fre7p, both 

metalloreductases; which were downregulated at cold stat (Figure 4-11B).  FET3 and FTR1 

upregulation at stat in the cold (Figure 4-11B) was most likely due to the requirement of iron 

to synthesise mitochondrial ISCs (CHEN et al. 2004).  Cellular iron deprivation is unlikely, 

because it would induce the siderophore iron uptake system, which did not occur under these 

conditions.  The connection to ISCs is strongly reinforced by the downregulation of MRS4, 

encoding a permease which transports iron and copper across the mitochondrial membrane.  
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MRS4 is only induced under low cytosolic iron, even though the induction of mitochondrial 

iron uptake is independent of the cytosolic levels of iron (CHEN et al. 2004).  Additionally, 

MMT2, a gene encoding a putative metal transporter for mitochondrial iron accumulation, 

was upregulated 5.7-fold at stat.  Mitochondria store iron by synthesising heme and ISCs, 

which minimises the production of free radicals and prevents excessive iron accumulation 

(CRAIG et al. 1999; CRISP et al. 2003).  ISCs are required to make cytosolic and nuclear 

proteins with iron-sulfur cofactors, which are used as catalysts in metabolic reactions, redox 

reactions and gene expression regulation (HAUSMANN et al. 2008).  These proteins are not 

usually limiting; however, they can become so after the diauxic shift (DE FREITAS et al. 

2003).  Depletion of ISCs affects the transcription of over 200 genes, affecting iron 

metabolism, glucose acquisition, respiration, energy metabolism (cytochromes) and 

biosynthesis of ergosterol and biotin (DE FREITAS et al. 2004; HAUSMANN et al. 2008), all of 

which are important for mid-late cold fermentation. 

In summary, the downregulation of iron uptake suggests that less iron was required at exp in 

the cold.  At stat, the pattern of transcriptional regulation indicated that there was a greater 

requirement for the biosynthesis of ISCs at low temperatures.  These ISCs would likely be 

used by the cell to detoxify free radicals and ROS, and to synthesise proteins with iron-sulfur 

cofactors that become limiting after the diauxic shift.   

4.9.4.3. Effect of low temperature on sulfur metabolism 

In addition to ISC biosynthesis, genes involved in sulfur transport (SUL1, SUL2, SSU1 and 

YCT1) and assimilation (MET3, MET5, MET6, MET10, MET14, MET16 and MET17) were 

also differentially regulated by temperature and by phase.  Sulfur metabolism, like iron, 

showed two very different patterns of gene expression at exp and stat.  At exp, the 12.5°C 

ferment was more sulfur-limited than the 25°C ferment.  This is indicated by the upregulation 

of SUL1, encoding a permease that imports sulfate, the major source of sulfur for yeast 

(Figure 4-12A).  Any sulfur present in the cell would also be maintained in the cold at exp, as 

the sulfite pump SSU1, was downregulated.  YCT1, encoding the cysteine permease, was 

upregulated 13.5-fold at cold exp, which supports the idea that the cold ferment was more 

sulfur-limited.  YCT1 is repressed when sulfur levels are high and is induced under sulfur-

limitation (KAUR and BACHHAWAT 2007).  The upregulation of YCT1 is usually accompanied 

by the upregulation of the sulfur assimilatory pathway (KAUR and BACHHAWAT 2007); 

however, this pathway was not upregulated in the exp measurement.   
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Conversely, almost the entire sulfur assimilatory pathway was upregulated at mid-late 

fermentation in this research (Figure 4-12B), which could suggest that yeast fermented at low 

temperature exhibit a delayed response to sulfur limitation or that low temperature induces 

the synthesis of stress-related sulfur compounds.  The SUL2 gene encoding a sulfate 

permease was upregulated at cold stat, whereas, SUL1 was upregulated at cold exp and not 

cold stat.  The difference in expression of sulphate permease genes can be explained by 

differences in transcriptional control of SUL1 and SUL2.  For example, the SUL3 TF is 

responsible for activating SUL2, but not SUL1 (CHEREST et al. 1997).  The upregulation of 

SUL2 and the rest of the sulfate assimilation pathway would increase the formation of sulfite, 

which is then reduced to sulfide by sulfite reductase (Met5p/Met10p).  Sulfide plus 

cystathionine regenerates homocysteine, which can then be used to make the sulfur-

containing amino acid, methionine (STIPANUK and DOMINY JR 2006).  This pathway is under 

complex and tight regulation, with levels of transcriptional, post-transcriptional and 

translational control (DONALIES and STAHL 2002).  Genes in the sulfate assimilatory pathway 

are induced by stress, including heat shock and heavy metal exposure, and when cells are 

deficient in sulfur-containing amino acids, such as methionine and cysteine, which ties in 

with the upregulation of YCT1 for cysteine uptake (DONALIES and STAHL 2002; ARANDA and 

DEL OLMO 2004; KAUR and BACHHAWAT 2007).  Methionine and cysteine are the most 

energetically costly amino acids to synthesise, especially in terms of NAPDH usage 

(FAUCHON et al. 2002).  Methionine and cysteine are especially important, not only as 

precursors for protein synthesis, but also for the synthesis of compounds which are protective 

against stress, such as glutathione and as signalling molecules (MÉTAYER et al. 2008).  

Cysteine may also be the main source of sulfur for mitochondrial ISCs that scavenge free 

radicals and are used to produce iron-sulfur cofactors (see Section 4.9.4.2).  The sulfur 

component of ISCs in prokaryotes is derived from enzymatically-produced sulfur species 

called persulfides (R-S-SH) produced from cleaving free cysteine, cystine, glutathione or 

sulfur-containing proteins (KESSLER 2006; LIU et al. 2010).  The ISC system in S. cerevisiae 

is thought to act in the same way as in prokaryote species (HAUSMANN et al. 2008). 

Low glutathione also results in the upregulation of genes in the sulfate assimilation pathway 

and YCT1, as do high levels of acetaldehyde (ARANDA and DEL OLMO 2004; KAUR and 

BACHHAWAT 2007).  Acetaldehyde is naturally produced by yeast during alcoholic 

fermentation, as the last precursor before ethanol, and can accumulate within the cell due to 

its poor ability to diffuse across the membrane.  At high concentrations, acetaldehyde can 
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result in cell growth arrest, so it must be detoxified by exogenous alcohol or by reactive 

compounds.  Sulfur is associated with excess acetaldehyde because this compound can be 

detoxified by reacting with sulfite to form a non-toxic by-product called 1-hydroxyethane 

sulfonate (ARANDA and DEL OLMO 2004).  Alternatively, methionine may react with 

acetaldehyde for detoxification, as in mammals (ARANDA and DEL OLMO 2004).  ARANDA 

and DEL OLMO (2004) also found that two genes encoding methionine permeases, MUP1 

(high-affinity) and MUP3 (low-affinity), were upregulated under acetaldehyde stress.  Both 

of these genes were upregulated during cold stat in this study (MUP1 = 2.5-fold and MUP3 = 

2.1-fold).  There are considerable differences between studies on the effect of temperature on 

acetaldehyde concentration, with the yeast strain predominantly influencing whether low 

fermentation temperature will increase, decrease or have no effect on the levels in the wine 

(THEN and RADLER 1971; AMERINE and OUGH 1980; LLAURADÓ et al. 2005; SWIEGERS and 

PRETORIUS 2005). As well as the upregulation of the sulfur assimilation pathway, yeast under 

acetaldehyde stress upregulate polyamine transport and thiamine metabolism, and these 

pathways featured differentially regulated genes during cold fermentation in this data (Table 

4-2).   

As a side note, the mammalian cystine/glutamate transporter NP_055146 (Homo sapiens) has 

high homology to MUP1 and MUP3, so perhaps these permeases could also import cystine 

into yeast, providing an excellent source of persulfide for ISCs. 

The upregulation of the sulfate and cysteine permeases, and downregulation of the sulfite 

pump, suggests that sulfur was more limiting at exp in the cold compared to optimal 

temperatures.  It is possible that response of the cell to sulfur limitation was delayed during 

cold fermentation, resulting in the upregulation of the sulfur assimilation pathway at stat, 

rather than exp.  The gene expression patterns at stat indicate that there is a requirement for 

sulfur to synthesise the sulfur-containing amino acids, methionine and cysteine, to be used as 

precursors for the biosynthesis of protective compounds such as glutathione, for acetaldehyde 

detoxification, and as a source of sulfur for ISCs.   

4.9.4.4. Effect of low temperature on biotin and thiamine metabolism 

Vitamins are typically limiting in grape musts and are required for yeast growth (BAUER and 

PRETORIUS 2000).  In BELTRAN et al. (2006), vitamin metabolism was generally 

downregulated during fermentation at 13°C compared to 25°C, whereas in this research, 

biotin metabolism was reduced but thiamine metabolism was increased in the cold.  Five 
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genes important for biotin metabolism were downregulated at stat:  BIO5 and VHT1, 

encoding biotin uptake proteins; two biotin biosynthetic genes, BIO2 and BIO3; and BPL1, 

encoding a biotin:apoprotein ligase that covalently modifies proteins with biotin, such as the 

acetyl CoA carboxylase important for fatty acid metabolism (BOHLSCHEID et al. 2007).  

These changes signal a decreased biotin requirement in cold fermentation.  Since biotin is 

necessary for amino acid and lipid synthesis, it is likely to have an effect on production of 

aroma compounds, such as esters, higher alcohols and fatty acids (BOHLSCHEID et al. 2007).   

Industrial fermentations are often auxotrophic for biotin, which can be a problem since it is 

required for the utilisation of arginine and aspartic acid as nitrogen sources (BOHLSCHEID et 

al. 2007).  However, higher YAN levels decrease the minimal level of biotin required in a 

ferment.  In this research, yeast fermented in the cold did not consume as much nitrogen as 

yeast fermented at optimal temperatures (see Section 4.9.4.1), so the higher YAN may have 

decreased the requirement for biotin.  Alternatively, the biotin response at low temperature 

may also be related to higher iron availability in the cold, as  BIO5 and VHT1 are 

transcriptionally regulated by TFs in the iron/copper regulon, Aft1p and Aft2p (HAUSMANN 

et al. 2008).  When iron is sufficient, there is no induction of the iron regulon and no 

subsequent induction of biotin import (SHAKOURY-ELIZEH et al. 2004; HAUSMANN et al. 

2008).  This decreases cellular iron and biotin acquisition and induces iron-sulfur protein 

biosynthesis, which is iron-consuming (HAUSMANN et al. 2008).  Therefore, the biotin 

pathway is downregulated when iron is sufficient and cold ferments are more iron- and 

biotin-sufficient compared to 25°C ferments.  

Thiamine metabolism was increased in the cold, indicating lower thiamine availability.  First, 

PHO3, encoding an enzyme that hydrolyses thiamine phosphates and increases thiamine 

uptake into the cell, was upregulated at stat.  Second, several genes that are normally 

upregulated in the absence of thiamine were repressed at cold stat (SNO3, THI22 and THI73).  

Thiamine, in its biologically active form thiamine diphosphate (TDP), is utilised as a cofactor 

for several enzymes involved in carbohydrate and amino acid metabolism, and has other 

functions in regulating gene expression and protecting organelles from ROS (KOWALSKA and 

KOZIK 2008).  During bread dough fermentation, yeast upregulate thiamine biosynthesis and 

transport, which is thought to be required for TDP-dependent carbohydrate metabolism, such 

as glycerol and trehalose production, which are important for stress tolerance during cold 

fermentation (TANAKA et al. 2006).  During fermentation, exogenous thiamine depletion 

results in slower fermentation, even though yeast have the ability to synthesise thiamine de 
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novo.  Increases in thiamine help to speed up fermentation and prevent stuck/sluggish 

ferments, all of which are important during cold fermentation (BATAILLON et al. 1996). 

Therefore, reduced nitrogen consumption and higher iron availability at low temperature 

likely decreased the requirement for biotin in cold fermentations.  In this study, cold 

fermentations were thiamine-limited, and the greater requirement may be due to the 

importance of this vitamin for the production of cold protectants.   

4.9.4.5. Effect of low temperature on respiration and the induction of oxidative stress 

The upregulation of respiratory chain genes in the cold, for example COX5B at exp and AAC3 

at stat, was more likely to be a response to low temperature, rather than a response to 

different oxygen concentrations in the anaerobic fermentation environment.  This explanation 

was also proposed by BELTRAN et al. (2006) to understand differences in fatty acid 

metabolism between fermentations performed at 13°C and 25°C.  Even in anaerobic 

conditions, the respiration chain remains functional at the very first stages of fermentation, as 

cytochromes are synthesised, oxygen is consumed by mitochondrial activity and there is an 

increase in the synthesis of mitochondrial proteins (LANDOLFO et al. 2008; SALVADÓ et al. 

2008).  At early and late stages, the cold stress response shares the same pathways as the 

response to hypoxia, which may also provide an explanation for the differential regulation of 

genes in respiratory function (AL-FAGEEH and SMALES 2006; ZAKRZEWSKA et al. 2011).  

Aac3p also has a role in the maintenance of cell viability under oxidative stress.  Other genes 

that help the yeast cope with oxidative stress, including GTO1, encoding a glutathione 

transferase involved in ROS detoxification; PEX27, encoding a gene involved in peroxisome 

function; and CTA1, encoding a catalase involved in detoxification that breaks down 

hydrogen peroxide, were upregulated at exp and stat during cold fermentation.  The greater 

incidence of oxidative stress in the cold and the upregulation of antioxidant systems has been 

noted previously (LANDOLFO et al. 2008; SALVADÓ et al. 2008; TREVISOL et al. 2011) and 

provides further evidence for the requirement of cysteine and glutathione for detoxification, 

as suggested in Section 4.9.4.3.  ZHANG et al. (2003) have also shown that oxidative stress is 

more serious for yeast in the cold than in optimal temperatures, as there is an increase in 

hydrogen peroxide production.    
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4.9.4.6. Expression of known cold-induced genes did not always follow expected patterns 

Genes encoding proteins that are typically differentially expressed under cold stress during 

fermentation were analysed for their gene expression patterns in M2 at 12.5°C vs. 25°C.  

These include genes linked to cell wall porosity and membrane fluidity, the general stress 

response, and a ‘cold-sensitive’ cluster, classified as such because their loss of function 

impairs growth at 4°C (BELTRAN et al. 2006).  There was very little overlap between the cold 

shock genes upregulated in BELTRAN et al. (2006) compared to the data for M2 in this study, 

which reflects the general lack of overlap between transcriptionally regulated genes (only 

137/535 genes in common, see Section 4.9.3).  None of the genes related to hypoxia/cold 

shock and membrane fluidity that were upregulated at 13°C vs. 25°C in BELTRAN et al. 

(2006) (TIR1, PAU1, SRL1 and ZEO1), were upregulated in M2.  MSN1, encoding the master 

TF of the ESR, was upregulated at early cold fermentation in BELTRAN et al. (2006), but not 

in M2 at exp or stat.  Additionally, from a total of eight genes involved in drug resistance and 

metal detoxification upregulated in BELTRAN et al. (2006), only ATX2, utilised for manganese 

homeostasis, was upregulated in M2 at stat.  Neither of the two chaperone genes (YRO2 and 

TCM62), upregulated in BELTRAN et al. (2006), were increased in M2.  In fact, YRO2 was 

downregulated in M2 exp in the cold.  Lastly, from the set of 10 ‘cold-sensitive’ genes 

upregulated in BELTRAN et al. (2006), none were differentially expressed by M2 in the cold at 

either exp or stat.  These results confirm that different yeast strains respond differently to cold 

stress and that there is high variation within the transcriptional response, as suggested by 

ROSSOUW and BAUER (2009).   

The common transcriptional response to cold shock, identified by SAHARA et al. (2002) 

characterised a set of genes that were upregulated at early-mid phase (NSR1, TIP1, TIR1 and 

TIR2) and at late phase (HSP12 and HSP26).  In M2, cold fermentation had no effect on the 

transcription of TIP1 or TIR1; however, TIR2 was upregulated 3.9-fold at exp and NSR1 was 

upregulated 2.6-fold at stat.  Therefore, there was some commonality between the cold shock 

response in M2 compared to other studies.  Interestingly, HSP12 and HSP26 were both 

differentially regulated at exp, rather than stat, consistent with the concept that the cold stress 

response, or applied stress in general, may occur earlier in fermentable media vs. non-

fermentable media. 
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4.9.5. Four genetically distinct F1 hybrids with M2 as the common parent differ in their 

gene expression patterns against M2 with varying degrees of similarity during 

fermentation at 12.5°C 

Gene expression was analysed in four F1 hybrids between M2 Ura- and four other S. 

cerevisiae strains, against the M2 Ura- parent, with all strains fermented at 12.5°C in SB 

juice at exp and stat.  The aim of this section was to determine whether the F1 hybrids, with 

genetic differences derived from one parent, show variation in their transcriptional response 

to cold fermentation.  If so, these genetic differences may be attributed to the ability of 

different yeast strains to use different mechanisms to respond to cold stress.   

Initial analyses of the number of gene differences between the four F1 hybrids showed that 

each F1 hybrid displayed a different pattern of transcriptional regulation during cold 

fermentation, with differing degrees of similarity between the M2 parent and between each 

other.  M2xY55 had the least number of differences compared to M2 at exp and stat, 

followed by M2xBC187, M2xL-1528 and M2xS288c.  M2xS288c clearly had the most 

number of differences against M2 and compared to the other three F1 hybrids (Table 4-3).  

These differences were also found in the stat vs. exp comparisons and reflected in the plots 

detailing all genes for each possible two-way F1 hybrid pairing against M2 during cold 

fermentation (stat vs. exp in Figure 4-7; two-way pairings in Figure 4-14 and Figure 4-15).  

The gene numbers and plots also showed that M2xL-1528 and M2xBC187 displayed the 

greatest level of similarity in their transcriptional response at both exp and stat, and 

M2xS288c and M2xL-1528 displayed the most different transcriptional response from each 

other.   

It was expected that genetic diversity would be proportional to transcriptional differences 

between yeast strains.  In three out of four F1 hybrids, genetic similarity to M2 was 

proportional to the differences in gene expression; however, M2xY55 was the exception.  

Figure 4-17 shows that the French wine strain, Y55, is classified within the S. cerevisiae wine 

subgroup, along with L-1528, BC187 and M2.  However, Y55 is positioned on a separate 

branch of the SNP-based phylogenetic tree compared to L-1528, BC187 and M2, as it is 

derived from a recent cross between a West African lineage with a European lineage, with a 

mosaic genome structure containing pieces from multiple subpopulations (SCHACHERER et al. 

2009).  Since Y55 is placed outside of the wine phylogenetic cluster, it was expected that the 

transcriptional profile of M2xY55 would be less similar to M2 than the profiles of        
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M2xL-1528 and M2xBC187.  However, the opposite result was shown, with M2xY55 having 

a more similar transcriptional profile to M2 in the cold than M2xBC187 and M2xL-1528.  

The high genetic similarities between the BC187 and L-1528 parents (Figure 4-17) did 

predict that the M2xL-1528 and M2xBC187 F1 hybrids would share the most differentially 

regulated genes at both time points.  The low genetic similarity between the lab strain, S288c, 

compared to the other F1 hybrids and M2 (Figure 4-17), also supports the greater number of 

transcriptional differences between S288c and these strains.  These transcriptional differences 

could be attributed to the large number of genetic differences in S288c compared to wine 

yeasts (HAUSER et al. 2001) and the poor ability of S288c to perform fermentation. 

Therefore, the majority of the results support the hypothesis that genetic diversity is 

proportional to transcriptional differences, with the exception of the Y55 parent.   

 

Figure 4-17:  Simplified diagram showing the relationship between the six S. cerevisiae phylogenetic 

clusters based on the phylogenetic trees created by LITI et al. (2009) and SCHACHERER et al. (2009), using 

genomic sequence and SNP data.  The black scale bar indicates the frequency of base pair (bp) 

differences.  Y55, BC187, L-1528 and M2 are classified within the wine subpopulation (purple text); 

however, Y55 is not placed within the wine/European phylogenetic cluster.  S288c is classified within the 

laboratory subpopulation (yellow text) and within the laboratory phylogenetic cluster.   



Chapter 4 – Effect of low temperature fermentation on gene expression 

132 
 

4.9.6. Genes differentially expressed in all four F1 hybrids against M2 have roles in the 

stress response and nutrient usage 

Genes that were differentially regulated in all F1 hybrids compared to M2 could provide some 

information on the metabolic pathways that characterise the differences in the transcriptional 

response to cold fermentation between the F1 hybrids vs. M2.  There were 22 and 80 genes 

with altered expression compared to all four F1 hybrids in the M2 parent at exp and stat, 

respectively.  Astonishingly, 50 % of these genes encoded proteins with unknown functions. 

Of the known genes differentially regulated in the four F1 hybrids against M2, three had 

previously been identified as having roles in cold stress:  YRO2, DAN3 and STL1.  At exp, all 

hybrids upregulated YRO2 relative to the M2 parent at 12.5°C.  YRO2 encodes a chaperone 

induced in cold stress (BELTRAN et al. 2006) and is transcriptionally regulated by Haa1p, a 

transcriptional activator of membrane stress proteins (ARANDA and DEL OLMO 2004).  At 

stat, the upregulation of DAN3 in the F1 hybrids suggests that they respond differently to cold 

stress compared to M2.  DAN3, a member of the DAN/TIR gene family, encodes a cell wall 

mannoprotein expressed at low temperature, anaerobic conditions and during stationary 

growth (ABRAMOVA et al. 2001; COHEN et al. 2001).  DAN genes are repressed by oxygen, so 

the DAN3 gene in the F1 hybrids may respond more quickly to the lack of oxygen than in M2 

(ABRAMOVA et al. 2001).  DAN genes contain a binding site for the Rox1p repressor, which 

represses 1/3 of all anaerobically-induced genes (KWAST et al. 2002).  ROX1 was also 

downregulated in all F1 hybrids at stat, which is consistent with the upregulation of DAN3 in 

the F1 hybrids.  The higher level of ROX1 expression in the M2 parent suggests that there are 

differences in the regulation of anaerobically-induced genes between M2 and the F1 hybrids.   

The downregulation of STL1 at stat in all four F1 hybrids may provide another example of 

how the F1 hybrids differ in the response to cold compared to M2.  STL1, encoding a 

glycerol/proton symporter, plays a role in cold stress adaptation via the fast accumulation of 

the cryoprotectant, glycerol (TULHA et al. 2010).  STL1 is known to be upregulated under 

cold, osmotic and general stress conditions and was upregulated 2.4-fold in M2 at stat (see 

Appendix A.5).  STL1 is upregulated via the HOG pathway, and the downregulation of this 

gene in the F1 hybrids suggests that Stl1p-mediated glycerol accumulation may be a 

protective mechanism that M2 is more efficient at using, compared to the F1 hybrids. 

Other genes that were differentially regulated in the F1 hybrids against M2 were within 

several metabolic pathways known to be variable in different strains, especially in relation to 



Chapter 4 – Effect of low temperature fermentation on gene expression 

133 
 

environmental stresses encountered during fermentation (CARRETO et al. 2011).  Upregulated 

genes were in pathways such as nitrogen metabolism (CHA1, BAP3 and GNP1), cell wall 

stability (PIR3, CIS3 and DAN3) and oxidative stress (YHB1 and GTT2) (Appendix A.10, 

Table A-5 and Table A-6).  Differences in nitrogen-related genes suggests that there may be 

differences in nitrogen usage and/or requirement between the F1 hybrids and M2 and supports 

the hypothesis that there is a strong yeast-strain specific component of amino acid usage, as 

discussed in BELTRAN et al. (2007) and CARRETO et al. (2011).  Downregulated genes were in 

pathways such as cell cycle (PCL1, SSP1 and CSM4), hexose transport (HXT17 and HXT14), 

protein degradation (SRN2), RNA processing (CWC25, TRM7, MIP6, and MER1) and 

ribosome biogenesis (NOP6, RSM27, YBL028C and YOR287C) (Appendix A.10, Table A-5 

and Table A-6).  All of these pathways, excluding hexose transport, were also generally 

downregulated in the cold in M2.  The further downregulation of these pathways in the F1 

hybrids likely reflects differences in regulation compared to M2.  The downregulation of the 

two hexose transporter genes, likely reflects the genotypic diversity between different yeast 

strains for glucose transport genes (TAI et al. 2007a; RINTALA et al. 2008; CARRETO et al. 

2011).  

The MIPS category that was most differentially regulated during cold fermentation in the F1 

hybrids compared to M2 was development, with 50 % of genes within this pathway showing 

differential expression (Figure 4-16).  BELTRAN et al. (2006) also found differential 

expression for several genes involved in mating, sporulation and development during cold 

fermentation.  However, these transcriptional differences were not accompanied by any 

changes in yeast cell morphology.  BELTRAN et al. (2006) suggested that these differences 

may be due to variation in the capacity of yeast to grow and survive.  The breakdown of 

MIPS categories into their subcategories was in agreement with the transcriptional data for 

individual genes, with nitrogen/amino acid metabolism and carbon/glucose metabolism 

exhibiting the most changes in gene expression (Table 4-4). 

4.9.7. Genes with copy number differences between strains are easily identified based on 

transcriptional differences  

Many of the genes responsible for the largest fold changes between individual F1 hybrid 

strains against M2 encode unknown proteins.  Two genes that were highly expressed in one 

or more F1 hybrids encode genes that are known to be deleted in M2.  For example, the 

highest fold F1 hybrid-specific changes were for ASP3-1 (124-fold at exp and 179-fold stat) 
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and FLO1 (73-fold at exp and 182-fold stat) in M2xS288c, because S288c was the only strain 

to have functional and/or non-deleted copies of these genes.  S288c has four tandem copies of 

ASP3 (-1, -2, -3 and -4) and all four are deleted in M2, Y55 (SCHACHERER et al. 2009, SI2), 

L-1528 and BC187 (based on SGRP data, 

http://www.sanger.ac.uk/gbrowse/gbrowse/cere_dmc/).  ASP3-1 encodes a cell-wall L-

asparaginase II involved in asparagine catabolism and is induced under nitrogen-limitation. 

The copy number depletion of ASP3 is a common feature in wild-type strains (CARRETO et al. 

2008).  CARRETO et al. (2008) hypothesise that asparagine usage as an alternative nitrogen 

source is not important for strains in industrial or environmental niches.   

S288c has a fully functional version of FLO1, whereas M2, Y55, L-1528 and BC187 have 

large deletions within this locus ((SCHACHERER et al. 2009, SI2)  and 

http://www.sanger.ac.uk/gbrowse/gbrowse/cere_dmc/).  FLO1 encodes a lectin-like cell wall 

surface protein used for flocculation by binding to mannose chains on the surface of other 

cells.  FLO1 is one of the dominant flocculation genes in S. cerevisiae; other family members 

include FLO5, FLO9 and FLO10, with shared homology; and AGA1, FIG2 and 

MUC1/FLO11, with different amino acid structures and roles in filamentous growth (GUO et 

al. 2000).  FLO1-dependent floc formation is under complex genetic, physiological and 

environmental regulation and typically requires the TFs Mss11p and Flo8p (ISHIDA-FUJII et 

al. 1998; BESTER et al. 2006).  S288c cannot flocculate due to a nonsense point mutation in 

the S288c FLO8.  M2xS288c may be capable of flocculating due to the functional FLO8 

from M2 and functional FLO1 from S288c; however, there were no signs of flocculation in 

any of the M2xS288c cultures used in this research.  Flo1p-dependent flocculation may have 

benefits for cold fermentation, which may involve cell-cell or cell–substrate interactions 

resulting in protection from the external environment (SMUKALLA et al. 2008; GOOSSENS and 

WILLAERT 2010; SOARES 2011).   

4.9.8. Many cold-regulated genes display variation in expression between strains 

Five cold-regulated genes were differentially expressed between the F1 hybrids.  Their 

functions indicate that the F1 hybrids may differ in their response to nutrient sources and 

stress.  DIP5 encodes a dicarboxylic amino acid permease gene that mediates the high-

affinity and high-capacity transport of glutamate and aspartate (REGENBERG et al. 1998).  

Dip5p is also able to transport glutamine, asparagine, serine, alanine, and glycine and its 

promoter is subject to NCR (REGENBERG et al. 1998).  It has also been shown by CARRETO et 

http://www.sanger.ac.uk/gbrowse/gbrowse/cere_dmc/
http://www.sanger.ac.uk/gbrowse/gbrowse/cere_dmc/
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al. (2011) to have a high level of expression variation in different S. cerevisiae strains.  DIP5 

was downregulated in the M2xY55 and M2xBC187 hybrids further than in M2 and may 

indicate a reduced consumption of nitrogen and strain differences in NCR regulation 

(BELTRAN et al. 2007). 

GRE1, encoding a hydrophilin of unknown function, was greatly downregulated in 

M2xS288c at stat (27-fold vs. M2; GRE1 was upregulated 10-fold in M2 at 12.5°C vs. 25°C).  

The other three F1 hybrids displayed similar GRE1 transcription to M2.  GRE1 is induced by 

multiple stresses, including high osmolarity, ROS, and temperature, specifically during the 

late growth stage, and is regulated by several stress response pathways, including HOG, 

cAMP–PKA and Msn2p/Msn4p (GARAY-ARROYO and COVARRUBIAS 1999).  Therefore, M2 

and the other F1 hybrids may respond differently to cold stress than M2xS288c. 

MNN4, encoding a positive regulator of the mannosylphosphate transferase gene (MNN6), 

was downregulated at exp in M2xS288c, M2xL-1528 and M2xBC187 and at stat in 

M2xS288c.  Mnn4p is required for the mannosylphosphorylation of N-linked 

oligosaccharides, and the gene is upregulated during stressful conditions by the cAMP–PKA 

pathway (CONDE et al. 2007).  The downregulation of MNN4 at stat in M2xS288c suggests 

that less oligosaccharides may be mannosylphosphorylated in this F1 hybrid.  

Mannosylphosphate transfer results in the cell having a net negative charge, forming a shield 

for protection against high levels of osmolytes, or resulting in oligosaccharide cross-linking 

to strengthen the wall (ODANI et al. 1997).  Mannosylphosphorylation may also help to 

stabilise stress-induced glycoproteins and incorporate them into the cell wall, suggesting an 

importance during cold stress (JIGAMI and ODANI 1999).  The other hybrids may elicit this 

response more efficiently than M2xS288c. 

MUC1/FLO11, encoding another flocculin, was upregulated further in M2xY55, M2xS288c 

and M2xL-1528 compared to M2 at 12.5°C, at stat.  MUC1/FLO11 is part of the 

pseudohyphal growth pathway and is induced under stressful conditions with limited 

nutrients, such as glucose and/or nitrogen starvation (GUO et al. 2000; GANCEDO 2001).  

MUC1/FLO11 is transcriptionally regulated by the MAPK pathway (via Ste12p and Tec1p) 

and the cAMP pathway (via Flo8p) and aids cells in adapting to stress.  The upregulation of 

this pathway in the F1 hybrids may reflect further differences in the strains for coping with 

downstream effects of cold stress, such as nitrogen deprivation (SOARES 2011).   
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Lastly, OPT2 is a member of the OPT family that encodes an oligopeptide transporter.  

Oligopeptides, containing 2-5 amino acid residues, are important for mature vacuole 

formation and can be used as nutrient source (WILES et al. 2006; AOUIDA et al. 2009).  OPT2 

was upregulated in M2xY55, M2xL-1528 and M2xBC187 at exp and stat against M2.  

Microarray analyses during stress conditions have shown that the two S. cerevisiae members 

of the OPT family, OPT1 and OPT2, exhibit differential regulation under stress or nutrient 

deprivation, such as limited nitrogen (GASCH et al. 2000) and sulfur (BOER et al. 2007).  

OPT2 expression is known to be highly variable amongst yeast strains (CARRETO et al. 2011).  

The upregulation of OPT2 in the F1 hybrids indicates the possibility that the F1 hybrids differ 

in their transcriptional response to the availability of small peptides as nutrients; however, the 

function of these genes can only be inferred based on the transcriptional changes. 

The differential regulation of genes involved in nitrogen and stress between strains, and by 

low temperature, suggests that these two pathways may be critically important in the 

successful adaptation of yeast to cold fermentation. 

4.9.9. Strains differ in their expression of TFs 

Three genes encoding TFs that regulate different stress responses (HAC1, PHO4 and RGM1) 

were initially identified based on transcriptional differences between the F1 hybrids and M2.  

These TFs transcriptionally regulate hundreds of target genes and may have an important 

influence on gene expression differences in the F1 hybrids.  Hac1p activates > 300 target 

genes in the UPR, which responds to the accumulation of unfolded proteins in the 

endoplasmic reticulum in times of stress (OGAWA and MORI 2004).  Pho4p has > 350 

downstream targets (http://www.yeastract.com/) and activates the transcription of the PHO 

genes, for phosphate uptake/storage and amino acid metabolism (NISHIZAWA et al. 2008).  

Rgm1p represses the expression of > 100 target genes, including those involved in 

monosaccharide catabolism and aldehyde metabolism (CHUA et al. 2006).   

Analysis of all known yeast TFs that were differentially expressed in one or more of the F1 

hybrids against M2 identified 62 TFs that influenced the expression levels of ≥ 1 % of their 

downstream target genes.  The 62 TFs appeared to have a direct effect on gene expression of 

the F1 hybrids, as the fold-change expression of the TFs correlated with the number of known 

target genes differentially expressed in the F1 hybrids.  The congruence between the changes 

in TF transcripts and the overall pattern of change seen in probable target genes, strongly 

suggests that the differences in TF regulation in the F1 hybrids are responsible for many of 

http://www.yeastract.com/
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the transcriptional differences between the F1 hybrids and M2.  This analysis is clearly 

incomplete, since it would not include, for example, those TFs whose activity is controlled by 

phosphorylation and nuclear localisation, which may not necessarily result in changes in TF 

transcript levels.  Additionally, the differential expression of genes in the F1 hybrids may be a 

result of the complex combinations of interacting loci from the two parental genomes, acting 

either in cis or trans (BREM et al. 2002).   

M2xS288c had the largest number of differences compared to M2 in percent target genes 

differentially expressed, whereas M2xY55 had the least.  M2xL-1528 and M2xBC187 were 

also the most similar in terms of transcriptional regulation.  The number of TFs in the F1 

hybrids that influenced target genes in stat was also much greater than at exp.  These 

conclusions are consistent with the other transcriptional differences identified in Figure 4-7, 

Table 4-3, Figure 4-13, and Section 4.8.1.  Several TF genes were identified that had a large 

proportion of their target genes differentially regulated in the F1 hybrids (> 25 %); for 

example, MET4, NRG2 and HMS2, in M2xL-1528; and IME1, in M2xY55.  Sixteen different 

TF genes had > 25 % of their target genes differentially expressed in M2xS288c at stat.  

SPS18, encoding a TF with unknown function, influenced 54 % of its targets.  These TF 

genes may account for many of the differences in transcriptional profiles between strains.  A 

large number of the transcripts differentially regulated in M2xL-1528 and M2xBC187 at exp 

(319/858 = 37 % and 235/678 = 35 %) were targets of the SFP1 gene, encoding a regulator of 

ribosome biogenesis during stress and nutrient deprivation.  Sfp1p also controls the G2/M 

cell cycle transition, the response to DNA-damage response, and the modulation of cell size.  

Targets of the STE12 gene, encoding a TF that responds to stress, glucose and nitrogen 

deprivation, were also largely differentially regulated in M2xS288c at stat (458/1126 = 41 %) 

(BRAUS et al. 2003).   

4.10. Conclusion 

In this chapter, three major transcriptional analyses were carried out on wine yeast during 

fermentation in SB wine.  Differences in transcription between exp and stat were analysed in 

the commercial wine yeast M2 at 25°C and 12.5°C, and in four different F1 hybrids with M2 

as the common parent at 12.5°C.  The exp to stat transition represented the largest 

transcriptional response during fermentation, comprising 40 % of the genome.  Differences in 

transcription between M2 fermented at 12.5°C vs. 25°C at exp and stat identified five key 

areas of metabolism influenced by cold fermentation: nitrogen and amino acid metabolism, 
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iron/copper metabolism, sulfur metabolism, biotin and thiamine metabolism and oxidative 

stress.  In particular, it appears that nitrogen requirements are lower at low temperature, 

although less nitrogen is consumed.  Amino acid degradation is also altered.  Less iron seems 

to be required for exp at low temperature, and at stat there appears to be a need to synthesise 

ISCs for cellular detoxification and cofactor production.  Sulfur appears to be limiting at exp 

in the cold; however, it is not until stat that the sulfur assimilation pathway is upregulated.  

The sulfur requirement at stat appears to represent the need to synthesise methionine and 

cysteine.  These two sulfur-containing amino acids are used to produce glutathione and ISCs, 

and to detoxify acetaldehyde.  The combination of reduced nitrogen consumption and 

increased iron availability at cold fermentation appears to reduce the requirement of biotin.  

Conversely, there seems to be a greater thiamine requirement at low temperature, in order to 

increase the production of glycerol and trehalose.  Lastly, oxidative stress is a greater 

problem for cold-fermented yeast, due to an increase in hydrogen peroxide production.   

Differences between F1 hybrids and M2 at 12.5°C showed that M2xY55 had the most similar, 

and M2xS288c had the most different, transcriptional responses compared to M2.  M2xL-

1528 and M2xBC187 shared the most similarities.  The most transcriptional differences in the 

F1 hybrids involved genes for nutrient utilisation pathways, specifically nitrogen and carbon.  

Several TFs were identified with a putative influence on transcriptional differences between 

the F1 hybrids during cold fermentation compared to M2.  
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Chapter 5. Effect of low temperature fermentation on wine aroma 

5.1. Introduction 

This chapter examines the effect of cold fermentation on yeast-derived aroma production in 

NZ SB, using the six finished wines that were analysed for cold-related transcriptional 

differences in Chapter 4.  Approximately 30 aroma compounds, including volatile thiols, 

acetate esters, higher alcohols, ethyl esters and fatty acids, were quantified in 200-mL wines 

obtained from the commercial wine yeast M2, at 12.5°C and 25°C, to compare the effect of 

temperature on the quantity and type of aroma compounds produced.  The wines produced at 

12.5°C by M2 and four F1 hybrids (M2xBC187, M2xL-1528, M2xS288c and M2xY55) were 

used to analyse the effect of genetic differences between strains and to assess the influence of 

the non-M2 parent.  Multivariate analysis was performed to correlate the aroma profiles of 

the finished cold-fermented wines with changes in gene expression of M2 and the F1 hybrids 

during fermentation. 

In another experiment, approximately 30 aroma compounds (volatile thiols, acetate esters, 

higher alcohols, ethyl esters and fatty acids) were quantified in larger wine volumes (700 

mL), fermented independently by four S. cerevisiae strains: M2, EC1118 and X5 

(commercial wine yeasts) and L-1528 (Chilean wine yeast) (see Chapter 2, Table 2-2).  Three 

different Marlborough SB juices (07, M1016 and BLANW) were used to determine whether 

temperature, juice or yeast had the greatest influence on aroma concentration in the finished 

wines.   

5.2. The effect of low temperature on the aroma compounds produced by 

M2 during microvinification 

To compare the effect of low temperature on volatile production, aroma compounds were 

quantified from triplicate wine samples of M2 Ura- fermented at 12.5°C and 25°C, in 07 SB 

juice supplemented with 300 mg L
-1

 uracil.  Uninoculated controls at 12.5°C and 25°C were 

included to determine background levels of aroma compounds in the juice.  These wines were 

harvested from the same fermentations used for microarray analysis (see Chapter 2, Section 

2.4.7 and Chapter 4, Section 4.2).  Biological triplicates were quantified independently and 

the three samples were averaged for each compound. 
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5.2.1. Volatile thiols 

Table 5-1 shows the concentrations of the volatile thiols 3MH and 3MHA in the finished 

wines from M2 Ura- at 12.5°C and 25°C in 07 SB juice.  Thiol concentrations were within 

the typical range for Marlborough SB according to the literature (NICOLAU et al. 2006; LUND 

et al. 2009; PATEL et al. 2010).  However, the 12.5°C-fermented wines had a 25 % reduction 

in both 3MH and 3MHA compared to the 25°C wines.  The ratio of 3MHA/3MH was not 

significantly different between the 12.5°C and 25°C wines.  The OAVs for both thiols were at 

least 20-fold higher than their perception thresholds, indicating that 3MH and 3MHA should 

both make perceivable contributions to the wine aroma (OAV calculations are described in 

Chapter 2, Section 2.6.2).  The OAVs for 3MHA were higher than those for 3MH due to the 

lower perception threshold of 3MHA.  No 4MMP was detected in any of the wines and no 

thiols were detected in the uninoculated juice samples, as expected (data not shown). 

Table 5-1:  Average concentrations (ng L
-1

) and OAVs of the volatile thiols 3MH and 3MHA in the 

12.5°C- and 25°C-fermented wines.  The ratio of 3MHA/3MH is also shown.  OAVs > 1 = red; > 20 = bold 

red.  Wines were fermented by M2 Ura- in 07 SB juice.  Perception thresholds were obtained from 

DUBOURDIEU et al. (2006) and descriptors were obtained from LUND et al. (2009).  P-values were 

determined for the replicates between the two temperatures (p > 0.05
ns

 (not significant), p < 0.05*, p < 

0.01**, p < 0.001***); n = 3. 

 Threshold M2 Ura- 12.5°C M2 Ura- 25°C Aroma 

3MH (ng L-1) 60 1262.3 1802.2***  

OAV  21.04 30.04 Grapefruit, passionfruit 

3MHA (ng L-1) 4 279.3 447.5**  

OAV  69.82 111.87 Sweaty passionfruit 

3MHA/3MH ratio 0.22 0.25ns  

 

5.2.2. Total acetate esters, higher alcohols, ethyl esters and fatty acids 

Figure 5-1 shows the sum concentrations (µM) of total acetate esters, higher alcohols, ethyl 

esters and fatty acids quantified from the wines fermented by M2 Ura- at 12.5°C and 25°C in 

07 SB juice.  The concentrations of acetate esters, higher alcohols, ethyl esters and fatty acids 

were all lower in the cold-fermented wines compared to the 25°C-fermented wines, with 

higher alcohols reduced by almost 50 %.   
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Figure 5-1:  Sum concentrations (µM) of total acetate esters, higher alcohols, ethyl esters and fatty acids 

in the 12.5°C- and 25°C-fermented wines.  Concentrations were plotted on a log10 scale.  Wines were 

fermented by M2 Ura- in 07 SB juice.  Error bars = SEM.  P-values were determined for the replicates 

between the two temperatures for each compound group (p < 0.05*, p < 0.01**, p < 0.001***, p < 

0.0001****); n = 3. 

5.2.3. Individual acetate esters, higher alcohols, ethyl esters and fatty acids 

Table 5-2 shows the concentrations of the individual acetate esters, higher alcohols, ethyl 

esters and fatty acids in the 12.5°C and 25°C wines fermented with M2 Ura-, compared with 

uninoculated juice.  Of the 28 compounds quantified, two compounds, 3-methyl-2-buten-1-ol 

and 1-propanol-3-ethoxy, were not detected in any of the wines.  The impact of 3-methyl-2-

buten-1-ol in wines has not yet been determined, and it is unknown whether this compound is 

yeast-specific (CABAROGLU et al. 1997).  In contrast, the production of 1-propanol-3-ethoxy 

has been described as specific to certain yeast strains (DI STEFANO et al. 1981).  OAVs were 

calculated for 25 of the 26 detectable compounds, excluding cis-3-hexen-1-ol acetate (Table 

5-2).  Five compounds had OAVs > 20 (isoamyl acetate, ethyl butanoate, ethyl hexanoate, 

hexanoic acid and octanoic acid), which indicates that there are only a small number of 

dominant aroma compounds in the wines.  Three compounds, diethylmalate (fruity, herbal, 

sugar), ethyl lactate (floral, fruity, sweet) and 2-furanoic acid ethyl ester (floral, fruity), had 

OAVs < 0.1 in the wines fermented with M2.  However, compounds with OAVs < 1 may still 

contribute to the wine aroma through additive effects with other compounds (FRANCIS and 

NEWTON 2005).  
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Table 5-2:  Average concentrations (µg L
-1

) of acetate esters, higher alcohols, ethyl esters and fatty acids quantified from wines fermented at 12.5°C and 25°C in 07 

SB by M2 Ura-, plus uninoculated juice.  nd = not detected.  OAVs are not shown, but concentrations in red indicate OAV > 1 and bold red > 20.  Perception 

thresholds and descriptors were obtained from 
1
SWIEGERS et al. (2005) (wine), 

2
ESCUDERO et al. (2007) (synthetic wine), 

3
MOYANO et al. (2002) (synthetic wine), and 

4
PEINADO et al. (2006) (synthetic wine).  Samples not connected by the same letter are significantly different (ANOVA, Tukey’s HSD); n = 3. 

(µg L
-1

) Threshold  M2 Ura-12.5°C M2 Ura-25°C Uninoculated 12.5°C Uninoculated 25°C Aroma 

Hexyl acetate 1700 699.5b 853.6a ndc ndc Floral, fruity, pear 

Cis-3-hexen-1-ol acetate - 29.0b 42.0a ndc ndc Apple, fruity, sweet 

Isoamyl acetate 230 11954.9b 16237.7a 48.8c 32c Banana, fruity, pear 

2-phenylethyl acetate 2250 2049.1b 4462.3a 7.4c 7.4c Fruity, honey, rose 

Isobutyl acetate 21600 63.0b 209.5a 12.0c 12.0c Apple, floral, fruity 

Trans-3-hexenol 31000 158.3b 179.4a 43.8c 46.5c Cut grass 

Hexan-1-ol 28000 3066.7a 3209.2a 2541.9c 2641.2b Grass, floral, resin 

Cis-3-hexen-1-ol 2400 363.1d 462.1c 650.4b 657.6a Cut grass 

Isoamyl alcohol 230000 132541.2b 271647.0a ndc ndc Malt, smoky, solvent 

Phenethyl alcohol 210000 17033.6b 17389.0a 15502.1c 15502.1c Floral, honey, spice 

Isobutanol 240000 11284.1b 23116.6a 10020.7c 10032.8c Nailpolish, solvent 

Methionol 21000 1267.0b 3943.3a 181.2c 181.2c Potato, sweet 

Diethylmalate 410000 14.6a 12.1b ndc ndc Fruity, herbal, sugar 

Diethylsuccinate 2200000 1650.3b 1860.3a 267.6c 265.0c Floral, fruity 

Ethyl butanoate 220 2259.0a 2025.0b ndc ndc Apple, fruity, peach 

Butanoic acid-2-methylethyl ester 218 4.1a 4.1a 2.8b 2.8b Apple, banana, pineapple 

Ethyl hexanoate 214 5219.8b 5758.1a ndc ndc Apple, fruity, sweet 

Ethyl octanoate 2580 1323.5b 1624.7a 25.3c 25.3c Floral, fruity, sweet 

Ethyl decanoate 2200 255.4b 544.4a 9.6c 9.7c Floral, fruity, sweet 

Ethyl isovalerate 23 4.0b 4.7a 2.8c 2.8c Apple, pineapple 

Ethyl lactate 2154000 102.7b 179.4a 11.2c 11.2c Floral, fruity, sweet 

2-furanoic acid ethyl ester 216000 2.0b 4.3a ndc ndc Floral, fruity 

Ethyl isobutyrate 215 16.8b 33.5a 7.4c 7.3c Apple, fruity, sweet 

Hexanoic acid 2420 23570.0b 24850.0a  ndc ndc Cheese, spicy, sweat 

Octanoic acid 2500 14049.0b 17280.7a 747.9c 723.1c Cheese, goaty, soapy 

Decanoic acid 21000 451.4b 595.7a 206.6c 206.7c Fatty, rancid 
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(i)   Difference between aroma compound concentrations in wine and uninoculated juice 

The uninoculated juices had significantly lower levels of acetate esters, higher alcohols, ethyl 

esters and fatty acids compared to the M2-fermented wines (Table 5-2).  Only                    

cis-3-hexen-1-ol (cut grass) was higher in the uninoculated juice compared to the M2-

fermented wines.  This compound may undergo transformation by the yeast or through 

chemical processes during fermentation.  Eight compounds were present in the wines 

fermented by M2 but not detected in the uninoculated juice (hexyl acetate, cis-3-hexen-1-ol 

acetate, isoamyl alcohol, diethylmalate, ethyl butanoate, ethyl hexanoate, 2-furanoic acid 

ethyl ester and hexanoic acid).  The volatile concentrations and OAVs in the 12.5°C and 

25°C uninoculated juices were within the same range for all compounds except for hexan-1-

ol (grass, floral, resin) and cis-3-hexen-1-ol, which were significantly lower in the 12.5°C-

uninoculated juice. 

(ii)   Effect of temperature 

The great majority (22 out of 26) of aroma compounds had lower concentrations and OAVs 

in the 12.5°C wines compared to the 25°C wines.  All five acetate esters, 6/7 higher alcohols, 

8/11 ethyl esters and all three fatty acids had lower concentrations in the cold (see Table 5-2).  

Of the other four compounds analysed, two were unaffected by the temperature shift:  hexan-

1-ol (grass, floral, resin) and butanoic acid-2-methylethyl ester (apple, banana, pineapple).  

Another two increased in the cold:  diethylmalate (fruity, herbal, sugar) and ethyl butanoate 

(apple, fruity, peach).  These results indicate that temperature has a strong impact on the 

production of volatiles during fermentation, and that wines fermented with M2 in 07 juice at 

low temperature had lower concentrations of most aroma compounds compared to the same 

wines fermented at higher temperatures.  

Isoamyl acetate (banana, fruity, pear) had the highest OAV of any compound quantified in 

the 12.5°C and 25°C wines and isobutyl acetate (apple, floral, fruity) was the only acetate 

ester below the perception threshold.  Wines at both temperatures were dominated by isoamyl 

alcohol (malt, smoky, solvent), which had the highest OAV of the higher alcohols measured.  

Isoamyl alcohol was 2-fold lower in the 12.5°C wines compared to the 25°C wines (Table 

5-2).  Phenethyl alcohol (floral, honey, spice) and isobutanol (nailpolish, solvent) were also 

present at high concentrations, but only the former was above the perception threshold.  Of 

the three C6 alcohols (cut grass), trans-3-hexenol and hexan-1-ol were below perception 

threshold in all wines, whereas cis-3-hexen-1-ol was below the perception threshold at 
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12.5°C and not at 25°C.  Methionol (potato, sweet) was also above its perception threshold in 

the wines.  Of the eight ethyl esters that declined in the cold, three were below their 

perception thresholds:  diethylsuccinate (floral, fruity), ethyl lactate (floral, fruity, sweet) and 

2-furanoic acid ethyl ester (floral, fruity).  Two others, ethyl isovalerate (apple, pineapple) 

and ethyl isobutyrate (apple, fruity, sweet), had OAVs just above 1 in the 12.5°C wines, with 

higher values in the 25°C wines.  The three major ethyl ester in terms of their OAVs were 

ethyl hexanoate (fruity, apple, sweet), ethyl octanoate and ethyl decanoate (both floral, fruity, 

sweet).  All are synthesised from fatty acids and their concentrations decreased with carbon 

chain length.  Ethyl hexanoate had very high OAVs in the wines and was highest in the 25°C 

wines.  As for the ethyl esters, an increase in fatty acid chain length correlated with a 

decrease in concentration.  The OAVs of hexanoic acid (cheese, spicy, sweat) and octanoic 

acid (cheese, goaty, soapy) were high in the wines at both temperatures (> 20); however, the 

OAV of decanoic acid (fatty, rancid) was < 1. 

5.2.4. Relative ratios of individual esters and their precursors 

Figure 5-2A and B show direct comparisons between the five individual acetate esters and 

their corresponding higher alcohol precursors.  They showed a similar trend of decreases at 

low temperature, with the decrease in the acetate ester reflected by a corresponding level of 

reduction in the higher alcohol precursor.  For example, hexyl acetate had the lowest decrease 

at low temperature of all acetate esters, whereas isobutyl acetate had the highest.  The same 

pattern was displayed by their precursors, hexan-1-ol and isobutanol.   

Figure 5-2C and D demonstrate that this trend was also shown by the three ethyl esters, ethyl 

hexanoate, ethyl octanoate and ethyl decanoate, and their corresponding fatty acid precursors, 

hexanoic acid, octanoic acid and decanoic acid.  Both the fatty acid precursors and their ethyl 

esters showed a reduction based on chain length, with the shortest chain compounds having a 

lower decrease in the cold.   
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Figure 5-2:  Relative ratio of individual acetate esters, higher alcohols, ethyl esters and fatty acids in the 

12.5°C- and 25°C-fermented wines (log2 scale).  Comparisons between acetate esters and their 

corresponding higher alcohol precursors, as well as ethyl esters and their corresponding fatty acid 

precursors were made directly below the respective graphs and are denoted with the dashed lines.  A = 

Acetate esters.  B = Higher alcohols.  C = Ethyl esters.  D = Fatty acids.  Wines were fermented by M2 

Ura- in 07 SB juice supplemented with 300 mg L
-1

 uracil.  Error bars = SEM; n = 3. 

A 

B 

C 

D 
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5.2.5. Acetylation of higher alcohols to acetate esters and the conversion of fatty acids to 

ethyl esters 

Table 5-3 compares the extent of acetylation from higher alcohols to acetate esters and of 

conversion from fatty acids to ethyl esters.  The percent acetylation and percent conversion 

were calculated based on the ratios between the concentrations (µM) of the precursor and 

product.  All differences in acetylation between the 12.5°C and 25°C wines were significant.  

The acetylation of four higher alcohols was greater in the 25°C wines, and the greatest 

difference was shown between the acetylation of phenethyl alcohol to 2-phenylethyl acetate, 

which was 2-fold higher in the 25°C-fermented wines.  Therefore, there is evidence for 

increased acetylation contributing to higher concentrations of these four acetate esters in the 

25°C wines compared to 12.5°C wines.  However, the opposite effect was shown for the most 

abundant ester, with reduced acetylation of isoamyl alcohol to isoamyl acetate in the 25°C 

wines.  The conversion of fatty acids to ethyl esters was also greater in the 25°C wines 

compared to the 12.5°C wines, with two of the three compounds showing significant 

increases.  This suggests that the higher conversion rate of fatty acids to ethyl esters may be 

partly responsible for higher esters in the 25°C wines. 

Table 5-3:  Percent acetylation of higher alcohols to acetate esters and percent conversion of fatty acids to 

ethyl esters in the 12.5°C- and 25°C-fermented wines.  Wines were fermented by M2 Ura- in 07 SB juice.  

P-values were determined for the replicates between the two temperatures (p > 0.05
ns

 (not significant), p < 

0.05*, p < 0.01**, p < 0.001***, p < 0.0001****); n = 3. 

Acetylation  % 12.5°C % 25°C 

Hexan-1-ol to hexyl acetate 13.91 15.86** 

Cis-3-hexen-1-ol to cis-3-hexen-1-ol acetate 5.32 6.02* 

Isoamyl alcohol to isoamyl acetate 5.76*** 3.89 

Phenethyl alcohol to 2-phenylethyl acetate 9.74 18.72**** 

Isobutanol to isobutyl acetate 0.36 0.58**** 

Conversion  % 12.5°C % 25°C 

Hexanoic acid to ethyl hexanoate 14.47 16.44**** 

Octanoic acid to ethyl octanoate 7.32ns 7.29 

Decanoic acid to ethyl decanoate 32.61 43.97** 

 

5.3. Strain differences between M2 and the four M2 F1 hybrids on aroma 

compounds produced during low temperature fermentation 

Aroma compounds were also quantified in the other 12 finished wines used for microarray 

analysis (see Chapter 4, Section 4.2).  These wines were triplicate samples from the four F1 
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hybrids fermented at 12.5°C in 07 SB juice supplemented with 300 mg L
-1

 uracil.  This 

section reviews differences in aroma production between the F1 hybrid strains.   

5.3.1. Volatile thiols 

Table 5-4 compares the concentrations and OAVs of the volatile thiols 3MH and 3MHA 

produced by M2 Ura-, M2xY55, M2xS288c, M2xL-1528 and M2xBC187.  As was the case 

for the M2 Ura- wines, no 4MMP was detected in the hybrid wines.  The M2xBC187 F1 

hybrid produced the most 3MH and M2xS288c produced the least, but this value was not 

significantly different to the M2xL-1528 hybrid.  Production of 3MHA also showed some 

strain differences.  3MHA was significantly higher in the M2 parent and the M2xBC187 

hybrid compared to the other three F1 hybrids.  Differences between M2xY55, M2xS288c 

and M2xL-1528 were not significant.  OAVs were all > 1, indicating that 3MH and 3MHA 

contribute a perceivable aroma to each sample, with 3MHA having the greatest impact.  The 

ratio of 3MHA/3MH was significantly higher in the M2 parent compared to the other four 

hybrids.  This ratio was lowest in M2xY55, but not significantly different to M2xBC187.   

Table 5-4:  Average concentrations (ng L
-1

) and OAVs of the volatile thiols 3MH and 3MHA in the 12.5°C 

wines fermented by M2 Ura-, M2xY55 = MxY, M2xS288c = MxS, M2xL-1528 = MxL and M2xBC187 = 

MxB, in 07 SB juice.  The ratio of 3MHA/3MH is also shown.  OAVs > 1 = red; > 20 = bold red.  Samples 

not connected by the same letter are significantly different (ANOVA, Tukey’s HSD); n = 3.  Perception 

thresholds were obtained from DUBOURDIEU et al. (2006) and descriptors were obtained from LUND et al. 

(2009). 

 Threshold M2 Ura- MxY MxS MxL MxB Aroma 

3MH (ng L-1) 60 1262.3b 1368.1b 980.9c 1148.5bc 1766.8a  

OAV  21.04 22.80 16.35 19.14 29.45 Grapefruit, passionfruit 

3MHA (ng L-1) 4 279.3a 189.8b 155.7b 187.8b 269.9a  

OAV  69.83 47.46 38.93 46.96 67.47 Sweaty, passionfruit 

3MHA/3MH ratio 0.22a 0.14c 0.16b 0.16b 0.15bc  

 

5.3.2. Total acetate esters, ethyl esters, higher alcohols and fatty acids 

Figure 5-3 shows the sum concentrations (µM) of total acetate esters, higher alcohols, ethyl 

esters and fatty acids that were produced in the five wines.  The M2 Ura- parent produced 

significantly more acetate esters than the four F1 hybrids, which all produced similar amounts 

between them.  The M2xY55 and M2xS288c hybrids produced the highest concentration of 

higher alcohols, and M2xL-1528 produced the lowest amount.  The strain order from lowest 

to highest was not the same for the higher alcohols compared to their downstream products, 

the acetate esters.   
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M2xY55 produced the most ethyl esters, followed by M2 Ura-.  M2xS288c and M2xBC187 

produced approximately the same amount of ethyl esters and M2xL-1528 produced the 

lowest.  The order from highest to lowest fatty acid production followed the same trend as the 

ethyl esters, their downstream products.  M2xY55, followed by M2 Ura-, had the highest 

concentrations and M2xL-1528 had the lowest.   

 

Figure 5-3:  Sum concentration (µM) of total acetate esters, higher alcohols, ethyl esters and fatty acids in 

wines fermented by M2 Ura-, M2xY55, M2xS288c, M2xL-1528 and M2xBC187 at 12.5°C in 07 SB juice.  

Concentrations were plotted on a log10 scale.  Samples not connected by the same letter are significantly 

different (ANOVA, Tukey’s HSD); n = 3. 

5.3.3. Individual acetate esters, ethyl esters, higher alcohols and fatty acids 

Table 5-5 shows the concentrations of individual acetate esters, higher alcohols, ethyl esters 

and fatty acids quantified in the wines produced by M2 Ura-, M2xY55, M2xS288c, M2xL-

1528 and M2xBC187.  As in Section 5.2.3, 3-methyl-2-buten-1-ol and 1-propanol-3-ethoxy 

were not detected, and the perception threshold was not available for cis-3-hexen-1-ol 

acetate.  As in Section 5.2.3, the same five compounds with OAVs > 20 were dominant 

(isoamyl acetate, ethyl butanoate, ethyl hexanoate, hexanoic acid and octanoic acid).  Ten 

compounds were below perception threshold in all wines:  isobutyl acetate, trans-3-hexenol, 

hexan-1-ol, isobutanol, diethylmalate, diethylsuccinate, butanoic acid-2-methylethyl ester, 

ethyl lactate, 2-furanoic acid ethyl ester and decanoic acid.  The OAVs for diethylmalate, 

ethyl lactate and 2-furanoic acid ethyl ester were < 0.1. 
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(i)   Differences in aroma compound concentrations between M2 Ura- and the F1 hybrids 

There were six major differences in the concentration of aroma compounds in M2 Ura- 

compared to the F1 hybrids.  Three out of five acetate esters (hexyl acetate, cis-3-hexen-1-ol 

acetate and isoamyl acetate) were significantly higher in M2 Ura- compared to all F1 hybrids, 

whereas one higher alcohol had a lower concentration (hexan-1-ol).  Only one ethyl ester was 

significantly higher in M2 Ura- compared to all F1 hybrids (ethyl butanoate) and there were 

no significant differences between M2 Ura- and the F1 hybrids for the three fatty acids 

quantified. 

(ii)   Differences in aroma compound concentrations within the F1 hybrids 

The four F1 hybrids displayed a range of concentrations for each aroma compound, with all 

compounds showing significant differences between the highest and lowest producing strain.  

Generally, aroma compounds were highest in the M2xY55 F1 hybrid, especially for higher 

alcohols and fatty acids.  The presence of high concentrations of volatile compounds in the 

M2xY55 wines indicates that this strain may have potential to produce wines with high 

volatiles and aroma.  M2xBC187 generally had the second highest concentration of each 

aroma compound.  M2xS288c and M2xL-1528 usually had lower concentrations of aroma 

compounds than the other two F1 hybrids, with M2xL-1528 most likely to produce the lowest 

concentrations of individual higher alcohols, ethyl esters and fatty acids.  The strain 

differences in aroma compound concentrations displayed in this section support the 

hypothesis that yeast strain influences the production of volatiles during low temperature 

fermentation.  However, it appears that the effect of strain difference was not as important as 

the effect of temperature, as the differences between the compound concentrations in the F1 

hybrids and M2 Ura- at 12.5°C were not as dramatic as the differences between M2 Ura- 

fermented at 12.5°C and 25°C (Table 5-2).     
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Table 5-5:  Average concentrations (µg L
-1

) of acetate esters, higher alcohols, ethyl esters and fatty acids quantified in the 12.5°C wines fermented by M2 Ura-, 

M2xY55, M2xS288c, M2xL-1528 and M2xBC187.  OAVs > 1 = red and OAVs > 20 = bold red.  Wines were fermented in 07 SB juice.  Perception thresholds and 

descriptors were obtained from 
1
SWIEGERS et al. (2005) (wine), 

2
ESCUDERO et al. (2007) (synthetic wine), 

3
MOYANO et al. (2002) (synthetic wine), and 

4
PEINADO et al. 

(2006) (synthetic wine).  Samples not connected by the same letter are significantly different (ANOVA, Tukey’s HSD); n = 3. 

(µg L
-1

) Threshold  M2 Ura- M2xY55 M2xS288c  M2xL-1528  M2xBC187 Aroma 

Hexyl acetate 1700 699.5a  569.2b 437.6c  507.0bc 485.1bc  Floral, fruity, pear 

Cis-3-hexen-1-ol acetate - 29.0a  22.8b  15.9d  18.4cd  19.3c  Apple, fruity, sweet 

Isoamyl acetate 230 11954.9a  9826.0b  8365.0c  8283.8c  8866.6bc  Banana, fruity, pear 

2-phenylethyl acetate 2250 2049.1b  1580.2c  2462.8a  2452.8a  2128.1b  Fruity, honey, rose 

Isobutyl acetate 21600 63.0a  56.8ab  62.8a  44.7c  52.2b  Apple, floral, fruity 

Trans-3-hexenol 31000 158.3b  187.0a  170.8ab  154.5b  167.4b  Cut grass 

Hexan-1-ol 28000 3066.7c  3949.4a  3833.1a  3452.6b  3707.7ab  Grass, floral, resin 

Cis-3-hexen-1-ol 2400 363.1c  463.9a  345.6c  397.2b  442.2a  Cut grass 

Isoamyl alcohol 230000 132541.2b  175087.2a  167829.8a  109890.9c  145020.1b  Malt, smoky, solvent 

Phenethyl alcohol 210000 17033.6b  17613.8a  17049.8b  16939.7b  16988.1b  Floral, honey, spice 

Isobutanol 240000 11284.1c  12116.1a  12043.3ab  10815.7c  11419.8bc  Nailpolish, solvent 

Methionol 21000 1267.0a  883.1b  1372.9a  978.4a  1351.6a  Potato, sweet 

Diethylmalate 410000 14.6a  15.3a  12.9b  12.0b  13.2b  Fruity, herbal, sugar 

Diethylsuccinate 2200000 1650.3a  1104.6d  1546.9ab  1318.9c  1458.9bc  Floral, fruity 

Ethyl butanoate 220 2259.0a  1866.9c  1431.3d  1384.7d 2065.8b  Apple, fruity, peach 

Butanoic acid-2-methylethyl ester 218 4.1cd  4.5b  4.2c  4.0d  4.8a  Apple, banana, pineapple 

Ethyl hexanoate 214 5219.8b  6898.6a  4875.0bc  4241.1d  4386.7cd  Apple, fruity, sweet 

Ethyl octanoate 2580 1323.5b  1815.3a  1337.2b  1243.9b  1285.0b  Floral, fruity, sweet 

Ethyl decanoate 2200 255.4b  321.1a  251.4b 260.4ab  231.5b  Floral, fruity, sweet 

Ethyl isovalerate 23 4.0b  4.2a  3.6c  3.6c 4.3a  Apple, pineapple 

Ethyl lactate 2154000 102.7a  82.9b  64.5c  66.7c  106.9a  Floral, fruity, sweet 

2-furanoic acid ethyl ester 216000 2.0ab  1.6b  2.1a  1.9ab  2.2a  Floral, fruity 

Ethyl isobutyrate 215 16.8b  17.1b  12.8c  12.0c  20.4a  Apple, fruity, sweet 

Hexanoic acid 2420 23570.0b  25788.7a  23766.7c  21653.7d  22003.3d  Cheese, spicy, sweat 

Octanoic acid 2500 14049.0ab  15009.6a  10153.5c  9129.6c  13194.4b  Cheese, goaty, soapy 

Decanoic acid 21000 451.4c  570.3a  453.8c  423.3c  508.3b  Fatty, rancid 



Chapter 5 – Effect of low temperature fermentation on wine aroma 

151 
 

5.3.4. Acetylation of higher alcohols to acetate esters and the conversion of fatty acids to 

ethyl esters 

Table 5-6 compares the extent of acetylation from higher alcohols to acetate esters and of 

conversion from fatty acids to ethyl esters for the M2 Ura- parent and the F1 hybrids.  The 

percent acetylation was generally higher for M2 Ura- and M2xL-1528 compared to the other 

strains.  Acetylation was generally lower for M2xS288c; however the acetylation of 

phenethyl alcohol to 2-phenylethyl acetate was an exception.  The percent conversion of fatty 

acids to ethyl esters was generally higher for M2xY55 and lowest for M2xBC187.   

Table 5-6:  Percent acetylation of higher alcohols to acetate esters and percent conversion of fatty acids to 

ethyl esters in the 12.5°C wines fermented by M2 Ura-, M2xY55 = MxY, M2xS288c = MxS, M2xL-1528 = 

MxL) and M2xBC187 = MxB, in 07 SB juice.  Samples not connected by the same letter are significantly 

different (ANOVA, Tukey’s HSD); n = 3. 

Acetylation % M2 Ura- % MxY % MxS % MxL % MxB 

Hexan-1-ol to hexyl acetate 13.91a 9.27b 7.48c 9.42b 8.48bc 

Cis-3-hexen-1-ol to cis-3-hexen-1-ol acetate 5.32a 3.35b 3.31b 3.16b 2.98b 

Isoamyl alcohol to isoamyl acetate 5.76a 3.66cd 3.27d 4.86b 3.98c 

Phenethyl alcohol to 2-phenylethyl acetate 9.74b 7.45c 11.47a 11.50a 10.10b 

Isobutanol to isobutyl acetate 0.36a 0.30bc 0.33ab 0.26c 0.29c 

Conversion  % M2 Ura- % MxY % MxS % MxL % MxB 

Hexanoic acid to ethyl hexanoate 15.14b 17.73a 14.18b 13.63b 13.82b 

Octanoic acid to ethyl octanoate 7.31b 9.19a 9.93a 10.24a 7.54b 

Decanoic acid to ethyl decanoate 32.73ab 32.62ab 32.26ab 34.60a 28.15b 

 

5.4. Genes differentially expressed during low temperature fermentation 

with roles in aroma production 

The previous section showed that the M2 wine yeast produced lower concentrations of aroma 

compounds, including volatile thiols, esters, higher alcohols and fatty acids, when fermented 

at 12.5°C compared to 25°C in 07 SB juice.  The effect of temperature on aroma compound 

concentrations was more pronounced than the effect of different yeast strains.  Therefore, the 

relationship between aroma compound concentrations and differences in the transcription 

levels of genes from the aroma biosynthetic pathway was investigated using multivariate 

analysis. 
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5.4.1. Contrasts and genes chosen for correlations between transcription levels of genes 

involved in aroma biosynthesis with aroma compound concentrations 

Transcriptional changes in aroma pathway genes at two different time points during 

fermentation were correlated with aroma compound concentrations in the finished wines for 

M2 at 12.5°C and 25°C and the F1 hybrids at 12.5°C.  The correlations were achieved using 

the same 10 contrasts used for microarray analysis in Chapter 4 (Figure 4-6, comparisons 2 

and 3).  Ninety-one genes known to be directly involved in aroma biosynthesis and 

catabolism, as well as genes in secondary metabolism that are upstream from the aroma 

biosynthetic pathway, were selected based on previous studies that analysed the correlation 

between gene expression levels with aroma compound concentrations (list of genes provided 

in Appendix A.13, Table A-9). 

Aroma pathway genes that did not show any significant difference in gene expression (M-

values ≥ 1 or ≤ -1; P-value < 0.05) for any of the five contrasts for exp and stat time points 

were excluded from the analysis.  This pre-screening resulted in 41/91 genes chosen to be 

analysed for exp and 57/91 genes for stat.  For exp and stat, the M-values for the 

differentially expressed genes from the five sets of contrasts were correlated against the 28 

GC-MS quantified aroma compound concentrations in the finished wines.  Five compound 

classes were represented by the 28 compounds: thiols (2), acetate esters (5), higher alcohols 

(7), ethyl esters (11) and fatty acids (3).  The concentrations were adjusted to follow the same 

format as the gene expression data (fold difference between contrasted samples).  For both 

fermentation stages, the five transcript/compound correlations were compared against one 

another via Partial Least Squares (PLS) regression plots, using a statistical package, The 

Unscrambler X (Camo Inc., Corvallis, Oregon), following the methods of ROSSOUW et al. 

(2008) and GONZALEZ-ALVAREZ et al. (2011).  Methods used for preliminary modelling of 

transcripts/compounds using PLS are explained in Appendix A.14.   

5.4.2. Score scatter plots showing relatedness of the five contrasts for the transcript and 

aroma correlations 

The score scatter plots presented in Figure 5-4A (exp) and B (stat) give an indication of the 

relatedness between the five samples and show which X and Y variables are influencing 

which contrasts.  The score scatter plots for both phases displayed similar overall structures, 

but with opposite plot positions across Factor-1.  Both score scatter plots indicate that the 

12.5°C vs. 25°C contrast (M212.5/M225) was the most different compared to the other four 
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contrasts, demonstrating that temperature was a major source of variation between samples.  

Of the four F1 hybrid vs. M2 contrasts, M2xS288c was the most different suggesting that 

correlations could be attributed to different factors than the other three F1 hybrids.  M2xY55, 

M2xL-1528 and M2xBC187 clustered together in a similar quadrant.  Therefore, strain 

identity was a secondary source of variation at both fermentation phases and PLS was able to 

distinguish between the variables of temperature and strain. 

 

 

Figure 5-4:  Two-dimensional score scatter plots for the five contrasts showing relatedness between 

samples.  Factor-1 and Factor-2 represent the first two latent vectors (components from X that are 

relevant to Y) accounting for 73 % (35 % + 38 %) and 82% (24 % + 58 %) of the variance for the X and 

Y variables, respectively.  Factor-1 and Factor-2 differentiate contrasts primarily by temperature and 

secondarily by strain.  A = Early fermentation (exp).  B = Mid-late fermentation (stat). 

A  EXP 

B  STAT 
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5.4.3. PLS plots showing correlations between transcription levels of genes involved in 

aroma biosynthesis with aroma compound concentrations 

The X and Y correlation loading plots are presented in Figure 5-5A (exp) and B (stat).  They 

provide an indication of the overall structure of the datasets and point out positive and 

negative correlations between individual compounds with certain genes.  Genes within the 

central ellipsoid were poorly modelled and could not be used to explain the variation in 

aroma compound concentration (ROSSOUW et al. 2008; KJELDAHL and BRO 2010).  Genes 

clustered closely to an aroma compound at any position on the outer ellipsoid indicate a 

significant correlation between expression levels and aroma, i.e. the concentration of that 

aroma compound would be increased when the expression of that gene is relatively high.  

Genes clustered directly on the opposite side of the plot from an aroma compound in the 

outer ellipsoid are those with a negative correlation between expression levels and aroma, i.e. 

the concentration of that aroma compound would be decreased when that gene is highly 

expressed (ROSSOUW et al. 2008). 

At exp, the correlations found within the bottom-right region of the correlations loading plot 

are those which best explain the variation between the one temperature contrast (M2 12.5/M2 

25) compared to the F1 hybrid/M2 contrasts (Figure 5-5A).  At stat, the correlations appeared 

to be located on the opposite side of the plot compared to exp, with M2 12.5/M2 25 best 

explained by the correlations within the bottom-left region (Figure 5-5B); however, the 

relative arrangements of the comparisons were the same for both phases.  In general, most 

aroma compounds were within a similar quadrant in exp and stat, presumably because both 

plots used the same data from the finished wines.  Some aroma compounds were correlated 

with the same genes at the different fermentation phases.  For example, diethylmalate was 

positively correlated (R = > 0.7) with three of the same genes in exp and stat:  ADH4, ALD3 

and ARO10.  However, other aroma compounds were correlated with different genes at each 

of the fermentation stages.  For example, cis-3-hexen-1-ol acetate was correlated with GAP1 

(general amino acid permease) at exp, and ACS1 (acetyl CoA synthetase), ALD4 (aldehyde 

dehydrogenase), ALP1 (arginine transporter), BDH1 (butanediol dehydrogenase), and 

YJL045W (succinate dehydrogenase isozyme) at stat.  The lack of agreement between the two 

phases may not be that surprising, considering that the biosynthesis of individual aroma 

compounds is temporally variable throughout fermentation, with some volatiles appearing 

earlier during fermentation than others (MAURICIO et al. 1997; ROSSOUW et al. 2008).   
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Figure 5-5:  Two-dimensional PLS2 plots for the five contrasts showing correlations between X variables 

(gene expression values) and Y variables (aroma compound concentrations).  Gene names = blue.  Aroma 

compounds = red.  Factor-1 and Factor-2 represent the first two latent vectors (components from X that 

are relevant to Y) accounting for 73 % and 82% of the variance for the X and Y variables, respectively.  

Genes clustered closely to an aroma compound at any position within the outer ellipsoid indicate a 

significant correlation between expression levels and aroma.  A = Early fermentation (exp).  B = Mid-late 

fermentation (stat).  

A  EXP 

B  STAT 
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The data at exp and stat did not provide clear evidence for the influence of genes directly 

involved in ester acetylation and conversion (bold in Appendix A.13, Table A-9) on aroma 

compound concentration.  At best, the PLS2 plots provide an indication of potential 

connections between transcript levels of genes involved in secondary metabolism, with final 

concentrations of aroma compounds in the wine.  The two main conclusions from the 

comparison between genes and aroma compounds were:  (i) correlations showed very little 

overlap between exp and stat, suggesting a temporal difference in gene expression of aroma 

pathway genes; and (ii) there were clear differences between the influence of temperature and 

strain used for fermentation, on the correlations between gene expression and aroma 

concentrations at exp and stat.  Hence, the differential gene expression of wines fermented at 

lower temperature, or with different yeast, is likely to play an important role in different wine 

sensory profiles.   

5.5. The effect of low temperature on the aroma compounds produced by 

M2 and three other S. cerevisiae strains in different SB juices during 

microvinification  

The 200-mL wines fermented with M2 had lower concentrations of aroma compounds at 

12.5°C than at 25°C (Section 5.2), in contrast to the belief held by many winemakers that the 

fermentation of NZ SB at low temperature increases the volatile-derived fruitiness of the 

finished wine.  Various studies report that the production of certain aroma compounds can be 

dependent on factors other than temperature, such as must and yeast strain (see Chapter 1, 

Section 1.3.6).  An additional set of 18 fermentations was performed to investigate the effects 

of these three variables. 

M2 was fermented once again in 07 SB juice at 12.5°C and 25°C, but on a larger scale (700 

mL in 750-mL wine bottles).  M2, plus three additional S. cerevisiae strains, including two 

commercial wine yeasts, EC1118 and X5, and a strain derived from Chilean wine, L-1528 

(see Chapter 2, Table 2-2), were fermented in two different SB juices, BLANW and M1016, 

at 12.5°C and 25°C.  EC1118, X5 and L-1528 were not fermented in the 07 juice, as there 

was no more juice of this vintage available.  Triplicate wine samples were harvested from the 

end of fermentation, pooled, and filtered before freezing, as described in Chapter 2, Section 

2.4.7.   
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Fermentation curves and parameters measured by the WineScan spectrometer (e.g. ethanol, 

residual sugar, pH, total acidity) were compared in the finished wines using the means of 

triplicate ferments (fermentation curves), or pooled triplicates with four technical replicates 

(WineScan).  Aroma compounds (volatile thiols, esters, higher alcohols and fatty acids) were 

also compared between the wines to determine the effect of temperature, juice and yeast on 

aroma compound production.  Technical duplicates derived from pooled triplicates were 

quantified independently and the means of these values was taken for each compound and 

compared. 

5.5.1. Fermentation progress 

Cumulative weight loss curves and maximal fermentation rates of M2, EC1118, X5 and       

L-1528 are presented in Figure 5-6A and B.   

(i)   Effect of temperature 

There was a major effect of temperature on fermentation progress for all combinations of 

juice and strain.  All 12.5°C fermentations were slower than the 25°C fermentations and 

required ~800-1700 h to finish compared to ~300-750 h at 25°C.  The maximal fermentation 

rates were also reduced by a range of 46-74 % at 12.5°C compared to 25°C, for individual 

strain/juice comparisons. 

(ii)   Effect of juice 

The three juices produced different fermentation kinetics at 25°C, but not at 12.5C.  At 25°C, 

the highest Vmax was quantified from the 07 juice.  The differences between kinetics in the 

M1016 and BLANW juices at 25°C depended on yeast strain.   

(iii)   Effect of strain 

The strain used for fermentation did not influence the kinetics to the same extent as 

temperature or juice, with no significant differences in Vmax between the strains in either the 

M1016 or BLANW juices at 12.5°C.  However, EC1118 was the fastest to complete 

fermentation at both temperatures, followed in order by X5, M2 (at 12.5°C but not at 25°C) 

and L-1528.  M2 and L-1528 in M1016 juice, and L-1528 in BLANW juice, struggled to lose 

more than 60 g weight. 
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(iv)   Summary 

Fermentation kinetics were very strongly affected by temperature.  However, there were also 

some differences between juices and between wine strains. 

 

 

Figure 5-6:  Fermentation progress of M2, EC1118, X5 and L-1528 fermented in three SB juices: 07 (M2 

only), M1016 and BLANW, at 12.5°C and 25°C.  A = Cumulative weight loss (g);  n = 3.  B = SB maximal 

fermentation rate (Vmax) (dCO2/dt).  Samples not connected by the same letter are significantly different 

(ANOVA, Tukey’s HSD); n = 3. 

A 

B 
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5.5.2. WineScan parameters 

The WineScan spectrometer was used to assess eight parameters from the 18 wines produced 

by M2, EC1118, X5 and L-1528 in 07, M1016 and BLANW juice (Table 5-7). 

Table 5-7:  Average values obtained using the WineScan spectrometer to analyse a range of parameters in 

wines produced by M2, EC1118, X5 and L-1528 in 07 (M2 only), M1016 and BLANW juices, at 12.5°C 

and 25°C.  All parameters are in g L
-1

 unless specified otherwise.  The highest values are coloured red and 

the lowest are coloured green.  Samples not connected by the same letter are significantly different 

(ANOVA, Tukey’s HSD); n = 4. 

WineScan parameter  M2  

07 

12.5 

M2  

M1016 

12.5 

M2  

BLANW 

12.5 

EC1118 

M1016 

12.5 

EC1118 

BLANW 

12.5 

X5  

M1016 

12.5 

X5  

BLANW 

12.5 

L-1528 

M1016 

12.5 

L-1528 

BLANW 

12.5 

Ethanol (vol %) 11.70f 10.98i 10.33o 12.75a 11.67fg 11.88e 11.07j 9.82p 10.42n 

Residual sugar 10.70k 27.88b 22.93c 3.15n 2.60o 15.86h 11.70j 45.81a 21.72d 

pH 3.27e 3.22g 2.96l 3.30bc 3.00hi 3.29cd 3.01hi 3.23fg 2.98jk 

Total acidity 6.10h 6.44f 7.92b 5.91j 7.67e 6.05hi 7.76d 6.44f 8.03a 

Volatile acidity 0.41f 0.58b 0.47de 0.32j 0.28kl 0.40fg 0.39g 0.68a 0.59b 

Malic acid 3.25d 3.01fg 4.28ab 3.11ef 4.33a 3.07efg 4.24abc 3.01fg 4.20bc 

Citric acid 0.0002gh 0.0002jk 0.0002ijk 0.0003bc 0.0003ab 0.0003ef 0.0003e 0.0002l 0.0002ghi 

Lactic acid 0.01e 0.01e 0.01e 0.01e 0.01e 0.01e 0.10cd 0.17ab 0.02e 

 

WineScan parameter  M2  

07 

25 

M2  

M1016 

25 

M2  

BLANW 

25 

EC1118  

M1016 

25 

EC1118 

BLANW 

25 

X5  

M1016 

25 

X5  

BLANW 

25 

L-1528 

M1016 

25 

L-1528 

BLANW 

25 

Ethanol (vol %) 12.10d 11.31j 10.84l 12.64b 11.57h 12.49c 11.64g 11.35i 10.51m 

Residual sugar 2.46op 20.44f 12.61i 3.64m 2.63o 5.27l 2.23p 21.22e 19.19g 

pH 3.32ab 3.24f 2.96kl 3.31abc 2.99ij 3.32a 3.02h 3.28de 2.96kl 

Total acidity 5.97j 6.50f 7.96ab 6.09h 7.80cd 5.97ij 7.65e 6.20g 7.84c 

Volatile acidity 0.26l 0.45e 0.34ij 0.35hi 0.30k 0.37h 0.29k 0.55c 0.48d 

Malic acid 3.17de 3.10ef 4.29ab 3.11ef 4.26abc 2.98g 4.22bc 2.76h 4.16c 

Citric acid 0.0003d 0.0002fg 0.0003d 0.0003ab 0.0003a 0.0003cd 0.0003ab 0.0002k 0.0002hij 

Lactic acid 0.05de 0.12bc 0.08cd 0.12c 0.10cd 0.12bc 0.08cd 0.18a 0.12bc 

(i)   Effect of temperature 

Temperature had the largest effect on ethanol and residual sugar.  For all strains except 

EC1118, the 12.5°C fermentations had lower ethanol and higher residual sugar compared to 

the 25°C fermentations.  Residual sugar correlated inversely with ethanol content for all pairs 
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of fermentations, suggesting that these differences were the result of incomplete 

fermentation.  This suggests temperature had less effect on the ability of EC1118 to ferment 

compared to the other strains.  Cold fermentation had the greatest influence on the L-1528 

strain in M1016 juice, with over twice the residual sugar remaining at 12.5°C compared to 

25°C, and the lowest final weight loss out of all fermentations (see Section 5.5.1 above).  The 

effect of temperature on the remaining parameters varied with different combinations of juice 

and strain.  Although there were many significantly different values when comparing 12.5°C 

to 25°C for pH, total acidity, volatile acidity, malic acid and citric acid, the relative scale of 

these differences is unlikely to be biologically relevant.  In six out of nine temperature 

comparisons, lactic acid was lower at 12.5°C compared to 25°C.  Since S. cerevisiae can 

produce trace amounts of lactic acid during fermentation, the rate of this enzymatic process 

could be increased by higher temperatures.  

 (ii)   Effect of juice 

The three juices used for fermentation had a significant effect on WineScan parameters in the 

wines, with clear differences for most strain-temperature comparisons in ethanol content, 

residual sugar, total acidity, volatile acidity and malic acid content.   

M2, EC1118 and X5 fermented in M1016 had higher ethanol and residual sugar than 

BLANW, at both 12.5°C and 25°C.  Comparisons for L-1528 between the ethanol and 

residual sugar were dependent on temperature.   

The pH was higher in 07 and M1016 compared to BLANW; however, total acidity was 

higher in BLANW.  Volatile acidity was generally higher in the M1016 wines compared to 

BLANW and 07, but the differences were small in comparison to the differences between 

residual sugar and total acidity.   

Malic acid concentrations also displayed juice differences, with BLANW wines having 

higher malic acid than the 07 and M1016 wines.  Citric acid concentrations were so low that 

they are unlikely to be biologically important.  Only X5 (in BLANW) and L-1528 (in 

M1016) produced detectable levels of lactic acid at 12.5°C.  At 25°C, lactic acid was lower in 

the 07 wines compared to M1016 for M2, and lower for BLANW compared to M1016 for L-

1528. 
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(iii)   Effect of strain 

The strain used for fermentation influenced on ethanol content and residual sugar, but had 

less impact on pH, total acidity, volatile acidity and the concentrations of malic acid, citric 

acid and lactic acid. 

Strain comparisons within the M1016 juice showed that EC1118 had the highest ethanol and 

lowest residual sugar, whereas L-1528 had the lowest ethanol and highest residual sugar.  The 

M2 and L-1528 fermentations with > 20 g L
-1

 residual sugar were those which progressed 

sluggishly and had lower final weight loss in Figure 5-6A.  This was also the case for the 

sluggish fermentations in BLANW juice.  EC1118 had high ethanol and low residual sugar in 

BLANW. 

(iv)   Summary 

Temperature, juice and yeast strain had an effect on WineScan parameters.  Ethanol and 

residual sugar values gave expected values based on the fermentation kinetics.  Levels of 

organic acids and overall acidity were affected by all three variables to various extents. 

5.5.3. Volatile thiols 

Table 5-8 presents the concentrations and OAVs of the volatile thiols 3MH and 3MHA 

quantified in the finished wines.  3MH and 3MHA were well above perception threshold in 

all samples, but 4MMP was not detected.  3MH concentrations were higher than 3MHA 

concentrations, as expected.  3MH concentrations for M2 in 07 juice were higher in the 700-

mL fermented wines compared to those previously fermented in 200 mL, but 3MHA 

concentrations were lower (see Section 5.2.1).  However, all values were within the typical 

range for Marlborough SB (NICOLAU et al. 2006; LUND et al. 2009; PATEL et al. 2010).   
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Table 5-8:  Average concentrations (ng L
-1

) and OAVs of the volatile thiols 3MH and 3MHA in 700-mL wines fermented by M2, EC1118, X5 and L-1528 at 12.5°C 

and 25°C in three SB juices, 07 (M2 only), M1016 and BLANW.  The ratio of 3MHA/3MH is also shown.  OAVs > 1 = red; > 20 = bold red.  Samples not connected 

by the same letter are significantly different (ANOVA, Tukey’s HSD); n = 2.  Perception thresholds were obtained from DUBOURDIEU et al. (2006) and descriptors 

were obtained from LUND et al. (2009). 

 Threshold M2  

07 

12.5 

M2  

M1016 

12.5 

M2  

BLANW 

12.5 

EC1118 

M1016 

12.5 

EC1118 

BLANW 

12.5 

X5  

M1016 

12.5 

X5  

BLANW 

12.5 

L-1528 

M1016 

12.5 

L-1528 

BLANW 

12.5 

Aroma 

3MH (ng L-1) 60 1645.0gh 2972.3d 941.8j 2398.2e 1411.2h 2852.3d 1350.4hi 2329.0ef 1028.7ij Grapefruit, 

OAV  27.42 49.54 15.70 39.97 23.52 47.54 22.51 38.82 17.15 passionfruit 

3MHA (ng L-1) 4 85.9hij 254.7d 135.4fg 416.6a 358.3b 274.3cd 146.2f 134.9fg 50.8k Sweaty, 

OAV  21.49 63.67 33.84 104.14 89.56 68.56 36.55 33.73 12.70 passionfruit 

3MHA/3MH ratio 0.05fgh 0.09def 0.14bc 0.17b 0.26a 0.10de 0.11d 0.06fgh 0.05gh  

 

 Threshold M2  

07 

25 

M2  

M1016 

25 

M2  

BLANW 

25 

EC1118 

M1016 

25 

EC1118 

BLANW 

25 

X5  

M1016 

25 

X5  

BLANW 

25 

L-1528 

M1016 

25 

L-1528 

BLANW 

25 

Aroma 

3MH (ng L-1) 60 2678.5de 4077.1b 1349.9hi 3713.0bc 2012.0fg 5284.0a 1868.2g 3391.9c 1407.8hi Grapefruit, 

OAV  44.64 67.95 22.50 61.88 33.53 88.07 31.14 56.53 23.46 passionfruit 

3MHA (ng L-1) 4 178.8e 108.5gh 58.1jk 409.9a 296.7c 188.1e 194.8e 99.01hi 72.0ijk Sweaty, 

OAV  44.71 27.13 14.53 102.47 74.17 47.02 48.69 24.75 18.00 passionfruit 

3MHA/3MH ratio 0.07efg 0.03h 0.04gh 0.11cd 0.15b 0.04gh 0.10d 0.03h 0.05gh  
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(i)   Effect of temperature 

Temperature had a large influence on thiol concentrations, with low temperatures resulting in 

lower 3MH for all nine juice/strain comparisons.  3MHA concentrations were lower or higher 

in the cold, depending on the influence of juice and/or strain. 

3MH values in all nine wines fermented at 12.5°C were reduced by 27 to 46 % compared to 

the corresponding wines at 25°C, reflecting the results found for M2 in the previous 

experiment (Section 5.2.1).  3MHA in the M2 07 wines was lower at 12.5°C compared to 

25°C, as shown in Section 5.2.1.  Two other comparisons, X5 in BLANW juice and L-1528 

in M1016 juice, also had lower 3MHA in the cold.  However, five juice/strain pairs displayed 

the opposite effect and two had no significant difference based on temperature.  This suggests 

that the effect of temperature on 3MHA is influenced by both juice and yeast strain.  The 

3MHA/3MH ratio was generally higher at 12.5°C for M2 and EC1118, except when M2 was 

fermented in 07 juice. 

(ii)   Effect of juice 

The juice used for fermentation had a significant effect on 3MH and 3MHA concentrations, 

with the M1016 juice generally having the highest thiol concentrations at both temperatures, 

followed by 07, then BLANW, with the odd exception.  The 3MHA/3MH ratio demonstrated 

four significant differences based on juice, with wines made with BLANW generally having 

a higher conversion to acetate than the other juices.   

(iii)   Effect of strain 

The strain used for fermentation also had some effect on the 3MH and 3MHA concentrations 

in the finished wines.  The strain with the highest thiols was influenced by temperature and 

juice.   

In M1016 juice at 12.5°C and 25°C, M2 and X5 had the highest 3MH and EC1118 and L-

1528 had the lowest.  For 3MHA, EC1118 had the highest concentration at both 

temperatures, followed by X5, M2, then L-1528.  In the BLANW wines at both temperatures, 

EC1118 produced the highest amount of 3MH and 3MHA, followed by X5, L-1528 and M2.  

The 3MHA/3MH ratio was generally highest for EC1118, followed by X5, in all 

temperature/juice comparisons.   
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(iv)   Summary 

The results here confirm the earlier finding (Section 5.2.1) that low temperature reduces the 

total production of thiols.  The data also confirm other work showing that the juice is a major 

variable affecting thiols (discussed in Section 5.6.2).  In addition, temperature, juice and 

strain affected the acetylation of 3MH to 3MHA. 

5.5.4. Total esters, higher alcohols and fatty acids 

Figure 5-7 shows the sum concentrations (µM) of total acetate esters, higher alcohols, ethyl 

esters and fatty acids quantified from the 18 wines.   

 

Figure 5-7:  Sum concentration (µM) of total acetate esters, higher alcohols, ethyl esters and fatty acids in 

the 12.5°C- and 25°C-fermented wines fermented by M2, EC1118, X5 and L-1528 in 07 (M2 only), M1016 

and BLANW SB juice.  Samples not connected by the same letter are significantly different (ANOVA, 

Tukey’s HSD); n = 2. 
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(i)  Effect of temperature 

Temperature significantly influenced the sum concentrations of aroma compounds, but in 

most cases the effects differed with juice and strain.  Acetate esters were either higher or 

lower at 12.5°C vs. 25°C depending on juice.  Higher alcohols were either lower at 12.5°C or 

not significantly different.  Ethyl esters were consistently lower in the cold, while fatty acids 

were either higher at 12.5°C or not significantly different.   

Acetate esters in wines from 07 juice were lower at 12.5°C compared to 25°C, consistent 

with previous results from the 200-mL wines (Section 5.2.2).  The opposite result was found 

for M2, EC1118 and X5 in M1016 juice, and all four strains in BLANW juice, with acetate 

esters lower at 25°C.  Higher alcohol concentrations were either lower at 12.5°C or not 

significantly different for all juice/strain pairs.  All nine pairs of juice/strain had lower ethyl 

esters at 12.5°C compared to 25°C.  For fatty acids, four juice/strain pairs had higher total 

fatty acids at 12.5°C compared to 25°C, while the other five did not show any temperature 

difference. 

(ii)   Effect of juice 

The juice used for fermentation had a very strong influence on the sum concentrations of the 

four aroma compound groups, with wines made from BLANW juice generally containing 

more volatiles than wines made from the M1016 or 07 juices.  Differences between M1016 

and 07 appeared to be dependent on temperature.   

(iii)   Effect of strain 

There were clear differences in aroma compound concentrations between the four yeast 

strains, with EC1118 producing the greatest quantities of each aroma compound group for all 

temperature/juice comparisons.  L-1528 generally produced the least volatiles, and M2 and 

X5 were intermediate.  Strain differences were also influenced by temperature and juice. 

(iv)   Summary 

Low temperature generally reduced total levels of acetate esters, higher alcohols, and ethyl 

esters, but increased fatty acids in the wines.  However, there were significant effects of juice 

and strain, as well as interactive effects between all three variables.   
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5.5.5. Individual esters, higher alcohols and fatty acids 

The 28 aroma compounds quantified in Sections 5.2.3 and 5.3.3 were also assessed in these 

18 wines, along with two additional compounds:  benzyl alcohol and 1-heptanol.  Of the 30 

compounds, four could not be detected (3-methyl-2-buten-1-ol, 1-propanol-3-ethoxy, 

butanoic acid-2-methylethyl ester and ethyl isovalerate) leaving 26 compounds analysed 

(Table 5-9).  As found in Sections 5.2.3 and 5.3.3, there were five dominant compounds with 

OAVs > 20:  isoamyl acetate, ethyl butanoate, ethyl hexanoate, hexanoic acid and octanoic 

acid.  Ten compounds had OAVs below perception threshold:  2-phenylethyl acetate (was 

above perception threshold in Sections 5.2.3 and 5.3.3), isobutyl acetate, trans-3-hexenol, 

hexan-1-ol, isobutanol, benzyl alcohol (not previously quantified), diethylmalate, 

diethylsuccinate, ethyl lactate and 2-furanoic acid ethyl ester.  In Sections 5.2.3 and 5.3.3, 

decanoic acid was below perception threshold, but was above the perception threshold in the 

wines from this section. 

(i)   Effect of temperature 

There were large differences between the concentrations of individual aroma compounds at 

each temperature in the nine wine pairs.  Acetate esters showed both increases and decreases 

in the low temperature fermentations, with hexyl acetate and isoamyl acetate generally higher 

across all nine comparisons, and isobutyl acetate generally lower.  The other two acetate 

esters mostly showed increases in the cold, but these temperature differences were dependent 

on juice and yeast.  All five acetate esters were lower in the cold in the M2 07 wines 

compared to M2 in 07 at 25°C, confirming the previous results in 200-mL wines (Section 

5.2.3).  Higher alcohols were generally lower in the cold-fermented wines, except for the 

grape-derived C6 alcohols (trans-3-hexen-ol, hexan-1-ol and cis-3-hexen-1-ol), which did not 

display any temperature effects.  Isobutanol showed the largest decrease in the cold out of the 

nine higher alcohols.  More than half of the ethyl esters quantified were lower in the cold-

fermented wines compared to those fermented at 25°C (diethylsuccinate, ethyl lactate, 2-

furanoic acid ethyl ester, ethyl isobutyrate and diethylmalate).  However, the other ethyl 

esters showed temperature effects that were strongly modified in different directions based on 

the juice and the yeast strain used for fermentation.  For example, ethyl butanoate was lower 

in the cold for five paired comparisons, unchanged in three and higher in one.  Ethyl 

octanoate and ethyl decanoate concentrations followed a similar pattern.  Fatty acids were 

generally higher in the cold-fermented wines, or not significantly changed.  
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Table 5-9:  Average concentrations (µg L
-1

) of acetate esters, higher alcohols, ethyl esters and fatty acids quantified in the 12.5°C and 25°C wines fermented by M2 

(M), EC1118 (E), X5 (X) and L-1528 (L).  OAVs > 1 = in red; > 20 = bold red.  Wines were fermented in 07 (M2 only), M1016 (M1) and BLANW (B) SB juice.  

Perception thresholds and descriptors were obtained from 
1
SWIEGERS et al. (2005) (wine), 

2
ESCUDERO et al. (2007) (synthetic wine), 

3
MOYANO et al. (2002) (synthetic 

wine), 
4
ETIEVANT et al. (1991) (synthetic wine), and 

5
PEINADO et al. (2006) (synthetic wine).  Samples not connected by the same letter are significantly different 

(ANOVA, Tukey’s HSD); n = 2. 

(µg L
-1

) Threshold M 07 12.5 M M1 12.5 M B 12.5 E M1 12.5 E B 12.5 X M1 12.5 X B 12.5 L M1 12.5 L B 12.5 Aroma 

Hexyl acetate 1700 268.2ij 516.7fg 802.7e 756.2e 1946.5a 526.7f 1344.7b 350.0hi 911.0d Floral, fruity, pear 

Cis-3-hexen-1-ol acetate - 21.0j 43.6gh 87.7de 59.8f 200.2a 46.8g 126.2c 32.3hij 86.0e Apple, fruity, sweet 

Isoamyl acetate 230 2705.4i 4344.8fg 7173.5b 12456.7a 12629.6a 3887.5h 4702.0ef 2159.4jk 4166.6gh Banana, fruity, pear 

2-phenylethyl acetate 2250 13.5ef 12.8ef 12.0ef 27.7b 40.8a 13.4ef 17.1d 12.6ef 12.1ef Fruity, honey, rose 

Isobutyl acetate 21600 24.6ij 31.6hi 43.6f 43.2fg 86.5c 19.6j 23.2j 19.4j 36.2gh Apple, floral, fruity 

(µg L
-1

)  M 07 25 M M1 25 M B 25 E M1 25 E B 25 X M1 25 X B 25 L M1 25 L B 25 Aroma 

Hexyl acetate 1700 350.6hi 207.3j 421.9gh 534.8f 1085.1c 348.3hi 791.6e 268.0ij 601.2f Floral, fruity, pear 

Cis-3-hexen-1-ol acetate - 40.1ghi 31.1ij 60.8f 60.5f 138.4b 43.7gh 98.3d 33.5hi 78.3e Apple, fruity, sweet 

Isoamyl acetate 230 4910.2de 2142.3jk 2638.6i 5166.4d 6339.8b 2385.3ij 3993.0gh 2367.7ij 1909.4k Banana, fruity, pear 

2-phenylethyl acetate 2250 21.2c 13.6ef 11.7f 27.2b 27.9b 18.5d 18.3d 22.8c 14.1e Fruity, honey, rose 

Isobutyl acetate 21600 65.7d 57.2e 122.5a 52.9e 125.9a 38.8fgh 102.9b 56.1e 100.6b Apple, floral, fruity 
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(µg L
-1

) Threshold M 07 12.5 M M1 12.5 M B 12.5 E M1 12.5 E B 12.5 X M1 12.5 X B 12.5 L M1 12.5 L B 12.5 Aroma 

Trans-3-hexenol 31000 360.7a 333.8c 302.1f 340.1bc 323.9cd 335.5c 314.0def 329.0cd 297.6f Cut grass 

Hexan-1-ol 28000 2542.1de 2530.5def 3619.1c 2394.7ef 3504.9c 2449.4ef 3570.3c 2757.6d 3925.0b Grass, floral, resin 

Cis-3-hexen-1-ol 2400 1325.0e 1884.3d 3434.0bc 1929.8d 3672.2a 1933.3d 3550.8abc 1844.5d 3440.5bc Cut grass 

Isoamyl alcohol 230000 216931.9i 272395.9fgh 352990.5bcde 394981.0b 480994.2a 259005.7ghi 217375.4i 219871.5i 289308.3fgh Malt, smoky, solvent 

Phenethyl alcohol 210000 13121.6fg 21902.6de 8809.2gh 37889.2ab 36755.9ab 9123.7fgh 4300.2h 17520.3ef 8889.5gh Floral, honey, spice 

Isobutanol 240000 12724.5g 16084.6def 23275.4c 15972.0def 24552.0c 13908.5fg 12843.9g 12548.9g 16836.7de Nailpolish, solvent 

Methionol 21000 3525.6a 2332.7cdefgh 2317.9efgh 2529.5bcdefg 2609.2bcde 2427.2bcdefgh 2225.8gh 2270.3fgh 2111.3h Potato, sweet 

Benzyl alcohol 2200000 928.4b 414.1e 340.2fgh 536.6d 351.9efgh 325.9fghi 313.3ghi 313.8fghi 262.0i Floral, jasmine 

1-heptanol 42500 6732.3h 10528.5cd 12382.3b 12211.9b 16650.5a 9336.8def 7968.5fgh 7741.4gh 10172.9cde Apple, banana, floral 

(µg L
-1

)  M 07 25 M M1 25 M B 25 E M1 25 E B 25 X M1 25 X B 25 L M1 25 L B 25 Aroma 

Trans-3-hexenol 31000 356.5ab 334.1c 299.6f 355.7ab 323.4cde 328.9cd 304.5ef 339.8bc 313.9def Cut grass 

Hexan-1-ol 28000 2301.2f 2440.1ef 3598.5c 2412.8ef 3577.6c 2419.5ef 3665.4c 2528.6def 4190.5a Grass, floral, resin 

Cis-3-hexen-1-ol 2400 1445.1e 1829.0d 3368.8c 1950.2d 3621.4ab 1904.4d 3482.6abc 1861.6d 3454.1bc Cut grass 

Isoamyl alcohol 230000 340016.1cde 372792.7bc 363795.7bcd 354404.0bcde 486828.4a 248885.0hi 319789.6def 308003.7efg 278358.3fgh Malt, smoky, solvent 

Phenethyl alcohol 210000 23428.2de 34757.3bc 10208.2fgh 38305.0ab 43630.6a 22919.9de 10342.7fgh 36645.9ab 27314.9cd Floral, honey, spice 

Isobutanol 240000 18129.7d 23161.5c 39730.0a 15975.6def 37498.1a 14757.0efg 27275.5b 17017.4de 23289.7c Nailpolish, solvent 

Methionol 21000 3378.2a 2539.9bcdefg 2553.8bcdefg 2705.5b 2688.7b 2656.4bcd 2666.2bc 2591.2bcdef 2323.8defgh Potato, sweet 

Benzyl alcohol 2200000 1204.8a 529.0d 384.4ef 691.1c 383.0efg 582.4d 309.8hi 519.5d 366.5efgh Floral, jasmine 

1-heptanol 42500 9321.9def 11284.0bc 11002.7bc 12370.8b 16772.2a 9310.3def 11168.2bc 9394.3def 8695.1efg Apple, banana, floral 
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(µg L
-1

) Threshold M 07 12.5 M M1 12.5 M B 12.5 E M1 12.5 E B 12.5 X M1 12.5 X B 12.5 L M1 12.5 L B 12.5 Aroma 

Diethylmalate 510000 341.5gh 396.5fgh 900.6de 489.8f 1122.6c 427.9fgh 976.0d 317.8h 891.5de Fruity, herbal, sugar 

Diethylsuccinate 2200000 432.4jkl 375.7kl 448.0ijk 322.1kl 389.3jkl 519.7hij 637.3h 299.0l 584.9hi Floral, fruity 

Ethyl butanoate 220 535.9ef 390.5hi 487.5fg 785.5b 1150.0a 445.0gh 429.8ghi 253.6j 393.3hi Apple, fruity, peach 

Ethyl hexanoate 214 1550.2b 1350.9bcd 1174.5d 1569.8b 2331.1a 1518.8bc 2146.2a 1118.6d 1381.3bcd Apple, fruity, sweet 

Ethyl octanoate 2580 971.2bcde 1004.5bc 997.5bcd 565.2k 746.3hi 913.5ef 820.7gh 918.9def 980.6bcde Floral, fruity, sweet 

Ethyl decanoate 2200 322.2h 494.8de 600.4a 190.0k 242.9j 560.2abc 528.9cd 480.2ef 550.6bc Floral, fruity, sweet 

Ethyl lactate 2154000 966.5j 1413.6ij 3295.4h 1866.1i 6585.8e 1691.9i 3846.0h 1218.2ij 3481.3h Floral, fruity, sweet 

2-furanoic acid methyl ester 216000 6.7k 17.3hi 19.0gh 22.1efg 24.6e 19.2fgh 22.4ef 15.6i 20.3fgh Floral, fruity 

Ethyl isobutyrate 215 20.1gh 21.0fgh 29.7e 23.9fg 32.7cde 19.9gh 25.2f 17.4h 31.3e Apple, fruity, sweet 

(µg L
-1

) Threshold M 07 25 M M1 25 M B 25 E M1 25 E B 25 X M1 25 X B 25 L M1 25 L B 25 Aroma 

Diethylmalate 510000 448.0fg 1001.7d 2111.6a 828.8e 1688.5b 825.8e 987.1d 982.8d 2169.7a Fruity, herbal, sugar 

Diethylsuccinate 2200000 1072.1g 2648.7a 2436.1b 1015.2g 965.6g 2235.9c 1315.8f 2095.2d 1637.5e Floral, fruity 

Ethyl butanoate 220 520.5ef 379.4i 551.1de 548.9ef 611.0cd 373.4i 625.1c 389.8hi 407.8hi Apple, fruity, peach 

Ethyl hexanoate 214 1289.0bcd 1081.5d 1165.4d 1532.0bc 1220.8cd 1176.6d 1101.3d 1067.8d 1272.7bcd Apple, fruity, sweet 

Ethyl octanoate 2580 846.1fg 1180.4a 868.2fg 705.6ij 883.6fg 646.7jk 723.3ij 1014.1b 921.0cdef Floral, fruity, sweet 

Ethyl decanoate 2200 303.7hi 594.8a 439.6fg 437.9fg 588.0ab 433.4g 277.9ij 548.2bc 576.4ab Floral, fruity, sweet 

Ethyl lactate 2154000 3819.5h 5327.1f 12260.6b 5266.1f 13334.9a 4661.5fg 8910.4d 4566.7g 10604.2c Floral, fruity, sweet 

2-furanoic acid methyl ester 216000 10.2j 31.3cd 39.3b 29.8cd 32.4c 28.0d 31.5c 33.0c 45.0a Floral, fruity 

Ethyl isobutyrate 215 25.3f 36.7c 67.4a 31.3de 53.0b 32.0de 53.7b 35.6cd 55.8b Apple, fruity, sweet 

 

(µg L
-1

) Threshold M 07 12.5 M M1 12.5 M B 12.5 E M1 12.5 E B 12.5 X M1 12.5 X B 12.5 L M1 12.5 L B 12.5 Aroma 

Hexanoic acid 2420 27691.2i 35324.2defg 42217.2c 40207.2cd 59626.6a 30630.7ghi 35019.9defg 28178.5i 36842.6def Cheese, spicy, sweat 

Octanoic acid 2500 19680.3i 27474.2cde 34417.7b 30381.9c 43511.9a 24937.8efg 27685.2cde 21373.3hi 28510.7cd Cheese, goaty, soapy 

Decanoic acid 21000 2929.3i 4587.2def 5183.6bcd 4590.7def 7647.2a 4850.4cde 5210.2bcd 3374.2gh 5061.7bcd Fatty, rancid 

(µg L
-1

)  M 07 25 M M1 25 M B 25 E M1 25 E B 25 X M1 25 X B 25 L M1 25 L B 25 Aroma 

Hexanoic acid 2420 27051.6i 31831.2fghi 37185.3cde 29386.0hi 49176.5b 29408.9hi 34136.5efgh 28166.6i 35643.2defg Cheese, spicy, sweat 

Octanoic acid 2500 22427.1ghi 23922.3fgh 27530.5cde 25974.2def 42399.8a 23739.3fgh 20938.2hi 21664.6ghi 28419.5cd Cheese, goaty, soapy 

Decanoic acid 21000 3758.0hi 3891.2gh 4607.2def 5273.4bc 7702.7a 5285.5bc 4289.3efg 4147.7fg 5559.6b Fatty, rancid 
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(ii)   Effect of juice 

The juice used for fermentation has a significant effect on the resultant aroma compound 

concentrations in the final wine.  Wines produced from the BLANW juice usually had higher 

acetate esters than those from M1016 or 07 juices, especially for hexyl acetate, cis-3-hexen-

1-ol acetate and isobutyl acetate.  The 07 juice tended to produce the lowest concentrations of 

acetate esters at 12.5°C, but either the highest or intermediate at 25°C.  Certain higher 

alcohols were higher in M1016, while others were higher in BLANW.  Typically the 07 juice 

had the lowest higher alcohols, although there were some exceptions, with the 07 juice 

having the highest trans-3-hexen-ol and benzyl alcohol.  The BLANW wines also had the 

highest concentrations of the majority of the ethyl esters, albeit with some influence from 

temperature/strain.  The 07 juice tended to have the lowest ethyl esters.  Fatty acids were also 

highest in the BLANW wines, with very little temperature influence, and a strong strain 

influence.   The 07 wines had the least fatty acids.   

(iii)   Effect of strain 

The yeast strain used for fermentation did have an effect on the concentration of aroma 

compounds in the wines; however, the impact was less marked than that of temperature or 

juice.  The strain which produced the highest concentrations of all five acetate esters was 

EC1118.  M2 and L-1528 produced the lowest, and X5 intermediate, although the ranking of 

these three strains varied with temperature, juice and ester.  There were few strain differences 

between the C6 alcohols and methionol.  For the other five higher alcohols, EC1118 generally 

produced the greatest amounts, and X5 and L-1528 the least.  For ethyl esters, there was a 

large amount of variation between strains in the concentrations of each compound, with some 

strains having high concentrations of certain ethyl esters and low concentrations of others.  

X5 was generally at the lower end of the spectrum compared to the other yeast for ethyl 

esters, while L-1528 was intermediate.  EC1118 and M2 tended to have higher fatty acid 

concentrations than X5 or L-1528. 

(iv)   Summary 

Low temperature resulted in both increases and decreases of certain acetate esters, reduced 

higher alcohols and ethyl esters, and increased fatty acids.  Juice and strain were able to 

change the direction of these temperature effects.  Juice had a major effect on individual 
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compounds, with BLANW wines generally having the highest concentrations and 07 wines 

having the lowest.  The influence of yeast strain was secondary to temperature and juice. 

5.5.6. Acetylation of higher alcohols to acetate esters and the conversion of fatty acids to 

ethyl esters 

Table 5-10 compares the differences between the percent acetylation and percent conversion 

of the 18 wine samples based on temperature, juice and yeast used for fermentation.   

(i)   Effect of temperature 

The acetylation of both hexan-1-ol to hexyl acetate and isoamyl alcohol to isoamyl acetate 

was significantly higher in wines fermented at 12.5°C compared to 25°C for seven of the nine 

juice/strain pairs.  The two exceptions were M2 in 07 juice and L-1528 in M1016 juice.  

Acetylation of cis-hexen-1-ol was also significantly higher in the cold for most juice/strain 

combinations.  X5 in BLANW juice was the only wine that demonstrates a temperature 

difference for the acetylation of phenethyl alcohol to 2-phenylethyl acetate, with a higher rate 

at 12.5°C.  The formation of isobutyl acetate was the only acetylation that was reduced in the 

cold in all wines.   

The conversion of hexanoic acid to ethyl hexanoate, octanoic acid to ethyl octanoate, and 

decanoic acid to ethyl decanoate were all influenced by both juice and strain, with some 

wines having a higher conversion in the cold, others having lower conversion and some 

which were not significantly different.       

(ii)   Effect of juice 

The juice used for fermentation had a greater effect on the percent acetylation at 12.5°C 

compared to 25°C.  At 12.5°C, the acetylation of individual higher alcohols to acetate esters 

was generally greater in the BLANW juice compared to M1016 in the EC1118, X5 and L-

1528 ferments.  For M2, the 07 ferments tended to have lower acetylation rates and there 

were fewer differences between M1016 and BLANW.  At 25°C, there was little difference in 

acetylation between the M1016 and BLANW juices for all yeast strains; however, the 07 

juice had the greatest acetylation percent for M2 out of the three juices, for all acetate esters 

except for 2-phenylethyl acetate. 
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Table 5-10:  Percent acetylation of higher alcohols to acetate esters and percent conversion of fatty acids to ethyl esters in the 12.5°C wines and 25°C wines.  Wines 

were fermented by M2 (M), EC1118 (E), X5 (X) and L-1528 (L) in 07 (M2 only), M1016 (M1) and BLANW (B) juice.  Samples not connected by the same letter are 

significantly different (ANOVA, Tukey’s HSD); n = 2. 

Acetylation M 07 12.5 M M1 12.5 M B 12.5 E M1 12.5 E B 12.5 X M1 12.5 X B 12.5 L M1 12.5 L B 12.5 

Hexan-1-ol to hexyl acetate 6.96gh 12.65d 13.58d 18.28c 28.24a 13.22d 21.06b 8.24efg 14.12d 

Cis-3-hexen-1-ol to cis-3-hexen-1-ol acetate 1.11h 1.60ef 1.77de 2.14cd 3.70a 1.68e 2.44bc 1.22fgh 1.73e 

Isoamyl alcohol to isoamyl acetate 0.84e 1.07d 1.36c 2.09a 1.75b 1.01de 1.44c 0.66f 0.97de 

Phenethyl alcohol to 2-phenylethyl acetate 0.09b 0.05b 0.12b 0.07b 0.10b 0.13b 0.40a 0.06b 0.12b 

Isobutanol to isobutyl acetate 0.12gh 0.13gh 0.12ghi 0.17de 0.22bc 0. 09i 0.12ghi 0.10hi 0.14fg 

 M 07 25 M M1 25 M B 25 E M1 25 E B 25 X M1 25 X B 25 L M1 25 L B 25 

Hexan-1-ol to hexyl acetate 9.74e 5.68h 7.67efgh 13.57d 17.69c 9.26e 13.27d 6.99fgh 9.23ef 

Cis-3-hexen-1-ol to cis-3-hexen-1-ol acetate 1.92de 1.18gh 1.25fgh 2.14cd 2.62b 1.59ef 1.95de 1.25fgh 1.57efg 

Isoamyl alcohol to isoamyl acetate 0.97de 0.39h 0.49gh 0.98de 0.87e 0.65fg 0.84e 0.52fgh 0.46h 

Phenethyl alcohol to 2-phenylethyl acetate 0.08b 0.04b 0.11b 0.06b 0.06b 0.07b 0.16b 0.06b 0.05b 

Isobutanol to isobutyl acetate 0.23b 0.16ef 0.20cd 0.21bc 0.21bc 0.17def 0.24b 0.21bc 0.27a 

 

Conversion  M 07 12.5 M M1 12.5 M B 12.5 E M1 12.5 E B 12.5 X M1 12.5 X B 12.5 L M1 12.5 L B 12.5 

Hexanoic acid to ethyl hexanoate 4.34ab 2.99def 2.19fg 3.05cde 3.05cde 3.84bc 4.70a 3.10cde 2.93def 

Octanoic acid to ethyl octanoate 3.97a 2.97cd 2.37gh 1.53ij 1.42j 2.98cd 2.42fgh 3.47b 2.80de 

Decanoic acid to ethyl decanoate 8.64cd 8.50cde 9.06c 3.44i 2.66i 9.04c 8.03de 10.90ab 8.56cd 

  M 07 25 M M1 25 M B 25 E M1 25 E B 25 X M1 25 X B 25 L M1 25 L B 25 

Hexanoic acid to ethyl hexanoate 3.68bcd 2.67efg 2.46efg 4.03ab 1.96g 3.12cde 2.53efg 2.96def 2.80ef 

Octanoic acid to ethyl octanoate 3.06c 3.97a 2.58efg 2.22h 1.72i 2.23h 2.81cde 3.77a 2.64ef 

Decanoic acid to ethyl decanoate 6.50g 11.62a 7.59ef 6.67fg 6.16gh 6.59g 5.28h 10.21b 8.19cde 
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The percent conversion of fatty acids to ethyl esters was very different between juices and 

strongly influenced by temperature/strain combinations.  At 25°C, BLANW generally had the 

lowest percent conversion.  There was no juice difference between fatty acid conversions for 

wines fermented by EC1118 at 12.5°C.  The 07 and M1016 wines generally had a higher 

percent conversion from octanoic acid to ethyl octanoate and decanoic acid to ethyl decanoic 

when fermented with M2, X5 and L-1528.  This was also the case at 25°C, with the exception 

of X5.  

(iii)   Effect of strain 

There were definite strain influences on the acetylation of higher alcohols and the conversion 

of fatty acids.  In M1016 and BLANW at both temperatures, EC1118 had the highest percent 

acetylation.  The only exception was for the acetylation of phenethyl alcohol.  In M1016, M2 

and X5 tended to have the second highest acetylation and L-1528 the least; with the odd 

exception based on temperature.  In the BLANW juice at both temperatures, X5 had the 

second highest percent acetylation across the compounds, followed by L-1528.  At 25°C, M2 

generally had the lowest percent acetylation.   

The influence of strain on the percent conversion was strongly modified by temperature and 

juice.  At 12.5°C in M1016, L-1528 had the greatest percent conversion overall, followed by 

X5, M2, then EC1118.  At 25°C, M2 had the greatest fatty acid conversion overall, although 

the total conversion was similar between strains.  At 12.5°C in BLANW, X5 had the highest 

percent conversion for hexanoic acid to ethyl hexanoate, while L-1528 and M2 had the 

highest conversion to ethyl octanoate and ethyl decanoate.  At 25°C, L-1528 had the highest 

conversion for all parameters and EC1118 had the lowest.   

(iv)   Summary 

Temperature and juice had the largest effect on the formation of esters, but the strain used in 

the fermentation was responsible for further differences between wines. 

5.6. Discussion 

The data in this chapter confirms that fermentation temperature is a primary variable 

influencing aroma compound production by yeast.  Although low temperature fermentation is 

widely believed to result in wines with enhanced esters and fruity characters, this effect was 

highly dependent on combinations of juice and strain.  The grape juice used for fermentation 



Chapter 5 – Effect of cold fermentation on wine aroma 

174 
 

also had a large influence on aroma compound concentrations, with the S. cerevisiae strain 

used for fermentation secondary to temperature and must.   

The three aroma quantification experiments analysing temperature (Section 5.2, M2), strain 

(Section 5.3, M2 and four F1 hybrids) and combinations of temperature, juice and strain 

(Section 5.5, M2, EC1118, X5 and L-1528) will be discussed together below. 

5.6.1. Temperature, juice and strain influence fermentation rate and WineScan 

parameters 

The single largest effect of cold fermentation, as expected, was to reduce the rate of 

fermentation.  All fermentations performed at 12.5°C were slower than those performed at 

25°C (Figure 5-6), as shown previously by OUGH (1964) and BELTRAN et al. (2006) for 

example.  Different juices also produced different fermentation kinetics, with the 07 juice 

producing the highest Vmax values, as did yeast strains, with the EC1118 strain having the 

fastest fermentation rate.  Ethanol and residual sugar concentrations reflected the 

fermentation kinetics, with lower ethanol and higher residual sugar in the 12.5°C 

fermentations and the most extreme levels seen in the sluggish fermentations (M2 in M1016 

juice and L-1528 in M1016 and BLANW juice).  Residual sugar was also higher in cold 

fermentations performed by MASNEUF-POMARÈDE et al. (2006).  Volatile acidity, citric acid 

and lactic acid were generally lower in the cold, but were also influenced by juice and strain.  

BELTRAN et al. (2006) also found lower volatile acidity in wines produced at 13°C vs. 25°C.  

pH, total acidity and malic acid were affected differently by temperature, depending on 

combinations of juice and strain. 

5.6.2. Low temperature reduces 3MH concentrations, different juices have different thiol 

potentials, and juice and strain modify the effect of temperature on 3MHA 

Two volatile thiols, 3MH and 3MHA, are key odorants in NZ SB wines, imparting grapefruit, 

passionfruit skin, and sweaty fruit aromas (TOMINAGA et al. 1998b; LUND et al. 2009).  The 

concentrations measured in all 24 wines in this thesis, using various combinations of 

temperature/juice/strain were all within the range previously reported for NZ SB (942-5284 

ng L
-1

 for 3MH and 39-417 ng L
-1

 for 3MHA) (NICOLAU et al. 2006; BENKWITZ 2009; LUND 

et al. 2009; PATEL et al. 2010; HERBST-JOHNSTONE et al. 2011).  3MH and 3MHA were also 

well above perception threshold, confirming their importance for NZ SB.   
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All wines fermented at 12.5°C had lower 3MH concentrations than wines fermented at 25°C 

(reduced by 25-50 %), regardless of juice or strain.  Lower concentrations of 3MH at low 

temperatures are consistent with data from MASNEUF-POMARÈDE et al. (2006), who found that 

3MH concentrations increased progressively with higher temperature in synthetic medium 

and two SB musts.  The same result was found by FRETZ et al. (2006) in Chasselas blanc 

wines, independent of yeast strain.  The enzymatic cleavage of 3MH precursors by yeast β-

lyases may operate optimally at higher temperatures.  Alternatively, there could be greater 

precursor uptake or release, resulting in higher intracellular levels of 3MH precursors at 

higher temperatures.  Since the mechanism of 3MH formation is not yet fully elucidated 

(ROLAND et al. 2011; COETZEE and DU TOIT 2012), it is difficult to make a hypothesis on the 

effect of fermentation temperature on 3MH precursors.    

In this thesis, the influence of temperature on 3MHA was dependent on juice and/or strain, 

with some combinations producing higher, lower or not significantly different concentrations 

at 12.5°C compared to 25°C.  This result differs from that of MASNEUF-POMARÈDE et al. 

(2006), who found that concentrations of 3MHA, the acetate ester of 3MH,  increased with 

higher temperature.  Wines made using M1016 SB juice consistently resulted in higher total 

thiols (3MH and 3MHA) than 07 or BLANW.  Therefore, grape musts vary in their thiol 

potential.  Recently, it has been shown that the initial thiol potential of SB juice can be 

further modified via grape harvest methods (ALLEN et al. 2011) and juice pressing conditions 

(PATEL et al. 2010).  

The yeast strain used for fermentation also had some influence on 3MH and 3MHA 

concentrations, with some differences shown in comparisons between M2 and the F1 hybrids, 

as well as amongst M2, EC1118, X5 and L-1528.  Some strains, such as EC1118, 

consistently produced somewhat higher thiols independent of temperature and juice, whereas 

others produced higher concentrations in only one of the juices studied.  Production of 3MH 

did not always correlate with 3MHA, as the acetylation ratio also demonstrated variation 

between strains.  Therefore, the efficiency of Atf1p to convert 3MH to 3MHA is variable 

between strains (SWIEGERS et al. 2009). 

To conclude, a higher fermentation temperature may result in greater varietal expression of 

3MH in SB wines.  3MHA concentrations were influenced by interactions between 

temperature, juice and strain.   
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5.6.3. The influence of low temperature on acetate ester concentrations is modified by 

different juices and strain has a secondary effect 

Acetate esters are synthesised by yeast from higher alcohol precursors and acetyl CoA, and 

impart fruity notes, such as apple and banana, to finished wines (LILLY et al. 2000).  Acetate 

esters are important odorants contributing to young SB wines, and isoamyl acetate in 

particular has an important influence on the aroma of NZ SB (BENKWITZ 2009), as is the case 

for other white varietals (FERREIRA et al. 2000).  Table 5-2, Table 5-5 and Table 5-9 showed 

that isoamyl acetate (banana, fruity, pear) was indeed the dominant acetate ester in all wines 

analysed, and was also one of the five most dominant compounds quantified, with an OAV > 

20.  Isobutyl acetate (apple, floral, fruity) was consistently below perception threshold in the 

SB wines, which is consistent with the literature (FERREIRA et al. 1993).  Hexyl acetate 

(floral, fruity, pear) was above perception threshold in only 9/24 wines analysed, consistent 

with BENKWITZ et al. (2009).   

In this research, wines fermented at low temperature did not necessarily have higher total 

acetate esters than those fermented at 25°C, as purported in the literature (LLAURADÓ et al. 

2002; TORIJA et al. 2003; BELTRAN et al. 2006; BELTRAN et al. 2008).  In fact, the effect of 

low temperature was strongly juice-dependent.  For example, total acetate esters were higher 

at 12.5°C vs. 25°C in wines fermented with M1016 and BLANW juice, but lower in the cold 

for wines fermented with 07 juice.  The polarising effect of must on temperature is likely to 

account for the lack of agreement between studies in the literature, as there are examples of 

total acetate ester levels increasing with lower temperature (BELTRAN et al. 2006; BELTRAN 

et al. 2008) as well as examples of levels decreasing with lower temperature (MALLOUCHOS 

et al. 2003).  Other studies have even found no significant effect of temperature on total 

acetate esters (LLAURADÓ et al. 2005).   

The major effect of juice on total acetate esters is in agreement with a study by KEYZERS and 

BOSS (2010), who demonstrated that differences in must composition, with regards to grape-

derived ester precursors, directly correlate with the production of these esters.  The 07 juice 

appeared to have the most differences in ester production compared to M1016 and BLANW.  

This result may be partially due to variation in carbon and nitrogen ratios of the different 

musts, as this ratio is an important variable known to impact on the production of acetate 

esters (SAERENS et al. 2008).  
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Yeast strain had a secondary effect on the production of total acetate esters, with M2 

producing higher concentrations than the four F1 hybrids, and EC1118 producing higher 

concentrations than M2, X5 and L-1528.  Strain differences in acetate esters were also 

evident in a study by PAPATHANASIOU et al. (2006), who showed that the GR3 strain produced 

higher hexyl acetate than GR7.  In this research, the M2 parent had significantly higher hexyl 

acetate than all of the F1 hybrids, and EC1118 produced much higher concentrations than any 

other strain for any given juice.  Data from studies by DAUDT and OUGH (1973) and SOLES et 

al. (1982) also found evidence for wide variation in acetate ester production between 

different S. cerevisiae strains. 

Similar conclusions can be drawn for individual acetate esters.  Temperature had some effect, 

but this was modified by juice and strain.  For example, all five acetate esters quantified were 

lower in the 12.5°C wines fermented by M2 in 07 juice, compared to the 25°C wines.  

However, results from M2, EC1118, X5 and L-1528, in M1016 and BLANW juice, did not 

show such a clear effect.  For example, isoamyl acetate, the dominant ester in NZ SB wines, 

was lower in the cold for M2 in 07 juice, but higher in the cold for the eight other juice/strain 

comparisons.  Wines analysed by ERTEN (2002) and PAPATHANASIOU et al. (2006) had higher 

isoamyl acetate concentrations at low temperature, whereas KILLIAN and OUGH (1979) and 

MOLINA et al. (2007) found the opposite effect.  Therefore, the effect of temperature on 

individual acetate ester concentrations can be greatly modified by the juice.   

Therefore, like the acetate ester of 3MH, the concentration of acetate esters in general is 

strongly influenced by juice, with a secondary effect of fermentation temperature and strain.   

5.6.4. Low temperature reduces or has no effect on higher alcohols and juice and strain 

influence higher alcohol concentrations 

Higher alcohols are predominantly formed through the Ehrlich pathway via the catabolism of 

amino acid precursors, a complex process involving > 10 different enzymes which act at 

different stages of the metabolic pathway and on different amino acids (SWIEGERS and 

PRETORIUS 2005; STYGER et al. 2011a).  Higher alcohols typically impart pungent aromas to 

wines at high concentrations and a desirable complexity at low concentrations.  Higher 

alcohols have less importance in NZ SB than thiols and esters, as they tend to be present 

below perception threshold, even though they are present in high absolute concentrations.  

Usually only hexan-1-ol, cis-3-hexen-1-ol and isoamyl alcohol are important odorants in NZ 

SB, with hexan-1-ol and cis-3-hexen-1-ol in particular contributing grassy notes, an 
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important character in NZ SB wines (BENKWITZ 2009).  Of these three odorants, isoamyl 

alcohol (malt, smoky, solvent) was the dominant higher alcohol in the wines, with the highest 

OAV, consistent with BENKWITZ (2009).  Cis-3-hexen-1-ol (cut grass) was also above 

perception threshold in the wines analysed in this thesis, but hexan-1-ol (grass, floral, resin) 

was not (Table 5-2, Table 5-5 and Table 5-9).  The concentrations of all higher alcohols 

measured were similar to those obtained previously for NZ SB wines (BENKWITZ 2009).   

Total higher alcohols tended to be either lower in the cold, or not significantly different 

(Figure 5-1, Figure 5-3 and Figure 5-7).  This result is in agreement with multiple other 

studies, which primarily show a decrease, and sometimes no significant difference, in total 

higher alcohols in cold-fermented wines (ARAGON et al. 1998; KOURKOUTAS et al. 2001; 

ERTEN 2002; LLAURADÓ et al. 2002; MALLOUCHOS et al. 2003; LLAURADÓ et al. 2005; 

BELTRAN et al. 2006; PAPATHANASIOU et al. 2006; MALLOUCHOS et al. 2007; BELTRAN et al. 

2008).  MOLINA et al. (2007) was the only study to show increased total and individual higher 

alcohols at 15°C compared to 28°C.  However, C6 alcohols did not generally show a 

temperature effect in this thesis.  This result was not unexpected, considering that these 

compounds originate from the grape and are not yeast-derived (OLIVEIRA et al. 2006b). 

There were large differences in higher alcohol concentrations based on juice, with 07 

producing lower concentrations than M1016 and BLANW, with the exception of trans-3-

hexenol and benzyl alcohol.  BLANW generally had the greatest concentrations of higher 

alcohols.  ARAGON et al. (1998) also found a difference between juice in higher alcohol 

concentrations, with wines produced from Muscatel juice having lower levels than wines 

from Malvasia juice, although genetic differences between the two grape varieties would 

contribute.  Juice differences in higher alcohol production are influenced by initial YAN 

content, as amino acids are essential for their formation (STYGER et al. 2011a; STYGER et al. 

2011b).  ARAGON et al. (1998) also noted a juice/strain interaction, where some differences in 

higher alcohol concentration were best explained by the combination of yeast strain and must.   

Isobutanol (nailpolish, solvent) differed based on yeast and juice.  For example, at 12.5°C, 

EC1118 produced higher isobutanol in BLANW juice vs. M1016, whereas X5 produced 

higher isobutanol in M1016 juice vs. BLANW.  EC1118 generally produced the highest 

amounts of individual higher alcohols compared to M2, X5 and L-1528; however, there were 

few strain differences in methionol or C6 alcohol concentrations.  There were also strain 

effects independent of juice.  All higher alcohols, bar methionol (potato, sweet), had higher 
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concentrations in the M2xY55 wines compared to M2 and the other F1 hybrids, and      

M2xL-1528 tended to produce the lowest amounts. Strain differences for higher alcohols 

were also evident in a study by REGODÓN MATEOS et al. (2006), in which some yeast strains 

produced the highest isobutanol in red wines, whereas others produced the highest in white 

wines.   

Typically, an increased level of higher alcohols is correlated with negative characters in 

wines and a lower preference by sensory panels, hence the use of low temperature 

fermentation to reduce the concentration of these compounds (ERTEN 2002; SWIEGERS and 

PRETORIUS 2005; BELTRAN et al. 2006; BELTRAN et al. 2008).  The results in this thesis agree 

with the hypothesis in the literature that cold fermentation generally decreases the formation 

of yeast-derived higher alcohols.  There was also a strong effect of juice on both C6 and 

yeast-derived higher alcohols.  A strain-specific effect was also evident, and yeast strain 

could act on differences between juices for the yeast-derived compounds.    

5.6.5. Low temperature generally reduces total ethyl esters, although juice and strain 

have a strong influence and can modify temperature differences 

Ethyl esters are synthesised by yeast from ethanol and medium-chain fatty acid precursors 

and are key flavour compounds in wines, with floral, fruity and sweet characters (SAERENS et 

al. 2006).  Ethyl esters are important for NZ SB aroma, particularly ethyl butanoate, ethyl 

hexanoate, ethyl octanoate, ethyl isovalerate and ethyl isobutyrate, which are all typically 

above perception threshold (BENKWITZ 2009).  All but one of these ethyl esters were above 

perception threshold in most of the SB wines quantified (Table 5-2, Table 5-5 and Table 5-9), 

as was ethyl decanoate (floral, fruity, sweet), which is usually only above perception 

threshold in SB wines from NZ and not those from overseas (BENKWITZ 2009).  The 

exception was ethyl isovalerate (apple, pineapple), which was present in the 200-mL wines 

made from M2 and the F1 hybrids, but could not be detected in the 700-mL wines made from 

M2, EC1118, X5 and L-1528.  Ethyl butanoate (apple, fruity, peach) and ethyl hexanoate 

(apple, fruity, sweet) were also two of the five most dominant compounds quantified, with 

OAVs > 20.  The concentrations of these two ethyl esters were within a similar range to those 

in previously quantified NZ SB wines (BENKWITZ 2009), but higher than those quantified in 

French wines (ANTALICK et al. 2010). 

Surprisingly, total ethyl esters in all wine pairs comparing temperature (12.5°C vs. 25°C) 

were lower in the cold (Figure 5-1, Figure 5-3 and Figure 5-7), which was contrary to the 
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hypothesis that low temperatures result in higher ester concentrations.  Several studies had 

found that lower fermentation temperatures increase total ethyl ester concentrations 

(MALLOUCHOS et al. 2003; BELTRAN et al. 2006; BELTRAN et al. 2008), although there are 

other studies showing the opposite result (LLAURADÓ et al. 2005; PAPATHANASIOU et al. 

2006).  However, there was a great deal of variation within individual ethyl esters based on 

temperature.  In the initial experiment using M2 in 07 juice, 8/11 ethyl esters were present at 

lower concentrations in the wines at 12.5°C vs. 25°C, although out of the three exceptions 

(diethylmalate, ethyl butanoate and butanoic-acid-2-methylethyl ester), only ethyl butanoate 

(apple, fruity, peach) was above perception threshold.  ERTEN (2002) and MOLINA et al. 

(2007) also found that ethyl butanoate concentrations were increased by low temperature; 

however, within the nine temperature comparisons for M2, EC1118, X5 and L-1528 in 

M1016 and BLANW, there were examples of ethyl butanoate concentrations being higher, 

lower or unchanged in the cold, depending on juice and strain (Table 5-2, Table 5-5 and 

Table 5-9).  For example, ethyl butanoate was higher in the cold for all wines fermented with 

EC1118, but lower for all wines fermented with L-1528.  However, X5 had higher ethyl 

butanoate in the cold when fermented in BLANW, but lower when fermented in M1016.  

Ethyl hexanoate, ethyl octanoate and ethyl decanoate were lower in the cold for M2 in 07 

juice, as found in PAPATHANASIOU et al. (2006) in Pinot grigio wines.  However, this was not 

necessarily the case for ethyl octanoate and ethyl decanoate for wines produced by M2 in 

M1016 and BLANW juices.  Therefore, the juice and strain used for fermentation have a 

strong effect on temperature with regards to ethyl ester concentrations.  Different juices also 

vary in their initial ethyl ester potentials.  For example, wines made from BLANW juice 

generally had higher ethyl esters than wines from M1016, and the 07 wines had the lowest.  

Temperature and strain were able to act on this initial variation. 

Ethyl ester concentrations differed based on yeast strain, as stated in the literature (SOLES et 

al. 1982; PEDDIE 1990; SAERENS et al. 2006; SAERENS et al. 2008).  For example, amongst 

the F1 hybrid wines, ethyl isobutyrate (apple, fruity, sweet) was the only ethyl ester that was 

above perception threshold in some strains (M2xY55 and M2xBC187) but below in others 

(M2xS288c and M2xL-1528).  This result agrees with other data in the literature, suggesting 

that ethyl isobutyrate is highly influenced by strain (GUTH 1997; ANTALICK et al. 2010).  

EC1118 and M2 tended to have higher concentrations of individual ethyl esters than X5 and 

L-1528, although there were many exceptions.   
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Therefore, low temperature generally resulted in a decrease in ethyl esters, although this was 

strongly modified by juice and strain, with all variables having a strong influence on the 

concentration of individual compounds.   

5.6.6. Fermentation temperature influences fatty acid concentrations, with a contribution 

of juice and strain 

Medium-chain fatty acids (C6-C12) are produced through yeast metabolism and generally 

have a negligible impact on wine aroma.  However, at high levels they can be responsible for 

cheesy, goaty and rancid aromas (MALLOUCHOS et al. 2003; SWIEGERS and PRETORIUS 2005).  

In NZ SB, synergistic combinations of hexanoic acid and octanoic acid appear to contribute 

flinty characters to the wine and suppress fruity notes (BENKWITZ 2009).  In this thesis, both 

hexanoic acid (cheese, spicy, sweat) and octanoic acid (cheese, goaty, soapy) were well 

above perception threshold (OAV > 20) in 23/24 of the wines analysed (Table 5-2, Table 5-5 

and Table 5-9).  Decanoic acid (fatty, rancid) was below perception threshold in the six 200-

mL wines, but above in all 18 700-mL wines, although this compound is not thought to be 

important for NZ SB wines (BENKWITZ 2009).   

Total fatty acids were lower, higher or not significantly different based on the cold.  The 

initial experiment using M2 in 07 juice, had lower total fatty acid concentrations at 12.5°C 

vs. 25°C; however, the experiment using M2, EC1118, X5 and L-1528, had higher total fatty 

acids for 4/9 temperature comparisons, and no significant difference for the remainder 

(Figure 5-1, Figure 5-3 and Figure 5-7).  The wines analysed in BELTRAN et al. (2006) had 

almost double the concentration of total fatty acids at 13°C compared to 25°C, whereas in 

PAPATHANASIOU et al. (2006), the 12°C wines had less fatty acids (hexanoic, octanoic and 

decanoic acid) than the 20°C wines.  The effect of temperature was also modified by juice 

and strain.   

Fatty acids were generally higher in BLANW wines and lowest in 07 wines, albeit with an 

influence of strain.  This result is in agreement with PAPATHANASIOU et al. (2006), who found 

differences between Debina and Roditis juices.  The YAN content of the must is thought to 

be responsible for many juice differences in fatty acid production (ETIEVANT 1991; STYGER 

et al. 2011b).   

Fatty acid concentrations were generally higher in wines fermented by EC1118 and M2 

compared to X5 and L-1528.  M2xL-1528 generally produced lower concentrations than the 
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other F1 hybrids and M2.  Hexanoic acid, octanoic acid and decanoic acid were significantly 

higher in the M2xY55 wines compared to the wines made from the other F1 hybrids.  These 

data confirm other studies that show strain differences in the production of volatile medium-

chain fatty acids (JONES et al. 1981; REDÓN et al. 2011). 

Therefore, temperature has a strong influence on fatty acid concentrations, which is modified 

primarily by strain.  The juice used for fermentation also influences the final concentrations 

of fatty acids in the wine. 

5.6.7. Precursor concentrations and direct acetylation/conversion influence the 

formation of esters from their precursors 

Direct comparisons made between five acetate esters and their higher alcohol precursors, as 

well as three ethyl esters and their fatty acid precursors, showed that a decrease in the 

precursor concentration at low temperature coincided with a corresponding reduction of the 

ester product.  This result suggests that it is the concentrations of ester precursors that may 

determine the production of the ester products.  LILLY et al. (2006b) overexpressed two 

genes, BAT1 and BAT2, encoding branched-chain amino acid transaminases (BCAATases), 

that transfer amino groups to α-keto acids in higher alcohol formation.  BAT gene 

overexpression resulted in increased formation of higher alcohols as expected, as well as an 

increase in certain acetate esters depending on whether BAT1 or BAT2 was overexpressed.  

Therefore, the presence of higher alcohol precursors appears to have an influence on acetate 

ester production. 

SAERENS et al. (2008) also provided evidence for the importance of precursor concentrations 

for ethyl ester production.  When the concentrations of medium chain fatty acids were 

increased in the medium, ethyl ester concentrations were also increased, suggesting that the 

expression level of the genes important for ethyl ester synthesis, such as EEB1, EHT1 and 

YMR210W, are not likely to be limiting for production.  The effect of low temperature on the 

reduction of the three ethyl esters and three fatty acids was affected by chain length, with 

shorter chain compounds showing less reduction than longer chain compounds in the cold 

(Figure 5-2).  This result agrees with other published studies, which show that longer chain 

ethyl esters and fatty acids are not released into the fermentation medium as readily as 

shorter-chain compounds (NYKANEN and NYKANEN 1977; VERSTREPEN et al. 2003a; 

SWIEGERS and PRETORIUS 2005; SAERENS et al. 2008).  The increase in membrane rigidity at 
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low temperature may be responsible for the reduction in longer-chain esters released from the 

cell during fermentation (LLAURADÓ et al. 2005).   

The precursor concentration is not the only factor that influences the final concentration of 

esters in the wine.  Acetylation of higher alcohols, and conversion of fatty acids, also 

influence ester concentration (Table 5-3, Table 5-6 and Table 5-10).  Wines fermented by M2 

in 07 juice had lower acetylation and conversion for most esters at 12.5°C compared to 25°C, 

suggesting that the reduction of these processes in the cold may have also contributed to 

reduced esters in these wines.  The percent acetylation in the M2 parent was generally higher 

than the F1 hybrids, which also suggests that the differences in acetylation between strains, 

result in variation between ester concentrations.  Variation between strains in acetylation was 

also found for EC1118, M2, X5 and L-1528.  The overexpression of two alcohol 

acetyltransferase enzymes (AATases), ATF1 and ATF2, and an ethanol hexanoyl transferase, 

EHT1 (important for acetate ester synthesis) by LILLY et al. (2006a), showed an increase in 

multiple acetate esters, confirming the importance of direct acetylation on acetate ester 

production.   

The same result was found for conversion, with M2xY55 having the highest percent 

conversion and the highest fatty acid ethyl esters. However, M2xY55 also had the highest 

concentration of fatty acids, suggesting that the ester synthase genes had more precursor to 

act on, and that the rate of the ester synthases are not limiting for production, as suggested by 

SAERENS et al. (2008).  

Therefore, it is likely that a combination of precursor concentrations, acetylation/conversion 

rates (coordinated by enzymes), and the release of volatiles into the medium, are responsible 

for the final concentration of individual volatiles in the wine. 

5.6.8. Correlations between aroma compounds and gene transcripts provides a positive 

indication of the role of secondary metabolism in final aroma concentrations 

The relationship between final concentrations of 28 aroma compounds with the changes in 

gene expression of 91 aroma biosynthetic genes was investigated using data from M2 and the 

F1 hybrids.  The 12.5°C vs. 25°C contrast was the most different at exp and stat, confirming 

that temperature is a variable that can act on both gene transcription and aroma compound 

concentration.  M2xS288c was the most different F1 hybrid, in terms of transcript/aroma 

correlations, which likely reflects the transcription data for this hybrid in Chapter 4 (Figure 
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4-7, Table 4-3, Figure 4-13, and Section 4.8.1).  Some compounds were correlated with the 

same cluster of genes at exp and stat, whereas other compounds correlated with different 

genes at exp vs. stat (Section 5.4.3, Figure 5-5).  This result can be explained by temporal 

differences in aroma concentrations at exp vs. stat, as certain higher alcohols, esters and fatty 

acids reach their peak of synthesis early on in a ferment, whereas others are synthesised later 

and may only reach their peak concentrations in the final wines (MAURICIO et al. 1993; 

MAURICIO et al. 1997; BARDI et al. 1998; ROSSOUW et al. 2008).   

It is unclear whether the correlations between transcripts and aroma compounds provide 

direct evidence for a link between them.  For example, there was a correlation at stat between 

expression changes in EEB1, an AEATase involved in ethyl ester production, and two ethyl 

esters, 2-furanoic acid ethyl ester and ethyl decanoate.  However, other ethyl esters did not 

correlate with this gene, and ethyl butanoate and diethylmalate seemed to show a negative 

correlation.  These discrepancies could arise from differences in the timing of biosynthesis of 

certain ethyl esters throughout fermentation.  A future experiment, measuring the 

transcriptome and aroma compound concentrations at several different time points during 

fermentation, could be performed to investigate this hypothesis.      

A strong indication for the role of genes involved in secondary metabolism is provided by the 

clustering of multiple transcripts with aroma compounds.  This clustering also agrees with the 

hypothesis of ROSSOUW et al. (2008) and STYGER et al. (2011a), who suggest that a large 

number of genes within multiple pathways in the aroma biosynthetic network, have direct 

influences on the production of volatiles.  At this stage, these connections are hypothetical 

until they can be investigated further by overexpression (ROSSOUW et al. 2008) or deletion 

analysis (STYGER et al. 2011a). 

5.7. Conclusion 

These results have demonstrated that fermentation temperature plays a very important role in 

determining the final aromatic profile of the wine.  Lower fermentation temperatures reduce 

the formation of 3MH, an important varietal thiol in NZ SB wines, and influence the 

formation of 3MHA and other acetate esters.  Cold fermentation either decreased the 

formation of higher alcohols, or had no effect, which is in agreement with the literature.  

Cold-fermented wines may have different acetate ester:higher alcohol ratios than wines 

fermented at higher temperatures (ERTEN 2002; SWIEGERS and PRETORIUS 2005; BELTRAN et 
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al. 2006; BELTRAN et al. 2008), although the balance between these ratios may not 

necessarily produce fruitier wines.  Low fermentation temperatures generally reduced ethyl 

ester concentrations and had an influence on fatty acids, although fatty acids are not as 

important as thiols, esters or higher alcohols for NZ SB aroma.   

Therefore, wines fermented at 12.5°C have very different sensory profiles than those 

fermented at 25°C, although these sensory profiles could be largely modified by juice and 

slightly modified by strain.  Different SB juices have different thiol potentials, and the 

concentrations of 3MHA, acetate esters, ethyl esters and fatty acids are also influenced by 

juice and strain.  The juice used for fermentation had a stronger influence than temperature on 

acetate esters, with strain having a secondary effect.  However, it would be difficult to predict 

the acetate ester potential of different juices, unless they can be initially characterised based 

on several parameters, such as carbon and nitrogen content, especially amino acids.  Juice 

effects on higher alcohols, ethyl esters and fatty acids were secondary to temperature, but also 

influenced by strain, with the greatest strain effects shown for ethyl esters.    

Strain differences in sensory profiles would be due in part to differences in gene expression 

within the biosynthetic network and in secondary metabolism.  Differences in acetylation and 

conversion by yeast enzymes between the two temperatures, would also be responsible for 

differences in ester concentrations.  Since 3MH, 3MHA, acetate esters and ethyl esters have 

been shown to be important contributors to the fruitiness of young NZ SB wines (BENKWITZ 

2009), the manipulation of the concentrations of these compounds through the use of 

different fermentation temperatures, grape juice and yeast strain, would be desirable.  

This study does not support the widely held belief that cold fermentation increases the levels 

of all volatiles in the wine or even of the generally accepted ‘fruity’ aroma compounds, such 

as acetate esters and shorter-chain ethyl esters (≤ C6) (STASHENKO et al. 1992; BOULTON et 

al. 1999; LAMBRECHTS and PRETORIUS 2000).  Sensory analysis would be required to 

investigate whether cold-fermented wines are perceived to be fruitier than wines fermented at 

higher temperature, which would be a result of hundreds of interacting variables and not just 

the small number investigated in this thesis and in other quantitative studies.             
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Chapter 6. Identification of genes important for low temperature 

fermentation 

6.1. Introduction 

This chapter had two primary aims:  to develop new yeast strains with improved efficiency of 

low temperature fermentation in SB juice; and to further understand the genetic basis of the 

ability of yeast to ferment at low temperatures.     

To develop yeast strains with improved cold fermentation efficiency, a selection of 

genetically diverse S. cerevisiae strains were screened for their ability to ferment SB juice at 

low temperature (10-15°C).  Four of these strains, Y55, S288c, L-1528 and BC187, were 

backcrossed to a commercial wine strain, M2, and the F1 hybrids, M2xY55, M2xS288c, 

M2xL-1528 and M2xBC187, were then analysed for their global cellular gene expression 

using microarrays (Chapter 4), and aroma compound concentrations (Chapter 5), during 

fermentation at low temperature.  The F1 hybrids were repeatedly backcrossed with M2 and 

screened for their rate of cold fermentation.  The fourth or fifth generation of backcrosses 

were initially meant to be analysed via microarrays to identify genes affecting cold tolerance 

during wine fermentation; however, introgression proved difficult, as the third generation of 

backcrossed strains (consisting of 7/8 M2 genome) did not show measurably significant 

improvements in fermentation rates compared to the M2 parent.   

Therefore, an alternative strategy was used to identify genes important for cold fermentation.  

A set of 123 mapped progeny, derived from a cross between BY4716 (BY), a derivative of 

the lab yeast S288c, and the wine yeast RM11-1a (RM), was obtained from Princeton 

University, and fermented at 12.5°C.  Fermentation rate parameters were used to identify a 

region on chromosome I with a high degree of linkage to fermentation rate at low 

temperature, which was found to correspond to the FLO1 gene through gene deletions in BY 

and RM.  
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6.2. Selection of commercial wine yeast and four other S. cerevisiae strains 

for hybridisation, backcrossing, microarrays and aroma compound 

analysis 

The commercial wine yeast, M2, was selected for hybridisation with four different S. 

cerevisiae strains in order to introgress cold tolerance genes into the genetic background of 

the commercial parent.  M2 was chosen as the commercial parent, based on the cold 

fermentation data (10°C and 15°C; Chapter 3, Section 3.3, Figure 3-1).  The top three 

performing commercial wine yeast were EC1118, F15 and M2.  EC1118 was automatically 

excluded for being heterozygous, as hybrids would not share comparable parts of the EC1118 

yeast genome.  F15 was known to have the SSU1 translocation (PEREZ-ORTIN et al. 2002b) 

between chromosomes VIII and XVI (K. Richards, our laboratory, unpublished data) and to 

give spore lethality when crossed with S288c (H. Niederer (née Brown), this laboratory, 

unpublished data).  Due to the availability of whole genome sequence data for M2 (WE372), 

M2 was selected as the most promising candidate wine yeast to be used as the genetic 

background for introgression and microarrays. 

The four S. cerevisiae strains for hybridisation with M2 were chosen from the set of 36 

strains (plus three commercial wine yeast, F15, M2 and NT116) used to analyse variation in 

growth and fermentation in Chapter 3 (see Section 3.2 for the selection of these strains and 

Section 3.4, Table 3-2 for the strain list).  The 36 strains had been sequenced by the 

Saccharomyces Genome Resequencing Project (SGRP) and the Fay Laboratory (FL).  The 

selection of the strains for hybridisation with M2 was based on the analysis of their 

fermentation parameters in the cold, fertility of the F1–derived spores, and the incorporation 

of genetic diversity.   

Strains with a Vmax value in the top 20 for both the 10°C and 15°C fermentations were 

automatically considered as candidates for hybridisation with M2 (Chapter 3, Section 3.4.1, 

Figure 3-3).  S288c was also considered because it is a well-studied laboratory strain and 

serves as the reference S. cerevisiae genome.  Additionally, it has diverged from many of the 

other strains included in the screening (LITI et al. 2009) and could be an interesting source of 

genetic variation, especially for gene expression comparisons with other strains.  Although 

two clinically derived isolates had some of the highest rates of fermentation (YJM428 and 

YJM653), these were not considered for backcrossing, because the hybrid strains may be 

used to make wines for human consumption.  The association with human disease is seen as 
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undesirable, even though these associations are believed to be opportunistic (DE LLANOS et al. 

2006).  The above criteria resulted in eight strong candidate strains, all of which happened to 

have an association with grapes and/or vineyard soil:  BC187, DBVPG1106, F15, I14, L-

1528, M22, RM11 and Y55.  Of these eight strains, the first seven are within the wine 

phylogenetic cluster, whereas the French wine strain Y55 (a recent cross from a West African 

lineage) is outside of this group (LITI et al. 2009; SCHACHERER et al. 2009). 

6.3. Screening 12 F1 hybrids 

Out of the eight candidate strains selected in Section 6.2, five M2 F1 hybrids had previously 

been constructed in this laboratory by crossing Lys- mutants of BC187, DBVPG1106, F15, L-

1528, and Y55, with a Ura- M2 mutant (TIMBERLAKE et al. 2011).  In addition, F1 hybrids 

were available between M2 and seven other strains:  M2xS288c, M2xSK1, M2xUWOPS05-

217.3, M2xUWOPS05-227.2, M2xUWOPS83-787.3, M2xUWOPS87-2421 and 

M2xYPS606.  All 12 F1 hybrids were therefore assessed as candidates for backcrossing with 

M2.  The 12 F1 hybrids were first confirmed to be the correct strains by microsatellite 

profiling (data in Appendix A.15, Table A-10), then screened for cold fermentation capability 

at 10°C (Section 6.3.1), and tetrad dissection was used to test spore fertility of their progeny 

(Section 6.3.2).  

6.3.1. Screening 12 F1 hybrids for cold fermentation 

Figure 6-1 shows the fermentation curves and fermentation rates (Vmax) obtained for the F1 

hybrids between M2 and 12 other strains strains at 10°C.  F15 was included as a control, as it 

had the highest fermentation rate out of the 39 strains at 10°C and 15°C, as was the lab strain 

S288c, a known poor fermenter (Chapter 3, Figure 3-3).  M2 Ura-, which was used as the 

common parent in the 12 crosses, was also tested and fermented as successfully as wild type 

M2.  Two F1 hybrids, M2xS288c and M2xSK1, had a significantly lower Vmax than the M2 

parent.  The four M2xUWOPS- hybrids did not have a significantly different Vmax compared 

to the M2 parent.  M2xBC187 and F15 had the highest Vmax values and were the only F1 

hybrids with significantly higher Vmax values than the M2 parent.     
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Figure 6-1:  Fermentation of 16 S. cerevisiae strains, including M2, M2 Ura-, F15, S288c and 12 F1 

hybrids between M2 and 12 different strains, in SB 07 grape juice at 10°C.  A = Cumulative weight loss 

(g).  Strains are ordered from highest weight loss to lowest.  B = Maximal rate (Vmax) of weight loss 

(dCO2/dt).  The M2 parent is shown in aqua blue.  Samples not connected by the same letter are 

significantly different (ANOVA, Tukey’s HSD); n = 3. 

A 

B 
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6.3.2. Screening for fertility of F1 spores 

The 12 F1 hybrids were sporulated to ensure that they produced fertile spores, with minimal 

lethality.  All hybrids sporulated to ≥ 70 % efficiency.  The viability of spores in four 

independent tetrad dissections is presented in Table 6-1.   

Table 6-1:  Number of viable spores in four independently dissected tetrads for sporulated M2, M2 Ura- 

and 12 F1 hybrids.  

Strain 0 1 2 3 4 Total % viability (n=16) 

M2    1 3 93.8 

M2 Ura-   2 2  62.5 

M2xBC187     4 100 

M2xDBVPG1106    1 3 93.8 

M2xF15   1 3  68.8 

M2xL-1528   1 1 2 81.3 

M2xS288c   1 1 2 81.3 

M2xSK1     4 100 

M2xUWOPS05-217.3  4    25 

M2xUWOPS05-227.2 2 2    12.5 

M2xUWOPS83-787.3 1  3   37.5 

M2xUWOPS87-2421    1 3 93.8 

M2xY55    1 3 93.8 

M2xYPS606    1 3 93.8 

 

The spores from the M2 Ura- tetrads showed more lethality than the M2 wild type, with two 

sets with three viable spores out of four, and two sets with only two viable spores out of four.  

The lethality may have been introduced into the strain in the mutagenesis used to generate the 

Ura- mutation.  Of the 12 F1 hybrids, three of the UWOPS- strains (-050217.3, -05-227.2 and 

-83-787.3) had very poor spore fertility, so were excluded as candidates for gene expression 

and backcrossing.  Most of the other F1 hybrids gave good viability (> 80 %).  Considering 

the fermentation data, spore viability data, and genetic differences taken together, 

M2xBC187, M2xDBVPG1106, M2xF15, M2xL-1528, and M2xY55 appeared to be the best 

candidates.  However, it was decided that M2xS288c would be chosen as one of the four 

strains because it is so well characterised (see Section 6.3).  M2xY55 was selected next based 

on sequence diversity and phylogeny compared to the other candidates (LITI et al. 2009; 

SCHACHERER et al. 2009).  Lastly, M2xBC187 and M2xL-1528 were selected, as they had 

performed best in the 10°C fermentation (Figure 6-1).  Microsatellite analysis was performed 

on the dissected tetrad spores from the four selected F1 parents, to ensure markers were 

segregating 2:2 (data in Appendix A.15, Table A-10).   
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6.4. Backcrossing of cold tolerance genes into M2 

As described in the previous section, four F1 hybrids were chosen for microarray analysis 

(Chapter 4) and backcrossing: M2xY55, M2xS288c, M2xL-1528 and M2xBC187.  This 

section describes the backcrossing of putative cold tolerance genes into M2. 

6.4.1. Obtaining random F1 progeny from the four F1 hybrids for backcrossing with M2 

The four F1 hybrids were sporulated and random spores of the Lys- Ura+ phenotype were 

grown and selected, in order to be backcrossed with a M2 Lys+ Ura- strain.  The methods 

used to obtain random spores are described in Chapter 2, Section 2.3.6.   A total of 150 Lys- 

Ura+ progeny were obtained from M2xY55, 45 from M2xS288c, 120 from M2xL-1528 and 

110 from M2xBC187 (approximately 1/4 spores of progeny had the Lys- Ura+ phenotype).  

For unknown reasons, it was very difficult to obtain F1 progeny from the M2xS288c cross 

and random spores had to be obtained several times.  It also proved difficult to select for Lys- 

Ura+ M2xL-1528 F1 progeny, as the Lys- mutation was leaky and mutants could grow to 

form small colonies on AAD (AAD plate composition is described in Chapter 2, Section 

2.3.2).  Fortunately, the Lys- colonies were smaller than the Lys+ colonies, enabling the usual 

selection of Lys- Ura+ strains.   

From each cross, 36 randomly chosen progeny were fermented at 12.5°C to assess genetic 

variation for cold tolerance and to select those that had the highest Vmax at low temperature 

for the next round of backcrossing.  Thirty-six progeny would allow the identification of up 

to five QTLs linked to low temperature fermentation while remaining a manageable number 

for small-scale fermentation.  Figure 6-2 shows the Vmax values for M2, the four strains 

chosen for crosses, the four F1’s and the 36 F1 progeny from each cross.  The progeny 

showed a mostly continuous range of Vmax values, with no clear evidence for single major 

genes.  There was a very low range of values for M2xL-1528, with little difference between 

different progeny.  The S288c cross gave much lower values on average than the other three 

crosses, as expected from the lower Vmax of this parent.  In contrast to the previous 

experiment (Section 6.3.1, Figure 6-1), the F1 hybrid of the M2xBC187 cross was not 

significantly higher than the M2 hybrid (Figure 6-2, lower panel).  Only one cross, 

M2xBC187, showed evidence of significant positive transgressive segregation for Vmax when 

compared to the M2 parent.  A single F1 progeny, B5B (Lys- Ura+), had a significantly 

higher Vmax than M2 (although not significantly different from M2xBC187).  Two individual 

F1 progeny performed extremely poorly at low temperature fermentation compared to the 
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parents and other progeny.  These were Y2G from the M2xY55 cross and B3H, from the 

M2xBC187 cross.  The Vmax of B3H was 5-fold lower than the average M2xBC187 F1 

progeny.  Since only one F1 progeny displayed positive transgressive segregation compared 

to M2, it was decided to continue with only one parent, BC187, for backcrossing with M2. 

 

Figure 6-2:  Maximal fermentation rates (Vmax) (dCO2/dt) for four sets of hybrids between M2 and four 

chosen S. cerevisiae strains (M2xY55 (blue), M2xS288c (red), M2xL-1528 (green) and M2xBC187 

(orange)) and 36 derived F1 progeny at 12.5°C in SB.  M2 (M) = white data point.  Non-M2 parents (Y, S, 

L and B) = dark shaded data point.  F1 hybrids (MxY, MxS, MxL and MxB) = pale shaded data point.  

Each set of F1 progeny was fermented in the same juice in one experiment to allow comparison between 
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strains.  Samples not connected by the bars above each graph are significantly different (ANOVA, 

Tukey’s HSD); n = 3. 

 

6.4.2. Backcrossing BC1 progeny from M2xB5B 

From the 36 screened F1 progeny of M2xBC187, the best performing progeny, B5B (Lys- 

Ura+) was selected and crossed with M2 (Lys+ Ura-).  Backcross 1 (BC1) M2xB5B hybrids 

were selected by plating on minimal medium.  The BC1 strain was sporulated and screening 

of 192 random spores produced 51 with the Lys- Ura+ genotype (methods in Chapter 2, 

Section 2.3.6).  As before, 36 BC1 progeny were randomly chosen and screened for their Vmax 

during cold fermentation in SB. 

Figure 6-3 shows that there was a high degree of variability in the data, with very few 

differences between the strains fermented at 12.5°C.  Only two BC1 progeny were 

significantly different from each other:  10E, with the highest Vmax, and 8A with the lowest.  

In contrast to the fermentation carried out in Section 6.4.1, there was no significant difference 

between the Vmax of M2, BC187, the M2xBC187 F1 hybrid, B5B or the M2xB5B BC1 hybrid.  

In particular, none of the BC1 progeny had a higher Vmax than the M2 parent, which was the 

requirement to continue the backcrossing approach.   

Since the backcrossing approach for obtaining superior progeny did not appear to be very 

successful, another approach, utilising a set of mapped progeny, was taken to characterise 

genes important for cold fermentation.   

 

Figure 6-3:  Maximal fermentation rates (Vmax) (dCO2/dt) for 36 BC1 progeny between M2 and B5B 

(derived from the M2xBC187 cross) at 12.5°C in SB.  M2 (M) = white.  BC187 (B) = black.  M2xBC187 F1 

hybrid (MxB) = dark purple.  B5B = dark purple.  M2xB5B BC1 hybrid (MxB5B) = medium purple.  

Samples not connected by the bars above each graph are significantly different (ANOVA, Tukey’s HSD); 

n = 3. 
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6.5. Identifying genes linked to cold fermentation using mapped progeny 

from a BY4716xRM11-1a cross 

A set of 123 completely mapped F1 progeny have been used to identify genes important for a 

range of traits (see Chapter 1, Section 1.3.8).  The haploid F1 progeny were obtained from a 

cross between BY (MATα, lys2-Δ0), an isogenic S288c derivative (BRACHMANN et al. 1998), 

and RM (MATa, leu2-Δ0, ura3-Δ0, HO::KanMX), a haploid derived from Bb32 (MORTIMER 

et al. 1994).  The F1 progeny were generated by BREM et al. (2002) for linkage analysis using 

2957 mapped loci and were kindly gifted by E. Smith and L. Kruglyak (Princeton 

University).  These two parents had been shown to differ widely in their Vmax at low 

temperature (see Chapter 3, Section 3.4.1, Figure 3-3). 

6.5.1. Fermentation of 123 mapped F1 progeny identified genes linked to fermentation 

rate and lag phase 

The F1 progeny were fermented in triplicate in SB juice with amino acid supplementation of 

10 x leucine (300 mg L
-1

), 10 x lysine (300 mg L
-1

) and 10 x uracil (100 mg L
-1

), at 12.5°C.  

S288c, representing the BY4716 parent (our laboratory did not have BY4716), and the 

RM11-1a parent were also included in the fermentation.  Weight loss (g) was measured over 

616 h of fermentation.  To reduce variability, outliers within the triplicates were removed if 

they deviated from the other two replicates by > 10 % weight loss at three consecutive time 

points, after > 50 % total weight loss.  This step resulted in 6/123 strains being analysed in 

duplicate (3D, 5B, 6A, 8G, 10G and 3A-2).  Two strains for which all triplicate fermentations 

deviated by > 10 % weight loss, were completely excluded from analysis (5A-1 and 11F-1), 

resulting in 121 progeny analysed.    

Figure 6-4 shows that there was wide variation between the 121 segregating F1 progeny in lag 

phase, fermentation rate and time required to complete fermentation, providing a desirable 

level of phenotypic variation for mapping.  The data in Figure 6-4 was used to phenotype the 

121 F1 progeny for five fermentation-related kinetic variables:  maximal fermentation rate 

(Vmax) (dCO2/dt), maximal acceleration rate (Amax) (d
2
CO2/dt

2
), length of lag phase (h), final 

weight loss (g) and finishing time of alcoholic fermentation (AF time) (h).  The quantitative 

data obtained for these five traits is presented in Appendix A.16, Table A-11. 
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Figure 6-4:  Average cumulative weight loss (g) of 121 F1 progeny from a BYxRM cross, S288c and 

RM11-1a.  Strains were fermented in SB juice supplemented with 300 mg L
-1

 leucine, 300 mg L
-1

 lysine 

and 100 mg L
-1

 uracil at 12.5°C.  BYxRM F1 progeny = blue.  S288c = green.  RM11-1a = red.  

Uninoculated = orange.  n = 2 or 3 (see text). 

The five fermentation phenotypes for the each of the 121 BYxRM F1 progeny at low 

temperature were sent to J. Bloom and J. Gerke (Princeton University) for mapping and the 

identification of relevant loci responsible.  At this point, a further two progeny were excluded 

from the data analysis (denoted as DO NOT USE in Appendix A.16, Table A-11, E. Smith, 

pers. comm. Princeton University).  Logarithm (base 10) of odds (LOD) scores were 

generated based on the phenotypic data from the remaining 119 F1 progeny.  LOD scores 

were computed using R/QTL's scanone function and a non-parametric model to compare the 

likelihood of obtaining the phenotypic data if mapped loci are linked, against the likelihood 

of obtaining the phenotypic data by chance.  Figure 6-5 shows that the LOD scores for the 

fermentation parameters identified several regions across the genome with a high probability 

of linkage to the phenotypic traits.  Three regions within the genome had LOD scores > 3 

(significant with a 5 % chance of error):  one linked to Vmax on chromosome III and two 

linked to lag phase on chromosomes VII and XIII (* in Figure 6-5).  No loci had significant 

linkages to Amax, final weight loss or AF time.   

The high LOD score for Vmax on chromosome III is due to linkage to the LEU2 locus, which 

is deleted in RM.  When the LEU2 locus was removed from the dataset, by using the LEU2 

genotype as a covariate in a normal model, the chromosome III peak was removed and the 
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QTL at the subtelomeric end of chromosome I (• in Figure 6-5) became significant at a 5 % 

cut-off (LOD > 3).  Figure 6-6 shows LOD score plots for Vmax before (A) and after (B) 

covariance from the LEU2 locus was subtracted.  

 

Figure 6-5:  Map showing LOD scores for 2957 genetic markers mapped across the 16 yeast chromosomes 

generated by correlating the fermentation phenotypes of 119 BYxRM F1 progeny for five parameters 

against the genetic loci.  The mapped loci run horizontally across the map and the five parameters run 

vertically down each chromosome and are indicated by the dashed lines at the top:  Vmax = blue.  Amax = 

red.  Lag phase = green.  Final weight loss = orange.  AF time = purple.  LOD scores are shaded from 

yellow (low, non-significant) to orange (high, significant).  LOD scores > 3 = *. LOD scores > 3 when 

effect of LEU2 locus removed = •. 

The effect of the LEU2 locus on the Vmax parameter is clearly demonstrated, with the peak on 

chromosome I becoming significant only when the LEU2 locus effect is removed from the 

dataset.  From the raw data sent by J. Bloom and J. Gerke (with 0 = BY allele and 1 = RM 

allele; data not shown), the advantage for the Vmax trait on chromosome I is derived from the 

BY allele, and not the RM allele.  This was somewhat unexpected, given that the parental 
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fermentation data showed that BY progressed throughout fermentation much slower than RM 

(Figure 6-4 and Appendix A.16, Table A-11). 

 

Figure 6-6:  LOD score plots of the QTL results across the 16 yeast chromosomes for the Vmax trait.  A = 

LOD plot including the effects of LEU2.  The blue line and red horizontal lines represent the 10 % and 5 

% significance levels respectively (determined from 1000 permutations of each trait).  B = LOD plot using 

LEU2 as covariate in a normal model to remove its effect.  The black horizontal line represents the 5 % 

significance level.  LOD plots were constructed by J. Bloom (Princeton University).   

To determine which candidate ORFs may be responsible for influencing the Vmax and lag 

phase during cold fermentation, GBrowse maps of the chromosome I, VII and XIII regions 

with LOD scores > 3 were obtained from SGD (http://www.yeastgenome.org/), and are 

shown as Figure 6-7A, B and C respectively.  For Vmax on chromosome I, there were two 

main candidate genes within the LOD > 3 region:  SWH1 (YAR042W), encoding an oxysterol 

binding protein; and FLO1 (YAR050W), encoding a lectin-like flocculation protein.  The two 

candidates closest to the LOD score peak for lag phase on chromosome VII, were CLB1 

(YGR108W) and CLB6 (YGR109C), encoding B-type cyclins involved in cell cycle 

progression.  Three candidates were nearest to the LOD score peak on chromosome XIII for 

lag phase:  RAD52 (YML032C), encoding a protein that is involved in repairing double-

A 

B 

http://www.yeastgenome.org/
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stranded DNA breaks; NDC1 (YML031W), encoding a protein required for nuclear pore 

complex assembly; and AIM31 (YML030W), with unknown function.  Due to time 

constraints, and the likely difficulty of reproducibly phenotyping lag phase between different 

experiments, it was decided to concentrate on the identification of the locus influencing 

fermentation rate on chromosome I. 

 

 

 

 

A 

B 
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Figure 6-7:  GBrowse maps of the chromosomal regions linked to the LOD scores > 3 for Vmax and lag 

phase, during cold fermentation in the BYxRM segregant F1 progeny.  A = Region on chromosome I 

linked to Vmax.  B = Region on chromosome VII linked to lag phase.  C = Region on chromosome XIII 

linked to lag phase.  Pink regions correspond to the markers with the highest LOD scores.  Maps were 

obtained from SGD.   

6.5.2. Deletion of SWH1 and FLO1 in S288c and RM11-1a for reciprocal hemizygosity 

analysis to identify the chromosome I gene linked to fermentation rate 

Two candidate genes, SWH1 and FLO1, were identified on chromosome I linked to Vmax.  

SWH1 (previously known as OSH1) encodes an oxysterol binding protein with ankyrin 

repeats (SCHMALIX and BANDLOW 1994).  Mutants in SWH1 exhibit
 
phenotypes similar to 

viable mutants defective in sterol biosynthesis and show a reduction in membrane ergosterol 

levels, which also results in cold sensitivity in a tryptophan auxotroph (JIANG et al. 1994; 

DAUM et al. 1999).   However, sequence alignment analyses using Clustal 2.0.12, found very 

few allelic differences between SWH1 in S288c and RM11 (99 % similarity and deletion of 

two amino acids in S288c, see Appendix A.17).  FLO1 encodes a cell wall lectin-like protein 

which binds mannose and is involved in flocculation (MIKI et al. 1982).  In contrast to SWH1, 

FLO1 has a very repetitive gene structure and the allele from RM11 has multiple large 

deletions compared to S288c (see Appendix A.17).  Additionally, FLO1 was very highly 

expressed during fermentation in the F1 hybrid between M2 and S288c, compared to the other 

F1 hybrids (Chapter 4, Section 4.8.4, Table 4-5).  According to standard understanding, FLO1 

C 
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is not expressed in S288c because the FLO8 gene, encoding its transcriptional regulator, has a 

nonsense mutation and is non-functional; however, there are reports of FLO1 being activated 

in a Flo8p-independent manner (BESTER et al. 2006; SHEN et al. 2006; FICHTNER et al. 2007).  

FLO1 was therefore considered to be a more likely candidate for linkage to Vmax than SWH1.   

To analyse these two candidates further, deletions of SWH1 and FLO1 were constructed in 

S288c and RM11-1a and hybrids were created to perform reciprocal hemizygosity analysis 

(RHA).  These constructions were performed in three steps:  (i) the KanMX gene in the HO 

gene of RM11-1a was replaced with a hygromycin resistance (HGM
R
) cassette, HphMX, to 

allow subsequent integration of KanMX into the candidate genes.  This is described in 

Appendix A.18.  (ii) transformation of marked haploid strains of S288c (MATα, lys2-Δ0) and 

RM11-1a (MATa, leu2-Δ0, ura3-Δ0, HO::KanMX) was conducted to generate mutants with 

KanMX insertions in SWH1 and FLO1.  This is described in Appendix A.19.  (iii) crosses 

were made between swh1 and flo1 deletion mutants and SWH1 and FLO1 strains of S288c 

and RM11-1a for RHA.  This is described in Appendix A.20. 

To determine the effect of SWH1 and FLO1 loci on Vmax, fermentations were performed using 

the haploid flo1 and swh1 S288c and RM11-1a deletions strains (SS, SF, RS and RF), the 

diploid RHA S288cxRM11-1a F1 hybrids (RxS, RSxS, RFxS, RxSS and RxSF, see Appendix 

A.20, Table A-14) and the original S288c and RM11-1a strains (S and R).  Fermentation was 

carried out in SB juice, with supplementation of 10 x leucine (300 mg L
-1

) and 10 x uracil 

(100 mg L
-1

) for RM11-1a auxotrophies, at 12.5°C and 25°C.  Three biological replicates 

from different starting cultures of the same strain were fermented in triplicate (nine replicates 

total).  The Vmax data is presented in Figure 6-8.   
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Figure 6-8:  Maximal fermentation rates (Vmax) (dCO2/dt) of S288c (S), RM11-1a (R), swh1 and flo1 gene 

knockouts of S288c and RM11-1a (SF, RF, SS and RS), and five RHA F1 hybrids between S288c and 

RM11-1a (RxS, RxSF, RFxS, RxSS and RSxS) in SB juice supplemented with 300 mg L
-1

 leucine and 100 

mg L
-1

 uracil. A = 12.5°C.  B = 25°C.  Samples not connected by the same letter are significantly different 

(ANOVA, Tukey’s HSD); n = 9. 

At 12.5°C, there was no significant difference between the fermentation rates of S288c or 

RM11-1a compared to three deletion mutants:  RM11-a flo1, S288c swh1 or RM11-1a swh1.   

However, the Vmax of the S288c flo1 mutant was reduced by ~50 % compared to the original 

S288c strain and the other deletion mutants.  This result indicates that the FLO1 allele is 

important for cold fermentation in S288c, but not in RM11-1a.  There was no difference in 

A 

B 
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Vmax between the RxS hybrid and the original parent strains; however, the RxS F1 hybrid had 

a significantly lower Vmax than three of the RHA F1 hybrids:  RxSF, RFxS and RSxS.  The 

significance of this result is not clear, but may involve uncharacterised cis or trans effects in 

the different strain background.   

At 25°C, there was also no significant difference between the fermentation rates of S288c or 

RM11-1a compared to three deletion mutants:  RM11-a flo1, S288c swh1 or RM11-1a swh1.  

The Vmax of the S288c flo1 mutant was significantly lower than only one other S288c strains, 

S288c swh1, suggesting that the deletion of the flo1 locus does not have a significant effect 

on fermentation rate at higher temperature.  The RxS F1 hybrid had a significantly higher 

Vmax than the S288c parent, but not RM11-1a.  There was no difference in Vmax between RxS 

and three of the RHA F1 hybrids:  RFxS, RxSS and RSxS.  However, the RxSF F1 hybrid had 

a significantly higher Vmax than the RxS control and complementary RFxS F1 hybrid. 

The reduction in fermentation rate in the S288c flo1 deletion strain, strongly suggests that this 

gene is linked to cold fermentation and most likely corresponds to the high LOD score region 

on Chromosome I.  However, RHA between S288c and RM11-1a FLO1 gene variants did not 

identify any easily explained effects on fermentation rate in the cold.  In particular, the RxSF 

hybrid was not a poor fermenter compared to the other hybrids, as expected if the S288c 

FLO1 gene was promoting more rapid fermentation.  Further research will need to be 

performed to elucidate the role of FLO1 during fermentation.   

6.6. Discussion 

The backcrossing strategy used in this chapter failed to produce progeny that were better than 

the M2 commercial parent in terms of fermentation efficiency.  However, genetic mapping 

analysis, using a set of 123 BYxRM segregating progeny, identified a strong linkage between 

fermentation rate and the FLO1 gene on Chromosome I.  The linkage of FLO1 to the S288c 

strain was confirmed based on a 50 % reduction in Vmax in a cold-fermented S288c flo1 

mutant; however, RHA between S288c and RM11-1a FLO1 alleles did not confirm the 

prediction that the S288c version of FLO1 was promoting more rapid fermentation in a 

different strain background.   
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6.6.1. Difficulties with the backcrossing strategy 

Temperature adaptation in S. cerevisiae is a complex polygenic quantitative trait, so testing 

for the introgression of genes to improve cold fermentation is dependent on the ability to 

distinguish between the phenotypes of segregant progeny (STEINMETZ et al. 2002; MARULLO 

et al. 2009; TIMBERLAKE et al. 2011).  Initially, cold fermentation screening of 12 F1 hybrids 

between M2 and 12 different S. cerevisiae strains at 10°C, identified positive genetic 

variation that could be used to introgress cold tolerance genes from S. cerevisiae strains with 

different genetic backgrounds into M2.  In particular, the M2xBC187 F1 hybrid had a 

significantly higher Vmax than M2 and was considered to be a good candidate for 

backcrossing.  The M2xL-1528 and M2xY55 F1 hybrids also performed well at 10°C and had 

the potential to contain genes that would positively contribute to increased cold tolerance in 

M2.  Although S288c is a known poor fermenter (PIZARRO et al. 2007b; HARSCH et al. 2010), 

there was a chance that it could contribute potentially interesting genes to the M2 genetic 

background.  Since S288c is the most genetically different of the backcrossed strains, it may 

utilise a different cold adaptation strategy than the other strains.  This hypothesis is supported 

by the high number of strain-specific genes expressed during cold fermentation in M2xS288c 

compared to M2 (Chapter 4, Section 4.8, Figure 4-13).  A study by PIZARRO et al. (2008) also 

found a high number of transcriptomic and metabolomic strain differences in another lab 

strain CEN.PK113-7D, compared to the wine strain EC1118.  These differences were found 

under chemostat conditions that simulate fermentation stress, i.e. 15°C, anaerobic and 

nitrogen-limited.  These transcriptional and metabolic differences were attributed to increased 

resource mobilisation in EC1118 and differences between sugar and nitrogen usage, as found 

for the F1 hybrids, compared to M2, in Chapter 4, Section 4.8.3.  These measurable 

mechanistic adaptations to low temperature suggest that different yeast strains use different 

mechanisms for cold tolerance and/or cold fermentation efficiency.  

Cold fermentation screening of 36 F1 segregant progeny obtained from each of the M2xY55, 

M2xS288c, M2xL-1528 and M2xBC187 crosses, showed that fermentation rate at low 

temperature is a quantitative trait, as Vmax values across the F1 progeny were continuous and 

did not fall into discrete classes.  Only one F1 segregant had a significantly higher Vmax than 

the M2 parent, which was B5B, derived from the M2xBC187 cross.  Since the M2xBC187 

cross was the only one to show evidence of positive transgressive segregation, further 

backcrossing with M2 was performed using B5B, and not with any of the other F1 progeny.  

Unfortunately, there was no significant difference between the Vmax of any of the BC1 
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progeny compared to M2, which was the necessary criterion for continuing the backcrossing 

approach.   

The difficulties encountered with the backcrossing approach are likely related to the 

quantitative nature of the trait.  Introgression is especially difficult for complex polygenic 

quantitative traits controlled by multiple QTLs, such as the ability to ferment efficiently at 

low temperature.  This is because it is unlikely that the introgression of a single QTL from the 

donor strain would provide a large enough difference to be measurable.  Hence, it is more 

difficult to detect introduction of only one QTL, where there may multiple QTLs that explain 

the sum genetic variation (HOSPITAL and CHARCOSSET 1997; BOUCHEZ et al. 2002).  This is 

especially true for fermentation, as there can be a high level of ferment-to-ferment variability 

and high biological noise.  The Vmax values from the initial screening of the 12 F1 hybrids at 

10°C did show quite high variability within the experiment; however, there was also quite a 

high extent of variability between experiments.  For example, the fermentation used to screen 

the BC1 progeny did not distinguish some of the differences that were seen in previous 

experiments, such as the significantly higher Vmax for M2xBC187 compared to M2.  The 

reasons for the inconsistent variances between experiments are not known, but were a factor 

in the inability to obtain the transgressive segregants needed to identify QTLs.   

Therefore, the introgression of several QTLs at once is required for the improvement of a 

recipient strain; however, large population sizes and methods that facilitate efficient 

screening are essential for this strategy (BOUCHEZ et al. 2002; MARULLO et al. 2009).   In this 

case, the experimental design employed 36 progeny and fermentation screening had to be 

performed at 10°C, which had to be monitored daily for > 5 weeks.  Thirty-six progeny 

should have been enough to identify 1/32 (= 1/25), or five QTLs segregating together.  The 

fact that this was not enough progeny means that either there were not < 5 major effect QTLs 

segregating that affected the cross, or the method used for phenotyping Vmax was not 

sufficiently robust to detect differences.  

The low occurrence of F1 and BC1 progeny with Vmax values that were higher than the M2 

parent in the cold, is similar to the results shown for growth rate by TIMBERLAKE et al. (2011).  

TIMBERLAKE et al. (2011) looked at growth rate in the cold (4°C, 10°C and 15°C) for 16 

segregant progeny derived from an F1 hybrid.  All 16 progeny had a slower growth rate than 

the F1 hybrid, suggesting that this trait is optimised in the parents, and that any recombination 

that occurs through meiosis in the process of backcrossing would uncouple the pre-existing 
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beneficial gene interactions that are present in the parent strain (TIMBERLAKE et al. 2011).  

This gene uncoupling leads to poorer growth (or in this case, poorer fermentation) and is 

likely influenced by changes in cis and trans regulation of genes within an F1 hybrid strain 

compared to the parent (BREM et al. 2002).  The variation in Vmax between the parent strains 

should have been large enough initially to identify QTLs; however, TIMBERLAKE et al. (2011) 

claim that hybridisation can homogenise phenotypic traits, even when variation is high.  

6.6.2. Potential role of FLO1 for cold fermentation 

Since the backcrossing approach was not successful in identifying genes linked to low 

temperature fermentation, genes were identified using a set of 123 mapped F1 progeny 

between BY4716 and RM11-1a, which are known to have different fermentation kinetics in 

the cold.   

Fermentation at 12.5°C of 119 completely mapped F1 progeny between BY4716 and    

RM11-1a identified a region on Chromosome I linked to fermentation rate.  Two genes 

within this region, SWH1 and FLO1, underwent targeted deletion in the S288c and RM11-1a 

parent strains in order to create hybrids for RHA.  Fermentation of the deletion mutants 

showed that S288c flo1 had a ~50 % reduction in Vmax compared to S288c WT in the cold.  

There was no difference in Vmax between the RM11-1a flo1 mutant compared to the original 

RM11-1a strain, or between the S288c swh1 and RM11-1a swh1.  Therefore, it was 

concluded that the FLO1 allele from S288c had a positive influence on the ability of S288c to 

ferment in the cold.  This provided a good match with the mapping data for this region, which 

indicated that the advantage for Vmax was derived from the BY allele, and not the RM allele.  

The subtelomeric localisation of FLO1 is also in agreement with the observation that an 

especially high proportion of variable genes located at chromosomal telomeres are involved 

in fermentation (ARGUESO et al. 2009; CUBILLOS et al. 2011).   

The 4.6-kb FLO1 gene encodes a cell wall surface protein which aggregates cells into 'flocs' 

by binding to mannose sugar chains on the surfaces of other cells (MIKI et al. 1982; 

TEUNISSEN and STEENSMA 1995), and on substrates during glucose starvation (FICHTNER et 

al. 2007).  Since flocculation is typically induced in response to stress and nutrient limitation 

(carbon and/or nitrogen, see (SAMPERMANS et al. 2005)), a potential explanation for the 

importance of FLO1 for S288c cold fermentation may be based on a form of protection 

provided by Flo1p during negative environmental conditions. 
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The positive effect on Vmax was not visible in the RHA F1 hybrids constructed from crosses 

between RM11-1a and S288c WT and deletion strains.  RxSF contained one FLO1 allele 

from RM11-1a and the flo1 deletion from S288c.  The absence of the S288c FLO1 allele was 

predicted to result in a lower Vmax compared to the other RHA hybrids that possessed the WT 

version of this same allele.  However, there were no significant differences between the RHA 

hybrids.  It is unclear why there was not a clear positive influence of the S288c FLO1 allele.  

One possible explanation is that the positive influence on Vmax only occurs in haploid strains, 

and not in diploids.  The RHA F1 hybrids were the only diploid strains analysed, since the 

two parents and all the 123 F1 progeny were haploid (S288c is a spontaneous ho mutant and 

RM11-1a has the HGM
R
 marker inserted into the HO locus (HO::HphMX)). 

FICHTNER et al. (2007) state that FLO1-dependent flocculation is haploid-specific and that 

diploids display pseudohyphal growth via MUC1/FLO11 instead.  Additionally, there may be 

a second gene modifier compensator (X
R
/X

S
) that is required along with FLO1 in order for 

the benefit for Vmax to be present.  For instance, a second gene modifier may be FLO8, 

encoding the transcriptional inducer of FLO1, or MUC1/FLO11, encoding a GPI-anchored 

cell surface glycoprotein required for pseudohyphal formation, or another member of the 

FLO gene family with high sequence homology, such as FLO5, FLO9, FLO10, or one of four 

presumed pseudogenes, YAL065C, YAR061W, YAR062W or YHR213W (TEUNISSEN and 

STEENSMA 1995).  However, analyses of the LOD score data for FLO8, MUC1/FLO11 and 

the seven homologues did not find any significant peaks corresponding to Vmax.   

The positive influence of the S288c FLO1 allele has never before been described for 

fermentation rate and this effect appeared to be enhanced significantly in the cold (see Figure 

6-8).  It is widely assumed that FLO1 in S288c is not expressed, because its transcriptional 

regulator, Flo8p, is non-functional in S288c due to a nonsense mutation (LIU et al. 1996).  In 

RM11-1a, the FLO8 gene is functional and BREM et al. (2002) found that 1/4 of the F1 

progeny from the BYxRM cross showed a flocculation phenotype (Flo1+, Flo8+).  

Typically, FLO1-dependent flocculation requires activation by Flo8p, in conjunction with 

another TF, Mss11p, which also co-regulate the MUC1/FLO11 flocculin (KOBAYASHI et al. 

1996; BESTER et al. 2006; FICHTNER et al. 2007).  However, there are reports of FLO1 being 

activated in a Flo8p-independent manner.  For example, the overexpression of MSS11 can 

overcome the flo8 deletion in S288c (BESTER et al. 2006).  Additionally, SHEN et al. (2006) 

found that another TF, Gts1p, could induce FLO1 in a flo8 mutant strain of W303-1A, by 

binding to the Sfl1p repressor; however, they did not analyse the biological significance of 
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this finding.  It is possible that specific environmental signals may overcome the silencing of 

FLO1 in an S288c flo8 mutant through other TF regulators.  Since Flo1p tends to support 

cell–substrate interactions under specific environmental conditions (FICHTNER et al. 2007), 

the fermentation environment may induce FLO1 in a Flo8p-independent manner in S288c 

flo8 mutants, resulting in cell-substrate adhesion, rather than flocculation per se.  If this is the 

case, the ability of the S288c FLO1::KanMX (SF) mutant to form attachments to substrates 

within the grape solids could be visualised using a technique such as atomic force 

microscopy, a tool to investigate biophysical properties of yeast (CANETTA et al. 2006).  

Increased adhesion of yeast cells to substrates such as nutrients or grape solids may result in a 

higher fermentation rate in the cold, as shown by cells that ferment while immobilised onto 

supports made of cellulose, gluten, corn starch or wheat grains, in numerous studies 

(MALLOUCHOS et al. 2003; MALLOUCHOS et al. 2007; KANDYLIS et al. 2008; KANDYLIS et al. 

2010; LAINIOTI et al. 2011). 

FLO1 expression may protect cells from various stressors encountered during fermentation, 

such as ethanol, osmotic stress, low pH and low temperature (VERSTREPEN et al. 2003b; 

SMUKALLA et al. 2008; SOARES 2011).  FLO1-expressing cells produce a protective coat 

made of polysaccharides which shields the cells from the environment (BEAUVAIS et al. 

2009).  Low fermentation temperatures may favour flocculation due to reduced turbulence 

from the lower metabolic rate and slower CO2 formation (SOARES 2011).  FLO1-expressing 

cells also preferentially stick to one another, regardless of genetic relatedness across the rest 

of the genome, suggesting a level of cooperativeness.  This cooperation towards other cells 

expressing the same gene suggests that FLO1 is one of very few ‘green beard genes’ for 

altruistic social interactions (SMUKALLA et al. 2008). 

In summary, further research is required to elucidate the role of FLO1 during cold 

fermentation in S288c.  Experiments that could be performed to determine why the RHA 

strains had no significant differences in fermentation rate, include sporulating RxSF and 

measuring the fermentation rate in the cold of the progeny containing the S288c flo1 deletion 

(Kan
R
).  Additionally, the S288c versions of FLO5, FLO9 and FLO10 could be deleted in 

S288c to see whether these loci influence Vmax in the cold.  A set of random progeny between 

S288c and another wine yeast strain, e.g. M2, could also be genotyped to determine whether 

those with an S288c copy of FLO1 have a higher fermentation rate than those with a copy 

from the wine yeast.  Potential differences between the fermentation rates of flo1 haploids 

and diploids could also be investigated.  Primer design for FLO1 genotyping would have to 
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take into account the highly repetitive nature of the FLO1 allele and high homology to other 

FLO genes; however, this obstacle is not insurmountable.   

6.7. Conclusion 

A backcrossing strategy to introgress cold tolerance genes from Y55, S288c, L-1528 and 

BC187 into M2 was unsuccessful for several possible reasons.  There may have been > 5 

major effect QTLs segregating in the crosses between M2 and the four other S. cerevisiae 

parent strains, and the identification of > 5 would require a larger number of progeny to be 

screened.  The method used to screen for variation in the Vmax phenotype may have also 

contained too much internal noise to detect the transgressive segregants needed to identify 

QTLs.  An alternate, but less likely explanation is that the Vmax in the cold is optimised in the 

parents and the uncoupling of QTLs through backcrossing results in the homogenisation of 

this initial parental variation.  In hidsight, the backcrossing strategy would have been more 

effective if genes were introgressed from a good-fermenting donor strain into a poor-

fermenting recipient strain, followed by multiple introgressions and sequence comparison of 

the backcrossed recipient compared to the original recipient parent strain.  This strategy was 

not utilised initially, as there was hope that the strain produced through backcrossing could be 

commercialised and used in the wine industry.   

The FLO1 gene on Chromosome I was linked to increased Vmax in the cold in S288c, as the 

Vmax of the haploid S288c flo1 deletion strain was decreased by 50 % compared to the S288c 

FLO1 strain at 12.5°C.  FLO1 may increase Vmax through Flo8p-independent cell-substrate 

interactions induced during stressful conditions such as fermentation.  Cell-substrate adhesion 

would result in an increased rate of fermentation in the cold, as found in immobilised cells.  

The absence of a positive influence of the S288c FLO1 allele in the RHA hybrids may be due 

to the hybrids being diploid.  Further experiments are required to determine what effect FLO1 

has on S288c fermentation and the mechanisms behind this phenomenon.   
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Chapter 7. Final discussion 

7.1. Introduction 

The results from all components of this thesis have shown that low temperature has a wide-

reaching influence on multiple facets of S. cerevisiae fermentation.  This chapter will 

summarise the key findings and place them in the context of the literature, discuss the success 

of each experimental component, pinpoint any weaknesses identified during the course of this 

research, discuss future directions that have resulted from this data, and outline the impact 

and significance of these findings on our current understanding of the effect of low 

temperature on yeast during wine fermentation. 

7.2. Summary of key findings 

The main findings from this research (Chapters 3-6) are outlined below. 

7.2.1. Diverse S. cerevisiae strains show a wide range of variation in growth and 

fermentation kinetics for different temperatures and media 

Genetically and geographically diverse S. cerevisiae strains show a wide range of growth 

(Umax) and fermentation (Vmax) rates at different temperatures (10°C, 15°C, 20°C, 25°C and 

30°C), confirming previous studies which have shown that different strains vary greatly in 

their temperature optima for growth (CHAROENCHAI et al. 1998) and fermentation 

(LLAURADÓ et al. 2005; ZUZUARREGUI et al. 2005).  Low temperatures reduce growth and 

fermentation rates significantly.  The observation that strains differ widely in their capacity to 

grow and/or ferment on a range of media (YPD, SD, SGM and SBL M527 2006 grape juice), 

at a non-stressful temperature (25°C), strongly suggests that the classification of individual S. 

cerevisiae strains into discrete classes based on nutrient utilisation, using the ‘ants and 

grasshoppers’ metaphor proposed by SPOR et al. (2008), is an oversimplification.  

Conversely, strain specialisations appear to be complex and highly media-specific.  There 

were some correlations between the life histories of individual strains with certain media.  

For example, three laboratory strains of diverse origins, S288c (fruit), SK1 (soil) and Y55 

(wine), had a higher Umax on YPD, compared to the other media tested, whereas most wine 

strains tested grew better on media resembling grape juice.  These correlations are likely due 

to the initial selection of lab strains and wine strains based on how well they performed in 
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YPD or grape juice, respectively.  Different juices also result in different fermentation 

kinetics, with some juices promoting more rapid fermentation than others.  Juices with the 

fastest fermentation rates also resulted in higher ethanol and lower residual sugar.   

7.2.2. Good growth at low temperature does not necessary provide an advantage for low 

temperature fermentation 

The relationship between growth and fermentation was investigated in the hope that a greater 

understanding would lead to improved selection methods for good fermenting strains.  There 

were no positive correlations between Umax in YPD with Vmax in SB juice for individual 

strains at each temperature; however, there were also no negative correlations.  Although the 

ability to grow well in the cold cannot be used to directly select for strains that ferment well 

at low temperature, good growth on a certain medium, e.g. SGM, is likely to be a prerequisite 

for good fermentation on the same medium (but does not guarantee it).  It should be possible 

to breed strains with an improvement in cold fermentation by starting with a pool strains with 

good fermentation ability and then selecting for good growth in the cold.  Therefore, although 

the ‘low-temperature response’ across the S. cerevisiae population does not necessarily 

homogenise the cold response on vastly different media, the capability to grow at low 

temperature requires a physiological response that is not completely unrelated to fermentation 

at low temperature. 

7.2.3. Osmotic stress is an important limiting factor acting on fermentation rate 

An interesting finding in this research is that the correlation between growth and fermentation 

rate can be increased with the addition of sorbitol, an osmotic agent.  The addition of 18 % 

sorbitol (reflecting the osmotic levels seen in SB juice) improved the correlations between the 

Umax in YPD and SGM, with the Vmax in SB, by 2.5-fold.  This increase in R value suggests 

that osmotic stress is an important limiting factor acting on fermentation rate and the kinetic 

variation between strains.  Therefore, the use of growth rate to select S. cerevisiae strains that 

ferment efficiently at low temperature has the potential to be optimised by introducing 

osmotic stress, as well as other fermentation-related variables, such as ethanol, toxic fatty 

acids and low nitrogen, into the growth media, to improve the correlation.   

7.2.4. Fermentation is an inherent characteristic of S. cerevisiae 

Another interesting discovery resulting from this study is that the ability of S. cerevisiae to 

ferment is an integral characteristic of this species, that has been preserved throughout 
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genetically and geographically diverse S. cerevisiae lineages, including those that occupy 

non-fermentable niches, such as soil and plant matter.  This finding supports the hypothesis 

by GORDON et al. (2009) that fermentation is a feature of the Saccharomyces common 

ancestor and that most of the adaptive gains within the S. cerevisiae lineage provide an 

advantage for fermentative ability.   

7.2.5. The transition from early to mid-late fermentation comprises the largest shift in 

gene expression and the magnitude of expression is less extreme in the cold 

The transition from early fermentation/exponential growth (exp) to mid-late 

fermentation/stationary growth (stat) in NZ SB juice was the largest transcriptional response 

identified out of the three gene expression comparisons in this research (growth phase, 

temperature and strain).  The expression differences at stat vs. exp comprised 40 % of the M2 

genome, a similar number to other studies that have analysed the yeast transcriptome at early 

and mid-late fermentative stages, both in synthetic grape medium (ROSSIGNOL et al. 2003) 

and grape juice (MARKS et al. 2008; DEED et al. 2011).  The three genes most highly induced 

at stat, SIP18, HSP26 and SPG1, were also very highly upregulated at stationary phase in 

other studies (RIOU et al. 1997; PUIG and PEREZ-ORTIN 2000; ROSSIGNOL et al. 2003; 

MARTINEZ et al. 2004; DEED et al. 2011) and the downregulation of transcripts involved in 

protein synthesis reflects a well-characterised response to multiple stressors encountered 

during stationary phase (ROSSIGNOL et al. 2003; MARKS et al. 2008; DEED et al. 2011).  An 

interesting finding is that the stat vs. exp changes in gene expression were less extreme in the 

cold compared to optimal temperatures, and can be attributed to an increase in cell cycle 

activity and an earlier induction of the stress response at 12.5°C compared to 25°C.  As 

suggested by BELTRAN et al. (2006) and CHANEY et al. (2006), these changes could allow 

cold-fermented cells to maintain higher viability.   

7.2.6. Studies on gene expression at low temperature show very different results and 

known cold-induced genes do not always follow expected patterns 

Comparisons between the gene expression data in this study with data from other cold 

transcriptomic studies including BELTRAN et al. (2006) in Muscat wine, and a set of three 

studies in non-fermentable media compiled by TAI et al. (2007b) (SAHARA et al. 2002; 

SCHADE et al. 2004; MURATA et al. 2006), showed a low level of overlap between 

differentially expressed genes, indicating that there is large variation between different low 

temperature studies based on the exact temperature, yeast strain and media used.  The 
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specificity of the physiological response of yeast to low temperature and media is in 

agreement with the hypothesis in Section 7.2.1, that strain specialisations appear to be 

complex and highly media-specific.  Transcripts that are known to be differentially expressed 

during cold stress in the literature were not necessarily affected by low temperature in M2.  

None of the genes induced in BELTRAN et al. (2006) linked to hypoxia, cold shock, membrane 

fluidity and the low temperature response, were induced in this research.  There were some 

genes in common between this data and SAHARA et al. (2002); however, the low temperature 

response is largely influenced by the conditions of the experiment.  This observation may be 

why the response to low temperature has been more difficult to characterise than the response 

to high temperature.   

7.2.7. Cold fermentation influences five key areas of yeast metabolism 

The division of the 980 genes differentially expressed at low temperature into MIPs 

subcategories, identified five key aspects of yeast metabolism that were strongly influenced 

by cold fermentation in the M2 strain.  These were nitrogen, iron/copper, sulfur, vitamins 

(biotin and thiamine) and oxidative stress.   

(i)  Cold fermentations are more nitrogen replete 

Yeast fermented at low temperature consume less nitrogen than those fermented at optimal 

temperatures.  Low temperatures have the same effect on NCR as the addition of DAP (DEED 

et al. 2011).  NCR was not lifted to the same extent at stat, at 12.5°C, compared to 25°C, 

confirming that there are still good nitrogen sources available at the late stages of 

fermentation at low temperature, as suggested by BELTRAN et al. (2007).  The data in this 

study also confirms that amino acid utilisation and degradation is altered at cold fermentation.   

(ii)  Cold fermentations are more iron-sufficient 

Less iron is required at the start of fermentation at 12.5°C compared to 25°C.  At stat, the 

pattern of upregulation indicates that cells at mid-late cold fermentation require a greater 

number of ISCs, most likely to detoxify free radicals and ROS, and to synthesise proteins 

with iron-sulfur cofactors that become limiting after the diauxic shift (DE FREITAS et al. 

2003).   
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(iii)  Cold fermentations are more sulfur-limited 

At exp, cold fermentations are more limiting for sulfur than those at optimal concentrations, 

and genes for sulfate and cysteine uptake are highly upregulated.  There may be a delay in the 

response to sulfur limitation in cells fermented at low temperatures.  At stat, the entire sulfate 

assimilation pathway is upregulated, suggesting that cold-fermented cells require a greater 

concentration of the sulfur-containing amino acids, methionine and cysteine, to be used as 

precursors for the biosynthesis of protective compounds such as glutathione (DONALIES and 

STAHL 2002; KAUR and BACHHAWAT 2007).  Further evidence for the requirement of 

protective compounds is that low glutathione and high acetaldehyde upregulate the sulfur 

assimilation pathway, as sulfur is required to synthesise glutathione (MÉTAYER et al. 2008) 

and detoxify acetaldehyde (ARANDA and DEL OLMO 2004).  Cysteine may also be the 

primary source of sulfur in the ISCs used for detoxification (KESSLER 2006; LIU et al. 2010), 

as mentioned above (Section 7.2.7 (ii)).   

(iv)  Cold fermentations reduce biotin metabolism and increase thiamine metabolism 

The lower requirement for biotin in the cold may reflect the lower nitrogen consumption and 

higher iron availability of cold-fermented cells.  The higher requirement for thiamine is due 

to lower thiamine availability in the cold.  Thiamine is also important for cold tolerance and 

an increase is correlated with a faster metabolic rate.   

(v)  Cold fermentations have higher oxidative stress 

The increase in transcripts for the respiratory chain and detoxification at low temperature is 

integral to the low temperature response pathway, which has many components shared with 

the response to hypoxia (AL-FAGEEH and SMALES 2006; ZAKRZEWSKA et al. 2011).  

Upregulation of genes enabling protection from oxidative stress, is in agreement with the 

hypothesis that oxidative stress is a greater problem for cold-fermented yeast, than those 

fermented at optimal temperatures (ZHANG et al. 2003).    

7.2.8. F1 hybrids differ in their response to cold fermentation in genes responding to 

stress, nutrient utilisation and TFs 

F1 hybrids differ in their transcriptional responses to cold fermentation compared to the M2 

parent, and have varying degrees of similarity between each other, with the M2xS288c F1 

hybrid showing the least similarities to the other F1 hybrids derived from wine-associated 
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strains.  S288c has many genetic differences compared to wine yeast, so these transcriptional 

differences were not unexpected (HAUSER et al. 2001).  Transcriptional differences primarily 

occur in genes encoding proteins with unknown functions, those with copy number 

differences, those responding to cold, anaerobic or oxidative stress, nutrient utilisation, such 

as carbon and nitrogen, and protein synthesis.  The differences in carbon and nitrogen 

utilisation is in agreement with multiple studies proposing that there is large variation 

between S. cerevisiae strains in their response to nutrient availability (BELTRAN et al. 2007; 

CARRETO et al. 2011; DEED et al. 2011).  These transcriptional differences likely reflect 

variation between the F1 hybrids and M2 in transcriptional regulation, as the magnitude of TF 

expression levels correlates with the number of differentially regulated target genes.   

7.2.9. Low fermentation temperatures did not increase the production of volatile aroma 

compounds in New Zealand Sauvignon blanc wines 

The results from this thesis have shown that fermentation temperature is one of the most 

influential variables determining the final aromatic profile of NZ SB wines and has a greater 

overall influence than juice and strain. Yeast strain generally has a lesser influence than 

temperature and juice, but all three variables can interact to produce variations between the 

aroma profiles of SB wines.  The widely held belief that low fermentation temperatures 

increase volatile concentrations, has been shown to be incorrect based on the data in this 

thesis, although this study did not show whether cold-fermented wines are perceived to be 

fruiter than those fermented at higher temperatures.  Other studies in the literature confirm 

the observation that the effect of temperature is not straightforward and the direction of 

increase or decrease in concentration of individual compounds is modified by other variables, 

such as juice and yeast strain.  Cold fermentation influences all aroma compound classes that 

were measured in this thesis (volatile thiols, acetate esters, higher alcohols, ethyl esters and 

fatty acids) to varying degrees.   

7.2.10. Low fermentation temperatures decrease 3MH and higher alcohol concentrations 

Independent of juice and strain, low temperature consistently reduces the concentrations of 

3MH, the volatile thiol contributing grapefruit and passionfruit skin characters to SB wines, 

in agreement with MASNEUF-POMARÈDE et al. (2006) and FRETZ et al. (2006).  Higher alcohol 

concentrations are either lower or not significantly different in cold-fermented wines 

compared to those fermented at higher temperatures, as determined by numerous other 

studies (ARAGON et al. 1998; KOURKOUTAS et al. 2001; ERTEN 2002; LLAURADÓ et al. 2002; 
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MALLOUCHOS et al. 2003; LLAURADÓ et al. 2005; BELTRAN et al. 2006; PAPATHANASIOU et 

al. 2006; MALLOUCHOS et al. 2007; BELTRAN et al. 2008).  There were also juice and strain 

differences evident for 3MH and higher alcohols, although these were secondary to 

temperature.   

7.2.11. Temperature, juice and strain interact to determine the concentrations of 3MHA, 

esters and fatty acids 

The temperature effect on 3MHA, other acetate esters, ethyl esters and fatty acids is largely 

modified by juice and strain, and these variables interact with one another, producing a 

complicated range of effects.  Ethyl ester concentrations were more likely to be decreased at a 

lower fermentation temperature; however, individual ester compounds could be higher or 

lower in cold-fermented wines, with the direction depending strongly on juice.  Juice 

differences are likely to be partially due to variation in carbon and nitrogen content, along 

with other variables not measured in this thesis.  Strain-specific effects play a secondary role 

to temperature and fermentation, although the strain influence appears to be more important 

for determining the final concentrations of ethyl esters than acetate esters. 

7.2.12. Secondary metabolism and direct acetylation/conversion influence the formation 

of esters from their precursors 

The concentration of ester precursors has a large influence on the production of both acetate 

and ethyl ester products, as does the rate of acetylation and conversion from precursor to 

ester.  Longer-chain ethyl esters and fatty acids are decreased to a greater extent at low 

temperatures, perhaps due to an increase in membrane rigidity (LLAURADÓ et al. 2005).  

Regulation of genes involved in secondary metabolism contributes to the final concentration 

of aroma compounds, based on the positive clustering of gene transcripts with aroma 

compounds in multivariate analysis.  As suggested by ROSSOUW et al. (2008) and STYGER et 

al. (2011a), many genes within the aroma biosynthetic network have strong correlations with 

the production of volatiles. 

7.2.13. The FLO1 gene is linked to S288c fermentation rate in the cold  

Linkage analysis was performed on 123 segregant F1 progeny from a cross between a lab 

strain (BY) and wine strain (RM).  QTL identification using 123 mapped and phenotyped 

progeny from a BYxRM cross established that the FLO1 gene on Chromosome I is linked to 

higher Vmax in the cold in S288c.  The region on Chromosome I containing FLO1 had a LOD 
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score > 3 and the Vmax of the S288c flo1 mutant was decreased by ~50 % compared to the 

S288c FLO1 strain at 12.5°C.  This is the first study to discover that the S288c copy of the 

FLO1 allele provides an advantage for fermentation rate in the cold.  Flo1p may increase Vmax 

through Flo8p-independent cell-substrate interactions induced during stressful conditions 

such as fermentation. 

7.3. Experimental components 

The aim of this project was to characterise the effects of low temperature on wine yeast 

during growth and fermentation in NZ SB.  The four major experimental components of this 

project are outlined below:   

1.  Screening of 39 diverse S. cerevisiae strains for growth and fermentation rates at different 

temperatures and on different media, using the Bioscreen C automated plate reader and 

microvinification in 13-mL tubes, to investigate the relationship between growth and 

fermentation.  

2.  RNA extraction and microarray analysis of a commercial wine yeast, M2 (Enoferm, 

Lallemand) at 12.5°C and 25°C, and four F1 hybrids during fermentation in NZ SB at 12.5°C, 

and at two different fermentation stages, to measure the effect of low temperature on the S. 

cerevisiae transcriptome.   

3.  Extraction and GC-MS quantification of volatile thiols, esters, higher alcohols and fatty 

acids from wines microvinified by M2 and four F1 hybrids in 250-mL flasks, and from wines 

microvinified by M2, EC1118, X5 and L-1528 in 750-mL bottles to compare differences in 

aroma compound concentrations in wines based on temperature, juice and strain.  

Multivariate analysis to determine the relationship between gene transcripts and aroma 

compounds produced in the M2 and F1 hybrid wines. 

4.  Introgression of cold-tolerance genes into M2 using a backcrossing strategy to develop 

strains that are more efficient at cold fermentation.  QTL linkage analysis on a set of 

completely mapped 123 BYxRM F1 segregants fermented at 12.5°C to identify genes linked 

to Vmax in the cold.  Transformation and RHA to confirm the linkage of the FLO1 gene to 

S288c Vmax in the cold. 
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7.3.1. Successful experimental components 

The majority of the experimental components were carried out successfully and most of the 

aims listed in Chapter 1, Section 1.4 were fulfilled.  This project applied a wide range of 

scientific techniques, including biochemistry, bioinformatics, chemistry, genetics, 

microbiology, molecular biology, enology and statistics, and in some cases required a great 

deal of problem solving and troubleshooting.   

1.  Growth and fermentation screening (Chapter 3).   

Variation in kinetic parameters between 39 genetically and geographically diverse S. 

cerevisiae strains was successfully measured at five different temperatures (10°C, 15°C, 

20°C, 25°C and 30°C) and in four types of media at 25°C (YPD, SD, SGM and SB).  

Preliminary experiments using the Bioscreen C automated plate reader encountered problems 

with cells clumping in the wells, preventing accurate OD measurements.  This project was the 

first in our laboratory to optimise the settings of the Bioscreen C in order to prevent clumping 

and accurately measure the growth rates of S. cerevisiae strains.  This project also 

successfully adapted a perl script algorithm obtained from TOUSSAINT and CONCONI (2006), to 

automatically measure growth rates by determining the change in OD value per unit of time 

(d[LnOD/ODi]/dt).  For this project, a new system was developed for performing 

microvinification in 8 mL juice using 13-mL tubes, each with a 1 mm
2
 air hole, to measure 

fermentation rates of a greater number of strains than was possible using 250-mL flasks.  The 

measurement of fermentation progress via weight loss in the 13-mL tubes provided 

reproducible readings allowing the measurement of maximal fermentation rate (Vmax) 

(dCO2/dt).   

2.  Microarray analysis (Chapter 4). 

Microvinification, cell sampling, RNA extraction, and microarray analysis were successfully 

carried out on the M2 wine strain and four F1 hybrids in this research.  Microvinification was 

conducted in 250-mL flasks and these fermentations followed the expected weight loss 

patterns as shown previously by the M2 strain.  A method to sample yeast cells during 

fermentation was established using a device built to clamp the glass flask while a 1-mL 

syringe plus needle was inserted into the rubber sideport.  Cells were extracted while 

anaerobicity was maintained.  RNA extraction was achieved using the hot phenol:chloroform 

method described in COLLART and OLIVIERO (2001) and success was confirmed by measuring 
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RNA quantity and quality using the Nanodrop® spectrophotometer ND-1000 and Agilent 

2100 BioAnalyzer®, respectively.  The microarray analysis utilised the Affymetrix platform, 

which has been well established by L. Williams (SBS, University of Auckland).  In order to 

analyse the microarray data using Bioconductor, an R code was written by the author based 

on the code used by ALVORD et al. (2007), with help from O. Yahel (SBS, University of 

Auckland).  The high level of consistency in the comparisons between this data and DEED et 

al. (2011), using the same yeast, SB juice, temperature and time points for stat vs. exp 

analysis, provides verification that the microarray results were real and repeatable.   

3.  Aroma compound quantification (Chapter 5). 

Wines from 250-mL microvinifications were successfully harvested to remove yeast and 

grape solids using well-established centrifugation methods in this laboratory.  Wines from 

750-mL bottle ferments were successfully bottled under CO2 gas, with the addition of 50 ppm 

PMS and 500 mg L
-1

 bentonite.  Thiols were extracted using a specific chemical technique 

used routinely in the Wine Science Department, University of Auckland, and quantified using 

GC-MS.  Esters, higher alcohols and fatty acids were successfully quantified using 

liquid:liquid extraction in 1:1 ether:hexane, followed by GC-MS.  PLS for multivariate 

analysis worked well to separate out the five microarray contrasts based on transcriptional 

data, e.g. the M2 12.5°C vs. 25°C contrast compared to the four F1 hybrid contrasts, and to 

identify preliminary correlations between transcripts and individual aroma compounds.   

4.  Backcrossing and linkage analysis (Chapter 6).   

The backcrossing component of this research was unsuccessful and will be described in 

Section 7.3.2.  Fortunately, linkage analysis to identify QTLs with high LOD scores (> 3) for 

kinetic parameters in the cold was able to identify chromosomal regions linked to Vmax and 

lag phase.  A set of 119 F1 progeny from a cross between BY4716 and RM11-1a were 

fermented at 12.5°C to obtain data on five different kinetic parameters.  The data was sent to 

J. Bloom and J. Gerke at Princeton University, who identified one region linked to Vmax on 

chromosome III and two linked to lag phase on chromosomes VII and XIII.  The removal of 

the LEU2 covariance corresponding to the region on chromosome III identified another 

region with a LOD > 3 linked to Vmax on chromosome I.  The region on chromosome I was 

confirmed to correspond to the FLO1 gene, and not the adjacent SWH1 gene, via the 

construction of BY and RM derivatives with flo1 and swh1 deletions.  Deletion strains were 

successfully constructed by designing new FLO1 and SWH1 primers and amplifying FLO1- 
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and SWH1-specific constructs in BY deletion strains for transformation.  S288c and RM11-1a 

HO::HphMX were successfully transformed with the FLO1::KanMX and SWH1::KanMX 

knock-out constructs to generate flo1and swh1 mutants.  Microvinification of these deletion 

mutants at 12.5°C in 13-mL tubes confirmed the linkage of the S288c FLO1 allele to Vmax in 

the cold.  RHA analysis did not show any significant allelic differences and will be discussed 

in Section 7.3.2. 

7.3.2. Weaknesses in experimental components  

There were four components in this project that did not generate the expected findings:  

nutrient addition, sensory analysis, backcrossing/introgression and RHA.  These four 

components and potential improvements are discussed below.     

A nutrient addition experiment did not show whether nitrogen, iron/copper, sulfur or vitamins 

were limiting during cold fermentation (Appendix A.9).  It was hypothesised that the addition 

of these nutrients would increase the fermentation rate of M2 relative to the control if they 

were indeed limiting.  It was predicted that sulfur would be limiting and iron would be replete 

in cold fermentation based on the comparisons between transcript levels at 12.5°C and 25°C.  

Although nitrogen appeared to be consumed to a lesser degree and more available to 

fermenting yeast at 12.5°C, it was also predicted to be limiting at mid-late fermentation.  

However, none of these nutrients added to the M2 ferment at 12.5°C had a significant effect 

on Vmax or cell numbers, except for the addition of extra magnesium that reduced the Vmax 

relative to the control.  These results therefore indicate that nitrogen, sulfur and vitamins were 

not limiting during cold fermentation.  However, the changes in transcription may not be able 

to accurately indicate the timing of nutrient limitation, as genes may be induced pre-

emptively, before specific nutrients become limiting, or delayed due to the downregulation of 

RNA processing and protein synthesis at low temperature.  It is also possible that the 

concentrations of these nutrients were not increased enough in this experiment to have an 

effect on Vmax.  Additionally, Vmax may not be the kinetic parameter that is best suited for 

measuring whether these nutrients are limiting, since fermentation rate is fastest during the 

mid-exponential phase and not at mid-late fermentation, when nutrient concentrations are 

low.  Vmax is typically reached once most of the nitrogen is depleted; therefore, lower nitrogen 

consumption in the cold would delay nitrogen limitation.  This experiment could be repeated 

by measuring other kinetic parameters at different fermentation stages, such as V50/Vmax 

(MARULLO et al. 2006) or t80 (MARULLO et al. 2009).  Moreover, the addition of nutrients 
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could be performed at mid-late fermentation.  The 10 x increase in magnesium may have 

reduced the Vmax because it was present in levels higher than the optimum.  This experiment 

could have been improved by performing parallel additions at 25°C, trialling higher or lower 

concentrations of these compounds, and measuring other kinetic parameters.  Biotin and 

thiamine could have been trialled independent of the other vitamins, as cold fermentation had 

a greater influence on transcripts within these two pathways compared to other vitamins.     

Sensory analysis on 700-mL wines fermented at 12.5°C and 25°C was unable to determine 

whether cold-fermented wines were perceived as fruiter (data not shown).  A panel consisting 

of 11 Wine Science Postgraduate Diploma students was trained to understand the definition 

of ‘fruity’ and ‘green’ by modifying 16 reference standards developed by LUND et al. (2009).  

The students were asked to sniff 15 pairwise comparisons between 30 wines fermented at 

12.5°C and 25°C, using the same juice and strain.  Of the 15 comparisons, nine assessed the 

effect of cold fermentation and the other six served as internal controls.  Students were asked 

to assess wines using a paired comparison test where they sniffed and ranked pairs of coded 

samples in terms of their ‘fruitiness’ on a non-structured scale.  Analysis using a modified 

version of the bipolar R-index (CLIFF et al. 2000; BI and O'MAHONY 2007) indicated that 

there was no significant difference between the pairwise comparisons, due to the high 

background noise and inconsistency between the panellists.  There were also not enough 

panel members to be able to confidently remove outliers.  This experiment could be improved 

by using a more highly trained panel, such as a winemaker panel, and a greater number of 

panellists.  If a greater volume of wine had been produced initially, sensory analysis could 

have been performed by a trained SB panel at Plant and Food Research (Mt Albert, 

Auckland, NZ).  However, there was not enough frozen juice from the same vintage available 

at this time. 

A backcrossing strategy failed to introgress genes from a subset of genetically diverse S. 

cerevisiae strains into M2 to improve Vmax in the cold and did not result in the development 

of S. cerevisiae strains with improved kinetic parameters for cold fermentation.  This aim was 

initially undertaken using a series of backcrosses to introgress cold tolerance genes from four 

different strains into M2.  The final backcrossed strains were originally intended for 

microarray analysis in the cold compared to the M2 parent.  However, this strategy failed to 

develop a backcrossed strain with an increased Vmax compared to M2, so the four F1 hybrids 

produced using M2 as the common parent were used for microarray analysis instead.  The 

difficulties in improving the Vmax through introgression may be due to the presence of > 5 
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QTLs segregating in the crosses, which would require a larger number of progeny for 

screening.  However, the most likely explanation is that small-scale fermentation in 13-mL 

tubes generates too much noise within and between fermentations to be able to detect a small 

improvement in Vmax associated with transgressive segregation.  The major issue with small-

scale fermentation in 8 mL, 200 mL and 700 mL volumes is that there is often biological 

noise within replicates and strains can show random inconsistencies that are unexplainable.  

A greater number of progeny and replicates could be used in the future to minimise 

background noise.  Alternatively, a novel, more sensitive and reproducible method for 

measuring Vmax needs to be developed.     

The construction of hybrids for RHA was expected to show that the S288c copy of the FLO1 

allele has a positive effect on Vmax in the cold.  The absence of the S288c FLO1 allele was 

predicted to result in a lower Vmax compared to RHA hybrids possessing the WT version of 

S288c FLO1.  However, there was no significant difference between RHA strains.  The 

absence of a positive effect of the S288c FLO1 may be because an advantage is only seen in 

haploids, not diploids.  This hypothesis could easily be tested in future experiments by 

deleting the FLO1 gene in a S288c MATa and an S288c MATα strain and crossing these 

deletion strains to produce an F1 hybrid with both FLO1 copies deleted.  The fermentation 

rate of the S288c flo1/flo1 hybrid could be measured alongside the haploid S288c flo1, 

haploid S288c FLO1, and diploid S288c FLO1/FLO1.  If the advantage of FLO1 is only 

found in haploid strains, the flo1/flo1 strain should have an equivalent Vmax to the S288c 

FLO1/FLO1.   

7.3.3. Other potential improvements to the experimental components 

With hindsight, there are a few other experimental components that could have been 

improved in this research.  For example, when using the Bioscreen C automated plate reader, 

the replicates should have ideally been performed with randomised well positions to 

minimise plate-specific clustering (JASNOS et al. 2005); however, the use of five replicates 

should have partly negated these issues.   

RNA extraction was extremely difficult to perform on cell samples derived from fermenting 

must.  Initial trials using commercial kits failed to extract a high enough RNA yield to be 

used for microarray analysis.  Instead, the hot phenol:chloroform method (COLLART and 

OLIVIERO 2001) was used to extract high quality RNA.  cRNA concentrations were slightly 

below the recommended 20 µg in the 21 µL elution (Eukaryotic Arrays GeneChip® 
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Expression Analysis and Technical Manual, Affymetrix, Santa Clara, California), but chip 

hybridisation was performed regardless.  The lower starting yield may have partially 

contributed to the higher number of false positives in the stat vs. exp contrast in this data 

compared to DEED et al. (2011), although it is more likely that the difference in BH-corrected 

P-values between the two studies had the largest effect on the number of false positives (see 

Chapter 4, Section 4.9.1).  Four out of 36 microarray chips gave either too high or low 

hybridisation intensities, so three samples had to be analysed in duplicate (one of the MxS 

12.5 exp had high intensity and another had low, so the low chip had to be retained in the 

data) (Chapter 4, Section 4.4).  While this was not ideal, it did not appear to have a major 

impact on the data analysis. 

Another improvement that could have been made to the project would be to include the other 

four parents of the F1 hybrids (Y55, S288c, L-1528 and BC187) in the microarray and aroma 

compound analysis.  This would allow the contribution of the non-M2 parent to be identified 

and allow for a more thorough comparison.  However, these four parents were not included in 

the analysis due to the costs associated with performing microarray analysis.   

7.4. Future research 

Several potential future experiments resulting from the data in this thesis could be performed 

in order to further investigate the effect of cold fermentation and expand on the current 

knowledge. 

1.  Growth and fermentation screening (Chapter 3).   

The specificity of growth and fermentation rate in different media could be investigated 

further by using transcriptomic, proteomic and metabolomic tools to compare the responses 

of several diverse S. cerevisiae strains on different media.  These comparisons would make it 

possible to identify key factors responsible for variation in resource utilisation between 

strains.  It would also be interesting to test the Umax and Vmax of a selection of diverse S. 

cerevisiae strains in different grape juices, such as the comparison of SB juices from different 

vineyards, different countries, or even different varietals.  This analysis could be used to 

identify the mechanisms behind strain variation in media specificity, with relevance to the 

wine industry, whilst selecting for the strains best suited for fermentation in specific juices.  

In this research, media comparisons were performed at 25°C only.  Future work could look at 
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the same comparisons at different temperatures, to see if there is a temperature component to 

the media specialisation of different strains.   

The length of time required to screen multiple S. cerevisiae strains for their ability to ferment 

efficiently in the cold was one of the biggest limitations encountered in this research.  For 

example, most strains required > 700 h to complete fermentation at 10°C.  More efficient and 

rapid screening methods could be developed based on altering the aerobic growth medium to 

select for good fermentative yeast.  For example, an increase in the correlation between 

growth and fermentation, shown by the addition of an osmotic agent, indicates that it is 

possible to increase this correlation by mimicking grape juice.  The medium could be made 

more acidic (decreasing the pH from 6.5 to 3), reflecting levels found in SB juice.  Toxic 

products that accumulate in late fermentation could also be added, such as the fatty acids, 

octanoic and decanoic acid, and ethanol at ~11-15 % (v/v).  Additionally, it is possible to 

reduce the YAN to ~290 mg L
-1

 to mimic levels found in SB juice.  The addition of these 

other stressors to the medium, coupled with low temperature stress, could elicit a stress 

response in the aerobic medium that is more similar to the response during fermentation in 

grape juice.  The selection for low temperature growth in grape juice, with the addition of 

variables such as ethanol and fatty acids, would be a good starting point to improve the 

correlation between growth and fermentation.  The addition of these variables would also 

help to identify which factors are most important for determining fermentation rate in S. 

cerevisiae strains.  Additionally, characterisation of the genes responsible for adaptive 

advantages in fermentation could help to understand the variation between individual strains 

in fermentation rate.  In the future, the selection of good fermenting strains could be 

performed using genotypic screens, minimising the requirement of time-consuming 

phenotypic screens, such as fermentation.     

2.  Microarray analysis (Chapter 4). 

The results obtained through microarray analysis present the opportunity for several future 

studies.  The higher cell viability of cold-fermented cells, compared to optimally-fermented 

cells, could be investigated further to determine whether an increase in cell cycle activity and 

an earlier induction of the stress response, are correlative or causative.  As suggested by 

BELTRAN et al. (2006), cold-fermented cells (13°C) appear to induce the late cold response 

identified in SCHADE et al. (2004) much earlier than aerobically grown cells, suggesting that 
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this response is related to slow growth induced by temperature and not by low temperature 

itself.  Therefore, this area still requires further investigation. 

The influence of low temperature on five aspects of yeast metabolism, nitrogen, iron/copper, 

sulfur, the vitamins biotin and thiamine, and oxidative stress, could be investigated further 

using proteomic and metabolomic studies comparing 12.5°C and 25°C fermentations by M2 

in SB juice.  These types of studies would confirm whether the trends shown by gene 

transcripts are reflected downstream of the transcriptome.  Since cold fermentation appears to 

mimic the effects of added DAP on NCR, it would be interesting to compare the 

transcriptional response between this data and DEED et al. (2011) in more detail, and to 

measure the transcriptional response of M2 with added DAP at low temperature.  The effect 

of cold fermentation on these different biological pathways could be further investigated by 

deleting or overexpressing key genes within the pathways, as well as measuring the 

intracellular and extracellular concentrations of these nutrients at low temperatures, compared 

to optimal temperatures.   

It would also be interesting to analyse the transcriptional response of M2 in different juices at 

low temperature, or different yeast strains, including commercial wine strains and those from 

a wide range of geographical niches, since it appears that there is high specificity between 

strains with regards to the low temperature response, and very little overlap.  Comparative 

studies would allow greater understanding of the mechanisms responsible for these observed 

differences.  There remains a wealth of differentially expressed genes encoding 

uncharacterised proteins that were identified throughout the course of this research.  

Characterisation of the biological function of these genes could unravel novel roles that are 

important for cold fermentation, and/or could be unique to the response of certain yeast 

strains. 

3.  Aroma compound quantification (Chapter 5). 

Future experiments could measure the effect of low temperature on a greater number of 

yeast-derived aroma compounds using headspace-solid-phase microextraction (SPME) 

coupled with a GC-MS, an analytical technique that is currently being optimised in the Wine 

Science Department, University of Auckland.   This technique has the potential to quantify > 

100 different polar and apolar aroma compounds and is faster and more efficient than 

liquid:liquid extraction methods (ANTALICK et al. 2010).    
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It would be interesting to further investigate the relationship between different temperatures, 

juices and strains in the production of aroma compounds, by expanding the number of three-

way comparisons.  For example, a greater range of temperatures could be compared, as well 

as juices from different vineyards or from different grape varietals, and a greater diversity of 

yeast strains.  Correlations could be made between different nitrogen and carbon contents of 

different juices with the production of volatiles.  Specific comparisons between individual 

amino acid concentrations and aroma compounds could help to identify the primary variables 

that influence the aroma potential of a juice.   Once these variables are identified, winemakers 

could potentially fingerprint their musts each vintage, to determine which temperature and 

yeast they should use to generate the desired aroma profile.  A study is currently underway by 

the Sauvignon Blanc Programme II, to investigate the relationship between SB juice amino 

acid content and aroma compounds, with a focus on thiols and esters (laboratory of M. 

Goddard, SBS, University of Auckland).   

There is also the potential to perform future experiments that measure the aroma compound 

concentrations in wines fermented at cold and optimal temperatures, coupled with a thorough 

sensory analysis using a trained panel.  This experiment could potentially identify whether 

cold-fermented wines are indeed fruitier, even when the concentrations of certain volatiles 

are lower.  This study could also help to definitively identify if there are any benefits to 

fermenting NZ SB at low temperature. 

Lastly, the relationship between secondary metabolism and aroma compound concentrations 

in finished wines could be investigated further by individually testing the genes that 

positively correlate to individual aroma compounds in PLS analysis.  Fermentations using 

strains with deletions of these genes could be performed, in order to measure whether the 

absence of the gene results in an alteration of specific aroma compound concentrations.  

There is the potential to screen mutants in all 91 of the genes compiled in this research based 

on their relation to the aroma biosynthetic pathway.  Analysis of all 91 mutants would allow a 

detailed pathway to be drawn, showing the influence of these genes on individual aroma 

compounds.  Deletion analysis has already been performed by STYGER et al. (2011a), who 

screened mutants in 104 different known and putative aroma biosynthetic genes, to examine 

their influence on higher alcohol production.  The ten genes with the largest influence were 

also analysed for changes in the production of other volatiles.  This analysis could be 

expanded to examine the effect of more gene deletions on a larger range of different aroma 

compounds.  Additionally, overexpression of all 91 of these genes, with subsequent volatile 
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quantification, would provide a significant amount of new information on the production of 

yeast-derived volatiles.  This type of analysis has already been performed on five aroma 

pathway genes by ROSSOUW et al. (2008).   

 4.  Backcrossing and linkage analysis (Chapter 6).   

A greater number of progeny (> 64) could be used to identify whether there are > 5 major 

effect QTLs important for the Vmax trait for introgression into M2.  In order to achieve this 

objective, the current methods for screening large numbers of strains accurately would need 

to be improved.   

The linkage analysis in this thesis using a set of 123 BYxRM F1 progeny identified two QTLs 

linked to lag phase, on chromosomes VII and XIII.  These loci were not thoroughly 

investigated in the course of this project, so there is the potential for future experiments to 

characterise these genes.  Since lag phase is likely to be quite difficult to phenotype between 

different experiments, analysis of these two loci could be performed using a set of F1 progeny 

where the parents differ widely in the lag phase at the start of fermentation.  For example, F1 

progeny derived from a cross between YPS606 (BC186) and BC187 could be used, since 

YPS606 has an extremely long lag phase and BC187 has one of the shortest of the strains 

measured in this thesis (data not shown).    

A great deal of work still needs to be done with regards to the FLO1 gene in cold 

fermentation.  Fermentation of the S288c flo1 deletion mutant resulted in a ~50 % reduction 

in Vmax compared to S288c FLO1 in the cold; however, the mechanism behind the positive 

influence of FLO1 is not clear, especially since the gene encoding one of the major TFs 

required for FLO1 activation, FLO8, is deleted in the S288c strain.  It is possible that Flo1p 

provides some form of protection for S288c during adverse environmental conditions, such as 

cold fermentation, although this mechanism would need to be Flo8p-independent.  It is 

possible that other TFs can regulate FLO1 under specific environmental conditions, so it 

would be interesting to identify other TFs that are able to regulate FLO1.  The mechanism 

behind the FLO1 advantage for fermentation rate could also be investigated by measuring 

whether there are any differences between S288c flo1 mutants and S288c FLO1 strains in 

their ability to attach to substrates within grape solids, using atomic force microscopy 

(CANETTA et al. 2006).  This would confirm whether Flo1p increases the Vmax of S288c in the 

cold by forming attachments to nutrients in the must.   
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Future research could also be performed to determine why the RHA hybrids did not show any 

influence of the S288c FLO1 allele on Vmax in the diploid cells.  These experiments could 

include the sporulation of the RxSF RHA hybrid to measure Vmax at 12.5°C in the flo1 

progeny (Kan
R
).  Gene modifiers/compensators could be identified by deleting FLO5, FLO9 

and FLO10, as well as other FLO family pseudogenes and homologues, in S288c to 

determine whether these loci influence Vmax in the cold.  The FLO1 allele from S288c could 

be transformed into other yeast strains, to see whether the allele provides an advantage for 

Vmax, by comparing fermentation kinetics of both the transformant and the WT strain.   

A set of random progeny between S288c and M2, generated by the author, could be 

genotyped to determine whether those with the S288c FLO1 allele have a higher Vmax than 

those with the M2 FLO1 allele.  Vmax data on 36 randomly chosen F1 progeny from the 

M2xS288c cross has already been obtained (see Chapter 6, Section 6.4.1), so the genotyping 

is the only step left to complete.  This objective was initiated at the end of this research; 

however, there was great difficulty in designing primers that were specific to each of the 

alleles only, without amplifying other FLO family members.  These issues have now been 

resolved by H. Sheehan and K. Richards (this laboratory), who developed a pair of primers 

based on the S288c FLO1 gene sequences.  These primers amplify both the S288c FLO1 and 

EC1118 FLO1 allele and produce different banding patterns for each (high MW band for 

S288c FLO1 compared to a low MW band for the EC1118 FLO1 allele).  Although these 

primers can amplify other small regions in FLO homologues, any background banding 

patterns do not interfere with the ability to distinguish between the two alleles.  Because the 

FLO1 allele from EC1118 is similar to that of M2 (contains multiple large deletions), these 

primers should be able to distinguish between the M2 FLO1 and the S288c FLO1 alleles.   

Differences between the Vmax of flo1 haploids and diploids would need to be investigated, to 

elucidate whether the absence of a positive influence of FLO1 on Vmax in the RHA diploids 

was due to ploidy.  Methods to achieve this objective are discussed in Section 7.3.2.   

7.5. Significance 

The research conducted over the course of this PhD thesis has significantly increased our 

knowledge on the effect of low temperature on various aspects of S. cerevisiae growth and 

fermentation, with a focus on data relevant to NZ SB fermentation.  This research has 

highlighted the variation between S. cerevisiae strains for growth and fermentation in 
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different media and at different temperatures, and has shown that the specificity of strains for 

a variety of media is highly complex.  This research has also shown that low temperature is 

not a generalised response, as growth and fermentation rates do not correlate across yeast 

strains, although growth media have the potential to be altered in order to be used to select for 

S. cerevisiae strains that ferment efficiently at low temperatures in NZ SB juice.  The 

selection of strains that are efficient at fermenting at low temperature is of great interest to the 

wine industry, as the fermentation of NZ SB is currently performed at temperatures between 

10-15°C.  Our laboratory has applied these breeding and selection methods to further 

improve the ability of good cold-fermenting strains, by selecting for growth at low 

temperatures in grape juice (as mentioned in Section 7.2.2).  This strategy has been improved 

by using diluted juice, with lower concentrations of all nutrients (including nitrogen) and the 

addition of stressors encountered during commercial fermentations, such as sulfite (S. Lee, 

this laboratory).  This has resulted in strains with much improved growth and fermentation in 

the cold.   

The measurement of the transcriptional changes during cold fermentation in NZ SB has 

shown that nitrogen, iron/copper, sulfur, vitamins and oxidative stress are the major pathways 

influenced by low temperature in the M2 wine yeast.  The low overlap between the response 

of M2 in SB juice, with other low temperature studies, indicates that the cold response is 

highly specific to strain and media, unlike the more generalised response to high temperature.  

Future research could be performed to characterise the differences between gene expression 

based on different grape juices.     

A significant result, also highly relevant to the winemaker, is that cold fermentation does not 

necessarily increase the concentration of volatiles formed by the yeast.  In fact, many of the 

esters produced during fermentation using four different yeast in SB juice, were present at 

lower concentrations at 12.5°C compared to 25°C.  Additionally, the concentration of the 

volatile thiol 3MH, imparting the characteristic passionfruit aroma in NZ SB wines, is 

consistently increased at higher temperatures.  Therefore, there is the potential for 

winemakers to ferment SB at temperatures that are higher than the usual 10-15°C.  Higher 

temperatures may also be beneficial for winemakers as the lag phase, time to complete 

fermentation, and the costs associated with maintaining the fermentation are decreased.  

Higher fermentation temperatures would also allow S. cerevisiae to more easily outcompete 

other strains at the start of the fermentation, such as S. uvarum.  S. uvarum is better suited to 
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grow at low temperature than S. cerevisiae and is suspected to be responsible for an off-

flavour in NZ SB (S. Wilson, this laboratory).   

As shown for growth and fermentation kinetics, and the transcriptional response, aroma 

compound production is highly variable based on temperature and media, with a secondary 

influence of strain.  The variation between strains is linked to differences in secondary 

metabolism, including the response to nutrients, such as nitrogen/amino acids and carbon.  

There is the potential to further investigate the correlations between genes and aroma 

compounds to obtain a more comprehensive picture of the aroma biosynthetic pathway. 

This research was the first to identify a gene linked to Vmax and two candidate loci linked to 

lag phase.  Deletion studies confirmed that the gene on chromosome I linked to Vmax in S288c 

is FLO1, encoding a yeast flocculin.  Further research is needed to determine the mechanism 

behind the effect of FLO1 in S288c, and to elucidate the biological significance of this 

finding.  Understanding the mechanism behind the increase in Vmax by FLO1 could result in 

the manipulation or selection of yeast strains to improve Vmax during the cold fermentation of 

NZ SB. 

7.6. Conclusion 

The research in this thesis represents a major stepping stone towards the characterisation of 

cold fermentation and represents a platform for future experiments that will further our 

knowledge of the response of S. cerevisiae to low temperature conditions.  This research 

shows that there is wide variation in the response of different yeast strains to low temperature 

conditions and that this variation is reflected in the regulation of the transcriptome and in 

aroma compound production in the finished wines.  The media and juice used for growth and 

fermentation provides a strong contribution to the complexity of the kinetic response of 

different strains, as well as volatile production.  This finding is of importance to winemakers, 

as it indicates that the temperature, juice and strain can be modified to produce the desired 

fermentation efficiency and aroma profile.  The identification of the significant linkage of the 

FLO1 gene to Vmax provides a key starting point for the improvement of strains for fast 

fermentation in the cold.   
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Appendices 

A.1.  Extracted RNA and cRNA concentrations 

Table A-1:  RNA and cRNA concentrations extracted from frozen yeast pellets and 260/280 values for 

microarray samples.  M2xY55 = MxY, M2xS288c = MxS, M2xL-1528 = MxL and M2xBC187 = MxB.   

Sample ID Extracted RNA 

(µg µL
-1

) 

Total µg 

in 50 µL 

cRNA 

(µg µL
-1

) 

260/280 Total µg in 21 µL 

M2 25 exp 1 RD0001 2.7 136.7 0.5 2.2 9.5 

M2 25 exp 2 RD0002 2.4 119.2 0.3 2.2 6.4 

M2 25 exp 3 RD0003 2.0 100.9 0.7 2.2 15.5 

M2 25 stat 1 RD0004 1.4 69.4 0.8 2.1 17.4 

M2 25 stat 2 RD0005 1.6 81.1 0.8 2.1 17.0 

M2 25 stat 3 RD0006 1.3 66.4 0.6 2.2 11.8 

M2 12.5 exp 1 RD0007 3.1 155.4 0.3 2.4 6.6 

M2 12.5 exp 2 RD0008 3.0 147.8 0.3 2.3 5.3 

M2 12.5 exp 3 RD0009 3.0 152.0 0.3 2.3 7.1 

M2 12.5 stat 1 RD0010 1.0 48.8 0.3 2.2 5.6 

M2 12.5 stat 2 RD0011 1.2 57.6 0.2 2.2 5.0 

M2 12.5 stat 3 RD0012 1.0 48.3 0.4 2.3 8.4 

MxY 12.5 exp 1 RD0013 2.9 143.4 0.3 2.2 7.1 

MxY 12.5 exp 2 RD0014 2.7 135.3 0.3 2.3 6.3 

MxY 12.5 exp 3 RD0015 2.8 140.9 0.5 2.3 11.3 

MxY 12.5 stat 1 RD0016 1.4 72.4 0.7 2.2 15.4 

MxY 12.5 stat 2 RD0017 1.5 75.2 0.4 2.1 8.8 

MxY 12.5 stat 3 RD0018 1.6 79.6 0.6 2.1 13.1 

MxS 12.5 exp 1 RD0019 2.6 132.3 0.1 2.2 1.3 

MxS 12.5 exp 2 RD0020 3.9 193.8 0.1 2.2 2.8 

MxS 12.5 exp 3 RD0021 3.5 172.8 0.1 2.2 2.3 

MxS 12.5 stat 1 RD0022 4.3 217.3 0.1 2.7 3.1 

MxS 12.5 stat 2 RD0023 3.9 197.1 0.4 2.3 9.2 

MxS 12.5 stat 3 RD0024 3.8 189.3 0.1 2.9 2.3 

MxL 12.5 exp 1 RD0025 3.0 150.0 0.8 2.2 16.9 

MxL 12.5 exp 2 RD0026 2.4 120.3 0.7 2.3 14.9 

MxL 12.5 exp 3 RD0027 2.9 143.5 0.5 2.2 11.3 

MxL 12.5 stat 1 RD0028 2.0 98.4 0.5 2.3 10.8 

MxL 12.5 stat 2 RD0029 1.9 93.3 0.5 2.3 10.9 

MxL 12.5 stat 3 RD0030 1.8 90.4 0.5 2.2 10.4 

MxB 12.5 exp 1 RD0031 2.5 124.8 0.6 2.1 12.9 

MxB 12.5 exp 2 RD0032 2.5 125.0 0.7 2.2 13.8 

MxB 12.5 exp 3 RD0033 2.7 136.5 0.8 2.1 17.3 

MxB 12.5 stat 1 RD0034 2.3 114.7 0.9 2.1 18.0 

MxB 12.5 stat 2 RD0035 2.1 105.7 0.7 2.2 13.7 

MxB 12.5 stat 3 RD0036 2.1 105.6 0.6 2.4 11.7 
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A.2.  R code used to analyse microarray data  

The R code used to analyse microarray data was written by the author using a modified 

version of ALVORD et al. (2007), with assistance from O. Yahel (SBS, University of 

Auckland).  The script removing Schizosaccharomyces pombe probes was developed by 

GILLESPIE et al. (2010).  Text accompanied by ## signs is descriptive and does not contribute 

to the code.  For the stat vs. exp comparison, only the M2 contrasts are shown below.  An 

identical R code was written separately to incorporate the F1 hybrid stat vs. exp contrasts (not 

shown). 

##make a library containing the 36 arrays and load affy from Bioconductor 

library(affy) 

rawdata<-

ReadAffy("RD0001.cel","RD0002.cel","RD0003.cel","RD0004.cel","RD0005.cel","

RD0006.cel","RD0007.cel","RD0008.cel","RD0009.cel","RD0010.cel","RD0011.cel

","RD0012.cel","RD0013.cel","RD0014.cel","RD0015.cel","RD0016.cel","RD0017.

cel","RD0018.cel","RD0019.cel","RD0020.cel","RD0021.cel","RD0022.cel","RD00

23.cel","RD0024.cel","RD0025.cel","RD0026.cel","RD0027.cel","RD0028.cel","R

D0029.cel","RD0030.cel","RD0031.cel","RD0032.cel","RD0033.cel","RD0034.cel"

,"RD0035.cel","RD0036.cel") 

##check sample names of rawdata object 

sampleNames(rawdata) 

##rename the sampleNames 

new.sampleNames <- 

c('M2.25.exp1','M2.25.exp2','M2.25.exp3','M2.25.stat1','M2.25.stat2','M2.25

.stat3','M2.12.exp1','M2.12.exp2','M2.12.exp3','M2.12.stat1','M2.12.stat2',

'M2.12.stat3','MxY.12.exp1','MxY.12.exp2','MxY.12.exp3','MxY.12.stat1','MxY

.12.stat2','MxY.12.stat3','MxS.12.exp1','MxS.12.exp2','MxS.12.exp3','MxS.12

.stat1','MxS.12.stat2','MxS.12.stat3','MxL.12.exp1','MxL.12.exp2','MxL.12.e

xp3','MxL.12.stat1','MxL.12.stat2','MxL.12.stat3','MxB.12.exp1','MxB.12.exp

2','MxB.12.exp3','MxB.12.stat1','MxB.12.stat2','MxB.12.stat3') 

sampleNames(rawdata) <- new.sampleNames   

##load targets file into R 

pd <- 

read.AnnotatedDataFrame("RNATargets.txt",header=TRUE,row.names=1,as.is=TRUE

) 

rawdata <- ReadAffy(filenames=pData(pd)$FileName,phenoData=pd) 

##rename the sampleNames 

new.sampleNames2 <- 

c('M2.25.exp1','M2.25.exp2','M2.25.exp3','M2.25.stat1','M2.25.stat2','M2.25

.stat3','M2.12.exp1','M2.12.exp3','M2.12.stat1','M2.12.stat2','M2.12.stat3'

,'MxY.12.exp1','MxY.12.exp2','MxY.12.exp3','MxY.12.stat1','MxY.12.stat2','M

xS.12.exp1','MxS.12.exp3','MxS.12.stat1','MxS.12.stat2','MxS.12.stat3','MxL

.12.exp1','MxL.12.exp2','MxL.12.exp3','MxL.12.stat1','MxL.12.stat2','MxL.12

.stat3','MxB.12.exp1','MxB.12.exp2','MxB.12.exp3','MxB.12.stat1','MxB.12.st

at2','MxB.12.stat3') 

sampleNames(rawdata) <- new.sampleNames2   

##example for viewing raw data (image) 

image(rawdata[,1]) 

##histogram of pm and mm data 

hist(log2(pm(rawdata[,1])), breaks=100, col="blue") 

hist(log2(mm(rawdata[,1])), breaks=100, col="red") 

##filter out S. pombe genes 

s_cerevisiae<-scan("s_cerevisiae.msk", skip=2, list("", "")) 
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pombe_filter_out<-s_cerevisiae[[1]]  ##the probesets you DO NOT want.  

source("RemoveProbesJan09.r") 

library(yeast2cdf) 

library(yeast2probe) 

cleancdf <- cleancdfname("yeast2",addcdf=FALSE) 

ResetEnvir(cleancdf) 

RemoveProbes(listOutProbes=NULL, pombe_filter_out, cleancdf)  

##rma normalisation 

eset <- rma(rawdata) 

##example for viewing array intensities of raw data 

png(filename="yeastintensities.png",width=960, height=960) 

hist(rawdata, lty=1:30, lwd=2) 

legend(14, 0.60, legend=sampleNames(rawdata), lty=1:30, lwd=2) 

dev.off() 

##before RMA normalization: 

boxplot(rawdata,col="red") 

##after RMA normalization: 

boxplot(data.frame(exprs(eset)),col="blue") 

##remove Affy control probes 

numbergenes <- dim(exprs(eset))[1] 

iscontrol <- logical(numbergenes) 

for (row in 1:numbergenes) 

{ 

 if (charmatch("AFFX", rownames 

   (exprs(eset))[row], 

  nomatch=0) == 0) iscontrol[row] <- TRUE 

 else 

 iscontrol[row] <- FALSE 

} 

filteredgenes <- eset[iscontrol] 

##remove RPTR control probes 

numbergenes2 <- dim(exprs(filteredgenes))[1] 

iscontrol2 <- logical(numbergenes2) 

for (row in 1:numbergenes2) 

{ 

 if (charmatch("RPTR", rownames 

   (exprs(filteredgenes))[row], 

  nomatch=0) == 0) iscontrol2[row] <- TRUE 

 else 

 iscontrol[row] <- FALSE 

} 

filteredgenes2 <- filteredgenes[iscontrol2] 

##load libraries 

library(Biobase) 

library(limma) 

##set targets (can use eset, filtered genes or filteredgenes2 depending on 

whether you want to include control probes)  

targets <- pData(filteredgenes2) 

targets 

##design matrix 

design <- model.matrix(~ -1 + 

factor(targets$Target,levels=unique(targets$Target))) 

colnames(design) <- unique(targets$Target) 

numParameters <- ncol(design) 

parameterNames <- colnames(design) 

design 

##fit linear model (either using eset or filtered genes) 

fit <- lmFit(eset,design=design) 

names(fit) 

##use if filtering out control probes 

fit <- lmFit(filteredgenes2,design=design) 
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names(fit) 

##compare all of the contrasts you are interested in  

contrastNames <- c(paste(parameterNames[3],parameterNames[1],sep="-"), 

paste(parameterNames[4],parameterNames[2],sep="-"), 

paste(parameterNames[2],parameterNames[1],sep="-"), 

paste(parameterNames[4],parameterNames[3],sep="-"), 

paste(parameterNames[5],parameterNames[3],sep="-"), 

paste(parameterNames[7],parameterNames[3],sep="-"), 

paste(parameterNames[9],parameterNames[3],sep="-"), 

paste(parameterNames[11],parameterNames[3],sep="-"), 

paste(parameterNames[6],parameterNames[4],sep="-"), 

paste(parameterNames[8],parameterNames[4],sep="-"), 

paste(parameterNames[10],parameterNames[4],sep="-"), 

paste(parameterNames[12],parameterNames[4],sep="-")) 

contrastsMatrix <- matrix(c(-1,0,1,0,0,0,0,0,0,0,0,0,0,-

1,0,1,0,0,0,0,0,0,0,0,-1,1,0,0,0,0,0,0,0,0,0,0,0,0,-

1,1,0,0,0,0,0,0,0,0,0,0,-1,0,1,0,0,0,0,0,0,0,0,0,-1,0,0,0,1,0,0,0,0,0,0,0,-

1,0,0,0,0,0,1,0,0,0,0,0,-1,0,0,0,0,0,0,0,1,0,0,0,0,-

1,0,1,0,0,0,0,0,0,0,0,0,-1,0,0,0,1,0,0,0,0,0,0,0,-1,0,0,0,0,0,1,0,0,0,0,0,-

1,0,0,0,0,0,0,0,1),nrow=ncol(design)) 

rownames(contrastsMatrix) <- parameterNames 

colnames(contrastsMatrix) <- contrastNames 

contrastsMatrix 

##fit a linear model to your contrasts 

fit2  <- contrasts.fit(fit,contrasts=contrastsMatrix) 

names(fit2) 

fit2 

##empirical Bayes statistics  

fit2  <- eBayes(fit2) 

names(fit2) 

##removing false positives by adjusting P-values 

adj.p <- p.adjust(fit2$p.value, method="BH") 

sigGenes <- p.adjust(fit2$p.value,method="BH")<0.05 

write.table(sigGenes, file="BHp0.05.txt") 

##identifying differentially expressed genes between treatments 

toptable1 <- topTable(fit2,coef="M2 12 exp-M2 25 exp") 

toptable2 <- topTable(fit2,coef="M2 12 stat-M2 25 stat") 

toptable3 <- topTable(fit2,coef="M2 25 stat-M2 25 exp") 

toptable4 <- topTable(fit2,coef="M2 12 stat-M2 12 exp") 

toptable5 <- topTable(fit2,coef="MxY 12 exp-M2 12 exp") 

toptable6 <- topTable(fit2,coef="MxS 12 exp-M2 12 exp") 

toptable7 <- topTable(fit2,coef="MxL 12 exp-M2 12 exp") 

toptable8 <- topTable(fit2,coef="MxB 12 exp-M2 12 exp") 

toptable9 <- topTable(fit2,coef="MxY 12 stat-M2 12 stat") 

toptable10 <- topTable(fit2,coef="MxS 12 stat-M2 12 stat") 

toptable11 <- topTable(fit2,coef="MxL 12 stat-M2 12 stat") 

toptable12 <- topTable(fit2,coef="MxB 12 stat-M2 12 stat") 

##check gene numbers 

numGenes <- nrow(eset) 

numGenes 

numGenesi <- nrow(filteredgenes) 

numGenesi 

numGenesii <- nrow(filteredgenes2) 

numGenesii 

##create gene tables 

completeTableM2exp <- topTable(fit2,coef="M2 12 exp-M2 25 

exp",number=numGenesii) 

write.table(completeTableM2exp,file="M2expgenes.xls",sep="\t",quote=FALSE,c

ol.names=NA) 

completeTableM2stat <- topTable(fit2,coef="M2 12 stat-M2 25 

stat",number=numGenesii) 
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write.table(completeTableM2stat,file="M2statgenes.xls",sep="\t",quote=FALSE

,col.names=NA) 

completeTableM225evs <- topTable(fit2,coef="M2 25 stat-M2 25 

exp",number=numGenesii) 

write.table(completeTableM225evs,file="M225evsgenes.xls",sep="\t",quote=FAL

SE,col.names=NA) 

completeTableM212evs <- topTable(fit2,coef="M2 12 stat-M2 12 

exp",number=numGenesii) 

write.table(completeTableM212evs,file="M212evsgenes.xls",sep="\t",quote=FAL

SE,col.names=NA) 

completeTableMxYexp <- topTable(fit2,coef="MxY 12 exp-M2 12 

exp",number=numGenesii) 

write.table(completeTableMxYexp,file="MxYexpgenes.xls",sep="\t",quote=FALSE

,col.names=NA) 

completeTableMxSexp <- topTable(fit2,coef="MxS 12 exp-M2 12 

exp",number=numGenesii) 

write.table(completeTableMxSexp,file="MxSexpgenes.xls",sep="\t",quote=FALSE

,col.names=NA) 

completeTableMxLexp <- topTable(fit2,coef="MxL 12 exp-M2 12 

exp",number=numGenesii) 

write.table(completeTableMxLexp,file="MxLexpgenes.xls",sep="\t",quote=FALSE

,col.names=NA) 

completeTableMxBexp <- topTable(fit2,coef="MxB 12 exp-M2 12 

exp",number=numGenesii) 

write.table(completeTableMxBexp,file="MxBexpgenes.xls",sep="\t",quote=FALSE

,col.names=NA) 

completeTableMxYstat <- topTable(fit2,coef="MxY 12 stat-M2 12 

stat",number=numGenesii) 

write.table(completeTableMxYstat,file="MxYstatgenes.xls",sep="\t",quote=FAL

SE,col.names=NA) 

completeTableMxSstat <- topTable(fit2,coef="MxS 12 stat-M2 12 

stat",number=numGenesii) 

write.table(completeTableMxSstat,file="MxSstatgenes.xls",sep="\t",quote=FAL

SE,col.names=NA) 

completeTableMxLstat <- topTable(fit2,coef="MxL 12 stat-M2 12 

stat",number=numGenesii) 

write.table(completeTableMxLstat,file="MxLstatgenes.xls",sep="\t",quote=FAL

SE,col.names=NA) 

completeTableMxBstat <- topTable(fit2,coef="MxB 12 stat-M2 12 

stat",number=numGenesii) 

write.table(completeTableMxBstat,file="MxBstatgenes.xls",sep="\t",quote=FAL

SE,col.names=NA) 

##load yeast gene annotation package 

library(yeast2cdf) 

library(yeast2.db) 

library(affyPLM) 

##check MA plots before normalisation ##example for first 3 triplicates 

mva.pairs(pm(rawdata)[,c(1,2,3)]) 

##check MA plots after RMA normalisation ##example for first 3 triplicates 

mva.pairs(exprs(eset)[,c(1,2,3)],log.it=FALSE) 

##linking gene list to annotation data 

probeinfo <- as.matrix(yeast2probe) 

probeinfo[1:10] 

genenames <- as.list(yeast2GENENAME) 

genenames[1:10] 

genelist <- cbind(matrix(data=genenames), matrix(data=names(genenames))) 

genelist 

genelist[1:10] 

##ORF names 

orfnames <- as.list(yeast2ORF) 

orfnames[1:10] 
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orflist <- cbind(matrix(data=orfnames), matrix(data=names(orfnames))) 

orflist 

orflist[1:10] 

##functional descriptions 

descriptionnames <- as.list(yeast2DESCRIPTION) 

descriptionnames[1:10] 

descriptionlist <- cbind(matrix(data=descriptionnames), 

matrix(data=names(descriptionnames))) 

descriptionlist 

descriptionlist[1:10] 

##GO ontology 

gonames <- as.list(yeast2GO) 

gonames[1:10] 

golist <- cbind(matrix(data=gonames), matrix(data=names(gonames))) 

golist 

golist[1:10] 

##matching gene names with complete toptables for all contrasts 

gmatch1<-match(completeTableM2exp[,1], genelist[,2]) 

glist1<-genelist[gmatch1,] 

genes1<-as.character(glist1[,1]) 

completeTableM2exp<-cbind(completeTableM2exp, genes1) 

completeTableM2exp 

gmatch11<-match(completeTableM2exp[,1], orflist[,2]) 

olist1<-orflist[gmatch11,] 

orf1<-as.character(olist1[,1]) 

completeTableM2exp<-cbind(completeTableM2exp, orf1) 

completeTableM2exp 

gmatch111<-match(completeTableM2exp[,1], descriptionlist[,2]) 

dlist1<-descriptionlist[gmatch111,] 

description1<-as.character(dlist1[,1]) 

completeTableM2exp<-cbind(completeTableM2exp, description1) 

completeTableM2exp 

gmatch1111<-match(completeTableM2exp[,1], golist[,2]) 

dlist1<-golist[gmatch1111,] 

go1<-as.character(dlist1[,1]) 

completeTableM2exp<-cbind(completeTableM2exp, go1) 

completeTableM2exp 

## 

gmatch2<-match(completeTableM2stat[,1], genelist[,2]) 

glist2<-genelist[gmatch2,] 

genes2<-as.character(glist2[,1]) 

completeTableM2stat<-cbind(completeTableM2stat, genes2) 

completeTableM2stat 

gmatch22<-match(completeTableM2stat[,1], orflist[,2]) 

olist1<-orflist[gmatch22,] 

orf1<-as.character(olist1[,1]) 

completeTableM2stat<-cbind(completeTableM2stat, orf1) 

completeTableM2stat 

gmatch222<-match(completeTableM2stat[,1], descriptionlist[,2]) 

dlist1<-descriptionlist[gmatch222,] 

description1<-as.character(dlist1[,1]) 

completeTableM2stat<-cbind(completeTableM2stat, description1) 

completeTableM2stat 

gmatch2222<-match(completeTableM2stat[,1], golist[,2]) 

dlist1<-golist[gmatch2222,] 

go1<-as.character(dlist1[,1]) 

completeTableM2stat<-cbind(completeTableM2stat, go1) 

completeTableM2stat 

## 

gmatch3<-match(completeTableM225evs[,1], genelist[,2]) 

glist3<-genelist[gmatch3,] 
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genes3<-as.character(glist3[,1]) 

completeTableM225evs<-cbind(completeTableM225evs, genes3) 

completeTableM225evs 

gmatch33<-match(completeTableM225evs[,1], orflist[,2]) 

olist1<-orflist[gmatch33,] 

orf1<-as.character(olist1[,1]) 

completeTableM225evs<-cbind(completeTableM225evs, orf1) 

completeTableM225evs 

gmatch333<-match(completeTableM225evs[,1], descriptionlist[,2]) 

dlist1<-descriptionlist[gmatch333,] 

description1<-as.character(dlist1[,1]) 

completeTableM225evs<-cbind(completeTableM225evs, description1) 

completeTableM225evs 

gmatch3333<-match(completeTableM225evs[,1], golist[,2]) 

dlist1<-golist[gmatch3333,] 

go1<-as.character(dlist1[,1]) 

completeTableM225evs<-cbind(completeTableM225evs, go1) 

completeTableM225evs 

## 

gmatch4<-match(completeTableM212evs[,1], genelist[,2]) 

glist4<-genelist[gmatch4,] 

genes4<-as.character(glist4[,1]) 

completeTableM212evs<-cbind(completeTableM212evs, genes4) 

completeTableM212evs 

gmatch44<-match(completeTableM212evs[,1], orflist[,2]) 

olist1<-orflist[gmatch44,] 

orf1<-as.character(olist1[,1]) 

completeTableM212evs<-cbind(completeTableM212evs, orf1) 

completeTableM212evs 

gmatch444<-match(completeTableM212evs[,1], descriptionlist[,2]) 

dlist1<-descriptionlist[gmatch444,] 

description1<-as.character(dlist1[,1]) 

completeTableM212evs<-cbind(completeTableM212evs, description1) 

completeTableM212evs 

gmatch4444<-match(completeTableM212evs[,1], golist[,2]) 

dlist1<-golist[gmatch4444,] 

go1<-as.character(dlist1[,1]) 

completeTableM212evs<-cbind(completeTableM212evs, go1) 

completeTableM212evs 

## 

gmatch5<-match(completeTableMxYexp[,1], genelist[,2]) 

glist5<-genelist[gmatch5,] 

genes5<-as.character(glist5[,1]) 

completeTableMxYexp<-cbind(completeTableMxYexp, genes5) 

completeTableMxYexp 

gmatch55<-match(completeTableMxYexp[,1], orflist[,2]) 

olist1<-orflist[gmatch55,] 

orf1<-as.character(olist1[,1]) 

completeTableMxYexp<-cbind(completeTableMxYexp, orf1) 

completeTableMxYexp 

gmatch555<-match(completeTableMxYexp[,1], descriptionlist[,2]) 

dlist1<-descriptionlist[gmatch555,] 

description1<-as.character(dlist1[,1]) 

completeTableMxYexp<-cbind(completeTableMxYexp, description1) 

completeTableMxYexp 

gmatch5555<-match(completeTableMxYexp[,1], golist[,2]) 

dlist1<-golist[gmatch5555,] 

go1<-as.character(dlist1[,1]) 

completeTableMxYexp<-cbind(completeTableMxYexp, go1) 

completeTableMxYexp 

## 
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gmatch6<-match(completeTableMxSexp[,1], genelist[,2]) 

glist6<-genelist[gmatch6,] 

genes6<-as.character(glist6[,1]) 

completeTableMxSexp<-cbind(completeTableMxSexp, genes6) 

completeTableMxSexp 

gmatch66<-match(completeTableMxSexp[,1], orflist[,2]) 

olist1<-orflist[gmatch66,] 

orf1<-as.character(olist1[,1]) 

completeTableMxSexp<-cbind(completeTableMxSexp, orf1) 

completeTableMxSexp 

gmatch666<-match(completeTableMxSexp[,1], descriptionlist[,2]) 

dlist1<-descriptionlist[gmatch666,] 

description1<-as.character(dlist1[,1]) 

completeTableMxSexp<-cbind(completeTableMxSexp, description1) 

completeTableMxSexp 

gmatch6666<-match(completeTableMxSexp[,1], golist[,2]) 

dlist1<-golist[gmatch6666,] 

go1<-as.character(dlist1[,1]) 

completeTableMxSexp<-cbind(completeTableMxSexp, go1) 

completeTableMxSexp 

## 

gmatch7<-match(completeTableMxLexp[,1], genelist[,2]) 

glist7<-genelist[gmatch7,] 

genes7<-as.character(glist7[,1]) 

completeTableMxLexp<-cbind(completeTableMxLexp, genes7) 

completeTableMxLexp 

gmatch77<-match(completeTableMxLexp[,1], orflist[,2]) 

olist1<-orflist[gmatch77,] 

orf1<-as.character(olist1[,1]) 

completeTableMxLexp<-cbind(completeTableMxLexp, orf1) 

completeTableMxLexp 

gmatch777<-match(completeTableMxLexp[,1], descriptionlist[,2]) 

dlist1<-descriptionlist[gmatch777,] 

description1<-as.character(dlist1[,1]) 

completeTableMxLexp<-cbind(completeTableMxLexp, description1) 

completeTableMxLexp 

gmatch7777<-match(completeTableMxLexp[,1], golist[,2]) 

dlist1<-golist[gmatch7777,] 

go1<-as.character(dlist1[,1]) 

completeTableMxLexp<-cbind(completeTableMxLexp, go1) 

completeTableMxLexp 

## 

gmatch8<-match(completeTableMxBexp[,1], genelist[,2]) 

glist8<-genelist[gmatch8,] 

genes8<-as.character(glist8[,1]) 

completeTableMxBexp<-cbind(completeTableMxBexp, genes8) 

completeTableMxBexp 

gmatch88<-match(completeTableMxBexp[,1], orflist[,2]) 

olist1<-orflist[gmatch88,] 

orf1<-as.character(olist1[,1]) 

completeTableMxBexp<-cbind(completeTableMxBexp, orf1) 

completeTableMxBexp 

gmatch888<-match(completeTableMxBexp[,1], descriptionlist[,2]) 

dlist1<-descriptionlist[gmatch888,] 

description1<-as.character(dlist1[,1]) 

completeTableMxBexp<-cbind(completeTableMxBexp, description1) 

completeTableMxBexp 

gmatch8888<-match(completeTableMxBexp[,1], golist[,2]) 

dlist1<-golist[gmatch8888,] 

go1<-as.character(dlist1[,1]) 

completeTableMxBexp<-cbind(completeTableMxBexp, go1) 
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completeTableMxBexp 

## 

gmatch9<-match(completeTableMxYstat[,1], genelist[,2]) 

glist9<-genelist[gmatch9,] 

genes9<-as.character(glist9[,1]) 

completeTableMxYstat<-cbind(completeTableMxYstat, genes9) 

completeTableMxYstat 

gmatch99<-match(completeTableMxYstat[,1], orflist[,2]) 

olist1<-orflist[gmatch99,] 

orf1<-as.character(olist1[,1]) 

completeTableMxYstat<-cbind(completeTableMxYstat, orf1) 

completeTableMxYstat 

gmatch999<-match(completeTableMxYstat[,1], descriptionlist[,2]) 

dlist1<-descriptionlist[gmatch999,] 

description1<-as.character(dlist1[,1]) 

completeTableMxYstat<-cbind(completeTableMxYstat, description1) 

completeTableMxYstat 

gmatch9999<-match(completeTableMxYstat[,1], golist[,2]) 

dlist1<-golist[gmatch9999,] 

go1<-as.character(dlist1[,1]) 

completeTableMxYstat<-cbind(completeTableMxYstat, go1) 

completeTableMxYstat 

## 

gmatch10<-match(completeTableMxSstat[,1], genelist[,2]) 

glist10<-genelist[gmatch10,] 

genes10<-as.character(glist10[,1]) 

completeTableMxSstat<-cbind(completeTableMxSstat, genes10) 

completeTableMxSstat 

gmatch1010<-match(completeTableMxSstat[,1], orflist[,2]) 

olist1<-orflist[gmatch1010,] 

orf1<-as.character(olist1[,1]) 

completeTableMxSstat<-cbind(completeTableMxSstat, orf1) 

completeTableMxSstat 

gmatch101010<-match(completeTableMxSstat[,1], descriptionlist[,2]) 

dlist1<-descriptionlist[gmatch101010,] 

description1<-as.character(dlist1[,1]) 

completeTableMxSstat<-cbind(completeTableMxSstat, description1) 

completeTableMxSstat 

gmatch10101010<-match(completeTableMxSstat[,1], golist[,2]) 

dlist1<-golist[gmatch10101010,] 

go1<-as.character(dlist1[,1]) 

completeTableMxSstat<-cbind(completeTableMxSstat, go1) 

completeTableMxSstat 

## 

gmatch11<-match(completeTableMxLstat[,1], genelist[,2]) 

glist11<-genelist[gmatch11,] 

genes11<-as.character(glist11[,1]) 

completeTableMxLstat<-cbind(completeTableMxLstat, genes11) 

completeTableMxLstat 

gmatch1111<-match(completeTableMxLstat[,1], orflist[,2]) 

olist1<-orflist[gmatch1111,] 

orf1<-as.character(olist1[,1]) 

completeTableMxLstat<-cbind(completeTableMxLstat, orf1) 

completeTableMxLstat 

gmatch111111<-match(completeTableMxLstat[,1], descriptionlist[,2]) 

dlist1<-descriptionlist[gmatch111111,] 

description1<-as.character(dlist1[,1]) 

completeTableMxLstat<-cbind(completeTableMxLstat, description1) 

completeTableMxLstat 

gmatch11111111<-match(completeTableMxLstat[,1], golist[,2]) 

dlist1<-golist[gmatch11111111,] 



Appendix A.2 – R code used to analyse microarray data 

262 
 

go1<-as.character(dlist1[,1]) 

completeTableMxLstat<-cbind(completeTableMxLstat, go1) 

completeTableMxLstat 

## 

gmatch12<-match(completeTableMxBstat[,1], genelist[,2]) 

glist12<-genelist[gmatch12,] 

genes12<-as.character(glist12[,1]) 

completeTableMxBstat<-cbind(completeTableMxBstat, genes12) 

completeTableMxBstat 

gmatch1212<-match(completeTableMxBstat[,1], orflist[,2]) 

olist1<-orflist[gmatch1212,] 

orf1<-as.character(olist1[,1]) 

completeTableMxBstat<-cbind(completeTableMxBstat, orf1) 

completeTableMxBstat 

gmatch121212<-match(completeTableMxBstat[,1], descriptionlist[,2]) 

dlist1<-descriptionlist[gmatch121212,] 

description1<-as.character(dlist1[,1]) 

completeTableMxBstat<-cbind(completeTableMxBstat, description1) 

completeTableMxBstat 

gmatch12121212<-match(completeTableMxBstat[,1], golist[,2]) 

dlist1<-golist[gmatch12121212,] 

go1<-as.character(dlist1[,1]) 

completeTableMxBstat<-cbind(completeTableMxBstat, go1) 

completeTableMxBstat 

##Microsoft Excel output files 

write.table(completeTableM2exp, file="1M2exp.xls", sep="\t", quote=FALSE, 

col.names=NA) 

write.table(completeTableM2stat, file="2M2stat.xls", sep="\t", quote=FALSE, 

col.names=NA) 

write.table(completeTableM225evs, file="3M225evs.xls", sep="\t", 

quote=FALSE, col.names=NA) 

write.table(completeTableM212evs, file="4M212evs.xls", sep="\t", 

quote=FALSE, col.names=NA) 

write.table(completeTableMxYexp, file="5MxYexp.xls", sep="\t", quote=FALSE, 

col.names=NA) 

write.table(completeTableMxSexp, file="6MxSexp.xls", sep="\t", quote=FALSE, 

col.names=NA) 

write.table(completeTableMxLexp, file="7MxLexp.xls", sep="\t", quote=FALSE, 

col.names=NA) 

write.table(completeTableMxBexp, file="8MxBexp.xls", sep="\t", quote=FALSE, 

col.names=NA) 

write.table(completeTableMxYstat, file="9MxYstat.xls", sep="\t", 

quote=FALSE, col.names=NA) 

write.table(completeTableMxSstat, file="10MxSstat.xls", sep="\t", 

quote=FALSE, col.names=NA) 

write.table(completeTableMxLstat, file="11MxLstat.xls", sep="\t", 

quote=FALSE, col.names=NA) 

write.table(completeTableMxBstat, file="12MxBstat.xls", sep="\t", 

quote=FALSE, col.names=NA) 
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A.3.  Raw array chip images  

  

 

 

Figure A-1:  Log2-transformed chip intensities for all 36 arrays generated using Bioconductor.  Plots 

range from high hybridisation (pale grey) to low (dark grey).  The full names of the samples 

corresponding to the RD00## ID numbers are shown in Table A-1 (Appendix A.1).  
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A.4.  MA plots 
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Figure A-2:  M-value vs. A-value (MA) plots for the 16 comparisons between samples (pairs of contrasts) 

constructed using affylmGUI and TKRplot in Bioconductor.  M-value (difference) = Y-axis (log2-fold 

change).  A-value (average) = X-axis (average log2-expression level for each gene across all arrays and 

channels).  MA plots test for biases between samples, which may be introduced during RMA 

normalisation.  Spots appeared to be centered along an M-value of zero, across a wide range of A-values, 

which indicates that there was minimal bias between comparisons.  M2xY55 = MxY, M2xS288c = MxS, 

M2xL-1528 = MxL and M2xBC187 = MxB.   
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A.5.  Genes differentially expressed during fermentation based on growth 

phase, temperature and strain 

A list of the genes that were differentially expressed according to growth phase, temperature 

and strain in the 16 contrasts is presented on a Microsoft Office Excel spreadsheet on CD-

ROM (see back cover of thesis).  Only genes with an M-value > 1 or < -1 (2-fold or more) 

were considered to be sufficiently differentially expressed and included in the table.  Genes 

with a significance value (P-value) of < 0.05, corrected by the BH method for false-positives, 

were denoted as TRUE (statistically significant) and genes ≥ 0.05 were denoted FALSE (not 

statistically significant) (BENJAMINI and HOCHBERG 1995).  The list of genes per contrast 

includes the GeneChip array probe set identification code (ID), M-values of differential 

expression (logFC), average expression values (AveExpr), t-value (t), P-values (P.Values), 

adjusted P-values (adj.P.Val), B-values (B), TRUE or FALSE to eliminate false-positives 

(BH), full gene name (genes), ORF and gene function (description).  Genes are ordered from 

highest LogFC expression value (M-value) to lowest. 
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A.6.  Downregulated genes within the ribosome biogenesis subcategory at 

mid-late fermentation vs. early fermentation 

Table A-2:  Fold-downregulation of genes within the ribosome biogenesis subcategory at mid-late 

fermentation (stat) vs. early fermentation (exp).  This subcategory includes genes encoding components of 

the large ribosomal subunit (RPL) and small ribosomal subunit (RPS).  The average fold downregulation 

is also presented for the RPL and RPS genes.   

Identifier  Gene name  ORF Fold down  

12.5°C 

Fold down  

25°C 

Difference 

(25°C-12.5°C) 

1772875_at RPL4B YDR012W 12.67 26.23 13.57 

1774174_at RPL6B YLR448W 3.42 3.69 0.27 

1773827_s_at RPL8A YHL033C 3.17 7.76 4.60 

1776927_at RPL9A YGL147C 3.49 13.23 9.74 

1772734_at RPL9B YNL067W 3.89 5.19 1.30 

1777528_at RPL11A YPR102C 3.36 11.76 8.41 

1771832_at RPL12A YEL054C 4.98 10.59 5.61 

1776516_at RPL13A YDL082W 5.30 13.47 8.16 

1776344_at RPL14A YKL006W 3.33 7.01 3.69 

1779532_at RPL17B YJL177W 3.58 4.43 0.84 

1771085_at RPL18A YOL120C 3.35 10.30 6.95 

1771055_at RPL18B YNL301C 4.95 4.61 -0.34 

1769765_at RPL19A YBR084C-A 3.31 3.88 0.57 

1779787_at RPL21A YBR191W 3.19 3.20 0.01 

1769929_at RPL22B YFL034C-A 4.21 10.62 6.41 

1773292_at RPL26B YGR034W 3.37 7.47 4.09 

1773510_at RPL27B YDR471W 4.33 5.80 1.47 

1777989_at RPL31B YLR406C 4.15 11.79 7.64 

1776735_at RPL34A YER056C-A 3.40 4.62 1.22 

- RPL average - 4.02 7.48 3.46 

1770653_at RPS0A YGR214W 4.90 7.70 2.81 

1778592_at RPS1A YLR441C 3.91 7.58 3.66 

1777982_at RPS7A YOR096W 3.85 8.54 4.69 

1770501_at RPS8B YER102W 4.81 6.99 2.19 

1777990_at RPS10A YOR293W 3.77 5.72 1.96 

1772208_at RPS11B YBR048W 4.50 5.52 1.02 

1775186_at RPS14B YJL191W 2.94 3.74 0.80 

1769503_at RPS17B YDR447C 3.98 5.19 1.21 

1771906_at RPS18B YML026C 3.46 5.84 2.38 

1776010_at RPS22A YJL190C 4.42 15.74 11.33 

1773427_at RPS22B YLR367W 3.75 9.82 6.07 

1776365_s_at RPS24A YER074W 2.82 4.73 1.91 

1771497_at RPS24B YIL069C 5.04 9.07 4.03 

1776104_at RPS28B YLR264W 5.01 14.24 9.23 

- RPS average - 4.02 7.28 3.26 
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A.7.  Genes differentially regulated at mid-late fermentation vs. early 

fermentation at 12.5°C but not at 25°C 

Table A-3:  Genes differentially expressed in all five comparisons specific to cold fermentation (12.5°C).  

Upregulated genes = red; downregulated = blue.  Transcription factors (TFs) are shown in bold. 

Identifier  Gene 

name  

ORF Average fold 

change 12.5°C 

Function 

1779511_at DIA1 YMR316W 5.45 Unknown but related to pseudohyphal growth 

1774511_at AAD4 YDL243C 5.37 Aryl-alcohol dehydrogenase 

1773050_at CLG1 YGL215W 4.73 Cyclin-like protein  

1778090_at YSR3 YKR053C 4.66 Sphingolipid metabolism membrane protein 

1770347_at NA YCR007C 4.54 Integral membrane protein 

1777513_at SPO21 YOL091W 4.09 Component of the meiotic spindle pole 

1776235_at POL2 YNL262W 4.01 Catalytic subunit of DNA polymerase (II) 

1774824_at NA YLR194C 4.00 Structural constituent of the cell wall  

1780174_at RTS1 YOR014W 3.93 Regulatory subunit of protein phosphatase 2A 

1774515_at TFC7 YOR110W 3.80 Subunit of RNA polymerase III complex 

1770231_at KTI12 YKL110C 3.71 Modification of wobble nucleosides in tRNA 

1770140_x_at PAU9 YBL108C-A 3.48 Hypothetical seripauperin protein 

1775389_at CRZ1 YNL027W 3.47 TF involved in activating stress response genes 

1773450_at GIS3 YLR094C 3.33 Unknown 

1773699_at PHM7 YOL084W 3.31 Unknown 

1774813_at MSR1 YHR091C 3.24 Mitochondrial arginyl-tRNA synthetase 

1776064_at JEN1 YKL217W 3.18 Lactate transporter 

1778568_at CHS1 YNL192W 3.17 Chitin synthase I 

1776885_at STE12 YHR084W 3.10 TF involved in activating pseudohyphal growth genes 

1778196_at MLP1 YKR095W 3.10 Myosin-like protein associated with nuclear envelope 

1778717_at CBS2 YDR197W 3.00 Mitochondrial translational activator of COB mRNA 

1779699_at COQ6 YGR255C 2.99 Flavin-dependent monooxygenase 

1774677_at MSA1 YOR066W 2.89 Activator of G1-specific transcription factors 

1771188_at NA YNL217W 2.75 Hypothetical protein 

1771993_at PIN4 YBL051C 2.73 Involved in G2/M phase progression and DNA damage 

1773195_at YEL1 YBL060W 2.62 Guanine nucleotide exchange factor specific for Arf3p 

1771633_at QCR2 YPR191W 2.62 Subunit of ubiquinol cytochrome-c reductase complex 

1772190_at CWC23 YGL128C 2.61 Component of complex involved in pre-mRNA splicing 

1780097_at ZDS1 YMR273C 2.54 Interacts with silencing proteins at the telomere 

1773078_at BUD32 YGR262C 2.37 Protein kinase involved in telomere elongation 

1772243_at SEC4 YFL005W 2.39 Secretory vesicle-associated Rab GTPase for exocytosis 

1779516_at RRS1 YOR294W 2.54 Nuclear export of pre-ribosomal 60S subunit 

1773899_at KIP1 YBL063W 2.57 Kinesin-related motor protein for spindle assembly  

1772703_at TAF13 YML098W 2.60 Involved in RNA polymerase II transcription initiation 

1770716_at NA YBR197C 2.61 Unknown 

1772804_at CUE4 YML101C 2.65 Unknown 

1770236_at VBA1 YMR088C 2.70 Vacuolar amino acid permease 

1778782_at PAP2 YOL115W 2.70 Catalytic subunit of poly (A) polymerase complex 

1777526_at PAM16 YJL104W 2.75 Constituent of the mitochondrial import motor 

1778882_at NA YOL097W-A 2.93 Unknown 
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1776096_at NA YER134C 2.99 Unknown 

1773426_at CLA4 YNL298W 3.02 Cdc42p-activated signal transducing kinase 

1778354_at TDA2 YER071C 3.21 Unknown 

1778550_at HMS2 YJR147W 3.21 Similarity to heat shock transcription factors 

1779195_at CTF13 YMR094W 3.23 CBF3 complex subunit, involved in chromatid cohesion 

1770791_at YIF1 YNL263C 3.31 Membrane protein, fusion of COPII vesicles with Golgi 

1779551_at TOA2 YKL058W 3.33 Involved in transcriptional activation (antirepressor) 

1770452_at NA YKL069W 3.44 Unknown 

1779079_at YHC3 YJL059W 3.46 Vacuolar membrane protein for arginine transport 

1773904_at NA YLR099W-A 3.47 Unknown 

1770710_at IRC19 YLL033W 3.47 Unknown 

1778802_at NNF1 YJR112W 3.62 Essential component of the MIND kinetochore complex 

1774669_at NA YBR196C-B 4.22 Unknown 

1779304_at BPL1 YDL141W 4.43 Biotin:apoprotein ligase, modifies proteins with biotin 

1779946_at AAH1 YNL141W 4.50 Adenine deaminase involved in purine salvage 

1771529_at ARO10 YDR380W 7.80 Phenylpyruvate decarboxylase in Ehrlich pathway 

1775479_at ARO9 YHR137W 8.89 Aromatic aminotransferase II, try, phe, tyr catabolism 
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A.8.  Genes differentially expressed at both early and mid-late fermentation  

at 12.5°C vs. 25°C 

Table A-4:  Genes differentially expressed in M2 Ura- at 12.5°C vs. 25°C at both early (exp) and mid-late 

(stat) fermentation.  Upregulated genes = red; downregulated = blue. 

Identifier  Gene 

name  

ORF Average fold 

change 

Function 

1769986_at HBT1 YDL223C 4.84 Polarized cell morphogenesis in shmoo tip 

1770687_at GRX8 YLR364W 4.63 Unknown 

1775443_at NA YHR033W 3.59 Unknown 

1777228_at NA YMR230W-A 3.48 Unknown 

1778920_at NA YOR032W-A 3.35 Unknown 

1772393_at NA YLR154W-E 3.06 Unknown 

1776630_at GTO1 YGR154C 3.06 Glutathione transferase induced under oxidative stress 

1780117_at SPS1 YDR523C 2.80 Serine/threonine kinase involved in spore wall synthesis 

1777222_at YSW1 YBR148W 2.76 Protein expressed specifically in spores 

1779372_at KAR1 YNL188W 2.74 Involved in spindle pole body duplication during mitosis 

1773662_at NA YGR066C 2.58 Unknown 

1770692_at PHO84 YML123C 2.57 High-affinity inorganic phosphate (Pi) transporter 

1778462_at NA YNL277W-A 2.53 Unknown 

1773352_at LPE10 YPL060W 2.36 Mitochondrial inner membrane magnesium transporter 

1773935_at PEX27 YOR193W 2.36 Membrane protein controlling peroxisome size/number 

1779371_at NA YIR018C-A 2.35 Unknown 

1776565_at NA YGR131W 2.32 Unknown 

1777298_at NA YIL152W 2.32 Unknown 

1770559_at ATG12 YBR217W 2.28 Ubiquitin-like modifier, essential for autophagy 

1778098_at MCM16 YPR046W 2.25 Kinetochore-microtubule mediated chromosome segregation 

1774742_at NA YPR157W 2.22 Unknown 

1779266_at RTN2 YDL204W 2.14 Unknown 

1774805_at PET18 YCR020C 2.07 Respiratory growth, stability of the mitochondrial genome 

1773183_at MUC1 YIR019C 2.06 Flocculin required for pseudohyphal formation/flocculation 

1778472_at VPS1 YKR001C 2.15 Dynamin-like GTPase required for vacuolar sorting 

1772054_at BNA2 YJR078W 2.18 Tryptophan 2,3-dioxygenase for NAD biosynthesis 

1771585_at SLG1 YOR008C 2.23 Sensor-transducer of in the PKC1-MPK1 kinase pathway 

1771957_at NA YGR031W 2.26 Unknown 

1774593_at BIO2 YGR286C 2.28 Biotin synthase converting dethiobiotin to biotin 

1775856_at TRM1 YDR120C 2.39 tRNA methyltransferase 

1775678_at PUT1 YLR142W 2.40 Proline oxidase, involved in utilization of proline 

1778479_at CHA1 YCL064C 2.45 Catabolic L-serine (L-threonine) deaminase 

1769945_at SRP40 YKR092C 2.91 Nucleolar protein with a role in preribosome assembly 

1779254_at BUD23 YCR047C 2.96 Protein involved in bud-site selection 

1771392_at FRE1 YLR214W 3.09 Ferric reductase reducing siderophore-bound iron 

1779309_at ARG1 YOL058W 3.31 Arginosuccinate synthetase forming L-argininosuccinate 

1777714_at DIP5 YPL265W 3.33 Dicarboxylic amino acid permease 

1773727_at IRC7 YFR055W 3.38 Cystathionine β-lyase involved in Cu and S metabolism 
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A.9.  Nutrient addition during fermentation in M2 at 12.5°C 

The results in Chapter 4, Section 4.7 showed that expression levels of genes in four major 

nutrient pathways were influenced during cold fermentation in M2.  These were nitrogen, 

iron/copper, sulfur and vitamins.  Therefore, increased concentrations of nitrogen, 

iron/copper, sulfur and vitamins were added in nine different combinations to 07 SB juice 

(1:9 ratio, as described in Chapter 2, Section 2.3.3, Table 2-6).  M2 was fermented at 12.5°C 

in 8-mL volumes of the nine nutrient combinations.  Weight loss (g) and cell numbers were 

measured during fermentation to determine whether increased concentrations of these 

nutrient groups affect yeast fermentation rate and/or cell numbers at 12.5°C.   

The Vmax for each nutrient addition in Figure A-3 shows that nutrient additions had no 

significant effect on the fermentation rate of M2 at 12.5°C, except that the addition of extra 

magnesium reduced Vmax relative to the control.   

 

Figure A-3:  Maximal rate (Vmax) of weight loss (dCO2/dt) at 12.5°C in 8-mL nutrient addition 

fermentations using the M2 wine yeast.  SB juice = J, vitamins = Vit, iron = Fe, nitrogen = N, magnesium 

= Mg, sulfate = SO4 and copper = Cu.  Samples not connected by the same letter are significantly different 

(ANOVA, Tukey’s HSD); n = 3. 

Live cell counts were taken at 2 % and 70 % total weight loss, corresponding to exp and stat 

as used for gene expression analysis during the 12.5°C fermentation.  Cell numbers were 

expected to be lower than those in the microarray ferments due to the dilution of the SB juice 

by 10 %.  The live cell counts in Figure A-4 did not show any significant effect of nutrient 

addition on M2 numbers at exp or at stat. 
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Figure A-4:  Live cell numbers (cells mL
-1

) at 12.5°C in 8-mL nutrient addition fermentations using the 

M2 wine yeast at early fermentation (red) and mid-late fermentation (grey).  SB juice = J, vitamins = Vit, 

iron = Fe, nitrogen = N, magnesium = Mg, sulfate = SO4 and copper = Cu.  Samples not connected by the 

same letter are significantly different (ANOVA, Tukey’s HSD); n = 3. 

The increased concentrations of nitrogen, vitamins, iron/copper and sulfur had no effect on 

the fermentation rate or cell titre of M2 at 12.5°C, suggesting that these nutrients are not 

limiting during cold fermentation.  Only the addition of extra magnesium significantly 

reduced Vmax compared to the control.  This result was unexpected, since magnesium (MgCl2) 

was included in the experiment as a control for the chloride group from the iron treatment 

(FeCl2).  It is possible that magnesium homeostasis has an effect on cold fermentation, as 

previously indicated by the upregulation of LPE10, encoding a mitochondrial magnesium 

transporter at exp stat at 12.5°C compared to 25°C (Appendix A.5 and A.8).  However, since 

comparable fermentations at 25°C were not performed, it is also possible that the 10 x 

increase in magnesium ions was too high for optimal fermentation, and that this difference is 

not related to temperature.   
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A.10.  Genes differentially expressed between the four F1 hybrids against 

M2 at 12.5°C 

Table A-5:  Differentially expressed genes between the four F1 hybrids (M2xY55, M2xS288c, M2xL-1528 

and M2xBC187) against the M2 parent at early fermentation (exp), 12.5°C.  Upregulated genes = red; 

downregulated = blue. 

Identifier  Gene 

name  

ORF Average fold 

change in F1’s 

Function 

1778103_at YHB1 YGR234W 13.90 Nitric oxide oxidoreductase, induced in oxidative stress 

1772057_s_at COS7 YDL248W 13.57 Unknown 

1770692_at PHO84 YML123C 7.84 High-affinity inorganic phosphate (Pi) transporter 

1778053_at YRO2 YBR054W 6.76 Chaperone, transcriptionally regulated by Haa1p 

1772229_at PIR3 YKL163W 4.29 Cell wall protein, cell wall stability 

1778479_at CHA1 YCL064C 3.93 L-serine/L-threonine deaminase for degradation 

1773450_at GIS3 YLR094C 2.97 Unknown 

1773506_at NA YLR173W 2.75 Unknown 

1779254_at BUD23 YCR047C 2.28 Methyltransferase, rRNA processing 

1777077_at CWC25 YNL245C 2.35 Pre-mRNA splicing factor 

1778319_at PCL1 YNL289W 2.45 Cyclin, regulation of polarized growth and cell cycle 

1778434_at SRN2 YLR119W 2.59 Ubiquitin-dependent protein sorting into endosome 

1777630_at URA1 YKL216W 2.60 Dihydroorotate dehydrogenase 

1770142_at URA3 YEL021W 2.61 Orotidine-5'-phosphate decarboxylase 

1778079_at BTN2 YGR142W 3.19 v-SNARE binding protein, protein retrieval from Golgi 

1772950_at NOP6 YDL213C 3.37 Putative RNA-binding protein, ribosome biogenesis 

1771868_at NA YOR385W 4.21 Unknown 

1778317_at ADH4 YGL256W 4.56 Alcohol dehydrogenase isoenzyme type IV 

1775610_s_at HMRA2 YCR096C 4.74 Silenced copy of a2 at HMR, inhibits expression of HO 

1770347_at NA YCR007C 5.07 Putative integral membrane protein, uncharacterised 

1779759_at RSM27 YGR215W 5.15 Mitochondrial ribosomal protein of the small subunit 

1771791_s_at NA NA 5.54 Unknown 

 

Table A-6:  Differentially expressed genes between the four F1 hybrids (M2xY55, M2xS288c, M2xL-1528 

and M2xBC187) against the M2 parent at mid-late fermentation (stat), 12.5°C.  Upregulated genes = red; 

downregulated = blue.  One of the downregulated genes at stat, YNL034W, had two M-values generated, 

as there were two probes for this gene.  Genes in bold are fully deleted in M2. 

Identifier  Gene 

name  

ORF Average fold 

change in F1’s 

Function 

1772057_s_at COS7 YDL248W 23.38 Unknown 

1772737_s_at NA YBL111C 13.89 Helicase-like protein, uncharacterised 

1778486_at SIM1 YIL123W 6.48 Protein of the SUN family involved in DNA replication 

1770981_at QDR2 YIL121W 5.30 Multidrug transporter; potassium uptake 

1773450_at GIS3 YLR094C 5.28 Unknown 

1770542_at CIS3 YJL158C 5.11 Mannose-containing glycoprotein of the cell wall 

1777143_s_at SOR2 YDL246C 5.03 Unknown; possibly fructose or mannose metabolism 

1776191_at NA YLR281C 4.80 Unknown 

1773640_at BAP3 YDR046C 4.51 Amino acid permease for cys, leu, iso and val uptake 
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1774944_s_at MPH2 YDL247W 4.31 α-glucoside permease, transports maltose, maltotriose 

1779613_at GTT2 YLL060C 3.39 Glutathione S-transferase capable of homodimerization 

1770162_x_at DAN3 YBR301W 3.12 Cell wall mannoprotein, anaerobically-induced 

1773573_at GNP1 YDR508C 3.03 High-affinity glutamine permease 

1769331_at STE20 YHL007C 2.45 Kinase for pheromone and pseudohyphal responses 

1777881_at YKE4 YIL023C 2.26 Zinc transporter, leads to zinc accumulation in cytosol 

1776697_at TRM7 YBR061C 2.23 2'-O-ribose methyltransferase 

1775868_s_at HXT17 YNR072W 2.44 Hexose transporter, repressed by high levels of glucose 

1772766_at NA YJL136W-A 2.44 Unknown 

1773734_at RCN1 YKL159C 2.47 Calcineurin regulation during calcium signalling 

1769759_at NA YFL067W 2.49 Unknown 

1773608_at CDA1 YLR307W 2.54 Chitin deacetylase, biosynthesis of chitosan in spore wall 

1778620_at HXT14 YNL318C 2.57 Hexose transporter, induced in low glucose 

1770843_at IRC10 YOL015W 2.58 Unknown 

1779724_at NA YER128W 2.59 Vacuolar sorting, localises to endosomes 

1774922_at NA YLR406C-A 2.71 Unknown 

1770651_at NA YBR296C-A 2.71 Unknown 

1775953_s_at NA YNL034W 2.72 Unknown 

1776087_at ECM12 YHR021W-A 2.78 Unknown, possibly cell wall biosynthesis 

1777587_at NA YPR159C-A 2.82 Unknown 

1774592_at SPS4 YOR313C 2.85 Protein induced during sporulation 

1776107_at NA YBR298C-A 2.85 Unknown 

1777311_at ASG1 YIL130W 2.90 Zinc cluster protein, transcriptional regulator of stress 

1777782_at NA YOR304C-A 2.91 Unknown 

1777184_at NA YFR012W 3.04 Unknown 

1779659_at NA YBR056W-A 3.04 Unknown 

1774245_at NA YFR012W-A 3.05 Unknown 

1780106_at NA YAL018C 3.13 Unknown 

1770179_at PRM10 YJL108C 3.30 Pheromone-regulated protein, involved in mating 

1770503_at FYV5 YCL058C 3.30 Regulation of the mating pathway, killer toxin survival 

1771529_at ARO10 YDR380W 3.35 Phenylpyruvate decarboxylase 

1775588_at NA YGR035W-A 3.37 Unknown 

1778271_at ROX1 YPR065W 3.47 Heme-dependent repressor of hypoxic genes 

1778185_at STL1 YDR536W 3.50 Glycerol/proton symporter of the plasma membrane 

1774259_at NA YOR387C 3.53 Unknown, regulated by Aft1p and induced in low zinc 

1771809_at NA YJL052C-A 3.53 Unknown 

1771853_at NA YGL041C-B 3.53 Unknown 

1773562_at NA YNL034W 3.54 Unknown 

1770924_at JLP2 YMR132C 3.56 Unknown 

1774845_at SMA2 YML066C 3.70 Meiosis-specific prospore membrane protein 

1774534_at NA YNL130C-A 3.70 Unknown 

1770587_at NA YLR307C-A 3.71 Unknown 

1776524_at NA YBL028C 3.74 Unknown, may interact with ribosomes 

1771143_at CYB2 YML054C 3.77 Cytochrome b2; repressed by anaerobic conditions 

1771934_at NA YOR365C 3.88 Unknown 

1774775_at SSP1 YHR184W 3.92 Control of meiotic nuclear division 

1777872_at NA YML037C 3.95 Unknown, has characteristics of a transcription factor 

1771363_at RTA1 YGR213C 3.96 7-aminocholesterol resistance, induced under low heme 

1769531_at NA YGL138C 3.98 Unknown 
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1775251_at MIP6 YHR015W 4.02 Putative RNA-binding protein, nuclear mRNA export 

1774820_at NA YOR287C 4.05 Component of 90S preribosomes 

1770850_at NA YHR214C-D 4.25 Unknown 

1777630_at URA1 YKL216W 4.30 Dihydroorotate dehydrogenase 

1778585_at GAT3 YLR013W 4.32 Protein containing GATA family of zinc finger motifs 

1774074_s_at VBA3 YCL069W 4.56 Permease of basic amino acids in vacuolar membrane 

1777646_at SPO75 YLL005C 4.63 Spore wall formation during sporulation 

1777536_at NA YGR067C 4.67 Unknown 

1774328_at NA YPR108W-A 4.77 Unknown 

1770015_at NA YOR011W-A 4.77 Unknown 

1773293_at NA YHR214C-E 4.84 Unknown 

1777779_at CSM4 YPL200W 4.85 Accurate chromosome segregation during meiosis 

1774523_at NA YGR226C 5.18 Unknown 

1777913_at NA YPL152W-A 5.32 Unknown 

1771791_s_at NA NA 5.54 Unknown 

1778824_at NA YJL049W 5.85 Unknown 

1774863_at NA YLR012C 5.91 Unknown 

1772751_at NA YBL008W-A 6.02 Unknown 

1773104_s_at NA YBL005W-A 6.47 Retrotransposon TYA Gag gene 

1774946_s_at NA YAR064W 6.94 Unknown 

1777726_at MER1 YNL210W 7.22 Meiosis-specific mRNA splicing 

1771671_at NA YDL159W-A 10.61 Unknown 

1771138_at NA YBR219C 11.17 Unknown 
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A.11.  Transcription factors differentially expressed between the four F1 

hybrids against M2 at 12.5°C 

Table A-7:  Fold expression values of 62 genes encoding transcription factors (TFs) in the F1 hybrids at 

early fermentation (exp) and mid-late fermentation (stat) against the M2 parent for genes that were 

differentially regulated in one or more samples (≥ 2-fold and with a BH cut-off of < 0.05 = bold).  

Upregulated genes = red; downregulated = blue.  The list was obtained using the YEASTRACT database 

and only TFs that had influenced ≥ 1 % of their known target genes in the contrasts measured were 

included.   

Identifier  Gene 

name  

ORF MxY 

Exp 

MxS 

Exp 

MxL 

Exp 

MxB 

Exp 

MxY 

Stat 

MxS 

Stat 

MxL 

Stat 

MxB 

Stat 

1776183_at ADR1 YDR216W 1.50 1.01 1.70 1.49 1.89 4.99 1.08 1.78 

1778752_at ARG80 YMR042W 2.01 6.01 4.89 3.86 1.06 1.26 2.20 2.53 

1776638_at ARR1 YPR199C 1.69 1.12 1.55 1.57 2.38 1.34 1.22 1.31 

1772030_at ASH1 YKL185W 1.55 2.06 2.27 2.05 1.42 2.65 1.11 1.00 

1775766_at AZF1 YOR113W 1.24 1.05 3.14 2.83 2.06 1.99 2.70 2.42 

1770483_at CAT8 YMR280C 1.41 2.72 1.50 1.75 1.42 1.63 1.05 1.15 

1773610_at CBF1 YJR060W 1.14 1.50 1.43 1.22 2.22 2.58 1.66 1.75 

1770566_at CIN5 YOR028C 1.04 1.51 1.37 1.11 1.84 3.37 1.24 1.05 

1773109_at DAL80 YKR034W 1.15 1.41 1.55 1.68 2.87 5.13 1.25 3.15 

1771154_at DAL81 YIR023W 1.98 2.33 3.09 2.17 1.45 1.88 1.69 1.99 

1771100_at FZF1 YGL254W 1.56 2.90 1.80 1.66 1.07 1.70 1.11 1.19 

1776687_at GAT1 YFL021W 1.29 1.71 1.13 1.07 1.49 1.12 2.04 1.03 

1778585_at GAT3 YLR013W 1.07 3.13 1.46 1.52 3.52 3.79 5.62 4.63 

1779792_at GAT4 YIR013C 2.25 1.52 2.07 2.35 2.28 1.52 1.64 1.27 

1772516_at GIS1 YDR096W 1.31 1.06 1.97 1.71 1.82 3.86 1.08 1.03 

1770489_at GLN3 YER040W 1.00 1.26 2.21 1.72 1.13 1.32 1.60 1.16 

1777544_at HAC1 YFL031W 1.52 2.37 3.93 10.90 3.10 2.06 17.95 18.74 

1775441_at HAP4 YKL109W 1.00 1.29 1.21 1.40 1.61 3.98 1.76 1.55 

1776063_at HAP5 YOR358W 1.01 2.01 1.18 1.12 1.35 1.31 1.34 1.40 

1772793_at HCM1 YCR065W 1.29 1.42 4.72 4.60 1.12 1.07 2.57 2.38 

1770458_at HMS1 YOR032C 1.01 1.40 1.46 1.16 1.17 1.76 2.45 2.29 

1778550_at HMS2 YJR147W 1.37 1.09 3.11 2.63 1.73 1.11 2.56 2.70 

1772566_at IME1 YJR094C 1.12 3.04 1.60 1.68 2.66 2.35 2.04 1.49 

1774084_at INO2 YDR123C 1.01 2.34 1.01 1.11 1.26 1.34 1.29 1.22 

1774516_at INO4 YOL108C 1.46 1.31 2.20 1.81 1.14 1.19 1.13 1.11 

1775823_at MAC1 YMR021C 1.16 1.27 2.08 1.79 1.16 1.07 1.85 1.53 

1774430_at MAL33 YBR297W 1.08 2.10 1.87 1.45 1.15 1.56 2.91 1.27 

1770949_at MCM1 YMR043W 1.13 1.03 1.97 1.52 1.07 2.44 1.96 1.57 

1780163_at MET28 YIR017C 0.83 1.17 1.47 1.52 1.41 1.29 3.47 2.43 

1778783_at MET31 YPL038W 1.13 1.25 1.52 1.78 1.56 2.46 1.15 1.04 

1769750_at MET32 YDR253C 2.19 2.56 3.58 3.57 1.08 1.16 1.23 1.52 

1775713_at MET4 YNL103W 1.09 1.76 2.07 1.68 1.18 1.45 1.09 1.35 

1778380_at MGA1 YGR249W 1.37 2.96 4.14 1.41 3.50 6.07 1.98 4.11 

1778177_at MIG1 YGL035C 1.36 2.33 2.69 1.41 1.32 3.41 1.68 1.53 

1769796_at NDT80 YHR124W 1.63 1.26 1.70 1.92 3.02 3.11 1.57 1.64 

1771435_at NRG1 YDR043C 1.23 1.63 2.19 1.70 1.25 2.44 1.07 1.30 
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1773931_at NRG2 YBR066C 2.22 1.87 2.66 2.28 3.20 5.46 1.26 1.23 

1770424_at PDR1 YGL013C 1.09 1.74 1.65 1.60 1.18 1.34 2.19 1.55 

1779706_at PDR3 YBL005W 1.03 1.01 1.06 1.21 1.04 2.34 1.16 1.02 

1778312_at PHD1 YKL043W 1.35 1.34 1.79 1.31 3.72 3.35 1.82 1.46 

1777797_at PHO4 YFR034C 1.25 1.32 1.71 2.64 2.62 1.74 12.72 7.16 

1770773_at PUT3 YKL015W 1.02 1.49 1.82 1.69 1.19 1.02 2.50 1.94 

1777096_at RDS1 YCR106W 3.61 1.01 1.60 1.28 3.62 1.01 2.47 2.72 

1777211_at RFX1 YLR176C 1.37 2.45 1.53 1.45 2.12 1.83 1.42 1.32 

1769472_at RGM1 YMR182C 1.42 2.79 16.89 17.83 1.27 1.42 12.85 20.14 

1780221_at RME1 YGR044C 1.31 1.25 1.81 1.65 1.63 2.57 1.90 1.20 

1778271_at ROX1 YPR065W 1.39 1.36 1.48 1.60 3.26 3.96 3.37 3.34 

1773383_at RPH1 YER169W 1.32 1.30 1.20 1.06 1.42 2.04 1.19 1.45 

1776754_at SFL1 YOR140W 1.75 1.47 4.02 4.25 1.57 1.30 2.76 2.92 

1776332_at SFP1 YLR403W 1.32 1.02 2.44 2.79 1.08 1.29 1.76 1.99 

1775089_at SPS18 YNL204C 1.61 1.37 1.15 1.43 2.24 2.43 1.45 1.64 

1776885_at STE12 YHR084W 1.48 1.48 1.73 1.22 1.44 2.42 1.72 1.40 

1773653_at STP1 YDR463W 1.28 1.95 1.52 1.20 1.36 2.81 1.03 1.14 

1770133_at SWI4 YER111C 1.15 1.94 1.98 2.31 1.00 1.37 1.60 1.21 

1770349_at SWI5 YDR146C 2.40 1.41 2.64 1.24 1.69 1.41 1.44 1.78 

1778960_at TEC1 YBR083W 1.05 1.58 1.98 1.25 2.29 3.11 2.13 1.68 

1771222_at TOS8 YGL096W 1.96 4.26 2.76 1.90 2.23 3.07 1.05 1.13 

1771574_at UPC2 YDR213W 1.02 2.13 1.77 1.60 1.11 1.88 3.08 2.33 

1777690_at XBP1 YIL101C 2.22 1.57 1.43 2.30 2.58 5.11 1.22 1.26 

1774717_at YAP5 YIR018W 1.95 1.18 1.06 1.13 1.13 1.45 3.55 2.91 

1769586_at YAP7 YOL028C 1.00 1.65 1.66 1.12 1.36 2.37 1.16 1.27 

1775720_at YOX1 YML027W 1.39 1.01 1.04 1.25 1.29 3.27 1.23 1.28 
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A.12.  Number and percentage of target genes differentially expressed for 

62 transcription factors between the four F1 hybrids against M2 at 

12.5°C 

Table A-8:  Number and percentage (%) of differentially regulated TF target genes in F1 hybrids at early 

(exp) and mid-late (stat) fermentation against the M2 parent for 62 differentially regulated TFs, obtained 

from the YEASTRACT database.  A = Percent target genes based on total TF targets in the genome.  B = 

Percent target genes based on total number of differentially regulated genes in each contrast.  Genes 

included in the analysis were expressed ≥ 2-fold with a BH cut-off of < 0.05 in one or more samples.  Only 

TFs with ≥ 1 % differentially expressed target genes were included.  Some differentially expressed genes 

can be targets of multiple TFs.   

A  MxY 

Exp 

MxS 

Exp 

MxL 

Exp 

MxB 

Exp 

MxY 

Stat 

MxS 

Stat 

MxL 

Stat 

MxB 

Stat 

Total TF 

targets 

ADR1      131 (30%)   443 

ARG80  14 (14%) 12 (12%)    13 (13%) 13 (13%) 100 

ARR1     85 (11%)    742 

ASH1  17 (14%) 24 (20%) 17 (14%)  29 (24%)   120 

AZF1   31 (24%) 17 (13%) 19 (15%)  25 (20%) 19 (15%) 127 

CAT8  23 (20%)       117 

CBF1     24 (7%) 57 (17%)   337 

CIN5      140 (24%)   590 

DAL80     15 (19%) 18 (23%)  12 (15%) 78 

DAL81  32 (13%) 37 (15%) 24 (10%)     249 

FZF1  12 (13%)       93 

GAT1       24 (16%)  150 

GAT3  34 (18%)   17 (9%) 43 (22%) 37 (19%) 32 (17%) 193 

GAT4 6 (5%)  30 (23%) 23 (18%) 20 (16%)    128 

GIS1      87 (39%)   223 

GLN3   99 (15%)      668 

HAC1    31 (15%)   33 (15%) 28 (13%) 213 

HAP4      123 (29%)   426 

HAP5  25 (13%)       195 

HCM1   26 (10%) 27 (11%)   25 (10%) 23 (9%) 249 

HMS1        28 (13%) 221 

HMS2   9 (21%) 9 (21%)   27 (63%)  43 

IME1     7 (41%)    17 

INO2  20 (12%)       165 

INO4   98 (15%)      637 

MAC1   13 (12%)      108 

MAL33  18 (13%)     16 (12%)  136 

MCM1      89 (22%)   403 

MET28       14 (24%) 13 (22%) 59 

MET31      32 (25%)   126 

MET32   12 (12%) 9 (9%)     101 

MET4   185 (26%)      702 

MGA1  47 (16%) 45 (15%)  40 (14%) 82 (28%)  32 (11%) 291 

MIG1  43 (18%) 41 (17%)   78 (33%)   239 
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NDT80     7 (20%)    35 

NRG1   77 (19%)   109 (27%)   399 

NRG2 12 (8%)  37 (26%) 27 (19%) 19 (13%) 42 (29%)   145 

PDR1       99 (15%)  653 

PDR3      142 (26%)   547 

PHD1     60 (12%) 115 (22%)   520 

PHO4    48 (13%) 42 (11%)  57 (15%) 56 (15%) 379 

PUT3       22 (14%)  157 

RDS1 4 (9%)        47 

RFX1  71 (14%)   41 (8%)    492 

RGM1  13 (11%) 15 (13%) 13 (11%)   19 (16%) 13 (11%) 119 

RME1      80 (34%)   237 

ROX1     54 (13%) 114 (28%) 58 (14%) 44 (11%) 406 

RPH1      15 (17%)   90 

SFL1   11 (23%)    11 (23%) 7 (15%) 47 

SFP1   319 (15%) 235 (11%)     2182 

SPS18     9 (15%) 32 (54%)   59 

STE12      458 (21%)   2140 

STP1      55 (24%)   232 

SWI4    71 (12%)     614 

SWI5 10 (4%)  27 (12%)      231 

TEC1     91 (16%) 141 (25%) 97 (17%)  571 

TOS8  37 (13%) 39 (13%)  25 (9%) 54 (18%)   293 

UPC2  28 (13%)     29 (14%) 23 (11%) 208 

XBP1 21 (4%)   58 (12%) 50 (10%) 113 (23%)   501 

YAP5       79 (16%) 53 (11%) 483 

YAP7      36 (20%)   184 

YOX1      110 (24%)   462 

   

B  MxY 

Exp 

MxS 

Exp 

MxL 

Exp 

MxB 

Exp 

MxY 

Stat 

MxS 

Stat 

MxL 

Stat 

MxB 

Stat 

No. of genes 
differentially 
expressed 

178 806 858 678 467 1126 835 704 

ADR1      131 (12%)   

ARG80  14 (2%) 12 (1%)    13 (2%) 13 (2%) 

ARR1     85 (18%)    

ASH1  17 (2%) 24 (3%) 17 (3%)  29 (3%)   

AZF1   31 (4%) 17 (3%) 19 (4%)  25 (3%) 19 (3%) 

CAT8  23 (3%)       

CBF1     24 (5%) 57 (5%)   

CIN5      140 (12%)   

DAL80     15 (3%) 18 (2%)  12 (2%) 

DAL81  32 (4%) 37 (4%) 24 (4%)     

FZF1  12 (1%)       

GAT1       24 (3%)  

GAT3  34 (4%)   17 (4%) 43 (4%) 37 (4%) 32 (5%) 

GAT4 6 (3%)  30 (3%) 23 (3%) 20 (4%)    

GIS1      87 (8%)   
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GLN3   99 (12%)      

HAC1    31 (5%)   33 (4%) 28 (4%) 

HAP4      123 (11%)   

HAP5  25 (3%)       

HCM1   26 (3%) 27 (4%)   25 (3%) 23 (3%) 

HMS1        28 (4%) 

HMS2   9 (1%) 9 (1%)   27 (3%)  

IME1     7 (1%)    

INO2  20 (2%)       

INO4   98 (11%)      

MAC1   13 (2%)      

MAL33  18 (2%)     16 (2%)  

MCM1      89 (8%)   

MET28       14 (2%) 13 (2%) 

MET31      32 (3%)   

MET32   12 (1%) 9 (1%)     

MET4   185 (22%)      

MGA1  47 (6%) 45 (5%)  40 (9%) 82 (7%)  32 (5%) 

MIG1  43 (5%) 41 (5%)   78 (7%)   

NDT80     7 (1%)    

NRG1   77 (9%)   109 (10%)   

NRG2 12 (7%)  37 (4%) 27 (4%) 19 (4%) 42 (4%)   

PDR1       99 (12%)  

PDR3      142 (13%)   

PHD1     60 (13%) 115 (10%)   

PHO4    48 (7%) 42 (9%)  57 (7%) 56 (8%) 

PUT3       22 (3%)  

RDS1 4 (2%)        

RFX1  71 (9%)   41 (8%)    

RGM1  13 (2%) 15 (2%) 13 (2%)   19 (2%) 13 (2%) 

RME1      80 (7%)   

ROX1     54 (13%) 114 (10%) 58 (7%) 44 (6%) 

RPH1      15 (1%)   

SFL1   11 (1%)    11 (1%) 7 (1%) 

SFP1   319 (37%) 235 (35%)     

SPS18     9 (2%) 32 (3%)   

STE12      458 (41%)   

STP1      55 (5%)   

SWI4    71 (10%)     

SWI5 10 (6%)  27 (3%)      

TEC1     91 (19%) 141 (13%) 97 (12%)  

TOS8  37 (5%) 39 (5%)  25 (5%) 54 (5%)   

UPC2  28 (3%)     29 (3%) 23 (3%) 

XBP1 21 (12%)   58 (9%) 50 (11%) 113 (10%)   

YAP5       79 (9%) 53 (8%) 

YAP7      36 (3%)   

YOX1      110 (10%)   



Appendix A.13 – Selection of 91 genes involved in aroma biosynthesis and catabolism to correlate 
transcript changes with aroma compound concentrations 

281 
 

A.13.  Selection of 91 genes involved in aroma biosynthesis and catabolism 

to correlate transcript changes with aroma compound concentrations  

Table A-9:  List of 91 genes involved in the ester biosynthetic pathway to be correlated with aroma 

compound concentrations.  Genes were derived from: ROSSOUW et al. (2008) (#_at); Amino acid 

permeases from SGD (#_at); MOLINA et al. (2007) (#_at); STYGER et al. (2011a) (#_at); CORDENTE et al. 

(2006) (#_at); RONCORONI et al. (2011) (#_at).  Genes in bold are known to be directly involved in ester 

acetylation and conversion, e.g. acetyltransferases (AATases) and CoA:ethanol O-acyl-tranferases 

(AEATases) (LILLY et al. 2000; SAERENS et al. 2006; SWIEGERS et al. 2006; ROSSOUW et al. 2008).  Other 

genes are known to be involved in secondary metabolism, e.g. amino acid transport and precursor 

formation (transaminases, decarboxylase and dehydrogenases). 

Identifier  Gene  ORF Function 

1774749_at AAD10 YJR155W Aryl-alcohol dehydrogenase 

1780166_at AAD14 YNL331C Aryl-alcohol dehydrogenase 

1779484_at AAD3 YCR107W Aryl-alcohol dehydrogenase 

1772915_at ACS1 YAL054C Acetyl CoA synthetase 

1775276_at ACS2 YLR153C Acetyl CoA synthetase 

1774070_at ADH2 YMR303C Alcohol dehydrogenase 

1778317_at ADH4 YGL256W Alcohol dehydrogenase 

1779344_at ADH5 YBR145W Alcohol dehydrogenase 

1770754_at ADH6 YMR318C Alcohol dehydrogenase 

1777780_at ADH7 YCR105W Alcohol dehydrogenase 

1776183_at ADR1 YDR216W Alcohol dehydrogenase regulator 

1769805_at ALD3 YMR169C Aldehyde dehydrogenase 

1776624_at ALD4 YOR374W Aldehyde dehydrogenase 

1771943_at ALD5 YER073W Aldehyde dehydrogenase 

1778325_at ALD6 YPL061W Aldehyde dehydrogenase 

1769691_at ALT1 YLR089C Alanine transaminase 

1775922_at ARA2 YMR041C NAD-dependent arabinose dehydrogenase 

1777697_at ARI1 YGL157W NADPH-dependent aldehyde reductase 

1770565_at ARO1 YDR127W Pentafunctional aroM protein 

1773765_at ARO4 YBR249C 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase 

1771962_at ARO7 YPR060C Chorismate mutase 

1775974_at ARO8 YGL202W Aminotransferase 

1775479_at ARO9 YHR137W Aminotransferase 

1771529_at ARO10 YDR380W Phenylpyruvate decarboxylase 

1777925_at AYT1 YLL063C Acetyltransferase 

1777350_at BDH1 YAL060W Butanediol dehydrogenase 

1778479_at CHA1 YCL064C Catabolic L-serine deaminase 

1770032_at EEB1 YPL095C Acyl CoA:ethanol O-acyltransferase 

1775467_at ERG10 YPL028W Acetyl CoA C-acetyltransferase 

1776122_at ERG13 YML126C HMG-CoA synthase 

1774122_at FDH1/FDH2 YOR388C NAD-dependent formate dehydrogenase 

1772997_at GRE2 YOL151W 3-methylbutanal reductase 

1779275_at GRE3 YHR104W Aldose reductase 

1773720_at HAT2 YEL056W Histone acetyltransferase subunit 

1773378_at HPA3 YEL066W D-Amino acid N-acetyltransferase 

1776603_at ILV1 YER086W Threonine deaminase 
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1773900_at ILV3 YJR016C Dihydroxyacid dehydratase 

1773750_at ILV5 YLR355C Acetohydroxyacid reductoisomerase 

1779482_at ILV6 YCL009C Acetolactate synthase 

1777374_at LEU1 YGL009C Isopropylmalate isomerase 

1780138_at LEU9 YOR108W 2-isopropylmalate synthase 

1776811_at MAE1 YKL029C Malic enzyme 

1779536_at MAK3 YPR051W Acetyltransferase subunit 

1774937_at PDC5 YLR134W Pyruvate decarboxylase 

1771692_at PDC6 YGR087C Pyruvate decarboxylase 

1769342_at POT1 YIL160C 3-ketoacyl CoA thiolase  

1769952_at SFA1 YDL168W Alcohol dehydrogenase 

1778503_at TKL1 YPR074C Transketolase 

1778142_at TKL2 YBR117C Transketolase 

1778246_at TMT1 YER175C Trans-aconitate methyltransferase 

1777693_at YGL039W YGL039W Oxidoreductase 

1774888_at YJL045W YJL045W Succinate dehydrogenase isozyme 

1770123_at YJL218W YJL218W Galactoside O-acetyltransferase 

1777621_at YMR210W YMR210W Acyl CoA:ethanol O-acyltransferase 

1780148_at YPL113C YPL113C Glyoxylate reductase 

1771738_at ALP1 YNL270C Arginine transporter 

1775399_at BAP2 YBR068C Branched-chain amino acid permease 

1773640_at BAP3 YDR046C Branched-chain amino acid permease 

1776193_at TAT1 YBR069C Amino acid transporter 

1774074_s_at VBA3 YCL069W Amino acid permease 

1778141_at AGP1 YCL025C Amino acid permease 

1773859_at AGP2 YBR132C Amino acid permease 

1773737_at AGP3 YFL055W Amino acid permease 

1777714_at DIP5 YPL265W Amino acid permease 

1770480_at GAP1 YKR039W Amino acid permease 

1773573_at GNP1 YDR508C Amino acid permease 

1774040_at LYP1 YNL268W Amino acid permease 

1774026_at MUP1 YGR055W Methionine permease 

1771193_at TAT2 YOL020W Amino acid transporter 

1779593_at ATF1 YOR377W Alcohol acetyltransferase 

1771190_at ATF2 YGR177C Alcohol acetyltransferase 

1779000_at BAT1 YHR208W Aminotransferase 

1777344_at BAT2 YJR148W Aminotransferase 

1779307_at EHT1 YBR177C Acyl CoA:ethanol O-acyltransferase 

1780059_at ILV2 YMR108W Acetolactate synthase 

1769683_at LEU2 YCL018W β-isopropylmalate dehydrogenase 

1776951_at ADH1 YOL086C Alcohol dehydrogenase 

1773132_at IAH1 YOR126C Isoamyl acetate-hydrolyzing esterase 

1777237_at PDC1 YLR044C Pyruvate decarboxylase 

1772120_at ADH3 YMR083W Alcohol dehydrogenase 

1777752_at THI3 YDL080C α-ketoisocaproate decarboxylase 

1773315_at AAD6 YFL056C Aryl-alcohol dehydrogenase 

1773230_at GPD2 YOL059W Glycerol-3-phosphate dehydrogenase 

1774376_at HOM2 YDR158W Aspartic β semi-aldehyde dehydrogenase 

1777048_at OYE2 YHR179W NADPH oxidoreductase 
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1771125_at PAD1 YDR538W Phenylacrylic acid decarboxylase 

1774844_at PRO2 YOR323C γ-glutamyl phosphate reductase 

1771633_at QCR2 YPR191W Ubiquinol cytochrome-c reductase subunit 

1779597_at SPE1 YKL184W Ornithine decarboxylase 

1774377_at CAT2 YML042W Carnitine acetyl CoA transferase 

1773727_at IRC7 YFR055W β-lyase 
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A.14.  Preliminary modelling of transcripts and aroma compounds using 

Partial Least Squares (PLS) regression analysis 

PLS is a multivariate modelling method which allows two variables, X (predictor variable) 

and Y (response variable), to be correlated.  The pre-selected M-values for the gene 

transcripts were set as the X variables and the aroma concentration values were set as the Y 

variables, as shown in ROSSOUW et al. (2008).  A preliminary PLS1 plot was constructed and 

evaluated using root mean square error for predictions (RMSEP) to determine which aroma 

compounds were not amenable to modelling (poorly correlated) in the context of the 

transcriptome data.  In order to be suitable for PLS2 modelling, compounds had to have a 

slope of > 0.8 and the Y-variable explained variance had to be > 75 %.  Out of the 28 

compounds evaluated, 14 were acceptable under the selection criteria for exp and 17 for stat.  

The acetate ester, isoamyl acetate, was modelled at exp only.  Thirteen compounds were 

suitable for modelling at exp and stat:  3MH (thiol), 2-phenylethyl acetate, cis-3-hexen-1-ol 

acetate, hexyl acetate and isobutyl acetate (acetate esters), cis-3-hexen-1-ol, isobutanol and 

methionol (higher alcohols), and 2-furanoic acid ethyl ester, diethylmalate, ethyl butanoate, 

ethyl isovalerate and ethyl decanoate (ethyl esters).  The additional four compounds suitable 

for modelling at stat were:  hexan-1-ol and isoamyl alcohol (higher alcohols), ethyl 

isobutyrate (ethyl ester), and decanoic acid (fatty acid).  Once the compounds which did not 

meet selection criteria were removed, the explained Y-variable variance for the PLS plot was 

80 % for exp and 81 % for stat (both above the 75 % cut-off).  The explained variance for the 

X-variables (transcripts) was lower than the Y-variables (compounds), at 73 % for exp and 72 

% for stat.   This means that some of the gene transcripts did not correlate with any 

compounds and had correlation coefficients < 0.7.   
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A.15.  Microsatellite data for 12 F1 hybrids between M2 and 12 other strains 

Table A-10:  Microsatellite confirmation of the 12 F1 hybrid strains.  Numbers are band sizes in bp.  The 

12 loci detected correspond to 10 variable microsatellite loci and two mating type loci, MATa and MATα, 

as described in Chapter 2, Section 2.5.4, Table 2-10.  Microsatellites for the 14 parental strains were 

performed by K. Richards (this laboratory).   

Strain C3 C5 C8 C4 091c AT4 AT2 Scaat3 009c 267c α a 

M2 123 123 153 258 281 293 365 388 431 427 468 492 

M2 Ura- 123 123 153 258 281 293 365 388 431 427 468 492 

BC187 124 123 153 259 281 294 365 389 431 427 468 492 

DBVPG1106 120 148 150 262 272 286 361 404 460 434 468 492 

F15 123 146 152 259 281 292 363 385 437 439 468 492 

L-1528 120 143 153 256 272 292 361 400 446 395 468 492 

S288c 120 174 130 240 302 296 357 407 443 415 468 - 

SK1 117 119 130 308 299 271 357 372 405 424 468 492 

UWOPS05-217.3 109 148  162 309 317 274 357 414 449 373 468 492 

UWOPS05-227.2 109 148 162 312 317 274 357 413 449 373 468 492 

UWOPS83-787.3 109 119 118 279 246 278 352 386 408 412 468 492 

UWOPS87-2421 115 178 130 256 257 278 348 466 431 389 468 492 

Y55 123 119 139 309 263 276 359 372 405 424 468 492 

YPS606 108 119 139 269 252 288 344 386 414 406 468 492 

M2xBC187 123 123 149 258 254 275 361 381 431 424 468 492 

 135 138 153 262 281 293 365 388 449 427   

M2xDBVPG1106 120 122 149 259 272 285 361 488 431 427 468 492 

 123 148 153 262 281 293 365 403 460 434   

M2xF15 123 123 153 259 281 292 363 385 431 427 468 492 

 123 146 153 259 281 294 365 388 437 439   

M2xL-1528 120 123 123 256 272 292 361 388 431 395 468 492 

 123 143 153 259 281 294 365 400 446 427   

M2xS288c 121 123 130 240 281 292 357 388 431 415 468 492 

 123 174 153 258 302 296 365 407 443 427   

M2xSK1 118 119 130 259 281 272 357 372 405 424 468 492 

 123 123 153 308 300 294 365 388 431 427   

M2x05-217.3 109 123 153 258 281 273 358 388 431 372 468 492 

 123 148 162 309 320 294  365 413 449 427   

M2x05-227.2 109 123 153 259 281 274 358 388 431 373 468 492 

 123 148 162 312 320 294  365 413 449 427   

M2x83-787.3 109 118 133 259 246 278 351 386 408 412 468 492 

 123 123 153 279 281 294 365 388 431 427   

M2x87-2421 115 123 130 256 257 278 347 388 428 389 468 492 

 123 178 153 259 281 294 365 466 431 427   

M2xY55 123 119 139 258 263 276 359 372 405 424 468 492 

 123 123 153 308 281 294 365 388 431 427   

M2xYPS606 109 119 139 258 252 288 345 386 414 406 468 492 

 123 123 153 269 281 294 365 388 431 427   
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A.16.  BYxRM F1 progeny fermentation parameters 

Table A-11:  Fermentation parameters (Vmax, Amax, lag phase, final weight loss and AF time) sent to J. 

Bloom and J. Gerke (Princeton University) for linkage analysis.  F1 progeny names were denoted by 96-

well plate position and plate number, i.e. segregant 1A-2 is derived from well position 1A, in plate 2.  Two 

progeny were denoted as DO NOT USE by E. Smith (pers. comm. Princeton University) and were 

therefore excluded from linkage analysis.   

Name YLK name 

Vial 

name 

Vmax 

(dCO2/dt) 

Amax 

(d2CO2/dt
2
) 

Lag phase 

(h) 

Final weight 

loss (g) 

AF time 

(h) 

1A YLK103 1_1_d 0.0036 5.96E-05 150 0.670 420 

1B YLK145 2_7_b 0.0040 5.84E-05 120 0.758 480 

1C YLK187 5_1_d 0.0051 8.85E-05 75 0.827 445 

1D YLK235 7_1_d 0.0047 6.71E-05 95 0.763 505 

1E YLK281 8_5_b 0.0049 7.00E-05 80 0.811 395 

1F YLK335 10_4_d 0.0035 5.47E-05 75 0.778 495 

1G YLK377 14_1_b 0.0048 7.47E-05 80 0.843 515 

1H YLK427 16_1_d 0.0049 8.16E-05 90 0.814 480 

2A YLK107 1_2_d 0.0036 4.11E-05 90 0.797 510 

2B YLK146 2_7_c 0.0050 8.10E-05 115 0.829 360 

2C YLK191 5_2_d 0.0046 6.89E-05 90 0.828 430 

2D YLK238 7_2_c 0.0054 8.51E-05 85 0.830 340 

2E YLK286 8_6_c 0.0051 6.66E-05 95 0.834 405 

2F YLK336 11_1_a 0.0047 9.90E-05 95 0.853 485 

2G YLK382 14_2_c 0.0046 8.59E-05 75 0.852 495 

2H YLK428 17_1_a 0.0058 1.02E-04 90 0.866 360 

3A YLK111 1_3_d 0.0047 6.83E-05 90 0.833 480 

3B YLK147 2_7_d 0.0047 6.08E-05 110 0.856 435 

3C YLK195 5_3_d 0.0048 8.68E-05 125 0.832 375 

3D YLK243 7_3_d 0.0055 9.64E-05 100 0.832 420 

3E YLK289 8_7_b 0.0044 5.27E-05 90 0.816 430 

3F YLK343 11_2_d 0.0039 4.95E-05 100 0.781 470 

3G YLK387 14_3_d 0.0041 6.66E-05 90 0.762 480 

3H YLK435 17_2_d 0.0057 9.72E-05 90 0.833 360 

4A YLK115 1_4_d 0.0049 8.33E-05 85 0.818 415 

4B YLK151 3_1_d 0.0043 5.09E-05 85 0.819 415 

4C YLK199 5_4_d 0.0041 1.07E-04 60 0.818 535 

4D YLK246 7_4_c 0.0048 7.29E-05 105 0.827 465 

4E YLK295 9_1_d 0.0051 1.15E-04 70 0.849 450 

4F DO NOT USE  - 0.0037 5.73E-05 85 0.756 535 

4G YLK388 14_4_a 0.0051 9.90E-05 90 0.850 410 

4H YLK436 17_4_a 0.0060 1.00E-04 85 0.856 295 

5B YLK155 3_2_d 0.0042 9.77E-05 100 0.826 490 

5C YLK203 5_5_d 0.0048 8.10E-05 90 0.820 480 

5D YLK251 7_5_d 0.0047 7.15E-05 85 0.851 460 

5E YLK299 9_2_d 0.0045 6.54E-05 95 0.815 495 

5F YLK345 11_3_b 0.0055 8.59E-05 65 0.847 395 

5G YLK393 14_5_b 0.0047 7.38E-05 80 0.844 465 

5H YLK441 17_5_b 0.0050 8.45E-05 90 0.842 405 
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6A YLK118 1_5_c 0.0057 1.02E-04 90 0.874 420 

6B YLK159 3_3_d 0.0045 6.51E-05 80 0.791 510 

6C YLK207 6_1_d 0.0035 4.75E-05 100 0.744 300 

6D YLK254 7_6_c 0.0061 8.45E-05 100 0.845 490 

6E YLK303 9_3_d 0.0042 6.90E-05 50 0.809 570 

6F YLK351 12_1_d 0.0039 6.25E-05 90 0.806 500 

6G YLK399 14_6_d 0.0041 7.18E-05 90 0.783 480 

6H YLK447 18_1_d 0.0037 6.51E-05 75 0.795 495 

7A YLK127 2_2_d 0.0058 8.97E-05 110 0.822 390 

7B YLK163 3_4_d 0.0043 7.52E-05 85 0.837 415 

7C YLK209 6_2_b 0.0032 4.51E-05 105 0.704 445 

7D YLK258 7_7_c 0.0051 8.51E-05 90 0.824 480 

7E YLK307 9_4_d 0.0036 3.94E-05 85 0.771 535 

7F YLK353 12_2_b 0.0043 6.42E-05 90 0.804 480 

7G YLK402 14_7_c 0.0040 1.17E-04 65 0.792 480 

7H YLK451 18_2_d 0.0049 6.13E-05 90 0.830 430 

8A YLK131 2_3_d 0.0047 8.04E-05 95 0.843 450 

8B YLK167 3_5_d 0.0039 6.60E-05 85 0.815 485 

8C YLK214 6_3_c 0.0050 1.07E-04 65 0.852 505 

8D YLK263 7_8_d 0.0050 9.26E-05 90 0.861 410 

8E YLK311 9_5_d 0.0049 8.39E-05 120 0.819 430 

8F YLK356 13_1_a 0.0031 4.98E-05 95 0.732 475 

8G YLK407 15_2_d 0.0046 7.38E-05 95 0.727 425 

8H YLK455 18_3_d 0.0044 7.12E-05 85 0.825 455 

9A YLK132 2_4_a 0.0052 9.20E-05 90 0.855 480 

9B YLK170 4_1_c 0.0049 7.93E-05 95 0.857 425 

9C YLK219 6_4_d 0.0051 6.77E-05 70 0.857 450 

9D YLK264 8_1_a 0.0051 7.58E-05 115 0.842 430 

9E YLK315 9_6_d 0.0048 7.18E-05 120 0.813 425 

9F YLK362 13_2_c 0.0049 1.19E-04 130 0.854 390 

9G YLK409 15_3_b 0.0058 8.45E-05 85 0.844 365 

9H YLK458 18_4_c 0.0048 7.12E-05 90 0.849 430 

10A YLK139 2_5_d 0.0047 7.52E-05 90 0.836 500 

10B YLK172 4_2_a 0.0033 4.98E-05 70 0.768 480 

10C YLK223 6_5_d 0.0042 5.56E-05 90 0.799 480 

10D YLK271 8_2_d 0.0050 8.10E-05 115 0.858 405 

10E YLK319 9_7_d 0.0045 6.66E-05 115 0.830 450 

10F YLK365 13_3_b 0.0047 6.89E-05 110 0.851 460 

10G YLK415 15_4_d 0.0043 4.34E-05 95 0.842 495 

10H YLK463 18_6_d 0.0043 5.79E-05 105 0.841 465 

11A YLK143 2_6_d 0.0039 5.32E-05 100 0.840 420 

11B YLK179 4_3_d 0.0044 6.02E-05 130 0.846 415 

11C YLK227 6_6_d 0.0048 8.56E-05 90 0.850 430 

11D YLK272 8_3_a 0.0054 8.22E-05 95 0.877 355 

11E YLK322 10_1_c 0.0032 3.65E-05 125 0.728 445 

11G YLK417 15_5_b 0.0039 7.64E-05 90 0.780 480 

12A YLK144 2_7_a 0.0044 6.37E-05 90 0.824 480 

12B YLK183 4_4_d 0.0038 4.80E-05 105 0.794 485 

12C YLK231 6_7_d 0.0042 7.75E-05 90 0.853 500 
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12D YLK278 8_4_c 0.0041 5.79E-05 95 0.824 475 

12E YLK327 10_2_d 0.0053 7.55E-05 65 0.849 455 

12F YLK374 13_5_c 0.0045 8.39E-05 85 0.826 485 

12G YLK422 15_6_c 0.0041 7.03E-05 45 0.858 475 

12H DO NOT USE  - 0.0041 9.90E-05 35 0.859 485 

1A-2 YLK466 19_1_c 0.0044 8.56E-05 85 0.836 485 

1B-2 YLK515 21_3_d 0.0053 8.62E-05 95 0.850 425 

1C-2 YLK571 25_3_d 0.0047 8.51E-05 100 0.854 470 

2A-2 YLK470 19_2_c 0.0042 6.08E-05 90 0.768 455 

2B-2 YLK519 21_4_d 0.0051 9.09E-05 95 0.835 405 

2C-2 YLK575 25_4_d 0.0043 7.12E-05 80 0.795 490 

3A-2 YLK474 19_3_c 0.0041 8.20E-05 75 0.797 545 

3B-2 YLK522 21_5_c 0.0053 9.32E-05 85 0.848 415 

3C-2 YLK583 26_1_d 0.0043 8.80E-05 80 0.807 515 

4A-2 YLK477 19_4_b 0.0049 6.94E-05 110 0.829 460 

4B-2 YLK527 22_1_d 0.0052 6.71E-05 75 0.855 375 

4C-2 YLK587 26_2_d 0.0045 7.55E-05 70 0.806 470 

5A-2 YLK481 19_5_b 0.0046 7.12E-05 90 0.830 430 

5B-2 YLK531 22_2_d 0.0040 5.50E-05 100 0.840 420 

5C-2 YLK591 26_3_d 0.0044 7.81E-05 90 0.850 430 

6A-2 YLK487 20_1_d 0.0036 4.28E-05 70 0.763 450 

6B-2 YLK533 22_3_b 0.0042 6.37E-05 80 0.797 510 

7A-2 YLK491 20_2_d 0.0047 7.93E-05 75 0.866 425 

7B-2 YLK539 22_4_d 0.0051 5.96E-05 80 0.873 390 

8A-2 YLK494 20_3_c 0.0049 6.66E-05 105 0.853 395 

8B-2 YLK543 22_5_d 0.0044 7.29E-05 145 0.819 455 

9A-2 YLK498 20_4_c 0.0050 7.23E-05 130 0.788 440 

9B-2 YLK551 23_3_d 0.0052 5.73E-05 95 0.856 305 

9C-2 YLK330 10_3_c 0.0053 6.42E-05 105 0.861 345 

10A-2 YLK503 20_5_d 0.0040 5.38E-05 105 0.794 465 

10B-2 YLK559 23_5_d 0.0037 7.81E-05 100 0.811 490 

11A-2 YLK507 21_1_d 0.0031 4.43E-05 105 0.804 485 

11B-2 YLK563 24_1_d 0.0041 4.80E-05 105 0.837 465 

12A-2 YLK511 21_2_d 0.0037 5.38E-05 105 0.845 465 

12B-2 YLK567 25_1_d 0.0044 7.06E-05 85 0.850 435 

RM11-1a - - 0.0037 6.60E-05 85 0.835 460 

S288c - - 0.0021 3.91E-05 60 0.672 560 
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A.17.  SWH1 and FLO1 Clustal alignments for S288c (BY) and RM11 (RM) 

 

N.B.  Nucleotides with red font represent the regions containing start and stop codons.   

SWH1 - CLUSTAL 2.0.12 multiple sequence alignment 

 

 

RM11_SWH1       GTTTATGCTGAGTTTTTGCGCATCAATATTATTTTTACTACTACTAATACTACTACTAC- 59 

S288c_SWH1      GTTTATGCTGAGTTTTTGCGCATCAATATTATTTTTACTACTACTACTACTACTACTACT 60 

                ********************************************** ************  

 

RM11_SWH1       -----ATACTATTAAATATACTAAAAATAAGAGGAAAACGCTTTGGAAGTGACTGGCGCC 114 

S288c_SWH1      ACTACATACTATTAAATATACTAA--ATAAGAGGAAAACGCTTTGGAAGTGACTGGCGCC 118 

                     *******************  ********************************** 

 

RM11_SWH1       GCCGCTGGCTACTATAATAGCAGCGACTGTAATTTAATCTCATCCCGTCGTTCGCATTAC 174 

S288c_SWH1      GCCGCTGGCTACTATAATAGCAGCGACTGTAATTTAATCTCATCCCGTCGTTTGGATTAC 178 

                **************************************************** * ***** 

 

RM11_SWH1       CTCTTTTACTCGCCGAGCGAACGTGCACCAAAAAAGGAAAGGAAAAAAAGAAAAAAAAAG 234 

S288c_SWH1      CTCTTTTACTCGCCGAGCGAACGTGCACCAAAAAGGGAAAGGAAAAAAAGAAAAAAAAAG 238 

                ********************************** ************************* 

 

RM11_SWH1       GAAAAAGGAAACTCAAAACTTGGATAAATAGAAGCATTCAAACTAAATTAAACTGCAAAA 294 

S288c_SWH1      GAAAAAGGAAACTCAAAACTTGGATAAATAGAAGCACTCAAACTAAATTAAACTGCCAAA 298 

                ************************************ ******************* *** 

 

RM11_SWH1       AAAAAAAAAAAAAAAATAAAAAGGGAAAAGTTTAAACATCAAAGTACACCTTTCACCCCT 354 

S288c_SWH1      AAAAAAAA-----AAATAAAAAGGGAAAAGTTTAAACATCAAAGTACACCTTTCACCCCT 353 

                ********     *********************************************** 

 

RM11_SWH1       CCACACACTATGGAACAACCTGATCTATCGTCTGTGGCCATCAGTAAGCCGCTGCTGAAG 414 

S288c_SWH1      CCACACACCATGGAACAACCTGATCTATCGTCTGTGGCCATCAGTAAGCCGCTGCTGAAG 413 

                ******** *************************************************** 

 

RM11_SWH1       TTGAAACTTCTCGACGCCCTTCGTCAGGGAAGTTTCCCCAACCTACAAGATCTCCTAAAG 474 

S288c_SWH1      TTGAAACTTCTCGACGCCCTTCGCCAGGGAAGTTTCCCCAACCTACAAGATCTCCTAAAG 473 

                *********************** ************************************ 

 

RM11_SWH1       AAACAATTCCAGCCGCTAGACGACCCAAACGTCCAACAAGTGCTCCATCTCATGCTCCAC 534 

S288c_SWH1      AAACAATTCCAGCCGCTAGACGACCCAAACGTCCAACAAGTGCTCCATCTCATGCTCCAC 533 

                ************************************************************ 

 

RM11_SWH1       TATGCTGTGCAAGTCGCCCCCATGGCTGTCATAAAGGAAATCGTCCATCATTGGGTCTCA 594 

S288c_SWH1      TATGCCGTGCAAGTCGCCCCCATGGCTGTCATAAAGGAAATCGTCCATCATTGGGTCTCA 593 

                ***** ****************************************************** 

 

RM11_SWH1       ACTACAAACACCACTTTTCTAAACATCCATCTTGATCTAAACGAACGGGACTCCAACGGC 654 

S288c_SWH1      ACTACAAACACCACTTTTCTAAACATCCATCTTGATCTAAACGAACGGGACTCCAACGGC 653 

                ************************************************************ 

 

RM11_SWH1       AACACCCCATTGCACATCGCCGCCTACCAGTCCCGCGGTGATATAGTAGCCTTCCTCCTG 714 

S288c_SWH1      AACACCCCATTGCACATCGCCGCCTACCAGTCCCGCGGTGATATCGTAGCCTTCCTCCTG 713 

                ******************************************** *************** 

 

RM11_SWH1       GACCAACCAACCATCAACGACTGCGTGCTCAACAACTCCCACTTGCAGGCCATCGAAATG 774 

S288c_SWH1      GACCAACCAACCATCAACGACTGCGTGCTCAACAACTCCCACTTGCAGGCCATCGAAATG 773 

                ************************************************************ 

 

RM11_SWH1       TGCAAGAACCTAAACATCGCGCAGATGATGCAGGTGAAACGCTCCACATACGTTGCAGAG 834 

S288c_SWH1      TGCAAGAACCTAAACATCGCGCAGATGATGCAGGTGAAACGCTCCACATACGTTGCAGAG 833 

                ************************************************************ 

 

RM11_SWH1       ACCGCCCAGGAATTCAGAACAGCTTTTAACAACAGGGACTTCGGCCACCTAGAATCTATC 894 

S288c_SWH1      ACCGCCCAGGAATTCAGAACAGCTTTTAACAACAGGGACTTCGGCCACCTAGAATCTATC 893 

                ************************************************************ 

 

RM11_SWH1       CTCTCCAGCCCTCGAAACGCAGAACTGCTCGACATCAACGGTATGGACCCGGAGACTGGC 954 

S288c_SWH1      CTCTCCAGCCCTCGAAACGCAGAACTGCTCGACATCAACGGTATGGACCCGGAGACTGGC 953 

                ************************************************************ 
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RM11_SWH1       GATACCGTTCTGCACGAATTCGTCAAGAAAAGAGACGTCATCATGTGCCGCTGGTTGCTT 1014 

S288c_SWH1      GATACCGTTCTGCACGAATTCGTCAAGAAAAGAGACGTCATCATGTGCCGTTGGTTGCTT 1013 

                ************************************************** ********* 

 

 

RM11_SWH1       GAACACGGTGCTGACCCCTTCAAGAGAGACCGCAAGGGCAAACTGCCCATCGAGCTCGTT 1074 

S288c_SWH1      GAACACGGTGCTGACCCCTTCAAGAGAGACCGCAAGGGCAAACTGCCCATCGAGCTCGTT 1073 

                ************************************************************ 

 

RM11_SWH1       AGGAAAGTCAATGAAAACGACACCGCCACCAACACCAAGATCGCCATCGACATCGAACTG 1134 

S288c_SWH1      AGGAAAGTCAATGAAAACGACACCGCCACCAACACCAAGATCGCCATCGACATCGAACTG 1133 

                ************************************************************ 

 

RM11_SWH1       AAAAAACTATTGGAAAGGGCCACCAGGGAGCAAAGTGTCATCGACGTCACAAACAACAAC 1194 

S288c_SWH1      AAAAAACTATTGGAAAGGGCCACCAGGGAGCAAAGTGTCATCGACGTCACAAACAACAAC 1193 

                ************************************************************ 

 

RM11_SWH1       TTACACGAGGCCCCCACTTACAAAGGCTACCTGAAAAAATGGACCAACTTTGCTCAAGGC 1254 

S288c_SWH1      TTGCACGAGGCCCCCACTTACAAAGGCTACCTGAAAAAATGGACCAACTTCGCTCAAGGC 1253 

                ** *********************************************** ********* 

 

RM11_SWH1       TACAAATTGCGTTGGTTCATCCTTAGTAGCGATGGGAAACTATCCTACTACATCGATCAG 1314 

S288c_SWH1      TACAAATTGCGTTGGTTCATCCTTAGTAGCGATGGGAAACTATCCTACTACATCGATCAG 1313 

                ************************************************************ 

 

RM11_SWH1       GCCGACACTAAGAATGCCTGCAGGGGCTCCCTAAACATGTCTTCGTGCTCTCTGCATTTG 1374 

S288c_SWH1      GCCGACACTAAGAATGCCTGCAGGGGCTCCCTAAACATGTCTTCGTGCTCTCTGCATTTG 1373 

                ************************************************************ 

 

RM11_SWH1       GATTCGTCTGAAAAGTTGAAATTCGAAATTATCGGCGGTAACAACGGTGTTATCAGGTGG 1434 

S288c_SWH1      GATTCGTCTGAAAAGTTGAAATTCGAAATTATCGGCGGTAACAACGGTGTTATCAGGTGG 1433 

                ************************************************************ 

 

RM11_SWH1       CATTTAAAGGGGAACCACCCCATCGAGACAAATAGATGGGTTTGGGCCATCCAGGGCGCC 1494 

S288c_SWH1      CATTTAAAGGGGAACCACCCCATCGAGACAAATAGATGGGTTTGGGCCATCCAGGGCGCC 1493 

                ************************************************************ 

 

RM11_SWH1       ATAAGATACGCAAAGGACAGAGAAATTTTGCTGCACAATGGCCCCTATTCGCCTTCTCTG 1554 

S288c_SWH1      ATAAGATACGCAAAGGACAGAGAAATTTTGCTGCACAATGGCCCCTATTCGCCTTCTCTG 1553 

                ************************************************************ 

 

RM11_SWH1       GCCTTAAGCCATGGCTTGTCATCCAAAGTGTCCAATAAAGAAAACTTGCATGCAACTTCA 1614 

S288c_SWH1      GCCTTAAGCCATGGCTTGTCATCCAAAGTGTCCAATAAAGAAAACTTGCATGCAACTTCA 1613 

                ************************************************************ 

 

RM11_SWH1       AAACGGTTGACCAAGAGCCCGCATCTGTCCAAATCCACACTGACACAAAACGATCACGAT 1674 

S288c_SWH1      AAACGGTTGACCAAGAGCCCGCATCTGTCCAAATCCACACTGACACAAAACGATCACGAT 1673 

                ************************************************************ 

 

RM11_SWH1       AATGACGATGACAGCACTAACAACAACAACAACAAAAGTAATAATGATTATGACGATAAT 1734 

S288c_SWH1      AATGACGATGACAGCACTAACAACAACAACAACAAAAGTAATAATGATTATGACGATAAT 1733 

                ************************************************************ 

 

RM11_SWH1       AATAATAATAATAATAATAATAATAATGACGATGATGATTATGATGATGATGAAAGTAGA 1794 

S288c_SWH1      AATAATAATAATAATAATG------ACGATGATGATTATGATGATGATGATGAAAGTAGA 1787 

                ******************       * ** ****** ** ******************** 

 

RM11_SWH1       CCCCTCATAGAACCATTACCGTTGATTTCATCCAGAAGCCAAAGCTTAAGCGAAATCGCT 1854 

S288c_SWH1      CCCCTCATAGAACCATTACCGTTGATTTCATCCAGAAGCCAAAGCTTAAGCGAAATCACT 1847 

                ********************************************************* ** 

 

RM11_SWH1       TCCGGTCCACATTCTAGGAAGTCTACAGTCTCGTCTACAAGGGCAGCCGATATACCATCA 1914 

S288c_SWH1      CCCGGTCCACATTCTAGGAAGTCTACAGTCTCGTCTACAAGGGCAGCCGATATACCATCA 1907 

                 *********************************************************** 

 

RM11_SWH1       GACGACGAGGGTTACTCTGAGGACGATTCTGATGACGACGGTAACTCCTCTTACACAATG 1974 

S288c_SWH1      GATGATGAGGGTTACTCTGAGGACGATTCTGATGACGACGGTAACTCCTCTTACACAATG 1967 

                ** ** ****************************************************** 

 

RM11_SWH1       GAAAACGGCGGTGAAAATGATGGCGACGAAGATCTAAATGCCATTTATGGTCCCTATATT 2034 

S288c_SWH1      GAAAACGGCGGTGAAAACGATGGCGACGAAGATCTAAATGCCATTTATGGTCCCTATATT 2027 

                ***************** ****************************************** 

 

RM11_SWH1       CAAAAAATACACATGCTACAAAGATCCATTTCCATCGAGTTGGCATCTTTGAACGAATTG 2094 

S288c_SWH1      CAAAAACTACACATGCTACAAAGATCCATTTCCATCGAGTTGGCATCTTTGAACGAATTG 2087 

                ****** ***************************************************** 
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RM11_SWH1       CTGCAAGATAAACAACAACACGATGAGTACTGGAACACCGTCAACACTTCTATTGAAACC 2154 

S288c_SWH1      CTGCAAGATAAACAACAACACGATGAGTACTGGAACACCGTCAACACTTCTATTGAAACC 2147 

                ************************************************************ 

 

 

RM11_SWH1       GTCAGCGAATTTTTCGACAAATTAAATCGGTTGACCTCTCAAAGGGAAAAAAGAATGATT 2214 

S288c_SWH1      GTCAGCGAATTTTTCGACAAATTAAATCGGTTGACCTCTCAAAGGGAAAAAAGAATGATT 2207 

                ************************************************************ 

 

RM11_SWH1       GCCCAAATGACTAAGCAACGGGATGTTAACAATGTATGGATTCAATCGGTAAAAGATCTG 2274 

S288c_SWH1      GCCCAAATGACCAAGCAACGGGATGTTAACAATGTTTGGATTCAATCGGTAAAAGATCTG 2267 

                *********** *********************** ************************ 

 

RM11_SWH1       GAAATGGAACTGGTTGATAAAGACGAAAAATTGGTTGCCTTGGATAAAGAACGGAAAAAT 2334 

S288c_SWH1      GAAATGGAACTGGTTGATAAAGACGAAAAATTGGTTGCCTTGGATAAAGAACGGAAAAAT 2327 

                ************************************************************ 

 

RM11_SWH1       CTGAAAAAAATGCTTCAAAAAAAATTGAACAATCAACCACAGATTGAAACTGAGGCTAAT 2394 

S288c_SWH1      CTGAAAAAAATGCTTCAAAAAAAATTGAACAATCAACCACAGGTTGAAACTGAGGCTAAT 2387 

                ****************************************** ***************** 

 

RM11_SWH1       GAAGAATCCGATGATGCAAATTCAATGATAAAAGGATCCCAAGAATCAACAAATACTCTT 2454 

S288c_SWH1      GAAGAATCCGATGATGCAAATTCAATGATAAAAGGATCCCAAGAATCAACAAATACCCTT 2447 

                ******************************************************** *** 

 

RM11_SWH1       GAGGAAATCGTAAAATTTATCGAAGCAACAAAGGAAAGTGATGAGGATTCTGACGCCGAC 2514 

S288c_SWH1      GAGGAAATCGTAAAATTTATCGAAGCAACAAAGGAAAGTGATGAGGATTCTGACGCCGAC 2507 

                ************************************************************ 

 

RM11_SWH1       GAATTTTTCGACGCAGAAGAAGCTGCTTCCGACAAAAAAGCCAATGATTCGGAAGACTTA 2574 

S288c_SWH1      GAATTTTTCGACGCAGAAGAAGCTGCTTCCGACAAAAAAGCCAATGATTCGGAAGACTTA 2567 

                ************************************************************ 

 

RM11_SWH1       ACCACAAACAAGGAGACTCCAGCTAATGCGAAACCACAAGAAGTAGCTCCTGAAGACGAG 2634 

S288c_SWH1      ACCACAAACAAGGAGACTCCAGCTAATGCGAAACCACAAGAAGAAGCTCCTGAAGACGAG 2627 

                ******************************************* **************** 

 

RM11_SWH1       AGCCTTATTGTGATCAGTTCTCCACAGGTGGAAAAGAAGAACCAACTATTAAAAGAGGGA 2694 

S288c_SWH1      AGCCTTATTGTGATCAGTTCTCCACAGGTGGAAAAGAAGAACCAACTATTAAAAGAGGGA 2687 

                ************************************************************ 

 

RM11_SWH1       TCATTCGTCGGATATGAAGACCCAGTGAGAACCAAACTGGCTTTAGACGAAGATAATCGT 2754 

S288c_SWH1      TCATTCGTCGGATATGAAGACCCAGTGAGAACCAAACTGGCTTTAGACGAAGATAATCGT 2747 

                ************************************************************ 

 

RM11_SWH1       CCCAAGATTGGTCTCTGGTCTGTTTTAAAGTCTATGGTCGGTCAAGACTTAACCAAACTA 2814 

S288c_SWH1      CCCAAGATTGGTCTCTGGTCTGTTTTAAAGTCTATGGTCGGTCAAGACTTAACCAAACTA 2807 

                ************************************************************ 

 

RM11_SWH1       ACTCTACCGGTATCGTTCAATGAGCCAACATCCTTACTACAGAGAGTATCTGAAGATATT 2874 

S288c_SWH1      ACTCTACCGGTATCGTTCAATGAGCCAACATCCTTACTACAGAGAGTATCTGAAGATATT 2867 

                ************************************************************ 

 

RM11_SWH1       GAGTATTCTCATATTCTTGACCAAGCTGCCACTTTTGAAGACTCCTCTTTAAGAATGCTA 2934 

S288c_SWH1      GAGTATTCTCATATTCTTGACCAAGCTGCCACTTTTGAAGACTCCTCTTTAAGAATGCTA 2927 

                ************************************************************ 

 

RM11_SWH1       TATGTAGCTGCCTTTACTGCATCAATGTACGCATCTACCACTAACAGAGTGTCTAAACCA 2994 

S288c_SWH1      TATGTAGCTGCCTTTACTGCATCAATGTACGCATCTACCACTAACAGAGTGTCTAAACCA 2987 

                ************************************************************ 

 

RM11_SWH1       TTCAACCCCTTACTCGGTGAAACTTTTGAATATGCCAGAACTGATGGTCAGTACCGATTC 3054 

S288c_SWH1      TTCAACCCCTTACTCGGTGAAACTTTTGAATATGCCAGAACTGATGGTCAGTACCGATTC 3047 

                ************************************************************ 

 

RM11_SWH1       TTCACCGAACAAGTCTCTCACCACCCACCTATCTCTGCTACTTGGACAGAATCGCCCAAA 3114 

S288c_SWH1      TTCACCGAACAAGTCTCTCACCACCCACCTATCTCTGCTACTTGGACAGAATCGCCCAAA 3107 

                ************************************************************ 

 

RM11_SWH1       TGGGATTTTTACGGTGAATGTAATGTTGATTCGTCATTCAATGGGCGCACGTTCGCCGTG 3174 

S288c_SWH1      TGGGATTTTTACGGTGAATGTAATGTTGATTCGTCATTCAATGGGCGCACGTTCGCCGTG 3167 

                ************************************************************ 

 

RM11_SWH1       CAACATTTAGGATTATGGTACATTACTATCCGGCCCGATCATAATATTAGTGTTCCCGAG 3234 

S288c_SWH1      CAACATTTAGGATTATGGTACATTACTATCCGGCCTGATCATAATATTAGTGTTCCCGAG 3227 

                *********************************** ************************ 
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RM11_SWH1       GAAACTTATTCCTGGAAAAAACCAAATAACACTGTTATCGGTATTTTAATGGGGAAACCA 3294 

S288c_SWH1      GAAACTTATTCCTGGAAAAAACCAAATAACACTGTTATCGGTATTTTAATGGGGAAACCA 3287 

                ************************************************************ 

 

 

RM11_SWH1       CAAGTAGACAACAGTGGGGACGTCAAAGTCACAAACCATACCACAGGCGACTATTGTATG 3354 

S288c_SWH1      CAAGTAGACAACAGTGGGGACGTCAAAGTCACAAACCATACCACAGGCGACTATTGTATG 3347 

                ************************************************************ 

 

RM11_SWH1       CTGCATTACAAAGCCCATGGCTGGACCTCAGCCGGTGCATATGAAGTCAGAGGTGAAGTA 3414 

S288c_SWH1      CTGCATTACAAAGCCCATGGCTGGACCTCAGCCGGTGCATATGAAGTCAGAGGTGAAGTA 3407 

                ************************************************************ 

 

RM11_SWH1       TTCAACAAGGACGGTAAAAAATTATGGGTTCTTGGTGGGCATTGGAATGATTCCATTTAC 3474 

S288c_SWH1      TTCAACAAGGACGATAAAAAATTATGGGTTCTTGGTGGGCATTGGAATGATTCCATTTAC 3467 

                ************* ********************************************** 

 

RM11_SWH1       GGGAAAAAAGTAACTGCTAGAGGCGGAGAACTGACATTAGACAGAATAAAAACGGCAAAT 3534 

S288c_SWH1      GGGAAAAAAGTAACTGCTAGAGGCGGAGAACTGACATTAGACAGAATAAAAACGGCAAAT 3527 

                ************************************************************ 

 

RM11_SWH1       TCTGCCACGGGAGGACCAAAACTAGATGGGTCTAAGTTTCTGATATGGAAAGCAAATGAA 3594 

S288c_SWH1      TCTGCCACGGGAGGACCAAAACTAGATGGGTCTAAGTTTCTGATATGGAAAGCAAATGAA 3587 

                ************************************************************ 

 

RM11_SWH1       AGGCCTTCAGTGCCATTTAATTTAACGTTGTTTGCATTGACTTTGAATGCTTTGCCACCC 3654 

S288c_SWH1      AGGCCTTCAGTGCCATTTAATTTAACGTCGTTTGCATTGACTTTGAATGCTTTGCCACCC 3647 

                **************************** ******************************* 

 

RM11_SWH1       CACTTGGTACCATATTTAGCACCCACAGATAGTCGTTTAAGGCCCGATCAAAGGGCTATG 3714 

S288c_SWH1      CACTTGATACCATATTTAGCACCCACAGATAGTCGTTTAAGGCCCGATCAAAGGGCTATG 3707 

                ****** ***************************************************** 

 

RM11_SWH1       GAAAATGGTGAATACGATAAAGCTGCCGCGGAAAAGCATCGTGTTGAAGTAAAACAAAGG 3774 

S288c_SWH1      GAAAATGGTGAATACGATAAAGCTGCCGCGGAAAAGCATCGTGTTGAAGTAAAACAAAGG 3767 

                ************************************************************ 

 

RM11_SWH1       GCAGCAAAAAAAGAAAGGGAACAAAAAGGAGAAGAATACAGACCTAAGTGGTTTGTCCAG 3834 

S288c_SWH1      GCAGCAAAAAAAGAAAGGGAACAAAAAGGAGAAGAATACAGACCTAAGTGGTTTGTCCAG 3827 

                ************************************************************ 

 

RM11_SWH1       GAGGAGCACCCCGTTACCAAAAGTCTATACTGGAAATTTAATGGAGAGTATTGGAACAAA 3894 

S288c_SWH1      GAGGAGCACCCCGTTACCAAAAGTCTATACTGGAAATTTAATGGAGAGTATTGGAACAAA 3887 

                ************************************************************ 

 

RM11_SWH1       AGAAAAAATCATGACTTTAAAGATTGTGCTGATATTTTCTAA 3936 

S288c_SWH1      AGAAAAAATCATGACTTTAAAGATTGTGCTGATATTTTCTAA 3929 

                ****************************************** 

 

 

 

FLO1 - CLUSTAL 2.0.12 multiple sequence alignment 

 

 

S288c_FLO1      ------------------------------------------------------------ 

RM11_FLO1       ATGGGAACAAAAAAATAACTCCAGTGCTGCTAATTAGACTAAAAATATGAAAAAAAAAGG 60 

                                                                             

 

S288c_FLO1      ------------------------------------------------------------ 

RM11_FLO1       AGAGGGCGAGGATGAGTATATCTAACCCACATAGCTTGAAAGTTGCTCGCTACATGCTAA 120 

                                                                             

 

S288c_FLO1      ------------------------------------------------------------ 

RM11_FLO1       AAGTTTACTCAAATTACAAATCATCACTTTCATGAACATCCTCTACTAGCTATTATGAAG 180 

                                                                             

 

S288c_FLO1      ------------------------------------------------------------ 

RM11_FLO1       GCGCAGAGAGTGGTCTCGTAACCAATTTTATGCAAGTCGTTGAAAAAACGGCGGCTCTTT 240 

                                                                             

 

S288c_FLO1      ------------------------------------------------------------ 

RM11_FLO1       AGTAGACTGGTCAAGCGGCATCGGAAACAGTTCTCAGAACAGAAAAGAAGAGATTATTGA 300 
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S288c_FLO1      ------------------------------------------------------------ 

RM11_FLO1       GTTAAGGTCCATTAAAGCGTTATGATAAGCCCAATAAGATACCAAGTAGACATGTTACAC 360 

                                                                             

 

S288c_FLO1      ------------------------------------------------------------ 

RM11_FLO1       CGTGAGTAGTAAACGGGGTTATATTTTATTATGTTGCTAGTCTCATTTTATGGCACTTGT 420 

                                                                             

 

S288c_FLO1      ------------------------------------------------------------ 

RM11_FLO1       AGTTTGGAGGAAAAATGATCGGATAATCAAAACGAAATTCCTTAAGTGATTTGTGTCCCT 480 

                                                                             

 

S288c_FLO1      ------------------------------------------------------------ 

RM11_FLO1       AAAAGAAAATCTTCAGGTATAACTGCAAACGCCAAATGCCACAAGCCCAAAAATTTCCGT 540 

                                                                             

 

S288c_FLO1      ------------------------------------------------------------ 

RM11_FLO1       GTCTTTTCCCGATGCTATCCTTGATTAAGGAACTTTTGACTGTCAAAAGTGAAAATATCT 600 

                                                                             

 

S288c_FLO1      ------------------------------------------------------------ 

RM11_FLO1       ATATGGACTCTTTTGAAGAATTAAAAGAAATAGGCAAATGCCACTTGTGTACATTACACT 660 

                                                                             

 

S288c_FLO1      -------------------------------------AAAAAAAAGTGCATTTATTTAGG 23 

RM11_FLO1       ACCTACTAAACGATTTCGTAACCTAGGCTAATACGCGAAACAAGCGTTTTTTTATTTAGT 720 

                                                     *** **  **   *********  

 

S288c_FLO1      TAAGTCTCAT--TACCTAAACGCCAGTTTGTTTCACGTAATTGGTAACGATGAGGGAACC 81 

RM11_FLO1       GAAGCATCATATTACCTAAGCGCCACTTTGCTTGACGTTAGTAACAAAAATGGTGAAATT 780 

                 ***  ****  ******* ***** **** ** **** * *   **  ***  * **   

 

S288c_FLO1      GCAGTAGAAAAAACTTTCATTCACAAACGATTAAAGTGTTATGCTAGCCAGTTTCAGGCT 141 

RM11_FLO1       GTAATAGAAGAAACTTTCGTCCGCAAACTATTGAGGTACTATGCTTGTCCGTCTCAAGCT 840 

                * * ***** ******** * * ***** *** * **  ****** * * ** *** *** 

 

S288c_FLO1      TTTTGTTTTATGCAAGAGAACATTCGACTAGATGTCCAGTTAAGTGTGCGTCACTTTTCC 201 

RM11_FLO1       ----GTTTGATGCAAGAGAACGGTCAACTCAATTTCCGGCTA---GTACGTCACTTTTCC 893 

                    **** ************  ** ***  ** *** * **   ** ************ 

 

S288c_FLO1      TACGGTG-CCTCGCACATGAATGTTATCCGGCGCACGATACTTATCACCGAAAAACCTTA 260 

RM11_FLO1       TACGGTGGCTTCGCAGACGAATGTTTTCCGACACATGATACTTATCACCGAAAAACCTTA 953 

                ******* * ***** * ******* **** * ** ************************ 

 

S288c_FLO1      TTCTACGGAAAA--CCTTATTTACATTAAAGTTGGAAAAATTTCCTCTTTTTCCTAATAA 318 

RM11_FLO1       TTTCACGGAAAAAACCTTATTTACATTAAAGTTTGAAAAATTTTCTTCTTTCCGCAATAT 1013 

                **  ********  ******************* ********* **  *** *  ****  

 

S288c_FLO1      GGTGGAGCTTTTGGCTTCCAGTATGCTTTCACGGAATTATTTCTCATGTACATTTAGCTC 378 

RM11_FLO1       GGTGGGGCCTTTGACTTCCAGTATGCTTTCACGGAATTATTTCTGATGTACATTTAGCTC 1073 

                ***** ** **** ****************************** *************** 

 

S288c_FLO1      CATTTCCAGTGCCTCCGATAGGGAGGCATCATGGTACTACCGTGACGGAGAATACGTAGG 438 

RM11_FLO1       CATTTCCAGTGCCTCCGATAGGAAGGCATCATGGTACTACCGTGACAGAGAATACGTAGG 1133 

                ********************** *********************** ************* 

 

S288c_FLO1      CTGACTTTTTCGTCAGTTTGTTGTCCGTTTACAAAATTGGTGAATGAATTCTAGCCTTCC 498 

RM11_FLO1       CTGACTTTTTCGTCAGTTTGTTGTCCGTTTACAAAATTGGTGAATGAATTCTAGCCTT-- 1191 

                **********************************************************   

 

S288c_FLO1      TCTGCTCATTAATTGCCCTCACAAGAATTTGGAAGTGCGTAGA-CAGGTAAAAGATTGTA 557 

RM11_FLO1       --TGCTCATTAATTGCCCTCACAAGAATTTGGAAGTGCGTAGAACAGGTAAAAGGTTGCA 1249 

                  ***************************************** ********** *** * 

 

S288c_FLO1      CTACAGAGGTATTGTGGAACCTTCTACAGTACTTCGGAATACACCTAAAAGGTTGTTGGA 617 

RM11_FLO1       CTACAGAGGTATTGTGGATCCTTCTACAGTACTTCGGAATACACCTAAAAGGTTGTTGGA 1309 

                ****************** ***************************************** 

 

S288c_FLO1      TGCTAAATTTAGCAAAAGTCTTTTTTAGCTCACTATTAGGCTTGTTAAAGTCTGAAATTG 677 

RM11_FLO1       TGCTAAATTTAGCAAAAGTCTTTTTTAGCTTACTATTAGGCTTGTTAAAGTCTGAAATTG 1369 

                ****************************** ***************************** 

 

S288c_FLO1      TTGAAAGGCACTCAAAAAGATAAATCAACAATCAGCATTAACGGCACAGTTGAAAGAGTC 737 

RM11_FLO1       TTGAAAGGCACTCAAAA-GATAAATCGACAATTAGCATTAACGGCACAGTTGAAAGAGTC 1428 

                ***************** ******** ***** *************************** 
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S288c_FLO1      ACCCACTTGAAATTAGCTCGGTTATCAAATATAATTATCTCTGGTAAAGAGCTCTGCAGC 797 

RM11_FLO1       ACCCACTTGAAATTAGCTCGGTTATCAAATATAATTATCTCCAGTAAAGAGCTCTGCAGC 1488 

                *****************************************  ***************** 

 

S288c_FLO1      AGGGTTAATCTATTCGCATACTTACGCTGTAGGAACATTTTATTATTAGGATCCGACTAC 857 

RM11_FLO1       AGGGTTAATCTATTCCTATACTTCCGCTGTAGGAACATTTTATTATTAGGATCCGACTAC 1548 

                ***************  ****** ************************************ 

 

 

S288c_FLO1      TGCCTACATATTTATTCGGAAGGCATGATGTCGAAAATTTTTGAGCTTATAAAAGGAACA 917 

RM11_FLO1       TGCCTACATATTTATTCGGAAGGCTTGATGTCGAAAATTTTTAAGCTTATAAAAAGAACA 1608 

                ************************ ***************** *********** ***** 

 

S288c_FLO1      TATTTCACTCTTGCTCGTT-GATGTAAGCTCTCTTCCGGGTTCTTATTTTTAATTCTTGT 976 

RM11_FLO1       TATTTCACTCTTGCTCGTTTGATGTAAGCTTTCTTCCGGGTTCTTATTTTTAATTCTTGT 1668 

                ******************* ********** ***************************** 

 

S288c_FLO1      CACCAGTAAACAGAACATCCAAAAATGACAATGCCTCATCGCTATATGTTTTTGGCAGTC 1036 

RM11_FLO1       CACCAGTTAACAGAACATCCAAAAATGACAATGCCTCATCGCTATATGTTTTTGGCAGTC 1728 

                ******* **************************************************** 

 

S288c_FLO1      TTTACACTTCTGGCACTAACTAGTGTGGCCTCAGGAGCCACAGAGGCGTGCTTACCAGCA 1096 

RM11_FLO1       TTTACACTTCTGGCAGTGATTAATGTGGCCTCAGGAGCCACAGAGGCGTGCTTACCAGCA 1788 

                *************** * * ** ************************************* 

 

S288c_FLO1      GGCCAGAGGAAAAGTGGGATGAATATAAATTTTTACCAGTATTCATTGAAAGATTCCTCC 1156 

RM11_FLO1       GGCCAGAGGAAAAGTGGGATGAATATAAATTTTTACCAGTATTCATTGAAAGATTCCTCC 1848 

                ************************************************************ 

 

S288c_FLO1      ACATATTCGAATGCAGCATATATGGCTTATGGATATGCCTCAAAAACCAAACTAGGTTCT 1216 

RM11_FLO1       ACGTATTCTAATGCAGCATATATGGCTTACCAATATGCAGACAAAGTCAAATTGGGCTCT 1908 

                ** ***** ********************   ******    ***  **** * ** *** 

 

S288c_FLO1      GTCGGAGGACAAACTGATATCTCGATTGATTATAATATTCCCTGTGTTAGTTCATCAGGC 1276 

RM11_FLO1       GTTAGTGGGCAAACGGATATATCTATCAACTATAATCTTCCTTGTGTTACAACCTCAGGG 1968 

                **  * ** ***** ***** ** **  * ****** **** *******   * *****  

 

S288c_FLO1      ACATTTCCTTGTCCTCAAGAAGATTCCTATGGAAACTGGGGATGCAAAGGAATGGGTGCT 1336 

RM11_FLO1       ACATATCAGTGCCCTCAAGAAGATGCATATGGTAATTGGGGATGCAGAGGTAAGGGGAGA 2028 

                **** **  ** ************ * ***** ** ********** *** * ***     

 

S288c_FLO1      TGTTCTAATAGTCAAGGAATTGCATACTGGAGTACTGATTTATTTGGTTTCTATACTACC 1396 

RM11_FLO1       TGCTCCAACAGTCAAGCAGTTTCATACTGGAGTACAGATCTGTTTGGCTTTTATACCACT 2088 

                ** ** ** ******* * ** ************* *** * ***** ** ***** **  

 

S288c_FLO1      CCAACAAACGTAACCCTAGAAATGACAGGTTATTTTTTACCACCACAGACGGGTTCTTAC 1456 

RM11_FLO1       CCAACAAACATCACCCTAGAAATGACAGGTTACTTTTTACCACCACAGACAGGTTCTTAC 2148 

                ********* * ******************** ***************** ********* 

 

S288c_FLO1      ACATTCAAGTTTGCTACAGTTGACGACTCTGCAATTCTATCAGTAGGTGGTGCAACCGCG 1516 

RM11_FLO1       ACGTTTTCTTTTGCAACAATAGATGATTCTGCAATTTTATCAGTCGGTGGTAGCATTGCG 2208 

                ** **    ***** *** * ** ** ********* ******* ******   *  *** 

 

S288c_FLO1      TTCAACTGTTGTGCTCAACAGCAACCGCCGATCACATCAACGAACTTTACCATTGACGGT 1576 

RM11_FLO1       TTCGAATGTTGTGCACAAGAACAACCTCCCATCACATCGACTAACTTCACCATCAATGGT 2268 

                *** * ******** *** * ***** ** ******** ** ***** *****  * *** 

 

S288c_FLO1      ATCAAGCCATGGGGTGGAAGTTTGCCACCTAATATCGAAGGAACCGTCTATATGTACGCT 1636 

RM11_FLO1       ATCAAGCCATGGCATGGAAGTCTCCCTGATAATATCGCAGGGACTGTCTACATGTATGCT 2328 

                ************  ******* * **   ******** *** ** ***** ***** *** 

 

S288c_FLO1      GGCTACTATTATCCAATGAAGGTTGTTTACTCGAACGCTGTTTCTTGGGGTACACTTCCA 1696 

RM11_FLO1       GGTTTCTATTATCCAATGAAGATTGTTTACTCAAATGCCGTTTCCTGGGGTACACTTCCA 2388 

                ** * **************** ********** ** ** ***** *************** 

 

S288c_FLO1      ATTAGTGTGACACTTCCAGATGGTACCACTGTAAGTGATGACTTCGAAGGGTACGTCTAT 1756 

RM11_FLO1       ATTAGTGTGACACTACCAGATGGCACTACCGTTAGTGATGACTTTGAAGGGTACGTATAT 2448 

                ************** ******** ** ** ** *********** *********** *** 

 

S288c_FLO1      TCCTTTGACGATGACCTAAGTCAATCTAACTGTACTGTCCCTGACCCTTCAAATTATGCT 1816 

RM11_FLO1       ACCTTTGACAACAATCTAAGCCAGCCAAACTGTACCATTCCAGACCCTTCAAATTATACT 2508 

                 ******** *  * ***** **  * ********  * ** *************** ** 

 

S288c_FLO1      GTCAGTACCACTACAACTACAACGGAACCATGGACCGGTACTTTCACTTCTACATCTACT 1876 

RM11_FLO1       GTCAGTACTACCATAACTACAACCGAGCCATGGACCGGTACTTTCACCTCTACGTCTACT 2568 

                ******** ** * ********* ** ******************** ***** ****** 
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S288c_FLO1      GAAATGACCACCGTCACCGGTACCAACGGCGTTCCAACTGACGAAACCGTCATTGTCATC 1936 

RM11_FLO1       GAGATGACTACTATCACTGGCACCAACGGTGTACCAACTGACGAAACCATCATTGTTGTC 2628 

                ** ***** **  **** ** ******** ** *************** *******  ** 

 

S288c_FLO1      AGAACTCCAACAACTGCTAGCACCATCATAACTACAACTGAGCCATGGAACAGCACTTTT 1996 

RM11_FLO1       AAAACACCAACAACTGCTAGCACCATCATAACTACGACCGAAGCATGGA----------- 2677 

                * *** ***************************** ** **  ******            

 

 

S288c_FLO1      ACCTCTACTTCTACCGAATTGACCACAGTCACTGGCACCAATGGTGTACGAACTGACGAA 2056 

RM11_FLO1       -------------------------------CTGGCAC---------------------- 2684 

                                               *******                       

 

S288c_FLO1      ACCATCATTGTAATCAGAACACCAACAACAGCCACTACTGCCATAACTACAACTGAGCCA 2116 

RM11_FLO1       ------------------------------------------------------------ 

                                                                             

 

S288c_FLO1      TGGAACAGCACTTTTACCTCTACTTCTACCGAATTGACCACAGTCACCGGTACCAATGGT 2176 

RM11_FLO1       ------------------------------------------------------------ 

                                                                             

 

S288c_FLO1      TTGCCAACTGATGAGACCATCATTGTCATCAGAACACCAACAACAGCCACTACTGCCATG 2236 

RM11_FLO1       ------------------------------------------------------------ 

                                                                             

 

S288c_FLO1      ACTACAACTCAGCCATGGAACGACACTTTTACCTCTACTTCTACCGAATTGACCACAGTC 2296 

RM11_FLO1       ------------------------------------------------------------ 

                                                                             

 

S288c_FLO1      ACCGGTACCAATGGTTTGCCAACTGATGAGACCATCATTGTCATCAGAACACCAACAACA 2356 

RM11_FLO1       ------------------------------------------------------------ 

                                                                             

 

S288c_FLO1      GCCACTACTGCCATGACTACAACTCAGCCATGGAACGACACTTTTACCTCTACTTCTACC 2416 

RM11_FLO1       -----------------------------------------TTTCACATCTACATCCACA 2703 

                                                         *** ** ***** ** **  

 

S288c_FLO1      GAATTGACCACAGTCACCGGTACCAATGGTTTGCCAACTGATGAGACCATCATTGTCATC 2476 

RM11_FLO1       GAAATGACCACCGTCACCGGTACCAACGGTTTGCCAACTGATGAAACCATTATCGTCATC 2763 

                *** ******* ************** ***************** ***** ** ****** 

 

S288c_FLO1      AGAACACCAACAACAGCCACTACTGCCATGACTACAACTCAGCCATGGAACGACACTTTT 2536 

RM11_FLO1       AGAACACCTACAACAGCAAGTACTGCCATAACTACAACTGAGCCATGGACTGGCACTTTT 2823 

                ******** ******** * ********* ********* *********  * ******* 

 

S288c_FLO1      ACCTCTACATCCACTGAAATCACCACCGTCACCGGTACCAATGGTTTGCCAACTGATGAG 2596 

RM11_FLO1       ACATCTACACCCACAGAAATGACCACCGTCACCGGTACCAACGGTTTGCCAACTGATGAA 2883 

                ** ****** **** ***** ******************** *****************  

 

S288c_FLO1      ACCATCATTGTCATCAGAACACCAACAACAGCCACTACTGCCATGACTACACCTCAGCCA 2656 

RM11_FLO1       ACCATTATCGTCATCAGAACACCTACAACTGCCAACACCATCATAACTACGACCGAAGCA 2943 

                ***** ** ************** ***** ****  **   *** *****  *  *  ** 

 

S288c_FLO1      TGGAACGACACTTTTACCTCTACATCCACTGAAATGACCACCGTCACCGGTACCAACGGT 2716 

RM11_FLO1       TGGACTGGCACTTTCACCTCTACGTCTACTGAGATGACTACTATCACTGGCACCAACGGT 3003 

                ****  * ****** ******** ** ***** ***** **  **** ** ********* 

 

S288c_FLO1      TTGCCAACTGATGAAACCATCATTGTCATCAGAACACCAACAACAGCCACTACTGCCATA 2776 

RM11_FLO1       GTACCAACTGACGAAACCATCATTGTTGTCAAAACACCAACAACTGATAGCACCATAATA 3063 

                 * ******** **************  *** ************ *  *  **    *** 

 

S288c_FLO1      ACTACAACTGAGCCATGGAACAGCACTTTTACCTCTACATCCACTGAAATGACCACCGTC 2836 

RM11_FLO1       ACTACAACCGAACCANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 3123 

                ******** ** ***                                              

 

S288c_FLO1      ACCGGTACCAACGGTTTGCCAACTGATGAAACCATCATTGTCATCAGAACACCAACAACA 2896 

RM11_FLO1       NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 3183 

                                                                             

 

S288c_FLO1      GCCACTACTGCCATAACTACAACTCAGCCATGGAACGACACTTTTACCTCTACATCCACT 2956 

RM11_FLO1       NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 3243 

                                                                             

 

S288c_FLO1      GAAATGACCACCGTCACCGGTACCAACGGTTTGCCAACTGATGAAACCATCATTGTCATC 3016 

RM11_FLO1       NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 3303 
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S288c_FLO1      AGAACACCAACAACAGCCACTACTGCCATGACTACAACTCAGCCATGGAACGACACTTTT 3076 

RM11_FLO1       NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 3363 

                                                                             

 

S288c_FLO1      ACCTCTACATCCACTGAAATCACCACCGTCACCGGTACCACCGGTTTGCCAACTGATGAG 3136 

RM11_FLO1       NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 3423 

                                                                             

 

 

S288c_FLO1      ACCATCATTGTCATCAGAACACCAACAACAGCCACTACTGCCATGACTACAACTCAGCCA 3196 

RM11_FLO1       NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 3483 

                                                                             

 

S288c_FLO1      TGGAACGACACTTTTACCTCTACATCCACTGAAATGACCACCGTCACCGGTACCAACGGC 3256 

RM11_FLO1       NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 3543 

                                                                             

 

S288c_FLO1      GTTCCAACTGACGAAACCGTCATTGTCATCAGAACTCCAACTAGTGAAGGTCTAATCAGC 3316 

RM11_FLO1       NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 3603 

                                                                             

 

S288c_FLO1      ACCACCACTGAACCATGGACTGGTACTTTCACCTCTACATCCACTGAGATGACCACCGTC 3376 

RM11_FLO1       NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 3663 

                                                                             

 

S288c_FLO1      ACCGGTACTAACGGTCAACCAACTGACGAAACCGTGATTGTTATCAGAACTCCAACCAGT 3436 

RM11_FLO1       NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 3723 

                                                                             

 

S288c_FLO1      GAAGGTTTGGTTACAACCACCACTGAACCATGGACTGGTACTTTTACTTCTACATCTACT 3496 

RM11_FLO1       NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 3783 

                                                                             

 

S288c_FLO1      GAAATGACCACCATTACTGGAACCAACGGCGTTCCAACTGACGAAACCGTCATTGTCATC 3556 

RM11_FLO1       NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 3843 

                                                                             

 

S288c_FLO1      AGAACTCCAACCAGTGAAGGTCTAATCAGCACCACCACTGAACCATGGACTGGTACTTTT 3616 

RM11_FLO1       NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 3903 

                                                                             

 

S288c_FLO1      ACTTCTACATCTACTGAAATGACCACCATTACTGGAACCAATGGTCAACCAACTGACGAA 3676 

RM11_FLO1       NNNNNNNNNNNNNNNN-----------------------------------NNTGAAGGA 3928 

                                                                     *** * * 

 

S288c_FLO1      ACCGTTATTGTTATCAGAACTCCAACTAGTGAAGGTCTAATCAGCACTACAACGGAACCA 3736 

RM11_FLO1       A-----------ATTTAGACTATAAATAAAAAAA--------AAAAAAAAAAGAAAAATA 3969 

                *           **    ***  ** **   **         *  *  * **   **  * 

 

S288c_FLO1      TGGACCGGTACTTTCACTTCTACATCTACTGAAATGACGCACGTCACCGGTACCAACGGC 3796 

RM11_FLO1       AAAATAAAAACATTCAC--------------AAATG------------------------ 3991 

                   *     ** *****              *****                         

 

S288c_FLO1      GTTCCAACTGACGAAACCGTCATTGTCATCAGAACTCCAACCAGTGAAGGTCTAATCAGC 3856 

RM11_FLO1       -------------------------------GAATACCAAGTA--TAAAGTCTA------ 4012 

                                               ***  ****  *   ** *****       

 

S288c_FLO1      ACCACCACTGAACCATGGACTGGCACTTTCACTTCGACTTCCACTGAGGTTACCACCATC 3916 

RM11_FLO1       --------------------------------------------------TCTCATCAT- 4021 

                                                                  *  ** ***  

 

S288c_FLO1      ACTGGAACCAACGGTCAACCAACTGACGAAACTGTGATTGTTATCAGAACTCCAACCAGT 3976 

RM11_FLO1       ------ACCCAATGTTATCCGATTGG---------------------------ATCCAGG 4048 

                      *** *  ** * ** * **                            * ****  

 

S288c_FLO1      GAAGGTCTAATCAGCACCACCACTGAACCATGGACTGGTACTTTCACTTCTACATCTACT 4036 

RM11_FLO1       CCGGGCCCAAT-------------------------------TTTACTT----------- 4066 

                   ** * ***                               ** ****            

 

S288c_FLO1      GAAATGACCACCGTCACCGGTACTAACGGTCAACCAACTGACGAAACCGTGATTGTTATC 4096 

RM11_FLO1       ------------ACCCCCTGTACTCATTGGCAAACAAT---------------------- 4092 

                              * ** ***** *  * *** ***                        

 

S288c_FLO1      AGAACTCCAACCAGTGAAGGTTTGGTTACAACCACCACTGAACCATGGACTGGTACTTTT 4156 

RM11_FLO1       -------------------------------------------CATAAACAGATTTTTTA 4109 

                                                           ***  ** * *  ***  
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S288c_FLO1      ACTTCGACTTCCACTGAAATGTCTACTGTCACTGGAACCAATGGCTTGCCAACTGATGAA 4216 

RM11_FLO1       ATTCCCACCT----------------TATCCATAGGGACAACAGC--------------- 4138 

                * * * ** *                * **  * *   ***  **                

 

S288c_FLO1      ACTGTCATTGTTGTCAAAACTCCAACTACTGCCATCTCATCCAGTTTGTCATCATCATCT 4276 

RM11_FLO1       ---------------------CCAGGAACTGC------------TTTTTCATTACCACTT 4165 

                                     ***   *****            *** **** * **  * 

 

 

S288c_FLO1      TCAGGACAAATCACCAGCTCTATCACGTCTTCGCGTCCAATTATTACCCCATTCTATCCT 4336 

RM11_FLO1       ---------GTTACCAGTG----------------------------------------T 4176 

                          * *****                                          * 

 

S288c_FLO1      AGCAATGGAACTTCTGTGATTTCTTCCTCAGTAATTTCTTCCTCAGTCACTTCTTCTCTA 4396 

RM11_FLO1       AACAACAAG------------------TCGGAAAT----------------------CTA 4196 

                * ***                      ** * ***                      *** 

 

S288c_FLO1      TTCACTTCTTCTCCAGTCATTTCTTCCTCAGTCATTTCTTCTTCTACAACAACCTCCACT 4456 

RM11_FLO1       TTCA------------TCATTACCACCT-----GTTTCCAGTGCGACAACAA-------- 4231 

                ****            ***** *  ***      ****   * * *******         

 

S288c_FLO1      TCTATATTTTCTGAATCATCTAAATCATCCGTCATTCCAACCAGTAGTTCCACCTCTGGT 4516 

RM11_FLO1       ---------------------------------------GCCAGGA-------------- 4238 

                                                        **** *               

 

S288c_FLO1      TCTTCTGAGAGCGAAACGAGTTCAGCTGGTTCTGTCTCTTCTTCCTCTTTTATCTCTTCT 4576 

RM11_FLO1       -----------------------AACTGATTTT--------------------------- 4248 

                                       * *** ** *                            

 

S288c_FLO1      GAATCATCAAAATCTCCTACATATTCTTCTTCATCATTACCACTTGTTACCAGTGCGACA 4636 

RM11_FLO1       ---------------------------------TCATACCCACCTGTTACCAGTGCGACA 4275 

                                                 ****  **** **************** 

 

S288c_FLO1      ACAAGCCAGGAAACTGCTTCTTCATTACCACCTGCTACCACTACAAAAACGAGCGAACAA 4696 

RM11_FLO1       ACAAGCCAGGATACTGCTTATTCATTACCACCTGCTACCA-TACAAAAACGAGCGAACAA 4334 

                *********** ******* ******************** ******************* 

 

S288c_FLO1      ACCACTTTGGTTACCGTGACATCCTGCGAGTCTCATGTGTGCACTGAATCCATCTCCCCT 4756 

RM11_FLO1       ACCACTTTGGTTACCGTGACATCCTGCGAATCTCATGTGTGCA-TGAATCCATCTCCTCT 4393 

                ***************************** ************* ************* ** 

 

S288c_FLO1      GCGATTGTTTCCACAGCTACTGTTACTGTTAGCGGCGTCACAA-CAGAG-TATACCACAT 4814 

RM11_FLO1       GCGATTGTTTCCACGGCCACCGTTATTGTTAGCGGTGTCACAAACAGAGATATACCACAT 4453 

                ************** ** ** **** ********* ******* ***** ********** 

 

S288c_FLO1      GGTGCCCTATTTCTACTACAGAGA---------------------CAACAAAGCAAACCA 4853 

RM11_FLO1       GGTGCCCTATTTCTACCACAGAGATAACAAAGCAAACTACGGAGACAACAAAGCAAACCA 4513 

                **************** *******                     *************** 

 

S288c_FLO1      AAGGGACAACAGAGCAAACCACAGAAACAACAAAACAAACCACGGTAGTTACAATTTCTT 4913 

RM11_FLO1       AGGGGACAACAGAGCAAACCACAGAAACAACAAAACAAACCACAGTAGTTACAATTTCTT 4573 

                * ***************************************** **************** 

 

S288c_FLO1      CTTGTGAATCTGACGTATGCTCTAAGACTGCTTCTCCAGCCATTGTATCTACAAGCACTG 4973 

RM11_FLO1       CTTGTGAATCTGACATATGCTCTAAGACTGCTTCTCCAGCCATTGTGTCTACAAGCACTG 4633 

                ************** ******************************* ************* 

 

S288c_FLO1      CTACTATTAACGGCGTTACTACAGAATACACAACATGGTGTCCTATTTCCACCACAGAAT 5033 

RM11_FLO1       CTACTATTAACGGCGTTACCACAGAATACACAACATGGTGTCCTATTTCCACCACAGAAT 4693 

                ******************* **************************************** 

 

S288c_FLO1      CGAGGCAACAAACAACGCTAGTTACTGTTACTTCCTGCGAATCTGGTGTGTGTTCCGAA- 5092 

RM11_FLO1       CGAAGCAACAAACTACGCTAGTTACTGTTACTTCCTGCGAATCTGGTGTGTGTTCCGAAT 4753 

                *** ********* *********************************************  

 

S288c_FLO1      -ACTGCTTCACCTGCCATTGTTTCGACGGCCACGGCTACTGTGAATGATGTTGTTACGGT 5151 

RM11_FLO1       CACTGCTTCACCTGCCATTGTTTCGACGGCCACGGCTACTGTGAATGATGTTGTTACGGT 4813 

                 *********************************************************** 

 

S288c_FLO1      CTATCCTACATGGAGGCCACAGACTGCGAATGAAGAGTCTGTCAGCTCTAAAATGAACAG 5211 

RM11_FLO1       CTATCCTACATGGAGGCCACAGACTACGAATGAACAGTCTGTCAGCTCTAAAATGAACAG 4873 

                ************************* ******** ************************* 

 

S288c_FLO1      TGCTACCGGTGAGACAACAACCAATACTTTAGCTGCTGAAACGACTACCAATACTGTAGC 5271 

RM11_FLO1       TGCTACCAGTGAGACAAC------------------------------------------ 4891 

                ******* **********                                           
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S288c_FLO1      TGCTGAGACGATTACCAATACTGGAGCTGCTGAGACGAAAACAGTAGTCACCTCTTCGCT 5331 

RM11_FLO1       ------------TACCAATACTGGGGCTGCTGAGACAAAAACAGCAGTCACCTCTTCACT 4939 

                            ************ *********** ******* ************ ** 

 

S288c_FLO1      TTCAAGATCTAATCACGCTGAAACACAGACGGCTTCCGCGACCGATGTGATTGGTCACAG 5391 

RM11_FLO1       TTCAAGATTCAATCACGCTGAAACACAGACGGCTTCCGCGACCGATGTGATTGGTCACAG 4999 

                ********  ************************************************** 

 

 

S288c_FLO1      CAGTAGTGTTGTTTCTGTATCCGAAACTGGCAACACCAAGAGTCTAACAAGTTCCGGGTT 5451 

RM11_FLO1       CAGTAGTGTTGTTTCTGTATCCGAAACTGGCAACACCAAGAGTCTAACAAGTTCCGGGTT 5059 

                ************************************************************ 

 

S288c_FLO1      GAGTACTATGTCGCAACAGCCTCGTAGCACACCAGCAAGCAGCATGGTAGGATATAGTAC 5511 

RM11_FLO1       GAGCACTATGTCGCAACAGCCTCGTAGCACACCAGCAAGTAGCATGGTAGGATCTAGTAC 5119 

                *** *********************************** ************* ****** 

 

S288c_FLO1      AGCTTCTTTAGAAATTTCAACGTATGCTGGCAGTGCCAACAGCTTACTGGCCGGTAGTGG 5571 

RM11_FLO1       AGCTTCTTTAGAAATTTCAACGTATGCTGGCAGTGCCAACAGCTTACTGGCCGGTAGTGG 5179 

                ************************************************************ 

 

S288c_FLO1      TTTAAGTGTCTTCATTGCGTCCTTATTGCTGGCAATTATTTAATAAAATTCGCGTTCTTT 5631 

RM11_FLO1       TTTAAGTGTCTTCATTGCGTCCTTATTGCTGGCAATTATTTAATAAAATTCGCGTTCTTT 5239 

                ************************************************************ 

 

S288c_FLO1      TTACGTATCTGTGTATCTTTTCTTTGCTAATTATACGCTGACATGAATTATTTTTTAACT 5691 

RM11_FLO1       TTACGTATCTGTGTATCTTTTCTTTGCTAAATATACGCTGGCATGAATTATTTTTTAACT 5299 

                ****************************** ********* ******************* 

 

S288c_FLO1      GTTTCTCCTCCATACTTTCAAATATTCAAATTGA-CTAAATGATAATTCTTGCGCTTCTT 5750 

RM11_FLO1       GTTTCTTCTCCATACTTTCAAATATTCAAATTGAACTAAATGATAATTCTTGCGCTTCCT 5359 

                ****** *************************** *********************** * 

 

S288c_FLO1      ATTTTGAAAAAGTAGATATGTGTATCATAAAGAAAACGTTATTATTATTGTCTTAGGCAA 5810 

RM11_FLO1       ATTTTGAAAAAGTAGATATGTGTATCATAAAGAAAACGTTACTATTATTGTCTTAGGCAA 5419 

                ***************************************** ****************** 

 

S288c_FLO1      CAAAAATCCATGAAAAGAATTTTACCGTTATCGATATCATTGTATTTATTTTATTTATTT 5870 

RM11_FLO1       CAAAAATCCATGAAAAGAATTTTACCGTTATCGATACCATTGTATTTATTTTATTTATTT 5479 

                ************************************ *********************** 

 

S288c_FLO1      ATTCAATTTTTTTTTTTTT--GGTTTATATCCTGCAAACAACACTTCGAATTCAATTCGA 5928 

RM11_FLO1       ATTTAATTTTTTTTTTTTTTTGGTTTATATCCTGCAAACAACACTTCGAATTCAATTCGA 5539 

                *** ***************  *************************************** 

 

S288c_FLO1      TATTTCATAAGTTACAACTAACACTTATAGAAACCGATGTATGAGTACTTATTATTAACG 5988 

RM11_FLO1       TATTTCATAAGTTACAACTAACACTTATAGAAACCGATGTATGAGTACTTATTATTAACG 5599 

                ************************************************************ 

 

S288c_FLO1      AGGAAAAATGCCCTATTTTCTTTAGCAATTAATGAACCATCGCCAACTTTTGCTTTAACA 6048 

RM11_FLO1       AGGAAAAATGGCCTATTTTGTTTAGCAATCAATGAACCATCGCCAATTTTTGCTTTAACA 5659 

                ********** ******** ********* **************** ************* 

 

S288c_FLO1      ATTATTGCCATTTTCAGCAGTACTAACGTAAGATCTAGTGTGGTTCGCTTAGGATGTTTT 6108 

RM11_FLO1       ATTATTGCCATTTTCAGTAGTACTAACGTAAGATCTAGTGTGGTTCGCTTAGGATGTTTT 5719 

                ***************** ****************************************** 

 

S288c_FLO1      CGAGTAGAAATCTGCTGCACATGCCACACGCAGTACTTGAAACTTGAAATAATGGTGATA 6168 

RM11_FLO1       TGAGTAGAAATCTGCT-TACATGCCACACGCAGTACTTGAAACTTGAAATAATGGGGATA 5778 

                 ***************  ************************************* **** 

 

S288c_FLO1      ATTAGTTATTTAAAGTATGTTAATCTTCCTTGTTCTTTTATATTTATTTCGAATTCTTTT 6228 

RM11_FLO1       ATTAGTTATTTAAAGTATGTG-------CTTGTTCTTTTATATTTATTTCGAATTCTTTT 5831 

                ********************        ******************************** 

 

S288c_FLO1      GCACTAGTATTTAAAATATCAGCAGAGGTGTAAAAGTGCACCAAAATTATTGTAAAACTA 6288 

RM11_FLO1       GCACTAGTATTTAAAATATCAGCAGAGGCGTAAAAGTGCACCAAAATTATTGTAAAACTA 5891 

                **************************** ******************************* 

 

S288c_FLO1      CTTGCCCTAAAATTGATACTTCATACTTGACATATTCAAAAGGGGTCCAAGTATAGATGC 6348 

RM11_FLO1       CTTGCCCTAAAATTGATACTTCATACTTGACATATTCAAAAGGGGTCCAAGTATAGATGC 5951 

                ************************************************************ 

 

S288c_FLO1      ATCAAAAAAAAAAA--TTATCCGATGATGAGCAAATGGTAGCTTTTCGTTCCC-AGGAAG 6405 

RM11_FLO1       ATCAAAAAAAAAAAAATTATCCGATGATGAGCAAATGGTAGCTTTTCGTTCCCCAGGAAG 6011 

                **************  ************************************* ****** 
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S288c_FLO1      TGTAGTAGTTCCATGAAGTCTAATGAGACTTTGGAAAAAGGTTTGTCACGAGCACCTAAC 6465 

RM11_FLO1       TGTAGTAGTTCCATGAAGTCTAATGAGACTTTGGAAAAAGGTTTGTCACGAGCACCGAAC 6071 

                ******************************************************** *** 

 

S288c_FLO1      TATTGTATTTTGGAATTTTGATAAACTTCAAAACGGGAACGAAGTGTTAAACTTAGATGC 6525 

RM11_FLO1       TACTGTATTTTGGAATTTTGATAAACTTCAAAACGGGAACGAAGTGTTAAACTTAGATGC 6131 

                ** ********************************************************* 

 

 

S288c_FLO1      GGTTGATTTAAGCTTTAAAAGAGGAAAATAATGACTGATGATAAGAAGTCAACAACGATT 6585 

RM11_FLO1       GGTTGTTTTAAGCTTTAAAAGAGGAAAATAATGACTGGTGATAAGAAGTCAACAACGATT 6191 

                ***** ******************************* ********************** 

 

S288c_FLO1      CAAAGCAGGTGAATTTCCATTACGTTTCG 6614 

RM11_FLO1       CAAAGCAGGTGAATTTCCATTACGTTTCG 6220 

                ***************************** 
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A.18.  Replacement of KanMX with HphMX in the HO locus of RM11-1a 

Since the RM11-1a strain already contained a KanMX construct within the HO locus, this 

construct was replaced by a HGM
R
 cassette (HphMX) in order for subsequent KanMX 

insertions into SWH1 and FLO1.  A PCR (25 μL) reaction was conducted to amplify HphMX 

using genomic DNA from a haploid F15 strain containing the HphMX insertion in the HO 

locus (HO::HphMX) (Chapter 2, Section 2.2) and oligonucleotide primer pairs specific to 

HO::HphMX (Chapter 2, Section 2.5.2).  The expected size for the PCR product was 2381 

bp, consisting of an HphMX marker gene and flanking DNA specific to HO locus (H. 

Niederer (née Brown) this laboratory) (Figure A-5A).  PCR reactions with no DNA template 

served as negative controls and amplified DNA was visualised using gel electrophoresis 

(Chapter 2, Section 2.5.5).  Figure A-5B shows the successful amplification of the 2.4 kb 

HO::HphMX construct from F15. 

 

Figure A-5:  Diagram showing amplification of the HO::HphMX cassette from genomic DNA of F15 

carrying an insertion of HphMX into the HO locus.  A = A 2381 bp region is amplified by the 

HO::HphMX-specific primers (HOF2, forward, green arrow; and HOR2, reverse, orange arrow).  B = 

Gel electrophoresis image showing 1 kb+ ladder, amplification of a 2381 bp band of the expected size and 

no amplification for the H2O control without DNA template.     
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A.19.  Transformation of S288c and RM11-1a to generate swh1 and flo1 

mutants 

To obtain the knockout constructs for the SWH1 and FLO1 genes, PCR reactions (25 μL) 

were conducted using genomic DNA from BY4743 EUROSCARF strains carrying swh1 and 

flo1 deletions respectively (SWH1ΔYAR042W::KanMX and FLO1ΔYAR050W::KanMX 

(Chapter 2, Section 2.2) and integration primer pairs for each gene (Chapter 2, Section 2.5.2), 

to generate two PCR products for transformation.  These PCR products consisted of a Kan
R
 

gene and ~250-400 bp of gene-specific flanking DNA for each locus (Figure A-6A and 

Figure A-7A).  Amplification of the WT gene was used as a positive control and reactions 

with no DNA template served as negative controls.  The gel electrophoresis images in Figure 

A-6B and Figure A-7B show that knock-out construct bands and WT gene bands of the 

expected size were successfully amplified for both ΔSWH1 (2971 bp) and ΔFLO1 (2335 bp). 

 

Figure A-6:  Diagram showing amplification of the SWH1::KanMX cassette from genomic DNA of 

BY4743 carrying an insertion of KanMX into the SWH1 locus.  A = A 2971 bp region is amplified via 

SWH1 integration primers (SWH1intF, forward, green arrow; and SWH1intR2, reverse, orange arrow) 

from BY4743 ΔSWH1::KanMX.  A 2108 bp product is amplified via SWH1 integration primers using 

BY4743 with WT SWH1.  B = Gel electrophoresis image showing 1 kb+ ladder, amplification of the 2971 

bp SWH1::KanMX knockout construct, amplification of the 2108 bp WT SWH1 gene and no 

amplification for the H2O control without DNA template. 

A B 
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Figure A-7:  Diagram showing amplification of the FLO1::KanMX cassette from genomic DNA of BY4743 

carrying an insertion of KanMX into the FLO1 locus.  A = A 2335 bp product is amplified via FLO1 

integration primers (FLO1intF, forward, green arrow; and FLO1intR, reverse, orange arrow) from 

BY4743 ΔFLO1::KanMX.  A 5315 bp product is amplified via FLO1 integration primers using BY4743 

with WT FLO1.  B = Gel electrophoresis image showing 1 kb+ ladder, amplification of the 2335 bp 

FLO1::KanMX knockout construct, amplification of the 5315 bp WT SWH1 gene and no amplification for 

the H2O control without DNA template.  The two central lanes marked with a dash contained reactions 

which were unsuccessful. 

The PCR reactions for the ΔFLO1::KanMX, ΔSWH1::KanMX and ΔHO::HphMX knockout 

constructs were scaled up to 100 μL, combining two sets of 50 μL reactions, in order to 

generate sufficient yield for transformation (Figure A-8). The PCR products were purified 

using the High Pure PCR Product Purification Kit (Roche Applied Science) and DNA 

concentrations were measured using the NanoDrop®, ready for transformation (Chapter 2, 

Section 2.5.6).  

 

A B 
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Figure A-8:  Gel electrophoresis image showing PCR products of two sets of three knockout constructs, 

ΔFLO1::KanMX, ΔSWH1::KanMX and ΔHO::HphMX, required to delete FLO1 and SWH1 in RM11-1a 

and S288c, and to replace the Kan
R
 marker in RM11-1a with HGM

R
.  Reactions with no template DNA 

were used as negative controls.   

RM11-1a was transformed with the HO::HphMX construct using homologous recombination 

to replace the Kan
R
 marker with HGM

R
 in the HO locus (Chapter 2,, Section 2.5.10).  As a 

positive control, the pFLR-A plasmid containing nourseothricin resistance (Nat
R
) was used.  

Negative controls containing no DNA were also included.  Transformations were plated onto 

YPD plates containing hygromycin B, to select for HGM
R
 colonies, and positive controls 

were plated onto nourseothricin to select for Nat
R
 colonies.  Seventeen colonies grew on 

hygromycin B and these were streaked onto YPD plates containing G-418 (Kan).  Three out 

of the 17 transformants (TF #9, TF #13 and TF #15) did not form colonies on G-418, 

indicating that the knockout construct had successfully integrated into the HO locus, 

replacing KanMX with HphMX, for these three strains. PCR (25 μL) was used to amplify the 

HO::HphMX construct in F15 HO::HphMX (positive control) TF #9, TF #13 and TF #15 to 

confirm the presence of the construct (Figure A-9).  The HO::HphMX cassette was present in 

two out of three RM11-1a transformants (TF#13 and TF#15).  Four colonies were obtained 

on the Nat positive control plates.   
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Figure A-9:  Gel electrophoresis image showing amplification of the 2381 bp HO::HphMX knockout 

construct in F15 HO::HphMX (positive control) and three RM11-1a transformants, TF #9, TF #13 and 

TF #15.  Two transformants, TF #13 and TF #15, had the HphMX cassette inserted in the correct locus.  A 

reaction with no template DNA was used as a negative control.   

The ΔSWH1::KanMX and ΔFLO1::KanMX knockout constructs were used to transform 

S288c (MATα, lys2-Δ0) and RM11-1a TF#13 (MATa, leu2-Δ0, ura3-Δ0, HO::HphMX) via 

homologous recombination.  As before, transformation with the Nat
R
 pFLR-A plasmid was 

used as a positive control and negative controls contained no DNA.  Transformations were 

plated onto YPD with G-418, to select for transformants containing the Kan
R
 inserts.  The 

number of colonies obtained for each transformation is shown in Table A-12.  Kan
R
 RM11-

1a transformants were obtained for both the ΔSWH1::KanMX and ΔFLO1::KanMX 

constructs; however the S288c Lys- transformation was unsuccessful.  The positive control 

(pFLR-A) gave only four transformant colonies for RM11-1a and none for S288c Lys-.  No 

Kan
R
 colonies were obtained on either of the negative control plates. 

Table A-12:  Number of Kan
R
 colonies obtained after transformation of S288c Lys- and RM11-1a 

HO::HphMX with the SWH1::KanMX  and FLO1::KanMX knockout constructs.  Nat
R
 colonies for the 

pFLR-A plasmid were included as a positive control and no DNA was included as a negative control. 

 SWH1::KanMX FLO1::KanMX pFLR-A No DNA 

S288c Lys- 0 0 0 0 

RM11-1a 1 1 4 0 
 

DNA was extracted from the putative swh1 and flo1 RM11-1a mutants and the Kan
R
 insertion 

at the correct locus was tested via PCR (25 μL) using one Kan
R
 (F) primer and one SWH1 or 

FLO1 test (R) primer (see Figure A-10A).  The gel image in Figure A-10B shows that the 

two RM11-1a transformants were confirmed to have the SWH1::KanMX and FLO1::KanMX 

constructs, respectively.  PCR reactions using genomic DNA from the swh1 and flo1 BY4743 
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deletion strains were used as positive controls and reactions with no template DNA were used 

as negative controls.  Based on these results, it was concluded that the Kan
R
 gene had 

successfully been integrated into the SWH1 and FLO1 gene loci to generate RM11-1a 

deletion mutants. 

 

Figure A-10:  Diagram showing amplification of SWH1::KanMX and FLO1::KanMX knockout constructs 

in the RM11-1a transformants.  A = Position of forward and reverse primers within the KanMX construct 

and SWH1 or FLO1 gene in order to produce a PCR product that confirms successful transformation.  

Transformants which did not have the construct integrated in the correct location would not produce a 

PCR product.  B = Gel electrophoresis image showing 1 kb+ ladder, amplification of the 2381 bp 

HO::HphMX knockout construct as a positive control for PCR, amplification of the ~1700 bp 

FLO1::KanMX construct in the RM11-1a transformant and BY4743 FLO1::KanMX deletion control, 

amplification of the ~1000 bp SWH1::KanMX construct in the RM11-1a transformant and BY4743 

SWH1::KanMX deletion control, and no amplification for the H2O controls without DNA template.   

Transformation using S288c Lys- was repeated twice more; however, transformants were still 

not obtained.  Therefore, transformation with the ΔSWH1::KanMX and ΔFLO1::KanMX 

knockout constructs was repeated using S288c without any markers, in case there was a 

problem with the S288c Lys- strain (S288c, Chapter 2, Section 2.2).  The Nat
R
 pFLR-A 

plasmid was again used as a positive control and negative controls contained no DNA.  

Transformations were plated onto YPD with G-418, to select for Kan
R
 transformants.  The 

number of colonies obtained for each transformation is shown in Table A-13.  There were 32 

transformants obtained for the ΔSWH1::KanMX construct and 34 for the ΔFLO1::KanMX 

construct.  There was one contaminant colony on the negative control plate.   

Table A-13:  Number of Kan
R
 colonies obtained after transformation of S288c with the SWH1::KanMX 

and FLO1::KanMX knockout constructs.  Nat
R
 colonies for the pFLR-A plasmid were included as a 

positive control and no DNA was included as a negative control.   

S288c SWH1::KanMX FLO1::KanMX pFLR-A No DNA 

No.  colonies 32 34 ~100 1 
 

A 
B 
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PCR (25 μL) was used to confirm whether the S288c transformants contained the 

ΔSWH1::KanMX and ΔFLO1::KanMX constructs at the correct locus using one Kan
R
 (F) 

primer and one SWH1 or FLO1 test (R) primer (Figure A-11A).  The gel image in Figure A-

11B shows that 3/3 of the S288c transformants tested were confirmed to have the 

SWH1::KanMX construct (upper gel).  In the first round of testing, 0/3 S288c transformants 

contained the FLO1::KanMX construct (upper gel).  The second round of testing confirmed 

that 3/8 S288c transformants contained the FLO1::KanMX construct (lower gel).  PCR 

reactions using genomic DNA from the flo1 and swh1 BY4743 deletion strains were used as 

positive controls and reactions with no template DNA were used as negative controls.   Based 

on these results, it was concluded that the Kan
R
 gene had successfully been integrated into the 

FLO1 and SWH1 gene loci to generate S288c deletion mutants. 

  

Figure A-11:  Diagram showing amplification of SWH1::KanMX and FLO1::KanMX knockout constructs 

in selected S288c transformants.  A = Position of forward and reverse primers within the KanMX 

construct and SWH1 or FLO1 gene in order to produce a PCR product that confirms successful 

transformation.  Transformants which did not have the construct integrated in the correct location would 

not produce a PCR product.  B = The upper gel image shows the 1 kb+ ladder, 2381 bp HO::HphMX 

knockout construct as a positive control for PCR.  There was no amplification for the three 

FLO1::KanMX S288c transformants, but amplification was successful for the ~1000 bp FLO1::KanMX 

construct in the BY4743 SWH1::KanMX deletion control.  The ~1700 bp SWH1::KanMX construct was 

successfully amplified in 3/3 S288c transformants and in the BY4743 SWH1::KanMX deletion control.  

The lower gel image shows the 1 kb+ ladder, the 2381 bp HO::HphMX knockout construct as a positive 

control for PCR, amplification of the ~1000 bp FLO1::KanMX construct in 3/8 S288c transformants and 

in the BY4743 SWH1::KanMX deletion control and no amplification for the H2O controls without DNA 

template.  

A 
B 
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A.20.  Crosses between S288c and RM11-1a for  reciprocal hemizygosity 

analysis (RHA) of SWH1 and FLO1 

To determine the influence of the SWH1 and FLO1 QTLs on fermentation rate in S288c and 

RM11-1a, RHA was used to reciprocally exchange single alleles between the two strains.   In 

RHA, a haploid strain which has ‘locus X’ deleted is mated with a different strain containing 

the WT copy of ‘locus X’, to produce a diploid which is hemizygous for ‘locus X’ 

(STEINMETZ et al. 2002).  This allows the influence of the allele from another strain to be 

investigated in a different strain’s genetic background and achieves the complete dissection 

of a QTL based on gene and environment.   

To create RHA strains between S288c and RM11-1a for the SWH1 and FLO1 alleles, crosses 

were made between the deletion mutant of one strain with the WT of the opposing strain.  

Table A-14 shows the combinations of S288c and RM11-1a parents used to make the F1 

hybrids for RHA, as well as the phenotype used to select for the hybrids.  Since there were no 

markers in the WT S288c strain, this parent had to be present in 100 x excess of the RM11-1a 

deletion strain parent for mating (10
8
 cells mL

-1
 S288c with 10

6
 cells mL

-1
 RM11-1a) (see 

Chapter 2, Section 2.3.8 for a description of how the crosses were performed).  F1 hybrids 

were selected for using YPD plates containing antibiotic selection (hygromycin B and G-

418).  The selection plates containing F1 hybrids between RM11-1a and the marker-less 

S288c strain would likely contain some RM11-1a parents.   

Table A-14:  Strains used to make crosses for reciprocal hemizygosity analysis between S288c and RM11-

1a for the FLO1 and SWH1 loci.  The S288c parent strains in bold had to be present in 100 x excess of the 

RM11-1a parent for crosses (10
8
 cells mL

-1
 compared to 10

6
 cells mL

-1
), as S288c did not have any 

selectable markers.  The F1 hybrid selections marked with * could result in the presence of the RM11-1a 

parent, as well as the F1 hybrid.  The RxS cross was included as a control. 

Cross Parent #1 Parent #2 F1 hybrid selection 

RxS RM11-1a (HO::HphMX; MATa) S288c (MATα) *HGMR 

RxSF RM11-1a (HO::HphMX; MATa) S288c (FLO1::KanMX; MATα) HGMR and KanR 

RxSS RM11-1a (HO::HphMX; MATa) S288c (SWH1::KanMX; MATα) HGMR and KanR 

RFxS RM11-1a (HO::HphMX; FLO1::KanMX; MATa) S288c (MATα) *HGMR and KanR 

RSxS RM11-1a (HO::HphMX; SWH1::KanMX; MATa) S288c (MATα) *HGMR and KanR 
 

Genomic DNA was isolated from six single colonies obtained for each cross and PCR (25 

μL) was used to amplify the MATa and MATα mating loci to confirm that hybridisation was 

successful (primers listed in Chapter 2, Table 2-8).  Figure A-12 shows that all 30 strains 

tested appeared to be F1 hybrids as they had two bands each, corresponding to the MATa and 

MATα loci.  Microsatellite typing (see Chapter 2, Section 2.5.4) was performed on 16 of the 
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F1 hybrids (two of each F1 hybrid with selection against both parents and four of each F1 

hybrid with selection against only one parent, marked with * in Figure A-12), as a second 

confirmation of successful hybridisation.  Microsatellite analysis confirmed that all F1 

hybrids tested contained a combination of genetic material from both S288c and RM11-1a 

(Appendix A.21, Table A-15).   

 

Figure A-12:  Gel electrophoresis image showing amplification of the MATa and MATα loci in the     

S288cxRM11-1a F1 hybrids for RHA.  The F1 hybrids marked with * were analysed using microsatellites 

(Appendix A.21, Table A-15).  A reaction with no template DNA was used as a negative control. 
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A.21.  Microsatellite data for 16 F1 hybrids between S288c and RM11-1a for 

RHA 

Table A-15:  Microsatellite confirmation of 16 F1 hybrid strains between S288c and RM11-1a.  For a 

description of the band sizes and 12 loci see figure legend in Appendix A.15, Table A-10.  RM11-1a swh1 

= RS; RM11-1a flo1 = RF; RM11-1a = R; S288c swh1 = SS; S288c flo1 = SF; S288c = S. 

Strain C3 C5 C8 C4 091c AT4 AT2 Scaat3 009c 267c α a 

S288c 120 174 130 240 302 296 357 407 443 415 468 - 

RM11-1a 121 139 146 259 260 296 364 381 419 427 - 492 

RSxS 120 139 130 240 260 296 358 381 419 415 468 492 

 121 174 146 259 303 296 364 407 443 427   

RSxS 120 138 130 240 260 296 358 381 419 415 468 492 

 121 174 146 259 303 296 363 407 443 427   

RSxS 120 138 130 240 260 296 358 381 419 415 468 492 

 121 174 146 259 303 296 363 406 443 427   

RSxS 120 139 130 240 260 296 358 381 419 415 468 492 

 121 174 146 259 303 296 363 406 443 427   

RFxS 120 139 130 240 260 296 358 381 419 415 468 492 

 121 174 146 259 303 296 364 407 443 427   

RFxS 120 138 130 240 260 296 358 381 419 415 468 492 

 121 174 146 259 302 296 363 407 443 427   

RFxS 120 138 130 240 260 296 358 381 419 415 468 492 

 121 174 146 259 302 296 363 407 443 427   

RFxS 120 138 130 240 260 296 358 381 419 415 468 492 

 121 174 146 259 302 296 363 407 443 427   

RxSS 120 138 130 240 260 296 358 381 419 415 468 492 

 121 174 146 259 303 296 363 413 443 427   

RxSS 120 138 130 240 260 296 358 381 419 415 468 492 

 121 174 146 259 303 296 363 413 443 427   

RxSF 120 138 130 240 260 296 358 381 419 415 468 492 

 121 174 146 259 302 296 363 407 443 427   

RxSF 120 138 130 240 260 296 358 381 419 415 468 492 

 121 174 146 259 302 296 363 407 443 427   

RxS 120 139 130 240 260 296 358 381 419 415 468 492 

 121 174 146 259 302 296 363 407 443 427   

RxS 120 139 130 240 260 296 358 381 419 415 468 492 

 121 174 146 259 302 296 364 407 443 427   

RxS 120 138 130 240 260 296 358 381 419 415 468 492 

 121 174 146 259 302 296 363 407 443 427   

RxS 120 138 130 240 260 296 358 381 419 415 468 492 

 121 174 146 259 302 296 363 407 443 427   
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