
7.1 Introduction

Yeasts are presumably the oldest commercially cultured microorganisms and are
widely used in the food and beverage industries. Saccharomyces cerevisiae belongs to
the phylum Hemiascomycetes, and at least 1,000 separate strains of S. cerevisiae are
currently being used in the baking, brewing, distilling and wine-making industries with
at least two million tons of yeasts produced per year in the brewing and baking indus-
tries alone. Industrial yeast strains can be obtained from a number of repositories, such
as the National Collection of Yeasts Culture (http://www.ncyc.co.uk/), The Culture
Collection of Yeasts (http://www.chem.sk/yeast/culture_collection_of_yeasts.htm),
The European Culture Collections’ Organization (ECCO; http://www.eccosite.org/)
and the Collection de Levures d’Interêt Biotechnology (http://www.inra.fr/Internet/),
to name but a few. The high fermentative capacity of yeasts, together with their abil-
ity to withstand the extreme environmental conditions experienced during industrial
fermentations, has led to the selection of strains with unique characteristics. In this
chapter we focus on the recent use of genomics and proteomics approaches to gain
an understanding of the nature of the genomes of industrial strains of yeasts, the
expression of genes within these genomes and their final proteome complement.

7.2 DNA Sequencing of Yeast Genomes

To completely understand the molecular and physiological composition of any
organism, it is essential to have the complete DNA sequence of its genome. This sys-
tematic approach, at a minimum, allows the researcher to determine the number of
genes encoding functional proteins and provides opportunities for the theoretical
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and experimental analysis of all these genes. In this section we outline the back-
ground to the sequencing of the haploid genome of the yeast S. cerevisiae and show
how this endeavour acts as a paradigm for the analysis of the more complex
genomes of the industrial strains of yeasts.

The establishment of the Saccharomyces Genome Database (SGD; http://www.
yeastgenome.org) has been an important hub in the dissemination of information
regarding the yeast genome and allows one to access the DNA sequence information of
all open reading frames (ORFs). Additionally, the SGD provides links to other web-
based databases such as GenBank (DNA) and GenPept (protein) at the National
Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov), Munich
Information Centre for Protein Sequences (http://mips.gsf.de/genre/proj/yeast/),
Protein Information Resources (http://pir.georgetown.edu/) and SwissProt
(http://us.expasy.org/sprot/), to name but a few. Links to gene expression and other
functional genomics databases are also available which provide the possibility for
direct comparisons of the gene expression profiles for the entire genome under a
variety of environmental conditions and in a variety of genetic backgrounds (see
later). Presently, the Yeast Genome Sequencing Project and the subsequent annota-
tion of the sequences into a user-friendly database at the SGD is the prototype for
the sequencing and annotation of other genomes.

7.2.1 Sequencing of the Genome of Saccharomyces cerevisiae

In order to obtain the entire genome sequence of an organism, it is essential to first
create a complete representative genomic library. In the early 1980s, the pioneering
work of Burke and Olsen allowed the cloning of large genomic fragments in the
order of several 100 kb in length into yeast artificial chromosomes (YACs) (Burke
et al. 1987). YAC plasmids contain both centromere and telomere sequences, thus
allowing the plasmid and the inserted DNA to replicate like a chromosome. Yeast
genomic libraries were also prepared in cosmids which are replicating plasmids con-
taining the cos sites of the bacteriophage l. Genomic fragments as large as 45 kbp
can be cloned into cosmids. By sequencing and examining overlapping sequences, of
YAC or cosmid clones, a physical map of the yeast genome was created (Cherry
et al. 1997). This map with its linked library of DNA clones provided the starting
point for the yeast genome sequencing project.

The DNA sequence of the S. cerevisiae genome was completed in 1996 (Goffeau
et al. 1996). This was achieved through the cooperation of over 600 scientists from
Europe, the USA and Japan using automated robotic machines to sequence DNA
from random YAC or cosmid clones. Adding to this was DNA sequence informa-
tion emerging from a “network” of small to medium-sized yeast laboratories which
also led the interpretation and verification of the DNA sequences emanating from
the DNA sequencing centres. From this information, it was possible to deduce the
organisation of the Saccharomyces genome, which was shown to be composed of
twelve million base pairs arranged on 16 chromosomes (Mewes et al. 1997).
Originally, 6,275 theoretical ORFs containing greater than 100 amino acids were
identified in the genome sequence. Following subsequent reanalysis of the data and
the inclusion of additional information from the scientific literature, this number
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was revised downward as of May 2002 to 6,062, of which 3,966 represented ORFs
previously identified by genetic analysis or by the presence of structurally and func-
tionally related orthologues in other species and 2,096 genes of unknown function.
The estimate for the number of protein coding genes has more recently been further
refined and the current estimate at the SGD (as of January 2005) is 5,798. In addi-
tion to ORFs, sequences corresponding to non-protein coding genes such as those
coding for ribosomal RNA, transfer RNAs (tRNAs), small nuclear RNAs, small
nucleolar RNAs, non-coding RNAs, transposable elements (Ty) and long terminal
repeats (LTRs) have been identified in the genome.

7.2.2 Genome Sequencing of Other Yeast Species

Since the initial sequencing of the S. cerevisiae genome, the DNA sequences of a
number of other members of the Saccharomyces sensu stricto group have been com-
pleted. A comparative analysis of the genomic sequences of S. bayanus, S. mikatae
and S. paradoxus, which are separated from S. cerevisiae by approximately five mil-
lion to twenty million years of evolution, confirms the organisation of ORFs onto
16 chromosomes with an average genome size of approximately 11.5 × 106 –12 × 106 bp
for this genera (Kellis et al. 2003). The four genomes show a high degree of conser-
vation of synteny with only 1.3% of sites of insertions or deletions falling within
protein coding regions. The 32 telomeric and subtelomeric regions of the 16 chro-
mosomes represent the regions of greatest sequence diversity. By using a reading
frame conservation (RFC) test, together with manual inspection of dubious ORFs
for all initially predicted 6,275 theoretical ORFs from the S. cerevisiae genome,
Kellis et al. (2003) identified 5,458 ORF orthologs in all four species, thus leading to
a re-evaluation of the number of true ORFs in the S. cerevisiae genome.The com-
parative genomic analysis from multiples members of the Saccharomyces sensu
stricto group, in addition to defining the number of true ORFs in these species, has
allowed a comprehensive analysis of the rate of evolution of these genomes and the
identification of ORFs unique to each species. Additionally, the genome alignments
of all four species has allowed the identification of regulatory elements in the inter-
genic regions of the genomes. The sequencing of more distantly-related yeasts such
as S. kluyveri (Cliften et al. 2003; Kellis et al. 2003), Candida glabrata, Kluyveromyces
lactis, Debaryomyces hansenii, Yarrowia lipolytica (Dujon et al. 2004), Ashbya gossypii
(Dietrich et al. 2004) and Kluyveromyces waltii (Kellis et al. 2004) has added to our
understanding of the evolution of the genomes of the Hemiascomycetes.

7.3 Whole Genome Approaches to the Characterisation 
of Industrial Strains of Yeasts

The complete genome sequence is an important resource allowing scientists to exam-
ine the physiology and evolution of related organisms. It is also the prerequisite for
some of the developed genome-wide techniques that have revolutionised the way
biological systems are studied. In this section we outline some of the basics of these
techniques aiming at the analyses of the complete complement of transcripts (the
transcriptome) and proteins (the proteome) in a cell.
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7.3.1 Microarray Technology for Genome and Transcriptome Analysis

Microarray technology grew out of the complete DNA sequencing of the haploid
S. cerevisiae genome and involves robotic application of DNA, representing each
gene in the genome, to glass slides, silicone or nylon membranes. The DNAs are
arrayed in an orderly fashion to allow easy identification of genes within the array
(Chittur 2004; Epstein and Butow 2000; Gerhold et al. 1999; Hardiman 2004). Two
types of DNA microarray chips are currently used. Firstly, DNA sequences
(500–5,000-bases long) representing individual ORFs are PCR-amplified using
DNA oligos specific to each gene. These DNAs are robotically “spotted” onto the
glass slides or nylon membranes. The second method generates arrays of oligonu-
cleotides (20–80-mer oligos) representing each gene. These oligonucleotides can be
directly synthesised using photolithographic techniques in situ or by conventional
synthesis followed by on-chip immobilisation. A variation on this second approach
is to include internal controls on the microarrays in which single nucleotide mis-
matches of each oligonucleotide are included on the chips to allow quantification of
the specificity of hybridisation to a given probe. The prototype oligonucleotide
microarrays were developed at Affymetrix, which sells its products under the
GeneChip trademark.

The arraying of the whole genome, representing each individual gene, on a single
matrix, allows the simultaneous analysis of the complete messenger RNA (mRNA)
profile (transcriptome) of an organism in a single experiment. Relative steady-state
levels of mRNAs are normally examined temporally or spatially under experimen-
tal conditions where perturbations from the normal growing conditions are
imposed. These perturbation may include changes in genetic background, environ-
mental changes or pharmacological changes, to name but a few. This is achieved
through the principles of nucleic acid hybridisation. Briefly, heat denatured double-
stranded DNA or single-stranded DNA on the microarray chips is incubated with a
labelled probe. For transcriptome analysis, the probes are prepared by first convert-
ing RNA to complementary DNAs (cDNAs) by random priming using the enzyme
reverse transcriptase. This cDNA probe represents a “snapshot” of the total pool of
mRNAs present in the cell under a specific set of experimental conditions. A simi-
lar cDNA pool is prepared from RNA extracted from cells grown under “control”
conditions. The cDNA probes are differentially labelled by incorporating the
fluorescently tagged nucleotides Cy3 (green; 635 nm; control) and Cy5 (red; 532 nm;
experimental), respectively, during the reverse transcription reaction. The differentially
labelled cDNAs are then mixed and added to the microarray chip, where they
compete for hybridisation to the DNA sequences on the chip. The extent of hybridi-
sation is directly proportional to the amount of cDNA, representing a specific
mRNA in the sample, that is complementary to a given DNA sequence on the chip
and the degree of sequence homology between the two sequences.

Hybridisations are normally carried out in a solution containing 5X SSC (0.6 M
sodium chloride, 0.06 M sodium citrate), 7% sodium dodecyl sulfate (SDS) and 50 mM
sodium phosphate, pH 7.0. Blocking reagents such as Denhardt’s solution [0.02%
poly(vinylpyrrollidone), 0.02% bovine serum albumin, 0.002% Ficoll 400] or com-
mercially available blocking reagents are added to the hybridisation solution to
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increase the effective concentration of the probe and to reduce non-specific hybridi-
sation. Hybridisations are normally carried out at 68°C or at a temperature below
the melting temperature of the probe. Under these hybridisation conditions the
labelled probe will bind to its complementary sequence on the DNA chip. The strin-
gency of hybridisation can be varied by changing the temperature of hybridisation
or the composition of the hybridisation solution. Following hybridisation, the fil-
ters are washed to remove unhybridised probe. Again the stringency of hybridisation
can be adjusted here by varying the washing conditions; high-stringency washing
(0.5X SSC, 0.1% SDS; 68°C) will allow only completely identical sequences to
hybridise, while low-stringency conditions (2X SSC, 0.1% SDS; 68°C or at a lower
temperature) will allow hybridisation between DNAs containing mismatches.

The hybridised DNA can then be measured using a fluorescence scanner. The
readout from the fluorescence detector is then analysed using programs such as
Genepix Pro or ScanAlyze and is expressed as pixels of green or red fluorescent light
per square millimetre for each gene. Following normalisation of the data to correct
for different efficiencies of labelling and corrections for size of the spot, subtraction
of background and removal of spurious readings, the data can be directly fed into
spreadsheet programs. The data are presented as a normalised linear ratio or a nor-
malised log2 ratio of red-to-green fluorescence. The red-to-green fluorescence ratio
gives a direct measurement of the relative proportions of RNA (cDNA) in the start-
ing samples. A log2 ratio of greater than zero indicates a higher level of RNA
(cDNA) or DNA in the experimental sample compared with the control sample,
while a log2 ratio of less than zero indicates the opposite.

The red-to-green fluorescence ratios can then be fed directly into clustering
programs such as Cluster (http://rana.lbl.gov/eisensoftware.htm) (Eisen et al. 1998).
Clustering programs use hierarchical or K-means algorithms as a means of identifying
and correlating patterns of gene expression and can be used to group together,
into expression classes, genes showing similar gene expression patterns. Clustering
programs also allow data from multiple microarray experiments to be analysed simul-
taneously. The cluster output can be viewed in TreeView (http://rana.lbl.gov/eisen-
software.htm) as a colour-coded graphical representation of expression profiles at a
glance (Fig. 7.1).

Microarray technology has been exploited to generate a vast amount of data exam-
ining the gene expression patterns of S. cerevisiae under a variety of experimental con-
ditions. The majority of these can be accessed through the SGD or directly at the site
Yeast Microarray Global viewer (yMGV; www.transcriptome.ens.fr/). The latter site
contains data from 1,544 experiments mainly showing gene expression patterns for the
haploid yeast S. cerevisiae. Comparison of gene expression data generated from dif-
ferent sources is often hampered by differing experimental parameters being exam-
ined. However, as mentioned before, programs such as Cluster allow the side-by-side
clustering of gene expression patterns from any number of differing sources and will
reveal overall similarities and differences in the patterns. The yMGV site provides a
graphical representation of gene expression variations for each published genome-
wide experiment. Additionally, one can examine the effects of experimental conditions
on one or a group of genes and identify groups of genes sharing similar transcription
profiles in a defined subset of experiments.
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One of the most useful datasets is that of gene expression patterns of S. cerevisiae
under a variety of environmental conditions experienced by yeasts, such as heat and
cold shock, amino acid starvation, nitrogen depletion, and during the exponential
and stationary growth phase (Gasch et al. 2000).

7.3.2 Technologies for Proteome Analysis

The mRNA expression changes estimated by microarray analysis should ideally
reflect the change in the amount of protein under the same experimental condi-
tions. However, in many instances this is at its best a good approximation and rather
large discrepancies are revealed. Additionally, transcriptome analysis does not
reflect the complex myriad of post-translational features, like protein modifications
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Fig. 7.1. TreeView display showing expression profiles of genes encoding proteins involved in
carbohydrate metabolism. Log2 ratios of transcript levels on days 3 and 8 of a brewing fer-
mentation with a lager strain of a yeast relative to the levels on day 1 were obtained from a
microarray analysis (James et al. 2003). Genes were first grouped together by cellular process
and then clustered to reveal transcripts showing similar levels of expression (log2 ratios) using
the program Cluster. The range and intensity of colours from red to green represents a con-
tinuum of highest levels of induction (red) or repression (green)



(e.g. phosphorylation, N-terminal acetylation or ribosylation), protein association
with cofactors (e.g. NADH or zinc), protein complex formation (e.g. the ribosome
contains almost 100 components), protein localisation (e.g. into mitochondria or the
nucleus) and protein degradation (e.g. ubiquitination and breakdown via the pro-
teasome), that eventually define the active proteome component of the cell. Ideally
all these levels of complexity should be examined for a full understanding of protein
activity in the cell and hence the system under study. This, in short, defines the great
challenge in proteomics. In addition, the quantitative range of proteins in the cell is
huge; recent estimates indicate that protein abundance in yeasts covers roughly 5
orders of magnitude (Ghaemmaghami et al. 2003), which of course adds to the tech-
nological challenge. Proteomics on S. cerevisiae currently includes a plethora of
techniques, where many of the methodologies rely on the fact that the full genome
sequence is available. In the analysis of industrial yeast strains where the full genome
has not yet been released, the most fundamental proteomics approach with elec-
trophoretic separation of cell extracts, subsequent image analysis and protein iden-
tification has so far been applied. However, the application of some large-scale
techniques in proteomics, presently only within reach for the analysis of labora-
tory S. cerevisiae strains, will most likely in the near future also be applied for the
analysis of industrial strains (Sect. 7.6).

7.3.2.1 Two-Dimensional Polyacrylamide Gel Electrophoresis

The standard methodology in proteomics has been the combination of two-
dimensional polyacrylamide gel electrophoresis (2D-PAGE) separation and quan-
tification with mass spectrometry (MS) based identification of resolved proteins.
Separating/arraying all proteins in a yeast cell provides a substantial experimental
challenge. The technique applied must deal with the great qualitative and quantita-
tive complexity and should be able to do so with a reasonably high throughput of
samples. The technique most frequently used to obtain high-resolution separation
of proteins is 2D-PAGE, which resolves proteins in two consecutive steps that sepa-
rate on the basis of independent protein-specific properties, i.e. the isoelectric point
(pI) and the molecular weight (Mr). The principle is simple and elegant and when
first applied in the mid-1970s it was a major breakthrough in the molecular global
analysis of biological samples (Klose 1975; O’Farrell 1975). The major procedure
has not changed much over the years; however, substantial refinements in chem-
istry and hardware have made the currently applied technique vastly superior to the
initial setup.

Isoelectric focusing of native proteins is well established and has been exten-
sively used. To increase the resolving power, separation under denaturing conditions
by adding high amounts of urea (about 9 M) and 1–4% of a non-ionic detergent
was developed. The denaturing capacity is increased even further by inclusion of
thiourea in addition to urea as a chaotroph, and the use of zwitterionic amphiphilic
compounds (e.g. 3-[3-(Cholamidopropyl)dimethylammonio]-1-propanesulfonate,
CHAPS, or SB 3–10) (Rabilloud et al. 1997). This procedure is particularly useful
for the resolution of problematic proteins (Rabilloud 1998), but has become the
standard procedure in many laboratories.
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Separation based on different protein pIs was initially achieved by the inclusion
of carrier ampholytes, molecules that in an electric field will generate a pH gradient
in which proteins migrate until they reach the pH where their net charge is zero.
However, when applying a wide-range ampholyte mixture, such as one with pH
3–10, the separation will not cover this wide a pH range at the end of the run; the
final gradient will cover not more than about pH 4–6.5 (O’Farrell et al. 1977). The
consequence is, of course, that proteins with pI values outside the produced pH
range of the gradient will not focus. One solution to this problem is to pursue iso-
electric focusing for shorter times, leading to a gradient with greater pH coverage
(O’Farrell et al. 1977). This technique is then a non-equilibrium one, and proteins
will, in general, not reach their true pI value. These non-equilibrium pH gradient gel
electrophoresis (NEPHGE) gels have been applied to the separation of yeast sam-
ples, especially in the past (Bataillé et al. 1988; Boucherie et al. 1995; Brousse et al.
1985; Iida and Yahara 1984; Shin et al. 1987). The main problem with the NEPHGE
procedure is reproducibility and standardisation.

The technical solution to at least some of the problems mentioned before for
ampholytes came with the invention and application of immobilines (Bjellqvist et al.
1982; Görg et al. 1988, 1999). Immobilines produce a pH gradient that is generated
by the covalent anchoring of the immobilines to the polymer matrix. The conse-
quence is that the gradient will be stable and not collapse during prolonged running
time. In addition, shallow (zooming in on narrower pH regions) or very broad gra-
dients can be formed, and even the use of sigmoid-shaped non-linear pH 3–10
gradients for optimal protein pattern spread has been applied for the analysis of
yeasts (Muller et al. 1999; Norbeck and Blomberg 1997, 2000). In addition, with the
development of more alkaline pH gradients (up to pH 12.5) the 2D system can
resolve very alkaline proteins like histones and many ribosomal proteins
(Wildgruber et al. 2002). The use of shallower gradients, where better physical sep-
aration is obtained between proteins with closely matching pI values, can be very
useful, and will minimise the shielding effect on low-abundance proteins from abun-
dant neighbours (Wildgruber et al. 2000).

For the 2D separation there is presently no good system for the parallel separa-
tion of proteins in the range 1–600 kDa, which is the size range provided by the yeast
proteome. Size differences can be dealt with but only if we apply slightly different
techniques for different size classes: i.e. altering the concentration of the polyacry-
lamide matrix will enable better separation of small proteins (high total percentage
of acrylamide, %T) or large proteins (low %T) (Garrels 1979). However, choosing
either of these extremes will of course compromise the resolution of the opposite
size class. In practice this means that more gels have to be run and fewer samples will
be analysed. Most groups have thus adopted some intermediate concentration
(10–12%T) as the standard, thus accepting minor losses in resolution of extremes in
the process.

7.3.2.2 Post-Separation Analyses – Image Analysis

Visualisation of 2D-PAGE-separated proteins can be performed by different means,
and when dealing with the industrial-scale visualisation this is achieved by the use of
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some sensitive stain. Silver deposits at protein spots can detect low nanogram quan-
tities of protein; however, different silver staining protocols are more or less sensitive
and some are more useful for quantitative purposes (Blomberg 2002; Rabilloud
1992). The signal-response curve for silver staining is linear for all protocols over a
rather narrow dynamic range, and proper quantification over a wider range can only
be achieved by the use of calibration strips. A recent development of great use in
protein quantitation is the use of fluorescent dyes. The currently most frequently
used dye is Sypro Ruby, which has been documented to generate a linear response
over some orders of magnitude. This staining procedure is, however, a bit less sensi-
tive than silver staining (Rabilloud et al. 2001; Blomberg et al., unpublished data).
In Fig. 7.2a the 2D pattern of lager yeast strain CMBS33 from Sypro Ruby staining
can be observed from cells grown under laboratory conditions in synthetic defined
medium containing glucose. Recently dual labelling with covalent linkage of fluo-
rescent dyes prior to electrophoretic separation was also applied, i.e. fluorescence-
based multiplexed proteomics (Patton and Beechem 2002). Different samples are
labelled with dyes with different spectral properties, mixed and separated by 2D-
PAGE. The resulting gel is scanned in different spectral windows and the individual
quantities estimated. The main advantage of this methodology is that between-gel
variation is cancelled, which makes sample comparison and spot matching more
straightforward. However, if more than two or three samples are to be analysed,
which is usually the case in proteome analysis if statistics are to be applied (which it
should), the problem still persists with gel-pattern matching. Any of these means for
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Fig. 7.2. Differential staining with Sypro Ruby and ProQ diamond of 2D-separated proteins
from a lager yeast strain. The lager strain CMBS33 was grown in synthetic defined medium
with glucose as the carbon and energy source and harvested in the mid-exponential growth
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(Adopted from R. Caesar, E. Pettersson, J. Gustafsson, A. Hashemi, A. Blomberg, unpublished
results)



visualisation can be utilised for protein expression analysis of samples cultivated on
an industrial scale. However, the most precise quantitative method is not really
applicable to large-scale fermentations – isotopic labelling of proteins during culti-
vation by addition of a radioactive amino acid, usually 35S-methionine. After sepa-
ration the gels are dried and exposed to image plates that have a higher sensitivity
and a wider linear range of response compared with those of ordinary X-ray film
(Blomberg 2002).

Protein stains have also been developed to specifically capture protein features.
One good example of this is the recently developed stain ProQ diamond, where gels
are fluorescently stained and imaged to reveal phosphorylation levels using this fluo-
rescent phosphosensor dye (Schulenberg et al. 2003). The initial staining step is
subsequently followed by staining and imaging to reveal general protein expression
levels using a total protein indicator such as Sypro Ruby. ProQ diamond specific
proteins can subsequently be identified by peptide mass fingerprinting. Figure 7.2b
displays the phosphorylated proteins indicated by ProQ diamond staining in the
lager strain CMBS33. Some of the phopsphorylated proteins were identified earlier
as phosphoproteins in S. cerevisiae, while others are novel phosphorylation targets
(R. Caesar, E. Pettersson, J. Gustafsson, A. Hashemi, A. Blomberg, unpublished
results).

Generated images can be analysed for quantitative changes in protein spot vol-
ume. For this task there are currently a number of different commercial software
packages. All of them are based on some procedure for background subtraction,
smoothing and subsequent spot identification and quantification (Blomberg 2002).
Different software packages apply different strategies in the analysis of spot vol-
umes. Some use mathematical modelling based on spot width and peak height, while
others identify the outer borders of the spot and sum all the pixel values; however,
the quantitative results are usually more or less similar, at least for well-resolved
spots. The final analysis is to compare the quantitative values of individual protein
spots between different samples. This matching process is supposed to be automated
in many of the software packages, but still much time is spent in manual editing and
matching of different images. Currently procedures are being developed that hope-
fully will lead to more accurate automatic handling of large collections of image
data; these are based on image warping prior to matching (Gustafsson et al. 2002;
Veeser et al. 2001).

7.3.2.3 Protein Identification: a Historical Survey

The 2D map obtained is of rather limited biological value if resolved protein spots
are not identified. This was initially performed by co-migration with purified prepa-
rations of enzymes. Applying this procedure, Calvin McLaughlin and colleagues
were able to produce the first annotated 2D map of S. cerevisiae, which in 1978 con-
tained identity for 17 proteins (Elliott and McLaughlin 1978). The proteins identi-
fied were mostly very abundant and involved in glycolysis, like hexokinase,
triosephosphate isomerase and enolase.

Another early procedure for the identification of proteins in the 2D patterns
was by the use of antibodies. Proteins were separated and subsequently blotted onto
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filters where polyclonal antibodies were used for identification. This approach was
first attempted for yeasts by the Bordeaux group lead by Helian Boucherie.
Antibodies were produced against purified preparations of enolase and glyceralde-
hyde-3-phosphate dehydrogenase, and these antibodies were used for protein identi-
fication on 2D gels (Brousse et al. 1985) and were also applied in the first analysis of
some wine yeasts (Brousse et al. 1985). The antibodies detected both Eno1p and
Eno2p as well as Tdh2p and Tdh3p (as we know them today). This exemplifies
a weak point when using polyclonal antibodies; they are prone to cross-reactivity.
The future use of antibodies in protein characterisation would most likely be
found in the large scale analysis of diverse protein modifications or in the analysis
of low-abundance proteins.

The advent of molecular biology techniques provided novel avenues for protein
identification since genes could be cloned and overexpressed by the use of multicopy
plasmids. This strategy was explored for the identification of the location of PGI
and PGM encoded polypeptides in the 2D pattern (Bataillé et al. 1987), as greatly
enlarged spots. A variation on this theme would be the 2D analysis of a gene knock-
out, where the gene product in question is scored as a missing 2D spot in the mutant.

A cheap, rapid, yet efficient way of identifying proteins on a laboratory scale is
based on the determination of their amino acid ratios (Garrels et al. 1994; Maillet
et al. 1996). Specific double-labelling with 3H and 14C or 35S-labelled amino acids,
chosen among those that are specifically incorporated into proteins without inter-
conversion, allowed an accurate measurement of different amino acid ratios for
roughly 200 proteins. This double-labelling technique is particularly suited for the
analysis of proteins that are only transiently expressed; these proteins will be diffi-
cult to analyse by other means since in many instances they will be present at very
low levels.

The first technique for direct identification of resolved proteins was microse-
quencing. In principle, microsequencing works extremely well in most cases; how-
ever, a number of problems have also been encountered, e.g. proteins frequently
carry modifications in their N-terminus, which blocked and stopped the sequencing
reaction. Thus, novel procedures for generating material to be analysed in the
microsequencer were developed. The most appealing and experimentally straight-
forward method was in-gel digestion with a specific protease, mostly trypsin, and
subsequent elution and fractionation of the peptides generated (Norbeck and
Blomberg 1995; Rosenfeld et al. 1992). The in-gel digestion turned out to be a major
breakthrough in the analysis of proteins and is still the main method in use today
for the generation of peptide cocktails from 2D-resolved proteins. A number of lab-
oratories have successfully adopted this strategy of microsequencing of isolated pep-
tides and used it for the annotation of their yeast map (Garrels et al. 1997; Norbeck
and Blomberg 1995, 1997; Sanchez et al. 1996). Microsequencing is a very powerful
technique when it comes to stringent identification of proteins, in particular for
closely related proteins (Norbeck and Blomberg 1995). However, this technique also
has a number of drawbacks: (1) it is rather expensive to run and maintain (e.g. chem-
icals have to be ultrapure), (2) the analysis time for each amino acid is about 30–45 min,
at least for the somewhat older microsequencers, which results in few protein identifi-
cations per day, and (3) rather large amounts of protein are required (1–10 pmol). This

7 • Principles and Applications of Genomics and Proteomics 185



excludes the use of microsequencing in any type of really large scale programme
when linked to the characterisation of hundreds of proteins resolved by 2D-PAGE.

7.3.2.4 Protein Identification: Mass Spectrometry

Currently the methodology of choice for large-scale protein identification is based
on the use of mass spectrometry. Molecules to be analysed by mass spectrometry are
ionised in the gas phase and are subsequently resolved in relation to their mass-to-
charge ratio. Key in the protein analyses by mass spectrometers was to get large
molecules like proteins and peptides into the gas phase as ions. Much effort was
spent in the past to develop non-destructive “soft” ionisation methods that are com-
patible with studies of proteins and peptides. Two different ionisation methods were
eventually developed that proved versatile, non-destructive and robust in the ionisa-
tion of a wide spectrum of peptides and proteins.

In matrix-assisted laser desorption ionisation (MALDI) a large excess of matrix
material is mixed with the analyte molecule and a small volume of the mixture is
placed on a metal target where it is allowed to dry and form crystals (Mann et al.
2001). Nanosecond laser pulses from nitrogen lasers are then used to irradiate the
crystals under vacuum. The matrix is a small organic molecule like the commonly
used compound a-cyano-4-hydroxycinnamic acid, and it is believed that the matrix
molecules absorb the laser energy, resulting in desorption, and throw out of a small
volume of matrix and embedded analytes. The matrix thus serves the purpose of
propelling the non-volatile proteins and peptides into the gas phase. The ionisation
process of a peptide competes with ionisation of all other peptides in the mixture,
and this suppression phenomenon results in a context-dependent signal intensity for
a particular peptide (Larsson et al. 1997). This phenomenon makes MALDI-MS
non-quantitative and also explains why some peptides never “fly” in the analysis of
complex peptide mixtures.

In the other ionisation method, electrospray ionisation (ESI), a low flow rate of
liquid (microlitres per minute or less) is pumped through a very narrow and high
electric potential needle. This procedure leads to a dispersion of the liquid into
micrometre-sized charged droplets, which is called an electrospray (Mann et al.
2001). When these small droplets evaporate charge is transferred to the analyte mol-
ecules. Electrospray is regarded as a very soft ionisation method since it rarely frag-
ments the analyte ions. ESI works well on many types of macromolecules and
usually results in multiply charged larger molecules. Since the separation and analy-
sis in the mass spectrometer is based on mass over charge, multiple charges produced
by ESI bring even very large proteins into the mass/charge analytical range of most
mass spectrometers. This ionisation method can be directly coupled in-line with a
high-performance liquid chromatography system. This system design is rather
robust since sample cleanup, separation and concentration is performed in a single
in-line chromatographic step. Many of the very potent applications of ESI-MS
in proteomics are currently based on in-line separation of peptides by 1D or 2D
chromatography systems.

Mass spectrometers measure the mass-to-charge ratio of ions. This can be
achieved by separation based on time-of-flight (TOF-MS), quadrupole electric fields
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generated by metal rods (quadrupole MS), or selective ejection of ions from a 3D
trapping field (ion-trap MS) (Mann et al. 2001). When structural information is to
be gained, e.g. in peptide sequencing, two different steps of m/z analysis are per-
formed in tandem MS (MS/MS) with some kind of fragmentation procedure, in a
collision-induced dissociation (CID) chamber, placed in between. The MS/MS
analysis can in principle be performed by employing the same m/z separation prin-
ciple twice (e.g. TOF-TOF) or by combining two different ones (e.g. quadrupole
TOF). Both ionisation procedures described, MALDI and ESI, can be coupled
to any of the m/z separation methods; however, some combinations appear to be a
better match and are more frequently found in current commercial instruments
(e.g. MALDI-TOF; ESI ion trap).

In the TOF-type mass spectrometers ions are accelerated to a fixed amount of
kinetic energy by a strong electric field, applied some 100–500 ns after the laser
pulse, and the ions travel down a flight tube. This procedure leads to molecules with
low m/z values having higher velocities and getting to the detector before the ones
with high m/z values. The mass accuracy of MALDI-TOF instruments is roughly 10
ppm (0.01 Da for a 1-kDa peptide). The quadrupole is a mass filter that is composed
of four metallic rods to which an oscillating electric field is applied. This filter lets
through only ions with a certain m/z value, with the other ones not reaching the
detector. The mass-over-charge spectrum is obtained by changing the amplitude of
the electric field and recording the ions that reach the detector. Most peptide
sequence analyses have been performed on triple quadrupole instruments where the
design is divided into three sections. Two sections that provide m/z filters and one
central quadrupole section that contains the ions during fragmentation thus consti-
tute the CID chamber. Quadrupole mass spectrometers are capable of unit mass
resolution and mass accuracy of 100–500 ppm. In ion traps the ions are physically
trapped in a 3D electric field. Ion traps capture the continuous beam of ions up to
the limit of the maximum number of ions that can be introduced into the trap with-
out distorting the electrical field. After capture, the ions are subjected to additional
electrical fields that lead to one ion after the other being ejected from the trap. The
ejected ions are detected and this produces the m/z spectrum. In cases where MS/MS
analysis is to be performed with the ion trap, all except the desired ion are first
ejected. After that the remaining ion is fragmented by collision to a gas and the frag-
ments are analysed by the same procedure as before. This construction allows for
multiple rounds of analysis and fragmentations, with the result that a large number
of MS/MS analysis can be performed (MSn). Ion traps are compact, robust and very
versatile instruments for which the operation can be highly automated. The mass
accuracy of the ion traps is slightly less than for the quadrupole instruments, which
is usually not a great problem in the analysis of yeast proteins because of the rela-
tively small genome (only roughly 6,000 proteins).

Algorithms for protein identification based on MS data has been developed and
refined (Mann et al. 2001). Originally protein identification was almost exclusively
performed using MALDI-TOF-MS data, where the peptide mass fingerprint gener-
ated was compared with the theoretically predicted masses of peptides for each entry
in the protein database. Trypsin digestion has most frequently been used (cleavage
after arginine and lysine residues), but in principle any type of specific protease
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could be used in the generation of peptides. The first step in the procedure is that
visualised proteins are physically cut out from preparative gels. These gel pieces are
destained and washed, dehydrated and then rehydrated with trypsin solution. With
the growing number of sequences in the databases, more sophisticated algorithms
have been developed that generate lists of protein hits with corresponding probabil-
ity scores. However, as a rule of thumb for an unambiguous identification, when
high mass accuracy in the range 10–50 ppm is achieved, at least five peptide mass
MALDI-MS data need to match that should cover at least 15% of the length of the
protein. MS/MS data can also be used for database searches. Since sequence infor-
mation is revealed in the tandem mass spectra, these searches provide higher confi-
dence and greater discrimination. Several alternative algorithms exist, but here it
suffices to mention that experimental spectra are matched against calculated frag-
mentation spectra for all peptides in the database. The power of the MS/MS
approach truly comes into play when mixtures of proteins (or whole proteomes) are
to be analysed (Washburn et al. 2001), since single peptide fragmentations can
be sufficient to identify a particular protein in the sample.

7.3.2.5 Yeast Proteome Databases

Currently the most impressive and complete global analysis of the yeast proteome
includes the analysis of 400 proteins corresponding to 279 different genes for the lab-
oratory strain S288c during exponential growth in synthetic defined medium (Perrot
et al. 1999). In this analysis, a combination of different techniques was used in the
identification of the protein spots; genetic alterations (gene overexpression or dele-
tion) 121 proteins, amino acid composition 114 proteins, and MS 221 proteins. Many
of the most abundant proteins in the 2D pattern are involved in energy metabolism,
of which proteins encoded by 48 genes have been identified. A large proportion of the
proteins identified are involved in biosynthesis of either small molecules (65 different
genes) or macromolecules (79 genes). Some of the metabolic pathways are almost
completely covered, like purine synthesis, which was also used for the first complete
study of all its components (Denis et al. 1998). However, only a small proportion (five
proteins) of the subunits in the ribosome were separated and identified. A good pro-
portion of the aminoacyl-tRNA synthetases have been identified, 13 out of the 20
believed to be present in the genome. In addition, a high number of chaperones are
present; these are mostly rather dominant and are represented by a large variety of
proteins and different families in yeasts. Also identified are components involved in
the cellular response to growth perturbations (stress); osmotic adaptation (four pro-
teins) and detoxification (six proteins). This data can be explored at the Bordeaux 2D
database (YPM; http://www.ibgc.u-bordeaux2.fr/YPM/).

7.4 Genome Constitution of Industrial Strains of Yeasts

The genomic analysis of industrial strains of yeasts has lagged behind that of the
prototype haploid S. cerevisiae species. This is partly due to the complex nature of
their genomes. Industrial strains of yeasts, in particular those involved in the beer
and wine industries, all belong to the Saccharomyces sensu stricto group. Currently,
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this taxonomic group includes seven yeast species, S. cerevisiae, S. paradoxus, S. pas-
torianus, S. cariocanus, S. kudriavzevii, S. bayanus and S. mikatae.

Yeasts isolated from wine fermentation in which no starting inoculum is used tend
to belong to the species S. cerevisiae or S. bayanus, with the majority being S. cerevisiae
(Mortimer 2000). A small number of wine yeasts appear to be interspecies hybrids of
S. cerevisiae and S. bayanus, while one particular cider yeast strain (CID1) contains
DNA from three separate species (de Barros Lopes et al. 2002; Mortimer 2000). The
majority (approximately 70%) of wine yeasts are prototrophic, heterozygous and
homothallic and most possess diploid genomes (Mortimer 2000).

Industrial beer fermentations in modern-day breweries use two uniquely differ-
ent strains of yeasts, the top-fermenting ale strains and the bottom-fermenting
lager strains, the names “top” and “bottom” reflecting whether the yeast rises to the
top of the fermentation or settles to the bottom at the end of fermentation
(Kielland-Brandt et al. 1995; Kodama et al. 2005). Top-fermenting yeasts produce
ales and closely resemble S. cerevisiae, while the bottom-fermenting lager strains
appear to have arisen from a fusion between two yeast species, one closely resem-
bling S. cerevisiae, while the other appears similar to S. bayanus and/or S. pastori-
anus CBS1503 (S. monacensis) (Kodama et al. 2005). The lager yeasts have been
grouped with S. pastorianus (Vaughan-Martini and Martini 1987) but are com-
monly referred to as S. carlsbergensis.

The lager yeast genome is believed to have undergone a genome duplication fol-
lowing the species fusion, leading to an allotetraploid strain containing varying
numbers of S. cerevisiae and non-S. cerevisiae chromosomes. Generally lager yeast
genomes are considered to be aneuploid in nature, possessing unequal numbers of
chromosomes, e.g. a strain could have one copy of chromosome III and five copies
of chromosome IV. In addition, recombination between the two homeologous sets
of chromosomes has occurred, generating mosaic chromosomes (Kodama et al.
2005). These complex genomes appears to confer unique selective characteristics to
these strains, e.g. the ability of lager yeasts to grow at low temperatures (7–13°C) and
to withstand high osmotic pressure, high hydrostatic pressure, and high ethanol and
CO2 concentrations.

7.4.1 Classical Approaches to the Analysis of Industrial Yeast Genomes

7.4.1.1 Single Chromosome Transfer of the Lager Yeast Genome

The poor sporulation ability of lager yeast strains has hampered classical genetic
analysis of these polyploid strains. However, preceding the development of molecu-
lar approaches for genome analysis, studies using the technique of single chromo-
some transfer from lager strains to well-defined laboratory S. cerevisiae strains
helped to elucidate the polyploid and mosaic nature of lager yeast genomes (Casey
1986; Kielland-Brandt et al. 1995; Nilsson-Tillgren et al. 1981). Using this experi-
mental approach three chromosome types in the lager strains have been defined:
(1) S. cerevisiae chromosomes capable of recombining with S. cerevisiae chromo-
somes, (2) non-S. cerevisiae chromosomes showing no recombination and (3) mosaic
chromosomes where regions of the lager yeast chromosome can recombine with an
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S. cerevisiae chromosome (Kielland-Brandt et al. 1995). The conclusions reached by
these seminal experiments defined the complex makeup of the lager yeast genomes
and have been borne out and refined by subsequent analysis using molecular and
whole genome approaches (see later).

7.4.1.2 Electrophoretic Analysis of Lager and Wine Strains of Yeasts

The characterisation of the structure and composition of industrial yeast chromo-
somes has been greatly aided by the development of pulsed-field gel electrophoresis.
Classical single (continuous) field gel electrophoresis on agarose gels in
tris(hydroymethyl)aminomethane acetate buffers has an upper limit of separation of
approximately 30–50 kb. Pulsed-field gel electrophoresis, in which the direction and
the duration of the current are varied (Coulson et al. 1988), relieves this upper
restriction and allows the separation of DNA fragments in the size range from 10 kb
to 10 Mb. The earliest models of pulsed-field gel electrophoresis employed a single
field inversion of the electric current: field-inversion gel electrophoresis (FIGE)
(Carle et al. 1986). FIGE periodically inverts the polarity of the electrodes subject-
ing the DNA to a 180° reorientation. The more complex pulsed-field systems such
as contour-clamped homogeneous electric field (CHEF) (Chu 1990; Chu et al. 1986)
transverse alternating field electrophoresis (TAFE) (Gardiner et al. 1986) and rotat-
ing gel electrophoresis (RGE) (Anand and Southern 1990; Gemmill 1991; Southern
et al. 1987) all subject the DNA to smaller changes in orientation, generally between
96 and 120°. This results in the DNA moving forward in a zigzag manner allowing
for separation over a wider range of sizes.

The first yeast chromosome fingerprint of the haploid strain of S. cerevisiae,
using FIGE (Carle and Olson 1985), confirmed the presence of 16 chromosome
bands. Separation of industrial yeast chromosomes on CHEF or TAFE gels
revealed a wide heterogeneity in the chromosome banding pattern; however, in each
case chromosomes equivalent in size to the S. cerevisiae chromosomes are apparent.
(Casey 1996). Strains of lager yeasts vary in the number of chromosome bands pres-
ent and in subtle electrophoretic mobilities of individual chromosomes. For exam-
ple, chromosome fingerprints of a number of yeast cultures from the Stroh Brewery
Culture Collection distinguished two unique fingerprints of type “Tuborg” and type
“Carlsberg” (Casey 1996). These two strain types differ in the presence or absence of
the small chromosomes I and X. By combining the techniques of pulsed-field gel
electrophoresis and Southern blotting, the identity of individual chromosome bands
was deduced. In a seminal paper by Casey (1986) the presence of three types of chro-
mosome X in S. carlsbergensis was revealed using a DNA probe specific to chromo-
some X. Likewise, by varying the stringency of the hybridisation and washing
conditions, the S. cerevisiae like, the non-S. cerevisiae homeologues and mosaic
chromosomes, present in the lager strains, can be distinguished.

Electrophoretic karyotyping of wine yeasts from different sources reveals that
strains differ in the number, electrophoretic mobilities and band intensities of chro-
mosomes. Up to 21 chromosome bands have been identified in certain wine yeast
strains (Castrejon et al. 2004). Hybridisation of chromosomes separated by pulsed-
field gel electrophoresis, using chromosome-specific DNA probes, has allowed the
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identification of individual chromosomes of wine yeast (Puig et al. 2000).
Furthermore, karyotyping has revealed that the genomes of wine yeasts are subject
to genetic rearrangements by undergoing recombination between homologous chro-
mosomes and between paralogous or repeated DNA sequences (Codon et al. 1998;
Infante et al. 2003). The recombination events, resulting in the generation of mosaic
chromosomes in lager and wine yeasts, appear to occur during mitosis rather than
being meiotic in nature (Puig et al. 2000). The resulting complex genomes of lager
and wine yeasts lead to poor mating ability, poor sporulation and spore viability and
thus contributes to the genetic isolation of these strains.

7.4.2 Comparative Genomic Microarray Analysis

7.4.2.1 Comparative Competitive Genomic Hybridisation of Lager Strains 
of Yeast

While pulsed-field gel electrophoresis allows the identification of the number of
individual chromosomes and chromosome heterogeneity between yeast strains, it
cannot reveal any information on the actual gene makeup of these industrial yeast
strains. The development of whole genome microarray technology has allowed
researchers to address this issue and to ask pertinent questions regarding the bio-
logical consequences of the hybrid nature of many industrial strains of yeasts. Such
questions include what is the nature of the mosaic chromosomes in industrial strains
of yeasts, how many copies of S. cerevisiae and non-S. cerevisiae genes are present
in the genome and what effect does the presence of multiple non-identical genes have
on the final transcriptome and proteome content of the yeast?

The technique of comparative competitive genomic hybridisation (CCGH)
(Watanabe et al. 2004) to microarrayed S. cerevisiae genes on DNA chips can be used
to determine the relative copy number of S. cerevisiae like genes, at single-gene reso-
lution, in industrial strains of yeasts. In this case, the genomic DNA populations from
two different yeast strains are differentially labelled by random priming with Cy3- and
Cy5-tagged nucleotides by PCR amplification using enzymes such as Taq polymerase
and hybridisations are carried out as described in Sect. 7.3.1. In this experiment, the
differentially labelled DNA samples compete for hybridisation to their complementary
sequence on the DNA chips. As with microarrays using two differentially labelled
cDNA pools (Sect. 7.3.1), a ratio of hybridisation, reflected in red-to-green fluores-
cence ratios for each gene, is obtained. The ratio of hybridisation for the two compet-
ing DNA samples will depend on (1) the degree of sequence homology between the
labelled DNA probes and the S. cerevisiae DNA arrayed on the chip and (2) the rela-
tive abundance (copy number) of the DNA sequence in the labelled DNA sample. In
the simplest example, in which differentially labelled DNAs from two haploid strains
of S. cerevisiae are competitively hybridised to S. cerevisiae DNA chips, one expects
the ratio of red-to-green fluorescence to be 1.0 for all genes except for individual genes
which may differ in the two strains. For polyploid and, in particular, aneuploid strains
of yeasts, depending on the gene copy number and the homology between the reac-
tants, the ratio of hybridisation (red-to-green fluorescence ratio) will be greater or less
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than 1. This deviation from the control mean ratio of hybridisation is indicative of a
higher or a lower copy number, respectively. The caveat in using CCGH analysis for
industrial strains of yeasts is that only genes with extensive homology to S. cerevisiae
will be detected.

Using this approach, Bond et al. (2004), Kodama et al. (2005) and Infante et al.
(2003) have examined the copy number of S. cerevisiae like genes in lager and wine
yeasts. A number of interesting findings have emerged from these studies. In one of
the lager yeast studies (Bond et al. 2004), competitive hybridisations were carried out
for two lager strains of yeasts and the yeasts were compared with a haploid S. cere-
visiae strain. When the ratio of hybridisation for each individual gene was arranged
according to the S. cerevisiae gene order, it was observed that the ratios of hybridis-
ation for genes on a given chromosome were remarkably similar. However, in eight
of the 16 chromosomes, distinct “jumps” in the ratios of hybridisation occurred at
discrete loci along the chromosome. Examples of two of these jumps in the ratios of
hybridisations are shown in Fig. 7.3. For chromosome III (Fig. 7.3a), a distinctive
jump occurs at the MAT locus, between YCR039C and YCR040C. In lager strain
6701, genes to the left of the MAT locus show a ratio of hybridisation of 0.6, while
for strain CMBS, the average ratio of hybridisation is 1.0. The genes to the right of
the MAT locus in both strains show an average ratio of hybridisation of 1.7. It is
interesting to note that the majority of the jump locations are conserved between the
two lager strains of yeasts (they are definitely different isolates) and also between a
third lager strain (Bond and James, unpublished data). However, each strain also
possessed its own unique jumps; for strain CMBS a unique jump is observed on
chromosome VIII after YHR165C and on chromosome XIII after YMR302C, while
strain 6701 has a unique jump on chromosome X after YJR009C. The simplest
explanation of the ratios of hybridisation data is that the jump locations represent
regions where the homeologous chromosomes have undergone inter-and/or intra-
chromosomal translocations. In fact, previous studies have used CCGH to identify
genomic rearrangements such as translocations, deletions and amplifications in 
S. cerevisiae strains during experimental evolution conditions (Dunham et al. 2002).
While CCGH analysis can reveal relative differences in copy number between two
yeast species and/or strains, it does not allow an absolute quantitative determination
of gene copy number. However, the relationship between the ratios of hybridisation
and the gene copy number can be determined by combining CCGH analysis with
quantitative real-time PCR. The technique of real-time-PCR allows the determination
of the degree of amplification of known DNA quantities. By comparing the rate of
PCR amplification of ORFs displaying unique ratios of hybridisation to the rate
of PCR amplification of a known single copy gene, Bond et al. (2004) have shown that
there is a direct correlation between the ratio of hybridisation and gene copy number
for S. cerevisiae like genes in lager strains of yeasts.

An analysis of chromosome XVI in two lager strains of yeasts reveals the pres-
ence of four distinct regions with unique ratios of hybridisation (Fig. 7.3b). The
region immediately following the left telomere up to the ORF YPL242C shows a
ratio of 1.8. This is followed by a long stretch up to YPR159W, where a ratio of
1.0–1.2 is observed. Surprisingly, the region from YPR160C to YPR190C, encom-
passing 30 genes, many of which are essential in the haploid S. cerevisiae species,
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Fig. 7.3. Comparative competitive genomic hybridisation for the determination of the copy
number of S. cerevisiae like genes in industrial yeast strains. (a) Ratio of hybridisation along
chromosome III as determined by comparative competitive genomic hybridisation (CCGH)
for the lager strains 6701 (diamonds) and CMBS (squares) relative to the haploid strain S-150B
(bars). Schematic representation of chromosome III in strain 6701 as determined by quantita-
tive-real-time PCR and CCGH. On the basis of these analyses the minimum copy number is
one S. cerevisiae like chromosome III (open box) and three mosaic chromosome IIIs, where the
genes to the left of the MAT locus are non S. cerevisiae like (grey) and those to the right of the
MAT locus are S. cerevisiae like (open boxes). (b) Ratio of hybridisations along chromo-
some XVI for lager strains 6701 (black line) and CMBS (grey line) relative to the haploid strain
S-150. Schematic representation of the minimum copy number and types of chromosome XVI
in these strains as determined by CCGH and quantitative real-time PCR. Open boxes
S. cerevsiae like, grey boxes non-S. cerevisiae like



shows a ratio of 0.2. From YPR190C to the telomere, the ratio once again rises to
1.8. The low hybridisation signal in the region YPR160C–YPR190C suggests that
the S. cerevisiae genes in this region are absent in the lager strains or have signifi-
cantly diverged from the S. cerevisiae sequence and most likely the region only con-
tains non-S. cerevisiae gene equivalents. Southern blotting analysis of chromosome
XVI, separated on CHEF gels, indicates that the latter is the case as a very weak
hybridisation signal can be detected with DNA probes prepared from S. cerevisiae
ORFs in this region (Usher and Bond, unpublished data).

Using the relationship between the ratio of hybridisation and the gene copy num-
ber one can deduce that the minimum chromosome XVI complement in these lager
strains consists of three S. cerevisiae like chromosomes containing the non-S. cere-
visiae region YPR160C–YPR 190C and one non-S. cerevisiae chromosome contain-
ing the telomeres and subtelomeric regions of an S. cerevisiae like chromosome
(Fig. 7.3b). In a CCGH study with a number of lager strains of yeasts, Kodama et al.
(2005) showed that the mosaic makeup of chromosome XVI is conserved amongst
the lager strains although some variations do exist. These chromosomes most likely
arose from recombination events between homeologous chromosomes. It is interest-
ing to note that in the majority of cases, these recombination sites (as defined by the
jumps in the ratios of hybridisation) are located at known sites of high genetic recom-
bination (as in the case of the MAT locus on chromosome III) or at sites containing
clusters of Ty or tRNA genes. However, the lager-specific jump sites, such as that
observed at YHR165W in strain CMBS, do not contain any of these elements. These
unique recombination sites may truly represent examples of adaptive evolution con-
ferring specific selective advantages to that particular strain. Using CCGH analysis,
Kodama et al. (2005) further showed that S. pastorianus (CBS 1538), S. carlsbergen-
sis (IFO11023) and S. monacensis (CBS1503) lack certain S. cerevisiae like chromo-
somes. Remarkably, the S. pastorianus strain CBS1538 appears to lack S. cerevisiae
like chromosomes II, III, IV, VI, VIII, XII, XV and XVI.

7.4.2.2 CCGH Analysis of Wine Yeast Genomes

Like lager yeasts, wine yeast strains show properties of aneuploidy, polyploidy and
hybrid chromosomes. For example, a subgroup of wine yeasts, isolated from the
flor vellum of aging sherry wines, have been shown to contain genetic heterogene-
ity as identified by electrophoretic karyotyping (Infante et al. 2003). Flor vellum is
a biofilm that develops on the surface of sherry wines after the fermentative
processes is complete. CCGH analysis of two flor yeast strains, S. cerevisiae var.
beticus 11.3 and S. cerevisiae var. montuliensis 1.28, confirmed the aneuploid and
hybrid nature of their chromosomes. By comparing the ratios of hybridisation for
the two flor yeast strains, Infante et al. (2003) revealed that certain chromosomes,
such as chromosome IV, show identical ratios of hybridisation (and therefore gene
copy numbers), while chromosomes I, III, VI, X and XI show ratios of hybridisa-
tions 6 times that observed for chromosome IV. The aneuploid nature of the chro-
mosomes is revealed by plotting the log ratios of the hybridisations between the two
strains for each ORF as a function of their position on the S. cerevisiae chromo-
somes. As with the lager strains, the points at which the ratios of the hybridisations
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change coincide with positions of Ty elements, LTRs and tRNA gene clusters.
A number of other breakpoints correspond to positions of known meiosis-induced
double-strand breaks (Gerton et al. 2000). Copy number difference between the two
flor yeasts involved 38% of S. cerevisiae ORFs present in 116 regions of the
genome.

Thus, the picture emerging for industrial yeast strains is one of aneuploidy aris-
ing from recombination events, mostly between homeologous chromosomes but also
including non-homologous interchromosomal recombination events, resulting from
the selective pressures experienced by these strains. This hypothesis, put forward by
Infante et al. (2003), is supported by results from a number of model systems set up
to examine genome evolution. In a study by Delneri et al. (2003), interspecies crosses
between two different S. mikatae strains and an S. cerevisiae strain engineered to
contain chromosomes that are collinear with the S. mikatae strain resulted in prog-
eny whose genomes displayed widespread aneuploidy. The authors suggest that ane-
uploidy imposes genetic isolation on the strains, leading to stable genetic properties.
In another experiment to examine the effects of selective pressures on the evolutions
of genomes, Dunham et al. (2002) grew strains of S. cerevisiae for 100–500 genera-
tions in glucose-limited chemostats. Again using CCGH analysis, these authors
found that these selective pressures resulted in the emergence of aneuploid strains
showing gross chromosomal rearrangements such as amplifications, deletions and
translocations. Experiments have also shown that spores of S. cerevisiae, S. bayanus
(S. uvarum) and S. pastorianus are capable of mating to produce diploids (Delneri
et al. 2003). However, upon sporulation, the spores produced are sterile and rarely
produce meiotic offspring, leading to the genetic isolation of these strains and the
maintenance of stable polyploid genomes.

That such chromosomal rearrangements result from selective pressures in nature
was elegantly shown by Perez-Ortin et al. (2002) in the analysis of a wine yeast strain
T73. In this strain, a reciprocal translocation between chromosomes VIII and XVI
was observed. This genome rearrangement confers sulfite resistance to the strain by
generating a fusion between the 5′ upstream region of the SSU1 gene, encoded on
chromosome XVI, and the promoter region of the ECM34 gene from chromosome
VIII. The SSU1 gene mediates sulfite efflux in S. cerevisiae (Park and Bakalinsky
2000). Currently no known function has been ascribed to the ECM34 gene. The
resultant chimera (SSUI-R) results in higher expression levels of the SSU1 gene,
thus conferring sulfite resistance on this strain. The translocation event seems to
be mediated by a short stretch of sequence homology between the two regions: The
SSU1-R allele contains four repeats of a 76-bp sequence which is identical to a sin-
gle copy of a 77-bp sequence in the ECM34 gene. It is interesting to note that the site
of translocation on chromosome VIII at YHL043W co-localises with a recombina-
tion site in the lager yeasts identified by CCGH (Bond et al. 2004), suggesting that
this region may represent a particular “hotspot” of recombination common to wine
and lager yeasts. However, an analysis of recombination sites identified in flor yeasts
and lager yeasts shows few or no sites in common other than sites in subtelomeric
regions. This lack of similarity may reflect the different adaptive pressures on these
yeast strains owing to the different fermentation conditions encountered in beer mak-
ing and wine making. It is interesting to note that none of the translocation sites
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identified by sequencing in S. bayanus, S. mikatae and S. paradoxus strains (Kellis
et al. 2003) have been identified by CCGH in the lager strains, suggesting that
none of these species are the true parent of the hybrid lager strains. Alternatively, the
recombination sites identified by CCGH may be S. cerevisiae specific. It is also pos-
sible that the strains have undergone further genomic rearrangements so that the
original translocations have been lost or altered.

7.4.3 Comparative Proteomics to Reveal the Hybrid Constitution 
of Industrial Strains

The molecular details of the mixed constitution of industrial yeast strains can also
be analysed by the application of proteomics.

7.4.3.1 Comparative Proteomics of Lager Strains

Boucherie and colleagues (Joubert et al. 2000) used 2D-PAGE in a comparative
analysis of proteomes of different lager yeast isolates from various breweries.
In agreement with the hypothesis that the genome of lager yeast is a hybrid from
at least two different genomes, it was observed that many of the more abundant
lager yeast 2D spots seemed to be duplicated (compared with what was found
for the laboratory S. cerevisiae strain). The authors mentioned in their report
that many of these duplicated spots exhibited the same relative abundance while
displaying slight differences in their pI and/or Mr. For three of the duplicated 
non-S. cerevisiae spots, their identity as sequence variants of Pdc1p, Eno1/2p and
Fba1p was confirmed by the use of microsequencing. Differential labelling of pro-
teins from different strains and subsequent sample mixing followed by 2D-PAGE
analysis allowed reliable scoring of the number of co-migrating proteins on a global
scale. Independent analysis by two different labelling methods yielded essentially the
same result: roughly 85% of the proteins in the lager strain K11 (patent no. FR 2 750
703-A1) co-migrated with proteins from S. cerevisiae (based on the analysis of about
300–500 proteins, respectively, in the two independent studies). Comparative pro-
teome analysis via co-migration on 2D gels was also applied earlier to the analysis of
strain variants of S cerevisiae, where one isolate from fish intestine was related to a
laboratory strain (Andlid et al. 1999); for all 984 matched proteins in that study it was
apparent that in total 98% of the proteins co-migrated, leaving only 16 strain-specific
proteins in the fish isolate. Thus, in the comparison between S. cerevisiae and the
lager beer strains a much lower similarity was seen compared with what was found
between S. cerevisiae strains. The overlap to the 2D pattern of S. cerevisiae (Joubert
et al. 2000) for the lager strain made possible the release of the first 2D map of an
industrial yeast encompassing 185 identified proteins. The lager reference 2D pattern
was later extended by MALDI-MS analysis to include an additional 30 lager-specific
protein spots (Joubert et al. 2001).

The 2D pattern of the lager strain K11 was also compared with that of other type
strains/species in an attempt to identify the non-S. cerevisiae genetic component
of lager strains. It was reported that the proteome of lager brewing yeasts and of
the type strains of S. carlsbergensis, S. monacensis and S. pastorianus could be
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interpreted as the superimposition of two elementary patterns. One of them origi-
nates from proteins encoded by an S. cerevisiae like genome and the other appar-
ently from the S. pastorianus NRRL Y-1551 strain. Surprisingly it was found that
the two different type strains of S. pastorianus displayed rather different 2D pat-
terns, despite supposedly being identical isolates. The reason for this discrepancy
was not known, and complicates the final interpretation of their result. However,
this work constitutes an important example for the use of 2D analysis for the com-
parative proteomics of yeast strains using spot position (x and y dimensions) as an
indicator of protein identity.

More recent analysis of different lager strains adopted the procedure of
liquid chromatography (LC) MS/MS analysis of resolved protein spots. In this work
(R. Caesar, E. Pettersson, J. Gustafsson, A. Hashemi, M. Rudemo, A. Blomberg,
unpublished results) MS/MS analysis of non-S. cerevisiae spots in the 2D gel
and subsequent comparison to the complete proteomes of the yeasts within the
Saccharomyces sensu stricto group revealed a phylogenetic tree with great similarity to
the one obtained using gene sequence data. In this comparison the non-S. cerevisiae
proteins in the total protein 2D pattern of the lager strains are clearly most similar to
those of S. bayanus (Fig. 7.4).
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Fig. 7.4. Phylogenetic tree of the non-Saccharomyces cerevisiae proteins in the lager strain
CMBS33. Seven dominant spots on a CMBS33 2D gel lacking corresponding spots on the gels
from the laboratory strain BY4742 were identified as Eft1p, Shm2p, Ilv5p, Pdc1p, Met6p,
Pgk1p and Pyk1p using liquid chromatography tandem mass spectrometry (MS/MS). The
SEQUEST algorithm was subsequently used to correlate MS/MS spectra from these spots to
theoretical mass data derived from a FASTA database containing the amino acid sequences of
the identified proteins and their homologues in S. paradoxus, S. mikatae, S. bayanus and
S. castelli. For each protein the peptide sequences identified from any of the species were com-
piled to a sequence for the CMBS33 form of the protein. In total, the peptides identified con-
tained 1,237 amino acids covering 32% of the seven proteins. Multiple alignment of the
regions covered by the MS/MS analysis were performed between the five Saccharomyces
species and the brewery strain using ClustalW and a hierarchical tree based on the result was
constructed. The brewery strain non S. cerevisiae spots differed with one amino acid from 
S. bayanus, with 36 amino acids from S. cerevisiae, with 34 amino acids from S. paradoxus,
with 32 amino acids from S. mikatae and with 134 amino acids from S. castelli



7.4.3.2 Comparative Proteomics of Ale Strains

The first protein 2D map of an ale-fermenting yeast was recently presented (Kobi
et al. 2004). In this analysis 205 spots corresponding to 133 different proteins were
identified by MALDI-TOF analysis in the A38 ale strain. Comparison of the pro-
teome of this ale strain with a lager brewing yeast and the S. cerevisiae strain S288c
confirmed that ale strains are much closer to S288c than lager strains. A zoom-in on
a central part of the 2D patterns of three different lager strains, S. cerevisiae S288c,
and two different ale strains clearly displays these differences and similarities
(Fig. 7.5). The A38 ale strain exhibited a very similar pattern to the S. cerevisiae
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strain, and this observation could also be extended to other ale strains. However, this
does not mean that the 2D patterns of these ale strains were identical to the labora-
tory strain S288C. On the contrary, looking at the entire gel for these strains, some
discrepancies appear, e.g. the alcohol dehydrogenase isoform Adh4p is present in the
ale-brewing strains but not in the laboratory strain under these growth conditions.
This is interesting since this zinc-dependent Adh4 protein is reported to be regulated
by zinc deficiency (Yuan 2000), which could indicate that the industrial ale strain
might exhibit alterations in zinc metabolism. The Adh4p isoform was also found
expressed under normal laboratory growth conditions in an industrial baker’s yeast
strain (Nilsson et al., unpublished results).

7.4.3.3 Comparative Proteomics of Baker’s Yeast Strains

Four industrial baker’s yeast strains with various fermentative capacities were com-
pared with a laboratory S. cerevisiae strain during fed-batch cultivation. After 2D-
PAGE analysis the strains were grouped according to differences in protein
expression and 2D spot positional differences (Nilsson et al., unpublished results).
It was found that the baker’s yeast strains were more similar to each other than to
the laboratory strain. However, overall the 2D patterns were rather similar among
all strains and the most outstanding difference was found for the protein spots cor-
responding to alcohol dehydrogenase I and II, where all strains examined exhibited
large variations. In particular it was noticed that the baker’s yeast strains contained
several alcohol dehydrogenase spots not present in the laboratory strain. Subsequent
MALDI-MS analysis of these alcohol dehydrogenase spots revealed a rather large
apparent variability in the alcohol dehydrogenase protein sequence, and some of the
sequences seemed to be sequence hybrids between Adh1p and Adh2p.

7.4.4 Genomic Sequencing of Industrial Strains of Yeast

The ultimate characterisation of industrial yeast strains will require the complete
genome sequence at a nucleotide level; however, this has been hampered by the poly-
ploid nature of their genomes which requires sequencing and analysis of both the 
S. cerevisiae and the non-S. cerevisiae components of the genome. The first descrip-
tion of the sequencing of an industrial lager strains was reported by Suntory, Japan
(Nakao et al. 2003). This group sequenced the lager strain Weihenstephan 34/70 (S.
pastorianus) using a random shotgun approach. Two types of contigs covering 23.2
Mbp (95% coverage) were identified, displaying either 98% identity or 85% identity
to the S. cerevisiae DNA sequence (Kodama et al. 2005; Nakao et al. 2003). The
sequence data confirmed the findings of classical genetics of the presence of three
types of chromosomes in the lager strains, S. cerevisiae like, non-S. cerevisiae like
and mosaic chromosomes, arising from recombination events between homeologous
chromosomes and identified 37 chromosomal varieties. In general, with the excep-
tion of a number of translocations and inversions, the gene synteny is identical to
that of S. cerevisiae. The non-S. cerevisiae like DNA sequences most closely resem-
ble those of S. bayanus (uvarum); however, the sequences are not identical. This may
be due to the difference in strains of S. bayanus as only a single S. bayanus sequence
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is currently available. Interestingly, this study identified 20 ORFs with no significant
identities to S. cerevisiae ORFs. Furthermore, the recombination sites on the mosaic
chromosomes, identified by CCGH analysis (Bond et al. 2004), are confirmed by the
sequence analysis, although the Weihenstephan strain contains a number of unique
mosaic chromosomes that are not present in the 6701 or CMBS strains characterised
by CCGH analysis and vice versa (Fig. 7.6).

7.5 Analyses of the Industrial Process

The novel tools for genome-wide analysis of the yeast transcriptome and proteome
are not only instrumental for a better description of industrial strains but also allow
a more comprehensive analysis of the industrial-scale fermentation process. The
environmental conditions experienced by yeasts in industrial settings are quite
unique in their complexity and this complexity is rarely experienced by strains prop-
agated under laboratory growth conditions. For example, lager and ale yeasts during
industrial fermentation simultaneously experience a wide array of conditions such
as anaerobiosis, high alcohol concentrations, high hydrostatic pressure and high cell
density. Likewise, wine yeasts are exposed to a unique set of conditions such as high
sugar concentrations, anaerobiosis, low pH and high ethanol concentrations during
oenological fermentations. One might consider all of these conditions as imposing
severe stress on the yeasts, and therefore it is of particular interest to examine the
gene expression profiles in order to understand the stress responses of these yeasts
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to their environment and to examine the expression patterns of genes involved in
metabolic processes, in particular those associated with carbohydrate metabolism.

A number of transcriptome datasets are currently available profiling the gene
expression patterns in lager yeasts (Dawes et al. 2002; Higgins et al. 2003a, b; James
et al. 2002, 2003; Olesen et al. 2002; Panoutsopoulou et al. 2001; Pugh et al. 2002) and
wine yeasts (Backhus et al. 2001; Cavalieri et al. 2000; Erasmus et al. 2003; Rossignol
et al. 2003) under fermentation conditions. It should be pointed out that in all tran-
scriptome studies outlined in this section, it is only possible to examine gene expres-
sion of S. cerevisiae like genes in either lager yeasts or wine yeasts. The contribution
of the non-S. cerevisiae genes to the overall gene expression patterns remains unex-
plored at this stage. Likewise the effects of multiple copies of similar but non-identi-
cal genes on the overall gene expression pattern are currently unknown, as is whether
control of gene expression is conserved between the S. cerevisiae and non-S. cerevisiae
genes. Currently these datasets have not been compiled into a format (website) that
allows direct comparison of the different datasets; however, some comparisons have
been carried out (James and Bond, unpublished data). While direct comparisons of
the data are hampered by the varying experimental conditions used (parameters such
as time points sampled during the fermentation, starting cell densities, industrial
growth media and temperature used all vary between the datasets), an overall picture
of the physiological state of the yeast under fermentation conditions can be deduced.

7.5.1 Beer Production

7.5.1.1 Gene Expression Patterns in Lager Yeasts Under Fermentation
Conditions

Among the common gene expression themes that emerge from the analysis of lager
yeast fermentations is the co-ordinate upregulation of genes affected by anaero-
biosis and those required for ergosterol and fatty acid metabolism. The latter set of
genes are required for continued cell membrane biosynthesis, a process requiring the
presence of molecular oxygen. Thus, brewers generally actively aerate the wort at the
start of the fermentation. This small quantity of initially added O2 is sufficient to
allow continued ergosterol biosynthesis during the fermentation. The co-ordinate
upregulation of genes required for fatty acid and sterol metabolism is further veri-
fied by the upregulation of a number of genes involved in peroxisomal metabolism
such as the PEX genes PEX, 5, 10, 14, 21, 11 and 18. Likewise, the PAU gene fam-
ily, initially identified as genes responding to anaerobic growth conditions, but more
recently suggested to be sterol carriers (Wilcox et al. 2002), are co-ordinately upreg-
ulated as fermentation proceeds (James et al. 2003). High levels of ergosterol may be
essential to protect yeast from ethanol stress (Alexandre et al. 1994). Another inter-
esting finding from the transcriptome analysis was the co-ordinate upregulation dur-
ing large-scale fermentation of genes involved in aldehyde metabolism (Fig. 7.1).

Of the genes that show decreased transcript levels on days 3 and 8, with respect
to day 1, of fermentation, the most abundant classes are those required for protein
and amino acid biosynthesis. These account for more than 30% of the downregu-
lated genes. The co-ordinate downregulation of these genes most likely reflects the
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low level of general cell metabolism occurring during industrial fermentation, where
cells may only undergo one to two cell divisions. The co-ordinate downregulation of
protein synthesis genes has also been observed in stationary-phase yeast cultures
(Gray et al. 2004). The majority of genes involved in glycolysis are similarly down-
regulated as fermentation proceeds (Fig. 7.1). These genes are generally regulated
by catabolite repression (glucose repression) and their downregulation may reflect
continued levels of useable carbohydrates even at day 8 of fermentation.

7.5.1.2 Application of Proteomics to Analyse Ale Fermentation

Kobi et al. (2004) followed proteome changes during the fermentation process of the
ale strain A38 in a 10-hl pilot device, for the first, second and third generation. The
A38 strain was initially grown in aerobic conditions with saccharose as the sole car-
bon source before pitching in wort under anaerobic conditions for the first fermen-
tation. To mimic the industrial process, the yeasts were harvested at the end of the
fermentation and re-inoculated in the fresh wort for a second and then third gener-
ation. In particular, proteome analysis and comparison was performed during each
generation (at the start and after roughly 200 h). A comparison between the begin-
ning and the end of the first generation showed that 50 of the 85 differentially
expressed proteins were repressed, mostly glycolytic enzymes, proteins involved in
acetylcoenzyme A formation, proteins of the tricarboxylic acid cycle, and proteins
involved in respiration. It is clear that most of the changes reveal an adaptation to
anaerobic conditions. In addition, most of the proteins induced at later times in the
fermentation process were protein fragments belonging to either proteins in carbon
metabolism, or protein or amino acid biosynthesis pathways. It was suggested
that intracellular proteolysis influenced the regulation of these proteins during the
industrial fermentation process.

Many fewer changes in protein abundance were scored between the beginning
and the end of the third generation, and the observed changes exhibited lower lev-
els of response. Among the proteins that displayed at least a twofold change were
proteins involved in methionine biosynthesis (e.g. Sah1p, Met6p and Met3p) as well
as some involved in carbon metabolism (e.g. Fba1p, Adh1p and Ald6p); all the
example proteins indicated displayed induction except Ald6p, which was repressed.

7.5.1.3 Stress Responses During Beer Fermentation

Considering the extreme environmental conditions experienced by yeasts during the
fermentation process, one might expect the induction of stress genes in these cells.
Stress-responsive genes are generally regulated by transcription factors such as the
heat shock factor, Hsf1 and the Msn2/Msn4 proteins, which bind to heat shock ele-
ments (HSE) and stress responsive elements (STREs), respectively. Msn2/Msn4p are
zinc-finger proteins that are activated by a number of stress conditions encountered
by yeasts such as entry into the stationary phase, carbon source starvation and
osmotic stress. Surprisingly, transcriptome analysis during fermentation indicates
that genes under the control of Hsf1 and Msn2/Msn4 are downregulated as fer-
mentation proceeds (James et al. 2003). These results are consistent with previous
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data showing that Hsp104p levels were repressed during fermentation (Gray et al.
2004; Brosnan et al 2000). The lack of expression for stress-responsive genes appears
to be unique to lager strains of yeasts. A comparative analysis of genes encoding
heat shock proteins (HSP genes) in a haploid laboratory strain of S. cerevisiae and
the lager strain 6701, grown under identical fermentation conditions, revealed that a
subset of the HSP genes (HSP104, HSP30, HSP26 and HSP12) are in fact highly
induced late in fermentation (on day 8) exclusively in the haploid laboratory strain
(James et al. 2002; James and Bond, unpublished results), a response not encoun-
tered for the lager strain. These results therefore suggest that the transcriptional reg-
ulation of HSE-/STRE-regulated HSP genes is significantly different in lager and
laboratory strains of yeasts.

The regulation of genes responding to oxidative stress has also been extensively
examined in lager strains of yeasts during fermentation (Higgins et al. 2003a; James
et al. 2003). These genes are generally under the control of the transcription factor
Yap1p. Expression levels of these genes are elevated on days 1 and 3 of fermentation
most likely in response to the production of O2 free radicals. The expression patterns
of these genes differ in the various reported datasets (Higgins et al. 2003a; James
et al. 2003; Olesen et al. 2002). This most likely reflects the different regimes for oxy-
genation of the media at the beginning of fermentation. A number of oxidative
responsive genes are also induced late in fermentation; these include the genes LYS7,
SOD1, TSA1 and MXR1 (James et al. 2002, 2003). The MXR1 gene encodes the
protein methionine sulfoxide reductase, which reverses the oxidation of methionine
residues and which has been shown to be required for the reduction of dimethyl sul-
foxide to dimethyl sulfide, which is a thioester of major importance for the aroma
and flavour of beer (Hansen et al. 2002).

Kobi et al. (2004) reported that a number of stress proteins exhibited changes in
ale yeasts during the first-generation fermentation, like Hsp26p and Ssa4p. However,
the only stress proteins that also increased during the third generation of fermenta-
tion were Kar2p and Ssa1p (both these proteins encode chaperones that are required
for protein folding). Yeast strains must cope with various stresses during the fermen-
tation process; however, there is clearly no strong stress response in the ale strain.

7.5.2 Wine Fermentation

7.5.2.1 Gene Expression Patterns in Wine Strains Under Fermentation
Conditions

The conditions for wine and lager fermentations differ in a number of important
aspects, such as starting cell concentrations, growth media (wort, rich in maltose for
beer, and grape juice, rich in fructose and glucose for wine), pH, temperature and
length of incubation. However, yeasts in both fermentations share some common
environmental conditions, such as anaerobiosis and high ethanol concentrations at
the end of the fermentation. In general, carbohydrates do not become limiting dur-
ing wine fermentations. Instead cells enter the stationary phase owing to limiting
nitrogen concentrations and/or attainment of maximal cell density. Surprisingly, the
expression patterns are remarkably similar in both lager and wine fermentations;
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however, unique expression patterns are also observed under both conditions. As
observed in lager strains of yeasts, there is a co-ordinate downregulation of genes
involved in protein and amino acid biosynthesis and upregulation of PAU genes and
genes encoding proteins involved in aldehyde metabolism. Significant differences
between the expression patterns observed in the wine and lager fermentations
include the downregulation of genes for ergosterol biosynthesis in wine fermenta-
tions and the upregulation of genes required for glycolysis. The former results from
the inclusion of ergosterol in the culture medium, while the latter most likely reflects
the concentrations of carbohydrates at different times during the wine and lager fer-
mentations. One interesting similarity is the upregulation of genes encoding aryl
alcohol dehydrogenases. The contribution of these genes to total alcohol synthesis is
presently unknown. It has also been suggested that these genes are induced in
response to oxidative stress (Rossignol et al. 2003).

Transciptome analysis during wine fermentation also revealed major changes in
gene expression patterns as a result of nitrogen depletion as the fermentation pro-
ceeded and confirmed that growth arrest (entry into the stationary phase) is a direct
consequence of nitrogen depletion (Rossignol et al. 2003). The major changes in the
gene expression pattern associated with nitrogen depletion were the induction of
genes required for the metabolism of poor alternative nitrogen sources such as genes
required for proline, allantoin and urea utilisation, nitrogen permeases and genes
encoding proteins required for the management of glutamate pools. All of these
genes are under the control of the TOR pathway.

7.5.2.2 Stress Responses During Wine Yeast Fermentation

One of the major differences in gene expression patterns between wine and lager
yeast fermentations is the upregulation of HSP genes in wine yeast (Rossignol et al.
2003). As mentioned before, this group of genes appear to be actively repressed dur-
ing lager yeast fermentations. The expression patterns of HSP genes in wine yeasts
most closely resembles that observed in haploid S. cerevisiae strains grown under fer-
mentation conditions (James et al. 2002). The HSP genes, such as HSP30, HSP26
and HSP104, which are under the control of STREs are particularly induced dur-
ing wine fermentations. Such genes have previously been shown to be induced fol-
lowing diauxic shift and upon entry into the stationary phase. Both conditions see a
shift from usage of fermentable carbohydrates to non-fermentable carbon sources
such as acetate and ethanol. It is possible that conditions at diauxic shift are radi-
cally different in wine and lager production. Alternatively, the differential expression
of HSP genes in wine and lager yeasts raises the possibilities that chromatin struc-
ture and/or the presence of homeologous non-S. cerevisiae genes contribute to these
gene expression patterns.

In addition to HSP genes, 58% of genes previously defined as being regulated as
part of the common environmental response (CER) and the environmental stress
response (ESR) (Gasch et al. 2000) are upregulated during wine fermentations
(Rossignol et al. 2003). Additionally, genes responsive to ethanol stress are also
induced. Many of these genes are involved in cell wall biogenesis, suggesting that
cell wall alterations may help yeasts cope with ethanol stress. It is interesting to note
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that ten genes involved in cell wall biogenesis are also induced late in lager yeast
fermentations (James et al. 2003).

A wild-type S. cerevisiae wine strain isolated from the natural must of sponta-
neous grape fermentation was analysed for proteome changes during semiaerobic
growth conditions (Trabalzini et al. 2003). In particular the response of this wine
strain to the exhaustion of glucose from the medium was of interest since this is
believed to be the main reason for unwanted stuck fermentation during vinification.
When glucose was depleted from the medium a large number of changes in protein
abundance were apparent. Roughly 50 proteins displayed decreased amounts at the
end of fermentation, usually in the range twofold to threefold repression and, inter-
estingly, some of these proteins are currently functionally not characterised (e.g.
Ybr025cp and Yir035cp). In addition, a large number of protein spots with low
molecular weight increased during the later phases of fermentation. Identification of
these spots indicated that they belonged to protein fragments of larger proteins,
which indicated proteolytic breakdown as part of the cellular response. However,
also well-known stress responsive proteins like Sod1p, Tsa1p and Ctt1p exhibited
increased expression when glucose was depleted, indicating a clear stress response in
this wine yeast.

7.5.2.3 Application of Proteomics to Understand Factors That Affect Wine Haze

The clarity of white wine is highly important for the winemaker. Bottles showing
haziness, likely to be rejected by the consumer, result from the aggregation of grape
proteins naturally present in wine. To prevent haze formation, winemakers usually
lower the concentration of wine proteins through the use of bentonite.
Unfortunately bentonite also removes wine aroma components, hence lowering wine
quality. Thus, alternative methods of protein stabilisation are being investigated by
the wine industry.

Mannoproteins from yeast cell walls are known to be released into the extracellu-
lar medium during yeast growth, in particular during the stationary phase (Dupin
et al. 2000). One of the proteins released, invertase, was shown to lower haze forma-
tion, probably by competing with grape-derived proteins for some unknown factor(s)
in wine that is required to form large highly light scattering protein aggregates that
are responsible for the haze. To better characterise the protein components of wine
a 2002 vintage Sauvignon Blanc wine was analysed by LC-MS/MS (Kwon 2004).
Wine proteins were concentrated by the use of a 5-kDa cellulose membrane cen-
trifugal filter tube, followed by salting-out precipitation in saturated ammonium sul-
fate aqueous solutions and subsequent centrifugation to isolate the protein pellets.
Proteins were separated by SDS-PAGE and Coomassie visualised bands were cut out
for trypsination and peptide elution. The LC-MS/MS analyses resulted in the identi-
fication of 12 different cell wall or plasma membrane associated proteins from
S. cerevisiae: e.g. Gas1p, a GPI-anchored 1,3-glucosyltransferase, Pho3p, a periplas-
mic acid phosphatase, Suc4p, invertase, Bgl2p, endo-1,3 glucanase and Yju1p
(Cwp1p), reported as a structural component of the cell wall. Many of these released
yeast proteins could have an influence on the wine haze formation. It was proposed
that MS identification of proteins could be used as a quality indicator of wine.
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7.5.3 Industrial Production of High-Quality Baker’s Yeast

Two aspects of industrial baker’s yeast production have been investigated using pro-
teomics. One important feature of baker’s yeast performance is high fermentative
activity even after long-term cold storage. To identify molecular effects during this
storage regime on a baker’s yeast strain, 2D analysis was performed before and after
storage for 26 days at 4°C (Nilsson et al. 2001a). It was clear from this analysis that
cold storage resulted in large changes in the protein content. However, even after this
long period of storage the original state of the culture, e.g. exponential growth in the
respiro-fermentative state or in the transition phase to respiration, could still be dis-
tinguished by analysis of the 2D pattern. The fermentative activity after storage was
also shown to be dependent on the initial state, and thus it was concluded that the
initial state at harvest was important for the long-term performance of this indus-
trial yeast strain. The baker’s yeast cells experience different types of starvation
regimes during industrial production. To investigate the effects on these industrial
strains from either nitrogen or carbon limited starvation, a differentially starved
baker’s yeast strain was analysed for protein changes (Nilsson et al. 2001b). It was
found that for certain glycolytic enzymes a significant change in the amount of pro-
tein could be observed during these starvation regimes, e.g. Pdc1p decreased during
nitrogen starvation, while Adh1p was downregulated during carbon starvation.
However, the recorded changes in the protein levels did not correlate with the
observed changes in fermentative capacity.

7.6 Future Perspectives

The complete genome sequence of the first industrial yeast strain, the lager yeast
Weihenstephan 34/70 (S. pastorianus), will be instrumental in our analysis of these
hybrid genomes. It will not only potentially indicate the full compliment of genes in
these cells, but will also provide the basis for a number of novel technological possi-
bilities in the analysis of industrial yeast strains. The genome sequence will soon be
opened up for expression analysis of not only the S. cerevisiae part of the genome
but will also put the non S. cerevisae part within experimental reach; not before long
the first microarrays with a full complement of genes from industrial yeast will be
available. In addition, it will make possible a more complete and precise proteome
analysis by providing a better template for database searches using MS data. It will
also make possible non-gel-based proteomics approaches that are based on whole
cell trypsination prior to high-resolution LC-MS/MS analysis (Washburn et al.
2001). Hopefully these novel possibilities will lead to the publication of studies
where combined transcriptome and proteome analyses are presented, which are
missing at present. Of great general interest will be the analysis of differences in
the regulatory components of these mixed genomes where industrial strains might
have evolved/been selected to respond quite differently to the well-studied laboratory
S. cerevisiae strains (see previous sections on the stress response). Hopefully the
genome sequence and the novel experimental possibilities will also lead to the devel-
opment of dedicated databases where transciptome and proteome data from indus-
trial yeast strains can be presented, compared and analysed. The interplay between
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the hybrid proteomes will be another important avenue for future studies, since the
genome sequence puts within experimental resolution a view of the physical protein
interaction network, by either two-hybrid analysis or co-immunoprecipitation (e.g.
tandem affinity purification tagging), in particular regarding the mixed composition
of protein complexes. These studies will also be of fundamental importance in our
understanding of the functionality of hybrid protein complexes, where different
components compete in the formation of complexes and play different functional
roles in their final activity.

Many challenges remain and will require further advancements both in the tools
of bioinformatics as well as in analytical techniques. One important aspect is the
finite gene number for industrial strains, a number that even for the well-studied lab-
oratory S. cerevisiae strain, as mentioned earlier, has changed over the years and
most likely will continue to change. In this respect the mixed genomes of some
industrial yeast strains will provide an even greater challenge in gene identification.
However, maybe the greatest obstacle in our strive for a more detailed functional
analysis of individual genes in the genetic background of industrial strains will be
the difficulty in generating gene deletions in these mixed genomes of several similar
and identical gene copies. This problem will certainly ensure that the evolutionary
link to S. cerevisae will persist not only in the industrial production line but also in
future functional analysis of non-S. cerevisae genes in the potent laboratory test-bed
S. cerevisiae.
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