31 March/April 2019 (Vol. 72)

BrewingScience

G.G. Stewart

invited paper

Brewer’s yeast research — a keynote paper —

part 1

This is the first part of a two-part article that considers the research activities associated with brewer’s yeast
strains. Initially, this part discusses factors that have directly influenced such activity such as financing,
qualified and experienced researcher availability, the advent of novel technology/instrumentation and also
developments in brewing fermentation procedures. Subsequently, this part reviews specific areas such as
ale/lager yeast similarities and differences, wort fermentation with an influence on the uptake and metabolism
of sugars and free amino nitrogen and the production of beer flavour metabolites during fermentation
(metabolomics). Finally, stress effects on yeast with an emphasis on the fermentation of high gravity wort are
discussed. In the second part of this article, yeast flocculation, centrifugation, genetic manipulation and the
spontaneous mutation of brewer’s yeast strains are considered.

Descriptors: ale/lager yeasts, beer flavour metabolites (metabolomics), brewing procedures, high gravity worts — stress
effects, sugar and free amino nitrogen uptake and metabolism

1 Introduction

Comprehensive review papers considering the current situation
regarding brewer’s yeast research abound [98, 99, 111]. As a
consequence, the questionis: “Why are additional ones required?”
Although there are a number of answers to this question, the two
keynote papers focus on recent phenotypic, metabolic and genotypic
studies that support our understanding of brewer’s wort fermenta-
tion employing ale, lager and non-Saccharomyces yeast strains
[37, 123]. However, it is not these papers’ objective to provide a
comprehensive review of research in this subject area dating from
Pasteur'sand Hansen’s contributions and even earlier [38, 69]. The
objectives of these papers are to consider recent developments on
this subject and to reflect how yeast will influence contemporary
brewer’s wort fermentation practices.

Although brewer’s yeast research has been extensively conducted
since the end of World War I, and earlier, a large number of rel-
evant peer reviewed papers, review articles and books have been
published. The last 50 years have experienced an escalation in
active brewer’s yeast research. This has led to the publication of
an increasing number of relevant papers in brewing focussed,
open access and pure science journals. The principal reasons for
this increase in yeast research can be summarised (not in order
of priority) as follows:
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B Financial support for yeast research from both the private
and public sectors has increased due, in large part, to the
acknowledgment that yeast is a model eukaryote [85] as well
as being a very important microorganism economically [117].
Nevertheless, the consolidation of a number of international
major brewing and distilling companies is resulting in some
concern about their commitment to basic brewing research,
particularly yeast. However, the advent and growth of the craft
brewing sectorin North America, Europe, Australia/New Zealand
and elsewhere is beginning to fill this growing vacant hiatus.

B Increaseinthe number of research workers such as postgradu-
ate students, postdoctorial scientists, research associates and
technicians focusing on yeast research.

B Developmentofalarge number of relevant analytical techniques,
supported by novel instruments and techniques, many of which
are automated. These techniques and instruments include: gas
chromatography (GC), high performance liquid chromatography
(HPLC), mass spectroscopy (MS), nuclear magnetic resonance
(NMR), electron microscopy (EM) including scanning electron
microscopy (SEM), scintillation counting, flow cytometry, confo-
cal microscopy, electrophoresis including DNA fingerprinting
and protein separation, polymerase chain reaction (PCR) [63]
and a plethora of other molecular biology analytical methods.
All of these instruments and techniques have played a major
role to assist the progress of yeast research.

B Novel molecular biology methodology has been employed to
enhance our overall knowledge of yeast genetics. There are
a number of genetic manipulation methods which include:
hybridisation, spheroplast fusion, rare mating, mutation and
recombinant DNAand transformation. Also, Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) hasrecently
been introduced. This latter research method has been modi-
fied in order to edit yeast genomes by allowing existing genes
to be removed and/or new ones added [118].

B Developments in brewing fermentation procedures have also
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stimulated yeast research, along with the analytical methods
already described. These include:

— Continuous fermentation [82]

— Fermentation of high gravity worts [108]

— Yeast culture collection, storage and propagation [97]
— Large scale vertical fermentation [64]

— Use of centrifuges to crop yeast [13].

Beerflavourandaromais, inlarge part, deter-
mined by the yeast strain employed together
with the composition of the wort fermented.
In addition, yeast properties such as floc-
culation, fermentation ability (this includes
the metabolism of wort sugars, amino acids,
small peptides, ammonium ions, metal ions,
etc., - details later), stress effects on yeast
(for example, osmotic pressure, ethanol tol-
erance, mechanical stress, etc), and oxygen
requirements all have a critical impact on
fermentation performance. In addition, the
production of a plethora of metabolites, many
of which influence beer flavour, is a critical
parameter. Also, proprietary yeast strains,
belonging to individual breweries or brewing
corporations, are also employed and usually
jealously guarded and conserved [97, 110].

No satisfactory definition of yeasts that
extensively encompasses its commonly
encountered fermentation properties such

as alcohol fermentation, sedimentation and  Fig. 2
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growth characteristics (budding or fission) exists. Although nearly
all (not all — some are fission yeasts [103]) yeast cells multiply by
budding and are single cells (Fig. 1). Brewer’s yeast cultures are
fungithat predominantly belong to the genus Saccharomyces. There
are also a minority of non-Saccharomyces cultures employed in
brewing which will be discussed later. Yeast is propagated [10] in
wort (an acidic aqueous malt extract sugary solution) of medium
concentration (gravity — 10—12 °Plato) which permits the devel-
opment of biomass. The propagated yeast culture is then pitched
(inoculated) into a static fermentation containing wort (usually 10— 16
°Plato initial gravity) — details of high gravity brewing (HGB) later.
During fermentation, the cells absorb the dissolved sugars, simple
nitrogenous matter (amino acids, ammonium ions and simple pep-
tides), vitamins and ions through their plasma membrane (Fig. 1).
Subsequently, they employ a series of reactions known as metabolic
pathways (glycolysis, biosynthesis of cellular constituents, etc.)
and use these nutrient materials for growth and fermentation. It is
important to emphasise that the primary glycolytic products are:
ethanol, carbon dioxide and glycerol [15] together with a number
of secondary metabolites, many of which contribute to beer flavour
potential (Fig. 2) [106].

Saccharomyces cerevisiae (ale yeast) has the ability to take up
and metabolise a wide range of sugars, for example, glucose,
fructose, mannose, galactose, sucrose, maltose, maltotriose and
raffinose (in part). In addition, as will be described later, a subspe-
cies of S. cerevisiae, Saccharomyces cerevisiae var. diastaticus
is also able to utilise dextrins (partially hydrolysed starch). In ad-
dition, Saccharomyces pastorianus (lager yeast) is able to utilise
the disaccharide melibiose (glucose-galactose) as well as the
sugar spectra taken up by S. cerevisiae. This melibiose utilising
property can be used as a diagnostic test to distinguish between
ale and lager yeast strains. The other distinguishing test is that
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ale strains will grow at 37 °C (and above) whereas lager strains
are unable to grow above 34 °C. Enzymatic hydrolysis of starch,
as would occur during typical brewer's mashing of barley malt
procedures, leads to wort consisting of a number of fermentable
sugars —glucose, fructose, sucrose, maltose and maltotriose. The
predominant sugars in most brewer’s worts are: glucose, maltose
and maltotriose (Fig. 3).

The other major group of wort constituents is free amino nitrogen
(FAN). FAN is the sum of nineteen individual wort amino acids,
ammonium ions and small peptides (di- and tripeptides). FAN is
an important general measure of yeast nutrients which constitute
yeast assimilable nitrogen during wort fermentations [54].

As well as wort constituents, the wort concentration (gravity) is
critical. The whole question of HGB and the influence of concen-
trated wort on fermentation and yeast function will be discussed
later. Another major factor that influences brewer’s yeast activity
is its cell wall structure and its influence on flocculation — this will
also be discussed in part 2.

2 Wort fermentation

The objectives of brewing wort fermentation are to consistently
metabolise wort constituents, in a sterile environment, into ethanol,
carbon dioxide and glycerol and a number of other fermentation
products in order to produce beer with satisfactory quality and
stability [110]. Another objective is to produce yeast crops that
can be confidently re-pitched into subsequent brews [107]. It is
noteworthy that brewing is the only major fermentation process
that recycles its yeast culture from one fermentation to another.
Fermentation systems in the production of most potable and
industrial ethanol products such as: wine, saké, whisky, brandy,
gin, vodka, cider and industrial ethanol only use a yeast culture
once. Recently, the multiple use of ayeast culture in the production
of fuel alcohol, particularly in Brazil, is increasing [122]. Also, all
these fermentations are conducted in non-sterile conditions. As
a consequence, acid washing of some yeast cultures, particularly
cultures being used for fuel alcohol production, is increasing [95].
The management of a yeast culture between fermentations is a
critical part of the brewing process. It is important to jealously
protect the quality of cropped yeast because it will be used to
pitch a subsequent wort fermentation and will, therefore, have a
profound effect on fermentation efficiency and the quality of the
resulting beer [113].

Over time, considerable attention has been devoted to studies
focussing on brewer’s yeast (together with industrial yeast strains
in general). The objectives of these studies can be summarised
as two-fold:

B Tolearnmore aboutthe yeast’s taxonomy, biochemistry, genet-
ics and molecular biology and

B To improve the overall wort fermentation performance of such
strains with particular emphasis being placed on more efficient
substrate utilisation capabilities, increased ethanol production
rates, andimprovedtolerance to environmental stress conditions
such astemperature, elevated osmotic pressure, acetaldehyde
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Fig. 3  Glucose, maltose and maltotriose structures
and ethanol and finally to understand the mechanism(s) of
flocculation [98].

3 Basicdifferences between ale and lager yeast
strains

There are a number of differences in the production of ale and
lager beers with the major ones being the characteristics of the
ale and lager strains employed and the fermentation temperature
used. Extensive studies by many breweries, research institutions
and universities on this topic have been conducted [101] and typi-
cal differences between ale and lager yeast strains established
(Table 1, see page 34). The advent of molecular biology-based
methodologies including gene sequencing of the ale and lager
brewing strains has shown that they are interspecies hybrids with
homologous relationships to one another and also to Saccharo-
myces bayanus, a yeast species used in wine fermentation and
identified as a wild yeast in brewing fermentations [56]. The gene
homology between S. pastorianus and S. bayanus strains is high
at 72 %, whereas the homology between S. pastorianus and S.
cerevisiaeis considerably lower at 50 % [70]. Itis worthy of note that
the homology between human DNA and orangutan DNA is 96 %!

In2011, a paper entitled “Microbe domestication and the identifica-
tion of the wild genetic stock of lager-brewing yeast” was published
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Table 1

Basic differences between ale and lager yeast strains

Ale Yeast

Lager Yeast

Saccharomyces cerevisiae
(ale type)

Saccharomyces carlsbergensis

Saccharomyces cerevisiae
(ale and distiller’s yeast)

Saccharomyces uvarium
(carlsbergensis)

Saccharomyces cerevisiae
(lager type)

Saccharomyces pastorianus
(current taxonomic name)

Fermentation temperature
(18-25°C)

Fermentation temperature
(8=15°C)

Cells can grow at 37 °C or above

Cells cannot grow above 34 °C

Cells cannot metabolise the
dissacharide melibiose
(galactose-glucose)

Cells can metabolise melibiose

Strains develop a distinctive co-
lonial morphology on wort-gelatin
medium

Strains do not have a distinc-
tive morphology on wort-gelatin
medium

“Top” fermentation

“Bottom” fermentation

[56]. This study confirmed that S. pastorianus is a domesticated
yeast species created by the fusion of S. cerevisiae with a previ-
ously unknown species that has been designated Saccharomyces
eubayanus because of its close relationship to S. bayanus. This
paper proposed that S. eubayanus only exists in the forests of
Patagonia, South America.

Since this publication, S. eubayanus has also been isolated
and identified in Tibet [9], the USA [51] and New Zealand [12].
It has not been found in Europe. It can tolerate lower incubation
temperatures (8—12 °C). The initial publication from Argentina
contains a draft genome sequence of S. eubayanus [56]. It is
99.5 % identical to the non-S. cerevisiae DNA fragment of the S.
pastorianus genome sequence. This suggests specific changes
in wort sugar [116] and sulphur metabolism [93], together with
fermentation temperature optima[56], compared to ale strains, that
are critical for determining lager beer characteristics. A detailed
DNAsequence of S. eubayanus, compared to S. pastorianus, has
also been published [4].

Traditional methods for differentiating brewing yeast strains are
relatively simple. These tests are designed to detect differences
in such phenotypic properties as colony morphology, flocculation,
sensitivity to a number of relevant chemicals (ethanol, acetaldehyde
and acetic acids) and their reaction to a variety of stresses. However,
these tests exhibit a number of disadvantages because of their:

B |ackofobjectivity —the results canbe open to misinterpretation;

B Poorsensitivity —itis often difficult to detect differences between
closely related strains;

B Lengthy response times — one week or more;

B Poor reproducibility — the test can have a profound influence
on the conclusions [40].

Yeast strains vary from one another because of differences in their
genetic make-up. As a consequence, the most direct and rapid
approach to distinguish yeast strains involves DNA (and protein)

A - Saccharomyces
cerevisiae (ale)

B - Saccharomyces
pastorianus (lager)

C - Saccharomyces
cerevisiae var. diastaticus

D - DNA size standards

Fig.4  Fingerprintpatterns using polymerase chainreaction (PCR)

technology and electrophoresis to differentiate brewer’s
and wild yeast strains

analysis. There are a number of such methods (some of which
have already been discussed) in this paper’s Introduction:

B Denaturing gradient gel electrophoresis [76];

B Karyotyping, analysis of whole chromosomes [40];

B Mitochondrial DNA — RFLP (Restriction Fragment Length
Polymorphism [84];

B Mass-spectrometric methods [120];

Protein fingerprinting [49, 58];

B Polymerase chain reaction (PCR) for in vitro amplification of
DNA fragments [81].

PCR is an in vitro method for amplifying very small amounts of
selected nucleic acids (DNA or RNA) by several orders of magni-
tude over short time periods. This technique permits the detection
of specified DNA fragments by making multiple copies. Employing
this technique, a specific fragment of DNA from a particular yeast
strain can be isolated, amplified (increased in amount — over a
million-fold) and subsequently used to produce a fingerprinting
pattern of different yeast species, as is shown in figure 4, PCR was
developed by Kary Mullis and Michael Smith who jointly received the
1993 Nobel Prize for Chemistry to recognise this achievement [63].
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4 Uptake and metabo-
lism of wort sugars

Itis very important that wort sugars
(andthe FAN complex) are efficiently
taken into the cell. In the normal
situation, brewing yeast strains
(both ale and lager) are capable of
utilising wort sucrose, glucose, fruc-
tose, maltose and maltotriose in this
approximate sequence (or priority),
although some degree of overlap
does occur. Characteristically, glu-
cose, maltose and maltotriose are
the predominantwortsugars (Fig. 5).
The majority of brewing yeast strains
leave maltotetraose (G4) and larger
dextrins unfermented. However, S.
cerevisiae var diastaticus is able to
utilise dextrin material, albeit inef-
ficiently. Wort dextrin utilization is
possible by this yeast sub-species
due to the secretion extracellularly
of glucoamylase. However, this en-
zyme, produced by S. diastaticus, is
incapable of hydrolysing the a-1,6
bonds of dextrins whereas it is able
to hydrolyse the a-1,4 bonds [32].
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The initial step in the utilisation of
any wort sugar is either its passage
intact across the yeast plasma
membrane, orits hydrolysis outside
this membrane, followed by entry
into the cell of some or all of the
hydrolysis products (Fig. 6). Maltose
and maltotriose are examples of
the sugars that pass intact across
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the cell membrane [131], whereas
sucrose and dextrins are hydrolysed
by extracellular enzymes and the
resulting simple sugars are taken
into the cell.

Fig. 7

An important metabolic difference between the uptake of mono-
saccharides such as glucose and fructose and disaccharides/
trisaccharides such as maltose and maltotriose is that energy (ATP
conversion to ADP) is required for maltose and maltotriose uptake
(active transport) whereas glucose and fructose are taken up pas-
sively with no energy necessary [29]. As maltose and maltotriose
are the major sugars in brewer’'s wort, the ability of a brewing
yeast strain to use these two sugars is critical and depends on the
strain possessing the correct genetic complement. Brewer’s yeast
strains possess independent uptake mechanisms for maltose and
maltotriose that transport their sugars across the cell’s plasma
membrane into the cell [104]. Once inside the cell, both sugars
are hydrolysed to glucose units by the a-glucoside system (Fig. 6).
The transport, hydrolysis and maltose/glucose interaction fermen-
tation systems are particularly important in brewing, distilling and

0 2 4 6 8 10 12 16 20 23 26 28 31 0
Fermentation time (hours)

24 48 72 96
Fermentation time (hours)

Maltotriose (A) and maltose (B) uptake profiles from 16 °Plato wort with ale and lager yeast
strains (results are means of fermentations with 8 ale and 8 lager yeast strains)

baking since maltose is the major sugar component of brewer’s
wort, spirit mash and wheat dough [89]. Maltose fermentation by
brewing, distilling and baking yeast strains requires at least one of
five MAL loci, each consisting of three genes encoding:

B The structural gene for a-glucosidase (maltase) (MALS);

B Maltose/maltotriose permeases (MALT);

B An activator whose product co-ordinately regulates the expres-
sion of the a-glucosidase and permease genes.

The expression of MALS and MALT is regulated by maltose induc-
tion and repression by glucose. When wort glucose concentra-
tions are high (>10 mg/L), the MAL genes, in most brewer’s yeast
strains, are repressed and only when 40—-50 % of the glucose has
been taken up by the yeast culture from the wort will maltose and
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Fig. 8 Amino acid adsorption patterns during wort fermentation
maltotriose uptake commence (Fig. 5). The glucose repression
of maltose uptake can be overcome in ale strains but not, in our
experience, by lager strains [30]. However, the whole question of
derepression of sugar uptake by ale and lager yeast strains is a
complex, and largely undefined, problem.

A number of ale and lager yeast strains (eight strains from each
species) have been used to explore maltose and maltotriose up-
take mechanisms in wort. For example, the fermentation profile
of a 16 °Plato all-malt wort, fermented in a 30 litre static vessel at
15 °C (Fig. 7), is the mean of eight results obtained. Under these
conditions, lager strains utilised maltotriose more efficiently than ale
strains, whereas maltose utilisation efficiency was not dependent
on the type of brewing yeast species or the strain employed in this
study [132, 86]. This supports the proposal that maltotriose and
maltose possessindependentbut closely linked uptake (permease)
systems [16]. In addition, this consistent difference between ale
and lager strains supports the observation that ale strains appear
to have greater difficulty than lager strains to completely ferment
wort, particularly with high gravity worts (> 16 °Plato) [109].

5 Uptakeand metabolism of free amino nitrogen
(FAN)

FAN is a general measure of a yeast culture’s assimilable nitro-
gen’s metabolic efficiency. It is a good index of yeast growth and
consequently its fermentation efficiency and sugar uptake [72].
Wort FAN is essential for the formation of new yeast amino acids,
the synthesis of structural and enzymatic proteins, cell prolifera-
tion, and cell viability and vitality [43]. Lastly, FAN levels have a
direct influence on the synthesis of beer flavour compounds (for
example, higher alcohols, carbonyls and esters).

There are differences between lager and ale strains with respect to
wort assimilable nitrogen uptake characteristics [44]. Nevertheless,
with all brewing strains the amount of wort FAN content required
by yeast under normal brewery fermentation conditions is directly
proportional to yeast growth and certain aspects of beer maturation
[50]. There has been considerable debate regarding the minimal
wort FAN concentration required in order to achieve satisfactory
yeast growth and fermentation performance in conventional gravity

(10—12 °Plato) and HG worts which is considered to be 130 mg
FAN/L for the former. Rapid attenuation of HG worts (> 16 °Plato)
requires increased levels of FAN [55]. However, optimum wort FAN
levels differ from fermentation to fermentation, from yeast strain to
yeast strain and between the plethora of yeast species employed
in the industry. Furthermore, optimum FAN values are dependent
on different wort sugar levels and their type [112].

Studies on the uptake of wort nitrogen by brewer’s yeast strains
began over 50 years ago. During the 1960s, Margaret Jones and
John Pierce, working in the Research Department of the Guin-
ness Brewery in Park Royal, London, conducted notable studies
on nitrogen metabolism during malting, brewing and fermentation
[45]. They reported that the absorption and utilisation of exogenous
nitrogenous wort compounds and their synthesis intracellularly are
controlled by three principal factors:

B Total wort concentration of assimilable nitrogen;

B The concentration of individual nitrogenous compounds and
their ratio;

B The competitive inhibition of these components uptake (mainly,
but not exclusively, amino acids) via various permease sys-
tems [46].

Aunique classification of wort’s 19 amino acids has been established
according to their rates of consumption during brewing. There are
four groups of amino acids. Three groups of them are taken up
at different stages of the fermentation cycle and the fourth group
consists of only one amino acid, proline (the largest concentration
amino acid in wort), which is not taken up during brewing fermen-
tations (Fig. 8). This is because of the anaerobic conditions that
prevail late in wort fermentations (oxygen is necessary for proline
metabolism) [59]. When this classification was developed in the
1960s, the methodology employed liquid chromatography for
measuring individual amino acids and was iconic! Similar meas-
urements currently use automated computerized HPLC and it is
difficult to envisage and appreciate the analytical challenges that
were faced and overcome 50 years ago! Indeed, it has already
been discussed that advances in analytical methods have been a
primary reason for increasing our knowledge of wort fermentation
control (both FAN and sugars).

Table 2 Order of wort amino acids and ammonia uptake during
fermentation
Group A Group B Group C Group D
Fast Intermediate Slow Little or No
Absorption Absorption Absorption Absorption
Glutamic acid Valine Glycine Proline
Aspartic acid Leucine Phenylalanine
Asparagine Isoleucine Tyrosine
Glutamine Histidine Tryptophan
Serine Alanine
Methionine Ammonia
Threonine
Lysine
Arginine
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The Jones and Pierce amino acid classification [46] continues to be
the basis of our current understanding of the relative importance of
individual wort amino acids during fermentation. This information
has assisted manipulation of wort nitrogen levels by the addition
of supplements such as yeast extracts or specific amino acids,
particularly during HG brewing — details later. However, this as-
similation pattern is often specific to the fermentation conditions
and the nutritional preferences of a particular strain. The nutritional
requirements, particularly the utilization of wort amino acids, has
recently been re-examined [39] and the overall Jones and Pierce
classification confirmed using contemporary analytical techniques
(HPLC, etc.) with one exception. The order of methionine uptake
has been transferred from Group B to Group A (Table 2) [55].

Approximately 30 % of incorporated nitrogen compounds come
from sources other than amino acids [53]. Although the utilisation
of small peptides by brewing yeasts was confirmed over 50 years
ago, an understanding of their role for yeast nitrogen requirements
is still limited. Small peptides can be used as nutritional sources of
amino acids as both carbon or nitrogen materials and precursors of
cell wall peptides during growth. Although, growth is considerably
slower when they are the sole nitrogen source [54]. Polypeptides
may also be used as a substitute because yeast can generate
proteolytic enzymes extracellularly to provide additional assimilable
nitrogen to the culture [14].

Most brewing yeast strains transport peptides that consist of no
more than three amino acid residues but this molecular size limit
is strain dependent [126]. Nevertheless, small wort peptides are
an important source of assimilable nitrogen and 20—40 % of wort
oligopeptides are used during fermentation. In a similar manner to
single amino acids, peptides probably contribute to beer character
and flavour [53].

A method to measure small wort oligosaccharides has now been
developed [54]. The sample is deproteinized and the supernatant
ultrafiltered through a membrane with a 500Da exclusion limit.
The filtrate is subsequently acid and alkaline hydrolysed and the
hydrolysate subjected to amino acid analysis by HPLC [53].

6  Specific aspects of wort fermentation

The metabolism of wort sugars and FAN during fermentation has
already been discussed but a plethora of other metabolic reactions
also occurs which will not be discussed in their entirety here. They
are covered in greater detail in the cited references [21,29]. As a
consequence, only five reactions will be considered here:

The repressing effects of glucose on the uptake of maltose and
maltotriose during wort fermentation have already been discussed
but not in detail (Fig. 5). This repression is a major factor that in-
fluences wort fermentation together with overall rate and extent.
Maltose uptake only commences when approximately 50 % (this
is both yeast strain and wort composition dependent) [23] of the
wort glucose (and fructose) has been taken up by the yeast cells
(Fig. 5). In other words, with most strains of S. cerevisiae and S.
pastorianus, maltose utilization is subject to control by carbon
catabolite repression [17].
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Fig.9 Degree Plato reduction (a) and ethanol formation (b) by

an ale brewing strain and its 2-DOG derepressed variant

In an attempt to overcome this repression, the glucose analogue
2-deoxy-glucose (2-DOG), has been successfully employed for the
selective isolation of spontaneous mutants of yeasts [47] and other
fungi. These 2-DOG mutants were derepressed for the production
of carbohydrate-hydrolysing enzymes when selected employing
this non-metabolyable glucose analogue. Derepressed mutants of
brewing and other industrial yeast strains (such as baker’s yeast
strains) have been isolated and were able to metabolize wort
maltose and maltotriose in the presence of glucose (Fig. 9) [92].
Fermentation and ethanol formation rates in 12 °Plato wort were
also shown to have been increased in the 2-DOG mutants when
compared to the parental strains [114].

All of these studies with 2-DOG mutants were conducted with
S. cerevisiae ale and distilling yeast strains. These studies were
unable to isolate 2-DOG mutants from the S. pastorianus lager
strains screened. Since these studies (which were conducted in
Canadain the late 1980s), a major Spanish brewing company with
university collaborators, has examined the use of 2-DOG mutants
to ferment a 25 °Plato wort, this time with a lager strain [73]. Stable
spontaneous 2-DOG mutants of this lager yeast strain have been
isolated. The fermentation characteristics of these 2-DOG lager
mutants have been assessed with 25 °Plato wort employing 2L
static fermenters at 13 °C. Improved fermentation capacity, where
wort glucose did not repress maltose uptake, was achieved but

Table 3 Influence of wort gravity on beer ester levels
12 °Plato Wort 20 °Plato Wort
Ethanol (v/v) 5.1 5.0
Ethyl acetate (mg/L) 14.2 21.2
Isoamyl acetate (mg/L) 0.5 0.7
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Fig. 10 Structure of glycogen

with changes in the beer flavour profile. Unfortunately, (similar
to the situation with the Canadian trials employing ale strains),
the increased wort fermentation rate was insufficient to introduce
their 2-DOG lager yeast mutants into production brewing scale
dimensions.

6.1 Yeast management

Yeast management includes:
B The initial stages of fermentation, where the intracellular stor-
age carbohydrate glycogen (Fig. 10) is used in the presence of
oxygen in order to synthesize unsaturated fatty acids (UFAs)
and sterols which are incorporated into yeast membrane
structures [83];

The formation of diacetyl during the exponential stages of
fermentation (Fig. 11) followed by its maturation (section 6.2).

6.2 Fermentation into maturation

The later stages of fermentation overlap
into beer maturation (aging/lagering) [111].
This involves the management (reduction)
of diacetyl and other vicinal diketones (VDK)
(Fig. 11). Such compounds impart butter-
scotch/stale milk flavours to beer. There are
a number of other beer flavour compounds
produced during fermentation which will be
discussed later.

Ethanol

*

B Also, the harvesting (cropping) of the
yeast culture in the latter storage of wort
fermentation for reuse either by floccula-
tion for reuse either by flocculation or with
a centrifuge — details later.

Plasma
Membrane

»

a-Acetolactate

IE|||||

7  Beer flavour production as a Diazem
result of fermentation — me-
tabolomics Fig. 11 Formation

Ethanol

a-Acetolactate

Beer aroma is the sum of several hundreds of flavour-active
compounds produced during nearly every stage of the brewing
process [6, 59]. The great majority (not all) of these substances
are yeast secondary metabolites. They are produced during wort
fermentation and consist of fermentation intermediates and byprod-
ucts (metabolites). Higher alcohols (also called fusel oils), esters,
VDKs, other carbonyls and sulphur compounds (Fig. 12) are the
key (notall) flavour elements produced by yeast. These compounds
(plus malt and hop constituents) determine a beer’s final quality,
particularly when it is fresh [60]. Higher alcohols and esters are
desirable volatile beer constituents, with a few exceptions [115].
Together with these compounds, yeast wort metabolism contributes
to the biosynthesis of other beer flavour active compounds such
as: organic acids, sulphur compounds (both organic and inorganic)
and aldehydes (for example, acetaldehyde) [88]. This is an area of
yeast activity that is currently termed metabolomics [22].

Metabolomics is: “the systematic study of the unique chemical
fingerprints that specific cellular processes leave behind”. It is the
study of relatively small-molecule metabolite profiles [28]. Many
of these small-molecules contribute to beer (and spirit) flavour
profiles. Esters [and higher (fuel) alcohols] are major contributors
to beer (and spirit) flavour profiles [57] along with a plethora of
other metabolites [62].

Obviously, flavour-active compounds must be maintained within
certain limits. Otherwise, a single compound or group of compounds
(for example, VDK’s) may predominate and prejudice a beer’s
flavour balance. Furthermore, flavour compounds such as esters
often act in synergy with other components to affect beer flavour
in concentrations well below their individual threshold values [130].

Each type of beer has its own unique aroma triggered (but not
exclusively) either by the yeast strain employed during fermentation
[83] or by a plethora of process parameters used during fermenta-
tion. Yeast strain, malt variety and type, fermentation temperature,
adjunct (unmalted cereals and sugar) and percentage in the grist,
fermenter design and geometry, wort pH, buffering capacity, wort
concentration (gravity), etc., are all influencing factors [11]. In ad-
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dition, hop variety and hopping procedures
are important factors [87].

Sugars

H,S + SO,

Only isoamyl acetate (banana-like aroma) Glveerol ,‘_l_,,(‘o
v T2

concentration is usually above the threshold
levelinmostlagerbeers, ales normally contain
ethyl acetate (solvent-like aroma) and ethyl
hexanoate (apple-like aroma) as supplemen-
tary flavouring compounds with levels above

Organic

. acids | N
theirtaste threshold [5]. However, compounds Avetyl-CoA

such as diacetyl and other VDKs (with certain
exceptions) should usually be below their
flavour threshold values [100].

Fatty Acetyl-CoA

The biosynthesis and process variables of

higher alcohols and esters during wort fer- Fatty /

mentation have been extensively reviewed by acids
Pires and colleagues [75] and the following
discussion is a summary of this publication
(with permission). This also includes the
effects of maltose concentration (compared
to glucose) (Table 4) in a synthetic medium

._l

Amino acids

Pyruvate +
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|

Ethanol

Acetaldehyde
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Lipids

on ester formation [127]. Reduced ester for- dioxide and ethanol

mation in wort has also been documented.
In addition, source material compiled from
“An Introduction to Brewery Science and
Technology” [110] published by the Institute
of Brewing and Distilling has been employed
here together with “Whisky: Technology, Pro-
duction and Marketing”[89]—with permission.
The higher alcohols that occur in beer (and NADE®
many spirits) are: n-propanol, isobutanol, NAD®
2-methyl-1-butanol, 3-methyl-butanol, 2-me-
thyl-1-butanol, 3-methyl-butanol together
with more than 40 other alcohols, have been
identified. Regulation of the biosynthesis of
higher alcohols is complex since they have NADH*
been produced as by-products of amino
acid metabolism or via pyruvate and ethanol
produced from carbohydrate metabolism

NAD
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Fig. 12 Summary of the major metabolic routes by which brewer’s yeast cultures produce
higheralcohols, esters, sulfur compounds, VDK’S, acetaldehyde, glycerol, carbon
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(Fig. 13). 36 molecules of ATP formed for every molecule of glucose metabolised aerobically

It has already been discussed that brewer’s

yeast strains absorb wort’s spectrum of amino higher alcohols

acids and small peptides in a distinct order

(Fig. 8 and Table 2) from which they take the

amino group (Ehrlich Pathway) so that they can be incorporated
into their own structures. What remains from the amino acids are
a-keto acids which enter into an irreversible chain reaction that
will ultimately form higher alcohols. Ehrlich’s research led to an
investigation of the relationship between the amino acids isoleucine
and amyl alcohol and isoamyl alcohol with leucine (Fig. 14) [27].
He also proposed that amino acids were enzymatically hydrolyzed
to form the corresponding higher alcohol, along with ammonia and
carbon dioxide. As ammonia was not detected in the reaction me-
dium, it was assumed that it was incorporated directly into protein.
Subsequently, a few intermediate steps to the Ehrlich Pathway
have been proposed that completes this metabolic pathway [65].

Fig. 13 The Tricarboxylic Acid Cycle. ~36 molecules of ATP formed for every molecule of
glucose metabolised aerobically. The Ehrlich Pathway leads to the synthesis of

Table 4 Percentage viability of brewing yeast strains after 96 hr
fermentation of synthetic media®
Glucose Maltose
Ale 1 96 98
Ale 2 92 98
Ale 3 94 98
Lager 1 97 99
Lager 2 96 98
Lager 3 95 99

2 Peptone — yeast extract — 4 % sugar medium
Methylene violet stain employed
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COOH COOH CHO CH;0H lipophilic. While small-chain acetate esters
| | | | easily diffuse through the plasma membrane,
CH-NH, Cc=0 CH, CH, MCFA ethyl esters may have their passage
| — | — [N | ) hindered [66].

CH, CH, CH CH o o
| | / \ / \ Ester synthesis involves organic acids linked
CH CH to a coenzyme module in order to form an
H.C CH, H.C CH, acetyl-CoAmolecule (Figs. 13and 15). Acetyl-
/ \ / \ CoAs are highly energetic entities, which
H;C CH, H;C CH,4 in the presence of oxygen can be oxidised
Isoamyl alcohol (spliced) into smaller units in the yeast cell’'s
Leucine ketoisocaproate isovaleraldehyde mitochondria. The great majority of the acetyl-

Fig. 14 Ehrlich Pathway - relationship between higher (fusel) alcohols and amino acids

Ethyl acetate is the most common ester produced by

yeast :

CH;CH,OH + CH;COSCoA -> CH,CH,COOCH; + CoASH
ethyl acetate

Ethanol acetyl CoA

Fig. 15 Production of a typical ester during fermentation

(2 methyl butanol)

CoA, produced in the yeast cell, comes from
the oxidative decarboxylation of pyruvate.
Aerobic conditions inside mitochondria will
induce acetyl-CoA to enter the TCA Cycle
(Krebs Cycle) to form ATP. In the absence
of oxygen, acetyl-CoA will be enzymatically
esterified with alcohol to form acetate esters
(Fig. 2). Also, MCFA ethyl esters are formed
from longer chains of acyl-CoA with ethanol.
Figure 12 summarises the major metabolic
routes by which brewer’s yeast strains syn-
thesize both higher alcohols and esters.

High gravity Over 200.carbonyl compounds are reported
. to comprise the flavour of fresh beer and
Osmotic brewmg Ethanol other alcoholic beverages [110]. These
. compounds influence beer flavour and are
ressure .

P \ ‘ concentration produced as a result of yeast metabolism
. ing fermentation. They consist of various

R i X n during
eac.t ve O yse . Biasiecation aldehydes (for example, acetaldehyde) and
Species (ROS) L . vicinal diketones, notably diacetyl, that has
. already been briefly discussed. Also, other
Thermal / 1 \ Mechanical carbonyl compounds (beyond the scope of
Stress Stress this paper) exert a significant influence on

Acetaldehyde

Fig. 16 Major stress factors that negatively affect yeast activity

Higher alcohols are also formed during the upstream (anabolic
pathway) biosynthesis of amino acids [94]. In the brewing context,
the de novo synthesis of branched-chain amino acids (BCAAs)
occurs through the isoleucine-leucine (ILV) pathway (Fig. 14) [24].

Esters are largely formed during the active phase of primary fer-
mentation by the enzymatic condensation of organic acids with
alcohols. Volatile esters in beer are divided into two major groups:
the acetate esters are synthesized from acetic acid (acetate) with
ethanol or a higher alcohol (propanol, butanol, etc.) (Fig. 15). In
the ethyl ester family, ethanol will form the alcohol and the acid
side of the equation is an MCFA. Although many different esters
can be formed during the fermentation stage of any beer or spirit,
of major importance as the aroma constituents are: ethyl acetate
(solvent-like aroma), isoamyl acetate (banana aroma), isobutyl
acetate (fruity aroma), phenylethyl acetate (roses and honey
aroma), ethyl hexanoate (sweet apple aroma) and ethyl octanoate
(sour apple aroma) [100]. Esters are synthesized in the yeast
cell’s cytoplasm, and they readily leave the cell because they are

beer flavour stability [61]. Excessive concen-

trations of carbonyl compounds are known

to cause stale flavour in beer. The effects of

aldehydes on flavour stability are reported to
develop grassy notes [propanol, 2-methyl butanol, pentanol and a
papery (cardboard) taste trans-2-nonenol, furfural]. A number of
novel analytical methods have been developed to measure beer
carbonyls [90, 91].

Acetaldehyde, is quantitatively the carbonyl present in highest
concentration at the conclusion of primary fermentation (10—15
mg/L). It is produced by yeast as a result of the decarboxylation of
pyruvate (Fig. 12) andis an intermediate in the metabolic formation
of ethanol during glycolysis. It can be present in beer at concen-
trations above its flavour threshold (approximately 10 mg/L) and
it imparts an undesirable “cut grass” or “green apple” character.
This carbonyl accumulates during the active growth phase. As with
higher alcohols and esters, the extent of acetaldehyde accumula-
tion is determined by the yeast strain employed of the fermenta-
tion conditions. Although the yeast used is of primary importance,
elevated wort oxygen concentrations, pitching rate, wort gravity and
fermentation temperature allinfluence acetaldehyde accumulation
[88]. In addition, premature (early) flocculation of a yeast culture
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from suspension during wort fermentation [52] does permit the
neutralisation of excreted acetaldehyde which is associated with
the later stages of fermentation.

Acetaldehyde has long been known as a product of alcoholic fer-
mentation (Fig. 12). Acetaldehyde, ethanol and acetate metabolism
in S. cerevisiae is complex [13] because several enzymes are
involved with a dependence on the cell’s redox balance. The two
enzymes ultimately responsible for their metabolic pathways are
alcohol dehydrogenase (ADH) [1] and aldehyde dehydrogenase
each of which consists of several isoenzymes. In addition, acetal-
dehyde can be metabolised by oxidation to acetate, by aldehyde
dehydrogenase (ALDH) [8].

The presence of acetaldehyde is one of the stress conditions that
yeast cells may encounter [2]. Several heat-shock protein (HSP)
genes are induced that are also involved in response to other
forms of stress (for example, ethanol) (Fig. 16) [74]. ALDHs play
animportant role in yeast acetaldehyde metabolism when the cells
are growing on ethanol. Under several growth conditions, further
addition of acetaldehyde (or ethanol) to wine yeasts induced the
expression of some ALD genes and led to an increase in ALDH
activity. This result is consistent with their need to obtain energy
from ethanol during the biological ageing processes. Also, under
certain conditions, acetaldehyde functions as a mutagen with
respiratory deficient RD mutants as the primary result [31].

Diacetyland 2,3-pendtanedione have already been briefly discussed
in this paper [50]. They are produced during wort fermentation as
by-products of specific amino acids synthesis (valine and isoleu-
cine, respectively) by both ale and lager yeast strains (Fig. 11).
Both of these vicinal diketones (VDKSs) (especially diacetyl) have
a significant effect on beer flavour, aroma and drinkability. Diacetyl
imparts a butterscotch-like stale milk flavour with athreshold usually
reported to be around 0.1-0.2 mg/Lin lagers and 0.1—-0.4 mg/Lin
ales [48]. However, diacetyl flavour thresholds as low as 1.7 mg/L
have been reported. However, there is no doubt that the flavour
threshold of diacetyl varies with a taster’s geographical background,
ethnicity and diet [48]. Diacetyl, at detectable concentrations, is
acceptable in some beer styles such as Czech Pilsners and some
(only some) English ales. Diacetyl metabolism during brewing has
been the subject of significant polemic over the years, but a com-
prehensive review has discussed the history and current situation
regarding diacetyl biosynthesis and subsequent metabolism during
wort fermentation which are summarised in figure 11.

Although research on the metabolism of VDKs has been ongoing
for over 50 years [121], a novel approach has been undertaken
since the 1990s. The enzyme a-acetolactate decarboxylase (ALDC)
catalyses the following reaction without the formation of diacetyl:

a-acetolactate — acetoin + carbon-dioxide

ALDC is not produced by brewer’s yeast strains or any other
yeast. However, it is produced by some bacteria that are gener-
ally regarded as safe (GRAS) (for example, the Gram-negative
bacteria Acetfobacter aceti which converts ethanol to acetic acid
during the production of vinegar) [33]. ALDC has been isolated,
purified and added to a brewer’s wort fermentation and the total
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——o— Control Yeast
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Fig. 17 Effectof a-acetolactate decarboxylase (ALDC)inabrewing
yeast strain on diacetyl metabolism during wort fermenta-
tion

diacetyl concentration throughout the fermentation cycle determined
(Fig. 17) [119]. Compared with an untreated control, little diacetyl
was produced, and its concentration was inversely related to the
activity of the ALDC added to the fermentation. It is worthy of
note that commercial quantities of ALDC (under the brand name
Maturex®) are produced by a genetically modified strain of Bacil-
lus subtilis that has received the genetic coding for ALDC from a
strain of B. brevis [125].

Sulphur compounds make a significant contribution to beer flavour
and to fresh whisk(e)y spirit prior to being matured in oak casks
[25]. Small amounts of sulphur compounds can be acceptable
and even desirable in beer. In excess, they give rise to unpleas-
ant off-flavours and special processes, such as purging with CO,,
use of a copper electrode [71] and prolonged maturation times are
necessary to remove them [112]. Some of the sulphur compounds
present in beer are not directly associated with fermentation and
are derived from brewing raw materials (malt, hops, etc.) employed.
However, the concentrations of hydrogen sulphide (rotten egg
aroma) and sulphur dioxide (burnt match aroma) are dependent
on yeast activity (Fig. 12).

The concentrations of hydrogen sulphide and sulphur dioxide,
formed during fermentation, are primarily determined by the yeast
strain used, although wort composition and fermentation conditions
are importantfactors, particularly where levels of these compounds
are abnormally high. The peak of hydrogen sulphide and sulphur
dioxide production occurs during the second to the fourth days
of fermentation (depending on the yeast strain, the wort gravity
and the incubation temperature) [35, 41, 110]. The formation of
excessive levels of hydrogen sulphide and sulphur dioxide, dur-
ing fermentation is associated with conditions that restrict yeast
growth. In this regard, the provision of adequate oxygen at the
time of yeast pitching is critical! Since both hydrogen sulphide and
sulphur dioxide are volatile, vigorous fermentation will promote
their removal via carbon dioxide purging.

Sulphurdioxide, as well as contributing to beer flavour (burnt match),
has a number of other functions in beer (and other alcoholic bever-
ages). Although these functions are not directly associated with
fermentation, itis worth discussing the fact that sulphur dioxide can
act as an antimicrobial agent and an antioxidant [34] and it retards
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Fig. 18 Binding of bisulphate to carbonyls

the development of beer flavouring characteristics. Bisulphite’s
antimicrobial activity can only occur at concentrations in excess
of 50 mg/L which is well above the permitted limit in beer for many
countries (in the United States itis a maximum of 10 mg/L, Canada
less than 10 mg/L and the United Kingdom less than 25 mg/L).

The effectiveness of bisulphite, besides its antioxidant properties,
is also its ability to bind carbonyl compounds into flavour neutral
complexes [7]. This can improve beer flavour stability. However,
the efficiency of bisulphite binding to carbonyl compounds does
vary. The reaction is reversible, so that an excess of bisulphite
will increase the yield of the flavour inactive adjuvant (Fig. 18).
The addition of bisulphites to fresh beer finings increases the
acetaldehyde concentration during aging. Also, when added to
stale beer, bisulphite lowers the concentration of free aldehyde and
affects the removal of the cardboard flavour [42]. Over time, the
bisulphite will be oxidized by oxygen in the beer, to sulphate, thus
increasing the concentration of free aldehydes [7]. Recently, a S.
cerevisiae mutant which produces higher levels of sulphur dioxide
and glutathione but with lower levels of hydrogen sulphide and
improved flavour stability has been reported [36]. This mutant has
been developed by nongenetic engineering means and employed
UV mutagenesis together with specific plate screening methods.
The antioxidizing ability of this mutant was significantly improved
and is safe for public use.

8 Highgravity brewing - stress effects on yeast

High gravity brewing (HGB) is a procedure that employs wort
at higher than normal concentrations. Consequently, it requires
dilution with water (usually carbon filtered and deoxygenated) at
a later stage in the brewing process in order
to achieve a sales gravity beer [96, 99]. By
using this process, increased standards can
be met without expanding existing brewing,
fermenting and storage facilities, producing
savings in capital expenditure.

HGB can be regarded to be a type of brewing
intensification which is a form of lean manu-
facturing [26]. Lean manufacturing ensures
that the right improvement is chosen for the
relevant reasons without sacrificing product
quality and integrity. The advent and evolution

12°Plato wort

number of specific fundamental papers concerning this process
[105]. Critics of HGB maintain that this procedure waters down
beer. This claim is inaccurate! HGB modifies the point of water
addition from the beginning (during mash-in) to later in the process.
Essentially, the same volume of water is employed as for a stand-
ard beer — maybe less! It should be emphasized that HG-brewed
beers are different from high-alcohol undiluted beers. However,
the effects of concentrated worts on yeast are very similar. Indeed,
this section will predominantly focus the stress effects on yeast
induced by concentrated wort.

Although there are many advantages to the use of HGB techniques
there are also disadvantages. HG worts can influence yeast
performance, with effects dependent upon fermentation and floc-
culation [99]. The increased osmotic pressure, elevated alcohol
concentration and modified nutrient balance all have a profound
influence on yeast performance during the fermentation of HG
worts. Another negative effect of HG worts on yeast performance
concerns the number of yeast cycles (generations) that can be
fermented by a single yeast culture. The number of cycles that
can be used by a yeast culture is reduced with increasing wort
gravity. For example, a major Canadian brewery established the
following specifications with their lager yeast strain: 12 °Plato > 20
cycles (generations); 14 °Plato > 15 cycles; 16 °Plato > 12 cycles
and 18 °Plato > 8 cycles [102]. Significant strain-to-strain variation
has been observed and, although there are exceptions, it appears
that, in general, ale strains are more susceptible than lager strains
to repeated repitching in HG worts (>16 °Plato) [79].

There is arelationship between yeast stress tolerance and growth,
because a stress response enables yeast cells to continue grow-
ing and ferment under adverse conditions [20]. For this growth to
occur, it requires various physiological adaptive changes and also
produces distinct cellular morphological changes. The vacuole (Fig.
19) has been reported to function during periods of both osmotic
and ethanol stress to ensure continued metabolic activity and
yeast cell vitality [78]. Because both of these stresses are char-
acteristic of HG wort fermentations morphological investigations
have been conducted into the role of the yeast vacuole during HG
fermentations [80].

The vacuole is an inherited organelle in yeast. Vacuolar volume
changes with the cell growth phase and the growth conditions.
Stationary phase yeast cells contain only one or two medium size
vacuoles, whereas cells growing under stressful conditions have

20°Plato wort

of HGB has resulted in the publication of a Fig. 19 Effect of wort gravity on vacuole size in a brewer’s yeast strain
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Scanning Electron Micrographs

Fig. 20 Effect of wort gravity on the cell surface morphology of an ale yeast strain

very large vacuoles [124]. Alager yeast culture was harvested from
both 12 and 20 °Plato worts and examined with scanning electron
microscopy (SEM) in order to monitor morphological changes with
vacuoles during fermentation. Changes associated with vacuoles
are depicted in figure 19. The cells from the 20 °Plato wort fermen-
tation exhibited greatly enlarged vacuoles when compared with
vacuoles in cells harvested from the 12 °Plato wort fermentation.
Morphological changes with yeast vacuoles from the lager yeast
culture were also examined at specific times during fermentation
in both 12 and 20 °Plato worts employing fluorescence microscopy
and a fluorescent dye specific for vacuoles [77]. These changes
are depicted in figure 20. These findings confirmed that the yeast
vacuole plays an important role in the ability of yeast cells to suc-
cessfully ferment HG worts and also to tolerate other stresses [78].

In addition to studies on vacuolar volume, the effect of wort gravity
on cell surface morphology with ale and lager strains has been
studied. To this end, the surface morphology of yeast strains was
determined with SEM during the static fermentation of 12 and 20
°Plato worts. During the late stationary growth phase, cell surface
features became apparent (Fig. 20). A more extreme effect of
wort gravity on the yeast cell surface was observed in HG wort
fermentation resulting in a wrinkly, prune-like, crenellated surface
with numerous invaginations compared with yeast cells fermenting
normal-gravity worts.

When yeast is first pitched into HG wort, passive diffusion of water
out of the cell occurs, and this diffusion results in a decrease in
cell viability (determined by methylene blue or methylene violet
staining). Figure 21 illustrates experiments with 12 and 20 °Plato
worts fermented with an ale strain [78]. Cell viability decreased in
both ale and lager strains within the first 24 h of fermentation and
the viability was exacerbated in the 20 °Plato wort. For reasons
that are unclear, ale strains maintained higher vitalities than lager
strains, particularly with 20 °Plato wort.

Saccharomyces and related species, including ale and lager brew-
ing strains, contain two major intracellular storage carbohydrates:
trehalose and glycogen. Trehalose is a disaccharide containing
glucose units (Fig. 22). It protects the cell against stress (for
example, osmotic pressure, ethanol, acetaldehyde, high and low

20° Plato wort

temperatures, acid washing and desiccation
(Fig. 16) [96]. It has been correlated with cell
survival under adverse conditions and is an
important indicator in brewing yeast cultures
during HG wort fermentation. There was
rapid synthesis of trehalose in 20 °Plato wort
during the first 24 h of fermentation. As the
cultures acclimatized to the stress conditions
imposed by the 20 °Plato wort the intracellular
trehalose levels decreased. It is interesting
to note that lager strains maintained higher
trehalose levels than ale strains.

Glycogen is an intracellular glucose poly-
saccharide with a structure similar to starch
consisting of -1,4 linkages with 1,6 branch
points (Fig. 10). It is the major reserve en-
ergy storage material in yeast cells of many
other organisms (including the muscles of humans). Glycogen
accumulates in yeast under nutrient-limited conditions. It has a
role in providing carbon and energy for the maintenance of cel-
lular activities. During the first 6—8 h of wort fermentation, there
is rapid utilization of intracellular glycogen (Fig. 23, see page 44).
This utilization is directly proportional to the synthesis of lipids
(mainly unsaturated fatty acids and sterols such as ergosterol).
These lipids are employed by the yeast culture to produce de novo
membrane material during cell division. Once cell division begins
to decrease, glycogen accumulates. It is important that maximum
levels of intracellular glycogen are present in yeast cells when they

W12 Plato B 20 Plato
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Fig. 21 Effect of wort gravity on the viability of an ale yeast strain
during the intial stages of fermentation. Viability determined
by the methylene blue staining method
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are harvested for storage, prior to being repitchedinto a subsequent
wort fermentation. It is critical that glycogen levels in yeast cells
are conserved during storage because depleted glycogen levels
will lead to incomplete fermentation.
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Fig. 26 Isoamyl acetate concentration (mg/L) formed during the

fermentation of worts with different gravities and sugar
composition

Another form of stress imposed upon brewer’s yeast is the process
of acid washing at pH 2.2. Since the studies of Pasteur [67, 68] it
has been employed as an effective procedure by some brewers
(not all) to remove bacterial contaminants from yeast slurries [3].
The physiological condition of the yeast culture in various environ-
mental factors has been shown to affect the resistance of brewer’s
yeast to acid washing [95]. During HG brewing conditions [19],
the adverse conditions of acid conditions are exacerbated. Acid
washing affects yeast viability from a 20 °Plato wort fermentation,
whereas yeast from a 12 °Plato wort fermentation was not affected
to the same extent [18]. Strain variations have also been observed
between lager yeast strains in their resistance to HG conditions
and acid washing. The resistance to acid washing was also influ-
enced by storage conditions between fermentations, particularly
yeast that had been poorly stored which had the lowest yeast
viability. Yeast management procedures must be optimized when
repitching yeast from HG fermentation to ensure that the yeast is
in good physiological condition and can maintain its resistance to
acid washing. It is also important to emphasize that yeast from a
high-alcohol environment in a HG fermentation [>6.5 % alcohol
by volume (ABV)] should not be acid washed until the slurry is
diluted (>5 % ABV) [18].

One disadvantage (there are others) of employing the HG brewing
process is that fermentation of such worts induces the production
of disproportionately high levels of beer esters (Table 3). Varying
the wort sugar spectrum has been reported [29] to modify the level
of many metabolites, including esters, although reasons for these
differences are still unclear. It has already been discussed [29]
that entry of hexose sugars (glucose and fructose) into the yeast
cell is facilitated by similar protein transport systems. However,
the utilization of glucose occurs more rapidly than fructose when
the two sugars are fermented separately, probably because of
the differing affinities of the two sugars for the transporter. The
disaccharide maltose in wort is internalized by the yeast cell only
when 40-50 % of the glucose has been removed from the wort
[131] (details in section 4) and occurs by an active transport sys-
tem, whereas the uptake of glucose and fructose is by a passive
transport process [29].

Initial experiments with glucose and maltose were conducted em-
ploying a synthetic medium (yeast extract—peptone). Fermentations
occurred separately with 4 % glucose and maltose as the carbon
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Table 5 Vitality of brewing yeast strains after 96 hr fermentation
of synthetic media®
Glucose Maltose
Ale 1 0.8 1.3
Ale 2 0.9 1.3
Ale 3 1.1 1.4
Lager 1 0.7 0.9
Lager 2 0.8 1.2
Lager 3 0.9 1.0

a Peptone — yeast extract — 4 % sugar medium
Acidification power test conducted

Table 6 Ethyl acetate and isoamyl acetate produced by brewing
yeast strains during fermentation of synthetic media?
Ethyl Acetate (mg/L) Isoamyl Acetate (mg/L)
Glucose Maltose Glucose Maltose
Ale 1 413 2.79 0.14 0.14
Ale 2 2.97 2.59 0.06 0.04
Ale 3 3.13 2.71 0.05 0.03
Lager 1 6.00 5.22 0.22 0.21
Lager 2 3.75 3.28 0.26 0.22
Lager 3 413 3.51 0.23 0.17
a Peptone — yeast extract — 4% sugar medium
Table 7 Sugar composition of brewing syrups
Malto(:nes?yrup Ma\llteor;’eHé?/lr‘up
(MS)
Glucose 15* 5
Maltose 55 70
Maltotriose 10 10
Dextrins 20 15

* % (w/v) composition

Table 8 Percentage viability of an ale and a lager brewing yeast
strain after fermentation in 12 °Plato and 20 °Plato worts®
12 °Plato Wort 20 °Plato Wort
MS ®© VHMS ¢ MS VHMS
Ale 95 98 93 96
Lager 94 97 95 98

@ Methylene blue and methylene violet stains employed

® Maltose (55) syrup

¢ Very high maltose (70) syrup

source and the production of the esters ethyl acetate and isoamyl
acetate monitored with a number of ale and lager strains [127].
All maltose-cultured cultures studied had higher viabilities and
enhanced vitalities [129] when compared to their glucose-cultured
counterparts (Tables 5 and 6). Reasons for these differences are not
immediately apparent. It may be the result of slower initial uptake
rates of maltose compared to glucose and consequent reduced
growth rates. In addition, the fact that maltose uptake occurs by
active transport and glucose by passive transport is no doubt

relevant. Despite the apparent sturdiness of the maltose grown
cells, the production of ethyl acetate and iso amyl acetate in the
maltose medium was lower than in the glucose medium (Table 6).

It is generally agreed that a reduction in ester levels, particularly
ethyl acetate andisoamyl acetate, from HG-brewed beers would be
welcome by most brewers [128]. To study the influence of maltose
and glucose levels in HG worts, two worts were prepared, one
containing 30 % maltose syrup (MS) and the other containing 30 %
very high MS (VHMS). The sugar composition of the two brewing
syrups is shown in table 7. The two maltose syrups were used as
kettle adjuncts and the sugar composition of the resulting three
syrups (12 ° and 20 °Plato) is shown in figure 24. The three worts
were fermented in a 2 hl/L pilot brewery with a lager yeast strain at
13 °C and the concentrations of ethyl acetate and isoamyl acetate
were determined throughout the fermentation (Figs. 25 and 26).
The profiles were similar for both esters. The concentrations of
both esters in the 20 °Plato MS fermented wort were twice those
observed in the 12 °Plato MS fermented wort. However, the ester
concentration in the 20 °Plato VHMS wort was approximately 25
% reduced compared to the 20 °Plato MS wort [128]. This finding
confirms the findings that employed synthetic media with single
sugars (maltose and glucose) and maltose fermentations produc-
ing less ethyl acetate and isoamyl acetate than during glucose
fermentations. In addition, similar to the synthetic media fermen-
tations, the wort (both 12 © and 20 °Plato) with elevated maltose
concentrations produced yeast with higher viabilities than the cells
produced in wort with lower maltose levels (Table 8).

9 Conclusion —in part 2 of this keynote paper
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