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Summary

Summary
The applied brewing yeast strain contributes decisively to the aroma profile, taste, smell and
mouth feel of the produced beer. The mass production of beer has led to a selection of a small
number of high-performing Saccharomyces yeast strains, making it relatively easy to produce
beer on a large industrial scale. However, as yeast has an immense impact on beer flavor and
attributes, the selection of this small number of yeast strains has left behind the aromatic
richness of beers.
In recent years a movement called craft brewing has been growing. This type of brewing uses
special malts and special hops to increase the aromatic richness of beer. Since yeast is one of
the main flavoring agents for beer, a variation of this mandatory ingredient can further enrich
the beer’s aroma. Besides the specially selected brewing strains, there are many partly
uncharacterized genera of yeast in addition to Saccharomyces, each with many species and
strains, giving a wealth of possibilities for potential beer fermentation. Many of these nonSaccharomyces yeasts are known to brewers as contaminants that cause major changes in the
aromatic profile of beer. Not all of these sensorial changes, however, are considered bad, as
beers like Berliner Weiße and Lambic show which aromatic richness relies on the interaction
and impact of differing yeast genera.
A method to predict the capability of a non-Saccharomyces yeast strain with regard to beer
fermentation as well as its potential use were investigated in this dissertation.
One of the most time-consuming steps in searching for new yeast strains for brewing is
phenotypical characterization. In this scientific work a phenotypic characterization protocol
(screening) was developed to predict the performance of a yeast strain in beer fermentation.
Firstly, literature was consulted to sum up pre-existing protocols and trials with nonSaccharomyces yeast for beer fermentations. As a result, saccharide and amino acid utilization
in all malt barley wort, hop compound and ethanol tolerance as well as flavor forming were
chosen as the main phenotypic challenges. After the successful compilation, execution and
evaluation of a screening protocol with ten strains of the Torulaspora delbrueckii species, a
promising strain was found as the new brewing strain T. delbrueckii T9 and was taken a step
further in the characterization program. The beer fermentation performance of this particular
strain was optimized using response surface methodology, varying fermentation temperature
(15-25°C) and pitching rate (50-120 x106 cells/mL). Before this, the strains behavior in
propagation and dissolved oxygen demand in wort was investigated.
The combination of a 20 °C fermentation temperature and a pitching rate of 60 x106 cells/mL
as well as a wort oxygenation of 10 mg/L dissolved oxygen was found to be sufficient. In
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contrast to brewing yeasts used previously, propagation showed very high cell concentrations
after 28 hours of 400 x106 cells/mL at the highest vitality and viability. The beer was judged to
be very fruity with strong notes of blackcurrant. Furthermore, a temperature-dependent
change in flavor could be observed. At a fermentation temperature of 15 °C the beer had a
strong honey-like flavor, changing to blackcurrant at 20 °C and to red wine-like at 25 °C. To
ensure the quality of the finished product and the pureness of the pitching yeast, a method
was successfully developed to detect cross contaminations of top-fermenting spoilage and
brewing yeast in one to five days without prior incubation. A micro fermenter with a pressure
detector was therefore incubated with pure and spiked samples of differing brewing and
spoilage strains. Spoilage yeast contaminations of 0.001 % in 1 x 106 cells/mL pitching yeast
could be detected within an average of 5 days.
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Zusammenfassung
Die, bei der Bierherstellung, verwendete Hefe beeinflusst das Aromaprofil, den Geschmack,
den Geruch und das Mundgefühl eines Bieres maßgeblich. Im Zuge der Massenproduktion von
Bier wurden, aus einer ehemals großen Vielfalt, einige wenige Hochleistungshefen der
Gattung Saccharomyces selektiert, die die industrialisierte Bierfermentation möglich
machten, die Aromenvielfalt des Bieres hingegen stark einschränken.
Unter dem, aus den USA übernommenen, Synonym Craftbeer werden Spezialmalze, sowie
neue Hopfenzüchtungen in der Bierproduktion verwendet, um wieder neue Aromen in das
Bier einzubringen. Da die Hefe einen der größten Einflüsse auf das Aroma des Bieres hat, ist
eine Variation des Hefestammes eine weitere Möglichkeit die Aromenvielfalt zu erweitern.
Neben der Gattung Saccharomyces existieren viele, teils noch nicht beschriebene
Hefegattungen. Einige davon kommen als Kontaminationen in der Brauerei vor und können
eine starke sensorische Veränderung der Biere zur Folge haben. Dass diese sensorische
Veränderung nicht negativ sein muss, zeigen Spezialbiere wie z.B. die Berliner Weiße oder das
Lambic, deren Aromenvielfalt auf dem Einsatz verschiedener Hefespezies beruht.
Eine Methode zur Einschätzung der Anwendbarkeit in der Bierherstellung von nichtSaccharomyces Hefen in Reinkultur, sowie die mögliche Anwendung in der Brauerei soll in
dieser Arbeit untersucht werden.
Die

zeitaufwändige

Charakterisierung

stellt,

unabhängig

von

dem

gewählten

Anwendungsgebiet, eines der Probleme für die Erschließung neuer Hefen dar. In der hier
vorliegenden Arbeit wurde ein phänotypisches Charakterisierungsprotokoll entwickelt,
welches zu einer schnellen Einschätzung der Fähigkeit isolierter, natürlich vorkommender
Hefen auf ihre Anwendung in der Bierfermentation befähigt. Hierfür wurde zunächst eine
ausgiebige Literaturrecherche durchgeführt, die bereits verwendete, sowie angewandte Tests
und Gärversuche mit verschiedenen nicht-Saccharomyces Hefen zusammenfast. Als
wichtigste Eigenschaften wurden die Verwertung wichtiger Kohlenhydrate und Aminosäuren
aus der Bierwürze, die Hopfen-- und Ethanol-Toleranz, sowie die Aromastoffbildung
beschrieben.
Nach erfolgreicher Zusammenstellung, Durchführung und Evaluierung des phänotypischen
Charakterisierungsprotokolls mit 10 Stämmen der Spezies Torulaspora delbrueckii, konnte ein
Stamm als potentielle Brauhefe identifiziert werden. Er verstoffwechselte alle wichtigen
Würzezucker, konnte in der Anwesenheit von Hopfensäuren wachsen, zeigte eine Toleranz
gegenüber 5 % Ethanol und bildete fruchtige beerenartige Aromen. Im weiteren Verlauf
wurde der Fermentationsprozess dieses T. delbrueckii Stammes T9 mit der Variation
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verschiedener

Fermentationsparametern

auf

die

Herstellung

eines

Bieres

mit

durchschnittlichem Alkoholgehalt von 5 % v/v optimiert. Für diesen Schritt wurden die
optimale
120

x106

Gärtemperatur

zwischen

15-25°C,

sowie

Anstellzellzahl

zwischen

50-

Zellen/mL, das Verhalten in der Propagation und der Einfluss von Sauerstoff in der

Anstellwürze untersucht. Für die Variation der Fermentationstemperatur und der
Anstellzellzahl wurde eine Response-Surface Methode angewendet. Ein optimales Ergebnis
erbrachte die Kombination von 20 °C Gärtemperatur und 60 x106 Zellen/mL bei einem
gelösten Sauerstoffgehalt der Anstellwürze von 10 mg/L. In der Propagation zeigten sich im
Vergleich zu normaler Brauhefe sehr hohe Zellzahlen (bis 400 x106 Zellen/mL) sowie eine sehr
gute Viabilität und Vitalität nach 28 Stunden. Das Hauptaroma des fertigen Bieres wurde von
den Verkostern als sehr fruchtig mit starkem Geschmack nach schwarzer Johannisbeere
beschrieben. Es konnte weiterhin eine Veränderung des Aromas der Biere bei steigender
Fermentationstemperatur beobachtet werden. So änderte sich das Aroma bei 15 °C von Honig
Noten über starkes Johannisbeerenaroma bei 20 °C zu einem starken Rotweinaroma bei 25 °C.
Im weiteren Verlauf der Arbeit wurde eine neue Qualitätssicherungsmethode basierend auf
Gasbildung entwickelt. Diese ermöglicht den Einsatz des neuen Hefestammes in der Brauerei
sowie die Detektion von möglichen Kreuzkontaminationen mit Saccharomyces cerevisiae in
ein bis fünf Tagen ohne Vorinkubation.
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Introduction and motivation

Discussions of brewer’s yeast today refer to some highly domesticated [1], fast and
predictively fermenting Saccharomyces cerevisiae as well as Saccharomyces pastorianus
strains [2–5]. These yeast strains, especially S. pastorianus strains, ferment brewer’s wort into
beer efficiently and economically in a short period of time. The overall aroma and taste of beer
is largely shaped by the fermenting yeast used in the process [6–10]. It converts the
fermentable carbon and nitrogen sources present in wort into the main fermentation
products ethanol and carbon dioxide. Furthermore, strain-specific volatile and non-volatile
compounds which are described as secondary metabolites, and contribute highly to flavor, are
produced during fermentation [8–11]. As only a couple of strains are used by the big brewing
companies today this overall aroma impression does not vary greatly for the big mass
produced [12, 13].
The overall single reason for using some major brewing strains is the biological and economical
benefits [14]. Since fermentation is one of the most time- and space-consuming steps in the
beer production process it has always been a field in need of innovation. To save space, the
volumes of the fermentation vessels were increased by using high cylindroconical
fermentation vessels [15, 16]. To reduce time, high-gravity brewing was invented, which
increased the yield of the fermentation, saved energy, cleaning, and effluent costs [17–19].
The yeast strains used for these fermentations had to be specially selected as the stress
coming from a high fermentation vessel with high gravity wort negatively affects yeast
performance [13, 20]. Consequently, a few big companies that produce most of the beers with
these yeast species polarized the world beer market, restricting the aroma and flavor variety
[12, 14]. The majority of beer produced today is of the lager variety, which is produced by the
bottom-fermenting yeast S. pastorianus [14]. S. pastorianus ferments efficiently at low
temperatures, produces a clean aroma profile and has a high level of various stress
resistances, which makes it very useful for mass producing beer [6, 13, 14, 21, 22].
A trend that can be observed over the last decade is a growing interest in craft-produced beer
due to the aforementioned uniformity and insipidity of the majority of the products offered
by the big brewing companies [23]. As consumers become more aware of how variable beer
can be, the demand for these products increases [24]. New innovative and keenly
experimental breweries are launching all over the world, reviving old beer styles and creating
new beers [12, 23–25]. The hop industry has adapted to the new demand and has increased
its variety of special hops for new flavors. As yeast is one of the main aromas and flavorshaping agents in beer production, demand for new yeast strains is increasing. Yeast strains
-5-
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for new beer styles are therefore sought by brewers and scientists in many different ways [23,
25, 26]. One method is to use old yeast strains that were kept in storage, though these are not
as high performing. These yeasts produce differing flavors and aromas to what is commonly
used at present. Another way predicted by Steward in 1986 was the widespread use of novel
brewing strains that were genetically modified [27]. Since then, scientists have taken a variety
of approaches to genetically modify yeast strains [2, 28]. However, the opposition shown by
public opinion means that they have not yet found their way into breweries [13]. Another
promising alternative is the search for new brewing strains in nature as there are potentially
many still undiscovered varieties [29–32]. The industrially used yeast strains, especially in the
brewing sector, only cover a small number of the virtually unlimited number of yeasts found
in the environment [29], some of which might be useful to brewers. Non-conventional (i.e.,
non-Saccharomyces) yeast have been successfully applied to improve flavor and aroma in
mixed and pure fermentations for wine, cacao and other fermented beverages [33–42]. These
yeasts and many others can be key to discovering novel aromas and flavors in beer [23, 25,
31, 33, 36, 43–45]. To be able to find new brewing strains, the nature of beer fermentation
using Saccharomyces brewing strains has to be taken in account and adapted to the new yeast
strains selected from nature [3, 4, 23, 25, 26].
The thesis publications are therefore organized in four parts:
1. Review of applied non-Saccharomyces yeast species in beer fermentations with a
detailed description of practical applications and produced secondary metabolites.
2. Development of a screening method for non-Saccharomyces yeast to predict the
ability of the strains to ferment beer wort with a verification of the results by the
application of ten Torulaspora delbrueckii strains.
3. Establishment of an optimization protocol to implement a non-Saccharomyces
brewing strain of the species Torulaspora delbrueckii in the brewery by optimizing wort
aeration, propagation and fermentation.
4. Development of a novel methodology to ensure purity and quality of beers produced
by the species Torulaspora delbrueckii and bottom-fermenting yeast.

1.1

History of beer yeast

The tradition of producing beer, bread and wine can be traced back thousands of years to
prehistoric times [3, 5, 28]. The driving force behind fermentation was not known to the early
brewers, bakers and wine makers besides the fact that sugar-containing foods and liquids
spontaneously fermented when left alone for some time. As the air that these foods were
exposed to as well as some of the ingredients, contained a variety of yeast and bacteria, the
outcome of these fermentations was not predictable. It was inefficient and the taste was
-6-
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probably not always desirable [46]. The first documented steps towards some kind of a
predictable beer fermentation were taken by Sumerians approx. 6,000 years ago by
inoculating non-fermented food with a small fraction of pre-fermented food to start a new
fermentation [5, 46, 47].
Brewing technology has been promoted and the production of beer increased ever since. As
a result of the variety of anti-bacterial properties it contained, beer was one of the safest
beverages to consume in times before the invention of water treatment [48]. It had a low pH
(around 4.2), which harmed the growth of toxic gram-negative bacteria, a certain
concentration of ethanol, hop acids and carbon dioxide, which made it a harsh environment
for any bacteria to live [49]. There are reports by Sambrook of medieval times where rich
households would consume 750-1500 hl of beer per annum. A servant at that time was
allowed to have one gallon (respectively 3.8 liters) a day [50]. Up to today, beer is one of the
most consumed fermented beverages in many countries. In 2015 an average of 105.9 liters
was consumed by the German population, which equals 0.29 liters per day [51].
Intensive research into yeast, however, did not start until the end of the 17th century due to a
lack of knowledge and technology. In 1680, Antoni van Leeuwenhoek found small round
shapes in fermenting liquid by looking though a very simple microscope, but was not able to
show that they were linked to fermentation [52]. In 1789 Antoine van Lavoisier described the
nature of fermentation as a chemical change in the fermentation of wine, which was not linked
to any microorganism [53]. In 1837 and 1838 the research on beer supported by the
improvement of microscopes reached a high point with Schwann and Cagniard-Latour who
found living yeast to be linked to fermentation [54–56]. Cagniard-Latour was able to measure
the size of yeast cells and described them as small globules with a diameter of 6–9 µm [55].
Pasteur then used this knowledge twenty years later to identify yeast as the fermentation
agent and showed that wild yeast and bacteria, if present in the fermentation, would spoil
wine and beer. He also reported that aerobic and anaerobic microorganisms and yeast have a
much higher demand for sugars when in an anaerobic environment [56, 57]. In 1842 bottomfermenting yeast, which had only been used by Bavarian brewers until that time, was brought
to the country of Czechoslovakia. From there it was taken to Denmark and at almost the same
time introduced to American breweries in Pennsylvania [27]. The idea of a pure fermentation
was then implemented by Emil Christian Hansen in 1883 in Denmark at the Carlsberg brewery
[58]. When focusing his research on yeast he was able to cultivate four different pure strains
of bottom-fermenting yeast, of which he found one to be suitable for beer fermentation. That
strain was called `Carlsberg Yeast no. 1’ [58]. Due to this name, bottom-fermenting yeast was
hereinafter named Saccharomyces carlsbergensis [27].
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In 1886, Hansen developed a propagation system in the Carlsberg brewery together with
Jansen to be able to supply the brewery with adequate pure culture yeast. Since that time the
use of pure cultures of brewing yeast became common practice for brewers producing
bottom-fermenting beer [27]. However the ale brewers, mostly from the United Kingdom
where ale was most common, did not immediately adopt this technique. Their product
diversity at that time partly relied on mixed cultures of ale yeast containing mainly two to
three but also up to five strains at once [59]. Furthermore, no adaptation was found for special
beers, which are still partly spontaneously fermented today e.g. Lambic, Geuze or Berliner
Weissbier. The nature of most of these fermentations is still not completely discovered as
many different microorganisms are involved in varying concentrations and time spans [12, 60–
62].
Since that time scientists have been trying to speed up and increase the yield of the
fermentation process. In 1930, a large step was taken towards mass production as
cylindroconical fermentation vessels were invented [16]. Typical sizes for large brewery
fermentation vessels today are 1500-2000 hl with a height of 10-20 m. Due to the height, the
pressure at the lowest point of the fermenter can reach up to 2 bar which can result in over
carbonation and harm yeast growth [6]. However, the cone makes it easy to crop the yeast
from the bottom as it is collected in the cone when it flocculates after cooling [16]. Making it
easy to crop bottom-fermenting yeast in closed vessels might also have been a small
advantage for lager production as the yeast could be cropped in a sterile way and reused,
saving money, space and time in the brewery [27].
In 1935 another big discovery in yeast research was made by Winge, who discovered that cells
of Saccharomyces were diploid and could be produced by combining two haploid spores [63].
Having that knowledge, he discovered one of the first methods to intentionally create a new
brewer’s yeast that had previously been used for plants and animals [64]. He had the idea that
breeding was possible, and used two haploid spores of different parental yeast strains to form
a new diploid yeast strain with characteristics of both parents [28, 64]. From that time on yeast
research was expanded to include genetics and molecular biology [27, 28]. There is still one
issue with this idea today. Yeast strains coming out of the laboratory are diploid and it is
comparatively easy to change their genetics. However, industrially used strains are mostly
alloploid or polyploid, which partly ensures genetic stability in the brewing process but also
makes it much harder to modify them [28, 65, 66].
Brewing scientists today have the advantage that S. cerevisiae has been used for fundamental
research in cell biology and genetics [65]. The S. cerevisiae strain (S288c) was the first
eukaryote for which a fully characterized genome sequence was available as a result of the
collaboration of many scientists [67]. The high interest in S. cerevisiae by many other industrial
-8-
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branches such as biotechnology provides a further advantage to our knowledgebase as a large
number of researchers work on improving and finding new strains and also on the genetics of
other yeast species [68]. Today, researchers all over the world use next generation sequencing
to try to map the genes responsible for phenotypes, which might be interesting to industry of
any kind [65, 68]. However, the public opinion on genetic modification as well as the legal
position of the use of these microorganisms is still not very positive [13, 28].
Recently, some groups of scientists have started to compare industrially used Saccharomyces
strains by their whole genome sequence [1, 5, 14, 69]. These yeast strains cluster when
compared by wine, beer and other fermentation industries but also show some strains that
are used in one industry but belong to a different industrial sector [1, 5, 69]. These clusters
also show traits of domestication as a result of years of usage in a man-made environment,
producing in the industrially used strains of today [1]. However, the results also show that
some of the strains used today carry traits of other genera and are sometimes interspecies
hybrids [69].
In summary, yeast research has improved the fermentation of wort into beer by highly
domesticated Saccharomyces yeast strains to virtual perfection [70]. This progress was
possible due to the developments in the technology, genomics, proteomics and metabolomics
of yeast as well as selection and domestication over centuries [5, 13, 71]. There are still some
gaps but in the overall scheme of things, knowledge about fermentation has advanced
considerably and the overall quality and efficiency of breweries has reached a high level. In all
these positive impacts and optimization processes however, the product itself was limited in
its sensorial complexity [7, 12, 23, 72]. All the knowledge gathered in past decades can be used
by researchers to discover new brewing yeast strains, which might enrich the sensorial
complexity once again [7, 13, 25, 26, 32].

1.2

Obtaining new brewing yeast strains

To acquire new brewing strains, two main requirements have to be taken into account. The
method to find or create new yeast strains has to be implemented and the field of use has to
be determined. The following paragraphs will deal with the different methods of finding new
yeast strains followed by a description of the methods developed here.
There are different techniques that can be used to either explore or create new yeast strains
for industrial e.g. brewing purposes. They can be divided into four groups of methods, which
can be summed up as using natural yeast biodiversity, artificial selection, direct evolution or
genetic modification [26]. Common to all of these techniques to date is the fact that the
phenotype (a special characteristic that a strain or a species can have e.g. morphology,
physiological or biochemical properties) has to be investigated for the specific field of use. This
-9-
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investigation is necessary before it is possible to tell if the desired phenotype is present for
the discovered or created yeast strain. To date there is a lack of knowledge on the full
interaction between phenotype and genotype, which makes fast phenotypic screening
important. With increasing knowledge and better technologies e.g. next generation
sequencing (NGS) this interaction has been investigated in recent years by numerous groups
of scientists but has not yet been fully discovered [73–75].

1.2.1 Natural yeast biodiversity
The first and of course, the oldest technique is to use natural yeast biodiversity. As mentioned
in the above section 1.1 it is known that humans made use of its natural diversity thousands
of years ago [3, 5]. The “main workhorse”, as Saccharomyces cerevisiae is often referred to, in
fermentation is one of approx. 1500 yeast species that have been characterized for different
fields so far. However, this number is just an infinitesimal part of what natural biodiversity has
to offer [29, 71]. Even in the Saccharomyces genus, natural diversity is unbelievably extensive.
Scientists have reported that the degree of genetic diversity of a spatially separated wild
Saccharomyces cerevisiae population on a small island in southern China is comparable to the
genetic diversity of the complete human population [71]. As this represents only one species
where thousands of different species with different strains are also found in the same
environment, this indicates how large the diversity in yeast can be. That is why screening for
a certain phenotype from naturally occurring yeast has become a common tool for finding
new strains [26]. Different scientist teams have started screening yeast strains of differing
species out of big collections for different industrial purposes for many years [26, 76–78].
However, very little has been done to find new brewing yeasts apart from Saccharomyces. A
promising approach of finding new strains that will perform in a similar way, is to screen yeast
strains that are related to the environment of beer fermentation or that occur in the beer
fermentation as spoilage yeast. As these yeast strains might already be adapted to the
environment, they might also be able to ferment or utilize beer wort in a similar way [28, 30].
Proof of this theory has been given by various scientists that found indigenous wild yeast to
be promising starter cultures for wine [79, 80] or to be replacements for bakers yeasts that
were used in Brazilian biofuel production [81]. It should be noted that some yeast strains can
produce toxins. Before searching for specific characteristics of interest in food fermentation
the GRAS (Generally Recognized As Safe) database should be consulted for the specific species
[82].
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1.2.2 Artificial selection
This approach covers methods to increase the pre-existing yeast diversity using techniques
that generate genetic diversity from a single strain or by shuffling genomes of multiple strains.
However, the emerging strains are described as non-genetically modified yeast (in some
regions strains produced by protoplast fusion are considered to be GMO (genetically modified
organisms)) and can therefore be used in any industrial fermentation [28]. These man-induced
changes in the genome can be performed by mutagenesis [83], sexual hybridization [84],
asexual hybridization [85] or evolutionary engineering.
Mutagenesis describes the creation of mutants induced by physical or chemical mutagens.
Examples of physical mutagens are ultraviolet rays or ionizing radiation. Frequently used
chemical

mutagens

are

EMS

(ethylmethanesulfonate)

or

MNNG

(methylnitronitrosoguanidine) [83]. The physical or chemical mutagens force a mutation of
the genome (e.g. change of nucleotides, transversions, point mutations and cluster mutations)
[86], which result in various mutants some of which can have a desired phenotype that has to
be selected by phenotype investigation [26, 86].
Sexual hybridization, also called mating, has been common practice in agriculture to produce
hybrids. These hybrids can be produced from two parents from different subspecies but the
same species (intraspecific), from two different species but the same genus (interspecific) or
from two different genera (intergeneric) [87]. Yeast hybridization covers some methods
(direct mating, rare mating, mass mating and genome shuffling) that are used to create new
hybrids from haploid spores of diploid yeast cells [87]. The main procedure will be described
on the process of direct mating. Firstly, the yeast strains with differing desired phenotypes are
forced to form spores by placing them on a nutrient-insufficient medium e.g. acetate medium
[84]. These spores, which either have the mating type a or α (comparable to human genders
male and female), harbor one set of chromosomes of the mother cell (haploid). If an a and an
α mating type are put together by a micromanipulator they form a new cell, which harbors a
double set of chromosomes (diploid). This can result in new combinations of genes, which
might support a more desired phenotype such as cryotolerance, ethanol tolerance or higher
aroma production [84, 88]. Hybridization, however, has some disadvantages. Most industrially
used strains are polyploid, have low sporulation viability or do not sporulate at all. The
produced hybrids can have an unstable genotype and therefore change after a certain number
of fermentations, losing their desired ability in the fermentation [89]. Therefore, they have to
be genetically stabilized by means of repeated fermentations and stability testing using
fingerprinting [89].
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Asexual hybridization covers the methods of protoplast fusion and cytoduction. Protoplast
fusion describes a procedure where the cell walls of differing yeast cells (same species or
differing species) are enzymatically removed, resulting in protoplasts (cells without cell walls).
These protoplasts are fused, generating a new cell with a fused nucleus of both cells and
therefore the characteristics of both cells. The new cell is able to grow and reestablish a cell
wall, enabling it to multiply again. This method is used for yeasts that do not sporulate or are
polyploid, making them unable to mate [85]. In this approach, the resulting strain contains
both chromosomes of the parental strains. If only the cytoplasm (containing different
cytoplasmic factors e.g. mitochondria) of one parental strain but both chromosomes (nucleus)
of the other parental strain are meant to be in one new cell, cytoduction is performed. Here,
the KAR 1 gene of the parental strain containing the targeted cytoplasmic trait is deleted. Then
the protoplasts are fused as described above resulting in a cell with the nucleus of one parent
and the cytoplasm of both parental strains [90].

1.2.3 Direct evolution
Direct evolution has also been described as adaptive or experimental evolution [91]. It covers
methods of adapting a population of yeast cells (or any other microorganism) to an
environment. The environment is chosen according to the desired phenotype, e.g. for
fermentation, high sugar concentration, low temperatures, high ethanol concentration. Cells
that grow faster or ferment stronger because of a spontaneous mutation due to the
environment are selected, continuously repitched and selected again [92]. As these cells have
an advantage towards the rest of the population, these cells will succeed in the fermentation
and enrich over generations, producing a high cell number of fast-fermenting mutants. A
simple example is the serial repitching of brewing yeast, which can result in a higherperforming population (also in a lower-performing population in case of petite mutants [93]),
after a couple of fermentation in contrast to the first pitches [94].

1.2.4 Genetic modification
This field covers methods that directly manipulate a yeast’s genome using biotechnological
tools. As the genome is directly modified, the resulting organisms need to be labeled as GMO
and are subject to GMO legislation. The pharmaceutical industry has been taking advantage
of GMO for many years to produce human proteins with yeast or bacteria for therapeutic
treatments [95]. However, direct use in food production is prohibited by law by most
European countries and their future use is still controversial [28]. The field of genetic
modification covers many complex methods, the basic principle of which will be explained
briefly in the following section.
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Manually produced DNA or foreign DNA from other microorganisms can be inserted into the
genome of the yeast cell, changing its phenotype e.g. fermentation ability, resistances, flavor
forming and many other attributes. Genes that have been unintentionally produced can be
removed or changed by mutation, giving countless variation options. Two major and efficient
ways of inserting foreign DNA into yeast cells have been described [96]. The first one is to use
so-called plasmids where a plasmid vector is introduced into a host yeast cell [97]. This vector
transports a certain DNA fragment, which will be integrated in the host’s genome. It can carry
the information to produce a certain protein and also the information for a biochemical
pathway. Following integration, this information is given to all descendants of this particular
cell [98]. The production of specific compounds requires the integration of multiple differing
plasmids to change the genome for the desired purpose, and this decreases the genetic
stability [99]. The second technique is the so-called fixed integration. Here, a gene is replaced
by a manipulated gene one by one. This action has the benefit that the gene given to the
decedents will be as stable as the original. As the yeast genome is relatively small this
technique is very practical [100]. Most modified genes are responsible for gene expression or
regulation, giving the opportunity to increase the production of a desired compound. A
balance of these gene functions, however, is very important as high gene expression does not
necessarily mean a high production of a compound [101].
The greater understanding of the genotype-phenotype interaction as well as an increase in
the whole genome sequence data now makes it partly possible to link the phenotypes to the
genotype. As most of the desired phenotypes for industrial purposes are quantitative
(controlled by multiple genetic loci), this has led to approaches such as quantitative trait loci
mapping. These approaches will make it possible to screen any yeast using its DNA for any
desired phenotype, to change the gene, and predict performance [68].

1.3

Applicability of yeast in beer fermentation

When searching for new brewing strains, the purpose of the new yeast in the application of
the fermentation of beer should be defined [2, 13]. There are multiple applications on how a
yeast strain can be integrated into the fermentation of beer, which results in different
products:
1. It could be used as a pure culture to completely ferment wort (approx. 70-85 % final
attenuation) and produce a “usual gravity beer” with a wort containing approx. 12 °P
original gravity. Another possibility could be the fermentation of a high gravity wort
with about 13-22 °P such as S. pastorianus or S. cerevisiae [13, 102, 103].
2. It could be used to partly ferment the wort and produce an alcohol-free or low alcohol
beer such as Saccharomycodis ludwigii [104–106].
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3. It could be used in a pre- or mixed fermentation with pre-existing brewing strains,
providing additional benefits such as a highly desired aroma or flavor as suggested by
various authors [25, 26, 72].
4. It could be used as a post-fermentation agent, changing the flavor, acidity and carbon
composition of the beer such as Brettanomyces bruxellensis in lambic beers [7].
In this particular work, the author chose the first application, to search for new brewing yeast
strains in the non-Saccharomyces sector, which will ferment all hopped barley malt wort to
produce a respectable beer of average alcohol content. The following will therefore focus on
this specific field of use.

1.4

Phenotypic challenges for new brewing yeast

Whichever method is chosen to find the new strains, the phenotype has to be investigated to
predict whether the applied yeast strain will ferment hopped wort into a respectable beer.
The phenotypically challenging properties are:
-

the ability to grow in the presence of hops, as some hop compounds have antiseptic
properties which can influence yeast growth [107].

-

the fermentation of saccharides present in all malt barley wort to predict the
fermentation ability of the yeast strain [103]. In particular, the utilization of maltose and
maltotriose as the main wort saccharide is mandatory [108, 109].

-

the tolerance towards ethanol as a normal gravity beer fermentation will lead to about
5 v/v% of alcohol [12]. Ethanol can inhibit fermentation due to toxicity [110, 111].

The influence of these phenotypic properties of Saccharomyces brewing yeast will be
described in the following paragraphs. As most of these phenotypic investigations have not
yet been performed for non-Saccharomyces yeast, a summary of the available literature will
be given.

1.4.1 Influence of hop-originating substances on yeast
The mandatory addition of hops to boiling wort has a long-standing tradition in beer
production [112, 113]. It adds different positive influences to the beer regarding taste,
physicochemical stability and microbial stability [107, 113, 114]. Hops (Humulus lupulus
Linnaeus) is a member of the Cannabaceae family. The Humulus genus includes further
H. japonicas and H. yunnanensis but only H. lupulus is used for beer production. The hop cones
or parts of them are added to the wort as whole cones, pellets or extracts. The hop cones
include many different substances – bitter acids, hop oils and polyphenols are the most
important ones for brewers [113]. In terms of bitter acids, this relates to humulone and
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lupulone homologs. The large fraction of hop oils (containing several hundreds of substances)
were classified by Sharpe and Laws in 1982 into three groups of hydrocarbons, oxygenated
compounds and sulfur-containing compounds [115]. About 50-80 % of total hop oils are
hydrocarbons, in particular monoterpenes, which mainly contribute to hop flavor [116]. About
3 % to 6 % of the hops’ dry weight is polyphenols. They have a positive impact as an
antioxidant in beer and contribute to foam stability [117].
The main antiseptic properties come from humulone homologs (α-acids), lupulone homologs
(ß-acids) and isomer products (cis/trans-iso-α-acids) [118, 119]. While boiling the wort with
hops, α-acids (humulone, cohumulone and adhumulone) are isomerized into cis- and transiso-α-acids depending on the duration of boiling and amount of hops as well as the α-acid
content of the added hops [120, 121]. There are three more homologs of humulone, post-,
pre- and adprehumulone but their quantity of total α-acid content is very low in comparison
with humulone (35-70 %), cohumulone (20-55 %) and adhumulone (10-15 %) [122]. The
average concentration of iso-α-acids in lager beer amounts to 20–30 mg/L [107, 119]. The
amount of iso-α-acids can vary due to the beer type from 5 to over 100 mg/L [112, 121]. As αacids are isomerized, the actual remaining amount in beer reaches 1-25 mg/L. The amount of
ß-acids (co-, post-, ad-, prelupulone and lupulone) for lager beer was reported to be between
0-2 mg/L whereas the amount in highly hopped craft beers is still not described in literature
[118, 119, 121]. All these acids have been reported to harm the growth of gram-positive but
not gram-negative bacteria [114]. However, there has so far been very little research into the
influence of these compounds on yeast specific to brewing [111].
Saccharomyces cerevisiae and S. pastorianus have been found to be highly tolerant against
bitter acids. Only concentrations of iso-α-acids much higher than present in beer had
inhibitory effects on their growth [123]. In 2010 Hazelwood et al. investigated the influence
of hop acids on the growth of Saccharomyces yeast and different mutants to investigate the
influence of hop acid tolerance on eukaryotic cells [107]. A reference liquid containing only
sugars was fermented as well as a spiked liquid containing 0.2 g/L and 0.5 g/L of iso-α-acids.
In an analysis of the genome-wide transcriptional response they found 120 genes up-regulated
and 198 genes down-regulated when comparing the reference with the spiked sample. When
looking at the function of the up-regulated genes, they found that most of them were
responsible for stress response, detoxification and iron ion transport. They reported three
major mechanisms that could be responsible for iso-α-acid tolerance in these yeasts (Figure
1). Firstly, a modification of the cell wall was reported, which decreased the access of iso-αacid into the cell. Secondly, MDR (multidrug response) transporters belonging to the PDRE
regulon act (pleiotropic drug-response element) move iso-α-acid to the external medium.
Thirdly, V-ATPases acidified the vacuoles, resulting in a comparable low pH value inside the
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vacuole and an import of iso-α-acids. Inside the vacuole, chelate complexes are formed with
zinc or iron. These complexes could not exit the vacuoles and were stored. The influence of
iso-α-acids on the growth of the yeast strain used was described as moderate [107]. No
investigation into the hop acid tolerance of other species besides Saccharomyces has been
reported by other authors [111, 113]. As tolerances vary between genera and species for many
different antiseptic agents [124], the influence on growth and therefore fermentation
behavior of new brewing yeasts should be investigated when screening for brewing ability.

Figure 1 Potential iso-α-acid resistance mechanisms of Saccharomyces brewing yeast
according to Hazelwood et. al [107]

1.4.2 Transport and fermentation of wort saccharides
Saccharides present in a standard gravity (approx. 12 °P) all barley malt wort are glucose (1015 %), fructose (1-2 %), sucrose (1-2 %), maltose (50-60 %), maltotriose (15-20 %) and
differing dextrins (20-30 %) [103, 125].
To be able to metabolize these saccharides, yeast has to be able to transport them into the
cell. For saccharide utilization the transport itself determines the amount and speed much
more than the intracellular enzyme breakdown [126]. Yeast cells shield themselves from the
surrounding medium by a cell wall, a plasma membrane as well as a periplasmic space in
between. Most saccharides can freely pass though the cell wall as it is a porous layer consisting
of linked glucan and mannan. However, they cannot pass the plasma membrane. This requires
the action of transport proteins [127]. Saccharomyces brewing yeast strains have different
transport mechanisms to pass saccharides through their plasma membrane. Depending on
the saccharide, it is taken up intact by transport proteins, meaning it is not broken down
before being transported across the plasma membrane [108] (Figure 2). The monosaccharides
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glucose, fructose, the disaccharides maltose and the oligosaccharide maltotriose are taken up
intact. Sucrose is broken down before transport. The enzyme invertase, which is excreted by
yeast inside the periplasmic space, breaks down sucrose into fructose and glucose, which can
then be taken up by transporters [128].

Figure 2 Wort saccharide transport into yeast cell (modified according to Steward [103, 129])
For most yeast species the transport of the monosaccharides (hexoses), glucose and fructose
is performed passively by specific hexose permeases using facilitated diffusion, meaning that
no energy is required for the transport (Figure 2). Saccharomyces cerevisiae has about 20
hexose transport proteins. These proteins are named HXT1 to HXT17, GAL2, SNF3 and RGT2
[130]. The differences between the hexose transporters in different yeast species has yet to
be investigated. For Kluyveromyces lactis, Schizosaccharomyces pombe and Pichia stipites just
a few differing transport proteins have been reported [130]. Most of these transporters work
along a gradient at moderate extracellular hexose concentrations [127].
The transport of maltose and maltotriose by Saccharomyces brewing yeast is performed by
almost all the same transport proteins, having a higher efficiency for maltose than maltotriose
[131]. As mentioned above, maltose and maltotriose are the major saccharides present in all
malt wort with more than 50 % of the total saccharide concentration [103, 125]. The ability to
transport and ferment these two saccharides is therefore mandatory for brewing yeast to
produce a complete fermented beer. However, a difference has been reported for S.
cerevisiae and S. pastorianus in the uptake and complete consumption of maltotriose [132].
Energy is required to transport these two saccharides as the mechanism is based on proton
symport. For each saccharide, one proton is co-transported inside the cell. This proton is
transported outside the cell by an ATPase ion pump using the energy of one ATP molecule
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hydrolysis to ADP and Pi [103]. These transport proteins are called MALx1 (x stands for loci 14 and 6), AGT1, Mphx and Mtt1. Mal31 and Mal61 transport maltose but not maltotriose
[108]. The transport of these two saccharides in Saccharomyces brewing yeast is further linked
to the concentration of glucose. Glucose causes a catabolite repression and inhibition, which
delays the uptake of maltose and maltotriose until about 60 % of glucose has been utilized
[133].
Dextrins are not utilized by Saccharomyces brewing strains. However, some species such as
Saccharomyces cerevisiae var. diastaticus, Brettanomyces and Saccharomycopsis have a
system of three unlinked genes that belong to the glucoamylase multigene family [134–136].
These genes (STA1, STA2 and STA3) encode three extracellular glycosylated glucoamylases
GAI, GAII, and GAIII, which can break down dextrins into glucose, which can then be taken up
by glucose transporters [136].
Some yeast strains harbor the genetic information in their DNA to transport and utilize
differing carbon sources [131, 137, 138]. However, most of the time a functional regulator,
transporter or parts of the genes are missing. Which results in a phenotype that does not show
utilization of these specific carbons [137, 139].
Some non-Saccharomyces yeast strains have been reported to utilize maltose [135, 136, 140,
141]. As maltotriose is mostly only important for brewers, bakers and distillers, very little
research has been conducted on this carbohydrate for yeast other than brewing yeast [141–
143].
After transporting the saccharide into the cell, the yeast has to be able to ferment it into
ethanol. Whether a yeast strain can transport and ferment all wort carbohydrates depends on
its genetic complement and therefore enzymatic endowment [103]. Differences in the
saccharide metabolism in differing species arise for the mechanisms of uptake, differing
isoenzymes and regulation of fermentation and respiration. The actual central carbon
metabolism, the Embden-Myerhoff glycolytic pathway, is very homogenous in all of them
[144]. Glucose and fructose are directly converted into pyruvate by the Embden-Myerhoff
glycolytic pathway. Maltose and maltotriose are broken down by the enzyme maltase into 2
or 3 glucose molecules respectively before entering the same pathway [133].
To form ethanol, yeast must be able to ferment pyruvate. Fermentation of pyruvate usually
takes place whenever the electron transport chain is unusable after glycolysis. This happens
when there is no final electron receptor, oxygen (anaerobe). To generate ATP, a CO2 molecule
is enzymatically cleaved (decarboxylation) from pyruvate, resulting in a molecule of
acetaldehyde. Acetaldehyde is further reduced into ethanol by alcohol dehydrogenase,
regenerating one NAD+ (Nicotinamide adenine dinucleotide) [12]. By fermenting glucose,
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yeast gains 2 mol of ATP versus a gain of 38 mol ATP by respiration. It has been reported that
only half of all yeast species are able to ferment saccharides and produce ethanol and CO2
[145]. The ability of Saccharomyces brewing strains to ferment all wort saccharides efficiently
might have come from the domestication process, a selection performed by humans as some
researchers believe [5, 30]. They found that >90 % of all investigated Saccharomyces brewing
strains were able to utilize and ferment all of these saccharides while less than 20 % of the
investigated wild undomesticated Saccharomyces strains had this ability [30].
The fermentation ability for all the main wort saccharides is important phenotypic information
which needs to be investigated for a potential new brewing yeast [146].

1.4.3 Ethanol tolerance
Ethanol is one of the main fermentation products produced along with carbon dioxide by
fermenting yeast species. Even though yeast produces ethanol, it is still a toxic chemical for
yeast. While fermenting, ethanol is excreted through the cell membrane by diffusion. In the
beginning of the fermentation when the fermentation rate is at its highest, there can be a
higher concentration inside the cell than on the outside due to faster production than
diffusion as reported by D’Amore et al. [147]. The tolerance of yeast strains varies greatly and
is closely related to the final amount they can produce by fermentation [12]. Average beer
produced from a 12 °P wort has an ethanol concentration of about 5 % v/v. Saccharomyces
yeast used to produce wine can be tolerant up to an ethanol concentration of 10-15 % v/v. It
has been reported that Saccharomyces saké yeasts can ferment up to a total ethanol
concentration of 20 % v/v [12]. Non-Saccharomyces genera such as Brettanomyces and
Zygosaccharomyces have been reported to be as tolerant as Saccharomyces yeasts [148].
However the tolerance of yeast to ethanol is closely related to the total nutrition
concentration, carbohydrate level, temperature and osmotic pressure. Many authors have
reported various inhibitory effects of ethanol. Ethanol stress was described to be related to
osmotic stress, leakage of amino acids and inhibition of transport systems. Ethanol is also a
mutagen for the mitochondrial genome. As the ability to produce ethanol and to survive
certain concentrations is closely related, an investigation of the tolerance of a potential
brewing strains must be taken into account [12].

1.5

Torulaspora delbrueckii potential novel brewing yeast

The yeast species T. delbrueckii was first mentioned in relation to brewing by King and Richard
Dickinson in 2000 [149]. They compared the biotransformation of monoterpene alcohols by
Saccharomyces cerevisiae, Torulaspora delbrueckii and Kluyveromyces lactis. Monoterpene
alcohols are flavor compounds of plant origin, which are also present in hops. In fact, linalool,
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a monoterpene alcohol, has been reported to be a key contributing flavor compound to the
hop aroma in beer [150]. King and Richard Dickinson reported a potential use of T. delbrueckii
as brewing yeast since it showed the ability to transform monoterpene alcohols (e.g. nerol
(fresh green aroma) into linalool (fresh green coriander aroma)), offering the potential to
noticeably change hop flavor during fermentation [149]. T. delbrueckii was formerly
investigated and described as a potential wine starter yeast as it showed good flavor forming
and no off-flavors when added to wine fermentations [34, 151, 152]. Researchers reported
evidence that some strains might have been domesticated in wine production, like S.
cerevisiae has been for beer, over the past 4000 years [39]. As a result of some strains’ good
ability to produce desired flavors and to ferment well, it became the first commercially sold
non-Saccharomyces starter culture for wine [34]. It was further reported that T. delbrueckii
showed high tolerance towards ethanol and high sugar concentrations [153]. Utilization of
different sugars was highly strain dependent as researchers found out when applying T.
delbrueckii strains to bread dough [154] and performing different sugar utilization tests [126].
A strain-dependent high-maltose affinity was described by Alves-Araújo et al. in 2004 [140].
T. delbrueckii can be described as having been associated with human activities for many years
[39]. The aspects of potential maltose and maltotriose fermentation, tolerance towards
ethanol and high sugar concentrations as well as the potential ability to change hop flavor
suggested T. delbrueckii had high potential as a model for the first characterization.
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2

Results (Thesis publications)

2.1

Summary of results

The thesis publications are each summed up in the following paragraphs 2.2 to 2.5 with a
description of authorship contribution followed by full copies of the publications. Table 1
gives an overall overview of the publications. Permission of publishers for the imprint of
publications can be found in paragraph 5.4.
Table 1 Short overview of the four publications with title of the publication, major objective,
applied method and main findings
Publication Title
Publication 1
Review: Pure
non - Saccharomyces
starter cultures for
beer fermentation
with a focus on
secondary metabolites
and practical
application

Publication 2
Screening for the
brewing ability of nonSaccharomyces yeast
with
Torulaspora delbrueckii
as a model

Publication 3
Optimization of beer
fermentation with a novel
brewing strain
Torulaspora delbrueckii
using response surface
methodology

Publication 4
A new approach for
detecting spoilage
yeast in pure bottomfermenting and pure
Torulaspora delbrueckii
pitching yeast,
propagation yeast, and
finished beer

Major objective
To summarize
literature, conference
papers and research
on fermentations with
pure cultures of nonSaccharomyces yeast
in brewing.

To set up a screening
system which will identify
potential brewing yeast
strains from genera
besides Saccharomyces.

To optimize the
fermentation parameters,
temperature and pitching
rate for one strain found
with high fermentation
potential, investigate the
optimal propagation
technique.

To implement a novel
method for the
detection of spoilage
yeast in pitching yeast
of T. delbrueckii or
beer produced with
T. delbrueckii

Applied methods
Combining literature
of the past decades,
critical comparison of
outcomes of differing
studies.

Sugar utilization, ethanol
and hop resistance tests,
phenolic-off-flavor tests,
Real-time polymerase
Chain reaction, amino
acid metabolism,
secondary metabolite
detection, trial
fermentation

Few Brettanomyces,
Saccharomycodes,
Candida,
Zygosaccharomyces
and Torulaspora
species have been
investigated. Different
trial setups with highly
varying parameters
were conducted

The potential of
fermenting beer wort
and secondary
metabolite production
differs highly among
strains. One strain of the
species T. delbrueckii was
found to offer great
potential for the
fermentation of wort into
a beer of average alcohol
content.

Design Expert Response
Surface Methodology, trial
fermentations,
propagation system setup,
secondary metabolite
detection with HPLC, GC
and trained panelists

Speedy Breedy
pressure detection
device, vitality
measurement by
acidification power
test, Real-time
polymerase chain
reaction

Main findings/ conclusion
Optimal fermentation
parameters for the
T. delbrueckii T9 strain are
60 x 106 cells/mL pitching
rate, 20 °C. 10 mg/L
dissolved oxygen wort
aeration is sufficient.
High flavors of honey-,
blackcurrant- and winelike at differing
fermentation
temperatures.
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Low concentration of
spoilage yeast can be
reliably detected in
T. delbrueckii and
bottom-fermenting
pitching- and
propagation yeast.
Method also applicable
to 37 °C positive wild
yeast detection in lager
beer and yeast.

Results (Thesis publications)

2.2
Part 1

Review: Pure non-Saccharomyces starter cultures
for beer fermentation with a focus on secondary
metabolites and practical applications

In recent years there has been increasing interest in the fermentation of brewer’s wort by
non-Saccharomyces yeast. Many groups of scientists have started to identify strains of nonSaccharomyces species that might contribute positively to beer flavor. Here a review of
literature was compiled to summarize their work for alcohol free-, low alcohol- and average
alcohol content beer. Before summarizing the different trials conducted with varying nonSaccharomyces yeast, the pathways of secondary metabolites relevant to beer flavor are
explained. The authors added relevant thresholds to facilitate the amounts that the
different trials showed. The large group of relevant secondary metabolites was split up into
sulfuric compounds, undesirable carbonyl compounds, phenols, organic acids, higher
alcohols, esters and monoterpene alcohols.
Almost all of the trials were conducted with varying parameters, giving very low
comparability. However, the outcome of a beer fermentation can be strongly shaped by
temperature, pH-value of the applied wort, pitching rate, original gravity, batch size and
fermentation time. Each of these characteristics was first summed up for each yeast species
in the review, giving the reader an overview before going into detail. Eight species were
found to be used in different trials in literature: Brettanomyces anomalus, and
Brettanomyces bruxellensis, Candida tropicalis, Candida shehatae, Saccharomycodes
ludwigii, Torulaspora delbrueckii, Pichia kluyveri, Zygosaccharomyces rouxii. This
publication sums up all the published trials performed with these eight species, showing
how the particular investigations were performed. It discusses the results in between the
different publications and the potential of the applied yeast strains for beer fermentation.
Almost all species were found to be useful except for Candida tropicalis as this yeast has
pathogenic properties. Both the Brettanomyces and Torulaspora delbrueckii species were
suggested for beers with average alcohol content (approx. 5 % v/v). Candida shehatae,
Saccharomycodes ludwigii, Pichia kluyveri and Zygosaccharomyces rouxii were suggested
for low-alcohol beer production (approx. 0.5 % v/v alcohol).
Authors/Authorship contribution:
Michel M.: Literature search, writing, review conception and design; Meier Dörnberg T.: critical review
of draft, discussion of data; Jacob F.: Supervised the project; Methner F.: Discussion of data; Wagner
R.: Drafted article for English language and content; Hutzler M.: Critical revision, conception of review
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2.3
Part 2

Screening for new brewing yeasts in the nonSaccharomyces sector with Torulaspora delbrueckii
as a model

When searching for new yeast strains that might be applicable to the fermentation of wort to
beer the strains need to be selected in advance. To predict if a yeast will ferment an all-malt
wort into a respectable beer, a variety of phenotypic tests can be applied. The screening
developed in this publication describes these tests. Sugar and amino acid utilization, growth
in the presence of hop compounds, ethanol resistance, and phenolic off-flavor (POF) tests
were conducted to estimate the behavior of the applied yeast strains in a beer fermentation.
Ten strains of Torulaspora delbrueckii from different habitats were taken through this
screening to test the screening itself and then find a strain capable of fermenting an all-malt
wort.
One strain (T9) was found that could utilize all wort sugars. No other strain could utilize
maltose or maltotriose. All strains were able to tolerate 5 % v/v ethanol and up to 90 IBU and
did not produce any POF. The cell growth as well as flocculation behavior was investigated
before starting fermentation in triplicates. The fermentation temperature was set to 27 °C,
the pitching rate was adjusted to 30 *106 cells/mL and the wort used was diluted from one
batch of wort extract to ensure standardized conditions. High cell counts could be achieved
with viabilities of 98.8-95.3 %. The fermentation behavior of all the applied strains showed the
predicted outcome as only one strain was capable of completely fermenting the wort into a
respectable beer (approx. 4 % v/v alcohol). All yeast strains were able to lower the pH of the
final product to about 4.2. Trained panelists judged the produced beers as having fruity, floral
and wort-like attributes. Beer fermented with T9 was judged to be the highest for fruity and
floral and lowest in wort-like. T13 and T17 were also judged high in fruity and further
suggested for low-alcohol production. The screening was therefore found to be applicable for
the field of use and T9 was suggested for further research.
Authors/Authorship contribution:
Michel M.: Literature search, writing, data creation, study conception and design; Kopecká J.: Data
analysis and interpretation (Real-time-PCR, Fingerprint system); Meier-Dörnberg T.: Creation of the
research plan (fermentation); Zarnkow M.: support in the statistical analysis of data; Jacob F.:
Supervised the project; Hutzler M.: Creation of the research plan, critical content review
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2.4
Part 3

Optimization of beer fermentation with a novel
brewing strain Torulaspora delbrueckii using
response surface methodology

A previous publication “Screening for new brewing yeasts in the non-Saccharomyces sector
with Torulaspora delbrueckii as a model” resulted in the discovery of a strain T9, which seemed
to have potential as a novel brewing strain. To improve the fermentation performance as well
as flavor forming of this particular strain, a response surface methodology was applied. Varied
parameters

were

fermentation

temperature

(15-25 °C),

and

pitching

rate

(50 x 106 - 120 x 106 cells/mL). Fermentations were carried out in 2 L glass bottles using
diluted wort extract (from 62 °P to 12.5 P) from one large batch to ferment at standardized
conditions. The fermentation onset, total ester content, total higher alcohol content, as well
as flavor assessments as honey-like, blackcurrant-like and wine-like were defined as
responses. Before fermentation, the timeframe of propagation was investigated to be able to
pitch the yeast at its highest vitality, viability and cell concentration. Therefore, three 15 L
glass propagators with a stirring system and sampling pumps were incubated with
5 x 106 cells/mL of T9 and cell count, vitality and viability was determined every 4 hours. In
addition, a wort-oxygenation growth test was performed to investigate the optimal level of
oxygenation of the wort prior to pitching (0.2, 5, 10, 15 and 20 mg/L dissolved oxygen).
The optimal time to pitch the yeast was found to be after 28 hours of propagation at a total
cell count of 400 x 106 cells/mL and high vitality. A wort aeration test showed 10 mg/L
dissolved oxygen to be sufficient. Response surface methodology showed significant strong
changes in the flavor profile at varying temperatures but low changes at different pitching
rates. The flavor was found to change from strong honey-like at low temperatures (15 °C) to
blackcurrant-like at temperatures of about 20 °C, to wine-like at 25 °C. When evaluating the
responses, a combination of 60 x 106 cells/mL pitching rate and 20 °C fermentation
temperature was predicted to be the optimal combination. In addition, three 50 L fermenters
were incubated at a pitching rate of 60 x 106 cells/mL and at 20 °C and values of esters, higher
alcohols and flavor assessment were compared with the predicted values. Predicted and
measured values were found to be almost equal.
Authors/Authorship contribution:
Michel M.: Literature search, writing, data creation, study conception and design; Meier-Dörnberg T.:
critical review (fermentation), supported statistical analysis tasting; Jacob F.: Supervised the project;
Haselbeck K.: Data analysis and interpretation; Schneiderbanger H.: concept of propagation; Zarnkow
M.: Support in the statistical analysis of data (Design Expert); Hutzler M.: Supported the creation of
research plan, critical content review
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2.5
Part 4

A new approach for detecting spoilage yeast in pure
bottom-fermenting and pure Torulaspora
delbrueckii pitching yeast, propagation yeast, and
finished beer

When introducing a new yeast strain into a brewery a quality control method should be used
to ensure that cross contamination with other yeast strains is detected. A contamination of
pitching yeast and/or of the final product can lead to undesired flavor changes, unintentional
turbidity of the product or over-attenuation. Here, a method was developed to detect topfermenting spoilage yeast in Torulaspora delbrueckii- and bottom-fermenting pitching yeast
as well as in finished beer. A small incubation vessel with a pressure detector and a magnetic
stirrer was therefore used to incubate spiked samples at 37 °C (Speedy Breedy device). Using
this method, it was confirmed that T. delbrueckii as well as bottom-fermenting yeast will not
grow/produce CO2 at 37 °C whereas top-fermenting spoilage yeast S. cerevisiae var.
diastaticus will. By providing the best growing conditions for the spoilage yeast, even very low
concentration of spoilage yeast cells will grow and produce a detectable rise of pressure in the
incubation vessel. The test was first evaluated by varying the pitching yeast condition, and the
vitality (high and low) to investigate the possibility of false positive results through the
condition of the yeast. After proving that the vitality only had a very low impact on the results,
a detection level of 1.5 mbar/min pressure rise was established. Spiked samples of four
different contamination rates: 10, 0.1, 0.01, 0.001 % in 1 x106 cells/mL pitching yeast and five
different spoilage strains were used for the test. Spoilage in four different strains of bottomfermenting yeast and four different strains of T. delbrueckii was investigated. All results were
subsequently verified using Real-time PCR. All the spiked samples were detected as being
contaminated using the new method, taking 540 min (SD±82 min) for a 10 % contamination
rate and 3000 min (SD±235 min) for a 0.001 % contamination rate. No strain dependency
could be found for the used pitching yeast. However, a strain-dependent detection time of
the differing spoilage strains could be observed. An industrial sample was investigated to
verify the method, which showed a positive result using the new method as well as in Realtime PCR.

Authors/Authorship contribution:
Michel M.: Literature search, writing, data creation, study conception and design; Meier-Dörnberg T.:
Strain selection, support of method development; Kleucker A.: Support with Real-time PCR analytics
and interpretation; Jacob F.: Supervised the project; Hutzler M.: Supported the creation of research
plan, critical content review
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3

Discussion

Creating, finding or adapting novel yeast strains for beer fermentation offers many
opportunities along with great challenges as each yeast strain is different from each other,
regardless of which genus or species they belong [7, 8, 30, 155]. Each strain has a unique ability
and speed to utilize wort saccharides [127]. They behave in the opposite way when changing
fermentation parameters e.g. temperature [156]. Many strains flocculate in different
manners, forming thick cell agglomerates or none at all [157]. They also form a large variety
of aroma compounds known as secondary metabolites [8, 9, 158]. These aroma compounds
vary again by the parameters and attributes used in the fermentation [8]. Along with the
unique flavor-forming ability of the strains there are synergistic effects between the different
flavor compounds such as esters, higher alcohols phenols and many more [8]. Changing the
yeast strain in a brewery seems to be one of the easiest steps one can take to create novel
flavored beer. However, certain areas of knowledge need to be clarified in terms of the
characteristics of the strain.
Most breweries have a strictly traditional way of using one or two yeast strains in their
brewery. Experimentation with the yeast they use is not very common as it might change the
flavor negatively or spoil other beers produced in the brewery via cross contamination [2]. The
wine industry has been much more experimental, which has resulted in many desirable new
aromas and innovative new wines [40, 74, 159]. As most non-Saccharomyces yeasts are known
to brewers as spoilage yeast, the implementation of such novel brewing yeast is one of many
challenges [30]. However, there is relatively little change required within a brewery when
using a new yeast strain. It may just be a case of adapting the temperature of the fermentation
once enough biomass has been created [105].
The main goal of this dissertation was to show how a novel brewing strain can be implemented
in a brewery. Some research groups have started to investigate the use of novel nonSaccharomyces yeasts for beer fermentation but very little was reported on the actual use [31,
143]. Many screenings for yeast as potential flavor agents for beer or other fermented
products were conducted but besides some small industrial branches there has been no real
adaptation to date [2, 26, 31, 160]. As methods such as genetic modification of
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microorganisms have not yet found their way into breweries, the use of natural biodiversity
gives the most promising results [2].
The first part of this dissertation addressed the trials that have already been conducted on
non-Saccharomyces yeasts in beer fermentation (section 2.2). The literature review showed
that very little research was performed in the case of actual implementation of novel brewing
yeasts in breweries. Most trials were limited to the fermentation of small amounts of wort by
a strain with potential for use in beer fermentation [143]. Eight different species were used as
pure starter cultures so far in brewing applications for alcohol-free, low-alcohol or average
alcohol content beer production. They formed a variety of flavors, and showed highly different
results in the fermentation speed, degree of fermentation and desirability of the finished
products. Some of the species used such as Brettanomyces anomala, B. bruxellensis and
Torulaspora delbrueckii presented additional benefits such as the ability to potentially change
hop flavor [78, 149]. Brettanomyces species were able to release glyosidically bound
monoterpenes from hops, increasing the amount of desired flavors coming from
monoterpenes that are flavor inactive when bound to glycosides [62, 78]. It was reported that
Torulaspora delbrueckii could transform monoterpenes, changing hop flavor as well as
increasing the amount of linalool, a monoterpene responsible for a desired hop aroma, by
transforming geraniol or citronellol [149] (also see section 1.5).
Across the trials, there was almost no comparability between the different studies as all of
them reported different fermentation parameters e.g. pH of wort, fermentation temperature,
fermentation time, pitching rate, original gravity. All of these parameters and attributes
critically affect the outcome of a fermentation, making it difficult to compare them [6, 109,
161]. Table 2 presents a comparison of analyses of beers fermented by different yeast species
and additionally, average German top- and bottom-fermented beers fermented with S.
cerevisiae and S. pastorianus respectively. As can be seen by the table, all of the fermentations
had about 3-5 % v/v ethanol, some having close to average values of secondary metabolites
for top- and bottom-fermented beer. Strain Z. rouxii DBVPG 6463 showed above-average
values for ethyl acetate, isoamyl alcohols and higher alcohols but the lowest concentration of
ethanol, which was due to the condition of the used wort. They used a mashing program,
which led to a high level of dextrins and less fermentable saccharides as their aim was to
produce a low-alcohol beer [160]. Looking at table 2 it becomes clear that there are more
brewing yeast strains than Saccharomyces that are capable of fermenting wort into a
- 79 -

Discussion

respectable beer. Top-fermented beer has mostly higher than average values for most
secondary metabolites due to higher fermentation temperatures [8, 161]. When comparing
the conducted studies, it appeared that most of them were performed at high fermentation
temperatures, giving more comparability with the average top-fermented beers. As most of
the authors wanted to highlight the ability of the used strains to form secondary metabolites,
higher temperatures might have been more advantageous. However, the use of novel brewing
yeasts was mainly reported as having high potential for beer [31, 62, 160]. As the current
number of strains, species and genera of yeast are not yet fully determined or characterized,
there may still be a large number of strains with great potential [2, 30].
Table 2 Comparison of different studies of non-Saccharomyces fermentations of wort and
average German top- and bottom-fermented beers by ethanol concentration, secondary
metabolites and pH values of the final product.
Species
B.
bruxellensis

B.
anomala

Z.
rouxi

T.
delbrueckii
T9

S.
pastorianus

S.
cerevisiae

LTQB
7

Average
beer

Average
beer

Strain code

BSIDrie

LTQB

WLP

6

645

DBVPG
6463

Source

[162]

[45]

[162]

[160]

[142]

[45]

[15, 120, 163]

[15, 120,
163]

Original gravity [°P]

12

16

12

12

12

16

12

12

Ethanol % [v/v]

5

4

4

3

4

5

5

5

pH value

n. a.

n. m.

3.15

n. m

4.2

n. m.

4.2-4.6

4.3-4.6

Ethyl acetate [mg/L]

29.88

21.9

20.99

70.86

23.4

16.2

19

29

Isoamyl alcohol*
[mg/L]

11.01

57.7

n. a.

96.2

64

69.0

38-100

50-70

Total higher
alcohols** [mg/L]

26.12

97.7

n. a.

196.77

101.82

114.8

50-136

99-119

Diacetyl [mg/L]

0.03

n. m.

n. a.

0.25

>0,1

n. m.

>0,1

>0,1

*sum of 2- and 3-methyl butanol, **sum of isoamyl alcohol (3-methylbutan-1-ol), 1-propanol and
isobutanol, n. m. = not mentioned, n. a. = not analyzed

Fermentation is one of the most time-consuming steps in beer production [6, 12, 19], which
is why the applied characterization started with predicting the yeasts’ ability to ferment wort
into a respectable beer (see section 2.3). Some major requirements were therefore taken into
account to identify potential brewing strains. The utilization of main fermentable wort
saccharides, glucose, fructose, sucrose, maltose and maltotriose was chosen as a key
- 80 -

Discussion

parameter, as the results give an initial indication of the level at which the yeast strain may
ferment an average all barley malt wort into beer [13, 27]. Growth in the presence of hop
compounds (e.g. iso-α-acids) and ethanol tolerance was also investigated in micro titer
format. It was discovered that hop compounds, in particular iso-α-acids, reduce the growth of
Saccharomyces yeast in high concentrations [107]. As no investigation has been conducted
into non-Saccharomyces yeast to date and tolerances vary between yeast species, these tests
gave substantial information on the tolerance of the used yeast strains. The tests showed that
hop addition had a significant influence on the Torulaspora delbrueckii strains that were used.
Growth was slightly inhibited by increasing iso-α-acid concentrations (see next page). Phenolic
off-flavor tests made it possible to predict any undesired flavors coming from the
decarboxylation of coumaric-, ferulic- or cinnamic acid. Furthermore, two fingerprint systems
based on RAPD 21 (Random Amplified Polymorphic DNA) and RSB-PCR (Repetitive-SequenceBased) GTG 5 were used to differentiate the strains and to prevent cross contamination.
Fermentations of a standard all barley malt wort of 12 °P at the end of the screening were
conducted to prove the sugar utilization as well as screen for novel flavors. As high
fermentation temperatures lead to higher amounts of secondary metabolites e.g. flavor
compounds [8, 161], a fermentation temperature of 27 °C was used [142].
The phenotypic characterization protocol or screening itself was found to be efficient. Nine of
the ten screened strains of Torulaspora delbrueckii were found to be negative for maltose and
maltotriose assimilation. In the subsequent fermentation of wort they showed the predicted
behavior. They formed 0.8-1 % v/v of ethanol, which is a representative amount for
fermenting all present glucose, fructose and sucrose from a 12.4 °P wort. The T9 strain that
was found to be positive for maltose and maltotriose assimilation, fermented high amounts
of the present saccharides and formed 4 % v/v ethanol. It fermented 94.8 % of a total of
55.48 g/L maltose and 58.9 % of a total of 15.41 g/L of maltotriose and 86-92 % of glucose,
fructose and sucrose. These results prove the work of Alves-Araújo et al. in 2004 [140], who
reported Torulaspora delbrueckii strains that had high affinity maltose transport systems that
were closely related to S. cerevisiae MAL11 as described in 1.4.2. The results further prove the
high variability in saccharide assimilation in this species described by Kurtzman et al. [164].
However, predicting fermentation using assimilation tests before fermentation has limiting
factors. Some yeast species are subject to the Kluyver effect [146]. This effect describes the
ability of a strain to assimilate disaccharides aerobically but its inability to assimilate them
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without the presence of oxygen. This means that these yeast strains will show a positive
behavior in the first step of the characterization protocol but they will ferment poorly when
pitched in all barley malt wort [165, 166]. Species such as Kluyveromyces marxianus are
subject to the described effect. They can grow in the presence of maltose and oxygen but are
unable to ferment this saccharide into ethanol once there is no oxygen. Researchers have
discovered that the transport system for disaccharides like maltose (ATP requiring proton
pumps described in section 1.4.2) in these yeast species do not work due to the lower
availability of ATP when under anaerobic condition [12, 165, 166]. Due to the Kluyver effect
some strains might therefore be unsuitable for the characterization protocol in the first place.
The addition of hop compounds resulting in 50 and 90 IBU, or 50 and 90 ppm of iso-α-acids
did influence the growth of all ten used strains. By increasing iso-α-acid concentration, the
growth speed decreased significantly. The total concentration of cells at the end of the growth
phase, however, was not found to be significantly different. Therefore no restrictions for the
fermentation of highly hopped wort can be reported. Nine strains were tolerant towards
ethanol concentrations of 5 % v/v and none of the strains showed growth at 10 % v/v. The
ethanol tolerance of all the used strains can therefore be described as moderate and the
potential application for very high gravity brewing could therefore be excluded [12, 17]. The
conducted phenolic off-flavor tests were negative for all strains as shown by the fermented
beers. The flavor and aroma assessment further showed that about three of the applied
strains offered desired flavor and aroma impressions. The T9 strain was described as having
high fruit and floral notes, with the main flavor attribute being blackcurrant-like. The used
fingerprint systems showed high uniformity along the strains. GTG 5 was more discriminative
and made it possible to differentiate between the two main clusters. The RAPD 21 system
showed less differentiation. However, physiological differences between T9 and all other
applied strains could not be detected by the fingerprint systems.
The T9 strain that was found to be a potential brewing strain was investigated to optimize a
pure fermentation of all barley malt wort by a non-Saccharomyces strain using response
surface methodology (RSM). Prior investigations showed that the amount of pitched cells had
to be higher than for the average Saccharomyces brewing yeasts [167]. When looking at the
cell size of T. delbrueckii (Figure 3) on average to Saccharomyces brewing strains it was
reported that T. delbrueckii cells had a mean cell diameter of 3 µm whereas the cell size of
Saccharomyces was about 8 µm [168]. The cell size is directly related to the cell surface, which
is directly related to the amount of nutrition that can be transported into the cell [102]. The
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amount of nutrition that can be transported into the cell determines the amount the cell can
transport, assimilate or ferment [127]. The transport and fermentation of nutrition can be
regarded as fermentation performance [12]. Therefore, it seems to be a logical consequence
for the amount of pitched yeast of the T9 strain to be increased in order to achieve comparable
fermentation performances to the established Saccharomyces brewing strains.

Figure 3 Microscopic oil immersion picture of Torulaspora delbrueckii cells, scale 10 µm,
Nikon inverted research microscope Ti-E, DIC (differential interference contrast), optics: Plan
Apo λ 100x Oil
Suitable propagation was essential to ferment at higher pitching rates than the usual 530 x 106 cells/mL used for S. cerevisiae (5-10 x 106 cells/mL) and S. pastorianus (1530 x 106 cells/mL) [12, 169]. When observing the cell growth, vitality and viability of the
propagation of T. delbrueckii it was found that concentrations of 350 x 106 cells/mL (standard
deviation ± 61 x 106 cells/mL) could be achieved without a loss of vitality and viability. This
made pitching between 50-100 x 106 cells/mL possible for the following trials (section 2.4). In
contrast, it is commonly accepted that propagation of Saccharomyces brewing yeast should
not exceed concentrations of 100-150 x 106 cells/mL as vitality and viability will decrease at
higher cell concentrations [102, 170–172]. This is due to a fast decrease in pH value and extract
which results in a rapid increase in ethanol at higher cell concentrations, producing a pitching
yeast in a stressed and undesirable condition [102, 170]. A slow decrease of vitality and
viability could be reported for T. delbrueckii after reaching 350 x 106 cells/mL as ethanol
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concentration reached 1 % v/v, pH decreased below 4.4 and extract decreased to 9 °P. The
comparably smaller cell sizes mean that higher cell concentrations at lower stress rates for the
pitching yeast can be achieved. This fact is crucial when fermenting with novel yeast strains.
The wort oxygenation was hereafter investigated for the T9 strain as it is common practice to
aerate the wort to a certain dissolved oxygen (DO) concentration prior to pitching [171]. The
oxygen dissolved in wort is taken up by the yeast in the initial phase of fermentation as it is
required to synthesize sterols and unsaturated fatty acids. These molecules are used to create
new cell membranes, as yeast at that time is multiplying. The cells can multiply until the sterol
level or another growth factor limits growth [12]. There are, of course, more factors that
contribute to the growth of yeast such as nutrition concentration or the concentration of
inhibitory substances such as ethanol, because of which a certain maximum aeration level will
not significantly increase growth. After reaching this maximum amount, no effect can be
observed for the growth of the yeast population. There are reports by different authors that
oxygen is required in different concentrations for different yeast strains [170, 173]. The main
difference in wort oxygenation is between top and bottom-fermenting yeast. For bottomfermenting yeast a DO level of 8-9 mg/L is suggested, for top fermenting yeast it is 4.5-6 mg/L
DO [174]. A level of 4 mg/L DO has been described as low, resulting in less growth and
therefore a decrease in fermentation performance [102]. The oxygenation of wort also has an
effect on ester synthesis [175, 176]. An inverse correlation between cell growth and ester
synthesis has been reported. Whereas the described cell growth increases with increasing
oxygenation [102]. This interaction may be part of the reason why many different authors
report different oxygenation rates for wort because a balance in cell growth and ester
production has to be determined [173, 174]. The method used in this dissertation (section 2.5)
aimed to maximize fermentation performance as a result of cell growth. Five concentrations
of DO of 0.2, 5, 10, 15 and 20 mg/L were investigated with 0.2 mg/L DO as a control for no
oxygenation at all. The T. delbrueckii T9 strain showed significant differences in growth in the
first 24 hours in between the control and the 10 mg/L DO samples (p<0.05). The rate of
fermentation measured by the production of CO2 showed maximum values for the wort
samples oxygenated to 10 mg/L DO. After 24 hours, no significant difference could be
observed between the fermentation performance of the T9 yeast strain in the five different
concentrations. It was concluded that 10 mg/L DO represented sufficient wort oxygenation
for a fast onset of fermentation as a result of maximum cell growth.
In the following investigation, pitching rate and fermentation temperature were varied using
RSM Central Composition Design (CCD), as these two factors are known from literature to
have a great impact on the fermentation performance and flavor forming of brewing yeast
strains along with oxygenation [20, 102, 156, 161, 177]. The results show that it was possible
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to predict the fermentation outcomes using the response surface methodology in the case of
taste and secondary metabolites. The fermentation with the investigated T9 strain also
showed desirable flavor as well as average fermentation performance. The results further
showed that a change in fermentation temperature had a greater impact on the flavor of the
produced beers than the pitching rate. A fermentation temperature of 15 °C led to a honeylike taste as confirmed by the tasting panel. These flavors might come from esters such as 2phenylethyl acetate, which has been described as having a honey-like flavor [178]. Although
the concentration of this particular ester was not above the threshold, the total ester content
was relatively high. A synergistic effect of many esters might lead to an aroma impression like
that [8, 9]. In contrast to reports about Saccharomyces brewing yeast, the total ester content
was found to be higher when fermenting at lower temperatures (15 °C). This effect has been
previously reported for wine yeast strains coming from genera other than Saccharomyces
[179]. The main flavor of beers changed at increasing temperatures towards blackcurrant-like
at fermentation temperatures of 20-21 °C. As fermentation temperature was increased to
25 °C, a strong wine-like flavor of the beer was reported by the panelists. When comparing
ester and higher alcohol content it became apparent that the ratio was almost the opposite
to the 15 °C sample. The total ester concentration decreased from about 24 mg/L at 15 °C to
12 mg/L at 25 °C at a constant pitching rate of 60 x 106 cells/mL. It should be noted that ethyl
acetate mainly contributed to the quantity of total esters by about 90 %. However, as many
synergistic effects are not yet understood and many flavor-active substances that contribute
to beer flavor have yet not been determined, it is not possible to conduct a full evaluation [9,
10]. The overall highest acceptance by the panelists was found to be a combination of 2021 °C fermentation temperature and a pitching rate of 60 x 106 cells/mL. When performing
three 50 L fermentations with these parameters these results could be verified. The predicted
results closely matched the results of the fermentations.
Lastly, a detection method for S. cerevisiae var. diastaticus (representative for S. cerevisiae
brewing and wild yeast positive for growth at 37 °C) in T. delbrueckii and S. pastorianus
pitching yeast was introduced (section 2.5). As cross contamination from other yeast strains
can significantly change the aroma profile, turbidity and attenuation of a beer [180], early
detection helps prevent off-flavors in beer and upset customers [181, 182]. As already
mentioned, most brewers are not keen on implementing novel brewing strains due to fear of
cross contamination. This method was an approach to lower the barrier of implementing a
novel brewing strain. For the applied method, a device was used that was able to stir, incubate
at constant temperature, and measure the pressure of the fermentation vessel (Speedy
Breedy, Bactest®, Cambridge, UK). The combination of these three attributes made it possible
to incubate at 37 °C, constantly mix the sample and the cultivation media for fast growth, and
detect growth of spoilage yeast in one to five days via CO2 production. In contrast to standard
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methods such as agar plate and multiple inoculation steps, the method used gave faster
results with less effort and could be used in the brewery.
The underlying theory was that T. delbrueckii and S. pastorianus do not metabolize at 37 °C
unlike S. cerevisiae [183, 184]. Even highly vital and viable pitching yeast of T. delbrueckii and
S. pastorianus was unable to adapt to this temperature as proven by the conducted trials. As
propagation is meant to provide optimal growth condition for yeast, spoilage yeast can of
course latently grow, as their cell concentration is relatively low in the beginning. However, it
is possible that their impact will increase in the fermentation as well as in the finished beer. S.
cerevisiae var. diastaticus, for example, can form POF (phenolic off-flavors) as well ferment
dextrins as mentioned in section 1.4.2. The spoilage result can have a negative impact on the
flavor as well as over attenuation of the beer, resulting in over carbonation and in the worst
case scenario, exploding bottles [135, 136]. As novel non-Saccharomyces brewing yeast might
have some disadvantages towards fermentation against highly adapted spoilage or even
conventional brewing yeast, cross contamination should be avoided from the start. The
applied method can be used to detect all kinds of spoilage and wild yeast that grow at 37 °C.
In summary, the introduction of a novel brewing strain has been successful. As the amount of
uncharacterized strains cannot yet be overlooked, there is no prediction of how many novel
yeast strains can be implemented. As their use in the brewery can be in different fields and
the aroma profile of almost all strains vary greatly, there is a great potential for these novel
strains to increase the overall aroma of beer again.
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