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Summary 

Selecting an alternative or new yeast strain is often very difficult for brewers because of a lack 

of information that is applicable for practical purposes. The economic pressure to succeed, a 

lack of capacity, or microbiological uncertainties hamper and prevent the necessary 

experimentation in many breweries. In contrast to the simple implementation of new hops 

and malt varieties, introducing a new yeast strain is more challenging in terms of cleaning and 

disinfection measures. In order to avoid possible cross-contamination, it is necessary to create 

separate yeast propagation systems and separation the relevant process paths. Statements 

that can be transferred to practice about the expected spectrum of aromas, the fermentation 

behavior and how to practically handle individual yeast strains, therefore hold great interest 

and added value for many breweries.  

The overwhelming number of research papers that address yeast properties relevant to 

brewing do not provide any significant findings for industrial brewing applications because of 

the different conditions. Frequently, fermentation parameters such as temperatures and 

yeast pitching cell counts that are too high are used, or key process steps such as maturing to 

break down undesired young bouquet substances are not considered or not completed. 

Moreover, a lack of genetic analysis neither guarantees the purity of a strain nor that the 

studied strains are different. Therefore the origin of a strain is often unclear, genetic drift or 

population drift over time cannot be excluded, and results that can be transmitted to the 

brewing industry cannot be guaranteed. 

The following paper shows the development and implementation of a model to characterize 

and differentiate selected Saccharomyces yeast strains in terms of their suitability for relevant 

application in breweries. A plant concept was also established providing transferable and 

scalable results in the form of 2-liter trial fermentations. Standardized conditions make it 

possible to monitor diverse phenotypic properties and compare these with each other in a 

meaningful way for the first time. The strains involved were further genetically classified using 

species-specific real-time PCR systems and a strain typing method based on PCR-capillary 

electrophoresis of the partial IGS2 fragment (IGS2-314 PCR-capillary electrophoresis). This 

guarantees that the strains involved are genetically distinct and continues to maintain a 

reliable level of quality and product stability. Following genetic characterization, the strains 

were screened for phenotypic characteristics (e.g. fermentation performance, sugar 

utilization, amino acid utilization, cell growth, flocculation behavior, change in pH value, 

phenolic off-flavor, fermentation by-products, sulfur dioxide) and sensory characteristics with 

the main focus on the flavor and aroma profiles. To investigate the predominant flavor 

diversity a specially developed tasting scheme was conducted which included: expected beer 
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type test, DLG scheme for beer a descriptive sensory evaluation and a triangle test. Ten of the 

most common industrial yeast strains used to produce traditional beer varieties such as 

German wheat beer, koelsch, alt, trapist, ale and lager beer as well as various unknown 

Saccharomyces and S. cerevisiae var. diastaticus yeast isolates were analyzed and 

characterized in terms of their relevance for breweries in order to evaluate and implement 

the characterization model. The characterization enabled statements to be made on the 

spoilage potential and the suitability of the investigated S. cerevisiae var. diastaticus strains 

for beer manufacture and targeted aroma provision. These were validated in further testing 

of their potential for super-attenuation and a simple and quick test method was implemented. 

The characterization model developed in this thesis provides a precise statement on the 

practicability of yeast strains in industrial brewing applications. The data collected as part of 

yeast characterization can be used by brewers for comparative purposes to easily select, in a 

targeted manner, the yeast strain suitable for their brewing process or beer type. 
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Zusammenfassung 

Die Wahl eines alternativen oder neuen Hefestammes gestaltet sich für den Brauer aufgrund 

mangelnder und in die Praxis übertragbarer Informationen zumeist sehr schwierig. 

Wirtschaftlicher Erfolgsdruck, mangelnde Kapazitäten oder mikrobiologische Unsicherheiten 

hemmen und verhindern die nötige Experimentierfreudigkeit vieler Brauereien. Im Gegensatz 

zur einfachen Implementierung neuer Hopfen und Malzsorten ist die Einführung eines neuen 

bzw. weiteren Hefestammes mit einer hohen Herausforderung an Reinigung und 

Desinfektionsmaßnahmen verbunden. Zur Vermeidung möglicher Kreuzkontaminationen sind 

separate Hefereinzuchtanlagen sowie die Trennung betreffender Prozesswege nötig. In die 

Praxis übertragbare Aussagen über das zu erwartende Aromaspektrum, das Gärverhalten und 

den praktischen Umgang mit einzelnen Hefestämmen, sind daher für viele Brauereien von 

großem Interesse und Mehrwert. 

Die überwiegende Anzahl an Forschungsarbeiten die sich mit braurelevanten Eigenschaften 

von Hefen beschäftigen liefern aufgrund unterschiedlicher Bedingungen keine 

aussagekräftigen Erkenntnisse für industrielle Brauanwendungen (Übertragbarkeits- und Up-

Scaling-Schwierigkeiten). Zumeist werden Gärungsparameter wie zu hohe Temperaturen und 

Hefeanstellzellzahlen verwendet oder wichtige Prozessschritte wie die Reifung zum Abbau 

unerwünschte Jungbukettstoffe nicht berücksichtigt oder nicht abgeschlossen. Fehlende 

genetische Analysen garantieren weder die Reinheit eines Stammes noch garantieren sie, dass 

die untersuchten Stämme unterschiedlich sind. Daher ist der Ursprung eines Stammes oft 

unklar und genetische Veränderungen der Hefepopulation über die Zeit können nicht 

ausgeschlossen werden, sodass keine in die Brauindustrie übertragbaren Ergebnisse 

garantiert werden können. 

Die nachfolgende Arbeit zeigt die Entwicklung und Implementierung eines Modells zur 

Charakterisierung und Unterscheidung ausgewählter Saccharomyces Hefen hinsichtlich ihrer 

Eignung für einen brauereirelevanten Einsatz. Durch gleichbleibende und praxisrelevante 

Bedingungen wurden braurelevante und hefestammspezifische Eigenschaften gesammelt und 

vergleichend dargestellt. Hierzu wurde ein Anlagenkonzept erarbeitet welches in Form von 

2 Liter Versuchsgärungen auf den Großmaßstab übertragbare Ergebnisse liefert. Durch 

standardisierte Bedingungen können diverse phänotypische Eigenschaften erfasst und 

erstmalig aussagekräftig miteinander verglichen werden. Durch quantitative Echtzeit-PCR (RT-

PCR) und einer Stammtypisierungsmethode basierend auf PCR-Kapillarelektrophorese des 

partiellen IGS2 Fragments (IGS2-314 PCR-Kapillarelektrophorese) wurden die verwendeten 

Hefen bis auf Stammebene identifiziert, um die Reinheit und Unterschiedlichkeit der 

verwendeten Hefestämme zu garantieren und so eine gleichbleibende und reproduzierbare 
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Produktqualität zu gewährleisten. Neben der genetischen Charakterisierung wurden die 

Stämme auf phänotypische Merkmale (z. b. Fermentationsleistung, Zuckerverwertung, 

Aminosäureverwertung, Zellwachstum, Flockulationssverhalten, pH-Wert-Änderung, 

phenolische off-flavor, Gärungsnebenprodukte, Schwefeldioxid etc.) untersucht. Um die 

individuellen Aromaeindrücke sowie den sensorischen Gesamteindruck der hergestellten 

Biere zu beurteilen wurde ein speziell entwickeltes Verkostungsschema verwendet, welches 

neben dem Biertyp und dem DLG-Schema für Bier ebenfalls eine deskriptive sensorische 

Bewertung und einen Dreieckstest umfasst. 

Zur Evaluierung und Implementierung des Charakterisierungsmodells, wurden zehn der 

industriell meist eingesetzten Hefestämme zur Produktion klassischer Biersorten wie 

Weißbier, Kölsch, Alt, Trappist, Ale und Lagerbier sowie verschiedene Saccharomyces und 

S. cerevisiae var. diastaticus Hefeisolate unbekannter Originalherkunft untersucht und 

brauereirelevant charakterisiert. Durch die durchgeführte Charakterisierung konnten 

Aussagen über das Schadpotential und die Eignung der untersuchten S. cer. var. diastaticus 

Hefestämme zur Bierherstellung und gezielten Aromagebung gewonnen werden. Diese 

wurden durch neu entwickelte Methoden hinsichtlich ihres Potenzials zur Übervergärung 

validiert und eine einfache und schnelle Testmethode implementiert. Die im Rahmen der 

Hefecharakterisierung gesammelten Daten können von Brauereien vergleichend verwendet 

werden, um gezielt den für ihren Brauprozess oder Biertyp geeigneten Hefestamm 

auszuwählen. 
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1 Introduction and motivation 

The reduction in volume and market share for classical beer types such as lager and wheat 

beer has been declining for several years, but the overall beer market has remained almost 

unchanged because of an increasing interest in beer specialties (185). The consumer trend is 

shifting from commercial beers with consistent quality and sensory properties to a variety of 

specially produced beers with different tastes. Following this so-called craft beer boom, 

increasing numbers of brewers and breweries wish to benefit from the economically 

profitable specialty beer market. The beer culture in Germany is experiencing a kind of 

renaissance through this trend. Although beer output has been decreasing in Germany since 

1991, the number of German breweries is increasing (28). In 2016, the number of breweries 

in Germany passed the 1400 mark for the first time. 50 % of the breweries with an output of 

up to 1000 hL/year are ranked as microbreweries (29, 121). The neighboring country of Austria 

is also seeing an increase in the number of breweries. There are eleven times more small-scale 

breweries in Austria today with an annual beer output of up to 20000 hl compared to 1980 

(120). Small-scale breweries and microbreweries in particular benefit from the thriving market 

of craft beers and seize the opportunity to position themselves on the competitive beer 

market with innovative beer creations (22). There is no limit to the diversity of beer and the 

interplay of aromas. According to the German brewers’ association, German brewers can 

choose from about 40 different malt varieties (light, dark, smoky malt etc.), 250 different hop 

varieties (bitter and aroma hops) and over 400 different yeast strains. If you consider the 

possible combinations of all these raw materials, the resulting beer diversity is virtually 

unlimited. The choice of a suitable yeast strain is an often-underestimated way of creating 

innovative beers with appealing tastes. It is now known that beer aroma is primarily 

determined by fermentation by-products of the yeast (59, 63, 67). Despite controversial 

discussions that the German purity law restricts beer diversity in Germany, this shows that 

there is adequate scope for new German beers to be created even without the use of 

unmalted grains, enzymes or other additives that are customary in other countries (27, 49, 

51). 

In the past, brewer’s yeast was considered purely as a means to an end with the flavor 

diversity usually achieved using different starting materials (raw materials) and brewing 

techniques. Today, yeast is no longer regarded just as a necessary agent but as a tool. Every 

yeast has strain-specific characteristics that impart complex or individual aroma impressions 

to the beer, thereby ensuring product diversity and a flavor differentiation to rival products. 

Although brewers now have a variety of yeast strains of different genera and species, only a 

few cultured yeast strains of the S. pastorianus and S. cerevisiae species are used to produce 
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beer based on their proven process and aroma properties (61). As STEWART reports, for 

example, just four yeast strains are used in Germany to produce beer and it is estimated that 

65 % of these originate from just one strain (155). 

Economic pressure to succeed, a lack of capacity or microbiological uncertainties mean that 

brewers revert to these types of domesticated yeast strains with consistent process efficiency 

and overall quality, thereby limiting the sensory complexity of the beer and beer diversity 

(154). Statements that can be transferred to practice about the expected spectrum of aromas, 

the fermentation behavior and how to practically handle individual Saccharomyces yeast 

strains, therefore hold great interest and added value for many breweries. Even non-

Saccharomyces yeasts classified as foreign and spoilage yeasts, which usually give the finished 

beer an unfamiliar flavor impression following cross-contamination can, if correctly used, 

create new beer aromas or accentuate existing aromas (97, 105). For this reason, as part of 

this dissertation, the results obtained from characterizing selected Saccharomyces yeasts are 

compiled in a uniform data set as brewing starter cultures and summarized for comparison. 

Consequently, breweries can rely on scientifically based data when selecting a yeast strain 

appropriate to their brewing process or beer type, irrespective of whether they want to 

replace their existing yeast strain or wish to introduce another yeast strain to their production. 

The knowledge of different yeast strain properties can particularly enhance the 

competitiveness of small and medium-sized breweries and potentially ensure their continued 

existence. Resources are conserved, and a higher level of operational safety and improved 

quality standard can also be achieved. STEENSELS highlights this in 2012 in his paper: “Until 

recently, the appropriate tools and knowledge were lacking to make a well-considered and 

scientifically founded choice about which strain to pick. This explains why, even today, most 

beer yeasts are used according to historical rather than scientific reasons” (152). 
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1.1 The history of brewing yeast 

The use of yeasts to produce beer can be traced back thousands of years to prehistoric times 

(40, 125, 125). Mesopotamian records from more than 5000 years ago show that beer 

production was one of the oldest technologies in human history (103). Even at that time it is 

likely that Saccharomyces yeasts were used to create palatable beverages from substrates or 

prepared substrates (e.g. coarse grain-water blend, fruit pulps etc.) with an extended ‘shelf 

life’ and a euphoric effect (ethanol) (40, 154). The fact that yeasts of the Saccharomyces genus 

would be responsible for this process was first discovered in the 17th century following the 

development of microscopy in research by ANTONI VAN LEEUWENHOEK (1680), SCHWANN and 

CAGNIARD-LATOUR (1837-1838) and PASTEUR (1860) (10, 20, 157). Until then, the driving force of 

fermentation had not been clearly identified and the fermentation process was initiated by 

spontaneous fermentation or by deliberately adding bark, part-fermented fruits or chewed 

grains. Fermentation often started spontaneously without the specific addition of starter 

cultures or their carriers. Particles containing microorganisms enter the substrate through the 

air or other vectors. Suitable microorganisms and their control were not known, so 

fermentation and the resulting products were left to chance (61). Even today, spontaneous 

fermentation is still used to manufacture specialty beers such as Lambic, Geuze or Berliner 

Weiße, whereby the precise composition (varying concentrations and time spans) of all the 

microorganisms involved in the fermentation is not entirely clear (18, 24, 102, 165). The first 

step towards reproducing the fermentation process was achieved by unintentionally 

continuing to use the yeast culture, whereby presumably the foam or the yeast head, the 

sediment or the dregs or the partly fermented beverage were used to inoculate new 

preparations. One example of this is the Egyptians refilling the yeast trub of a beer 

fermentation with a new brew (61, 88). Today, brewing represents the only major 

fermentation process that recycles its yeast culture from one fermentation to another (155). 

The discovery of microscopy enabled fermentations to be microscopically tracked for the first 

time, and made it possible to identify - though not prevent or influence (only by changing 

process parameters) - mixed populations or contaminations with bacteria such as lactic acid 

bacteria and acetic acid bacteria. Only the discovery/development of pure culture yeast at the 

end of the 19th century by EMIL-CHRISTIAN HANSEN paved the way for fermentation with 

biologically pure yeast as a starter culture for beer manufacture. The first step of the 

microbiological process or quality control for reproducible fermentation processes with pure 

starter cultures was taken. Inefficient fermentations and insufficient product quality due to 

mixed populations or spontaneous fermentation based on unforeseeable changes in the 

number and type of existing microorganisms soon became a thing of the past. However, 

brewing scientists have long disagreed whether purebred beers are comparable to mixed 

fermentations regarding the flavor profile of the final beer (4). 
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Over time, increasing numbers of yeast strains were isolated, propagated and selected 

according to their performance and process suitability. Pioneer: the bottom-fermenting yeast 

isolated in 1883 by HANSEN and cultivated as a pure culture three years later in the Carlsberg 

brewery “Carlsberg Yeast no. 1”, is known as a separate species today under the name 

Saccharomyces pastorianus (18, 50, 167). Since then, the use of bottom-fermenting pure yeast 

cultures to manufacture beer has become common practice and, together with lager beers, 

delivers the most commonly produced beer varieties to date (44, 157). However, ale brewers 

did not initially recognize this pioneering innovation and saw it only as a means of reducing 

infection from wild yeasts and bacteria (157). According to HOUGH, in 1959 just a third of 39 

analyzed British pitching yeast cultures were used as a pure culture, with the rest consisting 

of a mixed population with two to five yeast strains (55). Gradually, the use of pure yeast 

cultures was also established in the top-fermenting field and today, the majority of industrial 

beer production is based on the use of defined starter cultures. Brewery yeast management 

became increasingly standardized and optimized on the basis of the fermentation and 

propagation properties of a few selected yeast strains. Subsequently, adapted and well-

researched high-performance yeast strains were increasingly used for beer production, 

replacing the formerly available variety with “house yeast cultures” (61). Commercial interests 

resulted in further targeted selection and propagation of yeast strains with process and 

aroma-optimized properties, and the so-called culture yeasts became industrially established 

(44). Figure 1 sums up the history of brewing yeast from random or inoculated spontaneous 

fermentation to today’s selection and breeding techniques to the selective use of various 

strains (61). 

Interest in beer began to grow following the world wars and during the economic upswing in 

the 1950s and 60s. To obtain as large a share as possible of this promising, profitable beer 

market, beer should be made accessible to a broad spectrum of the population (103). This 

objective should be achieved by offering beers of consistent quality and universal flavor. As a 

consequence, just a few cultured yeast strains of the Saccharomyces pastorianus (bottom-

fermenting yeasts) and Saccharomyces cerevisiae (top-fermenting yeasts) species are used in 

the brewing industry, while product diversity and flavor differentiation between competing 

breweries are being reduced (18, 61, 99, 156).  

Today, the perception of beer has shifted from a mass product to a luxury beverage in many 

countries. Over the course of the craft beer movement, the consumer trend is shifting from 

commercial beers of consistent quality and sensory properties to a range of specially produced 

beers with different tastes. Consumers are becoming more aware of the complex craft of 

brewing beer and innovative beer creations are capturing the flourishing beer market (99). 

Across the world, new experimental breweries are invigorating the beer market by reviving 
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old beers or creating new beer styles and beers (18). The hop industry has adapted to the new 

demand and expanded its range of specialty hops for new flavor directions. As the yeast strain 

used accounts for more than 80 % of all aroma-active substances in beer, the demand for new 

process- and aroma-suitable yeast strains for producing beer is also increasing, offering 

brewers around the world scope for new beer creations (63). 

 

Figure 1: The history of brewing yeast adapted from HUTZLER 2015 (61)  
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1.2 Taxonomy and systematics of Saccharomyces brewing yeast 

The taxonomy and systematics of brewing yeast have been a matter of debate and 

controversy since the early days of microbiology. Up to now, the nomenclature and 

classification of species is not always uniform in the literature (35, 156). Researchers used 

morphological characters and physiological traits to distinguish and classify species resulting 

in numerous species synonyms and misclassifications (143). Only the introduction of 

molecular biological methods in 1980 led to precise taxonomic classification of brewing yeast. 

Brewer's yeasts are generally eucaryotic organisms in the kingdom of fungi. They belong to 

the group of Ascomycota and together with the Basidiomycota group they form the fungi 

subkingdom of called Dikarya (53). The Ascomycota phylum differs from the Basidiomycota 

phylum in its form of sporulation. Within the phylum of the asci spore-producing Ascomycota, 

brewing yeasts are classed as Saccharomycetales yeasts, which is the only order of fungi in the 

Saccharomycetes class. This class, as part of the subdivision Saccharomycotina, forms one of 

the three subdivisions of the ascomycetes. Saccharomycotina includes fungi able to reproduce 

by budding and unable to produce ascocarps (fruiting bodies) (80). Brewing yeasts further 

belong to the genus of Saccharomyces, the family of Saccharomycetaceae (136, 167). The 

Saccharomyces genus can be separated into the Saccharomyces sensu stricto and the 

Saccharomyces sensu lato complex according to the relevance of their species for the 

fermentation industry (136). The S. sensu stricto complex includes S. species, which are strictly 

associated with the fermentation industry, and represents the main reference group when 

selecting yeasts to be used in beer production (23). The S. sensu lato complex contains 

Saccharomyces species that are only distantly related to S. cerevisiae. The S. sensu lato 

complex is no longer common and their species are now attributed to other genera such as 

Kazachstania, Naumovia or Lachancea (73), (78), (136). 

The main Saccharomyces yeasts used as starter cultures in the brewing industry are 

represented by different strains of the top-fermenting yeast S. cerevisiae (often referred to as 

“ale yeast”) and the bottom-fermenting yeast S. pastorianus (often referred to as “lager 

yeast”). The S. sensu stricto complex also includes the species S. bayanus (118, 122, 132), 

S. cariocanus (115), S. kudriavzevii (115), S. mikatae (115), S. paradoxus, 

S. arboricolus syn. arboricola  (42, 116, 177) and according to recent findings based on genetic 

analysis, additional species such as S. uvarum (117, 118, 132, 135), S. eubayanus (87) and 

S. jurei (114). As time passes, it can be expected that the taxonomic grouping of S. sensu stricto 

yeasts will continue to evolve and change in accordance with the yeast culture classification 

system due to increasingly advanced genetic analysis methods. Table 1 simply shows the 

recent taxonomic classification of the single Saccharomyces yeast species in the kingdom of 

fungi. 

https://en.wikipedia.org/wiki/Budding
https://en.wikipedia.org/wiki/Ascocarps
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While the top-fermenting brewery yeasts are associated without doubt with the S. cerevisiae 

species, the bottom-fermenting brewery yeast S. pastorianus has undergone many taxonomic 

classifications during past decades. In 1908 HANSEN described S. carlsbergensis as an 

independent species. In 1970 this was transferred to the species S. uvarum and in 1990 then 

reclassified as the S. cerevisiae species (9, 149). The brewing yeast 

S. cerevisiae var. carlsbergensis, often then listed as a subspecies, was further classified as the 

bottom-fermenting brewing yeast S. pastorianus we know today (18, 167). However, the 

species names S. carlsbergensis and S. monacensis are sometimes used as synonyms in the 

present literature (122). The ongoing development and improvement of genetic sequence 

analysis such as DNA–DNA hybridization has enabled identification at strain level as well as 

the assignment of complex multi-Saccharomyces species hybrids such as the bottom-

fermenting brewing culture yeast S. pastorianus (83, 156). 
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Table 1: Taxonomic classification of Saccharomyces yeast species in the kingdom of fungi                                                         
(53, 73, 77, 87, 92, 114, 132, 135, 177). 

KINGDOM 

Fungi 

SUBKINGDOM 

Dikarya 

PHYLUM 

Ascomycota, Basidiomycota 

SUBPHYLUM 

Pezizomycotina, Saccharomycotina, Taphrinomycotina 

CLASS 

Saccharomycetes 

ORDER 

Saccharomycetales 

FAMILY 

Ascobotryozyma,Ascoideaceae, Cephaloascaceae, Debaryomycetaceae, Dipodascaceae, 
Endomycetaceae, Eremotheciaceae,Hyphopichia, Kodamaea, Lipomycetaceae, 

Metschnikowiaceae, Nakazawaea, Phaffomyces, Pichiaceae, Saccharomycetaceae, 
Saccharomycodaceae, Saccharomycopsidaceae, Starmera, Starmerella, 

Trichomonascaceae, Yamadazym 

GENERA 

Ashbya, Brettanomyces, Candida, Citeromyces, Cyniclomyces, Debaryomyces, Hansenula, 
Issatchenkia, Kazachstania, Kloeckera, Kluyveromyces, Komagataella, Kuraishia, Lachancea, 

Lodderomyces, Nakaseomyces, Nakazawaea, Naumovia, Naumovozyma, Pachysolen, 
Saccharomyces, Spathaspora, Tetrapisispora, Torulaspora, Vanderwaltozyma, Williopsis, 

Zygosaccharomyces, Zygotorulaspora 

SPECIES 

arboriculus, bayanus, cariocanus, cerevisiae, eubayanus, jurei, kudriavzevii, mikatae, 
paradoxus, pastorianus, uvarum 
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1.2.1 Hybridization history of Saccharomyces pastorianus and bayanus 

yeast strains 

Yeast strains of the species Saccharomyces pastorianus are allopolyploid genetic hybrids of 

the species Saccharomyces cerevisiae and Saccharomyces eubayanus (11, 87). S. eubayanus is 

thought to be an early ancestor of the S. pastorianus lager yeast and to have given yeast the 

capacity to ferment at cold temperatures (156). It has also been discussed that the 

S. cerevisiae subgenome confers efficient fermentation, including the use of maltotriose (39). 

S. eubayanus was first identified/isolated in the Patagonian native forests of Argentina (South 

America) (87). Later on, some S. eubayanus isolates were also found in East Asia, North 

America and New Zealand, and it was shown that the East Asian isolate found on the Tibetan 

plateau shows the closest genetic similarity to the S. eubayanus subgenome of S. pastorianus 

found so far (12, 42, 123). Also in 2011, NGYUYEN et al. identified a new species and proposed 

the name Saccharomyces lagerae (119). It was found that the genome of S. lagerae 

corresponds with the genome of S. eubayanus found by LIBKIND et al. (119). However, 

according to GIBSON et al., no known extant strain seems to be the direct ancestor of lager-

brewing yeasts (43). Different strains of the lager yeast S. pastorianus are divided in two main 

distinct lineages, most commonly referred to as ‘Saaz’ (Type 1) and ‘Frohberg’ (Type 2) (35, 

39, 119, 122). In contrast to Saaz-type strains, Frohberg-type strains can ferment maltotriose, 

the second main sugar content in beer wort, resulting in greater fermentation performance 

and higher apparent attenuations (45, 100). The two S. pastorianus hybrid groups are 

genetically distinct from one another (35, 90). PÉREZ-TRAVÉS et al. showed that the Saaz and the 

Frohberg-lager strains possess different allele for the same genes, BREfeldin A5 (BRE5) and 

BASal 1 (BAS1) (122). However, the precise ancestry and evolution of the two S. pastorianus 

lineages remains controversial (107). 

Figure 2 shows the hybridization hypothesis according to LIBKIND et al. and GALLONE et al. (87, 

39). In 2011 LIBKIND et al. proposed the evolution of S. pastorianus and S. bayanus under 

domestication caused by strong positive selection imposed by the brewers or by the 

competitive brewing environment itself (Figure 2a). According to LIBKIND et al., a wild 

S. eubayanus from Patagonia hybridized with a domesticated ale-type yeast within the 

brewing environment and formed a 50:50 hybrid, which suffered a domestication process 

involving the genetic inactivation of less efficient sulfate transporters, the addition of extra 

copies of cerevisiae genes related the assimilation of maltose, and various chromosome 

rearrangements including the loss of several ones. In 2017 GALLONE et al. reported that three 

main hypotheses for the origin of S. pastorianus have been proposed (39). The most 

widespread hypothesis based on recent comparative genome hybridization studies showed 

that S. pastorianus lager yeast strains were a result of at least two completely independent 
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hybridization events, each involving a different domesticated ale-type S. cerevisiae and 

different wild S. eubayanus strains and resulting in the Saaz and Frohberg groups of yeasts 

(Figure 2b). Other genetic analyses lead to the hypothesis of a single hybridization event 

caused by several breakpoints within the subgenomes of S. cerevisiae and S. eubayanus, which 

are identical within both lineages (Figure 2c). As GALLONE reported, the recent phylogenetic 

and genetic analysis are not clear and can indicate a shared hybridization event prior to the 

divergence into the distinct lager lineages (Figure 2d). 

 

Figure 2: Current models for the origin of Frohberg and Saaz lineages of S. pastorianus adapted from LIBKIND et al. 2011 and 
GALLONE et al. 2017 (87, 39) 
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The other controversial Saccharomyces taxon is the species S. bayanus. The assignment and 

classification of strains belonging to this species is unclear and controversial due to the fact 

that this taxon includes genetically diverse lineages of pure and hybrid strains (122). Some 

authors have subdivided S. bayanus into two varieties: S. bayanus var. bayanus and S. bayanus 

var. uvarum, whereas other authors classified S. bayanus and S. uvarum as different species 

of the Saccharomyces genus (118, 122, 132). 

Recent sequencing studies have shown that S. bayanus is a triple hybrid yeast strain containing 

sequences of S. eubayanus, S. uvarum and Saccharomyces cerevisiae (119, 156). As BORNEMAN 

and PRETORIUS in 2015 reported, the S. bayanus-type strain CBS380T comprises almost equal 

genomic contributions from S. eubayanus and S. uvarum with a minor input from S. cerevisiae 

(17). The genomic portion of S. cerevisiae seems to be responsible for the ability of such 

S. bayanus strains to ferment maltotriose, a property that is lacking in S. uvarum strains (17). 

Therefore S. uvarum (S. bayanus var. uvarum) strains represent a pure lineage that contains 

very little genetic input from other Saccharomyces species (17). These investigations have 

shown that there are two clearly defined groups within the S. bayanus species, classified by 

PÉREZ-TRAVÉS as the molecularly and physiologically heterogeneous group of strains belonging 

to S. bayanus var. bayanus, and the homogenous group of strains pertaining to 

S. bayanus var. uvarum (122). In conclusion, it follows that S. bayanus and S. uvarum are 

different species (17). According to HUTZLER, it is very likely that the use of the strain CBS380T 

has led to misinterpretations and confusing conclusions (58, 136). 

In summary, industrial strains that belong to hybrid species within the Saccharomyces genus 

are often linked to historical long-term usage by humans in specific human-made artificial 

environments and related domestication. The investigation of the real genetic relationships 

and genetic comparisons of hybrid strains in the context of the historical strain history is very 

challenging. Whole genome sequencing and digging deeper into documented brewing strain 

histories can provide a better insight into current brewing strains. 
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1.3 Diversity and potential of brewing-relevant yeast 

The selection of yeast strains for beer production is no longer limited to culture strains of the 

species S. cerevisiae and S. pastorianus. In addition to the widespread and established high-

performance strains of both species, there are a variety of other yeast strains, species or even 

genera. Biodiversity means that the range of potential yeasts is almost unlimited. According 

to an extrapolation, there are currently about 669,000 different types of yeast species of 

which only 1,500 are known (62, 75, 170). Therefore, it is not surprising that more and more 

research papers and projects are also looking at alternative brewing yeasts in the sector of 

non-Saccharomyces or Saccharomyces wild yeasts (43, 64, 105). The main goal is to influence 

the aroma profile of the finished beer in a targeted manner and to make the brewing process 

more efficient by using yeasts with process-optimized properties. For this purpose, a huge 

variety of strains can be used as pure cultures or in combination with other yeast strains or 

microorganisms in so-called mixed fermentations, resulting in beers with a variety of aroma 

impressions and intensities (59). Varying the pitching time can also greatly influence the 

finished product. Figure 3 shows the multistrain fermentation types to achieve specific goals 

modified according to WHITE and ZAINASHEFF (181). 

 

Figure 3: Multistrain fermentation to achieve specific goals modified according to WHITE and ZAINASHEFF 2010 (181) 

The variety of different yeasts as beer fermentation starter cultures continues to increase as 

a result of today's technological and scientific progress. The latest genetics and molecular 

biology techniques and approaches were used to change yeast genetics and create new strains 

with special selected or desired characteristics. The improvement in ethanol tolerance, 

fermentation speed, attenuation (e.g. sugar metabolism), yeast flocculation, foam stability, 

flavor production, the reduction of diacetyl or an increased flavor stability represents only a 
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selection of modern genetic goals (82, 86, 152, 178, 179). The use of genetically modified yeast 

strains with special characteristics has not found its way into today’s brewing practice. The 

use of genetically modified organisms (GMOs) is not accepted by breweries and consumers 

and is prohibited by German law. 

Adaptive or experimental evolution represents the oldest method in the history of cultivation 

techniques to select yeast strains with specific characteristics (21). Yeast populations have 

been specifically adapted to a wide variety of environmental conditions such as high sugar 

concentration, low temperatures, high ethanol concentration, and selected by serial 

repitching in order to achieve the desired expression (30, 36). This evolutionary natural route 

to force the optimization of phenotypic traits is lengthy, subject to microbiological risks and 

follows the principle of trial and error. For this reason, recent researchers are interested in 

different ways of achieving faster and more reliable methods and techniques to improve yeast 

strains. Breeding (41), mutagenesis (182), sexual hybridization (e.g. mating) (100), asexual 

hybridization (e.g. protoplast fusion and cytoduction) (25) or genetic modifications by 

changing and cloning DNA in yeast cells (plasmid transfusion or fixed integration) (34, 145) are 

recent research projects. One yeast strain that combines the gene of the yeast 

Schizossaccharomyces pombe, which is responsible for the transportation of malate, and one 

gene of Oenococcus oeni, is already used in industrial wine fermentations in the USA and 

Canada. This genetically modified yeast strain is used to save the time-consuming malolactic 

post-fermentation by converting malate into lactate during the main fermentation (57, 56). 

However, the use of GMOs in food production is prohibited by law in most European countries 

and their future use remains controversial (153). 

The prevailing variety of methods and opportunities will result in greater yeast diversity and 

will also create a revolution of the beer market outside the German purity law by offering 

custom-designed yeast strains. Despite the variety of yeast strains and their estimated 

potential, it is difficult to generalize on the yeast strains used in industrial beer production, as 

they are generally poorly characterized and few comparative studies have been reported 

(126). Comparable investigations regarding the phenotype of yeast strains are therefore 

necessary before it is possible to tell if the desired phenotype is available for the discovered 

or created yeast strain. 
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1.3.1 Saccharomyces brewing culture yeast strains 

To ensure a reliable level of quality and product stability, beer yeasts have been domesticated 

by enduring growth in man-made fermentation environments (39). The strong selective 

pressure imposed over many generations has contributed to the emergence of desirable 

phenotypes (45). The focus was placed on yeast properties that have a critical impact on 

fermentation performance such as flocculation, osmotic pressure, ethanol tolerance, oxygen 

requirements, carbohydrate as well as nitrogen metabolism and are described by many 

researchers (2, 91, 155, 156, 173). Important characteristics that appear to have been selected 

during brewing yeast domestication are the ability to ferment maltotriose and the reduced 

production of phenolic off-flavors (POF) (39, 43). Maltotriose is generally not found in 

significant concentrations in natural yeast environments, but as the second most abundant 

sugar in beer wort (15-20 %) it is crucial for beer production (39). In contrast, most of the 

naturally occurring yeast strains (Saccharomyces wild yeast) are able to form POF due to the 

presence of two active POF genes PAD1 and FDC1 (48). Occurring as an unpleasant flavor in 

lager beers, mutations in these genes have been found in some brewing yeasts, suggesting 

that the selection of POF-negative yeast strains has favored the spread of domesticated lager 

beer yeasts unable to produce these off-flavors (39, 48). 

Domestication has led to the use of a limited number of strains today. Brewing yeast is 

originally classified based on flocculation behavior into two major groups: top-fermenting ale 

yeasts (S. cerevisiae) and bottom-fermenting lager yeast strains (S. pastorianus) (91). 

Accordingly, beers are classified as ale or lager beers, each produced by a unique fermentation 

process that results in different aroma profiles. Ale beers were produced by different 

S. cerevisiae brewing strains resulting in different beer types such as German wheat beer, ale, 

stout, koelsch and alt, Belgian special beer styles (witbeer, trapist beer) or African indigenous 

beer styles. Lager yeast strains of S. pastorianus were used for lager beers such as lager, 

pilsener, export, bottom-fermented special beers and bottom-fermented low alcohol beer 

(62). Table 2 sums up the main differences between ale and lager yeast in brewing applications 

and represents the most common differences even if they can vary between single strains of 

both species. 

Compared with lager yeasts, ale yeasts are genetically and phenotypically more diverse, 

resulting in aroma intensive and fruity beers (91). Several ale and wine yeast strains were 

recently identified as hybrids of S. cerevisiae and the cryotolerant, strong-aroma-producing 

species S. kudriavzevii (154). Some ale strains produce beer with spicy, clove- and band-aid 

like flavor notes due to the presence of active POF genes. These phenolic off-flavors are 

especially desired in German wheat beers and therefore more often classified as wheat beer 

yeast strains within the group of ale yeast strains.  
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Lager beer is the most popular and widespread beer style in the world because of its clean 

flavor profile with a relatively low level of fruit or floral flavors compared with ale (12, 39). The 

limited aromatic diversity can be due to the S. eubayanus subgenome of S. pastorianus. 

According to MERTENS, S. eubayanus is characterized by a relatively modest production of 

acetate and ethyl esters and higher concentrations of fusel alcohols (100). The use of 

S. eubayanus strains for beer production has so far only been investigated for the type strain 

of the species (45, 72, 100, 175). Beers produced with S. eubayanus were described as having 

strong sulfur-like flavors without any detectable phenolic flavors, even if the strains were 

found to be POF positive (100). The first commercial product exclusively brewed with 

S. eubayanus has recently been released by Heineken and was sold as a so-called “wild lager” 

as a limited edition (43). 

In addition, some yeasts of the species Saccharomyces that are classified as spoilage yeasts 

may be purposefully used for the industrial production of beer. S. cerevisiae var. diastaticus 

strains often occur as secondary contaminants in the filling process and cause abnormal 

attenuations due to its ability to ferment residual carbohydrates in beer. Spoilage yeasts 

generally include yeast species and strains that directly or indirectly spoil the finished product, 

whereas yeasts often referred to as wild strains include species and strains that are not 

identical to the used starter culture and do not necessarily have any spoilage potential for the 

finished product. A classification of spoilage yeasts that occur in beer and beer-mixed 

beverages is provided by HUTZLER, subdivided according to their spoilage potential into 

fermentative, fermentable, low-fermentation and non-fermentable or respiratory yeasts (58).  

In this thesis, S. cerevisiae var. diastaticus was investigated with regard to its spoilage and 

brewing potential and it could be shown that some strains are suitable for beer production. 
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Table 2: Differences between ale and lager yeast in brewing applications (4, 16, 37, 71, 91, 96, 126, 156, 172). 

Criteria Lager yeast Ale yeast 

 

  
Species S. pastorianus S. cerevisiae 

Fermentation type bottom fermenting top fermenting 

Cell form and compartiments no difference 

Budding single or in pairs 
chain-forming 

(approx. 8 cells) 

Optimal growth temperature Topt = 27-30°C Topt = 30-34°C 

Maximum growth temperature Tmax = 31-34°C Tmax = 37-40°C 

Typical fermentation temperature Tferm = 8-14°C Tferm = 18-24°C 

Temperature sensitivity 
growth and fermentation 

at low temperatures 
sensitivity  <10°C, 

sedimentation 

Typical industrial fermentation time 7-14 days 4-6 days 

Drying of cultures not easily easier than lager strains 

Sporulation low high 

Flocculation flocculent non-flocculent (powdery) 

Cropping bottom 

top (depended on brewery 
processes some S. 

cerevisiae strains are also 
cropped from the bottom) 

Repitching 5 – 8 times up to 20 times or more 

Raffinose utilization completely 
raffinose to 1/3, 

no melibiose, 
no galactosidase 

Maltotriose utilization better than ale strains strain dependent 

Phenolic off-flavor (POF) ability negative positive 

Fermentation by-products 
less intense fruity and 

aroma (lower amount of 
higher alcohols and esters) 

Intensely fruity and aroma 
(high amount of higher 

alcohols and esters) 

Diacetyl production/reduction 
more α-acetolactate 

more diacetyl, 
same reduction rate 

lower production, 
same reduction rate 

SO2-production high, SO2 >4 mg/L low, SO2 <2 mg/L 

Vitamin B5 and pantothenic acid self synthesis 
no self-synthesis, must be 

provided by the 
fermentation substrate 
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1.3.2 Non-Saccharomyces yeasts in brewing 

Before the domestication of today’s brewing culture strains of the species Saccharomyces, it 

is most likely that all beers included non-Saccharomyces yeast strains. Previously regarded as 

spoilage microorganisms, brewer’s interest today in using non-Saccharomyces yeasts as 

potential beer fermentation starter cultures has started to grow (105). Belgian brewers in 

particular have already recognized the potential and have used wild yeasts and mixed 

fermentations that often contain non-Saccharomyces yeasts such as Brettanomyces 

bruxellensis to produce special beers. Within the huge diversity of non-Saccharomyces yeast 

strains, the focus is on the potential of traditional beer styles and the production of low-

alcohol or alcohol-free beers. Species such as Schizosaccharomyces pombe are used in 

traditional African beers, Dekkera bruxellensis in Belgian beers and German Berliner Weiße, 

or many other species for the production of spontaneously fermented beer types such as 

lambic and American coolship ales, which represent just a few examples (15, 151). In the 

production of low-alcohol and alcohol-free beers in particular, species such as 

Scheffersomyces shehatae (85), Wickerhamomyces anomalus (174), Pichia kluyveri (140) and 

Zygosaccharomyces rouxii (38) have been the subject of recent studies (43). The most 

common yeasts considered for this purpose include the species Saccharomycodes ludwigii, 

which is already used in industrial brewing applications as a result of its unique characteristics. 

The low performance of this species in fermenting maltose and maltotriose means that it can 

produce alcohol-free beers that still retain some of the aromatic complexity of standard beers 

(95). This example shows how such alternative yeasts can improve existing beer styles and 

produce beers that deviate from the known flavor profiles. The use of non-Saccharomyces 

yeasts is a natural way to introduce diversity to beers on the market and there is a large set of 

yeast strains with potential suitability as beer fermentation starter cultures that have not yet 

been investigated. MICHEL recently studied the brewing abilities of Torulaspora delbrueckii and 

was able to show that strains of this species are capable of producing high levels of fruity 

flavors and are resistant to stresses associated with industrial brewery handling (105, 104). 

However, since non-Saccharomyces yeasts represent mostly undomesticated strains, their 

introduction for brewing applications must be carefully assessed. Each microorganism has 

unique fermentation characteristics and can develop a range of process adaptations in contact 

with different substrates and/or conditions. The diverse enzymatic apparatus as well as the 

diverse bioconversion abilities of different species or genera can result in undefined 

consistency and quality of the produced beer which is deemed essential for brand image and 

customer loyalty (155). Nevertheless, consumers are becoming more aware of how variable 

beer can be and the demand for craft-produced beers with special flavors is increasing. The 

rising demand for traditional beer styles, alternative flavors and low-alcohol beers stimulates 

further research and studies into the potential benefits of alternative yeasts (43).  
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1.4 Phenotypic and DNA-based methods for brewing yeast 

identification and differentiation 

Phenotypic detection methods have been established to count, characterize and identify 

individual cultures. In the brewing industry in particular, the use of pure yeast cultures is 

critical for a consistent and reproducible quality of the product. Despite the latest technology 

and hygienic guidelines, it is not possible to exclude infection and contamination with 

undesired microorganisms in the most diverse process steps. (Trace) detection of 

microorganisms in complex mixed cultures is therefore essential for early identification and 

monitoring of possible contamination. In comparison with traditional phenotypic detection 

and identification methods, molecular biological methods also provide evidence and a way of 

identifying microorganisms that are difficult or impossible to cultivate at a species and strain 

level. Contrary to phenotypic methods, identification using molecular biological methods is 

virtually independent of the culture and detection media used as well as of the mutations 

arising due to long storage periods or repeated inoculation (65). Nevertheless, in many 

molecular biological methods, precultivation in a suitable nutrient media is indispensable for 

upstream target germ enrichment. It is possible to identify unknown microorganisms by 

comparing their DNA with the DNA of reference strains. Identification is hereby defined as 

assigning an unknown microorganism to a specific genus/species, whereas differentiation 

relates to a distinction between two organisms – irrespective of the taxonomic level (129). 

Current phenotypic and DNA-based methods used for the identification and differentiation of 

brewing yeast are shown in Table 3. This table also presents the individual methods and their 

importance for brewing strains as well as references to corresponding publications on brewing 

yeasts. 

Even if the characterization of yeast strains is based on phenotypic and genetic methods, most 

of them do not provide any information on the genomic or proteomic background and the 

beer type to which the yeast strain is most suited. To give reliable results about the specific 

phenotypic brewing properties and the suitable beer type, different phenotypic and genetic 

methods were combined in a characterization platform, developed using pilot scale 

fermentation trials. The results of the yeast strain characterization were presented in the 

following thesis publications. 
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Table 3: Selected phenotypic and DNA-based methods for the identification, characterization and differentiation of brewing 
yeast modified according to HUZTLER 2010 and SAMPAIO 2017 (58, 143); (+, high importance for brewing yeast strains; +/-, 

medium importance for brewing yeast strains; -, low importance for brewing yeast strains) 

Method 
Relevance 

for brewing yeast 
References 

regarding brewing yeast 

Phenotypic methods 

Amino acid uptake pattern +/- (68, 111, 130, 131) 

Decarboxylation of coumaric acid, cinnamic acid and ferulic acid 
and production of 4-vinylphenol, styrene and 4-vinylguaiacol (POF) 

+/- (98, 101, 104, 109, 166) 

Ethanol production + (104) 

Ethanol resistance + (14, 104) 

Fermentation kinetics in standardized wort 
analyzing cell concentration, pH and ethanol 

+ (98, 96, 111) 

Fermentation performance utilizing high gravity worts (osmotic 
stress) 

+ (26, 84, 108) 

Flocculation behavior + (150, 158, 164, 169) 

Flow cytometry and FACS +/- (110, 148, 175) 

FTIR-spectroscopy (chemotaxonomic fingerprint) +/- (161, 180) 

Glucoamylase activity plate-based tests +/- (67, 142) 

Growth and colony appearance on specific culture media (e.g. 
Melibiose-Agar, WLN-Agar) 

+ (7, 58) 

Growth at 37 °C + (5–7, 66, 138, 58, 184) 

HS-SPME for ester production +/- (137, 139) 

MALDI-TOF MS, GC-TOF MS, PY-MS and other mass-spectrometry-
based methods (protein fingerprint) 

+/- (46, 83, 127, 161) 

Maltose fermentation at 28 °C + (44, 146, 171, 184, 62) 

Maltotriose fermentation at 28 °C + (171, 44, 62, 146) 

Microarray platforms +/- (52) 

Protein fingerprinting (e.g. 2D protein map) - (1, 69) 

Propagation characteristics under standardized aeration in 
standardized wort (generation times during propagation) 

+ (106, 148) 

Screening for flocculation + (98, 96, 111) 

Screening of fermentation by-products 
after fermentation in standardized wort 

+ (98, 96, 111) 

Screening of fatty acids 
after fermentation in standardized wort 

+ (106, 104) 

Sensory beer analysis after fermentation in standardized wort + (98, 96, 111) 

Total fatty acids analysis (determination of FAME compounds) - (160) 

Yeast viability and vitality methods +/- (112) 
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Method 
Relevance 

for brewing yeast 
References 

regarding brewing yeast 

Genetic methods (DNA-based) 

AFLP-PCR - (147) 

FisH/CisH - (159)  

Karyotyping + (70, 162) 

Microsatelitte PCR +/- (144) 

Multiplex PCR +/- (70) 

NGS-based methods (whole genome sequencing) + (40),   

Partial IGS2 rDNA capillary electrophoresis (IGS2-314 rDNA) + (58) 

PCR-DGGE, PCR-TGGE +/- (47, 93)  

PCR-DHPLC +/- (60) 

PCR-RFLP of the 5.8s ITS region and other genes +/- (70, 133, 163), 

RAPD-PCR +/- (8, 70, 144) 

Real-time PCR (specific primers and targets) + (19, 58) 

RFLP mtDNA +/- (70) 

rRNA gene sequencing + (160, 163) 

SAPD-PCR +/- (13) 

Sequencing of mtDNA +/- (134)  

Sequencing of specific genes/house-keeping genes + (74) 

Standard PCR (specific primers and targets) + (79, 19, 76, 78, 74) 

δ-Sequence PCR +/- (144) 
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2 Results (thesis publications) 

2.1 Summary of results 

The thesis publications are each summed up in the following subchapters 2.2 to 2.5. A 

description of the authorship contribution and full copies of the publications are given. Table 

4 gives a short overview of the publications. Publisher permission for the reproducing these 

publications can be found in Section 5.5. 

Table 4: Short overview of the four publications with title of the publication, major objective, applied method and main 
findings. 

Publication Title 

Publication 1 
Genetic and Phenotypic 
Characterization of Different 
Top-fermenting 
Saccharomyces cerevisiae Ale 
Yeast Isolates 

Publication 2 
The Importance of a 
Comparative 
Characterization of 
Saccharomyces 
cerevisiae and 
Saccharomyces 
pastorianus Strains for 
Brewing 

Publication 3 
Incidence of Saccharomyces 
cerevisiae var. diastaticus in 
the Beverage Industry: Cases 
of Contamination, 2008 - 
2017 

Publication 4 
Saccharomyces cerevisiae 
variety diastaticus friend or 
foe? – Spoilage potential and 
brewing ability of different 
Saccharomyces cerevisiae var. 
diastaticus yeast isolates by 
genetic, phenotypic and 
physiological characterization 

Major objective 

Development and evaluation 
of a characterization platform 
combining different genetic 
and phenotypic methods to 
distinguish Saccharomyces 
brewing yeast strains and 
determine their suitability 
and application potential for 
brewing. 

Comparable 
characterization of 10 
common brewing 
culture strains 
regarding brewing and 
sensory properties. 

Collection and evaluation of 
positive PCR analyses on 
S. cerevisiae var. diastaticus 
incidences in the beverage 
industry between 2008 and 
2017 (statistical data 
evaluation of RCW BLQ 
microbiological database). 

Investigation of the spoilage 
potential (super-attenuating 
and sporulation) and brewing 
properties of different S. cer. 
var. diastaticus yeast isolates 
from beer and beer-mixed 
beverages. 

Applied methods / investigations 

Genetic analysis: Real-time PCR, PCR-DNA sequencing 
(publication 1), PCR-capillary electrophoresis 
Brewing trials: Fermentation performance, sugar 
utilization, amino acid utilization, cell growth, 
flocculation behavior, change in pH value, phenolic off-
flavor, fermentation by-products, sulfur dioxide 
Sensorial testing: DLG scheme for beer, beer type 
differentiate test, descriptive sensory evaluation, 
triangle test. 

Evaluation of the data 
according to: Total number of 
companies categorized in 
type and operating site 
(country), total number of 
positive and negative 
incidences and the related 
matrix as well as the type of 
contamination (primary or 
secondary). 

In addition to publication 1: 
Microscope images and 
determination of inter-mediate 
cell size, sodium acetate agar 
test for sporulation behavior, 
modified durham tube test 
with fermented beer medium 
and starch and dextrin agar 
plate test for spoilage potential 

Main findings 

The developed yeast 
characterization platform in 
2 L fermentation vessels is a 
broadly based standardized 
tool to find the right yeast 
strain for distinct brewing 
aims. All investigated ale 
yeast strains differ in their 
brewing properties and the 
resulting sensory profile of 
the final beers. 

All investigated lager, 
kölsch, alt, ale and wheat 
beer yeast strains differ in 
their brewing properties, 
their sensory profile and 
the recommended beer 
style. One lager strain 
showed considerably 
higher SO2 concen-
trations, one ale strain 
was shown to be 
maltotriose negative. 

126 cases from a total of 
52 companies from 15 
countries in Europe were 
evaluated. 62 of them 
were positive for S. cer. 
var. diastaticus, which 
mostly occurred as 
secondary contaminants. 
From 2015 the incidence 
increased with most cases 
occurring in the third 
quarter of each year. 

Clear differences in the super-
attenuating properties and 
brewing potential could be 
verified. No direct correlation 
between the glucoamylase 
gene and the spoilage 
potential could be 
demonstrated. All beers had a 
good flavor having one 
diastaticus strain with no 
spoilage potential. 
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Part 1 

Page 27 - 43 

2.2 Genetic and phenotypic characterization of different 
top-fermenting Saccharomyces cerevisiae ale yeast 
isolates 

The craft beer movement encourages brewers to use more and more aroma-intense ale 

strains to create special, innovative beers. Breweries that want to replace their yeast strain or 

introduce a second strain for other styles or specialty beers need comparable, reliable and 

practical information regarding the characteristics of individual strains. In order to obtain 

adequate strain-specific information, different phenotypic methods are required, which are 

often not directly relevant for industrial brewing applications. In this study a characterization 

platform was developed that combines these phenotypic methods to distinguish brewing 

yeasts and determine their suitability and potential for brewing purposes. To enable quality 

safety and product stability, a genetic classification scheme using molecular methods was 

developed in order to distinguish five commercially available top-fermenting S. cerevisiae ale-

yeast isolates and confirm genetic differences between them. Real-time PCR and sequencing 

of the ITS and 26s rDNA region were used to identify yeast strains at a species level and a PCR 

system IGS2_314 combined with capillary electrophoresis to differentiate at a strain level. 

Following genetic characterization, the genetically different strains were screened for 

phenotypic characteristics, fermentation performance, flavor, and aroma profiles by using 

controlled and identical brewing conditions. To simulate industrial brewing conditions 

experiments were carried out in 2 L stainless steel fermentation vessels with a height to 

diameter ratio of 2:1 and a head pressure of 0.5 bar (imitating the hydrostatic pressure in 

industrial vessels). Brewing attributes were measured according to MEBAK methods at regular 

intervals of 24 hours during the primary fermentation and maturing. The final beer was also 

measured in terms of fermentation performance, sugar utilization, amino acid and free amino 

nitrogen utilization, cell growth, flocculation behavior, change in pH value, phenolic off-flavor, 

fermentation by-products, and sulfur dioxide. Furthermore, the results of sensory analysis 

using organoleptic descriptions were compared with those of the unfiltered products. The 

obtained yeast isolates were confirmed as belonging to the species S. cerevisiae, representing 

different strains with different brewing properties and flavor characteristics. There was 

considerable variation in the fermentation dynamics, maltotriose utilization, flocculation 

behavior and the overall beer flavor. 

Authors/Authorship contribution:  

Meier-Dörnberg, T.: Literature search, data creation, writing, conception and design; Michel, M.: 
Critical review of draft; Wagner, R.S.: Drafted article for English language and content; Jacob, F.: 
Supervised the project; Hutzler M.: Design of genetic methods and selected physiological tests, critical 
revision, revised the conception and manuscript.  
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Part 2 

Page 45 - 69 

2.3 The importance of a comparative characterization of 
Saccharomyces cerevisiae and Saccharomyces 
pastorianus strains for brewing 

The beer aroma is primarily influenced by the yeast strain used. The yeast’s specific 

metabolism means that it can produce about 500 different flavor and flavor compounds (181). 

For decades, only a few domesticated yeast strains with selected phenotypic brewing 

properties have been used for beer production worldwide. In addition to these established 

and widespread culture yeast strains, approximately 300 brewing yeast strains can be 

obtained from different providers and these strains differ in their flavor profile and their 

phenotypic properties, which influences the brewing process. Comparable and reliable results 

in terms of key technological and sensory properties of individual strains are necessary to 

improve brewing efficiency and beer diversity. The results can be used to offer brewers a 

targeted and simplified selection of brewing yeasts adapted to their technological and 

product-specific needs. For this purpose, ten commercial brewing culture strains of the 

Technical University of Munich (TUM), including eight top-fermenting ale strains and two 

bottom-fermenting lager strains, were investigated using the developed characterization 

platform presented in publication 1 (see pages 28-45). 

All ten TUM yeast strains showed different fermentation rates and degrees of apparent 

attenuation, which can be explained by their different ability to ferment maltotriose. Further 

differences between single strains could be shown in their total amino acid utilization, the 

ability to build phenolic off-flavors, the production of fermentation by-products, and the 

resulting flavor composition in the finished beers. All strains showed a specific flocculation 

behavior and not every top-fermenting yeast strain demonstrated powdery behavior. Frisinga-

TUM 34/70® and LeoBavaricus-TUM 68® showed the best phenotypic characteristics and 

stood out from the other investigated yeast strains. 

Authors/Authorship contribution: 

Meier-Dörnberg, T.: Designed and performed the experiments and analyzed the data; Hutzler, M.: 
Contributed reagents/materials/analysis tools, designed primer and probes for real-time PCR and 
DNA-based strain differentiation; Meier-Dörnberg T. and Hutzler, M.: Wrote the paper; Michel, M. 
and Methner, F.-J.: Revised the conception and manuscript, and agreed on submission; Jacob, F.: 
Supervised the project.  
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Part 3 

Page 71 - 79 

2.4 Incidence of Saccharomyces cerevisiae var. 
diastaticus in the beverage industry – Cases of 
contamination with S. cerevisiae var. diastaticus in 
the period 2008 to 2017 

Saccharomyces cerevisiae var. diastaticus is considered to be the most hazardous spoiling 

yeast in beer and beer-mixed beverages. This yeast is difficult to detect as it can competes 

directly with the culture strains. In the filled product S. cerevisiae var. diastaticus causes 

chemical, physical and sensorial changes due to its ability to ferment residual carbohydrates 

such as higher dextrin and starch, which are normally not metabolized by brewing culture 

strains. This super-attenuation leads to an increase in the carbon dioxide concentration, which 

often results in gushing and bottle bursting. The consequence of this can be product recalls 

and a loss of benefits and consumer reputation.  

This paper presents an overview of the increase in contamination with S. cerevisiae var. 

diastaticus and the importance of detection in breweries and the beverage industry in Europe 

over the past 9.5 years (January 2008 to June 2017). A total of 126 S. cerevisiae var. diastaticus 

instances in 52 European companies are evaluated according to their origin (beer, beer-mixed 

beverages, non-alcoholic beverages, etc.), country, year, and type of contamination. Most of 

the positive findings occur as secondary contaminations during the filling process in the 

bottling area or to biofilms in the pipework system of the filler. Only a small number can be 

traced back to primary contamination in the brewhouse, fermentation cellar and storage 

cellar. 

The evaluation study shows that six positive contaminations with S. cerevisiae var. diastaticus 

were detected every year and instances have been steadily increasing since 2015. Most 

contaminations occur during the third quarter of the year, when beer production and 

consumption was at the highest level. 

Authors/Authorship contribution:  

Meier-Dörnberg, T.: Data analysis and interpretation; Jacob F.: Supervised the project; Michel, M.: 
Critical review; Hutzler, M.: Provided microbiological data of accredited laboratory (TUM RCW BLQ), 
support in the statistical analysis of data and critical content review 
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Part 4 

Page 81 -107 

2.5 Saccharomyces cerevisiae variety diastaticus friend 
or foe? – Spoilage potential and brewing ability of 
different Saccharomyces cerevisiae var. diastaticus 
yeast isolates by genetic, phenotypic and 
physiological characterization 

Saccharomyces cerevisiae var. diastaticus is an obligatory spoilage microorganism in the 

beverage industry. The amount of contaminations in beer and beer-mixed beverages has 

increased in the past three years, making it important to detect this microorganism and obtain 

reliable results on the spoilage potential of S. cerevisiae var. diastaticus strains. 

The following paper investigates the spoilage potential of various S. cerevisiae var. diastaticus 

brewery isolates and their application potential for brewing purposes. It could be shown that 

the spoilage potential, e.g. the super-attenuating power is not directly linked to the presence 

of STA1 gene encoding for the enzyme glucoamylase. A developed starch agar test provides a 

reliable and fast detection of strains with super-attenuating power. A modified Durham test 

detecting the formation of gas caused by the super-attenuation ability shows clear differences 

in the spoilage potential and the time needed for noticeable spoilage. Further investigation 

into the intermediate cell sizes and the sporulation behavior of the strains, and the developed 

characterization platform for small-scale brewing trials were used to investigate brewing 

properties and sensorial characteristics (based on publications Part 1 + Part 2). Most of the 

beers with S. cerevisiae var. diastaticus are characterized by a dry and winey body with 

noticeable phenolic off-flavors above the sensory threshold. One S. cerevisiae var. diastaticus 

strain did not show any spoilage or super-attenuating ability, even if the STA1 gene could be 

verified by RT-PCR. This strain only fermented a low level of maltotriose and resulted in full-

bodied beers with lots of fruity aromas and phenotypic brewing properties that were 

comparable with classical brewing culture strains. 

It can be concluded that strains of S. cerevisiae var. diastaticus may be suitable for brewing 

applications and may be used in mixed fermentations or secondary bottle fermentation (e.g. 

post-fermentation) to produce beer specialties with a special flavor profile and/or a low 

carbohydrate content. 

Authors/Authorship contribution: 

Meier-Dörnberg, T.: Literature search, writing, data creation and interpretation, study conception and 
design; Kory, O.I.: Data creation, support of method development; Jacob, F.: Supervised the project; 
Michel, M.: Support with real-time PCR analytics and interpretation; Hutzler M.: Modification of 
acetate-medium for spore formation, Developed accredited RT-PCR compatible STA1 detection 
method, supported the creation of research plan, critical content review.  
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3 Discussion 

The yeast strain used in the brewery significantly impacts the aroma and the effectiveness of 

the brewing process (63, 67, 124, 181). In addition to yeast strain selection, the fermentation 

process is influenced and driven by the composition of the fermentation substrate, as well as 

by technical and technological factors (91, 155). The yeast cells react to changes in parameters 

such as head pressure, convection, temperature and aeration rate, which modify the 

fermentation performance and the resulting aroma profile of the beer (156). This makes it 

possible to offset fluctuations and create a more fruity or neutral overall aromatic impression 

of the beer (168). The fermentation process and the overall sensory impression of the finished 

beer can therefore be adapted, but not fundamentally altered, to the requirements and 

conditions of the brewery. With the exception of specialty malts, hop varieties and dosing 

techniques, the use of a new yeast strain represents the simplest way of manufacturing an 

alternative or new beer type with individual aromas. The selection of a yeast strain with the 

same aroma profile, but with process-optimized properties, can also make beer production 

more efficient and cost-effective without losing the “house flavor”. Selecting an alternative or 

new yeast strain is often very difficult for brewers. Previous investigations into the properties 

of individual yeast strains relevant to brewing primarily address the impact of varying 

individual fermentation parameters or consider brewery-specific yeast strains that are not 

commercially available to other brewers (54, 111, 141, 171). It is without doubt that successful 

implementation of a “new” yeast strain for the brewery is only possible using in-house 

applications under practice conditions. A lack of capacity, economic interests or 

microbiological uncertainties mean that these new strains are usually not implemented, with 

the result that breweries continue to rely on proven yeast strains (44, 152).  

The aim of this paper was therefore to generate statements that can be transferred to practice 

regarding the expected range of aromas and process-relevant properties of different yeast 

strains to enable targeted and innovated application in breweries. The collection of specific 

characteristics of selected Saccharomyces yeasts thereby forms the basis for targeted 

selection of brewing yeasts according to the brewing method and desired beer type. 

A characterization platform was created and implemented for this purpose, combining 

current molecular biological identification and classification methods with brewery-related 

phenotypic methods under standardized and consistent conditions, providing results that can 

be transferred to brewing practice (see Section 2.2). 

In contrast to the previous characterization of brewing yeast strains by DONHAUSER and MÜLLER-

AUFFERMANN, the use of a standardized wort and standardized fermentation conditions make 

it possible to obtain diverse phenotypic properties and compare these with each other in a 
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meaningful way for the first time. In 1987 DONHAUSER et al. investigated 24 bottom-fermenting 

yeast strains as well as 7 top-fermenting yeast strains in 1991 (31–33) . The high proteolytic 

solution in 1986 brewing malt resulted in a low zinc content of the brewing wort used as the 

fermentation substrate, which had a negative effect on the fermentation performance of the 

investigated bottom-fermenting yeast strains. In addition, a study characterizing 7 bottom-

fermenting yeast strains, conducted and published in 2017 by MÜLLER-AUFFERMANN, did not 

used a standardized wort as the fermentation substrate (111). MÜLLER-AUFFERMANN used cast-

out wort obtained from an industrial brewery, which makes it difficult to reproduce or 

compare results with further characterized yeast strains, as the wort composition is influenced 

by a number of environmental and technological factors (113). 

The fermentation performance of an individual brewing yeast strain represents one of the 

most important factors for the implementation of new yeast strains in industrial brewing 

applications. The fermentation performance includes the final degree of attenuation and the 

necessary total fermentation time. While keeping the output as high as possible, the length of 

fermentation currently represents the limiting factor in industrial beer manufacture due to 

economic factors or plant-specific production bottlenecks. Fermentation periods of 

approximately 4 days for German wheat beer or 7–10 days for bottom-fermenting lager beers 

usually should not be exceeded. 

For this reason, the single fermentations within this study took place until the strain-specific 

final degree of attenuation was achieved. In this way, all other strain-specific parameters such 

as flocculation behavior, sugar metabolism and amino acid utilization etc. also provided results 

and statements. MÜLLER-AUFFERMANN analyzed phenotypic properties after 4 days of 

fermentation and compared all investigated parameters with one reference strain, which 

makes it difficult to establish transferable statements. Compared with the investigations of 

DONHAUSER and MÜLLER-AUFFERMANN, the characterization model shown in this paper also 

provides genetic analysis to guarantee the genetic distinctiveness of the strains involved to 

ensure reliable and reproducible results.  

Every brewer’s ultimate goal is the final desirable taste of the produced beer. The choice of 

yeast strain is therefore directly linked to the individual and special flavors created when 

developing new beer types and styles. For this reason, the produced beers are evaluated 

analytically and in terms of their sensory properties according to a specially prepared tasting 

sheet. This enables statements to be made for the first time on individual aroma profiles and 

the overall flavor impression of each individual strain. Table 5 sums up the main differences 

between the brewing yeast characterization model developed in this study compared with the 

characterization of DONHAUSER and MÜLLER-AUFFERMANN (31, 32, 111) 
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Table 5: Main differences of the developed brewing yeast characterization model to former yeast characterization studies 
of DONHAUSER 1987 and MÜLLER-AUFFERMANN 2015 (31, 32, 111) 

Criteria 
Donhauser 

et al. 
Müller-

Auffermann et al. 
Meier-Dörnberg 

et al. 

Investigated yeast type: 
Bottom-fermenting (BF), 

top-fermenting (TF), 
spoilage yeast (SY) 

BF, TF BF BF, TF, SY 

Reference (31–33) (111) (98, 96, 97) 

Pilot plant 

Pilot brewery 
(main fermentation); 

20 L cornelius keg 
(maturation and 

lagering) 

2 L small scale 
fermenter 

2 L small scale 
fermenter 

Genetic pre-analysis Partially on strain level × Species and strain level 

Wort composition Industrial wort Industrial wort Standardized wort 

Constant pitching rate Only for BF strains   

Fermentation time: 
Final apparent attenuation (FAA) 

Different 
(BF: FAA TF: 3 days) 

4 days FAA 

Forced maturation ×   
Bunging (0.5 bar) Single Row Single 

Sensory analyis DLG DLG, descriptive 
DLG, descriptive, 

beer type, triangle test 

Phenolic off-flavor test Only OG ×  
Data comparison  To reference strain  

Ten commercially available yeast strains to produce traditional beer varieties such as German 

wheat beer, koelsch, alt, trapist, ale and lager were used to evaluate the characterization 

model developed in this study (see Section 2.3). Their frequent application on an industrial 

scale and their specific use for particular beer types supports the suitability of these strains 

for a direct comparison of the brewing properties under standardized, consistent conditions. 

As a result of the increasing microbiological contamination in brewing practice with over-

fermenting yeasts of the species Saccharomyces cerevisiae var. diastaticus, the incidence of 

S. cerevisiae var. diastaticus in the beverage industry during the period 2008-2017 has been 

investigated and listed (see Section 2.4). As the analysis shows, the number of positive 

contaminations has increased since 2015. The majority of positive findings were determined 

in the third quarter of the year. This is presumably caused by warmer temperatures in the 

course of the summer season and by increased production at the expense of various basic 

cleaning intervals within the beverage manufacturers and breweries. Most of the positive 

findings occur as so-called secondary contamination in the bottling plant and are traced back 

to contamination in the filling environment and/or biofilms in the pipework supplying the 
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bottler. In order to assess the expected spoilage potential and the resulting product changes, 

as well as the possible suitability of specific strains to manufacture low-calorie beers or add a 

specific aroma, yeast isolates from various brewing and beverage sectors were analyzed using 

the characterization model and further investigated in terms of their sporulation capacity and 

spoilage potential in specially developed tests. 

The first step of the characterization model involves genetic identification and taxonomic 

classification of the yeast isolates to the strain level to ensure the purity of the used yeast 

strains and subsequently consistent and reproducible results from these strains. The species 

identification of the investigated yeast isolates and strains was first determined by using 

species specific RT-PCR systems and sequence analysis of the D1/D2 domain of the 26S rRNA 

gene and the ITS1-5.8S-ITS2 ribosomal rRNA gene. A total of 32 different yeast strains were 

genetically identified as belonging to the Saccharomyces genus including three S. pastorianus 

lager yeast strains, eleven S. cerevisiae ale strains and eighteen S. cerevisiae var. diastaticus 

spoilage yeast strains. All yeasts were further classified as being genetically different strains 

by means of PCR of the IGS2-314 loci combined with capillary electrophoresis of the amplicon 

fragments and subsequent Bionumerics fingerprint analyses. The PCR amplicons of the ITS1-

5.8S-ITS2 region could not be unambiguously sequenced. The ITS1-5.8S-ITS2 of the yeast 

strains TUM 213, TUM 511® (ale), DSM 70487 and TUM 3-H-2 (S. cer. var. diastaticus) 

delivered short nucleotide sequences as a result of different polymorphic repeats in the 

genome. This suggests that each rDNA domain does not have the same and specific nucleotide 

sequence and differ in their different loci in the genome of the strain. Sanger sequencing of 

the ITS1-5.8S-ITS2 ribosomal rRNA region does not therefore appear useful for the reliable 

genetic analysis of different Saccharomyces yeast strains. Genetic identification and 

taxonomic classification is not only necessary to ensure the fermented product has a reliable 

and consistent quality, it can also provide an initial assessment of the expected fermentation 

behavior of the investigated yeast strain (61). However, brewing properties and characteristics 

are strain dependent regardless of whether two yeast strains are the same, similar or 

different, and genetic identification/classification does not provide any transferable 

information on the phenotypic (brewing) properties of a strain. Saccharomyces brewing yeast 

strains can be very heterogeneous, and distinct phenotypic tools used to determine brewing-

relevant properties (see Table 3) can produce different results as a result of different test 

conditions, culture media with different compositions or genetic drifts due to long storage 

times or repeated inoculation (65). In addition, most of them do not provide any information 

on the overall brewing potential for industrial applications and the beer type for which the 

yeast strain is most suitable. To give reliable results about the specific phenotypic brewing 

properties and the suitable beer type, single phenotypic methods were combined and used in 

small-scale fermentation trials. The fermentation substrate and the fermentation conditions 
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were kept constant so that only strain-specific brewing properties and the impact on the 

aroma profile were recorded. The fermentation profiles were differentiated into the 

production of bottom-fermenting (lager) and top-fermenting (ale) beers, to maintain practical 

conditions and therefore obtain representative results (see Section 2.3). To determine which 

sensory properties are characteristic of the relevant yeast strain, an internally developed 

tasting scheme was used, which ensured classification to a beer type along with individual 

aroma attributes.  

Out of the 32 genetically identified yeast strains, a total of 19 different strains including three 

lager, ten ale and six S. cerevisiae var. diastaticus were screened for phenotypic characteristics 

in terms of their fermentation performance, flavor, and aroma profiles. All investigated yeast 

strains showed different brewing properties and flavor characteristics. It could be shown that 

differences in the fermentation rates and degrees of apparent attenuation are mainly caused 

by a strain-specific ability to ferment maltotriose, higher dextrins and starch. In terms of sugar 

utilization, the top-fermenting ale yeast strain Mel - TUM 211® and the 

S. cerevisiae var. diastaticus yeast strain TUM 3-H-2 only fermented a low level of maltotriose 

while the LunaBavaria - TUM 127® yeast strain could not ferment any maltotriose. In the case 

of non-fermentation of maltotriose, LunaBavaria - TUM 127® beers reached their apparent 

attenuation faster than Mel-TUM 211® and TUM 3-H-2 and needed less time for 

fermentation. Interestingly, investigations of other authors showed that some yeast strains 

such as LunaBavaria - TUM 127®, are not maltotriose-negative and can be adapted to utilize 

maltotriose by repitching multiple times, resulting in fermentation rates and apparent 

attenuations comparable with traditional brewing culture strains (18, 63). The 

S. cerevisiae var. diastaticus strain TUM 3-H-2 fermented a low level of maltotriose but did not 

ferment any higher dextrins or soluble starch. Residual carbohydrate metabolization in beer 

is found to be a major characteristic of S. cerevisiae var. diastaticus yeast strains due to 

extracellular degradation by the enzyme glucoamylase. The glucoamylase enzyme for starch 

degradation is encoded by at least one of the STA (STA1, STA2 and STA3) or DEX genes (81, 

183). (94). Accordingly, and even if the STA1 gene could be verified by RT-PCR, the super-

attenuation ability of the investigated S. cerevisiae var. diastaticus yeast strains can be due to 

the STA2, STA3 or DEX gene, which were not identified by the used RT-PCR system, or the 

STA1 gene is inactive and did not encode for glucoamylase enzymes in strain TUM 3-H-2. It can 

be concluded that strains also need to be checked in physiological tests to detect the specific 

spoilage and super-attenuating power. The metabolism of dextrin and starch is strain 

dependent, which could be confirmed in a developed starch agar plate test and a modified 

Durham tube test with a fermented beer medium (see Section 2.5). The starch agar plate test 

in particular can be used to detect super-attenuating S. cerevisiae var. diastaticus yeast strains 

to achieve reliable results within a short period. This requires an additional cell-washing step 
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to remove any remaining adherent wort carbohydrate, which ensures that the cells could not 

use this as an energy source for cell growth. Furthermore, bromophenol blue can be added to 

the agar for better detection of cell growth under anaerobic conditions. For the dextrin agar 

plate test, dextrin prepared by digesting starch with alpha-amylase should be used because 

commercially available dextrin cannot guarantee the necessary level of purity for reliable test 

results (81). Dextrin is a superordinate term for a starch degradation product. Its molecular 

size is defined only as a size between starch and oligosaccharides, and it is conceivable that 

dextrin would undergo at least partial degradation by non-super-attenuating yeast strains. In 

addition to the genetic analysis and detection of their super-attenuating power and spoilage 

potential, the S. cerevisiae var. diastaticus strains were investigated for morphological 

differences and their sporulation behavior by phase microscopy. Compared with lager and ale 

brewing strains, yeast cells of S. cerevisiae var. diastaticus exhibited a smaller cell size as 

confirmed by POWELL et al. (128). The cells appeared singly or in pairs from one to four cells. 

The cells of the S. cerevisiae var. diastaticus strains show faster and higher spore formation 

than the lager and ale strains. Under identical experimental conditions, 

S. cerevisiae var. diastaticus yeast strains displayed spore formation of mostly one to three 

spores within an ascus with a main spore formation of two spores compared with lager and 

ale strains which had mainly one spore within an ascus. To classify all the investigated strains 

according to their specific flocculation behavior, the cell concentration was measured during 

the main fermentation phase and maturation phase. Strains were classified according to their 

flocculation behavior as flocculent or non-flocculent (“powdery”) yeast strains according to 

the difference in the number of cells at the strain-specific final gravity compared with the 

maximum cell concentration reached during fermentation. This did not take into account the 

influence of the different used fermentation profiles for lager and ale beers. Overall, each 

investigated lager strain showed greater flocculent behavior than the ale and 

S. cerevisiae var. diastaticus strains. Within the ale strains, not every top-fermenting strain 

showed powdery behavior or less flocculation behavior than the lager strains. 

LunaBavaria - TUM 127® and Vetus - TUM 184® showed flocculent behavior similar to the 

bottom-fermenting strains Frisinga - TUM 34/70®, Securitas - TUM 193® and TUM PI BA 124. 

However, the flocculation potential in yeast differs from strain to strain and seems to be due 

to the physiological properties of each strain. It can be concluded that, with the exception of 

Mel - TUM 211® and Tropicus - TUM 506®, “powdery” yeast strains ferment beer faster than 

“flocculent” strains, resulting in similar final attenuations. It was expected that 

S. cerevisiae var. diastaticus strains would exhibit more powdery flocculation behavior than 

classical ale and lager brewing strains although this could not be confirmed (128). 

In comparison with the ale brewing strains they did not flocculate below the pitching 

concentration by reaching their final gravity. However, the number of flocculated cells 
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compared with the maximum cells in suspension was much higher. The higher concentration 

of yeast cells in suspension is hereby due to the yeast propagated as a result of super-

attenuation and can also be caused by the smaller cell size compared with ale brewing strains. 

Differences were observed in the total amino acid utilization for each investigated yeast strain, 

and no conclusion can be drawn as to cell growth. The total amino acid utilization was different 

for each investigated S. cerevisiae var. diastaticus strain and lower compared with the 

metabolized FAN and total AS amount for the investigated lager and ale brewing yeast strains 

in Sections 2.2 and 2.3. In conclusion, the investigated S. cerevisiae var. diastaticus strains 

need a lower FAN concentration in the wort to achieve a fermentation performance 

comparable to classical culture brewing yeast strains. With the exception of Mel - TUM 211® 

and Tropicus - TUM 506®, the capacity for acidification (∆pH) of all investigated strains was 

within the range of average beers and resulted in the finished beer having a pH value of 4.4 to 

4.6 (5.2 in the pitched wort). The weaker capacity of acidification of Mel - TUM 211® and 

Tropicus - TUM 506® might be due to the excretion of yeast metabolites and the uptake and 

metabolization of pyruvate as a result of cell autolysis caused by the low fermentation 

performance (3).  

In order to make statements on the expected aroma profile of individual yeast strains and thus 

give a reliable recommendation for the most suitable beer type, there was a focus on the 

resulting overall sensory properties, and the individual and main flavor impression of the final 

beers as well as the production/concentration of single fermentation by-products. The 

production of phenolic off-flavors in particular was shown to be the main specific aroma 

compound for German wheat beers. The performed phenolic off-flavor tests made it possible 

to predict phenolic flavors coming from the decarboxylation of coumaric-, ferulic- or cinnamic 

acid. It could be shown that if the panelists recognized a clove-like flavor resulting from the 

decarboxylation of ferulic acid to the aroma-active 4-vinylguaiacol, they referred to these 

beers as wheat-style beers. This individual flavor impression is therefore not directly linked to 

a concentration of 4-VG above the threshold. Depending on the overall flavor profile of the 

beer, these phenolic (off-) flavors are suppressed by synergistic effects and thus are not 

perceptible despite increased concentration in the final product. The flavor and aroma 

assessment in this case further showed that the top-fermenting ale strain 

Harmonia - TUM 511® and the S. cerevisiae var. diastaticus strains TUM 3-H-2 and TUM 71 

offered desired flavor and aroma impressions and may be suitable for brewing a “Bavarian 

Ale”. This newly proposed beer type is characterized by the fruitiness of an ale-style brewed 

beer, underlined by the slightly spicy and yeasty flavors of a German wheat beer. Not all of 

the investigated top-fermenting S. cerevisiae brewing strains were capable of producing POF. 

The panelists could only detect aroma-active components formed by the top-fermenting yeast 

strains LeoBavaricus - TUM 68® and LunaBavaria - TUM 127®, commonly used for German 
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wheat beer production, and Harmonia-TUM 511® (ale beer production) and for 

Monacus - TUM 381® (trappist beer production). The top-fermenting S. cerevisiae strains 

Mel - TUM 211®, Colonia - TUM 177®, Tropicus - TUM 506® and Vetus - TUM 184® are POF 

negative, which explains and confirms their commercial use for top-fermented aroma 

intensive and fruity beer types alongside German wheat beers (91). The use of the 

S. pastorianus brewing strains resulted in typically POF-negative lager beers with a clean flavor 

profile and a relatively low level of fruity or floral flavors compared with ale strains (12, 39). 

Within the lager strains, Securitas - TUM 193® showed unique strain properties. The 

formation of sulfur dioxide (SO2) during fermentation could be detected in all strains, but 

concentrations differed from 0.50 ± 0.00 mg/L to a considerably higher level on average of 

9.47 ± 0.68 mg/L for the S. pastorianus lager strain Securitas - TUM 193®. The beers produced 

with S. pastorianus Securitas - TUM 193® showed a more intensive aroma and fruity flavor 

profile compared with the beers produced with Frisinga - TUM 34/70® and TUM PI BA 124. 

Securitas - TUM 193® can therefore be highly suitable for producing fruity lager beers with 

high flavor stability. The SO2 formation for the investigated S. cerevisiae var. diastaticus strains 

did not exceed 1.00 ± 0.00 mg/L, which was much lower than the average produced by the 

investigated lager and ale brewing strains. The main and individual flavor impressions of the 

S. cerevisiae var. diastaticus beers ends in a mainly dry and winey body with noticeable POF 

underlined by lots of fruity flavors. All S. cerevisiae var. diastaticus strains were capable of 

producing POF above the individual threshold. The results show that 

S. cerevisiae var. diastaticus strains are suitable for brewing under identical conditions 

compared with classical ale brewing culture strains, resulting in desirable, appealing beers 

with a clear taste. Strains of S. cerevisiae var. diastaticus show high potential as pure starter 

cultures and can also be used in secondary or mixed fermentations to produce beers with 

special flavors and/or low carbohydrate content or they can be used in high gravity brewing 

to increase economic efficiency and profitability. 

As the results show, all investigated yeast strains have distinct fermentation properties 

resulting in beers with a great variety of different aroma impressions and intensities. The 

isolation and characterization of different yeast strains for application in breweries is an 

underestimated opportunity to develop new beer styles and flavors without violating the 

German purity law. In addition, by combining the pure culture with other yeast strains in 

mixed fermentations or by varying the pitching time, the resulting flavor variety is almost 

limitless (181). The characterization model for genetic and phenotypic characterization of 

selected Saccharomyces strains as beer fermentation starter cultures presented in this 

dissertation can hereby be used to distinguish brewing yeasts and make statements on their 

suitability and application potential for brewing. By creating a data set of brewing yeasts with 

unique fermentation properties and aroma profiles we want to place the focus on using yeasts 
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beyond the limited number of strains used currently in the brewing industry. The use of a 

limited number of strains has resulted in a limited beer diversity (18, 61, 99, 156). The results 

obtained are collected and summarized for comparison. An illustrative example of these 

results is shown for the German wheat beer yeast strain LeoBavaricus - TUM 68® in Figure 4. 

 

Figure 4: Visualized characterization of top-fermenting brewing strain S. cerevisiae LeoBavaricus - TUM 68® (63) 

The visualized main characteristics allows brewers around the world access to a simplified and 

targeted selection of brewing yeast strains suitable for their specific purposes. Breweries can 

be given customized advice regarding the desired type of beer, irrespective of whether they 

want to replace their existing yeast strain to improve the aroma profile of existing beer styles, 

develop new beer styles, or optimize their fermentation process. Knowledge of the different 

yeast strain characteristics can, in particular, promote the competitiveness of small and 

medium-sized breweries and, if necessary, secure their existence by being part of the steadily 

increasing market for beer specialties (185). This model for a comparative characterization can 

further be used to identify and classify newly acquired or unknown yeasts in term of their 

brewing ability. According to an extrapolation, there are about 669,000 different yeast species 

of which 1,500 are currently known and only about 20 are used industrially (62, 75, 170). The 

richness of nature in new yeasts is far from exhausted (89, 176). Since each species consists 

of a large number of strains, which may have potential for beer fermentation, the brewer has 

no limits in terms of yeast. Only the effort to characterize these yeasts strains stands between 

a great beer diversity and the brewer 
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