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Summary

Summary

In recent years, increased attention has been paid to the fermentation of beers using non-Saccharo-
myces yeasts. In compliance with the German Purity Law, the potential modification options initially
seem limited with regards to diversifying beer flavor. Although numerous special malts and aroma
hops have already been investigated in order to develop a greater variety of products, yeasts have a
decisive influence on the beer flavor. The scientific breakthrough by Emil Christian Hansen, who suc-
ceeded in isolating a single cell of the brewing yeast Saccharomyces pastorianus in 1883, laid the foun-
dation for the domestication of Saccharomyces yeasts for beer brewing, yet the aroma diversity of
beers has progressively decreased as co-culture fermentations were no longer carried out. However,
non-Saccharomyces yeasts do have the potential for producing sensorially appealing flavors during the
fermentation of brewer’s wort, which is demonstrated by beers traditionally produced with non-Sac-
charomyces yeasts, such as Berliner Weisse or Lambic beers.

A wide variety of yeasts is used in numerous food and beverage fermentations, often making a decisive
contribution to the overall flavor. Some of these yeasts could also be suitable for the fermentation of
brewer’s wort to generate outstanding aromas. As research in this field is currently still in its infancy
and offers far-reaching potential, 20 different yeast species known from versatile food and beverage
fermentations were investigated for their suitability for beer brewing as part of this work. The focus
was on diversifying the beer flavor in order to generate novel and at the same time appealing flavor
profiles. This applied to regular beers containing alcohol as well as non-alcoholic and low-alcohol beers.
In contrast to regular beers containing alcohol, non-alcoholic beers have experienced steady market
growth in recent years. In addition, there is a greater need for flavor diversification in this sector due
to the continuing challenge of eliminating wort aromas from non-alcoholic beers for flavor optimiza-
tion. Therefore, this thesis focuses on non-Saccharomyces yeasts suitable for the production of non-
alcoholic beers, while non-Saccharomyces yeasts for the production of regular beers are only discussed
in the first publication.

A yeast needs to possess certain metabolic properties to be suitable for beer brewing. This includes
the ability to metabolize the carbohydrates present in the brewer’s wort and a sufficient tolerance to
hops and, in the case of the production of a regular beer with alcohol, sufficient tolerance to ethanol.
The kind of wort sugars the respective yeast strain can utilize for its cell metabolism determines
whether a regular beer or a non-alcoholic or low-alcohol beer can be produced.

In this thesis, a characterization method on a microtiter plate scale was first developed due to the
limited data available on the use of non-Saccharomyces yeasts for beer production. By applying this
method, extensive screening could be conducted within a relatively short period of time. A total of 110
different yeast strains of 18 yeast species were investigated in selective media to find out which wort
sugars could be metabolized and whether there was sufficient hop and ethanol tolerance. With regard
to flavor formation, the yeasts were inoculated into wort for an initial odor test and subjected to a test
to detect phenolic off-flavors. Provided that there was sufficient hop and ethanol tolerance, no phe-
nolic off-flavors were detected and the odor test revealed a positive initial impression, the yeasts were
used for subsequent fermentation trials on a small 2-liter scale. Five promising yeast strains of three
different species were tested, which were able to metabolize maltose in the microtiter plate test and
thus showed potential for the production of regular beers containing alcohol. Three beers fermented
with Saccharomycopsis fibuligera yeast strains stood out positively due to their fruity flavors, which
were reminiscent of plum and berries.



Since an outstanding number of yeast strains, which were maltose- and maltotriose-negative, had de-
veloped pleasant fruity flavors in the odor test, 15 of these yeast strains were selected in the course
of the thesis for further fermentation trials on a small 2-liter scale that showed potential for the pro-
duction of non-alcoholic beers. Three beers fermented with Cyberlindnera saturnus yeast strains stood
out with particularly positive flavor characteristics reminiscent of pear, cool mint sweets, and banana.
One of the three yeast strains, C. sat 247 released a pleasant berry flavor as well as a subtle apple
flavor in addition to the aromas mentioned. The non-alcoholic beer of another Saccharomycopsis fibu-
ligera yeast strain was also convincing with berry and plum-like flavors. Although the S. fibuligera yeast
strain S. fib Lu27 was able to metabolize maltose in a selective medium within a very short time, the
strain proved to be weak in fermentation in brewer’s wort, as the beer remained below 0.5% (v/v)
ethanol at an original gravity of 7 °P and a fermentation temperature of 20 °C.

Based on the anomalies regarding sugar utilization of the S. fibuligera yeast S. fib Lu27, this strain as
well asthe S. fibuligera strain S. fib SF4 were investigated for their sugar metabolism. Existing literature
indicates that this yeast species possesses extracellular glucosidases that can hydrolyze both maltose
and maltotriose before diffusing into the cell. During this research, it was found that both yeast strains
can also actively take up maltose into the cell, whereas no specific maltotriose permease was found.
Furthermore, due to the filamentous growth of S. fibuligera, single cells of the strain S. fib SF4 were
isolated and re-cultured, which indeed resulted in a significant reduction of mycelial growth in direct
comparison to the mother culture and could represent a technological advantage for industrial appli-
cation due to the improved flocculation behavior. At the same time, no genetic differences were de-
tected in a (GTG)s rep-PCR fingerprint and the flavor profile of the beer remained unchanged.

The flavor profile of the beer fermented with C. saturnus C. sat 247 was also investigated further on
the basis of its strikingly positive sensory properties, since the mentioned berry- and apple-like flavors
could not be attributed to any specific metabolites. By applying instrumental analytics, (E)-8-dama-
scenone was detected, which correlated with the flavors determined from sensory analysis in a multi-
variate data analysis. Additionally, the influence of varying fermentation temperatures, yeast pitching
rates and original gravities on the flavor properties of beers fermented with the yeast strain C. sat 247
was tested on a small 2-L scale. Optimization of the beer to achieve maximum fruitiness while mini-
mizing undesirable aroma components and ethanol content was reached at a fermentation tempera-
ture of 16.1 °C, original gravity of 10.5 °P and a pitching rate of 5 x 10° cells/mL.

The increasing scientific and industrial interest in the use of non-Saccharomyces yeasts for beer brew-
ing requires a safe and reliable application of the yeasts. For this reason, in the final part of this thesis,
16 yeast strains that showed suitability for the production of non-alcoholic beers were tested for nine
beer-relevant biogenic amines and for their tolerance in gastric juice at 37 °C in vitro. While the se-
lected biogenic amines remained below the limit of quantification of 5.0 mg/L without exception, six
yeast species revealed viabilities above 90% in the tolerance test. This underscores the need for com-
prehensive safety testing before yeasts are applied in brewing beer. However, non-alcoholic beers can
also have positive health aspects. Based on this, four selected yeast strains of the species C. saturnus,
Kluyveromyces marxianus and S. ludwigii and their respective non-alcoholic beers were tested for B
vitamins. Although these were found in nutritionally relevant amounts to supplement a balanced diet,
they most likely originated from the raw materials and were not synthesized by the yeasts themselves.



Zusammenfassung

Zusammenfassung

In den letzten Jahren wurde verstarkt Augenmerk auf die Fermentation von Bieren mittels Nicht-Sac-
charomyces Hefen gelegt. Vor dem Hintergrund des Deutschen Reinheitsgebotes scheinen die Optio-
nen an potentiellen Modifikationen zunachst begrenzt, wenn es um die Diversifizierung des Bieraro-
mas geht. Zwar wurden bereits zahlreiche Spezialmalze und Aromahopfen untersucht, um eine gro-
Rere Produktvielfalt zu entwickeln, allerdings nehmen die Hefen einen entscheidenden Einfluss auf das
Bieraroma. Nachdem mit dem wissenschaftlichen Durchbruch durch Emil Christian Hansen, dem es im
Jahr 1883 gelang, eine Einzelzelle der Brauhefe Saccharomyces pastorianus zu isolieren, der Grund-
stein fiur die Domestizierung von Saccharomyces Hefen fiir das Bierbrauen gelegt war, nahm die Aro-
mavielfalt der Biere fortschreitend ab. Dass jedoch Nicht-Saccharomyces Hefen durchaus Potential fir
die Herstellung sensorisch ansprechender Aromen wahrend der Fermentation von Bierwiirze haben,
beweisen traditionell mit Nicht-Saccharomyces Hefen hergestellte Biere wie beispielweise Berliner
WeilSe oder Lambic Biere.

In zahlreichen Lebensmittel- und Getrankefermentationen kommen unterschiedlichste Hefen zum Ein-
satz, die oftmals einen entscheidenden Eintrag zu der Aromagebung leisten. Einige dieser Hefen konn-
ten auch fir die Fermentation von Bierwiirze geeignet sein, um herausragende Aromen zu generieren.
Da die Forschung in diesem Bereich zurzeit noch in den Kinderschuhen steckt und ein weitreichendes
Potential bietet, wurden im Rahmen dieser Arbeit 20 verschiedene Hefespezies, die aus unterschied-
lichsten Lebensmittel- und Getrankefermentation bekannt sind, auf ihre Tauglichkeit zum Bierbrauen
untersucht. Der Fokus lag hierbei auf der Diversifizierung des Bieraromas, um neuartige und gleichzei-
tig ansprechende Aromaprofile zu generieren. Dies betrifft gleichermafen alkoholhaltige Vollbiere so-
wie alkoholfreie bzw. alkoholarme Biere. Im Gegensatz zu den Vollbieren verzeichnen alkoholfreie
Biere allerdings in den letzten Jahren ein stetiges Marktwachstum. Zudem besteht in dem Bereich ein
groRerer Bedarf an einer Aromadiversifizierung, die nicht zuletzt eine Aromaoptimierung beinhaltet
aufgrund der nach wie vor existierenden Herausforderung, Wiirze-Aromen aus alkoholfreien Bieren zu
eliminieren. Aus diesem Grund wird in dieser Arbeit ein Fokus auf Nicht-Saccharomyces Hefen gelegt,
die zur Herstellung alkoholfreier Biere geeignet sind, wahrend Nicht-Saccharomyces Hefen zur Produk-
tion von Vollbieren nur eingangs thematisiert werden.

Damit die Anwendbarkeit einer Hefereinzucht fiir die Bierherstellung gegeben ist, muss diese be-
stimmte Stoffwechseleigenschaften aufweisen. Dies schlieRt ein, dass sie die in der Bierwiirze vorhan-
denen Kohlenhydrate verstoffwechseln kann und eine ausreichende Toleranz gegenliber Hopfen und
im Falle der Herstellung eines alkoholhaltigen Bieres ebenso eine ausreichende Toleranz gegeniiber
Ethanol aufweisen muss. Abhdngig davon, welche Wiirzezucker der jeweilige Hefestamm fiir seinen
Zellstoffwechsel nutzen kann, wird gesteuert, ob ein Vollbier oder ein alkoholfreies bzw. alkoholarmes
Bier hergestellt werden soll.

Basierend auf der eingeschrankten Datenlage zum Einsatz von Nicht-Saccharomyces Hefen fiir die Bier-
herstellung wurde im Rahmen dieser Arbeit zunachst eine Charakterisierungsmethode im Mikrotiter-
platten-Malistab entwickelt, mit deren Hilfe ein umfangreiches Screening in verhaltnismalig kurzer
Zeit durchgefiihrt werden konnte. Insgesamt wurden 110 verschiedene Hefestdmme aus 18 Hefespe-
zies in Selektivmedien getestet, um herauszufinden, welche Wiirzezucker metabolisiert werden kon-
nen und ob eine ausreichende Hopfen- und Ethanoltoleranz besteht. Hinsichtlich der Aromabildung
wurden die Hefen fiir einen ersten Geruchstest sowohl in Wiirze inokuliert, als auch einem Test unter-
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zogen, um phenolische Fehlaromen nachzuweisen. Sofern eine ausreichende Hopfen- und Ethanolto-
leranz gegeben war, keine phenolischen Fehlaromen detektiert wurden und der Geruchstest einen
ersten positiven Eindruck vermittelte, wurden die Hefen fiir anschlieBende Garversuche im 2-Liter
Kleinmalistab herangezogen. Zunachst wurden fiinf vielversprechende Hefestimme aus drei verschie-
denen Spezies getestet, die im Mikrotiterplatten-Test Maltose verstoffwechseln konnten und somit
fir die Herstellung alkoholhaltiger Biere Potential aufwiesen. Aufgrund ihres fruchtigen, an Pflaume
und Beeren erinnernden Aromas, stachen dabei drei Biere positiv hervor, die mit Saccharomycopsis
fibuligera Hefestammen fermentiert wurden.

Da im Geruchstest auffallend viele Hefestamme angenehm fruchtige Aromen entwickelt hatten, die
Maltose- und Maltotriose-negativ waren, wurden im Verlauf der Arbeit 15 Hefestamme flr weitere
Garversuche im 2-Liter Kleinmal3stab ausgewahlt, die Potential fiir die Herstellung alkoholfreier Biere
zeigten. Mit besonders positiven Aromaeigenschaften, die an Birne, Eisbonbon und Banane erinner-
ten, stachen drei Biere hervor, die mit Cyberlindnera saturnus Hefestammen fermentiert wurden. Einer
der drei Hefestimme (C. sat 247) erzeugte neben den genannten Aromen zusatzlich ein angenehmes
Beeren- sowie ein leichtes Apfelaroma. Auch das alkoholfreie Bier eines weiteren Saccharomycopsis
fibuligera Hefestammes liberzeugte mit beeren- und pflaumenartigen Aromen. Obwohl der S. fibuli-
gera Hefestamm S. fib Lu27 Maltose als Selektivmedium innerhalb kiirzester Zeit verstoffwechseln
konnte, erwies sich der Stamm in Bierwiirze als garschwach, denn das Bier blieb unter 0,5 Vol.% bei
einer Stammuwidirze von 7 °P und einer Fermentationstemperatur von 20 °C.

Basierend auf den Auffalligkeiten hinsichtlich der Zuckerverwertung der S. fibuligera Hefe S. fib Lu27
wurden dieser Stamm sowie der S. fibuligera Stamm S. fib SF4 auf ihren Zuckerstoffwechsel hin unter-
sucht. Aus bestehender Literatur geht hervor, dass diese Hefespezies extrazelluldre Glucosidasen be-
sitzt, die sowohl Maltose als auch Maltotriose hydrolisieren kénnen, bevor sie in das Zellinnere diffun-
dieren. Im Rahmen der Forschungsarbeiten stellte sich heraus, dass beide Hefestamme zudem Maltose
aktiv ins Zellinnere aufnehmen kénnen, wohingegen keine spezifische Maltotriose-Permease gefunden
wurde. Des Weiteren wurden aufgrund des filamentdsen Wachstums der S. fibuligera Einzelzellen des
Stamms S. fib SF4 isoliert und erneut kultiviert, was im direkten Vergleich zur Mutterkultur tatsachlich
zu einer deutlichen Reduktion des Mycelwachstums flihrte und einen technologischen Vorteil fir die
industrielle Anwendung aufgrund einer verbesserten Flokkulation bedeuten kénnte. Gleichzeitig wur-
den im Rahmen eines (GTG)s rep-PCR Fingerprints keine genetischen Unterschiede festgestellt und das
Aromaprofil blieb erhalten.

Auch das Aromaprofil des Biers, fermentiert mit C. saturnus C. sat 247, wurde aufgrund seiner auffal-
lend positiven sensorischen Eigenschaften weitergehend untersucht, denn das erwahnte beeren- und
apfelartige Aroma konnte auf keine spezifischen Metabolite zurlickgefiihrt werden. Mithilfe von in-
strumenteller Analytik wurde (E)-8-Damascenon detektiert, welches im Rahmen einer multivariaten
Datenanalyse mit den aus der Sensorik ermittelten Aromen korrelierte. Zudem wurde im 2-L-Klein-
mafstab der Einfluss variierender Gartemperaturen, Hefeanstellzahlen und Stammwdirzen auf die Aro-
maeigenschaften von Bieren getestet, die mit dem Hefestamm C. sat 247 fermentiert wurden. Eine
Optimierung des Bieres mit maximaler Fruchtigkeit bei gleichzeitig minimalen unerwiinschten Aroma-
komponenten und minimalem Ethanolgehalt wurde bei 16,1 °C Gartemperatur, 10,5 °P Stammwiirze
und einer Hefeanstellzahl von 5 x 10° Zellen/mL erreicht.

Das zunehmende wissenschaftliche, aber auch industrielle Interesse zur Anwendung von Nicht-Sac-
charomyces Hefen zum Bierbrauen setzt einen unbedenklichen und sicheren Einsatz der Hefen voraus.
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Aus diesem Grund wurden im abschlieRenden Teil dieser Arbeit 16 Hefestamme, die zur Herstellung
alkoholfreier Biere Taugklichkeit zeigten, auf neun bierrelevante biogene Amine und in vitro auf ihre
Toleranz in Magensaft bei 37 °C untersucht. Wahrend die ausgewahlten biogenen Amine ohne Aus-
nahme unterhalb der Bestimmungsgrenze von 5,0 mg/L blieben, wiesen sechs Hefespezies im Tole-
ranztest eine Viabilitat von iber 90% auf. Dies unterstreicht die Notwendigkeit einer umfassenden
Sicherheitsprifung, bevor die Hefen zum Bierbrauen eingesetzt werden. Doch auch positive gesund-
heitliche Aspekte kénnen von alkoholfreien Bieren ausgehen. Darauf basierend wurden vier ausge-
wahlte Hefestdmme der Spezies C. saturnus, Kluyveromyces marxianus und S. ludwigii und die damit
fermentierten alkoholfreien Biere auf B-Vitamine untersucht. Diese wurden zwar in erndhrungsphysi-
ologisch relevanten Mengen gefunden, um eine ausgewogene Erndhrung zu ergdnzen, allerdings
stammten sie hochstwahrscheinlich aus den Rohstoffen und wurden nicht von den Hefen selbst syn-
thetisiert.



Introduction

1 Introduction

Beer flavor is defined by the raw materials malt, hops, yeast, and water. The influence of flavor-active
substances from yeast fermentation is greatest compared to the flavor input from malt and hops [145,
260, 262]. Although some studies have been conducted in recent years on the use of non-Saccharo-
myces yeasts in brewer's wort and their impact on beer flavor, there are still significant knowledge
gaps due to the great biodiversity of yeast species that might be used to produce beer. In contrast, the
potential of different malt and hop varieties to diversify beer flavor has been widely studied until now.
Today, beers are produced almost exclusively by fermentation with the yeast species Saccharomyces
cerevisiae and Saccharomyces pastorianus, which are referred to as domesticated culture yeasts. Since
it is assumed that with just about 1500 ascomycete yeasts (Saccharomycotina) only a fraction of the
existing yeasts have been characterized so far [37], there is still huge potential in this field of research.
Additionally, each yeast species comprises numerous strains that can differ qualitatively and quantita-
tively in their flavor synthesis [91, 113, 138]. Thus, it is not surprising that the flavors formed by micro-
organisms during the fermentation of foods and beverages can be both pleasant and desirable, but
also cause unpleasant off-flavors. In brewing, flavors play a major role for producers as well as con-
sumers in terms of flavor expression and flavor quality as the brewer’s goal is to offer a flawless beer
from a sensory point of view. For this reason, microorganisms are applied specifically for flavor for-
mation, whether in the context of co-culture fermentations for specialty beers such as Belgian gueuze
[336] or specific yeast species in mono-cultivation such as S. cerevisiae for top-fermented beers [333].
The domesticated brewer's yeasts S. cerevisiae and S. pastorianus have been extensively studied with
respect to flavor formation in beers [204, 228], different technologies have been used and even hybrids
of Saccharomyces have been produced to expand the flavor diversity of lager beers [59, 171, 214].
Nevertheless, investigations into the suitability and flavor formation of non-Saccharomyces yeasts for
beer brewing are still in their infancy and offer great potential [148].

The growing craft beer scene, which has revolutionized the global beer market in the last two decades
and is experiencing steady growth, shows that there is a clear need for product diversification of beers
[15, 115]. For example, the number of craft beer breweries in the United States (US) has steadily in-
creased from about 1,500 to more than 9,100 between 2007 and 2021 [45]. Specialty malts and differ-
ent hop varieties play a role in this diversification, but the use of non-Saccharomyces yeasts is becom-
ing increasingly popular to influence flavor, acidity, mouthfeel and even the color of the beers [51].
Although regular beer containing alcohol and low-alcohol beer (LAB) as well as non-alcoholic beer
(NAB) are discussed in this work, the focus is on LAB and NAB, as their production in Germany showed
an increasing trend between 2005 and 2021, more than doubling from just under two million hectoli-
ters to over four million hectoliters [313]. Globally, the NAB and LAB market is also growing and expe-
rienced a 20% growth from 2011 to 2016 [27].

Based on the aforementioned gaps in knowledge and the growing market of craft beer, LAB and NAB,
this thesis deals with investigations of non-Saccharomyces yeasts for their suitability for brewing beer
with emphasis on LAB and NAB. A prerequisite of this research work was that all beers should be pro-
duced in consideration of the German Purity Law of 1516. Since bottom-fermented beers may only be
produced by using Saccharomyces pastorianus, non-Saccharomyces yeasts belong to the top-fer-
mented yeasts. The top-fermented beer segment also traditionally includes mixed fermentations such
as Berliner Weisse or Belgian beer styles. These are fermented with non-Saccharomyces yeasts of the
Brettanomyces/Dekkera genus, among others [144]. According to current interpretations, the German
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Purity Law does not conflict with the use of non-Saccharomyces yeasts, as they are generally allowed
to be classified as top-fermenting yeasts during fermentation regardless of their flocculation behavior.
Accordingly, in this thesis the production of regular beers containing alcohol, as well as LAB and NAB
by using non-Saccharomyces yeasts during fermentation are taken into account. Consequently, the
carbohydrate metabolism of different yeasts is investigated. Besides the primary metabolites, studies
are focused on the secondary metabolites, which are responsible for the diversification of the beer
flavor. The safe use of the yeasts is also discussed in the context of this research work.

The publications of this thesis are divided into five parts:

1. Inthe first part of this thesis, a screening of a wide range of 110 different non-Saccharomyces
yeasts was carried out to investigate their suitability for beer brewing. A screening method
was developed to test a large number of yeasts for their suitability for beer brewing in a rela-
tively short period of time. The most promising yeast strains were tested in small-scale fer-
mentations with regard to fermentation performance and flavor formation. The focus was set
on the production of beers containing alcohol.

2. Numerous promising yeast strains emerged from the first part of this thesis, which were po-
tentially suitable for the production of NABs. Hence, in the second part, a selection of 15 prom-
ising yeast strains were investigated in small-scale fermentation trials for their fermentation
performance and flavor formation in brewer's wort using the maltose-negative yeast Saccha-
romycodes ludwigii as the reference strain.

3. Following on from parts 1 and 2, two Saccharomycopsis fibuligera yeast strains were found to
produce exceptionally positive flavors during wort fermentation. However, the carbohydrate
metabolism of this yeast species stood out as both NAB and alcoholic beer could be produced.
Accordingly, the carbohydrate metabolism was to be elucidated in the third part of this thesis.
In addition, the yeast species S. fibuligera has the phenotypic characteristic of filamentous
growth, which could lead to challenges in clarification on an industrial scale. Therefore, by
performing a single cell isolation, a reduction in filamentous growth was achieved without the
positive flavor properties of the beer being negatively affected by this procedure.

4. Following on from part 2 of this thesis, the flavor of one beer fermented with the yeast strain
Cyberlindnera saturnus stood out as particularly positive by exhibiting berry and apple notes.
Since these flavor impressions could not be clearly assigned to designated secondary metabo-
lites, this was to be clarified in the fourth part of the thesis.

5. Both food safety as well as health benefits play a significant role when using microogranisms
in food fermentations. For the majority of non-Saccharomyces yeasts investigated in this the-
sis, the beers have not yet been studied with regards to this topic. Consequently, this was the
research subject of the fifth part of this thesis.

In the following general introduction, which provides the corresponding basic knowledge for this the-
sis, a brief look is taken at the history of yeasts for beer brewing. Subsequently, the 20 different yeast
species are specified, which were investigated for their suitability for brewing beer as part of this the-
sis. An overview is given of whether studies already exist for the individual yeast species on the subject
of beer brewing or whether they have been investigated for cider or wine fermentation. In addition, it
is shown in what kind of further beverage or food fermentations the yeasts occur taking their tradi-
tional use into account. This overview is supplemented by a list of other non-Saccharomyces yeasts
that have already been investigated for their suitability for beer brewing. Since NABs are the focus of
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this thesis, an overview of the production of NABs is given, before the prerequisites that non-Saccha-
romyces yeasts must fulfill in order to be suitable for the fermentation of brewer’s wort are addressed.
The hop and ethanol tolerance of the yeasts, their carbohydrate metabolism, flavor formation and
their safe use, as well as their potential health benefits, are discussed.

1.1 How yeasts evolved in beer brewing before the domestication of Saccharomyces yeasts
Historically, fermentation in beer brewing occurred spontaneously by microbes from the environment
and without any control over the microbial fermentation [314]. This can be attributed to the fact that
the origin of beer brewing is dated about 10,000 years ago [10, 191]. The environment represented a
broad spectrum, as microbes could be introduced from surrounding air, raw materials, brewing equip-
ment or via insects [16]. In addition, microorganisms could also be introduced by the brewers them-
selves and influenced the overall flavor of the beer [82]. Due to the variable environmental conditions,
the processes of beer brewing were correspondingly inconsistent, which was not only inefficient but
also often resulted in beers with unpleasant off-flavors [314]. Nevertheless, Saccharomyces yeasts of-
ten dominated spontaneous fermentations, especially in the production of beer and bread, while non-
Saccharomyces yeasts only showed rapid proliferation during the first days of fermentation in brewer’s
wort, resulting in a high flavor production at the beginning of the fermentation process [60, 80]. The
ability of Saccharomyces yeasts to dominate during fermentation was an important basis for the es-
tablishment of Saccharomyces yeasts in beer brewing.

What enables Saccharomyces yeasts to assert themselves in brewer's wort? There are numerous ar-
guments in favor of this, such as rapid growth, efficient glucose suppression, the ability to produce and
consume ethanol, and stress tolerance to different environmental factors such as high ethanol and low
oxygen concentrations. Other yeasts also possess some of these abilities, however, these abilities are
uniquely combined and regulated in Saccharomyces yeast [261]. The ability of Saccharomyces yeasts
to produce high concentrations of ethanol helps prevent microbial spoilage. In addition, the yeast
works preferentially in fermentation metabolism and is Crabtree-positive. As a result, the presence of
glucose suppresses cellular respiration and carbohydrates, such as glucose, can be degraded to ethanol
without fully oxidizing them to carbon dioxide even in the presence of oxygen [262]. Although oxygen
is often still present at the beginning of fermentation, yeast cells prefer fermentation to cellular respi-
ration and consequently exhibit high fermentative activity [314].

In general, yeasts can use respiration and fermentation for cellular energy metabolism to form aden-
osine triphosphate (ATP). As long as oxygen is available, Crabtree-negative yeasts stay within the res-
piration pathway whereas Crabtree-positive yeasts can also activate their fermentation metabolism in
the presence of oxygen due to genetic events which consequently leads to ethanol formation [257].
Figure 1 gives an overview under aerobic conditions of the metabolic pathways of a Crabtree-positive
S. cerevisiae (red lines) in direct comparison to a Crabtree-negative Kluyveromyces lactis (green lines).
The uptake of glucose and the glycolysis with its phosphorylation to glucose-6-phosphate (Glucose-6-
P) and conversion to fructose-1,6-bisphosphate (Fructose-1,6-bisP) proceeds identically in the Crab-
tree-positive and -negative yeasts. K. lactis as a Crabtree-negative yeast subsequently degrades fruc-
tose-1,6-bisphosphate directly to pyruvate and further to Acetyl-CoA in the mitochondria before it
enters the tricarboxylic acid cycle (TCA cycle) and the respiratory chain. This pathway requires oxygen
and pyruvate is fully degraded to carbon dioxide (CO,) while energy is built in the form of ATP. Ethanol,
in turn, can be converted to acetaldehyde by alcohol dehydrogenase (Adh) in the presence of oxygen.
The Crabtree-positive S. cerevisiae can thereby enter alcoholic fermentation even in the presence of



Introduction

oxygen using fermentation and respiration pathway simultaneously. Ethanol accumulates and is recy-

cled for ATP production [257, 262].
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Figure 1. Different metabolism pathways under aerobic conditions of Saccharomyces cerevisiae (red) as Crabtree-positive
yeast and Kluyveromyces lactis (green) as Crabtree-negative yeast according to Piskur et al. [262]. S. cerevisiae is able to

accumulate ethanol whereas K. lactis degrades hexoses in a straight line to adenosine triphosphate (ATP) and carbon dioxide

(COy).

Emil Christian Hansen, an employee of the Carlsberg Laboratory in Copenhagen, set a decisive mile-

stone for the brewing industry by isolating a single cell of S. pastorianus (formerly Saccharomyces carls-

bergensis) for the first time in 1883. This yeast strain was then used for the production of lager beer

[22]. In fact, today, lager beers fermented with S. pastorianus yeast strains account for 90% of beers

produced worldwide [118], and Saccharomyces yeasts are applied in general as starter cultures in

about 99% of the commercially available beers all over the world [17]. Therefore, in the context of

beer brewing, Saccharomyces yeasts play the dominant role. The two main species mentioned are

traditionally designated, clustered by their flocculation behavior or flotation (yeast containing foam)

and their applied fermentation temperatures [57, 144, 280]. S. cerevisiae is mainly used for the pro-

duction of top-fermented ale and weiss beers while S. pastorianus is applied for the fermentation of
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bottom-fermented lager beers [118, 154, 191]. At the same time, flocculation is another reason for the
domestication of Saccharomyces yeasts, as it enables the cells to adhere to each other and form ag-
gregates that sediment quickly. This is both a technologically simple and economically cost-effective
way to separate cells from beer in the context of industrial beer production. The flocculation behavior
depends on numerous external factors such as nutrient conditions, dissolved oxygen, pH, fermentation
temperature and storage conditions of the yeast [340]. Moreover, the flocculation genes of the indi-
vidual yeast strains play a crucial role, so the flocculation varies strongly among different S. cerevisiae
strains [65, 342]. In addition to flocculation behavior, Saccharomyces yeasts can also be subdivided
according to growth and fermentation temperature. Optimal growth and fermentation temperatures
for Saccharomyces yeasts are generally between 25 and 30 °C. Nevertheless, the bottom-fermenting
yeast S. pastorianus is traditionally applied at 4-15 °C due to its cryotolerance [120], while the tem-
perature for the top-fermenting yeast S. cerevisiae is adjusted to 14-25 °C [57].

As the starter cultures in industrial processes are therefore very well defined in today’s industrial brew-
ing processes, the variety is limited [314]. Although the use of defined starter cultures and thus the
limited variety offers the advantage of consistent, standardized processes with maximum efficiency on
an industrial scale, a reduced variety of flavors is a negative consequence [118, 191, 235, 262, 314]. To
overcome this disadvantage, the microbial diversity from traditional fermentations with a wide spec-
trum of flavors can serve as a model and can be combined with the high technological knowledge and
standardized processes from modern brewing.

1.2 The return of non-Saccharomyces yeasts in beer brewing

Yeasts can produce flavors directly, but they can also produce flavor-active substances from odorless
precursors in the medium during fermentation [314]. To increase flavor diversity during the fermenta-
tion process, investigations have been carried out in recent years using a variety of non-Saccharomyces
yeasts to produce regular beers containing alcohol, LAB and NAB. This often involved the use of non-
Saccharomyces yeast species already known from traditional spontaneous food and beverage fermen-
tations. Cocoa, for example, is still spontaneously fermented today, and there are also some wines
being produced by spontaneous fermentation [314]. Although the commercialized beer market oper-
ates with a limited selection of domesticated Saccharomyces yeasts, as described in section 1.1, beers
are still being produced by so-called spontaneous fermentation today. In Africa, for example, many
traditional beers, mainly based on sorghum, are spontaneously fermented with a variety of different
yeasts and bacteria [17, 133]. S. cerevisiae often dominates, while lactic acid bacteria represent the
second most prevalent category [17, 39]. Nevertheless, non-Saccharomyces yeasts play a crucial role
in the flavor of the beers. Some yeast species identified from traditional African beers are characterized
in more detail in the following section 1.2.1. These species are given different names depending on
their region of origin in Africa. Even in Europe it is possible to find beers that are traditionally produced
by spontaneous fermentation. Belgium lambic and geuze beers, for example, are traditionally pro-
duced by means of spontaneous fermentation, and so-called “coolship ales” from the USA are also
subject to spontaneous fermentation. The term “lambic” stands for a spontaneous fermentation pro-
cess by microbes (yeasts and bacteria) present in the brewery. Both Saccharomyces and non-Saccha-
romyces yeasts play a crucial role during the spontaneous fermentation of lambic beers. At the begin-
ning of fermentation there is great microbial diversity of bacteria and yeasts. During the main fermen-
tation, Saccharomyces spp. are active before Brettanomyces spp. gain predominance during matura-
tion [39, 40, 46, 57]. Brettanomyces spp. are commonly found in spontaneous beer fermentations to
produce Belgian lambic or Berliner Weisse [215]. The yeast species is responsible for the formation
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and release of specific volatile flavor compounds such as ethyl esters, fatty acids and phenolic sub-
stances that give the beers their characteristic flavor [186]. Brettanomyces yeasts possess the ability
to degrade dextrin via the enzyme a-glucosidase to produce highly attenuated beverages [314]. Addi-
tionally, Brettanomyces possesses glycoside hydrolase activities and is therefore capable of releasing
glycosidically bound flavor precursors from hops, which are subsequently converted into a flavor-ac-
tive compound [76].

In recent years, traditionally produced, spontaneously fermented beers have once again become the
model for creating novel, more complex, and improved flavor profiles in brewing using non-Saccharo-
myces yeasts and thereby generating innovative products and new beer styles [23, 55, 57, 314]. Due
to the often low fermentation yields when using non-Saccharomyces yeasts for brewer’s wort fermen-
tation, the yeasts are ideally suited to producing LAB and NAB [57]. Beyond the more complex flavor
and ethanol reduction in beer, non-Saccharomyces yeasts have potential for the production of low-
calorie beers, functional beers, and bioflavoring approaches due to their various different enzymatic
activities although this is still an under-explored field in brewing practice. In contrast, the use of non-
Saccharomyces yeasts for the production of sour beers, such as American coolship ales, is already
widespread. Dekkera/Brettanomyces are used for these purposes as they are known from Belgian
lambics and are perfectly suitable for co-fermentations with other microbes, such as acetic acid or
lactic acid bacteria [23, 40, 74].

1.2.1 Overview of non-Saccharomyces yeasts investigated in this thesis

In this thesis, 20 different non-Saccharomyces yeast species were investigated for their suitability for
beer brewing with emphasis on their flavor formation. The literature sources depicted in Table 1 ini-
tially served as a knowledge basis for the selection of the yeast species and were further completed in
the course of this work. When selecting the yeast species, it was decisive that they were already known
from other existing food or beverage fermentations for reasons of safe use. Most yeast species have
already been tested for beer brewing, so this was the focus of the literature research. Often, the ap-
pointed yeasts species have already been applied in several food or beverage fermentations. However,
existing literature references are only mentioned beyond brewing in Table 1 if multiple applications
were covered in one study or if there were no studies on brewing applications. If no studies on brewing
applications could be found, studies into wine/rice wine and cider were considered. Table 1 thus pro-
vides a literature overview of the yeast species investigated in this dissertation and states whether
they have already been studied in beer, wine/rice wine and/or cider.

Table 1. Investigated yeast species of this thesis with a focus on brewing application and related literature references.

Yeast species Application Literature

Cyberlindnera fabianii Beer, rice wine [30, 156, 187, 330, 331]
Cyberlindnera misumaiensis Beer, cider [30, 71, 173]

Cyberlindnera saturnus Beer, wine [30, 94, 182, 189, 242]
Debaryomyces hansenii Beer, wine [44, 119, 242, 284, 308, 323]
Hanseniaspora uvarum Beer, wine, cider [5,9,119, 139, 156, 270]
Kazachstania servazzii Beer [119, 156]

Kluyveromyces lactis Beer, wine, cider  [119, 127, 163, 242, 329]
Kluyveromyces marxianus Beer [119, 156, 198, 225, 242]
Lachancea kluyveri Wine [157]

Metschnikowia sp. Beer, wine, cider  [21, 93, 147, 242, 269, 270, 273]
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Nakazawaea holstii Wine [83]

Pichia kluyveri Beer, wine, cider  [6, 127, 139, 157, 236, 274]

Saccharomycodes ludwigii Beer, wine, cider  [31, 43,50, 87,95,103, 118,127, 156, 207, 242,
256, 270, 314, 335]

Saccharomycopsis fibuligera  Rice wine, liquor [3, 183, 187, 350, 352]

Schizosaccharomyces pombe  Beer, malt ex- [32, 50, 188, 295, 335]
tract, wine
Torulaspora delbrueckii Beer, malt [11, 50, 53, 54, 56, 66, 77, 93, 119, 139, 147,
extract, wine 156, 163, 219, 295, 316, 317, 321, 322]
Torulaspora microellipsoides  Beer, wine [112]
Wickerhamomyces anomalus Beer, wine [52, 55, 66, 147, 242, 295, 308]
Zygosaccharomyces rouxii Beer [77, 103, 112, 304]
Zygotorulaspora florentina Beer, wine [55, 87, 139, 244]

Table 1 reveals that there are several studies related to brewing for some yeast species, while other
species are only mentioned sporadically in the context of beverage fermentations. In the following,
the 20 yeast species are each briefly characterized by providing an overview of the food and beverage
fermentations in which they have been found or applied to date. The focus is on beverage fermenta-
tions and initial indications of flavor development are given. A more detailed overview of the flavor
formation during fermentation of brewer's wort can be found in section 1.4.3. In addition, a brief in-
sight is given into the clinical relevance, since a safe use of yeasts for food fermentation from a health
perspective is critical. In section 1.4.4, this topic is addressed in more detail. The synonyms of the fol-
lowing yeast species as well as basic information and clinical importance are based on "The Yeasts
Database" [38]. In general, based on the classification of fungi into risk groups in the Technical Rules
for Biological Agents (TRBA 460) published by the Federal Institute for Occupational Safety and Health,
all yeasts considered below belong to the risk group 1, unless otherwise indicated. A classification in
risk group 1 means that the yeast is unlikely to cause disease in humans. For individual yeast species,
additional comments from TRBA 460 are given where indicated [48].

Cyberlindnera fabianii

Formerly known as Pichia fabianii, Hansenula fabianii or Lindnera fabianii, the yeast species Cyberlind-
nera fabianii was first isolated in 1942 as a contaminant from industrial food fermentations. In 1948,
C. fabianii was isolated from a fermentation plant where it was already used for flavor formation by
adding esters to alcoholic beverages [347]. Traditionally, C. fabianii is used in fruit juice fermentation
to produce masau from Ziziphus mauritiana (Indian jujube) in Zimbabwe [245]. Furthermore, the yeast
species can also be found in traditional loog-pang-lao, which is a starter for the production of rice wine
[187]. With regard to rice wine, C. fabianii is also known as dried yeast starter [30]. Recently, the yeast
species was even isolated from rye malt sourdough [156] and is described as being a typical sourdough
resident [344]. Several brewing trials in brewer’s wort have been conducted with C. fabianii in mono-
cultivation as well as in co-cultivation with S. cerevisiae [30, 156, 331]. The co-cultivation with S. cere-
visiae resulted in a more complex beer flavor as C. fabianii produces more esters than S. cerevisiae in
a direct comparison despite its limited fermentation capacity, resulting in a lower ethanol concentra-
tion [330, 331]. C. fabianii does not possess the metabolic properties to grow in the absence of oxygen
[331]. Although there are several studies into human infections, the clinical importance seems to be
low as C. fabianii is reported to rarely cause human infections [35, 360, 362]. TRBA 460 also states that
C. fabianii is detected or suspected as a pathogen in individual cases. However, cases of illness usually
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occur only in immunocompromised individuals. However, it is pointed out that identification of the
species is often unreliable [48].

Cyberlindnera misumaiensis

Cyberlindnera misumaiensis, also found under its synonyms Pichia misumaiensis, Hansenula
misumaiensis and Lindnera misumaiensis was first described in an abstract as H. misumaiensis by Sa-
saki and Yoshida in 1958 although a valid description was never published [174]. To date, studies in
the food fermentation field on this yeast species are rare. It is only known that C. misumaiensis was
isolated from apple must/cider [71, 173] and that first brewing trials were carried out in brewer's wort
[30]. Due to the limited data availability, its clinical importance is unknown. C. misumaiensis is not
listed in the TRBA 460.

Cyberlindnera saturnus

Cyberlindnera saturnus, further called Saccharomyces saturnus, Willia saturnus, Hansenula saturnus,
Williopsis saturnus or Lindnera saturnus has the ability to produce esters, especially isoamyl acetate
during fermentation. In 2008, the production of isoamyl acetate was detected during fermentation of
sugar beet molasses [354]. Two years later, C. saturnus was used for the production of papaya wine.
During fermentation, a number of volatile compounds were formed, including fatty acids, alcohols,
and esters, with esters being the most dominant [182]. During the same year, grape must for wine
production was fermented using C. saturnus in co-cultivation with S. cerevisiae. The concentrations of
acetic acid, ethyl acetate and isoamyl acetate were higher in the co-cultivation experiments compared
to the control fermentation, which was carried out with S. cerevisiae only. [94]. Brewing trials were
also carried out in recent years with W. saturnus var. mrakii [189], which is now known as C. mrakii
[30], to investigate the flavor formation during fermentation. The clinical importance for this yeast
species is unknown. C. saturnus is not listed in the TRBA 460.

Debaryomyces hansenii

To be found among the synonyms Saccharomyces hansenii, Debaryozyma hansenii, Pichia hansenii,
Torulaspora hansenii, Debaryomyces tyrocola var. hansenii, Debaryomyces hansenii is one of the most
abundant yeast species in dairy products, especially on the surface of cheese [104, 105], in meat prod-
ucts [44, 264] and during the fermentation of soy sauce [306]. In addition, D. hansenii has been re-
ported to play a role in the fermentation of sauerkraut [284] as well as fruits, wine, and beer [44]. In
beer brewing, D. hansenii occurs in traditional spontaneously fermented lambic beers but does not
take a predominant role [308].As a starter culture of “Tchoukoutou”, a Beninese African sorghum beer,
D. hansenii is also present during mixed fermentation along with further microbes although the species
could only be detected in low concentrations of less than 5%. In Tanzania, a similar beer is traditionally
brewed which is called “pombe” [323]. D. hansenii was already investigated in brewer’s wort. How-
ever, no significantly high concentrations could be found among the analyzed flavor substances 3-
methylbutanol, 2-phenylethanol, 3-methylbutyl acetate, 2-phenylethyl acetate, ethyl caprylate and
ethyl decanoate [119]. Nevertheless, a distinctive feature of this yeast species is its osmotolerance and
ability to grow in media with up to 4 M (Molar) sodium chloride (NaCl) [44]. The clinical importance of
D. hansenii is unknown.

Hanseniaspora uvarum

Previously called Kloeckeraspora uvarum or Kloeckera apiculata, Hanseniaspora uvarum appears in
quite a broad range of different food fermentations. The yeast species is especially known for its use
in winemaking. During the production of wine with further microbes, H. uvarum was described as a

13



Introduction

major non-Saccharomyces yeast during fermentation. The yeast species possesses enzymatic activity,
which can be of advantage for wine production due to technological effects. The relevant enzymes are
pectinases, proteases and glycosidases, which can be released during fermentation to improve clarifi-
cation, stabilization and flavor. Hence, the yeast also contributes significantly to the formation of wine
flavor. A desirable increase in esters, especially acetate esters in mixed fermentations and an increased
production in fusel alcohols and ethyl esters (C6-C10) have been reported [139]. A possible disad-
vantage is the formation of acetic acid in higher concentrations during fermentation [5, 139]. Still, the
formation of acetic acid is most likely to be strain specific as suggested in a study by Moreira et al.
[229] it was found that only the concentration of acetate esters increased in co-cultivation with S.
cerevisiae, while fusel alcohols and ethyl esters decreased [139]. Besides grape must fermentation, H.
uvarum is moreover involved in the fermentation of apple must to produce cider. Thus, the yeast spe-
cies has already been isolated from the cider industry and is known as indigenous Asturian cider yeast
[270]. During the fermentation of apple must, H. uvarum positively contributes to the flavor formation
by producing appreciable amounts of esters and higher alcohols [9]. Furthermore, the yeast is known
from coffee bean [202] and from sourdough [156, 344] fermentations. Given its versatile fermentation
capabilities, it is unsurprising that H. uvarum has been tested multiple times in brewer’s wort fermen-
tations [119, 156, 270]. It should be emphasized that the yeast species was described as having the
ability to decarboxylate ferulic acid to 4-vinyl guaiacol (4-VG) [156]. Regarding the clinical importance,
infections were very rarely reported. Garcia-Martos et al. reported an isolation of H. uvarum from
clinical material (stool and infected nails) in three cases [116]. H. uvarum is not listed in the TRBA 460.

Kazachstania servazzii

Only limited information exists in literature about Kazachstania servazzii (synonym Saccharomyces
servazzii) in the context of food and beverage fermentations. It has been described that the yeast spe-
cies has an important role in creating the flavor of Japanese radish pickles during fermentation [324]
and it is typically present in sourdoughs [156, 344]. Meanwhile, K. servazzii has been tested for the
fermentation of brewer’s wort and revealed promising results. During pilot fermentations in co-culture
with S. cerevisiae, tasters described an enhanced fruity character [119]. The clinical importance of K.
servazzii is unknown. K. servazzii is not listed in the TRBA 460.

Kluyveromyces lactis

Kluyveromyces lactis is known by a variety of synonyms, so they will not be fully enumerated here.
Among others, the yeast species can be found under the synonyms Torulaspora lactis and Saccharo-
myces lactis. K. lactis is regularly present in mold surface-ripened cheese. When grown in a cheese
model medium, this species appears to produce fruity notes [329]. By fermenting a culture medium
(broth) containing 5% glucose, 0.25% yeast extract and 4000 ppm of vitamins B; and Hi, K. lactis
formed 73 mg/L isoamyl alcohol, 72 mg/L 2-phenylethanol and 22 mg/L acetoin. Moreover, 2-phe-
nylethyl acetate, isobutanol, isobutyric acid and isovaleric acid could be measured in significant
amounts [155]. Studies in brewer's wort [119], grape and apple must were also conducted and prom-
ising pleasant flavor substances were perceived in beer as well as in wine and cider [127]. It was further
reported that K. lactis can transform several monoterpene alcohols from beer and wine and synthe-
sizes, for example, citronellol and linalool from geraniol [163]. Its clinical importance is unknown.

Kluyveromyces marxianus

As for K. lactis, there are numerous synonyms for Kluyveromyces marxianus, which are not listed here.
The synonym Saccharomyces marxianus is commonly found in older literature references. Basically, K.
marxianus possesses a high biotechnological potential. The yeast species is described as producing
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different enzymes, single-cell protein, flavor compounds, ethanol and can reduce lactose among other
compounds. It tolerates a broad substrate spectrum as well as a broad spectrum of temperatures,
reveals high growth rates, and is less prone to fermentation when exposed to excess sugar [101]. K.
marxianus can be found predominantly during the souring phase of the fermentation process of “bili
bili”, which is a traditional sorghum beer from Chad [198]. Furthermore, the yeast species was isolated
from traditional opaque beer beverages brewed in Zimbabwean households [225]. There are also ini-
tial studies with K. marxianus for the fermentation of brewer's wort [119, 156]. Further studies also
link K. marxianus to a wide variety of food and beverage fermentations. For instance, the yeast species
is described as typically occurring in sourdoughs [344] and it was found in rye and in barley sourdough
[156]. Moreover, studies have been conducted on how K. marxianus influences cocoa flavor during co-
fermentation with other microorganisms [73]. Further flavor studies were conducted in cassava ba-
gasse and in a semi-synthetic medium. During solid state fermentation with cassava bagasse as the
growth medium, ethyl acetate and acetaldehyde were the major compounds produced [203] while
investigations in semi-synthetic medium led to isoamyl alcohol, 2-phenylethyl alcohol and isobutyric
acid formation [97]. Regarding the clinical importance, K. marxianus was only infrequently isolated in
clinical material leading to vaginitis [117].

Lachancea kluyveri

Formerly known as Saccharomyces kluyveri or Torulaspora kluyveri, there is hardly any information on
Lachancea kluyveri regarding food and beverage fermentations. The yeast species was only reported
on grapes and in wine fermentations [157] while its clinical importance is unknown.

Metschnikowia sp.

In the context of this thesis, the investigated Metschnikowia yeast strains could not be clearly assigned
to a species. The reason for this is that Metschnikowia sp. cannot be unambiguously assigned to a
species using standard genetic methods (ITS and/or 26S sequencing), as there are too few polymor-
phisms [143]. To find out the exact species, further housekeeping genes would have to be added for
sequencing. As in many beverage fermentations, Metschnikowia pulcherrima is the main species re-
ported and is described here. It can be found in spontaneous grape must fermentations due to its
natural occurrence on grapes and predominates in the first stages of fermentation until an ethanol
concentration of 3-4% is reached [269]. The enological potential of M. pulcherrima as a starter culture
was tested in several studies as mono- and co-cultivations with S. cerevisiae and a synergistic effect on
the flavor formation was reported when fermenting in co-cultivations [21, 147, 273]. Additionally, M.
pulcherrima was found as an indigenous yeast in cider and was investigated for its potential for brew-
ing beer. The result was a low fermentation capacity and comparatively low production of volatile
compounds (phenols, esters) and acids in comparison to other applied non-Saccharomyces yeasts
[270]. As with most of the other yeast species discussed in this thesis, the clinical importance for M.
pulcherrima is unknown.

Nakazawaea holstii

Nakazawaea holstii (synonyms: Pichia holstii, Hansenula holstii, Endomycopsis holstii) could be identi-
fied during the fermentation of sauerkraut [284] and in Cornalin musts during spontaneous wine fer-
mentation [83]. Apart from this, data is poor within the context of food and beverage fermentations.
The clinical importance of N. holstii is also unknown.
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Pichia kluyveri

Previously known as Hansenula kluyveri, Pichia kluyveri takes part in a wide variety of food and bever-
age fermentations. The yeast species was identified in “tchapalo”, a traditional sorghum beer from
Cote d’lvoire, however, it seems to play a subordinate role as it is not regularly found during this fer-
mentation process [236]. Nevertheless, P. kluyveri is highly suited to producing LAB or NAB as it only
ferments glucose and fructose while simultaneously releasing high amounts of desirable flavors [274].
Meanwhile, it has been tested in further brewing trials for the production of beer where it significantly
enhanced the fruitiness [139]. For the flavor evaluation in fermentations of wine, beer and cider, an
olfactory "sniff" test was performed on plates of glucose wort, grape must and apple juice. A strong,
pleasant banana flavor was detected, which can be attributed to isoamyl acetate. Furthermore, there
was a notable formation of acetate esters, phenyl ethyl acetate (rose, floral), butyl acetate and hexyl
acetate [127]. Basically, P. kluyveri is known to occur during the fermentation of wine [6, 83, 157]. It is
able to produce significant amounts of the volatile thiols 3-mercaptohexan-1-ol (3MH) and 3-mercap-
tohexan-1-ol acetate (3MHA) in Sauvignon Blanc wine [6]. Moreover, P. kluyveri plays a role during
cocoa and coffee bean fermentation. Crafack et al. reported that the cocoa flavor was influenced pos-
itively to reveal a sweet, fruity cocoa flavor when integrating P. kluyveri in the fermentation process
[73]. During coffee bean fermentation of Arabica coffee, the yeast species was beneficial due to its
pectin-degrading enzymes [202]. The clinical importance of P. kluyveri is unknown. P. kluyveri is not
listed in the TRBA 460.

Saccharomycodes ludwigii

Saccharomycodes ludwigii is already used commercially to produce NAB in the industry [31, 43, 118].
As early as 1933, there was a patent for the production of a beer with low alcohol content by using S.
ludwigii for fermentation [128]. Kunz and Methner also mentioned S. ludwigii in a 2009 patent describ-
ing a process for producing a non-alcoholic malt-based beverage, which could also be a NAB [172]. In
1992, Narziss et al. conducted a study comparing a beer produced with limited fermentation against a
beer fermented with S. ludwigii. The beer produced with S. ludwigii revealed comparatively higher
concentrations of esters and higher alcohols. With the aid of biological acidification, the pH value was
decreased to 4.6, and off-flavors such as diacetyl or wort off-flavors could be slightly masked [241]. In
recent years, numerous studies have been performed on the production of NAB by using S. ludwigii
[50, 103, 156, 207, 256, 314, 335]. The potential of producing beers with desirable flavors was stated
[205], however, the sensory profiles can differ based on the specific yeast strain selected [103]. Ac-
cordingly, there have been approaches to isolate S. ludwigii as an indigenous yeast for the fermenta-
tion of cider and this was subsequently applied in beer brewing [270]. Apart from investigating the
fermentation performance of S. ludwigii in brewing, the yeast species was evaluated for the fermen-
tation of cider and wine as a mono- or co-starter culture [87, 95, 127]. S. ludwigii does not appear to
have any clinical importance. The growth of this species is weak or absent at 37 °C. Therefore, it is
unlikely to cause human infections [41]. S. ludwigii is not listed in the TRBA 460.

Saccharomycopsis fibuligera

Endomyces fibuliger, Pichia fibuliger, Endomycopsis fibuliger and Saccharomyces fibuliger are syno-
nyms for Saccharomycopsis fibuligera. Traditionally, this yeast species is used for fermented masau
(Ziziphus mauritiana) fruit juice in Zimbabwe like C. fabianii [245]. S. fibuligera is a major amylolytic
yeast in indigenous food fermentations which are based on starchy substrates like rice or cassava [136].
It was isolated from nuruk, which is a traditional microbial mixed-strain starter that is primarily culti-
vated on rice, wheat, barley, and rye [158]. As an amylolytic fermentation starter, it is used to ferment
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rice for the traditional Indonesian food “ragi” and the traditional Thai “Loog-pang”. Due to its amylo-
lytic properties, S. fibuligera is used to produce Indonesian sweet, low-alcoholic snacks called Tapé
ketan, Tapé ketella/peujeum that are based on rice and cassava tubers. Moreover, it is involved in the
fermentation of rice-based alcoholic beverages: Tapuy from the Philippines, Jnard/Jaanr/Thumba from
Nepal/India and Bhutan based on finger millet/rice/maize/wheat. S. fibuligera ferments saccharified
rice starch to alcohol by releasing amylolytic enzymes [3]. Still, the production of ethanol remains at
relatively low levels [187]. However, the yeast is characterized not only by its amylolytic abilities, but
also its property of flavor enhancement. A study has been carried out to improve the flavor of sweet
rice wine where ethyl butanoate, ethyl hexanoate, phenyl ethyl alcohol and 1-octen-3-one reached
high OAVs (odor activity values) and were consequently found responsible for the key flavors [352].
The quality of liquor could also be improved as S. fibuligera synthesizes flavors (mainly esters) and
alcohols during fermentation [350]. In yeast extract-peptone-dextrose (YPD) cultivation medium con-
taining glucose, 2-phenyl ethanol, 2-phenylethyl acetate, and ethyl phenyl acetate, were mainly de-
tected [183]. Recently, even a potential for coffee bean fermentation was mentioned due to pectinase
enzyme production of S. fibuligera [130]. Its clinical importance is unknown. S. fibuligera is not listed
in the TRBA 460.

Schizosaccharomyces pombe

First isolated from an ancient beer called “pombe” by Lindner in 1893 [188], today, Schizosaccharomy-
ces pombe is still one of the main flavor-contributing species in many mixed fermentations of tradi-
tional African beers. “Pombe” means beer in the Swabhili language [50]. The traditional beer “pito” in
Ghanais prepared from sorghum grains (Sorghum bicolor (L) Moench, Sorghum vulgare) [285, 295]. Its
traditional history from ancient and African beer brewing makes it a promising candidate for further
investigations. Callejo et al. found out that S. pombe is able to metabolize malic acid across the maloal-
coholic fermentation pathway with ethanol and CO, as final products instead of lactic acid, which is
the final product in bacterial malolactic fermentation [50]. S. pombe can be used to produce beers
containing alcohol [50]. However, studies in which S. pombe was used for the production of NAB have
also been described in literature [335], which indicates a strain-dependent carbohydrate utilization. S.
pombe has also been investigated for the fermentation of red wine. It produced less urea and more
pyruvic acid than Saccharomyces sp. while selected strains broke down malic acid completely. Strong
acetic acid production is judged as negative in terms of red wine quality. Furthermore, yeast strains
that produced relatively more pyruvic acid were associated with a more favorable color of the red wine
[32]. Apart from beer and wine, S. pombe was reported to be present in Kombucha together with other
yeast species [318]. As for most other yeasts investigated in this thesis, the clinical importance for S.
pombe is unknown.

Torulaspora delbrueckii

Formerly known as Saccharomyces delbrueckii, Torulaspora delbrueckii was first assumed to be a suit-
able yeast strain for beer brewing by King and Dickinson in 2000 [163]. A year earlier, T. delbrueckii
was mentioned in relation to the traditional brewing of pito made from sorghum or millet in Ghana
[295]. Thus, the barley-sorghum craft beer production has already been studied [93]. Regarding the
research on T. delbreuckiiin the context of the suitability for beer brewing, a study in the journal Yeast,
which was conducted by Hutzler's research group, was pioneering [219]. Based on this, numerous fur-
ther studies have been conducted in the context of beer brewing with mono- and co-culture fermen-
tations with S. cerevisiae with reported outcomes that the fermentation performance of T. delbrueckii
strongly depends on the strain as selected ones are able to metabolize maltose from brewer’s wort
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[31, 53, 54, 56, 66, 119, 139, 156, 220, 316, 317, 321, 322]. Co-inoculation with S. cerevisiae led to an
enhanced flavor profile of the beer [321]. This could be attributed to an increase in aromatic com-
pounds such as ethyl hexanoate, a-terpineol and 2-phenylethanol emphasizing fruity and citrus notes
with no reported off-flavors [54]. In the same way, T. delbrueckii was investigated in winemaking as
mono- and co-cultivation with S. cerevisiae, forming fresh flower and fruity flavors when applying the
mono-culture. A significant production of organic acids and 2-phenyl ethanol could be analyzed while
acetic acid and glycerol stayed within acceptable levels. A greater aromatic intensity and complexity
could be recognized in co-fermentation than from mono-culture fermentation [11, 147, 317]. In addi-
tion, T. delbrueckii is typically found in sourdoughs and was isolated from rye and rye malt sourdough
[156, 344]. A distinctive feature is that T. delbrueckii possesses a high concentration of intracellular
trehalose which enhances survival under environmentally stressful conditions [77]. There is a minor
clinical importance for this species though it was isolated from a skin lesion [61] and the anamorph
Candida colliculosa was reported to have caused tricuspid valve endocarditis [162].

Torulaspora microellipsoides

Torulaspora microellipsoides (synonyms: Saccharomyces microellipsoides, Zygosaccharomyces micro-
ellipsoides) was described as intensively producing isobutyl and isoamyl alcohols in a standard growth
medium [113]. Nevertheless, it is questionable whether the yeast species is suitable for beverage fer-
mentations. Dashko et al. concluded in their study about winemaking that T. microellipsoides showed
poor fermentation dynamics due to an inefficient sugar consumption and low ethanol production lev-
els while simultaneously exhibiting major organoleptic defects [78]. However, during microwine pro-
duction, which was conducted on a microscale in 24-well microplates each containing 5 mL of must, it
was possible to detect phenylethyl alcohol levels above the threshold level, which could have a positive
flavorimpact [112]. In addition, T. microellipsoides was examined for the fermentation of cashew apple
juice [114]. The clinical importance of this yeast species is unknown. T. microellipsoides is not listed in
the TRBA 460.

Wickerhamomyces anomalus

Previously named Saccharomyces anomalus, Endomyces anomalus, Pichia anomala, Willia anomala,
Hansenula anomala, Wickerhamomyces anomalus takes part in a wide range of food and beverage
fermentations. With regards to beer brewing, it was found during the fermentation of traditional pito
in Ghana [295]. Moreover, W. anomalus plays a role in traditional spontaneously fermented lambic
sour beers at a later stage of six months fermentation duration [308] and has already been investigated
in the process of beer brewing [55, 66]. W. anomalus was further assessed to be promising for wine-
making due to its wide range of enzymatic activities, high stress tolerance, killer activity, and utilization
of organic acids [147]. During winemaking in sequential inoculation with S. cerevisiae fruity flavors
could be enhanced resulting from higher levels of acetates and ethyl esters. Higher levels of lineal
alcohols caused herbaceous notes whereas lower concentrations of organic acids led to an increase in
the aromatic quality compared to mono-culture fermentation with only S. cerevisiae. The wines from
the mixed fermentation were preferred in the sensory evaluation due to the fruity and floral notes
[52]. In addition, W. anomalus contributes to cocoa bean fermentation [165] and can be found in sour-
doughs [344] while investigations on coffee bean fermentation revealed a production of the enzyme
pectinase [130, 131]. Although the importance of W. anomalus in the context of food and beverage
fermentations is extensive and there is a traditional use, reports from clinical specimens can be com-
monly found in literature, for example fungal keratitis [160]. TRBA 460 describes a possible allergenic

18



Introduction

effect for W. anomalus. However, this is not synonymous with a higher sensitizing potential compared
to other species [48].

Zygosaccharomyces rouxii

Also known by the designations Saccharomyces rouxii and Torulaspora rouxii, Zygosaccharomyces
rouxii was identified as an indigenous yeast from traditional balsamic vinegar [305]. In recent years,
the yeast species was investigated in several studies for its potential to ferment brewer’s wort mainly
in the context of LAB and NAB. However, Francesco et al. report that most of their applied Z. rouxii
strains produced ethanol concentrations above 1.2% (v/v) in a wort with 12 kg/hL original gravity, con-
sequently exceeding the ethanol limit for NAB. A reduction in the original gravity would therefore be
necessary in order for it to be eligible for the production of NAB. Previous reports from Sohrabvandi
et al. demonstrate the successful application of Z. rouxii in the production of NAB. They used S. cere-
visiae and then Z. rouxii during the fermentation and even outlined a decrease in off-flavors with Z
rouxii. [103, 304]. Aside from brewing, Z. rouxii was also investigated in relation to winemaking [112]
and it is known from soy sauce production where the yeast species produces flavor-active substances,
such as esters and higher alcohols while forming few undesired acids [181]. A further advantage is the
high concentration of intracellular trehalose of Z. rouxii, which enhances its survival under environ-
mentally stressful conditions [77]. Further physiological aspects can be found in a review by a research
group of the Technical University Munich, Germany [220]. The clinical importance of the yeast species
is unknown.

Zygotorulaspora florentina

Zygotorulaspora florentina (synonyms: Zygosaccharomyces florentinus, Torulaspora florentina) is
known from the fermentation of grape must where it was described as forming low concentrations of
acetaldehyde and ethyl acetate. In contrast, during mixed fermentations with S. cerevisiae, 2-phenyl
ethanol which causes a desirable floral, rose flavor and phenyl ethyl acetate seemed to strongly relate
to Z florentina [87]. Holt et al. studied a Z. florentina yeast strain, which was isolated from grape must,
for the fermentation of brewer’s wort and discovered beers with a phenolic profile [139]. Although
Nikulin et al. detected phenolic compounds in beer fermented with Z. florentina as well, they could
not be perceived during sensory evaluations [244]. Another finding was that the lactic acid concentra-
tion of beer fermented with Z. florentina was higher compared to the reference S. cerevisiae [55].
There is no literature on the clinical importance. Z. florentina is not listed in the TRBA 460.

1.2.2 Further non-Saccharomyces yeasts investigated for beer brewing

Apart from the 20 investigated yeast species in this thesis, there are a large number of further studies
in which numerous other yeast species were examined for their suitability for beer brewing or in a
broader beer-related context. Since there is a clear focus on the 20 characterized yeasts, only a brief
overview of literature sources is listed, in which other yeast species were discussed against the back-
ground of beer brewing:

- Barnettozyma californica isolated from fruit [112]

- Candida ethanolica [323]

- Candida glabrata [225]

- Candida membranifaciens isolated from fibre pulp [119]

- Candida tropicalis [236, 295]

- Candida zemplinina [56]

- Cyberlindnera jadinii isolated from fruit of Solanum quitoense [30]
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- Cyberlindnera subsufficiens isolated from coconut and soil [30]

- Eromothecium coryli [119]

- Galactomyces geotrichum [127] isolated from soil [112]

- Hanseniaspora guilliermondii isolated from juice [112]

- Hanseniaspora osmophila [270]

- Hanseniaspora valbyensis isolated from Kombucha [31]

- Hanseniaspora vineae isolated from Kombucha [31], isolated from plant [112]
- Issatchenkia occidentalis [225]

- Kazachstania gamospora [112]

- Kazachstania zonata [127]

- Kloeckera apiculata [295]

- Kluvyeromyces africanus [295]

- Kodamaea ohmeri [236]

- Lachancea fermentati [335] isolated from Kombucha [28], isolated from Kvass [119]
- Lachancea thermotolerans [50, 55, 86, 322, 361]

- Lindnera meyerae [127]

- Meyerozyma caribbica [236]

- Naumovia dairenensis isolated from salad [119]

- Pichia angusta [335]

- Pichia fermentans [156]

- Pichia kudriavzevii [323]

- Rhodotorula [225]

- Scheffersomyces stipitus isolated from insect larva [119]

- Sporobolomyces holsaticus [225]

- Starmera caribaea [127] isolated from plant [112]

- Wickerhamomyces subpelliculosus isolated from sugar [112]

- Yarrowia lipolytica [127]

- Zygosaccharomyces bailii [56] isolated from Kombucha [31]

- Zygosaccharomyces kombuchaensis isolated from Kombucha [31], isolated from fungus [112]
- Zygotorulaspora mrakki isolated from silage [119]

In addition to the yeast species listed, several reviews have been published which provide summaries
of non-Saccharomyces yeasts being investigated for the production of beer. Those that deserve a spe-
cial mention are reviews of Basso et al. [23] which focus on Dekkera/Brettanomyces, W. anomalus and
T. delbrueckii as well as a further review [220] summarizing characteristics of Dekkera/Brettanomyces
and T. delbrueckii and furthermore Candida shehatae, C. tropicalis, S. ludwigii, Z. rouxii and P. kluyveri.
Bellut et al. [27] focused on S. ludwigii, Candida spp., Cyberlindnera spp., Pichia spp., T. delbrueckii and
Zygosaccharomyces spp. for the production of LAB and NAB in addition to further mentioned yeast
species.

1.3 Non-Saccharomyces yeasts for the production of non-alcoholic beers (NABs)

As there was a focus on NAB in this thesis, the definition of NAB needs to be clear. Within the frame-
work of the legal situation and consumer understanding in Germany, there is no primary regulation
for the sales designation of "non-alcoholic beer", but the maximum limit of 0.5% (v/v) is based on the
Weinverordnung §47 para. 1 [233, 346]. In the European Union (EU), the definition of NAB varies.
While a majority of states tolerate a maximum limit of 0.5% (v/v), the range in France and Italy extends
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to 1.2% (v/v) [129]. Above 1.2% (v/v), the amount of ethanol must be indicated in accordance with
Regulation (EU) No. 1169/2011. According to Regulation (European Community) No. 1924/2006,
claims regarding positive health effects may only be made for ethanol concentrations below 1.2% (v/v).
The Mitteleuropdische Brautechnische Analysenkommission (MEBAK®) specifies that a NAB with an
ethanol content of < 0.54% (v/v) may be voluntarily declared with the claim < 0.5% (v/v). Once the
claim < 0.5% (v/v) is chosen, it must be ensured that the analyzed extreme value of ethanol is < 0.49%
(v/v) [152]. Only beers with an ethanol concentration of less than 0.05% (v/v) may be claimed to be
0.0% (v/v) ethanol [233].

What are the reasons for consuming NAB? From a historical perspective, the First and Second World
Wars led to a shortage of raw materials. As a result, the original gravity of beers was significantly re-
duced resulting in low alcohol concentrations in beer. Furthermore, from 1919 to 1933, a ban was
imposed in the United States of America (USA) on the production and consumption of alcohol. This in
turn led to anincrease in the production of LABs [43, 216, 302]. In the late 20th century, many brewers
sought to expand their product range to offer alternative products for specific circumstances, such as
athletes, car drivers and pregnant women. There was also an interest in conquering markets where
alcohol was banned due to religious restrictions. Due to the fact that alcohol consumption poses health
risks, the consumption of NABs scores points by not having a negative impact on health and also en-
sures a lower calorie intake when directly compared with beers containing alcohol [43]. At the begin-
ning of the product launch of NAB and LAB, they were not immediately accepted by consumers. It was
only between 2011 and 2016 that the global market grew by 20% [27]. Sales in the NAB segment will
be approximately EUR 28.5 billion worldwide in 2022, and the market is forecasted to grow by approx-
imately EUR 40 billion in 2025, which would correspond to annual sales growth of approximately 12%
(CAGR 2022-2025) [312].

The processes for the production of NAB can be fundamentally divided into the two categories of bio-
logical and physical production processes [43]. These in turn can be further broken down into subcat-
egories. The most common procedures are presented in Figure 2.

Production methods of

NAB
Physical Biological
Thermal Membrane Traditional S;?emal
brewery plant equipment
Rectification Evaporation Dialysis Revers_e L\mlted. Changed Special yeast Contlnuo.us
0smosis fermentation mashing fermentation

Figure 2. Most common production methods for non-alcoholic beers (NAB). Scheme according to Branyik et al. [43]

In this thesis, only the biological production process was applied. The physical methods will therefore

not be discussed further. More detailed information on the physical methods can be found in the fol-

lowing literature sources: [43, 151, 197, 227, 233, 303]. Based on Figure 2, in the biological processes
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for the production of NAB, the production of alcohol is limited by working with lower original gravities,
which results in fewer fermentable sugars available for the yeasts. Either the mashing process can be
modified to reduce the level of fermentable sugars or the fermentation process can be varied. The
latter methods can involve: arrested batch fermentation, cold contact method, continuous fermenta-
tion (immobilized yeasts) or the use of alternative non-Saccharomyces yeast strains [151]. The method
of alternative yeast strains is selected in this work.

The technology to produce NAB focusing on the microbiological method has the advantage over the
physical methods that no subsequent ethanol reduction is necessary. Hence, it is a simple application
for breweries and a cost-effective technology by eliminating the high costs and maintenance required
for the equipment of physical production methods [146, 233]. By using selected maltose- and malto-
triose-negative non-Saccharomyces yeast strains for the production of NAB, their natural fermentation
limit in wort can be exploited [31]. Premature removal or inactivation of the yeast, as in the case of
arrested batch fermentation, is not necessary. During arrested batch fermentation, ethanol formation
is suppressed which leads to undesirable wort flavors caused by remaining wort aldehydes [348]. In
contrast, maltose- and maltotriose-negative non-Saccharomyces yeasts like S. ludwigii, T.delbrueckii,
C. fabianii, H. uvarum and P. fermentans were reported to degrade wort aldehydes during fermenta-
tion albeit strain-specific [156, 169, 243, 314]. Due to the weak fermentation performance, beers with
low concentrations of ethanol can thus be produced. However, larger amounts of residual sugars re-
main than in conventional beers [353]. Besides the advantages mentioned above, the use of non-Sac-
charomyces yeasts for the production of NAB requires meticulously hygienic work, as there is a risk of
microbial contamination due to the high levels of fermentable residual sugars [57, 219]. The risk of
contamination is increased by the low activity of the yeast, the low ethanol content of the beer and
the often-insufficient pH drop during fermentation. Therefore, pasteurisation is absolutely necessary
[1, 30, 207, 232]. The often insufficient pH drop requires an additional acidification/pH adjustment of
the wort to approximately pH 5.0 [247, 320]. The pH of a pale wort is between 5.0 and 5.7 at an original
gravity of 12 °P, while the beer pH of bottom-fermented beers is between 4.35 and 4.60, where a low
pH is advantageous for taste and shelf life [240]. Since lower original gravities are set for the production
of NAB using non-Saccharomyces yeasts, often between 6-9 °P depending on the specific sugar utiliza-
tion of the yeast strain, the pH of the wort is at a higher reference range [31, 230, 241, 274]. The pH of
NAB can also vary depending on the yeast strain. Only a few non-Saccharomyces yeast species are able
to induce a sufficient pH drop, so the beers often remain above pH 4.5. The use of lactic acid, sour malt
or sour wort is therefore recommended to ensure microbiological safety and to exclude spoiling bac-
teria [13, 31, 343]. Some non-Saccharomyces yeasts, such as L. fermentati, have the ability to produce
larger amounts of lactic acid during fermentation of brewer’s wort, resulting in a sufficient pH drop in
the NAB [29]. Conversely, it is also essential to exclude any cross-contamination of non-Saccharomyces
yeasts with Saccharomyces yeast cultures for regular beer production in the brewery.

In summary, non-Saccharomyces yeasts in particular are ideally suited to the production of NAB, as
biological production processes involve little technological effort and time, while offering a great po-
tential for flavor diversity without wort off-flavors. In the past few years there has been increased
research in this area, which has demonstrated novel flavor profiles when using non-Saccharomyces
yeasts. Since flavor diversity using non-Saccharomyces yeasts affects both NAB and beers containing
alcohol, flavor formation and diversity will be discussed in section 1.4.3. This diversity offers great po-
tential for creating novel, more individual beer styles by using existing brewing methods.
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1.4 Prerequisites for the selection of suitable yeast strains for beer brewing

In order to be suitable for beer brewing, yeasts must fulfill a number of requirements, such as sufficient
hop and ethanol tolerance and growth at wort pH. For Saccharomyces yeasts, it is known that cell
growth can occur at a pH of 4.5-6.5. However, this may differ for non-Saccharomyces yeasts and there-
fore needs to be investigated. During fermentation, yeasts acidify their environment through a combi-
nation of proton excretion, direct secretion of organic acids, and dissolution of carbon dioxide. In ad-
dition to oxygen, selected macronutrients and micronutrients are essential for yeast cell growth. These
growth factors are present in the brewer’s wort, and the yeasts must be able to metabolize them at
least partially [46].

Furthermore, it is crucial for the suitability for beer brewing that the selected yeast strains possess the
ability of forming positive flavor compounds during fermentation as fermentation by-products, result-
ing in a pleasant beer aroma with positive sensory characteristics. Wort flavors, which can usually be
attributed to aldehydes, should no longer be present in the beer. Thus, yeasts should be able to elim-
inate wort aldehydes during the fermentation process. Consequently, the use of non-Saccharomyces
yeasts offers the potential to generate novel positive flavor characteristics during fermentation, lead-
ing to a greater diversity and differentiation of beer flavors.

Once the physiological requirements are met, the yeast strains must also be legally approved for the
production of beer. It is essential that the application of the yeast strains is safe. This includes many
years of traditional use in food and beverage fermentations and the exclusion of the formation of
harmful substances such as biogenic amines during fermentation. It must be further ensured that the
yeast strains are non-pathogenic. Provided safe use can be assured, potential positive health aspects
may be considered, such as probiotic properties or the synthesis of B vitamins.

In the following sections, the aspects listed will be discussed more in detail.

1.4.1 Inhibition of yeast cell metabolism by hop substances and ethanol

The female cones of the hop plant (Humulus lupulus L.) are traditionally utilized as raw material for
brewing beer imparting the beer flavor and bitterness [161]. Moreover, hops are used for physico-
chemical as well as microbial stability and are known to exhibit both antibacterial and antifungal effects
[135, 161, 272]. Therefore, a prerequisite for the suitability for beer brewing is that the yeasts must be
phenotypically capable of tolerating the hop constituents [23]. The antimicrobial properties of hops
can be mainly attributed to the effect of hop iso-a- and 8-acids. Hop iso-a-acids (humulone homologs)
are formed during wort boiling by isomerizing a-acids to iso-a-acids and have an essential influence on
the bitterness of the beer [20, 89]. They act as proton ionophores that disperse the transmembrane
proton gradient, lower the cytoplasmic pH, and suppress the proton motive force leading to an inhibi-
tion of certain beer-spoilage bacteria [25, 39]. 8-acids (lupulone homologs) are reported to have an
even stronger antimicrobial effect than jso-a-acids [135, 309]. Hop iso-a- and B-acids are said to inhibit
the growth of gram-positive but not gram-negative bacteria [272, 299]. Schneiderbanger summarized
the inhibition mechanisms from various studies [289] and pointed out that the inhibition is caused by
oxidative stress of iso-a-acids in bacterial cells [25]. In addition, the iso-a-acid acts as a proton iono-
phore and destructs the transmembrane pH gradient of bacterial cells. Bacterial cell leakage is caused
by the hop acids, impeding nutrient uptake and damaging the DNA [289, 343]. 8-acids display poor
solubility in beer as they are not isomerized during wort boiling. Consequently, they are not conveyed
into beer and only become relevant in case cold hopping is performed prior to fermentation [279].
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Studies on the Saccharomyces yeasts S. cerevisiae and S. pastorianus have shown their resistance to
hop iso-a-acids and state that they are highly tolerant against hop iso-a-acids, provided that the com-
mon concentrations of bitter acids in the beer are not significantly exceeded [135, 287]. Concentra-
tions of iso-a-acids occurring in beer are summarized in the dissertation by Michel [217], while a de-
tailed overview of the bitter components in beer, their threshold values and typical concentrations can
be found in Schénberger and Kostelecky [290]. Furthermore, it was found that the tolerance of eukar-
yotes against iso-a- and 8-acids is significantly higher than that of prokaryotes [135, 218]. Initial studies
on the hop tolerance of non-Saccharomyces yeasts have been carried out, showing sufficiently high
tolerance for different Hanseniaspora and Zygosaccharomyces genera as well as for the yeast species
L. thermotolerans, S. ludwigii and T. delbrueckii to be suitable for the production of beer [31, 86, 219].
Still, there is a need for further research in this field as the influence of hop acids on a large number of
non-Saccharomyces yeasts, in contrast to Saccharomyces species, remains unknown [39, 135, 279]. It
should be mentioned that besides hop bitter acids, hop oils and polyphenols also have a relevant an-
timicrobial influence in beer [161, 351]. However, since no investigations on these were carried out in
the context of this thesis, they will not be discussed more in detail.

Apart from sufficient hop tolerance, the ability of yeasts to tolerate ethanol plays a decisive role in the
production of alcoholic beers. During fermentation, the increasing ethanol concentration is one of the
greatest stress factors of the yeast cells, so there is a need to examine whether the yeast can adapt to
the ethanol influence [85]. Ethanol has a toxic effect on yeast physiology. The cell membranes seem
to be the main target for ethanol. The sensitivity of yeasts to ethanol and the effects of ethanol vary.
Gibson et al. [121] have compiled the possible effects from various sources, which are listed below:
Inhibition of cell growth, reduced cell size/viability/respiration/glucose uptake/fermentation, enzyme
inactivation, lipid modification, loss of proton motive force across the plasma membrane, increased
membrane permeability, lowering of cytoplasmic pH, induction of respiratory-deficient mutants. Fur-
thermore, ethanol exposure has a similar effect as increasing temperatures. Accordingly, these two
stress factors have a synergistic effect. Membrane permeability increases in both cases, while proton
driving force, intracellular pH and fermentation rates (due to an inhibition of glycolysis) are reduced
[259].

1.4.2 Diversity of sugar metabolism pathways in yeasts

Avyeast’s fermentation performance depends on the uptake of specific carbohydrates to maintain their
energy metabolism and form cellular biomass [140, 191]. A pale brewer’s wort is composed of 7-9%
hexoses, 3% sucrose, 43-47% maltose, 11-13% maltotriose, 6-12% lower dextrins, 19-24% higher dex-
trins and 3-4% pentosans [240]. For Saccharomyces yeasts, the uptake of wort sugars is known to occur
through a plasma membrane consisting of mannan, among other compounds, with intervening
periplasmic space [36, 193, 199]. The uptake of sugars occurs hierarchically and is controlled by com-
plex regulatory mechanisms. The basic limiting factor for sugar metabolism is the transport of sugars
into the yeast cell, and the proteins involved in the transport are encoded by various genes [79, 265].

Glucose, as the preferred carbohydrate, serves as an energy source while also playing the role of a
molecular signal, as it is responsible for the induction of gene transcription, which is necessary for
efficient glucose metabolism. At the same time, the available glucose suppresses the gene expression
of proteins that encode the uptake of other carbohydrate sources [36, 140]. For S. cerevisiae, a family
of hexose transporters, namely Hxtlp to Hxt17p and Gal2p, is known to interact and regulate sugar
uptake. Furthermore, two relevant glucose sensors can be found in interaction with the specified trans-
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porters in literature: Snf3p and Rgt2p [140]. During fermentation of brewer’s wort, for both S. cere-
visiae and S. pastorianus, glucose and fructose first pass through the cell wall of the yeasts into the cell
interior by facilitated diffusion. Two glucose uptake systems exist in the form of low-affinity and high-
affinity transporters. The latter is suppressed at high glucose concentrations [191]. The further wort
sugars can only be assimilated after the uptake of glucose and fructose, provided the yeast possesses
the appropriate transporters and enzyme systems [99, 195, 265]. Verstrepen et al. even describe that
glucose is preferred over fructose, since the two monosaccharides are transported into the cell interior
via the same carriers and there is a higher affinity for glucose [341]. Sucrose, in turn, is hydrolyzed
extracellularly to glucose and fructose by the enzyme invertase released by the yeast cell before it can
be metabolized. Consequently, in addition to glucose, sucrose is also consumed early, provided the
yeast cell possesses the gene responsible for the formation of an invertase [341]. Considering studies
regarding Saccharomyces yeasts, only after the available glucose, fructose and sucrose are utilized,
maltose and finally maltotriose are assimilated by specific maltose and maltotriose transporters as well
as maltase (a-glucosidase) as the expression of maltose utilization genes (MAL genes) is suppressed in
the presence of glucose [36, 194, 315]. The uptake mechanism for maltose is divided into two systems.
With the aid of an energy-dependent maltose permease, energy is released by hydrolyzing ATP to
adenosine diphosphate (ADP) and phosphate (P;). This allows maltose to be actively transported across
the cell membrane into the cell interior where it is subsequently hydrolyzed to glucose molecules by a
a-glucosidase [191, 315]. For maltotriose, a separate energy-dependent transport by a maltotriose-
specific permease exists. It is a different permease than the maltose permease. However, both per-
meases are driven by ATPase-controlled proton gradients [75, 310] and the a-glucosidase inside the
cell is identical to that for maltose [72, 79, 191]. The glucose molecules are then degraded to pyruvate
via glycolysis (Embden-Meyerhof-Parnas pathway), which is similar for all yeasts [240, 268]. Neverthe-
less, carbohydrate ratios play a significant role during fermentation, as higher viability was demon-
strated for brewing yeasts in maltose media compared to glucose media (Stewart 2006).

Figure 3 depicts the transport of the wort sugars into the yeast cell and is modified according to Stewart
[315].

Yeast cell
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Figure 3. Transport mechanisms of the wort sugars glucose, fructose, sucrose, maltose and maltotriose into the yeast cell and
enzymes responsible for the hydrolysis of the di- and trisaccharides to monosaccharides.
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Although there are reliable sources on the fermentation ability of glucose, sucrose and maltose by
various yeast species published by Kurtzman [175], it often varies within the species as to the kind of
carbohydrates they utilize. Consequently, the sugar transport systems and genes encoding for the
transporters vary amongst different yeast species and even between different yeast strains. A general
overview according to Kurtzman [175] of which wort sugars can be fermented by the yeast species
investigated in this thesis can be found in Table 2. Depending on the yeast strain, the assimilation of
sugars from fermentation may vary [175]. Since the focus of this thesis was on the fermentation prop-
erties of the yeasts, assimilation will not be discussed further.

Table 2. Fermentation performance of wort carbohydrates glucose, sucrose and maltose according to Kurtzman (ed.) [175].

Yeast species Glucose Sucrose Maltose

Cyberlindnera fabianii + + w/s
Cyberlindnera misumaiensis + - -

+

Cyberlindnera saturnus + -

w/- w/-

g
=~

Debaryomyces hansenii
Hanseniaspora uvarum - -
Kazachstania servazzii - -
Kluyveromyces lactis
Kluyveromyces marxianus
Lachancea kluyveri
Metschnikowia pulcherrima
Nakazawaea holstii
Pichia kluyveri
Saccharomycodes ludwigii
Saccharomycopsis fibuligera
Schizosaccharomyces pombe
Torulaspora delbrueckii
Torulaspora microellipsoides
Wickerhamomyces anomalus
+/w
+ +

Zygosaccharomyces rouxii

+
++++++E+++++++++
+
S~
g
+
S~
g

Zygotorulaspora florentina

(+) positive, (-) negative, (v) variable, (w/-) weak or negative, (w/s) weak and slow, (+/w) positive or
weak

As already mentioned in section 1.3, the production of NAB using non-Saccharomyces yeasts makes
use of the property of specific yeasts not being able to metabolize, or only to a very limited extent, the
sugars maltose and maltotriose, which are proportionally the most abundant in brewer’s wort [7, 31,
240]. Due to the lack of the ability to metabolize these sugars, ethanol production is reduced to a
minimum [43]. Often, the reason is the absence of the enzyme maltase or the maltose or maltotriose
permeases. However, the current state of knowledge in this regard is still limited [79, 220, 227, 265].
Nevertheless, some yeasts can metabolize sugars under aerobic conditions which they cannot utilize
under anaerobic conditions. This so-called Kluyver effect is species-specific and affects different sugars.
For example, S. cerevisiae is Kluyver-effect positive for trehalose, while K. lactis is Kluyver-effect posi-
tive for maltose utilization [109].
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1.4.3 Flavor formation and diversification in beer

While ethanol and carbon dioxide are formed as primary metabolites by a conversion of wort sugars
during the fermentation process, intermediates and by-products are produced which can contribute
to the beer flavor [57]. Consumers predominantly make their choice based on the flavor properties of
the beer [17]. The term “flavor” is composed of the components odor, aroma, taste and mouthfeel
[14]. Beers have a complex aroma, which is comprised of a variety of flavor substances. Microogran-
isms possess the ability to produce a broad range of different secondary metabolites with many of
them having an important impact on flavor even though the secondary metabolites are produced at
very low concentrations [250, 333]. A multitude of flavor compounds have already been identified in
beers, whose formation during fermentation is based on complex biochemical conversion processes
in yeast metabolism. The flavor metabolites are unstable over time and therefore alter during storage
[250, 337]. The main flavor-active substances produced by yeasts during fermentation can be divided
into several groups [17, 57, 220, 250]:

Esters

Higher/fusel alcohols

Carbonyl compounds (aldehydes and ketones/vicinal diketones)
Organic and fatty acids

Sulfuric compounds

o wkwWwNRE

Phenols

Figure 4 shows the different metabolic pathways in yeast cells for the formation of flavor-active sub-
stances.
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Figure 4. Metabolic pathways of yeasts for the formation of flavor-active substances according to Lodolo et al. and adapted
from Hammond [132, 191]; CoA: Coenzyme A; CO,: carbon dioxide; H,S: hydrogen sulfide; SO,: sulfur dioxide.

Figure 4 shows that sugars from brewer‘s wort are mainly hydrolysed to glucose, which is degraded
and converted to pyruvate during glycolysis. Pyruvate can be further degraded or converted via differ-
ent metabolic pathways either to aldehydes, acetaldehyde or to acetyl-CoA. Acetyl-CoA is an important
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precursor for the formation of organic and fatty acids as well as esters. In addition to sugar, nitroge-
nous and sulfur compounds, which are also components of the brewer's wort, are required for yeast
growth. Although most of the free amino nitrogen (FAN) present in the wort serves for yeast growth,
the FAN significantly affects the higher alcohols, esters, vicinal diketones, and hydrogen sulfide (H.S)
formation [57, 191, 240].

Verstreepen et al., Lodolo et al., Michel et al., and Baiano and Petruzzi among others, have provided
reviews of relevant flavor-active secondary metabolites in beer, which are summarized and replen-
ished hereafter [17, 191, 220, 337].

Esters

For ester synthesis by S. cerevisiae, alcohols and acids must be available. The alcohols can be present
either in the form of ethanol or as more complex fusel alcohols from amino acid metabolism, while the
acids are activated fatty acids in the yeasts [49]. Furthermore, the formation of volatile esters is based
on enzymatic condensation reactions catalyzed by different groups of ester synthases. In this process,
an activated fatty acid, designated as acetyl-coenzyme A (acetyl CoA), reacts with a higher alcohol
[357—-359]. Accordingly, the concentrations of acetyl CoA and fusel alcohols as well as the total activity
of the enzymes responsible for ester catalyzation are decisive for the formation of esters [339]. Genes
encoding ester synthesis are ATF1 and ATF2 (encoding alcohol acetyl transferases | and Il, also called
AATase | and Il), Lg-ATF1 (AATase) and EHT1 (ethanol hexanoyl transferase) [88, 106—108, 196, 224,
238, 333, 339, 355, 356]. It is suggested that there may be further genes involved in ester synthesis
[201].

Flavor-active esters can be divided into the two groups acetate esters and medium-chain fatty acid
(MCFA) or ethyl esters and are formed intracellularly in yeast during fermentation contributing to the
fruity and/or floral flavors of beer [17, 338]. According to Verstrepen et al., Meilgaard und Nykéanen,
the esters that mainly convey a fruity sensory impression are ethyl acetate, isoamyl acetate, phe-
nylethyl acetate, which belong to the group of acetate esters, and ethyl caproate, ethyl caprylate and
ethyl decanoate, which belong to the group of ethyl esters [208, 246, 276, 339].

Higher/fusel alcohols

Higher alcohols, also known as fusel alcohols, can be synthsized via both anabolic and catabolic meta-
bolic pathways. In case they emerge by the anabolic pathway, 2-oxo acids derived from carbohydrate
metabolism are decarboxylated to aldehydes. The aldehydes, in turn, are subsequently reduced to the
corresponding higher alcohols [17]. On the catabolic pathway, the higher alcohols derive from 2-oxo
acids, which, however, originate from amino acids via the Ehrlich pathway (cf. Figure 4) [62]. Higher
alcohols such as 2-phenyl ethanol, isobutyl alcohol and isoamyl alcohols positively affect the aroma
profile of beer provided they stay below 300 mg/L [250]. They contribute to an alcoholic, solvent-like
flavor and a warm mouthfeel [17].

Carbonyl compounds
The group of carbonyl compounds includes aldehydes and ketones.

Aldehydes play a central role in yeast cell metabolism as they are metabolized as part of the anabolic
and catabolic pathways to form higher alcohols during fermentation. Furthermore, aldehydes are
formed under the thermal influence of wort preparation as a Maillard product and as a result of lipid
oxidation. Acetaldehyde, in particular, is mainly produced by yeast during its growth phase as a result
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of the sugar metabolism and is an intermediate product of ethanol and acetate formation. Above a
threshold of 10-20 mg/L, it can cause green apple and grassy flavors in beer [191, 210].

During wort fermentation, ketones are mainly synthesized as vicinal diketones. Vicinal diketones in-
clude diacetyl (2,3-butanedione) and 2,3-pentanedione, which are formed from the precursors 2-ace-
tolactate and 2-acetohydroxybutyrate as well as acetoin [57]. Diacetyl is a by-product of the amino
acid anabolism of valine. It is formed from glucose in a four-step reaction during fermentation and can
be resumed by the yeast cell during maturation where it is reduced to acetoin and 2,3-butanediol.
While 2,3-butanediol is not a flavor-active substance, diacetyl leads to a buttery flavor which, depend-
ing on the beer type, can have a negative influence on the flavor quality of the beer in case the thresh-
old value of 0.10-0.15 mg/L is exceeded [17, 170, 210, 260, 266, 277].

In addition to diacetyl, the ketone (E)-8-damascenone is one of the known carbonyl compounds in
beers. During wort boiling, thermal input can cause the formation of Strecker aldehydes, which can
lead to the formation of compounds such as (E)-8-damascenone by acid hydrolysis of glycoside pre-
cursors [122, 258, 293, 301]. The formation of this ketone is further associated with beer aging, ex-
plaining why (E)-8-damascenone is partly used as an aging indicator [126, 277, 334]. In this context,
the formation of (E)-6-damascenone is considered to be caused by oxidative cleavage from the carot-
enoid neoxanthin or from acid hydrolysis of plant secondary metabolites [26, 64, 292, 296]. Another
formation pathway may also occur during fermentation by yeast cell metabolism [190]. The ketone is
mainly described to induce flavors reminiscent of apple/cooked-apple in beer [126, 168, 258, 286].

Organic and fatty acids

The majority of organic acids are formed during yeast cell metabolism as a by-product of glycolysis and
TCA cycle from the catabolism of amino acids and redox reactions. In some cases, organic acids also
originate from the wort. In the latter case, the yeast has no influence on the concentration in the beer.
The organic acids are partially responsible for the pH drop during fermentation. Fatty acids are partic-
ularly interesting due to their involvement in ester synthesis, as described previously [46]. Relevant
organic acids/fatty acids in beer are primarily isovaleric, hexanoic, octanoic and decanoic acids, which
can create unpleasant flavor characteristics [253, 337].

Sulfuric compounds

The major sulfuric compounds produced by yeast during fermentation are sulfur dioxide (SO), hydro-
gen sulfide and dimethyl sulfide (DMS) [90, 237, 328]. Sulfur dioxide operates as an antioxidant and
consequently positively contributes to the flavor stability by increasing the shelf life of the beer. Occa-
sionally, it can also lead to a positive aroma character in bottom-fermented beers [149]. In contrast,
hydrogen sulfide belongs to the undesirable flavor-active substances as it causes a rotten-egg smell at
low threshold values [249]. DMS can either emerge during wort boiling by thermal degradation of S-
methylmethionine or it can originate during fermentation as a result of the reduction of dimethyl sul-
foxide (DMSO) by the yeast. In case it exceeds the threshold values, it causes an unpleasant sulfury
flavor in the beer [8, 84, 191].

Phenols

Phenolic flavors, which are mainly attributed to the flavor substances 4-VG and 4-vinyl phenol (4-VP)
are primarily found in wheat beers and impart characteristic clove- and medicinal-like flavors. How-
ever, the flavor input of 4-VP plays a minor role, while the clove-like flavor dominates [12, 288]. 4-VG
derives from ferulic acid, a hydroxycinnamic acid mainly found as a cell wall component of malt or raw
barley. Ferulic acid is transferred to the wort during mashing. Provided the yeast possesses the enzyme
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systems phenylacrylic acid decarboxylase (PAD1) and ferulic acid decarboxylase (FDC1), it can actively
decarboxylate the ferulic acid to 4-VG [68—70, 185, 231]. Although 4-VG can also thermally arise from
ferulic acid at reaction temperatures exceeding 80 °C, this formation pathway plays a minor role [288].
Furthermore, reduction products of 4-VP and 4-VG are known in the form of ethyl derivatives. Bret-
tanomyces/Dekkera spp. possess a vinylphenol reductase activity [332]. It is yet unkown whether the
same activity exists for the non-Saccharomyces yeasts investigated in this thesis. In general, non-Sac-
charomyces yeasts are more frequently considered to be phenolic off-flavor (POF)-positive than Sac-
charomyces yeasts [185, 300, 319]. The term “POF” was originated based on the phenolic flavor per-
ceived as undesirable in bottom-fermented pilsner beers. However, in Belgian and German wheat
beers, for example, the phenolic flavors are characteristic and desirable. Accordingly, they are not con-
sidered as off-flavors in these types of beers [319, 332].

For further details, Dzialo et al. elaborated figures with flow charts for the formation of the most rele-
vant flavor substances in beer [91], while Meilgaard and Sannino et al. summarized the corresponding
organoleptic thresholds of volatile compounds [210, 283]. Meilgaard refers exclusively to beers fer-
mented with traditional Saccharomyces brewing yeasts whereas Sannino et. al also consider beers
produced by using non-Saccharomyces yeasts. Steensels and Verstrepen summarized the bioflavoring
potential of non-Saccharomyces yeasts for the production of beer and described the contribution of a
wide range of flavors. For example, B. bruxellensis produces phenolic compounds, ethyl esters and
fatty acids in spontaneous beer fermentations, the combination of which creates an aroma reminiscent
of clove, barnyard, smoke, humid leather, tropical fruit, and/or spices [314]. Some non-Saccharomyces
yeast strains also proved to be positive flavor enhancers during the fermentation of brewer’s wort
when applied as monocultures. Basso et al. summarized the aroma profiles of several beers fermented
by yeast species in mono-cultivation. C. saturnus and P. kluyveri were described to cause banana, pear
and fruity flavors. It needs to be noted, however, that the references for C. saturnus only refer to wine
flavors although Basso et al. designate them to beer flavors. H. uvarum and W. anomalus led to similar
banana, pear and fruity, as well as solvent-like flavors, while T. delbrueckii caused versatile fruity fla-
vors reminiscent of banana, pear, apple, strawberry and green apple. Consequently, they offer a great
potential for bioflavoring [23]. Building on the findings from various studies on bioflavoring using non-
Saccharomyces yeasts summarized by Basso et al., there are now further studies on the yeast species
investigated in this thesis. Table 3 in the following presents an overview of novel flavor characteristics
and their corresponding aroma-active substances in beer, which were formed by means of the individ-
ual yeast species during the fermentation of brewer's wort. Although the focus is on mono-cultivations,
some examples of co-cultivations are also mentioned.

Table 3. Overview of novel flavor characteristics and their corresponding flavor-active substances in beer fermented by the
20 yeast species listed in Table 1.

Yeast species Flavor-active substances and characteristics in beer

Cyberlindnera fabianii - relatively high levels of esters in comparison with S. cerevisiae
leading to a fruity flavor [331]

- high levels of esters: ethyl acetate (129.5 mg/L); ethyl 9-hexa-
nodecanoate, ethyl decanoate, ethyl dodecanoate, ethyl hexa-
noate, ethyl pentadecanoate, propyl decanoate, propyl octano-
ate, 2-methylpropyl hexanoate, 3-methylbutyl octanoate, 3-
methylbutyl pentadecanoate and decanoic acid found in higher
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Cyberlindnera misumaiensis

Cyberlindnera saturnus

Debaryomyces hansenii

Hanseniaspora uvarum

Kazachstania servazzii

Kluyveromyces lactis

Kluyveromyces marxianus

Lachancea kluyveri

Metschnikowia sp.

Nakazawaea holstii

levels in co-cultivation compared to mono-cultivations [330,
331]

cabbage-like, unpleasant flavor [30]

high levels of ethyl acetate (65.7 mg/L) leading to an unpleasant
solvent-like flavor, isoamyl acetate around flavor threshold
(0.90 mg/L) [30]

No conspicuous flavor substances described in literature during fer-

mentation of brewer’s wort for C. saturnus, only studies for C. satur-

nus var. mrakii have been conducted:

isoamyl acetate (1.60 mg/L) causing a fruity, pleasant flavor [30]
in comparison to S. cerevisiae significantly higher levels of ace-
tate esters, in particular isoamyl acetate, ethyl acetate and 2-
phenylethyl acetate leading to more distinct fruity, banana-like
and floral aroma impression; higher production of ethyl acetate
can lead to a glue-like off-flavor [189]

No conspicuous flavor substances described in literature during fer-

mentation of brewer’s wort

in direct comparison to the flavor produced by a S. cerevisiae
reference strain almost double concentration of 2-phenyl etha-
nol and more than twice as much ethyl decanoate [119]

4-VG detected causing a distinctive clove-like flavor [156]
2-phenylethyl acetate and ethyl acetate measured [270]

in direct comparison to the flavor produced by a S. cerevisiae
reference strain increase of fruitiness based on higher levels of
3-methylbutanol, phenyl ethanol, phenylethyl acetate, ethyl
decanoate and ethyl caprylate [119]

2-phenylethyl acetate (7.39 mg/L) inducing pear and apple notes
[156]

almost double the amount of 2-phenyl ethanol and 2.5 times the
concentration of ethyl decanoate in direct comparison with the
reference yeast S. cerevisiae [119]

strawberry fragrance with butter/diacetyl notes on glucose wort
plate; acetate esters (especially phenylethyl acetate) leading to
rose and floral flavors in synthetic glucose wort media [127]
2-phenylethyl acetate (3.9 mg/L) causing a rose-like aroma, in-
crease in the aldehydes 2-methylbutanal and 2-methylpropanal
[156]

2-phenylethyl acetate detected [119]

No conspicuous flavor substances described in literature during fer-

mentation of brewer’s wort

Low concentrations of volatile phenols, volatile esters and acids
measured [270]

No conspicuous flavor substances described in literature during fer-

mentation of brewer’s wort
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Pichia kluyveri

Saccharomycodes ludwigii

Saccharomycopsis fibuligera

Schizosaccharomyces pombe

Torulaspora delbrueckii

Torulaspora microellipsoides

Formation of high concentrations of esters, in particular isoamyl|
acetate, low production of undesirable acids [274]

enhances fruitiness and banana-flavor in beer due to isoamyl ac-
etate, ethyl acetate leading to solvent-like flavor [139]
formation of alcohols and esters depending on the applied yeast
strain [103]

three different strains investigated with interestingly high levels
of fusel alcohols (approximately 1.37-1.50 mg/L), fatty esters
(approximately 0.19-0.44 mg/L) and isoamyl acetate (approxi-
mately 0.10-0.14 mg/L) [270]

2-phenylethyl acetate (6.11 mg/L) responsible for apple notes,
increase in aldehydes (3-methylbutanal and phenylacetalde-
hyde), DMS, methional, 2-methylbutanal and 3-methylbutanal
leading to main sensory descriptors cereal, worty, sweet corn
and cooked tomato [156]

slight wort off-flavor and diacetyl [43, 241]

diacetyl detected [50]

low concentrations of ethyl acetate (0.65 mg/L), isoamyl acetate
(0.1 mg/L), and 4-VG (0.1 mg/L), overall flavor of the beers de-
scribed as being honey-like [207]

No conspicuous flavor substances described in literature during fer-

mentation of brewer’s wort

acetaldehyde responsible for a green and herbal aroma, diacetyl
detected above threshold value, esters and higher alcohols
achieved higher global values at increasing original gravity of the
wort [50]

benzene acetaldehyde leading to a green and honey odor as well
as benzaldehyde reminiscent of almond and cherry were de-
tected [335]

4-VG responsible for clove-like flavor [139]

low concentration of esters (0.8 mg/L) and higher alcohols
(18 mg/L) were measured, diacetyl detected (0.1 mg/L), beer
was described as being worty, bready and slightly fruity [31]
diacetyl concentrations between 0.1-0.3 mg/L detected, POF-
negative, notes of honey, pear, citrus, generally fruity flavors
perceived [219]

floral/fruity flavors, more pronounced ester character, complex-
ity and intensity, and lower phenolic character compared to S.
cerevisiae [317]

pleasant and aromatic taste [53]

B-caryophyllene and geranyl acetone produced, depending on
strain, and significant amounts of long-chained ethyl esters or
isoamyl alcohol and ethyl butanoate could be analyzed [322]

No conspicuous flavor substances described in literature during fer-

mentation of brewer’s wort

32



Introduction

Wickerhamomyces anomalus in direct comparison of the flavor produced by a S. cerevisiae
reference strain increase of higher alcohols, significant increase
in ethyl butyrate and ethyl acetate [55]

- higher acidity of beers, high concentration of ethyl esters [66]

Zygosaccharomyces rouxii - production of high amount of higher alcohols, esters (4.42—
71.15 mg/L), acetaldehyde (5.58-8.15 mg/L), diacetyl (0.234—
0.851 mg/L) above threshold leading to a buttery flavor [103]

- isoamyl alcohol and ethyl acetate above sensory flavor thresh-
old, 2-phenylethyl alcohol higher than levels found in the refer-
ence beer fermented with S. pastorianus [112]

- successive application of S. cerevisiae and afterwards Z. rouxii
for the production of NAB leading to higher concentrations of
acetaldehyde, and diacetyl (responsible for worty and buttery
off-flavors) than fermentation with mono-cultivation of S. cere-
visiae; temperature dependence as acetaldehyde, and diacetyl
significantly lower at 24 °C than at 12 °C fermentation tempera-
ture [304]

Zygotorulaspora florentina - isoamyl alcohol above sensory threshold of 70 mg/L, 4-VG de-
tected (1.78 mg/L) leading to POF-positive flavor impression, un-
able to produce fruity acetate and ethyl esters except for ethyl
decanoate [139]

- increase in isoamyl acetate and a-terpineol responsible for floral
aroma positively influenced final flavor of beer [55]

- 4-VG above flavor threshold could not be perceived in sensory
testing as spice/clove-like flavor potentially due to masking ef-
fects of other more dominant compounds [244]

In summary, it can be concluded that some yeast species consistently produced positive flavor charac-
teristics during brewer's wort fermentation while others exhibited strain-dependent differences. C.
fabianii, K. marxianus, S. ludwigii, S. pombe, T. delbrueckii and Z. rouxii revealed strain-dependent dif-
ferences. In particular, C. fabianii appeared to be much more suitable for co-cultivations with S. cere-
visiae to produce positive aroma traits. K. servazzii, K. lactis, P. kluyveri and W. anomalus consistently
showed promising flavor characteristics in brewer's wort, however, some of the data are still very lim-
ited and either only sensory evaluations or instrumental analysis were performed. H. uvarum, Z. flor-
entina, and T. delbrueckii (strain dependent) exhibited POF-positive flavor properties due to 4-VG,
which, however, could not always be perceived during sensory evaluations. There is a lack of studies
on C. misumaiensis, which revealed rather negative aroma characteristics in the one existing study.
There is a similarly low data availability on brewing for Metschnikowia sp., which led to a rather neutral
flavor. For C. saturnus, D. hansenii, L. kluyveri, N. holstii, S. fibuligera, and T. microellipsoides, no studies
in brewer's wort exist that focus on flavor formation.

1.4.4 Food safety: Requirements for the safe use of non-Saccharomyces yeasts in brewing

Non-Saccharomyces yeasts offer an outstanding potential for diversifying the flavor characteristics in
beer. Nevertheless, in the first instance, it is necessary to comply with the legal regulations for the safe
use of microorganisms. The yeast species selected in this thesis are without exception known from
food and/or beverage fermentations, which represents a significant factor for their basic suitability.
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However, this does not guarantee that they can be applied without any restrictions for fermentations
in brewer's wort. Due to the increasing research activities in this field and the growing interest for
industrial and thus also commercial use, there are fundamental requirements that the yeast species
must meet to ensure food safety, which are outlined as follows.

In general, there are two organizations dealing with the issue of biosafety for food production. Both
follow different principles, looking either at scientific studies or at the historically proven safe use of
microorganisms in food production [42]. In the US, this is the US Food and Drug Administration (FDA),
which has published a list of yeast species that are suitable for safe use in food and beverage fermen-
tations and have thus been given GRAS (Generally Recognized As Safe) status. This GRAS status refers
to the use in specific applications and is primarily based on a historically safe use before 1958 [327].

In the EU, the European Food Safety Authority (EFSA) is responsible for the safe use of microorganisms
in food and beverage fermentations. They consider the safe use of microbes independent of the appli-
cation. Instead, EFSA grants the qualified presumption of safety (QPS) status, based on a risk assess-
ment of biological agents conducted by the Panel of Biological Hazards (BIOHAZ) [92]. This risk assess-
ment includes, for example, an examination of the microbes for the formation and release of biogenic
amines, which are considered safe only in moderate amounts. By exceeding 50 mg/kg food they can
cause adverse health effects [24, 96, 192]. The EFSA also provides a list of microorganisms that were
granted QPS status, which includes the following yeast species: Candida cylindracea, D. hansenii, H.
uvarum, K. lactis, K. marxianus, Komagataella pastoris, C. jadinii, P. angusta, Saccharomyces bayanus,
S. cerevisiae, S. pastorianus, S. pombe, W. anomalus, Xanthophyllomyces dendrorhous. Thus, six out of
the 20 yeast species investigated in this thesis are on the QPS list and could be used commercially
without safety concerns [267]. In 2019, three further yeast species were proposed for inclusion on the
QPS list, namely Komagataella phaffi, Y. lipolytica and Z. rouxii [166]. Furthermore, it must be taken
into account that according to EFSA regulation, any food that was not used to a significant degree
before 15 May 1997 must be designated as "novel food" [326].

In 2014, Steensels and Verstrepen drew attention to the challenges of using non-Saccharomyces yeasts
with regard to the biosafey aspect [314]. Although there has been increased research in this field in
the past few years, the knowledge for safe use is still limited to some extent. It is assumed that yeasts
traditionally occurring in spontaneous food fermentations can be used without health risks. Still, it
must be ensured, depending on the application, that no biogenic amines, methanol (from pectin) or
urea, which can react spontaneously with ethanol to form ethyl carbamate, are synthesized [307, 314].
Basso et al. described the yeast species C. mrakii, Brettanomyces anomalus, Brettanomyces bruxellen-
sis, H. uvarum, P. kluyveri, T. delbrueckii, W. subpelliculosus and W. anomalus as being safe for brewing
applications according to Bourdichon et al. [23, 42]. In addition, the clinical importance of the 20 yeast
species investigated in this thesis was already addressed in section 1.2.1 and must also be taken into
account in any safety consideration. Miguel et al. provide an indepth insight into safety aspects and
considerations, which need to be fulfilled for the safe application of non-Saccharomyces yeasts in beer
brewing. These include the evaluation of pathogenic potential, antifungal resistance, biogenic amines,
and potential allergic reactions [222].

1.4.5 Potential for positive health effects by using non-Saccharomyces yeasts

In general, beer is discussed as a beverage with health-promoting ingredients. Positive health effects
could be attributed to polyphenols, hop constituents such as flavones and bitter acids, and B vitamins.
While ethanol in beer causes negative health effects, the non-alcoholic compounds most likely have a
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beneficial influence [18, 200, 255]. They are even discussed as having a preventative effect against
various chronic diseases. NAB also contain these bioactive compounds with potential positive health
effects and could therefore be a healthy alternative for beer consumers [325]. As described in the
previous sections of this introduction, there is great potential for using non-Saccharomyces yeasts to
produce NAB. Firstly, because a large number of non-Saccharomyces yeasts are unable to metabolize
maltose (cf. Table 2) and, secondly, because the yeasts show great potential to produce positive flavor
compounds during the fermentation of brewer’s wort thus leading to a high sensory quality of the beer
(cf. Table 3). Basso et al. already suggested product innovation by applying non-Saccharomyces yeasts
like C. saturnus and T. delbrueckii for the fermentation of LABs [23]. The health-promoting substances
in beer often derive from the raw materials. In addition to minerals such as potassium and magnesium,
polyphenols play an important role. These secondary metabolites are introduced into the beer by the
hops and barley [81, 223]. B vitamins can be traced back to the raw materials, too. However, yeasts
are also capable of synthesizing B vitamins during fermentation. For example, the ability to produce
biotin during fermentation was discovered in some sake yeasts [349]. Moreover, S. cerevisiae was
found to synthesize significant concentrations of folate during the production of yeast extract [153].
There is still a need for research whether it is possible to produce beers with higher B vitamin concen-
trations by using non-Saccharomyces yeasts.

A further field of potential positive health effects by using non-Saccharomyces yeasts in food fermen-
tations is their use as probiotics. According to the Food and Agriculture Organization of the United
Nations (FAO) and the World Health Organization (WHO), probiotics are live microorganisms that,
when administered in sufficient quantities, provide health benefits to the host [137, 311]. Additionally,
clinical studies must deliver evidence that the microbes confer health benefits to the host, which apply
at a strain-specific level. The definition of the term "probiotic" was often not uniformly understood.
While it was repeatedly assumed that the probiotic strain had to be of "human origin", effective pro-
biotic strains were also discovered that were not originally isolated from humans [2, 281, 282]. Never-
theless, probiotic microbes need to have in common that they possess the ability to survive in human
gastrointestinal tract conditions, grow at 37 °C and contribute to the health of the host environment
by regulating microflora and performing biological functions [100, 311]. In 2015, Gil-Rodriguez et al.
still mentioned S. cerevisiae var. boulardii as the only proven probiotic yeast, which was subsequently
used in a probiotic alcohol-free beer [123, 297]. Meanwhile, in addition to S. cerevisiae var. boulardii,
S. cerevisiae is also known for its probiotic properties while non-Saccharomyces yeasts, such as K.
marxianus, K. lactis, S. fibuligera, S. pombe and T. delbreuckii increasingly appear in the context of
probiotic or potentially probiotic yeasts [67, 101, 123, 134, 178, 180, 251]. Nevertheless, the scientific
data is often insufficient and there is consequently a high need for research to be able to prove an
actual probiotic benefit for selected yeast strains.
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2.1 Publication 1: Screening for the Brewing Ability of Different Non-Saccharomyces Yeasts

The suitability of using non-Saccharomyces yeasts for beer brewing and the resulting novel flavor pro-
files of the beers have been demonstrated in selected yeast strains in recent years. There is a large
variety of different yeasts, which are applied in various food fermentation processes. However, for
most of them there are no studies on the fermentation of all-malt wort and the resulting production
of beers. Neither the physiological properties of the yeasts during the fermentation of brewer’s wort
nor their flavor formation are known.

As a result, a screening method in 96-well plates was developed as part of this publication. Using this
method, 110 different non-Saccharomyces yeast strains could be phenotypically tested for their fer-
mentation properties in selective media found as components in brewer's wort within a relatively short
period of time. The yeast strains screened belonged to the genera Cyberlindnera, Debaryomyces, Han-
seniaspora, Kazachstania, Kluyveromyces, Lachancea, Metschnikowia, Nakazawaea, Pichia, Saccharo-
mycopsis, Schizosaccharomyces, Torulaspora, Wickerhamomyces, Zygosaccharomyces and Zy-
gotorulaspora. The different yeast strains were individually added to each main wort carbohydrate to
investigate, which of the sugars could be metabolized by the yeasts. It was found that of all the yeasts
examined, only 30% could metabolize maltose and 25% maltotriose. Hence, the majority of these yeast
strains would have potential to produce NABs or LABs. Furthermore, the effect of varying concentra-
tions of hop iso-a- and 8-acids and ethanol on the growth ability of the yeasts was investigated. How-
ever, no significant inhibitory effects could be deciphered that would have any relevance in beer brew-
ing. Additionally, phenolic off-flavor (POF) and sensory odor tests of the fermented wort samples were
carried out in order to gain initial flavor impressions.

The most promising yeast strains, which showed both physiological suitability and POF-negative results
while exhibiting exceptionally pleasant flavor formation in the sensory odor tests, were then subjected
to brewing trials in small-scale fermentations. Out of approximately ten of the most promising yeast
strains belonging to the species Saccharomycopsis fibuligera, Schizosaccharomyces pombe and Zygo-
saccharomyces rouxii, five were selected for the brewing trials, including three different S. fibuligera
strains. Applying the five selected yeast strains, unhopped wort with 12.5 °P original gravity was fer-
mented unpressurized at a temperature of 27 °C and a pitching rate of 30 x 106 cells/mL in a volume
of 1,400 mL each. The beer fermented with S. pombe revealed the highest fermentation activity, reach-
ing a final ethanol concentration of around 5.7% (v/v), while the other four beers ranged between 2.6—
4.0% (v/v). The pH drop was sufficient in all beers reaching values between 4.30-4.51. During a sensory
evaluation, trained assessors rated the three beers fermented with S. fibuligera as being the best and
described the profiles as desirably fruity, reminiscent of plum and berry. As part of an additional GC
analysis, the esters ethyl butyrate and ethyl acetate were detected above the threshold values for
beer, which confirm the sweet, fruity flavor impression. By applying the described screening method
and the subsequent brewing trials, it was possible to select non-Saccharomyces yeast strains that are
suitable for the production of beers with novel flavor profiles.

Authors/Authorship contribution:

Methner, Y.: Conception and design of experiments, performance of experiments, analysis of data using
OriginPro 2019 as statistical software, paper writing; Hutzler, M.: Organization and provision of a large amount
of yeast strains, revision of conception; Matoulkova, D.: Organization and provision of a large amount of yeast
strains; Jacob, F.: Revision of manuscript, approval for submission, funding acquisition; Michel, M.: Conception
and design of experiments, revision of manuscript, approval for submission.

37



Results (Thesis publications)

. Jfermentation ﬁ“\p\py

Article
Screening for the Brewing Ability of Different
Non-Saccharomyces Yeasts

Yvonne Methner !, Mathias Hutzler 1*(, Dagmar Matoulkova 2, Fritz Jacob ! and
Maximilian Michel !

1 Research Center Weihenstephan for Brewing and Food Quality, Technische Universitdt Miinchen, Alte

Akademie 3, 85354 Freising, Germany; yvonne.methner@tum.de (Y.M.); fjacob@tum.de (E]J.);
m.michel@tum.de (M.M.)

2 Research Institute of Brewing and Malting, Lipova 511/15, 120 00 Praha 2, Czech Republic;
matoulkova@beerresearch.cz

*  Correspondence: m.hutzler@tum.de; Tel.: +49-8161-71-3100

check for
Received: 30 October 2019; Accepted: 6 December 2019; Published: 12 December 2019 updates

Abstract: Non-Saccharomyces yeasts have aroused interest in brewing science as an innovative
and seminal way of creating new beer flavors. A screening system for potential brewing strains
of non-Saccharomyces yeasts was set up to investigate the yeast’s utilization of wort sugars and
to examine the effect of hop acids as well as ethanol on the growth of different yeast strains.
Additionally, phenolic off-flavor (POF) and sensory odor tests of fermented wort samples were
performed. The promising strains were further investigated for their propagation ability and for
following fermentation trials. The produced beers were analyzed for secondary metabolites, ethanol
content and judged by trained panelists. Subsequently to the screening, it was discovered that
among the 110 screened yeast strains, approx. 10 strains of the species Saccharomycopsis fibuligera,
Schizosaccharomyces pombe and Zygosaccharomyces rouxii generate promising fruity flavors during
fermentation and were able to metabolize maltose and maltotriose as a prerequisite for the production
of alcoholic beers. Consequently, the screening method described in this study makes it possible
to investigate a tremendous number of different non-Saccharomyces yeasts and to test their brewing
ability in a relatively short period of time.

Keywords: yeasts; non-Saccharoniyces yeasts; microbiology; fermentation; 96-well microtiter plate
test; sensory analysis; brewing ability; secondary metabolites/volatile compounds

1. Introduction

Known to most brewers as spoilage yeasts or as co-fermenters in mixed fermentations,
non-Saccharonyces yeasts have received very little attention since the introduction of what are referred
to as high-performance Saccharomyces brewing yeasts [1,2]. With the rise in craft brewing and breweries
seeking greater individualization, the use of such unconventional yeasts might be a solution [3].
Michel et al. [4] and Basso et al. [5] emphasized the great potential of non-Saccharomyces yeasts to
develop beers with different alcohol contents and a broad range of flavors. They highlighted the varying
abilities of unconventional yeasts to metabolize desirable aroma-active substances such as fruity esters,
monoterpenes, higher alcohols, phenols and acids. Moreover, the fermentation ability of brewer’s wort
carbohydrates was discussed with the resulting alcohol content. Both reviews were, amongst others,
focusing on species such as Torulaspora delbrueckii, Dekkera/Brettanomyces and Pichia kluyveri.

A screening system for non-Saccharomyces brewing strains was published by Michel et al. in
2016 [6]. A variety of different tests (e.g., wort carbohydrate consumption, hop and ethanol sensitivity,
fermentation potential) was introduced to predict the potential of ten T. delbrueckii strains to ferment
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brewer’s wort to a desirable beer. Ravasio et al. also evaluated the fermentation and aroma profile
of 60 different non-Saccharomyces strains in 2018. The applied yeasts were cultured in a medium
based on glucose and the resulting volatile compounds were detected by gas chromatography/mass
spectrometry (GC/MS) measurement. Only the promising species were additionally analyzed for their
maltose utilization on serial-dilution plate assays [7].

The study presented here includes screening the brewing ability of 110 non-Saccharomyces strains
with optimized screening conditions as the metabolism of the full range of main wort carbohydrates
(glucose, fructose, sucrose, maltose and maltotriose [8]) were taken into account. As maltose and
maltotriose represent more than 80% of the total carbohydrates in brewer’s wort [9], the ability
to ferment these two substances is essential for a fast, complete and predictable fermentation [10].
Melibiose was additionally included into the screening, as a study of Wickerham indicated that
bottom-fermenting yeasts are able to metabolize this type of sugar whereas top-fermenting yeasts do
not [11]. Furthermore, part of the first screening step looked at the effect of hop iso-«- and B-acids
as well as ethanol on the growth of the yeast strains to determine whether there are any existing
resistances at certain concentrations that would restrict the production of a conventional beer. As
hop acids have antimicrobial properties and B-acids, in particular, were reported to have an even
stronger antimicrobial effect than iso-x-acids [12,13], it is necessary to test the yeast’s tolerance to
these acids. Although a conventional Pils has up to 38 IBU, which is approximately comparable to
38 mg iso-x-acids/L, some IPAs can reach 100 IBU [14]. During fermentation, the increasing ethanol
concentration is one of the greatest stress factors of the yeast cells, so there is a need to examine whether
the yeast can adapt to the ethanol influence [15]. Additionally, the pH of all nutrient solutions was
adjusted to 5.2 to map the pH value of a standard wort, which is between 5.0 to 5.7 [16]. To obtain
an initial sensory impression of the individual strains, odor tests were performed by transferring the
yeasts into brewer’s wort. In addition, a POF test was accomplished to investigate the potential of the
different strains to produce 4-vinylphenol, 4-vinylguaiacol or 4-vinylbenzol from precursors [17-19].

The non-Saccharomyces yeasts screened in this investigation were of the genera Cyberlindnera,
Debaryomyces, Hanseniaspora, Kazachstania, Klinveromyces, Lachancea, Metschnikowia, Nakazawaea,
Pichia, Saccharomycopsis, Schizosaccharomyces, Torulaspora, Wickerhamomyces, Zygosaccharomyces and
Zygotorulaspora. They were chosen because of their positive influence on the aroma profile of
fermented foods by contributing high amounts of esters, higher alcohols and other volatile flavor
compounds [20-23]. As esters are volatile flavor compounds which mainly contribute to the aroma
of beer, these strains might also be interesting as contributors to beer aroma [24-26]. According to
Verstrepen et al., the esters that mainly convey a fruity sensory impression are ethyl acetate, isoamyl
acetate, phenylethyl acetate, ethyl caproate, ethyl caprylate and ethyl decanoate [27]. In addition to
esters, higher alcohols such as 2-phenyl ethanol, isobutyl alcohol and isoamyl alcohols also positively
affect the aroma profile of beer as long as they stay below 300 mg/L [28]. In contrast, aldehydes and
vicinal diketones such as diacetyl or 2,3-pentanedione, which cause an unpleasant buttery flavor, can
negatively alter the quality of a beer once their sensory threshold is exceeded [7,29,30]. The organoleptic
thresholds of volatile compounds mainly found in beer were summarized by Sannino et al. [31]. In
addition, short-chain fatty acids such as isovaleric, hexanoic, octanoic and decanoic acids produced by
yeasts during fermentation can create unpleasant, rancid flavor characteristics [25,32].

The aim of this study was to investigate yeast strains for their brewing ability and to test the
promising strains in small brewing trials. Yeast strains that cannot metabolize maltose and those that
release phenolic off-flavors were excluded from further investigation as the main objective of this study
was to discover strains that produce less well known wheat beer flavors and secondary metabolites
that create pleasant and novel aroma impressions.
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2. Materials and Methods

2.1. Yeast Strains and Nutrient Media

Table 1 shows the yeast strains with their given abbreviations (abbr.) that were investigated in this
study. They were grown in YM bouillon (malt extract 0.3%, yeast extract 0.3%, peptone 0.5%, glucose
anhydrous 1.0%, double distilled water 97.9%) for 72 h at 20 °C on a WiseShake orbital shaker at an
orbital agitation of 80 rpm (Witeg Labortechnik GmbH, Wertheim, Germany) before they could be
used for the 96-well plate tests.

Table 1. Yeast strains applied to 96-well plate tests.

Strain Number Strain Abbr. Species Strain Number  Strain Abbr. Species
YH837A-3D4 CM1 Cyberlindnera misumaiensis YH725B-1F6 M10 Metschnikowia sp.
'YH824B-117 M2 Cyberlindnera misumaiensis ~ YH729A-1G1 Mi11 Metschnikowia sp.
'YH837B-3D5 CM3 Cyberlindnera misumaiensis ~ YH730A-1G2 Mi2 Metschnikowia sp.
YHMH22AA-3H1 CSal Cyberlindnera saturnus YH730B-1G3 Mi13 Metschnikowia sp.
WYSC 29 DH1 Debaryomyces hansenii YH737A-1G4 Mi4 Metschnikowia sp.
WYSC 1664 DH3 Debaryomyces hansenii YHMH50A-3B4 NH2 Nakazawaea holstii
DSMZ70244 DH4 Debaryomyces hansenii YHMH50-3C5 NH3 Nakazawaea holstii
PI BB 151/BLQ 208 DH8 Debaryomyces hansenii YH607A-1D1 NH5 Nakazawaea holstii
YHS811A-3F4 DH10 Debaryomyces hansenii YHAKI1A-3I1 PK1 Pichia kluyveri
YH813A-3F5 DH11 Debaryomyces hansenii PIS 4; Lu 36 SF1 Saccharomycopsis fibuligera
YH817-3F6 DH12 Debaryomyces hansenii PIS 5; Lu 29/45 SF2 Saccharomycopsis fibuligera
YH832A-119 DH13 Debaryomyces hansenii PIS6; Lu27 SF3 Saccharomycopsis fibuligera
YHS883A-3E8 DH14 Debaryomyces hansenii PIS7;Lu26 SF4 Saccharomycopsis fibuligera
YH885A-3E9 DHI15 Debaryomyces hansenii PIS9; Lu7/41 SF5 Saccharomycopsis fibuligera
YH887A-3E10 DH16 Debaryomyces hansenii PIS10; Lu 35 SF6 Saccharomycopsis fibuligera
'YH888A-3F1 DH17 Debaryomyces hansenii PIS12; Lu32 SF8 Saccharomycopsis fibuligera
CBS 5074 H1 Hanseniaspora uvarum PIS15; Lu 6/48 SF10 Saccharomycopsis fibuligera
CBS 2585 H2 Hanseniaspora uvarum PIBB 132 S2 Schizosaccharomyces pombe
CBS 314T H3 Hanseniaspora uvarum DSMBZ 70576 S3 Schizosaccharomyces pontbe
CBS 1517 H4 Hanseniaspora uvarum BLQ TUM S4 S4 Schizosaccharomyces pontbe
RIBM A4 H5 Hanseniaspora uvarum TUM G55 S5 Schizosaccharomyces pombe
RIBM A7 H6 Hanseniaspora uvarum TUM G6S S6 Schizosaccharomyces pombe
RIBM A10 H7 Hanseniaspora uvarum TUM G7S S7 Schizosaccharomyces pombe
RIBM A12 H8 Hanseniaspora uvarum TUM G8S S8 Schizosaccharomyces ponibe
RIBM A15 H9 Hanseniaspora uvarum TUM G9S S9 Schizosaccharomyces pontbe
RIBM A16 H10 Hanseniaspora wvarum TUM G105 S10 Schizosaccharomyces pontbe
YHMHS56B-3C8 Ks2 Kazachstania servazzii TUM G118 S11 Schizosaccharomyces ponibe
YHMH47B-3C4 KS3 Kazachstania servazzii YH725A-1F5 T21 Torulaspora delbrueckii
BLQ TUM K1 K1 Kluyveromyces lactis YH739A-1G6 T22 Torulaspora delbrueckii
TUM G2K K2 Kluyveromyces lactis YH739B-1G7 T23 Torulaspora delbrueckii
TUM G3K K3 Kluyveromyces lactis YH740B-1H1 T24 Torulaspora delbrueckii
TUM G4K K4 Kluyveromyces lactis YH832D-3D3 T25 Torulaspora delbrueckii
TUM G5K K5 Kluyveromyces lactis YH824A-116 T26 Torulaspora delbrueckii
TUM G6K K6 Kluyveromyces lactis YH837D-3D7 T27 Torulaspora delbrueckii
TUM G7K K7 Kluyveromyces lactis YHYF2-1D6 T28 Torulaspora delbrueckii
TUM G8K K8 Kluyveromyces lactis YHMS8-1E2 ™1 Torulaspora microellipsoides
TUM G9K K9 Kluyveromyces lactis YH601A-1C5 WA1 Wickerhamomyces anomalus
TUM GI1KM Km1 Kluyveromyces marxianus YH601C-1C6 WA2 Wickerhamomyces anomalus
TUM G2KM Km 2 Kluyveromyces marxianus YHB23-1D7 WA3 Wickerhamomyces anomalus
TUM G3KM Km3 Kluyveromyces marxianus ~ YHDC1211B-3H3 WA4 Wickerhamomyces anomalus
TUM G4KM Km4 Kluyveromyces marxianus TUM WA25 WA25 Wickerhamomyces anomalus
TUM G5KM Km 5 Kluyveromyces marxianus WYSC 137 ZR1 Zygosaccharoniyces rouxii
TUM G6KM Km 6 Kluyveromyces marxianus WYSC 84 ZR2 Zygosaccharoniyces rouxii
TUM G7KM Km?7 Kluyveromyces marxianus WYSC 82 ZR3 Zygosaccharomyces rouxii
TUM GS8KM Km8 Kluyveromyces marxianus WYSC 83 ZR4 Zygosaccharomyces rouxii
TUM G9KM Km9 Kluyveromyces marxianus WYSC/G20 ZR5 Zygosaccharontyces rouxii
TUM G10KM Km 10 Kluyveromyces marxianus WYSC/G 1673 ZR6 Zygosaccharomyces rouxii
CBS 3082T LK1 Lachancea kluyveri WYSC/G 1998 ZR7 Zygosaccharomyces rouxii
YHMH44C-3C3 M3 Metschnikowia sp. WYSC/G 2005 ZR8 Zygosaccharomyces rouxii
YHMS-1D4 M4 Metschnikowia sp. WYSC/G 2091 ZR9 Zygosaccharontyces rouxii
YH750A-1H2 M5 Metschnikowia sp. WYSC/G 2093 ZR10 Zygosaccharomyces rouxii
YH713B-1E5 Mé Metschnikowia sp. WYSC/G 2142 ZR11 Zygosaccharoniyces rouxii
YH721A-1F2 M7 Metschnikowia sp. WYSC/G 2274 ZR13 Zygosaccharonyces rouxii
YH724A-1F3 M8 Metschnikowia sp. WYSC/G 2325 ZR14 Zygosaccharoniyces rouxii
YH724B-1F4 M9 Metschnikowia sp. YHMH55A-3B10 ZF1 Zygotorulaspora florentina

The individual nutrient solutions were prepared according to the recipes as shown in Table 2,
filled up to 1000 mL with deionized water, adjusted to a pH of 5.2 and were sterile filtered with 0.2
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um pore sized Whatman™ sterile filters (Sigma-Aldrich, St. Louis, MO, USA) once the components
were completely dissolved. For each nutrient or inhibiting medium, 7 g/L of Difco Yeast Nitrogen
Base (BD Biosciences, San Jose, CA, USA) and Y3627 Sigma Yeast Carbon Base (Sigma-Aldrich, St.
Louis, MO, USA), according to the Table 2, were used as nitrogen and carbon sources. The individual
carbohydrate concentrations were adjusted to approximately those of a standard wort.

Table 2. Utilized nutrients and inhibiting substances and their compositions for the 96-well microtiter

plate tests.
Nutrient/Inhibiting Media Supplier Nutr??:;;:}::‘ilg:; ;;edia Yeast Carbon Base
3 . Carl Roth, Karlsruhe, N N
Di+)-Glucose, anhydrous Germany 10 g1 0gl
- . AppliChem, Darmstadt,
D(-)-Fructose BioChemica Germany 10 g/l 0gL
D(+)-Sucrose = 99.0% Merck, Darmstadt, Germany 20 g/L. 0g/L
o Alfa Aesar, Karlsruhe,
D(+)-Maltose monohydrate 95% Germany 55 g/L 0g/L
. o Alfa Aesar, Karlsruhe, . .
D-Maltotriose 98% Germany 20 /L. 0g/l
D(+)-Melibiose = 99.0% Merck, Darmstadt, Germany 10 g/l 0gl
Ethanol 1% (z/), undenatured Serva, Heidelberg, Germany 1% (ufe) 233 gL
Ethanol 2% (3/0), undenatured Serva, Heidelberg, Germany 2% (ufv) 233 g/l
Ethanol 5% (z/2), undenatured Serva, Heidelberg, Germany 5% (vfv) 233 g/l
Ethanol 8% (z/0), undenatured Serva, Heidelberg, Germany 8% (ofv) 233 g/L
Ethanol 10% (z/v), undenatured Serva, Heidelberg, Germany 10% (o) 233 g/l
&N/ i) i . oo Hopsteiner, Mainburg,
IBU 50 (iso-cc-acid), isomerized hop extract 30% Germany 33g/lL 233 gL
) T N o Hopsteiner, Mainburg,
IBU 100 (iso-a-acid), isomerized hop extract 30% Germany 66g/L 233 g/L
. . Hopsteiner, Mainburg,
. B ot . %, 2 4 . 3
[B1: B-acid 100 ppm, beta-rich hop extract 40% Germany 0.1g/L 233 g/l
R _— - Hopsteiner, Mainburg,
Ba: B-acid 200 ppm, beta-rich hop extract 40% Germany 02 gL 233 g/l
mix;: a- + P-stock-mix (50 IBU + 100 ppm Hopsteiner, Mainburg, 3
B-acids) Germany 33g/L,01gL 233g/L
Bmixz: ®- + B-stock-mix (100 IBU + 200 ppm Hopsteiner, Mainburg,
[i-acids) Germany 6635/L,02g/1 233l

2.2. Yeast Sample Preparation

Yeast cells grown in YM bouillon were washed prior to being applied to the nutrient media in
the 96-well plates to eliminate the influence of the previous growth medium. For the washing step,
40 g of each yeast suspension was added to 50 mL Falcon™ centrifuge tubes (Sarstedt, Niimbrecht,
Germany). The suspension was centrifuged (centrifuge Z 366 K, HERMLE, Wehingen, Germany) for
10 min at 750 g before the supernatant of nutrient solution was discarded. After resuspending the yeast
with sterile water, the washing procedure was repeated twice to ensure that there were no residues
of the nutrient medium. To ensure direct comparability of the yeast growth, the cells of each strain
were counted using the Cellometer® Vision (Nexcelom Bioscience LLC, Lawrence, MA, USA) and
the corresponding yeast amounts were calculated to start the 96-well plate tests with an incubation of
100,000 yeast cells for each well, resulting in 500,000 cfu/mL.

For the 96-well microtiter plate CorningTM Costar™ (Sigma-Aldrich, St. Louis, MO, USA) tests,
each plate was prepared under sterile conditions in the sterile bench Uniflow UVUB 1200 (UniEquip,
Planegg, Germany) to avoid contamination. The pipetting scheme was structured in such a way
that 200 uL of the 17 different nutrient solutions listed in Table 2 were pipetted in each case to four
wells. The yeast cells were inoculated in triplicate with a cell count of 100,000 in columns 2 to 4, 6
to 8, and 10 to 12, leaving one blank value for each media in columns 1, 5 and 9. Finally, each plate
was sealed with a cover sheet SealPlate® 100-SEAL-PLT (Excel Scientific, Victorville, CA, USA) to
protect against contamination. The extinctions of the suspensions of the 96-well microtiter plates were
recorded in triplicate using the Photometer Synergy 2™ Multi-Mode Detection Microplate Reader
(BioTek®, Winooski, VT, USA), subsequently, at a wavelength of 600 nm and 25 °C. The results were
recorded using the BioTek Gen5™ software. Before each measurement, the plate was automatically
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shaken for 30 seconds by the device to ensure that the suspensions were thoroughly mixed. As the
inoculated plates were incubated in a tempered room at 28 °C, they were kept in a styrofoam box to
avoid condensate forming on the cover sheets. Every 24 h, the measurement of the extinction was
repeated for four consecutive days. This measurement method over 72 hours allowed the complex
screening of a multitude of strains in a manageable time.

2.3. Phenolic Off-Flavor Test (POF Test)

Three stock solutions were prepared for the POF test. Therefore, 1 g of each trans-ferulic and
trans-cinnamic acid was diluted in 20 mL of 96% (0/v) ethanol while 0.2 g p-coumaric acid was added
to 20 mL of 96% (v/v) ethanol. The ferulic and cinnamic acids were both dosed at 1% into 45-50 °C
tempered YM agar (malt extract 0.3%, yeast extract 0.3%, peptone 0.5%, glucose anhydrous 1.0%, agar
2.0%, double distilled water 95.9%) while the coumaric acid was added at 0.2%. Immediately thereafter,
the POF agar plates were poured out under sterile conditions and allowed to cool. The yeast strains to
be examined were then removed from wort agar slopes with an inoculation loop and spread on three
plates, each containing the different acids. A positive control with the strain LeoBavaricus-TUM 68®
(Research Center Weihenstephan for Brewing and Food Quality, Freising, Germany) and a negative
control with the strain Frisinga-TUM 34/70® (Research Center Weihenstephan for Brewing and Food
Quality, Freising, Germany) were also prepared. After an incubation time of three days at 28 °C, the
POF plates were evaluated.

2.4. Sensory Odor Test

In order to perform the sensory odor test, unhopped wort was first prepared from unhopped
liquid Bavarian Pilsner malt extract (extract anhydrous 72-79%, Weyermann®, Bamberg, Germany) by
re-diluting the extract with hot water to 7 °P and 12 °P wort. Since standard alcoholic beers generally
have an original gravity of about 12 °P, whereas maltose- and maltotriose-negative yeasts require
an original gravity of about 7 °P to avoid exceeding the limit of 0.5% (v/v) alcohol in the final beer,
the original gravity was adjusted accordingly in the experiments. The use of malt extract ensured a
standardized wort quality for all the trials to be able to compare the different yeast strains. In each
case, 75 mL of wort was filled into sterile flasks and cooled down to room temperature at 20 °C. The
different yeast strains were inoculated with a sterile loop from wort agar slopes into each of the 7 °P
and 12 °P wort batches and incubated for 72 h. Thereafter, the individual samples were evaluated by
a sensory panel of ten panelists, describing the odor impressions as well as rating them as positive,
negative or neutral.

2.5. Yeast Propagation and Wort Analysis

The promising yeast strains not showing phenolic off-flavors but desired results from the sensory
odor test and with the ability to at least ferment glucose, fructose and maltose to produce a beer with a
reduced or even a standard alcohol content of approx. 5% (v/v) were investigated for their propagation
ability. If found to grow in high cell numbers, they were pitched from wort agar slopes under sterile
conditions into a 500 mL flask containing 250 mL of unhopped brewer’s wort (12.5 °F, pH 5.4) diluted
from Bavarian Pilsner malt extract (Weyermann®, Bamberg, Germany). The malt extract was chosen
as the composition is always the same and the results are highly comparable. The composition of the
wort used for the yeast propagation and fermentation trials is shown in Table 3.

After 72 h of propagation at 20 °C and orbital shaking at 80 rpm on a WiseShake orbital shaker
(Witeg Labortechnik GmbH, Wertheim, Germany), the yeast suspensions were transferred to sterile
2500 mL flasks filled with 2000 mL unhopped wort and propagated for a further 72 h. Following the
propagation, the cell count was performed using the Cellometer® Vision (Nexcelom Bioscience LLC,
Lawrence, MA, USA).
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Table 3. Sugar composition of the wort used for the fermentation trials.

Sugar Composition in g/L
Fructose 2.8
Glucose 11.9
Sucrose 1.5
Maltose 58.2
Maltotriose 12.7

2.6. Fermentation Trials

The pitching rate was chosen at 30 x 10° cells/mL (+0 =3 x 10° cells/mL) as many non-Saccharomyces
cells are much smaller than usual brewer’s yeast cells and therefore, show differing fermentation
speeds [33]. The respective amounts of propagated yeast suspensions were inoculated in triplicate into
1400 mL of sterilized wort (wort attributes can be viewed in Table 3) in 2000 mL sterile Duran glass
bottles (Schott AG, Mainz, Germany) with glass fermentation blocks on top. The samples were stored
at 27 °C for the main fermentation. The fermentation progress was checked every 24 h by recording the
weight loss (mainly due to escaping carbon dioxide) of the samples. The fermentation was considered
to be completed either after 336 h or as soon as the samples had lost 50 g. Starting at 1400 mL of 12.5 °P
wort, the weight loss was set at 50 g, since over 60% of the fermentable extract is spent once this limit is
reached. This is based on the assumption of Balling that during fermentation, an average of 2.0665 g of
extract is converted to 1 g of alcohol, 0.9565 g of carbon dioxide and 0.11 g of yeast [34]. Following the
main fermentation, the samples were sealed with sterile screw caps and the young beers were ripened
for another 168 h at 27 °C to continue fermentation of the remaining extract while the carbon dioxide
produced during the secondary fermentation could be enriched in the beers under pressure. After
maturation, the young beers were stored in the sealed bottles at 2 °C for a further 168 h.

2.7. Analysis of Produced Beers

The final beer samples from five selected promising strains were analyzed for the parameters
shown in Table 4.

Table 4. Examinations of the final beers after MEBAK 1.

Analysis MEBAK No. Device

HPLC UltiMate 3000 (Thermo Fisher Scientific,
Waltham, MA, USA)
Bending vibration and NIR spectroscopy,
MEBAK WBBM 2.9.6.3 A1c0|y7er Plus with DMA 5000 X sample 122

Sugar composition MEBAKI13.221.2

Original wort, ethanol content, extract

content (Anton-Paar GmbH, Ostfildern, Germany)
i pH meter with pH electrode, ProfiLine pH3210
pH value MEBAK WEBM 2.13 pH meter (Xylem Inc., New York, N, USA)
GC-FID Clarus 580 (Perkin Elmer, Waltham, MA,
Fatty esters, 2-Phenylethanol MEBAK WBBM 2.23.6 USA), Column: 50m 0.32mm Phenomenex FFAP,

0.25 um
GC-FID Clarus 580, Turbo Matrix 40, Head Space
(Perkin Elmer, Waltham, MA, USA), Column:
INNOWAX cross-linked polyethylene glycol,
60m x 0.32mm 0.5 um
GC-FID Clarus 580, Turbo Matrix 40, Head Space
(Perkin Elmer, Waltham, MA, USA), Column:
INNOWAX cross-linked polyethylene glycol,
60m * 0.32mm 0.5 pm

! MEBAK® (2012), Editor; Dr. F. Jacob: The MEBAK collection of brewing analysis methods: Wort, beer and
beer-based beverages. Collection of methods of the Mitteleuropiischen Brauchtechnischen Analysenkommission.
Self-published by MEBAK.

Acetaldehyde, Ethylacetate, higher
alcohols (n-Propanol, i-Butanol, MEBAK WBBM 2.21.1
Amylalcohols)

Diacetyl, 2,3-Pentandione MEBAK WBBM 2.21.5.1

Additionally, glycerol was analyzed using the glycerol UV-test by Boehringer
Mannheim/R-Biopharm, Germany, according to the manufacturer’s instructions.
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2.8. Sensory Evaluation

Finally, the beer samples were profiled at 20 °C room temperature by a sensory panel of ten
DLG (Deutsche Landwirtschafts-Gesellschaft e.V.)-certified assessors to determine the main flavor
components and the acceptance of the individual beers. Based on the sensory profiling, a sensory
analysis was developed to obtain a consistent rating which was not differentiated into smell and taste.

3. Results

Primarily, yeast species were selected that were already used in food fermentations and are known
for their aroma contribution, as described in the introduction. The heat map displayed in Figure 1
summarizes the results of the 96-well microtiter plate tests and gives an overview of the brewing ability
of the selected 110 yeast strains from 18 yeast species with regard to the key parameters of wort sugar
utilization, the ability to grow in hopped wort and ethanol resistance. Additionally, POF and odor
tests were taken into consideration as the aim of this study was to identify yeast strains that are able to
produce pleasant novel flavors during the wort fermentation, however, excluding POF positive yeast
strains. Although non-alcoholic beers are as promising as those with an average alcohol content, this
study first focused on the yeasts strains which are able to metabolize maltose to produce a standard or
at least an alcohol-reduced beer.

As shown in Figure 1 and to enable a simple evaluation, the carbohydrate utilization, ethanol and
hop resistance were evaluated according to whether there is growth or no growth. The limit above
which growth can be detected was set at an extinction of 0.4 as distinct growth can be determined from
this value. Values equal to or above 0.4 are displayed in green in the heat map, while values smaller
than 0.4 are marked in red. The POF test and odor test provide initial information about the aroma
profile the yeasts can produce during the fermentation of wort. The alc./non alc. column summarizes
the sugar utilization of the individual yeasts and is therefore an indicator of whether the yeast is
suitable for the production of an alcohol-free beer or beer with an average alcohol content. The yeast’s
suitability for beer fermentation outlines all the described aspects and already represents a selection of
the screened yeasts for further fermentation trials.

3.1. Overall Results

According to the results in Figure 1, the hop as well as ethanol resistance of the screened yeasts is
generally high enough to be considered for the production of a standard beer. Neither a concentration
of iso-x-acids of up to 100 ppm, a concentration of B-acids of up to 200 ppm, nor a mixture of both
acids inhibit the growth of most yeasts. Only 3% of the total screened yeasts, namely two yeast strains
of the species D. hansenii (DH13, DH14) and one T. delbrueckii strain (T22) do not grow at a -acid
concentration of 200 ppm in the medium. DH14 was the only yeast significantly inhibited even at an
iso-x-acid concentration of 100 ppm, so that no more growth was recorded. Moreover, the growth
of individual yeast strains was restricted as soon as higher concentrations of iso-- (100 IBU) and
f-acids (200 ppm) in the form of fmix; were used, which affected approx. 7% of the yeasts, including
one L. kluyveri strain (LK1), two yeasts of the species Metschnikowia (M8, M13), one strain of the yeast
Z. rouxii (ZR6) and one strain of the species D. hansenii (DH16) besides the above-mentioned strains
DH13, DH16 and T22. In addition, the Bmix; containing 50 IBU iso-x-acids and 100 ppm B-acids
inhibited growth in nearly 4% of the yeasts. While only 3% of them were inhibited at a concentration
of 200 ppm p-acids, this shows that the combination of both hop acids seems to lead to an enhanced
inhibitory effect which suggests that both hop acids have an antimicrobial effect. However, since a
standard beer does not contain more than 50 ppm iso-x-acids and the -acids only become relevant
after an additional cold hopping, all yeasts have a sufficient hop tolerance for standard beer brewing.
In contrast to iso-a-acids, (3-acids are poorly soluble in beer. They are not isomerized during wort
boiling and are not conveyed into beer [35].
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Figure 1. Heat map indicating carbohydrate utilization, ethanol and hop resistance (iso-a-acids 50
IBU/100 IBU = 50 and 100 international bitterness units; 3,/p> = (-acids in different concentrations;
Bmix;/Pmix, = mix from iso-a-acids und p-acids in different concentrations) as well as POF and odor
test results of the yeast strains screened in the 96-well plate test (ferm. = fermentation; alc. = alcoholic;
neg. = negative; pos. = positive).
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With regard to the ethanol tolerance, approx. 25% of the screened yeasts show no growth at
an ethanol concentration of 8% (v/v), especially yeasts of the species Cyberlindnera, D. hansenii and
H. wvarum. For only one of the 110 screened yeasts, namely one strain of the species C. misumaiensis
(CM1), growth was significantly inhibited at an ethanol concentration of 5% (u/v). Consequently, apart
from strain CM1, all the screened yeasts have a sufficient ethanol tolerance to produce a standard
beer with 5% (u/v) ethanol concentration. However, since the yeast CM1 can only be used to produce
non-alcoholic beers or possibly mixed fermentations because of its carbohydrate utilization (only
glucose and fructose), its lower ethanol tolerance is negligible.

Sugar utilization is variable; however, it is striking that all the yeast strains, with the exception
of S. pombe S9, can metabolize glucose. S. pombe S9 does not ferment fructose either, similarly to the
strain S. fibuligera SF3. Since there are literature sources that state that S. ponibe can metabolize glucose
and S. fibuligera utilizes fructose [36-38], the lack of growth in this case can be considered to be an
outlier. In terms of the disaccharides sucrose, maltose and melibiose, the ability to ferment these
carbohydrate sources decreases. Yet, while 65% of the yeasts still metabolize sucrose, maltose can
only be utilized by approx. 30% of the yeasts, whereas melibiose is utilized by 14%. The trisaccharide
maltotriose is metabolized by merely 25% of the yeast strains. Therefore, only about one third of the
screened yeasts can be considered for the production of alcoholic beers and these belong to the species
D. hansenii, K. servazzii, S. fibuligera, S. pombe, W. anomalus, Z. rouxii and Metschnikowia. In order to
further limit the selection of suitable yeasts for the production of beers with novel flavor properties, all
yeasts with POF-positive results or neutral or negative odor outcomes, such as D. hansenii, K. servazzii,
Metschnikowia and W. anomalus, were excluded.

As a result, six strains of the species S. fibuligera (SF1, SF2, SF4, SF5, SF6, SF8), one S. pombe strain
(511) and three strains of the species Z. rouxii (ZR7, ZR9, ZR13) were found to be POF-negative and also
had a positive odor impression. In order to ensure a manageable experimental framework in this study,
half of the promising yeast strains were further tested for the following fermentation trials, namely
SF2, SF4, SF8, 511 und ZR9. Although several other yeasts species, such as C. misumaiensis, C. safurnus,
K. marxianus and T. delbrueckii, revealed pleasant sensory odor impressions and POF-negative outcomes,
they were not further considered for this study as they can be considered for the production of
non-alcoholic beers.

3.2. Exemplary Evaluation of Carbohydrate Utilisation, Ethanol and Hop Resistance

The diagrams (Figures 2—4) represent the extinction curves at 600 nm of carbohydrate utilization,
ethanol and hop tolerance using the yeast T. delbrueckii T21 as an example over a measurement period
of 72 h and an incubation temperature of 28 °C. The yeast T. delbrueckii T21 was selected as it is
maltose-negative and therefore, represents about 70% of the screened yeasts. The extinction threshold
of whether the yeast has grown in the nutrient media was marked at 0.4 in the diagrams. Values above
an extinction of 0.4 indicate significant growth, while values below 0.4 indicate that the yeast has not
grown in the corresponding nutrient solution.

3.2.1. Carbohydrate Utilization

Figure 2 depicts the increase of the extinctions of the yeast strain T21 in different sugar solutions
over 72 h. After 24 h incubation at 28 °C, it can be observed that the wells containing glucose, fructose
and sucrose solutions clearly exceed the growth threshold of 0.4 so they already show distinct turbidity.
Taking the standard deviation into account, the curves for glucose and sucrose are similar, whereas the
yeast's metabolism of fructose is slightly lower. Although the extinction curve for maltose increases
slightly within the first 24 h, it then stagnates at an extinction of approx. 0.2 and does not show
a significant growth accordingly. The values for the wort sugars maltotriose and melibiose hardly
increase. Therefore, the sugars maltose, maltotriose and melibiose cannot be utilized by the yeast T21.
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Figure 2. Yeast growth of the strain T. delbrueckii T21 measured at an extinction of 600 nm in nutrient
solutions with the carbohydrate additives glucose, fructose, sucrose, maltose, maltotriose and melibiose
in the 96-well microtiter plates at 28 °C for four days and the respective standard deviations per
measurement day (displayed as error bars). The growth threshold is set at an extinction of 0.4.

Ethanol tolerance T21
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Figure 3. Ethanol tolerance of the strain T. delbrueckii T21 shown as growth at an extinction of 600 nm
in nutrient solutions with different ethanol concentrations of 1% (v/v), 2% (v/v), 5% (v/v), 8% (v/v) and
10% (v/v) in the 96-well microtiter plates at 28 °C for four days and the respective standard deviations
per measurement day (displayed as error bars). The growth threshold is set at an extinction of 0.4.

While the growth of the yeast T21 in Figure 2 stagnates after the first measuring day, the growth
of other yeasts could be partially detected first after 48 or 72 h of incubation by reaching the growth
threshold of 0.4. All the yeast strains presented in the heat map in Figure 1 and evaluated as
“non-alcoholic” show similar curves at least for maltose and maltotriose, as demonstrated in Figure 2
remaining below the extinction threshold of 0.4.
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Figure 4. Hop tolerance of the strain T. delbrueckii T21 shown as growth at an extinction of 600 nm in
nutrient solutions with different hop acid additives 50 and 100 IBU, 100 and 200 ppm B-acids, 50 IBU +
100 ppm B-acids and 100 IBU + 200 ppm B-acids in the 96-well microtiter plates at 28 °C for four days
and the respective standard deviations per measurement day (displayed as error bars). The growth
threshold is set at an extinction of 0.4.

3.2.2. Ethanol Tolerance

From Figure 3, in which the ethanol tolerance of the yeast strain T21 was investigated, it can be
seen that the extinction curves for all concentrations of 1 to 10% (/) ethanol far exceed the threshold
of 0.4. It is noticeable that the yeast growth within the first 24 h differs depending on the ethanol
concentration. The higher the ethanol concentration in the nutrient solution, the slower the growth.
This is shown by the decreasing turbidity at increasing ethanol concentrations. Nevertheless, there
is significant growth at an ethanol concentration of up to 8% (v/v) after 24 h, while the growth in the
10% (v/v) solution remains below the 0.4 extinction threshold. During the second measuring day, all
extinction values converge again and the yeast T21 also shows a significant growth at 10% (v/v) after 48
h of incubation. Taking the standard deviations into account, the extinction values all remain similar at
approx. 1.0 after 48 h.

3.2.3. Hop Tolerance

With regard to the yeast’s hop tolerance, Figure 4 demonstrates that the yeast T21 grows within 24
h of incubation at 28 °C in nutrient solutions with different hop acid additives as the curves already
exceed the extinction limit of 0.4 during 24 h of incubation. While the curves of all nutrient solutions
look similar and the yeast stops growing after 24 h in all cases, it can nevertheless be observed that the
growth of the yeast T21 is the strongest at 50 and 100 IBU iso-x-acids. As soon as B-acids were added
into the nutrient solutions, the extinctions and the corresponding growth of the yeast are slightly lower.

3.3. Results of the Sensory Odor Test

In addition to the general evaluation of the odor tests, which are divided into the categories

“positive”, “neutral” and “negative” within the heat map (cf. Figure 1), a descriptive evaluation was
performed by ten panelists. The odor descriptions are listed in Table 5.
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Table 5. Evaluation of the descriptive sensory odor impressions of the screened yeast strains after

fermentation in 7 °P wort as well as 12 °P wort.

Evaluation Odor

Evaluation Odor

Evaluation Odor

Evaluation Odor

Strain Abbr. 12°p Strain Abbr.
CM1 1soamyl acetate isoamyl acetate MI10 neutral, yeasty yeasty
CM2 isoamyl acetate honey, sweet MI11 neutral, yeasty yeasty
CM3 fruity yeasty MI12 neutral, yeasty yeasty
CSal isoamyl acetate isoamyl acetate M13 sour, yeasty yeasty
DH1 yeasty, lychee fruity, banana Mi4 neutral, yeasty neutral, yeasty
DH3 fruity, pineapple yeasty, strong NH2 fruity overripe banana
DH4 clove-like, acidic clove-like, acidic, earthy NH3 pale, fruity yeasty, fruity
DHS8 fruity rice wine, fruity NH5 yeasty, diacetyl fruity
DH10 cardboard cardboard, fruity PK1 yeasty, isoamyl acetate  yeasty, isoamyl acetate
DH11 neutral yeasty, fruity SF1 fruity fruity, plum
DH12 neutral neutral SF2 fruity fruity, plum
DH13 neutral yeasty, diacetyl SF3 fruity fruity, plum, honey
DH14 yeasty, wort-like bready, caramel SF4 fruity fruity, plum, honey
DH15 fruity, sulfurous neutral, earthy SF5 fruity fruity, phenolic
DH16 DMS cardboard, DMS SF6 fruity fruity, honey
DH17 earthy, cooked diacetyl SF8 fruity fruity, honey, plum
H1 fruity, acidic acidic SF10 fruity fruity, musty
H2 fruity, acidic acidic 52 sulfurous, pea soup sulfurous, pea soup
H3 fruity, acidic acidic 53 fruity, sulfurous sulfurous
H4 fruity, acidic acidic S4 fruity, sulfurous sulfurous
H5 neutral acidic 55 malty, wort-like, sweet sulfurous, sweet
Hé neutral acidic 56 sulfurous. sulfurous, pea soup
H7 neutral acidic 57 sulfurous sulfurous, pea soup
H8 sweet-sourish acidic 58 sulfurous sulfurous
H9 sweet-sourish acidic 59 sulfurous sulfurous
Hi10 sweet-sourish acidic S10 fruity, sulfurous fruity, sulfurous
KS2 yeasty yeasty, fruity s1 fruity fruity, honey
Ks3 fruity, flowery cooked vegetables T21 neutral fruity
K1 fruity, sulfurous fruity T22 sour, cheesy cheesy
K2 fruity fruity T23 neutral fruity
K3 fruity fruity T24 neutral fruity
K4 fruity, pungent fruity, pungent T25 neutral fruity, apple, berry
K5 fruity fruity T26 neutral fruity, mirabelle plum
Ké fruity fruity T27 neutral yeasly
K7 fruity fruity T28 neutral, flowery fruity, mirabelle plum
K8 fruity, smoky fruity, smoky T™M1 yeasty, sweet yeasty, acidic
K9 fruity fruity, apple WA1 wheat beer phenolic, wheat beer
Km1 fruity fruity WA2 vinous phenolic, vinous
Km 2 fruity fruity WA3 musty rotten eggs, phenolic
Km 3 fruity fruity WA4 sherry phenolic, vinous
Km4 fruity fruity WA25 fruity, pungent fruity, banana
Km 5 fruity, sweet fruity, sweet ZR1 diacetyl diacetyl
Km 6 fruity fruity ZR2 fruity, pineapple fruity
Km 7 fruity, sulfurous fruity, sulfurous ZR3 fruity fruity
Km § fruity, musty fruity, musty ZR4 neutral, yeasty yeasty
Km 9 fruity, musty fruity, musty ZR5 fruity, acidic fruity, musty
Km 10 fruity fruity ZR6 fruity, honey fruity, honey
LK1 neutral, acidic slightly fruity, acidic ZR7 fruity, sweet fruity, sweet
M3 ethyl acetate yeasty ZRS fruity fruity, tea-like
M4 neutral, yeasty neutral, yeasty ZR9 fruity, citrus fruity
M5 neutral, yeasty neutral, yeasty ZR10 sweet-sourish, fruity sweet-sourish, fruity
Mé neutral, yeasty neutral, yeasty ZR11 fruity, smoky fruity, smoky
M7 neutral, yeasty neutral, yeasty ZR13 fruity, honey, sweet fruity, honey, sweet
M8 neutral sour ZR14 fruity, sweet fruity
M9 neutral, yeasty neutral, yeasty ZF1 fruity fruity, pear, musty

In general, the results in Table 5 show that the sensory differences of the fermented wort samples
do not differ between 7 °P and 12 °P in most cases and that a great variety of the yeasts produce fruity
flavors. Only the wort samples fermented with Metschnikowia sp. (M3 to M14) and T. microellipsoides
(TM1) were found to be mainly neutral with regard to their flavor perception while e.g. Z. florentina
(ZF1) causes a fruity, but also an unpleasant musty smell. Although K. lactis (K1 to K9) and S. pombe
(S2 to S11) partly produce disagreeable sulfurous and musty flavors, they also reveal fruity odor
impressions. The wort fermented with L. kluyveri (LK1) and H. uvarum (H1 to H10) shows neutral to
fruity flavors as well, however, the samples are unacceptable due to their acidic smell. The yeasts D.
hansenii (DH1 to DH17) and W. anomalus (WA1 to WA4, WA25) turned out to be the strains with the
greatest diversity. While all screened W. anomalus strains are POF positive, this varies between the
investigated D. hansenii strains. The olfactory impression of the W. anomalus samples clearly reflects
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the POF character, although their acceptance varies strongly. The wort samples fermented with D.
hansenii range from neutral to sulfurous to an exotic fruity and POF character and differ widely in their
sensory acceptance. The samples fermented with N. holstii (NH2 to NH5) and Z. rouxii (ZR1 to ZR14)
are partly found to be positive due to their fruity properties, yet some strains produce dominating POF
and diacetyl odors. Generally, Cyberlindnera (CM1 to CM3, CSal), P. kluyveri (PK1), K. servazzii (KS2,
KS3), K. marxianus (Km1 to Km10), S. fibuligera (SF1 to SF10) and T. delbrueckii (T21 to T28) produce the
purest fruity flavors and are perceived as the most pleasing. S. fibuligera is characterized by its ability
to generate particularly plum-like aromas, while Cyberlindera and P. kluyveri reveal noticeable amounts
of isoamyl acetate.

3.4. Fermentation Trials

As previously mentioned in Chapter 3.1, the promising yeast strains S. fibuligera SF2, SF4, SF8,
S. pombe S11 and Z. rouxii ZR9 were further tested in brewing trials.

3.4.1. Fermentation Process

In Figure 5, the fermentation process of the five selected yeast strains is illustrated by a total
weight loss in grams of the fermentation samples due to the extract degradation of the yeast strains
over a period of 336 h at a fermentation temperature of 27 °C. The yeast strain 511 shows by far the
highest weight loss over this period and the extract degradation by this yeast occurs faster compared
to the other yeasts. After 240 h (10 days), a weight loss of more than 50 g of the original pitching
quantity of 1400 mL wort is reached. With an average original wort content of 12.5 °T, more than 60%
of the extract is therefore fermented and the secondary fermentation can be started. The fermentation
process of the other four yeasts shows that they ferment much slower than the strain 511 and have a
significantly lower fermentation activity. None of the four yeast strains reached the specified weight
loss of 50 g within 14 days. While ZR9 and SF4 show a similar fermentation activity, followed by
SF2, and even continue to ferment slowly during the second week, SF8 degraded the least extract and
did not even reach a weight loss of 20 g after 336 h. However, it should be noted that the yeasts of
the species S. fibuligera formed distinct lumps during their growth phase, which means that counting
the cells results in a significantly increased standard deviation compared with conventional yeasts.
Accordingly, the number of 30 x 10° cells/mL could possibly be imprecise, which may have led to a
lower cell number of the samples fermented with SF8.

3.4.2. Wort Sugar Utilization
Figure 6 and Table 6 provide a more detailed insight of the fermentation activity of the five selected

yeast strains.

Table 6. Original wort [%], apparent attenuation [%], ethanol content [% /], pH and glycerol [g/L]
values in the final beers fermented with the yeast strains S. fibuligera SF2, SF4, SF8, 5. pombe S11 and Z.

rouxii ZR9.
Strain Abbr Original Wort [%] Att:n]ill:i;::t[%] Elhal['l;ll:/f;]ntent pH Value Glycerol [g/L]
SF2 12.73 39.53 2.65 4.37 0.24
+o =007 +0 =033 +0o=0.03 +o0 =001 +0 =000
SF4 12.65 46.53 3.10 430 0.24
+o=0.11 +o = 2.05 +o=0.14 +o =0.03 +o =001
SF8 12.78 2257 1.52 451 0.33
+o =007 +o =111 +o =0.08 +o =004 +0 =001
s 12.54 86.43 573 4.39 0.43
+o = 0.06 +o =179 +o=0.13 +o =0.01 +o =004
ZR9 12.86 58.07 3.95 439 0.47
+o = 0.06 +0 =420 +o =030 +0 =0.05 +0 =001

50



Results (Thesis publications)

Fermentation 2019, 5, 101 14 of 23

60 |—=—sF2

Fermentation process

Weight loss [g]

T T T T
00 48 96 144 192 240 288 336
Fermentation time [h]

Figure 5. Mean values (n = 3) with standard deviations of the fermentation samples’ total weight
loss in grams of the yeast strains S. fibuligera SF2, SF4, SF8, 5. pombe 511 and Z. rouxii ZR9 during the
fermentation process over a fermentation time period of 336 hours (14 days) at 27 °C.
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Figure 6. Wort sugar utilization in % of yeast strains S. fibuligera SF2, SF4, SF8, S. pombe S11 and Z.
rouxii ZR9 during fermentation from wort to beers.

All experimental yeasts almost completely metabolize glucose, fructose and sucrose. The yeast
strain 511 can metabolize over 98% maltose and almost 80% maltotriose, which explains the high
degree of fermentation and the beer’s final ethanol concentration of around 5.7% (z/v). This is followed
by yeasts ZR9 and SF4, which ferment about 80% of each maltose and maltotriose on average, followed
by SF2, which still ferments over 70% maltose and maltotriose. Consequently, the ethanol content of
the beers is between 2.6 and 4% (v/v). The strain SF8 shows the weakest fermentation performance
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and only metabolizes half the maltose and maltotriose compared with SF4, which results in lower
fermentation and an ethanol concentration of only 1.5% (v/v) in the final beer. As a result of the
96-well plate screening, it was expected that S11, SF2 and SF4 would not metabolize maltotriose and
therefore, SF8 and ZR9 had a significantly higher sugar utilization. In fact, SF8 and ZR9 were the worst
metabolizers of maltotriose in comparison with the other three yeast strains (cf. Figure 1). However, as
maltotriose cannot be fully utilized by the yeasts, this may have led to deviations in the screening. Still,
all yeasts without exception can cause a pH drop to between 4.3 and 4.5. The glycerol content of the
final beers was also measured. All beers have low glycerol levels between (.24 and 0.47 g/L, while the
average value in beer lies between 1 and 3 g/L with a threshold of 10 g/L [39]. Therefore, glycerol does
not noticeably influence the mouthfeel of the beers.

3.4.3. Volatile Compounds in Final Beers

In the final beers, esters, organic acids, higher alcohols, acetaldehyde and ketones were analyzed
by GC measurement. In order to ensure comparability between the individual compounds, the
analytical results are expressed as a percentage and are listed in Figure 7.
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Figure 7. Heat map of volatile compounds in final beers produced by the yeast strains S. fibuligera SF2,
SF4, SF8, S. pombe S11 and Z. rouxii ZR9 during fermentation of brewer’s wort at 27 °C and detected by
headspace gas chromatography measurement. The 100% value represents the threshold of volatile
compounds in beer, which is based on relative values from Meilgaard and Sannino et al. [29,31].
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By evaluating the different esters measured in the beers, Figure 7 shows that all the yeasts produce
ethyl butyrate in concentrations above the threshold. Except for the beer fermented with ZR9, the
other beers contain considerable amounts of ethyl acetate. Isoamyl acetate is above the threshold in the
beers produced with SF2 and S11. While the organic acids are only significantly above the threshold
in the form of isovaleric acid in the sample fermented with S11, higher alcohols are not significantly
increased. In contrast, all five yeast strains are responsible for the acetaldehyde values being above
the threshold. While 2,3-pentanedione has no influence as a ketone, diacetyl is increased in the beers
fermented with SF2, SF4 and ZR9.

3.4.4. Aroma Profiles of Final Beers

The tasting results in Figure 8 give an overview of the variety of aromas produced by the different
yeast strains. Evaluation levels range from 0 to 10, where 0 is considered to be the weakest and 10 the

i

strongest intensity for the flavor impressions “fruity”, “plum”, “grape”, “red wine”, “honey”, “floral”,

" ou " ou

“clove”, “sulfurous”, “wheat beer” and “strawberry”.

fruity

10
strawberry plum  }--e--- SF4

wheat beer grape

sulfurous red wine

floral

Figure 8. Aroma profiles of the beers fermented with the yeast strains S. fibuligera SF2, SF4, SF8, S.
pombe S11 and Z. rouxii ZR9.

By comparing the aroma profiles of the beers from the five different yeast strains, it is obvious
that the yeasts SF2, SF4 and SF8 have a similar profile with distinct fruity notes that reach towards
plum and strawberry. Only the flavor intensity of the strain SF8 is weaker. Additionally, some slightly
floral aromas are noticeable. The aroma profile of the yeast strain S11 goes more towards the direction
of wheat beer. Although there are fruity notes that are described as grape, the aroma spectrum is quite
broad. Dominating floral impressions are supported by clove, honey and red wine aromas. The beer
fermented with ZR9 exhibits a remarkable clove-like wheat beer character as well as floral, fruity and
less intense red wine notes. Finally, the acceptance of the five beers was compared. The beer fermented
with the yeast SF2 scores best with 8 out of 10 points, closely followed by the beer produced with SF4
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(7.8 points). The strain SF8 with 7.4 points and S11 with 7.3 points are in the midfield, while beer from
yeast ZR9 with 6.7 points is rated the worst in sensory terms.

Although the tasting samples were spot checks, the results largely reflect the flavor results from
the GC analyses. The three screened S. fibuligera strains produce significant ester amounts of ethyl
butyrate and ethyl acetate, which lead to sweet and fruity aroma impressions in taste and smell. SF2
further releases isoamyl acetate which underlines the pleasant fruity character [31]. Despite diacetyl
being present in the beers fermented with SF2 and SF4, a buttery off-flavor was not noticed [40]. As
both beers are rated highest, diacetyl cannot be considered to be an off-flavor in this case. Strawberry
and plum flavors are not obviously apparent in the GC results, so further analyses may be necessary.
The yeast strain 511 generally forms high amounts of ester compounds with a total concentration of 86
mg/L, which even exceeds the usual value of 70 mg/L for top-fermented beers, and leads to the fruity
aroma character [41]. The significant amount of isoamy! acetate in conjunction with isobutyl acetate
causes the wheat beer impression, which is supported by the increased amount of isoamyl alcohols.
The synergistic effect of isoamyl acetate and isobutyl acetate was already published by Meilgaard in
1975 [29]. The floral aroma may be attributed to the threshold of 2-phenyl ethanol being exceeded.
Although 2-phenylethyl acetate stays below the threshold, the concentration is still relatively high and
can be traced back to the honey-like flavor. The overall increased values of esters, acids and higher
alcohols trigger the perceptible red wine aroma. It was expected that the high amount of isovaleric
acid would produce a rancid, cheesy aroma [29], however, this was not criticized by the sensory panel.
The beer fermented with the yeast strain ZR9 has a remarkable wheat beer character and is most
likely caused by the increased values of isoamyl alcohols, whereas the fruity perception can be mainly
attributed to ethyl butyrate. Despite the fact that acetaldehyde and diacetyl are above the threshold,
there is no remarkable flavor influence. Only the citrus note from the sensory odor test (cf. Table 5)
may originate from acetaldehyde. In addition, the odor impressions of the sensory odor tests presented
in Table 5 correspond basically to the results of the GC analysis and the tastings of the sensory panel.
In some cases, the beers contain aromas which are not directly attributed to a single precise volatile
compound, however, the flavor is a result of the synergistic interaction of different substances [25].

4, Discussion

The results described in this study reveal that the applied screening method provides a useful first
overview to investigate a great number of yeast strains for their brewing ability in a short period of time.
Still, it should be remarked that extinction curves may not have increased or slightly decreased over
the measurement period. The reason for this is the yeast growth within the single wells. A few yeast
strains tended to sediment on the walls of the wells, causing decreased turbidity at the bottom and in
the liquid of the wells. Although the well plate was shaken by the photometer prior to measurement,
the cells stayed in place. Other yeasts formed small clumps during their growth phase, for example, S.
fibuligera, which also caused non-homogeneous distribution in the wells. As a result, the light from
the photometer was directed through a medium with apparently less turbidity resulting in a lower
extinction value, which could lead to measurement inaccuracies.

The screening of the utilization of different wort carbohydrates was a main criterion for the later
selection of fermentation trials. Although there are reliable sources on the fermentation ability of
glucose, sucrose and maltose by various yeast species published by Kurtzman [36], it often varies
within the species as to the kind of carbohydrates they utilize. For instance, within the species S. pombe,
T. delbrueckii, W. anomalus, Z. rouxii and K. lactis, the sugar utilization differs significantly between the
single yeast strains [36]. With the exception of W. anomalus, the same observations were made during
the screening. While W. anomalus strains consistently metabolized all carbohydrates used in the test,
this varied within the other strains mentioned. However, it should be noted that only five W. anomalus
strains were screened.

Furthermore, it was of interest to investigate the yeasts” assimilation of fructose, maltotriose and
melibiose. Since non-Saccharomyces yeasts are classified as top-fermenting yeasts, it is to be expected
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that they cannot metabolize melibiose based on literature [11]. However, since the comparison with
regard to the melibiose utilization of Wickerham is only made between S. cerevisiae as a top-fermenting
yeast and S. pastorianus as a bottom-fermenting yeast, it is assumed that individual top-fermenting
yeast strains also partly utilize melibiose. Whether melibiose is metabolized depends on the presence of
the enzyme alpha galactosidase in the yeast cell. This enzyme catalyzes the hydrolysis from melibiose
to galactose and glucose [42]. The screening reveals that W. anomalus species, in particular, ferment
melibiose. As a result of this study, some strains of the species Z. rouxii, S. ﬁbuifgera, K. servazzii, L.
kluyveri and T. microellipsoides also have the ability to assimilate melibiose. Nevertheless, only 14% of
the 110 screened yeasts were able to utilize this kind of sugar.

Some of the screened yeast species, such as P. kluyveri, are already known from beer fermentations
for which there is already a patent for the production of low-alcohol or alcohol-free beer [43]. S. pombe
was first isolated from an ancient beer called “pombe” by Lindner in 1893 [44] and is still one of
the main aroma-contributing species today in many mixed beer fermentations of traditional African
beers [45]. T. delbrueckii was first assumed to be a suitable yeast strain for beer brewing by King and
Dickinson in 2000 [46] and W. anomalus, Z. rouxii as well as Z. florentina were investigated in relation to
wort fermentations. The yeasts have a common ability to release a high concentration of volatile flavor
metabolites such as esters by fermenting brewer’s wort, which results in fruity and floral sensory
impressions [47,48]. The fruity and floral flavors can be confirmed in this study for the yeast strains S.
pombe (511) and Z. rouxii (ZR9). The strain S11 releases even greater amounts of esters than typical
wheat beer yeast strains do. In addition, further T. delbrueckii strains with promising flavor impressions
were discovered following the investigations of Michel et al. [6], whereby none of the screened strains
could utilize maltose. According to several existing studies, W. anomalus releases significant amounts
of ethyl butyrate and ethyl acetate leading to fruity flavor impressions. P. kluyveri and Z. florentina
produce considerable amounts of pleasant esters, such as isoamyl acetate, during the fermentation
process of all-malt wort, which can be attributed to the fruity banana-like sensory perception [5,7,43,47].
While the W. anomalus (WA1 to WA4, WA25) strains investigated in this study revealed a broad range of
different positive to negative sensory odor impressions, P. kluyoveri (PK1) actually produced remarkable
amounts of pleasant isoamyl acetate. In contrast, the Z. florentina strain (ZF1) caused a musty smell
next to the fruity flavor impression. However, since only a single yeast strain was tested, it does not
represent the entire species. As per previous investigations, Z. rouxii strains release higher amounts of
esters causing fruity, floral and solvent-like aromas. However, its diacetyl content is described to be
above the threshold which negatively influences the sensory perception [48]. The analysis of the strain
ZR9 confirms that the yeast produces an increased amount of diacetyl. Although this could not be
tasted in the final beer, one Z. rouxii (ZR1) strain was found to be responsible for noticeable amounts of
diacetyl in the sensory odor test. The floral and fruity aroma components are also confirmed by the
sensory panelists and the fruity compounds, in particular, were detected during the GC measurement
for the strain ZR9. A solvent-like aroma could not be observed explicitly. Nevertheless, the beer
fermented with ZR9 had a distinct wheat beer character and a significant amount of ethyl acetate
was analyzed. Even though ZR9 and 511 were described as wheat beer types by the panelists and
were described as clove-like, they were evaluated as POF-negative. As part of the POF test, the yeasts
obviously did not convert the ferulic acid to 4-vinylguaiacol, which would have led to a clove-like
odor. Despite the POF-negative results, it can be assumed that the clove-like flavor either came from
eugenol, which was not analyzed in this study [49], or that the complex interaction of the flavors in the
beer triggered the clove-like wheat beer character. Neither strains of the species Z. rouxii nor S. pontbe
are known to convert ferulic acid to 4-VG in the literature, which is confirmed by the POF tests.

Most of the investigated yeast species i.e. C. saturnus, C. misumaiensis, D. hansenii, H. uvarum,
L. kluyveri, Metschnikowia sp., N. holstii, P. kluyveri, S. fibuligera, S. pombe, T. delbrueckii, W. anomalus
are known for their positive fruity aroma impact caused by releasing volatile flavor compounds
during wine fermentation [50-54] and C. misumaiensis, H. uvarum and W. anomalus also during cider
fermentation [20,55-57]. Various studies state that H. uvarum, S. pombe, T. delbrueckii and W. anomalus
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improve the aromatic quality and the flavor complexity of wine [58—60]. The release of pleasant fruity
aroma components during wine production by the yeasts can only be partially transferred to the
fermentation of brewer’s wort as the H. uvarum and L. kluyveri strains screened in this study released
rather undesired flavors. While C. misumaiensis, C. saturnus, P. kiuyveri, S. fibuligera and T. delbrueckii
almost all developed positive aroma impressions in wort (cf. Table 5), the aroma impression of D.
hansenii, N. holstii, S. pombe and W. anomalus varied within the species. Therefore, a direct transfer from
wine to beer aromas cannot be assumed and differences could be based on the different fermentation
medium (e.g. due to a varying carbohydrate composition) and fermentation conditions. Nevertheless,
the diversity of flavors within one species is so extensive that individual strains do not necessarily
provide information on the entire species, a fact proven by the species 5. pombe in this study. Only
strain S11 shows a positive aroma impression in the odor test, while the nine other strains mainly
released negative flavor components (cf. Figure 1, Table 5). Therefore, although general statements can
be made about the aroma profile of one yeast species, individual yeast strains may deviate from the
norm and produce exceptionally positive or negative aromas.

C. saturnus in particular is known for its remarkably high synthesis of isoamyl acetate during
wine fermentation which, as previously mentioned, causes a banana-like flavor and ethyl acetate,
which leads to a fruity flavor [5,61-63]. Although the yeast strain CSal was not explicitly analyzed for
isoamyl acetate, the olfactory tests clearly revealed that perceptible amounts of this compound were
produced. In terms of the fermentation of rice wine with 5. fibuligera, it can be highlighted that recent
studies revealed the distribution of higher alcohols and acetate esters [64]. In fact, the investigated
strains of the species 5. fibuligera (SF2, SF4 and SF8) mainly produced large amounts of ethyl acetate,
and SF2 additionally produced isoamyl acetate esters from brewer’s wort. Larger amounts of higher
alcohols were only released in the form of isoamyl alcohols, which did not exceed the threshold of 65
mg/L (cf. Figure 7) [29].

Although C. misumaiensis, L. kluyveri and N. holstii are associated with the fermentation of wine or
apple products [53,55,56] they have not yet been investigated in literature for their flavor characteristics.
This study reveals that it might be promising to investigate specific yeasts of the species C. misumaiensis
for their volatile flavor compounds as in some cases they produced sweet, honey-like aromas and
consistently pleasant fruity flavors with isoamyl acetate to some extent (cf. Figure 1, Table 5). Referring
to wort fermentation, this yeast species could be used for the production of non-alcoholic beers.

Originally related to the production of milk products, K. lactis and K. marxianus were also screened
for their brewing ability as the literature points out that both yeasts have the ability to produce aroma
compounds that give fruity, floral and honey-like aromas [65-67]. While the sensory odor test showed
that the yeasts of the species K. lactis produced slightly fruity aromas, some of the yeasts of the species
K. marxianus stood out with remarkably pleasant aroma impressions (cf. Figure 1, Table 5). These
yeasts could also be considered for the production of alcohol-free beers.

5. Conclusions

In general, it can be summarized that the yeast strains of the species S. fibuligera are fairly
interesting for the fermentation of brewer’s wort to produce an alcoholic beer. The strains SF2, SF4 and
SF8 release, without exception, desirable fruity flavors reminiscent of plum and berry. Esters such as
ethyl butyrate and ethyl acetate result in sweet and fruity aroma impressions. Additionally, significant
amounts of isoamyl acetate were analyzed in the beer fermented with SF2, which underlined the
pleasant fruity character. In contrast to the yeast strains S. pombe (511) and Z. rouxii (ZR9), no wheat
beer aroma was perceptible in the beers produced with the S. fibuligera yeast strains. Although the
POF test results of 511 and ZR9 were negative, both yeasts still produced flavor compounds that gave
a phenolic, clove-like character.
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2.2 Publication 2: Investigation of Non-Saccharomyces Yeast Strains for Their Suitability for the
Production of Non-Alcoholic Beers with Novel Flavor Profiles

Publication 1 revealed that around 70% of the examined non-Saccharomyces yeast strains were malt-
ose-negative, while even around 75% could not metabolize maltotriose. Nevertheless, some of these
yeast strains showed exceptionally pleasant flavor properties in the sensory odor test in brewer's wort.
Therefore, they offered a great potential for the production of NABs. In this publication, 15 different
yeast strains of the genera Cyberlindnera, Kazachstania, Kluyveromyces, Lachancea, Pichia, Saccharo-
mycopsis, Schizosaccharomyces and Torulaspora were examined for their suitability to produce NABs
or LABs with novel, pleasant flavor properties. The selection of eleven yeast strains resulted directly
from publication 1, while two Cyberlindnera fabianii and two Cyberlindnera saturnus yeast strains were
additionally included due to the strikingly positive flavor results of the Cyberlindnera genera.

In 1,800 mL small-scale fermentations, the 15 yeast strains were fermented unpressurized alongside
the commercially used reference yeast strain Saccharomycodes ludwigii TUM SL17 in 7 °P unhopped
wort at 20 °C for 144 h with a pitching rate of 15 x 10° cells/mL. All yeast strains, as expected, showed
weak fermentation processes, which resulted in ethanol concentrations between 0.26—0.55% (v/v). As
the measured pH values between 4.55-5.08 were relatively high, an additional wort acidification was
recommended. In addition, the beers were analyzed using instrumental analytics to determine sugar
utilization and the formation of volatile compounds. Moreover, sensory tests were carried out by
trained panellists to evaluate the beer flavors. Despite the weak fermentation performances, some
yeast strains showed maltose and maltotriose utilization above 5% in the HPLC sugar analysis. Conse-
guently, additional aerobic fermentation trials were carried out in selective carbohydrate media. These
revealed that Saccharomycopsis fibuligera Lu27, the two C. fabianii yeast strains 5640 and 5650 as well
as Pichia kluyveri PK1 and Lachancea kluyveri 3082 could metabolize maltose and/or maltotriose. Apart
from high isoamyl acetate concentrations (3.1-7.5 mg/L), especially in the beers fermented with C.
saturnus, hardly any other flavor-active substances could be measured above the threshold values for
beer. Still, the tastings demonstrated that almost all beers exhibited pleasant fruity flavors without
wort off-flavors. Three yeast strains of the species C. saturnus (247, 4549 and CSal) stood out particu-
larly positively in the sensory evaluation, impressing tasters with cool mint sweets, pear and partly red
berry (C. sat 247) flavors. The beers fermented with S. fibuligera Lu27 and K. marxianus 653 also
showed pleasant flavor profiles reminiscent of red berries, honey, stone fruit and apple. Based on the
results, the threshold values of the flavor-active substances for NABs fermented with non-Saccharo-
myces yeasts need to be adjusted and the GC/MS analysis should be expanded. Nevertheless, it was
shown in the context of this publication that the 15 non-Saccharomyces yeasts examined were suitable
for the production of NABs or LABs with desirable novel flavor properties and that there is great po-
tential in this field of research.
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ABSTRACT

Non-alcoholic beers have seen steady growth in recent years and are attracting customer interest.
At the same time, consumer demand for non-alcoholic beers is rising. While wort-like flavors are
often criticized in beer and also regarded as off-flavors, there is growing demand for beer flavor
diversification. The latest research results prove that certain non-Saccharomyces yeast species can
produce distinctive fruity flavor profiles during wort fermentation. In this study, 15 different yeast
strains were evaluated for their suitability to produce novel flavor profiles during fermentation
in wort from malt extract while being tested for their ability to produce less than 0.5% (v/v)
ethanol. The yeast strains were therefore analyzed for their sugar utilization and were compared
with the maltose-negative reference yeast strain Saccharomycodes ludwigii TUM SL17. Following
the fermentation experiments, the beers were analyzed for secondary metabolites and ethanol
content before being tasted by trained assessors. The results reveal that all 15 yeasts are suitable
for the production of non-alcoholic beers based on their sugar utilization. Particularly promising
flavors were produced by three yeast strains of the species Cyberlindnera saturnus, which were
reminiscent of cool mint sweets, pear, and banana. Two further yeasts of the species Kluyveromyces
marxianus and Saccharomycopsis fibuligera also produced a wide range of pleasant fruity flavors.
Although the secondary metabolites were mostly below the odor thresholds based on regular
alcoholic beers, this study reveals that the thresholds in non-alcoholic beers can be classified as
significantly lower.

wort and provide residual sweetness as well as body.l") Due
to the relatively small amount of the wort sugars fructose,
glucose, and sucrose, the maltose-negative yeasts have only
limited carbohydrate sources available for their metabolism.

Introduction

The global market share for non-alcoholic beers has grown
steadily in recent years and is expected to grow further in

the years ahead. Alcohol is increasingly the subject of crit-
ical debate from both a health and social perspective, which
is causing consumers to turn more and more to non-alcoholic
beers.!!?]

A simple technological tool of producing non-alcoholic
beers is the use of low-fermentation yeasts that are maltose-
and maltrotriose-negative, however, they also need sufficient
hop tolerance. A study by Methner et al. revealed that most
yeasts from food fermentations have a high tolerance to
hops. Out of a total of 110 yeasts examined, without excep-
tion, all grew at iso-a-acids up to 50 IBU.*! Maltose and
maltotriose account for over 80% of the total carbohydrates
in brewer’s wort so there is a significant reduction in alcohol
unless the yeasts are able to metabolize these two wort
sugars.!l Maltose- and maltotriose-negative yeasts are there-
fore suitable for producing non-alcoholic beers, Whenever
these two sugars are not metabolized by the yeasts to alco-
hol and carbon dioxide, they remain unmodified in the

Once they are utilized, the yeast ceases its activity. For this
reason, in this study, yeast strains were examined that had
already been described in literature as maltose-negative or
at least potentially maltose-negative during fermentation.
The fact that maltose is not utilized by the yeasts is due
to a lack of permease in the yeast cell membrane, which
would transport maltose into the cell interior via active
transport.l®! This process technology for non-alcoholic beers
is already known and was first practiced with the yeast
Saccharomycodes ludwigii. As early as 1933, a patent by
Haehn and Glaubitz described the production of low-alcohol
beer using this yeast species,”! which was extended by an
additional patent in 2009 by Kunz et al.®

In the meantime, there is an increasing demand for flavor
diversification with a focus on fruity beers without any wort
flavor or other taste deficiencies as described by Blanco
et al.” Some studies have already investigated the flavor
properties of various yeasts during the fermentation of wort
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to produce non-alcoholic beers. In 2016, Liu et al. investi-
gated a Cyberlindnera (Williopsis) saturnus var. mrakii yeast
strain for its suitability to produce a particularly fruity
non-alcoholic beer and found that this resulted in desirable
fruity and floral flavors, which were significantly higher in
direct comparison to a beer produced with a conventional
Saccharomyces cerevisiae.'”) The same aim was pursued by
Bellut et al. with several different Cyberlindnera yeast strains
such as C. misumaiensis, C. fabianii, C. subsufficiens and C.
mrakii. They classified a C. subsufficiens in particular as
most suitable.'""! A C. fabianii yeast strain turned out to be
applicable for reducing alcohol content and increasing flavor
complexity as a co-culture alongside a S. cerevisiae.'? In
addition to the Cyberlindnera species, several studies have
revealed Torulaspora delbrueckii to be a potential yeast strain
for producing non-alcoholic beers with fruity aroma char-
acteristics.!'*1°) Moreover, several studies proved that not
only 8. ludwigii, but also Pichia kluyveri and Kluyveromyces
lactis enhanced desirable beer flavors by wort fermentations
while being suitable for the production of non-alcoholic
beers.!'*!1718] Recent study results revealed that by using
Schizosaccharomyces pombe, low alcohol beers can be pro-
duced despite the ability of this yeast to metabolize malt-
ose."”! Kazachstania servazzii was also investigated for the
fermentation of wort with the aim of producing a
non-alcoholic beer, which was then analyzed for volatile
components.2?)

Based on the previous research results, 15 different
non-Saccharomyces yeast strains were systematically investi-
gated for their suitability in the production of non-alcoholic
beers. Yeasts strains were considered from the genera
Cyberlindnera, Kazachstania, Kluyveromyces, Pichia,
Schizosaccharomyces, and Torulaspora, which have already
been studied in connection with the production of
non-alcoholic beers. Additionally, a yeast of the genera
Lachancea as well as a yeast strain of the genera
Saccharomycopsis were examined for the first time for their
suitability in the production of non-alcoholic beers. To date,
the yeast strain Saccharomycopsis fibuligera has been studied
for the production of alcoholic beers and showed desirable
aroma properties. Some strains showed weak fermentation
activity in brewer’s wort so its use in the non-alcoholic

sector could also be promising. The same study indicated
that a Lachancea kluyveri yeast strain was maltose-negative
and thus could have potential.®! Since Saccharomycodes lud-
wigii is well known for the production of non-alcoholic
beers and has been investigated in numerous studies in this
context by Meier-Dérnberg et al,,*!) De Francesco et al.,[*?
Pahl,?") Parise et al.,**! Gutiérrez et al,l'”) Callejo et al., 1%
and Vastik et al,!"® this yeast was used as a reference in
this study.

In addition to continuous fermentation control that
included measuring the final ethanol contents as well as pH
values of the beers, the parameters of sugar utilization and
secondary metabolites were analyzed. The sugar composi-
tions of the beers were determined by two different
high-performance liquid chromatography (HPLC) methods,
while additional growth tests were performed in selective
media. Analysis of the fermentation by-products, various
esters, organic acids, higher alcohols, ketones, acetaldehyde,
dimethyl sulfide (DMS), and 4-vinylguaiacol (4-VG) was
performed by gas chromatography/mass spectrometry (GC/
MS). Moreover, sensory analyses were carried out that
included profiling as well as testing for off-flavors.

The aim of this study was to find suitable non-Saccharomyces
yeast strains to produce non-alcoholic beers with distin-
guished flavor properties but without wort flavor. Wort-like
off-flavors [2%227] were not analyzed by GC/MS, however,
they were considered in the sensory evaluations of the beers.
Yeasts were selected based on the fact that they did not
produce phenolic off-flavors. The target alcohol content of
the beers was a maximum of 0.5% (v/v) according to the
German regulation for non-alcoholic beers.!!

Experimental
Yeast strains

The 16 yeast strains investigated in this study are listed in
Table 1 with corresponding abbreviations. Except for the
yeast strain Cyberlindnera saturnus CSal, which comes from
a private collection, all other yeast strains can be purchased
commercially. The collection site, from which the yeast
strains were obtained, is indicated in the footnote of Table 1.

Table 1. Yeast species and strain numbers with corresponding abbreviations used in this study.

Yeast strain number Yeast strain abbreviation

Yeast species

CBS 5640 C. fab 5640
CBS 5650 C. fab 5650
TUM 238 C. mis 238
YH837A-3D4 C. mis CM1
TUM 247 C. sat 247
CBS 4549 C. sat 4549
YHMH22AA-3H1 C. sat CSal
YHMH47B-3C4 K. ser 3C4
TUM GYK K. lac G9K
TUM 653 K. mar 653
CBS 30827 L. klu 3082
YHAK1A-311 P klu PK1
TUM SL17 S. lud SL17
PI'S 6; Lu27 S. fib Lu27
TUM G105 S. pom G10S
YH824A-116 T. del 116

Cyberlindnera fabianii®
Cyberlindnera fabianii
Cyberlindnera misumaiensis®
Cyberlindnera misumaiensis®
Cyberlindnera saturnus®
Cyberlindnera saturnus®
Cyberlindnera saturnus®
Kazachstania servazzii®
Kluyveromyces lactis®
Kluyveromyces marxianus®
Lachancea kluyveri®

Pichia kluyveri®
Saccharomycodes ludwigii®
Saccharomycopsis fibuligera®
Schizosaccharomyces pombe®
Torulaspora delbrueckii®

*Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands; ® Research Center Weihenstephan (BLQ), Freising, Germany; © Private collection
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Table 2. Analytical methods of the wort and the non-alcoholic beers after MEBAK® and Donhauser et al.®

Analysis Method

Device

Sugar composition (glucose, fructose, sucrose,
maltose, maltotriose)

Original wort, ethanol content, apparent
attenuation

MEBAK* WBBM 2.9.6.3

pH value MEBAK* WBBM 2.13

Dimethyl sulfide

Fatty acid esters, fatty acids, 2-phenylethanol

Acetaldehyde, ethyl acetate, isoamyl acetate, higher
alcohols (n-propanol, i-Butanol, amyl alcohols)

4-Vinylguaiacol

Diacetyl, 2,3-pentanedione

MEBAK* WBBM 2.23.1
MEBAK* WBBM 2.23.6
MEBAK* WBBM 2.21.1

Donhauser et al.” LS-HPLC 002_2

MEBAK* WBBM 2.21.3.3
MEBAK® WBBM 2.21.5.1

HPLC UltiMate 3000 (Thermo Fisher Scientific, Waltham, MA,
USA)

Bending vibration and NIR spectroscopy, Alcolyzer Plus with
DMA 5000 X sample 122 (Anton-Paar GmbH, Ostfildern,
Germany)

pH meter with pH electrode, ProfiLine pH3210pH meter
(Xylem Inc., New York, NY, U.S.A)

GC-FID Clarus 580 (Perkin Elmer, Waltham, MA, US.A.),
Column: 50m 0.32mm Phenomenex FFAP, 0.25 pm

GC-FID Clarus 580, Turbo Matrix 40, Head Space (Perkin Elmer,
Waltham, MA, US.A.), Column: INNOWAX cross-linked
polyethylene glycol, 60 mx0.32mm 0.5pm

TMEBAK® (2012), Editor: Dr. F. Jacob: The MEBAK collection of brewing analysis methods: Wort, beer, and beer-based beverages. Collection of methods of the
Mitteleuropaéischen Brauchtechnischen Analysenkommission. Self-published by MEBAK.
"Donhauser, 5; Wagner, D, (1990): Zucker- und Endvergirungsgradbestimmung mittels der HPLC, 9:306-309. Monatsschrift fiir Brauwissenschaft,

Yeast propagation and fermentation

The selected yeast strains from Table 1 were inoculated from
wort slope agars under sterile conditions into 500 mL flasks
each containing 250 mL of unhopped wort (7.0°F, pH 5.5)
that was made from malt extract (Weyermann®, Bamberg,
Germany). Since the composition of malt extract is always
the same, the results are highly comparable. The wort was
analyzed (extract content, pH, and sugar composition)
according to the methods in Table 2.

After 72h of propagation at 20°C on a WiseShake orbital
shaker (Witeg Labortechnik GmbH, Wertheim, Germany)
at 80rpm, the yeast suspensions were transferred to sterile
2500mL flasks filled with 1800 mL of comparable unhopped
wort and propagated for an additional 72h. After propaga-
tion, the cell counts were determined using the Cellometer®
Vision (Nexcelom Bioscience LLC, Lawrence, MA, U.S.A.).

The 16 different yeast strains listed in Table 1 were tested
in fermentation trials. For the fermentation experiments, a
maltose-negative yeast strain known to produce non-alcoholic
beers was included as a reference: Saccharomycodes ludwigii
TUM SL17. In small-scale fermentations performed in trip-
licate, 1800 mL unhopped wort (7.0°P, pH 5.5) in 2000 mL
sterile Duran glass bottles (Schott AG, Mainz, Germany)
was pitched, each at 15x10° cells/mL (+o=1x10° cells/mL)
and locked with glass fermentation locks on top. To produce
the wort, malt extract (Weyermann®, Bamberg, Germany)
was blended in a wort boiler in two batches to the defined
original wort, boiled for 5min and then cooled to the pitch-
ing temperature of 20°C using a plate cooler. For each batch,
50L wort was pumped into a cylindroconical tank before
1800mL of each was filled into the 2000 mL bottles for the
fermentation trials. Propagation yeasts were centrifuged
(Roto Super 40, Andreas Hettich GmbH & Co. KG,
Tuttlingen, Germany) in sterilized 500 mL PPCO centrifuge
bottles (Nalgene, Thermo Fisher Scientific, Waltham, MA,
US.A)) at 750 x g for 5min and the supernatant was dis-
carded before pitching. The samples were incubated at a
20°C fermentation temperature. The fermentation time of
144h was chosen based on previous experiments with the
reference yeast S. lud SL17. For this yeast strain, based on
well-founded preliminary trials, a recommendation exists
for the production of non-alcoholic beers, which suggests

65

an original wort of 7°P and a fermentation temperature of
15-20°C in order to achieve an ethanol content < 0.5% (v/v)
in the final beer.?'?! Since it is known that the reference
yeast strain completely converts glucose and fructose as well
as sucrose after a fermentation period of 144h at a tem-
perature of 20°C and an original wort of 7°P, this experi-
mental design was transferred to the 15 investigated yeast
strains. The main fermentation proceeded for 144h and
fermentation progress was checked every 24h by recording
the weight loss. Fermentation progress can be determined
by weight loss, which is based on Balling’s assumption that
during fermentation an average of 2.0665g of extract is
converted into 1g of alcohol, 0.9565g of carbon dioxide,
and 0.11g of yeast.’!) Subsequently, the samples were then
placed into cold storage at 2°C for another 96h before
performing the analytical analyses shown in Table 2 and
the sensory evaluation.

Analytical methods

Table 2 lists the analyses of the initial wort as well as of
the non-alcoholic beers. All beers were prepared in triplicate
with each sample analyzed by the methods listed in Table
2. Subsequent statistical analyses were performed using
OriginPro 2020 statistical software.

The apparent attenuation is calculated using a formula
for the degree of fermentation and the original wort of the
sample, which is described in detail in Bleyer et al.l*!

Sugar utilization test

In order to assess whether some of the investigated yeast
strains were actually able to metabolize maltose or maltotri-
ose, additional sugar utilization tests were performed based
on the method of Nikulin et al.** For this purpose, two
synthetic YP-media were prepared from 1.0% yeast extract
(Sigma-Aldrich, St. Louis, MO, U.S.A.), 2.0% peptone from
casein, pancreatic digest (Sigma-Aldrich, St. Louis, MO,
U.S.A.), either 1.0% D(+)-maltose monohydrate 95% (Merck,
Darmstadt, Germany) or 1.0% D-maltotriose 98% (Thermo
Fisher Scientific, Waltham, MA, U.8.A), and 96.7% double
distilled water. The yeast strains were transferred from pure
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slope agar cultures into 1mL sterile physiological sodium
chloride solutions before they were counted using the
Cellometer® Vision (Nexcelom Bioscience LLC, Lawrence,
MA, US.A). The required volumes for 0.1x10° cells/mL
were calculated and inoculated under sterile conditions into
25mL of YP-medium into 50 mL flasks each and were sealed
with cotton plugs. The samples were incubated at 20°C on
a WiseShake orbital shaker (Witeg Labortechnik GmbH,
Wertheim, Germany) at 80rpm. Every 24h, absorbances
were measured in triplicate using an UV-Vis photometer
(Evolution 300, Thermo Fisher Scientific, Madison, WI,
U.S.A.), set to an optical density (OD) of 600 nm, until there
was no further increase in OD. Although the coefficient of
variation of the applied HPLC analysis is 13% for maltose
and 15% for maltotriose, the limits for the tests in selective
media were set significantly lower at 5% to achieve reliable
results. In cases where the yeasts were able to utilize more
than 5% of the maltose present in the beer by HPLC sugar
analysis (cf Table 2) based on the mean value of the triple
determination, their growth was tested in YP-medium + 1%
maltose. In addition, all yeasts that could metabolize more
than 5% maltotriose based on the mean value of the triple
determination were exposed to YP-medium + 1% maltotriose.

To check the measured values for maltose and maltotriose
due to the relatively high coefficients of variation, glucose,
maltose, and maltotriose of a selected beer were randomly
checked using a further HPLC method. To be able to safely
exclude measurement inaccuracies, the sugars were chemi-
cally modified in order to make them subsequently visible
in the HPLC with a UV/Vis detector. Chemical modification
for visualization in HPLC using UV/Vis detector proceeded
as shown in Figure 1.

The reaction procedure followed Honda et al.l**
Fructose was modified with only one molecule, while
sucrose did not react with the chromophore. The modified
sugars showed strong absorbance at 245nm. The solutions
were then analyzed using an RP18 column in combination
with a mixture of 20% (v/v) acetonitrile and 80% (v/v)
0.15M ammonium acetate-acetic acid buffer (pH = 5.0).
The compound 1H-benzotriazole was added as an internal
standard. For the measurements, the 7°P initial wort and
the three beers of the selected yeast strain were deter-
mined in triplicate. A mean chromatogram was calculated
from each of the three wort and the nine beer
measurements.

Sensory evaluation

The beer samples, which were tempered to 12°C, were
profiled at 20°C room temperature by a sensory panel
of ten DLG (Deutsche Landwirtschafts-Gesellschaft e.V.,
Frankfurt, Germany)-certified assessors to determine the
main flavor components of the individual beers. To
exclude external interferences during the tastings, they
were held in an appropriately neutral, white-colored room
with individual tasting chambers. The trained panelists
were asked to describe both the odor and the taste of
the beers. As part of the evaluations, the specified odor
and taste attributes were summarized. The first part of
the evaluations recorded how many tasters described the
respective beers as generally fruity. If significant fruitiness
could be perceived in the beers, the individual fruit attri-
butes could be broken down and statistically verified by
percentage. The evaluation by percentage indicated how
many tasters named the corresponding fruit attribute. The
significance level was analyzed for the paired sensory
testing of the attribute “fruity” according to MEBAK sen-
sory analysis 3.1.1. and DIN EN ISO 5495:2007 with a
significance level a=0.05. Based on these sensory meth-
ods, a significant result was achieved in cases where at
least nine of the ten tasters had matching results (signif-
icant results are marked with* in the results section). The
result was classified as non-significant in the cases where
eight or fewer tasters delivered a matching result. In
addition, a sensory test was carried out according to the
DLG evaluation scheme, which comprises a rating scale
from zero to five. While zero is considered the lowest
score and represents insufficient product quality, a score
of five points fully meets the quality expectations of the
product and matches the quality description very well.!*!
The odor, purity of taste, and body of the beers were
evaluated, while the quality of bitterness as well as the
carbonation were neglected. For the tasting, the samples
were assigned randomized three-digit numbers and 50 mL
of each sample was served in brown 200 mL tasting
glasses.

To establish possible correlation between the specific vol-
atile compounds measured analytically and the individual
flavor characteristics described by the tasters, a principal
component analysis (PCA) was performed using OriginPro
2020 statistical software.

—-C- . - HN, | /7~ NH
H-C-OH c o NaOH & 7 N
H——0H H——OH N/ N

H,0, MeOH \ H OH /f
HO——H -—s— HO—TH + 2 N Opo—t-n ©
H—OH H——OH N 30 min, 70 °C ol e
H (s} H OH
CH,OH i o
CH,OH 2 CH,0H
Glucose 3-Methyl-1-phenyl-5-pyrazolon Glucose-PMP;

(PMP)

Figure 1. Chemical modification of glucose for HPLC visualization using UV/Vis detector. (Endres, F; Prowald, A, Fittschen, U. E. A;
Hampel, S.; Oppermann, S.; Jacob, F; Zarnkow, M.; Hutzler, M.; Methner, Y,; Laus, A. Vergleichendes isothermes Maischen bei 72 °C,

BRAUWELT 2021, 9-10, 223-227.)
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Results and discussion
Fermentation

The weight loss of the individual samples was recorded every
24h to monitor the extract degradation by the 16 investi-
gated yeast strains during the fermentation process. Figure
2 shows the fermentation progress of the yeast strains with
the corresponding standard deviations including the reference
yeast strain 8. ludwigii TUM SL17 (marked in red). The
weight loss is plotted over a total fermentation period of
144h at a fermentation temperature of 20°C. The individual
fermentation curves are available in Supplemental File 1.
After the first 24h of fermentation, all 16 yeasts showed
a weak weight loss between 0.1 and 0.6g. The reference
yeast, S. lud SL17, exhibited a weight loss of about 0.5g
and thus fermented relatively strongly in comparison to the
other yeast strains. Two yeast strains fermented slightly
faster within the first 24h: L. kluyveri 3082 as well as T.
delbrueckii 116. The weakest fermentation activity with only

fab 5640

fab 5650

mis 238
" mis CM1
. sat 247
. sat 4349
~—C. sat CSal
K. ser 3C4
K. lac G9K
K. mar 653
——L klu 3082
——P.klu PK1
5. lud 5L17
—5. fib Lu27
——5. pom G105
——T. del 116

e

—r

204 C
C

C

C

Weight loss [g]

10

054

T d
00 M4 48 n 9% 120 144

Fermentation time [h]

Figure 2. Mean values (n=3) with standard deviations of the
fermentation samples’ total weight loss in grams of the investi-
gated yeast strains during the fermentation process over a fer-
mentation petiod of 144h (6days) at 20°C.

Table 3. Regression equations and corresponding coefficients of
determination R%.

Coefficient of

Yeast strain abbreviation Regression equation determination R?

C. fab 5640 y=0.0074 x 99.1%
C. fab 5650 y=0.0102 x 99.7%
C. mis 238 y=0.0096 x 97.9%
C. mis CM1 y=0.0078 x 98.9%
C. sat 247 y=0.0085 x 99.7%
C. sat 4549 y=0.0072 x 97.4%
C. sat CSal y=0.0121 x 98.9%
K. ser 3C4 y=0.0081 x 97.0%
K. lac G9K y=0.0147 x 97.7%
K. mar 653 y=0.0106 x 99.5%
L. klu 3082 y=0.0166 x 96.1%
P. klu PK1 y=0.0067 x 97.9%
S. lud sL17 y=0.0149 x 96.4%
S. fib Lu27 y=0.0126 x 97.7%
S. pom G105 y=0.0108 x 99.8%
T. del 116 y=0.0196 x 94.8%
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approx. 0.1g of weight loss was formed by the yeast strains
P, kluyveri PK1 and C. misumaiensis CM1. The fermentation
activity of the reference yeast decreased with increasing
fermentation time and the other yeasts behaved similarly.
The yeast strains L. klu 3082 and T. del 116 remained the
strongest until fermentation was stopped by cooling down
to 2°C after 144h. At 2.2 to 2.5g, these strains lost slightly
more weight than the reference yeast with about 2g on day
six. The Pichia yeast strain remained the weakest yeast
within the six days of fermentation and only lost 0.9g of
weight, while the yeast strain C. mis CM1 lost slightly more
weight with just over 1g.

For each fermentation curve, a linear regression line with
a corresponding coefficient of determination was generated
for the mean values of weight losses. The regression equa-
tions and coefficients of determination are listed in Table 3.
The coefficients of determination range between 94.8 and
99.8%, which indicates a low variation. The gradients of the
regression lines can be related to the ethanol contents, which
are presented in Table 4. The general trend is that the lower
the gradient, the lower the ethanol content in the fin-
ished beer.

In terms of ethanol content, it is noticeable in Table 4
that the beers ranged between 0.26% and 0.55% (v/v). With
an original wort of 7°P, a fermentation temperature of 20°C,
and a fermentation time of 144h, all of the investigated
yeasts are fundamentally suitable for producing non-alcoholic
beers. The beers produced using the yeast strains L. kluyveri
3028 and T. delbrueckii 116 had values of 0.54 and 0.55%
(v/v) making them slightly above the legally permissible
ethanol content of 0.50% (v/v) according to the German
regulation./”®! They showed the strongest fermentation activ-
ity in the course of fermentation. By slightly decreasing the
original wort, shortening the fermentation time, or even
reducing the fermentation temperature, it could be possible
to reduce the fermentation activity and the associated eth-
anol content of the two beers. The low apparent attenua-
tions listed in Table 4 result in relatively high amounts of
residual sugars in the beers, which can potentially be
metabolized by other yeasts or bacteria. Pasteurization is
therefore necessary to ensure microbiological safety and at
the same time to counteract a subsequent increase in alco-
hol content. Since the wort was produced in two batches,
the original wort varies by around 0.1°P. While yeasts C.
fab 5640, C. fab 5650, C. mis 238, C. mis CMI, C. sat 247,
C. sat 4549, C. sat CSal and P. klu PK1 were pitched in
the first wort batch, the second batch was used for the
other yeasts.

The pH values of the beers in Table 4 range between
4.60 and 5.08. Only the yeast strains S. fibuligera Lu27, K.
marxianus 653, C. misumaiensis 238 and C. misumaiensis
CM1 were able to induce a sufficient pH drop. Apart from
these four yeast strains, the remaining ones stayed at pH
values greater than 4.62, so that an additional drop in the
pH to between 4.2 and 4.6 using sour wort would positively
impact the taste and produce a safer product from a micro-
biological point of view.?”!
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Table 4. Mean values and standard deviations (n=3) of original wort (°P), apparent attenuation (%), ethanol content (% v/v) and pH

value in the beers fermented by the 16 selected yeast strains.

Yeast strain abbreviation Original wort (°P) Apparent attenuation (%) Ethanol content (% v/v) pH value
C. fab 5640° 7.05£0.00 9.07+0.21 0.33+0.00 4.83 £0.00
C. fab 5650° 7.02£0.01 12.00+0.00 0.43+0.00 4.79+0.01
C. mis 238* 7.03+0.00 8.93+0.12 0.32+0.01 4,55+0,00
C. mis CM1? 7.03+0.02 8.60+0.08 0.31+0.00 4.62 +0.00
C. sat 247* 7.02+0.01 10.00+0.00 0.36+0.00 4.76+0.01
C. sat 4549* 7.03+£0.00 7.73+0.05 0.28+0.00 4.84+0.00
C. sat CSal® 7.03+0.01 12.77+0.05 0.46+0.00 4.83+0.00
K. ser 3C4° 6.94+£0.01 9.23+0.09 0.33+0.00 4.88 £0.01
K. lac G9KP 6.85+0.09 13.97£0.09 0.49+0.00 5.08+0.01
K. mar 653¢ 6.88+0.00 10.53+0.12 0.37 £0.00 4.60 +0.00
L. klu 3082° 6.92+0.00 15.73+0.05 0.55+0.00 4,69+0,00
P. klu PK1? 7.02+0.01 7.33+0.17 0.26+0.01 4.82+0.00
S. lud SL17° 6.95+0.05 14.02+0.10 0.50+0.00 4.92+0.04
S. fib Lu27® 6.91£0.01 13.20£0.29 047 +0.01 4.60+0.01
S. pom G105 6.90+0.00 11.30+0.16 0.40+0.,00 4,77 £0,00
T. del 116" 6.89+0.00 15.50+0.00 0.54+0.00 4.78+0.01

“Wort batch 1; ® Wort batch 2

Table 5. Sugar composition of the wort used for fermentation
trials.

Sugar composition of wort in g/L

Fructose 0.6
Glucose 4.4
Sucrose 1.6
Maltose 31.7
Maltotriose 7.3

Sugar utilization

The sugar composition of the main wort carbohydrates of
fructose, glucose, sucrose, maltose, and maltotriose 1*! for
the fermentation experiments are illustrated in Table 5,
which gives the mean of the two wort batches.

Both the wort sugars (cf Table 5) and the sugar compo-
sitions of the beers were analyzed to draw conclusions about
the sugar utilization of the individual yeast strains presented
in Figure 3. To minimize error when calculating the indi-
vidual sugar utilizations, the average wort sugar composition
of the respective wort batch was used rather than that from
Table 5. Supplemental File 2 provides the sugar utilizations
for each wort batch.

The reference yeast strain S. Iudwigii SL17 (marked in
red) as well as K. lactis G9K were the only yeast strains to
metabolize 100% of the glucose, fructose, and sucrose pres-
ent in the wort, while maltose and maltotriose were not
utilized. This was to be expected for the reference yeast S.
ludwigii.’"! K. lactis is known to variably metabolize glucose,
sucrose, and maltose.”®! Accordingly, the specific yeast strain
K. lactis G9K has the ability to utilize glucose and sucrose
but presumably it has no permease activity.

Although T. delbrueckii 116 and L. kluyveri 3082 lost more
weight in the fermentation control (cf Figure 2) and produced
slightly higher amounts of ethanol, they seemed to only fully
utilize glucose and sucrose, but not fructose. However, since
the fructose concentration in wort is very low at 0.6g/L (cf
Table 5) and the measurement inaccuracy with the applied
HPLC method is relatively high for fructose with a coefficient
of variation of about 20%, the fructose values should be
considered only as an indication of whether fructose could
generally be metabolized. Therefore, it is to be assumed that

all veasts examined have the ability to utilize fructose. In
addition, the fructose content may initially appear higher
when sucrose is hydrolyzed to its monosaccharides of glucose
and fructose. Since S. cerevisiae is known for displaying a
discrepancy in glucose and fructose utilization during fer-
mentation,®®! this behavior could be transferred to further
yeast species leading to a relatively higher concentration of
fructose. It is to be assumed that fructose would have been
completely metabolized if the fermentation period was longer.
Additionally, in a previous study by Methner et al., 8 of the
16 yeast strains were investigated in selective medium and
completely metabolized fructose.”®) These include yeast strains
such as T. del 116, which according to Figure 3 metabolized
only 33% of the fructose from the wort, K. ser 3C4 and L.
klu 3082, which both utilized 48%, or C. Sat CSal, which
was at 60% utilization. This reinforces the assumption that
fructose would have been fully utilized if the fermentation
period was extended. The yeast strains that have not been
investigated to date could also be tested in a fructose selective
medium in future work in order to be able to make a reliable
statement on fructose utilization. Similarly to T. delbrueckii
116 and L. kluyveri 3082, C. fabianii 5640 and C. saturnus
CSal also metabolized 100% of the glucose and sucrose.
Comparing the results of sugar utilization with existing lit-
erature, it can be confirmed that T. delbrueckii,*" L.
kluyveri, 1) C. fabianii, and C. saturnus ) metabolize glucose
and sucrose. Although there are T. delbrueckii yeast strains
that can variably utilize sucrose, the studied strain 116 could
completely convert sucrose.

Although C. fabianii 5650, C. saturnus 4549, K. marxianus
653, and S. pombe had converted 100% of sucrose, only
more than 75% of glucose was consumed. C. saturnus 247
was the only yeast strain showing weaker sugar utilization,
as about 90% glucose and 60% sucrose were utilized.
However, as fermentation was stopped after just six days,
it is assumed that glucose and sucrose would also have been
completely metabolized by the yeast strains given a slightly
longer fermentation period. Another reason for the incom-
plete utilization of sucrose could be the pH value, whose
optimum for the enzyme invertase is not clearly defined
according to the literature.*>-* If wort acidification was
applied, this could perhaps result in faster sucrose
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degradation. Additionally, the partially high standard devi-
ations (relative standard deviations up to approx. 10%) need
to be taken into account. According to the existing literature,
C. saturnus,** K. marxianus,®® and S. pombe *9 are known
for their ability to ferment glucose and sucrose.

As described in Kurtzman,!**##%l the yeast strains K. ser-
vazzii 3C4, P. kluyveri PK1, C. misumaiensis 238, and CM1
were indeed unable to cleave sucrose into its monosaccha-
rides, while they completely converted available glucose from
the wort. Thus, a lack of extracellular invertase could be the
reason why sucrose cannot be metabolized.!*]

Based on the results (cf Figure 3), 75% of the yeasts
investigated, namely C. saturnus,*?! C. misumaiensis,|"”) K.
servazzii, ) K. marxianus,® L. kluyveri ™) B kluyveri,|*)
and the reference S. Iudwigii *”) do not possess the property
to utilize maltose, which is confirmed by the literature. The
ability of K. lactis,™ 8. pombe,*) and T. delbrueckii " to
metabolize maltose may vary. Only C. fabianii ") metab-
olizes maltose slowly and weakly, while 8. fibuligera 1° can
metabolize maltose, albeit slowly. This can be attributed to
an extracellular glucoamylase.[-5*) Whether there is also a
permease activity in addition to the extracellular glucoam-
ylase activity would have to be investigated. However, the
yeast strain has the potential for producing non-alcoholic
beers. This is evident from a previous study, which showed
that some S. fibuligera yeast strains fermented much more
weakly at 27°C and an original gravity of 12.5°P than a
conventional brewing yeast such as Saccharomyces cerevi-
siae.l’! In this study, reducing the temperature to 20°C, and
the original wort to 7°P, as well as the fermentation time
to 144h, resulted in an alcohol content < 0.5% (v/v) and
thus a weak sugar utilization. Although 8. fibuligera is the
only yeast strain investigated besides C. fabianii, which is
known to convert maltose as well as glucose and sucrose,
S. fib Lu27 actually does not prove to be more fermentative.
On average, only about 70% glucose, 60% sucrose, and 10%
maltose were utilized (cf Figure 3). When comparing the
maltose utilization with the other yeasts, some show a malt-
ose utilization that is almost equal. Since the coefficient of
variation for maltose is 13% by the applied HPLC method,

o 10 20 30 40 50 60 70 80 90 100

Maltotriose

Maltose

C.sat 20
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C. st 4549

Wort sugars

K. o 633
L. kiu 3082
P kK PK1

Fructose
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S pom G10S

T. del 116
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Figure 3. Mean values (n=3) with standard deviations of wort
sugar utilization in % of the 16 investigated yeast strains during
fermentation from worts to non-alcoholic beers.
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Figure 4, Mean values (n=3) with standard deviations of yeast
growth at 20°C of ten yeast strains metabolizing more than 5%
maltose in the HPLC analysis according to Table 2 (C. fabianii
5640, C. saturnus 247 and CSal, K. servazzii 3C4, K. lactis GOK,
L. kluyveri 3082, P. kluyveri PK1, S. fibuligera Lu27, S. pombe
G10S, T. delbrueckii 116) measured at an extinction of 600nm in
YP-media with 1% maltose over 168h (7days). S. ludwigii SL17
was included as reference yeast strain.

measurement inaccuracies must also be taken into consid-
eration here. Based on previous knowledge of the produc-
tion of non-alcoholic beers using the reference yeast strain
S. lud SL17, it is to be assumed for the investigated
maltose-negative yeast strains that glucose and fructose,
and optionally also sucrose, would have been utilized within
the 144h fermentation time at a temperature of 20°C. The
results show, however, that individual yeast strains certainly
have different optima, which should be investigated within
the scope of further research.

In general, the results of the HPLC analyses illustrate
(Figure 3) that maltose and maltotriose can either not be
metabolized at all or only to a small extent under the
applied fermentation parameters in wort by the different
yeast strains. Whether the yeasts from this study can actually
metabolize maltose or maltotriose was investigated in further
experiments in selective media. As described in the
Experimental chapter, yeast strains utilizing, on average,
more than 5% of maltose or maltotriose present in the beer
were additionally incubated in YP-medium + 1% maltose
or YP-medium + 1% maltotriose.

Figure 4 depicts the increases in the extinctions at an
optical density of 600nm over 168h of ten different yeast
strains in YP-media with 1% added maltose, The yeast strain
S. ludwigii SL17 (marked in red) was additionally included
as a maltose-negative reference yeast strain.

It can be observed that the extinctions increase most
strongly within the first 24 to 48h. Yeast cell growth mainly
takes place during this period as the utilizable sugars from
the medium are taken up by the yeast cells. In addition to
10g/L maltose, traces of glucose, fructose, and sucrose were
present in the YP-medium. These remained below concen-
trations of 0.1g/L and thus below the detection limit of
HPLC analysis. Nevertheless, the amounts were sufficient
to ensure a slight growth of the maltose-negative yeasts
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and to trigger a slight increase in the absorbance. Therefore,
at absorbances < 0.5, there is only slight growth due to the
presence of glucose, fructose, and sucrose in the culture
medium. Those yeasts that were selectively able to utilize
maltose had absorbances > 0.5 within the medium due to
their strong growth. Figure 4 shows that the yeast strains
C. fabianii 5640, K. lactis G9K, and L. kluyveri 3082 reached
extinctions above 1.0 after 72h and were thus able to
metabolize maltose. S. fibuligera Lu27 also metabolized
maltose. Due to its unusual morphology in the selective
medium, which manifested itself in a macroscopically spher-
ical growth (small gelatinous yeast balls), the absorbance
could only be measured to a limited extent by photometer.
This led to measurement inaccuracies because of an inho-
mogeneous distribution of the yeast spheres. Even an addi-
tion of 10mM EDTA could not break up these cell
formations. HPLC sugar analysis of the selective media
after 168 h showed that indeed 100% of the maltose present
was metabolized by the four yeasts mentioned, while malt-
ose was still fully detectable in the samples of the remaining
six yeast strains (values not shown). The results confirm
that C. fabianii and S. fibuligera are able to metabolize
maltose, which is consistent with the literature.l"”% K, lactis
3082 can also partially utilize maltose. This yeast species
is known to be Kluyver effect positive on maltose.[*"54
Although Lachance et al. ¥ described that L. kluyveri is
maltose negative during fermentation, the Kluyver effect
needs to be considered as well since the samples were not
incubated under completely anaerobic conditions.l**! For
sterile sampling every 24h, the samples were opened so
that oxygen could enter the flasks. However, further studies
would be required to establish why C. fabianii and S. fib-
uligera metabolize maltose rapidly only when exposed to a
selective medium containing maltose. It is known that these
two yeast strains metabolize maltose during fermentation.
However, it is not possible to provide a conclusive reason
why they metabolize a similarly low level of maltose as
actual maltose-negative yeast strains in a brewing wort at
7°P and a fermentation temperature of 20°C within 144h.

Figure 5 depicts the increased extinctions at an optical
density of 600 nm over 168h of seven different yeast strains
in YP-media with 1% added maltotriose. Again, the
maltrotriose-negative S. ludwigii SL17 (marked in red) was
added as the reference yeast strain.

Analogous to the analysis in YP-medium + 1% maltose,
the addition of 1% maltotriose at an absorbance < 0.5 indi-
cates that the yeasts are maltotriose-negative. From the seven
yeasts analyzed in total, the two C. fabianii yeast strains 5640
and 5650 were the only two to show significant growth after
168h. They had an absorbance of around 1.4 measured at
600nm in the photometer and are thus maltotriose-positive.
Although the yeast strain C. fabianii 5650 was not examined
in the selective medium with an additional 1% maltose, based
on these findings it can be concluded that the yeast can
metabolize both maltose and maltotriose. While the maltotri-
ose utilization of yeast strain C. fab 5640 takes longer in
direct comparison to the maltose utilization (cf Figure 4),
sugar analysis of the samples by HPLC measurement after
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C. sa1247
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P.klu PK1

S, lud SL17
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Figure 5. Mean values (n=3) with standard deviations of yeast
growth at 20°C of seven strains (C. fabianii 5640 and 5650, C.
misumaiensis 238 and CM1, C. saturnus 247 and CSal, P. kluyveri
PK1) metabolizing more than 5% maltotriose in the HPLC analysis
according to Table 2 and measured at an extinction of 600nm in
YP-media with 1% maltotriose for 168h (7 days). S. ludwigii SL17
was included as a reference yeast strain.

168h showed that the maltotriose was completely metabolized
(values not shown). Here, too, further investigations are
needed to clarify why maltotriose can be completely metab-
olized in the selective medium after around 120h, whereas
it is hardly utilized by the yeasts in brewer’s wort.

In general, the results show that the HPLC method for
sugar analysis provides good indication values. However,
additional analyses with greater accuracy are needed for
accurate results. To safely exclude measurement inaccuracies,
the sugars of a selected non-alcoholic beer produced by the
yeast strain C. saturnus 247 were additionally chemically
modified to make them visible in the HPLC with a UV/Vis
detector. Figure 6 depicts the chromatogram with the mod-
ified sugars of the 7°P wort and the mean chromatogram
of the three beers fermented with C. saturnus 247. The two
chromatograms — wort (red) and beer (blue) - clearly show
that maltose, maltotriose, and also maltotetraose remain
unaffected. Glucose was utilized to 90.6%, which is consis-
tent with the measured value from the previous HPLC anal-
ysis. Accordingly, the previous HPLC analyses of sugar
utilization using the method according to Table 2 are actu-
ally measurement inaccuracies. This can be applied to all
other investigated yeast strains with a maltose utilization of
up to 13% and maltotriose utilization of up to 15%.

Above maltotetraose, higher sugars occurred only in
traces, so that it can be assumed that the malt extract used
was very well saccharified.

Secondary metabolites

As part of the analysis of secondary metabolites by GC/MS
measurement of the 16 non-alcoholic beers, the following
common volatiles in beer were quantified: esters, organic
acids, higher alcohols, ketones, acetaldehyde, DMS, and
4-VG. In the heat map in Figure 7, the volatile compounds
are shown as relative values. The 100% value represents the
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Figure 6. Chromatograms (HPLC) of the modified sugars glucose,
maltose, maltotriose and maltotetraose of the 7°P wort and beer
fermented with the yeast strain C. saturnus 247. The sugar mol-
ecules contain one molecule of 3-methyl-1-phenyl-5-pyrazolone
(fructose) and twe molecules of 3-methyl-1-phenyl-5-pyrazolone
(glucose, maltose, maltotriose and maltotetraose).
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Figure 7. Heat map of volatile compounds in final non-alcoholic
beers produced by the 16 investigated yeast strains during fer-
mentation of brewer's wort at 20°C for 144h and detected by
headspace gas chromatography measurement. The 100% value
represents the threshold of volatile compounds in beer, which is
based on relative values from Meilgaard, Sannino et al., and
Schieberle.!**-8

odor threshold of the respective substance in beer based on
literature sources from Meilgaard, Sannino et al, and
Schieberle."*-58 If the values are above 100%, the volatile
compounds should have a perceptible influence on the beer
flavor. The complete table with values from triplicates can
be found in Supplemental File 3. It should be noted that
the flavor threshold values refer to regular alcoholic beers,
so they should be considered as indicator values only. It is
to be expected that some threshold values of non-alcoholic
beers are fundamentally lower for selected volatiles, as both

ethanol and certain volatile compounds have masking effe
cts. 2759
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Table 6. Number of sensory assessors (n=10) identifying the beers
produced with the 16 different non-Saccharomyces yeast strains
as “fruity”.

Number of assessors identifying the

Yeast strain abbreviation beer as “fruity”

C. fab 5640 10*
C. fab 5650 10*
C. mis 238 10%
C. mis CM1 9%
C. sat 247 10"
C. sat 4549 9%
C. sat CSal 10%
K. ser 3C4 8

K. lac G9K 9*
K. mar 653 9*
L. klu 3082 9%
P. klu PK1 8

S. lud SL17 8

S. fib Lu27 9%
S. pom G105 9*
T. del 116 7

“Significant fruitiness (a=0.05) according to MEBAK sensory analysis 3.1.1. and
DIN EN 1SO 5495:2007

By taking a closer look at the fermentation by-products,
it is evident that only a few volatiles were above the odor
threshold. The brighter the fields in the heat map, the more
the odor threshold was exceeded. The levels of isoamyl
acetate in the non-alcoholic beers produced using C. satur-
nus yeast strains were strikingly high between 3.1 and
7.5mg/L. In particular, the isoamyl acetate value of the yeast
strain C. sat CSal stood out with a concentration of
7.5mg/L, which is 6.25 times the threshold value of 1.2 mg/L.
The P kluyveri yeast strain PK1 was also capable of pro-
ducing approx. 3.5mg/L isoamyl acetate. This substance
leads to desirable fruity flavors reminiscent of banana, pear,
and apple, altl’mugh the flavor can also be solvent-like.[56:60]

A less desirable impact on the beer flavor is described
for volatiles such as acetaldehyde, diacetyl, and isovaleric
acid. Aldehydes are known to cause worty off-flavors in
non-alcoholic beers. The specific aldehydes for unpleasant
worty off-flavors in non-alcoholic beers such as methional,
2-methylbutanal, and 3-methylbutanal were not analyzed in
this study.[®*!) However, acetaldehyde in particular is known
for its fruity, green apple, grassy flavor at a threshold above
10 mg/L. Therefore, it does not necessarily lead to an unde-
sirable flavor in beer. The same is true for diacetyl, which
causes buttery flavors at thresholds above 0.10 to
0.15mg/L.1**¥! [sovaleric acid, on the other hand, is asso-
ciated with negative flavor characteristics, as it is responsible
for sweaty-cheesy to rancid flavors when exceeding the
threshold of 1.5 mg/L.56%1-%4l Isgvaleric acid was found in
a single beer from the C. saturnus strain 4549 slightly above
the odor threshold at a concentration of 1.77 mg/L. Diacetyl
was above the threshold of 0.15mg/L in four non-alcoholic
beers. The values of the two beers from the C. fabianii yeast
strains were significantly high at 0.48 mg/L (C. fab 5640)
and 0.25mg/L (C. fab 5650). The K. marxianus and S. fib-
uligera yeast strains also produced diacetyl quantities above
the odor threshold at values of 0.26 mg/L (K. mar 653) and
0.21mg/L (S. fib Lu27). Acetaldehyde was detected above
the threshold in six beers. The highest value, which was
more than 2.5 times the threshold value, was reached by
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K. lactis G9K. With values ranging from about 10.0 to
14.5mg/L, beers produced using C. fabianii 5640 and 5650,
C. misumaiensis CM1, and K. servazzii 3C4 also exceeded
the acetaldehyde threshold. The T. delbrueckii yeast strain
1I6 even produced about 19.5mg/L acetaldehyde.
Saccharomyces yeasts are known to degrade both diacetyl
and acetaldehyde during the maturation phase./®) Whether
this also applies to the non-Saccharomyces yeast strains in
this study would have to be verified, provided that a stron-
ger diacetyl and acetaldehyde degradation is targeted. Since
the cold storage of the non-alcoholic beers lasted for only
72h after the six-day fermentation, the maturation phase
was very short.

Although no further secondary metabolites were above
the literature-based flavor thresholds, it is important to
note that these thresholds refer to regular beers with alco-
hol. As shown in the heat map (cf Figure 7), the higher
alcohols were well below the thresholds without exception,
as expected for non-alcoholic beers. The organic acids
hardly had any influence. Therefore, it can be assumed that
the total esters already have a perceptible influence on the
overall flavor of the respective beers at lower concentra-
tions. According to this assumption, 2-phenylethyl acetate
seems to have a noticeable influence on the overall flavor
although the substance was measured only in smaller quan-
tities below the odor threshold. In particular, the yeast K.
servazzii 3C4 produced about 2.2mg/L of 2-phenylethyl
acetate, approaching the known threshold of 3.8 mg/L.I>%!
The three investigated C. saturnus yeast strains, as well as
the K. lactis GOK, the P. kluyveri PK1, and the K. marxianus
653, were also able to produce between 0.35 and 1.30mg/L
of the fruity ester, which is linked to floral, honey, and
apple flavor impressions.®**”) The following sensory eval-
uations were to investigate this assumption in more detail.

The compound 4-VG, with its clove-like flavor,[®¥ was
either not produced by any of the yeasts or only in con-
centrations below the limit of detection, and DMS was only
produced at low concentrations below the odor threshold.

Sensory evaluation

First, all beers were evaluated to determine whether they
were identified as fruity by the tasters. For this purpose, the
paired test method according to MEBAK sensory analysis
3.1.1. and DIN EN ISO 5495:2007 was applied with a sig-
nificance level a=0.05. To achieve a significantly fruity result,
nine of the ten tasters had to identify the beer as generally
fruity. The results are depicted in Table 6.

From the total of 16 beers, twelve beers were identified
by the tasters as significantly fruity. These included, without
exception, all seven beers from the Cyberlindnera yeast
strains, the two beers produced with the Kluyveromyces yeast
strains, and the three beers from L. klu 3082, S. fib Lu27,
and S. pom G10S. Although four beers were classified as
non-significantly fruity using the paired test method, 80%
of the tasters nevertheless identified a fruity flavor in three
beers (K. ser 3C4, P. klu PK1, S. lud SL17), while only one
beer, namely the beer produced from T. del 116, was

worl
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Figure 8. Aroma profiles of the beers fermented with the seven
different Cyberlindnera yeast strains C. saturnus CSal, 247, 4549,
C. misumaiensis CM1, 238 and C. fabianii 5650, 5640.

described as fruity by just 70% of the tasters. The results
reveal that the four beers that were evaluated as
non-significantly fruity had a more weakly pronounced fruit
character. The individual attributes for all beers are shown
in the spiderwebs in Figure 8 and Figure 9.

Due to the large number of yeast strains studied, the
tastings of the beers were carried out on two different days.
First, all beers produced with the seven Cyberlindnera yeast
strains were evaluated. The flavor profiles are depicted as
spiderwebs in Figure 8. The individual spiderwebs can be
found in Supplemental File 4.

The dominant cool mint sweets flavor is striking and
was perceived by 50-80% of the tasters for all three C.
saturnus yeast strains. Between 20 and 40% of the tasters
additionally detected pear and banana flavors, as well as a
solvent-like aroma. The tasters noted a clear difference
between the three beers in 247, as 50% of the tasters per-
ceived a red berry flavor, which was detected by only 10%
of the tasters in 4549 and by none in CSal. With the excep-
tion of the red berry flavor, the other attributes can be
traced back to the high concentrations of iscamyl acetate,
which were well above the odor threshold in the beers (cf
Figure 7). To establish which secondary metabolites cause
the red berry flavor would require an analysis of all volatile
components, which was not conducted as part of these
investigations.

No distinct aromas could be identified in the two beers
of the C. misumaiensis yeast strains. The beer produced
with C. mis 238 was most strongly reminiscent of kiwi and
gooseberries with slight hints of citrus and honey, whereas
the C. mis CM1 beer was perceived as non-specifically fruity
with a slight honey-caramel character. Although acetaldehyde
was above the threshold of 10mg/L in the case of CMI,
the assessors did not mention any green or apple-like
impression. The fact that non-specific fruity flavors were
perceived could be explained by the low concentrations of
fruit esters. The conceivably lower threshold values could
result in the total esters contributing to a slightly fruity
character. Accordingly, these two yeast strains would be
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Figure 9. Aroma profiles of the beers fermented with the reference
yeast strain S. Judwigii SL17 and the investigated yeast strains K.
servazzii 3C4, K. lactis GIK, K. marxianus 653, L. kluyveri 3082,
P. kluyveri PK1, S. fibuligera Lu27, S. pombe G10S, and T. del-
brueckii 116.

suitable for producing more neutral non-alcoholic beers with
subtle fruity flavors.

The two C. fabianii yeast strains appeared to produce
similar flavors. Apple flavors and buttery aromas dominated,
which can be attributed to acetaldehyde and diacetyl (cf
Figure 7). Nevertheless, these two beers were also perceived
as non-specifically fruity, which would suggest that here,
too, the sum of the esters has a fruity influence on the
overall flavor character of the beers.

In Figure 9, the flavor profiles of the further nine beers
are depicted. The individual spiderwebs can be found in
Supplemental File 4.

While the beer from K. servazzii 3C4 was perceived as
floral and honey-like, possibly due to a lower threshold of
2-phenylethyl acetate, red berries were additionally detected
by 20% of the tasters. Although acetaldehyde was analyzed
in concentrations above the threshold, none of the assessors
detected an apple-like flavor. It should be noted here that
only 80% of tasters identified the beer as generally fruity,
so it is classified as non-significant (cf Table 6). In contrast,
an apple flavor was perceptible in the beer from K. lactis
G9K, which could be due to acetaldehyde as well as
2-phenylethyl acetate. Otherwise, the beer was rated as
rather non-specifically but significantly fruity (cf Table 6).

The beers made from K. marxianus 653 as well as S,
fibuligera Lu27 were both described as slightly buttery, which
can be attributed to the diacetyl value being above the odor
threshold. Both beers were reminiscent of red berry, honey,
stone fruit, and apple flavors. However, the apple flavor was
more evident with K. marxianus 653 (possibly due to the
presence of 2-phenylethyl acetate), while Lu27 had more
red berry and especially stone fruit flavors. The stone fruit
aroma showed a clear expression of plum (data not shown).

Although no flavor components above the odor thresh-
olds were measured in the beers from §. pombe G10S, L.
kluyveri 3082 or in the reference yeast strain S. ludwigii
SL17 in the GC/MS analysis (cf Figure 7), the three beers
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exhibited distinct flavor characteristics in the sensory eval-
uation. Consistent with descriptions from the literature, the
beer S. lud SL17 was described as having honey, apple, and
also caramel-like flavors.®® Even though the threshold
value of 2-phenylethanol was not exceeded, only the beer
produced from the S. ludwigii showed this flavor substance
with honey and floral notes at a concentration of 6.6 mg/L.
This could explain why the beer was perceived as less fruity
than most of the other evaluated beers. The profiling of the
beers S. pom G10S and L. klu 3082 showed strong similar-
ities. Half of the tasters described red berry flavors for both
beers, and 30% of the tasters additionally identified stone
fruit flavors. An apple flavor was additionally described,
although it was more prominent in the S. pom G10S beer.
One difference between the two beers was in the
honey-buttery flavors exhibited by the beer made from L.
kluyveri 3082. The diacetyl value was measured at 0.08 mg/L
and was thus below the threshold value of 0.1 mg/L.
However, due to the generally low concentration of second-
ary metabolites, a buttery flavor could possibly be perceived
by tasters who were sensitive to diacetyl.

The two beers from P kluyveri PK1 and T. delbrueckii
116 were rated as relatively neutral. This explains why the
two beers were not perceived as significantly fruity. Only a
few tasters recognized the isoamyl acetate analyzed in the
P. klu PK1 beer (3.43mg/L) as banana, cool mint sweets,
and solvent. The beer T. del 116 was also described as neu-
tral, however, the tasters detected marzipan and wort-like
flavors. These are probably due to aldehydes present in the
malt extract or wort, which were enhanced by boiling. Many
yeasts are capable of degrading the aldehydes during fer-
mentation, which T. delbrueckii 116 obviously did not.
Although acetaldehyde was analyzed at twice the threshold
level, only 10% of the tasters indicated an apple-like aroma.
Accordingly, the wort-like flavors seemed to predominate.

Comparable to the beer fermented with the C. saturnus
yeast strain 247, L. kluyveri 3082, S. pombe G10S, and S.
fibuligera Lu27 in particular showed red berry flavors. As
mentioned above, further volatile components would have
to be analyzed to detect the substances responsible for this
kind of flavor. Additionally, there may also be a synergistic
effect from different flavor compounds. Furthermore, some
beers exhibited a honey flavor that could not be clearly
attributed to the analyzed secondary metabolites. It is pos-
sible that the honey aroma was caused by phenylacetalde-
hyde, which was not quantified in this study.[”"]

Looking at the biplot in Figure 10 with the principal
components PC 1 and PC 2 as a result of principal com-
ponent analysis, it can be seen that only 55% of the variation
in the data is captured by the first two principal compo-
nents. Therefore, only slightly more than half of the available
information is included in the biplot. Accordingly, PC 3
and PC 4 were also included in the analysis to account for
over three-quarters (77.09%) of the data. The full data can
be found in Supplemental File 5.

Considering the loading plot in Figure 10, the three beers
produced with the Cyberlindnera saturnus yeast strains as
well as the P. klu PK1 have a positive correlation with each
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Figure 10. Principal Component Analysis (PCA) biplot with two
principal components PC 1 and PC 2 showing the correlation of
the beers produced with the 16 investigated yeast strains and the
specific volatile compounds measured analytically as well as the
individual flavor characteristics described by the tasters.

other. They are directly correlated with PC 2, which results
from the flavor impressions cool mint sweets, banana, pear,
and solvent perceived by the tasters, While isoamyl acetate
correlates with the aforementioned flavor impressions, the
correlation with ethyl acetate, which has a solvent-like
aroma, is lower according to the PCA plot. Based on PC 1,
the PCA plot shows that the beers produced with the yeast
strains K. mar 653, L. klu 3082, S. pom GS10, and S. fib
Lu27 exhibit red berry, stone fruit, and apple flavors, while
the beer from the reference yeast strain S. lud SL17 shows
next to apple-like more a honey-like flavor. When PC 1 and
PC 3 are correlated with each other in the principal com-
ponent analysis (cf Supplemental File 5), this correlation can
be confirmed. However, the loading plot of PC 1 and PC
3 shows that there is only a positive correlation between K.
mar 653, L. klu 3082, S. pom GS10, and S. fib Lu27, but
not with S. lud SL17. By depicting PC 4, a correlation can
be seen between the beers from the yeast strains C. mis 238
and C. mis CMI, with the flavor impressions kiwi/goose-
berry as well as citrus. Apart from the distinct correlation
of isoamyl acetate with the flavor impressions of cool mint
sweets, banana, and pear, no further correlations between
analyzed volatile components and tasted flavors can be sta-
tistically verified. This illustrates that further volatile com-
ponents need to be analyzed in order to be able to explain
the flavor characteristics perceived by the tasters and that
even synergistic effects of certain volatiles may occur.

Table 7 shows the total DLG score according to the DLG
evaluation scheme.!'”! Since the beers were unhopped and
fermentation was unpressurized, the quality of bitterness
and carbonation ratings were excluded from the evaluation.
The DLG evaluation scheme is primarily intended to detect
sensory product faults. A score of 4.0 designates the product
as good, with 5.0 being the top rating.

All beers were rated between 4.0 and 5.0, indicating a
consistently good product quality. In a comparison of the

Table 7. Total DLG score according to the DLG evaluation scheme
excluding the quality of bitterness as well as carbonation of the
15 investigated yeast strains and the reference yeast strain S.
ludwigii SL17.

Yeast strain abbreviation

Total DLG score

C. fab 5640 4.16
C. fab 5650 4.44
C. mis 238 4.14
C. mis CM1 4.34
C. sat 247 4.54
C. sat 4549 4.54
C. sat C5al 4.44
K. ser 3C4 4.16
K. lac G9K 4.00
K. mar 653 438
L. klu 3082 4.10
P. klu PK1 4.02
S. lud SL17 4.16
S. fib Lu27 432
S. pom G10S 422
T. del 116 4.08

16 beers, those fermented with the C. saturnus yeast strains
C. sat 247 and C. sat 4549 stood out with the best ratings
at 4.54 each, closely followed by C. sat CSal. Although the
threshold value of isovaleric acid was slightly exceeded in
the 4549 beer, no negative sensory influence was described.
The high concentration of isoamyl acetate (5.23 mg/L), which
is known to cause a masking effect, was most probably
responsible for masking the sensory effect of isovaleric
acid.®! The reference yeast S. lud SL17 with a rating of
4.16 was to the lower end of the middle range. While the
buttery flavor from diacetyl and the apple-like flavor from
acetaldehyde were rated as positive in the beers produced
with the yeast strains C. fabianii 5650, K. marxianus 653,
and S. fibuligera Lu27, other beers, such as the L. klu 3082,
were devalued by it. Nevertheless, it is known from previous
studies that diacetyl in particular does not necessarily lead
to negative flavor impressions.?” This illustrates that the
threshold values of individual flavor components can be
evaluated, however, the overall flavor profile determines how
harmoniously the individual flavors interact.

Conclusion

In summary, the 15 yeast strains investigated are suitable
for producing non-alcoholic beers. Although not all yeast
strains are maltose-negative during fermentation, as S. fib-
uligera Lu27 and the two C. fabianii yeast strains 5640 and
5650 possess the ability to fundamentally metabolize malt-
ose, the activity at 20°C is low. Therefore, the ethanol con-
tents remain below 0.5% (v/v) and stay within the German
regulation for non-alcoholic beers during a six-day fermen-
tation period at an original wort of 7°P. For the two yeast
strains L. kluyveri 3082 and T. delbrueckii 116, the original
wort should be adjusted in a reducing manner to remain
safely within the alcohol-free range.

The aim of producing non-alcoholic beers with desirable
flavor characteristics but without wort and phenolic
off-flavors during fermentation was achieved, as a wide
range of novel aromas were detected during sensory eval-
uation. The non-alcoholic beers produced with the three
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C. saturnus yeast strains (C. sat 247, C. sat 4549, C. sat
CSal) were particularly impressive with cool mint sweets,
pear, and in some cases red berry flavors. There were hardly
any sensory flaws in the beers fermented with the yeasts
K. marxianus 653 and S. fibuligera Lu27, which displayed
a broad flavor diversity of red berry, honey, stone fruit, and
apple. Only one yeast stood out with less desirable wort
flavors, namely T. delbrueckii 116. Many of the secondary
metabolites analyzed were below the flavor threshold values
known for beer from the literature despite the sensory per-
ception of high flavor diversity. However, since the thresh-
olds relate to regular alcoholic beers, masking effects due
to ethanol or certain secondary metabolites can be assumed
to be the reason. In addition, GC/MS analysis would need
to be extended to include further volatile flavor compounds
to obtain a complete picture of which secondary metabolites
are responsible for the overall flavor of the analyzed
non-alcoholic beers.
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2.3 Publication 3: Beer fermentation performance and sugar uptake of Saccharomycopsis fibu-
ligera—A novel option for low-alcohol beer

The yeast Saccharomycopsis fibuligera resulted from the publications 1 and 2 as a promising species
for the production of beers with exceptionally positive flavor properties reminiscent of plum and ber-
ries. With regard to the sugar metabolism, however, it has not yet been clarified why the yeast strain
S. fib Lu27 was able to completely metabolize maltose in the selective medium within 168 h at 20 °C,
while under similar conditions, it hardly consumed any maltose from the wort. For this reason, the
maltose and maltotriose uptake activities of the two strains S. fib Lu27 and SF4 were analyzed as part
of publication 3. It turned out that both yeast strains possessed active maltose transporters, whereas
no active maltotriose transporters could be found.

A further challenge when applying S. fibuligera on an industrial brewing scale is its mycelial growth.
This causes insufficient flocculation, which is disadvantageous for clarification. In order to improve the
application properties, an approach using micromanipulation was conducted. Two cells were isolated
from the mother culture S. fib SF4, which were cultivated at 20 °C and 28 °C in 10 °P unhopped wort.
In parallel, the mother culture was cultivated at both temperatures before a microscopic comparison
was carried out on the four samples and a further sample of S. fib SF4 from slant agar. Morphological
differences were found in the microscopic picture. While the micromanipulated culture hardly showed
any growing filaments and budding cells, the mother culture mainly developed mycelia under the same
cultivation conditions. The culture from the slant agar showed filaments and single cells in the micro-
scopic picture. Due to the morphological differences, (GTG)s rep-PCR fingerprints were affiliated from
the micromanipulated cultures cultivated at 20 °C and 28 °C as well as from the mother cultures. De-
spite the morphological differences, the (GTG)s rep-PCR fingerprints revealed no genetic differences.
Brewing trials were conducted to establish whether the morphological differences had an impact on
the beer production. The mother culture cultivated at 20 °C and the sample from the micromanipu-
lated single cell cultivated at 20 °C underwent unpressurized fermentation at 20 °C in 1,800 mL un-
hopped wort with an original gravity of 10 °P. The same procedure was applied for the 28 °C cultures.
The pitching rate was set at 10 x 108 cells/mL and the fermentation lasted for 480 h. All four samples
proved to be relatively weak in fermentation compared to the reference yeast strain Saccharomyces
pastorianus TUM 34/70. While an ethanol concentration of around 4.5% (v/v) was measured in the
reference beer at a fermentation temperature of 20 °C, it stayed between 0.74-0.83% (v/v) for the
two S. fibuligera beers. At 28 °C, ethanol concentrations of 0.83-1.20% (v/v) were achieved, while the
reference beer reached a concentration of around 4.6% (v/v). During the sensory evaluation, the
trained panellists could not perceive any differences in the flavor profiles of the different SF4 beers.
Plum and berry flavors still remained dominant. However, mycelial formation was significantly reduced
in the two beers fermented with the micromanipulated cultures, regardless of the temperature, which
would provide a technological advantage for large-scale industrial application.

Authors/Authorship contribution:

Methner, Y.: Conception and design of experiments, performance of experiments, analysis of data using
OriginPro 2020 as statistical software, data curation, paper writing; Magalhaes, F.: Conception and design of
sugar uptake activity experiments, performance, analysis of data, data curation and method writing of sugar
uptake activity experiments, revision of manuscript; Raihofer, L.: Preparation of microscopical images, revision
of manuscript; Zarnkow, M.: Revision of manuscript; Jacob, F.: Supervision of project, approval for submission,
funding acquisition; Hutzler, M.: Supervision of project, conception and design of experiments, revision of man-
uscript.
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There is a growing trend for beers with novel flavor profiles, as consumers
demand a more diversified product range. Such beers can be produced by
using non-Saccharomyces yeasts. The yeast species Saccharomycopsis
fibuligera is known to produce exceptionally pleasant plum and berry flavors
during brewer's wort fermentation while its mycelia growth is most likely a
technological challenge in industrial-scale brewing. To better understand and
optimize the physiclogical properties of this yeast species during the brewing
process, maltose and maltotriose uptake activity trials were performed. These
revealed the existence of active transmembrane transporters for maltose in
addition to the known extracellular amylase system. Furthermore, a single cell
isolate of S. fibuligera was cultured, which showed significantly less mycelial
growth during propagation and fermentation compared to the mother culture
and would therefore be much more suitable for application on an industrial
scale due to its better flocculation and clarification properties. Genetic
differences between the two cultures could not be detected in a (GTG)s
rep-PCR fingerprint and there was hardly any difference in the fermentation
process, sugar utilization and flavor profiles of the beers. Accordingly, the
characteristic plum and berry flavor could also be perceived by using the
culture from the single cell isolate, which was complemented by a dried
fruit flavor. A fermentation temperature of 20°C at an original gravity of 10 °P
proved to be optimal for producing a low-alcohol beer at around 0.8% (v/v) by
applying the S. fibuligera yeast culture from the single cell isolate

KEYWORDS

Saccharomycopsis fibuligera, non-Saccharomyces yeasts, fermentation, brewing,
low-alcohol beer, sugar uptake, micromanipulation, flavor
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Introduction

The yeast species Saccharomycopsis fibuligera (synonym:
Endomyces fibuliger) is known from food fermentations,
especially from liqueur production (Aidoo et al., 2006; Xie
et al., 2021). It was isolated from traditional fermented foods,
such as Indonesian tapé made from glutinous rice or cassava
tuber (Djien, 1972). In Southeast Asia in particular, the yeast
species is used in rice wine fermentation and is known to
produce desirable floral, fruity, and honey-like flavors during
fermentation as a result of high production of esters and
higher alcohols (Xie et al, 2021; Yang et al, 2021).
Characteristic fruity, flowery, and honey flavors were also
noted when §. fibuligera was cultured in selective media
containing different carbohydrate sources (Lee et al., 2018).
Due to its positive flavor properties, it was also tested for its
suitability to ferment brewer’s wort, where there is a demand
for diversification of the product range. As a result,
S. fibuligera produced exceptionally promising plum-like, and
also berry-like flavors in the beers (Srithamma, 2009;
Methner et al., 2019, 2022). It was noticeable that, depending
on the yeast strain, different sugar utilization patterns took
place in brewer’s wort, so it was possible to produce both
non-alcoholic and alcoholic beers. Lindner, who isolated the
yeast species in the context of bread spoilage in 1907,
described it as strongly utilizing sucrose during fermentation,
weakly utilizing glucose, and unable to utilize maltose
(Lindner, 1907). In contrast, Kreger-van-Rij stated in 1984
that the yeast species is capable of fermenting glucose as well
as sucrose and maltose (Kreger-Van Rij, 1984). Nevertheless,
existing literature explains that maltose utilization is slow
(Kurtzman and Smith, 2011). Generally, S. fibuligera is known
to possess amylolytic activity and therefore has the ability to
degrade starch. In 1944, Wickerham observed the presence of
an extracellular amylase system for S. fibuligera (Wickerham
et al,, 1944). Through several studies, the two enzymes
a-amylase and glucoamylase from . fibuligera were isolated
and characterized (Futatsugi et al., 1993; Chen et al., 2010).
The endoamylase a-amylase is capable of randomly cleaving
w-1,4 glycosidic bonds and thus reducing amylose to
oligosaccharides such as maltotriose and maltose.
Glucoamylase (synonym: amyloglucosidase) yields individual
glucose units from the hydrolysis of non-reducing ends of
amylose and amylopectin and additionally cleaves maltose
and maltotriose (Janecek and Balaz, 1992; Pandey, 1995;
Tiwari et al,, 2015). Hostinova observed that S, fibuligera can
synthesize either both enzymes or only one type of amylase
in a strain-specific manner (Hostinovd, 2002). In a study by
Methner et al. the glucoamylase activity gave an indication of
why maltose from selective media could be fully metabolized
by the yeast strain S. fibuligera S. fib Lu27 although hardly any
maltose and maltotriose could be utilized by this strain from
brewer’s wort (Methner et al, 2022). In contrast, the
S. fibuligera yeast strain S. fib SF4 was able to partially
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metabolize maltose and maltotriose from brewer’s wort in
another study (Methner et al., 2019). To date, it has not yet
been investigated whether this yeast species utilized maltose
due to extracellular amylase activity and subsequent passive
glucose transport into the cell or due to transmembrane
transporters (permeases) which actively transport maltose
and/or maltotriose into the cell. Since the fermentation trials
with 8. fib Lu27 and S. fib SF4 were performed at different
temperatures in the two aforementioned studies by Methner
et al., a possible temperature dependence on the sugar
utilization needs to be taken into consideration.

A distinctive characteristic of the yeast species S. fibuligera is
its morphology, as it is dimorphic and forms individual round or
oval budding cells as well as mycelia (Nga et al., 1995; Xie et al.,
2021). The mycelium represents a challenge in terms of its
suitability for brewing, since it does not flocculate, triggering a
restriction of clarification of the beer. For this reason, single cells
were isolated and recultivated in this study to establish in a direct
comparison with the mother culture, whether the single cell
isolation would influence the morphology during propagation and
fermentation. To ensure that the culture of the isolated single cell
had no genetic differences from the mother culture, additional
(GTG); rep-PCR fingerprints were applied. Furthermore, since
the yeast should retain the ability to produce exceptionally fruity
flavors during the fermentation of brewer's wort as a consequence
of the single cell isolation, the sensory properties of the final beers
were studied.

The objective of this study was to elucidate whether the yeast
species S. fibuligera possesses an active transport system for
maltose and maltotriose, which was examined by maltose and
maltotriose transport assays. Furthermore, it was investigated -
exemplified by the yeast strain S. fib SF4 - whether it was possible
to reduce the characteristic mycelial formation by means of
micromanipulation and recultivation in order to increase the
suitability for brewing on an industrial scale. Possible influences
of micromanipulation on brewing potential including sugar
utilization and beer flavor profiles were studied and compared
with the mother culture and the domesticated reference lager yeast
strain Saccharomyces pastorianus TUM 34/70 at fermentation
temperatures of 20 and 28°C.

Materials and methods
Yeast strains

Table 1 lists the yeast strains with the corresponding
abbreviations that were investigated or used as reference yeast
strains in this study. While the two S. fibuligera yeast strains
represented the yeasts under investigation, S. pastorianus S. pas
34/70 served as the reference yeast strain for all conducted
experiments. S. eubayanus S. eub 12357 and S. ludwigii S. lud SL17
were used as additional reference yeasts for the maltose and
maltotriose transport assays.
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TABLE 1 Yeast species and strain numbers with corresponding
abbreviations used in this study.

Yeast strain

Yeast strain number . Yeast species
abbreviation

TUM SL17 $. lud SL17 Saccharomycodes ludwigii

VTT C-12902/CBS12357 S, eub 12357 Saccharomyces eubayanus

VTT A-13220/TUM 34/70 S, pas 34/70 Saccharomyees pastorianus

PI S 6; Lu27 8. fib Lu27 Saccharamycopsis fibuligera

PIS 7 Lu 26/SF4 S. fib SF4 Saccharomycopsis fibuligera

Maltose and maltotriose uptake activity

S.lud SL17 was used as a negative control as the yeast strain is
unable to take up maltose or maltotriose during fermentation
(Boundy-Mills et al, 2011) whereas S. eub 12357 is known to
be maltose-positive but maltotriose-negative during fermentation
and thus represented the maltotriose-negative control (Gibson
etal, 2013). S. pas 34/70, which represents a traditional group IT
lager yeast can utilize both maltose and maltotriose and was
therefore used as the positive control. The maltose and maltotriose
uptake activity of the two yeast strains S. fib Lu27 and S. fib SF4
were to be determined. For maltose and maltotriose uptake
measurement, S, lud SL17 was grown in YP medium prepared
from 1.0% yeast extract (Sigma-Aldrich, St. Louis, MO, US.A.),
2.0% peptone from casein, pancreatic digest (Sigma-Aldrich, St.
Louis, MO, US.A.) and 1.0% glucose. S. eub 12357 was grown in
YP containing 1.0% maltose and the remaining three strains
(S. pas 34/70 and the two S. fibuligera S. fib Lu27 and S. fib SF4)
were grown in YP medium containing maltose (1% w/v) or
maltotriose (1% w/v). All strains were propagated at 20°C in liquid
medium to an ODyy, ., between 4 and 8. The cells were harvested
by centrifugation (10min, 2,968g, 0°C), washed twice with
ice-cold water and once with 0.1 M tartrate-Tris (pH 4.2) before
being re-suspended in the same buffer to a concentration of
200mg/ml fresh yeast. Zero-trans rates of [U-"C]-maltotriose
uptake were measured at 20°C essentially as described by Lucero
et al. (1997). Briefly, aliquots of 40 ul of yeast suspension were
added to 20pl of 15mM labeled maltotriose (for a final
concentration of 5mM [U-"C]-maltotriose) and incubated for
60s at 20°C. The reaction was stopped by adding 5ml ice-cold
water. The suspension was immediately filtered and washed with
an additional 5ml ice-cold water. The filter was submerged in
3.5ml of Optiphase HiSafe 3 scintillation cocktail (Perkin Elmer,
MA, United States) and the radioactivity measured in a Perkin
Elmer Tri-carb 2,810 TR scintillation counter. [U-"C]-maltotriose
(ARC 627) was obtained from American Radiolabeled Chemicals
(St. Louis, MO, United States) and re-purified before use as
described by Dietvorst et al. (2005). Maltose (minimum purity,
99%) and maltotriose (minimum purity, 95%) were from Sigma-
Aldrich (St. Louis, MO). The cell washing was expected to remove
any potential extracellular carbohydrate-hydrolase that could
interfere with the results. In addition, keeping cells on ice until the
uptake assay, the short incubation time in maltotriose, and subpar
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temperature and pH conditions for known extracellular
glucoamylases of the Saccharomyces genus (pHg,=4.5-6,
Top=40-60°C; (Hostinovd and Gagperfk, 2010)) were expected
to limit the activity of any residual carbohydrate hydrolase that
might be present.

Micromanipulation and yeast
propagation

For micromanipulation, a TransferMan® 4r micromanipulator
with DualSpeed™ Joystic and CellTram® 4r Air, a pneumatic
manual microinjector, were used (Eppendorf SE, Hamburg,
Germany). The capillary with an inner diameter of 10pum
(BioMedical Instruments, ZélInitz, Germany) was connected to a
Nikon eclipse Ti-¢ inverse microscope (Nikon, Tokyo, Japan)
using an adapter. For micromanipulation, 3 ml of sterilized wort
(100°C, 45 min) with an original gravity of 10 °P was pipetted into
three sterile cell culture dishes (35x 10 mm; Greiner Bio-One
GmbH, Frickenhausen, Germany). Wort was prepared from
unhopped malt extract (Weyermann®, Bamberg, Germany) by
re-dilution with distilled water. The yeast strain S. ib SF4 was
transferred from a wort slant agar (mother culture) into the wort
of one cell culture dish and was distributed using a sterile
inoculation loop. Using the micromanipulator, two single cells of
the yeast strain S. fib SF4 were isolated and one cell per cell culture
dish was transferred into the wort. Due to the filamentous growth
of S. fibuligera, care was taken not to isolate filaments from the
mother culture along with the single cells. One cell culture dish
was incubated at 20°C for 72 h, the other sample was incubated at
28°C for 72 h. Temperatures at 20 and 28°C were selected, since
there are already existing studies with S. fibuligera yeast strains in
brewer’s wort on these two approximate temperatures (Methner
etal, 2019, 2022). The yeast cultures grown in the cell culture
dishes were each transferred to 50ml sterile wort in 100ml flasks
sealed with cotton plugs and propagated for another 72h at
the respective temperatures on a WiseShake orbital shaker
(Witeg Labortechnik GmbH, Wertheim, Germany) at 80 rpm.
Simultaneously, S. fib SF4 mother culture from wort slant agar was
incubated under sterile conditions into 2 x 50 ml of the identical
wort in 100ml flasks. Here as well, one sample was propagated at
20°C, while the second sample was propagated at 28°C. At the end
of the 72h propagation, 1 ml material of the four different samples
was removed in each case into sterile 1.5 ml SafeSeal micro tubes
(Sarstedt AG & Co. KG, Niimbrecht, Germany) for (GTG);
rep-PCR fingerprint analysis. The remaining propagation yeasts
were transferred to 250 ml fresh, sterile 10 °P wort in 500 m] flasks
and propagated for an additional 72 h at the respective parameters
selected at the outset. In a final propagation step, the four samples
were transferred to 1800 ml sterile wort in 2500 ml flasks and
propagated for another 72h before the yeasts were further
processed for fermentation. Since a reference beer was to
be produced for the fermentations in addition to the four
experimental beers, the yeast strain S. pas 34/70 was also
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TABLE 2 Four different propagation approaches with the
corresponding varying parameters of the yeast strain
Saccharomycopsis fibuligera SF4.
Abbreviation Yeast culture Propagation and
fermentation temperature

SF4-MI-20 Micromanipulated 20°C
SF4-MK-20 Mother culture 20°C
SF4-M1-28 Micromanipulated 28°C
SF4-MK-28 Maother culture 28°C

propagated as described as a commercial domesticated lager yeast
strain for brewing. Additionally, comparative microscopic images
were taken of the mother culture 8. fib 8F4 from the wort slant
agar and the two yeasts propagated at 28°C (mother culture and
micromanipulated culture) to compare the morphologies using
the aforementioned brightfield Nikon inverse microscope at a
magnification of x 40 (objective) plus digital zoom (scale is visible

in microscopic pictures)A

(GTG)s rep-PCR fingerprint

(GTG); rep-PCR fingerprint system was applied to determine
if the four differently propagated S. fibuligera S. fib SF4 yeast
cultures had identical or different genetic fingerprints. According
to Versalovic et al. (1994}, the primer (GTG); (5*-GTG GTG GTG
GTG GTG-3") was originally developed for bacteria and was
successfully transferred to differentiate various non-Saccharomyces
yeasts (Meyer et al., 1993; Erdem et al., 2016). After sample
preparation, DNA fingerprint amplification was performed,
followed by capillary gel electrophoresis and the data processing
of the generated fingerprints. Table 2 lists the four different
propagation approaches of the S. fibuligera yeast strain S. fib SF4
with their corresponding varying parameters and abbreviations,
which were subsequently investigated.

For sample preparation, DNA was first isolated from the
liquid samples. For this purpose, the yeast-wort suspensions were
centrifuged (Mikro 200, Andreas Hettich GmbH & Co. KG,
Tuttlingen, Germany) in sterile 1.5ml SafeSeal microtubes
(Sarstedt AG & Co. KG, Nimbrecht, Germany) at 16,000g for
2min and the supernatant was discarded. 200pl Insta-Gene
Matrix was added to the samples before they were incubated in the
thermomixer preheated to 56°C for 30 min. Samples were then
vortexed in the tubes and placed in the 95°C preheated
thermomixer for an additional 8min. After a further
centrifugation step at 16,000 g for 2min, 100 pl of the supernatant
was transferred to fresh sterile tubes. In the next step, DNA
concentrations using  NanoDropl1000
spectrophotometer (Peglab Biotechnologie GmbH, Erlangen,
Germany) and adjusted to 25 ng/pL, containing 12.5pl RedTaq
Mastermix (2x) 2-fold (Genaxxon bioscience, Ulm, Germany),
10 pl Primer Solution (50 pmol/1), 5 pl PCR-clean double distilled
water (ddH,0) and 2.5pl sample DNA. The PCR temperature

were  measured
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protocol of the DNA fingerprint amplification and subsequent
capillary gel electrophoresis including data processing were
described according to Riedl et al. (2019).

Fermentation and beer analysis

Before starting the small-scale fermentation trials in triplicate,
the yeast cell counts for the reference strain S. pas 34/70 and the
four individually propagated S. fib SF4 cultures were determined.
The Cellometer® Vision (Nexcelom Bioscience LLC, Lawrence,
MA, United States) was used to determine cell counts. The pitching
rate for the fermentation experiments was set at 10x 10° cells/mL
(£=1x10° cells/mL). After cell counting, the corresponding
calculated propagation yeast volumes were centrifuged (Roto
Super 40, Andreas Hettich GmbH & Co. KG, Tuttlingen, Germany)
at 750g for 5min in sterilized 500ml PPCO centrifuge bottles
(Nalgene, Thermo Fisher Scientific, Waltham, MA, USA).
Subsequently, the wort supernatant was discarded and the yeast
samples were pitched into 1800ml unhopped sterilized wort
(10.2 °B pH 5.3) prepared from malt extract (Weyermann®,
Bamberg, Germany) in 2000 ml sterile Duran glass bottles (Schott
AG, Mainz, Germany). The fermentation bottles were closed with
glass fermentation airlocks on top. While yeast cultures already
propagated at 28°C were also fermented at 28°C, yeast cultures
propagated at 20°C were fermented at 20°C accordingly. By
weighing the samples every 24 h, the fermentation progress was
monitored by weight loss, which was mainly due to escaping
carbon dioxide and based on Balling’s assumption that during
fermentation, an average of 2.0665 g of extract is converted into 1g
alcohol, 0.9565 g carbon dioxide and 0.11 g yeast (Esslinger, 2009).
Following the main fermentation, which lasted for 480h (20 days),
the samples were sealed with sterile screw caps and cooled to 2°C
for an additional 168h (7days) before the analyses shown in
Table 3 were performed. For the sugar utilization results,
one-sample t-tests were performed using OriginPro 2020 as
statistical software to evaluate if the mean values of carbohydrate

utilizations of the different fermentations varied significantly.

Sensory evaluation

The beer samples were tempered to 12°C and were profiled
at 20°C room temperature by a sensory panel of eight
DLG (Deutsche Landwirtschafis-Gesellschaft e.V., Frankfurt,
Germany)-certified assessors. The accredited sensory evaluations
were conducted according to DIN EN 17025, To exclude external
interferences during the tastings, they were held in an
appropriately neutral, white-colored room with individual tasting
chambers. A sensory test was carried out according to the DLG
evaluation scheme, which comprises a rating scale from zero to
five. While zero is considered the lowest score and represents
insufficient product quality, a score of five points fully meets the
quality expectations of the product and matches the quality
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TABLE 3 Analytical methods of the wort and the beers according to MEBAK® and Donhauser et al.".

Method

MEBAK®* WBBM 2.9.6.3

Analysis
Original gravity, apparent attenuation, ethanol content
pH value MEBAK* WEBM 2.13

Sugar composition (glucose, fructose, sucrose, maltose,

maltotriose)

Donhauser et al* LS-HPLC 002_2

Device

Bending vibration and NIR spectroscopy, Alcolyzer Plus with DMA 5000 X
sample 122 (Anton-Paar GmbH, Ostfildern, Germany)

pH meter with pH electrode, ProfiLine pH3210 pH meter (Xylem Inc.,
New York, NY, United States)

HPLC UltiMate 3000 (Thermo Fisher Scientific, Waltham, MA, United
States)

“MEBAK" (2012}, Editor: Dr. E Jacob: The MEBAK collection of brewing analysis methods: Wort, beer and beer-based beverages. Collection of methods of the Mitteleuropiischen

echnischen Analysenk Self-published by MEBAK.

"Donhauser, $.; Wagner, D. (1990): Zucker- und Endvergirungsgradbestimmung mittels der HPLC, 9:306-309. Monatsschrift fiir Brauwissenschaft,

description very well (Hildebrandt and Schneider-Haeder, 2009).
The odor, purity of taste and body of the beers were evaluated,
while the quality of bitterness as well as carbonation were
neglected as the beers were produced from unhopped malt extract
and the fermentations were conducted without pressure. For the
tasting, the samples were assigned randomized three-digit
numbers and 50 ml of each sample was served in brown 200 ml
tasting glasses. There was also an additional sensory test method
- a descriptive tasting. The method was based on the descriptive
sensory evaluation of Meier-Darnberg et al. (2017) with the seven
main categories of tropical fruity, fruity (other fruits), citrus, spicy,
floral, malty, and other flavors. The sensory assessors were asked
separately about beer odor and taste, which they scored from 0
(not noticeable) to 5 (extremely noticeable). The results were
statistically analyzed by first determining the interquartile ranges
and removing extreme outliers (3 x IQR) to obtain only statistically
significant values. For significant results, the mean values of odor
and taste were calculated before the beer samples fermented with
the S. fibuligera yeast strain S. fib SF4 were compared with the
reference beers fermented with S. pastorianus S. pas 34/70.

Results
Maltose and maltotriose uptake activity

Prior to the uptake activity assessment, the strains were
propagated when possible in both maltose and maltotriose as sole
carbon sources. Due to the inability of S. eub 12357 to grow on
maltotriose, it was propagated only on maltose. §. lud SL17 cannot
grow on maltose nor maltotriose and was therefore only
propagated in glucose. The results of the maltose and maltotriose
uptake activity are presented in Figure 1, respectively. Raw data
can be found in the Supplementary material Table 1,

S. ludwigii S. lud SL17 maltose uptake activity was just above
~! g”! DY but not significantly (standard
deviation of +0.51; ¢f. Figure 1). This strain is known to be maltose
negative and the higher measured value is likely a result of
experimental variability. Maltotriose activity was, however, clearly
below the minimum activity required (cf. Figure 1). S. eubayanus
S. eub 12357, as expected, showed high maltose uptake activity

the limit at 0.8 pmol min
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FIGURE 1

Zero-trans rates of maltose (Mal) and maltotriose (Malt) uptake
activity (pmol min~ g~ dry yeast (DY)) measured at 20°C for cells
propagated on glucose (white), maltose (light grey) or maltotriose
[dark grey) with n=4. An uptake activity equal or below 0.5pmol
min~ g~ DY is considered negligible. Yeast strain abbreviations
according to Table 1

and no maltotriose uptake activity. The strain S. pas 34/70 had
maltose uptake activity comparable to that of 8. eub 12357 and it
was the only strain with maltotriose uptake activity significantly
above 0.5 pmol min~' g=' DY. Growth on maltose or maltotriose
generally did not seem to affect the uptake activity of either sugar.
The only exception was S. fib Lu27, which had 50% higher maltose
uptake activity when grown on maltotriose. Otherwise, the
S. fibuligera strains S, fib Lu27 and S, fib SF4 showed very similar
behavior. Maltose uptake activity was lower but still comparable
to that of S, eub 12357 and S. pas 34/70, Maltotriose activity was
below 0.5 pmolmin~' g~' DY for both strains irrespective of the
sugar used. However, the error is quite high, particularly for S. fib
Lu27. This can partly be explained by the difficulty of
homogenizing cells with filamentous growth. This created
challenges for the uptake experiments and the measurement of
cell mass. Regardless, the results strongly suggest that S. fibuligera
does not have any significantly active transporters able to take up
maltotriose into the cells. Maltotriose utilization is therefore

frontiersin.org



Results (Thesis publications)

Methner et al.

A e
L5
>
\o.‘@
¢ @
® B .

10.3389/fmicb.2022.1011155

c A\
0
' o %
:
AOQ
e )
¥ 0 .4
\ 73
O
Oy
' of
. oo
i (4 o

Brightfield microscopy pictures at a magnification of x 40 (objective) plus digital zoom [scale is visible in microscopic photos (A) and (B)] showing
different morphologies of the yeast strain S. fibuligera S. fib SF4: (A) SF4-M|-28, (B) SF4-MK-28, (C) SF4 from slant agar.

dependent on its extracellular hydrolysis followed by uptake of the
resulting glucose or maltose molecules. Maltose, however, can
be both hydrolyzed extracellularly or intracellularly due to active
maltose transmembrane transporters. Due to the identical sugar
transport systems of the two investigated S. fibuligera yeast strains,
S. fib SF4 and S. fib Lu 27, and the higher fermentation activity of
the yeast strain S. fib SF4 which was reported in two previous
studies by Methner et al. (2019), the yeast strain S. fib SF4 was
selected for all further trials in this study.

Morphology of Saccharomycopsis
fibuligera

A single cell without filaments of the yeast strain S. fibuligera
S. fib SF4 was isolated and propagated in brewer’s wort as well as
the mother culture S. fib SF4 as described in Section 2.3. Figure 2
depicts the comparison of the morphologies in a brightfield
microscope at a magnification of x 40 (objective) plus digital
zoom [scale is visible in microscopic pictures Figure 2A, B] during
growth at 28°C of the micromanipulated yeast culture Figure 2A
in comparison with the mother culture during growth at 28°C
Figure 2B and the original culture from the wort slant agar before
propagation Figure 2C,

Comparing the three microscopic images with each other,
there are clear differences in morphology. While the
micromanipulated yeast culture hardly formed filaments
during growth at 28°C and showed budding cells (A), the
mother culture predominantly developed mycelia at the same
propagation temperature (B). The original culture from slant
agar, which unlike the yeasts in (A) and (B) was not in log but
in stationary phase, showed both mycelia and single cells in
the microscopic image (C). At a propagation temperature of
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20°C, the cell morphology of the three cultures A-C did not
differ from the respective clone cultures propagated at
28°C. Therefore, these images are not shown.

(GTG)s rep-PCR fingerprint

Based on the different morphologies in Section 3.2, a (GTG)s
rep-PCR fingerprint was performed to investigate whether the two
micromanipulated isolates were genetically different from the
mother culture. Accordingly, the fingerprint analysis was carried
out with both micromanipulated cultures propagated at 20°C and
28°C and with the mother culture propagated at 20°C and
28°C. Previous studies revealed that the (GTG)s fingerprinting is
not only a suitable method to differentiate all species of beer-
spoiling bacteria, but also to differentiate non-Saccharomyces
yeasts on strain level (Michel et al., 2016; Riedl et al., 2019). The
results are depicted in Figure 3.

Although there were differences in morphology in the
brightfield microscopy (cf. Section 3.2), no obvious differences
could be detected in the (GTG); patterns of the capillary
gel electrophoresis.

Analytical results

To investigate the fermentation process, the weight losses of
the six samples were checked every 24 h during fermentation and
can be viewed in Figure 4. Raw data can be viewed in the
Supplementary material Table 2. Due to the unpressurized
fermentation, the carbon dioxide formed during fermentation was
able to escape, resulting in a weight loss. The reference yeast strain
S. pas 34/70 generally showed a significantly higher fermentation
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Capillary gel electrophoresis (GTG), patterns for the investigated
yeast strain S. fibuligera S. fib SF4 micromanipulated and
propagated at 20°C {SF4 MI 20) and 28°C (SF4 M 28) and the
mother culture propagated at 20°C (SF4 MK 20) and 28°C (SF4
MK 28)
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Mean values (n=3) with standard deviations of the fermentation
samples’ total weight losses in grams of the investigated yeast
strain S. fib SF4 as micromanipulated (Ml) and mother culture
(MK) and the reference yeast strain S. pas 34/70 during the
fermentation process over a fermentation period of 480 h

(20 days) at 20 and 28°C
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activity than the yeast S. fib SF4. While S. pas 34/70 already lost
around 40 g in weight within the first six fermentation days (144 h)
at a temperature of 20°C, the weight loss at 28°C was even higher
at around 50g. For the sample fermented at 20°C, this accounted
for around two thirds of the final weight loss after 20 days, while
the sample fermented at 28°C had already reached almost 80% of
the final weight loss after only six days. In contrast, the S. fib SF4
fermentations lost significantly less weight than those from the
reference strains. After 20 days, the sample S. fib SF4-MI-28 lost
the most weight at about 16 g in direct comparison with the other
S. fib SF4 samples. S. fib SF4-MI-20 only achieved about half of
this amount, at approximately 8 g. Despite the higher fermentation
temperature, S. fib SF4-MK-28 lost an insignificant amount of
weight at around 10g, and S. fib SF4 -MK-20 brought up the rear
with just about 7 g weight loss after 20 days of fermentation.

The high weight losses of the two reference beers fermented
with S. pas 34/70 at 20°C and 28°C correspond to the high
apparent attenuations over 80% and ethanol concentrations
of 4.5-4.6% (v/v), as can be seen in Table 4. Both apparent
attenuation and ethanol concentration of the reference sample
fermented at 28°C were slightly higher than the concentrations of
the sample fermented at 20°C, which is consistent with the weight
losses shown in Figure 4. Consequently, it was expected that the
values for the S. fib SF4 samples would be significantly lower,
which was in fact the case. The results are also listed in Table 4.
Among the four S. fib SF4 beers, the beer fermented with the
micromanipulated yeast culture at 28°C had comparatively the
highest apparent attenuation at 23% and an ethanol content of
1.2% (v/v). The other three beers fermented with S. fib SF4, which
showed similar weight losses during the fermentation process (cf.
Figure 4), revealed comparable apparent attenuations (around
14-16%) and ethanol contents (0.74-0.83% (v/v)). Although the
apparent attenuations of the beers fermented with the S. fib SF4
yeast cultures were low compared with the two reference beers, the
pH drop was more pronounced. While the two reference beers
had a pH of around 4.6, pH values of between 4.16-4.43 were
measured in the S. fib SF4 beers. Strikingly, the two beers from the
micromanipulated cultures were lower than the beers from the
mother culture with pH values of 4.16 (SF4-MI-28) and 4.33 (SF4-
MI-20). It cannot be explicitly explained and would need further
research to establish why S. fibuligera caused a stronger pH drop
in the beers than the reference yeast S. pastorianus. However, it is
known that yeast cells acidify their environment during nutrient
transport by a combination of direct secretion of organic acids,
excretion of protons and CO, dissolution (Budroni et al., 2017).
These metabolic processes could be comparatively more
pronounced in S. fibuligera yeast cells. A reduced buffer capacity
could also be a potential reason for the low pH. In order to gain a
deeper understanding of why the pH value was comparatively
lower than in the two reference beers produced with the
Saccharomyces yeast strain, organic acids could be measured in
future investigations. This was not carried out as part of this study,
as the question was not focused.
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TABLE 4 Original gravity [%], apparent attenuation [%], ethanol content [% (v/v])], and pH values in the final beers fermented with the yeast strain 5.
fibuligera S. fib SF4 (mother culture and micromanipulated culture) and the reference yeast strain §. pastorianus S. pas 34/70 at fermentation

temperatures of 20 and 28°C.

Yeast strain Original gravity [°P]  Apparent attenuation [%)] Ethanol [% (v/v)] pH value
S. pas 34/70-20 10.12+a=0.01 81.40+5=0.08 447+6=0.00 461+6=0.01
s. fib SF4-MI-20 10,17 +a=0.01 1583 +0=0.17 0.83+0=0.01 4.33+0=001
S. fib SF4-MK-20 10.18+6=0.01 1397 +to=101 0.74+05=005 443+0=0.02
5. pas 34/70-28 10.13+5=0.01 82.20+5=0.08 457+ 0=0.01 458 +0=0.00
s. fib SF4-MI-28 10.18+5=0.02 2273t0=139 120+0=007 41620=0.03
S. fib SF4-MK-28 10.18 +5=0.00 1577 +0=092 083+t0=0.05 438+0=0.02

TABLE 5 Sugar composition of the wort used for fermentation trials.

‘Wort sugar Concentration in g/L
Glucose 9.2
Fructose 10
Sucrose 41
Maltose 51.0
Maltotriose 13.9

Table 5 illustrates the sugar composition of the main wort
carbohydrates  glucose, fructose,
maltotriose (Narzild et al., 1999) used for the fermentation
experiments. Both the wort sugar composition and the sugar
composition of the beers were analyzed in order to draw
conclusions about the sugar utilization of the individual yeast
cultures during fermentation. Figure 5 depicts the sugar
utilization by the individual yeast cultures in percent. Raw data

sucrose, maltose and

can be found in Supplementary material Table 3.

The sugar utilization of the yeasts also reflects that the reference
yeast strain S. pas 34/70 was significantly more active than the
experimental yeast S. fib SF4 at both 20°C and 28°C fermentation
temperatures. One-sample {-tests were performed using OriginPro
2020 as statistical software to demonstrate that the mean values of
the maltose and maltotriose utilization results were significantly
different between the reference yeast strain S. pas 34/70 and the
experimental yeast S. fib SF4 at both temperatures (cf.
Supplementary material Table 4). The reference yeast completely
utilized glucose, fructose and sucrose present in the wort, maltose
at 98% (20°C) to 99% (28°C), and maltotriose at 87% (20°C) to
88% (28°C). In contrast, none of the wort sugars was fully utilized
by the S. fib SF4 cultures during the fermentation time of 20 days.
In the beer fermented with S. ib SF4-MI-28, which showed the
highest fermentation activity in direct comparison with the other
S. fibuligera cultures, the highest sugar utilization was measured.
Glucose utilization was above 90% and on average not significantly
different from the reference S. pas 34/70 at 28°C according to the
one-sample t-test result (cf. Supplementary material Table 4). In
general, the range of maltose utilization of the S. fib SF4 cultures
was between 43 and 65%, for maltotriose it was between 41 and
50%. For glucose, fructose and sucrose, significantly larger ranges
of variation were analyzed. Only sucrose utilization of S. fib
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SF4-MI-28 and S. fib SF4-MK.-28 were not significantly different
from each other, while all other results for glucose, fructose, and
sucrose were significantly different regardless of the fermentation
temperature (¢f. Supplementary material Table 4). The two beers
fermented with the S. fib SF4 mother culture stood out, as hardly
any fructose was utilized and only about half of the glucose. The
micromanipulated cultures showed higher utilization rates, but
here, too, the wort sugars were only partially utilized by the yeasts.
The incomplete sugar utilization explains the low apparent
attenuations and the low ethanol concentrations from Table 4.

Sensory evaluation

By comparing the flavor profiles of the beers in Figure 6 (raw
data are depicted in Supplementary material Table 5), the different
fermentation temperatures at 20°C and 28°C had an obvious
impact on the flavors of the beers. The difference is most
pronounced in the reference beer, which is visible in the radar plot
(Figure 6A).

The reference beer fermented at 20°C exhibited a dominant
banana flavor, which was complemented by an apple-like and slightly
malty and melon-like flavor. At a fermentation temperature of 28°C,
the tasters could no longer detect any significant fruity flavor.
Instead, the beer was described as neutral with slightly malty, clove
and wort-like flavors. Clove-like flavor is unusual for beers fermented
with S. pas 34/70. The clove-like flavor is one of the phenolic
off-flavors known in beers fermented with certain S. cerevisiae yeast
strains. These yeast strains must possess the POF1 gene, which
enables the yeast to decarboxylate the phenolic acid ferulic acid to
4-vinyl guaiacol (Meaden and Taylor, 1991; Lodolo et al., 2008). This
property is not known for S. pas 34/70. Although utmost care was
taken, contamination with S. cerevisiae cannot be completely
excluded, which could have potentially caused a clove-like flavor in
the beer. The wort flavor was also reflected as an off-flavor in the total
DLG score and resulted in deductions in the overall score, which is
visible in Table 6. While the reference beer fermented at 28°C
received the lowest DLG rating of the total of six beers with a score
of 4.05 points, the reference beer fermented at 20°C achieved the best
score of 4.45 points. In contrast, the flavor profiles of the two beers
fermented with the micromanipulated S. fib SF4 yeast culture were
more alike as shown in the radar plot (Figure 6B). Both beers
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Mean values (m=3) with standard deviations of wort sugar utilization in % of the investigated yeast strain 5. fib SF4 as micromanipulated (M) and
mother culture (MK) and the reference yeast strain S. pas 34/70 during fermentation from wort to beers at 20 and 28°C.

exhibited a pronounced plum flavor supported by berry and dried
fruit flavors, Moreover, slight malty notes were detected in the beers,
In general, however, the flavor expressions were significantly stronger
in the beer fermented at 20°C than in the beer fermented at
28°C. Slight wort flavors were noticed in the beer fermented at 28°C,
which were not perceived in the beer fermented at 20°C. This slight
wort flavor led to a devaluation of the total DLG score here, too, and
amounted to 4.22 points. The beer fermented at 20°C scored better
at 4.43 and was rated very good. In addition to the aforementioned
flavors, the sensory assessors mentioned traces of passion fruit in the
beer, which were likely to support the positive overall fruity flavor
and were not perceptible in the beer produced at 28°C. The flavor
characteristics of the beers fermented with the SF4 mother culture
were, similarly to the SF4-MI beers, almost independent of
temperature. All four beers produced by using S. fibuligera SF4
revealed strong similarities. Accordingly, pronounced plum and
berry flavors were detected in the beers fermented with the SF4
mother culture as can be seen in the radar plot (Figure 6C).
Additionally, the sensory assessors identified malty and dried fruit
flavors, although the dried fruit flavors were less pronounced than in
the SF4-MI beers. Wort flavor could again only be perceived in the
beer fermented at 28°C, which was thus common to all beers
produced at 28°C. Comparing the SF4-MI-20 beer with the
SF4-MK-20 beer, it is noticeable that the plum and the dried fruit
flavors were significantly more distinct in the beer SF4-MI-20, while
the two SF4 beers fermented at 28°C differed significantly less
regarding the flavor expressions. Just as with the other two beers,
which had slight wort off-flavors, the beer fermented with S. fib
SF4-MK-28 was downgraded in the total DLG score and received
4.20 points. The beer produced with S. fib SF4-MK-20 was rated
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better with 4.35 points. However, due to the lower fruitiness, it may
have scored lower than the beer produced with S. fib SF4-MI-20.

Discussion

Although extensive studies on the extracellular amylase system
of the yeast species S. fibuligera already exist (Futatsugi et al., 1993;
Hostinova, 2002; Chen et al., 2010; Kurtzman and Smith, 201 1), it has
not yet been investigated whether the yeast possesses transmembrane
transporters for maltose and maltotriose with intracellular enzyme
systems for their cleavage in addition to extracellular amylases.
Therefore, the use of the maltose and maltotriose transport assay with
radiolabeled maltose and maltotriose uncovered new insights into the
physiology of this yeast species and revealed that both investigated
§. fibuligera yeast strains possess an active maltose transport system
into the cell, besides the extracellular amylase activity. In contrast, an
active transport system for maltotriose was not found. Two
fundamentally different mechanisms exist for maltose and maltotriose
utilization by yeasts (Krogerus et al,, 2019). Either the two sugars can
be cleaved extracellularly with the help of amylases or they are taken
up directly through the membrane into the cell and are hydrolyzed
using an intracellular maltase (La Fuente and Sols, 1962; Novak et al.,
2004). Transporters such as AGT1 and MTTI1 are known to
be responsible for the active transport of maltose and maltotriose
(Dietvorst et al., 2005; Vidgren and Londesborough, 2012). However,
these transporters are able to carry both sugars and their expression
is nonspecific (Magalhdes et al., 2016). For S. fibuligera it can
be suspected that another maltose-specific transport system exists.
This could involve MALx1-encoded transporters, which are specific
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Flavar profiles of the beers fermented with the yeast strain S. fibuligera S. fib SF4 as micromanipulated (MI) and mother culture (MK) and the
reference yeast strain S. pastorianus S. pas 34/70 at 20 and 28°C. Values are shown as means of odor and taste with standard deviations. The

number of sensory assessors was n=_8.

TABLE 6 Total DLG score according to the DLG evaluation scheme
excluding the quality of bitterness as well as carbonation of the
investigated beers fermented with S. fibuligera S. fib SF4 yeast
cultures and reference yeast strain S. pastorianus S. pas 34/70 at 20°C
and 28°C.

Yeast culture Total DLG score
S. pas 34/70-20 4.45
S. fib SF4-MI-20 443
8. fib SF4-MK-20 4.35
S. pas 34/70-28 4.05
S. fib SF4-MI-28 4.22
8. fib SF4-MK-28 4.20

to maltose (Rautio and Londesborough, 2003). Nevertheless, for both
S. fibuligera yeast strains it was irrelevant whether they were
propagated on maltose or maltotriose due to the presence of both
mechanisms for maltose and maltotriose utilization.

The brewing potential of the two S. fibuligera yeast strains
was recently demonstrated in two studies by Methner et al.
(2019,2022). Due to the identical sugar transport systems of the
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two investigated S. fibuligera yeast strains, S. fib SF4 and S. fib Lu
27, and the higher fermentation activity of the yeast strain S. fib
SF4, the yeast strain S. fib SF4 was selected for all further trials
in this study. The filamentous growth of §. fibuligera leads to
limited usability on an industrial scale. The mycelium does not
settle at the bottom of the tank during cold storage, which can
lead to difficulties in the clarification of the beer. Since the yeast
forms mycelia as well as single cells during the growth phase,
single cells were micromanipulated to examine whether they
increasingly formed single cells during propagation. Indeed, the
micromanipulated single cells developed significantly weaker
mycelia than the mother culture during propagation. This
occurred independently of the two temperatures selected at 20°C
and 28°C. Tt cannot be conclusively explained yet and would
therefore provide potential for further investigation into why
significantly less mycelial formation was visible in the
micromanipulated cultures. Additionally, future repitching
experiments would need to investigate how stable the specific
phenotypic trait of the lower mycelial formation of the yeast
isolate is in order to reliably apply the benefits of better flocculation
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and clarification properties on an industrial scale. Investigations
with S. cerevisiae have shown that so-called FLO genes are
responsible for the flocculation behavior, which could possibly
also be the case for S, fibuligera (Teunissen and Steensma, 1995;
Lodolo et al,, 2008). It is also known that the flocculation behavior
of 8. cerevisiae can be highly variable, and flocculation behavior
could be influenced by selecting specific layers of yeast sediment
for reinoculation (Steensels and Verstrepen, 2014). This
assumption could be applied to S. fibuligera in the context of this
study. Another possible suggestion may be that the MIG1 gene
was suppressed in the micromanipulated cultures. This gene plays
a crucial role in mycelial formation of 8. fibuligera. Provided it is
suppressed, mycelial formation is reduced and cell budding
enhanced. Repression of the MIG1 gene in the micromanipulated
cultures would also help explain the slightly higher sugar
utilization in the corresponding beers in direct comparison to the
beers fermented with the mother culture. Repression of the gene
enhances the expression of genes such as a-amylase and
glucoamylase (Liu et al,, 2011).

(GTG)s rep-PCR fingerprints confirmed that identical
patterns emerged during capillary gel electrophoresis. (GTG);
rep-PCR typing only confirms a stable state within the investigated
target DNA-regions. No genetic changes could be observed in
terms of the genetic target spectrum. Nevertheless, a more
universal approach like whole genome sequencing could
be applied in further studies to reveal a genetic origin of the
phenotypic difference or not. (GTG); rep-PCR typing confirmed
that both isolates (clones) still belonged to the same strain origin.

The described morphologies also persisted during the
fermentation trials, so micromanipulation might actually
be helpful in propagating a culture that exhibits reduced mycelia
formation. In this study, the fermentation period was chosen for
20days in order to bridge a potential prolonged lag phase. Even
though such a lag phase was observed in previous studies during
the fermentation of wild Saccharomyces yeasts (Nikulin et al,
2020; Hutzler et al, 2021) it should not be generally excluded for
non-Saccharomyces yeasts. While it cannot be completely excluded
that the lag phase would have reverted to the active phase at a later
stage, based on the extensive stagnation of the fermentation, it
could be assumed that there was no delay in fermentation. As
shown by the sugar utilization, only about 40-65% of the maltose
and 40-50% of the maltotriose were degraded by S. fib SF4 during
fermentation across temperatures and regardless of the culture
(micromanipulated or mother culture). In contrast, the reference
yeast S. pas 34/70 utilized maltose almost completely and
maltotriose to nearly 90%. A possible reason for the incomplete
utilization of maltose and maltotriose by S. fib SF4 could be an
inhibition of the maltose transporter by other substances. Rautio
and Londesborough found that, depending on the yeast strain,
glucose and maltose transport can be inhibited by each other even
though both sugars are carried by different transporters (Rautio
and Londesborough, 2003). Since neither glucose nor maltose
were fully utilized, this could be a possible explanation. Moreover,
it is known that yeast maltose metabolism can be suppressed by
glucose metabolism as glucose can repress the transcription of
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necessary gene loci (such as MIG1) for the corresponding maltose
permeases as well as for specific enzymes for the hydrolysis of
maltose, which was found in several studies with Saccharomyces
yeasts (Gorts, 1969; Federoff et al,, 1983; Klein et al., 1996). Based
on the available results, only assumptions can be made at present
why the fermentation performance in the brewer’s wort was
relatively low. It could be an indication of a possible inhibition
mechanism of sugar uptake in brewer’s wort. Furthermore,
a transformation of the sugars to organic acids or other
fermentation-by-products or a concentration-dependent feedback
of fermentation products could have led to the low fermentation
performance, too. Based on existing studies, it is known that yeasts
can form different organic acids from carbohydrate sources during
fermentation instead of producing ethanol. The formation
pathways of organic acids are versatile. Acids are basically present
in the raw materials of the wort, however, the acid concentrations
can be changed by the yeasts during fermentation. Additionally,
acids are produced by the yeasts as by-products of their metabolic
pathways (Whiting, 1976). Selected yeast species are known for
the production of citric acid or pyruvic acid during fermentation
(Yalcin et al., 2010; Chidi et al., 2015; Afolabi et al., 2018), while
Lachancea thermotolerans, besides other yeast species, possess the
ability to form high amounts of lactic acid at the expense of
ethanol during fermentation (Sgouros et al., 2020; Rodriguez
Madrera et al., 2021). Due to the low pH values in the beers, there
is a possibility that S. fib SF4 partly converted carbohydrates to
organic acids instead of ethanol. Additionally, the glucose and
maltose utilization in Figure 5 may appear lower than the actual
results as the extracellular amylase system might have cleaved
maltotriose and further oligosaccharides. Consequently, relatively
higher proportions of maltose and glucose could be present than
in the initial wort. Nevertheless, contrary to expectations, the yeast
strain S. fib SF4 degraded only small amounts of the original
extract as the two beers fermented at 20°C exhibited apparent
attenuations of between 14 and 16%, while the two beers
fermented at 28°C had apparent attenuations that ranged between
approximately 16 and 23%. A higher apparent attenuation was
expected since the same yeast strain was close to 47% at a
fermentation temperature of 27°C in a previous study by Methner
et al. and was thus about twice as high (Methner et al., 2019).
Although the results of this study show that different cultures
differed by 7% for apparent attenuation despite identical
conditions, further experiments need to be conducted in the
future to explain why the values can vary significantly. The
apparent attenuations of the beers produced with the reference
yeast strain S. pas 34/70 were approximately 82%, reaching the
final apparent attenuation for lager beers (Narziss et al,, 2017), As
expected, the apparent attenuation affected the ethanol content in
the final beers, so values between 0.83 and 1.20% (v/v) were
obtained for S. fib SF4 at 28°C, while 3.10% (v/v) ethanol was
obtained in the beer from the earlier study by Methner et al.
(2019). However, it must be considered that the original gravity of
12.65% was higher than in the present study and so the direct
comparison of the apparent attenuations is more accurate. The pH
values were similar in a direct comparison of the two studies.
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While the yeast strain S. fib SF4 reached a drop in pH to 4.30 in
the earlier study, the pH values in this study ranged from 4.16—
4.43. The low pH values could explain why the a-amylase of S. fib
SF4 did not work optimally. According to Xie (Xie et al,, 2021), the
pH optimum of a-amylase is between 5.0-6.0 and the optimal
temperature for this enzyme is between 40-50°C. At the beginning
of the fermentation process, the pH of the wort was still within the
optimal range at 5.3, which could explain the slightly higher
fermentation activity at the beginning of the fermentation process
(cf. Figure 4). The slightly higher fermentation temperature of
28°C likely accelerated the enzyme activity compared to the
fermentation temperature of 20°C and thus led to a comparatively
faster fermentation process due to a faster extracellular sugar
cleavage. Nevertheless, the optimum temperature of o-amylase
was far from being reached and the pH values of the beers
dropped during fermentation. Therefore, the extracellular enzyme
system most probably worked very slowly. An inhibitory effect of
the sugar transport systems could nevertheless be likely and could
be specifically tested in further experiments.

The sensory properties of the beers play a crucial role for
consumers, As shown in Figure 6, the four experimental beers were
depicted next to the two reference beers. In this study, the focus was
on the direct comparison between the beers fermented with the
micromanipulated and the mother culture, In general, despite the
different morphologies of the two cultures, the sensory assessors
noted almost identical flavor attributes. These coincided with the
flavor characteristics of previous studies regardless of temperature,
as the beers exhibited pronounced plum- and berry-like flavors.
Dried fruit flavors were also perceived, especially in the beers from
the micromanipulated culture. While the reference beer fermented
with S. pas 34/70 at 20°C exhibited fruity flavors as known from
previous studies (Meier-Dornberg et al,, 2017; Hutzler et al, 2021),
the reference beer fermented at 28°C was rather neutral and did not
exhibit any conspicuous flavor characteristics. Possibly, at 28°C the
volatile flavor compounds were more strongly expelled during
unpressurized fermentation than at 20°C. In contrast, previous
research revealed that S. fibuligera produces desirable floral, fruity,
and honey-like flavors in rice wine fermentation and in fermentation
in selective media containing different carbohydrate sources (Lee
etal, 2018; Xie et al,, 2021; Yang et al., 2021), while the flavors in
beer were previously described to be plum-, and also berry-like
(Methner et al,, 2019, 2022). It is interesting to note that the floral
and honey flavors, produced from rice wine and selective media
fermentation, did not appear in the brewer’s wort fermentation. The
beer had a distinctive focus on fruity flavors. This could be directly
related to the carbon source, as it significantly influences the volatile
and non-volatile metabolites according to a study by Lee et al.
(2018). The same study also describes a significant influence of the
cultivation time on flavor expressions. Time appeared to be less
influential with respect to the yeast species S. fibuligera as the same
flavor components were retained as for previous studies of between
seven, 14 and 20days (Methner et al., 2019, 2022). The key aroma
compounds of a sweet rice alcoholic beverage (sweet rice wine)
fermented with 8. fibuligera have already been studied in detail in a
study by Yang et al. (2021), where 43 volatile compounds were
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identified, with ethyl butanoate, ethyl hexanoate, {-phenylethyl
alcohol and 1-octen-3-one with high OAVs being responsible for
the key aroma compounds. Also in beer, ethyl butanoate was
measured well above the flavor threshold, while ethyl hexanoate
remained below the flavor threshold (Methner et al., 2019).
Furthermore, there are findings that relate to the genes responsible
in the yeast species S. fibuligera for encoding alcohol
acetyltransferase for volatile acetate ester formation (Moon et al,,
2021). Six of these ATF genes were found in S. fibuligera, while in
direct comparison S, cerevisiae possessed only two ATF genes. This
could be an explanation for the more complex flavor attributes in
foods fermented with S, fibuligera. Nevertheless, it remains unclear
which key flavor compounds were responsible for the dominant
plum flavor in the beer. A possible approach for future research
would be to target substances found in plums, Fricker listed 14 main
flavor compounds from four different plum varieties out of a total
of about 160 identified compounds (Fricker, 1984). These 14 main
flavor substances y-hexalactone, y-octalactone, y-decalactone,
y-dodecalactone, linalool, o-terpineol, benzyl alcohol, cis-3-
ethyl benzaldehyde,
n-hexanoic acid, n-octanoic acid and trans-2-hexenoic acid could

hexenol, trans-2-hexenol, cinnamate,
serve as indicators. Comparing these to the primary odorants in
pale lager beer, none of the 14 flavor compounds are found.
Schieberle published 33 primary odorants of pale lager beer in 1991,
of which he listed 3-methylbutanol, 2-phenylethanol, 3- and
2-methylbutanoic acid, 4-vinyl-2-methoxyphenol, furaneol, ethyl-
butanoate, (E)-f-damascenone, sotolone, butanoic acid, ethyl
hexanoate, and hexanoic acid as the most important ones
(Schieberle, 1991). Although the two flavor compounds linalool and
terpineol can also be found in beer, they originate from the added
hops (Lam et al,, 1986), which were not used in this study. The malty
impression derived from the wort, which may be more pronounced
due to the sterilization process and the associated increased thermal
input. As a result of the increased thermal input, various aldehydes,
Maillard reaction products and ketones are formed (Siefker and
Pollock, 1956; De Schutter et al., 2008; Piornos et al., 2020).
Aldehydes, in turn, can cause characteristic wort flavors that are
often perceived as off-flavors (Gernat et al., 2020). A slight wort
flavor was perceived in the two beers fermented with S. fibuligera at
28°C. It cannot be conclusively explained as to why the wort flavor
was noticeable as wort-derived aldehyde off-flavors are often
degraded by the yeasts during fermentation. This has already been
studied for selected non-Saccharomyces yeast strains in the context
of cold contact fermentations for the production of non-alcoholic
beers (Nikulin et al., 2022). Consequently, it could be assumed that
the yeast strain S, fib SF4 was also capable of degrading wort-
derived aldehyde off-flavors, as the two beers fermented at 20°C did
not exhibit this flavor attribute.

Conclusion
The study clarified whether the yeast species S. fibuligera
possessed an active transport system for maltose and maltotriose.

While an active transport system for maltose was found in the two
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investigated S. fibuligera strains, there was no such system for
maltotriose. Thus, it was concluded that in addition to the
extracellular amylase system known for S. fibuligera, maltose
transport also occurred across the cell membrane. Despite the
ability of the yeast to hydrolyze and metabolize both maltose and
maltotriose, a very slow fermentation was observed compared to
the domesticated reference yeast strain S. pastorianus TUM 34/70,
resulting in low ethanol contents between 0.8-1.2% (v/v) in the
final beers brewed at 10 °P original gravity. Therefore, the yeast
species S. fibuligera is ideal for producing beer with a low alcohol
content, which at the same time has unique flavor properties.
To produce regular beers, it would also be conceivable to use
S. fibuligera in co-culture with domesticated Saccharomyces yeasts
in future studies, as this could potentially increase flavor
complexity. In this study, the brewing potential was also
investigated and optimized by using micromanipulation and
re-culturing of the yeast strain S. fib 5F4 to reduce the
characteristic mycelial formation during propagation and
fermentation. This was successfully achieved with the help of
micromanipulation. The significantly reduced filamentous growth
of the yeast can lead to a positive effect on the flocculation and
filtration of the beer on an industrial scale. By further comparing
the micromanipulated culture to the mother culture, no genetic
differences could be detected in the (GTG); rep-PCR fingerprint.
The beers fermented with the two different S. fib SF4 cultures
revealed only minimal differences as the beers fermented with the
micromanipulated culture displayed slightly higher fermentation
activity and exhibited stronger dried fruit flavors in addition to the
well-known fruity plum and berry flavors. The flavor of the beers
fermented at 20°C was preferred by the tasters over the beer flavor
at 28°C fermentation temperature while the beer produced with
the micromanipulated S. fib SF4 culture at 20°C scored best.
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24 Publication 4: Influence of Varying Fermentation Parameters of the Yeast Strain Cyberlind-
nera saturnus on the Concentrations of Selected Flavor Components in Non-Alcoholic Beer Focusing
on (E)-8-Damascenone

In publication 2, the flavor profiles of the three beers fermented with different Cyberlindnera saturnus
yeast strains stood out positively. In particular, the beer fermented with the yeast strain C. sat 247
stood out for its flavor profile, which was reminiscent of red berries as well as pear and cool mint
sweets. Additionally, a less dominant banana and apple flavor was also perceptible. It was unclear
which flavor-active substances the red berry and apple flavors could be attributed to and how different
fermentation parameters influenced the flavor of the NAB. In publication 4, these two questions were
clarified. Hence, a fermentation model with a total of 20 samples, six of which were center points, was
set up with the aid of a response surface methodology (RSM). The target was to optimize for maximum
fruitiness, minimum off-flavors and minimum ethanol concentration. Temperature (12—-28 °C), original
gravity (7-11 °P), and pitching rate (5 x 106-25 x 10° cells/mL) were selected as variable factors. Fer-
mentations were unpressurized in 1,800 mL unhopped wort, in each case for 168 h.

Using headspace gas chromatography (HS-GC) with olfactometry (-O), flame ionization (-FID) and mass
spectrometry (-MS), the odor qualities of the odorants in the 20 beer samples were analyzed for spe-
cific berry and apple flavors. During this analysis, (E)-8-damascenone was detected and quantified by
GC x GC-MS system. The OAVs correlated with the berry and apple flavors perceived by the trained
sensory assessors in the beers as part of a multivariate data analysis. Moreover, statistical analysis
revealed that pear, banana and cool mint sweets could be traced back to the volatile compound iso-
amyl acetate. Accordingly, isoamyl acetate and (E)-8-damascenone were significantly responsible for
the fruity character of the beers fermented with C. sat 247. As responses of the RSM, concentrations
of ethanol, (E)-8-damascenone, the sum of esters — isoamyl acetate in particular —, isovaleric acid, di-
acetyl, the fruitiness of the beer, and the sum of DLG points to rate the sensory purity were considered
and measured accordingly by instrumental analysis and sensory tests, respectively. To maximize fruit-
iness and thus (E)-8-damascenone, the sum of esters, isoamyl acetate, and the sum of DLG points,
while minimizing isovaleric acid, diacetyl, and ethanol concentration, a fermentation temperature of
16.1 °C, an original gravity of 10.5 °P, and a pitching rate of 5 x 108 cells/mL were selected. The unpres-
surized fermentation for the optimization trial was carried out in 1,800 mL unhopped wort for 168 h.
The set parameters indeed led to the desired optimization, resulting in a successful application of the
RSM. Moreover, the methodology provided comprehensive information on the changes in the flavor
profiles and ethanol concentrations of the beers at varying fermentation parameters.
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Abstract: The diversification of beer flavor is becoming increasingly popular, especially in the field of
non-alcoholic beers, where sales are growing steadily. While flavor substances of traditional beers
can largely be traced back to defined secondary metabolites, the production of non-alcoholic beers
with non-Saccharonmyces yeasts generates novel fruity flavors, some of which cannot yet be assigned to
specific flavor substances. In a recently published study, besides pear, cool mint sweets, and banana-
like flavor, distinctive red berry and apple flavors were perceived in a non-alcoholic beer fermented
with the yeast strain Cyberlindnera saturnus TUM 247, whose secondary metabolites were to be
elucidated in this study. The trials were carried out using response surface methodology to examine
the fermentation properties of the yeast strain and to optimize the beer with maximum fruitiness
but minimal off-flavors and ethanol content. It turned out that a low pitching rate, a moderate
fermentation temperature, and an original gravity of 10.5 °P gave the optimal parameters. Qualitative
analysis of the secondary metabolites, in addition to standard analysis for traditional beers, was first
performed using headspace-gas chromatography with olfactometry. (E)-f-damascenone emerged as
the decisive substance for the red berry and apple flavor and so this substance was then quantitated.
Although (E)-g-damascenone is a well-known secondary metabolite in beer and this substance is
associated with apple or cooked apple- and berry-like flavors, it has not yet been reported as a main
flavor component in non-alcoholic beers.

Keywords: non-Saccharomyees yeast; Cyberlindnera saturnus; fermentation; brewing; non-alcoholic
beer; response surface methodology; gas chromatography-mass spectrometry; olfactometry; sec-
ondary metabolites; (E)-S-damascenone

1. Introduction

The importance of non-alcoholic beers has grown in recent years and the trend contin-
ues to grow into this direction [1,2]. The use of maltose-negative non-Saccharomyces yeasts
is a significant production method for non-alcoholic beers to reduce or even eliminate
undesirable wort off-flavors. The potential to generate pleasant flavors using the microbio-
logical method has been shown to be effective in numerous studies. There is a particular
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focus on generating different fruity flavor characteristics due to a more diverse and higher
ester concentration in beer [2-8].

Although the secondary metabolites of regular traditional beers produced with con-
ventional Saccharomyces brewing yeasts have been deciphered, the use of non-Saccharomyces
yeasts occasionally result in flavor compounds that cannot be clearly assigned in standard
analysis [2,9]. A recent study by Methner et al. [9] revealed that in some non-alcoholic beers
produced with various non-Saccharoniyces yeasts, the sensory assessors perceived red berry
and apple flavors that could not be directly attributed to any of the volatiles analyzed. In
the specified study, one yeast strain stood out positively in terms of its flavor-generating
properties in brewer‘s wort: Cyberlindnera saturnus TUM 247. Besides a dominant cool mint
sweets and red berry flavor, the beer fermented with this yeast strain was further described
to exhibit less intense but perceptible pear, banana, solvent, and apple flavors. The yeast
species C. saturnus is generally known from existing literature sources to be suitable for
the production of non-alcoholic beers due to its maltose-negative properties [9-11]. It
also synthesizes significant amounts of 3-methylbutyl acetate (isoamyl acetate) during the
fermentation process in brewer’s wort resulting in a fruity, mainly banana flavor [5,10].
However, the fact that certain yeast strains of this species can also produce unusual red
berry and apple flavors is a recent finding.

Apple flavor in beer is well known and can, for example, be attributed to 2-phenylethyl
acetate or to ethyl decanoate. As a sour apple flavor, it can be traced back to ethyl hexanoate
and ethyl octanoate. Some sources also attribute an apple flavor to isoamyl acetate. The
flavor threshold concentration of 2-phenylethyl acetate in beer is 3.8 mg/L, for isoamyl
acetate this is 1.2 mg/L, ethyl hexanoate 0.21 mg/L, ethyl octanoate 0.9 mg/L, and ethyl
decanoate 1.5 mg/L. In addition to these five esters, acetaldehyde is also known for its apple
flavor, being recognized rather as green apple and grassy when exceeding a flavor threshold
concentration of 10 mg/L [6-9]. Furthermore, the ketone (2E)-1-(2,6,6-trimethylcyclohexa-
1,3-dien-1-yl)but-2-en-1-one ((E)-f-damascenone) can also induce an apple or cooked apple-
like impression in beer [12-16]. With regard to red berry flavor, there are currently no
studies that present findings that attribute this flavor in beer to volatile substances, although
berry-like flavors are principally known when using non-Saccharomyces yeasts for beer
production [17,18]. Interestingly, however, (E)-B-damascenone has already been described
in the literature as causing red fruits and strawberry flavor [19-21].

Therefore, this study investigated which volatile substance or substances were respon-
sible for the red berry-like flavor expression in beer. Moreover, it was examined which
volatile substances were responsible for the apple-like flavor. In addition, the question
was answered as to what extent different fermentation parameters influence the flavor
characteristics of the non-alcoholic beer produced with TUM 247. Studies by Pires et al. and
Verstrepen et al. showed that fermentation parameters such as original gravity, temperature,
and pitching rate have a demonstrable influence on the formation of esters during beer
production [22,23]. Further studies by Bellut et al., Michel et al., and Puerari et al. also
provided insight that the fermentation parameters have a decisive impact on the beer flavor.
These three studies used response surface methodology (RSM) to optimize the fermentation
parameters with regard to e.g., a maximum ester yield [10,17,24]. Based on the successful
application of the method, RSM with a central composite design was used in this study
to combine the variation in fermentation temperature, original gravity and pitching rate.
This method was applied specifically to optimize the beer flavor and also to investigate the
general influence of the different fermentation parameters on the flavor of the beers.

Since the fermentation trials were conducted in 2-L small-scale fermentation trials, ster-
ilized wort produced from malt extract was used for this study in order to ensure a compa-
rable, standardized wort base and avoid microbiological contamination. However, it must
be taken into consideration that the thermal influence on the wort during the sterilization
process generates Strecker aldehydes, resulting in the formation of various aldehydes, Mail-
lard reaction products and ketones, such as (E)-S-damascenone [15,25,26]. Aldehydes, can
cause the characteristic wort flavors and are often referred to as off-flavors [27]. However,
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in addition to undesirable wort off-flavors, further adverse flavor compounds, such as
3-methylbutanoic acid (isovaleric acid) or butane-2,3-dione (diacetyl), can emerge during
wort fermentation, which also applies to the yeast species C. saturnus [9]. For this reason,
these two flavor compounds were explicitly investigated. In addition to sensory evalu-
ations by trained panelists, extensive gas chromatography-mass spectrometry (GC-MS)
analyses were performed as part of this study. As a result of headspace-gas chromatography
(HS-GC) with olfactometry (-O), flame ionization (-FID) and mass spectrometry (-MS) for a
qualitative assessment, a GC x GC-MS system was applied for quantitation.

The main objective of this study was to find out to which flavor components the red
berry and the apple flavor can be attributed in order to reconstruct which secondary metabo-
lites were responsible for the overall fruity flavor. Additionally, the influence of different
fermentation parameters was investigated by RSM to determine optimum parameters
resulting in maximum fruitiness of the beer with as few off-flavor compounds as possible.
At the same time, the ethanol content was to be kept as low as possible, since the target
application was a non-alcoholic beer.

2. Materials and Methods
2.1. Yeast Strain and Wort

The maltose-negative yeast strain Cyberlindnera saturnus TUM 247 proved suitable for
producing non-alcoholic beers in preliminary trials based on its fermentation properties.
The favorable fermentation properties were due to the fact that only glucose, fructose,
and sucrose could be metabolized from brewer’s wort, while exhibiting sufficient hop
tolerance and producing an exceptionally pleasant fruity flavor [9,18]. The yeast strain was
isolated from soil underneath an ash tree (Fraxinus excelsior) in the district Kelheim, state
Bavaria, Germany. Identification was performed by D1/D2 26S rDNA sequencing using
primers according to Kurtzman [28] fp NL1 rp NL4, while NL1 was used as sequencing
primer. The 26S sequence data from sequencing with NL1 primer can be found in the
supplementary material Sequence S1.

For the RSM experiments, the wort was prepared from unhopped malt extract (Weyermann®,
Bamberg, Germany), which was adjusted to the different, desired original gravities. The
wort was then sterilized (100 °C, 45 min) to exclude microbiological contamination.

Furthermore, to determine the extent to which (E)-f-damascenone can be formed
via thermal processing, three different thermally treated worts were prepared from un-
hopped malt extract (Weyermann®, Bamberg, Germany). The worts were all adjusted to an
original gravity of 7 °P and 1800 mL of each was filled into 2000 mL Duran glass bottles
(Schott AG, Mainz, Germany). While one wort was kept at 100 °C for 5 min (pH 5.6),
another wort was sterilized at 100 °C for 45 min (pH 5.5). The third wort was autoclaved at
121 °C for 10 min (pH 5.4). The wort with the lowest thermal input was used for small-scale
fermentation trials as described in Methner et al. (2022) [9].

2.2. Yeast Propagation and Fermentation

For propagation, the yeast strain TUM 247 was inoculated from wort slope agar
under sterile conditions into five 500 mL flasks each containing 250 mL of unhopped
wort (9.0 °P, pH 5.4). After propagating for 72 h at 20 °C on a WiseShake orbital shaker
(Witeg Labortechnik GmbH, Wertheim, Germany) at 80 rpm, the yeast suspensions were
transferred to five sterile 2500 mL flasks, each containing 1800 mL of comparable wort.
After a further propagation period of 60 h and 12 h of settling time, the wort supernatant
was poured off, accounting for approximately one third of the total volume, before yeast cell
numbers were counted using the Cellometer® Vision (Nexcelom Bioscience LLC, Lawrence,
MA, USA). Subsequently, the required amounts of propagation yeast could be calculated
for the fermentation trials.

The wort for the fermentation trials was prepared analogously to the propagation
wort. Before pitching, the propagation yeasts were centrifuged (Roto Super 40, Andreas
Hettich GmbH & Co. KG, Tuttlingen, Germany) in sterilized 500 mL PPCO centrifuge
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bottles (Nalgene, Thermo Fisher Scientific, Waltham, MA, USA) at 750x ¢ for 5 min and the
supernatant was discarded. The yeasts were then washed in sterile physiological sodium
chloride solutions before being used for fermentation. In total, 20 small-scale fermentation
trials and an optimization trial in triplicate were conducted, each unpressurized in 1800 mL
sterilized unhopped wort in 2000 mL Duran glass bottles (Schott AG, Mainz, Germany)
equipped with fermentation locks on top. After fermentation for seven days (168 h), the
fermentation locks were replaced with sterile screw caps and the 20 samples were cooled
down to 3 °C. Following storage for 72 h, the samples were analyzed and tasted.

2.3. Response Surface Methodology (RSM)

To investigate the influence of different fermentation parameters on selected flavor
components and ethanol content of the beers fermented with the yeast strain C. saturnus
TUM 247, RSM was applied using Design-Expert 13 software (StatEase, Minneapolis, MN,
USA). A face-centered central composite design with three independent factors and six
replications of the center point was chosen. The three variable factors were original gravity
(7 to 11 °P), fermentation temperature (12 to 28 °C), and pitching rate (5 x 10° to 25 x 10°
cells/mL). Therefore, in total, 20 small-scale fermentation trials were performed. This
results in a center point with the factors of temperature at 20 °C, original gravity of 9 °P,
and pitching rate of 15 x 10° cells/mL. Table 1 presents the experimental design.

Table 1. Experimental design of response surface methodology (RSM) with face-centered, three-
factorial (temperature, original gravity, and pitching rate) central composite design, and six replica-
tions of the center point (20 °C, 9 °F, 15 x 106 cells/mL).

Factor 1 .Fe.lctor 2 ] Fact.or 3

1 20 7 15
2 28 9 15
3* 20 9 15
4 12 7 25
5 12 9 15
6 20 11 15
7% 20 9 15
8+ 20 9 15
9 28 7 5
10" 20 9 15
11 20 9 25
12 12 7 5
13 28 11 25
14 12 11 5
15 12 11 25
16 20 9 5
17 28 11 5
18 28 7 25
19# 20 9 15
20* 20 9 15

* Center points.

All data were statistically evaluated with analysis of variance (ANOVA). A one-sample
t-test was performed using OriginPro 2020 as statistical software to evaluate whether all
values of the six center points were insignificantly different from each other. If there was
no significant difference in the one-sample -test, it may be assumed that all remaining
14 measurement points reveal statistically significant results.

As responses, concentrations of ethanol, (E)-f-damascenone, the sum of esters—
isoamyl acetate in particular—isovaleric acid, diacetyl, the fruitiness of the beer, and
the sum of DLG points were taken into account. For optimization using RSM, the aim was
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to maximize the concentrations of (E)-f-damascenone, the sum of esters, isoamyl acetate,
the fruitiness of the beer, and the sum of DLG points, while minimizing the concentrations
of ethanol, isovaleric acid and diacetyl. Only the responses to be optimized were analyzed
in the beer produced in the course of the RSM optimization.

2.4. Analytical Methods

Regarding the analytical methods, MEBAK ! standard methods for wort and beer
were initially applied for the 20 beer samples (cf. Table 1) and additionally in the final
stages for the optimized beer samples. Since the standard methods were not sufficient
to elucidate the red berry- and apple-like flavors of the beers, qualitative HS-GC-O, -FID,
and -MS were performed first, followed by a stable isotope dilution assay (SIDA) using a
GC x GC-MS system for quantitation.

2.4.1. Analytical Standard Methods

The analytical standard methods applied for the initial wort and the beers are listed in
Table 2.

Table 2. Analytical standard methods of the wort and the beers according to MEBAK 1.

Analysis Method Device

Bending vibration and NIR spectroscopy,
MEBAK WBBM 2.9.6.3 Alcolyzer Plus with DMA 5000 X sample 122
(Anton-Paar GmbH, Ostfildern, Germany)

pH meter with pH electrode, ProfiLine pH3210
pH meter (Xylem Inc., New York, NY, USA)

GC-FID Clarus 580 (Perkin Elmer, Waltham, MA,
(Methylsulfanyl) methane (dimethyl sulfide) MEBAK WBBM 2.23.1.1 USA), Column: 50 m x 0.32 mm Phenomenex
FFAF, 0.25 um

GC-FID Clarus 580 (Perkin Elmer, Waltham, MA,
MEBAK WBBM 2.23.6 USA), Column: 50 m x 0.32 mm Phenomenex
FFAF, 0.25 pm

Original gravity, ethanol content, apparent
attenuation

pH value MEBAK WBBM 2.13

Fatty acid esters, fatty acids,
2-phenylethan-1-ol

Acetaldehyde, ethyl acetate, isoamy] acetate,
higher alcohols (propan-1-ol (n-propanol),
2-methylpropan-1-ol (isobutanol), amyl MEBAK WBBM 2.21.1
alcohols), ethyl methanoate (ethyl formate),
ethyl propanoate (ethyl propionate)

GC-FID Clarus 580, Turbo Matrix 40, Head Space
(Perkin Elmer, Waltham, MA, USA), Column:
INNOWAX cross-linked polyethylene glycol,

60m x 0.32 mm x 0.5 um

GC-FID Clarus 580, Turbo Matrix 40, Head Space
(Perkin Elmer, Waltham, MA, USA), Column:
INNOWAX cross-linked polyethylene glycol,

60m x 0.32 mm x 0.5 pm

T MEBAK® (2012), Editor: Dr. F. Jacob: The MEBAK collection of brewing analysis methods: Wort, beer and
beer-based beverages. Collection of methods of the Mitteleuropdischen Brauchtechnischen Analysenkommission.
Self-published by MEBAK.

Diacetyl, pentane-2,3-dione MEBAK WBBM 2.21.5.1

2.4.2. Headspace-Gas Chromatography (HS-GC) with Olfactometry (-O), Flame Ionization
(-FID) und Mass Spectrometry (-MS)

For this method, a multidimensional GC system consisting of two GC-2010Plus (Shi-
madzu, Neufahrn bei Freising, Germany) connected by a Deans’ switching device was used.
GC-1 was equipped with a polar fused silica capillary ZB-WAX (30 m x 0.25 mm x 0.25 um,
Phenomenex Ltd., Aschaffenburg, Germany) and GC-2 with a non-polar fused silica cap-
illary column ZB-5MS (30 m x 0.32 mm x 0.5 um, Phenomenex Ltd., Aschaffenburg,
Germany). As a static headspace sampler and injection port, the HS-20 series (Shimadzu,
Neufahrn bei Freising, Germany) was used. After equilibration of the 10 mL beer samples,
each in 20 mL HS vials, a portion of the HS was transferred, splitless, for 1 min onto the
GC column using a 1 mL sample loop. The conditions for the HS-20 are specified in the
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supplementary material Table S1. The GC oven temperature was started at 40 °C to improve
the separation of early eluting components. After that, the temperature was increased in
10 °C/min increments up to 125 °C and in 20 °C/min increments up to 240 °C and held
there for 5 min. This equals a total runtime of 19.75 min. The temperature program was
the same for both GCs and the inlet pressure was set for an optimal carrier gas velocity for
helium between 20-40 cm/s. After elution on GC-1 the components were split between
either the FI-/O-Detector on GC-1 or transferred onto the GC-2 for further separation
and to reduce overlays. The partition between the FI-/O-Detector were achieved via a
SGE SilFlow GC 4 Port Splitter (Trajan Scientific Pty Ltd., Ringwood, VIC, Australia) in
a 1:1 ratio. On the GC-2, the eluting components were analyzed by a mass spectrometer
QP2010-Ultra SE (Shimadzu, Neufahrn bei Freising, Germany) with electron ionization (EI)
at 70 eV. The interface 1/F was set at 250 °C and the ion source at 200 “C while the scan was
between 50-250 amu. The emission current was at 60 pA.

Using GC-O, the odor qualities of the odorants in the beer samples in Runs 1-20 with
the fermentation parameters shown in Table 1 were analyzed for the specific berry and
apple flavor. For the final identification, the odor quality, retention index (RI), and mass
spectrum was compared with that of the corresponding reference compound. The linear
RI was calculated from its retention time and the retention times of adjacent n-alkanes by
linear interpolation [29].

2.4.3. GC x GC-MS System

A 6890 Plus gas chromatograph (Agilent Technologies, Waldbronn, Germany) was
equipped with a Combi PAL autosampler (CTC Analytics, Zwingen, Switzerland), a
KAS4 injector (Gerstel, Miilheim/Ruhr, Germany), and a fused silica column, DB-FFAP,
30 m x 0.25 mm i.d., 0.25 um film (Agilent Technologies, Waldbronn, Germany). The
carrier gas was helium at 2.0 mL/min constant flow. The end of the column was con-
nected to a second fused silica column, DB-5, 2 m x 0.15 mm i.d., 0.30 um film (Agilent
Technologies, Waldbronn, Germany). The front part of this column passed through a
liquid nitrogen-cooled dual stage quad-jet thermal modulator (Leco, Ménchengladbach,
Germany). The modulator was used to collect the volatiles eluting from the first column in
discrete portions (4 s), which were then rechromatographed on the major part of the second
column. This part was installed in a secondary oven mounted inside the primary oven
of the gas chromatograph. The end of this column was connected via a heated (250 °C)
transfer line to the inlet of a Pegasus III time-of-flight (TOF) mass spectrometer (Leco,
Mdanchengladbach, Germany). The temperature of the first oven was 40 °C for 2 min,
followed by a gradient of 6 °C/min to a final temperature of 230 °C, which was held for
5 min. The temperature of the secondary oven was 80 °C for 2 min, followed by a gradient
of 6 °C/min to a final temperature of 250 °C, which was held for 5 min. Mass spectra
were generated in the EI mode at 70 eV, a scan range of m/z 35—300, and a scan rate of
100 spectra/s. The ChromSpace software (Markes International Ltd., Llantrisant, UK) was
employed for data analysis.

(E)-B-damascenone was a gift from Symrise to the Leibniz-LSB@TUM (Holzminden,
Germany) and (3H,4 7)-(E)-p-damascenone was synthesized as detailed in the literature [30].
Diethyl ether (VWR, Darmstadt, Germany) was freshly distilled before use. For the work-
up, beer was filtered through a paper filter to remove carbon dioxide. For the quantitation
of (E)-p-damascenone, diethyl ether (100 mL) and (2H4_7)7(E)7ﬁ7damascenone (0.013 pg)
were added to the samples (50 mL). The mixture was stirred for 30 min at ambient tem-
perature. The organic phase was separated, and the aqueous phase was shaken with a
second portion of diethyl ether (100 mL). The combined organic phases were washed with
saturated aqueous sodium chloride solution (2 < 50 mL) and dried over anhydrous sodium
sulfate. Nonvolatiles were removed by solvent-assisted flavor evaporation (SAFE) [31] at
40 °C. The distillate was concentrated to 500 uL by using a Vigreux column (50 x 1 cm)
and a Bemelmans microdistillation device [32]. The concentrate was analyzed using the
GC x GC-MS system. Peak volumes of the (E)-S-damascenone peak and the (*H;_7)-(E)-
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B-damascenone peak were extracted using ions m/z 121 for (E)-p-damascenone and mi/z
125128 for (*H;_y)-(E)-B-damascenone. The concentration of (E)-B-damascenone in the
samples was then calculated from the volume of the (E)-B-damascenone peak, the volume
of the (2H4_7)7(E)7,deamascenone peak, the amount of sample used, and the amount of
(*H4_7)-(E)-B-damascenone added, by employing a calibration line equation. To obtain
the calibration line equation, diethyl ether solutions of (E)-g-damascenone and (*Hy 7)-
(E)-p-damascenone mixtures in different concentration ratios were analyzed under the
same conditions followed by linear regression. The resulting calibration line equation was
y =0.9608x + 0.1701, with y = [concentration of (?°H4_7)-(E)-B-damascenone] / [concentration
of (E)-p-damascenone] and x = [peak volume of (Hs_7)-(E )-B-damascenone]/[peak volume
of (E)-B-damascenone].

2.5. Sensory Evaluation

The tastings were performed by twelve DLG-certified (Deutsche Landwirtschafts-
Gesellschaft e.V., Frankfurt, Germany) assessors in a specially designated room (neutral
white-colored with individual tasting chambers) at 20 °C. The samples were tempered to
12 °C before tasting and were assigned three-digit randomized numbers. First, the tasters
performed an evaluation according to the DLG scheme, which comprises a rating scale from
zero (minimum score) to five (maximum score) [33], to evaluate only the odor, the purity of
taste and the body of the beers. Since the beers were unhopped and fermented without
pressure, the quality of the bitterness and carbonation were not taken into account in the
sensory evaluation. By conducting the DLG test, beers were, therefore, mainly evaluated
for their purity in terms of odor and taste, so that a devaluation was based on perceptible
off-flavors such as a buttery flavor from diacetyl or vegetable-like flavor from dimethyl
sulfide.

The tasters then evaluated the fruitiness of the beers. In this context, a scale of zero to
five was used to indicate how fruity the beer was rated, with zero standing for not at all
fruity and five for maximum fruitiness. Due to the large number of samples, a composite
sample was prepared from the six center points, each in equal proportions so that the
assessors evaluated a total of 15 samples. Prior to this, as described in Section 2.3. the six
center point samples were analyzed and statistically evaluated using a one-sample {-test
to ensure that the six samples did not differ significantly. The fruitiness was converted
to a percentage based on a maximum score of 60 points for the evaluation. Since the
flavor profile of the yeast strain C. saturnus TUM 247 is already known from a recent
study [9] and is described as being like cool mint sweets and solvent-like besides fruity
expressions of pear, banana, red berries, and apple, the tasters were specifically asked
if they could perceive these flavors in the beers. Additionally, based on the analyzed
secondary metabolites, the flavor characteristics honey, cheesy, and watery/pale were
included. The methods for sensory evaluation were applied both to the 15 beer samples
from the RSM central composite design and to the beer sample optimized by RSM in
triplicate.

To establish a possible correlation between the specific volatile compounds measured
analytically and the specified flavor characteristics identified by the tasters, a principal
component analysis (PCA) was performed after normalizing the values using OriginPro
2020 statistical software.

3. Results

In this chapter, the analyses of the 20 beer samples (cf. Table 1) are presented, which
were carried out according to the experimental design of the RSM (cf. Section 2.3). This
includes standard analytical methods for beer (cf. Table 2) and two additional GC methods
(Section 2.4). Furthermore, the sensory evaluation of the fermented samples is depicted be-
fore the RSM optimization results are presented. The yeast strain TUM 247 (cf. Section 2.1)
was used for all experiments without exception using the propagation and fermenta-
tion methods described in Section 2.2.
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3.1. Analytical Results

Initially, the one-sample t-test was performed for selected values. Since the mean pop-
ulation was insignificantly different from the test mean at the 0.05 level without exception
(cf. supplementary material Table 52), it may be assumed that all remaining 14 measurement
points show statistically significant results in a single experiment.

In Table 3, an analysis of variance (ANOVA) was performed for the purposes of RSM
for predetermined responses (cf. Section 2.3) that were later used for the optimization
experiment. Occasionally, values were identified as outliers in the statistical analyses. Thus,
for the sum of esters and isoamyl acetate, Run 16 was excluded; for diacetyl, Run 2; for (E)-
B-damascenone, Run 13; and for fruitiness, Run 12. Additionally, for (E)-B-damascenone
Runs 7, 8, 10, 19, and 20 were excluded, which is explained in the further course.

Table 3. Analysis of variance (ANOVA) of selected responses using the three factors A: Temperature
(°Q), B: Original Gravity (°P), C: Pitching Rate (%10° cells/mL) for response surface methodology

(RSM).
Response Unit Minimum Maximum Model p-Value LOF p-Value
¥ Esters mg/L 21 3.6 Quadratic 0.0012 0.1928
Isoamyl acetate mg/L 0.7 1.9 Linear 0.0066 0.0065 *
Isovaleric acid mg/L 0.53 1.30 Quadratic <0.0001 0.8221
Diacetyl mg/L 0.06 0.19 Linear 0.0005 0.4825
(E)-p-damascenone ug/L 0.873 1.57 Linear 0.0058 <0.0001 *
Ethanol % (v/v) 0.11 0.63 2F1! <0.0001 0.0210*
Fruitiness Yo 50 77 Linear <0.0001 <0.0001 *
Sum DLG points 3.93 4.70 Quadratic 0.0002 <0.0001 *

* Lack of fit (LOF) significant; target: LOF p-value > 0.10 insignificant; p-value < 0.05: significant. ! 2FI = two-factor
interaction.

All eight responses revealed significant models. Although some responses marked
with asterisks* showed a significant lack of fit (LOF), these were included in the analysis
due to the significant p-values. However, only three-dimensional (3D) plots were created
for significant models with insignificant LOF.

In addition to the responses to be optimized in the RSM, the results of the standard
analytical methods from Section 2.4.1 are depicted below. The analytical results of ethanol,
apparent attenuation, and pH values of the 20 samples depicted in Table 4 showed correla-
tions depending on the selected fermentation parameters.

Regarding the ethanol content, the general trend was that the higher the original
gravity and the temperature, the higher the ethanol content. In case a lower pitching rate
was used, correspondingly less ethanol was produced by the yeasts. Conversely, the higher
the pitching rate, the higher the ethanol content. With the exception of Run 13, all beers
were below 0.5% (v/v) ethanol content. The low ethanol contents can be explained by the
fact that the yeast species C. saturnus is known to be maltose- and maltotriose-negative [11].
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Table 4. Analyzed values of original gravity (°T’), ethanol (% v/v), apparent attenuation (%), and pH
value in the 20 beers fermented with parameters of the response surface methodology (RSM) design.

Run Original Gravity (“P) Ethanol (% v/v) Apparent Attenuation (%) pH Value Beer
1 6.90 0.26 7.6 4.83
2 8.90 0.48 7.6 4.76

3* 8.94 0.29 6.4 4.86
4 6.88 0.18 52 4.93
5 8.88 0.15 33 5.00
6 10.84 0.29 5.1 491
7* 8.95 0.27 5.8 4.87

8 8.89 0.26 57 4.88
9 6.89 0.19 5.5 4.89

10* 8.86 0.28 6.2 4.91
11 8.92 0.32 6.9 4.86
12 6.89 0.11 33 5.01
13 10.81 0.63 8.8 4.88
14 10.87 0.14 25 5.10
15 10.79 0.20 3.6 4.99
16 8.90 0.16 3.4 5.00
17 10.79 0.48 85 4.75
18 6.88 0.35 10.1 4.74

19* 8.90 0.25 5.5 4.89

20 8.87 0.29 6.4 4.85

* Center points.

The situation was similar for the apparent attenuation. Since the apparent attenuation
and the ethanol content are directly related, this behavior was to be expected. The lower the
original gravity, the fewer sugars are available for the yeast, so that correspondingly fewer
sugars can be converted into ethanol and carbon dioxide. It is interesting to note that at a
fermentation temperature of 12 °C, the yeast activity was consistently weak, irrespective of
the original gravity. Only with increasing fermentation temperatures was there an increase
in the yeast metabolizing the available wort sugars. The strongest activity within the
selected temperature range was at the maximum of 28 °C.

Evaluating the pH values of the beers, a linear correlation can be assumed between the
original gravity and the temperature. A lower yeast pitching rate resulted in a higher pH
value, while the pH value decreased as the pitching rate increased. The stronger pH drop
at higher fermentation temperatures can be attributed to the fact that the yeasts form more
fixed and volatile organic acids due to their higher fermentation activity [34]. Nevertheless,
it could be assumed that the pH drop would be correspondingly stronger at an original
gravity of 11 °P than at 7 °P due to the higher substrate concentration, which was not the
case. The yeast species C. safurnus, as already mentioned, can only metabolize glucose,
fructose, and sucrose. Since these three sugars are only present in small amounts in the
wort (7-9% hexoses, 3% sucrose [34]), the pH drop was relatively weak compared to a
conventional brewing yeast such as Saccharomyces cerevisiae, which causes a pH drop in the
beer to 4.2-4.6 [35].

As Table 5 depicts, out of the ten quantitated fruit esters, ethyl acetate, isoamyl
acetate, 2-phenylethyl acetate, ethyl hexanoate, and, to some extent, isobutyl acetate,
ethyl butanoate, and ethyl octanoate were formed in concentrations above the limit of
quantitation. Considering the relevant seven fruit esters analyzed in Figure 1, the 3D
diagram illustrates the relationship between original gravity, temperature and the sum of
esters concentration at a pitching rate of 15 x 10° cells/mL.
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Figure 1. Three-dimensional (3D) diagram of the quadratic correlation between original gravity
(°P), temperature (°C), and the sum of esters concentration (mg/L) of the beers at a pitching rate of
15 x 10° cells/mL.

It is particularly interesting that the concentration of the sum of esters was only slightly
dependent on the original gravity, as it showed an increasing tendency with decreasing
original gravity, which would not have been expected based on existing literature. The
higher the original gravity, the higher the concentration of nitrogen, fermentable sugars,
and unsaturated fatty acids. These are required for ester synthesis, since fusel alcohols are
formed via nitrogen metabolism and acetyl-CoA via sugar and lipid metabolism, which,
in turn, react via ester synthase to form fatty acid esters. Accordingly, with increasing
original gravity, more substrate is available for ester synthesis [23,34]. C. saturnus TUM 247
exhibited a different metabolism to conventional brewing yeasts, since the investigations
showed that the original gravity had almost no influence on ester formation. There was
even a tendency for more esters to be metabolized at lower original gravity. Thus, the
highest concentration of the sum of esters was measured at 7 °P original gravity and at a
pitching rate of 5 x 10° cells/mL (cf. Table 5), which was not to be expected as the literature
explains that higher pitching rates often lead to higher ester concentrations [34,36,37]. Up
to a pitching rate of approximately 18 x 10° cells/mL, the concentration of the sum of esters
decreased continuously and independently of temperature. Regardless of the pitching
rate and the original gravity, the ester peak was always between 20 and 22 °C. Up to
22 x 10% cells/mL the total ester concentration increased slightly in the higher investigated
original gravity concentrations, so that from these cell numbers the ester concentrations
were almost independent of the selected original gravity range between 7 and 11 °P. Above
22 x 10° cells/mL, the total esters in the beers increased again, although at the maximum
applied cell count of 25 x 10° cells/mL and 7 °F, this was still approximately 1.5 mg/L
lower than at 5 x 10° cells/mL at unchanged temperature as well as original gravity.
Nevertheless, a similar observation was made in a study by Bellut et al. [10] in which a
Cyberlindnera subsufficiens also exhibited enhanced fruitiness in beer at a comparatively
low pitching rate. However, this was at a pitching rate of 1 x 107 cells/mL. Measured on
the basis of regular beers containing alcohol, only the isoamyl acetate concentrations were
in the range of the flavor threshold concentration, which is at approximately 1.2 mg/L,
causing fruity, banana, pear, and also solvent-like flavors [14,38-40]. Nevertheless, due to
the low alcohol concentrations and the associated low concentrations of higher alcohols,
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it could be assumed that the flavor threshold concentrations are significantly lower for
these kinds of beers. Accordingly, a solvent-like, fruity and sweet flavor could occur
due to the presence of ethyl acetate, whereas 2-phenylethyl acetate leads to floral, honey,
apple-like flavor impressions [41,42]. While ethyl acetate is increasingly formed by the
yeasts at higher fermentation temperatures, the pitching rate had a significant influence as
well. For the selected range, it could be determined that the higher the pitching rate, the
higher the ethyl acetate concentration in the beer. Interestingly, the opposite conclusion
could be drawn for isoamyl acetate with regard to the pitching rate. In addition, a lower
original gravity resulted in higher isoamyl acetate concentrations, and, just as with ethyl
acetate, higher temperatures also led to increased formation of the ester. 2-phenylethyl
acetate was formed most strongly by the yeast at a fermentation temperature of 20 °C and
decreased with both increasing and decreasing fermentation temperatures. The original
gravity only played a subordinate role, since only a slightly higher 2-phenylethyl acetate
formation was recorded at lower original gravity than at higher concentrations. Similar
to the isoamyl acetate formation, a lower pitching rate led to higher 2-phenylethyl acetate
concentrations in the beers. It is noticeable that the trend continued between pitching rates
of approximately 5 to 20 x 10 cells/mL. Above 20 x 10° cells/mL, the flavor compound
concentration increased again up to the observation limit of 25 x 10° cells/mL.

Looking at the sum of the organic acids analyzed, which are composed of isovaleric,
hexanoic, octanoic, and decanoic acid, Table 5 shows that, apart from isovaleric acid, all
other quantitated acids were below the limit of quantitation and, thus, seemed not to effect
the beers. However, the isovaleric acid concentration varied among the beers. Figure 2
shows the quadratic correlation of the original gravity and fermentation temperature in the
isovaleric acid concentration of the beers at a pitching rate set at 15 x 10° cells/mL.

Isovaleric acid (mg/L)

28
24

20

16 A: Temperature (°C)

7 12

Figure 2. Three-dimensional (3D) diagram of the quadratic correlation of original gravity (°P),
temperature (°C), and isovaleric acid concentration (mg/L) of the beers at a pitching rate of
15 » 10° cells/mL.

It was not possible to ascertain a dependence of the isovaleric acid concentration on
the original gravity. However, the fermentation temperature and the pitching rate played
a significant role. Rising temperatures between 12 °C and 24 °C led to an increase in
isovaleric acid production by the yeast. A plateau can be seen at fermentation temperatures
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between 24 °C and 28 °C. The lower the selected pitching rate, the less isovaleric acid was
formed (cf. Table 5). However, at a pitching rate of 15 x 10° cells/mL, the concentration
did not increase further in the beers. One possible reason for this could be that certain
amino acids were depleted from the wort and were, therefore, no longer available for
yeast metabolism, as isovaleric acid is a by-product of the amino acid metabolism formed
from leucine during catabolic pathway [43]. In regular beers containing ethanol, the flavor
threshold concentration of isovaleric acid is at 1.5-2.5 mg/L, which was not measured
in any of the beer samples. The maximum concentration was 1.3 mg/L. In addition, it is
known from literature that isoamyl acetate has a masking effect on isovaleric acid and,
therefore, based on the measured values, it could be assumed that isovaleric acid had no
influence on the beers by exposing a cheesy or rancid flavor impression [38,44].

Higher alcohols were present in lower concentrations at lower fermentation tempera-
tures, regardless of the original gravity, and increased linearly with increasing temperature
as well as increasing pitching rate (cf. Table 5). Acetaldehyde and diacetyl in the beers
behaved similarly. While acetaldehyde in regular beers leads to fruity, green apple, grassy
flavors only at concentrations above 10 mg/L, the flavor threshold concentration for di-
acetyl is 0.10 to 0.15 mg/L, causing a butter-like flavor [20,38]. The maximum value of
acetaldehyde was 2.1 mg/L (cf. Table 5), which is far below the flavor threshold concen-
tration. The situation was different for diacetyl. With values of up to 0.19 mg/L, diacetyl
reached concentrations above the flavor threshold concentration. The diacetyl concentra-
tion of Run 2 at 0.29 mg/L was excluded as it was an outlier based on statistical analysis
(cf. Table 5). Nevertheless, a sensory input could not be excluded and was investigated in
the further course of the study. Looking at the 3D diagram in Figure 3, there is a visible
linear correlation between the original gravity and the fermentation temperature on the
diacetyl concentration.
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Figure 3. Three-dimensional (3D) diagram of the linear correlation of original gravity (°P), tempera-
ture (°C), and diacetyl concentration (mg/L) of the beers at a pitching rate of 15 x 10° cells/mL.

The lower the selected pitching rate, the lower the measurable diacetyl concentration
in the beers (cf. Table 5). While the influence of the original gravity was negligible, the
fermentation temperature had a decisive influence. The 3D diagram clearly depicts that
significantly less diacetyl was formed at a fermentation temperature of 12 °C than at 28 °C.
The reason for this is that higher fermentation temperatures lead to stronger yeast growth,
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which, in turn, results in initially higher diacetyl production rates. Although diacetyl would
be degraded more rapidly again at higher temperatures in the course of maturation, the
short fermentation and maturation time of only seven days was not sufficient for this [45].
Moreover, the pH value was not optimal for the fastest possible diacetyl degradation, as the
beers had relatively high pH values (cf. Table 4). According to the literature, the optimum
pH value for acetoin dehydrogenase is 3.5 and this decreases steadily with increasing pH
values [46]. Thus, the diacetyl concentration increases linearly with increasing temperature
and pitching rate.

HS-GC-O, -FID, and -MS were performed on the beers listed in Table 1 to determine
which flavor compound beyond standard analysis (cf. Table 2) was causing the red berry-
and apple-like flavors in the beers. (E)-B-damascenone was clearly perceptible as red fruits
and apple in olfactometry and was perceived as very pleasant. Using this method, it was
possible to identify the odor-active compound qualitatively, although not quantitatively.
Therefore, in a further step, (E)-p-damascenone was quantitated by SIDA using a GC x GC-
MS system. The results are depicted in Table 6. As there was no significant difference
between the six center point samples based on the one-sample t-test, only Run 3 was
analyzed as the center point. This was the reason why Runs 7, 8, 10, 19, and 20 were
excluded for ANOVA in the context of the RSM.

Table 6. Concentrations of (E)-f-damascenone (pug/L) in the beer samples fermented according to
response surface methodology (RSM) design.

Run Conc. (E)-B-Damascenone ! (ug/L) Range (E)-B-Damascenone (ug/L)
1 0.873 0.787-0.941
2 1.01 0.967-1.06

3* 143 1.37-1.48
4 113 1.09-1.18
B 127 1.21-1.34
6 1.54 1.50-1.59
9 0.978 0.943-1.04
11 1.46 1.35-1.52
12 0.999 0.934-1.03
13 1.07 0.971-1.13
14 1.25 1.17-1.34
15 1.57 1.53-1.61
16 1.29 1.25-1.33
17 1.15 1.07-1.22
18 1.05 1.01-1.08

* Center point; I Mean of triplicates; coefficients of variation <9%.

A general trend is visible that the higher the pitching rate, the higher the (E)-g-
damascenone concentrations. The fermentation temperature played more of a subordinate
role, with lower temperatures tending to result in somewhat higher concentrations than
higher temperatures. The original gravity, on the other hand, had a significant influence
on the (E)-B-damascenone concentration, as the higher it was, the higher the measured
concentrations. These conclusions can only be drawn when Run 13 is considered an outlier.
Although the general variation is small, as can be seen Table 6, the p-value (<0.0058) for (E)-
B-damascenone (cf. Table 3) showed that the values were significant. As the linear model
showed a significant LOF, no 3D plot was created. Instead, a Pearson’s correlation was
created to determine the linear correlation between two variables, which is depicted in
Figure 4.
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Figure 4. Visualization of Pearson’s correlation of selected responses (fruitiness and (E)-g-
damascenone) and factors A, Temperature; B, Original Gravity; and C, Pitching Rate of the response
surface methodology (RSM) for the determination of linear correlations between two variables where
1 stands for a strong positive correlation, 0 for no correlation, and —1 for a strong negative correlation.

Pearson’s correlation confirmed that the pitching rate was positively correlating with
the (E)-B-damascenone concentration and that there was an even stronger positive correla-
tion between the original gravity and the (E)-B-damascenone concentration. The fruitiness
of the beers also showed a decisive positive correlation with the (E)-p-damascenone con-
centration. The raw data can be found in the supplementary material Figure S2.

Based on existing literature sources, it would have been assumed that (E)-f-damascenone
originated from precursors in the malt and was formed during and after the wort boiling
process [47]. Therefore, as described in Section 2.1, three different thermally treated worts
were analyzed for (E)-pf-damascenone. In the cooked wort (100 °C for 5 min), the (E)-g-
damascenone concentration stayed below the limit of quantitation. The sterilized wort
(100 °C for 45 min) exhibited a (E)-f-damascenone concentration of 0.634 ug/L on average
so that the thermal influence is visible. In a direct comparison to the sterilized wort, a mean
value of 1.01 pg/L was measured in the five beers from the RSM with an original gravity
of 7 °P. Accordingly, besides the thermal influence on the (E)-f-damascenone formation
in the wort, it could be assumed that the yeast strain TUM 247 formed about 0.4 pg/L
(E)-B-damascenone during fermentation. The thermal influence of the (E)-f-damascenone
formation becomes even clearer by considering the autoclaved wort (121 °C for 10 min). A
comparatively high concentration was determined at an average of 2.15 pg/L. To determine
if (E)-p-damascenone could actually be formed by the yeast strain during fermentation, an
additional triplicate fermentation experiment was performed based on the cooked wort
with the lowest thermal impact. Both the initial wort and the experimental beers were
analyzed by SIDA using a GC x GC-MS system. While <0.1 ug/L (E)-B-damascenone was
detected in the wort, a concentration between 0.451 and 0.571 ug/L was measured in the
three beers. It is, therefore, reasonable to assume that the yeast strain TUM 247 was able to
form (E)-p-damascenone during fermentation.

3.2. Sensory Evaluation Results

As described in Section 2.5, due to the large number of samples, a composite sample
was prepared from the six center points, each in equal proportions. This was statistically
possible as, using a one-sample t-test at « = 0.05, there were non-significant differences in
the center point samples. Table 7 shows the sum of the DLG ratings as well as the fruitiness
in percent (n = 12) of the 15 beers fermented with different parameters. As the LOF of the
DLG ratings and fruitiness was insignificant within the scope of the RSM (cf. Table 3), no
3D diagrams were created.
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Table 7. Sensory evaluation results as sum DLG and fruitiness (%) of 15 beer samples with six center
points summarized as composite sample (CS).

Run Sum DLG Fruitiness (%)
1 425 53
2 4.60 68
cs* 4.70 68
4 423 50
5 4.60 65
6 4.50 68
9 432 57
11 4.63 62
12 3.93 38
13 4.65 77
14 4.67 75
15 4.70 68
16 4.48 62
17 4.60 73
18 440 63

* CS (Composite sample).

Regarding the sum of DLG points, at a pitching rate of 15 x 10° cells/mL, the fer-
mentation temperature had more of a subordinate influence, while the sum of DLG points
increased with increasing original gravity up to 11 °P and was decidedly good with around
4.7 out of a total of 5.0 possible points. By reducing the pitching rate, the DLG sums de-
creased, while with an increasing pitching rate the DLG sums continued to rise, especially
in the lower original gravity ranges between 7 and 9 °P. As off-flavors in beer lead to a
devaluation in the DLG evaluation, it can be assumed, based on the results, that diacetyl
had no negative influence. Diacetyl concentrations above the flavor threshold concentra-
tion were measured, especially at high fermentation temperatures and high pitching rates
(cf. Table 5 and Figure 3). Nevertheless, the beers with high pitching rates, in particular,
received the best DLG ratings, while the fermentation temperature had hardly any influ-
ence. Thus, neither diacetyl could be perceived as a buttery off-flavor, nor was found to be
pleasant in the beers, without exception. Isovaleric acid also did not seem to affect the beer
flavor negatively, as the beers with higher isovaleric acid concentrations were rated very
good in the DLG testing. In terms of the fruitiness of the beers, the selected fermentation
temperatures between 12 and 28 °C had little influence. Only a slight drop in fruitiness
could be observed at lower temperatures. As with the sum of DLG points, however, the
original gravity played a decisive role, and the fruitiness increased linearly from 7 °P to
11 °P. A change in the pitching rate did not cause any significant alteration in fruitiness.

Considering the results of the descriptive tasting with predetermined flavor attributes
(raw data can be found in the supplementary material Table S3), the correlations with
the 15 beers can be seen in Figure 5 as a Principal Component Analysis (PCA) plot. The
odor activity values (OAV) of (E)-f-damascenone, isoamyl acetate, ethyl hexanoate, 2-
phenylethyl acetate, and acetaldehyde were included in the statistical analysis to determine
whether there was a direct correlation between the flavor attributes identified during the
sensory evaluation and the five analyzed secondary metabolites. As mentioned in the
introduction, (E)-B-damascenone, isoamyl acetate, ethyl hexanoate, 2-phenylethyl acetate,
and acetaldehyde are possibly known to be responsible for apple-like flavors. Although
ethyl octanoate and ethyl decanoate can also refer to apple-like flavors, their OAVs < 1
are unlikely to cause a noticeable effect on the beer flavor in comparison to the other five
flavor compounds. The OAVs are depicted in Table 8. They are calculated as the ratio of
the concentration to the orthonasal odor threshold concentration in water.

110



Results (Thesis publications)

Foods 2022, 11, 1038 17 of 24
-0.4 -0.2 0.0 0.2 0.4
T T T T T T
16 - 0.4
2 4
<) OAV iso 402
a\ -
% Honey,
o B
E #50lvent
o~ 0 DAV 2-Phenylethyl acetate® ®OAV Ethyl hexa 0.0
U Watery/palee OAV ‘; ; 14
(a9 ®Cheesy 5
Applee
2 o
27 18
OI}Prr:.-' 13 1 '0-4
T T T T T T T T T T
-3 -2 -1 0 1 2 3

PC 1 (68.83%)

Figure 5, Principal Component Analysis (PCA) biplot with two principal components PC 1 and PC
2 showing the correlation of the 15 beers produced with the yeast strain C. saturnus TUM 247 as
loading plot and the flavor characteristics described by the sensory assessors as well as odor activity
values (OAV) of (E)-p-damascenone, isoamyl acetate, ethyl hexanoate, 2-phenylethyl acetate, and
acetaldehyde.

Principal Components (PC) 1 and 2 cover 83.36% of the variation in the data, which
represents a high share. The flavor attributes cheesy, solvent, and watery/pale have no
correlation with the beers, so they are not significant. Since isovaleric acid contributes to a
cheesy flavor it can be assumed that this substance did not affect the flavor of the beers.
Similarly, the OAVs of 2-phenylethyl acetate as well as ethyl hexanoate showed no direct
correlation with the evaluated flavor attributes of the beers. A majority of the beers had a
slight banana flavor, while pear was clearly perceived in many beers and was strongest
in the center point composite sample (CS) and in sample Run 1. A cool mint sweet flavor
was detected primarily in beers from Runs 9, 11, 12, and 16 where a direct correlation with
the OAV of isoamyl acetate could be observed. In addition, a direct correlation between
the OAV of isoamy] acetate and the flavor attributes banana and pear perceived by the
tasters was shown. A honey flavor was also recognized in these samples, however, only to
a weak degree. It could not be assigned to any secondary metabolite investigated in the
PCA. (E)-B-damascenone, 2-phenylethyl acetate, and isobutyl acetate could be responsible
for the slightly honey-like character based on the results of the investigations [41,42,48-51].
Even though the three substances could not be clearly identified as honey-like by olfac-
tometry and showed no correlation in the PCA, an additive or synergistic effect might
be possible [52,53]. Furthermore, phenylacetaldehyde is known for its honey-like flavor,
however, it was not analyzed in this study [54].
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Table 8. Odor activity values (OAV) of the flavor compounds (E)-f-damascenone, isoamyl acetate,
ethyl hexanoate, ethyl octanoate, ethyl decanoate, 2-phenylethyl acetate, and acetaldehyde.

OAV1!
Run (B)-p- Isoamyl Ethyl Ethyl Ethyl z
Damascenone Acetate Hexanoate Ocanoate Decanoate Phenylethyl  Acetaldehyde
Acetate
1 150 190 17 <1 <1 2.0 88
2 170 110 17 <1 <1 1.0 110
cs* 240 150 17 <1 <1 1.8 97
4 190 110 25 <1 <1 1.4 100
5 210 97 25 <1 <1 1.1 75
6 260 140 17 <1 <1 1.7 75
9 160 260 25 <1 <1 1.9 110
11 240 180 17 <1 <1 1.9 110
12 170 180 25 1.1 <1 1.6 81
13 180 110 8.3 <1 <1 1.1 130
14 210 170 25 <1 <1 1.4 75
15 260 97 25 <1 <1 1.2 88
16 220 380 17 1.1 <1 31 94
17 190 180 17 11 <1 1.2 110
18 180 110 17 <1 <1 1.3 110

* CS (Composite sample). ! The OAVs are calculated as a ratio of the concentration to the orthonasal odor
threshold concentration in water. The orthonasal odor threshold concentrations in water are for (E)-f-damascenone
0.006 pg/kg, isoamyl acetate 7.2 pg/kg, ethyl hexanoate 1.2 ug/kg, ethyl octanoate 8.7 ug/kg, 2-phenylethyl
acetate 360 pg/kg, and acetaldehyde 16 pg/kg [16].

According to the PCA, there was a direct correlation between the apple and berry
flavors, which were perceived primarily in the beers from Runs 4, 6, 13, and 18, occurring
in conjunction with the berry flavor being much stronger than the apple flavor. Beers
from Runs 2, 5, 14, 15, and 17 were also dominated by a light apple and stronger berry
flavor. A direct correlation is visible between apple and berry flavor with the OAV of
(E)-p-damascenone. The results from GC-O associated with PCA suggest that the berry
and apple flavors can indeed be attributed to the metabolite (E)-f-damascenone. The
influence of acetaldehyde was negligible although the OAVs from Table 8 might have
suggested an effect. In this case, it must be considered that the orthonasal odor threshold
concentrations are related to individual flavor compounds in water, while the tasters
perceived the complex flavor interplay in the beers. It has already been discussed that the
acetaldehyde concentrations were far below the flavor threshold concentration in beer, and
there is also the possibility that it was masked by other flavor substances.

3.3. Optimization Using RSM

Based on the analyses of ethanol, secondary metabolites, and sensory evaluation, the
aim was to produce a beer with optimized properties. Since the focus was on the production
of a non-alcoholic beer, the optimized beer should have the lowest possible ethanol content.
At the same time, the DLG sum and the fruitiness of the beer should be maximized. Since
isoamyl acetate with the flavor attributes of banana and pear is decisive for a fruity flavor,
the aim was to maximize the concentration of this ester as well as the sum of esters. As
(E)-p-damascenone had a direct correlation to the flavor characteristics apple and berry,
its concentration should also be maximized as far as possible. In contrast, the aim was
to minimize isovaleric acid and diacetyl concentrations to avoid undesirable off-flavors.
To meet these specifications with a desirability of 66.5%, the optimization would reach the
predicted interval shown in Table 9 at a fermentation temperature of 16.1 °C, an original
gravity of 10.5 °P and a pitching rate of 5 x 10° cells/mL.
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Table 9. Validation of response surface methodology (RSM) model of selected responses with a
two-sided predicted interval (PT) of 95%. Values based on triplicates.

. Predicted Observed Standard o o .

Response Unit Mean Mean Deviation 95% PI Low 95% PI High
3 Esters mg/L 32 6.1 0.18 273 3.57
Isoamyl acetate * mg/L 12 3.8 0.22 0.88 1.59
Isovaleric acid mg/L 0.73 0.53 0.08 0.56 0.90
Diacetyl mg/L 0.09 0.08 0.02 0.06 0.12
(E)-B-damascenone * ug/L 1.30 141 0.14 1.07 1.54
Ethanol * % (v/v) 0.19 0.19 0.04 0.13 0.26
Fruitiness * Yo 71 87 3.67 64 76
Sum DLG * points 4.62 4.61 0.08 4.45 4.78

* Significant models with significant LOF (lack of fit).

Although asterisk labelled responses showed a significant LOF, in case of (E)-f-
damascenone, ethanol, and sum DLG, the observed mean was within the predicted interval
(PI). Only the isoamyl acetate concentration was almost three times higher than the pre-
dicted mean. However, since the aim of the optimization was to maximize the isoamyl
acetate concentration, this was achieved by means of the selected fermentation parameters.
The same applies to the fruitiness. Although the sum of esters showed an insignificant LOF,
the analyzed value in the application case was almost twice as high as the predicted mean,
so that the objective was also exceeded here. Nevertheless, the desired maximization
was reached. The PI was not met for isovaleric acid. Still, since the specified target was
to minimize the concentration, this target was exceeded while diacetyl stayed within
the PL. Consequently, the optimized fermentation parameters, a moderate fermentation
temperature, a low pitching rate, and—related to non-alcoholic beers—relatively high
original gravity, delivered the desired results and even exceeded them in a positive way.
Based on the desirability of 66.5%, it was expected that the predicted means would not
be fully met within a 95% confidence interval. In fact, 50% of the values were within the
predicted confidence interval, with the other values positively exceeding the prediction. In
the supplementary material Table 54 and Figure S3, the tasting results of the predetermined
flavor attributes of the optimized beer (mean values of triplicates) can be found including
a spiderweb model showing the flavor profile. Compared to the beers Runs 1-20, in the
optimized beer, the banana flavor in particular was much more noticeable and supported
the strong fruitiness. This finding from the tasting is consistent with the high concentration
of isoamyl acetate.

4, Discussion

As this study focused on (E)-f-damascenone, the associated findings and their implica-
tions are discussed below in the broadest context possible. The investigations of this study
revealed that the flavor substance (E)-f-damascenone correlated with the apple and red
berry flavor and, thus, contributed significantly to these flavor characteristics. Although
(E)-p-damascenone is a well-known secondary metabolite in beer, and this substance is
associated with apple or cooked apple- and berry-like flavors, it has not yet been reported as
a main flavor component in non-alcoholic beers that contributes to berry flavors. A useful
process proved to be first qualitatively analyzing which flavor component was causing the
apple- and berry-like character in the beers using GC-O and subsequently quantitating
the identified flavor substance (E)-B-damascenone by SIDA using a GC x GC-MS system.
Although (E)-p-damascenone is predominantly associated with the apple or cooked apple
flavor impression in the literature, further sources describe the flavor substance as fruity,
peach-, rose-, and honey-like [12,13,15,47 48]. In general, (E)-f-damascenone is found
naturally in various fruits [12,55]. The applied PCA clearly showed that the apple-like
flavor detected during the sensory evaluations in this study could be associated with the
presence of (E)-f-damascenone. Although it was already described in the introduction
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that numerous volatile substances are known to be responsible for apple flavor, no other
correlations except for (E)-S-damascenone could be detected.

The fact that (E)-p-damascenone was perceived even more distinctively as a red berry
flavor by the sensory assessors was also in agreement with existing literature. Gijs et al.
described the flavor compound as red fruits, strawberry, and rhubarb [21]. Moreover, Saison
et al. designated the flavor of the substance as red fruits, with attributes such as coconut
and tobacco mentioned as well. The fact that less pleasant flavor impressions are partly
associated with (E)-B-damascenone could be due to the fact that this secondary metabolite
is often related to the aging of beers and is, therefore, used as an aging indicator [12,19,20].
Nevertheless, this study illustrates that the compound can be perceived as very pleasant.
In addition, studies confirm that although (E)-f-damascenone may be an aging indicator,
due to this, it does not necessarily have a direct sensory impact on the deterioration of the
beer during the aging process [12,55]. Moreover, the concentration of (E)-p-damascenone
is, thereby, decisive for the perceived character [56].

Due to its low orthonasal odor threshold concentration in water (0.006 pug/kg), only
small amounts are required to perceive an impact by (E)-f-damascenone on the overall
flavor, which was already demonstrated in different types of beers [16,41,57]. A study by
Chevance et al. [58] explained that in a series of fresh Belgian beers, only low levels of
(E)-B-damascenone of 6-25 ug/kg were found, which increased up to 210 pg/kg during
aging. High concentrations of 450 ug/kg also occurred in investigations of the wort; how-
ever, these were reduced in the course of fermentation. The same phenomenon occurred
not only in brewer ‘s wort, but could also be detected in a papaya juice substrate. Inter-
estingly, different C. saturnus yeast strains reduced (E)-p-damascenone from papaya juice
to trace levels during fermentation [13]. During this study, the opposite occurred. While
<0.1 ug/L (E)-p-damascenone could be detected in the cooked brewer’s wort (100 °C for
5 min), the concentration range in the beers was between 0.451 and 0.571 pg /L. Thus, the
concentration of (E)-f-damascenone did not decrease during the fermentation process, but
increased instead. The fact that (E)-f-damascenone can also be formed during fermenta-
tion was also described in a wine study by Lloyd et al. [59], in the context of which six
different grape musts were examined for this secondary metabolite. Without exception,
the concentration in each sample increased over the course of fermentation, demonstrating
that (E)-p-damascenone occurred via a sequential two-step process that required not only
acidic conditions, but also yeast activity. Although the formation of (E)-p-damascenone
by acid hydrolysis cannot be excluded in the context of this study, it is possible that the
yeast metabolism of C. saturnus could also be responsible for its formation. However, the
exact pathway of (E)-B-damascenone formation during fermentation cannot be explained
so further research would need to be conducted in the future. In the literature, different
pathways are described regarding the formation of the secondary metabolites [15]. It was
reported that (E)-S-damascenone can be formed by oxidative cleavage from the carotenoid
neoxanthin or from acid hydrolysis of plant secondary metabolites /glycosides during
beer aging [48,55,58,60]. During wort boiling, it was observed that (E)-f-damascenone
was mainly formed by the acid hydrolysis of glycoside precursors [21], though studies by
Chevance et al. showed that the acid-catalyzed hydrolysis of glycosides in beer hardly
occurred at a pH above 4.2 [58]. Nevertheless, it is likely that, in our study, the increasing
(E)-B-damascenone formation in the brewer’s wort with increasing thermal input is due to
acid hydrolysis. In terms of the (E)-B-damascenone formation during fermentation in our
study, it is questionable whether acid-catalyzed hydrolysis of glycosides occurred. Since
the pH values of the non-alcoholic beers were above 4.2 without exception (the lowest
value was 4.74, cf. Table 4), this pathway is less likely based on the literature. Nevertheless,
an oxidative reaction that may occur during beer aging is also questionable due to the
freshness of the beers. Therefore, it can be assumed that yeast activity may have played a
role in the formation of (E)-f-damascenone.
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5. Conclusions

The main objective of this study was achieved, namely, to find out which volatile
components the red berry as well as the apple flavor of the non-alcoholic beers produced
with the yeast strains C. saturnus TUM 247 can be attributed to and which volatile substances
were responsible for the overall fruity flavor. (E)-f-damascenone turned out to be a main
flavor component of the red berry and apple flavor. The general fruitiness, besides (E)-p-
damascenone, was mainly determined by isoamyl acetate, which was clearly assigned to
the flavor characteristics pear, banana, and cool mint sweets. The influence of different
fermentation parameters could be investigated and successfully optimized within the
framework of response surface methodology by setting a maximum fruitiness without
perceptible off-flavors during sensory evaluations. In addition, the aim of achieving the
lowest possible ethanol content was reached. It should be emphasized with regard to
yeast cell metabolism that C. saturnus TUM 247 can produce the highest ester quantity at
a low pitching rate of 5 x 10° cells/mL, almost regardless of the original gravity and at
a moderate fermentation temperature. If the pitching rate increased, the sum of esters in
the beers decreased, which is in contrast to the behavior often observed for traditional
brewer’s yeasts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /foods11071038 /51, Sequence S1: Cyberlindnera saturnus TUM 247
26S sequence data from sequencing with NL1 primer, Table S1: Static headspace (HS) conditions,
Table S2: One-sample f-test results of selected analyzed values of the six center point beers (Runs 3,
7. 8,10, 19 and 20) determined for response surface methodology, Figure S1: Additional graphical
representation of secondary metabolites analyzed by standard methods according to MEBAK in the
20 beer samples fermented according to RSM design, Figure S2: Pearson’s correlation of selected
responses (fruitiness and (E)-p-damascenone) and factors A: Temperature, B: Original Gravity and C:
Pitching Rate of the RSM for the determination of linear correlations between two variables where 1
stands for a strong positive correlation, 0 for no correlation and —1 for a strong negative correlation,
Table 53: Predetermined flavor attributes for the tasting of the 15 beer samples. Numbers indicate
how many sensory assessors recognized the specific flavor in the corresponding beer (n = 12), Table 54
+ Figure S3 (Spiderweb): Predetermined flavor attributes for the tasting of the optimized beer sample
(mean values of triplicates). Numbers indicate how many sensory assessors recognized the specific
flavor in the beer (n = 12).
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2.5 Publication 5: Investigations into metabolic properties and selected nutritional metabolic
byproducts of different non-Saccharomyces yeast strains when producing nonalcoholic beer

NABs produced by using maltose-negative or weakly fermenting non-Saccharomyces yeasts are be-
coming increasingly important due to their novel, positive flavor profiles. While Saccharomycodes lud-
wigii is already known as a commercial yeast species for the production of NABs, the safety consider-
ations for the other yeast strains that were identified as promising in publications 2 to 4 have not yet
been conclusively clarified. Although the yeast species investigated in the publications 2 to 4 were
known from previous studies and/or existing food fermentations, only yeast strains that hold either
GRAS (Generally Recognized As Safe) status by the US Food and Drug Administration (FDA) or QPS
(Qualified Presumption of Safety) status by the European Food Safety Authority (EFSA) should be used
in food fermentations.

Biogenic amines, for example, are an important aspect of the safety assessment. Moderate concentra-
tions of about 50 mg/kg food are considered safe, but negative health effects can occur if these
amounts are exceeded. For this reason, nine selected biogenic amines from beers fermented in 300 mL
unhopped 12 °P wort each at 20 °C and a pitching rate of 30 x 10° cells/mL were analyzed with the 15
yeast strains from publication 2. In addition, a positive control and two reference beers fermented
with S. ludwigii SL17 and Saccharomyces cerevisiae TUM 68 were analyzed. With the exception of the
positive control, the concentrations of biogenic amines remained below the limit of determination of
5.0 mg/Lin all beer samples. Thus, a negative influence on health by the analyzed biogenic amines can
be excluded when using the investigated yeast strains for beer production.

In order to gain further insights into the safe use of the 15 yeast strains mentioned, stress tolerance
tests were carried out. At 37 °C, the physiological growth of the yeasts was investigated. Cyberlindnera
fabianii, Kluyveromyces marxianus, Lachancea kluyveri, Pichia kluyveri, Saccharomycopsis fibuligera
and Schizosaccharomyces pombe showed growth at 37 °C and were subsequently tested in vitro for
human gastric tolerance. All yeast strains survived the in vitro stress test with viabilities above 90%.

However, NABs fermented with non-Saccharomyces yeasts not only pose safety concerns, but also
offer potential for positive health effects. Beers are generally known to have relevant B vitamin con-
centrations. These were analyzed in this publication for the beers and yeasts S. lud SL17, C. sat CSal,
C. Sat 247, and K. mar 653. B vitamin concentrations of both propagated and sedimented yeasts were
measured as well as in the beers that were fermented without pressure at 20 °C and a pitching rate of
15 x 10° cells/mL for 144 h in 1,800 mL of 7 °P unhopped wort. All beers contained nutritionally rele-
vant amounts of B vitamins so they could serve as a supplement for a balanced diet. However, the B
vitamins most likely derived from the raw materials, as there was no evidence that the investigated
yeast strains could synthesize B vitamins via their own cellular metabolism.
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Abstract

Nonalcoholic beers are becoming increasingly popular, in part due to consumers’' awareness of a healthier lifestyle. Additionally,
consumers are demanding diversification in the product range, which can be offered by producing nonalcoholic beers using non-
Saccharomyces yeasts for fermentation to create a wide variety of flavors. So far, little is known about the nutritionally relevant byprod-
ucts that these yeasts release during wort fermentation and whether these yeasts can be considered safe for food fermentations. To
gain insights into this, the B vitamins of four different nonalcoholic beers fermented with the yeast species Saccharomycodes ludwigii,
Cyberlindnera saturnus (two strains), and Kluyveromyces marxianus were analyzed. Furthermore, a total of 16 beers fermented with dif-
ferent non-Saccharomyces yeast strains were analyzed for biogenic amines. Additionally, stress tolerance tests were performed at 37°C
and in synthetic human gastric juice in vitro. B vitamins were found in the four nonalcoholic beers in nutritionally relevant amounts
so they could serve as a supplement for a balanced diet. Biogenic amines remained below the limit of determination in all 16 beers,
and thus likely had no influence, while the stress tolerance tests gave a first indication that seven yeast strains could possibly tolerate

the human gastric juice milieu.

Keywords: non-Saccharomyces yeasts, fermentation, nonalcoholic beers, vitamin B, biogenic amines, stress tolerance tests

Introduction

Nonalcoholic beers are on trend. Market forecasts predict growth
and studies also indicate that this product sector has grown in
recent years (Bellut and Arendt 2019, Ahuja and Rawat 2020,
Kokole et al. 2021). There are various reasons for this develop-
ment, ranging from an increasingly healthier lifestyle to reli-
gious restrictions and consumer preferences (Salantd et al. 2020).
One option for producing nonalcoholic beers is to use maltose-
and maltotriose-negative non-Saccharomyces yeasts, which have
only a low fermentative activity based on this property. Accord-
ingly, these kind of yeast strains offer a simple way to pro-
duce nonalcoholic or low-alcohol beers. In a recently published
study by Methner et al. (2022), 16 different non-Saccharomyces
yeast strains were investigated for their suitability to produce
nonalcoholic beers with novel flavor profiles. Promising fla-
vor profiles emerged and their suitability for the production
of nonalcoholic beers was confirmed. An increasing number
of maltose-negative yeast strains have been investigated in re-
cent years to produce nonalcoholic beers with pronounced fla-
vor diversity. However, not much is known about the nutri-
tional properties of these beers such as B vitamins or biogenic
amines (BAs).

The B vitamin group is composed of eight different water-
soluble vitamins. These eight B vitamins act as coenzymes in nu-
merous catabolic and anabolic reactions and are indispensable
for optimal physiological and neuroclogical functions in human
metabolism. Kennedy summarized the key mechanisms, Recom-
mended Daily Allowance (RDA) and efficacy (Kennedy 2016). His
research reveals that thiamine (B,), riboflavin (B,), niacin (Bs), pan-
tothenic acid (Bs), pyridoxine (Bg), biotin (B;), and folate (Bg) are
mainly synthesized by plants, whereas cobalamin (By2) is synthe-
sized by bacteria. Moreover, yeasts may have the ability to syn-
thesize B vitamins. For example, it is known from existing studies
that brewer's spent yeast is rich in vitamins, especially Bs, Bs, and
Bs (Ferreira et al. 2010, Vieira et al. 2016). In this context, Saccha-
romyces cerevisiae was found to produce particularly high amounts
aof folate during yeast extract production ({Jacob et al. 2019). Regu-
lar beers produced by using traditional Saccharomyces yeasts have
already been analyzed for B vitamins, which may be present in
sufficient amounts to meet daily requirements (Bamforth 2002).
In a study by Mayer et al. (2001), moderate beer consumption was
even found to have certain positive health effects due to an in-
crease in folate and vitamin By, intake. Nevertheless, it remains
undisputed that ethanol can have a negative impact on health
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(Marten et al. 2020). Accordingly, nonalcoholic beer could provide
positive health benefits, given that B vitamins are present in sig-
nificant concentrations. Since all eight B vitamins are essential
for the human metabolism, they must be consumned through diet.
Little is known to date about the vitamin B composition of non-
alcoholic beers produced with maltose-negative yeast strains. As
the health trend steadily increases (Habschied et al. 2020), the pur-
pose of this study was to screen nonalcoholic beers for B vitamins.
A total of four nonalecholic beers were selected, which were pro-
duced with maltose-negative yeasts strains found in a previous
study to form particularly fruity flavors during wort fermentation
(Methner et al. 2022). These were the yeast strains Cyberlindnera
saturnus C. sat 247 and C. sat CSal as well as Kluyveromyces marxi-
anus K. mar 653. Additionally, a nonalcoholic beer produced with
the well-known and commercially used yeast strain Saccharomy-
codes ludwigii S. lud SL17 was chosen, which was also analyzed.

BAs also play a decisive role from a health perspective. For ex-
ample, they perform important tasks as messenger substances in
the neural system. However, intclerance, and thus adverse health
effects can occur if certain intake concentrations are exceeded
(European Food Safety Authority 2011, Bayerisches Landesamt far
Gesundheit und Lebensmittelsicherheit 2020). Moderate amounts
of about 50 mg/kg food are considered safe (Loret et al. 2005). Since
BAs can be formed during the fermentation process, there are nu-
merous studies on their occurrence in beers, which were summa-
rized in a review by Kalac and Krizek (2003). This states that it is
mainly bacterial contamination that leads to BA formation. Nev-
ertheless, Ternes (2007) found that the BAs putrescine, spermine,
and spermidine occur naturally in beer, whereas histamine, tyra-
mine, and cadaverine are formed by microbes. Few studies report
that yeasts such as 5. cerevisine and also several non-Saccharomyces
yeast strains are capable of synthesizing BAs in a species- or even
strain-dependent manner, which is why this formation pathway
should also be considered (Caruso et al. 2002, Torrea and Ancin
2002, Granchi et al. 2005, Beneduce et al. 2010, Wang et al. 2021).
Similar concentrations of BAs were found in alcoholic as well as
alcohol-free beers (Buiatti et al. 1995, Izquierdo-Pulido et al. 1996,
Kalac and Krizek 2003). In foods, the highest impartance is at-
tributed to the BAs histamine, putrescine, cadaverine, tyramine,
tryptamine, phenylethylamine, spermine, and spermidine (Shal-
aby 1996). In the aforementioned study by Methner et al. (2022),
a total of 16 different non-Saccharomyces yeast strains tumed out
to be suitable for producing nonalcoholic beers by means of mi-
crobiological manufacturing processes. To date, nothing is known
about the yeast species Cyberlindnera fabianii, Cyberlindnera mis-
umaiensis, C. saturnus, Kazachstania servazzii, Kluyveromyces lactis,
K. marxianus, Lachancea kluyveri, Pichia kluyveri, and Saccharomycop-
sis fibuligera with regard to the formation of BAs. For the yeast
species P. kluyveri, this assumption has already been made in the
literature (Landete et al. 2007, Vicente et al. 2021). Regarding the
yeast species Schizosaccharomyces pombe and 5. ludwigii, it is re-
ported from wine fermentations that they can even cause a re-
duction in BAs (Benito et al. 2015, Ivit et al. 2018). Only for Toru-
laspora delbrueckii it was reported that in winemaking this yeast
species might be able to slightly increase BA precursors (Benito
2018). Therefore, it was investigated in this study, whether the 16
specified yeast strains could release the most food-relevant BAs
during fermentation

Besides BAs, there are further factors that can lead to safety
concerns in the context of non-Saccharomyces yeasts for the pro-
duction of nonalcoholic beers. Thus, for reasons of precautionary
consumer protection, only yeasts that have been granted GRAS
(Generally Recognized As Safe) status by the US Food and Drug Ad-

ministration (FDA) or QPS (Qualified Presumption of Safety) sta-
tus by the European Food Safety Authority (EFSA) should be used
(Steensels and Verstrepen 2014, U.S. Food and Drug Administra-
tion 2017). While QPS status mainly considers the safety of the mi-
croorganism regardless of application, GRAS status refers to spe-
cific food applications. In the USA, micreorganisms hold GRAS sta-
tus if they have been commonly used in food applications before
1958, and thus are known to have a history of safe use (U.S. Food
and Drug Administration 2018). EFSA, on the other hand, grants
QPS status based on risk assessments of biological agents con-
ducted by the Panel on Biological Hazards (BIOHAZ; EFSA-BIOHAZ
Panel 2007, 2021). A more detailed overview of the differences be-
tween QPS and GRAS is provided in a review by Laulund et al.
(2017). Of the 16 yeast species investigated in this study, only three
species besides the reference yeast S. cerevisiae have QPS status: K.
lactis, K. marxianus, and S. pombe (Ricci et al. 2018). Unless yeasts
can grow at 37°C, potential pathogenicity is largely excluded. How-
ever, if yeasts are viable at 37°C, this does not necessarily mean
that the yeasts are pathogenic, as there may also be a potential
probiotic benefit, as is known for both S. cerevisiae var. boulardii and
S. cerevisiae (Gil-Rodriguez 2015, Lara-Hidalgo et al. 2017). How-
ever, before probiotic potential can be considered, it must be es-
tablished that microorganisms can be used without safety con-
cerns. Since few findings in this regard have been found in litera-
ture for the 16 yeast strains studied, they were tested to determine
whether they could grow at 37°C. In addition, they were subjected
to a stress tolerance test in synthetic gastric juice to gain initial
insights into their physiological properties.

The aim of this study was, therefore, to examine nonalccholic
beers fermented with selected non-Saccharomyces yeast strains for
selected BAs and B vitamins in order to make a statement about
these selected nutritionally relevant metabolic yeast byproducts.
Furthermore, the yeasts were investigated in vitro for certain phys-
iologically relevant properties to give an initial indication that
they can tolerate conditions in the human gastric system.

Materials and methods

Investigated yeast strains

Table 1 lists the yeast strains with the corresponding abbrevia-
tions that were investigated in this study. With the exception of
the yeast strain C. sat CSal, which is a proprietary strain of a spe-
cific brewery (provided for this study and stored at the Research
Center Weihenstephan, TUM), all other yeast strains can be pur-
chased commercially. The collection site from which the yeast
strains were obtained is indicated in the footnote of Table 1

Determination of vitamin B
A total of four selected non-Saccharomyces yeast strains from Ta-
ble 1, namely C. sat 247, C. sat CSal, K. mar 653, and S. lud SL17,
were inoculated from wort slant agars under sterile conditions
into 500 ml flasks each containing 250 ml of unhopped wort (7.0°P,
pH 5.5) that was prepared from malt extract (Weyermann®, Bam-
berg, Germany). After 72 h propagation at 20°C on a WiseShake or-
bital shaker (Witeg Labortechnik GmbH, Wertheim, Germany) at
80 rpm, the yeast suspensions were transferred to sterile 2500 ml
flasks containing 1800 ml of similar unhopped wort and propa-
gated for an additional 72 h. After propagation, the cell counts
were determined using the Cellometer® Vision (Nexcelom Bio-
science LLC, Lawrence, MA, USA).

The four yeast strains were selected as they were able to
form particularly positive flavor properties during fermentation
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Table 1. Yeast species and strain numbers with corresponding abbreviations used in this study.

Yeast strain number

Yeast strain abbreviation

Yeast species

CBS 5640 C. fab 5640
CBS 5650 C. fab 5650
TUM 238 C. mis 238
YHE837A-3D4 C. mis CM1
TUM 247 C. sat 247
CBS 4549 C.sat 4549
YHMH22AA-3H1 C.satCSal
YHMH47B-3C4 K. ser 3C4
TUM GIK K. lac GIK
TUM 653 K. mar 653
CBS 3082T L. klu 3082
YHAK1A-311 P klu PK1
TUM 68 S.cere8
TUM SL17 S, lud SL17
PIS6; Lu2/ S. fib Lu27
TUM G105 S. pom G105
YH824A-116 T. del 116

C. fabianii®
C. fabianii®
C. misumaiensis”
C. misumaiensis®
C. saturnus®
C. saturnus®
C. saturnus®
K. servazzii®
K lactis®
K. marxianus®
L. kluyveri*
P Kluyveri®
S. cerevisiae”

S, ludwigii®
S. fibuligera®
S, pombe®
T delbrueckii?

=Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands; bResearch Center Weihenstephan (BLQ), Freising, Germany; and “Private collection,

(Methner et al. 2022), and were then used to produce nonalco-
holic beers. In small-scale fermentations performed in triplicate,
1800 ml unhopped wort (7.0°P, pH 5.5) in 2000 ml sterile Duran
glass bottles (Schott AG, Mainz, Germany) were pitched each at
15 x 10° cells/ml (+ o = 1 x 10° cells/ml) and closed with glass
fermentation airlocks on top. To produce the wort, malt extract
(Weyermann®) was blended with distilled water in a wort kettle
to 7°P original gravity, boiled for 5 min and then cooled down to the
pitching temperature of 20°C using a plate cooler. A volume of 501
wort was pumped into a cylindroconical tank before 1800 ml was
filled into each of the 2000 ml bottles for the fermentations. Prop-
agation yeasts were centrifuged (Roto Super 40, Andreas Hettich
GmbH & Co. KG, Tuttlingen, Germany) in sterilized 500 ml PPCO
centrifuge bottles (Nalgene, Thermo Fisher Scientific, Waltham,
MA, USA) at 750 x g for 5 min and the supernatant was discarded
before pitching. The samples were incubated at 20°C for fermen-
tation. The fermentation time of 144 h was chosen based on previ-
ous experiments (Methner et al. 2022). Subsequently, the samples
were then transferred to cold storage at 2°C for another 96 h be-
fore performing the analytical analyses described in Table 2.
From the results obtained by the analytical methods shown in
Table 2, one-sample t-tests were performed using OriginPro 2020
as statistical software to evaluate whether the triplicates of each
beer were insignificantly different from each other. If there was
no significant difference in the one-sample t-test, it may be as-
sumed that a composite sample from the respective triplicates
would reveal a statistically significant result in the vitamin B anal-
ysis. Therefore, unless significant differences were found, compos-
ite samples from the triplicates were used for vitamin B analysis.
The four produced nonalcoholic beers and the corresponding
wort were measured for B vitamins, whereas the propagated yeast
and the sedimented yeast after fermentation were only quanti-
fied in case of the yeast strain S. lud SL17. SGS Institut Fresenius
GmbH analyzed the 7°P wort, propagated and sedimented yeast
of the yeast strain S. lud SL17 as well as its nonalecholic beer for
all B vitamins except folate using the methods listed in Table 3.
Additionally, pantothenic acid, biotin, and cobalamin of the three
nonalcoholic beers fermented with the yeast strains C. sat 247, C.
sat CSal, and K. mar 653 were determined by SGS Institut Frese-
nius GmbH according to the methods in Table 3. Since 5GS Insti-
tut Fresenius GmbH, Freiburg, Germany is accredited according to
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DIN EN ISO/IEC 17025, it was scientifically permissible to perform
single determinations of the selected B vitamins. Due to the ac-
creditation, the coefficients of variation were calculated from the
respective standardized methods and were used for the statistical
evaluation.

Prior to the quantification of B vitamins for the propagated and
the sedimented yeast, the samples were centrifuged for 10 min at
750 x g (centrifuge Z 366 K, HERMLE, Wehingen, Germany). The
supernatant was discarded and the yeast was resuspended with
20 ml sterile physiological NaCl solution to eliminate the influ-
ence of wort or beer. The washing procedure was repeated three
times before the analyses were performed.

Folate was analyzed in triplicate in the beer SL17, in the three
experimental beers 247, CSal, and 653, and in the propagated
and sedimented yeast of the yeast strain S. lud SL17 as fol-
lows. The folate extraction of the samples was performed un-
der dimmed light as described in Striegel et al. (2018). A total
af 100-150 mg of the yeast and 500 mg of the liquid samples
were used for extraction. For the quantification *Cs-PteGlu, 1Cs-
Hafolate, *Cs-5-CH,-Hyfolate, *Cs-5-CHO-Hyfolate, and “*Cs-10-
CHO-PteGlu were added in an equal amount of the expected con-
centration of the unlabeled analytes in the sample. For deconju-
gation, 900 ml chicken pancreas solution and 400 ml rat serum
were added to the sample. The preparation of the solutions for
deconjugation was performed according to Striegel et al. (2018).
After overnight incubation at 37°C, the samples were boiled in a
water bath at 100°C and 10 ml acetonitrile was added once the
samples had cooled down. The samples were purified by solid
phase extraction (SPE) before being measured by using LC-MS/MS.
The LC-MS/MS analysis was carried out on a Shimadzu Nexera
X2 UHPLC system (Shimadzu, Kyoto, Japan) with a Raptor ARC-
18 column (2.7 um, 100 x 2.1 mm, Restek, Bad Homburg, Ger-
many) and a Raptor ARC-18 precolumn (2.7 pum, 5 x 2.1 mm,
Restek) as a stationary phase. The mobile phase for the binary
gradient consisted of (A) distilled water with 0.1% (v/v) formic
acid and (B) acetonitrile with 0.1% (v/v) formic acid at a flow
rate of 0.4 ml/min. The LC-systern was coupled with a triple
quadrupole mass spectrometer (LCMS-8050, Shimadzu) and oper-
ated in positive ESI mode for all analytes. The specified settings as
wellas method validation have been described previously (Striegel
et al. 2018).
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Table 2. Analytical methods of the wort and the nonalcoholic beers according to MEBAK®.

Analysis Method

Device

Qriginal gravity, apparent
attenuation, and ethanol
content

pH MEBAK WEBM 2.13

MEBAK WBBM 2963

Bending vibration and NIR spectroscopy, Alcolyzer Plus
with DMA 5000 X sample 122 (Anton-Paar GmbH,
Ostfildern, Germany)

PH meter with pH electrade, ProfiLine pH3210 pH meter
(Xylem Inc., New York, NY, USA)

IMEBAK® (2012), Editor: Dr F. Jacob: The MEBAK collection of brewing analysis methods: Wort, beer, and beer-based beverages. Collection of methods of the Mit-

teleuropdischen Brautechnischen Analysenkemmission. Self-published by MEBAK.

Table 3. Analytical methods of vitamin B used by SGS Institut Fresenius GmbH, Freiburg, Germany, (accreditation according to DIN EN
ISO/IEC 17025) for wort, beer, and propagated as well as sedimented yeast.

Analysis

Method—wort/beer

Method—yeast

B;-Thiamine
B;-Riboflavin
Bs-Niacin
Bs-Pantothenic acid
Bg-Pyridoxine
B;-Biotin
By;-Cobalamin

DIN EN 14122, HPLC/FL
DIN EN 14152, HPLC/FL
AOAC 944 13, microbiological
AOAC 945 74, microbiological
DIN EN 14663, HFLC/FL
SOP M 3532, LC-MS/MS
AOAC 952.20/986.23, microbiological

DIN EN 14122, HPLC/FL
DIN EN 14152, HPLC/FI
AOAC 94413, microbiological
AOCAC 94574, microbiological
DIN EN 14663, HPLC/Fl
SOP M 655, microbiological, L. plantarum
AOAC 952.20/986.23, microbiological

Determination of BAs

For the analysis of BAs, yeast strains from slant agars were in-
oculated into 50 ml of sterilized wort made from unhopped malt
extract (Weyermann®) at 12.0°FP and pH 5.46. Prior to propaga-
tion, the wort was sterilized at 100°C for 45 min. After 72 h prop-
agation, the yeast cells were counted using the Cellometer® Vi-
sion (Nexcelom Bioscience LLC). For fermentation, each yeast was
pitched in triplicate at a rate of 30 x 10° cells/ml in 300 ml of
12.0°P wort from malt extract (Weyermann®) into 500 ml Duran
glass bottles (Schott AG). In order to keep the thermal influence
on the wort as low as possible for the subsequent measurement
of BAs, the malt extract was only diluted with boiling distilled
water (100°C) for the fermentation trials while the Duran glass
bottles (Schott AG) and glass fermentation airlocks were previ-
ously autoclaved at 121°C for 15 min. The fermentations were
incubated at 20°C for 8 days before being analyzed for BAs. To
ensure that fermentation occurred and for statistical evaluation,
the original gravity, apparent attenuation, ethanol content, and
pH of the finished beers were determined according to the meth-
ods in Table 2. As already described for statistical evaluation of
B vitamins, one-sample t-tests were performed using OriginPro
2020 as statistical software to evaluate whether there was any
significant difference between the triplicates of each beer. If there
was no significant difference in the one-sample t-test, it may be
assumed here too, that a composite sample from the respective
triplicates would reveal statistically significant results in the anal-
ysis of BAs. Therefore, unless significant differences were found,
composite samples from the triplicates were used for the analysis.
Moreover, the samples were checked microscopically for micro-
biological purity. In addition to the 16 investigated yeast strains
and the additional reference yeast strain S. cer 68 from Table 1,
a wort sample was analyzed as a negative control. The positive
contrel consisted of three pale barley malt kernels, each from
three different malt batches added to the wort at the beginning
of the fermentation. To determine which microorganisms led to
the positive finding of BAs, the beer was fractionally streaked on
Wallerstein Nutrient (WLN) agar (Sigma-Aldrich, St. Louis, MO,
USA) as well as wort agar and incubated for 48 h at 28°C. Mor-

phologically different individual colonies were identified by a VD
MALDI Biotyper® system solution based on the microflex® LT/SH
MALDI-TOF mass spectrometer (Bruker Daltonics GmbH & Co.
KG, Bremen, Germany). The corresponding Bruker standard op-
erating procedures were applied for the sample preparations for
bacteria and yeasts. The direct transfer method (DT) was used
for bacteria and the extended direct transfer method (eDT) for
yeasts. SGS Institut Fresenius GmbH, Freiburg, Germany, (accred-
itation according to DIN EN ISO/IEC 17025) performed the analy-
sis of the BAs histamine, tryptamine, phenylethylamine, isopenty-
larnine, putrescine, cadaverine, tyramine, spermidine, and sper-
mine using HPLC SLMB 1391.1 (Var. 1). The limit of determination
was at least 5 mg/l for all BAs analyzed. Since the majority of the
measured concentrations were below the limit of determination
but above the limit of detection, trends of the individual BAs are
presented as result ranges for all 17 of the analyzed beers. The
positive control is shown separately.

Stress tolerance tests

As a preliminary test, the physiological growth of the yeast strains
from Table 1 was investigated at 37°C by inoculating each yeast
as a pure culture from slant agar into 1 ml of sterile physio-
logical sodium chloride soluticn and counting them using the
Cellometer® Vision (Nexcelom Bioscience LLC). The solutions
were adjusted to 1 x 10° cells/ml with sterile physiological sodium
chloride solution and fractions streaked in triplicate onto WLN
agar (Sigma-Aldrich) plates, which had been incubated for 4 h at
37°C. Subsequently, the agar plates were kept for 7 days at 37°C
and were checked for growth at the end of the incubation pe-
riod. Here, the reference yeast strain S. cer TUM 68 was included
as a positive control as the yeast species S. cerevisiae as a top-
fermenting yeast is known for its ability to grow at 37°C (Lodolo
et al. 2008, Hutzler et al. 2015).

The yeast strains that showed growth at the end of the incuba-
tion period at a temperature of 37°C were further investigated in
vitro for human gastric juice tolerance. One yeast strain (S. lud
SL17) that did not grow at 37°C was added as a negative con-
trol. The selected pure yeast cultures were first propagated for
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Table 4. Composition of synthetic gastric juice according to DIN
19738:2000-05.

Substance Concentration [mg/100 ml]
KCl 290
NaCl 70
KH>PO4 27
Pepsin 100
Mucin 300

10% HCl (for pH adjustment) As required for pH 2

72 h on a WiseShake orbital shaker (Witeg Labortechnik GmbH) at
80 rpm and 20°C in 50 ml of sterilized 9°P wort prepared from un-
hopped malt extract (Weyermann®). After propagation, the yeast
cells were counted and their viability was determined with the aid
of Cellometer ViaStainTM AOPI Staining Solution (Nexcelom Bio-
science LLC) using the Cellometer® Vision (Nexcelom Bioscience
LLC). The volumes of yeast cell suspensions were calculated and
adjusted to 15 x 10° viable cells per ml using fresh, sterile 9°P un-
hopped wort for the adjustments. A volume of 10 ml of each yeast
solution was pipetted into sterile 15 ml Sarstedt tubes (Sarstedt
AG & Co. KG, NUmbrecht, Germany). The synthetic gastric juice
was prepared according to the instructions of DIN 19738:2000-05
and the formulation is listed in Table 4

While the inorganic components were prepared as a 10-fold
concentrated stock solution and were rediluted with double-
distilled water, pepsin from porcine gastric mucosa, lyophilized
powder, > 2500 units/mg protein (Sigma-Aldrich), and mucin from
porcine stomach (Typ Il M1778, Sigma-Aldrich) were stirred in just
before adding the yeast sample. The experiments were carried out
in duplicate.

Each 100 ml of synthetic gastric juice was temperature-
controlled at 37°C in sterile 300 ml wide-neck flasks in an au-
tomatically temperature-controlled water bath (heating bath B-
490, Blichi Labortechnik AG, Flawil, Switzerland). Once the gas-
tric juice reached the target temperature, 10 ml yeast suspen-
sion was added by stirring and the pH was adjusted to 2.0 with
10% hydrochloric acid. The suspension was kept at 37°C in a
shaking water bath (Gesellschaft fiir Labortechnik mbH, Burg-
wedel, Germany) with an integrated thermostat at a frequency
of 200/min for 10 min before being adjusted to a pH of 7.5 with
solid sodium bicarbonate. Fine adjustment was performed with
saturated NaHCOjs solution. The sclution was shaken until the pH
value was stable at 7.5 before 10 ml of the solution was transferred
to a sterile 15 ml Sarstedt tube (Sarstedt AG & Co. KG). Excess
sample material was discarded. A volume of 10 ml of each sam-
ple material was held at 37°C for 2 h before being centrifuged at
750 x g (centrifuge Z366K, Hermle Labortechnik, Wehingen, Ger-
many) for 5 min, washed with sterile physiological sodium chlo-
ride solution, and resuspended to 10 ml total volume. A small
amount was fractionally streaked on YM agar [0.3% malt extract
(Merck, Darmstadt, Germany), 0.3% yeast extract (Sigma-Aldrich),
0.5% peptone from casein, pancreatic digest (Sigma-Aldrich), 1.0%
(+)-glucose anhydrous (Carl Roth, Karlsruhe, Germany), 2.0% agar
(sifin diagnostics gmbh, Berlin, Germany), 95.9% double-distilled
water], preincubated for 4 h at 37°C with an inoculation loop un-
der sterile conditions and incubated at 37°C for 7 days. If yeast
colonies grew on the YM agar, they were examined microscop-
ically under a Zeiss bright field microscope. Moreover, the via-
bility of the yeasts was investigated as a percentage right after
the 2 h incubation at 37°C and subsequent washing procedure.
For this purpose, the Cellometer® Vision (Nexcelom Bioscience
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LLC) was initially used and sample preparation using Cellome-
ter ViaStain™ AOPI Staining Solution (Nexcelom Bioscience LLC)
according to the manufacturer's instructions. This method was
supplemented by counting the cells with a Zeiss brightfield mi-
croscope in a hemocytometer (Thoma, depth of 0.100 mm) by di-
luting the samples 1:1 with methylene blue solution beforehand
(Herrmann and Schindler 2022).

Results and discussion

Vitamin B concentrations in selected
nonalcoholic beers and yeast strain S. lud SL17

Initially, the one-sample t-test was performed as described in the
materials and methods section. Without exception, the mean pop-
ulation of each triplicate of the beers and the corresponding wort
was not significantly different from the test mean at the 0.05 level
(cf. Table S1, Supporting Information). Consequently, camposite
samples could be produced from the respective triplicates to gain
statistically significant results.

In Fig. 1, the concentrations of the eight B vitamins in the wort
as well as in the corresponding beers are depicted. Concentrations
of B vitamins are shown in pg/l and are compared to the Recom-
mended Nutrient Intake (RNI) published by the Food and Agri-
culture Organization (FAO) and the World Health Organization
(WHO; Food and Agriculture Organization (FAO)/World Health Or-
ganization (WHO) Nutrition Division 2001). The RNI only serves
as an indicator as different studies make different recommenda-
tions in some cases. For example, a study from 2019 raised rec-
ommended levels of vitamin B12 intake for adults to 4.0 pg/day
(Stréhle et al. 2019). Moreover, the RNI indicated applies to adults
over the age of 18. In case there are different values for women
and men, the mean value is shown. Raw data can be found in Table
52 (Supporting Information). The selected focus on the B vitamins
pantothenic acid, biotin, folate, and cobalamin for the four nonal-
coholic beers was due to the fact that biotin, folate, and cobalamin
play a significant nutritional role in human metabalism, which
will be explained in more detail. Pantothenic acid was addition-
ally determined in all beers, as this vitamin is known to be es-
sential for yeast growth of the species S. cerevisiae (Williams et al.
1540). All other B vitamins were analyzed only for the beer SL17,
since the yeast strain 5. lud 5L17 is already commercially used in
practice to produce nonalcoholic beers,

The diagrams in Fig. 1 generally show that none of the beers
exceeded the RNI according to FAO/WHO. However, it is notice-
able that the biotin concentration in beer SL17 was approximately
twice as high as in the initial wort, which was not the case for any
ather B vitamin and is depicted in diagram F While only 1.53 pg/1
(CV + 0.156) biotin was measured in the wort used for fermenta-
tion, the beer SL17 contained 3.17 pg/l (CV + 0.323) biotin. Bam-
forth (2002), who reviewed the vitamin B concentration ranges in
beer, found a common range from 2 to 15 pg/l. Accordingly, the bi-
otin concentration is within the expected range. The RNIis 30 pg/l,
and so approximately 10% of the daily requirement would be cov-
ered by consuming 11 of the nonalcoholic beer. Based on the low
biotin concentration in the initial wort, it could be assumed that
the yeast strain S. ludwigii SL17 had the ability to synthesize and
release biotin or that biotin reserves stored in the yeast cell were
released during fermentation. It is noticeable that the two C. sat-
urnus yeast strains 247 and CSal as well as the K. marxianus yeast
strain 653 were unable to release biotin. They might have utilized
it for their own metabolic process since no more biotin could be
detected in these three beers. The fact that biotin is present in
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Figure 1. Concentrations in pg/l of the B vitamins thiamine (A), riboflavin (B), niacin (C), pantothenic acid (D), pyridoxine (E), biotin (F), folate (G), and
cobalamin (H) analyzed in wort as well as in nonalcoholic beers fermented with the yeast strains S. ludwigii SL17, C. satumus 247, C. saturnus CSa1, and
K. marxianus 653. Thiamine, riboflavin, niacin, and pyridoxine analyses were only conducted for wort and nonalcoholic beers fermented with the yeast
strain S. ludwigii SL17. RNI according to FAO and WHO (Food and Agriculture Organization (FAO)/World Health Organization (WHO) Nutrition Division
2001). Enlarged representations of the individual diagrams can be found in Figure S1 (Supporting Information).

the raw materials of brewer’s wort and is taken up by the yeasts
as an important growth factor was already described by Lynes
in 1948 (Lynes and Norms 1948). Still, Wu et al. (2005) assumed
that some yeasts might be able to synthesize biotin themselves.
In their study, sake yeasts were able to produce biotin so they
speculated that specific genes needed to be present to allow bi-
otin synthesis. Hall and Dietrich (2007) described that the func-
tional gene cluster BIO1-BIO6 is required for yeasts to be biotin-
prototrophic and to produce the vitamin accordingly. Many S. cere-
visiae yeast strains can partially synthesize biotin, but de novo syn-
thesis is not possible. Partial synthesis requires certain precursors
to be present in the culture medium from which biotin can be
formed (Stolz 2009). It cannot be completely excluded that S. lud
SL17 could use these precursors from the wort to synthesize bi-
otin or that the yeast strain carries the specific gene cluster. Still,
this would have to be investigated in future research. Neverthe-
less, in the further course of the study, in addition to the beer, the

yeast strain S. lud SL17 was also examined for biotin in order to
be able to draw further conclusions.

Concentrations of around 40 ug/l folate were quantified in both
the wort and the four beers (cf. Fig. 1, diagram G). Therefore, the
yeasts do not appear to utilize significant amounts of folate dur-
ing their fermentation metabolism nor do they seem to synthesize
this vitamin. Thus, the folate most likely originated from the raw
material malt and was responsible for the concentration found in
the beer. A study by Koren et al. (2021) revealed that barley is a
natural source of folate and, depending on the quality of the malt
and the malting process, barley maltis also an adequate source of
this vitamin. Moreover, Narziss et al. (2017) stated that 70-100 ug/1
folate in beer can originate from the raw material malt. Based
on the results, only around 10% of the RNI for folate would be
achieved by consuming 11 of any of the four investigated nonal-
coholic beers. Folate could still supplement a balanced diet and it
can be generally concluded that the nonalcoholic beers represent
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a valuable source of this B vitarnin. A common folate range in Eu-
ropean beers is between 30 and 64 pg/l, which is consistent with
the measured values in this study (Owens et al. 2007). The range
can be wide since, in addition to folate from the raw material malt,
some yeast species like the traditional brewing yeast S. cerevisiae
are known to synthesize folate (Jacob et al. 2019). Both folate and
biotin are essential B vitamins involved in catalytic properties in
the human metabolism due to their function as obligatory co-
factors of enzymes (Baumgartner 2013). A folate deficiency can,
e.g. lead to cardiovascular diseases, cancer or cognitive dysfunc-
tions (Ebara 2017), whereas a biotin deficiency can lead to neg-
ative effects on the imrmune system, cell proliferation and lipid
metabolism among other things (Zempleni et al. 2009). Moreover,
biotin most likely plays a role in regulating gene expression. De-
ficiency may also be associated with neurclogical diseases (Ledn-
Del-Rio 2019).

Based on the results of Fig. 1, the B vitamins thiamine, ri-
boflavin, niacin, pantothenic acid, pyridoxine, and cobalamin are
derived from the raw material barley malt, since none of these B
vitamins in the nonalcoholic beers were notably above the con-
centration in the initial brewer's wort. While diagram A shows
that thiamine was completely utilized by the yeast strain S. lud
SL17 for its own metabolism, riboflavin stayed unaltered within
the scope of the measurement variations (Fig. 1, diagram B) and
on average around 20% of pyridoxine (Fig. 1, diagram E) was taken
up by the yeast strain. For niacin (Fig. 1, diagram C), the yeast
strain S. lud SL17 required on average about 25% of this vitamin
present in the wort for its own metabolic processes. Pantothenic
acid (Fig. 1, diagram D) was absorbed to a small extent from the
wort by all yeast strains studied during fermentation. Although
this B vitamin is essential for yeast growth, the pantothenic acid
present in the wort was sufficient to meet the demand of the in-
vestigated yeasts. Between 10% and 35% of the RNI of riboflavin,
niacin, pantothenic acid, and pyridoxine could be quantified in
the beers per liter. Although these amounts were not sufficient to
meet the RNI, the beers could still serve as a supplement to meet
the daily vitamin B requirements. The same could apply to cobal-
amin (diagram H), where similar concentrations were measured
in both the wort and the beers. Cobalamin appeared to remain un-
affected in the wort during fermentation by the four yeast strains
within the limits of measurement inaccuracies. Consumption of 1
1 of one of the four nonalcoholic beers per day could cover around
50% of the RNI according to the FAQ/WHO. However, it must be
considered that, e.g. with regard to cobalamin, there are more re-
cent studies that recommend even 4 ug per day (Stréhle et al.
2019). Itis known that beer naturally contains cobalaminin a con-
centration range between 3 and 30 pg/l (Bamforth 2002, Heimpel
2003). Most probably it originates from the raw material barley
malt as besides the chemical production pathway, only prokary-
otes are able to synthesize cobalamin (Friedmann and Cagen 1970,
Eschenmoser 1974, Lawrence and Roth 1996). Plants do not seem
to be able to produce cobalamin (Duda et al. 1967). Therefore, mi-
crobiological contamination on the plants is most likely respon-
sible for the formation of this vitamin (Watanabe et al. 1991).
In a work by Krahl (2010), it was revealed that microorganisms
grew to varying degrees during germination on the grains. This
caused the differences in the vitamin B12 concentration in the
beers as the quantity of malt was the decisive influencing factor.
This could explain why only approximately 1.2 ug/l cobalamin
was measured in the wort as well as in the nonalcoholic beers
as the original gravity was adjusted to 7°P. The quantity of bar-
ley malt used was therefore significantly lower than in a regular
beer.
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Figure 2. Concentrations in ug/g of the B vitamins thiamine, riboflavin,
niacin, pantothenic acid, pyridoxine, biotin, folate, and cobalamin
analyzed in the propagated yeast S. ludwigii 8. lud SL17 as well as the
sedimented yeast 5. lud SL17.

1t was not clarified in the previous investigations whether the
yeasts store the B vitaming absorbed from the wort or immedi-
ately consumed them during their own yeast cell metabolism.
Based on the complete B vitamin analysis of the yeast strain S.
lud SL17, both the propagated yeast before fermentation and the
sedimented yeast after fermentation were analyzed for all eight B
vitamins. The results are depicted in Fig. 2. Raw data can be found
in Table S3 (Supporting Information).

Thiamine, which was completely taken up from the wort by
the yeast strain S. lud SL17 during fermentation (cf. Fig. 1, dia-
gram A), was either adsorbed or absorbed by the yeast. Although
on average 18 pg/g thiamine was already quantified in the prop-
agated yeast, a value almost twice as high (around 33 pg/g) was
present in the sedimented yeast after fermentation. Therefore, ap-
proximately 15 pg/g thiamine accumulated in the yeast. The yeast
mass after fermentation was 16.4 g on average (+0.4). Accordingly,
approximately 240 ug/l thiamine was absorbed from the wort.
Since a total of around 330 pg thiamine was originally present in
the 1.8 1 wort sample, it could be assumed that part of the vitamin
B, from the wort was already utilized for yeast cell metabolism,
while the rest was stored inside the cells. The yeast cell, there-
fore, appeared to have a storage function for this B vitamin. Ri-
boflavin, niacin, pyridoxine, and cobalamin remained unaltered
in the yeast by considering the coefficients of variation. How-
ever, since Fig. 1 showed that niacin and pyridoxine were partially
reduced during fermentation, these two B vitamins appeared to
have been utilized immediately. For riboflavin and cobalamin, it
could be assumed that S. lud SL17 did not require these B vita-
mins for its metabolism. Since no cobalamin could be measured
in either the propagated or the sedimented yeast, it was possible
to confirm the assumption that the cobalamin quantified in the
beers originated from the wort, which fits the findings from exist-
ing literature (Krahl 2010). Pantothenic acid was reduced by about
20% during fermentation (cf. Fig. 1). Therefore, it could be deduced
that S. lud SL17 immediately metabolized the pantothenic acid
taken up from the wort and, in addition, used its own reserves.
The folate concentration in the sedimented yeast decreased by
approximately 10%, showing a slight consumption by the yeast
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during fermentation. Biotin decreased by 30% during fermenta-
tion in the yeast strain S. lud SL17. At a yeast mass of 16.4 g on
average, around 3.1 pg biotin was released into the wort or uti-
lized by the yeast for its own metabolism. Since there was already
approximately 2.8 pg of biotin in 1.8 1 of wort, it could be assumed
that the yeast released a small amount of biotin during fermen-
tation and needed the larger share for its own cell metabolism.
Based on this additional investigation, it is to be expected that the
yeast strain S. lud SL17 did not possess the ability to synthesize
biotin itself and it had a storage function inside the cell.

Concentrations of BAs in selected nonalcoholic
beers

Prior to the measurement of BAs, to ensure that fermentations
with the 17 yeast strains from Table 1 proceeded, the beers were
analyzed for original gravity, ethanol, apparent attenuation, and
pH after fermentation. The individual results can be found in Ta-
ble 54 (Supporting Information). In summary, the fermentations
proceeded as expected. The four maltose- and sucrose-negative
yeast strains C. mis 238, C. mis CM1, K. ser 3C4, and P. klu PK1
showed the lowest apparent attenuation as well as the lowest
ethancl concentrations. As a maltose-positive yeast, the reference
yeast strain S. cer 68 exhibited by far the highest apparent atten-
uation and ethanol concentration, whereas the maltose-negative
yeasts showed values in between. The original gravity was deliber-
ately selected at approximately 12°P so that the ethanol content
of all beers exceeded 0.50% (v/v; cf. Table 54, Supporting Infor-
mation). In the event that BAs were detected, it was necessary
to ensure that the limit value of 50 mg/kg total BAs (Loret et al.
2005) in the beers was not exceeded within the nonalcoholic range
= 0.50% (v/v).

Regarding the one-sample t-tests, the t-tests were also initially
performed for BAs as described in the “Materials and methods”
section. Since, without exception, the mean population of each
triplicate of the beers did not differ significantly at the 0.05 level
from the test mean (cf. Table S5, Supporting Information), com-
posite samples from the respective triplicates were permitted in
order to gain statistically significant results with regard to the se-
lected BAs. As mentioned in the “Materials and methods” section,
the majority of the quantified results of the BAs were below the
limit of determination but above the limit of detection. The limit of
determination is set by SG5 Institut Fresenius GmbH at = 5 mg/l.
Without exception, all beers produced with the 17 experimental
yeast strains from Table 1 were below the limit of determination
and only the positive control exhibited concentrations above this
threshold. Therefore, only the result ranges of the 17 yeast strains
are shown as a summary in Fig. 3, whereas the positive control is
shown individually.

While histamine and spermine were below the limit of detec-
tion for all 17 yeast strains without exception, the other seven BAs
were formed in very small amounts or were already present in the
wort sample. Minor amounts of putrescine, cadaverin, tyramine,
and spermidine were, therefore, quantified in the brewer's wort.
Nevertheless, the concentrations of the analyzed nine BAs were,
without exception, below the limit of determination (5.0 mg/1) in
the wort. It is known from previous studies that besides microbial
formation during fermentation, BAs can also be formed during
malting (Gasarasi et al. 2003). While putrescine and cadaverine
remained almost unaltered in the beer samples, some of the yeast
strains seemed to be able to reduce tyramine and spermidine ei-
ther partially or even completely during fermentation as is al-
ready discussed in the literature (Benito et al. 2015, Ivit et al. 2018).
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Figure 3. BAs histamine, tryptamine, phenylethylamine, isopentylamine,
putrescine, cadaverine, tyramine, spermidine, and spermine in mg/l of
17 different yeast strains (cf. Table 1) presented as result ranges due to
concentrations below the limit of determination (limit of

determination = 5.0 mg/l) as well as a positive control shown
individually.

Isopentylamine was formed in small amounts by almost all the
yeast strains examined, while only two yeast strains could syn-
thesize marginal amounts of tryptamine and phenylethylamine.
These results give a first indication that the investigated yeast
strains, without exception, could not build up notable amounts of
BAs from wort precursors during fermentation. In total, the high-
est concentration of BAs in the beers produced was below 3 mg/l.
This 1s significantly lower than the average concentration of reg-
ular uncontaminated beers, which are reported in literature to be
between 8 and 30 mg/] (Narziss et al. 2017). In beers with 12°P orig-
inal gravity, the histamine content is usually 0.15-0.20 mg/l, while
the histamine concentration for the investigated beers was so low
that it could not be detected. Accordingly, no adverse health ef-
fects are suspected from BAs in the nonalcohalic beers produced
with the non-Saccharomyces yeasts investigated. In addition, the
BA results of the beer fermented with the Saccharomyces yeast
strain S. cer 68 showed no significant differences from the non-
Saccharomyces yeasts.

The positive control, which was composed of three pale bar-
ley malt kernels each from three different batches added to the
brewer’s wort at the beginning of the fermentation, demonstrated
that the three BAs cadaverine, putrescine, and tyramine could be
detected at concentrations significantly above the limit of deter-
mination of 5 mg/l. In Fig. 3, cadaverine is just under 8 mg/l, while
a concentration of 17 mg/l was measured for putrescine and about
41 mg/l for tyramine. The exact concentrations can be viewed in
Table S6 (Supporting Information). For all other BAs of the positive
control, the concentrations were below the limit of determination.
Using MALDI-TOF, it was found that the wort contained microor-
ganisms including Lactobacillus plantarum, Candida krusei, and Ace-
tobacter sp., which originated from the pale malt grains. BAs are
mainly formed by microbial decarboxylation of amine acids and
the formation is often observed from lactic acid bacteria (Brink et
al. 1990, Alcaide-Hidalgo et al. 2007, Spano et al. 2010, Sumby et
al. 2014). Lactobacillus plantarum is known from the literature for its
ability to produce putrescine from the amino acid arginine which
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Table 5. Growth of the investigated yeast strains at 37°C on WLN
agar after 7 days of incubation.

Yeast strain abbreviation Growth at 37°C
C. fab 5640 ++
C. fab 5650 ++
C. mis 238 -
C. mis CM1 —
C.sat 247 -
C. sat 4549 -
C.sat CSal -
K. ser 3C4 -
K. lac G9K -
K. mar 653 ++
L. klu 3082 ++
P klu PK1 ++
S. cer 68 ++
S.lud SL17 -
S. fib Lu2? ++
S pom G108 ++
T. del 116 -

[++) growth chserved, (-} no growth

is found in brewer'’s wort (Arena and Manca de Nadra 2001, Fer-
reira and Guido 2018). Besides putrescine, cadaverine, and tyra-
mine can be formed by L. plantarum (Bonnin-Jusserand et al. 2012,
Alan et al. 2018). The BAs tyramine and cadaverine are formed
from the amino acids tyrosine and lysine, which are also present
in brewer's wort (Ferreira and Guido 2018, Vicente et al. 2021).
Candida krusei (Pichia kudriavzeuii) possess decarboxylase activity
against the amino acids tyrosine and lysine (Delgado-Ospina et
al. 2020) so it could be speculated that this yeast species might
have been responsible for the elevated tyramine and cadaverine
concentrations in the positive control. However, further research
would need to be conducted in the future to prove this specula-
tion. There is no literature to date about the formation of BAs by
acetic acid bacteria such as Acetobacter sp, On the contrary, studies
may indicate that BAs could be degraded during acetic fermenta-
tion (Landete et al. 2007, Orddfiez et al. 2013, 2015).

Stress tolerance tests

Before the 17 yeast strains listed in Table 1 were investigated in
vitra for their tolerance to synthetic human gastric juice, a pretest
was performed to first elucidate the ability of the individual yeast
strains to grow at 37°C, based on human bedy temperature. Ta-
ble 5 lists the results after 7 days of incubation.

Atotal of eight of the total 17 yeast strains from Table 5 showed
growth on WLN agar within 7 days at an incubation temperature
of 37°C. While S. cer 68 used as a positive control showed growth,
the two strains of the yeast species C. fabianii, K. mar 653, L. klu
3082, P kluPK1, S. ib Lu27, and S. pom G10S were also able to pro-
liferate at the selected incubation temperature. [n case yeasts are
not viable at 37°C, potential pathogenicity to the human organ-
ismn is largely excluded. Therefore, only the previously mentioned
eight yeast strains were considered for the following experiment
in the synthetic gastric juice environment. The yeast strain S. lud
SL17 was included as a negative control. Figure 4 shows whether
the selected nine yeast strains survived the synthetic gastric juice
treatment at 37°C as described in the methods section. The via-
bilities of the yeast cells were analyzed before and 2 h after the
treatment to study the resistance of the yeast strains to the syn-
thetic gastric juice and to draw a direct comparison.
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Before gastric juice treatment|
After gastric juice treatment |

Viability (%]

Yeast strain abbreviations

Figure 4. Viability (%) by counting cells with a Zeiss bright-field
microscope in a Thoma counting chamber with methylene blue before
and after synthetic gastric juice treatment of the selected yeast strains
C. fab 5640, C. fab. 5650, K. mar 653, L. klu 3082, P klu PK1, 5. fib Lu27, 5.
pom G108, and the positive control S. cer 68 as well as negative control 5.
lud 8L17.

Figure 4 reveals that the viability of all yeast strains examined
before synthetic gastric juice treatment was = 90%. The yeast
strains C. fab 5640, C. fab. 5650, K. mar 653, P. klu PK1, S. fib Lu27,
and S, pom G105 even showed viabilities > 99%. The viability of the
yeast strain L. klu 3082 was close to 98%, while the two reference
yeast strains 8. lud 5117 and S. cer 68 were between 90% and 95%
viability (+ 2.0%). Besides the methylene blue method, viability
was also determined by the cell counting method described in the
methods chapter using the AOFI staining sclution containing pro-
pidium iodide. Both methods gave similar results before the syn-
thetic gastric juice treatment. However, following synthetic gastric
juice treatment for 10 min at 37°C, components from the synthetic
gastric juice fluoresced as well as the living yeast cells, giving a
consistent viability of 100%. Consequently, only the method using
methylene blue was suitable to measure accurate viability in this
case.

Looking at the viability decreases in Fig. 4, in addition to the de-
crease in viability for the negative control, only the yeast strain S.
pom G105 showed a decrease in viability of just over 10%. For the
other investigated yeast strains, the viability decreased by only
0.5%-3.6%, showing that the influence of the synthetic gastric
juice treatment had a minor effect on the viability of the yeast
cells. The positive control S. cer 68 increased in viability by almost
5%. Therefore, the yeast cells were presumably able to proliferate
after the 10-min synthetic gastric juice treatment and the 2-h re-
generation ata pHof 7.5 and a temperature of 37°C. This was likely
because 10 ml of the yeast cell suspension in the propagation wort
was added to the synthetic gastric juice, thus still providing nutri-
ent substrate for the yeasts to grow on. The fact that the negative
control S, lud SL17 showed no viability at all after the treatment
with synthetic gastric juice could be attributed to a higher sensi-
tivity to the low pH of 2,which may have led to a denaturation of
functional proteins in the cell membrane, causing the yeast cells
to lose functionality (Vilgis 2020).
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Table 6. Growth at 37°C on YM agar of the nine selected yeast
strains (including S. cer 68 as positive and S. lud SL17 as negative
contrel) after synthetic gastric juice treatment and additional in-
cubation for 7 days.

Growth at 37°C after gastric

Yeast strain abbreviation juice treatment

C. fab 5640 ++
C. fab 5650 ++
K.mar 653 ++
L. klu 3082 ++
P.klu PK1 ++
S.cer 68 ++
S. lud SL17 -
S. fib Lu27 ++
5. porm G105 ++

(+) growth cbserved, (- no growth.

The retention time of the yeast suspensions in the synthetic
gastric juice was deliberately limited to 10 min, since previous
studies revealed that liquids have a short retention time in the
stomach. For example, Best and Conheim described in 1910 that
liquids leave the stomach rapidly in both empty and filled states
(Best and Cohnheim. 1910). This statement was later substanti-
ated by Minami and Maccallum. They found that liquids leave
the empty stomach according to first-order kinetics with a half-
life of about 10-20 min (Minami and Mecallum 1984), whereby no
gender-specific difference could be observed (Bennink et al. 1998).
Nevertheless, it was found that the speed of gastric emptying de-
pends on its filling state with food pulp as an empty stomach be-
haves differently to a stomach filled with food pulp (Minami and
Mccallum 1984). For this study, an empty stomach with the short-
est half-life of 10 min was assumed as in case any of the inves-
tigated yeast strains could be harmful for human health, a short
gastric emptying speed should be considered.

In addition to investigating the short-term response to the gas-
tric environment, the investigation examined whether the se-
lected yeast strains were able to proliferate after the synthetic
gastric juice treatment. For this purpose, the yeast suspensions
were streaked on YM agar as described in the methods chapter.
Table 6 presents the results.

The results reveal that, apart from the negative control S. lud
SL17, the other eight yeast strains were able to continue grow-
ing at 37°C after synthetic gastric juice treatment. Microbiolog-
ical examination using brightheld microscopy clearly identified
the yeast cells, which showed that the formed colonies were
not caused by bacterial contamination. Consequently, the yeast
strains C. fab 5640, C. fab 5650, K. mar 653, L. klu 3082, P. klu
PK1, S fib Lu27, and S. pom G10S were most likely to survive in
the gastric environment and subsequently proliferated at 37°C.
Certainly, further studies would need to be performed to con-
firm this statement. However, the results provide an initial indi-
cation of this potential. Additionally, further experiments would
also be needed to establish whether the yeast strains could also
survive and proliferate in the human intestine. Since seven out
of the 16 investigated non-Saccharomyces yeasts showed high vi-
ability at 37°C and after a 10-min in vitro treatment in synthetic
gastric juice, further investigations into safety considerations of
the yeasts should be conducted, These would include, e.g stud-
ies of toxin expression and virulence genes. With regard to the
two yeast strains K. mar 653 and S. pom G108, it could be as-
sumed that they do not cause any harm to the human organ-
ism, as they have QPS status according to EFSA. They could even

potentially serve as probiotic microbes. However, extensive inves-
tigations would be necessary to evaluate this. In 2006, the FAQ
published a comprehensive systematic guideline for the evalu-
ation of prebiotic microorganisms (Food and Agriculture Orga-
nization of the United Nations (FAO)—Nutrition Division 20086).
Staniszewski and Kordowska-Wiater (2021) summarized the char-
acteristics that probiotic strains need to have in order to be la-
beled as such. Non-Saccharomyces yeast species such as K. marx-
lanus (Fonseca et al. 2008, Hatoum et al. 2012, Cissé et al. 2019,
Motey et al. 2020), K. lactis (Fadda et al. 2017, Oliveira et al. 2019),
K. servazzii (Ben Taheur et al. 2021), S. fibuligera (Lakshmi Ragavan
and Das 2017), §. pombe (Gil-Rodriguez et al. 2015), and T. delbrueckii
(Pereira Andrade et al. 2019, Agarbati et al. 2020) appear increas-
ingly in the context of probiotic or potentially probiotic yeasts.
There are currently no study results on this subject relating to L.
kluyveri and C. fabianii. Furthermore, it must be kept in mind that
probiotic properties are strain specific (Agarbati et al. 2020).

Conclusion

[n this study, the metabolic properties of selected non-
Saccharomyces yeasts suitable for producing nonalcoholic beers
were investigated for B vitamins, BAs and tolerance to synthetic
human gastric juice in vitro. With the exception of thiamine, all
other analyzed B vitamins, which derived most likely from the
raw material malt, were detected in the beer fermented with the
yeast strain S. ludwigii TUM SL17, covering at least 10% of the RNI
per liter. Cobalamin, folate, and pantothenic acid were also mea-
sured in nutritionally relevant amounts in the nonalcoholic beers
247, CSal, and 653 in concentrations comparable to those in the
beer SL17. Therefore, B vitamins in nonalcoholic beers fermented
with non-Saccharomyces yeasts could serve as a supplement for a
balanced diet as they represent a valuable source of B vitamins.
The selected BAs stayed far below the limit of determination
of 5 mg/l in all investigated beers without exception, while
histamine was even below the limit of detection and could not
be detected. Consequently, the yeast strains investigated are not
capable of synthesizing relevant amounts of the mine analyzed
BAs during fermentation, which means that no negative health
impact of the beers can be traced back to these BAs. Furthermore,
out of the 16 experimental yeasts, seven strains, namely C. fabianii
5640, C. fabianii 5650, K. marxianus 653, L. kluyveri 3082, P kluyveri
PK1, S. fibuligera Lu27, and S. pombe G10S, revealed they were
capable of proliferating at 37°C and tolerating the conditions of
synthetic human gastric juice during in vitro experiments. As a
precaution, and to eliminate any potential safety concerns for
consumers, these yeast strains should be investigated further
regarding their use to produce nonalccholic beers.
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Supplementary data are available at FEMSYR online.
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3 Discussion

For the consumer, the choice of beer is largely dependent on its flavor. To date, little research has
been conducted on the use of non-Saccharomyces yeasts to diversify beer flavor. A majority of the
literature references on this topic listed in the introduction of this thesis (section 1) were not published
before 2015 and most of them even start from 2019 (cf. Table 3), which confirms the novelty of the
research interest dealing with the investigations on the flavor formation by fermenting brewer’s wort
with non-Saccharomyces yeasts. As already mentioned in the introduction, the yeast has the greatest
influence on the beer flavor during fermentation above that of hops and malt [145, 260, 262]. Both
regular alcoholic beers as well as NABs can be produced by using non-Saccharomyces yeasts to gener-
ate novel and promising beer flavors. Particularly in the field of NABs there is a need for optimization
with regard to flavor in order to reduce wort off-flavors. Non-Saccharomyces yeasts have great poten-
tial to reduce wort aldehydes during the fermentation process. The wort aldehydes are generally per-
ceived as undesirable off-flavors by the consumer and can often be detected in LABs produced by ar-
rested fermentation [57, 278]. Although the flavor formation is strain-dependent, for many years, the
purpose of using the yeast species S. ludwigii for fermentation has been to degrade wort off-flavors in
the brewing industry [57, 103]. In numerous studies, S. ludwigii is used as a control strain due to its
commercial application and to compare fermentation characteristics of new alternative non-Saccha-
romyces yeasts with a known and well-studied non-Saccharomyces yeast species [27, 31, 43, 118].
Therefore, also in the context of this thesis, S. ludwigii was used as a well-known reference yeast spe-
cies for the production of NABs. Yeast species as candidates for the production of alcoholic beers were
compared either to a well-known S. cerevisiae or S. pastorianus reference yeast strain for beer produc-
tion depending on the research background.

In this thesis, two main research topics were set: Flavor formation and carbohydrate metabolism. The
carbohydrate metabolism is significantly related to the differentiation for the production of regular
alcoholic beers, LABs or NABs. Both main topics will be discussed in the following, while further re-
search approaches such as hop and ethanol tolerance as well as flocculation behavior are discussed
where relevant. In addition, the topics of food safety and health effects, which were focused on in
publication 5, are included in the discussion as they are highly relevant to the entire field of non-Sac-
charomyces yeast research.

Due to a lack of knowledge about the metabolic properties of a multitude of non-Saccharomyces yeasts
in brewer's wort, a large-scale screening was conducted in publication 1. A new method was developed
in 96-well microtiter plates to test a relatively large number of yeasts for brewing-relevant metabolic
functions such as sugar metabolism (can be strain-specific, cf. Table 2), tolerance to hop acids and
ethanol in a relatively short period of time. The general outcome was that hop as well as ethanol tol-
erance are basically given for most of the 110 investigated yeast strains to be suitable for the produc-
tion of regular beers containing alcohol. Due to the relatively large number of yeast strains screened,
it is most likely that this statement is transferable to further non-Saccharomyces yeast strains of the
investigated species.

In conventional Pils beers, up to 38 mg iso-a-acids/L can be measured, while some IPAs reach up to

100 mg iso-a-acids/L [19]. Therefore, 50 mg iso-a-acids/L and 100 mg iso-a-acids/L were selected for

the 96-well plate screening. All 110 screened yeast strains tolerated 50 mg iso-a-acids/L and were thus

suitable for the production of Pils beers. Only one D. hansenii yeast strain of the total screened yeast

strains, which accounted for less than 1%, did not show growth at 100 mg iso-a-acids/L. This proves
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that most of the non-Saccharomyces yeast strains can even be used to ferment IPAs. Regarding hop 8-
acids, only 3% of the 110 yeast strains did not tolerate concentrations of 100-200 ppm while a mix of
iso-a and B-acids was not tolerated by 7% of the investigated yeast strains. This leads to the assump-
tion that the combination of both hop acids enhances the inhibitory effect. As mentioned in section
1.4.1, B-acids have poor solubility in beer as they are not isomerized during wort boiling [279]. Accord-
ingly, B-acids can only impair yeast activity during cold hopping. However, since cold hopping usually
takes place after the main fermentation, the impairment by 8-acids is rather negligible. Nevertheless,
cold hopping can be advantageous for inhibiting bacterial spoilage in beer due to the antimicrobial
properties of 8-acids [89].

A sufficient ethanol tolerance of suitable non-Saccharomyces yeasts is necessary for the production of
regular alcoholic beers as ethanol acts as one of the greatest stress factors for the yeasts (cf. section
1.4.1) [85]. Additionally, it is relevant for the application in co-fermentations, provided that non-Sac-
charomyces yeast are added simultaneously to the fermentation with Saccharomyces brewing yeasts.
If non-Saccharomyces yeasts are inoculated at the beginning of the fermentation only for the purpose
of flavor formation, whereas a common Saccharomyces yeast is added at a later stage for ethanol
production, insufficient ethanol tolerance could be advantageous in order to prevent competition be-
tween the different yeast species. Insufficient ethanol tolerance would inevitably stop the yeast cell
metabolism of the non-Saccharomyces yeast, allowing the Saccharomyces yeast to prevail. The results
from publication 1 show that a large number of yeast strains tolerate ethanol concentrations of 5%
(v/v). Consequently, they could be applied to produce regular beers containing alcohol. The ethanol
tolerance decreases significantly above an ethanol concentration of 8% (v/v), as around a quarter of
the total of 110 yeast strains investigated no longer showed any growth. An ethanol concentration of
10% (v/v) inhibited growth of almost half of the examined strains. Only one of the 110 yeast strains did
not show growth at 5% (v/v) ethanol, namely C. misumaiensis CM1. Since this strain is maltose-nega-
tive, it can still be used without restrictions for the production of NAB. However, it needs to be taken
into consideration that in the case of co-fermentation with a Saccharomyces yeast, the latter would
prevail due to its much stronger ethanol tolerance.

With regard to sugar utilization in the 96-well plate screening, it was noticeable that around 65% of
the yeasts were able to metabolize sucrose, while maltose was only utilized by around 30% of the yeast
strains. Maltotriose was metabolized by merely 25% of the investigated strains. As already explained
in section 1.4.2, the yeasts, which can only take up the monosaccharides glucose and fructose, lack the
corresponding gene segments to form an extracellular invertase as well as intercellular permeases and
intracellular a-glucosidases [191, 315, 341]. One possible reason why relatively few yeasts have the
ability to metabolize maltose can be traced back to the evolutionary history. The gene segments des-
ignated as MAL loci for the utilization of maltose (cf. Section 1.4.2) could be duplicated or deleted as a
result of yeast domestication. This would explain why MAL genes are more abundant in beer and sake-
related strains, while they are often absent in wine strains [58, 111]. Since less than one third of the
investigated yeast strains were able to utilize maltose, which accounts for almost half of the available
sugars in brewer's wort, there is — at least based on sugar utilization — greater potential to produce
NABs using non-Saccharomyces yeasts. Moreover, a large proportion of the maltose-negative yeast
strains formed fruity odorants in the sensory odor test of publication 1 and there is a greater need for
sensory improvement in the area of NABs. Therefore, the focus in the publications 2 to 4 was on NABs
and LABs. It may also be advantageous that 35% of the total of 110 investigated yeast strains cannot
metabolize sucrose either. For these yeast strains, the amount of fermentable sugars is even lower
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due to the lack of an extracellular invertase [341]. In order to stay below the 0.5% (v/v) ethanol re-
quired by German law for NABs (cf. section 1.3) [233, 346], the original gravity for sucrose- and malt-
ose-negative yeasts can even be slightly increased although sucrose plays a minor role in the wort
sugar composition with only around 3% related to a pale brewer’s wort [240]. The resulting higher
proportion of residual sugars is beneficial as this leads to an improved mouthfeel [179].

In the following, the sugar utilization results from the 96-well microtiter plate tests are compared with
literature data based on Kurtzman [175] (cf. Table 2) to evaluate and discuss the significance of the
screening method. According to Kurtzman [175], the species C. misumaiensis, H. uvarum, K. servazzii,
M. pulcherrima, N. holstii and P. kluyveri can only metabolize monosaccharides. A total of 31 yeast
strains of these six species were screened and just over 90% were found to be as described in literature.
The K. servazzii yeast strain KS2 metabolized all tested sugars in the 96-well plate screening. Conse-
guently, no measurement inaccuracy can be assumed. Nevertheless, the result would have to be veri-
fied in future studies. On the other hand, two Metschnikowia sp. were found to metabolize maltose,
whereas no sucrose could be utilized. In these two cases, measurement inaccuracies most likely oc-
cured although the strain levels for the investigated Meschnikowia yeasts have not been clarified (cf.
section 1.2.1).

Furthermore, Kurtzman described that the yeast species C. saturnus, K. marxianus, L. kluyveri, S. lud-
wigii and T. microellipsoides are able to ferment sucrose in addition to the monosaccharides glucose
and fructose [175]. The statement from literature was true for all 13 yeast strains studied. L. kluyveri
and T. microellipsoides could additionally utilize melibiose apart from glucose, fructose and sucrose. A
clear differentiation between aerobic and anaerobic fermentation should be considered due a possible
Kluyver effect (cf. section 1.4.2), as it was established in publication 2 that the Kluyver effect occurs,
for example, in the yeast strain L. kluyveri 3082 during aerobic fermentation. This enables the strain to
metabolize maltose apart from glucose, fructose and sucrose. Although S. ludwigii was not included in
the 96-well plate screening, sugar utilization for this yeast strain (SL17) had been previously researched
[207]. A yeast strain-dependent sucrose utilization is present in K. lactis, T. delbrueckii, and Z. rouxii.
The ten investigated K. lactis yeast strains could, without exception, metabolize sucrose based on the
results of the 96-well plate screening, while one of the eight T. delbrueckii yeast strains was unable to
metabolize sucrose. Of the 14 Z. rouxii yeast strains, four strains appeared to lack invertase activity.

According to Kurtzman [175], C. fabianii, S. fibuligera, Z. rouxii and Z. florentina have the ability to
metabolize glucose, sucrose and maltose. C. fabianii was not considered in the 96-well plate screening
yet. However, the studies with maltose and maltotriose as selective media in publication 2 revealed
that the two C. fabianii strains could metabolize maltose and maltotriose. In brewer's wort, metaboli-
zation was weak and slow, allowing the production of NABs. This is consistent with the statements
made in literature [175]. Of the eight S. fibuligera yeasts investigated in the 96-well plate test, all
strains metabolized maltose, without exception. However, the strain SF3/Lu27 stood out as it showed
no growth in the selective media containing fructose and sucrose. The sugar utilization of this yeast
strain was studied in greater depth in publications 2 and 3. In publication 3, the sugar transport systems
for maltose and maltotriose were elucidated for S. fibuligera. The results from the two publications
revealed that there were measurement inaccuracies in the screening, as the yeast strain SF3/Lu27 is
able to utilize both fructose and sucrose. Furthermore, it was found that SF3/Lu27 as well as S. fibu-
ligera SF4 possess a maltose permease to actively transport maltose into the cell and that both yeast
strains can metabolize small amounts of maltotriose due to an extracellular amylase system, which
could not be found in the 96-well plate screening [63, 110, 141, 176]. Possible reasons for the fact that
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maltotriose could only be metabolized in small amounts were highlighted in publication 3. Photometric
measurement proved challenging, especially for the yeast species S. fibuligera and will therefore be
taken up later in the discussion. Of the total of 14 Z. rouxii yeast strains screened, five did not metab-
olize maltose, though this may have been due to a weak metabolism as indicated in the literature (cf.
Table 2) [175]. Z florentina grew only in glucose and fructose media in the microtiter plate. It would
need to be verified whether this was due to measurement inaccuracies or whether the strain deviates
from the literature data [175].

For K. lactis, S. pombe, T. delbrueckii and W. anomalus, maltose metabolism is variable and thus de-
pendent on the yeast strain [175]. Of the nine K. lactis and eight T. delbrueckii strains screened, none
had the ability to metabolize maltose. In contrast, all six W. anomalus yeast strains and seven out of
the ten S. pombe strains metabolized maltose.

D. hansenii can metabolize glucose, sucrose and maltose either only weakly or not at all based on
Kurtzman [175]. While all twelve strains investigated metabolized the monosaccharides glucose and
fructose, two strains were unable to utilize sucrose and seven strains were unable to utilize maltose.

In summary, it can be concluded that, with few exceptions, the 96-well microtiter plate test yielded
results with regard to sugar utilization that are consistent with previous findings from the literature
[175]. 15 yeast strains were selected for publication 2, which were fundamentally suitable for the pro-
duction of NABs due to their sugar utilization, ethanol and hop tolerance in the 96-well plate screening.
In addition, the selection was based on a POF-negative as well as positive sensory odor test result from
publication 1. Based on publication 2, it could indeed be proven that the 15 yeast strains are suitable
for producing NABs with exceptional, novel flavors, confirming the successful application of the 96-
well plate screening method. Moreover, the additional sugar utilization tests in selective media with
maltose and maltotriose conducted in publication 2 led to comparable results to the 96-well plate
screening. Accordingly, the results from the screening methods from publication 1 are significant and
highly suitable for a screening of the suitability of new non-Saccharomyces yeast strains for beer brew-

ing.

Although the 96-well microtiter plate test revealed a high suitability to investigate a large number of
different yeast strains for brewing-relevant properties in a relatively short period of time, it needs to
be taken into account that it is an initial screening method. Sensory odor tests of all yeast strains are
inevitable and further brewing trials would still need to be conducted with the most promising yeast
strains to investigate the flavor formation and metabolic properties in brewer’s wort. Depending on
the morphology of the yeast strain, growth irregularities can occasionally occur in the 96-well plate,
which can cause measurement inaccuracies. Two different cases occurred that could lead to inaccura-
cies in the photometric measurement. The first case was a wreath-like growth on the outer wall of the
well, which indicated a lower optical density (OD) and consequently weaker growth than had actually
taken place, especially during the first two days of the test. This growth behavior is depicted in Figure
5A. The second case concerned the flocculation behavior of some yeast strains, which led to clump or
sphere-like formation as shown in Figure 5B. In particular, the S. fibuligera yeast strains revealed a
sphere-like growth in the selective media, which resulted in fluctuating or low OD values and were
studied more in depth in the publications 2 and 3. Therefore, a daily visual control of the microtiter
plates is recommended by applying the screening method, as these measurement inaccuracies can be
easily comprehended.
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Figure 5. Cutouts of 96-well microtiter plates with irregular growth of selected yeast strains: A) showing partly wreath-like
growth on the outer walls of the wells and B) showing the formation of flocculation and partly sphere-like growth.

As already addressed in the discussion and highlighted in publication 2, the morphology of S. fibuligera
plays a crucial role during the photometric measurements as it differs depending on the media com-
position. In Yeast Peptone (YP) media, the morphology of S. fibuligera manifested itself in a macro-
scopically spherical growth (small gelatinous yeast balls), which influenced the measurement precision
of the photometer negatively due to an inhomogeneous distribution of the yeast spheres. Figure 6
depicts the S. fibuligera yeast strain SF3/Lu27 compared to the S. cerevisiae reference yeast strain TUM
177 in cuvettes for measurement in a photometer.

Figure 6. Morphology of the Saccharomycopsis fibuligera yeast strain SF3/Lu27 in 1:10 dilution (yeast:0.9% NaCl solution) in
comparison to the reference yeast strain Saccharomyces cerevisiae TUM 177. 177 Mal: S. cerevisiae grown in Yeast Peptone
(YP) medium + 1% maltose from wort slant agar; SF3 1 Mal: S. fibuligera SF3 grown in YP medium + 1% maltose from YM agar;
SF3 1 Malt: S. fibuligera SF3 in YP medium + 1% maltotriose from YM agar; SF3 Malt from wort: SF3 strain from a fresh wort
slant agar grown in YP medium.

Figure 6 shows the inhomogenous distribution of SF3 yeast spheres in a 1:10 solution consisting of one
part of yeast cell suspension and nine parts 0.9% NaCl solution. While S. cerevisiae TUM 177, chosen
as reference yeast strain, is homogeneously distributed in the solution, the morphology of S. fibuligera
SF3 varies depending on the composition of the cultivation medium and whether a single colony of YM
agar or yeast cell material from a wort slant agar was chosen for cultivation. Depending on the intensity
of the spherical growth of S. fibuligera, the measurement accuracy in the photometer varies. In a com-
plex medium, such as brewer's wort, a mycelium rather than spheres forms during the initial growth
phase. Nevertheless, mycelial growth can also pose challenges for the flocculation and filtration of
industrial beer production. For this reason, the flocculation behavior was investigated in greater detail
in publication 3. A first successful approach to significantly reduce mycelial formation could be
achieved by micromanipulating single cells and cultivating them for fermentations in 2-L small-scale
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trials. However, no trials have been carried out on a pilot or industrial scale, nor have multiple consec-
utive trials been tested yet. These should be carried out in order to confirm an actual suitability for an
industrial scale. The reduced mycelia growth had a negligible influence on the flavor formation, which
is explained in publication 3. The reason why the morphology of S. fibuligera alters in different growth
media could not be conclusively explained. Nevertheless, the flocculation behavior of the yeast species
was discussed in detail in publication 3.

It was also not conclusively clarified why S. fibuligera can metabolize maltose and maltotriose in selec-
tive media within a short period of time, while sugar utilization from media with complex sugar com-
position, such as brewer's wort, proceeds only very slowly. This issue was already discussed in depth
in publication 3. In summary, there were presumed interactions between glucose and maltose trans-
porters, which can inhibit each other, or glucose was constantly available due to extracellular amylase
activity, which in turn inhibited maltose uptake [99, 124, 164, 265]. A different behavior in selective
medium and brewer's wort could also be observed for other yeast species. For example, the yeast
strain Z. rouxii ZR9 metabolized maltose and maltotriose in the 96-well plate test, while the yeast strain
S. pombe S11 showed only maltose activity. Nevertheless, in publication 1, S. pombe S11 revealed a
significantly higher fermentative activity in brewer's wort than Z. rouxii ZR9, although a reverse behav-
ior could have been assumed on the basis of the results. As a general finding, it can be stated that the
carbohydrate metabolism of this yeast species in selective medium is not transferable to a complex
medium like brewer's wort. In the case of S. fibuligera, the brewer can take advantage of the behavior
in terms of slow sugar metabolism to produce either NABs or LABs, although in principle the yeast can
also be used to produce beers containing alcohol by increasing the original gravity. It should be men-
tioned though, that the yeast strain S. fibuligera SF4 achieved a final ethanol concentration of 3.10%
(v/v) during the fermentation of a 12.5 °P wort in publication 1. In contrast, in publication 3, only eth-
anol concentrations between 0.83 and 1.20% (v/v) were reached during the fermentation of a 10 °P
wort at a comparable fermentation temperature of 27-28 °C, depending on whether it was the mother
culture or the micromanipulated culture. This corresponded to a final apparent attenuation of almost
47% in publication 1, whereas in publication 3, apparent attenuations of around 16—23% were reached.
Although the results from publication 3 show that there is already a 7% difference in apparent atten-
uation between the use of the mother culture and the micromanupulated culture, it could not be con-
clusively clarified why a significantly higher apparent attenuation was achieved in publication 1. A con-
tamination by a Saccharomyces yeast cannot be completely excluded in publication 1 despite adher-
ence to a hygienic working method. If contamination did occur, it did not affect the flavor of the beer
as the profiles from publication 1 and 3 are within a comparable range. It would be interesting to test
co-fermentations with S. fibuligera and S. cerevisiae in future studies. It might be possible that the
fruity, plum and berry-like flavors produced by S. fibuligera during wort fermentation will remain and
dominate, while the ethanol content in the beer could be increased by the Saccharomyces yeast.

In order to obtain an initial impression of the flavor formation of the yeast strains, a sensory odor test
was carried out in brewer's wort in publication 1. As the test is simple and quick to perform, it is ideally
suited to this purpose. However, it must be considered that the test was carried out under aerobic
conditions. Although the wort is aerated before fermentation to ensure an initial yeast cell prolifera-
tion, the yeasts shift into anaerobic metabolism as soon as the oxygen is consumed. Without an oxygen
supply, anaerobic fermentation activates different metabolic pathways than aerobic fermentation,
which can lead to different flavor formations. This becomes apparent by comparing the results of se-
lected yeast strains from the descriptive sensory odor impressions in 75 mL wort from publication 1
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with the flavor impressions in the beers produced in 2-L fermentations from publications 1 and 2. Since
a 7 °P wort was used in publication 2 and a 12.5 °P wort was chosen in publication 1, the odor impres-
sions from publication 1 are compared in Table 4 only with the corresponding evaluation for 7 °P or
12 °P.

Table 4. Comparison of sensory odor impressions in wort (aerobic fermentation) against flavor impressions in beer (anaerobic
fermentation).

Yeast strain Strain Abbr.  Sensory odor impression Flavor impression in beer

C. misumaiensis CM1

isoamyl acetate

fruits, honey, caramel

C. misumaiensis CM3/238 fruits neutral, kiwi, gooseberry, citrus,
honey

C. saturnus CSal isoamyl acetate cool mint sweets, pear, banana

K. servazzii KS3/3C4 fruits, floral floral, honey, red berries

K. lactis K9/G9K fruits fruits, apple

K. marxianus Km4/653 fruits apple, red berry, honey, stone
fruit, butter

L. kluyveri LK1/3082 neutral, acidic red berry, stone fruit, apple,
honey, butter

P. kluyveri PK1 yeast, isoamyl acetate neutral, banana, cool mint
sweets, solvent

S. fibuligera SF3/Lu27 fruits stone fruit, plum, red berry, ap-
ple, honey, butter

S. fibuligera SF4 fruits, plum, honey fruits, plum, strawberry

S. pombe G10S fruits, sulfurous apple, red berry, stone fruit

S. pombe S11 fruits, honey floral, grape, honey, clove

T. delbrueckii T26/116 neutral neutral, marzipan, wort

Z. rouxii ZR9 fruits wheat beer, fruits, floral, clove

In general, the flavor impressions in beer, which were evaluated by smelling and tasting, are more
precise than only the odor impressions in wort. The comparison in Table 4 shows that there were in-
deed strain-dependent differences between the aerobically fermented odor samples and the anaero-
bically fermented beers in terms of flavor formation. While the yeast strain C. misumaiensis CM1
formed isoamyl acetate under the influence of oxygen, which can be manifested as banana, pear or
cool mint sweets, none of these odor components could be detected in the beer. Although the beer
was rated as generally fruity, honey and caramel were also perceived. To preserve the flavor substance
isoamyl acetate in the beer, it could be investigated in future trials whether a controlled, continuous
aeration with oxygen during fermentation would lead to the desired result. However, before the end
of fermentation, it must be ensured that the oxygen is completely consumed by the yeasts to avoid
oxidation of the beer which would negatively affect the beer flavor [125]. The yeast strain C.
misumaiensis CM3/238 also lost fruitiness during anaerobic fermentation. Although a general fruiti-
ness remained, it was not dominant, allowing a more neutral beer to be produced with this yeast strain.
In case the flavor formation is significantly enhanced with an aerobic fermentation, a possible Kluyver
effect (cf. section 1.4.2) of the yeast should be taken into account when oxygen is added. If the Kluyver
effect occurs, the yeast is Kluyver-effect positive and has the ability to metabolize further sugars, de-
pending on the species, and an increased ethanol formation may occur [109].
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The yeast strain C. saturnus CSal produced clearly perceptible amounts of isoamyl acetate during both
aerobic and anaerobic fermentation, and K. servazzii KS3/3C4 showed no noticeable differences either.
Similar results were obtained with the yeast strains K. lactis K9/G9K, K. marxianus Km4/653, P. kluyveri
PK1, S. fibuligera SF3/Lu27, S. fibuligera SF4 and T. delbrueckii T26/116. Although, with the exception
of P. kluyveri, no specific odor components could be detected in the sensory odor test which were
described as generally fruity or neutral. However, the neutral flavor of the T. delbrueckii yeast strain
was defined as wort-like in the beer. Thus, the yeast strain is not ideally suitable for producing beers
with promising flavors. In the sensory odor test, L. kluyveri LK1/3082 produced a neutral and acidic
aroma. A broader spectrum of flavors could be perceived in the beers during the tastings. Fruity flavors
were detected, as well as honey and buttery notes. The yeast strain S. pombe G10S produced fruity,
but also sulfurous notes in the sensory odor test. Sulfurous flavor compounds could not be recognized
in the beers. Instead, fruity flavors dominated. In this case, the yeast strain is more suitable for anaer-
obic fermentation and can therefore be ideally used to produce NABs. S. pombe S11 and Z. rouxii ZR9
produced fundamentally similar flavor components during aerobic and anaerobic fermentation. How-
ever, floral and clove-like flavors were additionally perceived after anaerobic fermentation with both
yeast strains. Since both yeasts were POF-negative, the clove-like flavor could either be traced back to
eugenol, which was not analyzed, or complex interactions of the different flavor compounds could
have triggered the wheat beer flavor [212]. Contamination, for example by a POF-positive S. cerevisiae
[206], cannot be completely excluded either although care was taken to work hygienically. In general,
yeasts capable of producing phenolic flavors during fermentation of brewer's wort were excluded for
further investigations. The reason was that phenolic flavors are not novel flavors in beer, as they can
already be found in many wheat beers above the threshold level and lead to a clove-like flavor [206].
Therefore, POF-positive yeasts were not within the objective of this thesis. Nevertheless, maltose-neg-
ative yeast strains with POF-positive properties could be interesting for future research as non-alco-
holic wheat beers are occasonally described as having wort off-flavors depending on the production
method, which can potentially be eliminated by using suitable POF-positive non-Saccharomyces yeast
strains. For example, in the research work from publication 1, a D. hansenii (DH1), a N. holstii (NH2)
and a Z florentina (ZF1) yeast strain were found which were positively rated in the odor test, but malt-
ose-negative and POF-positive at the same time. These strains could be tested in future studies for
their suitability in the production of non-alcoholic wheat beers. Additionally, co-fermentations with
POF-positive and POF-negative, maltose-negative non-Saccharomyces yeasts offer potential to com-
bine clove-like and fruity flavors. Sensory tastings would be essential to determine which combinations
of yeasts and pitching rates form a harmonious flavor profile.

Since this thesis specifically focused on yeast species that produced promising novel flavors during the
fermentation of brewer's wort, a literature research was conducted beforehand and was continued in
the course of this work. The results of the research are summarized in Table 3. Subsequently, it will be
discussed whether similar flavor properties can be expected within a yeast species during wort fer-
mentation and whether the findings of this thesis are in line with those from the literature. For C.
saturnus, D. hansenii, L. kluyveri, N. holstii, S. fibuligera and T. microellipsoides no conspicuous flavor
substances are described in literature during fermentation of brewer’s wort as already mentioned in
Table 3. Consequently, a comparison and discussion are impossible. Furthermore, no significant com-
parison can be conducted for H. uvarum, Meschnikowia sp., W. anomalus and Z. florentina as these
species were only examined for their flavor formation in the odor test within the scope of this thesis,
while no fermentations were carried out.
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The flavor formation of C. fabianii has already been described in literature as variable, as van Rijswick
et al. found high levels of esters resulting in fruity flavors, while Bellut et al. describes unpleasant fla-
vors in the beer [30, 330, 331]. In publication 2, two different C. fabianii yeast strains were therefore
investigated, both of which produced a rather non-specific fruity flavor during fermentation. There-
fore, the flavor impressions are closer to the study results of van Rijswick et al. Apple-like and buttery
flavors dominated, with the buttery note being perceived as quite harmonious, particularly in the beer
fermented with the yeast strain C. fab 5650, as the beer was awarded a good DLG score of 4.44. The
C. misumaiensis yeast strain studied by Bellut et al. also produced unpleasant flavors due to high con-
centrations of ethyl acetate (65.7 mg/L). Isoamyl acetate was measured at concentrations around the
flavor threshold of 0.90 mg/L (cf. Table 3) [30]. The two C. misumaiensis yeast strains investigated in
publication 2 did not reveal isoamyl acetate or ethyl acetate concentrations above the thresholds. Ethyl
acetate ranged from 10.5-15.9 mg/L in the two beers, while isoamyl acetate ranged from 0.23-
0.33 mg/L. Moreover, both beers were rated as predominantly neutral with a slightly fruity note and
no noticeable off-flavors. Consequently, the selection of the yeast strain seems to have a significant
influence on the beer flavor for both C. fabianii and C. misumaiensis.

Based on previous studies, K. servazzii was described as being able to increase fruitiness and to pro-
duce pear and apple notes [119, 156]. Although pear and apple flavors were not found in the beer
produced with K. servazzii KS3/3C4, fruity flavors were detected. It can therefore be assumed that the
species generally increases the fruitiness of beers. In addition, the yeast strain KS3/3C4 produced floral
notes, which not every K. servazzii strain appears able to synthesize. In contrast, K. lactis was described
in literature to produce mainly floral and honey flavors during wort fermentation and also in synthetic
glucose wort media [119, 127]. On a glucose wort plate, it synthesized a strawberry fragrance. The
fermentations in publication 2 resulted in more fruity than floral flavors, most reminiscent of apple.
Literature describes rose-like flavors during wort fermentation also by K. marxianus which can be
traced back to 2-phenylethyl acetate in concentrations of 3.9 mg/L [119, 156]. Although honey-like
flavors could be found after fermentation with the K. marxianus yeast strain 653 in publication 2, which
can possibly arise from 2-phenylethyl acetate, only small amounts of 0.35 mg/L could be measured in
the beer. The fruity, apple and red berry flavors were more dominant in the beer fermented with K.
marxianus 653. Consequently, both Kluyveromyces yeast strains investigated in this thesis produced
more pronounced fruity than floral flavors even though the floral flavors are known from literature.

The yeast species P. kluyveri does not seem to have strong deviations in its basic flavor formation in
brewer’s wort. From existing literature, it is known that the species releases high concentrations of
esters, especially isoamyl acetate, and thus produces a distinct fruitiness and banana flavor [139, 274].
Nevertheless, there appear to be strain-dependent differences, as the P. kluyveri yeast strain PK1,
which was investigated in this thesis, increased the fruitiness only slightly with isoamyl acetate con-
centrations above the odor threshold. Ethyl acetate led to solvent-like flavors similar to those reported
by Holt et al., while no further significant concentrations of esters could be detected as discovered by
Saerens and Swiegers [139, 274].

For the four yeast species S. ludwigii, S. pombe, T. delbrueckii and Z. rouxii, more frequent research has
already been conducted in relation to beer production than for the other yeasts investigated in this
thesis. Regarding the flavor formation, the four species all have varying results, which can be found in
Table 3. Therefore, it can be concluded, that the flavor formation is strongly strain-dependent for these
species and a suitable yeast strain can be selected depending on the desired target flavor of the beer.
Since all four yeast species tend to create beers with diacetyl concentrations above the odor threshold
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value depending on the selected strain, further research could focus on this topic [31, 43, 50, 103, 241,
304]. It is not only possible to search for suitable strains that release less diacetyl during fermentation,
but also technologically, a longer maturation of the beer could lead to improved diacetyl degradation
[170].

The comparison of the flavor formation by the yeast strains investigated in this thesis with the results
found in literature generally leads to the conclusion that there is a significant strain dependence. This
seems slightly less pronounced for the species P. kluyveri, which forms isoamyl acetate as the main
flavor component. Also, between the C. saturnus strains investigated in publication 2, only relatively
small differences in flavor expression were found within the species and the main flavor component
was isoamyl acetate. The formation of isoamyl acetate is enzyme-catalyzed by AATases and these are
localized in specific gene segments (cf. section 1.4.3) [106, 196, 355]. It has not yet been clarified
whether the yeast species C. saturnus and P. kluyveri possess the same gene segments for the for-
mation of isoamyl acetate as S. cerevisiae. However, the results from this thesis indicate that the gene
segments are species-specific. Nevertheless, technological factors play a decisive role regarding the
flavor formation. In publication 4, the influence of technological factors such as temperature, original
gravity and pitching rate, was demonstrated and discussed in detail using the example of the yeast
strain C. saturnus 247. Depending on the settings of these factors, C. saturnus produced variable flavor
characteristics. Furthermore, in publication 1 the sensory odor test showed that even a difference in
original gravity between 7 and 12 °P can lead to deviating odor impressions depending on the yeast
strain. Therefore, not only can the beer flavor be influenced by the yeast strain selection, but it can
also be influenced by specifically adjusting the fermentation parameters. Optimization with regard to
the desired flavor profile is individual for each yeast strain and can be carried out by applying Response
Surface Methodology (RSM). The suitability of this method has been demonstrated by the results of
publication 4. Moreover, earlier studies stated a successful optimization based on RSM [30, 221, 263].
The Design of Experiment can be customized depending on the desired flavor of the target application.
In addition, raw materials and brewing processes can be varied to further alter the beer flavor and the
flavor stability. For example, significant flavor variation can be achieved by using aroma hops or spe-
cialty malts, and depending on the mashing and wort boiling process, the beer flavor can also be influ-
enced [34, 142, 226, 239]. In publication 4, the influence of the thermal load on the beer flavor was
already mentioned and is known to promote instability in beer flavor [209, 248]. De Schutter dealt
intensively with the thermal influence during wort boiling on the flavor stability of beer and summa-
rized that most of the key flavor components in wort are based on dimethylsulfide (DMS) formation,
lipid oxidation and Maillard reactions which includes Strecker degradation [294]. The thermal load
causes the accumulation of Maillard intermediates. Although some of these intermediates can be re-
duced by yeasts during fermentation, the remaining amount can lead to off-flavors during beer aging
[291]. For publications 1 to 5, it needs to be mentioned with regard to the flavor formation that malt
extract was used for the wort preparation. As a result, the thermal input was increased compared to a
conventionally produced wort. The use of malt extract has the advantage of wort standardization.
However, since it is a natural product, it is not possible to maintain an identical quality between the
individual production batches. To ensure an identical product, a synthetic medium would need to be
selected. Approaches with synthetic wort medium have, for example, been conducted by Saerens et.
al or Weigert [276, 345]. A disadvantage, however, would be that brewer’s wort has a complex com-
position and the metabolism of the yeasts may therefore work differently. If non-Saccharomyces
yeasts that only partially metabolize the wort sugars during fermentation due to their physiological
properties are used to produce NABs or LABs, thermal stabilization of the beer is essential. Due to the
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residual sugars remaining in the beer, there is a risk that other yeasts, which have the ability to utilize
these residual sugars from the beer, could contaminate and proceed with the fermentation process.
Consequently, the ethanol content in the beer would increase and the flavor of the beer would most
likely be modified. Additionally, microbiological safety could no longer be guaranteed. The use of sour
wort or sour malt is recommended if the non-Saccharomyces yeasts cannot induce a sufficient pH drop
to 4.2-4.6 in the beer as already mentioned in section 1.3. The yeast strains investigated in publication
2 were only partially able to induce a sufficient pH drop and fluctuated in the range between pH 4.6—
5.1. A sufficient pH drop impacts the taste of the beer positively and produces a safer product from a
microbiological point of view as the growth of pathogenic microbes is inhibited in beer at a pH below
4.6 [13]. Although ethanol also plays a crucial role in inhibiting the growth and survival of pathogens,
a decreasing pH has a beneficial effect on their inhibition. Moreover, there is a synergistic antimicrobial
effect between pH and hop iso-a-acids [213]. A specific selection of the non-Saccharomyces yeast
strain can contribute to avoiding additional acidification. While it has already been found in the publi-
cations 2 and 3 that S. fibuligera, K. marxianus and C. misumaiensis are able to release a sufficient
amount of acids despite weak fermentation performance, further yeast species are known from liter-
ature for their acid formation [28]. L. thermotolerans, for example, has already been mentioned in
publication 3 to form high amounts of lactic acid at the expense of ethanol during fermentation [298].
H. vineae, L. fermentati, Schizosaccharomyces japonicus and W. anomalus also appear in literature in
the context of sour beer production due to their ability to produce lactic acid during fermentation [28,
55, 86, 254, 270]. Moreover, co-fermentations could be considered to combine a flavor-neutral, acid-
releasing non-Saccharomyces yeast with a flavor-producing species to use potential synergies. How-
ever, it would have to be tested in practical trials whether the co-fermentation leads to the desired
synergies.

In general, with regard to flavor formation, it must be considered that the wort composition varies due
to the variability of the raw materials [211]. The amino acid composition of the wort was not consid-
ered in any of the publications 1 to 5 and would therefore be interesting for future research work.
There is evidence that variation in the wort spectrum can trigger major changes in the final beer flavor
in this respect. Worts with high percentages of glucose and fructose have higher ester levels than malt-
ose-rich worts as the two monosaccharides presumably stimulate the glycolytic pathway. This, in turn,
leads to higher levels of acetyl CoA which is necessary for the formation of esters as described in sec-
tion 1.4.3 [46, 184]. Furthermore, with regard to flavor formation by non-Saccharomyces yeasts, the
odor thresholds should be redefined, especially for NABs. This was already discussed in publication 2,
since flavors that remained below the instrumental analytics threshold values from literature refer-
ences could be perceived during the sensory evaluations. A possible approach for NABs could be the
use of thresholds based on water instead of regular beers due to the low ethanol content. In addition,
synergistic effects of different flavor-active substances could play a crucial role. The flavor analysis of
beers produced with non-Saccharomyces yeasts would have to be extended in order to detect novel
beer flavors, which are currently not analyzed as standard in beers. By applying a full flavor analysis,
as exemplified in publication 4 for the yeast strain C. saturnus 247, characteristic flavor-active sub-
stances could be detected to gain further insights into the flavor formation of non-Saccharomyces
yeasts during wort fermentation.

The topics of microbial safety and health effects are relevant to all publications in this thesis and were
focused on in publication 5. In the introduction (cf. Section 1.4.4), instances were described that inves-
tigate and discuss the safe use of microbes, including Saccharomyces and non-Saccharomyces yeasts.
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A safe and harmless use of yeasts for food fermentations, and in this case specifically for brewing, must
be ensured. This includes ensuring that the yeasts do not produce any substances of concern during
fermentation. If the yeasts are inactivated after fermentation, for example by pasteurization or sterile
filtration, they can no longer influence the final product via their own metabolic activities. Neverthe-
less, it is possible that the microorganisms synthesize and release substances during fermentation
which may be harmful to health and which are not eliminated during pasteurization or sterile filtration,
such as biogenic amines.

In regular uncontaminated beers, the average concentration of biogenic amines is between 8-30 mg/L
which is considered safe [192, 240]. Several studies have been conducted in the past to measure bio-
genic amines in beers [47, 150, 271] and were already summarized in a review by Kalac and Krizek
[159]. Details on biogenic amines in beer have already been highlighted and discussed in publication 5
and should definitely be considered in the context of using novel non-Saccharomyces yeasts on a
strain-specific base for the production of beers although only very low concentrations of biogenic
amines could be measured for the 16 non-Saccharomyces yeast strains studied in this thesis. Apart
from biogenic amines, it was already mentioned in the introduction (cf. section 1.4.4) that methanol
(from pectin) or urea as precursor of ethyl carbamate can also be potentially harmful substances in
beer [307, 314]. These substances could therefore also be analyzed in future studies. Furthermore,
nitrosamines detected in beers were formerly discussed as having carcinogenic properties, generated
during the malt kilning process [33]. These concerns could be mitigated by changes in production tech-
nology although this does not necessarily apply to developing countries [177]. In a more recent publi-
cation, Fan and Lin also recommend further studies on nitrosamines in beer for a better risk assess-
ment [98]. Although nitrosamines do not appear to be produced by metabolic properties of yeasts, all
potentially harmful substances should be considered in order to sell beers that are completely harm-
less to the customer’s health.

However, since both substances which arise during the beer production process and the microorgan-
isms themselves may pose potential risks for consumption, only species that are considered absolutely
safe should be used for beer brewing. In the introduction in section 1.4.4. the yeast species that have
been granted QPS status by EFSA were listed, among them, D. hansenii, H. uvarum, K. lactis, K. marxi-
anus, S. pombe and W. anomalus, which were tested for their suitability for beer brewing in this thesis
[267]. Additionally, Z. rouxii was proposed to be included on the QPS list [166]. In the context of pub-
lication 5, it was found that in addition to the yeast species considered safe by EFSA, C. misumaiensis,
C. saturnus, K. servazzii, S. ludwigii, and T. delbreuckii showed no growth at 37 °C. This is consistent
with data from literature, which indicate that C. misumaiensis stops growing at 35 °C, C. saturnus and
S. ludwigii do not grow at 37 °C, whereas growth at 37 °C is variable for K. servazzii and T. delbreuckii
[38]. For the yeast strains investigated in publication 5, the risk of harming the human organism is
significantly reduced, since they are not able to proliferate at human body temperature of 37 °C. C.
fabianii, L. kluyveri and S. fibuligera showed significant growth at 37 °C. Therefore, particular caution
is required when using them to ferment beers. While the three yeast species are known from other
food fermentations as stated in Table 1 [3, 30, 156, 157, 183, 187, 330, 331, 350, 352] and S. fibuligera
has even been mentioned as possessing probiotic potential [178], any health risks must be ruled out
before the yeast species can be considered safe. Moreover, for the three species, the findings from
publication 5 are in line with existing knowledge, as C. fabianii and S. fibuligera are able to grow at
37 °C according to literature references, while growth for L. kluyveri is variable at 37 °C [38]. With re-
gard to P. kluyveri, it is known that the species can variably grow at 37 °C depending on the yeast strain
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[38]. This corresponds to the strain investigated in publication 5, which grew at 37 °C. For a specific P.
kluyveri yeast strain from Chr. Hansen A/S (Denmark), a "no objection letter" already exists from the
FDA supporting the strain for beer application with GRAS status [222]. Based on existing literature, M.
pulcherrima and N. holstii can grow strain-dependently at 37 °C, whereas T. microellipsoides shows no
growth above a temperature of 35 °C [38]. Thus, if M. pulcherrima or N. holstii strains are considered
for beer production, growth behavior at 37 °C should be investigated as fundamental research. Ac-
cording to literature, Z. florentina does not possess the ability to grow at 37 °C [38]. The yeast species
has further been investigated in several studies for its suitability for beer brewing [55, 139, 244].

In summary, it can be concluded that the C. fabianii, L. kluyveri, M. pulcherrima and N. holstii yeast
strains investigated in this thesis should be given particularly greater attention with regard to a safe
and harmless application in beer brewing. Nevertheless, all yeast species that were not granted QPS
or GRAS status must also be used with caution. A potential risk can be minimized by filtering the beer
and subsequent pasteurization to remove the yeast cells from the product and inactivate any residues.
Moreover, the yeast strains should be further investigated for antifungal resistance, potential allergic
reactions, and pathogenic potential by genome sequencing [222, 244].

Although the consideration of health concerns is mandatory, positive health benefits are summarized
in the introduction in section 1.4.5. Of the mentioned health-promoting substances, some B vitamins,
such as biotin and folate, can be synthesized by yeasts and were therefore of relevance for the inves-
tigations into non-Saccharomyces yeasts [153, 349]. Bamforth summarized relevant B vitamin concen-
trations in beers in a review [18]. For thiamine (B:) he indicated a range of 3-80 pg/L, for riboflavin (B,)
20-800 pg/L. For niacin (B3) 3000—-8000 pg/L were indicated, while for pyridoxine (Bg) 701700 pg/L
were listed. Biotin (B;) was indicated at 2—15 pg/L, folate (Bs) at 40—600 pg/L, and cobalamin (B;,) at
3-30 pg/L. For pantothenic acid (Bs), no values were provided [18]. In the beers examined from publi-
cation 5, which were produced by using S. ludwigii SL17, C. saturnus 247 and CSal and K. marxianus
653, thiamine was found in concentrations below the limit of determination of < 100 pg/L. Around
250 pg/L riboflavin, around 5300 pg/L niacin, between 500-580 ug/L pantothenic acid, around
250 pg/L pyridoxine, between 0-3.2 ug/L biotin, approx. 40 pg/L folate and between 1.15-1.25 pg/L
cobalamin were analyzed. Although Bamforth's data are based on regular beers containing ethanol
and the beers analyzed in publication 5 were NABs, most B vitamins were in the ranges reported by
Bamforth [18]. Folate was at the lower minimum at about 40 pg/L, while biotin was in the target range
of 2—15 pg/L depending on the applied yeast strain. The beer fermented with the yeast strain S. lud-
wigii SL17 was just below 3.2 pg/L, while biotin in the other three beers was below the limit of deter-
mination (< 1.0 pg/L). Cobalamin was determined in all beers below the reference range given by Bam-
forth [18]. This may be due to the fact that cobalamin cannot be synthesized by yeasts and is carried
over into the beer by the raw material barley malt depending on the strength of prokaryote growth
during germination on the grains [167]. The selected low original gravity of 7 °P in the NABs in publi-
cation 5 may therefore be decisive for the correspondingly lower cobalamin concentrations.

In general, the database for B vitamins in NABs is weak. Moreover, in commercially produced beers it
is often not transparent which production process was chosen and whether non-Saccharomyces yeasts
were used. This poses a challenge for a direct comparison with the beers from publication 5. Zabihpour
et al. published some B vitamin concentrations of NABs from the Iranian market and measured con-
centrations between 19.630-68.470 pg/kg for thiamine, 20-80 pg/kg for riboflavin and 9.020-
43,110 pg/kg for pyridoxine (Zabihpour et al., 2021). With the exception of riboflavin, the published
concentrations are extremely high and raise the question of whether a vitamin addition occurred in
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the NABs that would not be permitted in compliance with the German Purity Law. While in publication
5, no yeast strains were found that could synthesize significant amounts of B vitamins during brewer's
wort fermentation, there is still extensive research potential in this area.

To summarize, an equally extensive research potential exists for the investigation of further non-Sac-
charomyces yeasts for beer brewing to diversify beer flavor. Since flavor variations can already be
achieved on a strain level, which has been established in numerous studies (cf. Table 3) as well as in
the context of this thesis, the potential variety of beers is almost inexhaustible. Furthermore, co-fer-
mentations offer great potential, which was not investigated in this thesis. Research in this area could
be intensified in order to further increase the flavor variety and to extend the final apparent attenua-
tions. The application of Saccharomyces yeasts in co-fermentations with non-Saccharomyces yeasts
offers great potential for diversifying beer flavor while also achieving higher ethanol concentrations.

It is also essential that the experiments from the 2-L small-scale fermentations mainly applied in this
thesis, will be transferred to a pilot scale and later to an industrial scale. Adjustments may be necessary
in the course of upscaling, which can often already be made at the pilot stage. The best results can be
implemented on an industrial scale. It might vary, depending on the yeast strain, whether a yeast can
be transferred from small to large scale without extensive adjustments. Existing studies state that up-
scaling of experimental beers using non-Saccharomyces yeasts can be successful [30, 221].

Since the focus of this thesis was on the production of NABs with novel flavor profiles, some options
will be presented below to further enhance the sensory profile of NABs produced by biological process
in compliance with the German Purity Law. These can also be regarded as an outlook for further re-
search. Ethanol is a flavor carrier, the absence of which can no longer compensate for possible off-
flavors in the beer [227, 303]. High-gravity brewing increases the formation of higher alcohols and
esters [7, 43]. Even after dilution with brewing water, the fruity character is retained [240, 275]. To
counteract an unbalanced, overly fruity or solvent-like flavor impression caused by high-gravity brew-
ing, the oxygen supply and fermentation temperature can be adjusted accordingly [4, 234]. Further-
more, CO; stripping of wort or beer can intensify the interaction between the yeast and medium and
expel undesirable wort flavor compounds [7, 227]. Another option for the improvement of the sensory
profile is an addition of aroma hops at a higher dosage at the end of wort boiling or by placing the hops
in the whirlpool in advance to mask off-flavors [102]. Furthermore, cold hopping after fermentation
offers an opportunity to introduce additional hop flavor compounds into the beer. The type of hop,
the blending, temperature and contact time are parameters that can be adjusted to influence an ef-
fective transfer of hop flavor substances into the beer [233, 252].
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