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Summary

Summary

The appliedbrewingyeast strain contributes decisively to the aroma profile, taste, smell and
mouth feel of the produced beehe nass production of beer has led to a selectiomsmall
number ofhigh-performingSaccharomycegeast strainsmaking it relatively easy to pduce
beer on dargeindustrial scale. Howeveas yeast has an immense impact on beer flavor and
attributes, the selection of this small number of yeast strains hasbettind thearomatic
richness of beers.

In recent yearss movement called craft brewg hasbeen growing This type of brewingses
special malts and special hops to increase the aromatic richness ofSieee. yeast is one of
the main flavoring agents for beea variaton of this mandatory ingredierganfurther enrich

the 6 S S Al@ia. Besides the specially selected brewing straih@re are many partly
uncharacterized genera of yeast addition to Saccharomycegachwith many species and
strains,givinga wealth of possibilities for potential beer fermentation. Many of these ron
Sacharomycegyeasts are known to brewers as contaminathigt cau® majorchanges in the
aromatic profile of beer. Not all of these sensorial changesvever, are considered bad, as
beers like Berliner Weil@nd Lambic show which aromatic richness relies on the interaction
and impactof differing yeast genera.

A method to predict the capability of mon-Sacdharomycesyeast strainwith regard tobeer
fermentationas well asts potential usewere investigatedn this dissertation.

One of themost timeconsuming steps in searicly for new yeast strains for brewing is
phenotypical characterization. In this scientific work a phenotypic characterization protocol
(screening)vas developed to predict the performanoé a yeast strain in beer fermentation.
Firsty, literature was consulted taesum up pre-existing protocols andtrials with non
Saccheomycesyeastfor beer fermentationsAs a resultsaccharideand amino acid utilization
in all maltbarleywort, hop compound and ethanol tolerance as well as flavor formiegew
chosen aghe main phenotypic challenge#\fter the successful compilation, execution and
evaluation ofa screeningprotocol with ten strains of theTorulaspora delbruecksipeciesa
promisingstrain wasfound asthe new brewing strainT. delbrueckiiT9andwas taken a step
further in the characterization prograrithe keer fermentation performance of this particular
strain was optimizedsingresponsesurfacemethodologyvarying fermatation temperature
(15-25°C) and pitching rat€50-120 x1(° celldmL). Before this, the strains behavior in
propagation and dissolved oxygdemandin wort was investigate.

The combination o0& 20 °Cfermentation temperatureanda pitching rate 060x10° cellgmL

as well as a wort oxygenation of hlyL dissolvel oxygen was found to be sufficient. In
-1-



Summary

contrast tobrewing yeasts used previouspropagation showed very @in cell concentrations
after 28hours 0f400x1C cellgmL at the highest vitaliy and viability The beer was judget
be very fruity with strong notes of blackcurrant. Furthaore, a temperaturedependent
change in flavor could be observed. \fermentation temperature oi5°C the beer had a
strong honeylike flavor, changing tblackcurrant at 20C and to red windike at 25°C To
ensure the quality of the finished product and the pureness of the pitching yaasethod
was successfullydeveloped to detect cross contaminations of ttgrmenting spoilage and
brewing yeast in oa to five days without prior incubationA micro fermenterwith a pressure
detector wastherefore incubated with pure and spiked samples of differing brewing and
spoilage strains. Spoilage yeast contaminations of 0%0fh 1x 10° cellgmL pitching yeast
couldbe detectedwithin an average of 5 days.
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Zusammenfassung

Die, bei der Bierherstellung, verwendete Hefe beeinflusst das Aromaprofil, den Geschmack,
den Geruch und das Mundgefuhl eines Bieres maf3geblich. Im Zuge der Massenproduktion von
Bier wurden, aus einer ehemals groR3en Vielfalt, einige wenige Hochleistuergsdef
Gattung Saccharomycesselektiert, die die industrialisierte Bierfermentation mdoglich
machten, dieAromenvielfaltdes Bieresiingegen stark einschranken

Unter dem, aus den USA Ubernommenen, Synonym Craftbeer werden Spezialmalze, sowie
neue Hopfenzéhtungen in der Bierproduktion verwendet, um wieder neue Aromen in das
Bier einzubringen. Da die Hefe einen der gré3ten Einflisse auf das Aroma des Bieres hat, ist
eine Variation des Hefestammes eine weitere Moglichkeit die Aromenvielfalt zu erweitern.
Neben der Gattung Saccharomycesexistieren viele, teils noch nicht beschriebene
Hefegattungen. Einige davon kommen als Kontaminationen in der Brauerei vor und kénnen
eine starke sensorische Verdnderung der Biere zur Folge haben. Dass diese sensorische
Verandeung nicht negativ sein muss, zeigen Spezialbiere\Bielie Berliner Weil3e oder das
Lambic, deren Aromenvielfalt auf dem Einsatz verschiedener Hefespezies beruht.

Eine Methode zur Einschatzung der Anwendbarkeit in der Bierherstellung von- nicht
SaccharmycesHefen in Reinkultur, sowie die moégliche Anwendung in der Brauerei soll in
dieser Arbeit untersucht werden.

Die zeitaufwandige Charakterisierung stellt unabhéngig von dem gewahlten
Anwendungsgebieteines der Probleme fir die ErschlieBung neuer Hefen In der hier
vorliegenden Arbeit wurde ein phanotypisches Charakterisierungsprotokoll entwickelt,
welches zu einer schnellen Einschatzung der Fahigddierter, natirlich vorkommender
Hefen auf ihre Anwendung in der Bierfermentation befahigt. kierurde zunéchst eine
ausgiebige Literaturrecherche durchgefihrt, die bereits verwendsiwie angewndte Tests

und Garversuche mit verschiedenen nikSdccharomycesHefen zusammenfastAls
wichtigste Eigenschaftewurden dieVerwertung wichtiger Kohlenfdrate und Aminosauren
aus der Bierwilrze, die Hopfenund EthanoiToleranz, sowie die Aromastoffbildung
beschrieben.

Nach erfolgreicheZusammenstellung, Durchfihrung ultvaluierung des phénotypischen
Charakterisierungsprotokoltsit 10 Stammen der SpeaTorulaspora delbrueckikonnte ein
Stamm als potentielle Brauhefe identifiziert werder verstoffwechselte alle wichtigen
Wirzezucker, konnte in der Anwesenheit von Hopfensauren wachsen, zeigte eine Toleranz
gegenuber 3 Ethanol und bildete fruchigbeerenartige Aromenlm weiteren Verlauf

wurde der Fermentationsprozesdieses T. delbrueckii Stammes T9 mit der Variation
-3-



Zusammenfassung

verschiedener Fermentationsparametern auf die Herstellung eines Bieres mit
durchschnittichem Alkoholgehalt von %v/v optimiert. Fur diesen Schritt wurden die
optimale Gartemperatur zwischen 1525°C, sowie Anstellzellzahkzwischen 50
120x1C® Zellen/mL, das Verhalten in der Propagation und der Einfluss von Sauerstoff in der
Anstellwirze untersucht. Fir die Variation der dfmentationstemperatur und der
Anstellzellzahl wurde eine ResporSarface Methode angewendeEin optimales Ergebnis
erbrachte die Kombination von 2@ Gartemperatur und 64LC° ZelledmL bei einem
geldsten Sauerstoffgehalt der Anstellwirze vonnglL. In der Propagation zeigten sich im
Vergleich zu normaler Brauhefe sehr hohe Zellzahlen (bis#@@elledmL) sowie eine sehr
gute Viabilitat und Vitalitat nach 2Btunden.Das Hauptaroma des fertigen Bieres wurde von
den Verkostern als sehr fruchtig nmstarkem Geschmack nach schwarzer Johannisbeere
beschrieben.Es konnte weiterhin eine Verdnderung des Aromas der Biere bei steigender
Fermentationstemperatur beobachtet werden. So &nderte sich das Aroma 3& t&n Honig
Noten Uber starkes Johannisbeesnma bei 20C zu einem starken Rotweinaroma bef£5

Im weiteren Verlauf der Arbeivurde eine neue Qualitatssicherungsmethode basierend auf
Gasbildung entwickelt. Diese ermdglicht den Einsatz desmelefestammes in der Brauerei
sowie die Detektion @an mdglichen Kreuzkontaminationen n8taccharomyces cerevisiae

ein bisfinf Tagen ohne Vorinkubation



Introduction and motivation

1 Introduction and motivation

Discussionsof brewer@ yeast todayrefer to some highly domesticated[1], fast and
predictivdy fermenting Saccharomyces cerevisias well asSaccharomycegastorianus
strains[2¢5]. These yeasstraing especialy S. pastorianustraing ¥ SNY Sy & o6 Ndog S NI a
beerefficientlyand economicallin a shortperiod oftime. The overall aroma and taste of beer
is largely shapedy the fermenting yeast used in the proces$6¢10]. It converts the
fermentable carbon and nitrogen sources present in wonto the main fermentation
productsethanol and carbon dioxide. Furthmapre, strain-specificvolatile and nornvolatile
compoundswvhich aredescribed as secondary metabolifasd contributehighly to flavor, are
produced during fermentatiof8¢11]. As only a coule of strains areisedby the bigbrewing
companiestoday this overall aromampression does not vargreatly for the big mass
produced[12, 13]

The overall singleeason for usingome major brewing strains tee biological and economical
benefits[14]. Since fermentation is one of the most tim&nd spaceconsuming steps in the
beer production procest has always been a field need of innovationTo save spacéhe
volumes of the fermentation vessels werimcreased by using high cylindroconical
fermentation vesselg15, 16] To reduce timehighgravity brewing was inventedvhich
increase the yield of the fermentationsavel energy, cleaningand effluent cost§17¢19].
The yeast strains usearfthese fermentations had to be sprlly selected as the stress
coming froma high fermentaton vessel with high gravity wort negative§fects yeast
performanceg 13, 20] Gonsequettly, a few big companies that produce most of theeks with
these yeast specigolarized the world beer markgrestricting he aroma and flavor variety
[12, 14] Themajority of beer produced today is of the lager variety, which is producdtdy
bottom-fermenting yeastS. pastoriaus [14]. S. pastorianuderments efficiently at low
temperatures produces a clean aroma gile and has a highlevel of various stress
resistances, which maké very useful for mass prodirg beer[6, 13, 14, 21, 22]

A trendthat can be observedverthe last decadésa growing interest ircraft-produced beer
due tothe aforementioneduniformity andinsipidity of the majority of theproductsoffered
by the bigbrewingcompanieq23]. As consumerbecomemore aware of howariablebeer
can be,the demand for these products increase[24]. New innovative and keenly
experimental breweries are launching all over therld, reviving old beer styles and creating
new beerg12, 23;25]. The hop industry has adapted to tinew demand andhasincreased
its variety of special hopdor new flavors As yeast is one of the main arosnand flavor-
shapingagents in beer productigrdemandfor new yeast straings increasingYeast strains

-5-
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for new beer styleare therefore soughby brewers and scientists many different way§23,
25, 26] Onemethodis to useold yeaststrainsthat were kept in storagethough theseare not
ashigh performing These yeastproducediffering flavorsand aromago what is commonly
used at presentAnother way predicted by Steward 1986wasthe widespread use of novel
brewing strainghat were genetically modifiefR7]. Since tlen, scientists have taken a variety
of approachego genetically mody yeast straing2, 28] Howeverthe oppositionshown by
public opinionmeans thatthey have notyet found their way into brewerie$13]. Another
promising alternative is the search for new brewing strains in natisréhee are potentially
many still undiscovered varieti¢89¢32]. The industrially used yeast strajespecially in the
brewing sectoyonly cover a smaliumberof the virtually unlimited number ofeast found
in the environmen{29], some of whichmight be useful to brewersNon-conventional (.e.,
non-Saccharomycegg/east have been successfully applied to improve flavat aroma in
mixed and purdermentations for wine, cacaand other fermented beveragg83¢42]. These
yeast and manytherscan bekey todiscoveringnovelaromas and flavorg beer[23, 25,
31, 33, 36, 4845]. To be able to find new brewing strajrise nature of beer fermentation
usingSaccharomycdsrewing strains has to baken in account and adapted tbe new yeast
strainsselected from naturg3, 4, 23, 25, 26]

The thesigublications are thereforerganized in four parts:

1. Review of applied nofSaccharomycegeast speciesin beer fermentations with a
detailed description of practical applications and produced secondary metaholites

2. Development of a screening method faon-Saccharomycegeast to predictthe
ability of the strainsto ferment beerwort with a verification of the results by the
application of tenTorulaspora delbrueclgtrains.

3. Establishment of an optimizatioprotocol to implement a nofSaccharomyces
brewing strain of the speciéorulaspora delbrueckn the brewery by optimizing wort
aeration, propagation and fermentation.

4. Development of a novel methodology to ensymerity and quality of beers produced
by the speciesTorulaspora delbrueckaind bottomfermenting yeast.

1.1 History of beer past

The tradition of producing beeibread and winecan be traced backhousands of yearso
prehistoric timed3, 5, 28] The driving force behind fermentation was not known to the early
brewers, bakers and wine makegsides the fact thasugarcontaining foods andiquids
spontaneously fermentedavhen left alone for some time Asthe air that these foods were
exposed to as well as some of the ingredieotmntaineda variety of yeast anfiacteria,the
outcome of these fermentations wasot predictable It wasinefficient and the taste wa

-6-



Introduction and motivation

probably not always desirablgl6]. The first documentedstepstowards some kind of a
predictable beer fermentation were taken by Sumeriansapprox. 6,000 years ago by
inoculatingnon-fermented food with a small fraction opre-fermented food to start a new
fermentation[5, 46, 47]

Brewing technology has been promoted and the production of beer increagadsince As

a result of thevariety of antibacterial propertiest contained, beer wasne of the safest
beverages to consume in timégfore the invention ofvater treatment[48]. It had a low pH
(around 4.2), which harmed the growth of toxic gragative bactele, a certain
concentration of ethanol, hop acids and carbon dioxidhich made it a harsh environment
for any bacteria to lie [49]. There are reports by Sambrook wiedieval times whes rich
householdswould consume 75@500hl of beer per annum A servantat that time was
allowed to hare one gallon (respectively 3i&rs) a day{50]. Up to today, beer is one of the
most consumedermented beverages in many countrielr 2015 an average of 105.9 liters
wasconsumed by the Germagwopulation, which equals 0.29 litsiper day[51].

Intensiveresearchinto yeast however, did not startuntil the end of the 1% centurydue toa
lack of knowledge and technologyn 1680, Antoni van Leeuwenhoek found small round
shapes in fermenting liquidy looking though a versimple microscopehut was not able to
show that they werdinked to fermentation52]. In 1789Antoine van Lavoisier described the
nature of fermentation as.chemical changm the fermentation ofwine, which was not linked
to any microorganism53]. In 1837 and 1838 the research on beer supported by the
improvement ofmicroscopea reached a high point wittschwam and Cagniard.atourwho
foundlivingyeastto belinked to fermentation54¢56]. CagniareLatourwas able to measure
the size of yeast cells and described them as small glskuith a diameter of §9 um [55].
Pasteur then used this knowledge twenty years later to identify yaasthe fermentation
agent and showed that wild yeast and bacterfgpresentin the fermentation would spoil
wine and beerHe also reportedhat aerolic and anaerobic microorganissand yeashawe a
muchhigher demand fosugars when in an anaerobic environm@®, 57] In 1842 bottom
fermenting yeast, whichad anly been used by Bavarian brewenstil that time, wasbrought

to the country ofCzechoslovakidromthere it was aken to Denmark and at almaste same
time introduced to American breweries in Pennsylvd@ig. The idea of a pure fenentation
wasthen implemented by Emil Chrisin Hansen i1883in Denmark at the Carlsberg brewery
[58]. When focusing his research on yeastwas able to cultivate four differemgure strains
of bottom-fermenting yeast, of which he fmd one to be suitable for beer fermentation. That
strain was calledCarlsberg Yeast no(Jb8]. Due to this namehottom-fermenting yeastvas
hereinafter namedSaccharomyces carlsberger&sg].
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In 1886, Hansen developed a propagation system in the Carlsberg brewery together with
Jansen tde able tosupply the brewery wittadequatepure cultureyeast.Since that time the
use of pue cultures of brewing yeasbecame common practice for brewers producing
bottom-fermenting beer[27]. However the ale breweyrsnostly from the United Kingdom
where alewas most commongdid not immediately adopt this technique Their product
diversity at that time partly relied on mixed cultures of ale yeasintaining mainly twdo
three but also upo five strainsat once[59]. Furthemore,no adaptation was found fapecial
beers, whichare still partly spontaneouslyfermented todaye.g. Lambic, Geuze or Berliner
Weissbier The nature of most of these ferentations isstill not completely discovered as
many different microorganisms anevolvedin varying concentrations and time spdag, 6
62].

Since that time scientists have beenitny to speed upand increasethe yield of the
fermentation process.In 1930, a large step was taken towards mass production as
cylindraconical fermentation vessels were invent¢tlo]. Typical sizes for large brewery
fermentation vesselsodayare 15002000hl with a height of 120 m. Due to the height, the
pressure at the lowest point of the fermenter can reach up twa2which can result in over
carbonationand harm yeast growtH6]. However the conemakesit easy to crop the yeast
from the bottom as it izadllected in the conavhen it flocculatesfter cooling[16]. Making it
easy to crop bottorfermenting yest in closed vessels miglaiso have been a small
advantage for lager production as the yeast couldcbeppedin a sterile way andreused,
saving money, space and time in the brewgy].

In 1935 another big discovery yeast research was made Winge who discoveredhat cells
of Saccharomycesere diploidand could beproduced by corhiningtwo haploid spore$63].
Having thatknowledge, he discovered one of the first methddsntentionally createa new
0 NB gy@asihat had previously beensed for plants and animal64]. He had the idea that
breedingwas possile, and usedwo haploid spores of differerarentalyeast straingo form
a newdiploidyeast strain with claracteristics of both paren{28, 64] From that time on yeast
research waspanded to includeggenetics and molecular biolog27, 28] There is still one
issue with this idea todayYeast strains comingut of the laboratory are diploid andt is
comparatively easy teéhange their genetics. Howevandustrially used strains are mostly
alloploid or polyplad, which partly ensures genetic stability in the brewing prodessalso
makes it much harder to modify thef@8, 65, 66]

Brewing scientists today have the advantage thaterevisiabas been used for fundamental
research incell biology and genetici65]. The S. cerevisiaestrain (S288c)was the first
eukaryotefor which a fuly characterized genome sequence wasilableas a result of the
collaborationof many scientistf57]. The high interest is.cerevisiady many other industrial
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branchessuch adiotechnologyprovidesa further advantagéo our knowledgdnaseas alarge
number of researchers work on improving and finding new straimalso on the genetics of
other yeast specigf68]. Todayresearchers all over the worlgsenext generation sequencing

to try to map the genes responsible for phenotypes, which might be interesting to industry of
any kind[65, 68] However, the public opinion on genetic modification as well as the legal
position of the use of these microorganisms is still not versitpee [13, 28]

Recentlysome groups of scientists have started to compare industrially Gsedharomyces
strains by theirwhole genomesequence[l, 5, 14, 69] These yeast strains cluster when
compared by wine, beer and other fermentation induss but also show somstrains that
are used in onendustry but belong to a different industrial sect¢t, 5, 69] These clusters
also show traits bdomesticationas a result of years of usage in a rraade environment
producingin the industrially used strains of tod4y]. However the results also show that
some of the strains used today carry traits of other genera and are sometimes ietgzsp
hybrids[69].

In summary yeast research has improved the fermentation of witto beer by highly
domesticated Saccharomycegeast strains tovirtual perfection [70]. This progress was
possible due to the developmenitsthe technology, genomics, proteomics and metabolomics
of yeastas well as selection and domesticatiover centuries[5, 13, 71] There are stilkome
gaps but in the overallscheme of thingsknowledge aboutfermentation has advanced
considerablyand the oerall quality and efficiency of breweries has reached a high levall
these positive impactand optimization processdswwever, the product itself was limited in
its sensorial complexity’, 12, 23, 72]JAll the knowledggatheredin past decadesan be used
by researchersto discovernew brewing yeast strainsyhich might enrich the sensorial
complexityonceagain[7, 13, 25, 26, 32]

1.2 Obtaining rew brewing yeast strains

Toacquire new brewing straingwo mainrequiremerts have to be taken o account.The
method to find or create new yeast strains has toiloplementedand the feld of use has to
be determined.The following paragraphs will deal with the different methadginding new
yeast strains followed by a description of threethodsdevelopedhere.

There are different techniques that can be used to eitbeploreor createnew yeast strains
for industrial e.g. brewing purpose¥hey can be divided infour groups ¢ methods which
can be summed up assing natural yeastbiodiversity, artificial selectigndirect evolutionor
genetic modification26]. Common toall of these techniqueso date is the facthat the
phenotype (a special characteristic that a strain or a speccan have e.g. morphology,
physiolajical or biochemical properti¢bas to be investigatefibr the specificfield of use This
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investigation is necessary beforteis possibleo tell if the desired phenotype is present for
the discoveredor created yeast strainTo datethere is alack of knowledgeon the full
interaction between phenotype andenotype, which makes fast phenotypic screening
important. With increasing knowledge and better technologies e.g. next generation
sequencing (NG®)is interactionhas beerninvestigatedin recentyearsby numerousgyroups

of scientiss but has notyet beenfully discovered73¢75].

1.2.1 Naturalyeastbiodiversity

The frst and of coursethe oldest technique isd use natural yeast biodiversity. Agentioned

in the above sectiod.1it is known that humans madese ofits natural diversitythousands
of yearsago[3,5] ¢ KS & Y I Ay , asSadthafomydseEeyisiags often referred tojn
fermentationis one of approx. 1500 yeast species that have bevaracteizedfor different
fieldsso far.However this number is just ainfinitesimalpart of whatnatural biodiversity has
to offer[29, 71] Even in theSaccharomyceagenus hatural divesity is unbelievalyiextensive
Scientists have reported that the degree génetic diversity of a spatially separatedid
Saccharomyceserevisiagopulationon a small island in southerrh@@a is comparable to the
genetic diversity of the complete human populatipfi]. As this represents only one species
where thousands of different species with different strains are also found in the same
environment, thisindicateshow largethe diversity in yeast can b&hat is why sreening for

a certain phenotypdrom naturaly occurringyeasthas be&eomea commontool for finding
new strains[26]. Different scientist teams have started screening yesistinsof differing
speciesout of big collections for differenindustrial purposesfor many yearqd26, 76;78].
However very little has beeroneto find new brewing yeasts apart fro®accharomyce#\
promising approach of finding new strains that will perform in a similar, i8ay saeen yeast
strainsthat are related to the environment dbeer fermentation orthat occur in thebeer
fermentation as spoilage yeasfis these yeasstrains might already be adaptedo the
environment they might also be able to fermeat utilizebeer wott in a similar way28, 30]
Proof of this theory has been given by various scientists that found indigenous wild tgeast
be promising starter cultures for wing9, 80]or to be replacements fobakersyeaststhat
were used in Braziliabiofuel production[81]. It should be noted thasome yeast strains can
produce toxins. Before seaning for specific characteristics of interest in food fermeratati
the GRASGenerally Recognized Ad&alatabaseshould beconsultedfor the specific species
[82].
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1.2.2 Artificial selection

Thisapproach covers methods to in@se thepre-existing yeast diversitysingtechniques
that generategenetic diversityrom a single strain or by shuffling genomes of multiple strains
However the emerging strains are described asn-geneticallymodified yeast(in some
regions strains produced by protoplast fusion are considéodzk GMO(genetically modified
organism3) and can therefore be used in any industrial fermenta{id8]. These mannduced
changes in the genome can be performed by mutagen@d} sexual hybridizatiof84],
asexual hybridizatiof85] or evolutionary engineering.

Mutagenesis describes the creation of mutairiducedby physical or bemical mutagens
Examplesof physical mutagensre ultraviolet raysor ionizing radiation.Frequently used
chemical mutagens are EMS éthylmetharesulfonak) or MNNG
(methylnitronitrosoguaniding [83]. The physical or chemical mutagefaerce a mutation of
the genome (e.g. change of nucleotigdégsnsversions, point mutations and cluster mutatipns
[86], whichresult in various mutantsome of whictcan have aesired phenotypéhat has to
be selected by phenotype investigatif2t, 86]

Sexual hybridizatigralso called matinghas beercommon practice in agricultur® produce
hybrids. Thesehybridscanbe producedirom two parentsfrom different subspecies but the
samespeciegintraspecific), from twalifferent species but the same genus (interspecific) or
from two different genera (intergeneric)87]. Yeast hybridization coversome mettods
(direct mating, rare mating, mass mating and genome shufftimaf)are used to create new
hybrids from haploid spores of diploid yeast cé®g]. The mainprocedurewill be described
on the process of direct matingirsty, the yeaststrainswith differing desired phenotypeare
forcedto formsporeshy placing them om nutrient-insufficient medium e.gacetate medium
[84]. These spores, whichtlierhavell KS Y I G Ay 3 (& LIS humahéndersdé O2 Y LJ
male and female), harbor one set of chromosomes of the mothe(leailoid).If an a and an

h Y GAY 3 §8& LIS byla MiSronakpiulatdtyaf@ i &rewdellwhich harbors a
double set of chromosome&liploid). This can result in new combinations of genekich
might support a more desired phenotyeich as cryotolerance, ethanol tolerancehigher
aroma productior{84, 88] Hybridizationhowever, has some disadvantages. Most industrially
used strainsare polyploid,have low sporulation viability odo not sporulateat all. The
produced hybridgeanhave arunstablegenotypeand therefore change after a certain number
of fermentations, losing their desired ability in the fermentati@®]. Therefore,they have to

be genetically stabilized bgneans ofrepeated fermentatios and stability testingusing
fingerprinting[89].

-11-



Introduction and motivation

Asexual hybridization covers the methodspobtoplast fusion andcytoduction Protoplast
fusion describes a procedurehere the cell wallof differing yeast cell§same species or
differing speciesareenzymatically removedesulting inprotoplasts (cells without cell walls).
These protoplasts are fusedeneratinga new cell with a fused nucleus of both cells and
therefore the characteristics of both cells. Thew cell is able to grow and reestablish a cell
wall, enabling itto multiply againThis method is used for yeathat do not sporulate or are
polyploid, making them unable to ma{85]. In this approach, the resulting strain contains
both chromosomes of the parental strains. If ortlye cytoplasn (containing different
cytoplasmic factors e.g. mitochondria)arfe parental strain but both chromosomg@sucleus)

of the other parental strain are meant to be in one neall, cytoduction is performed. Heye
the KARL gene of the parental straioontaining theargetedcytoplasmic traiis deleted. Then
the protoplast are fuseds described above resulting in a cell with the nucleus of one parent
and the cytoplasm of both parental straif890].

1.2.3 Direct evolution

Directevolution has also been describedaaptive or experimentadvolution[91]. It covers
methods of adapting a population of yedasells (or any other microorganismjo an
environment. The environment is chosen according to the desired phenotype fa.g.
fermentation, high sugar concentration, low temperatures, high ethanol concentration. Cells
that grow faster or ferment strongebecause of a spontaneous mutation due to the
environment are selected, continuously repitched and selected d8ainAs these cells have
an advantageowardsthe rest of the population, these cells will succeed in the fermentation
and enrich over generationgroducinga high cell number of fagermenting mutants.A
simple example ighe serial repitching of brewingeast, which can result in a higher
performing population (also in awer-performing population in case of petite mutar{&3]),
after a couple ofermentation incontrast to the first pitche$94].

1.2.4 Geneticmodification

This field covers methods that directly manipul@geas@ genome using biotechnological
tools. As the genome idirectly modified,the resulting organismeeedto be labeled as GMO
and are subject t@sMO legislationThe pharmaeuticalindustry has beertaking advantage

of GMO for many years to produce human proteins with yeast or bacteria for therapeutic
treatments [95]. However direct use in food production is prohibited by law bgost
European countries and theiiuture use is still controversial[28]. The field of genetic
modification covers manycomplexmethods the basic principleof whichwill be explained
briefly in the followingsection
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Manually producedNAor foreign DNArom other microorganism&an be insertednto the
genome of the yeastell, changing its phenotype e.g. fermentation ability, resistances, flavor
forming and manyother attributes Genes that have been unintentionally produceah be
removed or changed by mutation, giving col@ssvariation options Two majorand efficient
waysof inserting foreign DNA ia yeastcellshave been describef®6]. The first one isd use
so-called plasmids where a plasmid vector is introduced a host yeast ce[@7]. This vector
transpoida I OSNIIFAY 5b! FNIIAYSYy(I & KAIDdnoarkyt f
the information to produce a certain proteiand also the information for a biochemical
pathway. Followingintegration, this informationis given to all descendants dfi$ particular
cell[98]. Theproduction of specific compoundsquires the integation of multiple differing
plasmids to change the genome for the desiqgarpose,and thisdecreases the genetic
stability[99]. The gcond technique is theo-called fixed integration. Hera gere is replaced

by a manipulated genene by one This action has thbenefit that the gere given to the
decedentswill be as stable as the originahs the yeast genome is relatively small this
technique is very practicfl 00]. Most modified gees are responsible for gerexpression or
regulation, giving the opportunity to increase the production of a desired compound. A
balance of these garfunctions however, is very importat as highgeneexpression does not
necessarily mean a high production of a compo{f@i].

Thegreaterunderstandingof the genotypephenotype interactionas well as an increase
the whole genome sequence dateow makes it partlypossible to link the phenotypes to the
genotype. As most of thedesired phenotypes for industrial purposes are quantitative
(controlled by mitiple genetic loci)this has led tapproachesuch agjuantitative trait loci
mapping. These approaches wilbke it possibléo screen any yeasisingits DNA for any
desired phenotypeto change the ges and predict performancgg8].

1.3 Applicability of yeastin beerfermentation

When searching for new brewing strains, the purpose of the new yeast in the application of
the fermentation of beer should be defindd, 13] There are multiple applications on how a
yeast strain can be integrated into the fermentation of beer, which results in different
products:

1. It could beused as a pure culture to completely feent wort (approx. 7685 % final
attenuation) andproduce adusual gravitybeere with a wort containingapprox. 12°P
original gravity Another possibility could be the fermentation of a high gravity wort
with about 1322 °Psuch asS. pastorianusr S. cerevisiafl3, 102, 103]

2. It could be used to partly ferment the wort and produce an alcehed or low alcohol
beersuchasSaccharomycodis ludwidii04¢106].
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3. It could be used in @re- or mixed fermentation withpre-existing brewing strains,
providingadditionalbenefitssuch asa highly desired aroma or flavas suggested by
various aithors[25, 26, 72]

4. It could be used as a pefgrmentation agent, changing the flavor, acidity and carbon
composition of the beesuch aBBrettanomyces brxellensisn lambic beer$7].

In this particular work, the author choskee first applicationto search for new brewing yeast
strainsin the nan-Saccharomycesector, which will ferment alhoppedbarley malt wort to
producea respectablédeer ofaverage alcohatontent The following willtherefore focus on
this specific field of use.

1.4 Phenotypic challengefor new brewing yeast

Whichevemethodis chosen tdind the new straing the phenotype has to be investigatéal
predict whether the applied yeast straimwill ferment hoppedwort into a resgctable beer.
The phenotyptally challenging propertieare:

- the ability to grow in thepresenceof hops, assome hop compoundbave antiseptic
properties whichcaninfluence yeasgrowth [107].

- the fermentation of accharidespresent in all malt barley wort to predict the
fermentation ability ofthe yeast straif103]. In particular the utilization of maltose and
maltotriose as the main wodaccharides mandatory{108, 109]

- the tolerancetowards ethanolasa normal gravity beer fermentation will lead to about
5 viv% of alcoho[12]. Ethand can inhibit fermentation due to toxicify.10, 111]

The nfluence of these phenotypic propertiesf Saccharomycebrewing yeastwill be
described in the following paragraph&s most of these phenotypic investigations have not
yet been performed for nosSaccharomycegeast, a summary of the available literature will
be given.

1.4.1 Influenceof hop-originating substancesn yeast

The mandatory addition of hopsto boiling wort has a longstanding tradition in beer
production [112, 11]. It adds different positive influenceso the beer regarding taste
physi@chemical stability and microbial stability [107, 113, 114]Hops (Humulus lupulus
Linnaeus)is a manber of the Cannabaceae familfyhe Humulusgenus includes further
H.japonicasandH. yunnanensisut onlyH. lupulugs used for beer production. Tih@p cones
or parts of them are added to the wods whole cones, pellets or extractBhe hop cones
include many different substances; bitter acids,hop oils andpolyphenolsare the most
important ones for brewerg113]. In termsof bitter acids,this relates tohumulone and
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lupulone homologs.fie large fraction ohop oils(containing several hundreds of substances)
were classified by Sharpe and Laws in 1982 into three groups of hydrocarbons, oxygenated
compoundsand silfur-containing compound$115]. About 5080% of total hop oils are
hydrocarbons in particular monoterpeas, which mainly contribute to hop flavfk16]. About

3% to 6% ofthe hopdry weightis polyphenols. They have a positive impact as
antioxidant in beer and contribute timam stability[117].

Themt AY | YGAASLIIAO LINE LISNI A S dacid@pupufonethbid@olgs K dzY dzt
(R-acids) and isomer produg(cis/transiso-" -acids)[118, 119] While boilingthe wort with
hops M -acids(humulone,cohumulone andadhumulong are isomerized intais and trans-
isoh -acidsdepending on theduration of boilingand amountof hopsas well as thé -acid
content of the added hopgl20, 121] There arethree more homologs of humulongost,
pre- and adprehumulone but their quantity of totalacid content is very low in comparison
with humulone (%-70%), cohumuloa (20-55%) and adhumulo® (10-15%) [122]. The
average concentration aso-h-acids in lager beer amousito 20¢c30mg/L [107, 119] The
amount ofisoh -acids can vary duethe beer type from 5 to over 106hg/L [112, 121] Ash -
acids are isomerizethe actualremainingamount in keer reaches 25 mg/L. The amount of
3-acids(co-, post-, ad, prdupuloneand lupulongfor lager beer was reportetb be between
0-2 mg/L whereas the amount in highly hoppexaft beers is stilhot described in literature
[118, 119, 121]All these acids have beerported to harm the growth of grarositive but
not gramnegative bacterigl14]. However there has so far been very little research itite
influence of these compounds on yeagtecificto brewing[111].

Saccharomyces cerevisiard S. pastorianufiave been found to be highly tolerant against
bitter acids. Only concentrationsf isoh-acids much higher than present in bebad
inhibitory effects on their growttj123]. In 2010 Hazelwooét al. investigated the influence
of hop acids on the growth ddaccharomycegeastand different mutants to investigate the
influence ofhop acid tolerance on eukaryotic ceJl07]. A reference liquid containing only
sugars was fermented agell as a spiked liquid containing @2 and 0.5g/L of iso-h -acids.

In an analys of the genomewide transcriptional response they found 120 genegegulated
and 198 genes dowregulated when comparing the refereneeth the spiked sample. When
looking at the function of the upegulated genes, they founthat most of themwere
responsible for stress response, detoxification and iron ion transpbiney reportedthree
major mechanisms that could be responsible i@ -acid tolerance in these yeastBigure
1). Firsty, a modification of the cell wall was reported, which decreadsel dccess afko-" -
acid into the cell. Secondi\IDR f(ultidrug response)ransporters belonging to the PDRE
regulon act (pleiotropic drugesponse element) movéoh-acid to the external medium.
Thirdly, V-ATPasescidified the vacuoles, resulting in a comparable low pH value inside the
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vacuole and an import aéo-" -acids. Inside the vacuqglehelate complexeare formed with
zinc or iron. Theseomplexescould not exit tle vacuoles and were store@he influenceof
isoh-acids onthe growth of the yeast strain used was described as modefa@¥]. No
investigationinto the hop acid tolerance of other species besi@sccharomycelkas been
reported by other authos[111, 113] As tolerances vary betwegenera andgpecies for many
different antiseptic agentq124], the influence on growth and therefore fermentation
behavior of new brewingeasts should be investigatethen screeningdr brewing ability

1. passive diffusion Saccharomyces yeast cell

3. acidification of vacuoles by
V-ATPase, chelate complexes
iso-a-acid cannot exit vacuole

iso-a-acid

Vacuole
i pH=5
Zn2+

Zn2 H+
n Chelate

2. Pdr5, Pdr15, Tpol, Sng2 Multi
Drug Response (MDR)
transporters

iso-a-acid

. . complex
Zn%t+ jso-a-acid-—" P
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MDR transporters uptake
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Figure 1 Potential iso-"-acid resistance mechanisms &accharomycedrewing yeast
according toHazelwoockt. al [107]

1.4.2 Transport and fermentation of wrt saccharides

Saccharidepresent ina standard gravity (approx. 12)all barleymalt wort are glucose(10-
15%) fructose (1-2%) sucrose(1-2%) maltose (50-60%) maltotriose (15-20%) and
differing dextrins(20-30 %)[103, 125]

To beable to metabolize thessaccharidesyeast has tde able to transport them into the
cell. For saccharideutilization the transport itself determineshe amount and speednuch
more than the intracellulaenzymebreakdown[126]. Yeast cells shield themselves from the
surrounding medium by aell wall, a plasma membrane as well asperiplasmic spacé
between Mostsaccharidesan freely pass though the cell wall as it is a porous layer consisting
of linked glucan and mannan. Howeyiitrey cannot pass the plasma membraiiéis requires

the action of transport protein$l27]. SaccharomyceBrewing \east strainshave different
transport mechanisms$o passsaccharideshrough theirplasmamembrane Depending on

the saccharideit is taken up intacby transport proteins meaning it is not broken down
before beingtransportedacross thgplasmamembrane[108] (Figure 2. Themonosaccharides
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glucosefructose, the disaccharidesaltose andhe oligosaccharide maltotriosare taken up
intact. Sucrose is broken down before transpdithe enzyme invertasavhich isexcreted by
yeast inside the periplasmic spate®eaksdown sucrose into fructose argluccse, whichcan
then be taken up by transportefd 28].

Yeast cell

ATP to ADP

Maltotriose

J >permease O\O@

Glucose
a-glucosidase a-glucosidase

Q@ D (OO
/,- Q Fructose

Maltose

D\O permease

Glucose ~
 diffusion)S GchonS|s N

<:> permease / \ diffusion/

glucoamylase' | permease
- <:> Glucose + Fructose Q
Dextrins N
invertase
Sucrose

OO

Figure2 Wort saccharideransportinto yeast cell (modified according &eward[103, 129)

For most yeast species thiansport ofthe monosaccharides (hexoseg)umse and fructose

is performed passivelyy specific hexose permeases usiagilitated diffusion meaninghat

no energy is requiredior the transport(Figure 2) Saccharomyces cerevisiaas about 20
hexose transport proteinsThese proteins are namadXT1to HXT17GAL2 SNFand RGT2
[130]. The differences betweenthe hexose transporters in different yeast species has yet to
be investigated. FdKluyveromyce lactis, Schizosaccharomyces pombePichia stipitegust

a few differing transport proteins have been reportdB0]. Most of these transporters work
along a gradient amnoderate extracellular hexose concentratidi27].

The transport of maltose and maltotriod®y Saccharomycelsrewing yeasis performed by
almost althe same transport proteins, having a higher efficiefurynaltose than maltotriose
[131]. As mentioned above, altose and maltotriose are the majsaccharidepresent in all
malt wort with more than 5®% of the totalaccharideconcentration[103, 125] The ability to
transport and ferment these tw@accharidess therefore mandatory for brewing yeast to
produce a complete fermented beeHowever a difference has been reped for S.
cerevisiaeand S.pastoranusin the uptake and complete consumption of maltotriofE32].
Energy is requiredottransport these twasaccharidesas the mechanism is based on proton
symport. For eaclsaccharideone proton is ceransportedinside the cell. This proton is
transported outside the cell by an ATPase ion pumsing the energy of one ATP molecule

-17-



Introduction and motivation

hydrolysisto ADPand R[103]. These transport proteins are call®tiALx1(x stands for locil-
4 and 6), AGT1 Mphx and Mtt1. Mal31 and Mal61 transport maltose but not maltotriose
[108]. The transport of these tweaccharidesn Saccharomycdsrewing yeast ifurther linked
to the concentation of glucose. Glucose causes a catabolite repressiomditaltion, which
delays the uptake of maltose and maltotriose until abouté6®f glucose has beartilized
[133].

Dextrins are not utilized b$accharomycelsrewing strains. However, some specggh as
Saccharomyces cerevisiaar. diastaticus Brettanomycesand SaccharomycopsiBave a
system of three unlinked gendisat belong to the glucoamylase multigene fanjily34¢136].
These genesSTA1STAZand STA3 encode three extracellular glycosylated glucoamylases
GAl, GAll, and GAlll, which can break down dextringintmse, whicltan then be taken up

by glucose transporterd 36].

Someyeast strairs harbor the genetic information in their DNA to transport and utilize
differing carbonsourceg[131, 137, 138]However most of the time a functional regulator,
transporter or parts of the genes are missikighich esultsin a phenotype that does not show
utilization of these specificarbong137, 139]

Some norRSaccharomycegeast strains have been reported wtilize maltose[135, 136, 140,
141] As maltotriose is nsily only important for brewers, bakemnd distillers very little
research has beeoconductedon thiscarbohydrae for yeast other than brewing yeafi41¢
143].

After transporting thesaccharideinto the cell, the yeast has to be able to fermeninto
ethanol.Whether a yeast strain can transport and ferment all wort carbohydrdégsends on
its genetic complemet and therefore enzymatic endowmeritl03]. Differences inthe
saccharidemetabolism in differing speciesrise for the mechanisms of uptake, differing
isoenzymes and regulation of ferm@tion and respiration. The actual central carbon
metabolism, the EmbdeMyerhoff glycolytic pathwayis very homogenous irall of them
[144]. Glucose and fructose are directly convertetio pyruvate by theEmbdenMyerhoff
glycoytic pathway Maltose and maltotriose are broken down the enzymemaltase into2

or 3 glucosemoleculesrespectivelybefore entering thesame pathway133].

To form ethanol, yeashustbe able to fermenpyruvate Fermentation ofpyruvateusually
takes place whenever the electraransport chain is unusablafter glycolysisThis happens
when there imo final electron receptor, oxygen (anaerob&p generate ATR CQ molecule

is enzymaticallycleaved (decarboxylation)from pyruvate, resulting in amolecule of
acetaldehyde. Acetdehyde is further reduced into ethanol by alcohol dehydrogenase
regenerating one NAD(Nicotinamide adenine dinucleotidg)l2]. By fermening glucose,
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yeast gains Mol of ATP versus a gain of 8®! ATP by respiratioit has been reported that
only half of all yeast speciege able to fermensaccharidesand produce ethanchnd CQ
[145]. The ability oSaccharomycdsrewing strains to fanent all wort siccharidefficiently
might have come from the domestication process, a selection performed by hamsasome
researchers believih, 30] They foundhat >90% of all investigate@accharomycesrewing
strainswere able to utilizeand fermentall of thesesaccharidesvhile less than 206 of the
investigated wildundomesticatedSaccharomycestrainshad this ability{30].

The fermentation ability for athe mainwort saccharidess important phenotypic information
whichneedsto be investigated for a potential new brewing ye§fsi6].

1.4.3 Ethanoltolerance

Ethanol isone of the main fermentation products produced along with carbon dioxide by
fermenting yeast specie&ven though yeast produceshanol it is still a toxic chemical for
yeast While fermenting ethanol is excreted ttoughthe cell membrandy diffusion In the
beginning of the fermentation whethe fermentation rate is at its higkst, there can be a
higher concentration inside the cell than on the outside due to faster production than
diffusiont & NI LJ2 NI S & al.§187]. Bhe tolafahdeldf yeast strains varies ghgand

is closely related to the final amount theyrcaroduce by fermentationfl2]. Average beer
produced from a 12P wort has an eimnol concentration of about %v/v. Saccharomyces
yeast used to produce wine can be toleramt to an ethanol concentration of 205 %v/v. It

has been reportedthat Saccharomycesaké yeass can ferment yp to a tota ethanol
concentration of 2®6v/v [12]. Non-Saccharomycegenera such asBrettanomycesand
Zygosaccharomycdsave been reported to be as tolerant &ccharomycegeasts[148].
However the tolerance of yeastto ethanol is closely elated to the total nutrition
concentration, carbohydrate level, temperature and osmotic pressiteny authors have
reported various inhibitory effects of ethandtthanol stress was described to be related to
osmotic stress, leakage of amino acids artudition of transport systemsEthanol is also a
mutagen for the mitochondrial genomes the ability to produce ethanol and to survive
certain concentrations is clely related, an investigation of the tolerance of a potential
brewing straingnustbe taken into account[12].

1.5 Torulaspora delbrueckipotential novel brewing yeast

The yeast speciéek delbrueckiwas first mentioned in relation to brewing by King and Richard
Dickinson in 2000149]. They compared the biotransformation of monoterpene alcohols by
Saccharomyceserevisiae Torulasporadelbrueckiiand Kluyveromyce$actis. Monoterpene
alcohols are flavocompoundsof plant origin whichare also present in hops. In faghdlool,
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a monoterpene alcohghas been reportedo be a key contributinglavor compoundo the

hop aromain beer[150]. King and Richard Dickinsoeported a potential use of. delbrueckii

as brewing yeast since it showed the abititytransform monotepene alcoholge.g. nerol
(fresh green aroma) into linalool (fresh green coriander aropwjgring the potential to
noticeably change hop flavor during fermentation [149]. T. delbrueckiiwas formerly
investigatedand describedsa potential winestarteryeast as it showed gal flavor forming

and nooff-flavors when added to wine fermentatiorj34, 151, 152]Researchers reported
evidence that some strains might have been domesticated in wine prodychion S.
cerevisiaehas beerfor beer, overthe past 4000/ears[39].! & | NB a dz (G gddF &az2YS
ability to produce desired flavors and to ferment wéllbecame the first commercially sold
non-Saccharomycestarter culture for wineg[34]. It was further reported thafl. delbrueckii
showed high tolerance towards ethanol and high sugar concentratj@b8]. Utilization of
different sugars was hidy strain dependent asesearchersfound out when applyingr.
delbrueckistrainsto bread dough154]and performing different sugar utilization teqts26].

A straindependent highmaltose affinity was described by Alvasaujoet al. in 2004[140].

T. delbrueckitan be described dsving beerassociated with human activities for many years
[39]. The aspects of potential maltose amdaltotriose fermentation, tolerance towards
ethanol and high sugar concentrations as well as the potential ability to change hop flavor
suggestedr.delbrueckihadhigh potentialas amodel for the firstcharacterization.
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2 Results (Thesis publications)

2.1 Summary of results

The thesis publications are each summed up in the followarggrapts 2.2to 2.5with a
description of authorship contribution followed by full copies of théblications.Table 1
givesan overall overview of the publicationBermission of publishers fdine imprint of

publications can be found in paragraph 5.4.

Tablel Short overviewof the four publications with title of the publication, major objective,

applied method and main findings

PublicationTitle

Publication1
Review: Pure
non - Saccharomyces
starter cultures for
beer fermentation

with a focus on
secondary metabolites
and practical

application

Publication2
Screening for the
brewing ability of non
Saccharomycegeast
with
Torulasporadelbrueckii
as a model

Publication3
Optimization of beer
fermentation with a novel
brewing strain
Torulasporadelbrueckii
using response surface
methodology

Publication4
A new approach for
detecting spoilage
yeast in pure bottom
fermenting and pure
Torulaspora delbrueck
pitching yeast,
propagation yeast, ang
finished beer

Major objective

To summarize
literature, conference
papers and research
on fermentations with
pure cultures ofnon-
Saccharomycegeast
in brewing.

To set up a screening
system which will identify
potential brewing yeast
strains from genera
besidesSaccharomyces

To optimize the
fermentation parameters,
temperature and pitching

rate for one strain found
with high fermentation
potential, nvestigate tke
optimal propagation
technique.

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

Applied methods

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

Sugar utilization, ethanol|
and hop resistance tests
phenolicoff-flavor tests,
Realtime polymerase
Chainreaction, amino
acid metabolism,
secondary metabolite
detection, trial
fermentation

Design Expert Responseg
Surface Méhodology, trial
fermentations,
propagation system setup
secondary metabolite
detection with HPLC, G(

and trained panelists

Speedy Breedy
pressure detection
device, vitality
measurement by
acidification power
test, Realtime
polymerasechain
reaction

Main findings/ conclusion

FewBrettanomyces,
Saccharomycodes,
Candida,
Zygosaccharomyces
and Torulaspora
species have been
investigated. Different
trial setups with highly
varying parameters

were conducted fermentation of wortinto like at differing yeast detection in lage
abeer ofaverage alcohol fermentation beer and yeast.
content temperatures.

The potential of
fermenting beer wort
and secondary
metabolite production
differshighly anong
strains One strairof the
speciesT.delbrueckiwas
foundto offer great
potential for the

Optimal fermentation
parameters for the
T. delbrueckiiT9strainare
60x 10° cells/mLpitching
rate, 20°C 10mg/L
dissolved oxygen wort
aeration is sufficient.
High flavors of honey
blackcurrant and wine

Low concentration of
spoilage yeast can be
reliably detected in
T. delbrueckiand
bottom-fermenting
pitching and
propagation yeast.
Method also applicable
to 37 °C positive wild
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2.2 Review: Pure norbaccharomycestarter cultures
Part 1 for beer fermentation with a focus on secondary
metabolites and practical applications

In recent years there has beémcreasing interesin the¥ SNXY Sy G G A2y 2°
non-Saccharomycegeast. Many groupsf scientistshave started to identify strains of ner
Saccharomycespecies that might contribute positively to beer flavetere a review of
literature was compiled to summarize their wdde alcohol free, low alcoholand average
alcohol conént beer. Before summazing the different trials conducted with varying no
Saccharomycegeast, the pathways of secondary metabolites relevianbeer flavor are
explained. The authors addegklevant thresholds to facilitate the amounts that th
different trials showedThelarge group of relevant secondary metabolites was split wq |
suffuric compounds, undesirable carbonyl compounds, phenols, organic acids, |
alcohols, esters and monoterpene alcohols

Almost all of the trials were conducted with varying parametersyvigg very low
comparability.However, he outcome of a beer fermentationan be strongly shaped by
temperature, pHvalue of the applied wort, pitching rate, original gravity, batch size
fermentation time. Each of these characteristics was first sumuapefibr each yeast specie
in the review, giving the reader an overview before going into deaght species wer:
found to be used in different trials in literatureBrettanomyces anomalusand
Brettanomyces bruxellensisCandida tropicalis, Candidahethatae, Saccharomycode
ludwigii, Torulaspora delbrueckii, Pichia kluyveri, Zygosaccharomyces. rdims
publication sums up athe published trials performed with these eight species, show
how the particular investigations were performed. It discusthesresults in between the
different publications and the potential of the applied yeast strdorsbeer fermentation
Almost all species were found to be useduicept forCandida tropicaligs this yeast ha
pathogenic properties. Botthe Brettanomycesand Torulaspora delbruecksipecieswvere
suggested foibeers with average alcohol contén(approx. Fv/v). Candidashehatae,
Saccharomycodes ludwigRichia kluyverand Zygosaccharomyces rouwiere suggestec
for low-alcohol beer productin (approx. 0.846v/v alcohol)

Authors/Authorship contribution

Michel M.: Literature search, writingeviewconception and desigMeier Dornberg T..critical review
of draft, discussion of datdacob F.Supervised the projecMethner F: Discussion of datawagner
R: Drafted article dr English language and conteHitzler M: Criticd revision, conception of review
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Review: Pure non-Saccharomyces starter
cultures for beer fermentation with a focus on
secondary metabolites and practical
applications

Maximilian Michel,’ Tim Meier-Dérnberg,’ Fritz Jacob,’
Frank-Jiirgen Methner,? R. Steven Wagner® and Mathias Hutzler'*

Recently there has been increased interest in using non-Saccharomyces yeasts to ferment beer. The worldwide growth of craft
beer and microbreweries has revitalised the use of different yeast strains with a pronounced impact on aroma and flavour. Using
non-conventional yeast gives brewers a unique selling point to differentiate themselves. Belgian brewers have been very success-
ful in using wild yeasts and mixed fermentations that often contain non-Saccharomyces yeasts. Historically, ancient beers and
beers produced before the domestication of commonly used Saccharomyces strains most likely included non-Saccharomyces spe-
cies. Given the renewed interest in using non-Saccharomyces yeasts to brew traditional beers and their potential application to
produce low-alcohol or alcohol-free beer, the fermentation and flavour characteristics of different species of non-Saccharomyces
pure culture yeast were screened for brewing potential (Brettanomyces anomalus and bruxellensis, Candida tropicalis and
shehatae, Saccharomycodes ludwigii, Torulaspora delbrueckii, Pichia kluyveri, Zygosaccharomyces rouxii). Alcohol-free beer is al-
ready industrially produced using S. ludwigii, a maltose-negative species, which is a good example of the introduction of non-Sac-
charomyces yeast to breweries. Overall, non-Saccharomyces yeasts represent a large resource of biodiversity for the production of
new beers and have the potential for wider application to other beverage and industrial applications. Almost all of the trials
reviewed were conducted with varying fermentation parameters, which plays an important role in the outcome of the studies.
To understand these impacts all trials were described with their major fermentation parameters. Copyright © 2016 The Institute
of Brewing & Distilling

Keywords: non-Saccharomyces; alternative fermentation; beer; Torulaspora delbrueckii; Saccharomycodes ludwigii
_______________________________________________________________________________________________________________________|

Introduction and amino acid metabolism, as well as the formation of aroma-
active substances such higher alcohols, esters, phenols, acids and
monoterpenes (4,12-16). However, despite our poor understand-
ing of these characteristics for non-Saccharomyces yeasts, which
can have a greater variation than Saccharomyces yeasts, there are
many  opportunities for brewers. For example, the
non-Saccharomyces species can be used in the production of
low-alcohol beer (0.5-1.2% v/v) and alcohol-free beer (<0.5%
v/v) (2). The strain Saccharomycodes ludwigii can produce
alcohol-free beers with rich flavour profiles owing to its aroma pro-
duction and low performance in fermenting maltose and
maltotriose from wort (17). Because of their potential for commer-
cial viability, brewers and researchers have started to search for
new yeasts in different environments using different techniques

The use of non-Saccharomyces yeast as a pure starter culture for
brewing has been growing rapidly in the past few years (1-7). This
is a result of an increased global interest in craft beer and larger
brewers seeking different yeasts, often non-traditional yeasts,
to innovate new beers. Wild and undomesticated
non-Saccharomyces yeast strains can provide different aroma and
flavour characteristics that result in alternative and new beer vari-
ations and styles (6). However, since non-Saccharomyces yeasts
represent undomesticated strains, their fermentation characteris-
tics can be variable and they can affect the consistency and quality
of the produced beers (58). In contrast to non-Saccharomyces
strains, the domestication of Saccharomyces yeasts for brewing
has taken several millennia for brewers to produce consistent
beers and control more desirable aromas, flavours and fermenta- e —
tion conditions (7,5,9). Currently, brewers can choose from a wide Correspondence to: Mathias Hutzler, Research Centre Weihenstephan for Beer
range of different brewing yeasts and there is a good understand- anq Food Quality, Techqische Universitat Minchen, Alte Akademie 3, 85354
. . " . . Freising, Germany. E-mail: hutzler@wzw.tum.de

ing about the brewing conditions (e.g. wort pH, malt interactions,

temperature etc) (70). In terms of non-Saccharomyces there is very Research Centre Weihenstephan for Beer and Food Quality, Technische
little knowledge of the fermentation parameters and produced Universitat Miinchen, Alte Akademie 385354, Freising, Germany

aromas and flavours (2). Most of the steps taken towards the do-
mestication of the main brewing yeast Saccharomyces can now
be performed much faster and with greater ease (4,71), mostly be- 3 Brewing Program, Central Washington University, 400 E University Way,
cause there is a greater understanding of the pathways of sugar Ellensburg, Washington, USA

N

Technische Universitat Berlin, Seestrae 1313353, Berlin, Germany
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(18). Besides the opportunity of screening for pre-existing wild
Saccharomyces and non-Saccharomyces species and strains, there
is also the possibility of genetic modification either by selective
breeding or adaptive evolution (4,19). A review on the potential
of some non-Saccharomyces yeast species for brewing has recently
been published. It discusses results from wine fermentation and
the potential use in brewing by secondary metabolites produced
in mostly wine or media that contain sugar (6). Our review focuses
on reported brewing trials with the use of pure non-Saccharomyces
starter cultures to produce normal gravity beers, low-alcohol and
alcohol-free beers, with a major focus on the fermentation of
brewers’ wort, secondary metabolites and potential use of these
species in breweries.

New and novel brewing strains can be discovered by judging
the aroma and flavour characteristics of beer by experienced
panellists but also by using physical and chemical analytical tech-
niques to examine the flavour compounds that strains produce.
Many significant flavour compounds that come from brewing
yeast are mostly secondary metabolites. They are produced in
relatively low quantities compared with the main fermentation
products, which are ethanol and carbon dioxide (74,20). Secondary
metabolites can be divided into different categories and include
sulphur-containing flavour compounds, undesirable carbonyl
compounds, volatile phenols, organic acids, fusel alcohols, esters
and monoterpene alcohols (74,20-22). There are hundreds of dif-
ferent flavour-active substances that are yet to be described but
in this paper some of the main categories are summarised before
discussing the role of specific non-Sacccharomyces yeast in pro-
duction (74). The categories play diverse roles in the impact and
desirability of beer flavour. Some have a synergistic influence on
the aroma although they are noticeably below flavour thresholds
(16,20,22,23). Since most of the trials summarised in this review
analysed many different aroma active substances, a brief explana-
tion as well as corresponding thresholds are provided.

Secondary metabolites relevant for beer
flavour

Sulphuric compounds

Major sulphuric compounds produced by yeast during beer
fermentation include sulphur dioxide and hydrogen sulphide
(24,25). Brewers are very familiar with sulphur dioxide as it plays
a large role in flavour stability, mainly by acting as an antioxidant
in the finished beer to considerably increase shelf life. Sulphur
dioxide is usually produced in quantities of <10 g/L as a side or
feedback inhibition product of amino acid anabolism (24,26). Also,
sulphur dioxide has a sulphurous odour threshold of 2.5 mg/L,
which is a desired positive characteristic in some bottom-
fermented beers (26,27). In comparison, hydrogen sulphide is an
undesirable compound because it has a high potential to mask
other positive beer flavours and has a very low threshold of
0.005 mg/L, where it is perceived as a rotten-egg smell (2829).
Hydrogen sulphide is mostly produced during the cell maturation
cycle but is later assimilated in the budding cycle (25).

Undesirable carbonyl compounds

The key undesirable carbonyl compounds in beer are acetalde-
hyde and vicinal diketones. Of these, diacetyl plays a major role
in beer flavour owing to its mostly undesirable flavour and very
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low flavour threshold and is similar to 2,3-pentanedione, another
unwanted compound (22,30). Acetaldehyde is predominantly pro-
duced during the growth phase of yeast, as a result of sugar me-
tabolism, and in the subsequent fermentation most of it is
converted to ethanol (37). It has a mostly undesirable green
apple-like or grassy flavour with a threshold of 10 mg/L (22).
Diacetyl adds a buttery flavour to beer if found above its threshold
of 0.1-0.15 mg/L (22,32). Diacetyl is a by-product of the amino acid
anabolism of valine, formed during a four-step reaction from glu-
cose. Diacetyl is then taken up by the yeast again later during mat-
uration and reduced to 2,3-butanediol, which does not have an
undesirable flavour (30,33). The compound 2,3-pentanedione is
known for its toffee-like flavour similar to diacetyl with a threshold
of ~0.9 mg/L (34). It is produced as a by-product in the synthesis of
the amino acid isoleucine in the mitochondria of yeast cells (35).
For more detailed information, an extensive review on diacetyl
and 2,3-pentanedione was published in 2013 by Krogerus and
Gibson (30).

Phenols

Most flavours that come from yeast-produced phenols are referred
to as ‘phenolic off-flavours’. However, in some beer types such as
Belgian lambic, Belgian Abbey-style ales and German wheat beer
these flavours are desired. The most common odours coming from
these substances include clove-like, smoky, spicy, medicinal and
burnt aromas (36,37). The most common of these are
4-vinylguaiacol, 4-vinylphenol, 4-ethylguaiacol, 4-ethylphenol,
4-vinylsyringol, styrene, eugenol and vanillin (38). The synthesis
of these compounds depends on the yeast species as well as on
the presence of precursors in the wort. The precursors include phe-
nolic acids with a high flavour threshold such as ferulic, coumaric
and cinnamic acid, which come from malt (38,39). Beers fermented
with S. cerevisiae will mostly contain 4-vinylguaiacol and
4-vinylphenol, since they can only perform decarboxylation of
phenolic acids. However, species such as Brettanomyces sp. are
able to reduce some of the compounds to 4-ethylguaiacol and
4-ethylphenol (38). The thresholds for these volatile phenols are
low: 4-ethylphenol, 0.9 mg/L (phenolic aroma, astringent);
4-ethylguaiacol, 0.13 mg/L (phenolic aroma, sweet);
4-vinylguaiacol, 0.3 mg/L (phenolic aroma, bitter, clove); and
4-vinylphenol 0.2 mg/L (phenolic aroma, smoky) (34,40).

Organic acids

The large group of organic acids contributes to the flavour of beer
and to the final total acidity (i.e. pH) together with inorganic acids.
Organic acids can be divided into two major classes, which include
volatile and non-volatile acids (41). The main volatile organic acids
that occur in beer are acetic, propionic, isobutyric, butyric,
isovaleric, valeric, caproic, caprylic, capric and lauric acid. If they
are present in high concentrations they contribute a sour and salty
flavour to beer and can also contribute to off-flavours such as
cheesy and sweaty (22,42-44). Quantitatively, the volatile acids
that impact flavour the most are acetic, caprylic, capric and lauric
(43,45). Acetic acid, the predominant molecule in vinegar, has a
threshold of 175 mg/L while caprylic acid has a much lower thresh-
old of 15 mg/L and is described as goaty. Capric acid is described
as waxy with a threshold of 10 mg/L. Lauric acid is described as
soapy when reaching a threshold of 6.1 mg/L (22). The main
non-volatile acids in beer produced by yeasts that impact the
flavour and aroma include (threshold indicated): oxalic acid
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(500 mg/L, salty, oxidised), citric acid (400 mg/L, sour), malic acid
(700 mg/L, apple) , fumaric acid (400 mg/L, sour, acidic), succinic
acid (220 mg/L, acidic), lactic acid (400 mg/L, sour, acidic) and
pyruvic acid (300 mg/L, salty, forage) (22,43-47). The production
of these compounds is dependent on the yeast strain with most
of these acids being by-products of glycolysis, the citric acid cycle,
amino acids and fatty acid metabolism (47).

Higher alcohols

Besides the main alcohol component ethanol there are many
higher or so-called fusel alcohols that contribute significantly to
the flavour of beer. Higher alcohols can contribute floral, fruity or
herbal aromas depending on their synergistic effects with other
flavour-active compounds. The most important higher alcohols
in beer include n-propanol, isobutanol, isoamyl alcohol and
2-phenylethanol (74,22,48). The threshold of n-propanol has the
highest value of 600 mg/L, which contributes to a sweet alcoholic
flavour (48). Iso-butanol and amyl alcohol have solvent-like aromas
but differ in their thresholds of 100 and 50-70 mg/L, respectively.
Isoamyl alcohol and 2-phenylethanol have more fruity aromas,
whereas isoamyl alcohol displays more banana, alcoholic flavours
at a threshold of 50-65 mg/L. The compound 2-phenylethanol
has a gummy bear and rose-like flavour at a threshold of
40 mg/L (22,48). Yeast produces higher alcohols as a by-product
of amino acid metabolism and catabolism. During catabolism
amino acids are taken up by yeast cells and transaminated by four
transaminase enzymes (49). The resulting product is an a-keto acid,
which then undergoes an irreversible reaction to form a higher
alcohol. This reaction was first described as the Ehrlich pathway
(50,51). Metabolism of amino acids starts with a carbohydrate,
which is modified to an a-keto acid. This acid is then transaminated
into the corresponding amino acid and higher alcohols are formed
by the process of decarboxylation and reduction of these a-keto
acids (57). For more detailed information, a full review of higher
alcohols in beer has been published in 2014 by Pires et al. (14).

Esters

The most important flavour-active substances within the group of
higher alcohols are esters despite their low concentrations relative
to other flavour-active compounds (74,20). They contribute a wide
range of fruity flavours to the composition of fermented bever-
ages. These aroma-active esters can be divided into acetate esters
and medium-chain fatty acid ethyl esters (74,20). Acetate esters are
synthesised from a higher alcohol or ethanol with acetic acid and
have the highest concentration of flavour-active esters in beer.
The most important of these esters in beer are ethyl acetate
(solvent aroma with a threshold of 33 mg/L), isoamyl acetate
(banana aroma with a threshold of 1.6 mg/L), isobutyl acetate
(fruity and sweet aroma with a threshold of 1.6 mg/L) and phenyl
ethyl acetate (rose, apple and honey aroma with a threshold of
3.8 mg/L) (22,4852). Medium-chain fatty acid ethyl esters are
formed, as the name implies, from a medium-chain fatty acid
and an ethanol radical. Two of these esters are key to beer flavour,
for example ethyl hexanoate (ethyl caproate) with a threshold of
0.23 mg/L produces apple and aniseed aromas, and ethyl
octanoate (ethyl caprylate) with a threshold of 0.9 mg/L produces
a sour apple aroma (14,20,22). There are some extensively written
publications that can be reviewed for further details on esters
and their pathways (14,16,20).
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Monoterpene alcohols

These substances, which are derived from plants, contribute highly
floral aromas to the flavour of beer, juice and wine (53-55). In the
case of beer they are derived from hops and five of these sub-
stances are present at noticeable concentrations (53,54). These five
monoterpene alcohols that are critical to flavour are (threshold
from literature and aroma indicated): linalool (5 pg/L, lavender),
a-terpineol (2 mg/L, lilac), f-citronellol (8 ng/L, lemon, lime), gera-
niol (6 ng/L, rose) and nerol (0.5 mg/L, rose, citrus) (34,53,54). Yeast
is able to transform these compounds and shift the ratios in be-
tween the five main occurring monoterpene alcohols, which can
lead to a change in the beer's hop flavour after fermentation
(55). Furthermore, these compounds can also be present in wort
in glycosidically bound forms resulting in an aroma inactive stage
(21,56). Some yeast species have the enzyme glucoside hydrolase,
which allows them to release the monoterpene, which changes or
enhances the hop flavour (21,57).

Non-Saccharomyces yeast fermentation

The following section discusses non-Saccharomyces yeast
characteristics derived from impure wort fermentations as well as
a summary of fermentation information from literature.

Non-Saccharomyces yeasts used as pure starter cultures for
the fermentation of beer wort

. Torulaspora delbrueckii is known from the wine industry for
adding more fruitiness to wine flavour (58).

2. Brettanomyces anomalus is well known to the beverage industry

as a spoilage yeast but it also partially participates in mixed

fermentations of lambic and gueuze beers (59).

Brettanomyces bruxellensis is known for the horsey flavour and

acidity it adds to mixed fermentations of lambic and gueuze

beers (59). It is further known as the main spoilage yeast for

wine (60).

4. Candida shehatae is known to ferment xylose for ethanol
production (61).

5. Candida tropicalis is known from mixed fermentations of tradi-
tionally fermented beverages from African countries (62).

6. Saccharomycodes ludwigii does not ferment the main wort

sugars maltose or maltotriose and therefore produces low alco-

hol levels but highly desirable flavours in beer (17).

Zygosaccharomyces rouxii is capable of consuming ethanol un-

der aerobic conditions and produces actively desired flavour

compounds for producing low-alcohol beers (63).

8. Pichia kluyveri is capable of fermenting only glucose in brewer's

wort but produces high concentrations of desirable flavour

compounds and very low ethanol quantities (64).

w

~

One of the most important characteristics for brewers is the
sugar utilisation of the main wort sugars by yeast (glucose, fruc-
tose, sucrose, maltose, maltotriose) (65,66). It determines the ability
to ferment wort, produce beer economically, and establishes the
final beer type (low-alcohol beer, average original gravity beer,
etc). For each species described in this review a type strain
(according to CBS database http://www.cbs knaw.nl/Collections/,
28 June 2016) and general species data (according to Kurtzman
(67)) are given with their ability to ferment different sugars
(Table 1). It should be noted that maltotriose is not shown in the
table because the data could not be found for this particular sugar.

J. Inst. Brew. 2016; 122: 569-587
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Table 1. Literature and type strain sugar fermentation of the different yeast strains used in the following studies
Taxonomy Literature/ Fermentable sugar
type strain
Glucose Lactose  Galactose  Raffinose  Sucrose  Trehalose Maltose
Torulaspora delbrueckii (85) + - v v v v v
CBS® 1146 - w - w + w -
Brettanomyces anomalus (85) + v + v + v v
CBS 8139 + w + - + w w
Brettanomyces bruxellensis (85) + v + v + v v
CBS 74 w - - - + + +
Candida shehatae (85) + v + v + v v
CBS 5813 + - + - - + +
Candida tropicalis (85) + - + - v + -
CBS 94 + - + - + w +
Saccharomycode ludwigii (85) + - - + + - -
CBS 821 + - - + + na. -
Zygosaccharomyces rouxii (85) + - - - v w w
CBS 732 + na na na. na n.a +
Pichia kluyveri (85) + - - - - - -
CBS 188 + - - - - - -
w, Weak; v, variable; +, positive; —, negative; n.a., not analysed.
?CBS, Centraalbureau voor Schimmelcultures, Utrecht, Netherlands.

The following is a description of yeast strain origin, summary of
brewing trials, and known fermentation parameters.

Torulaspora delbrueckii. Torulaspora delbrueckii was first sug-
gested as a potential brewing yeast by King and Dickinson (55).
They discovered that, although this particular T. delbrueckii strain
came from the wine industry, it was able to transform the aroma
of hops by noticeably changing the monoterpene alcohol compo-
sition. It was formerly described under the Saccharomyces genus as
Saccharomyces rosei and S. roseus (67). In the wine industry it was
used in mixed fermentations for producing wine and sparkling
wine (68). For wine it increased the sensorial complexity and
showed very low production of so-called off-flavours such as

phenols or sulphuric compounds (69-72). It produced strong fruity
notes and was able to survive at high ethanol concentrations,
which was surprising for a non-Saccharomyces genus (67,68). It
has also been studied in the context of bread making; high con-
centrations of salt and sugar are lethal for some yeasts that occur
in most bread doughs, and T. delbrueckii showed a high osmotic
tolerance towards the sugar and salt in baking doughs. It was
therefore considered a novel baking yeast. Since high osmotic tol-
erance is a challenge for high-gravity brewing, this might be a
good yeast option (73). Furthermore, it showed high vitality after
being deep frozen in dough (74-76). Table 2 is a summary of all
the trials performed with pure T. delbrueckii, followed by an expla-
nation of the procedures and outcomes of the different studies.

Table 2. Summary of all trial fermentations performed with different strains of T. delbrueckii, wort attributes, fermentation conditions
and source of publication
Strain code Wort attributes Fermentation parameters Source
pH OG IBU Temperature Pitchingrate  Batch size (L) Time Storage
(°P) (°C) (cells/mL) x 10°
Td 28 NM n NM 20 NM 35 204 h 7 days 25 °C, (77)
14 days 10 °C
LTQB7 495 16 NM 28 NM 12 240 h None (78)
C-05716 u 15 NM 20 NM 0.065 90 h None (79)
DiSVA 254 547 127 NM 20 NM 15 456 h 7-10 days at (80)
18-20°Cin
500 mL bottles
plus 5 g sucrose
T6,T9,T10,T11, 5.2 12 0 27 15 2 168 h None (81)
T13,T15,T17,
T18,T19, T20
TD-A01,TD-BO3 53 12,2 0 20 NM 100 250-300 h  Bottle conditioned (84)
NM, Not mentioned; OG, original gravity; IBU, international bitterness units.
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Tataridis et al. (77) used several webpages (without scientific
references) as their inspiration for using T. delbrueckii as a yeast
to produce German wheat beer. They pitched 25 g of dried T.
delbrueckii into 3.5 L of beer wort at an original gravity of 11°P,
and fermented it at 20 °C for 204 h. It was compared with a top-
fermenting strain of S. cerevisiae under the same conditions. After
fermentation the beer was stored at 25 °C for 7 days followed by
14 days of maturation at 10 °C. The beer produced was analysed
for final gravity and turbidity, and evaluated for flavour and aroma
by a panel of expert brewers. It was found to have a final gravity of
3.0°P, a high ester content, with aromas of rose, bubblegum and
banana, and was preferred by most panellists over the control
top-fermented beer.

Pozippe et al. (78) examined a T. delbrueckii strain for its growth
under different stress conditions as well as the volatile profile of a
16°P beer wort fermented at 28 °C. In contrast to the report of
Tataridis et al. (77), the fermentation was described as slow (about
10 days), which seems obvious when comparing the original grav-
ity of the two different trials (11 to 16°P); however, no data of the
pitching rate was published, which is a potential confounding fac-
tor. The beers that were produced had high levels of acetaldehyde,
high concentrations of fusel alcohols and an ethanol concentration
of 5% (v/v) (Table 3).

Gibson et al. (79) investigated a T. delbrueckii strain for the
production of 4-vinylguaiacol, 3-methylbutanol, 3-
methylbutylacetate, ethyl caprylate, 2-phenylethanol, 2-
phenylethylacetate and ethyl decanoate. They fermented a 15°P
wort pitched with 0.02 g/L of fresh yeast at 20 °C for 90 h. Concen-
trations of flavour compounds were compared with a control ale
strain. The T. delbrueckii strain that was used did not show any high
concentrations of the investigated flavour compounds except for
3-methylbutanol (solvent-like flavour) and was disregarded for
further research.

Canonico et al. (80) screened 28 strains of T. delbrueckii for their
possible use in beer wort fermentation. They first analysed sugar
utilisation for main wort sugars and then selected one strain, iso-
lated from papaya leaves in Cameroon, which they used for further
fermentations. For these fermentations they used an American
amber ale wort with an original gravity of 12.7°P and a pH value
of 5.47. The trial fermentations were carried out with 1.5 L of wort,
which was fermented at 20 °C for 19 days. After the first
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fermentation the beer was transferred to 500 mL bottles and 5 g
of sucrose was added for the second fermentation, which was car-
ried out at 18-20 °C for 7-10 days. They then analysed the volatile
acidity, pH value, esters, higher alcohols and ethanol concentra-
tions. Furthermore, they performed sensorial analyses using six
trained panellists who judged the beers by aromatic notes (i.e. flo-
ral fruity, etc.) and main structural features (i.e. flavour, bitterness,
etc.). The beers produced showed a low real attenuation of 37%
with high amounts of acetaldehyde (7.5 mg/L). Owing to the low
attenuation the ethanol concentration was only 2.66% (v/v) and
had a low amyl-alcohol content of 7.98 mg/L (see Table 4).

The panellists described the beers as fruity and citric with a full
body. The author therefore concluded that T. delbrueckii could be
used for producing beers with a pleasant and aromatic taste.
Owing to the low attenuation of the finished beers, the author
suggested using T. delbrueckii to produce low-alcohol beers (80).

Michel et al. (87) studied 10 T. delbrueckii strains from different
habitats. They investigated sugar utilisation, hops and ethanol re-
sistance, their propagation ability, amino acid metabolism, anabo-
lism and phenolic off-flavour-forming capability. Furthermore, they
conducted trial fermentations with beer wort (12°P) at 27 °C, which
were analysed for extract reduction, pH drop, yeast concentration
in suspension of supernatant and fermentation by-products. One
strain was identified as being able to ferment the beer wort to
an ethanol concentration of 4% v/v with a desirable fruity and
floral aroma. It produced high amounts of 2-phenylethanol
(23.7 mg/L) as well as high amounts of amyl alcohols 64.83 mg/L.
Furthermore, two strains were found to be suitable for producing
low-alcohol beer owing to their inability to ferment maltose and
maltotriose but still produced good flavour (see Table 5) (87-83).

Tatraidis et al. (84) fermented two different worts, one with
100% malt (12.2°P, pH 5.3) and one with 60% malt wort and 40%
glucose added. They used two T. delbruckii strains and one refer-
ence ale strain (S. cerevisiae). The fermentation of the 100% malt
wort was carried out at 20 °C and one strain TD-A01 showed
slightly lower fermentation speed compared with the reference
strain. The second strain, TD-B03, also showed very low fermenta-
tion speed but only half of the apparent attenuation (36%). TD-A01
produced an ethanol concentration of 4.2% v/v whereas TD-B03
produced 2.34% v/v. The authors analysed some volatile com-
pounds, acidity and volatile acidity of the final beers. The beer

Volatile compounds  Acetaldehyde  Ethyl acetate

Table 3. Volatile compounds measured in finished beer after fermentation with T. delbrueckii strain LTQB7 (78)

1-Propanol

Isobutanol  Isoamyl alcohol  Acetic acid  Higher alcohols

LTQB7 47.9 mg/L 16.2 mg/L

22.4 mg/L

233 mg/L 69 mg/L 934 mg/L 1148 mg/L

T. delbrueckii strain DISVA 254 (80)

Beer attributes

Table 4. Beer attributes, main secondary metabolites and main volatile compounds of the fermentation performed with pure

Main fermentation by-products (mg/L)

Main volatile compounds (mg/L)

pH value 4.56 Acetaldehyde
Final gravity (°P) 7.51 Ethyl acetate
Ethanol (% v/v) 2.66 n-Propanol
Attenuation (%) 45.09 Isobutanol
Volatile acidity (g/L) 0.15 Amyl alcohol
FAN (mg/L) 174.58 Isoamyl alcohol

75 Ethyl butyrate 0.168
346 Isoamyl acetate 0.134
1541 Ethyl hexanoate 0.031
798 Ethyl octanoate 0.006
3.82 Butyric acid 0.074
32.79 2-Phenyl ethanol 6.52
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Table 5. Fermented sugars, beer attributes and secondary metabolites of the 10 T. delbrueckii strains used by Michel et al. (81)

Yeast T6 T9 T10 ™ 13 T15 T17 T18 T19 T20
Fermented sugars (%) Glucose 96.6 96.2 97 96.6 973 95.5 94.5 954 94.7 89.6
Fructose 93.2 923 9154 88 91.6 90.2 84.5 96.4 93.6 88.1
Sucrose 824 86.4 79 95 84.6 752 783 72 73.7 84.7
Maltose 33 94.8 5.8 6 1.8 03 09 25 0.7 03
Maltotriose 3 58.9 16 4.2 0.5 13 24 0.1 0.1 3.6
Beer attributes pH value <42 <42 <42 <42 <42 <42 <42 <42 <42 <42
Ethanol (% v/v) 0.87 4 0.83 0.87 0.89 094 0.89 0.87 0.9 091
Secondary Ethyl acetate 383 234 223 4.56 533 276 5.96 3.76 39 436
metabolite (mg/L) Amy! alcohols 2803 6483 2526 2593 29.1 24.1 2836 2073 15 186
Diacetyl 0.31 0.43 0.13 0.14 0.1 0.15 0.12 0.15 0.2 0.14
Decanoic acid 2 0.02 0.67 0.49 113 0.08 0.67 2.06 1.07 035
2-Phenylethanol 1283 237 15.83 813 139 11.8 893 5.4 5.03 5.26
n-Propanol 483 17.06 3.03 49 413 57 3.66 293 273 233
Isobutanol 346  19.96 2.36 4.46 3.56 21 33 1.36 28 4
Hexanoic acid 0.2 0.07 0.16 0.18 0.2 0.13 0.13 0.23 0.13 0.13
Octanoic acid 0.59 0.1 036 0.49 0.57 0.33 042 0.74 0.39 03

VLS

fermented with TD-A01 showed high amounts of isoamyl acetate
(15.6 mg/L) and 2-phenylethyl acetate (29.1 mg/L) as well as the
comparatively lowest volatile acidity (volatile organic acids) of
0.14 g/L compared with the other TD-BO3 strain (0.17 g/L) and
the brewing strain (0.21 g/L). TD-B03 produced far fewer esters
as well as a high amount of isobutyric acid (17.9 mg/L). Twelve
panellists judged the beers and described the T. delbrueckii
fermented beers as highly estery and fruity as well as being full
bodied (84).

Overall it can be said that the fermentation performance of T.
delbrueckii strongly depends on the strain. The overall speed of
fermentation seems to be slower than that of usual S. cerevisiae
brewing strains as shown by Tataridis, Canonico and Michel
(80-84). T. delbrueckii, however, ferments both, high and medium
original gravity worts with a high production of higher alcohols
and esters (77,78,81). The formation of ethanol in the produced
beers varied from 0.8 to 4%(v/v) which is due to the fact that some
strains will not ferment all wort sugars (80,81). Most of the above
studies described an overall fruity flavour (77,80). In general, some
of the strains seemed to indicate a potential for use in brewing.

Brettanomyces anomalus. Brettanomyces anomalus can be
found in mixed fermentations of gueuze and lambic beers and is
well known to the beverage industry as a spoilage yeast in wine
and soft drinks (59,85). Most B. anomalus strains can ferment the
main sugars present in beer wort as seen in Table 1. As a result
of f-glucosidase activity, B. anolamus can hydrolyse glucoside-
bound monoterpenes, which are present in many fruits and also
in brewers’ wort that comes from hops (57). The splitting of these
bonds releases monoterpenes, changing them into active flavour
compounds. This could increase or modify the hop aroma because
many of the released monoterpenes, such as linalool, are the key
aroma substances from hops (55). The positive influence of B.
anolamus on wine aroma was investigated even though most
winemakers still reject this yeast because it can produce a mousy
off-flavour (86,87). However, it was reported that it can also add
positive sensorial complexity to the flavour of wine (86). The impor-
tance for brewers is that it can metabolise some of the acids that
are present in brewers wort such as p-coumaric and ferulic acid,
and form phenolic aroma compounds such as 4-vinylguaiacol or

4-vinylphenol (36,88). Table 6 shows a summary of all the trials con-
ducted with pure B. anomalus followed by an explanation of the
process and the outcome of the different studies.

Yakobson (89) used two B. anomalus strains (WY 5151 and WLP
645) to ferment wort with an original gravity of 12°P at 21-22 °C.
He investigated the impact of pitching rate and acidification with
varying amounts of lactate on attenuation, volatile flavour com-
pounds and pH value of the final product. WY 5151 showed a rise
in volatile flavour compounds with increasing pitching rates. Both
strains showed almost no production of ethyl caproate and ethyl
caprylate. The production of ethyl acetate was described as being
very low but increased with increasing lactic acid addition. Further
increased lactic acid correlated to a rise in higher alcohol produc-
tion, a result also observed by Yakobson (89). Furthermore, a signif-
icant change in attenuation could be observed by adding lactic
acid and fermenting with WY 5151 resulting in attenuation rang-
ing from 34.39% to 70.43% (Table 7).

Lentz et al. (5) used two different worts (12 and 14°P) to analyse
the potential of three strains of Brettanomyces anomalus to fer-
ment wort into beer. Fermentations were carried out at 20 °C for
4 weeks followed by 4 weeks of maturation. All strains fermented
both worts to about 70% apparent attenuation. Lentz et al. (5) also
reported that all strains showed robust growth up to an ethanol
concentration of 12.0% (v/v), which they tested in MYPG medium.
Finished beers were analysed by trained panellists and described
with phenolic descriptors that included plastic, solvent and burnt
or smoky. However, some were additionally described as fruity
and desirably complex. All three strains were considered to have
brewing potential.

Gamero et al. (90) used one strain of B. anomalus (CBS 77) to fer-
ment commercial beer wort at 12 °Cand conducted an ester analysis.
The strain showed very low production of esters except for isoamyl
acetate (about 2 mg/L). Total ester content did not exceed 5 mg/L.

Brettanomyces anomalus can produce fruity as well as phenolic
flavours in beer fermentation (589). The fermentation times in
the above studies are longer than with a commercial Saccharomy-
ces brewing strain. Temperatures for fermentation were mostly
around 20 °C, which might be more optimal, and Gamero et al.
(90) reported very low ester production at 12 °C (5,89,90). Lower ini-
tial wort pH by adding lactate increased the production of flavour-
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and source of publication

Table 6. Summary of all trial fermentations conducted with B. anomalus with strain codes, wort attributes, fermentation attributes,

Strain codes Wort attributes Fermentation parameters Source

pH OG(°P) IBU Temperature (°C) Pitching rate Batch size (L) Time Storage
(cells/mL) x 10°

WY 5151 495 12 22 21-22 18 1.8 35days None 89)

WLP 645, WY 5151 495 12 22 21-22 12 18 35days None

WY 5151 4.95 12 22 21-22 6 1.8 35days None

WLP 645, WY 5151  4.55 12 22 21-22 12 1.8 35days None

WLP 645, WY 5151  4.05 12 22 21-22 12 1.8 35days None

WLP 645, WY 5151  3.75 12 22 21-22 12 1.8 35days None

WLP 645, WY 5151 3.08 12 22 21-22 12 18 35days None

RS01, CS01, Ej02 NM 12 NM 20 NM NM 28 days None (5)

RS01, CSO71, EjoO2 NM 14 NM 20 NM NM 28 days None

CBS 77 NM na. NM 12 NM 0.2 NM None (90)

NM, Not Mentioned; OG, original gravity; IBU, international bitterness units.

pitching rates and lactic acid addition (89)

Yeast strain WY 5151

Table 7. Summary of the beer attributes and secondary metabolites of fermentations performed with B. anomalus with varying

WLP 645

lactic acid (mg/L)
Apparent attenuation (%) na. na. 3439 2343 329

Final pH value na. na. 42 414 3.86
Acetaldehyde (mg/L) 144 135 116 n.a. n.a.
Ethyl acetate (mg/L) 167 386 268 678 1205
Ethyl lactate (mg/L) 045 056 0.59 148 3.9
Ethyl butyrate (mg/L) na. na na na. n.a.
Ethyl caproate (mg/L) 003 005 004 015 023
Ethyl caprylate (mg/L) 019 024 022 083 122
n-Propanol (mg/L) 104 151 112 na. n.a.
Isobutanol (mg/L) 144 225 163 na. n.a.
2-Methylbutanol (mg/L) 049 0.81 0.6 na. n.a.
3-Methylbutanol (mg/L) 172 279 214 na n.a.
4-Vinylguaiacol (mg/L) 0.098 0074 0085 0.07 0.01
4-Vinylphenol (mg/L) nd. nd nd n.d. n.d.
Diacetyl (mg/L) 0.079 0.048 0038 na. n.a.

2.3-Pentanedione (mg/L) 0.004 0.007 0007 na. n.a.

n.d., Not detected; n.a,, Not analyzed.

Cell count (cells/mL x 106/ 6/0 18/0 12/0 12/100 12/500

12/1000 12/3000 12/0 12/100 12/500 12/1000 12/3000

48.86 7043 209 1747 1898 2433 25.64
3.55 3.15 432 434 4.04 3.78 3.36

na. n.a. na. n.a. n.a. n.a. n.a.
17.95 2099 126 203 292 16 1.56
7.56 3599 028 1.93 334 495 15.42
na. n.a. 0 n.a. n.a. n.a. na.
0.17 0.13 na. 0.07 0.08 0.08 0
0.76 022 0.72 0.3 044 0.13 0
na. n.a. 0.59 n.a. n.a. n.a. na.
na. n.a. 0.7 n.a. n.a. n.a. na.
na. n.a. 0.27 n.a. na. n.a. na.
na. na. 091 na. n.a. n.a. na.
0 0 0.04 0.06 0.05 0.04 0.03
nd. n.d. n.d. nd. n.d. n.d. n.d.
na. n.a. 0012 na. n.a. n.a. na.
na. n.a. 0003 na. n.a. n.a. na.

active compounds (89). However, the fermentation performance
with respect to extract reduction and ethanol production seems
rather low considering the fermentation period and high temper-
atures. However, it might be interesting for the production of some
special beers.

Brettanomyces bruxellensis. Brettanomyces bruxellensis has a
long tradition of being used in the mixed fermentation of lambic
and gueuze beers in Belgium (59,91). It is also very well known
from being used in Berliner weiBbier and some sour English ales
(59,92). The first Brettanomyces species was described by Claussen
(59,93). B. bruxellensis produces flavours described as mousy and
horsey but also fruity and phenolic (59). Sometimes the flavour is
also described as metallic or bitter (94). It was reported that B.
bruxellensis is able to produce many ethyl esters such as ethyl
acetate (95). In addition, B. bruxellensis is a positive phenolic

off-flavour, which is described in the above section ‘Secondary me-
tabolites relevant for beer flavour, phenals’. It has a high ethanol tol-
erance up to concentrations of 15% (v/v) (96) and can ferment some
of the main wort sugars (see Table 1). Furthermore, it can utilise
complex carbohydrates such as maltotetraose and maltopentaose,
which leads to super attenuation but could also contribute to a
dry mouthfeel (97). A detailed review on B. bruxellensis has recently
been published by Crauwels et al. (98). Table 8 shows a summary of
all the trials with pure B. bruxellensis followed by an explanation of
the process and the outcome of the different studies.

Methner (92) investigated the pure culture use of B. bruxellensis
by fermenting a 7°P beer wort (0.65 IBU) at a pitching rate of
13.3 % 10° cells/mL at 25 °C for 4 weeks. The wort was produced
for Berliner wei3bier, which is very low in IBU and low in OG. The
beer was then stored for 4 weeks at 15 °C. It was analysed for
esters, volatile and non-volatile fatty acids. In addition, he pitched
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Table 8. Summary of all trial fermentations performed with B. bruxellensis with strain codes, wort attributes, fermentation attributes
and source of publication
Strain codes Wort attributes Fermentation parameters Source
pH OG IBU Temp. Pitching rate Batch size (L) Time Storage
(°P) (0 (cells/mL) x 10°
B. bruxellensis (no strain code ~ NM 74 065 25,27 13.3,1 NM 28 days 4 weeksat (92)
indicated) 15°C
WY 5526, CMY 001, BSI-Drie 495 12 22 21-22 18 18 35days None (89)
WY 5112, WY 5526, CMY 001, 495 12 22 21-22 12 1.8 35days None
BSI-Drie, WLP 650, WLP 653
WY 5526, CMY 001, BSI-Drie 495 12 22 21-22 6 1.8 35days None
WY 5112, WY 5526, CMY 001, 455 12 22 21-22 12 18 35days None
BSI-Drie, WLP 650, WLP 654
WY 5112, WY 5526, CMY 001, 405 12 22 21-22 12 1.8 35days None
BSI-Drie, WLP 650, WLP 655
WY 5112, WY 5526, CMY 001, 3.75 12 22 21-22 12 18 35days None
BSI-Drie, WLP 650, WLP 656
WY 5112, WY 5526, CMY 001, 3.08 12 22 21-22 12 18 35days None
BSI-Drie, WLP 650, WLP 657
Bc02, BcO7 NM 10 NM 20 NM NM 28 days None (5)
Bc02, BcO7 NM 12 NM 20 NM NM 28 days None
Bc02, BcO7 NM 14 NM 20 NM NM 28 days None
LTQB6 NM 16 NM 28 NM 1.2 10days None (78)
CBS 2796 NM  NM  NM 12 NM 0.2 NM None (90)
BSI-Drie, BBY011, BBY017, NM 125 NM 15,225 12 0.07 28days NM (99)
BBY024, BBY026, BBY028,
EBY010, PEST I,
PEST IV
NM, Not Mentioned; OG, original gravity; IBU, international bitterness units.

1 x 10° cells/mL into the same wort and fermented it semi-
aerobically for 2 weeks at 27 °C. The second batch was analysed
for higher alcohols. For the first trial he reported a slightly higher
quantity of ethyl acetate (25 mg/L) and a very low quantity of
isoamyl acetate. The total esters was 37.6 mg/L. Furthermore, he
reported high quantities of acetic acid (198 mg/L) and isovaleric
acid (3.9 mg/L). In the second trial, Methner found high amounts
of isovaleric acid (14 mg/L) as well as comparable amounts of
higher alcohols similarly to a control beer fermented with S.
cerevisiae. Almost all of the volatile acids increased as the
temperature was increased to 27 °C (Table 9).

Yakobson (89) investigated six different strains of B. bruxellensis
for their use in pure culture fermentation of beer wort. He first in-
vestigated the influence of three different pitching rates (6 x 10°,
12 x 10° and 18 x 10° cells/mL) to ferment a beer wort with three
different strains at a pH value of 4.95 and an original gravity of 12°P
(Table 11). Fermentations were carried out in 1.8 L batches for
35 days at 21-22 °C. Furthermore, different pH values of the wort
were investigated by adding 100, 500, 1000 and 3000 mg/L of
lactic acid, pitching all six strains into individual batches of 1.8 L
at 12 x 10° cell/mL. Esters, higher alcohols, final pH value, attenu-
ation, fermentable sugars and diacetyl concentration were
analysed. Yakobson discovered that the influence of the pitching
rate was strain dependent as both increased and decreased atten-
uation could be observed by increasing the pitching rate of all six
strains. The production of 4-vinylguaiacol was the only significant
change in aroma compounds that could be observed for all six
strains by varying the pitching rate. As the pitching rate was
increased, the overall production of 4-vinylguaiacol decreased.

Following these findings, all other fermentations were conducted
at a pitching rate of 12 x 10° cells/mL (Tables 11 and 12). All six
strains were variable in their utilisation of the different wort sugars
(Table 10). WY 5112 showed higher amounts of glucose and fruc-
tose in the beer than the starting wort. This may indicate that an
external and internal a-glucosidase enzyme from B. bruxellensis
broke down higher sugars to result in more free glucose and fruc-
tose. He reported further that WLP 653 partly fermented maltose
but also left a significant amount of glucose. Strains CMY 001
and BSI-Drie showed the highest utilisation of all wort sugars.

In terms of the volatile compounds, it was found that most of
the strains produced high amounts of ethyl caproate (sweet, fruity,
pineapple) and ethyl caprylate (e.g. waxy, musty, sweet) (Tables 11
and 12). Ethyl acetate production varied from strain to strain while
isoamyl acetate could not be detected at all. Yakobson (89) further
described a low production of higher alcohols, which could be re-
lated to relatively low growth rates of the strains as well as to poor
attenuation of some strains. At the end of his study the author
judged B. bruxellensis to be a yeast capable of pure culture fermen-
tation for the production of beers with special character.

Lentz et al. (5) fermented three worts (10, 12 and 14°P) with two
strains of B. bruxellensis (Bc02, Bc07), which they isolated from
fruits. Sugar assimilation tests were performed by API 20 (Analyti-
cal Profile Index) and strains tested for their ethanol tolerance.
Beers were then analysed by trained panellists. Results showed
that Bc02 fermented all three worts to an apparent attenuation
of ~80%. However, the APl 20 tests showed no assimilation of
maltose (Table 13), whereas Bc07 showed only 20-25% of appar-
ent attenuation by fermenting the 10 and 12°P wort. Both strains
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Table 9. Results of the measurements of secondary metabo-
lites formed during two fermentations at differing tempera-
tures of one pure B. bruxellensis (92)
Fermentation temperature 25°C 27°C
Esters (mg/L) Ethyl acetate 25 n.a.
Ethyl-2-phenyl acetate ~ 0.12 n.a.
Ethyl isovalerate 032 na.
Ethyl caproate 025 na.
Ethyl caprylate 025 na.
Ethyl caprate 017 na.
Ethyl lactate 10 na.
Diethylsuccinate 006 na.
Ethylphenyl acetate 018 na.
All esters 376 na.
Volatile fatty Acetic acid 198 n.a.
acids (mg/L) Propionic acid 009 na.
Isobutyric acid 036 na.
Butyric acid 002 0.23
Isovaleric acid 39 14
Valeric acid 0 n.a.
Caproic acid 1 1.4
Caprylic acid 31 27
Capric acid 43 25
Lauric acid 15 025
Non-volatile Oxalate 73  na
fatty acids (mg/L) Citrate 103 n.a.
Malate 84 n.a.
Fumarate 03 na.
Succinate 56 n.a.
Lactate 184 n.a.
Pyruvate 74  na.
2-Ketoglutarate 13 na
Pelargonic acid na. 0.22
Palmitic acid na. 0.09
Other acids (mg/L) Phenylacetic acid na. 7.5
Higher alcohols (mg/L) Isobutanol na. 0.99
n-Butanol na. 0.22
i-Pentanol na. 27
Hexanol-1 na. 0.02
Benzyl alcohol na. 0.04
2-Phenyl ethanol na. 50
Furfuryl alcohol na. 2
Methionol na. 0.67
Phenols (mg/L) Vanilin na. 029
4-Ethyl guaiacol na. 26
4-Ethylphenol na. 082
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showed moderate growth in MYPG media at ethanol concentra-
tions of 12% v/v. The panellists evaluated both strains as unlikely
to succeed as a brewing strain.

Pozippe et al. (78) used one B. bruxellensis strain (LTQB6) in wort
(0.G. 16°P) and fermented it for 10 days at 28 °C. The ethanol con-
tent, volatile compounds and cell number were analysed. The beers
that were produced had an ethanol concentration of about 4% (v/v)
and showed comparatively small amounts of acetic acid (55.4 mg/L)
and high amounts of acetaldehyde (26.3 mg/L). The isoamyl-alcohol
content was reported to be 57.7 mg/L and that of higher alcohols to
be 97.7 mg/L (Table 14). The authors suggested that the fermenta-
tion procedure should be adjusted (change of temperature) to
lower the amount of off-flavours that the panellists described in
the tastings. The type of off-flavours were not specified in the study.

Gamero et al. (90) used strain CBS 2796 to ferment commercial
wort at 12 °C and reported a low quantity of isoamyl acetate
(~1 mg/L), phenylethyl acetate (<1 mg/L) and ethyl caproate
(~2 mg/L). They suggest that this yeast strain has a high potential
for use in brewing and further research.

Preiss et al. (99) used eight different B. bruxellensis strains and
fermented 70 mL of 12.5°P wort in triplicate for each temperature
at 15 and 22.5 °C for 28 days. They reported a higher attenuation of
the wort at 22.5 °C whereas the fermentation at 15 °C showed
rather slow fermentation speed. Two of the strains displayed no
fermentation ability. They analysed ethyl caproate, ethyl caprylate,
ethyl decanoate, 4-vinylguaiacol, 4-ethylguaiacol and 4-
ethylphenol, which are mostly responsible for the ‘Brett-flavour’.
Although the fermentation was described as poor at 15 °C, these
flavour compounds were generally produced in almost equal
amounts. In the case of ethyl caprylate and ethyl decanoate, some
strains produced more at low temperatures and some produced
more at high temperatures. The compound 4-ethylphenol was
produced equally across the strains and at both temperatures in
quantities of ~200 ppm.

Most of the studies reviewed above (78,89,90) suggested the use
of B. bruxellensis as a pure brewing strain, except for Lentz et al. (5).
The formation of a large variety of esters such as ethyl acetate,
ethyl caproate and ethyl caprylate in large quantities can produce
beers with fruity and complex aromas (7891,99). Most authors
reported very low quantities of isoamyl acetate, which could be
explained by the ability of B. bruxellensis to break down this aroma
compound, which is highly desirable in wheat beer (95,98,99). The
fermentation temperature seems to be highly variable as Gamero
et al. (90) fermented at 12 °C, other authors fermented at ~20 °C,
and Methner fermented at 25 and 27 °C, whilst all of them re-
ported good flavours (78,89,90,92). Preiss et al. (99) reported lower
attenuations at lower temperatures but still high flavour formation,
suggesting that the temperature had a very minor influence on the
flavour. However, the fermentation time in most studies seems
very long compared with fermentations conducted with the
Saccharomyces brewing yeast. Only Pozippe et al. (78) fermented

Table 10. Different sugar contents of the final beers fermented with six different B. bruxellensis strains by Yakobson (89)
Fermentable sugars Original wort WY 5112 WLP 650 WLP 653 WY 5526 CMY 001 BSI-Drie
Glucose (g/L) 10.1 28.37 0 6.1 0 0 0
Fructose (g/L) 175 2.44 0 0.62 0 0 0
Sucrose (g/L) 5.65 0.53 0 2.41 0 0 0
Maltose (g/L) 7278 34.45 54.77 51.15 47.86 27.03 575
Maltotriose (g/L) 18.39 18.79 15.89 15.95 1638 6.16 8.62
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