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Kvasinky jinych rodl nez Saccharomyces se v historii vyroby piva vyskytovaly jako souc¢ast spontanniho kvaseni. Nyni jsou povazova-
ny vétsinou za kontaminaci produkujici nezadouci senzoricky aktivni latky a CO.,. Vyjimkou jsou specialni pivni styly (napf. lambik a gu-
euze), kde je metabolicka ¢innost non-Saccharomyces kvasinek (zejména rodl Brettanomyces a Dekkera) klicovym prvkem. V ¢lanku je
uvedena charakteristika a taxonomické zafazeni kvasinek Brettanomyces a Dekkera a popsany jsou zékladni mikrobiologické aspekty
vyroby piva lambik a gueuze.
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In the history of beer production, yeasts of genera other than Saccharomyces occurred as part of a spontaneous fermentation. They
are now mostly regarded as contaminants producing undesirable sensorially active substances and CO,. Exceptions are special beer
styles (e.g. lambic and gueuze), in which the metabolic activity of non-Saccharomyces yeasts (in particular genera Brettanomyces and
Dekkeraa) is a key element. The article gives the characteristics and taxonomy of Brettanomyces and Dekkera yeast and describes the
basic microbiological aspects of brewing lambic and gueuze.
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in der Brauindustrie. I. Teil — Brettanomyces (Dekkera). Kvasny Prum., 62(7-8), S. 198-205

In der Geschichte des Bieres wurden auch die anderen Hefestamme auBBer Stamm Saccharomyces betrachtet, weil die einen Teil der
Spontangarungshefe darrstellen. Zur Zeit werden als eine Kontamination betrachten, weil die eine unerwiinschte sensorische Aktivstoffe
und CO, verursachen. Die Ausnahme tun die spezielle Biertypen (z. B. Bier Lambic und Gueuze) wo die metabolische Téatigkeit von
Nicht-Saccharomyces Hefe (insbesondere die Stdmme Brettanomyces und Dekkera) stellt ein Schlisselelement dar. Im Artikel werden
die Charakteristik und eine taxonomische Einordnung von Stdmmen Brettanomyces und Dekkera angefihrt und grundmikrobiologische

Aspekte der Lambik- und Gueuze Bierherstellung beschrieben.
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1 UVOD

Vyroba piva je zaloZzena na fizeném vyuziti kulturnich kvasinek
rodu Saccharomyces (S. cerevisiae a S. pastorianus). Kvasinky
patfici do jinych rodd, tzv. non-Saccharomyces, jsou povazovany za
kontaminanty piva, vina a dalSich napoji. Kvasinky obecné netvofi
samostatny taxon, fadime je do oddéleni askomycety (vieckovytrus-
né houby, napf. Kluyveromyces, Candida, Pichia atd.) a basidiomy-
cety (stopkovytrusné houby, napf. rody Cryptococcus, Rhodotorula,
Trichosporon atd.) (Johnson, 2013a; Johnson, 2013b; Steensels
a Verstrepen, 2014).

Kvasinky non-Saccharomyces patfi mezi jednobunééné eukaryo-
tické organismy s velikosti buriky 3—15 pm. Pfirozené se vyskytuji
volné v prostfedi. Evoluéné se vétsina kvasinek non-Saccharomy-
ces vyvijela nezavisle od rodu Saccharomyces. Vytvorily si specialni
mechanismy na pfeziti v extrémnich environmentalnich podminkach
— osmotoleranci (Zygosaccharomyces rouxii), termotoleranci (Klu-
yveromyces marxianus), toleranci na vysSi koncentrace ethanolu
(Dekkera bruxellensis) atd. (Souciet et al., 2009).

Non-Saccharomyces kvasinky prochazi dvéma stadii — vegetativ-
nim (anamorfa) a pohlavnim (teleomorfa). Ve vegetativni formé se
kvasinky reprodukuji pu¢enim nebo délenim, pfi pohlavnim rozmno-
zovani tvofi spory. Pohlavni reprodukce u askomycet spociva v tvor-
bé haploidnich askospor v asku. U basidiomycet probiha redukéni

Keywords: Brettanomyces, Dekkera, lambic, gueuze,
non-Saccharomyces, spontaneous fermentation

1 INTRODUCTION

Beer production is based on the controlled use of cultural Saccha-
romyces yeasts (S. cerevisiae and S. pastorianus). Yeasts belon-
ging to other genera, i.e. non-Saccharomyces, are considered as
contaminants of beer, wine and other beverages. Yeasts generally
do not form a separate taxon, they are classified in the divisions
Ascomycetes (for example Kluyveromyces, Candida, Pichia etc.)
and Basidiomycetes (for example genera Cryptococcus, Rhodotoru-
la, Trichosporon etc.) (Johnson, 2013a; Johnson, 2013b; Steensels
and Verstrepen, 2014).

Non-Saccharomyces yeasts belong among unicellular eukaryotic
organisms with cell sizes from 3 to 15 pm. They occur naturally free
in the environment. Most non-Saccharomyces yeasts developed
evolutionarily independently from the genus Saccharomyces. They
have developed special mechanisms to survive in extreme environ-
mental conditions — osmotolerance (Zygosaccharomyces rouxii),
thermotolerance (Kluyveromyces marxianus), tolerance to higher
concentrations of ethanol (Dekkera bruxellensis) etc. (Souciet et al.,
2009).

Non-Saccharomyces yeasts pass through two stages — vegeta-
tive (anamorph) and sexual (teleomorph). In the vegetative form the
yeasts reproduce by budding or division, in sexual reproduction they
form spores. Sexual reproduction in ascomycetes lies in the forma-
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déleni v basidiu nebo v teliospore, na kterych se tvofi haploidni basi-
diospory (Kurtzman et al., 2011).

Mezi potencionalné technologicky vyuzitelné non-Saccharomyces
kvasinky Ize zahrnout napf. rody Brettanomyces, Dekkera, Hanse-
niaspora, Kluyveromyces, Meyerozyma, Saccharomycodes, Torula-
spora, Wickerhamomyces a Zygosaccharomyces, které patfi do fadu
Saccharomycetales, viz tab. 1 (Clemente-Jimenéz et al., 2004; Pre-
torius et al., 1999). V pivovarském priimyslu nachazi uplatnéni ze-
jména rody Dekkera, Brettanomyces a Torulaspora. Clanek se dale
vénuje kvasinkam rodu Dekkera a Brettanomyces.

Tab. 1 Taxonomické zafazeni vybranych technologicky vyznamnych
non-Saccharomyces kvasinek (Kurtzman et al., 2011, upraveno) /
Table 1 Classification of selected technologically important non-Sa-
ccharomyces yeasts (Kurtzman et al., 2011, modified)

Rise / Kingdom Fungi
Kmen / Phylum Ascomycota
Podkmen / Subphylum Taphrinomycotina
Trida / Class Schirosaccharomycetes
Rég | Order Schizosaccharomycetales
Celed / Family Schizosaccharomycetaceae
Rod / Genus Schizosaccharomyces
Podkmen / Subphylum Saccharomycotina
Trida / Class Saccharomycetes
Rég | Order Saccharomycetales
Celed / Family Debaryomycetaceae
Rod / Genus Meyerozyma
_ Rod/ Genus Schwanniomyces
Celed / Family Dipodascaceae
_ Rod/ Genus Galactomyces
Celed / Family Pichiaceae
Rod / Genus Brettanomyces
Rod / Genus Dekkera
_ BRod/ Genus Pichia
Celed / Family Saccharomycetaceae
Rod / Genus Kluyveromyces
Rod / Genus Torulaspora
Rod / Genus Zygosaccharomyces
_ BRod/ Genus Ogataea
Celed / Family Saccharomycodaceae
Rod / Genus Hanseniaspora
_ Rod/ Genus Saccharomycodes
Celed / Family Wickerhamomycetaceae
Rod / Genus Wickerhamomyces
sIncertae sedis”
Rod / Genus Candida
Kmen / Phylum Basidiomycota
Podkmen / Subphylum Pucciniomycotina
Tiida / Class Agaricostilbomyces
Rad / Order Sporibdiobolales
sncertae sedis”
Rod / Genus Rhodotorula

2 ROD BRETTANOMYCES
(TELEOMORFA DEKKERA)

Nazev Brettanomyces pochazi plvodné z roku 1904, kdy byla tato
kvasinka poprvé izolovana N.H. Claussenem v danském pivovaru
Carlsberg. Nazev pochéazi z feckych slov Brettano (britsky) a My-
ces (houba) podle prvni izolace, ktera byla provedena z anglického
piva, u néhoz byla tato doposud neznama kvasinka zodpovédna za
sekundarni kvaseni a charakteristické aroma. Pozdéji (ve 20. letech)
byla Brettanomyces izolovana také z belgickych piv typu lambik
(Brettanomyces bruxellensis) a dalSich anglickych a belgickych piv.
Zajimavosti je, ze izolace kvasinky Brettanomyces vedla k historic-
ky prvnimu patentovanému mikroorganismu na svété. V narocich
patentu bylo mimo jiné ochranéno pouziti nového mikroorganismu
nazvaného Brettanomyces pfi vyrobé anglickych piv jako je ale, stout
a porter (Steensels et al., 2015).

Klasifikace kvasinek byla puvodné zaloZzena pouze na vegetativ-
nim stadiu bunék, tj. na morfologii a fysiologii bunék rozmnozujicich
se nepohlavné, pu¢enim (anamorfni stadium). Pozdéji (ve 40. letech)
v8ak byla u nékterych kmend zjisténa tvorba askospor a jako pohlav-
ni (teleomorfni) stadium byl k rodu Brettanomyces zaveden rod De-
kkera (Van der Walt, 1984). V soucasném systému klasifikace jsou
jako Brettanomyces ozna¢ovany nesporulujici (anamorfni) kvasinky,

tion of haploid ascospores in ascus. In basidiomycetes reduction
division takes place in a basidium or a teliospore in which haploid
basidiospores form (Kurtzman et al., 2011).

Potentially technologically useful non-Saccharomyces yeasts
can include e.g. genera Brettanomyces, Dekkera, Hanseniaspora,
Kluyveromyces, Meyerozyma, Saccharomycodes, Torulaspora, Wic-
kerhamomyces and Zygosaccharomyces which belong to the order
Saccharomycetales, see Tab. 1 (Clemente-Jimenez et al., 2004;
Pretorius et al., 1999). In particular, genera Dekkera, Brettanomyces
and Torulaspora find application in the brewing industry. This article
focuses on yeast genera Brettanomyces and Dekkera.

2 GENUS BRETTANOMYCES
(TELEOMORPH DEKKERA)

The name Brettanomyces originates from 1904, when the yeast
was first isolated by N.H. Claussen in the Danish Carlsberg brewery.
The name comes from the Greek words Brettano (British) and Myces
(fungus) based on the first isolation, which was made from British
ale, in which this previously unknown yeast was responsible for se-
condary fermentation and characteristic aroma. Later (in the 20’s)
Brettanomyces was also isolated from Belgian ales of the lambic
type (Brettanomyces bruxellensis) and other British and Belgian
beers. It is interesting that the isolation of Brettanomyces led to the
world‘s first patented microorganism. The patent claims protected
inter alia the use of a new microorganism called Brettanomyces for
manufacturing British ales such as ale, porter and stout (Steensels
et al., 2015).

The classification of yeast was originally based only on the vege-
tative stage of cells, i.e. on the morphology and physiology of cells
reproducing asexually by budding (anamorphic stage). However,
later (in the 40’s) some strains were found to form ascospores and
the genus Dekkera was introduced as a sexual (teleomorph) stage
of the genus Brettanomyces (Van der Walt, 1984). In the current
classification system Brettanomyces is referred to as nonsporula-
ting (anamorphic) yeast while Dekkera genus includes sporulating
(teleomorph) variety of this yeast. The names Brettanomyces and
Dekkera are often cited as synonyms, sometimes it is possible to find
in the literature the name Brettanomyces/Dekkera or the somewhat
more familiar ,,Bret” (Steensels et al., 2015). Here we use designati-
on Brettanomyces or bretanomycetes, which is more established in
technology.

Fig. 1 shows the reclassification of the Dekkera and Brettanomy-
ces yeasts that have ever been isolated from beer. The names of
some species have been canceled (e.g. Brettanomyces lambicus
and B. abstinens) and were included in other species. Five speci-
es of Brettanomyces are currently recognized based on molecular
analysis of DNA: anamorphs B. bruxellensis, B. anomalus, B. custer-
sianus, B. naardenensis and B. nanus, with teleomorph varieties (i.e
capable of sexual reproduction) only in the first two mentioned types
— Dekkera bruxellensis (anamorph: B. bruxellensis) and D. anomala
(anamorph: B. anomalus) (Kurtzman et al., 2011).

The cells of the genus Brettanomyces have a spherical to ellip-
soidal shape and are often ogival (Fig. 2). They reproduce asexua-
lly by multilateral budding, forming rarely pseudomycelium. Sexual
stages form asci without conjugation and contain 1-4 hat-shaped
ascospores. Colonies are usually white or creamy, and may have
a smooth and shiny or wrinkled surface (Fig. 3). Brettanomyces cells
grow slowly, have mostly a short life span (due to the production
of acetic acid) and have a high requirement of nutrients, requiring
thiamine and biotin in the medium (Kurtzman et al., 2011; Némec
and Matoulkova, 2015). They are common in fruit (grape wine) and
are taken as unwanted contaminants of wine, cider, beer and car-
bonated soft drinks. They were also isolated from kefir, yogurt, feta
cheese and olives (Kurtzman et al., 2011).

The species B. anomalus and B. bruxellensis produce sensorially
active substances which may in some types of wines be desirable,
and are essential for the production of lambic, American coolship ale
and other types of beer and the Kombucha beverage (Bokulich et al.,
2012; Vanderhaegen et al., 2003).

Brettanomyces ferments glucose and to a lesser extent fructose,
maltose, galactose and sucrose and the range of sugars used is
strain specific (Steensels et al., 2015). Due to the presence of B-glu-
cosidase some strains cleave and subsequently ferment cellobiose
contained in the wood of barrels used for beer maturation (Vander-
haegen et al., 2003), and help release flavoring compounds from
fruits during the refermentation of fruit beers (Daenen et al., 2008).
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zatimto rod Dekkera zahrnuje sporulujici (teleomorfni) variety téchto
kvasinek. Nazvy Brettanomyces a Dekkera jsou ¢asto uvadény jako
synonyma, nékdy je v literatufe mozné najit i oznaceni Brettanomy-
ces/Dekkera, pfipadné ponékud familiarnéjsi ,Bret“ (Steensels et al.,
2015). V naSem ¢lanku pouzivame oznaceni Brettanomyces, pfipad-
né bretanomycety, které jsou v technologii vice zavedené.

Na obr. 1 je uvedena reklasifikace kvasinek Dekkera a Brettano-
myces, které byly kdy izolovany z piva. Nazvy nékterych druht byly
zruSeny (napf. Brettanomyces lambicus a B. abstinens) a byly za-
hrnuty do jinych druhd. V sou¢asné dobé je tedy, na zakladé mo-
lekularnich analyz DNA, uznavano pét druhl Brettanomyces: ana-
morfy B. bruxellensis, B. anomalus, B. custersianus, B. naardenensis
a B. nanus, s teleomorfami (tedy varietami schopnymi i pohlavniho
rozmnozovani) pouze u prvnich dvou jmenovanych druht — Dekke-
ra bruxellensis (anamorfa: B. bruxellensis) a D. anomala (anamorfa:
B. anomalus) (Kurtzman et al., 2011).

Bunky kvasinek rodu Brettanomyces maji sféricky az elipsoidni
tvar, €asto jsou ogivalni (obr. 2). Rozmnozuji se nepohlavné multila-
teralnim pucéenim, zfidka tvofi pseudomycelium. Pohlavni stadia vy-
tvéreji asky bez konjugace a obsahuji 1-4 kloboukovité askospory.
Kolonie jsou vétSinou bilé nebo krémove, a mohou mit hladky a lesk-
ly nebo vrascity povrch (obr. 3). Bretanomycety rostou pomalu, ziji
vétsinou kratce (dano produkci kyseliny octové) a jsou naroéné na
ziviny — v prostfedi vyZaduji thiamin a biotin (Kurtzman et al., 2011;
Némec a Matoulkova, 2015). Bézné se vyskytuji na ovoci (hrozno-
vém viné) a jsou brany jako nezadouci kontaminanty vina, cideru,
piva a sycenych nealkoholickych napoja. Izolovany byly i z kefiru,
jogurtu, feta syru nebo oliv (Kurtzman et al., 2011).

Druhy B. anomalus a B. bruxellensis produkuji senzoricky aktivni
latky, které mohou byt u nékterych druhd vina zadouci, zarover jsou
tyto kvasinky esencialni pfi vyrobé lambiku, American coolship ale
a dalsich druhd piv a ndpoje Kombucha (Bokulich et al., 2012; Van-
derhaegen et al., 2003).

Brettanomyces zkvaSuje glukosu, v mensi mife fruktosu, malto-
su, galaktosu a sacharosu, spektrum vyuzivanych cukrd je kmenové

Nova klasifikace /
New classification

Starsi klasifikace /
Older classification

D. custersiana )
Brettanomyces custersianus (anamorfa) *

-

B. custersianus

B. naardenensis —>  Brettanomyces naardenensis (anamorfa) *
B. nanus

D. nana Brettanomyces nanus (anamorfa) *

B. nonanus

B. anomalus mar’

B/D claussenii
B. dubliniensis = Dekkera anomala (teleomorfa)

Torulopsis cylindrica (anamorfa: Brettanomyces anomalus)
D. anomala

B/D abstinens

) \

B. custersii
B. intermedius

B. lambicus
= Dekkera bruxellensis (teleomorfa)

B. schanderlii (anamorfa: Brettanomyces bruxellensis)

D. intermedia

D. lambica

B/D bruxellensis —

Obr. 1. Pfehled reklasifikace kvasinek Brettanomyces a Dekkera izo-
lovanych z piva. *Neexistuje teleomorfni stadium (Kurtzman et al.,
2011, upraveno) / Fig. 1 Reclassification of Brettanomyces and De-
kkera yeasts isolated from beer. *Teleomorphic stage does not exist
(Kurtzman et al., 2011, modified)

Obr. 2 Bunky kvasinek Dekkera anomala (A, B), D. bruxellensis (C, D) / Fig. 2 Cells of yeast Dekkera anomala (A, B), D. bruxellensis (C, D)
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specifické (Steensels et al., 2015). Nékteré kmeny diky B-glukosida-
se $tépi a nasledné fermentuji celobiosu obsaZenou v dievé sudd,
kde dochazi k zrani piva (Vanderhaegen et al., 2003), a pomahaji
uvolfiovat aromatické latky z ovoce pfi refermentaci ovocnych piv
(Daenen et al., 2008). Pomoci a-glukosidasy dokazi zpracovat mal-
todextriny, které v mladém pivé zlstavaji po primarni fermentaci (Ku-
mara et al., 1993).

Optimalni teplota pro rlGst bretanomycet je mezi 25-28 °C, rust
probihd i pfi nizkém pH (Blomquist et al., 2010). Toleruji az 15 %
(v/v) ethanolu, nicméné citlivost k alkoholu je kmenové specificka a je
ovlivhiovana podminkami prostfedi (Sturmet al., 2014). Za vysoké
koncentrace sacharidl uprednostriuji alkoholovou fermentaci pred
respiraci i za aerobnich podminek (tzv. Crabtree efekt) a akumuluji
ethanol, ktery zabraruje rdstu kompetitivnim mikroorganismim. Po
vy€erpani glukosy pak respiruji ethanol za produkce kyseliny octové
(Steensels et al., 2015, De Deken, 1966).

Bretanomycety jsou podobné jako kvasinky rodu Saccharomyces
fakultativné anaerobni. Oproti saccharomycetam, které upfednost-
fuji energeticky vyhodnéjsi respiraci pred fermentaci (tzv. Pasteuriiv
efekt), se u bretanomycet alkoholové kvaseni glukosy pfi anaerobio-
se (tedy v nepfitomnosti kysliku) zastavuje a je stimulovano kysli-
kem. Pfeména glukosa-3-fosfatu (G3P) na glycerol je u bretanomy-
cet nizka, nebo neprobiha vibec, diky snizené nebo Zadné aktivité
enzymu G3P-fosfatasy. Tomuto jevu se fika negativni Pasteurliv
efekt, nebo také Custerlv efekt (obr. 4).

Princip Custerova efektu spociva v do¢asné inhibici alkoholové-
ho kva$eni za absolutni anaerobiosy. Kvasinky Brettanomyces jsou
schopné produkovat octovou kyselinu a ethanol z glukosy, pficemz
paralelné dochazi k redukci NAD* (nikotinamidadenindinukleotid,
oxidovana forma) na NADH (redukovana forma NAD) (Barnett et
al., 2005; Carrascosa et al. 1981; Leite et al., 2013). Za aerobnich
podminek se koenzym NAD reoxiduje pomoci respiraéniho fetézce,
ale za anaerobnich podminek chybi akceptor H* (acetoin, aceton,
dihydroxyaceton) a i malé mnozstvi vyprodukované octové kyseli-
ny je zavislé na poklesu poméru NAD*/NADH, a nésledkem toho
je glykolysa zastavena v reakci katalysované glyceraldehyd-3-fos-
fat dehydrogenasou (Scheffers a Nanninga, 1977). Pfitomnost or-
ganickych akceptorol H* zmirfiuje Custertv efekt prostfednictvim
obnoveni oxida¢né-redukéni rovnovahy (Gaunt et al., 1988). Octova
kyselina je produkovana oxidaci acetaldehydu za €innosti enzymu
NAD? aldehyddehydrogenasy. Aktivita NAD? aldehyddehydrogenasy
je potlacovana pritomnosti glukosy, avSak v exponencialni fazi ristu
a na zacatku stacionarni faze, kdy koncentrace glukosy klesa, do-
chazi k rychlému zvySeni aktivity tohoto enzymu. Souc¢asné se aku-
muluje octova kyselina v burice (Carrascosa et al., 1981). Asimilace
nitratu a jeho redukce na amoniak CusterQv efekt rusi (Steensels et
al., 2015).

Aromaticky profil latek produkovanych bretanomycetami je popiso-
van rozmanitymi terminy, napf. chut a viiné po hrebi¢ku, kofenéna,
po mysiné, koufova, plastova, fenolova, medicinalni, leukoplastova,
kovova, po vihké kiizi, suSenkova, zpocena, jable¢na, tropicka, citru-
sova, pal€iva atd., souhrnné je ¢asto oznacovéana jako ,Brett flavour”
(De Keersmaecker, 1996; Steensels et al., 2015).

Estery jsou dllezité senzoricky aktivni latky produkované kulturni-
mi kvasinkami. Davaji pivu ovocné a kvétinové aroma. Malé rozdily
v koncentraci esterl mohou mit velky vliv na vyslednou chut piva

A Glukosa

Glycerol

NO,

Biomasa «—— Glukosa -
NAD® NADH : C N g g
e i - < 5 v

Acetyl CoA

Kyselina octova

Ethanol Kyselina octova

Obr. 4 Schematicky prehled hlavnich faktor(i ovliviiujicich oxida¢né-
-redukéni rovnovahu v burice kvasinky D. bruxellensis (Steensels et
al., 2015, upraveno)

Obr. 3 Kolonie Brettanomyces spp. na sladinovém agaru /
Fig. 3 Colonies of Brettanomyces spp. on wort agar

Using a-glucosidase they can metabolize maltodextrins, which re-
main in young beer after primary fermentation (Kumara et al., 1993).

Optimal temperature for bretanomycete growth is between
25-28 °C and the growth occurs even at low pH (Blomquist, et al.,
2010). Experiments in synthetic media indicate that 15 % (v/v) of
ethanol is likely to be the upper limit that allows bretanomycete to
growth. However, it depends on the strain and on environmental fac-
tors (Sturmet al., 2014). Under high concentrations of carbohydrates
the yeast prefers alcoholic fermentation over respiration even under
aerobic conditions (the so-called Crabtree effect) and accumulates
ethanol, which prevents the growth of competitive organisms. After
depletion of glucose they respire ethanol and produce acetic acid
(Steensels et al., 2015; De Deken, 1966).

Like Saccharomyces, Brettanomyces is facultatively anaerobic.
Compared to Saccharomyces yeast, which favors energetically fa-
vorable respiration before fermentation (i.e. the Pasteur effect) alco-
holic fermentation of glucose in Brettanomyces during anaerobiosis
(i.e. in the absence of oxygen) stops and is stimulated by oxygen.
The conversion of glucose-3-phosphate (G3P) to glycerol in Bretta-
nomyces is low or absent due to the reduced or absent activity of
G3P phosphatase. This phenomenon is called a negative Pasteur
effect or Custer effect (Fig. 4).

Glucose

NOy +

l C ::::1 Pyr:vale

e I\*co & Acetyl CoA
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o e

Ethanol Acetic acid

Ethanol Acetic acid

Fig. 4 Schematic overview of the main factors influencing the cell
redox balance in D. bruxellensis (Steensels et al., 2015, modified).

The principle of Custer effect is based on temporary inhibition of
alcoholic fermentation under anaerobic conditions. Brettanomyces
species are able to produce acetic acid and ethanol from glucose,
while reducing in parallel NAD* to NADH (Barnett et al., 2005; Car-
rascosa et al., 1981; Leite et al., 2013). Under aerobic conditions
the NAD* coenzyme is reoxidized in the respiratory chain, but under
anaerobic conditions the hydrogen acceptor (acetoin, acetone, dihy-
droxyacetone) is lacking and a small amount of produced acetic acid
depends on the drop of the NAD*/NADH ratio; for this reason glycol-
ysis is stopped in the reaction catalyzed by glyceraldehyde-3-phos-
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(Verstrepen et al., 2003). Pfi kvaSeni mladiny bretanomycetami je
produkovano zna¢né mnozstvi ethylkaprylatu, ethylkapratu, ethyllak-
tatu a ethylacetatu. Naopak mnozstvi esterli kyseliny octové (napf.
isoamylacetatu) je mens&i nez pfi fermentaci kvasinkami Saccharo-
myces. Bunécné esterasy bretanomycet tyto estery béhem kvaseni
hydrolyzuji (Steensels et al., 2015).

Dllezitou skupinou latek produkovanou bretanomycetami jsou
fenolové slouceniny. Jejich vysoka koncentrace negativné ovliviiu-
je kvalitu vina, ale maze byt Zadouci u piva typu lambik (Steensels
et al., 2015). Jedna se prevazné o 4-ethylfenol (medicinalni aroma)
a 4-ethylguajakol (aroma hfebicku, kofenéné), v mensi mife je pro-
dukovan 4-vinylguajakol (hfebi¢kova) a 4-vinylfenol (fenolova, medi-
cinalni); 4-vinylfenol a 4-vinylguajakol vznikaji dekarboxylaci orga-
nickych kyselin, naslednou redukci jsou pak tvoreny ethylfenolové
slouceniny (Conterno et al., 2013).

Z mastnych kyselin jsou produkovany zejména kyseliny kaprylova,
kaprynova a laurova podilejici se na typickém aroma lambiku a geu-
eze (Spaepen et al., 1978). Brettanomyces jsou producentem isova-
lerové kyseliny, kterd ma ,syrové“ aroma narusujici organoleptické
vlastnosti vin (Oelofse et al., 2008).

Bretanomycety déle produkuji dusikaté heterocykly, jejichz chut je
popisovana jako po mysiné nebo chut krekrd nebo prazené kukufi-
ce, pfi nizkém pH je hotk& nebo metalicka. Tyto latky byly izolovany
z vina (Oelofse et al., 2008). Jedna se o 2-acetyltetrahydroxypyridin
(ATHP) a 2-ethyltetrahydroxypyridin (ETHP). Jejich vznik u kvasinek
dosud neni popsan, ale byl prostudovan u bakterii mlééného kvase-
ni. Zakladem pro ATHP je zkvasitelny cukr a aminokyselina, ETHP
vzniké redukci ATHP (Romano et al., 2008).

3 PIVO LAMBIK A GUEUZE

Nékteré rody divokych kvasinek non-Saccharomyces maji poten-
cial pro vyrobu piv se zajimavymi senzorickymi atributy a nékteré
jsou pfimo esencialni pro vyrobu specialnich pivnich styll jako je
napf. belgicky lambik, pivo gueuze nebo americka obdoba lambi-
ku — American coolship ale (Bokulich et al., 2012; Spitaels et al.,
2014; Verachtert a Iserentant, 1995). Vyroba téchto piv je zalozena
na spontanni fermentaci mladiny, na které se podili desitky dru-
hu divokych kvasinek (napf. Brettanomyces, Candida) a nékterych
bakterii.

Piva lambik a gueuze se tradi¢né vafi v Belgii, pfevazné v oblasti
zhruba 500 km? okolo Bruselu a v regionu Payottenland, v udoli feky
Senne (De Keersmaecker, 1996). Sladina se pfipravuje ze smési,
kterou tvofi zhruba z 60 % je€ny slad a z 40 % nesladovana p$eni-
ce. Nasledné se vafi se starym chmelem, ktery oxidaci ztratil svou
horkost, ale zachoval si své konzervacni U€inky (Guinard, 1990).
Spontanni kvaseni neni iniciovano pfidavkem kulturnich kvasinek,
ale déje se za Ucasti mikroorganismu z prostfedi a/nebo z pfedchozi
varky piva. Uvafena mladina se pfes noc ochladi v mélkych otevie-
nych nadobach a béhem ochlazovani probiha jeji inokulace (,infek-
ce“) ze vzduchu nad kadémi. Nasledujici den je takto zakvadena
mladina pfevedena do dfevénych sudu a kvaseni probihd az dva
roky pfi teploté 0-25 °C; teplota v mistnostech, kde probiha kvaseni,
neni regulovana — je tedy zavisla na prabéhu roénich obdobi (Van
Oevelen et al., 1977). Vysledny produkt se nazyva lambik. Refer-
mentaci lambiku v lahvich pak vznikd gueuze (Van Oevelen et al.,
1977; Verachtert a Iserentant, 1995).

Sudy, ve kterych probiha kvaseni, obsahovaly plivodné vino nebo
predchozi varku piva — na kvaseni se tedy podili mikroorganismy ze
stény sudd pochazejici z pfedchozich fermentaci (De Keersmaec-
ker, 1996). Kvaseni mladiny se U¢astni desitky az stovky druh mi-
kroorganismu. Vyroba je vétSinou zahajovana v chladnéjSich mési-
cich v roce, aby béhem ochlazovani mladiny v otevienych nadobéch
nedoslo k jeji kontaminaci nezadoucimi mikroorganismy. Sezéna
vafeni lambiku tak za¢ina v zafi a kon&i v dubnu néasledujiciho roku
(Guinard, 1990). Celkova doba kvaseni lambiku m(ize trvat az tfi
roky. Pokud nasleduje vyroba gueuze (smichanim starSich a mlad-
Sich lambikl a sekundarni fermentaci v lahvich), probiha kvaseni
dalSich 6 az 12 mésicu, dokud nedojde k nasyceni piva oxidem uhli-
¢itym (Van Oeleven et al., 1976).

Vyrobu lambiku (a gueuze) Ize rozdélit do péti zakladnich fazi (Ve-
rachtert a Iserentant, 1995):

1) Enterobakterialni faze — béhem ochlazovani mladiny a v pru-
béhu prvniho mésice kvaSeni prevazuji enterobakterie (Enterobac-
ter, Escherichia, Klebsiella, Hafnia, Citrobacter) spole¢né s kvasin-
kami, které nezkvasuji maltosu (napf. Kloeckera apiculata), mlééné
a octové bakterie jsou zastoupeny jen minimalné (obr. 5); previada

phate dehydrogenase (Scheffers and Nanninga, 1977). Gaunt et al.
(1988) confirmed that the presence of organic H* acceptor reduces
the Custer effect by restoring redox balance. Acetic acid is produced
in oxidative reaction of acetaldehyde mainly by the enzyme aldehyde
dehydrogenase. The function of NAD? aldehyde dehydrogenase is
repressed by the presence of glucose and the drop of glucose con-
centration during the exponential phase and in the early stationary
phase is accompanied by a rapid increase of activity of the enzyme
and a concomitant accumulation of acetic acid in the cells (Carrasco-
sa et al., 1981). Assimilation of nitrate and its reduction to ammonia
cancels the Custer effect (Steensels et al., 2015).

Aromatic profile of the substances produced by Brettanomyces
is described by multiple terms, e.g. the taste and aroma of cloves,
spicy, mousy, smoky, plastic, phenolic, medicinal, plaster, metal,
wet-skin-like, biscuit, sweaty, apple, tropical, citrus, pungent etc.,
collectively often referred to as “the Brett flavor” (De Keersmaecker
1996; Steensels et al., 2015).

Esters are important sensorially active substances produced by
cultural yeast. They impart the beer with fruity and floral aromas.
Small differences in the concentration of esters can have a big im-
pact on the final taste of beer (Verstrepen et al., 2003). The fermen-
tation of wort by Brettanomyces is accompanied by the production of
considerable amounts of ethyl caprylate, ethyl caprate, ethyl lactate
and ethyl acetate. Conversely, the amount of acetic acid esters (e.g.
isoamyl acetate) is lower than during the fermentation by Saccharo-
myces. Cellular esterases of Brettanomyces hydrolyze these esters
during fermentation (Steensels et al., 2015).

An important group of substances produced by Brettanomyces
are phenolic compounds. Their high concentration negatively affects
the quality of the wine, but it may be desirable in lambic type beer
(Steensels et al., 2015). They include mainly 4-ethylphenol (medici-
nal aroma) and 4-ethylguajacol (clove aroma, spicy) and, to a lesser
extent, 4-vinylguajacol (clove) and 4-vinylphenol (phenolic, medical);
4-vinylphenol and 4-vinylguajakol are formed by decarboxylation of
organic acids, the following reduction then forms ethyl phenol com-
pounds (Conterno et al., 2013).

The produced fatty acids include especially caprylic, caprynic and
lauric, which are involved in the typical aroma of lambic and geueze
(Spaepen et al., 1978). Brettanomyces is a producer of isovaleric
acid, which has a “cheesy” aroma distorting the organoleptic proper-
ties of wine (Oelofse et al., 2008).

Brettanomyces also produces nitrogen heterocycles whose taste
is described as mousy or the taste or crackers or popcorn, and is
bitter or metallic at low pH. These substances have been isolated
from wine (Oelofse et al., 2008). They include 2-acetyltetrahydroxy-
pyridine (ATHP) and 2-ethyltetrahydroxypyridine (ETHP). Their for-
mation in yeast has not been described, but has been studied in
lactic acid bacteria. The basis for ATHP is a fermentable sugar and
an amino acid, ETHP is formed by reduction of ATHP (Romano et
al., 2008).

3 LAMBIC BEER AND GUEUZE

Some genera of non-Saccharomyces wild yeasts have the poten-
tial to produce beers with interesting sensory attributes and some are
in fact essential to the production of special beer types such as e.g.
Belgian lambic beer, gueuze or US lambic equivalent — American
coolship ale (Bokulich et al., 2012; Spitaels et al., 2014; Verachtert
and Iserentant, 1995). Production of these beers is based on the
spontaneous fermentation of wort, which is jointly performed by tens
of species of wild yeasts (e.g. Breftanomyces, Candida), and some
bacteria.

Lambic beer and gueuze are traditionally brewed in Belgium,
mainly in the area of about 500 km? around Brussels and in the Pay-
ottenland region, in the valley of the Senne River (De Keersmaeck-
er, 1996). The wort is prepared from a mixture consisting of roughly
60% barley malt and 40% unmalted wheat. The subsequent boiling
proceeds with old hops that has lost its bitterness due to oxidation,
but keeps its preservative effects (Guinard, 1990). Spontaneous
fermentation is initiated by adding yeast culture, but is performed
by microorganisms from the environment and/or from the previous
brew. Boiled wort is cooled overnight in shallow open vessels and
its inoculation occurs during cooling (“infection”) from the air above
the vessels. On the following day the inoculated wort is transferred
to wooden barrels and fermentation takes place for up to two years
at 0-25 °C; the temperature in the fermentation rooms is not regu-
lated and is therefore dependent on the seasons (Van Oevelen et
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produkce butandiolu, dimethylsulfidu, formiatu, méné ethanolu a oc-
tové a mlécné kyseliny.

2) Saccharomyces faze — po vyCerpani glukosy kvasinky nezkva-
Sujici maltosu vymizi a snizenim pH pod 4,4 a zvySenim koncentra-
ce ethanolu nad 2 % je zaroven zcela inhibovana aktivita enterobak-
terii. Nastava faze hlavniho alkoholového kvaseni, které dominuji
kvasinky rodu Saccharomyces (S. cerevisiae, S. pastorianus, S. ba-
yanus). Saccharomycety jsou zodpovédné za hlavni alkoholové
kvaSeni a maji hlavni podil na celkovém prokvaseni mladiny (z 60-
64 %). Kvaseni neni tak intenzivni jako v pfipadé normalniho spodné
¢i svrchné kvaseného piva, coz mlze byt zplsobeno napf. tim, ze
na zacatku kvaseni jsou z mladiny enterobakteriemi spotfebovany
rizné aminokyseliny a peptidy (Verachtert et al., 1989); previada
produkce ethanolu, vyssich alkoholl a estera.

3) Acidifikacni faze — nastava po cca 3—-4 mésicich kvaseni —
ve vétSim mnozstvi se v mladiné objevuji mlééné bakterie (zejména
Pediococcus damnosus) a octové bakterie (Acetobacter, Glucono-
bacter) produkujici kyselinu mlé€nou respektive octovou. Nejvyssiho
poc¢tu bunék mléénych bakterii je dosazeno cca mezi 6. a 8. mé-
sicem kva$eni, coz je bézné v obdobi pfechodu jara do léta; tyto
mikroorganismy vyzaduji vy$si rGstové teploty (Van Oevelen et al.,
1976). Kvasinky Saccharomyces jsou pfiblizné v osmém mésici
kvaSeni nahrazeny kvasinkami rodu Brettanomyces, které jsou za-
stoupeny zejména druhem B. bruxellensis (ve star$i literatufe jsou
uvadény druhy B. bruxellensis a B. lambicus). Bretanomycety se ve
vy$Sich poctech vyskytuji v kvasicim lambiku dal$ich pfiblizné 8 mé-
sicll a jsou zodpovédné za dals$i prokvaseni mladiny (az 63-83 %);
silnd produkce kyseliny mié¢né a ethyllaktatu, nizsi produkce aceta-
tu a ethylacetatu, diacetylu, isobutyratu.

4) Faze zrani — nastava po priblizné 10 mésicich kvaseni — pocet
mlécnych i octovych bakterii postupné klesa a pozdeji také dochazi
ke snizeni aktivity bretanomycet. Zkvaseni vysSich dextrinG, odbou-
rani diacetylu a dimethylsulfidu. Faze zrani trva pfiblizné dvanact
mésicl, béhem kterych postupné narlistd pocet mléénych bakterii,
v souvislosti s rostouci teplotou (pfechod do teplejSich letnich mési-
cl druhého roku kvaseni).

5) Refermentaéni faze v lahvich (vyroba gueuze) — prevlada akti-
vita kvasinek Brettanomyces a mlé€nych bakterii. Pfitomny jsou kva-
sinky dalSich rodl — Pichia, Candida, Cryptococcus, Hanseniaspora,
Debaryomyces, Torulopsis a dalSi. Refermentaci smési zpravidla
tfiletého a mladého lambiku v lahvich vznika pivo gueuze. S mladym
lambikem je do fermentujiciho piva pfidano vice cukr(i a vysledny
produkt je vice nasycen oxidem uhli¢itym (Verachtert a Iserentant,
1995). Pfi refermentaci roste v pivu podil kyseliny mlé¢né a ethyllak-
tatu, naopak klesa mnozstvi isoamylacetatu a ethylkaproatu (Spita-
els et al., 2014).

Lambik je zakladem i pro dal$i druhy piva. Do sudl se zrajicim
lambikem se v nékterych pfipadech pfidava ovocna stava nebo celé
ovoce. Diky zvy$enému obsahu cukrl je znovu spusténa fermentace
a aroma a chuti z ovoce jsou extrahovany do piva. Ovocny lambik
s viSnémi se nazyva Kriek, s malinami Framboise (Daenen et al.,
2008). Obsah alkoholu v gueuze se pohybuje v rozmezi 5,3-6,2 %
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Obr. 5 Zmény v mikrobidlni populaci v prlibéhu kvaseni lambiku (De
Keersmaecker, 1996, upraveno) / Fig. 5 Changes in microbial popu-
lation during lambic fermentation (De Keersmaecker 1996, modified)

al., 1977). The resulting product is called lambic. Refermentation of
bottled lambic then gives rise to gueuse (Van Oevelen et al., 1977;
Verachtert and Iserentant, 1995).

Barrels in which fermentation takes place have initially contained
wine or a previous brew of beer — fermentation thus takes place
through the action of microorganisms on the barrel walls from pre-
vious fermentations (De Keersmaecker, 1996). Fermenting wort is
performed by dozens to hundreds of species of microorganisms.
Production is usually initiated in the colder months of the year to
prevent wort contamination by undesirable microorganisms during
its cooling in open containers. The season of lambic brewing thus be-
gins in September and ends in April next year (Guinard, 1990). The
total duration of lambic fermentation can take up to three years. If it
is followed by the production of gueuze (by mixing older and younger
lambic and a secondary fermentation in bottles), the fermentation
takes place another six to twelve months until the saturation of the
beer with carbon dioxide (Van Oeleven et al., 1976).

Production of lambic (and gueuze) can be divided into five basic
stages (Verachtert and Iserentant, 1995):

1) Enterobacterial phase — Enterobacteriaceae (Enterobacter,
Escherichia, Klebsiella, Hafnia, Citrobacter) predominate during
wort cooling and during the first month of fermentation) together with
yeasts that do not ferment maltose (e.g. Kloeckera apiculata), lactic
acid bacteria are represented only minimally (Fig. 5); the production
of butanediol, dimethyl sulfide and formate prevails, with lower pro-
duction of ethanol, acetic and lactic acid.

2) Saccharomyces phase — the yeasts that do not ferment malt-
ose disappear after glucose depletion, and pH reduced below 4.4
and increasing ethanol concentration above 2% completely inhibits
the activity of enterobacteria. Now enters the main stage of alcoholic
fermentation, which is dominated by Saccharomyces (S. cerevisiae,
S. pastorianus, S. bayanus). Saccharomyces yeasts are responsible
for major alcoholic fermentation and have a major share in the total
attenuation of the wort (from 60-64%). Fermentation is not as in-
tense as in the case of normal bottom- or top-fermented beer, which
may be caused e.g. by the fact that enterobacteria have consumed
various amino acids and peptides at the start of the fermentation of
the wort (Verachtert et al., 1989); the production of ethanol, higher
alcohols and esters prevails.

3) Acidification phase — it occurs after about 3-4 months of fer-
mentation — lactic bacteria (particularly Pediococcus damnosus) and
acetic acid bacteria (Acetobacter, Gluconobacter) appear in the wort
in large quantities, producing lactic or acetic acid. The number of
cells of lactic acid bacteria peaks between about 6 and 8 months of
fermentation, which is normally during the transition of spring to sum-
mer; these microorganisms require higher growth temperatures (Van
Oevelen et al., 1976). In approximately the eighth month of fermen-
tation Saccharomyces yeasts are replaced by genus Brettanomyces,
which is represented mainly by B. bruxellensis (older literature men-
tions B. bruxellensis and B. lambicus). Brettanomyces yeast occurs
in higher numbers in fermenting lambic for approximately another 8
months and is responsible for the further fermentation of wort (up to
63-83%); strong lactic acid production and ethyl lactate, lower pro-
duction of acetate and ethyl acetate, diacetyl and isobutyrate.

4) Maturation phase occurs after approximately 10 months of
fermentation — the number of lactic bacteria gradually decreases
and the activity of Brettanomyces later also decreases. Fermenta-
tion of higher dextrins and reduction of diacetyl and dimethyl sulfide
takes place. Maturation takes approximately twelve months; during
this time the number of lactic acid bacteria gradually increases in
connection with increasing temperature (transition into the warmer
summer months, the second year of fermentation).

5) Refermentation phase in bottles (production of gueuze) — pre-
dominant activity of Brettanomyces yeast and lactic acid bacteria.
Present are yeasts of other genera — Pichia, Candida, Cryptococ-
cus, Hanseniaspora, Debaryomyces, Torulopsis, and others. Refer-
mentation of bottled mixtures of usually three-year and young lambic
yields gueuze. Along with young lambic, the fermenting beer is sup-
plied with more sugars and the resulting product is more carbonated
(Verachtert and Iserentant, 1995). The refermentation enhances the
proportion of lactic acid and ethyl lactate in beer while decreasing the
quantity of isoamyl acetate and ethyl caproate (Spitaels et al., 2014).

Lambic is the basis for other types of beer. Barrels with matur-
ing lambic are in some cases supplied with fruit juice or whole fruit.
Thanks to increased sugar content the fermentation is restarted and
fruit aromas and flavors are extracted into the beer. Fruit lambic with
cherries is called Kriek, with raspberries Framboise (Daenen et al.,
2008). The alcohol content in gueuze ranges from 5.3 to 6.2% (v/v),
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(v/v), u ovocnych lambikU je primeérné 6,5 % alkoholu (Van Oevelen
etal., 1976).

Technologie vyroby lambiku se vyuziva i v nékterych americkych
pivovarech pro pivo s ndzvem ,American coolship ale“. Rody mikro-
organismu podilejici se na jednotlivych fazich kvaseni jsou pfiblizné
stejné jako u tradi¢niho belgického lambiku, mirné se vsak lisi jed-
notlivé druhové slozeni (Bokulich et al., 2012).

Dekkera bruxellensis byla také studovana pro vyrobu bezlepkové-
ho piva za pouziti sladu z prosa jako zékladni suroviny. Vysledkem
fermentace pfi 18 °C je pivo s nizkym pH, obsahem alkoholu kolem
3,2 % (v/v) a vysokou koncentraci vys$sich alkoholl a esterli (Zarn-
kow et al., 2010).
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