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Vontrobova, E., Kopecka, J., Rotkova, G., Matoulkova, D., 2017: Faktory ovliviiujici produkci senzoricky aktivnich latek u pivo-
varskych a vinarskych kvasinek. Kvasny Prum. 63(4): 173—189

Publikace je zaméfena na pivovarskeé a vinafské kvasinky a jejich roli pfi vyrobé alkoholickych napoju. Jednotlivé rody a druhy kvasinek
se odliSuji stavbou genomu. Cetné hybridizace vedly ke vzniku novych linii kvasinek, jako jsou napfiklad skupiny spodnich pivovarskych
kvasinek Saaz a Frohberg. Se strukturou genomu je spjata syntesa protein(. Proteiny ovliviiuji metabolické pochody buriky a tedy i vznik
metabolitl. Diky svym specifickym metabolickym pochodim maiji kvasinky vyznamny vliv na aroma a chut kvasenych napoja. Alkoholy,
estery, acetaldehydy, monoterpenoidy, organické kyseliny, glycerol, vicinalni diketony nebo sirné slou¢eniny produkované kvasinkami
davaji vznik charakteristickym chutovym a aromatickym profildm, ¢ehoz je vyuzivano pfi vyrobé rdznych druht piv a vin. Aroma a chut
jsou ovlivnény i pusobenim stresovych faktort na kvasni¢né buriky v pribéhu kvasnych procesl. V publikaci je také zahrnut struény
prehled metabolismu kvasinek, s dirazem na katabolismus glukosy a ethanolové kvaseni.

Vontrobova, E., Kopecka, J., Rotkova, G., Matoulkova, D., 2017: Factors influencing the production of sensory active substances
in brewer’s and wine yeast. Kvasny Prum. 63(4): 173-189

The publication focuses on brewer’s and wine yeast and their role in the production of alcoholic beverages. Individual strains and yeast
species differ in the structure of the genome. Numerous hybridizations led to the formation of new yeast lines, for example groups of
bottom-fermenting yeasts Saaz and Frohberg. The structure of the genome is linked with the synthesis of proteins. Proteins affect the
cell’s metabolic processes and their products. Therefore, yeast have a significant effect on the flavor and taste of fermented beverages.
Alcohols, esters, acetaldehydes, monoterpenoids, organic acids, glycerol, vicinal diketones, or sulfur compounds produced by yeast give
rise to the characteristic flavor and aroma profiles used in the production of various types of beers and wines. The aroma and the taste
are also affected by stress factors that act on yeast cells during fermentation processes. The publication also includes a brief overview
of yeast metabolism, with emphasis on glucose catabolism and ethanol fermentation.

Vontrobova, E., Kopecka, J., Rotkova, G., Matoulkova, D., 2017: Die Faktoren, die die Produktion der sensorischen Aktivstoffen
von Brau- und Weinhefen beeinflussen. Kvasny Prum. 63(4): 173—189

Der Artikel ist der Problematik der Brau- und Weinhefe und ihrer Aufgabe bei der Herstellung von alkoholischen Getranken gewidmet.
Durch den Genombau werden die verschiedene Gattungen und Arten der Hefe unterschieden. Durch die zahlreiche Hybridisationen
sind neue Linien der Hefe entstanden worden, z.B. die Gruppen der untergéarigen Hefe Saaz und Frohberg. Mit der Genom Struktur
wird die Protein Synthese verbunden. Die Proteine beeinflussen die metabolischen Zellgdnge und auch die Bildung von Metaboliten.
Dank ihren spezifischen metabolischen Gangen weist die Hefe einen bedeutenden Einfluss auf das Aroma und den Geschmack von
den vergorenen Getranken auf. Die Alkohole, Ester, Acetaldehyd, Monoterpenoide, organische Sauren, Glycerin, die vizinale Diketone
oder mittels Hefe produzierte Schwefelverbindungen geben einen Anlass zu den charakteristischen Geschmacks- und Aromatischen
Profilen, was bei der Produktion von verschiedenen Bier- und Weinsorten angewandt wird. Auch durch die Wirkung von Stressfaktoren
auf die Hefezellen wéhrend des Garungsprozesses werden auch das Aroma und der Geschmack beeinflusst. Im Artikel wird auch einen
kurzen Uberblick uber einen Hefestoffwechsel mit dem Schwerpunkt auf den Abbau der Glucose und die alkoholische Géarung angefihrt.

Kli¢ova slova: genom, kvasinky, pivo, regulace metabolismu,
Saccharomyces, vino

1 UVOD

Saccharomyces cerevisiae, Kkvasinka patfici do pododdéleni
Ascomycotina (houby vieckovytrusné), ma jeden z nejjednodussich
a nejlépe popsanych eukaryotickych genomdl, i pfesto dochazi k ne-
ustalému testovani a obnovovani anotaci v genomové databazi Sac-
charomyces (Fisk et al., 2006). Kvasinky vyuzivané pfi technologic-
kych procesech proSly dlouhodobou domestikaci. Rozdily v genomu
S. cerevisiae se vyskytuji jak mezi primyslovymi a ,nepriimyslovymi“
kmeny, tak mezi prdmyslovymi kmeny navzajem. Kmeny vyuzivané
v pivovarstvi vykazuji velkou genetickou vzdalenost nejen od ,ne-
pramyslovych“ kmen, ale i od kmenl pouzivanych pfi vyrobé vina
a bioethanolu (Borneman et al., 2011).

Keywords: genome, yeast, beer, regulation of metabolism,
Saccharomyces, wine

1 INTRODUCTION

The yeast Saccharomyces cerevisiae belongs to the subdivision
Ascomycotina (spruce mushrooms). It has one of the simplest and
best described eukaryotic genomes even though annotations in the
gene database Saccharomyces are constantly being tested and
refreshed (Fisk et al., 2006). Yeast used in the technological pro-
cesses has gone through a long-term domestication. Differences in
the genome of S. cerevisiae, occur between industrial and “non-in-
dustrial” strains and also mutually between industrial strains. Strains
used in brewing have a large genetic distance from “non-industrial”
strains and from strains used in the wine and bioethanol production
(Borneman et al., 2011).
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2 GENOM PIVOVARSKYCH
A VINARSKYCH KVASINEK

Pivovarské kvasinky jsou fazeny do dvou druhd — Saccharomy-
ces pastorianus na vyrobu piva spodnim kvasenim a Saccharomy-
ces cerevisiae pro svrchné kvasena piva. Kulturni vinafské kvasin-
ky patfi do druhd S. cerevisiae a Saccharomyces bayanus. Druhy
S. pastorianus a S. bayanus jsou v porovnani s ostatnimi druhy rodu
schopny rust pfi niz8ich teplotach, coz se odrazi i v jejich technolo-
gickém vyuziti (Rainieri et al., 2003). U kvasinek rodu Saccharomy-
ces mize dochazet k mezidruhové hybridizaci, pfi niz se pfenasi ge-
neticka informace v podobé chromosomalni a/nebo mitochondrialni
DNA (Marinoni et al., 1999).

Genom laboratorniho kmene S. cerevisiae S288c, ktery je kom-
pletné osekvenovan a ve vyzkumu je vyuzivan napf. pro biochemic-
ké studie, je velky 12 068 Kb a zahrnuje 16 chromosom(. Velikost
jednotlivych chromosom se pohybuje od 200 bp do 2500 bp. Pocet
genu kodujicich proteiny je odhadovan na 5885. Priblizné 140 genl
kéduje ribosomalni RNA (rRNA), 40 genti malou jadernou RNA (snR-
NA) a 275 genl transferovou RNA (tRNA) (Goffeau et al., 1996).

Predpoklada se, ze vzniku spodnich kvasinek Saccharomyces
pastorianus predchézely dvé nebo vice nezavislych hybridizaci
a na vzniku jejich genomu maji podil druhy S. cerevisiae, S. euba-
yanus a pravdépodobné i dalsi tzv. non-S. cerevisiae druhy (Dunn
a Sherlock, 2008; Rainieri et al., 2006). Po prvotni hybridizaci
a vzniku allotetraploidnich kvasinek doSlo ke znaéné reorganizaci
genomu — mitotické rekombinaci, ztraté heterozygotniho stavu, re-
kombinaci chimerickych chromosom( (Gibson a Liti, 2015). Hybridni{
kmeny jsou zvyhodnény diky lepSi adaptaci na ménici se podminky
(napf. nizka teplota) nez rodi¢ovské kmeny (Gonzélez et al., 2008)
a vétsi schopnosti vyuziti cukr(i (Hebly et al., 2015). Na rozdil od S.
cerevisiae jsou kvasinky S. pastorianus schopny kvasit pfi nizkych
teplotach (8-15 °C), za tvorby vyS8Si koncentrace sifi¢itanG. Tyto
vlastnosti byly ziskany pravdépodobné od kvasinky Saccharomyces
bayanus.

Genom S. pastorianus je velky pfiblizné 25 000 Kb a je tvoren
36 chromosomy (Nakao et al., 2009). S. pastorianus W34 (Weihen-
stephan 34/70) je allopolyploidni mezidruhovy hybrid kvasinek S. ce-
revisiae (S288c) a S. bayanus (NBRC 1948). V genomu se vyskytuje
subgenom typu Sb (S. bayanus, 12 chromosomu), subgenom Sc
(S. cerevisiae, 16 chromosomu) a 8 chromosomu vzniklych vzajem-
nymi translokacemi obou genomd. Mitochondrialni DNA pochazi ze
S. bayanus. VV genomu S. pastorianus se nachazi 8 gent, které ne-
byly identifikovany v S. cerevisiae (S288c) ani v S. bayanus (NBRC
1948). Tyto geny, kromé LBYG 13665 (homolog genu YJM789 S.
cerevisiae), jsou lokalizovany v subtelomerickych oblastech. Geny
LBYG 05796 (transkripéni regulaéni protein), LBYG 11275 (melibia-
sa), LBYG 05774 (tyrosin permeasa), LBYG 08543 (symport frukto-
sy), LBYG 05783 (amidasa), LBYG 09147 (amidasa) davaji lezackeé-
mu pivu specifické vlastnosti. Pouze gen LBYG 09608 nema zadny
znamy homolog v genomu S. cerevisiae. Pravdépodobné kdduje
monokarboxylatovy transportér, lokalizovany v plasmatické mem-
brané nebo v endoplasmatickém retikulu. Gen je exprimovan u kva-
sinek ve stfednim a pozdnim stadiu fermentace (Nakao et al., 2009).

Dvé nezavislé hybridizace daly vznik dvéma typum spodnich pi-
vovarskych kvasinek, skupiny Saaz a Frohberg (Dunn a Sherlock,
2008). Vysledky nedavnych studii se li§i — nékteré naznacuji, ze
obé linie maji plvod v jedné hybridizaci a spole¢ného predchldce
(Hewitt et al., 2014), jiné potvrzuji nezavislé hybridizace, kterych se
Ucastnily razné linie S. cerevisiae (Monerawela et al., 2015). Roz-
déleni spodnich pivovarskych kvasinek do skupin Saaz a Frohberg
CasteCné odrazi i geografické rozlozeni. Do skupiny typu Saaz patfi
kmeny pouzivané v Ceské republice a v Dansku (Carlsberg), které
ztratily vyznamné mnozstvi genomu S. cerevisiae diky chromoso-
mové aneuploidii, ale ponechaly si vétSinu genomu S. eubayanus.
Skupinu typu Frohberg tvofi kmeny z Holandska (Heineken, Oran-
jeboom a jiné pivovary), z Danska (kromé pivovaru Carlsberg) a Se-
verni Ameriky. Tyto kmeny si ponechaly vétSinu genetického materi-
alu obou kmen( (Wendland, 2014). Allotriploidni kmeny Saaz nejsou
schopny, na rozdil od allotetraploidnich kmenl Frohberg, fermen-
tovat maltotriosu, coz zplsobuje niz$i miru fermentace (Mertens et
al., 2015). Kvasinky Saaz vykazuji vétsi toleranci k nizkym teplotam.
Jednim z gen(, které umoznuji rdst kvasinkdm Saaz za nizkych tep-
lot, je KEX2, pochazejici z genomu S. eubayanus. Gen KEX2 kédu-
je protein kexin a podporuje rist bunék. Odlisnosti mezi skupinami
Saaz a Frohberg se vyskytuji i v produkci aromatickych latek. Fro-
hberg kmeny produkuji vy$Si koncentraci ethylacetatu (banan, roz-

2 GENOME OF BREWER’S AND WINE
YEASTS

Brewer's yeast is classified into two species — Saccharomyces
pastorianus for bottom beer fermentation and Saccharomyces cer-
evisiae for the top-fermented beer. Cultural wine yeast belong to the
species S. cerevisiae and S. bayanus. Species S. pastorianus and
S. bayanus are adapted to grow at lower temperatures, which is also
reflected in their use in technologies (Rainieri et al., 2003). The ge-
nus Saccharomyces is capable of interspecific hybridization - genetic
information is shared in the form of chromosomal and mitochondrial
DNA (Marinoni et al., 1999).

The genome of the laboratory strain S. cerevisiae S288c has been
completely sequenced and is used in research, for example in bio-
chemical studies; the genome has 12 068 Kb with 16 chromosomes.
The size of individual chromosomes ranges from 200 bp to 2500
bp. The number of genes encoding proteins is estimated at 5885.
Approximately 10 genes encode ribosomal RNA (rRNA), 40 genes
encode small nucleus RNA (snRNA) and 275 genes encode transfer
RNA (tRNA) (Goffeau et al., 1996).

The formation of bottom-fermented yeasts was probably preceded
by two or more independent hybridizations and S. cerevisiae and
S. eubayanus and probably also other non-S. cerevisiae species
have had a share in the formation of their genome (Dunn and Sher-
lock, 2008; Rainieri et al., 2006). After the initial hybridization and
the formation of all tetraploid yeasts a significant reorganization of
the genome occurred — mitotic recombination, loss of heterozygous
state, and recombination of chimeric chromosomes (Gibson and Liti,
2015). Hybrid strains are better adapted to changing conditions (e.g.
low temperature) than parental strains (Gonzéalez et al., 2008) and
have a better ability to use sugars (Hebly et al., 2015).

The genome size of S. pastorianus is about 25 000 Kb and it con-
sists of 36 chromosomes (Nakao et al., 2009). Saccharomyces pas-
torianus W34 (Weihenstephan 34/70) is an allopolyploid inter-hybrid
of S. cerevisiae (S288c) and S. bayanus (NBRC 1948). The genome
consists of a Sb subgenus (S. bayanus, 12 chromosome), a Sc sub-
genus (S. cerevisiae, 16 chromosomes) and 8 chromosomes cre-
ated by translocations of both genomes. The mitochondrial DNA
originates from S. bayanus. In contrast with S. cerevisiae, S. pastori-
anus can ferment at low temperatures (8—15 °C) and produce higher
concentrations of sulfites. These abilities are probably inherited from
S. bayanus. In the S. pastorianus genome are 8 genes that have not
been identified eitherin S. cerevisiae (S288c) or in S. bayanus (NBRC
1948). All of these genes except the gene LBYG 13665 (homologue
of S. cerevisiae gene YJM789), are located in subtelomeric regions.
Genes LBYG05796 (transcriptional regulatory proteins), LBYG11275
(melibiase), LBYGO05774 (tyrosine permease), LBYG08543 (symport
of fructose), LBYG05783 (amidase) and LBYG09147 (amidase) give
specific properties to the lager beer. Only one gene, LBYG09608,
has no known homologue in the S. cerevisiae genome. This gene
probably encodes a monocarboxylate transporter that is located in
the plasma membrane or in the endoplasmic reticulum. The gene
is expressed in yeast in the middle and late phase of fermentation
(Nakao et al., 2009).

Two independent hybridizations gave rise to two types of bottom
brewer’s yeast types Saaz and Frohberg (Dunn and Sherlock, 2008).
The results of recent studies differ — some suggest, that both lines
have their origin in one hybridization and a common ancestor (Hewitt
et al., 2014), others confirm independent hybridization in which were
included different S. cerevisiase lines (Monerawela et al., 2015). The
division of the bottom brewer’s yeasts into the Saaz and Frohberg
types is partially dependent on geographic distribution. The type
Saaz includes strains used in the Czech Republic and Denmark
(Carlsberg), which lost a significant amount of S. cerevisiae genome
due to chromosome aneuploidy, but retained most of the S. eubay-
anus genome. The type Frohberg includes strains from Netherlands
(Heineken, Oranjeboom and other breweries), from Denmark (except
Carlsberg brewery) and from North America. These strains retained
most of the genetic material of both strains (Wendland, 2014). Al-
lotriploid strains of Saaz aren’t capable of fermenting maltotriose and
have a lower fermentation rate, in contrast to allotetraploid strains
of Frohberg (Mertens et al., 2015). Saaz yeasts have greater toler-
ance to low temperatures, this property being affected by the gene
KEX2from S. eubayanus. The gene KEX2 encodes the protein kexin
and promotes cell growth. Differences between Saaz and Frohberg
are also in the production of aromatic compounds. Frohberg yeast
produces higher concentrations of ethyl acetate (banana, solvent),
3-methylbutylacetate (banana, pear) and methylcarboxylate (ap-
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poustédlo), 3-methylbutylacetatu (banan, hruska) a methylkaprylatu
(jablko, anyz), nez kmeny skupiny Saaz (Gibson et al., 2013).

U kvasinek se mimo jadernou DNA vyskytuje i DNA mitochondrial-
ni (mtDNA). Replikace mtDNA neni vazana na bunéény cyklus a do-
chazi pfi ni k ¢astému vzniku mutaci. Velikost a genova rozmanitost
mtDNA se mezi druhy li8i, a to i v pfipadé pivovarskych kvasinek.
Velikost mtDNA S. cerevisiae (S288c) je 85 779 bp. Spodné kvasici
kvasinka S. pastorianus ma velikost mtDNA 70 578 bp (Nakao et al.,
2009). MtDNA je vice citliva na poSkozeni nezli jaderna DNA, nebot
je v pfimém kontaktu s reaktivnimi molekulami kysliku vznikajicimi
v mitochondriich (Kang a Hamasaki, 2002). Mutace mtDNA vedou
ke vzniku dvou typu tzv. respiraéné-deficientnich (RD) mutantud: rho~
mutanty, jimz chybi ¢ast mtDNA, ale zbyvajici sekvence se amplifi-
kuji, a rho® mutanty, jimz mtDNA zcela chybi (Jenkins et al., 2009).

Respira¢né-deficientni mutace vznikaji v mensi mife samovolné;
zvy$ené procento mutaci se tvofi napf. vlivem plsobeni ethanolu
a hydrostatického tlaku (Jenkins et al., 2009). U pivovarskych kvasi-
nek je zvySeny vyskyt RD-mutant (typ rho-) spojovan zejména s je-
jich skladovanim ,pod pivem“ za sou¢asného pusobeni vyssi teplo-
ty. Mutanty typu rho® nebyly u pivovarskych kvasinek zaznamenany,
typ rho" se vyskytuje bézné ve frekvenci 0,1-4 % a mdze dosahnout
az 10% pfi dlouhodobém skladovani kvasnic (Morrison a Suggett,
1983).

Soucasti genomu jsou i mobilni genetické elementy (transposo-
ny), které se v ramci genomu dokazi pfesouvat z mista na misto bez
nutnosti replikace. Transposony kvasinek, nazyvané Ty-elementy,
maji délku kolem 6 Kb a jsou ohrani¢eny dlouhymi terminalnimi repe-
ticemi (LTR) o velikosti 35 bp (Xu a Boeke, 1987). Retrotransposony
se vyskytuji u vétsiny eukaryotickych organismu a jejich zplisob pre-
nosu se podoba Zivotnimu cyklu retrovird. DNA sekvence retrotrans-
posond je nejdfive pfepsana do RNA a poté reverzni transkripci zpét
do DNA (Curcio et al., 2015). U kvasinky S. cerevisiae se vyskytuje
pét retrotransposonalnich rodin Ty1, Ty2, Ty3, Ty4 a Ty5, liSicich se
procentudlnim zastoupenim a umisténim v genomu (Devine a Boe-
ke, 1996; Chalker a Sandmeyer, 1992; Zou et al., 1996).

Retrotransposonalni sekvence jsou vyuzivany k lokalizaci gen(.
Pfi transposonalni mutagenezi dochazi k vyssi frekvenci vzniku mu-
taci, nez je tomu u jinych metod (napf. mutageneze navozena che-
mickymi slou¢eninami ¢i UV zafenim). Vyhodou je i snadna identi-
fikace mutant( s odlisnym fenotypem. Konstrukce transposonalnich
mutaci je méné narocna nez cilena genova mutageneze. Neni ale
mozné cilit na jeden urcity gen. Nékteré transposony upfednostiuji
specifické sekvence a transposonalni mutageneze tak nenf strikiné
nahodna. Pro vyzkumné Ucely jsou transposony ¢asto modifikovany.
Centrélni gen v transposonu m(ze byt ozna¢en nebo nahrazen po-
zadovanym markerem (Xu et al., 2011). Geny regulovany zinkem,
vyskytujici se v genomu kvasinek, byly identifikovany za pomoci
oznacenych transposonu. Zinek je dilezitym kofaktorem v metabo-
lismu kvasinek. Nedostatek se miize projevovat naruSenim procesu
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ple, anise) than type Saaz (Gibson et al., 2013). In addition to DNA,
yeasts have also mitochondrial DNA (mtDNA). Replication of mtDNA
is not dependent on the cell cycle, and many mutations occur during
this process. The size and gene diversity of mtDNA differs between
species, and also between brewer’s yeasts. The size of S. cerevisiae
(S288c) mtDNA is 85 779 bp while the bottom-fermenting S. pas-
torianus has mtDNA with 70 578 bp (Nakao et al., 2009). MtDNA
is more susceptible to damage than nuclear DNA, because mtDNA
is in direct contact with reactive oxygen molecules generated in the
mitochondria (Kang and Hamasaki, 2002). Mutations of mtDNA lead
to the two types of respiratory-deficient (RD) mutants: rho- mutants
which do not have a part of mtDNA but remaining sequences are
amplified, and rho® mutants which have no mtDNA (Jenkins et al.,
2009).

Respiratory-deficient mutations are formed to a lesser extent
spontaneously; an increased percentage of mutations is formed for
example by the influence of ethanol and hydrostatic pressure (Jen-
kins et al., 2009). An increased occurrence of RD-mutants (rho™ type)
of brewer’s yeasts is mainly associated with their storage “under
beer” at a higher temperature. Rho® mutants weren’t found in brew-
er’s yeasts, rho mutation occurs with a frequency of 0.1-4% up to
10% in long-term stored yeast (Morrison and Suggett, 1983).

The genome also includes mobile genetic elements (transposons)
that can move from one place to another place without a replication.
Transposons of yeasts are called Ty-elements. Ty-elements have
about 6 Kb and are bounded by long terminal repeats (LTR) contain-
ing 35 bp (Xu and Boeke, 1987). Retrotransposons occur in most
eukaryotic organisms and their mode of transmission is like the life
cycle of retroviruses. The DNA sequence of retrotransposons is first
transcribed into RNA and then reverse transcribed back into DNA
(Curcio et al., 2015). S. cerevisiae has five retrotransposon families:
Ty1, Ty2, Ty3, Ty4 and Ty5, which differ in per cent representation
and genome locations (Devine and Boeke, 1996; Chalker and Sand-
meyer, 1992; Zou et al., 1996).

Retrotransposon sequences are used to localize genes. Trans-
poson mutagenesis generates more mutations than other methods
(e.g. mutagenesis induced by chemical compounds or UV radiation).
An advantage is an easy identification of mutants with a different phe-
notype. The construction of transposon mutations is less demanding
than targeted gene mutagenesis. However, it isn’t possible to target
only one gene. Some transposons prefer specific sequences, and
transposon mutagenesis isn’t strictly random. Transposons are often
modified for research purposes. The central gene in the transposon
may be marked or replaced by the required marker (Xu et al., 2011).
Genes in yeast genome which are regulated by zinc have been iden-
tified by using marked transposons. Zinc is an important cofactor
in yeast metabolism. The deficiency of zinc can be manifested by
disruption of some processes such as flocculation and vacuolization
of cells. These phenotypic manifestations were observed in ZAP1
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Obr. 1 Pocet otevienych ¢tecich ramcll zapojenych do latkového (A) a energetického (B) metabolismu. A: AA — aminokyselina, N,/S — dusik
a sira, N — nukleotidy, P — fosfat, C — uhlikaté slou¢eniny a karbohydraty, L — lipidy, mastné kyseliny, isoprenoidy, V — vitaminy, kofaktory,
S — sekundarni metabolity; B: EMP — glykolysa a glukogenese, PPP — pentosafosfatova draha, TCA — draha trikarboxylovych kyselin, RES —
respirace, FER — fermentace, ER — energetické rezervy (glykogen, trehalosa), GLYC — glyoxalatovy cyklus, OX — oxidace mastnych kyselin,
O — dal&i aktivity energetického metabolismu (Forster et al., 2003; upraveno). / Fig. 1 Number of open reading frames involved in substance
(A) and energic (B) metabolism. A: AA — amino acid, N,/ S — nitrogen and sulfur, N — nucleotides, P — phosphate, C — carbon compounds
and carbohydrates, L — lipids, fatty acids, isoprenoids, V — vitamins, co-factors; B: EMP — glycolysis and gluconeogenesis, PPP — pentose
phosphate pathway, TCA — tricarboxylic acid pathway, RES — respiration, FER — fermentation, ER — energy reserves (glycogen, trehalose),
GLYC — glyoxalate cycle, OX — other activities of energy metabolism (Férster et al., 2003; modified).
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flokulace a vakuolisace bunék. Tyto fenotypové projevy byly pozo-
rovany u ZAP1 mutantl, ktefi maji naru$en pfijem zinku. Zinkem
regulované elementy jsou pfitomny v promotoru genu FLO1, ktery se
podili na fizeni procesu flokulace. Vakuolisace bunék je podminé-
na genem FAB1 kodujicim fosfatidylinositol-3-fosfat-5-kinasu (Gary
et al., 1998). Na udrzovani spravné koncentrace fosfatidylinostiol-
-3-fosfat-5-kinasy se podili nejméné jeden ZAP1 dependentni gen
(Yuan, 2000).

Se strukturou genomu je spjata syntesa proteind. Proteiny ovliviiuji
metabolické pochody a vznik metabolitll. U kvasinky S. cerevisiae je
do metabolickych pochodl zahrnuto 16 % gen(. Bylo identifikovano
pfiblizné 1000—1500 metabolickych procesli spojenych s témér 800
otevienymi ¢tecimi ramci (,open reading frame“, ORF) (Nookaew
et al., 2008). Nejvétsi procento genli energetického metabolismu je
zapojeno v procesu dychani. V latkovém metabolismu pfipada nej-
vétsi podil otevienych ¢&tecich rdmcll na produkci uhlikatych latek
(obr. 1). Kvasinky vytvari nespocet metabolitd, diky kterym nachazeji
uplatnéni v primyslu. Pfi vyrobé piva a vina hraji vyznamnou roli
senzoricky aktivni latky, a to zejména: alkoholy, estery, acetaldehy-
dy, tékavé kyseliny, monoterpenoidy, glycerol, sirné slouceniny a vi-
cinalni diketony.

3 STRESOVE FAKTORY PUSOBICi NA
KVASINKY PRI VYROBE PIVA A VIiNA

Buniky S. cerevisiae jsou pfi vyrobé piva a vina vystaveny mno-
ha stresovym faktorim: zménam koncentrace kysliku, osmotického
potencidlu, pH, koncentrace ethanolu, dostupnosti zivin, teplotnimu
stresu atd. Stresové faktory maji vliv na kone¢nou chut a kvalitu
kvasnych produktt (Gibson et al., 2007).

Kvasinky reaguji na stresové podminky utlumenim nebo zvyse-
nim exprese nékterych gend, pfi¢emz se jedna o cca 900 genu (Ga-
sch, 2003). Reakce na stres je kratkodoba. Vyznamnou roli hraje
proteolysa odstrariujici nezadouci bilkoviny. S. cerevisiae disponuje
dvéma rliznymi proteolytickymi systémy: lysosomalni systém obsa-
hujici fadu nespecifickych peptidas a systém s vysoce specifickymi
peptidasami v jiné ¢asti bunky (Hilt a Wolf, 1992).

U S. cerevisiae existuji dvé hlavni cesty stresové odpovédi. Re-
akce tepelného Soku je zprostfedkovana tzv. transkrip&nimi faktory
tepelného Soku a globalni stresova reakce, ktera je aktivovana fadou
stresovych faktorl a ktera je fizena pravdépodobné 200 geny. Ex-
prese téchto genl je zavisla na pfitomnosti elementu STRE (Gibson
et al., 2007). V bunice S. cerevisiae byl element STRE poprvé iden-
tifikovan v CTT1 genu exprimovaného v zavislosti na plsobeni stre-
sovych faktor (Marchler et al., 1993). Element STRE byl nalezen
i v.genu DDR2, u kterého dochazi az k dvacetinasobnému zvyseni
transkripce pfi stresu (Kobayashi a McEntee, 1993). Proteiny Msn2
a Msn4 regulujici transkripci gentl s promotorem STRE jsou pfitom-
né v celé rfadé reakci zapficinénych stresem. Pfi pusobeni jednoho
stresového faktoru tak dochazi k navozeni odolnosti i vici jinym stre-
sovym faktorGm (Boy-Marcotte et al., 1998).

Problematika stresovych faktoru je jiz zpracovana v celé rfadé pu-
blikaci (napf. Albertyn et al., 1994; Belloch et al., 2008; Francois
a Parrou, 2001; Gasch, 2003; Gijs et al., 2002; Gibson et al., 2007;
Gray et al., 2004; Gualtieri et al., 2004; Klis et al., 2002; Nass a Rao,
1999; Novék et al., 2006; Sigler a Matoulkova, 2011; Smart, 2017;
Tamas et al., 2000). V této praci jsou nékteré ze stresovych fakto-
r0i blize zminény v jednotlivych kapitolach zabyvajicich se produkci
senzoricky vyznamnych latek.

4 METABOLISMUS KVASINEK

U kvasinek Saccharomyces, které jsou oznacovany jako fakulta-
tivné-anaerobni, se vyskytuji dva rizné zplsoby vyuzivani cukri:
energeticky vyhodnéjsi aerobni dychani (respirace) a anaerobni al-
koholové kvaseni (fermentace). Volba mezi témito dvéma typy respi-
race je zavisla zejména na dostupnosti kysliku. DalSimi regula¢nimi
mechanismy, pfi nichz se uplatfiuje zejména koncentrace glukosy, je
tzv. Crabtree efekt (Diaz-Ruiz et al., 2008; Fukuhara, 2003; Lagunas
et al., 1982). Pfi Crabtree efektu dochazi k inhibici respirace v di-
sledku vysoké koncentrace glukosy, a to i pfes vysoky obsah kysliku
v kultivaénim prostfedi. Crabtree efekt se neprojevuje u vSech kva-
sinek. Saccharomyces cerevisiae se projevuje jako Crabtree pozi-
tivni. Pfesny mechanismus Crabtree efektu neni dodnes vysvétlen.
Velky vyznam v tomto procesu ma zfejmé fruktosa-1,6-difosfat, ktery
reguluje oxidativni fosforylaci a tim inhibuje mitochondrialni respira-

mutants which have impaired zinc intake. Zinc-regulated elements
are in the promoter of the FLO1 gene, which is involved in floccula-
tion control. Vacuolization of cells is conditioned by the FAB1 gene
encoding phosphatidylinositol-3-phosphate-5-kinase (Gary et al.,
1998). The correct phosphatidylinositol-3-phosphate-5-kinase con-
centration is affected by at least one ZAP1 dependent gene (Yuan,
2000).

The structure of the genome is linked to the synthesis of proteins.
Proteins affect metabolic processes and synthesis of metabolites.
S. cerevisiae has 16 % of genes that are included in metabolic pro-
cesses. Approximately 1000—1500 metabolic processes associated
with nearly 800 open reading frames (ORFs) have been identified
(Nookaew et al., 2008). The largest percentage of energy me-
tabolism genes is involved in the respiration process. The largest
share of open reading frames in the substance metabolism is in the
production of carbonaceous substances (Fig. 1). Yeasts generate
many metabolites that are used in the industry. Sensory-active sub-
stances, especially: alcohols, esters, acetaldehydes, volatile acids,
monoterpenoids, glycerol, sulfur compounds and vicinal diketones,
play a significant role in the production of beer and wine.

3 STRESS FACTORS AFFECTING YEASTS
DURING BEER AND WINE PRODUCTION

S. cerevisiae cells are exposed to many stress factors during beer
and wine production: changes in the concentration of oxygen, os-
motic pressure, pH, ethanol concentration, availability of nutrients,
temperature stress, etc. Stress factors influence the final taste and
a quality of fermentation products (Gibson et al., 2007).

Yeasts respond to stress factor by attenuating or increasing the
expression of some genes (about 900 genes) (Gasch, 2003). The
response to stress is short-term. The proteolysis that removes un-
wanted proteins plays an important role. S. cerevisiae makes use
of two different proteolytic systems: a lysosomal system with many
nonspecific peptidases and a system of highly specific peptidases in
another part of the cell (Hilt and Wolf, 1992).

S. cerevisiae has two main ways of stress response. The heat
shock reaction is mediated by the so-called transcription factors of
heat shock and global stress reaction, which is activated by a num-
ber of stress factors and is probably controlled by 200 genes. The ex-
pression of these genes is dependent on the STRE element (Gibson
et al., 2007). The STRE element of S. cerevisiae was first identified
in the CTT1 gene that was expressed in response to stress factors
(Marchler et al., 1993). The STRE element has also been found in
the DDR2 gene, which is up to twenty times more transcribed un-
der stress (Kobayashi and McEntee, 1993). The proteins Msn2 and
Msn4 regulate transcription of genes with the STRE promoter and
are present in many stress-induced reactions. If one stress factor
acts on a cell, resistance to other stress factors is inducted (Boy-
Marcotte et al., 1998).

The problem of stress factors has already been dealt with in
a number of publications (napf. Albertyn et al., 1994; Belloch et al.,
2008; Francgois and Parrou, 2001; Gasch, 2003; Gijs et al., 2002;
Gibson et al., 2007; Gray et al., 2004; Gualtieri et al., 2004; Klis et
al., 2002; Nass and Rao, 1999; Novak et al., 2006; Sigler and Ma-
toulkova, 2011; Smart, 2017; Tamas et al., 2000). In this publication,
some of the stress factors are mentioned in the individual chapters
dealing with the production of sensory substances.

4 METABOLISM OF YEASTS

Saccharomyces, usually described as facultative anaerobic, pos-
sess two different ways of sugar utilization: energetically more effi-
cient aerobic respiration and anaerobic alcoholic fermentation. Meta-
bolic trigger that switches between these two modes depends is the
availability of oxygen. Further regulation mechanism including main-
ly effect of glucose concentration is so-called Crabtree efekt (Diaz-
Ruiz et al., 2008; Fukuhara, 2003; Lagunas et al., 1982). During the
Crabtree effect, high concentration of glucose inhibits the respiration
even if there is a sufficient concentration of oxygen. The Crabtree ef-
fect doesn’t occur in all yeasts. Saccharomyces cerevisiae appears
to be Crabtree positive. The exact mechanism of the Crabtree effect
hasn’t been explained. Fructose-1,6-diphosphate, which regulates
oxidative phosphorylation and thus inhibits mitochondrial respira-
tion, is of a great importance in this process (Diaz-Ruiz et al., 2008).
Crabtree positive yeasts have lower biomass, because part of the



Faktory ovlivriujici produkci senzoricky aktivnich latek u pivovarskych a vinarskych kvasinek

Kvasny Prum.
63/2017 (4)

177

ci (Diaz-Ruiz et al., 2008). U Crabtree pozitivnich kvasinek vznika
ve vysledku niz8i mnozstvi biomasy, protoze ¢ast glukosy je pre-
ménéna na ethanol. Kvasinky musi konzumovat vice glukosy, aby
poskytly stejné mnozstvi biomasy jako Crabtree negativni kvasinky
(obr. 2). U kvasinek Crabtree pozitivnich by tento proces vedl ke zpo-
maleni rGstu, kvasinky pravdépodobné vyuzivaji ethanol ke snizeni
mikrobiélni konkurence.

U nékterych kvasinek se vyskytuje Pasteuruv efekt, pfi kterém do-
chéazi ke zpomaleni glykolysy v aerobnim prostfedi. VeSkery pyruvat
vznikly glykolysou je vyuzit v Krebsoveé cyklu, fermentace je potlace-
na. Tento efekt ma odliSny vliv na fermentujici kvasinky, mezi které
patfi i S. cerevisiae. Pokud S. cerevisiae roste v médiu s dostatkem
glukosy a dusiku, pak se inhibice fermentace v exponencialni fazi
ristu neprojevuje. Saccharomyces cerevisiae vyuziva v exponenci-
alni fazi aerobni respiraci pfiblizné z 3-20%. P¥i vyCerpani zdroje
dusiku a pfechodu bunék do stacionarni faze dochazi k potlaceni
fermentace a vyuziti aerobniho dychani je zvySeno o 25-100 %.
Nedostatek dusiku a tim zpUsobeny nedostatek amonnych iontG
pravdépodobné vede k potlaceni aktivity fosfofruktokinasy, ktera je
vyznamnym regulatorem procesu glykolysy (Lagunas et al., 1982).

Rast kvasinek je ovlivnén i typem cukerného substratu. Nékteré
typy cukrd neumoznuiji rist kvasinek za anaerobnich podminek. Me-
chanismus Kluyverova efektu je pravdépodobné zalozen na rozdilné
rychlosti transportu odli$nych typl cukrd do buriky. Cukry s pomalou
rychlosti transportu neposkytuji dostate¢ny tok substratu pro fermen-
taci, zatimco pfi aerobnim dychani je dostacuijici i nizka koncentrace
substratu v burnice (Fukuhara, 2003).

Vykonnost metabolismu mGze byt ovlivnéna i velikosti kvasni¢-
nych bunék. MenS§i buriky produkuji vice organickych kyselin a spo-
tfebovavaji vice bazickych latek (napf. lysin), coz ovliviiuje pH. Pfi
vyrobé piva se pH prostfedi pohybuje na zacatku kvaseni na hod-
noté 5,0-5,2 a kon¢&i na 3,8—4,0. Ve viné se pH média/prostredi po-
hybuje v rozmezi 2,75 az 4,2 (Belloch et al., 2008). Hodnota pH je
klicovym faktorem, ktery ovliviuje chut a aroma produkt(l. Nizsi pH
zvy$uje aktivitu enzymU, zvySuje pfeménu acetolaktatu na diacetyl
a omezuje produkci dimethylsulfidu v prlibéhu fermentace. Naproti
tomu zvySeni hodnoty pH podporuje tvorbu ester(, flokulaci kvasinek
a vyuziti chmele, zvySuje isomeraci alfa-kyselin a vycifeni piva (Gijs
et al., 2002). S velikosti burky roste i produkce esterli kyseliny octo-
vé, podminéna zvySenou aktivitou alkoholacetyltransferasy. Naopak
aktivita esteras s rlstem bunék klesa. Pivo vyrobené za pouZiti vét-
8ich kvasinek mélo ve vétsiné pfipadu lepsi chut a stabilitu. Nicméné
velikost bunék neni jedinou uréujici determinantou stability, dlileZitou
roli hraji kultivaéni podminky (Shimizu et al., 2001).

4.1 Katabolismus glukosy

Transmembranovy pfenos glukosy je u S. cerevisiae kodovan
nejméné 20 geny (HXT geny). Proteiny Snf3 a Rtg2 jsou glukoso-
vé receptory indukujici signal pro genovou expresi genli HXT. Snf3
s vysokou afinitou reaguje na nizkou hladinu glukosy, naopak Rtg2
je receptorem pro vyssi hladinu glukosy. RGzna hladina glukosy vy-
volava expresi odlisnych genl. Gen HXTT1 je exprimovan v zavislosti
na vysoké hladiné glukosy, kdezto geny HXT2 a HXT4 jsou transkri-
bovany v reakci na nizkou. Exprese gent HXT je ovlivnéna protei-
nem Rgt1, ktery se v nepfitomnosti glukosy vaze na promotory gent
HXT a potlacuje jejich expresi. Pokud je glukosa pfitomna, dochazi
k inaktivaci represoru Rtg1 (Ozcan et al., 1998). Z 1 molu glukosy se
v pribéhu glykolysy (Embden-Meyerhof-Parnasova draha) vytvari

Crabtree negativni / negative

IR

Obr. 2 Crabtree efekt (Dashko et al., 2014; upraveno) / Fig. 2 Crab-
tree effect (Dashko et al., 2014; modified).

glucose is converted to ethanol. Yeast must consume more glucose
to produce the same amount of biomass as Crabtree negative yeasts
(Fig. 2). This process would lead to slowing down the growth of Crab-
tree positive yeasts. Yeasts probably use ethanol to reduce microbial
competition.

Some yeasts exhibit Pasteur effect in which glycolysis slows down
in the aerobic environment. All pyruvate produced by glycolysis is uti-
lized in the Krebs cycle and fermentation is suppressed. This effect
has a different effect on fermenting yeast, including S. cerevisiae. If
S. cerevisiae grows in a medium with sufficient concentration of glu-
cose and nitrogen, then inhibition of fermentation in the exponential
growth phase doesn’t occur. In the exponential phase, Saccharomy-
ces cerevisiae uses aerobic respiration approximately from 3—20%.
Fermentation is suppressed and aerobic respiration is increased by
20—-100%, when nitrogen is exhausted and the cells are transferred
to the stationary phase. Phosphofructokinase is a significant regula-
tor of the glycolytic process. The activity of phosphofructokinase is
suppressed in the absence of ammonium ions due to nitrogen defi-
ciency (Lagunas et al., 1982).

The type of sugar substrate also affects yeast growth. Some types
of sugars don’t allow growth of yeast under anaerobic conditions.
The mechanism of Kluyver effect is probably based on different
rates of sugar transport into the cell. Different sugars have different
speed of transport. Sugars with a slow rate of transport don’t provide
enough substrate for fermentation, whereas the low concentration of
substrate is sufficient for aerobic respiration (Fukuhara, 2003).

The metabolic rate can also be affected by the size of yeast cells.
Smaller cells produce more organic acids and consume more basic
substances (e.g. lysine). This affects the pH. In beer production, the
pH of medium is 5.0-5.2 at the beginning of fermentation and 3.8—
4.0 at the end. In wine, the pH of the medium/environment is from
2.75 to 4,2 (Belloch et al., 2008). The pH value is a key factor influ-
encing the taste and aroma of final products. Lower pH increases the
activity of enzymes and the conversion of acetolactate to diacetyl. It
also limits the production of dimethyl sulfide during fermentation. In
contrast, a higher pH promotes the formation of esters, flocculation
of yeast and utilization of hops, increases alpha-acid isomerization
and beer clarification (Gijs et al., 2002). With increasing cell size the
production of acetic acid esters increases due to increased alcohol
acetyltransferase activity. Conversely, the activity of esterase de-
creases with cell growth. Beer made using larger yeast has in most
cases better taste and stability. However, cell size isn’t only one de-
terminant of stability; culture conditions also play an important role
(Shimizu et al., 2001).

4.1 Glucose catabolism

In S. cerevisiae, the transmembrane transfer of glucose is encod-
ed by at least 20 genes (HXT genes). The Snf3 and Rtg2 proteins
are glucose receptors that induce a signal for the expression of HXT
genes. Snf3 protein with high affinity reacts to low glucose level, Rtg2
protein is a receptor for higher glucose level. Different levels of glu-
cose cause expression of different genes. HXT1 gene is expressed
depending on a high glucose level, HXT2 and HXT4 are transcribed
in response to a low concentration of glucose. The expression of HXT
genes is influenced by Rgt1 protein. If glucose is deficient, the Rgt1
protein binds to the promotor of HXT genes. Rtg1 linked to the pro-
moter suppresses expression of HXT genes. When glucose is pre-
sent, Rtg1 repressor is inactivated (Ozcan et al., 1998). During the
glycolysis, two molecules of pyruvate and 2 ATP are generated from
1 molecule of glucose. Glucose is converted to fructose-1,6-diphos-
phate, which is then split into two tricarbon compounds. Two mol-
ecules of ATP are consumed in this process. In the second phase,
glyceraldehyde-3-phosphate is gradually converted to pyruvate and
4 ATP molecules are formed (Teusink et al., 2000). Pyruvate is con-
verted under aerobic conditions by oxidative decarboxylation to acetyl
CoA, which enters to Krebs cycle (van Rossum et al., 2016).

The Krebs cycle (citrate cycle) is central to the catabolism of pro-
teins, carbohydrates and lipids. The Krebs cycle metabolic pathway
is an aerobic sequence of chemical reactions that oxidize cyclic
acetyl residues in the form of acetyl-CoA. Acetyl-CoA is oxidized to
CO, to produce energy and reduced cofactors. Electrons from re-
duced cofactors are passed into the respiratory process. Reductive
equivalents are oxidized in the respiratory process and ADP is phos-
phorylated to ATP. The citrate cycle is a catabolic process sited in
mitochondria. It is an amphibolic process, some intermediates enter
other anabolic processes. In the citrate cycle, 3 NADH and 1 FADH,
are formed from 1 molecule of glucose. The yield is 36 ATP mol-
ecules (Lodish et al., 2000).
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dvé molekuly pyruvatu a 2 ATP. Pfi glykolyse dochazi k pfeméné
glukosy na fruktosa-1,6-difosfat, ktery je nasledné rozstépen na dvé
tfiuhlikaté slouceniny. PFi tomto procesu jsou spotfebovany 2 mole-
kuly ATP. V druhé fazi dochazi postupné k preméné glyceraldehyd-
-3-fosfatu na pyruvat za vzniku 4 molekul ATP (Teusink et al., 2000).
Pyruvat je za aerobnich podminek pfeménén oxidativni dekarboxy-
laci na acetyl-CoA, ktery vstupuje do Krebsova cyklu (van Rossum
et al., 2016).

Krebsuv cyklus (citratovy cyklus) je metabolickéd draha, do niz vy-
ustuje katabolismus protein(, sacharidu i lipidd. Jedna se o aerobni
cyklickou sekvenci chemickych reakci, pfi kterych dochazi k oxidaci
acetylovych zbytk( vstupujicich do cyklu ve formé acetyl-CoA. Ten
je oxidovan na CO, za vzniku energie a redukovanych kofaktor(,
které pfedavaji své elektrony dale do dychaciho fetézce. Redukéni
ekvivalenty jsou oxidovany v dychacim fetézci a nasleduje fosforyla-
ce ADP na ATP. Citratovy cyklus je katabolicky déj probihajici v mi-
tochondriich, nékteré meziprodukty sméfuji do dalSich anabolickych
déjl, tudiz se jedna o amfibolicky déj. V citratovém cyklu pfipada-
ji na kazdou molekulu acetyl-CoA 3 molekuly NADH a 1 molekula
FADH,s vytéznosti 12 molekul ATP. Celkové se pfi aerobnim dycha-
ni vytvofi 36 molekul ATP (Lodish et al., 2000).

4.2 Ethanolové kvaseni

VSechny kvasné procesy maji spoleénou pocate¢ni drahu (Em-
bden-Meyerhof-Parnasova draha), ktera vede ke vzniku pyruvatu.
Za anaerobnich podminek dochazi pfi alkoholovém kvaseni k dekar-
boxylaci pyruvatu enzymem pyruvatdekarboxylasou. Uvolnéné elek-
trony jsou pfijiméany jinymi organickymi slou¢eninami. Vznikly acetal-
dehyd je redukovan enzymem alkoholdehydrogenasou na ethanol.
Ackoliv tvorba alkoholu neméni pH buriky, je mnozstvi vytvofeného
alkoholu omezené (Klouda, 2013).

Prfed rokem 1996 bylo u S. cerevisiae znamo jen pét alkoholde-
hydrogenas. Sekvencovani genomu umoznilo odhalit existenci dal-
Sich dvou. Adhl, Adhll a AdhV jsou lokalizovany v cytosolu, Adhlll
a AdhlV v mitochondridlni matrix. Lokalizace AdhVI a AdhVII neni
znama (De Smidt et al., 2008). Alkoholdehydrogenasy Adhl a Adhll
v cytosolu a Adhlll v mitochondridlni matrix se od sebe li§i sekven-
ci aminokyselin, podobnost mezi Adh je pfiblizné 80-90 %, rozdil je
pouze v N-konci Adhlll, ktery obsahuje 27 aminokyselin zodpovéd-
nych za lokalizaci Adhlll v matrix (van Loon a Young, 1986).

Adhl se specializuje na tvorbu ethanolu v anaerobnich podmin-
kach nebo v nadbytku glukosy, Adhll tvofi ethanol pfevazné z gluko-
sy nahromadéné za aerobnich podminek. Mimo konverze acetalde-
hydu na ethanol je dulezita funkce udrzovani stabilni hladiny NAD*
(oxidovana forma NAD) a NADH (redukovana forma NAD). Adhlll
hraje roli v reoxidaci a exportu NADH z mitochondrii do cytosolu (De
Smidt et al., 2008). Mutace v genu pro expresi proteinu AdhlV ne-
ovliviiuje tvorbu ethanolu, nicméné AdhlV muze pfi nedostatecném
mnozstvi zinku zastoupit roli inhibovaného Adhl a Adhlll (Bird et al.,
2006).

Na zékladé schopnosti redukovat acetaldehyd na ethanol i v ne-
pfitomnosti enzym( Adhl az AdhlV se predpoklada, ze AdhV ma
schopnost vytvaret ethanol (Drewke et al., 1990). AdhVI je NADPH
specificka alkoholdehydrogenasa a akceptuje Siroké mnozstvi sub-
stratl od alkohol po aldehydy. AdhVII méa 64% podobnost s pro-
teinem AdhVI a vykazuje Sirokou substratovou specificitu. AdhVI
a AdhVIl nejsou bezpodmine¢né nutné pro preziti kvasinek. Oba
enzymy se mohou Ucastnit NADP (H) homeostasy nebo degradace
ligninu (Larroy et al., 2002).

Pfi vyrobé piva jsou kvasinky bézné vystaveny koncentraci etha-
nolu v rozmezi cca 3-6 obj. %, pfi vafeni piva o vysoké stupnovitosti
mUlzZe koncentrace dosahovat az 10 obj. % (Gibson et al., 2007).
Nadmérné mnozstvi ethanolu zpUsobuje nezadouci zmény v meta-
bolismu, stavbé bunék a v extrémnich pfipadech i bunéénou smrt.
Bunéénad membrana ztraci plsobenim ethanolu svou propustnost,
fluiditu a integritu. Permeabilita membran je ovlivnéna Mg?* ionty,
které ovliviuji toleranci bunék k ethanolu (Hu et al., 2003). Expozice
bunék S. cerevisiae NCYC 1681 po dobu 10 minut 30% ethanolem
zpUsobuje pokles viability na 9%, po hodinové expozici je viabilita
bunék nulova (Canetta et al., 2006).

Burika kvasinek obsahuje nenasycené mastné kyseliny (napf.
palmitolejova, olejova), jejichz vznik je podminén genem OLET. To-
leranci k ethanolu zajiStuje prfedevsim kyselina olejova (You et al.,
2003). Zvysena koncentrace ethanolu méa na buriky podobny ucinek
jako zvysena teplota a tyto dva déje se navzajem ovliviiuji, jsou sy-
nergické (zvySeni propustnosti membrany, snizeni fluidity membran,
snizeni intracelularniho pH, inhibice glykolysy). Pokud teplota stou-
pa, tolerance k ethanolu je znacné snizena. DalSi latka, ktera zacho-

4.2. Ethanol fermentation

All fermentation processes have a common initial pathway (Em-
bden-Meyerhof-Parnas pathway) in which a pyruvate is formed. In
alcohol fermentation (anaerobic conditions), pyruvate is decarboxy-
lated by pyruvate decarboxylase. Released electrons are accepted
by other organic compounds. The resulting acetaldehyde is reduced
by alcohol dehydrogenase to ethanol. Although alcohol production
doesn’t change the pH of a cell, the alcohol production is limited
(Klouda, 2013).

Before 1996, only five alcohol dehydrogenases were known for
S. cerevisiae. Sequencing revealed two other alcohol dehydrogenas-
es. Adhl, Adhll and AdhV are located in the cytosol, Adhlll a AdhlV
in the mitochondrial matrix. The location of AdhVI and AdhVII isn’t
known (De Smidt et al., 2008). The cytosolic alcohol dehydroge-
nases Adhl and Adhll and the mitochondrial Adhlll differ from each
other in the amino acid sequence. The similarity between individual
Adh enzymes is approximately 80-90%. The difference is only at the
N-terminus of Adhlll, which contains 27 amino acids. These amino
acids are responsible for the localization of Adhlll in the matrix (van
Loon and Young, 1986).

Adhl specializes in the formation of ethanol under anaerobic con-
ditions or in excess of glucose. Adhll forms ethanol mainly from
glucose accumulated under aerobic conditions. Another important
function of Adh is to maintain a stable level of NAD* (oxidized form
of NAD) and NADH (reduced form of NAD). Adhlll plays a role in the
reoxidation and export of NADH from mitochondria to cytosol (De
Smidt et al., 2008). Mutation in the gene for expression of AdhlV
doesn’t affect the formation of ethanol. However, in the absence of
zinc AdhlV may represent the role of the inhibited Adhl and Adhlll
(Bird et al., 2006).

The reduction of acetaldehyde to ethanol also occurs in the ab-
sence of Adhl and AdhlV. Therefore, it is assumed that AdhV can
also produce ethanol (Drewke et al., 1990). AdhVI is NADPH-spe-
cific and accepts a wide variety of substrates from alcohols to al-
dehydes. AdhVIl has a 64% similarity to AdhVI and has broad sub-
strate specificity. Yeast survival isn’t unconditionally dependent on
the AdhVI and AdhVII. Both enzymes may participate in NADP (H)
homeostasis or lignin degradation (Larroy et al., 2002).

In the production of beer, yeast is normally exposed to an ethanol
concentration in the range of about 3-6 vol. %. The ethanol concen-
tration for high-grade beers is 10 vol. % (Gibson et al., 2007). Exces-
sive amounts of ethanol cause undesirable changes in metabolism
and structure of yeast cells. Ethanol causes loss of permeability, flu-
idity and integrity of cell membrane and can also induce cell death.
Membrane permeability is influenced by Mg? ions, which affect cell
tolerance to ethanol (Hu et al., 2003). If S. cerevisiae NCYC 1681 is
exposed to 30% ethanol for 10 minutes, the viability decreases to
9%. After an hour exposure, cells viability drops to zero (Canetta et
al., 2006).

The yeast cells contain unsaturated fatty acids (e.g. palmitoleic,
oleic), which are affected by the OLE1 gene. Tolerance to ethanol is
mainly provided by oleic acid (You et al., 2003). Increased ethanol
concentration has a similar effect as elevated temperature; their ef-
fects are synergistic (increased penetration of membrane, decreased
membrane fluidity, reduction of intracellular pH and inhibition of gly-
colysis). If the temperature rises, tolerance to ethanol is greatly re-
duced. Trehalose also preserves the structural and functional integ-
rity of yeast membranes. Trehalose concentration increases with the
presence of stress factors. A positive relationship was observed be-
tween cell viability and trehalose concentration. Trehalose alleviates
the ethanol-induced leakage of electrolytes from the cell. Trehalose
deficient S. cerevisiae YN158was less resistant to ethanol than the
YN162 strain able to form trehalose (Fig. 3).

The effect of stress factors causes the expression of antioxidant
proteins. The Ctt1 protein (Catalase T) protects the cell against the
oxidative e effect of ethanol and the Sod1 protein (superoxide dis-
mutase) is expressed at the same time. These proteins were also
observed in S. cerevisiae K310, which was isolated from wine fer-
mentation (Trabalzini et al., 2003).

4.3 Chemical compounds affect the quality of fermented
beverages

4.3.1 Higher alcohols

Higher alcohols are produced by yeast metabolism as a by-prod-
uct of amino acid synthesis from pyruvate (anabolic pathway) or
catabolism of amino acids (Moir, 1992). Amino acids contained in
a substrate (a brewer’s wort, a grape must, etc.) are absorbed by
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vava strukturalni a funkéni integritu membran kvasinek, je trehalosa.
Koncentrace trehalosy se pfi plisobeni stresovych faktord zvysuje.
Pozitivni vztah byl pozorovan mezi zivotaschopnosti bunék a obsa-
hem trehalosy. Trehalosa zmirnila unik elektrolytd z buriky vyvolany
ethanolem. Kmen S. cerevisiae YN158, trehalosa deficitni, byl méné
odolny vi¢i plisobeni ethanolu nez kmen YN162, ktery byl schopen
trehalosu tvofit (obr. 3).

PFi plsobeni stresovych faktor(i dochazi k expresi antioxidaénich
proteinU. Protein Ctt1 (katalasa T) chrani buriku pred oxida¢nim ucin-
kem ethanolu, sou¢asné dochazi k expresi proteinu Sod1 (superoxi-
ddismutasa). Tyto proteiny byly pozorovany i u kmene S. cerevisiae
K310 izolovaného z fermentace vina (Trabalzini et al., 2003).

4.3 Chemické slouceniny ovliviiujici kvalitu kvasenych napoju

4.3.1 Vyssi alkoholy

Vyssi alkoholy jsou v metabolismu kvasinek vytvareny jako ved-
lejsi produkty syntesy aminokyselin z pyruvatu (anabolicka draha)
nebo pfi katabolismu aminokyselin (Moir, 1992). Aminokyseliny ob-
sazené v substratu (pivovarské mladiné, hroznovém mostu atd.) jsou
vstfebavané kvasinkami a dale metabolisovany v procesu oznaco-
vaném jako Ehrlichova draha. Ehrlichova draha se sklada ze tfi kro-
kd: transaminace aminokyseliny na kyselinu a-keto, dekarboxylace
kyseliny a-keto na aldehyd a redukce aldehydu na alkohol (Pires et
al., 2014).

Aminokyseliny jsou kvasinkami v prlibéhu kvaseni pfijimany v ur-
Citém poradi, resp. ve skupinach, dle priority pro buriku — asimilace
nékterych aminokyselin podléha regulaci, tzv. katabolické represi
dusikem (Procopio et al., 2011).

Aminokyseliny jsou pfenaseny do bunky pomoci nékolika trans-
portér( obsazenych v bunééné membrané kvasinek. U S. cerevisi-
ae CB11 bylo popsano 7 permeas kédovanych geny AGP3, ALP1,
MMP1, MUP1, SAM3, TAT1 a TAT2 s Uzkou substratovou specifici-
tou. A dal$i 4 permeasy kdédované geny AGP1, GNP1, DIP5a BAP2
se Sirokou substratovou specificitou. Kazda permeasa prenasi spe-
cifické aminokyseliny, napfiklad permeasa kédovana genem BAP2
translokuje valin, leucin a isoleucin (Procopio et al., 2011).

Po pfeneseni aminokyselin do bunky nasleduje prvni krok Ehrli-
chovy drahy, kterym je transaminace. Transaminace je u S. cerevi-
siae fizena geny BCCA (mitochondriélni a cytosolové aminokyseliny
s rozvétvenymi fetézci), BAT1 a BAT2 (aminotransferasy) a AROS,
ARO9 (aminotransferasy aromatickych aminokyselin). P¥i transa-
minaci dochazi k pfenosu aminoskupiny z aminokyseliny za vzni-
ku a-ketokyseliny, ktera podléha dekarboxylaci (Pires et al., 2014).
Do a-keto dekarboxylace je zapojeno pravdépodobné pét proteint:
pyruvatdekarboxylasy Pdc1, Pdc5 a Pdc6, fenylpyruvatdekarboxyla-
sa Aro10 a karboxylasa Thi3. Karboxylasa Thi3 je mimo jiné zapo-
jena v biosyntese thiaminu. Pfi dekarboxylaci dochazi k odstépeni
oxidu uhli¢itého z karboxylové skupiny. Posledni krok pfemény, re-
dukce aldehyd( na alkoholy, je katalyzovan alkoholdehydrogenasa-
mi (Adh1p, Adh7p), formaldehyddehydrogenasou (Sfalp), 3-methyl-
butanalreduktasou (Gre2p), aldo-keto reduktasou (Yprip) a alespon
jednou arylalkoholdehydrogenasou (Aad6p). Dale jsou s Ehrlichovou
cestou spojeny geny PAD1 a SPET kédujici karboxylasy a dva geny
OYE2 a HOM2 kodujici dehydrogenasy (Cordente et al., 2012). P¥i
oxidaci aldehyd( za pomoci aldehyddehydrogenas dochazi ke vzni-
ku tékavych kyselin. Rovnovaha mezi oxidaci a redukci aldehyd
zavisi na kultivacnich podminkach. V aerobnich podminkach v limit-
ni koncentraci glukosy a dostatku aminokyselin (leucin, methionin,
fenylalanin) dochazi témér vyluéné k prevodu aldehydd na kyseliny
(Hazelwood et al., 2008).

Transkripce genl S. cerevisiae podilejicich se na katabolismu aro-
matickych aminokyselin (ARO9 a pravdépodobné i ARO10) je regu-
lovana za pomoci proteinu Aro80 (soucast rodiny proteind Zn2Cys6)
a transkripénich faktor rodiny GATA. Aro80 se vaze na promotory
genll ARO9 a ARO10 a za pfitomnosti aminokyselin aktivuje tran-
skripci. Faktory GATA, které se skladaji ze dvou aktivatori (Gatt,
GIn3) a dvou represoru (Gzf3, Dal80), hraji roli i v metabolismu dusi-
ku (Lee a Hahn, 2013). Mimo Ehrlichovu drahu mohou vy3si alkoholy
vznikat z glukosy pres pyruvat (Moir, 1998).

V pivu bylo identifikovano vice nez 40 rdznych vy$Sich alkoho-
3-methylbutanol, 2-phenylethanol a isoamylalkohol. Jejich produkce
je ovlivihovana zastoupenim a koncentraci jednotlivych aminokyse-
lin v mladingé, kmenem kvasinek a podminkami kvaseni (He et al.,
2014; Procopio et al., 2014). Vy3Si alkoholy se v pivu bézné vyskytuji
v koncentraci 100-200 mg/l; nejvétsi podil tvofi vétsinou 2-methylbu-
tanol a 3-methylbutanol (Boulton a Quain, 2001). Vyznam vy$Sich
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Obr. 3. Vliv ethanolu na zivotaschopnost bunék S. cerevisiae. ()
kmen S. cerevisiae YN162, () kmen S. cerevisiae YN158 (Sharma,
1997; upraveno) / Fig. 3 Effect of ethanol on the viability of S. cere-
visiae cells. (») S. cerevisiae strain YN162, (*) S. cerevisiae strain
YN158 (Sharma, 1997; modified)

yeast and metabolized in a process known as the Ehrlich pathway.
The Ehrlich’s pathway consists of three steps: the transamination
of the amino acid to a-keto acid, decarboxylation of a-keto acid to
aldehyde and reduction of aldehyde to alcohol (Pires et al., 2014).

Amino acids are taken up by yeast cells during fermentation in
a specific order or in groups, according to cell priority — assimilation
of some amino acids is subject to regulation, so-called catabolic re-
pression with nitrogen (Procopio et al., 2011).

Amino acids are transported to the cell by several transporters,
which are contained in the yeast cell membrane. Saccharomyces
cerevisiae CB11 has 7 permeases encoded by AGP3, ALP1, MMP1,
MUP1, SAM3, TAT1 and TAT2 genes with low substrate specificity,
and another 4 permeases encoded by the AGP1, GNP1, DIP5 and
BAP2 genes with broad substrate specificity. Each permease trans-
ports specific amino acids; for example the permease encoded by
the BAPZ2 gene translocates valine, leucine and isoleucine (Procopio
etal., 2011).

The transfer of amino acids into the cell is followed by the first step
of the Ehrlich pathway - transamination. In S. cerevisiae, transami-
nation is controlled by BCCA genes (branched-chain mitochondrial
and cytosolic amino acids), BAT1 and BAT2 (aminotransferases) and
ARO8, ARO9 (aminotransferases of aromatic amino acids). During
the transamination, the amino groups are transferred from the amino
acid to produce a-keto acids, which are subject to decarboxylation
(Pires et al., 2014). Five proteins are probably involved in a-keto-
decarboxylation: pyruvate decarboxylases Pdc1, Pdc5 and Pdc6,
phenylpyruvate decarboxylase Aro10 and carboxylase Thi3. The
carboxylase Thi3 is also involved in the biosynthesis of thiamine.
During decarboxylation, carbon dioxide is cleaved from the carboxyl
group. The final step of conversion is reduction of aldehydes to al-
cohols. This step is catalyzed by alcohol dehydrogenases (Adh1p,
Adh7p), formaldehyde dehydrogenase (Stalp), 3-methylbutanal
reductase (Gre2p), aldo-keto reductase (Yprip) and at least one
arylalcohol dehydrogenase (Aad6). In addition, genes PAD1, SPE1
(encoding carboxylases) and OYE2, HOMZ2 genes (encoding dehy-
drogenases) are also associated with the Ehrlich pathway (Cordente
et al., 2012). Aldehydes are reduced by aldehyde dehydrogenases
and volatile acids are produced. The balance between oxidation and
reduction of aldehydes depends on the culture conditions. In aerobic
conditions, when the concentration of glucose is limiting and enough
amino acids (leucine, methionine, phenylalanine) are present, con-
version of aldehydes to acids occurs. Under these conditions, the
yield of biomass is 40% lower (Hazelwood et al., 2008).

The transcription of S. cerevisiae genes involved in aromatic ami-
no acid catabolism (ARO9 and possibly ARO10) is regulated by the
Aro80 protein (part of the Zn2Cys6 protein family) and the transcrip-
tion factors of the GATA family. The protein Aro80 binds to promot-
ers of ARO9 and ARO10 genes. The Aro80 together with amino ac-
ids activates the transcription. of GATA factors, which consist of two
activators (Gat1, GIn3) and two repressors (Gzf3, Dal80), and also
play a role in nitrogen metabolism (Lee and Hahn, 2013). Besides
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alkoholl pro celkovy charakter piva spociva zejména v intensifikaci
alkoholové chuté a viné piva. Pokud v8ak mnozstvi vyssich alkoholl
presahne koncentraci 300 mg/l, dostava pivo silnou $tiplavou chut
a vini (Olaniran et al., 2017).

Jelikoz jednotlivé senzoricky aktivni latky se vzajemné ovliviuji,
hraje vyznamnou roli pomér jednotlivych slozek. V lezaku se jako
idealni pomér jevi 3:1 (resp. 4:1) vyssich alkoholl a estert (Procopio
etal., 2011).

U vina koncentrace vy$sich alkohol( do 300 mg/l dodava napoji
komplexni a plnou chut, koncentrace vy$si nez 400 mg/l dava vznik
silnému vinu se sviravym pocitem. Bila vina maji zpravidla mensi
koncentraci alkoholu (162-266 mg/l) nez vina Cervena (140-417
mg/l). Ve viné jsou nejvice zastoupeny alkoholy: propanol, butanol,
isobutanol, isoamylalkohol, hexanol a 2-fenylethanol. Z téchto alko-
holu je nejvice zastoupen isoamylalkohol (ovocno-bananové aroma)
s koncentraci v rozmezi 6-490 mg/I (Furdikova et al., 2007).

Vyssi alkoholy slouzi kvasniénym burnikam pravdépodobné jako
signalni molekuly pfi mechanismu quorum sensing, kdy dochazi
k diferenciaci a adaptaci kvasinkovych bunék na zménu prostredi.
Isoamylalkohol nebo 2-fenylethanol maji vliv na pseudohyfalni rist
kvasinek, doprovazeny zvySenou aktivitou sukcinatdehydrogenas
a vy$Sim mnozstvim chitinu (Hazelwood et al., 2008).

4.3.2 Estery

Prestoze jsou estery ve finalnim produktu pfitomny pouze v mini-
malnich koncentracich, patfi k nejdllezit&jSim prvkim ovliviujicim
vysledné aroma piva i vina. Vznik esterll je spjat s metabolismem li-
pidl. Kvasinky vytvari dva typy ester(: estery octové kyseliny a este-
ry mastnych kyselin s ethanolem (ethylestery). Estery octové kyseli-
ny vznikaji pomoci alkoholacetyltransferasy z acetyl-CoA a alkoholu
(He et al., 2014). VétSina acetyl-CoA vznika oxidativni dekarboxylaci
pyruvatu. Acetyl-CoA za aerobnich podminek vstupuje do Krebsova
cyklu. V nepfitomnosti kysliku je acetyl-CoA esterifikovan alkoholem
za vzniku esterl octové kyseliny. Ethylestery vznikaji kondenzaéni
reakci mezi ethanolem a acetyl-CoA, tato reakce je katalyzovana
O-acyltransferasami, kédovanymi genem EEBT a pravdépodobné
i genem EHTT1. Estery jsou syntetisovany uvnitf bunék, ale protoze
jsou lipofilni, tak difunduji pfes membranu do vnéjSiho prostiedi —
snadnéji difunduji estery obsahuijici kratsi fetézce mastnych kyselin.
Ethylestery jsou proto v pivu a vinu zastoupeny méné nez estery
octové kyseliny (Pires et al., 2014).

Nejvy$si produkce estertl je v prvni fazi kvaseni, kdy vznikaji
kondenzaci organickych kyselin a alkoholl. Rychlost tvorby esterG
ovliviiuje jak koncentrace substratu, acetyl-CoA a alkoholu, tak ak-
tivita enzym( (acyltransferasy a esterasy). Mezi enzymy ovliviiujici
syntesu a hydrolysu esteru patfi: Atf1p, Atf2p, Eht1p, Eeb1p a lah1p
(Cordente et al., 2012). V pivu i vinu je mozné nalézt desitky rliznych
esterl se specifickym aroma: hexylacetat (sladky, parfém), ethyla-
cetat (kyselé ovoce, lak na nehty), isoamylacetat (banan, hruska),
2-fenylethylacetat (ovoce, rize, med), isobutylacetat (banan, ovoce),
ethylbutanoat (kvétiny, ovoce), ethylhexanoat (anyz, sladké jablko),
ethyloktanoat (aroma kyselého jablka, mydlo), ethyldekanoat (kvéti-
ny, mydlo). Ze vSech esterl zastoupenych v pivu tvofi zhruba tfetinu
ethylacetat. Jeho prahova koncentrace je 30 mg/l, v pivu typu lezak
se bézné vyskytuje v mnozstvi okolo 8-12 mg/l (Boulton a Quain,
2001). Prahova koncentrace ostatnich esteru je jesté nizsi — napf.
0,5 mg/l pro ethyloktanoat, 2 mg/l pro isoamylacetat atd. Pokud jsou
tyto koncentrace prekroceny, pivo ziskava nezadouci aroma (Olani-
ran et al., 2017).

V prubéhu skladovani piva dochazi k esterifikaci 3-methylmaselné
a 2-methylmaselné kyseliny na jejich ethylestery (3-methylbutyrat,
2-methylbutyrat), tyto slozky dodavaji pivu vinové aroma. Naproti
tomu nékteré estery, napf. isoamylacetat se v pribéhu skladovani
piva hydrolyzuji. PFi starnuti piva dochéazi i k tvorbé ethylnikotinatu,
ethylpyruvatu a ethyllaktatu. Postupem ¢asu dochazi ke ztraté sveé-
ziho ovocného aroma a vznikaji nepfijemné nasladlé chuté (Pires et
al., 2014).

Ve viné se s nejvysSi koncentraci (22-63 mg/l) vyskytuje ethyla-
cetat (Furdikova et al., 2007). Geny vinafského kmene S. cerevisiae
(VIN13) ATF1 a ATF2, které koduji alkoholacetyltransferasu, jsou
zodpovédné za syntesu ethylacetatu, isoamylacetatu, 2-fenylethyla-
cetatu, hexylacetatu a ethylkaproatu. Protein Atf2 ma mnohem men-
§i vliv na koncentraci téchto slou¢enin a na rozdil od Atf1p neovliviiu-
je produkci ethylkaprylatu. Gen EHT1 kodujici hexanoyltransferasu
je zodpovédny za syntesu ethylkaproatu. Kromé toho protein Eht1
mirné zvySuje koncentrace vSech ester(, nejvice vSak ethylkapratu,
ethylkaproatu a ethylkaprylatu. Tyto estery mohou byt degradovany
esterasou kédovanou genem IAH1 (Lilly et al., 2006). Diky genetické

the Ehrlich pathway, higher alcohols can be formed from glucose
through pyruvate (Moir, 1998).

More than 40 different higher alcohols have been identified in
beer. The most important are n-propanol, isobutanol, 2-methylbu-
tanol, 3-methylbutanol, 2-phenylethanol and isoamyl alcohol. Their
production is influenced by the representation and concentration of
individual amino acids in the wort, the yeast strain, and the condi-
tions of fermentation (He et al., 2014; Procopio et al., 2014). Higher
alcohols are commonly found at a concentration of 100-200 mg/! in
beer; the most common are 2-methylbutanol and 3-mehtylbuthanol
(Boulton and Quain, 2001). Higher alcohols intensify the alcoholic
flavors and aromas of beer. However, when the concentration of 300
mg/l is exceeded, higher alcohols produce in beer a strong pungent
taste and aroma (Olaniran et al., 2017).

The relative ratio of aromatic active substances is important, be-
cause they interact with each other. In lager beer, the ideal ratio of
higher alcohols to esters is 3:1 (or 4:1) (Procopio et al., 2011).

A concentration of up to 300 mg/l of higher alcohols in wine gives
it a complex and full flavor. A strong wine with an astringent flavor
is produced at a concentration higher than 400 mg/Il. White wines
have a lower alcohol concentration (162-266 mg/l) than red wines
(140-417 mg/l). The most common alcohols in wine are: propanol,
butanol, isobutanol, isoamyl alcohol, hexanol and 2-phenylethanol.
Isoamyl alcohol (fruit-banana flavor) at a concentration of about
6—490 mg/l, is the most common alcohol in wine (Furdikova et al.,
2007).

Yeasts probably use higher alcohols as signal molecules as part
of the quorum sensing mechanism, in which yeasts differentiate and
adapt to environmental change. Isoamyl alcohol or 2-phenylethanol
influence pseudohyphal growth of yeast, which is accompanied by
increased activity of succinate dehydrogenase and production of
higher amounts of chitin (Hazelwood et al., 2008).

4.3.2 Esters

Esters occur in minimal concentration in the final product, but they
are still the most important compounds affecting the resulting aroma
of beer and wine. The formation of esters is linked to the metabolism
of lipids. Yeast forms two types of esters: acetic acid esters and fatty
acid esters with ethanol (ethyl esters). Acetic acid esters are formed
from acetyl-CoA and alcohol under catalysis by alcohol acetyltrans-
ferase (He et al., 2014). Oxidative decarboxylation of pyruvate forms
most of acetyl-CoA. Acetyl-CoA under aerobic conditions enters the
Krebs cycle. In the absence of oxygen, acetyl-CoA is esterified with
alcohol to form acetic acid esters. Ethyl esters are formed by a con-
densation reaction between ethanol and acetyl-CoA catalyzed by
O-acetyltransferases, which is encoded by the EEB1 gene and pos-
sibly the EHT1 gene. The esters are synthesized inside the cells.
They are lipophilic and diffuse across the membrane out of the cells
— esters which contain shorter fatty acid chains diffuse more easily.
Therefore, ethyl esters are represented in beer and wine less than
esters of acetic acid (Pires et al., 2014).

The highest production of esters is in the first stage of fermenta-
tion, when condensation of organic acids and alcohols forms esters.
The concentration of substrates, acetyl-CoA, alcohol and enzyme
activity (acyltransferases and esterases), affects the rate of ester
formation. The enzymes that affect the synthesis and hydrolysis of
esters, include: Atf1p, Atf2p, Eht1p, Eeb1p and lah1p (Cordente et
al., 2012). In beer and wine are dozens of different esters that have
a specific flavor, e.g. hexylacetate (sweet, perfume), ethyl acetate
(sour fruits, nail polish), isoamylacetate (banana, pear), 2-phenyle-
thyl acetate (fruit, rose, honey), isobutyl acetate (banana, fruit), eth-
ylbutanoate (flowers, fruits), ethylhexanoate (anise, sweet apple),
ethyl octanoate (acidic apple, soap) and ethyl decanoate (flowers,
soap). Ethyl acetate forms a third of esters in beer. Its threshold
concentration is 30 mg/l. Lager beer contains about 8-12 mg/l ethyl
acetate (Boulton and Quain, 2001). The threshold concentration of
other esters is lower — e.g. ethyl octanoate 0,5 mg/l, isoamylacetate
2 mg/l, etc. It these concentrations are exceeded, beer assumes an
undesirable aroma (Olaniran et al., 2017).

During the storage of beer, 3-methylbutyric and 2-methylbutyric
acid are esterified to their ethyl esters (3-methylbutyrate, 2-meth-
ylbutyrate), which give wine aroma to beer. In contrast, some esters
(eg. isoamylacetate) hydrolyze during storage of beer. Ethyl nicoti-
nate, ethyl pyruvate and ethyl lactate are formed during beer aging.
Over time, a fruity aroma is lost and sweetish smells are created
(Pires et al., 2014).

The ester most abundant in wine is ethyl acetate (22—63 mg/l)
(Furdikova et al., 2007). S. cerevisiae VIN13 genes ATF1 and ATF2
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rekombinaci je mozné ziskat kvasinky, které jsou schopny produ-
kovat enzymy ovliviiujici syntesu ¢i degradaci esterd a tim dospét
k pozadované chuti, nicméné momentalné neni mozné geneticky
modifikované kvasinky pouzit pro komeréni vyrobu. Spodné kvasici
kvasinky obsahuji mimo gen ATF1 i homologni gen Lg-ATF1, ktery
také koduje alkoholacetyltransferasu. Exprese tohoto genu tak zvy-
Suje produkci ester(l kyseliny octové (Pires et al., 2014).

Provzdusnovani fermentaéniho média vede ke zvySeni syntesy
mastnych kyselin. Vy&8i droven nenasycenych mastnych kyselin
ve fermentaénim médiu potlacuje expresi genu ATF1 a vede u S. ce-
revisiae (CMBS SS01) ke sniZeni koncentrace estert. Vy$si hodnoty
teplot maji za nasledek zvySeni produkce ethyloktanoatu a ethyl-
dekanoatu. Naproti tomu vy$Si obsah uhliku nebo dusiku ovliviuje
koncentraci ethylester(i pouze mirné, avsak zapficifiuje vyssi kon-
centraci acetatli (esterli kyseliny octové). Regulaci teploty, obsahu
cukrd nebo koncentrace dusiku je mozné regulovat aromaticky profil.
Ovlivitovani aromatického profilu je mozné i zménou genové expre-
nych kyselin) nez expresi EHT1 a EEB1 genl pfimo Fidicich hladinu
esterl (Saerens et al., 2008).

4.3.3 Vicinalni diketony

Vicinalni diketony (VDK), zejména pak diacetyl, jsou zodpovéd-
ny za ,maslové” aroma, které neni vzdy v ndpoji zadouci. V pra-
béhu kvaseni buriky S. cerevisiae uvolfiuji meziprodukty biosynte-
sy isoleucinu a valinu: a-aceto-a-hydroxybutyrat a a-acetolaktat.
Z téchto latek se vytvafi neenzymatickou oxidativni dekarboxylaci
2,3-pentandion a diacetyl (Horak et al., 2009). Syntesa prekursorud
VDK a-acetolaktatu a a-aceto-a-hydroxybutyratu je zprostfedkova-
na a-acetohydroxyacidsyntetasou, kédovanou geny ILV2 a ILV6.
Prekursory vicinalnich diketon( jsou dale metabolisovany plsobe-
nim a-acetohydroxyacidreduktoisomerasy, kédované genem ILV5

a-ketobutyrit pyruvat

l AHAS (ILV2, ILVE) l

a-acetolaktat

2,3-pentandion 4mmmm  a-aceto-a-hydroxybutyrat

l RI (ILV5) l

a,p-dihydroxy-p-metylvalerat

v v
v v

Isoleucin Valin

Obr. 4 Tvorba vicinalnich diketonud v priibéhu syntesy aminokyselin isoleucinu a vali-
nu; AHAS — a-acetohydroxyacidsyntetasa, Rl — a-acetohydroxyacidreduktoisomera-

sa (Omura, 2008; upraveno).

(obr. 4). Produkce vicindlnich diketond je ovlivnéna teplotou, kon-
centraci kysliku, kmenem kvasinek a pfitomnosti asimilovatelného
dusiku, ktery se podili na syntese aminokyselin. Dostate¢né vysoka
koncentrace aminokyseliny valinu inhibuje a-acetohydroxyacidsyn-
tetasu. Enzym a-acetohydroxyacidsyntetasa katalyzuje konverzi
pyruvatu na a-acetolaktat (prekursor diacetylu) a pfeménu a-ketobu-
tyratu na a-acetohydroxybutyrat (Krogerus a Gibson,
2013).

Aktivitu  enzymu  a-acetohydroxyacidsyntetasy
(AHAS) je mozné regulovat na drovni transkripce,
translace a alosterickou regulaci jeho katalytické
aktivity. Valin vytvafi strukturalni zmény enzymu
a zpUsobuje zpétnovazebnou inhibici. U kvasinek se
AHAS sklada z katalytické a regula¢ni podjednotky,
které mohou disociovat. Pokud se vyskytuje kataly-
tickd podjednotka samostatné, neni citliva k inihibici
valinem. V kombinaci s regulaéni podjednotkou se
katalyticka aktivita zvySuje 7 az 10krat a vznika citli-
vost na valin (Pang a Duggleby, 2001).

Kvasinky jsou schopny, mimo produkci, vicinalni
diketony i redukovat. Vicinalni diketony difunduji zpét
do bunky a jsou pfeménény na acetoin a 2,3-butan-

=) diacetyl

a,p-dihydroxy-isovalerdt

encodes for alcohol acetyltransferase and are responsible for the
synthesis of ethyl acetate, isoamyl acetate, 2-phenylethyl acetate,
hexyl acetate and ethyl caproate. The protein Atf2 has much less ef-
fect on the concentration of these compounds and doesn’t affect the
production of ethyl caprylate, in contrast of Atf1p. The EHT1 gene,
which encodes hexanoyl transferase, is responsible for the synthesis
of ethyl caproate. Eht1p slightly increases concentrations of all es-
ters, mostly ethyl caprate, ethyl caproate and ethyl caprylate. These
esters can be degraded by esterase, which is encoded by the IAH1
gene (Lilly et al., 2006). Genetic recombination can produce yeasts
that can produce enzymes affecting the synthesis or degradation of
esters and thus achieve the desired taste. However, it isn’t currently
possible to use genetically modified yeasts for commercial produc-
tion. Bottom fermenting yeasts contain the ATF1 gene and also the
homologous gene Lg-ATF1 that also encodes alcohol acetyltrans-
ferase. The expression of Lg-ATF1 increases the production of ace-
tic acid esters (Pires et al., 2014).

Aeration of the fermentation medium leads to increased synthe-
sis of fatty acids. Higher levels of unsaturated fatty acids in the fer-
mentation medium suppress the expression of ATF1 gene and, in
S. cerevisiae (CMBS SS01), lead to decreased concentration of es-
ters. Higher temperatures increase the production of ethyl octanoate
and ethyl decanoate. On the other hand, higher concentration of car-
bon or nitrogen affects the concentration of ethyl esters only slightly,
but causes a higher concentration of acetates (acetic acid esters).
By regulating temperature, concentration of sugar or nitrogen, it is
possible to regulate the aromatic beer profile. The aromatic profile
can also be influenced by changing gene expression. It seems more
useful to regulate the expression of other genes (e.g. fatty acids)
than the expression of EHT1 and EEBT genes that directly control
the level of esters (Saerens et al., 2008).

4.3.3 Vicinal diketones

Vicinal diketones (VDKs), especially diacetyl,
are responsible for the “butter” flavor, which isn’t
always desirable in beverages. During fermenta-
tion, Cells release a-aceto-a-hydroxybutyrate and
a-acetolactate, which are intermediates of isoleu-
cine and valine biosynthesis. A non-enzymatic oxi-
dative decarboxylation of a-aceto-a-hydroxybutyrate
and a-acetolactate produces 2,3-pentanedione
and diacetyl (Horak et al., 2009). The synthesis of
a-acetolactate and a-aceto-a-hydroxybutyrate pre-
cursors is mediated by acetohydroxyacid synthase,
which is encoded by /ILV2 and ILV6 genes. Precur-
sors of VDKs are metabolized by a-acetohydroxyacid
reductoisomerase, which is encoded by ILV5 (Fig.
4). The production of VDKs is influenced by tem-
perature, oxygen concentration, yeast strain and
the presence of assimilable nitrogen that contributes
to the synthesis of amino acids. A sufficiently high
concentration of valine inhibits a-acetohydroxyacid
synthase. The acetohydroxyacid synthase catalyzes
the conversion of pyruvate to a-acetolactate (diacetyl precursor) and
the conversion of a-ketobutyrate to a-acetoxybutyrate (Krogerus and
Gibson, 2013).

The catalytic activity of a-acetohydroxyacid synthase (AHAS)
can be regulated by transcription, translation, and allosteric reg-
ulation. Valine structurally alters the AHAS enzyme and causes

a-ketobutyrate Pyruvate
AHAS (ILV2, ILVE)
v v
2,3-pentandione 4w  o-aceto-a-hydroxybutyrate a-acetolactate mmmp Diacetyl
RI (1LV5)
v v

a,p-dihydroxy-B-methylvalerate o, f-dihydroxy-isovalerate

¥ v
v v
Isoleucine Valine

diol. Tyto slou€eniny maji vysoké prahové hodnoty
(150 mg/l) a ovliviuji aroma alkoholickych napoju jen
minimalné (Romano a Suzzi, 1996).

Fig. 4 Formation of vicinal diketones during the synthesis of isoleucine and valine;
AHAS — a-acetohydroxyacid synthase, Rl — a-acetohydroxyacid reductoisomerase
(Omura, 2008; modified).
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Koncentrace vicinalnich diketond se snizuje v prabéhu zrani, kdy
se kvasinky dostavaji do stacionarni faze. Pokud chceme zkratit
dobu zréni, je nutné pouzit kvasinky, které produkuji méné vici-
nalnich diketon (Omura, 2008). Koncentrace diacetylu v pivu by
nemeéla presahnout 0,05-0,10 mg/l. Prahova koncentrace 2,3-pen-
tandionu je o néco vyssi: 1 mg/l (Horék et al., 2009). Diacetyl miize
byt také produkovan bakterialni kontaminaci, a to rody Lactobacillus
a Pediococcus (Sakamoto a Konings, 2003).

Mimo vhodné zvolené kultivaéni podminky Ize snizit produkci vi-
cindlnich diketond genetickou rekombinaci. Prvnim postupem je
inaktivace acetohydroxyacidsyntetasy kédované genem ILV2a ILV6.
Druhy pfistup je zaloZen na regulaci exprese genu ILV5, ktery zvy-
Suje koncentraci acetohydroxyacidreduktoisomerasy (llvcp). Trans-
formované kvasinky s genem ILV5 vykazuji 50-60% snizeni produk-
ce VDK. Enzymy podilejici se na syntese isoleucinu a valinu jsou
umistény v mitochondriich. Nékteré enzymy jsou kédované jadernou
DNA a po syntese v oblasti ribosomu v cytosolu jsou transportovany
do mitochondrii. Transport do mitochondrii je zprostfedkovan trans-
membranovymi proteiny TIM (translokasa vnéjsi mitochondrialni
membrany) a TOM (translokasa vnitfni mitochondrialni membrany).
Jejich translokace je umoznéna na zakladé specifické sekvence
na N-konci. Protein llv5 je bifunkéni a ovliviiuje jak syntesu amino-
kyselin, tak stabilitu mitochondrialni DNA. ZvySeni exprese cytoso-
lového llv5p vede ke snizeni produkce VDK bez vlivu na kvalitu piva
(Omura, 2008).

4.3.4 Acetaldehyd

Aldehydy jsou organické slouéeniny vznikajici oxidaci nebo
dehydrogenaci primarnich alkoholl. Acetaldehyd vznikd béhem
alkoholové fermentace pusobenim enzymu pyruvatdekarboxyla-
sy, ktery odstépuje oxid uhli¢ity z pyruvatu. Acetaldehyd je poté
redukovan alkoholdehydrogenasou na ethanol. Obecné plati, ze
acetaldehyd dosahuje nejvy$Si koncentrace v poéate¢nich fazich
fermentace a poté je postupné vyuzivan kvasinkami (Jackowetz et
al., 2011). Acetaldehyd je terminalnim akceptorem elektron(i alko-
holového kvaseni. Energie ve formé ATP, mdze vznikat pfi glykoly-
se pouze tehdy, pokud je NADH reoxidovan pomoci acetaldehydu
(Pronk et al., 1996).

Pyruvatdekarboxylasa se nachdazi v cytosolu kvasinek. Jedna se
o tetramer slozeny ze ¢&tyf stejnych nebo velmi podobnych podjed-
notek. Kompetitivnim inhibitorem pyruvatdekarboxylasy je fosfat. En-
zym pyruvatdekarboxylasa je pravdépodobné ovlivnén geny PDCT,
PDC2, PDC3,PDC4, PDC5 a PDC6. Geny PDC1 a PDC5 jsou re-
gulovény genem PDC2. Uloha dal$ich gent nezbytnych pro expresi
enzymu pyruvatdekarboxylasy, PDC3 a PDC4, zUstava zatim ne-
jasnda. Ackoliv ma gen PDC6 podobnou sekvenci jako geny PDC1
a PDC5, nezpUsobila jeho deaktivace vyznamné zmény koncentrace
pyruvatdekarboxylasy (Pronk et al., 1996).

Nizka koncentrace acetaldehydu udéluje pivu i vinu ovocné aro-
ma. Pokud acetaldehyd dosahne vysSich koncentraci, chut se méni
na nezadouci aroma shnilych jablek. Prahova koncentrace acetal-
dehydu v pivu se pohybuje v rozmezi 10-20 mg/Il. Nad tuto hodnotu
udava pivu nepfijemné travové aroma (Boulton a Quain, 2001).

Koncentrace acetaldehydu ve viné se mliZze pohybovat v rozmezi
30-300 mg/l. V ¢erveném viné (30 mg/l) je koncentrace obvykle niz&i
nez v bilém (80 mg/l). Koncentrace acetaldehydu stoupa se zvysujici
se teplotou béhem fermentace a jeho pfitomnost Ize maskovat prida-
nim SO, (Furdikova et al., 2007).

4.3.5 Organické kyseliny

Tékavé kyseliny jsou organické kyseliny s kratkym uhlikovym fe-
tézcem. Nadmérné mnozstvi tékavych kyselin je znamkou nestabi-
lity ndpoje. Nizké koncentrace dodavaji vyrobku specifické aroma
a chut. Tékavé kyseliny jsou az z 99% zastoupeny octovou kyse-
linou, dale pak kyselinami propionovou, maselnou a hexanovou.
Optimalni koncentrace ve viné se pohybuje v rozmezi 0,2-0,7 g/l.
Mnozstvi tékavych kyselin zavisi zejména na koncentraci cukru, du-
siku a pouzitém kmeni. Kmeny S. cerevisiae jsou schopny produ-
kovat octovou kyselinu v rozmezi 0,1-2 g/l (Swiegers et al., 2005).
Kryotolerantni kmeny Saccharomyces uvarum (Giudici et al., 1995)
a S. bayanus (Eglinton et al., 2000) produkuji octové kyseliny méné.
Vytvofenim smésnych kultur je mozné ovlivnit vyslednou koncentra-
ci. Smésna fermentace kvasinek Candida zemplinina a S. cerevisiae
vykazovala sniZzeni mnozZstvi t&€kavych kyselin o 0,3 g/l (Rantsiou et
al., 2012).

Produkce kyseliny je u sladkych vin vy$$i nez u vin suchych. P¥i-
danim dusiku k fermentaci s vysokym obsahem cukru je mozné

feedback inhibition. In yeast, the AHAS consists of a catalytic and
a regulatory subunit, which can dissociate. If the catalytic subunit
is alone, it isn’t susceptible to valine inhibition. If the catalytic and
the regulatory subunits are linked together, the catalytic activity in-
creases 7 to 10 times and this complex has valine sensitivity (Pang
and Duggleby, 2001).

Yeasts can produce and reduce vicinal diketones. Vicinal dik-
etones diffuse back into the cell and are converted to acetoin and
2,3-butanediol. These compounds have high thresholds (150 mg/l)
and only minimally affect the aroma of alcoholic beverages (Romano
and Suzzi, 1996).

The concentration of vicinal diketones decreases during matura-
tion, when yeast gets into the stationary phase. To reduce matura-
tion time, it's possible to use yeast that produces less vicinal dike-
tones (Omura, 2008). The concentration of diacetyl shouldn’t exceed
0,05-0,10 mg/l beer. The threshold concentration of 2,3-pentandi-
one is slightly higher: 1 mg/I (Horak et al., 2009). Diacetyl can also
be produced due to bacterial contamination: by Lactobacillus and
Pediococcus (Sakamoto and Konings, 2003).

The production of vicinal diketones can be reduced by appropri-
ate conditions of cultivation, but also by genetic recombination. The
first step is the inactivation of acetohydroxyacid synthase, which is
encoded by /LV2 and ILV6 genes. The second approach is based
on the regulation of expression of ILV5 gene, which increases the
concentration of acetohydroxyacid reductoisomerase (llv5p). Yeast
transformed with /LV5 gene shows a 50-60% reduction of VDKs
production. Enzymes involved in the synthesis of isoleucine and va-
line reside in mitochondria. Some enzymes are encoded by nuclear
DNA; these enzymes are transported to the mitochondria after the
synthesis in the ribosomal region of the cytosol. The transport to
mitochondria is mediated by transmembrane proteins TOM (trans-
locase of the outer mitochondrial membrane) and TIM (translocase
of the internal mitochondrial membrane). A specific N-terminal se-
quence enables their translocation. The protein Ilv5p is bifunctional
and affects amino acid synthesis and mitochondrial DNA stability.
Increased expression of cytosolic llv5p results in reduced VDKSs pro-
duction, without affecting quality of beer (Omura, 2008).

4.3.4 Acetaldehyde

Aldehydes are organic compounds formed by the oxidation or
dehydrogenation of primary alcohols. Acetaldehyde is formed by
the oxidation of ethanol and is therefore a by-product of alcoholic
fermentation in S. cerevisiae. During alcohol fermentation, acetalde-
hyde is formed by pyruvate decarboxylase, which cleaves carbon
dioxide from pyruvate. Acetaldehyde is reduced by alcohol dehydro-
genase to ethanol. In general, acetaldehyde achieves the highest
concentration in the initial stages of fermentation and is then used
by the yeast (Jackowetz et al., 2011). Acetaldehyde is a terminal
acceptor of electrons from alcohol fermentation. ATP as a form of
energy arises in glycolysis, but only when NADH is reoxidized by
acetaldehyde (Pronk et al., 1996).

Pyruvate decarboxylase is found in the cytosol. It is a tetramer
composed of four identical or very similar subunits. A competitive in-
hibitor of pyruvate decarboxylase is phosphate. Pyruvate decarboxy-
lase is probably influenced by PDC1, PDC2, PDC3, PDC4, PDC5
and PDC6 genes. PDC1 and PDC5 genes are regulated by the
PDC2 gene. The role of PDC3 and PDC4 is still unknown. Although
PDC6 has a similar sequence as PDC1 and PDCS5, its deactivation
didn’t cause significant changes in the concentration of pyruvate de-
carboxylase (Pronk et al., 1996).

Low concentration of acetaldehyde lends fruity aroma to beer and
wine. At higher concentration of acetaldehyde, the taste changes to
the undesirable aroma of rotten apples. The threshold concentra-
tion of acetaldehyde in beer is about 10-20 mg/l. The concentration
above this value gives to beer an unpleasant grass aroma (Boulton
and Quain, 2001).

The concentration of acetaldehyde in wine may range from 30 to
300 mg/l. The concentration in red wine (30 mg/l) is usually lower
than that in white wine (80 mg/l). The concentration of acetaldehyde
increases with increasing temperature during fermentation, its pres-
ence can be masked by the addition of SO, (Furdikova et al., 2007).

4.3.5 Organic acids

Volatile acids are organic acids with a short carbon chain. Excessive
amount of volatile acids indicates instability in the beverage. Low con-
centrations give to the product a specific aroma and flavor. As much
as 99% of volatile acids is represented by acetic acid, followed by
propionic acid, butyric acid and hexanoic (caproic) acid. The optimal
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Obr. 5 Schéma acetatového metabolismu
(Mizuno et al., 2006; upraveno)

na po pfidani 190 mg/l dusiku (Belly et al., 2003). Legislativa Ceské
republiky (zédkon €. 606/2009) stanovuje maximalni obsah tékavych
kyselin na 1,1 g/l u bilych a rlzovych vin a 1,2 g/l u vin &ervenych.
Octova kyselina vznika oxidaci acetaldehydu. Reakce je katalyzova-
na aldehyddehydrogenasou (obr. 5), kédovanou geny ALD. Kmeny
S. cerevisiae s mutacemi v genu ALD6 produkuji mensi mnozstvi
octové kyseliny (Eglinton et al., 2002). Kromé proteinu Ald6 ovliviiuje
produkci také protein Ald5 a v nékterych pfipadech i Ald4p (Saint-
-Prix et al., 2004).

4.3.6 Monoterpenoidy

Terpenoidy jsou organické lipofilni latky sloZzené z isoprenovych
(2-methylbuta-1,3-dien) podjednotek. Vyskytuji se pfirozené v pfiro-
dé v souvislosti s kvéty a plody rostlin (hrozny Vitis vinifera), také
mohou hrat roli v metabolismu kvasinek. Dodavaji kvétinové aroma
a vyskytuji se volné nebo vazané na glukosu. Béhem fermentace
pusobenim glykosidas dochazi k uvolnéni vazby na glukosu, vznik-
Ié monoterpenoidy ovliviuji aroma a chut. S. cerevisiae produkuje
B-glykosidasu, nicméné jeji aktivita ke glykosidické vazbé je velmi
nizka. Hydrolysu glykosylovanych terpenoidll je mozné vyvolat pfi-
danim enzymu vytvorenych jinymi organismy (nejCastéji Aspergillus
spp.). Komeréné jsou nejCastéji pouzivané pektinasy, glukanasy
a xylanasy. Pfidani enzym0 vSak mdze mit negativni dopad na chut
nebo aroma produktt (Cordente et al., 2012).

Dal$i moznosti Uspésné regulace hydrolysy terpenoidud je gene-
ticka modifikace kvasinek. Uprava genomu S. cerevisiae vede k ex-
presi pozadovanych enzym(, napfiklad enzym p-1,4-endoglukanasa
je kédovana genem eg/1 puvodem z Trichoderma longibrachiatum.
Enzym egl1 zlepSuje ovocné aroma. DalSi geneticky upraveny
kmen S. cerevisiae syntetisuje p-1,4-endoxylasu expresi genu xinA
z Aspergillus nidulans. Enzym p-1,4-endoxylasa zvySuje koncentra-
ci nékolika ester(l, alkoholl a terpenll. Ko-exprese genu xyn2 (Tri-
chonema ressei), ktery koduje xylanasu, a genu end1 (Butyrivibrio
fibriosolvens) koédujiciho endo-p-1,4-glukanasu ukazala vyznamné
zlepSeni v aromatickém profilu vina. At uz se jedna o strategii pfi-
dani enzymu Stépicich glykosidickou vazbu v terpenoidech pfimo
do média nebo pfimou expresi enzym0 kvasinkami, pokud substrat
vyuzivany pfi kvaSeni nema dostatek volnych ¢&i vazanych monoter-
penoidd, neni mozné témito zplsoby ovlivnit aroma. Alternativou se
jevi sestrojeni kmenl S. cerevisiae, které syntetisuji terpenoidy de
novo (Cordente et al., 2012).

Nékteré kmeny S. cerevisiae vyskytujici se v pfirodé mohou syn-
tetisovat terpenoidy, ale bohuzel jen ve velmi omezeném mnozstvi.
Nejvice je zastoupen linalol a a-terpineol. Ve viné jsou vétSinou
pfitomné terpenoidy plivodem z hrozn(. U kvasinky S. cerevisiae
(M522) byla syntesa monoterpenoidd pozitivné ovlivnéna vysokou
koncentraci dusiku (Carrau et al., 2005).

4.3.7 Glycerol

Glycerol je organicka viskozni sloucenina sladké chuti vznikajici
jako vedlejsi produkt pfi ethanolovém kvaseni S. cerevisiae, ktera
posiluje chut a aroma kvasenych napoji. Béhem kvaseni zastava
glycerol dvé dllezité funkce — ovliviiuje osmoticky gradient bunéc-
nych membran a udrzuje cytosolovy redoxni gradient (reoxidace pre-
byteéného NADH) (Zhao et al., 2015).

Obsah glycerolu pozitivné koreluje s viskozitou, hustotou a vlac¢-
nosti piva. V pivech se pohybuje v koncentracich 1-3 g/l. Pfispiva
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l l‘-\c etaldehyde dehydrogenase
Acetyl-CoA | | Acetate

i Acetyl-CoA synthetase

Citrate cycle

Fig. 5 Diagram of acetate metabolism
(Mizuno et al., 2006; modified)

concentration in wine is about 0.2-0.7 g/l. The amount of volatile ac-
ids depends primarily on the concentration of sugar, nitrogen, and the
strain of yeast. Strains of S. cerevisiae are able to produce acetic acid
in the range of 0.1-2 g/l (Swiegers et al., 2005). Cryotolerant strains of
S. uvarum (Giudici et al., 1995) and S. bayanus (Eglinton et al., 2000),
produce less acetic acid. The resulting concentration of volatile acids
can be influenced by the formation of a mixed culture. Mixed fermenta-
tion of the yeasts C. zemplinina and S. cerevisiae showed a decrease
in the amount of volatile acids by 0,3 g/l (Rantsiou et al., 2012).

The production of acetic acid is higher for sweet wines than for dry
wines. Production of acetic acid can be reduced by adding nitrogen to
the fermentation with high concentration of sugar. The lowest concen-
tration of volatile acids was measured after the addition of 190 mg/I
of nitrogen (Bely et al., 2003). The legislation of the Czech Republic
(Act No. 606/2009) sets maximum levels of volatile acids to 1.1 g/l
for white wine and 1.2 g/l for red wines. Acetic acid is formed by the
oxidation of acetaldehyde. The reaction is catalyzed by acetaldehyde
dehydrogenase (Fig. 5), which is encoded by the ALD genes. Strains
of S. cerevisiae with mutations in the ALD6 gene produce less acetic
acid (Eglinton et al., 2002). The production of acetic acid is also af-
fected by ald5p and sometimes ald4p (Saint-Prix et al., 2004).

4.3.6 Monoterpenoids

Terpenoids are organic lipophilic substances, which are com-
posed of isoprene subunits (2-methylbuta-1,3-diene). Terpenoids
occur naturally in nature, namely in flowers and plant fruits (Vitis vin-
ifera grapes), may also play a role in yeast metabolism. Terpenoids
cause floral aroma and are free or bound to glucose.

During fermentation in the presence of glycosidase, the binding of
terpenoids to glucose is released. The monoterpenoids so produced
affect the flavor and taste. S. cerevisiae produces B-glycosidase
whose ability to split the glycosidic bond is very low. Hydrolysis of
glycosylated terpenoids can be induced by the addition of enzymes
formed by other organisms (most commonly Aspergillus spp.). The
most commonly used are pectinases, glucanases and xylanases.
However, the addition of enzymes may have a negative impact on
the taste or aroma of the products (Cordente et al., 2012).

Genetic modification of yeast can also regulate the hydrolysis of
terpenoids. The desired enzymes are expressed by modifying S. cer-
evisiae genome. For example, the enzyme p-1,4-endoglucanase,
which is encoded by eg/7 gene from Trichoderma longibrachiatum,
improves fruity flavor. Another genetically modified strain of S. cer-
evisiae synthesizes p-1,4-endoxylase by expression of xInA genes
from Asperigillus nidulans. The enzyme increases the concentra-
tion of several esters, alcohols, and terpenes. The co-expression
of xyn2 gene (Trichonema ressei), which encodes xylanase, and
end1 gene (Butyrivibrio fibriosolvens), which encodes endo-p-1,4-
glucanase, show a significant improvement in the aromatic profile
of wine. The flavor can thus be affected by adding enzymes, that
cleave the glycosidic bound in terpenoids or by expression of foreign
enzymes by yeast. However, aroma can only be affected if free or
bound monoterpenoids are present in the medium. An alternative is
the construction of S. cerevisiae strains that synthesize terpenoids
de novo (Cordente et al., 2012).

Some S. cerevisiae strains occurring in nature can synthesize ter-
penoids, but only in very limited amounts. The most common are lin-
alool and a-terpineol. Wine mostly contains terpenoids from grapes.
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k ,lepSimu pocitu v Ustech” a potlacuje horkost (Boulton a Quain,
2001).

Ve viné je obsah glycerolu vy$si (4-15 g/l). S jeho zvySujici se
koncentraci dochazi ve vétsiné pfipadu ke zvySovani plnosti vina.
Glycerol v koncentraci 10 g/l jiz vyrazné ovliviiuje chut a viskozitu
vina. Efekt glycerolu zavisi ale i na konkrétnim viné (Gawel et al.,
2007). Ve studii Zhao et al. (2015) nebyl v Ryzlinku s koncentraci
glycerolu 10 g/l a v ledovém viné s koncentraci 13,8 g/l pozorovan
zadny zfejmy vliv koncentrace glycerolu na aroma vina. Plnost vina
je ovlivnéna zejména viskozitou a intenzitou chuti.

Nadprodukce glycerolu je mozna zménou genu zapojenych
v glykolyse a fermentaci nebo zménou fermentaénich podminek.
U geneticky upravenych kvasinek doslo ke zvySeni produkce gly-
cerolu a soucasné ke snizeni hladiny alkoholu. Takto geneticky
modifikované S. cerevisiae bohuzel mohou vykazovat i produkci
latek, které jsou nezadouci: acetaldehyd, acetat a acetoin. Mimo to
muze dochdzet i k poruse rlistu kvasinek (Zhao et al., 2015).

Kvasinky jsou pfi promyvani potravinarskymi kyselinami nebo pfi
oc¢kovani do mladiny vystaveny osmotickému éoku Nejchoulosti-
leranci pfispiva vakuola kvasinek, membranové struktury, disacha-
rid trehalosa a Nhx1 Na*/H* pumpa, ktera hraje vyznamnou roli pfi
obnové rlstu bunék po expozici osmotickym Sokem (Nass a Rao,
1999). Pfi osmoadaptaci akumuluji kvasinky rozpusténé latky uvnitf
buniky a zvysSuji tak intracelularni osmoticky potencial. U S. cerevi-
siae se v bunce hromadi glycerol. Tvorba glycerolu je ovlivnéna
enzymem glycerol-3-fosfatdehydrogenasou kdédovanou genem
GPD1. Mutanti S. cerevisiae, kterym gen GPD chybél, vytvareli
malo glycerolu a vykazovali citlivost na osmoticky stres (Albertyn
et al.,, 1994). Koncentrace glycerolu je fizena i HOG (high osmola-
rity glycerol: vysok& osmolarita glycerolu) drahou, ktera stimuluje
expresi vice nez 100 genu spojenych s produkci glycerolu (Tamas
et al.,, 2000). HOG draha pravdépodobné reguluje i membranovy
protein Fsp1 ovliviiujici tok glycerolu. Mutanti S. cerevisiae, kterym
protein Fsp1 chybél, byli citlivi na osmoticky Sok (Karlgren et al.,
2005).

4.3.8 Sirné slouceniny

Aroma kvasenych népoju ovliviiuje celd fada sirnych latek. Sirné
latky obsazené v pivu pochazeji bud z mladiny a do hotového piva
se dostanou v nezménéném stavu, nebo je jejich mnozstvi ovlivio-
vano ¢innosti kvasinek. Ve druhém pfipadé se jedna zejména o oxid
sifiCity a sirovodik, které ovliviiuji chut a aroma v zavislosti na své
koncentraci a napf. typu piva (Boulton a Quain, 2001).

Oxid sifi¢ity je mirné toxicky alergen s antioxida¢ni a antimikro-
bialni aktivitou. Reaguje s chinony, aldehydy, karbonylem a pfe-
devsim s peroxidem vodiku (Comuzzo et al., 2017). VétSina oxidu
sifi¢itého v pivu vznika ¢innosti pivovarskych kvasinek v priibéhu
kva$eni. Kvasinky produkuji oxid sifi¢ity béhem syntesy aminoky-
selin obsahujicich siru. Zdrojem siry pro kvasni¢nou buriku jsou
anorganické sirany, které jsou z média pfenaseny specifickou
permeasou do bunky a pfeménovany ATP-sulfurylasou na adeno-
sinfosfosulfat (APS) a ten dale APS-kinasou na fosfoadenosin-5‘-
-fosfosulfat (PAPS), ktery je redukovan na sifi¢itan. Redukovany
sulfid je esencidlni pro tvorbu proteinl (tj. siru obsahujicich ami-
nokyselin), koenzymu a dalSich bunéénych slou€enin (Van Haecht
a Dufour, 1995; Lodolo et al., 2008). Regulace metabolismu siry
zahrnuje zpétnou inhibici a genovou represi. Klicovym metaboli-
tem je A-adenosylmethionin, ktery je kofaktorem mnoha bioche-
mickych reakci a zaroven reprimuje transkripci enzymd, které se
ucastni metabolismu siry (Thomas a Surdin-Kerjan, 1997).

Oxidace vina probiha enzymatickou nebo neenzymatickou ces-
tou. Enzymaticka oxidace se vyskytuje v hroznovém mostu a zahr-
nuje hydroxycinnamaty. Neenzymaticka oxidace probiha ve fermen-
tovaném viné a je zalozena na oxidaci fenolickych slou¢enin. Tento
proces vede ke vzniku peroxidu vodiku (silny oxidant) a dalSich la-
tek, které narusuji kvalitu vina (Oliveira et al., 2011). Peroxid vodiku
je pfeménén, za pusobeni kovovych katalyzatord, na hydroxylovy
radikal. Hydroxylovy radikal je schopen reagovat témér se vSemi
slozkami vina, coZz muze vést ke vzniku aldehydd a keton(. Oxid
sifiCity reverzibilné vaze aldehydy a ketony, které vytvafi vazby mezi
taniny a dalSimi latkami (bilkoviny, polysacharidy), a tim narusuji vo-
dikové vazby a van der Waalsovy interakce taninli, coz mlze mit
negativni dopad na chutovy profil vina. Oxid sifiCity také redukuje
chinonovy produkt zpét na fenol. Srazeni a polymerace fenolickych
latek snizuje celkovou koncentraci fenoll, dochazi ke vzniku vétsich
fenolickych komplex(, které jsou schopny vazat anthokyany a stabi-
lizovat chut a barvu vina (Waterhouse a Laurie 2006).

The synthesis of monoterpenoids in S. cerevisiae (M522), was posi-
tively influenced by high nitrogen concentration (Carrau et al., 2005).

4.3.7 Glycerol

Glycerol is an organic sweet viscous compound which is produced
as a by-product of ethanol fermentation of S. cerevisiae. It strength-
ens the flavor and the aroma of fermented beverages. During fer-
mentation, glycerol has two important functions: it affects the osmotic
gradient across cell membranes and maintains the cytosolic redox
state (re-oxidation of surplus NADH) (Zhao et al., 2015).

The concentration of glycerol positively correlates with the viscos-
ity, density and softness of beer. The concentration in beer is about
1-3 g/I. Glycerol contributes to “better feeling in the mouth” and sup-
presses bitterness (Boulton and Quain, 2001).

In wine, the concentration of glycerol is higher than in beer (4—15
g/l). When glycerol concentration increases, the fullness of wine of-
ten increases. Glycerol at 10 g/l significantly influences the taste and
viscosity of wine. The effect of glycerol also depends on the type of
wine (Gawel et al., 2007). Zhao et al. (2015) did not observe any ef-
fect of glycerol on the aroma of wine, in rieslink (glycerol concentra-
tion 10 g/l) and ice wine (13.8 g/l). The fullness of wine is influenced
by viscosity and intensity of taste.

The overproduction of glycerol is possible by altering the genes
involved in glycolysis and fermentation, or by changing the condi-
tions of fermentation. In genetically modified yeast, the production of
glycerol increased and the concentration of alcohol reduced but the
modified yeast may also produce undesirable substances: acetalde-
hyde, acetate and acetoin. In addition, yeast growth may be impaired
(Zhao et al., 2015).

When yeast is washed with food acids or re-injected into the wort,
it is exposed to osmotic shock. In the exponential phase of growth,
S. cerevisiae cells are the most vulnerable. The mechanism of os-
moregulation includes: yeast vacuole, membrane structures, the
disaccharide trehalose and Nhx1 Na*/H* pump. Nhx1 pump plays
a significant role in restoring growth of cells after exposure to osmotic
shock (Nass and Rao, 1999). In osmoadaptation, yeast accumulates
dissolved substances inside the cell. The accumulation of the sub-
stances increases intracellular osmotic pressure. S. cerevisiae accu-
mulates glycerol. The formation of glycerol is influenced by the glyc-
erol-3-phosphate dehydrogenase, which is encoded by the GPD1
gene. Mutants of S. cerevisiae deficient in the GPD gene produced
little glycerol and exhibited sensitivity to osmotic stress (Albertyn et
al., 1994). The concentration of glycerol is controlled by HOG (high
osmolarity glycerol) pathway, which stimulates the expression of
more than 100 genes associated with production of glycerol (Tamas
et al., 2000). HOG pathway probably regulates the membrane protein
Fsp1 that affects the flow of glycerol. Mutants of S. cerevisiae lacking
Fsp1 protein were sensitive to osmotic shock (Karlgren et al., 2005).

4.3.8 Sulphur compounds

Aroma of fermented beverages is affected by number of sulphur
compounds. They can come directly from wort and persist in beer
unchanged or some of them can be affected by yeast metabolism.
Sulphur compounds that are influenced by yeast metabolism during
fermentation include mainly sulphur dioxide and hydrogen sulphide
— compounds that can affect taste and aroma of beer depending on
their concentration and type of beer (Boulton and Quain, 2001).

Sulphur dioxide is a slightly toxic allergen with antioxidant and an-
timicrobial activity. Sulphur dioxide reacts with quinones, acetalde-
hydes, carbonyl compounds and especially with hydrogen peroxide
(Comuzzo et al., 2017). The most of sulphur dioxide in beer origi-
nates from the activity of brewer’s yeast. Yeast produces sulfur diox-
ide during the synthesis of sulphur-containing aminoacids. Anorgan-
ic sulphates enter the cell via a specific permease and are conversed
by ATP-sulphurylase to adenosine 5’-phosphosulphate (APS), which
is then converted to phosphoadenosine-5’phosphosulphate (PAPS)
by APS-kinase. PAPS is reduced to sulphite. After further reduction
sulphide is essential for protein formation, coenzymes and other cell
compounds (Van Haecht and Dufour, 1995; Lodolo et al., 2008).
Regulation of sulphur metabolism involves feedback inhibition and
repression of gene expression. The key metabolite is A-adenosyl-
methionine, that acts as cofactor in many biochemical reactions and
at the same time it is repressor of transcription of enzymes that are
involved in sulphur metabolism (Thomas and Surdin-Kerjan, 1997).

The oxidation of wine can be enzymatic or non-enzymatic. En-
zymatic oxidation occurs in grape must and includes hydroxycinna-
mates. Non-enzymatic oxidation takes place in fermented wine and
is based on the oxidation of phenolic compounds. This process leads
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Kvasinky S. cerevisiae produkuji i dal$i slouceniny siry. Furfuryl-
thiol dodava kvasenym napojlim aroma prazené kavy a dalsi ovoc-
né thioly (3-merkaptohexyl acetat, 4-merkapto-4-methyl-pentan-
-2-on, 3-merkaptohexan-1-ol a 4-merkapto-4-methyl-pentan-2-on)
dodéavajici aroma po muéence, angrestu &i grapefruitu. Casto se
objevuje methanthiol (aroma varené kapusty), dimethylsulfid, dime-
thyldisulfid, dimethyltrisulfid (aroma zeli, kvétaku, ¢esneku) a me-
thylthioester (vareny kvétak, syr, pazitka) (Cordente et al., 2012).

Polyfunkéni thioly 3MH, BMHA a 4MMP maji velky vliv na chut
a aroma vina. Zvlasté dalezity vliv maji ve viné Sauvignon Blanc.
Thioly 4MMP a 3MH se vyskytuji ve formé prekursorl glutathionu
nebo cysteinu. Kvasinky glutathion a cystein §tépi za vznikl thiold.
OvSem jen malé ¢ast prekursoru je pfevedena na thioly. Polyfunké-
ni thiol BMHA nema zadny prekursor, ale vznika béhem esterifikace
thiolu 3MHA za pomoci acetyltranferasy ATF1. Transport thiolo-
vych prekursord cysteinu a glutathionu je z ¢asti ovlivnén plasma-
tickym transportérem GAP1 (Cordente et al., 2012).

Po transportu prekursord do buriky S. cerevisiae dochazi k jejich
roz$tépeni a uvolnéni thioll. Nadmérna exprese genu STR3 kva-
sinky S. cerevisiae vede ke zvySeni produkce 3MH. Enzym Str3p
je cystothionin-B-lyasa a ma schopnost $tépit prekursory za vzniku
3MH (Holt et al., 2011). Je pravdépodobné, ze uvolnéni 3MH je
zprostifedkovano vice nez jednim genem. Gen IRC7 hraje klico-
vou roli v uvolfovani 4MMP a ¢aste¢né pfispiva k uvolnéni 3MH.
U kmenU S. cerevisiae je ¢asto gen IRC7 inaktivovan, to je prav-
dépodobné zodpovédné za rlizné koncentrace uvolnénych thiolll
u rznych kmenu kvasinek (Swiegers et al., 2009). Cystein ma vét-
§i podil na vzniku thiold nez gluthathion. V nékterych ptipadech
mize byt nizky podil glutathionu na vzniku thiold kompenzovan
jeho vysokym obsahem v médiu (Winter et al., 2011).

Sirovodik produkovany kvasinkami je odpovédny za aroma zka-
zeného vejce a tato pachut se projevuije jiz pfi jeho nizkych kon-
centracich. Klicovym enzymem zodpovédnym za jeho produkci je
oxidoreduktasa H,S. Oxidoreduktasa katalyzuje redukci sifi¢itanu
za vzniku sulfidu, ktery se nasledné uvolfiuje ve formé H,S. Produk-
ce H,S je zavisla na kmenu kvasinek i na fermenta¢nich podmin-
kach (dostupnost sloucenin siry, dusiku, vitamind, atp.). Sirovodik
vznika v metabolismu S. cerevisiae nej¢astéji pfi biosyntese methi-
oninu a cysteinu, pokud jsou aminokyseliny vy¢erpany, vznika H,S.
Nejbéznéjsim zdrojem siry je sulfat, ktery se vyskytuje v hroznové
Stavé. Sulfat je transportovan do buriky a redukovan na sifi¢itan
a nasledné na sulfid. Sulfid je produkovan v kombinaci s O-acetyl-
serinem a O-acetylhomoserinem, coz jsou prekursory methioninu
a cysteinu. Pokud je ve fermentaénim médiu nedostatek dusiku,
nedochazi k syntese prekursord, sulfid se hromadi a vznika H,S,
ten nakonec difunduje z kvasinky do prostfedi (Spiropoulos a Bis-
son, 2000).

Rizeni exprese genu MET17 (synonyma MET15 nebo MET25),
ktery kdéduje bifunkéni O-acetylserin/O-acetylhomoserinsulfhydry-
lasu, by mélo ovlivnit produkci H,S. Nicméné pfi testovani dvou od-
liSnych kmen0 S. cerevisiae (UCD522 a UCD713) nebyly vysledky
jednoznaéné. Kmen UCD713 sice vykazoval sniZzeni syntesy H,S,
ale u kmene UCD522 doSlo pfi zvySeni exprese genu MET17 do-
konce ke zvySeni hladiny H,S (Spiropoulos a Bisson, 2000). Gen
CYS4 ovliviuje expresi cystathionin-B-syntasy, snizuje produkci
H,S a zvySuje rychlost fermentace (Linderholm et al., 2006).

Dalsi z moznych krokl pro snizeni produkce sirovodiku je ovliv-
néni produkce sifi¢itanreduktas. Sifi¢itanreduktasa je heterotetra-
merni protein slozeny ze dvou a podjednotek a dvou 8 podjedno-
tek. Podjednotka a je kodovana genem MET10 a 3 podjednotka je
koédovana genem METS5. Pri inaktivaci genu MET10 nebo MET5
dochazi k akumulaci sifi¢itand, sifi¢itany nejsou redukovany na sul-
fidy a dochazi k 50-99% sniZeni koncentrace sirovodiku v zavislosti
na kmeni S. cerevisiae. Ovlivnéni exprese gend MET10 a MET5 je
mozné i jinak nez genetickou modifikaci. Ethylmethansulfonat vy-
volava genetické substituce pfi minimalni letalité S. cerevisiae. Ve-
dle ethylmethansulfonatu je mozné vyvolat mutagenesi pdsobenim
UV zareni. Takto modifikované kvasinky je mozné vyuzit v primy-
slu, protoze se nejedna o pfimou genetickou modifikaci (Cordente
et al., 2009).

Snizena produkce H,S ma za nasledek zvySenou produkci SO,
béhem fermentace. Nadmérna koncentrace SO, mlZe u vina vést
k inhibici jableéno-mlééného kvaseni. Optimalizace hladiny SO, je
mozné za pomoci hybridisace kvasinek. Hybridni kmen kvasinek
S. cerevisiae a S. kudriavzevii (AWRI 1810) produkoval velice niz-
kou koncentraci SO, (17 mg/l) vzhledem ke snizené koncentraci H,S
(Bizaj et al., 2012).

to the formation of hydrogen peroxide (strong oxidant) and other
substances that disturb the quality of wine (Oliveira et al., 2011).
In the presence of metal catalysts hydrogen peroxide is converted
to hydroxyl radical. Hydroxyl radical is able to react with almost all
wine components and it can lead to the formation of aldehydes and
ketones. Sulphur dioxide reversibly binds to aldehydes and ketones,
creating thus bonds between tannins and other substances (pro-
teins, polysaccharides), and thus distorting hydrogen bonds and van
der Waals interactions of tannins. This can have a negative impact
on the taste profile of wine. Sulphur dioxide also reduces the quinone
product back to phenol. The precipitation and polymerization of phe-
nolic compounds reduces the overall concentration of phenols. Larg-
er phenolic complexes are formed and are able to bind anthocyanins
and stabilize wine taste and color (Waterhouse and Laurie, 2006).

Saccharomyces cerevisiae produces other sulfur compounds. Fur-
furylthiol causes the aroma of roasted coffee in fermented beverages
while other fruit thiols (3-mercaptohexyl acetate, 4-mercapto-4-methyl-
pentan-2-one, 3-mercaptohexan-1-ol and 4-mercapto- 2-one), cause
the aroma after passionflower, gooseberry or grapefruit. Methanthiol
(aroma-cooked cabbage), dimethylsulfide, dimethyldisulfide, dimeth-
yltrisulfide (cauliflower, cauliflower, garlic) and methylthioester (boiled
cauliflower, cheese, chives) also often appear (Cordente et al., 2012).

Polyfunctional thiols 3MH, 3MHA and 4MMP have a great effect
on the taste and aroma of wine. Polyfunctional thiols have an im-
portant influence in Sauvignon Blanc wine. The thiols 4MMP and
3MH are present in the form of glutathione or cysteine precursors
which are cleaved to form thiols. However, only a small portion of the
precursors is converted to thiols. The polyfunctional thiol SMHA has
no precursor, but is formed during the esterification of thiol 3SMHA in
the presence of ATF1 acetyltransferase. The transport of thiol pre-
cursors, cysteine and glutathione, is partially influenced by GAP1
membrane transporter (Cordente et al., 2012).

After the transfer of precursors to S. cerevisiae cell, they are cleaved
and thiols are released. Overexpression of STR3 gene from S. cerevi-
siae causes an increased production of 3MH. The enzyme Str3p is
cystothionine-B-lyase and can cleave precursors to from 3MH (Holt
et al., 2011). Release of 3MH is probably mediated by more than one
gene. The gene IRC7 plays a key role in 4AMMP release and partly
contributes to 3MH release. In S. cerevisiae strains, the IRC7 gene
is often inactivated. It is probably responsible for different concentra-
tion of released thiols in different yeast strains (Swiegers et al., 2009).
Cysteine has a higher share in the formation of thiols than glutathione.
In some cases, a low proportion of glutathione involved in the forma-
tion of thiols may be compensated by a high concentration of glu-
tathione in the medium (Winter et al., 2011).

S. cerevisiae produces hydrogen sulfide, which is responsible for
the e rotten egg off-flavor, and this odor appears already at a low
concentration of H,S. The major enzyme responsible for production
of H,S is H,S oxidoreductase. The oxidoreductase catalyzes the re-
duction of sulfite to form a sulfide which is released as H,S. The
production of H,S is dependent on the yeast strain and fermentation
conditions (availability of sulfur, nitrogen, vitamins, etc.). Hydrogen
sulfide is produced in S. cerevisiae metabolism and occurs most of-
ten during methionine and cysteine biosynthesis, H,S forms when
amino acids are depleted. The most common source of sulfur is sul-
fate, which is found in grape juice. Sulfate is transported into the
cell and reduced to sulfite and then to sulfide. Sulfide is produced in
combination with O-acetylserine and O-acetylhomoserine, which are
precursors of methionine and cysteine. If nitrogen in the fermentation
medium is deficient, synthesis of the precursors doesn’t occur. The
sulfide accumulates, H,S is formed and diffuses from the yeast to the
environment (Spiropoulos and Bisson, 2000).

Control of MET17 gene expression (synonyms MET15 or METZ25),
which encodes bifunctional O-acetylserine/O-acetylhomoserine
sulfhydrylase, should affect the production of H,S. However, the re-
sults of tests on two different strains of S. cerevisiae (UCD522 and
UCD713) weren’t unambiguous. The strain UCD713 showed a re-
duction in H,S synthesis whereas in the UCD522 strain, when the
expression of MET17 gene was increased, the level of H,S also in-
creased (Spiropoulos and Bisson, 2000). The CYS4 gene affects the
expression of cystathionine-B-synthase that reduces H,S production
and increases the rate of fermentation (Linderholm et al., 2006).

Another possible step to reduce the production of hydrogen sulfide
is to influence the production of sulfite reductase. Sulfite reductase
is a heterotetrameric protein composed of two a subunits and two
B subunits. The subunit a is encoded by MET10 gene and the B
subunit by the MET5 gene. The inactivation of MET10 or MET5 gene
leads to accumulation of sulfites. Sulfites are not reduced to sulfides
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5 ZAVER

Volba vhodného kmene kvasinek ma zna¢ny dopad na kvalitu
piva i vina. Jednotlivé kmeny pivovarskych a vinafskych kvasinek
se vzajemné lisi stavbou genomu (jaderna DNA, mitochondrialni
DNA, pfitomnost transposont, mutace). V zavislosti na stavbé ge-
nomu dochazi k syntéze mnoha proteind, které vyznamné ovliviuji
metabolické pochody (kvaseni, katabolismus glukosy apod.) a vznik
metabolith. Pravé metabolity kvasinek maji uplatnéni ve vinatském
a pivovarském primysiu.

Vyznamnou roli hraji senzoricky aktivni latky. Jde zejména o al-
koholy, estery, acetaldehydy, tékavé kyseliny, monoterpenoidy, gly-
cerol, sirné slouceniny a vicinalni diketony. Tvorba vyssich alkoholl
zavisi na anabolismu a katabolismu aminokyselin (Ehrlichova dra-
ha). Estery dokazi ovlivnit aroma (banan, kvétiny, mydlo, apod.) piva
i vina jiz ve stopovych mnozstvich, jejich vznik je spjat s metabolis-
mem lipid{l. Acetaldehydy v nizkych koncentracich ovliviuji aroma
kvasenych napoju také pozitivné (ovocné aroma), ale ve vysSich
koncentracich dochazi ke vzniku pachuti pfipominajici shnila jabl-
ka. Vznikaji oxidaci nebo dehydrogenaci primarnich alkoholl a jsou
vedlej$§im produktem alkoholového kva$eni. Vicinalni diketony jsou
zodpovédné za mnohdy nezadouci ,maslové“ aroma. Dalsi dulezi-
tou slozkou jsou tékavé kyseliny, které v nizké koncentraci ovliviiuji
aroma a chut pozitivné, ovSéem v nadmérném mnozstvi zplsobuji
nestabilitu napoje. NejCastéji je zastoupena octova kyselina. Terpe-
noidy se vyskytuji pfirozené v pfirodé v souvislosti s kvéty a plody
rostlin, hraji roli v metabolismu kvasinek a dodavaji kvétivané aro-
ma. Kvasinky ovéem ve vétsiné pfipad(i nejsou schopny syntetisovat
monoterpenoidy de novo. Dal$i vyznamnou latkou je glycerol, ktery
vznika jako vedlejsi produkt ethanolového kvaseni a posiluje chut
a aroma kvasenych napoju. Ovliviiuje osmoticky gradient bunéénych
membran a udrzuje cytosolovy redoxni gradient. V kvasenych alko-
holickych népojich jsou pfitomny sirné slou€eniny. Oxid sifiCity ma
antimikrobidlni a antioxidaéni vlastnosti. Dalsi sirnou latkou produ-
kovanou kvasinkami je napfiklad furfurylthiol (aroma prazené kavy)
a rizné ovocné thioly. Sirné slou¢eniny nemaji jen pozitivni dopad,
ale ovliviuji kvasené napoje i negativné. Napf. sirovodik dodava
pivu aroma zkazeného vejce.

Koncentrace a vzajemny pomér senzoricky aktivnich latek ovliv-
fAuji vyslednou kvalitu piva i vina. Jejich pfitomnost v kvasdenych na-
pojich je vyznamné ovlivnéna fadou stresovych faktord, které plsobi
na kvasinky v pribéhu fermentace (koncentrace kysliku, osmoticky
potencial, pH, koncentrace ethanolu, Ziviny, teplota, apod). Kvasin-
ky jsou ovsem do jisté miry schopny se stresovym faktorim branit,
dochazi k utlumeni nebo zvySeni exprese rliznych gend. Vyznam-
nou roli pfi odpovédi na stres hraji zejména reakce tepelného Soku
a globalni stresova reakce. Béhem vyroby kvasenych alkoholickych
napoju je nutné dbat na spravné fermenta¢ni podminky a zamezit
vzniku negativnich stresovych faktorl. Neméné dulezita je volba
vhodného kmene kvasinek s pozadovanymi vlastnostmi.
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