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Clanek je resersi zabyvaijici se taxonomii pivovarskych kvasinek, metodami jejich klasifikace a identifikace; zdiraznéna je hybridni
povaha pivovarskych kvasinek v&etné souvisejicich obtizi pfi jejich klasifikaci. Pfi klasifikaci pivovarskych kvasinek se vyuzivaji zejména
metody molekularni biologie, které sleduji odliSnosti v chromozomové a mitochondrialni DNA — genotypové metody. Na kombinaci téchto
metod s fenotypovymi a chemotaxonomickymi metodami je zaloZzena polyfazova taxonomie kvasinek. DlleZitym rysem pivovarskych
kvasinek jsou vlastnosti jejich povrchu, které mohou vyrazné ovliviiovat flokulaci kvasinek. V ¢lanku jsou vysveétleny pojmy ,flokulace®,
shydrofobicita“ a popsany faktory, které ovliviiuji flokulaci kvasinek, a je podan prehled o metodach polyfazového pfistupu v taxonomii
pivovarskych kvasinek.

Kopecka, J. — Matoulkova, D. — Némec, M.: Surface characteristics and taxonomy of brewing yeasts. Kvasny Prum. 60, 2014, No.
7-8, pp. 182—190

This study deals with the taxonomy of brewing yeasts, methods of their classification and identification. The hybrid character
of brewing yeasts is highlighted, along with related problems in their classification. Molecular biology methods mostly used for
the classification of brewing yeasts focus on the differences in chromosomal and mitochondrial DNA, i.e. genotyping. Polyphasic
taxonomy of yeasts is based on a combination of genotypic, phenotypic and chemotaxonomic methods. An important feature of
brewing yeasts is their cell surface characteristics, which could strongly affect yeast flocculation. The terms “flocculation” and “hy-
drophobicity” are elucidated, factors affecting flocculation are described and methods of the polyphasic approach in brewing yeast
taxonomy are summarized.

Kopecka, J. — Matoulkova, D. — Némec, M.: Oberflaicheneigenschaften und Taxonomie von Bierhefe. Kvasny Prum. 60, 2014, Nr.
7-8, S. 182-190

Der Artikel befasst sich mit der Taxonomie der Bierhefe und Methoden ihrer Klassifizierung und Identifizierung. Die hybride Natur der
Bierhefe wird betont, einschlieBlich der damit verbundenen Schwierigkeiten in ihrer Klassifikation. Bei der Klassifizierung Bierhefe wer-
den hauptséachlich genotypische Verfahren, d.h. molekularbiologische Methoden, die Unterschiede in Chromosom und mitochondrialer
DNA beobachten, ausgenutzt. Die polyphasische Taxonomie von Hefen basiert auf der Kombination dieser Verfahren mit den phéno-
typischen und chemotaxonomischen Verfahren. Ein wichtiges Merkmal der Bierhefe sind die Eigenschaften ihrer Oberflachen, die das
Ausflocken von Hefe wesentlich beeinflussen kénnen. Der Artikel erklart die Konzepte der ,Flockung®, ,,Hydrophobizitat, beschreibt die
Faktoren, die das Ausflocken von Hefe beeinflussen, und bietet eine Zusammenfassung der Methoden polyphasischer Taxonomie der

Bierhefe.
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1 UvoD

Priimyslova i domaci vyroba piva se opira o cilené vyuzivani
kvasinek, pfevazné rodu Saccharomyces. Jako pivovarské kva-
sinky jsou oznacovany kulturni kvasinky, které se pouzivaji k pro-
dukci spodné ¢i svrchné kvasenych piv. Zakladnim rysem stan-
dardnich produkénich kvasinek jsou dobfe definované vlastnosti,
které by se mély ménit pouze minimalné, a to i pfi opakovaném
nasazeni.

RozliSeni kvasinek na spodné a svrchné kvasici je zaloZzeno ze-
jména na jejich flokulacnich vlastnostech. Jako spodni kvasinky jsou
oznacovani zastupci druhu S. pastorianus, ktefi se pouzivaji k vy-
robé piva typu lezak. PFi pouziti spodnich kvasinek probiha hlavni
kvaSeni v teplotnim rozmezi 7-15 °C. V kone¢né fazi kvaseni se
kvasinky shlukuji ve vlo€ky a sedimentuji na dné kvasné nadoby.
Svrchni kvasinky, S. cerevisiae, jsou naopak po shluknuti vynase-
ny na hladinu, kde tvofi hustou ,pénu“. Teplotni rozmezi hlavniho
kvaseni se pohybuje v Sirokém rozmezi teplot okolo 18-22 °C, jde
o vyrobu piva typu Ale, Porter, pSeni¢ného piva, atd. (Basarfova et
al., 2010). Mezi dalsi odliSnosti mezi spodnimi a svrchnimi kvasinka-
mi patfi napf. drobné rozdily v genetické informaci, rizné chemické
sloZzeni bunééné stény, vy$8i maximalni teplota ristu u svrchnich
kvasinek, produkce rlizného spektra senzoricky aktivnich latek (ved-
lejSich produktd metabolizmu), atd.

Keywords: brewing yeasts, flocculation, hydrophobicity, polyphasic
taxonomy, Saccharomyces

1 INTRODUCTION

Industrial production of beer and homebrewing are based on di-
rected application of yeasts, mostly of the genus Saccharomyces.
Brewing yeasts are defined as culture yeasts producing bottom and
top fermented beers. An important feature of standard production
yeasts is production stability, i.e. well defined properties with mini-
mum changes, even in the process of serial repitching.

Differentiation of the yeasts to bottom and top fermenting is
based mainly on their ability to flocculate. The representatives of
species S. pastorianus are designated as bottom fermenting yeasts
producing a lager type of beer. Fermentation performed with bot-
tom fermenting yeast takes place in the temperature interval of
7—-15 °C. Yeast cells form clumps and sediment at the bottom of
the fermentation vessel at the end of fermentation. Top fermenting
yeast, S. cerevisiae, rises after flocculation to medium surface and
forms dense foam. Fermentation with top fermenting yeast takes
place at 18—22 °C, and produces beers such as Ale, Porter, wheat
beer, etc. (Basarova et al., 2010). Further differences between bot-
tom and top fermenting yeasts include, e.g., small distinctions in
genetic setup, chemical composition of the cell wall, higher maxi-
mum temperature of growth of top fermenting yeast, production of
different spectra of sensorially active compounds (secondary prod-
ucts of metabolism), etc.
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2 FLOKULACE

Ddlezitou vlastnosti produkénich kmenl kvasinek je flokulace,
protoze usnadnuje Ucinné odstranovat burky kvasinek spolu s ba-
lastnimi latkami z fermentaéniho média a ulehéuje tak nasledné vy-
robni faze, dokvaSovani a filtraci (Boulton a Quain, 2001). Flokulace
je reverzibilni schopnost kvasinek shlukovat se a nasledné se rychle
usazovat nebo stoupat k povrchu média. K flokulaci dochazi obvykle
na konci hlavniho kvaSeni v pozdni logaritmické a stacionarni fazi
ristu (Miki et al., 1982; Stewart, 2009).

Zakladni mechanizmus flokulace je interakce bunéénych stén
kvasinek. V souCasné dobé je uznavana tzv. lektinova hypotéza,
kdy se zymolektiny (téz flokuliny) na povrchu bunééné stény vazi
na cukernaté zbytky na bunééné sténé druhé burnky (Miki et al.,
1982; Speers et al., 1998). Vapenaté ionty jsou s nejvétsi prav-
dépodobnosti pfimo zapojeny v uhlovodikové vazbé a neslouzi
k udrzeni spravné konformace zymolektin(i, jak se dfive pfedpo-
kladalo (Veelders et al., 2010). Rozmanitost pivovarskych kvasi-
nek ma ovéem za nasledek rizné mechanizmy flokulace, které za-
visi nejen na jednotlivém kmeni kvasinek, ale také na podminkach
prostfedi (Speers et al., 1993).

Proces shlukovani je ovlivnén celou fadou biologickych, chemic-
kych i fyzikalnich faktort (obr. 1): geneticka vybava kmene kvasinek,
slozeni Zzivného média, rlstové podminky, zplsob kultivace, atd. Ka-
tegorie faktorl se déli dle zplsobU jejich plsobeni, nékteré faktory
mohou pUsobit vice nez jednim mechanizmem (Verstrepen et al.,
20083).

Flokulace mGze byt povaZovana za jisty zplsob socialniho cho-
vani, strategii dlouhodobého pfezivani a ochranného mechanizmu,
ktery chrani buriky pfed nepfiznivym vnéjSim prostfedim (Querol
a Bond, 2009). Bunky jsou ve shlucich ,namackany“ tésné u sebe
s minimalnim mezibunécnym prostorem (obr. 2). TakZe bunky uvnitf
Jlokd“ jsou chranény pred pldsobenim chemickych latek v médiu
vnejsi vrstvou bunék (Smukalla et al., 2008).

2.1 Hydrofobicita

Hydrofobicita bunééného povrchu je povazovana za jeden z kli-
¢ovych faktorll flokulace kvasinek (Jin a Speers, 1998). Zvyseni
poctu karboxylovych skupin na povrchu burky vede ke vzrastu hyd-
rofobicity az k limitni koncentraci, coz ma za nésledek nastup flo-

2 FLOCCULATION

Flocculation is an important property of production brewing yeast
strains, because it effectively facilitates elimination of the cells to-
gether with ballast compounds from the fermentation medium and
thereby also the downstream processes, secondary fermentation
and filtration (Boulton and Quain, 2001). Flocculation is the revers-
ible ability of the yeast cells to adhere in clumps, and then sedi-
ment rapidly at the bottom of the fermentation medium or rise to its
surface. It appears spontaneously at the end of fermentation in late
exponential or early stationary phase of growth (Miki et al., 1982;
Stewart, 2009).

The basic mechanism of flocculation is based on the interaction
between yeast cell walls. The currently accepted explanation is the
so-called lectin hypothesis according to which zymolectins (floccu-
lins) on cell wall surface bind the sugar residues on surface cell walls
of neighbouring cells (Miki et al., 1982; Speers et al., 1998). Calcium
ions participate most likely directly in the carbon-carbon bond and
do not serve to maintain the correct conformation of zymolectins, as
formerly proposed (Veelders et al., 2010). The diversity of brewing
yeasts has resulted in different mechanisms of flocculation that de-
pend on individual yeast strain, but also on environment conditions
(Speers et al., 1993).

The process of flocculation is affected by many biological, chemi-
cal and physical factors (Fig. 1): genetic equipment of yeast strain,
composition of nutrient medium, growth conditions, type of cultiva-
tion, etc. The factors are divided according to their effects; some
factors can act through more than one mechanism (Verstrepen et
al., 2003).

Flocculation can be considered as an indication of social behav-
iour, strategy of long-term survival or a protective mechanism that
protects cells from stressful environments (Querol and Bond, 2009).
The flocs have a thick structure with little intercellular space (Fig. 2).
Cells inside the floc are protected against chemicals in the medium
by the outer layer of cells (Smukalla et al., 2008).

2.1 Hydrophobicity

Cell surface hydrophobicity (CSH) is considered one of the
most important factors in yeast flocculation (Jin and Speers,
1998). Increase in the number of carboxyl groups on cell sur-
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kulace (Straver a Kijne, 1996). Staré burky
s vet§im mnozstvim zarode€nych jizev jsou
vice hydrofobni nez mladé bunky stejného
kmene (Akiyama-Jibiki et al., 1997). Svrch-
ni a spodni kvasinky vykazuji rzné vlast-
nosti povrchu bunék; svrchni kmeny jsou
obecné vice hydrofobni nez spodni kmeny
diky vy$si koncentraci proteind na povrchu
buriky (Dengis a Rouxhet, 1997). Jednou
z moznych funkci hydrofobicity je podpora
aktivni konformace zymolektinG vedouci
ke flokulaci (Jin a Speers, 1998). Na druhé
strané vSak nebyly v nékterych pfipadech
zaznamenany vyznamné rozdily v hydro-
fobicité mezi flokulujicimi a neflokulujicimi
burikami nebo dokonce mezi exponencialni
a stacionarni fazi rastu jedné kultury. Tyto
zjisténé zdanlivé rozpory mohou vést k za-
véru, ze vliv hydrofobicity bunék na floku-
laci je pravdépodobné kmenové specificky
(Lo a Dranginis, 1996).

3 POLYFAZOVY PRISTUP
V TAXONOMII KVASINEK

Taxonomie je védnim oborem, ktery se
tyka klasifikace, tzn. charakterizace a uspo-
fadani definovanych jednotek (taxonu), no-
menklatury a identifikace téchto jednotek
na zakladé daného klasifikaéniho schématu
(Brenner et al., 2005). Taxonomie tedy po-
kryva jak oblast klasifikace, tak i identifikace
organizmda.

Polyfazova taxonomie je zalozena na
kombinaci riznych metod, vyuZzivajicich ge-
notypovych, chemotaxonomickych a fenoty-

Obr. 2 Flokulace S. cerevisiae. A) Gen FLO1 neflokulujiciho laboratorniho kmene S288C je
pod transkripéni kontrolou inducibilniho promotoru GAL1 (KV210). Pokud tento kmen roste
v YPGal médiu, je FLO1 pfepisovan do formy proteinu (FLO1+) a vykazuje silnou flokulaci.
Kontrolni kmen (KV22) obsahuje stejny gen, ale ne promotor, tedy gen pfepisovan neni
(flo1"), neflokuluje. B) Skenovaci elektronova mikroskopie centrifugovanych pelett neflo-
kulujicich a flokulujicich bunék ukazuje, Ze flokulujici buniky drzi u sebe a tvofi hustou 3D
strukturu s minimem intercelularniho prostoru, naproti tomu neflokulujici buriky tvofi neza-
vislé vrstvy s mezerami mezi bunkami (Smukalla et al., 2008, upraveno) / Fig. 2 Floccula-
tion of S. cerevisiae. A) The FLO1 gene of the nonflocculent laboratory strain S288C was
brought under the transcriptional control of the inducible GAL1 promoter (KV210). When
this strain is grown in YPGal medium, FLO1 is expressed (FLO1+), resulting in strong flo-
cculation. A control strain (KV22) containing the same marker gene, but not the promoter
(flo1°), does not show flocculation. B) Scanning electron microskopy of centrifuged pellets
of nonflocculent and flocculent cells show that the flocculent cells stick together to form
a densely packed 3D structure with little intercellular space. By contrast, the nonflocculent
cells behave as stacked independent spheres with clear gaps between the cells (Smukalla
et al., 2008 modified)

povych informaci o daném mikroorganizmu

za Ucelem jeho spravné klasifikace (Prakash et al., 2007). Vzhle-
dem k zavadéni a pouzivani novych instrumentalné a technologicky
vyspélejSich metod je polyfazova taxonomie dynamicky obor, ktery
se neustdle vyviji (K&mpfer, 2012).

Genotypové metody v taxonomii kvasinek se zaméfuji na od-
liSnosti ve struktufe nukleovych kyselin a zahrnuji DNA-typizaéni
metody, napf. RFLP (Restriction Fragment Length Polymorphism;
polymorfizmus délky restrikénich fragment), ribotypizace, profilo-
vani plazmidd, stanoveni procentualniho poméru G+C, DNA-DNA
hybridizace, metody zaloZzené na porovnavani ITS (Internal Tran-
scribed Spacer; vnitini pfepisovany mezernik) ¢i NTS (NonTrans-
cribed Spacer; nepfepisovany mezernik) sekvenace, pulzni gelova
elektroforéza.

Pro identifikaci lze u kvasinek vyuzit i mitochondrialni DNA
(mtDNA), jeji nasledna restrikéni analyza, ¢i PCR (Polymerase Cha-
in Reaction; polymerazova fetézova reakce) a sekvenace jednotli-
vych mitochondrialnich gend.

Fenotypové metody zahrnuji napf. maximalni teplotu ristu, vyuziti
rliznych zdroja uhliku a dusiku, citlivost k antimikrobidlnim latkam,
produkci plynu, rGst na selektivnich ¢i selektivné diagnostickych pa-
dach.

Chemotaxonomie je zaloZena na stabilni lokalizaci rdznych che-
mickych latek v jednotlivych ¢astech buriky mezi rlznymi taxony
nebo skupinami taxon(; sloZzeni bunééné stény, pfitomnost chiti-
nu v bunécéné sténé, pomér mastnych kyselin, atd. (Prakash et al.,
2007).

3.1 Taxonomie kvasinek rodu Saccharomyces

Rod je obvykle dobfe definovana skupina taxond, ktera je jasné
odlisitelna od jinych rodl. Rod se sklada z jednoho ¢&i vice druhd,
pfipadné poddruht &i variet. Jako druh je definovana jasné vyme-
zena skupina navzajem pfibuznych kmen(, zahrnujicich typovy
kmen, které sdileji 70% a vy$§$i DNA-DNA homologii komplemen-
tarnich para bazi, vykazuji (az na vyjimky) shodné fenotypové
znaky a soucasné se odliSuji nékterymi znaky od jinych skupin.
Oznaceni poddruh se pouziva pro geneticky pfibuzné organizmy,
které nejsou rozliSitelné na zakladé DNA, ale pouze fenotypové.
Varieta oznacuje vnitrodruhové ¢lenéni zalozené pouze na vy-
branych znacich, které nejsou prokazatelné pomoci pfibuznosti
DNA.

face, i.e. increase of hydrophobicity, to a threshold concentration
leads to the onset of flocculation (Straver and Kijne, 1996). Old
cells with a larger number of budding scars tend to be more hy-
drophobic than younger cells of the same strain (Akiyama-Jibiki
et al., 1997). Top and bottom fermenting yeast strains show dif-
ferent surface properties; ale (top fermenting) strains have been
reported to be generally more hydrophobic than lager (bottom
fermenting) strains due to higher surface protein concentrations
(Dengis and Rouxhet, 1997). One of the possible functions of
cell surface hydrophobicity is to support the active conformation
of zymolectins leading to flocculation (Jin and Speers, 1998).
However, there is also evidence of an only insignificant differ-
ence in CSH between flocculating and non-flocculating cells or
between cells in exponential and stationary phase of growth. The
impact of the CSH on flocculation is probably strain specific (Lo
and Dranginis, 1996).

3 POLYPHASIC APPROACH IN YEAST
TAXONOMY

Taxonomy is a scientific discipline that includes classification,
characterisation and organisation of defined units (taxons), nomen-
clature and identification of these units according to the classification
scheme (Brenner et al., 2005). Taxonomy covers also both the area
of classification, and identification of organisms.

Polyphasic taxonomy of microorganisms is based on a combina-
tion of different methods using genotypic, chemotaxonomical and
phenotypic information about a specific microorganism for its cor-
rect classification (Prakash et al., 2007). Polyphasic taxonomy is
a dynamic discipline with continual progress involving a continuous
introduction and use of new and advanced instrumental and techno-
logical methods (Kampfer, 2012).

The genotypic methods of yeast taxonomy are focused on dif-
ferences in the structure of nucleic acids and include DNA-typing
methods, i.e. RFLP (Restriction Fragment Length Polymorphism),
ribotyping, plasmid profiles, determination of percent G+C content,
DNA-DNA hybridisation, methods based on comparing ITS (Internal
Transcribed Spacer) or NTS (NonTranscribed Spacer), sequencing
and pulse field gel electrophoresis.
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Tab. 1 Klasifikace rodu Saccharomyces / Table 1 Classification of the genus Saccharomy-

Mitochondrial DNA (mtDNA), its subse-

ces quent restriction analysis, or PCR (Polymer-
Doména/Domain Eukarya ase Chain Reaction) and sequencing of indi-
— - - vidual mitochondrial genes can be used for
RiSe/Kingdom Fungi yeast identification.
Oddéleni/Phylum Ascomycota Phenotypic methods include, e.g., maxi-
Pododdéleni/Subphylum Saccharomycotina mum temperature of growth, utilisation of
- different carbon or nitrogen sources, sensi-
Trida/Class Saccharomycetes tivity/resistance to antimicrobial compounds,
Rad/Order Saccharomycetales gas production, or growth on selective or
= - - selective-diagnostic media.
Celed/Family Saccharomycetaceae Chemotaxonomy is based on a stable lo-
Rod/Genus Saccharomyces calization of different chemical compounds

Tab. 2 Druhy rodu Saccharomyces a jejich vyskyt v prostiedi / Table 2 Species of genus

Saccharomyces and their occurence

in individual parts of the cell characteristic
for different taxons or groups of taxons — cell
wall composition, the presence of chitin in
cell wall, ratio of individual fatty acids, etc.

Druh / Species Vyskyt / Occurrence

(Prakash et al., 2007).

S. arboricolus

Kura strom(l ¢eledi Fagaceae / Bark of species Fagaceae

3.1 Taxonomy of genus Saccharomyces

S. paradoxus

Spojen s rodem Drosophila, exudaty stromd, fermentovany napoj
z agave v Mexiku / Associated with Drosophila species, tree
exudates, fermented drink from agave in Mexico

Genus is usually a well-defined group of
taxons, which is clearly distinguishable from
other genera. Genus is comprised of one

S. cerevisiae

yeast

PFirodni prostfedi, prostfedi primyslové fermentace, svrchni
pivovarska kvasinka, pekafska kvasinka, lihovarska kvasinka,
vinarska kvasinka, kvasinky pro vyrobu cideru / Natural
environments, artificial fermentation environments, top fermenting
brewing yeast, baker's yeast, distiller’s yeast, wine yeast, cider

or more species, or alternatively of subspe-
cies or varieties. Species is considered as
a clearly defined group of mutually related
strains, including type strains, which share
70% and higher DNA-DNA homology of
complementary base pairs and show, with

S. mikatae
environments (soil, decaying leaves) in Japan

Pfirodni prostfedi (plda, tlejici listy) v Japonsku / Natural

a few exceptions, identical phenotypic char-
acteristics that differ from those of other

S. kudriavzevii

PFirodni prostfedi v Japonsku a Portugalsku, pramyslové prostiedi
na Novém Zélandu a v Evropé / Natural environments in Japan and
in Portugal, industrial environments in New Zealand and in Europe

genera. The designation subspecies is used
for genetically related organisms which can-
not be differentiated on the DNA level, but
only on the phenotype level. Variety denotes

S. bayanus var.

East Asia

Prostfedi produkce alkoholickych napoju, vinafska kvasinka,

bayanus kvasinky pro vyrobu cideru; nespecifikovana oblast ve vychodni
S. bayanus var. Asii / Habitats associated with the production of alcoholic
uvarum beverages, wine yeast, cider yeast; unspecified natural habitat in

an interspecies classification based only on
selected characteristics, not established by
DNA relationship.

The taxonomy of yeast genus Saccha-
romyces (Table 1) has undergone many
changes in recent times, and that is also the

S. eubayanus

Prostifedi pabukovych (Nothofagus) lesti v Patagonii /
Environments of Southern beech (Nothofagus) forest in Patagonia

reason for the frequent use of wrong nomen-
clature of individual species. Currently, the

S. pastorianus
environment, bottom fermenting brewing yeast

Prostfedi pivovaru, spodni pivovarska kvasinka / Brewery

genus Saccharomyces comprises 9 species
(Table 2) (Kurtzman et al., 2011). A new spe-

Taxonomie kvasinek rodu Saccharomyces (tab. 1) proSla v ne-
davném obdobi mnoha zménami, coz ma nyni za nasledek ¢asto ne-
spravné pouzivani druhovych jmen. V sou¢asné dobé zahrnuje rod
Saccharomyces 9 druh( (tab. 2) (Kurtzman et al., 2011). V roce 2011
byl nové popsan druh S. eubayanus (Libkind et al., 2011) a druh
S. cariocanus byl zafazen do druhu S. paradoxus jako jeho americka
varieta (Muir et al., 2011). Stale se vedou spory o oznaceni a kla-
sifikaci druhu S. bayanus var. uvarum. Podle nékterych zavérd by
S. bayanus var. uvarum nemél mit pouze oznaceni variety, ale mél
by to byt samostatny druh S. uvarum (Libkind et al., 2011; Muir et al.,
2011; Scannell et al., 2011).

Mezi technologicky vyznamné kvasinky patfi pfedevSim druhy
S. cerevisiae, S. pastorianus a S. bayanus (tab. 2).

3.1.1 Saccharomyces cerevisiae

Prvni osekvenovany eukaryoticky organizmus byla kvasinka S. ce-
revisiae, které byva zfidka izolovana i z volné pfirody (Kurtzman et al.,
2011). Genom, tzn. veSkera geneticka informace uloZzena v DNA, ktera
se udava v jednotkach bp (base pair; pary bazi), popfipadé kb & Mb
(kilo €i mega bp) laboratorniho kmene S288C, se sklada z 12 Mb a na
16 chromozomech obsahuje necelych 6000 genul (Goffeau et al., 1996).

Druhovy komplex S. cerevisiae zahrnuje geneticky odliSny soubor
pfirodnich izolatli i domestikované kmeny, které se pouzivaji pro
specidlni pramyslové aplikace (Borneman et al., 2011). Az 10 %
kmen klasifikovanych ve sbirkach jako S. cerevisiae mlize mit hyb-
ridni charakter, coz znamena, Ze dos$lo ke kfizeni mezi S. cerevisiae
a nékterym z pfibuznych kmen( (Nguyen et al., 2011). Svrchni kva-
sinky jsou fazeny do druhu S. cerevisiae. Nékteré z nich mohou mit
rovnéz hybridni charakter. NejCasté&ji se uvadéji hybridy mezi S. ce-
revisiae a S. kudriavzevii (Gonzalez et al., 2008), ty se pak pfevazné
vyznacuji polyploidii (Smart, 2007).

cies S. eubayanus was described in 2011
(Libkind et al., 2011) and S. cariocanus was
reclassified into S. paradoxus as its American variety (Muir et al.,
2011). Controversy is still alive about the nomenclature and clas-
sification of the species S. bayanus var. uvarum. According to some
results, S. bayanus var. uvarum should not be classified as a mere
variety, but should be classified as an individual species S. uvarum
(Libkind et al., 2011; Muir et al., 2011; Scannell et al., 2011).

The species S. cerevisiae, S. pastorianus and S. bayanus belong
among industrially important yeasts (Table 2).

3.1.1 Saccharomyces cerevisiae

S. cerevisiae was the first eukaryotic organism with decoded com-
plete genome sequence, and is rarely isolated from natural habi-
tats (Kurtzman et al., 2011). The genome of the laboratory strain
S288C, i.e. the complete genetic information contained in DNA and
expressed in bp (base pair) units or in kb or Mb (kilo or mega bp),
comprises 12 Mb and contains almost 6.000 genes in 16 chromo-
somes (Goffeau et al., 1996).

The species complex of S. cerevisiae includes a genetically dif-
ferent set of natural isolates and domesticated strains used for spe-
cial industrial applications (Borneman et al., 2011). Almost 10% of
strains classified in collections as S. cerevisiae could have a hybrid
character, being produced by crossing S. cerevisiae with another re-
lated species (Nguyen et al., 2011). Top fermenting yeast is classi-
fied as S. cerevisiae. Some of the strains could also have a hybrid
character. The hybrids described most frequently are those between
S. cerevisiae and S. kudriavzevii (Gonzalez et al., 2008); they are
characterized by polyploidy (Smart, 2007).

3.1.2 Saccharomyces pastorianus
Because of its hybrid origin, the species S. pastorianus should be
designated rather as a complex of species (Querol and Bond, 2009;
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3.1.2 Saccharomyces pastorianus

Druh S. pastorianus by pro svou hybridni povahu genomu mohl
byt oznadovan spiSe jako komplex druh( (Querol a Bond, 2009;
Kurtzman et al., 2011). Vznikl pravdépodobné vicenasobnym kfize-
nim mezi druhy S. cerevisiae, S. bayanus a kryotolerantnim druhem
S. eubayanus nedéavno objevenym v Patagonii (Libkind et al., 2011;
Pengelly a Wheals, 2013; Rainieri et al., 2006). Diky hybridnimu pu-

vodu je genom této kvasinky ¢asto polyploidni nebo alopolyploidni

(neobsahuji stejny pocet jednotlivych chromozom). Pivovarské kva-
sinky jsou nej¢astsji tri- i tetraploidni (Matzke et al., 1999). Dosud
nebyla zaznamenana izolace S. pastorianus z volné pfirody.

Kompletné osekvenovany primyslovy kmen Weihenstephan
W34/70 obsahuje 25 Mb na 36 chromozomech a sklada se z 1 mi-
tochondrialniho genomu non-Saccharomyces typu a 2 subgenomd,
pricemz 9 chromozom(l obsahuje translokace mezi témito subgeno-
my, tzv. mozaikové chromozomy (Nakao et al., 2009).

3.1.3 Hybridni plivod Saccharomyces pastorianus
VétSina kvasinek, které jsou izolovany ze sou¢asného pivovarské-
ho prostfedi, ma hybridni genom, ktery se sklada ze S. cerevisiae,

Kurtzman et al., 2011). Multiple crossing among the species S. cer-
evisiae, S. bayanus and cryotolerant species S. eubayanus, recently
discovered in Patagonia, has obviously led to its formation (Libkind
et al., 2011; Pengelly and Wheals, 2013; Rainieri et al., 2006). Due
to its hybrid origin the genome of S. pastorianus is frequently poly-
ploid or allopolyploid (it does not contain an equal number of indi-
vidual chromosomes). Brewing yeast is frequently tri- or tetraploid
(Matzke et al., 1999). The isolation of S. pastorianus from natural
environment has not yet been recorded.

The genome of the lager strain Weihenstephan W34/70, which
has been completely sequenced, comprises 25 Mb in 36 chromo-
somes and contains 1 mitochondrial genome (non-Saccharomyces
type) and 2 subgenomes; 9 chromosomes, so-called mosaic chro-
mosomes, contain translocation between these subgenomes (Nakao
et al., 2009).

3.1.3 Hybrid origin of Saccharomyces pastorianus

Most yeast strains isolated from the current brewery environment
have a hybrid genome comprising S. cerevisiae, S. bayanus and se-
quences of “lager type” (Rainieri et al., 2006). At least two hybridisa-
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S. bayanus a sekvenci ,Jezackého typu“ (Rainieri et al., 2006). Pfed-
poklada se, ze pro vznik spodnich kvasinek musely probéhnout dvé
nebo vice kfizeni a do genomu pfispély druhy S. cerevisiae a mini-
malné dva druhy tzv. non-S. cerevisiae (Dunn a Gavin, 2008). Druh,
ktery poskytl tzv. lezacké sekvence, je pravdépodobné nedavno po-
psany S. eubayanus. K tomuto pfedpokladu vede zjisténi, Zze jeho
genomové sekvence se shoduji s non-S. cerevisiae sekvencemi
S. pastorianus z 99,5 % a také nesou geny (metabolizmus cukr
a sifi¢itant), které byly zasadni pro domestikaci (obr. 3) spodnich
pivovarskych kvasinek (Libkind et al., 2011).

Spodni pivovarské kvasinky se déli do dvou skupin kmenu dle
vlastnosti jejich genomu: Saaz a Frohberg, které rovnéz &asteéné
odrazeji i geografické rozlozeni. Do skupiny typu Saaz patfi kmeny
pouzivané v Ceské republice a v Dansku (Carlsberg). Tyto kmeny
ztratily vyznamné mnozstvi genomu S. cerevisiae diky chromozomo-
vé aneuploidii, ale ponechaly si vétSinu genomu S. bayanus. Skupi-
nu typu Frohberg tvofi kmeny z Holandska (Heineken, Oranjeboom
a jiné pivovary), z Danska (kromé pivovaru Carlsberg) a Severni
Ameriky. Tyto kmeny si ponechaly vétSinu genetického materia-
lu obou kmenl. Genom S. bayanus zlstava vice konzervativni oproti
genomu S. cerevisiae ve smyslu ploidie a celkovych zmén (Dunn
a Sherlock, 2008).

Hybridni kmeny jsou zvyhodnény diky lepsi adaptaci na ménici
se podminky prostfedi (napf. nizka teplota) nez rodi¢ovské kmeny
(Gonzélez et al., 2008).

3.2 Metody vyuzivané pro rozliSeni rodu Saccharomyces

Klasické metody pro identifikaci kvasinek jsou zalozeny na mi-
kroskopickém pozorovani — kde je to mozné na morfologii bunék,
pfipadné sexudlni reprodukci a na fyziologickych vlastnostech (bio-
chemické testy). Primyslové vyuzivané kmeny kvasinek ov§em
vétSinou nejsou schopny sporulace — sexualniho rozmnozovani,
morfologie bunék je velmi podobna a biochemické reakce v rdmci
druhu naopak variabilni. Tim se stavé identifikace jednotlivych kme-
nd znacné obtizna, a proto jsou dnes prevazné vyuzivany metody
molekularni biologie.

3.2.1 Fenotypové metody

Pro rozliSeni kvasinek na zakladé fenotypovych viastnosti se nej-
Castéji vyuziva maximalni teplota rastu, vyuzitelnost substrat(i a rist
na obohacenych pldach. Svrchni kvasinky jsou schopny rdstu pfi
teploté az 39,4 °C, zatimco spodni nikoli (max. 34 °C). Pro rozli-
8eni svrchnich a spodnich kvasinek se vyuziva napf. pida WLN
(Wallerstein Laboratories Nutrient) s bromkrezolovou zeleni, stupen
zkvasovani rafindzy, atd. Vysledky téchto testd mohou byt ovéem
v nékterych pfipadech variabilni (Basafova et al., 2010; Matoulkovéa
etal., 2013).

3.2.2 Genotypové metody

Pulzni gelova elektroforéza umoznuje separovat a zobrazit intakt-
ni chromozomy podle jejich velikosti, tzv. karyotyp. Pro karyotypizaci
Ize rovnéz vyuzit restrikéni endonukleazy s nizkou frekvenci $tépeni,
a tak ziskat makrorestrikéni karyotyp (Alcoba-Flérez et al., 2007).
Diky této technice je mozné rozlisit jednotlivé druhy, pfipadné kmeny
v rdmci téhoz druhu. Napf. pro S. cerevisiae jsou typické 3 prouz-
ky (bandy) v oblasti 225 az 365 kb, zatimco pro ,,S. uvarum® pouze
2 (Giudici a Pulvirenti, 2002). Celkovy pocet prouzk(i (bandd) pro
S. cerevisiae byva 12-13, pro S. paradoxus 14, pro S. bayanus 15
nebo 17 a pro S. pastorianus 17 (Guillamon et al., 1994)

Pro identifikaci na Urovni kmene se vyuzivaji specifické oblasti
DNA, které by mély mit vysoky mezidruhovy a zarover nizky nebo
zadny vnitrodruhovy polymorfizmus. V sou¢asné dobé se prevazné
vyuzivaji oblasti rDNA — ribozomalni DNA (obr. 4) — ITS, NTS a D1/
D2 region (Giudici a Pulvirenti, 2002). Fylogenetické studie blizce

tion events had to been realized to lead to the formation of bottom
fermenting yeast, S. cerevisiae and at least two non-S. cerevisiae
species contributing to the genome (Dunn and Gavin, 2008). The
species with the ,lager sequences” is probably the recently described
S. eubayanus. Genome sequences of S. eubayanus are 99.5 % iden-
tical with those in the genome of S. pastorianus (i.e. non-S. cerevi-
siae sequences) and also contain genes (metabolism of sugars and
sulphites) important for the domestication (Fig. 3) of bottom ferment-
ing yeast (Libkind et al., 2011).

Bottom fermenting yeast is divided into two groups of strains ac-
cording to their genome characteristics: Saaz and Frohberg type,
which partially reflect the geographic distribution. Strains used
in the Czech Republic and in Denmark (Carlsberg) belong to the
Saaz group. Strains of Saaz type lost a significant amount of the
S. cerevisiae genome because of chromosome aneuploidy, but kept
an almost complete S. bayanus genome. The Frohberg type group
consists of strains from Holland (Heineken, Oranjeboom and other
breweries), from Denmark (except for Carlsberg brewery) and from
Nord America. Strains of Frohberg type kept nearly complete genetic
information of both strains. The genome of S. bayanus is more con-
servative compared to S. cerevisiae in terms of ploidy and general
changes (Dunn and Sherlock, 2008).

Compared to the parent strains, hybrid strains have the advan-
tage of being better adapted to changing environmental conditions
(e.g. low temperature) (Gonzalez et al., 2008).

3.2 Methods used for differentiation of the genus
Saccharomyces

When it is possible, classical methods of yeast identification are
based on microscopic observation of cell morphology, on sexual re-
production and on physiological characteristics (biochemical tests).
Most strains of industrially important yeast are not able to sporulate,
i.e. perform sexual reproduction, cell morphology is very similar while
biochemical reactions within the species are variable. Identification
of individual strains is thus considerably difficult and the methods of
molecular biology are therefore currently much preferred.

3.2.1 Phenotypic methods

Maximum temperature of growth, utilisation of substrates and
growth on enriched media are mainly used to differentiate yeasts in
terms of phenotypic characteristics. Top fermenting yeast is capable
of growing at temperatures up to 39.4 °C, while bottom fermenting
yeast cannot grow at temperatures beyond 34 °C). Commercial WLN
(Wallerstein Laboratories Nutrient) medium with bromocresol green,
the degree of fermentation of raffinose, etc., are employed to differ-
entiate bottom and top fermenting yeast. In some cases the results
of the tests can be variable (Basarfova et al., 2010; Matoulkova et
al., 2013).

3.2.2 Genotypic methods

Pulse field gel electrophoresis makes it possible to separate and
display intact chromosomes distributed according to their size, i.e.
the so-called karyotype. Restriction endonucleases with low frequen-
cy of cleavage can be used for karyotyping to obtain a macrorestric-
tion karyotype (Alcoba-Flérez et al., 2007). This technique allows the
differentiation of individual species, or strains within species. The
karyotype of S. cerevisiae contains typical 3 bands in the region of
225 to 365 kb, whereas “S. uvarum® displays in this region only 2
bands (Giudici and Pulvirenti, 2002). The total number of bands for
S. cerevisiae is 12—13, for S. paradoxus 14, for S. bayanus 15 or 17
and for S. pastorianus 17 (Guillamoén et al., 1994)

Specific DNA regions can be used to identify given yeast to the strain
level. The regions should have high interspecific and low or no intraspe-
cific polymorphism at the same time. The ribosomal DNA regions mostly
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pfibuznych hub nej€astéji porovnavaji ITS oblasti, které se nachazi
mezi geny pro 18S, 5,8S a 26S rDNA. Tyto geny jsou v genomu pfi-
tomné v mnoha kopiich a jsou usporadany v tandemu (James et al.,
1996). Jeden primerovy par amplifikuje ITS region az u 500 druhd
askomycet v rozmezi velikosti 300—1 000 bp. Tento produkt mize
byt nasledné vyuzit pro restrikéni analyzu, nejCastéji pak s témito
enzymy: Ndell, Hinf,, Haelll, Rsal (James et al., 1996; Valente et al.,
1996). U nékterych kmenu byl ovéem nalezen vice nez jeden typ ITS
sekvence (James et al., 2009).

K druhové identifikaci rodu Saccharomyces a Kluyveromyces lze
pouzit i restrikéni analyzu NTS regionu a sekvenaci D1/D2 regionu,
coz je zhruba 600 bp podjednotky 26S rDNA (Giudici a Pulvirenti,
2002; Nardi et al., 2006), nebo analyzu transla¢niho elongaéniho
faktoru 1-a, LSU rRNA (Large SubUnit; velka podjednotka), SSU
rBRNA (Small SubUnit; mala podjednotka) a RNA polymerazy Il
(Kurtzman, 2006, Kurtzman a Robnett, 2013).

Identifikaci na uroven kmene umozniuje analyza malych fragmen-
td DNA ndhodné rozmisténych na okraji chromozomu, tzv. inter-§
oblasti. Delta elementy tvofi okraje retrotranspozonli TY1 a TY2,
ale mohou se v genomu nachéazet rovnéz samostatné. V genomu
S. cerevisiae S288C je popsano zhruba 300 delta elementd (Leg-
ras a Karst, 2003). Metoda RAPD (Random Amplified Polymorphic
DNA; nahodna amplifikace polymorfni DNA) umoznuje amplifikaci
kratkych usek(, které jsou ndhodné rozmistény po celém genomu
pomoci jednoho primeru v délce zhruba 10 nukleotidd a zarover
jeho nizké teploty nasedani. Takto je mozné charakterizovat a iden-
tifikovat kvasinky na uroven rodu a druhu a v nékterych pfipadech az
na uroven kmene (Fernandez-Espinar et al., 2003).

K rozlieni typovych, pivovarskych a vinafskych kvasinek Ize vy-
uzit i technik PCR, PCR-RFLP ¢&i multiplex-PCR jednotlivych oblasti
¢i samostatnych genu (Lépez et al., 2003; Torriani et al., 2004). Bo-
huzel tyto postupy nejsou vzdy prikazné u primyslové vyuzivanych
kmena. Jako vhodna se jevi metoda MLST (MultiLocus Sequence
Typing; multilokusova sekvenéni typizace), pfi které dochazi k am-
plifikaci a sekvenaci 6-8 provoznich genl (tzv. housekeeping gend,
nutnych pro Zivot buriky) i oblasti zarovern. Na rozdil od prokaryot
se u kvasinek ve vétsi mife voli jiné geny nez provozni. Tato metoda
je ale drahd, pracna, zdlouhava a pro bézné pouziti prakticky nepo-
uzitelna (lvey a Phister, 2011; Munoz et al., 2009). Pro podrobné&jsi
taxonomickou analyzu hybridnich kmena Ize vyuzit techniky Cipa,
které umoznvuji identifikaci a detailngjsi charakterizaci na uroveri dru-
hd a mezidruhovych hybrid( (Muller a McCusker, 2009).

V soucasnosti je k dispozici set primerd (multiplex PCR) pro
v8echny platné druhy v ramci rodu Saccharomyces, kromé hybridni-
ho druhu S. pastorianus (Muir et al., 2011; Pengelly a Wheals, 2013).

3.2.3 Mitochondrie a jejich identifikace

V haploidni burice S. cerevisiae se nachazi zhruba 7—17 mitochon-
drii, v diploidni 15-29, nékteré zdroje uvadéji az 50 organel na buriku
v zavislosti na fyziologickém stavu (Berger a Yaffe, 2000; Kockova-
-Kratochvilova, 1982; PiSkur, 1994).

Velikost mtDNA a poradi genll je druhové zavislé (obr. 5). Vzdy
v8ak ma cirkularni usporadani, stejny karyotyp v ramci kmene, nizsi
hustotu genl a vysoky obsah bazi A+T oproti chromozomové DNA.
Poradi gend v mtDNA je u S. pastorianus a S. bayanus témér iden-
tické. Intergenni regiony a introny zabiraji zhruba 2/3 mitochondrial-
niho genomu (Groth et al., 2000; Rainieri et al., 2008; Solieri, 2010).

used (Fig. 4) include ITS, NTS and D1/D2 region (Giudici and Pulvirenti,
2002). Phylogenetic studies of closely related fungi compare most fre-
quently ITS regions (the region between genes coding for 18S, 5,8S
and 26S rDNA). In the genome, the genes are present in many copies
and are organized in tandems (James et al., 1996). One primer pair am-
plifies the ITS region of as many as 500 species of ascomycetes in the
size interval of 300—1 000 bp. This product can be subsequently used
for restriction analysis, mostly with the enzymes Ndell, Hinfl, Haelll, or
Rsal (James et al., 1996; Valente et al., 1996). Some strains contain
more than one type of the ITS sequence (James et al., 2009).

Restriction analysis of the NTS region and sequencing of D1/D2
region (about 600 bp of 26S rDNA subunit) could be used for the
species identification of the genera Saccharomyces and Kluyvero-
myces (Giudici and Pulvirenti, 2002; Nardi et al., 2006), or for analy-
sis of elongation factor 1-a, LSU rRNA (Large SubUnit), SSU rRNA
(Small SubUnit) and RNA polymerase Il (Kurtzman, 2006, Kurtzman
and Robnett, 2013).

Analysis of the small fragments of DNA randomly localized at the
ends of chromosomes, inter-6 regions, facilitates identification to the
strain level. Delta elements constitute the peripheries of the retrotrans-
posons TY1 and TY2, but can be also localized individually in the ge-
nome. About 300 delta elements are described in the genome of S. cer-
evisiae S288C (Legras and Karst, 2003). The RAPD method (Random
Amplified Polymorphic DNA) allows the amplification of short regions
randomly distributed in the whole genome using one primer about 10
nucleotides in length and low temperature of annealing. Yeast could
be characterized and identified by RAPD to the genus, species and in
some cases to the strain level (Fernandez-Espinar et al., 2003).

PCR, PCR-RFLP or multiplex-PCR techniques of individual re-
gions or genes are used to differentiate type, brewing and wine yeast
(Lopez et al., 2003; Torriani et al., 2004). The techniques do not
always yield conclusive results in industrially important strains. The
method of MLST (MultiLocus Sequence Typing) seems to be appro-
priate when 6-8 housekeeping genes or regions are amplified and
sequenced at the same time. In comparison to bacteria, genes other
than houskeeping ones are targeted in yeast. The MLST method is
unfortunately expensive, laborious, time-intensive and not suitable
for common use (lvey and Phister, 2011; Munoz et al., 2009). Tech-
nigques using chips can be used for detailed taxonomic analysis of
hybrid strains. The chips facilitate identification and detailed char-
acterisation to the strain and interspecies hybrid level (Muller and
McCusker, 2009).

Nowadays, a set of primers (multiplex-PCR) is available for all of
the valid species of the genus Saccharomyces except for the hybrid
species S. pastorianus (Muir et al., 2011; Pengelly and Wheals, 2013).

3.2.3 Mitochondria and their identification

A haploid cell of S. cerevisiae contains some 7—17 mitochondria,
diploid cell 15-29; some sources state up to 50 organelles per cell
depending on physiological conditions (Berger and Yaffe, 2000;
Kockova-Kratochvilova, 1982; Piskur, 1994).

The size of MtDNA and the gene order is species specific (Fig. 5). It
has always a circular organisation, the same karyotype in one strain,
low gene density and a high amount of the A+T bases in comparison
with chromosomal DNA. In S. pastorianus and S. bayanus the gene
order in mtDNA is almost identical. Intergenic regions and introns oc-
cupy about 2/3 of the mitochondrial genome (Groth et al., 2000; Rain-
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Mitochondrialni genom obsahuje geny pro cytochromoxidazu c, ATP
syntazu, apocytochrom b, ribozomalini proteiny a nékteré ,intron-re-
lated” oteviené Cteci ramce (Alcoba-Florez et al., 2007; Foury et al.,
1998). Pfi kfizeni a vzniku hybrid( mitochondrie pfechazeji do dcefi-
né bunky vzdy pouze od jedné matefské bunky (Solieri et al., 2008).
Bylo zjiSténo, ze spodni pivovarské kvasinky neobsahuji mitochon-
drie typu S. cerevisiae (Rainieri et al., 2008).

Pro restrikéni analyzu mtDNA se vybiraji takové enzymy, které
rozpoznavaji a Stépi velké mnozstvi mist v jaderné DNA, ale pouze
malo mist v mitochondrialni diky jinému obsahu G+C (Lopéz et al.,
2001; Naumova et al., 2010). Pro fylogenetické analyzy byva nejcas-
téji srovnavana sekvence genu pro podjednotku cytochromoxidazy
¢, COXII ¢i COXI (Meadows, 2010; Rainieri et al., 2008).
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