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Saccharomyces pastorianus CCY48-91 je kmen pivovarské spodni kvasinky, ktera je hojné pouzivana v eském pivovarstvi. Hlavnim
cilem prace bylo sekvenovat genom této kvasinky a ucinit ho dostupnym pro Sirokou védeckou verejnost. Data byla zpfistupnéna hlavné
z dlivodu, Ze neexistuje mnoho prdmyslovych kment kvasinek, jejichz genom by byl znam a byl dostupny.
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Saccharomyces pastorianus CCY48-91 is a strain of bottom-fermenting brewing yeast most commonly used in Czech brewing. The
main goal of this study is to sequence its genome and make this assembly publicly available. Because there are not many industrial yeast
strains that have been sequenced, this data could be of value to other researchers.
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Saccharomyces pastorianus CCY48-91 ist ein Stamm der Boden Bierhefe, die oft in den tschechischen Brauereien angewandt ist.
Der Hauptziel der Arbeit war die Sequenzierung des Genoms dieser Hefe und ihre Bereitstellung flr die allgemeine wissenschaftliche
Gemeinschaft. Die Zugénglichmachung wurde aus dem Grund durchgefihrt, da Genom dieser Hefe bekannt und zugénglich ist, weil
existieren viele industrielle Hefestdmme und ihr Genom nicht bekannt ist.
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1 UVOD

Pivovarské kvasinky se déli do dvou skupin: na svrchné kvasici
kmeny, pouzivané pro vyrobu piv typu ale, a na spodné kvasici kme-
ny, produkujici piva typu lezak. Obé skupiny se fadi do druhu Sa-
ccharomyces. Kmeny spodnich a svrchnich kvasinek se vSak vza-
jemné lisi fyziologickymi a genetickymi vlastnostmi a jedna se tedy
o dva rozdilné druhy rodu Saccharomyces. Svrchni kvasinky jsou
geneticky blizké rodu Saccharomyces cerevisiae, zatimco spodni
kvasinky tvofi heterogenni druh a jsou jednim z nejlep$ich pfikladl
pfirozenych hybridd kvasinek (Saerens et al., 2010).

Kvli jejich odliSnosti od svrchnich kvasinek byly spodni kvasinky
Hansenem nazvany Saccharomyces carlsbergensis (Saerens et al.,
2010). Pozdéji byly spodni kvasinky zafazeny do rodu Saccharomy-
ces pastorianus (Martini a Martini, 1987). Studie zaloZzené na hybri-
dizaci dvou molekul DNA ukazaly, Zze S. pastorianus obsahuje dva
typy chromozom, které byly oznaceny jako S. cerevisiae-typ a S.
bayanus-typ (Tamai et al., 1998; Yamagishi a Ogata, 1999). Jak bylo
u mezidruhového hybridu pfedpokladano, byly u S. pastorianus na-
lezeny dva rozdilné ortology u témér vSech testovanych gend. Jed-
notlivé geny spodnich kvasinek byly skute¢né velmi podobné bud
genim S. cerevisiae nebo S. bayanus (Borsting et al., 1997; Casare-
gola et al., 2001; Fuijii et al., 1996; Hansen Jorgen et al., 1994; Han-
sen Joergen a Kielland-Brandt, 1994; Kodama et al., 2001; Tamai et
al., 2000; Yamagishi a Ogata, 1999). Pfitomnost dvou typl genomu
ve spodnich kvasinkach byla téz potvrzena analyzou proteomu (Jou-
bert et al., 2000) a metodou RAPD — random amplified polymorphic
DNA (Fernandez-Espinar et al., 2003). Pfitomnost genomu druhu
S. bayanus, ktery je znam svou vyS$Si toleranci k chladu nez druh S.
cerevisiae, mohla vést ke schopnosti druhu S. pastorianus kvasit pfi
nizkych teplotach (Saerens et al., 2010).

Kromé toho mohou nékteré izolaty spodnich kvasinek obsahovat
i rizné kombinace genomu druhd blizce pfibuznych skupiné S. cere-
visiae sensu stricto a nemusi se nutné jednat pouze o S. cerevisiae
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1 INTRODUCTION

Brewing yeasts are divided into two groups: top-fermenting yeasts,
used for producing ale, and bottom-fermenting yeasts, used for
producing lager beer. Both of them belong to the genus Saccharo-
myces. However, ale and lager yeast strains have different physi-
ological and genetic properties, suggesting that they belong to two
different Saccharomyces species. Top-fermenting yeasts are closely
related to Saccharomyces cerevisiae, while lager strains form a het-
erogeneous species and are one of the best examples of natural
hybrid yeasts (Saerens et al., 2010).

Because of its difference from the ale yeast strains, Hansen named
the bottom-fermenting yeast Saccharomyces carlsbergensis (Saer-
ens et al., 2010). The lager brewer's yeast was later included into
the species Saccharomyces pastorianus (Martini and Martini, 1987).
Studies based on DNA-DNA hybridisation showed that S. pastori-
anus has two types of chromosomes, named S. cerevisiae-type and
S. bayanus-type (Tamai et al., 1998; Yamagishi and Ogata, 1999). As
expected in an interspecies hybrid, two divergent orthologous genes
were found in S. pastorianus for almost all genes tested. In fact, lager
brewer's yeast genes were very similar to either the corresponding
S. cerevisiae or S. bayanus genes (Borsting et al., 1997; Casaregola
et al., 2001; Fujii et al., 1996; Hansen Jorgen et al., 1994; Hansen
Joergen and Kielland-Brandt, 1994; Kodama et al., 2001; Tamai et
al., 2000; Yamagishi and Ogata, 1999). The presence of two genome
types in lager brewer’s strains was also confirmed by proteome anal-
ysis (Joubert et al., 2000) and random amplified polymorphic DNA
PCR (Fernandez-Espinar et al., 2003). The presence of the genome
of S. bayanus, which is known to be more cold-tolerant than S. cerevi-
siae, may have led to the ability of S. pastorianus to carry out fermen-
tations at low temperatures (Saerens et al., 2010).

Furthermore, it was shown that different lager brewer’s yeast iso-
lates can contain different combinations of the genomes of closely
related S. cerevisiae sensu stricto species, not exclusively restricted
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Obr. 1 Genomovy sekvenator FLX / Fig.1 Genome sequencer FLX

nebo S. bayanus (Rainieri et al., 2006). V souc¢asnosti se predpokla-
da, Ze ke vzniku druhu S. pastorianus byly zapotfebi alespor dvé
hybridizace a Ze existuji nejméné dva nezavislé plvody tohoto druhu
(Dunn and Sherlock, 2008). Genomy jednotlivych spodnich kmen(
jsou tedy rozliénymi kombinacemi genomu rdznych druh(i kvasinek
(zejména S. cerevisiae a S. bayanus). Dusledkem jsou rozdily mezi
vlastnostmi a schopnostmi jednotlivych kmend, pfiéemz konkrétni ge-
notyp zavisi na plvodu kmene. Konkrétni kmeny a jejich vlastnosti
pak Ize pfifadit k uréitym pivovarim nebo lokalité a kazdy kmen je
definovan charakteristickym uspofadanim genomu, poctem jeho ko-
pii, ploiditou a sekvenénimi polymorfismy (Dunn and Sherlock, 2008).

Vysledky sekvenace genomu kmenu spodni pivovarské kvasinky
Weihenstephan 34/70 ukazuji, Ze po hybridizaci genomu S. cerevisi-
ae a S. bayanus do$lo mezi témito genomy k osmi chromozomalnim
translokacim. U vétSiny translokaci se jednalo o nereciproké rekom-
binace. Pocet chromozom( se v dlsledku zvysil z plvodnich 16 na
36 (Nakao et al., 2009).

Mezi svrchni pivovarské kvasinky se fadi mnoho druhl rodu Sa-
ccharomyces, vétsina z nich je blizce pfibuzna druhu S. cerevisiae.
Neékteré z nich jsou vSak také hybridni povahy, jak ukazala mole-
kularni charakterizace svrchnich kmen( nalezenych v belgickych
trapistickych pivech, kde 25% testovanych kmen( pravdépodobné
vzniklo hybridizaci S. cerevisiae a S. kudriavzevii (Gonzalez et al.,
2008). Hybridy vznikly minimalné po dvou hybridizacich a nékteré
z hybrid( maji plvod shodny s kmeny vinafskych kvasinek, které
byly pdvodné klasifikovany jako S. cerevisiae. Lze se tedy domnivat,
Ze u ¢asti svrchnich kvasinek v soucasnosti klasifikované jako S.
cerevisiae se mlze téz jednat o hybridy (Querol and Bond, 2009).

Cilem této prace bylo provést sekvenaci genomu isolatu spodni pi-
vovarské kvasinky Saccharomyces pastorianus CCY48 — 91 pomoci
technologie 454 sekvenovani od f. Roche(F. Hoffmann-La Roche
Ltd.) zalozené na pyrosekvenovani.

2 METODIKA

Pro celogenomové sekvenovani se az do roku 2005 vyhradné
pouzivala Sangerova dideoxy technologie (Sanger a Coulson 1975;
Sanger et al. 1977). To se s nastupem masivniho paralelniho sek-
venovani, také nazyvané jako nova generace sekvenovani (NGS),
zménilo. Jednou z prvnich technologii vyuzivajici NGS bylo 454 sek-
venovani od f. Roche (F. Hoffmann-La Roche Ltd.) zaloZzené na py-
rosekvenovani (Shendure et al. 2005). Tato metoda je zalozena na
snimani svételného signalu, ktery je excitovany béhem enzymatické
reakce (obr. 1).

Priprava vzorku gDNA pro sekvenovani na Genomovém sekvena-
toru 454 FLX f. Roche (F. Hoffmann-La Roche Ltd.) je rozloZzena do
nékolika krokU. Pfiprava knihovny gDNA, emulzni PCR (em-PCR)
a samotny sekvenacni béh. Izolat genomické DNA (ds DNA) je nej-
prve nahodné natrhan proudem dusiku pod tlakem 30 psi v nebuli-
zacni zkumavce (obr. 2) po dobu jedné minuty. Tim vznikne smeés
fragmentd o délce 50 bp az 900 bp s hlavnim podilem fragmentu

to S. cerevisiae and S. bayanus (Rainieri et al., 2006). Recent stud-
ies suggest that there were two or more hybridisation events and at
least two independent origins of S. pastorianus strains (Dunn and
Sherlock, 2008). Thus, the genomes of individual industrial lager
strains comprise various combinations of the genomes of vari-
ous yeast strains (mainly S. cerevisiae and S. Bayanus), resulting
in different properties between the lager strains. Each independ-
ent group of lager brewer’s yeast could indeed be correlated with
specific breweries and/or geographic locations and is defined by
characteristic genome rearrangements, copy number variations,
ploidy differences and DNA sequence polymorphisms (Dunn and
Sherlock, 2008).

The results of genomic sequencing of the lager brewer’s yeast
strain Weihenstephan 34/70 suggests that eight chromosomal trans-
locations occurred between the S. cerevisiae- and S. bayanus-type
genomes after the hybridisation event. Most translocations occurred
by non-reciprocal recombination. As a result, the number of chromo-
somes increased from 16 to 36. (Nakao et al., 2009).

Ale yeast strains are comprised of many Saccharomyces species,
most of them closely related to S. cerevisiae. However, some of them
are of a hybrid nature as well, as revealed by molecular characterisa-
tion of ale yeast strains found in Belgian Trappist beers, where 25%
of investigated ale strains seem to have arisen from a hybridisation
event between S. cerevisiae and S. kudriavzevii strains (Gonzalez
et al., 2008). The hybrids originated from at least two hybridisation
events and some of them share their origin with wine hybrid strains,
originally classified as S. cerevisiae. Thus, it can be assumed that
some of the ale strains currently classified as S. cerevisiae may also
represent hybrids (Querol and Bond, 2009).

The aim of this work was to sequence the genome of Saccharo-
myces pastorianus, strain-isolate CCY48 — 91, using 454 sequenc-
ing technology from Roche (F. Hoffmann-La Roche Ltd.), based on
pyrosequencing.

2 METHODS

The Sanger sequencing method was the only method used for
whole genome sequencing until 2005 (Sanger and Coulson, 1975;
Sanger et al., 1977). When massive parallel sequencing, also called
next generation sequencing was developed, data generation and
processing speeds increased dramatically. One of the first com-
mercial companies offering NGS was 454 technology under Roche

Obr.2 Nebulizaéni zkumavka a zpusob fragmentace / Fig. 2 Nebuli-
zation tube and mechanism of fragmentation
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Obr. 3 A, emulzni PCR, vodné enzymaticky bohaté kapénky vytvofi mikroreaktory v olejové fazi; B, obohacovaci kulicka pfed em-PCR pokry-
ta komplementarnimi adaptory a jeden fragment pfed emulzni PCR; C, vysledek po emulzni PCR, kdy obohacovaci kuli¢ka je plna klonalnich
amplikont / Fig.3 A, emPCR, water droplets are created in oil emulsion; B, one droplet before em-PCR with one capture bead and one ssDNA
fragment; C, the same droplet after em-PCR where clones of one fragments were amplified

Obr.4 Simulace pritoku nukleotid(i pfes sekvenaéni desticku / Fig.4
Simulation of flow through Pico Titer Plate (PTP)

v oblasti 450-550 bp. Takto vzniklé fragmenty se enzymaticky po-
moci smési PNK (polynucleic kinase), T4 ligasy, volnych nukleotidl
(dNTPs), zarovnaji na tupé konce a Taq polymerasa pfida A konce,
které se vyuziji pro TA ligaci. Na takto pfipravené fragmenty DNA se
liguje Y adaptor, ktery obsahuje sekvence nezbytné pro 454 sekve-
novani. Y adapter se sklada z klicové sekvence, MID (multiple identi-
fier), FAM adaptor pro pfesnou kvantifikaci a sekvence nezbytna pro
dosednuti sekvenacéniho primeru a vazbu na obohacovaci kuli¢ku.
Po uspésné ligaci se knihovna kvantifikuje pomoci FAM fluoroforu
a fedi se na 107 molekul v 1 pl. Emulzni PCR je pfipravena podle
protokolu Roche. Béhem em-PCR dochazi ke klonalni amplifikaci
kazdého fragmentu gDNA zvlast na obohacovaci kuli€ce. Principem
em-PCR je enzymaticky bohata vodna faze rozmichana v oleji. Ka-
pénky vodné faze vytvari mikro PCR reaktory, ve kterych nasled-
né PCR probiha (Kleppe et al., 1971; Bartlett a Stirling, 2003). Do
kazdého mikroreaktoru pfi pfipravé emulzni PCR putuje pravé jed-
na obohacovaci kulicka a pravé jeden fragment gDNA. Na kulicce,
ktera obsahuje komplementarni adaptory k fragmentu se amplifikuje
DNA v poc¢tu 10-35 milionu kopii (obr. 3). Oleje zbavené obohacova-
ci kulicky se centrifugaci vpravi do sekvenacni PTP desticky (pico
titre plate). Tato sklenéna desticka ma v sobé vyleptanych cca 3 mil
symetrickych jamek. Do kazdé jamky zapadne pouze jedna kulicka
s fragmenty. Béhem sekvenacniho procesu postupné vzdy nasledo-
vané promyvacim krokem néasleduji jednotlivé nukleotidy TACG (obr.
4). Pokud se na prodluzujicim fetézci inkorporuje praveé plujici nuk-
leotid, uvoIni se PPi (pyrofosfat). Ten se vyuzije k tvorbé ATP, které
je nasledné kaskadou reakci spotfebované, kdy v poslednim kroku
je luciferin pfeveden na oxyluciferin a emituje svétlo. Toto svétlo je
pomoci integrované CCD kamery snimané a zaznamenané (obr. 5).
Na zakladé série obrazkll a svételnych zableskl software GS FLX+
vytvofi flowgramy a SFF soubor, ktery obsahuje sekvence typu FAS-
TA vcetné kvality. Tyto sekvence jsou analyzované a skladané zpét
do ucelenych celkt (kontigd a skafoldu).

(F. Hoffmann-La Roche Ltd.). This technology is based on pyrose-
quencing (Shendure et al., 2005) where emitted light is captured by
a CCD camera (Fig. 1).

Sample preparation for 454 GS FLX (F. Hoffmann-La Roche Ltd.)
consists of several steps including library preparation, emulsion PCR
(em-PCR) and sequencing. The first step is fragmentation of gDNA.
Nebulization is carried out inside a nebulization tube for 1 minute
under 30 psi pressure (Fig. 2). After nebulisation, all DNA fragments
are in a size distribution range from 50 bp to 900 bp with a major
peak of 450-550 bp. These fragments are repaired during the frag-
ment end repair procedure (mixture of PNK, T4 ligase, NTPs,) and
A tailing was carried out using Taq polymerase. When fragments are
repaired, a Y adaptor, which is mandatory for 454 sequencing, is
ligated onto both ends. The Y adapter contains key sequences: MID
(which allows multiplexing), FAM (for precise quantification) and the
454 sequence, which is used for binding fragments to enrichments
beads and the site where the sequencing primer is subsequently
located. When the Y adaptor is successfully bound, FAM is used
for quantification and the sample is diluted to 107 fragments in 1 pl.
Em-PCR is carried out via a standard Roche protocol. The principle
of em-PCR is clonal amplification of a DNA fragment in an enzy-
matic water droplet within an oil phase. Water droplets are used as
a PCR reactor for individual clonal PCR amplification (Kleppe et al.,
1971; Bartlett and Stirling, 2003), where one enrichment bead binds
one fragment that is clonally amplified in a final total of 10-35 x106
fragments (Fig. 3). Oil-free enriched beads are mounted on a pico
titer plate (PTP) by centrifugation. There are approximately 3 x106
symmetric wells on the surface. Inside each well could be only one
bead. During the sequencing run the four bases, TACG, flow above
the well (Fig. 4). When a complementary nucleotide is incorporated,
pyrophosphate is released (PPi) and used for ATP synthesis. The
final step in this enzymatic cascade is the transformation of luciferin
to oxyluciferin and light emission (Fig. 5). This light is captured by the
CCD camera. Signal processing followed by data processing pro-
duces a flow diagram and an SFF file. This file is used for de-novo
assembly or reference mapping complete with contigs and scaffolds.

~ I.--.ﬂ"’"

Signal image

TP
Lucilerasa VHM"

Liaht + oxv lucifenin

Obr.5 Princip 454 sekvenaéni technologie / Fig.5 Scheme of the
principle of 454 technology
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3 ZAVER

Genom isolatu spodni pivovarské kvasinky Saccharomyces pasto-
rianus CCY48-91 byl sekvenovan pomoci technologie 454 od firmy
Roche (F. Hoffmann-La Roche Ltd.) zaloZzené na pyrosekvenovani.
Genom byl nahran do databaze Genbank na NCBI (The National
Center for Biotechnology), ktera obsahuje biomedicinské a genomo-
vé informace, pod projektem s pfistupovym &islem PRJNA169496
(dostupné z http://www.ncbi.nim.nih.gov/bioproject/169496). V ram-
ci projektu je zvefejnéna celogenomova assembly na Urovni konti-
gl i pfimo sekvenac¢ni data v ramci databdze SRA (The Sequence
Read Archive).
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3 CONCLUSIONS

The genome of an isolate of bottom brewing yeast strain Saccha-
romyces pastorianus CCY48-91 was sequenced using 454 tech-
nology from Roche (F. Hoffmann-La Roche Ltd.), which is based
on pyrosequencing. The genome was uploaded into the Genbank
database at NCBI (The National Center for Biotechnology), which
contains biomedical and genomic information under project with ac-
cession number PRINA169496 (available from http://www.ncbi.nim.
nih.gov/bioproject/169496). Whole genome assembly to the contig
level was posted as well as raw data under SRA database (The Se-
quence Read Archive).
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