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ABSTRACT

Saccharomyces pastorianus lager-brewing yeasts have descended from natural hybrids of S. cerevisiae and S. eubayanus. Their
alloploidy has undoubtedly contributed to successful domestication and industrial exploitation. To understand the early
events that have led to the predominance of S. pastorianus as lager-brewing yeast, an interspecific hybrid between
S. cerevisiae and S. eubayanus was experimentally constructed. Alloploidy substantially improved the performance of the
S. cerevisiae × S. eubayanus hybrid as compared to either parent regarding two cardinal features of brewing yeasts: tolerance
to low temperature and oligosaccharide utilization. The hybrid’s S. eubayanus subgenome conferred better growth rates and
biomass yields at low temperature, both on glucose and on maltose. Conversely, the ability of the hybrid to consume
maltotriose, which was absent in the S. eubayanus CBS12357 type strain, was inherited from its S. cerevisiae parent. The
S. cerevisiae × S. eubayanus hybrid even outperformed its parents, a phenomenon known as transgression, suggesting that
fast growth at low temperature and oligosaccharide utilization may have been key selective advantages of the natural
hybrids in brewing environments. To enable sequence comparisons of the parental and hybrid strains, the genome of
S. eubayanus CBS12357 type strain (Patagonian isolate) was resequenced, resulting in an improved publicly available
sequence assembly.

Keywords: interspecific hybrid; temperature; maltotriose; genome sequence; Saccharomyces cerevisiae; Saccharomyces
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BACKGROUND

Its relatively simple life cycle and ease of manipulation, com-
bined with the frequent occurrence of natural hybrids, have

made the genus Saccharomyces a paradigm for evolution of eu-
karyotic genomes (Morales and Dujon 2012). Although the seven
species of the Saccharomyces genus (i.e. S. cerevisiae, S. paradoxus,
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S. mikatae, S. kudriavzevii, S. arboricola, S. uvarum and the newly
identified S. eubayanus, Libkind et al. 2011) show significant di-
vergence at the nucleotide-sequence level, they show hardly
any prezygotic barriers and, upon mating, form viable diploids
(Morales and Dujon 2012). This compatibility for sexual repro-
duction explains the rich, reticulate evolution of the Saccha-
romyces genus, andmore particularly that of industrially relevant
species. During reticulate evolution, prolonged local adaptation
of the parents is unlikely to lead to hybrid offspring that have
a competitive advantage in stable environments. However, do-
mestication may have generated new niches that do offer spe-
cific advantages to hybrids (Verhoeven et al. 2011; Abbott et al.
2013).

It is now well established that many natural and commer-
cial wine and cider yeasts are double S. cerevisiae × S. bayanus or
S. cerevisiae × S. kudriavzevii hybrids or even triple S. cerevisiae ×
S. uvarum× S. kudriavzevii hybrids (de Barros et al. 2002; González
et al. 2006; for reviews, seeMorales and Dujon (2012) and Sipiczki
(2008). One of the best-known and most commercially relevant
interspecific hybrids, the lager-brewing yeast S. pastorianus, is
an alloploid hybrid of S. cerevisiae and S. eubayanus (Gibson and
Liti 2014). Saccharomyces pastorianus is a heterogeneous species,
whose alloploidy has undoubtedly contributed to its industrial
exploitation. Two major groups of lager-brewing yeast, the Saaz
and Frohberg lineages (also called hybrid Group 1 and hybrid
Group 2, respectively), have been identified and are proposed
to be derived from two distinct hybridization events between
S. cerevisiae ale strains and S. eubayanus (Dunn and Sherlock 2008;
Libkind et al. 2011). However recent identification of identical
break point reuses (cross-overs resulting in S. cerevisiae–S. eu-
bayanus chimeric chromosomes) in two genes (HSP82 and KEM1)
in both Group 1 and 2 strains would suggest that both lineages
originate from a single hybridization and therefore would share
a common hybrid ancestor (Hewitt et al. 2014). These hybridiza-
tion events occurred centuries ago and the selection pressure
resulting from the brewing environment has triggered exten-
sive genome reorganization, resulting in partial loss of heterozy-
gozity and chromosomal rearrangements (Nakao et al. 2009;
Walther, Hesselbart and Wendland 2014). Lager-yeast genomes
are therefore complex and many aspects of their evolutionary
history remain to be elucidated.

Several ‘artificial’ hybrids have been experimentally con-
structed between S. cerevisiae and various of its Saccharomyces
relatives, either to investigate fundamental aspects of speci-
ation and reproductive isolation (S. cerevisiae × S. paradoxus
hybrid, Greig et al. 2002) or for applied perspectives by cre-
ating hybrids with novel and potentially industrially relevant
properties (Bellon et al. 2011, 2013; Bizaj et al. 2012). More re-
cently, using S. cerevisiae× S. uvarum de novo constructed hybrids,
Piotrowski et al. (2012) demonstrated the value of these interspe-
cific hybrids to unravel the context dependency of genome dy-
namic changes and to bring insight on the evolutionary forces
that have shaped the genome of the modern Saccharomyces hy-
brids. Heterosis (hybrid vigor) of the hybrid offspring in brewing
environment has been ascribed to a beneficial combination be-
tween the cold tolerance of S. eubayanus and the strong fermen-
tativemetabolism of sugars of S. cerevisiae (Gibson and Liti 2014).
The veracity of this hypothesis can be relatively simply investi-
gated by the construction of S. cerevisiae × S. eubayanus hybrids.
Surprisingly, while S. pastorianus is one of the most investigated
and commercially relevant hybrid, hitherto no artificial S. cere-
visiae× S. eubayanus hybrids have been reported in the literature.

In the present study, mass mating was used to construct an
hybrid between a haploid S. cerevisiae strain of the CEN.PK fam-

ily (Entian and Kötter 2007) and a haploid strain derived from
the S. eubayanus type strain CBS12357 (isolated from fruiting
bodies of Cyttaria hariotii growing on Nothofagus trees in Patag-
onia by Libkind et al. (2011)). To enable a detailed analysis of the
S. cerevisiae × S. eubayanus hybrid’s genome, its S. eubayanus par-
ent CBS12357 was resequenced to obtain a high-quality, well-
annotated and publicly available genome sequence. The perfor-
mance of the de novo constructed hybrid was compared to that
of its parents in controlled bioreactor cultures on definedmedia.
Lager-beer production with S. pastorianus is performed under
anaerobiosis at low temperatures (10–15◦C) and with complex
media (i.e. wort) containing mixtures of mono-, di- and trisac-
charides (Gibson et al. 2007; Lodolo et al. 2008). Specific growth
rates and sugar consumption rates of the hybrid and its parents
were therefore investigated over a wide temperature range (8–
35◦C) under strict anaerobiosis. Furthermore, the ability of the
hybrid and its parents to anaerobically consume maltose and
maltotriose was evaluated.

MATERIALS AND METHODS
Strains and maintenance

The yeast strains used in this study are shown in Table 1. Stock
cultures were made by growing strains in 500-mL shake flasks,
containing 100 mL YPD medium at 30◦C and shaken at 200 rpm.
Biomass concentration was evaluated by OD660 measurement,
and fully grown cultureswere supplementedwith 30% (v/v) glyc-
erol, divided in 1 mL aliquots and stored at −80◦C until further
use.

Media

YPD medium contained 10 g L−1 Bacto yeast extract, 20 g L−1

Bacto peptone and 20 gL−1 glucose.
Synthetic medium (SM) contained 3.0 g L−1 KH2PO4, 5.0 g L−1

(NH4)2SO4, 0.5 g L−1 MgSO4 · 7 H2O, 1 mL L−1 trace element so-
lution and 1 mL L−1 vitamin solution (as described in Verduyn
et al. 1990). The pH of SM was set to 6.0 using 2 M KOH. When
glucose was used as sole carbon source, 20 g L−1 of glucose was
added to plates and shake flasks and 25 gL−1 to bioreactors (SM-
Glu). To investigate utilization of wort sugars in shake flasks and
bioreactors, a sugar mixture (dried glucose syrup C∗ plus 01987,
Cargill, Haubourdin, France; sugar content (w/w): glucose 2.5%,
maltose 28.0%,maltotriose 42.0%, higher saccharides 26.4%) was
added to SM to a final total concentration of fermentable sugars
of 20 g L−1 (SM-Mix). For cultivation on plates, media was sup-
plemented with 2% agar. To trigger sporulation, diploid yeast
strains were incubated in sporulation medium (2% potassium
acetate, pH 7.0; Bahalul, Kaneti and Kashi 2010). To select for the
presence of the KanMX gene, G418 was added to SM-Glu plates
at a final concentration of 200 mgL−1. To prevent inactivation of
G418 by acidification of themedium, ammonium sulfate was re-
placed by 2.3 g L−1 urea and 6.6 g L−1 K2SO4 in G418-containing
media. For bioreactor cultures, SM was supplemented with the
anaerobic growth factors ergosterol and Tween 80 (0.01 g L−1 and
0.42 g L−1, respectively; Verduyn et al. 1990) and with 0.15 g L−1 of
antifoam C (Sigma-Aldrich, Zwijndrecht, the Netherlands).

Construction of interspecific hybrid

Stationary phase cells of S. eubayanus CBS12357 grown on YPD
at 30◦C were collected, washed and incubated for 64 h at
30◦C in sporulation medium. Presence of asci was determined
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Table 1. Saccharomyces strains used in this study.

Strain Species Relevant genotype Ploidy Reference

CEN.PK113-7D S. cerevisiae MATa URA3 Haploid Entian and Kötter (2007), Nijkamp
et al. (2012a)

CEN.PK122 S. cerevisiae MATa/MATα URA3/URA3 Diploid Entian and Kötter (2007)
CR85 S. kudriavzevii Unknown Diploid Lopes, Barrio and Querol (2010)
IMK439 S. cerevisiae MATα ura3�::KanMX Haploid Gonzalez-Ramos et al. (2013)
CBS12357 S. eubayanus Unknown Diploid Libkind et al. (2011) CBS∗

CBS1483 S. pastorianus Unknown Aneuploid CBS∗

IMS0408 S. cerevisiae x S. eubayanus MATa/MATα

SeubURA3/Scura3�::KanMX
Diploid This study

∗www.cbs.knaw.nl.

microscopically. A total of 100 μL of this culture was treated
with zymolyase (5 U·mL−1) for 15 min, after which spores were
washed with sterile demineralized water and resuspended in 20
mL YPD medium. To this spore suspension, 100 μL of a mid-
exponential culture of S. cerevisiae IMK439 (ura3::KanMX), grown
in YPD at 30◦C, was added. After incubation for 4 h at 30◦C, in-
terspecific hybridswere selected by streaking on a plate contain-
ing SM-Glu without uracil and with G418. This medium should
only enable growth if both parental genomes are present. Sin-
gle colonies were selected and restreaked three times on selec-
tive plates containing SM-Glu without uracil and with G418, af-
ter which one colony was picked to inoculate a YPD shake flask.
This interspecific hybrid strain was stored as described above
and named IMS0408. Confirmation of its hybrid nature was
performed after three repeated batch cultures at 37◦C (a non-
permissive temperature for S. eubayanus, see ‘results’ section) by
flow cytometry, whole-genome sequencing, chromosome sepa-
ration using contour-clamped homogeneous electric field (CHEF)
electrophoresis and PCR.

DNA content determination by flow cytometry

Samples of culture broth (equivalent to circa 107 cells) were
taken from mid-exponential shake-flask cultures on YPD and
centrifuged (5 min, 4700 × g). The pellet was washed once with
cold phosphate buffer (NaH2PO4 3.3 mM, Na2HPO4 6.7 mM, NaCl
130 mM, EDTA 0.2 mM; Porro, Brambilla and Alberghina 2003),
vortexed briefly, centrifuged again (5 min, 4700 × g) and sus-
pended in 800 μL 70% ethanol while vortexing. After addition
of another 800 μL 70% ethanol, fixed cells were stored at 4◦C un-
til further staining and analysis. Staining of cells with SYTOX R©
Green Nucleic Acid Stain (Invitrogen S7020) was performed as
described (Haase and Reed 2002). Samples were analyzed on a
Cell Lab QuantaTM SC MPL flow cytometer equipped with a 488
nm laser (Beckman Coulter, Woerden, the Netherlands). The flu-
orescence intensity (DNA content) was represented using the
free CyFlogic software (version 1.2.1, C©Perttu Terhu & C©CyFlo
Ltd).

Chromosome separation using CHEF electrophoresis

Agarose plugs containing the DNA of different strains were pre-
pared using the CHEF yeast genomic DNA plugs Kit (Bio-Rad,
Richmond, CA, USA) following manufacturer’s recommenda-
tions and used for CHEF electrophoresis. The plugs were placed
in a 1% megabase agarose gel in TBE buffer (5.4 g trizma base,
2.75 g boric acid, 2 mL of 0.5 M EDTA pH 8.0 and 1 L deminer-
alized water) gel. For chromosome separation, the CHEF-DRIII

pulsed field electrophoresis system (Bio-Rad, Richmond, USA)
was used following the manufacturer’s recommendations. For
size markers, CHEF DNA Size Marker #170-3605 (Bio-Rad) was
used.

Polymerase chain reaction (PCR)

Genomic DNA was extracted using the YeaStarTM Genomic
DNA kit (Zymo Research Corporation, Irvine, CA, USA) fol-
lowing the manufacturer’s recommendations. DNA concentra-
tions were measured on a NanoDrop 2000 spectrophotome-
ter (wavelength 260 nm) (Thermo Scientific, Wilmington, DE,
USA). Multiplex PCR was performed with DreamTaq PCR Mas-
ter Mix (2×) (Thermo Fisher Scientific). Primers specific for
S. cerevisiae (Scer F2: GCGCTTTACATTCAGATCCCG AG and Scer
R2: TAAGTTGGTTGTCAGCAAGATTG) and S. eubayanus (Seub
F3: GTCCCTGTACCAATTTAATATTGCGC and Seub R2: TTTCA-
CATCTCTTAGTCTTTTCCAGACG), as described by Pengelly and
Wheals (2013), were used at a concentration of 300 nM. Cycling
parameters were 94◦C for 2 min, then 35 cycles of 94◦C for 30
s, 55◦C for 30 s and 72◦C for 60 s, followed by a 10 min in-
cubation at 72◦C. A total of 10 μL samples from each reaction
were analyzed by electrophoresis on a 2% (w/v) agarose gel in
0.5× TBE buffer (45 mM Tris-borate pH 8.0 1 mM EDTA), supple-
mentedwith SERVADNA stain G (SERVA Electrophoresis, Heidel-
berg, Germany) for 40 min at 120 V.

Shake-flask experiments

Shake-flask cultures were grown in 500mL flaskswith aworking
volume of 100 mL. Temperature and shaking (200 rpm) were
controlled in an Innova R© 44 incubator shaker (Eppendorf,
Nijmegen, the Netherlands).

Anaerobic batches and sequential batch reactors (SBR)

Batch cultivations were performed in 2-L laboratory bioreac-
tors (Applikon, Schiedam, the Netherlands) with a working
volume of 1 L. The pH was controlled at 5.0 by the auto-
mated addition of 2 M KOH, and the stirrer speed was kept
at 800 rpm. To ensure anaerobic conditions, bioreactors and
medium vessels were continuously sparged with pure nitrogen
(N2) gas at flow rates of 0.7 L min−1 and ca. 7 mL min−1, respec-
tively, and equipped with Norprene tubing (Saint-Gobain Per-
formance Plastics, Courbevoie, France) and Viton O-rings (Eriks,
Alkmaar, the Netherlands). Active temperature regulation was
performed and measured online by connecting a platinum re-
sistance thermometer, placed in a socket in the bioreactor, to an
RE304 low-temperature thermostat (Lauda, Lauda-Königshofen,
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Germany). To evaluate utilization of sugar mixtures by different
yeast strains, batch cultivations were performed using SM-Mix
at 20◦C. Inocula were prepared by growing the individual strains
at 20◦C in shake flasks containing SM-Mix. Each batch experi-
ment was performed in two independent culture replicates.

Anaerobic SBR cultivation was performed as previously de-
scribed (Hebly et al. 2014). To control the transition between suc-
cessive batches, carbon dioxide levels were used to automat-
ically control the emptying and refilling of the reactors. CO2

concentration in the exhaust gas below 0.05% indicated de-
pletion of glucose and triggered the removal of 0.9 L of cul-
ture, leaving ca. 0.1 L of fermentation broth as inoculum for
the subsequent batch. To start a new batch, the reactor vol-
ume was restored to 1 L by automated addition of fresh anaer-
obic medium. Growth was constantly monitored via online CO2

measurements in the off-gas. To evaluate the temperature range
for optimal growth, yeast strains were cultivated in anaerobic
SBRs at various temperatures on SM-Glu. Reactors were inocu-
lated with precultures grown overnight under aerobic environ-
ment in shake flasks containing SM-Glu at 30◦C for S. cerevisiae
CEN.PK122, S. pastorianusCBS1483 and S. cerevisiae× S. eubayanus
IMS0408 and at 24◦C for S. eubayanus CBS12357. Physiology of
the yeast strains was evaluated at temperatures ranging from
8 to 35◦C. A whole temperature range was performed during
each SBR, and each temperature cycle was maintained for two
or three successive batches. To avoid evolution of strains re-
sulting from a continuous selection pressure for high- or low-
temperature tolerance, the sequence of the temperatures was
chosen in such a way that the temperature neither increased
nor decreased for more than three cycles in a row. To check
whether the sequence in which the temperatures were ana-
lyzed affected the experimental outcome, the first and last cy-
cles were performed at the same temperature. Comparison of
the growth phenotype during these two temperature cycles re-
vealed no significant differences in growth rate. The maximum
specific growth rate (μmax) was always calculated from the sec-
ond batch at each temperature and based on continuous CO2

measurements in the off-gas. To investigate the impact of low
temperature on S. cerevisiae CEN.PK122, S. eubayanus CBS12357,
the interspecific hybrid IMS0408 and S. pastorianus, a complete
quantitative physiological characterization at 12 and 30◦C was
performed during the second batch of SBRs.

Analytical methods

Gas analysis, microscopy, analyses of biomass dry weight and
extracellular metabolite concentrations were analyzed as de-
scribed previously (Hebly et al. 2014). CO2 in the off-gas was con-
tinuously monitored with an NGA 2000 analyzer (Rosemount
Analytical, Orrville, OH, USA).

Calculations and statistical analysis of physiological
characteristics

Maximum specific growth rates (μmax), biomass yield on sub-
strate (YX/S in gDW·mmol glucose−1), product yields on substrate
(Yi/S inmmol·mmol glucose−1) and biomass-specific product for-
mation yields (Yi/X in mmol product·gDW−1) were calculated
via linear regression on at least five experimental data points.
Maximum biomass-specific glucose consumption rates (qS

max)
were calculated by dividingμmax byYX/S andmaximumbiomass-
specific production rates were calculated by multiplying Yi/X by
μmax, based on the assumption that growth stoichiometries re-
mained constant in exponential-phase cultures. CO2 yields on

glucose could not be reliably estimated with SBRs due to small
variations in the starting volume of each batch.

The standard error of the mean was calculated following
equation (1):

SEȲiX
=

√
s2YiX,1

+ s2YiX,2

4
(1)

in which the standard deviation (sYiX,j ) was calculated by use
of the Microsoft Excel

TM
linest function (linear regression) on at

least five experimental data points. Statistical significance was
evaluated using an independent two-sample t-test, assuming
unequal variance and equal or unequal sample size (also known
as Welch’s t-test) according to equation (2):

t = ȲiXA − ȲiXB

SȲiX,AB

(2)

in which SȲiX,AB
=

√
(SEȲiXA

)2 + (SEȲiXB
)2.

The degrees of freedom used for significance testing was cal-
culated according to the Welch–Satterthwaite equation (equa-
tion 3; Welch 1947):

df ≈

(
sȲiXA

2

nA
+

sȲiXA

2

nB

)2

sȲiXA

4

nA · dfA +
sȲiXB

4

nB · dfB

(3)

with n being the number of replicas in ȲiX (in our case 2) and dfA
and dfB the degrees of freedom in respectively condition A and
B. Differences with a P-value < 0.05 were considered significant.
Equations (1–3) are specific for the average biomass specific sub-
strate consumption and product formation yields (ȲiX); however,
the samemethodology was applied for comparison of the yields
on substrate(ȲSi).

Whole-genome sequencing and analysis of the
S. eubayanus CBS12357 and of the interspecific hybrid
IMS0408

Genome sequencing was performed using Illumina HiSeq2000
(Illumina, San Diego, CA, USA) at Baseclear (Leiden, the
Netherlands). Genomic DNA of S. eubayanus CBS12357 strain
was isolated using a YeaStar Genomic DNA kit (Zymo Research,
Irvine, CA, USA) and used to obtain a 50-cycle mate pair li-
brary with an 8-kb insert size. For a second library, fragments
of ∼180–200 bp were sequenced paired-end with a read length
of 100 bp. Overlapping read pairs weremerged into single longer
(pseudo)reads, yielding for both libraries over 2200 Mb total se-
quence, corresponding to a ca. 185× coverage. Genome assembly
was performed on the (pseudo)reads library using the GSAssem-
bler 2.6, also known as Newbler (454 Life Sciences/Roche), us-
ing default settings. Mate pair scaffolding was performed on
the assembled contigs using SSPACE (version 2.0, Boetzer et al.
2011) with Bowtie (version 0.12.5, Langmead et al. 2009) as map-
ping tool. Based on the paired link information between the dif-
ferent contigs, the orientation and distance between consecu-
tive contigs were determined and the contigs were merged into
scaffolds. Gaps were introduced during scaffolding and repre-
sented by the character N for every base to preserve the distance
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between two placed contigs. Gapfiller (Boetzer and Pirovano
2012) was applied and closed 119 out of 286 gaps, solving 17252
unknown bases. The raw read sequences and the assembled
contigs have been deposited under the BioProject PRJNA264003
at NCBI (http://www.ncbi.nlm.nih.gov/bioproject).

The ratio of heterozygosity was calculated as follows: the se-
quencing reads were first remapped to the assembled scaffolds
using SAMtools (Li et al. 2009). The binary alignment matrix file
(.bam) was subsequently processed using GATK (McKenna et al.
2010). The list of heterozygous positions was filtered to exclude
positions with sequencing coverage lower than 20-fold and with
variation ratio below 0.2. The heterozygosity ratio was calcu-
lated as the density of heterozygous positions over the haploid
genome size (11.9 Mb).

The genomic DNA of the hybrid IMS0408 strain was used to
obtain a 100-cycle paired-end library with an 280-bp insert size
using Illumina HiSeq2000 (Illumina, San Diego, CA, USA). The li-
brary yielded a total of 5.7 Mb pair sequence, corresponding to
ca. 20× coverage. The reads of the hybrid strain IMS0408 were
mapped on to the reference genome sequences of S. cerevisiae
CEN.PK113-7D (accession number: PRJNA52955) and S. eubayanus
CBS12357 using Burrows–Wheeler Aligner algorithm with de-
fault settings (Li and Durbin 2009, 2010). The raw sequence data
of the S. cerevisiae × S. eubayanus hybrid IMS0408 have been de-
posited under the BioProject PRJNA264003 at NCBI. The Mag-
nolya algorithm was used to analyze copy number variation,
using Newbler (454 Life Sciences) for assembly (Nijkamp et al.
2012b).

The sequences of S. pastorianusWS34/70 (PRJNA29791, Nakao
et al. 2009) and of S. eubayanus CDFM21L.1 (PRJNA254367, Bing
et al. 2014) were used for the comparative analysis of the MAL
genes.

RESULTS
Resequencing of S. eubayanus CBS12357

Assembly of the available sequence data of S. eubayanus (Libkind
et al. 2011) resulted in a highly fragmented genome. To enable
and facilitate analysis of the genome sequence of constructed
S. cerevisiae × S. eubayanus hybrids, an improved sequence as-
sembly of S. eubayanus was necessary. Two different libraries
were prepared and sequenced using Illumina technology. The
first sequence data set was a 100-cycle paired-end library with
an expected insert size of 180 bp. The overlapping read pairs data
were merged into 3 293 656 single longer ‘pseudo’ reads of 143
± 20.5 bp, which represented a total sequence length of 471 Mb.
These were subsequently assembled into 372 contigs with a size
of 500 bp or longer, resulting in a total sequence of 11.49 Mb
(Table 2). In a second assembly step, the 50-cycle mate pair li-
brary (17 521 927 pairs) with a 8-kb insert size, representing 1.75
Gb of sequence information, was used to further structure the
S. eubayanus CBS12357 strain genome sequence. Scaffolding en-
abled a reduction of the number of contigs from 372 to 76 (Ta-
ble 2), which led to a slightly larger haploid genome size of 11.9
Mb, sequenced with a coverage depth of 185-fold. The obtained
scaffolded genome sequence was annotated using the MAKER2
pipeline (Holt and Yandell 2011) resulting in the annotation of
5238 ORFs.

As the S. eubayanus CBS12357 strain sequenced in this study
should be identical to the strain sequenced by Libkind and co-
workers, we verified that the original sequencing data (Short
Read Archive SRP006155 of SRA030851) could be mapped on
the resequenced assembly. 98% of the original reads perfectly

Table 2. Genome-sequencing statistics for libraries, assembly, scaf-
folding of S. eubayanus CBS12357.

Assembly

Number of contigs (≥500 bp) 372
Avg contig size (kbp) 30.9
N50 (kbp) 94.1
Largest contig (kbp) 463.9
Total sequence (Mb) 11.5
Scaffolding and gapfilling
Number of scaffolds (≥500 bp) 76
Avg scaffold size (kbp) 156.7
N50 (kbp) 730.2
Largest scaffold (Mb) 1.3
Genome size (Mb) 11.9∗

∗Of which 393002 N’s in 167 gaps.

mapped (no mismatch, no gap allowed) onto the resequenced
genome, thereby confirming strain identity. Relative to S. cere-
visiae, S. eubayanus harbors reciprocal translocations between
chromosomes VIII and XV, and between chromosomes II and
IV, probably due to ectopic recombinations between duplicated
RPL2A and RPL2B genes and TY LTR elements, respectively (Fis-
cher et al. 2000). Alignment of the S. eubayanus scaffolds on the
S. cerevisiae chromosome template confirmed these occurrences
in the S. eubayanus CBS12357 genome (Fig. 1A).

S. eubayanus CBS12357 is polyploid, as shown by its ability to
sporulate (data not shown and Libkind et al. 2011). Flow cytom-
etry showed a DNA pattern compatible with diploidy (Fig. 1B),
but was not sensitive enough to rule out aneuploidy for one or a
few chromosomes. However, copy number estimation of contigs
assembled from sequencing data (Nijkamp et al. 2012b) revealed
a constant ploidy for all chromosomes (Fig. 1C). Taken together,
these data demonstrate that S. eubayanus CBS12357 is a strict
diploid.

The genome assembly of S. eubayanus CBS12357 resulted log-
ically in the reconstruction of a haploid genome which however
gives only a partial representation of its diploid nature. To get
a better overview of the difference between the gene alleles,
the heterozygosity ratio was estimated. The analysis revealed
246 heterozygous positions exclusively found in upstream and
downstream regions of 121 genes (Table S1, Supporting Infor-
mation). Therefore, this corresponds to a very low heterozygos-
ity ratio of 0.0021%, value very similar to the ratio of 0.0039%
reported for the S. eubayanus strain CDFM21L.1 (Bing et al. 2014).

Construction of a S. cerevisiae × S. eubayanus hybrid,
IMS0408

Interspecific hybrids between S. cerevisiae and S. eubayanus were
constructed from haploid parents. While Saccharomyces strains
of the CEN.PK family are heterothallic, it is yet unknownwhether
S. eubayanus CBS12357 is homo- or heterothallic and therefore
whether pure lines of haploid mating types a and α can be ob-
tained. To simplify and accelerate the construction of hybrids,
a ‘mass mating’ strategy (Hawthorne and Philippsen 1994; Sato
et al. 2002; Antunovics et al. 2005) between S. cerevisiae hap-
loid vegetative cells and S. eubayanus spores was undertaken
(Fig. 2A). True hybrids were selected based on their uracil pro-
totrophy and G418 resistance, contributed by the S. eubayanus
and S. cerevisiae parents, respectively (Fig. 2A). While hybridiza-
tion can lead to genetic and phenotypic variation between off-
spring from identical parents, the diploid S. eubayanus parent, as
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Figure 1.Chromosomal architecture of S. eubayanusCBS12357. (A)Circos plot rep-
resentation of the sequencing data reveal that, when compared to S. cerevisiae

(blue), S. eubayanus (red) harbours reciprocal translocations between chromo-
somes VIII and XV, and II and IV. (B) DNA content measured by flow cytometic

analysis of haploid S. cerevisiae IMK439 (red); diploid S cerevisiae CEN.PK122
(green) and S. eubayanusCBS12357 (blue). (C) de novo copy number detection using
Magnolya (Nijkamp et al. 2012b). The black bars represent the distribution of read
counts per assembled contigs. Read counts have been normalized for visualiza-

tion purposes to a contig length of 1000 bp. Copy numbers (CN) of the contigs
were estimated using the poisson mixture model (PMM) algorithm in Magnolya.
The PMM was fitted on the contigs and plotted as colored lines. The first peak
(red line) represents 98% of the assembly showing a constant ploidy. The remain-

ing 2% encompasses redundant sequences (transposons, paralogous genes) that
were artificially merged by the assembler into single contigs, resulting in small
peaks with large CN (yellow, blue lines).

shown in the previous section, has a very low heterozygosity ra-
tio, and phenotypic variations between the constructed S. cere-
visiae × S. eubayanus hybrids are thus not expected to be sub-
stantial. Therefore, a single interspecific hybrid between S. cere-
visiae and S. eubayanus, named IMS0408, was chosen for further
analysis. To ensure that the population obtainedwas solely com-
posed of the hybrid and was not a mixed population of S. cere-
visiae and S. eubayanus haploid strains, IMS0408 was grown in
three sequential batches at 37◦C which, as will be described be-
low, is a non-permissive temperature for S. eubayanus. Culture
purity was verified by multiplex PCR (Fig. 2B) and flow cytome-
try analysis of the DNA content of IMS0408 was consistent with
diploidy (Fig. 2C). Finally, karyotype analysis by CHEF showed
that all chromosomes of the parental strains were present in the
hybrid IMS0408 (Fig. 2D).

The genome of the hybrid strain IMS0408 was sequenced us-
ing Illumina technology as described above for S. eubayanus. A
280-bp insert size library was then sequenced to generate a 100-
cycle paired-end dataset, representing a total sequence amount
of 600 Mb. The paired-end data were mapped on the reference
genomes of the parental strains S. cerevisiae CEN.PK113-7D and
S. eubayanus CBS12357. Out of a total of 5 623 306 reads, 2 692 867
mapped to the CEN.PK113-7D sequence (47.9%) and 2 523 306
(45.6%) reads mapped to the CBS12357 sequence. These results
further confirmed the hybrid nature of the genome of the iso-
late strain IMS0408. In good agreement with the DNA content,
mapping of the sequence of IMS0408 to the reference genomes
of the parental strains showed that both genomes were present
in the same ratio, and therefore that the strain has an allodiploid
genome of 24 Mb (Fig. 2E).

Temperature tolerance of S. cerevisiae, S. eubayanus and
their interspecific hybrid

To evaluate the temperature range for growth of the hybrid
strain and to compare it to that of its parents, quantitative analy-
sis of the physiology of the three strainswas performed in anaer-
obic bioreactor batch cultures at temperatures ranging from 8
to 35◦C. To enable acclimation to each temperature, SBRs were
used (Abbott et al. 2009; Cruz et al. 2012). In SBRs, successive cy-
cles of batch cultivation are performed by automatically empty-
ing near-stationary phase cultures and refilling them with fresh
medium. In each emptying step, a small volume of broth is re-
tained in the bioreactor to serve as inoculum for the subsequent
cycle.

The anaerobic SBR experiments demonstrated that S. eu-
bayanus shares with S. cerevisiae and S. pastorianus the ability to
grow in minimal chemically defined medium in the complete
absence of oxygen (Visser et al. 1990; Bolat et al. 2013). As ex-
pected, S. cerevisiae grew at all tested temperatures, with highest
(0.41 ± 0.01 h−1) and lowest (0.013 ± 0.003 h−1) specific growth
rates at 35◦C and 8◦C, respectively (Fig. 3). As previously de-
scribed (Libkind et al. 2011), S. eubayanus was more cryotolerant
than S. cerevisiae, displaying a significantly (t-test P-value below
0.05) higher growth rate at temperatures below 25◦C (Fig. 3). In
contrast, S. eubayanuswas unable to grow at 35◦C and showed its
highest specific growth rate of 0.28 ± 0.005 h−1 at a temperature
of 30◦C, which was 22% lower than the growth rate of S. cere-
visiae at that temperature. Not only did the interspecific hybrid
IMS0408 acquire the growth characteristics of the best perform-
ing parent for most temperatures, but it even outperformed the
best parent for temperatures ranging from 20 to 30◦C. IMS0408
was able to grow at 35◦C, albeit with a 22% lower specific growth
rate than S. cerevisiae (Fig. 3).
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Figure 2. Construction and validation of the S. cerevisiae × S. eubayanus interspecific hybrid IMS0408. (A) Strategy for the construction of interspecific hybrids between

S. cerevisiae IMK439 (ura3�::KanMX) and S. eubayanus CBS12357 (SeubURA3). (B) PCR confirmation of the presence of S. eubayanus and S. cerevisiae marker genes in
IMS0408. Lane 1: S. cerevisiae’s specific primers. Lane 2: S. eubayanus’ specific primers. Lane 3: multiplex PCR with primers specific for both parents. L: GeneRuler 50
bp DNA Ladder. (C) Ploidy assessment of the interspecific hybrid IMS0408. DNA content measured by flow cytometric analysis of S. cerevisiae IMK439, haploid (red);
S. eubayanus CBS12357, diploid (blue) and the interspecific hybrid IMS0408 (pink). (D) Karyotyping of IMS0408 and of its parental strains. Chromosomes (Chr) numbers

and sizes in kbp are shown and were obtained using S. cerevisiae YNN295 as ladder. (E) Mapping of the genome sequence of IMS0408 to the reference genomes of
S. cerevisiae CEN.PK113-7D and S. eubayanus CBS12357.
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Figure 3. Temperature tolerance of the interspecific hybrid IMS0408 and its par-
ents S. cerevisiae CEN.PK122 and S. eubayanus CBS12357. The maximum spe-

cific growth rate (μmax) of S. cerevisiae CEN.PK122 (filled triangle), S. eubayanus
CBS12357 (filed rhombus) and their interspecific hybrid IMS0408 (filled circle) at
8, 15, 20, 25, 30 and 35◦C was determined in anaerobic SBRs using SM-Glu. μmax

was calculated during the second batch at each temperature from continuous

CO2 measurements in the off-gas. These data represent the average and stan-
dard error of the mean of independent duplicate cultures.

Quantitative physiology of S. eubayanus, S. cerevisiae,
their interspecific hybrid and S. pastorianus grown at
high and low temperatures

A quantitative physiological characterization was performed at
low and high temperature in anaerobic SBRs. For these exper-
iments, the high temperature was set at 30◦C, as S. eubayanus
cannot grow at 35◦C (Fig. 3). The low temperaturewas set to 12◦C,
which is a relevant temperature for brewing (typical tempera-
ture range between 10 and 15◦C) at which all strains still grew
relatively well (around 0.05 h−1).

Comparison of the parental strains revealed that despite the
substantial lower specific growth rate of S. eubayanus as com-
pared to S. cerevisiae at 30◦C, the overall physiology of the two
strains was very similar (Table 3, Table S2, Supporting Informa-
tion). Indeed, while some differences were observed in the spe-
cific production rates and yields of minor fermentation prod-
ucts (i.e. pyruvate, lactate and acetate), the biomass, ethanol and
glycerol yields were very similar for the two parents (less than
2% difference between strains). Conversely, cultivation at 12◦C
revealed marked differences. Not only did S. eubayanus grow
twice as fast as S. cerevisiae at this temperature but it also dis-
played a 46%higher biomass yield on glucose.While the biomass
yield on glucose of S. cerevisiae at 12◦C was approximately 50%
lower than at 30◦C, the biomass yield of S. eubayanus was re-
markably unaffected by low temperature. The different response
to temperature of the two parental strains was also apparent
in the production rates and yields of minor fermentation by-
products (Table 3, Table S2, Supporting Information). In partic-
ular, the glycerol yield on glucose which, in S. cerevisiae was
similar at 12◦C than at 30◦C (t-test P-value above 0.05), was tem-
perature dependent in S. eubayanus and lower at 12◦C than at
30◦C (12% lower, t-test P-value below 0.05).

Correspondence of the physiology of the IMS0408 hybrid
to each of its parents was temperature dependent. At 30◦C,
where the major difference between the parents resided in
specific growth rate, and consequently in overall specific con-
sumption and production rates, IMS0408 grew and metabo- Ta
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lized glucose at rates similar to that of its S. cerevisiae parent
(Table 3, Table S2, Supporting Information). Conversely, at 12◦C,
IMS0408 displayed growth characteristics (i.e. specific growth
rate and biomass yield) that were similar to that of its S. eu-
bayanus parent. Still, at 12◦C, the S. cerevisiae ancestry was visible
through the fermentation by-products, whose production yields
were either close to those observed in S. cerevisiae cultures or in-
termediate between the two parents (Table 3).

To investigate how the growth characteristics of the artifi-
cial hybrid compared to that of a lager-brewing yeast, S. pas-
torianus CBS1483 was grown under the same conditions as the
other three Saccharomyces strains. At 30◦C, this S. pastorianus
strain grew at a specific rate comparable to that of S. eubayanus
and displayed biomass and product yields similar to that of
both S. cerevisiae and S. eubayanus. Although S. pastorianus has
been described as cryotolerant (Gibson et al. 2013), at 12◦C, this
S. pastorianus strain grew significantly slower than S. eubayanus
and at a rate that was similar to that of S. cerevisiae (Table 3).
However, as observed for S. eubayanus and IMS0408, its biomass
yield at 12◦C was significantly higher than that of S. cerevisiae
(Table 3). Regarding fermentation by-products, S. pastorianus
displayed a slightly different pattern than the other strains
(Table 3). As observed in S. eubayanus, the glycerol yield on glu-
cose was temperature dependent andwas substantially lower at
12◦C than at 30◦C.

The ability of the S. cerevisiae × S. eubayanus hybrid
IMS0408 to consume maltotriose is inherited from
its S. cerevisiae parent

The oligosaccharides maltose and maltotriose are the major
carbon sources in wort (Hough et al. 1982). S. cerevisiae, S. eu-
bayanus and S. pastorianus can all utilize maltose as carbon
source (Lagunas 1993; Libkind et al. 2011; Gibson and Liti 2014).
However, while S. cerevisiae and S. pastorianus are known to con-
sume maltotriose, the ability of S. eubayanus to consume this

trisaccharide is still a matter of debate (Vidgren, Ruohonen and
Londesborough 2005; Vidgren and Londesborough 2012;
Cousseau et al. 2013; Gibson et al. 2013). When grown at 20◦C
in anaerobic batch cultures on mixtures of glucose, maltose
and maltotriose all three Saccharomyces species, as well as the
interspecific hybrid, consumed maltose (Fig. 4). As expected,
both S. cerevisiae and S. pastorianus consumed all three sugars.
In contrast, S. eubayanus did not utilize the maltotriose present
in the culture medium and its growth ceased upon depletion of
glucose and maltose. The remarkable observation that glucose
was not strictly preferred over maltose and maltotriose in these
cultures is probably related to the precultivation of the in-
oculum, which was grown on the same sugar mixture. While
S. pastorianus consumed all available maltotriose, S. cerevisiae
left ca. 0.3 g L−1 of maltotriose in the medium at the end of the
experiment, suggesting a lower affinity for this sugar. S. eu-
bayanus grew significantly faster (P-value below 0.05) onmaltose
than S. cerevisiae and S. pastorianus (μmax of 0.118±0.004 h−1,
0.071±0.000 h−1 and 0.085 ± 0.001 h−1, respectively). It is note-
worthy that the difference in growth rate between S. cerevisiae
and S. eubayanus was substantially more pronounced during
growth on maltose than during growth on glucose. Indeed, at
20◦C, S. eubayanus grew ca. 20% and 66% faster on glucose and
maltose than S. cerevisiae, respectively (Figs 3 and 4).

In the S. cerevisiae × S. eubayanus interspecific hybrid, the
inability of S. eubayanus to consume maltotriose was compen-
sated by the acquisition of the S. cerevisiae genome, as indicated
by fast consumption of maltotriose by IMS0408 (Fig. 4). How-
ever, as observed for its S. cerevisiae parent, IMS0408 did not fully
consume maltotriose but left a low concentration at the end of
growth. From its S. eubayanus parent, the S. cerevisiae × S. eu-
bayanus interspecific hybrid inherited the ability to grow more
rapidly onmaltose at 20◦C. As observed for S. eubayanus, IMS0408
grew substantially faster than S. cerevisiae (μmax of 0.124 ± 0.001
h−1 and 0.071 ± 0.000 h−1 respectively), resulting in shorter fer-
mentation times (approximately 10 hours shorter). Interestingly,

Figure 4. Oligosaccharides utilization by the S. cerevisiae × S. eubayanus hybrid IMS0408, S. cerevisiae CEN.PK122, S. eubayanus CBS12357 and the lager-brewing strain
S. pastorianus CBS1483 in anaerobic batch at 20◦C. The top graphs represent the concentration of maltotriose (squares), maltose (circles) and glucose (triangles). The
bottom graphs represent the biomass density (squares), the% CO2 in the off-gas (continuous line) and the ethanol concentration (circles). A single representative batch

cultivation is shown for each strain. Duplicate experiments yielded the same results (Fig. S1, Supporting Information). Indicated specific growth rates (μmax) were
calculated from duplicate experiments based on OD measurements in early exponential phase while maltose was the major consumed carbon source. The average
and standard error of the mean are reported.
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the S. cerevisiae × S. eubayanus hybrid showed a pronounced di-
auxic utilization ofmaltose andmaltotriose, reflected in the CO2

profile (Fig. 4, two peaks), that was not observed in S. cerevisiae,
which co-consumed these two sugars. This diauxic sugar uti-
lization was also observed in S. pastorianus. The different final
biomass concentrations in cultures of IMS0408 and S. cerevisiae
grown on sugarmixtures (Fig. 4) were consistent with the higher
biomass yield of the hybrid observed at low temperature on
SM-Glu (Table 3).

DISCUSSION
An improved genome sequence of S. eubayanus
CBS12357

The original genome sequence data of S. eubayanus consist of
a single library of 36-nucleotide reads. These reads have not
previously been de novo assembled, but only mapped on ref-
erence genome sequences (Libkind et al. 2011). Assembly of
this original data set using IDBA (Iterative De Bruijn graph de
novo Assembler; http://i.cs.hku.hk/˜alse/hkubrg/projects/idba/),
an assembler compatible with very short reads, produced
14418 contigs, resulting in a highly fragmented genome. This
rendered the interpretation and the subsequent utilization
extremely difficult. Since these sequence data were obtained,
major improvements in next-generation sequencing method-
ologies have enabled increased sequence read length. Addition-
ally, the combination of a paired-end library with short insert
size, which enabled collapsing paired reads into longer contin-
uous sequences, and a mate-paired library with long (8-kb) in-
sert sizes enabled a new, de novo assembly of the S. eubayanus
genome. This genome presents a vastly greater long-range con-
tinuity and fewer gaps than the previously available genome
sequence (Table 1) allowing identification of key genes such as
maltose transporter genes (discussed below). Despite clear im-
provements, the number of annotated genes is probably still
significantly underestimated because the use of short-read se-
quences did not allow full assembly of most repeated sequences
in the S. eubayanus genome. This notwithstanding, availabil-
ity of the raw data and the structured, annotated sequence
of S. eubayanus CBS12357 should benefit the yeast research
community.

Physiological evidence of cold adaptation of
S. eubayanus

Temperature has been implicated as a key environmental factor
in the speciation of the Saccharomyces genus, with the different
temperature optima of the seven Saccharomyces species enabling
their co-existence in specific ecological niches (Sampaio and
Gonçalves 2008; Gonçalves et al. 2011; Salvado et al. 2011). S. cere-
visiae, the most ‘thermotolerant’ species of the genus, has max-
imum and optimum growth temperatures of ca. 41◦C and 33◦C,
respectively, in aerobic cultures (Postmus et al. 2011). The present
study shows that this temperature range is similar in anaero-
bic cultures. The scarcely characterized species S. eubayanuswas
first isolated from Nothofagus trees and their surrounding envi-
ronment (Libkind et al. 2011). The present study demonstrates
that, similar to other Saccharomyces species (Merico et al. 2007),
S. eubayanus is capable of anaerobic growth in chemically de-
fined minimal medium. Moreover, its previously reported abil-
ity to grow faster than S. cerevisiae at low temperatures (Libkind
et al. 2011) was shown to be oxygen independent. Remarkably,
at low temperature S. eubayanus grew even faster than S. kudri-

avzevii (Fig. S2, Supporting Information), previously considered
to be the most cold tolerant Saccharomyces species (Goncalves
et al. 2011; Salvado et al. 2011). Saccharomyces eubayanusCBS12357
did not only grow faster than S. cerevisiae at temperatures
below 25◦C but it also exhibited a higher biomass yield on
glucose at low temperature (Table 3). While this observation
supports the notion that S. eubayanus has adapted to cold en-
vironments, the present study does not allow conclusions on
the molecular basis for its higher biomass yield. Future stud-
ies on this characteristic should in particular focus on pos-
sible differences in biomass composition and, in particular,
membrane composition of these two Saccharomyces species.
Differences in membrane composition could result in different
rates of ion diffusion across cellular membranes and thereby
affect maintenance energy requirements (Verduyn et al. 1991).
In this respect, it is interesting to note that cold-adapted S. ku-
driavzevii was found to have a different lipid composition than
S. cerevisiae (Tronchoni et al. 2012; López-Malo et al. 2013). The
production of glycerol, known cryoprotectant in S. cerevisiae
(Hayashi andMaeda 2006; Panadero et al. 2006; Aguilera, Randez-
Gil and Prieto 2007; Tulha et al. 2010), has previously been
proposed to contribute to the cold tolerance of S. kudriavzevii
(Hayashi andMaeda 2006; Panadero et al. 2006; Aguilera, Randez-
Gil and Prieto 2007; Gonzalez et al. 2007; Arroyo-Lopez et al. 2010;
Tulha et al. 2010). However, S. eubayanus produced less glycerol
at low temperature (Table 3), suggesting that glycerol produc-
tion does not play an important role in this species. The lower
glycerol production and higher biomass yield at low tempera-
ture of S. eubayanus as compared to S. cerevisiae were shared by
S. pastorianus.

While the present data are not sufficient to identify the un-
derlying mechanisms that govern the physiological differences
between the Saccharomyces species at different temperatures,
the improved S. eubayanus sequence and the availability of the
S. cerevisiae × S. eubayanus hybrid should in the future contribute
to deciphering the multifactorial and poorly understood molec-
ular basis of cold tolerance.

On the origin of maltotriose assimilation in
lager-brewing strains

MAL11/AGT1 has been proposed to encode the transporter re-
sponsible for maltotriose uptake in S. cerevisiae (Han et al. 1995).
The identification in lager-brewing strains of a frame shift lead-
ing to an early stop codon and a non-functional S. cerevisiae al-
lele of MAL11/AGT1 have led to the conclusion that the ability
of S. pastorianus to utilize maltotriose was not inherited from
S. cerevisiae but from the S. eubayanus ancestor (Vidgren, Ruoho-
nen and Londesborough 2005; Vidgren and Londesborough 2012;
Cousseau et al. 2013). The results reported in the present study
are consistent with a recent report (Gibson et al. 2013) contra-
dicting this in silico based hypothesis. A close inspection of the
de novo assembled and annotated S. eubayanus genome sequence
identified three MAL loci, on scaffolds 4, 7 and 12. All three MAL
genes exhibited higher similarity toMAL31 than toMAL11/AGT1
(Fig. 5), consistent with the absence of functional maltotriose
transporters in S. eubayanus CBS12357.While our results suggest
that the S. cerevisiae subgenome, and not S. eubayanus, conferred
the ability to consumemaltotriose to S. pastorianus, several other
possibilities have to be considered. Firstly, recent sequencing
of S. pastorianus strains has revealed the genome complexity of
lager-brewing yeasts in which variation and increase in chromo-
some copy number, a recurrent feature in these strains, has al-
tered gene copy number. Gene duplication is known to promote
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Figure 5. Topographic phylogenetic tree of annotated S. cerevisiae and S. eu-

bayanus MALX1 genes calculated by the neighbour-joining method. Assembled

S. eubayanus scaffold 4, 7 and 12 were aligned to the S288C reference sequences
of MAL31/YBR298C and MAL11/YGR2289C.

allelic variation (Conant and Wolfe 2008) and may have led to
the concurrent expression of proteins with properties different
from that of the original alleles inherited from the S. cerevisiae
and S. eubayanus ancestors. It is therefore very well possible that
S. pastorianus harbors ScAGT1 functional alleles. Secondly, the
high-sequence homology between the genomes of S. eubayanus
CBS12357 and the S. eubayanus subgenome in S. pastorianus is not
sufficient to conclude that this Patagonian S. eubayanus isolate
is a direct ancestor of current S. pastorianus strains. As recently
demonstrated (Bing et al. 2014; Peris et al. 2014), S. eubayanus
occurs on several continents (i.e. Asia, North and South Amer-
ica). Biodiversitywithin the S. eubayanus species can therefore be

expected, and, contrary to the Patagonian isolate, the original
S. eubayanus parent of S. pastorianus may have carried a differ-
ent set ofMALx1 genes, enablingmaltotriose utilization. Indeed,
analysis of the highly fragmented genome sequence of the re-
cently identified Tibetan S. eubayanus isolate (Bing et al. 2014)
identified six very short contigs (<200 bp) that exhibited bet-
ter similarity with MAL11/AGT1 than with MAL31 (Fig. 6). Out
of these six contigs, five completely aligned on theMAL11/AGT1
nucleotide sequence. 87% of the 106 last nucleotides of the re-
maining contig (contig11620, 148 bp) could be perfectly aligned
to the MAL11/AGT1 sequence, while the first 42 bases showed
poor similarity (16%) with the reference sequence, suggesting
that S. eubayanus MAL11/AGT1 might present structural differ-
ences. Additionally, alignment of these short S. eubayanus con-
tigs to the S. pastorianus Weihenstephan 34/70 contig (WS-14.3)
containing the putative SeubAGT1 allele [LBYG13187] showed
a near-perfect identity (Fig. 6). Out of the six Tibetan S. eu-
bayanus contigs, three (contig11221, contig12974, contig12425)
were identical to SeubAGT1Weihenstephan allele (Fig. 6). As pro-
posed by Bing and co-workers, the Tibetan S. eubayanus is more
closely related to S. pastorianus’ ancestor than the strain isolated
from Patagonia. The ability of newly isolated American strains
and of the Tibetan strains to grow on maltotriose is hitherto

Figure 6. Alignment to AGT1/MAL11 from S. cerevisiae of contigs from the model lager-brewing strain Weihenstephan 34/70 (Nakao et al. 2009) and from the
Tibetan S. eubayanus strain CDFM21L.1 (Bing et al. 2014). S. cerevisiae AGT1/MAL11: YGR289C, Weihenstephan 34/70: contig WS14.3. (A) CDFM21L.1 contig11530.
(B) CDFM21L.1 contig11221 and contig12974. (C) CDFM21L.1 contig11620 and contig12425. (D) CDFM21L.1 contig12240.
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unknown (Bing et al. 2014; Peris et al. 2014). Further mining of
genomic diversity in the genus Saccharomyces, combined physi-
ological characterization of strains and kinetic characterization
of transporters, is required to resolve the origin of maltotriose
transport in current brewing strains.

S. cerevisiae × S. eubayanus hybrid, a rare example of
best parent heterosis

The hybrid displayed an extended range of growth environ-
ments as compared to its parents. From its S. cerevisiae parent,
the hybrid inherited the ability to grow at 35◦C and to consume
maltotriose, while its S. eubayanus subgenome endowed the hy-
brid with a substantially faster and more efficient growth at
low temperature. At extreme temperatures of 8 and 35◦C, the
hybrid was not able to perform as well as its best parent as
shown by the intermediate growth rate between that of the par-
ents. However, growth at various temperatures revealed a strik-
ing transgression for temperature ranges between 20 and 30◦C at
which the hybrid substantially and significantly outperformed
the best parent. This best parent heterosis was even more pro-
nounced when oligosaccharides were used as carbon source.
Maltose is a dimer of glucose and its utilization requires a trans-
porter and a maltase that will hydrolyze maltose into glucose.
It has recently been shown that S. pastorianus harbors different
MAL11/AGT1 geneswith different temperature sensitivities (Vid-
gren et al. 2014). The maltose transporters of the more cryotoler-
ant S. eubayanusmay similarly perform better than S. cerevisiae’s
transporters at low temperature.

The presented hybrid is just one sample of the genetic and
phenotypic landscape. However, in view of the rare incidence of
best parent heterosis (Timberlake et al. 2011; Zorgo et al. 2012;
Stelkens et al. 2014), it is highly likely that this feature is shared
by S. cerevisiae × S. eubayanus offspring. A surprising aspect of
the reticulate evolution of S. pastorianus is that S. eubayanus has
hitherto not been isolated in Europe, the continent where lager-
brewing yeast first appeared and evolved (Gibson and Liti 2014).
While encounters between S. cerevisiae and S. eubayanus may
have been scarce due to their geographical distribution, the best
parent heterosis of S. cerevisiae × S. eubayanus hybrids may ex-
plain why they have become a predominant brewing yeast. In-
deed, the strong selective advantage of this hybrid in the brew-
ing environment may have been decisive in its colonization of
wort and subsequent domestication.

As could be anticipated, the physiology of the interspecific
hybrid was not identical to that of the lager-brewing yeast,
even if the two strains shared some interesting features. It
would be particularly interesting to investigate the physiol-
ogy of a range of hybrids constructed from different parents,
and more especially from ale S. cerevisiae’s strains and Chi-
nese S. eubayanus isolates, and with different ploidies (tri- and
tetraploids) that may better reflect the genomes of the hybrid
ancestors of themodern lager-brewing yeast. A recent study has
demonstrated the power of directed evolution of interspecific
hybrid to investigate the genomic fate of newly formed inter-
specific hybrids (Piotrowski et al. 2012). Similarly directed evolu-
tion of S. cerevisiae × S. eubayanus hybrids in brewing-like envi-
ronment should prove pivotal in understanding the evolution-
ary path and forces that have shaped the lager-brewing yeast
genome.

As a final remark, it is worth mentioning the recent work
of Krogerus and co-workers that further reinforces our observa-
tions and complements the present study (Krogerus et al., 2015).

SUPPLEMENTARY DATA

Supplementary data is available at FEMSYR online.
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