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Abstract

The lager yeast hybrid (Saccharomyces cerevisiae x Saccharomyces eubayanus) possesses
two key characteristics that are essential for lager brewing: efficient sugar utilization
and cold tolerance. Here we explore the possibility that the lager yeast phenotype
can be recreated by hybridizing S. cerevisiae ale yeast with a number of cold-tolerant
Saccharomyces species including Saccharomyces arboricola, Saccharomyces eubayanus,
Saccharomyces mikatae and Saccharomyces uvarum. Interspecies hybrids performed
better than parental strains in lager brewing conditions (12°C and 12°P wort), with the
S. mikatae hybrid performing as well as the S. eubayanus hybrid. Where the S. cerevisiae
parent was capable of utilizing maltotriose, this trait was inherited by the hybrids.
A greater production of higher alcohols and esters by the hybrids resulted in the produc-
tion of more aromatic beers relative to the parents. Strong fermentation performance
relative to the parents was dependent on ploidy, with polyploid hybrids (3n, 4n)
performing better than diploid hybrids. All hybrids produced 4-vinyl guaiacol, a
smoke/clove aroma generally considered an off flavour in lager beer. This characteristic
could however be eliminated by isolating spore clones from a fertile hybrid of
S. cerevisiae and S. mikatae. The results suggest that S. eubayanus is dispensable when
constructing yeast hybrids that express the typical lager yeast phenotype. © 2017 The
Authors. Yeast published by John Wiley & Sons, Ltd.

Keywords: saccharomyces pastorianus; lager beer; hybridization; cold tolerance;

maltotriose; aroma; phenolic off flavour

Introduction

to its central role in the brewing industry is pre-
sumably due to a fortuitous combination of cir-

Traditionally, lager beers are brewed with Saccha-
romyces pastorianus (Gibson and Liti, 2015). This
bottom-fermenting yeast is an interspecies hybrid
of Saccharomyces cerevisiae and Saccharomyces
eubayanus (Libkind et al., 2011). This hybridiza-
tion presumably occurred in Bavaria during the
fifteenth or sixteenth centuries, coincident with
the rise of low-temperature brewing of lager beer
(Meussdoerffer, 2009). The rise of S. pastorianus

© 2017 The Authors. Yeast published by John Wiley & Sons, Ltd.

cumstance and its superior biological properties:
the ability to efficiently ferment wort sugars,
which has been obtained from a S. cerevisiae
parent, and cold tolerance, which has been
obtained from a S. eubayanus parent (Gibson
et al., 2013). The recent creation of de novo lager
yeast hybrids has revealed that hybrid strains
typically outperform parent strains during wort
fermentation and that these hybrids grow well at
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the lower temperatures associated with lager
brewing (Krogerus et al., 2015; Mertens et al.,
2015). The lager yeasts that are used today in
the brewing industry are closely related and ex-
hibit little genetic or phenotypic diversity (Dunn
and Sherlock, 2008; Okuno et al., 2016). Genetic
and functional diversity could potentially be
increased through the creation of de novo
lager yeast hybrids from diverse lineages in the
Saccharomyces genus, as long as the requisite
characteristics are present.

S. eubayanus is not the only cold tolerant species
in the Saccharomyces genus. Strains of Saccharo-
myces kudriavzevii and Saccharomyces uvarum
are also adept at growing and fermenting at low
temperatures (Gongalves et al., 2011; Gonzélez
et al., 2006; Lépez-Malo et al., 2013; Masneuf-
Pomarede et al., 2010; Paget et al., 2014). These
species are usually associated with wine and cider
fermentation (Naumov et al., 2001; Gonzilez
et al., 2006). Hybrids of these, i.e. S. cerevisiae %
S. kudriavzevii and S. cerevisiae X S. uvarum, have
also been isolated from both brewing and wine-
making environments (Pérez-Torrado et al., 2017;
Sampaio and Gongalves, 2008). As these ‘alterna-
tive” Saccharomyces species are also cold tolerant,
they may be feasible alternatives to S. eubayanus
in the creation of interspecific hybrids for the
purpose of lager brewing. The potential of de novo
interspecific hybrids created from other species in
the Saccharomyces genus (i.e. Saccharomyces
arboricola, S.  kudriavzevii, Saccharomyces
mikatae, Saccharomyces paradoxus or S. uvarum)
for brewing purposes has, to our knowledge, not
been explored. However, their potential in
winemaking conditions has been demonstrated in
recent studies. The use of de novo S. cerevisiae
interspecific hybrids with S. kudriavzevii (Bellon
et al., 2011; Lopandic et al., 2016), S. mikatae
(Bellon et al., 2013), S. paradoxus (Bellon et al.,
2011) and S. wvarum (Bellon et al., 2011,
Lopandic ef al., 2016) has revealed their potential
for increasing aromatic diversity and fermentation
performance.

While cold tolerance probably played an impor-
tant role in the emergence of lager yeast, its
success can also be attributed to its fermentation
properties. These include the efficient use of wort
sugars (mainly maltose and maltotriose) and the
production of desirable aroma compounds (Gibson
and Liti, 2015). To what extent these features are

© 2017 The Authors. Yeast published by John Wiley & Sons, Ltd.
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attributable to the two parent species is not
completely understood. Studies on the maltose
and maltotriose uptake capabilities of the non-S.
cerevisiae species in the Saccharomyces complex
are limited, but in general maltose and particularly
maltotriose use tends to be poor in non-
domesticated strains (Bell et al., 2001; Gallone
et al., 2016). The distribution of sugar transporters
in natural lager yeasts suggests that the majority of
them have been obtained from the S. cerevisiae
parent. While it has been hypothesized that the
maltotriose-transporting Mttl transporter in lager
yeast is derived from the S. eubayanus parent
(Dietvorst et al., 2005; Nakao et al., 2009), recent
studies have found this transporter in S. cerevisiae
strains (Magalhaes et al., 2016; Vidgren, 2010).
Hence, it is possible that the sugar-utilizing ability
of the non-S. cerevisiae parent of de novo lager
yeast hybrids has little effect on the hybrid’s
sugar utilization abilities, as long as the S.
cerevisiae parent is capable of efficient maltose
and maltotriose uptake.

One important feature of lager yeast is their
inability to produce 4-vinyl guaiacol (Mukai
et al., 2014; Richard ef al., 2015). This compound
contributes to so-called phenolic off-flavour (POF)
and is considered undesirable in most beer styles
(Gallone et al., 2016; Gongalves et al., 2016). 4-
Vinyl guaiacol is derived from ferulic acid and is
usually associated with non-domesticated yeasts.
In nature such hydroxycinnamic acid transforma-
tions serve a protective function (Stratford et al.,
2007), but are unlikely to be important for survival
in the brewing environment. The phenotype is
attributed to the action of the adjacent PAD/ and
FDCI genes, and we have found it to be a feature
of the type-strains of all non-S. cerevisiae Saccha-
romyces species, including S. eubayanus. De novo
lager yeast hybrids created in recent studies have
all produced 4-vinyl guaiacol owing to inheritance
of functional PADI and FDCI genes from S.
eubayanus (Krogerus et al., 2015; Mertens et al.,
2015). However, if one of the parent strains con-
tains loss-of-function mutations in either PADI or
FDC1, and the hybrid is also fertile, the phenotype
can be removed through meiotic recombination
and sporulation, as demonstrated by Krogerus
et al. (2017). This suggests that flavour profile
can be manipulated by accentuating positive fla-
vours through strain selection and ploidy control
and eliminating negative flavours through
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sporulation and selection of spore clones expressing
the desired phenotype.

In this study, we explored the possibility of
mating alternative Saccharomyces species with S.
cerevisiae ale strains for the creation of new inter-
species yeast hybrids suitable for lager brewing.
The parents selected included two that have
been associated with fermentation, in either pure
(S. uvarum) or hybrid form (S. eubayanus and S.
uvarum) and two which have never been found in
a fermentation environment or exploited for any
biotechnological application (S. arboricola and S.
mikatae). Fermentation performance in lager
brewing conditions, beer aroma profile and POF
phenotype were assessed for all parents and
hybrids.

Materials and methods

Yeast strains

The purpose of the work was to study the applica-
tion of various interspecific Saccharomyces hy-
brids for lager beer brewing. Two ale strains from
the VTT culture collection were included as parent
strains: VIT-A81062 and VTT-A94132. The ‘al-
ternative’ Saccharomyces species were represented
by their type strains as follows: S. arboricola VTT-
C15952 (CBS 10644), S. eubayanus VTT-
C12902 (CBS 12357), S. mikatae VTT-C15949
(CBS 8839) and S. uvarum VTT-C05774 (CBS
395). The yeast strains used in the study are

Table I. Yeast strains used in the study
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listed in Table 1. Additional information can be
obtained from the VTT Culture Collection
(culturecollection.vtt.fi)

Temperature tolerance

A spot plate test was carried out to test the ability
of the parent strains to grow at low and high tem-
peratures. Strains were initially cultivated as shake
flask cultures for 24 h on liquid YPD medium
(24°C, 120 rpm). The viable cell densities were
determined by propidium iodine staining with
a ChemoMetec NucleoCounter and cells were
spotted on YPD agar plates at concentrations of
1x10%1x10% 1x10% 1 x 10%and 1 x 10* cells
per 5 pL spot. Plates were incubated at 4°C for
25 days and 20 or 37°C for 3 days.

Hybridizations and hybrid confirmation

Prior to hybridization, attempts were made to
isolate ura- and Iys-auxotrophs of all the parent
strains as described previously (Krogerus et al.,
2015) using S-fluoroorotic acid (Boeke et al.,
1987) and a-aminoadipic (Zaret and Sherman,
1985) media, respectively. For hybridization, a
rare-mating technique was used. The parent strains
carrying complementary auxotrophic markers were
grown separately overnight in 25 mL of YPD (1%
yeast extract, 2% peptone, 4% glucose). Aliquots
of 1 mL of cell cultures were pelleted and washed
with sterile deionized H,O. The pellets were
resuspended in sterile, deionized water to a

Code Species Information Ploidy POF Maltotriose fermentation Source
A81062 Saccharomyces cerevisiae  Ale strain 1.99 (x0.20) + + VTT Culture Collection
A94132 S. cerevisiae Ale strain 3.93 (£0.21) — — VTT Culture Collection
CI15952 Saccharomyces arboricola  Type strain (CBS 10644) 1.99 (x0.16) + — VTT Culture Collection
C12902 Saccharomyces eubayanus ~ Type strain (CBS 12357) 1.86 (+0.20) + — VTT Culture Collection
C15949 Saccharomyces mikatae Type strain (CBS 8839) 1.95 (x0.07) + - VTT Culture Collection
C05774 Saccharomyces uvarum Type strain (CBS 395)  2.03 (+0.08) + — VTT Culture Collection
HI S. cerevisiae X S. eubayanus A81062 x C12902 279 (x0.25) + + Krogerus et al. (2015)
JN2 S. cerevisiae x S. arboricola  A81062 x C15952 2.88 (+0.12) + + This study

JN4 S. cerevisiae x S. uvarum  A81062 x C05774 1.95 (0.12) + + This study

JN5 S. cerevisiae X S. uvarum  A81062 x C05774 3.85 (x0.21) + + This study

JNé6 S. cerevisiae x S. mikatae ~ A81062 x C15949 1.93 (x0.09) + + This study

JN7 S. cerevisiae x S. mikatae ~ A81062 x C15949 291 (x0.15) + + This study

JNI10 S. cerevisiae X S. mikatae ~ A94132 x C15949 4.36 (+0.19) + — This study

JNII S. cerevisiae x S. mikatae ~ A94132 x C15949 5.36 (x0.35) + — This study

JNI0/D1 S. cerevisiae x S. mikatae ~ Spore clone of [N10 244 (x0.17) — — This study

© 2017 The Authors. Yeast published by John Wiley & Sons, Ltd.
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concentration of 10 mg of centrifuged yeast mass
per millilitre of H,O, after which 80 pL aliquots
of suspension from both parent strains were spread
directly on an SD agar (0.67% Yeast Nitrogen
Base without amino acids, 2% glucose, 2% agar).
Colonies that emerged were considered potential
hybrids, and these were first transferred to fresh
SD agar, and then to YPD agar. We were unable
to obtain stable auxotrophs of S. arboricola
C12952, and instead utilized its inability to grow
at 37°C for selection. Hybrid JN2 was obtained
essentially as described above, but the wild-type
S. arboricola C12952 and a wra-isolate of S.
cerevisiae A81062 were used as parent strains.
Hybrid selection was performed on SD agar,
which was incubated at 37°C. The hybrid status
of the potential hybrids was confirmed by PCR
amplification using the species-specific primers
described by Muir et al. (2011) and Pengelly and
Wheals (2013).

Meiotic segregants of the interspecific hybrid
JN10 (Sc-A94132 x Sm-C15949) were obtained
by first culturing in YPM medium (1% yeast ex-
tract, 2% peptone, 4% maltose) at 20°C overnight.
The strain was then transferred to pre-sporulation
medium (0.8% yeast extract, 0.3% peptone, 10%
glucose) at a starting OD600 of 0.3 and allowed
to grow for 20 h at 20°C. The yeast was then
washed with 1% potassium acetate and a thick
suspension was plated onto sporulation agar (1%
potassium acetate, 10 mg L' lysine and uracil,
2% agar). The yeast was allowed to sporulate for
7 days at 25°C. Meiotic segregants were obtained
by dissecting tetrad ascospores after treatment with
Zymolyase 100 T (US Biological, USA). Dissec-
tion was carried out on YPD agar with an MSM
400 micromanipulator (Springer, UK). From 64
spores, eight (13%) were found to be viable. Four
of these spores were tested for POF status and
one (JN10/D1) was found to be POF negative
(Table 1).

The ploidy of all the strains used in the study
was estimated by flow cytometry, essentially as
described by Haase and Reed (2002). Cells were
grown overnight in YPD medium (1% yeast ex-
tract, 2% peptone, 2% glucose), and ~1 x 107 cells
were washed with 1 mL of 50 mM citrate buffer.
Cells were then fixed with cold 70% ethanol, and
incubated at room temperature for 1 h. Cells were
then washed with 50 mM citrate buffer (pH 7.2),
resuspended in 50 mM citrate buffer containing

© 2017 The Authors. Yeast published by John Wiley & Sons, Ltd.
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0.25 mg mL~! RNAse A and incubated overnight
at 37°C. A 1 mg mL~! solution of Proteinase K
was then added, and cells were incubated for 1 h
at 50°C. Cells were then stained with SYTOX
Green (2 uM; Life Technologies, USA), and their
DNA content was determined using a FACSAria
IIu cytometer (Becton Dickinson, USA). DNA
contents were estimated by comparing the mean
peak fluorescence intensities with those of S.
cerevisiae haploid (CEN.PK113-1A) and diploid
(CEN.PK) reference strains (set to a ploidy of 1.0
and 2.0, respectively). Measurements were
performed on duplicate independent yeast cultures,
and 100000 events were collected per sample
during flow cytometry. Data was processed with
the ‘flowCore’ package (Hahne et al., 2009) in R,
while mean peak fluorescence intensities were
estimated with the ‘normalmixEM’ function of
the ‘mixtools’ package (Benaglia et al., 2009) in R.

Wort fermentation and sampling

Brewer’s all-malt wort was made at VIT Techni-
cal Research Centre of Finland. Worts (15°P) were
prepared with Espoo city water, collected while
hot (>90°C) and stored at 0°C until use. Before
use, worts were diluted to 12°P by adding
autoclaved city water and aerated to 10 ppm. Wort
contained maltotriose at 13.9 g L', maltose at
55.2 g L1, glucose at 12.1 g L~! and fructose at
4gL1L

For each fermentation, loopfuls of the yeasts
were grown first in 25 mL of YPD at room
temperature on a shaker (120 rpm) for 2 days
before the suspensions as a whole were trans-
ferred to 500 mL of 12°P wort and incubated at
12°C on a shaker (120 rpm) for the next 2 days.
The yeasts were collected and 20% slurries (w/
w) were prepared with the spent wort. Generation
0 (‘GO’) fermentations were conducted with
2 L cylindroconical stainless steel fermenting
vessels imitating industrial brewing conditions.
A pitching rate of 4 g of yeast L™! of wort and
1.5 L of 12°P wort were used for fermentations
for 5-7 days.

For the main fermentation (‘G1’), the yeasts
were once more collected and 20% slurries (w/w)
were prepared. The viable cell densities were
determined as above. Yeast was pitched at a rate
of 1 x 107 cells mL~! of wort in 1.5 L of 12°P
wort. First samples were taken 1 h after pitching

Yeast 2018; 35: 113-127.
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and followed by regular sampling at 1-2 day
intervals. Results are means of two independent
experimental replicates and only values from G1
fermentations are reported.

The density, ethanol concentration and pH of the
samples were determined from the centrifuged and
degassed fermentation samples using an Anton
Paar Density Meter DMA 5000 M with Alcolyzer
Beer ME and pH ME modules (Anton Paar GmbH,
Austria). The yeast pellet of the samples was
washed with deionized H,O, transferred to pre-
weighed porcelain crucibles, dried overnight at
105°C and weighed once more to determine the
dry mass content. Residual sugars and yeast-
derived aroma compounds were measured exactly
as described in Krogerus et al. (2017). The POF
phenotype of the yeast strains was assessed in a
small-scale assay as described in Krogerus et al.
(2017). A 1 mL aliquot of YPM supplemented
with 100 mg L' of trans-ferulic acid was inocu-
lated with a colony of each yeast strain. The
cultures were incubated for 48 h at 25°C. The
POF phenotype was determined sensorially by
examining for the presence (POF+) or absence
(POF—) of the distinct clove-like aroma of 4-vinyl
guaiacol.

Statistical analysis was performed with R (http://
www.r-project.org/) using one-way ANOVA and
Tukey’s test. Heat maps of the concentrations of
yeast-derived flavour compounds in the beers were
generated in R based on z-scores. The z-scores (z)
were calculated as z = (x — w)/o, where x is the
concentration of an aroma compound in a

4°C

108 105 104 103 102 108 105

Figure I.

20°C
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particular beer, u is the mean concentration of that
aroma compound in all beers and ¢ is the standard
deviation of concentration of that aroma com-
pound in all beers.

Results and discussion

In this study, we explored the potential of mating
alternative  Saccharomyces species with S.
cerevisiae ale strains for the creation of interspe-
cific yeast hybrids suitable for lager brewing. We
successfully generated hybrids of S. cerevisiae
and three other Saccharomyces species: S.
arboricola, S. mikatae and S. uvarum (Figure S1
in the Supporting Information). In addition to
the newly generated hybrids, we included the pre-
viously generated S. cerevisiae A81062 x S.
eubayanus C12902 ‘Hybrid H1’ for comparison
(Krogerus et al., 2015) during characterization.

Parental strains differ in their tolerance to
temperature extremes and ability to ferment
wort at low temperature

A growth temperature of 37°C restricted the
growth of all species except for S. cerevisiae
(Figure 1). At 4°C all strains were capable of
growth but this was markedly reduced in the case
of S. cerevisiae. The S. eubayanus and S. uvarum
strains appeared to exhibit the greatest cold
tolerance, while the S. arboricola and S. mikatae

37°C

10*  10° 102 108 105 10¢ 10°® 102

® e

Growth of the parental strains Saccharomyces cerevisiae A81062 (Sc), Saccharomyces arboricola C15952 (Sa),

Saccharomyces eubayanus C12902 (Se), Saccharomyces mikatae C15949 (Sm), and Saccharomyces uvarum C05774 (Su), at 4,
20 and 37°C. YPD agar cultures were incubated for 3 days at 20 and 37°C and 21 days at 4°C
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tolerances seemed intermediate relative to the
others. The results indicated that these strains
(S. arboricola, S. mikatae and S. uvarum) could
contribute to cold tolerance of constructed
interspecies hybrids when used instead of S.
eubayanus. This claim is supported by improved
growth of interspecies hybrids at 4°C (Figure S2).

All five parental strains performed poorly during
low-temperature wort fermentations relative to the
constructed hybrids, although performance varied
between strains (Figure 2A). At the beginning of
fermentation up until 72 h, during which mainly
glucose and fructose are consumed from the wort,
all of the parental strains performed similarly.
After this point, the fermentation performance of
the parental strains was affected by differential
utilization of wort sugars. In the cases of S.
arboricola and S. mikatae, fermentation was
limited by an apparent inability to utilize either
of the major a-glucosides present (Figure 2B
and C). Saccharomyces eubayanus performance
was sluggish until 8 days after pitching at which
point the strain appeared to adapt to maltose utili-
zation, with a final utilization of 75%. Saccharo-
myces uvarum fermentation was relatively rapid
compared with the other parents but was limited
by an inability to utilize maltotriose (Figure 2C).
As in previous studies (Krogerus et al., 2015,
2016), performance of the S. cerevisiae parent
was poor despite its ability to utilize the major wort
sugars; this was presumably due to its sensitivity
to low-temperature, lager-brewing conditions, a
supposition supported by the restricted growth
seen at low temperature in this study (Figure 1).
Results highlight the respective deficiencies of
the parental strains when assessed under these con-
ditions, i.e. S. cerevisiae’s reduced fermentative
ability at low temperature and the incomplete sugar
utilization of the non-S. cerevisiae strains. Despite
their inability to utilize wort maltotriose, .
eubayanus and S. uvarum demonstrated some
potential for brewing. In the case of the former this
potential has already been exploited for commer-
cial beer production. The brewing potential of S.
uvarum has, however, not been demonstrated pre-
viously. This species, although exhibiting good
cold tolerance, would suffer from the same
phenotypic deficiencies as S. eubayanus, namely
inability to utilize maltotriose and production of
the smoke/clove aroma 4-vinylguaiacol (a trait
observed for all the non-S. cerevisiae strains in this

© 2017 The Authors. Yeast published by John Wiley & Sons, Ltd.
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study). Both features compromise the strains’ use
for mainstream lager brewing.

Constructed hybrids display parental
transgression in low-temperature wort
fermentation conditions

In an attempt to overcome the aforementioned
deficiencies in the parent strains, interspecific
hybrids were generated between the S. cerevisiae
and the non-S. cerevisiae strains through rare
mating. Hybridization was performed directly on
the selection agar plates, i.e. combining mating
and selection (as was done for all the hybrids here
except for HI), which proved to be effective.
Furthermore, all of the emerging colonies isolated
could be considered distinct hybrids. The hybridi-
zation frequency (~10~7) was still considerably
lower than that which can be achieved through
spore-to-spore mating (Mertens et al., 2015), but
the generated hybrids varied considerably
in DNA content, ranging from ~2n to >5n
(Table 1). Higher ploidy can have practical advan-
tages, e.g. improved wort fermentation (Krogerus
et al., 2016) and allotetraploidy, which may allow
for hybrid fertility (Greig et al., 2002; Krogerus
et al., 2017, Sebastiani et al., 2002).
Fermentation performance was characterized in
fermentations of 12°P wort at 12°C. Initially,
hybrids (H1, JN2, JN4 and JN7) created with S.
cerevisiae A81062 and each of the four non-S.
cerevisiae parents were compared with the parent
strains. All four hybrids performed well through-
out the fermentation, and clearly outperformed
the parental strains in regards to the alcohol yield
(Figure 2A). It was especially interesting to note
that the S. arboricola- and S. mikatae-derived
hybrids performed well in wort, despite the parent
strains not demonstrating any clear capabilities of
utilizing maltose or maltotriose (Figure 2B and C).
This suggests that the a-glucoside uptake ability of
these hybrids was inherited mainly, or exclusively,
from the S. cerevisiae parent. Surprisingly, the S.
cerevisiae X S. mikatae hybrid JN7 performed as
well as the S. cerevisiae x S. eubayanus hybrid H1
throughout fermentation (no significant difference
detected by Student’s r-test), despite the poor fer-
mentation of S. mikatae alone. With S. eubayanus-
and S. wuvarum-derived hybrids, enhanced sugar
consumption could be related to either or both
parental strains. There was, however, no obvious
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Figure 2. Fermentation potential of alternative hybrids and parental strains and characteristics of beers produced. (A) The
alcohol content of the 12°P wort fermented at 12°C with de novo hybrids (open symbols) and parent strains (solid symbols).
(B) The maltose and (C) maltotriose utilization (percentage of the concentration in the original wort) of the de novo hybrids
(open bars) and their parent strains (grey bars) after fermentation. Values are means from two independent fermentatlons
and error bars where visible represent the standard deviation. (D) Normalized concentrations (mg L™') of aroma
compounds (rows) in the beers fermented with de novo hybrids and parental strains (columns). The heat map was generated
based on the z-scores (blue and red indicate low and high values, respectively). Values are means from two independent
fermentations (standard deviation in parentheses) and they have been normalized to an ethanol concentration of 5% (v/v).
Different letters in rows indicate significant difference based on one-way Anova and Tukey’s test. Abbreviations: Sa and Sarb,
S. arboricola; Sc and Scer, S. cerevisiae; Se and Seub, S. eubayanus; Sm and Smik, S. mikatae; Su and Suva, S. uvarum; and
Me, methyl
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competitive advantage when compared with the
other hybrids, suggesting that sugar-utilization
capabilities inherited from the non-S. cerevisiae
parents may be of secondary importance.

Hybridization impacts beer aroma profile

Apart from the increase in fermentation perfor-
mance and the more complete sugar use by the
hybrids compared with the parent strains, an
increased formation of desirable aroma-active
esters was also observed in the hybrid strains
(Figure 2D). These were 3-methylbutyl acetate
(banana aroma), ethyl hexanoate (apple aroma)
and ethyl octanoate (fruity aroma) in particular,
where overall higher levels were observed in the
hybrids compared with the parent strains. Here,
all values were normalized to 5% alcohol (v/v) in
order to aid comparison between the hybrid strains.
The values for the low-ethanol parent strains S.
arboricola and S. mikatae are artificially high
owing to this normalization (the original pre-nor-
malized concentrations are presented in Table S1
in the Supporting Information). Interestingly,
the S. arboricola-derived hybrid JN2 (Sc-
A81062 x Sa-C15952) produced the highest
concentrations of 3-methylbutyl acetate among
the hybrids, despite the S. arboricola and S.
cerevisiae parent strains producing low concentra-
tions of it when compared with the other parent
strains. Similarly, the S. mikatae-derived hybrid
JN7 produced the highest concentrations of ethyl
hexanoate, despite the S. mikatae parent producing
low concentrations compared with the other parent
strains. The production of aroma-active esters
and higher alcohols in Saccharomyces yeasts is
affected by both environmental and genetic factors
(Pires et al., 2014; Steensels et al., 2014). Studies
have shown that aroma formation can vary signifi-
cantly within and among different yeast species
(Steensels et al., 2014; Gallone et al., 2016;
Gamero et al., 2016), and this diversity could be
exploited for developing strains suitable for the
lager brewing industry. By expanding the range
of parent strains to species other than S. cerevisiae
and S. eubayanus, one could further diversify the
limited aroma spectrum that exists in natural lager
yeast (Mertens et al., 2015). Furthermore, as in
many previous studies (Bellon et al., 2011;
Steensels et al., 2014; Mertens et al., 2015;
Krogerus et al., 2016), we observed heterosis for

© 2017 The Authors. Yeast published by John Wiley & Sons, Ltd.

J. Nikulin et al.

several aroma compounds, which allows for gener-
ation of strains producing unique and strong aroma
profiles. Here, we studied only a limited set of
aroma compounds, and it is likely that more varia-
tion between the parent strains and the hybrids
could be observed in other undetected aroma
compounds.

Ploidy of interspecies hybrids influences
functional traits

As seen in other studies (Krogerus et al., 2016;
Mertens et al., 2015), the ploidy of lager hybrids
may play a role in fermentation performance.
These studies revealed that higher DNA content
may contribute to improved fermentation perfor-
mance and greater aroma production. Here, the
effects of ploidy of alternative de novo hybrids
were investigated. The hybrids included here for
comparison were the S. cerevisiae x S. mikatae
hybrids JN6 and JN7, a diploid and a triploid,
respectively, and S. cerevisiae x S. uvarum hybrids
JN4 and JNS5, a diploid and a tetraploid, respec-
tively. All crosses were made using a rare mating
technique in which the expected outcome is a
tetraploid hybrid generated by the rate mating of
two diploid cells. The different ploidies seen in
strains here is probably due to the presence of
spontaneously formed spores during hybridization,
leading to spore to spore mating (diploid hybrids)
and spore to cell mating (triploid hybrids). Results
demonstrate a clear positive effect of higher DNA
content on fermentation performance. Both JNS5
and JN7 outcompeted the corresponding diploid
strains with regards to alcohol production during
the fermentation (Figure 3A). The chromosome
distribution and subgenome ratios of these hybrids
were not investigated here, but they are expected to
affect how the hybrids perform. The triploid JN7,
for example, presumably contains two copies of
S. cerevisiae chromosomes and one copy of S.
mikatae chromosomes, as a result of the poor
sporulation efficiency of the A81062 strain. An
additional copy of the cerevisiae-derived chromo-
somes could also explain the better performance
of JN7 compared with JN6, as S. mikatae
performed poorly in wort. Despite the relatively
poor performance of the diploid hybrids, they have
the ability to utilize sugars that are not accessible
to the parent species S. mikatae (both maltose
and maltotriose) and S. wvarum (maltotriose).
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Figure 3. Fermentation potential of de novo hybrids of
different ploidy and aroma content of resultant beers.
(A) The alcohol content of the 12°P wort fermented at
12°C. Diploid and polyploid hybrids are represented by
open and solid symbols, respectively. Values are means
from two independent fermentations and error bars where
visible represent the standard deviation. (B) Normalized
concentrations (mg L™') of aroma compounds (rows)
in the beers. The heat map was generated based on the z-
scores (blue and red indicate low and high values, respec-
tively). Values are means from two independent fermenta-
tions (standard deviation in parentheses) and they have
been normalized to an ethanol concentration of 5% (v/v).
Different letters in rows indicate significant difference based
on one-way Anova and Tukey’s test. Abbreviations: Sc, S.
cerevisiae; Sm, S. mikatae; Su, S. uvarum; and Me, methyl
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Attenuation levels of the JN6 and JN4 hybrids
were 72 and 77%, respectively at the time the fer-
mentation was stopped. In previous fermentations
the parental strains S. mikatae and S. uvarum were
unable to ach