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1. Introduction

Beer is one of the most consumed beverages worldwide, with 1.95 billion
hectolitres produced globally in 2017 (Statista 2018). Beer or beer-like
fermented beverages have been produced for thousands of years (McGovern et
al. 2004; Meussdoerffer 2009), with recent evidence suggesting beer-like
beverages may have been produced as early as 13000 BC in the Near East (Liu
et al. 2018). Throughout most of its history, beer was produced at domestic
scale. Today, due to industrialization and globalization, a small number of
companies produce the majority of the beer consumed worldwide. In addition
to its role in the food industry, beer brewing has also contributed many
important scientific advances, particularly in yeast microbiology, through
applied research at brewery laboratories. These include preparations of single-
cell cultures, development of yeast taxonomy, and advances in biochemistry,
genetics and molecular biology (Barnett and Lichtenthaler 2001; Barnett
2007). The modern brewing process is similar to the traditional ones used
prior to industrialization, but new knowledge, techniques and innovations are
frequently being introduced (Bamforth 2017; Gibson et al. 2017).

Despite the amount of research that is carried out in regards to improving
the brewing process, brewing yeast strain development has received less focus,
especially in comparison to other beverage fermentation industries like wine
and sake where e.g. yeast breeding is common (Pretorius 2000; Kitagaki and
Kitamoto 2013). Yeast breeding is a natural and effective method of
introducing diversity and improving traits (Steensels et al. 2014b). As is
discussed in more detail below, one of the main challenges with breeding
brewing yeast is that they are often incapable of sexual reproduction. However,
because of the recent increased demand from consumers for craft and
specialty beers with rich and unique aroma (Aquilani et al. 2015), breweries
have gained interest in exploring novel yeast strains. As the use of genetically
modified yeast strains is still not common as a result of regulations and public
opinion (Cebollero et al. 2007; Stewart et al. 2013; Twardowski and Ma yska
2015), breeding and interspecific hybridization in particular, could be
potentially valuable tools for introducing diversity and improving strains for
the brewing industry. This topic will therefore be explored and established in
this thesis.
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1.1. The brewing process

Beer is produced from four main ingredients: malted cereal grains (primarily
barley), hops, yeast and water. The beer production process can also be
divided into four major stages: malting, wort production, fermentation and
downstream processing. During malting, cereal grains undergo steeping,
before being germinated and kilned to produce malt. These malts, now
containing enzymes capable of hydrolysing grain starches, are then steeped in
warm water (a process called mashing) in order to convert the grain starches
into fermentable sugars. After mashing, the solid particles are removed
through filtration or lautering, and the remaining liquid, called wort, is then
boiled together with hops and sometimes adjuncts. After the wort has been
boiled, it is cooled and any remaining solid matter is removed. Fermentation is
initiated by adding yeast to the cooled wort. Once fermentation is finished, the
yeast is harvested and often reused while the beer is allowed to mature. After
maturation, the beer may undergo various downstream processing steps (e.g.
filtration, stabilization, carbonation, packaging and pasteurization). A
simplified diagram depicting the brewing process of a lager beer is presented
in Figure 1. (Linko et al. 1998; Briggs et al. 2004)

Figure 1. A simplified diagram of the brewing process. Boxes indicate processes, while plain
text indicates raw materials or products. Adapted from Linko et al. (1998)

Out of the four main ingredients, yeast is arguably the most important. Not
only is the fermentation stage the most time-consuming step in the brewing
process, but yeasts produce a multitude of compounds essential for beer
flavour and quality. The yeast used in brewing are mainly strains of
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Saccharomyces cerevisiae (also known as ale yeast or top-fermenting yeast) or
Saccharomyces pastorianus (also known as lager yeast or bottom-fermenting
yeast). During fermentation, the yeast absorbs and metabolizes fermentable
carbohydrates and other nutrients from the wort. In addition to producing
new biomass, the major fermentation products are ethanol and carbon
dioxide. A wide range of secondary metabolites, such as esters, aldehydes,
ketones and higher alcohols are also produced at lower concentrations.
However, because many of these compounds have a low flavour threshold,
they may still have a large impact on the taste and aroma of the fermented
beer (Meilgaard 1982). The primary fermentation stage ends when the sugar
concentration of the wort has declined and reached a steady-state. As a
consequence of this, the yeast cells also tend to flocculate (i.e. aggregate) and
drop out of suspension. Primary fermentation can last from about 3 days up to
several weeks depending on yeast strain, fermentation temperature and wort
sugar content. (Boulton and Quain 2001; Briggs et al. 2004)

1.2. The role of brewing yeast

The brewing yeast S. cerevisiae belongs to the Saccharomyces genus, a group
consisting of eight species and multiple interspecies hybrids (see Figure 2). In
addition to applications in brewing, S. cerevisiae has been used extensively to
study medicine, evolution, bioenergy, and population genomics, and has long
been used as eukaryotic model organism (Hittinger 2013). The other species in
the Saccharomyces genus have not been studied or industrially applied nearly
to the same extent as S. cerevisiae, but interspecies hybrids of these are
frequently encountered in fermentation environments (Almeida et al. 2014;
Gibson and Liti 2015; Peris et al. 2018). The non-cerevisiae  species are rarely
encountered in brewing environments on their own, as they tend to not be able
to efficiently utilize the major wort sugars maltose and maltotriose (Nguyen
and Boekhout 2017). However, compared to S. cerevisiae,  many of  the  other
Saccharomyces species possess other desirable traits, such as increased
tolerance to lower temperatures (Gonçalves et al. 2011; López-Malo et al. 2013;
Gibson et al. 2013; Paget et al. 2014).

Brewing yeasts have traditionally been divided into top- and bottom-
fermenting strains depending on their fermentation behaviour, i.e. top-
fermenting yeasts tend to float on the liquid surface during fermentation,
while bottom-fermenting yeasts usually sediment at the bottom of the
fermentation vessel. However, the latest molecular techniques have revealed
high diversity between yeast strains used for brewing (Liti et al. 2005; Legras
et al. 2007; Steensels et al. 2014a; Gallone et al. 2016; Gonçalves et al. 2016;
Peter et al. 2018). Recent whole genome sequencing of yeasts isolated from
different environments have revealed multiple domestication events for S.
cerevisiae (Gallone et al. 2016; Gonçalves et al. 2016; Peter et al. 2018;
Barbosa et al. 2018), and the commercially used brewing strains tend to
cluster into one of two independently domesticated ‘Beer’ groups. These
strains possess various domestication signatures, including efficient
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environments that may have selected for interspecific hybrids, which have
been shown to exhibit increased stress tolerance (Lopandic 2018). For lager
yeast, its success could also be a result of fortunate combinations of
phenotypes. S. cerevisiae ale strains have over time been selected for
beneficial brewing properties, including efficient sugar utilization, flocculation,
and flavour profile, but these often require warmer temperatures (>15 °C) for
optimal growth and fermentation (Gallone et al. 2016; Gonçalves et al. 2016).
S. eubayanus on the other hand, thrives at the low temperatures typically used
for lager beer fermentation, but it lacks the ability to utilize maltotriose (the
most abundant sugar in wort after maltose) and exhibits poor flocculation
(Gibson et al. 2013).

The origins of lager yeast remain unknown, but it is hypothesised that the
original hybridization event could be due to a S. eubayanus contamination in a
beer fermentation with S. cerevisiae (Gibson and Liti 2015). The S.
pastorianus hybrid group consists of at least two distinct lineages (Saaz and
Frohberg), which may have arisen independently (Liti et al. 2005; Dunn and
Sherlock 2008; Baker et al. 2015) or through a common hybridization event
(Walther et al. 2014; Okuno et al. 2015). These two groups share many
common features, but also differ functionally in a number of vital brewing-
relevant traits, such as maltotriose utilization and cold tolerance (Gibson et al.
2013). These differences seem to be reflected in the genomic composition of
the strains in these two groups. The Saaz strains, which are allotriploid and
have retained proportionally more DNA derived from the S. eubayanus parent
(Walther et al. 2014; Okuno et al. 2015), tend to behave more similar to S.
eubayanus during fermentation. The Frohberg strains, on the other hand,
which are allotetraploid and have proportionally more DNA from the S.
cerevisiae parent (Nakao et al. 2009; Walther et al. 2014; Okuno et al. 2015),
appear to be phenotypically more similar to S. cerevisiae ale strains (Gibson et
al. 2013). Differences among Frohberg strains in certain phenotypes , such as
diacetyl formation and flocculation, have been shown to be influenced by
chromosome copy number variation (van den Broek et al. 2015). Since lager
yeasts are restricted to only these two genetically distinct groups, the genetic
and consequent phenotypic diversity among them is poor, especially compared
to S. cerevisiae ale strains (Gallone et al. 2016; Gonçalves et al. 2016).

1.2.1. Brewing yeast life cycle

The life cycle of Saccharomyces cerevisiae consists of both asexual and sexual
phases (Herskowitz 1988). During the asexual phase, i.e. mitosis, yeast cells
proliferate by budding. The mitotic cycle involves the replication of all
chromosomes in the mother cell (S phase), followed by the distribution of
them along with associated organelles between the mother and the new
daughter cell (M phase), which forms from a bud on the mother cell wall (see
Figure 3A). All healthy cells, regardless of ploidy and mating type, are able to
undergo mitosis, provided there are sufficient nutrients available and
environmental conditions permit growth. The sexual phase, i.e. meiosis, is
initiated when cells are starved for both nitrogen and carbon. This results in
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mating types). When spores/cells of opposite mating type come in contact with
each other, they can undergo mating and cell fusion (Merlini et al. 2013). In
the case of two haploid MATa and MAT  cells mating, a diploid MATa/MAT
cell is formed. Cells within a spore ascus can therefore mate, but outcrossing is
surprisingly common even in populations of densely crowded asci (Murphy
and Zeyl 2010). Wild-type cells also carry a HO gene, encoding for an
endonuclease that allows the cell to switch to opposite mating type during
mitosis (mother and daughter cells will have opposite mating types). Hence,
such homothallic haploid cells can self-fertilize to form a diploid that is
homozygous apart from the mating type locus. Heterothallic strains on the
other hand, i.e. those that contain loss-of-function mutations in the HO gene,
can be maintained, more or less indefinitely, as stable mating-competent
strains through mitosis provided no cells of opposite mating type are
introduced. The HO gene is repressed in MATa/MAT  cells, and these
therefore do not undergo mating type switching (Jensen et al. 1983). Brewing
yeast strains are typically homothallic, and can therefore rarely be maintained
as stable mating-competent cells (Steensels et al. 2014a).

In rare circumstances, diploid (or polyploid) MATa/MAT  cells can undergo
loss of heterozygosity at the mating type locus, resulting in the formation of
non-haploid mating-competent cells with a single mating type (Gunge and
Nakatomi 1972; Hiraoka et al. 2000). However, such spontaneous loss of
heterozygosity events occur at low frequencies (< 10-4). These cells can mate
with cells of the opposite mating type, in a process called ‘rare mating’, to form
polyploid cells. A triploid cell, for example, can form from the mating of a
MATa/MATa mating-competent diploid and a MAT  haploid cell. This form of
mating can be utilized even when a strain is unable to form viable spores, as is
the case for most domesticated brewing yeast.

1.2.2. Brewing yeast metabolism

A wide range of biochemical reactions occur in wort during fermentation as a
result of yeast growth and metabolism. The main function of fermentation in
the brewing process is to convert wort carbohydrates into ethanol and carbon
dioxide. Wort contains a range of fermentable sugars, the most abundant of
which are usually maltose and maltotriose (Table 1). Despite their lower
abundance, monosaccharides such as glucose and fructose are preferred
carbon sources for brewing yeast and are taken up and metabolized first
(Bisson et al. 1993; Gancedo 1998). These simple sugars are transported into
the cells across the plasma membrane through facilitated diffusion by a
number of hexose transporters (HXT) (Wieczorke et al. 1999). The
transmembrane transport of maltose and maltotriose, on the other hand, is
energy-dependent and relies on the activity of various maltose transporters by
proton symport (Vidgren et al. 2005; Vidgren et al. 2010). Maltotriose is not
taken up specifically by any transporter, but rather certain maltose
transporters are capable of also transporting maltotriose, albeit usually at a
lower affinity than maltose (Han et al. 1995; Day et al. 2002). As a result, not
all Saccharomyces strains are capable of utilizing maltotriose. In fact,
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maltotriose uptake seems limited mainly to domesticated S. cerevisiae
brewing yeast strains (Gallone et al. 2016). Maltotriose uptake is also common
in lager yeast strains, however, this ability seems to be limited mainly to
strains of the Frohberg group (Gibson et al. 2013; Magalhães et al. 2016). In
industrial ale strains maltotriose is mainly carried into the cell by the Agt1
(Mal11) transporter, but in lager yeast strains it has been revealed that the S.
cerevisiae-derived AGT1 genes are non-functional, and maltotriose transport
is rather thought to be carried out by Mtt1 (Mty1) and a diverged form of Agt1
(Vidgren et al. 2005; Dietvorst et al. 2005b). The use of maltotriose during
brewery fermentations is of importance; it is the second most abundant sugar
in wort but is arguably the most important as it is typically the last fermentable
sugar to be taken up. Low attenuation during fermentation is typically due to
defective maltotriose utilization. Residual maltotriose can also affect flavour
(Zheng et al. 1994).

Table 1. The sugar composition of an 8.8° Plato example wort (Coghe et al. 2005).

Sugar Relative abundance (%)

Maltose 62.6

Maltotriose 16.2

Glucose 10.5

Sucrose 7.9

Fructose 2.8

In addition to sugar uptake and utilization, the assimilation and metabolism of
wort nitrogen compounds also plays an important role in yeast fermentation
performance. Cells require nitrogen during growth for the synthesis of new
enzymatic and structural proteins. In wort, the main nitrogen sources are
amino acids, ammonium and shorter peptides. Wort nitrogen content is
usually measured and reported as free amino nitrogen (FAN), which is a
measure of the total number of free -amino groups in the wort (Lie 1973).
Insufficient nitrogen content in the wort may lead to incomplete fermentations
(i.e. low attenuation levels) and slow fermentation rates. Saccharomyces
brewing strains are generally prototrophic and can synthesize all required
amino acids from ammonium (Pierce 1987). As with wort sugars, the ability to
take up various amino acids in yeast varies considerably, as some amino acids
are rapidly absorbed, while others are taken up later into fermentation
(Perpete et al. 2005; Lekkas et al. 2007). The yeast cells are therefore required
to synthesize a portion of the required amino acids themselves.

1.2.3. Production of aroma-active compounds

Nitrogen availability and metabolism not only impacts yeast growth, but also
influences the formation of a wide range of aroma-active volatile compounds
that contribute to beer aroma (Pires et al. 2014; Dzialo et al. 2017). In beer, the
main groups of yeast-derived aroma-active compounds are higher alcohols,
esters, sulphur compounds, volatile phenols, vicinal diketones and aldehydes
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(Vanderhaegen et al. 2006; Landaud et al. 2008; Krogerus and Gibson 2013a;
Pires et al. 2014). The most abundant group of compounds are the higher
alcohols, which the yeast produce from intermediates in both the catabolism
and anabolism of amino acids through the Ehrlich pathway (Hazelwood et al.
2008). 2-methylpropanol, 3-methylbutanol, and 2-methylbutanol, which are
linked to the branched-chain amino acids valine, leucine and isoleucine,
respectively, are among the most important higher alcohols in beer, and these
can often be found in concentrations above their flavour threshold (Meilgaard
1982). Higher alcohols are typically considered off-flavours in beer, as they
impart a solvent-like flavour.

Esters, with their fruity and floral aromas, have a central role in shaping the
flavour and aroma profile of beer. Esters are formed by the yeast during
fermentation through intracellular condensation reactions between alcohols
and acyl-CoA. The yeast-derived esters are usually divided into two classes, the
acetate and the ethyl esters. The acetate esters are formed between ethanol or
other higher alcohols and acetyl-CoA, while the ethyl esters are formed
between ethanol and medium chain acyl-CoAs  (Pires et al. 2014). The most
abundant ester in beer is ethyl acetate, and it has a solvent-like, often
undesirable, flavour and is often present in concentrations above the flavour
threshold of around 20-40 ppm (Meilgaard 1982). Other important esters in
beer are 3-methylbutyl acetate (banana- and pear-like aroma), ethyl hexanoate
(apple- and aniseed-like aroma), ethyl octanoate (pineapple-like and fruity
aroma), phenylethyl acetate (floral aroma) and ethyl decanoate (apple- and
solvent-like aroma).

The formation of esters is affected by both environmental factors, such as
temperature, pH, precursor availability, oxygen concentration, and yeast
growth (Yoshioka and Hashimoto 1981; Hiralal et al. 2014; Pires et al. 2014;
Stribny et al. 2015), and genetic factors, such as the expression and enzyme
activities of various transferase-encoding genes (Kruis et al. 2018). The genes
include ATF1, ATF2, and EAT1 for acetate esters (Verstrepen et al. 2003b;
Zhang et al. 2013; Kruis et al. 2017), and EHT1 and EEB1 for fatty acid ethyl
esters (Saerens et al. 2006; Saerens et al. 2008a; Saerens et al. 2008b). The
production of acetate esters in beer, for example, seem to directly correlate
with the expression levels of ATF1 and ATF2 (Saerens et al. 2008b). In regards
to environmental factors, an increase in fermentation temperature generally
results in increased concentrations of esters and higher alcohols in the beer
(Barker et al. 1992; Sablayrolles et al. 1995; Titica et al. 2000; Saerens et al.
2008a; Bolat et al. 2011). The wort FAN content also affects the amount of
esters and higher alcohols produced during fermentation, but differing effects
have been observed. Studies have observed an increase in higher alcohol and
ester formation when wort FAN content is lowered (Szlavko 1974; Lei et al.
2012), possibly as a consequence of increased need for intracellular
biosynthesis of amino acids. Others, conversely, have observed increased
higher alcohol and corresponding ester concentrations when wort has been
supplemented with branched-chain amino acids (Kodama et al. 2001;
Procopio et al. 2013; Krogerus and Gibson 2013b). The concentration and
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uptake of branched-chain amino acids, which are directly linked to higher
alcohol formation through the Ehrlich pathway, therefore seem central in the
relation between wort FAN, ester and higher alcohol concentrations.

Diacetyl is another aroma compound that is closely linked to branched-chain
amino acid metabolism. It is formed from the non-enzymatic decarboxylation
of -acetolactate, an intermediate in the valine biosynthesis pathway
(Krogerus and Gibson 2013a). In addition to producing the precursor, yeast
are also capable of reducing diacetyl to compounds with higher flavour
thresholds. Diacetyl has a butter-like flavour, and is almost always considered
an off-flavour in beer. As with higher alcohol and ester formation, diacetyl
formation and removal is affected by both environmental and genetic factors.
Diacetyl formation has been linked to the activity of the ILV2- and ILV6-
encoded acetohydroxyacid synthase (AHAS) enzyme and subunit, which are
responsible for the conversion of pyruvate into -acetolactate. Studies have
revealed a correlation between ILV6 expression and diacetyl production
(Duong et al. 2011; Gibson et al. 2015), while whole genome sequencing of
several industrial lager yeasts has revealed that strains producing more
diacetyl tend to have higher copy numbers of ILV genes (van den Broek et al.
2015). The AHAS enzyme is inhibited by valine, and conditions favouring
valine uptake consequently result in lower diacetyl formation (Petersen et al.
2004; Cyr et al. 2007; Krogerus and Gibson 2013b).

In addition to diacetyl, vinyl phenols (POF; phenolic off-flavours) are a
common off-flavour in lager beer. They are formed from the decarboxylation
of malt-derived hydroxycinnamic acids, and have a clove- and smoke-like
flavour, which is a hallmark of German and Belgian wheat beers (Coghe et al.
2004). 4-vinyl guaiacol, which is formed from ferulic acid, is the most well-
studied of these vinyl phenols. 4-vinyl guaiacol production in Saccharomyces
yeasts has been attributed to the adjacent PAD1 and FDC1 genes. Both of these
genes are essential for the POF+ phenotype (Mukai et al. 2010). Wild yeast
strains tend to have functional PAD1 and FDC1 genes, as this serves a
protective function against toxic concentrations of plant-derived
hydroxycinnamic acids (Stratford et al. 2007). This phenotype is unlikely to be
important for survival in brewing environments, as domesticated POF-
brewing yeast, have nonsense or frameshift mutations in these genes,
rendering them non-functional (Mukai et al. 2014; Gallone et al. 2016;
Gonçalves et al. 2016).

1.3. Yeast stresses encountered during the brewing process

Yeast cells encounter a number of stresses during the brewing process, which
may negatively affect their viability and fermentation performance. A failure to
resist these stresses may consequently have a negative effect on beer quality
and consistency. These stresses include ethanol toxicity, low oxygen
availability, osmotic stress, CO2 accumulation, nutrient limitation, and
temperature shifts (Gibson et al. 2007). Compared to other industrial batch
fermentations, where a fresh batch of yeast is propagated for each new
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fermentation, brewery fermentations are somewhat unique in that yeast is
often reused for multiple consecutive fermentations (Boulton and Quain
2001). It is therefore important that the yeast remains stable, healthy and vital
throughout consecutive fermentations, despite the stressful environment.
Brewing yeast use a number of mechanisms to combat these fermentation
stresses.

1.3.1. Ethanol stress

Wort contains a high concentration of fermentable sugars, and industrial
brewery wort may have sugar contents over 25% (w/v). This consequently
leads to the production of toxic concentrations of ethanol in the fermented
beer (> 10% v/v). Ethanol has multiple negative effects on yeast physiology,
including increasing the fluidity and permeability of the plasma membrane,
affecting enzyme activity, and decreasing the proton motive force (Mizoguchi
and Hara 1997; Ansanay-Galeote et al. 2001; Marza et al. 2002; Hu et al.
2007; Stanley et al. 2010a). This in turn, inhibits yeast growth, reduces
fermentation rate, and may even lead to cell death. Given the multiple effects
ethanol has on physiology, studies have revealed that ethanol tolerance is a
complex trait affected by multiple different genetic loci (Stanley et al. 2010a;
Voordeckers et al. 2015; Snoek et al. 2016). Genome-wide screenings and
adaptive evolution experiments have found over 200 genes that are potentially
associated with ethanol tolerance, and these are involved in cellular processes
such as cell membrane composition, vacuole sorting, heat shock proteins, DNA
repair, and nutrient uptake (Stanley et al. 2010b; Voordeckers et al. 2015).

The composition of the plasma membrane has been shown to play a vital role
in determining ethanol tolerance in yeast (You et al. 2003; Henderson et al.
2013a; Vicent et al. 2015). Yeast respond to increasing ethanol concentrations,
for example, by increasing the amount of unsaturated fatty acids, particularly
oleic acid, in the membrane (You et al. 2003; Vanegas et al. 2012; Henderson
et al. 2013a) and increasing plasma membrane H+-ATPase activity (Madeira
et al. 2010). Interestingly, an increased metal ion content in the growth media
has also been shown to improve ethanol tolerance, and similar improvements
have been achieved by overexpressing the TRK1-encoded potassium importer
and PMA1-encoded proton exporter (Lam et al. 2014). Ethanol also affects
protein folding and stability, and ethanol stress, similarly to heat stress, has
been shown to induce expression of heat shock proteins, which aid in protein
folding and refolding (Ma and Liu 2010).

1.3.2. Osmotic stress

The high concentrations of sugar in wort also cause osmotic stress on the
yeast. This is particularly a problem in very high gravity wort fermentations,
where wort sugar contents are over 25% (w/v). Osmotic stress is a result of
imbalance between intra- and extracellular osmolarities, which in turn can
cause water loss from the cell, leading to loss of turgor and cell shrinkage
(Hohmann 2002; Mager and Siderius 2002). When yeast cells are subjected to



12

osmotic stress, growth is typically arrested, the high-osmolarity glycerol
(HOG) mitogen-activated protein (MAP) kinase pathway is activated, and the
glyceroaquaporin Fps1p is closed (Mager and Siderius 2002). This in turn
leads to production and accumulation of glycerol, which is a compatible solute
capable of increasing the intracellular osmotic potential (Albertyn et al. 1994).
Tolerance to osmotic stress has also been shown to be affected by membrane
composition (Sharma et al. 1996), trehalose levels (Singer and Lindquist
1998), and activity of vacuolar antiporters (Nass and Rao 1999). The
inactivation of the AQY1 and AQY2 aquaporin genes through frameshift and
nonsense mutations is also common in brewing yeast strains, and this has
been shown to increase fitness in sugar-rich media (Will et al. 2010; Gonçalves
et al. 2016).

1.3.3. Temperature stress

Beer fermentations are typically carried out at temperatures below 25 °C
(Boulton and Quain 2001), and brewing yeasts are therefore rarely subjected
to any heat stress (Morano et al. 2012). However, the yeast may be exposed to
low temperatures during the brewing process, either during storage of
harvested yeast (below 5 °C), or during the actual fermentation in the case of
lager  beer  (5  –  15  °C)  (Gibson  et  al.  2007;  Gibson  and  Liti  2015).  Low
temperatures cause e.g. decreases in membrane fluidity and diffusion rates,
enzyme activities and translation efficiency (Aguilera et al. 2007; Gibson et al.
2007; López-Malo et al. 2013; Paget et al. 2014; Deed et al. 2015). This results
in decreased growth and fermentation activity. Lager yeasts, in general, grow
and ferment better at lower temperatures compared to ale yeasts (Kishimoto,
M Goto 1995; Giudici et al. 1998; Gibson et al. 2013; Gibson and Liti 2015),
allowing them to be used in low-temperature lager fermentations. A recent
study revealed that S. eubayanus also possesses superior cold tolerance
compared to ale strains, and it is likely this parent strain that contributes cold
tolerance to lager yeast (Gibson et al. 2013).

The mechanisms that contribute to cold tolerance in brewing yeast are not
fully understood. As with ethanol tolerance, differences in the lipid
composition of the plasma membrane play a vital role in temperature
tolerance (Redón et al. 2011; Henderson et al. 2013b; Vicent et al. 2015). The
fluidity of the plasma membrane is affected both by its lipid composition and
the temperature (Beltran et al. 2008; Redón et al. 2011), and a decrease in
membrane fluidity can result in impaired transporter function and lower sugar
and nutrient uptake (Abe and Horikoshi 2000; Vidgren et al. 2010; Vicent et
al. 2015). Unsaturated fatty acids, such as oleic and palmitoleic acid, help
fluidize the membrane and counteract freezing at lower temperatures
(Szalontai et al. 2000).  Relatively high levels of ergosterol and low levels of
unsaturated fatty acids can result in a greater tendency of cell membranes to
freeze at lower temperatures, thereby also reducing their functionality (Abe
and Hiraki 2009; Redón et al. 2011; Vanegas et al. 2012).
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1.3.4. Nutrient availability

Brewery wort is a complex medium containing all nutrients needed for yeast
growth. However, very high gravity worts, particularly those made with sugar
syrups, may contain insufficient amounts of nutrients causing slow or
incomplete fermentations (Gibson 2011). These include nitrogen sources
(Casey  et  al.  1983;  Casey  et  al.  1984),  and  metal  ions  such  as  Mg2+ and Zn2+

(Chandrasena et al. 1997). Fermentation rate and completeness is also
dependent on the ability of the yeast to take up the various fermentable sugars
in wort (Day et al. 2002; Rautio and Londesborough 2003). As discussed in
section 1.2.2, not all brewing strains are capable of utilizing maltotriose, and
this ability is dependent on the presence of functional -glucoside
transporters. When faced with nutrient depletion, growth ceases and brewing
yeast cells enter a ‘quiescent’ state (Laporte et al. 2011). Entry into quiescence
has been shown to limit ethanol productivity during high gravity fermentation
of sake and beer (Watanabe et al. 2012; Oomuro et al. 2016).

In addition to the nutrients provided by the wort, yeast requires oxygen for
proper growth. While beer fermentation is mainly an anaerobic process and
oxygen has a negative effect on both beer and yeast quality, a supply of oxygen
is nevertheless needed in the early stages of fermentation for yeast lipid
synthesis (Lorenz and Parks 1991). Excessive oxygen can cause lipid oxidation,
protein inactivation and (mitochondrial) DNA damage (Girotti 1998; Salmon
et al. 2004; Ribeiro et al. 2006). To defend against the negative effects of
oxidative stress, brewing yeast produce a range of enzymatic and non-
enzymatic antioxidants (Herrero et al. 2008). There is considerable variation
in the ability of different yeast strains to survive during oxidative stress
(Carrasco et al. 2001; Diezmann and Dietrich 2009), possibly as a result of
strain-specific differences in antioxidant production and transcriptional
response to oxidative stress (Gibson et al. 2007; Gibson et al. 2008).

1.4. Brewing yeast strain development

A wide range of strategies exist for developing and obtaining improved yeast
strains suitable for brewing (Steensels et al. 2014b). These include methods
based on exploiting natural diversity, generating diversity artificially through
breeding, mutagenesis and adaptive evolution, as well as using genetic
engineering to prompt variation in specific phenotypes (Figure 4). Strain
development methods resulting in strains that are considered non-genetically
modified (GM) are still of notable interest to the brewing industry, as the
industrial use of GM yeast is still not common due to restrictive regulations
and unfavourable public opinion (Cebollero et al. 2007; Stewart et al. 2013;
Twardowski and Ma yska 2015). Prior to developing brewing yeast, one must
recognize what traits are desirable and of interest. In the case of industrial
brewing, these may include improved stress tolerance, more efficient sugar use
and enhanced fermentation rate, more efficient nitrogen use, enhanced
production of desirable aroma-active compounds, decreased production of
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production (Snoek et al. 2015; Peris et al. 2017) and winemaking (Bellon et al.
2011; Bellon et al. 2013; Origone et al. 2018). Hybridization has also been used
to improve brewing strains, and this will be discussed in more detail in section
1.5. below. Among the traits that have been improved are increased aroma
formation, stress tolerance and sugar use. Breeding strategies typically exploit
the ability of the yeast to sexually reproduce (discussed above in section 1.2.1),
and can therefore not readily be applied to all yeast strains. Domesticated and
industrially used yeast strains in particular tend to sporulate poorly or have
poor spore viabilities (Bilinski et al. 1986; Gallone et al. 2016). Therefore other
strain development strategies, such as mutagenesis and adaptive evolution,
which instead rely on random mutations and selection to isolate improved
strains, may be applied to these strains.

1.4.1.2. Mutagenesis
Genetic variation and phenotypically improved strains can also be obtained by
introducing random mutations using chemical or physical mutagens, such as
ethyl methanesulfonate or UV radiation respectively (Rowlands 1984).
However, as these mutations are random, an effective screening and selection
regime is required to successfully isolate strains with a desired phenotype. The
mutagenesis process, particularly at higher doses and exposure times, may
also introduce deleterious mutations and unwanted phenotypic changes that
are not apparent during the screening process. Mutagenesis has nevertheless
been used to obtain strains with e.g. improved ethanol productivity and
decreased hydrogen sulphide off-flavour formation (Mobini-Dehkordi et al.
2008; Cordente et al. 2009). Mutagenesis is often combined with adaptive
evolution, which is used for selection and enrichment.

1.4.1.3. Adaptive evolution
During adaptive evolution, a population of yeast cells, carrying spontaneous or
induced mutations, is grown for several generations under continuous
selection pressure (Querol et al. 2003; Marsit and Dequin 2015). Over time,
those beneficial mutations that give yeast cells a fitness advantage, will be
selected for and become more prevalent in the population. Adaptive evolution
has been successfully used, for example, to obtain strains with increased
tolerance to ethanol (Stanley et al. 2010b; Avrahami-Moyal et al. 2012; Chen
and Xu 2014; Voordeckers et al. 2015), high-gravity wort (Blieck et al. 2007;
Ekberg et al. 2013), lignocellulose hydrolysates (Peris et al. 2017), and extreme
temperatures (López-Malo et al. 2015; Caspeta et al. 2016), as well as
improved consumption of various sugars (Wouter Wisselink et al. 2009;
Scalcinati et al. 2012; Brickwedde et al. 2017). As with mutagenesis, choosing
an appropriate selection regime is vital for successfully obtaining strains with
an improved phenotype. Ideally, the growth environment should resemble that
of the industrial conditions, so that adapted isolates don’t perform poorly in
regards to desired, but unselected traits.
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1.4.2. Strain development based on genetic engineering

While the use of genetically engineered brewing yeasts in industrial breweries
is still not common or generally accepted, a great amount of research on
improving brewing yeast using such techniques is nevertheless carried out
(Saerens et al. 2010; Karabín et al. 2018). Compared to the non-GM strategies
described above, genetic engineering offers the possibility to make precise and
controlled modifications to the yeast genome in order to impact specific
phenotypic traits. Exogenous DNA can be introduced to the yeast from
virtually any species in numerous ways. The main methods for introducing
exogenous DNA involve using plasmids or through chromosomal integration.
The modern genome engineering techniques, such as the CRISPR/Cas9
system, allow for precise and highly efficient modifications in any strain (Hsu
et al. 2014). In addition to modifying existing genomes, there is ongoing
research in the field of synthetic biology, where yeast chromosomes and
eventually full genomes are designed in silico and synthesized from
oligonucleotides (Richardson et al. 2017).

1.4.2.1. Methods for genetic engineering in brewing yeast
The simplest and first developed method for introducing foreign DNA into
yeast is through plasmids (Beggs 1978; Karabín et al. 2018). These plasmids
are self-replicating, can be present in various copies, and usually contain,
besides the sequences of interest, a selectable marker (e.g. a gene conferring
drug resistance). These plasmids can be introduced to the yeast through
transformation, and can be used to overexpress a gene of interest or introduce
the expression of a heterologous product. However, plasmids can easily be lost
from the cells, and the approach is therefore not viable for industrial use. To
ensure higher stability, foreign DNA can also readily be integrated into the
yeast genome thanks to the efficient homologous recombination in
Saccharomyces yeast (Hinnen et al. 1978). The sequence of interest can be
integrated at a specific location in the yeast genome by flanking the sequence
with approx. 30-50 bp of sequence complementary to that of the target region.
As with plasmids, a selectable marker is typically required to allow the
selection of the correctly transformed cells. Integration in multiple copies can
also be accomplished by targeting repeated regions of the genome (Lopes et al.
1989). However, transformation of industrial yeast strains can be more
difficult than laboratory strains, and integration of complex multilocus
pathways is challenging (Siddiqui et al. 2014; Karabín et al. 2018). To
overcome these challenges, a number of precise and efficient genome
engineering systems have been developed, with the CRISPR/Cas9 system
showing particular potential (Jinek et al. 2012; Dicarlo et al. 2013; Hsu et al.
2014). The system, based upon a bacterial RNA-enzyme interaction used as a
form of immune response, utilizes a Cas9 nuclease to generate double
stranded breaks in the target DNA sequence at specific locations with the aid
of a guide RNA. The system has been used to successfully delete all alleles of
various genes in industrial polyploid lager yeast (de Vries et al. 2017), and
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introduce a monoterpene biosynthetic pathway into an industrial ale yeast
(Denby et al. 2018).

1.4.2.2. Phenotypes achieved through genetic engineering of brewing yeast
Genetic engineering has been used to introduce numerous novel traits into
brewing yeast. The ability to degrade starch and improve ethanol productivity
has been achieved e.g. by introducing an amylase-encoding gene from Bacillus
amyloliquefaciens (Steyn and Pretorius 1991), while strains producing less
diacetyl have been constructed by expressing -acetolactate decarboxylase
from various sources (Sone et al. 1988). As mentioned above, recently the
ability to produce aroma-active hop-associated monoterpenes was introduced
into an industrial ale strain by introducing multiple genes that allow the
conversion of farnesyl pyrophosphate to linalool and geraniol (Denby et al.
2018). Genetic engineering can also be used to alter or remove native traits.
The overexpression of ATF1 and ATF2, for example, substantially increases the
amount of fruity acetate esters produced during fermentation, while their
deletion result in beer with low amounts of these esters (Verstrepen et al.
2003a).

1.5. Hybridization as a strain-development strategy for brewing

Hybridization of yeast strains for brewing applications has been carried out for
decades already (Johnston 1965; Spencer and Spencer 1977; Russell et al.
1983; Hammond and Eckersley 1984). Early work involved creating
intraspecific S. cerevisiae hybrids with improved fermentation rate and
attenuation by crossing ale and laboratory strains (Johnston 1965; Spencer
and Spencer 1977). However, as discussed above, applying classic yeast
breeding techniques to industrial brewing yeast strains can be challenging, as
these strains often suffer from poor sporulation efficiencies and viabilities
(Bilinski et al. 1986; Codon et al. 1995; Gallone et al. 2016). This means that
mating-competent clones of the strains cannot be generated through meiosis.
The low fertility of brewing strains can be overcome by using ‘rare mating’ or
‘protoplast fusion’, neither of which require the use of spores or haploid cells.
The techniques used for generating hybrids are discussed in more detail below
(section 1.5.1.). ‘Rare mating’ and ‘protoplast fusion’ have been used, for
example, to introduce the ability to ferment dextrin from a S. cerevisiae var.
diastaticus strain to both ale and lager yeasts (Tubb et al. 1981; Russell et al.
1983; Choi et al. 2002), to enhance the flocculation ability of industrial
brewing strains through electrofusion (Urano et al. 1993), and to improve ester
production and the fermentation rate of an ale yeast strain through fusion with
a sake yeast (Mukai et al. 2001). In a more recent study, intraspecific S.
cerevisiae hybrids with superior aroma compound formation were bred from
pools of hundreds of parent strains using high-throughput techniques
(Steensels et al. 2014a). Here, parent strains were not only screened and
selected for their ability to produce aroma-active esters, but also for the
presence of ho mutations which allow the formation of stable, mating-
competent spore clones.
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The breeding of lager yeast has also been attempted, but it is complicated by
the aneuploidy and hybrid nature of lager yeast (Greig et al. 2002; Dunn and
Sherlock 2008; Pfliegler et al. 2012). Early work on Saaz-type S. pastorianus,
revealed that lager yeasts, like most domesticated S. cerevisiae brewing
strains, also have low sporulation efficiencies, spore viabilities, and
consequently mating frequencies (Gjermansen and Sigsgaard 1981). However,
the authors were able to obtain viable mating-competent spore clones of this
strain and successfully breed them. In a more recent study, hybrids with
improved growth at higher temperatures and ethanol tolerance were obtained
from the crossing of spore clones from presumably the same Saaz-type S.
pastorianus strain with an S. cerevisiae ale strain (Sanchez et al. 2012).
Frohberg-type S. pastorianus strains are also limited by low sporulation
frequencies which complicates breeding (Ogata et al. 2011). However, these
limitations can again be overcome by using ‘rare mating’ or ‘protoplast fusion’.
These techniques have successfully been applied to lager yeast as well (Russell
et al. 1983; Janderová et al. 1990; Sato et al. 2002). The breeding of lager yeast
has also been limited by the absence of the non-S. cerevisiae parent. However,
the recent discovery of S. eubayanus (Libkind  et  al.  2011)  could  permit  the
creation of novel artificial lager yeast hybrids.

Table 2. A summary of studies published since the year 2000 investigating the use of de novo
yeast hybrids in beer fermentation. The table is derived from Krogerus et al. (2017).

Parental strains Key results Reference

S. cerevisiae ale
strain

S. cerevisiae sake
strain

The hybrid had an increased fermentation rate and
produced increased concentrations of certain aroma
compounds.

Mukai et
al. (2001)

S. cerevisiae ale
strain

S. cerevisiae (var.
diastaticus) strain

Hybrids had higher attenuation levels (i.e. utilized a
higher ratio of the original wort carbohydrates) and
ethanol yield than the brewing parent strain.

Choi et al.
(2002)

S. cerevisiae ale
strain

Cold-tolerant S.
bayanus strain

Hybrids had greater fermentation rates than the ale
parent in low temperature wort fermentations.

Sato et al.
(2002)

S. cerevisiae ale
strain

Saaz-type S.
pastorianus strain

Hybrids showed improved osmo- and temperature
tolerance and fermentation performance compared
to the lager parent strain.

Garcia
Sanchez
et al.
(2012)

Various S. cerevisiae ale, bakery, sake
and wine strains

Hybrids with higher acetate ester formation than the
parent strains were attained. Best-parent heterosis
with regards to aroma formation was more common
in outbred hybrids than in inbred hybrids.

Steensels
et al.
(2014)

In brief, de novo yeast hybrids have been used successfully to improve beer
fermentation in a number of respects, including fermentation rate, aroma
formation, and stress tolerance. The following section will discuss in more
detail the methods that can be used for generating yeast hybrids and how
various phenotypes important for beer fermentation can be affected through
hybridization. A list of recent and relevant studies investigating the use of de
novo yeast hybrids for beer fermentation has been compiled in Table 2.

1.5.1. Hybrid generation methods

Intraspecific and interspecific Saccharomyces hybrids can be created through
several methods, including spore-to-spore mating, mass mating, rare mating,
and protoplast fusion amongst others (Figure 5). Here, these methods will be
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discussed briefly together with an assessment of their advantages and
disadvantages. As discussed above in section 1.2.1, sexual hybridization occurs
when haploid cells of opposite mating type (a or ) meet and fuse. Such cells
can be derived through sporulation. Spores from the two parent strains can be
placed adjacent to one another on an agar plate with the aid of a
micromanipulator, i.e. spore-to-spore mating, or randomly mixed together on
solid or in liquid growth media, i.e. mass mating. This technique was used by
Garcia Sanchez et al. (2012) to generate hybrids between a lager and ale strain.
Spore mating has several advantages, including high hybridization
frequencies, the lack of need for selection markers (with spore-to-spore
mating), and typically greater genetic stability in the resulting hybrids (Pérez-
Través et al. 2012; Pérez-Través et al. 2014). However, the parent strains must
be able to produce viable spores and phenotypic traits may be lost or altered,
particularly in highly heterozygous strains, by meiotic recombination that
occurs during spore formation. In addition, if mass mating is used, selection
markers (e.g. auxotrophies or restricted growth temperatures) or other
screening methods are required to isolate hybrids from the population of
parent cells. Steensels et al. (2014) utilized a variant of this approach, where
parent strains were first screened for heterothallism prior to mating. The spore
clones of heterothallic strains exhibit a stable mating type, and thus do not
self-mate. Hybrid status of any potential hybrids can be confirmed by showing
that they contain DNA from both parent strains. This can be achieved through
various PCR (e.g. using ITS, interdelta or species-specific primers) or
karyotyping techniques (e.g. pulsed-field gel electrophoresis) (Teresa
Fernández-Espinar et al. 2000; Legras and Karst 2003; Muir et al. 2011).

Rare mating can be applied in cases where either or both of the parent
strains are unable to form viable spores. Diploid and higher ploidy strains
generally have a/  mating type (i.e. a heterozygous mating type locus) and
therefore do not directly mate. However, in rare cases (10-4), mating-
competent diploid (or higher) cells with a or  mating types can be formed
from spontaneous loss of heterozygosity at the mating type locus (Hiraoka et
al. 2000). These mating-competent cells can mate to form polyploid hybrids,
which contain essentially the full genomes of both parent strains. This
approach has been used by Choi et al. (2002) and Sato et al. (2002) for
generating hybrids of brewing strains. However, as is implied by the name,
rare matings occur rarely and hybridization frequencies are typically lower
than those achieved through spore mating. Moreover, because matings occur
at a low frequency, selection markers (e.g. auxotrophies or restricted growth
temperatures) are required to isolate hybrids from a population of parent cells.
Hybrids created with rare mating also tend to have less stable genomes than
those of hybrids formed from mating of spores (Pérez-Través et al. 2012).
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desirable aroma compounds, such as esters, while decreasing the production
of undesirable off-flavours, such as vicinal diketones and sulphur compounds.
Hybridization is an attractive approach, as it allows diverse aroma phenotypes
to be combined, and increased aroma formation can be achieved through best-
parent heterosis.

A number of studies investigating the use of yeast hybrids in beverage
fermentations have revealed the possibility of either increasing aroma
production or achieving midparent values with the hybrids (Mukai et al. 2001;
Bellon et al. 2011; Gamero et al. 2013; Bellon et al. 2013; Steensels et al. 2014a;
Da Silva et al. 2015). Mukai et al. (2001) showed that increased concentrations
of 2-methylpropyl acetate (fruit aroma) and ethyl hexanoate (apple/aniseed
aroma) could be obtained in beer fermentations with an ale × sake
intraspecific S. cerevisiae hybrid compared to the ale parent strain. In a more
recent large-scale breeding study by Steensels et al. (2014), it was revealed that
up to 45% increases in 3-methylbutyl acetate (banana aroma) formation could
be achieved in intraspecific S. cerevisiae hybrids. Interestingly, a greater
increase in ester formation was observed in outbred hybrids, i.e. those formed
by hydridization between spores from two different parent strains, compared
to inbred hybrids, i.e. those formed by hydridization between spores derived
from a single parent strain. In yeast hybrids formed from domesticated parent
strains, a positive correlation has been observed between sequence divergence
and heterosis in regard to the growth rates (Plech et al. 2014; Shapira et al.
2014). However, Steensels et al. (2014) did not observe an increase in the
amount of 3-methylbutyl acetate produced by hybrids as the genetic distance
of the parent strains was increased. Nevertheless, it is possible that this effect
is more pronounced in interspecific hybrids compared to intraspecific hybrids
as suggested, for example, by the results in da Silva et al. (2015) with regard to
ethyl ester formation.

While hybridization can lead to the increased formation of desirable aroma
compounds, there exists an inherent risk of simultaneously increasing the
formation of undesirable off-flavours. Ethyl acetate has a solvent-like aroma
that is generally considered unpleasant, and its formation is positively
correlated with 3-methylbutyl acetate formation. Thus, hybrids with increased
levels of 3-methylbutyl acetate formation also tend to show higher levels of
ethyl acetate formation (Steensels et al. 2014a). Hybridization has also been
used to decrease and even completely remove the formation of unwanted
aroma compounds associated with either of the parent strains. Tubb et al.
(1981) showed that the ability to produce 4-vinyl guaiacol could be removed
from a POF+ S. cerevisiae strain by first mating it with a POF- S. cerevisiae ale
strain and then screening meiotic segregants of this hybrid for low 4-vinyl
guaiacol production. Similarly, Gallone et al. (2016) demonstrated that hybrid
strains lacking the ability to produce 4-vinyl guaiacol can be constructed from
POF+ parent strains that both contain heterozygous loss-of-function
mutations in either PAD1 or FDC1, i.e. the genes essential for the POF
phenotype. Bizaj et al. (2012) also show that the formation of H2S (rotten egg
aroma) in hybrid wine strains can be decreased by mating them with a low-
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H2S-producing S. cerevisiae wine strain. In conclusion, it has been
demonstrated that hybridization can be used as a means to increase the
production of desirable aroma compounds and decrease the production of
unpleasant off-flavours relative to the parent strains.

1.5.2.2. Temperature tolerance
The ability to grow and ferment at low temperatures is one of the defining
characteristics of lager yeast. Lager beer fermentations, which are typically
performed from 5 to 15 °C, require the yeast to be able to survive and stay
metabolically active in the cold (Gibson and Liti 2015). These low-temperature
lager fermentation results in beers that are characterized by a clean aroma
relative to the more intense fruit and floral notes that are characteristic of ales.
It is likely that the hybrid nature of S. pastorianus contributes to its cold
tolerance. However, the mechanisms by which lager yeast and its cold-tolerant
parent S. eubayanus handle low temperature environments are not known. As
S. eubayanus has only recently been discovered, we have a limited
understanding of the metabolic processes responsible for its superior cold
tolerance. Work by Gibson et al. (2013) suggested that for lager yeast, the more
dominant the S. eubayanus sub-genome is, the more cold-tolerant the strain
is. For instance, Saaz-type strains, which have proportionally more DNA from
S. eubayanus than S. cerevisiae, appear to be better adapted to cold than
Frohberg-type strains. The activity of sugar transporters is also temperature
dependent, and the presence of -glucoside transporters that function better
at cold temperatures could play a role in determining fermentation
performance at these temperatures (Vidgren et al. 2010; Vidgren et al. 2014;
Magalhães et al. 2016). It is not only lager yeasts that appear to benefit from
the cold tolerance provided by S. eubayanus. Almeida et al. (2014) showed
that domesticated strains of S. uvarum, i.e. those associated with low-
temperature cider and wine fermentations, contain introgressed DNA from S.
eubayanus. These introgressions are typically limited to domesticated strains
of S. uvarum and the genetic contribution from S. eubayanus is  one  of  the
main differentiating factors between wild and domesticated strains of the
species (Almeida et al. 2014; Albertin et al. 2018).

The cold tolerance of brewing strains can be improved through
hybridization. Sato et al. (2002) observed increased fermentation rate in wort
at lower temperatures when various S. cerevisiae ale strains were crossed with
a cold-tolerant S. bayanus (presumably S. uvarum) strain. Similarly, an
improvement in the ability to grow at low temperatures could be observed for
a S. cerevisiae wine strain when hybridized with a S. mikatae strain (Bellon et
al. 2013).

1.5.2.3. Stress tolerance
As discussed in section 1.3., the yeast encounters a wide range of stresses
during brewery fermentations. Improving the stress tolerance of yeast,
particularly towards ethanol and osmotic stress, is therefore a common
objective of many industrial strain development strategies (Gibson et al. 2007;
Deparis et al. 2017). This has been successfully accomplished by hybridization.
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Garcia Sanchez et al. (2012) were able to improve the tolerance of lager yeasts
towards high osmolarity and ethanol concentrations by breeding with a S.
cerevisiae ale yeast strain. For biofuel applications, Snoek et al. (2015) and
Benjaphokee et al. (2012) both report the generation of S. cerevisiae
intraspecific hybrids with improved ethanol tolerance and productivity.
Polyploidy has also been associated with increased stress tolerance (Storchova
2014; Schoenfelder and Fox 2015). It is therefore likely that polyploid hybrids,
such as those generated through rare mating, have a tendency to exhibit
increased stress tolerance as well.

In regards to stress caused from nutrient availability, the ability to utilize a
wider array of carbon sources can be achieved through hybridization. Higgins
et al. (2001), for example, report the construction of S. cerevisiae intraspecific
hybrids from baking yeast strains with improved maltose utilization and
leavening ability. Aside from fermentable sugars such as maltose and
maltotriose, wort also contains a large portion of carbohydrates that are
normally non-fermentable to Saccharomyces yeasts, the most abundant of
which is dextrin. The utilization of dextrin during fermentation would result in
higher ethanol yields and lower-carbohydrate beer. Some strains of S.
cerevisiae (syn S. cerevisiae var. diastaticus) are capable of fermenting
dextrin, due to the presence of a chimeric glucoamylase-encoding STA1 gene,
and this ability has been introduced to both ale and lager yeast strains through
hybridization (Tubb et al. 1981; Russell et al. 1983; Choi et al. 2002). These
hybrids showed higher fermentation degrees and ethanol yields than their
brewing yeast parents.

1.5.2.4. Hybrid genome stability and function
The genomes of newly formed hybrids are usually relatively unstable, and they
may undergo considerable structural changes after the hybridization event
(Kunicka-Styczy ska and Rajkowska 2011; Piotrowski et al. 2012; Louis et al.
2012; Dunn et al. 2013; Pérez-Través et al. 2014). In industrial brewery
fermentations the yeast is reused for multiple consecutive fermentations, and
it is therefore vital that the genomes of any newly developed yeast strains
remain stable to ensure that they are viable for industrial use. Extensive
chromosome loss and intrachromosomal translocations, sequence divergence
and chromosome copy number variation have also been observed in the
genomes of lager yeasts (van den Broek et al. 2015), which indicates that the S.
pastorianus genome is inherently unstable. Such instability can be expected,
given that yeast strains with larger genomes (i.e. with a higher ploidy level) in
particular have been shown to show greater changes in genome size following
exposure to fermentation stress (Gerstein et al. 2006; Pérez-Través et al. 2012;
Kumaran et al. 2013; Selmecki et al. 2015; Voordeckers et al. 2015; Lu et al.
2016), and the high levels of regulatory incompatibilities that  arise in
interspecies hybrids (Landry et al. 2007). This may especially cause concerns
when a rare mating approach is used for hybridization, and this tends to result
in polyploid hybrids.

The apparent instability of the lager yeast genome has been exploited with
evolutionary engineering, which has been applied to improve stress tolerance
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(Blieck et al. 2007; James et al. 2008; Ekberg et al. 2013) and alter beer aroma
(Strejc et al. 2013). The adaptability and stability of newly generated yeast
hybrids from brewing yeast or in brewing conditions has not yet been
explored, but previous research has indicated that one of the parental sub-
genomes in laboratory-made hybrids are often more susceptible to change or
elimination. This has been observed for example with S. cerevisiae × S.
uvarum hybrids, where the S. uvarum sub-genome was gradually reduced
after successive meiotic (Antunovics et al. 2005) or mitotic (Sebastiani et al.
2002; Masneuf-Pomarède et al. 2007) divisions. Similarly, a loss of S.
kudriavzevii chromosomes from a de novo S. cerevisiae × S. kudriavzevii
hybrid was observed by Lopandic et al. (2016). Similar losses of S.
kudriavzevii DNA has been observed in natural S. cerevisiae × S. kudriavzevii
hybrids isolated from wine and beer (González et al. 2008; Peris et al. 2018).
Environmental conditions may affect how the genomes adapt and are
preferentially retained. Piotrowski et al. (2012), for example, showed that
growing S. cerevisiae × S. uvarum hybrids at high temperatures resulted in
the progressive loss of the heat-sensitive S. uvarum sub-genome. While the
natural lager yeast hybrids of Saaz-type have retained a larger fraction of the
cold-tolerant S. eubayanus sub-genome than the S. cerevisiae sub-genome
(Dunn and Sherlock 2008; Okuno et al. 2015), it is still unclear whether
exposure to cold temperatures have had any effect on its evolution.

Relatively little is known about how the sub-genomes of interspecific hybrids
interact, and it might be expected that there is some functional disorder due to
the clash of different regulatory networks, which in turn could influence how
the genome evolves and adapts. Studies with S. pastorianus have revealed that
cooperative mechanisms of regulation exist between the S. cerevisiae and S.
eubayanus sub-genomes. Bolat et al. (2013), for example, observed no
significant differences in the expression of the S. eubayanus allele of ARO10
after the S. eubayanus allele of the regulator ARO80 was deleted in a
production strain of S. pastorianus. Nevertheless, proteome and
transcriptome studies with lager yeast have shown that significant differences
in sub-genome activity can occur (Caesar et al. 2007; Yoshida et al. 2007;
Minato et al. 2009; Horinouchi et al. 2010), suggesting that gene regulation in
interspecies hybrids is not seamlessly integrated across the sub-genomes. In
the case of de novo hybrids, Tirosh et al. (2009) observed both cis- and trans-
regulation in S. cerevisiae × S. paradoxus hybrids, and found that it was
influenced by the environmental conditions to which the hybrids were
exposed. Interestingly, cis-regulation in interspecific Saccharomyces hybrids
does not appear to be affected by temperature, as Li & Fay (2017) observed
similar expression levels of S. cerevisiae and S. uvarum alleles  in  a
interspecific hybrid at 37 °C, despite this temperature being inhibiting to the S.
uvarum parent strain.
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2. Aims of thesis

To increase the genetic and phenotypic diversity of industrially available lager
yeast, the first objective of this thesis was to explore whether interspecific
hybridization could be used as a non-GM method to produce artificial lager
yeast hybrids, with tailored properties, by mating selected strains of S.
cerevisiae and S. eubayanus. Special focus was placed on producing strains
with altered flavour profiles and improved stress tolerance. It is hypothesized
that artificial yeast hybrids will demonstrate a heterotic phenotype and will
outperform parental species under identical conditions. Furthermore, it is
believed that characteristic physiological properties of the parental strains will
be inherited by the hybrid strains. Subsequent studies aimed to further
develop and demonstrate methodology for further improving brewing-relevant
traits of artificial lager yeast hybrids. This included methodology for removing
the undesirable phenolic off-flavour phenotype from hybrids, and improving
ethanol tolerance of the hybrid strains.

The second objective of this thesis was to investigate to what extent the DNA
content and proportional sub-genome inheritance of de novo lager yeast
hybrids affects industrially relevant traits. Furthermore, the relationship
between gene copy numbers, gene expression and aroma formation in the
strains was elucidated. It is hypothesized that higher ploidy hybrids will
perform better in high gravity wort fermentations as a result of increased
stress tolerance, and that hybrids with higher ploidy level have increased copy
numbers and expression levels of genes related to ester formation, leading to
high concentrations of esters in the beer. Improved understanding of heterosis
will facilitate the future creation of new interspecies yeast hybrids tailored not
only for different desirable brewing traits, but also for other biotechnological
applications.

The genomes of newly formed hybrids tend to be unstable. The third
objective of the thesis was to exploit this instability by exposing four different
brewing yeast strains, three of which were interspecific lager hybrids between
S. cerevisiae and S. eubayanus, to high ethanol concentrations in order to
generate and select ethanol-tolerant variants with improved fermentation
performance in high gravity wort. In addition, we aimed to characterize the
genetic changes that had occurred in the variant strains during the adaptation
process. It is hypothesized that genome instability in newly created artificial
lager yeast hybrids will allow for their greater adaptability to different
environmental conditions compared to that of their parental strains. It is
expected that one of the sub-genomes will be preferentially retained in the
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interspecies hybrids. It is expected that the results can be applied to improve
and stabilize de novo lager yeast hybrids for industrial beer fermentations.

Lager yeast is known for its cold tolerance and ability to ferment brewery
wort at low temperatures (typically 8-15 °C). The fourth objective of the thesis
was to elucidate the role of cellular lipid composition in determining cold
tolerance in brewing yeast, and identify key lipid classes that improve said cold
tolerance. This was accomplished by monitoring lipid composition and
fermentation performance of brewing yeast and de novo hybrids at low
temperatures and high ethanol concentrations. It is hypothesized that the lipid
compositions of the plasma membrane surrounding the yeast cells have an
impact on their tolerance to different temperatures, as relatively high levels of
ergosterol and low levels of unsaturated fatty acids could result in a greater
tendency of cell membranes to freeze at lower temperature, thereby reducing
functionality and fermentation rate.

Together, it is expected that the results of this thesis will improve the
diversity of brewing yeast strains and strain development techniques available
to the lager brewing industry. Furthermore, it is expected that the results of
the thesis will improve the understanding of the biological mechanisms
responsible for hybrid vigour and various brewing-relevant traits in brewing
yeast hybrids.
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3. Materials and methods

3.1 Yeast strains

The yeast strains used in the individual studies (Publications I-IV) of this
thesis are summarized in Tables 3-6. Natural auxotrophic mutants (lys- and
ura-) of the parental strains were selected on -aminoadipic and 5-
fluoroorotic acid agar plates, respectively (Zaret and Sherman 1985; Boeke et
al. 1987). Petite mutants (rho-) of the parental strains were selected on YPDG
agar plates (1% yeast extract, 2% peptone, 0.1% glucose, 3% glycerol).
Auxotrophy or petite status was confirmed by the inability to grow on minimal
selection agar medium (0.67% Yeast Nitrogen Base without amino acids, 3%
glycerol, 3% ethanol and 2% agar).

Table 3. Yeast strains used in Publication I.

Name Species Information Source

A62 S. cerevisiae VTT-A81062 VTT Culture Collection

C902 S. eubayanus VTT-C12902 VTT Culture Collection

Hybrid H1 Interspecific hybrid A62 × C902 Created in this study

Hybrid H2 Interspecific hybrid A62 × C902 Created in this study

Hybrid H3 Interspecific hybrid A62 × C902 Created in this study

Hybrid H4 Interspecific hybrid A62 × C902 Created in this study

Table 4. Yeast strains used in Publication II.

Name Species Information Ploidy Source

A62 S. cerevisiae VTT-A81062 2n VTT Culture Collection

C902 S. eubayanus VTT-C12902 2n VTT Culture Collection

Hybrid A2 Interspecific hybrid A62 × C902 2n Created in this study

Hybrid B3 Interspecific hybrid A62 × C902 3n Created in this study

Hybrid C4 Interspecific hybrid A62 × C902 4n Created in this study
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Table 5. Yeast strains used in Publication III.

ID Species Information Source

P1 S. cerevisiae VTT-A81062. Maltotriose fermentation, POF+ VTT Culture Collection

P2 S. cerevisiae WLP099. No maltotriose fermentation, POF- White Labs Inc

P3 S.
eubayanus VTT-C12902. No maltotriose fermentation, POF+ VTT Culture Collection

H1 Hybrid P1 × P3 interspecific hybrid (VTT-A15225) Created in this study

H2 Hybrid P2 × P3 interspecific hybrid Created in this study

H3 Hybrid P1 × P2 intraspecific hybrid Created in this study

T1 Hybrid H1 × P2 interspecific triple hybrid Created in this study

T2 Hybrid Meiotic segregant of T1 Created in this study

Table 6. Yeast strains used in Publication IV.

Working
code Species Information Measured

ploidy Source

Unevolved wild-type strains

Y1 S. cerevisiae A S. cerevisiae ale strain (VTT-A81062) 1.95 (±0.15) VTT Culture
Collection

Y2 S. cerevisiae ×
S. eubayanus

A tetraploid interspecific hybrid between
strain Y1 and the S. eubayanus type strain
VTT-C12902. Known as ‘Hybrid H1’ in the
source study.

4.03 (±0.25) Publication III

Y3 S. cerevisiae ×
S. eubayanus

A triploid interspecific hybrid between strain
Y1 and the S. eubayanus type strain VTT-
C12902. Known as ‘Hybrid B3’ in the source
study.

2.98 (±0.22) Publication II

Y4 S. cerevisiae ×
S. eubayanus

An interspecific hybrid containing DNA from
strain Y1, S. cerevisiae WLP099 (White Labs
Inc.) and the S. eubayanus type strain VTT-
C12902. Known as ‘Hybrid T2’ in the source
study.

2.38 (±0.24) Publication III

Evolved variant strains

Y1_M1 S. cerevisiae Variant obtained from Y1. Isolated after 30
fermentations from media M1, replicate A. 2.02 (±0.21) Isolated in this

study

Y1_M6 S. cerevisiae Variant obtained from Y1. Isolated after 30
fermentations from media M6, replicate A. 3.64 (±0.17) Isolated in this

study

Y2_M1 S. cerevisiae ×
S. eubayanus

Variant obtained from Y2. Isolated after 30
fermentations from media M1, replicate B. 3.47 (±0.26) Isolated in this

study

Y2_M6 S. cerevisiae ×
S. eubayanus

Variant obtained from Y2. Isolated after 30
fermentations from media M6, replicate B. 3.57 (±0.31) Isolated in this

study

Y3_M1 S. cerevisiae ×
S. eubayanus

Variant obtained from Y3. Isolated after 30
fermentations from media M1, replicate B. 3.03 (±0.27) Isolated in this

study

Y3_M6 S. cerevisiae ×
S. eubayanus

Variant obtained from Y3. Isolated after 30
fermentations from media M6, replicate B. 3.19 (±0.23) Isolated in this

study

Y4_M1 S. cerevisiae ×
S. eubayanus

Variant obtained from Y4. Isolated after 30
fermentations from media M1, replicate A. 2.27 (±0.25) Isolated in this

study

Y4_M6 S. cerevisiae ×
S. eubayanus

Variant obtained from Y4. Isolated after 20
fermentations from media M6, replicate B. 2.27 (±0.24) Isolated in this

study
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3.2 Sporulation

For the generation of ascospores, strains were first grown overnight in YPM
medium (1% yeast extract, 2% peptone, 4% maltose) at 20 °C. The yeast was
then inoculated into pre-sporulation medium (0.8% yeast extract, 0.3%
peptone, 10% glucose) at an OD600 of 0.3 and allowed to grow for 20 hours 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 10 mg/L uracil, 2% agar). The yeast was allowed to sporulate for 7
days at 25 °C. Sporulation efficiency was calculated by counting the frequency
of ascospores stained with Malachite Green (Merritt and Hurley 1972). Spore
viability was calculated by dissecting ascospores treated with Zymolyase 100T
(US Biological, USA) on YPD agar with a micromanipulator (Van Dijken et al.
2000).

3.3 Generation of interspecific hybrids

3.3.1 Spore to spore mating

First, ascospores of the parent strains, with complementary selection markers,
were generated on sporulation agar as described above. Ascus walls were
digested with 1 mg mL 1 Zymolyase 100T (US Biological, USA), after which
spores from the different parental strains were dissected and placed next to
each other on YPD agar plates (1% yeast extract, 2% peptone, 2% glucose, and
2% agar) using a Singer MSM 400 dissecting microscope (Singer Instruments,
UK). The plates were incubated at 25 °C for 3 days, after which any emerging
colonies were replated on minimal selection agar, and incubated at 25 °C for 5
days. Any colonies emerging on the minimal selection agar were regarded as
potential hybrids.

3.3.2 Mass mating

First, ascospores of the parent strains, with complementary selection markers,
were generated on sporulation agar as described above. Ascospores were
scraped off the agar into 1 ml sterile reverse-osmosis purified H2O in 2 ml
Eppendorf tubes. Tubes were centrifuged at 5000 × g for 5 minutes and the
supernatant was removed. Ascus walls were digested by the addition of 50 l 1
mg/ml Zymolyase 100T and incubation at 30 °C for 20 minutes. 200 l of
sterile H2O was then added, and cells were resuspended by vortexing. 100 l of
the resulting suspensions from both parental strains were transferred together
to 1 ml YPM medium in a sterile 2 ml Eppendorf tube. Tubes were vortexed
and incubated statically at 25 °C for 7 days. After incubation, the tubes were
centrifuged at 5000 × g for 5 minutes and the supernatant was removed. 500

l of starvation medium (0.1% yeast extract and 0.1% glucose) was added, and
tubes were incubated for at least 2 hours at room temperature. Tubes were
then vortexed, after which the approximate cell concentration of the resulting
suspension was measured with a NucleoCounter YC-100 (ChemoMetec,



30

Denmark) and 100 l aliquots were spread onto minimal selection agar
(without uracil or lysine). Plates were incubated at 25 °C, and prototrophic
colonies (i.e. potential hybrids) appeared after 3-7 days. Colonies were counted
and purified by replating on minimal selection agar.

3.3.3 Rare mating

Cultures of both parent strains were grown overnight at 25 °C by inoculating a
single colony into 50 mL of YPM (1 % yeast extract, 2 % peptone, 2 % maltose).
The cultures were centrifuged at 5000×g for 5 min, after which the cells were
first washed once and then resuspended in sterile H2O to a concentration of 10
g centrifuged wet yeast mass L 1. One hundred microliters of the resulting
suspensions from both parental strains, with complementary selection
markers, were transferred together to 1 mL YPM medium in a sterile 2 mL
Eppendorf tube. Tubes were vortexed and incubated statically at 25 °C for 5
days. After incubation, the tubes were centrifuged at 5000×g for 5 min and the
supernatant was removed. Five hundred microliters of starvation medium (0.1
% yeast extract and 0.1 % glucose) was added, and tubes were incubated for at
least 2 h at room temperature. Tubes were then vortexed and 100 L aliquots
were spread onto minimal selection agar (without uracil or lysine). Plates were
incubated at 25 °C for 5 days and any colonies emerging on the minimal
selection agar were regarded as potential hybrids.

3.3.4 Construction of complex hybrids through a fertile allotetraploid
intermediate

In Publication III, the interspecific hybrid H1 was further mated with S.
cerevisiae P2 (rho-) to form the interspecific triple hybrid T1 ((P1 × P3) × P2).
Prior to mating, a lysine auxotroph (lys-) of H1 was first selected as described
above, after which ascospores of it were generated on 1% potassium acetate
agar. Ascus walls were digested with Zymolyase 100T, after which spores of H1
(lys-) were mixed with P2 (rho-). Hybrid T1 was selected on minimal selection
agar (lacking lysine and fermentable carbon sources). Hybrid T2, a meiotic
segregant of T1, was created by generating ascospores of Hybrid T1 on 1%
potassium acetate agar and then dissecting the spores on YPD agar. The viable
spore clones were then screened for the POF phenotype in a small-scale assay.
1 ml of YPM supplemented with 100 mg/L of trans-ferulic acid was inoculated
with a colony of an individual spore clone. A number of such clones were
incubated for 48 hours 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. Hybrid T2 was a spore clone of T1
which did not produce 4-vinyl guaiacol in this assay.

3.4 Adaptive evolution of hybrids in a high-ethanol environment

The adaptation process in Publication IV was carried out in batch
fermentations to mimic consecutive industrial brewery fermentations. Yeasts
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were grown in sterile 2 mL screw-cap microcentrifuge tubes containing 1 mL
of growth media. Four different yeast strains (Y1, Y2, Y3 and Y4) were used for
the adaptation experiment (see Table 6 for more information). These were
grown in two different adaptation media: M1 (1% yeast extract, 2% peptone,
2% maltose, 10% ethanol) and M6 (1% yeast extract, 2% peptone, 1% maltose,
1% maltotriose, 10% ethanol). Each batch fermentation was inoculated to a
starting OD600 of 0.1 with yeast from the previous batch fermentation. The
first batch fermentations were inoculated from pre-cultures that were grown
overnight in YPM media (1% yeast extract, 2% peptone, 2% maltose). Tubes
were incubated statically for 7 days at 18 °C. After 10, 20 and 30 consecutive
batch fermentations, 10 L aliquots of the cell populations were spread onto
agar plates containing solidified versions of the growth media (2% agar added)
for isolation of variants showing rapid growth. The agar plates were incubated
at 18 °C until colonies started emerging, and the two largest colonies from each
plate were selected for further screening (for a total of four isolates per yeast
strain, per media, per isolation time point). A detailed description of the
adaptation process is described in Publication IV (Krogerus et al. 2018a).

The isolates were initially screened on 96-well plates using a Beckman
Coulter liquid handling robot to select for fast fermenting variants. The
isolates were grown in a screening media consisting of 6.2% malt extract
(Senson Oy, Finland), 5% ethanol and 10% sorbitol. The extract content of this
media was approximately 5 °P (50 g/L). The ethanol was added to the
screening media to replicate the conditions the yeast is exposed to towards the
end of brewery fermentations, while the sorbitol was added to replicate the
increased osmotic pressure the yeast is exposed to in the beginning of brewery
fermentations when sugar-rich wort is used. The fermentations were
monitored by measuring the optical density at 595 nm every 3 hours and by
drawing samples for HPLC analysis after 48, 96 and 144 hours. Three isolates
per yeast strain and media (for a total of 24 isolates) were selected for further
screening in small-scale wort fermentations based on the following criteria: 1)
the highest sugar consumption after 144 hours, 2) the isolates must be from
separate adaptation lines and isolation time points. A detailed description of
the high-throughput screening process is described in Publication IV
(Krogerus et al. 2018a).

To ensure that the isolates were also able to ferment actual wort efficiently, a
final screening step was conducted by carrying out a set of small-scale wort
fermentations in plastic 50 mL centrifuge tubes, each capped with a glycerol-
filled airlock. The 24 isolates selected from the previous screening step and the
4 wild-type strains were grown overnight in 50 mL YPM at 18 °C. The pre-
cultured yeast was then inoculated into 30 mL of 15 °P all-malt wort at a rate
of 15 × 106 viable cells mL 1. Fermentations were carried out in duplicate at 15
°C for 9 days, and these were monitored daily by mass lost as CO2. This
screening step is depicted in Figure 22D. The maximum fermentation rate of
each strain was determined and one isolate per yeast strain and media (for a
total of 8 isolates) was selected based on the following criteria: 1) the highest
fermentation rate, 2) isolated after a larger number of batch fermentations.
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These eight isolates are listed in Table 6, and were further characterized in 2L-
scale wort fermentations.

3.5 Confirmation of hybrid status by PCR and RFLP

The interspecific hybrid status of isolates was confirmed by amplification of
rDNA-PCR (ITS1, 5.8S and ITS2) using the primers ITS1 (5 -
TCCGTAGGTGAACCTGCGG-3 ) and ITS4 (5 -TCCTCCGCTTATTGATATGC-
3 ) and digestion of amplicons using the HaeIII restriction enzyme (New
England BioLabs, USA) as described previously (Pham et al. 2011).
Identification was based on the number of restriction fragments generated by
enzyme digestion. S. eubayanus yielded a 3-band pattern (490, 225, 140 bp),
S. cerevisiae a 4-band pattern (320, 225, 180, 140 bp), while successful
hybrids yielded a pattern with 5 apparent bands (490, 320, 225, 180 and 140
bp).

Amplification of the S. eubayanus-specific FSY1 gene (amplicon size 228 bp)
and the S. cerevisiae-specific MEX67 gene (amplicon size 150 bp) was also
performed on the DNA extracted from the hybrid strains using the primers
SeubF3 (5’-GTCCCTGTACCAATTTAATATTGCGC-3’), SeubR2 (5’-
TTTCACATCTCTTAGTCTTTTCCAGACG-3’), ScerF2 (5’-
GCGCTTTACATTCAGATCCCGAG-3’), and ScerR2 (5’-
TAAGTTGGTTGTCAGCAAGATTG-3’) as described by Muir et al. (2011) and
Pengelly & Wheals (2013). Hybrids were identified by the presence of both
genes.

3.6 Confirmation of hybrid status by PFGE

Yeast strains were propagated in YPM at 20 °C to an OD600nm >1 and then
harvested by centrifugation (3,000 × g, 5 min, 4 °C). Supernatants were
decanted, and cells were resuspended in 10 ml of 4°C 50 mM EDTA (pH 8).
Cell concentrations were determined with a Nucleocounter® YC-100™

(ChemoMetec) and 1.2 × 108 cells were placed in each sample plug. Sample
plugs were prepared with the CHEF Genomic DNA Plug Kit for Yeast (Bio-
Rad) according to the manufacturer’s instructions.

Sample plugs were loaded into the wells of a 1.0% Pulse Field Certified
Agarose (Bio-Rad) gel. PFGE was performed at 14°C in 0.5× TBE buffer (89
mM Tris, 89 mM boric acid, 2 mM EDTA [pH 8]). A CHEF Mapper XA Pulsed
Field Electrophoresis system (Bio-Rad) was used with the following settings: 6
V/cm in a 120° angle, pulse length increasing linearly from 26 to 228 s, and
total running time of 38h. A commercial chromosome marker preparation
from S. cerevisiae strain YNN295 (Bio-Rad) was used for molecular mass
calibration. After electrophoresis, the gels were stained with ethidium bromide
and scanned with Gel Doc XR+ imaging system (Bio-Rad).
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3.7 DNA content by flow cytometry

Flow cytometry was performed on the yeast strains essentially as described by
Haase & Reed (2002). Cells were grown overnight in YPD medium (1% yeast
extract, 2% peptone, 2% glucose), and approximately 1 × 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 hour. Cells were then
washed with 50 mM citrate buffer, resuspended in 50 mM citrate buffer
containing 0.25 mg mL 1 RNAse A and incubated overnight at 37 °C. 1 mg
mL 1 of Proteinase K was then added, and cells were incubated for 1 hour at 50
°C. Cells were then stained with SYTOX Green (2 M; Life Technologies, USA),
and their DNA content was determined using a FACSAria cytometer (Becton
Dickinson). DNA contents were estimated by comparing fluorescence
intensities with those of S. cerevisiae haploid (CEN.PK113-1A) and diploid
(CEN.PK) reference strains. Measurements were performed on duplicate
independent yeast cultures, and 100 000 events were collected per sample
during flow cytometry.

3.8 Genome sequencing and analysis

3.8.1. De novo assembly of S. cerevisiae VTT-A81062

S. cerevisiae strain VTT-A81062, a common parent strain for the majority of
the interspecies hybrids that were generated during this project, was
sequenced by BaseClear (Leiden, Netherlands) to obtain a high quality
reference genome, to which sequencing reads of the hybrid strains could be
compared. In brief, a hybrid approach of PacBio 10 kb genomic library
sequencing with a PacBio RSII instrument and Illumina NexteraXT pair-end
150 bp library sequencing with a HiSeq 2500 instrument was carried out. A
hybrid assembly of the produced data was also done by BaseClear (Leiden,
Netherlands). In brief, Illumina reads were de novo assembled with CLC
Genomics Workbench and the assembly aligned to PacBio reads with BLASR
(Chaisson and Tesler 2012). Information from this alignment was then used to
scaffold the contigs with SSPACE-LongRead scaffolder (Boetzer and Pirovano
2014) and gaps in the assembly were filled with GapFiller (Boetzer and
Pirovano 2012).

For subsequent analysis steps the de novo assembly provided by BaseClear
was further reference assembled by Ragout (Kolmogorov et al. 2014) to S.
cerevisiae S288C genome version R64-2-1 (Engel et al. 2014) in order to
combine scaffolds to chromosomes. Finally, the processed S. cerevisiae
A81062 and S. eubayanus FM1318 (a monosporic derivative of C12902; Baker
et al. 2015) genomes were concatenated to create a single reference genome.
An integrative yeast gene annotation pipeline was set up at Gianni Liti’s lab
(later described in Yue et al. 2017) in order to combine different existing
annotation approaches to form an evidence-leveraged final annotation. RATT
(Otto et al. 2011), YGAP (Proux-Wéra et al. 2012), and Maker (Holt and
Yandell 2011) were used for gene annotation independently. Then their results
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were further integrated by EVM (Haas et al. 2008). Proteomes and CDS
sequences of several representative sensu stricto species (S. cerevisiae, S.
paradoxus, S. mikatae, S. bayanus, S. kudriavzevii and S. eubayanus) were
retrieved according to Scannell et al. (2011) and Baker et al. (2015) and used in
our annotation pipeline.

3.8.2. Short read sequencing of interspecific hybrids

All hybrids were sequenced by Biomedicum Genomics (Helsinki, Finland). In
brief, DNA was initially isolated using Qiagen 100/G Genomic-tips (Qiagen,
The Netherlands), after which either an Illumina NexteraXT or TruSeq LT
paired-end 150-bp library was prepared for each strain, and sequencing was
carried out with a NextSeq 500 instrument. Paired-end reads from the
NextSeq 500 sequencing were analyzed for quality with FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and trimmed
and filtered with Skewer (Jiang et al. 2014). The trimmed reads were aligned
to the concatenated S. cerevisiae A81062 and S. eubayanus FM1318 reference
genome using SpeedSeq (Chiang et al. 2015). Quality of alignments was
assessed with QualiMap (García-Alcalde et al. 2012). Single nucleotide
polymorphisms were detected using FreeBayes (Garrison and Marth 2012),
while CNVnator was used to predict copy number variations (Abyzov et al.
2011). SNPs predicted by FreeBayes with less than five left and right aligning
reads were discarded. Variable copy number regions predicted by CNVnator
with higher e-value than 0.001 were discarded. Prior to variant analysis,
alignments were filtered to a minimum MAPQ of 50 with SAMtools (Li et al.
2009). In order to exclude repeated regions from the genome during variant
analysis, S. cerevisiae repetitive regions were retrieved from SGD (Engel et al.
2014) and matched to the concatenated reference genome. Structural variation
analysis was performed with LUMPY (Layer et al. 2014), Manta (Chen et al.
2016), and Scalpel (Fang et al. 2016). Variants that were unique to the variant
strains (i.e., not present in the wild-type strain) were obtained with SnpSift
(Cingolani et al. 2012a). Annotation and effect prediction of the variants were
performed with SnpEff (Cingolani et al. 2012b). Additional copy-number
analysis was carried out with cn.MOPS (Klambauer et al. 2012) and CNVKit
(Talevich et al. 2016).

3.9 Quantitative PCR for copy number analysis

The relative copy numbers of the S. cerevisiae- and S. eubayanus-derived
ATF1, ATF2, and EEB1 genes in the hybrid strains were estimated with
quantitative PCR of genomic DNA. A detailed description of the assay is
available in Publication II (Krogerus et al. 2016). Primers were designed using
the S. cerevisiae A81062 and S. eubayanus FM1318 (Baker et al. 2015)
reference genomes. The PCRs were performed using a LightCycler® 480
SYBR Green I Master mix (Roche Diagnostics, Switzerland) on a LightCycler®
480 II instrument (Roche Diagnostics, Switzerland) in four independent
replicates. Data analysis was performed using the supplied LightCycler® 480
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Software, Version 1.5 (Roche Diagnostics, Switzerland). The copy numbers of
the target genes in the hybrid strains relative to the parent strains were
calculated using the formula (Pfaffl 2001):

Ratio =
, ( )

, ( )

3.10 Yeast transcript analysis

Transcript analysis of S. cerevisiae- and S. eubayanus-derived orthologues of
five genes previously reported to contribute to ester formation (ATF1, ATF2,
EHT1, EEB1, and BAT1) was performed using the TRAC assay (Rautio et al.
2007). Yeast was harvested from the fermentation vessels by anaerobically
withdrawing wort containing 50-200 mg fresh mass of yeast. Samples were
briefly centrifuged (9000 × g, 3 min, 1 °C) and yeast pellets were washed with
ice-cold RNAse-free (dimethyl pyrocarbonate (DMPC)-treated) water,
transferred to tared screw-cap cryovials and immediately frozen in liquid
nitrogen before storage at -80 °C. A detailed description of the TRAC assay is
available in Publication II (Krogerus et al. 2016).

3.11 Lipid analysis

Prior to lipid extraction and analysis, frozen cell samples were freeze-dried at -
55 °C overnight (Martin Christ Alpha 1-4 LDplus, Germany). Detailed
descriptions of the lipid extraction and analysis methods are available in
Publication III (Krogerus et al. 2017b). Fatty acids (free and bound) and
sterols were analysed with GC/MS on an Agilent 7890A GC combined with an
Agilent 5975C mass selective detector controlled by MSD ChemStation
software (Agilent Technologies Inc., Santa Clara, CA, USA). An Agilent FFAP
silica capillary column (25 m × 0.2 mm × 0.3 µm) was used for fatty acid
analysis, and an Agilent DB-5MS column (30 m × 0.2 mm × 0.25 µm) was
used for sterol analysis. For lipidomics analyses, the lipid extracts were
analyzed on a Waters Q-TOF Premier mass spectrometer combined with an
Acquity Ultra Performance LCTM (UPLC) under the control of MassLynx
software (v 4.1; Waters Inc., Milford, MA, USA ). An Acquity UPLCTM BEH C18
column (2.1 × 100 mm with 1.7 m particles) was used.

3.12 Flocculation assay

Flocculation of the yeast strains was evaluated using a modified Helm's assay
essentially as described by D'Hautcourt and Smart (1999). Cultures recovered
from fermentation were washed twice with 0.5 M EDTA (pH 7) to break the
cell aggregates and then diluted to an OD600 of 0.4. Flocculation was assayed
by first washing yeast pellets with 4 mM CaCl2 solution and resuspending
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them in 1 ml of flocculation solution containing 4 mM CaCl2, 6.8 g/L sodium
acetate, 4.05 g/L acetic acid, and 4% (v/v) ethanol (pH 4.5). Yeast cells in
control tubes were resuspended in 0.5 M EDTA (pH 7). After a sedimentation
period of 10 min, samples (200 L) were taken from just below the meniscus
and  dispersed  in  10  mM  EDTA  (800  L).  The  absorbance  at  600  nm  was
measured, and percentage of flocculation was determined from the difference
in absorbance between control and flocculation tubes.

3.13 Maltose and maltotriose uptake assay

Maltose and maltotriose uptake by the yeast strains was assayed by first
growing them in YPM medium at 20 °C. Yeasts were usually harvested at an
OD600 nm between 4 and 8 (i.e., at 2 ± 1 mg dry yeast mL 1) by
centrifugation, washed with ice-cold water and then with ice-cold 0.1 M
tartrate-Tris (pH 4.2) and finally resuspended in the same buffer at a
concentration of 200 mg of fresh yeast mL-1. Zero-trans rates of [U-14C]-
maltose and [U-14C]-maltotriose uptake at 20 °C were determined with 5 mM
substrate in 0.1 M tartrate-Tris (pH 4.2) as described earlier [24], with
reaction time of 1 min. [U-14C]-maltose (ARC 488) and [U-14C]-maltotriose
(ARC 627) were from American Radiolabeled Chemicals Inc. (St. Louis, MO,
USA). [U-14C]-maltotriose was repurified before use as described by Dietvorst
et al. (2005).

3.14 Ethanol tolerance and accumulation capacity.

Ethanol tolerance was assessed based on the ability to grow on yeast extract-
peptone-dextrose (YPD) agar plates supplemented with various levels of
ethanol. Overnight precultures of all the strains were grown in YPM at 25°C.
The yeast was then pelleted and resuspended in 50 mM citrate buffer (pH 7.2)
to deflocculate the yeast. The cell concentration was measured with a
NucleoCounter YC-100 (ChemoMetec, Denmark), after which suspensions
were diluted to contain approximately 105, 104, and 103 cells · ml 1. Five-
microliter aliquots of the suspensions of each strain were spotted onto agar
plates containing YPD supplemented with 9% and 11% ethanol. Plates were
sealed with Parafilm, placed in ziplock bags, and incubated at 25°C for up to 21
days.

The ethanol accumulation capacity of the strains was also assessed as
described by Gallone et al. (2016), with modifications. Overnight precultures
of all the strains were grown in YP-4% maltose at 25°C. The yeast was then
pelleted and resuspended to an OD600 of 20 in 50 mM citrate buffer (pH 7.2)
to deflocculate the yeast. Thirty-five milliliters of YP-35% maltose was then
inoculated with the yeast strains to an initial OD600 of 0.5. Fermentations
took place in 100-ml Erlenmeyer flasks capped with glycerol-filled airlocks.
Flasks were incubated at 18°C with gentle shaking (100 rpm) for 28 days. The
mass loss was monitored to estimate when fermentation finished. After the
fermentations had finished, the cultures were centrifuged, after which the
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alcohol content of the supernatants was measured with an Anton Paar density
meter DMA 5000 M with Alcolyzer beer ME and pH ME modules (Anton Paar
GmbH, Austria).

3.15 Wort fermentations

Parental and hybrid strains were characterized in 2-L scale wort
fermentations. Yeast was propagated essentially as described previously
(Krogerus and Gibson 2013b), with the use of a ‘Generation 0’ fermentation
prior to the actual experimental fermentations. The experimental
fermentations were carried out in duplicate, in 3-L cylindroconical stainless
steel fermenting vessels, containing 2 L of wort medium. The worts were
produced at the VTT Pilot Brewery from barley malt and wheat malt, and they
contained an extract content of 12-25 °Plato and free amino nitrogen (FAN)
content of 269-602 mg L 1. Yeast was inoculated at a rate of 4-5 g fresh yeast
per litre of wort (corresponding to 16-20 × 106 viable cells mL 1). The wort was
oxygenated to 18 mg L 1 prior to pitching. The fermentations were carried out
at 12-15 °C until no change in residual extract was observed for 24 hours. Wort
samples were drawn regularly from the fermentation vessels with a syringe,
and placed directly on ice, after which the yeast was separated from the
fermenting wort by centrifugation (9000 × g, 10 min, 1 °C).

3.16 Wort and beer analysis

The specific gravity, alcohol level and pH of samples was determined from the
centrifuged and degassed fermentation samples using an Anton Paar Density
Meter DMA 5000 M (Anton Paar GmbH, Austria) with Alcolyzer Beer ME and
pH ME modules (Anton Paar GmbH, Austria).

The yeast dry mass content of the samples (i.e. yeast in suspension) was
determined by washing the yeast pellets gained from centrifugation twice with
25 mL deionized H2O and then suspending the washed yeast in a total of 6 mL
deionized H2O. The suspension was then transferred to a pre-weighed
porcelain crucible, and was dried overnight at 105° C and allowed to cool in a
desiccator, before the change of mass was measured.

Concentrations of fermentable sugars (glucose, fructose, maltose and
maltotriose) were measured by HPLC using a Waters 2695 Separation Module
and Waters System Interphase Module liquid chromatograph coupled with a
Waters 2414 differential refractometer (Waters Co., Milford, MA, USA). An
Aminex HPX-87H Organic Acid Analysis Column (300 × 7.8 mm, Bio-Rad)
was equilibrated with 5 mM H2SO4 (Titrisol, Merck, Germany) in water at 55
°C and samples were eluted with 5 mM H2SO4 in water at a 0.3 ml/min flow
rate.

Yeast-derived flavour compounds were determined by headspace gas
chromatography with Flame ionization detector (HS-GC-FID) analysis. 4 mL
of samples were filtered (0.45 µm), incubated at 60 °C for 30 minutes and then
1 mL of gas phase was injected (split mode; 225 °C; split flow of 30 mL min-1)
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into a gas chromatograph equipped with a FID detector and headspace
autosampler (Agilent 7890 Series; Palo Alto, CA, USA). Analytes were
separated on a HP-5 capillary column (50m × 320 µm × 1.05 µm column,
Agilent, USA). The carrier gas was helium (constant flow of 1.4 mL min-1). The
temperature program used 50 °C for 3 min, 10 °C min-1 to 100 °C, 5 °C min-1
to  140  °C,  15  °C  min-1 to 260 °C and then isothermal for 1 min. Compounds
were identified by comparison with authentic standards and were quantified
using standard curves. 1-Butanol was used as internal standard.

Total diacetyl (free and acetohydroxy acid form) was measured according to
Analytica-EBC method 9.24.2 (European Brewery Convention 2004). Samples
were heated to 60°C and kept at this temperature for 90 min. Heating to 60°C
results in the conversion of -acetolactate to diacetyl. The samples were then
analyzed by headspace gas chromatography using a gas chromatograph
equipped with a micro-electron capture detector ( ECD) detector and
headspace autosampler (Agilent 7890 series; Palo Alto, CA, USA). Analytes
were  separated  on  a  HP-5  capillary  column  (50  m  by  320  m  by  1.05  m
column; Agilent, USA). 2,3-Hexanedione was used as an internal standard.

4-vinyl guaiacol was analyzed using HPLC-PAD based on methods described
by Coghe et al. (2004) and McMurrough et al. (1996). The chromatography
was carried out using a Waters Alliance HPLC system consisting of a Waters
e2695 Separations Module equipped with a XTerra® MS C18 column (5 µm,
4.6 × 150 mm) and a Waters 2996 Photodiode Array Detector. The mobile
phase consisted of H2O/CH3OH/H3PO4 (64:35:1, v/v) and flow rate was 0.5
mL min-1. The diode array detector was used at 190 - 400 nm. 4-vinyl guaiacol
was quantified at 260 nm using standard curves of the pure compound (0.3 –
30 mg L-1).

3.17 Data analysis and visualization

Data and statistical analyses were performed with R (http://www.r-
project.org/). Flow cytometry data were analyzed with the ‘flowCore' (Hahne
et al. 2009) and ‘mixtools' (Benaglia et al. 2009) packages. Growth curves
from the high-throughput screening cultivations were produced based on
optical density measurements using the logistic model in the ‘grofit' package
(Kahm et al. 2010). Scatter, box, and heatmap plots were produced in R.

Differences in concentrations of yeast-derived flavour compounds produced
were tested with 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 

)/ , where x is the concentration of an aroma compound in a particular beer,
 is the mean concentration of that aroma compound in all beers, and  is the

standard deviation of concentration of that aroma compound in all beers.
Correlations between the maximum transcript abundance of the monitored

genes and the concentrations of aroma compounds in the beers fermented
from the 15 °P wort were estimated with multiple linear regression followed by
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ANOVA to test for significance. The maximum transcript abundances were
fitted to the concentrations of the aroma compounds as follows:

= , , + , , +

where Yi is the concentration of aroma compound i, XSc,j and XSe,j are  the
maximum transcript abundances of the S. cerevisiae- and S. eubayanus-
derived orthologues of gene j respectively, and Sc,ij, Se,ij and 0 are the
regression coefficients.

The distributions of the lipidomic data were estimated by histograms and the
Shapiro–Wilk test, and the lipidomic data was consequently log10-
transformed to correct for skewed distributions. The change in lipid
composition compared to the control cultivation at 20 °C and 0%
supplemented EtOH was tested by Student’s t-test (two-tailed, unpaired, and
unequal variances). To control for multiple testing, the p-values were further
adjusted for Benjamini-Hochberg false discovery rate (FDR). Strain-specific
differences in fatty acid, squalene and ergosterol concentrations were tested
with one-way ANOVA with Tukey’s post-hoc test. Multivariate analysis was
performed with Partial Least Squares (PLS) and PLS-Discriminant Analysis
(PLS-DA) using the ‘ropls’ package in R (Thévenot et al. 2015). PLS-DA was
initially performed on the lipid data of all samples in order to determine
whether the lipid compositions of the yeast in low temperatures or high
alcohol levels could be distinguished from those at control conditions (20 °C,
0% supplemented EtOH). PLS models were constructed from the fermentation
and lipid data obtained at the different temperatures and supplemented
ethanol levels in order to elucidate which lipid species contributed positively
and negatively to fermentation performance at those conditions. The Y
response variable of the models was the maximum fermentation level divided
by the lag time, while the X predictor variables were the combined dataset of
the compositions of fatty acids, squalene and ergosterol obtained from GC/MS
analysis and the compositions of the 60 lipid species obtained from UPLC/MS
lipidomics analysis. PLS(-DA) models were cross-validated (Q2 >  0.5  was
considered significant (Triba et al. 2014)), and the significance of the Q2 value
was tested with 200 random permutations of the X dataset.
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4. Results and discussion

4.1 Generating new lager hybrids through interspecific
hybridization (Publication I)

The aim of this first study was to demonstrate that novel lager yeast strains
with phenotypic properties inherited from both parental strains could be
generated through interspecific hybridization (Publication I). Interspecific
hybridization has the potential to greatly increase the diversity of yeast strains
available for lager brewing. Here we applied mass mating to generate de novo
lager yeast hybrids from a domesticated strongly flocculent S. cerevisiae ale
strain (VTT-A81062) and the S. eubayanus type strain (VTT-C12902). The
hybrids were characterized with respect to the parent strains in wort
fermentations performed at temperatures typical for lager yeast, and the
resulting beers were analysed for sugar content and concentrations of aroma-
active compounds.

4.1.1. Hybrid generation

Prior to attempting to generate interspecific hybrids, spontaneous auxotrophic
mutants (lys- and ura-) of the two parent strains, A81062 and C12902, were
selected on -aminoadipic and 5-fluoroorotic acid agar plates, respectively.
The auxotrophies were used as selection markers, so that prototrophic hybrid
strains could be selected from a population of auxotrophic parent strains when
grown on minimal media. A ura- isolate of A81062 and lys- isolate of C12902
were obtained, and these produced viable spores (12 and 71 %, respectively).
These auxotrophic parent strains were sporulated and used to generate
interspecific hybrids with mass mating. After mating and spreading on
selection plates, a total of 38 colonies or potential hybrids were obtained
(corresponding to a hybridization frequency of 2.6 × 10 6). Four isolates,
Hybrids H1-H4, were selected for hybrid confirmation and further
characterization.

The hybrid status of these potential hybrids was tested using both PCR and
PFGE. After amplification of the ITS region and digestion with HaeIII, a 4-
band pattern was obtained for the S. cerevisiae A81062 parent strain, a 3-band
pattern was obtained for the S. eubayanus C12902 parent strain, while 5-band
patterns were obtained for the isolated hybrids (Figure 6A). Amplification of
FSY1 and MEX67 genes by PCR (Figure 6B), also revealed the presence of S.
eubayanus and S. cerevisiae genes, respectively, in the genomes of the hybrid
strains. Together, the PCR results confirmed that both parental genomes were
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utilization is of industrial importance because it not only results in a higher
alcohol yield, but residual maltotriose can also affect flavour (Zheng et al.
1994). In early stages of fermentation, i.e. when the wort monosaccharides are
predominately taken up and utilized by the yeast (Bisson et al. 1993), the
hybrid strains and S. eubayanus exhibited similar fermentation rates.
However, the fermentation rates of the hybrid strains increased relative to S.
eubayanus after around 48 hours. This is most likely a result of more efficient
maltose and maltotriose utilization in the hybrid strains. The S. cerevisiae
parent performed poorly throughout the entire fermentation, presumably
because the fermentation temperature was sub-optimal. Interestingly, a
considerable amount of residual maltose was present in the beer fermented
with S. cerevisiae (Table 7), suggesting impaired maltose uptake. A relatively
low-gravity wort (12 ° Plato) was used here, but industry is showing interest
towards higher gravity worts (Saerens et al. 2008b). We did not test the
fermentation performance of the hybrid strains in high-gravity wort in this
study, but we investigated it in a subsequent study (Publication II).

Table 7. Sugar concentrations (g L-1) in the original wort and beers fermented with the hybrid and
parent strains, as well as their maltose and maltotriose uptake at 20 °C. An uptake activity 0.5
µmol min 1 g 1 DY is considered negligible. Concentrations are means from two independent
fermentations, while uptake rates are means of three independent assays (standard deviation in
parenthesis).

Yeast strain
/ Sample

Maltose
concentration

(g L-1)

Maltose uptake
µmol min 1 g 1 DY
(5 mM maltose)

Maltotriose
concentration

(g L-1)

Maltotriose uptake
µmol min 1 g 1 DY
(5 mM maltotriose)

Original wort 59.1 (± 0.37) a NA 18.8 (± 0.21) a NA

Hybrid H1 1.6 (± 0.04) c 12.6 (± 1.7) a 3.6 (± 0.07) c 4.1 (± 0.3) a

Hybrid H2 1.5 (± 0.03) c 12.3 (± 3.0) a 3.4 (± 0.05) c 4.1 (± 0.2) a

Hybrid H3 1.6 (± 0.02) c 15.8 (± 0.9) a 3.9 (± 0.13) c 5.4 (± 1.4) a

Hybrid H4 1.6 (± 0.20) c 16.1 (± 0.7) a 5.3 (± 0.24) b 5.4 (± 1.3) a

A81062 25.1 (± 0.69) b 10.1 (± 0.5) a 5.5 (± 0.09) b 4.2 (± 0.2) a

C12902 1.8 (± 0.15) c 13.2 (± 3.1) a 18.5 (± 0.58) a 0.1 (± 0.0) b

a,b,c Values in the same column with different superscript letters differ significantly (p < 0.05)

Table 8. The flocculation ability of the hybrid and parent strains. Values are means of three
independent assays (standard deviation in parenthesis).

Yeast strain Flocculation ability (%)
Hybrid H1 85 (± 2.1) a

Hybrid H2 87 (± 1.3) a

Hybrid H3 88 (± 1.6) a

Hybrid H4 82 (± 4.5) a

A81062 71 (± 4.2) b

C12902 15 (± 0.8) c

a,b,c Values in the same column with different superscript letters differ significantly (p < 0.05)

As the S. cerevisiae A81062 was visibly strongly flocculent, we also measured
the flocculation potential of the parent strains and the hybrids. The
flocculation assay revealed that the S. cerevisiae A81062 parent strain and all
four hybrid strains H1–H4 exhibited strong flocculation, while S. eubayanus
C12902 flocculated poorly (Table 8). During fermentation, we also observed
more suspended biomass with S. eubayanus than with the hybrids (Figure
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7B). Surprisingly, the flocculation of the hybrid strains was stronger than both
parent strains, again revealing heterosis and phenotype amplification in the
hybrids (Table 8). Strongly flocculating yeast can be exploited as a cheap and
effective way of separating yeast from the beer after fermentation (Vidgren and
Londesborough 2011).

The aroma profiles of the beers produced with the four hybrid strains were
similar (Figure 8). S. eubayanus C12902 produced the highest concentrations
of higher alcohols related to branched-chain amino acid synthesis, with
concentrations of 2-methylpropanol, 3-methylbutanol and 2-methylbutanol
being almost twofold higher than in the beers produced with the hybrid
strains. These higher alcohols have alcoholic and solvent-like aromas, which
are generally considered unpleasant in beer (Pires et al. 2014). The
concentrations of 3-methylbutyl acetate, giving the beer a desirable banana-
and pear-like aroma, were quite similar for the hybrid strains and S.
eubayanus (around the flavour threshold of 1.2 mg/L (Meilgaard 1982)).
Higher concentrations of ethyl esters were observed in the beers produced by
the hybrid strains compared to either of the parent strains, and ethyl
hexanoate concentrations were above the flavour threshold of 0.2 mg/L
(Meilgaard 1982). The ethyl esters have fruity and apple-like aromas that are
desirable in beer. The beer fermented with S. cerevisiae A81062 had a low
amount of esters overall. As with sugar use, this was presumably a result of a
sub-optimal fermentation temperature, which in turn causes decreased
expression levels and enzyme activity of genes involved with ester synthesis,
e.g. ATF1, ATF2, EEB1 and EHT1. As the hybrid strains appeared to produce
increased concentrations of certain aroma compounds, the results suggest that
it could be possible to increase the aromatic diversity of lager yeast strains by
using interspecific hybridization, and create tailor-made lager yeast strains
with desired aroma production through the selection of appropriate parent
strains. The possibility to increase aromatic diversity of lager yeast through
hybridization was later established in a study by Mertens et al. (2015). The
cause of these differences in ester formation of the hybrid strains compared to
both parent strains was not elucidated in this study, but we hypothesized that
it could result from both genetic factors, i.e. increased expression and different
functionality of orthologous genes (Verstrepen et al. 2003a; Saerens et al.
2008b; Bolat et al. 2013), and an indirect result of the fermentation
environment, i.e. from the formation of more alcohol and fatty acid
precursors, differences in wort pH or differences in yeast growth (Yoshioka
and Hashimoto 1981; Hiralal et al. 2014). This hypothesis was tested in a
subsequent study (Publication II). In addition to the fruity aromas, all beers
also had a distinct clove-like aroma, caused by the presence of 4-vinyl guaiacol
(Coghe et al. 2004). This suggests that the hybrid strains had inherited
functional PAD1 and FDC1 genes from either of the parents. As 4-vinyl
guaiacol formation is unwanted in lager beer fermentations, we aimed to
develop a technique to remove this phenotype from the hybrids in a
subsequent study (Publication III).
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Figure 8. The concentrations of aroma compounds in the beers fermented with the hybrid and
parent strains (mg/L). Where visible, the dashed line represents the typical flavour
threshold (Meilgaard 1982). Otherwise, values are below the typical flavour threshold in
beer. Values are means from two independent fermentations and error bars where visible
represent the range. Figure taken from (Krogerus et al. 2015).
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4.2. Controlling the properties of de novo hybrids through ploidy
and sub-genome inheritance (Publication II)

The first study (I) revealed that de novo lager yeast hybrids could be generated
through interspecific hybridization. These hybrids had inherited properties
from both parent strains, and in some cases exhibited superior phenotypic
qualities compared to one or both parents, i.e. heterosis or hybrid vigour.
Next, we sought to investigate whether the properties of de novo lager hybrids
could be directed by controlling their ploidy and sub-genome inheritance
(Publication II). Our aim was to investigate to what extent the DNA content of
de novo lager yeast hybrids affects fermentation performance, aroma
production, and resistance towards intensification of fermentation conditions.
Furthermore, the relationship between gene expression and aroma formation
in the strains was elucidated. We generated lager yeast hybrids with different
ploidy levels (allodiploid, allotriploid, and allotetraploid) by crossing the S.
cerevisiae A81062 ale strain with the S. eubayanus C12902 type strain
through either spore-to-spore mating or rare mating. The contributions of the
respective parental genomes to the hybrid genomes were determined by whole
genome sequencing. The performance of these hybrids with respect to each
other and the parent strains was characterized in 2-litre fermentations using
15 and 25 °P wort. The fermenting wort and resulting beers were analyzed for
aroma compounds, vicinal diketones, and sugar content, while transcript
analysis, viability tests, and flocculation assays were performed on the yeast
strains. The results from this study are expected to facilitate the creation of
future hybrid brewing yeasts with specific properties.

4.2.1 Generation of hybrids with varying ploidy

An allodiploid (Hybrid A2), allotriploid (Hybrid B3), and allotetraploid
(Hybrid C4) interspecific hybrid between S. cerevisiae A81062 and S.
eubayanus C12902 parent strains were successfully generated using spore-to-
spore mating and rare mating. The hybrid status of these strains was
confirmed with both ITS-PCR combined with RFLP and amplification of FSY1
and MEX67 genes using S. eubayanus- and S. cerevisiae-specific primers as
described previously. Flow cytometry was used to confirm that Hybrid A2 was
diploid, Hybrid B3 was triploid, and Hybrid C4 was tetraploid.

Whole genome sequencing with 150 bp paired-end Illumina sequencing was
used to examine the contribution of the parental sub-genomes in the hybrid
strains. First, a reference genome of the S. cerevisiae A81062 parent strain, to
which sequencing reads from the hybrid strains could be aligned, was
produced using hybrid assembly of sequencing reads produced with PacBio
and Illumina technology. The de novo assembly of the diploid S. cerevisiae
A81062 resulted into 40 scaffolds which spanned a total genome size of 12
Mbp. These scaffolds were further assigned to 16 chromosomes and the
mitochondrial genome by reference assembly with Ragout (Kolmogorov et al.
2014). The resulting assembly was used together with the S. eubayanus
FM1318 genome (Baker et al. 2015) as the reference genome for analysis of the
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hybrid strains. Chromosome copy numbers in the hybrid genomes were
calculated from the normalized median read coverage (Table 9). The copy
numbers of the genes that were monitored with transcriptional analysis were
also estimated based on the median read coverage and found to be equal to the
copy number of their associated chromosome. These gene counts were further
supported by qPCR analysis (Krogerus et al. 2016).

Table 9. Copy numbers of chromosomes and genes related to ester synthesis in the Hybrid A2,
Hybrid B3 and Hybrid C4 strains.

Chromosome
Genes located on chromosome Hybrid A2 Hybrid B3 Hybrid C4

Scer Seub Scer Seub Scer Seub Scer Seub

I 1 1 2 1 2 2

II Sc-EHT1 1 1 2 1 2 2

III 1 1 1 1 1 2

IV Se-EHT1 1 1 2 1 2 2

V 1 1 2 1 2 2

VI 1 1 2 1 2 2

VII Sc-ATF2 Se-ATF2 1 1 2 1 2 2

VIII Sc-BAT1 Se-ATF1 1 1 2 1 2 2

IX 1 1 2 1 2 2

X 1 1 2 1 2 1

XI 1 1 2 1 2 2

XII 1 1 2 1 2 2

XIII 1 1 2 1 2 2

XIV 1 1 2 1 2 2

XV Sc-ATF1 Se-BAT1 1 1 2 1 2 2

XVI Sc-EEB1 Se-EEB1 1 1 2 1 2 2
Bold values depict chromosomes that contain genes which have been reported to contribute to ester
formation and that here were monitored with transcriptional analysis (Verstrepen et al. 2003a; Lilly et al.
2006; Saerens et al. 2006; Saerens et al. 2008a; Zhang et al. 2013). Scer: S. cerevisiae; Seub: S.
eubayanus.

The S. cerevisiae-derived chromosomes of the allotetraploid Hybrid C4 and
allotriploid Hybrid B3 contain almost exclusively heterozygous SNPs
(Krogerus et al. 2016), which supports the observation that two copies of each
chromosome were present in these hybrids. An exception was chromosome III
that contained only homozygous SNPs and that read coverage analysis and
CNVnator also detected as a single copy (Table 9). The allodiploid Hybrid A2
appeared to contain one set of chromosomes derived from S. cerevisiae
A81062, based on read coverage and the presence of mainly homozygous SNPs
(Table 9). SNPs detected in the S. eubayanus sub-genome were too rare to
provide support for chromosome copy numbers. Read coverage suggested that
the mitochondria was derived from S. eubayanus in Hybrid C4 and Hybrid B3
and from S. cerevisiae in Hybrid A2.



48

4.2.2. Fermentations in 15 and 25 °P wort
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Table 10. The parameters of the beers produced from the 15 °P and 25 °P wort, the flocculation
ability and viability of the parent and hybrid strains after fermentation in the 15 °P and 25 °P
wort.

Yeast strain A81062 C12902 Hybrid C4 Hybrid B3 Hybrid A2

15
°P

Alcohol (% v/v) 6.6
(± 0.04) a

5.7
(± 0.01) b

6.8
(± 0.10) a

6.9
(± 0.09) a

6.9
(± 0.10) a

Attenuation (%) 78 (± 0.2) a 68 (± 0.01) b 80 (± 1.0) a 82 (± 1.0) a 82 (± 3.6) a

Maltose (g/L) 15.8
(± 0.5) a

4.0
(± 0.8) b

9.0
(± 0.6) c

4.8
(± 0.7) b

11.0
(± 2.2) c

Maltotriose (g/L) 6.0
(± 0.02) a

25.9
 (± 0.6) b

7.2
(± 0.2) c

8.5
(± 0.3) d

6.6
(± 0.1) a,c

pH 4.44 (± 0.01)
a

4.52 (± 0.01)
b

4.68 (±
0.01) c

4.46 (±
0.02) a

4.10 (±
0.01) d

Yeast viability (%) 89.9
(± 1.0) a

58.2
(± 8.8) b

60.7
(± 3.0) b

87.7
(± 0.1) a

98.5
(± 0.0) a

25
°P

Alcohol (% v/v) 8.9
(± 0.22) a

2.6
(± 0.01) b

10.4
 (± 0.06) c

9.8
 (± 0.25) c

5.3
(± 0.01) d

Attenuation (%) 58 (± 1.6) a 17 (± 0.2) b 67  (± 0.6) c 64  (± 1.7) c 32 (± 0.3) d

Maltose (g/L) 63.7
(± 2.6) a

114.2
 (± 0.8) b

39.8
 (± 1.0) c

44.4
(± 3.1) c

104.4
(± 3.7) d

Maltotriose (g/L) 11.0
 (± 0.9) a

44.3
 (± 1.4) b

11.9
 (± 0.2) a,c

13.7
 (± 1.6) c

21.3
 (± 0.9) d

pH 4.54 (± 0.01)
a

4.71 (± 0.01)
b

4.63 (±
0.01) c

4.56 (±
0.01) a

4.49 (±
0.01) d

Yeast viability (%) 93.2
(± 0.2) a,b

0.0
(± 0.0) c

5.9
(± 3.3) c

89
(± 0.1) a

96.8
(± 0.1) b

Flocculation ability (%) 94.0
(± 0.7) a

2.6
(± 1.7) b

58.6
(± 2.1) c

73.1
(± 5.2) d

6.2
(± 0.7) b

a,b,c,d Values in the same row with different superscript letters differ significantly (p < 0.05)
ND: not detected. The flocculation abilities are means of three independent assays (standard deviation in
parenthesis), while beer parameters, and viabilities are means from two independent fermentations
(standard deviation in parenthesis).

The differences in fermentation rate that were observed between the hybrid
and parent strains can partly be explained by how the wort sugars were
consumed during fermentation. Hybrid C4 used maltose and maltotriose the
fastest during the first half of fermentation in the 15 °P wort (Figure 10A-B). In
the 15 °P wort, Hybrid B3 and Hybrid A2 consumed maltotriose at similar
rates throughout fermentation, but Hybrid B3 consumed maltose more
efficiently resulting in an increased overall fermentation rate. The S. cerevisiae
A81062 parent strain consumed maltotriose at a similar rate to Hybrid B3 and
Hybrid A2, but consumed maltose at the lowest rate out of all strains in the
latter half of fermentation. Consistent with our previous research (Gibson et al.
2013; Krogerus et al. 2015), the S. eubayanus parent strain was unable to
consume maltotriose. No glucose or fructose was detected in any of the
samples that were drawn during fermentation, suggesting these sugars were
rapidly depleted from the wort. Similar trends in sugar consumption were
observed in the 25 °P wort as well, with the strains fermenting the fastest also
consuming maltose and maltotriose the fastest (Figure 10C-D). Hybrid A2 and
the S. eubayanus strain consumed maltose poorly in the 25 °P wort, resulting
in an overall low fermentation rate.
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These hybrids also appeared to have greater ethanol tolerance than the
allodiploid Hybrid A2. It is likely that the poor performance of the allodiploid
Hybrid A2 in the 25 °P wort is incidental, as previous studies have shown that
hybrid strains with superior ethanol production and tolerance can be
generated through mass mating (Zheng et al. 2011; Snoek et al. 2015). On the
other hand, Mertens et al. (2015) observed better fermentation performance
with allotriploid yeast hybrids compared to allodiploid hybrids in pilot-scale
wort fermentations. However, this may rather be associated with the
performance of the parent strains. A more general observation could have
been obtained by including a larger number of hybrids in the study.

As discussed in section 1.3, the yeast is exposed to various environmental
stresses in very high gravity wort, including high osmotic pressure, high
alcohol concentrations and nutrient starvation (Blieck et al. 2007; Gibson et al.
2007; Gibson 2011). Studies have suggested that polyploidy is associated with
increased stress tolerance (Storchova 2014; Schoenfelder and Fox 2015;
Morard et al. 2019), and our results also suggest that polyploid hybrids are
better at resisting these stresses. The reasons behind this are not clear, but it
could be a result of increased gene dosage and positive selection of specific
gene products, masking of deleterious recessive mutations, transcriptome
changes and even increased cell size associated with polyploidy (Storchova
2014; Schoenfelder and Fox 2015). Ethanol and stress tolerance in yeast are
known to be affected by the lipid composition of the plasma membrane
(Henderson and Block 2014), intracellular trehalose concentrations (Bandara
et al. 2009), and expression of general stress response genes (Sadeh et al.
2011). Strongly flocculating cells also tend to be more tolerant towards ethanol
(Smukalla et al. 2008), and this was reflected in our results as well. The factors
that contribute to the differences in ethanol and stress tolerance that we
observed here between the hybrids and their parent strains are unclear, and
these should be addressed in future work. The influence of the cellular lipid
composition in determining cold and ethanol tolerance in the hybrid strains
was tested in a subsequent study (Publication III).

4.2.3. Production of aroma compounds

In our previous study (Publication I), we observed that de novo interspecific
lager hybrids were producing higher overall concentrations of desirable aroma
compounds compared to the parent strains. Here, we aimed to elucidate the
mechanisms behind this phenomena, and investigated whether there was any
correlation between gene copy numbers and transcript abundances, as well as
between aroma formation and transcript abundances in the hybrid strains.
There was considerable variation in the concentrations of yeast-derived aroma
compounds in the different beers (Figures 11 and 12). From the 15 °P wort, the
beer with the highest overall concentrations of aroma-active esters was
fermented with the allotetraploid Hybrid C4. This strain produced a higher
concentration of ethyl hexanoate than either parent and similar concentrations
of 3-methylbutyl acetate, ethyl octanoate and ethyl decanoate to the highest
producing parent. Comparing the parent strains, we observed that S.
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cerevisiae A81062 tended to produce more ethyl esters, while S. eubayanus
C12902 tended to produce more acetate esters. This was reflected in the aroma
profiles of the beers fermented with the hybrid strains and the contribution of
the parent genomes in these hybrids. The allotriploid Hybrid B3, which
contained proportionally more of the S. cerevisiae than the S. eubayanus
parent genome, produced lower amounts of acetate esters (3-methylbutyl
acetate and ethyl acetate) than the other two hybrid strains.

Figure 11. The concentrations (mg L 1) of aroma compounds (rows) in the beers fermented
from the 15 °P wort with the hybrid and parent strains (columns). The heat map was
generated based on the z-scores (blue and red indicate low and high values, respectively).
The values in parenthesis under the compound names represent the flavour threshold
(Meilgaard 1982). Values are means from two independent fermentations (standard
deviation in parenthesis). Values in the same row with different superscript letters (a-e)
differ significantly (p < 0.05). Figure taken from (Krogerus et al. 2016).

The aroma compounds in the beers produced from the 25 °P wort were at
similar levels as those from the 15 °P fermentations (Figure 12). Hybrid C4
again produced higher levels of aroma-active esters compared to the other two
hybrids, and higher concentrations of the acetate esters than either parent
strain. Hybrid B3 produced similar concentrations of all ethyl esters, but
significantly lower concentrations of 3-methylbutyl acetate and 2-phenylethyl
acetate compared to Hybrid C4. The beers produced by the S. eubayanus
parent and Hybrid A2 had low amounts of flavour-active esters as a result of
poor fermentation. The S. cerevisiae parent strain again produced high
concentrations of ethyl esters.
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Figure 12. The concentrations (mg L 1) of aroma compounds (rows) in the beers fermented
from the 25 °P wort with the hybrid and parent strains (columns). The heat map was
generated based on the z-scores (blue and red indicate low and high values, respectively).
The values in parenthesis under the compound names represent the flavour threshold
(Meilgaard 1982). Values are means from two independent fermentations (standard
deviation in parenthesis). Values in the same row with different superscript letters (a-e)
differ significantly (p < 0.05). ND: not detected. Figure taken from (Krogerus et al. 2016).

4.2.4. Transcript analysis

Next, we sought to investigate whether the increased aroma formation that
was observed in the higher ploidy hybrids was a result of increased gene
expression and copy numbers of genes related to aroma synthesis. Yeast
samples were drawn at different time points during fermentation, and from
these we monitored the transcript abundance of both orthologues (S.
cerevisiae- and S. eubayanus-derived) of five genes previously reported to
contribute to ester formation (Lilly et al. 2006; Saerens et al. 2006, 2008;
Verstrepen et al. 2003; Zhang et al. 2013). These were ATF1, ATF2, EHT1,
EEB1, and BAT1 (the copy numbers and chromosome locations of these are
shown in Table 9). We observed both a positive correlation between the overall
transcript abundances and the deduced gene copy numbers, as well as between
the transcript abundances of specific genes and corresponding esters.
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Figure 13.
genes responsible for ester formation during fermentation of the 15 °P wort with the hybrid
and parent strains. Samples were taken at 24 hours, 33% attenuation, and 60%
attenuation. Values are means from two independent fermentations a
visible represent the standard deviation. Values from the same sampling point with different
letters (a
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transcript abundances of Sc-ATF1. For Se-ATF1, both Hybrid B3 and Hybrid
A2 showed approximately two-fold lower transcript abundances at 33% and
60% attenuation compared to S. eubayanus C12902. The transcript
abundances of Sc-ATF2 and Se-ATF2 showed a similar trend, where the
overall highest levels amongst the hybrids were observed with Hybrid C4.

The main transferase enzymes involved in ethyl ester synthesis are encoded
by EHT1 and EEB1 (Saerens et al. 2006). The highest transcript abundances of
Sc-EHT1 were observed for the S. cerevisiae parent strain, showing a two-fold
difference at 33% apparent attenuation compared to Hybrid B3 and Hybrid
C4. A signal was obtained with the Sc-EHT1 probe from the fermentations
with the S. eubayanus parent strain, meaning that the probe was non-specific
and cross-hybridized to something in the sample, possibly Se-EHT1 mRNA.
For Se-EHT1, the highest transcript abundances were observed with the S.
eubayanus parent strain throughout the fermentation. The transcription of Sc-
EEB1 was similar among the S. cerevisiae parent, Hybrid C4 and Hybrid B3 at
24 hours and 33% apparent attenuation, while Hybrid A2 had an
approximately two-fold lower transcript abundance at 33% and 60%
attenuation. For Se-EEB1, similar transcript abundances were observed for all
hybrid strains during active fermentation.

The transcript abundances of Sc-BAT1 showed a similar pattern to those of
Sc-EEB1. In the early stages of fermentation, little differences were observed
between the Sc-BAT1 transcript abundances of S. cerevisiae, Hybrid C4 and
Hybrid B3, while the hybrids showed 1.5- to two-fold higher transcript
abundances towards the end of fermentation.  Hybrid A2 exhibited up to 2.5-
fold lower transcript abundances than the S. cerevisiae parent strain during
active fermentation. For Se-BAT1, the transcript abundances were similar in
the S. eubayanus parent, Hybrid B3, and Hybrid A2 during active
fermentation, but up to 4-fold higher in Hybrid C4.

In general, we saw equal or even higher transcript abundances in those
hybrid strains that had inherited two copies of the gene from the parent. A
Pearson product-moment correlation of 0.88 (p-value lower than 0.0001) was
obtained between the normalized mean transcript abundances of each
orthologous gene in each strain (normalized to zero mean and unit variance)
and the deduced gene copy numbers in Table 9 (Figure 14). Linear regression
models were used to test for correlation between the maximum transcript
abundances of the different genes and the concentrations of the aroma-active
compounds in the beers.  Significant correlations were only observed between
the maximum transcript abundances of ATF1 and ATF2 and the
concentrations 3-methylbutyl acetate and 2-phenylethyl acetate, as well as the
maximum transcript abundances of EHT1 and EEB1 and the concentrations of
ethyl hexanoate (Table 11). The S. eubayanus-derived orthologues of ATF1 and
ATF2 had a larger positive influence on the concentrations of the acetate esters
compared to the S. cerevisiae-derived counterparts. For ethyl hexanoate on
the other hand, the expression of the S. cerevisiae-derived orthologues of
EHT1 and EEB1 had a larger positive influence compared to the S.
eubayanus-derived orthologues.
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Figure 14. The correlation between mean transcript abundances of both orthologues of ATF1,
ATF2, EHT1, EEB1, and BAT1 and their deduced copy numbers in the parent and hybrid
strains. r is the Pearson product-moment correlation.

Table 11. The  coefficients of the multiple linear regressions between maximum transcript
abundances of selected genes and the beer concentrations of various aroma compounds.

Gene 3-Methylbutyl acetate 2-Phenylethyl acetate Gene Ethyl hexanoate

Sc-ATF1 NS NS Sc-EHT1 NS

Se-ATF1 4.8 · 10-4 3.1 · 10-4 Se-EHT1 -3.8 · 10-5

Sc-ATF2 NS NS Sc-EEB1 1.6 · 10-5

Se-ATF2 5.8 · 10-4 3.7 · 10-4 Se-EEB1 NS
NS: not significant (p > 0.05). All coefficient values are significant (p < 0.05) and show a correlation between
the transcription of that gene and the beer concentration of that aroma compound.

Strain development of industrial brewing yeast has long been driven by a
demand for faster and more tolerant strains. However, the interest towards
strains that produce unique and rich flavour profiles has also increased in the
past decade, as there exists an increasing demand from consumers for craft
and speciality beers that are rich in aroma (Aquilani et al. 2015). Our results
show that one can generate hybrid lager yeasts with higher aroma production
than the parent strains. In addition, the aroma profile that these hybrids
produce can be directed depending on what method is used for mating, and
the DNA content and inheritance of the hybrids. The production of increased
or mid-parent concentrations of aroma compounds has also been reported in
other recent studies on yeast hybrids (Bellon et al. 2011; Gamero et al. 2013;
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Bellon et al. 2013; Steensels et al. 2014a; Da Silva et al. 2015; Krogerus et al.
2015; Mertens et al. 2015). Here we observed a positive correlation both
between transcript abundances and gene copy numbers, as well as between the
maximum transcript abundances of several genes and the concentrations of
corresponding aroma compounds in the beers. Hence, one can partly explain
the increased formation of aroma compounds in the hybrid strains compared
to the parents by the combined expression of orthologous genes inherited from
both the parent strains. While other studies on the expression of genes related
to the synthesis of aroma compounds in newly formed interspecific yeast
hybrids are limited, studies on natural hybrids have also revealed that there is
a positive correlation between the formation of aroma compounds and the
expression level of several genes involved in their synthesis (e.g. ATF1, ATF2
and BAT1), and that orthologues of these genes in lager yeast are differentially
transcribed during fermentation (Saerens et al. 2008b; He et al. 2014;
Procopio et al. 2014). Gene expression patterns in yeast hybrids are also
affected by environmental factors such as temperature (Tirosh et al. 2009; Li
et al. 2012), and this may also affect the contribution from the parental
genomes in lager yeasts.

In conclusion, the results of these first two studies (I-II) show that
interspecific hybridization is a useful non-GM tool for improving and
developing brewing yeast, and that the phenotypic properties of newly
generated hybrids can be controlled to some extent through their ploidy and
subgenome inheritance. The hybrids that were characterized not only
outperformed the parent strains in relation to fermentation rate, but also
produced beer with higher concentrations of certain flavour-active esters.
Transcriptional analysis revealed that the increased formation of esters in the
hybrid strains could be partly explained by the combined, and sometimes even
increased, gene transcript abundances of orthologous genes inherited from
both parent strains.
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4.3. Using a fertile allotetraploid intermediate to construct complex
hybrid strains (Publication III)

So far, our studies (I, II) have shown that interspecific hybridization has the
potential to be a powerful strain-development tool for brewing yeast. It not
only enables the combination and enhancement of phenotypic features from
two different parent strains, but hybrid strains have also exhibited various
improved brewing-relevant traits, including an expanded temperature
tolerance range (Krogerus et al. 2016). The mechanisms that contribute to cold
tolerance in brewing yeast are not fully understood, but the lipid composition
of the plasma membrane appears to play a vital role in temperature tolerance
(discussed in section 1.3.3). Here we wanted to investigate what lipid species
correlated with good fermentation performance at low temperatures and high
alcohol levels, by examining how the lipidomes of brewing yeasts react to
changes in temperature and ethanol concentration. In addition to being cold
tolerant, industrial lager yeast strains are also characterized by the lack of
phenolic off-flavour (POF) production. Non-domesticated yeasts, such as the
strains of S. eubayanus that have been used for de novo lager yeast creation,
tend to have functional PAD1 and FDC1 genes making them POF+. As any
functional genes from the parent strains are passed on to hybrids created from
them, the de novo lager hybrids have all been afflicted with a POF+ phenotype.
To further improve the strain development potential of hybridization, it would
be desirable to combine phenotypic traits from more than two parent strains,
and more importantly remove unwanted traits, such as POF formation, from
the hybrid. This could be achieved, for example, through sporulation, meiotic
recombination and further mating of the hybrid. However, hybrids between
species tend to be sterile, and therefore sporulate poorly (Marinoni et al. 1999;
Greig et al. 2002; Sebastiani et al. 2002; Morales and Dujon 2012).
Interestingly, allotetraploid hybrids are usually not constrained by sterility
(Greig  et  al.  2002;  Sebastiani  et  al.  2002),  and  these  tend  to  be  capable  of
producing viable diploid spores.

In this study (Publication III) we explored the possibility of creating a POF-
lager hybrid with DNA from three parent strains using a fertile allotetraploid
interspecific hybrid as an intermediate. The set of five hybrids that were
constructed here were also used to elucidate relationships between different
yeast lipid species and tolerance towards low temperatures and high ethanol
concentrations. We compared the fermentation kinetics and lipid
compositions of the strains in small-scale fermentations performed at low
temperatures and in the presence of ethanol. Multivariate analysis revealed
that good fermentation performance at low temperatures and high ethanol
concentrations was associated with high levels of unsaturated fatty acids and
phospholipids containing palmitoleic and oleic acid, in particular. Likewise,
ergosterol was associated with good fermentation performance at high ethanol
concentrations, but not at low temperatures. 2L-scale wort fermentations were
also carried out with the strains, and these revealed that Hybrid T2, a POF-
meiotic segregant of Hybrid T1 (containing DNA from all three parent strains),
reached the highest ethanol concentration, consumed the most maltotriose,
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and did not produce any 4-vinyl guaiacol, making it a promising candidate for
industrial lager beer fermentations.

4.3.1. Generation of inter- and intra-specific hybrids

A set of 8 brewing strains, consisting of 3 parent strains and 5 de novo hybrid
strains, were characterized in this study (Table 5). The three parent strains
were chosen for their varying phenotypic properties. Of the three, P1 is the
only strain that is able to use maltotriose during fermentation, P2 is the only
strain that does not produce 4-vinyl guaiacol (i.e. it is POF ), while P3 is the
cold-tolerant parent strain of lager yeast. Three hybrid strains H1–H3 were
first successfully constructed from these three parent strains through rare
mating according to the schematic in Figure 15. The hybrid status of these
strains was confirmed using three different PCR reactions (ITS, species-
specific, and interdelta primers), which showed that they contained DNA from
all their parent strains. Flow cytometry also revealed that these hybrid strains
were all polyploid, containing higher amounts of DNA than any of the three
parent strains P1–P3.

The allotetraploid nature of Hybrid H1 allowed it to form viable spores (47%
viability) despite being an interspecific hybrid. Spores of Hybrid H1 could
subsequently be mated with P2 to form the triple Hybrid T1 (Figure 15). PCR
was again used to confirm that the strain contained DNA from all three parent
strains. Whole genome sequencing of the strains also revealed that Hybrid T1
contained a higher ratio of S. cerevisiae-derived to S. eubayanus-derived
chromosomes (approximately 3:1; Krogerus, Seppänen-Laakso, et al. 2017).
The tetraploid Hybrid T1 was also able to sporulate and produce viable spores
(38% viability). To select for POF- strains, we screened spore clones of T1 for
the POF phenotype in growth media containing ferulic acid. Out of 12 spores
clones that were assayed, three did not produce any 4-vinyl guaiacol. The best
growing of these strains was given the name Hybrid T2, i.e. a POF  meiotic
segregant of Hybrid T1. Whole genome sequencing revealed that Hybrid T2
contained at least one copy of the S. cerevisiae-derived chromosomes, but had
lost several chromosomes derived from S. eubayanus, including chromosome
XIII carrying PAD1 and FDC1 (Krogerus et al. 2017b).
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Figure 15. Overview of the 8 brewing yeast strains created and used in the study. First, mutants
of parent strains P1–P3 carrying selection markers were selected. Hybrids H1–H3 were
then obtained by rare mating parent strains P1–P3. Hybrid T1, containing DNA from all
three parent strains, was obtained by sporulating the allotetraploid Hybrid H1 and rare
mating dissected spores with parent P2. The POF  segregant Hybrid T2 was obtained by
sporulating Hybrid T1 and screening spore clones for the absence of 4-vinyl guaiacol
production. Scer: Saccharomyces cerevisiae, Seub: Saccharomyces eubayanus. 5-FOA: 5-
fluoroorotic acid. -AA: alpha-aminoadipic acid. Figure taken from (Krogerus et al. 2017b).

Interspecific yeast hybrids tend to have poor sporulation efficiencies and spore
viabilities, which limits the amount of variation one can introduce to such
hybrids through meiotic recombination and chromosomal cross-over. While
the mechanisms contributing to hybrid sterility are not completely
understood, studies have shown that large sequence divergence, abnormal
chromosome segregation and reciprocal gene loss contribute to it (Morales
and Dujon 2012; Rogers et al. 2018). However, hybrid fertility can be
recovered, for example with genome doubling. Doubling the genome content
of sterile allodiploid hybrids results in allotetraploid strains capable of
producing viable spores (Greig et al. 2002; Sebastiani et al. 2002). Here, we
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also demonstrate two allotetraploid interspecies lager hybrids H1 and T1 with
spore viabilities of 47% and 38%, respectively. We could exploit this ability to
sporulate to not only cross Hybrid H1 with a third parent strain (P2), but also
remove the POF+ phenotype from Hybrid T1. The whole genome sequencing
of Hybrids T1 and T2, revealed that chromosome losses may occur during
spore formation (e.g. the S. eubayanus-derived chromosome XIII carrying
PAD1 and FDC1), suggesting that genetically diverse strains can be obtained.
However, one must ensure that desirable traits are not simultaneously
weakened or removed in the process. Fertile intermediates can therefore be
used to construct complex interspecific hybrid strains, which can be screened
and selected to contain desirable traits. This approach can be particularly
beneficial for generating novel and diverse lager yeast strains, as there
currently exist limited genetic and phenotypic diversity between natural lager
yeast hybrids (Dunn and Sherlock 2008; Gibson and Liti 2015).

4.3.2. Effects of temperature and ethanol on fermentation rate and lipid
composition

We carried out a set of 100 mL flask fermentations to investigate how the
fermentation rate and the lipid composition of the 8 brewing strains were
affected by the fermentation temperature and ethanol content of the growth
media. The fermentations were carried out at two temperatures, 10 and 20 °C,
and with two initial ethanol concentrations, 0 and 8% (v/v). When no ethanol
was added to the media, all eight strains were able to finish fermentation (a
decrease in approx. 7 °brix) at both 10 and 20 °C (Figure 16A-B and Table 12).
As expected, S. eubayanus (P3) had the shortest lag time ( ) at 10 °C, but
rather surprisingly both S. cerevisiae P1 and P2 showed the highest maximum
fermentation rate ( ) at this temperature. Despite their fast fermentation
rates, S. cerevisiae P1 and P2, as well as the intraspecific Hybrid H3, produced
the lowest level of accumulated biomass (p < 0.05) at 10 °C when compared to
the fermentations at 20 °C without any added ethanol.

Fermentations were not as efficient when the growth media was
supplemented with 8% (v/v) ethanol. S. eubayanus P3 and Hybrid H1 were
the only strains that managed to reach the same maximum fermentation level
(A) as in the unsupplemented growth media at 10 °C. However, S. eubayanus
P3 both fermented and grew the worst out of the 8 strains at 20 °C, suggesting
that it is ethanol-tolerant at 10 °C but not 20 °C. An opposite pattern was
observed for S. cerevisiae P1, which performed relatively well in the presence
of ethanol at 20 °C, but not at 10 °C. The interspecific hybrid between the two
strains, Hybrid H1, was able to ferment in the presence of ethanol at both 10
and 20 °C, and even outperformed S. cerevisiae P1 with regards to maximum
fermentation rate ( ) at 20 °C. The two triple hybrids T1 and T2, as well as S.
cerevisiae P2 (the genome of which dominates in T1 and T2), all performed
poorly at both 10 and 20 °C in the media supplemented with ethanol. Hybrid
T2 did not grow or ferment at 10 °C and with 8% supplemented ethanol, and
samples of it at this condition were thus excluded from subsequent lipid
analysis.
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Figure 16. Fermentation profiles (decrease of °Brix over time as hours) of the 8 brewing strains
in the growth assays performed at (A) 10 °C with no supplemented ethanol, (B) 20 °C with
no supplemented ethanol, (C) 10 °C with 8% (v/v) supplemented ethanol, and (D) 20 °C
with 8% (v/v) supplemented ethanol. Points represent means of measured values, with
error bars showing the standard deviation of three replicate cultivations. The growth curves
were modelled using the logistic model in the ‘grofit’ package for R (Kahm et al. 2010).
Figure taken from (Krogerus et al. 2017b).

Table 12. Modelled (A, , ) and measured (dry mass) fermentation and growth parameters of
the fermentation assays that were performed at different temperatures (10 and 20 °C) and
supplemented ethanol levels (0 and 8% (v/v) EtOH). The growth curves were modelled using
the logistic model in the ‘grofit’ package for R. Values were determined from three independent
cultivations (standard deviation in parentheses). Values in the same group in the same column
with different superscript letters (a–f) differ significantly (p < 0.05 as determined with one-way
ANOVA with Tukey’s post-hoc test) NA: not available.

Strain and condition A (°brix)  (°brix / hour)  (hours) Dry mass (g/L)

10 °C,
0% EtOH

P1 6.85 (±0.18)ab 0.132 (±0.0107)ab 160 (±2.3)b 9.2 (±0.65)cd

P2 6.63 (±0.13)b 0.140 (±0.0172)a 122 (±2.3)c 9.8 (±0.05)bcd

P3 7.10 (±0.15)a 0.108 (±0.0064)bc 97 (±2.2)e 11.0 (±0.33)abc

H1 (P1 × P3) 7.02 (±0.18)ab 0.089 (±0.0059)c 111 (±3.1)d 12.2 (±1.62)ab

H2  (P2 × P3) 7.13 (±0.19)a 0.106 (±0.0083)c 118 (±3.2)c 12.6 (±0.14)a

H3  (P1 × P2) 6.87 (±0.16)ab 0.095 (±0.0058)c 120 (±2.6)c 7.5 (±1.75)d

T1  (H1 × P2) 7.01 (±0.14)ab 0.095 (±0.0054)c 106 (±2.5)d 12.7 (±0.39)a

T2  (T1 segregant) 7.05 (±0.13)ab 0.093 (±0.0015)c 182 (±0.7)a 10.9 (±0.16)abc

20 °C,
0% EtOH

P1 6.63 (±0.02)b 0.403 (±0.0069)a 36 (±0.1)b 12.5 (±3.12)a

P2 6.86 (±0.05)a 0.470 (±0.0630)a 31 (±0.6)c 11.6 (±0.16)a

P3 6.83 (±0.07)a 0.501 (±0.1218)a 30 (±0.8)cd 10.6 (±0.58)a

H1 (P1 × P3) 6.83 (±0.04)a 0.435 (±0.0406)a 29 (±0.3)de 13.9 (±1.55)a

H2  (P2 × P3) 6.80 (±0.03)a 0.426 (±0.0470)a 22 (±0.7)f 10.6 (±0.18)a

H3  (P1 × P2) 6.74 (±0.06)ab 0.428 (±0.1647)a 27 (±0.7)e 13.3 (±1.88)a

T1  (H1 × P2) 6.87 (±0.05)a 0.392 (±0.0494)a 23 (±1.0)f 13.1 (±0.80)a

T2  (T1 segregant) 6.77 (±0.08)ab 0.357 (±0.0292)a 42 (±0.4)a 11.5 (±0.22)a

10 °C,
8% EtOH

P1 3.45 (±0.53)d 0.009 (±0.0007)bc 569 (±14.9)ab 4.3 (±0.4)bc

P2 0.32 (±0.03)e 0.001 (±0.0001)d 186 (±28.3)d 0.3 (±0.04)bc

P3 7.50 (±0.20)a 0.027 (±0.0010)a 446 (±5.7)c 15.7 (±1.97)a

H1 (P1 × P3) 6.45 (±0.96)ab 0.017 (±0.0082)b 596 (±58.9)a 8.1 (±5.26)b

H2  (P2 × P3) 4.22 (±0.63)cd 0.004 (±0.0008)cd 559 (±43.5)ab 6.4 (±0.24)b

H3  (P1 × P2) 5.14 (±0.60)bc 0.010 (±0.0008)bc 561 (±16.6)ab 3.3 (±0.09)bc

T1  (H1 × P2) 1.53 (±0.51)e 0.002 (±0.0005)cd 464 (±66.3)bc 3.3 (±0.70)bc

T2  (T1 segregant) NA NA NA NA

20 °C,
8% EtOH

P1 6.69 (±0.11)b 0.068 (±0.0036)b 171 (±2.8)b 7.5 (±1.53)b

P2 1.00 (±0.01)d 0.020 (±0.0011)c 56 (±1.3)d 1.5 (±0.08)c

P3 0.31 (±0.01)e 0.013 (±0.0031)cd 57 (±2.9)d 0.8 (±0.10)c

H1 (P1 × P3) 7.09 (±0.19)a 0.095 (±0.0068)a 220 (±2.9)a 14.9 (±0.10)a

H2  (P2 × P3) 0.50 (±0.01)e 0.015 (±0.0033)cd 49 (±4.1)d 1.5 (±0.06)c

H3  (P1 × P2) 1.29 (±0.03)c 0.015 (±0.0014)cd 58 (±4.4)d 1.5 (±0.09)c

T1  (H1 × P2) 0.51 (±0.01)e 0.016 (±0.0037)cd 49 (±4.4)d 1.1 (±0.06)c

T2  (T1 segregant) 1.14 (±0.03)cd 0.007 (±0.0005)d 70 (±4.5)c 1.3 (±0.04)c
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Samples of all eight yeast strains were drawn for lipid analysis at the end of the
exponential phase during the flask fermentations. The fatty acid composition,
squalene content, and ergosterol content varied significantly between the
different strains and conditions (Figure 17). The unsaturated fatty acids
palmitoleic acid (C16:1) and oleic acid (C18:1) were the most prevalent of the
fatty acids in almost all samples. Of the strains, S. eubayanus P3  had  a
particularly high palmitoleic acid content, while S. cerevisiae P2 had
particularly high oleic acid content. There was a slight increase in both the
ratio of unsaturated to saturated fatty acids (from 2.0 up to 4.9) and average
chain length (from 16.8 up to 17.0) when conditions were altered from the
control (20 °C and 0% added ethanol). An exception was the fermentations at
10 °C and 8% supplemented ethanol, where the ratio of unsaturated to
saturated fatty acids instead decreased slightly (from 2.0 to 1.7). Ergosterol
concentrations were in general higher from the fermentations performed at 20
°C compared to those at 10 °C. S. cerevisiae P1 tended to have the highest
levels of ergosterol out of all the strains, while S. eubayanus P3 tended to have
the lowest levels of ergosterol. No clear patterns were observed between the
strains and the conditions for the squalene concentrations, other than that the
highest concentrations of squalene were measured for the fermentations
performed at 10 °C and 8% supplemented ethanol.

The UPLC/MS lipidomics analysis on the samples drawn from the end of the
exponential phase during the flask fermentations from the 8 yeast strains also
varied significantly between the different strains and conditions (Figure 18).
60 lipid species were identified from the samples based on retention times and
m/z spectra. The most prevalent lipid groups in the samples were the
phosphatidylethanolamines (PE) and phosphatidylinositols (PI). Of the
individual lipid species, PE(32:2), PE(34:2), PI(34:1), PI(34:2) and PI(36:1)
were present in the highest concentrations (Figure 18A). When the growth
temperature was lowered from 20 to 10 °C and ethanol was added to the
growth media, significant changes were observed for 55% of the lipid species
(Figure 18B). In concurrence with the results from the fatty acid analysis, an
increase in unsaturation ratio and chain length among the lipid species was
also observed here when the temperature was lowered and the ethanol content
was increased.
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Figure 17. The relative concentrations (% of total lipid content) of fatty acids, squalene and
ergosterol, unsaturated (UFA) to saturated (SFA) fatty acid ratio, and average fatty acid
(FA) chain length in the lipids extracted from cells in late exponential phase during the
growth assays. Values are means from three independent cultivations. Values in the same
group in the same column with different superscript letters (a–g) differ significantly (p < 0.05
as determined with one-way ANOVA with Tukey’s post-hoc test). The heatmap was
generated based on the z-scores (a blue colour indicates a negative z-score and lower
concentration, while a red colour indicates a positive z-score and a higher concentration).
Figure taken from (Krogerus et al. 2017b).



65

Partial Least Squares Discriminant Analysis (PLS-DA) was applied to the lipid
data in an attempt to separate the four different fermentation conditions based
on the lipid data. A PLS-DA model was first constructed from the measured
fatty acid, squalene and ergosterol compositions (Figure 19A-B). The model
was cross-validated and can be considered significant (Q2 > 0.5) (Triba et al.
2014). As could be observed from the compositions in Figure 17, there is
considerable overlap in the PLS-DA model between samples from the
fermentations at 10 °C and no supplemented ethanol and those from 20 °C
with 8% supplemented. This suggests that the fatty acid composition of these
strains respond similarly in regards to cold and ethanol stress. A cross-
validated and significant PLS-DA model was also constructed from the
lipidomics data, and the model could also separate the four different
fermentation conditions based on the compositions of the 60 lipid species
determined by UPLC/MS (Figure 19C-D). The four groups were separated by
initial ethanol content along the first model component (t1) and the
temperature along the second model component (t2). As with the PLS-DA
model produced from the fatty acid, squalene and ergosterol data (Figure 19A-
B), there was considerable overlap between the lipid profiles of the
fermentations at lower temperature and with supplemented ethanol, again
suggesting that the lipid composition of these strains respond similarly in
regards to cold and ethanol stress.

Multivariate analysis was then performed on both the lipid data (GC/MS and
UPLC/MS) and the fermentation parameters (Table 12) in order to elucidate
what lipid species were associated with the yeast strains showing good
fermentation performance at 10 °C and in the presence of ethanol.
Fermentation performance was quantitated based on the ratio (A / ) of the
maximum fermentation level (A in Table 12) and the lag time (  in Table 12).
Hence, this value will increase with an increased fermentation level or a
shorter lag time. PLS regression models were constructed for the different
fermentation conditions using this ratio (A / ) as the Y response variable and
the lipid data as the X predictor variables (Figure 20). Only the models
produced using the data from the fermentation at 10 °C and no supplemented
ethanol (Figure 20A-B) and 20 °C and 8% supplemented ethanol (Figure 20E-
F) were successfully cross-validated (Q2 > 0.5 and significant at p <  0.05  by
random permutation test (Triba et al. 2014)). The model produced using the
data from the fermentation at 10 °C and 8% supplemented ethanol (Figure
20C-D) had a Q2 value of 0.49 (p < 0.05), i.e. just below the threshold of 0.5,
and will still be presented.
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Figure 18. The (A) relative log10-transformed concentrations (% of total lipid content), and (B)
log2 fold change (in comparison to the concentrations measured for the cultivations
performed at 20 °C and 0% supplemented EtOH) of the relative concentrations (% of total
lipid content), of the 60 lipid species determined by UPLC/MS lipidomics in the lipids
extracted from cells in late exponential phase during the growth assays. Values are means
from three independent cultivations. (A) The heatmap was generated based on the z-
scores (a blue colour indicates a negative z-score and lower concentration, while a red
colour indicates a positive z-score and a higher concentration). (B) A blue colour indicates
a decrease in concentration, while a red colour indicates an increase in concentration
compared to the cultivation at 20 °C and 0% supplemented EtOH. The asterisks indicate
whether the change was significant as determined by Student’s t-test (unpaired, two-tailed
and unequal variance) corrected with the Benjamini-Hochberg procedure (* p < 0.05; ** p <
0.01; *** p < 0.001). Figure taken from (Krogerus et al. 2017b).
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Figure 18. Continued.
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are associated with increased amounts of unsaturated fatty acids in the yeast.
Increased ergosterol concentrations seem to have a positive effect on
fermentation performance at higher ethanol concentrations, but this effect is
negated at lower temperatures.

Table 13. The 10 most significant Variable Importance in Projection (VIP) scores and regressions
coefficients of the three PLS models presented in Figure 20.

10 °C, 0% supplemented EtOH 10 °C, 8% supplemented EtOH 20 °C, 8% supplemented EtOH

VIP scores Regression
coefficients VIP scores Regression

coefficients VIP scores Regression
coefficients

PC
(30:2) 1.99 PC

(30:2) -0.1029 PC
(30:1) 1.62 TG

(58:2) 0.0524 PE
(34:1) 2.01 Cer

(d18:1/16:0) -0.1003

PC
(34:1) 1.71 TG

(46:3) -0.0882 TG
(58:2) 1.58 TG

(56:3) 0.0477 Cer
(d18:1/16:0) 1.99 PI

(34:1) 0.0967

TG
(46:3) 1.66 C14:0

(FA) -0.0876 PC
(30:2) 1.47 PC

(30:1) 0.0450 PI
(34:1) 1.96 PE

(34:1) -0.0963

C14:0
(FA) 1.65 PC

(34:1) 0.0859 TG
(56:3) 1.45 TG

(40:1) 0.0421 TG
(52:3) 1.87 PE

(34:2) 0.0963

C18:0
(FA) 1.60 C18:0

(FA) -0.0741 TG
(40:1) 1.44 PC

(34:1) -0.0418 PE
(34:2) 1.83 TG

(52:3) -0.0869

PC
(32:1) 1.49 ZymoE

(18:1) 0.0726 TG
(56:2) 1.42 PA

(32:2) -0.0416 PS
(34:1) 1.80 PI

(34:2) 0.0779

PI
(36:1) 1.47 PC

(32:1) 0.0652 PA
(32:2) 1.40 PE

(32:2) 0.0399 Ergosterol  1.80 PS
(34:1) 0.0765

PI
(36:0) 1.41 PI

(36:1) -0.0596 TG
(44:2) 1.38 TG

(54:3) 0.0397 PI
(34:2) 1.71 Ergosterol 0.0752

ZymoE
(18:1) 1.39 PI

(34:1) 0.0587 TG
(42:1) 1.38 PE

(34:1) -0.0397 TG
(50:2) 1.58 TG

(50:3) -0.0566

PC
(32:2) 1.30 PE

(32:1) 0.0581 PC
(36:1) 1.38 PC

(30:2) 0.0381 TG
(50:3) 1.55 TG

(50:2) -0.0559



70

Figure 20.
obtained at different temperatures and supplemented ethanol levels (
EtOH;
maximum fermentation level divided by the lag time (
while the
squalene and ergosterol obtained from GC/MS analysi
lipid species obtained from UPLC/MS lipidomics analysis. Model properties: (
0.95,
D) R
components; (
uses 2 components.

Figure 20. Score and loading
obtained at different temperatures and supplemented ethanol levels (
EtOH; C, D: 10 °C, 8% EtOH;
maximum fermentation level divided by the lag time (
while the X variables were the combined dataset of the compositions of fatty acids,
squalene and ergosterol obtained from GC/MS analysi
lipid species obtained from UPLC/MS lipidomics analysis. Model properties: (
0.95, Q2 = 0.76 (p

R2 = 0.87, Q2

components; (E, F
uses 2 components.

Score and loading plots of the PLS models built from the fermentation and lipid data
obtained at different temperatures and supplemented ethanol levels (

: 10 °C, 8% EtOH; E, F
maximum fermentation level divided by the lag time (

variables were the combined dataset of the compositions of fatty acids,
squalene and ergosterol obtained from GC/MS analysi
lipid species obtained from UPLC/MS lipidomics analysis. Model properties: (

p < 0.05 by random permutation test), and model uses 2 components; (
2 =  0.49  (p < 0.05

E, F) R2 = 0.97, Q
uses 2 components. Figure taken from

plots of the PLS models built from the fermentation and lipid data
obtained at different temperatures and supplemented ethanol levels (

E, F: 20 °C, 8% EtOH). The
maximum fermentation level divided by the lag time (

variables were the combined dataset of the compositions of fatty acids,
squalene and ergosterol obtained from GC/MS analysi
lipid species obtained from UPLC/MS lipidomics analysis. Model properties: (

< 0.05 by random permutation test), and model uses 2 components; (
< 0.05 by random perm

Q2 = 0.51 (p < 0.05 by random permutation tes
Figure taken from (Krogerus et al. 2017b)

plots of the PLS models built from the fermentation and lipid data
obtained at different temperatures and supplemented ethanol levels (

: 20 °C, 8% EtOH). The
maximum fermentation level divided by the lag time (A and  from Table 2, respectively),

variables were the combined dataset of the compositions of fatty acids,
squalene and ergosterol obtained from GC/MS analysis and the compositions of the 60
lipid species obtained from UPLC/MS lipidomics analysis. Model properties: (

< 0.05 by random permutation test), and model uses 2 components; (
by random permutation test), and model uses 2

< 0.05 by random permutation tes
(Krogerus et al. 2017b)

plots of the PLS models built from the fermentation and lipid data
obtained at different temperatures and supplemented ethanol levels (

: 20 °C, 8% EtOH). The Y variable of the models was the
and  from Table 2, respectively),

variables were the combined dataset of the compositions of fatty acids,
s and the compositions of the 60

lipid species obtained from UPLC/MS lipidomics analysis. Model properties: (
< 0.05 by random permutation test), and model uses 2 components; (

utation test), and model uses 2
< 0.05 by random permutation tes

(Krogerus et al. 2017b).

plots of the PLS models built from the fermentation and lipid data
obtained at different temperatures and supplemented ethanol levels (A,  B:  10  °C,  0%

variable of the models was the
and  from Table 2, respectively),

variables were the combined dataset of the compositions of fatty acids,
s and the compositions of the 60

lipid species obtained from UPLC/MS lipidomics analysis. Model properties: (A,  B)
< 0.05 by random permutation test), and model uses 2 components; (

utation test), and model uses 2
< 0.05 by random permutation test), and model

plots of the PLS models built from the fermentation and lipid data
:  10  °C,  0%

variable of the models was the
and  from Table 2, respectively),

variables were the combined dataset of the compositions of fatty acids,
s and the compositions of the 60

) R2 =
< 0.05 by random permutation test), and model uses 2 components; (C,

utation test), and model uses 2
t), and model



71

One of the key characteristics of lager yeasts are their ability to grow and
ferment at low temperatures and high ethanol concentrations. The
mechanisms that contribute to cold and ethanol tolerance in brewing yeast are
complex and not fully understood despite their importance. The lipid
composition of the yeast plasma membrane has however been shown to play a
vital role in determining both temperature and ethanol tolerance (You et al.
2003; Redón et al. 2011; Henderson et al. 2013b; Vicent et al. 2015). Here, we
observed that the cellular lipid composition varied both between yeast strains
and between environmental conditions. When fermentation temperatures
were lowered or the ethanol content was increased, the degree of unsaturation
in the lipids tended to increase. Recent studies performed in wine-making
conditions have reached similar conclusions (Redón et al. 2011; Henderson et
al. 2013a; Henderson et al. 2013b). These changes in lipid composition in
response to a lowered temperature or an increase in ethanol concentration are
assumed to be vital for maintaining membrane fluidity and functionality
(Alexandre et al. 1994; You et al. 2003; Henderson et al. 2013b). The PLS
models that were produced here revealed that the yeast strains which
performed well at low temperatures and/or high ethanol concentrations were
associated with increased concentrations of phospholipids and
triacylglycerides containing unsaturated fatty acids. Ergosterol was also
positively correlated with ethanol tolerance, particularly at 20 °C. Ergosterol
plays an important role in maintaining membrane rigidity and protecting
against ethanol toxicity when ethanol concentrations are increased  (Abe and
Hiraki 2009; Vanegas et al. 2012). Despite the PLS models revealing a
correlation between lipid composition and cold and ethanol tolerance in
brewing yeast, we feel that the lipidomics data generated here did not reveal
any obvious patterns between the two. It is therefore likely that a combination
of other factors, e.g. protein translation and folding efficiencies, mRNA
stabilities and the product activity and expression of central metabolic genes
(Sahara et al. 2002; Schade et al. 2004; Aguilera et al. 2007; Tai et al. 2007;
López-Malo et al. 2013; Paget et al. 2014; Deed et al. 2015), also contribute to
determining cold and ethanol tolerance. This is a topic that should be
addressed in future studies.

4.3.3. Fermentations in wort confirm POF- phenotype

Finally, we examined the performance of the 8 brewing strains in a brewery
environment, by carrying out fermentations in high-gravity 15 °P all-malt wort
at 15 °C. These conditions mimic those used in industrial lager fermentations.
The fermentation performance of the eight strains in wort varied considerably
(Figure 21A). Hybrid T1 and S. cerevisiae P2 had the highest overall
fermentation rates, but these slowed down considerably after reaching 5.8 %
(v/v) alcohol. Analysis of the beer sugar profiles revealed that S. cerevisiae P2
was unable to ferment the maltotriose in the wort, while Hybrid T1 had only
consumed approx. 15% of the initial maltotriose present in the wort when
fermentations were stopped (Figure 21D). Hybrid T2 reached the highest beer
alcohol content, 7.3% (v/v), out of all eight strains, followed closely by Hybrids
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H1 and H3 (Figure 21A). All three of these hybrids were able to efficiently use
maltotriose (Figure 21D). S. cerevisiae P1 had also used maltotriose efficiently,
but  it  was  only  able  to  produce  5.1%  (v/v)  alcohol  after  14  days  of
fermentation. S. eubayanus P3 on the other hand, was also unable to use
maltotriose and the strain performed poorly in the wort reaching only 1.6 %
(v/v) alcohol.

The concentrations of aroma-active compounds in the beers fermented with
the 8 brewing strains also varied considerably (Figure 21B). The most ester-
rich beers were produced with Hybrids H1, H3 and T1, and these contained as
high or higher concentrations of most esters compared to either of their parent
strains. Hybrid T2 produced lower amounts of esters and higher amounts of
higher alcohols compared to Hybrid T1, the strain from which it was derived.
This would suggest lower activities or expression of alcohol acetyl transferases
in Hybrid T2. S. cerevisiae P2 and Hybrid T2 were the only strains that did not
produce any detectable amounts of 4-vinyl guaiacol (detection limit 0.2 mg/L),
thus confirming their POF- phenotype (Figure 21C). All other strains produced
4-vinyl guaiacol in concentrations above the flavour threshold of 0.3-0.5 mg/L
(Vanbeneden et al. 2008). Yeasts produce 4-vinyl guaiacol from ferulic acid
with the aid of the PAD1- and FDC1-encoded enzymes. By comparing the
sequences of these two genes in the 8 brewing strains, we found that Hybrid
T2 only carried the PAD1 allele that was derived from the POF- S. cerevisiae
P2 (Figure 21E). This particular allele contained a possible loss-of-function
SNP at position 638 (A>G, resulting in an amino acid substitution of aspartate
to glycine). The other strains, including Hybrid T1, which Hybrid T2 was
derived from, carried either or both of the functional PAD1 alleles derived
from S. cerevisiae P1 or S. eubayanus P3.  While  the  alleles  of FDC1 in the
parent strains contained different SNPs (Krogerus et al. 2017b), none of them
appeared to cause loss-of-function.
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Figure 21. The (A) alcohol content (% ABV), (B) acetaldehyde, higher alcohol and ester
concentrations (mg L 1),  (C) 4-vinyl guaiacol concentration (mg L 1),  and  (D) maltotriose
concentration (g L 1) in the beers fermented from the 15 °P wort with the 8 brewing strains.
(A, C, D) Values are means from two independent fermentations and error bars where
visible represent the standard deviation. Maltotriose concentrations with different
superscript letters (a–e) differ significantly (p < 0.05). ND not detected. (B) The heat map
was generated based on z-scores (blue and red indicate low and high values, respectively).
The values in parentheses under the compound names represent the flavour threshold
(Engan 1972; Meilgaard 1982). Values are means from two independent fermentations
(standard deviation in parentheses) and they have not been normalized to the ethanol
concentration. (E) The PAD1 alleles detected in the whole genome sequences of the 8
brewing strains. The alleles from the parent strains P1, P2 and P3 are depicted in red, blue
and green bars, respectively. A striped bar (P2) depicts a sequence containing single
nucleotide polymorphisms (SNPs) possibly resulting in loss-of-function. The SNPs that
were detected in the sequences of PAD1 and FDC1 are available in Krogerus et al.
(2017b). Figure taken from (Krogerus et al. 2017b).

Phenolic off-flavours are undesirable in many beer styles, and in lager beer
especially their presence is considered a flaw (Vanbeneden et al. 2008).
Studies have shown that the POF+ phenotype can be removed from S.
cerevisiae strains through hybridization and subsequent sporulation (Tubb et
al. 1981). Gallone et al. (2016) also demonstrated that POF- hybrids can be
obtained when both parent strains carry PAD1 or FDC1 alleles containing loss-
of-function mutations. For lager hybrids, this is not possible however, as S.
eubayanus contains functional alleles of both PAD1 and FDC1. Here we
obtained a POF- interspecies hybrid through the use of a fertile tetraploid
intermediate, and demonstrated that the strain didn’t produce 4-vinyl guaiacol
in wort fermentations and only contained PAD1 and FDC1 alleles derived from
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the POF- S. cerevisiae P2 parent. Recently, two additional approaches have
been described for obtaining POF- lager hybrids; the first involving
mutagenesis and selection based on inability to grow in media containing
cinnamic acid (Diderich et al. 2018), and the second using CRISPR-Cas9-
mediated editing of the FDC1 gene (Mertens et al. 2019). While the approach
described here requires multiple time-consuming breeding steps, the
advantages are that no random mutagenesis, high-throughput selection, or
genetic engineering is needed.

The yeast used in industrial beer fermentations is commonly reused for
multiple consecutive fermentations. Therefore, it is essential that the yeast
genome remains stable. The karyotype stability of Hybrid T2 was assessed in
order to further evaluate its industrial applicability. After 10 successive batch
cultures in two different growth media (Media 1 containing 1% yeast extract,
2% peptone, 1% maltose and 1% maltotriose; and Media 2 containing 1% yeast
extract, 2% peptone, 2% maltose and 14% sorbitol), there was a significant
decrease (p < 0.05) in DNA content for all eight of the 10-week isolates that
were tested compared to the original strain (Krogerus et al. 2017b). Pulsed-
field gel electrophoresis (PFGE) further revealed that the 4 isolates obtained
from Media 1 showed identical chromosome profiles as Hybrid T2, suggesting
that differences in DNA content could be a result of differences in
chromosome copy number rather than complete loss of a chromosome
(Krogerus et al. 2017b). The 4 isolates obtained from Media 2 on the other
hand, showed a loss of a whole or part of a chromosome compared to Hybrid
T2 (Krogerus et al. 2017b). These results highlight the importance of
stabilizing hybrids before they can be seen as viable candidates for industrial
beer fermentations.
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4.4. Using adaptive evolution to improve newly created lager
hybrids (Publication IV)

As was revealed during the previous study (III) and in studies by others
(Kunicka-Styczy ska and Rajkowska 2011; Piotrowski et al. 2012; Dunn et al.
2013), the genomes of newly formed hybrids tend to be unstable, and
substantial structural changes may occur after the hybridization event. As
industrial breweries commonly reuse the yeast for multiple consecutive
fermentations (even over 10 times depending on brewery), it is vital that the
genomes of any newly developed yeast strains remain stable to ensure
consistent product quality during industrial use. The harsh conditions that the
yeast encounters during brewery fermentations may contribute to faster
changes in the genome  (Gerstein et al. 2006; Lu et al. 2016). Yeast strains
with larger genomes (i.e. with a higher ploidy level) in particular tend to show
greater changes in genome size during such conditions (Gerstein et al. 2006;
Pérez-Través et al. 2012; Pérez-Través et al. 2014; Selmecki et al. 2015;
Voordeckers et al. 2015; Lu et al. 2016). However, the genomes of newly-
formed hybrids can be stabilised, for example, by growing them for 30–70
generations under fermentative conditions (Pérez-Través et al. 2014; Mertens
et al. 2015). Phenotypic changes may occur though during the genome
stabilisation process, altering the properties of the original hybrid (Kunicka-
Styczy ska and Rajkowska 2011).

To influence the changes occurring during the stabilisation process, an
adaptive or experimental evolution approach could be applied. As discussed in
section 1.4.1.3, adaptive evolution has been used, for example, to obtain strains
with increased tolerance to ethanol, high-gravity wort, lignocellulose
hydrolysates, and extreme temperatures. Taking this into consideration, we
wanted to not only stabilize, but simultaneously adapt a number of our newly
created lager yeast hybrids to conditions normally encountered during
brewery fermentations. One of the main stresses brewing yeast encounter
during the fermentation process is that of increasing ethanol concentrations
(Gibson et al. 2007). Particularly, as there is increasing interest from the
brewing industry towards very high gravity fermentations (Puligundla et al.
2011).

In this study (Publication IV), we exposed 3 de novo lager yeast hybrids of
different ploidy (varying from around 2.4N to 4N) and a common S. cerevisiae
A81062 ale parent strain to 30 consecutive batch fermentations in media
containing 10% ethanol in an attempt to retrieve variant strains with increased
tolerance to ethanol. Following the adaptation stage, we screened and selected
isolates based both on their ability to efficiently ferment wort sugars in the
presence of ethanol, and their ability to ferment high gravity wort. We
ultimately selected eight variant strains, two from each of the original strains,
which were then compared to the unevolved strains in 2L-scale wort
fermentations. The fermentations revealed that the majority of the variants
appeared to outperform the original strains in regards to fermentation rate.
Furthermore, the majority of the variants produced beers with higher
concentrations of desirable aroma-active esters and lower concentrations of



76

many undesirable aroma compounds, such as higher alcohols and diacetyl.
The genomes of the variant strains were also sequenced, and genome analysis
revealed that changes had occurred both at chromosome and single nucleotide
level.
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had adapted to the high ethanol concentration (Figure 23). Single cell isolates
from each adaptation line were isolated after 10, 20 and 30 fermentations
(these evolved isolates are referred to as ‘variants’), by randomly selecting
from among the fastest growing colonies on agar plates containing solidified
versions of the same adaptation media (Figure 22B).

Figure 23. The optical densities at the end of each consecutive batch fermentation with yeast
strains Y1 (A), Y2 (B), Y3 (C), and Y4 (D) in the two different ethanol-containing media (red
diamonds, medium M1 [10% ethanol, 2% maltose]; blue squares, medium M6 [10%
ethanol, 1% maltose, 1% maltotriose]). The cumulative number of yeast generations after
the 30th batch fermentation and Pearson's correlation coefficient (r) between the optical
densities and number of consecutive fermentations are presented above in blue and below
in red for the yeast grown in media M6 and M1, respectively. Figure taken from (Krogerus
et al. 2018a).

Experimental evolution is typically carried out in chemo- or turbidostats to
allow for constant growth in defined nutrient availability (Gresham and
Dunham 2014), but we chose here to use serial batch cultures both for
simplicity and to mimic the growth cycle the yeast encounters in repeated use
in brewery fermentations (Gibson et al. 2007). Here, approximately 130 to 160
yeast generations were achieved with 30 batch fermentations, and we saw a
positive correlation between the amount of yeast produced during each one-
week fermentation cycle and the number of consecutive batch fermentations.
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Previous studies on adaptive evolution for ethanol tolerance have shown that
an increase can be achieved after 140 to 480 generations (Stanley et al. 2010b;
Avrahami-Moyal et al. 2012; Chen and Xu 2014; Voordeckers et al. 2015), with
evidence of increased fitness after just 40 generations in media containing
ethanol (Voordeckers et al. 2015). As the yeast is not constantly in exponential
growth during a batch fermentation process, it is expected that such a setup is
more time-consuming compared to a continuous one, where increased fitness
can be achieved in less time (Avrahami-Moyal et al. 2012).

4.4.1 Screening of isolates reveals improved sugar consumption and
fermentation rates

The 96 single cell isolates that were obtained from the adaptation
fermentations were then subjected to high-throughput screening in a malt-
based media containing ethanol and sorbitol (Figure 22C). The ethanol and
sorbitol were added to mimic the ethanol and osmotic stresses that the yeast is
exposed to during brewery fermentations. Most evolved variant strains grew as
good or better than the wild-type strains, and all strains were able to reach
stationary growth phase during the 144 hour cultivation period (Krogerus et al.
2018a). Growth in the presence of ethanol has been shown to be weakly
positively correlated with ethanol production (Snoek et al. 2015). However, as
the aim was to select variant strains with enhanced fermentation rate, rather
than enhanced growth, we chose to monitor and select based on sugar
consumption instead of growth.

The amounts of maltose and maltotriose that had been consumed by the
wild-type and variant strains varied considerably after 144 hours of
fermentation (Figure 24). On average, the highest consumption of both
maltose and maltotriose was observed with variants that had been isolated
after 30 batch fermentations. However, in some cases, as with many variants
obtained from yeast strain Y2, the average maltose and maltotriose
consumption of variants obtained after 30 batch fermentations was lower than
those isolated at earlier stages (Krogerus et al. 2018a). Variant strains that
showed higher sugar consumption than the unevolved strains were obtained
from all four wild-type strains (Y1-Y4). In total, 83% of the variants consumed
more maltose, and 60% consumed more maltotriose than the wild-type strains
during the screening fermentations. Interestingly, all variants that consumed
more maltotriose than the wild-type strains also consumed more maltose.
Excluding maltotriose from the adaptation media did not appear to have any
negative effect on maltotriose consumption in the variants, as it was similar in
the variants obtained from the adaptation media with and without maltotriose
(Figure 24). We selected 6 variants per wild-type strain for further screening in
small-scale wort fermentations, based on the highest sugar consumptions and
the requirement that they were derived from separate adaptation lines and
isolation time points.
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compared to the wild-type strain late in fermentation. These observations
suggest that the observed differences may be due to the variant strains
possessing an enhanced ability to ferment maltose and maltotriose or to
tolerate increasing ethanol concentrations in the wort.

Figure 26. The alcohol content (% alcohol by volume) in the beers fermented on a 2-liter-scale
from 15 °P wort at 15 °C with wild-type (black squares) and variant (red circles and blue
diamonds) strains derived from yeast strains Y1 (A), Y2 (B), Y3 (C), and Y4 (D). Values are
means from two independent fermentations, and error bars, where visible, represent the
standard deviation. Arrows indicate the time point after which a significant difference was
observed between the variant and wild-type strains, as determined by two-tailed Student's t
test (p < 0.05). Figure taken from (Krogerus et al. 2018a).

We also compared the aroma profiles of the beers produced with the variant
strains with those produced with the wild-type strains, to ensure that the
adaptation process hadn’t introduced any negative side effects to the resulting
beer. Genetic hitchhiking may occur during adaptive evolution (Buskirk et al.
2017), and here we only screened and selected for an increased fermentation
rate. The variant strains produced on average equal or lower amounts of
unwanted higher alcohols, while equal or higher amounts of desirable esters
compared to the wild-type strains (Figure 27). The concentrations of 3-
methylbutyl acetate and ethyl esters in particular, appeared to increase in the
variant strains. The concentrations of diacetyl, an important unwanted off-
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flavour in lager beer fermentations (Krogerus and Gibson 2013a), were also
measured and five out of eight variant strains had produced significantly lower
concentrations of diacetyl than the wild-type strains, while the other three
produced concentrations that were equal to the wild-type strains. Hence, the
adaptation process had not only yielded variant strains with improved
fermentation performance in wort, but also, inadvertently, strains that
produced more desirable aroma profiles. In addition, no further genome loss
or major rearrangements were detected in the eight variant strains over 80
generations of growth (Krogerus et al. 2018a).

Figure 27. The concentrations of nine yeast-derived aroma compounds in the beers fermented
with the variant strains relative to those fermented with the wild-type strains (the black line).
Values are means from two independent fermentations. The compounds are coloured by
whether they are generally considered undesirable (red) or desirable (green) in lager beer
(Pires et al. 2014). Me, methyl.

4.4.3 Ethanol tolerance and accumulation capacity of variant strains

The variant strains were derived from repeated exposure to high ethanol
concentrations and they appeared to perform better particularly towards the
end of high-gravity wort fermentations. Therefore, we wanted to test and
compare their ethanol tolerance and accumulation capacity to that of the wild-
type strains. All wild-type and variant strains were able to grow on YPM agar
supplemented with 9% ethanol (v/v), but differences in growth were revealed
for certain strains on YPM agar supplemented with 11% ethanol (v/v) (Figure
28). The variant strains derived from Y4 in particular showed better growth at
11% ethanol compared to the wild-type strain (Figure 28D). For the variants
derived from the other strains (Y1-Y3), there were no, or less obvious,
differences in the ability to grow in the presence of 11% ethanol. For strain Y2,
the variant (Y2_M1), derived from adaptation media M1 (10% ethanol and 2%
maltose), also appeared to grow better than the wild-type strain at 11% ethanol
(v/v) (Figure 28B). The ethanol accumulation capacity, which measures both
the osmo- and ethanol tolerance of a strain, was significantly higher for both
variant strains of Y2 and Y4 compared to their wild-type strains, while no
significant differences were observed for strain Y3. Surprisingly, the ethanol
accumulation capacities of the variants of Y1 were significantly lower than the
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4.4.4. Sequencing reveals large

Whole genome sequencing and estimation of ploidy by flow cytometry were
performed to investigate what genetic chan
strains during the adaptation process (Figure 22F). Flow cytometry revealed
that relatively large changes in genome size had occurred for many of the
variant strains (Table 6). The genome of the variant (Y1_M6) derived from
diploid
size, while the genomes of both variants (Y2_M1 and Y2_M6) derived from the
tetraploid interspecies hybrid Y2 had decreased by approximately 0.5N. The
genome sizes of the var
hybrids Y3 and Y4 had only undergone smaller changes.
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extra copies. The variants derived from interspecies hybrids (Y2-Y4) had, on
average, gained 1.7 and lost 3.3 chromosomes. The variants that derived from
the polyploid hybrids had undergone a greater amount of chromosome copy
number changes (6.5, 5.5, and 3 for Y2, Y3, and Y4, respectively). When
comparing the two sub-genomes of the hybrid variants, there were
significantly more (p < 0.05) chromosome duplications in the S. cerevisiae
sub-genome (average of 1.5 per variant) compared to the S. eubayanus sub-
genome (average of 0.17 per variant). In the S. cerevisiae sub-genome there
was no significant difference between the amount of chromosome duplications
and losses (average of 1.33 per variant). In contrast, the S. eubayanus sub-
genome had experienced significantly more (p < 0.003) chromosome losses
(average of 2 per variant) than duplications.

We observed common chromosome copy number changes in several
variants, as the S. cerevisiae-derived chromosomes VII and XIV were
duplicated in four and six variants, respectively, while the S. eubayanus-
derived chromosome VII had been lost in four variants (Figure 29).
Interestingly, the S. cerevisiae-derived chromosome VII carries several copies
of -glucoside transporters, a single copy of both MAL31 and MAL11/AGT1,
and a moderate positive correlation (Pearson’s correlation coefficient r = 0.68)
was observed between the maximum maltose consumption rates during the
2L-scale wort fermentations and the combined copy numbers of known genes
related to maltose transport (Krogerus et al. 2018a).

The genomes of the variant strains did not only vary at chromosome level,
but several unique single nucleotide polymorphisms (SNP), insertions and
deletions (Indel) were also observed. A total of 109 unique mutations were
identified in the eight variant strains compared to the wild-type strains
(Krogerus et al. 2018a). Of these 64.2% were intergenic, 8.3% were
synonymous, and 27.5% were non-synonymous. In addition, 21% of the
mutations were hemi- or homozygous. The non-synonymous mutations caused
both amino acid substitutions and frameshift mutations (Table 14), and at
least one was present in all variant strains. Interestingly, three genes (IRA2,
HSP150, and MNN4) were affected by non-synonymous mutations in multiple
variants. For IRA2, an inhibitory regulator of the RAS-cAMP pathway (Tanaka
et al. 1990) which contained non-synonymous mutations in three of the
variants, both the S. cerevisiae and S. eubayanus orthologues were affected. In
addition to the mutations that were observed, several of the variant strains had
undergone loss of heterozygosity in large regions of several S. cerevisiae-
derived chromosomes (Krogerus et al. 2018a). The left arms of chromosomes
X and XII, as well as the right arm of XV, for example, were affected in
multiple variants. No unique translocations or complex structural variations
were identified in the variant strains. The lack of chromosome chimerization
and presence of mainly heterozygous SNPs in the variant strains suggest that
meiosis has not occurred during the adaptation process, and instead genome
stabilisation has rather occurred during vegetative growth through mitotic
recombination and chromosome losses (Sipiczki 2008).
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Table 14. Non-synonymous mutations discovered in the variant strains. Genes that were affected
by mutations in several different variants are in bold. Whether the S. cerevisiae (Scer) or S.
eubayanus (Seub) orthologue was affected is indicated in parenthesis after the gene name. An
asterisk (*) denotes whether the mutation was either homo- or hemizygous. Positions and
nucleotide changes of mutations are listed in (Krogerus et al. 2018a).

Variant
strain Amino acid substitution Frameshift mutation

Y1 M1 MNN4 (Scer)

Y1 M6 PEX11 (Scer), TPO1 (Scer)

Y2 M1 TOD6 (Seub) BSC1 (Scer)*, COS9 (Scer)*, DAL81 (Scer), HSP150
(Scer)*, RKM3 (Scer)*, UTH1 (Scer)

Y2 M6 YIM1 (Scer), YMC1 (Scer) MHP1 (Scer)*

Y3 M1 CBP1 (Scer), HAP4 (Scer), IRA2
(Scer), LPL1 (Scer) MNN4 (Scer), RAT1 (Seub)*

Y3 M6 GET2 (Scer), PRP40 (Scer), EAP1
(Seub)* FIT3 (Scer), JHD2 (Seub)*

Y4 M1 IRA2 (Scer)

Y4 M6 BST1 (Seub), SFL1 (Seub),
YOR292C (Seub) HSP150 (Scer), IRA2 (Seub)

Here we saw several changes in the genomes of the variant strains that could
potentially contribute to improved fermentation performance and ethanol
tolerance. We did not observe any SNPs, structural variations or gene-level
copy number changes for genes encoding -glucoside transporters in the
variant strains. However, whole-chromosome copy number duplications of the
S. cerevisiae–derived chromosome VII, containing MAL31 and MAL11/AGT1,
were observed in several variants, and a moderate positive correlation was
observed between the maximum maltose consumption rates and the combined
copy numbers of genes related to maltose transport (MALx1, MTT1 and
MPH2). As the copy number of the S. eubayanus-derived chromosome VII
simultaneously decreased in most of the variant strains, the adaptation
environment appears to have preferentially selected for the S. cerevisiae
chromosome. Interestingly, three of the variant strains carried non-
synonymous mutations in IRA2. This gene negatively regulates the RAS-cAMP
pathway (Tanaka et al. 1990), which in turn is involved in regulating
metabolism, cell cycle and stress resistance (Thevelein and de Winde 1999;
Budovskaya et al. 2004). Adaptive mutations in this gene have been reported
previously (Venkataram et al. 2016) after experimental evolution in glucose-
limited media, with ira2 deletion strains exhibiting increased fitness.
Mutations in IRA2 have also been reported for strains evolved for increased
xylose fermentation (Sato et al. 2016).

Previous studies where the genomes of ethanol-tolerant variants have been
analysed have revealed that ethanol tolerance is a complex process, that is
affected by several different mechanisms, including general stress response,
intracellular signalling, and cell wall and membrane composition and
organization (Avrahami-Moyal et al. 2012; Swinnen et al. 2012; Voordeckers et
al. 2015). Here, we only identified non-synonymous mutations in one gene,
UTH1, that has previously been linked to enhanced ethanol tolerance. In
turbidostat evolution experiments in high-ethanol media, Avrahami-Moyal et



87

al. (2012) found mutations in UTH1 in a fraction of the evolved clones, and
showed that deletion of this gene enhanced ethanol tolerance. The direct effect
of the non-synonymous mutations listed in Table 14 on ethanol tolerance was
not tested by reverse engineering in our study, but it would be valuable to
confirm their role in response to ethanol stress. Particularly as several of the
genes that were affected here (BST1, CBP1, DAL81, EAP1, HAP4, HSP150,
IRA2, MHP1, RAT1, RKM3, SFL1, TOD6 and YIM1), were also found to
contain mutations in the evolved clones that were isolated by Voordeckers et
al. (2015) following exposure to increasing ethanol concentrations. Copy
number variations are also commonly reported in isolates obtained from
adaptive evolution (Payen et al. 2014; Selmecki et al. 2015; Voordeckers et al.
2015). While it is thought that chromosome copy number changes allow for a
rapid route of adaptation, they have a non-specific effect on the phenotype
(Voordeckers et al. 2015). Here the variant strains had several common
chromosome losses and duplications.  The S. cerevisiae-derived chromosome
XIV was amplified in several of the variant strains, and interestingly, this
chromosome has been reported through QTL mapping to carry genes (MKT1,
SWS2, APJ1) associated with increased ethanol tolerance (Swinnen et al.
2012).

Here, the variant strains did not only ferment faster, but in most cases also
produced higher amounts of desirable esters and lower amounts of unwanted
off-flavours compared to the wild-type strains. Genome analysis of the variant
strains did not reveal any obvious causes for the increase in ester formation
and decrease in diacetyl formation, as we did not observe any SNPs, Indels or
gene-level copy number changes affecting genes that have previously been
reported to be linked with the formation of these compounds. Some genes,
such as ATF2 on chromosome VII and ILV6 on chromosome III, were affected
by chromosome-level copy number changes, and could therefore have altered
expression levels. Furthermore, as most of the observed mutations were
intergenic, they could have an indirect effect on these phenotypes by affecting
gene regulation. Transcription analyses of adapted yeast strains have revealed
altered gene expression, e.g. in sugar transport or carbon metabolism, as a
central adaptive response (Kao and Sherlock 2008; Hong et al. 2011; Ekberg et
al. 2013; Rollero et al. 2016; Scott et al. 2017). In order to further clarify the
phenotypic changes observed here in the variant strains, gene expression and
intracellular metabolic flux analysis could be performed in future studies. Loss
of heterozygosity has also been reported to be a method of adaptation in
hybrid strains (Smukowski Heil et al. 2017), and here, for example, we
observed loss of heterozygosity on the right arm of the S. cerevisiae-derived
chromosome XV in multiple variant strains. This particular region contains
ATF1, the gene encoding the main alcohol acetyltransferase responsible for
acetate ester synthesis (Mason and Dufour 2000; Verstrepen et al. 2003a),
which in the S. cerevisiae A81062 genome contains four heterozygous SNPs,
one of which is non-synonymous.

Interestingly, we saw the greatest improvements in fermentation compared
to the wild-type strains with the variants derived from the polyploid
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interspecific hybrids. Greater ploidy levels may allow for more rapid
adaptation (Selmecki et al. 2015; Lu et al. 2016; Scott et al. 2017), presumably
from gaining beneficial mutations at higher rates, along with chromosome
losses and aneuploidy. In addition, polyploidy can mask recessive deleterious
mutations, which may be lethal in the diploid hybrids (Thompson et al. 2006).
For both of the variants strains derived from the tetraploid hybrid Y2, the
genome size had decreased, while it had increased slightly for those derived
from the triploid hybrid Y3. Aneuploidy and convergence towards a diploid
state has commonly been reported during evolutionary engineering (Gerstein
et al. 2006; Selmecki et al. 2015; Voordeckers et al. 2015). Surprisingly, we
observed the largest change in genome size for one of the variants derived
from the diploid S. cerevisiae parent. The results indicate that under the
conditions used here, it was not only hybrid strains that possessed an unstable
genome, and that it was possible to obtain adapted variants from an industrial
ale strain as well without any prior mutagenesis. Evolutionary engineering
studies involving interspecific hybrids have indicated that either of the
parental sub-genomes may be preferentially retained, while the other is lost
(Piotrowski et al. 2012; Dunn et al. 2013; Lopandic et al. 2016; Smukowski
Heil et al. 2017). Although this also occurs during non-stressful conditions, the
application of selective pressure can cause more drastic changes (Lopandic et
al. 2016). Piotrowski et al. (2012), for example, demonstrated that when S.
cerevisiae × S. uvarum hybrids were grown at a high temperature, the ‘heat-
sensitive’ S. uvarum sub-genome was lost. Here, we saw a greater loss of the S.
eubayanus sub-genome in the variants derived from interspecific hybrids. It is
therefore tempting to speculate that repeating the adaptation process at a
lower temperature would have retained more of the S. eubayanus sub-genome
in the variants, and this could be a target for future studies. In fact, the natural
lager yeast hybrids of Saaz-type have retained a larger fraction of the S.
eubayanus sub-genome compared to the S. cerevisiae sub-genome (Dunn and
Sherlock 2008; Okuno et al. 2015), and it is still unclear whether exposure to
cold temperatures have had any effect on its evolution.

In conclusion, we were here able to generate stable and superior variant
strains from 4 different brewing strains by adaptive evolution in high-ethanol
media. Three of the strains were de novo interspecific lager yeast hybrids that
we had generated in previous studies. The adapted variants outperformed the
strains which they were derived from during wort fermentation, and the
majority also possessed several other desirable brewing-relevant traits. These
included an increased ester formation and ethanol tolerance, and decreased
diacetyl formation. Therefore, adaptive evolution of de novo lager yeast
hybrids can yield promising candidates for industrial lager beer fermentations.
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5. Conclusions

While lager beer is one of the most consumed beverages worldwide, the
diversity of lager yeast in industrial use is currently limited. In an attempt to
increase the genetic and phenotypic diversity of industrially available lager
yeast, we aimed in this thesis to explore whether interspecific hybridization
could be used as a non-GM method to produce de novo lager yeast hybrids,
with tailored properties, by mating selected strains of S. cerevisiae and S.
eubayanus. In addition to establishing strain development methodology, we
aimed to elucidate mechanisms responsible for the, often improved,
phenotypes that were observed in the newly created hybrid strains.

Lager yeast, or S. pastorianus, is undoubtedly the most well-known and
industrially important of these interspecific Saccharomyces hybrids. However,
the industrially used lager yeasts are closely related and thought to have been
derived from a common hybridization event occurring several centuries ago.
In this thesis, we generated a range of de novo lager yeasts by mating strains of
S. cerevisiae with S. eubayanus. The diversity of lager yeast available to the
brewing industry can thus be greatly expanded through the construction of
novel laboratory-made hybrids. In addition to combining phenotypic traits
from both parent strains, hybrids are known to exhibit superior phenotypic
qualities relative to their parent strains, i.e. heterosis or hybrid vigour. Here,
the generated hybrids had inherited beneficial properties from both parent
strains (e.g. cold tolerance, maltotriose utilization and strong flocculation) and
in many cases also showed apparent hybrid vigour, by fermenting faster and
producing beer with higher alcohol content and higher concentrations of
flavour-active esters than the parents. These results suggested that
interspecific hybridization can be applied not only for production of novel non-
GM lager yeast strains, but also to improve brewing-relevant traits in the
parent strains. The results were also supported by concurrent studies on the
topic carried out at other laboratories (Hebly et al. 2015; Mertens et al. 2015).

We also aimed to elucidate the mechanisms associated with the improved
phenotypes that we observed in the de novo hybrids. The ploidy levels of the
generated hybrids appeared to considerably influence their fermentation
properties. We observed that hybrids with higher DNA content performed
better by fermenting faster and producing beer with higher concentrations of
flavour-active esters. Genome sequencing and transcription analysis of the
hybrids also revealed that several genes related to the formation of flavour-
active esters were present in higher copy numbers and expressed at higher
levels in the higher ploidy hybrid strains. Furthermore, positive correlations
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were observed between the transcript abundances of specific genes and the
concentrations of the corresponding esters. Together, the results indicate that
the phenotypic properties of de novo lager hybrids can be controlled to some
extent through their ploidy and subgenome inheritance, facilitating the
generation of strains with tailored properties, and that gene dosage appears to
contribute to the heterosis effect observed in the hybrids. However, reverse
engineering would be required to confirm this effect.

As cold tolerance and low-temperature fermentations are central for lager
yeast and lager beer production, respectively, we also aimed to elucidate the
role of the cellular lipid composition in determining cold and ethanol tolerance
in brewing yeast and de novo lager hybrids. We observed that lower
fermentation temperatures and increased ethanol contents were associated
with an increased degree of lipid unsaturation. The yeast strains which
performed well at low temperatures and/or high ethanol concentrations were
also associated with increased concentrations of phospholipids and
triacylglycerides containing unsaturated fatty acids, such as palmitoleic acid
(C16:1) and oleic acid (C18:1), while ergosterol was also shown to be positively
correlated with ethanol tolerance. These changes in lipid composition are
assumed to be vital for maintaining membrane fluidity, which in turn affects,
for example, the functionality of membrane proteins. While links between lipid
composition and cold and ethanol tolerance were observed, the mechanisms
that contribute to cold and ethanol tolerance need to be further addressed in
future studies. Recent studies have highlighted that the mitochondrial origin
in hybrids may be key for determining temperature tolerance (discussed
further in section 6).

The hybrid strains that we had generated so far had all been afflicted with
the POF+ phenotype, and formation of phenolic off-flavours is undesired in
lager beer fermentations. Hence, to further improve the potential of
hybridization for strain development, we sought to develop methodology to
remove unwanted traits, such as POF formation, from the hybrids. In addition,
from a strain development perspective, it would be desirable to combine
phenotypic traits from more than two parent strains. This was achieved by
exploiting the fertility of allotetraploid interspecies hybrids. We used an
allotetraploid interspecific hybrid as an intermediate to create a POF  lager
hybrid with DNA from three parent strains, through a breeding scheme
including rare mating and sporulation. This non-GM technique can be used to
remove the POF-phenotype from any interspecies hybrid, provided that a
fertile allotetraploid can be generated. The fertility of such hybrids could also
be exploited for generating diversity through meiosis, and attempting to link
phenotype and genotype data through QTL analysis.

From an industrial point-of-view, it is vital that the genomes of any newly
developed yeast strains remain stable to ensure consistent product quality.
Newly generated yeast hybrids tend to be unstable, and genome changes may
occur when the yeast is exposed to stressful environments. We exploited this
to generate stable and superior variant strains from 4 different brewing
strains, 3 of which were de novo interspecific lager yeast hybrids, by adaptive
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evolution in high-ethanol media. The adapted variants outperformed the
strains which they were derived from during wort fermentation, and the
majority also possessed several desirable brewing-relevant traits, such as
increased ester formation and ethanol tolerance, and decreased diacetyl
formation. Such an approach can therefore be used not only to stabilize
hybrids prior to industrial use, but simultaneously improve them. Genome
sequencing and flow cytometry revealed that changes had occurred at both
chromosome and single nucleotide level in all variant strains. The greatest
improvement in fermentation was observed in the variants derived from the
polyploid hybrids, and these had also undergone most chromosomal copy
number changes. This highlights the importance of stabilizing polyploid
hybrids in particular before they can be considered for industrial use.

To conclude, the results of this thesis demonstrate the potential of
interspecific hybridization as a valuable tool for developing new lager yeast
strains for the brewing industry. Hybrid strains tend to not only inherit traits
from the parent strains, but in many cases exhibit heterosis, where they
outperform the parent strains. Hybridization can be used to improve beer
fermentation in a number of respects, including fermentation rate, aroma
formation, and stress tolerance. We also show the potential for exploiting the
inherent instability of hybrid genomes for advanced strain development
through adaptive evolution. Hybridization can therefore be explored and
utilized further in several ways, yielding powerful and diverse yeast strains for
the brewing industry, and may also help to elucidate the evolutionary history
of industrial lager yeast strains.
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6. Future perspectives

While extensive research on interspecific hybrids has been carried out the past
decade, several areas still remain unexplored. In regards to improving
brewing-relevant phenotypes through hybridization, such areas include
encouraging the formation of antioxidants to increase flavour stability,
decreasing the formation of unwanted off-flavours to enhance beer quality,
and increasing glycerol formation for better mouthfeel in low-alcohol beer.
Interest towards low-alcohol beverages in particular has increased the
previous years (Brányik et al. 2012).

Furthermore, studies on the use of de novo hybrids for brewing purposes
have been mainly limited to hybrids created with S. cerevisiae or S. eubayanus
strains. As several other species in the Saccharomyces genus possess traits
desirable for brewing, including cold tolerance and high ester formation, they
represent feasible alternatives to S. eubayanus in interspecific hybrids for
lager brewing purposes. This topic was briefly explored in a recent study at our
lab (Nikulin et al. 2018).

While hybrids possess various enhanced phenotypes in comparison to the
parent strains, the molecular mechanisms that control and contribute to the
hybrid phenotypes are not fully understood. Such phenotypes include the cold
and stress tolerance of lager hybrids and heterosis effect observed for aroma
formation. While we show here that lipid composition and gene transcript
abundances, respectively, contribute to these, it is likely that a combination of
other factors have a larger impact, e.g. protein translation and folding
efficiencies, mRNA stabilities, sub-genome cooperation and regulation, and
the product activity and expression of central metabolic genes. Transcriptomic
studies in particular, e.g. with RNA sequencing, could yield valuable
knowledge in how the different sub-genomes in a hybrid are regulated and
what environmental conditions favour expression of desirable phenotypes.
Reverse engineering, e.g. with the aid of the CRISPR-Cas9 system, could also
be used to confirm the effects of gene copy number and SNPs on the studied
phenotypes.

The role of the mitochondria in affecting phenotypic properties of de novo
hybrids should also be clarified in future studies. Studies have shown that the
transmission of mitochondrial DNA tends to be uniparental in de novo
hybrids, and the mitochondrial origin can influence their fitness (Verspohl et
al. 2018; Origone et al. 2018; Wolters et al. 2018). A recent study has
demonstrated that the temperature tolerance of both traditional and de novo
lager yeast is strongly influenced by the mitotype (Baker et al. 2019). It is
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plausible that other important brewing-relevant traits, such as aroma
formation, in hybrids are also influenced by the mitochondrial origin.

With the greater application of sequencing in yeast research, it is also
expected that questions regarding the stability of hybrid genomes and the
evolutionary history of S. pastorianus will become clearer in the future. Recent
large-scale whole genome sequencing studies in combination with
comprehensive phenotype data (Gallone et al. 2016; Gonçalves et al. 2016;
Peter et al. 2018), for example, not only provide valuable data on the diversity
and history of brewing strains, but also provide valuable resources for parent
selection during breeding and hybridization. This can also be exploited for
characterizing and developing natural yeast hybrids, as demonstrated in a
recent study at our lab (Krogerus et al. 2018b).

The emergence of affordable and more accurate long-read sequencing
technologies, such as those by PacBio and Oxford Nanopore, allow for
generating high-quality genome assemblies with chromosome-length
scaffolds. The long read length also allows for more accurate detection of
structural rearrangements in the genome (Yue et al. 2017). This technology
could be applied to map the structural variations present in traditional and de
novo lager yeast hybrids. Interchromosomal translocations between the
parental sub-genomes can, for example, be found in traditional lager yeasts
(Bond et al. 2004; Hewitt et al. 2014), and it is likely that they could arise in
laboratory-evolved de novo hybrids as well.
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