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1. Introduction 

 
Fermented products have played a key role in all human societies due to 

their economic and cultural importance. Fermentation can preserve the quality 
and safety of beverages and food, as well as enhance its nutritional and sensory 
benefits (McGovern, 2013, Underhill, 2002). The climate change that followed 
the last ice age lead to the dawn of agriculture during the Neolithic period (ca. 
10,000-4,500 BC). The first attempts at agriculture, eventually led to the do-
mestication of plants, which supported the establishment of the first settle-
ments. The first human contact with fermentation was likely by chance, but the 
technique was quickly embraced due to its advantages despite the biological 
mechanisms being unknown.  

The earliest archaeological evidence for the production of a fermented bev-
erage dates back to 7000 BC China (McGovern et al., 2004). This prehistoric 
beverage consisted of a mix of fermented rice, honey and fruit. The first chemi-
cal evidence of winemaking dates to 6000 BC in modern day Georgia (McGov-
ern et al., 2017). The oldest depiction of beer-drinking can be found in a Sume-
rian tablet dating to 4000 BC, but the first chemical evidence was found in the 
Zagros mountains of modern day Iran, in a pottery vessel dating to 3400-3000 
BC (Michel et al., 1992).  

At the time, people realised that leaving fruits and grains in covered con-
tainers for a long time produced a predecessor of a modern fermented beverage. 
Through empirical observation, people learned which environmental conditions 
yielded the best quality products. However, the biological mechanisms were un-
known as yeast are invisible to the naked eye and high quality lenses were not 
developed until the seventeenth century. The Dutch scientist Antonie van Leeu-
wenhoek was then the first to observe yeast with a self-designed microscope, 
though he thought they were starch particles from the wort (Huxley et al., 1871). 
These “particles” were understood to play a role in fermentation, but not as a 
biological agent rather as organic chemical agents. The first definition of yeast 
in the Dictionary of the English Language describes it as “the ferment put into 
drink to make it work; and into bread to lighten and swell it” (Samuel Johnson, 
1755).  

It was not until 1857 that Louis Pasteur described for the first time that 
alcoholic fermentation was catalysed by a living organism, yeast, rather than by 
a chemical catalyst (Pasteur, 1857). Pasteur also showed that there are different 
types of yeast by acknowledging that the yeast used for ale beer was distinct 
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from that used in lager brewing (Pasteur, 1876). Since then, technologies for 
aseptic propagating of yeast have been developed.  

Saccharomyces cerevisiae is the most well-known species due to its close 
association with human activities. Studies of 650+ strains suggested that S. 
cerevisiae is a synanthropic species following human settlements as a commen-
sal in gardens and vineyards (Legras et al., 2007; Sicard and Legras, 2011). 
However, this view has been challenged based on the wide distribution of S. 
cerevisiae in nature. Is has been proposed that this species is rather a nomadic 
species that inhabits a wide range of environments, albeit occurring at a low 
frequency. The wide distribution of S. cerevisiae is explained by its ability to 
grow in a variety of substrates with good temperature, pH, alcohol and osmotic 
tolerance. These properties also prove useful in niche environments such as 
brewing and wine making. Fermentation of large volumes of wort/fruit must for 
alcohol production create an environment in which S. cerevisiae has a compet-
itive advantage (Goddard and Greig, 2015).  

However, besides S. cerevisiae at present there are 1500+ species of yeast 
isolated from a variety of environmental sources (Kurtzman and Piškur, 2006).  

  

1.1 The Saccharomyces genus 

Yeasts can be found in a variety of environments, from sugar-rich sources 
such as fruit and plants, to soil and even as part of human skin and intestinal 
flora (Vadkertiová et al., 2012; Sláviková and Vadkertiová, 2003; Findley et al., 
2013). Of the 1500 different yeast species known, the Saccharomyces species 
includes some of the best studied. Saccharomyces cerevisiae has the most 
prominent role due to its close association with human activities (Kurtzman et 
al., 2011). Other than S. cerevisiae, the complex includes S. paradoxus, S. mi-
katae, S. kudriavzevii, S. arboricola, S. eubayanus, S. uvarum and S. jurei 
(Borneman and Pretorius, 2015; Naseeb et al., 2018). In addition, there are two 
natural hybrids, S. pastorianus (S. cerevisiae x S. eubayanus; Martini and 
Kurtzman, 1985; Libkind et al., 2011) and S. bayanus (S. eubayanus x S. 
uvarum; Pérez-Través et al., 2014).  

The members of the so-called Saccharomyces sensu stricto diverged about 
10-20 million years ago (Kellis et al., 2003). Based on genome sequence, S. 
uvarum and S. eubayanus are the most basal species while S. cerevisiae and S. 
paradoxus divided more recently (Borneman and Pretorius, 2015). All species 
of this genus can hybridise with each other. However, while intraspecies hybrids 
are fertile, the interspecific hybrids formed are sexually sterile (Naumov, 1987; 
Naumov et al., 1997). The sterility is likely to be due to the inability of two di-
verged homologous chromosomes to recombine during meiosis (Greig et al., 
2003; Greig, 2009). 

All strains have similar ease of propagation, short duplication time and 
small genome size. These properties made them interesting model species for 
studying eukaryotic cell biology, evolutionary and functional genomics studies 
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(Borneman and Pretorius, 2015). Saccharomyces cerevisiae was the first eukar-
yote to have its genome sequenced (Goffeau et al,. 1996) and is responsible for 
bread, beer and wine fermentations (Legras et al., 2007). This species is known 
for its good fermentative capacity, characterised by good sugar utilisation and 
alcohol tolerance.  

Due to its close association with fermentation environments, S. cerevisiae 
was once believed to be a completely domesticated organism (Mortimer, 2000). 
However, it has been found to occupy natural habitats, such as soil and associ-
ated with plants and insects (Liti et al., 2009; Stefanini et al., 2016; Duan et al., 
2018). The remaining Saccharomyces species are generally found in specific ge-
ographically limited environmental ranges. From Quercus to Nothofagus trees 
and even decayed leaves etc., and show little signs of domestication (Liti et al., 
2006, 2009; Naseeb et al., 2018; Libkind et al., 2011; Naumov et al., 1997, 
2000). However, some can also be found in anthropogenic environments, such 
is the case of S. uvarum and S. eubayanus (Rodríguez et al., 2014).  

In addition to the fermentation performance of S. cerevisiae, it is thought 
that temperature might have played an important role in its selection when used 
in human-associated fermentations (Legras et al., 2007; Goddard, 2008; Sicard 
and Legras, 2011). When temperature is relatively warm, S. cerevisiae readily 
dominates the fermentation but in the cold, non-S. cerevisiae strains have an 
advantage, particularly if hybrid strains are present (Gibson and Liti., 2015; 
González et al., 2007). The drop test in Figure 1 is an example of superior toler-
ance of S. cerevisiae to high temperatures, while the remaining species within 
the Saccharomyces genus can tolerate low temperatures better. Studies have 
showed that S. cerevisiae can tolerate temperatures of up to 45.4°C and non-S. 
cerevisiae strains can grow at as low as 1.3°C (Salvadó et al., 2011).  

 

 

Figure 1. Temperature tolerance of strains within Saccharomyces genus. 

 
Saccharomyces kudriavzevii, S. eubayanus and S. uvarum are particularly 

cold tolerant. This is one of the reasons why, when in fermentation conditions, 
these strains occasionally appear as hybrids with S. cerevisiae (Masneuf et al., 
1998; Groth et al., 1999; Naumova et al., 2005; Libkind et al., 2011; Gibson and 
Liti, 2015; Krogerus et al., 2017).  

Hybridisation within the Saccharomyces genus is not uncommon, in chal-
lenging industrial conditions. Hybrids often persist in such environments due 
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to their selective advantage. Hybridisation can initially generate increased ge-
netic variation providing the tools the yeast need to adapt to the environmental 
conditions. Particularly, interspecies hybrids have the biggest advantage and of-
ten offer superior robustness, potentially becoming the dominant yeast 
(Stelkens et al., 2014). This was likely the case for the lager yeast, a hybrid 
formed between a cold-tolerant yeast S. eubayanus and S. cerevisiae (Libkind 
et al., 2011).  

 

1.1.1 Origin of lager yeast and discovery of S. eubayanus 

For thousands of years, beer brewing was limited to the production of ales 
with S. cerevisiae. Ales are produced at a relatively warm temperature (15-26°C) 
and the yeast tends to float to the top of the fermentation vessel when the fer-
mentation is complete. The use of such high temperatures compromises micro-
biological stability and can lead to contamination by spoilage organisms. Before 
the development of refrigeration technology, brewers limited brewing to winter 
or the colder months of spring and fall. The low temperatures employed would 
favour any contaminant cold-tolerant strain present in the fermentation vessel. 
These are likely the conditions that supported hybridisation and formation of 
the lager yeast. These would end up dominating the fermentation due to their 
competitive advantage, resulting in them being inadvertently re-pitched into 
subsequent batches. With the later identification of yeast as the organism re-
sponsible for fermentation, and establishment of pure cultures, beer production 
was transformed into an modern, efficient industry (Pasteur, 1876).   

Due to its great economic importance, lager yeast has been the subject of 
many studies in the last decades. The hybrid nature of this yeast has been known 
from some time but the exact parentage was unclear. Early studies showed poor 
sporulation ability suggesting that lager yeast did not represent a pure species 
(Winge, 1944). Later on, lager yeast was shown to contain DNA from S. cere-
visiae and another non-S. cerevisiae species (Nilsson-Tillgren et al., 1981; Han-
sen et al., 1994). The S. cerevisiae strain involved in the original hybridisation 
event is thought to be an ale strain. This scenario is supported by the fact that 
the S. cerevisiae component of the lager yeast genome seems to more closely 
resemble ale strains of S. cerevisiae than wild strains (Dunn and Sherlock 2008; 
Monerawela et al. 2015; Gonçalves et al., 2016). 

Apart from the S. cerevisiae sub-genome, the lager yeast appeared to con-
tain DNA of S. bayanus, a complex species that actually comprises a heteroge-
neous group of interspecific hybrids (Rainieri et al., 2006; Nakao et al., 2009). 
Genetic studies have shown that the strains could be divided into two groups 
with variable ratio of parent DNA content (Liti et al., 2005; Dunn and Sherlock, 
2008). Group I contains proportionally more S. bayanus-type DNA and group 
II relatively more S. cerevisiae DNA (Dunn and Sherlock, 2008). Interestingly, 
this division into two groups matched early classifications based on superior 
cold tolerance by group I strains (previously referred to as Saaz) and the ability 
to utilise maltotriose by group II (Frohberg) strains (Morris, 1895; Glendinning, 
1899; Johnson, 1904). Whole genome sequence analysis of representative 
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strains later clarified the DNA content of each group, with group I yeast being 
allotriploid and group II allotetraploid (Nakao et al., 2009; Walther et al., 2014). 
The genetic differences appear to impact on fermentation performance of the 
two groups. Group I strains seem better adapted to ferment at lower tempera-
tures (Gibson et al., 2013; Walther et al., 2014) but typically lack the ability to 
use maltotriose (Gibson et al., 2013). 

The exact parentage was only clarified in 2011 when a previously unknown 
Saccharomyces species was identified in Patagonia (Libkind et al., 2011). The 
new species, named S. eubayanus, shares 99.5 % identity with the non-S. cere-
visiae portion of the lager yeast genome (Libkind et al., 2011).  

With the lager yeast parentage resolved, the origin of the two lager lineages 
remains a matter of debate. There is evidence for a common hybridisation event, 
e.g. conserved translocations between CBS1513 (syn. S. carlsbergensis; group I) 
and Weihenstephan 34/70 (group II). However, the distribution of so-called ‘la-
ger specific’ genes in subtelomeric regions, differences in DNA content and 
chromosome copy number suggest that each group arose from independent 
events (Walther et al., 2014; Dunn and Sherlock, 2008; Monerawela et al., 
2015).  

A third, more complex theory has recently been proposed where both 
groups share at least one hybridisation event, but the difference might be due to 
either chromosomal loss in group I strains, or a second hybridisation with a S. 
cerevisiae strain giving rise to the group II lineage (Okuno et al., 2016). Lager 
yeast nowadays are restricted to only these two groups and therefore the genetic 
and phenotypic diversity is rather limited. 

 

1.2 Wort fermentation   

The hybridisation that lead to the generation of the lager yeast proved to be 
essential due to the temperature employed and composition of brewer’s wort. 
Brewer’s wort contains a mixture of starch-derived sugars that makes it a chal-
lenging environment for the yeast. Wort contains approximately 60 % maltose, 
20% maltotriose and the remaining 20 % is sucrose, glucose and fructose. The 
wort sugars are typically consumed sequentially (example Figure 2). Glucose 
and fructose are readily fermented by the yeast as they are transported into the 
cell by facilitated diffusion. Glucose is the easiest sugar for the yeast to transport 
and metabolize, and while present it represses the synthesis of maltose/malto-
triose transporters and maltases and inactivates pre-existing transporters (Fed-
eroff et al., 1983; Goldenthal et al., 1987; Lucero et al., 1993; Jespersen et al., 
1999; Maier et al., 2002; Rautio and Londesborough, 2003). After the hexoses 
are used, maltose is the next preferred sugar, leaving maltotriose as the most 
abundant sugar in the later stages of fermentation (Figure 2). 
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Figure 2. Graphic representation of typical sugar consumption order and ethanol production in 
brewer’s wort  

 
Maltose is the most abundant sugar in the wort, therefore the rate of its 

con-sumption has the strongest impact on the fermentation performance (Rau-
tio and Londesborough, 2003). The utilisation of maltose and maltotriose re-
quires specific transmembrane transporters (Figure 3). There are three differ-
ent transporters that are known to carry maltose, Mal, Agt1, and Mtt1 (Jesper-
sen et al., 1999; Salema-Oom et al., 2005; Vidgren et al., 2005; Figure 3). There 
are five unlinked MAL loci (MAL1-4 and MAL6). In the classical MAL locus 
there are three genes; MALx1 (where x denotes the locus of origin, 1-4 or 6) en-
codes a transporter, MALx2, an α-glucosidase and MALx3, a transcriptional ac-
tivator of the other two genes. All MALx1 transporter genes share high identity 
(> 95%) and are generally regarded as very specific high-affinity maltose trans-
porters (Km, 2-5 mM), without transport activity for maltotriose (Chang et al., 
1989; Dietvorst et al., 2005). Agt1 (α-glucoside transporter), encoded by a nat-
urally occurring allele of MAL11 (MAL11g) with 57 % identity to MAL11, is a rel-
atively wide-spectrum α-glucoside transporter, with higher affinity for trehalose 
and sucrose (Km 8 mM), lower affinity for maltose (Km 5-17.8 mM), maltotriose 
(Km 18.1 mM) and α-methylglucoside (Km, 20-35 mM) and the lowest affinity 
for isomaltose, melezitose and palatinose (Han et al., 1995; Stambuk et al., 
1999).  

Finally, MTT1 (MTY1) was identified by screening genomic libraries of la-
ger strains (Salema-Oom et al., 2005; Dietvorst et al., 2005). This transporter 
shares 90 % identity with MALx1 and 54 % with ScAGT1 genes. It transports 
maltose, maltotriose, trehalose and turanose, with the unusual ability, among 
α-glucoside transporters, of carrying maltotriose with higher affinity than malt-
ose (Km of 16-27 mM for maltotriose and 61-88 mM for maltose), a trait which 
is particularly relevant in brewing (Salema-Oom et al., 2005; Dietvorst et al., 
2005). 
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Figure 3. Schematic representation of uptake of wort sugars by yeast.  

 
In addition to these, two identical transporter genes, MPH2 and MPH3, 

have been described in the literature as maltose transporters (Day et al., 2002). 
The role of these transporters has however been questioned, with different stud-
ies reporting contradictory results in terms of transport and gene expression, 
and inconsistent correlation between the presence of these transporters and α-
glucoside utilisation phenotypes (Jespersen et al., 1999; Vidgren et al., 2005; 
Alves et al., 2008; Duval et al., 2010). It was ultimately shown that these trans-
porters are only able to carry turanose (Brown et al., 2010).   

In lager yeast, due to its hybrid nature, some of the transporters were in-
herited from both parents and exist in two allelic forms, the S. cerevisiae and S. 
eubayanus counterparts. In all lager strains tested by Vidgren et al. (2005 and 
2009) the AGT1 gene derived from the S. cerevisiae parent (ScAGT1) was found 
to have a premature stop codon at nucleotide 1183 and to encode a non-func-
tional 394 amino-acid polypeptide, while the ale strains encoded a full-length 
610 amino-acid protein. Genome sequencing of the lager strain S. pastorianus 
Weihenstephan 34/70 revealed the presence of another gene located in the left 
sub-telomere of the non-S. cerevisiae chromosomes XV with 79% identity to the 
S. cerevisiae AGT1 (Nakao et al., 2009). This was thought to be a homologue 
from the non-S. cerevisiae parent of the lager yeast (Nakao et al., 2009). This 
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transporter, presumed to be S. eubayanus AGT1 (SeAGT1), was further charac-
terised by Vidgren et al. (2012), who demonstrated that, despite having only 85 
% identity with ScAgt1 at amino acid level, it has also a broad substrate specific-
ity with similar affinities for maltose and maltotriose (KM, 17 and 22 mM, re-
spectively). 

The presence of orthologous genes in the same strains raises questions con-
cerning how gene regulation works. Vidgren and Gibson (2018) showed that the 
MAL activators can trans-regulate the expression of the orthologous genes alt-
hough not as efficiently as in the case of cis-regulation (Vidgren and Gibson, 
2018). The same study also showed that ScMalx1 proteins are localised in the 
plasma membrane during early to late exponential phase, while ScAgt1 was 
found there mainly in the stationary phase, in agreement with the typical order 
of sugar consumption (maltose before maltotriose; Figure 2). 

The rates of sugar utilisation in brewer’s wort can therefore vary greatly 
depending on the presence/absence of individual sugar transporters, their copy 
number and regulatory mechanisms. 

 
 

1.3 Cider and wine fermentation  

Cider and wine are both made through fermentation of fruit musts and con-
tain the same sugars, though these occur in variable ratios and concentrations, 
which affects the progress of fermentation.   

Cider is an alcoholic beverage made from fermented apple juice. Apple 
juices contain fructose at concentrations approximately two times higher than 
glucose (Ye et al., 2014). Although the sugar concentrations are rarely so high 
that fermentation would be limited, fructose is generally less preferred by the 
yeast and tends to be the residual sugar in stuck fermentations. Glucose and 
fructose are carried into the cells by the members of Hxt family. In addition, 
Fsy1 when present aids in fructose uptake at the latest stages of fermentation 
(Figure 3; Lopandic et al., 2016). 

Cider styles vary greatly depending on the variety of apples used, they can 
be classified as extra dry to sweet and generally range from 1.2 to 8 % alcohol. 
Cider is very popular worldwide but countries like Britain, France, Ireland, Slo-
venia and Spain, have a strong cider culture. Traditionally, cider is fermented 
by naturally occurring indigenous yeast at temperatures ranging from 12 to 
20°C (Morrissey et al., 2004). In the initial stages of cider production, species 
from the genus Candida, Pichia, Hansenula, Hanseniaspora and Metschni-
kowia predominate - having a strong influence on the aromatic complexity of 
the cider, are present (Coton et al., 2006; Michel et al., 1988; Morrissey et al., 
2004; Valles et al., 2007). The alcoholic fermentation however is carried out by 
Saccharomyces species (Valles et al., 2007). Hybrid strains have been found as-
sociated with cider fermentation involving S. cerevisiae, S. uvarum and/or S. 
kudriavzevii (Groth et al., 1999; Masneuf et al., 1998; Naumova et al., 2005).  
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There has been an increased interest in cider production recently, particu-
larly in North America but also in Eastern European countries without a tradi-
tion for cider consumption. In 2015 alone, cider production, for example, grew 
by 106 % in Poland. This accelerated production was most likely a result of a 
search for an alternative use for apples after the Russian ban on apple importing 
from Poland combined with record production levels and decrease in excise du-
ties (Grebinskij, 2016). The increased popularity of cider can also be attributed 
to consumer tastes changing towards less-bitter drinks, with the additional ben-
efit of being gluten-free and lower in alcohol than wine.  

In winemaking, the fermenting grape must contains both glucose and fruc-
tose in equimolar concentrations. However, the sugar concentration is much 
higher than in apple must and increasingly warmer temperatures caused by cli-
mate change are aggravating this problem (Sadras and Moran, 2012). The al-
ready high sugar concentrations cause stress to the yeast, both in the early 
stages (osmotic stress) and the later stages (ethanol intolerance). Wines with 
high alcohol content are also less desirable for health and economic reasons so 
evolutionary strategies to divert the yeast metabolism towards glycerol produc-
tion have been studied (Noble and Bursick, 1984; Tilloy et al., 2014). 

Fermentation performance is important from the process efficiency per-
spective but, besides that, the sensorial properties dictate the quality and con-
sequently the value of a wine. Such properties are determined by the grape va-
riety and secondary metabolites formed during fermentation (Swiegers et al., 
2005). These metabolites are synthesised by the microbial flora that conducts 
the fermentation. The yeast S. cerevisiae has been selected by winemakers for 
centuries based on its resistance to the stressful conditions of grape fermenta-
tion, such as high sugar content, low pH, high ethanol and temperature. The 
fermentation temperature employed will substantially influence the sensorial 
properties of the wine. In white-wine making in particular, low-temperature fer-
mentation enhances the aromatic complexity and stability of the wines (Beltran 
et al., 2006 and 2008; Molina et al., 2007). However, the performance of the 
yeast S. cerevisiae is affected by the lower temperatures and this can lead to long 
fermentation times and even stuck fermentations (Redón et al., 2012).  

1.3.1 Temperature tolerance 

The temperature employed in alcoholic beverage fermentations impacts 
the sensorial properties of the final product. There are several reasons why cold 
fermentations (i.e. lower than 15°C) are preferred over warm fermentations. In 
brewing, these conditions allow for the production of the clean and fresh tasting 
lager beer, which has contributed to the global popularity of this beer style (Gib-
son and Liti, 2015). In contrast, in white wine production, low temperature ac-
tually improves the aromatic profile of the wine (Beltran et al., 2006, 2008; Mo-
lina et al., 2007). Compounds like ethyl esters associated with fruit notes and 
freshness tend to be produced and maintained at higher concentrations in white 
wines fermented at low temperatures (Molina et al., 2007). The reduced evapo-
ration of volatile compounds in the cold must also be taken into consideration. 
Apart from its impact on sensorial properties, low temperature also reduces the 
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likelihood of contamination by spoilage organisms, potentially obviating the use 
of sulphite. It is however, necessary to have a yeast strain that is able to survive 
and retain metabolic activity at these temperatures if fermentation is to proceed 
efficiently.  

The ability to tolerate low temperatures is one of the defining characteris-
tics of lager yeast and permits the low-temperature fermentation necessary for 
production of lager beer. This style is characterised by a clean aroma relative to 
the more intense fruit and floral notes characteristic of ales, a difference that is 
mostly due to the different fermentation temperatures employed. Low-temper-
ature lager fermentations require the yeast to be able to survive and stay meta-
bolically active in the cold (Gibson and Liti 2015). It is known that the cold tol-
erance of S. pastorianus is a result of its hybrid nature. However, the mecha-
nisms by which this yeast and its cold tolerant parent S. eubayanus cope with 
low temperatures are not known. As S. eubayanus has only recently been dis-
covered, we have a limited understanding of the metabolic processes responsi-
ble for its superior cryotolerance. Gibson et al. (2013) showed with lager yeast 
that the more dominant the S. eubayanus genome portion is, the more cold-
tolerant the strain is. For instance, Saaz-type strains are better adapted to cold 
than Frohberg-type. In addition to S. eubayanus, other members of the Saccha-
romyces genus, such as S. kudriavzevii and S. uvarum, are also adept at grow-
ing and fermenting at low temperatures (González et al. 2006; Masneuf-Poma-
rède et al. 2010). These species are usually associated with wine and cider fer-
mentation (González et al. 2006; Naumov et al. 2001). Cold-tolerant S. uvarum 
strains show higher ethanol sensitivity in wine fermentations at warmer tem-
peratures (25°C) than they do at low temperatures (13°C), possibly due to a dif-
ferent fatty acid composition of the cell membrane (Kishimoto et al. 1994; 
Masneuf-Pomarède et al. 2010). The S. eubayanus type-strain behaves simi-
larly, being sensitive to ethanol at warm temperatures but not affected in the 
cold (our unpublished data). The response of these species to the combined ef-
fect of temperature and ethanol in the cell membrane deserves further investi-
gation. Low temperature affects the efficiency of protein translation, fluidity of 
the membrane, lipid composition, protein folding, stability of messenger RNA 
(mRNA) structures and enzymatic activities (Aguilera et al. 2007; Sahara et al. 
2002; Schade et al. 2004; Tai et al. 2007). Salvadó et al. (2011) showed, prior to 
the discovery of S. eubayanus, that S. kudriavzevii had the lowest optimal 
growth temperature of all the Saccharomyces species. Gonçalves et al. (2011) 
compared the rate of adaptation between S. cerevisiae and S. uvarum and found 
that groups of genes associated with cell wall mannoproteins, ribosomal stalk, 
translation elongation factors, and glycolysis have undergone accelerated evo-
lution. Paget et al. (2014) identified genes associated with glycerol and acetal-
dehyde metabolism as being responsible for the cryotolerance of S. kudriavzevii 
and were able to replicate this effect by overexpressing the genes in S. cere-
visiae. García-Ríos et al. (2016) further observed that S. kudriavzevii is better 
adapted to grow at low temperatures due to more efficient protein translation. 
This is true also for cold-adapted S. cerevisiae strains (Salvadó et al. 2016). 
None of these studies has however included S. eubayanus, and although similar 
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mechanisms may be involved in the cold tolerance of this species, different spe-
cies are known to react differently to variations in temperature. For example, S. 
uvarum improves respiration rates at low temperatures while S. kudriavzevii 
has superior ethanol production under similar conditions (Gonçalves et al. 
2011). Lager yeast hybrids clearly benefit from the cryotolerance conferred by S. 
eubayanus. Interestingly, even a naturally cold-tolerant species like S. uvarum 
can benefit from the relationship. Almeida et al. (2014) have shown that domes-
ticated strains of S. uvarum, i.e. those used in low-temperature cider and wine 
fermentations, contain introgressed DNA from S. eubayanus. It is not clear if 
such introgressions are related to cold tolerance, however these are typically ab-
sent in wild strains of S. uvarum. The genetic contribution from S. eubayanus 
appears to be the main differentiating factor between wild and domesticated 
strains of the species. The origin of this genetic material has yet to be deter-
mined, i.e. directly from a natural population of S. eubayanus or indirectly via 
interaction with an existing S. eubayanus hybrid. 

 

1.4 Generation of artificial hybrids  

The lager yeast S. pastorianus is the most well-known hybrid yeast, but due 
to the limited prezygotic barrier between Saccharomyces species, it is not un-
common for interspecies hybrids to form. Hybrids between S. cerevisiae and S. 
uvarum or S. kudravzevii have been found in winery isolates (for reviews see 
Morales and Dujon, 2012; Bisson, 2017). Interestingly, S. kudriavzevii has not 
been found in association with winemaking except in its hybrid form. This spe-
cies was first isolated from a decayed leaf in Japan and later in oak trees in Por-
tugal in sympatric association with S. cerevisiae and S. paradoxus, which may 
help explain the origin of S. kudriavzevii × S. cerevisiae hybrids (Naumov et al., 
2000; Sampaio and Gonçalves, 2008). 

With advances in the understanding of mechanisms for fermentation per-
formance, cold tolerance, aroma formation, etc. the easier it becomes to genet-
ically improve yeast strains in a targeted fashion. However, the application of 
GMO yeast in fermented products is hampered by legislation in some countries 
or by poor perception of such approaches (Schilter and Constable, 2002; Preto-
rius and Hoj, 2005; Cebollero et al., 2007). As much as this limits yeast devel-
opment, yeast improvement can still be achieved through less targeted ways 
such as mutagenesis, evolutionary engineering and hybridisation. Hybridisa-
tion in particular has been studied for decades, especially for brewing purposes 
(Hammond and Eckersley, 1984; Johnston, 1965; Russell et al., 1983; Spencer 
and Spencer, 1977).  

Saccharomyces hybrids can be generated through a variety of methods; the 
most common are spore-to-spore mating, mass mating, rare mating, and proto-
plast fusion (Figure 4). In spore-to-spore mating, haploid cells of opposite mat-
ing type (a or α) will mate through sexual reproduction if placed next to each 
other (Merlini et al. (2013). This is possible with the aid of a micromanipulator 
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and is one of the most commonly used approaches to generate new diploid hy-
brid strains. Although, high hybridisation frequencies and relatively high ge-
netic stability can be achieved, it is required that the parental strains are able to 
produce viable spores and physiological traits may be lost or altered through 
meiotic recombination during spore formation.  

Through rare mating, the generation of spores is not required and higher 
ploidies can be achieved. Diploid (or higher ploidy) strains generally have a/α 
mating type (i.e., a heterozygous mating type locus) and do not directly mate. 
However, spontaneous loss of heterozygosity at the mating type locus can occur 
at low frequencies (10−4), resulting in the formation of diploid (or higher) cells 
with a or α mating types (Hiraoka et al. 2000). These cells may then mate to 
form polyploid hybrids, which may contain more or less the full genomes of both 
parent strains. To achieve this, yeast suspensions are simply mixed together and 
allowed to hybridise. It is however necessary to be able to isolate the hybrid cells 
from the parent cells. Different screening methods can be used for this, the most 
efficient being the use of complementary auxotrophs, but growing conditions 
can also be controlled for this purpose, such as the use of restrictive tempera-
tures or carbon sources for one of the parents. Hybrids generated by rare mating 
tend to have lower genome stability than those formed through spore-to-spore 
mating (Pérez-Través et al. 2012).  

Through protoplast fusion (Figure 4) the cell walls of the parent strains are 
first digested. After this, the formed protoplasts are brought together and un-
dergo fusion, followed by the regeneration of the cell wall (van Solingen and van 
der Plaat 1977). As with rare mating, this technique is particularly advantageous 
for mating strains that rarely form viable spores. Furthermore, protoplast fusion 
allows for the mating of sexually incompatible cells, e.g. in the formation of in-
tergeneric hybrids (Lucca et al. 2002). As with rare mating, protoplast fusion 
techniques result in low hybridisation frequencies, the need for selection mark-
ers, and typically low genome stability. Also, hybrids resulting from protoplast 
fusion may be considered genetically modified in some regions of the world. In 
the European Union, hybrids generated by mating of spores and rare-mating 
based on the natural rare event of mating-type switching in industrial yeasts are 
not considered GMOs (Directive 2001/ 18/EC of the European Parliament and 
the Council of the European Union). 
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Figure 4. Schematic representation of different hybridisation approaches. A represents Spore-
to-spore mating. B represents rare mating. C represents protoplast fusion. 

 
Hybrid status of any isolates can be confirmed through PCR (e.g. using ITS, 

interdelta or species-specific primers) or karyotyping techniques (e.g. pulsed-
field gel electrophoresis) (Fernández-Espinar et al. 2000; Legras and Karst 
2003; Muir et al. 2011).  

Lager yeast hybrids have inherited the superior fermentation performance 
from their S. cerevisiae parent and the cold tolerance from S. eubayanus. This 
has resulted in strains that have superior phenotypic properties relative to their 
parents, a phenomenon called heterosis (Gibson and Liti, 2015). Heterosis, or 
hybrid vigour, can confer distinct advantages to the nascent hybrid organism. It 
might be difficult to determine the factors that can enable hybrids to outcom-
pete their parents. However, hybridization can greatly increase phenotypic var-
iance, being possible for some hybrid individuals to be much fitter than their 
parents. In the case of Saccharomyces yeast, a considerable amount of sequence 
and functional divergence may have occurred since divergence from a common 
ancestor. This could leave to orthologous genes showing functional, transcrip-
tion and regulation differences, etc. The combination of such traits in a hybrid 
organism can least to superior fitness than both parents.   

Since the discovery of S. eubayanus in Patagonia (Libkind et al., 2011) there 
has been an interest in recreating the hybridisation event and generating new 
lager strains for brewing applications (Krogerus et al., 2015, 2016; Helby et al., 
2015; Mertens et al., 2015). The discovery has also inspired new approaches to 
facilitate the selection of artificial hybrid strains (Alexander et al., 2016).  

Cold tolerance seems the main phenotypic contribution of S. eubayanus to 
the natural and artificial lager yeast strains (Krogerus et al., 2015; Helby et al., 
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2015; Mertens et al., 2015). However, the presence of an additional high-affinity 
fructose trans-porter, Fsy1, could provide hybrids with improved ability to re-
duce the critical accumulation of fructose in the later phases of the wine and 
cider fermentations (Lopandic et al., 2016).  
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Aims of the study  

The research project focuses on natural and artificial yeast interspecies hy-
brids used in the production of fermented beverages. The identification of the 
missing parent of the hybrid lager yeast, Saccharomyces eubayanus in 2011 
opened the possibility to study hybrid cooperation and to generate new lager-
like hybrids. With this in mind the aims of the studies are to: 

 
 Understand maltose and maltotriose utilisation patterns in lager yeast 

and relate these to the presence of specific α-glucoside transporters. 
 

 Generate new artificial lager-like hybrids and characterise them in re-
spect to lager beer fermentation.  

 
 Explore the low-temperature tolerance of S. eubayanus to generate new 

hybrids with relevant properties for cider and wine making.  
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2. Materials and methods  

This section provides a summary of the materials and methods used. Rele-
vant experiments are presented in more detail. Detailed materials and methods 
information can be found in the original publications I-IV. 

 

2.1 Yeast strains  

The different yeast strains used are listed in Table 1. The list includes lager 
strains from both genetic groups, ale and wine S. cerevisiae strains, the wild 
strain S. eubayanus and newly generated interspecies hybrid strains. The 
grouping of each lager strain was confirmed by ITS PCR and HaeIII digestion 
(Pham et al., 2011). The wine strains were kindly provided by Lallemand SAS. 
All remaining strains were obtained from VTT culture collection (http://cul-
turecollection.vtt.fi/). Information for additional culture collection codes is pro-
vided for reference and commonly used strains. 

 

Table 1. List of strains 

VTTCC code Other CC codes Observations  Publica-
tion 

Lager strains    
Group I    
A-61011 (A11)   I 
A-60012 (A12)   I 
A-78053 (A53)   I 
A-74058 (A58)  Isolate of S. carlsbergensis 

type strain deposited at VTT 
culture collection in 1974 

I 

A-14231 (A231) CBS1513, GSY129 Former S. carlsbergensis 
type strain 

I 

A-06203T (A203) CBS1503, GSY134 Former S. monacensis strain I 
A-13221 (A221) GSY133  I 
A-13222T (A222) CBS1538, GSY131, 

DBVPG6047 
Saaz type strain I 

Group II    
A-63015 (A15)  Finnish lager yeast strain I 
A-13220 (A220) 
 

Weihenstephan 34/70  I 

S. cerevisiae     
Ale     
A-75060 (A60)  Finnish ale yeast strain I 
A-81062 (A62)  British ale strain II 
A-93115 (A115) NCYC 1063  I 
Wine     
59A  Haploid derivative of Lalvin 

EC1118® 
III, IV 

Lalvin EC1118® 
 

 Commercial wine strain IV 

S. eubayanus     
C-12902 (C902) CBS12357 Type strain I, II, III, IV 
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Artificial hybrids    
(H1)  C-12902 x A-81062 hybrid II 
(H2)  C-12902 x A-81062 hybrid II 
(H3)  C-12902 x A-81062 hybrid II 
(H4)  C-12902 x A-81062 hybrid II 
C-16962 (C962)  C-12902 x 59A hybrid III, IV 
C-16963 (C963)  C-12902 x 59A hybrid III, IV 
C-16964 (C964)  C-12902 x 59A hybrid III, IV 
C-16965 (C965)  C-12902 x 59A hybrid III, IV 
C-16966 (C966)  C-12902 x 59A hybrid III, IV 
C-16967 (C967)  C-12902 x 59A hybrid III, IV 

2.2 Molecular and analytical methods  

The Table 2 provides information about the methodologies used in the four 
original publications, the objective of the experiments, and the publication 
where detailed information can be found. 
 

Table 2. Summary of molecular and analytical methods used in the thesis.   

Method Objective Publication 
PCR   
  ITS PCR and RFLP Lager yeast group identification I 
 Hybrid status confirmation II, III 
  Species specific PCR Hybrid status confirmation II, III 
  COX2 sequencing 
 

Origin of mitochondria identification  III 

  qPCR 
 

Determination of copy number of transporter 
genes 

I 

PFGE Chromosome separation  I 
 Hybrid status confirmation 

 
II 

Southern blot 
 

Chromosome distribution of transporter genes I 

Genome sequencing 
 

Analysis of hybrid genome organisation  IV 

FACS 
 

Determining DNA content in artificial hybrids II, III 

Metabolite analysis   
  Density analysis  Measuring variation on extract and alcohol levels 

during wort and apple juice fermentation 
I, II, III 

  HPLC Quantification of fermentable sugars and ethanol I, II, III, IV 
  HS-GC-FID Quantification of volatile compounds II, III, IV 
 Quantification of sulphur volatile compounds (cou-

pled with sulphur-specific Sievers chemilumines-
cence detector) 

 

III 

Drop test Evaluation of relative temperature and ethanol tol-
erance 

II, III, IV 

 

2.3 Sugar uptake experiments  

The rates of sugar uptake were measured by incubating the yeast cells with 
a solution containing the radiolabelled sugar and by later determining the radi-
oactivity inside the cells (Lucero et al., 1997). Yeast strains were grown to early 
exponential phase in liquid YP medium containing maltose (for maltose and 
maltotriose uptake) or glucose (for glucose and fructose uptake). The cells were 
harvested, washed with ice-cold water and 0.1 M tartrate-Tris (pH 4.2) and re-
suspended in the same buffer. The rates of [U-14C]-maltose and [U-14C]-malto-
triose uptake at 20, 10 or 0°C were determined with 5 mM of substrate with 
reaction time of 1 min. Rates of [U-14C]-fructose and [U-14C]-glucose uptake at 
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20°C were determined with 5 mM of substrate with 10 seconds incubation time. 
Two incubation times were tested to ensure linearity with respect to time with 
t2 corresponding to at least 90 % of t1 value. [U-14C]-Maltose, [U-14C]-maltotri-
ose and [U-14C]-fructose were from American Radiolabeled Chemicals Inc. (St. 
Louis, MO, USA). [U-14C]-Glucose (CFB 96) was from Amersham Biosciences 
(Buckinghamshire, UK). [U-14C]-maltotriose was repurified before use as de-
scribed by Dietvorst et al. (2005). 

 

2.4 Interspecific hybridisation  

Prior to hybrid generation natural lysine and uracil auxotrophic mutants 
were selected based on their ability to grow on α-aminoadipic acid or 5-fluo-
roorotic acid-containing agar, respectively (Boeke et al., 1987; Zaret and Sher-
man, 1985). Absence of growth in minimal selection medium confirmed the 
auxotrophy. In addition to the use of auxotrophic mutants, the use of a temper-
ature restrictive to the cold tolerant parent (37°C) was also successfully used.  

Interspecific hybrids between S. cerevisiae A62 ura- and S. eubayanus 
C902 lys-were produced by first generating ascospores. Ascus walls were di-
gested and resuspended in sterile reverse osmosis water. Suspensions from both 
parental strains were mixed together in 1 ml YPM medium and incubated stati-
cally for 7 days. The suspension was centrifuged and the supernatant discarded. 
Starvation medium (0.1% yeast extract and 0.1% glucose) was added and after 
2h of incubation spread onto minimal selection agar media.  

The hybrids between S. cerevisiae 59A and S. eubayanus C902 were gen-
erated with the same procedure, except that the strains were not sporulated be-
fore the mixing and the selection was carried in minimal agar media at 37°C.  
The hybrid status was confirmed by the presence of DNA from both parental 
strains by PCR and PFGE (Table 2). 
 

2.5 Fermentation processes 

2.5.1 Wort fermentation 

Brewer’s wort fermentation was carried out essentially as previously de-
scribed (Rautio and Londesborough, 2003; Gibson et al., 2013) with the use of 
a ‘G0 fermentation’ prior to the actual experimental fermentations to reflect the 
fact that most industrial brewery fermentations are started with recycled, rather 
than freshly propagated, yeast. The recycled yeast was used to inoculate 2 L of 
wort (12 or 15 °P) in stainless steel cylindroconical vessels (so-called tall tubes) 
with dimensions of 6 cm internal diameter × 100 cm height (2 litres maximum 
working volume). Fermentations were performed at 12 or 15 ºC and samples 
were withdrawn daily to monitor fermentation progress. The samples were an-
alysed for yeast density, specific gravity, sugar concentration, alcohol level and 
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pH determination. Final samples were also analysed for aromatic volatile com-
pounds (only in publication II). Fermentations continued until no changes in 
the residual extract were observed in a 24h period. 

 

2.5.2 Cider fermentation 

Apple juice fermentation was carried out with a similar setup as wort fer-
mentations (2.5.1), except a concentrated mixture of apple and pear juice (74 %; 
Finlandia cider, Senson Oy, Lahti, Finland) was used as substrate. The concen-
trate contains sulphur dioxide, ammonium phosphate and the sweetener 
acesulphame K. Juice was diluted to a concentration of approximately 11°Bx. 
Starting cultures were prepared by inoculating a fresh colony in 50 mL YPD and 
grown for 24h at 25°C, 150 rpm. The culture was then diluted in 500 mL 11°Bx 
apple juice to an initial OD of 0.1 and grown for 2 days. The fermentations were 
carried out at 10 ºC and 20°C until no change in the residual extract was ob-
served for 24 h. Samples were withdrawn daily for yeast density, specific gravity, 
sugar concentration, alcohol level and pH determination. Final samples were 
also analysed for aromatic volatile compounds and sulphur volatile compounds. 

2.5.3 Wine fermentation 

Fermentations were initially performed in synthetic medium mimicking 
natural grape must (Bely et al., 1990). The total sugar and nitrogen concentra-
tion varied depending on the experiment, between 160-240 g/L (glucose + fruc-
tose in equimolar concentrations) and assimilable nitrogen between 100-300 
mg/L, supplemented as a mixture of amino acids and ammonium.  For grape 
must fermentations, a mix of two Sauvignon blanc musts (harvested in Panjas 
and Coursan, France, 2015) containing 205 g/L of sugars and 120 mg/L of yeast 
assimilable nitrogen (free amino acids and ammonium) and Macabeu must 
(Peche Rouge, France, 2014) containing 209 g/L of sugars and 164 mg/L of 
yeast assimilable nitrogen were used. Yeast Organic Nutrients (YON) were used 
as a supplement to aid in the fermentation. Yeast propagation for drying exper-
iments was carried out in molasses media supplemented with 0.5 % (w/v) yeast 
nutrient Fermaid K (Lallemand, Blagnac), pH 5.0.  

Must fermentations were performed in fermenters containing either 200 
mL or 1 L of must. Fermenters equipped with airlocks to maintain anaerobiosis 
were inoculated with an overnight yeast culture at a density of 106 cells/ml, with 
constant magnetic stirring (150 rpm). The CO2 released was estimated by meas-
urement of the weight loss of the fermenter, and the rate of CO2 production was 
calculated by polynomial smoothing of the gas released (Sablayrolles et al. 
1987). When fermentation temperature was higher or equal to 16°C, the meas-
urement of weight loss was done automatically every 1 h in 200 mL fermenta-
tions and every 20 min in 1 L fermentations. Below 14°C the weight loss was 
measured manually with three daily measurements. Fermentations were 
stopped when the specific fermentation rate was equal to 0 g of CO2 released L-
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1 h-1 (automatic measurements) or when no variation of the weight is observed 
in a 24 h interval (manual measurements). 
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3. Results and discussion 

3.1 Brewing properties of natural lager yeast hybrids (publication 
I) 

3.1.1 Fermentation performance 

Historically, the two genetic lineages within the S. pastorianus taxon have 
been distinguished based on their differential use of wort sugars, particularly 
the inability to consume maltotriose by group I strains (Morris, 1895; Glendin-
ning, 1899). This inability has led brewers to gradually replace group I yeast by 
group II strains during the 20th century in order to improve productivity. Re-
cent publications still support such observations (Gibson et al., 2013), however, 
the group I strain CBS1513 has remained in use at Carlsberg brewery since 1883 
(Walther et al., 2014) suggesting that there may be exceptions. 

To further examine the phenotypic variations within S. pastorianus’ 
groups, wort fermentations were carried with selected strains. Special focus was 
given to group I yeast. Group I strain A231 (S. carsbergensis CBS1513) was in-
cluded, as well as an isolate originally deposited at VTT culture collection in 
1974 (A58).  

Group II strains naturally fermented the wort to close to 7 % ABV (Alcohol 
By Volume; Figure 5). Ale strains struggled with the low temperature employed, 
reaching lower ABV (4.2-6.6 %) even though these strains can assimilate all the 
sugars. Saccharomyces eubayanus on the other hand thrives at low tempera-
ture but is incapable of taking up maltotriose and therefore cannot reach higher 
than 5.7 % ABV. Interestingly, group I strains show two different fermentation 
profiles. While 5 out of 8 strains cannot utilise maltotriose and therefore cease 
fermenting at <6 % ABV, the remaining three efficiently took up maltotriose and 
had a fermentation profile reminiscent of group II strains. This result although 
unexpected based on the general description of group I strains, is not new and 
has been previously described for A231 and A203 (Duval et al., 2010). It also 
explains why a large brewery such as Carlsberg would continue to use a group I 
strain (Walther et al., 2014).  
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Figure 5. Fermentation (expressed in % ABV) of 15°P all-malt wort at 15°C. A includes group 
II (light orange), ale (dark orange) and S. eubayanus (blue) strains; B includes group I strains 
(green).  Values are means from two independent fermentations and error bars where visible 
represent the range. 

 
A more unique observation is the performance of strain A58, it was partic-

ularly fast at fermenting the wort in comparison to A231 (Figure 5). The two 
strains are closely related so it is surprising to see that although both strains 
show co-consumption of maltose and maltotriose, the strain A58 is particularly 
adept at maltotriose utilisation (Figure 6). In the first 48h alone, A58 took up 
72% of the available maltotriose in comparison to 39% of A231. A203 on the 
other hand, showed a more typical behaviour with only 25% maltotriose con-
sumed after 48h, but with a fast rate of maltose use (Figure 6). The fast utilisa-
tion of maltotriose by A58 (and to less extent A231) is an unusual observation 
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considering that the sugars are generally consumed sequentially from the sim-
plest ones, glucose and fructose, followed by maltose and finally maltotriose. 
These sequential utilisation rates are a result of glucose repression of malt-
ose/maltotriose transporters and the generally higher affinity of these trans-
porters for maltose than maltotriose.  
 
 

 

Figure 6. Time profile of (A) maltose and (B) maltotriose concentration (g L-1) of group I strains 
A58, A231 and A203 throughout the fermentation. Values represent the mean of two independent 
fermentations and error bars the standard deviation. 

 
The results suggest that group I comprises a phenotypically diverse set of 

strains with differential use of maltotriose, unlike early descriptions (Glendin-
ning et al., 1899). The mechanisms responsible for the unusual fermentative be-
haviour observed are not clear and, as such, must be studied in more detail.   

3.1.2 Uptake activity for α-glucoside sugars  

There is a close relationship between sugar uptake and fermentation per-
formance. Rautio and Londesborough (2003) showed the direct link between 
maltose uptake and use from brewer’s wort. Similarly, lack of maltotriose utili-
sation in brewing yeast is due to the lack of active membrane transport because 
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the α-glucosidases can hydrolyse both maltose and maltotriose internally (Gib-
son et al., 2013). In order to comprehend the mechanisms behind the unusual 
fermentation results, in particular with the A58 strain, the initial rates of malt-
ose and maltotriose uptake were measured. All strains have sufficient maltose 
uptake activity to sustain growth as observed in the wort fermentations (Figure 
7). Higher uptake activity however, did not necessarily ensure faster fermenta-
tion. In fact, the results show that the initial rates of maltose transport alone are 
not sufficient to explain differences in fermentation performance. The differ-
ences are likely explained by the type of transporters present, their copy number 
and their respective systems of transport. 

 

 

Figure 7. Rates of maltose and maltotriose uptake (μmol min-1 g-1 DY) of the strains used in 
the study. An uptake activity ≤0.5 μmol min−1 g−1 DY is considered negligible. Group I strains are 
in full colour, group II strains with horizontal stripes, ale strains with white dots and S. eubayanus 
in vertical stripes. Values are means of three independent assays, error bars represent standard 
deviation. 

 
Maltotriose uptake activity was exclusively detected in the strains able to 

consume the sugar during wort fermentation. Most of group I strains and S. eu-
bayanus naturally had negligible uptake activity while ale and group II strains 
have sufficient activity to support maltose utilisation. The exception was the 
group I strains A58, A203 and A231 with positive transport activity as expected 
from their fermentative behaviour. Interestingly, the ratio between maltose and 
maltotriose uptake by these 3 strains was very different. A203 had approxi-
mately 3 times higher maltose activity while A231 had roughly the same activity 
towards maltose and maltotriose and A58 had a more unusual behaviour with 
75% higher activity towards maltotriose than maltose. This observation helps 
explain why the strains are able to co-consume maltose and maltotriose from 
brewer’s wort but it requires an unusual combination of transmembrane trans-
porters.  

It is known that the various maltose/maltotriose transporters react differ-
ently to low temperatures. Vidgren et al. (2010, 2014) showed that at low tem-
peratures the transporters retain more activity in the order Mtt1(la-
ger)>SeAgt1(lager)>ScMalx1(lager)>ScAgt1(ale). So depending on the preva-
lence of membrane transporters, the strains can behave differently in response 



26 
 

to different uptake temperatures. To assess this we measured the uptake of 
maltose and maltotriose at 10 and at 0°C and compared the values to the activity 
detected at 20°C (Table 3).  

 

Table 3. Relative maltose and maltotriose transport activity retained when the assay tempera-
ture is reduced to 10 or 0°C. Values represent the mean percentage (%) activity relative to values 
at 20°C, % ± standard deviation of three independent experiments.  

  Maltose Maltotriose 

Group Strain 10°C 0°C 10°C 0°C 

Group I A11 24 (±1.8) 9 (±0.8) n.d. n.d. 
 

A58 45 (±6.6) 11 (±3.1) 34 (±6.0) 13 (±2.9) 
 

A231 46 (±3.8) 8 (±0.4) 49 (±8.4) 9 (±1.3) 
 

A203 49 (±2.1) 20 (±0.9) 50 (±0.7) 7 (±0.1) 

Group II WS 34/70 50 (±2.7) 13 (±0.4) 34 (±1.9) 3 (±0.2) 

 A15 58 (±0.8) 16 (±2.3) 43 (±2.6) 8 (±0.2) 

Ale A60 29 (±0.5) 3 (±0.1) 6 (±0.3) 2 (±0.1) 

 A115 30 (±2.0) 3 (±0.3) 18 (±1.2) 1 (±0.0) 

S. eubayanus C902 33 (±2.4) 15 (±1.2) n.d. n.d. 

 
 

Although there is no significant difference between the two lager groups, 
there is a clear difference between ale and lager yeast. At 10°C lager strains re-
tained significantly higher maltose activity than ale strains (≥45 % and ≤30 %, 
respectively; p<0.01). The only exception was group I strain A11 with no malto-
triose uptake capacity and as such, lacks active cold-tolerant Mtt1 and Agt1 
transporters that would normally confer low temperature tolerance. For malto-
triose activity at 10°C, lager strains again retain significantly higher activity than 
ale strains (>34 % vs <18 %). At 0°C there are no significant differences ob-
served, however the strain A58 stands out for retaining 13 % of its original ac-
tivity, which is enough to ensure utilisation of maltotriose even at such an ex-
treme temperature. This is a behaviour that has never been described before but 
is very relevant in lager fermentations where an efficient use of maltotriose is 
important and fermentation temperatures are particularly low (<15°C). As such, 
it is important to understand the genetic basis for the observed phenotype. The 
results suggest that A58 might have an increased copy number of MTT1 genes 
at the expense of MALx1. Mtt1 transporters have higher affinity for maltotriose 
than maltose (although still in the low affinity range) and are less temperature 
sensitive. On the contrary, Malx1 transporters are high affinity maltose trans-
porters and sensitive to low temperature (Salema Oom et al, 2005; Dietvorst et 
al., 2005).  
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3.1.3 Identification of α-glucoside transporter genes  

In order to relate the phenotypes observed with the genotypes of the 
strains, chromosome blots were hybridised with specific probes that allow not 
only differentiation between each transporter gene (MALx1, AGT1, MPHx and 
MTT1) but also the origin of each transporter (S. cerevisiae or S. eubayanus) 
when applicable. The results are summarised in Table 4.  

Distribution of ScMALx1 loci varied from one copy in A58, two copies in 
A231 and three to four copies in the remaining strains. The S. eubayanus allele 
of MALx1 was found in three to four chromosomes in the lager strains and S. 
eubayanus. The role of this transporter in lager yeast remains uncertain. In la-
ger yeast, SeMALx1 genes are most probably non-functional pseudogenes as 
SeMaLx1 genes cloned from lager strains WS34/70 and A15 were shown to be 
truncated and non-functional (own non-published results). Also, based on 
whole genome sequencing of WS34/70, there are no full-length open reading 
frames (ORF) present in this strain able to encode a functional protein (Nakao 
et al., 2009). 

AGT1 genes are generally described as the single maltotriose transporters 
present in ale strains, however, in lager strains the S. cerevisiae allele is trun-
cated and therefore non-functional (Vidgren et al., 2005). It is then not surpris-
ing to find that both ale strains examined contained the gene, as did all lager 
strains, with the exception of the group I strain A11, a stain with no ability to use 
maltotriose. The S. eubayanus allele of AGT1 was only present in lager strains, 
again with the exception of A11. The gene is notably absent from this particular 
strain of S. eubayanus, however this is expected considering its lack of malto-
triose uptake. The MPH2 transporter is found on the group II strains and in the 
ale strain A115. 
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Table 4. α-Glucoside transporter genotypes of the studied strains and the chromosomes with 
which they are associated. 

 

Transporter genes 

Strain ScMALx1a SeMALx1b ScAGT1a SeAGT1b MPHxa MTT1 

Lager 

group I 

      

  A11 II (MAL31),  

XI (MAL41),  

XIII 

II-IV, XI, 

SeVII-ScVII 

- -  - -  

  A58 XI (MAL41) II-IV, Se-

VII-ScVII, XV-

XVII, V 

VII XV-VIII  - II, SeIII-

ScIII, VI, VII, 

ScVIII, SeXI 

  A231 VII (MAL11),  

XI (MAL41) 

II-IV, Se-

VII-ScVII, XV-

XVII, V 

VII XV-VIII  - VI, IX, SeXI 

  A203 II (MAL31),  

VII (MAL11),  

XI (MAL41) 

II-IV, Se-

VII-ScVII 

VII >XV-VII  - VI, VII, 

SeXI 

group II       

  A15 II (MAL31),  

VII (MAL11),  

XI (MAL41) 

II-IV, XI, 

SeVII-ScVII, 

IX 

VII XV-VIII IV 

(MPH2) 

SeIII-ScIII, 

VII 

  A220 II (MAL31),  

VII (MAL11),  

VIII (MAL61), 

XI (MAL41) 

II-IV, XI, 

SeVII-ScVII, 

IX 

VII XV-VIII IV 

(MPH2) 

SeIII-ScIII, 

VII  

Ale       

  A60 II (MAL31),  

III (MAL21), 

VII (MAL11),  

XI (MAL41), 

- VII -  - - 

  A115 II (MAL31),  

III (MAL21), 

XI (MAL41) 

- VII - IV 

(MPH2) 

VII 

S. eu-

bayanus 

      

  C902 - XI, VII, XV - -  - - 

 
The most surprising result however was the variation found in distribution 

of the MTT1 locus among the strains. The group II strains contain only two al-
leles while a high copy number variation was found in the group I yeast. MTT1 
was naturally missing in A11, three copies were found in A231 and A203 and six 
copies in the A58 strain. The MTT1 gene was also found to be present in the ale 
stain A115 but missing in A60 and S. eubayanus C902. The increased copy num-
ber of MTT1 in the group I strains is in line with the low-temperature tolerances 
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observed. This is especially evident when comparing ale and lager strains. Lager 
strains maintain relatively high transport activity at low temperatures com-
pared to ale strains and possess SeAGT1 and several copies of MTT1 gene. Strain 
A11 was the exception within the lager strain group chosen for detailed analysis, 
as it contained only MALx1 type genes and lacked genes related to good cold 
tolerance in α-glucoside transport. This genotype was associated with less effi-
cient maltose uptake activity at low temperatures compared to other lager 
strains. It was also shown that the ale strain A115, which possesses MTT1, re-
tained more maltotriose transport activity at 10°C compared to the A60 ale 
strain which does not possess this gene. The only α-glucoside transporter gene 
found to be present in the S. eubayanus strain, SeMALx1, has not been fully 
characterised and thus the temperature dependence of this single transporter in 
relation to other maltose/maltotriose transporters is not known. However, as it 
is the only α-glucoside transporter present in the S. eubayanus strain (based on 
hybridisation results) it must be the only one carrying maltose. At 10°C, S. eu-
bayanus had lost much of its relative maltose transport activity and activity was 
similar to that of ale strains. This is unexpected since S. eubayanus is a cold 
tolerant strain and has been shown to grow well on maltose at low temperatures 
(Gibson et al., 2013). However, between 10 and 0°C S. eubayanus does not lose 
as much activity as ale strains and activity is actually at the same level as lager 
strains at 0°C. The advantage conferred by the hybrid nature of the lager strains 
was particularly evident here; clearly higher relative uptake activities at low 
temperature were observed compared to the ale strains and even compared to 
S. eubayanus. 

In group I strains, there were significant differences in uptake activities, 
e.g. the A58 strain carried maltotriose more efficiently than maltose, A231 had 
similar transport activity for these two sugars, and the A11 strain was not able 
to carry maltotriose at all. The distribution of transporters in these strains indi-
cated that variations in uptake were caused by different distributions of MAL 
and MTT1 genes. This is because SeMALx1 genes are thought to be non-func-
tional pseudogenes in lager strains (based, e.g. on whole-genome sequence 
analysis; Nakao et al., 2009), the ScAGT1 gene is non-functional in lager strains 
(Vidgren et al., 2005) and MPH genes are absent; thus, none of these genes can 
affect overall transport activity. Moreover, as SeAGT1 is similarly present in all 
strains able to carry maltotriose it cannot be the cause of these differences. 
ScMALx1 and MTT1 gene distribution correlated well with maltose and malto-
triose uptake properties. In the strain A58, which carried maltotriose more effi-
ciently than maltose, there was only one copy of the ScMALx1 locus and six cop-
ies of MTT1. In the A231 strain, which takes up maltose and maltotriose equally 
efficiently, the number of ScMALx1 loci was higher at two, and the apparent 
copy number of MTT1 was lower at three. In the A203 strain, which used malt-
ose more efficiently than maltotriose, the number of MALx1 loci was three 
whereas MTT1 copy number remained at two. Therefore, the preference to-
wards maltotriose is apparently explained by the increased copy number of 
MTT1 at the expense of MALx1.  



30 
 

The origin of Mtt1 is still a matter of debate, this transporter was initially 
identified by screening genomic libraries of lager strains (Dietvorst et al., 2005; 
Salema-Oom et al., 2005), it was later detected in both S. cerevisiae and S. eu-
bayanus-type chromosome VII of the Weihenstephan 34/70 genome (Nakao et 
al., 2009) and it has been generally hypothesised to be of S. eubayanus origin 
(Dietvorst et al., 2005; Nakao et al., 2009; Vidgren et al., 2010; Cousseau et al., 
2013). Here we found that MTT1 was distributed amongst several chromo-
somes, the identification of the origin of the chromosome is however not simple 
since the high number of chromosomes in these strains results in overlapping 
bands in the PFGE.  

Interestingly, we found MTT1 in the ale strain A115. This calls into question 
the hypothesised S. eubayanus origin. Vidgren et al. (2010) also found it to be 
present in baker’s and distiller’s S. cerevisiae strains. The currently limited 
availability of S. eubayanus strains hampers the study of maltose transporters 
in this species. So far, only the Patagonian isolate has been characterised to any 
extent. However, strains have been isolated in North America (Peris et al., 
2014), China (Bing et al., 2014) and recently in New Zealand (Gayevskiy and 
Goddard, 2015). Studying maltotriose utilisation in these strains may help elu-
cidate the origin of the lager yeast transporters. Similarly to MTT1, the origin of 
SeAGT1 has also been questioned based on higher sequence similarity of both 
transporter sequences to genes in S. cerevisiae than in S. eubayanus. This sug-
gests that both genes may be inherited from the S. cerevisiae parent of the lager 
yeast, i.e. are paralogues rather than orthologues (Baker et al., 2015). None of 
these genes was here detected in S. eubayanus C902; instead only the SeMALx1 
probe hybridised to three different chromosomes, V, VII and XVI. These results 
are however not unexpected based on the inability of this strain to use maltotri-
ose.  

Mphx transporters were not found in any of the group I strains tested, this 
is consistent with observations that the presence or absence of MPHx transport-
ers does not directly relate to maltotriose utilisation (Duval et al., 2010). MPH2 
was however found in the group II strains and in the ale strain A115. Given the 
subtelomeric location of the transporters, these results support the theory of 
separate hybridisation events involving different S. cerevisiae lineages raised by 
Monerawela et al. (2015). 

The differences here observed between the Carlsberg strain (A231) and its var-
iant (A58) are likely to reflect variations within a population of the same strain. 
Such variation is not unprecedented; within the WS34/70 population, variant 
strains have been described with differences in flocculation, attenuation and fla-
vour profile (Bolat et al., 2008). The high copy number of MTT1 alleles in A58 
likely gave this clonal line an advantage in brewing conditions, especially if it 
was exposed to particularly low temperatures. 

In conclusion, we show that maltotriose transport activity is essential for 
the utilisation of this α-glucoside and that MTT1 plays an essential role in up-
take of this sugar by lager strains, particularly at the low temperatures employed 
in lager fermentation. We propose that much of the variation in the fermenta-
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tion behaviour that is known to exist within the lager brewing yeast is deter-
mined by the presence and relative abundance of specific transmembrane trans-
porters.  

It is clear that S. eubayanus can tolerate low temperatures and that this 
ability has contributed to the success of the interspecific lager yeast hybrid. It 
may be that other fermentations systems that involve low temperature would 
benefit from a similar enhancement of cold tolerance in their production yeast. 
  



32 
 

3.2 Generation of artificial hybrids (publication II) 

Lager yeast is a very homogeneous group of yeast with only two genetically 
distinct groups. The discovery of S. eubayanus in Patagonia, and its subsequent 
identification as the cold-tolerant parent of the lager yeast, it became then pos-
sible to recreate the hybridisation event and thereby increase the genetic diver-
sity within the lager yeast group.   

3.2.1 Hybrid generation and confirmation 

 
After successfully isolating auxotrophic mutants of the parent strains and 

sporulation of these strains, a suspension of ascospores from both strains were 
mixed and incubated for 5 days.  The suspensions were spread onto minimal 
selection media allowing the distinction from the parent strains through resto-
ration of prototrophy. The use of auxotrophic mutants of the parental strains 
was a successful method for selecting the newly generated hybrids. The use of 
ITS PCR followed by digestion with HaeIII was shown to be a quick and efficient 
method for screening of potential hybrid strains. Saccharomyces cerevisiae 
strains yield a 4-band pattern and S. eubayanus a 3-band pattern. New hybrid 
strains contain both ITS regions and as such the digestion profile is a combina-
tion of both of the parents’ profiles and resolves as a 5-band pattern. The method 
was successfully used to identify the group of lager strains. However, due to 
DNA loss in natural lager strains, the pattern will either resemble that of S. eu-
bayanus (group I) or S. cerevisiae (group II) (Gibson and Liti, 2015; Pengelly 
and wheals, 2013). Hybrid status was further confirmed with PFGE, which sug-
gested that the hybrid strains had inherited a complete set of chromosomes 
from both parent strains.  

Flow cytometry analysis revealed that all four hybrid strains generated 
were most likely triploid. This observation contrasts with the expected outcome 
of spore-to-spore mating, i.e. diploid cells. Conversely, hybridisation here was 
likely a result of rare-mating between a haploid spore from one parent and a 
diploid cell, which may have undergone loss of heterozygosity and conversion 
to a/a or α/α mating type, from the other parent (Gunge and Nakatomi, 1972). 
It is unclear what portions of the parent genomes have been inherited in the 
hybrid strains, but it can be presumed that the four hybrid strains H1-H4 con-
tained 2n DNA from the S. cerevisiae A62 strain and 1n DNA from the S. eu-
bayanus C902 strain, because of the higher sporulation efficiency and spore vi-
ability of C902. However, the data collected here is not yet sufficient to confirm 
this, so it is also possible that the hybrid strains contain proportionally more 
DNA from the S. eubayanus parent. In lager yeast the ratios of DNA inherited 
from each parent are directly linked to the functional properties of each lager 
group (Gibson et al., 2013). 
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3.2.2 Fermentation performance of hybrid strains 

Four randomly selected hybrid strains were tested in 12°P wort fermenta-
tion at 12°C and their performance was compared with the parental strains. The 
hybrid strains were not only able to successfully ferment the wort but did so at 
higher rates than the parent strains (Figure 8). Some variation is observed 
amongst the hybrid strains with hybrids H1 and H2 having a slight edge over 
the other two, but nonetheless all of them clearly outperformed the parent 
strains. Besides the speed, the final alcohol level was also higher with the hy-
brids compared to the parent strains. This is not unexpected based on our pre-
vious observations. Much like A60 and A115 (see section 3.1.1), the ale strain 
A62 is sensitive to low temperature, thus the fermentation was rather slow. On 
the other hand, S. eubayanus is comfortable with this temperature but has lim-
ited ability to consume wort sugars and its uptake seems to be sensitive to glu-
cose repression. Therefore, during the first 48h there are no differences between 
S. eubayanus and the hybrids. However, when the hexose sugars are depleted 
there is a transition period before S. eubayanus begins consuming maltose. 
 

 

Figure 8. Alcohol content (A) and suspended yeast dry mass (B) of the 12°P wort fermented 
with the hybrid strains (solid lines) and parent strains (dotted lines). Values are means from 2 
independent fermentations and error bars where visible represent the range. 

 
All strains generally used maltose efficiently; the exception was A62 but 

only due to its poor low-temperature performance, as it has enough transport 
activity to sustain maltose utilisation (Figure 8). The residual maltotriose in the 
beers fermented by the hybrids was similar to that of S. cerevisiae; S. eubayanus 
once again cannot take up this sugar (Figure 9). Lack of maltotriose uptake has 
already been shown for S. eubayanus C902 (Figure 7), but S. cerevisiae A62 can 
take up the sugar efficiently. Maltotriose use by ale strains is generally associ-
ated with the presence of the Agt1 transporter, although there are exceptions, 
such as the strain A115 (Table 4). The genome of the ale strain A62 has been 
sequenced (Krogerus et al., 2016) and the AGT1 gene can be found, however it 
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contains a frame shift mutation, being identical to that of the A15 strain (Vid-
gren et al., 2005) and therefore likely not able to encode a functional protein. 
Maltotriose uptake must then be carried by Mtt1, the only other known malto-
triose transporter. The genome of A62 (Krogerus et al., 2016) also shows a gene 
with 94 % identity with the MTT1 in the lager strain WS34/70 (Dietvorst et al., 
2010) and 97 % identity with the lager strain CBS1513 (Salema-Oom et al., 2005; 
named MTY1 in that study). The uptake of maltotriose, primarily via Mtt1, ex-
plains the efficient use of maltotriose even in the precence of significant concen-
trations of maltose. The successful growth and fermentation of the hybrid 
strains at 12°C confirms the combination of the fermentation capacity of the ale 
strains with the cold tolerance of S. eubayanus. The mechanisms that govern S. 
eubayanus cryotolerance are unknown, but it is likely related to differences in 
the membrane composition as well as product activity and expression of central 
metabolic genes compared to other Saccharomyces yeast (Henderson et al., 
2013; Muir et al., 2011).  

 
 

 

 

Figure 9. Residual sugars at the end of fermentation (A). Maltose and maltotriose uptake ac-
tivity (B). Uptake activity ≤0.5 μmol min−1 g−1 DY is considered negligible. Values are means of 
three independent assays, error bars represent standard deviation. 
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The hybrids show a clear heterotic phenotype in brewing conditions. This 

could be due to differential functionality and expression of orthologous genes 
derived from the two parents (specifically linked to central carbon metabolism 
and sugar transport), as well as different temperature optima of the gene prod-
ucts (Chen, 2010; Gibson and Liti, 2015). The small difference in fermentation 
performance between the hybrid strains could be a result of meiotic segregation 
during spore formation or differential inheritance of mitochondrial DNA, as 
mtDNA is inherited from only one parent (Lucero et al., 1993; Powell et al., 
2012).  

The concentrations of aroma compounds in the beers reveal no differences 
between the hybrid strains tested, but the parent strains produced very different 
beers.  

Hybridisation once again proves to be beneficial for the aromatic properties 
of the beers. Higher alcohols such as 2-methylpropanol, 3-methylbutanol and 
2-methylbutanol give the beer alcoholic and solvent-like aromas, which are gen-
erally considered unpleasant (Pires et al., 2014). The hybrid strains behave sim-
ilarly to S. cerevisiae A62 producing roughly half of what is found in S. eu-
bayanus’ beer. Despite the two-fold differences in 3-methylbutanol concentra-
tions, 3-methylbutyl acetate concentration was quite similar for the hybrid 
strains and S. eubayanus (around the flavour threshold of 1.2 mg/L (Meilgaard, 
1982). 3-methylbutyl acetate gives beer a banana- and pear-like aroma, which 
is considered desirable in several beer styles (Pires et al., 2014). When it comes 
to the concentrations of ethyl esters, the hybrid strains outperformed both par-
ent strains. Ethyl esters give beer a fruity and apple-like aroma and are generally 
desired compounds. Ethyl hexanoate for example, was present at concentra-
tions above the flavour threshold in the beers produced by the hybrids contrary 
to both parents. The explanation for these differences although not clear might 
be due to both genetic differences (e.g. increased expression and different func-
tionality of orthologous genes (Bolat et al., 2013; Saerans et al., 2008; Ver-
strepen et al., 2003) and an indirect result of the fermentations, e.g. from the 
formation of more fatty acid precursors, differences in wort pH, or differences 
in yeast growth (Hiralal et al., 2014; Yoshioka and Hashimoto, 1981). The for-
mation of acetate esters is dependent mainly on the expression and enzyme ac-
tivities of the transferase-encoding ATF1 and ATF2 genes (Verstrepen et al., 
2003), while Saerens et al. (2006; 2008) found that the enzymes encoded by 
EHT1 and EEB1 genes are mainly responsible for ethyl ester synthesis. Overall, 
a low amount of esters were observed in the beer fermented with S. cerevisiae 
A62. This was most likely a result of the low and sub-optimal fermentation tem-
perature, resulting in less expression and enzyme activity of genes involved with 
ester synthesis, e.g. ATF1, ATF2, EEB1 and EHT1. It has been shown that the 
expression of these genes, encoding transferase enzymes involved in acetate and 
ethyl ester synthesis, is increased at increasing temperatures (Saerens et al., 
2006; Verstrepen et al., 2003). All beers had a distinct clove-like aroma, caused 
by the presence of 4-vinylguaiacol (Coghe et al., 2004), suggesting that the hy-
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brid strains had inherited the PAD1 gene, coding for the phenylacrylic acid de-
carboxylase enzyme responsible for the conversion of ferulic acid to 4-vinylguai-
acol, from either of the parents, which were both PAD1+ (our own unpublished 
data). 

 
In conclusion, the use of spore mating to generate de novo lager yeast hy-

brids through interspecific hybridisation between a S. cerevisiae ale strain and 
S. eubayanus was successful. The resulting hybrid strains not only inherited 
beneficial properties from both parent strains (cryotolerance, maltotriose utili-
sation and strong flocculation), but showed apparent hybrid vigour compared 
to the parent strains by fermenting faster and achieving a more complete utili-
sation of fermentable sugars.  

 
How natural lager yeast hybrids first originated is still not clear. The im-

proved fermentation performance of the hybrid strains shown here would sup-
port the hypothesis that S. eubayanus may have initially been present as a con-
taminant in S. cerevisiae ale fermentations. At lower temperatures the hybrid 
state, which confers phenotypic benefits from both parents, would have been 
selected for, and hybrids would have quickly dominated the brewing process 
(Gibson and Liti, 2015; Walther et al., 2014). These results suggest that inter-
specific hybridisation is suitable for production of novel non-GM lager yeast 
strains with unique properties (e.g. flavour production or elevated stress toler-
ance) and generation of novel beer styles. Further investigation of the properties 
of de novo hybrids may help to elucidate the evolutionary history of industrial 
lager yeast strains.  
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3.3 S. eubayanus as a parent for cider and winemaking hybrids 
(publication III and IV) 

The use of hybrid yeast involving S. eubayanus is still limited to lager beer 
brewing. The success of the lager beer can in part be attributed to the cold tol-
erance inherited from S. eubayanus. However, the fermentation of Araucaria 
araucana seeds is the only association with fermentation known for S. eu-
bayanus (Rodríguez et al., 2014). The potential of S. eubayanus as a parent 
strain besides lager beer production deserves further investigation.  

A limited aroma spectrum is desirable in lager beers, but cider and wine 
benefit from a more complex profile. Cider is traditionally fermented at low tem-
perature 12-20°C, so the enhanced cold tolerance is a welcome benefit. Wine, 
particularly white wine, when fermented at low temperatures, shows improved 
aromatic properties with increased concentrations of ethyl esters (Beltran et al., 
2006 and 2008; Molina et al., 2007).  

As for the second parent, wine yeast represent an interesting group due to 
efficient use of hexose sugars and aromatic properties. After crossing a wine 
strain with S. eubayanus, hybrid strains are expected to inherit the more pleas-
ant aroma profile of the former and the reportedly high tolerance to low tem-
peratures of the latter. 
 

3.3.1 Hybrid generation and basic characterisation and genome 
overview 

Hybrids were generated by rare mating, with the intent to create higher 
ploidy hybrids as these tend to display increased robustness (Krogerus et al., 
2016). The hybrids were selected using auxotrophic markers for the S. cere-
visiae 59A strain, but this time the growth of the S. eubayanus C902 parent was 
restricted by incubating the plates at 37°C. The colonies that grew were screened 
through ITS PCR and RFLP, with species-specific primers, and by PFGE as pre-
viously described (3.2.1).  

The ploidy measurements confirmed that S. cerevisiae 59A is haploid 
(1.01n) and S. eubayanus diploid (2.07n). The hybrids were found to be roughly 
diploid but with small variation in DNA content between them, ranging from 
2.07n to 2.38n. Hybrids generated by rare mating often contain the complete 
DNA of both parents (Gunge and Nakatomi,1972; Krogerus et al.,2016), this was 
however not the case here as the hybrids were diploid rather than triploid. This 
may be either caused by the high sporulation capacity of S. eubayanus 
(Rodríguez et al., 2014) resulting in a spore of C902 mating with S. cerevisiae 
59A, or by loss of chromosomes post hybridisation due to chromosome instabil-
ity or incompatibility. Examples of the latter are the chromosome III from S. 
cerevisiae that has high loss frequency (Kumaran et al., 2013, and the chromo-
some XII from S. bayanus being partially incompatible with the S. cerevisiae 
genome (Lee et al., 2008). This phenomenon seems to be strain- and species-
specific (Kumaran et al., 2013; Lopandic et al., 2016). 
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However, the ploidy of the S. cerevisiae × S. eubayanus hybrids generated 
in this study was measured shortly after purification and confirmation in the 
hybrid state and, thus, such rearrangements of the hybrid genome are unlikely 
to have had the chance to occur. The alternative, i.e. fusion of a haploid cell and 
haploid spore may therefore be more plausible. The diploid state may explain 
why only single parent transgression in fermentation was observed. Recent 
studies on artificial hybrids with different ploidies have shown a direct and pos-
itive relationship between DNA content and fermentation rate (Krogerus et al., 
2016).  

Analysis of the hybrid genomes showed that most of the variation observed 
among strains was in the S. cerevisiae sub-genome. A few duplications of S. 
cerevisiae chromosomes were observed, chromosome II in the hybrids C964 
and C966, chromosome XV in the hybrid C965, chromosomes II and XV in the 
hybrid C967 and chromosomes III, XII and XV in hybrid C962 (Figure 10). 

In addition, the S. cerevisiae chromosome IV in the strain C964 is chimeric. 
A region of about 150000 bp from the left arm has been replaced by a region of 
similar size from S. eubayanus chromosome IV. This region of S. eubayanus 
chromosome contains genes such as the fructose symporter FSY1. 

The mitochondrial DNA in the hybrids C962-C964 was originated from the 
S. cerevisiae parent and the hybrids C965-C967 lack mitochondrial DNA con-
firmed by lack of coverage, the inability to amplify COX2 genes by PCR and fi-
nally the lack of growth in a non-fermentable carbon source (glycerol) by the 3 
hybrids.  

Studies suggest that the inheritance of mitochondrial DNA is strain-specific 
and therefore hybrids obtained from repeated crosses with the same parental 
strains will retain the same mtDNA (Solieri et al., 2008). This seems to be true 
for lager strains, where only S. eubayanus-type mitochondria were found inde-
pendently of the strain group (Dunn and Sherlock, 2008; Piotrowski et al., 
2012). When hybrids are generated artificially, the origin of mitochondrial DNA 
varies even when using the same parental strains (Krogerus et al., 2016). A more 
recent study showed that, in addition to the strain background, environmental 
conditions also influence the origin of the mtDNA retained in interspecific hy-
brids (Hsu and Chou, 2017). This is also, however, unlikely to explain the differ-
ences observed between the hybrids generated in this work, since these were 
maintained in similar conditions post-hybridisation and during hybrid isola-
tion.  

The most likely explanation for the lack of mitochondria in the hybrids 
C965-C967 may be that these initially contained S. eubayanus mitochondria, 
but during the hybrid isolation process the mitochondria were lost due to the 
high temperatures employed (37°C). At this stage, the hybrid genomes are un-
stable and such temperature conditions may induce the loss of S. eubayanus 
mitochondria, considering 37°C is a restrictive temperature for S. eubayanus. 
Non-permisive temperatures have been shown to restrict the transmission of 
mitochondria in S. cerevisiae strains with mutations in MDM1 and MDM2 
genes (McConnell et al., 1990). There is still work to do to understand which 
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factors influence the inheritance and the retention of functional mitochondria 
in interspecies hybrids. 

 
 

 

Figure 10. Mapping of the genome sequence of the hybrid strains to the reference genomes of 
S. cerevisiae EC1118 and S. eubayanus FM1318. 

Temperature and sugar uptake are the major factors affecting the fermen-
tation rate. We tested the temperature range for growth by drop test and the 
uptake of radiolabelled glucose and fructose (Figures 11 and 12). 

The strains reacted differently to incubation temperatures (Figure 11). Sac-
charomyces cerevisiae 59A preferred the warmer temperatures (> 28°C) while 
S. eubayanus grew well up to 28°C but not further, and had particularly good 
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ability to grow at 4°C. Hybrid strains grew in the whole range of temperatures 
tested, but with marked differences. Strains C964 and C966 displayed the high-
est versatility. The mechanisms of cold tolerance of S. eubayanus are still un-
clear (Krogerus et al., 2017).  
 
 

 

Figure 11. Drop test for assessment of the range of temperatures permitting growth of the 
hybrids (C962-C967) relative to the parents (59A, C902). Plates were grown for 2 days at 28 and 
37°C, 3 days at 20°C, 5 days at 12°C and 7 days at 4°C. 

 
The uptake of glucose and fructose, showed that the S. cerevisiae parent 

has a similarly low ability to take up both sugars (Figure 12). In contrast, S. eu-
bayanus C902 had the highest uptake activity for both sugars, with glucose up-
take capacity being more than two times higher than that of fructose. The ability 
of the hybrids to take up sugars varied from 10.5 to 38.4 and 3.0 to 15.0 μmol 
min-1 gDY-1 for glucose and fructose respectively, with ratios between glucose 
and fructose uptake higher than 2.  

 

Figure 12. Rates of glucose and fructose uptake activity (μmol min-1 g-1 DY) of the strains in-
cluded in this study, measured at 20°C. 59A and C902 are S. cerevisiae and S. eubayanus par-
ents, respectively and C962 to C967 are hybrid strains. Values are means of three independent 
assays; error bars represent standard deviation; different letters (a to d) represent significant dif-
ferences as determined by one-way ANOVA and Tukey test. 
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Ethanol tolerance was also tested due to the high ethanol concentrations 
faced in winemaking. The combined effect of ethanol and temperature in the 
growth of hybrid strains was evaluated in relation to the parents. It was ob-
served that the sensitivity of S. eubayanus to ethanol increases with the temper-
ature, while the apparently higher sensitivity of S. cerevisiae at 12°C is likely a 
result of the inferior ability to grow at such low temperature. All hybrid strains 
show improved resistance in relation to the S. eubayanus parent at 28°C alt-
hough not superior to S. cerevisiae. The hybrid C964 stands out for performing 
fairly well in both conditions, being just slightly behind S. cerevisiae at 28°C but 
superior than all strains at 12°C due to the improved cold tolerance.  
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3.3.2 Cider fermentation (publication III) 

Based on transport activity, three hybrid strains were chosen for further 
characterisation in cider-making conditions. C967 with the lowest fructose and 
sucrose uptake activity, C962 with intermediate activity and C964 with the high-
est activity were compared with the parent strains in fermentations at 10 and 
20°C. 

All strains were able to completely ferment the juice to about 5 % ABV (al-
cohol by volume), although at different rates.  

 

 

 

Figure 13. Fermentation (expressed in % ABV) of 11 °P apple juice at 20°C (A) and 10°C (B). 
Values are means from two independent fermentations and error bars where visible represent the 
range. 

In accordance with the superior uptake rates of both glucose and fructose, 
at 20°C S. eubayanus and C964 are able to complete the fermentation after 72 
h (Figure 13). The hybrids C962 and C967 follow with a slower rate, fermenting 
all the available sugars in 96 h, while the S. cerevisiae 59A had the worst per-
formance. By reducing the fermentation temperature to 10°C the cold-tolerant 
nature of S. eubayanus becomes more evident. The fermentation time was con-
siderably longer at the lower temperature and the differences between the 
strains were clearer. The hybrid C964 and S. eubayanus C902 were again the 
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fastest fermenters, completing after 288 h. The hybrid C962 here performed 
quite differently from C967, consuming all sugars in 384 h. The hybrid C967 
and S. cerevisiae 59A took more than 480h to ferment the juice. At both tem-
peratures tested, hybridisation with S. eubayanus C902 resulted in an improve-
ment of the fermentation performance in relation to the parent S. cerevisiae 
59A.  

The kinetics of S. eubayanus’ Hxt and Fsy1 transporters have never been 
studied. Nevertheless, in S. cerevisiae, HXT transporters are induced/repressed 
at varying concentrations of glucose. Low affinity HXT1 and HXT3 are induced 
by high glucose levels, while high-affinity HXT2 and HXT4-7 are induced by low 
glucose concentration. These, together with Fsy1 are essential for fructose scav-
enging at the end of fermentation (Anjos et al., 2013; Galeote et al., 2010, 
Kruckeberg, 1996; Leandro et al., 2009). The latter gene is present in both par-
ent strains and they share 78 % similarity at the amino acid level (Galeote et al., 
2010).  

The non-Mendelian nature of mitochondria inheritance can also influence 
the phenotypic properties of new hybrid strains. The hybrids containing S. cere-
visiae mitochondria showed superior hexose transport, but the advantage to 
fermentation performance was only observed at low temperature fermentation 
(10°C), possibly due to the reduced influence of mitochondria on fermentative 
behaviour (Albertin et al., 2013). However, S. cerevisiae × S. uvarum hybrids 
that retain the S. cerevisiae mitochondrial genome have lower expression of 
genes related to hexose transport and glycolysis/fermentation pathways (Solieri 
et al., 2008). 

 
In the cider industry, improvement of fermentation performance is only 

advantageous if it does not come at the expense of product quality. With that in 
mind, we measured the concentration of esters and higher alcohols in the final 
ciders as well as unpleasant sulphur volatile compounds. This was followed by 
an evaluation of the pleasantness of aroma of the produced ciders by a consumer 
panel.  
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Figure 14. Heat-map representative of relative concentrations of aroma compounds in the ci-
ders. The heat-map was generated based on Z scores; strains with different letters (a to i) for the 
same compound are significantly different; significance letters are ordered alphabetically from the 
highest to lowest concentration of each aroma compound. 

 
Aromatic profiles of the ciders produced at both temperatures were clearly 

different. A fermenting temperature of 20°C resulted in an average of 3 times 
greater production of volatile compounds than at 10°C, and 3 times lower pro-
duction of acetaldehyde (Figure 14). Considering variations between strains, the 
hybrid C967 plotted closely to the S. cerevisiae parent, producing a similar 
aroma profile and generally producing the lowest amounts of esters and higher 
alcohols (Figure 14). Similarly, the aroma production by strain C962 at 10°C is 
closer to that of C964 while at 20°C it is closer to C967 and 59A. Saccharomyces 
eubayanus C902 in general produced high levels of aroma compounds, partic-
ularly the rose-like 2-phenylethanol. The hybrid strain C964 once again per-
formed similarly to S. eubayanus, producing very aromatic cider relative to the 
59A S. cerevisiae strain. Saccharomyces eubayanus C902 has been shown to 
be a good fermenting strain and also has the ability to produce reasonably high 
amounts of desirable aromatic compounds. On the other hand, it has the disad-
vantage of producing significant quantities of Sulphur Volatile Compounds 
(SVCs). SVCs have low aroma perception thresholds and can mask the cider’s 
fruity/floral notes even when present in very low concentrations. Eight SVCs 
were quantified and the concentrations can be found in Table 5.  
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Table 5. Concentration of sulphur volatile compounds (SVCs) in μg.L-1 in the ciders produced 
at 20°C (± standard deviation of two biological replicates). 

n.d.-  not detected, concentration below detection limit; a-in beer; b-in cider; c-in wine 

 
Of the sulphur compounds measured, four were at concentrations below 

the detection limit and other four compounds were detected at concentrations 
below the odour threshold and thus are unlikely to have a direct impact on the 
final product. 

The cider produced with S. eubayanus C902 contained diethyl disulphide 
and methanethiol at concentrations close to the odour threshold. Ethanethiol 
was found to be present at more than two times the odour threshold in the ciders 
produced by S. eubayanus. These compounds are characterised by a strong un-
pleasant rotten cabbage and onion aroma that can overpower the fruit and floral 
notes of the esters. 

Unpleasant sulphur-like notes in beers produced with S. eubayanus strains 
have also been described by Mertens and coworkers (Mertens et al., 2015). Sim-
ilarly, these were also apparently absent when S. eubayanus is crossed with S. 
cerevisiae. Hybridisation approaches for the purpose of eliminating unwanted 
volatiles from otherwise interesting strains are not uncommon. Removal of 4-
vinylguaiacol (phenolic off-flavor) and H2S are examples of such (Bizaj et al., 
2012; Tubb et al, 1981; Diderich et al., 2018). The production of SVCs by S. eu-
bayanus may be due to differential amino acid uptake. S. eubayanus C902 has 
greater nitrogen requirements than S. cerevisiae 59A and the hybrids (data not 
shown). In nitrogen-deficient conditions, the sulphate reduction sequence path-
way is triggered to meet the yeast demand in cysteine and methionine, this re-
sults in accumulation of sulphide that is then released from the cells as H2S 
(Swiegers and Pretorius, 2007). H2S reacts with ethanol or acetaldehyde to form 
ethanethiol, which can then be oxidised to diethyl disulphide (Amerine et al., 
1980; Rauhut, 1993; Sedighi et al., 2013), while methanethiol is formed by deg-
radation of methionine (Rauhut, 1993). Interestingly, these compounds seem to 
be absent or much reduced in the hybrid strains, as in the S. cerevisiae parent.  
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Ethyl thioacetate 10a n.d. 1.15±0.35 n.d. n.d. n.d. 

Ethylene sulphide - 0.15±0.07 0.05±0.07 0.30±0.00 0.20±0.00 0.30±0.14 

Methanethiol 1.5b 0.20±0.00 1.15±0.50 1.10±0.07 0.65±0.07 0.30±0.14 

Methyl thioacetate 50a n.d. 1.55±0.50 1.50±0.14 0.90±0.14 0.30±0.42 
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To evaluate how the combination of the different measured compounds af-
fects perceived quality of the ciders, a panel of 58 consumers was asked to rate 
the ciders based on the pleasantness of aroma. The results clearly show that the 
ciders produced by all the hybrids are as pleasant as the cider made with S. cere-
visiae 59A, while being significantly more pleasant than the cider produced by 
S. eubayanus (Figure 15). This confirms that not only was it possible to signifi-
cantly reduce the production of SVCs through interspecific hybridisation as the 
analytical data shows, but that this was also reduced to below sensory detection 
levels in the final product. 

Phenotypically, the hybrids display an interesting combination of the pa-
rental properties indicating potential for cider fermentation and possibly fur-
ther applications. A wider range of temperatures permitting growth could be 
used to modulate the properties of the final product. It was shown that the aro-
matic profile is substantially different at fermentation temperatures of 10 and 
20°C in accordance with what is observed in brewing fermentations with natural 
lager hybrids (Gibson et al., 2013). Mass production of these yeast strains may 
also be facilitated as tolerance of tem-peratures as high as 37°C is likely to facil-
itate production in the form of active dried yeast (Serra et al., 2005). In addition, 
the high hexose uptake rates suggest that S. eubayanus and the hybrids could be 
advantageous for low-temperature fermentation of other sugar-rich substrates 
such as grape must. 

 

Figure 15. Pleasantness of the cider aroma as evaluated by a consumer panel (n=58). Ciders 
were rated from extremely unpleasant (1) to extremely pleasant (9). Error bars represent standard 
deviation; different letters (a, b) represent significant differences.  
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3.3.3 Wine making (publication IV) 

In order to test the winemaking potential of the hybrid strains, these were 
first screened for their ability to ferment synthetic must containing 240 g/L of 
sugars and 200 mg/L of assimilable nitrogen at 16 and 20°C. Fermentations 
were monitored by measuring weight loss. The high sugar content presented a 
challenging environment for S. eubayanus, which was not able to ferment more 
than 78 and 73 % of total sugars at 16 and 20°C, respectively (Figure 16). The 
increased sensitivity to ethanol at higher temperatures is likely to explain the 
worse performance at the higher temperature. The reduced permeability of the 
membrane at lower temperatures helps to retain resistance to ethanol in S. cere-
visiae (Gao et al., 1988) and this seems to be true for the hybrids tested here as 
well. Hybrid strains had mid-parent fermentation ratios with C963 being the 
weakest and C964 and C966 the best, although still inferior to S. cerevisiae. 
Lowering the temperature to 12°C and using a different must (200 g L-1 sugar, 
300 mg L-1 nitrogen) to avoid excessively long fermentation times, resulted in 
improved fermentation rates. With this, S. eubayanus and the hybrid C964 were 
able to completely ferment the must in a shorter period of time (Figure 16).  

 

 
 

Figure 16. Synthetic must frementations. Maximum fermentation achieved by yeast stains in 
percentage of maximum possible fermentation (A) and length of the fermentation (B). Maximum 
fermentation was defined as the percentage of weight loss relative to the maximum possible de-
pending on the initial sugar concentration. Length of the fermentation was the time taken for the 
specific growth rate to reach 0 g CO2 L-1 h-1 (16°C and 20°C) or when the weight does not vary in 
two consecutive measurements (12°C). 

 

Although an improved fermentation rate relative to S. cerevisiae was not 
obtained, the hybridisation with S. eubayanus is expected to have an impact on 
the aromatic properties of the wines. To confirm this, we quantified 25 aroma 
compounds in all three fermentation temperatures tested. We observed that the 
temperature regulates the production of aroma compounds and that the aro-
matic profile itself is rather different among strains. To help visualise this we 
used Principal Component Analysis (PCA).  
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Figure 17. PCA for aroma compounds. The variables in the PCA were coloured according to 
the group of compounds. Higher alcohols, blue; Acetate esters, green; Ethyl esters, orange; Ac-
ids, pink. PR, Propanol; ISO, Isobutanol; IA, Isoamyl alcohol; ME, Methionol; PHE, 2-Phenyleth-
anol; ISA, Isobutyl acetate; IAA, Isoamyl acetate; MBA, 2-Methylbutyl acetate; PEA, Phenylethyl 
acetate; EA, Ethyl acetate; EP, Ethyl propionate; EB, Ethyl butanoate; EH, Ethyl hexanoate; EO, 
Ethyl octanoate; ED, Ethyl decanoate; EDD, Ethyl dodecanoate; PA, Propanoic acid; IBA, Isobu-
tyric acid; BA, Butyric acid; IVA, Isovaleric acid; MA, 2-Methylbutanoic acid; HA, Hexanoic acid; 
OA, Octanoic acid; DA, Decanoic acid; DDA, Dodecanoic acid. 
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In Figure 17 we can observe that the first two dimensions account for 82.6 
% of the variation. The variation among strains was influenced by the tempera-
ture, therefore at 12 and 20°C the largest dispersion can be observed while at 
16°C all strains had relatively similar profiles. The strain C964 (highlighted in 
the plot) showed the most distinct profile, particularly at 12 and 20°C. This 
strain was characterised by an overall increased production of acetate esters at 
12°C and ethyl esters at 16 and 20°C. The two best performing hybrids (C964 
and C966) were chosen for further analysis. To clarify the influence of sugar and 
nitrogen concentrations in the previous fermentations, additional fermenta-
tions were carried out at 200 mL scale. The two best performing hybrids were 
compared with parent strains in 20°C fermentations. The combined effect of 
variable sugar (160, 200 and 240 g/L) and nitrogen (100, 200 and 300 mg/L) 
concentrations was assessed. The nitrogen concentration had a strong effect on 
yeast performance. The maximum specific growth rate (μmax) was on average 
1.6 times higher at 200 mg/L of nitrogen than at 100 mg/L, and 2.4 times higher 
at 300 mg/L. The superior fermentation rates were reflected in the reduced fer-
mentation times observed; on average the fermentation times were 30 % with 
200 mg L-1 of nitrogen and 50 % shorter at 300 mg L-1 independent of the sugar 
concentration.  

To understand how this data corresponds to actual grape must, fermenta-
tions were carried out in Sauvignon blanc must in 200 mL fermenters. This 
must contained less than 200 g/L of sugar and therefore this concentration is 
not expected to limit the fermentation. However, the nitrogen concentration is 
low (120 mg/L) relative to requirements and so the effect of addition of Yeast 
Organic Nutrients (YON) in the fermentation was tested. In synthetic must, an 
advantage of the hybrids was observed at the lowest temperature tested. There-
fore, Sauvignon blanc fermentations were carried at 14°C. In addition to the best 
performing hybrids (C964, C966) and the parent strains, the commercial wine 
strain EC1118 was included as a reference. The hybrids showed mid-parent per-
formance. However, considering the low nitrogen content of the must, it per-
formed surprisingly well, just slightly behind EC1118 and 59A (Figure 18). The 
hybrid C966 did not show any signs of growth in the first 8 days of fermentation 
either with or without the addition of YON. The growth observed after this time 
is likely a result of the propagation of any yeast naturally present in the must. 
The addition of YON improved the fermentation rate but to a small extent. This 
improvement was more strongly observed in the S. eubayanus parent (Figure 
18).  
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Figure 18. Fermentation in Sauvignon blanc in 200 mL scale without supplements (A) and with 
the addition of YON (B). 

 
Analysis of the residual sugars, glycerol and ethanol at the end of fermen-

tation suggests that S. eubayanus may produce less ethanol and more glycerol 
(Table 6). The data here collected is not sufficient to confirm whether by hybrid-
isation one can reduce alcohol levels in wines, but this topic deserves further 
exploration. 
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Table 6. Concentration of sugars, ethanol and glycerol in g/L (±standard deviation of 2 biologi-
cal replicates) at the end of small-scale Sauvignon blanc fermentations. 

Strain YON Glucose Fructose Glycerol Ethanol 

EC1118 - 0.0 (±0.00) 2.8 (±0.23) 5.2 (±0.10) 97.2 (±0.21) 

 + 0.0 (±0.00) 2.9 (±0.70) 5.0 (±0.11) 98.3 (±0.80) 

59A - 0.0 (±0.00) 4.8 (±2.16) 4.8 (±0.14) 97.7 (±0.89) 

 + 0.0 (±0.00) 3.0 (±0.32) 4.8 (±0.17) 96.6 (±1.19) 

C902 - 0.1 (±0.14) 15.7 (±0.17) 9.2 (±0.06) 86.3 (±0.73) 

 + 0.0 (±0.00) 5.8 (±0.09) 8.9 (±0.20) 92.3 (±0.74) 

C964 - 0.0 (±0.00) 5.5 (±0.14) 7.4 (±0.11) 93.7 (±0.24) 

 + 0.0 (±0.00) 3.8 (±0.45) 7.0 (±0.16) 94.8 (±1.09) 

 
 

The strain C964 proved to have the greatest potential for wine fermentation 
and therefore was further tested from a commercial perspective. One of the 
most commercially feasible ways to produce viable and stable wine yeast is in 
active dry yeast form. The process of yeast drying is particularly harsh on the 
yeast and non-S. cerevisiae strains struggle to maintain viability after drying 
(Eleutherio et al., 1997; Rodríguez-Porrata et al., 2011). The hybrid C964, was 
prepared following the standard procedure for propagation and drying used at 
Lallemand SAS. The hybrid C964 grew efficiently in the molasses media with 
high cell density. Out of 10.5 L of culture we produced 380 g of active dry yeast 
(4.87 % humidity) with high viability after re-hydration of 3.59×1010 CFU/g 
ADY. It was unfortunately not possible to submit S. eubayanus to the same pro-
cedure for comparison. It is however likely that S. eubayanus would struggle to 
maintain high viability, considering its sensitivity to high temperatures (Figure 
11). The resistance to oxidative stress and consequent resistance to dehydration 
in interspecies hybrids may depend on the mitochondrial inheritance, at least 
for S. cerevisiae × S. uvarum hybrids (Picazo et al., 2015).  We do not have data 
to assess if this is true for all S. eubayanus hybrids but similarly to the results 
observed by Picazo et al. (2015), the hybrid C964 contains S. cerevisiae mito-
chondria. This may have contributed to its high resistance to dehydration. 

 
Re-hydrated yeast was compared with the fresh yeast, grown from a pre-

culture in YPD medium, and tested in the fermentation of Macabeau and Sauvi-
gnon blanc musts at 18°C (Figure 19). The commercial wine strain S. cerevisiae 
EC1118 was used as control in both dry and fresh forms and the addition of yeast 
organic nutrients was once again tested in 1 L fermenters. In Sauvignon blanc 
must, the dried C964 had a lag phase of ca. 15 h longer than the fresh, whether 
YON had been added or not (Figure 19A). With the addition of YON, C964 
reached higher specific growth rates and thus surpassing EC1118, which is oth-
erwise a faster fermenter. In Macabeu must the differences between dry and 
fresh are much less evident with a difference of about 5h in the beginning of the 



52 
 

fermentation (Figure 19B). Here, once again, the addition of YON lead to in-
creased fermentation rate and shorter duration of fermentation.  
 

 

Figure 19. Fermentation with fresh versus active dry yeast in 1L scale, with and without addition 
of YON. Musts were Sauvignon blanc (A) and Macabeu (B). 

 
The wines produced contained only residual amounts of fructose (<3 g/L) 

but showed some variation in terms of ethanol and glycerol concentration (Ta-
ble 7). As suggested by the small-scale fermentations, the hybrid strain C964 
produced up to 0.4 % less ethanol and about 3 g/L more of glycerol than EC1118.  

The wines produced with the hybrid strain were however more acidic (Ta-
ble 7). The results, although not strong enough to make definitive conclusions, 
suggest that hybrid strains produce greater glycerol amounts during must fer-
mentation. The increased glycerol yield is likely a result of increased enzymatic 
activity of Gpd1p in response to osmotic and cold stress, as observed in S. 
kudriavzevii (Oliveira et al., 2014). The same phenotype is observed in S. 
kudriavzevii hybrids with S. cerevisiae and results in lower ethanol production 
(Arroyo-Lopez et al., 2010). High alcohol wines are not desirable for health and 
economic reasons. Thus, shifting the yeast metabolism to glycerol accumulation 
is a common approach for alcohol reduction in wines (Noble and Bursik, 1984; 
Tilloy et al., 2014). The apparent native ability of S. eubayanus to produce glyc-
erol at the expense of ethanol deserves to be clarified in future studies.    
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The concentration of aroma compounds in the wines fermented with C964 
did not vary greatly in response to the use of dry or fresh yeast or by the addition 
of nutrients. However, the differences between C964 and EC1118 in the aromatic 
profile of the wines are clearly visible.  The strain C964 was considerably more 
aromatic than EC1118 independent of the conditions tested. In Macabeu must, 
the hybrid produced up to 8 times more 2- phenylethanol than EC1118, twice 
the amount of esters and similar production of terpenoids and C13-norisopre-
noids. In Sauvignon blanc the addition of organic nutrition increased the 
productivity of thiols by 20 %.  

The strongest selling point for the hybrid C964 might very well be the aro-
matic properties of the wine it ferments. A unique profile could be noticed in the 
synthetic must fermentations, but grape must seems to have accentuated this 
phenotype. Almost all groups of compounds were found in concentrations con-
siderably higher than in S. cerevisiae EC1118. Particularly high concentrations 
of desirable compounds such as, 2-phenylethanol, ethyl hexanoate and 2-phe-
nyletylacetate were detected in both wines (Sauvignon blanc and Macabeu). 
These compounds are responsible for floral and fruity notes that strongly con-
tribute to the complexity of the wine. The wines made with C964 were analysed 
by a small panel that classified the Sauvignon blanc in particular as exotic and 
complex (data not shown). The wine strain EC1118 is not particularly aromatic, 
which makes it an interesting model strain for assessing the influence of the S. 
eubayanus sub-genome on the aroma-producing properties of the hybrids. The 
aromatic properties of EC1118 were previously enhanced through adaptive evo-
lution (Cadière et al., 2011). Here we showed that hybridisation is an alternative 
approach to induce aromatic variability.  

The two best performing strains (C964 and C966) have a duplication of S. 
cerevisiae chromosome II. A QTL study on the molecular basis of wine fermen-
tation traits identified a hotspot in the chromosome II associated with fermen-
tation rate at 70 % sugar utilisation and fermentation duration (Ambroset et al., 
2011). Although the study did not focus on this particular hotspot, we also ob-
served that in synthetic must, there is a relationship between the maintenance 
of a higher fermentation rate at this stage of the fermentation in the strains with 
duplicated chromosome II (data not shown). The strain C964 had additionally 
a duplication of a 150 kb region of the left arm of the S. eubayanus chromosome 
IV. This region contains the S. eubayanus allele of the fructose symporter FSY1. 
The activity of Fsy1 symporter may be relevant for fructose scavenging in the 
later stages of fermentation as it is repressed at high fructose concentrations 
and induced by non-fermentable carbon sources, such as ethanol (Galeote et al., 
2010; Anjos et al., 2013). 

In the present study, we present, for the first time, the evaluation of S. eu-
bayanus hybrids in winemaking conditions. This approach brought advantages 
mainly in the aromatic properties of the wine, while showing some limitations, 
such as the higher ethanol sensitivity. Although the use of low temperature re-
duces the toxic effect of ethanol, we now know that this limitation can be over-
come by generating hybrids with higher ploidy levels (Krogerus et al., 2016).  
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4. Conclusions 

In this thesis, both natural and artificially generated S. eubayanus hybrids 
were tested in beer brewing, cider fermentation and wine making. 

We studied the role of transmembrane transporters in the beer fermenta-
tion properties of the lager yeast, particularly in the utilisation of maltotriose. 
The MTT1 gene was found to play an essential role in the uptake of maltotriose 
by lager yeast. Yeast strains showing increased copy number of MTT1 are able 
to co-consume maltose and maltotriose at a high speed and the high copy num-
ber appears to aid in the fermentation at low temperatures. We propose that 
much of the variation in the fermentation behaviour that is known to exist 
within the lager brewing yeast is determined by the presence and relative abun-
dance of specific transmembrane transporters. Now that the cold-tolerant par-
ent of the lager yeast has been discovered, understanding the mechanisms that 
lead to improved performance of the lager yeast is more important than never. 
This information can be used for screening for yeast strains to create tailor-
made novel hybrid strains. The origin of MTT1 is not yet perfectly clear and it 
seems to be very rarely found outside of lager strains. It was initially suggested 
to be of S. eubayanus origin but there are still a very limited number of S. eu-
bayanus strains available and none of them seems to carry this gene. On the 
other hand, PCR probes suggest the gene might be present in some S. cerevisiae 
baker’s yeast and here we found it on the ale strain A115 (Vidgren et al., 2010).   

Nonetheless, using one of the few available S. eubayanus strains, we were 
able to generate new lager strains for the first time in 500 years. These new hy-
brid strains combined the best properties of the respective parental strains, 
showing heterotic behaviour in brewer’s wort fermentations. Besides the initial 
results, recent publications have shown that there is potential to further im-
prove the novel yeast performance by designing yeast with varying ploidy levels 
or adaptive evolution of de-novo hybrids (Krogerus et al., 2016, 2017).  

The success of S. eubayanus in brewing has led us to explore its potential 
in other applications. New hybrids were created with a wine strain and tested 
for cider and wine making. The same clear heterotic effect was not observed in 
the fruit musts but the hybrids display an interesting combination of the paren-
tal properties. A wider range of temperatures permitting growth could be used 
to modulate the properties of the final product. The aromatic profile is substan-
tially different at fermentation temperatures of 10 and 20°C in accordance with 
what is observed in brewing fermentations with natural lager hybrids. In cider 
fermentation, the hybrids retained the superior fermentation profile of S. eu-
bayanus but with the far more pleasant aromatic profile of S. cerevisiae. In wine 
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making, the hybrids struggled with high ethanol concentrations but only at 
warmer temperatures. The good performance at low temperature has ad-
vantages since the toxicity of ethanol is reduced. The hybrids also showed a very 
diverse aromatic profile that was generally appreciated by a panel of profes-
sional tasters. Drying of hybrid yeast was also not a problem, with the tested 
strain retaining very high viability and being able to ferment efficiently after be-
ing rehydrated. The results also suggest that S. eubayanus hybrids can produce 
wines with reduced ethanol concentrations by increasing glycerol production. 
However, more experiments are needed to confirm this assertion, the results 
show potential and must definitely be explored further.  

In summary, the use of S. eubayanus for hybridization experiments lead to 
a successful generation of new strains with improved properties relative to the 
parents. Different combinations of parents were tested in brewing and in cider 
and wine making. The most obvious heterotic effect was observed in beer brew-
ing conditions, showing direct evidence that such hybrids when naturally 
formed in the beer fermentation environment would be easily selected. How-
ever, important improvements in cold tolerance and aroma formation, particu-
larly elimination of off-flavours are observe in wine and cider fermentation. Alt-
hough promising, the little availability of S. eubayanus strains hampers a more 
extensive study of the benefits of this yeast species in industrial fermentation 
conditions. Nonetheless, in recent years, new strains have been isolated in 
China, New Zealand and USA. In addition, the species is widely present in Pat-
agonia where it was originally isolated. With the increased availability, more 
high-throughput studies in the usability if this yeast will certainly be conducted.  
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Future perspectives 

Interspecific hybrids have been used for centuries in lager brewing and 
have been identified in cider and winemaking environments as well. The ad-
vantages in performance and robustness makes them superior to their respec-
tive parents. However, artificially generated hybrids are not yet often used in-
dustrially. Research is still needed to understand important question related to 
recently generated hybrid strains, such as:  

 
 
 The functional and regulatory analysis of Mtt1 transporters deserves fur-

ther investigation. Strains containing increased MTT1 copy number dis-
play strong performance in the brewing environment.   

 
 How does the regulatory network function in interspecies hybrids? How 

does transregulation of gene activity work in new hybrids? Some re-
search has already been done for MAL loci (Vidgren and Gibson, 2018) 
but there is still much more to learn. 

 
 When new hybrids are generated, these can contain the complete sets of 

chromosomes for the parents. How does the genome evolve and reach 
the stability needed for industrial application? How can the initial ge-
nome disorder be directed to favour of desired phenotypes?  

 
 Study new unusual hybrid combinations within Saccharomyces genus 

for new phenotypes. 
 

 Currently, hybridization is seen as an alternative to genetic engineering 
approaches. However, is the regulation and negative perception towards 
GMOs change, hybridisation can potentially be used in combination 
with targeted genetic engineering approaches. This would allow for a 
better control of the hybrid phenotype.   
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