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Abstract 

The University of Manchester 

Federico Visinoni 

Doctor of Philosophy 

Untangling the complexity of yeast hybrids and flavour production 

The brewing yeast strains underwent centuries of domestication, being improved for growth 

and aroma profile through spontaneous mutations and selection. While genetic modifications 

have achieved promising results, allowing improvements in both fitness and aroma profiles, 

their application must deal with the stigma and the regulations associated with GMO 

products. Researchers must also face the complexity of the fermentation process, in term of 

variable feedstock, lack of reproducibility, and of the industrial strains used, which are 

hindering the application of predictive quantitative approaches. Indeed, brewing yeasts 

commonly evolved as sterile hybrids and often present copy number variations, duplications, 

and aneuploidy.  

In this thesis, we applied a combination of genomics and metabolomics tools to untangle the 

genomic complexity of industrial hybrids and of the brewing process itself, revealing new 

strategies for both strain and process development. 

First, I studied how growth rate affects the aroma profile of S. cerevisiae type strain (NCYC 

505) in chemostat experiments at different dilution rates. The study allowed to identify a 

correlation between growth and the production of the major volatile compounds, shedding 

new light on how yeast physiology may drive their production. Moreover, the data generated 

allowed to design a feeding profile to effectively manipulate aroma compound production 

through nutrient availability.  

Second, I applied state-of-the-art techniques to harness the biodiversity of Saccharomyces 

species and study how hybridisation and natural variation affect traits of industrial interest. I 

presented a novel platform to study inter-species hybrids by crossing geographically distant 

strains from different species through rare mating, effectively restoring fertility in hybrid 

strains and allowing quantitative genetics studies. The pipeline developed allowed to identify 

species-specific and hybrid-specific features responsible for traits of biotechnological interest 

for the production of fermented beverages, and for antifungal resistance. Furthermore, it 

allowed to dissect the complexity of the hybrid genome and to assess the genome-wide effect 

of mito-nuclear interactions on the QTL landscape. Lastly, I explored the brewing potential 

of Saccharomyces jurei in lab-scale and pilot-scale fermentations, assessing both the 
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fermentation capabilities and the aroma profile of this recently discovered species. Moreover, 

through spore-to-spore-mating, novel S. jurei x S. cerevisiae hybrids of great interest for the 

beverage industry were generated, presenting good fermentation performances and unique 

aroma profiles. Overall, the combination of approaches and studies presented in this thesis 

allowed us to help untangle the complexity of the brewing yeast, refine the industrial process, 

and to highlight the incredible potential of natural strains and novel hybrids in brewing. 

 

Rationale for submitting the thesis in a journal format 

The thesis is presented in a journal format consisting of published results (Chapter 3 and 5) 

and chapters formatted for submission to a peer-reviewed journal (Chapter 2 and 4). 

Therefore, the references are presented at the end of each chapter and the reference style is 

unified throughout the thesis for consistency. As a consequence of the thesis format, there 

are some overlaps in introduction, methodology and references. However, it is thought that 

the result is a clear and concise thesis summarising the valuable work of this doctoral 

project. 
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Chapter 1 – General introduction 

 

1.1 Yeast physiology 

The eight species of the Saccharomyces genus have a worldwide distribution and occupy 

different environmental habitats. The genus is comprised of thermo-tolerant species (S. 

cerevisiae) able to grow up to 45°C, generalists (S. paradoxus and S. mikatae), and cold-tolerant 

species (S. kudriavzevii, S. arboricola, S. eubayanus, S. uvarum and S. jurei) (Naseeb, et al. 2017). 

The variation observed in thermal and stress adaptation within the genus has been exploited 

for centuries for industrial applications. In fact, while this thesis will delve deeper on 

Saccharomyces role in the production of fermented beverage, the industrial applications of 

these species are manifold. S. cerevisiae, in particular, is almost ubiquitous in industry, 

with an important role in food, biopharmaceuticals and biofuel production (Borneman and 

Pretorius, 2015). Moreover, it’s one of the most characterized model system and the first 

eukaryote to be completely sequenced (Goffeau et al., 1996). Yeasts in the Saccharomyces 

genus are described as facultative anaerobes: able to use oxygen for cellular respiration 

and to grow in anaerobicity thanks to the fermentation pathway. In both conditions, 

sugars are converted into pyruvate in the glycolytic pathway. When oxygen is present, 

pyruvate is directed towards the tricarboxylic acid (TCA) cycle and the respiratory chain, 

producing energy through oxidative phosphorylation. In anaerobic conditions, pyruvate 

is converted into ethanol and CO2 in a two-step process, thus energy is produced only 

through substrate-level phosphorylation in the glycolytic pathway. Interestingly, yeasts 

belonging to the Saccharomyces species use alcoholic fermentation even in the presence of 

oxygen even if it is less energy efficient than cellular respiration (Pfeiffer and Morley, 2014). 

This trait, typical of Crabtree-positive species, occurs due to a repression of the respiratory 

pathway in glucose abundance (De Deken 1966) and characterizes the early stage of most 

industrial batch processes.  

The most common species used to in the production of fermented beverages are 

Saccharomyces cerevisiae and S. pastorianus, a hybrid between S. cerevisiae and S. 

eubayanus (Bokulich and Bamforth, 2013). These brewing yeasts strains show particular 

and unique physiology as a result of their domestication. Brewing strains often exhibit 

limited respiratory capacity and, irrespective of oxygen concentrations, maintain a 

fermentative metabolism all throughout the process (Boulton and Quain, 2008). Moreover, 

their physiology is greatly affected by the numerous stresses which arise during the 

fermentation process. Yeast is subjected to low pH, elevated ethanol and CO2 
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concentrations, reduced water activity and high hydrostatic pressure, especially in large 

vessels (Boulton and Quain, 2008; Querol et al., 2003). The preference of brewing yeast to 

accumulate carbohydrates as glycogen and trealose (Cheong et al., 2007) is an example of 

how yeast evolved to alter its metabolism to withstand such stresses. 

Another important trait of the brewing yeast is the capability to utilise a wide variety of 

nutrients and efficiently ferment wort sugars as maltose and maltotriose. Yeasts usually 

show a preference for easily assimilated sugars, both in their uptake and utilizations. 

Sucrose is the first sugar fermented, followed by fructose and glucose whose assimilations 

happens simultaneously. After glucose is depleted, yeasts start the fermentation of the 

predominant sugars in wort: maltose and maltotriose (D’Amore et al., 1989). While maltose 

is commonly fermented by Saccharomyces species, albeit with various degree of efficiency, 

the assimilation of maltotriose is a trait almost exclusively described in brewing strains 

(Gallone et al., 2018; Krogerus et al., 2015). Moreover, lager strains are able to ferment 

melibiose, a unique trait in brewing (Quain, 1986).  

 

1.2 Yeast life cycle 

The life cycle of yeast populations is complex as cells can stably exist in both haploid and 

diploid state. Moreover, yeast cells modify their growth in response to stresses and switch 

between dividing asexually by mitosis and sexual reproduction by meiosis and sporulation.  

In favourable conditions, yeast is able to grow both in haploid and diploid state following 

an asexual cell cycle, via a process known as budding. During this mitotic cycle a small 

bud is formed on the mother cell wall containing an exact copy of the parental 

chromosomes and organelles. The new daughter cell continues to grow, reaching almost 

the same size of the mother cell, until it separates (Beran, 1968) (Figure 1-1).  

Under stressful conditions, yeasts cells exit the mitotic cycle from the G1 phase as 

unbudded cells. At this stage, diploids undergo meiosis to generate four haploid spores 

surrounded by an ascus, which acts as a wall and grants the spores resistance to a variety 

of environmental stresses (Smits et al., 2001). The ascus is maintained until an improvement 

of environmental conditions occurs. Then, the ascus is disrupted, and the released spores 

can develop into haploid cells or mate to form diploids (Herskowitz, 1988). 
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Figure 1-1 | Life cycle of yeast cells. 1 In favourable conditions both haploid and diploid 
cells reproduce by mitosis via budding. 2 Haploid cells of different mating type (a and α) can 
also mate to generate a new diploid via conjugation.  3 Under nutrient constraints diploid 
cells undergo sporulation, generating four haploid ascospores which will be released from 
the ascus after an improvement of environmental conditions. (Adapted from Masur, 2007) 

 

Sexual reproduction occurs between cells of opposite mating type, in a process called 

conjugation or mating. Mating-competent cells, or maters, can exist as two different 

mating type, a and α, differentiated by the production of a corresponding mating 

pheromone, a- or α-factor. These differences are due to two non-homologous alleles, MATa 

or MATα,  at the mating type (MAT) locus located on chromosome III (Haber, 2012) which 

encodes for regulators of the mating pheromones. When in the proximity of a cell of the 

opposing mating type, maters respond arresting the mitotic cycle and undergoing cell 

fusion. 

In homothallic strains, the expressed MAT locus is flanked by two unexpressed loci: HML 

and HMR, containing a silent copy of MAT α and MAT a, respectively (Hanson and Wolfe, 

2017). Thanks to a homologous recombination event initiated by the HO endonuclease, 

homothallic strains can undergo a mating-type switch and self-fertilise (Strathern et al., 

1982). The HO gene encodes for a site-specific endonuclease able to create a double strand 

break in the MAT locus. This double strand break will be repaired, in most cases, using the 

opposite silent copy located in the HML or HMR (Wu and Haber, 1996). Strains with a loss-

of-function mutation in the HO gene are defined as heterothallic and are unable to self-
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fertilise. Thus, heterothallic strains can be easily maintained as haploids with stable mating 

types, provided they are not brought into contact of a cell of the opposite mating type. 

After mating, haploid cells of different mating type fuse to form a cell possessing a 

heterozygous MATa/MATα genotype. The combination of the information encoded by 

these loci triggers the repression of haploid-specific genes, silencing both HO and the 

mating pheromone production, while activates diploid-specific genes (Breeden and 

Nasmyth, 1985). Therefore, the resulting diploid is unable to produce mating pheromones 

and mate between each other. However, in rare cases, spontaneous mutations can arise in 

diploid or polyploid cells resulting in loss of heterozygosity at the MAT locus and a 

restoration of fertility (Gunge and Nakatomi, 1972).  

 

1.3 Yeast hybridization 

Hybridization constitutes an important mechanism for evolution as it enhances genetic 

flexibility and phenotypic plasticity (Querol et al., 2003). It is defined as the fusion of two 

genetically divergent gametes (Sipiczki, 2008) of the same species (intraspecific hybridization) 

or from different ones (interspecific hybridization). 

In yeast, interspecific hybridization commonly occurs in the Saccharomyces genus generating 

sterile hybrids able to undergo mitosis but which can barely produce viable spores (Sipiczki, 

2008). To overcome the inability to undergo meiosis efficiently, yeast usually form 

allotetraploid or homoploid hybrids prone to genomic rearrangements and genetic drift 

(Belloch et al., 2009). In the brewing industry, the use of interspecific hybrids is commonplace. 

Since the 15th century S. pastorianus has been employed for the production of beer thanks to 

its unique characteristics. This hybrid possesses both the high fermentative capacity of S. 

cerevisiae, and the cryotolerant nature of S. eubayanus, which give it a fitness advantage 

during the regime of brewing carried out at temperatures around 7 and 13°C (Monerawela 

and Bond, 2018). Interspecific hybrids are not only selected for their capability to combine 

advantageous traits of the parent strains. They can also show improved phenotype traits due 

to the phenomena of heterosis or hybrid vigour. In fact, parental phenotypes don’t usually 

interact in an additive manner (Shull, 1948). Instead, it is often the case that hybrid traits are 

different than the average of the parental strains (Hochholdinger and Hoecker, 2007). The 

peculiar conditions in which beer fermentation is carried out can represent a perfect fertile 

ground for the hybrids to grow and evolve (Replansky et al., 2008). The broad phenotypic 

variance of newly generated hybrids will undergo natural selection in the relatively harsh 
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process conditions of beer fermentation. Furthermore, hybrids will be able to draw from the 

genetic material of both the parental strains in the process of adaptive evolution to this 

stressful environment (Querol et al., 2003). While S. pastorianus is the most common hybrid 

in beer fermentation, hybrids between Saccharomyces species have been isolated in 

domesticated and wild environments alike (Barbosa et al., 2016). In particular, S. cerevisiae x 

S. kudriavzevii and S. cerevisiae x S. uvarum hybrids, as well as S. cerevisiae, S. uvarum and S. 

eubayanus triple hybrid (S. bayanus), found use in winemaking and in the fermentation of 

cider and Belgian beers (Gallone et al., 2019; Gonzalez et al., 2006; Le Jeune et al., 2007).  

1.3.1 Artificial hybrids 

Recently, much work has gone into the generation of de novo yeast hybrids, exploiting their 

potential for the production of biofuels (Peris et al., 2017; Snoek et al., 2015), brewing 

(Krogerus et al., 2015; Mertens et al., 2015), and winemaking (Bellon et al., 2013; Origone et 

al., 2018). 

Saccharomyces species can be hybridized by a variety of methods: spore-to-spore mating, 

mass mating, rare mating and protoplast fusion among others that will not be discussed in 

this thesis.  

Spore-to-spore mating and mass mating exploit sexual hybridization events between haploid 

cells of different species and mating type. The former is performed by manually placing 

spores from two parent strains near each other in an agar plate using a micromanipulator. 

Mass mating is somewhat less refined and is accomplished by randomly mixing spores 

together in liquid media. For this reason, it usually requires selection markers to identify de 

novo hybrids. These approaches boast high hybridization frequencies and genetic stability 

but requires parental strains able to form viable spores (Pérez-Través et al., 2012; Steensels et 

al., 2014b). 

When parents show little to no spore viability, rare mating and protoplast fusion can still be 

employed. Rare mating is applied on diploids strains which lose heterozygosity of the MAT 

locus spontaneously or after genetic mutations. These diploids can rarely, hence the name, 

undergo mating to produce a tetraploid containing the genome of both the parental strains. 

However, hybrids constructed this way are less stable and requires selection markers 

(Alexander et al., 2016; Fukuda et al., 2016). To overcome the low frequency of the 

hybridization through rare mating, genetic modification is often needed to construct 

homozygotic diploids able to mate (Greig et al., 2002; Krogerus et al., 2017a). 
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Lastly, protoplast fusion is an approach which allows the production of intergeneric hybrids 

employing more disruptive techniques (Lucca et al., 2002). In fact, the parent strains have 

their cell walls digested before a fusion event occurs between the two cells (van Solingen and 

van der Plaat, 1977). This method can be used in a large variety of applications, thanks to his 

aspecificity. However, it encounters the same problems as rare mating: low hybridization 

frequency, genome instability and it requires the need of selection markers (Krogerus et al., 

2017a).  

The flourishing current research on de novo yeast hybrids opened a new path for the 

improvement of industrial strains achieving faster growth rate, higher stress tolerance and 

an increase in the production of aroma compounds (Baker et al., 2019; Bellon et al., 2011; 

Krogerus et al., 2015, 2018; Mertens et al., 2015; Snoek et al., 2015; Steensels et al., 2014a). 

Moreover, yeast hybridisation has become a vital resource in studying evolutionary pathways 

and speciation mechanisms. Recently, Saccharomyces hybrids have been employed to study 

the evolutionary and fitness effect of loss of heterozygosis, aneuploidies, and epistasis 

(Bendixsen et al., 2022; Gorter de Vries et al., 2019; Lancaster et al., 2019; Zhang et al., 2020). 

In particular, Saccharomyces hybrids have become a vital resource to study mito-nuclear 

epistasis and have been recently exploited in the generation of strain possessing unique mito-

nuclear genotypes (Nguyen et al., 2020; Szabo et al., 2020). The growing body of research on 

the role of the mitochondria in yeast hybrids has revealed a genome-wide effect exercised by 

mitochondrial DNA and suggested mitochondria exchanges might be an overlooked tool for 

industrial strain development.  

 

1.4 Domestication 

Domestication is defined as the modification of the gene pool of a population due to the 

combined effect of natural selection and selective breeding (Kincaid, 1993). Typical signs of 

domestication, for pets and feedstocks alike, are changes in the reproductive cycle and 

adaptations to new sources of food (Baur, 1992; Driscoll et al., 2009). Domesticated species 

are also characterized by an higher frequency of chromosome abnormalities such as 

rearrangements, duplications, aneuploidy and loss of genetic information (Bergström et al., 

2014; Borneman et al., 2016, 2011; Sheltzer et al., 2011). 

Domestication of the brewing yeast probably started between the 16th and the 17th century, 

when the brewing process moved from small scale home brewing to professional large scale-

brewing (Hornsey, 2003). That the start of the process could predate the discovery of 

microbes was possible due to the practice of back-slopping, described as reusing fermented 



22 
 

product as inoculum for a new fermentation. This is also one of the reasons why yeast strains 

used for beer production show a higher degree of domestication than the one used to ferment 

wine (Gallone et al., 2016). The practice of back-slopping has now evolved in what we call 

re-pitching, defined as re-using pure cultures from a previous fermentation. In this way the 

population escapes completely the process of natural selection in harsh natural environments 

which happens during harvest season (Boulton and Quain, 2008). 

The effects of domestication in yeast are manifold. Industrial strains were first selected for 

their ability to thrive in the artificial habitat of the fermentor. During the fermentation, yeast 

cells are exposed to hyperosmotic stress, due to the high sugar concentration of wort, ionic 

stress, high ethanol concentration and nutrient starvation (Querol et al., 2003). The strong 

selection pressure derived from these stressors drove evolution of industrial strains toward 

accumulating features like aneuploidy and chromosomal rearrangements (Colson et al., 2004) 

alongside numerous mutations and copy number variations (CNV) in genes involved in 

metabolism and ion transport (Bergström et al., 2014; Gallone et al., 2016). The most evident 

example is the amplification of genes involved in maltose and maltotriose metabolism in beer 

and sake subpopulations which made brewing strains able to efficiently ferment these sugars 

(Ernandes et al., 1993). Moreover, yeast strains were selected for traits linked to aroma 

production and efficient flocculation (Bergström et al., 2014; Van Mulders et al., 2010). 

As a result of a relaxed selection industrial yeast lost specific traits that were not useful to 

survive in a man-made niche. In fact, as the organism is subjected to a new environment, the 

natural selection pressure on specific traits weakens or disappears. This, for example, brought 

large systematic differences regarding the reproduction cycle of industrial yeast. As shown 

by Gallone et al., (2016) strains domesticated for beer fermentation lose the ability to undergo 

sexual reproduction and show reduced spore viability. This is due to the practice of re-

pitching, which grant uninterrupted growth in rich medium to the population and relax the 

pressure on survival strategies adopted by yeast in the absence of nutrients. Moreover, 

domesticated yeasts used to produce alcoholic beverages show a reduced or absent capability 

to produces compounds classified as off-flavour, such as 4-vinyl guaiacol (4VG). This 

phenotype is characteristic of highly domesticated strain and may results in a decreased 

fitness in natural environments (Gallone et al., 2016). In fact, 4VG production, mediated by 

the PAD1 and FDC1 enzymes, is a result of the decarboxylation of toxic plant-derived 

phenylacrylic acids found in plant cell walls (Stratford et al., 2007).  
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Interesting insights on how the domestication process unfolded can also be derived from the 

recent characterization of kveik yeast from Norwegian farmhouse breweries. This group 

evolved independently from the industrial strain in a less controlled and regulated 

environment. Nevertheless, kveik yeasts show similar domestication traits, with high sugars 

uptake, POF- phenotype, ethanol tolerance and high flocculation efficiency (Preiss et al., 

2018). Thus, industrial traits which are considered signatures of the domestication process 

may have different origins and causes, outside of the niche environment of industrial 

breweries. 

 

1.5 Yeast mitochondria 

In the Saccharomyces genus, the mitochondrial genome encodes only for eight proteins, while 

the majority of the mitochondrial proteome is nuclear-encoded, with ca. a thousand proteins 

which interplay with each other and with mitochondrially encoded proteins (Morgenstern et 

al., 2017). This interrelationship manifests as stable protein-protein interactions between 

nuclear- and mitochondrial- encoded proteins, as for the subunits of the ATP synthase 

complex, as well as in the mito-nuclear interactions found to affect mitochondrial replication 

(Ellison and Burton, 2010), transcription (Chou et al., 2010), and translation (Lee et al., 2008). 

This functional interplay has driven an intense coevolution of the mitochondrial and nuclear 

genomes and became a fertile ground for the development of incompatibilities between 

ecologically distant strains and species (Visinoni and Delneri, 2022).  

Thus, understanding the dynamics of mito-nuclear interactions arising in Saccharomyces 

hybrids is necessary for further development of industrial strains, such as S. pastorianus, and 

for the development on new hybrid strains. To date, mito-nuclear interactions in both intra- 

and inter-species hybrids were investigated for their role as post-zygotic barriers (Szabo et 

al., 2020), and were found to affect respiration (Albertin et al., 2013; Spirek et al., 2014), 

fermentation (Paliwal et al., 2014) thermotolerance (EmilyClare P. Baker et al., 2019; Hewitt 

et al., 2020; Li et al., 2019; Szabo et al., 2020), nuclear transcription (Hewitt et al., 2020), and 

nuclear stability in hybrids (Antunovics et al., 2005; Peris et al., 2020). 

Moreover, the role of the mitochondria in shaping industry relevant traits in Saccharomyces 

yeasts has been the subject of an increasing number of studies. In particular, mitochondrial 

DNA resulted one of the main players in defining thermotolerance in S. cerevisiae x S. uvarum 

hybrids. Genome-wide non-complementation studies by Li et al. (2019) revealed that nuclear 
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genes exerted only a limited effect on the hybrid phenotype, while mitochondrial genes 

strongly influenced hybrid fitness in both high and low temperatures (Li et al., 2019). 

Additionally, mitochondrial inheritance in S. cerevisiae x S. uvarum hybrids was found to 

exert a strong environmental and temperature-dependant transcriptome effect resulting in 

remarked allele preference of one species over the other in respiratory conditions. The 

biotechnological importance of the mitochondria, however, is not just limited to shaping 

yeast thermotolerance and fermentation capabilities. Recent studies in Saccharomyces 

hybrids have unearthed a correlation between the parental origin of the mitochondrial DNA 

and resistance to biomass drying, as well as to a different aroma profile (Pérez et al., 2022; 

Picazo et al., 2015). In wine fermentations, in fact, Saccharomyces hybrids were found to 

inherit an aroma profile closer to the parent whose mitochondrial DNA they inherited (Pérez 

et al., 2022). 

 

1.6 Applications of continuous culturing 

Continuous culturing has been widely used to study and perform adaptive evolution of 

microorganisms (Brickwedde et al., 2017; Dunn et al., 2013; Ferea et al., 1999; Gresham et al., 

2008; Wenger et al., 2011; Weusthuis et al., 1994) as it enables precise control of the selective 

pressure. The two main systems used to attain continuous culturing are the chemostat and 

the turbidostat. Both systems can be described as bioreactors in which cells grow 

continuously in a fixed volume, thanks to continuous addition of medium and removal of an 

equivalent volume culture. Eventually, these systems are able to reach a condition of 

equilibrium, or steady state, in which the growth rate of the cells and the dilution rate are 

equal and constant (Monod, 1949; Novick and Szilard, 1950).  

In the chemostat, the dilution rate is maintained fixed in a single-nutrient-limited 

environment. When the steady state is reached, the concentration of the limiting nutrient 

will dictate the cell density and the main selection pressure. In this way, cells grow in a 

chemically defined environment and the growth rate can be modulated by both the 

concentration of the limiting nutrient and the dilution rate. Instead, in the turbidostat the cell 

density is constantly monitored and kept steady in conditions of nutrient abundance. The 

limiting factor for growth in this system is not a particular nutrient but an intrinsic property 

of the cell (e.g. nutrient uptake, rate of organelle biogenesis, resistance to a stressor) 

(Gresham and Dunham, 2014).  
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The conditions in which the adaptive evolution unfold in continuous culturing are different 

than the more common serial transfer in batch cultures. First, in these systems, the selective 

pressure is maintained constant and defined all throughout the experiment, without any 

fluctuations (Gresham and Dunham, 2014). Moreover, the nature of these systems makes 

them better candidates for long-term selection experiments. Once the steady state is reached, 

they can be easily maintained until there is a constant supply of fresh media and no 

contaminations occurs. Thus, continuous culturing represents an important tool to study the 

physiology of a yeast strain in a defined environment in the first 20 generations (Jansen et 

al., 2002), but also as a way to enhance specific traits through adaptive evolution, which occur 

in the following generations (Brickwedde et al., 2017; Jansen et al., 2004).  

Thanks to the refined control exerted on the selection pressure and the environment with 

these devices, adaptive evolutions in continuous cultures are ideally suited to be 

complemented with whole genome and transcriptome analysis (Bull, 2010; Delneri et al., 

2008). Moreover, chemostats evolution experiments possess the same trends as 

domestication, with a high frequency of aneuploidies, chromosomal translocations and copy 

number variations (Gresham and Hong, 2015). Therefore, they are not only ideal systems to 

improve and study the genetics and the physiology of industrial strains but also to investigate 

how the evolution process of the brewing strain unfolded. 

 

1.7 Brewing process 

Brewing can be described as a three-stage process in which wort, an aqueous medium 

containing sugars from cereal sources, is fermented into beer (Figure 1-2).  

The process starts with the production of the wort from dried, sprouted barley. This is 

accomplished by combining malted barley with water and heating (mashing) to allow the 

enzymes in the malt to break down the starch into sugars (Montanari et al., 2005). The mash 

is then separated from the residual grains into clear liquid wort in the lautering step and 

then boiled so to extract desirable compounds from the hops and stabilize the wort (O’Neill 

1960). In the final steps of wort production, the wort undergoes a process known as 

whirlpooling, being pumped at rapid velocity in a vessel to ease the removal of the hops 

and then it’s finally cooled (Tretter, 1989). 

The second stage is represented by the fermentation of the wort by yeast cells. In this step, 

components of the wort are assimilated and converted in ethanol, carbon dioxide and the 
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numerous secondary metabolites which constitute beer. Finally, in the last stage, the beer 

is maturated as to be rendered suitable to consumption (Godtfredsen and Ottesen, 1982). 

 

Figure 1-2 | The brewing process 

 

Even though the scientific literature on Saccharomyces yeasts and on S. cerevisiae in 

particular is extensive and detailed, the biological processes that make up the fermentation 

stage of the brewing process are hard to characterize in depth. The reasons are manifold; 

first, wort is a natural product composed of numerous components whose concentrations 

can vary from batch to batch. Wort processing is also deeply influenced by the material 

and methods used in industry and this stage is not easily translated in a laboratory setting. 

Moreover, brewing is generally conducted as a batch process where both the fermentation 

parameters and the concentrations of metabolites are in constant state of flux (Boulton and 

Quain, 2008). The process is also carried out without agitation and in conditions of 

transient aerobiosis as the fermentation starts with a pulse of oxygen necessary for the 

biosynthesis of unsaturated fatty acids and sterols (David and Kirsop, 1972).  

For these reasons, the fermentation step is characterized by an accentuated unsteady state, 

in which yeast physiology cannot be followed and described easily (Boulton and Quain, 

2008).  

 

1.8 Aroma-active compounds in fermented beverages 

A broad and diverse range of compounds are responsible for the complex aroma and taste of 

fermented beverages. The main yeast-derived sensory-active compounds are often by-
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products of the main metabolism, produced as secondary metabolites at trace quantities 

(Verstrepen et al., 2003). However, thanks to a synergistic interaction between each other, 

they manage to play an important role in the flavour composition, even below their threshold 

value (Meilgaard, 1975).  

Aroma-active compounds can be broadly classified in: esters, higher alcohols, vicinal 

diketones, phenolic and sulfur compounds.  

Each of these classes will be individually tackled in the following sections, focusing on the 

metabolic pathway involved in their production and the possible strain modifications which 

could improve their production. However, it’s important to keep in mind that the strain used 

is just one of the many parameters that influence the concentration of aroma compounds in 

the final product. A strong effect is also exerted by parameters like temperature, aeration, 

pitching rate, raw materials used to produce the wort and by the beer maturation process 

(Boulton and Quain, 2008; Kucharczyk and Tuszyński, 2015.).  

 

1.8.1 Higher alcohols 

The main higher (fusel) alcohols in alcoholic beverages are propanol, butanol, isobutanol, 

phenylethanol and isoamyl alcohol (Dzialo et al., 2017). These compounds contribute with a 

desirable effect on the product flavour, imparting the characteristic alcoholic taste, a floral, 

rose like-fragrance (phenylethanol), and a banana, fruity flavour (isoamyl alcohol) 

(Etschmann et al., 2002; Harada et al., 1985). However, negative effects on the overall aroma 

can be detected if those compounds are present in excess (>300 mg/L) (Olaniran et al., n.d.). 

Their importance for the aroma composition is, in fact, also due to their absolute 

concentrations: the highest of the secondary metabolites (Verstrepen et al., 2003).  

Table 1-1 | Main higher alcohols properties in lager beer. Reworked from Procopio et 
al. 2011 (Procopio et al., 2011) 

 

Higher alcohols are mainly produced as a result of amino acid catabolism in the Ehrlich 

pathway (Hazelwood et al., 2008; Saerens et al., 2008). After the uptake mediated by numerous 

transporters, amino acids are deaminated by an aminotransferase (BCAATases). The α-

HIGHER ALCOHOLS 
STANDARD 

VALUES (PPM) 

THRESHOLD 

LEVEL (PPM) 

MAIN AMINO 

ACID PRECURSOR 
AROMA IMPRESSION 

PROPANOL 2 - 10 21 Threonine Solvent-like, alcoholic 

ISOBUTANOL 5 – 10 10 - 100 Threonine Alcoholic 

ISOAMYL ALCOHOL 30 - 50 60 – 65 Leucine Banana, fruity flavour 

PHENYL ETHANOL 6 – 44 100 Phenylalanine Floral, rose-like 
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ketoacid resulting from the transamination is first decarboxylated into an aldehyde and then 

reduced to produce the corresponding higher alcohol (Ehrlich and Bertheim, 1907). 

Additionally, higher alcohols can results from a tightly controlled anabolic pathways for the 

synthesis of branched chain amino acids (Saerens et al., 2008; Yuan et al., 2017) as shown in 

Figure 1-3. 

Higher alcohols are a result of a very robust and complex pathways, due to their close link 

to amino acid metabolism. Several engineered strains displaying increased higher alcohol 

production were generated overexpressing enzyme involved in the Ehrlich pathway or 

increasing the flux towards amino acid productions (Park et al., 2014; Shen et al., 2016). 

However, there is a need for refined metabolic engineering as simple mutations often don’t 

exert the desired effect, as the overexpression of ARO8 (Yin et al., 2015) producing the same 

phenotype as its deletion (Romagnoli et al., 2015). Due to the limitations of GMO use in food 

& beverages and the complexity of the pathways involved, a more promising approach to 

increase higher alcohols could be modulating the process parameters. In fact, as higher 

alcohols are produced by the metabolism of amino acids, their synthesis is correlated with 

cell growth (Dzialo et al., 2017; Vidal et al., 2015). Thus, an increase in the nitrogen and amino 

acids content of the media represents a direct and effective way to increase higher alcohol 

titres (Lei et al., 2013; Vidal et al., 2013). 
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Figure 1-1 | Anabolic pathway of higher alcohol production. An α-Keto acid, derived 

by the glycolytic pathway or by the combination of glycolysis and the pentose-phosphate 

pathway can be transaminated to produce the corresponding amino acid or carboxylated to 

an aldehyde. The metabolic fate of the α-Keto acid is regulated by free amino nitrogen (FAN) 

availability, the concentration of amino acid, which regulates the pathway through a negative 

feedback loop, and by the carbon to nitrogen (C/N) ratio.  

 

1.8.2 Esters 

The volatile nature of esters, together with their synergistic effect, makes them one of the 

main contributor of the flavour and aroma of beer, even though only produced at trace levels 

(few parts per billion) (Lambrechts and Pretorius, 2000). With fusel alcohols, they grant a 

pleasant, fruity aroma to the beer in moderate quantities, but excess concentrations are 

considered undesirable. Esters can be classified in acetate esters and fatty acid esters: the 

former are produced by a condensation reaction between an alcohol and acetyl-CoA, the 

latter between ethanol and acyl-CoA. In the first group, the most important compounds are 

isoamyl acetate (pineapple, banana aroma), isobutyl acetate (fruity), ethyl acetate (solvent) 

and phenylethyl acetate (floral fragrance). Fatty acid esters are ethyl hexanoate (aniseed, 

apple) and ethyl octanoate (sour apple) (Nordström, 1966).  

The condensation reaction for ester synthesis is catalysed by alcohol-O-acetyl (acyl) 

transferases (AATase). In S. cerevisiae Atf1 and Atf2 are the main enzyme responsible for the 

synthesis of acetate esters, while Eeb1 and Eht1 catalyse the production of ethyl esters 

(Cherry et al., 2012). An additional enzyme, Eat1, was recently described as able to produce 

ethyl acetate, via an esterase reaction (Kruis et al., 2017). 

 

Table 1-2 | Main esters properties in lager beer. Reworked from Procopio et al., 2011. 
 

ESTERS 

STANDARD 

VALUES 

(PPM) 

THRESHOLD 

LEVEL (PPM) 

ALCOHOL 

PRECURSOR 

ACYL-COA 

PRECURSOR 

AROMA 

IMPRESSION 

ETHYL ACETATE 15 - 25 21 - 30 Ethanol Acetyl-CoA Solvent-like 

ISOAMYL ACETATE 0.5 – 1.5 1 – 1.6 Isoamyl alcohol Acetyl-CoA 
Pineapple, 

banana 

PHENYL ETHYL 

ACETATE 
1 - 5 3 Phenyl ethanol Acetyl-CoA Floral, rose-like 

ETHYL HEXANOATE 0.005 – 0.3 0.14 Ethanol Hexanoyl-CoA Aniseed, apple 

ETHYL OCTANOATE 004 – 0.053 0.17 Ethanol Octanoyl-CoA Sour apple 
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Due to the strong synergistic effect of esters and their low threshold level, a lot of effort has 

gone into improving their production. However, as an improved production of esters does 

not seem to grant any fitness advantage in yeast, it has been difficult to select for better 

performing strains. For this reason, the most successful approach to date consisted of 

engineering strains by rational design to improve the activity and expression of enzymes 

involved in esters production (Aritomi et al., 2004; Lilly et al., 2006, 2000).  

To successfully apply adaptive evolution approaches we will need to better understand the 

role of ester synthesis in yeast. In fact, while it is known their role as insect semiochemicals, 

it is still under debate if they possess a role in yeast physiology. It has been proposed that 

they could have a role in the maintenance of redox balance (Malcorps and Dufour, 1992) or 

they could be the result of conjugation reactions of toxic medium-chain fatty acids to ease 

their removal (Nordström, 1964). More recently it has been hypothesized that they could be 

produced due to the stresses resulting in the late stages of fermentation to help maintain 

plasma membrane fluidity (Mason and Dufour, 2000). 

The few conditions which have shown potential to improve esters production are growth 

with leucine and phenylalanine analogues (Fukuda et al., 2001, 1990; Oba et al., 2005) or the 

addition of harmful steroid like pregnenolone which favours the activity of Atf1/2 and 

consequently esters production (Kitagaki and Kitamoto, 2013). Recently, experimental 

evolutions experiments have been conducted also using compounds able to inhibit lipid 

synthesis for a similar effect, selecting strain which were able to relieve this repression 

(Takahashi et al., 2017).   

 

1.8.3 Vicinal diketones 

Another class of flavour-active compounds linked with the metabolism of amino acids is the 

one of vicinal diketones (VDKs). During the fermentation, a build-up of acetolactate and 

aceto-hydroxy-butyrate can vary due to inefficiencies in the valine and isoleucine 

biosynthetic pathway. These compounds are then released into the media, where they are 

chemically decarboxylated in VDKs, diacetyl (2,3-butanedione) and 2,3-pentanedione. 

The concentration of vicinal diketones has a significant role in the production of fermented 

beverages. While at low quantity they grant a nutty, toasty-like aroma (Bartowsky and 

Henschke, 2004; Molimard and Spinnler, 1996), above their threshold level they add an 

undesirable buttery and rancid note to the flavour (Bartowsky and Henschke, 2004; Krogerus 

and Gibson, 2013a). 



31 
 

Diacetyl has attracted more focus from industries and the research community due to its low 

sensory threshold. The classic approach to decrease the concentration of this compound is to 

subject the beer to a maturation phase of 2-3 weeks. During this phase, diacetyl can be re-

assimilated by yeast and enzymatically reduced to acetoin and 2,3-butanediol, lowering its 

effect on the overall aroma. However, a long maturation process can be economically taxing, 

lowering productivity and requiring a large amount of storage space. To overcome this 

problem, new promising approaches have focused on improving the metabolic flux towards 

the production of amino acids to consume the excess of acetolactate during the fermentation 

(Krogerus and Gibson, 2013b; Kusunoki and Ogata, 2012).  

  

1.8.4 Phenolic compounds 

Between the various phenolic compounds present in beer, the main flavour-active 

constituents are simple volatile phenols (Lentz, 2018). These compounds are generally 

considered as negative contributors to the aroma and are classified as off-flavours. 

Phenolic compounds are produced by the decarboxylation of hydroxycinnamic acids (HCAs), 

which act as inhibitors of microbial growth (Klinke et al., 2004). In S. cerevisiae, HCAs (ferulic 

acid, p-coumaric acid and caffeic acid) are first converted in 4-vinylguaiacol (4-VG), 4-

cinylphenol (4-VP) and 4-vinylcatechol (4-VC) by the synergistic activity of PAD1 (phenyl-

acrylic acid decarboxylase) and FDC1 (ferulic acid decarboxylase) (Bornscheuer, 2018; Lin et 

al., 2015, p. 1; Payne et al., 2015). A further reaction, catalysed by vinyl-phenol reductase, can 

reduce these compounds in 4-ethylguaiacol (4-EG), 4-ethylphenol (4-EP) and 4-ethylcatechol 

(4-VC) (Vanbeneden et al., 2008; Vanderhaegen et al., 2006).  

Highly domesticated industrial yeast shows a reduced or absent ability to detoxify HCAs and 

are classified as POF-negative, as unable to produce phenolics off-flavours (Gallone et al., 

2016). The need of a POF- phenotype in brewing yeast represents a strong limiting factor for 

the generations of de-novo hybrids, as wild type strains often possess functionals PAD1 and 

FDC1 genes. Thus, it is necessary to laboriously screen and select hybrid progeny for their 

POF- phenotype or backcross the newly generated hybrid with a POF- strain (Krogerus et al., 

2017b). 

 

1.8.5 Sulfur compounds 

Volatile sulfur compounds which influence the aroma are derived from sulfate anions present 

in the feedstock, especially in malt. Their production is a result of the combination of the 

processing of raw materials and the metabolism of brewing yeast (Boulton and Quain, 2008).  
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Unlike other classes of flavour-active compounds, sulfur compounds do not influence the 

aroma in a consistent manner. Molecules like H2S and mercaptans are generally considered 

off-flavours, with a rotten-egg, cabbage odour, while several thiols, like furfurylthiol, grant 

positive notes (Dzialo et al., 2017). The majority of the aroma-enhancing thiols in fermented 

beverages are derived from grape must and have a significant role only in the wine industry 

(Fretz et al., 2005). 

In beer, sulfur compounds are generally desirable only at very low concentration (e.g., DMS) 

and are usually described as off-flavours. Significant work has been done to reduce the level 

of H2S, modulating the process parameters. It has been shown that nitrogen additions reduce 

the production of H2S, as driving the flux towards amino acids production increase the cell 

need for sulfur assimilation (Jiranek et al., 1995; Mendes-Ferreira et al., 2004). In the same 

way, genetic approaches have focused on targeting genes connected with sulfur utilization 

(Cordente et al., 2009; Linderholm et al., 2010) and increasing its flux towards his assimilation 

into amino acids (Linderholm et al., 2008; Tezuka et al., 1992).  

 

1.9 Aims & objectives 

This project aims to identify the major genetic features responsible for desirable traits of 

commercial hybrid yeasts and generate new strains with enhanced properties relevant to the 

food industry, including a deeper understanding of the biological processes underlying the 

production of aromas compounds in fermented beverages. The results obtained in this thesis 

untangle the genetic complexity of the hybrid strains and present new strain and process 

development approaches to enhance the aroma profile. The key objectives of the project are: 

(1)  Investigate a possible relationship between growth rate and aroma production of S. 

cerevisiae type strain NCYC505 through continuous culturing in chemostat at 

different dilution rates. This study, presented in chapter 2, allowed to characterize 

yeast physiology during various stage of the fermentation process and shed new 

lights on the physiological role of aroma compounds. Moreover, the resulting data 

was exploited to direct new strategies to manipulate the final aroma profile of brewing 

fermentations through a careful modulation of yeast growth. 

(2) Introduce yeast hybrids into the realm of quantitative genetics, allowing to study the 

genomic complexity of yeast hybrids through genome-wide studies and to exploit 

natural diversity to identify novel genes and pathways on industrial interest.  
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a. In chapter 3, I set out to screen a library of multigenerational yeast hybrids in 

industrial stressors to dissect the genetic basis underlying industrially relevant 

traits like cold- and acid-tolerance. The combination of high-throughput 

screening and quantitative genetics techniques allowed to select phenotypical 

outliers for each condition and to dissect the genetic traits underlying the 

phenotypic variations. Study of the QTL data from different hybrids crossing 

contributed greatly to untangle the complexity of yeast hybrids and to the 

identification of new pathways for strain development. 

b. In chapter 4, a library of F12 S. cerevisiae x S. kudriavzevii hybrids was screened 

at sub-lethal concentrations of six different antifungal to study the role of 

hybridisation and natural variation in the development of antifungal 

resistance. Analysis of the QTL regions allowed the identification of several 

possible marker of resistance to fluconazole, flucytosine and micafungin 

which will accelerate the development of new drugs and combinational 

therapies. 

(3) Explore the brewing potential of the recently discovered S. jurei and generate a new 

breed of S. jurei/S. cerevisiae hybrids through non-GMO techniques for potential 

application in the fermented beverage industry. In chapter 5, the capability of S. jurei 

strains to assimilate brewing sugars and to sustain the stressors intrinsic to the 

brewing process was evaluated. Moreover, spore-to-spore mating was employed to 

accelerate the application of new brewing strains harbouring S. jurei backbone in 

brewing. The hybrids strains were studied in lab-scale and pilot-scale fermentation 

and their aroma profile was extensively characterised to reveal new notes and aroma 

characters of great interest to the craft beer market. 
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Chapter 2 - Volatile aroma compound production is affected by growth rate in S. 

cerevisiae 
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2.1 Foreword 

The work in this chapter has been published in Applied and Environmental Microbiology 

(2022): e01509-22 and is available at doi: https://doi.org/10.1128/aem.01509-22. References 

used within the manuscript are presented at the end of the chapter.  

Author contributions: FV, DD and JW designed the research. FV carried out the 

fermentation experiments and conducted the HPLC analysis of yeast exometabolome under 

the supervision of DD and JW. KH performed the UPLC-MS analysis for the quantification 

of intercellular amino acids. FV, PZ and SC performed the GC-MS analysis under the 

supervision of UV. FV, JW and DD wrote the manuscript with the input of PZ and KH. 

 

2.2 Abstract 

The initial growth rate of a yeast strain is a key parameter in the production of fermented 

beverages. Fast growth is linked with higher fermentative capacity and results in less slow 

and stuck fermentations, unable to reach the expected final gravity. As concentrations of 

metabolites are in constant state of flux, quantitative data on how growth rate affects the 

production of aromatic compounds becomes an important factor for brewers. Chemostats 

allow to set and keep a specific dilution rate throughout the fermentation and are ideal system 

to study the effect of growth on aroma production. 

In this study, we run chemostats alongside batch and fed-batch cultures, compared volatile 

profiles detected at different growth rates, and identified those affected by the different 

feeding profiles. Specifically, we quantified six abundant aroma compounds produced in 
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anaerobic glucose-limited continuous cultivations of S. cerevisiae at different dilution rates. 

We found that volatile production was affected by the growth rate in four out of six 

compounds assayed, with higher alcohols and esters following opposite trends. Batch and 

fed-batch fermentations were devised to study the extent by which the final concentration of 

volatile compounds is influenced by glucose availability. When compared to the batch 

system, fed-batch fermentations, where the yeast growth was artificially limited by a slow 

constant release of nutrients in the media, resulted in a significant increase in concentration 

of higher alcohols, mirroring the results obtained in continuous fermentations. This study 

paves the way to further process development optimization for the production of fermented 

beverages.  

 

2.3 Introduction 

The invention of brewing, as fermentation of cereal sources to produce alcoholic beverages, 

pre-dates history and represents a hallmark of civilization (Hornsey, 2003). Brewing yeast 

strains underwent centuries of domestication, being improved for growth and aroma profile 

through spontaneous mutations and selection. However, while the scientific literature on the 

brewer’s yeast, S. cerevisiae, is extensive and detailed, little is known of the effect that cellular 

growth has on the most abundant aroma compounds and on the biosynthetic mechanisms 

which regulate their production. Amongst the broad and diverse range of compounds 

responsible for the complex aroma and taste of fermented beverages, the main yeast-derived 

contributors to the flavour of aroma and beer are higher alcohols and esters (Lambrechts and 

Pretorius, 2000). These compounds give a pleasant, often fruity aroma to the beer when 

present in moderate quantities and are closely connected to the yeast’s main metabolism, 

being produced as secondary metabolites in trace quantities (Verstrepen et al., 2003b).  

Higher alcohols are produced as a result of amino acid metabolism in the Ehrlich pathway  

through the catabolism of amino acids or through an anabolic route from pyruvate 

(Hazelwood et al., 2008). Esters are produced by a condensation reaction between an alcohol 

and acetyl-CoA (acetate esters), or between ethanol and acyl-CoA (fatty acid esters) 

(Nordström, 1966). Due to the high concentrations of higher alcohols reached in the 

fermentation process and the low odour threshold level of esters, a lot of effort has gone into 

improving their production through synthetic biology approaches (Aritomi et al., 2004; Lilly 

et al., 2006, 2000). However, to successfully apply adaptive evolution approaches and fine-
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tune their production, the impact of cell physiology on the synthesis of higher alcohols and 

esters must be understood. 

Researchers must also face the complexity of the fermentation process, as brewing is 

generally conducted as a batch process where both the fermentation parameters and the 

concentrations of metabolites are in constant state of flux (Boulton and Quain, 2008). The 

process is also carried out without agitation and in conditions of transient aerobiosis as the 

fermentation starts with a pulse of oxygen which favours the production of unsaturated fatty 

acids and sterols (David and Kirsop, 1972). For these reasons, the fermentation step is 

characterized by an accentuated unsteady state, in which yeast physiology cannot be 

followed nor easily described (Boulton and Quain, 2008; Vázquez-Lima et al., 2014). 

Nonetheless, to develop new rational approaches for the optimization of fermentation 

processes it is necessary to understand how the ever-changing cell physiological state may 

affect and regulate production of aroma compounds. 

Thus, it is of foremost importance to follow the fermentation process in a controlled 

environment where the agents contributing to shaping the aroma profile can be singled out 

and studied. A key tool in achieving this is the chemostat, a bioreactor in which cells grow 

continuously in a fixed volume, thanks to continuous addition of medium and removal of an 

equivalent volume culture. In fact, eventually, these systems are able to reach a condition of 

equilibrium, or steady state, in which the growth rate of the cells and the dilution rate are 

equal and constant and metabolite concentrations are stable over time (Monod, 1949; Novick 

and Szilard, 1950). 

Several studies have been carried out to describe the metabolic fluxes of S. cerevisiae strains 

in anaerobic, glucose limited continuous cultures at different dilution rates (Nissen et al., 

1997; Verduyn et al., 1990). However, the scope of these studies was limited to the 

characterization of yeast core metabolism and not of the secondary pathways responsible for 

the production of volatile compounds. More recently, classic continuous fermentations have 

been conducted to study the effect of oxygenation, temperature and nitrogen sources on the 

aroma profile (Aceituno et al., 2012; Boer et al., 2007; Pizarro et al., 2008). However, no 

quantitative data on how specific growth rate affects aroma profile in glucose limited 

fermentations is currently available in the literature. 

In this study, the link between yeast growth rate and aroma compound production is 

elucidated, by characterizing the production of the most abundant higher alcohols and esters 
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in continuous culture at different dilution rates in a S. cerevisiae type strain (NCYC 505). The 

results obtained from the chemostat cultures were subsequently used to devise feeding 

strategies to modulate the production of both higher alcohols and esters (Figure 2-1). 

Our study show that the production of volatile compounds can be enhanced and manipulated 

to yield different and improved aroma profiles via the implementation of feeding profiles. 

Moreover, these results will help defining synthetic and experimental evolution approaches 

to generate strains able to produce higher titres of desired volatile compounds in both wine 

and beer fermentations. 
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Figure 2-1 | Experimental strategy. Continuous cultivations in chemostats will be 

employed to single out the effect yeast growth rate could have on the production of 

volatile compounds. The resulting GC-MS data from steady state samples at different 
dilution rates will be used to design a feeding profile to enhance the production of selected 
aroma compounds by artificially manipulating growth rate through nutrients additions. 
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2.4 Results and discussion 

 

2.4.1 Metabolic characterization of NCYC 505 in continuous carbon-limited 

cultures 

To single out the effect exerted by the growth rate on the production of aroma compounds 

continuous cultivations in glucose limited chemostats were performed, as described in 

Methods. The cultures were initially grown in batch mode, until 50 hours when the 

continuous culture was activated with a constant feed of YNB + 2% glucose at different 

dilution rates (Dr): 0.025, 0.05, and 0.1 h-1 

We found that the biomass decreased linearly with increased dilution rate, an effect likely 

due the uncoupling between anabolism and catabolism under substrate sufficient conditions 

(Liu, 1998; Verduyn et al., 1990). Efflux samples at the steady state for the cultures grown at 

0.025 and 0.05 h-1 Dr showed little to no glucose in the medium, whilst at 0.1 h-1 Dr, 7.1 g/L of 

residual glucose was detected. Nonetheless, no washout or decrease in biomass was 

registered during the 200 hours of fermentation. 

HPLC analysis of the main exometabolites is consistent with the aforementioned work of 

Nissen and Verduyn (Nissen et al., 1997). Ethanol concentrations decreased with increasing 

growth rate, while its productivity and specific concentration (calculated as g/(L·OD600)) 

increased at higher dilution rates as a result of the increased availability of carbon source 

(Table 2-1, Figure 2-2). Similarly, a positive correlation between growth rate and glycerol 

production was observed, which can be easily attributed to its vital role in balancing the 

NADH used in anabolic reactions in anaerobic conditions (Nissen et al., 1997; Verduyn et al., 

1990). Moreover, at the highest dilution rate tested, a significant increase in the concentration 

of acetic acid was registered, produced at higher rates than previously described (Nissen et 

al., 1997) (Figure. 1). As residual glucose was detected in the medium at 0.1 h-1 Dr, it is likely 

that acetic acid production is an effect of overflow metabolism similarly to what has been 

reported in other species (de Groot et al., 2020; Majewski and Domach, 1990; Stöckmann et 

al., 2003).
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Table 2-1 | Biomass, specific and volumetric concentrations of exometabolites and yield on substrate of NYCY 505 at different 1 
dilution rates. Yield is represented by the ratio between Qp, specific productivity (metabolite concentration (g/L) ∙ flow rate (L/h) / volume 2 
(L)), and Qs, specific substrate uptake rate (substrate feed concentration (g/L) ∙ flow rate (L/h) / volume (L)  3 

 
 Ethanol Glycerol Acetic Acid 

Dr OD600 g/L g/(L·OD) g/(L·h) Qp/Qs g/L g/(L·OD) g/(L·h) Qp/Qs g/L g/(L·OD) g/(L·h) Qp/Qs 

0.025 7.2 8.37 1.16 0.21 0.42 0.46 0.06 0.01 0.02 0.07 0.01 0.00 0.00 

0.05 5.4 7.15 1.32 0.36 0.36 0.81 0.15 0.04 0.04 0.08 0.01 0.00 0.00 

0.1 2.4 5.24 2.18 0.52 0.43 0.83 0.35 0.08 0.07 1.42 0.59 0.14 0.12 

4 
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Figure 2-2 | Effect of growth rate on metabolite production of NYCY 505 in 

synthetic medium. Specific concentrations of ethanol, glycerol, and acetic acid were 
measured by HPLC from steady-state samples of chemostats at different dilution rates 
and normalized by cell density as described Materials & Methods. Error bars represent 
the standard deviation of the mean of 3 consecutive steady-state samples of 
independent technical replicates. Statistical tests between sets were analysed using 
ANOVA with * p < 0.05 ** p < 0.01 *** p < 0.001 **** p <0.0001; ns =no significant 
change. 

 

2.4.2 Production of volatile compounds by NCYC 505 is affected by growth 

rate 

The efflux samples of steady state chemostats operated at different dilution rates were 

assayed through SPME GC-MS for the most abundant volatile compounds present in 

alcoholic beverages. To be able to establish a clear, reproducible, and unambiguous 

correlation between growth rate and aroma compound production, a standard 

synthetic medium (YNB) was utilized. Six compounds, belonging to three different 

classes; aldehydes, esters, and higher alcohols, and relevant to the beverage industry, 

were successfully semi-quantified. The analysis was complicated by the low levels of 

aroma compounds produced in synthetic media and by their constant removal due to 

nature of the continuous system. However, these conditions are necessary to establish 

a clear and unambiguous correlation between growth rate and aroma compound 

production.  

Acetaldehyde is the most abundant aldehyde in beer (Adams et al., 2000) contributing 

a pleasant, fruity aroma at concentrations lower than its odour threshold (10ug/g) 
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(Meilgaard, 1993). In continuous fermentations, the specific acetaldehyde 

concentration followed the trend observed for acetic acid, its oxidation product 

(Figure 2-3). In fact, a spike in acetaldehyde production at 0.1 h-1 Dr was observed, 

which can be ascribed to an effect of overflow metabolism and an oversaturated flux 

towards ethanol fermentation.  

Ester production was similarly affected by the growth rate. There is a positive linear 

correlation between growth rate and ethyl octanoate production, the most abundant 

ethyl ester in conventional brewing fermentations (Procopio et al., 2011). Moreover, 

an increase in the specific concentration of ethyl hexanoate was recorded from 0.25 

to 0.1 h-1 Dr (Figure 2-3). The findings confirm the link between ester production and 

yeast growth suggested by Saerens at al. (Saerens et al., 2008), who reported an 

increasing production of ethyl esters during the log phase, which decreased gradually 

after the consumption of 70% of the sugar content. Moreover, as ethyl ester formation 

is dependent on the concentration of its precursors, ethanol and acyl-CoA, the result 

is consistent with the higher specific concentration of ethanol detected at increasing 

dilution rate. 

Higher alcohols production, conversely, mainly decreased with dilution rate with 

both isobutanol and isoamyl alcohol exhibiting a clear downward trend, while 

phenylethyl alcohol specific concentrations remained stable across the different 

dilution rates (Figure 2-3).  

These results confirm the association between production of higher alcohols and cell 

growth, which has already been formulated in literature (Dzialo et al., 2017; Vidal et 

al., 2015), as higher alcohol production results from amino acid metabolism via the 

Ehrlich pathway. Here, however, it is shown that higher alcohol production is also 

dependant on the physiological state of the cell, and that it is enhanced when the 

growth rate is severely limited by the carbon source. The observed trend of higher 

alcohol production is opposite to that of glycerol at higher dilution rates. Thus, while 

higher alcohols are thought to have a possible role in the maintenance of the redox 

balance (Quain, 1985), in the S. cerevisiae strain NCYC 505, glycerol production seems 

to be the preferred and predominant pathway to regenerate NAD+. 

Previous work mainly focused on the modulation of higher alcohol levels through an 

increase in the nitrogen and amino acid content in the medium (Lei et al., 2013; Vidal 
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et al., 2013). However, these results suggest a modulation of the carbon source by the 

use of a defined feed profile could improve their titres, similar to the processes for the 

production of amino acids (D’Este et al., 2018; El-Dalatony et al., 2019). 

 

Figure 2-3 | Volatile compounds production is greatly affected by growth rate 

in chemostats cultivation of NYCY 505 in synthetic media. Semi quantification 
measurement of volatile compounds were obtained through GC-MS-SPME. Error bars 
represent the standard deviation of the mean of 3 consecutive steady-state samples of 
independent technical replicates. Statistical tests between sets were analysed using 
ANOVA with * p < 0.05 ** p < 0.01 *** p < 0.001 **** p <0.0001; ns =no significant 
change.  
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The anabolic pathway leading to higher alcohol production is regulated by the 

availability of their respective amino acid precursor. Thus, the intracellular levels of 

phenylalanine, leucine and valine were quantified, being the precursors of 

phenylethyl alcohol, isoamyl alcohol and isobutanol, respectively. Leucine and valine 

showed a significant decrease in their specific concentration at 0.05 and 0.1 h-1 Dr 

(Figure 2-4), consistent with the downward trend in the production of their respective 

higher alcohols observed at high dilution rate. Phenylalanine showed no significant 

difference in intracellular levels between the chemostats operated at 0.025 and 0.05 

0.1 h-1 Dr. However, the decrease recorded at 0.1 h-1 Dr, while comparable with the one 

observed in leucine and valine levels, did not impact the specific concentrations of 

phenylethyl alcohol produced. Thus, the decreasing availability of intracellular amino 

acids may not be the only factor in play in the regulation of this pathway at different 

dilution rates.  

 

 

Figure 2-4 | Intracellular amino acid specific concentrations. Quantification of 
intracellular amino acids was obtained through LC-MS/MS. Error bars represent the 
standard deviation of the mean of 3 consecutive steady-state samples of independent 
technical replicates. Statistical tests between sets were analysed using ANOVA with 
* p < 0.05 ** p < 0.01 *** p < 0.001 **** p <0.0001; ns =no significant change.  
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2.4.3 Controlled feeding profiles can be used to modulate the production of 

aroma compounds in conventional fermentations 

To evaluate the effect of growth rate in the production of aroma compounds in 

conventional fermentations, the concentrations of selected compounds were assayed 

at different timepoints in batch and fed-batch experiments (Figure 2-1). NCYC 505 

was grown in batch in two-fold YNB (13.4 g/L) + 4% glucose at 20°C and in fed batch 

where the starting nutrient concentrations were halved compared to the batch and 

the remaining nutrients were fed at a constant flow over the course of 20h after 48h. 

Thus, the growth in the fed-batch experiment was artificially limited after 48h, to 

replicate a lower growth rate. Profiles of growth, glucose consumption and ethanol 

productions are shown in Figure 2-5. Interestingly, no significant difference in ethanol 

and glycerol concentrations were found at the end of fermentations, with their 

concentration increasing linearly with glucose consumed. End-point fermentation 

samples were obtained after 76h of fermentation, after glucose was depleted in both 

batch and fed-batch fermentations, and after 146h. The end-point fermentation 

samples were assayed through SPME-GC-MS for esters and higher alcohol 

concentrations to evaluate their production profile and final titres (Figure 2-6)

 

Figure 2-5 | Profile of growth, glucose consumption and ethanol, glycerol, and 

acetic acid production in batch (A) and fed batch (B) fermentation of 

NCYC505 at 20°C. Standard deviation of two biological replicates is shown in lighter 
shades in the lines connecting each sample. 
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Figure 2-6 | A controlled feeding profile can modulate the production of 

volatile compounds. (A) Cumulative concentrations of the detected fatty acid esters 

(ethyl butanoate, hexanoate, octanoate, caprinate) and higher alcohols (isoamyl 

alcohol, isobutanol, propanol, phenylethyl alcohol). (B) Quantitative measurement of 

esters, and (C) higher alcohols and acetaldehyde were obtained through GC-MS-

SPME after 76h of fermentation in batch and fed batch. Error bars represent the 
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standard error of biological replicates. Statistical tests between sets were analysed 

using t-test with * p < 0.05 ** p < 0.01 *** p < 0.001 **** p <0.0001; ns =no significant 

change (D, E). Production kinetics of fatty acid esters, higher alcohols, ethyl acetate 

and acetaldehyde in batch and fed-batch fermentations. Standard deviation of two 

biological replicates is shown in lighter shades in the lines connecting each sample. A 

vertical dashed line represents the timepoint when glucose was depleted in both batch 

and fed-batch fermentations, after 76 hours. 

Thanks to the higher concentrations reached in the end-point samples compared to 

the chemostat fermentations, it was possible to increase the number of volatile 

compounds assayed with five esters (ethyl butanoate, ethyl hexanoate, ethyl 

octanoate, ethyl decanoate and ethyl acetate), four higher alcohols (isoamyl alcohol, 

isobutanol, propanol and phenylethyl alcohol), and acetaldehyde being quantified 

(Figure 2-6A, B, C). Moreover, the concentrations of these compounds were 

determined throughout the course of the fermentation to highlight the active phases 

of production (Figure 2-6D, E). The production of seven out of ten volatile compounds 

were found to be modulated by the feeding profile. The batch experiment reached a 

higher concentration of fatty acid esters and significantly lower titres of higher 

alcohols, confirming the general trends observed in chemostat (Figure 2-6A). 

However, no significant difference was observed in the production of ethyl hexanoate 

and ethyl octanoate concentrations between the two experiments after 76h, which in 

chemostat experiments resulted enhanced by growth rate. Conversely, ethyl 

butanoate titres slightly increased in fed-batch by 2.45 µg/L, while ethyl decanoate 

production was almost tripled in batch. These results suggest that high growth and 

sugar concentrations mainly stimulate the production of esters derived from longer-

chain fatty acids, as in the case of ethyl decanoate. 

The prolonged period of growth in the fed-batch fermentation resulted in higher 

levels of ethyl acetate, an acetate ester produced by a condensation reaction between 

acetyl-CoA and ethanol (Dzialo et al., 2017) (Figure 2-6B). Production profile of ethyl 

acetate followed the one observed for ethanol in both experiments. Thus, the ethanol 

fermentation over the course of the entire 76h in the fed-batch might have resulted in 

higher concentrations of ethyl acetate, compared to the batch. Acetaldehyde titres 

increased the most in the first 30 hours of fermentation, both in batch and fed-batch 

(Figure 2-6E). The concentration remained mostly stable during the course of the 
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fermentation. As a result, the final concentration of acetaldehyde did not differ 

between batch and fed-batch fermentations (Figure 2-6C).  

Consistent with the results observed in chemostat fermentations, a 60% increase in 

the levels of total higher alcohols was recorded in fed-batch fermentation, where the 

lower availability of glucose resulted in fewer hours of sustained specific growth rate 

compared to the batch (Figure 2-6C). In particular, the feeding protocol in fed-batch 

resulted in a 2.5-fold increase in the levels of propanol, and over 50% higher titres of 

isoamyl alcohol and isobutanol (Figure 2-6C). Phenylethyl alcohol levels resulted 

higher in batch as its production was greatly reduced in the second phase of the fed-

batch fermentation (Figure 2-6E). In the initial stages of the fermentation, the yield on 

glucose of phenylethyl alcohol was similar in both experiments (0.49 µg/g in batch 

and 0.47 µg/g in fed-batch). However, the yield in the fed-batch decreased 

dramatically to 0.22 µg/g when new nutrients were drip-fed into the media while the 

batch reached a final yield 0.60 µg/g. Thus, we propose that phenylethyl alcohol 

production in NCYC 505 might be enhanced when nutrients levels in the media are 

in excess, and decrease when nutrients become limiting, as observed in fed-batch 

fermentations. 

Lower levels of higher alcohol were reported to be a cause of unbalanced flavour 

profile higher in high-gravity brewing, characterised by high starting sugar 

concentrations (He et al., 2014; Verstrepen et al., 2003a). Moreover, our results suggest 

that the final titres of higher alcohols could be effectively modulated through the use 

of fed batch fermentations, moving the focus from strain development to process 

optimisation. In fact, classical experimental evolution methodologies, which tends to 

select for high-growth strains, may result in an unbalanced flavour profile with higher 

concentrations of esters and a decreased amount of higher alcohols. In chemostats we 

observed that the concentrations of isobutanol and isoamyl alcohol were closely 

linked with one of their intracellular amino acid precursors. Thus, evolution 

experiments in media with high carbon to nitrogen ratio, without amino acids, might 

enhance the anabolic route of the Ehrlich pathway and lead to an increase in the 

production of higher alcohols. 
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2.5 Conclusions 

The incredible recent growth of the craft beer market has fuelled the need to develop 

new beverages catering to the consumer need for a wider choice of flavours and beer 

styles. While synthetic biology approaches helped identify and modulate the 

pathways responsible for aroma compound production, the limitations in the use of 

genetically modified organisms in food and beverages has restricted these 

applications. Recent developments in the field of yeast hybridisation have helped 

develop new strains able to produce new and complex aroma profiles (Giannakou et 

al., 2021; Krogerus et al., 2017; Pérez et al., 2022). 

However, little is known about the interplay between physiology and volatile 

compound production in yeast, and this is hindering evolution experiments. Thus, it 

is of foremost important to dissect the pathways connected with aroma profile and 

understand how they can be manipulated to enhance the aroma profile of fermented 

beverages. In this study, a potential link between the production of aroma compounds 

and growth rate was investigated in the Saccharomyces cerevisiae type strain NCYC 

505. Continuous fermentation experiments in anaerobic conditions at different 

dilution rates allowed unambiguous correlation of yeast growth rate with the 

production of four out of the six volatile compounds assayed. In particular, ethyl 

octanoate and acetaldehyde levels increased with growth rate while the synthesis of 

two higher alcohols, propanol and isoamyl alcohol, was found to be inversely 

correlated with growth. The enhanced production of higher alcohols was also found 

to be directly correlated with the intracellular levels of their respective amino acid 

precursor, which were more abundant at lower dilution rates. Moreover, higher 

alcohols were found to play little to no role in redox balance at high dilution rate, 

with glycerol synthesis being the preferred pathway to regenerate NADH used in 

anabolic reactions. The continuous fermentation experiment confirmed esters and 

higher alcohols as tightly linked with cell metabolism and suggest that their 

metabolism is influenced by the physiological state of the cell. Thus, modulation of 

the nutrient availability might be an important tool for exerting control on the final 

aroma profile of a fermented product. 

Guided by these results, fermentation experiments in batch and fed-batch were 

devised to investigate the extent the aroma profile could be manipulated by limiting 

nutrients availability. The concentrations of seven out of ten volatile compounds 
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detected were found to be significantly different in the end-point sample of the 

fermentations. In particular, higher alcohols levels increased by 60% in fed-batch 

fermentations where yeast growth was limited by nutrients availability, with 

propanol increasing 2.5-fold over batch levels, while ethyl decanoate concentrations 

tripled in batch fermentation. Thus, the newly described link between growth rate 

and aroma compound production was successfully exploited to increase the titres of 

higher alcohol in NCYC 505 and carefully modulate its aroma profile through rational 

design of the fermentation process. The implementation of feeding profiles to 

artificially regulate growth will be an important tool to cater to consumer needs and 

generate new fermented beverages harbouring new and varied aroma profiles. 

 

2.6 Materials and Methods 

2.6.1 Strain and media 

All experiments were performed with the industrial yeast S. cerevisiae type strain 

NCYC 505 purchased from the National Collection of Yeast Cultures (NCYC). The 

yeast was maintained on YPD agar (agar 15 g/L, yeast extract 10 g/L, peptone 20 g/L, 

glucose 20 g/L). Precultures were grown overnight in shake flask cultures on 50 ml 

YPD (yeast extract 10 g/L, peptone 20 g/L, glucose 20 g/L) at 30°C. Biomass was 

recorded via optical density measurement at 600 nm with a spectrophotometer 

(BioSpectrometer, Eppendorf). 

2.6.2 Bioreactor fermentations 

1L stirred tank bioreactors (Multifors, Infors-HT) were used to perform all 

fermentation experiments. A washed overnight culture was used to inoculate the 

fermentors at an initial OD600 of 0.1. Cells were grown in 500 mL of YNB without 

amino acids and with ammonium sulfate with glucose as the carbon source. 

Temperature was controlled at 20°C and agitation set at 300 rpm. pH was adjusted by 

the addition of 2M sodium hydroxide (NaOH) to maintain a constant value of 5. An 

influx of oxygen was maintained for 5 min to saturate the vessel with air, prior the 

start of the fermentation. After inoculation, oxygenation was set to 0%. Aliquots were 

collected at different time intervals for optical measurements reading. The samples 

were then centrifuged (13,000 g for 5 minutes) and stored at 20°C for further analysis.  
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Batch fermentations were performed in two-fold YNB (13.4 g/L) + 4% glucose at 20°C. 

Fed-batch fermentations were performed as described above in 500 ml of YNB (6.7 

g/L) + 2% glucose. After 48 h, 25 ml of 40% glucose (w/v) and YNB 20x (134 g/L) were 

fed at a constant flow of 1.25 ml/·h for 20 h until the fermentation was reverted to a 

batch.  

2.6.3 Continuous fermentations 

For chemostats, the fermentation was started as described above in 500 ml of 6.7 g/L 

of YNB + 2% glucose. The process was conducted in batch for the first 36h, and then 

maintained in continuous for 10 days. A constant feed of fresh batch media was 

pumped in the fermenter at different dilution rates (Dr = 0.025, 0.05, 0.1 h-1) with a 

peristaltic pump (Infors-HT). The efflux was removed through a sampling tube 

connected to a peristaltic pump in order to keep the volume constant. The steady state 

was defined as the situation in which at least a volume change had passed after the 

last change in OD600 measured and where the measured ethanol and glycerol 

concentrations were constant. 

2.6.4 HPLC analysis 

The concentration of metabolites (glucose, glycerol, acetic acid, and ethanol) was 

measured by HPLC using a 1260 Infinity II LC System with a Refractive Index Detector 

(Agilent). A 300x7.8 mm Hi-Plex HPLC Column (Agilent) was equilibrated with 5 mM 

H2SO4 in HPLC grade water at 55° at a 0.8 mL/min flow rate. Compounds were 

identified by retention times and quantified using calibration curves generated from 

authentic standards. For chemostat efflux samples the concentration is expressed as 

specific concentration, calculated dividing the concentration in g/L by the OD600 value 

for each timepoint. 

2.6.5 Aroma compound analysis 

Volatile compounds were detected and analyzed by using a Thermo Scientific TSQ 

Quantum GC Triple Quadropole GC-MS. 0.5 ml of sample were prepared in a 20 ml 

vial added with 25 µl of the internal standard 2-octanol (2.5 mg/L) and 0.5 g of NaCl. 

The samples were incubated for 10 min at 40°C. The volatile compounds were 

collected on a Divinylbenzene–Carboxen- Polydimethylsiloxane 2 cm fiber (DVB-

CAR-PDMS Supelco) for an extraction time of 30 min. A VF-wax column (Agilent) 30 

m/I.D 0.25 mm/Film 0.25 µm was used for the separation.  
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The oven was kept at 40 °C for 4 min then increased by 6 °C/min to 250 °C and kept 

at the final temperature for 5 min. The injector and interface temperatures were kept 

at 250 °C as well. Helium was used as the carrier gas with a flow rate of 1.2 ml/min. 

The time for thermal desorption of analytes was 4 min. The MS detector was operated 

in full scan mode at 70 eV with a scan range from 40 to 300 m/z for 44 min.  

Data analysis was performed using the software ThermoXcalibur (Version 2.2 SP1.48, 

Thermo scientific). Chromatogram peak annotation was based on the retention time 

of the reference standard and comparison with a mass spectral database (NIST version 

2.0). The absolute concentration of the compound in the sample was calculated with 

calibration curves generated from pure reference standards. Measurement bias was 

corrected with the internal standard.  

2.6.6 Amino acid analysis 

Intracellular amino acids were extracted as described in Gent and Slaugther (1998) 

(Gent and Slaughter, 1998). LC-MS/MS analysis was conducted using an ultra-

performance liquid chromatography system (Waters Acquity UPLC H-class) coupled 

to a Xevo TQ-S triple-quadrupole mass spectrometer (Waters Corporation, MA, USA) 

equipped with an electrospray ionization source (ESI). The desolvation gas flow rate 

was set to 300L/h at a temperature of 600 °C. The cone gas flow rate was fixed at 150 

L/h and the source temperature at 150 °C. The source offset was set to 50 V. The 

capillary voltage was optimized at 1.5 kV for negative mode (ESI-). The following 

compounds were monitored in ESI- mode as follows; Valine (SIR of mass 116.07, 0.2-

1.2 min); Leucine/Isoleucine (SIR of mass 130.09, 0.75-1.4 min); Phenylalanine (MRM 

164.07->146.60, 2.0-3.0 min). MassLynx v 4.1 (Waters) software was used to process 

the quantitative data obtained from calibration standards and from diluted samples. 

The mobile phases, columns, column temperature and gradient programs were set 

based on the specific chemical properties of the target analytes. A Waters Acquity 

BEH C18 column (50 mm x 2.1 mm, 1.7 µm) was used at 45 °C, flow rate 0.3 mL/min. 

An optimum separation gradient was obtained with a binary mobile phase A (H2O + 

0.1% Formic Acid) and B (Acetonitrile +0.1% Formic Acid). The gradient elution 

program was: 0- 1.2 min at 100% A; 1.2 -2.5 min to 90% A, hold at 90% A for 2.5 min; 

reduce to 5% A over 0.5 min, hold for 0.5 min before returning to 100% A for 1 min. 

The total run time was 7 min. The inject volume was 5 µL. 
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3.1 Foreword 

The work in this chapter has been published in Proceedings of the National Academy 

of Sciences 118.38 (2021): e2101242118. doi: 10.1073/pnas.2101242118. The final version 

of the publication is presented here with the supplementary methods consolidated 

with the information on material and methods to avoid further repetitions. References 

used within the manuscript are presented at the end of the chapter.  

Author contributions: EJL and DD designed research and supervised the study; SN 

generated and screened the library of S. cerevisiae x S. kudriavzevii and S. cerevisiae x 

S. kudriavzevii hybrids while AJHR and AM generated and screened the S. cerevisiae 

x S. eubayanus and the S. cerevisiae x S. uvarum hybrids; TW and YH carried out the 

bioinformatic analysis; FV carried out the phenotypic screening of the F12 S. cerevisiae 

x S. kudriavzevii spores harbouring S. cerevisiae mitotype, the SWIFT analysis and 

performed the in vivo validation. FV analysed the QTL data with the contribution of 

AJHR; All the authors contributed to the data interpretation and analysis; FV, SN, YH, 

EJL and DD wrote the manuscript with the input of KAS. 

 

Detailed FV contributions: I worked alongside SN and contributed to the following 

section of this manuscript: i. the data analysis of Figure 3-2 and data acquisition of 

Figure 3-2C, ii. all the QTL data analysis outlined in the chapters 3.4.3, 3.4.4, and 3.4.5 

and in Figure 3-3 and Figure 3-4, iii. all the data of chapters 3.4.6 and 3.4.7 and of 

Figure 3-5.  
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3.2 Abstract  

Hybrids between species can harbour a combination of beneficial traits from each 

parent and may exhibit hybrid vigour, more readily adapting to new harsher 

environments. Inter-species hybrids are also sterile and therefore an evolutionary 

dead-end unless fertility is restored, usually via auto-polyploidisation events. In the 

Saccharomyces genus, hybrids are readily found in nature and in industrial settings, 

where they have adapted to severe fermentative conditions. Due to their hybrid 

sterility, the development of new commercial yeast strains has so far been primarily 

conducted via selection methods rather than via further breeding. In this study, we 

overcame infertility by creating tetraploid intermediates of Saccharomyces inter-

species hybrids, to allow continuous multigenerational breeding. We incorporated 

nuclear and mitochondrial genetic diversity within each parental species, allowing for 

quantitative genetic analysis of traits exhibited by the hybrids, and for nuclear-

mitochondrial interactions to be assessed. Using pooled F12 generation segregants of 

different hybrids with extreme phenotype distributions, we identified QTLs for 

tolerance to high and low temperatures, high sugar concentration, high ethanol 

concentration, and acetic acid levels. We identified QTLs that are species specific, that 

are shared between species, as well as hybrid specific, where the variants do not 

exhibit phenotypic differences in the original parental species. Moreover, we could 

distinguish between mitochondria-type dependent and independent traits. This study 

tackles the complexity of the genetic interactions and traits in hybrid species, bringing 

hybrids into the realm of full genetic analysis of diploid species, and paves the road 

for the biotechnological exploitation of yeast biodiversity.  

 

3.3 Introduction 

Hybridization is important evolutionarily, as well as industrially, as it may offer 

advantageous gene combinations and traits of interest to the newly formed hybrids. 

Hybrids between species are commonly found in both natural and domestic situations 

with as many as 25% of plant species and 10% of animal species hybridizing naturally 

(Mallet 2007). The genus Saccharomyces encompasses eight species, included the 

newly discovered S. jurei (Naseeb et al. 2018; Naseeb et al. 2017), which all readily 

hybridize among them. In the Saccharomyces yeasts there are many examples of 

hybrids from both natural (wild) as well as fermentation sources, and indeed as many 

as 10% of all yeast isolates are hybrids (Liti, Barton, and Louis 2006; Liti et al. 2005; 
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Liti and Louis 2005). The stringent condition of beer and wine fermentations in 

particular, represent a fertile ground for hybrids, influencing their creation, 

stabilisation, and phenotypic and genetic makeup (Gonzalez, Barrio, and Querol 2008; 

Lopandic 2018). Indeed, S. pastorianus (synonym S. carlsbergensis), a S. cerevisiae/S. 

eubayanus hybrid, has been employed in beermaking since the 15th century (Dunn 

and Sherlock 2008; Libkind et al. 2011). S. cerevisiae/S. kudriavzevii hybrids have also 

been isolated from wine, beer and cider fermentations along with S. cerevisiae/S. 

uvarum hybrids, and the triple hybrid between S. cerevisiae, S. uvarum and S. 

kudriavzevii as well as S. cerevisiae, S. uvarum and S. eubayanus (Gonzalez et al. 2006; 

Gallone et al. 2019). Moreover, examples of hybrids between the closely related 

species S. cerevisiae and S. paradoxus have been isolated from wild environments 

(Barbosa et al. 2016). Interspecies hybrids of Saccharomyces species have therefore 

been used as model organisms for studying natural evolution, speciation and fitness 

adaptation to different environments.  

Recently, much work has gone into the generation of de novo yeast hybrids, exploiting 

their potential for the production of biofuels (Snoek et al. 2015), brewing (Krogerus et 

al. 2015; Mertens et al. 2015), and winemaking (Garcia-Rios et al. 2018). Inter-species 

hybrids are not only selected for their capability to combine the advantageous traits 

of the parent strains, as the genomes from both parents undergo chromosomal 

rearrangements, mutations, widespread transcriptional changes (Hewitt et al. 2020; 

Lairon-Peris et al. 2020), gene loss and gene duplications which also impact the nature 

of protein complexes formed (Piatkowska et al. 2013). Hence, new and improved 

phenotypes can arise thanks to heterosis or hybrid vigour (Lopandic et al. 2016). 

A great deal has been learned on the acquired properties of particular hybrids from 

comparative genomics and molecular studies. However, to date, no thorough genome-

wide analysis of genetic contributions to traits of industrial interest has been possible. 

The sterility of the inter-species yeast hybrids is in fact hindering the application of 

both predictive quantitative approaches and any attempt of strain improvement via 

breeding. A previous study by Greig et al. (Greig et al. 2002) showed that sterility of 

inter-species yeast hybrids can be overcome by creating tetraploids, using a MAT-

locus deletion strategy. The engineered tetraploid hybrids were able to produce viable 

diploid progeny after undergoing meiosis (Greig et al. 2002). Another study by 

Schwartz et al. (Schwartz et al. 2012) demonstrated the ability to mate a hybrid for 

quantitative trait loci (QTL) analysis using expression of HO to switch a diploid non-
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mater to a mater. QTL mapping in particular has shown to be a powerful tool for 

understanding the genetic basis of various complex traits and has been similarly 

applied in industrial and medical applications (Zimmer et al. 2014; Steinmetz et al. 

2002). Nonetheless, QTL analysis and understanding of hybrid genetics remains poor 

and limited to a single generation of meiosis in these studies, due to the sterility of 

Saccharomyces hybrids.  

In this study, we used two different approaches to bring de novo yeast hybrids into 

the realm of genetic analysis and improvement by breeding. A large set of de novo 

hybrids was engineered by crossing geographically distinct Saccharomyces strains of 

different species. We were able to generate genetically and phenotypically diverse 

populations through multiple rounds of interbreeding. Diploid F2 and F12 progeny 

were phenotyped for several traits, and two approaches towards genotyping pools of 

phenotypic extremes were used to map genetic variation in both parental genomes 

responsible for the phenotypes selected. For 3 sets of hybrids, F12 diploid hybrid 

progeny were arrayed and phenotyped under several different conditions. For each 

hybrid, two versions were assessed, one each with each parental species 

mitochondrion. The top 20 and bottom 20 from an array of 384 were pooled for 

sequencing and the frequencies of segregating SNPs in the two parental species 

genomes were compared to identify QTL involved in the traits. For one of these 

hybrids (2 mitochondrial versions), strong selection was applied to a population of 108 

F12 progeny resulting in fewer than 106 survivors whose pooled genomic DNA was 

compared to the pool prior to selection, for several conditions. We demonstrate 

Saccharomyces hybrids are now amenable to all the tools available for yeast, including 

breeding and utilisation of the vast genetic diversity available. We show that there 

are QTL both unique to one parent species or shared by both, QTL dependent and 

independent of the mitochondrial origin, and QTL that are specific to the hybrid and 

not to the parent species where the variants are segregating. 

 

3.4 Results  

3.4.1 Construction of tetraploid yeast hybrids from a variety of parental 

strains leads to restoration of fertility  

We constructed yeast hybrid tetraploid lines combining four different genomes of 

strains coming from two separate species belonging to the Saccharomyces genus. To 

construct such fertile tetraploid hybrids, we employed two different strategies (Figure 
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3-1). First inter-species diploid hybrids were constructed using stable haploids after 

deletion of HO (5 for S. cerevisiae/S. jurei and 10 for S. cerevisiae/S. kudriavzevii, Table 

A-1, Appendix A), followed by reciprocal deletion of the MAT locus, and subsequent 

crossing of the two diploid mater hybrids. In the second strategy intra-species diploid 

strains were first constructed by crossing diverged populations of the same species, 

again using stable haploids after deletion of HO (10 S. cerevisiae, 6 S. uvarum and 2 S. 

eubayanus intra-species crossings, Table A-2, Appendix A), followed by reciprocal 

deletion of the MAT locus, and subsequent hybridization of the two diploid maters. 

Tetraploid lines of S. cerevisiae/S. kudriavzevii (Sc/Sk) and S. cerevisiae/S. jurei (Sc/Sj) 

hybrids were created with this first strategy while S. cerevisiae/S. uvarum, and S. 

cerevisiae/S. eubayanus were constructed using the second approach. 

Hybrids between Saccharomyces species are homoplasmic and tend to carry 

mitochondrial DNA from only one parent. The natural hybrid S. pastorianus 

(hybridized from S. cerevisiae and S. eubayanus) carries the S. eubayanus mitochondria 

(Okuno et al. 2016; Baker et al. 2015), while other industrial hybrids of Saccharomyces 

species used in wine and cider production have retained S. cerevisiae mitochondrial 

genome (Masneuf et al. 1998). It has also recently been shown that the type of 

mitochondria inherited affects the phenotype (Albertin et al. 2013; Baker et al. 2019; 

Li et al. 2019) and the transcriptional network (Hewitt et al. 2020) in hybrids. 

Therefore, here, each of the tetraploid hybrids constructed were also selected for 

different mitotypes. Throughout the paper, in the hybrid nomenclature, a subscripted 

m following the initial of the species, represents the particular mitochondria 

inheritance of that hybrid (i.e., Scm/Sj is tetraploid hybrid containing Sc mitochondria, 

Sc/Sjm is tetraploid hybrid containing Sj mitochondria). 

A total of 226 tetraploid hybrids were created and each hybrid had four unique 

parental strains and a unique mitochondrion contributing to the genome (Dataset S1, 

Naseeb et al 2021). All the constructed tetraploids were fertile as they had a 

homologous set of chromosomes to align in meiosis. While diploid hybrids between 

species of Saccharomyces genus are reproductively isolated (Naseeb et al. 2017; Liti, 

Barton, and Louis 2006), the tetraploid hybrids constructed here, were fertile and 

exhibited spore viability as high as 98% (Table A-3, Appendix A) as has previously 

been reported for tetraploids (Greig et al. 2002). Ultimately, the diploid F1 spores 

obtained from the tetraploid hybrids were sequentially randomly mated and 
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sporulated eleven times until the F12 generation (Figure 3-1). From the F12 generation 

around 384 spores for each were isolated for further studies. 
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Figure 3-1 | Construction of fertile hybrids. The tetraploid hybrids were 
constructed using two different strategies. In the first strategy, two different 
Saccharomyces species were crossed to obtain 2n inter-species diploid hybrids (species 
1 and species 2 are represented in shade of green and red, respectively). Two different 
of such hybrids were made to behave as gametes by deleting either the MATa or α 
locus in one species and subsequently crossed to make the fertile tetraploid hybrid 
(4n). In the second strategy, two diverged populations (A and B) of the same species 
were crossed to construct the 2n intra-species hybrids. Two different intra-species 
lines were also made to behave as gametes by deleting the MATa from species 1 and 
MATα from species 2, and subsequently these were crossed to construct the 4n 
hybrids. The tetraploid hybrids were sporulated and germinated to obtain the diploid 
F1 progeny which were randomly mated and sporulated several times until a F12 
generation with a high level of scrambled genomes. 

 

3.4.2 Meiotic offspring of tetraploid hybrids exhibit broad phenotypic 

diversity  

Inter-crossing different populations of Saccharomyces species over many generations 

reduces linkage disequilibrium by increasing recombination. To assess whether the 

fitness traits are associated with genetic linkage, we assessed the phenotypic 

landscape of F1 and F12 diploid generations in up to 12 conditions encompassing 

different growth temperatures, carbon sources and stressors. An example of 

phenotypic divergence between F1 diploid segregants of tetraploid Sc/Sj 

(ScOS3/SjD5088/ScOS104/SjD5095) and Sc/Sk (ScOS253/SkOS575/ScOS104/SkIFO1802) harbouring 

different mitotypes is reported in Figure A-1 (Appendix A). Significant fitness 

differences were seen in all the segregant lines with a dispersion up to 0.33 (quartile 

coefficient of dispersion, Table A-4, Appendix A), with some progeny being fitter than 

any of the parents (Figure A-2, Appendix A) and some being less fit (transgressive 

variation) in virtually all cases. 

When colony size is normalised within each specific condition, to allow the teasing 

apart of fitness differences between spores derived from the same tetraploid line, F12 

segregants of Scm/Sj, Sc/Sjm, Scm/Sk, and Sc/Skm again exhibited a large phenotypic 

variation in all the tested conditions (Figure 3-2). 

Given that the tetraploid lines are composed of S. cerevisiae combined with genomes 

of other Saccharomyces species with different levels of phylogenetic distance, we 

investigated whether such differences in genome divergence have an impact on 

phenotypic plasticity in any given condition. By analysing the un-normalised fitness 

data, to tease apart differences in the colony size range between progeny from 
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separate tetraploid lines, no striking differences were found in either range or 

dispersion between different hybrids (Figure A-3, Appendix A). Therefore, the 

different levels of divergence of the genomes present did not impact significantly on 

phenotypic range and plasticity in the progeny in the hybrid lines generated.  

 

Figure 3-2 | Box plot of the fitness of F12 diploid progeny for S. cerevisiae/S. 

jurei (Scm/Sj and Sc/Sjm) and S. cerevisiae/S. kudriavzevii (Scm/Sk and Sc/Skm) 

and S. cerevisiae/S. eubayanus (Scm/Se and Sc/Sem) hybrids. For Scm/Sj (panel A), 

Sc/Sjm (panel B),  Scm/Sk (Panel C) and Sc/Skm (Panel D),  the normalised colony size 

was used as proxy of fitness (see Material and Methods) and was scored in YPD at 

different temperatures 16oC, 23oC, and  30oC, in YP- Maltose (10% and 15%), and in 

YPD with 0.3% and 0.5% acetic acid (AcOH).  For Scm/Se (Panel E) and Sc/Sem (Panel 

F) the colony optical density was used as proxy of fitness (see Material and Methods) 

and was scored in YPD at different temperature 4oC, 23oC, and 40oC, and in YPD with 

15% Ethanol (EtOH). Each black dot represents a different F12 diploid hybrid. The 

upper and lower error bars represent the minimum and maximum values. 
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3.4.3 Phenotypic diversity of tetraploid hybrids is underpinned by the 

presence of QTL 

To identify the genetic basis underlying the observed phenotypic diversity we 

performed QTL analysis on selected segregant pools of Sc/Sj, Sc/Sk, Sc/Se and Sc/Su 

hybrids. Two different methods for QTL analysis were employed. The Multipool 

technique, pioneered by (Edwards and Gifford 2012), was used to analyse the F12 

generation of Sc/Sj, Sc/Sk, and in Sc/Se hybrids, while the Pooled Selection method 

(Ehrenreich et al. 2010; Parts et al. 2011) was applied to Sc/Se and Scm/Su hybrids. 

Both approaches proved successful in mapping QTL regions in a variety of conditions 

for all hybrids, however a higher number of QTLs and more consistent results across 

the conditions tested were obtained using the Multipool approach (Table A-5, 

Appendix A). A comprehensive list of the QTL intervals mapped, including 

coordinates of the regions, LOD scores and gene content is presented in Dataset S2 

available on the published version of the paper (Naseeb et al. 2021). 

For the Multipool the top 20 and bottom 20 individuals of 384 arrayed were pooled 

for each condition for comparison. Sc/Sj and Sc/Sk hybrids were selected at low 

temperature (16 ºC), in 15% maltose and in 0.3% acetic acid, while Se/Sc hybrids were 

selected in 10% ethanol and low and high temperatures (4 ºC and 40 ºC). Such 

conditions are relevant to fermentation industries. Low temperature is required for 

the storage of brewing yeast and for fermentation of lager beer. Maltose is one of the 

key wort sugars and the high concentration of this sugar mimics the osmotic pressure 

exerted upon yeast in high gravity wort (Gibson et al. 2007). Acetic acid is found in 

grape must, and wine producing yeasts are known to require the resistance to this 

stress (Belloch et al. 2008; Gibson et al. 2007). Ethanol is the major stressor for both 

the production of fermented beverages and bioethanol (Gibson et al. 2007). 

From segregants generated from the tetraploids Scm/Sj and Sc/Sjm, a total of 56 QTLs 

were identified in the S. cerevisiae genomes with an average length of 19.4 kb (Table 

A-6, Appendix A). Despite the high similarity between the two S. jurei parental strains 

(Naseeb et al. 2018), we were able to map 62 QTL regions in the genome of this species. 

However, with an average length of 35.5 kb, the QTL mapping intervals were the 

longest observed in the hybrids generated due to the lower density of segregating 

markers in the two genomes of this species.  

An even higher number of QTL was mapped from the progeny of Scm/Sk and Sc/Skm 

tetraploids with up to 155 and 128 regions mapped in S. cerevisiae and S. kudriavzevii, 
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respectively (Table A-6, Appendix A). Here, the QTL intervals were narrower than 

those seen in the S. jurei genome, with only 15.6 kb average length on S. cerevisiae 

alleles and 18.6 kb on S. kudriavzevii ones as there is a higher density of segregating 

markers in these genomes. 

Similar results were obtained in Scm/Se and Sc/Sem hybrids analysed for their fitness 

in high ethanol concentration and at high and low temperatures (40°C and 4°C) (Table 

A-6, Appendix A). Here, we were able to identify 111 and 64 QTLs regions in S. 

cerevisiae and S. eubayanus, respectively, with an average length of 18.5 kb and 21.82 

kb. 

A total of 28 genes mapped in different QTLs in Sc/Sj and Sc/Sk hybrids were classified 

as potential causal genes, as their role in the selection condition was already 

confirmed by previous published work (Cherry et al. 2012) (Table A-7, Appendix A). 

For example, one of the acetic acid QTL detected in S. cerevisiae chromosome III (52-

97 kb) in ScmSj hybrids contains variant alleles of LEU2. The gene encodes for a β-

isopropyl-malate dehydrogenase and null mutants are reported as sensitive to acetic 

acid while its overexpression increase acetic acid resistance (Hueso et al. 2012). 

Amongst the genes identified, a total of 43 genes with segregating alleles found in low 

temperature QTL were previously identified in large-scale competition studies carried 

out in S. cerevisiae at 16°C, with an additional 5 being described as cold favouring by 

thermodynamic model predictions (Table A-7, Appendix A) (Paget, Schwartz, and 

Delneri 2014). 

Thanks to the abundance of data on heat and ethanol sensitivity in S. cerevisiae 

(Teixeira et al. 2009; Sinha et al. 2008; Cubillos et al. 2013; Parts et al. 2011), a high 

number of potential causal genes with segregating variation were identified in the 

QTL regions of Sc/Se hybrids. Thus, we were able to identify up to 38 genes in the 44 

QTL regions for the Sc alleles that likely promote a fitness advantage while growing 

at 40°C (Table A-7, Appendix A). Amongst these, IRA1, a regulator of the RAS 

pathway, was previously validated as a heat-QTL in OS3/OS104 crosses (Parts et al. 

2011). Moreover, two additional genes involved in the RAS/cAMP signalling pathway 

(ESB1 and GPB2) were mapped in heat QTLs, supporting its involvement in mediating 

heat resistance as previously suggested by Parts et al. (Parts et al. 2011). 

The potential causal genes detected in S. cerevisiae genomes in Sc/Sj, Sc/Sk, and Sc/Se 

hybrids may contain amino-acid variants that are affecting protein function. Hence, 

we analysed these genes through SIFT analysis (Sorting Intolerant From Tolerant), to 
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identify non-synonimous SNPs underlying the observed phenotypic difference 

between alleles (Kumar, Henikoff, and Ng 2009; Bergstrom et al. 2014). SIFT analysis 

was carried out on the 82 predicted S. cerevisae causal genes. A strong effect on the 

protein function was detected in 23% of potential causal genes due to amino acid 

differences between the  S. cerevisiae parental strains (Table A-8, Appendix A), while 

ca. 38% of mutations were inferred as tolerated and for the remaining 39% no non-

synonymous SNPs at the protein-coding region were detected. 

GO analysis did not help to narrow down choices of potential causal gene candidates, 

since the enrichment GO terms were at broad level only generally associated with 

intracellular membrane bound organelle, cytoplasm, catalytic activity, and cellular 

processes in all the conditions.  

In total 14, 22 and 11 pleiotropic QTLs were mapped in Sc/Sj, Sc/Sk and Sc/Se hybrids, 

respectively (Dataset S3, Naseeb et al. 2021). A 7 kb region on the S. cerevisiae 

chromosome XIII was common across all conditions tested for ScSjm hybrids, but, 

interestingly, it was not detected for ScmSj in any condition tested. This region 

contains the genes CLU1 (a subunit of eIF3), ANY1 (a protein involved in phospholipid 

flippase) and HXT2 (a high-affinity glucose transporter). It is possible that the 

phenotypic effect of variation in these genes depends solely on mitochondrial-nuclear 

interactions, independent of the condition. CLU1 is known to play a role in 

mitochondrial distribution and morphology but ∆clu1 strains maintain their 

respiratory function and inheritance (Fields, Conrad, and Clarke 1998; Dimmer et al. 

2002). The ∆clu1 mutants possess a more condensed mitochondrial mass found at one 

side of the cell (Fields, Conrad, and Clarke 1998). They are haplo-insufficient in 

nutrient limited media (Fields, Conrad, and Clarke 1998; Pir et al. 2012) and haplo-

proficient in phosphorus limited media (Delneri et al. 2008). 

In parallel to the comparison of small pools performed with Multipool, pooled 

selection experiments were performed on Scm/Se and Sc/Sem, Scm/Su segregants. For 

the selected pools, the strength of selection was chosen such that approximately 0.1% 

of the population survived the selective condition which was then pooled for 

comparison to the unselected population. Specifically, Scm/Se and Sc/Sem were 

selected for a variety of selectable traits of industrial relevance, spanning from high 

maltose and glucose concentrations (35%), to H2O2 treatment (4 mM), and very low 

temperature (4°C); while the ScmSu hybrid progeny were selected in YPD at high 

temperature (40°C) and YPD with levulinic acid (50 mM), acetic acid (0.35%) at 23°C.  
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The linkage analysis on the pooled selection segregants yielded narrow intervals, 

averaging at 18.1 kb and 20 kb in Sc/Se and Scm/Su hybrids, respectively. However, 

only a limited number of QTL was identified, except for YP-Maltose (Table A-5, 

Appendix A). No QTL were found among segregating S. uvarum alleles (Table A-9, 

Appendix A). 

Thirtyfive of the 41 QTL regions detected in Scm/Se and Sc/Sem segregants were 

present in hybrids with a fitness advantage in high maltose concentrations (Table A-

9, Appendix A). However, it was unexpected that only one QTL was identified when 

selection took place at 4°C, given that in the multipool analysis in the same condition, 

45 QTLs were identified. Characteristics such as growth at low temperature, which, 

albeit selectable, do not show extremes phenotypes, are better discriminated using the 

Multipool approach as it exploits the richness of fitness data acquired through 

individual phenotyping. Growth at 4oC may not be strong enough selection, i.e. 

doesn’t kill the majority of individuals in the population, resulting in less 

discrimination in the pooled selection approach. 

Similarly, pooled selection of Scm/Su segregants yielded only 9 intervals of interest, 

all mapping to S. cerevisiae alleles across the four conditions tested. These regions 

included a single interval conferring tolerance to acetic acid, four conferring selective 

advantage at high temperature, and four giving tolerance in an environment 

containing levulinic acid. As mentioned above none were found in the S. uvarum 

genome.  

As with Multipool QTLs, we identified several genes, which had already been reported 

as having a phenotypic effect or a function closely linked to the condition tested. For 

Scm/Se and Sc/Sem hybrids, we detected in the Pooled Segregants in high maltose 

concentrations 8 genes where deletion was reported to cause osmotic stress 

sensitivity (Table A-10, Appendix A). Among these, SKO1, a basic leucine zipper 

transcription factor, mapped in S. eubayanus alleles of Sc/Sem segregants, has been 

described having a major role in mediating HOG pathway-dependent osmotic 

regulation (Rep et al. 2001). 

Overall, our results indicate that the Multipool approach with individuals at each 

extreme of a phenotype distribution is more efficient than a highly selected pool 

approach. However, the highly selected pool approach can identify rare genotypes of 

linked recombinant variants that are too rare to be in the arrays used to choose 

individuals for the Multipool approach. 
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3.4.4 Different types of mitochondria have a profound effect on the QTL 

landscape 

Mitochondrial-nuclear interactions have been reported as having a major role in 

phenotypic variation both in intra-species and inter-species yeast hybrids (Lee et al. 

2008; Baker et al. 2019; Hewitt et al. 2020; Li et al. 2019), affecting respiration (Albertin 

et al. 2013) fermentation properties (Hewitt et al. 2020; Solieri et al. 2008), progeny 

fitness (Zeyl 2006; Zeyl, Andreson, and Weninck 2005), reproductive isolation (Lee et 

al. 2008) and nuclear transcription (Hewitt et al. 2020). Given the complexity and the 

diversity of the hybrid background, thorough mapping of the epistasis in genome-

wide studies has been a challenge. Here, in order to evaluate how the mitochondria 

inherited may affect the QTL landscape, we compared QTL regions mapped in diploid 

hybrid progeny derived from tetraploid lines harbouring different mitochondria but 

the same parental nuclear inputs.  

Interestingly, the majority of QTL detected via the Multipool method were exclusive 

to a specific mitotype (Figure 3-3). In fact, in all of the conditions analysed, only ca. 

2.45% QTL regions (the mean percentage for all hybrids in all the conditions) were in 

common among the segregants from tetraploid hybrids with different mitochondria. 

This difference in the QTL landscape between the same yeast hybrid cross, differing 

only for the mitotype, is consistent with the idea that mitochondrial-nuclear 

interactions have a genome-wide effect and are important in the context of evolution, 

as already demonstrated by several studies both in yeast (Lee et al. 2008; Wolters et 

al. 2018) and in other organisms (Ellison, Niehuis, and Gadau 2008; Mossman et al. 

2016; Wernick et al. 2019). 

The experiments carried out via Pooled Selection also demonstrated mitotype-specific 

QTLs. Only one QTL region was in common in the Sc/Se hybrids with different 

mitochondria: a 21 kb region on chromosome I, containing the genes FLO1 and PHO11 

where specific Sc alleles are associated with an increase in fitness at high maltose 

concentrations. Given these are located in a subtelomeric region, known to be highly 

variable in copy number and location in addition to sequence, as well as difficult to 

assemble (Liti et al. 2009; Louis and Becker 2014), the causal genetic variation may be 

an unknown sequence linked to the FLO1 and PHO11 genes, as these regions are not 

assembled in all of the genomes utilized here. 
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Amongst the QTLs shared between ScmSj and ScSjm segregants, a major maltose QTL 

near the telomeric regions of chromosome II of S. cerevisiae (780 – 795 kb) was 

detected with a high LOD score (> 17). The recurrence of this QTL and its high LOD 

score could be ascribed to the MAL3 multigene complex in the sub-telomeric region 

and the natural variation in copy number, location, and sequence of this complex (Liti 

et al. 2009). Furthermore, this maltose QTL is also mapped on the S. cerevisiae alleles 

of both Scm/Sk and Sc/Skm hybrid pointing to a more general effect of these allelic 

variants rather than a strain background dependent one. 

 

3.4.5 Overlap of QTL regions between different hybrids facilitates the 

identification of causal genes 

One way to help to identify relevant genes within QTL regions, at least for QTL not 

specific to a particular hybrid combination, is to investigate overlapping QTL regions 

detected in different hybrids. Such an approach can lead to the unambiguous 

identification of genes underlying the phenotypic effect observed.  Twelve 

overlapping intervals, shared by at least three hybrid genomes, were mapped in low 

temperature-, high maltose-, and high ethanol-QTLs, while an additional 52 intervals 

were overlapping between two hybrids (Dataset S4, Naseeb et al. 2021). Within acetic 

acid-QTLs, only 12 overlapping intervals were detected with no region shared 

between more than two species, suggesting a greater diversity of variants connected 

with the phenotype. Amongst these intervals, we identified several candidates with 

biological functions closely linked to the selection condition. For instance, a low 

temperature-QTL mapped both in S. cerevisiae and S. kudriavzevii includes OSH6 

(Figure 3-4 A), related to sterol metabolism and, as such, membrane fluidity, often 

considered a feature of low-temperature adaptation (Buzzini et al. 2012). Similarly, an 

acetic acid-QTL mapped in both Sc/Sjm and ScmSk hybrids includes NQM1, a nuclear 

transaldolase involved in oxidative stress response, known to be induced by acetic 

acid stresses (Michel et al. 2015) (Figure 3-4 B). 

 



71 
 

 

Figure 3-3 | Hybrids with different mitotype exhibit a different QTL 

landscape. Boxplot of the distribution of QTLs in S. cerevisiae/S. kudriavzevii (Panel 
A), S. cerevisiae/S.  jurei (Panel B) and S. cerevisiae/S. eubayanus hybrids (Panel C). The 
QTL regions are grouped first by the alleles and then by growth condition in which 
they were identified: acetic acid (AcOH), high maltose concentrations (Maltose), low 
temperature (16°C or 4°C), heat and ethanol (EtOH). The small proportion of QTLs 
shared between mitotypes of the same hybrid is represented in yellow. 
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Ethanol- and high temperature-QTLs were analysed only in Sc/Se hybrids, limiting 

the outcomes compared to the other traits. Nonetheless, we found 3 overlapping 

ethanol-QTLs with a major region mapped on chromosome XV shared between 

genomes (Figure 3-4 C). Moreover, this region included the genes PAC1, VPH1 and 

MOD5 where null mutations are linked to a decreased fitness in ethanol supplemented 

media (van Voorst et al. 2006; Yoshikawa et al. 2009). 

A major overlap was detected in the sub-telomeric region of chromosome II, with a 

maltose-QTL shared between the S. cerevisiae allele of all Sc/Sj and Sc/Sk hybrids and 

the S. jurei alleles of Sc/Sjm. The QTL contains a causal gene, MAL33, a MAL-activator 

protein, and two transporter CTP1 and PHO89, involved in the transport of citrate and 

phosphate, respectively, which are key metabolites for the glycolytic pathway (Figure 

3-4E). Remarkably, two low temperature-QTLs regions were mapped in at least one 

mitotype of all tetraploid hybrids analysed through Multipool. The overlapping 

regions resulted in both cases in a single-gene intersection with COQ6 (Figure 3-4F) 

and PEP3 (Figure 3-4D) identified in 4 and 5 different intervals, respectively. COQ6 is 

a mitochondrial monooxygenase which, in addition to its known role in 

mitochondrial respiration, is involved in fatty acid β-oxidation (Awad et al. 2018). 

PEP3, instead, is a component of the CORVET membrane tethering complex, and its 

role at cold temperature was previously suggested by large-scale competition studies 

(Paget, Schwartz, and Delneri 2014). Moreover, SIFT analysis performed with mutfunc 

(Wagih et al. 2018) predicted a strong deleterious effect of the SNP in the OS253 PEP3 

variant, due to a substitution in a conserved region. 



73 
 

 

Figure 3-4 | Example of inter-species QTLs detected in S. cerevisiae/S.  jurei, S. 

cerevisiae/S.  kudriavzevii and S. cerevisiae/S.  eubayanus hybrids. The QTL 

regions, represented by coloured bars, are mapped onto S. cerevisiae chromosomes to 

identify the overlapping QTL intervals and the genes shared between different species 

and hybrids. The parental species alleles for each hybrid are stated and the genes in 

bold denotes potential causal genes. The QTL plots represents the frequency of S. 

cerevisiae alleles, marked in the figure with an asterisk, from different hybrid pool 

lines. The red and green lines represent the alternative allele frequency of high and 
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low fitness pools using the ScOS104 genome as reference. Black line indicates the LOD 

score and grey area is the 90% credible interval of the significance. The dash line is 

the threshold of LOD considered in this study. 

3.4.6 Validation of QTL via reciprocal hemizygosis analysis 

The narrow mapping intervals identified in the Sc/Skm hybrid allowed single-gene 

studies to validate the effect of candidate alleles, which were not strongly identified 

as causal genes. The fitness of the allelic variants was tested with reciprocal-

hemizygosity analysis (RHA) (Steinmetz et al. 2002) performed on ASI2, FUS3 and 

GIT1, which are candidate QTLs in acetic acid, low temperature (16oC) and high 

maltose, respectively (Figure 3-5, Panel A, Table A-11, Appendix A). Amongst the 

genes included in the acetic acid-QTLs, ASI2, part of the Asi ubiquitinase complex, 

was defined as a potential candidate gene as its null mutant was previously described 

as sensitive to oxidative stress in systematic studies (Higgins et al. 2002). FUS3, a 

MAPK protein, was previously described as haplo-insufficient in large-scale 

competition studies at 16oC (Paget, Schwartz, and Delneri 2014). Lastly, we selected 

the plasma membrane permease GIT1 included in a high LOD QTL region in 

chromosome III identified at high maltose concentrations, along HMRA1, HMRA2, 

CDC39, CDC50 and OCA4. GIT1 was deemed the most promising candidate as it is 

involved in phosphate and glycerol-3-phospate transport, important metabolites of 

the glycolytic pathway (Popova et al. 2010).  

The phenotypic effect of ASI2, FUS3 and GIT1 alleles were validated via RHA 

performed on the hemizygote tetraploid parents (ScOS253/SkOS575/ScOS104/SkIFO1802) in 

YPD + 0.3% acetic acid at 30°C, YPD at 10°C and YP-maltose (15%) at 25°C, respectively 

(Figure 3-5, Panel B, C, D, Table A-12, Appendix A). We observed a significant 

difference of the growth curve integral area (Table A-12, Appendix A) between the 

performance of the allelic variants in all the three genes tested confirming their 

impact in the selection condition and validating them as having causal variant alleles. 

The FUS3OS253 and GIT1OS104 alleles performed better than the FUS3OS104 and GIT1OS253 

alleles in terms of specific growth rate (p value = 0.0010 and 0.0335, respectively) and 

integral area (p value = 0.0047, 0.0435, respectively) (Table A-12, Appendix A), 

mirroring what we have seen in our multipool QTL screening. For the ASI2 gene, the 

ASI2OS253 was the allele prevalent in the high-fitness pool exposed to high 

concentration of acetic acid. 
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Figure 3-5 | Validation of the phenotypic effect of candidate genes in inter- and intra- 

species hybrid background. Diagram of the construction of the reciprocal hemizygote 

ScSkm tetraploid strains (Panel A). The gene of interest (GOI) was first deleted from the 

respective ScSk diploid hybrids. The engineered 2n hybrids were crossed to construct the 

reciprocal hemizygote tetraploid strains. Growth curves of ScSkm reciprocal hemizygotes for 

the ASI2, FUS3 and GIT1 genes are shown in Panels B, C and D, respectively. Diagram of the 

construction of the reciprocal hemizygote diploid strains (Panel E). The gene of interest (GOI) 

was deleted from ScOS104 and ScOS253. The engineered haploid strains were crossed to 

construct the hemizygote diploids. Growth curves of Sc OS104/OS253 reciprocal hemizygotes 

for the ASI2, FUS3 and GIT1 are shown in Panels F, G and H respectively. Fitness assays were 

performed in YPD supplemented with 0.3% acetic acid (B, F), YPD at 10°C (C, G) and YP + 

maltose 15% (D, H) as outlined in Material and Methods. Significance difference between the 

integral area of the reciprocal hemizygotes is shown as p-value assessed by t-test. 

 

In the phenotypic validation the ASI2OS253 variant performed worse than the ASI2OS104 in 

terms of integral area (p value = 0.0479) and Tmid (p value = 0.0182) but it reached a higher 

maximum biomass (p value = 0.0001). Although the growth parameters for these two alleles 

are clearly different, it is more ambiguous whether their fitness performance overlaps with 

that one detected in the QTL study where the ASI2OS253 was the allele prevalent in the high-

fitness pool. This discrepancy could be due to other genes in the close proximity masking its 

effect or to the difference in the phenotypic screening employed, as the F12 segregants were 

assayed for their growth in solid media. Many of yeast QTLs have shown to be environment 

and background dependent and have linked sets of quantitative trait nucleotides (QTN) 

(Cubillos et al. 2011; Liti and Louis 2012; Sinha et al. 2006). In fact, it has been shown that 

sporulation efficiency in yeast is controlled by four QTNs (Gerke, Lorenz, and Cohen 2009). 

 

3.4.7 Inter-species hybrids generate new QTLs not present in parental intra-species 

crosses.  

Finally, we investigated whether the phenotypic effect of the ASI2, FUS3 and GIT1, allelic 

variants was exclusive to the inter-species hybrid background. If the QTLs are hybrid-

dependent, then they should not be present in crosses involving only strains belonging to the 

same species. Hence, we evaluated the presence of QTLs involving different S. cerevisiae 

alleles in intra-specific crosses between the two relevant S. cerevisiae strains (Figure 3-5, Panel 

E, F, G, H). Specifically, the validation was performed through RHA on S. cerevisiae 
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ScOS104/ScOS253 diploids. No significant difference in fitness between the allelic variants was 

observed for both ASI2 and GIT1 alleles, indicating that such QTLs are exclusive to inter-

species hybrid background (Table A-12, Appendix A). In the ScOS104/ScOS253 diploids, FUS3 

alleles showed a significant difference in the integral area of the curve (p value = 0.0196; 

Table A-12, Appendix A) and growth rate (p value = 0.0014, Table A-12, Appendix A). This 

phenotypic variation is however opposite to that one observed in Sc/Skm tetraploids, 

suggesting that also in this case the allelic differences are influenced by the inter-species 

hybrid genomes. Moreover, a temperature-QTL including FUS3 was also mapped in Sc/Sjm 

hybrids suggesting that the phenotypic effect may be indeed hybrid background independent.  

 

3.5 Discussion 

Hybrid sterility can be overcome by doubling the genome of the hybrid. Such fertility 

restored hybrids, known as amphidiploids, are commonly found in plants and represent the 

majority of major evolutionary events in angiosperms (Wang et al. 2011; Zhang et al. 2016). 

Tetraploidisation, resulting in amphidiploids, can also restore fertility in yeast hybrids (Greig 

et al. 2002). Saccharomyces yeast hybrids have now entered the realm of classical genetic 

analysis as well as molecular genetic analysis. Previous studies have created variants of many 

inter-species hybrids and some even have been able to complete one round of meiotic 

recombination allowing some linkage analysis of genetic variants associated with traits of 

interest. Here we take this one step further by overcoming hybrid sterility in ways that allow 

continuous sequential crossing resulting in advanced intercross lines that bring in the full 

power of breeding genetics and quantitative genetic analysis of hybrid traits. We demonstrate 

that multiple traits of interest can be analysed with the same sensitivity and resolution as 

performed for intra-species studies. Moreover, we compare different QTL analysis 

approaches and can advise that the Multipool approach is more efficient for detecting most 

QTL than pools of highly selected subpopulations. The multipool approach will not resolve 

tightly linked sets of QTN within a QTL, such as the ASI2 alleles likely to be linked to other 

alleles of opposite phenotypic effect. In such cases the highly selected pool can identify these 

complex situations by enriching for rare recombinant haplotypes in the region (Liti and Louis 

2012). The identification of overlapping QTL regions among progeny from different 

tetraploid hybrids allowed us to focus on the genes that are more likely to be responsible for 

the phenotypic variation. Such an approach can also identify alleles which exert a 

background-independent effect.  
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With the sterility of hybrids overcome, we have shown that the hybrid situation is even more 

complex than the complex trait analysis within a species.  

Firstly, the type of mitochondria inherited affects the QTL landscape. We were able to 

compare QTL regions mapped in diploid hybrid progeny derived from tetraploid parental 

lines with different mitochondria. Interestingly, the majority of QTL detected were exclusive 

to a specific mitotype, and only a small number of QTL regions were in common among the 

segregants from tetraploid hybrids with different mitochondria. Although the extent of the 

mitochondrial-nuclear epistasis cannot be easily extrapolated from these data, these results 

reinforce the idea that genetic interactions between the mitochondrial and nuclear genome 

are important. Studies on inter-species yeast hybrids in the lab have shown a correlation 

between the origin of the mitochondrial genome and the higher stability of one of the nuclear 

genomes (Antunovics et al. 2005; Peris et al. 2020). Moreover, several mitochondrial-nuclear 

incompatibilities leading to respiratory deficiencies have been identified in yeast hybrids (Lee 

et al. 2008), and some are associated with the splicing of mitochondrial intron cox1I3β (Spirek 

et al. 2014). The incompatibility of the S. uvarum mitochondrion with the S. cerevisiae nucleus 

was reinforced by the transplacement of mitochondria isolated from S. uvarum (Osusky, 

Kissova, and Kovac 1997; Spirek et al. 2000). A recent study on S.cerevisiae/S. uvarum hybrids 

has also shown that selective mitochondria retention is influenced by its contribution to 

hybrid fitness in different environments, and the type of mitochondria inherited affect the 

nuclear transcription at alleles level (Hewitt et al. 2020). In yeast, mitochondrial-nuclear 

epistasis also contributes to coadaptation to changing environmental conditions (Paliwal, 

Fiumera, and Fiumera 2014; Zeyl, Andreson, and Weninck 2005; Wolters et al. 2018; De 

Chiara et al. 2020). These mitochondrial-nuclear interactions are examples of the growing 

number of Bateson–Dobzhansky–Müller (B-D-M) incompatibilities affecting the function of 

certain processes and fitness, but are not directly leading to inviability/infertility, so called 

speciation genes, which are quite rare in Saccharomyces (Dujon and Louis 2017). 

Mitochondrial-nuclear epistasis has been shown to affect phenotypes in several taxa. In 

insects, such as Drosophila and Callosobruchus, exchange of mtDNA variant has led to 

decreased metabolic rate (Dowling, Abiega, and Arnqvist 2007) and shortened life span (Zhu, 

Ingelmo, and Rand 2014). In mice it is known to affect cognition and respiratory functions 

(Roubertoux et al. 2003; Betancourt et al. 2014). Interactions between mitochondrial and 

nuclear genomes can result in cytoplasmic male sterility in plants (Hu et al. 2014) and impact 

ageing and longevity in humans (Tranah 2011). 

Secondly, and even more profound, new QTLs are generated in hybrids. This is allelic 
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variation that has no phenotypic consequences in a parent species but has phenotypic 

consequences in the hybrid. Reciprocal-hemizygosity analysis (Steinmetz et al. 2002) on ASI2, 

FUS3 and GIT1, was carried out to assess the fitness the ScOS253 and ScOS104 alleles in inter-

specific tetraploid hybrid (ScOS253/SkOS575/ScOS104/SkIFO1802) and in S. cerevisiae intra-specific 

diploid hybrid (ScOS104/ScOS253) and we showed that these QTLs are exclusive to inter-species 

hybrid background. The potential, therefore, for exploiting natural genetic variation in 

developing new hybrids, is greater than expected and bodes well for future advances in yeast 

breeding for improvement. 

 

3.6 Materials and Methods 

3.6.1 Strains, growth conditions and sporulation 

The complete list of diploid strains used in this study is shown in Dataset S5 (Naseeb et al. 

2021). These strains were chosen for the creation of de novo inter-species and intra-species 

hybrids. Yeast strains were routinely cultured in YPD medium (1% yeast extract, 2% peptone, 

and 2% glucose, Formedium, Norfolk, UK). To select for the drug resistance markers, YPD 

medium was supplemented either with 300 µg/ml geneticin, 300 µg/ml hygromycin B, 100 

µg/ml nourseothricin or 10 µg/mL bleomycin.  

 

3.6.2 Construction of genetically stable haploid strains 

All the haploid strains used in this study are listed in Table A-13 (Appendix A). Genetically 

stable haploid S. cerevisiae strains used to make the hybrids were obtained from the Louis lab 

(Cubillos, Louis, and Liti 2009) and from derivatives of these (Louvel et al. 2014).  S. jurei 

haploid strain was constructed previously in Delneri lab (Naseeb et al. 2017). S. uvarum, S. 

eubayanus and S. kudriavzevii haploid strains were engineered in this study, by deleting the 

HO gene. The plasmids and the primers used for the gene deletion and verification are listed 

in Table A-14 (Appendix A) and Dataset S6 (Naseeb et al. 2021), respectively. Prototrophic 

diploid strains were made heterothallic by knocking out the HO gene using standard PCR-

mediated gene deletion strategy containing drug resistance cassettes (Guldener et al. 1996). 

The marker cassettes were amplified from plasmids listed in Table A-14 (Appendix A). 

Plasmids pAG32, pZC1, pZC2 and pZC4 were used to create stable haploids, pS30 pFA6-

KanMX4 was used to create diploid maters in S. eubayanus and S. uvarum strains, whilst 

pFP18 was used to this effect in S. cerevisiae strains. A standard PEG/LiAc heat-shock protocol 

was used for transformation (Gietz and Schiestl 2007). The HO gene deletion was verified by 

diagnostic colony PCR using gene specific and cassette-specific primers. The primers used 
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for amplification of gene knock-out cassettes and for verification of gene deletions are listed 

in Dataset S6 (Naseeb et al. 2021). The heterozygote HO/ho∆ diploid strains were sporulated 

and tetrads were dissected to obtain stable Mata and Matα ho∆ haploid strains.  

 

3.6.3 Generating Tetraploid Hybrids and Sporulation 

Mass mating, sporulation and tetrad dissection were conducted by following standard 

protocols (Sherman and Hicks 1991). The sporulation of the strains was carried out in 

sporulation medium (potassium acetate 1%, agar 2%) for five days at 21oC. Two approaches 

to generating tetraploids of hybrids were used (Figure 3-1). One, developed by Greig et al. 

(Greig et al. 2002) started with diploid hybrids between S. cerevisiae and other Saccharomyces 

species (inter-species diploids). In these the S. cerevisiae copy of the MAT locus was deleted 

creating a diploid that behaved as a haploid. In the study of Greig et al. (Greig et al. 2002) 

these were HO, so they switched and mated creating tetraploids with the two remaining MAT 

loci coming from the non-cerevisiae parent. Here we used ho∆ haploids to start with and 

created two versions of diploid hybrids where in one the S. cerevisiae parent had one mating 

type while the other had the opposite. In addition, two different S. cerevisiae strains and two 

of the other parent species were used to incorporate genetic diversity in each tetraploid. The 

S. cerevisiae MAT locus in each was deleted in the same way as in Greig et al. (Greig et al. 

2002) and the resultant mating diploid hybrids were mated generating tetraploids, 

heterozygous for many SNPs across both genomes. In this method every meiotic spore will 

be a diploid hybrid that can mate, allowing further rounds of mating and meiosis. The second 

method started with heterozygous diploids of each species (intra-species diploids). Here one 

of the two MAT loci is deleted, and species diploids of opposite mating type are mated 

generating tetraploids, also heterozygous for many SNPs across both genomes. In this case, 

meiotic spores will all be diploid hybrids but will be a mixture of non-maters and maters, still 

allowing for continuous rounds of mating and meiosis. In generating the various 

combinations of diploids to start with, the MAT locus was analyzed by the PCR method 

described previously (Huxley, Green, and Dunham 1990). The species of diploid spores was 

determined by species specific PCR (Muir, Harrison, and Wheals 2011). The primers used are 

listed in supplementary Dataset S6 (Naseeb et al. 2021). The cycling condition of the PCR 

reaction to amplify both regions are as follows: 3 min at 95°C for the first cycle, then 1 min 

at 95°C, 1 min at 55°C, 3 min at 72°C for 35 cycle, and 5 min at 72°C for the last cycle. 
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3.6.4 Multigenerational advanced intercross lines 

Tetraploids were subjected to sporulation and tetrads were isolated for dissection to assess 

the spore viability and phenotypic variation and to prepare the spores for further rounds of 

mating. After 5-7 days of sporulation, tetrads were isolated for dissection (as above) for 

assessing spore viability and phenotypic variation or random spore generation for further 

rounds of mating. For random spores, asci were washed from the sporulation plate with the 

help of glass beads and water. Suspended asci were pipetted into Eppendorf tubes and washed 

once with water and resuspended in 0.5ml water. 0.5ml of di-ethyl ether was added and the 

mixture vortexed for 10 minutes to kill any vegetative, unsporulated cells (Dawes and Hardie 

1974). These were then microfuged and the supernatant removed. The spore pellets were 

washed twice in water and resuspended in dissection buffer and treated with Zymolyase 20T 

(1/10 volume of 10mg/ml solution) at 37oC for 30 minutes before washing and plating onto 

YPD media to allow germination and mating. After growth for 24 hours, the lawn of cells is 

replica plated onto new sporulation media and the cycle starts again. In method one, all cells 

that can sporulate in subsequent rounds are tetraploids generating diploid hybrid progeny. 

In method two, approximately 1/3 of the sporulating cells will be diploid non-mating hybrids 

from the previous round and their spores will be non-viable and not enter the next round. 

The rest of the sporulating cells will be tetraploids generating the same mixture of mater and 

non-mater diploid hybrid progeny. 

 

3.6.5 Analysis of mitochondrial origin in hybrids 

For each diploid mater, a petite version was generated by exposure to ethidium bromide 

(EtBr) (Goldring, Grossman, and Marmur 1971). Isolates were seeded at an approximate 

density of 300 individuals per plate. A 3µl drop of EtBr (10 mg/ml) was spotted onto the centre 

of each plate. A ring around the spot formed where all cells were killed due to the toxic effects 

of EtBr. Surrounding this kill zone, a ring of petite colonies form. Loss of mitochondria 

enables petites to grow faster than colonies with functional mitochondria, in the presence of 

EtBr. These individuals were confirmed as petites by their inability to grow on YPD plates 

containing ethanol and glycerol, non-fermentable carbon sources (Day 2013). The specific 

mitotype was identified by amplifying the COX2 and COX3 genes through colony PCR as 

described previously (Hewitt et al. 2020). The primers used for the amplification of these 

genes are listed in Dataset S6 (Naseeb et al. 2021). 
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3.6.6 Phenotypic Assays 

A high-throughput spot assay was performed using Singer ROTOR HDA robot (Singer 

Instruments, UK) as mentioned previously (Naseeb et al. 2018). The fitness of ~384 hybrid 

spores was assessed at five different temperatures i.e. 10°C, 16°C, 23°C, 30°C and 37°C, under 

different carbon sources at 30oC i.e. YPA + 10% & 15% maltose, YPA + 10% & 15% fructose, 

YPA + 10% & 15% sucrose, YPA + 10% & 15% galactose, YPA + 30% & 35% glucose and under 

different environmental stressors at 30oC i.e. YPAD + 6% & 10% ethanol, YPAD + 0.3% & 0.5% 

acetic acid, YPAD + 4 mM hydrogen peroxide, YPAD + 50 mM levulinic acid and YPA + 10% 

& 15% glycerol.  

Fitness analysis was done following two different strategies. In strategy one, high-resolution 

images of phenotypic plates were taken using Phenobooth after 3 days of incubation (Singer 

Instruments, UK). The colony sizes were calculated in pixels using Phenosuite software 

(Singer Instruments, UK) and the heat maps of the phenotypic behaviours were constructed 

using a in-house R shiny app1. In strategy two, phenotyping was performed using the 

PHENOS platform (Barton et al. 2018). Change in absorbance (600 nm) was measured using 

the FLUOstar Omega plate reader (BMG Labtech). Prior to seeding cells on selection plates, a 

blank reading was taken, with values subtracted from each time course reading. Plates were 

incubated at 30°C (except for temperature selection plates) and absorbance was measured 

every 20 minutes over the course of three days. Individuals were ranked by the maximum 

change in absorbance, after normalisation for the maximum change in absorbance under 

control conditions.  

 

3.6.7 Sequencing, Mapping and Variant Calling 

Each parental genome in the hybrid was sequenced previously (Naseeb et al. 2018) or in this 

study at the Earlham Institute or at the GTCF of the University of Manchester. Two different 

pooling strategies were followed for Multipool and Pooled selection, respectively. In strategy 

one, from each selective media plate the top twenty performing F12 individuals, with the 

highest fitness, and the twenty lowest performing F12 individuals were picked for pooling. 

In second strategy, a pool of 1 * 108 F12 cells were seeded onto each selection condition as 

well as the YPD control. Selection conditions were prepared so that only the top 0.1 – 1 % of 

 

 

1 https://kobchai- 180 shinyapps01.shinyapps.io/heatmap_construction/ 
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the pool would be capable of growth. The sequencing was done to 100-120X coverage on the 

Illumina platform.  

Paired-end raw Illumina sequence reads were quality checked through FastQC 0.11.5 

(Andrews 2010) and trimmed through Trimmomatic 0.36 (Bolger, Lohse, and Usadel 2014). 

Alignments to reference genomes were then applied for founder sequences and hybrids pool 

sequences using bwa/0.7.16a (Li and Durbin 2009). For each cross of parental species, 

reference genome was selected from one of the founder species (S. cerevisiae OS104 (Yue et 

al. 2017), S. eubayanus OS578 (Libkind et al. 2011), S. jurei D5088 (Naseeb et al. 2018), and S. 

kudriavzevii IFO 1802 assembled by using SPAdes assembler 3.9.0). The sequencing reads of 

alternative founder for each cross of parental species is mapped to reference founder parental 

genomes. For hybrid pool sequences, reads are mapped to a combined reference genome with 

S. cerevisiae YP128 concatenated with S. eubayanus CBS12357 / S. jurei D5088 / S. kudriavzevii 

IFO1802. Assembly quality was assessed through QUAST/4.3. Local realignment was then 

performed to minimise the number of mismatching bases through RealignerTargetCreator 

and IndelRealigner using GATK 3.8. The MarkDuplicates tool was then used with picard 

/2.6.0 for removing the optical duplicates to control the alignment quality for variant analysis. 

Samtools was applied for sorting and indexing (Li et al. 2009). Variant calling was then 

applied on the aligned reads using freebayes/1.0.2 (Garrison E 2012) with ploidy setting at 1 

with the combined reference as well as the following parameters --min-mapping-quality 30 -

-min-base-quality 20 --no-mnps. The bi-allele markers for each cross founder species were 

identified for the variants sites that differed between the parents. Reads depths below 10 were 

excluded. Pool SNPs were extracted for the variants sites with allele depth counts and variant 

positions to reference genome which were further compared to the bi-allele marker sets 

among the founders through an R script. This variant calling pipeline is displayed in Figure 

A-4 (Appendix A). 

Based on the counts of each bi-allele markers, reads depths at each allele is recorded and 

allele frequency can be determined. Absolute allele frequency differences were calculated for 

each experiment. Each experiment consists of two pools for comparison. 

 

3.6.8 QTL mapping  

Multipool analysis: 384 diploid hybrid spores from each F12 tetraploid population were 

arrayed on plates for phenotyping. For each condition tested the best and worst performers 

were chosen and DNA was prepared from each individually. Concentrations of DNA were 

adjusted so that the pool of 20 had equal contributions from each individual. These were then 



84 
 

sequenced as described above and allele frequencies of segregating SNPs compared as 

follows: read counts for the allele positions of each pool were used to compute LOD scores 

using the MULTIPOOL method (Edwards and Gifford 2012) with the “contrast” mode, bin 

size of 100 bp and centimorgan length at 3300 CM for yeast average as suggested. N=20 and 

N=150 are run for each comparison. According to Treusch et al. (Treusch et al. 2015), the n 

parameter only affects the magnitude of LOD scores and not their overall shape. To assess 

statistical significance, LOD thresholds were set at 0 for N=20 and 5 for N=150 (Treusch et al. 

2015) with 1-LOD drop from the peak LOD bin as the QTL interval region. For N of these 

sizes there is a basal minimum LOD that is less than 0 which is why a threshold of 0 can be 

used. For N=20 in the S. cerevisiae x S. eubayanus data analysis, the basal minimum is -1.3 

while for the N=150 analyses the minimum is -0.43. In order to assure ourselves that we were 

not overestimating QTLs for the N=20 analyses, we looked at the distribution of LOD values 

for each bin generated to see where the values of selected QTLs fall. All are above the upper 

range limits (1.5 *IQR + Q3) where the lowest value is -0.58 for very low temperature group 

and highest value is -0.22 for ethanol. This means that we expect LOD scores less than the -

0.58 for low temperature under the pool size of 20 occur by chance and the threshold of 0 can 

filter these out. Moreover, to further validate the significance of the results, 1000 permutation 

re-samplings were tested for each comparison. We applied multipool QTL to pair the high 

and low fitness for each experiment and shuffled the data to break any relationship between 

the two. Any "QTL" in such comparisons must be due to technical or biological noise as they 

are randomly resampled. The maximum LOD score is then recorded on each permutation 

which represents the highest LOD score generated by random chance. Under 95% percentile 

(significance level 5%), the thresholds generated range from -0.0928 with an estimated FDR 

for threshold 0 of 0.0465 for high temperature, to -0.6617 with an estimated FDR for threshold 

0 of 0.002 for very low temperature. The overall threshold generated is -0.2962 with an 

estimated FDR for threshold 0 of 0.02423 (Brion, Lutz, and Albert 2020). We are therefore 

satisfied that the use of threshold 0 to select significantly associated QTLs. 

Selected pool analysis: Absolute allele frequency differences between the control and 

treatment pools are calculated and continuous curves were fitted with the smoothing method 

with geom_smooth() which is similar to the method described in Huang et al. 2020 (Huang 

et al. 2020). Under the null hypothesis that the allele frequencies are the same between the 

unselected pool and selected pool, the larger the absolute value of the allele frequency 

difference, the more significance there should be accounted for by the markers. Based on this 

identification, the peak QTL is decided by the absolute allele frequency difference more than 
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0.2 along with a p-value based on a Fisher exact test. A maximum of one peak per 

chromosome if significant was chosen for analysis.  

QTL regions associated with the phenotype were identified by analyzing the changes in 

frequencies of SNP alleles across the genomes. 

 

3.6.9 Gene ontology and SIFT analysis 

Gene ontology (GO) terms were determined using the GO Term Finder tool of Saccharomyces 

Genome Database (SGD) with the Bonferroni correction for multiple hypothesis and a p-

value cutoff of 0.01.  

Potential causal genes were analysed with the Sorting Intolerant from Tolerant (SIFT) 

algorithm to assess if amino-acids variants were predicted to influence the protein function. 

SIFT analysis were conducted using data from Bergstrom et al. (Bergstrom et al. 2014) on the 

S. cerevisiae strains OS3, OS104 and OS253, and the tool mutfunc (Wagih et al. 2018).  

 

3.6.10 Validation of candidate genes through reciprocal hemizygosity analysis 

The candidate genes selected for reciprocal-hemizygosity analysis (RHA) were chosen based 

on their LOD score and on gene ontology studies carried out with YeastMine (Balakrishnan 

et al. 2012) and Funspec (Robinson et al. 2002) to prioritize terms connected to the phenotypic 

trait tested. 

To dissect the mapped QTL regions and confirm the effect of candidate genes in determining 

the phenotypic fitness, we performed reciprocal-hemizygosity analysis (Steinmetz et al. 2002) 

on selected candidate genes: ASI2, FUS3 and GIT1. PCR mediated deletion of the target genes 

was performed in the engineered S. cerevisiae/S. kudriavzevii hybrid (ScOS253/SkOS575
 and 

ScOS104/SkIF01802), to delete each S. cerevisiae allele. The transformants were then mass mated 

together to construct the reciprocal hemizygotes hybrid and selected in triple drug plates (300 

µg/ml geneticin, 100 µg/ml nourseothricin and 10 µg/mL bleomycin) (Figure 3-5A, Table A-

15, Appendix A).  

To investigate if the effect of the allelic variants was exclusive to the inter-species hybrid 

background rather than to the intra-species strain, PCR-mediated deletion was used to 

generate null mutants of the parental S. cerevisiae haploid strains (ScOS253
 and ScOS104) for the 

candidate genes. The transformed haploid strains were them mass mated together to 

construct the reciprocal hemizygotes hybrids and selected in SD +ura +leu with 100 µg/ml 

nourseothricin or 300 µg/ml geneticin (Table A-15, Appendix A). Successful gene deletions 
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were confirmed by PCR. All the primers used for the construction of the strains are listed in 

Dataset S6 (Naseeb et al. 2021). 

The fitness of the S. cerevisiae allelic variants of FUS3, GIT1 and ASI2 was assessed both in the 

hemizygous S. cerevisiae / S. kudriavzevii tetraploids and in the hemizygous S. cerevisiae 

diploids. The FUS3 and GIT1 allelic variants was assessed with a BMG FLUOstar OPTIMA 

Microplate 466 Reader as previously described (Naseeb and Delneri 2012) in YPD at 10°C, and 

at 25oC in YPD + 15% maltose, respectively. The fitness of ASI2 hemizygous hybrids was 

assessed with the BioLector (m2p Labs, GmbH). A 48-well flowerplate with transparent glass 

bottom was inoculated with overnight cultures at a starting OD600 of 0.1. Every culture was 

run in triplicates in 1.5 ml of YPD + 0.3% acetic acid. The flowerplate was incubated at 30°C 

in the BioLector with orbital shaking of 800 rpm and oxygenation was maintained at 20%. 

Scatter light readings, to measure the cell density, were taken from the bottom of each well 

every 8 min with a gain of 15 and 25. The growth characteristics of the plate reader 

experiments were assessed with the R package Growthcurver using K as maximum biomass, 

r as maximum growth rate, auc_l as integral area (Sprouffske and Wagner 2016) and Tmid as 

the time at which the population density reaches 1/K. 

3.6.11 Data availability 

The sequencing data generated in this study was deposited on the European Nucleotide 

Archive (ENA) (Project PRJEB44105). The datasheets referred as Dataset S1-6 throughout the 

paper are available from the published version of the paper at doi: 10.1073/pnas.210124211. 
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4.1 Foreword 

The work in this chapter is a further investigation of the work presented in chapter 3 and 

refers to an ongoing project on the identification of complex traits related to antifungal 

resistance in Saccharomyces hybrids. References used within the manuscript are presented at 

the end of the chapter.  

Author contributions: FV and DD conceived the study; FV performed the phenotypic 

screening, analysed the QTL data, and selected the candidate genes for validation; RS 

performed the QTL mapping with assistance from ST. DD and LZ supervised the study. FV 

wrote the manuscript with the input of DD and RS. 

 

4.2 Abstract 

The emergence of antifungal drug resistance amongst invasive species represents one of the 

major causes for failures in the treatment of fungal infections. Moreover, the development of 

new classes of antifungal has been hindered by the eukaryotic nature of fungal pathogens 

and the toolset available to treat fungal infection remains limited. Thus, it is of the foremost 

importance to understand the evolutionary pathways driving the development of antifungal 

resistance and detect the genetic traits responsible for the phenotype. Here we exploited 

recent advances in the breeding of Saccharomyces hybrid to study how hybridisation may 

affect antifungal resistance and identify the genes responsible for the phenotype. A library 

of mutigenerational Saccharomyces cerevisiae x S. kudriavzevii hybrids was screened at sub-

lethal concentrations of six antifungal agents, revealing a broad phenotypic diversity in the 

conditions tested. Moreover, through quantitative trait locus (QTL) analysis, we were able to 

detect the genetic region responsible for fluconazole, micafungin, and flucytosine resistance 

in the hybrid strains, and identified numerous potential causal genes. The result of this 

screening will help identify new genes and pathway contributing to drug resistance, will 
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accelerate the development of new antifungal, and the understanding of how allelic 

variations, hybridisation and evolution may affect antifungal resistance in fungi.  

 

4.3 Introduction 

The tally of life-threatening infections associated with fungal pathogens was recently 

estimated to be on the same scale as tuberculosis and malaria with 13 million infections and 

a mortality of 1.5 million (Bongomin et al., 2017; Fisher et al., 2018). The severity of fungal 

infection has been exacerbated by the diffusion of immunocompromising conditions such as 

cancer, human immunodeficiency virus (HIV) disease, tuberculosis and by the coronavirus 

disease 2019 (COVID-19) (Gold et al., 2022). Moreover, the emergence of antifungal resistance 

in clinical strains, similarly to antibacterial resistance, has highlighted the need to expand 

our current toolset against the main fungal pathogens such as Candida, Aspergillus and 

Cryptococcus species. However, the development of new antifungal agents is hindered by the 

eukaryotic nature of fungi, limiting the number of molecular targets which can uniquely 

affect fungal pathogens without harming the human host. As a consequence, only four classes 

of compounds are routinely used: azoles, polyenes, pyrimidine analogues and echinocandins 

(Lee et al., 2021). Amongst these, azoles, such as fluconazole and miconazole, are the most 

commonly prescribed for the treatment of Candida and Cryptococcus infections (Berkow and 

Lockhart, 2017; Lee et al., 2021). Azoles acts as strong inhibitors of the lanosterol demethylase 

(encoded by ERG11), disrupting ergosterol biosynthesis, an essential component of fungal 

membrane, and leading to the accumulation of toxic sterol intermediates (Heimark et al., 

2002). Similarly, polyenes, disrupt membrane functions by acting on ergosterol. Polyenes are 

thought to act as “sterol sponges”, sequestering sterol from the lipid bilayers to form extra-

membranous aggregates (Anderson et al., 2014) . Albeit the development of fungal resistance 

to polyenes, such as amphotericin B, is very rare, the administration of such compounds is 

often disfavoured, due to a high toxicity to the host (Anderson et al., 2014). Amongst the 

pyrimidine analogues, flucytosine has been employed as an antifungal drug since 1968 

(Delma et al., 2021). Flucytosine is first converted in vivo in 5-fluorouridine by a cytosine 

deaminase and then phosphorylated to 5-fluoro-uridine-triophosphate (5-F-UTP) or reduced 

to 5-fluoro-deoxyuridine-monophosphate (5-F-dUMP). As 5-F-UTP the drug is incorporated 

into RNA, leading to the inhibition of protein synthesis. Instead, as 5-F-dUMP the antifungal 

act as an inhibitor of thymidylate synthase and, as a consequence, of purine and DNA 

synthesis (Campoy and Adrio, 2017; Delma et al., 2021). The last class of antifungal 
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introduced for clinical use is the echinocandins, lipopeptides which act through a non-

competitive binding of the enzyme β-D-glucan synthase complex in both Candida and 

Aspergillus spp.. Echinocandins, such as caspofungin and micafungin, inhibit the biosynthesis 

of β-D-glucan, a crucial component of the fungal cell wall, leading to osmotic stress and cell 

death (Denning, 2002). The known molecular mechanisms of fungal resistance are often 

linked to mutations in the target gene or in the pathway affected by the drug. As a case in 

point, Candida spp. are known to develop resistance to fluconazole by the overexpression of 

the target gene, ERG11, or by the accumulation of point mutations which alter the structure 

of the molecular target. Similarly, mutations in the key enzymes of the pyrimidine 

biosynthetic pathway can lead to increased resistance to flucytosine (Delma et al., 2021; 

Zhang and Xu, 2018). However, the high-level of resistance of clinical isolates can rarely be 

ascribed to the effect of single mutations, which, instead, is often attributable to a 

combination of traits and a gradual adaptation to the stressor (Berkow et al., 2020; Berkow 

and Lockhart, 2017). Thus, for a throughout investigation of the genes and pathways 

associated with antifungal resistance, it is of the utmost importance to carry out genome-

wide investigations to sample the breadth of the cellular response to antifungal agents. In 

recent years, a growing number of high-throughput and -omics studies have been 

successfully applied to the study of antifungal resistance and pathogenicity in both model 

systems and pathogenic species (Ehrenreich et al., 2010; Homann et al., 2009; Phadke et al., 

2018; Vogan et al., 2016; Zhang et al., 2002; Zhou et al., 2013).  However, such studies are 

often limited by the use of laboratory strains which precludes in-depth analysis into the 

mechanisms developing through adaptation and evolution mechanisms in nature. Here we 

applied the pipeline recently described in Naseeb et al. 2021 (Naseeb et al., 2021) for the study 

of QTL in multigenerational yeast hybrids, containing a combination of four genomes, to 

unpick allelic variants associated with antifungal resistance. We screened a diverse library of 

hybrids spores derived from crossing of different strains belonging to S. cerevisiae and S. 

kudriavzevii and propagated for 12 meiotic generations (F12) in media containing sub-lethal 

concentrations of six antifungal agents. The hybrid spores revealed a broad phenotypic 

diversity in all the conditions tested. QTL studies through Multipool allowed to unpick the 

genetic basis underlying the phenotype observed and study how natural variations and 

hybridization could lead to a resistant phenotype. Moreover, through the application of state-

of-the-art genome-wide studies we were able to sample the complexity of the traits associated 

with resistance to fluconazole, micafungin and flucytosine. The data generated represent a 
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valuable resource for the identification of new marker and predictors of antifungal resistance 

and for the development of new drugs and combinational therapies. 

 

4.4 Result & Discussion 

4.4.1 Phenotypic analysis  

In a previous study, we generated a library of genotypically diverse F12 S. cerevisiae x S. 

kudriavzevii diploid hybrids (Naseeb et al., 2021). The strains were found to exhibit a broad 

phenotypic divergence in stressors connected with industrial processes, such as high 

osmolarity or high acid concentrations. Here, we exploited this strain library to study traits 

underpinning antifungal susceptibility and resistance. The hybrid spores were incubated 

with a variety of antifungal agents to assess their phenotypic diversity and their colony size, 

calculated in pixels, was used as a proxy of fitness. The pipeline followed for this study is 

outlined in Figure 4-1. The colony size of the spores was recorded after 72h of incubation in 

media containing compounds which inhibits ergosterol biosynthesis (fluconazole and 

miconazole), cell wall biogenesis (micafungin and caffeine) and nucleic acid biosynthesis 

(flucytosine and phleomycin) (Campoy and Adrio, 2017; Gebre et al., 2015). The hybrids 

exhibited a broad phenotypic divergence for all the six antifungals screened, comparable or 

higher to the one observed in YPD (Table 4-1, Figure 4-2A). The higher dispersion was 

recorded in media with 10 µg/ml of fluconazole with a IQR (quartile coefficient of dispersion) 

of 0.55, compared to 0.14 in YPD (Table 4-1). The antifungal drugs were added at sub-lethal 

concentrations in the media, according to Gebre et al. 2015 (Gebre et al., 2015), to allow for 

two-tailed selection, hence to be able to identify both high-performing and low-performing 

spores. Nonetheless, the analysis in miconazole and phleomycin were characterised by low 

cell viability (<99%), with only around 20% of the hybrids able to sustain the highest 

concentration tested (Table 4-1, Figure 4-2B). Interestingly, the highest growth recorded in 

phleomycin was that of the F1 S. cerevisiae x S. kudriavzevii tetraploid parent which was able 

to grow in each of the antifungal tested but in miconazole. The reduced cell viability of the 

progeny in these antifungal drugs might reflect a lower amount of allelic variants connected 

to the resistant phenotype in the F1 tetraploid parent.
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Figure 4-1 | Pipeline for the detection of QTL responsible for antifungal resistance of Saccharomyces hybris. A high-throughput 
phenotypic screening in solid media of a library of S. cerevisiae x S. kudriavzevii hybrids will allow the selection of a pool of the 20 best and the 
20 worst hybrid strains in each condition tested. QTL analysis will allow to map the genetic regions underlying the phenotypic differences 
between the two pool and the data generated will be mined for the identification of candidate genes for further validation in vivo. 
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Table 4-1 | Descriptive statistics analysis of the colony size of F12 diploid progeny for S. cerevisiae/S. kudriavzevii hybrids after 

incubation with different concentrations of antifungal drugs: fluconazole (FCZ), miconazole (MCZ), caffeine (CAF), micafungin (MCF), 

flucytosine (FCY) and phleomycin (BLE). 

 YPD 

FCZ 

5 

µg/ml 

FCZ  

10 

µg/ml 

MCZ  

10 µM 

MCZ  

20 µM 

CAF 

1 

mg/ml 

CAF 

2.5 

mg/ml 

MCF  

25 

ng/ml 

MCF  

50 

ng/ml 

FCY  

10 

µg/ml 

FCY  

20 

µg/ml 

BLE  

0.5 

µg/ml 

BLE  

1 

µg/ml 

F1 

tetraploid 

colony size 

296 295 172 0 0 234 101 255 224 138 131 361 382.5 

25% 

Percentile 
270.6 149 42.13 0 0 243.1 127.3 290.8 296 151.3 132.1 4 0 

Median 310.5 203.3 87 31.5 0 275.8 168 336.3 351.3 184 158.3 153 0 

75% 

Percentile 
358 258 145.9 111.4 0 298.9 198.4 366.9 380.9 217.9 183.9 256.8 0 

IQR 0.14 0.27 0.55 1.00 0.00 0.10 0.22 0.12 0.13 0.18 0.16 0.97 0.00 

Range 444.5 482.5 254.5 263 294 331 269 409.5 468 276 222.5 462.5 461 

Viability 100.0% 99.6% 87.7% 64.5% 23.2% 100.0% 99.6% 100.0% 100.0% 100.0% 100.0% 75.4% 19.3% 
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Figure 4-2 | Box plot of the fitness of F12 diploid progeny for S. cerevisiae/S. kudriavzevii hybrids after incubation with different 

concentrations of antifungal drugs expressed as normalized colony size (A), where 1 represents the highest value recorded in each condition 

and 0 equals to no growth, and colony size (B).  
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Unexpectedly, the spores incubated in media containing sub-lethal concentrations of 

micafungin showed a higher median colony size compared to growth in YPD (Table 4-1 and 

Figure 1A). Previous studies observed an abnormal morphology in yeast cell treated with 

micafungin, reportedly similar to hoc1 and mnn10 mutants, which correlated with an 

abnormally large morphology (Gebre et al., 2015; Jorgensen et al., 2002). Thus, the high 

colony size recorded after incubation in micafungin might be a correlated to an increase in 

cell size instead of cells number and, as such, be an artifact of the screening procedure in solid 

media. 

 

4.4.2 QTL analysis 

To identify the genetic traits underlying antifungal resistance in the hybrid progeny, we 

sequenced a pool of the 20 best and of the 20 worst performing strains for three antifungals 

acting on different biological processes: fluconazole, micafungin and flucytosine. The 

resulting genomic data was analysed with Multipool to map for QTL loci where allele 

frequencies significantly differed between the pools of spores exhibiting diametric 

phenotypes for each antifungal. QTL analysis identified 101 and 89 different QTL regions in 

the S. cerevisiae and in the S. kudriavzevii genome of the hybrid spores, respectively (Table 4-

2). The results were comparable in terms on numbers of QTL mapped to previous analysis of 

the same crossing in metabolic stresses (Naseeb et al., 2021). Thus, these results suggest that 

while antifungal targets a particular enzyme or metabolic process, drugs resistance is 

governed by multiple quantitative traits. In particular, QTL regions identified in flucytosine 

accounted for over half of the total regions mapped (51.6%) in all conditions with 47 and 51 

QTL regions identified in S. cerevisiae and S. kudriavzevii, respectively. Flucytosine is known 

to affect both RNA and DNA biosynthesis in fungi (Vermes et al., 2000). Thus, the higher 

number of QTL associated with the trait might be resulting from a higher complexity of the 

flucytosine-resistance trait. The difference in the mechanism of action of these antifungal 

resulted in a high number of drug trait-specific QTLs (99%), with only three pleiotropic 

regions shared across condition (Table 4-3). A small region in the chromosome V of S. 

cerevisiae, encompassing genes encoding for Pab1p, Dnf1p and Bck2p, was mapped in all 

conditions. This locus was not identified in previous QTL studies of the hybrid progeny in 

maltose, acetic acid and low temperature (Naseeb et al., 2021), ruling out a general growth 

effect of the enclosed alleles and rather pointing to a more specific role in drug resistance of 

these genes. Further validation studies in vivo will be needed to pinpoint the allelic variations 
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responsible for the phenotypic effect in each of the antifungal tested. Bck2p, a protein 

involved in the regulation of the cell cycle, might be partially responsible for the phenotypic 

effect observed in the three antifungals. In fact, ∆BCK2 strains were found to affect sensitivity 

to cell wall stressors such as caffeine and echinocandin, and to phleomycin, an antifungal 

affecting DNA synthesis (Kapitzky et al., 2010). Moreover, deletion of DNF1, a flippase, 

resulted in increased fitness in phleomycin in S. cerevisiae and thus the gene might contribute 

to the phenotypic effect in flucytosine which is similarly involved in DNA and RNA synthesis 

(Kapitzky et al., 2010). 

 

Table 4-2 | Number of QTL regions detected, and genes encoded in the QTL region in 

S. cerevisiae/S. kudriavzevii F12 segregants via Multipool strategies. Sc = S. cerevisiae, 

Sk = S. kudriavzevii 

 
Number of QTL 

regions detected 

Number of genes within 

the QTL regions 

Genome Sc Sk Sc Sk 

Micafungin 25 17 93 48 

Fluconazole 29 21 212 107 

Flucytosine 47 51 175 279 

 

Four QTL regions were “reciprocally” identified in both S. cerevisiae and S. kudriavzevii 

genome affecting the hybrid fitness in flucytosine (Table 4-4), while, in the QTLs of hybrid 

treated with fluconazole and micafungin, no regions were “reciprocally” detected in the 

genomes of both species. Amongst the genes mapped in the shared flucytosine-QTLs we were 

able to identify potential causal genes which were previously linked to DNA synthesis and 

maintenance or to drugs sensitivity. In particular, ENV11 and TRR1 deletions were found to 

affect sensitivity to phleomycins (Kapitzky et al., 2010; Krol et al., 2015), while ALD2 null 

mutants had increased sensitivity to floxuridine, a pyrimidine analogue which inhibits DNA 

and RNA synthesis similarly to flucytosine (Lum et al., 2004). Moreover, MLH1 is an ATPase 

involved in meiotic mismatch repair in mitosis and meiosis (Kramer et al., 1989) while PFU1 

overexpression was found to exacerbate UV radiation toxicity in overexpression studies 

(Chakrabortee et al., 2016). Thus, the dissection and the validation of the QTL regions 

outlined in Table 4-4 may reveal new loci for antifungal resistance. 
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Table 4-3 | List of pleiotropic QTLs in S. cerevisiae x S. kudriavzevii hybrid diploid 

progeny. The coordinates of the pleiotropic intervals are reported along with the 

species and the selection condition in which they were identified. 

S
. 
ce
re
v
is
ia
e 

g
e
n

o
m

e 

Chromosome Start (bp) End (bp) 

Selection 

conditions 

Genes in QTL 

interval 

IV 730300 740100 
Fluconazole 

Micafungin 

MKC7, TAF12, SWI5, 

EKI1 

V 506200 519700 

Fluconazole 

Flucytosine 

Micafungin 

PAB1, DNF1, BCK2 

XV 592700 602600 
Fluconazole 

Flucytosine 

LSC1, THI80, ELG1, 

PNO1 

 

Table 4-4. | List of QTLs intervals identified in both S. cerevisiae and S. kudriavzevii 

genome. For each interval shared, the position and the peak of the individual QTL 

is specified. Sc = S. cerevisiae, Sk = S. kudriavzevii 

Condition Chromosome Genome QTL Peak 
Genes shared within QTL 

region 

Fl
u

cy
to

si
n

e 

XIII 
Sc 583400 

MME1, MLH1, CEP3, ALD3, ALD2 
Sk 602300 

IV 
Sc 1033900 

PFU1 
Sk 1021600 

IV 
Sc 1200700 

YPQ2, TRR1 
Sk 1105600 

VII 
Sc 612000 

ENV11 
Sk 622000 
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A total of 75 genes within the QTL regions mapped were deemed as potential causal genes 

as their phenotypic effect in the presence of the antifungal was previously described in 

classical genetic (Cherry et al., 2012) or transcriptome studies (Zhang et al., 2002) in S. 

cerevisiae (Table 4-5). Moreover, in micafungin-QTLs, we identified four orthologues of 

Schizosaccharomyces pombe genes associated with micafungin resistance (Zhou et al., 2013). 

Amongst these, TOR1, a protein kinase involved in signal transduction, cell growth and 

autophagy, was found similarly involved in the development of resistance to caffeine, a cell 

wall stressors, in both S. cerevisiae and C. albicans (Homann et al., 2009). Additionally, 56 

genes in the QTL regions mapped were found interacting with the drug target (e.g., with 

ERG11 in fluconazole-QTLs) or with cellular processes closely linked to the drug mechanism 

of action (e.g., nucleotide biosynthetic processes for flucytosine-QTLs or β-glucan 

metabolism for micafungin-QTLs) (Table 4-5). 

Potential causal genes identified in S. cerevisiae genome were further analysed using the SIFT 

(Sorting Intolerant from Tolerant) algorithm to identify non-synonymous SNPs between the 

parental strains which could affect protein function (Bergstrom et al., 2014; Kumar et al., 

2009). Around 60% of the 83 potential causal genes identified within S. cerevisiae genome had 

one or more SNPs between the parental strains. Amongst these, 11 alleles were found to carry 

SNPs predicted to cause a strong deleterious effect on the protein function (13.25%) while 38 

were inferred to have tolerated mutations (45.8%) (Table 4-6). 
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Table 4-5 | List of potential causal genes identified in S. cerevisiae x S. kudriavzevii 

hybrids. The genes are clustered by their function or by the phenotype reported in genetic 

studies in SGD(Cherry et al., 2012), if not specified otherwise. 

Causal genes identified in Fluconazole QTLs 

 
S. cerevisiae alleles S. kudriavzevii alleles 

Increased resistance to 

fluconazole 

PPZ1, SLY41, YAP1, ARP8, 

DEG1, HST4, ERV25, RAD17, 

ISW2, HAP5, ERG6, MRT4, 

SNU66, ADR1, GYP1, DST1, 

PSP2, MSA1, ANY1, NUP42, 

MRX16, TAF12, UBP6, CDC5, 

ITT1, UPC2, ALG8, PDE2, 

NDD1, COM2, HSC82, SWI5, 

COQ4, LDB19, VTS1, PRT1 

SSK1, PUB1, RDH54, KES1, 

VPS27, CSE2, ACS2, ARK1, 

CBF2, HDA1, SOL1 

Ergosterol bio-

metabolism 
ERG6, HEM2, UPC2 ARE2 

Reported physical 

interaction with 

ERG11 

PPZ1, ERV25, ERG6, LAC1 ASI3, KES1 

Reported genetic 

interaction with 

ERG11 

DOP1, TAF12, CBS2, SPC19, 

RAV2, RAD9, UBC6, RNA15, 

UBX2, SGS1, RPL36A, GYP1, 

HEM4, PLP2, DGK1, FAA1, 

PDE2, MRS6 

NOC3, RPS10B, PET8, ASI3, 

LRO1, DBP6, PRP46 

Causal genes identified in Flucytosine QTLs 

 
S. cerevisiae alleles S. kudriavzevii alleles 

Resistance to 

flucytosine 

BCH2, LSM6, ATO3, NKP1, 

ATP17, XRS2 

PEX8, RRT2, BUB3, ROM1, 

NOC2, STP3, BFR1, MAK21, 

RRP46, PAC10, HMS1 

DNA Damage Repair 

RDH54, ESC2, POL1, RAD3, 

MLH1 
DDR48, EXO1, IES4, MLH1 

Resistance to 

phleomycin 

CPR5, DNF1, HXK1, HNT3, 

BCK2, ENV11 
SCL1, AIM34 
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Drug resistance PDR15, RDS2 (Jung et al., 2015) PDR10 

Nucleotide 

biosynthetic processes 
ADE8, ADK2 DUT1, ADE16, CDD1 

DE genes and paralogs 

after flucytosine 

treatment in S. 

cerevisiae(Zhang et al., 

2002) 

RPL12B, ADE8, PDR15 
MMT1, SPT21, CTL1, SER1, 

RPL9B, RPL15A 

Causal genes identified in Micafungin QTLs 

 S. cerevisiae alleles S. kudriavzevii alleles 

Resistance to 

caspofungin 
AKR1, MEH1 FEN2, MSN5, YSP2 

Resistance to 

echinocandin 
BCK2   

Beta glucan  

bio-metabolism 
EXG2   

Cell wall stress BCK2 RQC1, CNB1 

Resistance to caffeine IPK1, BCK2, TOR1 DPH2, DCG1, CNB1 

Orthologues of S. 

pombe genes associated 

with micafungin 

resistance(Zhou et al., 

2013) 

MKC7, TOR1, HEL1, YTA6   
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Table 4-6. | List of potential causal genes identified in the S. cerevisiae genome of S. 

cerevisiae x S. kudriavzevii hybrids with non-synonymous SNPs predicted to be 

tolerated or deleterious by SIFT analysis (Bergstrom et al., 2014) 

 SIFT analysis 

Condition Tolerated Deleterious 

Fluconazole 

UBC6, COM2, LAC1, UBP6, 

MRX16, TAF12, HST4, NUP42, 

CBS2, RNA15, YAP1, PPZ1, PSP2, 

ITT1, HSC82, MSA1, ALG8, 

GYP1, HEM4, SLY41, SNU66, 

VTS1, NDD1 

DEG1, UPC2, ADR1, RAD9, 

UBX2, SGS1, FAA1 

Flucytosine 

RDH54, ESC2, XRS2, NKP1, 

ADE8, MLH1, HNT3, RDS2, 

BCK2, ENV11 

DNF1, BCH2, PDR15, POL1  

Micafungin 
BCK2, MEH1, EXG2, IPK1, TOR1, 

YTA6 
  

 

4.4.3 Selection of candidate genes for further validation studies 

Three candidate genes for each antifungal drug were chosen based on the LOD score of the 

QTL region, prioritizing potential causal genes with allelic variants highlighted by SIFT 

analysis (Table 4-6). The candidate genes selected are presented in Table 4-7 alongside a 

description of their function and the QTL coordinates. The genes UPC2 and ADR1, enclosed 

in a 57kb fluconazole-QTL in chromosome IV of S. cerevisiae, were predicted to have 

deleterious SNPs between S. cerevisiae parental strains by SIFT analysis (Bergstrom et al., 

2014). Moreover, the transcription factors UPC2 and ADR1 were previously described as 

affecting fluconazole resistance in classical genetic studies (Marie et al., 2008) and in 

overexpression studies (Chakrabortee et al., 2016), respectively. Thus, the genes were selected 

as prime candidates for the validation studies of fluconazole-QTLs alongside NBP2, a gene 

encoding for a protein involved in cell wall integrity. While NBP2 was not previously linked 

to fluconazole resistance, the gene was enclosed in a tight high-LOD QTL of 10kb in 

chromosome IV and SIFT analysis predicted a deleterious mutation. 
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The genes PDR15 and MLH1 were chosen as candidates for further validations of flucytosine-

QTLs. The former, a multidrug transporter, was highlighted by SIFT with a deleterious SNP 

and found down-regulated after treatment with flucytosine in S. cerevisiae (Zhang et al., 

2002). MLH1, instead, was shortlisted as the most promising candidate of a QTL between S. 

cerevisiae and S. kudriavzevii genome, due to its role in mismatch repair (Table 4-5). Amongst 

the pleiotropic QTL identified in chromosome V in the three antifungal tested, DNF1 was 

selected as candidate for flucytosine-QTLs and BCK2 for micafungin due to their links to 

phleomycin and echinocandin C derivative resistance (Hoepfner et al., 2014; Kapitzky et al., 

2010). The validation of the effect of these genes in all the antifungal tested will allow to 

dissect the alleles underlying the pleiotropic QTL and identify possible new markers of 

antifungal resistance. Lastly, within micafungin-QTLs, IPK1 and the aforementioned TOR1 

were selected as previously linked to caffeine resistance in genetic studies (Homann et al., 

2009; Kapitzky et al., 2010) and as 8 and 4 SNPs were present between the parental allelic 

variants of the two genes, respectively.  

The validations are scheduled to be carried out in Delneri’s lab in the near future through 

reciprocal hemizygosis analysis on the hemizygote tetraploid hybrids, as depicted in Naseeb 

et al. 2021 (Naseeb et al., 2021). In short, a knockout of the candidate gene will be performed 

through PCR-mediated deletion in the parental diploids (ScOS253/SkOS575 and ScOS104/SkIFO1802). 

The strains generated will be mass mated to generate reciprocal hemizygote tetraploids 

carrying only one S. cerevisiae allele of the candidate gene. Lastly, the fitness of the generated 

strains will be assessed after incubation in the presence of the antifungal to determine the 

effect of each allele on the phenotypic fitness. 
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Table 4-7 | List of S. cerevisiae QTL regions selected for RHA validation. The coordinates of the QTL regions are indicated alongside the 

genes annotated within the QTL region. The selected candidate genes are highlighted in bold. 

Selection 

condition 
Chr Start (kb) End (kb) LOD Genes within the QTL region Gene function 

Fluconazole 

IV 

825.7 882.7 15.8 

RVB1, HST4, NUP42, MSS116, REF2, CAB5, CBS2, RKM2, 

VPS64, SPC19, RAV2, COQ4, MSC2, EBS1, UME6, MSS4, 

GCD6, TCP1, UPC2, AHA1, ADR1, RAD9, SPR28, MFB1 

Upc2 is a transcription factor which induces sterol 

biosynthetic genes 

IV 

Adr1 is a transcription factor which activate the 

expression of genes involved in ethanol, glycerol and fatty 

acid utilization 

IV 763.1 773.1 16.73 SSY1, ACL4, NBP2, CWC15, SEC1 
Nbp2 is a protein adapter involved in osmosensory 

signalling and cell wall integrity pathway 

Flucytosine 

IV 1234.4 1268.8 8.16 

DIT2, DIT1, RPB7, MRP20, PDR15, TRS120, ADE8, SIZ1, 

STE14, DFM1, RRP17, ERD1, YDR415C, SYF1, RPL12B, 

RAD30 

Pdr15 is a multidrug transporter implicated in cellular 

detoxification 

V 506.2 529.6 5.98 PAB1, DNF1, BCK2, CCA1, RPH1, ADK2, RAD3 Dnf1 is a flippase involved in phospholipids translocation 

XIII 566.3 586.5 20.33 INP2, MSS11, PAH1, MME1, MLH1, CEP3, ALD3, ALD2 
Mlh1 is an ATPase required for mismatch repair in mitosis 

and meiosis 

Micafungin 

IV 1048.9 1084.6 8.76 
TFB1, SSF2, PIB1, RAD34, IPK1, OMS1, HIM1, MCM21, 

YFT2, SWA2, DAD4, ASP1, TIM11, MRPL35, PEP7 

Ipk1 is an inositol pentakisphosphate 2-kinase involved in 

the biosynthesis of inositol phosphate 

V 505.6 519.7 9.26 PAB1, DNF1, BCK2 
Bck2 is a protein involved in the G1/S transition of the cell 

cycle 

X 530.6 546 9.25 NTA1, RPA12, CCT5, ARP3, TOR1, YAE1 Tor1 is a kinase involved in cell growth and autophagy 
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4.5 Conclusions and future work 

In this study we have successfully applied the platform developed by Naseeb et al. (2021) 

(Naseeb et al., 2021) for the dissection of complex traits in Saccharomyces hybrids to the 

identification of QTLs associated with antifungal resistance. The F12 progeny of a 

tetraploid hybrid between geographically distant strains of S. cerevisiae and S. 

kudriavzevii revealed a broad phenotypic diversity when screened in media containing 

sub-lethal concentrations of antifungal agents. This approach allowed to dissect complex 

trait linked with resistance and susceptibility to a diverse range of antifungal: from azole 

(fluconazole) to pyrimidine analogue (flucytosine), and echinocandins (micafungin). 

Moreover, the study of interspecies hybrids from natural sources allowed to study how 

natural variation, developing outside of clinical samples, and hybrid vigour may affect 

the evolutionary pathway leading to a resistant phenotype. 

The wealth of information provided by the QTL study will further advance the field of 

antifungal drug development, facilitating the identification of new pathway and 

metabolic targets which could be exploited in the generation of new drugs. Moreover, 

through RHA, we will be able to validate the phenotypic effect of the candidate genes 

and determine allelic variations which could represent markers of antifungal resistance. 

This will accelerate the development of new screening methods to predict antifungal 

resistance of clinical strains and guide the choice of treatment. In particular, the 

dissection of a pleiotropic QTL in chromosome V of S. cerevisiae present in all the 

antifungal tested could allow the identification of new strong predictors of drug 

resistance. Application of this approach using human pathogens, such as Candida and 

Cryptococcus spp., where hybridisation is commonplace (Samarasinghe et al., 2020), will 

further enhance the field, allowing to quickly identify markers of resistance for new 

screening procedures and study the evolution pathways responsible for antifungal 

adaptation in nature. 
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4.6 Material and methods 

4.6.1 Strains used in the study 

The F1 parental tetraploid S. cerevisiae x S. kudriavzevii hybrid 

(ScOS253/SkOS575/ScOS104/SkIF01802) harbouring S. kudriavzevii mitochondria and 228 F12 S. 

cerevisiae x S. kudriavzevii diploid progeny with S. kudriavzevii mitochondria generated 

in Naseeb et al. 2021 were used in this study. Yeast strains were maintained in YPD 

medium (1% yeast extract, 2% peptone, 2% glucose, Formedium, UK) in 96 well-plates, and 

in PlusPlates (Singer Instruments, UK) with YPD + 2% agar incubated at 30°C. 

4.6.2 Phenotypic tests 

Diploid spores of S. cerevisiae x S. kudriavzevii hybrids were grown in YPDA at 30°C and 

then inoculated into 100 µL YPD in a 96 well microtiter plate alongside the parental 

tetraploid (ScOS253/SkOS575/ScOS104/SkIF01802). The strains were incubated for 96 hours at 

30°C and then sub-cultured in 384 well microtiter plate containing 70 µL YPD using the 

Singer Rotor HAD (Signer Instruments, Somerset, UK), prepared with four technical 

replicates of each strain.  

For the fitness analysis of S. cerevisiae x S. kudriavzevii spores, the liquid cultures were 

grown to saturation at 30°C and stamped in solid media plates at a density of 384 strains 

per plate. The spores were grown at 30°C in: YPDA, YPDA + 5 µg/ml and 10 µg/ml of 

fluconazole, 10 µM and 20 µM of miconazole, 1 mg/ml and 2.5 mg/ml of caffeine, 25 ng/ml 

and 50 ng/ml of micafungin, 10 µg/ml and 20 µg/ml of flucytosine, 0.5 µg/ml and 1 µg/ml 

of bleomycin. 

The plates were imaged with the PhenoBooth Colony Counter (Singer Instruments, UK) 

after 72 hours of incubation and the size of the individual colonies, calculated in pixels 

with the Phenosuite software (Singer Instruments, UK), was used as a proxy for fitness. 

4.6.3 DNA Extraction and sequencing 

Diploid spores of S. cerevisiae x S. kudriavzevii hybrids were inoculated in 1.5 mL of YPD 

and incubated overnight at 30°C, shaking. Total DNA was purified using Epicentre 

Masterpure™ Yeast DNA Purification Kit (Lucigen, USA) and resuspended in 50 µL of 
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RNase-free water. To remove any RNA contamination present in the sample, the purified 

DNA was incubated for 30 minutes at 37°C with 1 µL of 5 µg/µL RNase A. 

The quality of the purified DNA was assessed through gel electrophoresis on a 0.8% 

agarose gel and a Thermo Scientific™ NanoDrop Lite spectrophotometer (Thermo 

Scientific, UK). The DNA in each sample was quantified with a Qubit 4 Fluorometer 

(Thermo Scientific, UK). 

4.6.4 QTL mapping 

The unmapped paired-end sequences from an Illumina HiSeq 4000 sequencer were 

quality assessed by FastQC (S. Andrews, 2010). Sequence adapters were removed, and 

reads were quality trimmed (to quality score q20) using Trimmomatic_0.36 (Bolger et al., 

2014). The mapping, variant calling and Multipool analysis was performed as previously 

described (Naseeb et al., 2021). Briefly, the reads were mapped against a reference hybrid 

genome containing the reference sequence for each founder species (S. cerevisiae OS104 

(Yue et al., 2017) and S. kudriavzevii IF0 1802T Ultra-Scaffolds assembly (Scannell et al., 

2011) using BWA-MEM (Li and Durbin, 2009) (bwa_ 0.7.15). Local realignment was 

performed with GATK_3.8.0 (DePristo et al., 2011) and duplicates were marked with 

Picard Toolkit_2.1.0 (“Picard Toolkit,” 2019). The alignment quality was assessed with 

Qualimap_2.2.1 (García-Alcalde et al., 2012). For each sample, variant calling was 

performed individually using Freebayes_1.1.0 (Garrison E, 2012) with ploidy setting at 1 

and including the following parameters --minmapping-quality 30 --min-base-quality 20 -

-no-mnps. The resultant VCF files were filtered for 'type=SNP' variants and processed 

using R. Unique bi-allele markers for each founder species were identified. Reads depths 

below 10 were excluded. The parental allele counts in each F12 pool were then calculated 

by matching reference (RO) and alternate (AO) alleles to the bi-allele marker sets among 

the founders. The allele counts were provided to Multipool (Edwards and Gifford, 2012) 

and log10 likelihood ratios (LOD scores) were calculated across each chromosome. QTLs 

were identified and reported with an LOD support interval of 1, in regions where a 

minimum LOD score of 5 extended across at least 20kb. The identified QTLs were 

annotated using the available annotation from S. cerevisiae OS104. Annotation for the S. 



 

 

113 
 

kudriavzevii IF0 1810T ultra-scaffolds assembly was performed using HybridMine 

(Timouma et al., 2020).  

4.6.5 Data analysis 

Potential causal genes were analysed with the Sorting Intolerant from Tolerant (SIFT) 

algorithm to assess if amino-acids variants were predicted to influence the protein 

function. SIFT analysis were conducted using data from Bergstrom et al. 2014 (Bergstrom 

et al., 2014) on the S. cerevisiae strains OS104 and OS253.  
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5.2 Abstract 

Hybridization is an important evolutionary mechanism to generate novel phenotypes and 

can produce new hybrids harbouring advantageous combinations of relevant traits. 

Saccharomyces jurei is a recently discovered species in the Saccharomyces genus and its 

biotechnological potential has yet to be fully explored. S. jurei exhibited several traits of 

industrial interest, such as sustained growth in wort and at low temperature, which 

suggest possible applications in the production of fermented beverages.  

Here, we analysed the fermentation capabilities and aroma profile of S. jurei D5095 in 

pilot scale beer fermentations. Moreover, we generated novel non-GMO hybrids between 

S. jurei and a S. cerevisiae ale yeast. Through hybridisation we combined the good 

fermentation performances of the ale parent strain with S. jurei cold-tolerance, while 

eliminating unwanted traits such as sugar hyper-attenuation and high production of 4-

vinyl guaiacol. Moreover, we were able to generate strains displaying novel, complex 

aroma profile of great interest for the craft brewing and beverage industry. This study 

exploits the genetic diversity of Saccharomyces yeasts and proves how inter-specific 

hybridisation and clone selection can be effectively used in brewing to introduce novel 

products and to eliminate or increase specific traits.  

 

5.3 Introduction 

The brewer’s yeast is often synonymous with S. cerevisiae, the predominant species in 

beer and wine fermentations (Gallone et al., 2016). S. cerevisiae offers outstanding 

fermentation capability together with the ability to consume most of the available sugars 

in wort and must (Mortimer et al, 2000). Moreover, the S. cerevisiae strains employed in 

the production of fermented beverages underwent centuries of domestication and 

diverged from wild isolates for their performances in industrial settings and for their 

aroma profile. For instance, wild strains often possess traits which impart unusual, often 

unwanted, notes to the aroma, such as the production of the so-called phenolic off 

flavours (Gallone et al., 2016).  
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However, the role of Saccharomyces species in the production of fermented beverages is 

not limited to that of S. cerevisiae alone. In particular, natural hybrids between S. cerevisiae 

and at least three other species, namely S. eubayanus, S. uvarum, and S. kudriavzevii, were 

also isolated from brewing and wine-making processes (Alsammar and Delneri, 2020) 

(García-Ríos et al., 2019) (Krogerus et al., 2018). In fact, hybridization represents an 

important tool to bridge the gap between domestic and wild species, allowing the addition 

of traits of industrial relevance, such as cold tolerance and flocculation, to the S. cerevisiae 

backbone (Giannakou et al., 2020).  A clear example of hybridization industrial potential 

is represented by S. pastorianus, a S. cerevisiae and S. eubayanus hybrid, employed in the 

production of lager beers (Mertens et al., 2015, Monerawela and Bond, 2018). Albeit less 

common, S. cerevisiae hybrids with S. uvarum or S. kudriavzevii have been associated with 

wine and cider fermentations while S. cerevisiae x S. kudriavzevii and S. cerevisiae x S. 

uvarum interspecific hybrids have also been isolated from brewing and winemaking 

fermentative environments (Krogerus et al., 2018, García-Ríos et al., 2019). Recently, 

much work has gone in the generation of novel hybrids, both to improve the fitness in 

industrial conditions and to diversify the aroma profile of industrial strains (Bellon et al. 

2013; Krogerus et al 2017). The recent years have seen a considerable growth in the craft 

beer market, stemming from consumers demands for new, innovative beer styles and 

flavours (Jaeger et al., 2020). More complex and stronger flavours in fermented beverages 

can be achieved with the addition of unconventional ingredients or the application of 

unconventional yeast strains with a diverse aroma profile. Recently, a new species in the 

genus, S. jurei, was discovered from Quercus robur bark in France. Phenotypic assays 

revealed S. jurei to possess attractive traits for industrial application. The strains 

characterized were resistant to a variety of stressors, from osmo-tolerance to high sugar 

concentrations, while presenting a relatively high fitness at low temperature (Naseeb et 

al., 2017; 2018). Moreover, S. jurei possible application and performance in baking were 

assessed together with other cryotolerant species of the Saccharomyces genus, opening 

new avenues for its application in the food market (Magalhães et al., 2021). 

Here, we evaluate S. jurei potential in the production of fermented beverages, outlining 

its performance in wort media and providing a comprehensive characterization of its 

aroma profile through GCxGC-MS analysis. Moreover, we constructed non-GMO hybrids 
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between S. jurei and a S. cerevisiae ale strain harbouring different combination of allelic 

traits through spore-to-spore mating. The novel hybrids were tested in pilot beer 

fermentation and displayed optimal sugar attenuation while producing a broad and 

different spectrum of flavours. This study shows the efficacy of inter-specific 

hybridisation as a tool for strain development and its potential to generate strains for 

industrial applications.  

 

5.4 Results and Discussion 

5.4.1 Constructions of diploid non-GMO hybrids between S. jurei D5095, D5088 

and ale strains S. cerevisiae OYL200 and OYL500 

A previous study highlighted S. jurei capability to consume maltose, the main sugar found 

in wort, on solid media (Naseeb et al., 2017). To further assess S. jurei potential as a brewer 

strain, we determined the growth kinetics of S. jurei in liquid media containing maltose 

or maltotriose, as sole carbon source and compared its fitness to S. cerevisiae lab (Sc-505), 

wild (Sc-96-2) and ale strains (Sc-20). All strains were able to utilise maltose and 

maltotriose, although at different rates, with S. cerevisiae ale and lab strains 

outperforming S. jurei and S. cerevisiae wild isolates (Figure B-1, Appendix B). Sj-95 

performed consistently better than Sj-88 in both sugar sources, while both S. jurei strains 

reached a higher final biomass than S. cerevisiae wild strain. Next, we investigated if the 

different rates of maltose and maltotriose utilization observed in the two S. jurei strains 

could be explained by allelic variation of maltose and maltotriose related genes. We 

annotated S. jurei genome using HybridMine to determine one-to-one orthologues 

between S. cerevisiae and S. jurei (Timouma et al, 2020). Both S. jurei strains were found 

to have 100% identical MAL13, MTT1 and AGT1 genes. However, MAL61, MAL33 and 

MAL32 are diverged between the two strains both at nucleotide and protein level (Table 

B-1, Appendix B), potentially explaining the phenotypic differences observed in the 

maltose and maltotriose uptake.  

While S. jurei performances in maltose were not comparable to the one of the industrial 

S. cerevisiae strain, its ability to ferment both maltose and maltotriose is a unique trait in 
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wild Saccharomyces species. Therefore, S. jurei was deemed an interesting candidate for 

the generation of interspecific hybrids with commercial S. cerevisiae strains of 

biotechnology importance. We attempted to obtain meiotic offspring from 16 different S. 

cerevisiae industrial strains which could be crossed with S. jurei strains. Two strains, Sc-

200 and Sc-500, displayed the highest sporulation efficiency amongst the strain tested, 

with 100% viability, and thus were chosen for the crossings (Table B-2, Appendix B). We 

created eight non-GMO hybrids via spore-to-spore mating (H1-8): H1-3 from crossing Sc-

200 x Sj-95, and H4-8 from crossing Sc-500 x Sj-88. The hybridisation technique was 

chosen to exploit the parental strain heterozygosity and generate hybrids harbouring 

different combinations of traits and thus phenotypic variations. The hybrid nature of the 

spores was validated via species-specific PCR (Figure B-2, Appendix B). The diploid 

nature of the hybrids H1-3 was further confirmed via FACS (Figure B-3, Appendix B). 

Moreover, we carried out a species-specific chromosome-specific PCR to check for the 

presence of both parental chromosome sets in the hybrids. All 16 chromosomes of S. 

cerevisiae and S. jurei were present in the hybrids, thus ruling out chromosomal loss 

(Figure B-4, Appendix B). Finally, meiosis was triggered in the hybrids to check the spore 

viability. As expected for an inter-specific diploid hybrid there were no viable spores (i.e. 

aneuploid hybrid would produce some viable spores; data not shown).   

5.4.2 Physiological characterisation of the hybrids 

The growth of the hybrids was tested in liquid medium in presence of the main wort 

sugars: glucose, maltose, and maltotriose, and compared to the one of the parents (Figure 

5-1 and Table B-3, Appendix B). In both YP + 2% maltose and YP + 2% maltotriose the 

hybrids outpaced the S. jurei parent achieving a higher growth rate and maximum 

biomass over the course of the fermentation (Figure 5-1A, Table B-3, Appendix B). 

Moreover, H1 exhibited similar fermentation kinetics to the industrial S. cerevisiae parent 

(Sc-200) in YP + 2% maltose, while H2 mirrored Sc-200 in YP + 2% maltotriose. In YP + 2% 

glucose, all strains behaved similarly with no significant difference in growth rates. 

Interestingly, H3 fermentations resulted in the highest final biomass recorded from all 

strains in all three sugar sources (Figure 5-1A, Table B-3, Appendix B). The results 

obtained suggests that H1 and H2 inherited different traits from the parental strains in 
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relation to the efficient utilisation of the different brewing sugars, resulting in diverging 

phenotypes in different carbon sources.  

Regarding the family of hybrids resulting from the cross between Sj-88 x Sc-500, different 

patterns emerged. In YP + 2% maltose, hybrids H4 and H8 presented the highest specific 

growth rate and performed significantly better than the ale parent Sc-500 (Table B-3, 

Appendix B). Similarly, in YPD, hybrid H8, alongside H5 and H7, reached a higher specific 

growth rate than the ale strain Sc-500. In YP + 2% maltotriose, however, the growth rate 

of the hybrids was lower than both parents, indicating an impaired maltotriose 

assimilation. Overall H4 was the best performing hybrid from this family in both maltose 

and maltotriose and may thus represent a good candidate for further studies. 

 

Figure 5-1 | Heat map of growth parameters of Sj-95, Sj-88, Sc-200, Sc-500 and H1-

8 hybrids. Growth parameters were assessed in YPD, YP + 2% maltose an YP + 2% 

maltotriose at 16°C (A) and in unhopped wort at 20°C (B). For each parameter, min and 

max represent the lowest and highest value reported for each hybrid cross in a specific 

medium. Lag phase is expressed as (lag phase)-1, thus a darker colour corresponds to the 

lowest lag phase observed. 
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Next, we evaluated the resistance of the hybrid strains to the hyperosmotic stress derived 

by the high sugar concentration present in wort and their performance in a mixed sugar 

medium through micro-fermentation in malt extract (Figure 5-1B). All the strains 

generated were able to grow and cope with the ever-changing fermentation environment 

resulting from the consumption of different sugars, lowering pH and ethanol 

accumulation. In malt extract, H2 presented the fastest growth among the hybrids 

resulting from the cross between Sj-95 x Sc 200. As for the cross Sj-88 x Sc 500, the hybrid 

progeny H4, H5 and H6 reached a significantly higher specific growth rate than the 

parent strains (Table B-3, Appendix B). Unexpectedly, H8 was the worst performing 

strain in unhopped wort despite the high growth recorded in YP + maltose, suggesting 

that the strain might not be adapted to the stressors of the brewing process. 

Next, we examined the fitness of all strains in solid media contaning glucose or maltose 

at different temperatures. As S. jurei is described as a cold-tolerant species within the 

Saccharomyces genus (Naseeb et al., 2017), we tested the phenotypes of the hybrids at a 

broad range of temperatures used in brewing fermentations: 22oC, 16oC and 8oC. Strains 

from crossings between Sj-95 x Sc-200 in YPD at 22 oC and 16 oC showed a similar growth 

pattern (Figure 5-2A, 5-2C), while at 8oC Sj-95, H1 and H2 grew considerably better 

compared to the other strains, indicating that the hybrids inherited the cold tolerance 

traits from S. jurei (Figure 5-2E). Moreover,  H1 grew visibly better than the other strains 

in YP-maltose at 8oC presenting a clear example of hybrid vigour (Figure 5-2F). Similarly, 

to what we previously observed in liquid medium, all the strains grew marginally better 

than Sj-95 in YP + maltose at 22oC and 16oC (Figure 5-2B, 5-2D).  

 



 

 

125 
 

Figure 5-2 | Spot test assay of Sj-95, Sj-88, Sc-200, Sc-500 and H1-8 hybrids at 

different temperatures. Each strain was spotted in YPD at 22°C (A), 16°C (C) and 8°C 

(E) and YP + 2% maltose at 22°C (B), 16°C (D) and 8°C (F) and incubated for 48h (A, B, C, 

D) and 21 days (E, F). 

As for the Sc-500 x Sj-88 hybrids (H4-H8), we observed good growth for all strains in YPD 

at 22oC and 16oC (Figure 5-2A, 5-2C). However, at 8oC, H4 and H8 showed considerably 

better performances compared to both parental strains and the other hybrids (Figure 5-

2E). Similarly, in YP-Maltose, H4 and H8 have the highest growth and colony formation 

among all strains at 8°C (Figure 5-2F). At 22°C we could not detect any difference between 

strains fitness in both glucose and maltose, except a slower growth of the parental Sj-88, 

while at 16oC, H4 and H8 grow better than the other hybrids (Figure 5-2B, 5-2D). 

Overall, H1 (crossing Sj-95 x Sc-200) and H8 (crossing Sj-88 x Sc-500) inherited the 

efficient maltose assimilation from the S. cerevisiae ale strain, and cold tolerance from the 
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parental S. jurei (Figure 5-2). The hybrid progenies of the cross Sj-95 x Sc-200 (H1-3) were 

selected for further studies in pilot scale fermentations based on the performance in 

unhopped wort of the specific S. jurei parent (Sj-95 is growing better than Sj-88 as shown 

in Figure B-1, Appendix B) and the relative hybrids. 

5.4.3 Pilot-scale beer fermentation in 10L vessels 

In beer fermentation, sugar attenuation and cell viability at the end of the process are key 

parameters for a successful fermentation (Sanchez et al., 2012). In brewing terms, 

attenuation describes the level of wort carbohydrates assimilated during fermentation 

(Vidgren et al., 2009). Generally, the desired level of attenuation is around 70-80% as the 

leftover sugars contribute to the flavour of the final product, conferring a desirable 

sweetness and body composition. Certain S. cerevisiae strains are characterized by their 

ability to secrete a glucoamylase (STA1), an enzyme that catalyses the digestion of starch 

and complex oligosaccharides. This amylolytic activity can lead to hyper-attenuation, as 

it allows the consumption of the complex sugars in the wort which are otherwise non-

fermentable, and excess carbon dioxide formation in bottles, cans or kegs (Meier-

Dörnberg et al., 2018) (Yamashita et al., 1985). We conducted 10L beer fermentation 

experiments to evaluate the sugar attenuation and cell viability of all strains of the Sj-95 

x Sc-200 family and analyse their performances in pilot scale fermentations (Figure 5-3). 

Sc-200 was found to over-attenuate the beer, with a decrease of 92% of the original 

gravity. The poor performance of Sj-95 observed in micro-fermentations was mirrored in 

pilot scale fermentations, with a total decrease in gravity of only 23% across 14 days. All 

the hybrids showed improved fermentation ability compared to Sj-95, having inherited 

from Sc-200 the necessary traits to sustain the stressors of industrial fermentation and 

efficiently utilize the wort sugars. In particular, H3 behaved similarly to Sc-200, over 

attenuating the beer (89%), while H1 and H2 attenuated the beer to 70% of the original 

gravity, a desirable characteristic for different beer styles. The gravity remained stable 

after the 14th day indicating that no further fermentation took place. All the strains were 

stained with methylene blue to estimate cell viability at the end of the fermentation, 

which allows to reuse the yeast in a practice known as re-pitching. No significant 

difference in viability across strains was detected (i.e. approximately 50% viable cells at 
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the end of the fermentation process). End point fermentation samples were analysed via 

HPLC to estimate the sugars consumed and ethanol produced by the different strains 

(Figure 5-4). The consumed sugars detected at the end of the fermentation confirmed the 

attenuation observed in the gravity data (Figure 5-3). Sj-95 showed the highest amount 

of residual sugars and the lowest production of ethanol compared to the Sc-200 and the 

generated hybrids. The ethanol produced (% ABV) varied between all strains, reflecting 

the different sugar consumption: 6.6% (Sc-200), 6.4% (H3), 5.2% (H2), 4.5% (H1) and 1.8% 

(Sj-95).  

 

Figure 5-3 | Fermentation kinetics of strains Sj-95, Sc-200 and the generated 

hybrids H1-3 in pale wort media of initial OG 1055.4. The consumption of sugars 

throughout the process is displayed by the specific gravity of the media, measured with 

a density meter.  

Based on the hyper-attenuation characteristic observed in the fermentation profiles of 

Sc-200, we tested for the presence of the STA1 gene in the newly made hybrids via PCR 

(Yamauchi et al., 1998). The PCR results showed that only the ale parent strain Sc-200 

and H3 possess the STA1 gene, while H1,  H2 and Sj-95 do not, as confirmed by the 

available genomic data on S. jurei (Naseeb et al., 2018) (Figure B-5, Appendix B). 

Therefore, it is likely that Sc-200 is heterozygotic for the STA1 gene, and thus the 

undesirable trait could be effectively eliminated via spore-to-spore mating, as in the case 

for H1 and H2. 
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Figure 5-4 | Sugar content and production of ethanol in final beer samples 

analysed via HPLC. The residual wort sugars and the ethanol production at the end of 

fermentation from strains Sc-200, Sj-95, H1, H2, and H3 was quantified by HPLC. Error 

bars display the standard deviation of technical replicates. 

 

5.4.4 Aroma profiling of generated hybrids reveals different aroma compounds 

from both S. jurei and S. cerevisiae parents 

Identification of volatile aromatic compounds for all strains was carried out at the end of 

the beer fermentation using GCxGC-MS. In total, 18 esters, 11 alcohols and 33 volatile 

compounds including acids, terpenes, aldehydes, ketones, and phenolic compounds were 

identified (Table 5-1).  

As expected, the levels of volatile compounds varied significantly between the parent 

strains. A strong tropical and fruity character was detected in Sc-200, due to the greater 

production of esters and isohexanoic acid (Table 5-1 and Figure 5-5). Instead, Sj-95 had 

low levels of esters, but produced a significant amount of spice/clove and alcoholic 

aromas deriving from phenolic compounds and fusel alcohols, respectively. The 

phenotypic difference observed in the hybrid strains was reflected in differences between 

their aroma profiles, as the strain inherited different flavour notes from the parental 
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strains. For instance, high level of ethyl hexanoate, a compound with a sweet fruity/apple 

aroma, was achieved only in H2 and in Sc-200 fermentations, while H2 and H3 mirrored 

the parental Sj-95 with little to no production of this compound. On the other hand, 4-

vinyl-guaiacol, a spicy phenolic aroma, was detected in Sj-95 and inherited only in H1 

and H2, albeit in lower concentrations.  

Table 5-1 | Target volatile metabolites of beer samples after 14 days of 

fermentation with Sj-95, Sc-200, H1, H2 and H3. 

Esters 

  
 

Peak Area x 106 

Compound 

name 

Flavour 

description 

Sj-95 H1 H2 H3 Sc-200 

Ethyl Acetate Fruity, pear 0.10 14.07 n.d 2.17 20.55 

Isoamyl acetate fruity, banana 113.09 118.07 113.51 33.91 195.70 

Isobutyl acetate Fruity 1.34 3.08 0.80 1.24 2.47 

Phenylethyl 

Acetate 

floral, roses n.d n.d 49.89 73.73 204.76 

Ethyl hexanoate fruity, apple n.d 139.98 0.63 n.d 182.91 

Ethyl benzoate medicinal 0.10 n.d 0.83 0.13 1.31 

Propyl acetate fruity, pear 9.16 30.06 17.27 46.10 13.12 

Ethyl Propionate fruity, pineapple 5.91 12.57 5.93 16.99 5.79 

Ethyl heptanoate fruity, grape 9.52 14.08 23.08 8.11 16.54 

Ethyl octanoate fruity, wine, 

sweet 

122.15 384.92 341.67 91.09 256.04 

Isopentyl 

isobutyrate 

fruity, apricot, 

banana 

7.12 10.87 8.37 7.30 n.d 

Ethyl decanoate sweet, apple, grape n.d 135.00 20.73 2.73 9.26 

Ethyl isobutyrate fruity 0.65 0.82 0.55 1.46 0.79 

Methyl 

Phenylacetate 

honey 3.28 3.75 3.31 3.60 3.13 



 

 

130 
 

cis-Carvyl acetate minty n.d n.d 0.91 0.75 0.75 

Propyl octanoate coconut, cacao 0.12 5.47 0.50 n.d 0.10 

Alcohols 

    Peak Area x 106 

Compound 

name 

Flavour 

description 

Sj-95 H1 H2 H3 Sc-200 

Isoamyl alcohol fusel, alcoholic, 

fruity 

775.86 523.41 615.71 0.58 1.67 

Phenylethyl 

alcohol 

floral, rose, 

honey 

n.d 141.54 102.47 n.d 199.83 

Butanol solvent, fusel 4.22 4.79 4.55 5.62 17.69 

Propanol solvent, fusel 58.09 113.88 0.27 84.11 40.09 

Isobutanol etheral, wine 31.05 35.44 18.22 27.29 31.40 

Furfuryl alcohol Sweet n.d 3.13 1.44 2.83 1.67 

Hexanol pungent, fusel, 

fruity 

19.07 23.32 17.57 22.85 19.38 

Methionol meaty, onion 0.59 0.63 n.d 0.81 0.98 

Acids 

    Peak Area x 106 

Compound 

name 

Flavour 

description 

Sj-95 H1 H2 H3 Sc-200 

Hexanoic Acid sour, cheesy 114.68 191.37 110.19 171.14 126.50 

Butanoic Acid acidic, unpleasant 11.08 3.88 7.04 5.46 5.81 

Isovaleric Acid cheesy 12.92 10.76 9.12 17.20 9.96 

Isohexanoic acid Fruity n.d 0.08 0.03 0.69 0.42 

Propanoic acid pungent, 

acidic 

2.07 5.02 3.94 8.40 1.64 

Acetic Acid sour, acidic 32.58 0.68 19.70 n.d 0.68 

Octanoic Acid rancid, cheesy n.d 315.80 173.67 186.57 116.58 

Terpenes and other volatile compounds 
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    Peak Area x 106 

Compound 

name 

Flavour 

description 

Sj-95 H1 H2 H3 Sc-200 

1-alpha-Terpinyl 

acetate 

herbal 3.70 4.44 2.16 4.61 2.91 

Hop ether floral, woody 11.40 10.06 10.93 14.16 8.13 

Myrcene woody, spicy 3.79 14.06 13.58 9.78 10.76 

Linalool citrus, floral, waxy 97.57 n.d n.d 107.32 n.d 

4-vinyl guaiacol clove, spicy, smoke 1.95 2.30 1.36 n.d n.d 

2-4-di-tert-

butylphenol 

phenolic 3.16 3.84 2.94 3.52 3.46 

Alpha-

Phellandrene 

citrusy, peppery 0.56 0.63 0.58 0.58 0.68 

o-Cymene Spicy 9.48 9.30 8.54 10.72 7.83 

Dehydro-p-

cymene 

fresh, citrus 0.46 0.56 0.32 n.d 0.39 

Nonanol Citrus 17.61 14.38 48.42 23.02 n.d 

Limonene citrus, fresh, sweet 0.61 0.16 0.90 n.d 0.27 

2-Acetylfuran sweet, nutty n.d 1.31 n.d 1.54 1.24 

2-Hexanone acetone like 0.03 0.06 0.04 n.d 0.06 

Terpinolene pine 0.27 n.d 0.29 0.41 0.42 

Camphene fresh, herbal, 

woody 

0.04 0.04 0.02 0.05 n.d 

(E)-2,6-

Dimethylocta-

1,5,7-trien-3-ol 

camphoreous, lime 1.73 2.29 1.17 2.01 2.44 

Nonanal citrus 0.31 0.54 0.55 n.d 0.54 

Ocimene fruity 13.09 11.71 9.43 n.d 9.77 

Pinene woody, pine n.d 2.16 n.d 17.93 2.16 

1-Decene sweet 0.29 5.06 7.55 n.d 5.79 
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Figure 5-5 | Clustering and heatmap visualization of aroma profiling. Normalized 

values per detected volatile compound across 14 days fermentation beer samples with Sj-

95, Sc-200, H1, H2 and H3. For each compound, 1 and 0 represent the lowest and highest 

value reported across all strains tested.  
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Interestingly, the hybrids achieved a higher production of specific compounds, such as 

ethyl propionate and α-terpinyl-acetate compared to the parental strains, perhaps as a 

result of an additive effect between parental genes. As a case in point, H1 outperformed 

both parental strains in the production of propyl acetate and ethyl isobutyrate, esters 

imparting a fruity aroma. Different parental allele inheritance in the hybrids allowed both 

the diversification of aroma characteristics in the beer by strengthening or weakening 

specific features, and the generation of new aroma profiles. In fact, clustering of the 

samples according to the GCxGC-MS data showed H1 and H2 aroma profiles resembled 

those of Sc-200 and Sj-95, respectively (Figure 5-5). However, H3 did not clearly cluster 

with any of the two parents for its flavour profile.  

Transcription levels of the genes responsible for the decarboxylation of ferulic acid to 4-

vinyl guaiacol (PAD1 and FDC1) were quantified via RT-PCR to determine if differential 

expression of the two genes in the hybrids was responsible for the different levels 4-vinyl 

guaiacol recorded. (Mukai et al., 2010). All hybrids expressed the S. cerevisiae allele of 

PAD1 at lower levels than the parent Sc-200. In contrast, the S. jurei allele was only 

significantly different from the parent Sj-95 in the hybrid H3 (Figure 5-6A). As for the 

FDC1 gene, similar levels of expression of the S. jurei allele were detected in H1, H2, H3 

and Sj-95, but a lower expression of the S. cerevisiae allele was observed in all hybrids 

when compared to the Sc-200 parent (Figure 5-6B). Therefore, the undetectable levels of 

4-vinyl-guaiacol in H3 could be due to the lower expression of PAD1 and FDC1 for both 

S. cerevisiae and S. jurei alleles recorded in that strain. A sensory evaluation of the final 

beers was carried out at Cloudwater Brew Co (Figure 5-7; Table B-4, Appendix B). 

Finished beers made with H1 and H2 were found to possess a likable estery character 

with predominant hits of apple, banana, and pear. Instead, the beer fermented with strain 

Sc-200 was characterized by a predominant estery profile, as observed via GCxGC-MS, 

which contributed to fruity characteristics and an astringent character and dry after taste, 

deriving from the sugars over-attenuation. A clove/phenolic character was present in 

different intensities in Sj-95, H1 and H2 beers likely resulting from the presence of 4-

vinyl-guaiacol in the samples. Beer made from H3 was described as fruity and tropical, 

with notes of peach and berries, with a marked astringent and light sour character when 

compared to H1 and H2, and with a minimal phenolic content. H2 aroma and flavour  
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Figure 5-6 | Relative PAD1 and FDC1 expression in all strains. The mRNA levels of 

PAD1 (A) and FDC1 (B) normalized to ACT1 were determined by RT-qPCR. Sj-alleles in 

H1-3 (light gray) are compared with Sj-95. Sc-allele in H1-3 (dark gray) are compared 

with Sc-95. ** indicate p<0.005 , *** indicate p <0.0005, **** indicate p <0.0001 upon 

ANOVA. 

 

Figure 5-7 | Spider chart of descriptive sensory analysis. The intensity of eight 

different descriptors in the aroma of Final samples from 10L beer fermentation with Sc-

200 (Sc), Sj-95 (Sj) and hybrids 1-3 were scored by a sensory panel.  
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profile was considered the most balanced, with a nice sweetness and soft body 

characteristics. Following the sensory evaluation, H1 and H2 were selected by 

Cloudwater Brew Co. for the production of beer in in 200L barrels. 

 

5.5 Conclusion 

Recent years have brought a remarkable increase in the demand of craft beer as 

consumers demand unique recipes and flavours beyond the traditional and well-known 

beer styles. As a result, interspecific hybridisation between yeast species has gained 

increased relevance as a way to generate new, complex aroma profiles through the 

combination of traits from different parental species. 

In this study, we evaluated the beer fermentation performances and aroma profiles of S. 

jurei and of novel S. cerevisiae x S. jurei hybrids generated through non-GM techniques. 

S. jurei is a prime candidate for a brewing strain as it is able to utilize maltose efficiently 

and sustain growth at the low temperatures which characterise both ale and lager beer 

fermentations. Moreover, we found that S. jurei is able to assimilate maltotriose, a sugar 

present in malt, a rare trait in the Saccharomyces genus. It is our understanding that 

maltotriose uptake mechanisms and brewing potential of a novel S. jurei strain isolated 

from Fraxinus excelsior, Bavaria, Germany, have been the topic of a collaborative study 

involving VTT Technical Research Centre of Finland, TU Berlin, and TU Munich, and 

that this work will be reported shortly in Frontiers in Microbiology (Hutzler et al. 2021). 

An intriguing outcome of this work has also been the observation that S. jurei has the 

ability to utilize maltotriose and may, under the right conditions, or with appropriate 

evolutionary engineering, serve as a brewing strain in its own right. Our study, however, 

shows that, S. jurei fermentation ability is limited when compared with a S. cerevisiae ale 

strain. Thus, we constructed hybrids between the two different species through spore-to-

spore mating to combine the parental traits contributing to beneficial phenotypes, such 

as cold tolerance and efficient utilization of malt sugars. Moreover, the ability of both 

parents to ferment maltose and maltotriose efficiently provides a fertile ground for the 

generation of hybrids possessing an allele combination that improves on the parental 

phenotype (heterosis; Bernardes et al., 2017). 
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Interestingly, the generated hybrids showed improved fermentation performance over 

the S. jurei parent, overcoming its inability to complete the fermentation in dry malt 

extract. This suggests that strain domestication in industrial settings from both parent 

strains is not essential to create successful hybrids for the brewing industry, paving the 

way for the application of other alternative Saccharomyces. Different allele inheritance in 

the generated hybrids also resulted in the elimination of the unwanted hyper-attenuation 

character of the S. cerevisiae ale parent. Thus, we suggest that Sc-200 is likely to be 

heterozygous for STA1, the gene, responsible for this trait. Similar results regarding the 

phenotypic influence of specific allele inheritance in the generated hybrids were also 

observed in the 4-vinyl guaiacol production derived from the activity of PAD1/FDC1 

genes. For example, the hybrid H3 exhibited a lower expression of the inherited genes, 

compared to the parental strains, resulting in undetectable levels of 4-vinyl guaiacol. 

Therefore, breeding techniques and meiotic segregation proved as an efficient tool for 

the elimination of STA1+/POF+ traits and hold a great potential for further applications 

in the brewing industry (Krogerus et al., 2017, Nikulin et al., 2018, Tubb et al., 1981). 

In this study we analysed the aroma profile of beers fermented by a selection of hybrids 

generated through spore-to-spore mating between S. jurei and a S. cerevisiae ale strain. 

Moreover, we described for the first time the aroma profile of S. jurei in beer products 

which resulted characterised by a strong clove/phenolic aroma. The complementary 

aroma profiles of the parental strains granted a desirable combination of tropical and 

floral character in the hybrid strains. The three hybrids presented different 

concentrations and intensities of various flavour compounds resulting in an increased 

concentrations of selected aroma compounds compared to the parents, as observed in the 

case of H3 propyl acetate production. Moreover, through spore to spore mating, we were 

able to eliminate  the S. jurei genes responsible for 4-vinyl guaiacol production, which is 

generally considered to be an off-flavour and its removal is a signature of domestication 

in brewing yeast (Gonçalves et al., 2016, Gallone et al., 2016) These results indicate that 

mixed or intermediary flavour profiles between parental strains can arise through 

hybridisation and thus breeding techniques can facilitate yeast selection for specific beer 

styles or new recipes. 
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Applying classical breeding to ale strains can be challenging as strains often suffer from 

poor sporulation ability and efficiency (Codon et al., 1995). Nonetheless, interspecific 

hybridisation is an efficient tool to create new yeast strains harbouring beneficial 

characteristics from different species without recurring to GM techniques (Krogerus et 

al., 2018, 2019, Mertens et al., 2015). Recent studies demonstrated that hybridisation 

played an important role in the domestication of beer and wine yeast strains (Gallone et 

al., 2018,  2019, Giannakou et al., 2020,  González et al., 2008). Here, we show that 

hybridisation with a brewing strain can effectively ease the introduction of natural 

strains in the Saccharomyces genus in industrial processes and generated novel products, 

catering to consumer demands for complex flavour.  

 

5.6 Materials and Methods 

5.6.1 Yeast strains 

The strains used in this study are the S. cerevisiae ale strains OYL200 (Tropical IPA; 

Omega Yeast lab; Sc-200) and OYL500 (Saisonstein’s monster, Omega Yeast Lab, Sc-500), 

S. jurei D5088 (NCYC 3947; Sj-88) and D5095 (NCYC 3962; Sj-95)(Naseeb et al., 2017), the 

S. cerevisiae lab strain NCYC505 (Sc-505) (Martini and Kurtzman, 1985), the S. cerevisiae 

wild isolate 96.2 (Sc-96.2) (Paget et al., 2014) and the S. cerevisiae x S. kudriavzevii 

allotetraploid hybrid PB7 (Morard et al, 2020). 

5.6.2 Hybridisation and hybrids confirmation 

Sj-95 was crossed with ale strain Sc-200, while Sj-88 was crossed with strain Sc-500. 

Strains were forced to sporulate by growth in pre-sporulation media (yeast extract 0.8%, 

bacto-peptone 0.3% and glucose 10%, VWR, UK) at 30oC for 16 h followed by incubation 

on minimal sporulation medium (1% Potassium acetate, 0.125 % yeast extract, 0.1% 

glucose and 2% bacto-agar, VWR,UK) at 20oC for 7–10, until tetrad formation. Tetrad 

dissection and spore to spore mating were performed in fresh YPD plates (1% yeast 

extract, 2% peptone, 2% agar, 2% glucose, VWR, UK) using a 400MSM micromanipulator 

(Singer Instruments, UK). The plates were incubated at 30oC until colony formation. 

Then, the colonies were spread plated in fresh YPM plates (1% yeast extract, 2% peptone, 
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2% agar, 2% maltose, Sigma Aldrich, UK) and a single colony was used for DNA 

extraction. Yeast DNA was extracted from overnight cultures by using the standard 

phenol/chloroform method described previously (Fujita and Hashimoto, 2000) with 

modifications described in (Naseeb et al., 2018). The hybrid nature of potential hybrids 

was confirmed by species-specific PCR. The primers pairs used for the species-specific 

multiplex PCR are specified in Table B-5 (Appendix B). The PCR conditions were as 

follows: 2 min at 94°C, 35 cycles of 1 min at 94°C, 1 min at 55°C, and 30 s at 72°C, followed 

by a final cycle of 3 min at 72°C and subsequent cooling to room temperature. The hybrid 

status of the newly generated strains was confirmed by the presence of both parental 

bands in the gel. Hybrids confirmed via PCR were streaked another six times in YPM 

plates to ensure strain purity and genome stability. The ploidy of the hybrids was 

estimated by flow cytometry (Haase and Reed, 2002) using Amnis ImageStream X (ISX 

MKII,) multispectral imaging flow cytometer. Furthermore, species-specific, 

chromosome-specific primers sets were designed for all the 16 chromosomes present in 

S. cerevisiae and S. jurei, respectively (Table B-5, Appendix B) and PCR was performed to 

confirm the presence of both chromosomes sets in the hybrids. The hybrids were 

sporulated to ensure no viable spores were detected.  

5.6.3 Micro-fermentations and culture conditions 

Growth kinetics in YPD, YP+ 2% maltose and YP+2% maltotriose were generated using 

BMG LabTech Omega series Microplate Readers. Growth was monitored for 72h in 96 

well plates with 4 biological replicates at an initial OD600 of 0.1 in 200µl of working 

volume. Growth was recorded via optical density at 600nm by measuring the absorbance 

every 10 minutes. 

Micro-fermentations in unhopped wort were carried out using a BioLector® I system 

(m2p Labs, Germany) with a 48 well FlowerPlate® (MTP-48-B, m2p Labs, Germany) for 

72h. Unhopped wort, with starting gravity (OG) of 1037, was made by using 104 g/L DME 

(Dry Malt Extract, Browland,UK) and boiled for 1 hour. The media was filtered to remove 

any undiluted powder. The following BioLector settings were used: filter: biomass (gain 

15), humidity: on (>85% using ddH2O), temperature: 20°C, oxygen supply: 20.85% 

(atmospheric air), agitation speed: 800 rpm. The total volume of each well was 1500 µL, 
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initial OD600 was 0.1. Scatter light at 620nm was measured every 7.29 min and logged by 

the BioLector®. The R package grofit was used to analyse the growth curve data of plate 

reader and micro-fermentation experiments (Kahm et al., 2010). Heat maps of the growth 

parameters were constructed using a in house R shiny app2 using min-max column 

scaling. 

The 10L scale beer fermentations were carried out for 14 days in home brewing 

equipment (plastic fermentor, lid and airlock) using pale wort OG 1055.4 according to the 

Cloudwater Brew Co. in-house recipe (Table B-6, Appendix B). The gravity (OG) was 

measured daily to evaluate the fermentation rate using a density meter (DMA 48, Anton 

Paar). End point fermentation samples were collected on the 14th day and stored at -20°C 

for GCxGC–MS and HPLC analysis.  

 

5.6.4 PAD1 and FDC1 transcript analysis by RT-qPCR 

Overnight cultures were grown in YP-glucose 2% and used to inoculate a 12oP unhopped 

wort to a starting OD600 of 0.1. Cultures were incubated overnight at 20oC until an OD600 

of 6-8 after which RNA was isolated from pelleted yeast using RNeasy Mini Kit (Qiagen, 

Germany) The lysis was performed by enzymatic digestion of cell wall followed by lysis 

of spheroplasts. Between 0.25 to 0.5 micrograms of total RNA was transcribed into cDNA 

in a 20 µL reaction mix using QuantiTect Reverse Transcription Kit (Qiagen, Germany) 

according to the manufacturer’s protocol. The resulting cDNA was diluted 5-fold and 2 

µL of diluted cDNA (corresponding to 10 ng of total RNA) was used as template in 10 µL 

qPCR reactions. The qPCR reactions were prepared with 5 µl of iTAq Universal SYBR 

Green super Mix 2X and 0.3 µM of gene-specific primers (Table B-6, Appendix B). The 

qPCR reactions were performed on a LightCycler® 480 II instrument (Roche Diagnostics, 

Basel, Switzerland) in 3 technical replicates on the reverse-transcribed RNA isolated from 

3 biological replicates. The following programme was used: initial denaturation (95 °C for 

3 min), amplification cycle (95°C for 15s, 55°C for 30s, 72°C for 30s) repeated 45 times, 

 

 

2 https://kobchai-shinyapps01.shinyapps.io/heatmap_construction/ 
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melting curve programme (65–97°C with continuous fluorescence measurement), and a 

cooling step to 10°C. The relative expression of PAD1 and FDC1 was calculated using the 

∆∆CT method by normalizing gene expression to that of the ACT1 gene. Statistical 

analysis and plots were produced using GraphPad prism. 

5.6.5 Phenotypic assay test 

Cells were incubated in YPD and YP-maltose agar plates at 22°C, 16°C and 8°C, to 

determine fitness at different growth temperatures and carbon sources. The range of 

temperatures was selected according to temperatures used in the brewing industry. 

Strains were grown overnight in liquid YPD and 5 µl of 10-fold serial dilutions were 

spotted to plates starting with an initial OD600 of 0.4. 

5.6.6 HPLC and Headspace – SPME GCxGC–TOF-MS 

Substrate consumption and alcohol production in pilot scale fermentations was 

determined by ion-exchange HPLC using a 1269 Infinity II LC system equipped with a 

Refractive Index detector (Agilent). A 300x7.8 mm Hi-Plex HPLC Column (Agilent) was 

equilibrated with 5 mM H2SO4 in HPLC grade water at 60° at a 0.8 mL/min flow rate. The 

samples were filtered prior to HPLC analysis (pore size 0.45 µm) and 10 µL of the sample 

was injected. Sugars and ethanol were quantified using calibration curves generated from 

authentic standards.  

Aroma composition of the final beer products was determined by HS-SPME-GCxGC-

TOF-MS. as previously described (Carlin et al., 2016). A Gerstel MultiPurpose Sampler 

autosampler (Gerstel GmbH & Co. Mülheim an der Ruhr Germany) with an agitator and 

SPME fibre was used to extract the volatiles from the sample vial headspace. The GCxGC 

system consisted of an Agilent 7890 A (Agilent Technologies, Santa Clara, CA) equipped 

with a Pegasus IV time-of-flight mass spectrometer (Leco Corporation, St. Joseph, MI). A 

VF-Wax column was used as first-dimension (1D) column, and a RTX-200MS-column was 

used as a second-dimension (2D) column. The GC system was equipped with a secondary 

column oven and non-moving quadjet dual-stage thermal modulator. The injector/ 

transfer line was maintained at 250°C. Oven temperature programme conditions were as 

follows: initial temperature of 40°C for 4 min, programmed at 6°C min-1 up to 250°C, 
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where it remained for 5 min. The secondary oven was kept 5°C above the primary oven 

throughout the chromatographic run. The modulator was offset by +15°C in relation to 

the secondary oven; the modulation time was 7s and 1.4s of hot pulse duration. Helium 

was used as carrier gas at a constant flow of 1.2 mL min-1. The MS parameters included 

electron ionisation at 70 eV with ion source temperature at 230 °C, detector voltage of 

1317 V, mass range of m/z 35–450 and acquisition rate of 200 spectra s-1. SPME extraction 

was carried as follows: 5 mL of beer, sonicated for 2 min to remove the foam, were put 

into 20 mL glass headspace vials, 1.5 g of NaCl were added, the samples were spiked with 

50 µl of alcoholic solution of 2-octanol at 2.13 mg L-1 (99%, Sigma-Aldrich) as internal 

standard. Samples were kept at 35°C for 5 min and then extracted for 30 min at 35°C. The 

headspace was sampled using 2-cm DVB/CAR/PDMS 50/30 lm fibre. The volatile and 

semi-volatile compounds were desorbed in the GC inlet at 250°C for 4 min in splitless 

mode and the fibre was reconditioned for 7 min at 270°C prior to each analysis. Aroma 

profiles were visualized using the R shiny app for heatmap construction. 

5.6.7 Data processing and peak annotation 

GCxGC-MS data acquisition and processing were achieved with LECO ChromaTOF 

(Version 4.71). The processing consisted of peak picking, peak annotation, and statistic 

confirmation. During the peak picking, only signals which were above the noise were 

considered (baseline offset = 1). The minimal expected peak width (on 2nd dimension) 

for deconvolution was 0.8 s. A peak was defined when at least 5 ions, whose signal to 

noise ratio was above 100 (Stefanuto et al., 2017), can be grouped. A picked peak was 

annotated by matching its mass spectrum (MS) to the reference spectrum in the database. 

In this study, the MS databases used were NIST/EPA/NIH 11, Wiley 8 and the FFNSC 2. 

The MS similarity threshold for the peak annotation was 700. Each sample was analysed 

with three technical replicates. Inter-measurements peak alignment was performed based 

on the retention times (both 1st and 2nd dimensions) and the mass spectrum. A minimal 

MS similarity of 600 was required. Analytes were further examined, only if they could be 

detected in all the technical replicates. An inter-class comparison was performed between 

sample class and blank class. Fisher ratio threshold was used to eliminate artifact 

compounds (sorbent bleeding, column bleeding and other possible interferences). The 
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applied significance level was 0.05. Peak identification was then completed by checking 

the linear temperature programmed retention index (LTPRI), which is available in the 

NIST RI database.  

5.6.8 Sensory evaluation of beer products 

Sensory analysis were carried out at Cloudwater Brew Co. by brewing experts trained on 

beer sensory analysis and on the detection off-flavours. Beers from the 10L scale 

fermentation were tasted by a panel of 6 assessors to evaluate the differences and/or 

similarities between their aroma, flavour, taste/mouthfeel and to record overall 

impressions. The samples were blind-coded by using 3-digit codes and presented to the 

trained assessors in random order and duplicates. Palate cleansers were provided and 

recommended throughout the sensory testing. The panel was asked to score the intensity 

of different characters present in beer, and to provide any descriptive profiling of the 

flavours presented in the samples. A list of the following descriptors was provided 

beforehand to the panel: malty, astringent, sour, sweet, bitter, phenolic, estery, hoppy. 
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Chapter 6 – General conclusions and future work 

 

6.1 Conclusions 

Products in the food and beverage industry will need to quickly adapt to changes in both 

the climate and in customer demands, requiring the development of new strains and 

processes (Donadini and Porretta, 2017; Jones et al., 2005; Marín et al., 2021).  However, 

breakthroughs in the field are hindered by the genetic complexity of the commercial yeast 

strains, which are typically sterile hybrids, and by the limited knowledge of the 

production of aroma compounds and their physiological impact in yeast. In this study, I 

applied a combination of genomics and metabolomics tools to tackle these challenges and 

advance the field, revealing new strategies for both strain and process development. First, 

I shed new lights on how yeast physiology may drive aroma compound production in 

yeast. As outlined in chapter 2, I uncovered a correlation between yeast growth and 

aroma production in S. cerevisiae using carbon-limited continuous fermentations in 

anaerobic conditions. In particular, the production of two higher alcohols (isobutanol and 

isoamyl alcohol) was found to decrease at higher growth rate, while ethyl octanoate and 
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acetaldehyde titres increased. Guided by the results obtained in chemostats I designed a 

feeding profile to limit yeast growth to study the extent aroma compound production 

could be manipulated by nutrients availability. The final concentration of seven out of 

ten volatile compound resulted significantly different between fed-batch fermentations, 

where growth was artificially limited, and batch. Consistently with the chemostat results, 

higher alcohols concentrations increased by 60% in fed-batch, while the concentrations 

of selected esters, such as ethyl decanoate, decreased. The results obtained revealed the 

high potential of the application of feeding profiles for the manipulation of volatile 

compounds production in yeast and provided new, important insights in the link between 

aroma and yeast physiology. 

The body of work presented in chapter 3 expanded the toolset available to study 

Saccharomyces hybrids, bringing multigenerational hybrids into the realm of quantitative 

genetics. In collaboration with Dr. Naseeb, I was able to restore fertility in hybrid spores 

through rare mating, generating a library of F12 diploid hybrids between different 

Saccharomyces species. The unique makeup of the hybrids studied, derived by an 

allotetraploid hybrid from geographically distant strains, allowed to study the effect of 

natural variation and hybridisation on several traits of biotechnological interest. The 

hybrids spores generated displayed a broad phenotypic diversity in all the conditions 

tested and provided fertile grounds for genome-wide studies. Through quantitative 

genetics techniques I identified species-specific and hybrid-specific features responsible 

for industrial traits such as maltose, low temperature, and acetic acid tolerance. 

Furthermore, I revealed a strong genome wide-effect of mito-nuclear incompatibilities on 

the QTL landscape, by comparing QTL regions mapped in hybrid progeny derived from 

parental lines with different mitochondria.  

The incredible potential of the pipeline developed for the study of complex traits in 

Saccharomyces hybrids was further explored in the work presented in chapter 4. A library 

of F12 S. cerevisiae x S. kudriavzevii hybrids was screened in sub-lethal concentrations of 

six antifungal agents to allow the dissection of complex traits linked with antifungal 

resistance. QTL mapping of genetic traits contributing to resistance to fluconazole, 

micafungin, and flucytosine revealed the high degree of complexity underlying these 
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traits and allowed the identification of several potential causal genes. The wealth of 

genetic data generated from the QTL studies presented in chapter 3 and 4 will help 

identify new genes and pathway linked to traits of biotechnological interest to accelerate 

the development of new products and strains. Moreover, it will allow further studies on 

nuclear-nuclear and mito-nuclear interactions arising in interspecies hybrids to untangle 

the genomic complexity of industrial hybrid strains. 

Lastly, in chapter 5, I contributed to explore the potential of spore-to-spore mating 

between natural and industrial strains to generate novel brewing yeast with new and 

diverse aroma profiles. First, in collaboration with K. Giannakou, I assessed the brewing 

potential of S. jurei strains isolated from nature, in lab-scale and pilot-scale fermentations. 

The strains were found able to consume the main sugar presents in wort, maltose and 

maltotriose, a rare trait in Saccharomyces, and were thus deemed strong candidates for 

further applications. However, S. jurei fermentation capabilities were limited when 

compared to selected S. cerevisiae ale strains, in particular when screened in wort media 

and in industrial settings. Thus, to accelerate the development of new brewing strains 

harbouring S. jurei backbone without resorting to GMO techniques, Giannakou 

hybridised S. jurei with S. cerevisiae industrial strains using classical breeding techniques. 

I tested three hybrids generated in this study which consistently outperformed the 

parental S. jurei, combining beneficial traits from both parents such as the efficient sugar 

consumption of S. cerevisiae and S. jurei cold tolerance. Moreover, through hybridisation 

novel aroma profiles of great interest for the craft beer market were generated. In fact, 

the complementary aroma profiles of the parental strains gave rise to a desirable 

combination of tropical and floral notes in the hybrids, while eliminating undesirable 

traits such as the high production of 4-vinyl guaiacol of the S. jurei parent. 

To conclude, the results of this thesis successfully tackled the main challenges arising in 

the food and beverage industry applying a combination of metabolic and genomic 

techniques to untangle the complexity of the fermentation processes. In particular, I 

expanded the tools available to study Saccharomyces hybrids and studied how yeast 

physiological state affects the final aroma. Moreover, new strains of industrial interest 
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were generated through spore-to-spore mating accelerating the introduction of new, 

complex aroma profiles into novel products. 

 

6.2 Future Work 

Volatile aroma compound production is affected by growth rate in S. cerevisiae. 

In the work presented we uncovered a correlation between growth rate and volatile 

compound production in the S. cerevisiae type strain NCYC505 which was exploited to 

increase higher alcohol production. Further studies should be directed to understand if 

the correlation observed is strain- or species-specific and evaluate how conserved are the 

mechanisms underlying the link observed. Previous studies, highlighted how differences 

in the acetate metabolism between S. cerevisiae strains CBS 8066 and H1022 led to 

significant differences in ethanol yields,  in anaerobic glucose-limited chemostats 

(Verduyn et al., 1990). Thus, I would suggest expanding the study to a broader range of 

strains and species, and, in particular, to S. cerevisiae and S. pastorianus strains which are 

commonly employed in brewing processes. In this study, I have shown that a controlled 

feeding profile can increase the concentrations of higher alcohols by 60% in synthetic 

media. Further studies in wort-media and in industrial-scale fermentations will allow to 

define the potentiality of the implementation of feeding profiles to artificially regulate 

growth and manipulate aroma compound productions in fermentation processes. 

Restoring fertility in yeast hybrids: breeding and quantitative genetics of 

beneficial traits. The wealth of data generated by the QTL analysis on Saccharomyces 

hybrids represents an important resource to study mito-nuclear and nuclear-nuclear 

interactions in hybrids. Further studies should be directed on the dissection of pleiotropic 

QTLs such as the one detected in maltose, acetic acid and low temperature in 

chromosome XIII of S. cerevisiae in S. cerevisiae x S. jurei hybrids harbouring S. jurei 

mitochondria. Allelic variation in the CLU1 gene, in particular, may uncover a negative 

epistatic effect of the S. cerevisiae allele which may be background-specific. In fact, the 

QTL was not mapped in S. cerevisiae x S. jurei hybrids with S. cerevisiae mitochondria nor 

in the other Saccharomyces hybrids tested. CLU1 was described as affecting mitochondria 

morphology and distribution in S. cerevisiae strains (Fields et al., 1998). Thus, I 
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hypothesise that the S. cerevisiae alleles of CLU1 may interact in a different manner with 

S. jurei mitochondria, leading to mito-nuclear interactions which could be underlying the 

phenotypic effect observed. Validation of CLU1 through reciprocal hemizygosity analysis, 

coupled with fluorescence localization of mitochondria as described in Marobbio et al. 

(2003), will confirm the effect and lead to further study to dissect the molecular 

mechanisms of the mito-nuclear interaction. 

Aside from genomic data, the framework described in this project to both generate and 

screen de-novo could be easily applied to a broader variety of stressors and to hybrids of 

different Saccharomyces species. In chapter 4, I have successfully applied the pipeline to 

the dissection of complex traits correlated with antifungal resistance, allowing to study 

how natural variations and hybridisation affect this trait. Expanding the phenotypic 

screening to industrial-relevant traits such as ethanol tolerance and growth at low pH 

will help identify new evolutionary pathways for strain development. Moreover, mito-

nuclear incompatibilities are consistently detected more frequently in Saccharomyces 

hybrids when assayed in non-fermentable carbon sources (Szabo et al., 2020; Visinoni and 

Delneri, 2022; Wolters et al., 2018). Thus, a thorough screening in non-fermentable media, 

such as glycerol, could provide new insights on the role of the mitochondria in 

Saccharomyces hybrids. 

Experimental evolution studies in industrial stressors on the best-performing strains 

selected for QTL studies will be able to capitalize on the incredible genetic diversity of 

the hybrid spores generated. Moreover, the application of mutagenesis protocols 

extensively described in literature could generate further instability and diversity from 

previously evolved strains (Bellon et al., 2011; Ekberg et al., 2013). Continuous culturing 

systems could also proven as a valuable tool to evolve and select populations of yeast 

hybrids, maintaining a finely tuned selective pressure. While applications of chemostat 

cultures have already been proven successful in improving S. pastorianus attenuation 

(Brickwedde et al., 2017), I believe turbidostat systems could replicate better the selection 

pressure yeast is subjected to during the brewing processes. Performing continuous 

culturing in turbidostat will allow to evolve cells in nutrient abundance while applying 
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an increasing selection pressure. This will facilitate adaptive evolution in a complex 

media, like wort, and better replicate industrial conditions. 

Identification of genetic markers of antifungal drug resistance in Saccharomyces 

hybrids via QTL mapping. The analysis of the QTL regions linked to antifungal 

resistance identified in S. cerevisiae x S. kudriavzevii hybrids provided a large number of 

potential causal genes which could contribute to the phenotype observed. Reciprocal 

hemizygosity analysis will help define whether the candidate genes selected are 

responsible for the resistant phenotype and detect allelic variant which could be exploited 

in antifungal susceptibility screening. Moreover, a thorough dissection of the QTL 

detected will help identify novel pathways and genes which could be exploited for the 

generation of new antifungal drug or for the development of combination therapies.  

Application of the pipeline for the study of hybrids between pathogenic species will 

further advance the field, allowing to monitor the evolutionary pathways leading to 

antifungal resistance. Interspecies hybrids of Cryptococcus neoformans and Cryptococcus 

deneoformans are frequently isolated in natural and clinical samples and were previously 

exploited for the QTL analysis (Samarasinghe et al., 2020; Vogan et al., 2016). However, 

similarly to Saccharomyces hybrids, the strains isolated are sterile and propagate only 

asexually. The platform presented in this thesis will allow to restore fertility in the 

hybrids allowing multigenerational crosses and reducing linkage disequilibrium by 

increasing recombination. The greater phenotypic and genomic diversity produced will 

provide fertile grounds to quantitative genetics studies on the evolutionary pathways 

leading to antifungal resistance and the role of hybridisation. 

Biotechnological exploitation of Saccharomyces jurei and its hybrids in craft beer 

fermentation uncovers new aroma combinations. Previous studies highlighted the 

role of the mitochondria in determining hybrid fitness in low temperature in S. cerevisiae 

x S. uvarum hybrids, as well as affecting the aroma profile in S. cerevisiae x S. eubayanus 

crosses (Hewitt et al., 2020; Li et al., 2019; Pérez et al., 2022). Thus, identification of the 

mitotype in the hybrid strains generated will help to further define the role of the 

mitochondria in determining the hybrid phenotype. Moreover, whole genome 

sequencing of the strains generated will help identify the molecular agents underlying 
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the phenotypical differences observed between the hybrids. In fact, spore-to-spore 

mating allows for a differential allele inheritance in the spores, leading to the broad range 

of aroma profiles and phenotypes observed. Dissection of genomic data, followed by 

validation in vivo in lab-scale, will complement the qPCR on the genes responsible for the 

production of aroma compounds and genes responsible for maltose and maltotriose 

consumption. Such studies will allow to dissect the alleles responsible for the phenotypes 

observed and allow further development of the strains. 

The hybrids strains H4 and H8, derived from the crossing of Sj-88 x Sc-500, displayed 

high fitness in maltose at 8°C and 16°C in spot test assays, while H4 and H6 outperformed 

both parental strains in terms of specific growth rate in micro-fermentations in malt 

extract. However, due to time and equipment restraints, only the hybrids from the 

crossing of Sj-95 and Sc-200 were evaluated in pilot-scale fermentations. Further 

characterisation in industrial settings of the Sj-88 x Sc-500 hybrids generated in this study 

may lead to the identification of interesting new candidates and results in novel aromas 

and products. 

Lastly, in this study we attempted to obtain meiotic offspring from sixteen different S. 

cerevisiae industrial strains identifying four strains exhibiting high sporulation, coupled 

with good spore viability, an unusual trait in ale strains (Table B-2) (Gallone et al., 2016). 

Here, spore-to-spore mating was successfully employed to generate novel hybrid strains 

with industrial potential and to remove unwanted parental traits such as the high sugar 

attenuation recorded in Sc-200. The S. cerevisiae ale strain Sc-200, Sc-500 may thus be 

exploited for further hybridisation studies to ease the introduction of other natural strains 

in the Saccharomyces genus in industrial processes. 
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Appendix A – Supplementary information of Chapter 3 

 

 

Figure A-1 | Scatter plots of fitness of F1 diploid progeny for S. cerevisiae/S. jurei 

and S. cerevisiae/S. kudriavzevii hybrids. The dot plots represent the colony sizes of 

S. cerevisiae/S. jurei (A) and S. cerevisiae × S. kudriavzevii (B) hybrids at different 

temperatures, carbon sources and stressors. Each dot represents the fitness of a F2 

progeny. Different mitotypes are represented in black for S. cerevisiae, in red for the other 

parental species and in green for recombinant mitotypes. 
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Figure A-2| Heat map representing phenotypic fitness of F1 diploid progeny for 

S. cerevisiae/S. jurei hybrids. Fitness was scored at five different temperatures and in 

response to different environmental stressors at 30°C for 4n hybrid parents Sc/Sj carrying 

different mitochondria and their diploid progeny. Phenotypes are represented with 

colony sizes calculated as pixels and coloured according to the scale, with light yellow 

and dark blue colours representing the lowest and highest growth respectively. 
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Figure A-3 | Scatter plots of fitness of F12 diploid progeny for S. cerevisiae/S. jurei, 

S. cerevisiae/S. kudriavzevii and S. cerevisiae/S. eubayanus hybrids. The dot plots 

represent the colony sizes of S. cerevisiae/S. jurei (A and B), S. cerevisiae × S. kudriavzevii 

(C and D) and S. cerevisiae/S. eubayanus (E and F) hybrids at different temperatures, 

carbon sources and stressors. Each dot represents the fitness of a F12 progeny.  
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Figure A-4 | Variant calling pipeline 
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Table A-1 | Interspecies diploid hybrids constructed 

Species  Strains crossed 

S. cerevisiae × S. jurei OS3 ×  D5088 

  OS60 × D5095 

  OS253 × D5095 

  OS3 × D5095 

  OS104 × D5095 

    

S. cerevisiae × S. kudriavzevii OS104 × OS575 

  OS253 × OS575 

  OS3 × OS575 

  OS278 × OS575 

  OS3 × IFO1802 

  OS104 × IFO1802 

  OS3 x ITD3  

  OS60 x ITD3  

  OS104 x ITD3  

  OS253 x ITD3  
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Table A-2| Intraspecies diploid hybrids constructed 

 

Species  Strains Crossed  

S. cerevisiae  OS3 x OS60  

  OS3 x OS104  

  OS3 x OS253  

  OS3 x OS278  

  OS60 x OS104  

  OS60 x OS278  

  OS104 x OS253  

  OS104 x OS278  

  OS253 x OS278  

  OS274 x OS388  

S. uvarum  OS274 x OS449  

  OS274 x OS471  

  OS388 x OS449  

  OS388 x OS471  

  OS449 x OS471  

  OS578 x OS626  

S. eubayanus  OS578 x OS627  

  OS626 x OS627  

S. kudriavzevii  OS575 x IFO1802  

  OS575 x OS393  

  OS393 x IFO1802  

  CAIII x IFO1802  

  CAIII x OS393  

  CAIII x ITD3  
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Table A-3 | Spore viability of constructed tetraploid lines 

Tetraploids Strains making up the 4n genome 

Spore viability 

(%) 

S. cerevisiae/S. kudriavzevii OS253/OS575/OS104/IFO1802 90 

  OS104/OS575/OS3/IFO1802 89 

  OS253/OS575/OS3/IFO1802 93 

S. cerevisiae/S. jurei OS3/D5088/OS104/D5095 87 

  OS3/D5088/OS104/D5095 92 

S. cerevisiae/S. uvarum  OS388/OS471/OS3/OS253 75 

  OS388/OS471/OS104/OS253 78.8 

  OS388/OS449/OS3/OS104 92.5 

  OS274/OS449/OS3/OS253 77.5 

  OS449/OS471/OS3/OS104 73.8 

  OS388/OS449/OS3/OS253 81.3 

  OS388/OS449/OS3/OS104 88.8 

  OS388/OS449/OS104/OS253 66.3 

S. cerevisiae/S. eubayanus  OS578/OS626/OS3/OS253 86.5 

  OS578/OS626/OS3/OS253 81.7 

  OS578/OS626/OS104/OS253 89 

  OS578/OS626/OS3/OS253 81.7 

  OS578/OS626/OS3/OS103 81.7 

  OS578/OS626/OS104/OS253 87.5 

  OS578/OS627/OS3/OS253 80.8 

  OS578/OS627/OS60/OS103 78.8 

  OS578/OS627/OS3/OS103 98 

  OS578/OS627/OS60/OS103 88 
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Table A-4| Quartile coefficient of dispersion of the F1 and F12 segregants colony 

size by condition. Mal (maltose), AcOH (acetic acid) 

Tetraploid 
16°C 23°C 30°C 

Mal  

10% 

Mal 

15% 

AcOH 

0.3% 

AcOH 

0.5% 
Average 

F1 

Scm/Sj 0.06 0.11 0.10 0.25 0.24 0.07 0.14 0.14 

Sc/Sjm  0.23 0.16 0.13 0.31 0.34 0.19 0.27 0.23 

Sc/Sj 

Rm  
0.16 0.06 0.07 0.29 0.25 0.10 0.10 0.15 

Scm/Sk  0.14 0.79 0.92 0.23 0.24 0.14 0.22 0.38 

Sc/Skm  0.10 0.19 0.33 0.26 0.24 0.06 0.14 0.19 

Sc/Sk 

Rm  
0.17 0.14 0.40 0.16 0.12 0.12 0.24 0.19 

F12 

Scm/Sj 0.21 0.22 0.12 0.31 0.40 0.14 0.36 0.25 

Sc/Sjm  0.12 0.09 0.09 0.22 0.25 0.14 0.22 0.16 

Scm/Sk  0.14 0.18 0.20 0.44 0.33 0.15 0.15 0.23 

Sc/Skm  0.18 0.14 0.16 0.30 0.29 0.17 0.29 0.22 
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Table A-5 | Total number of QTLs identified in the F12 segregants in all 

conditions using the Multipool and pooled selection strategies 

Multipool analysis 

Diploid hybrid 

F12 progeny 
Sc alleles 

Other parental 

alleles 
Total 

Scm/Sj 19 28 47 

Sc/Sjm  37 35 72 

Scm/Sk  95 71 166 

Sc/Skm  63 59 122 

Scm/Se  46 26 72 

Sc/Sem  65 38 103 

Pooled selection analysis 

Diploid hybrid 

F12 progeny 
Sc alleles 

Other parental 

alleles 
Total 

Scm/Se 6 10 16 

Sc/Sem  19 6 25 

Scm/Su 9 0 9 
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Table A-6 | Number of QTL regions detected in S. cerevisiae/S. jurei, S. cerevisiae/S. kudriavzevii and S. cerevisiae/S. 

eubayanus F12 segregants via Multipool strategies. 

  Number of QTL regions detected Number of genes within the QTL regions 

  ScmSj Hybrid ScSjm Hybrid ScmSj Hybrid ScSjm Hybrid 

  Sc genome Sj genome Sc genome Sj genome Sc genome Sj genome Sc genome Sj genome 

Low T°C (16°C) 4 13 17 20 59 269 140 264 

Maltose 8 7 12 9 89 80 111 131 

Acetic acid 7 8 8 6 74 159 87 77 

  ScmSk Hybrid ScSkm Hybrid ScmSk Hybrid ScSkm Hybrid 

  Sc genome Sk genome Sc genome Sk genome Sc genome Sk genome Sc genome Sk genome 

Low T°C (16°C) 33 11 20 25 243 64 171 95 

Maltose 38 32 24 24 243 192 233 120 

Acetic acid 24 28 19 10 164 200 188 39 

  ScmSe Hybrid ScSem Hybrid ScmSe Hybrid ScSem Hybrid 

  Sc genome Se genome Sc genome Se genome Sc genome Se genome Sc genome Se genome 

Very low T°C (4°C) 13 8 13 11 188 83 212 121 

High T°C (40°C) 18 10 26 13 82 76 137 173 

Ethanol 15 8 26 14 137 120 232 173 
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Table A-7 | List of potential causal genes identified in hybrids analysed via Multipool. The genes are clustered by function 

or phenotype reported in case of deletion or expression on SGD (Cherry et al. 2012). 

List of potential causal genes identified in temperature-QTLs in Sc/Sj, Sc/Sk and Sc/Se hybrids.  

  Gene function or described phenotype 

Hybrid Allele Cold sensitivity 
Haploinsufficiency/proficiency at cold 

temperature* 
Cold favouring reactions** 

Scm/Sj 

Sc ARC1 YDL199C - 

Sj PAC10, RIM101, BTS1 
PSF1, PEP3, RBA50, RPI1, CBP2, CDC7, 

GUT1, YPL071C, UGA2 
MTD1 

Sc/Sjm  
Sc BIK1 PDX1, RNQ1, FUS3 - 

Sj - HLJ1, YMR315W, MET2, TOF1, DNF3 GDH2, ADH3 

Scm/Sk  
Sc CIN1, LTE1, CKS1, PET9 

CBS2, APE3, OSW7, NAT3, URN1, DRS2, 

RIF1, RET2, PYK2, MRPS18 
GDH2 

Sk - MNT2, TIM17, ELP2 - 

Sc/Skm  
Sc - SEC4, PEP3, PEX35, FUS3, PSD2 - 

Sk CTR9 FOL1, PEP3, THO2 MTD1 

Scm/Se 

Sc HOG1 UGA2 - 

Se - PEX25, ELG1, GDE1, RRG9 - 
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Sc/Sem  
Sc SLT2, BRL1, BEM4 PEP3 PUT2 

Se - DIG1, CPR2, COX6 - 

* genes from large-scale competition experiment at 16°C (Paget, Schwartz, and Delneri 2014)  
 

** reactions classified as cold favouring in thermodynamic-based analysis of a genome-scale metabolic model (Paget, Schwartz, 
and Delneri 2014) 

List of potential causal genes identified in maltose-QTLs in Sc/Sj and Sc/Sk hybrids. 

  Gene function or described phenotype 

 
Hybrid Allele Maltose metabolism Osmotic stress sensitivity 

 

Scm/Sj 
Sc - - 

 
Sj - - 

 

Sc/Sjm  
Sc MAL31 - 

 
Sj MAL33 - 

 

Scm/Sk  
Sc - RIM15 

 
Sk IMA5 - 

 

Sc/Skm  
Sc MAL33 KSS1 

 
Sk - - 

 
List of potential causal genes identified in acetic acid-QTLs in Sc/Sj and Sc/Sk hybrids. 

  Gene function or described phenotype 
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Hybrid Allele Acetic acid metabolism Sensitivity to acetic acid Oxidative stress resistance 

Scm/Sj 
Sc - LEU2 - 

Sj CIT1 OAR1, RTS1, MRH1, NRG1 - 

Sc/Sjm  
Sc - - PAC10 

Sj - - - 

Scm/Sk  
Sc - - - 

Sk ACH1 - - 

Sc/Skm  
Sc - ARF2, ARO2 - 

Sk - - - 

List of potential causal genes identified in heat-QTLs in Sc/Se hybrids. 

  Gene function or described phenotype  

Hybrid Allele Heat sensitivity Heat response Validated heat growth QTLs* 

Scm/Se 
Sc 

NGG1, SWR1, HHT2, ATG36, 

GTR1, SSN8, ATG7, PMA1, 

ARG82, DGK1, NUP42, RQC1, 

CIA1, ECM1, IPK1 

HSP78   

Se CAB4, DOA4 TPS2   
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Sc/Sem  
Sc 

RPB9, GCN5, BUD27, COQ4, 

PET9, RAD50, ALG2, YAP3, 

ALG1, AIM21, BRX1, BIL1, 

DGK1, COQ6, ADH4  

FLO1, WSC2, WSC3 IRA2 

Se  CHL1   

* genes previously validated through RHA (Parts et al. 2011; Cubillos et al. 2013)  
 

List of potential causal genes identified in ethanol-QTLs in Sc/Se hybrids. 

  Gene function or described phenotype 
 

Hybrid Allele Ethanol sensitivity Ethanol stress response 
 

Scm/Se 
Sc GAL7 - 

 
Se CPR1, HTS1 ATH1 

 

Sc/Sem  
Sc 

CYC3, SFP1, TUF1, GCR1, 

ATG29, HTS1 
- 

 
Se GCN5, AIM33, ARO7 - 
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Table A-8 | List of potential causal genes identified in the S. cerevisiae genome of 

hybrids analysed via Multipool with non-synonymous SNPs predicted to be 

tolerated or deleterious by SIFT analysis. 

Potential causal genes identified in temperature-QTLs in Sc/Sj, Sc/Sk and 

Sc/Se hybrids 

Hybrid Tolerated Deleterious 

Scm/Sj ARC1 YDL199C 

Sc/Sjm  FUS3, BIK1, PDX1 RNQ1 

Scm/Sk  
OSW7, RET2, MRPS18, DRS2, 

GDH2, CBS2, CIN1, URN1 
PYK2, RIF1 

Sc/Skm    PEP3 

Scm/Se HOG1   

Sc/Sem  PUT2, BRL1, BEM4 PEP3 

Potential causal genes identified in maltose-QTLs in Sc/Sj and Sc/Sk hybrids 

Hybrid Tolerated Deleterious 

Scm/Sj     

Sc/Sjm    MAL31 

Scm/Sk    RIM15 

Sc/Skm    MAL33 

Potential causal genes identified in heat-QTLs in Sc/Se hybrids 

Hybrid Tolerated Deleterious 

Scm/Se 
ECM1, IPK1, ALG2, HSP78, 

SWR1, PMA1, GTR1, SSN8, 

NUP42 

 ARG82, ATG7, ATG36 

Sc/Sem  ADH4, WSC2, COQ6, RAD50 FLO1, BUD27, AIM21, WSC3 

Potential causal genes identified in ethanol-QTLs in Sc/Se hybrids 
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Hybrid Tolerated Deleterious 

Scm/Se   GAL7 

Sc/Sem  CYC3, SFP1 GCR1, HTS1 

Total number of potential causal genes identified in the S. cerevisiae genome 

of hybrids analysed via Multipool 

Hybrid Tolerated Deleterious 
Total potential 
causal genes 

Low 
temperature 

16 6 33 

Maltose 0 3 4 

Acetic acid 0 0 4 

Heat 13 7 34 

Ethanol 2 3 7 

Total 31 19 82 
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Table A-9 | Number of QTL regions detected in S. cerevisiae / S. eubayanus and S. cerevisiae/S. uvarum F12 segregants via 

Pooled selection strategy 

  
Number of QTL regions 

detected 

Number of genes within 

the QTL regions 

Number of QTL regions 

detected 

Number of genes within 

the QTL regions 

  ScmSe Hybrid ScSem Hybrid ScmSe Hybrid ScSem Hybrid 

  Sc genome Se genome Sc genome Se genome Sc genome Se genome Sc genome Se genome 

Very Low 
temperature 4°C 

0 0 0 1 - - - 9 

High maltose 
concentration 

5 10 15 5 27 54 91 45 

High glucose 
concentration 

0 0 4 0 - - 37 - 

Oxidative stress 
(H2O2) 

1 0 0 0 3 - - - 

  ScmSu Hybrid ScmSu Hybrid 
    

  Sc genome Su genome Sc genome Su genome 
    

Levulinic Acid 4 0 18 - 
    

High temperature 
(40°C) 

4 0 33 - 

    
Acetic acid 1 0 12 - 
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Table A-10 | List of potential causal genes identified in QTLs in ScmSu hybrids 

analysed via pooled selection. The genes are clustered by function or phenotype 

reported in case of deletion or overexpression on SGD (Cherry et al. 2012). 

List of potential causal genes identified in very low temperature-QTLs in Sc/Se hybrids. 

  Gene function or described phenotype 

Hybrid Allele Cold sensitivity 
Haploinsufficiency/proficiency at cold 

temperature* 

Scm/Se 
Sc - - 

Se - - 

Sc/Sem  
Sc - - 

Se - RKM1 

* genes from large-scale competition experiment at 16°C (Paget, Schwartz, and Delneri 2014)  

List of potential causal genes identified in maltose-QTLs in Sc/Se hybrids. 

  Gene function or described phenotype 

Hybrid Allele Osmotic stress sensitivity 

Scm/Se 
Sc STE20 

Se ACT1 

Sc/Sem  
Sc YAP3, RIM15 

Se KSS1, BUD9, STE20, YAP3, SKO1 

List of potential causal genes identified in heat-QTLs in ScmSu hybrids. 

  Gene function or described phenotype 

Hybrid Allele Heat sensitivity Heat response 

Scm/Su 
Sc SUP45, BLM10, CAB2 FLO1 

Su - - 

List of potential causal genes identified in acetic acid-QTLs in ScmSu hybrids. 

  Gene function or described phenotype 

Hybrid Allele Acetic acid metabolism Sensitivity to acetic acid 

Scm/Su 
Sc COX13 TPN1, HOS2 

Su - - 
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Table A-11 | List of QTL regions identified in S. cerevisiae/S. kudriavzevii F12 segregants validated via reciprocal 

hemizygosity analysis 

Selection 

condition 
Strain Chromosome 

Start 

(kb) 

End 

(kb) 
LOD Alleles 

Acetic acid S. cerevisiae chrII 324 334.8 17.13 
YCK2 PGA1 GIM3 IGO1 NSG2 

CUZ1 YGP1 ASI2 

Maltose S. cerevisiae chrIII 283.2 306.2 14.31 
GIT1 OCA4 HMRA2 HMRA1 

CDC39 CDC50 

Temperature S. cerevisiae chrII 187.7 196 7.17 ACH1 FUS3 RRN6 

       
The genes validated through RHA are represented in bold 
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Table A-12| Growth parameters of reciprocal hemizygotes for the ASI2, FUS3 and GIT1 genes in inter- and intra- species 

hybrid background. ScSkm and OS104/OS253 reciprocal hemizygotes were assessed in YPD supplemented with 0.3% acetic acid 
(ASI2), YPD at 10°C (FUS3) and YP + maltose 15% (GIT1) as outlined in Material and Methods. The table shows the mean and the 
standard error across replicates. Significance difference between the reciprocal hemizygotes was assessed by t-test (p-value < 0.05) 

Strain background: 

ScSkm ∆ASI2 

ScOS104/∆ Sc∆/OS253  p-value  

Specific growth rate (h-1) 0.24 ± 0.003 0.24 ± 0.004 0.4443 

Maximum biomass  
(Scatter light 620nm) 

17.84 ± 0.39 20.51 ± 1.40 0.0001 (***) 

Tmid  15.22 ± 0.55 16.4 ± 0.75 0.0182 (*) 

Integral area 176.4 ± 15.1 159.26 ± 16.52 0.0479 (*) 

Strain background: 

ScSc ∆ASI2 

ScOS104/∆ Sc∆/OS253  p-value  

Specific growth rate (h-1) 0.187 ± 0.002 0.187 ± 0.002 0.9857 

Maximum biomass  
(Scatter light 620nm) 

17.39 ± 0.22 17.48 ± 0.28 0.3733 

Tmid  8.7 ± 0.25 8.6 ± 0.18 0.5607 
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Integral area 62.89 ± 3.7 64.66 ± 2.36 0.1439 

Strain background: 

ScSkm ∆FUS3 

ScOS104/∆ Sc∆/OS253  p-value  

Specific growth rate (h-1) 0.08 ± 0.01 0.09 ± 0.01 0.0010 (**) 

Maximum biomass (OD600) 1.21 ± 0.09 1.12 ± 0.05 0.0001 (***) 

Tmid  55.2 ± 5.61 50.45 ± 2.87 0.0005 (***) 

Integral area 25.69 ± 3.16 27.86 ± 1.68 0.0047 (**) 

Strain background: 

ScSc ∆FUS3 

ScOS104/∆ Sc∆/OS253  p-value  

Specific growth rate (h-1) 0.98 ± 0.006 0.092 ± 0.002 0.0014 (**) 

Maximum biomass (OD600) 1.06 ± 0.04 1.08 ± 0.03 0.243 

Tmid  44.11 ± 1.67 46.02 ± 1.65 0.0489 (*) 

Integral area 31.16 ± 1.1 29.92 ± 1.35 0.0196 (*) 
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Strain background: 

ScSkm ∆GIT1 

ScOS104/∆ Sc∆/OS253  p-value  

Specific growth rate (h-1) 0.119 ± 0.006 0.113 ± 0.006 0.0335 (*) 

Maximum biomass (OD600) 2.2 ± 0.02 2.21 ± 0.03 0.3176 

Tmid  37.47 ± 2.16 39.25 ± 1.43 0.003067 (**) 

Integral area 93.34 ± 4.72 89.84 ± 3.15 0.0435 (*) 

Strain background: 

ScSc ∆GIT1 

ScOS104/∆ Sc∆/OS253  p-value  

Specific growth rate (h-1) 0.227 ± 0.006 0.229 ± 0.012 0.7076 

Maximum biomass (OD600) 2.07 ± 0.03 2.06 ± 0.05 0.652 

Tmid  18.76 ± 0.52 18.44 ± 0.74 0.312749 

Integral area 104.67 ± 2.79 103.58 ± 2.89 0.4301 
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Table A-13 | Haploid strains used to construct hybrids 

Species  Strain Number  Genotype  

S. cerevisiae  OS3  MATa ho::HYG ura3::KanMX- barcode[GGCCAT] 

  
 

MATα ho::HYG ura3::KanMX- barcode[GGCCAT]  

  OS60  MATa ho::HYG ura3::KanMX- barcode[GCTAGC] 

  
 

MATα ho::HYG ura3::KanMX- barcode[GCTAGC]  

  OS104  MATa ho::HYG ura3::KanMX- barcode[GGTACC] 

  
 

MATα ho::HYG ura3::KanMX- barcode[GGTACC]  

  OS253  MATa ho::HYG ura3::KanMX- barcode[GTCGAC] 

  
 

MATα ho::HYG ura3::KanMX- barcode[GTCGAC]  

  OS278  MATa ho::HYG ura3::KanMX- barcode[CCCGGG] 

    MATα ho::HYG ura3::KanMX- barcode[CCCGGG]  

S. uvarum  OS274  MATa ho::HYG  

  
 

MATα ho::HYG  

  OS388  MATa ho::HYG  

  
 

MATα ho::HYG  

  OS449  MATa ho::HYG  

  
 

MATα ho::HYG  

  OS471  MATa ho::HYG  

    MATα ho::HYG  

S. eubayanus  OS578  MATa ho::HYG  

  
 

MATα ho::HYG  

  OS626  MATa ho::HYG  

  
 

MATα ho::HYG  

  OS627  MATa ho::HYG 

    MATα ho::HYG  

S. jurei D5088 MATa ho::loxP-hphNT1-loxP 

  
 

MATα ho::loxP ∆ura3:lox2272-natNT2-lox2272 
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  D5095 MATa ho::loxP ∆ura3:loxP-kanMx-loxP 

    MATα ho::loxP-hphNT1-loxP 

S. kudriavzevii OS575 MATa ho::loxP-hphNT1-loxP ∆ura3:loxP-kanMx-loxP 

  
 

MATα ho::loxP-hphNT1-loxP ∆ura3:loxP-kanMx-loxP 

  OS393 MATa ho::loxP-hphNT1-loxP 

  
 

MATα ho::loxP-hphNT1-loxP 

  IFO1802 MATα ho::natMX ura3∆0 

  ITD3 MATa ho::loxP ∆ura3:lox2272-natNT2-lox2272 

  
 

MATα ho::loxP ∆ura3:lox2272-natNT2-lox2272 

  CAIII MATa ho::loxP-hphNT1-loxP  

    MATα ho::loxP-hphNT1-loxP ∆ura3:loxP-kanMx-loxP 
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Table A-14 | Plasmids used for strain construction 

 

  

Plasmid  Alias  Description  

pRED231  
pS30 pFA6-
KanMX4  Derived from pFA6 with KanMX cloned into the PmeI site. Confers resistance to Geneticin.  

pRED460  pAG32  
Derived from pRED231, with KanMX substituted by hph at the PmeI site. Confers resistance 
to hygromycin B.  

pRED266  pFP18  
Contains a URA3 gene flanked by the sequences of the X, W, and Z2 portions of the mating 
type locus.  

pFA6a-loxP-hphNT1-loxP pZC1 Derived from pUG6. Confers resistance to Hygromycin B. 

pFA6a-loxP-natNT2-loxP pZC2 Derived from pUG6. Confers resistance to Nourseothricin. 

pFA6a-lox2272-natNT2-
lox2272 pZC4 Derived from pUG6. Confers resistance to Nourseothricin. 
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Table A-15 | Strains used for reciprocal hemizygosity analysis 

Hybrid Strain Number  Deletion 

S. cerevisiae x S. cerevisiae OS104 x OS253 fus3OS104::natMX 

  
 

git1OS104::natMX 

  
 

asi2OS104::natMX 

  
 

fus3OS253::kanMX 

  
 

git1OS253::kanMX 

    asi2OS253::kanMX 

S. cerevisiae / S. kudriavzevii (OS104 x IFO1802) x (OS253 x OS575) fus3OS104::BLE 

  
 

git1OS104::BLE 

  
 

asi2OS104::BLE 

  
 

fus3OS253::BLE 

  
 

git1OS253::BLE 

    asi2OS253::BLE 
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Appendix B – Supplementary information of chapter 5 

 

Figure B-1 | Growth kinetics of Sj-95, Sj-88, S. cerevisiae ale strain (Sc-200), type strain 

(Sc-505) and natural isolate (Sc-96.2). Strains were grown in YP + maltose (Panel A) 

and YP + maltotriose (Panel B). The standard error of biological replicates is represented 

by error bars at every timepoint.  
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Figure B-2 | Species-specific PCR confirmation of successful hybrid construction in 

1.5% agarose gel. (A) Lane 1: 100 bp ladder, lane 2: Sj-95, lane 3: Sc-200, lanes 4-6: Hybrids 
H1-3 (B): M: 100bp ladder, Lane 1: Sj-88, lane 2: negative control, lane 3: Sc-500, lanes 5,7,8,10 
and 11 relates to H4, H5, H6, H7 and H8, respectively. Lanes 4, 6, 9: candidate strains which 
did not results as hybrid. 

 

 

Figure B-3 | Fluorescence flow cytometry analysis. Data for DNA content of Sj-95 
(diploid, panel A), BY4742 (haploid, panel B), PB7 (tetraploid, panel C), hybrid strains H1 
(panel D), H2 (Panel E) and H3 (Panel F). 
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Figure B-4 | Species-specific chromosome-specific PCR. Chromosome specific, species-
specific PCR products primers for Sc-200, Sj-95, H1, H2 and H3. Panel A: S. cerevisiae specific 
primers set for chromosomes 1-16. Panel B: S. jurei specific primers sets for chromosomes 1-
16. The molecular weight size marker utilized in all the gel was the 100bp DNA Ladder (New 
England Biolabs)  
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Figure B-5 | Detection of STA1 gene via PCR. Lanes 1-5: PCR product from genomic 
DNA of Sc-200, Sj-95, H1, H2, and H3, respectively. Molecular weight marker (MW): 
Hyperladder 1kb, Bioline. 
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Table B-1 | Sj-88 and Sj-95 similarities in nucleotide and protein level in selected 

genes related with maltose and maltotriose utilisation. 

Gene Function 
Nucleotide 
similarity % 

Protein 
similarity % 

MTT1 Maltrotriose transporter 100 100 
MAL13 Maltose activator protein 100 100 
AGT1 Maltotriose transporter 100 100 

MAL61 Maltose permease 93 92 
MAL32 Maltase 99 98 
MAL33 Maltose fermentation regulatory protein 74 73 

 

Table B-2 | Sporulation and spore viability of selected S. cerevisiae commercial 

strains. 

Strain name Sporulation  Presence of viable spores  
WLP001 Not present NA 
WPL400 Yes (Low sporulation) none 
WLP008 Not present NA 
A38 Not present NA 
WLP715 Yes (good sporulation) few  
OYL200 Yes (good sporulation) all 
OYL500 Yes (good sporulation) all 
WLP007 Not present NA 
WLP066 Not present NA 
WY1318 Not present NA 
WLP095 Not present NA 
WLP028 Not present NA 
OYL052 Not present NA 
OYL057 Not present NA 
OYL033 Yes (good sporulation) few  
WLP4000 Not present NA 
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Table B-3 | Growth parameters of strains Sj-95, Sj-88, Sc-200, Sc-500 and H1-8 in YP-maltose, YP-maltotriose, YPD and unhopped 

wort after 72h. 

  
Sj-95 Sc-200 H1 H2 H3 Sj-88 Sc-500 H4 H5 H6 H7 H8 

YPD Specific 
growth 
(µmax) 

0.06 ± 
0 

0.07 ± 
0.01 

0.06 ± 0 0.07 ± 0 0.07 ± 
0 

0.061 ± 
0.013 

0.056 ± 
0.004 

0.047 ± 
0.018 

0.078 ± 
0.005 

0.041 
± 
0.007 

0.075 ± 
0.016 

0.066 
± 
0.016 

Lag phase 
(h) 

7.49 ± 
0.85 

9.57 ± 
1.31 

8.81 ± 
1.21 

9.89 ± 
0.94 

10.4 ± 
0.4 

9.52 ± 
1.01 

8.8 ± 
2.39 

10.45 ± 
2.81 

23.88 ± 
2.8 

16.48 
± 3.71 

19.22 ± 
3.2 

14.58 
± 5.99 

Maximum 
biomass 
(OD600) 

1.32 ± 
0.01 

1.43 ± 
0.01 

1.37 ± 
0.01 

1.36 ± 0 1.44 ± 
0.01 

1.16 ± 
0.02 

1.18 ± 
0.04 

0.93 ± 
0.04 

1.04 ± 
0.05 

0.79 ± 
0.07 

1.09 ± 
0.08 

1.12 ± 
0.08 

Integral 
area 

74.1 ± 
0.76 

78.47 ± 
0.22 

74.39 ± 
0.16 

74.71 ± 
0.92 

79.58 
± 0.81 

56.68 ± 
2.93 

58.87 ± 
1.51 

42.06 ± 
4.52 

44.13 ± 
4.18 

37.17 
± 3.05 

49.42 ± 
5.88 

54.17 
± 5.48 

YP + 2% 
maltose 

Specific 
growth 
(µmax) 

0.032 ± 
0.002 

0.061 ± 
0.002 

0.065 ± 
0.003 

0.043 ± 
0.003 

0.047 
± 
0.012 

0.017 ± 
0.003 

0.025 ± 
0.004 

0.034 ± 
0.001 

0.023 ± 
0.001 

0.018 
± 
0.001 

0.016 ± 
0.003 

0.031 
± 
0.001 

Lag phase 
(h) 

32.73 ± 
1.59 

15.09 ± 
0.73 

16.51 ± 
0.74 

20.87 ± 
1.51 

16.23 
± 1.11 

2.12 ± 
1.22 

9.54 ± 
1.65 

12.88 ± 
0.76 

11.62 ± 
1.93 

19.94 
± 3.86 

8.11 ± 
4.47 

12.84 
± 1.67 

Maximum 
biomass 
(OD600) 

1.2 ± 
0.018 

1.15 ± 
0.004 

1.17 ± 
0.03 

1.19 ± 
0.041 

1.24 ± 
0.029 

0.6 ± 
0.02 

1.05 ± 
0.01 

1.01 ± 
0.01 

1.08 ± 
0.02 

0.87 ± 
0.05 

0.88 ± 
0.1 

1.01 ± 
0.02 

Integral 
area 

31 ± 
0.69 

55.07 ± 
0.85 

54.68 ± 
0.83 

44.59 ± 
0.18 

49.72 
± 0.31 

24.31 ± 
1.92 

38.96 ± 
3.53 

43.19 ± 
0.81 

37.33 ± 
0.96 

26.8 ± 
1.99 

29.08 ± 
2.31 

42.07 
± 1.19 

YP + 2% 
maltotriose 

Specific 
growth 
(µmax) 

0.02 ± 
0.001 

0.05 ± 0 0.03 ± 
0.003 

0.05 ± 
0.003 

0.03 ± 
0.001 

0.03 ± 
0.003 

0.035 ± 
0.008 

0.029 ± 
0.004 

0.02 ± 
0.004 

0.022 
± 
0.008 

0.018 ± 
0.001 

0.024 
± 
0.005 

Lag phase 
(h) 

5.83 ± 
1.38 

13.66 ± 
0.56 

14.84 ± 
1.17 

14.19 ± 
0.1 

12.79 
± 1.85 

3.06 ± 
0.64 

6.87 ± 
1.39 

8.13 ± 
2.23 

2.83 ± 
1.51 

7.83 ± 
3.77 

0.43 ± 
0.29 

2.32 ± 
1.61 

Maximum 
biomass 

0.68 ± 
0.005 

1.21 ± 
0.015 

1.2 ± 
0.009 

1.16 ± 
0.006 

1.29 ± 
0.018 

0.55 ± 
0.04 

1.16 ± 
0.02 

1.08 ± 
0.05 

0.6 ± 
0.07 

0.94 ± 
0.17 

0.66 ± 
0.02 

0.63 ± 
0.08 
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(OD600) 
Integral 
area 

24.74 ± 
1.42 

55.27 ± 
0.69 

45.96 ± 
0.51 

54.05 ± 
0.22 

51.19 
± 0.46 

26.56 ± 
1.99 

49.97 ± 
1.21 

46.49 ± 
2.6 

22.15 ± 
4.32 

37.62 
± 
10.69 

22.32 ± 
1.71 

26.09 
± 3.49 

DME Specific 
growth 

0.1309 
± 0.013 

0.1475 
± 0.005 

0.1265 
± 0.003 

0.1385 ± 
0.012 

0.1139 
± 
0.009 

0.096 ± 
0.01 

0.099 ± 
0.01 

0.105 ± 
0.02 

0.109 ± 
0.01 

0.144 
± 0.04 

0.107 ± 
0.01 

0.09 ± 
0.01 

Lag phase 
(h) 

15.92 ± 
15.97 

6.79 ± 
0.58 

13.09 ± 
8.13 

8.48 ± 
1.81 

6.69 ± 
0.31 

5.23 ± 
1.56 

15.96 ± 
7.47 

19.59 ± 
14.93 

32.41 ± 
15.19 

9.1 ± 
3.07 

8.51 ± 
2.82 

4.79 ± 
0.9 

Maximum 
biomass 
(OD600) 

85.21 ± 
3.21 

74.07 ± 
3.27 

65.76 ± 
7.02 

79.63 ± 
4.27 

80.27 
± 
11.28 

81.45 ± 
10.33 

134.61 
± 15.97 

98.52 ± 
9.12 

103.91 
± 19.69 

137.27 
± 
44.21 

120,41 
± 23.85 

79.02 
± 6.97 

Integral 
area 

3668 ± 
91 

3264 ± 
127 

2856 ± 
152 

3533 ± 
147 

3146 ± 
355 

3736 ± 
456 

5173 ± 
599 

4504 ± 
629 

3953 ± 
643 

5310 ± 
1397 

4746 ± 
568 

3412 ± 
454 
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Table B-4 | Overview of the results and comments from sensory evaluation on 10L beer fermentation by professional tasting panel. 

Score legend: absent (0); very very low presence (1); very low presence (2); low presence (3); mild presence (4); presence (5); clear presence (6); 
strong presence (7) 

Beers made with strain: Hybrid 1 Hybrid 2 Hybrid 3 Sj-95 Sc-200 

Aroma/Flavour 

Malt 4 4.5 3.5 3.5 3 
Hoppy 3 3.5 3.5 1.5 1.5 
Esters 4.5 4 5 3 5 

Phenolic 5 5 4 5 2.5 

Comments   

Fruity, pear, grape, 
lemon, estery, 

sweet, pineapple, 
banana, slightly 

sour, vanilla, 
phenolic, clove, 

low sulphur 

Ethyl acetate, 
acetaldehyde, isoamyl 
acetate, estery, pear, 

light hoppy, sweet, soft, 
nice body, phenolic, 

funky, clove, not very 
carbonated 

Lemon, spicy, 
green apple, dry, 

low phenolic, 
light hoppy, 
light bitter, 

peach, red berry, 
yeasty, light sour 

Phenolic, low 
sulphur, higher 

alcohols, 
smoky, funky, 

low estery, 
pear, pineapple 

Floral,estery, dry 
aftertaste, quite 
sweet, balanced 
aroma & flavor, 
isoamyl acetate, 

peach  

Taste/mouthfeel 

Bitterness 2 4 3 2.5 3 
Sweet 4.5 4 4 3.5 2.5 
Body 3 3 2 2 2 

Astringency 3.5 3 4 3 4 

Sour 3 2 2.5 2 1.5 

Overall 
impression 

Appreciation 6 6 5 5 4 
Complexity 4 5 5 4 4 

Balance 5 4.5 4 3 4 
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Table B-5 | Primers used in this study 

Primer 
set 
name Forward primer (5'-3') Reverse primer (5'-3') Application 

Scer GGTTTTATCTGGCACTCAGGT GTTGCTGTTGCTGCAAAGGT 
Species-specific amplification of S. cerevisiae SEC24 
allele 

Sjur CTCAAATGGGAATGCCACCG TCCTGATAGTGGTTGTTGCT Species-specific amplification of S. jurei SEC24 allele 

ACT1 
GGTTATTGATAACGGTTCTGGT
ATG 

ATGATACCTTGGTGTCTTGGTC
TAC 

Amplification of ACT1 in S. cerevisiae and S. jurei for 
qPCR 

FDC1_sc GAAGACAACGCCTGAAGAAT TGACATCATCAAAAGCCATC Amplification of S. cerevisiae FDC1 allele for qPCR 
FDC1_sj ACGTACGGAATGTGGATTCT ATTTCCTTTGCCAATAGCTG Amplification of S. jurei FDC1 allele for qPCR 
PAD1_s
c AACCCCTTTATCTTCCATCC TTTTATTCCTTCCCAACGAG Amplification of S. cerevisiae FDC1 allele for qPCR  
PAD1_sj TGCAATCAAAGAAAACCGTA ATTCTACCGACGCTTTGTTC Amplification of S. jurei FDC1 allele for qPCR 
STA1 CAACTACGACTTCTGTCATA GATGGTGACGCAATCACGA Amplification of STA1 

Chr.1_Sc CTTCACAGCTGGAGACATTG TCACCAGCTCTTTTCAACAA 
Chromosome-specific, species-specific amplification 
of S. cerevisiae ACS1 allele in chromosome I 

Chr.1_Sj GGCTGGAGTACCTTCAAAGA AAGGTGTCCAACATTCCACT 
Chromosome-specific, species-specific amplification 
of S. jurei ACS1 allele in chromosome I 

Chr.2_Sc TCAAGTCATGGAGAAAAGCA  ATCTGTGGCATTTCCAATTT 
Chromosome-specific, species-specific amplification 
of S. cerevisiae POA1 allele in chromosome II 

Chr.2_Sj TTGGACCCGTCTCTATCATT CCACTTAACGTGTCCACAAA 
Chromosome-specific, species-specific amplification 
of S. jurei TFC1 allele in chromosome II 

Chr.3_Sc CAAGGTTTGGAAAGGTATGG TGTTGTATTTGCGAGCGTAT 
Chromosome-specific, species-specific amplification 
of S. cerevisiae CHA1 allele in chromosome III 

Chr.3_Sj CTACTGTGCATGGCAAAGAC TGAATGCCTACAACCAAGTG 
Chromosome-specific, species-specific amplification 
of S. jurei CHA1 allele in chromosome III 

Chr.4_Sc GTTCCCTTTCGTGATCATTC GACCACTGGAGCAACTCTCT 
Chromosome-specific, species-specific amplification 
of S. cerevisiae DIA3 allele in chromosome IV 

Chr.4_Sj AAATGCAGGCGTTTAATTTC CCCTCTAAAAAGGCAGTCAA 
Chromosome-specific, species-specific amplification 
of S. jurei LRG1 allele in chromosome IV 
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Chr.5_Sc ATCCAGTTCCAATCCTGAAA CACATCTCCCACAACAAAGA 
Chromosome-specific, species-specific amplification 
of S. cerevisiae PUG1 allele in chromosome V 

Chr.5_Sj CGACACCTGTGATGTTCAGT TACGTTGGTTCCCGTATTTT 
Chromosome-specific, species-specific amplification 
of S. jurei CAN1 allele in chromosome V 

Chr.6_Sc GGGTGGTCATTCAGATCTTC AATCCAGGGCTTTTCTTTCT 
Chromosome-specific, species-specific amplification 
of S. cerevisiae IRC7 allele in chromosome VI 

Chr.6_Sj ACTGCTTCAGCTCCAAATTC AGATTCGACAGCCTTTATGG 
Chromosome-specific, species-specific amplification 
of S. jurei DAK2 allele in chromosome VI 

Chr.7_Sc CTTTCTTTGGTGAAGGTGCT GGGTTTGGTTGAGTTTTGTC 
Chromosome-specific, species-specific amplification 
of S. cerevisiae ADH4 allele in chromosome VII 

Chr.7_Sj TTCTTTGCCATTGTTTGCTA CATGGTAGATGGATCGTTGA 
Chromosome-specific, species-specific amplification 
of S. jurei ADH4 allele in chromosome VII 

Chr.8_Sc AATGGGCTCAAAATAATGGA ATAAAGCTTGCTGGGAAGTG 
Chromosome-specific, species-specific amplification 
of S. cerevisiae EFM1 allele in chromosome VIII 

Chr.8_Sj CTCTGTTTCATGTCGCAATC AGGTAAGGCGGAAGGTAGTT 
Chromosome-specific, species-specific amplification 
of S. jurei EMF1 allele in chromosome VIII 

Chr.9_Sc TACACCTGCCTTCAATCAAA TTTGATAGGCATCCCAGAAT 
Chromosome-specific, species-specific amplification 
of S. cerevisiae SGA1 allele in chromosome IX 

Chr.9_Sj TCTCCAAATTACCGATCCAT ACTCTGAGCCTGAAACCATC 
Chromosome-specific, species-specific amplification 
of S. jurei SEC6 allele in chromosome IX 

Chr.10_
Sc TGTTCAATTTCATCCGTCAG ATTTCCATGGTGATTGCTCT 

Chromosome-specific, species-specific amplification 
of S. cerevisiae SDH9 allele in chromosome X 

Chr.10_
Sj ATGCCTCGTCTGAAGAAGTC CTCCCAAAAGTTTGCTGTTT 

Chromosome-specific, species-specific amplification 
of S. jurei CHS6 allele in chromosome X 

Chr.11_
Sc TGCCTGGGAAACCACAAGTT AGGAGGCAACTTGACACCAA 

Chromosome-specific, species-specific amplification 
of S. cerevisiae URA1 allele in chromosome XI 

Chr.11_
Sj TGACGGCCAGTTTAACTACCA TGCACCCGCTTTAGAGTCAG 

Chromosome-specific, species-specific amplification 
of S. jurei URA1 allele in chromosome XI 

Chr.12_
Sc TTGTCGGTGGATGACAATAG TAGATGCTCGTGCAACATTT 

Chromosome-specific, species-specific amplification 
of S. MHT1 ACS1 allele in chromosome XII 
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Chr.12_
Sj GGCATGTCTGGTAAAACCTC TTCGTGATGGTACCACTTTG 

Chromosome-specific, species-specific amplification 
of S. jurei MHT1 allele in chromosome XII 

Chr.13_
Sc AATGCCCAAAGCAGAAATAG GTAATCAGCAACACCGATGA 

Chromosome-specific, species-specific amplification 
of S. cerevisiae ERO1 allele in chromosome XIII 

Chr.13_
Sj GAACTCCAGCCATTGGATAC TCTCCTGAAGGGCTTTACAC 

Chromosome-specific, species-specific amplification 
of S. jurei UBX2 allele in chromosome XIII 

Chr.14_
Sc CGGTGTCAACAATCAACACT GTGAAAGCCAAACTCGAACT 

Chromosome-specific, species-specific amplification 
of S. cerevisiae EDT2 allele in chromosome XIV 

Chr.14_
Sj TCACTGTGTTACCCAAATCG GTGTTCACCACTACCAACGA 

Chromosome-specific, species-specific amplification 
of S. jurei KRE1 allele in chromosome XIV 

Chr.15_
Sc TCTCTTCCGGCAAATCTATC TCAGCGGTATCCTTAAAAGC 

Chromosome-specific, species-specific amplification 
of S. cerevisiae ZPS1 allele in chromosome XV 

Chr.15_
Sj TAGGTGAAGGCTCTCGTACC GCGAGTGGTAAAAAGCAAAT 

Chromosome-specific, species-specific amplification 
of S. jurei FAA1 allele in chromosome XV 

Chr.16_
Sc GCAAGGGCTCTAATCAAAAA GGCCAAGGACAATAACATTC 

Chromosome-specific, species-specific amplification 
of S. cerevisiae MDL2 allele in chromosome XVI 

Chr.16_
Sj AAATGGGTGATAATGGTGCT CGATCCTGAACTTGCTTTTT 

Chromosome-specific, species-specific amplification 
of S. jurei MRI1 allele in chromosome XVI 
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Table B-6 | Pale wort recipe 

Malts % 

Golden Promise 74.80% 

Flaked Oats 13.70% 

Wheat 9.20% 

Caramel pils 2.30% 

Mashing profile Time 

50 oC 15 min 

72 oC 60 min 

77 oC 5 min 

100 oC (boiling step) 60 min 
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