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Resumo 

Nos dias de hoje o custo de produção de bioetanol é ainda superior ao custo de produção de 

combustíveis fósseis. A fermentação Very-High-Gravity (VHG) oferece reduções significativas no 

consumo de águas processuais e nas necessidades energéticas quando comparada com condições 

de fermentação convencionais ao fermentar concentrações elevadas de açúcares aumentando a 

concentração final de etanol no meio. No entanto, nestas condições as células são expostas a stress 

osmótico resultando em fermentações morosas.  

Esta tese tem como objectivo a identificação de alelos que optimizem o desempenho de estirpes 

industriais sob condições VHG. Anteriormente, uma estirpe resistente ao stress osmótico (X6003) foi 

seleccionada como estirpe superior e a estirpe Ethanol Red, estirpe industrial, foi seleccionada como 

estirpe inferior. O mapeamento dos Quantitative trait locus (QTL) foi realizando usando Pooled-

segregant whole-genome sequencing sendo identificados 10 QTLs responsáveis por resistência 

osmótica.  

Neste trabalho, dois QTLs foram estudados detalhadamente. Com este propósito foram construídas 

estirpes mutantes para serem utilizadas em 'bulk' reciprocal hemizygosity analysis (bRHA). Nesta 

técnica, duas estripes diplóides isogénicas com o background genético das duas estirpes 

seleccionadas foram construídas deletando fragmentos específicos de ADN no cromossoma 

proveniente da estirpe superior ou no cromossoma proveniente da estirpe inferior. As estirpes 

mutantes foram depois sujeitas a fermentações VHG por forma a comparar o seu fenótipo e avaliar se 

um background genético é vantajoso em relação ao outro. O gene DCK1 foi identificado como gene 

causativo, visto o alelo proveniente da estirpe X6003 conferir um desempenho superior ao do alelo 

proveniente da estirpe Ethanol Red. 

 

Palavras-Chave: Produção de Bioetanol, Saccharomyces cerevisiae, Stress Osmótico, 

Fermentação VHG, Mapeamento QTL, Análise bRHA. 
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Abstract   

Nowadays, bioethanol production costs are still higher than fossil fuel production costs. Very-High-

Gravity (VHG) fermentation offers great savings in water and energy requirements through 

fermentation of substrate containing higher sugar concentrations which results in increased final 

ethanol concentration. However, the high concentrations of sugar in the beginning of the fermentation 

expose yeast cells to osmotic stress leading to sluggish fermentations. 

The goal of this work is to identify superior alleles that can improve the fermentation performance of 

industrial strains under VHG conditions. Previously, an osmotolerant strain (X6003) was selected as 

superior strain and Ethanol Red was selected as the inferior strain to be improved for VHG 

fermentation. Quantitative trait locus (QTL) mapping was achieved by Pooled-segregant whole-

genome sequencing whereby 10 QTLs that might contain genes that play a role in superior 

osmotolerance were identified. 

In this thesis, two of those QTLs were studied in detail. With this purpose, strains were constructed to 

be used in 'bulk' reciprocal hemizygosity analysis (bRHA). For this, two isogenic strains with the 

background from both parent strains were constructed in which a particular DNA fragment was deleted 

in either the chromosome coming from the superior, or from the inferior strain. These strains were 

subjected to VHG fermentation in order to compare their phenotype and evaluate if the genes from 

one genetic background are advantageous over those from the other. DCK1 was identified as a 

causative gene, since its allele from X6003 conferred a better fermentation performance in VHG 

conditions than the one from Ethanol Red.  

  

Keywords: Bioethanol production, Saccharomyces cerevisiae, Osmotic stress, VHG 

fermentation, QTL mapping, bRHA analysis. 
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1. Introduction 

 Bioethanol Production and Bioethanol Industry 1.1.

Nowadays, one of the most relevant drivers globally is climate protection with its ecological, economic, 

social and political implications (Kircher 2015). However, energy consumption is still increasing rapidly 

with an approximate 13,8E+03 MTOE (Million Tonnes of Oil Equivalent) consumed at the primary 

energy level in 2014 (IEA, 2016). Figure 1.1 shows that about 81% of all primary energy production in 

the world comes from non-renewable fossil fuels, namely coal (29%), crude oil (31%) and natural gas 

(21%). These numbers show that energy consumption is still highly dependent on fossil fuels (IEA, 

2016). In order to reduce this dependency, some measures have been initiated. For example, the 

European Commission plans to substitute progressively 20% of conventional fossil fuels with 

alternative fuels in the transport sector by 2020 (Kircher 2015).  

 

 

Figure 1.1. World primary energy production in 2014. Total amount produced was 13805,44 MTOE (From Key 

World Energy Statistics (IEA, 2016)). 

 

Practically any of the organic molecules of the alcohol family such as methanol (CH3OH), ethanol 

(C2H5OH), propanol (C3H7OH) or butanol (C4H9OH) can be used as fuel (Mukherjee 2016). Among 

these, ethanol is one of the most important renewable fuels contributing to the reduction of negative 

environmental impacts generated by the worldwide utilization of fossil fuels (Cardona and Sanchez 

2007). Ethanol is an oxygenated fuel that contains 35% oxygen, which reduces particulate and NOx 

emissions from combustion. It has a higher octane number (108), broader flammability limits, higher 

flame speeds and higher heats of vaporization. These properties allow for a higher compression ratio 

and shorter burn time, which lead to theoretical efficiency advantages over gasoline in an internal 

combustion engine (ICE). Disadvantages of bioethanol include its lower energy density than gasoline, 

its corrosiveness, low flame luminosity, lower vapor pressure, miscibility with water, and toxicity to 

ecosystems (Balat et al. 2008).  
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Bioethanol and bioethanol/gasoline blends have a long history as alternative transportation fuels 

(Balat 2010). Bioethanol has been used in Germany and France as early as 1894 by the industry of 

ICEs (Mousdale 2008). However, since it was more expensive to produce than petroleum based fuel, 

especially after World War II, bioethanol’s potential was largely ignored until the oil crisis of the 1970s 

(Balat 2010). The dramatic increase in the cost of oil at the time of the first oil crisis imposed severe 

foreign exchange burdens on countries dependent upon oil imports, driving these countries to find 

other alternative fuels (Goldemberg 2008). As a leading producer of sugar from sugarcane, Brazil was 

well situated to explore the option of ethanol as an alternative to gasoline (Goldemberg 2008). For this 

reason, Brazil became one of the first big producers of Bioethanol. Nowadays, according to data from 

the Renewable Fuel Association, the United States of America (USA) are the main ethanol producer, 

generating over 15 million gallons in 2016, followed by Brazil that generated over 7 million gallons. 

The combination of the production of ethanol from these two countries accounts for 85% of the global 

ethanol production (Figure 1.2).  

 

 

Figure 1.2. Worldwide production of bioethanol in 2016 (Data from the Renewable Fuel Association, 

http://www.ethanolrfa.org/resources/industry/statistics/#1454099103927-61e598f7-7643). 

  

Ethanol is usually produced by sugar fermentation, where a series of chemical reactions performed by 

microbes convert sugars to ethanol. The overall chemical formula for alcoholic fermentation is 

expressed in equation (1.1).  

𝐶𝑛𝐻2𝑛𝑂𝑛 (𝑠𝑢𝑔𝑎𝑟)
 

→  
𝑛

3
𝐶2𝐻5𝑂𝐻 (𝐸𝑡ℎ𝑎𝑛𝑜𝑙) +

𝑛

3
𝐶𝑂2 + 𝐻𝑒𝑎𝑡   (1.1) 

 

Fermentation can be performed by diverse microbes, but in industrial bioethanol settings robust 

species of microorganisms are selected based on compatibility with desired product, processes and 

equipment (Mukherjee 2016). The yeast Saccharomyces cerevisiae is the dominant organism owing 

to its GRAS
1
 (General Regarded as Safe) status, high rate of fermentation of hexose sugars, high 

ethanol yield and productivity, high tolerance to ethanol, tolerance to low pH and other industrial 

                                                           
1
 Status defined by the USA Food and Drug Administration (FDA) agency. 

http://www.ethanolrfa.org/resources/industry/statistics/#1454099103927-61e598f7-7643
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process conditions, well-established production, storage and transport systems at commercial scale, 

comprehensive physiological and molecular knowledge and its genetic tractability (Demeke et al. 

2013, Zadivar et al. 2001).  

To be considered a viable substitute for a fossil fuel, ethanol should have superior environmental 

benefits over the fossil fuel it displaces, be economically competitive with it, be producible in sufficient 

quantities to make a meaningful impact on energy demands and it should also provide a net energy 

gain over the energy sources used to produce it (Hill et al. 2006).  

Feedstock for production of bioethanol is one of the major factors that affects the viability to produce 

bioethanol in large scale since it can account for more than one third of the production costs. The 

availability of feedstocks for bioethanol can vary considerably from season to season and depends on 

geographic locations. Also, its price is highly volatile, which can greatly affect the production costs of 

bioethanol (Balat et al. 2008).  

Bioethanol feedstocks can be conveniently classified into three types: (I) sucrose-containing 

feedstocks (e.g. sugar beet, sweet sorghum and sugar cane), (II) starchy materials (e.g. wheat, corn, 

and barley), and (III) lignocellulosic biomass (e.g. wood, straw, and grasses) (Balat et al. 2008). 

Nowadays, one of the main feedstocks for ethanol production is sugar cane in form of either cane 

juice or molasses (by-product of sugar mills) (Sanchez and Cardona 2008). In Brazil, about 79% of 

ethanol is produced from fresh sugar cane juice and the remaining percentage from cane molasses. 

The conversion of sucrose-containing feedstocks is easier compared to starchy materials and 

lignocellulosic biomass because previous hydrolysis of the feedstock is not required since this 

disaccharide can be broken down by the yeast cells (Cardona and Sanchez 2007). Starch is a 

biopolymer and is defined as a homopolymer consisting of only one monomer, D-glucose, and can be 

converted to fermentable sugar by hydrolysis. This type of feedstock is the most utilized for bioethanol 

production in North America and Europe (Balat et al. 2008, Sanchez and Cardona 2008).  

Lignocellulosic biomass (a complex comprised of several polysaccharides) is the most promising 

feedstock considering its great availability and low cost, but the large-scale commercial production of 

fuel bioethanol from lignocellulosic materials has still not been implemented (Balat et al. 2008). The 

major advantages of using lignocellulosic biomass to produce bioethanol are: lignocellulosic biomass 

minimizes the potential conflict between land use for food (and feed) production and energy feedstock 

production, it is less expensive than conventional agricultural feedstock and can be produced with 

lower input of fertilizers, pesticides, and energy; biofuels from lignocellulose generate low net 

greenhouse gas emissions, reducing environmental impacts, particularly climate change (Hahn-

Hägerdal et al. 2006). In general, prospective lignocellulosic materials for fuel ethanol production can 

be divided into six main groups: (I) crop residues (cane bagasse, corn stover, wheat straw, rice straw, 

among others), (II) hardwood (aspen, poplar), (III) softwood (pine, spruce), (IV) cellulose wastes 

(newsprint, waste office paper, recycled paper sludge), (V) herbaceous biomass (alfalfa hay, 

switchgrass, reed canary gras), and (VI) municipal solid wastes (MSW) (Sanchez and Cardona 2008). 
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A schematic representation of the different steps involved in the production of bioethanol using as 

feedstocks lignocellulosic biomass is presented in Figure 1.3. This process consists of four major unit 

operations: pre-treatment, hydrolysis, fermentation and product separation/distillation (Balat et al. 

2008). The feedstock pretreatment is one of the main challenges in the whole process, due to the 

nature and composition of lignocellulosic biomass. The lignocellulosic complex is made up of a matrix 

of cellulose and lignin bound by hemicellulose chains. During the pretreatment, this matrix should be 

broken in order to reduce the crystallinity degree of the cellulose and increase the fraction of 

amorphous cellulose, the most suitable form for enzymatic attack. However, this degradation process 

is complicated, energy-consuming and non-completely developed (Sanchez and Cardona 2008). 

 

 

Figure 1.3. Schematic representation of the different steps involved in the production of bioethanol using 

as feedstocks lignocellulosic biomass (Hahn-Hägerdal et al. 2006). 
 

As stated above, billions of gallons of bioethanol are produced and traded each year, which means 

that any small improvement in the process could represent savings of billions of dollars. Many efforts 

in different fields have been carried out in relation to bioethanol expansion, such as substrate 

improvement, which is intended to increase the productivity and performance of microorganism 

fermentation, improvement of different steps of processing and improvement of ethanol yield exploring 

different microorganisms that can handle adverse conditions attributed to industrial production and 

improving industrial yeast strains using the knowledge of genetics, physiology, and industrial 

processes (Abreu-Cavalheiro and Monteiro 2013).   

For industrial bioethanol production, S. cerevisiae is still the dominant organism due to the reasons 

previously mentioned. However, bioethanol production confronts S. cerevisiae with many challenges. 

This motivated researchers to explore alternatives beyond the conventional Saccharomyces species. 

Non-conventional yeasts present a huge, yet barely exploited, resource of yeast biodiversity. Many of 

these non-conventional yeast species exhibit industrially relevant traits such as the ability to utilize 

complex substrates as nutrients, extreme tolerance against stress and fermentation inhibitors 

(Radecka et al. 2015). Some examples of non-conventional yeast species that showed potential for 
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industrial applications are Zygosaccharomyces rouxii and Dekkera bruxellensis. Z. rouxii is the 

osmotolerant and halotolerant yeast phylogenetically most related to S. cerevisiae and inhabits a 

variety of highly sugary and salty food, where it carries out fermentation or determines food spoilage 

(Dakal et al. 2014). It is recognized as one of the most osmotolerant and halotoreant species, being 

able to grow in up to 90% (w/v) of sugar (Martorell et al. 2007). In the other hand, D. bruxellensis is a 

distant relative of S. cerevisiae and is especially known for being one of the main spoilage organisms 

in the wine and bioethanol industry (Schifferdecker et al. 2014). Studies reported that the ethanol yield 

and ethanol tolerance of D. bruxellensis in batch culture under anaerobic conditions is comparable to 

that of S. cerevisiae and its close relatives (Blomqvist and Passoth 2015, Rozpedowska et al. 2011). 

However, D. bruxellensis is rather thermosensitive, with 32ºC being its optimal temperature for 

biomass production and being thermosensitive already at 35ºC (Brandam et al. 2008). Also, genetic 

modification of D. bruxellensis is difficult due to its extremely complex genome, which makes the 

optimization of D. bruxellensis harder than the optimization of S. cerevisiae (Radecka et al. 2015). 

Bacteria are much less widely known as ethanol producers than are yeasts but Escherichia, 

Klebsiella, Erwinia, and Zymomonas species have all received serious and detailed consideration for 

industrial use and have all been the hosts for recombinant DNA technologies within the last 25 years 

(Mousdale 2008). One of the most promising microorganisms is Zymomonas mobilis, which has a low 

energy efficiency resulting in a higher ethanol yield (up to 97% of theoretical maximum). However, its 

range of fermentable substrates is too narrow (glucose, fructose and sucrose) (Sanchez and Cardona 

2008).  

Process optimization is another crucial tool employed within the framework of process design. 

Optimization plays a decisive role not only during the experimentation, but also during the design 

steps. In the search of improved process flowsheets, recycling of some streams have been proposed 

in order to attain a more complete utilization of sugars formed within the process or for reusing 

expensive bioagents like cellulolytic enzymes (Cardona and Sanchez 2007). To offset the inherent 

high cost of processing biological materials, the possibilities for producing co-products should be taken 

into account when designing ethanol production processes. Ethanol production process using sugar 

cane allows the production of valuable co-products such as bagasse. In addition, the recovery of 

added-value co-products as fructose or invertase has been proposed (Cardona and Sanchez 2007).  

Different operating modes can be used and have shown to improve the fermentation yield and reduce 

the costs of production. For example, continuous processes show several advantages compared to 

conventional batch processes mainly due to the reduced construction costs of the bioreactors, lower 

maintenance and operation requirements, better process control, and higher productivities (Sanchez 

and Cardona 2008). Optimizing the conditions used for production of bioethanol has also been 

studied. In particular, very-high-gravity (VHG) fermentation is a versatile technology among the new 

tendencies in process optimization for ethanol production (Puligundla et al. 2011).   
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 Very-High-Gravity (VHG) Fermentation 1.2.

The concept of VHG fermentation was proposed by Casey and Ingledew in the 1980’s and has been 

developed since then, allowing drastic increase of ethanol concentration from the previous level of 7–

8% (v/v) (Casey and Ingledew 1986, Shen 2009, Puligundla et al. 2011). This process is defined as 

the preparation and fermentation of mashes containing 27 g or more dissolved solids per 100 g mash 

(Thomas et al. 1993). VHG fermentation offers innumerous advantages such as significantly increased 

ethanol titer in the fermentation broth, which not only saves energy consumption for ethanol 

distillation, but also reduces waste distillage discharged from the distillation system (Liu et al. 2012). 

As much as 58.5% water-saving potential has been calculated for wort fermentation by increasing the 

gravity from 16 to 31°P
2
 (Thomas et al. 1996). Owing to a relatively low level of water consumption, 

distillation and stillage evaporation costs can be significantly reduced in the VHG process. 

Furthermore, risk of bacterial contamination could be minimized due to the fact that bacteria cannot 

thrive well under increased osmotic conditions; therefore, costs associated with antibiotics use are 

lowered (Puligundla et al. 2011). As the wet-milling process is gaining in importance due to emerging 

value of by-products, the use of insoluble solids free and starch-rich VHG medium can be anticipated 

at industry level (Bai et al. 2008). The advantages and potential benefits of VHG fermentation 

compared with the conditions of conventional low gravity fermentation are summarized in Table 1.1. 

 

Table 1.1. Merits of advanced VHG fermentation technology compared to conventional low gravity 

process for fuel ethanol production (Adapted from Puligundla et al. 2011). 

Feature Low or normal gravity Very-high-gravity 

Feed stock concentration 6–20 g, max. 24 g/100 ml 

dissolved solids 

18°P
2
 or more (around 16% (w/v) or more) 

30 g or more, max. up to 39 g/100 ml 
 

Final ethanol concentration 10-12%(v/v) Increased to >15 up to 18% (v/v) 
 

Plant capacity 

 

Fixed Increased because of more fermenter 
space created through removal of insoluble 
matter 

Plant efficiency    

      Labour costs Fixed/litre of ethanol production Relatively decreased 

      Energy costs 

 

Fixed/litre of ethanol production Relatively reduced (about 4% savings) due 
to less water in fermenter and in the 
process; Avoidance of energy loss due to 
handling insoluble 

Potable water saving   

     Starch to water ratio 1:3 1:2 or 1:1.8 

Effluent 10–15 l/l ethanol  6–9 l/l ethanol recovered 
 

Enzymes’ (liquefying & 
saccharifying) activity 

Low activity due to high dilution 
rate  

High activity due to decreased starch-to-
water ratio 
 

                                                           
2
 Plato gravity scale is a common measurement of the concentration of dissolved solids in brewery wort. Degrees 

Plato (°P) is used to quantify the concentration of extract as a percentage by weight. A 10°P wort will contain 10 g 
of extract per 100 g of wort. 
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Table 1.1 (Continued). Merits of advanced VHG fermentation technology compared to conventional low 

gravity process for fuel ethanol production (Adapted from Puligundla et al. 2011).   

Feature Low or normal gravity Very-high-gravity 

Enzymes’ stability  Less stable Highly stable due to increased substrate 
concentration 

Spoilage bacteria Acetic and lactic acid bacteria 
thrive well, decreases 
fermentation efficiency 

Spoilage bacteria cannot survive under 
high osmotic conditions 

 
 

Fermentor downtime Fixed hours Relatively reduced hours, high-productivity 
ethanol production 

Co-products/By-products   

     Quality Feed grade by-products Food quality co-products/distillers grains 

     Spent yeast Low protein yeast High protein spent yeast 

   

However, during industrial VHG fermentation, yeast cells are exposed to several stresses including 

osmotic stress (resulting from the high sugar concentration at the beginning of fermentation) and 

ethanol stress (resulting from high concentration of ethanol at the end of fermentation) which leads to 

stuck or sluggish fermentation (Tao et al. 2011). In order to counteract the adverse effects induced by 

the high density medium, much research has been made towards the optimization of this process. 

This research can be divided in two major fields: optimization of the fermentation medium and 

breeding and engineering of yeast strains that can tolerate these adverse effects.  

Nutritional adjuncts such as ergosterol, oleic acid and other fatty acids, vegetable oils, skimmed milk 

powder, chitin, polysaccharides and fungal mycelium supplementation have been shown to benefit the 

fermenting yeast (Puligundla et al. 2011). Several authors have also observed that Mg
2+

, yeast extract, 

glycine, biotin and peptone have a protective effect on yeast growth and viability and improve the final 

ethanol concentration. For example, Wang and coworkers obtained an increase in the final ethanol 

titer from 14.2% (v/v) to 17% (v/v) in 48 h when using 50 mM Mg
2+ 

and 1.5% (w/v) peptone in the 

medium. In this study, the authors used uniform design and a nonlinear stepwise regression analysis 

to calculate optimal concentrations of nutrients and other factors required for VHG fermentation of 

corn mash (Wang et al. 2007). On the other hand, different substrates have been evaluated for 

improvement of VHG conditions. Apart from classic substrates such as corn, wheat, and sugar beet, 

other starchy substrates, including sweet potato, cassava, potato, barley and oats, have been subjects 

of interest for biological transformation into ethanol (Yingiling et al. 2011, Puligundla et al. 2011). 

The successful performance of alcoholic fermentations depends on the ability of the used S. 

cerevisiae strains to cope with stress imposed by high sugar concentration, along with a number of 

other stress factors occurring during the process, such as ethanol or acetate accumulation (Teixeira et 

al. 2009). Over the past decade, the tools in metabolic engineering have remarkably enabled targeting 

of necessary genetic changes for yeast cells to express desired phenotypes (Tao et al. 2011). DNA 

sequencing software, gene expression, proteomics, and metabolomics have become essential to 

understand how these strains are able to survive in such adverse conditions. Genome-wide surveys, 
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such as disruptome analysis, have also been used to identify the genes involved in the yeast response 

and resistance to ethanol stress and VHG conditions (Texeira et al. 2009, Teixeira et al. 2010). Prior 

studies have used adaptive evolution to create mutant yeasts that are tolerant to various stressors, 

such as freeze-thawing, high temperatures, high salt concentrations and high acetic acid 

concentrations. Other strategies, such as random chemical mutagenesis, genome shuffling or 

ultraviolet exposure, have helped to develop the understanding of mechanisms that are used for cell 

protection and tolerance during alcohol production (Abreu-Cavalheiro and Monteiro 2013). 

 

 Osmotic Stress and Osmoadaptation in Yeast 1.3.

As discussed above, osmotic stress greatly interferes with yeast fermentation performance. More 

particularly, yeast cells under hyperosmotic stress shrink due to dehydration by osmosis resulting in 

significant alteration of the intracellular density of macromolecules as well as the concentration of 

intracellular inorganic ions (especially Na
+
) (Kültz and Burg 1998). To counteract these effects, yeasts 

start a series of adjustments in order to survive these adverse conditions. These adjustments include 

adjustment of cell proliferation and conserved signaling pathways, impressive dynamics of subcellular 

protein localization, adjustments at the level of the cytoskeleton, control of morphogenesis at the cell 

and organelle level, an astonishing resetting of the gene expression program at the level of 

transcription and translation, and wide-ranging adjustments of cellular metabolism (Hohmann 2002).  

Osmoadapation in yeast is mainly governed by the high osmolarity glycerol (HOG) pathway. The HOG 

pathway is one of the best understood and most intensively studied MAPK systems, which is activated 

within less than 1 min by the osmotic upshift. MAP kinase pathways are highly conserved signaling 

units apparently occurring in mammals, unicellular eukaryotes and plants, where they play essential 

roles in the response to environmental signals or hormones, growth factors, and cytokines. MAP 

kinase pathways control cell growth, morphogenesis, proliferation, and stress responses (Meskiene 

and Hirt 2000). The HOG signaling system consists of two branches that converge on the MAPKK 

Pbs2: the Sln1 branch and the Sho1 branch. Genetic evidences suggest that the upstream branches 

of the HOG pathway operate independently of each other, since blocking one branch of the pathway 

still allows rapid Hog1p phosphorylation upon an osmotic shock, and such cells are apparently fully 

resistant to high osmolarity (Hohmann 2002).  

The Sln1 branch of the yeast HOG pathway is a complex two-component system (Reiser et al. 2000). 

Sln1 is a sensor histidine kinase composed by two transmembrane domains at the N terminus, which 

are connected by a large extracellular loop, about 300 amino acids long in yeasts. It is believed that 

the extracellular loop and the transmembrane domains sense turgor changes, responding to 

movements of the plasma membrane relative to the cell wall (Hohmann et al. 2007, Reiser et al. 

2003). Sln1 is a negative regulator of the Sln1 branch. Under normal conditions, the Sln1 histidine 

kinase is active, resulting in autophosphorylation and transfer of the phosphate group via the 

phosphotransfer protein Ypd1 to the response regulator protein Ssk1, which is kept in an inactive state 

by phosphorylation. Following hyperosmotic shock Sln1 is inactivated and Ypd1 and Ssk1 become 
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dephosphorylated. In the dephosphorylated form Ssk1 interacts with the MAPKKKs Ssk2 and Ssk22, 

two specialized, redundant kinases, and relieves their auto-inhibition. Ssk2 and Ssk22 auto-

phosphorylate and activate themselves, which enables them to phosphorylate and activate the 

MAPKK Pbs2 (Hohmann 2015). A schematic representation of the Sln1 branch with the different 

proteins and the interactions between them is presented in Figure 1.4.  

 

 

Figure 1.4. Schematic representation of Sln1 branch. The protein names separated by a slash (/) are 

functionally redundant. The proteins and the different interaction between them are explained in the text (Adapted 

from Saito and Posas 2012).  

 

The other branch is known as the Sho1 branch. The Sho1 protein is a plasma membrane-localized 

scaffold protein predominantly associated with places of polarized growth (Hohmann 2015). Unlike the 

Sln1 branch, which is a variation of the well understood two-component paradigm, the activation 

mechanism of the Sho1 branch is still only vaguely defined (Saito and Posas 2012). However, it is 

know that components of the Sho1 branch also take part in pseudohyphal development and mating in 

S. cerevisiae. This indicates that the Sho1 module might not primarily have a role in osmosensing but 

rather perceives signals related to cell shape and/or cell surface conditions, in accordance with the 

role in activation played by the cell polarity machinery (Hohmann et al. 2007). The current hypothesis 

of how the Sho1 branch might be activated is the following: a signaling response in the Sho1 branch is 

initiated by the putative osmosensors Msb2 and Hkr1. Through an as-yet-undefined mechanism that 

seems to involve an interaction between the Msb2/Hkr1 osmosensors and the Sho1 co-osmosensor, 

this response leads to activation of the PAK-like kinases Ste20 and Cla4 by inducing their association 

with the membrane-bound small G-protein Cdc42. Activated Ste20/Cla4 then phosphorylates and 

activates the MAPKKK Ste11, which in turn phosphorylates and activates the MAPKK Pbs2 that is 

associated with the Sho1 membrane anchor. Because both the Cdc42-Ste20 and the Sho1-Pbs2 

complexes are localized on the membrane, Ste11 must also be localized to the membrane so that 

efficient activator/substrate interactions between Ste20 and Ste11, as well as between Ste11 and 

Pbs2, can take place. Membrane localization of Ste11 is mediated by the Ste50 adaptor protein, which 

forms a stable complex with Ste11, primarily via association of Ste50 with the membrane anchor 
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protein Opy2, and secondarily by Ste50–Cdc42 and Ste50–Sho1 interactions (Saito and Posas 2012). 

A schematic representation of the Sho1 branch with the different proteins and the interactions 

between them is presented in Figure 1.5.  

 

 

Figure 1.5. Schematic representation of Sho1 branch. The protein names separated by a slash (/) are 

functionally redundant. The proteins and the different interaction between them are explained in the text (Adapted 

from Saito and Posas 2012).  

 

Thus, activation of the MAPKK Pbs2 is accomplished upon phosphorylation by any of three MAPKKKs 

– Ste11, Ssk2 or Ssk22. Once activated, Pbs2 phosphorylates Hog1 on a threonine and a tyrosine 

residue, both of which are conserved in MAP kinases (O’Rourke et al. 2002). Once activated, a 

substantial fraction of the Hog1 MAPK is transported into the nucleus where it regulates transcription 

and the cell cycle, although there are also Hog1 targets in the cytoplasm (Saito and Posas 2012). 

Once in the nucleus, Hog1 regulates the expression of numerous genes by controlling the activity of 

several transcriptional activators and repressors (O’Rourke et al. 2002). DNA microarray studies 

indicate that Hog1 significantly regulates the expression of around 600 genes in response to increased 

osmolarity (Posas et al. 2000, Rep et al. 2000). These studies were conducted using YPD medium 

and performing small shifts in the saline concentration (NaCl) (Posas et al. 2000, Rep et al. 2000) and 

the sorbitol concentration (Rep et al. 2000). An example is the down-regulation of aquaporin Aqy2 

resulting in the restriction of water loss and potentially cell adhesion and invasion (Furukawa et al. 

2009).  

Glycerol for osmoadaptation is produced via a short branch of glycolysis consisting of two enzymatic 

steps (Hohmann et al. 2007). Those are catalyzed by glycerol-3-phosphate dehydrogenase (Gpd1 and 

Gpd2 in S. cerevisiae) and glycerol-3-phosphatase phosphatase (Gpp1 and Gpp2) (Hohmann 2002). 

Hog1 appears to control glycerol accumulation at several steps. Those include (I) the expression of 

the genes encoding Gpd1, Gpp1 and Gpp2, which are up-regulated in a partly HOG dependent 

manner after hyperosmotic shock (Rep et al. 2000); (II) the expression of the Stl1 active glycerol 

uptake system, which allows accumulating glycerol from the surrounding medium (Rep et al. 2000); 

(III) the activity of the enzyme phosphofructo-2-kinase (Pfk26), which produces the glycolytic activator 
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fructose-2,6-bisphosphate – this effect appears to increase the rate of glycerol production (Dihazi et al. 

2004); and (IV) control of the activity of the glycerol export channel Fps1. Fps1 is an aquaglyceroporin 

that mediates the glycerol efflux and it has been reported that its closure is one of the first events and 

especially important for the rapid onset of glycerol accumulation following hyperosmotic shock 

(Petelenz-Kurdziel et al. 2013). The mechanism by which Hog1 controls Fps1 (gating, stability, 

trafficking) remains unclear at the moment (Hohmann 2009). A schematic representation of different 

mechanisms by which Hog1 controls glycerol accumulation is presented in Figure 1.6.  

 

 

Figure 1.6. Schematic representation of the different mechanisms by which Hog1 controls glycerol 

accumulation. Broken lines represent protein production rather than regulation. Scheme explanation can be 

found in the text (Adapted from Hohman 2009).  

 

As adaptation proceeds and osmotic balance is re-established, Hog1 activity goes down to near basal 

levels, and Hog1 is exported back to the cytoplasm. Thus, there are mechanisms that control Hog1 

nuclear import/export, as well as downregulation of Hog1 activity (Saito and Posas 2012). Although 

signaling from the upstream osmosensors stops when osmotic imbalance is eliminated by glycerol 

accumulation, it is still necessary to inactivate the kinases by dephosphorylation to bring the system to 

the pre-stimulation state (Saito and Posas 2012). Several protein phosphatases appear to function as 

negative regulators of the HOG pathway by targeting Hog1: the PP2C Ptc1 as well as the phospho-

tyrosine phosphatases Ptp2 and Ptp3. It appears that Ptc1 and Ptp3 are located in the cytosol, while 

Ptp2 is located primarily in the nucleus (Hohmann 2015).  

In addition to the HOG pathway, other pathways have been associated with response to an osmotic 

upshift (Saxena and Sitaraman 2016). The general environmental stress response (ESR) in yeast 

refers to the common changes observed in gene expression upon stress, regardless of the nature of 

the stress itself. The ESR involves the upregulation of ~300 genes and the downregulation of ~600 
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genes (Gasch et al. 2000). The genes involved in ESR are activated by the binding of Msn2p and 

Msn4p transcription factors to the stress response element (STRE) within the promoter sequences. 

Under optimal growth conditions, Msn2p and Msn4p are cytosolic proteins, and upon imposition of 

different stress conditions Msn2p and Msn4p are translocated to the nucleus. The nuclear exclusion of 

both proteins in unstressed cells is attributed to phosphorylation mediated by cAMP-dependent protein 

kinase A (Saxena and Sitaraman 2016, Hohmann 2002). The characterized genes induced in the ESR 

participate in a diverse range of cellular processes, including energy generation and storage, defense 

against reactive oxygen species, synthesis of internal osmolytes, protein folding and turnover, and 

DNA repair, and together these represent physiological systems that must be protected under any 

circumstance (Gasch et al. 2000). Hence, the broad protection of these systems by the ESR probably 

accounts for the observed cross-resistance to various stresses, in which cells exposed to a low dose 

of one stress become resistant to an otherwise low dose of a second, unrelated stress (Gasch et al. 

2000). 

In fact an overlap of the transcriptional response to osmotic shock and to other stress conditions has 

been reported in different studies (Gasch et al. 2000, Rep et al. 2000). A good example is the 

substantial overlap between the responses to osmotic and oxidative stress in S. cerevisiae (Hohman 

2002). Oxidative stress occurs when the concentration of reactive oxygen species (ROS) increases 

beyond the antioxidant buffering capacity of the cell (Jamieson 1998). ROS are toxic agents that can 

damage a wide variety of cellular components resulting in lipid peroxidation, protein oxidation, and 

genetic damage through the modification of DNA (Morano et al. 2012). Thus, the response of oxidative 

stress from yeast involves synthesis or accumulation of water- and lipid-soluble antioxidants from its 

surroundings and induction of genes whose products are antioxidant enzymes, antioxidant 

compounds and DNA repair enzymes (Singh 2000). Much research has proven and reported this 

overlap: in 2000, Rep and coworkers reported a superinduction of oxidoreductases and cytosolic 

catalase in response to sorbitol and an induction and stimulation of 26 genes, whose products are 

known or suspected to be involved in the protection from oxidative damage (Rep et al. 2000). In 2001, 

Rep and coworkers reported five target genes of Hog1p-Sko1p: GRE2, AHP1, SFA1, GLR1 and 

YML131W that are implicated in protection from oxidative damage. All five Sko1p targets encode 

oxidoreductases with demonstrated or predicted roles in repair of oxidative damage (Rep et al. 2001). 

Singh demonstrated that primary sensors of osmotic stress, the Sln1p-Ssk1p two-component proteins, 

are involved in sensing oxidative stress specifically induced by hydrogen peroxide and diamide (Singh 

2000). 

Osmotic balance is also maintained by the regulated opening and closing of channel proteins in both 

the cell membrane and intracellular organelles such as the vacuole. Additionally, osmotic shock also 

induces intracellular calcium signaling. Thus, adaptation to environmental stresses in general, and 

osmotic stress in particular, is dependent on the concerted action of components of multiple 

interacting pathways (Saxena and Sitaraman 2016). 
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After this brief explanation of osmoadaptation in yeast, it is clear that osmotolerance is a complex trait. 

Due to such complexity, the development of osmotolerant yeast has proven to be a difficult task to 

achieve. Nevertheless, different approaches have been used over the past decades. Classical strain 

improvement methods based on random mutagenesis and screenings have succeeded in obtaining 

industrial microorganisms. Hughes and coworkers used UV-C irradiation to produce yeast strains for 

anaerobic conversion of lignocellulosic sugars to ethanol using a Scheffersomyces stipitis strain. The 

mutagenized strains were capable of growing anaerobically on xylose/glucose substrate with a higher 

ethanol production than a S. cerevisiae yeast (Hughes et al. 2012). However, these methods are time-

consuming and laboriously especially for engineering complex phenotypes (Gong et al. 2009). 

Therefore, advances for strain engineering have focused on metabolic engineering. This strategy has 

emerged as the discipline that utilizes modern genetic tools for the targeted genetic manipulation of 

microbes (Pappetridis et al. 2017, Gong et al. 2009). Although remarkable accomplishments have 

been achieved by the use of metabolic engineering, the application of this approach is limited in the 

absence of detailed knowledge about genotype–phenotype relationships (Gong et al. 2009). Genome 

shuffling is another interesting technology that has been successfully used for the improvement of 

different complex traits (Shi et al. 2008). This approach allows the improvement of complex polygenic 

phenotypes by combining useful genetic traits of multiple parental strains into a single strain (Tao et al. 

2011). This technology offers the advantage of simultaneous genetic changes at different positions 

throughout the entire genome without the necessity for genome sequence information (Shi et al. 

2008). However, genome shuffling has limits in practice due to an insufficiency in proper screening 

method to control the yield of metabolic byproducts (Tao et al. 2011). Therefore, an approach 

combining the two aforementioned methods can resolve some of the disadvantages of both methods. 

Studies using this combination have been released in order to improve VHG fermentation 

performance of industrial yeast (Tao et al. 2011, Wang et al. 2012). The approach used in the 

background of the present work is another whole genome approach called quantitative trait locus 

(QTL) mapping (Chapter 2).  

 

 Quantitative Trait Locus (QTL) Analysis  1.4.

A QTL refers to an individual locus that explains a specific part of the phenotypic expression of a 

quantitative trait and it can contain a single gene or a cluster of closely linked genes that contribute to 

the quantitative trait. The identification of genes that contribute to quantitative traits has proven to be 

difficult. This is because of the complex genetic architecture of quantitative traits, which is dictated by 

factors such as variable QTL contribution, epistasis, genetic heterogeneity, and gene–environment 

interaction (Swinnen et al. 2012a). 

A method used for studying QTLs is QTL mapping, which aims at the simultaneous genomic 

localization of all loci determining a quantitative trait. QTL mapping in S. cerevisiae is typically 

performed by crossing two strains that differ in the trait of interest: a haploid parental strain possessing 

the trait is mated with another haploid parental strain lacking the trait (Swinnen et al. 2012a). During 
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QTL mapping, the allocation of the genetic determinants to regions in the genome relies on their co-

segregation with genetic loci of known positions, which are called genetic markers. The most widely 

used genetic markers are DNA polymorphisms such as single nucleotide polymorphisms (SNPs), 

which are usually plentiful in number and thus enable complete genome coverage (Swinnen et al. 

2012a, Pais et al. 2014). 

Over the past decade, different approaches have been developed that allow the identification of QTLs 

responsible for complex traits (Swinnen et al. 2012a). Pooled-segregant whole-genome sequence was 

the approached employed by Mukherjee (Mukherjee 2016) (Chapter 2). Quantitative trait locus (QTL) 

mapping by pooled-segregant whole-genome sequencing in yeast is a robust methodology for the 

simultaneous identification of superior genes involved in polygenic traits. The genotyping by pooled-

segregant sequencing constitutes a fast and reliable methodology to map all QTL defining the trait of 

interest (Pais et al. 2014). Previously, pooled-segregant whole-genome sequence analysis has been 

used to identify QTLs responsible for high ethanol tolerance (Swinnen et al. 2012b), capacity for high 

ethanol accumulation (Pais et al. 2013), thermotolerance (Yang et al. 2013), and low glycerol and high 

ethanol yield (Hubmann et al. 2013a; Hubmann et al. 2013b) in S. cerevisiae. 

However, QTL mapping only allows the allocation of the genetic determinants to intervals in the 

genome instead of identifying the determinants themselves. Therefore, once the QTLs have been 

identified, they still must be down-scaled to the gene and/or nucleotide level. There are two major 

approaches for this analysis. One of them is prioritizing candidate genes: looking for polymorphisms 

likely to have a consequence on the amino acid sequence of the gene product, such as missense, 

nonsense, and frame shift mutations. Further prioritization can be based on published information of 

genes involved in the quantitative trait, for example those genes located in biochemical or regulatory 

pathways known to be involved in establishing the trait or from studies that have identified proteins 

that interact with components of these pathways. Although potentially straightforward, such a 

prioritization does not consider the fact that polymorphisms in promoters might also have strong 

phenotypic consequences (Swinnen et al. 2012a). 

Unbiased approaches form an alternative to rational prioritization. Such approaches are advantageous 

in that they do not rely on prior assumptions. In the present work, we have used the unbiased 

approach named reciprocal hemizygosity analysis (RHA) (Steinmetz et al. 2002). This functional 

analysis approach evaluates all genes in a QTL for relevance in establishing the trait of interest. It is 

based on the construction of two isogenic strains in the hybrid diploid background from both parent 

strains that differ genetically only in the alleles of one copy of a specific candidate gene. By comparing 

the phenotypes of the two strains, it will be revealed whether an allele from one genetic background is 

advantageous over that from the other (Swinnen et al. 2012a). In order to accelerate the identification 

of causatives genes when studying all genes in one QTL an extension of the RHA method can be 

used. This approach is called ‘bulk’ RHA (bRHA) and instead of comparing alleles for each single 

gene, a fragment with multiple genes is deleted in the hybrid strain (Yang et al. 2013).  
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2. Background 

2.1. Previous Work 

The work developed in the present thesis is a continuation of the work developed by the doctoral 

student Vaskar Mukherjee in 2016 (Mukherjee 2016). Therefore, the relevant steps and results 

obtained by Mukherjee will be presented in this chapter for a full understanding of the next chapters. 

 

2.1.1. Selection of a superior osmotolerant diploid S. cerevisiae strain X6003 (CAT1) 

High-throughput phenotypic evaluation of 279 S. cerevisiae strains allowed identification of 95 highly 

osmotolerant strains that managed to grow on plates containing 50 and 55% (w/v) glucose. The ten 

most promising candidates along with the control strains Ethanol Red and the prototrophic diploid of 

S288c were subjected to VHG fermentation (YP+45% (w/v) glucose). The fermentation curves of all 

ten strains alongside the control strains are presented in Figure 2.1. 

 

 

Figure 2.1. Fermentation efficiency of S. cerevisiae strains subjected to VHG conditions. The fermentation 

curve is plotted as CO2 released as a function of the time (Mukherjee 2016). 

 

From the ten strains studied, X6003 (CAT1) displayed the highest rate of fermentation (2.36 g.L
-1

.h
-1

) 

and produced the second highest ethanol yield (47% of the theoretical value) taking only 134 h. For 

these reasons, X6003 (CAT1) was selected as the superior parent. X6003 (CAT1) is generally used in 

Brazil for bioethanol production from sugar cane juice. Ethanol Red is also a widely employed 

industrial bioethanol yeast strain used in first generation bioethanol production and is well known for 

its robustness and stress tolerance (Demeke et al. 2013). Under VHG conditions, Ethanol Red had the 

highest ethanol yield (49% of the theoretical value). However it took a long time to reach the stationary 

phase (278 h). Therefore, Mukherjee considered that this strain still had room for improvement when it 

came to very-high-gravity fermentation. This led him to choose Ethanol Red as the inferior parental 

strain in order to identify superior alleles from X6003 that can specifically improve very-high-gravity 

fermentation efficiency of Ethanol Red. 
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2.1.2. Selection of haploid parent strains for construction of the diploid parental hybrid 

Both parental strains were sporulated and both of them showed very high sporulation efficacy (50-80% 

for X6003 and above 80% for Ethanol Red) and high spore viability (79% for X6003 and nearly 100% 

for Ethanol Red). 24 haploid segregants from each of the diploid parents were subjected to VHG 

fermentation (YP+25% glucose +25% sorbitol). The segregants showed a wide range of fermentation 

performance due to chromosomal recombination in meiosis. The results are shown in Figure 2.2.  

 

 

Figure 2.2. Fermentation curves of segregants. Panel A shows the fermentation curves of the X6003 

segregants and Panel B shows the fermentation curves of the Ethanol Red segregants in VHG condition with the 

parental strains X6003 (blue line) and Ethanol Red (red line). The selected segregants are shown in green 

(Mukherjee 2016).   

 

For X6003, three segregants were selected, namely X6003-1B (MAT α), X6003-2C (MAT α), and 

X6003-4D (MATa) that showed a fermentation profile even better than the parental strain. For Ethanol 

Red, four segregants, namely ER-11 (MAT α), ER-15 (MATa), ER-19 (MATa), and ER-42A (MAT α) 

were selected based on the VHG fermentation profile which are similar to that of Ethanol Red. With 

the selected segregants, five parental hybrids were generated using different combinations of the 

selected segregants. VHG fermentations (YP+25%(w/v) glucose+25%(w/v) sorbitol) with these hybrids 

showed that X6003-2C X ER-19 was the most efficient followed by X6003-4D X ER-42A. The hybrid, 

2CX19 (X6003-2C X ER-19), yielded the highest g CO2 / g glucose (0.47 gCO2/g glucose at 84.5h) 

and showed the highest rate of fermentation (1.79 g.L
-1

.h
-1

). However, after sporulation very few 

spores of this hybrid were viable. On the other hand, 4DX42A (X6003-4D X ER-42A) had very good 

spore viability (95%). Therefore, 4DX42A (X6003-4D X ER-42A) was selected as the parental hybrid 

for QTL study. Figure 2.3 shows the fermentation profiles of the five parental hybrids and Table 2.1 

has an overview of the fermentation profile of 2CX19, 4DX42A and the parental strains X6003 and 

Ethanol Red.  
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Figure 2.3. VHG fermentation curves with the hybrids constructed by mating segregants of X6003 and 

Ethanol Red. The fermentation performance of the hybrids was compared to that of the Ethanol Red (Red line) 

and X6003 (Blue line). The selected hybrid (4DX42A) is shown in green (Mukherjee 2016).   

 

Table 2.1. Overview of the fermentation profile of two hybrids made from crosses between X6003 

segregants and ER segregants alongside with the fermentation profile of the parental strains X6003 and 

Ethanol Red (Mukherjee 2016).   

Strain 
name 

VHG fermentation (YP+25%(w/v) glucose +25%(w/v) sorbitol) 
Sporulation 
efficiency 

Spore 
viability Vmax 

(g.L
-1

.h) 

Time (h) to 
reach Vmax 

g CO2/g glucose at 84.5h 

2Cx19 1,79 35.4 0.47 50-80% 15% 

4Dx42A 1.61 28.7 0.43 >80% 95% 

Ethanol Red 1.37 42.2 0.44 >80% 100% 

X6003 1.67 35.4 0.43 50-80% 79% 

 

2.1.3. Identification of QTLs correlated with superior osmotolerance 

QTL mapping was achieved by Pooled-segregant whole-genome sequencing. Two pools of 

segregants were generated using segregants obtained by sporulation of the parental hybrid 4Dx42A: 

one pool with unselected segregants and a second pool with only segregant that presented the 

superior phenotype. The genomic DNA of the pools was sequenced by Illumina HiSeqTM2000 

sequencing. High coverage paired-end short reads of around 100bp were obtained to perform 

precision alignment of the reads to the reference genome of S288c. The sequence alignment was 

performed for X6003-4D, ER-42A, superior, and unselected pools. The sequence differences (SNPs 

and INDELs) between the haploid parents or the pooled segregants and the reference genome was 

recorded for each read by the following steps. First, sequence reads obtained from superior haploid 

parent X6003-4D were aligned to the reference S288c sequence and all SNPs were identified. The 

same was done with the inferior parent ER-42A sequence reads. In both cases, only SNPs with 

frequency above 80% and coverage of at least 20 were retained in order to eliminate random 
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sequencing errors. Next, all the identified SNP locations that were common to both parents were 

discarded. This ensured retention of only those SNP locations that showed a nucleotide difference 

between the parental sequences. After generating a list of highly reliable SNPs, the same markers in 

the alignment of the pooled segregant reads were tracked and their variant ratio was plotted against 

their chromosomal position. This allowed the identification of ten QTLs responsible for superior 

fermentation performance under VHG conditions (Figure 2.4). An overview of these QTLs is given in 

Table 2.2. From the ten QTLs identified by Mukherjee, two QTLs were studied in the present thesis: 

QTL 7 and QTL 8.  

 

Table 2.2. Summary of the ten QTLs identified as responsible for superior osmotolerance (Mukherjee 

2016).   

QTL Location Chr.  Lengh p value 
Association (%) to the 
osmotolerance strain  

1 89768-151903 I 62135 2.9E-05 26 

2 163972-217143 III 53171 5.6E-05 68 

3 391992-437910 IV 45918 1.0E-04 70 

4 108405-148709 VI 40304 1.2E-02 33 

5 66545-158697 VII 92152 2.9E-04 73 

6 394435-443726 VII 49291 1.0E-06 27 

7 908788-971173 XII 62385 7.5E-03 78 

8 377831-442005 XIII 64174 1.0E-06 71 

9 685865-762873 XIII 77008 1.E-06 31 

10 178220-297404 XVI 119184 4.0E-04 71 
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Figure 2.4. SNP variant frequency mapping against the SNP position on all sixteen chromosomes of S. cerevisiae. The upper panel shows the genetic mapping of the 

SNP frequency of the superior and the unselected pools. The red and the black line represent the predicted SNP frequency of the selected and the unselected pool, respectively. 

Medium panel shows the confidence interval between the superior and the unselected pool. A significant deviation of the selected pool from the unselected pool indicates 

candidate QTLs linked to osmotolerance. Bottom panel shows the significance of the linkage by calculating the p value (represented by the blue line). The identified significantly 

linked regions are marked by red dashed vertical lines (Mukherjee 2016).     
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2.2. Aim of the work 

Ethanol production costs are still higher than the production costs of petroleum based fuels. Thus, 

much research has been made towards the optimization of the ethanol production. Very-High-Gravity 

fermentation is a versatile technology among the new tendencies in process optimization for ethanol 

production. In VHG conditions more ethanol can be produced per fermentation batch reducing the 

plant overall costs. However, during industrial VHG fermentation, yeast cells are exposed to several 

stresses including osmotic stress and ethanol stress which leads to stuck or sluggish fermentation. 

Hence, optimization of yeast strains that can handle these adverse conditions is of great interest to the 

alcohol fermentation industries.  

The final goal of this Master thesis is to determine which genes play a role in the superior fermentation 

of an osmotolerant strain under very-high-gravity conditions. To achieve this goal, QTLs identified as 

being linked to the superior osmotolerance will be investigated in detail employing 'bulk" RHA analysis. 

After construction of the RHA strains, VHG fermentations will be performed in order to narrow-down 

the region involved in the superior VHG fermentation. Thereafter, fermentations with RHA strains for 

single genes should identify the causative genes. 
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3. Materials and Methods 

3.1. Strains 

All strains used in the present work are summarized in Table 1 to Table 3 in the section 3A in the 

Addendum. These strains were preserved at -80 ºC in a stock medium containing 2% (w/v) 

bacteriological peptone (OXOID Ltd, England), 1% (w/v) yeast extract (Merck KGaA, Germany) and 

30% (v/v) glycerol (98%, Merck KGaA, Germany).  

 

3.2. Primers 

All primers used in the present work are summarized in Table 4 to Table 14 in the section 3B of the 

Addendum. These primers were used with two main purposes: amplification of the molecules to be 

transformed (Chapter 3.4.2) and genotypic evaluation of the transformants constructed for bulk 

reciprocal hemizygocity analysis (bRHA) (Chapter 3.4.5).  

Primers were designed to match a specific part of genomic DNA where they will anneal and elongate. 

To design those primers the Genomics Viewer software (Robinson et al. 2011) was used. In this 

software the DNA sequence of the superior parent X6003-4D (JT 23795.16) and the inferior parent 

ER42A (JT 22931.1) are aligned with the reference genome of S288c strain (Engel et al. 2014). The 

criteria used to design all primers are the following: 17 to 28 bases long, around 60% CG content and 

40% AT content and a melting temperature above 60 ºC. Candidate primers were also checked for 

possible adverse reactions such hairpin formation, homodimer formation and heterodimer formation. 

For this, the OligoAnalyzer® 3.1 tool (Integrated DNA Technologies, Inc., Belgium) was used.   

 

3.3. Growth Media 

Yeast cells were grown in liquid and solid YP medium with added sugar. The standard YP medium 

consists of deionized water with 1% (w/v) yeast extract (Merck KGaA, Germany) and 2% (w/v) 

bacterial peptone (OXOID Ltd, England). For YPD medium, glucose (Sigma-Aldrich, USA) was added 

to the YP medium in order to reach a final concentration of 2% (w/v). Solid YPD medium also contains 

1.5% (w/v) granulated Difco
TM

 agar. For both liquid and solid YPD medium, glucose was added from a 

concentrated glucose solution (40% (w/v)) and the YP medium and the glucose solution were 

autoclaved separately in order to avoid interactions between the amino groups of the amino acids in 

the YP medium and carbonyl groups of the sugars. For selective medium, antibiotics were added to 

the YPD medium from a filter-sterilized 1000x Stock solution. Geneticin (Labconsult, Belgium) was 

added after the medium was autoclaved to reach a final concentration of 100 µg/mL. A summary of all 

the growth media used and their composition can be found on Table 3.1.  
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Table 3.1. Composition of all growth media used throughout the present work. 

Growth Media Composition 

YP medium 1% (w/v) yeast extract + 2% (w/v) bacterial peptone  

Liquid YPD medium YP medium + 2% (w/v) glucose  

Solid YPD medium Liquid YPD medium + 1.5% (w/v) granulated agar 

Solid YPD medium with geneticin Solid YPD medium + 100 µg/L geneticin 

      

3.4. ‘bulk’ Reciprocal Hemizygosity Analysis (bRHA) 

Reciprocal-hemizygosity analysis is a tool for analyzing each allele in a hybrid genetic background. It 

was developed by Steinmetz and coworkers and can be applied to delete one ORF (Open reading 

frame) or larger sections of the genome (bulk RHA) (Steinmetz et al. 2002, Pais et al. 2013). In this 

analysis, two different types of diploid mutants were constructed using the parental hybrid X6003-

4DxER-42A (JT 28237). In one mutant the deletion was made in the chromosome derived from the 

inferior parent and in the other the deletion was made in the chromosome derived from the superior 

parent. By comparing the phenotypes of the two strains, it is expected to be revealed whether an allele 

from one genetic background is advantageous over that from the other. Figure 3.1 shows a schematic 

representation of the two different hybrids obtained using this procedure.  

 

 

Figure 3.1. Strategy used for the construction of the strains used in Bulk reciprocal-hemizygosity analysis 

(bRHA). Two types of strains can be obtained when creating the hybrids: in one mutant the targeted allele from 

the inferior parent chromosome was deleted (Hybrid 1) and in the other, the targeted allele from the superior 

parent chromosome was deleted (Hybrid 2).   
 

In order to construct the aforementioned mutants the “split-marker” recombination method for 

transformation of yeast cells was used (Fairhead et al. 1996). This method takes advantage of the fact 

that transforming molecules and chromosomes can interact if they contain homologous sequences 

and that the transforming molecule integrates at a single locus in the chromosome (Plessis and Dujon 

1993). Therefore, transforming molecules that contain a homologous region with the flanking regions 

of the block in study and a part of the selection marker were amplified from a deletion strain which has 

the target gene replaced by the selection marker. In the present work, the selection marker used was 

the kanMX marker which gives resistance to geneticin. A schematic representation of this method is 

presented in Figure 3.2. The different steps and procedures used throughout the construction of the 

mutant diploid hybrids are described in detail in the next subsections.  
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Figure 3.2. Schematic representation of the “split-marker” recombination. The two transformation cassettes 

have a flanking region at the end (LHR and RHR), homologous to the sequence upstream and downstream the 

block to be deleted, and have an overlapping sequence region within the kanMX marker, which allows the 

homologous recombination when both of the cassettes are co-transformed in the yeast hybrid X6003-4DxER-42A. 

 

3.4.1. DNA extraction 

DNA extraction was performed with the intent to use this DNA in Polymerase chain reactions (PCR) 

either to amplify the homologous regions to use in yeast transformation or to identify the type of 

mutants obtain after transformation. It was performed using a standard liquid-liquid extraction method. 

In this method the nonpolar solution is used to denature proteins and to purify the DNA since proteins 

and lipids are dissolved in this solution whereas the DNA is dissolved in a polar environment such as 

water. As nonpolar solution a mixture of 50% (v/v) phenol (pH 8, Acros Organics, Belgium), 48% (v/v) 

chloroform (Sigma-Aldrich, USA) and 2% (v/v) isoamyl alcohol (98%, Sigma-Aldrich, USA) (PCI) was 

used. The procedure takes advantage of the fact that denaturation of proteins is more efficient when 

different organic solvents are used instead of one (Green and Sambrook 2017).  

For each strain, a mixture of about 250 mg of glass beads, 200 µL of water, approximately 20 mg of 

yeast cells taken from the YPD-agar plates on which they have been grown and 200 µL of PCI 

solution was prepared in a screw-cap tube. The cell wall was mechanically broken and the mixture 

was homogenized using the Fastprep
®
-24 homogenizer (MP

TM
 Biomedicals, USA). The two phases 

were separated by centrifugation at 14000 rpm for 10 minutes using a centrifuge 5417C (Eppendorf, 

Germany). Centrifugation of the mixture yields two phases: the lower organic phase and the upper 

aqueous phase. Finally, 50 µL of the aqueous phase was transferred to a 1.5 mL Eppendorf
®
 and 

stored at -20ºC. The DNA extract was diluted 1:10 in Milli-Q water (Merck Millipore, Germany). 

 

3.4.2. Amplification of the transforming molecules 

Amplification of the transforming molecules was accomplished by performing a polymerase chain 

reaction (PCR). PCR is a common laboratory technique used to exponentially multiply a specific DNA 

region in vitro. The PCR reaction includes a target DNA, a thermostable DNA polymerase, two 

oligonucleotide primers, deoxynucleotide triphosphates (dNTP’s) and a reaction buffer. This reaction is 

placed in a thermal cycler that will subject the reaction to a series of different temperatures for different 

periods of time. One series of temperature and time adjustments is referred to as one cycle of 

amplification. Each PCR cycle includes steps for template denaturation, primer annealing and primer 

extension.   
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For the amplification of the homologous regions deletion strains from a collection of gene-deletion 

mutants constructed by Giaever and coworkers were used (Giaever et al. 2002). All strains used are 

summarized in Table 2 in section 3A of the Addendum. Q5 high-fidelity polymerase (New England 

Biolabs
®
 inc.) was used since it is a highly reliable enzyme and it presents low error rates. The 

amplification was performed on a Thermal Cycler (Biometra
®
, Germany) using 50 µL reactions. All 

reactions were prepared in fourfold. Table 3.2 and Table 3.3 show respectively the reaction mixture 

and the standard PCR program used for these amplifications.  

 

Table 3.2. Reaction mixtures for PCR reaction for amplification of the homologous regions.  

Components 50 µL reaction 

5x Q5 buffer 10 µL 

10mM dNTPs 5 µL 

10µM Fwd primer 2.5 µL 

10µM Rv primer 2.5 µL 

Template DNA (1:10) 2.5 µL 

Milli Q water 27 µL 

Q5 polymerase (2U/µL) 0.5 µL 

 

Table 3.3. Standard program used for performing PCR.  

Step Temperature Time  

Initial Denaturation 98ºC 30 seconds  

Denaturation 98ºC 10 seconds 

X32 Annealing 57ºC 20 seconds 

Extension 72ºC 30sec (up to 1min)/kb  

Final Extension 72ºC 5 min  

 

The results obtained from the PCR reaction were analyzed using agarose gel electrophoresis. This 

technique is the most effective way of separating DNA fragments. The phosphate backbone of the 

DNA molecule is negatively charged, therefore when placed in an electric field, DNA fragments will 

migrate to the positively charged anode. Because DNA has a uniform mass/charge ratio, DNA 

molecules are separated by size within the agarose gel (Lee et al. 2012).  

The agarose gel contains 0.5x TAE buffer, 1.1% (w/v) agarose (Eurogentec, Belgium) and 0.005% 

(v/v) SYBR® Safe dye (Invitrogen
TM

 Molecular Probes
TM

, USA). The 0.5x TAE buffer used is diluted 

from a 10X concentrated stock that contains 0.4M Tris base (Sigma-Aldrich, USA), 0.2M acetic acid 

(Sigma-Aldrich, USA) and 10 mM EDTA (Ethylenediaminetetraacetic acid, pH 8, Sigma-Aldrich, USA). 

The pH of the EDTA solution was adjusted with NaOH pellets (Merck, Germany). The TAE buffer is 

also used as running buffer.  
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When loading the PCR products into pre-cast wells, loading dye was added to the PCR product 

allowing visual tracking of how the electrophoresis is processing and also allowing the sample to sink 

into the gel. The loading dye is prepared at 6X concentration and consists of 0.25% (v/v) bromophenol 

blue (Sigma-Aldrich, USA), 0.25% (v/v) xylene cyanol FF (Sigma-Aldrich, USA), and 40% (v/v) glycerol 

(98%, Merck, Germany). A GeneRuler 1 kb DNA ladder (Thermo Fisher Scientific, USA) was also 

loaded into a well for easy determination of the length of bands detected in the gel. To run the gel, a 

current of 130V was applied for 30 minutes using an electrophoresis system (Bio-Rad, USA). To 

visualize the results, the gel was exposed to blue light in a bioimaging system (UVP, Canada).  

 

3.4.3. Transformation 

The transformation protocol used is based on the LiAc/SS-DNA/PEG procedure described by Gietz 

and coworkers (Gietz et al. 1995). The parental hybrid 4Dx42A (JT 28237) was inoculated in 3 mL 

YPD medium and grown overnight at 30ºC in a shaking incubator (200 rpm, 5 cm orbit). The optical 

density (OD600) of the pre-culture was measure, after dilution, using a Biophotometer (Eppendorf, 

Germany) at 600 nm wavelength. A second culture was inoculated in 50 mL YPD medium transferring 

the necessary amount from the first to start with an OD600 of around 0.4. The second culture was 

incubated in the same conditions described for the pre-culture for 3 to 4 hours in order to reach an 

OD600 around 1.5.  

After 3 to 4 hours of incubation, the OD600 was measured again (a value between 1 a 1.6 should be 

obtained). The cell culture was centrifuged for 5 minutes at 3000 rpm in an Allegra
®
 X-15R centrifuge 

(Beckman Coulter, USA). The supernatant was discarded and the cell pellet was re-suspended in 25 

mL of autoclaved water. Once again, the suspension was centrifuged for 5 minutes at 3000 rpm and 

the supernatant was discarded. The cell pellet was then re-suspended in 1 mL of 0.1M Lithium Acetate 

(LiAC) (Sigma-Aldrich, USA) and transferred to an 1,5 mL Eppendorf
® 

tube. The suspension was 

centrifuged for 2 minutes at 4000 rpm in a centrifuge 5417C (Eppendorf, Germany) and the 

supernatant was discarded afterwards. Once again, the cell pellet was re-suspended in 0.1M LiAC. 

The amount of 0.1M LiAC needed was calculated according to the initial OD600 (OD600=0.9: 300 µL 

0.1M LiAC). At this point the cells are ready to be transformed.   

Per transformation that was performed, a water control was also prepared to check for contamination 

or for false-positive growth. The transformation was prepared in 1.5 mL Eppendorf
® 

tubes. In each 

Eppendorf
®
 tube, 50 µL of cell suspension was added and centrifuged for 2 minutes at 4000 rpm. The 

supernatant was discarded afterwards. To the cell pellet, 300 µL of PLI solution, 5 µL of SS-DNA 

(Sigma-Aldrich, USA) and 25 µL of each of both split marker PCR products were added. For optimal 

results it is important that the PCR products are not purified. For the water control, instead of the split 

marker PCR products, 50 µL of water was added. The cell pellet was carefully dissolved in the mixture 

and all Eppendorf
® 

tubes were incubated in a shaking waterbath (Merck, Germany) at 42ºC for 30 

minutes. The PLI solution was prepared beforehand and it contains 0.1M LiAC (Sigma-Aldrich, USA) 

and 40% (v/v) PEG 3350 (Polyethelene glycol) (Sigma-Aldrich, USA). The SS-DNA was boiled for 3 
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minutes in a Thermomixer Compact (Eppendorf, Germany) at 99ºC and directly transferred into ice for 

fast cooling.   

Afterwards, the Eppendorf
® 

tubes were centrifuged for 2 minutes at 4000 rpm and the supernatant 

discarded. For each tube, the cell pellet was re-suspended in 1 mL of YPD medium and incubated for 

3 to 4 hours at 30ºC in a shaking incubator at 200 rpm. After recovery, the tubes were centrifuge for 2 

minutes at 4000 rpm and the supernatant was discarded. The cell pellets was then re-suspended in 

500 µL of water and two dilutions were prepared from this suspension: 1:5 dilution and a 4:5 dilution. 

The two dilutions were transferred to selective YPD plates containing geneticin. For the water control, 

the cell pellet was re-suspended in 500 µL of water and the whole suspension was transferred to a 

selective YPD plate containing geneticin. The plates were then incubated at 30ºC. After two days, 

upcoming colonies were streaked for single colonies on selective plates with geneticin. The plates 

were then incubated at 30ºC. A second round of single colonies was prepared from the first single 

colonies also on selective plates and all plates were incubated at 30ºC. On YPD plates, streaks were 

made from the last single colonies and they were also incubated at 30ºC. For each transformation, 

around 24 transformants (when possible) were selected with the purpose of having at least, after the 

genotypic evaluation, 6 transformants of each type.  

 

3.4.4. Gradient PCR 

The sequence and length of PCR primers generally determine the annealing temperature of the 

thermal cycling reaction for a specific assay. In order to avoid equivocal results when identifying the 

different transformants the optimal annealing temperature for different sets of primes was determined. 

This temperature was determined by gradient PCR. Gradient PCR is a technique that allows the 

empirical determination of an optimal annealing temperature in only one experiment. In this technique 

the PCR program used provides a gradient function that is able to evaluate up to 12 different 

annealing temperatures.  

In this procedure, DNA from the haploid superior parent X6003-4D (JT 23795.16) and the haploid 

inferior parent ER42A (JT 22931.1) was used, with Taq DNA polymerase (Biolabs
® 

inc., New 

England). This enzyme is inexpensive and is usually used when the PCR product is not needed for 

further experiments. 12 different temperatures between 53ºC and 68 ºC were evaluated. The gradient 

PCR was performed on a Professional Thermo Cycler (Biometra
®
, Germany) using 20 µL reactions. 

Table 3.3 and Table 3.4 show respectively the reaction mixture and the standard PCR program used 

for these amplifications. The results obtained from the PCR reaction were analyzed using agarose gel 

electrophoresis. To run the gel, a current of 130V was applied for 25 minutes using an electrophoresis 

system (Bio-Rad, USA). To visualize the results, the gel was exposed to blue light in a bioimaging 

system (UVP, Canada). 
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Table 3.4. Reaction mixture for PCR reaction.  

Components 20 µL reaction 

10x Taq buffer 2 µL 

10mM dNTPs 2 µL 

10µM Fwd primer 1 µL 

10µM Rv primer 1 µL 

Template DNA (1:10) 1 µL 

Milli Q water 12.5 µL 

Taq enzyme 0.5 µL 

 

Table 3.5. Standard program used for gradient PCR. 

Step Temperature Time  

Initial Denaturation 94ºC 3 minutes  

Denaturation 94ºC 25 seconds 

X31 Annealing 53-68 25 seconds 

Extension 72ºC ~ 1min/kb  

Final Extension 72ºC 5 min  

 

3.4.5. Genotypic evaluation of the transformants 

Genotypic evaluation of the transformants was accomplished by SNP PCR. In this evaluation it was 

determined if the transformants obtained had the deletion in the chromosome derived from the inferior 

parent or in the chromosome derived from the superior parent. Therefore, two sets of primers were 

used in which one set amplified the sequence present in the chromosome derived from the superior 

parent and the other amplified the sequence present in the chromosome derived from the inferior 

parent. To accomplish this, the sets of primers used only differed in the 3’ terminal end nucleotide, with 

the last base corresponding to the SNP of the respective sequences. Later on, a mismatch in the 3
rd

 

nucleotide from the 3’ end was introduce in the SNP primers since it was proven by Liu and coworkers 

that a mismatch in this position can highly improve the stability and efficiency of the primer annealing 

(Liu et al. 2012).  

As control strains the haploid superior parent X6003-4D (JT 23795.16) and the haploid inferior parent 

ER42A (JT 22931.1) were used. SNP PCR was performed on a Thermo Cycler (Biometra
®
, Germany) 

using 20 µL reactions. Taq DNA polymerase (Biolabs
® 

inc., New England) was used. Table 3.5 and 

Table 3.6 show respectively the reaction mixture and the standard PCR program used for these 

amplifications. The results obtained from the PCR reaction were analyzed using agarose gel 

electrophoresis. To run the gel, a current o 130V was applied for 25 minutes using an electrophoresis 

system (Bio-Rad, USA). To visualize the results, the gel was exposed to blue light in a bioimaging 

system (UVP, Canada). 
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Table 3.6. Reaction mixture for PCR reaction.  

Components 20 µL reaction 

10x Taq buffer 2 µL 

10mM dNTPs 2 µL 

10µM Fwd primer 1 µL 

10µM Rv primer 1 µL 

Template DNA (1:20) 2 µL 

Milli Q water 11.5 µL 

Taq enzyme 0.5 µL 

 

Table 3.7. Standard program used for performing PCR. 

Step Temperature Time  

Initial Denaturation 94ºC 3 minutes  

Denaturation 94ºC 25 seconds 

X31 Annealing 52-63 ºC
3
 25 seconds 

Extension 72ºC ~ 1min/kb  

Final Extension 72ºC 5 min  

 

3.5. Phenotypic Evaluation: Very-High-Gravity (VHG) Fermentation 

For each block, transformants with the deletion in the chromosome derived from the inferior parent 

were tested in VHG conditions as well as transformants with the deletion in the chromosome derived 

from the superior parent. All the strains studied are summarized in Table 3 in section 3A of the 

Addendum. As controls the following strains were used: the haploid superior parent X6003-4D (JT 

23795.16), the haploid inferior parent ER42A (JT 22931.1) and the hybrid 4Dx42A (JT 28237). 

Information about these control strains is also summarized in section 3A of the Addendum in Table 1. 

All strains were studied in duplicate and the duplicates were prepared independently from the first 

inoculation.  

Semi-anaerobic batch fermentations were performed in cylindrical glass tubes with a rubber stopper 

containing cotton plugged glass pipe to release CO2. This system has been used frequently to mimic 

the industrial fermentation conditions (Demeke et al. 2013; Hubmann et al. 2013a). The procedure 

used mimics the procedure used by Mukherjee since the work developed in the present thesis is a 

continuation of the worked developed in his doctoral thesis (Mukherjee 2016).   

The strains were pre-cultured overnight in 3 mL YPD medium at 30 °C in a shaking incubator at 200 

rpm. The pre-cultures’ OD600 was measured in a Biophotometer (Eppendorf, Germany) at 600 nm 

                                                           
3
 Range of temperature used for all SNP PCRs performed. For each PCR, the temperature was chosen based on 

the primers’ specification and the outcome of the gradient PCR. 
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wavelength. Subsequently, 50 mL YPD medium was inoculated with the strains at a starting OD600 of 

0.75 and incubated at 30 °C in a shaking incubator at 200 rpm for two days until stationary phase. The 

OD600 of the pre-cultures was measured in twofold. The amount necessary for the 2
nd

 pre-cultures to 

start the fermentation at a starting OD600 of 4 in a total volume of 80 mL was transferred to small 

Falcon tubes and consequently spun down for 5 minutes at 3000 rpm in an Allegra
®
 X-15R centrifuge 

(Beckman Coulter, USA). The supernatant was discarded and the cell pellet was re-suspended in 

autoclaved water. In total, 3 mL of cell suspension was inoculated in 80 mL of YP medium containing 

25% (w/v) glucose (Sigma-Aldrich, USA) and 30% (w/v) sorbitol (≥98%, Sigma-Aldrich, USA). The 

cells were carefully mixed with the medium. All tubes were weighed and were incubated at 30ºC and 

continuously stirred with a magnetic rod at 120 rpm. To follow the course of the fermentation the 

weight loss of the tubes due to CO2 release was used. Small changes in the procedure just described 

were made throughout the whole work. These changes are described in Table 15 in the section 3C in 

the Addendum.   

The initial sugar concentration of the fermentation medium was determined using high-performance 

liquid chromatography (HPLC) analysis. Per fermentation, a sample of the medium was saved and 

centrifuge for 5 minutes at 14000 rpm in a centrifuge 5417C (Eppendorf, Germany). After 

centrifugation, 1 mL of the original medium and 3 dilutions (1:20) were stored at -20ºC before its 

analysis. The results obtain from the HPLC analysis can be found in Table 15 in section 3C in the 

Addendum.  
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4. Results and Discussion 

4.1. Optimization of the VHG Fermentation Procedure 

To assess the phenotype of the RHA strains constructed for each block, fermentations under VHG 

conditions were performed. The procedure used mimics the procedure described by Mukherjee since 

the work developed in the present thesis is a continuation of the work developed in his doctoral thesis 

(Mukherjee 2016). Therefore, all strains were grown overnight at 30ºC in YPD medium and then pre-

cultured for two days at 30ºC in YP medium containing 10% glucose until stationary phase. For VHG 

fermentation, YP medium containing 25% (w/v) glucose and 30% (w/v) sorbitol was used. Semi-

anaerobic batch fermentations were performed in cylindrical glass tubes with a rubber stopper 

containing cotton plugged glass pipe to release CO2. Fermentations were performed at 30 ºC and 

continuously stirred at 120 rpm (see Material and Methods for procedure’s details). To follow the 

course of the fermentation the weight loss of the tubes due to CO2 release was used. As control 

strains the haploid superior parent 4D (JT 23795.16), the haploid inferior parent 42A (JT 22931.1) and 

the parental hybrid 4Dx42A (JT 28237) were used. Two fermentations were performed applying the 

procedure just described. The fermentation curves of the control strains are presented in Figure 4.1. 

 

  

Figure 4.1. VHG fermentation curves of the control strains (2
nd

 Pre-culture medium: YP medium containing 

10% (w/v) glucose; VHG medium: YP medium containing 25% (w/v) glucose and 30% (w/v) sorbitol). Two 

independent fermentations were performed, the result of which is depicted in figure A and B respectively. In this 

last fermentation, all strains were studied in duplicate and the duplicates were prepared independently from the 

first inoculation. For each strain the duplicates are represented in dash lines.     

 

An example of the expected fermentation curves for the three control strains is presented in Graph A 

of Figure 4.2. The fermentation curves presented in this graph were the results obtained for the control 

strains by Mukherjee when studying RHA strains for a candidate gene in another QTL (Mukherjee 

2016). In this graph the haploid superior parent 4D presents the best performance under VHG 
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conditions while the haploid inferior parent 42A presents the worst performance. The parental hybrid 

generated from both haploid strains presents a fermentation profile in between the fermentation 

profiles of both parents. The difference between the fermentation performances of the control strains 

can be observed since the first hours. This behavior proves that the superior parent 4D holds the best 

adaptive response to the osmotic shock followed by 4Dx42A. However, these clearly distinct 

fermentation curves were not observed with our results presented in Figure 4.1, which meant that the 

procedure or the control strains used were not the same used by Mukherjee. It was hypothesized that 

the increase in glucose content from the first pre-culture to the second one could induce adaptation of 

the yeast cells to medium with higher concentration of sugars and that this adaptation could affect their 

performance in the subsequent VHG conditions. Therefore, a fermentation with only the control strains 

was performed in which the procedure used was identical to the one described, except for the medium 

of the second pre-culture where YPD medium was used instead of YP medium with 10% (w/v) 

glucose. The result of this fermentation is shown in Graph B of Figure 4.2.  

   

 

Figure 4.2. VHG fermentation curves of the control strains. Graph A shows the fermentation curves of the 

control strains obtained by Mukherjee (Mukherjee 2016). Graph B shows the fermentation curves after 

optimization of the procedure used (2
nd

 Pre-culture medium: YPD medium). In Graph B, all strains were studied in 

duplicate and the duplicates were prepared independently from the first inoculation. For each strain the duplicates 

are represented in dash lines.    

  

Comparing both graphs of Figure 4.2 it is possible to observe that the fermentation curves of Graph B 

match the fermentation curves of Graph A. With the fermentation conditions optimized and the control 

strains performing in the expected manner, the detailed analysis of QTL 7 and QTL 8 was then 

possible.  

 

4.2. Dissection of QTL 8 

QTL8 is located in Chromosome XIII between chromosomal locations 377831 and 442005 (64174 bp). 

SNP variant frequency analysis identified this region to be highly significant (p value 1E-06) and the 
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region showed 71% association with the superior parent X6003-4D (Mukherjee 2016). Detailed 

investigation of this QTL was achieved by ‘bulk’ RHA analysis. The 38 ORFs that belong to QTL 8 

were divided into 5 groups of genes (Blocks), from Block 18 to Block 22, which were studied 

separately. Figure 4.3 shows the division of the 38 ORFs into the five blocks.   

 

 

Figure 4.3. Overview of all ORFs that belong to QTL 8 and their division into the five blocks studied 

further on. ORFs above the straight line are ORFs on the Watson strand and ORFs below the straight line are 

ORFs on the Crick strand. The grey arrows below each line represent the different Blocks outlining the ORFs that 

belong to each Block.  

 

4.2.1.  Analysis of Block 18 

Block 18 was defined as the group of genes starting with gene ERB1 and ending with gene AAC1. 

Therefore, this block is located between base positions 368094-388244 in Chromosome XIII and has 

a length of 20150 base pairs. Some information about the genes that belong to Block 18 is given in 

Table 4.1. In this group of genes there is no gene that was previously associated with hyperosmotic 

stress tolerance.  

 

Table 4.1. Genes belonging to Block 18. Information about each gene such as coordinates and description 

were extracted from the Saccharomyces Genome Database (SGD) (www.yeastgenome.org).   

ORF Name Coordinates Description 

YMR049C ERB1 368094-370517 Essential Gene. Eukaryotic Ribosome Biogenesis.  

YMR050C - 373057-378325 Transposable element gene 

YMR051C - 377003-378325 Transposable element gene 

YMR052W FAR3 379586-380200 Gene Required for Pheromone-Mediated G1 Arrest. 

http://www.yeastgenome.org/
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Table 4.1 (Continued). Genes belonging to Block 18. Information about each gene such as coordinates and 

description were extracted from the Saccharomyces Genome Database (SGD) (www.yeastgenome.org).   

ORF Name Coordinates Description 

YMR053C STB2 380346-382898 Part of a large protein complex with Sin3p and Stb1p. 

YMR054W STV1 383303-385975 Subunit a of the vacuolar-ATPase V0 domain. 

YMR055C BUB2 386101-387021 Involved in the spindle checkpoint. 

YMR056C AAC1 387315-388244 Mitochondrial inner membrane ADP/ATP translocator. 
 

To construct the RHA strains to study under VHG conditions, the “split-marker” recombination method 

was used. To achieve this, two transforming molecules were amplified from single-gene deletion 

strains of the first and last ORF present in Block 18, respectively ERB1 (BY4743 c.1074) and AAC1 

(BY4742 b.4534). The transforming molecule obtained from the deletion strain ERB1 had a flanking 

region homologous to the sequence upstream to ERB1 as well as a part of the KanMX marker and the 

transforming molecule obtained from the deletion strain AAC1 had a flanking region homologous to 

the sequence downstream to AAC1 as well as a second part of the KanMX marker. The amplification 

of the transforming molecules was achieved by PCR reactions and the results obtained were analyzed 

by agarose gel electrophoresis since the size of the transforming molecules was known beforehand. 

The results obtained are shown in Figure 1 in section 4A of the Addendum. 

Transformation was achieved using a protocol based on the LiAc/SS-DNA/PEG Procedure described 

by Gietz and coworkers (Gietz et al. 1995). The transformants were obtained by growing on a 

selective YPD medium with geneticin at 30ºC for two days and then transferred twice as single cells 

on selective YPD medium in order to be certain that the colonies obtain were able to grow in the 

presence of the antibiotic proving that the KanMX marker was successfully inserted in the yeast 

genome. Genotypic evaluation of the transformants was accomplished by SNP PCR. The primers 

used were located in the left end of the block. Since the number of transformants obtained was very 

low a second transformation was performed in order to increase this number. For both transformations 

the number of colonies obtained was lower than the number of transformants obtained for other 

blocks. One possible explanation for this event is the high length of the block. A summary of the 

number of transformants obtained in each transformation and the number of transformants with only 

the block from the superior parent or from the inferior parent retained is given on Table 4.2. Three of 

all transformants obtained showed a positive band for both types. Such results can have different 

explanations: a mistake when loading the gel can cause a false result, there is a possibility that the 

marker was inserted in a different position than the one intended and also the possibility that a 

spontaneous mutation occurred conferring to the cells resistance to geneticin even if the marker was 

not inserted in the yeast genome. Since other transformants with clear results were obtained no further 

studies were made with the transformants that showed positive bands for both types. The results of 

the SNP PCR are presented in Figure 2 and Figure 3 in section 4A of the Addendum. 
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Table 4.2. Summary of the results obtained from the two transformations performed with the purpose of 

deleting Block 18 from one of the chromosomes of 4Dx42A (JT 28237). Three different types of 

transformants were obtained: transformants with only the block from the superior parent retained (Superior), 

transformants with only the block from the inferior parent retained (Inferior) and transformants where a positive 

band appeared for both blocks (Both).  

 
Number of 

Transformants 

Type present 

Superior Inferior Both 

1
st

 Transformation 10 4 5 1 

2
nd

 Transformation 7 1 4 2 
 

From all transformants, three transformants with the superior block present and three transformants 

with the inferior block present were studied under VHG conditions. For all strains studied a second 

genotypic evaluation was performed by SNP PCR in the right end of the block in order to control if the 

whole block was deleted and to reconfirm the results obtained in the first SNP PCR. These results are 

presented in Figure 4A in section 4A of the Addendum. Alongside with the transformants three control 

strains were subjected to VHG conditions: the haploid superior parent 4D, the haploid inferior parent 

42A and the parental hybrid 4Dx42A. All strains were studied in duplicate and the duplicates were 

prepared independently from the first inoculation. The optimized procedure for VHG fermentation was 

used to prepare the yeast cultures (Section 4.1). For VHG fermentation, YP medium with 25% (w/v) 

glucose and 30% (w/v) sorbitol was used. Fermentations were performed at 30 ºC and continuously 

stirred at 120 rpm. To follow the course of the fermentation the weight loss of the tubes due to CO2 

release was used. The result of the VHG fermentation is presented in Figure 4.4.   

 

 

Figure 4.4. VHG fermentation curves of RHA strains for Block 18. Graph A shows the fermentation curves of 

the first group of strains and Graph B shows the fermentation curves of the second group of strains. RHA strains 

with the inferior type present (INFERIOR) are in light blue lines and RHA strains with the superior type present 

(SUPERIOR) are in dark blue lines. 4D and 42A are respectively the superior and the inferior parent, and 4Dx42A 

the hybrid with those parents. 
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During VHG fermentation, yeast cells are exposed to osmotic stress due to the high concentrations of 

sugar in the beginning of the fermentation (Tao et al. 2011). Therefore, when analyzing the 

fermentation performance of the RHA strains it is very important to not only observe the fermentation 

profile as a whole but to pay special attention to the first hours of the fermentation. For this reason, 

more measurements were made during the first 48 hours of the fermentation. The fermentation 

profiles of the duplicates were analyzed separately since it was considered that this distinction was 

relevant for some of the fermentations and strains. Observing the fermentation curves of the RHA 

strains, it is not possible to see a clear difference in the fermentation curves of strains with the superior 

and with the inferior block present. These results suggest that there is no gene of interest in this block 

with an allele that confers a superior fermentation performance. However, a small difference between 

the fermentation profiles from the RHA strains and the one from 4Dx42A can be observed. In graph A, 

all RHA strains show a lower performance than the one observed for 4Dx42A since the first 

measurements. In graph B, the same behavior can be observed for all but two RHA strains. These 

results might suggest that one of the genes within Block 18 is associated with hyperosmotic 

resistance, since deletion of these genes in one of the chromosomes results in a slightly worse 

performance than when the cells present both copies.  

To confirm these results, a second fermentation was performed using different RHA strains than the 

ones used in the first VHG fermentation. A second genotypic evaluation was performed by SNP PCR 

in the right end of the block in order to control if the whole block was deleted. These results are 

presented in Figure 4B. The result of the VHG fermentation is presented in Figure 4.5.  

   

 

Figure 4.5. VHG fermentation curves of RHA strains for Block 18. Graph A shows the fermentation curves of 

the first group of strains that were inoculated and Graph B shows the fermentation curves of the second group of 

strains. RHA strains with the inferior type present (INFERIOR) are in light blue lines and RHA strains with the 

superior type present (SUPERIOR) are in dark blue lines. 4D and 42A are respectively the superior and the 

inferior parent, and 4Dx42A the hybrid with those parents. 
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The results obtained in the second fermentation are not conclusive, showing most of fermentation 

profiles from the RHA strains with a similar fermentation profile as the hybrid. However, it is still 

possible to observe that there is no clear difference between fermentation curves of RHA strains with 

the superior type present and RHA strains with the inferior type present. Since the main goal of this 

work is to understand and identify the reason why the background from the superior parent generates 

a better performance than the background from the inferior parent, the studies with this block were 

finalized. From these studies it was possible to conclude that there is no causative gene in Block 18. 

 

4.2.2.  Analysis of Block 19 

Block 19 was defined as the group of genes starting with gene FET3 and ending with gene SOV1. 

Therefore, this block is located between base positions 388822-404237 in Chromosome XIII and has 

a length of 15415 base pairs. Some information about the genes that belong to Block 19 is given in 

Table 4.3. One gene, namely RIM9, was previously associated with hyperosmotic stress tolerance. 

Screening of a collection of single gene deletion strains identified the null mutant of this gene as an 

osmo-sensitive strain when subjected to 1M NaCl (Yoshikawa et al. 2009). RIM9 encodes a plasma 

membrane protein of unknown function. It has been suggested that RIM9 regulates the expression of 

IME1 which encodes a positive regulator of sporulation-specific genes thus contributes to yeast 

sporulation (Su and Mitchell 1993). Null mutants of this gene were also associated with poor growth at 

low temperature, altered colony morphology and defective invasive growth (Li and Mitchell 1997). This 

gene was considered by Mukherjee as a candidate gene since it presented two non-synonymous 

mutations (Mukherjee 2016).  

 

Table 4.3. Genes belonging to Block 19. Information about each gene such as coordinates and description 

were extracted from SGD (www.yeastgenome.org). Information regarding genes that were previously associated 

with hyperosmotic stress tolerance is marked in bold. 

ORF Name Coordinates Description 

YMR058W FET3 388822-390732 Encodes a multicopper oxidase required for ferrous iron uptake. 

YMR059W SEN15 391099-391485 Essential gene. Subunit of the tRNA splicing endonuclease. 

YMR060C SAM37 391532-392515 Component of the sorting and assembly machinery complex.  

YMR061W RNA14 392755-394788 
Essential gene. Component of the cleavage and polyadenylation 
factor I.  

YMR062C ARG7 395054-396379 Gene encoding mitochondrial ornithine acetyltransferase. 

YMR063W RIM9 397077-397796 Plasma membrane protein of unknown function.  

YMR064W AEP1 397903-399459 Protein required for expression of the mitochondrial OLI1 gene. 

YMR065W KAR5 399702-401216 Required for membrane fusion during karyogamy. 

YMR066W SOV1 401541-404237 Mitochondrial protein of unknown function. 
 

Similar to what was done to study Block 18, RHA strains were constructed using the “split-marker” 

recombination method. Two transforming molecules were amplified from single-gene deletion strains 

of the first and last ORF present in Block 19, respectively FET3 (BY4742 b.4536) and SOV1 

(BY4742 b.2796). The results obtained are presented in Figure 5 in section 4B of the Addendum. 

http://www.yeastgenome.org/
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Transformation was achieved using the same method used for transformation to study Block 18 and 

the transformants were obtained as well by growing on a selective YPD medium with geneticin at 30ºC 

for two days. Genotypic evaluation of the transformants was accomplished by SNP PCR. The primers 

used were located in the right end of the block. A summary of the number of transformants obtained 

and the number of transformants with only the block from the superior parent or from the inferior 

parent retained is given on Table 4.4. The results of the SNP PCR are presented in Figure 6 and 

Figure 7 in the section 4B of the Addendum. Three transformants with the superior block present and 

three transformants with the inferior block present were studied under VHG conditions. For all strains 

studied, a second genotypic evaluation was performed by SNP PCR in the left end of the block in 

order to control if the whole block was deleted and to reconfirm the genotype of each strain. These 

results are presented in Figure 8 in section 4B of the Addendum. All strains were studied in duplicate 

and the duplicates were prepared independently from the first inoculation. Fermentations were 

performed using YP medium containing 25% (w/v) glucose and 30% (w/v) sorbitol at 30 ºC and were 

continuously stirred at 120 rpm. The result of the VHG fermentation is presented in Figure 4.6.   

 

Table 4.4. Summary of the results obtained from the transformation performed with the purpose of 

deleting Block 19 from one of the chromosomes of 4Dx42A (JT 28237). Three different types of 

transformants were obtained: transformants with only the block from the superior parent retained (Superior), 

transformants with only the block from the inferior parent retained (Inferior) and transformants where a positive 

band appeared for both blocks (Both).  

 
Number of 

Transformants 

Type present 

Superior Inferior Both 

Transformation 24 9 15 - 
 

 

Figure 4.6. VHG fermentation curves of RHA strains for Block 19. Graph A shows the fermentation curves of 

the first group of strains that were inoculated and Graph B shows the fermentation curves of the second group of 

strains. RHA strains with the inferior type present (INFERIOR) are in light blue lines and RHA strains with the 

superior type present (SUPERIOR) are in dark blue lines. 4D and 42A are respectively the superior and the 

inferior parent, and 4Dx42A the hybrid with those parents. 
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Although there is a candidate gene in the present block no significant difference was observed in the 

fermentation curves of different RHA strains. In the first set of strains all RHA strains presented a 

fermentation profile almost identical to the one from the hybrid 4Dx42A. In the second set of strains a 

more disperse range of fermentation profiles from the RHA strains were obtained. However there is no 

pattern in the fermentation profiles that can correlate the strains’ performance with the presence of the 

superior or the inferior block. The observations of a more disperse range of fermentation profiles from 

the strains in the second set of strains (Graph B) when comparing with the fermentation profiles from 

the strains in the first set (Graph A) was a reoccurring observation throughout the work developed. To 

address this problem, different changes were made in the initial fermentation conditions. These 

differences are summarized in Table 15 in Section 3C of the Addendum. From the study of Block 19, it 

can be concluded that in this block there is no causative gene with a superior allele that can improve 

fermentation performance under VHG conditions. 

 

4.2.3.  Analysis of Block 20 

Block 20 was defined as the group of genes starting with gene UBX4 and ending with gene PDS5. 

Therefore, this block is located between base positions 404323-420029 in Chromosome XIII and has 

a length of 15706 base pairs. Some information about the genes that belong to Block 20 is given on 

Table 4.5. Two genes, namely MOT3 and ABF2, were previously associated with hyperosmotic stress 

tolerance (Martinés-Montanês et al. 2013, Pastor et al. 2009). MOT3 encodes a transcriptional 

repressor of hypoxic genes and has been found to be involved in the adaptive response to 

hyperosmotic stress, which involves the Hog1-dependent transcriptional downregulation of ergosterol 

biosynthesis genes (Montañés et al. 2011). A specific subgroup of osmostress-inducible genes was 

also identified to be under positive control of Mot3 (Martinés-Montanês et al. 2013). ABF2 encodes a 

small, basic DNA-binding protein found in the mitochondria required for the maintenance of 

mitochondrial DNA in cells grown on fermentable carbon sources (Diffley and Stillman 1991, 

MacAlpine et al. 1998). Null mutants of this gene showed a hypersensitivity to osmotic stress when 

spotted onto YPD plates containing 1M NaCl or 1M KCl (Pastor et al. 2009). None of these genes 

were mention by Mukherjee in his doctoral thesis as candidate genes, since none of them presented 

non-synonymous mutation (Mukherjee 2016). However, mutations in the promoter and the terminator 

of a gene can also influence its expression and therefore can influence the performance of the strains 

with the mutation. Hence, these genes shouldn´t be discarded and should also be considered 

candidate genes.  

 

Table 4.5. Genes belonging to Block 20. Information about each gene such as coordinates and description 

were extracted from SGD (www.yeastgenome.org). Information regarding genes that were previously associated 

with hyperosmotic stress tolerance is marked in bold. 

ORF Name Coordinates Description 

YMR067C UBX4 404323-405573 Involved in ubiquitin-dependent protein degradation. 

YMR068W AVO2 406304-407584 
Component of a complex that may have a role in regulation of cell 
growth. 

http://www.yeastgenome.org/
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Table 4.5 (Continued). Genes belonging to Block 20. Information about each gene such as coordinates and 

description were extracted from SGD (www.yeastgenome.org). Information regarding genes that were previously 

associated with hyperosmotic stress tolerance is marked in bold.  

ORF Name Coordinates Description 

YMR069W NAT4 407709-408566 
Involved in acetylation of the N-terminal residues of histones H4 and 
H2A. 

YMR070W MOT3 409154-410626 
Transcriptional repressor/activator. Role in cellular adjustment to 
osmotic stress including modulation of mating efficiency.  

YMR071C TVP18 410762-411265 
Integral membrane protein. May have a role in intracellular sterol 
transport. 

YMR072W ABF2 411569-412120 Involved in mitochondrial DNA replication and recombination.  

YMR073C IRC21 412268-412873 
Protein of unknown function. Predicted to function in chromatin 
remodeling. 

YMR074C SDD2 413036-413473 Suppressor of degenerative death.  

YMR075W RCO1 413982-416036 Component of the Rpd3S histone deacetylase complex. 

YMR076C PDS5 416196-420029 
Essential gene. Required for both sister chromatid cohesion and 
condensation.  

 

RHA strains were constructed using the “split-marker” recombination method. Two transforming 

molecules were amplified from single-gene deletion strains of the first and last ORF present in Block 

20, respectively UBX4 (BY4742 b.2797) and PDS5 (BY4743 c.678). The results obtained are 

shown in Figure 9 in section 4C of the Addendum. Transformation was achieved using the same 

method used in the previous blocks and the transformants were obtained by growing on a selective 

YPD medium with geneticin at 30ºC for two days. Genotypic evaluation of the transformants was 

accomplished by SNP PCR. The primers used were located in the right end of the block. These 

primers were first studied to determine the optimal annealing temperature. With this purpose a 

gradient PCR was performed evaluating 12 different temperatures between 53ºC and 68ºC. A 

temperature of 60ºC was chosen as optimal annealing temperature. The results from the gradient 

PCR are presented in Figure 10 in section 4C of the Addendum. A summary of the number of 

transformants obtained in each transformation and the number of transformants with only the block 

from the superior parent or from the inferior parent retained is given on Table 4.6. The results of the 

SNP PCR are presented in Figure 11 and Figure 12 in section 4C of the Addendum.  

 

Table 4.6. Summary of the results obtained from the transformation performed with the purpose of 

deleting Block 20 from one of the chromosomes of 4Dx42A (JT 28237). Three different types of 

transformants were obtained: transformants with only the block from the superior parent retained (Superior), 

transformants with only the block from the inferior parent retained (Inferior) and transformants where a positive 

band appeared for both blocks (Both).  

 
Number of 

Transformants 

Type present 

Superior Inferior Both 

Transformation 24 5 18 1 
 

Three transformants with the superior block present and three transformants with the inferior block 

present were studied under VHG conditions. For all strains studied a second genotypic evaluation was 
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performed by SNP PCR in the left end of the block in order to control if the whole block was deleted 

and to reconfirm the genotype of each strain. These results are presented in Figure 13 in section 4C of 

the Addendum. All strains were studied in duplicate and the duplicates were prepared independently 

from the first inoculation. Fermentations were performed using YP medium containing 25% (w/v) 

glucose and 30% (w/v) sorbitol at 30 ºC and were continuously stirred at 120 rpm. The result of the 

VHG fermentation is presented in Figure 4.7. 

 

 

Figure 4.7. VHG fermentation curves of RHA strains for Block 20. Graph A shows the fermentation curves of 

the first group of strains that were inoculated and Graph B shows the fermentation curves of the second group of 

strains. RHA strains with the inferior type present (INFERIOR) are in light blue lines and RHA strains with the 

superior type present (SUPERIOR) are in dark blue lines. 4D and 42A are respectively the superior and the 

inferior parent, and 4Dx42A the hybrid with those parents. 

 

Although there were two genes previously associated with hyperosmotic stress tolerance, in the 

present block no significant difference was observed in the fermentation performance of the RHA 

strains. In the first set of strains (Graph A), most of the RHA strains presented a fermentation profile 

almost identical to the fermentation profile of the hybrid 4Dx42A. The exception was an RHA strain 

with the inferior type present that presented a higher fermentation profile than the hybrid and an RHA 

strain with the superior type present that showed a lower fermentation profile than the hybrid. 

However, in the second set of strains (Graph B), all RHA strains with the inferior type show a 

fermentation profile similar to the one from the hybrid and all RHA strains with the superior type show 

also a fermentation profile similar to the one from the hybrid except one transformant that shows a 

slight deviation. Therefore, the studies with this block were finalized with the conclusion that, in Block 

20, there is no causative gene with a superior allele that can improve the fermentation performance of 

Ethanol Red under VHG conditions.   
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4.2.4.  Analysis of Block 21 

Block 21 was defined as the group of genes starting with gene VPS20 and ending with the 

uncharacterized ORF YMR082C. Therefore, this block is located between base positions 421484-

432125 in Chromosome XIII and has a length of 10641 base pairs. Some information of the genes that 

belong to Block 21 is given in Table 4.7. One gene, namely VPS20, was previously associates with 

hyperosmotic stress tolerance. Null mutants of this gene presented a moderate growth defect when 

subjected to 1,2M NaCl (Dudley et al. 2005). VPS20 encodes a subunit of the endosomal sorting 

complex required for transport of transmembrane proteins into the multi-vesicular body pathway to the 

lysosomal/vacuolar lumen (Bowers et al. 2004). This gene was considered by Mukherjee a candidate 

gene since it presented two non-synonymous mutations (Mukherjee 2016).   

 

Table 4.7. Genes belonging to Block 21. Information about each gene such as coordinates and description 

were extracted from SGD (www.yeastgenome.org). Information regarding genes that were previously associated 

with hyperosmotic stress tolerance is marked in bold. 

ORF Name Coordinates Description 

YMR077C VPS20 421484-422149 Vacuolar Protein Sorting.  

YMR078C CTF18 422503-424728 
Subunit of a complex with Ctf8p. Required for sister chromatid 
cohesion. 

YMR079W SEC14 424989-426059 
Involved in protein secretion and regulation of lipid synthesis and 
turnover in vivo. 

YMR080C NAM7 426712-429627 
Involved in both mRNA splicing and protein synthesis in 
mitochondria.  

YMR081C ISF1 430079-431095 
Co-transcribed with NAM7. Participate in mitochondrial functions 
together. Expression is under glucose control. 

YMR082C - 431769-432125 
Protein of unknown function. Conserved among S. cerevisiae 
strains. 

  

RHA strains were constructed using the “split-marker” recombination method. Two transforming 

molecules were amplified from single-gene deletion strains of the first and last ORF present in Block 

20, respectively VPS20 (BY4742 b.2806) and YMR082C (BY4742 b.2810). The results obtained 

are shown in Figure 14 in section 4D of the Addendum. Transformation was achieved using the same 

method used in the previous blocks and the transformants were obtained by growing on a selective 

YPD medium with geneticin at 30ºC for two days. Genotypic evaluation of the transformants was 

accomplished by SNP PCR. The primers used were located in the right end of the block. These 

primers were first studied to determine the optimal annealing temperature. With this purpose a 

gradient PCR was performed evaluating 12 different temperatures between 53ºC and 68ºC. A 

temperature of 61ºC was chosen as optimal annealing temperature. The results from the gradient 

PCR are presented in Figure 15 in section 4D of the Addendum. A summary of the number of 

transformants obtained and the number of transformants with only the block from the superior parent 

or from the inferior parent retained is given in Table 4.8. The results of the SNP PCR are presented in 

Figure 16 and Figure 17 in section 4D of the Addendum.  

 

http://www.yeastgenome.org/
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Table 4.8. Summary of the results obtained from the transformation performed with the purpose of 

deleting Block 21 from one of the chromosomes of 4Dx42A (JT 28237). Three different types of 

transformants were obtained: transformants with only the block from the superior parent retained (Superior), 

transformants with only the block from the inferior parent retained (Inferior) and transformants where a positive 

band appeared for both blocks (Both).  

 
Number of 

Transformants 

Type present 

Superior Inferior Both 

Transformation 24 4 20 - 
 

Two transformants with the superior type present and two transformants with the inferior type present 

were studied under VHG conditions. For all strains studied a second genotypic evaluation was 

performed by SNP PCR in the left end of the block in order to control if the whole block was deleted 

and to reconfirm the genotype of each strain. These results are presented in Figure 18 section 4D of 

the Addendum. All strains were studied in duplicate and the duplicates were prepared independently 

from the first inoculation. Fermentations were performed using YP medium containing 25% (w/v) 

glucose and 30% (w/v) sorbitol at 30 ºC and were continuously stirred at 120 rpm. The result of the 

VHG fermentation is presented in Figure 4.8.  

 

 

Figure 4.8. VHG fermentation curves of RHA strains for Block 21. Graph A shows the fermentation 

performances of the first group of strains that were inoculated and Graph B shows the fermentation performances 

of the second group of strains. RHA strains with the inferior type present (INFERIOR) are in light blue lines and 

RHA strains with the superior type present (SUPERIOR) are in dark blue lines. 4D and 42A are respectively the 

superior and the inferior parent, and 4Dx42A the hybrid with those parents. 

 

Our study of QTL8 had started, due to practical reasons, with Block 21. In this first fermentation, only 

two transformants of each type were studied. When inoculating the first fermentation tubes, which 

correspond to most of the strains in the first set of strains (Graph A), there was not a proper mix of the 

culture since it was expected that the continuously agitation during fermentation would be enough to 
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reach a homogenized culture. In the second set of strains, the cells were mixed with the medium at the 

moment of inoculation. Hence, in graph A the control strains don´t present the behavior expected, 

since the superior parent is showing a similar behavior as the hybrid. For this reason it is not possible 

to make any conclusion from the fermentation profile of the RHA strains in Graph A. However, in 

Graph B the control strains are behaving as expected and described in section 4.1. This difference in 

results shows the importance of the initial conditions of the fermentation. From this point on all tubes 

were homogenized when inoculated. Observing the results from the second set of strains, it is possible 

to see that all RHA strains present a similar profile to the one presented by the hybrid. These results 

suggest that there is no gene of interest in this block. However, since only two strains for each type 

were studied and the results from the first set couldn´t be used to understand the RHA strains 

behavior, a second fermentation was performed using another two transformants for each type. The 

results of the VHG fermentation are presented in Figure 4.9.  

 

 

Figure 4.9. VHG fermentation curves of RHA strains for Block 21. Graph A shows the fermentation 

performances of the first group of strains that were inoculated and Graph B shows the fermentation performances 

of the second group of strains. RHA strains with the inferior type present (INFERIOR) are in light blue lines and 

RHA strains with the superior type present (SUPERIOR) are in dark blue lines. 4D and 42A are respectively the 

superior and the inferior parent, and 4Dx42A the hybrid with those parents. 

 

The results for the second fermentation under VHG conditions corroborate the results obtained in the 

first fermentation, since all RHA strains show an almost identical behavior as the hybrid. For that 

reason, the studies with this block were finalized with the conclusion that Block 21 has no causative 

gene with a superior allele that can improve fermentation performance under VHG conditions. 
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4.2.5.  Analysis of Block 22 

Block 22 was defined as the group of genes starting with gene ADH3 and ending with gene SEG1. 

Therefore, this block is located between base positions 431769-438789in Chromosome XIII and has a 

length of 7020 base pairs. Some information about the genes that belong to Block 22 is given on 

Table 4.9. In this block there is no gene that was previously associated with hyperosmotic stress 

tolerance. 

 

Table 4.9. Genes belonging to Block 22. Information about each gene such as coordinates and description 

were extracted from SGD (www.yeastgenome.org).  

ORF Name Coordinates Description 

YMR083W ADH3 431769-432125 
Involved in the shuttling of mitochondrial NADH to the cytosol under 
anaerobic conditions and ethanol production. 

YMR084W - 434788-435915 Protein of unknown function. 

YMR085W - 436628-437416 Protein of unknown function 

YMR086W SEG1 437491-438789 Component of eisosome required for proper eisosome assembly. 

 

RHA strains were constructed using the “split-marker” recombination method. Two transforming 

molecules were amplified from single-gene deletion strains of the first and last ORF present in Block 

22, respectively ADH3 (BY4742 b.2811) and SEG1 (BY4742 b.2815). The results obtained are 

shown in Figure 19 in section 4E of the Addendum. Transformation was achieved using the same 

method used in the previous blocks and the transformants were obtained by growing on a selective 

YPD medium with geneticin at 30ºC for two days. Genotypic evaluation of the transformants was 

accomplished by SNP PCR. The primers used were located in the left end of the block. These primers 

were first studied to determine the optimal annealing temperature. With this purpose a gradient PCR 

was performed evaluating 12 different temperatures between 53ºC and 68ºC. A temperature of 58ºC 

was chosen as optimal annealing temperature. The results from the gradient PCR are presented in 

Figure 20 in section 4E of the Addendum. A summary of the number of transformants obtained and 

the number of transformants with only the block from the superior parent or from the inferior parent 

retained is given on Table 4.10. The results of the SNP PCR are presented in Figure 21 and Figure 22 

in section 4E of the Addendum. 

 

Table 4.10. Summary of the results obtained from the transformation performed with the purpose of 

deleting Block 22 from one of the chromosomes of 4Dx42A (JT 28237). Three different types of 

transformants were obtained: transformants with only the block from the superior parent retained (Superior), 

transformants with only the block from the inferior parent retained (Inferior) and transformants where a positive 

band appeared for both blocks (Both). 

 
Number of 

Transformants 

Type present 

Superior Inferior Both 

Transformation 24 9 15 - 
 

http://www.yeastgenome.org/
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Three transformants with the superior block present and three transformants with the inferior block 

present were studied under VHG conditions. For all strains studied a second genotypic evaluation was 

performed by SNP PCR in the right end of the block in order control if the whole block was deleted and 

to reconfirm the genotype of each strain. These primers were also studied to determine the optimal 

annealing temperature. A temperature of 58ºC was chosen as optimal annealing temperature. The 

results from the gradient PCR are presented in Figure 23 and the results from the SNP PCR are 

presented in Figure 24 in section 4E of the Addendum. All strains were studied in duplicate and the 

duplicates were prepared independently from the first inoculation. Fermentations were performed 

using YP medium containing 25% (w/v) glucose and 30% (w/v) sorbitol at 30 ºC and were 

continuously stirred at 120 rpm. The result of the VHG fermentation is presented in Figure 4.10. 

 

 

Figure 4.10. VHG fermentation curves of RHA strains for Block 22. Graph A shows the fermentation 

performances of the first group of strains that were inoculated and Graph B shows the fermentation performances 

of the second group of strains. RHA strains with the inferior type present (INFERIOR) are in light blue lines and 

RHA strains with the superior type present (SUPERIOR) are in dark blue lines. 4D and 42A are respectively the 

superior and the inferior parent, and 4Dx42A the hybrid with those parents.   
1 

Studying the graphs with the fermentation profile from the RHA strains for Block 22, the same 

conclusion made for the previous block is possible to be made for Block 22. In Graph A, the 

fermentation profiles of RHA strains are aligned with the fermentation profile of the hybrid 4Dx42A. It is 

also impossible to see a difference between the fermentation profile of RHA strains with the superior 

and RHA strains with the inferior type present. In Graph B, a more disperse result was obtained, 

however the biggest difference was between the fermentation profiles of the hybrid. This dispersion in 

the second group of strains compared with the first set of strains was also noticed when studying other 

blocks as previously mention. In the duplicates it is also impossible to perceive a difference in the 

fermentation profile of RHA strains with different types present. Therefore, the studies with this block 

were finalized with the conclusion that there is no causative gene with a superior allele that can 

improve fermentation performance under VHG conditions in Block 22.   
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4.2.6. Discussion QTL 8 

After the study of the five blocks that compose QTL 8 no block was pin-pointed that could contain a 

causative gene that confers a better fermentation performance under VHG conditions. Since this 

region was identified as highly significant and presented a 71% association with the superior parent 

X6003-4D, the results obtained were not as expected. However, there are some possible explanations 

for them.   

QTLs are identified by plotting the SNP frequency of the superior pool and of an unselected pool 

against their chromosome position and comparing the two. When a deviation of the frequency of the 

SNPs in the superior and the unselected pool is significant, that region is identified as a QTL (Yang et 

al. 2013). The significance of a QTL is commonly calculated with statistical methods that analyze the 

linkage between specific markers and the phenotypic trait under study (Swinnen et al. 2012a). In those 

methods a threshold value is defined in which, if the comparison between the SNP frequency of the 

superior and the unselected pool surpasses it, the region is considered significant and is defined as a 

QTL (Yang et al. 2013). Therefore, identification of the QTL is based in statistics and probabilities, 

which means that there is no guarantee that a causative gene conferring a better performance exists 

in all identified QTLs. Hence, the most simple and straight forward explanation is that, although QTL 8 

is a significant region with a high association with the superior parent, there is no superior allele 

responsible for the better fitness of the superior segregant X6003-4D under VHG conditions in QTL 8. 

It is also possible that the statistical method used by Mukherjee is too sensitive. If the threshold value 

defined is too narrow, several regions can be marked as significant even if they are not. In his work, 

Mukherjee identified 10 QTLs responsible for superior fermentation performance under VHG 

conditions. This number is considerably higher than the number of QTLs identified in other studies 

where QTL mapping was also achieved by Pooled-segregant whole-genome sequencing where the 

average was 5 QTLs (Yang et al. 2013, Swinnen et al. 2012b, Hubmann et al. 2013a, Hubmann et al. 

2013b, Pais et al. 2013). Also, prior research showed that the amount of QTLs can be extrapolated 

comparing the number of total segregants studied and the number of superior segregants obtained. 

Swinnen and coworkers demonstrated that when characterizing complex traits in which 4 to 5 QTL are 

involved, phenotyping of 500–1000 segregants in which around 30 segregants show the superior trait 

would be enough to map all QTLs (Swinnen et al. 2012b). Mukeherjee subjected a total of 876 

segregants to high-throughput screening on medium with high concentrations of sugar allowing 

identification of 32 segregants with superior osmotolerance to construct the superior pool (Mukherjee 

2016), therefore it would be expected that a total of 4 or 5 QTLs would be identified. Thus, it can be 

argued that some of the regions marked as QTLs are actually not significant and that QTL 8 is one of 

those QTLs, explaining why no causative gene was found in that region.  

More complex possibilities can also explain the events in discussion. Gene-gene interactions or 

epistasis between one or more causative genes of QTL 8 might also explain why no phenotypic effect 

was observed even if QTL 8 has one or more causative genes. Epistasis implies an interaction 

between a pair of alleles in different loci, in which the phenotypic effect of one locus depends on the 
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genotype at the second locus (Carlbog and Haley 2004, Wang et al. 2010). In dominant epistasis the 

actions of one locus masks the allelic effects of another locus, in the same way that completely 

dominant alleles mask the effect of the recessive allele (Carlbog and Haley 2004). It can be 

hypothesized that QTL 8 has a causative gene that confers a better performance to yeast under VHG 

conditions, but that this gene interacts with another gene that masks its allelic effects. If, in the 

dominant gene, one of the alleles is dominant and the other one is recessive, the phenotype of the 

recessive gene will not be observed, since the phenotypic evaluation is performed using diploid strains 

with the background of both parental strains. Therefore, it might be necessary to study double deletion 

strains of the epistatic genes in order to see the expected phenotype. The same doesn’t happen 

during the QTL mapping since this analysis is performed using haploid strains where the phenotype of 

recessive genes can be observed, allowing the identification of all significant regions. In the present 

work, single QTLs were studied and scale-down to small group of genes (blocks) in order to identify 

causative genes. Therefore, if there is epistasis between a gene in QTL 8 and another gene in another 

QTL this approach might not detect these genes as causative genes. It is also possible that QTL 8 

holds two causative genes that interact with each other. To study QTL 8 in detail, “bulk” RHA analysis 

was used in which blocks with multiple genes were deleted in the hybrid strain. If both genes were in 

the same block the phenotypic effect would be detected, however if the genes were in different blocks 

the phenotypic effect would not be detected. It is also possible that, within one block, there are two 

alleles with opposite affects that will neutralize each other. Similar results were obtained previously by 

Swinnen and coworkers when studying in detail QTLs responsible for the complex trait of high ethanol 

tolerance in yeast (Swinnen et al. 2012b). In their work, two alleles with a positive effect in the complex 

trait studied were detected and one allele with a negative effect was detected within the same QTL 

(Swinnen et al. 2012b). To further investigate the different possibilities exposed it would be necessary 

to employ more complex approaches.  

  

4.3. Dissection of QTL 7 

QTL 7 was identified in chromosome XII between chromosomal locations 908788-971173 (62385 bp). 

This region was significantly (p value 0.0075) linked with superior fermentation under hyperosmotic 

stress. This region showed 78% association with the superior parent X6003-4D. Fine mapping did not 

reduce the length of the center of the QTL. However, the results of the fine mapping increased the 

maximum SNP variant frequency to 81% and reduced the p value to 0.0002 (Mukherjee 2016). In 

order to study QTL 7 the 32 ORFs belonging to this QTL were divided into six groups (Blocks), from 

Block 12 to Block 17, with the purposes of studying this QTL by ‘bulk’ RHA analysis. Figure 4.11 

shows the division of the 32 ORFs into the 6 blocks.  

 

4.3.1.  Analysis of Block 12 

Block 12 was defined as the group of genes starting with gene CST9 and ending with the dubious 

ORF YLR400W. Therefore, this block is located between base positions 907950-922539 in 
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Chromosome XII and has a length of 14589 base pairs. Some information about the genes that belong 

to Block 12 is given on Table 4.11. In this group of genes there are two genes that were previously 

associated with hyperosmotic stress tolerance, namely VPS33 and BDF1. Null mutants of both genes 

showed decreased resistance under hyperosmotic stress caused by 1-1,5M of NaCl (Banta et al. 

1998, Dudley et al. 2005). BDF1 encodes a protein localized in the nucleus throughout all stages of 

the mitotic and meiotic cell cycles and is localized uniformly along the length of chromosomes (Chua 

and Roeder 1995). VPS33 encodes a protein implicated to function in transport between the pre-

vacuolar compartment and the vacuole (Gerhardt et al. 1998). Both genes had one or more non-

synonymous mutations when the protein sequences of the superior and the inferior parents were 

compared. Hence, both genes were considered candidate genes and both were studied by Mukherjee 

using RHA analysis. RHA strains for both genes showed no difference in the fermentation 

performance under high gravity conditions (Mukherjee 2016).  

 

 

Figure 4.11. Overview of all ORFs that belong to QTL 7 and their division into the six blocks studied 

further on. ORFs above the straight line are ORFs on the Watson strand and ORFs below the straight line are 

ORFs on the Crick strand. The grey arrows below each line represent the different Blocks outlining the ORFs that 

belong to each Block. 
 

Table 4.11. Genes belonging to Block 12. Information about each gene such as coordinates and description 

were extracted from SGD (www.yeastgenome.org). Information regarding genes that were previously associated 

with hyperosmotic stress tolerance is marked in bold. 

ORF Name Coordinates Description 

YLR394W CST9 907950-909398 Global regulator of chromosome dynamic.  

YLR395C COX8 909729-909965 
Subunit VIII of cytochrome c oxidase. Essential for maximal levels of 
cellular respiration and cytochrome c oxidase activity. 

http://www.yeastgenome.org/
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Table 4.11 (Continued). Genes belonging to Block 12. Information about each gene such as coordinates and 

description were extracted from SGD (www.yeastgenome.org). Information regarding genes that were previously 

associated with hyperosmotic stress tolerance is marked in bold. 

ORF Name Coordinates Description 

YLR396C VPS33 910235-912310 
Encodes an ATP-binding protein that localizes in the cytosol in an 
energy-dependent manner.   

YLR397C AFG1 912550-914892 
Essential gene. Encodes a member of the Sec18p, Pas1p, Cdc48p, 
TBP-1 family of putative ATPases. 

YLR398C SKI2 915156-919019 
Superkiller. Required for normal 3’-degradation of mRNA and for 
repression of translation of poly(A) minus RNA.  

YLR399C BDF1 919536-921596 
Encodes a transcription factor involved in the expression of a 
broad class of genes including snRNAs. Redundant with Bdf2p.  

YLR400W - 922063-922539 Dubious ORF 
 

RHA strains were constructed using the “split-marker” recombination method. Two transforming 

molecules were amplified from single-gene deletion strains of the first and last ORF present in Block 

12, respectively CST9 (BY4742 b.4082) and YLR400W (BY4742 b.1835). The results obtained are 

shown in Figure 25 in section 4F of the Addendum. Transformation was achieved using the same 

method used in the previous blocks and the transformants were obtained by growing on a selective 

YPD medium with geneticin at 30ºC for two days. Genotypic evaluation of the transformants was 

accomplished by SNP PCR. The primers used were located in the left end of the block. A summary of 

the number of transformants obtained and the number of transformants with only the block from the 

superior parent or from the inferior parent retained is given on Table 4.12. The results of the SNP PCR 

are presented in Figure 26 and Figure 27 in section 4F of the Addendum.  

 

Table 4.12. Summary of the results obtained from the two transformations performed with the purpose of 

deleting Block 12 from one of the chromosomes of 4Dx42A (JT 28237). Three different types of 

transformants were obtained: transformants with only the block from the superior parent retained (Superior), 

transformants with only the block from the inferior parent retained (Inferior) and transformants where a positive 

band appeared for both blocks (Both). 

 
Number of 

Transformants 

Type present 

Superior Inferior Both 

Transformation 24 13 11 - 
 

Three transformants with the superior type present and three transformants with the inferior type 

present were chosen to study their fermentation profile under VHG conditions. For all strains a second 

genotypic evaluation was performed by SNP PCR in the right end of the block in order to control if the 

whole block was deleted and to reconfirm the genotype of each strain. These results are presented in 

Figure 28 in section 4F of the Addendum. However, due to time constrains, no further studies were 

performed with this block. Block 12 corresponds to the left end of QTL 7 which, according to the fine 

mapping performed by Mukherjee, is the region with the lowest significance of QTL 7 (Mukherjee 

2016). For this reason and the fact that RHA analysis of two genes within Block 12 showed no 

difference in the fermentation performance of different RHA strains, this block was not considered a 

priority. Nevertheless, in order to have a complete and detailed analysis of QTL7 VHG fermentations 

should be performed with the RHA strains of Block 12. 

http://www.yeastgenome.org/
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4.3.2.  Analysis of Block 13 

Block 13 is only constituted by gene DUS3. Therefore, this block is located between base positions 

922442-924448 in Chromosome XII and has a length of 2006 base pairs. Some information about 

DUS3 is given on Table 4.13. This gene was previously associated with hyperosmotic stress tolerance 

and presented one non-synonymous mutation and mutations in the promoter as well as in the 

terminator. Thus, this gene was considered a candidate gene by Mukherjee and consequently studied 

using RHA analysis (Mukherjee 2016). The results obtained by Mukherjee will be discussed further on 

in the light of the results obtained in the present work.  

  

Table 4.13. Information about DUS3. The information presented in the table was extracted from SGD 

(www.yeastgenome.org).  

ORF Name Coordinates Description 

YLR401C DUS3 922442-924448 
Required for dihydrouridine modification of cytoplasmic 
tRNAs. Previously associated with hyperosmotic stress.  

  

RHA strains were constructed using the “split-marker” recombination method. Two transforming 

molecules were amplified from single-gene deletion strain of DUS3, namely DUS3 (BY4742 b.1836). 

The amplification of the transforming molecules was achieved by PCR reactions and the results 

obtained were analyzed by agarose gel electrophoresis. The results obtained are shown in Figure 29 

in section 4G of the Addendum. Transformation was achieved using the same method used in the 

previous blocks and the transformants were obtained by growing on a selective YPD medium with 

geneticin at 30ºC for two days. Genotypic evaluation of the transformants was accomplished by SNP 

PCR. A summary of the number of transformants obtained and the number of transformants with only 

the block from the superior parent or from the inferior parent retained is given on Table 4.14. The 

results of the SNP PCR are presented in Figure 30 and Figure 31 in section 4F of the Addendum.  

 

Table 4.14. Summary of the results obtained from the transformation performed with the purpose of 

deleting Block 13 from one of the chromosomes of 4Dx42A (JT 28237). Three different types of 

transformants were obtained: transformants with only the block from the superior parent retained (Superior), 

transformants with only the block from the inferior parent retained (Inferior) and transformants where a positive 

band appeared for both blocks (Both). 

 
Number of 

Transformants 

Type present 

Superior Inferior Both 

Transformation 24 10 14 - 
 

Three transformants with the superior type present and three transformants with the inferior type 

present were studied under VHG conditions. All strains were studied in duplicate and the duplicates 

were prepared independently from the first inoculation. Fermentations were performed using YP 

medium containing 25% (w/v) glucose and 30% (w/v) sorbitol at 30 ºC and were continuously stirred at 

120 rpm. The result of the VHG fermentation is presented in Figure 4.12.   
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Figure 4.12. VHG fermentation curves of RHA strains for Block 13 (DUS3). Graph A shows the fermentation 

performances of the first group of strains that were inoculated and Graph B shows the fermentation performances 

of the second group of strains. RHA strains with the inferior type present (INFERIOR) are in light blue lines and 

RHA strains with the superior type present (SUPERIOR) are in dark blue lines. 4D and 42A are respectively the 

superior and the inferior parent, and 4Dx42A the hybrid with those parents.   

 

As mention previously, RHA strains for DUS3 were also studied by Mukherjee under VHG conditions. 

In his results a difference in fermentation performance was observed for the RHA strains. However, 

this difference was the opposite of the one expected. His results suggested that the DUS3 allele from 

the ER-42A strain (inferior parent) is the one conferring a better fermentation performance under high-

gravity conditions instead of the DUS3 allele from the X6003-4D strain (superior parent) (Mukherjee 

2016). The results obtained in the present work don´t correspond to the results from Mukherjee’s work. 

In both graphs, there is not a consistent difference in the fermentation performance of strains with the 

superior type and the inferior type present, suggesting that DUS3 is not a causative gene. However, 

some dispersion of the RHA strains’ fermentation profiles is observed in both graphs. For this reason, 

a second fermentation with different transformants was performed to confirm the results obtained. The 

result of the VHG fermentation is presented in Figure 4.13.  

The results obtained in the second fermentation are in agreement with the results obtained in the first 

fermentation. These results show that there is no difference in the fermentation performance of strains 

with the superior type and the inferior type present. These results, although not in agreement with the 

results from Mukherjee, are not completely unexpected since some further studies with this gene had 

already presented results that were not concordant with the results showed by Mukherjee. Therefore, 

the studies with this block were finalized with the conclusion that DUS3 is not a causative gene. 
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Figure 4.13. VHG fermentation performance of RHA strains for Block 13 (DUS3). Graph A shows the 

fermentation performances of the first group of strains that were inoculated and Graph B shows the fermentation 

performances of the second group of strains. RHA strains with the inferior type present (INFERIOR) are in light 

blue lines and RHA strains with the superior type present (SUPERIOR) are in dark blue lines. 4D and 42A are 

respectively the superior and the inferior parent, and 4Dx42A the hybrid with those parents.   

 

4.3.3.  Analysis of Block 14  

Block 14 was defined as the group of genes starting with the dubious ORF YLR402W and ending with 

gene VIP1. Therefore, this block is located between base positions 924889-940981 in Chromosome 

XII and has a length of 16092 base pairs. Some information about the genes that belong to Block 14 is 

given on Table 4.15. In this group of genes there is no gene that was previously associated with 

hyperosmotic stress tolerance.   

  

Table 4.15. Genes belonging to Block 14. Information about each gene such as coordinates and description 

were extracted from SGD (www.yeastgenome.org).  

ORF Name Coordinates Description 

YLR402W - 924889-925080 Dubious ORF 

YLR403W SFP1 925568-927619 
Split Finger Protein. Required to sustain the increase of both rRNA 
and protein content that takes place in respiro-fermentative growth. 

YLR404W SEI1 928743-929600 Seipin involved in lipid droplet assembly.  

YLR405W DUS4 929789-930892 Required for dihydrouridine modification of cytoplasmic tRNAs. 

YLR406C RPL31B 931065-931755 Ribosomal 60S subunit protein. 

YLR406C-
A 

- 932206-932355 Putative protein of unknown function 

YLR407W - 932967-933653 Putative protein of unknown function 

YLR408C BLS1 933885-934253 
Subunit of the Biogenesis of lysosome-related organelle complex-1 
involved in endosomal maturation. 
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 Table 4.15 (Continued). Genes belonging to Block 14. Information about each gene such as coordinates and 

description were extracted from SGD (www.yeastgenome.org).  

ORF Name Coordinates Description 

YLR409C UTP21 934414-937233 
Essential gene. Subunit of U3-containing 90S preribosome and SSU 
processome complexes. 

YLR410W VIP1 937541-940981 Inositol pyrophosphate synthase 
 

RHA strains were constructed using the “split-marker” recombination method. Two transforming 

molecules were amplified from single-gene deletion strains of the first and last ORF present in Block 

14, respectively YLR402W (BY4742 b.1837) and VIP1 (BY4742 b.1843). The results obtained are 

presented in Figure 32 in section 4H of the Addendum. The transforming molecule obtained from the 

deletion strain YLR402W didn´t have the expected size, however the bands obtained were very 

clear, showing a transforming molecule with a size of about 1,5 kbp instead of the 2033 bp calculated. 

Since no mistake in the primers or in the calculus of the expected size was made a different 

explanation was needed. In the paper describing the collection of single-gene deletion strains used for 

amplification of the transforming molecules, the strategy for deletion states that the deletions were 

made from the start codon to stop codon for each ORF (Giaever et al. 2002). Hence the size of the 

transforming molecule was calculated with the position of the start codon of the ORF YLR402W. 

However, since YLR402W is a dubious ORF it was hypothesized that not only the ORF of YLR402W 

was deleted, but that the intergenic sequence between YLR402W and the upstream ORF might also 

have been deleted. If this was the case the transforming molecule would have a size of 1596 bp which 

is in agreement with the results obtained in the agarose gel. To confirm this proposition two primers 

located in the intergenic sequence were designed and amplification of this sequence was performed 

using the deletion strain YLR402W (BY4742 b.1837). As control the strain used to construct 

YLR402W was used: BY4742 (JT 20194). The results obtained are presented in Figure 33 in section 

4H of the Addendum and show that although that sequence is in the strain BY4742, it is not in the 

deletion strain YLR402W, which means that this sequence was also deleted when constructing the 

deletion strain alongside with the dubious ORF. Therefore, it was considered that the results obtained 

in the amplification correspond to the correct sequence and so this transforming molecule was used in 

the transformation.   

Transformation was achieved using the same method used in the previous blocks and the 

transformants were grown as well in a selective YPD medium with geneticin at 30ºC for two days. 

Genotypic evaluation of the transformants was accomplished by SNP PCR. The primers used were 

located in the left end of the block. The results of the SNP PCR are presented in Figure 34 in section 

4H of the Addendum. Since only 14 transformants were obtained from the first transformation and 

since it was determine that only one of the transformants had Block 14 deleted, a second 

transformation was performed. The results for the SNP PCR for the transformants obtained in the 

second transformation are presented in Figure 35 in section 4H of the Addendum. A summary of the 

number of transformants obtained in each transformation and the number of transformants with only 

the block from the superior parent or from the inferior parent retained is given on Table 4.16.    
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Table 4.16. Summary of the results obtained from the two transformations performed with the purpose of 

deleting Block 14 from one of the chromosomes of 4Dx42A (JT 28237). Three different types of 

transformants were obtained: transformants with only the block from the superior parent retained (Superior), 

transformants with only the block from the inferior parent retained (Inferior) and transformants where a positive 

band appeared for both blocks (Both). 

 

The SNP PCR for both transformations showed that most of the transformants obtained had Block 14 

in both chromosomes, since a band appear for the two set of primers. Since the transformants were 

grown in a selective medium, it can be assumed that the KanMX marker was inserted in the genome 

of those cells. However it must have been in a different location and did not delete Block 14. One 

explanation for this event is the possibility that the PCR product that was assumed to be the 

transforming molecule amplified from YLR402W (BY4742 b.1837) is not in fact the right product 

resulting in a deletion of a different part of the genome. Other explanation is the fact that the 

transforming molecule that contains the flanking region in the right side of the block is close to a 

transposable element (YLR410W-A/B). Transposable elements (TEs) are mobile genetic elements 

scattered across eukaryotic genomes that bring positive, negative, as well as neutral effects to the 

host organism (Mourier 2016, Miousse et al. 2015). TEs are divided in two main classes according to 

their mechanism of transposition: retrotransposons that use a moving mechanism commonly called 

“copy-and-paste” and DNA transposons that use a “cut-and-paste” mechanism to change places in the 

chromosome (Wicker et al. 2007). The transposable element YLR410W-A/B is considered a 

retrotransposon which means that this DNA sequence replicates through reverse transcription of their 

RNA and integration of the resulting cDNA into another locus (Havecker et al. 2004). The original 

retrotransposon stays in place, and the new retrotransposon takes with it copies of any adjacent genes 

or regions that may have been duplicated during the process (Kim et al. 1998). For this reason, the 

DNA sequenced used to designed the primer may have been repeated several times in the yeast 

genome, which can lead to the transforming molecule to anneal in different parts of the genome 

instead of only in the place intended. 

Duo to time constraints no further studies were performed for this block. Since three transformants 

with the superior type and four transformants with the inferior type were obtained, as a first study for 

this block, fermentation with three transformants of each type can be performed in the same conditions 

used to study the other blocks. For this a second genotypic evaluation of the transformants in the other 

end of the block should be performed to confirm if the whole block was deleted. If considered that the 

results obtained with these transformants are not trustworthy, reorganization of Block 14 should be 

done: an example for this is separating the genes from this block in two groups and overlapping these 

new blocks with adjacent blocks in order to design transforming molecules in locations that will not 

create problems such as the ones discussed above.  

 
Number of 

Transformants 

Type present 

Superior Inferior Both 

1
st

 Transformation 14 1 - 13 

2
nd

 Transformation 19 2 4 13 
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4.3.4.  Analysis of Block 15 

Block 15 was defined as the group of genes starting with gene VIP1 and ending with gene INA1. 

Therefore, this block is located between base positions 937541-953183 in Chromosome XII and has a 

length of 15642 base pairs. Some information about the genes that belong to Block 15 is given on 

Table 4.17. In this group of genes there is no gene that was previously associated with hyperosmotic 

stress tolerance.  

 

Table 4.17. Genes belonging to Block 15. Information about each gene such as coordinates and description 

were extracted from SGD (www.yeastgenome.org).  

ORF Name Coordinates Description 

YLR410W VIP1 937541-940981 Inositol pyrophosphate synthase.   

YLR410W-A/B - 941483-942799 Transposable element gene 

YLR411W CSTR3 947253-942799 
Integral membrane protein that assembles as a trimer to form a 
competent copper uptake permease at the plasma membrane. 

YLR412W BER1 948368-949192 Protein involved in microtubule-related processes.  

YLR412C-A - 950267-950473 Putative protein of unknown function 

YLR413W INA1 951156-953183 Protein of unknown function 
 

RHA strains were constructed using the “split-marker” recombination method. Two transforming 

molecules were amplified from single-gene deletion strains of the first and last ORF present in Block 

15, respectively VIP1 (BY4742 b.1843) and INA1 (BY4742 b.1845). The results obtained are 

presented in Figure 36 in section 4I of the Addendum. Transformation was achieved using the same 

method used in the previous blocks and the transformants were obtained as well by growing on a 

selective YPD medium with geneticin at 30ºC for two days. Genotypic evaluation of the transformants 

was accomplished by SNP PCR. The primers used were located in the left end of the block. A 

summary of the number of transformants obtained and the number of transformants with only the 

block from the superior parent or from the inferior parent retained is given on Table 4.18. The results 

of the SNP PCR are presented in Figure 37 in section 4I of the Addendum.  

 

Table 4.18. Summary of the results obtained from the transformation performed with the purpose of 

deleting Block 15 from one of the chromosomes of 4Dx42A (JT 28237). Three different types of 

transformants were obtained: transformants with only the block from the superior parent retained (Superior), 

transformants with only the block from the inferior parent retained (Inferior) and transformants where a positive 

band appeared for both blocks (Both). 

 
Number of 

Transformants 

Type present 

Superior Inferior Both 

Transformation 19 7 11 1 
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Three transformants with the superior type present and three transformants with the inferior type 

present were studied under VHG conditions. For all strains studied a second genotypic evaluation was 

performed by SNP PCR in the left end of the block in order to control if the whole block was deleted 

and to reconfirm the genotype of each strain. These results are presented in Figure 38 in section 4I of 

the Addendum. All strains were studied in duplicate and the duplicates were prepared independently 

from the first inoculation. Fermentations were performed using YP medium containing 25% (w/v) 

glucose and 30% (w/v) sorbitol at 30 ºC and were continuously stirred at 120 rpm. The result of the 

VHG fermentation is presented in Figure 4.14.  

 

  

Figure 4.14. VHG fermentation curves of RHA strains from Block 15. Graph A shows the fermentation 

performances of the first group of strains that were inoculated and Graph B shows the fermentation performances 

of the second group of strains. RHA strains with the inferior type present (INFERIOR) are in light blue lines and 

RHA strains with the superior type present (SUPERIOR) are in dark blue lines. 4D and 42A are respectively the 

superior and the inferior parent, and 4Dx42A the hybrid with those parents.   

 

The results obtained from the fermentation in VHG conditions were not very conclusive since the RHA 

strains presented disperse results. In the first group of strains (Graph A), almost all RHA strains 

showed fermentation performances higher than the performance from the hybrid what was 

unexpected. In the second group of strains (Graph B), the same strains showed a more similar 

performance to the one from the hybrid. For this reason a second fermentation with different 

transformants should be done to confirm these results. Due to time constraints the second 

fermentation was not executed. However no clear difference between the fermentation curves of RHA 

strains with different types was observed. Therefore, it can be concluded that there is no causative 

gene with a superior allele that can improve fermentation performance of yeasts under VHG conditions 

in Block 15. For this reason, besides a second fermentation for confirmation of the results, the studies 

with this block should be finalized.   
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4.3.5.  Analysis of Block 16 

Block 16 was defined as the group of genes starting with gene PUN1 and ending with the 

uncharacterized ORF YLR419W. Therefore, this block is located between base positions 953353-

962735 in Chromosome XII and has a length of 9382 base pairs. Some information about the genes 

that belong to Block 16 is given on Table 4.19. One gene, namely VPS36, was previously associated 

with hyperosmotic stress tolerance (Yoshikawa et al. 2009). Screening of a collection of single gene 

deletion strains identified the null mutant of this gene as an osmo-sensitive strain when subjected to 

1M NaCl (Yoshikawa et al. 2009). VPS36 encodes a component of the ESCRT-II complex (Babst et al. 

2002). Null mutants of VPS36 are also extremely sensitive to calcium, lithium or manganese ions, and 

to high temperatures (Eguez et al. 2004). VPS36 had three non-synonymous mutations when the 

protein sequences of the superior and the inferior parents were compared. Hence, this gene was 

considered a candidate gene and consequently studied by Mukherjee using RHA analysis. RHA 

strains showed no difference in the fermentation performance under high gravity conditions 

(Mukherjee 2016).  

 

Table 4.19. Genes belonging to Block 16. Information about each gene such as coordinates and description 

were extracted from SGD (www.yeastgenome.org). Information regarding genes that were previously associated 

with hyperosmotic stress tolerance is marked in bold. 

ORF Name Coordinates Description 

YLR414C PUN1 953353-954144 Plasma membrane protein with a role in cell wall integrity.  

YLR415C - 954259-954597 Putative protein of unknown function 

YLR416C - 954491-954889 Dubious ORF. Unlikely to encode a functional protein. 

YLR417W VPS36  955010-956710 Vacuolar Protein Sorting. Component of the ESCRT-II complex. 

YLR418C CDC73 956914-958095 
Component of the Paf1p complex; required for expression of certain 
genes, modification of some histones, and telomere maintenance. 

YLR419W - 958428-962735 Uncharacterized ORF. 

YLR420W URA4 963785-964879 
Encodes gihyfroorotase (DHOdehase), an enzyme involved in the de 
novo synthesis of pyrimidine ribonucleotides. 

YLR421C RPN13 965090-965560 Subunit of the 19S regulatory particle of the 26S proteasome lid. 
 

RHA strains were constructed using the “split-marker” recombination method. Two transforming 

molecules were amplified from single-gene deletion strains of the first and last ORF present in Block 

16, respectively PUN1 (BY4742 b.1846) and RPN13 (BY4742 b.1851). The results obtained are 

shown in Figure 39 in section 4J of the Addendum. Transformation was achieved using the same 

method used in the previous blocks and the transformants were obtained as well by growing on a 

selective YPD medium with geneticin at 30ºC for two days. Genotypic evaluation of the transformants 

was accomplished by SNP PCR. The primers used were located in the left end of the block. A 

summary of the number of transformants obtained and the number of transformants with only the 

block from the superior parent or from the inferior parent retained is given on Table 4.20. The results 

of the SNP PCR are presented in Figure 40 in section 4J of the Addendum.   
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Table 4.20. Summary of the results obtained from the transformation performed with the purpose of 

deleting Block 16 from one of the chromosomes of 4Dx42A (JT 28237). Three different types of 

transformants were obtained: transformants with only the block from the superior parent retained (Superior), 

transformants with only the block from the inferior parent retained (Inferior) and transformants where a positive 

band appeared for both blocks (Both). 

 
Number of 

Transformants 

Type present 

Superior Inferior Both 

Transformation 16 10 6 - 
 

Three transformants with the superior type present and three transformants with the inferior type 

present were studied under VHG conditions. For all strains studied a second genotypic evaluation was 

performed by SNP PCR in the left end of the block in order to control if the whole block was deleted 

and to reconfirm the genotype of each strain. These results are presented in Figure 41 in section 4J of 

the Addendum. All strains were studied in duplicate and the duplicates were prepared independently 

from the first inoculation. Fermentations were performed using YP medium containing 25% (w/v) 

glucose and 30% (w/v) sorbitol at 30 ºC and were continuously stirred at 120 rpm. The result of the 

VHG fermentation is presented in Figure 4.15.  

 

 

Figure 4.15. VHG fermentation curves of RHA strains from Block 16. Graph A shows the fermentation 

performances of the first group of strains that were inoculated and Graph B shows the fermentation performances 

of the second group of strains. RHA strains with the inferior type present (INFERIOR) are in light blue lines and 

RHA strains with the superior type present (SUPERIOR) are in dark blue lines. 4D and 42A are respectively the 

superior and the inferior parent, and 4Dx42A the hybrid with those parents.   

  

The RHA results for Block 16 are not very conclusive, although they suggest that a difference between 

the fermentation performances of RHA strains with different types might exist. In both graphs, it is 

possible to observe that all strains with the superior type present have fermentation profiles similar to 

the one of the hybrid 4Dx42A. On the other hand, two of the three strains with the inferior type show a 
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significantly lower fermentation performance than the fermentation performance from the superior 

parents and the hybrid. The third strain presents a fermentation profile similar to the ones from the 

RHA strains with the superior type. It is relevant to note, that the strain that presents the different 

behavior is the same strain for both graphs. Since this strain was evaluated twice to confirm its 

genotype, the possibility of having a strain with the wrong deletion can be discarded. As discussed 

previously the colonies obtained from the transformation can have spontaneous mutations that can 

confer features to the cells that are not expected. This can be a possible explanation for the different 

behavior of the strain. Since six RHA strains for each type were obtained from the transformation, a 

second fermentation with different strains should be performed to confirm if the low fermentation 

performance of the RHA strains with the inferior type prevails. Due to time constraints the second 

fermentation was not performed.  

Two main hypotheses can explain the difference between the RHA strains’ performances: one of the 

genes within Block 16 is a causative gene which has a superior allele that confers a better 

fermentation performance to the RHA strains or DCK1, which belongs to Block 17, is the causative 

gene and one part of its promoter is inside Block 16 affecting its expression although the gene was not 

deleted. The intergenic sequence between DCK1 and RPN13 (last gene in Block 16) is only 337 bp. 

Since most of the yeast promoters are >500 bp long, there is the possibility of an overlap between 

DCK1 promoter and Block 16 (Lubliner et al. 2015). DCK1 does not have mutations in the promoter 

(Mukherjee 2016). However the deletion of a part of the promoter can severely affect the expression of 

the gene, which can result in a similar phenotype to the one observed if the ORF is deleted. It should 

be noted that both hypotheses are not mutually exclusive, since a QTL is defined as a region of the 

genome containing one or more genes that affect variation in a quantitative trait (Mackay et al. 2009). 

Consequently, even if DCK1 is considered a causative gene a second causative gene might be 

present in Block 16. Hence, RHA analysis of the genes belonging to this block should be performed in 

order to identify if there is a causative gene within Block 16. 

To study in detail Block 16, RHA strains for all genes should be study. However, taking into account 

the information already available about the genes and if SNPs were identified in their sequences, 

some genes can be prioritized. From the eight genes within Block 16, six of them have non-

synonymous mutations in the ORF and mutations in the promoter and/or terminator region (Mukherjee 

2016). RHA strains of VPS36 showed no difference in the fermentation performance under high 

gravity conditions (Mukherjee 2016). Therefore this gene can be excluded as one of the possible 

causative genes. YLR415C is an uncharacterized ORF with only 336 bp and no information until now 

was collected about it. YLR419W presents several non-synonymous mutations and also mutations in 

its promoter (Mukherjee 2016). It encodes a protein of unknown function with a length of 4308 bp that 

was detected in highly purified mitochondria in high-throughput studies (Reinders et al. 2006, 

Stickmann et al. 2003). CDC73 binds to and modulates the activity of RNA polymerases I and II and is 

required for expression of certain genes, modification of some histones, and telomere maintenance 

(Chang et al. 1998). URA4 encodes dihydroorotase (DHOdehase), an enzyme involved in the de novo 

synthesis of pyrimidine ribonucleotides (Guyonvarch et al. 1998). RPN13 presents two non-



60 
 

 

synonymous mutations as well as mutations in its terminator (Mukherjee 2016). It encodes a subunit of 

the 19S regulatory particle of the 26S proteasome lid acting as an ubiquitin receptor (Seong et al. 

2007). Although there is not a direct connection between the function of this genes and resistance 

hyperosmotic stress, the last four genes show a connection with regulatory systems or organelles and, 

therefore, these genes should be prioritized. 

 

4.3.6.  Analysis of Block 17 

Block 17 is constituted only by gene DCK1. Therefore, this block is located between base positions 

965897-971695 in Chromosome XII and has a length of 5798 base pairs. This gene was not 

previously associated with hyperosmotic stress tolerance. Fourteen non-synonymous mutations as 

well as mutations in the terminator were identified in this gene when the sequences of the superior and 

the inferior parents were compared (Mukherjee 2016). Some information about the function of this 

gene is summarized in Table 4.21. 

  

Table 4.21. Information about DCK1. The information presented in the table was extracted from SGD 

(www.yeastgenome.org). 

ORF Name Coordinates Description 

YLR422W DCK1 965897-971695 
Upstream regulator of the small GTPase Rho5. Previously 
associated with oxidative stress resistance.  

 

RHA strains were constructed using the “split-marker” recombination method. Two transforming 

molecules were amplified from single-gene deletion strain of DCK1, namely DCK1 (BY4742 b.3215). 

The results obtained are presented in Figure 42 in section 4K of the Addendum. Transformation was 

achieved using the same method used in the previous blocks and the transformants were obtained by 

growing on a selective YPD medium with geneticin at 30ºC for two days. Genotypic evaluation of the 

transformants was accomplished by SNP PCR. A summary of the number of transformants obtained 

and the number of transformants with only the block from the superior parent or from the inferior 

parent retained is given on Table 4.22. The results of the SNP PCR are presented in Figure 43 and 

Figure 44 in section 4K of the Addendum.  

 

Table 4.22. Summary of the results obtained from the transformation performed with the purpose of 

deleting Block 17 from one of the chromosomes of 4Dx42A (JT 28237). Three different types of 

transformants were obtained: transformants with only the block from the superior parent retained (Superior), 

transformants with only the block from the inferior parent retained (Inferior) and transformants where a positive 

band appeared for both blocks (Both). 

 
Number of 

Transformants 

Type present 

Superior Inferior Both 

Transformation 24 10 11 3 
  

 

http://www.yeastgenome.org/


61 
 

 

Three transformants with the superior type present and three transformants with the inferior type 

present were studied under VHG conditions. All strains were studied in duplicate and the duplicates 

were prepared independently from the first inoculation. Fermentations were performed using YP 

medium containing 25% (w/v) glucose and 30% (w/v) sorbitol at 30 ºC and were continuously stirred at 

120 rpm. The result of the VHG fermentation is presented in Figure 4.16. 

 

  

Figure 4.16. VHG fermentation curves of RHA strains from Block 17. Graph A shows the fermentation curves 

of the first group of strains that were inoculated and Graph B shows the fermentation curves of the second group 

of strains. RHA strains with the inferior type present (INFERIOR) are in light blue lines and RHA strains with the 

superior type present (SUPERIOR) are in dark blue lines. 4D and 42A are respectively the superior and the 

inferior parent, and 4Dx42A the hybrid with those parents.   

 

The results obtained show a difference between the fermentation performances of RHA strains with 

different types. All strains with the superior type show fermentation profiles almost identical with the 

one from the hybrid 4Dx42A and all strains with the inferior type show a lower fermentation profile than 

the RHA strains with the superior type. These results clearly suggest that the DCK1 allele from the 

X6003-4D strain (superior parent) confers a better fermentation performance under VHG conditions 

than the allele from the ER-42A strain (inferior parent). To confirm these results a second fermentation 

with different RHA strains was performed. The result of the VHG fermentation is presented in Figure 

4.17. The results from the second fermentation are in agreement with the results from the first 

fermentation. In graph A the difference between the fermentation profiles from RHA strains with 

different types is lower than the one obtain in both graphs of Figure 4.16 and graph B of Figure 4.17, 

however all strains show a lower fermentation performance than all of the superior RHA strains 

throughout the whole fermentation. With these results it can be conclude that the DCK1 allele from the 

X6002-4D strain confers a better fermentation performance under VHG conditions than the allele from 

the ER-42A strain.  
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Figure 4.17. VHG fermentation curves of RHA strains from Block 17. Graph A shows the fermentation 

performances of the first group of strains that were inoculated and Graph B shows the fermentation performances 

of the second group of strains. RHA strains with the inferior type present (INFERIOR) are in light blue lines and 

RHA strains with the superior type present (SUPERIOR) are in dark blue lines. 4D and 42A are respectively the 

superior and the inferior parent, and 4Dx42A the hybrid with those parents.   

 

Similar to what was discussed for Block 16’s results, two main hypotheses can explain the difference 

between the RHA strains’ performances: DCK1 is a causative gene which has a superior allele that 

confers a better fermentation performance to the RHA strains or RPN13 (last gene in Block 16) is the 

causative gene and one part of its promoter is inside Block 17 affecting its expression. DCK1 

(YLR422W) has its ORF in the Watson strand and RPN13 (YLR421C) has its ORF in the Crick strand, 

which means that both genes have their promotor in the intergenic region that divides Block 16 and 

Block 17. To clarify which gene is the causative gene, the studies with both blocks should continue.  

Only a handful of studies about DCK1 have been released until the present day. This gene was only 

characterized in 2015 by Schmitz and coworkers where it was identified as an upstream regulator of 

Rho5. It was also proposed that Dck1 may form a complex with Lmo1 that acts as a GEF (Guanine 

nucleotide exchange factor) for Rho5 (Schmitz et al. 2015). Single deletion strains of DCK1 and LMO1 

were hyper-resistant against typical cell wall integrity (CWI) stress agents such as Congo red or 

Calcofluor white, a feature reminiscent of a rho5 deletion strain (Schmitz et al. 2002), providing 

evidence that DCK1 and LMO1 are epistatic to RHO5 (Schmitz et al. 2015). Double deletion strain of 

DCK1 and LMO1 showed the same resistance without showing an additive effect of these phenotypes 

suggesting that the two proteins may form a heterodimer, which would be inactive, if either subunit 

was missing (Schmitz et al. 2015). Transposing these evidences to the present study, the results 

observed can be explained as an epistatic effect of Rho5, meaning that the worst fitness of the 

transformants without the superior allele from DCK1 is a result of an improper activation of Rho5. Null 

mutants of RHO5 and LMO1 were identified as osmotic-sensitive strains in a screening of a collection 

of single gene deletion strains (Yoshikawa et al. 2009). Since the complex Dck1/Lmo1 is inactive when 
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one of the subunits is missing, the osmotic sensitivity observed in the null mutant of LMO1 can be 

interpreted also as an epistatic effect of Rho5 corroborating the statement that the complex 

Dck1/Lmo1 and, consequently DCK1, is necessary for activation of Rho5 in the osmotic stress 

response. Several non-synonymous SNPs (nsSNP) were identified in this gene when the sequences 

of the superior and the inferior parents were compared (Mukherjee 2016). nsSNPs can affect function 

and/or structure of the protein encoded by the gene with the nsSNPs. A nsSNP can strengthen a 

protein-protein interaction (PPI) or it can weaken or disrupt it (David et al. 2011, Zhao et al. 2013). 

Therefore, it can be hypothesize that one of the nsSNPs in the inferior allele weakens or disrupts the 

PPI between Dck1 and Rho5 or the PPI between Dck1 and Lmo1 leading to the inactivation of the 

complex Dck1/Lmo1 and consequently to the non-activation of Rho5. Another possibility is that a 

nsSNP in the superior allele strengthens those PPIs leading to a faster and /or larger response to the 

osmotic shock conferring a better fermentation profile to the strains with the superior allele.  

Rho5 is a small GTPase from the Rho-type family and act as molecular switch in signal transduction 

pathways. The Rho-family of S. cerevisiae contains six members: Rho1 to Rho5, and Cdc42 

(Roumanie et al. 2001). Although Rho5 is not a well characterized protein, different studies have 

already designated Rho5 to participate in quite diverse processes and influence different signaling 

pathways introducing several hypotheses of how Rho5 is involved in the osmotic stress response and 

consequently how Dck1 could be involved. The most obvious explanation is the interaction between 

Rho5 and Ste50 indicated by Annan and coworkers (Annan et al. 2008). Ste50p is involved in the 

activation of the HOG pathway in response to hyperosmotic shock. In this pathway, Ste50p is 

responsible for delivering Ste11p to the plasma membrane (Saito and Posas 2012, see Introduction 

for the explanation of HOG pathway). Expression of an active allele from RHO5 in a ste50 deletion 

strain resulted in a growth defect and was osmotically lethal, suggesting that Rho5 plays a role in the 

cellular response to hyperosmotic stress in a Ste50p-dependent manner (Annan et al. 2008).  

Furthermore, Rho5 was also indicated as a negative regulator in cell wall integrity (CWI) signaling, due 

to the hyper-resistance observed in rho5 deletion strains to Calcofluor white, caffeine and Congo red 

(Schmitz et al. 2002). Responses mediated by the HOG pathway lead to increased turgor pressure, 

which is interpreted by the CWI pathway to coordinate cell wall strength and cell expansion and 

thereby diminish turgor pressure (Hohmann 2002). Thus, activation of Rho5 under VHG conditions 

may be related to these adjustments in the cell wall and its role in CWI signaling. Another function of 

Rho5 was proposed in oxidant-induced apoptosis, when rho5 mutants were hyper-resistant to 

hydrogen peroxide treatment (Singh et al. 2008). The authors suggested that this is due to a 

decreased cell death, which would normally be triggered by Rho5 in response to oxidative stress 

(Singh et al. 2008). An overlap of the transcriptional response to osmotic shock and to oxidative stress 

has been reported in several studies (Hohmann 2002, see Introduction for a broader explanation of 

this overlap). Singh demonstrated that primary sensors of osmotic stress, the Sln1p-Ssk1p two-

component proteins, are involved in sensing oxidative stress specifically induced by hydrogen 

peroxide (Singh 2000). Therefore, VHG conditions may activate Rho5 in the same way that it is 

activated under oxidative stress triggering the functions of Rho5 under this particular stress.  
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Although the interaction of Dck1 with Rho5 presents itself as the most probable explanation for the 

connection of DCK1 with the fitness of yeast under hyperosmotic stress, other possible explanations 

should be explored as well. Schmitz and coworkers note in their work that, although their genetic data 

defines Rho5 as the major target of the dimeric GEF, the possibility that other small GTPases may 

also be affected by it cannot be excluded (Schmitz et al. 2015). As previously mentioned, another 

protein that belongs to the Rho-family is Cdc42: an essential protein involved in bud site assembly and 

polarized growth (Johnson and Pringle 1990). Although the activation mechanism of the Sho1 branch 

in the HOG pathway is still not completely understood the current hypothesis identifies Cdc42 as one 

of the proteins that plays a role in its activation (Saito and Posas 2012, see Introduction for the 

explanation of Sho1 branch). Therefore, an interaction between Cdc42 and Dck1 can also explain the 

results obtained. Rho5p sequence analysis revealed that Rho5 contains a Ras-like effector region, 

which is identical to that of Cdc42 (Singh et al. 2008, Roumanie et al. 2001). Furthermore, evidences 

of proteins that act as regulators for both Cdc42 and Rho5 were revealed by Roumanine and 

coworkers, where it was proven that Rgd2p acts as a GAP (GTPase activating proteins) to 

downregulate Cdc42 and Rho5 (Roumanie et al. 2001).These results strengthen the idea that Dck1 or 

the complex Dck1/Lmo1 can regulate both Rho5 and Cdc42.    

 

4.3.7. Discussion QTL 7 

Although the study of the six blocks that compose QTL 7 was not complete, the results obtained 

identified at least one causative gene that confers a better fermentation performance to RHA strains 

under VHG conditions in this QTL. RHA strains of DCK1 (Block 17) showed a difference in 

fermentation performance depending on what type of allele was present (that from the superior parent 

or that from the inferior parent), suggesting that the DCK1 allele from X6003-4D confers a better 

fitness to yeast under VHG conditions than the DCK1 allele from ER-42A. RHA strains of Block 16 

also suggested that a difference in the performance of RHA strains with the superior type present had 

a better fitness under VHG conditions than RHA strains with the inferior type present. As previously 

discussed these results can be unrelated, meaning that QTL7 holds two candidate genes: DCK1 and 

one of the genes within Block 16. Other possibility is that these results are related and there is only 

one candidate gene that affects the fermentation performance of RHA strains of both blocks. DCK1 

(YLR422W) has its ORF in the Watson strand and RPN13 (YLR421C) has its ORF in the Crick strand, 

which means that both genes have their promotor in the intergenic region that divides Block 16 and 

Block 17. Therefore, there are two possibilities: DCK1 is the causative gene and a part of its promoter 

was deleted in Block 16 resulting in the appearance of a difference in the fermentation performance of 

different RHA strains of Block 16 or RPN13 is the causative gene and part of its promotor was deleted 

in Block 17 resulting in the appearance of a difference in the fermentation performance of different 

RHA strains of Block 17. Since DCK1 has fourteen non-synonymous mutations compared to RPN13 

that only has two and due to the information already known about both genes, DCK1 presents itself as 

the most probable causative gene. To clarify the results further studies should be performed with both 

blocks.   
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5. Conclusions 

The main objective of this work was to identify alleles from the background of an osmotolerant strain 

(X6003) that could improve the fermentation performance of Ethanol Red under VHG conditions. 

Ethanol Red is a widely employed industrial bioethanol yeast strain and is known for its robustness. 

However, it was considered that there is considerable room for improvement of this strain when it 

comes to VHG fermentation (Mukherjee 2016).  

In this work, two QTLs have been studied in detail. The first QTL studied was QTL 8 that was divided 

into five groups of genes. For each group, ‘bulk’ RHA analysis was performed using diploid strains 

where a group of genes was deleted in either the chromosome coming from the superior strain, or 

from the inferior strain. VHG fermentations were performed to assess the phenotype of the RHA 

strains. After studying QTL 8 it was concluded that most probably there is no causative gene in QTL 8 

that contributes to the better fermentation performance to X6003 under VHG conditions.  

QTL 7 was the second QTL studied in this work. The genes in this QTL were divided into six groups. 

Similar to what was done in QTL 8, RHA strains were constructed and used for ‘bulk’ RHA analysis, 

where the RHA strains were subjected to VHG fermentations to assess their phenotype. Due to time 

constraints it was not possible to study the whole QTL in detail. Nevertheless, the gene DCK1 was 

identified as most probably being a causative gene, since the RHA strains with the DCK1 allele from 

X603-4D presented a better fermentation performance under VHG conditions that the RHA strains 

with the DCK1 allele from ER-42A. DCK1 encodes a subunit of a GEF complex alongside with LMO1 

that is believed to regulate primarily Rho5, a small GTPase (Schmitz et al. 2015). DCK1 was never 

associated with hyperosmotic stress resistance; however null mutants of RHO5 were identified as 

osmotic-sensitive strains (Yoshikawa et al. 2009) which may suggest that the role of DCK1 in 

osmotolerance is indeed related to the interaction between Dck1 and Rho5.  

In this work the advantage of using an unbiased approach when identifying causative genes within a 

QTL was also demonstrated. QTL 7 had previously been studied by Mukherjee using a biased 

approach where only genes that were previously associated with hyperosmotic stress resistance were 

studied. With this approach it was not possible to explain the high association of QTL 7 with X6003 

(Mukherjee 2016). With the approach used in the present thesis it was possible to identify at least one 

causative gene in this QTL.  
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6. Future Work 

As mentioned throughout the explanation and discussion of the results obtained in the present thesis, 

the detailed analysis of QTL 7 was not complete. Therefore, VHG fermentations of the RHA strains for 

Block 12 and Block 14 should be performed to investigate whether there is a causative gene in one of 

these blocks. Also, a second VHG fermentation with RHA strains for Block 16 should be performed to 

confirm the results obtained in the first fermentation. If the results are confirmed, Block 16 should be 

down-scaled to the gene level in order to understand why RHA strains for this block present a 

difference in fermentation performance.  

In the present thesis, the combination of the positive results obtained for Block 16 and Block 17 led to 

two hypotheses: RPN13 is a causative gene or DCK1 is a causative gene. To clarify which gene is the 

causative gene, two strains should be constructed and tested: one with a truncated version of RPN13 

and another one with a truncated version of DCK1. With this purpose, a STOP codon should be 

inserted in the ORF of one of the genes with a safe distance from the START codon to make sure that 

the promoter of the other gene is not affected by the truncation. Further studies with the causative 

gene should be performed to elucidate what is its role in the hyperosmotic stress resistance of yeast, 

since neither of these genes was associated with the resistance of this particular stress according to 

SGD (www.yeastgenome.org). It is also important to understand why the allele from X6003-4D confers 

a better fitness than the allele from ER-42A under VHG conditions and what its impact is. With this 

purpose, haploid strains with the superior background (X6003-4D) and the causative gene’s allele 

from ER-42A and haploid strains with the inferior background (ER-42A) and the causative gene’s 

allele from X6003-4D should be constructed and subjected VHG fermentation. Also, strains with the 

background from Ethanol Red (JT 21622), but with the causative gene’s alleles replaced with the allele 

from X6003-4D should also be tested under VHG conditions in order to understand if the improvement 

in the fermentation performance is observed when only the superior allele from X6003-4D is present or 

if the background from X6003-4D is needed to observe the phenotype.    

Finally, other QTLs were identified, by Mukherjee, as responsible for superior osmotolerance (Table 

2.2) (Mukherjee 2016). Although Mukherjee studied some of these QTLs, only RHA strains of genes 

that were previously associated with hyperosmotic stress resistance were tested under VHG 

conditions. As proven in the work developed in the present thesis, an unbiased approach to the 

investigation of QTLs is more advantageous, since it does not rely on prior assumptions, allowing the 

identification of all genes that impact fermentation performance under VHG conditions. Therefore, all 

QTLs identified by Mukherjee can be studied in detailed using “bulk” RHA analysis. Since the main 

goal in this study is to identify superior alleles from X6003 that can specifically improve VHG 

fermentation efficiency of Ethanol Red, QTLs such as QTL 1 or QTL 6 that are associated with the 

inferior parent ER-42A become less interesting. An interesting QTL to study next is QTL 5 since it has 

the highest association with the superior parent X6003-4D after QTL 7, no work has been done yet on 

this QTL and according to SGD (www.yeastgenome.org), three of its genes were previously 

associated with hyperosmotic resistance (MDS3, GCN1 and CDC55).    
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Addendum 

3A: Strains 

Table 1. Strains used as controls for the different procedures used throughout the present work and/or 

strains constructed in the previous work by Mukherjee.  

Name Number Description Reference 

X6003 JT 23794 

Strain generally used in Brazil for bioethanol 
production from sugar cane juice. It is a version of 
CAT1. 

Mukherjee 2016 

Ethanol Red (ER) JT 21622 Widely used industrial bioethanol strain. Fermentis 

X6003 - 4D JT 23795.16 
Haploid strain generated after sporulation of 
X6003 (JT 23794). 

Mukherjee 2016 

ER-42A JT 22931.1 
Haploid strain generated after sporulation of 
Ethanol Red (JT 21622). 

Mukherjee 2016 

4Dx42A JT 28237 

Parental hybrid generated from haploid strains 
X6003 - 4D (JT 23795.16) and ER-42A (JT 
22931.1). 

Mukherjee 2016 

BY4742 JT 20194 MATalpha his3D1 leu2D0 lys2D0 ura3D0 Research Genetics 

 

Table 2. Deletions strains used for amplification of the transforming molecules. Strains obtained from a 

collection of gene-deletion mutants constructed by Giaever and coworkers were used (Giaver et al. 2002). All 

deletion strains are haploid strains with MAT  type (JT number with the letter b), except strains that have an 

essential gene deleted (JT number with the letter c). These strains are from the collection of hetero-essential 

strains.  

ORF Name JT number Block QTL Chr 

CST9 (YLR394W) b.4082 12 7 XII 

YLR400W b.1835 12 7 XII 

DUS3 (YLR401C) b.1836 13 7 XII 

YLR402W b.1837 14 7 XII 

VIP1 (YLR410W) b.1843 14/15 7 XII 

INA1 (YLR413W) b.1845 15 7 XII 

PUN1 (YLR414C) b.1846 16 7 XII 

RPN13 (YLR421C) b.1851 16 7 XII 

DCK1 (YLR422W) b.3215 17 7 XII 

ERB1 (YMR049C) c.1074 18 8 XIII 

AAC1 (YMR056C) b.4534 18 8 XIII 

FET3 (YMR058W) b.4536 19 8 XIII 

SOV1 (YMR066W) b.2796 19 8 XIII 

UBX4 (YMR067C) b.2797 20 8 XIII 

PDS5 (YMR076C) c.678 20 8 XIII 

VPS20 (YMR077C) b.2806 21 8 XIII 
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YMR082C b.2810 21 8 XIII 

ADH3 (YMR083W) b.2811 22 8 XIII 

SEG1 (YMR086W) b.2815 22 8 XIII 

 

Table 3. Strains tested using VHG conditions (Chapter 3.5). All strains were constructed during the present 

study using bRHA (Chapter 3.4). Strains where the block of the superior parent was the one retained are marked 

as “Superior” and strains where the block of the inferior parent was the one retained are marked as “Inferior”. 

Name 
Transformant 
number 

Type  
(Present) 

Name  
Transformant 
number 

Type  
(Present) 

Block 13 

AP133 T1 Superior AP139 T7 Superior 

AP134 T2 Inferior AP140 T8 Superior 

AP135 T3 Inferior AP141 T9 Inferior 

AP136 T4 Inferior AP142 T10 Inferior 

AP137 T5 Superior AP143 T11 Superior 

AP138 T6 Superior AP145 T13 Inferior 

Block 15 

AP164 T1 Superior AP167 T4 Inferior 

AP165 T2 Superior AP168 T5 Superior 

AP166 T3 Inferior AP169 T6 Inferior 

Block 16 

AP182 T1 Inferior AP186 T5 Superior 

AP183 T2 Inferior AP188 T7 Superior 

AP184 T2 Inferior AP189 T8 Superior 

Block 17 

AP198 T1 Superior AP204 T8 Inferior 

AP199 T3 Inferior AP205 T9 Superior 

AP200 T4 Inferior AP206 T10 Superior 

AP201 T5 Superior AP207 T11 Inferior 

AP202 T6 Inferior AP208 T12 Inferior 

AP203 T7 Superior AP210 T16 Superior 

Block 18 

AP47 T1 Inferior AP53 T7 Inferior 

AP48 T2 Superior AP54 T8 Inferior 

AP49 T3 Superior AP55 T9 Inferior 

AP50 T4 Superior AP56 T10 Inferior 

AP51 T5 Inferior AP60 T2m Superior 

AP52 T6 Superior - - - 

Block 19 

AP8 T8 Inferior AP15 T15 Superior 

AP10 T10 Inferior AP17 T18 Superior 

AP11 T11 Inferior AP18 T19 Superior 
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Block 20 

AP28 T5 Inferior  AP39 T16 Superior 

AP29 T6 Inferior AP40 T17 Superior 

AP30 T7 Inferior AP46 T24 Superior 

Block 21 

AP61 T1 Inferior AP70 T10 Superior 

AP62 T2 Inferior AP72 T12 Superior 

AP63 T2 Inferior AP74 T14 Superior 

AP64 T4 Inferior AP79 T19 Superior 

Block 22 

AP85 T1 Inferior AP89 T5 Inferior 

AP86 T2 Superior AP91 T7 Superior 

AP88 T4 Superior AP92 T8 Inferior 

 

3B: Primers 

Table 4. Primers used to study Block 12. In the primers’ sequence mismatches are represented using a small 

letter and SNPs are represented in bold.  

Name Number Gene Chr 
Start 
Coordinate 

Sequence 

Primers to amply the transforming molecules 

HDR_7_B12_Fw C-2923 ATP10 XII 907101 TTTACCATCCCACGCTTACGC 

KanMX inside Rv A-8449 KANMX - - CCGACTCGTCCAACATCAATACAA 

KanMX qpcrrv (=fw) A-8122 KANMX - - AATCAGGTGCGACAATCTATCGA 

HDR_7_B12_Rv C-2924 DUS3 XII 923275 TACAGACAAGGTTCTGGTAGC 

Primers for SNP detection 

Chbl12R SNP SUP Fw C-2953 BDF1 XII 921059 CTGGGTCAACAGGTTGTAGAcAA 

Chbl12R SNP INF Fw C-2954 BDF1 XII 921059 CTGGGTCAACAGGTTGTAGAcAG 

Chbl12R Rv C-2955 BDF1 XII 921585 ACACCCGTACAGAACGATGTGG 

Chbl12L SNP SUP Fw C-2951 CST9 XII 908908 GAAAGTTGCCAAATCTTGACcTT 

Chbl12L SNP INF Fw C-2952 CST9 XII 908908 GAAAGTTGCCAAATCTTGACcTC 

Chbl12L Rv C-2967 CST9 XII 909579 TTGTGCCTTCGTATTGAGACGG 

 

Table 5. Primers used to study Block 13. Table indications are as described in Table 4. 

Name Number Gene Chr 
Start 
Coordinate 

Sequence 

Primers to amply the transforming molecules 

BDF_F C-495 BDF1 XII 921109 GCTTTAATCGCAAGCAATG 

KanMX qpcrrv (=fw) A-8122 KANMX - - AATCAGGTGCGACAATCTATCGA 

KanMX inside Rv A-8449 KANMX - - CCGACTCGTCCAACATCAATACAA 
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HDR_7_11B_R C-311 SFP1 XII 926039 TAGTGGCAGTAGTGGTTGC 

Primers for SNP detection 

Chbl13 FW C-2919 DUS3 XII 923228 CATTCTTGCAGGGTTATCCAGC 

Chbl13 SNP SUP Rv C-2940 DUS3 XII 923907 CAATATGGTCCGTTAAAGGTcAA 

Chbl13 SNP INF Rv C-2941 DUS3 XII 923907 CAATATGGTCCGTTAAAGGTcAG 

 

Table 6. Primers used to study Block 14. Table indications are as described in Table 4. 

Name Number Gene Chr 
Start 
Coordinate 

Sequence 

Primers to amply the transforming molecules 

HDR_7_12A_F C-321 DUS3 XII 924094 GAACAAACCTACAGTTATCACC 

KanMX inside Rv A-8449 KANMX - - CCGACTCGTCCAACATCAATACAA 

KanMX qpcrrv (=fw) A-8122 KANMX - - AATCAGGTGCGACAATCTATCGA 

HDR_7_12B_R C-324 YLR410W-A XII 942000 GATGTTAAAGTGTGTGGTGG 

Primers for SNP detection 

Chbl14R Fw C-2922 VIP1 XII 939481 TGGTGAACCCACTCATTCTGCC 

Chbl14R SNP SUP Rv C-2946 VIP1 XII 940124 AATGACTGCCGAGTTCATCGtCG 

Chbl14R SNP INF Rv C-2947 VIP1 XII 940124 AATGACTGCCGAGTTCATCGtCA 

Chbl14L Fw C-2921 YLR402W XII 924962 CCACCGCTATTGCCATTATCAT 

Chbl14L SNP SUP Rv C-2944 SFP1 XII 925485 CGCCTTACAAGTGAAATCTTcAA 

Chbl14L SNP INF Rv C-2945 SFP1 XII 925485 CGCCTTACAAGTGAAATCTTcAG 

Primers to check deletion strain 

YLR402W_Fw C-2965 DUS3 XII 924506 CTGCTCATCTCATCACTACACA 

YLR402W_Rv C-2966 DUS3 XII 924826 AATCCTGTCCCCTTGCACGACG 

 

Table 7. Primers used to study Block 15. Table indications are as described in Table 4. 

Name Number Gene Chr 
Start 
Coordinate 

Sequence 

Primers to amply the transforming molecules 

VIP1_F C-436 UTP21 XII 936042 TCTTGTTTCTTGTGTAACCTTTG 

KanMX inside Rv A-8449 KANMX - - CCGACTCGTCCAACATCAATACAA 

KanMX qpcrrv (=fw) A-8122 KANMX - - AATCAGGTGCGACAATCTATCGA 

HDR_7_B15_Rv C-2925 YLR415C XII 954316 CTCAGTAGTCAATGAGTGTCC 

Primers for SNP detection 

Chbl15R SNP SUP Fw C-2956 INA1 XII 951502 CAATGGCTTTGCTAGGAACCgAC 

Chbl15R SNP INF Fw C-2957 INA1 XII 951502 CAATGGCTTTGCTAGGAACCgAT 

Chbl15R Rv C-2958 INA1 XII 951502 AGCTTTAGCGGAAGATGATTGG 

Chbl14R Fw C-2922 VIP1 XII 939481 TGGTGAACCCACTCATTCTGCC 

Chbl14R SNP SUP Rv C-2946 VIP1 XII 940124 AATGACTGCCGAGTTCATCGtCG 

Chbl14R SNP INF Rv C-2947 VIP1 XII 940124 AATGACTGCCGAGTTCATCGtCA 
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Table 8. Primers used to study Block 16. Table indications are as described in Table 4. 

Name Number Gene Chr 
Start 
Coordinate 

Sequence 

Primers to amply the transforming molecules 

HDR_7_B16_Fw C-2926 INA1 XII 952900 GCACAATCTTTAGCGTCATCC 

KanMX qpcrrv (=fw) A-8122 KANMX - - AATCAGGTGCGACAATCTATCGA 

KanMX inside Rv A-8449 KANMX - - CCGACTCGTCCAACATCAATACAA 

HDR_7_B16_Rv C-2927 DCK1 XII 965957 CTAGCACACCATATATTAGCC 

Primers for SNP detection 

Chbl16R Fw C-2962 URA4 XII 963669 GAATCGGCATCGTCAGAGAAGC 

Ch16R SNP SUP Rv C-2963 URA4 XII 964076 TTACTCCACGAATGGCATGTaGT 

Ch16R SNP INF Rv C-2964 URA4 XII 964076 TTACTCCACGAATGGCATGTaGC 

Ch16L SNP SUP Fw C-2959 PUN1 XII 953862 CGTGAGGCGAAGAACATGATaGT 

Ch16L SNP INF Fw C-2960 PUN1 XII 953862 CGTGAGGCGAAGAACATGATaGG 

Ch16L Rv C-2961 YLR415C XII 954578 GCTTATGAGAACTGTCACAGCC 

 

Table 9. Primers used to study Block 17. Table indications are as described in Table 4. 

Name Number Gene Chr 
Start 
Coordinate 

Sequence 

Primers to amply the transforming molecules 

Extra_YLR422W_F C-349 RPN13 XII 965450 TGGTTTGATCTCGATTTCACC 

KanMX inside Rv A-8449 KANMX - - CCGACTCGTCCAACATCAATACAA 

KanMX qpcrrv (=fw) A-8122 KANMX - - AATCAGGTGCGACAATCTATCGA 

HDR_7_14B_R C-344 ATG17 XII 972453 CTGTTTAAGGTGGTACAAGG 

Primers for SNP detection 

Chbl17 SNP SUP FW C-2942 DCK1 XII 966811 ACCTGTGGTAGAGTCCGATGtTG 

Chbl17 SNP INF Fw C-2943 DCK1 XII 966811 ACCTGTGGTAGAGTCCGATGtTC 

Chbl17 Rv C-2920 DCK1 XII 967546 CGGTACTAAAGATGTGGAGAGC 

 

Table 10. Primers used to study Block 18. Table indications are as described in Table 4. 

Name Number Gene Chr 
Start 
Coordinate 

Sequence 

Primers to amply the transforming molecules 

CSM3_F C-435 CSM3 XIII 367096 ATCCAACCGCAATTACAGC 

KanMX qpcrrv (=fw) A-8122 KANMX - - AATCAGGTGCGACAATCTATCGA 

KanMX inside Rv A-8449 KANMX - - CCGACTCGTCCAACATCAATACAA 

HDR_8_1B5_Rv C-2925 FET3 XIII 39202 TGAATGGTACCAGTAGGTG 

Primers for SNP detection 

CHbl19L SUP FW C-2314 AAC1 XIII 387152 GCACGGCGTTTACTGAATTGaCG 

CHbl19L INF FW C-2313 AAC1 XIII 387152 GCACGGCGTTTACTGAATTGaCA 
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CHbl18R RV C-3687 AAC1 XIII 387646 GCTTGTACGATTCTTTCAAGCC 

CHbl18L SUP FW C-2318 CSM3 XIII 367072 CAGTAGTTGATCCTACCATTaCC 

CHbl18 L INF FW C-2317 CSM3 XIII 367072 CAGTAGTTGATCCTACCATTaCG 

CHbl18L SUP RV  C-2320 ERB1 XIII 368688 GTAACACTTCTGTTTTGATTgAC 

CHbl18L INF RV C-2319 ERB1 XIII 368688 GTAACACTTCTGTTTTGATTgAT 

 

Table 11. Primers used to study Block 19. Table indications are as described in Table 4. 

Name Number Gene Chr 
Start 
Coordinate 

Sequence 

Primers to amply the transforming molecules 

HDR_8_16A_F C-366 AAC1 XIII 387336 ATTATGAGTTGCAACTGATCG 

KanMX inside Rv A-8449 KANMX - - CCGACTCGTCCAACATCAATACAA 

KanMX qpcrrv (=fw) A-8122 KANMX - - AATCAGGTGCGACAATCTATCGA 

HDR_8_16B_R C-369 UBX4 XIII 404968 CGAACTACATAAACCTTCTGTG 

Primers for SNP detection 

CHbl19R SUP FW C-2188 SOV1 XIII 401571 AGCGCTTTGATAGCAAAGTCTgAC 

CHbl19R INF FW C-2187 SOV1 XIII 401571 AGCGCTTTGATAGCAAAGTCTgAG 

CHbl19R SUP RV C-2190 SOV1 XIII 401954 TTGATTTCTAAATCACACTCTaCC 

CHb19R INF RV C-2189 SOV1 XIII 401954 TTGATTTCTAAATCACACTCTaCG 

CHbl19L SNP SUP FW C-2688 FET3 XIII 389495 GGATCGAGGACCACGAAATGtCT 

CHbl19L SNPINF FW C-2689 FET3 XIII 389495 GGATCGAGGACCACGAAATGtCC 

CHbl19L Rv C-2690 FET3 XIII 389148 CGAAACTGTGAGGAACTTCACC 

 

Table 12. Primers used to study Block 20. Table indications are as described in Table 4. 

Name Number Gene Chr 
Start 
Coordinate 

Sequence 

Primers to amply the transforming molecules 

HDR_8_17A_F C-376 SOV1 XIII 402964 TGCAAGAGGCATTTGAGAG 

KANMX qpcrrv (=fw) A-8122 KANMX - - AATCAGGTGCGACAATCTATCGA 

KanMX4 inside Rv A-8449 KANMX - - CCGACTCGTCCAACATCAATACAA 

Hdr_8_17B_R C-379 VPS20 XIII 420767 TTCCTGTACGGTTGACCTG 

Primers for SNP detection 

CHbl20R FW C-2691 PDS5 XIII 418365 AGCTAACCACTGGAGAGTTTGG 

CHbl20R SNP SUP RV C-2692 PDS5 XIII 418921 CTGATCCTCGTGTACGCAGGtCT 

CHbl20R SNP INF RV C-2693 PDS5 XIII 418921 CTGATCCTCGTGTACGCAGGtCT 

SNP_8_17_Sup_F C-381 AVO2 XIII 406661 GATTACTATCAATGTCTGAGTCTC 

SNP_8_17_Inf_F C-380 AVO2 XIII 406665 ACTACCAATGTCTGAGTCTG 

SNP_8_17_Sup_R C-383 AVO2 XIII 407195 GCTGGAGTTTGAGCTTGAA 

SNP_8_17_Inf_R C-382 AVO2 XIII 407196 CTGGAATTTGAGCTTGAC 
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Table 13. Primers used to study Block 21. Table indications are as described in Table 4. 

Name Number Gene Chr 
Start 
Coordinate 

Sequence 

Primers to amply the transforming molecules 

HDR_8_18A_F C-386 PDS5 XIII 418908 TACACGAGGATCAGAATCAA 

KANMX qpcrrv (=fw) A-8122 KANMX - - AATCAGGTGCGACAATCTATCGA 

KanMX4 inside Rv A-8449 KANMX - - CCGACTCGTCCAACATCAATACAA 

Hdr_8_18B_R C-389 ADH3 XIII 435915 AGATTGACGTCAATGAACG 

Primers for SNP detection 

CHbl21L SNP SUP FW C-2694 CTF18 XIII 423110 CTTGCCATTAGTGGGGACTGtAT 

CHbl21L SNP INF FW C-2695 CTF18 XIII 423110 CTTGCCATTAGTGGGGACTGtAC 

CHbl21L RV C-2696 CTF18 XIII 423750 GAGCGATTGAACCTTATCTGCC 

SNP_8_18_Sup_F C-391 ISF1 XIII 430604 ATGTGTTGGTATACCGTAACA 

SNP_8_18_Inf_F C-390 ISF1 XIII 430604 ATGTGTTGGTATACCGTAACC 

SNP_8_18_Sup_R C-393 ISF1 XIII 430867 ACTATTGGCCACCATTTGAGA 

SNP_8_18_Inf_R C-382 ISF1 XIII 430867 ACTATTGGCCATCATTTGAGG 

 

Table 14. Primers used to study Block 22. Table indications are as described in Table 4. 

Name Number Gene Chr 
Start 
Coordinate 

Sequence 

Primers to amply the transforming molecules 

RHA_8_22A_F C-2342 ADH3 XIII 433896 TGCATACTGCCTATTGTCGGTCC 

KanMX4 inside Rv A-8449 KANMX - - CCGACTCGTCCAACATCAATACAA 

KANMX qpcrrv (=fw) A-8122 KANMX - - AATCAGGTGCGACAATCTATCGA 

HDR_8_19B_R C-399 YMR087W XIII 443161 GCAAAGGCCATACTCTTG 

Primers for SNP detection 

CHbl22RSNP SUP FW C-2697 SEG1 XIII 441162 TCAGATCAAATTCGCCTTCTgCT 

CHbl22RSNP INF FW C-2698 SEG1 XIII 441162 TCAGATCAAATTCGCCTTCTgCC 

CHbl22R RV C-2699 SEG1 XIII 441668 CATCTTCTGAGTCTGAATCCGC 

SNP_8_20_Sup_F C-438 YMR084W XIII 437306 TACTTGAAGCTTAATACCCAAACC 

SNP_8_20_Inf_F C-437 YMR084W XIII 437306 TACTTGAAGCTTAATACTCAAACA 

SNP_8_20_Sup_R C-440 YMR085W XIII 437587 CGTCATAGATATGGGCAG 

SNP_8_20_Inf_R C-439 YMR085W XIII 437589 CCCATCATAGATATGGGCAA 
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3C: Fermentation Conditions 

Table 15. Fermentation conditions for all fermentations performed. The concentration of glucose and sorbitol 

was determined by HPLC analysis of two media samples per fermentation. The results presented correspond to 

the average of the HPLC results of the two samples. The aimed concentrations were 25 % (w/v) of glucose and 

30 % (w/v) of sorbitol.  

 

 

Fermentation 
Glucose 
(%(w/v)) 

Sorbitol 
(%(w/v)) 

Observations 

Control Strains 27.46 33.85 

 All flasks from the 2
nd

 pre-culture were removed from the 
incubator at the same time; 

 The amount from the 2
nd

 pre-culture necessary for the 
inoculation of the fermentation tubes was only transferred to the 
Falcon tubes after the OD600 was measured for all flasks. 

Block 18 

1
st
 Fermentation 22.60 ND 

2
nd

 Fermentation 25.99 31.94 

3
rd

 Fermentation 28.50 34.99 

Block 19 

1
st
 Fermentation 22.6 ND 

2
nd

 Fermentation 26.03 32.09 

Block 20 

1
st
 Fermentation 22.79 ND 

2
nd

 Fermentation 26.78 33.00 

Block 21 

1
st
 Fermentation 22.79 ND 

2
nd

 Fermentation 26.64 32.77 

3
rd

 Fermentation 25.82 31.79 

Block 22 

1
st
 Fermentation 25.86 31.86 

Block 13 

 The flasks corresponding to the first set of strains were removed 
first from the incubator. The duplicates were removed from the 
incubator after all the OD600 from the first set of strains were 
measured;  

 The amount from the 2
nd

 pre-culture necessary for the 
inoculation of the fermentation tubes was only transferred after 
the OD600 was measured for all flasks. 

1
st
 Fermentation 25.61 31.53 

Block 15 

1
st
 Fermentation 25.87 31.77 

Block 16 

1
st
 Fermentation 25.42 31.62 

Block 17 

1
st
 Fermentation 24.49 30.13 

Block 13  The flasks corresponding to the first set of strains were removed 
first from the incubator. The duplicates were removed from the 
incubator after all the OD600 from the first set of strains were 
measured;  

 For each strain, the amount from the 2
nd

 pre-culture necessary 
for the inoculation of the fermentation tubes was transferred right 
after the measurement of the OD600.  

2
nd

 Fermentation 25.23 31.23 

Block 17  

2
nd

 Fermentation 25.66 31.6 
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4A: Block 18 QTL 8 

 

Figure 1. PCR results for the amplification of the transforming molecules. The results for the transforming 

molecule for the left side of the block are in part A of the figure and the results for the transforming molecule for 

the right side of the block are in part B of the figure. The expected size for the PCR results in A is 2093 bp and the 

expected size for the PCR results in B is 2196 bp. The strains used were ERB1 (c.1074) and AAC1 (b.4534), 

respectively. In both cases, the polymerase used was Q5 high-fidelity polymerase (New England Biolabs® inc.) 

and the PCR cycle used was the following: lid 99ºC preheat; (1) 98ºC 30sec; (2) 98ºC 10sec; (3) 57ºC 20sec; (4) 

72ºC 2min; (5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 33 times. 

 

 

Figure 2. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 1616 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 52ºC 25sec; (4) 72ºC 2min 

30sec; (5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 

 

 

A B 



82 
 

 

 

Figure 3. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 1616 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 52ºC 25sec; (4) 72ºC 2min 

30sec; (5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 

 

 

Figure 4. PCR results for the second genotypic evaluation of the transformants. The results obtained for the 

strains studied in the first fermentation are presented in part A of the figure and the results obtained for the strains 

studied in the second fermentation are presented in part B of the figure. The expected size for the PCR results is 

494 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR cycle used 

was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 56ºC 25sec; (4) 72ºC 1min; (5) 72ºC 5min; 

(6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 

 

A B 
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4B: Block 19 QTL 8 

 

Figure 5. PCR results for the amplification of the transforming molecules. The results for the transforming 

molecule for the left side of the block are in part A of the figure and the results for the transforming molecule for 

the right side of the block are in part B of the figure. The expected size for the PCR results in A is 2723 bp and the 

expected size for the PCR results in B is 1831 bp. The strains used were FET3 (b.4536) and SOV1 (b.2796), 

respectively. In both cases, the polymerase used was Q5 high-fidelity polymerase (New England Biolabs® inc.) 

and the PCR cycle used was the following: lid 99ºC preheat; (1) 98ºC 30sec; (2) 98ºC 10sec; (3) 57ºC 20sec; (4) 

72ºC 2min; (5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 33 times.  

 

 

Figure 6. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 383 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 52ºC 25sec; (4) 72ºC 30sec; 

(5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 

 

A B 
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Figure 7. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 383 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 52ºC 25sec; (4) 72ºC 30sec; 

(5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 

 

 

Figure 8. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 653 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 56ºC 25sec; (4) 72ºC 1min; (5) 

72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 
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4C: Block 20 QTL 8 

 

Figure 9. PCR results for the amplification of the transforming molecules. The results for the transforming 

molecule for the left side of the block are in the left side of the ladder and the results for the transforming molecule 

for the right side of the block are in the right side of the ladder. The strains used were UBX4 (b.2797) and 

PDS5 (c.678), respectively. The expected size for the left PCR results is 2454 bp and the expected size for the 

right PCR results is 1976 bp. The polymerase used was Q5 high-fidelity polymerase (New England Biolabs® inc.) 

and the PCR cycle used was the following: lid 99ºC preheat; (1) 98ºC 30sec; (2) 98ºC 10sec; (3) 57ºC 20sec; (4) 

72ºC 2min; (5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 33 times. 

 

 

Figure 10. Gradient PCR to identify the optimal annealing temperature for SNP PCR. The expected size for 

the PCR results is 531 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the 

PCR cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 53-68ºC 25sec; (4) 72ºC 

40sec; (5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 31 times.  
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Figure 11. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 531 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 60ºC 25sec; (4) 72ºC 40sec; 

(5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times.  

 

 

Figure 12. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 531 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 60ºC 25sec; (4) 72ºC 40sec; 

(5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times.  
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Figure 13. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 556 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 56ºC 25sec; (4) 72ºC 1min; (5) 

72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 

 

4D: Block 21 QTL 8 

 

Figure 14. PCR results for the amplification of the transforming molecules. The results for the transforming 

molecule for the left side of the block are in the left side of the ladder and the results for the transforming molecule 

for the right side of the block are in the right side of the ladder. The strains used were VPS20 (b.2806) and 

YMR082C (b.2810), respectively. The expected size for the left PCR results is 3671 bp and the expected size 

for the right PCR results is 2564 bp. The polymerase used was Q5 high-fidelity polymerase (New England 

Biolabs® inc.) and the PCR cycle used was the following: lid 99ºC preheat; (1) 98ºC 30sec; (2) 98ºC 10sec; (3) 

57ºC 20sec; (4) 72ºC 3min; (5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 33 times. 
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Figure 15. Gradient PCR to identify the optimal annealing temperature for SNP PCR. The expected size for 

the PCR results is 263 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the 

PCR cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 53-68ºC 25sec; (4) 72ºC 

40sec; (5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 31 times.  

 

 

Figure 16. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 263 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 61ºC 25sec; (4) 72ºC 30sec; 

(5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 
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Figure 17. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 263 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 61ºC 25sec; (4) 72ºC 30sec; 

(5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 

 

 

Figure 18. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 556 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 55,5ºC 25sec; (4) 72ºC 1min; 

(5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 
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4E: Block 22 QTL 8 

 

Figure 19. PCR results for the amplification of the transforming molecules. The results for the transforming 

molecule for the left side of the block are in the left side of the ladder and the results for the transforming molecule 

for the right side of the block are in the right side of the ladder. The strains used were ADH3 (b.2811) and 

SEG1 (b.2815), respectively. The expected size for the left PCR results is 2130 bp and the expected size for the 

right PCR results is 1892 bp. The polymerase used was Q5 high-fidelity polymerase (New England Biolabs® inc.) 

and the PCR cycle used was the following: lid 99ºC preheat; (1) 98ºC 30sec; (2) 98ºC 10sec; (3) 57ºC 20sec; (4) 

72ºC 2min; (5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 33 times.  

 

 

Figure 20. Gradient PCR to identify the optimal annealing temperature for SNP PCR. The expected size for 

the PCR results is 283 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the 

PCR cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 53-68ºC 25sec; (4) 72ºC 

30sec; (5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 31 times. 
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Figure 21. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 283 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 58ºC 25sec; (4) 72ºC 30sec; 

(5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 

 

 

Figure 22. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 283 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 58ºC 25sec; (4) 72ºC 30sec; 

(5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times.  
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Figure 23. Gradient PCR to identify the optimal annealing temperature for SNP PCR. The expected size for 

the PCR results is 506 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the 

PCR cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 53-68ºC 25sec; (4) 72ºC 

1min; (5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 31 times. 

 

 

Figure 24. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 506 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 63ºC 25sec; (4) 72ºC 1min; (5) 

72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 
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4F: Block 12 QTL 7 

 

Figure 25. PCR results for the amplification of the transforming molecules. The results for the transforming 

molecule for the left side of the block are in the left side of the ladder and the results for the transforming molecule 

for the right side of the block are in the right side of the ladder. The strains used were CST9 (b.4082) and 

YLR400W (b.1835), respectively. The expected size for the left PCR results is 2087 bp and the expected size for 

the right PCR results is 1834 bp. The polymerase used was Q5 high-fidelity polymerase (New England Biolabs® 

inc.) and the PCR cycle used was the following: lid 99ºC preheat; (1) 98ºC 30sec; (2) 98ºC 10sec; (3) 57ºC 20sec; 

(4) 72ºC 1min; (5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 33 times. 

 

 

Figure 26. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 671 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 57ºC 25sec; (4) 72ºC 50sec; 

(5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 
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Figure 27. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 671 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 57ºC 25sec; (4) 72ºC 50sec; 

(5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times.  

 

 

Figure 28. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 526 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 57ºC 25sec; (4) 72ºC 50sec; 

(5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times.  
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4G: Block 13 QTL 7 

 

Figure 29. PCR results for the amplification of the transforming molecules. The results for the transforming 

molecule for the left side of the block are in the left side of the ladder and the results for the transforming molecule 

for the right side of the block are in the right side of the ladder. The strain used was DUS3 (b.1836). The 

expected size for the left PCR results is 2428 bp and the expected size for the right PCR results is 2829 bp. The 

polymerase used was Q5 high-fidelity polymerase (New England Biolabs® inc.) and the PCR cycle used was the 

following: lid 99ºC preheat; (1) 98ºC 30sec; (2) 98ºC 10sec; (3) 57ºC 20sec; (4) 72ºC 1min; (5) 72ºC 5min; (6) 

10ºC pause. Step 2 to step 4 were repeated 33 times. 

 

 

Figure 30. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 679 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 55.5ºC 25sec; (4) 72ºC 1min; 

(5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times.  
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Figure 31. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 679 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 55,5ºC 25sec; (4) 72ºC 1min; 

(5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 

 

4H: Block 14 QTL 7 

 

Figure 32. PCR results for the amplification of the transforming molecules. The results for the transforming 

molecule for the left side of the block are in the left side of the ladder and the results for the transforming molecule 

for the right side of the block are in the right side of the ladder. The strains used were YLR402W (b.1837) and 

VIP1 (b.1843), respectively. The expected size for the left PCR results is 2033 bp and the expected size for the 

right PCR results is 2114 bp. The polymerase used was Q5 high-fidelity polymerase (New England Biolabs® inc.) 

and the PCR cycle used was the following: lid 99ºC preheat; (1) 98ºC 30sec; (2) 98ºC 10sec; (3) 57ºC 20sec; (4) 

72ºC 1min; (5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 33 times. 
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Figure 33. PCR results to check deletion strain used for amplification of the transforming molecule. The 

expected size for the PCR results is 324 bp. In reaction A the strain tested was YLR402W (b.1837) and in 

reaction B the strain tested By4742 (JT 20194). The polymerase used was Taq DNA polymerase (Biolabs® inc., 

New England) and the PCR cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 

55ºC 25sec; (4) 72ºC 1min; (5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 

 

 

Figure 34. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 523 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 55.5ºC 25sec; (4) 72ºC 1min; 

(5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 
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Figure 35. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 523 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 56ºC 25sec; (4) 72ºC 1min; (5) 

72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times.  

 

4I: Block 15 QTL 7 

 

Figure 36. PCR results for the amplification of the transforming molecules. The results for the transforming 

molecule for the left side of the block are in the left side of the ladder and the results for the transforming molecule 

for the right side of the block are in the right side of the ladder. The strains used were VIP1 (b.1843) and INA1 

(b.1845), respectively. The expected size for the left PCR results is 2738 bp and the expected size for the right 

PCR results is 2228 bp. The polymerase used was Q5 high-fidelity polymerase (New England Biolabs® inc.) and 

the PCR cycle used was the following: lid 99ºC preheat; (1) 98ºC 30sec; (2) 98ºC 10sec; (3) 57ºC 20sec; (4) 72ºC 

1min; (5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 33 times. 
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Figure 37. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 643 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 55ºC 25sec; (4) 72ºC 1min; (5) 

72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 

 

 

Figure 38. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 577 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 55ºC 25sec; (4) 72ºC 50sec; 

(5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 
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4J: Block 16 QTL 7 

 

Figure 39. PCR results for the amplification of the transforming molecules. The results for the transforming 

molecule for the left side of the block are in the left side of the ladder and the results for the transforming molecule 

for the right side of the block are in the right side of the ladder. The strains used were PUN1 (b.1846) and 

RPN13 (b.1851), respectively. The expected size for the left PCR results is 1548 bp and the expected size for 

the right PCR results is 1635 bp. The polymerase used was Q5 high-fidelity polymerase (New England Biolabs® 

inc.) and the PCR cycle used was the following: lid 99ºC preheat; (1) 98ºC 30sec; (2) 98ºC 10sec; (3) 57ºC 20sec; 

(4) 72ºC 1min; (5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 33 times. 

 

 

Figure 40. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 718 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 55ºC 25sec; (4) 72ºC 50sec; 

(5) 72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 
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Figure 41. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 407 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 55ºC 25sec; (4) 72ºC 1min; (5) 

72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 

 

4K: Block 17 QTL 7 

 

Figure 42. PCR results for the amplification of the transforming molecules. The results for the transforming 

molecule for the left side of the block are in the left side of the ladder and the results for the transforming molecule 

for the right side of the block are in the right side of the ladder. The strain used was DCK1 (b.3215). The 

expected size for the left PCR results is 1685 bp and the expected size for the right PCR results is 1853 bp. The 

polymerase used was Q5 high-fidelity polymerase (New England Biolabs® inc.) and the PCR cycle used was the 

following: lid 99ºC preheat; (1) 98ºC 30sec; (2) 98ºC 10sec; (3) 57ºC 20sec; (4) 72ºC 30sec; (5) 72ºC 5min; (6) 

10ºC pause. Step 2 to step 4 were repeated 33 times. 
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Figure 43. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 735 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 55ºC 25sec; (4) 72ºC 1min; (5) 

72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times. 

 

 

Figure 44. PCR results for the genotypic evaluation of the transformants. The expected size for the PCR 

results is 735 bp. The polymerase used was Taq DNA polymerase (Biolabs® inc., New England) and the PCR 

cycle used was the following: lid 99ºC preheat; (1) 94ºC 3min; (2) 94ºC 25sec; (3) 55ºC 25sec; (4) 72ºC 1min; (5) 

72ºC 5min; (6) 10ºC pause. Step 2 to step 4 were repeated 32 times.  


