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1. Abstract 

Doctor of Philosophy in the Faculty of Biology, Medicine and Health. 2021 

Exploring the relationship between 1-butanol production and the pseudohyphal 

response in Saccharomyces cerevisiae 

David A. Leon-Navarro 

The University of Manchester, Faculty of Biology, Medicine and Health, M13 9PT, 

United Kingdom. 

1-butanol is a promising biofuel due to its energy content, ease to apply in current 

infrastructure, and ability to be used in a series of industrial processes. Butanol is 

produced naturally by bacteria of the genus Clostridia through the acetone-butanol-

ethanol pathway, but due to the difficulties associated with clostridial fermentations, 

butanol production in industry-friendly hosts like Saccharomyces cerevisiae is of high 

interest. Hence, the aim of this project was to assess endogenous 1-butanol production of 

a filamentous strain of S. cerevisiae and identify potential advantages to the fermentative 

process found in this genetic background. Endogenous butanol production was induced 

by deleting the ADH1 gene in a ∑1278b strain. The resulting mutant displayed altered 

colony morphology and produced up to 114 ± 19 mg/l of butanol in anaerobic 

fermentation, more than an adh1∆ mutant of the W303-1A background. Neither deletions 

of PDC1 or PDC5 were able to induce butanol accumulation.  When the ALD6 and ACS2 

genes were overexpressed in the adh1∆ strains with the aim of reducing intracellular 

acetaldehyde accumulation, 1-butanol and acetaldehyde accumulation were hindered in 

the ∑1278b strain, and completely abolished in the W303-1A strain, suggesting a close 

relationship between both. RNA-seq analysis of the adh1∆ and ALD6/ACS2 adh1∆ strains 

revealed a correlation between the induction of glutathione biosynthesis genes, and the 

repression of aerobic respiration and ergosterol biosynthesis with the ability to produce 

1-butanol via the endogenous pathways. The results obtained in this project suggest a role 

for the glutathione-mediated acetaldehyde stress response in facilitating 1-butanol 

production when ADH1 is deleted, as evidenced by the yields of the ∑1278b strain. 

However, further research will be required to better understand how these cellular 

mechanisms interact and result in accumulation of butanol in S. cerevisiae. 
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5. Introduction 

5.1  Brief summary of the history of microbes in biotechnology 

    Biotechnology is the use and modification of living organisms for the development and 

manufacture of products for human use, and its associated activities range from the 

domestication and select breeding of animals and plants, to advanced genetic 

modifications and metabolic engineering of microorganisms towards specific products.  

    One of the oldest biotechnological industries is the use of yeasts in the fermentation of 

sugar-rich foodstuffs to produce alcoholic beverages, as evidenced by archeological 

findings from prehistoric China and Iran (McGovern et al, 1997; McGovern et al, 2004). 

During history, almost every culture developed some sort of fermented product, including 

non-alcoholic foodstuffs such as cheese and milk kefir. Despite its ubiquity, the microbial 

nature of the fermentation process would remain unknown until technological and 

scientific advances between the 17th and 19th century allowed a closer look into 

microorganisms. 

    The invention of the microscope by Anthonie van Leeuwenhoek in the 17th century 

(Dobbel, 1923) and further technical improvements by Giovanni Batista Amici (Amici, 

1820) led to the birth and early development of microbiology. Between 1836 and 1838, 

Charles Cagniard-Latour, Friederich Kützing and Theodor Schwann independently 

reported that yeast ferment contained globular bodies of “vegetal” nature, and attributed 

sugar fermentation to a physiological process (Barnett, 1998). During the 19th century the 

contributions of multiple microbiologists, including Louis Pasteur and Robert Koch, 

provided the technical and experimental knowledge to reliably study pure cultures of 

microbes, extending the range of microorganisms that could be studied and the quality of 

the experimental data. 
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    Later in the mid 1900’s, advances in genetics and molecular biology laid the 

foundations for one of the biggest biotechnological breakthroughs of the century: the 

development of recombinant DNA technology. First, the discovery and characterization 

of extrachromosomal transferable genetic elements in bacteria, named plasmids in 1952 

by Joshua Lederberg (Lederberg, 1952), produced the base molecule for gene transfers. 

Later on, the identification of restriction endonucleases able to cleave specific DNA 

sequences (Mertz and Davis, 1972) and DNA ligases that could re-join the cleaved 

fragments (Little et al., 1967) provided the molecular tools to cut and paste the desired 

genes into plasmid vectors. The first successful recombinant plasmid was constructed by 

Stanley Cohen and colleagues (Cohen et al., 1973). This technique revolutionized 

biotechnology by providing the basis to potentially express and produce any gene product 

in easy to grow microbes, reducing production costs of some drugs, such as insulin 

(Tikhonov et  al., 2001).  

    Finally, development of the first DNA sequencing techniques by Frederick Sanger and 

colleagues in 1977 allowed for the first time in history the sequencing of the genomes of 

viruses and prokaryotes (Sanger et al., 1977), an achievement that paved the way for more 

ambitious international endeavors like sequencing the genome of the first eukaryotic 

model organism: Saccharomyces cerevisiae in 1996 (Goffeau et al., 1996), and would 

eventually lead to the first drafts of the human genome in 2001 (IHGSC, 2001; Venter et 

al., 2001). Assembly and analysis of such large amounts of data would not have been 

possible without the support of powerful computational tools; hence a close relationship 

between biology and informatics was pivotal for the development of genomics. The 

genomic revolution not only provides biotechnology with information on the location, 

sequence and known mutants of potential genes of interest, but it also provides a global 

approach to biological systems where it is now possible to examine how different 
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conditions affect the whole of multiple cellular systems, including metabolic state, 

transcript levels and protein expression. 

    A more recent major technological leap in the field of sequencing is the development 

of next-generation sequencing techniques, which allow for high-throughput sequencing 

of DNA and RNA samples (Goodwin et al., 2016), increasing sequencing speed while 

reducing sequencing costs from $5,292.39 to $0.006 per megabase since the completion 

of the human genome project in 2001 (Wetterstrand, 2021). This reduction in costs has 

enabled the application of high-throughput sequencing in new fields, such as clinical 

identification of genetic variants in human diseases (Qin, 2019), taxonomic and 

comparative genomic studies (Cao et al., 2017; Marciniak and Perry, 2017), as well as 

the biotechnological industry (Costessi et al., 2018). 

    These recent advances in genetic manipulation have provided the tools and knowledge 

to turn microbes into biological factories that can synthesize products requiring processes 

as simple as expressing a single heterologous gene product, to more complex processes 

involving multiple enzymatic steps. Biotechnology holds the potential to provide 

solutions in a world where sustainable industries and alternatives to current technologies 

are required, and fortunately, with the aid of microbes, the possibilities are nearly 

limitless.    

5.2  Saccharomyces cerevisiae as a model organism 

    From its humble origins in prehistoric brewing, S. cerevisiae has grown to become a 

key protagonist in the food industry, biotechnology, and scientific research. To this date, 

this organism continues to be used in fermentative industry and biological research thanks 

to a series of traits that will be reviewed in the following sections.   
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5.2.1 The legacy of S. cerevisiae as a eukaryotic model organism   

    Since the initial discoveries on the nature of fermentations in the 19th century, S. 

cerevisiae has become a model organism for research on eukaryotic biology. This 

unicellular organism has been at the front of several breakthroughs in eukaryotic 

metabolism, genetics, and cell biology. 

    One of the reasons for this is that S. cerevisiae is a eukaryotic organism that is simple 

and quick to grow and manipulate in the laboratory, making it much easier to work with 

than many higher organisms, such as mammals. While some scientific questions cannot 

be answered in yeast, like those regarding the more intricate functions of multicellular 

organisms, it is an outstanding model for studies on the fundamental mechanisms behind 

genetics and cell biology because many of these mechanisms are highly conserved among 

eukaryotes (Petranovic and Nielsen, 2008; Foury, 1997). 

    The award of several Nobel prizes to research done in S. cerevisiae serves as a 

testament to the value of this microorganism in understanding our own biology. The most 

recent example is Yoshinori Ohsumi, who received the Nobel Prize of Physiology or 

Medicine in 2016 for the identification of the genes and mechanism involved in 

autophagy, an essential cellular process involved in protein and organelle degradation 

(Levine and Klionsky, 2017; Mizushima et al., 1998). 

    As another example, the 2009 Nobel Prize of Physiology or Medicine was granted to 

Elizabeth Blackburn, Carol Greider and Jack Szostak for their research on chromosomal 

protection and maintenance by telomerase enzymes (Varela and Blasco, 2010). 

Telomerase activity is a fundamental cellular function that permits eukaryotic cells to 

preserve chromosomal integrity after each genome duplication by maintaining the length 

of the telomeres (Flores et al., 2006). Deregulation of telomerase activity contributes to 
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the phenotype of diseases like cancer, highlighting the impact of this breakthrough 

(Trybek et al., 2020).  

    Likewise, Leland Hartwell, Timothy Hunt and Paul Nurse received the same award in 

2001 for their studies on the regulation of the eukaryotic cell cycle (Watts, 2001). Leland 

Hartwell employed a series of S. cerevisiae temperature-sensitive mutant strains to 

identify the genes involved in the coordination of the eukaryotic cell cycle, including the 

regulator of the G1/S threshold CDC28 (Hartwell, 2002). Additionally, Hartwell’s group 

utilised this knowledge of cell cycle checkpoints and repair to identify which cellular 

defects granted sensitivity to a series of chemotherapeutic agents, thus translating 

knowledge obtained from yeast to human medicine (Simon et al., 2000). 

    These three example discoveries demonstrate that S. cerevisiae is a relatively simple 

and easy to manipulate host that has allowed scientists to acquire knowledge about the 

basic genetic and cellular functions that govern the life of higher organisms, including 

humans, while also shedding light on the genetic and molecular components of genetic 

diseases. 

    The versatility of S. cerevisiae as a model organism in research is not only due to 

possessing the same cellular machinery keeping most eukaryotic organisms alive, but also 

because of the wide array of tools available to genetically manipulate them, the 

availability of genome databases, and the existence of gene deletion libraries (Skrzypek 

et al., 2018; Duina et al., 2014; Winzeler et al., 1999). These tools allow researchers to 

answer biological questions by using multiple approaches, including disrupting genes of 

interest to study the consequences of their dysfunction, tagging gene products with 

specific markers to track their location within the cell or their interaction with other 
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molecules, or introducing one or multiple genes from other organisms to study the results 

of their expression in yeast.  

5.2.2 Advantages of S. cerevisiae in the biosynthetic industry 

    The success of S. cerevisiae in fermentation industries can be mainly attributed to its 

unique metabolism that prioritises glucose uptake and fermentation into ethanol over 

respiration and biomass accumulation, in both aerobic and anaerobic conditions, a 

phenomenon named the Crabrtree effect (Pfeiffer and Morley, 2014). Curiously, a similar 

phenomenon was already reported by Otto Warburg and colleagues, who observed that 

cancer cells favour aerobic fermentation of glucose into lactic acid instead of respiration 

(Warburg et al., 1926). This metabolism is at the center of S. cerevisiae’s competitive 

strategy that revolves around the quick production and accumulation of ethanol, a toxic 

substance that is inhibitory to other microorganisms and to which S. cerevisiae is not only 

tolerant but can also utilise as a carbon source when fermentable sugars are depleted from 

the media by switching to a respiratory metabolism in a finely regulated process called 

the diauxic shift (Galdieri et al., 2010). This competitive advantage is also beneficial for 

the brewing process, as the inhibitory effect of ethanol aids in the elimination of 

microorganisms that may spoil the desired product. 

    Coupled with their innate ability to produce ethanol, S. cerevisiae industrial strains 

have been selected to tolerate the multiple stresses present in industrial environments. 

Some examples include temperature changes, high osmotic pressure caused by high 

concentrations of solutes in the feedstock, low pH (Narayanan et al., 2016; Fernández-

Niño et al., 2015), and the toxic effects of ethanol and other substances produced during 

both the brewing of beverages and the production of bioethanol (Bleoanca and Bahrim, 

2013; Walker and Basso, 2020). Additionally, S.cerevisiae cells are impervious to 
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bacteriophage contamination, a constant issue of bacterial fermentation processes that 

results in loss of productivity by destroying the bacterial cultures (Zahn and Halter, 2018). 

Industries that have reported losses by bacteriophage contamination include acetone-

butanol-ethanol fermentation in Clostridium spp. (Jones et al., 2000), Aerobacter spp. 

vinegar fermentations (Sellmer et al., 1992), and dairy fermentation operations (Marcó et 

al., 2012).   

    These two traits have made S. cerevisiae into the best microorganism for ethanol 

production, but the benefits do not end there. By combining the power of yeast’s genetic 

malleability and available tools with its industrial robustness, it is possible to engineer 

yeast strains to express the genes involved in the biosynthesis of multiple products of 

interest such as drugs, flavourants, chemical precursors, and biofuels in a new discipline 

termed synthetic biology (Walker and Pretorius, 2018; Galanie et al., 2015; Paddon and 

Keasling, 2014). Synthetic biology represents the next step in yeast biotechnology, further 

increasing its flexibility as a host for biosynthetic enterprises and allowing a new level of 

fine manipulation of each biosynthetic step, elevating yeast to the status of a model 

microbial factory.     

5.3  Biofuels  

5.3.1 Biofuels as an emergent biotechnological need 

    The discovery of crude oil in 1858 and its subsequent exploitation for the manufacture 

of a variety of synthetic organic materials and fossil fuels to produce the energy needed 

to power cities, industries, and transportation resulted in a technological revolution that 

shaped the global economy and politics due to the ever-increasing demand for these new 

oil-based commodities.  
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    This technological revolution and the high global demand for oil and fuel has brought 

not only new benefits, but also new problems. The high worldwide demand for crude oil. 

Which reached 4484.5 million tonnes of oil per day on 2019 (BP, 2020), and the cyclical 

pattern of crude oil prices has resulted in political tensions between oil-producing 

countries and consumers, leading to international armed conflicts (Jaffe and Elass, 2015; 

Colgan, 2013). Additionally, continuous combustion of fossil fuels has resulted in 

increased CO2 emissions into the atmosphere, contributing to a process of global warming 

that can disturb the integrity of life on the planet (Letcher, 2019). Finally, because 

geological oil reserves are finite, their eventual depletion constitutes an economical and 

industrial challenge for a world that depends on oil for its industry and logistics (Miller 

and Sorrell, 2013). These problems have prompted the search for renewable alternatives 

to fossil fuels, and with that interest in mind, biotechnology might have the solutions the 

world is looking for. 

    Biofuels are liquid or gas chemical products manufactured using diverse forms of 

biomass that can be utilised as more sustainable alternatives to fossil fuels. Biofuels are 

produced by two general strategies: direct extraction and refinement of the biofuel from 

raw materials, or microbial fermentation of the organic feedstock into the desired product. 

Two contemporary examples of biofuels produced employing each general strategy are 

biodiesel and ethanol. Biodiesel is a lipid biofuel extracted directly from oil-rich biomass 

such as seed oils and oleaginous algae. Ethanol is fermented by S. cerevisiae cultures 

using sugar-rich plant extracts like corn, sugarcane, and beetroot as feedstock.  

    Because the biomass sources for biofuel production come from renewable sources 

including plant, algae, and animal biomass, biofuel production has more potential for 

sustainability than fossil fuels, as long as a balance between biomass production and 

conversion to biofuels is achieved. In addition, because vegetable and algae biomass used 
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for biofuel production is actively participating in CO2 fixation, production of the 

feedstock contributes to the carbon cycle, unlike crude oil reserves that represent 

sequestered carbon sources that cannot actively fixate CO2. Finally, because biofuel 

production operations do not depend on existing geological reserves and can use a wide 

range of biomass sources as feedstock, it has the potential to alleviate the supply and 

demand tensions that exist in the crude oil market by facilitating the entry of new 

producers to satisfy the demand. 

5.3.2 Classification of biofuels by generation 

    Despite the many chemical species that can be considered biofuels and the different 

methods used for their manufacture, biofuels can be classified into four generations 

according to the type of biomass used as feedstock for their production and the potential 

for sustainability of each production strategy (Alalwan et al., 2019). Each generation 

introduces new possibilities and technical challenges that will be briefly discussed in this 

section. 

5.3.2.1  First Generation 

    This group comprises biofuels produced using high-energy agricultural crops as raw 

materials and includes the contemporary commercial biofuel production models.  

    Contemporary bioethanol production belongs to this category. The two major 

bioethanol producers in the world, the United States and Brazil, ferment ethanol using 

corn and sugarcane as feedstocks, while other countries use grains, beetroot, or a 

combination of the above (Lamichhane et al., 2021). Biodiesel is another contemporary 

first-generation biofuel that is produced by transesterification of oils extracted from lipid-

rich edible vegetable and animal biomass, usually palm oil, rapeseed, and soybeans 

(Mishra and Goswami, 2017). 
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    This group of biofuels is the least sustainable because their production depends on large 

amounts of fertile land dedicated to growing the feedstock crops, conflicting with food 

production, negatively impacting ecosystems, and potentially countering the efforts to 

reduce greenhouse gas emissions (Crutzen et al., 2016). Thus, research has focused on 

finding other sources of biomass to produce more sustainable biofuels, leading to the 

development of advanced biofuels. 

5.3.2.2  Second Generation 

    In attempts to find more sustainable alternatives to crops for biofuel production, some 

research efforts have focused on finding methods to use raw materials low in simple 

sugars but high in cellulose that are often considered waste by-products of agricultural 

endeavors. This approach allows manufacturers to upcycle otherwise waste materials 

back into the production process, increasing the sustainability of biofuel production 

setups. 

    To be used as feedstock for biofuel production, lignocellulosic biomass must be pre-

treated to expose cellulose, which is then hydrolyzed into monosaccharides that can be of 

use to the microorganisms involved in the fermentation process (Jönsson and Martín, 

2016). Methane, also known as biogas, is an example of a second-generation biofuel 

produced by anaerobic fermentation of pre-treated lignocellulosic biomass (Principi et 

al., 2019). 

    While promising, the use of lignocellulose as the feedstock for bioethanol production 

presents a few challenges. One of them is that hydrolysis of lignocellulosic biomass 

releases different monosaccharides, mostly glucose and xylose. While S. cerevisiae 

readily uses and ferments glucose it is not able to ferment xylose, hence some areas of 

research have focused on engineering S. cerevisiae strains able to ferment both sugars 
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(Osiro et al., 2019; Patiño et al., 2019). Another challenge is that pre-treatment of 

lignocellulosic biomass releases a series of inhibiting compounds for microbes, including 

carboxylic acids, benzo-quinones, aromatic, and phenolic compounds (Jönsson and 

Martín, 2016). Strategies that can be used to alleviate this problem include selection of 

feedstock requiring less aggressive pre-treatments, detoxification steps, and selection or 

engineering of resistant microorganisms. Overcoming these challenges is of most 

importance for second-generation bioethanol production to be commercially competitive 

and more sustainable than first generation biofuels. 

5.3.2.3 Third Generation 

    Third generation biofuels use oleaginous microorganisms as sources of lipid-rich 

biomass, including microalgae, bacteria, and fungi (Leong et al., 2018). The main 

advantage of third generation cultures over plants for biomass production are that they do 

not require large areas of fertile land to grow and can be set in more space-efficient 

operations, thus avoiding conflicts with agricultural crop production. 

    Microalgae can be grouped by the carbon source used into autotrophs (photosynthetic 

algae), heterotrophs, and mixotrophs, which benefit from both types of carbon sources 

and have the highest biomass and lipid accumulation among all three (Bhatnagar et al., 

2011). One of the challenges associated with third-generation biofuels is the high cost of 

carbon sources for microalgae biomass production. One approach to overcome this 

challenge is to seek microalgae that can use unfavorable carbon sources, such as toxic 

compounds in wastewaters (Adeniyi et al., 2018; Carbone et al., 2017) or hydrocarbon-

containing field formation water (Das and Deka, 2019). This approach serves the double 

purpose of reducing culture costs and cleaning polluted waters, further demonstrating the 

potential of algae for a greener future. 
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    In summary, third-generation biofuels have the potential not only to be more 

sustainable sources of lipid-rich biomass than plants, but also to assist in the remediation 

of polluted waters. 

5.3.2.4  Fourth Generation 

    Production of fourth-generation biofuels involve the use of genetically engineered 

photosynthetic microorganisms with the goal of increasing carbon fixation efficiency, 

thus enhancing biomass accumulation and creating artificial carbon sinks that result in 

carbon negative biofuel production operations. The organisms employed in this type of 

biofuel production include macro and microalgae, and cyanobacteria. Because these 

microorganisms can grow in harsh culture conditions such as saltwater and wastewater, 

their culture does not require a high freshwater supply, thus reducing the competition over 

this precious resource (Abdullah et al., 2019). 

    Synthetic biology methods are accelerating the efforts of improving phototrophic 

microalgae for biofuel production through more precise genetic engineering. 

Improvements to production include increasing carbon fixation by clearing metabolic 

bottlenecks in the Calvin cycle, increasing photosynthetic efficiency by truncation of the 

light harvesting complex antenna, and reducing harvesting costs by inducing auto-

flocculation of cells or stimulating secretion of lipid contents (Moravvej et al., 2019; 

Gomaa et al., 2016). 

5.4 Fusel alcohols as biofuels and chemical commodities 

    The search for new sustainable biofuels has drawn the attention of scientists and 

industry to different metabolites produced by microorganisms. One such group of 

metabolites are fusel alcohols, composed of a series of short-chain alcohols produced by 

S. cerevisiae that include amyl alcohol, isoamyl alcohol, isobutanol and 1-butanol (Webb 
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and Ingraham, 1963). They are found in varying proportions as by-products of 

fermentation derived from the enzymatic breakdown of amino acids. When present in 

small quantities, they confer subtle aromas and flavour to alcoholic brews, contributing 

to the quality and sensorial identity of these products (Van deer Schaft, 2015). 

    In 1907, Felix Ehrlich identified fusel alcohols as products of amino acid catabolism 

and proposed the biochemical bases of their biosynthesis (Ehrlich, 1907). Later studies 

by other biochemists described the individual reactions involved in this pathway and their 

enzymatic nature (Hazelwood et al., 2008). The metabolic pathway begins with 

transamination of amino acids, subsequent decarboxylation of the corresponding 2-oxo 

acid, which is finally reduced to an aldehyde. From this point, the aldehyde can be either 

oxidized to an acid or reduced to a fusel alcohol (Figure 5.1).  

5.4.1  Industrial uses and production of fusel alcohols 

     The identification of the Ehrlich pathway allowed the design of culture conditions that 

stimulated the biosynthesis of these products. No longer were they a small fraction of 

yeast alcoholic fermentations, and their selective production was possible. Fusel alcohols 

have a variety of industrial uses such as solvents or precursors in the synthesis of a 

plethora of products, including perfumes, paint thinners and flavourants (Dürre, 2007; 

Van der Schaft, 2015). At the beginning of the 20th century, bulk production of fusel 

alcohols and other organic compounds was carried out by microbial fermentation. For 

instance, during World War I, stills were built in the United Kingdom and the United 

States of America to supply the demand for acetone, a chemical precursor required in the 

production of cordite for ammunition. These stills produced acetone and 1-butanol 

through the ABE (acetone-butanol-ethanol) pathway of Clostridia and continued to work 

after the war ended (Bud, 1993). Although promising, microbial fermentation of products  
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Figure 5.1. The Ehrlich pathway. Diagram shows the general steps involved in the 

conversion of an amino acid into its corresponding acid or alcohol. The enzymes involved 

in the pathway are aromatic aminotransferases (Aro), branched-chain amino acid 

transaminases (Bat), pyruvate decarboxylases (Pdc), aldehyde dehydrogenases (Ald), 

alcohol dehydrogenases (Adh), aryl-alcohol dehydrogenases (Aad). Abbreviated 

cofactors include oxidised nicotinamide adenine dinucleotide (NAD+), and reduced 

nicotinamide adenine dinucleotide (NADH). 

 

Amino acid 

2-oxo acid 

Aldehyde 

Fusel acid Fusel alcohol 

NADH 

NAD+ 

Ald1-6p 

Adh1-7p 

YPL088W 

Aad3p, Aad4p 

Aad14-16p 

Aad6p, Aad10p 

CO
2
 Aro10p 

Pdc1p 

Pdc6p 

Pdc5p 

2-oxoglutarate 

Glutamate 
Aro8p, Aro9p 

3b. Reduction 3a. Oxidation 

2. Decarboxylation 

1. Transamination 

Bat1p, Bat1p 

NADH 

NAD+ 



31 

 

of interest was quickly replaced by petrochemical production strategies, which have been 

used in mainstream industry ever since. Nonetheless, because of the rising economic and 

environmental factors associated with the fossil fuel industry, attention has turned once 

again to microbial biosynthesis in hopes of finding viable alternatives.      

    Due to the recent advances in molecular biology and genetic engineering (Nielsen, 

2001; Hong and Nielsen, 2012), the design of microbial factories for the production of 

organic compounds has progressed rapidly, and the future of environment-friendly 

renewable biofuels may well provide part of the solution to fossil fuel depletion. 

5.4.2  Butanol as a biofuel 

     Besides its uses as a chemical precursor in the production of other products, 1-butanol 

has recently emerged as a promising second-generation biofuel with physical and 

chemical properties that make it more suitable to use in the current infrastructure than the 

widely-produced and funded bioethanol. In order to assist the following discussion, some 

of the physical properties of 1-butanol, ethanol, and gasoline pertaining to their 

performance as fuels are summarised in Table 5.1. 

    First, 1-butanol has a higher specific energy than ethanol, with 36.1 MJ/kg versus 29.7 

MJ/kg, which is more comparable to the energy content of gasoline at 46.5 MJ/kg 

(Haynes, 2014). This suggests that butanol behaves more closely to gasoline in respect to 

the amount of fuel required to produce work.  

    1-butanol’s octane number of 96 (Galloni et al., 2016), a value related to a fuels’ 

capacity to avoid premature ignition during compression in a spark-ignition engine, is 

comparable to the mid-range octane number of the commercially available gasolines 

(Table 5.1). On the other hand, ethanol has a higher-octane number of 107 (Galloni et al., 

2016), surpassing even the highest-octane gasolines in the market. While this value 
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suggests that ethanol is better at preventing engine knocking, it does not mean that 1-

butanol performs worse in the current engine technologies. 

Table 5.1. Fuel properties of gasoline, ethanol, and 1-butanol 

 Gasoline Ethanol 1-butanol 

Specific energy (MJ/kg) 46.5 29.7 36.1 

Octane number 90-101 107 96 

Flash point (°C) -43 14 35 

Autoignition temperature (°C) 246-280 365 343 

 

    Regarding to its ignition properties, butanol has a flash point of 35°C, higher than 

gasoline and ethanol, while possessing a high autoignition temperature of 343°C, close to 

ethanol’s value of 365°C (Table 5.1). The higher flash point of 1-butanol might bring 

difficulties during ignition in a cold engine, but it also means that it is less prone to 

accidental ignition during handling (Demirbas, 2015). 1-butanol’s high autoignition 

temperature also contributes to its properties as a safe fuel.  

    Finally, due to its higher hydrophobicity when compared to ethanol, 1-butanol can be 

used in pure form or blended with gasoline up to 85%, while being less hygroscopic, 

therefore less corrosive than ethanol and more suitable to use with the present combustion 

engines and piping infrastructure (Dürre, 2007). 

5.5 Current strategies for 1-butanol biosynthesis 

5.5.1 Butanol biosynthesis through the ABE pathway in Clostridium spp. 

     As previously mentioned, the traditional strategy for 1-butanol production exploits the 

natural capacity of bacteria of the Clostridium genus, a group of gram-positive, obligate 



33 

 

anaerobes, to convert glucose into this alcohol through the ABE pathway (Zheng et al., 

2009). 1-butanol synthesis in this way involves the condensation of two molecules of 

acetyl-CoA provided by glycolysis into acetoacetyl-CoA, and five consecutive reduction 

steps to yield 1-butanol (Jang et al, 2012; Patakova et al, 2019). Because acetyl-CoA is 

also used for the synthesis of ethanol and acetone, this process is also called 

solventogenesis. Figure 5.2 below shows a schematic of the ABE pathway. 

     Producing 1-butanol in the organisms that naturally synthesize it seems a logical 

strategy, and multiple efforts have been made to improve yields in Clostridia by 

overexpressing specific enzymes of the pathway in order to redirect metabolic flux into 

1-butanol, resulting in yields of 11.4 g/l and 12.0 g/l in C. acetobutylicum and C. 

tyrobutylicum, respectively (Lee et al., 2009; Yu et al., 2015). Unfortunately, working 

with Clostridia presents a number of problems that may hinder further improvements in 

1-butanol yields and its application in industry, such as oxygen and end-product toxicity, 

mixed fermentation products, slow growth, sporulation concomitant to solventogenesis, 

and lack of genetic tools (Zheng et al., 2009). This has led researchers to express the ABE 

pathway in more manageable and safe microorganisms to circumvent these problems. 

     E. coli and S. cerevisiae are popular hosts for the heterologous expression of the ABE 

pathway because of their rapid growth, easy cultivation and availability of tools for 

genetic manipulation. Because of their status as model organisms, their cellular 

physiology, metabolism, gene expression regulation and genome have been extensively 

studied, allowing the design of tools for genetic manipulation and synthetic biology that 

facilitate metabolic engineering in these species (Alberghina and Crulli, 2010). 
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Figure 5.2. The ABE fermentation pathway from Clostridia. Diagram of the acetone-

butanol-ethanol pathway, including the synthesis of acetyl-CoA from glycolysis. 

Enzymes involved: pyruvate-ferrodoxin oxidoreducatase (Pfo), acetate kinase (Ack), 

phosphotransacetylase (Pta), CoA transferase (CoAt), Acetoacetyl-CoA:acetate CoA-

transferase (CtfAB), acetoacetate decarboxylase (Adc), thiolase (Thl), butyrate kinase 

(Buk), phosphate acetyltranspherase (Pta), phosphate butyryltransferase (Ptb), 

hydroxybutyryl-CoA dehydrogenase (Hbd), crotonase (Crt), acyl-CoA dehydrogenase 

(Bcd), aldehyde/ alcohol dehydrogenase (Adh), butanol dehydrogenases (BdhA, BdhB).  
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5.5.2 Expression of the ABE pathway in E. coli and S. cerevisiae 

     Initial attempts to express the core ABE pathway enzymes from C acetobutylicum in 

E. coli yielded low 1-butanol titers of 13.9 mg/l. Deletion of competing enzymes in the 

host genome (ldhAp, adhEp and frdBCp), coupled with higher NADH pools generated 

by an activated pyruvate dehydrogenase complex increased 1-butanol titers up to 373 

mg/l, indicating that fine tuning of redox balance and acetyl-CoA pools is key to achieve 

higher yields (Atsumi et al., 2008). A novel strategy that reinforces this concept and has 

produced better results is the use of acetyl-CoA synthesis and NADH as driving forces, 

together with the introduction of an irreversible reduction step in the pathway. This 

strategy has proven to be effective by producing impressive 1-butanol titers of 15g/l to 

30 g/l with end-product removal (Shen et al., 2011). 

     Compared to the bacterial alternatives, S. cerevisiae possesses some advantages for 

the industrial synthesis of 1-butanol, including a higher tolerance to the harsh conditions 

of industry, including high osmolarity and low pH (Nevoigt, 2008), and higher tolerance 

to alcohol toxicity (Fischer et al, 2008). Unfortunately, the first attempts at producing 1-

butanol through the ABE pathway in this yeast yielded a strain that produced a titer of 

2.5 mg/l (Steen et al, 2008), around 150-fold less than the results obtained with E. coli in 

the same year. This difference in yields has led researchers to investigate the driving 

forces behind butanol production by the ABE pathway in order to improve performance 

in S. cerevisiae.   

5.5.3 Use of endogenous amino acid catabolic pathways for 1-butanol production in 

S. cerevisiae 

    A number of published studies have demonstrated that S. cerevisiae possesses the 

ability to produce 1-butanol through the degradation of amino acids to alcohols through 
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the Ehrlich pathway. One such study proposed that S. cerevisiae can produce 1-butanol 

from the catabolism of glycine (Branduardi et al, 2013). Indeed, yeast cultures grown in 

minimal media with 15 g/l glycine as the only nitrogen source accumulated up to 92 mg/l 

of 1-butanol, with 58 mg/l isobutanol as a byproduct. The pathway for 1-butanol 

production proposed by this study involves the deamination of glycine to glyoxylate by a 

putative glycine deaminase (Figure 5.3), which is then converted to 2-oxovalerate through 

its condensation with butyryl-CoA by either Mls1p or Dal7p to yield 3-ethylmalate and 

its concomitant conversion to 2-oxovalerate by the dehydrogenase activity of Leu2p. This 

2-oxovalerate is then decarboxylated to butanal by yeast pyruvate decarboxylases 

(PDCs), and this aldehyde is finally reduced to 1-butanol by yeast alcohol 

dehydrogenases (Branduardi et al., 2013).   

    Another study discovered that the deletion of ADH1, the major yeast alcohol 

dehydrogenase, induced the accumulation of 1-butanol in anaerobic cultures growing in 

rich media, achieving 1-butanol titers of 120 mg/l (Si et al., 2014). The authors proposed 

that deletion of this gene redirects metabolic flux from ethanol production to 1-butanol, 

likely to restore redox imbalances caused by this mutation. They also characterised the 

metabolic pathway responsible for 1-butanol production in their strains and concluded 

that it is a threonine catabolic process that uses similar steps to the Ehrlich pathway: L-

threonine is transaminated to 2-oxobutyrate in the mitochondria, and then converted to 2-

ethylmalate. Subsequent carboxylation and decarboxylation steps by cytosolic enzymes 

produce butyraldehyde, which is finally reduced to 1-butanol by alcohol dehydrogenases 

(Si et al, 2014).  

     Further improvements to the threonine-dependent 1-butanol production pathway were 

later published by the same group, producing a S. cerevisiae strain able to accumulate up 

to 835 mg/l of 1-butanol, approximately seven times more than their original adh1Δ strain  
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Figure 5.3. Glycine-dependent 1-butanol biosynthetic pathway of S. cerevisiae. 

Depiction of the putative glycine-dependent pathway for 1-butanol production. Enzymes 

involved: mitochondrial serine hydroxymethyltransferase (Shm), alcohol dehydrogenase 

(Adh) serine deaminase (Cha), malate synthase (Dal), Bacillus subtilis glycine oxidase 

(GoxB), beta-isopropylmalate dehydrogenase (Leu2), malate synthase (Mls), pyruvate 

decarboxylase (Pdc). Dashed line indicates multiple reactions. 
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(Shi et al, 2016). They achieved this by overexpressing key enzymes of the pathway in 

order to increase the availability of precursors, namely threonine and 2–oxobutyrate. 

They also relocated enzymes of threonine catabolism to the mitochondria in order to 

streamline the process and avoid competing cytosolic pathways.   

     A study published in 2015 by our laboratory constructed a butanol-producing strain of 

S. cerevisiae by combining the exogenous ABE pathway and the native yeast pathways 

activated by the deletion of ADH1 (Swidah et al., 2015). Two additional genetic 

modifications were employed to further increase 1-butanol titers. First, acetaldehyde 

accumulated from the deletion of ADH1 was channeled towards acetyl-CoA, the 

precursor of the ABE pathway, by constitutively overexpressing the ALD6 and ACS2 

genes. Second, a butanol-resistant strain carrying a previously characterized mutant allele 

of GCD1, the γ-subunit of the yeast translation initiation factor eIFB2 (Ashe et al., 2001), 

was used as the host for 1-butanol production to test if translational resistance to butanol 

toxicity could further improve performance. The resulting strain was able to produce up 

to 300 mg/l of 1-butanol in anaerobic conditions, around seven times more than by 

deleting of ADH1 alone (40 mg/l). 

    A follow-up to the previous study resulted in further insights into the contributions of 

the ABE pathway and the endogenous pathway to 1-butanol production in the constructed 

strain (Swidah et al., 2018). Interestingly, this study concluded that the threonine-

dependent pathway was not responsible for the endogenous butanol production in their 

strains, as 1-butanol production was not hindered by the deletion of either LEU1, LEU2 

or LEU4, three genes involved in the aforementioned pathway. The study also 

demonstrated that the addition of glycine to the culture media of adh1∆ strains increased 

1-butanol titers from 40 mg/l to 120 mg/l, suggesting that the glycine-dependent pathway 

is involved in 1-butanol accumulation. 
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   These studies hint at the existence of more than one endogenous biosynthetic pathway 

for 1-butanol production in S. cerevisiae. Thus, identifying these pathways and 

optimizing them for butanol production may lead us a few steps closer to constructing an 

industrially competitive S. cerevisiae strain.  

5.6 2,3-butanediol as an alternative product of fermentation 

    Besides ethanol and butanol, S. cerevisiae can naturally synthesize other chemicals of 

industrial interest. Butane-2,3-diol, more commonly known as 2,3-butanediol (2,3-BDO) 

is a minor byproduct of alcoholic fermentation in S. cerevisiae that has a number of 

industrial applications. 2,3-BDO is a 4 carbon odorless alcohol with a molecular mass of 

90.12 g/mol that has three stereoisomers: D-(-)/-R,R-2,3-BDO, L-(+)-/S,S-2,3-BDO, and 

the optically inactive R,S-2,3-BDO (Figure 5.4 A) (Celińska and Grajek, 2009 ). 

5.6.1 Industrial applications of 2,3-butanediol 

    2,3-BDO is an example of a platform chemical: a compound that serves as the precursor 

for the synthesis of chemical products of interest. There are three main products that can 

be manufactured from 2,3-BDO. Methyl ethyl ketone (2-butanone) results from the 

dehydration of 2,3-BDO (Tran and Chambers, 1987) and it is used as a solvent for 

lacquers and resins (Villet, 1981), as well as glues and printing inks (National Center for 

Biotechnology Information [NCBI], 2020). Diacetyl (2,3-butanedione) is made by the 

dehydration of 2,3-BDO, and it is used as a flavourant in the food industry to confer a 

buttery flavour to products (Bartowsky and Henschke, 2004; Halligan, 2017) as well as 

serving as an antimicrobial additive (Jay, 1982). 1,3-butadiene is another product that 

results from the dehydration of 2,3-BDO (Liu et al., 2016), and it is used in the 

manufacturing of synthetic rubber polymers (Qi et al., 2019).     
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Figure 5.4. 2,3-butanediol isomers and their biosynthesis in S. cerevisiae. A) Structure 

of the three 2,3-butanediol isomers. B) Biochemical pathways leading to the synthesis of 

2,3-butanediol in S. cerevisiae. Enzymes involved in each reaction are pyruvate 

decarboxylase (Pdc1p), butanediol dehydrogenase (Bdh1p and Bdh2p), acetolactate 

synthase (Ilv2p). Nicotineamide dinucleotide (NADH/NAD+) is the cofactor used by 

Bdh1p. 
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    2,3-BDO itself has a number of potential applications in fuel technologies: it’s energy 

content of 27.2 MJ/mg is lower than butanol (36.1 MJ/kg), but it is similar to that of 

ethanol (29.7 MJ/kg) (Flickinger, 1980), indicating that it may perform at a similar level 

to the 2-carbon alcohol. Finally, due of its low freezing point of -60°C, S,S-2,3- BDO is 

a potential cryoprotectant agent for a number of applications including the clinical 

preservation of organs for transplants (Garg and Jain, 1995; Soltys et al., 2001). 

5.6.2 2,3-butanediol biosynthesis in S. cerevisiae 

    2,3-BDO is produced in small quantities during alcoholic fermentation in S. cerevisiae 

by three known reaction pathways that convert pyruvate and acetaldehyde into either R- 

or S-acetoin (Figure 5.4 B). The final step involves the stereospecific reduction of acetoin 

isomers into R,R-2,3-BDO or R,S-2,3-BDO catalyzed by the NADH-dependent Bdh1p 

(González et al., 2000). Since this last reaction always yields a 2,3-BDO isomer 

corresponding to a specific acetoin isomer, it means that the activities of the pathways 

leading to acetoin formation should dictate how much of each R- or S- isoform is 

synthesized.  

    The three pathways that yield acetoin start with “active” acetaldehyde, which is an 

acetaldehyde-thiamine pyrohosphate (ThPP) complex that forms during decarboxylation 

of pyruvate by Pdc1p (Romano and Suzzi, 1996). Acetaldehyde-ThPP can react with 

three different molecules to yield acetoin (Figure 5.4 B): 1) pyruvate and acetaldehyde-

ThPP can be converted into α-acetolactate by Ilv2p, which can then be spontaneously 

decarboxylated into diacetyl in the presence of oxygen, or by an α-acetolactate 

decarboxylase. Finally, diacetyl is reduced to acetoin by Bdh1p or Bdh2p. It is important 

to note that this pathway is highly inefficient in S. cerevisiae because Ilv2p localizes in 

the mitochondria where it catalyzes the first reaction involved in isoleucine and valine 
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biosynthesis (Falco et al., 1985). 2) Acetyl-CoA and acetaldehyde-ThPP can be 

condensed into diacetyl by the diacetyl synthetase enzyme, and then reduced to acetoin 

by diacetyl reductase (Romano and Suzzi, 1996). 3) Condensation of acetaldehyde-ThPP 

with free acetaldehyde by Pdc1p produces either R- or S- acetoin, bypassing diacetyl as 

an intermediate (Chen and Jordan, 1984). 

5.6.3 Native bacterial 2,3-butanediol producers 

    Reports of experiments on microbial fermentation for the industrial-scale production 

of 2,3-BDO were reported as early as 1906, when Harden and Walpole used Klebsiella 

pneumoniae to produce it from glucose in anaerobic conditions (Harden and Walpole, 

1096). Later in 1926, H. Donker reported 2,3-BDO production from Bacillus polymyxa 

in his doctoral dissertation (Donker, 1926). Pilot industrial-scale fermentations were later 

implemented during World War II due to the demand for 1,3-butadiene for rubber 

production (Blackwood et al., 1949; Ledingham and Neish, 1954), but like the 

contemporary 1-butanol fermentation attempts, they were abandoned after the availability 

of more economic petrochemical approaches. Then again, the current need for an 

alternative to petroleum-based chemical products and fuels has led to a renewed interest 

in microbial fermentation of 2,3-BDO.   

    Currently, among the most efficient bacterial 2,3-BDO producers known are members 

of the Enterobacteriaceae family, as well as Bacillus polymyxa which belongs to the 

Paenibacillaceae family (Celińska and Grajek, 2009). These bacteria synthesize 2,3-

BDO by the same α-acetolactate pathway present in S. cerevisiae (Figure 5.4 B), except 

they have enzymes that are able to catalyze these reactions more efficiently and are not 

separated by membrane-bound organelles as in the yeast acetolactate synthase Ilv2p. 

Unlike S. cerevisiae, bacterial 2,3-BDO producers have cytosolic α-acetolactate (alsS) 
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synthase enzymes, and α-acetolactate decarboxylase (alsD) which can readily convert the 

acid into acetoin instead of depending on its oxygen-dependent spontaneous 

decarboxylation (Jansen et al., 1984; Sablayrolles and Goma, 1984). Additionally, B. 

polymyxa and Klebsiella oxytoca can ferment 2,3-BDO from hexose and pentose sugars 

(Maddox, 1996), a flexible trait that can be exploited to use cellulosic waste products as 

feed to reduce the cost and increase the sustainability of industrial fermentations. 

    Despite their natural capacity for 2,3-BDO production, the aforementioned species are 

not the best hosts for industrial fermentation because of their pathogenic nature. 

Nonetheless, their study has led to the discovery of the genes responsible for efficient 2,3-

BDO fermentation, which can then be expressed in model microorganisms to develop 

safe microbial 2,3-BDO factories.  

5.6.4 Metabolic engineering of S. cerevisiae for industrial production of 2,3-

butanediol  

    The current strategies employed to engineer S. cerevisiae for 2,3-BDO production 

involve improving α-acetolactate catabolism and removing metabolic pathways 

competing for pyruvate. For example, one strategy employed by Jiazhang Lian and 

colleagues to improve the conversion of α-acetolactate into diacetyl involved the 

construction of a non-mitochondrial S. cerevisiae α-acetolactate synthase (cytoILV2), the 

heterologous expression of alsD from Bacillus subtilis, and overexpression of the host’s 

BDH1 to efficiently reduce acetoin to R,R-2,3-BDO (Lian et al., 2014). In order to remove 

competing pathways, they disrupted ethanol fermentation by deleting PDC1, PDC5, and 

PDC6, which resulted in slower growth on glucose. In order to correct this defect, they 

overexpressed MTH1, a negative regulator of glucose sensing, to alleviate the effects of 

glucose repression on cell growth (Blázquez et al., 1995; Moriya and Johnston, 2004). 
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The resulting strain produced 100 g/l R,R-2,3-BDO in a fed-batch anaerobic fermentation 

with 10 g/l glucose and galactose (Lian et al., 2014).   

    In a more recent publication, Ye-Gi Lee and Jin-Ho Seo made some additions to the 

fermentation strategy to further improve 2,3-BDO yields in a polyploid strain of S. 

cerevisiae (Lee and Seo, 2019). In addition to deleting the PDC genes, they also deleted 

ADH1 to further impede ethanol fermentation. In order to correct the redox imbalance 

caused by these deletions, they overexpressed the Lactococcus lactis NADH oxidase 

noxE, an approach that was previously explored by the authors and another laboratory 

(Kim and Hahn, 2015; Bae et al., 2016).  This strain was able to accumulate 132 g/l 2,3-

BDO in a fed-batch fermentation using cassava hydrolysate as an inexpensive substrate. 

    These two examples show that S. cerevisiae is a flexible and capable host for 2,3-BDO 

fermentation with the potential to be used as a safe alternative to the native bacterial 

producers.  

5.7 Yeast cellular responses to butanol stress 

    One of the proposed strategies for increasing 1-butanol production in S. cerevisiae is 

improving its tolerance to the toxic effects of this alcohol. Although S. cerevisiae is one 

of the more resistant microbes used in bio-butanol research (Fischer et al, 2008), the 

cellular response to this fusel alcohol results in a decrease in cell growth and protein 

synthesis, thus impacting final product yields. As shown in the report by Swidah and 

colleagues in 2015, resistance to 1-butanol toxicity in S. cerevisiae leads to improvements 

in fusel alcohol production (Swidah et al., 2015). In order to design and propose solutions, 

the toxic effects of butanol and the response that yeast cells deploy against it must be 

characterized, and how they impact cell performance and survivability.  
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5.7.1  Butanol toxicity 

     The biological effects of 1-butanol and other organic solvents can be related to their 

hydrophobicity, which is the ability to interact and mix with nonpolar compounds and 

mixtures like the lipid bilayer in biological membranes. The degree of hydrophobicity 

can be estimated using a number of solvent-water partition coefficients, the octanol-water 

coefficient is one of the more relatable to solvent toxicity (Isken and de Bont, 1998).  Due 

to their hydrophobic nature, solvents can penetrate and accumulate in biological 

membranes, disrupting the lipid bilayer structure and causing an increase in membrane 

fluidity, compromising its function as a barrier between the cell and its environment, as 

well as between intracellular compartments and the cytoplasm. This disruption leads to 

leaking of solutes from organelles and loss of electrochemical gradients key for their 

function. For example, mitochondrial membrane permeability (MMP) leads to loss of the 

H+ gradient in the intermembrane matrix, hindering the function of ATP synthase and 

compromising cell energy production. Solvent accumulation in mitochondrial 

membranes might also disrupt regulation of apoptosis because MMP is thought to be the 

irreversible step leading to programmed cell death (Kroemer et al., 2007).  

5.7.2 Cellular tolerance and responses to 1-butanol stress 

    Tolerance mechanisms to exogenous solvents have been extensively studied in bacteria 

in the context of biofuel production and bioremediation, and some of them have been 

identified. These include expression of efflux pumps to remove the toxic substance, 

modification of lipid content in the plasma membrane to minimize structural disruption, 

activity of heat shock proteins (HSP) to prevent protein aggregation and a general 

transcriptional response of stress-related genes (Dunlop, 2011; Mukhopadhyay 2015).  

On the other hand, the solvent-tolerance mechanisms in S. cerevisiae have been mostly 

studied in the context of ethanol toxicity (Stanley et al., 2010). Because ethanol and 
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butanol are both alcohols, they probably have similar toxicity mechanisms and elicit 

similar responses on yeast, but the differences in their chemical structures seem to have 

an impact on their toxicity.  

     A study in 2013 generated a butanol tolerant strain of S. cerevisiae by exposing a series 

of batch cultures to increasing concentrations of 2-butanol up to 3% v/v. Proteomic 

analysis of the resulting strain revealed up-regulation of proteins involved in 

mitochondrial function (21 of the 34 up-regulated proteins), general stress response 

(Hsp42p) and glycerol synthesis (Hor2/Gpp2p). The authors suggested that the amount 

of up-regulated mitochondrial proteins could mean that this organelle has a central role 

in yeast butanol tolerance (Ghiaci et al., 2013).  

     One of the immediate cell responses to 1-butanol in yeast is the inhibition of global 

protein synthesis by blocking the activity of the guanine nucleotide exchange factor 

(GEF) eIF2B through its γ subunit Gcd1p, hence impeding the recycling of GTP-eIF2 

required to form the GTP, eIF2, Met-tRNAi
Met ternary complex and limiting translation 

initiation (Ashe et al., 2001). It is important to note that this mechanism is independent 

of the phosphorylation of eIF2α by Gcn2p observed in translation inhibition by amino 

acid starvation (Hinnebusch, 2000), suggesting that 1-butanol could serve as a metabolite 

that provides an alternative signal to poor nitrogen availability in the environment, 

allowing yeast cells to quickly change their translational programme. 

     A key point mutation of serine to proline in the residue 180 of Gcd1p has been reported 

to be associated with a butanol-resistant phenotype in S. cerevisiae (Taylor et al., 2010). 

This discovery opens the possibility of the engineering of resistant strains for industrial 

1-butanol production. The hypothesis has been tested by the Ashe laboratory in a study 

that involved measuring 1-butanol production in semi-anaerobic fermentation in a 
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butanol-resistant W303-1A S. cerevisiae strain harboring a number of genetic 

modifications including 5 genes from the ABE pathway, deletion of ADH1 and 

constitutive expression of ALD6 and ACS2. This butanol-producing strain was able to 

yield up to 300 mg/ml 1-butanol, a value 1.5 to 2-fold higher than a sensitive strain 

harboring the same genetic modifications (Swidah et al., 2015). This study showed the 

importance of understanding resistance mechanisms, and how this resistance can improve 

yields of metabolites of interest. 

5.7.3  Metabolic state and quorum-sensing 

     The study of the cell response to butanol toxicity has been carried out by exogenous 

addition of this alcohol, but it is important to remember that yeast cells can naturally 

produce 1-butanol through the Ehrlich pathway and the endogenous threonine catabolism 

pathway. If so, what is the impact of endogenous butanol yeast physiology? 

       Aliphatic and aromatic fusel alcohols are produced in yeasts during amino acid 

catabolism when nitrogen is limiting in the culture media (Chen and Fink, 2006), and it 

has been demonstrated that they can induce morphogenetic responses in yeast. Quorum-

sensing is a regulatory mechanism discovered in bacteria that allows populations to 

change their behavior as a group in response to population density, resulting in the 

induction of processes including biofilm formation and morphogenetic responses related 

to virulence (Fuqua et al., 1994). A quorum-sensing mechanism mediated by farnesol was 

discovered in the human pathogen Candida albicans, a dimorphic fungus that grows as 

filaments of pseudohyphae at low populations or as yeast colonies at higher populations 

(Hornby et al., 2001). A similar response can be seen in S. cerevisiae where addition of 

fusel alcohols induces filamentation of yeast cells (Dickinson, 1996). Later studies 

demonstrated quorum-sensing mechanisms in S. cerevisiae, where endogenous 
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phenylethanol and tryptophol were able to induce filamentation of diploid cells and 

invasive growth of haploid cells in nitrogen-limiting conditions (Chen and Fink, 2006), 

supporting the hypothesis that aromatic and aliphatic alcohols serve as regulatory 

molecules that can activate cellular responses to changes in nutrient availability and cell 

density.  

5.8  The pseudohyphal response in Saccharomyces cerevisiae 

   As briefly mentioned in the previous section, one of the most striking and complex 

responses to butanol stress observed in S. cerevisiae is a dimorphic transition from free 

budding yeasts to elongated chains of connected yeast cells called pseudohyphae in 

response to nutrient scarcity. This pseudohyphal growth is a complex morphogenetic 

adaption traditionally associated with nutrient depletion in the environment, and it is 

thought to allow colonies of immobile cells to extend their reach into their environment 

and forage for nutrients when their local available resources are depleted. 

     This shift from free yeasts to pseudohyphal growth involves a series of cellular 

changes including elongation of cell bodies caused by a delay in the G2/M transition of 

the cell cycle (Sung-Hee et al., 1999), a change in the budding pattern from bipolar or 

axial in diploid and haploid cells respectively, to unipolar (Lorenz et al., 2000; Cullen and 

Sprague, 2002), and enhanced cell-cell and cell-substrate adhesion granted by increased 

expression of the cell wall flocculin FLO11 (Wan-Sheng and Dranginis, 1998; Palececk 

et al., 2000). There are slight differences in how this response is induced between haploid 

and diploid cells and how they display the pseudohyphal phenotype in agar cultures. In 

diploids, pseudohyphal growth is characterized by chains of cells that extend along the 

surface of the agar and is induced by growing cells in a substrate low in nitrogen and high 

in carbon. On the other hand, haploid cells are known for their invasive growth 
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characterized by the extension of pseudohyphal chains into the agar when cells are grown 

in rich media.  

    Despite the aforementioned differences, filamentous growth in haploid and diploid 

cells of S. cerevisiae is regulated by the same nutrient sensors, signal transduction 

pathways, and effectors. Some of these signal transduction pathways are shared with other 

dimorphic yeast species such as the human pathogen Candida albicans, which undergoes 

the transition from yeast to fully hyphal in response to changes in temperature and 

chemical signals specific to human blood, driving tissue invasion and eventual systemic 

infection (Sudbery, 2011; Polvi et al., 2015).  

5.8.1 Signaling pathways involved in yeast filamentation 

    The ability to coordinate a complex morphogenetic response requires specialized 

cellular machinery that can sense the relevant stimuli and transduce the sensing event into 

signals able to interact and engage with intracellular effectors that respond to the stimulus. 

In S. cerevisiae there is not one, but at least four known signal transduction pathways that 

regulate filamentous growth in response to nutrient availability and other chemical 

signals. These pathways include the filamentous mitogen-activated protein kinase 

cascade (fMAPK), the rat sarcoma (RAS)/cAMP/ protein kinase A (PKA) pathway, 

AMP-dependent kinase Snf1p, and the target of rapamicyn (TOR) pathway (Cullen and 

Sprague Jr., 2012). 

5.8.2 Filamentous Mitogen-Activated Protein Kinase pathway 

    MAPK pathways are a group of related transduction pathways conserved among 

eukaryotic organisms that consist of a series of three sequential serine-threonine protein 

kinases that mediate the key cellular response to numerous extracellular signals, including 

cell differentiation, stress responses, cell proliferation, and apoptosis (Widmann et al., 
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1999; Morrison, 2012). There are five MAPK pathways described in S. cerevisiae, each 

involved in maintenance of cell wall integrity, the high osmolarity glycerol (HOG) 

response, haploid cell mating, and the filamentous response (Chen and Thorner, 2007; 

Molina et al., 2010). Although some of the pathways share a core set of enzymes: Cdc42 

(RHO GTPase), Ste20p (MAP4K), Ste11p (MAP3K), and Ste7p (MAP2K), each of them 

is able to sense and modulate a different cellular response to specific stimuli. This 

specificity is achieved by the engagement of different plasma membrane receptors and 

cytoplasmic scaffold proteins for each pathway that recruit the required MAPK enzymes 

to the site of activation, resulting on the efficient and specific activation of the pathway-

specific MAPK effectors. For instance, in the pheromone MAPK pathway and the HOG 

pathway, the scaffolding proteins Ste5p and Pbs2p recruit different members of the 

MAPK cascade, leading to the phosphorylation of the MAP kinases Kss1p/Fus3p and 

Hog1p, respectively. 

    The filamentous MAPK (fMAPK) pathway mediates pseudohyphal growth in response 

to glucose or nitrogen limitation in the environment sensed by three membrane proteins: 

Msb2p, Sho1p, and Mep2p (Figure 5.5). Msb2p is activated by the proteolytic cleavage 

of its inhibitory glycodomain by Yps1p (Vadaie et al., 2008), which then leads to 

Msbp2p’s association with the HOG-related osmosensor Sho1p (Cullen et al., 2004). 

Msb2p and Sho1p are known to interact with Cdc42p and Cdc24p, respectively. Thus, 

the active Msb2/Sho1p interaction brings the RHO GTPase/GDP-GTP exchange factor 

pair close together, localizing them to the source of the extracellular signal and 

committing the first enzymatic steps of the core MAPK pathway cascade to the 

filamentous response (Cullen et al., 2004; Vadaie et al., 2008).   

    Experimental data has also identified the plasma membrane ammonium transporter 

Mep2p as an inducer of the fMAPK pathway in low ammonium media (Lorentz and  
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Figure 5.5. Summary of the Filamentous MAPK pathway in S. cerevisiae. Diagram 

depicts the proteins involved in nutrient sensing and activation of the filamentous 

Mitogen Activated Protein Kinase cascade, and the resulting activation of the Tec1p-

Ste12p heterodimeric transcription factor. 
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Heitman, 1998; Rutherford et al., 2008; Brito et al., 2020). Although the mechanisms 

behind how the Mep2p-dependent signal is relayed to the downstream fMAPK cascade 

remain unknown, it is of no surprise that a membrane transporter would be involved in 

nitrogen sensing. 

    Additionally, the Ras2p GTPase is known to participate in the Cdc42p activation of the 

fMAPK pathway (Mösch et al., 1999). Ras2p participates in the RAS/cAMP/PKA 

pathway that regulates cell growth and differentiation in response to glucose, indicating 

a potential point for crosstalk between both pathways (Fink and Mösch et al., 1999; 

Chavel et al., 2010). Active Cdc42p is able to de-repress Ste20p, the first kinase in the 

cascade. Ste20p then readily phosphorylates the next kinase: Ste11p, thanks to the 

anchoring action of the adaptor protein Ste50p. Ste11p then phosphorylates Ste7p, which 

in turn activates the final kinase in the cascade: Kss1p. The activated MAPK then 

phosphorylates the transcription factors Ste12p and Tec1p, which together form an active 

heterodimer that is able to induce transcription of genes involved in the filamentous 

response, including the mucin FLO11 and the cyclin CLN1. 

5.8.3 RAS/cAMP/Protein Kinase A pathway 

    The RAS/cAMP/PKA pathway is one of the main signaling pathways that coordinates 

cell function in response to glucose availability by using cAMP, synthesized by yeast 

adnenylate cyclase Cyr1p, as a second messenger to activate Protein Kinase A (Gancedo 

J., 2008). In S. cerevisiae, two glucose-responding GTPases activate Cyr1p: Gpa2p and 

Ras2p. 

    Gpa2p is the α-subunit of the heterotrimeric G protein complex 

Gpa2p/Gpb1/2p/Gpg1p, a regulatory complex bound to the cytoplasmic side of the G-

coupled receptor Gpr1p (Xue et al., 1998). When extracellular glucose is sensed by Gpr1p 
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(Thevelein and Voordeckers, 2009), a GDP-GTP exchange occurs in the α-subunit 

Gpa2p, activating it and resulting in the dissociation of the β and γ subunits Gpb1p and 

Gpg1p, thus allowing GTP-bound Gpa2p to interact with and activate Cyr1p (Figure 5.6). 

   On the other hand, Ras2p is a monomeric GTPase that is thought to respond to 

intracellular glucose and active glycolysis, as revealed by its activation by the 

phosphorylation of glucose by yeast hexokinases and glucokinase (Colombo et al., 2004). 

The exact mechanisms of how glucose-6-phosphate induces Ras2p activation are not 

known, but it is clear that the active and inactive states of Ras2p are controlled by the 

opposite action of Ira1p/Ira2p and Cdc25/Sdc25. Ira1/Ira2p are GTPase activating 

proteins (GAP) that negatively regulate Ras2p by stimulating hydrolysis of its GTP into 

GDP, switching it into its inactive state (Tanaka et al., 1990). Cdc25 is Ras2p’s guanine 

exchange factor (GEF) and is able to reactivate Ras2p by switching it into its GTP-bound 

state (Jones et al., 1991; Boy-Marcotte et al., 1996). Together, Gpa2p and Ras2p activate 

Cyr1p to produce an intracellular peak of cAMP (Gimeno et al., 1992). This second 

messenger induces the activation of PKA enzymes by binding to their regulatory subunit 

Bcy1p, allowing the release of the catalytic subunits Tpk1p, Tpk2p, and Tpk3p which in 

turn phosphorylate a number of target proteins to stimulate cell growth in the presence of 

glucose (Toda et al., 1987; Budovskaya et al., 2005). 

    Among the Tpk2p targets are two transcription factors involved in the expression of 

the pseudohyphal response: Flo8p and Slf1p. When phosphorylated by Tpk2p, Flo8p is 

able to induce the transcription of FLO11 through the Flo8p/Mss11p heterodimer, leading 

to the enhanced cell-cell adhesion of the pseudohyphal response (Pan and Heitman, 1999; 

Kim et al, 2014). 
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Figure 5.6. Summary of the RAS/cAMP/Protein Kinase A pathway involved in yeast 

pseudohyphal growth. Diagram shows the proteins involved in sugar sensing and 

activation of the RAS/cAMP/PKA signaling pathway resulting in the induction of the 

yeast filamentous response. G6P stands for glucose-6-phosphate. 
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    During pseudohyphal growth of diploid strains of S. cerevisiae, the catalytic subunits 

of PKA have distinct roles in the induction of this morphogenetic response. Studies have 

revealed that Tpk2p acts as a positive regulator of the pseudohyphal response, while 

Tpk3p has no role, and Tpk1p acts as a negative regulator by blocking the action of Yak1p 

on Sok2p, an inhibitor of the transcription factor Phd1p (Pan and Heitman, 1999; Cullen 

and Sprague, 2012) (Figure 5.6). 

Sfl1p is a transcriptional repressor of yeast pseudohyphal growth, whose interaction with 

the FLO11 promoter is prevented when phosphorylated by Tpk2p (Robertson and Fink, 

1998; Pan and Heitman, 2002). In summary, Flo8p and Sfl1p work as a duo of positive 

and negative regulators of FLO11 whose active states are modulated by Tpk2p 

phosphorylation.  

5.8.4 SNF1/AMP-dependent Kinase pathway 

    The AMP-dependent Kinase (AMPK), or SNF1 pathway in S. cerevisiae, modulates 

multiple cellular responses to glucose depletion, including the recovery from global 

translation inhibition (Ashe et al., 2000), the general stress response (Mayordomo et al., 

2002), resistance to iron toxicity (Li et al., 2017), the expression of glucose-repressed 

genes (Hedbacker and Carlson, 2009), and both diploid pseudohyphal growth and haploid 

invasive growth (Cullen and Sprague, 2000; Kuchin et al., 2002). 

    The core kinase in the SNF1 pathway of S. cerevisiae is a heterotrimer composed of 

the serine/threonine kinase alpha subunit Snf1p and two regulatory subunits: the 

activating gamma subunit Snf4p, and a tethering beta subunit that can be either Sip1p, 

Sip2p, or Gal83p (Amodeo et al., 2010; Hardie, 2007) (Figure 5.7). Research has found 

evidence that the beta subunit defines the subcellular localization and specific functions 

of the SNF1 heterotrimer (Vincent et al., 2001). For instance, Gal83p is required for  
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Figure 5.7. Summary of the SNF1 pathway involvement in the yeast filamentous 

response. The Glc7p/Reg1p heterodimer keeps Snf1p dephosphorylated when glucose is 

abundant. When glucose is depleted, Snf1p is phosphorylated by Elm1p, Sak1p, and 

Tos3p, resulting in downstream phosphorylation of Nrg1p and Nrg1p, two repressors of 

FLO11 transcription.  
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growth in non-fermentable carbon sources (Schmidt and McCartney, 2000), while Sip2p 

is involved in cell lifespan during nutrient deprivation (Ashrafi et al., 2000). In particular, 

the beta subunits Gal83p and Sip2p are involved during induction of pseudohyphal genes 

by the SNF1 pathway by directing the complex towards Nrg1p and Nrg2p, two negative 

transcriptional regulators of FLO11 (Kuchin et al., 2002; Vyas et al., 2005) (Figure 5.7). 

    Activity of the SNF1 complex is regulated by the phosphorylation state of threonine 

T210 in the activation loop domain of Snf1p (McCartney et al., 2016). When glucose is 

present, Snf1p is kept inhibited by the action of the PP1 phosphatase Glc7p, led by its 

regulatory partner Reg1p (Tu and Carlson, 1995). When glucose concentration falls, 

activation of Snf1p is achieved by two mechanisms: direct phosphorylation of T210 by 

SNF1-activating kinases Sak1p, Tos3p, and Elm1p (Nath et al., 2003; Hong et al., 2003), 

and increased resistance to Glc7p-dependent dephosphorylation due to ADP binding to 

Snf1p, resulting in conformational changes that restrict access of Glc7p to the activation 

loop (Rubenstein et al., 2007; Mayer et al., 2011). Active Snf1p is then able to 

phosphorylate a series of target proteins depending on its bound beta subunit. As 

mentioned above, Gal83p directs the complex towards Nrp1 and Nrp2p, relieving their 

suppressing effect on FLO11 (Figure 5.7). 

5.8.5 Target of Rapamycin (TOR) pathway 

    TOR is a kinase signal transduction pathway widely conserved among eukaryotes that 

modulates cellular processes in response to amino acid and nitrogen presence, including 

cell growth, differentiation, ribosome biogenesis, and autophagy (González and Hall, 

2017). The S. cerevisiae TOR pathway is characterised by two different protein 

complexes (TORC) formed by one of the main kinase isoforms Tor1p and Tor2p, and the 

proteins Lst8p and Kog1p. Of these complexes, only TORC1 is sensitive to rapamycin, 
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which inhibits its kinase activity by forming a complex with yeast prolyl isomerase Fpr1p 

and then binding to the complex (Loewith and Hall, 2011).     

    There is evidence that links TOR pathway function to the nutrient-dependent yeast 

pseudohyphal growth. A study by Cutler and colleagues found that rapamycin inhibits 

pseudohyphal growth and proposed a model that involves TOR-mediated 

phosphorylation of the regulatory protein Tap42p, which then forms a complex with the 

Sit4p phosphatase (Cutler et al., 2001). The association of Tap42p and Sit4p keeps the 

latter inactivated (Figure 5.8). As a result, Gcn2p, one of the targets of Sit4p, becomes 

active and phosphorylates eIF2α, the regulator of global transcription initiation under 

nitrogen starvation. Concomitant expression of the transcriptional regulator encoded by 

GCN4 results in the translation induction of a series of genes in response to amino acid 

starvation, including FLO11, thus leading to the filamentous response (Song and Kumar, 

2012; Braus et al., 2003) (Figure 5.8).   
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Figure 5.8. Summary of the TOR signaling cascade leading to the filamentous 

response in S. cerevisiae. Activation of TOR by amino acid starvation results in a 

phosphorylation cascade leading to the expression of the amino acid stress transcription 

factor Gcn4p, which in turn induces the transcription of FLO11. 
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5.8.6 Butanol-induced filamentation  

     Interestingly, some studies suggest that the filamentous response induced by 1-butanol 

might be independent of the aforementioned nutrient-sensing pathways. A study 

evaluating alcohol-induced filamentation in S. cerevisiae strains showed that both 1-

butanol and ethanol induced pseudohyphal growth in strains harboring null mutations in 

Gpa2p, Gpr1p and Mep2p, indicating that both alcohols can induce the activation of these 

pathways independent of the nutrient concentrations in the media (Lorenz et al., 2000). 

However, null mutations in downstream proteins of the fMAPK pathway (Ste7p, Ste11p, 

Ste12p, and Tec1p) prevented alcohol-induced filamentation, indicating that elements of 

this pathway are still required. The same study also identified mutations in mitochondrial 

genes (CHD1, MSM1 and MRP21) that blocked butanol-induced filamentation, 

suggesting a possible role of mitochondria in the cellular response to this fusel alcohol 

(Lorentz et al., 2000). 

     If the traditional filamentous regulatory pathways are not required for butanol-induced 

filamentation, then which are the pathways involved in this specific response? Some 

authors have attempted to shed light into this question using proteomic and transcriptomic 

approaches to screen for genes or groups of genes that show differential expression under 

butanol treatment as outlined in the following sections. 

5.8.7 Novel signaling pathways: the role of mitochondria 

     There is a growing body of evidence that links mitochondria as signaling organelles 

in the fusel alcohol response of S. cerevisiae. First, research in 2004 found that 

filamentation induced by isoamyl alcohol was accompanied by an increase in the activity 

and number of mitochondria, compared to untreated cells (Kern, et al. 2004). Since this 

increase was immediate, the authors concluded that this phenomenon occurs by 
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conservation of organelles, rather than biogenesis. Later, other authors demonstrated that 

mitochondrial DNA integrity is required for yeast filamentation (Kang and Jiang, 2005), 

and identified several mitochondrial genes involved in filamentation through differential 

genome-wide analysis (Jin et al., 2008).  

     Further studies in mitochondrial function established a relationship between high 

mitochondrial transmembrane potential at the tip of the elongating yeast cells and their 

capacity to undergo filamentous growth when exposed to butanol (Starovoytova et al., 

2013). Because loss of mitochondrial transmembrane potential induces activation of the 

mitochondrial retrograde (RTG) pathway (Miceli et al., 2012), the authors suggested that 

this pathway might have a role in filamentation. Indeed, Starovoytova and colleagues 

tested this hypothesis by individually deleting the key pathway genes RTG1, RTG2 and 

RTG3 in a series of W303 derived S. cerevisiae strains, which resulted in a decrease in 

butanol-induced cell elongation for any of the gene deletions.   

     Another study done by a different group reported similar results (González et al., 

2017). Deletion of any of the three main RTG pathway genes resulted in reduced ethanol-

induced filamentation in ∑1278b S. cerevisiae strains. They also reported that deletion of 

one of the regulatory genes in any of the PKA (RAS2), AMPK (TPK2, TPK2 and TPK3), 

Snf1p, and MAPK (STE11) did not prevent ethanol-mediated filamentation. Butanol-

induced filamentation was also insensitive to the same gene deletions, suggesting the 

involvement of other regulatory pathways such as RTG.      

5.9 Aims and objectives of the project 

     So far, no studies have explored the filamentous stress response in butanol-producing 

S. cerevisiae strains. All of the published studies use exogenously added 1-butanol to 

induce filamentation (1% v/v), but there are no reports of pseudohyphal growth induced 
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by endogenous butanol. Characterizing the filamentation response to endogenous butanol 

can give us insight into the physiological mechanisms that allow yeast cells to adapt and 

tolerate increasing concentrations of biofuels. With this insight, new strategies for genetic 

engineering of tolerant strains can be designed and their performance on butanol 

production can be assessed.    

     Hence, the aim of this project will be to characterize in detail the phenotypical 

response of a filamentous strain of S. cerevisiae to endogenous 1-butanol and assess the 

ability of this filamentous strain to accumulate 1-butanol during anaerobic fermentations.  

    With the objective of developing high throughput tools to quickly screen for potential 

1-butanol producing strains, the first group of experiments aimed to design and construct 

a set of fluorescent biosensors able to respond to the presence of 1-butanol in yeast cells.  

    In order to induce endogenous 1-butanol biosynthesis in the ∑1278b filamentous strain, 

the ADH1 gene was deleted and the resulting phenotype and physiological response to 1-

butanol stress was assessed. 1-butanol accumulation during anaerobic fermentation was 

measured and compared to a non-filamentous strain of S. cerevisiae. 

    During the course of this project, attention was given to the potential role of 

acetaldehyde accumulation during endogenous 1-butanol production. Thus, a second 

objective of the project was to attempt to improve 1-butanol production by overexpressing 

ALD6 and ACS2 with the goal of reducing the levels of intracellular acetaldehyde.  

    The final objective of this project was to use RNA-seq methods to look at the 

transcriptomic response in the constructed 1-butanol-producing strains in search of 

potential genes behind the fermentation performances of each strain. 
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6. Materials and Methodology 

6.1 Culture conditions 

6.1.1.  Saccharomyces cerevisiae strains used and growth conditions 

    The Saccharomyces cerevisiae strains used in this project derive either from either the 

∑1278b or the W303-1A strain background, and are listed in Table 6.1. Cells were 

routinely cultured at 30°C with agitation at 180 rpm in a shalking incubator on yeast 

extract peptone dextrose (YPD) media (2% w/v Bacto Peptone, 2% w/v D-glucose, 1% 

w/v Yeast Extract and 0.167 mg/ml tryptophan), or on synthetic complete defined (SCD) 

media (0.17% w/v Yeast nitrogen base, 2% w/v D-glucose, 0.5% w/v ammonium 

sulphate, and supplemented with 0.02 mg/ml arginine, methionine, 0.06 mg/ml tyrosine, 

lysine and isoleucine, 0.05 mg/ml phenylalanine, 0.01 mg/ml glutamic and aspartic acid, 

0.004 mg/ml serine, 0.0015 mg/ml valine and 0.002 mg/ml threonine, 0.2% w/v 

tryptophan, histidine-HCl, adenine sulphate, uracil, and 0.6% w/v leucine). For induction 

of Cre endonuclease activity, YP medium was prepared as stated, except D-glucose was 

replaced with 2% w/v D-galactose. When growing cells in solid media, agar was added 

to the mixture at 2% w/v. When preparing selection media for a strain carrying a specific 

auxotrophic marker or plasmid, the appropriate supplement was excluded from the media. 

Sporulation of diploid cells was carried out in solid media composed of 1% w/v potassium 

acetate, 0.1% w/v Yeast Extract, 0.05% w/v D-glucose, 0.2% w/v tryptophan, histidine-

HCl, adenine sulphate, uracil, and 0.6% w/v leucine.  All media was prepared in sterilised 

distilled water (SDW). 

6.1.2.  Antibiotic-based selection media 
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     25 mg/ml Antimycin A (Sigma) and 200 mg/ml nourseothricine stock solutions were 

stored at -20°C. Powdered Hygromycin B (Sigma) was stored at 4°C, and solutions were 

prepared with sterile distilled water. Hygromycin B (HygB), Antimycin A (AntA), and  

Table 6.1. Saccharomyces cerevisiae strains used in this study 

Strain 

name 

Abbreviation Genotype Source 

yMK7 Sa WT MATa, leu2::hisG, his3::hisG, trp1::hisG, ura3-52 Ashe lab. 

yMK12 Sd WT MATa/MATα, leu2::hisG/ leu2::hisG, his3::hisG/ 

his3::hisG, trp1::hisG/ trp1::hisG, ura3-52/ ura3-

52 

Ashe lab. 

yMK13 Sa ste7 MATα, leu2::hisG, his3::hisG, trp1::hisG, ura3-

52, ste7::ura 

Ashe lab. 

yMK14 Sd ste7 MATa/MATα, leu2::hisG/ leu2::hisG, his3::hisG/ 

his3::hisG, trp1::hisG/ trp1::hisG, ura3-52/ ura3-

52, ste7::ura/ ste7::ura 

Ashe lab. 

yMK23 Wa WT MATa, ade2-1, his3-11, 15, leu2-3, 112, trp1-1, ura3-

1, can1-100  

Ashe lab. 

yMK50 Sst1 MATa, sst1 Ashe lab. 

yMK50 Sst2 MATα, sst2 Ashe lab. 

yMK467 Wa ADE MATa, ADE2, his3-11, 15, leu2-3, 112, trp1-1, ura3-1, 

can1-100, GCD1-P180 

Ashe lab. 

yMK673 Sα WT MATα, leu2D::hisG, his3D::hisG, trp1D::hisG, ura3-

52 

Ashe lab. 

yMK880 W GCD-GFP MATa, ADE2, his3-11, 15, leu2-3, 112, TRP1, ura3-1, 

can1-100, GCD1-P180-GFP::G418 

Ashe lab. 

yMK2227 W adh1d + 

5g 

MATα GCD1‐P180, ade2‐1, his3‐11,15, leu2‐3,112,  

trp1‐1, ura3‐1::TDH3p‐hbd‐Flag2‐CYC1t‐LEU2, 

TDH3p‐adhe2-Flag2‐CYC1t‐URA3, TDH3p‐ERG10‐

Flag2‐CYC1t‐KanMX4,TDH3p‐crt‐Flag2‐CYC1t‐  

TRP1,  TDH3p‐ccr‐Flag2‐CYC1t‐HIS3,  

adh1Δ::ADE2, TDH3p‐ALD6‐Flag2‐CYC1t‐TEF1p‐

ACS2‐Flag2 ADH1t‐hphNT1, adh1Δ::ADE2 

Swidah et 

al., 2015 
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yMK2633 W adh1d + 

A6A2 

MATa, ade2-1, his3-11, 15, leu2-3, 112, trp1-1, ura3-

1, can1-100, GDC1-P180, adh1::ADE2 

ALD6.ACS2::hphNT1 

Ashe lab. 

yMK2640 W adh1d MATa, adh1d::ADE2, his3-11, 15, leu2-3, 112, trp1-1, 

ura3-1, can1-100, GDC1-P180 

Ashe lab. 

yMK3183 Sa adh1d MATa, leu2D::hisG, his3D::hisG, trp1D::hisG, ura3-

52, adh1::loxLE-hphNT1-loxRE 

This 

study. 

yMK3247 GAC1-GFP MATa, ADE2, his3-11, 15, leu2-3, 112, trp1-1, ura3-

1, can1-100, GCD1-P180, GAC1-GFP, TRP1 

This 

study. 

yMK3248 GLC7-GFP MATa, ADE21, his3-11, 15, leu2-3, 112, trp1-1, ura3-

1, can1-100, GCD1-P180, GLC7-GFP, TRP1 

This 

study. 

yMK3249 BDH2-GFP MATa, ADE2, his3-11, 15, leu2-3, 112, trp1-1, ura3-

1, can1-100, GCD1-P180, BDH2-GFP, TRP1 

This 

study. 

yMK3250 RTS3-GFP MATa, ADE2, his3-11, 15, leu2-3, 112, trp1-1, ura3-

1, can1-100, GCD1-P180, RTS3-GFP, TRP1 

This 

study. 

yMK3301 Sa adh1d 

HygBs 

MATa, leu2D::hisG, his3D::hisG, trp1D::hisG, ura3-

52, adh1 

This 

study. 

yMK3308 Sd adh1d MATa/MATα, leu2D::hisG/ leu2D::hisG, his3D::hisG/ 

his3D::hisG, trp1D::hisG/ trp1D::hisG, ura3-52/ 

ura3-52, adh1::loxLE-hphNT1-loxRE::adh1::loxLE-

hphNT1-loxRE 

This 

study. 

yMK3348 Sa adh1d + 

A6A2 

MATa, leu2D::hisG, his3D::hisG, trp1D::hisG, ura3-

52, adh1, TDH3p-ALD6-Flag2-CYCt-TEF1p-ACS2-

Flag2-ADH1t-hphNT1 

This 

study. 

yMK3415 Wd WT MATa/MATα, ade2-1/ade2-1, his3-11, 15/ his3-11, 15, 

leu2-3, 112/ leu2-3, 112, trp1-1/ trp1-1, ura3-1/ ura3-

1, can1-100/ can1-100, GDC1-P180/ GDC1-P180 

This 

study. 

yMK3417 Wd adh1d MATa/MATα, adh1d::ADE2/ adh1d::ADE2, his3-11, 

15/ his3-11, 15, leu2-3, 112/ leu2-3, 112, trp1-1/ trp1-

1, ura3-1/ ura3-1, can1-100/ can1-100, GDC1-P180/ 

GDC1-P180 

This 

study. 

yMK3421 SHQ1-GFP MATa, ADE2, his3-11, 15, leu2-3, 112, trp1-1, ura3-

1, can1-100, GDC1-P180, SHQ1-GFP, TRP1 

This 

study. 

yMK3436 NRP1-GFP MATa, ADE2, his3-11, 15, leu2-3, 112, trp1-1, ura3-

1, can1-100, GDC1-P180, NRP1-GFP, TRP1 

This 

study. 

yMK3452 Sa pdc1d MATa, leu2D::hisG, his3D::hisG, trp1D::hisG, ura3-

52, pdc1:: loxLE-hphNT1-loxRE 

This 

study. 



66 

 

yMK3454 Wa pdc1d MATa, ADE2, his3-11, 15, leu2-3, 112, trp1-1, ura3-

1, can1-100, GDC1-P180, pdc1:: loxLE-hphNT1-

loxRE 

This 

study. 

yMK3461 Sd pdc1d MATa/MATα, leu2D::hisG/ leu2D::hisG, his3D::hisG/ 

his3D::hisG, trp1D::hisG/ trp1D::hisG, ura3-52/ 

ura3-52, pdc1:: loxLE-hphNT1-loxRE/ pdc1:: loxLE-

hphNT1-loxRE 

This 

study. 

yMK3556 Wa pdc5d MATa, ADE2, his3-11, 15, leu2-3, 112, trp1-1, ura3-

1, can1-100, GDC1-P180, pdc5:: loxP-natNT2-loxP 

This 

study. 

yMK3593 Sa pdc5d MATa, leu2D::hisG, his3D::hisG, trp1D::hisG, ura3-

52, pdc5:: loxP-natNT2-loxP 

This 

study. 

yMK3595 Sa pdc1,5d MATa, ADE2, his3-11, 15, leu2-3, 112, trp1-1, ura3-

1, can1-100, GDC1-P180, pdc1:: loxLE-hphNT1-

loxRE 

This 

study. 

yMK3607 Wa pdc1,5d MATa, ADE2, his3-11, 15, leu2-3, 112, trp1-1, ura3-

1, can1-100, GDC1-P180, pdc1:: loxLE-hphNT1-

loxRE, pdc5:: loxP-natNT2-loxP 

This 

study. 

 

nourseothricine were added to solid YPD at final concentrations of 300 µg/ml, 1 µg/ml, 

and 100 µg/ml respectively. 

6.1.3.  Escherichia coli strains used and growth conditions 

    DH5α background E. coli strains harboring the plasmids used in this project are listed 

in Table 6.2, and were grown at 37°C in a shaking incubator in Luria-Bertrani (LB) media 

(1% w/v Bacto Tryptone, 0.5% w/v Yeast extract and 2% w/v sodium chloride) 

supplemented with 0.1 mg/ml Ampicillin.  When grown in solid media, agar was added 

at 2% w/v.      
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6.1.4.  Cell density in liquid cultures 

Optical density (OD) was measured at 600 nm in a BioPhotometer plus (eppendorf) 

spectrophotometer, using the appropriate culture media as a blank. For heavily grown 

cultures samples were diluted 1:10 to give OD600 values <1.0. 

Table 6.2. Plasmids used in this study 

Plasmid Main features Bacterial strain Source 

pAS54 HO, URA3, CEN BMK116 Ashe lab. 

pYM26 yeGFP-STOP, klTRP1, AmpR BMK529 Janke et al. 

(2004). 

pBMH-

ALD6-

ACS2-

HYGR 

ALD6-Flag, ACS2-Flag, 

hphNT1, AmpR 

BMK671 Ashe lab. 

pZC2 loxP-natNT2-loxP BMK757 Carter and 

Delneri (2010). 

pZC3 loxLE-hphNT1-loxRE BMK834 Carter and 

Delneri (2010). 

pSH47 Cre, URA3 BMK863 Ashe lab. 

 

6.2. Nucleic acid manipulation and analysis 

6.2.1. Purification of plasmid DNA from bacteria 

    Plasmid DNA was extracted from 5 ml of bacterial cultures grown overnight using a 

QIAprep® Spin MiniprepKit (QIAGEN). The extraction was performed according to the 

instructions provided by the manufacturer of the kit, and the purified plasmid DNA was 

stored at -20°C.  
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6.2.2. Extraction of genomic DNA from yeast cells 

    Genomic DNA was extracted from 5 ml of yeast culture grown overnight by pelleting 

cells in a 4K15 centrifuge (Qiagen Sigma) at 4,000 rpm for 4 minutes. The supernatant 

was removed, and the pellet was resuspended in 1 ml EB solution (1 M sorbitol, 1 mM 

EDTA, 30 µM dithiothreitol [DTT]) and centrifuged in a Heraeus Biofuge Pico 

microcentrifuge at 13,000 rpm for 4 minutes. The resulting supernatant was removed by 

pipetting, and the cell pellet was resuspended in 500 µl EB solution containing 1mg/ml 

lyticase and incubated at 37°C to allow cell breakdown. After 1 hour, cell lysis was 

stopped by adding 55 µl of a stop solution (3 M NaCl, 100 mM Tris pH 7.5 and 20 mM 

EDTA). 

    Nucleic acid was then extracted using a phenol:chloroform-based approach. 500 µl of 

a 1:1 phenol:chloroform mixture was added to the cell lysate and mixed by vortexing. 

Then, the sample was centrifuged at 13,000 rpm for 2 minutes in a Centrifuge 5424 

(Eppendorf), and the top aqueous phase was transferred to a new microcentrifuge tube. 

The above step was repeated, and 400 µl of chloroform was added to the aqueous phase 

from the second extraction. The resulting aqueous phase was transferred to a new tube 

and 1 ml pure ethanol was added. Precipitated DNA was then collected by centrifugation 

at 13,000 rpm for 10 minutes. The supernatant was carefully removed by pipetting, and 

the pellet was left to dry in the fume hood for 30 minutes before resuspending in 20 µl of 

sterile distilled water. Samples were stored in a freezer at -20°C. 

6.2.3.    Extraction of RNA from yeast cells 

    Due to the delicate nature of RNA and the ubiquitous presence of RNases in the 

environment, bench areas and glassware were washed with a 1% w/v dodecyl sodium 

sulphate (SDS) solution in diethyl polycarbonate (DEPC)-treated water before working 
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with RNA. Ethanol, chloroform, and isopropanol are of molecular biology grade, and 

were diluted in Ultra Pure Distilled Water (Invitrogen), when necessary. Additionally, 

gloves and pipettes were routinely sprayed with 1% w/v SDS and RNase ZAP (Sigma 

Life Sciences). 

    RNA was extracted from yeast cells using the protocol recommended for TRIzol LS 

Reagent (Invitrogen). 45 ml of yeast cultures were pelleted by centrifuging in a 4K15 

centrifuge (Qiagen Sigma) at 5,000 rpm for 3 minutes. The supernatant was tipped over, 

and the remaining liquid was carefully removed with a dry paper towel. Then, each cell 

pellet was resuspended in 750 µl TRIzol reagent and transferred to a 1.5 ml screw cap 

tube containing approximately 400 µl of acid-washed glass beads (425 to 600 µm 

diameter, Sigma) and kept in ice for the rest of the procedure. The resuspended cells were 

lysed by shaking them three times for 40 seconds in a Mini Beadbeater-8 (Biospec 

Products) at 4°C, resting for 20 seconds between cycles. The lysed supernatants were 

transferred to a 1.5 ml tube, and 200 µl chloroform was added before vigorously mixing 

the tubes by vortexing for 30 seconds. The tubes were left to settle at room temperature 

for 3 minutes before centrifuging them at 13,400 rpm for 15 minutes at 4°C in a 1-14 

Centrifuge (Sigma). The top aqueous layer was then carefully transferred to another tube, 

where 1 µl GlycoBlue Coprecipitant (Invitrogen) and 500 µl isopropanol were added to 

precipitate the extracted RNA. Extracted samples were frozen at -80°C before continuing. 

    RNA extracts were thawed in ice, and centrifuged at 13,400 rpm for 15 minutes at 4°C. 

The resulting supernatant was removed by pipetting, and 1 ml of a 75% v/v ethanol 

solution was added to the extracts and mixed by briefly vortexing before centrifuging 

again under the same conditions for 10 minutes. The ethanol supernatant was removed 

by pipetting, and the RNA pellets were left to dry next to a Bunsen burner for 15 minutes. 
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The pellets were finally resuspended in 20 µl Ultra Pure Water and frozen at -80°C until 

needed. 

6.2.4.  RNA sequencing 

    Prepared RNA extracts were sent to the Genomic Technologies Core Facility of the 

University of Manchester for sequencing. Samples were sequenced using a HiSeq 4000 

sequencer (Illumina). 

    The resulting data was analysed by a bioinformatician of the Bioinformatics Core 

Facility of the University of Manchester, who conducted the initial statistical analysis, 

quality control, and differential expression analysis of the dataset. RNA Quality Control 

was performed using FastQC v0.11.3, and mapping to multiple genomes for contaminant 

detection was done using FastqScreen v0.13.0 (Wingett and Andrews, 2018). Low-

quality base trimming was done using BBDuk from BBMap v38.88 (Bushnell et al., 

2017). Read mapping was done using the STAR v2.7.7a software (Dobin et al., 2013) 

using the Saccharomyces cerevisiae R64-1-1 (sacCer3) database as reference with 

Ensembl v102 annotation.  STAR v2.7.7a was used for gene mapping and expression 

quantification. Differential expression analysis was carried out using DESeq2 v1.26.0 

(Love et al., 2014) at alpha = 0.05. Additionally, the lfcShrink function was used to 

generate more accurate log2 fold-change estimates. Normalised counts were obtained 

using the counts function, where the raw counts were normalised using the median ratio 

method (Anders and Huber, 2010). 

6.2.5.  Determination of DNA and RNA concentrations 

     DNA and RNA concentration and purity were determined by measuring the 

absorbance at 260 and 280 nm of 1.5 µl of a nucleic acid sample in a NanoDrop® ND-
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8000 spectrophotometer, using the ND-8000 V1,0.3 software to calculate sample 

concentration, 260/280 ratio, and view absorbance curve.   

6.2.6.  DNA amplification by Polymerase Chain Reaction (PCR) 

     PCR reactions to amplify the adh1 deletion cassette from the pZC3 plasmid and gene 

deletion or integration verifications were carried out using the Platinum Super PCR kit 

(Invitrogen), while GFP tagging cassettes were amplified from the pYM26 plasmid using 

Expand High Fidelity kit (Roche). All reaction cycles were performed in a T3 Biometra® 

thermocycler. The oligonucleotides used in this study are listed in Table 6.3. 

Table 6.3. Oligonucleotides used in this study 

Referenc

e number 

(Ref) 

Name Purpose Seqcuence (5'-3') 

1 ADH 

DEL 

FW 

Amplification of 

ADH1 deletion 

cassette 

TGCACAATATTTCAAGCTATACCAAGCA

TACAATCAACTATCTCATATACACGTAC

GCTGCAGGTCGAC 

2 ADH1 

DEL 

RV 

Amplification of 

ADH1 deletion 

cassette 

TTTTTTATAACTTATTTAATAATAAAAAT

CATAAATCATAAGAAATTCGCCACTATA

GGGAGACCGGCAG 

3 ADH1 

VER 

FW 

External 

verification of 

ADH1 deletion 

CGACAAAGACAGCACCAACA 

4 ADH1 

VER 

RV 

External 

verification of 

ADH1 deletion 

CCGGTAGAGGTGTGGTCAAT 

5 HYGB 

VER 

FW 

Internal 

verification of 

hphNT1 marker 

GAAGGAGTTAGACAACCTGAAG 

6 HYGB 

VER 

RV 

Internal 

verification of 

hphNT1 marker 

TGTGAGAACTGTATCCTAGCAAG 



72 

 

7 PDC1 

DEL 

FW 

Amplification of 

PDC1 deletion 

cassette 

CAATTATTATTTTCTACTCATAACCTCAC

GCAAAATAACACAGTCCGTACGCTGCAG

GTCGAC 

8 PDC1 

DEL 

RV 

Amplification of 

PDC1 deletion 

cassette 

CGTTACATAAAAATGCTTATAAACTTTAA

CTAATAATTAGAGATCACTATAGGGAGA

CCGGCAG 

9 PDC1 

VER 

FW 

External 

verification of 

PDC1 deletion 

CTCCTTGCAATCAGATTTGG 

10 PDC1 

VER 

RV 

External 

verification of 

PDC1 deletion 

TCTTTCCATGGTAAGTGACA 

11 PDC5 

DEL 

FW 

Amplification of 

PDC5 deletion 

cassette 

ATTACACTTATTTCACATAATCAATCTCA

AAGAGAACAACACAATCGTACGCTGCAG

GTCGAC 

12 PDC5 

DEL 

RV 

Amplification of 

PDC5 deletion 

cassette 

TCAAAAGTAAAAAAATACACAAACGTTG

AATCATGAGTTTTATGTCACTATAGGGA

GACCGGCAG 

13 PDC5 

DEL VF 

External 

verification of 

PDC5 deletion 

GTCCTTTCCTCTCTTTCTTA 

14 PDC5 

DEL 

VR 

External 

verification of 

PDC5 deletion 

TAAATGGATTTGTAGATATT 

15 PDC5 

VF 

LONG 

Elongated 

external 

verification of 

PDC5 deletion 

AGAAATTTCATATGATGAGACTTG 

16 PDC5 

VF 

LONG 

Elongated 

external 

verification of 

PDC5 deletion 

GATCATAGCTAAAGGTACAAAACCG 

17 NAT 

VF 

Internal 

verification of 

natNT2 marker 

GGTCAGGTTGCTTTCTCAGG 

18 NAT 

VR 

Internal 

verification of 

natNT2 marker 

TACGAGATGACCACGAA 
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19 BDH2 

S2 

Amplification of 

BDH2 GFP 

tagging cassette 

AGACCGCGGGATTAACACGAGAACGTGA

GTACTCAATCACAATCAATCGATGAATT

CGAGCTCG 

20 BDH2 

S3 

Amplification of 

BDH2 GFP 

tagging cassette 

GAAAGACTACGAGAATCAATAAACGAG

GCTAAACTGCGTCACACACGTACGCTGC

AGGTCGAC 

21 GAC1 

S2 

Amplification of 

GAC1 GFP 

tagging cassette 

AAGAATAAAATTAACAAATAGAAAAGTT

GAATCTTTTAAAACTCAATCGATGAATTC

GAGCTCG 

22 GAC1 

S3 

Amplification of 

GAC1 GFP 

tagging cassette 

TCATCTCCACCCATCCTTTCCCAAGAGGT

TGATCGATGGCGACTTCGTACGCTGCAG

GTCGAC 

23 GLC7 

S2 

Amplification of 

GLC7 GFP 

tagging cassette 

AGTATTTTCCTTTTTAAACTTTGATTTAG

GACGTGAATCTATTTAATCGATGAATTCG

AGCTCG 

24 GLC7 

S3 

Amplification of 

GLC7 GFP 

tagging cassette 

GCCCAAAAAAGTCTACCAAGGCAAGCTG

GGGGTAGAAAGAAAAAACGTACGCTGC

AGGTCGAC 

25 RTS3 

S2 

Amplification of 

RTS3 GFP 

tagging cassette 

TATTTAGAGAAACTCTGTTTTCTTATGTA

TCTCGCTTACAGCCTAATCGATGAATTCG

AGCTCG 

26 RTS3 

S3 

Amplification of 

RTS3 GFP 

tagging cassette 

AAGGCTGATCTCATGGCAAAGAGATTCC

AAACTGGTTCATTGAAACGTACGCTGCA

GGTCGAC 

27 NRP1 

S2 

Amplification of 

NRP1 GFP 

tagging cassette 

CAATGTGGTTGTGAAATTTATTGACCTCG

CCTGTTCCTAACTAATCGATGAATTCGAG

CTCG 

28 NRP1 

S3 

Amplification of 

NRP1 GFP 

tagging cassette 

GTGATAATAGCGCTTTCGGTAATGGTTTT

AATAGTTCAATACGTTGGCGTACGCTGC

AGGTCGAC 

29 SHQ1 

S2 

Amplification of 

SHQ1 GFP 

tagging cassette 

TCTATCTAATGCAGTAATCTACGCTAAAC

ATTCAAATGATCTTCAATCGATGAATTCG

AGCTCG 

30 SHQ1 

S3 

Amplification of 

SHQ1 GFP 

tagging cassette 

ATTTTGGCAGAGTCTGAATACCGAGAGC

AGCAGCAGAACCCACAACGTACGCTGCA

GGTCGAC 
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31 TRP1 

VF 

Verification of 

TRP1 marker 

integration 

CCTGTGGGAACTGGAACCTCTT 

32 TRP1 

VR 

Verification of 

TRP1 marker 

integration 

CTATTCATCCAGCAGGCCTCTCAA 

33 BDH2 

GFP VF 

Verification of 

BDH2 GFP tag 

integration 

ATAACGGGCAGAGTCAACAT 

34 BDH2 

GFP VR 

Verification of 

BDH2 GFP tag 

integration 

CTTCTCTCCGTCGAAACGAA 

35 GAC1 

GFP VF 

Verification of 

GAC1 GFP tag 

integration 

GAATTTCCCAAGCTTCTGAT 

36 GAC1 

GFP VR 

Verification of 

GAC1 GFP tag 

integration 

CAACAGCGTAGATGCTTTTA 

37 GLC7 

GFP VF 

Verification of 

GLC7 GFP tag 

integration 

GGAGTTGATTTGCAGGGCCC 

38 GLC7 

GFP VR 

Verification of 

GLC7 GFP tag 

integration 

GCGGTTTGTTGCACTAAAGGG 

39 RTS3 

GFP VF 

Verification of 

RTS3 GFP tag 

integration 

CTCAGCACCAACAACAAACA 

40 RTS3 

GFP VR 

Verification of 

RTS3 GFP tag 

integration 

GTAGTAGCTTGGAAAAACGCC 

41 NRP1 

GFP VF 

Verification of 

NRP1 GFP tag 

integration 

TTCAAAAGTGACAAAGCTAA 

42 NRP1 

GFP VR 

Verification of 

NRP1 GFP tag 

integration 

AAGGTAGATCTGAAATGGGC 
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43 SHQ1 

GFP VF 

Verification of 

SHQ1 GFP tag 

integration 

AAATGAGAAAAGAGCAAGAG 

44 SHQ1 

GFP VR 

Verification of 

SHQ1 GFP tag 

integration 

CCAAATGCAGATATAAGAAC 

45 ALD6 

ACS2 

VER P1 

FW 

Verification of 

ALD6/ACS2 

integration 

GAAAACGGAAGAGGAGTAGGG 

46 ALD6 

ACS2 

VER P2 

RV 

Verification of 

ALD6/ACS2 

integration 

CGTCGAAACTAAGTTCTTGG 

47 ALD6 

ACS2 

VER P3 

FW 

Verification of 

ALD6/ACS2 

integration 

GTTATGTTTATCGGCACTTTG 

48 ALD6 

ACS2 

VER P4 

RV 

Verification of 

ALD6/ACS2 

integration 

CGAGGATACGGAGAGAGGTATG 

 

     Reactions using the Platinum Super PCR kit were carried out by mixing 1 µl template 

DNA (pure or diluted up to 1:1000) or distilled water, 2 µl of each 10 µM oligonucleotide 

and 45 µl Platinum Super PCR mix for a reaction volume of 50 µl. The thermocycler 

programme used was: 

1.-Initial denaturation: 95°C for 1 minute 

2.-Denaturation: 95°C for 1 minute 

3.-Annealing: 54°C for 1 minute 

4.-Amplification: 72°C for 2 minutes (steps 2 to 4 are repeated 25 times) 

5.-Final amplification: 72°C for 10 minutes 
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     Reactions using the ExpandTM High Fidelity kit (Sigma-Aldrich) with a reaction mix 

containing 1x Expand High Fidelity buffer with 1.5 mM MgCl2, 200 µM deoxynucleotide 

triphosphates (dNTPs), 2.6 U Enzyme Mix, with 10 µl template DNA at 1:100 dilution 

in a final volume of 50 µl. 1 µl of each oligonucleotide at 10 µM was added on “hot start” 

to the tube once the initial denaturation step of the reaction reached at least 90°C. The 

thermocycler programme used was: 

1.-Initial denaturation: 95°C for 3 minutes 

2.-Denaturation: 95°C for 15 seconds 

3.-Annealing: 55°C for 39 seconds 

4.-Amplification: 68°C for 4 minutes (steps 2 to 4 repeated 30 times) 

5.-Final amplification: 68°C for 5 minutes 

 

6.2.7. Agarose gel electrophoresis 

     PCR products and digested plasmids were analyzed by agarose gel electrophoresis. 

Samples were mixed with Orange G loading dye (2 mg/ml Orange G, 10 mM EDTA, 

25% v/v Ficoll) at a ratio of 1 µl loading dye per 5 µl sample before loading into the gel, 

together with 5 µl of Hyper LadderTM (Bioline) 1kb molecular weight marker in order to 

estimate the size of the sample DNA bands. Agarose gels were prepared at 1% w/v 

molecular grade agarose (Bioline) in TAE buffer (40 mM Tris-base, 20 mM acetic acid, 

1 mM EDTA pH 8.0), supplemented with 0.1 µl/ml SafeView Nucleic Acid Stain (NBS 

Biologicals). Samples were separated at 90 V for 45 minutes. DNA fragments in the 
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agarose gel were visualized and photographed with an UVIDOC HD6 (Cleaver 

Scientific) transilluminator. 

    Analysis of RNA extracts by agarose gel electrophoresis required that the 

electrophoresis tank, gel case, and comb were soaked in 1% w/v SDS before use. The 1% 

w/v agarose gel was made with TBE buffer (90 mM Tris-base, 90 mM boric acid, 2 mM 

EDTA pH 8.0) prepared in DEPC-treated distilled water, supplemented with 0.5 µg/ml 

ethidium bromide (10 mg/ml solution, Sigma). Samples were diluted to 0.2 µg/µl in a 1:1 

mixture of 2X RNA Loading Dye (Thermo Scientific) and DEPC-treated water and 

denatured at 70°C for 10 minutes before loading. RNA samples were separated at 70V 

for 90 minutes at 4°C. 

6.2.8. Digestion of plasmid DNA with restriction enzymes 

     In order to verify the identity of extracted plasmid DNA, 5 µl of the extracted DNA 

was digested with 1 µl of each restriction enzyme used (High Fidelity, New England 

BioLabs®), in 1X CutSmart® buffer (New England BioLabs®), topped to a final volume 

of 20 µl with sterile distilled water. The reactions were carried out at 37°C for 1 hour, and 

digestion fragments were separated by agarose gel electrophoresis, or stored at -20°C. 

6.2.9. Transformation of yeast cells with plasmid DNA or PCR product 

     A modified version of the high efficiency lithium acetate transformation protocol from 

(Schiestl and Gietz, 1989) was used in this project. 

     A 5 ml or 20 ml liquid culture media was prepared from a single colony of the strain 

to be transformed and grown overnight. The equivalent of a 25 ml OD600 0.15 culture was 

prepared from the overnight culture and incubated for 3 to 4 hours, or until OD600 ~ 0.6. 

The culture was then transferred to a 50 ml sterile centrifuge tube and centrifuged in a 
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4K15 centrifuge (Qiagen Sigma) at 4,000 rpm for 5 minutes. The supernatant was then 

removed, and the cell pellet was resuspended in 12.5 ml sterile distilled water and 

centrifuged again. The resulting pellet was resuspended in 1 ml 100 mM lithium acetate, 

transferred to a 1.5 ml centrifuge tube and centrifuged in a Heraeus Biofuge Pico 

microcentrifuge at 13,000 rpm for 15 seconds. Then, the supernatant was removed by 

pipetting, and the cell pellet was resuspended in 250 µl 100 mM lithium acetate. 

     50 µl of the resuspended yeast cells were transferred to new 1.5 ml tubes, where 

reagents of the ‘transformation mix’ were added in the following order: 266.6 µl 50% v/v 

PEG, 40 µl 1M lithium acetate, 12.5 µl 10 mg/ml salmon sperm carrier DNA (boiled for 

5 minutes and then chilled in ice to denature), 25 µl or 2 µl sterile distilled water for 

transformation with PCR product, plasmid DNA, respectively (sterile distilled water was 

used instead for negative controls). The mix was then topped to 400 µl with sterile 

distilled water, mixed by vortex for 1 minute and incubated in a rotating incubator (Labnet 

International, Inc.) at 30°C for 1 hour. The cells were then incubated in a water bath at 

42°C for 20 minutes. Cells transformed with plasmid DNA were then centrifuged at 4000 

rpm for 3 minutes to remove the transformation mix, resuspended in 200 µl sterile 

distilled water and spread onto the corresponding solid selection media. Cells transformed 

with PCR product were transferred to 3 ml YPD and left on the bench overnight. The next 

day cells were washed as described above and 200 µl of the suspension spread onto the 

corresponding selection media. Plates were then incubated at 30°C until yeast colonies 

were visible. 
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6.3. Characterisation of yeast strains 

6.3.1. Photomicroscopy 

     Single-cell pictures were taken in a Nikon Eclipse E600 (Nikon) optic microscope 

with a 100x/0.5-1.3 Oil Iris objective. Images were captured with a Ds-Qi1Mc 

monochrome digital camera (Nikon) and processed with the NIS-elements F software 

(Nikon).  

    For single-cell fluorescent microscopy, the above microscope was used together with 

a Nikon Intensilight C-HGF1 light source and equipped with a green fluorescent protein 

(GFP) filter. 

6.3.2. Stereomicroscopy 

    Yeast colonies were visualized in a Leica MZ10F stereomicroscope at 10x 

magnification. Images were captured with a coupled Leica DFC420C camera, and 

pictures were saved and edited using the Leica Application Suite v.4.0.0. software. 

6.3.3. Growth curves in liquid culture 

     120 ml cultures of log-phase yeast cells were grown overnight until an OD600 of 0.15 

to 0.2. Then the culture was split into three 40 ml cultures, and different amounts of 1-

butanol were added to achieve final concentrations of 0 (control), 1, and 2% v/v, and 

flasks were incubated at 30°C. Every hour after the incubation started, 1 ml aliquots of 

each culture were taken to measure OD600 throughout the experiment. 

     The results were plotted as OD600 versus time (hours), and the data was fitted to the 

following two parameter exponential curve using the software SigmaPlot 11.0: 
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𝑁𝑡 = 𝑁0 ∗ 𝑒𝐺∗𝑡 

     Where Nt is OD600 at a specific time (t), N0 is the OD600 at t=0, and G is growth rate 

(h-1). 

     Doubling time for each curve was then calculated as follows: 

𝐷𝑜𝑢𝑏𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 (ℎ) = ln(2) /𝐺 

6.3.4.  Cell viability assays 

    60 ml cultures of log-phase yeast cells were grown overnight until an OD600 of 0.4 to 

0.6, and then split into three 20 ml flasks. 1-butanol was added to achieve final 

concentrations of 0, 1 and 2% v/v, and the flasks were then put in incubation at 30°C. At 

1 and 2 hours after incubation started, 100 µl aliquots were taken from each of the cultures 

and serial diluted to 1:1,000 in SDW, vigorously mixing by vortex for 20 to 40 seconds 

between each dilution. Finally, 100 µl aliquots of each 1:1,000 dilution were streaked in 

a YPD agar plate in triplicate, and grown at 30°C for 24 to 48 hours to allow colony 

formation. Colonies were then counted manually, and average and standard deviation for 

each treatment was then calculated.  

6.3.5. Agar invasion assay 

    The agar invasion assay of yeast cultures on solid media was based on a published 

method (Cullen, 2015). YPD agar plates were prepared by patching yeast cells from single 

colonies and left to grow at 30°C for 3 days. Plates were then scanned in an EPSON 

PERFECTION V750 PRO scanner before washing away surface cells with a stream of 

distilled water. Plates were scanned again after washing to reveal invasive cells. 
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6.4. Protein analysis 

6.4.1. Preparation of whole cell protein extracts 

   Whole cell protein extracts were prepared from 50 ml liquid cultures in exponential 

phase (OD600 between 0.4 and 0.7) by first centrifuging the culture at 4,000 rpm for 5 

minutes in a 4K15 centrifuge (Qiagen Sigma) to collect the cell pellet. The supernatant 

was removed, and the cell pellet was resuspended in 1 ml of Buffer A (30 mM HEPES 

pH 7.5, 100 mM potassium acetate, 2mM magnesium acetate, 1 mM 

phenylmethanesulfonyl fluoride [PMSF]) supplemented with a fresh cOmplete Protease 

Inhibitor Cocktail tablet (Roche, 1 tablet per 10 ml of buffer), and transferred to an ice-

cold 1.5 ml tube. 

    The cell pellet was then centrifuged at 13,000 rpm for 3 minutes at 4°C in a 1-14 

Centrifuge (Sigma) and the resulting supernatant was removed. The cell pellet was 

resuspended in 100 µl of ice-cold Buffer A, and approximately 60 µl of acid-washed glass 

beads (425 to 600 µm diameter, Sigma) were added to aid in cell lysis. Cells were lysed 

by vortexing them in six cycles of 40 seconds, resting them for 20 seconds in ice between 

cycles. Finally, the resulting extracts were centrifuged at 13,000 rpm for 3 minutes at 4°C, 

collected into fresh 1.5 ml tubes and stored at -20°C until needed. 

6.4.2. Determination of protein concentration 

    Protein concentration of whole cell extracts was estimated by measuring the 

absorbance at 280 nm of a 1.5 µl aliquot in a NanoDrop® ND-8000 spectrophotometer, 

using the ND-8000 V1,0.3 software to calculate sample concentration, and view 

absorbance curve.   
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6.4.3. Polyacrylamide gel electrophoresis (PAGE) 

    Protein extracts were diluted 10 mg/ml in 100 µl distilled water, and 50 µl of this 

dilution was mixed with 15 µl NuPAGE LDS Sample Buffer 4X (Novex), and 6 µl Bolt 

Sample Reducing Agent 10X (Novex), and then denatured at 95 °C for 5 minutes before 

loading.  

    15 µl of protein extract in loading buffer was loaded into a Bolt 4-12% Bis-Tris Plus 

gel (Invitrogen), mounted in an X Cell SureLock electrophoretic cell (Novex) filled with 

NuPAGE MOPS SDS Running Buffer (Novex) diluted in ultra pure water (Milli-Q® 

Synthesis, Millipore). Additionally, 5 µl of either Spectra Multicolor Broad Range 

(ThermoFisher Scientific) or Precision Plus All Blue (Bio-Rad) protein ladder was loaded 

together with the samples to assess sample proteins band size. Protein samples were first 

separated at 100 V for 10 minutes, and then at 170 V for 50 minutes at room temperature. 

6.4.4. Western Blot 

    The gel containing the separated proteins was removed from their plastic casing and 

transferred to a stack of filter paper soaked in NuPAGE transfer buffer (Novex) 

supplemented with 20 % v/v methanol (Fisher Chemical). A pre-soaked Amersham 

Protran 0.45 µm NC nitrocellulose blotting membrane (GE Health care Life Sciences) 

was then mounted over the gel and covered with more soaked filter paper. The stack was 

then mounted in a X Cell II Blot Module (Novex), filled with transfer buffer and the 

proteins were electro transferred from the gel into the membrane at 30 V for 90 minutes 

at room temperature. 
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    After the transfer, the nitrocellulose membrane was briefly stained with Ponceau S 

solution (0.1% w/v Ponceau red in 1% v/v acetic acid) to verify the presence of protein 

bands in the membrane, and then washed with tris-buffered saline buffer supplemented 

with Tween 20 (TBS-Tween) (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1% v/v Tween 

20) on a rocking platform until the stain was removed. 

    The membrane was left to block overnight at 4°C on a rocking platform, submerged in 

a blocking buffer containing 5% w/v skim milk (Sigma-Aldrich) in TBS-Tween. After 

blocking, the membrane was incubated with the appropriate primary antibody diluted in 

blocking buffer for 1 hour on a rocking platform at room temperature. The antibodies 

used in this project are listed in table 6.4 below. 

Table 6.4. Antibodies used in this project 

Primary Antibodies Secondary Antibodies 

Name Dilution Name Dilution  Source 

-GFP 

(rabbit) 

1:5,000 -Rabbit 1:10,000 Li-Cor 

-Flag 

(mouse) 

1:10,000 -Mouse 1:10,000 Li-Cor 

-Pgk1p 

(mouse) 

1:5,000 -Mouse 1:10,000 Li-Cor 

-Tif1p 

(rabbit) 

1:10,000 -Rabbit 1:10,000 Li-Cor 

 

The membrane was removed from the buffer and washed with TBS-Tween three times 

on a rocking platform for 5 minutes each. The membrane was then incubated with 

secondary antibody diluted in blocking buffer for 1 hour on a rocking platform for 1 hour. 

The blot was removed from the buffer and washed again three times with TBS-Tween 
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before revealing the bands in an Odissey-Fc (Li-Cor) using the Image Studio v. 5.2.5 

software (Li-Cor). 

6.5. Anaerobic fermentation and metabolite detection by gas chromatography 

6.5.1. Preparation of gas chromatography standards and glassware 

     All glassware used for the preparation of gas chromatography (GC) standards and the 

glass vials for aerobic and semi-anaerobic fermentations were washed thoroughly with 

tap water, then washed three times with distilled water, and finally washed three times 

with ultra pure water (Milli-Q® Synthesis, Millipore). Clean glassware was then dried 

overnight in an oven at 60°C. 20 ml of each GC standard mix was prepared in volumetric 

flasks and aliquoted into amber GC vials to be stored at -20°C until used. The composition 

of each GC standard mix is described below: 

C1: 1.0% v/v ethanol, 100 ppm 1-butanol, 100 ppm isobutanol. 

C2: 0.1% v/v ethanol, 500 ppm 1-butanol, 100 ppm isobutanol.   

C3: 0.1% v/v ethanol, 100 ppm 1-butanol, 1000 ppm R,R-2,3-butanediol, 1000 ppm R,S-

2,3-butanediol. 

C4: 0.1% v/v ethanol, 0.1% v/v acetaldehyde, 0.1% v/v glycerol, 1000 ppm R,R-2,3-

butanediol, 1000 ppm R,S-2,3-butanediol. 

C5: 1% v/v ethanol, 100 ppm 1-butanol, 0.1% v/v acetaldehyde. 

6.5.2. Semi-anaerobic fermentation and butanol measurement procedures 

     Fermentation vessels were prepared by aliquoting 45 ml of freshly prepared YPD 

media into 50 ml serum type reaction vials (Supelco), sealed with rubber stoppers and 

aluminum crimps (Supelco), and autoclaved at 115°C for 30 minutes. 
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     Precultures were prepared by inoculating single colonies of the desired strains into 25 

ml YPD in flasks and growing them until saturation. The strains were then inoculated into 

45 ml of sterile YPD in the glass vials to a starting OD600 of 0.1, unless specified. A 1ml 

sample was taken from the vials with a sterile syringe to measure OD600. Strains were 

then grown at 30°C in a static incubator for 16 days. On days 2, 4, 7, 9, 11, and 14, 3 ml 

samples were taken with a sterile syringe. 1 ml of this sample was used to measure 

OD600of the cell culture, and the rest was passed through a 0.22 µm Millex® filter 

(Millipore) into glass gas chromatography vials and stored at -20°C until needed. 

   Chemical separation and detection of analytes was done using an Agilent 6850A gas 

chromatography system with an Agilent 4513A automatic sample injector (Agilent 

technologies Ltd, Stockport, UK). Instrument control and data collection was managed 

by the GC ChemStation B.04.03[52] software (Agilent Tehcnologies). Hydrogen gas for 

the detector was supplied by a H2PEM-100 hydrogen generator (Parker Balston). 0.4 µl 

of each filtered sample was injected in a 20:1 split at an inlet temperature of 230°C.  

Samples were separated in a DB-WAX (30 m length, 0.25 mm diameter, 0.25 mm film 

thickness, Agilent technologies Ltd) polar capillary column, using helium as a carrier gas 

at 15.0 psi with a constant flow of 32.3 ml/min. Column temperature was increased from 

40°C to 220°C over 15 minutes. Analyte concentration was calculated relative to the 

signals of chemical standards C1, C2, or C3.   

6.6. Detection of GFP fluorescence in yeast cells 

6.6.1. Qualitative detection of fluorescence in agar cultures using a laser scanner 

    Fluorescence of yeast cells grown in solid media was detected in a Sapphire 

Biomolecular Imager (Azure biosystems), using the Sapphire Capture v.1.7.0319.0 
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(Azure biosystems) software for image capture and analysis. Wavelength of the scanning 

laser was 520 nm, and pictures were taken at a pixel size of 500 µm. 

 

6.6.2. Microplate assay for the measurement of GFP fluorescence in liquid 

cultures 

    Measurement of GFP fluorescence in yeast cells was done by pelleting 10 ml aliquots 

of cultures growing in SCD by centrifuging them at 4,000 rpm for 5 minutes. The 

supernatant was removed and the pellet washed in 10 ml of sterile distilled water, and 

centrifuged one more time in the same conditions. The supernatant was removed again, 

and the cells were resuspended in enough water to result in an OD600 of 10. Then, 100 µl 

of the cell suspension were pipetted into a clear 96-well microplate (Greiner Bio-One) 

and fluorescence was measured in a Synergy HT (Bio-Tek) microplate reader, using the 

Gen5 v. 2.09 software for equipment control and data collection. The excitation and 

emission wavelengths used were 485/20 nm and 530/25 nm, respectively.  

6.7. Statistical analysis 

    Statistical significance between experimental groups was calculated by Welch’s t test 

using the GraphPad Prism 8.1.2 software (GraphPad Software, Inc.). A p-value less than 

0.05 was considered statistically significant. 

    Adjusted p-values of the differential expression of transcripts in the RNA-seq dataset 

were obtained by correcting the p-values obtained in the Wald test using the Benjamini 

and Hochberg method in the DESeq2 v1.26.0 package. 

    Venn’s diagrams were made using the Venny v2.1 web browser tool (Oliveros, 2015). 
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6.8. Gene Ontology Enrichment analysis 

    The web tool PANTHER Version 16.0 (Mi et al., 2020) was used for Gene Ontology 

(GO) enrichment analysis of RNA-seq results. While grouping genes according to 

expression changes between conditions, genes with a log2 Fold Change equal to 1 or 

higher were considered differentially upregulated, while values equal to -1 or lower were 

considered differentially downregulated. Custom reference lists (Saccharomyces 

cerevisiae) were made for each analysis using the complete list of sequenced transcripts 

in each strain that had a valid calculated adjusted p-value. The annotation data set used 

for the enrichment analyses was GO biological process complete, and the Bonferroni 

correction for multiple testing was used to correct the results, including only enriched 

terms with calculated p-values lesser than 0.05. When presenting results, only the highest 

term in any given hierarchy was included to reduce the number of redundant categories. 
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7. Development of butanol-responding fluorescent biosensors for S. cerevisiae 

strains 

7.1 Introduction 

    One strategy to expand the search for genes that have the potential to facilitate higher 

1-butanol accumulation is the screening of multiple randomly generated mutants, deletion 

libraries, or cell populations generated by directed evolution techniques to look for 

favourable phenotypes (Mans et al., 2018; Tapia et al., 2012). Unfortunately, the 

anaerobic fermentation and gas chromatography analysis methods used in this project are 

not appropriate for high throughput screenings, thus, a more appropriate technique to 

assess butanol accumulation would enable genome wide assessments of the genetic 

requirements for butanol synthesis. 

    Biosensors are molecules that can detect the presence of a specific substance by using 

a biological or biochemical element that interacts with the desired analyte, coupled with 

a signal-transducing element that can generate a signal proportional to the concentration 

of the detected analyte (Naresh and Lee, 2021; Liu et al, 2015). In metabolic engineering, 

biosensors are widely used in high-throughput identification of stress-resistant or high-

producing strains of specific metabolites, usually resulting from directed evolution 

methods. For instance, one study used an ARO9-based aromatic amino acid biosensor to 

screen for S. cerevisiae mutants produced with adaptive laboratory evolution techniques 

that were able to produce high titers of muconic acid through the shikimate pathway 

(Leavitt et al., 2017). Similarly, a more recent study employed a transcription factor-based 

fluorescent biosensor to aid in the directed evolution of the methanol dehydrogenase 

enzyme from Lysinbacillus xylanilyticus (Le et al., 2021). 
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    Among biosensors, one class involves combining a responsive genetic element to drive 

the transcription of a reporter gene such as a fluorescent protein (Ding et al., 2021; Mahr 

and Frunzke, 2016).  Such a biosensor is an attractive possible method to generate a 1-

butanol biosensor in S. cerevisiae for a number of reasons. Firstly, due to the wide 

availability of genetic modification tools and procedures, there are several options 

available to enable construction of such a biosensor. These include the use of a plasmid 

system or genomically integrating reporter cassettes (Hahne and Ostermann, 2021; 

D’Ambrosio and Jensen, 2017), the generation of fusion proteins with fluorescent 

proteins (Kim et al, 2020; Rosado et al., 2008) or the use of responsive promoters directly 

driving the expression of a reporter (Hanko et al., 2018; Shi et al., 2018). In addition, 

should the system prove sufficiently sensitive it might be possible that this strategy can 

be employed for in vivo detection of the desired molecule in high throughput screenings 

of potential producers or mutant collections using simple plate assays to measure the 

fluorescence of individual yeast colonies (Feilmeier et al., 2000; Siemering et al., 1996) 

or fluorescence-assisted cell sorting techniques (Tu et al., 2020; Williams et al., 2017; 

Binder et al., 2012).  

    One of the key challenges underlying the above strategy is the identification of genetic 

elements or proteins that respond or interact specifically with the selected analyte in a 

dose-dependent manner. To this end, transcriptomic and proteomic profiling of cells 

exposed to the metabolite of interest can yield valuable data on potential candidate genes 

that might respond to the metabolite to enable construction of sensitive and specific gene 

expression-based biosensors. Indeed, a previous transcriptomic strategy to identify genes 

responsive to 1-butanol enabled construction of two plasmid-based biosensors that were 

able to discern between the 1-butanol titers of two butanol-producing strains after 96 

hours of anaerobic fermentation (Shi et al., 2017). The design strategy behind these 
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biosensors was to use the promoter regions of NRP1 and SHQ1, two genes identified as 

butanol-responding in their transcriptomic screening, to drive the expression of the 

fluorescent reporter mCherry.  

    Therefore, in order to assist with the identification of strain variants that can improve 

butanol production in S. cerevisiae, a strategy was developed for the construction and 

verification of fluorescent biosensors for the detection of 1-butanol in yeast cells.  

7.2 General strategy for biosensor construction 

    Despite the results of the study by Shi and colleagues, it presents a few limitations in 

its candidate gene screening and biosensor design. For instance, their screening does not 

take into account post transcriptional effects that may impact expression of the fluorescent 

biosensor such as the general translation initiation inhibition caused by fusel alcohol 

stress (Ashe et al., 2001). Additionally, the response time of their NRP1 and SHQ1 

mCherry biosensors is at least 20 hours, while a faster response time would be more 

desirable in screening applications. Hence, identification of new candidate genes for the 

construction of 1-butanol biosensors was based on a more appropriate study. 

    To this end, the selection of candidate genes for the construction of 1-butanol 

biosensors was based on a study previously published in our laboratory that explored the 

global translational and transcriptional response of yeast cells to acute 1-butanol stress 

(Smirnova et al., 2005). This report identified a series of mRNAs that were both highly 

expressed and remained ribosome-associated despite the inhibition of global translation 

initiation observed during fusel alcohol stress. From this study, four transcriptionally and 

translationally upregulated genes were selected as candidates to be used as 1-butanol 

biosensors: GAC1, GLC7, BDH2, and RTS3. Their open reading frame (ORF) number 

and known function are summarised in Table 7.1. 
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Table 7.1. Candidate genes for the construction of in-vivo 1-butanol biosensors 

Name ORF Function Oligonucleotides used in 

the amplification 

GAC1 YOR178C Regulatory subunit of yeast 

protein phosphatase 1 (PP1). 

GAC1 S2, GAC1 S3 

GLC7 YER133W Catalytic subunit of yeast 

protein phosphatase 1 (PP1). 

GLC7 S2, GLC7 S3 

RTS3 YGR161C Putative component of the 

protein phosphatase 2A 

complex. 

RTS3 S2, RTS3 S3 

BDH2 YAL061W Putative alcohol 

dehydrogenase similar to 

BDH1. 

BDH2 S2, BDH2 S3 

 

    Instead of the plasmid biosensors constructed in studies mentioned above, it was 

decided in this project that gene fusions of GFP (green fluorescent protein) with each 

candidate gene would be attempted. This method has the advantage of generating a stable, 

single-copy gene construct that does not require any selection media to maintain its 

presence in the cell. In addition, the only change is the addition of a c-terminal tag to a 

specific protein which can be tolerated by a majority of yeast proteins (Senejani et al., 

2007; Chang et al., 2005), although it is formally possible that the resulting fusion proteins 

may have their functions hindered.  

7.3 Construction and insertion verification of GFP-based biosensor strains 

    After selecting the candidates, gene fusions with GFP were constructed using insertion 

cassettes directed towards the codon upstream of the termination codon in each candidate 

gene (Figure 7.1 A). The cassettes were amplified by PCR from the pYM26 plasmid  
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Figure 7.1. General strategy for the construction of potential butanol-responding 

biosensor strains and verification of c-terminal GFP integration. A) Schematic 

representation of the c-terminal integration of GFP into the selected candidate gene loci 

and the verification strategy assessing the PCR products 1, 2 and 3 for each gene.  B) 

Images of 1% w/v agarose gels displaying the PCR verification of the C-terminal insertion 

of GFP in the locus of GAC1, GLC7, BDH2 and RTS3 in a W303 haploid strain. For each 

gel 1kb HyperLadder DNA markers are shown (left lane) and key marker sizes are 

labelled in bp. 
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(Janke et al., 2004) using the designed oligonucleotide pairs listed in Table 6.3 to generate 

a cassette carrying the GFP tag and the downstream TRP1 marker gene. A W303-1A 

derived strain (yMK467) where the ade2-1 marker has been rescued to give ADE2, such 

that the resulting strain has significantly reduced autofluorescence was used in the study 

(Zenklusen et al., 2016; Weisman et al., 1987). Cells were transformed with each insertion 

cassette and transformants were selected on media lacking tryptophan. Correct c-terminal 

tagging of each candidate gene was then verified by preparing genomic DNA from 

potential transformants and using a set of three diagnostic PCR reactions directed towards 

the c-terminal region of each gene, and the internal TRP1 gene of the integration cassette 

(Figure 7.1 A). The oligonucleotides used for each of the three verification reactions and 

the expected products for a successful integration are summarised in Table 7.2. Products 

of 2280, 850, and 1000 bp were obtained in each of the reactions (Figure 7.1 B).  

Table 3.7. Oligonucleotides used for the verification of GFP tagging of candidate 

genes 

Reaction Oligonucleotides used Expected band size (bp) 

1 GC*VF + CG VR 2280 

2 CG VF + TRP1 VR 850 

3 TRP1 VF + CG VR 1000 

 

*GG corresponds to the oligonucleotides specific to each target gene: GAC1, GLC7, 

BDH2, and RTS3. 

    Agarose gel electrophoresis of the PCR products from each verification reaction 

indicates that the GFP cassette was appropriately integrated at the GAC1, GLC7, BDH2, 

and RTS3 loci, as evidenced by the amplification. Reaction 1 was the only reaction that 
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yielded a product for the parental strain, as the primers for reaction 2 and 3 were directed 

to the inserted sequence. For the parental strain product 1 is significantly smaller than the 

product obtained for the test strains: a small band of approximately 400 bp was obtained 

as opposed to a band of ~2.3kb (Figure 7.1 B).   

    Thus, four potential GFP biosensor strains have been constructed from genes that are 

upregulated under butanol stress. As a brief test of the presence of GFP and the ability of 

each biosensor strain to respond to butanol, cells growing in exponential phase in SCD 

media were stressed with 1% v/v 1-butanol for 1 and 4 hours to test for induction of the 

target gene-GFP fusion proteins. Observation of the biosensor strains by fluorescent 

microscopy revealed that the GAC1-GFP and BDH2-GFP biosensors strains displayed 

little to no fluorescence under any of the conditions, while the GLC7-GFP and RTS3-

GFP strains showed evidence of fluorescence (Figure 7.2, figure 7.3). The GLC7-GFP 

cells exhibit clear fluorescence particularly in the nucleus and at the incipient bud sites 

(Cannon, 2010), however little evidence for butanol-dependent induction was found.  In 

contrast, the RTS3-GFP strain only showed evidence of fluorescence after butanol stress 

making this a promising candidate as a butanol sensor strain however, further experiments 

will be required in order to verify the effectiveness of all of the strains at responding to 

the presence of 1-butanol in the cell. 

7.4 Qualitative assessment of GFP fluorescence using a biomolecular imager 

    A simple method that can be adapted to detect GFP fluorescence in yeast colonies 

grown on solid media is the use of a UV transilluminator or a similar scanning device to 

excite and detect fluorescence. This method has been used by many researchers, to 

accurately quantify GFP in polyacrylamide gels (Few et al., 2009), and to visualise GFP-

expressing microorganisms grown on agar plates (Feilmeier et al., 2000; Tresse et al.,  
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Figure 7.2. Detection of the presence of GFP fusion proteins in living cells by 

fluorescence microscopy after a 1-hour 1-butanol stress. Fluorescent microscopy of 

the verified biosensor yeast strains grown to exponential phase in SCD media, and treated 

with 1% (v/v) 1-butanol for 1 hour. Magnification is 100x and scale bar is 5 µm in length.  
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Figure 7.3. Detection of the presence of GFP fusion proteins in living cells by 

fluorescence microscopy after a 4-hour 1-butanol stress. Fluorescent microscopy of 

the verified biosensor strains grown to exponential phase in SCD media, and treated with 

1% (v/v) 1-butanol for 4 hours. Magnification is 100x and scale bar is 5 µm in length.  
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1998; Siemering et al., 1996). Because the agar plate format and the speed of the assay 

facilitate the testing of multiple biosensor strains, it could eventually be used as a 

qualitative screening method for butanol-producing strains. Thus, fluorescence from the 

constructed biosensor strains will be measured using a qualitative agar plate assay. 

    Cells were prepared by making serial dilutions from liquid cultures of each of the four 

potential butanol biosensor strains (GAC1-GFP, GLC7-GFP, BDH2-GFP, RTS3-GFP), 

and the parent strain growing in logarithmic phase. Each dilution was then spotted onto 

two SCD agar plates, one of which was supplemented with 1% v/v 1-butanol, and the 

plates were scanned to monitor colony growth, and scanned with a 520 nm laser to 

visualise GFP fluorescence.  

    All of the potential biosensor strains exhibited more fluorescence than the parental 

strain, while no biosensor strain in particular stood out as more fluorescent (Figure 7.4). 

Fluorescence intensity seems at its highest on day 3 of growth on the SCD plate, while 

biosensor strains on the 1% 1-butanol plate do not exhibit fluorescence over the signal of 

the parental strain. This result is at odds with the previously examined fluorescent 

microscopy data, which showed that GLC7-GFP had a more intense fluorescent pattern 

than the other biosensor strains (Figures 7.2 and 7.3).  

    It is also interesting to note that all of the biosensor strains were more sensitive to 1-

butanol stress than the parental strain. The four potential butanol biosensor genes were 

selected because of their expression was induced under acute butanol stress. This implies 

that the corresponding gene products probably have a role in the stress response to this 

fusel alcohol. The introduction of a GFP fusion to these genes always carries the risk of 

interfering with their ability to interact with other proteins, an important property of  
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Figure 7.4. Detection of the fluorescent response of the potential biosensor strains in 

solid media under 1% butanol stress. Strains growing in logarithmic phase were 

spotted as 1:10 serial dilutions in solid SCD and solid SCD supplemented with 1% v/v 1-

butanol. On days 1, 2, and 3 after cells were spotted, plates were scanned and 

photographed under a 520 nm laser using a Sapphire Biomolecular Imager (Azure 

biosystems). 
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GAC1 and GLC7, two proteins that together function as a type-1 protein phosphatase 

(Williams-Hart et al., 2002). 

    Together, these results suggest that the biosensor strains are not able to respond with 

increased fluorescence to 1-butanol stress in the agar plate assay. This could be due to an 

effective inability of the strains to induce and maintain expression of the fluorescent 

fusion proteins, or due to the limitations of the assay. Additional experiments will be 

required to produce more precise measurements of the intensity of the biosensor strains’ 

fluorescence response to 1-butanol stress. 

7.5 Microplate assay for quantifying GFP fluorescence in biosensor strains 

    The use of a microplate reader to measure fluorescence from a reporter in living cells 

is a method that has been used by researchers to obtain information about the degree of 

expression of a biosensor when exposed to its target analyte (Shi et al., 2017; Bui et al., 

2016; Bermejo et al., 2011). The main advantage of using this method instead of colony-

based screening is a more precise detection of fluorescence emitted by the biosensors, 

with the potential to discern between different titers of intracellular butanol, depending 

on the dynamic range of the biosensor. On the other hand, a colony-based assay has much 

higher throughput than a microplate assay. 

    After considering the above advantages and disadvantages, it was decided that the next 

step in evaluating their ability to respond to 1-butanol was to set up a quantitative 

microplate assay. 

7.6   Time-course fluorescence in the GLC7-GFP biosensor strain 

    An initial experiment was conducted to test the fluorescence levels over a time-course 

using growing cells with the goal of finding optimal cell numbers and growth points for 
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future experiments.  The GLC7-GFP strain was used in this experiment since this strain 

appeared to give the most intense fluorescence in previous analyses. Additionally, a 

GCD1-GFP strain was included as a positive control for GFP activity: GFP-tagged Gcd1p 

localises to a defined cytosolic body that has been termed the eIF2B body or 2B body 

(Campbell et al., 2005). The W303-1A parent strain was used as a negative control that 

lacks GFP.  

    100 µl from liquid SCD cultures grown to exponential phase was sampled every hour 

over 6 hours to assess fluorescence at 530 nm. Simultaneously, 1 ml samples were taken 

to measure cell density by spectrophotometry. From the analysis, there appears little 

evidence for any specific fluorescence in the GFP-tagged strains relative to the 

background parent strain (Figure 7.5 B).  Even for the positive control, fluorescence 

above background was only evident when the cell density was taken into account (Figure 

7.5 C). The high fluorescence values observed for the negative control could mean that 

metabolites are produced that emit fluorescence in the GFP range and populate the media 

increasing as yeast proliferate. Indeed, previous studies have shown that riboflavin shares 

a similar excitation/ emission profile to GFP (Demuyser et al., 2020; Maslanka et al., 

2018; Marx et al., 2008)  

     If the accumulation of such metabolites explains the fluorescence increase over time 

for the parent strain then it is possible that measuring fluorescence at earlier points in 

exponential growth will result in more specific fluorescent signal from the GFP-tagged 

protein. However in this case, cells will need to be concentrated to allow sufficient signal 

to be obtained. 
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B                                                                       C 

    

Figure 7.5. Time-course measurement of fluorescence in the GLC7-GFP biosensor 

strain relative to controls. A) Growth curve of the GLC7-GFP strain, a GCD1-GFP 

strain, and the W303-1A parental strain grown in liquid SCD. Cell density was measured 

as absorbance at 600 nm. B) Time-course measurement of GFP fluorescence of the same 

cell cultures. Excitation and emission wavelengths were 485 nm and 530 nm, 

respectively. C) Ratio of GFP fluorescence over cell density for the time-course 

experiment. In all three plots, points correspond to mean (±SD) of three biological 

replicates. 
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7.6.1 Evaluation of fluorescence from set concentrations of biosensor strains  

    As described above, early preliminary attempts at using the microplate reader to detect 

fluorescence from living cells showed little evidence of increased fluorescence relative to 

negative control strains (Figure 7.5).  One possible strategy that can be employed to 

increase the signal is to concentrate the cells to a predetermined density before measuring 

fluorescence. This method might ensure that sufficient cells are present to give a signal 

over background, especially at early points of a culture’s growth before potential 

fluorescent metabolites accumulate.  

    To prepare the samples, 10 ml aliquots of SCD cultures were collected from GAC1-

GFP, GLC7-GFP, BDH2-GFP, RTS3-GFP and control strains grown to early 

exponential phase.  The cell density for each culture was determined, then cells were 

pelleted and a volume of supernatant was removed such that after resuspension final cell 

densities of 5.0, 10.0, and 20.0 OD600/ml were obtained. Finally, the fluorescence at 530 

nm for 100 µl of each sample was measured in the microplate reader.   

Overall, evidence was obtained that the plate reader assay was able to detect fluorescence 

over and above that obtained for the non-GFP control strain (Figure 7.6). The only strain 

where robust signal was obtained at each cell concentration was the GLC7-GFP strain. 

For the other strains, while the mean fluorescence was always higher in the GFP-tagged 

strain than the parent, this only reached statistical significance at certain concentrations.  
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Figure 7.6. Concentrating cells to overcome background strain fluorescence in the 

fluorescence microplate assay. Fluorescence at 530 nm for early exponential cultures of 

A) GAC1-GFP, B) GLC7-GFP, C) BDH2-GFP, and D) RTS3-GFP biosensor strains 

compared to a parent strain. Cell cultures were concentrated by centrifuging to obtain 

final concentrations of 0.5, 1.0, and 2.0 OD600/100 µl. The mean (±SD) is plotted for three 

biological replicates. An unpaired t-test was used to calculate statistical significance, 

where n/s indicates no significance, * indicates a p-value < 0.05, and ** indicates a p-

value < 0.01. 
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    These results for the GLC7-GFP strain correlate well with the previous qualitative 

assessments of this strain’s high fluorescence (Figures 7.2 and 7.3). In addition, by using 

cell densities of over 1.0 increases in fluorescence over background could be detected for 

most of the potential biosensor strains with the exception of GAC1-GFP. This again 

correlates well with the qualitative assays where little evidence for Gac1-GFP expression 

was found (Figures 7.2 and 7.3). 

    Overall, these data suggest that concentrating cells can be used as a strategy to 

overcome background problems associated with yeast cell or media autofluorescence in 

a plate reader assay. 

7.6.2 Fluorescence intensity of biosensor strains does not increase when 

exposed to 1-butanol for 4 hours 

        Considering the above results, it was decided that concentrating early exponential 

cultures to an OD600 of 1.0 would likely allow any increases in fluorescence upon addition 

of butanol to the cultures to be readily detected. Biosensor strain cultures were therefore 

prepared as above, except they were split into two flasks, one of which was treated with 

1-butanol to a 1% v/v final concentration and the other left untreated. After 4 hours at 

30oC, 10 ml aliquots were collected to measure fluorescence from each biosensor strain 

in the microplate reader. The 4-hour time point was used since previous ‘omics data for 

these GFP-tagged target genes suggested that both their transcription and translation 

would be induced by short term (10 min) butanol treatment and a more protracted time 

would give time for GFP maturation (Balleza et al., 2018; Shashkova et al., 2018; Iizuka 

et al., 2011). 

 



105 

 

    In keeping with previous results (Figures 7.2, 7.3, 7.4 and 7.5), the GLC7-GFP strain 

was the only strain where significant fluorescence was observed above that observed for 

the parental non-GFP strain. Exposure of this strain to 1-butanol, however, did not cause 

a significant increase in the measured fluorescence (Figure 7.7). Equally, the addition of 

1-butanol did not induce significant levels of fluorescence for the other three GFP- tagged 

strains leading to the conclusion that the potential biosensors were unable to respond to a 

4-hour 1% v/v butanol stimulus. 

7.7 Western Blot reveals strong expression of the Glc7p-GFP fusion protein   

        A key question that must be addressed given the lack of response observed above 

for the potential biosensor strains is whether the fluorescent fusion proteins are even 

expressed in the tagged strains. In order to assess the expression level of the fusion 

proteins, a western blot analysis was conducted for each of the biosensor strains, as well 

as for the parental non-GFP strain and the GCD1-GFP strain. Whole cell protein extracts 

were prepared from early exponential cells: either untreated or after exposure to 1% 1-

butanol for 4 hours. The protein samples were separated by SDS-PAGE electrophoresis 

and transferred to a nitrocellulose membrane before immunoblotting with an anti-GFP 

antibody (Table 6.4).  

    The Western Blot revealed a pattern of expression that correlated well with previous 

results, as among all biosensor strains, only the Glc7p-GFP fusion protein was robustly 

detected by the antibodies in both the treated and untreated extracts (Figure 7.8). The 

position of the Glc7p-GFP protein band approximates to the expected protein size, (Table 

7.3). The rest of the biosensor protein bands are faint, implying minimal presence of each 

fusion protein. 
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Figure 7.7. Fluorescence of biosensor strains after a 4-hour 1% butanol stress. 

Fluorescence at 530 nm of biosensor strains A) GAC1-GFP, B) GLC7-GFP, C) BDH2-

GFP, and D) RTS3-GFP after 4 hours of exposure to 1% v/v 1-butanol in liquid YPD 

culture. Mean values (±SD) are plotted from three biological replicates.  
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Table 7.3. Expected size of GFP fusion proteins and loading control used in 

Western Blot 

Protein Weight (kDa) 

Gcd1p-GFP 92 

Gac1p-GFP 116 

Glc7p-GFP 63 

Bdh2p-GFP 73 

Rts3p-GFP 56 

Nrp1-GFP 106 

Shq1p-GFP 86 

Pgk1p 45 

 

    The results obtained in this protein detection experiment fall in line with previous 

results, and together they imply that the lack of fluorescence detected in the biosensor 

strains using the UV-based assay and the microplate assay may simply reflect poor 

expression for the fusion proteins.  
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Figure 7.8. Evaluation of GFP fusion protein expression in the constructed biosensor 

strains.  Western blot using protein extracts prepared from cells either exposed to 1% v/v 

or no 1-butanol for 4 hours prior to harvesting. Blots were probed with anti-GFP 

antibodies to evaluate GFP fusion protein levels in each of the biosensor strains, their 

parental strain, and a GCD1-GFP positive control strain (upper panel). An anti-Pgk1p 

antibody was used to generate a loading control (lower panel). Numbered dashes on the 

left correspond to molecular weight marker sizes in kiloDaltons. 
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7.8 Construction of SHQ1 and NRP1 GFP biosensor strains 

    Previous work has evaluated SHQ1 and NRP1 gene promoters driving mCherry from 

plasmids as potential 1-butanol biosensors (Shi et al., 2017). Using these constructs, a 

doubling in fluorescence was observed after 20 hours of exposure to 1-butanol (Shi et al., 

2017). The initial evaluation of these biosensors suggested that they may not be suitable 

for a colony-based assay such as that envisaged at the outset of this program of work, 

since the increase in fluorescence is minor and occurs over a protracted period. However, 

given that the potential biosensors designed above failed to deliver a significant increase 

in fluorescence, a decision was made to generate strains using the SHQ1 and NRP1 genes 

as a fallback option.   

Therefore, the NRP1 and SHQ1 genes were tagged with GFP to test their performance as 

1-butanol biosensors in our yeast strain. The GFP tagging cassette amplification, strain 

transformation, and GFP insertion verification by PCR was done in the same manner as 

with the previous biosensor strains (Section 7.2) using the appropriate oligonucleotides 

listed in Table 6.3. The three verification reactions yielded the expected DNA products 

of approximately 2280, 850, and 1000 bp, for both the NRP1-GFP and SHQ1-GFP 

transformants, indicating that insertion of the fluorescent protein gene was successful 

(Figure 7.9 A).     

    In order to streamline verification experiments and the following fluorescence 

measurement experiments, expression of the Nrp1p-GFP and Shq1p-GFP fusion proteins 

in the presence or absence of 1% 1-butanol was first assessed by western blotting using 

the procedure described in Section 3.5. The Shq1p-GFP protein was found to be present 

both in the presence or absence of 1% v/v 1-butanol, as evidenced by the band around the 

expected  
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Figure 7.9 Verification of GFP tagging of NRP1 and SHQ1 genes and expression of 

fusion protein. A) 1% w/v agarose gel shows the products of the three PCR for the 

verification of the c-terminal tagging of NRP1 and SHQ1 with GFP in a W303-1A ADE2 

haploid strain. Ladder used was HyperLadder 1kb (Bioline). B) Western blot shows 

expression of the GFP fusion proteins in both biosensor strains. Cells were exposed to 

1% or no 1-butanol for 4 hours before harvesting the extracts. Pgk1p was used as the 

loading control for the experiment. Numbered bands correspond to the Spectra Multicolor 

Broad Range protein ladder (ThermoFisher Scientific). 
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86 kDa size (Figure 7.9 B). On the other hand, the Nrp1p-GFP protein was not easy to 

distinguish, since its expected size of 106 kDa overlaps with a non-specific band (Figure 

7.9 B), that was also present on the previous Western Blot (Figure 7.8). 

    This means that it is difficult confirm that Nrp1p-GFP fusion protein is expressed in 

this experiment. Given more time, a different source of anti-GFP antibody could have 

been used to find a reagent that does not generate non-specific bands in the 100kDa range. 

7.9 The SHQ1 and NRP1 biosensor strains had no changes in fluorescence after 1-

butanol stress 

    The newly generated SHQ1-GFP and NRP1-GFP strains were tested for their ability 

to fluoresce under 1 and 4 hours of 1% butanol stress by fluorescent microscopy, in the 

same manner described for the rest of the constructed strains (Figure 7.2). The fluorescent 

microscopy pictures revealed that none of the strains were able to produce fluorescence 

under any of the tested conditions (Figure 7.10), suggesting that they might not be 

properly responding to 1-butnaol stress. 

    A qualitative agar plate assay was set up as described previously (Section 7.4). This 

revealed that both the NRP1-GFP and SHQ1-GFP biosensor strains exhibit minimal 

fluorescence when compared to the non-fluorescent parental strain over the course of the 

experiment, whether in the presence or absence of 1-butanol (Figure 7.11). 

    Curiously, this assay also showed that the SHQ1-GFP biosensor strain was sensitive 

to 1-butanol stress, as evidenced by the lack of growth of each spot. SHQ1 is an essential 

gene that encodes a chaperone protein required for the assembly and stability of H/ACA 

ribonucleoproteins, complexes involved in the pseudouridylation of ribosomal RNA and  
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Figure 7.10. Detection of the presence of Nrp1p-GFP and Shq1p-GFP fusion 

proteins in living cells by fluorescence microscopy. Fluorescent microscopy of the 

verified biosensor strains treated with 1% (v/v) 1-butanol for 1 hour. Excitation and 

emission wavelengths used were 470 nm and 525 nm, respectively. Magnification is 100x 

and scale bar is 5 µm in length. 
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Figure 7.11. Detection of the fluorescent response of the NRP1 and SHQ1 biosensor 

strains in solid media under 1% butanol stress. Strains growing in logarithmic phase 

were spotted as 1:10 serial dilutions in solid SCD and solid SCD supplemented with 1% 

v/v 1-butanol. On days 1, 2, and 3 after cells were spotted, plates were scanned and 

photographed under a 520 nm laser using a Sapphire Biomolecular Imager (Azure 

biosystems). 
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small nuclear RNA (Kiss et al., 2010; Grozdanov et al., 2009). Perhaps the c-terminal 

fusion of GFP to Shq1p results in impaired chaperone function, ultimately affecting the 

adequate assembly of ribosomes and reducing cellular fitness. 

    In order to obtain a more precise measurement of the fluorescent response of the SHQ1-

GFP and NRP1-GFP strains to 1-butanol stress, a 4-hour 1% v/v butanol stress was 

assessed using the plate assay described in Section 7.4 above. Frustratingly, neither strain 

produced fluorescence at 530 nm above that measured for the non-tagged strain (Figures 

7.12 A and B). This set of experiments demonstrate that despite the successful integration 

of GFP to the SHQ1 and NRP1 loci, and the western blot revealing an appropriately sized 

band when an anti-GFP antibody was used (at least for Shq1p), no significant fluorescent 

signal was produced by either strain in any of the tested conditions using a plate reader 

assay.  
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Figure 7.12. The SHQ1 and NRP1 biosensors do not increase in fluorescence after 

1% butanol treatment. Fluorescence at 530 nm of biosensor strains A) SHQ1-GFP, and 

B) NRP1-GFP after 4 hours of exposure to 1% v/v 1-butanol in liquid YPD culture. Bars 

correspond to mean (±SD) of three biological replicates.  
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7.10     Discussion 

    The aim of this set of experiments was to develop biosensors able to respond to 

different concentrations of 1-butanol in S. cerevisiae to aid in the identification of better 

butanol-producing strains. To achieve this, potential biosensor strains were constructed 

by introducing GFP at the C-terminal location of six genes reported to be upregulated 

under 1-butanol stress: GAC1, GLC7, BDH2, RTS3, SHQ1, and NRP1 (Smirnova et al., 

2005; Shi et al., 2017).  Fluorescence of the biosensor strains in response to 1% v/v 1-

butanol stress was evaluated using qualitative and quantitative assays, and fusion protein 

expression was detected by immunoblotting. 

    Overall, the experiments showed that there was no significant increase in fluorescence 

for any of the tested biosensor strains when exposed to 1% v/v 1-butanol. While the 

Glc7p-GFP biosensor strain showed about three times the fluorescence of the other 

biosensor strains in all the tested conditions, it was not able to respond to the 1% v/v 1-

butanol stress applied in the qualitative and quantitative assays, thus rendering it unusable 

for future 1-butanol-sensing assays. Glc7p’s high stability (Nigavekar et al., 2002) and 

key role as the only PP1 phosphatase in S. cerevisiae (Cannon, 2010) correlate well with 

the high and sustained fluorescence levels observed in the GLC7-GFP biosensor strain in 

both qualitative and quantitative assays, further supporting the idea that this protein was 

not an adequate candidate for the regulatory element of a 1-butanol biosensor. 

    Immunoblot analysis of protein extracts of each of the biosensor strains subjected to a 

4-hour 1-butanol stress reflected the same pattern observed in the microplate assays, 

indicating that the low fluorescence and inability to respond 1-butanol stress seen in the 

strains is likely due to a failure to induce and sustain increased protein expression. 
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    The GAC1, GLC7, BDH2, and RTS3 genes were selected from a list of transcriptionally 

and translationally upregulated genes after 1% v/v 1-butanol stress from a study published 

by our laboratory (Smirnova et al., 2005). The goal of that study was to identify transcripts 

that are maintained with actively translating ribosomes after short-term exposure to 1-

butanol and amino acid starvation, two stresses known to globally inhibit translation. 

Because the study focused on short-term stresses, there is the possibility that the 

expression changes observed after the 10-minute stress period are not sustained for longer 

periods, such as the 4 hours used in the microplate assay, and 24 to 72 hours in the agar 

plate assay. Since 1-butanol begins to accumulate on day 2 of anaerobic fermentations, 

and peak concentrations can be estimated around day nine (see Figure 8.7), it is highly 

important to make sure that the constructed biosensors are able to respond and sustain a 

signal during longer periods of exposure to this metabolite. 

    After obtaining the above results for the candidate biosensors, a new pair of GFP 

fusions were made using NRP1 and SHQ1 as butanol-responding genes. These two genes 

were identified in a screen for genes upregulated after a 2.5-hour 1% 1-butanol stress 

performed in a more recent study (Shi et al., 2017). Furthermore, the results indicated that 

the promoters of both genes were able to drive mCherry expression after a longer 20-hour 

1-butanol stress in a dose-dependent manner.  This makes NRP1 and SHQ1 two promising 

candidates for the goals of this project, although they were only found to increase two-

fold (Shi et al., 2017) which may not be sufficient for colony screening.  

    Thus, a GFP gene tag was introduced at the C-terminal loci of NRP1 and SHQ1 in a 

W303-1A ADE2 strain in the same manner as previously described. When fusion protein 

expression and GFP fluorescence of the new biosensor strains was assessed during a 4-

hour 1% 1-butanol stress, the data showed no increase in the presence of the fusion 

proteins or in the level of fluorescence after treatment. It appears that the strains fail to 
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induce synthesis of the fusion proteins accounting for the lack of a fluorescent response 

in the plate reader assay. 

    This result comes as a surprise due to the promising evidence in favour of the viability 

of NRP1 and SHQ1 as butanol-responding genes. One possible cause of the observed 

discrepancies in biosensor performance is the nature of the fluorescent construct itself. 

Biosensor modules are often constructed by assembling the promoter region of the chosen 

candidate gene(s) and the reporter element in a plasmid vector for transformation into the 

host cells. This was the strategy used in the previous study for the construction of the 

NRP1 and SHQ1 mCherry biosensor (Shi et al., 2017), as well as in other successful yeast 

biosensors (Williams et al., 2017). Perhaps the use of GFP fusion proteins had an impact 

on target gene stability or subcellular location, hindering their ability to sustain a 

fluorescent response to 1-butanol. Alternatively, perhaps the use of just a fluorescent 

protein cassette as in previous studies leads to more consistent accumulation of protein 

throughout the cell and somehow this gives greater overall detectable fluorescence. In 

addition, the previous study used mCherry not eGFP. eGFP was used in this thesis 

because past experience in the laboratory as well as a range of other studies suggests that 

the fluorescence intensity of mCherry is weak relative to eGFP (Cranfill et al., 2016; 

Heppert et al., 2016).  However, it is possible that in the ~610nm range where mCherry 

emits (Shi et al., 2017), the level of background fluorescence in yeast or yeast media is 

reduced making the plate reader assay a more viable option.  

In order to test if the fusion protein approach and/or the fluorescent protein was the cause 

of the non-responsive biosensors, new constructs would have to be made by assembling 

the promoter region and a fluorescent protein in a plasmid vector in a similar manner to 

the ones reported in the literature (Shi et al., 2017). Special attention has to be given to 

SHQ1 and NRP1, as both promoters should be able to drive expression of the reporter 
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gene when exposed to 1% 1-butanol. Another possible approach would be to use reverse 

transcription quantitative real-time PCR (rt-qPCR) analysis to confirm the induction of 

the genes in question in response to 1-butanol at the transcript level, then the appropriate 

constructs could be developed subsequently.  

    While practical, promoter-based biosensors depend on the specificity of the genetic 

response to the analyte in order to function. One of the challenges of designing promoter-

based biosensors for 1-butanol detection is that because the toxic effects of this molecule 

affect multiple cellular structures, the cellular stress response to this alcohol involves the 

transcription of a wide array of genes (González-Ramos et al., 2013; Sardi et al., 2018). 

In addition, the toxic effects of 1-butanol are similar to those of other alcohols and so the 

construction of a biosensor of this kind that is specific for 1-butanol was always going to 

be a challenge. Indeed, it is likely that any gene induced by 1-butanol would also be 

induced by a range of other alcohols and possibly even ethanol. So, while metabolite-

specific gene expression responses have proved invaluable in genetic screens to uncover 

a host of stress responses and pathways (Dacquay and McMillen, 2021; Zhang and Shi, 

2021) in the case of a butanol biosensor perhaps a different approach is called for. 

    One such strategy is the use of specific ligand-binding proteins fused to fluorescent 

reporter proteins in a way that the conformational change caused by binding results in a 

measurable alteration in fluorescence. This approach has been used in many different 

studies to successfully construct in vivo biosensors for a series of small molecules of 

biological interest, such as ATP (Lobas et al., 2019), NADP+/NADPH ratios (Sallin et 

al., 2018), Ca2+ (Nagai et al., 2001), and neurotransmitters such as dopamine (Patriarchi 

et al., 2018). Besides their increased specificity, this type of biosensor is able to respond 

much more rapidly than transcription-based biosensors thanks to the relative simplicity 
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of their activation mechanism, displaying response times in the order of seconds rather 

than hours.  

    If the conformational change biosensor strategy is to be explored, significant 

challenges associated with their design have to be addressed, such as identifying proteins 

able to interact specifically with 1-butanol and not with other alcohols. It is likely the 

search for such butanol binding proteins would have to extend to organisms other than S. 

cerevisiae, perhaps to Clostridia, or other native 1-butanol producers. Then the expression 

of these proteins in S. cerevsiaie would need to be carefully evaluated. In addition, the 

precise junction for the fusion between GFP and the butanol binding protein would 

require careful optimization, since the biophysical folding profile of the fluorescent fusion 

is likely to be complex and a change in fluorescence upon 1-butanol binding is a 

requirement.  
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8. Construction and characterization of adh1Δ mutants in a filamentous strain of 

Saccharomyces cerevisiae  

8.1 Introduction 

    S. cerevisiae naturally produces high quantities of ethanol, hence is the host organism 

for the industrial production of this biofuel. The search for better biofuels has led 

researchers to look into S. cerevisiae for the production of 1-butanol, a biofuel and 

chemical precursor that is traditionally fermented from Clostridia species through a 

process called solventogenesis (Lee et al., 2009).   

    As mentioned previously, using S. cerevisiae to host the ABE pathway can circumvent 

some of the disadvantages of fermenting butanol in Clostridia such as the co-production 

of acetone and ethanol, strict anaerobiosis requirements, concomitant sporulation of 

cultures and bacteriophage contamination, and industrial scalability problems (Zheng et 

al., 2009). Additionally, S. cerevisiae has high tolerance to industrial stresses and its 

genetic malleability provides a sandbox for metabolic engineering. Unfortunately, 1-

butanol titers from S. cerevisiae expressing the ABE pathway alone are much lower when 

compared to Clostridia with 2.5 mg/l in S. cerevisiae compared to 12 g/l in C. 

acetobutylicum (Steen et al., 2008; Yu et al., 2015), thus developing strategies to increase 

metabolic flow towards butanol production is of high importance to create a competent 

yeast butanol-producing strain.  

    One such strategy involved increasing the availability of acetyl CoA by deleting ADH1 

to provide more substrate for the ABE pathway in yeast (Si et al., 2014). This not only 

increased the yield of the ABE pathway, but it also activated an endogenous butanol-

producing pathway in yeast. Literature evidence suggests that this endogenous pathway 

is dependent on amino acid catabolism, more specifically of glycine and threonine 
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(Branduardi et al., 2013; Si et al., 2014; Swidah et al., 2018), but the exact mechanism 

that links deletion of ADH1 and induction of butanol production has not been elucidated. 

    Because the induction of this endogenous pathway can be achieved by deleting only 

one gene (ADH1), this strategy could be employed to screen for better butanol producers 

in different genetic backgrounds or mutant libraries of S. cerevisiae, in particular the ones 

that can adapt to the presence of butanol in different manners.  The Σ1278b background 

can respond to butanol stress by changing its mode of growth from yeast to pseudohyphal 

(Lorenz et al., 2000), a complex morphogenetic adaption that involves the induction and 

interaction of at least five signaling pathways: fMAPK, RAS/PKA, TOR, the AMPK 

Snf1p, and RTG (Cullen and Sprague., 2012; González et al., 2017), which work in 

concert to sense the nutrient state of the cell, as well as the presence of molecules 

associated to population density, such as ethanol, and respond by activating transcription 

factors that regulate the expression of effector genes, resulting in changes in budding 

pattern, cell adhesion, cell polarity and shape, that result in the formation of 

pseudohyphae under nutrient-limiting conditions. One of the major effectors of this 

signaling network is the cell wall protein FLO11, a flocculin involved in cell-cell 

adhesion that is tightly regulated at transcription level and whose involvement in the 

formation of pseudohyphae and biofilms (Fidalgo et al., 2006). 

     Since the proposed butanol-producing pathway involves amino acid catabolism, then 

butanol could represent a quorum-sensing metabolite that signal yeast populations to 

switch to pseudohyphal growth to scavenge for nutrients or avoid the presence of toxic 

metabolites in the microenvironment or coordinate the formation of resistant biofilms to 

increase their tolerance to a stressful environment. Because of this close relationship 

between endogenous butanol production and the filamentous adaptive responses, it would 

be valuable to study the effect of endogenous butanol on a filamentous strain, as well as 
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the ability of this strain to accumulate butanol. In order to achieve this, the first step is to 

delete ADH1 in a yeast strain of the Σ1278b background and characterize its phenotype. 

8.2 Deletion of ADH1 in a haploid filamentous strain of S. cerevisiae 

    The ADH1 gene was deleted using a gene-disrupting cassette bearing the hygromycin 

B resistance marker hphNT1 (HygBR) (Carter and Delneri, 2010). The cassette was 

amplified from the pZC3 plasmid (Table 6.2) by PCR using the oligonucleotides ADH 

DEL FW and ADH DEL RV (Table 6.3), which have 45 nucleotide sequences that are 

complementary to the flanking regions of the ADH1 locus in the yeast genome (Figure 

8.1 A). The disrupting cassette was then introduced into a haploid Σ1278b strain using a 

standard yeast transformation method and transformants were selected on Hygromycin B 

containing agar plates. 

    Transformants were reselected on hygromycin B, then genomic DNA was prepared 

and insertion of the disruption cassette at the ADH1 locus was then verified using a PCR 

strategy (Figure 8.1 A) composed of three PCR reactions that target different regions of 

the disrupted gene. The expected bands and oligonucleotides used in each of the tree 

reactions are summarised in Table 8.1.  

Table 8.1. Oligonucleotides used for the verification of the deletion of ADH1 

Reaction Oligonucleotides used Expected band size (bp) 

1 ADH1 VER FW + ADH1 VER RV 2237 

2 ADH1 VER FW + HYGB VER RV 752 

3 HYGB VER FW + ADH1 VER RV 479 
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Figure 8.1. Strategy for the deletion of ADH1 in a haploid Σ1278b strain of S. 

cerevisiae. A) Schematic representation of the amplification of the ADH1 disruption 

cassette, integration into the target region and PCR design and expected product sizes for 

a successful integration. B) 1% (w/v) agarose gel displays the verification PCR for the 

deletion of ADH1 in a haploid filamentous strain, compared to its corresponding parental 

strain.  
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Agarose gel electrophoresis of the PCR reactions from the adh1Δ strain and the parental 

strain displayed the bands of the expected sizes for each reaction, indicating that the 

integration of the HygBR gene at the ADH1 gene locus had been successful in the new Sa 

adh1Δ strain. 

8.3 Construction of a diploid adh1Δ filamentous strain 

    Considering that haploid and diploid cells of the Σ1278b background have some 

phenotypical differences, such as their mode of filamentation when growing on agar 

plates which is superficial in diploids and invasive in haploids, a diploid adh1Δ strain of 

the Σ1278b background was constructed in order to study how this mutation affects the 

phenotype of both haploid and diploid strains. This was achieved by transforming the Sa 

adh1Δ strain with the pAS54 plasmid (Table 6.2) that carries a functional copy of the HO 

endonuclease. This enzyme is normally absent in laboratory strains to prevent haploids 

from switching mating-types and concomitant formation of diploids (Haber J., 2012). 

Introducing HO in a plasmid allows a window of opportunity for mate-switching in the 

laboratory. After potential diploids are formed, the cells can be then grown out of the 

plasmid selection media, encouraging loss of the plasmid, and removing HO from the 

new yeast cells.  

    After the selection of potential diploid strains, a simple mating type testing assay was 

conducted. In this assay the mating factor α and a-sensitive strains Sst1 and Sst2 (Table 

6.1) are spread as a lawn on a standard yeast agar plate. Haploid strains are patched onto 

these lawns and if the haploid strains secrete the appropriate mating factors, a zone of 

growth inhibition or halo develops around them. In contrast, diploid strains do not secrete 

mating factors, thus they do not form an inhibition halo. Similar to a diploid control strain, 

a selected potential Σ1278b adh1Δ diploid strain was tested during this assay and no halo 
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was observed (Figure 8.2 A). In contrast, haploid control strains were able produce 

characteristic inhibition halos; a narrow halo on the MATa testing lawn and a broad halo 

on the MATα testing lawn.    As an additional assay to test the construction of a diploid 

strain, the Σ1278b adh1Δ diploid strain was grown in liquid sporulation media for 7 days. 

Formation of asca containing spores was visualised by light microscopy, producing 

additional evidence for the diploid nature of this strain (Figure 8.2 B). 

    Appropriate disruption of the ADH1 locus was then evaluated in the Σ1278b adh1Δ 

diploid strain following the same procedure used for verification on the haploid adh1Δ 

strain. The agarose gel shows that the set of reactions resulted in the same band pattern 

as the haploid strain, indicating that the diploid strain carries the same ADH1 deletion 

than the haploid strain (Figure 8.2 C). 
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 Figure 8.2. Construction and verification of a diploid adh1Δ strain in the Σ1278b 

background. A) Phenotypical mate type test on an adh1Δ filamentous strain transformed 

with an HO-bearing plasmid. Cells were spotted onto solid YPD containing a lawn of 

each tester strain and left to grow for 2 days before taking pictures. B) Tetrads of diploid 

adh1Δ cells grown in sporulation media for 7 days. Scale bar is 10 µm. C) 1% w/v agarose 

gel displaying the PCR verification of the deletion of ADH1 in the diploid strain, 

compared to its parental strain. 
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8.4    Drug sensitivity further verifies the deletion of ADH1  

    A drug sensitivity experiment was performed to phenotypically assess the loss of 

ADH1 and the presence of the HygBR selection marker in the constructed adh1Δ haploid 

and diploid strains. It is expected that deletion of ADH1 would cause a decrease in overall 

cell growth as fermentation of glucose is reduced and a redox imbalance is created due to 

an inability of cells to recycle NAD+ generated earlier in the glycolytic pathway by the 

reduction of acetaldehyde into ethanol. This deficiency causes cells to depend on 

oxidative phosphorylation for ATP synthesis, and as a result, adh1Δ strains should not be 

able to grow on media containing Antimycin A, as this drug inhibits electron transport in 

the inner mitochondria membrane, compromising oxidative phosphorylation (Rieske, 

1967). Additionally, transformed cells should also be resistant to Hygromycin B, as the 

HygBR marker confers resistance to this drug. A summary of the expected results for the 

parental strain and the adh1Δ strain is shown in Figure 8.3 A.  

    Serial dilution analysis on various plates for the haploid and diploid adh1Δ filamentous 

strains as well as their corresponding wild-types, show the expected profile (Figure 8.3 

B). More specifically, the adh1Δ strains are slow-growing on rich glucose media, grow 

well on hygromycin B plates and do not grow on Antimycin A. The sum of these data 

shows that the ADH1 gene has been successfully deleted in both haploid and diploid yeast 

filamentous strains.  
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YPD + 
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adh1Δ + - + 

 

B                 

                      

     

 

Figure 8.3. Phenotypical verification of the deletion of ADH1 in haploid and diploid 

strains by drug sensitivity. A) Expected growth of each strain on each testing media. ++ 

indicates fast growth, + indicates slow growth, - indicates no growth. B) Drug sensitivity 

assay for parental and adh1Δ filamentous strains. Serial dilutions of stationary liquid 

cultures of each tested strain were spotted on the indicated media and left to grow at 30°C 

for 2 days.    
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8.5 Phenotypical characterization of the adh1Δ filamentous strains 

    To better understand the physiological consequences of the deletion of ADH1 in yeast 

strains of the Σ1278b background and their response to 1-butanol stress, the constructed 

haploid and diploid mutant strains were tested for colony morphology, induction of 

pseudohyphal growth, agar invasion, cell growth rate and cell viability. For all these 

experiments, the adh1Δ haploid and diploid strains were compared to their respective 

wild-type strains, as well as ste7Δ strains of the Σ1278b background that were available 

in the lab’s strain collection (Table 6.1). As some of the characterization involves 

assessing the ability of the adh1Δ strains to undergo filamentous growth, the ste7Δ strain 

was used as a negative control because loss of STE7 disrupts the signaling cascade of the 

fMAPK pathway involved in the filamentous response, mating and cell-cell adhesion, 

thus resulting in a strain deficient in filamentous phenotypes (Madhani et al., 1997). 

8.6 Loss of ADH1 causes changes in colony morphology in haploids 

    One of the adaptative responses to nutritional stress seen in wild and some industrial 

strains is the formation of colonies with complex patterns of bands, ridges and wrinkles, 

as opposed to many laboratory strains that retain their smooth surface (Granek and 

Magwene, 2010). This response is known to occur due to FLO11-dependent 

pseudohyphal growth and cell aggregation, and represents the formation of biofilms that 

increase the survivability of yeast populations in stressful conditions (Fidalgo et al., 

2006). Because the deletion of ADH1 is expected to cause metabolic changes that lead to 

butanol production in yeast cells, possible changes in colony morphology of the adh1Δ 

mutants were studied.  

    In order to assess colony morphology changes, cells were streaked from solid YPD 

colonies into fresh solid rich media and left to grow for 6 days before photographing 
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colonies. Deletion of ADH1 causes a change in surface features in the haploid strain, 

particularly the appearance of complex ridges and wrinkles (Figure 8.4). Although the 

WT haploid colonies display a pattern of radial, shallow ridges forming around a central 

mound, these structures are not as developed as the ones seen in the adh1Δ strain. The 

ste7Δ haploid strain presents smooth colonies that lack any of the features present in the 

other two strains, indicating that the STE7-depending MAPK signaling pathway is 

required for complex colony morphology in the Σ1278b background (Figure 8.4). 

Together, these observations suggest that deletion of ADH1 induces the formation of 

complex wrinkled structures on haploid colonies. This result is striking, as ADH1 has a 

core metabolic role as the main alcohol dehydrogenase that drives fermentation, and as 

such does not participate directly in any of the signaling pathways or nutrient sensors 

involved in the filamentous response, suggesting that the induction of the ruffled colony 

phenotype may occur due to the metabolites that arise from the cell adapting to a truncated 

fermentative pathway.  

    Curiously, all of the assessed diploid strains show smooth colonies in the experiment 

(Figure 8.4). This exact behavior has been reported in a publication that assessed colony 

morphology in four yeast backgrounds, including Σ1278b (Granek and Magwene, 2010). 

This difference in colony morphology can be explained by the ploidy-dependent 

expression pattern of FLO11, which was described in 1999 and found to decrease with 

ploidy, explaining the observed differences in the filamentous phenotypes of haploid and 

diploid strains of the same background (Lo and Dranginis, 1996; Galitski et al., 1999). 
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Figure 8.4. Deletion of ADH1 leads to changes in colony morphology of a Σ1278b 

haploid strain. Colony morphology of haploid and diploid versions of the parental, 

adh1Δ, and ste7Δ strains of the Σ1278b background, was assessed by growing them at 

30°C on YPD agar plates and photographing colonies after 6 days of incubation. Pictures 

were taken in a Leica L2 (Leica microsystems) stereomicroscope at 10x magnification. 

Colonies shown are representative of the morphology of single colonies. Scale bar is 1 

mm in length. 

WT Haploid WT Diploid 

adh1Δ Haploid adh1Δ Diploid 

ste7Δ Haploid ste7Δ Diploid 
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8.7 Butanol-induced pseudohyphal growth and agar invasion are present in adh1Δ 

strains 

    Since deletion of ADH1 is expected to activate endogenous butanol production in yeast 

and this alcohol is known for inducing pseudohyphal growth in strains of the Σ1278b 

background, the ability to produce pseudohyphae in the adh1Δ strains was tested by 

growing exponential cultures in liquid rich media for 24 hours in absence or presence of 

1% v/v butanol. Parental haploid and diploid cells were able to produce pseudohyphae 

under 1% v/v butanol, as evidenced by the elongated cells and the unipolarised budding 

of new cells from the tip of mother cells (Figure 8.5 A) (Cullen and Sprague Jr, 2002). 

The adh1Δ haploid and diploid strains displayed similar behavior, showing evidence for 

elongated cells and unipolar budding (pointed by arrows in the figure) even in absence of 

butanol, suggesting that some part of the pseudohyphal response may be induced by the 

deletion of ADH1 in the filamentous strain. As a contrast, ste7Δ strains deficient in 

pseudohyphal growth do not display elongation or unipolar budding in any of the tested 

conditions (Figure 8.5 A).  

    Another example of filamentous growth in yeast is haploid invasive growth, an 

adaptive response observed in haploids that is triggered by nutrient deprivation and 

depends on pseudohyphal growth to occur (Cullen and Sprague, 2000). In order to 

complement the previous assessment of pseudohyphal growth in response to butanol 

treatment, the ability of the adh1Δ strains to invade a solid substrate was tested using a 

simple agar-based assay.  Test strains are grown in solid YPD for 5 days then imaged  
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Figure 8.5 Pseudohyphal growth and agar invasion of adh1Δ filamentous strains. A) 

Images at 100x magnification show different S. cerevisiae strains grown for 24 hours in 

liquid YPD at the indicated concentrations of 1-butanol added during exponential growth. 

Arrows indicate where budding occurs at the tip of yeast cells. Scale Bar is 10 µm in 

length. B) Agar invasion assay of ∑1278b adh1∆ strains. Cells were grown at 30°C in a YPD 

agar plate for 3 days and then left to grow at room temperature for 2 more days before 

assessing agar invasion. Pictures show the YPD plate before and after washing away 

surface cells with a stream of distilled water to display invasion of agar by haploid cells. 

Parental 
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before and after washing the surface cells with a stream of water. Haploid parental and 

adh1Δ strains exhibit invasive growth, as cells remain in the agar after the surface cells 

have been washed away (Figure 8.5 B). 

    As discussed above, expression of FLO11, a key effector of the filamentous phenotype 

is drastically reduced on diploid cells (Galitski et al., 1999), which correlates with the 

absence of invasive growth in all of the tested diploid strains (Figure 8.5 B). Interestingly, 

invasive growth was not completely abolished in the haploid ste7Δ strain, indicating that 

other signaling pathways may be compensating for the loss of function of the MAPK 

pathway in this strain. 

8.8 adh1Δ strains exhibit slow growth and similar sensitivity to butanol stress to 

their wild-type 

    Deletion of the major alcohol dehydrogenase prevents the final step in glucose 

fermentation, causing a number of metabolic issues such as an inability to easily 

regenerate NAD+ and potential accumulation of toxic metabolic intermediates like 

acetaldehyde and pyruvate. Because these imbalances may have an overall impact on 

fitness, growth rate and viability of the adh1Δ strains were assessed under optimal and 1-

butanol stress conditions.  

    First, growth rate was calculated as the doubling time, which corresponds to the time 

required for a cell culture to double in number of cells, of the filamentous strains growing 

in exponential phase in YPD in absence or presence of 1% v/v butanol. This value was 

calculated using the appropriate formula in section 6.3.3. The doubling time under 2% 

v/v butanol could not be calculated, as none of the strains entered an exponential phase 

when grown with this amount of butanol (data not shown). The deletion of ADH1 in either 

the haploid or diploid background caused an increase in doubling time- for instance a 1.8-  
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Figure 8.6 Deletion of ADH1 causes slow growth but does not affect cell viability on 

butanol stress. A) Doubling time of Σ1278b strains of S. cerevisiae grown in liquid YPD 

with or without 1% v/v 1-butanol for 8 hours in exponential phase. Bars indicate average 

and standard deviation of multiple independent experiments. B) Viability of Σ1278b 

strains after 1 hour exposure to the indicated butanol concentrations. Results are 

expressed as average percentage of viable colonies, respect to an untreated control for 

each strain, plus standard deviation (n =3). 
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fold increase in rich media alone, and 1.7–fold when stressed with 1% v/v 1-butanol were 

observed (Figure 8.6 A). The fact that the impact of butanol on growth rate is similar 

regardless of ploidy or presence of ADH1 suggests that deletion of this gene does not alter 

sensitivity to externally added butanol, at least in regard to cell growth.  

    As with previous experiments, a ste7Δ strain was also tested to see if disruption of 

pseudohyphal growth has an effect on cell growth under 1-butanol stress. Doubling times 

appear to closely match the parental strain indicating that loss of pseudohyphal growth 

has little effects on growth rate (Figure 8.6 A). 

    In order to test the impact of butanol on cell viability for the haploid and diploid adh1Δ 

strains relative to their wild-type, cells in the exponential growth phase were treated with 

1% or 2% v/v 1-butanol for 1 hour, diluted and spread on solid YPD and grown until 

colonies appeared. Then, viability of each strain was then calculated as the number of 

colonies on each treated plate related to an untreated control. While the treatments lead 

to some reduction in viability (1% v/v butanol treatment reduces viability to ~80-85%, 

whereas 2% v/v reduces to ~70-75%), there is no major differences based on ploidy or 

the deletion of the ADH1 gene in the level of cell viability after exposure to high butanol 

concentrations (Figure 8.6 B). In fact, compared to many treatments that are known to 

inhibit growth and/or impact upon membrane structure, viability is remarkably stable. 

8.9 The filamentous adh1Δ strain accumulates more butanol than its non-

filamentous counterpart 

    The main purpose for deleting ADH1 in the filamentous Σ1278b background of yeast 

strains was to compare the capacity of this strain to accumulate butanol with similar 

strains in the W303-1A background (Swidah et al., 2015). This represents the starting 
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point towards assessing if the filamentous phenotype confers any advantages on butanol 

production, as pseudohyphal growth is induced by this alcohol, among other stimuli. 

    Parental and adh1Δ strains of the Σ1278b and W303-1A backgrounds were therefore 

tested for butanol and ethanol accumulation by gas chromatography of filtered samples 

collected over a 14-day period from yeast cultures grown in semi-anaerobic conditions, 

as described in section 6.5. As expected, none of the parental strains were able to 

accumulate butanol over the course of the experiment, while both adh1Δ strains did 

accumulate up to 114 ± 19 mg/l in the Σ1278b background, and 70 ± 22 mg/l in the W303-

1A background (Figure 8.7A). The difference in butanol yield between both strains was 

statistically significant from day 7 onwards. 

    In order to verify if this higher yield is due to greater biomass present in the cultures of 

the filamentous strain, butanol measurements were normalized to cell density. After 

normalization, the peak butanol values obtained on day 11 for the Σ1278b and W303-1A 

strains were 480 ± 190, and 243 ± 138 mg/l/OD600, respectively (Figure 8.7 B and C). In 

this case, the difference is no longer statistically significant essentially due to high 

variability in the measurement of the cell density.  

    This experiment also served to observe the disruption of ethanol biosynthesis and 

accumulation caused by the deletion of ADH1 in both strains. Both filamentous and non-

filamentous parental strains were able to produce up to ~8 g/l, while the adh1Δ strains 

only accumulated ~2.5 g/l (Figure 8.7 D). It is important to note here that despite the loss 

of ADH1, the mutant strains are still able to accumulate ethanol albeit at lower 

concentrations, suggesting that other ADH enzymes may be compensating for the loss of 

the major enzyme. Perhaps, the difference observed in butanol accumulation in both 

adh1Δ strains may be related to the presence of different or more abundant alternative  



139 

 

0.00

2.00

4.00

6.00

8.00

10.00

0 2 4 7 9 11 14

E
th

a
n

o
l 

(g
/l

)

Days

Ethanol accumulationD

0

20

40

60

80

100

120

140

0 5 10 15

1
-b

u
ta

n
o

l 
(m

g
/l

)

Days

1-butanol accumulationA
**

*

0.1

1.1

2.1

3.1

4.1

0 5 10 15

C
el

l 
d

en
si

ty
 (

O
D

6
0

0
)

Days

Cell densityB

0

200

400

600

800

0 5 10 15

1
-b

u
ta

n
o

l/
O

D
6
0
0

(m
g

/l
)

Days

Butanol accumulation over 

cell density
C

 

 

         

                                       

 

 

                      

 

 

 

 

 

 

Figure 8.7 Deletion of ADH1 reduces ethanol accumulation and induces butanol 

production in haploid filamentous strains of S. cerevisiae. Concentration of A) 1-

butanol and B) ethanol in a 14-day semi-anaerobic fermentation experiment of four S. 

cerevisiae strains was measured by gas chromatography. C) Cell density of the cultures 

was measured by spectrophotometry at 600 nm, and D) 1-butanol concentration per unit 

of cell density was calculated from the measured data. Plot points correspond to mean 

(±SD) of 5 biological replicates. Asterisks indicate statistical significance, * p-value < 

0.05 and ** p-value < 0.01.  
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ADH enzymes, as the final step in the proposed endogenous pathways for butanol 

biosynthesis can also be catalysed by these enzymes (Branduardi et al, 2013; Shi et al, 

2016; Swidah et al, 2018). 

8.10  Discussion 

    It has been reported in the literature that deletion of ADH1 results in the activation of 

an endogenous 1-butanol biosynthetic pathway in S. cerevisiae that depends on amino-

acid catabolism (Si et al., 2016; Branduardi et al., 2013).  

    One attractive cellular trait to look for when searching for potential robust 1-butanol-

producing yeast strains is the resistance to fusel alcohol toxicity, as higher tolerance is 

often associated with better yields (Swidah et al., 2015; Taylor et al., 2010). The yeast 

filamentous response is an adaptive mechanism induced by nitrogen starvation, and 

results in cells forming elongated chains that reach onto the growth medium to forage for 

new nutrient sources (Chen and Fink, 2006; Dickinson, 1996). This response can also be 

induced by exposure to fusel alcohols, including 1-butanol, and it has been proposed that 

because the are the product of amino-acid catabolism, they serve as a secondary signal 

for poor nitrogen availability (Lorenz et al., 2000).     

    Because of this relationship between the production of fusel alcohols and the induction 

of the filamentous response, the core goal of this chapter was to assess 1-butanol 

production, as well as characterise some of the phenotypical features of a filamentous 

Σ1278b strain of S. cerevisiae able to produce 1-butanol via the endogenous pathways in 

order to delve into the potential benefits of this strain for 1-butanol production.  

    In order to induce endogenous butanol production, the ADH1 gene was deleted in a 

haploid strain of Σ1278b, and then a diploid version was made by HO-dependent mate-



141 

 

type switching and crossing of haploids. Selected transformants were then verified by 

PCR and a drug sensitivity assay, confirming the success of the transformation procedure. 

    Characterisation of the phenotype of the mutant strains led to the identification of a 

number of physiological consequences of the deletion of ADH1. First, the mutants 

exhibited a decrease in growth rate, which could be explained by the metabolic 

imbalances caused by the truncation of glycolysis, such as slower regeneration of NAD+ 

and accumulation of toxic intermediates like acetaldehyde. Curiously, the sensitivity of 

the adh1Δ strains to the growth-inhibiting effects of butanol was similar to the wild-type, 

indicating that the mutation does not compromise the strain’s ability to tolerate butanol 

toxicity. Deletion of ADH1 did not hamper butanol-induced pseudohyphal growth or 

haploid invasive growth, but it caused the appearance of ruffled colonies in the haploid 

strain, suggesting that the metabolic changes caused by the deletion of this enzyme may 

lead to the induction of morphologic changes at population level. Finally, the haploid 

adh1Δ filamentous strain managed to accumulate more butanol than its non-filamentous 

counterpart in semi-anaerobic fermentation, suggesting that it may represent a more 

favorable strain to achieve higher production levels. 

    One of the more remarkable results of this chapter is the appearance of ruffled colonies 

in the adh1Δ haploid filamentous strain. As mentioned previously, complex colonies arise 

under nutrient-limiting conditions and depend on FLO11-driven pseudohyphal growth to 

properly develop (Fidalgo et al., 2006; Reynolds and Fink, 2001), leading to the formation 

of resistant biofilms that increase the survival of the yeast population to a wide array of 

environmental stresses (Vachová et al., 2012). 

    A similar effect was described in a study involving in the human pathogen Candida 

albicans, in which deletion or inhibition of ADH1 activity enhanced biofilm formation 
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(Mukherjee et al., 2006). The study concluded that ADH1 may inhibit C. albicans 

biofilms formation through ethanol-specific mechanisms, thus the decrease in ethanol 

production through its deletion may be the trigger to induce biofilm formation in this 

pathogenic yeast. 

    Although ethanol accumulation was diminished in this study’s Σ1278b adh1Δ strain, it 

was not completely abolished, thus other metabolites may be involved in the induction of 

complex colonies in the filamentous strain. One such metabolite is acetaldehyde, a toxic 

chemical which accumulates in the cytoplasm when ADH1 is deleted (Si et al., 2014) that 

may contribute to the slow growth of the strain and changes in colony morphology. While 

1-butanol and acetaldehyde are two metabolites that accumulate in the filamentous adh1Δ 

strain, it is possible that other fusel alcohols may contribute to the formation of complex 

colonies in this mutant, thus measuring the presence of other fusel alcohols in samples of 

complex colonies may yield further information about the pro-filamentation environment 

present in the Σ1278b adh1Δ haploid strain. 

    Another approach to explore the role of signaling metabolites on 1-butanol production 

and colony morphology in the Σ1278b adh1Δ strain could involve reducing acetaldehyde 

accumulation. This strategy may yield some insight into the mechanisms behind the 

activation of the endogenous butanol-production pathway, as pyruvate and 3p-glycerate 

are upstream glycolytic intermediates that are fed into the threonine-based and glycine-

based pathways proposed in the literature (Swidah et al., 2018) and will be explored in 

the following chapter.  
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9. Exploring the role of acetaldehyde as a key metabolite in endogenous butanol 

production 

9.1 Introduction 

    Chapter 8 previously demonstrated that deletion of ADH1 in a haploid   Σ1278b strain 

resulted in higher 1-butanol production than the same mutant in the W303-1A 

background. Deletion of ADH1 also resulted in slower cell growth, which may have a 

negative impact on further 1-butanol production. One of the direct consequences of 

deleting ADH1 is the accumulation of intracellular acetaldehyde, a highly toxic 

metabolite that might contribute to the observed decrease in cell growth (Stanley et al, 

1993; Ingram and Buttke, 1984). The research described in this chapter therefore focuses 

on the role of acetaldehyde in the endogenous butanol production pathway. 

    Acetaldehyde is a 2-carbon aldehyde that results from the decarboxylation of pyruvate 

by Pdc1p and represents the commitment step for glycolysis-derived pyruvate 

fermentation (Schaaff et al., 1989). During yeast fermentative metabolism, most of the 

acetaldehyde is reduced to ethanol by Adh1p, but other fates include the synthesis of 

acetyl-CoA by Ald6p and Acs2p, and fermentation into 2,3-butanediol by Pdc1p and 

Bdh1p (Figure 9.1).  

    When glucose is exhausted from the culture media, S. cerevisiae switches its 

metabolism from fermentative to respiratory by inducing the expression of previously 

glucose-repressed genes, a shift mediated by the PKA and AMPK signaling pathways 

(Simpson-Lavy and Kupiec, 2019). One of the key changes is the expression of ADH2, 

an alcohol dehydrogenase isozyme that favors the oxidation of ethanol back to 

acetaldehyde (Ganzhorn et al, 1987; Russel and Smith, 1982). The latter is then 

reincorporated into yeast metabolism by feeding into the tricarboxylic acid cycle (TCA). 
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Figure 9.1. Metabolic fates of acetaldehyde in S. cerevisiae. Dashed lines indicate 

multiple reaction steps. Enzymes involved in glycolysis and acetaldehyde metabolism: 

triose-phosphate dehydrogenase (Tdh1p), pyruvate decarboxylase (Pdc1p), pyruvate 

dehydrogenase (Pdh) aldehyde dehydrogenase (Ald6p), acetyl CoA synthetase (Acs2p), 

alcohol dehydrogenase (Adh1p), 2,3-butanediol dehydrogenase (Bdh1p). Redox steps are 

associated to cofactors nicotine adenine dinucleotide (NADH) and nicotine adenine 

diphosphonucleotide (NADPH). Tricarboxylic acid cycle (TCA). 
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    When ADH1 is deleted, the metabolic flow of glycolysis and fermentation is 

interrupted, causing accumulation of acetaldehyde (decarboxylation of pyruvate is an 

irreversible reaction) and an imbalance in the NADH/NAD+ ratio that results from the 

loss of the acetaldehyde reduction step that oxidizes NADH back to NAD+, which is 

required for the oxidation of 3-P-glyceraldehyde to 3-P-glycerate during glycolysis 

(Figure 9.1). Because acetaldehyde diffuses poorly across biological membranes (Stanley 

and Pamment, 1992), it can quickly accumulate in the cytoplasm and exert its inhibitory 

effects on a wide range of cellular processes, including cell growth and protein synthesis 

(Jones, 1990). Yeast cells respond to acetaldehyde stress by inducing the expression of 

HSP genes and ALD genes regulated by the general stress response transcription factors 

Msn2p and Msn4p (Aranda, 2003). Expression of Ald6p during stress contributes by 

reducing acetaldehyde into acetate, thus permitting the synthesis of acetyl-CoA by Acs2p 

and providing precursors for the TCA cycle when glucose is depleted and respiratory 

metabolism is activated (Figure 9.1).  

    Overexpression of the genetic products of ALD6 and ACS2 is a strategy that has been 

used to improve butanol production in yeast strains bearing the exogenous ABE pathway, 

as these enzymes increase the availability of cytosolic acetyl-CoA, which is the precursor 

for 1-butanol production through the ABE pathway (Krivoruchko et al., 2013; Swidah et 

al., 2015). Although these reports did not detect reductions in acetaldehyde levels after 

overexpression of ALD6 and ACS2, the strategy could still be viable to attempt to detoxify 

acetaldehyde accumulation in an adh1Δ strain.  

     The first objective of this series of experiments was therefore to express the ALD6 and 

ACS2 genes in the haploid Σ1278b adh1Δ strain and assess the impact of this addition on 
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butanol, ethanol and acetaldehyde accumulation in semi-anaerobic fermentation, as well 

as other effects on cell physiology such as growth rate, pseudohyphal growth, and colony 

morphology. 

9.2 Removal of the Hygromycin B resistance marker in the Σ1278b adh1Δ strain 

    In order to constitutively express ALD6 and ACS2 in the Σ1278b adh1Δ strain, an 

integration cassette previously described in Swidah et al., 2015 was used. In this 

expression cassette (contained in the pSH47 plasmid, Table 2.2), ALD6 and ACS2 are 

expressed under the control of the constitutive TDH3 and TEF1 promoters, respectively. 

Additionally, each gene has a C-terminal FLAG tag to facilitate immuno-detection of the 

protein products (Figure 9.3 A). These cassettes can be integrated into the yeast genome 

via homologous recombination using two 200 bp flanking regions that are homologous 

to the TRP1 locus. Finally, the integration cassette also contains the hphNT1 (HygBR) 

selection marker, allowing hygromycin-B selection of transformants. The construct can 

be excised from the plasmid by digesting it with BspQI, generating a double-stranded 

DNA-cassette with no linker sequences.  

    Because HygBR was already used as the selection marker for the ADH1 deletion in the 

Σ1278b strain, the marker had to be first removed in this strain before integrating the 

ALD6/ACS2 cassette. The disruption cassette used to delete ADH1 contains two lox sites 

flanking the integrated sequence which allow the removal of the HygBR marker by the 

Cre endonuclease (Figure 9.2 A). Cre was expressed in the haploid Σ adh1Δ strain by 

transforming it with the pSH47 plasmid (Table 6.2), and its endonuclease activity was 

induced by growing cells overnight in YPG (YP + 2% w/v galactose) liquid media. 
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Figure 9.2. The Hygromycin B resistance selection marker was removed from the 

filamentous adh1Δ strain. A) Schematic representation of the excision of the HygBR 

marker in the haploid adh1Δ strain by Cre endonuclease. B) 1% w/v agarose gel shows 

the PCR products that verify the removal of the HygBR marker in the haploid adh1Δ. DNA 

ladder corresponds to HyperLadder 1kb (Invitrogen). C) Drug sensitivity assay further 

verifies the removal of the HygBR marker by drug sensitivity. Stationary phase cells were 

spotted on solid YPD supplemented with the indicated antibiotics and left to grow at 30°C 

for 2 days. 
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     Verification of the removal of the HygBR marker in candidate colonies was performed 

with the same PCR and drug-based assays used previously to verify ADH1 deletion 

described in sections 8.3 and 8.4. Agarose gel electrophoresis of DNA extracted from a 

candidate colony shows that reaction 1, which spans the flanking regions of the TRP1 

locus, yielded a product of approximately 500 bp, while reactions 2 and 3, corresponding 

to internal sequences of the HygBR gene, yielded no PCR product. This result indicates 

that the internal HygBR sequences were not present and that only the genomic regions 

flanking the TRP1 locus were present in the Cre-treated strain (Figure 9.2 B).     

Additionally, both the parental and adh1Δ HygBR+ strains PCR products are displayed to 

further indicate the difference in product size for each reaction. 

    As an additional assay to test the removal of the HygBR marker from the haploid Σ1278 

adh1Δ strain, a drug sensitivity assay was performed to assess the sensitivity of the 

generated strain to Hygromycin B. The assay demonstrated that the adh1Δ HygBR- strain 

was unable to grow in either antimycin A or hygromycin B, further confirming the loss 

of the selection marker and its dependence on respiratory metabolism (Figure 9.2 C). 

    Together, these results show that the HygBR marker was successfully excised from the 

haploid Σ1278 adh1Δ, resulting in a strain ready to be transformed with the ALD6/ACS2 

overexpression cassette. 

9.3 Insertion of the ALD6/ACS2 cassette in the Σ1278 adh1Δ strain 

    To begin with, the ALD6/ACS2 overexpression cassette was released from the pBMH-

ALD6-ACS2-HYGR plasmid (Table 6.2) by digesting a bacterial plasmid DNA extract 

with the BspQI restriction enzyme at 37°C for 1 hour. 

    The resulting DNA fragment was then transformed into the Σ1278 adh1Δ HygBR strain 

and potential transformants were selected on media containing Hygromycin B. Genomic 
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DNA was extracted from candidate transformants to verify insertion of the ALD6/ACS2 

cassette at the TRP1 locus using a PCR strategy. A set of two reactions each spanning one 

of the flanking regions and the internal cassette sequence were used to verify the insertion 

of the cassette, producing PCR fragments of 905 and 1187 bp, respectively (Figure 9.3 

A).  

    Agarose gel electrophoresis confirmed that the PCR product matched the expected 

pattern of a successful integration (Figure 9.3 B). The bands of an ALD6/ACS2 

overexpressing strain previously constructed in the laboratory in the W303-1A 

background (Table 6.1) are shown as a positive control for integration. Although faint, 

the bands of the control strain match the expected pattern. 

    In addition to the verification PCR, a Western Blot based approach was used to check 

the expression of Ald6p and Acs2p in the transformed Σ1278 adh1Δ strain. Whole cell 

protein extracts were made from liquid cultures grown to exponential phase in YPD, and 

then separated using SDS-PAGE. Immunoblotting with anti-FLAG antibodies revealed 

bands of approximately 70 and 100 kDa in the extracts of the Σ1278b A6A2 (ALD6/ACS2) 

strain, corresponding to the expected sizes for the FLAG-tagged Acs2p and Ald6p (Figure 

9.3 C). Two isolates of a W303-1A strain overexpressing ALD6 and ACS2 previously 

constructed in the lab, together with a strain bearing the ABE pathway genes as well as 

ALD6 and ACS2 were used as positive controls for the presence of the Ald6p and Acs2p 

FLAG-tagged proteins, all showing the expected bands at 70 and 100 kDa. The Σ1278b 

parental strain has no band at 70 kDa, but there is a faint band heavier than the 100 kDa 

mark (Figure 9.3 C). 
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Figure 9.3. Insertion and verification of Flag-tagged ALD6 and ACS2 genes in the 

adh1Δ filamentous strain. A) Schematic representation of the insertion of the 

ALD6/ACS2 expression cassette in the S. cerevisiae TRP1 locus and expected product 

sizes of the confirmation PCR. B) Verification PCR displaying the expected bands of a 

transformed adh1Δ filamentous strain, with a W303-1A positive control. HyperLadder 

1kb was used as a DNA size standard. C) Western Blot of protein extracts of strains 

harboring the ALD6/ACS2 cassette, and their parental strains. Tif1p was used as a loading 

control. Numbered bands correspond to the protein ladder standard.  
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    This set of experiments indicates that the constructed Σ1278b A6A2 strain has the 

integrated cassette at the TRP1 locus, and that the tagged gene products are being 

expressed in growing cells of this new strain. 

9.4 Expression of ALD6 and ACS2 reduces the ruffled colony phenotype in the 

adh1Δ filamentous strain 

    Previously, it was observed that the deletion of ADH1 in the haploid Σ1278 strain 

caused the formation of ruffled colonies that displayed pronounced surface wrinkles and 

were visually distinct to that of the WT (Figure 8.4). One possibility is that it might be 

caused by the accumulation of acetaldehyde in the mutant strain. To test this idea, Σ1278b 

A6A2 colonies were streaked from solid YPD onto fresh YPD media and grown for 6 

days to examine whether the expression of ALD6 and ACS2 affected colony morphology.  

    Colonies of the Σ1278b A6A2 strain did not display the ruffled phenotype, unlike the 

adh1Δ strain with the Hygromycin B resistance marker present (adh1Δ HygBR+) or the Σ 

adh1Δ lacking the selection marker (adh1Δ HygBR-) (Figure 9.4). This result suggests 

that overexpression of ALD6 and ACS2 in the cell may be reducing the presence of a 

metabolite causing the induction of the ruffled phenotype, most likely acetaldehyde. In 

order to verify changes in metabolite accumulation in this new strain that may correlate 

with the phenotype change, an anaerobic fermentation experiment was performed. 
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Figure 9.4. Overexpression of ALD6 and ACS2 in a Σ1278b adh1Δ strain disrupts its 

ruffled colony phenotype. Colony morphology of Σ1278b adh1Δ strains with, and 

without the Hygromycin B resistance marker, as well as an adh1Δ mutant overexpressing 

ALD6 and ACS2.  Cells in stationary phase were spotted on solid YPD and grown at 30°C 

for 7 days. Pictures were taken in a Leica L2 (Leica microsystems) stereomicroscope at 

10x magnification. Colonies shown are representative of the morphology of single 

colonies. Scale bar is 5 mm in length. 
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9.5 Expression of ALD6 and ACS2 reduces 1-butanol and acetaldehyde 

accumulation in an adh1Δ strain 

    The aim of expressing the ALD6 and ACS2 genes in the filamentous adh1Δ strain was 

to test if overexpression of these enzymes could reduce acetaldehyde accumulation, and 

whether this has any effect on endogenous butanol production. Acetaldehyde, butanol and 

ethanol accumulation were measured in the adh1Δ and A6A2 strains of the Σ1278b and 

W303-1A backgrounds by gas chromatography using samples collected over a 14-day 

period from yeast cultures grown in semi-anaerobic conditions. 

    Acetaldehyde accumulation in the W303-1A adh1Δ strain started rising on day 2, 

reaching 0.58 ± 0.09 g/l, then decreasing on day 4 and peaking again on day 7 at 1.00 ± 

0.09 g/l, and finally stabilizing around 0.52 ± 0.06 g/l starting from day 11 onwards 

(Figure 9.5 A). The W303-1A ALD6/ACS2 showed a similar behavior on day 2, 

accumulating 0.66 ± 0.06 g/l of acetaldehyde, but from day 4 onwards acetaldehyde 

concentration started decreasing until no acetaldehyde was detected starting from day 7 

(Figure 9.5 A), indicating that the overexpression of ALD6 and ACS2 was able to reduce 

acetaldehyde accumulation in the W303-1A adh1Δ strain. 

    Interestingly, the overexpression of ALD6 and ACS2 also affected butanol 

accumulation in the W303-1A strain. While butanol concentration in the parental strain 

rose until it reached a stable concentration of 40.29 ± 10.35 mg/l on day 7, little, if any, 

butanol was detected in the A6A2 strain (Figure 9.5 B).  These results suggest a 

relationship between acetaldehyde accumulation in the W303-1A adh1Δ strain and its 

ability to synthesize butanol by the endogenous pathway. 
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Figure 9.5 Insertion of the ALD6 and ACS2 genes abolishes 1-butanol and 

acetaldehyde accumulation in the non-filamentous adh1Δ strain. Concentration of A) 

acetaldehyde, B) 1-butanol and C) ethanol in a 14-day semi-anaerobic fermentation 

experiment was measured by gas chromatography. D) Cell density of the cultures was 

measured by spectrophotometry at 600 nm. Plot points correspond to mean (±SD) of 5 

biological replicates.  
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    In contrast, both acetaldehyde and butanol accumulation were less affected by the 

introduction of the ALD6/ACS2 cassette in the Σ1278b strain. The Σ1278b adh1Δ strain 

accumulated acetaldehyde in a fashion similar to its W303-1A counterpart, reaching a 

small peak on day 2 of 0.46 ± 0.13 g/l, then a higher peak on day 7 of 0.66 ± 0.05 g/l and 

finally stabilizing at 0.54 ± 0.02 g/l on day 11 (Figure 9.5 A).  

Acetaldehyde accumulation in the Σ1278b A6A2 strain was much lower on day 2, 

reaching only 0.07 ± 0.01 g/l, but unlike the W303-1A strain, it rose until it reached 0.67 

± 0.06 g/l on day 7 before stabilizing at 0.52 ± 0.06 g/l on day 11 (Figure 9.5 A). 

    As stated above, butanol concentrations were also affected by the expression of ALD6 

and ACS2 in the Σ1278b adh1Δ strain. While the parental strain started accumulating 5 ± 

12 mg/l of butanol on day 2, the first signs of butanol in the Σ1278b A6A2 strain were 

detected on day 7 (17 ± 10 mg/l) (Figure 9.5 B). It is important to notice that butanol 

concentration in the adh1Δ strain stopped rising on day 9, while butanol concentration in 

the A6A2 strain continued rising until day 14, when concentrations in both Σ1278b strains 

reached ~50 mg/l. 

  These findings indicate that acetaldehyde accumulation is differentially affected by 

overexpression of ALD6 and ACS2 in the Σ1278b and W303-1A strains, and that butanol 

production depends, to some degree, on acetaldehyde accumulation. Further experiments 

will be required to identify the factors that cause this difference between the strains, and 

to determine what is the role of acetaldehyde in endogenous butanol production. 

    Another difference with the W303-1A A6A2 strain compared with the other tested 

strains is that it accumulates more ethanol. While both adh1Δ strains and the Σ1278b 

A6A2 only accumulate up to ~0.08 g/l of ethanol starting from day 2, the W303-1A A6A2 

strain accumulates up to 0.83 ± 0.13 g/l ethanol on day 7, approximately one order of 
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magnitude higher than the rest of the strains (Figure 9.5 C). This high ethanol yield is 

matched by an increase in culture growth, as evidenced by its peak cell density of 0.841 

± 0.03 on day 7, nearly eight-fold of the peak cell density of 0.138 ± 0.01 registered for 

the adh1Δ strain (Figure 9.5 D). In contrast, expression of ALD6 and ACS2 in the Σ1278b 

adh1Δ strain did not improve cell growth, as cell density from both Σ1278b strains 

remained around OD600 0.1 for the whole experiment.  

    These results suggest that expression of ALD6 and ACS2 was able to rescue 

fermentative metabolism in the W3031-1A adh1Δ strain. This reactivation of ethanol 

production may be the responsible for the loss of butanol production in this strain, as 

acetaldehyde accumulation seems to be necessary for it to occur.    

9.6 Overexpression of ALD6 and ACS2 in adh1Δ strains reduces R,R-2,3-

butanediol accumulation. 

    As well the conversion of acetaldehyde to acetyl-CoA mediated by Ald6p and Acs2p, 

an alternative metabolic fate for acetaldehyde in the adh1Δ strains is its conversion to 2,3-

BDO catalyzed by Pdc1p and Bdh1p. In the last step of this process, reduction of acetoin 

to 2,3-BDO oxidizes NADH back to NAD+, relieving the redox imbalance caused by the 

deletion of ADH1 (Figure 9.1). Although beneficial to the cell, the accumulation of 2,3-

BDO in adh1Δ strains removes acetaldehyde from entering a putative endogenous 

butanol-producing pathway. Hence, in order to relate the presence of 2,3-BDO isomers 

to the differences in butanol and acetaldehyde accumulation observed in the adh1Δ and 

A6A2 strains, the concentration of R,R-2,3-BDO and R,S-2,3-BDO were measured on 

day 14 of the semi-anaerobic fermentation experiment described above. 
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Figure 9.6 Overexpression of ALD6 and ACS2 reduces accumulation of R,R-

butanediol in the adh1Δ strains. Concentration of A) R,R-butanediol and B) R,S-

butanediol on day 14 of a semi-anaerobic fermentation experiment measured by gas 

chromatography. Plot points correspond to mean (±SD) of 5 biological replicates. 

Asterisks indicate statistical significance from Welch’s t-test. ** means p-value < 0.05 

and n/s means non-significant.  
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    R,R-2,3-BDO concentrations on day 14 were 128 ± 56 mg/l in the Σ1278b adh1Δ strain 

and 210 ± 16 mg/l in the W303 adh1Δ (Figure 9.6 A). This difference in R,R-2,3-BDO 

concentration between the strains was statistically significant, suggesting that the W303-

1A strain accumulates more of this alcohol. A similar difference was observed for R,S-

2,3-BDO accumulation, as measured concentrations for this isomer on day 14 were 148 

± 49 mg/l and 259 ± 31 mg/l, similar in magnitude to the difference observed for R,R-

2,3-BDO and also statistically significant (Figure 9.6 B). These readings show that the 

W303 strain accumulates more 2,3-BDO isomers than the Σ1278b strain after 14 days of 

semi-anaerobic fermentation. 

    When ALD6 and ACS2 were overexpressed to the adh1Δ strains there was a significant 

decrease in R,R-2,3-BDO produced by both strains on day 14. In the Σ1278b strain R,R-

2,3-BDO concentration drops to 10 ± 3 mg/l, while in the W303 strain they reach 52 ± 74 

mg/l (Figure 9.6 A). On the other hand, R,S-2,3-BDO concentrations decrease only 

slightly, with measured values of 130 ± 43 mg/l and 222 ± 52 mg/l for the filamentous 

and non-filamentous strain, respectively (Figure 9.6 B). Given the fact that R-acetoin, the 

precursor for R,R-2,3-BDO, can be synthesized by PDC1 using two molecules of 

acetaldehyde, or acetaldehyde and pyruvate (Bornemann et al., 1993), and that 

acetaldehyde accumulation is reduced to zero in the W303 A6A2 strain, these results 

suggest that the overexpression of ALD6 and ACS2 in the W303 adh1Δ strain indirectly 

reduces R,R-2,3-BDO by depleting cytosolic acetaldehyde. 

    It is interesting that R,R-2,3-BDO accumulation is also reduced in the Σ1278b A6A2 

strain despite acetaldehyde concentrations matching that of its parental strain on day 14 

of anaerobic fermentation (Figure 9.5 A). This indicates that in this strain, the decrease 

in R,R-2,3-BDO cannot be attributed to acetaldehyde depletion. Thus, there must be other 



159 

 

differences between both A6A2 strains that should explain this effect on 2,3-BDO 

accumulation, such as differences in enzyme expression or activity.  

9.7 Investigating the potential of yeast pyruvate decarboxylase enzymes as 

alternative switches for endogenous butanol production 

    Another approach to investigate the potential role of acetaldehyde in endogenous 

butanol production and colony morphology involves the deletion of other glycolytic 

genes to attempt to mimic the effects of ADH1 deletion. One potential target for this 

approach is to hinder the decarboxylation of pyruvate to acetaldehyde by deleting the 

yeast pyruvate decarboxylate genes PDC1, PDC5, and PDC6.  This strategy would allow 

us to discern if butanol accumulation and formation of complex colonies in the 

filamentous strain are acetaldehyde-dependent or if disruption of glycolysis at a different 

step is enough to induce these changes. 

    One important note regarding this strategy is that expression of PDC5 is induced when 

PDC1 is absent (Eberhardt et al., 1999), compensating the attempt to hinder cellular 

pyruvate dehydrogenase activity.  A pdc1∆, pdc5∆ double deletion strain should have its 

pyruvate decarboxylase activity impaired (Hohmann, 1991), serving as a better candidate 

to test any effects on 1-butanol accumulation. While PDC6 is not normally expressed, it 

has been reported to be highly expressed under sulfur-limiting conditions (Boer et al., 

2003), thus at this stage it would be the last candidate for deletion. Additionally, it is best 

to avoid the need to test a PDC triple deletion strain, as it results in slow growth in 

medium containing glucose (Hohmann, 1991; Flikweert et al., 1996), forcing the need to 

change the carbon source in the fermentation medium from glucose to ethanol and 

glycerol. 
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    Thus, the next section of this project will deal with testing if disruption of pyruvate 

decarboxylation by first deleting the major pyruvate decarboxylase PDC1 and PDC5 

results in butanol accumulation in S. cerevisiae. 

9.8 Deletion of PDC1 in haploid ∑1278b and W303 strains and construction of a 

diploid pdc1∆ strain 

    Deletion of PDC1 in haploid ∑1278 and W303 haploid strains was carried out using 

the same strategy employed for the deletion of ADH1 (See section 8.2). A disruption 

cassette was amplified by PCR from the pZC3 plasmid (Carter and Delneri, 2010) using 

oligonucleotides designed to direct the cassette towards the PDC1 ORF (Table 6.3). 

Parental ∑1278b and W303 haploid strains were then transformed with the cassette and 

selected on solid YPD supplemented with 300 µg/ml Hygromycin B. 

    Genomic DNA was extracted from potential transformants and insertion of the HygBR 

selection marker in the PDC1 locus was verified using a set of three PCR reactions 

directed towards the flanking regions of the PDC1 locus and the internal HygBR marker. 

The selected oligonucleotide pairs used in each reaction and their expected product size 

in a successful deletion are summarised in table 9.1.  

Table 9.1. Oligonucleotides used for the verification of the deletion of PDC1 

Reaction Oligonucleotides used Expected band size (bp) 

1 PDC1 VER FW + HYGB VER RV 545 

2 PDC1 VER RV + HYGB VER FW 400 

3 PDC1 VER FW + PDC1 VER RV 2164 
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    A 1% w/v agarose gel shows that each of the three reactions performed in one of the 

potential transformants from both the ∑1278b and W303 backgrounds resulted in product 

bands of the expected sizes, indicating that the deletion of PDC1 was successful in both 

instances (Figure 9.7 A). In contrast, each of the parental strains compared to their 

respective parental strains only had a product in reaction 3, demonstrating the absence of 

the HygBR selection marker and the presence of the PDC1 gene. 

    Additionally, a diploid ∑1278b pdc1Δ was made by transforming the corresponding 

haploid pdc1Δ strain with the HO endonuclease-containing plasmid pAS54 (Table 6.2) 

in the same way as with the adh1Δ strain (See section 7.3). After transformation, cells 

were grown in plasmid selection media until colonies formed, and then transferred to rich 

media to encourage loss of the plasmid and removing HO from the new yeast cells.  

In addition to the above PCR verification, a drug resistance assay was used to 

confirm the replacement of the PDC1 gene with the HygBR selection marker. In the same 

manner as with the adh1Δ strains, serial dilutions of each of the constructed pdc1Δ strains 

were spotted on solid YPD media containing Hygromycin B in order to verify their ability 

to grow in presence of this antibiotic. Both the haploid and diploid pdc1Δ strains were 

able to grow in the presence of the antibiotic, as evidenced by the growth of colonies 

across serial dilutions (Figure 9.7 B). 

    Finally, a mate-testing assay was used to verify the identity of the constructed haploid 

and diploid pdc1Δ strains. The haploid pdc1Δ strain produced a halo only in the a-tester 

plate, revealing that it secretes the same MATa mating factor of its parental strain (Figure 

9.7 C). On the other hand, the absence of a halo in either tester plate seen in the diploid 

pdc1Δ strain suggests that it does not secrete any mating factors, thus verifying its diploid 

status (Figure 9.7 C). 
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Figure 9.7. Verification of PDC1 deletion and mate testing of haploid and diploid 

∑1278b strains. A) 1% (w/w) agarose gel electrophoresis shows the products of the three 

PDC1 deletion verification reactions in both ∑1278b and W303-1A strains. DNA ladder 

used was HyperLadder 1kb. B) Drug sensitivity assay for haploid and diploid pdc1Δ 

filamentous strains. Serial dilutions of stationary liquid cultures of each tested strain were 

spotted on the indicated media and left to grow at 30°C for 2 days. C) Phenotypical mate 

type test on a ∑1278b pdc1Δ strain transformed with an HO-bearing plasmid. Cells were 

spotted onto solid YPD containing a lawn of each tester strain and left to grow for 2 days 

before taking pictures.  
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    Together, these three experiments confirm the construction of haploid pdc1Δ strains in 

the ∑1278b and W303-1A backgrounds, as well as an isogenic pdc1Δ diploid strain in 

the ∑1278b background. These three strains will be used to study the impact of this 

deletion on 1-butanol accumulation in both genetic backgrounds, and its effect on the 

filamentous phenotypes of the ∑1278b strains. 

9.9 Deletion of PDC1 alone does not induce 1-butanol accumulation in either 

∑1278b or W303-1A strains. 

    The next step after verifying the construction of the new pdc1Δ was to test if these 

strains were able to accumulate 1-butanol like the adh1Δ mutants, in which disruption of 

alcoholic fermentation resulted in accumulation of acetaldehyde and production of 1-

butanol in anaerobic conditions. To test this hypothesis, a 14-day anaerobic fermentation 

experiment in liquid YPD media was conducted to measure ethanol, acetaldehyde, and 

butanol accumulation in the pdc1Δ and adh1Δ haploid strains of the ∑1278b and W303-

1A backgrounds, compared to their respective parental strains.  

    Gas chromatography detection of volatile analytes during the 14 days of anaerobic 

fermentation revealed that butanol accumulation in both pdc1Δ strains was similar to their 

respective parental strains. The ∑1278b and W303-1A mutant strains produced a 

maximum of 3 ± 0 mg/l and 4 ± 1 mg/l of 1-butanol on day 11, respectively, while the 

corresponding adh1Δ strains accumulated up to 117 ± 21 mg/l and 82 ± 21 mg/l of 1-

butanol on day 14 (Figure 9.8 A). 
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Figure 9.8. Deletion of PDC1 does not have an impact on ethanol, butanol or 

acetaldehyde accumulation in S. cerevisiae. Concentration of A) 1-butanol, B) ethanol 

and C) acetaldehyde produced by eight S. cerevisiae strains grown semi-anaerobically in 

liquid YPD for 14 days was measured by gas chromatography. D) Cell density of the 

cultures was measured by spectrophotometry at 600 nm. Plot points correspond to mean 

(±SD) of 5 biological replicates.  
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    As expected from the previous observation, ethanol production in the pdc1Δ strains 

closely matched ethanol accumulation in the parental strains, reaching values of ⁓8.5 g/l 

on day 14, unlike the ∑1278b and W303-1A adh1Δ strains, which only managed to 

produce up to 4.5 ± 0.3 g/l and 3.4 ± 0.9 g/l, respectively (Figure 9.8 B). 

    In line with the observed levels of ethanol, acetaldehyde did not accumulate in the 

pdc1Δ strains to the same levels as in the adh1Δ strains. The maximum acetaldehyde 

concentration measured in the pdc1Δ strains was 0.02 ± 0.01 mg/l on day 11, similar to 

the W303-1A parental strain which measured 0.02 ± 0.02 mg/l on the same day (Figure 

9.8 C). On the other hand, the highest value in the adh1Δ strains was 0.179 ± 0.02 mg/l 

on day 11, about 9 orders of magnitude higher than the pdc1Δ strains (Figure 9.8 C). 

    Finally, the high levels of ethanol produced by the adh1Δ strains also correlated with 

healthy cell growth under anaerobic conditions as evidenced by the cell density 

measurements taken during the experiment. For instance, the cell density peak of the 

∑1278b parental and pdc1Δ strains was on day 2 with 3.0 ± 0.2 and 2.9 ± 0.2, while their 

respective adh1Δ peaked at 0.8 ± 0.1 on the same day (Figure 9.8 D). A similar trend was 

observed for the W303-1A strains, in which peak cell density for the parental and pdc1Δ 

strains was 2.7 ± 0.2 and 2.4 ± 0.1 on day 2, compared to the measly peak of 0.5 ± 0.2 for 

the adh1Δ strain. 

    This set of results shows that deletion of pdc1Δ was unable to disrupt ethanol 

production and induce endogenous 1-butanol production in any of the tested yeast strain 

backgrounds.  
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9.10    Construction and analysis 1-butanol accumulation in of pdc1,5∆ yeast strains 

    Given that none of the constructed pdc1∆ strains accumulated butanol or had their 

ethanol accumulation disrupted, it is likely that PDC5 and PDC6 can efficiently 

compensating for the loss of PDC1. Thus, in an attempt to produce a stronger disruption 

of the decarboxylation of pyruvate, pdc1,5∆ strains in the ∑1278b and W303-1A were 

constructed and tested for metabolite accumulation during anaerobic fermentation.  

    Deletion of PDC5 was performed using a gene disruption cassette directed to the 

flanking regions of the PDC5 locus. The cassette was amplified by PCR from the pZC2 

plasmid (Carter and Delneri, 2010) using the appropriate oligonucleotide pair (Table 6.3) 

to produce a cassette that replaces PDC5 with the natNT2 selection marker. Cells were 

transformed with each insertion cassette and transformants were selected on rich media 

supplemented with 100 µg/ml nourseotricine. 

    Replacement of the PDC5 ORF with the natNT2 marker was then verified by extracting 

genomic DNA from potential transformants and using a series of PCR reactions directed 

towards the flanking regions of the PDC5 locus, and the internal natNT2 marker. The 

oligonucleotides used for each of the three verification reactions and the expected 

products for a successful integration are summarised in Table 9.2. 

    Due to difficulties experienced during the construction of a successful pdc1,5∆ strain 

in the W303-1A background, a different transformation and verification strategy was 

employed. The pdc1∆ W303-1A strain was transformed with the PCR product from the 

Reaction 3 of the PDC5 deletion verification in a verified pdc5∆ W303-1A transformant. 
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Table 9.2. Oligonucleotides used for the verification of the deletion of PDC5 

Reaction Oligonucleotides used Expected band size (bp) 

1 PDC5 VF + NAT VR 854 

2 PDC5 VR + NAT VF 481 

3 PDC5 VF + PDC5 VR 1750 

 

   This PCR product spans the entire PDC5 ORF, extending a few base pairs longer than 

the other cassette. The pd5∆ W303-1A strain was then transformed with this cassette and 

potential transformants were verified by PCR using a new set of oligonucleotides, 

resulting in different expected PCR product sizes for each of the reactions (Table 9.3). 

Table 9.3. Oligonucleotides used for the verification of the deletion of PDC5 in the 

pdc1∆ W303-1A strain 

Reaction Oligonucleotides used Expected band size (bp) 

1 PDC5 VF LONG + NAT VR 916 

2 PDC5 VR LONG + NAT VF 581 

3 PDC5 VF LONG + PDC5 VR 

LONG 

1926 

 

    Agarose gel electrophoresis showed that the deletion of PDC5 was successful in the 

∑1278b and W303-1A backgrounds, as seen by the three bands of the expected sizes 

(Figure 9.10). Although faint, the reaction 2 bands of 481 kb are present in both pdc5∆ 

strains. 
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Figure 9.10. Verification of PDC5 deletion in ∑1278b and W303-1A haploid strains. 

1% w/w agarose gel electrophoresis shows the products of the three PDC5 deletion 

verification reactions performed in parental, pdc5∆, and pdc1,5∆ strains constructed in 

the ∑1278b and W303-1A genetic backgrounds. DNA ladder used was HyperLadder 1kb. 
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    On the other hand, the agarose gel revealed that the construction of a pdc1,5∆ strain 

was successful only in the W303-1A background, as the reaction bands 1 and 2 are not 

present for the ∑1278b strain (Figure 9.10). Despite this, it was deemed important to 

proceed with measuring 1-butanol production in the newly constructed strains. 

9.11 Double deletion of PDC1 and PDC5 was not able to induce 1-butanol 

accumulation in either ∑1278b or W303-1A strains. 

    Following the construction of pdc5∆ and pdc1,5∆ mutants in the ∑1278b and W303-

1A strains, an anaerobic fermentation experiment was conducted to test the ability of 

these new strains to produce 1-butanol compared to the previously constructed adh1∆ 

strains. 

    The fermentation setup, sampling, and gas chromatography analysis of the collected 

samples was carried out as stated previously (See section 6.9), and included the adh1∆, 

pdc1∆, pdc5∆, and pdc1,5∆ strains constructed in the ∑1278b and W303-1A 

backgrounds. 

    Analysis of the collected samples by gas chromatography showed that all of the pdc1∆, 

pdc5∆, and pdc1,5∆ strains accumulated negligible amounts of 1-butanol, while the 

adh1∆ ∑1278b and W303-1A mutants produced up to 117 ± 21 mg/l and 82 ± 21 mg/l 

on day 14, respectively (Figure 9.11 A). Ethanol accumulation in each of the pdc1∆, 

pdc5∆, and pdc1,5∆ strains was higher than their respective adh1∆ mutants, sustaining 

concentrations of ~4.0 g/l from day 4 onwards while the adh1∆ strains only accumulated 

up to ~2.0 g/l (Figure 9.11 B). Interestingly, the pdc1,5∆ ∑1278b strain displayed an 

ethanol concentration of 0.86 ± 0.68 g/l on day 2, much closer to the adh1∆ than its W303-

1A counterpart. Despite this observation, ethanol accumulation in this strain reached  
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Figure 9.11.  Deletion of PDC1, PDC5, or PDC1/5 does not result in 1-butanol production in 

S. cerevisiae. Concentration of A) 1-butanol and B) ethanol produced by eight S. cerevisiae strains 

during a 14-day semi-anaerobic fermentation was measured by gas chromatography. D) Cell 

density of the cultures at each point was determined by spectrophotometry at 600 nm. Plot points 

correspond to mean (±SD) of 4 biological replicates. 
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values similar to the other PDC deletion strains, suggesting that the ethanol production 

deficiency observed was likely supplemented by PDC6. 

    The results of this experiment indicate that neither individual deletion of PDC1 or 

PDC5, as well as the double deletion, were able to induce 1-butanol production in S. 

cerevisiae.  

9.12 Discussion 

    The deletion of ADH1 in S. cerevisiae results in the disruption of the fermentative 

metabolism of glucose, causing metabolic and redox imbalances that result the 

accumulation of 1-butanol and acetaldehyde (Si et al., 2014). Due to the high toxicity of 

the latter, the ALD6 and ACS2 genes were overexpressed in adh1∆ ∑1278b and W303-

1A strains in order to try to mitigate acetaldehyde accumulation by stimulating its 

conversion to acetyl-CoA. Then, endogenous 1-butanol production of these strains was 

assessed by gas chromatography.   

    Interestingly, overexpression of ALD6 and ACS2 resulted in a decrease in both 

acetaldehyde and 1-butanol in a background-dependent manner. Whilst the ∑1278b strain 

displayed impaired accumulation of both metabolites, the W303-1A strain lost the ability 

to produce both butanol and acetaldehyde. R,R-butanediol accumulation was also 

decreased in adh1∆ strains overexpressing ALD6 and ACS2, but unlike acetaldehyde, this 

decrease was similar between both strains. Finally, overexpression of ALD6 and ACS2 in 

the adh1∆ ∑1278b strain was found to result in loss of the complex colony phenotype 

previously observed in this mutant. 

    While these results hinted at a potential role for acetaldehyde accumulation in the 

induction of 1-butanol in S. cerevisiae and the appearance of complex colonies in the 

∑1278b strain, additional experiments were conducted to explore alternative factors that 
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may yield similar phenotypes. Thus, deletions of PDC1, PDC5, and PDC1,5 were 

constructed in each strain background to test if disruption of pyruvate decarboxylation, a 

mutation that does not result in acetaldehyde accumulation, could mimic the phenotypes 

observed in adh1∆ strains. 

    When tested for 1-butanol production, none of the PDC deletion strains were able to 

generate significant amounts of the fusel alcohol. This suggests that either these deletions 

were not enough to disrupt fermentative metabolism or that acetaldehyde accumulation 

resulting from the deletion of ADH1 is required for the activation of 1-butanol production 

in our strains. 

    While it could be argued that a PDC1,5,6 triple deletion would be necessary for an 

effective disruption of alcoholic fermentation due to enzymatic redundancy, such a strain 

may display deficient 1-butanol biosynthesis due to the central role of these enzymes in 

the  reduction of α-ketovalerate to butryaldehyde (Branduardi et al., 2013; Romagnoli et 

al, 2012). On the other hand, the deletion of ADH1 is at a pivotal point for the activation 

of endogenous 1-butanol production because it sufficiently disrupts ethanol production 

without disrupting potential butryaldehyde reduction ability due to the presence of 

multiple yeast ADH enzymes (de Smidt et al., 2008). 

    One hypothesis that may explain this phenomenon is that as a response to the redox 

imbalances caused by the loss of ADH1 function in the cell, the expression of other 

alcohol dehydrogenase genes is induced in an effort to compensate for the loss of NADH 

oxidase activity required to continue with glycolysis. While this hypothesis could be 

tested experimentally by performing multiple deletions of the NADH-requiring alcohol 

dehydrogenase genes in an adh1∆ strain and assessing 1-butanol production in each 

deletion strain, it could prove challenging to identify a single enzyme responsible for 
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butryaldehyde reduction due to enzymatic redundancy. For instance, a study published 

by Dickinson and colleagues that employed a similar approach to evaluate the formation 

of fusel alcohols in S. cerevisiae concluded that any one NADH-dependent yeast alcohol 

dehydrogenases (ADH1-5, and SFA1) were sufficient to sustain complex alcohol 

biosynthesis in S. cerevisiae (Dickinson et al., 2003).  

    The above arguments, in addition to the observations made in ALD6/ACS2-

overexpressing strains from this project hint at a central role for acetaldehyde 

accumulation in the induction of endogenous 1-butanol production. One obvious question 

arising from this idea is what the mechanism through which acetaldehyde accumulation 

results in 1-butanol biosynthesis is. 

    As briefly mentioned above, one explanation could be that the metabolic and stress 

responses to acetaldehyde toxicity result in the expression of enzymes involved in amino 

acid catabolism. A study in 2003 reported that the yeast acetaldehyde stress response 

involved the expression of aldehyde dehydrogenase genes (ALD) induced by the Hsf1p 

and Msn4/2p general stress response transcription factors (Aranda and del Olmo, 2003). 

ALD enzymes oxidise acetaldehyde to acetic acid, which is in turn converted to acetyl-

CoA by acetyl-CoA synthase enzymes (ACS) and fed into the tricarboxylic acid cycle 

(Figure 9.1).  

    Interestingly, the results obtained in this project showed that overexpression of ALD6 

and ACS2 resulted in impaired 1-butanol and acetaldehyde accumulation in the W303-

1A and ∑1278b strains, indicating that ALD activity actually has a detrimental effect on 

1-butanol biosynthesis in the tested strains. 

    Due to the number of pathways that handle acetaldehyde, the cellular mechanisms that 

arise to compensate the redox imbalance caused by ADH1 deletion, and the lack of 
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knowledge on the exact enzymes involved in 1-butanol production, it would prove 

challenging to continue with a rational approach to address this question. Hence, the use 

of a high-throughput strategy to find candidate genes involved in the observed 1-butanol 

production in the tested strains will be explored in the following chapter of this work.  
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10. Transcriptomic analysis approach to the identification of potential genes 

involved in the endogenous production of 1-butanol in S. cerevisiae  

10.1     Introduction 

    The experiments conducted in the previous chapter of this project were aimed towards 

elucidating the role of acetaldehyde accumulation and the deletion of ADH1 in the 

induction of 1-butanol production in S. cerevisiae. While the results hinted at key role for 

the reduction of acetaldehyde to ethanol in activating this metabolic switch, no further 

insight was obtained about how the deletion of ADH1 results in 1-butanol accumulation, 

nor about the mechanisms underlying the difference in levels obtained between the 

∑1278b and W303-1A strain backgrounds. 

    As previously stated in the general introduction, the current hypotheses in the literature 

that attempt to explain the endogenous production of 1-butanol in S. cerevisiae point at 

amino acid catabolism as the metabolic source of this and other fusel alcohols 

(Hazelwood et al., 2008). While two independent hypotheses propose that either a 

glycine-dependent or a threonine-dependent metabolic pathway is responsible for 1-

butanol accumulation (Branduardi et al., 2013; Si et al., 2014), it is potentially more 

complicated than either scenario with the possibility that redundant as well as 

uncharacterised enzymes are involved (Swidah et al., 2018). 

    One avenue to explore the observed differences in different mutants and strain 

backgrounds is to assess the transcriptome in these different contexts.     

    Therefore, the aim of the work in this chapter was to assess the transcriptomic 

landscape of the adh1∆, adh1∆ ALD6/ACS2, and pdc1∆ mutants constructed in the 

∑1278b and W303-1A strains of S. cerevisiae during anaerobic fermentation. The goal 

being to provide potential answers to two core questions: what are the mechanisms behind 
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the observed differences in 1-butanol production between the ∑1278b and W303-1A 

strains? What are the changes that result in 1-butanol production in the adh1∆ and 

ALD6/ACS2 adh1∆ strains? 

10.2     Preparation of RNA extracts from anaerobic cultures 

    The first step required to produce a transcriptomic analysis is the extraction and 

purification of RNA from the selected strains. To this end, anaerobic fermentation 

cultures of parental, adh1∆, adh1∆ ALD6/ACS2, and pdc1∆ strains of the ∑1278b and 

W303-1A backgrounds were set up in biological triplicates. On day 9 of the fermentation, 

an early point where 1-butanol is being produced (See figure 8.7), cell pellets were 

collected, and total RNA was extracted. 

10.3     Sequencing and Quality Control analyses of S. cerevisiae RNA samples 

  As a routine part of RNA-seq experiments performed by the UoM Core Facility, quality 

control (QC) analyses are undertaken in order to assure data integrity and quality before 

further analysis (Conesa et al., 2016).      

    To this end, a series of QC analyses were performed using FastQC. This includes the 

number of reads per sample, a contamination screen mapping reads to multiple organism 

databases, and a principal component analysis (PCA) of the sample.  

    The average number of reads per sample was 40.5 ± 12.8 million, with the highest 

RNA sample was DL37 (W303-1A WT) at 65.5 million reads and the lowest sample was 

DL32 (∑1278b ALD/ACS2 adh1∆) at 18.2 million reads (Figure 10.1 A). One of the first 

steps in data quality control is identifying samples that may not have enough sequencing 

depth to provide data to quantify the less abundant RNAs. The ENCODE consortium 

suggests a minimum of 20 million unique mapped reads for the precise quantification of  
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Figure 10.1. Quality Control reports reveal contaminated RNA samples and grouping of 

samples by strain and genetic background. A) Total number of reads per RNA sample, 

expressed as million reads. B) FastQC screen mapping of sequences to S. cerevisiae and other 

organisms’ databases shows percentage sequences assigned to unique, multimapped, and 

unmapped sequences. C) Principal component analysis (PCA) of RNA samples from each 

biological replicate grown in anaerobic fermentation for 9 days. Sample labeling: ∑ WT DL25-

27, ∑ adh1∆ DL28-30, ∑ A6A2 adh1∆ DL31-33, ∑ pdc1∆ DL34-36, W303 WT DL37-39, W303 

adh1∆ DL40-42, W303 A6A2 adh1∆ DL43-45, W303 pdc1∆ DL46-48. 
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genes in human cell samples (ENCODE, 2011), but the yeast transcriptome is 

significantly less complex than human cells with lower gene numbers and reduced level 

of alternative splicing. Hence, published transcriptomic analyses for differential 

expression in S. cerevisiae have used as little as 11 million reads (Shekhawat et al., 2019). 

    While the total number of reads of each sample might seem sufficient for downstream 

analyses, it does not consider the possibility of sample contamination with extraneous 

RNAs. The presence of contaminant RNAs has a negative impact on sequencing depth 

by decreasing the number of effective S. cerevisiae mapped reads from the total number 

of reads. 

    The presence of potential contaminant RNAs was evaluated by mapping to a series of 

genome databases including model organisms using the STAR software. The resulting 

reads were plotted as unique, multi-mapped, unmapped, and chimeric, as percentages of 

the total reads for each sample. While the analysis showed that many of the samples had 

a percentage of uniquely mapped reads lesser than 50%, likely due to contamination with 

human RNA from sample handling during extraction (Figure 10.1 B), it does not 

necessarily indicate low-quality samples if there are enough S. cerevisiae gene reads to 

perform an analysis.  

   The third QC analysis performed in the anaerobic fermentation dataset was a principal 

component analysis (PCA) with the objective of observing the similarity across biological 

replicates. 

    The PCA plot showed that biological replicates clustered together, supporting their 

quality as accurate representations of each strain (Figure 10.1 C). Additionally, other 

clustering effects can be observed among some of the sequenced strains. For instance, 

there is an overlap between the parental and the pdc1∆ samples of both the ∑1278b and 
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W303-1A background, suggesting that the deletion of PDC1 had little impact on the 

transcriptome of each strain (Figure 10.1 C). Another overlap can be seen between the 

∑1278b adh1∆ and ALD6/ACS2 adh1∆ samples, again suggesting a close relationship 

between both transcriptomes (Figure 10.1 C). 

    These clustering effects reflect some of the previous observations made on the 1-

butanol accumulation profiles of each strain under anaerobic fermentation, with the 1-

butanol-producing strains (adh1∆ and ALD6/ACS2 adh1∆) positioned away from the non-

producing strains (Parental and pdc1∆). Another interesting similarity is that the samples 

from the W303-1A ALD6/ACS2 adh1∆ strain, which in a previous experiment was unable 

to accumulate 1-butanol (Figure 9.5), are located closer to the parental strain than any of 

the 1-butanol-accumulating strains, further supporting a relationship between 

transcriptome and 1-butanol production. 

    Together, these initial tests show that samples clustered well among not only biological 

replicates, but also in respect to previous observations on 1-butanol production. Thus, the 

dataset was approved to proceed with the differential expression analysis.  

10.4     Differential expression analysis of RNA-seq data 

    After quality control tests were completed on the sequenced RNA samples, the next 

step taken was to assess the differential expression of transcripts between the strains using 

the DESeq2 package, with the objective of identifying individual transcripts or groups of 

transcripts that could be potentially related to the differences in 1-butanol production 

between the ∑1278b and W303-1A strains and the activation of 1-butanol biosynthesis 

in the adh1∆ strains. 

    To this end, the ratio of the normalized counts of mutant-to-parental strains (log2 fold-

change) was calculated for each transcript in order quantify their differential expression. 
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The differential expression datasets of each mutant strain of the ∑1278b and W303-1A 

background were then interrogated further to identify potential transcripts of interests. 

10.4.1 Deletion of PDC1 results in little transcriptomic change in either the 

∑1278b or W303-1A backgrounds 

    The first pair of strains studied in this manner were the pdc1∆ mutants of each 

background. The pdc1∆ mutant does not produce 1-butanol even though it might be 

anticipated that a PDC1 deletion would have a similar consequence on cellular 

metabolism as an ADH1 deletion. So, the pdc1∆ strains essentially serve as a non-butanol-

producing control strain. With the aim of having a general view of the number of both 

exclusive and overlapping differentially expressed transcripts between each strain, a 

Venn diagram was plotted using transcripts with greater or less than log2 fold-change = 

1.0, with an adjusted p-value less than 0.05. The resulting diagrams showed that the 

deletion of pdc1∆ resulted in very few transcriptomic changes relative to the parental 

strains. From a total of 7127 annotated genes, 84 genes were found differentially 

expressed in the ∑1278b pdc1∆ strain, and only 3 genes in the W303-A pdc1∆ strain 

(Figure 10.2 A). The diagram also revealed that the deletion of pdc1∆ resulted in 

substantially more downregulated genes than upregulated genes in the ∑1278b 

background. So overall, this mutant strain elicits a stronger transcriptomic change in the 

∑1278b background and in the most part transcript levels are reduced in the mutant. 

    While Venn diagrams are a practical way to visualise the number of shared and 

exclusive differentially expressed genes (DEGs) of each background, they do not yield 

information on the degree of differential expression of each gene. In order to present this, 

a scatter plot of the log2(fold-change) of every gene in the W303-A strain (x-axis) and  
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Figure 10.2. Transcriptional profile of the pdc1∆ strains in the ∑1278b and W303-1A 

backgrounds. A) Venn diagrams represent the number of individual and overlapping 

differentially expressed transcripts in pdc1∆ strains of the ∑1278b and W303-1A backgrounds. 

B) Fold-change of transcript levels in the pdc1∆ W303-1A strain was plotted against fold-change 

of transcripts in the pdc1∆ ∑1278b strain. Dotted line represents transcripts showing identical 

differential expression between each background. Points in blue and red indicate transcripts found 

over and under a threshold of 1.0 around the diagonal line, respectively. C) and D) Volcano plots 

of Fold-change and adjusted p-value of transcript levels between the pdc1∆ and parental strains 

in the ∑1278b and W303-1A backgrounds, respectively. Genes with the highest –log10(adjusted 

p-value) are highlighted. Data points coloured blue have an adjusted p-value lesser than 0.05. 
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∑1278b strain (y-axis) was produced (Figure 10.2 B). Each point in the plot represents 

the ratio of differential expression between the ∑1278b and W303-A strains, with a 

theoretical line of gene transcripts with a ratio of 1.0 representing transcripts with 

identical levels between the two strains (dotted line in the plot).  Genes positioned above 

and below cut-off points of 1.0 and -1.0 around this line were coloured blue and red, 

respectively, and were considered to have different levels of expression between each 

background. 

    As expected, the PDC1 gene was easily identified as highly downregulated in both 

backgrounds serving as a control for the quality of the sequencing process, given that this 

gene is deleted in both backgrounds. On the opposite quadrant, PDC5 was seen to be 

upregulated in both strains. This may provide part of the rationale for the limited 

transcriptional impact of the PDC1 mutant and is in keeping with the literature where 

PDC1 deletion causes an induction of the PDC5 promoter (Eberhardt et al., 1999). 

    The volcano plot is a third type of plot that displays information about both the degree 

of differential expression and the statistical strength of the elements of an RNA-seq 

dataset by plotting log2(fold-change) against –log10(adjusted p-value) of each gene.  

    Once again, the changes in the PDC1 and PDC5 transcript levels stand out (Figure 10.2 

C and D). 

    These data from the pdc1 strains provide independent verification of the strain 

identity and provide validation for the overall scheme of differential transcript level 

analysis across the whole experiment. 
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10.4.2 Transcriptomic profile of adh1∆ strains of the ∑1278b and W303-1A 

backgrounds 

    Preliminary differential expression analyses of the adh1∆ strains showed that this 

deletion causes a clearer and broader transcriptomic response in both backgrounds than 

the deletion of PDC1. For instance, 1600 gene transcripts were differentially expressed 

in the adh1∆ ∑1278b strain (787 up, 813 down), and in the adh1∆ W303-1A 809 gene 

transcripts were significantly affected (365 up, 444 down) (Figure 10.3 A). 

Approximately one quarter of the total gene transcripts were overlapping between the 

∑1278b and W303-1A strains, while the ∑1278b strain had nearly twice as many 

exclusive DEGs compared with the W303-1A strain, indicating that the deletion of ADH1 

results in more background-specific transcriptomic changes in the ∑1278b strain than in 

the W303-1A strain.  

    When the differential gene expression data for adh1∆ strain relative to the parental 

strains were plotted as either a scatter plot or volcano plot, it is immediately evident that 

larger transcriptomic differences are apparent for the adh1∆ strains than the previously 

noted for the pdc1∆ strains (Figure 10.3 B, C and D). The fact that ADH1 is an outlier on 

both plots again serves as validation for the efficacy of the sequencing data, as this would 

be expected since this gene is deleted. Another outlier which in this case is higher in the 

adh1∆ W303-1A strain is HMRA1. The HMRA1 gene encodes a transcription co-

repressor that is generally only expressed in cells of the MATa mating type. However, the 

W303-1A strains used in this experiment were of the MATα mating type, and HMRA1 is 

only expressed in MATa cells (Herskowitz, 1989), so it is unclear why this gene is 

upregulated. A deeper look into the differential expression of the mating type genes 

HMRA1, HMRA2, ALPHA1, and ALPHA2 in the ∑1278b strains in respect to the W303- 
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Figure 10.3. Transcriptional profile of the adh1∆ strains in the ∑1278b and W303-1A 

backgrounds. A) Venn diagrams represent the number of individual and overlapping 

differentially expressed transcripts in adh1∆ strains of the ∑1278b and W303-1A backgrounds. 

B) Fold-change of transcript levels in the adh1∆ W303-1A strain was plotted against fold-change 

of transcripts in the adh1∆ ∑1278b strain. Dotted line represents transcripts showing identical 

differential expression between each background. Points in blue and red indicate transcripts found 

over and under a threshold of 1.0 around the diagonal line, respectively. C) and D) Volcano plots 

of Fold-change and adjusted p-value of transcript levels between the adh1∆ and parental strains 

in the ∑1278b and W303-1A backgrounds, respectively. Genes with the highest –log10(adjusted 

p-value) are highlighted. Data points coloured blue have an adjusted p-value lesser than 0.05. 
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1A strains revealed that differential expression of HMRA1 was high in the wild-type and 

adh1∆ strains, but it drastically decreased in the adh1∆ and ALD6/ACS2 adh1∆ mutants 

(Figure 10.4). This observed strain-dependent expression of the HMRA1 gene transcript 

is an unexpected result that suggests that the deletion of ADH1 may cause disruption of 

the physiological expression of this mate-type gene. In order to address this question, a 

simple mate-type assay could be used to assess the mate-type phenotype of each strain 

and verify if the adh1∆ and ALD6/ACS2 adh1∆ mutants behave either as MATa or MATα. 

     The scatter and volcano plots also revealed a number of genes with background-

specific differential expression. Identifying these genes could yield new clues about the 

genetics behind the observed differences in 1-butanol production between each strain. 

        Some of the gene transcripts found induced in the ∑1278b version of the strain 

adh1∆ were ATG41, HBN1, VBA5, DAK2, VEL1, and YLR012C (Figure 10.3 B). Many 

of the highlighted genes do not have a precisely known function but have been found 

involved in multiple cellular stress responses. For instance, ATG41 encodes a protein of 

unknown function required for autophagy which is upregulated when yeast cells shift to 

non-fermentable carbon sources (Yaoe et al., 2015). Other stress response genes are 

DAK2, encoding a dihydroxyaceyone kinase involved in the saline stress response (Molin 

et al., 2003), and VEL1, a gene encoding a protein of unknown function induced under 

zinc deficiency (Higgins et al., 2020). 

    On the other hand, fewer transcripts were differentially expressed in the W303-1A 

adh1∆ strain. Among them, PDR18 is an ATP-binding cassette membrane transporter 

that confers ethanol tolerance and is involved in multidrug resistance and controlling the 

sterol content of the plasma membrane (Teixeira et al., 2012; Cabrito et al., 2011). 
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Figure 10.4. Expression of HMRA1 is decreased in the ∑1278b adh1∆ and ALD6/ACS2 

adh1∆ strains. Differential expression of mating-type genes in each ∑1278b strain over their 

respective W303-1A version, plotted as of log2 of the fold-change. Asterisks (*) over each bar 

indicate a DEG with an adjusted p-value less than 0.05. 
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    The volcano plots of the adh1∆ strains revealed further DEGs of interest (Figure 10.3 

C and D). For the adh1∆ ∑1278b strain GTT2, MMP1, YLR460C, and YLR12C gene  

transcripts were increased. The GTT2 gene encodes a glutathione S-transferase involved 

in cell detoxification of xenobiotics by conjugating them with glutathione (Collinson and 

Grant, 2003; Choi et al., 1998). MMP1 is a S-methylmethionine membrane transporter 

that allows yeast cells to uptake this compound for their metabolism (Roullion et al., 

1999). Finally, YLR460C is a member of the quinone oxidoreductase family (Santos et 

al., 2009), and YLR12C is an unknown protein. 

    Therefore, across both strain backgrounds deletion of ADH1 leads to alterations in 

transcripts involved in various stress responses, although the precise nature of these 

alterations varies with the strain background. This reinforces the notion that the deletion 

of ADH1 results in a stressful cellular environment, and that the transcriptional response 

enabling survival under chronic stress conditions is strain-dependent. 

10.4.3 Differentially expressed genes in the ALD6/ACS2 adh1∆ mutants of the 

∑1278b and W303-1A backgrounds 

    Identification of DEGs when ALD6 and ACS2 are overexpressed in each adh1∆ strain 

could yield information on the genes behind the differences in 1-butanol accumulation 

between each background. As a reminder, for the ALD6/ACS2 adh1∆ ∑1278b strain a 

slowdown in 1-butanol accumulation was observed, while for the W303-1A strain 1-

butanol production was completely abolished (See Figure 8.8). To this end, the following 

differential gene analysis compared DEGs between each ALD6/ACS2 adh1∆ strain over 

the parental strains. 

    Venn diagrams show that a total of 1296 genes were differentially expressed in the 

ALD6/ACS2 adh1∆ ∑1278b strain (916 up, 380 down), while in the W303-1A a total of 
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1331 gene transcripts were differentially expressed (854 up, 477 down) (Figure 10.5 A). 

Once again, the ∑1278b strain had approximately twice as many exclusive DEGs 

compared with the W303-1A strain, but the proportion of shared DEGs increased to 29% 

of all gene transcripts, suggesting that the transcriptional response is more similar 

between the ALD6/ACS2 adh1∆ strains than between the adh1∆ strains.   

    Differential expression data of each ALD6/ACS2 adh1∆ strain was plotted on a scatter 

plot and two individual volcano plots, revealing transcriptomic responses similar in scale 

to that of the adh1∆ strains (Figure 10.5 B, C and D). Consistent with the above data, the 

scatter plot showed a cluster of transcripts at the middle with DEGs reaching along each 

of the axis up to approximately 10-fold up or downregulation, once again suggestive of 

divergent transcriptomic profiles between the ∑1278b and W303-1A backgrounds 

(Figure 10.5 B). While the presence of ADH1 as an outlier in the scatter plot is once again 

evidence for the validity of the strains, ALD6 nor ACS2 appear as highly expressed gene 

transcripts, a result that might appear as at odds with the identity of the strains. The 

transformation cassette used to overexpress ALD6 and ACS2 in the strains harboured 

codon-optimised versions of each gene which are not annotated in the mapping software, 

hence the absence of induced gene transcripts for ALD6 and ACS2 in the RNA-seq 

dataset.       

    Among the most significant gene transcripts induced in the ALD6/ACS2 adh1∆ 

∑1278b are ANS1, FLO1, VBA5, and VEL1 (Figure 10.5 B). Their gene products are 

involved in different cellular processes with few functions in common. ANS1 encodes a 

putative vacuolar GPI-anchored protein potentially involved in some stress responses (de 

Groot et al., 2003). The FLO1 gene encodes one of the yeast flocculins that allow cell-

cell anchoring of cell walls, contributing to the flocculant phenotype characteristic of the  
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Figure 10.5. Transcriptional profile of the ALD6/ACS2 adh1∆ strains in the ∑1278b and 

W303-1A backgrounds. A) Venn diagrams represent the number of individual and overlapping 

differentially expressed transcripts in ALD6/ACS2 adh1∆ strains of the ∑1278b and W303-1A 

backgrounds. B) Fold-change of transcript levels in the ALD6/ACS2 adh1∆ W303-1A strain was 

plotted against fold-change of transcripts in the ALD6/ACS2 adh1∆ ∑1278b strain. Dotted line 

represents transcripts showing identical differential expression between each background. Points 

in blue and red indicate transcripts found over and under a threshold of 1.0 around the diagonal 

line, respectively. C) and D) Volcano plots of Fold-change and adjusted p-value of transcript 

levels between the ALD6/ACS2 adh1∆ and parental strains in the ∑1278b and W303-1A 

backgrounds, respectively. Genes with the highest –log10(adjusted p-value) are highlighted. Data 

points coloured blue have an adjusted p-value lesser than 0.05. 
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∑1278b background (Bidard et al., 1995). VEL1 is a gene of unknown function that is 

induced by zinc deficiency (Higgins et al., 2003). 

    Besides the previously identified HMRA1 gene, no particular transcripts were 

identified as clear outliers of high expression in the ALD6/ACS2 adh1∆ W303-1A strain 

from the scatter plot alone (Figure 10.5 B). 

    Volcano plots revealed further gene transcripts of potential interest in each ALD6/ACS2 

adh1∆ strain (Figure 10.5 C and D). Some of the DEGs with the highest induction in the  

∑1278b strain were RAD59, GTT1, ATG41, and JLP1; while among the highlighted 

downregulated gene transcripts were DIA1, OLE1, MRX8, HAP4, SIP18, and YLR257W. 

    Two of the induced gene transcripts, GTT1 and JLP1 are involved in yeast sulfur 

metabolism and are induced under sulfur-limited conditions. GTT1 encodes one of the 

two yeast glutathione-S-transferases that catalyses the conjugation of glutathione to 

xenobiotics and other toxic compounds to facilitate their removal from the cell (Jakoby, 

1985), while JLP1 encodes a sulfonate/2-oxoglutarate dioxygenase that allows yeast cells 

to use sulfonates as sulfur sources (Hogan et al., 1999). On the other hand, ATG41 and 

RAD59 are involved in different cellular stress responses. ATG41 is required for 

autophagosome formation during autophagy and its expression is known to be induced 

when yeasts shift to a non-fermentable carbon source (Yao et al., 2015; Kuhn et al., 2001). 

RAD59 participates in DNA double-strand break repair, thus granting yeast cells 

resistance to DNA-damaging agents like ionizing radiation (Pannunzio et al., 2012; Davis 

and Symington, 2001). 

    Three of the highlighted downregulated DEGs in the ∑1278b strain were related to 

either respiratory or mitochondrial function. OLE1 is the only mitochondrial Acyl-CoA 

desaturase, essential for cellular biosynthesis of unsaturated fatty acids (Martin et al., 
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2007). MRX8 is a non-essential gene whose product associates with mitochondrial 

ribosomes (Kehrein et al., 2015). HAP4 encodes one of the subunits of the glucose-

repressed CCAAT-binding complex, a transcriptional regulator that participates in the 

diauxic shift (Zampar et al., 2013; Forsberg and Guarente, 1989). YLR257W produces an 

unknown protein induced during the DNA damage response (Tkach et al., 2012). 

    DIA1 and SIP18, the last two highlighted downregulated genes are associated with 

cellular stress responses. While DIA1 is involved in yeast invasive and pseudohyphal 

growth (Palecek et al., 2000), SIP18 encodes a hydrophillin involved with tolerance to 

dissecation (Dang and Hincha, 2011). 

    The volcano plot also revealed a number of transcriptionally induced and repressed 

genes in the ALD6/ACS2 adh1∆ W303-1A strain (Figure 10.5 D). Among the upregulated 

gene transcripts, HMRA1, RAD59, and PDC6 were present, while among the 

downregulated gene transcripts, only PUT4 was highlighted besides ADH1. 

    RAD59 was previously identified in the induced DEGs of the ALD6/ACS2 adh1∆ 

∑1278b strain, indicating that both genetic backgrounds induce this DNA damage 

response gene during anaerobic growth, while PDC6 encodes an isoform of pyruvate 

decarboxylase that is expressed under sulfur-limiting conditions (Boer et al., 2003; 

Hohmann, 1991). 

    PUT4 was highlighted as a downregulated DEG in the ALD6/ACS2 adh1∆ W303-1A 

strain. This high affinity L-proline membrane transporter (Vandenbol et al., 1989) was 

also downregulated in all other strains, indicating that transcriptional repression of this 

transporter is a general effect of the culture conditions. 
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10.4.4 Transcriptomic effect of the overexpression of ALD6 and ACS2 in the 

adh1∆ strains 

    While the above comparisons revealed the differences and similarities between the 

transcriptomes of each ALD6/ACS2 adh1∆ mutants in respect to the parental strains, a 

similar comparison can be made between the ALD6/ACS2 adh1∆ strains and their 

corresponding adh1∆ mutants. This second analysis could prove valuable by revealing 

new differentially expressed transcripts and present transcriptional changes from a 

different perspective. 

    Venn diagrams showed that a total of 663 genes were differentially expressed in the 

ALD6/ACS2 adh1∆ ∑1278b strain (342 up, 321 down), while the adh1∆ W303-1A had a 

total of 706 DEGs (393 up, 313 down) (Figure 10.6 A). There was less overlap in the 

gene transcripts between the ALD6/ACS2 adh1∆ strains of each background, with less 

than a fifth of the DEGs overlapping between the backgrounds. This indicates that the 

overexpression of ALD6 and ACS2 results in more divergent transcriptomes, which in 

part reflects some of the phenotypic differences observed in each strain. 

    Consistent with the above data, scatter plot and volcano plots revealed divergent 

transcriptomic profiles between the ∑1278b and W303-1A backgrounds and highlighted 

a number of transcripts differentially expressed in each background, as evidenced by the 

data points grouped by each x and y-axis in the plot (Figure 10.6 B).  

    Some of the highlighted induced gene transcripts in the scatter plot and volcano plot of 

the ALD6/ACS2 adh1∆ ∑1278b strain included CTM1, JLP2, PES4, YNL146W, 

YJL027C, and YNR064C (Figure 10.6 B and C). Three of the highlighted genes, 

YNL146W, YJL027C, and JLP2 encode proteins with no known function, while CTM1,  
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Figure 10.6. Transcriptional changes caused by the overexpression of ALD6 and ACS2 in 

the adh1∆ strains of the ∑1278b and W303-1A backgrounds. A) Venn diagrams represent the 

number of individual and overlapping differentially expressed transcripts in ALD6/ACS2 adh1∆ 

strains of the ∑1278b and W303-1A backgrounds. B) Fold-change of transcript levels in the 

ALD6/ACS2 adh1∆ W303-1A strain was plotted against fold-change of transcripts in the 

ALD6/ACS2 adh1∆ ∑1278b strain. Dotted line represents transcripts showing identical 

differential expression between each background. Points in blue and red indicate transcripts found 

over and under a threshold of 1.0 around the diagonal line, respectively. C) and D) Volcano plots 

of Fold-change and adjusted p-value of transcript levels between the ALD6/ACS2 adh1∆ and 

parental strains in the ∑1278b and W303-1A backgrounds, respectively. Genes with the highest 

–log10(adjusted p-value) are highlighted. Data points coloured blue have an adjusted p-value 

lesser than 0.05. 
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PES4, and YNR064C encode a cytochrome c lysine methyl transferase, a poly(A) binding 

protein, and an epoxide hydrolase, respectively (Elfström and Widersten, 2005; Polevoda 

et al., 2000). 

    Among the repressed DEGs in the same strain, there were three more genes of unknown 

function: FYV12, YIL046W-A, and YMR254C. The rest of the highlighted gene 

transcripts, FMP25, SUF9, TSC13, and TSR3, are associated with fundamental cellular 

processes. The FMP25 gene product is required for assembly of the respiratory complex 

III (Mathieu et al., 2011), while TSR3 is involved in pre-processing of the 20S rRNA to 

yield mature 18S rRNA (Li et al., 2009). TSC13 encodes an essential yeast enoyl 

reductase required for long fatty acid elongation (Kohlwein et al., 2001). Finally, SUF9 

encodes the proline tRNA (Winey et al., 1989). 

    Induced DEGs that can be highlighted from the scatter plot and volcano plot of the 

ALD6/ACS2 adh1∆ W303-1A strain included ROX1, PUT4, and the gene of unknown 

function YBR182C-A (Figures 10.6 B and D). PUT4 was found downregulated in the 

previous comparison with the parental strain, indicating that transcript repression in the 

adh1∆ W303-1A strain is partially reverted when ALD6 and ACS2 are overexpressed. 

ROX1 is a transcriptional repressor of hypoxia-induced genes during aerobic growth (Liu 

and Barrientos, 2013), suggesting that this strain behaves as in aerobic conditions despite 

being grown in anaerobic cultures. 

    Repressed gene transcripts in the ALD6/ACS2 adh1∆ W303-1A strain included AAD6, 

PDC6, SUL1, as well as YGL041C-B, which encodes a protein of unknown function 

(Figures 10.6 C and D). AAD6 is a putative aryl alcohol dehydrogenase that responds to 

oxidative stress and has no role in fusel alcohol biosynthesis (Dickinson et al., 2003; 

Delneri et al., 1999). Downregulation of the SUL1 high affinity sulfate transporter in this 
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strain may indicate a reduced cellular need for sulfur (Cherest et al., 1997). This notion 

is supported by the observed decrease in the gene transcript of PDC6, which was 

previously found upregulated in the adh1∆ W303-1A strain. 

    These transcriptomic comparisons hint at a transcriptomic response to oxidative stress 

and sulfur deprivation in the adh1∆ strains that appears to be relieved when ALD6 and 

ACS2 are overexpressed in the W303-1A background. This shift in the transcriptome 

could be part of the mechanisms behind the abolishment of 1-butanol and acetaldehyde 

accumulation in this strain (Figure 9.8). However, in order to obtain a better measure of 

the expression patterns in each strain, further differential expression analyses are 

required. 

10.5     Gene enrichment analysis reveals trends in differentially expressed genes 

between the adh1∆ and ALD6/ACS2 adh1∆ strains 

    GO enrichment analysis is a method used to identify overrepresented functional 

categories (GO terms) in a specific dataset, such as the list of upregulated genes in an 

adh1∆ strain growing in anaerobic conditions. Computational tools like the Gene 

Ontology Resource and the PANTHER classification system can aid in the identification 

of functional trends in DEGs according to their molecular function, role in a biological 

process, or as part of cellular components. 

    Thus, in order to identify functional groups of transcripts that may be involved in the 

observed differences in 1-butanol production between the adh1∆, pdc1∆, and 

ALD6/ACS2 adh1∆ strains of each background, a gene enrichment analysis was 

performed on each list of significantly upregulated and downregulated genes, respect to 

the parental strains. Additionally, due to the differences in 1-butanol accumulation 

between the ∑1278b and W303-1A ALD6/ACS2 adh1∆ strains, two sets of significant 
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DEGs for each ALD6/ACS2 adh1∆ strain, with respect to their corresponding parental 

adh1∆ strains were included in order to identify trends in transcriptomic changes that 

could unveil the nature of the observed differences. 

    Because gene enrichment analysis of the pdc1∆ strains resulted in no enriched 

categories, likely due to the low number of DEGs in these mutants, they were excluded 

from the following analyses. 

10.5.1 Aerobic respiration is downregulated in the adh1∆ strains, while 

overexpression of ALD6 and ACS2 partially rescues this downregulation 

    The aerobic respiration GO term was found enriched in the list of downregulated genes 

of the adh1∆ ∑1278b strain with 45 downregulated genes, while a 44 DEGs found 

downregulated in the ALD6/ACS2 adh1∆ ∑1278b strain were also enriched for the same 

GO term, respect to the parental strain (Figure 10.7). Genes in this category included 

members of the mitochondrial electron transport chain such as QCR genes of the 

cytochrome bc1 complex, COX genes belonging to the cytochrome c complex, and ATP 

synthase subunits ATP5 and ATP2 (Figure 10.8 A). Additionally, all three malate 

dehydrogenase gene isoforms MDH1, MDH2, and MDH3 were downregulated in the 

adh1∆ strains, which have roles in the tricarboxylic acid (TCA) cycle, gluconeogenesis, 

and glyoxylate cycle, respectively (Steffan and McAlister-Henn, 1992; Minard and 

McAlister-Henn, 1991). Other TCA cycle genes were also significantly downregulated, 

such as the α-ketoglutarate complex genes KGD1 and KGD2, isocitrate dehydrogenase 

genes IDH1 and IDH2, succinate dehydrogenase genes SDH1, SDH4, and SDH9, and 

aconitate hydratases ACO1 and ACO2 (Figure 10.8 A).  

    Genes assigned to the aerobic respiration GO term were manually identified in the 

adh1∆ W303-1A and ALD6/ACS2 adh1∆ W303-1A differential expression data sets and  
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Figure 10.7. Gene Ontology enrichment analysis of differentially expressed genes between 

mutants and their parental strains across ∑1278b and W303 strains. Bubble plots show fold-

enrichment and p-value of each Gene Ontology term assigned to sets of differentially expressed 

transcripts (log2 fold-change higher than 1.0 or lower than -1.0) in each mutant strain of both the 

∑1278b and W303-A backgrounds. PANTHER’s GO biological process complete was used as 

the annotation data set, and data was corrected using the Bonferroni correction for multiple 

testing. 
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Figure 10.8. Downregulation of aerobic respiration in the adh1∆ strains is reversed in the 

W303-1A strain when ALD6 and ACS2 are overexpressed. A) Bar plot of log2 of the fold-

change in expression of aerobic respiration genes of the adh1∆ and ALD6/ACS2 adh1∆ strains, 

over their parental strains of the ∑1278b and W303-1A backgrounds. B) Bar plot of fold-change 

expression of genes in the ALD6/ACS2 adh1∆ strains, over their respective adh1∆ strains. 

Asterisks (*) over each bar indicate a DEG with an adjusted p-value less than 0.05. 
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included in the bar plot below. Most of the genes in the category were also downregulated 

in the adh1∆ W303-1A strains, but to a lesser extent that in the ∑1278b strain (Figure 

10.8 A). A few genes, such as IDP1, QCR10, and SHH3 were instead upregulated in the 

adh1∆ W303-1A strain. On the other hand, the ALD6/ACS2 adh1∆ W303-1A displayed 

fewer DEGs than any other strain, and the degree of expression was overall lesser, and in 

some genes upregulated (Figure 10.8 A). 

    This effect can be seen more clearly when directly comparing gene expression between 

the ALD6/ACS2 adh1∆ and adh1∆ strains, where multiple genes of the W303-1A strain 

were displayed increased expression relative to the adh1∆ strain (Figure 10.8 B). This 

effect was less pronounced for the ∑1278b strain, suggesting that the overexpression of 

ALD6 and ACS2 had a lesser impact on the downregulation of respiratory genes in this 

background. 

    The above data implies that respiratory metabolism is downregulated in both adh1∆ 

strains, relative to their parental strains, when grown for 9 days in anaerobic conditions, 

while overexpression of ALD6 and ACS2 in each strain resulted in a partial reversal of 

this downregulation, with a stronger effect seen in the W303-1A strain. These trends in 

gene expression somewhat parallel the differences in 1-butanol and acetaldehyde 

accumulation in each strain, where the adh1∆ ∑1278b strain produced slightly more 1-

butanol than the W303-1A and overexpression of ALD6 and ACS2 resulted in a complete 

loss of 1-butanol and acetaldehyde accumulation only in the W303-1A background. 

    Whether changes in respiratory gene expression is a cause or a consequence of the 

decrease in acetaldehyde and 1-butanol accumulation in the ALD6/ACS2 adh1∆ W303-

1A strain remains to be seen. 
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10.5.2 Genes of the ergosterol biosynthesis pathway are downregulated in adh1∆ 

strains 

    The previously observed changes in expression of respiratory gene transcripts 

somewhat reflect the changes in the ability of the adh1∆ strains to produce 1-butanol 

when ALD6 and ACS2 are overexpressed, thus analysing other metabolic processes that 

depend on respiratory function could widen the picture on the physiology of the butanol-

producing strains. 

    Ergosterol biosynthetic process is a GO term found enriched in the adh1∆ W303-1A 

strain, with 20 downregulated genes assigned to this category that spanned most of the 

ergosterol biosynthesis pathway (Figure 10.7). While this category was not enriched in 

the downregulated genes of the ∑1278b strain, some of the ERG genes were found in the 

enriched cellular lipid metabolic process GO term, and additional genes belonging to the 

pathway were identified and found significantly downregulated (Figure 10.9 A), 

indicating that this pathway is repressed in the adh1∆ mutants regardless of genetic 

background. 

    Ergosterol biosynthesis gene transcripts were also found downregulated when ALD6 

and ACS2 are overexpressed in each adh1∆ strain, but the degree of repression for many 

of the DEGs in the W303-1A was less than in the rest of the strains (Figure 10.9 A). This 

phenomenon can be easily seen when comparing transcript expression between the 

ALD6/ACS2 adh1∆ strains and the adh1∆ strains (Figure 10.9 B). In this comparison, 

expression of multiple DEGs in the ∑1278b background did not change significantly, 

while the difference was much larger in the W303-1A background. 
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Figure 10.9. Downregulation of the ergosterol biosynthesis pathway in the adh1∆ strains is 

reduced in the W303-1A strain when ALD6 and ACS2 are overexpressed. A) Bar plot of log2 

of the fold-change in expression of ergosterol and mevalonate biosynthesis genes of the adh1∆ 

and ALD6/ACS2 adh1∆ strains, over their parental strains of the ∑1278b and W303-1A 

backgrounds. B) Bar plot of fold-change expression of genes in the ALD6/ACS2 adh1∆ strains, 

over their respective adh1∆ strains. Asterisks (*) over each bar indicate a DEG with an adjusted 

p-value less than 0.05. 
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    Ergosterol is a steroid molecule that maintains the fluidity and integrity of fungal 

biological membranes, as well as contributing to a series of cellular stress responses 

including low temperatures, alcohol toxicity, and oxidative stress (Jordá and Puig, 2020).  

    Expression of sterol biosynthetic genes is induced by sterol depletion by the 

transcription factors Upc2p and Ecm22p (Davies and Rine, 2006), and under oxygen-

limiting conditions by the heme-activated transcription factor Hap1p (Tamura et al., 

2004). Differential expression data suggests that the adh1∆ strains do not follow this 

pattern when grown in anaerobic conditions for 9 days, as all of the enriched ERG genes 

were downregulated in both genetic backgrounds. 

    The above observations suggest that transcriptional expression of the ergosterol 

pathway under oxygen-limiting conditions is likely compromised in the adh1∆ strains. 

On the other hand, overexpression of ALD6 and ACS2 in the W303-1A adh1∆ reverted 

the repression of ergosterol biosynthesis gene transcripts of the ergosterol pathway.  One 

explanation for this phenomenon is that due to the high ATP and NADPH requirements 

for ergosterol biosynthesis (Jordá and Puig, 2020), this process is repressed in the adh1∆ 

strains due of the low respiratory activity and the demand for NADPH in the acetaldehyde 

tolerance mechanisms.   
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10.5.3 Genes involved in glycolysis, glycogen metabolism, and the pentose 

phosphate pathway are downregulated in the adh1∆ W303-1A strain 

    Generation of precursor metabolites and energy is a broad GO term that includes genes 

involved in intermediary metabolism, concerned with energy production within cells. 

This term was found enriched in the list of downregulated genes of the adh1∆ W303-1A 

strain with 56 DEGs assigned to it (Figure 10.7). This category overlapped with the 

aerobic respiration GO term, and included previously examined DEGs such as COX 

genes, QCR genes, and MDH genes (Figure 10.8 A). Thus, only DEGs exclusive to this 

new GO term will be included in this analysis. 

    Genes in this category included genes of the glycolytic pathway (i.e. CDC19, ENO2, 

and GLK1), the glycogen debranching enzyme GDB1, and genes of the pentose phosphate 

pathway (PPP) (i.e. GND1, SOL4, and ZWF1). The most downregulated gene in the 

adh1∆ W303-1A, besides ADH1, was the cytochrome b5 gene CYB5 with a log2(fold-

change) of -6.08, approximately 100-fold less than the parental strain (Figure 10.10 A). 

The other strains displayed less differential expression of many of the genes in this 

category than the adh1∆ W303-1A. Notable exceptions to this trend were the expression 

of CYB5 which was found downregulated at the same level in every strain except the 

ALD6/ACS2 W303-1A strain, the dihydroxyacetone kinase gene DAK2, which was 

downregulated in both W303-1A strains but upregulated up to 64-fold in the ∑1278b 

strains, and the acyl-CoA desaturase gene OLE1, which was more robustly 

downregulated in the ∑1278b strains (Figure 10.10 A). 

    The downregulation of glycolytic genes in the strains is an expected result, as research 

published by our laboratory demonstrated that in an anaerobic fermentation setup more  
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Figure 10.10. Differential expression of glycolytic, glycogen, and pentose phosphate pathway 

genes in the adh1∆ strains. A) Bar plot of log2 of the fold-change in expression of genes involved 

in the generation of metabolic precursors and energy of the adh1∆ and ALD6/ACS2 adh1∆ strains, 

over their parental strains of the ∑1278b and W303-1A backgrounds. B) Bar plot of fold-change 

expression of genes in the ALD6/ACS2 adh1∆ strains, over their respective adh1∆ strains. 

Asterisks (*) over each bar indicate a DEG with an adjusted p-value less than 0.05. 
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than 80% of the available glucose is consumed by day 9 of fermentation by an adh1∆ 

W303-1A strain (Swidah et al., 2015). 

    The fact gene transcripts of the PPP are downregulated in the adh1∆ strains poses 

interesting questions regarding the redox state of the cells. The first three reactions of the 

PPP, catalyzed by Zwf1p, Sol3p and Sol4p, and Gnd1p and Gnd2p, convert one molecule 

D-glucose-6-phosphate into D-ribulose-5-phopshate, reducing two molecules of NADP+ 

to NADPH in the process (Figure 10.11 A) (Bertels et al., 2021). NADPH is an enzymatic 

cofactor required for a series of biosynthetic pathways and for redox homeostasis. 

Biosynthetic pathways that utilise NADPH include fatty acid biosynthesis and elongation 

(Lomakin et la., 2007), ergosterol biosynthesis (Jordá et al., 2020), and 7,8-dihydrofolate 

reduction to tetrahydrofolate (Revuelta et al., 2018). NADPH is also needed for the 

restoration of reduced glutathione by yeast glutathione reductase Glr1p (Figure 10.14) 

thus participating in the maintenance of active glutathione required to protect the cell 

against reactive oxygen species (ROS) (Grant, 2001). 

    The observed downregulation of ZWF1 implies that the initial step of the PPP is 

downregulated in all strains (Figure 10.11 A). Despite this, other genes involved in the 

oxidative part of the PPP presented varying levels of expression, some of them being 

upregulated during anaerobic growth. In particular, SOL3 was significantly 

overexpressed in all strains except the adh1∆ W303-1A strain, indicating that some 

pathway activity is present (Figure 10.11 B). More importantly the transcriptional 

activator of oxidative stress genes and genes of the PPP, STB5 (Larochelle et al., 2006) 

was upregulated in both ∑1278b strains (Figure 10.11 B). Curiously, this increase in 

expression of STB5 does not correlate with the levels of ZWF1 in the ∑1278b, nor with 

the increased expression of SOL3 and GND2 in the W303-1A strains, but it may be an 

indicator that the strains are inducing a response to oxidative stress. 
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Figure 10.11. NADH-producing reactions of the Pentose Phosphate Pathway in S. cerevisiae. 

A) Summarised diagram of the oxidative part of the pentose phosphate pathway. Metabolites and 

enzymes involved: glucose-6-phosphate (G6P), 6-phospho-gluconolactone (6PGL), 6-phospho-

gluconate (6PG), ribulose-5-phosphate (R5P), glucose-6-phosphate dehydrogenase (Zwf1p), 6-

phosphogluconolactonase (Sol3p, Sol4p), 6-phosphogluconate dehydrogenase (Gnd1p, Gnd2p). 

B) Differential expression of the transcriptional activator STB5 and enzymes of the oxidative part 

of the pentose phosphate pathway, expressed as log2 fold-change relative to the parental strains. 

Asterisks (*) over each bar indicate a DEG with an adjusted p-value less than 0.05. 
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    Evidence in the literature points to STB5 as an important transcription factor in 

acetaldehyde tolerance in S. cerevisiae. Yeast cells overexpressing STB5 have increased 

acetaldehyde resistance, and exposure to this toxic agent induces the transcription of STB5 

(Matsufuji et al., 2010). A more recent publication performed a genome-wide study of 

the binding targets of Stb5p in different culture conditions, including aerobic and 

anaerobic growth in glucose-limited conditions. The study revealed that in all tested 

conditions, Stb5p was bound to promoters of genes involved in NADPH regeneration and 

the PPP, except for ZWF1 (Ouyang et al., 2018), which is constitutively expressed in 

yeast (Minard and McAlister-Henn, 2005). 

    Considering the above studies, it is reasonable to argue that intracellular acetaldehyde 

accumulating in the adh1∆ and ALD6/ACS2 adh1∆ ∑1278b strains is driving the Stb5p-

dependent transcription of some of the genes of the PPP with the goal of increasing 

intracellular levels of NADPH to combat acetaldehyde toxicity. Whether intracellular 

NADPH concentrations are actually higher in the ∑1278b strains or this is a factor 

contributing to enhanced 1-butanol production remains to be tested, but the obtained 

results have revealed that the ∑1278b strains respond more robustly to some of the 

stressful conditions of anaerobic 1-butanol fermentation. 
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10.5.4 Sulfur uptake, homocysteine biosynthesis, and glutathione conjugation 

genes are upregulated in butanol-producing strains 

    54 and 34 significantly upregulated genes in the adh1∆ ∑1278b and W303-1A strains, 

respectively, were enriched for the sulfur compound metabolic process GO term (Figure 

10.7). Genes in each list encoded a variety of enzymes involved in the utilization of 

extracellular sulfur sources, as well as the biosynthesis of amino-acids with sulfur, the 

biosynthesis and utilization of glutathione, and thiamine biosynthesis. Among the top 

significant upregulated genes in both backgrounds were glutathione s-transferase GTT2 

(Choi et al., 1998), omega-class glutathione transferase GTO1 (Garcerá et al., 2006), 

Fe(II)-dependent sulfonate/2-oxoglutarate dioxygenase JLP1 (Hogan et al., 1999), and 

sulfite reductase MET10 (Hansen et al., 1994) (Figure 10.12 A). 

    Additionally, a series of transcription factors grouped in this category including the bi-

functional transcriptional repressor of nitrogen utilization and glutathione peroxidase 

URE2 (Bai et al., 2004; Coschigano and Magasanik, 1991), transcriptional activator of 

thiamine biosynthesis THI2 (Nishimura et al., 1992), and the basic leucine zipper 

regulator of sulfur metabolism MET28 (Kuras et al., 1996). 

    While this category was not significantly enriched in the list of differentially 

upregulated genes in the ALD6/ACS2 adh1∆ ∑1278b strain, expression values were often 

close to that of the adh1∆ strain (Figure 10.12 A). This discrepancy occurred due to the 

calculated p-value of the enrichment for this category falling out of the accepted threshold 

by a small margin (p-value of 0.0503).   

    Interestingly, when comparing gene expression between the ALD6/ACS2 adh1∆ strains 

and the adh1∆ strains, this category was found enriched in the list of downregulated genes 

in the W303-1A strain (Figure 10.7). 
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Figure 10.12. Upregulation of sulfur metabolism genes in the adh1∆ strains decreases when 

ALD6 and ACS2 are overexpressed. A) Bar plot of log2 of the fold-change in expression of 

sulfur metabolism genes of the adh1∆ and ALD6/ACS2 adh1∆ strains, over their parental strains 

of the ∑1278b and W303-1A backgrounds. B) Bar plot of fold-change expression of genes in the 

ALD6/ACS2 adh1∆ strains, over their respective adh1∆ strains. Asterisks (*) over each bar 

indicate a DEG with an adjusted p-value less than 0.05. 
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While this list contained only 26 genes, it included all of the top genes that were originally 

upregulated in the adh1∆ strains (Figure 10.12 B). Some of the genes suffered a drastic 

downregulation, such as JLP1, which changed from approximately 64-fold upregulation 

in the adh1∆ strain to almost a 100-fold decrease when ALD6 and ACS2 were 

overexpressed in the W303-1A background. While this trend was true for the W303-1A 

strain, the sulfur compound metabolic process term was not enriched in any of the DEG 

lists of the ∑1278b strain in this comparison (Figure 10.7). Further examination of 

expression values of genes belonging to this category revealed weaker differential 

expression and multiple non-significant genes (Figure 10.12 B), reinforcing the 

observations made when mutant strains were compared with their respective parental 

strains (Figure 10.12 A). 

    The increased presence of sulfur metabolism transcripts in the adh1∆ mutant is an 

interesting finding that correlates with previous observations on the expression of genes 

belonging to the NADPH-producing pentose phosphate pathway (Figure 10.11 B). As 

mentioned above, DEGs assigned to this GO term can be separated into four categories 

depending on their metabolic function: uptake and reduction of sulfur to hydrogen sulfide 

(i.e. MET14, MET16, and MET10), biosynthesis of the sulfur-containing amino-acids 

cysteine, methionine, and homocysteine (i.e. CYS3, CYS4, and MET6), and glutathione 

biosynthesis and metabolism (i.e. GSH2, GRX2, and GTT2). Together, these genes form 

the sulfur assimilation and L-homocysteine biosynthesis pathway (Figure 10.13), and the 

glutathione biosynthesis and redox homeostasis reactions (Figure 10.14), two pathways 

that depend on NADPH for reductive power. 

    Glutathione is a ubiquitous antioxidant molecule involved in the detoxification of 

xenobiotics by its conjugation catalysed by glutathione-S-transferase enzymes Gtt1p and 

Gtt2p (Jakoby, 1985), as well as glutaredoxins Grx1p and Grx2p (Collinson and Grant,  
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Figure 10.13. Sulfate reduction and L-cysteine biosynthesis pathway in S. cerevisiae. 

Diagram shows a summary of sulfate oxidation and biosynthesis of L-cysteine. Abbreviated 

metabolites and cofactors include adenosine triphosphate (ATP), adenosine diphosphate (ADP), 

adenosine-5’-phosphosulfate (APS), reduced nicotinamide adenine dinucleotide phosphate 

(NADPH), oxidised nicotinamide adenine dinucleotide phosphate (NAD+), 3’-phosphoadenylyl-

sulfate (PAPS), reduced/oxidised thioredoxin (TrxRed/TrxOx) Dashed line indicates multiple 

reactions. Enzymes involved: cystathione γ-lyase (Cys3p), cystathone β–synthase (Cys4p), 

aspartic β semi-aldehyde dehydrogenase (Hom2p), aspartate kinase (Hom3p), homoserine 

dehydrogenase (Hom6p), L-homoserine-O-acetyltransferase (Met2p), ATP sulfurylase (Met3p), 

sulfite reductase β-subunit (Met5p), sulfite reductase α-subunit (Met10p), adenylyl sulfate kinase 

(Met14p), 3’-phosphoadenylsulfate reductase (Met16p), O-acetyl homoserine-O-acetyl serine 

sulfhydrylase (Met17p). 
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Figure 10.14. Glutathione biosynthesis pathway and role of glutathione in the maintenance 

of redox homeostasis. Diagram shows a summary of glutathione biosynthesis and its redox 

homeostasis reactions. Abbreviated metabolites and cofactors include adenosine triphosphate 

(ATP), adenosine diphosphate (ADP), glutathione (GSH), glutathione disulfide (GSSG), reduced 

nicotinamide adenine dinucleotide phosphate (NADPH), oxidised nicotinamide adenine 

dinucleotide phosphate (NAD+), a xenobiotic (X), and a xenobiotic-glutahtione gonjugate (GS-

X). Enzymes involved: glutathione oxidoreductase (Glr1p), glutathione peroxidase (Gpx1p, 

Gpx2p, and Hyr1p), γ-glutamylcysteine synthetase (Gsh1p), glutathione synthetase (Gsh2p), 

glutaredoxin (Grx1p and Grx2p), glutathione S-transferase (Gtt1p and Gtt2p), thioredoxin (Trx1p 

and Trx2p). 
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2003) (Figure 10.14). Glutathione also serves as a scavenger of reactive oxygen species 

(ROS), protecting cellular structures such as membrane lipids from peroxidation by the 

action of glutathione peroxidases Grx1p, Grx2p, and Hyr1p (Muthukumar et al., 2011) 

and the glutaredoxin and thioredoxin enzymes (Trx1p and Trx2p) (Cnubben et al., 2001, 

Grant et al., 1996). 

    Evidence in the literature suggests that sulfur metabolism and glutathione are central 

in the acetaldehyde stress response of S. cerevisiae. One study reported the transcriptional 

upregulation of sulfur uptake, homocysteine biosynthesis, and thiamine biosynthesis 

genes after exposing yeast cells to a 1-hour acetaldehyde stress (Aranda and del Olmo, 

2004). While the analytical technique and stress conditions are different between the 

above publication and this project, it is not surprising to see that the same group of genes 

is induced in the adh1∆ strains, as it was previously demonstrated that the deletion of 

ADH1 causes the metabolic accumulation of acetaldehyde by disrupting its reduction into 

ethanol (Figure 9.5 A). It is also not surprising to see that the ALD6/ACS2 adh1∆ W303-

1A did not exhibit the same upregulation of sulfur metabolism genes as the rest of the 

strains (Figures 10.12 A and B) given that it was not able to accumulate acetaldehyde in 

anaerobic culture. 

    Another study reported that yeast cells deleted for either GSH1, GSH2, or GLR1 are 

more sensitive to acetaldehyde stress, suggesting that glutathione biosynthesis is required 

for acetaldehyde resistance in yeast (Matsifuji et al., 2013). The same study also found 

that one molecule of reduced glutathione was able to sequester up to four acetaldehyde 

molecules in vitro, revealing a plausible mechanism for its contribution to acetaldehyde 

tolerance within yeast cells.     
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    In order to have a more complete view of the transcriptomic state of glutathione 

biosynthesis and the different reactions that use glutathione as a reductant in the tested 

strains, differential expression of genes belonging to each glutathione-related process was 

manually plotted (Figure 10.15).   

     Overall, the adh1∆ ∑1278b displayed the highest level of gene upregulation across all 

of the categories, closely followed by the ALD6/ACS2 adh1∆ ∑1278b strain (Figure 

10.15). Many of the highly expressed genes in the adh1∆ ∑1278b strain were expressed 

half as much in the adh1∆ W303-1A, such as GTT2, MET3, GRX8, and MET17, while 

expression of these genes was much less in the ALD6/ACS2 adh1∆ ∑1278b strain (Figure 

10.15). 

    Sulfate membrane transporter SUL1 was highly induced in all strains, except in the 

ALD6/ACS2 adh1∆ W303-1A strain. On the other hand, while SUL2 induction was about 

three times less than SUL1, its expression was more similar among all strains. One 

hypothesis explaining this phenomenon is that while SUL1 is induced by acetaldehyde 

stress, SUL2 is likely to be constitutively expressed. Additional experiments would be 

needed in order to test this hypothesis, but it could prove valuable to obtain new 

knowledge on the regulation of sulfate uptake in butanol-producing strains.    

    The expression of gene transcripts involved in glutathione-mediated oxidative stress 

responses and detoxification of chemicals showed a series of strain-dependent patterns. 

While the glutathione-S-transferase GTT1 was found repressed in all four strains, GTT2 

was highly expressed in all strains, except the ALD6/ACS2 adh1∆ W303-1A strain 

(Figure 10.15), indicating that GTT2 likely is the major isoform of the glutathione 

conjugation enzyme acting in these strains. At the same time, the glutathione-S-conjugate  
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Figure 10.15. Differential expression of genes involved in glutathione biosynthesis and 

cellular redox homeostasis. Bar plot of log2 of the fold-change in expression of sulfur uptake, 

L-cysteine biosynthesis, glutathione (GSH) biosynthesis, glutaredoxin/thioredoxin system, and 

glutathione conjugation genes of the adh1∆ and ALD6/ACS2 adh1∆ strains, over their parental 

strains of the ∑1278b and W303-1A backgrounds. Asterisks (*) over each bar indicate a DEG 

with an adjusted p-value less than 0.05. 

 

L-
cy

st
e

in
e

 
G

SH
  



216 

 

vacuolar transporter YCF1 was also induced in all strains (Figure 10.15), suggesting that 

detoxification of chemicals by glutathione conjugation is active in the strains during 

anaerobic growth. Expression of glutathione peroxidase genes varied among strains. 

While GPX1 was significantly downregulated in both ∑1278b strains, GPX2 was 

significantly induced only in the ALD6/ACS2 adh1∆ ∑1278b (Figure 10.15).  

    Glutaredoxins and thioredoxins also contribute to cellular protection against ROS. 

Glutaredoxins are able to reduce a series of oxidised substrates in order to revert oxidative 

damage done by ROS, and some participate in the synthesis of Fe/S clusters (Grant, 2001; 

Rodríguez-Manzaneque et al., 2002). There are eight identified GRX isoforms in S. 

cerevisiae, of which GRX1, GRX2, and GRX8 are considered the “classical” glutaredoxins 

that contain two cysteine residues in their active site, while GRX3-7 contain only one 

(Tang et al., 2014). 

    Among the multiple GRX gene transcripts that were induced in the yeast strains grown 

in anaerobic conditions, the GXR8 gene transcript was induced the most, with GRX3 and 

GRX2 following it (Figure 10.14). Expression of these glutaredoxin genes followed the 

usual pattern of expression already seen in other induced DEGs, where the adh1∆ ∑1278b 

had the most induction followed closely by its corresponding ALD6/ACS2-

overexpressing version. The ALD6/ACS2 adh1∆ W303-1A had the lowest induction 

levels for these three glutaredoxins. Interestingly GRX6, encoding a glutaredoxin that 

localizes to the endoplasmic reticulum (ER) and Golgi apparatus, was the only isoform 

strongly repressed in both ∑1278b strains (Figure 10.15). It has been proposed in the 

literature that GRX6 participates in the maintenance of the redox state of enzymes and 

nascent proteins in the ER lumen (Izquierdo et al., 2008), thus its repression in the 

∑1278b strains could be suggestive of reduced secretory activity. 
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    Besides participating in the defence against ROS, thioredoxins are also required as 

cofactors for PAPS reduction to sulfite by Met16p in the sulfate reduction pathway 

(Figure 10.13), and can catalyse deglutathionylation reactions (Greetham et al., 2010). 

    Thioredoxin gene transcript expression varied between the tested strains. TRX1 

expression was induced in all strains except the adh1∆ ∑1278b strain, while TRX2 was 

induced in the adh1∆ ∑1278b mutant and repressed in both ALD6/ACS2 strains (Figure 

10.15). Finally, TRX3, encoding a mitochondrial thioredoxin, was increased in all strains 

except the ALD6/ACS2 adh1∆ W303-1A mutant.   

    Among L-cysteine biosynthesis genes, MET17 and CYS3 were expressed the most in 

the adh1∆ mutant, which encode the enzymes that catalyse the biosynthesis of L-

homocysteine from O-acetyl-homoserine and hydrogen sulfide, and the breakdown of L-

cystathione into L-cysteine, 2-oxobutyrate and ammonia, respectively (Figure 10.13). 2-

oxobutyrate is a metabolite involved in the proposed threonine-dependent 1-butanol 

production pathway, where its metabolism by enzymes Leu4p, Leu1p, and Leu2p result 

in the synthesis of 2-oxovalerate, the precursor of 1-butanol (Si et al., 2014). 

    While the accumulation of 2-oxobutyrate as a by-product of L-cysteine biosynthesis in 

the adh1∆ ∑1278b strain is an attractive hypothesis for the increased 1-butanol 

production over the W303-1A strain, it is important to note that the ∑1278b strain is 

leu2∆. This enzyme is also theorized to participate in the glycine-dependent 1-butanol 

pathway to produce 2-oxovalerate. The results obtained show that the ∑1278b adh1∆ was 

able to accumulate 1-butanol despite lacking a functional LEU2 gene, suggesting that 

either this strain uses a different pathway, or an unidentified gene is complementing the 

leu2∆ phenotype. A similar hypothesis was proposed by a previous study from our 
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laboratory, where neither deletion of LEU1 or expression of LEU2 had any impact on 1-

butanol accumulation in the adh1∆ W303-1A strain (Swidah et al., 2018). 

        A quick and simple experiment that can be performed to test the oxidative stress 

response of the adh1∆ strains compared to the parental strains is a spot test on agar plates 

supplemented with hydrogen peroxide (H2O2). Serial dilutions of cultures growing in 

exponential phase in liquid SCD were spotted on SCD agar plates either in the absence 

or presence of 0.5 mM H2O2 and left to grow up for 4 days. Preliminary results showed 

that the adh1∆ mutant better tolerated the presence of H2O2 compared with the wild-type 

strain (Figure 10.16), suggesting that the results of the transcriptomic analysis translated 

to an effective phenotypical advantage in the adh1∆ strains. Additional assays using 

different H2O2 concentrations and sources of ROS should be used in future experiments 

to test antioxidant mechanisms in the adh1∆ strains. 
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Figure 10.16. adh1∆ strains are more resistant to hydrogen peroxide stress than the parental 

strains. 1:10 serial dilutions of exponential phase cultures of adh1∆ and parental strains of the 

∑1278b and W303-1A background spotted on solid SCD media supplemented with amino-acids 

with or without 0.5 mM H2O2 and grown at 30°C for 4 days.  
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10.6     Discussion 

    RNA-seq data for adh1∆ and ALD6/ACS2 adh1∆ strains of the ∑1278b and W303-1A 

genetic backgrounds has revealed the regulation of a variety of cellular processes that 

may contribute to the differential accumulation of endogenous 1-butanol in these strains. 

Overall, repression of respiratory and ergosterol biosynthesis genes and induction of 

NADPH-generating reactions, sulfate uptake, glutathione biosynthesis and redox 

homeostasis genes correlated well with 1-butanol and acetaldehyde accumulation in these 

yeast strains.  

    Besides particular differences between the expression patterns observed in each genetic 

background, it is likely that a major contributing factor to the differences in 1-butanol 

production between the ∑1278b and W303-1A background is the intensity of the 

differential expression of gene transcripts for each relevant cellular process. It may not 

be coincidental that the ALD6/ACS2 adh1∆ W303-1A strain, which were not able to 

accumulate 1-butanol, displayed a transcriptomic response which is lower, and in some 

cases, opposite to the response in the other strains. 

    While the above analysis did not yield any definitive answers as to how 1-butanol is 

effectively synthesised by the endogenous pathway, it revealed expression patterns that 

emphasise the importance of cellular defence mechanisms against acetaldehyde and other 

stresses present during anaerobic fermentation. Improvements in tolerance towards toxic 

metabolites has been a viable strategy towards increasing the yield of cellular metabolic 

products of industrial interest, hence further investigation of the role of NADPH-

producing and glutathione metabolism genes in 1-butanol yields is a potential future 

avenue of research. 
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    Finally, attempting to address the role of unidentified gene transcripts which show 

differential changes in expression such as YML146W, YJL027C, and YLR257W in the 

cellular response to anaerobic fermentation might result in the characterisation of new 

genes and an expansion of the knowledge of the actors involved in S. cerevisiae 1-butanol 

production. 
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11. General discussion 

11.1 Overview 

    Butanol is a fusel alcohol that has attracted attention as a potential biofuel due to its 

higher energy density, lower volatility, reduced hygroscopicity and minimal corrosive 

properties relative to ethanol (Dürre, 2007). Butanol is naturally produced by anaerobic 

bacteria of the Clostridia genus through the ABE pathway (Zheng et al., 2009), but due 

to the challenges of using these microorganisms in industry, researchers have attempted 

to express this pathway in more industry-friendly hosts such as S. cerevisiae. 

    While early attempts at expressing the ABE pathway in S. cerevisiae resulted in low 1-

butanol yields (Steen et al, 2008), improvements were made by deleting ADH1, the major 

yeast alcohol dehydrogenase. Curiously, as well as enhancing butanol production from 

an exogenously expressed metabolic pathway, deletion of the ADH1 gene was also able 

to activate endogenous butanol production in yeast (Si et al., 2014; Swidah et al., 2015).  

    Additional research has demonstrated that enhancing cellular tolerance to 1-butanol 

stress can improve production (Ashe et al., 2001; Swidah et al., 2015), making this area 

of research attractive for biotechnology. One of the adaptive responses to fusel alcohols 

found in wild strains and the laboratory ∑1278b strain is filamentation, a proposed 

scavenging response activated by nitrogen starvation and/or toxic microenvironments that 

result in drastic morphological changes (Lorenz et al., 2000). 

    The fact that filamentous strains respond in terms of their morphology and growth to 

fusel alcohols such as 1-butanol prompted an aim of this project, that was to study 

endogenous 1-butanol accumulation induced by the deletion of ADH1 in the filamentous 

∑1278b strain with a view to the identification of methods for improving butanol 

production in yeast strains. In addition, it was recognised that in order to harness the 
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genetic advantages of yeast for optimised butanol production, a simple assay reporting 

increased butanol levels would be required. 

11.2 Summary of the main findings of this project 

    The first objective of this project was to construct a fluorescent butanol-responding 

biosensors with the goal of generating new tools to screen for mutant strains 

demonstrating increased 1-butanol yields. To this end, six biosensor strains consisting of 

GFP fusions of GAC1, GLC7, BDH2, RTS3, NRP1, and SHQ1, were constructed in the 

W303-1A background, and their ability to respond to 1-butanol stress was tested in 

different assays. 

    Overall, none of the biosensor strains was able to produce a significant increase in 

fluorescence after exposure to 1-butanol. Western-blot analysis hinted at a failure to 

produce the fusion protein, suggesting that the candidate genes were not appropriate for 

the desired application. Hence, new strategies to construct fast and specific 1-butanol 

biosensors will have to be developed if yeast genetic screening is to be applied to butanol 

production. 

    In order to address another major objective of this thesis, ADH1 was deleted in a 

∑1278b strain, resulting in a slow-growing strain that displayed complex colony 

morphology. When anaerobic 1-butanol accumulation of the adh1∆ ∑1278b strain was 

measured relative to an adh1∆ W303-1A by gas chromatography, the filamentous strain 

produced more 1-butanol than its non-filamentous counterpart, suggesting that the 

∑1278b possesses beneficial traits for this purpose. 

    In an attempt to improve butanol yields of the adh1∆ ∑1278b strain, ALD6 and ACS2 

were overexpressed in order to decrease intracellular levels of the toxic metabolite 

acetaldehyde. In anaerobic fermentation, the ALD6/ACS2 adh1∆ ∑1278b strain had 
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impaired acetaldehyde and 1-butanol accumulation, while the ALD6/ACS2 adh1∆ W303-

1A had its acetaldehyde and 1-butanol accumulation abolished. This experiment showed 

that both genetic backgrounds responded differently to the overexpression of ALD6 and 

ACS2 and hinted at a potential role for acetaldehyde in inducing 1-butanol accumulation 

in the adh1∆ mutants. 

    As an additional experiment to test alternative mutations leading to endogenous 1-

butanol production, PDC1 and PDC5 were deleted to test if disrupting pyruvate 

decarboxylation could mimic the phenotype of adh1∆ mutants. Interestingly, neither 

pdc1∆, pdc5∆, or pdc1,5∆ deletions resulted in 1-butanol or acetaldehyde accumulation, 

suggesting that activation of endogenous butanol accumulation is specific to the deletion 

of ADH1. 

    Finally, in order to obtain a more complete picture of the mechanisms behind the 

observed differences in 1-butanol accumulation among the tested strains, transcriptomic 

analysis of adh1∆, ALD6/ACS2 adh1∆, and pdc1∆ strains of the ∑1278b and W303-1A 

background was performed. Differential expression data showed that transcriptional 

induction of sulfur uptake and glutathione biosynthesis and the pentose phosphate 

pathway, as well as transcriptional repression of aerobic respiration and ergosterol 

biosynthesis correlated with the ability to produce 1-butanol in the adh1∆ strains. These 

results hint at a role for NADPH and glutathione as acetaldehyde tolerance mechanisms 

that may improve survival under stressful conditions, thus enabling increased 1-butanol 

production. The downregulation of aerobic metabolism and ergosterol biosynthesis may 

represent an adaptive strategy to redirect energy and NADPH to more critical processes, 

such as acetaldehyde tolerance.   
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11.3 Conclusions 

    The results obtained in this project have revealed some insights into the mechanisms 

behind endogenous 1-butanol production activated by the deletion of ADH1 in S. 

cerevisiae. The correlation between acetaldehyde and butanol accumulation as well as the 

transcriptomic state during anaerobic fermentation in the adh1∆ strains imply that the 

acetaldehyde stress response plays a role in facilitating 1-butanol production. Hence, 

engineering yeast strains for enhanced glutathione biosynthesis is a promising strategy to 

achieve higher endogenous 1-butanol production in S. cerevisiae. Indeed even in 

Clostridia, where metabolism differs enormously to S. cerevisiae, the introduction of 

glutathione biosynthetic genes has been shown to increase 1-butanol yields, although the 

precise explanation for this observation is not clear (Hou et al., 2013; Zhu et al., 2011).  

    This project also demonstrated that endogenous butanol production was not activated 

by the deletion of two pyruvate decarboxylases (PDC1 and PDC5), likely due to the 

ability of PDC6 to compensate for the lack of enzymatic activity. On the other hand, 

despite presenting some residual ethanol production, the deletion of ADH1 resulted in 

drastic metabolic changes, indicating that the other six ADH isoforms are not able to 

compensate for the loss of ADH1 activity while potentially participating in the reduction 

of butryaldehyde to 1-butanol. Future deletion and overexpression analysis of the ADH 

isoforms and other alcohol dehydrogenases in an adh1∆ strain could reveal which gene 

is involved in 1-butanol production.  

    Despite its advantages, there is still a long way before S. cerevisiae can become a 

butanol-producing host able to compete with bacterial producers. Metabolic optimisation 

of both the endogenous and the ABE pathway and engineering of strains able to tolerate 
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higher concentrations of butanol and other metabolic intermediates will be paramount to 

miminise inhibitory effects on the butanol production pathways. Additionally, coupling 

the above modifications with pathways for the efficient utilisation of xylose is a high 

priority if the goal is to produce butanol using more sustainable sources of biomass such 

as agricultural lignocellulosic wastes. 

    One final question is if there is still value in the biological production of butanol and 

other biofuels in the advent of commercially viable electrical vehicles. While biofuels 

seem to be in disadvantage against the sustainability of electrical vehicle technologies, it 

is important to note that this is just one application for these chemicals. Aviation 

technologies still depend on liquid fuels to propel aircrafts, and efforts are being made to 

employ biojet fuels in order to decrease the environmental impact of flight (Bosch et al., 

2017). Additionally, the applications of butanol and other chemical products is not limited 

to biofuels, but they can be employed in a series of industrial production processes. This 

flexibility grants biorefinery-based industries a value that cannot be matched by electric 

technologies, securing its place in humanity’s toolkit to approach new challenges.  
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