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1. Abstract 

The most widely used biofuel on the market today is ethanol derived 

from food crops, such as maize and sugarcane. Ethanol is renewable and 

environmental friendly but the low energy density makes it unable to 

compete with fossil fuels. Enlarged focus on replacing fossil fuels with 

biofuels from renewable biomass have identified isobutanol and 1-

butanol as future biofuels, possessing similar capabilities as gasoline e.g. 

high octane number and energy density. The yeast Saccharomyces 

cerevisiae can produce butanol through fermentation of carbohydrates but 

butanol concentrations over 2 % is toxic to most strains. To reach the 

commercial requirements for economic and efficient isobutanol 

production using S. cerevisiae, higher butanol tolerance is crucial.  

 

The butanol tolerance of isolated strains of S. cerevisiae from different 

habitats was examined using spot plating and growth measurements. The 

results showed variance in butanol tolerance between strains where the 

most tolerant strains were able to grow in isobutanol concentration up to 

3 %. The expression of genes associated with increased butanol tolerance 

was investigated by Quantitative Real-time PCR. Data showed an 

upregulation of RPN4 in strains subjected to butanol induced stress. The 

study aims to identify butanol tolerant strains that can be engineered for 

efficient butanol production for sustainable biofuel production.  

2. Introduction 

Factors such as global warming and decreasing oil reserves have led to 

increased attention on evolving new advanced renewable biofuels 

(Hongxing et al. 2014). The most widely used biofuel on the market 

today is ethanol (Lee et al. 2012). Ethanol is renewable and thus serves as 

an environmental friendly substitute to fossil fuels. Most of the ethanol 

production derives from food crops such as maize and sugarcane (Xue et 

al. 2013). The raised concern is that the use of food stocks for production 

of biofuel will result in competition of food, land and water resources. 

Lignocellulosic biomass can therefore ethically, be a more suitable 

carbon source since waste biomass from agricultures can be used (Weber 

et al. 2010). The most common organism used for ethanol production is 

the yeast Saccharomyces cerevisiae (Bai et al. 2008). To substitute the 

use of fossil fuels with renewable biofuels, new advanced 2nd generation 

biofuels with higher energy density need to be developed (Bujis et al. 

2013). One proposed future biofuel is butanol which consists of four 

isomers. Studies have highlighted two of the isomers, isobutanol and 1-

butanol, as promising biofuels (Lan and Liao 2013).  
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Butanol has several advantages that makes it attractive as an advanced 

biofuel. Compared to ethanol, butanol is miscible with diesel and thus can 

be used together with fossil diesel or as a renewable and environmental 

friendly alternative (Kumar and Saravanan 2016). Higher alcohols e.g. 

butanol, used together with diesel can reduce the negative impact on 

global warming by reducing smoke formation. The hydroxyl group of the 

alcohol increases the oxygen content which reduces the emitted smoke 

created during combusting (Lapuerta et al. 2010). Alcohols, such as 

butanol, which consist of four carbon atoms, have a higher cetane number 

than lower alcohols. The higher cetane number allows butanol to be used 

in existing diesel engines (Bujis et al. 2013). Butanol has a viscosity 

similar to that of diesel and blended, the viscosity of the mixture can be 

lowered due to synergic effects (Lapuerta et al. 2010). Compared with 

ethanol, butanol is less hygroscopic (Connor and Liao 2009). The low 

tendency to absorb water makes butanol less corrosive (Rasskazchikova 

et al. 2004). Low hygroscopic properties also make it easier to separate 

from the fermentation media. 

The four isomers of butanol, tert- and sec-butanol, n-butanol and 

isobutanol, exhibit different properties with regards to octane number, 

boiling- and melting temperatures (Hong and Nielsen 2012). Isobutanol’s 

combination of high octane number and low melting point compared to 

the other isoforms make it especially promising as an advanced biofuel 

(Hong and Nielsen 2012). These qualities and the high energy density 

makes it a good substitute to gasoline (Krivoruchko et al. 2013).  

Isobutanol can be produced naturally by yeast through the Ehrlich 

pathway which consists of two subcellular pathways. One pathway is the 

valine biosynthetic pathway located to the mitochondria, involving the 

anabolic synthesis of ketoisovalerat. The other pathway is the catabolism 

of ketoisovalerat into isobutanol e.g. valine degradation pathway which is 

compartmentalized to the cytoplasm (Avalos et al. 2013). 

The butanol production that can be produced naturally in S. cerevisiae is 

not sufficient to meet the required demands for a large-scale butanol 

production. In order to be economically beneficial, higher production 

titers must be reached. One way to increase the butanol production is by 

genetic engineering (González-Ramos et al. 2013). The subcellular 

compartmentalization of the butanol production pathway in S. cerevisiae 

however, complicates engineering (Avalos et al. 2013). In a study from 

2012, Kondo and colleagues engineered strains of S. cerevisiae by 

overexpressing genes involved in the valine biosynthetic pathway and the 

valine degradation pathway. S. cerevisiae were engineered to overexpress 

2-ketoacid decarboxylase and alcohol dehydrogenase in order to increase 



 5 

the activity of the Ehrlich pathway. This combined with overexpression 

of ILV2 and simultaneous deletion of PDC1 resulted in an increased 

isobutanol production from 11mg/l to 143mg/L (Kondo et al. 2012).  

Attempt to compartmentalize the butanol production to the cytosol or the 

mitochondria have revealed promising results. Avalos and colleagues 

engineered the pathway to the mitochondria using transformed plasmids. 

Compartmentalization of the biosynthetic pathway resulted in a 

substantial increase in isobutanol production (Avalos et al. 2013).  

Similar, Brat and colleagues demonstrated in an article from 2012 that an 

increased isobutanol production could be reached by re-localization of the 

pathway to the cytosol. Enzymes involved in the valine biosynthetic 

pathway, ILV2, ILV3 and ILV5, were re-located to the cytosol and the 

mitochondrial pathway was simultaneously blocked leading to higher 

production titer (Brat et al. 2012).  

In this project, yeasts isolated from different habitats were cultured in 

media containing isobutanol. Gene expression of genes, ILV2, RPN4 and 

RTG1, involved in the butanol production pathway were examined by 

qPCR. To identify isolated S. cerevisiae strains, bar coding were 

performed using primers for COX1 and ITS. The aim is to identify 

butanol tolerant strains and genes associated with butanol tolerance.  

3. Material and methods 

3.1 Primers  

Primers used for bar coding were selected and designed based on 

previous studies, COX1 (Schroeder and Shadel 2014), ITS (Cheng et al. 

2016). Oligonucleotides were ordered from Invitrogen ThermoFisher 

(ThermoFisher Scientific). Primer sequences can be found in appendix, 

table 6.  

 

Gene expression were examined on genes that in previous studies have 

been shown to be overexpressed during butanol induced stress (Gonzalez-

Ramos et al. 2013; Kondo et al. 2012; Zaki et al. 2014).  Primers for 

analysis of gene expression were designed using NBCI/primer blast 

(NBCI/primer-blast). Oligonucleotides were ordered from Invitrogen 

ThermoFisher (ThermoFisher Scientific).  
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3.2 Strains 

The yeast strains (S. cerevisiae) examined in the study are used 

commercially for production of bread and beverage and were isolated by 

the supervisor. Three of the four strains were isolated from beverages; 

ale, lager and wine. The fourth strain, baker’s yeast from Jästbolaget, was 

used as control. References in the text to wine, ale, lager and bakery 

correspond to the original habitat of the yeast.  

 

    

3.3 Spot plating 

Isolated yeast cells were transferred to tubes containing 5 ml YPD media 

(glucose 20g/l, peptone 20g/l and yeast extract 10g/l) and incubated 

overnight at 30°C, 200 rpm. Optical density of the cells were measured at 

600 nm, OD600, and diluted in YPD media to an initial OD of 1. For spot 

plating, cells were diluted with sterile water to a dilution factor of 102, 

103 and 104. Triplicates of YPD agar plates containing 1.5 %, 2 % and 3 

% isobutanol were prepared and 5μl of each diluted sample were spotted 

onto the plates. Schematic picture can be found in appendix, figure 4. 

YPD agar plates without isobutanol were prepared and used as control. 

The plates were incubated at 30°C and controlled after 24 and 48h.  

 

3.4  Bar-coding 

3.4.1 DNA extraction 

Cells from isolated strains of S. cerevisiae were cultured overnight in 5ml 

YPD media. Isolation of genomic DNA was performed according to two 

different protocols. First, genomic DNA was isolated following 

FASTDNA® Spin kit protocol (MP medicals). The second method used 

in the project were designed by Marko Lõoke and colleagues (Lõoke et 

al. 2011) and performed according to the following procedure: 200 μl 

aliquots of cells cultured in YPD media (OD600=0.4) were transferred to 

sterile 1.5 ml tubes and vortexed. 100 μl 200mM LiOAc 1 % SDS 

solution was added and the samples were incubated at 70°C for 5 min. 

300 μl 99 % ethanol were added to the tubes, which were centrifuged for 

3 min at 15000 g. The supernatants were discarded and the pellets were 

washed with 300 μl 70 % ethanol. 100 μl of sterile water was added to 

dissolve the pellets and the samples were centrifuged for 15 seconds at 

15 000g. 
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3.4.2 Amplification of DNA  

Mastermixes were prepared, one for each primer combination (Cox1 for. 

+ Cox1 rev. and ITS1 + ITS4) containing: 5 μl 10X DreamTaq Buffer, 1 

μl 10mM dNTP Mix (Thermo Scientific), 0.4 μl  DreamTaq DNA 

polymerase (5U/μl) (Thermo Scientific), 2 μl  Forward primer (10pmol/ 

μl), 2 μl  Reverse primer (10pmol/ μl) and 38.6 μl RNase free water. 49μl 

mastermix were mixed with 1 μl template DNA and placed in a PCR 

machine (S1000™ Thermal Cycler) according to following program: 

95°C in 3 min x1, followed by three stages, 95°C in 30sec, 55°C in 1min 

and 72°C which were repeated x35. The program ended with a final cycle 

at 72°C in 10min x10. Primer sequences can be found in appendix, table 

6.  

PCR products were controlled by gel electrophoresis on a 1 % agarose 

gel containing SYBR SAFE® (Thermo Scientific), and DNA 

concentration were measured using a NanoDrop 1000 

Spectrophotometer. 

PCR products were purified using GeneJet™ PCR purification kit 

(Fermentas) and sent to Eurofins genomics for analysis (Eurofins 

genomics). Obtained sequences were blasted using NCBI/standard 

nucleotide blast (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Blasting were 

performed using following parameters; as database, others and nucleotide 

collection were chosen. Saccharomyces (taxid: 4930) were selected as 

organism and highly similar sequences (megablast) were used as blast 

algorithm.   

 

3.5  Relative gene expression 

Total yeast RNA from cells cultured in 2 % isobutanol (OD600=0.6) were 

isolated using FastRNA® Pro Red Kit (MP Biomedicals).  

To remove genomic DNA, 1μg isolated RNA was added together with 1 

μl 10X reaction buffer with MgCl2 and 1μl DNase I, RNase-free (1U/μl) 

to an RNase-free tube. DEPC-treated was added to a final sample volume 

of 10 μl. Samples were incubated for 30 minutes at 37°C after which 1 μl 

50 mM EDTA was added. The samples were then incubated for 10 

minutes at 65°C. The isolated RNA was used as template for first-strand 

cDNA synthesis.  

 

For first-strand cDNA synthesis, 11μl isolated template RNA were mixed 

with 1μl random hexamer primer (0.2 μg (100pmol)) in 0,25ml PCR 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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tubes. 4μl 5X reaction buffer, 2μl dNTP mix (10mM), 1μl Ribolock™ 

RNase inhibitor, 1μl (200 u) RevertAid™ M-MuLV Reverse 

transcriptase were added to the tubes respectively. The tubes were 

centrifuged using a table centrifuged for a few seconds. Samples were 

placed in a thermal cycler according to following program: 25°C for 5 

minutes, 42°C for 60 minutes and 70°C for 5 minutes.  

For qPCR, 0.1 ml tubes were placed in a chilled metal rack and the 

following components were added to each tube respectively: 12,5 μl 2x 

PCR Master mix (Thermo Scientific), 1 μl forward primer (10pmol/μl), 1 

μl reverse primer (10pmol/μl), 8 μl template DNA and 2,5 μl sterile 

water. Technical duplicates were made for each cDNA sample and primer 

pair. qPCR was run (Rotor-gene 6000, Corbett research) according to 

following program: 10 minutes at 95°C x 1cycle followed by 40 cycles of 

95°C for 15 sec, 60°C for 30 sec and 72°C for 30 sec, the program ended 

with a gradual increase from 50°C to 99°C.  

UBC6 were used as reference gene to examine relative gene expression 

by qPCR. Reference genes are used to obtain more accurate data by 

normalizing differences in template cDNA concentrations. UBC6 is 

suitable as reference gene for analyses of gene expression in S.cerevisiae 

due to its stabile expression (Teste et a.l 2009). Relative gene expression 

were calculated using the Livak-method, 2(-Δ Δct) (Livak and Schmittgen 

2001). 

 

3.6  Cell growth  

To examine the growth of each isolated yeast strain, cells (growth in YPD 

media overnight) with OD600=0.1 were transferred to sterile flasks 

containing 1.5 %, 2 % and 3 % isobutanol. YPD media were added to a 

final volume of 50ml and OD600 were measured periodically. Cells 

cultured in YPD media without addition of isobutanol were used as 

control.  

 

3.6.1 Calculated cell growth  

Percentage growth in liquid media were calculated by dividing obtained 

OD600 with initial OD600. 
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3.7 Data analyses  

Data of stress and control samples from qPCR were analyzed by two 

sample t-test using SPSS statistics version 24.0.0.0.  

 

4. Results 

4.1 Identification of yeast strains  

  

Isolation of genomic DNA for bar coding were performed according to 

two different protocols (MP medicals; Lõoke et al. 2011). Independently 

of protocol used for DNA isolation, blasting of the obtained sequences 

resulted in the same match, Saccharomyces cerevisiae S228c (table 1).   

Since blasting could not distinguish the strains, identification of the 

strains were made by collecting available information from the beverage 

manufacturers (table 2). Baker’s yeast is referred to as "kronjäst" which is 

the name of the yeast product from which the yeast was isolated. 
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Table 1. Sequences obtained after DNA extraction of isolated 
yeast strains.  
 

Sequences  Primer  Habitat Result Identity E-value 

 

CCATTATCATCTATTCAGGCACA

CCATTATCATCTATTCAGGCACA

CCATTATCATCTATTC 

 

 

Cox1 

forward 

 

Ale 

 

Saccharomyces 

cerevisiae 

s228c 

 

100 % 

 

5.0 

CCCATTATCATATATTCAGGCAC

ACCATTATCATCTATTCAGGCAC

ACCATTATCATCTATTCAGGCAC

ACCATTATCATCTATTCAGGCAC

ACCATTATCATATATTCAGGCAC

ACCATTATCATCTATTCAGGCAC

ACCATTA 

 

Cox1 

forward 

Wine Saccharomyces 

cerevisiae 

s228c 

100 % 2e-05 

AGTGCCTGATATATGATAA Cox1 

reverse 

Ale Saccharomyces 

cerevisiae 

s228c 

 

100 % 0.23 

ATTGCTGTATCTGTAGACCCCCC Cox1 

reverse 

Lager Saccharomyces 

cerevisiae 

s228c 

100 % 0.38 

GAGGCTATCTTCTTATCGATAAC

GTT 

ITS4 Bakery Saccharomyces 

cerevisiae 

s228c 

100 % 5e-04 

TGGGGGAGGACG ITS4 Lager  Saccharomyces 

cerevisiae 

s228c 

100 % 4.7 

 

Table 2. Identification of isolated strains obtained through 
information available from the manufacturers.  

Habitat Name  Reference 

Folkes Lager  Saflager W-34/70 Centralbryggeriet.se 

Single Hop Ale  Safale S-04 Fermentis.com  

Wine (red) Wyeast 4244 Italian Red™ Wyeastlab.com 

Baker´s yeast Kronjäst matbröd Kronjäst.se 
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4.2  Butanol tolerance  

Spot plating showed variance in butanol tolerance between S. cerevisiae 

strains from different habitat (figure 1).  

Lager yeast, wine yeast and baker’s showed tolerance to 3 % isobutanol 

whereas growth was inhibited for yeast isolated from ale. All strains were 

able to form visible colonies on plates containing 1.5 % isobutanol 

independently of dilution factor, except ale. In the presence of 1.5 % 

isobutanol, the ale yeast showed visible growth to a dilution factor of 102 

(figure 1C). Based on the result, the ale yeast is considered as butanol 

sensitive compared to the other strains. Yeast isolated from lager (W-

34/70) showed an increased butanol tolerance due to the ability to form 

visible colonies in the presence of 3 % isobutanol with a dilution factor of 

103 (figure 1B). 4 % isobutanol inhibited the growth for all strains (figure 

1A).  

 

 

     

Figure 1. Spot test on agar plates containing A, 4 % B, 3 % C, 1.5 
% and D, 0 % isobutanol (control) after 48h of incubation at 30°C. 
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Yeast strains were serial diluted by a factor of ten. The arrow 
highlights growth at dilution factor 104 in 3 % isobutanol for yeast 
isolated from lager. Spot plating were performed in triplicates and 
the figure represent average growth.    

 

Figure 2. Growth were controlled by measurements of optical 
density, OD600. A and B shows growth in the presence of 3 % 
isobutanol as changes in optical density over time (A) and as 
percentage growth (B). C and D represents growth in the presence 
of 2 % isobutanol. Control values can be found an appendix figure 
4 (3 %) and figure 5 (2 %). E and F shows the growth in the 
presence of 1.5 % and in 0 % (control) isobutanol as changes in 
optical density over time (E) and as percentage growth (F). Data of 
growth in the presence of isobutanol represents mean values from 
duplicates. 

The results on growth in liquid media in the presence of 2 % isobutanol 

are consistent with the results from spot plating, with lager yeast 

exhibiting the highest butanol tolerance (figures 2C and 2D). Growth in 3 
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% isobutanol seemed to have a more severe effect than during spot 

plating for all strains, including lager yeast. During spot plating at 3 % 

isobutanol, lager yeast formed visible colonies at a higher dilution factor 

compared to the other strains, e.g. showed a higher tolerance to butanol. 

During growth in liquid media, none of the four yeast strains seemed to 

be able to grow well in 3 % isobutanol. The growth curve flattens out 

quickly, indicating that the growth for all strains is hindered. Although, 

lager yeast display a higher percentage growth at 3 % isobutanol (figure 

2B). The growth rates are considerably higher in 0 % butanol, (appendix 

figures 5 and 6) showing that isobutanol in concentrations of 2 % and 3 

% negatively affect the growth rate. In the presence of 1.5 % isobutanol 

(figures 2E and 2F), lager yeast is not the strain exhibiting the highest 

growth rate. This indicates that the higher growth rate for lager yeast in 2 

% and 3 % isobutanol is rather due to a higher butanol tolerance than a 

higher growth rate in general. Growth for all strains seems to be 

unaffected by 1.5 % isobutanol, (figure 2E).  

 

4.3  Analysis of gene expression  

Examination of relative gene expression showed an up-regulation of 

RPN4 during butanol induced stress (table 3). No up-regulation of ILV2 

and RTG1 could be observed. On the contrary, RTG1 rather seemed to be 

down-regulated in the presence of isobutanol whereas the expression of 

ILV2 seemed to be unaffected (table 3).  

Table 3. Calculated gene expression from qPCR using the Livak-
method, 2(-Δ Δct). 
 

Gene Relative gene expression 

RTG1 0.601 

RPN4 3.364 

ILV2 1.121 

 
Analysis of Ct-values obtained from qPCR using two sample t-test (figure 

3) showed significance between stress and control samples for RTG1 (t(2) 

=5.86, p= 0.028) and RPN4 (t(2) = -19.33, p= 0.003). No significance 

could be found for ILV2 (t(2) = -1.74, p = 0.225). The results are 

consistence with calculations of relative gene expression (table 3), 

showing a downregulation in expression of RTG1 (0.601) and an 

upregulation of RPN4 (3.364) during butanol induced stress. Relative 

gene expression for ILV2 was 1.121 which strengthen the results from the 
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t-test. The combined results indicates that the expression of ILV2 are 

unaffected by the presence of 2 % isobutanol, during the conditions 

examined in this project.  

 

 

Figure 3. Differences in mean ct-value between samples subjected 

to 2 % isobutanol (stress) and 0 % isobutanol (control) for A, ILV2, 
B, RPN4 and C, RTG1. Ct-values were analyzed using two sample 
t-test and * indicates significant difference between stress and 
control samples.  

 

5. Discussion 

Spot plating and measurements of optic density showed variance in 

butanol tolerance between strains. Both yeast isolated from lager, wine 

and baker´s yeast could grow in the presence of 3 % isobutanol. The 

strain that exhibited the highest butanol tolerance where the yeast isolated 

from lager (see figures 1B and 2C). None of the four isolated strains were 

able to grow on plates containing 4% isobutanol (see figure 1A). The 
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results are consistent with a similar study (Zaki et al. 2014). In that study, 

butanol tolerant and butanol sensitive yeast strains were spotted onto 

plates containing 0% and 3% 1-butanol to examine butanol tolerance. 

Tests were also made on plates containing more than 3% 1-butanol but no 

strains were able to grow under those conditions. The combined results 

indicate a concentration of 3% butanol (1-butanol and isobutanol) as an 

upper limit for most S. cerevisiae strains used in industrial productions.  

Measurements of gene expression showed an upregulated expression of 

RPN4 during isobutanol induced stress. This correspond with results from 

a previous experiment where different yeast strains were subjected to 1-

butanol induced stress (Zaki et al. 2014). ILV2 showed no upregulation 

which is not consistent with most previous studies. Several studies have 

shown results indicating a correlation between overexpression of ILV2 

and increased butanol production (Kondo et al. 2012; Gonzalez-Ramos et 

al. 2013; Avalos et al. 2013). Overexpression of genes coding for 

enzymes involved in the valine biosynthetic pathway, ILV2, ILV3 and 

ILV5, resulted in a higher isobutanol production, from 0.16 mg to 0.97 

mg (Avalos et al. 2013). Another study examining the expression ILV2 

was done by Kondo and colleagues. By overexpression of ILV2 and 

simultaneous disruption of PDC1, a gene involved in the conversion of 

pyruvate to ethanol. Kondo reported an increased butanol production by 

1.8-fold (Kondo et al. 2012). Common to all methods were the use of 

engineered strains that overexpressed ILV2 (Kondo et al. 2012; Gonzalez-

Ramos et al. 2013; Avalos et al. 2013). The strains used in the studies 

were engineered for enhanced butanol tolerance and overexpression of 

ILV2. Overexpression of ILV2 were combined with blockade of other 

pathways and enzymes in order to create a more efficient biosynthetic 

pathway. The use of engineered strains to simultaneous affect different 

genes involved in the butanol production pathway makes it more difficult 

to translate the results from the different studies to the results obtained 

during this project. One weakness with the method used in this study was 

that qPCR were run on technical duplicates. Because of this, two sample 

t-test were performed on two samples/treatment (stress and control) for 

each gene. More samples would have strengthen the results but was not 

possible due to limited time resources.  

The results obtained from sequencing indicates that bar-coding as a 

method for identification of different strains of S. cerevisiae needs to be 

more evaluated. Only a few sequences were obtained, indicating that the 

quality of the PCR fragments were not sufficient. One possible 

improvement of the method could be cloning of the PCR fragments. This 

might increase the quality of the PCR fragments enough for sequencing. 
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It could also be possible that the genetic similarities between the strains 

constitutes an obstacle to the use of Bar-coding as a taxonomic method. 

All sequences were given the same match when blasted which strengthen 

this assumption. 

5.2 Societal and ethical considerations  

Fossil fuels are not an infinite resource and the use of fossil fuels have 

several disadvantages that affects the environment. One drawback is the 

emission of green-house gas during combustion (Bujis et al. 2013). 

Ethanol, which is the most widely used biofuel on the market today, do 

not have the qualities needed to cover all areas that are currently relying 

on fossil fuels. Due to this, studies on new renewable biofuels are of great 

importance.  

During this project, expression of ILV2, RPN4 and RTG1 have been 

examined by qPCR. Butanol tolerance were examined by growth 

measurements in the presence of different concentrations of isobutanol. 

None of the methods used in the project involved treatment of the yeast 

with chemicals that, if the yeast would be dispersed into the environment, 

presents a risk. Because of this, there were no ethical aspects that 

constituted an obstacle for the project. 

 

5.3 Conclusion  

The combined results from different studies shows the network of several 

different genes affecting the isobutanol production in different ways. 

Common to all studies is the possibility to engineer S. cerevisiae to 

increase butanol production. Higher alcohols have been identified as 

promising biofuels and several studies have highlighted butanol as 

especially promising. The robustness and fermentative qualities of S. 

cerevisiae makes it suitable for biofuel production (Generoso et al. 2015). 

The results from our study showed variation in butanol tolerance between 

different strains of S. cerevisiae where lager yeast (W-34/70) showed the 

highest tolerance to isobutanol. The variation in butanol tolerance 

highlights the importance for identification of strains with increased 

butanol tolerance. Examination of relative gene expression showed that 

RPN4 was overexpressed during butanol induced stress, linking 

overexpression of RPN4 with higher butanol tolerance. 

Identification of butanol tolerant phenotypes and genes associated with 

stress tolerance e.g. butanol are important for future biofuel production as 

it will contribute to the development of breeding programs. By using 

engineered strains of S. cerevisiae, new advanced 2nd generation biofuels 
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with higher energy density can be produced more efficient. This will 

increase the possibility to replace the entire spectra of fossil fuels with 

renewable biofuels.   
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8. Appendix 

Table 4. OD600 for control samples during 3 % isobutanol 
experiment.   

Time (hour) 

 

Wine 3 % 

OD600 

Ale 3 % 

OD600 

Lager 3 % 

OD600 

Bakery 3 % 

OD600 

0 0.086 0.124 0.09 0.109 

2 0.111 0.183 0.18 0.224 

4 0.143 0.339 0.508 0.669 

6 0.302 0.63 1.375 1.734 

22 >2.5 >2.5 >2.5 >2.5 

26 

 

>2.5 

 

>2.5 >2.5 >2.5 

 
Table 5. OD600 for control samples during 2 % isobutanol 
experiment. 

Time (hour) Wine 2 % 

OD600 

Ale 2 % 

OD600 

Lager 2 % 

OD600 

Bakery 2 % 

OD600 

0 0.111 0.089 0.117 0.139 

2 0.163 0.162 0.157 0.201 

4 0.253 0.198 0.188 0.339 

6 0.639 0.363 0.469 1.165 

8 1.669 0.756 1.284 2.116 

9 2.224 1.034 1.919 >2.5 

26 >2.5 >2.5 >2.5 >2.5 

28 >2.5 >2.5 >2.5 >2.5 

30 >2.5 >2.5 >2.5 >2.5 

32 

 

>2.5 

 

>2.5 

 

>2.5 

 

>2.5 
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Table 6. Primer sequences used for bar-coding and analyses of 
relative gene expressions. References represents articles where 
the primers have been used with successful results in 
Saccharomyces cerevisiae. 

Table 7. Ct-values obtained from Quantitative Real-time PCR. 
Stress samples have been cultured in 2 % isobutanol. Control 
samples have not been subjected to isobutanol. NTC stands for 
non-template control. 

Name 

 

Ct-value 

 

UBC6 control  

 

21.27 

RTG1 control 21.44 

RPN4 control 21.24 

ILV2 control 18.49 

UBC6 Stress 21.73 

RTG1 Stress 22,63 

RPN4 Stress 19.95 

ILV2 Stress 18.76 

UBC6 NTC 0 

RTG1 NTC 0 

RPN4 NTC 0 

ILV2 NTC 0 

  

 

Name  

 

Sequence For. Primer 

(5`→ 3`) 

 

Sequence Rev. Primer 

(5`→ 3`) 

Reference 

COX1 CTACAGATACAGCATTTCCAAGA CTACAGATACAGCATTTCCAAGA 

 

(Schroeder EA 

and Shadel GS 

2014) 

 

ITS TCCGTAGGTGAACCTGCGG TCCTCCGCTTATTGATATGC (Cheng et al 

2016) 

 

ILV2 CAAGGTTGCCAACGACACAG GGGCCCTTGGTAGAAACGAA (Kondo et al. 

2012) 

 

RPN4 GCTTCGATACCCCCACAACA GCTCCTCTTGGTGTTGCTCT (Zaki et al. 2014) 

 

UBC6 AGGACCTGCGGATACTCCTT ATTGATCCTGTCGTGGCTTC 

 

(Teste et al. 

2009) 
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Figure 4. Schematic picture of how the samples were applied 
during spot plating. Upper row represents the yeasts original 
habitat.  

 

 

Figure 5. A and B shows the growth for control samples as 
changes in optical density over time (A) and as percentage growth 
(B). 3 % represents from which experiment the control values were 
obtained. Percentage growth were calculated from values obtained 
during the first six hours of incubation. OD of control samples were 
controlled until OD600= 2.5.  
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Figure 6. A and B shows the growth for control samples as 
changes in optical density over time (A) and as percentage growth 
(B). 2 % represents from which experiment the control values were 
obtained. Percentage growth were calculated from values obtained 
during the first eight hours of incubation. OD of control samples 
were controlled until OD600= 2.5.  

 


