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Today, most transportation fuels are derived from crude oil. However, fossil fuels are limited resources and contribute 
to climate change, and are therefore not considered as sustainable. Biofuels are highly relevant candidates for 
replacing fossil fuels and research has gone into butanol as a biofuel. It has a high energy density, is less hygroscopic 
and can be blended up to 85% with gasoline. The yeast Saccharomyces cerevisiae is considered a good host for bio-
butanol production; it produces small amounts of isobutanol naturally through the Ehrlich pathway, is easy to 
manipulate genetically and can therefore be engineered to produce higher titres of butanol. End-product toxicity, 
however, is a problem that needs to be solved to make butanol production in S. cerevisiae more effective, since the 
organism cannot tolerate higher concentrations of butanol than 2%. Four different S. cerevisiae strains were cultivated 
in 1.5%, 2%, 3% and 4% isobutanol by spot tests and in liquid media to evaluate their tolerance. Gene expression was 
measured for genes RPN4, RTG1 and ILV2 to examine their up-regulation and relevance in butanol tolerance. S. 
cerevisiae strain Saflager 34/70 was determined as the most tolerant strain and was able to grow in 2% liquid 
isobutanol and 3% isobutanol on agar plates. A three-fold up-regulation of RPN4, a transcription factor involved in the 
regulation of proteasome gene expression, was observed. These results contribute to the progress of genetic 
engineering of butanol host organisms, which is needed to create a more effective production of butanol as a biofuel.  
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1 Abstract 

Today, most transportation fuels are derived from crude oil. However, 
fossil fuels are limited resources and contribute to climate change, and 
are therefore not considered as sustainable. Biofuels are highly relevant 
candidates for replacing fossil fuels and research has gone into butanol as 
a biofuel. It has a high energy density, is less hygroscopic and can be 
blended up to 85% with gasoline. The yeast Saccharomyces cerevisiae is 
considered a good host for bio-butanol production; it produces small 
amounts of isobutanol naturally through the Ehrlich pathway, is easy to 
manipulate genetically and can therefore be engineered to produce higher 
titres of butanol. End-product toxicity, however, is a problem that needs 
to be solved to make butanol production in S. cerevisiae more effective, 
since the organism cannot tolerate higher concentrations of butanol than 
2%. Four different S. cerevisiae strains were cultivated in 1.5%, 2%, 3% 
and 4% isobutanol by spot tests and in liquid media to evaluate their 
tolerance. Gene expression was measured for genes RPN4, RTG1 and 
ILV2 to examine their up-regulation and relevance in butanol tolerance. S. 
cerevisiae strain Saflager 34/70 was determined as the most tolerant 
strain and was able to grow in 2% liquid isobutanol and 3% isobutanol on 
agar plates. A three-fold up-regulation of RPN4, a transcription factor 
involved in the regulation of proteasome gene expression, was observed. 
These results contribute to the progress of genetic engineering of butanol 
host organisms, which is needed to create a more effective production of 
butanol as a biofuel.  

2 Introduction 

Transportation fuels are in large scale derived from fossil fuels; 55% of 
crude oil was used for this purpose in 2008 (Zaki et al. 2014). However, 
fossil fuels are limited resources, and worries about the fast increasing oil 
prices, climate change and the sustainability of oil as a future energy 
supply for especially transport has drawn the attention to biofuels, an 
already developed alternative to fossil fuels (Sims et al. 2008).  

Today, ethanol is the biofuel produced at the largest scale in the world 
and the total ethanol production has increased three-fold between years 
2000 and 2007. There are lots of feedstock used for ethanol production, 
but corn and sugarcane make up about 80% of the production (Sims et al. 
2008). But there are disadvantages with ethanol as a biofuel for transport. 
It has hygroscopic properties, meaning that it can draw water into the fuel 
mixture and it can also cause materials corrosion, which does not make it 
an ideal renewable transportation fuel (Fischer et al. 2008). Taking into 
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consideration the economic value of todays’ infrastructure in the world, it 
would be valuable if any new transportation fuel could be compatible 
with already existing engines and gasoline pipelines and not cause them 
damage. The feedstock used for ethanol production is also interfering 
with food production (Fischer et al. 2008) and since food shortage is a 
large-scale problem in many parts of the world, this is yet another reason 
why ethanol may have to be replaced with other renewable biofuels. 
Deforestation and habitat loss due to increased need for land for 
cultivation of biofuel feedstock, problems with fertilizers, competition for 
water resources and overall the challenging part about producing certified 
sustainable biomass, are also problems related to the production of 
ethanol (Sims et al. 2008). These problems have evoked the interest for 
other biofuels and new ways to produce them. An alternative to the most 
common sources for production of biofuels is using microorganisms as 
producers. Metabolic engineering of microorganisms is currently highly 
interesting both for making the butanol titer higher and for increasing 
tolerance, in order to make the production more sufficient.  

Butanol is a four-carbon alcohol and exists in four isomers (1-butanol, 2-
butanol, isobutanol and tert-butanol). Compared to ethanol, which has 
only two carbons, it is less hygroscopic, can be blended up to 85% with 
gasoline (Bujis et al. 2013) and it has a higher energy density (Jin et al. 
2011). Another advantage is that isobutanol, apart from being a gasoline 
substitute, also have the ability to be processed into paraffinic kerosene, 
which is a jet fuel (Peters et al. 2011). 

Butanol is naturally produced by a number of Clostridia strains, in a 
process that was first discovered by Pasteur in 1861 (Jones and Woods 
1986). The process is called the ABE fermentation and involves 
fermentation of carbohydrates such as glucose, yielding acetone, butanol 
and ethanol. However, butanol production by Clostridia is not considered 
favourable due to the organisms’ relatively slow growth and the lack of 
genetic tools to manipulate their metabolism. The fermentation process 
also results in butyrate, ethanol and acetone as unwanted by-products 
(Steen et al. 2008). During butanol production, Clostridia are furthermore 
exposed to end-product toxicity and cannot tolerate butanol 
concentrations over 1-2% (Ezeji et al. 2007; Steen et al. 2008). Therefore 
the amount of butanol actually produced is low, and product removal is 
required which makes the process economically unfavourable (Ezeji et al. 
2007). 

An ideal butanol-producing organism should be capable of degrading 
lignocellulosic components and ferment the resulting sugars at high rates 
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and with high yields, at the same time as it tolerates high concentrations 
of butanol, together with a tolerance to high temperatures and low pH 
(low pH is preferred since it opposes contamination, and the utilization of 
antibiotics for this purpose is not favourable due to the development of 
resistance). The fact that microorganisms exist in a wide range of 
diversities speaks for the possibility that the ideal organism for butanol 
production already exists. However, the tricky part is finding it and it can 
be a time demanding process. Instead, researchers today try to design an 
organism that possesses all the required traits by putting together the 
desired characteristics into an engineered host (Fischer et al. 2008). The 
organism being engineered must be able to accept and transform the 
foreign DNA in a controlled way and with high efficiency (Fischer et al. 
2008). Tolerance to butanol, however, seems to be a phenotype 
depending on the expression of many different genes, making this trait 
rather difficult to introduce into a host. Therefore, the organism being 
engineered for higher butanol tolerance must be easy to manipulate and 
well characterized (Fischer et al. 2008).  

S. cerevisiae is considered a good host for butanol production since it is 
genetically manageable, well characterized and already the present 
organism used in the ethanol production industry (Steen et al. 2007). It 
also has a tolerance for low pH, and is known to produce small amounts 
of isobutanol naturally (Kondo et al. 2012) through the Ehrlich pathway 
which involves conversion of glucose to pyruvate in the glycolysis, and 
then production of isobutanol via acetolactate, 2,3-hydroxyisovalerate, α-
ketoisovalerate and isobutyraldehyde in either the mitochondria or the 
cytosol (Bujis et al. 2013).  

S. cerevisiae strains, just as Clostridia strains, are exposed to the toxicity 
of isobutanol as an end product. Isobutanol has been showed to be 
harmful for the organism by affecting the membrane structure; it fluidizes 
the lipid regions in the cell membrane (Vollherbst-Schneck et al. 1984).  

To optimize the production of butanol as a biofuel, it is of interest to 
investigate the tolerance for butanol by different S. cerevisiae strains, and 
also look for genetic traits associated with tolerance, to help further 
development of genetically engineered S. cerevisiae strains as hosts for 
butanol production. It has previously been shown that genes RPN4 and 
RTG1 (Gonzales-Rámos et al. 2013) along with ILV2 (Kondo et al. 2012) 
have been involved in butanol tolerance in S. cerevisiae.  

The aim of this study was therefore to identify S. cerevisiae strains 
possessing higher tolerance to isobutanol, and look for up-regulated gene 
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expression of RTG1, RPN4 and ILV2 to evaluate their importance in 
isobutanol tolerance.  

3 Material & methods 

3.1 Strains, media and growth conditions 
YPD media was prepared in 400 ml bottles (yeast extract 10 g/l, peptone 
20 g/l, glucose 20 g/l) (Zaki et al. 2014). For YPD-agar plates, 20 g/l agar 
was added. The media was autoclaved for 15 minutes in 121° C.  

Four different yeast strains were chosen, one obtained from Folkes 
Fogdeöl (Centralbryggeriet in Linköping) referred to as Saflager 34/70, 
one from Single Hop Ale (Oppigårds Bryggeri) referred to as Fermentis 
S-04, one from yeast culture 4244 Italian Red™ (Wyeast Laboratories, 
Inc.) and one from Baker’s yeast (Kronjäst from Jästbolaget). Isolation of 
yeast cells from the two beers was made by streaking 100 μl aliquots 
directly onto YPD-agar plates. After growth overnight in 30°C, yeast 
cells were identified using a microscope. Yeast cells were streaked out 
onto new YPD-agar plates, incubated in 30° C for growth overnight, 
again identified with microscope and streaked out onto YPD-agar plates 
for proliferation. The Baker’s yeast culture was directly streaked out onto 
YPD-agar plates, incubated overnight at 30° C and then cells were 
identified using a microscope. The same procedure was used for yeast 
culture 4244 Italian Red™.	 

One colony from each strain was cultured in 5 ml liquid YPD-media in 
separate sampling tubes and incubated with shaking at 190 rpm and 30° C 
for 72 hours. Yeast cultures were stored at 4° C. 

3.2 Identification of yeast strains 
DNA sequencing of the genes ITS1 and COX1 for each yeast colony was 
done twice in order to identify the different strains. The first time, DNA 
extraction was made by using FastDNA SPIN Kit and the attached 
protocol (MP Biomedicals). The second time, DNA was extracted 
according to a protocol developed by Looke and colleagues in 2011 
(Looke et al. 2011). Both times, the extracted DNA was used for a PCR, 
where mastermixes for each strain and both primer combinations was 
made containing following reactants: 1 µl 10 nM dNTP Mix, 0.4 µl 
DreamTaq DNA polymerase, 5 µl 10X DreamTaq Buffer, 2 µl forward 
primer (10 pmol/µl), 2 µl reverse primer (10 pmol/µl) and 38.6 µl water. 
Primers for ITS1and COX1 (Appendix 2) were ordered from Invitrogen 
ThermoFisher (Thermo Fisher Scientific 2016)). 49 µl mastermix was 
added to 1 µl extracted DNA in a PCR tube. The PCR was run with the 
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following program: 95 °C for 3 minutes, 35 cycles of 95 °C for 30 
seconds, 55 °C for 60 seconds, 72 °C for 45 seconds and finally 72 °C for 
10 minutes. The PCR products were kept in 4°C. For gel electrophoresis, 
10 µl of each PCR sample was mixed with 2 µl 6X loading dye and 
loaded onto the gel (0.5 g agarose resolved in 50 ml 0.5X TBE gel 
electrophoresis buffer). The gel was run for 1 hour at 100 V and the result 
was used to determine the quality of the samples and which to send in for 
sequencing.  
 
PCR products with high quality were purified with GeneJET™ PCR 
Purification Kit (Fermentas) and sent to Eurofins Genomics for 
sequencing (Eurofins Genomics 2016).  
 

3.3 Spot tests on isobutanol media and growth in liquid isobutanol 
media 

A dilution series of 102, 103 and 104 was made for each yeast strain 
culture, with an initial OD600 of 1. 5 μl aliquots from the dilution series, 
including the sample with an OD600 of 1, were spotted onto plates with 
1.5%, 3% and 4% isobutanol, respectively, together with one control 
plate. Each plate was made in triplicate. The plates were incubated at 
30°C and the spot-tests were analysed after 24h and 48h.  

For growth in liquid isobutanol, 50 ml bottles with 2% isobutanol were 
prepared in duplicate for each strain, along with one control. Yeast 
culture was added to an initial OD600 of 0.1 and incubated with shaking at 
190 rpm and 30° C. OD600 was measured every 120 minutes.  

3.4 Gene expression measurement 
Gene expression was measured for yeast strain Saflager 34/70 since it had 
the best growth in isobutanol spot tests and in 2% liquid isobutanol 
medium. Three genes were chosen for analysis; ILV2, RTG1 and RPN4. 
As a reference gene UBC6 was used, since it has proven to be a reliable 
reference gene in previous studies showing no up- or downregulation 
when exposed to stress conditions (Llanos et al. 2015). DNA sequences 
for each gene were obtained from SGD (Stanford University 2016) and 
primers for the genes (Appendix 2) were designed using NCBI Primer-
blast (National Center for Biotechnology Information, U.S. National 
Library of Medicine, 2016). Primers were ordered from Thermo Fisher 
Scientific (Thermo Fisher Scientific 2016).  

Cells from Saflager 34/70 that had grown in 2% liquid isobutanol and 
control medium were isolated by centrifuging 20 ml yeast culture from 
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stress (OD600 ≈ 0,2) and control (OD600 ≈	0,5) conditions for 15 minutes at 
12 000 x g. RNA isolation from the two samples was made using 
FastRNA® Pro Red Kit (MP Biomedicals). Removal of genomic DNA 
was done by adding following reactants to two RNase-free tubes: 1 µg 
RNA, 1 µl 10X reaction buffer with MgCl2, 1 µl DNase I (RNase-free, 1 
U/µl) and DEPC-treated water to a final volume of 10 µl. After 
incubation at 37°C for 30 minutes, 1 µl EDTA (50mM) was added and 
the tubes were incubated again for 10 minutes at 65°C. First strand cDNA 
synthesis was made with the isolated DNase treated RNA as a template, 
with technical duplicates from each condition. Following components 
was added to 0.2 ml PCR reaction tubes: 11 µl template RNA (from 
stress and control conditions, respectively), 1 µl Random Hexamer 
Primer (0,2 µg (100 pmol)), 4 µl 5X reaction buffer, 2 µl dNTP Mix (10 
mM), 1 µl RiboLock™ RNase inhibitor, 1 µl RevertAid™ M-MuLV 
Reverse Transcriptase (200 u). The total volume should correspond to 20 
µl. The tubes were briefly mixed and centrifuged and then a PCR was 
run: 5 minutes at 25° C; 60 minutes at 42° C, 5 minutes at 70° C (S1000 
Thermal Cycler, BIO-RAD).   

The cDNA samples were diluted 4-fold (90 µl sterile H2O to 30 µl 
cDNA) and were then used as templates for quantitative real-time PCR 
analysis. A total of 20 PCR reactions were made; duplicates for each 
primer pair and condition (UBC6, RTG1, RPN4 and ILV2; stress and 
control), along with one non-template control per primer pair. To each 
tube, following components were added: 12.5 µl 2xPCR Master Mix, 1 µl 
forward primer (10 pmol/µl), 1 µl reverse primer (10 pmol/µl), 8 µl 
template cDNA and 2.5 µl sterile H2O. To non-template controls, 8 µl 
sterile water was added instead of cDNA. The qPCR was run with Rotor-
gene 6000 (Corbett Life Science) according to following program: 10 
minutes at 95°C; 40 cycles of 15 seconds at 95°C, 30 seconds at 60°C 
and 30 seconds at 72°C; finally, a melt step with gradually increasing 
temperature from 50°C to 99°C. 

The results from the qPCR were used to calculate normalized gene 
expression, using the Livak-method (Livak and Schmittgen 2001). 

4 Results 

4.1 Identification of yeast strains 
No proper identification of the different yeast strains could be done. 
When blasting the sequencing results from Eurofins Genomics (Appendix 
3), the strains Fermentis S-04 and Baker’s yeast were identified as S. 
cerevisiae S288c, while Saflager 34/70 together with 4244 Italian Red™ 
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DNA sequences only matched S. cerevisiae, but no specific strain. 
Considering the short sequences that were obtained and blasted for 
Fermentis S-04 and Baker’s yeast, the result is not reliable but needs to 
be repeated. Other genes and methods will be necessary to distinguish the 
strains from each other.  

4.2 Spot tests 
Spot tests made it visible how yeast strains were able to tolerate different 
isobutanol concentrations. Growth on YPD-media without isobutanol was 
used as a reference (Figure 1A). From the results, it is obvious that yeast 
strain Saflager 34/70 has the most successful proliferation in all 
isobutanol concentrations compared to the other strains. It grew at as high 
isobutanol concentration as 3%, which can be considered as remarkable. 
Baker’s yeast strain, 4244 Italian Red™ and Fermentis S-04 all grew on 
1.5% isobutanol concentration, however not as successful as Saflager 
34/70 (Figure 1B). At 3% isobutanol, Fermentis S-04 was not able to 
grow at all, while the Baker’s yeast strain and 4244 Italian Red™ grew to 
some extent, but Saflager 34/70 had the most positive proliferation 
(Figure 1C). At 4% isobutanol, none of the yeast strains could grow 
(Figure 1D). 
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Figure 1. Spot tests for S. cerevisiae strains. 1 - 4244 Italian Red™, 2 - 
Fermentis S-04, 3 - Saflager 34/70 and 4 – Baker’s yeast. Spots have a 
starting OD600 of 1, followed by dilutions of 102, 103 and 104.  
(a) Control media without butanol (b) 1.5% isobutanol (c) 3% isobutanol and 
(d) 4% isobutanol.  
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4.3 Growth in liquid isobutanol media 
As a measurement of growth, OD600 was used. To make the comparison 
of growth between strains and isobutanol concentration, a percentual 
growth was calculated by dividing the highest OD600 measured, with the 
initial OD600. 

Growth of the yeast strains in liquid isobutanol media 1.5%, 2% and 3% 
did, as well as the spot-tests, reveal differences in isobutanol tolerance for 
the strains. At 1.5%, the growth for all strains was very slow the first 6 
hours in both isobutanol media and control media, with a slightly higher 
growth rate in the control media (Figure 2A, Appendix 1A). After 24 
hours, no remarkable differences in growth between the strains neither in 
the isobutanol media or between the strains in isobutanol and control 
media could be detected. This indicates that 1.5% butanol do not inhibit 
their proliferation significantly.  

At 2% butanol concentration there is a more interesting difference in 
growth between the strains. It is clear that yeast strain Saflager 34/70 has 
grown better than the others (Figure 2B). In fact, yeast cells from this 
strain are 605% of the initial amount after 26 hours (Table 1). The strain 
that had the second best growth in this media after 26 hours was 4244 
Italian Red™, but with a much lower proliferation, being 270% of its 
initial value. Fermentis S-04 and Baker’s yeast had grown to 168% and 
189% of their starting value, respectively (Table 1). These values point 
out Saflager 34/70 as the most isobutanol tolerant strain out of these four 
different yeasts. All strains, however, grew less in isobutanol media than 
in control media (Appendix 1B), verifying that isobutanol inhibits their 
growth.  

3% isobutanol concentration was not favorable for any of the strains. 
After 26 hours, the strain that had grown best was again Saflager 34/70 
but with an increase in growth measuring only 141% of its initial value 
(Table 1). Fermentis S-04, Baker’s yeast and 4244 Italian Red™ had 
values of 116%, 130% and 132%, respectively, showing that they all 
grew less in 3% isobutanol than in 1.5% and 2% (Table 1). 3% isobutanol 
inhibition on growth was verified with a control media where strains 
grew normal (Appendix 1C).  
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Table 1. OD600 of initial value (%) from 0 to 24 hours, as a measurement of 
growth. From left to right column; 1.5% isobutanol, 2% isobutanol and 3% 
isobutanol.  

Saccharomyces strain 1.5%  2% 3% 
Saflager 34/70 19784 605 141 
Fermentis S-04 13600 168 116 
4244 Italian Red 2379 271 133 
Baker’s yeast                       24209 189 131 
 

 

 

 

 

 

 

 

Figure 2. Growth as measured in OD600, in liquid isobutanol with different 
concentrations for yeast strains Saflager 34/70, Fermentis S-04, 4244 Italian 
Red and Baker’s yeast, plotted against time. (a) Growth for yeast strains in 
1.5% isobutanol (b) growth in 2% isobutanol and (c) growth in 3% isobutanol. 

 

 

 

0	

0,2	

0,4	

0,6	

0,8	

0	 5	 10	 15	 20	 25	 30	

O
D 6

00
	

Time	(h)	

(b)	

0	

5	

10	

15	

20	

25	

0	 5	 10	 15	 20	 25	 30	

O
D 6

00
	

Time	(h)	

(a)	

0,000	

0,050	

0,100	

0,150	

0,200	

0	 5	 10	 15	 20	 25	 30	

O
D 6

00
	

	

Time	(h)	

(c)	

Saflager	34/70	 Fermen\s	S-04	 4244	Italian	Red	 Baker's	



 13 

4.4 Gene expression 
Gene expression for RPN4, RTG1 and ILV2 was measured on yeast strain 
Saflager 34/70 since it was the strain that had increased most in growth in 
both 1.5% and 3% isobutanol on spot-tests, and also in 2% and 3% liquid 
isobutanol. Gene expression for RTG1 and ILV2 (0.6 and 1.12 
respectively (Figure 3)) was not found to be upregulated. In fact, RTG1 
seem to be downregulated instead. However, RPN4 has a fold change of 
3.36 (Figure 3), showing a three-fold up-regulation of the gene compared 
with the non-stressed control.  

Figure 3. Normalized gene expression as calculated with the Livak-method, 
for genes RTG1, RPN4 and ILV2.   

 

5 Discussion 

The results from the DNA sequencing were not accurate enough to be 
able to distinguish the four strains from each other. However, after 
contacting the breweries responsible for the products from which the 
yeast strains were isolated, the factory names of the strains could be used. 
The lack of results from this part is most likely due to the close similarity 
in gene sequences between the strains, and thus the ITS and COX1 gene 
was not suitable to be able to distinguish the strains from each other. 
However, further experiments using other genes and methods would 
possibly give better results. Unfortunately, for this project, there was not 
enough time to develop this part of the experiment but it is something that 
would be interesting and necessary to do in further studies. 
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A spot test is a relatively simple method to determine isobutanol 
tolerance in S. cerevisiae strains, and investigations of butanol tolerance 
in S. cerevisiae strains by spot tests have been carried out by Zaki and 
colleagues (Zaki et al. 2014). They found that growth was inhibited on 
plates with butanol concentrations over 3%, indicating that butanol 
concentrations over 3% is causing stress and completely inhibiting yeast 
viability and proliferation. However, in this study, S. cerevisiae strain 
Saflager 34/70 was able to grow in 3% butanol to some extent.  

RPN4 is a gene that encodes a transcription factor stimulating the 
expression of proteasome genes. It is necessary for maintaining normal 
levels of intracellular proteolysis. Rpn4, the transcription factor itself, is a 
target for negative feedback since it is exposed to proteosomal 
degradation (Gonzáles-Ramos et al. 2013). Mutations in RPN4 have been 
shown to contribute to higher butanol tolerance in S. cerevisiae, and it is 
possible that these mutations make the Rpn4 protein less sensitive to 
proteosomal degradation, thereby maintaining a higher transcription of 
proteosomal genes and thus prolong the activity of the proteasome 
(Gonzáles-Ramos et al. 2013). Since protein degradation is considered an 
important mechanism in butanol tolerance, this would be a possible 
explanation of the RPN4 mutation function in butanol tolerant S. 
cerevisiae strains (Gonzáles-Ramos et al. 2013). The conclusion by 
Gonzáles-Ramos and colleagues that RPN4 is important for butanol 
tolerance was consistent with the results in this study. No investigations 
of mutations in the genes were done in this experiment, however gene 
expression was analysed, revealing a three-fold up-regulation of RPN4 in 
strains exposed to 2% butanol stress, compared with non-stressed 
controls. This supports that RPN4 might be important for isobutanol 
tolerance.  

The study by Zaki et al. in 2014, mentioned above, also showed results 
where RPN4 was up-regulated in a 1-butanol tolerant S. cerevisiae strain. 
They compared gene expression between a sensitive (UWOPS05-227.2) 
and a tolerant (YPS128) strain after exposing them to 1-butanol stress and 
found that RPN4 was significantly up-regulated in the tolerant S. 
cerevisiae YPS128 (Zaki et al. 2014), consistent with the results in this 
investigation. They also found alterations in peptide sequences for RPN4; 
two 1-butanol sensitive strains had a histidine at residue 444 instead of a 
leucine, which can be considered as the normal amino acid at this residue 
in S. cerevisiae strains (Zaki et al. 2014). Since RPN4 was found to be 
up-regulated in a tolerant strain, thus most likely contributing to 1-
butanol tolerance, the substitution of leucine to histidine in sensitive 
strains might cause some kind of dysfunction in RPN4. This would make 



 15 

the gene less contributory to tolerance in the strains carrying this 
mutation. 

No up-regulation of RTG1 was found in this study; instead this gene 
seemed to be down-regulated with a normalized gene expression value of 
0.6 compared to the non-stressed control. RTG1 as well as RPN4 encodes 
a transcription factor, but RTG1 has another function than RPN4. It is 
involved in the communication between the mitochondria and the nucleus 
and also needed for the expression of genes encoding peroxisomal 
proteins. (Chelstowska et al. 1995; Rothermel et al. 1995; Gonzáles-
Ramos et al. 2013). Expression of a mutated RTG1 in S. cerevisiae strain 
CEN.PK113-7D increased its butanol tolerance while a strain defective in 
RTG1 instead turned out to be more sensitive to butanol. Worth noting is 
that the mechanism to which this mutated gene contributes to tolerance is 
not yet known (Gonzáles-Ramos et al. 2013). The results obtained by 
Gonzáles-Ramos and colleagues supports the relevance of this gene for 
butanol tolerance, which is not in line with the results in the present 
study. However, the study by Zaki et al. in 2014, already mentioned 
above, could not find an up-regulation of RTG1 between yeast strains in 
their study (Zaki et al. 2014), which is more consistent with our results.  

The third gene analysed for gene expression was ILV2. No up-regulation 
of this gene could be observed, since the normalized gene expression was 
1.12. ILV2 is involved in the mechanism where yeast cells convert valine 
to isobutanol; the valine synthesis in yeasts produce isobutanol as a side 
product (Dickinson et al. 1998; Chen et al. 2011). The ILV2 gene, 
together with ILV6, encodes the enzyme acetolactate synthase that 
converts pyruvate to 2-aceto-lactate which is the first step in the valine 
synthesis pathway (Chen et al. 2011). Taking these facts into 
consideration, this gene seems to be more involved in the production of 
isobutanol by S. cerevisiae rather than the tolerance to isobutanol. This 
could be a possible explanation to why ILV2 was not up-regulated.  

In this experiment, primarily tolerance and gene expression were 
analysed. Other studies that have investigated mechanical engineering of 
the bio-butanol producing hosts have managed to increase n-butanol 
tolerance in S. cerevisiae. For example the report by Gonzáles-Ramos 
and colleagues, who in 2013 found that protein degradation seems to be 
an important factor in butanol tolerance. Their study revealed that strains 
with deletion of genes involved in vacuolar degradation of damaged 
proteins (STP22, DID4, SNF8, BRO1) and in the ubiquitin-proteasome 
system (PRE9, YLR224W, BRE5, UBP3, UMP1) had higher sensitivity to 
butanol. Overexpression of the same genes resulted in higher tolerance.  
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Ghiaci et al. has in 2013 managed to achieve butanol tolerant S. 
cerevisiae by cultivating batches of it with increasing 2-butanol 
concentration. Proteomics analysis showed that a lot of proteins changed 
their expression when the organism was exposed to butanol stress. 
Especially genes involved in ATP synthesis in the mitochondria and 
glycerol biosynthesis was up-regulated and seem to be important for 
helping the organism to deal with butanol stress (Ghiaci et al. 2013).  

Another study pointed out four genes as important for isobutanol 
tolerance; INO1, DOG1, HAL1 and MSN2, where overexpression of 
INO1 gave the highest tolerance (Hong et al. 2010).  

Researchers have also made attempts to increase bio-butanol yield, in 
order to make the production more sufficient. For example, the gene ILV2 
which were analysed for gene expression in this study, has been part in a 
study by Chen et al. in 2011 where they overexpressed ILV2, ILV3 and 
ILV5 in S. cerevisiae and thus managed to increase isobutanol production 
from 0.16 to 0.97 mg isobutanol per gram of glucose (Chen et al. 2011). 
Kondo and colleagues also overexpressed ILV2, but at the same time as 
they disrupted the PDC1 gene which catalyses one of the steps where 
pyruvate becomes ethanol. By disrupting PDC1 they aimed to lower the 
amount of pyruvate that was converted to ethanol, so that more pyruvate 
instead could be used for production of isobutanol. They also 
overexpressed KDC and ADH, enzymes that are involved in the two last 
steps where 2-ketoisovalerate is converted to isobutanol. In this way, they 
managed to increase butanol titre 13-fold from 11 mg/l to 143 mg/l and 
the yield was 6.6 mg/g glucose (Kondo et al. 2012).  

Steen and colleagues have engineered S. cerevisiae with a biosynthetic 
pathway for n-butanol where they replaced some of the isozymes in the 
pathway with enzymes from Clostridia, and thus were able to increase 
butanol yield ten-fold (Steen et al. 2008).  

5.1 Conclusions 

Through cultivation of four S. cerevisiae strains on plates and in shake 
flasks with different isobutanol concentrations (1.5%, 2%, 3% and 4%) 
we were able to identify Saflager 34/70 as the most tolerant strain which 
grew to 605% of its initial OD600 in 2% liquid butanol. When analysing 
gene expression, we found a three-fold up-regulation of RTG4, a 
transcription factor regulating the expression of proteasome genes, 
supporting other studies that have pointed out this gene as important in 
butanol tolerance. A lot of research is currently being made on S. 
cerevisiae and the production of bio-butanol. The more studies that are 
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carried out, the closer we get creating the ideal bio-butanol producing 
organism, making biofuel production more effective and thus lowering 
the dependence on fossil fuels.  
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8 Appendix 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 1. Growth in control YPD-media without isobutanol for each strain 
and each corresponding isobutanol concentration. (a) 1.5% isobutanol, (b) 2% 
and (c) 3%.  
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Appendix 2. Primer sequences (5’ – 3’) for genes Cox1, ITS, ILV2, RTG1 and 
RPN4. 

	

 
Appendix 3. Fasta sequences obtained from Eurofins Genomics after DNA 
extraction and PCR amplification of ITS and COX genes.  

Strain Gene Fasta sequence 
Saflager 34/70 COX reverse ATTGCTGTATCTGTAGACCCCCC 
Bakery yeast ITS reverse TGGGGGAGGACG 
 
 
 

Gene Forward primer Reverse primer 
Cox1 CTACAGATACAGCATTTCCAAGA GTGCCTGAATAGATGATAATGGT 
ITS TCCGTAGGTGAACCTGCGG TCCTCCGCTTATTGATATGC 
ILV2 TGTCATGGTCAAGTCCGTGG ATCTTGTGCGCGACTGGTTA 
RTG1 GGAACTGATGGTGAAGGCCA CCTCTTTGCTGGCGGTCTTA 
RPN4 GCTTCGATACCCCCACAACA GGGTTTCGCTAGCACCCTTA 
UBC6 AGGACCTGCGGATACTCCTT ATTGATCCTGTCGTGGCTTC 


