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Abstract

Over the last years there have been extensive attempts at replacing fossil fuels
with the more sustainable option bioethanol. Traditionally bioethanol is produced
using Saccharomyces cerevisiae to ferment glucose from crops such as sugar cane,
but this is unsustainable as it doesn’t utilize the whole biomass and the resource
generation competes with food production. In search of more sustainable substrates
the scientific community has turned to more unconventional microorganisms as S.
cerevisiae is less adept at using sugars other than glucose.

In this project an interesting Candida intermedia strain, named C11, was studied.
The strain has exhibited interesting traits for utilization of lactose/galactose and
xylose. Three aldose reductase genes, XYL1, XYL1_2 & XYL1_3, have been
identified to be of especial interest for xylose metabolism. XYL1_2 also seems to
be of interest for lactose/galactose metabolism as the gene is located in a novel
galactose gene cluster. The aim of this project was thus to study the physiological
roles of the three aldose reductases Xyl1p, Xyl1_2p & Xyl1_3p.

The expression levels of the three aldose reductase genes were measured in cells
grown in glucose, lactose & xylose to find hints as to the role of the enzymes.
XYL1 was found to be upregulated during growth on xylose, whereas XYL1_2 was
upregulated in lactose containing growth medium. This suggests Xyl1p’s role to be
that of a xylose reductase used in xylose metabolism. It also suggests that Xyl1_2p
is important for lactose/galactose utilization. To further study the physiological role
of the aldose reductases the goal was to delete them from the genome to obtain a
phenotype indicating the role of the enzymes.

C. intermedia strongly favors non-homologous end joining (NHEJ) over homologous
recombination (HR) making targeted gene deletions near-impossible (<1 % of trans-
formed cells). For this reason genetic tools were developed, at great success, for C.
intermedia C11 to facilitate gene deletions with a high gene target efficiency. The
best obtained deletion protocol was based on an unconventional method of using a
split marker deletion cassette. The resulting protocol is quick and provides a gene
targeting efficiency of up to 67 %. The deletion protocol was applied in the deletion
of aldose reductase gene XYL1_2. The deletion strain did however not produce a
visible phenotype when grown on galactose.

During the project suggestions as to the metabolic role of Xyl1p & Xyl1_2p were
found. A very efficient gene deletion protocol was developed with a gene targeting
efficiency of 67 % and it was applied to delete XYL1_2. However, more work is
needed to fully evaluate the three aldose reductases and the novel galactose gene
cluster, for example by producing more deletion strains.

Keywords: yeast, homologous recombination, non-homologous end joining, split-
marker, Candida intermedia, xylose, galactose.
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1
Introduction

Over the last decades there has been an ever increasing interest in xylose fermenta-
tion which originates from the production of bioethanol as an alternative to fossil
fuels. By replacing fossil fuels in the transport sector with bioethanol it would en-
able a lower environmental impact [1]. The usage of lignocellulose in the process of
producing second-generation bioethanol would make this fuel even more sustainable,
as the current production of first-generation bioethanol is based on fermenting the
sugars in crops such as sugar cane, which doesn’t utilize the whole plant biomass [2].
Another concern with the current production of bioethanol is that many of the crops
currently used are otherwise used by the food industry, meaning that there is an in-
crease in food prices leading to problems with the social sustainability of bioethanol
production [3]. But if lignocellulose was used it would mean that there is a wider
selection of plants available that don’t compete with food production. However,
for production of bioethanol from lignocellulosic materials to be both sustainable
and economically competitive it is required to have a strain that can efficiently fer-
ment both glucose and xylose as they together make up the majority of the sugar
content of many lignocellulosic materials, for example when obtained from annual
crops or hardwood. The wild type (WT) of Saccharomyces cerevisiae is excellent at
fermenting glucose and has a long history of industrial use as an ethanol produc-
ing organism, but it is unable to grow on and ferment xylose [4]. To overcome the
inability of the WT to utilize xylose genetically engineered strains of S. cerevisiae
have been developed to possess this capacity [5]. However, many of the engineered
S. cerevisiae strains have exhibited low ethanol yields due to by-product formation
and poor xylose consumption rates [6, 7].

One of the main concerns and causes of problems in many xylose fermentative strains
of S. cerevisiae is the fact that there is a co-factor imbalance in the fungal xylose
metabolic pathway [8]. In the xylose pathway xylose is converted to xylitol by a
xylose reductase (XR), a xylitol dehydrogenase (XDH) then converts xylitol into
xylulose [9] that can further be led into the pentose phosphate pathway and glycol-
ysis [10]. XR’s commonly use NADPH in order to convert xylose, while the XDH’s
use NAD+ to further convert xylitol, this gives rise to said co-factor imbalance and
causes cells to accumulate xylitol [8].

In 2014 an unknown yeast was isolated from an evolutionary engineering experiment.
The aim of the experiment had been to obtain a S. cerevisiae strain that was capable
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1. Introduction

of efficiently fermenting xylose. At first the evolution seemed to be a success, but
upon further inspection it was discovered that the evolved culture actually contained
a contamination. What was remarkable about the contamination was that it was
able to grow in a competitive environment with a S. cerevisiae strain engineered for
xylose fermentation in an industrial setting.

The microorganisms that had contaminated the evolutionary engineering experi-
ment were isolated and found to be of the unconventional yeast species Candida
intermedia. Several strains of the isolated yeast were tested and the best perform-
ing one, named C11, was selected to proceed with for the following experiments.
It has long been known that many yeasts of the Candida genus are adept xylose
fermenters and in this aspect C. intermedia is no different [11]. But the strain iso-
lated from the evolutionary engineering that was later to be used in this project
displayed even more interesting characteristics. When the genome was sequenced
three separate aldose reductases, XYL1, XYL1_2 & XYL1_3, were found that are
potentially used in the xylose metabolic pathway [12, 13]. Aldose reductases are
enzymes that reduce aldoses, a group of monosaccharides. Examples of aldose re-
ductases are xylose reductases which reduce the aldose xylose into xylitol by adding
a hydrogen to its oxygen group [14]. Much of the initial interest in the C11 strain
was generated with hopes of finding a XR among the aldose reductases that could
reduce xylitol accumulation by having a co-factor preference for NADH instead of
NADPH. To the best of our knowledge, there are no other species of yeast with
three so closely related aldose reductases [13], thus hinting at the possibility of them
having different roles but also at the potential of one of them displaying favourable
traits. As C11’s aldose reductases were further investigated it was discovered that
one of them, namely XYL1_2, has a mutation in the amino acid sequency in a highly
conserved region that has previously been linked to a change in co-factor preference
from NADPH to NADH [13, 15]. Aldose reductase XYL1_2 was thus identified as
a high-value target with potential industrial use as it could potentially be cloned
into S. cerevisiae to solve the xylitol accumulation problem.

One point of interest worth noting with one of the aldose reductases, XYL1_2,
is that it is located inside of a gene cluster. The gene cluster contains, besides
the aldose reductase, several genes associated with galactose utilization [12]. The
contents of the gene cluster thus hints at aldose reductase XYL1_2 being important
in the metabolism of galactose, which means that it is also indirectly important for
the metabolism of lactose as the biochemical conversion of one lactose yields a
glucose and a galactose. The genes in the cluster are however putative and need
to be confirmed with for example gene expression data. An interesting point here
is that C11 also contains, except for the galactose gene cluster where XYL1_2 is
found, the conserved galactose gene cluster that can be found across other galactose
utilizing yeasts [16]. So C11 contains two separate galactose gene clusters which, to
the best of our knowledge, has not been observed in other yeast species. This means
that the isolated strain C11 displays potential for being useful in industry for both
its capacity to utilize xylose as well as lactose.

The industrial interest in microbial growth on lactose stems from the fact that

2



1. Introduction

the dairy industry produces large quantities of lactose-containing waste. This is
especially relevant in cheese production which produces huge amounts of cheese whey
with high contents of lactose and proteins [17, 18]. Having strains with efficient
growth or fermentation on lactose means that the waste can utilized as a useful
resource in the production of biomass, bioethanol or other valuable chemicals. As
such any microorganisms that display capacity for metabolizing lactose and galactose
are potentially industrially relevant microorganisms.

As here laid out, the C11 strain of C. intermedia displays interesting traits that
can be industrially relevant both for the utilization of xylose and lactose making it
a prime target for research. However, with C. intermedia being an unconventional
organism it lacks many of the genetic tools readily available in other more commonly
used organisms. There has been previous work by our research group on C11 where
protocols for overexpression of genes have been developed [19], but there still isn’t a
way to perform efficient deletions of genes in the genome. Observing the phenotype
after deletion of a gene of interest is one of the most commonly adopted methods of
studying its role in the cell.

Gene deletions are performed by inserting a DNA fragment into the cell via trans-
formation upon which one relies on the existing DNA repair mechanisms of the
cell to insert the DNA into the genome. There are two different methods of DNA
repair that a microorganism can employ, homologous recombination (HR) and non-
homologous end joining (NHEJ). HR can be utilized to insert DNA into a specific
targeted location based on homologous regions. However, the mechanisms of NHEJ
cause inserted DNA to be integrated at the location of any DNA break meaning
that insertion is basically random. This makes NHEJ preferring microorganisms
much more difficult to study using targeted genome editing techniques, and it is
often required to screen a large amount of transformants to identify a strain with
the desired mutation [20].

Although most cells can use both HR and NHEJ they tend to favor using one over
the other. C. intermedia’s favoured DNA repair pathway is NHEJ [19] meaning
that HR frequency is low and targeted genome editing and deletions are difficult to
achieve.

3



1. Introduction

1.1 Aim

The overall aim of the research project is to determine the role of the three aldose
reductases, XYL1, XYL1_2 & XYL1_3, in C. intermedia’s utilization of xylose and
lactose. For this purpose a molecular toolbox for efficient targeted genome editing
has to be developed.

The project aims to answer the following research questions:

1. How can efficient targeted genome editing be achieved in C. intermedia? Can
the frequency of homologous recombination be increased or can background
with incorrect inserts be minimized?

2. What is the physiological role of the three aldose reductases XYL1, XYL1_2
& XYL1_3, and how do they contribute to metabolism of xylose or lactose?
What are the expression patterns of the aldose reductases when grown on
different carbon sources, such as xylose and lactose?

4



2
Theory

2.1 Xylose metabolism

Xylose is metabolized into D-xylulose-5-phosphate via three separate enzymatic re-
actions. The first step is performed by a xylose reductase (XR) converting D-xylose
into xylitol at the cost of a NADPH. Xylitol then acts as substrate for the second
reaction which converts it into D-xylulose by a xylitol dehydrogenase (XDH) while
producing a NADH in the process. The final step of the xylose metabolic pathway
is performed by a xylulose kinase enzyme and the D-xylulose is thus converted into
D-xylulose-5-phosphate at the cost of an ATP [9]. D-xylulose-5-phosphate can then
be further converted by a phosphoketolase into D-glyceraldehyde-3-P (GAP) for
use in the pentose phosphate pathway and the glycolysis [10]. The xylose pathway
described here is displayed in Figure 2.1.

Figure 2.1: The xylose pathway for conversion of D-xylose into D-
xylulose-5-P. Conversion is performed by the enzymes xylose reductase (XR),
xylitol dehydrogenase (XDH) & xylulosekinase (XK) [21]. The co-factor usage in
the first and second enzymatic conversion-steps differ as the first preferentially uses
NADPH/NADP+ and the second uses NADH/NAD+. This causes an imbalance
and an accumulation of xylitol [8].

It is worth noting that the first two steps of the xylose pathway have a different
co-factor usage. The enzyme in the first step has a preference for using NADPH
while the second step produces a NADH. This means an imbalance is formed that
leads to the cell having to divert resources into producing NADPH and consuming
NADH in order to maintain the flow through the xylose pathway [8]. There are
reports of some yeast, e.g. Pichia stipitis, having dual co-factor usage on their xylose
reductases potentially allowing them to avoid the co-factor imbalance problem by
using both NADH and NADPH. But the affinity for NADPH still seems to be higher
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2. Theory

meaning that even in these yeast there is still a problem with xylitol accumulation
[21].

2.2 Lactose & galactose metabolism

Organisms that can metabolize lactose do so by first enzymatically degrading lactose
using e.g. a beta-galactosidase. The lactose is converted into one glucose and one
galactose [22]. The produced glucose is used in the glycolysis and the galactose is
shuttled into a galactose pathway.

The pathway for converting galactose into glucose, and thus facilitating growth
on galactose, commonly found in yeast is the Leloir pathway. In the Leloir path-
way the conversion of galactose into glucose happens via three enzymatic steps.
Firstly, galactokinase phosphorylates galactose to galactose-1-P at the cost of an
ATP, following that the galactose-1-P is converted into glucose-1-P by galactose-1-
P uridylyltransferase and the co-factor UDP-glucose. In the process of converting
galactose-1-P the UDP-glucose is converted into UDP-galactose. The regeneration of
UDP-glucose is facilitated by the third and final enzyme UDP-galactose-4-epimerase.
Although not directly part of the patway there is also a fourth enzyme, galactose
mutarotase, of importance that supports the conversion of β-D-galactose into the
α-anomer which acts as substrate for the Leloir pathway. As it takes 1 ATP to con-
vert galactose to glucose-1-P both galactose and glucose are equal energy sources
with respect to their ATP yield [23].

Figure 2.2: The Leloir pathway for conversion of galactose into glucose
[23]. Galactose is converted into glucose-1-P by two enzymes, namely galactokinase
followed by galactose-1-P uridylyltransferase. Galactokinase also uses an ATP while
galactose-1-P uridylyltransferase consumes an UDP-glucose. The UDP-glucose is
restored by the enzyme UDP-galactose 4-epimerase.

For a long time it was believed that the Leloir pathway was the only enzymatic
system that had evolved for the specific purpose of metabolizing galactose [23].
Although it is still true for many species of microorganisms that the Leloir pathway
is the only pathway for metabolizing galactose there have been a few exceptions
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2. Theory

found in bacteria [24, 25] and filamentous fungi [26, 27]. Such alternative pathways
have however, to our knowledge, never been previously identified in yeast.

2.3 Second generation bioethanol & Saccharomyces
cerevisiae

Among the potential options for finding a viable alternative to fossil fuels, the pro-
duction of bioethanol is one of the most heavily studied. The first generation of
bioethanol was designed for fermentation of sugars from crops such as sugar cane.
There are however several problems with this approach. It doesn’t utilize the whole
plant biomass and it also competes with food production for land use. These points
combined cause first generation bioethanol to be less sustainable environmentally,
economically and socially. Second generation bioethanol attempts to respond to
some of these problems existing in the first generation. This is to be done by using
lignocellulosic material extracted from plant biomass. This would allow for a wider
selection of plants to be used in the process as well as allowing for a larger part of
the biomass to be utilized [3]. However, as second generation bioethanol is produced
from lignocellulosic materials it is required to have a strain that can efficiently fer-
ment both glucose and xylose which together make up the majority of the sugar
content of many lignocellulosic materials.

When it comes to the production of bioethanol the most used organism is Saccha-
romyces cerevisiae, especially in the case of first-generation bioethanol. S. cerevisiae
has also been used for thousands of years in the production of both food and bev-
erages, which in turn has led to it being the most heavily studied yeast species.
However, the WT of S. cerevisiae cannot utilize xylose for growth or fermentation,
but it can naturally take up xylose through the use of non-specific hexose trans-
porters (HXT, Km approx. 100 mM) [28]. Thanks to the existing transporters
it is relatively easy to engineer S. cerevisiae to utilize xylose and there are many
examples of engineered strains of S. cerevisiae that are able to both grow and fer-
ment on xylose. An example of how this was achieved is for example through the
cloning of xylose dehydrogenase and xylose reductase into S. cerevisiae from the
xylose fermenting yeast Pichia stipitis [29]. But throughout the engineered strains
of S. cerevisiae there are reported cases of problems such as low ethanol yields,
poor xylose consumption rates and by-product formations [6, 7]. A study from 2007
compared multiple strains of engineered S. cerevisiae which displayed xylose con-
sumption rates varying from 0.05 to 0.67 (g xylose/g biomass h) [7]. In perspective,
glucose consumption rates for S. cerevisiae have long been known to be over 2 (g
glucose/g biomass h) [30].

Attempts have been made to improve S. cerevisae’s ability to grow on xylose through
cloning of glucose/xylose transporters Gxf1p & Gxs1p from C. intermedia into S.
cerevisiae. These attempts have showed little or no success in improving the growth
[31]. This might indicate that the transporter is not as effective when expressed
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2. Theory

in S. cerevisiae as when expressed in C. intermedia, or that there are other factors
limiting the xylose consumption rate such as the xylose reductases in the xylose
pathway.

2.4 Candida intermedia & xylose

With the rise of second-generation bioethanol the research community and the in-
dustry have started looking at other non-conventional organisms to either fill the
role of S. cerevisiae or to learn from in order to improve the engineered S. cerevisiae
strains. There have been extensive studies comparing the capacity of different or-
ganisms to grow and ferment on xylose [16, 32, 33]. But despite the large amount of
study in the field there is still a lack of solutions to problems associated with xylose
fermentation, such as by-product formation & low ethanol yields.

Many yeasts of the Candida genus exhibit strong growth on xylose [11], and it is thus
no suprise that C. intermedia also exhibit these traits and is ample at both trans-
porting and metabolizing xylose. C. intermedia transports xylose via two separate
transport systems. The first of these being high-capacity and low-affinity facilitated
diffusion (Gxf1p, Km approx. 50 mM for xylose), and the other one being a high-
affinity glucose/xylose-proton symporter (Gxs1p, Km approx. 0.2 mM for xylose &
approx. 0.1-0.5 mM for glucose). GXS1 expression is increased 8-fold in presence
of low xylose and is absent in high-glucose [31].

The C11 strain of C. intermedia used in this project has three putative xylose (al-
dose) reductase genes, namely XYL1, XYL1_2 & XYL1_3. These were initially
identified due to their similarity to the xylose reductase found in Scheffersomyces
stipitis. To our knowledge, there are no other species of yeast with three so closely
related aldose reductases [13]. This could mean that the three putative aldose re-
ductases have different roles in metabolism, but it could also hint at one of them
having potential for favourable traits for xylose utilization.

2.5 Candida intermedia & galactose

C. intermedia can naturally utilize galactose as its carbon source [13]. This is
not unlike most yeast species, and the galactose metabolism that can be found
throughout most galactose utilizing yeasts is performed through the Leloir pathway
[34]. Across the yeasts that possess the Leloir pathway a conserved gene cluster
can be found, and this conserved gene cluster can also be observed in C. intermedia
indicating that it too utilizes the Leloir pathway [13].

Except for the conserved Leloir gene cluster C. intermedia also contains a second
gene cluster that seems to be connected to galactose metabolism as it contains for
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2. Theory

example a GAL10 gene [13], which is also found in the conserved gene cluster [34].
This second gene cluster also contains the aldose reductase XYL1_2 [13], a fact
made interesting as the Leloir pathway for galactose metabolism does not contain
any aldose reductases [23]. This secondary galactose gene cluster does not seem to
appear in other yeasts [16].

Apart from the Leloir pathway there is also an alternative galactose pathway that
was recently discovered in some fungal species [35]. There are several connections
that can be drawn between this fungi galactose pathway and the secondary galactose
gene cluster found in C. intermedia such as the fact that the fungi pathway does
contain an aldose reductase [35, 13]. This raises the question whether C. intermedia
possess two separate pathways for galactose metabolism.

2.6 Homologous recombination

Homologous recombination (HR) is a mechanism for DNA repair. It functions on
various problems that can arise in DNA, such as double stranded breaks and inter-
strand crosslinking [36].

During HR a loose end of a strand, for example formed due to a double strand
break, invades another DNA molecule and binds to a complementary DNA strand.
DNA synthesis takes place elongating the bound DNA strand. From this point two
different paths of action can take place, either synthesis-dependent strand anneal-
ing (SDSA) or double-strand break repair (DSBR) [36]. For a visualization of the
described HR mechanism or of the possible resulting sequences see Figure 2.3.

During SDSA the invading strand dissociates from the other strand and returns to
bind with the initial complementary strand. A DNA polymerase can then resynthe-
size the missing bases successfully repairing the double-strand break. During DSBR
while the invading strand binds to the invaded DNA molecule the complementary
strand that is pushed away from the invaded molecule also binds to the comple-
mentary strand of the invading strand. DNA polymerases can that way elongate
both strands of the double-stranded break. The two locations where the strands
cross over to the other molecule form two crossings. The DSBR is resolved by the
crossings being cut apart, but depending on the angle of the cut the content of the
resulting sequences will differ [36].

9
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Figure 2.3: The mechanism of DNA repair through homologous recom-
bination. After a double stranded break one of the strands invade a homologous
region on another DNA molecule and is elongated to facilitate repair. The repair
pathway then splits in two scenarios, synthesis-dependent strand annealing (SDSA)
& double-strand break repair (DSBR) which yield different resulting sequences [36].

An important trait of the HR DNA repair pathway is that it acts based on the
homologous regions for the strand invasion. This allows it to be used for genome
engineering to integrate and replace desired sequences of DNA. As such it can be a
very powerful tool for targeted genome editing [37].

2.7 Non-homologous end-joining

A second major pathway for DNA repair that can be employed by cells is non-
homologous end joining (NHEJ), Figure 2.4. Although many organisms can employ
both HR and NHEJ they tend to favor one over the other [38]. NHEJ works by
acting on blunt ends. In the case of a double stranded break the NHEJ repair
initiates by a dimer protein formed from the Ku70 and Ku80 proteins bind to the
ends of the two fragment. The two dimers bound to the two fragments bring the
two pieces together. Ligases, nucleases and polymerases bind to the Ku-dimer and
thus elongate and ligate the two strands together. For the NHEJ repair pathway
to funcion the KU70 and KU80 genes are essential as the Ku-dimer will not form
without one of the two proteins [39].
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Figure 2.4: The mechanism of DNA repair through non-homologous end
joining. After a double stranded break a Ku-dimer protein binds to the ends of
the DNA fragments. The two fragments are brought together and repaired through
elongation and ligation by DNA polymerases and ligases [39].

The fact that NHEJ acts on blunt ends leads to the fact that breaks can be repaired
not only by the use of homologous DNA strands but by any DNA sequence with a
blunt end. This in turn leads to DNA pieces inserted into cells during transforma-
tions can be randomly inserted at the position of any break in the DNA, meaning
that performing gene deletions in organisms favoring NHEJ is much more difficult
than in those favoring HR [38].

2.8 Improving gene target efficiency

With an efficient way of performing targeted genome editing in C11 it would be
possible to perform gene deletions of various genes of interest, such as the aldose
reductases. Thus assisting in the characterization of these genes. In order to improve
gene target efficiency the ratio of homologous combination has to be improved.

Increasing the length of flanking homologous regions is one way to promote integra-
tion through the use of HR. This positive effect on gene target efficiency has been
reported across several organisms [38, 40].

Another effective way of improving the cells capacity of using HR is by inhibiting
the NHEJ pathway. As the KU70 and KU80 genes are essential for NHEJ one
of the more common ways of inhibiting NHEJ is to delete one of those genes [41,
42, 43]. Despite the effectiveness of this method it comes with a few drawbacks.
Several negative side effects have been noted in some strains deficient in either KU70
or KU80 such as changed growth rates, worse transformation rates, phenotypic
instability or an increased sensitivity to UV light [20]. It can also be very difficult
to obtain a KU70 deletion in unconventional organisms favoring NHEJ that are
lacking in satisfactory tools for gene deletions.
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During different phases of the cell cycle yeasts have a different ratio between per-
formed NHEJ & performed HR. The S phase, see Figure 2.5, is of particular interest
since during it much more HR takes place compared to NHEJ. By using a chemical,
in this case hydroxyurea, the cells progress through the cell cycle can be halted
reversibly for a short period of time [44]. The mechanism by which hydroxyurea
arrests the cell cycle is as a ribonucleotide reductase inhibitor [45]. Inhibition of the
ribonucleotide reductases decreases the concentration of dNTPs available for syn-
thesis of DNA which triggers a signaling cascade halting the cells progress forcing
it to not pass between the S and G2 cell cycle phase [46]. As the effect is reversible
it can be utilized for increasing the gene targeting efficiency during for example a
transformation protocol [44].

G1

S
G2

M Hydroxyurea

Figure 2.5: Illustration of the cell cycle of budding yeasts such as C.
intermedia & S. cerevisiae. The S-phase is of especial interest as there is an
increased ratio of HR taking place during it. When added to a culture, hydroxyurea
arrests the cell cycle in the S-phase [44].
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Methods

3.1 Strains & media

3.1.1 Strains

The parental WT used across all experiments with C. intermedia was the in-house
isolated C11 strain. Several deletion strains were produced from C11 including dele-
tions of ADE2, XYL1_2 as well as the novel galactose gene cluster where XYL1_2
is situated.

Escheria coli strain DH5-α was used for amplification of plasmids.

3.1.2 Media

C. intermedia strains were routinely grown and maintained using YPD medium
containing 1 % yeast extract, 2 % peptone and 2 % glucose.

For screening of ADE2 deletions, cells were grown on YNB medium containing yeast
nitrogen base without amino acids. The YNB media was supplemented with 0.015
% of adenine and 0.5 % of (NH4)2SO4.

E. coli was grown on either LB or SOC medium. LB was made to contain 1 % of
tryptone, 1 % of NaCl and 0.5 % of yeast extract. SOC was made to contain 2 % of
tryptone, 0.5 % of yeast extract, 10 mM of NaCl, 2.5 mM of KCl, 10 mM of MgCl2
and 20 mM of glucose.

For solid versions of any of the above media 2 % of agar was also added. Following
transformations appropriate antibiotics were also added to the medium for selection.
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3.2 qPCR

A qPCR study was performed in order to examine the gene expression levels of
C11’s xylose reductases in different conditions. The resulting information could be
used to identify high priority targets for gene deletion later in the project.

All qPCR runs were performed on an Agilent technologies Stratagene Mx3005P
qPCR system. In each experiment the DNA was stained using a Agilent technologies
SYBR Green Brilliant III Ultra-Fast QPCR Master Mix.

3.2.1 Design of qPCR experiments

Three genes of interest were chosen to be examined, specifically three aldose re-
ductase genes from C11; XYL1, XYL1_2 & XYL1_3. For quantifying the gene
expression the relative quantification method outlined by Livak et. al [47] was uti-
lized. The conditions chosen for the genes to be studied in were 20 % xylose, 20 %
glucose and 2 % lactose.

In order to compare gene expression across multiple conditions the expression of
the gene of interest has to be normalized against the expression of a reference gene
which has a stable expression level across multiple conditions. Reference genes are
usually chosen from genes that are part of fundamental cell functions, for example
genes that are required for the production of organelles or structural proteins (such
as actin). As C. intermedia does not have any previously established reference genes
for relative quantification two reference genes were selected from the literature that
have been used for the similar organism Pichia stipitis [48]. The reference genes
were thus selected to be ACT1 & RPL13.

Primers for each of the genes of interest as well as the reference genes were designed
according to Table 3.1.

Table 3.1: Primers used in the qPCR analysis.

Gene Direction Sequence
ACT1 Fwd CGTCCCAGCATTCTACGTCA
ACT1 Rev GGTTTCTCTTTGCCACACGG
RPL13 Fwd CTAAGGTTGCCCCAAAGCCA
RPL13 Rev ACTTAGCAGACAAGCCAGCA
XYL1 Fwd ACGAGGATGTCCCATTGCTTAG
XYL1 Rev CTTGACCAATCTTGGCTGCTG
XYL1_2 Fwd CCAACGAAAAGGAGGTCGGT
XYL1_2 Rev GCAGCTTCGACATTGTCTGG
XYL1_3 Fwd GGTGACGGTGACAAATTCCAG
XYL1_3 Rev CGGCAGGAGGAATAGTAGCC
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3.2.2 Validation of reference genes

A qPCR was run on the reference genes in five conditions (20 % glucose, 20 % xylose,
3 % glucose, 2 % xylose + 1 % glucose & 2 % lactose). Each condition had samples
prepared for triple biologic replicates and double technical replicates. Averages of
technical replicates were calculated. The lowest Ct value obtained was noted and
all the measured Ct values were normalized according to Equation 3.1 where X is
the value to be normalized and min is the lowest obtained Ct in the data set.

2X−min (3.1)

After normalization values were run through the GeNORM algorithm. GeNORM is
used to automatically calculate the gene-stability measureM and ranks the reference
genes based on it [48].

3.2.3 qPCR primer efficiency

Each primer pair was run in the qPCR using a dilution series with six separate
concentrations of cDNA. Each concentration was run with two technical replicates.
An average Ct was calculated across the technical replicates. For each primer pair a
graph was plotted where the logarithm of the dilutions was used on the x-axis and
the average Ct was used on the y-axis. The resulting slope of the graph was used
in Equation 3.2.

10( −1
slope ) − 1 = qPCR primer efficiency (3.2)

The obtained value from Equation 3.2 gave the qPCR primer efficiency.

3.2.4 qPCR lab execution

Samples were loaded onto 96-well plates. For each condition three biological repli-
cates were used and two technical replicates was used for each sample. The entire
sample set up was then repeated once more but without the addition of cDNA, this
was to be used as negative controls. This experimental design was repeated for each
primer pair that wanted to be examined.

To each 96-well qPCR plate two samples were also loaded that were meant to be
used as "interplate samples" which are identical across several plates to be able to
be used as points of reference for normalization between plates.
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3.2.5 qPCR data analysis

An interplate normalization number was calculated by using equation 3.3 for both
interplate samples and then taking the average of both answers. Each measured Ct
on the plate was then multiplied with the interplate normalization number.

(Measured Ct on reference plate)
(Measured Ct on plate of interest) = Interplate normalization number (3.3)

An average Ct was taken between all replicates of the same condition. The average
Ct for each condition was then used to calculate a ∆∆Ct for each condition according
to the method described by livak et. al [47]. 20 % glucose was used as the reference
condition.

3.3 Optimization of cell cycle synchronization us-
ing hydroxyurea.

Based on experiments previously performed in the project a range of hydroxyurea
concentrations as well as incubation times were identified as interesting for achieving
a consistent cell cycle synchronization. Experimental design was prepared according
to Table 3.2.

Table 3.2: Experimental design of the cell cycle synchronization opti-
mization.

Culture Hydroxyurea concentration Replicates
#1 0 mM 2
#2 100 mM 2
#3 150 mM 2
#4 200 mM 2

Liquid cultures of C11 were prepared by inoculating 20 ml of YPD with fresh C11
from YPD plates. Cultures were left overnight in 30◦C with 200 rpm of shaking. The
obtained cultures were diluted to OD600 = 0.2 and left to grow for 3h in 30◦C with
200 rpm of shaking. Cells were harvested and resuspended in 16 ml of YPD. To each
culture 4 ml of sterile MQ-water and/or 1 M hydroxyurea in MQ-water were added
to obtain desired concentration of hydroxyurea. Cultures were incubated at 30◦C
with 200 rpm of shaking. Samples were collected at intervals from the cultures,
each sample had its OD600 measured and images of the cells were taken using a
microscope and a smart phone camera.
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3.4 Plasmid extraction

The method for extraction of plasmids was based on a study by Pronobis et. al.
where addition of ethanol showed to greatly increase the yields from standard
Miniprep kits [49]. A GeneJET Plasmid Miniprep Kit from Thermo Scientific was
used, the wash-, resuspension-, neutralization- & lysis solution as well as the elution
buffers used were all obtained from the Miniprep kit.

A culture was prepared by inoculating 4 ml of LB media using a frozen glycerol
stock of E. coli with the desired plasmid. Culture was left to grow overnight in
37◦C with 200 rpm of shaking. The following day the culture was divided into 2ml
aliquots and cells were harvested and resuspended in 250 µl resuspension solution.
250 µl of lysis solution was added and the sample was mixed via inversion. 350 µl
of neutralization solution was added and the sample was again mixed via inversion.
The sample was centrifuged for 5 minutes at 12000 rpm. Supernatant was transfered
to a microcentrifuge tube and equal volumes of 99 % ethanol was added to it.
Entire sample was loaded onto a ThermoFisher Scientific GeneJET Spin Column
and centrifuged for 1 minute at 12000 rpm. Column was washed twice with 500 µl
wash solution. After washing the column was moved to a microcentrifuge tube and
20-50 µl elution buffer was added to the membrane before being centrifuged down
for 1 minute at 12000 rpm.

3.5 Preparation of short ssDNA fragments

Salmon sperm ssDNA was mixed with AluI (1 U/µl reaction mix) restriction enzyme
and Tango buffer (10X buffer diluted 10 times). The reaction mix was incubated
at 37◦C for 2,25 h. The complete mixture was run on gel electrophoresis with
GelGreen DNA staining. Bands shorter than 1000 bp in length were cut out from
gel and purified using GeneJET Gel Extraction Kit from ThermoFisher Scientific.

3.6 Preparation of linear deletion cassettes

Plasmids containing the homologous regions and CLONAT resistance were linearized
by the use of restriction enzymes. Plasmids were only cut using a single restriction
enzyme cutting at a single restriction site giving rise to long linear fragments. Ho-
mologous regions were designed to each be ∼1000 bp long.
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3.7 Preparation of split marker deletion cassette
for ADE2

The plasmid for deletion of the gene of interest in C11 was used as a template for
two separate PCR reactions. Each product contained roughly half of a CloNAT
resistance gene and either of the two flanking homologous regions. The fragments
were verified to be correct using gel electrophoresis. Homologous regions were de-
signed to each be ∼1000 bp long. Visualization of split marker design can be seen
in Figure 3.1.

ADE2 Up ADE2 DwCloNAT

PCRPCR

Figure 3.1: Visualization of split marker cassette design. The deletion
cassette is split into two separate fragments using PCR. The two fragments have an
overlapping region meaning that they can align and be repaired by HR in the cells.

3.8 Preparation of split marker deletion cassettes
using fusion PCR

The three fragments of interest, upstream homology, downstream homology & CLONAT
resistance, were separately amplified using PCR. Between the fragments that were
to be fused an artificial overhang was added during the PCR that has been shown
to be effective for the use in assembly of constructs using fusion PCR reactions
[50]. The artificial overhangs used were "GGGGGCCCCCGGGGG" and "GGGC-
CCGGGCCCGGG" as well as their reverse complements. The fusion of constructs
were designed to make sure that each of the two artificial overhangs were only used
upstream or downstream of the CLONAT resistance, thus enabling a system that
was easily modifiable.
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The fusion of fragments was done using a fusion PCR reaction in which one of the
homology fragments were run with the CLONAT resistance. Primers were chosen
as to enable amplification of the entire homology region but only roughly half of the
CLONAT resistance, thus giving rise to a split marker deletion cassette.

3.9 Transformation of C. intermedia C11 using
electroporation

Two separate cultures were prepared by inoculating 100 ml of YPD with fresh C11
cells from YPD plates. Cultures were left to grow overnight at 30◦C with 200 rpm of
shaking. After overnight incubation cultures were diluted using YPD to OD600=0.2
with a volume of 100 ml. Cells were left to grow for 3-4 h to OD600=1. Cells were
harvested and washed once with ice cold sterile MQ-water and washed once with
ice cold 1 M sorbitol. After washing with sorbitol cells were resuspended in 40 µl
of 1 M sorbitol per desired transformation. The resuspended cells were divided into
40 µl aliquotes and transfered to microcentrifuge tubes. To each aliquot 8 µl of
insert-DNA (with an optimal amount of 2 µg) was added. Each aliquot also had 2
µl of short ssDNA fragments added to it. The transformation mix was transfered
to a chilled electroporation cuvette and was left to incubate on ice for 15-30 min.
Cuvettes were wiped clean and electroporated with a BioRad MicroPulser at 3 kV
for ∼5 ms. Cells were gently transfered to 4 ml of 0.5 M sorbitol in YPD and were
then left to incubate overnight at 30◦C with 200 rpm of shaking. Overnight cultures
were spread on YPD plates with appropriate antibiotics for selection and left to
grow in 30◦C for 48 h.

3.10 Transformation of C. intermedia C11 using
cell cycle synchronization & electroporation

Two seperate cultures were prepared by inoculating 100 ml of YPD with fresh C11
cells from YPD plates. Cultures were left to grow overnight at 30◦C with 200 rpm of
shaking. After overnight incubation cultures were diluted using YPD to OD600=0.2
with a volume of 80 ml. Cells were left to grow for 2 h at 30◦C with 200 rpm of
shaking after which 20 ml of 1 M hydroxyurea was added to the culture with the
highest OD600 while 20 ml of sterile MQ-water was added to the other culture as a
control. Cells were incubated at 30◦C for 2 h with 200 rpm of shaking, cells were
then harvested after which the protocol followed the steps from the washing of cells
and onward in 3.9.
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3.11 Deletion of ADE2 in C11

Transformation protocol was used according to 3.10. After the washing steps the
cells were resuspended in 240 µl of 1 M sorbitol to have enough cell solution for 5
separate transformation aliqouts from each cell culture. Each transformation aliquot
contained 40 µl of cells and then 10 µl of DNA was added. DNA was added to the
transformation aliquots according to the experimental design presented in Table 3.3.
Selection was done on YPD plates with CloNAT (50 µg/ml) which were left to grow
for 48 h in 30◦C.

Table 3.3: Experimental design of ADE2 deletion in C11.

Transformation Hydroxyurea Added DNA Replicates
#1 (negative control) No None 1
#2 (negative control) Yes None 1
#3 No Linear ADE2 deletion cassette 2
#4 No Split ADE2 deletion cassette 2
#5 Yes Linear ADE2 deletion cassette 2
#6 Yes Split ADE2 deletion cassette 2

The colonies that appeared on the YPD + CloNAT plates were restreaked onto
YNB + adenine (0.015 %) plates. This was in order to screen for colonies with
correct integration of the deletion cassette for deletion of the ADE2 gene. Successful
deletions turns the colonies red, while incorrect inserts cause the colonies to remain
white, Figure 3.2. The amount of red and white colonies was counted and a target
efficiency ratio was calculated for each condition.

Restreak

High Adenine (YPD) Low Adenine (YNB)

Figure 3.2: Cells deleted of ADE2 restreaked from YPD to low adenine
media. By picking and restreaking colonies from YPD onto a low-adenine solid
media like YNB with only small amounts (∼0.015 %) of adenine added some of the
white colonies turn red revealing a correctly targeted gene deletion of ADE2.

20



3. Methods

3.12 Deletion of galactose gene cluster and aldose
reductase XYL1_2 in C11

Transformation protocol was used according to 3.9. After washing the cells were
resuspended in 300 µl of 1 M sorbitol to have enough cell solution for 6 seperate
transformation aliqouts from each cell culture. Each transformation aliquot con-
tained 40 µl of cells and then 10 µl of DNA was added. DNA was added to the
transformation aliquots according to the experimental design presented in Table
3.4. Selection was done on YPD plates with CloNAT (50 µg/ml) which were left to
grow for 48 h in 30◦C.

Table 3.4: Experimental design of galactose gene cluster deletion in C11.

Transformation Added DNA Replicates
#1 (negative control) None 1
#2 (positive control) Linear ADE2 deletion cassette 1
#3 Split XYL1_2 deletion cassette 2
#4 Split Gal cluster deletion cassette 2

The colonies that appeared for the deletion on the YPD + CloNAT plates were re-
suspended in YPD and grown overnight on a sterile 96-well plate. Overnight cultures
had their genomic DNA extracted according to a protocol outlined by Drumonde-
Neves et al. [51]. The genome extract was then used as template in a PCR reaction
to verify the correct deletion. Primers used in verification were designed as to have
one primer binding to the genome upstream of the deletion and one primer binding
inside of the deletion cassette.

3.13 Bioscreen growth trial of deletion strains

To examine the phenotype of obtained deletion strains a growth trial was performed
using a Bioscreen C MBR. A WT strain of C. intermedia was also included as
comparison. Three technical replicates was included for each used strain. Cells were
grown for 66 hours in 30◦C while optic measurements of cell density were made every
10 minutes.

Raw data obtained from the bioscreen was converted to OD600. The logarithm of
the OD600 values was used to compile growth curves.
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4
Results

The results of the project have here been divided into four sections. Each section
relates to a distinct part of the project meant to work towards fulfilling the aim of
the project. The four sections are as follows: (1) Examining the physiological role of
the three aldose reductases XYL1, XYL1_2 & XYL1_3 using qPCR measurements.
(2) Developing a gene deletion protocol with high target efficiency. (3) Application
of the developed gene deletion protocol to delete genes of interest. (4) Studying the
phenotype of the generated deletion strains using a bioscreen.

4.1 qPCR

C. intermedia possess no less than three closely related aldose reductases, XYL1,
XYL1_2 & XYL1_3. A qPCR experiment was set up with the purpose of examining
expression levels of the three genes during growth in three different carbon sources:
xylose, lactose & glucose. Xylose and lactose were chosen as conditions due to
the hypothesis that the aldose reductases would be important for the utilization
of both. Glucose was chosen as comparison since it was thought that the aldose
reductases would be repressed in that condition. Two reference genes, ACT1 &
RPL13, were also chosen to have their expression measured to use as points of
reference for normalization of gene expression. As no established qPCR reference
genes could be found in literature for C. intermedia ACT1 and RPL13 were chosen
since they are have been used as reference genes in similar organisms.

4.1.1 qPCR primer efficiency

For successful quantification of gene expression, qPCR oligonuecleotide primers are
needed that efficiently can amplify the cDNA from genes of interest. A primer
efficiency experiment was run to confirm the efficiency of the primers. These exper-
iments were executed by using a serial dilution of cDNA in a qPCR run with the
primers of interest to verify that the decrease in amplified expression is proportional
to the dilution of cDNA. This way it shows that the primers efficiently binds to and
amplifies all of the present cDNA.
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All of the primer pairs designed for the qPCR experiments showed primer efficiencies
between 90 and 110 % which is the desired range, Table 4.1. The lowest obtained
efficiency was 92 % for the primers used for aldose reductase XYL1_3 and the
highest obtained efficiency was for the RPL13 primers with 109 %.

Table 4.1: Efficiency of qPCR primer pairs for the two reference genes
ACT1 & RPL13 as well as the three aldose reductase genes XYL1,
XYL1_2 & XYL1_3. An optimal efficiency would be 100 %, but values in
the rough range between 90 % and 110 % are considered satisfactory.

Gene Primer efficiency
ACT1 95 %
RPL13 109 %
XYL1 106 %
XYL1_2 94 %
XYL1_3 92 %

4.1.2 qPCR reference gene verification

In order to use the reference genes for normalization of gene expression, the stabil-
ity of their gene expression has to be confirmed across several conditions. If their
expression is consistent over many conditions it means that you can use their ex-
pression for comparison to infer the changes in expression of other genes across sets
of conditions.

Expression data was collected for the two reference genes, ACT1 & RPL13, at five
different conditions: 20 % glucose, 20 % xylose, 3 % glucose, 2 % xylose + 1 %
glucose & 2 % lactose. Data was analyzed using an Excel plugin based on the
GENORM algorithm which provides a value M which indicates the stability of the
gene [48]. In this analysis the lower the value of M the more stable the gene’s
expression is. According to the analysis M for both genes had a value of 0.782,
which falls below the threshold of 1.5 which the plugin uses to indicate unstable
genes unfit for use as reference genes.

4.1.3 qPCR data analysis

For the actual measurements of expression of the aldose reductases, ACT1 proved
to give somewhat more consistent and stable expression levels when it was used as
reference genes. Only one reference gene can be used for normalization and as such
ACT1 was chosen due to the stated reasons. Negative controls in which no DNA
was present gave expected results for measurements of XYL1 & XYL1_2. However
there were some unexpected measurements for the negative controls for XYL1_3
with some readings of higher expression of XYL1_3 in the negative control than in
the actual samples.
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Expression for the three aldose reductase genes XYL1, XYL1_2 & XYL1_3 was
normalized against ACT1 as the reference gene and the condition 20 % glucose. The
expression is normalized against glucose as it was believed that the expression of
the aldose reductases should be repressed in the presence of glucose. The readings
are displayed in Figure 4.1. The data clearly showed that the aldose reductase gene
XYL1 had an increased expression while in the presence of xylose when compared
to when the cells were grown on lactose or glucose. Aldose reductase gene XYL1_2
is expressed strongly in the presence of lactose while the expression in the presence
of either glucose or xylose is much lower. XYL1_3 showed a lower expression in
glucose while conditions with lactose or xylose showed a higher expression.

Figure 4.1: Relative gene expression of aldose reductase genes XYL1,
XYL1_2 & XYL1_3 in the conditions 20 % glucose, 2 % lactose & 20
% xylose. Expression is normalized against ACT1 expression and the 20 % glucose
condition. Standard deviation is displayed for all conditions and genes except for 20
% xylose for AR_3a as only a single replicate was successfully measured.

The fact that negative controls for XYL1_3 in some conditions gave higher readings
of the expression levels than what was found in the actual samples indicates that
one should be suspicious of the relative quantification of XYL1_3 showed in the
data and in Figure 4.1. A reasonable explanation of the negative control readings
could be that XYL1_3 is not significantly expressed in any of the conditions. If this
is the case then any perceived patterns of expression of XYL1_3 found between the
conditions would simply be an effect of random deviation either due to technical
circumstances or caused by impurities in the samples. This would also explain high
error observed in 20 % glucose for XYL1_3. Another possible explanation is that
the negative control samples were contaminated with cDNA or RNA thus giving off
readings of gene expression.
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XYL1_2 is clearly more expressed in the lactose 2 % condition than in the xylose
and glucose conditions. This points towards XYL1_2 being important for growth on
lactose, potentially through the lactose/galactose pathway. This is further supported
by the position of XYL1_2 inside what is believed to be a gene cluster for growth
on galactose.

According to the qPCR data the expression of XYL1 is upregulated in the presence
of xylose, but not glucose or lactose. This indicates that the role of aldose reducase
Xyl1p is that of a xylose reductase.

4.2 Development of a gene deletion protocol with
high target efficiency

To further study the role of the aldose reductases of C. intermedia C11 the aim
was to delete their genes from the genome and follow up by observing the acquired
phenotype. In order to perform these deletions a protocol which allows for high
gene target efficiency must be developed as NHEJ is the heavily favored DNA repair
pathway in C. intermedia.

4.2.1 Optimization of cell cycle synchronization using hy-
droxyurea

A study was performed to find optimal conditions for sychronization to the S-phase
of the cell cycle in a culture of C. intermedia using hydroxyurea. The cell cycle
synchronization was then to be used in cell transformations in order to increase
homologous recombination frequency, and thus gene targeting efficiency, in the cells.
Different concentrations (0-200 mM) of hydroxyurea was added to C. intermedia
cultures after which OD600 was measured and microscopy pictures were taken at
regular intervals over 3.5 hours.

The OD600 measurements from all the samples were collected and assembled into
a growth curve for each individual culture. When inspecting the growth curves for
the individual cultures one of the cultures with a hydroxyurea concentration of 150
mM were found to not follow the same pattern as the rest of the cultures, and it
was thus considered to be an outlier. An average was calculated per hydroxyurea
concentration and a new growth curve was assembled for each hydroxyurea concen-
tration, Figure 4.2. The control culture, with no added hydroxyurea, exhibited the
expected exponential growth. In the cases with hydroxyurea concentrations between
100 mM and 200 mM a very slow linear growth was displayed. The cultures grown
with hydroxyurea concentrations of 150 mM or above also exhibited a pattern of
oscillation in the OD. The microscopy images showed increasing homogeneity in
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the distribution of cell cycle phases with an increase in hydroxyurea concentration,
Figure 4.3.

Figure 4.2: Growth curve of C11 while in the presence of varying con-
centrations of hydroxyurea. Without hydroxyurea the cells grew exponentially,
which was expected. All cultures that had hydroxyurea added to them grew lin-
early at a slower rate while the cultures with 150 and 200 mM of hydroxyurea also
oscillated in their OD600.

Figure 4.3: Micrographs of C. intermedia cultures incubated with differ-
ent concentrations of hydroxyurea (100-200 mM) over time. The images
indicate an increase of cells in the S-phase with increasing concentrations of hydrox-
yurea. A S-phase cell can be recognized by a large cell with an attached smaller
daughter-cell that yet has not deattached itself. Images were taken through a mi-
croscope using a smart phone camera. For each image a small section was selected
that was considered to be representative of the sample.
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In the growth curves, Figure 4.2, it is clearly visible that all the cultures with added
hydroxyurea grow much slower than the ones without it. This can be seen as a
first indication that the cell cycle arrest is successful as the cells will slow down
their growth as more and more gets synchronized in the S-phase of the cell cycle.
It is interesting to note the oscillating shape of the growth for the 150 and 200
mM cultures. This pattern occurred in all cultures above 100 mM of Hydroxyurea
and has also been observed in earlier cell cycle synchronization experiments in the
project. It is however unclear what causes this and whether it is a sign of a successful
cell cycle synchronization. Considering that OD measures the optical density of the
culture and not actual cell concentration it is possible that the oscillating OD600
is an effect of for example the cells clumping together as an initial response to the
hydroxyurea.

Despite the growth curves looking very similar for the different hydroxyurea con-
centrations a wider difference was observed when inspecting the samples in a micro-
scope. Although it was clear that there were cells synchronized to the S-phase at all
three examined hydroxyurea concentrations, especially after ∼2 hours of incubation,
the ratios of synchronized cells seemed to differ somewhat. In the 100 mM concen-
tration there were clearly visible cells of different cell cycle phases throughout the
experiment indicating that this concentration might not be sufficient. The 150 &
200 mM cultures were quite similar with most cells appearing to be arrested in the
S-phase. However, over the course of looking through multiple samples an overall
sense was that the cells were slightly more synchronized in the 200 mM concentra-
tion, especially after long incubation times (3 h or more) where the effect sometimes
starts disappearing. To investigate this further an extensive study with counting of
individual cells would be required to find proper ratios of different cell cycle phases
for the different concentrations. But for the uses in this project the 200 mM with
an incubation time of 2 hours was deemed to be the most promising condition and
work proceeded with this for the cell cycle synchronization transformations.

4.2.2 Deletion of ADE2 in C11 using cell cycle synchroniza-
tion

Using the found optimal conditions for cell cycle synchronization using hydroxyurea
an experiment was planned to transform cell cycle synchronized cells. The hope was
here that the synchronized cells would have an improved gene targeting efficiency
which would be beneficial for a deletion protocol. The ADE2 gene was chosen
as deletion target for the development of the deletion protocol. When ADE2 is
knocked out cells grown while starved for adenine will display a red pigment due
to the accumulation of the intermediary p-ribosyl amino imidazole in the adenine
pathway [52], Figure 4.4. This makes the ADE2 deletion ideal for quick and easy
large scale screening.
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Figure 4.4: C. intermedia colonies streaked on a YNB plate with low
adenine content. When grown on media with a low concentration of adenine
colonies that have a deleted ADE2 gene turn red.

Deletion cassettes were transformed with electroporation and both cultures that had
and hadn’t been cell cycle synchronized with hydroxyurea were used. Cells were
transformed with 8 µl of DNA with a total weight of roughly 2 µg, 2 µl (roughly
200 ng) of short (<1000 bp) ssDNA fragments were also added. For the deletion
cassette a linear cassette was used that included a selection marker flanked on both
sides by regions homologous to the targeted region in the genome. Selection marker
used was nourseothricin (CLONAT) resistance.

The negative control (no DNA added during transformation) did not produce any
colonies when plated on plates with CLONAT indicating that the selection worked
as intended. Linear cassette transformations provided several hundred or even above
a thousand colonies on YPD+CLONAT plates, this occurred both with and without
cell cycle synchronization. The colonies were restreaked on YNB + adenine (0.015
%), where adenine was limiting, and were counted based on their color (red or white).
Red streaks were considered to be successfully deleted of the ADE2 gene while white
colonies were considered to have a random insertion and thus not a deletion of the
ADE2 gene. For both conditions (with or without cell cycle synchronization) more
than 100 colonies were screened. The gene deletion target efficiency of ADE2 for the
different conditions was calculated and is presented in Table 4.2. In the culture that
was not cell cycle synchronized at the time of transformation there was no successful
deletions. Several colonies that had a correct gene deletion was however found for
the cell cycle synchronized cells, and the achieved gene targeting effieciency was
∼3.7 %.
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Table 4.2: Gene targeting efficiency for deletion of ADE2 in C11 using
cell cycle synchronization.

DNA insert Cell cycle
synchronized

Screened colonies Correct deletions

Linear cassette No 124 0 %
Linear cassette Yes 164 3.7 %

Although 3.7 % is not a great gene targeting efficiency it is definitely an improvement
upon the initial case of having no successful deletions. With 3.7 % it is possible to
obtain deletions even with other genes except for ADE2, but it requires screening of a
large amount of colonies which can be very labor intensive with deletion-phenotypes
that aren’t visually detectable. It would also be possible to use the cell cycle syn-
chronization to delete KU70 to enable easier future deletions.

4.2.3 Deletion of ADE2 in C11 using a split marker cassette

It was desired to further improve upon the deletion protocol developed using cell
cycle synchronization, either through improving gene targeting efficiency or by re-
moving background colonies that did not have the successful gene deletion. It was
hypothesized that at any time there is a subset of cells effectively performing HR,
and if it was possible to specifically target only these during transformation a lot of
background colonies could be eliminated.

A new approach was designed based on a concept known as split marker deletion
cassettes. These deletion cassettes are split in two separate fragments in order to
make sure that each fragment of the deletion cassette only contains half of the selec-
tion marker, CLONAT resistance. The fragments are designed with a homologous
region overlap so that cells using HR can repair the cassette and utilize the resis-
tance. Since it is required of cells to use HR to repair the cassette the idea is that
the chances of them also using HR to successfully delete the gene of interest should
be higher. On the other hand, cells not using HR cannot repair the cassette and will
be eliminated when grown on selection medium, thus removing many background
colonies.

Cells were transformed with electroporation and both cultures that had and hadn’t
been cell cycle synchronized with hydroxyurea were used. For deletion cassette the
split marker cassette was obtained by two separate PCR reactions amplifying the
two separate fragments from a plasmid containing the cassette. CLONAT was used
as the selection marker.

The negative controls (no DNA added during transformation) did not produce any
colonies when streaked on plates with CLONAT indicating that the selection worked
as intended. When the split cassette was used instead there were only a few, 10-40,
colonies found on each selection plate which is much fewer transformants detected
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than for the case of using a linear casstte. Cell synchronization increased the amount
of obtained colonies on CLONAT from the split cassette transformation, 10-70 per
plate, but it was still not close to the linear cassette amounts. The colonies were
restreaked on YNB + adenine (0.015 %), where adenine was limiting, and were
counted based on their color (red or white). Red colonies were considered to be
successfully deleted of the ADE2 gene while white colonies were considered to have
a random insertion and thus not a deletion of the ADE2 gene. All obtained colonies
were screened and the gene deletion targeting efficiency was calculated and is pre-
sented in Table 4.3.

Gene targeting efficiency was very similar for both the culture that had been cell
cycle synchronized and the one that hadn’t. The one that hadn’t been cell cycle
synchronized had an efficiency of ∼67 % and produced 43 colonies across two repli-
cates. The cell cycle synchronized culture had a gene targeting efficiency of ∼64 %
and produced 119 colonies across two replicates.

Table 4.3: Gene targeting efficiency for deletion of ADE2 in C11 using
a split marker deletion cassette. The results from when a linear cassette was
used is also included for comparison.

DNA insert Cell cycle
synchronized

Screened colonies Correct deletions

Linear cassette No 124 0 %
Linear cassette Yes 164 3.7 %
Split cassette No 43 67 %
Split cassette Yes 119 64 %

The gene targeting efficiency is substantially increased with the split marker cassette
when compared with the linear cassette. Across all conditions the lowest target
efficiency achieved was transformation with the linear cassette without cell cycle
synchronization which didn’t provide any successful transformants. Highest target
efficiency was achieved with transformations with the split deletion cassette which
provided efficiencies above 60 %. Cell cycle synchronized cells transformed with the
linear cassette achieved a targeting efficiency of 3.7 %.

The transformations with a linear cassette only gave rise to successful deletions of
ADE2 when the cells were synchronized to the S-phase of the cell cycle, even then the
targeting efficiency was very low. The split cassette approach provided a much higher
success rate but at the cost of having fewer colonies appear per transformation. In
the case of ADE2 the lower number of obtained transformants is not a problem as
even with only 20-50 transformants it was always possible to find a correct deletion
due to the high target efficiency. Based on this the optimal approach was decided
to be to use the split cassette without hydroxyurea cell cycle synchronization as
this provides a satisfactory success rate and provides enough transformants, also
by avoiding the use of hydroxyurea the transformation protocol is shorter and it
avoids the use of a toxic chemical. If a deletion other than ADE2 proves to be
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more difficult either due to it having fewer transformants obtained or a lower gene
deletion targeting efficiency it is worth considering to use the hydroxyurea cell cycle
synchronization together with the split cassette. This can increase the number of
obtained transformants to ensure that a correct deletion can be obtained.

4.3 Application of the gene deletion protocol

With the obtained protocol for deletion of genes using a split marker cassette it
was possible to further study the aldose reductases Xyl1p, Xyl1_2p & Xyl1_3p
in greater detail using gene deletions. Following a deletion hopefully a phenotype
would become clear that can give greater insight into the role of the gene.

Due to time restrictions in the project it wasn’t possible to delete all three aldose
reductase genes. But based on the information seen so far aldose reductase gene
XYL1_2 with its interesting location in what appeared to be a galactose gene cluster
seemed to be the most novel and interesting target. The deletion experiments were
focused on deleting both the XYL1_2 gene and the gene cluster in which it is
situated.

4.3.1 Design & assembly of deletion cassettes

Deletion cassettes were designed for both the XYL1_2 gene and the gene cluster
where it’s situated (thought to be a galactose gene cluster). In each construct a
CLONAT resistance was included as a selection marker. Assembly of deletion plas-
mids was done using a NEB DNA assembly cloning kit, but no succesful assemblies
were ever obtained this way. Had this approach worked the work would have con-
tinued in a similar manner as for the deletion of ADE2 where the plasmid was used
as a template for PCR reactions to construct the split marker deletion cassettes.

Instead of using the assembly kit a new approach was designed where a single ho-
mologous region was combined with the CLONAT resistance using fusion PCR. The
primers used in fusion PCR was designed such as to only include half the CLONAT
resistance thus resulting in the final fragment being one of the two fragments re-
quired for the split marker deletion cassette approach. This was done using both up-
and downstream homology to obtain both split marker fragments. This approach of
constructing the deletion cassette showed much greater success leading to constructs
for both XYL1_2 and the gene cluster being successfully assembled.
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4.3.2 Deletion of aldose reductase gene XYL1_2 & galac-
tose gene cluster in C11

Cell transformation was done using electroporation and the assembled split marker
deletion cassette as outlined in the ADE2 deletion experiment. Deletion cassettes
used in the transformation were the ones both for aldose reductase gene XYL1_2a
and the galactose gene cluster, although both cassettes were added to separate trans-
formation aliquots. Transformed cells were plated on YPD + CLONAT plates for
selection. Colonies appeared indicating that cells were successfully transformed with
the repaired CLONAT resistance, this was true for both the XYL1_2 & the gene
cluster deletion. About 30 colonies appeared in total for each transformation over
two replicates. Negative control (no dna insert) and positive control (linear ADE2
deletion cassette) both looked as expected further showing that the transformation
was a success.

Colonies were picked from the selection plates and the genome was extracted using
a quick genomic extraction protocol [51] allowing many colonies to be screened
simultaneously. To verify the deletion a PCR was run with the genomic extract from
the colonies as a template. The primers used were designed to have one binding to
the integrated CLONAT resistance and the other to bind outside of the homologous
regions, thus only providing an amplification of the correct fragment size (2111 bp
for XYL1_2 & 1798 bp for galactose cluster) if the deletion cassette was integrated
at the correct location.

10 colonies were tested for verification of the deletion for both the XYL1_2 and
the galactose cluster deletions. When the amplified PCR products were run on gel
the XYL1_2 deletion displayed that all ten tested colonies had been successfully
deleted, Figure 4.5. Sadly, for the galactose cluster deletion it was not possible to
verify any deletions and due to time restrictions further attempts were cancelled.

Figure 4.5: Gel electrophoresis for the PCR amplification meant to verify
the XYL1_2 deletion. First lane from the left is a DNA ladder where the three
distinct bands starting from the bottom are of sizes 1000, 3000 & 6000 bp. Second
lane is a negative control with WT genomic DNA. The following ten lanes are
genomic extracts from the transformants, each displaying a band of the expected
length close to the 2000 bp ladder band.
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It was known after the deletion of ADE2 that the split marker deletion approach
to delete genes was effective, but having all ten tested colonies be correct was even
better than expected. It is of course difficult to argue for any statistical significance
when only 10 colonies were tested, but this does seem to hint that the gene targeting
efficiency might be as good or even better for some genes than it was for ADE2.

The lack of verified deletions of the galactose cluster is unfortunate and it is not
entirely clear as to whether it was only difficult to verify deletions or if there weren’t
any deletions. Another explanation could also be that the genomic extraction failed
for the tested samples. If the deletions were indeed unsuccessful a possible reason
as to why could be the fact that the galactose gene cluster is a much larger region
of the genome when compared to single genes such as XYL1_2 or ADE2, and the
deletion cassette being shorter than the targeted region might simply not be able to
successfully bind to both homologous regions simultaneously. If this was the case it
would explain why a similar amount of colonies were obtained on selection plates as
roughly an equal amount of cells should still be able to repair the cassette but they
might integrate it based on only one of the homologous regions or integrate it into
a random location in the genome.

4.4 Bioscreen growth trial of deletion strains

With the successful obtainment of a XYL1_2 deleted strain work continued with
examining a potential phenotype. For this a bioscreen was used as it allows for
simultaneous screening of multiple strains. Three colonies that had been verified
as having their XYL2 gene deleted were selected to be examined in the bioscreen.
For comparison a WT of C. intermedia C11 was also included in the bioscreen
experiment. All 4 strains were grown in the bioscreen in two different conditions,
namely in minimal medium with 2 % of glucose or minimal medium with 2 % of
galactose.

Cells were grown in the bioscreen for 66 hours at 30◦C. The collected data was
converted to OD600 and compiled in graphs to compare the specific growth rate of
the four strains, see Figure 4.6 & Figure 4.7.
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Figure 4.6: Growth curves of the WT of C11 and three strains where
XYL1_2 has been deleted while grown on glucose. All four strains exhibit
very similar growth indicating that the XYL1_2 deleted strains still grow well on
glucose.

Figure 4.7: Growth curves of the WT of C11 and three strains where
XYL1_2 has been deleted while grown on galactose. All four strains exhibit
very similar growth indicating that the deletion of XYL1_2 does not give rise to a
clear phenotype by itself in the tested condition.
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All four strains examined gave rise to very similar growth curves on both glucose
and galactose. All cultures undergo three distinct growth phases, the first one being
a lag phase where cells are acclimatizing to the media which is then follow by the
exponential growth phase during which most of the increase in cell density takes
place. The third and final growth phase is the stationary phase where growth slows
down to a halt. In the growth curves it is clear that the growth phases are somewhat
different when the cells are grown on glucose compared to when grown on galactose,
most notable is the shorter lag phase when grown on galactose.

The results from the glucose growth trial indicates that the deletion did not have a
negative effect on normal growth on glucose. The results from the galactose growth
trial on the other hand indicates that there were no visible effects on growth rate
while growing on galactose. The results from the galactose growth trial thus shows
that the XYL1_2 gene is not essential for utilization of galactose. This could hint
to the fact that the more traditional Leloir pathway for metabolism of galactose is
the primary pathway for galactose utilization. Another possibility is that there are
other enzymes that can fill the roll of the Xyl1_2p aldose reductase in galactose
metabolism. To completely grasp the role of XYL1_2 and the relevance of the two
perceived galactose pathways more deletion strains have to be produced. It would
be very interesting to repeat the galactose growth trial with strains deleted in either
or both of the two putative galactose pathways.
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5.1 Split marker deletion cassette

The method of transforming cells using a split selection marker was first developed
by Fairhead et al. in 1996 [53]. Since then there have been a few examples in
literature of split markers being used to either allow for rapid one-step cloning or
to increase gene targeting efficiency [54, 55]. Although the technique was initially
developed for the yeast Saccharomyces cerevisiae the most prominent use seems
to have been in filamentous fungi, especially when it comes to the application of
increasing gene targeting efficiency. There are cases of the split marker technique
having been used in yeast [56, 57], but overall there seems to be a lacking awareness
of the technique among yeast researchers which is striking considering the amount
of reserach that has been done on increasing homologous recombination in various
yeast species [44, 58, 38]. In this thesis it has been shown that the split marker
approach can be a powerful tool to increase gene targeting efficiency in yeast. This
can hopefully assist in raising awareness for the split marker technique for future
research as studies delve further into unconventional yeasts with industrial potential.

In the literature there are studies reporting an increase in gene targeting efficiency
when using the split marker with efficiencies ranging from a few percent up to 63
% [54, 59]. This is somewhat surprising considering the highest target efficiency
obtained during optimization in this project was ∼67 %. It might be the case that
that number would have gone up or down somewhat if there was time to perform
more replicates of the transformation. It is also possible that C. intermedia is an
especially ripe target for this technique, for example by having a phase in the cell
cycle with an abnormally high ratio of homologous recombination, which would
mean that this method might not be as useful for other yeast species as one might
hope.

One of the most influential techniques for genomic modification in recent years is
CRISPR-Cas which allows for easy and quick construction of strains with single
or multiple deletions [60, 61]. However, one of the lesser talked about aspects of
CRISPR-Cas is the fact that it for certain organisms require a lot of preparation,
especially in the case of unconventional organisms with fewer developed genetic
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tools. One of the main problems one has to work around in order to make CRISPR-
Cas function is that the cells need to have an effective homologous recombination
repair system. If the main mode of DNA gap repair is NHEJ it can easily lead to
the cuts introduced by Cas9 simply being repaired by random insertion or deletion
of a few base pairs thus making gene deletions difficult. Today the most common fix
to this problem is to use a strain where KU70 or KU80 has been knocked out. But
a KU70 or KU80 deletion can be tricky to achieve in many species with extremely
low ratios of HR compared to NHEJ, and it can give rise to unwanted side-effects
such as poor specific growth rates and an increased sensitivity to mutations [20].
The split marker approach here seems to be a very attractive option to either be
used to assist in the deletion of KU70 or even to directly use alongside CRISPR-
Cas to quickly proceed to genome editing with a minimal amount of preparatory
work needed. Perhaps a more widespread awareness of the split marker approach in
conjunction with CRISPR-Cas can lead to limitless potential of genome editing in
even the most novel organisms.

5.2 Aldose reductases

For many yeast species aldose reductases have traditionally been linked to the uti-
lization of xylose [62, 63, 64]. Aldose reductases have however also been shown
to have activity towards a wide range of substrates in yeast [62, 63, 64], this can
make it difficult to pinpoint a single clear physiological role of an aldose reductase
as it might be important to many functions. It might thus not be possible to solely
based on this project provide a definitive answer as to what the physiological role of
the aldose reductases is in C. intermedia C11, several hints have however been col-
lected that allows us to establish a rough outline. XYL1_2 seems to be intrinsically
connected to utilization of galactose. This was suspected early due to the gene’s
location in the genome which is inside of what seems to be a galactose gene cluster.
The qPCR data further supports this idea as XYL1_2 is clearly more expressed in
the presence of lactose which traditionally is converted to galactose & glucose.

XYL1 was the only of the aldose reductase genes that had a clear increase in ex-
pression while in the presence of xylose. Although XYL1_3 also had an increase
in expression the data was questionable due to the problematic negative controls.
Considering the fact that C11 can effectively grow on xylose it makes complete sense
to attribute at least one of the three aldose reductases as a xylose reductase to be
utilized in the xylose pathway. Although more data would be preferable it isn’t too
long a stretch to say that XYL1 very likely fits that role as a xylose reductase due
to its expression profile.

The more ambigious of the aldose reductases is XYL1_3. The problematic negative
controls causes it to be difficult to draw any clear conclusions as to its role. The thing
that however seems reasonable is that it is in fact not significantly expressed in any
of conditions examined during the qPCR experiments. If XYL1_3 is not expressed
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in any of the conditions it could potentially indicate the role of the gene to be that of
a backup for one of the other aldose reductases to increase robustness, for example
in case the other enzyme being inhibited or put under extreme stress. Another
explanation could be that XYL1_3 is a gene duplication that lacks a defined role.
A final perspective on the matter could be that XYL1_3 is active in a condition
that has yet to be studied, for example due to it having a different substrate-affinity.

Sadly the time limit of the project makes itself profoundly noticeable when it comes
to the study of the role of the aldose reductases. Clear and definitive conclusions
would require deletions of all three genes and a study of the phenotype of the
resulting strains. It would also be very interesting to see the qPCR experiments
be expanded with more conditions; some of interest would be to examine galactose
to see the expression of XYL1_2 as well a wider selection of carbon sources such as
arabinose to see if a role of XYL1_3 could be identified from it.

5.3 Galactose utilization

If XYL1_2 is important for the utilization of galactose it raises the question of what
its role in that metabolism is. In the pathway normally found for the metabolism of
galactose in yeast, the Leloir pathway, there isn’t any aldose reductases that partakes
in conversion of galactose, see Figure 2.2.

In our research group there has previously been made the connection that aldose re-
ductase XYL1_2 might actually partakes in a separate galactose pathway previously
unseen in yeast [13]. In filamentous fungi an alternative pathway for the metabolism
of galactose has been identified [35]. There are several interesting parallels between
this pathway in filamentous fungi and the observations regarding XYL1_2 in C11
[13, 35, 65] the first of which is that the first step of the pathway is performed by
an aldose reductase. Another point supporting the hypothesis is that in the second
galactose gene cluster of C11 where XYL1_2 is situated a GAL10 gene is found
that only has a single domain. In yeast GAL10 traditionally has two domains that
together make up the protein when transcribed, this is also true for the GAL10
found in the more traditional gene cluster that does not contain XYL1_2 in C11.
However, in filamentous fungi GAL10 is only made up from a single domain, same
as in the novel gene cluster in C11.

The potential discovery of a galactose pathway previously unseen in yeast is indeed
very exciting, but based on previous work on C11 [13] as well as this project the
data is as of yet indecisive on whether this is the case. The deletion of aldose
reductase gene XYL1_2 didn’t provide any visible phenotype, more work is thus
required to study galactose utilization in C11 for example by producing knock-out
strains lacking either or both of the potential galactose pathways. This is work that
hopefully can be performed easily thanks to the progress made during this project
with the development of new deletion protocols with high gene targeting efficiency.
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Deletion protocols were successfully developed that have a very high gene targeting
efficiency. The initial attempts at using a linear deletion cassette with homologous
regions flanking the insert provided no successful deletions, but this was improved
up to a gene target efficiency of 3.7 % using cell cycle synchronization to the S-phase.
This was even further improved upon using the novel approach of utilizing a split
marker deletion cassette which pushed the gene targeting efficiency to a staggering
67 %.

The developed deletion protocol was applied for the deletion of aldose reductase
XYL1_2 where each out of ten transformant colonies tested for deletion verified the
correct insertion. However, the second application of the deletion protocol which
aimed at deleting the galactose gene cluster where XYL1_2 is situated couldn’t be
verified as having a successful deletion. When examined further the strain with a
deletion of XYL1_2 didn’t provide a visible phenotype.

Probable physiological roles of aldose reductases Xyl1p & Xyl1_2p were found using
the qPCR data acquired in the project as well as data obtained prior by the research
group [13]. XYL1 seems to be connected to xylose utilization, most likely as a xylose
reductase. The data indicates XYL1_2 as being a part of galactose utilization,
possibly as part of a galactose pathway traditionally found in filamentous fungi that
previously hasn’t been observed in yeast. More work is however desirable to verify
the conclusions drawn regarding aldose reductases XYL1 & XYL1_2.

The role of XYL1_3 is as of yet unclear. But it appears to not be significantly
expressed in the presence of xylose or lactose, the two main conditions of interest
throughout this project. To define the role of XYL1_3 more work with different
deletion strains and a broader range of conditions is necessary.
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