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Abstract

Although modifications of the genome have been a standard procedure for decades,
homologous recombination dependent gene knock-ins still prove to be problematic.
Development of the clustered regularly interspaced short palindromic repeats CRISPR
associated (CRISPR Cas9) toolbox has led to higher preciseness and efficiency by introducing
a double stranded break at a specific location and recruiting the cell’s homology directed repair
(HDR) mechanism to the target site. None the less, many organisms prefer the non-
homologous end joining (NHEJ) repair pathway resulting in low knock-in efficiency. One of
these species is Candida glabrata (C. glabrata), the most common cause of candidiasis after
Candida albicans. Increasing occurrences of resistance to antifungals stress the need for
effective gene editing tools to expand the knowledge on this pathogen in order to develop new
treatments. Since most CRISPR Cas9 techniques are not developed in C. glabrata specifically,
methods from mammalian cells are the major source of inspiration. This essay first gives an
overview over the CRISPR Cas9 method, deoxynucleic acid repair mechanisms and explains
how the application varies in different organisms. Further, several methods of HDR
enhancement are discussed and evaluated in order to propose an efficient knock-in procedure
in C. glabrata. Finally, the essay arrives at the conclusion that knockout or knockdown of
Ligase IV, which is a crucial part of the NHEJ machinery, would be able to impede NHEJ and
thereby enhance HDR in C. glabrata.
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1 Introduction

The development of the clustered regularly interspaced short palindromic repeats CRISPR
associated (CRISPR Cas9) tool for sequence specific modifications of the genome has
significantly broadened the scope of biotechnology. The main player in this technique is the
endonuclease Cas9 that introduces a double stranded break (DSB) in a precise location of the
genome. The repair mechanisms non-homologous end joining (NHEJ) and homology directed
repair (HDR) that come into place to reconnect the broken deoxynucleic acid (DNA) strands
facilitate the use in genetic engineering. It is relevant to the outcome and efficacy of the
experiment which of these two pathways is prevalent or active. While NHEJ introduces random
indel mutations HDR allows for precise modification of the DNA’s sequence. Consequently,
HDR offers a wider set of applications like base exchanges, knock-ins and deletions. However,
in many organisms NHEJ is the favored mechanism over HDR leading to low efficiency of
template incorporation. One of these organisms is Candida glabrata (C. glabrata), an
opportunistic pathogen and the most common cause of yeast infections after Candida albicans
(C. albicans). Resistances to accessible antifungals become increasingly more common.
Finding new effective treatments would be facilitated by the availability and use of an efficiently
working CRISPR Cas9 gene editing system. This essay gives an overview on the literature
describing the mechanism, use and ways of enhancement of CRISPR Cas9 and discusses
these strategies to accomplish efficient genome editing in C. glabrata.

2 Genetic engineering with CRISPR Cas9

Humans have modified the properties of living organisms for a long time, achieving e.g. more
fruitful crops or domestication of animals [1], [2]. One of the biggest advances in modifying
organisms came with the discovery of the genome and the central dogma of molecular biology
establishing DNA as the code to all structures of life [3]. Ever since, multiple tools have been
developed to manipulate the DNA sequence, each becoming more efficient and specific.
Nowadays, genetic engineering in a directed and precise manner has become the central
technique of research in the life sciences and biotechnology [4].

CRISPR Cas9 is a recently developed and highly accurate instrument used for genetic
engineering. In short, a DSB is introduced at a specific location in the DNA. This cut is then
repaired either by NHEJ or the template-based HDR allowing for gene knockouts, deletions or
knock-ins. CRISPR Cas 9 applies the endonuclease Cas9 that can bind a ribonucleic acid
(RNA) molecule called the guide RNA (gRNA). The protein is directed to the sequence within
the genome that corresponds to the gRNA’s sequence and is next to the protospacer adjacent
motif (PAM). Upon binding the target site specifically Cas9 cuts the DNA and introduces a DSB
(Figure 1 A) [5]-[8].

This technology was developed from part of the adaptive prokaryotic immune system. Bacteria
save part of the sequence from a pathogen that has attacked them previously in the CRISPR
region and use it to make the RNA that will direct the endonuclease. In case of a repeated
infection the pathogenic nucleic acid sequence is recognized and cleaved. The cut strands are
inactive and the infection is stopped. [9]

In comparison to earlier methods, CRISPR Cas9 comes with many advantages and fulfils
multiple requirements at the same time. First, the use of an RNA dependent endonuclease
allows a specific target localization leading to highly efficient placement of DSBs [10]. While
the previously established use of transcription activator-like effector nucleases (TALEN) or zinc
finger nucleases (ZFN) also allows for exact targeting in higher eukaryotic cells, it requires the
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design of a new protein [11]. On the other hand, design for CRISPR Cas9 is simplified as it is
restricted to nucleic acid sequences. At the same time, there are methods enabling directed
modification in prokaryotes and yeast such as homologous recombination. However, those
rely on a selection marker that is not needed in CRISPR Cas9 editing since in the latter
unrepaired DSBs are lethal resulting in negative selection. Additionally, the efficiency of the
Cas9 endonuclease activity facilitates its use in di- and polyploid strains enabling editing in the
case of multiple alleles [12]. Furthermore, the use of several gRNAs allows for simultaneous
targeting of different loci, accelerating multiplex genetic edits (Figure 1 B) [13], [14].
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Figure 1 The activity of the gRNA directed endonuclease Cas9 is highly specific and efficient allowing for precise cuts
(A) and multiplex genetic edits (B). (A)The endonuclease Cas9 recognizes its target site based on the associated gRNA. Upon
binding the target, a double stranded break is introduced. (B) The use of various gRNAs allows the Cas9 to target multiple sites
at the same time leading to multiplex gene edits.

2.1 Significance of repair mechanisms in CRISPR Cas9

An essential part of the CRISPR Cas9 procedure are the cellular repair pathways. While the
DSBs resulting from Cas9 are lethal, there are mechanisms able to mend the DNA. The two
main pathways are homology directed repair (HDR) and non-homologous end joining (NHEJ)
[15], [16]. These processes are highly conserved in eukaryotic cells [17].

In HDR the break in the DNA is completed based on a homologous piece of ds DNA that
serves as a repair template. This completing fragment can be provided either internally e.g. by
a homologous chromosome or derive from an external source by transformation [18]. In HDR
the DNA at the cut is resected mainly by the 5’ — 3’ exonuclease Exol upon recognition by the
Mrell-Rad50-Nbsl (MRN) complex. By resection the cell commits to proceed with HDR [19],
[20]. Homologous recombination is then initiated by invasion of the homologous DNA strand
facilitated by Rad51. The migration of the branch leads to formation of the Holliday junction,
which is then resolved by the MUS81-MMS4 dimer [21].

In NHEJ the broken DNA strands are reconnected haphazardly and without a template. As a
result, the majority of this kind of repair leads to insertions and deletions (indels). [16]. This
repair mechanism depends on the complex of Ku70 and Ku80 and the DNA dependent protein
kinase catalytic subunit that bind the separated strands. The ends are reconnected in the
following step by the DNA Ligase IV [22], [23].



Depending on the experimental design, the researcher relies on a different repair mechanism.
Gene knockouts often make use of NHEJ and selection of an appropriate site for the DSB. In
case the cut is located in a coding region, the resulting indel mutation can cause a change in
the reading frame or a premature stop codon. Consequently, there is a high chance that there
is no functional product resulting in a knockout of the targeted gene. Genome modifications
that require precise changes of the genome, such as gene knock-ins, single nucleotide
exchanges or exact deletions, requires HDR and the design of a template. The template design
includes homologous regions at the ends of the fragment and the final desired sequence in
between the homology arms [24].

2.2 CRISPR Cas9 protocols in different organisms

Introduction of the CRISPR Cas9 method significantly facilitated genome editing. Even though
the method relies to a large extent on the machinery introduced (Cas9 and gRNA), it has been
shown that not all tools are easily transferrable to another organism. One of the causes of
decreased efficiency can be variability in the expression of Cas9 and gRNA that can be
combatted e.g. by adjustment of promoters or codon optimization of Cas9 [25]-[27]. Other
issues arise from the elements that are provided within the organism like the DNA repair
mechanism regulation. A major limitation of using CRISPR Cas9 for gene editing experiments
is that many species favor NHEJ over HDR. Consequently, especially gene knock-ins are
inefficient because they rely on the HDR mechanism.

Modifying the genome of the commonly used model organism Saccharomyces cerevisiae (S.
cerevisiae) has proven to be straightforward compared to other organisms. Homologous
recombination and homology directed repair are very active pathways in baker's yeast.
Consequently, the HDR dependent and CRISPR Cas9 mediated deletions and insertions are
highly efficient without any further optimization [28]. On the other hand, NHEJ constitutes the
prevalent pathway in other fungi including Candida glabrata, lowering the efficiency of genetic
modification strategies [26], [29], [30].This preference can be coincides with the observation of
rare recombination events and the lack of a sexual cycle in C. glabrata, a trait shared with
many other fungal pathogens [31], [32].

Pathogenic yeast species are posing a growing threat as resistances to antifungals become
increasingly widespread. C. glabrata is the leading cause of candidiasis after C. albicans [33].
Despite sharing many morphological traits with the other pathological Candida species, it is
closer related to the model organism S. cerevisiae. Still, many aspects of C. glabrata’s
virulence remain uncertain [34], [35]. Therefore, enhancement of powerful genome editing
strategies is imperative to accelerate the research on this organism. The gained knowledge
will allow for the development of new drugs and therapies to combat the growing numbers of
resistances.

There have been studies looking for ways to enhance CRISPR Cas9 efficiency in C. glabrata
and other fungi specifically [26], [27], [36]. However, because of the closer relation to humans,
most reported improved CRISPR Cas9 protocols are designed in vertebrates or more
specifically mammals and human cell lines [37], [38]. The proximity of the species makes them
more alike. As a result, the closer related species represents a more exact model of the human
organism. Similarly to the pathogenic fungi, these organisms prefer NHEJ over HDR to
reconnect DSBs [39]. Since there are many conserved processes and pathways including DNA
repair mechanisms [17], improved methods that are developed for mammals can also inspire
new ways to enhance CRISPR Cas9 in the distant relative C. glabrata. Instead of yeast serving
as a model for mammalian cells the opposite would take place. Consequently, the numerous
methods developed for human and other mammalian species can give rise to potential
solutions in C. glabrata.



3 Strategies to efficient CRISPR Cas 9 mediated Knock-in

A knock-in describes the process of exchanging or adding a gene or part of it. As a result,
there is a gain or alteration of function that can be observed e.g. in the phenotype. One possible
application is the correction of mutations that lead to genetic diseases like cystic fibrosis. On
the other hand, mutations that are known to cause such dysfunctions can be introduced in
other species to create an animal model that allows a more in-depth study of the illness’s
physiology [40]. Moreover, many aspects of biotechnology rely on knock-ins e.g. metabolic
engineering [41]. These applications usually take place in unicellular model organisms that can
be handled easily. Replacing part of the genome in a directed manner has been a standard
procedure in the model organism S. cerevisiae for decades [42].

Knock-in strategies depend on the homologous recombination pathway. In order to introduce
a gene at a specific location in the genome, a template with the according sequence has to be
introduce. Additionally, the ends of this piece of DNA with the required sequence consist of
short homology arms that correspond to the sequence adjacent to the target site. Further, the
fragment usually also includes a selection marker to facilitate the screen of positive
recombinants [43]. CRISPR Cas9 is applied to avoid the use of a marker. Since this method is
able to create DSBs efficiently in a precise location it can recruit the homology directed repair
machinery to a specific site of the genome. As a result, the recombination at the cut locus is
favored and the incorporation efficiency increased. Additionally, an unrepaired DSB is lethal to
the host. Consequently, the repair fragment does not need to include a marker for screening
[26], [44].

Integration or exchange of a sequence requires an active recombination pathway. Therefore,
gene knock-in experiments are conducted at high efficiency in the model organism S.
cerevisiae. Other organisms, such as mammals but also the closely related C. glabrata, favor
NHEJ over HDR leading to low efficiencies of these experiments. For this reason, there have
been many attempts to enhance knock-in effectiveness. Many of these studies focus on the
repair systems and look for ways to either downregulate NHEJ or upregulate HDR. Others
explore new ways to harness the CRISPR Cas9 machinery to improve gene knock-in
efficiency.

3.1 Favored selection of homology directed repair

In the case of a DSB many organisms prefer the repair via NHEJ over HDR. Genetic
engineering strategies often rely on homologous recombination. One possibility to increase
efficiency of such an experiment in these organisms is by devising methods to change the ratio
of HDR to NHEJ in favor of HDR.

Suppression of NHEJ is a possible approach to enhance the rate of HDR. One possibility to
achieve this is to impede the expression of parts that are crucial to the machinery by knockout
or knockdown. It has been observed in mouse and human cell lines, Drosophila melanogaster
and different yeast species including C. glabrata, Pichia ciferii and Pichia pastoris that lower
expression of DNA Ligase IV and/or Ku70 and Ku80 leads to increased homologous
recombination efficiency [36], [45]-[49].

The abundance of a protein can also be lowered by its degradation. Lig IV can be degraded
by the adenovirus 4 ubiquitination complex of E1B55K and E4orf6 [50]. Chu, et al. measured
a 8 times higher efficiency of homologous recombination when they promoted degradation of
the ligase by this complex instead of silencing it where they observed 4-5 fold increase.

Finally, another approach to disturb the NHEJ pathway is to inhibit its crucial components.
Activity of Lig IV can be impeded by the inhibitor SRC7 [51]. Application of this molecule during
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a HDR mediated knock-in experiment improved modification efficiency in multiple cases [46],
[52], [53]. Other molecules that have been discovered to inhibit NHEJ include NU7026 [54],
Trichostatin A, MLN4924, NSC 15520 [55]. Each of these have a different mechanism of action
and impede one of the components necessary for functional NHEJ. In the “CRISPY” mix,
multiple inhibitors are combined to achieve higher efficiency of NHEJ inhibition leading to an
up to 7.2-fold increase in HDR frequency [55].

Instead of disrupting NHEJ, stimulation of homologous recombination could be achieved by
the activation of HDR. RS-1 (3-((benzylamino) sulfonyl)-4-bromo-N-(4-bromophenyl)
benzamide) has been shown to be an activator of the protein Rad51 that is crucial to the
initiation of homologous recombination in human cells [56]. Use of this molecule was able to
increase CRISPR Cas9 efficiency 2 — 5 fold in rabbit [57].

NHEJ is active all throughout the cell cycle to repair possible DSB. In contrast, HDR reaches
a peak in activity during S/G2 (Figure 2) [58]. This knowledge can be used in order to time
experiments correctly. One possibility to do so is the application of cell cycle progression
inhibitors. It has been shown that the efficiency of HDR can be increased 2-3 fold in human
cells when CDCY7 is inhibited by XL413 [59]. According to the authors, XL413 increases the
population of cells in early S phase, where the amount of DNA repair proteins is high and HDR
is favored.
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Figure 2 While NHEJ is active throughout the cell cycle HDR activity peaks in S/G2 phase.

Another way to enhance HDR, that has not been explored in literature so far, can be facilitated
by increasing the abundance of essential HDR components. One way to achieve this could be
by introducing an overexpression plasmid that encodes the needed proteins into the organism.
On the other hand, the expression from the cell’s own genome could be activated. Chromatin
remodeling has been used previously to express otherwise silent gene clusters in fungi [60],
[61]. However, this method could lead to many off target effects as it uses non-specific histone
deacetylases to change DNA packaging. Instead, the use of small activating RNAs (saRNAS)
[62], [63] or a deactivated Cas9 (dCas9) that is fused to an expression activator [64]—-[67] are
more directed methods. Interesting targets for overexpression could be the exonucleases
involved in the resection of the DNA at the cut as resection commits the cell to repair the DSB
by means of homologous recombination [18]. One of those enzymes is Exol which is involved
in the extension of the resection. Increased abundance of Exol could support favoring of HDR
over NHEJ. However, there are no reports in literature supporting the overexpression of HDR
components to achieve enhanced homologous recombination.

Further elucidation of the regulation of repair mechanisms concerning the components, timing,
checkpoints or signaling pathways could propose new methods to enhance HDR.

3.2 Modification of the standard CRISPR Cas9 methodology
3.2.1 Cas9 variants

The main component of the CRISPR Cas9 machinery is Cas9 which introduces a DSB
depending on the sequence of the associated gRNA. The endonuclease achieves a DSB
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thanks to its two catalytic nuclease sites (Figure 3 A). Protein engineering has provided
different variants of this enzyme to broaden the applications of the CRISPR Cas9 toolbox.

One of these modifications yielded nickases that cut still in a directed manner but just one of
the two strands (Figure 3 B). Application of two nickases would lead to paired nicks and
different overhangs depending on the way either enzyme is directed (Figure 3 C). Bothmer, et
al. investigated the effect of these overhangs on the selection of the repair mechanism in
human cell lines. According to the authors, paired nicks that lead to 3’ overhangs prefer the
NHEJ repair mechanism, similarly to DSB. On the other hand, 5’ overhangs stimulate the HDR
mechanism [39]. Consequently, the CRISPR Cas9 experiment could be designed to yield 5
overhangs after digestion instead of the classical blunt cut to enhance homologous
recombination (Figure 3 C).
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Figure 3 Engineering of the RNA guided endonuclease Cas9. (A) The native Cas9 enzyme has two cut catalytical sites and
is able to introduce double stranded breaks. (B) When either one of them is mutated and becomes inactive only one of the strands
can be cut and the protein is transformed into a nickase. (C) The application of two nickases can lead to either 5 or 3’ overhangs,
depending on the targeting strategy. The cut DNA is then repaired by the cells repair mechanisms. The choice of the process is
influenced by the nature of the overhangs. While 3’ overhangs are usually reconnected by NHEJ, 5’ overhangs increase HDR.

Howden, et al. followed the approach to reduce NHEJ by selecting the optimal time for CRISPR
Cas9 to be active. By fusing the endonuclease with the Geminin protein [68] the complex is
degraded in the late M and G1 phases. As a result, the abundance of Cas9 is highest during
S phase, when also HDR is the most active. Application of the Cas9-Geminin fusion has been
observed to reduce NHEJ mediated indel mutations at the target site, while leading to a similar
amount of HDR in human pluripotent stem cells [69]. Similar use of a Cas9 — Geminin fusion
in HEK293T cells did increase the efficiency of HDR by up to 87 %, while maintaining
unchanged levels of unwanted indel mutations [70].



3.2.2 Repair based on a single stranded template

Single stranded annealing is another pathway to reconnect cut DNA. Just like in HDR a
template is heeded for the repair, but instead of the ds DNA a single stranded oligonucleotide
is used. This process has been shown to be more efficient than canonical HDR, while relying
on quite short homology arms of approximately 100 bp [71]-[73].

Efficient additions with ssDNA inserts (Easi)-CRISPR is a method developed in mice relying
on such a single stranded donor. [73]. The authors report an upper limit for the single stranded
template of around 2 kb [74]. This template needs to be synthetized from double stranded DNA
by transcribing it into RNA first that is then reverse transcribed into the single strand using a
reverse transcriptase [75].

In order to further increase the efficiency of this repair mechanism, Aird, et al. fused the single
stranded repair fragment to the Cas9 enzyme. As a result, the homologous template is in
proximity of the cut site and can be utilized immediately to reconnect the cut DNA accordingly.
This procedure yielded an up to 100-fold increase in recombination frequency in human cell
lines [76].

3.2.3 Short insertions and single nucleotide exchanges

Efforts over the past years have recognized that especially minor changes to the genome can
be mediated without a DSB in the genome. Such approaches minimize possible DNA damage
and eliminate the need for a separate DNA template. One example is base editing, in which a
deactivated Cas9 is fused with a deaminase [77], [78] typically leading to the specific
conversion of cytosine to thymine [79] or adenine to guanine [80]. However, there are currently
no methods to do the base transversion reactions. A method that tackles this problem is prime
editing [81]. Prime editing uses a modified Cas9 that introduces a single stranded cut fused to
a reverse transcriptase. The transcriptase uses the modified prime editing gRNA as a template
to insert or delete sequences or introduce point mutations. The authors were able to achieve
insertions of up to 44 base pair, deletions of up to 80 base pairs and numerous single
nucleotide exchanges including transversions that are impossible with base editing. Both
methods have the advantage of being independent from the repair mechanisms. At the same
time, all components of the machinery are provided externally suggesting transferability
between organisms.

4 Discussion

Ever since its discovery, the CRISPR Cas9 machinery has turned out to be a very useful and
practical tool for genetic engineering. Thanks to the gRNA directed endonuclease target sites
can be selected easily by editing the gRNA coding sequence on DNA level. In comparison to
the previous methods TALEN or ZFN no protein engineering is required. At the same time, the
highly specific endonuclease can introduce DSBs to evoke repair mechanisms at virtually any
location of the genome. The repair mechanisms NHEJ or HDR can be utilized for genetic
engineering either by random indel mutations or based on a homologous repair fragment
respectively. Additionally, modifications to the enzyme have broadened the applications of this
method changing the activity from an endonuclease to a nickase or completely abolishing the
endonuclease activity.

Most gene editing strategies, including CRISPR Cas9, depend on the homology directed repair
pathway, which is highly active in some organisms such as the model organism S. cerevisiae.
However, other organisms including mammals and pathogenic fungi favor NHEJ. For this
reason, many enhancements have been developed to yield a higher efficiency homologous
recombination in these systems.
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4.1 Mammalian cells as model for enhanced CRISPR Cas9 methods

Despite the distant relation yeast has been established as a model organism to learn about
processes in human cells. This is possible because of the conservation of many pathways and
components. The degree of especially functional conservation of many proteins is astonishing
and also includes the DNA repair mechanisms and most components crucial to NHEJ and
HDR. As a consequence, it is likely that the results observed in one case can be also expected
in a different setting allowing for the use of model organisms.

Research on the unicellular S. cerevisiae provided a lot of insights about the physiology of
eukaryotes. The main advantages of using yeast are its ease of use and handling and the high
degree of characterization. Since there are many labs working in this organism, many protocols
have been established and optimized for it. None the less, working with this model system
comes with certain limitations as there are decisive differences between yeast and mammalian
or human cells like the cell wall around yeast or the size. Use of more elaborate and closer
related systems like mouse models or human cell lines are needed to provide a more similar
model of humans and to verify insights from yeast.

The clear advantage of a more similar system led to the development of many methods, e.g.
the enhancement of CRISPR Cas9, especially for mammalian cells. Similarly to yeast being
an established model for mammalian cells because of the conservation, knowledge gained
from mammalian cells can provide insights to the work with yeast or other fungi. Consequently,
when looking for experimental strategies in fungi, protocols from mammalian cells can be a
source of inspiration, especially since both systems have lower efficiency or homologous
recombination because NHEJ is the preferred repair mechanism. It should be kept in mind
though that most of the time minor differences can affect the outcome and efficiency of
experiments. For that reason, approaches that have been tried only in mammalian cells should
be tested in fungi before final conclusions can be drawn. None the less, there is a high chance
that after some optimization most protocols will work similarly across species.

4.2 Methods to improve CRISPR Cas9 efficiency

Most of the optimized CRISPR Cas9 editing protocols focus on the repair mechanism bias.
These methods influence the cell to increase their efficiency of homology directed repair. First,
downregulation of NHEJ by silencing or knocking out key components of the machinery forces
the cell to repair a DSB using HDR in order to survive this disruption of their genome. Many
studies across species have shown that lower abundance, deletion or inhibition of Ku70, Ku80
or Lig IV lead to higher efficiency of homologous recombination. The permanent knockout of
the central NHEJ machinery can have side effects, especially if the target protein’s function is
not specific to one process. For this reason, the target selection should consider the amount
of knowledge that has been gathered on the compound and what functionalities have been
reported to date. Consequently, the knockout of the exclusive Lig IV should be favored over
Ku70 and Ku80 proteins which are associated with functions outside of NHEJ [23], [47], [82].
To decrease the possibility of undesired consequences from missing genes, transient methods
like knockdown, inhibition or degradation could be more appropriate. At the same time, it
should be kept in mind that an insufficient decrease in abundance or activity could not enhance
the efficiency to the same extent as a full knockout would. Additionally, reported inhibitors for
NHEJ components could have other effects in another species like cytotoxicity. A strong
argument for non-permanent methods is given by Chu, et al. who observed the strongest
improvement of homologous recombination in mammalian cells using the specific
ubiquitination complex from adenovirus 4 to degrade the ligase. The application of the E1B55K
and E4orf6 complex should be tested in C. glabrata to confirm its efficacy in a different
organism.



Another aspect that can be modified to yield higher efficiency is the CRISPR Cas9 method.
The introduction of different engineered Cas9 enzymes such as nickases or fusion proteins
have broadened the applications of this technique. The use of two nickases allows for breaks
with overhangs instead the usual blunt DSB. The nature of these overhangs influences the
repair pathway selection and 5’ overhangs have been reported to enhance HDR in mammalian
cells. While many components of the repair systems are conserved, there could be differences
in the regulation meaning that the different overhangs do not lead to the same effect in C.
glabrata. By fusing Cas9 with geminin researchers yielded an enzyme that would be degraded
at the times of HDR being inactive. Depending on the methodic details and human cell line
either a reduction of NHEJ or an increased number or homologous recombination events was
observed. This variability of results within one species suggests that there could be many
differences in the processing of geminin in species as distantly related as yeast and mammals.
Both methods would need to be implemented in the studied organism to draw final conclusions
about their effect on efficiency.

Finally, methods that do not depend on the homology directed repair pathway in the first place
show higher efficiency. They either use enzymes that are fused to Cas9 to modify the DNA
sequence immediately upon Cas9 binding or apply the single stranded annealing process.
While base editing is applied to change single nucleotides with deaminases, prime editing uses
a modified gRNA as template allowing for insertions up to 44 base pairs. Longer inserts, up to
2 kb, can be generated using the SSA pathway and a single stranded template. However, the
manual generation of a single stranded 2 kb long DNA fragment adds a lot of experimental
steps and could lead to higher inaccuracy and variability in outcome. While these methods
should be transferable between organisms as all components needed for editing are supplied
externally, the limitations in insert length and extra steps limit their applications considerably.

While many methods have been explored, there are no reports in literature on increasing the
abundance of HDR components. While there are multiple ways to achieve higher levels of a
protein using saRNAs or dCas9, many of them are hardly optimized for application in yeast or
not tested at all in the organism. On the other hand, techniques used in yeast such as
chromatin modelling with histone deacetylases are not directed or sufficiently specific to reach
the desired outcome.

4.3 Combination of methods

In order to yield even higher efficiency different approaches could be applied at the same time.
The frequency of HDR could be increased further e.g. by simultaneous knockdown of the NHEJ
machinery and activation of HDR components. Another example could be the use of paired
nickases and NHEJ inhibitors. While, the additive effect of numerous agents could in fact lead
to an increased productivity of the experiment, different techniques can also influence each
other negatively. Moreover, the additional protocols performed usually lead to a higher
workload and more stress to the cell. For that reason, combined use of multiple enhancement
approaches should be tested quantitively to properly decide, whether it is beneficial or not.

One example from literature is a combination of multiple NHEJ inhibitors tested by Riesenberg,
et al.. The “CRISPY” mix increases efficiency compared to the use of a single inhibitor and
makes the procedure more robust toward changes of the studied organism as different
inhibitors are compatible with different cell lines. While the application of multiple inhibitors
instead of one does not lead to additional steps in the protocol, the increased load on the cell
could cause higher cytotoxicity.



4.4 Conclusions

Homologous recombination is not a frequent mechanism in multiple organisms including
mammals and C. glabrata. As a result, knock-in experiments can be problematic because of
inefficiency. An efficient CRISPR Cas9 tool for gene editing in C. glabrata would facilitate the
research in this pathogenic fungus. However, many methods of CRISPR Cas9 enhancement
have been developed in mammalian cells. These techniques can provide helpful insights for
improved C. glabrata protocols especially since the reasons for lower efficiency are the same
in both systems (preferred NHEJ) and there is a general conservation of mechanisms across
species.

Most technigues focus on the repair mechanism bias and force the cell to favor HDR over
NHEJ. This can be achieved either by impeding NHEJ or activation of HDR i.e. with NHEJ
inhibitors, HDR activators, knockdown or knockout of NHEJ machinery or correct timing. Other
approaches seek to modify the CRISPR Cas9 machinery, e.g. by applying Cas9 fusion proteins
that lead to higher HDR efficiency. Also, the use of the single stranded annealing repair
pathway increases the incorporation. However, the template is single stranded posing
restrictions on the length of the insert. Similarly, methods that perform genetic modifications
without introducing any cuts are very restricted considering the length of the insert.

Because of numerous studies across different organisms including C. glabrata showing
increased HDR efficiency upon knockdown or knockout of the NHEJ enzyme Lig IV, there is a
high chance of successful application of this approach. Since a knockdown is transient as there
are no permanent modifications of the genome, the physiology of the organism is not affected
in the long term. In the case of a knockout the function has to be reinstated in order to exclude
any secondary effects. To use inhibitors that are not designed for C. glabrata instead would be
simpler because it does not require the establishment of a knockdown or knockout method.
However, it could show undesired effects in the different organism or result in cytotoxicity.
While both these approaches are influencing the cell’s physiology, Cas9 fusions or paired
nickases could portray more orthogonal techniques. However, since there are no reports on
applying those methods in fungi, there is a high possibility that the components would need
optimization.

In conclusion, impairment of Lig IV preferably by knockdown is the most likely to yield the
desired outcome. In case the knockdown is not efficient enough to reduce the enzyme’s level
sufficiently, a knockout with subsequent reintegration should lead to efficient CRISPR Cas9
mediated knock-ins in Candida glabrata.

10



5 Bibliography

[1]
(2]
[3]
[4]

[5]
[6]

[7]

(8]
[9]

[10]

[11]

[12]
[13]
[14]
[15]
[16]
[17]

[18]

[19]
[20]

[21]

[22]

J. Clutton-Brock, “Domesticated animals from early times.,” Domest. Anim. from early
times., 1981.

F. N. Briggs and P. F. Knowles, “Introduction to plant breeding.,” Introd. to plant
breeding., 1967.

F. Crick, “Central dogma of molecular biology,” Nature, vol. 227, no. 5258, pp. 561-563,
1970.

H. Daniell and A. Dhingra, “Multigene engineering: Dawn of an exciting new era in
biotechnology,” Current Opinion in Biotechnology, vol. 13, no. 2. Elsevier Ltd, pp. 136—
141, 01-Apr-2002.

J. A. Doudna and E. Charpentier, “The new frontier of genome engineering with
CRISPR-Cas9,” Science (80-. )., vol. 346, no. 6213, p. 1258096, Nov. 2014.

M. Jinek, K. Chylinski, I. Fonfara, M. Hauer, J. A. Doudna, and E. Charpentier, “A
programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity,”
Science (80-. )., vol. 337, no. 6096, pp. 816-821, Aug. 2012.

F. A. Ran, P. D. Hsu, J. Wright, V. Agarwala, D. A. Scott, and F. Zhang, “Genome
engineering using the CRISPR-Cas9 system,” Nat. Protoc., vol. 8, no. 11, pp. 2281-
2308, 2013.

P. Mali et al., “RNA-guided human genome engineering via Cas9,” Science (80-. )., vol.
339, no. 6121, pp. 823-826, Feb. 2013.

F. J. M. Mojica, C. Diez-Villasefior, J. Garcia-Martinez, and E. Soria, “Intervening
sequences of regularly spaced prokaryotic repeats derive from foreign genetic
elements,” J. Mol. Evol., vol. 60, no. 2, pp. 174-182, Feb. 2005.

B. P. Kleinstiver et al., “High-fidelity CRISPR-Cas9 nucleases with no detectable
genome-wide off-target effects,” Nature, vol. 529, no. 7587, pp. 490-495, Jan. 2016.
T. Gaj, C. A. Gersbach, and C. F. Barbas, “ZFN, TALEN, and CRISPR/Cas-based
methods for genome engineering,” Trends in Biotechnology, vol. 31, no. 7. pp. 397-405,
Jul-2013.

V. Stovicek, C. Holkenbrink, and I. Borodina, “CRISPR/Cas system for yeast genome
engineering: advances and applications,” FEMS Yeast Res., vol. 17, no. 5, Aug. 2017.
O. W. Ryan et al., “Selection of chromosomal DNA libraries using a multiplex CRISPR
system,” vol. 3, p. 3703, 2014.

L. Cong et al., “Multiplex genome engineering using CRISPR/Cas systems,” Science
(80-.)., vol. 339, no. 6121, pp. 819-823, Feb. 2013.

M. Shrivastav, L. P. De Haro, and J. A. Nickoloff, “Regulation of DNA double-strand
break repair pathway choice,” Cell Res., vol. 18, no. 1, pp. 134-147, Jan. 2008.

M. Jasin and R. Rothstein, “Repair of strand breaks by homologous recombination,”
Cold Spring Harb. Perspect. Biol., vol. 5, no. 11, 2013.

E. M. Taylor and A. R. Lehmann, “Review: Conservation of eukaryotic DNA repair
mechanisms,” Int. J. Radiat. Biol., vol. 74, no. 3, pp. 277-286, Jan. 1998.

Y. Aylon and M. Kupiec, “New insights into the mechanism of homologous
recombination in yeast,” Mutation Research - Reviews in Mutation Research, vol. 566,
no. 3. pp. 231-248, May-2004.

L. S. Symington, “End resection at double-strand breaks: Mechanism and regulation,”
Cold Spring Harb. Perspect. Biol., vol. 6, no. 8, 2014.

L. S. Symington and J. Gautier, “Double-Strand Break End Resection and Repair
Pathway Choice,” Annu. Rev. Genet., vol. 45, no. 1, pp. 247-271, Dec. 2011.

A. Sancar, L. A. Lindsey-Boltz, K. Unsal-Kagmaz, and S. Linn, “Molecular Mechanisms
of Mammalian DNA Repair and the DNA Damage Checkpoints,” Annu. Rev. Biochem.,
vol. 73, no. 1, pp. 39-85, Jun. 2004.

H. H. Y. Chang, N. R. Pannunzio, N. Adachi, and M. R. Lieber, “Non-homologous DNA
end joining and alternative pathways to double-strand break repair,” Nature Reviews
Molecular Cell Biology, vol. 18, no. 8. Nature Publishing Group, pp. 495-506, 01-Aug-
2017.

11



[23]
[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]

[42]

J. M. Daley, P. L. Palmbos, D. Wu, and T. E. Wilson, “Nonhomologous End Joining in
Yeast,” Annu. Rev. Genet., vol. 39, no. 1, pp. 431-451, Dec. 2005.

H. Wang, M. La Russa, and L. S. Qi, “CRISPR/Cas9 in Genome Editing and Beyond,”
Annu. Rev. Biochem., vol. 85, no. 1, pp. 227-264, Jun. 2016.

D. Liu et al., “Efficient Gene Targeting in Zebrafish Mediated by a Zebrafish-Codon-
Optimized Cas9 and Evaluation of Off-Targeting Effect,” Journal of Genetics and
Genomics, vol. 41, no. 1. pp. 43-46, 20-Jan-2014.

H. Raschmanova, A. Weninger, A. Glieder, K. Kovar, and T. Vogl, “Implementing
CRISPR-Cas technologies in conventional and non-conventional yeasts: Current state
and future prospects,” Biotechnology Advances, vol. 36, no. 3. Elsevier Inc., pp. 641—
665, 01-May-2018.

A. Weninger, A. M. Hatzl, C. Schmid, T. Vogl, and A. Glieder, “Combinatorial
optimization of CRISPR/Cas9 expression enables precision genome engineering in the
methylotrophic yeast Pichia pastoris,” Journal of Biotechnology, vol. 235. Elsevier B.V.,
pp. 139-149, 10-Oct-2016.

J. E. DiCarlo, J. E. Norville, P. Mali, X. Rios, J. Aach, and G. M. Church, “Genome
engineering in Saccharomyces cerevisiae using CRISPR-Cas systems,” Nucleic Acids
Res., vol. 41, no. 7, pp. 4336—-4343, Apr. 2013.

M. A. Pfaller and D. J. Diekema, “Epidemiology of invasive candidiasis: A persistent
public health problem,” Clinical Microbiology Reviews, vol. 20, no. 1. pp. 133-163, Jan-
2007.

L. Lombardi, J. Oliveira-Pacheco, and G. Butler, “ Plasmid-Based CRISPR-Cas9 Gene
Editing in Multiple Candida Species ,” mSphere, vol. 4, no. 2, Mar. 2019.

A. R. Dodgson, C. Pujol, M. A. Pfaller, D. W. Denning, and D. R. Soll, “Evidence for
recombination in Candida glabrata,” Fungal Genet. Biol., vol. 42, no. 3, pp. 233-243,
2005.

G. Butler, “Fungal sex and pathogenesis,” Clinical Microbiology Reviews, vol. 23, no. 1.
pp. 140-159, Jan-2010.

M. A. Pfaller and D. J. Diekema, “Rare and emerging opportunistic fungal pathogens:
Concern for resistance beyond Candida albicans and Aspergillus fumigatus,” Journal of
Clinical Microbiology, vol. 42, no. 10. pp. 4419-4431, Oct-2004.

M. Marcet-Houben and T. Gabaldén, “The Tree versus the Forest: The Fungal Tree of
Life and the Topological Diversity within the Yeast Phylome,” PLoS One, vol. 4, no. 2,
p. e4357, Feb. 2009.

A. Roetzer, T. Gabaldén, and C. Schiiller, “From Saccharomyces cerevisiae to Candida
glabrata in a few easy steps: Important adaptations for an opportunistic pathogen,”
FEMS Microbiology Letters, vol. 314, no. 1. pp. 1-9, Jan-2011.

K. Ueno, J. Uno, H. Nakayama, K. Sasamoto, Y. Mikami, and H. Chibana, “Development
of a highly efficient gene targeting system induced by transient repression of YKU80
expression in Candida glabrata,” Eukaryot. Cell, vol. 6, no. 7, pp. 1239-1247, Jul. 2007.
T. O. Auer, K. Duroure, A. De Cian, J. P. Concordet, and F. Del Bene, “Highly efficient
CRISPR/Cas9-mediated knock-in in zebrafish by homology-independent DNA repair,”
Genome Res., vol. 24, no. 1, pp. 142-153, Jan. 2014.

X. D. Tang, F. Gao, M. J. Liu, Q. L. Fan, D. K. Chen, and W. T. Ma, “Methods for
enhancing clustered regularly interspaced short palindromic repeats/Cas9-mediated
homology-directed repair efficiency,” Frontiers in Genetics, vol. 10, no. JUN. Frontiers
Media S.A., 2019.

A. Bothmer et al.,, “Characterization of the interplay between DNA repair and
CRISPR/Cas9-induced DNA lesions at an endogenous locus,” Nat. Commun., vol. 8,
Jan. 2017.

P. Meneely, Genetic Analysis: Genes, Genomes, and Networks in Eukaryotes. 2014.
J. Nielsen, C. Larsson, A. van Maris, and J. Pronk, “Metabolic engineering of yeast for
production of fuels and chemicals,” Current Opinion in Biotechnology, vol. 24, no. 3. pp.
398-404, Jun-2013.

S. Scherer and R. W. Davis, “Replacement of chromosome segments with altered DNA
sequences constructed in vitro,” Proc. Natl. Acad. Sci. U. S. A., vol. 76, no. 10, pp.

12



[43]
[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

4951-4955, 1979.

R. Rothstein, “Targeting, Disruption, Replacement, and Allele Rescue: Integrative DNA
Transformation in Yeast,” Methods Enzymol., vol. 194, no. C, pp. 281-301, 1991.

F. David and V. Siewers, “Advances in yeast genome engineering,” FEMS Yeast
Research, vol. 15, no. 1. Oxford University Press, 2015.

A. Bozas, K. J. Beumer, J. K. Trautman, and D. Carroll, “Genetic analysis of zinc-finger
nuclease-induced gene targeting in Drosophila,” Genetics, vol. 182, no. 3, pp. 641-651,
Jul. 2009.

V. T. Chu et al., “Increasing the efficiency of homology-directed repair for CRISPR-
Cas9-induced precise gene editing in mammalian cells,” Nat. Biotechnol., vol. 33, no. 5,
pp. 543-548, May 2015.

Y. Cen, A. Fiori, and P. Van Dijck, “Deletion of the DNA ligase iv gene in candida
glabrata significantly increases gene-targeting efficiency,” Eukaryot. Cell, vol. 14, no. 8,
pp. 783-791, Aug. 2015.

C. Schorsch, T. Kéhler, and E. Boles, “Knockout of the DNA ligase IV homolog gene in
the sphingoid base producing yeast Pichia ciferrii significantly increases gene targeting
efficiency,” Current Genetics, vol. 55, no. 4. pp. 381-389, 2009.

A. Weninger, J. E. Fischer, H. Raschmanova, C. Kniely, T. Vogl, and A. Glieder,
“Expanding the CRISPR/Cas9 toolkit for Pichia pastoris with efficient donor integration
and alternative resistance markers,” J. Cell. Biochem., vol. 119, no. 4, pp. 3183-3198,
Apr. 2018.

C. Y. Cheng, T. Gilson, F. Dallaire, G. Ketner, P. E. Branton, and P. Blanchette, “The
E4orf6/E1B55K E3 Ubiquitin Ligase Complexes of Human Adenoviruses Exhibit
Heterogeneity in Composition and Substrate Specificity,” J. Virol., vol. 85, no. 2, pp.
765-775, Jan. 2011.

M. Srivastava et al., “An inhibitor of nhonhomologous end-joining abrogates double-
strand break repair and impedes cancer progression,” Cell, vol. 151, no. 7, pp. 1474—
1487, Dec. 2012.

T. Maruyama, S. K. Dougan, M. C. Truttmann, A. M. Bilate, J. R. Ingram, and H. L.
Ploegh, “Increasing the efficiency of precise genome editing with CRISPR-Cas9 by
inhibition of nonhomologous end joining,” Nat. Biotechnol., vol. 33, no. 5, pp. 538-542,
May 2015.

S. V. Vartak and S. C. Raghavan, “Inhibition of nonhomologous end joining to increase
the specificity of CRISPR/Cas9 genome editing,” FEBS Journal, vol. 282, no. 22.
Blackwell Publishing Ltd, pp. 4289—-4294, 01-Nov-2015.

K. Suzuki et al.,, “In vivo genome editing via CRISPR/Cas9 mediated homology-
independent targeted integration,” Nature, vol. 540, no. 7631, pp. 144-149, Dec. 2016.
S. Riesenberg and T. Maricic, “Targeting repair pathways with small molecules
increases precise genome editing in pluripotent stem cells,” Nat. Commun., vol. 9, no.
1, Dec. 2018.

K. Jayathilaka et al., “A chemical compound that stimulates the human homologous
recombination protein RAD51,” Proc. Natl. Acad. Sci. U. S. A., vol. 105, no. 41, pp.
15848-15853, Oct. 2008.

J. Song, D. Yang, J. Xu, T. Zhu, Y. E. Chen, and J. Zhang, “RS-1 enhances
CRISPR/Cas9- and TALEN-mediated knock-in efficiency,” Nat. Commun., vol. 7, Jan.
2016.

D. P. Mathiasen and M. Lisby, “Cell cycle regulation of homologous recombination in
Saccharomyces cerevisiae,” FEMS Microbiology Reviews, vol. 38, no. 2. pp. 172-184,
Mar-2014.

B. Wienert et al.,, “Timed inhibition of CDC7 increases CRISPR-Cas9 mediated
templated repair,” bioRxiv, p. 500462, 2018.

R. B. Williams, J. C. Henrikson, A. R. Hoover, A. E. Lee, and R. H. Cichewicz,
“Epigenetic remodeling of the fungal secondary metabolome,” Org. Biomol. Chem., vol.
6, no. 11, pp. 1895-1997, 2008.

A. A. Brakhage and V. Schroeckh, “Fungal secondary metabolites - Strategies to
activate silent gene clusters,” Fungal Genetics and Biology, vol. 48, no. 1. pp. 15-22,

13



[62]

[63]

[64]

[65]

[66]

[67]
[68]

[69]

[70]

[71]
[72]

[73]

[74]

[75]

[76]

[771]

[78]

[79]

[80]
[81]

[82]

Jan-2011.

S.-M. Li and J. Hu, “Small Activating RNAs: Towards Development of New Therapeutic
Agents and Clinical Treatments,” Curr. Pharm. Biotechnol., vol. 19, no. 8, pp. 622—-630,
Aug. 2018.

L. C. Li et al., “Small dsRNAs induce transcriptional activation in human cells,” Proc.
Natl. Acad. Sci. U. S. A., vol. 103, no. 46, pp. 17337-17342, Nov. 2006.

D. Balboa, J. Weltner, S. Eurola, R. Trokovic, K. Wartiovaara, and T. Otonkoski,
“Conditionally Stabilized dCas9 Activator for Controlling Gene Expression in Human Cell
Reprogramming and Differentiation,” Stem Cell Reports, vol. 5, no. 3, pp. 448-459, Sep.
2015.

A. Chavez et al., “Highly efficient Cas9-mediated transcriptional programming,” Nat.
Methods, vol. 12, no. 4, pp. 326—328, Mar. 2015.

R. Ferreira et al., “Model-Assisted Fine-Tuning of Central Carbon Metabolism in Yeast
through dCas9-Based Regulation,” ACS Synth. Biol., vol. 8, no. 11, pp. 2457-2463,
Nov. 2019.

E. D. Jensen et al.,, “Transcriptional reprogramming in yeast using dCas9 and
combinatorial gRNA strategies,” Microb. Cell Fact., vol. 16, no. 1, Mar. 2017.

A. Sakaue-Sawano et al., “Visualizing Spatiotemporal Dynamics of Multicellular Cell-
Cycle Progression,” Cell, vol. 132, no. 3, pp. 487-498, Feb. 2008.

S. E. Howden et al., “A Cas9 Variant for Efficient Generation of Indel-Free Knockin or
Gene-Corrected Human Pluripotent Stem Cells,” Stem Cell Reports, vol. 7, no. 3, pp.
508-517, Sep. 2016.

T. Gutschner, M. Haemmerle, G. Genovese, G. F. Draetta, and L. Chin, “Post-
translational Regulation of Cas9 during G1 Enhances Homology-Directed Repair,” Cell
Rep., vol. 14, no. 6, pp. 1555-1566, Feb. 2016.

C. D. Richardson et al., “CRISPR-Cas9 genome editing in human cells occurs via the
Fanconi anemia pathway,” Nat. Genet., vol. 50, no. 8, pp. 1132-1139, Aug. 2018.

M. A. DeWitt et al., “Selection-free genome editing of the sickle mutation in human adult
hematopoietic stem/progenitor cells,” Sci. Transl. Med., vol. 8, no. 360, Oct. 2016.

H. Miura, R. M. Quadros, C. B. Gurumurthy, and M. Ohtsuka, “Easi-CRISPR for creating
knock-in and conditional knockout mouse models using long ssDNA donors,” Nat.
Protoc., vol. 13, no. 1, pp. 195-215, Jan. 2018.

R. M. Quadros et al., “Easi-CRISPR: A robust method for one-step generation of mice
carrying conditional and insertion alleles using long ssDNA donors and CRISPR
ribonucleoproteins,” Genome Biol., vol. 18, no. 1, May 2017.

H. Miura, C. B. Gurumurthy, T. Sato, M. Sato, and M. Ohtsuka, “CRISPR/Cas9-based
generation of knockdown mice by intronic insertion of artificial microRNA using longer
single-stranded DNA,” Sci. Rep., vol. 5, Aug. 2015.

E. J. Aird, K. N. Lovendahl, A. St. Martin, R. S. Harris, and W. R. Gordon, “Increasing
Cas9-mediated homology-directed repair efficiency through covalent tethering of DNA
repair template,” Commun. Biol., vol. 1, no. 1, Dec. 2018.

G. T. Hess, J. Tycko, D. Yao, and M. C. Bassik, “Methods and Applications of CRISPR-
Mediated Base Editing in Eukaryotic Genomes,” Mol. Cell, vol. 68, no. 1, pp. 26-43,
Oct. 2017.

H. A. Rees and D. R. Liu, “Base editing: precision chemistry on the genome and
transcriptome of living cells,” Nat. Rev. Genet., vol. 19, no. 12, pp. 770-788, Dec. 2018.
A. C. Komor et al., “Improved base excision repair inhibition and bacteriophage Mu Gam
protein yields C:G-to-T:A base editors with higher efficiency and product purity,” Sci.
Adv., vol. 3, no. 8, Aug. 2017.

N. M. Gaudelli et al., “Programmable base editing of AT to G+C in genomic DNA without
DNA cleavage,” Nature, vol. 551, no. 7681, pp. 464-471, Nov. 2017.

A. V. Anzalone et al., “Search-and-replace genome editing without double-strand breaks
or donor DNA,” Nature, 2019.

L. L. Rosas-Hernandez et al., “yKu70/yKu80 and Rif1 regulate silencing differentially at
telomeres in Candida glabrata,” Eukaryot. Cell, vol. 7, no. 12, pp. 2168-2178, Dec.
2008.

14



