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Abstract

In the United States, candidemia is one of the most common hospital-acquired infections and is
estimated to cause 10,000 deaths per year. The species Candida albicans is responsible for the
majority of these cases. As C. albicans is capable of developing resistance against the currently
available drugs, understanding the molecular basis of drug resistance, finding new cellular targets,
and further understanding the overall mechanism of C. albicans pathogenesis are important goals.
To study this pathogen it is advantageous to manipulate its genome. Numerous strategies of C.
albicans gene manipulation have been introduced. This review evaluates a majority of these
strategies and should be a helpful guide for researchers to identify gene targeting strategies to suit
their requirements.
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1. Introduction

Candida species are serious human fungal pathogens among immune compromised
individuals (Odds, 1994). Susceptible patients include those undergoing cancer
chemotherapy or organ transplantation, patients infected with HIV, and pre-mature infants
(Schelenz et al., 2011; Epstein et al., 2003; Muller et al., 1999). Candida blood stream
infections (candidemia) are life threatening among hospitalized immune-compromised
patients, including neonates (Fridkin et al., 2006). The incidence rate of hospital-acquired
candidemia is as high as 8 in every 100, 000 people (Kao et al., 1999). Today, candidemia is
one of the leading bloodstream infections in the United States with an annual cost of
treatment approaching $1 billion (Miller et al., 2001). Although infections with non-albicans
Candida species have emerged in recent years (Miceli et al., 2011), the species, C. albicans
is still responsible for the majority of cases (Horn et al., 2009; Ruhnke, 2006).
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Researchers have studied this pathogen for decades. As a result, there are several clinically
available drugs to treat C. albicans infections (De Rosa et al., 2009; Shao et al., 2007; Lai et
al., 2008). However, C. albicans has the ability to acquire resistance against many of these
drugs (Cannon et al., 2007; Casalinuovo et al., 2004). Therefore, even today there is a need
for additional drugs to inhibit this pathogen.

Molecular analysis of C. albicans has been particularly challenging for many reasons. C.
albicans has no clearly defined sexual cycle (Noble and Johnson, 2007). Moreover genetic
manipulation of C. albicans is not simple. First, the organism is diploid (Barnett, 2008;
Jones et al., 2004) and in most cases both alleles of a gene must be manipulated. Second,
compared to the highly studied yeast, Saccharomyces cerevisiae, C. albicans lacks natural
plasmids, such as the 2-micron plasmid, for use in transformation and shows lower
transformation and recombination frequencies making the manipulation of both alleles of a
gene even more challenging (De Backer et al., 2000; Magee et al., 2003). Third, C. albicans
shows non-conventional codon usage where the CUG codon is decoded as serine, not
leucine (Santos and Tuite, 1995). Therefore, when using marker gene sequences from other
organisms for gene manipulation in C. albicans, the codons need to be optimized. Fourth,
the use of selectable markers has been particularly challenging because some markers have
effects on virulence of the pathogen. In addition, C. albicans shows natural resistance to
drugs such as G418, hygromycin B and cycloheximide, which are used for selection in S.
cerevisiae (De Backer et al., 2000). This review highlights the milestones achieved for
effective methods to manipulate the C. albicans genome.

2. Nutritional Markers for Selection

Early researchers introduced mutations in the C. albicans genome by exposure to UV or
chemical mutagens. These methods left behind undesirable mutations that could not be
traced or repaired (Fonzi and Irwin, 1993).

Fonzi and Irwin (1993) used a clinical isolate of C. albicans (SC5314) to make a strain
(CAI4) that was auxotrophic for growth on uracil-deficient media. To do this, they disrupted
both copies of the URA3 gene in C. albicans using the imm434 region of the Agt10 bacterial
phage. This was the first time in the field of C. albicans research that a reliable parent strain
was available to introduce mutations into the genome of C. albicans.

In C. albicans, the URA3 gene encodes the enzyme, orotidine 5'-monophosphate
decarboxylase that catalyzes the conversion of orotidine 5'-monophosphate to uridine 5'-
monophosphate in the de-novo pyrimidine biosynthesis pathway (Lay et al., 1998). The
resulting CAl4 strain is unable to grow in the absence of uracil, hence URA3 gene could be
used as a dominant nutritional selectable marker in C. albicans.

Because of the use of URAS3 as a selectable marker to disrupt genes, the method is popularly
known as the “URA Blaster method”. Here, the gene of interest is disrupted using a cassette
that carries the URA3 gene flanked by two hisG sequences from Salmonella typhimurium
(Fig. 1A-1). After the initial transformation, the transformants are selected on uracil-
deficient media. Because the placement of two direct repeats of the hisG sequence at close
proximity in the genome is unstable, spontaneous recombination events can occur between
these hisG sequences. Such recombination events will loop out the URA3 gene and leave
behind one copy of the hisG sequence in the genome. The loopout event allows the re-
cycling of the URA3 marker for the disruption of the second allele. The use of URA3 is
specifically advantageous because it can also be counter selected. Therefore, in the next step
the cells that excise the URA3 gene by a recombination event between the hisG direct
repeats can be selected on 5-FOA (5-Fluoroorotic acid). An additional second
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transformation step potentially generates cells that are null for the gene of interest, if
recombination occurs at the wild-type allele.

The “URA Blaster” method was the method of choice for not only genetic manipulation of
C. alibicans, but also for constructing other parent strains that lacked additional nutritional
markers (Negredo et al., 1997; Wilson et al., 1999). However, during the construction of the
parent strain CAl4, the deletion construct also removed a portion of the 3’ end of the
adjacent gene, IRO1 (Garcia et al., 2001). IROL1 is a gene associated with iron utilization
(Garcia et al., 2001). Although there is no direct evidence that the loss of the 3" portion of
the IRO1 gene affects the virulence of the pathogen, iron uptake is known to be important
for growth of C. albicans (Ramanan and Wang, 2000). Further, the CAl4 strain is known to
show defective expression of 14 different proteins when compared to its parent, SC5314
(Brand et al., 2004).

When using the “URA Blaster” method for gene manipulation, the recombination between
hisG repeats leaves a scar (one copy of the hisG sequence) in the genome. In instances
where a promoter region of an adjacent gene is within or just following the termination
region of the gene of interest, leaving behind a scar could be detrimental as it might affect
the expression of the adjacent gene. Foreign DNA sequences can also cause rearrangements
in the genome or make further manipulations or evaluations more complex (Fehér et al.,
2008). For these reasons, gene manipulation without leaving a scar has become a goal in
other organisms as well (Storici et al., 2001; Cox et al., 2007; Liang and Liu, 2010).

Another drawback of using the “URA Blaster” method is that exposure to 5-FOA in the
second step is potentially mutagenic and can introduce chromosomal rearrangements
(Wellington et al., 2006). In addition, this method leaves a single copy of URA3 at the locus
of the gene of interest. Unfortunately almost half a decade later, researchers discovered that
the expression of URA3 at ectopic loci in the genome can affect the virulence of C. albicans
(Lay et al., 1998; Brand et al., 2004). URA3 gene expression in some strains disrupted by the
“URA Blaster” method, hence carrying URA3 in an ectopic location of the genome, showed
a 2 to 18 fold reduction in orotidine 5'-monophosphate decarboxylase enzyme activity (Lay
et al., 1998). Overall the change in the chromosomal location of the URA3 gene affected the
C. albicans Ura3 activity, hyphal morphogenesis, adherence and lethality in mice (Cheng et
al., 2003). Phenotypic changes in about 30% of the published papers at that time were, upon
reevaluation, due to the expression of URA3 at an ectopic location in the genome and not
due to the deletion of the gene of interest per se (Brand et al., 2004).

To overcome this problem, the single remaining copy of URA3 was removed from the locus
of the gene of interest and placed at a highly expressed locus such as, RPS1, ENO1, ARG4
or at the native locus of URA3 itself (Murad et al., 2000; Brand et al., 2004; Sundstrom et
al., 2002; Davis et al., 2000; Ramon and Fonzi, 2003). It was shown that 40% expression
from URA3 was adequate for full virulence affects of C. albicans on mice (Lay et al., 1998;
Brand et al., 2004). Therefore, replacing one copy of URA3 was considered adequate for a
reliable experiment. It was around this time that “reconstitution” of a mutant strain by
introduction of a wild-type copy of the gene to rescue the mutant phenotype was considered
an essential part of a C. albicans experiment (Magee et al., 2003; Brand et al., 2004).

As a result of the problems associated with the “URA Blaster” method, many researchers
developed alternative versions of the “URA Blaster” cassette or entirely new deletion
cassettes. Morschhauser et al. (1999) introduced the use of FLP recombinase system to
make a recyclable URA3 cassette to disrupt both copies of the gene of interest in the parent
strain CAl4 (URA Flipper). In this method, the URA3 marker is flanked by two direct
repeats of the Flp recombinase recognition site, FRT (Fig. 1A-2). The expression of the FLP
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recombinase gene is controlled by the inducible SAP2 promoter (secreted aspartyl proteinase
family 2). After transformation, the SAP2 promoter is activated and FLP is expressed. To
activate the SAP2 promoter the cells should be grown in YCB-BSA (Yeast Carbon Base and
Bovine Serum Albumin, pH4.0) media. The expressed Flp recombinase then recognizes the
FRT sites and loops out the URA3 gene by homologous recombination, making the
auxotrophic marker available for the second transformation (Fig. 1B). This method avoids
the use of 5-FOA and its associated mutagenic potential to counter select for URA3 gene.
However, similar to the “URA Blaster” cassette, the “URA Flipper” cassette also leaves
behind a scar (a single FRT sequence) in the genome, at the locus of the gene of interest.
Nevertheless the scar left behind is very small - only 34 base pairs. In addition, the method
requires that the cells are grown in YCB-BSA media to express Flp recombinase, which
could be undesirable for specific gene manipulations, such as genes associated with certain
metabolic processes and should be carefully considered.

Both “URA Blaster” and “URA Flipper” cassettes require several cloning steps to be
customized for the use of one’s own gene of interest. Wilson et al. (1999) tested the use of
relatively rapid PCR-amplified deletion cassettes to disrupt genes of interest in parent strains
that were derivatives of CAl4. They were, RM1000, auxotrophic for URA3 and HIS1
(Negredo et al., 1997) and BWP17, auxotrophic for URA3, HIS1 and ARG4 (Wilson et al.,
1999). A 50-60 base pair overhang of homologous sequences of the gene of interest on
either side of the selectable marker was found to be sufficient for disruption. Because this
gene cassette was not recyclable, they used two nutritional markers from the available
URA3, HIS1 or ARG4 to disrupt the two alleles.

Wilson et al. (2000) introduced a recyclable URA3 cassette that could be efficiently PCR
amplified. Since the cassette was recyclable a single nutritional marker could be used for
gene manipulation in C. albicans. In addition, this cassette saved an enormous amount of
time as it could be rapidly PCR amplified. The cassette is similar to the “Ura Blaster”
cassette with the exception that it does not carry the bulky hisG sequences, but instead
carries a 200 base pair region of the 3’ end of the URA3 gene, at its 5” end (Fig. 1A-3).
However, the method does leave behind a scar (200bp) after the recombination between the
repeating 3’ end sequences of the URA3 gene and also requires the use of 5-FOA.

Enloe et al. (2000) constructed a UAU1 cassette as a further development of this cassette
and implemented it on the parent strain, BWP17 (Fig. 1A-4). The importance of the UAU1
cassette is that it allows the disruption of both copies of the gene of interest with a single
transformation step. UAUL1 cassette has the URA3 gene disrupted by the ARG4 gene, but the
5’ end sequence of the URA3 gene also carries a 530 base pair sequence homology to its 3’
end sequence. Therefore, when transformed into the genome, recombination loops out the
ARG4 gene and makes a functional copy of URA3. This unique feature of the UAU1 cassette
allows selection of rare instances where both alleles of the gene are replaced by mitotic
recombination or gene conversion, in a single transformation step. These rare double-delete
cells are detected due to the presence of both, ARG4 and URA3 markers. However, these
potential homozygous deletion mutants need to be confirmed to rule out possible allelic
triplications, in which a wild-type allele is retained in spite of two alleles been replaced by
the cassette. This condition may arise due to known triplicated alleles in the genome,
increase in ploidy, tandem duplications or translocations (Enloe et al., 2000).

It is known that C. albicans has remarkable tolerance for aneuploidy (Rustchenko, 2007).
Aneuploidy refers to the gain or loss of full or parts of chromosomes that leads to an
alteration in the normal complement of chromosomes. Aneuploidy can affect the virulence
of C. albicans (Chen et al., 2004). The chromosome alterations were initially tested through
contour-clamped homogenous electric field gels (CHEF gels) and quantitative Southern blot
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hybridization, two fairly laborious methods (Thrash-Bingham and Gorman, 1992; Navarro-
Garcia et al., 1995; Chen et al., 2004). Selmecki et al. (2005) tested aneuploidy in C.
albicans laboratory strains using comparative genome hybridization (CGH). CGH allows
comprehensive analysis of genomic alterations across over 6000 ORFs of C. albicans in a
microarray format. Aneuploidy of the laboratory strains (CAl4 and BWP17) were tested
compared to the clinical isolate SC5314. The results suggested that the laboratory strain,
CAI4 had an unstable trisomy at chromosome 2 as it was not seen in the successive strains
derived from it. In addition, the laboratory strain BWP17 and its parent (RM1000#6)
showed a heterozygous deletion of the distal portion of right arm of chromosome 5.
Thereafter, more attention was paid to constructing parents strain that had no or minimal
karyotypic changes.

Noble and Johnson (2005) constructed parent strains that were auxotrophic for LEU2, HIS1
and ARG4 nutritional markers. The main strains constructed were, SN87 (auxotrophic for
LEU2 and HIS1), SN95 (auxotrophic for HIS1 and ARG4) and SN152 (auxotrophic for
LEU2, HIS1 and ARG4). Unlike many of the previously constructed parent strains, these
showed no karyotypic changes. All these strains have one copy of URA3 expressed at the
native locus. Using these strains, C. albicans genes are disrupted without the use of the
URA3 marker. These markers are not recyclable and are left at the locus of the gene of
interest (Fig. 1A-5). However, extensive tests indicate that expression of any of the above
nutritional markers in ectopic genomic locations did not affect the virulence of C. albicans.
They also initiated the use of heterologous marker genes from C. maltosa or C. dubliniensis
strains when disrupting genes in C. albicans to decrease recombination events at the
endogenous locus of the marker gene.

Dennison et al. (2005) adapted the popular Cre-loxP system for C. albicans gene disruption
in the BWP17 parent strain. In two separate transformation steps, the two copies of the gene
of interest are disrupted by nutritional markers such as HIS1 and ARG4, which are flanked
by loxP sequences. In a third step, a fragment flanked by arg4 sequences that carry both the
Cre recombinase under the control of the MET3 promoter and the nutritional marker URA3
is transformed into C. albicans (Fig. 1A-6). This fragment integrates into the ARG4 gene
that is disrupting one copy of the gene of interest. Next, activation of MET3 promoter
produces Cre recombinase, which catalyses the recombination between loxP sites, looping
out both the HIS1 and the Cre recombinase-URA3 fragment. The method requires three
transformation steps and leaves the null strain auxotrophic for all three nutritional markers.
The method also leaves behind only a 34 base pair scar (a single loxP sequence) at the locus
of the gene of interest.

Many deletion cassettes that were developed since the “URA blaster” method, allow one to
remove URA3 from the locus of the gene of interest and replace it at its native locus. It
should be noted that in addition to the multiple steps required to create the null mutant (gene
deletion and the subsequent step to loop out the URA3 gene), the URA3 gene replacement
step requires an additional transformation step. Unlike these methods, the UAU1 cassette
leaves the URA3 gene at the locus of the gene of interest (Enloe et al., 2000). This method
can still be useful so long as a reconstituted strain is created and shown to restore the wild-
type phenotype. Further, this method is faster (creates C. albicans null mutants with a single
transformation step) and will not leave behind any chromosomal rearrangements that may
arise due to the use of, 5-FOA since it avoids the use of this drug. Therefore, the UAU1
cassette seems to be prominent among the gene disruption methods that use URAS.
However, if one prefers to avoid the URA3 marker for selection altogether, the use of parent
strains that are auxotrophic for LEU2, HIS1 and ARG4 nutritional markers may be useful
(Noble and Johnson, 2005). This method uses two transformation steps, but does not require
additional steps to loop out the nutritional markers. To date, no drawbacks of retaining the
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LEUZ2, HIS1 or ARG4 markers at ectopic loci have been identified. Nevertheless the
resulting null mutant phenotypes should be validated by comparing phenotypes with an
isogenic strain that is reconstituted for the gene of interest.

In 2004, C. albcians was selected as the first eukaryotic pathogen for genome sequencing.
Jones et al. (2004) used the heterozygous diploid genome of the widely-used clinical isolate,
SC5314 to sequence the genome of C. albcians by using a whole-genome shotgun approach.
Thereafter, sequences of a majority of the C. albcians genes were available making gene
targeting in this organism much easier, faster, more efficient and, precise. Soon after,
d’Enfert et al. (2005) established the Candida Genome Database (CGD) using the genome
sequence of C. albicans and also enriched it with published literature on C. albicans. The
CGD (www.candidagenome.org) is a freely available valuable resource for researches in the
field because it is a reliable source of organized data, tools for data analysis and information
about the current research community.

3. Drug Markers for Selection

Some researchers have chosen to avoid entirely the use of nutritional markers to manipulate
the C. albicans genome. This is necessary if the genes of interest are in pathways affected by
nutritional status. Instead, drug resistance markers can be used. The use of drug makers also
opens way for testing clinical isolates as is, without creating any auxotrophic mutations.
This advantage heavily benefits the researchers that test C. albicans clinical isolates. For
example, clinical isolates can be tested to identify mechanisms of drug resistance, which will
be another phase of addressing the current problem of drug resistance seen in this pathogen
(Heilmann et al., 2010). The milestones in the development of these drug markers are
discussed below.

Goshorn and Scherer (1989) first identified dominant mycophenolic acid (MPA) resistant
mutants in C. albicans. MPA inhibits the inosine monophosphate dehydrogenase (Imh3)
enzyme that directs de novo synthesis of GMP. These mutants were used to study C.
albicans natural variants. Kohler et al. (1997) developed a strategy using IMH3 as a
selectable marker for C. albicans genetic manipulations. They overexpressed IMH3 from a
plasmid in the strain CAl4 and found that the successful transformants were far more
resistant to MPA compared to the wild-type strains. However, the method was not
developed to the level of chromosomal integration. Wirsching et al. (2000) used MPA
resistance as a dominant selectable marker for chromosomal gene disruptions. Here, they
used a form of the IMH3 gene that was mutated so as to avoid re-integration of the fragment
into the normal chromosomal copy of IMH3 in C. albicans. They adapted the “URA flipper”
strategy to this system whereby FRT recombination sites were positioned to flank the FLP
recombinase gene (driven by the SAP2 promoter) and the IMH3 gene (replacing URA3
selectable marker) to generate a “MPAR flipper” cassette (Fig. 1A-7). Using the MPAR
flipper method, genes of C. albicans can be disrupted even in a clinical isolate without the
use of any other auxotrophic markers. However, the method leaves behind a small 34 base
pair FRT sequence at the locus of the gene of interest. In addition, the transformants are
slow to appear and recombination is favored at the chromosomal IMH3 locus making the
process of screening for successful transformants time consuming and tedious. Deleting the
native IMH3 gene would be useful to reduce integration at this locus.

Reuss et al. (2004) used the drug nourseothricin as a dominant selectable marker for gene
disruption. They introduced into C. albicans cells the streptothricin acetyltransferase (SAT1)
gene (from bacterial transposon Tn1825) that confers resistance to the drug nourseothricin.
A FLP-mediated recyclable marker system was used with the FLP recombinase gene
regulated by the MAL2 (maltase) promoter and the SAT1 gene regulated by the ACT1
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promoter (SAT1 flipper) (Fig. 1A-8). However, the MAL2 promoter that is usually activated
when cells are grown in maltose instead of glucose was later found to be a leaky promoter.
Therefore FLP recombinase was expressed even when cells were grown in media with
glucose.

Shen et al. (2005) used the Streptomyces noursei natl (nourseothricin acetyltransferase)
gene adapted to suit C. albicans in a CaNAT1-FLP cassette. The CaNAT1 gene (regulated
by the Ashbya gossypii TEF1 promoter) and the FLP recombinase gene (regulated by the
SAP2 promoter) are flanked by FRT recombination sites, as in the “URA flipper” cassette
(Fig. 1A-9). Nourseothricin was found to have minimal affects on filamentation or cell
growth. However, the CaNAT1-FLP cassette also leaves a genomic scar in the form of a
single FRT sequence.

4. Other Markers for Selection

Limited uses of several other markers were also recorded in C. albicans gene disruption
experiments. Morschhauser et al. (1998) used green fluorescence protein (GFP) in a reporter
system with promoter and termination sequences from ACT1 gene to disrupt C. albicans
genes. The first transformation is selected by the expression of GFP. However the selection
of the second transformation depends on the increase in the intensity of GFP signal or the
use of a GFP variant with different spectral properties in the second round of transformation.
In addition, limited use of codon optimized firefly luciferase and renilla luciferase have been
recorded as methods of C. albicans gene disruption (Doyle et al., 2006; Srikantha et al.,
1996).

5. Disruption of Essential C. albicans Genes

In most cases, the disruption of non-essential genes is relatively straight forward, compared
to disruption of essential genes. Initially, the inability to obtain homozygous deletions was
used as evidence that a gene was essential. This was inherently tentative because it is a
negative result. Instead, conditional mutants were used to test the essentiality of genes. Here
one copy of the gene is deleted and the expression of the second copy is made conditional.
The essentiality of the gene is determined by measuring survival of C. albicans after a shift
to non-permissive conditions.

For example, Devasahayam et al. (2002) engineered a conditional allele of a gene of interest
(ESS1) based on prior work in S. cerevisiae. The mutated C. albicans gene, was first
demonstrated to be temperature sensitive (ts) in S. cerevisiae prior to its analysis in C.
albicans. The investigators then generated a ts strain of C. albicans by deleting one copy of
ESS1 and replacing the other with the engineered allele. The strain grew normally at
permissive temperature, but did not grow at restrictive temperature, demonstrating the
essentiality of ESS1 in C. albicans.

Roemer et al. (2003) developed the “GRACE method” (Gene Replacement And Conditional
Expression) for conditional expression of essential genes. In this method, the first copy of
the gene is disrupted by a cassette containing the HIS3 selectable marker (Roemer et al.,
2003). This cassette also has two distinct bar codes placed on either side allowing the rapid
and simple identification of the strain by PCR amplification. The second copy is placed
under the control of a tetracycline (Tet) regulatable promoter system using a codon
optimized SATL1 selectable maker (from E. coli) driven by the ACT1 promoter (Fig. 1A-10).
Under normal conditions the binding of the transactivator protein to the Tet responsive
promoter allows constitutive expression of the essential gene of interest. However, if the
cells are provided with tetracycline, the association between the transactivatior protein and
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the Tet responsive promoter is disrupted leading to repression of the gene. The method is
useful to identify a gradient of phenotypes from cidal, to static, to no growth phenotype.

Park and Morschhauser (2005) also used a tetracycline-regulatable system to make
conditional null mutants of essential genes. Instead of the “Tet-Off” system (the gene
regulated by tetracycline is turned off in the presence of the drug) explained above, Park and
Morschhéuser adapted a “Tet-On” system (the gene regulated by tetracycline is turned on in
the presence of the drug). The “Tet-On” system was made possible when Gossen et al.
(1995) recognized the reverse Tet repressor. In the “Tet-On” system, the reverse Tet
repressor (from E. coli) is fused to an activation domain (GAL4 form S. cerevisiae) to create
a reverse tetracycline-controlled transactivator (rtTA), which binds to the Tet responsive
promoter in the presence of the drug. This is in contrast to the usual behavior of the
transactivator that binds to the Tet responsive promoter in the absence of the drug.

To use this system, the essential gene of interest and the MPA resistance marker flanked by
FRT sites is transformed, disrupting one copy of the ACT1 gene. This copy covers the
requirement of the essential gene, allowing the native copies to be deleted. Next, a construct
that carries the URA3 selectable marker, the rtTA (codon optimized to be used in C.
albicans) and the FLP recombinase gene placed under a Tet-responsive promoter is
transformed, disrupting one copy of the ADH1 gene (Fig. 1A-11). Park and Morschh&user
used the tetracycline derivative, doxycycline instead of tetracycline in all of their
experiments, as the rtTA shows higher sensitivity to this derivative.

Under normal conditions, in the absence of doxycycline the FLP recombinase gene is not
expressed. However, if the cells are provided with doxycycline, the rtTA binds the Tet-
responsive promoter and transcribes the FLP recombinase gene. Flp recombinase recognizes
the FRT sites and loops out the essential gene along with the MPA resistance marker and the
loss of the essential gene can be identified by the gain of MPA susceptibility. Deletion of an
essential gene gives rise to a nonviable strain, as assessed by the number of colony forming
units formed in the presence or absence of doxycycline.

One advantage of the method is that the expression of the FLP recombinase gene is not
depended on nutrient changes in the media as in the “URA flipper” (Morschhauser et al.
1999), “Cre-loxP system” (Dennison et al. 2005), “MPAR flipper” (Wirsching et al. 2000) or
“CaNAT1-FLP cassette” (Shen et al. 2005) methods, where the recombinase gene is under
the regulation of a promoter that shows media-dependent activation. Therefore, in instances
where nutritional changes are not desirable, this “Tet-On” system could be an attractive
method for gene manipulation in C. albicans. However, the method requires the deletion of
both copies of the essential gene before or after the expression of the extra copy at the ACT1
locus, demanding the need for more transformations steps than required for in the “GRACE
method”.

6. Gene Manipulation in Other Fungal Species

Similar to C. albicans, gene manipulation in many other clinically important Candida,
Cryptococcus and Aspergillus species continues to evolve (Magee et al., 2003; Hull and
Heitman, 2002; Brookman and Denning, 2000; Brakhage and Langfelder, 2002). For
example, the URAS gene is a popular marker for gene disruption in Cryptococcus species. In
the past, URAS5 function was reintroduced at random locations in the genome (Hull and
Heitman, 2002), however, today, it can be restored to its native locus. For example,
Narasipura et al. (2006) constructed a Cryptococcus gattii parent strain that has a non-
functional URAS gene due to a point mutation, which can subsequently be restored to
functionality through rare spontaneous reversion events. Uracil auxotrophs are also used for
gene manipulation in Aspergillus species. For this purpose, mutants of pyrG gene that
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encodes orotidine-5-monophosphate decarboxylase that is essential for uracil synthesis are
used (Brakhage and Langfelder, 2002). Comparable to C. albicans, the use of drug
selectable markers has also become popular in both, Cryptococcus and Aspergillus species
(Hua et al., 2000; McDade and Cox, 2001; Brakhage and Langfelder, 2002).

RNA interference techniques are also proving to be successful in Cryptococcus neoformans,
Aspergillus fumigatus and Aspergillus nidulans giving a new dimension to gene
manipulation in these species (Liu et al., 2002; Mouyna et al., 2004; Barton and Prade,
2008). RNA interference techniques are yet to be proven successful in C. albicans (Staab et
al., 2011). There is evidence for the presence of RNAI in C. albicans (Drinnenberg et al.,
2009) and the presence of a majority of the proteins involved in the RNAI pathway
(Drinnenberg et al., 2009; Staab et al., 2011). However, the mere presence of these proteins
does not seem sufficient to trigger the RNAI pathway by dsRNA that are exogenously
introduced (Staab et al., 2011). It is suggested that the RNAI pathway in C. albicans may
have evolved in a species-specific way that it is no longer triggered by exogenous dsRNA
(Staab et al., 2011).

7. Concluding Remarks

Over the last decade or so, a variety of methods have been developed to manipulate the C.
albicans genome in useful ways. However, special attention should be paid to the method of
choice, the selectable markers used, and their collective consequences on virulence or other
phenotypes to be studied. Constructing an isogenic strain reconstituted for the gene of
interest remains the strongest means of validating the method of choice and mutant
phenotypes.

While great progress has been made, it is still discomforting that a scar-less method for
disrupting C. albicans genes has not yet been established. A “delitto perfecto” method has
been developed to disrupt genes in S. cerevisiae, the highly studied cousin of C. albicans
(Storici et al., 2001). Here, a counter selectable reporter (CORE) cassette flanked by
homologous sequences flanking the gene of interest is first integrated in to the genome, to
replace the gene. In a second step, two 80 bp integrative recombinant oligonucleotides (with
70bp homology to sequence extending from either end of the CORE cassette in the genome)
that are designed to have at least a 20 bp overlap between their 3’ end sequences are
annealed together, extended and transformed. These molecules will occasionally recombine
at the locus of interest replacing the CORE cassette, leaving no scar behind. The cells that
are perfectly null at the gene of interest, with no scar left behind are typically counter-
selected for using two markers, 5-FOA and a drug selectable marker. The drug selectable
markers available in a CORE cassette thus far are, G418 and hygromycin B (Storici and
Resnick, 2006).

This method is yet to be adapted for C. albicans gene disruption. The main drawback of
implementing the method is that C. albicans is inherently resistant to the drug selection
makers (G418 and hygromycin B) that are currently used. However, C. albicans does show
susceptibility to the drug, nourseothricin suggesting that it may be possible to implement a
different version of this method for C. albicans gene disruption. One can expect that a
“delitto perfecto” method for C. albicans gene disruptions will be available in the not too
distant future.

The C. albicans research community is benefiting from large-scale and genome-wide
approaches developed in S. cerevisiae. Two examples are given. First, Homann et al. (2009)
created a homozygous deletion library of 143 non-essential transcriptional regulators using
the parent strain SN152 constructed by Noble and Johnson (2005). This deletion library
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carries two independent isolates for each gene knockout, and is a valuable resource available
to study the role of these transcription regulators in drug sensitivity, morphogenetic
switching, to identify binding partners to these regulators through chromatin
immunoprecipitation and more. By 2010 this homozygous deletion library expanded to
include the deletion of 647 genes (Noble et al., 2010), signifying rapid growth in this
research field.

Second, Oh et al. (2010) constructed a tagged heterozygous transposon deletion library that
included 3633 strains. They modified the Tn5 transposon to include a Gateway conversion
cassette, the UAUL cassette (Enloe et al., 2000) and a kanamycin resistance gene. The
modified transposon was introduced to a C. albicans genomic DNA library and the
individual mutagenized clones were tested for the disruption of a gene of interest. Each gene
insertion was maximized to a have a unique tag to make the process of strain tracking and
quantitation easier. Finally, they transformed the transposon flanked by sequences from the
gene of interest in to the parent strain BWP17 constructed by Wilson et al. (1999). The
correct heterozygous transformants were selected by arginine prototrophy. This publicly
available resource is useful to detect haploinsufficient phenotypes, gene function, drug
sensitivity and more. Moreover, because the strains are tagged, the experiments can be
multiplexed and conducted in a high-throughput manner. Collectively, these resources open
the way for comprehensive genome-wide analysis as well as systematic analysis of C.
albicans (Noble et al., 2010; Oh et al., 2010).

It is noteworthy that the C. albicans research field is evolving with great caution.
Bouchonville et al. (2009) discovered that simple and popular DNA transformation
procedures such as, the lithium acetate protocols or electroporation can introduce aneuploidy
to the C. albicans strains. It is therefore advisable that all C. albicans mutant strains be
tested for aneuploidy before conducting extensive studies (Arbour et al., 2009). Arbour et al.
(2009) introduced a simple and straight forward multiplex quantitative PCR assay to test the
ploidy of any new C. albicans mutant strain.

In summary, the C. albicans research field is evolving rapidly, and making use of ever more
sophisticated and precise genetic tools. One can expect increased use of genome-wide and
systematic analysis of C. albicans. Advances in high-throughput data generation and
analysis will be a useful step in the development of therapies to manage C. albicans as a
human pathogen.
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Figure 1. (A) Concepts underlying gene disruption constructs of C. albicans

The figure shows the various constructs used for gene manipulation in C. albicans. The gene
of interest and/or flanking sequences are shown in green. All sequences coming from
different species have been codon optimized to be used in C. albicans. Line 1. URA blaster
(Fonzi and Irwin,1993) 2. URA flipper cassette. p; promoter region of given gene, t;
termination sequence of given gene. (Morschhauser et al.,1999) 3. PCR amplifiable URA3
disruption cassette (Wilson et al., 2000) 4. UAU1 cassette (Enloe et al., 2000). 5. PCR
amplifiable marker cassettes from non-albicans species. C. d.; Candida dubliniensis, C. m.;
Candida maltosa. (Noble and Johnson, 2005) 6. Cre-loxP system (Dennison et al., 2005),
note that when this construct integrates, the arg4 sequences will be flanked by loxP sites. 7.
“MPAR flipper” cassette (Wirsching et al., 2000) 8. SAT1 flipper cassette (Reuss et al.,
2004) 9. CaNAT1-FLP cassette. Ag; Ashbya gossypii. (Shen et al., 2005) 10. “Tet-Off”
system (Roemer et al., 2003) 11. “Tet-On” system (Park and Morschhéuser, 2005). (B)
Schematic representation of the URA-flipper method, adapted from Morschhauser et al.
(1999). Step 1: Exogenously added insert DNA replaces one copy of the gene of interest by
homologous recombination. Step 2: Expression of FLP recombinase promotes loss of URA3,
leaving behind one copy of FRT. Steps 3—4: Repeating steps 1 and 2 enables the
replacement of the remaining allele and results in a knockout of the gene of interest.
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