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Recent advances in the genomic
analysis of Candida albicans

Beatrice B. Magee and Paul T. Magee

Department of Genetics, Cell Biology, and Development, University of Minnesota, Minneapolis, USA

The release of the diploid genomic sequence of Candida albicans and its recent
community-based annotation have permitted a number of studies which have
significantly advanced our understanding of the biology of this important human
pathogen. These advances range from analysis of genomic changes to differen-
tial gene expression under a variety of conditions. A few general conclusions can
be drawn from the data presently in hand; one can expect more and more new
insights as the number and kind of experiments grows.

Gene annotation, Genome rearrangement, Gene discovery, Gene expression,
Proteomics, Microarray

Avances recientes en el analisis genomico de
Candida albicans

El conocimiento de la secuencia gendmica diploide de Candida albicansy su
reciente anotacion basada en el trabajo de varios grupos ha permitido diversos
estudios que han supuesto un avance significativo de nuestro conocimiento de
la biologia de este importante patdégeno humano. Estos avances van desde el
andlisis de cambios gendmicos hasta la expresion genética diferencial bajo con-
diciones diversas. Pueden obtenerse pocas conclusiones generales de los datos
de los que disponemos, pero pueden esperarse descubrimientos més profundos
a medida que el nimero y el tipo de experimentos aumenta.

Palabras clave

Anotacién génica, Reagrupamiento genémico, Descubrimiento génico,

Expresion génica, Protedmica, Microarray (Matriz)

Candida albicans was the first zoopathogenic fun-
gus to have its genome sequenced. The effort began soon
after the release of the sequence of the yeast
Saccharomyces cerevisiae, the first fungus of any kind to
be sequenced. The genome of C. albicans poses some dif-
ficult problems. First, of course, is that the organism is
diploid. More importantly, it is highly heterozygous; the
two alleles of many genes are so different that normal
sequence assembly puts them into two different contigs.
The implications of this for the biology are profound;
several pairs of alleles have been shown to be differen-
tially regulated. Despite these intrinsic difficulties, the
genome sequence has led to a large number of important
advances in the basic biology, the epidemiology, and the
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pathogenesis of this important human pathogen. New and
unexpected genes, such as the MTL loci have been identi-
fied. Microarray experiments examining gene expression
under a variety of conditions have been carried out. Loss
of heterozygosity during infection as well as in the labora-
tory has been demonstrated. Spontaneous triploidy has
been show to occur in several widely-used laboratory
strains. This review will discuss several of these important
findings.

Genome structure

Determining, assembling, and annotating the
genomic sequence. The sequencing of the genome began
in 1996, funded by the Burroughs Wellcome Fund and the
National Institute of Craniofacial and Dental Research.
The extent of heterozygosity in C. albicans was unknown
until the release of the second assembly, assembly 6,
when the size of the total number of contigs turned out to
be 20 Mb (omitting ribosomal RNA), whereas the diploid
DNA content per cell had been measured to be the equiva-
lent of 16 Mb. When the final assembly was released, it
became clear that the extent of heterozygosity was great
enough that the assembly tool Phrap had assembled many
alleles as independent contigs, leading to the excess DNA.
Jones et al. published a final sequence, assembly 19,
which separated out the heterozygous alleles and presen-
ted them as diploid regions while presenting the homozy-
gous regions as haploid, with the understanding that they
were present in the cell in two copies [26].
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The final assembly has 412 contigs, including 148
pairs which correspond to heterozygous regions of various
chromosomes, and the majority of them have been assig-
ned to particular chromosomes via the mapping efforts
ongoing at the Biotechnology Research Institute at
Montreal and at the University of Minnesota. The final
organization of the contigs along the chromosomes is not
complete, due in large part to the high amount of repeated
DNA in the Candida genome. Preparing the map is a
collaborative effort of the two laboratories listed above.
The Minnesota lab is using an STS technique based on a
fosmid library; this technique has yielded a complete map
of chromosome 7 [8]. The Montreal group is using hybri-
dization of individual chromosomes, isolated by pulse-
field gel electrophoresis, to microarrays containing genes
whose location on a specific contig is known. They are
also refining the assembly, supported by the emerging
sequence of the closely related species Candida
dubliniensis, to generate new supercontigs and assign
them to chromosomes. The high frequency and relatively
large size of the repeated DNA in the Candida genome
has greatly slowed the completion of the C. albicans
genomic map.

However, annotation of the ORFs does not require
a genomic map, and there are four websites presenting
gene annotation. Several of these were designed to facili-
tate microarray experiments. The number of ORFs above
100 amino acids was estimated to be 6419 by Jones et al.
[26]. A consortium of several laboratories has published a
community-based annotation which should be the definiti-
ve one for some time at least [5]. They have arrived at a
gene number of 6354. There are strong similarities to the
relatively closely related model organism S. cerevisiae in
the number of genes with introns and the number of gene
families. In examining the genetic content of the latest
annotation, they noted, as had Jones et al., that in contrast
to baker’s yeast, Candida has a large number of genes for
expanded metabolic capability, including oligopeptide
transporters, amino acid catabolizing enzymes, and lipid
degradation enzymes. This difference is suggested to rela-
te to the relatively large number of host niches in which
C. albicans is found. This annotation has not yet addres-
sed the question of whether some highly heterozygous
alleles may have divergent functions. The community-
based annotation is the basis for the organization of the

Table 1. Sequence and gene identification.

Candida Genome Database (CGD), a resource located at
Stanford University. A list of web sites for sequence data,
annotation, proteomics, and mapping is given in Table 1.

Chromosome structure. The diploid genome of
C. albicans contains eight pairs of homologous chromoso-
mes, ranging in size from 1 Mb to about 4 Mb. They are
numbered from chromosome R to chromosome 7 in order
of decreasing size. All but chromosome 3 contain at least
one copy of a complicated intermediate repeat sequence
called the Major Repeat Sequence (MRS) whose function
is not known; in fact, the frequency of loss of chromoso-
me 5 on sorbose is correlated with the size of the MRS.
There is a significant amount of repeated DNA in the
C. albicans genome. Much of this is due to the presence
of retrotransposon insertions. More than 350 insertions,
classified into 34 families, have been identified. The ALS
gene family is another source of repeated DNA. This
family consists of eight or nine members which share a
central domain consisting of from four to 36 copies of a
108 bp sequence [22]. The two alleles of ALS genes often
differ in the number of repeats. The centromeres have
been identified on all the chromosomes; there does not
seem to be a sequence motif in common [48]. A subtelo-
meric repeat, RELI (or CARE2) was found to be present
on both ends of chromosome 7 [8] and has so far appeared
next to all characterized telomeres (T. Rast, unpublished
data).

Genome organization. A great deal of evidence has
accumulated suggesting that the genome of C. albicans is
quite flexible with respect to chromosome number. Barton
and Gull were the first to show that aneuploid (2n-1)
strains can be isolated [2]. Growth on sorbose often leads
to loss of one homologue of chromosome 5 [25]; growth
on fluconazole can also lead to chromosome loss [41]. In
all cases, the aneuploid (2n-1) strain seems to be at a
selective disadvantage with respect to the diploid, and as
soon as the selective pressure is removed, diploids which
have duplicated the remaining homologue of the monoso-
mic chromosome begin to predominate. An exception to
this is the strain WO-2, which is permanently aneuploid
since translocations prevent it from achieving euploidy by
non-disjunction [35].

Aneuploidy as the result of trisomy has only
recently been observed. Chen et al. found that a gene tar-
geted for disruption seemed to have three alleles, as did all

Assembly 19 supercontigs
PUBMED

http://oldaltoid.stanford.edu:8080/haploid19.html
http://www.ncbi.nim.nih.gov/entrez/query.fcgi?

Gene annotation

Agabian http://agabian.ucsf.edu/

Pasteur http://genolist.pasteur.fr/CandidaDB/
Minnesota http://www.cbs.umn.edu/labs/berman/
CGD http://www.candidagenome.org/
Consortium http://candida.bri.nrc.ca/candida/index.cfm
Publication PloS Genetics 1 [5]

Contig mapping

Minnesota http://albicansmap.ahc.umn.edu/

Canada http://cbr-rbc.nrc-cnre.ge.ca/biovis/candida/

C. dubliniensis sequence

http://www.sanger.ac.uk/Projects/C_dubliniensis

Proteomic maps
Scotland

http://www.abdn.ac.uk/cogene/

Spain http://www.babbage.csc.ucm.es/2d/2d.html

Transposon insertion mutants

http://www.tigr.org/tdb/e2k1/caal/

The sequences of the supercontigs (assembly 19) have been deposited in GenBank. The ORFs can be que-
ried there or at the annotation sites. The Agabian site shows sequence 1000bp before and after the ORF; the
Pasteur gives sequence 500bp outside the ORF but gives more information about the gene. CGD provides

references and other gene information.



the genes on the same contig. The contig was mapped to
chromosome 1, and examination of a number of labora-
tory strains showed that many were trisomic for chromo-
some 1 [7]. Trisomic strains were reduced in virulence in
a mouse model. Subsequently, Selmecki et al., using a
microarray containing probes whose chromosome assign-
ment was known, confirmed the chromosome 1 trisomy
and showed that transient trisomy for chromosome 2 is
common in laboratory strains [49].

The existence of a diploid assembly allows investi-
gation of the haplotypes found in C. albicans. Forche et
al. constructed a SNP (Single Nucleotide Polymorphism)
map of the C. albicans genome, based on the sequence
contigs and the emerging genome map [13]. Because of
the availability of strains homozygous for one or the other
homologue of chromosome 5, the SNP haplotype for this
chromosome in strain SC5314 is available. A selection for
strains that have undergone loss of heterozygosity at the
GALI locus on chromosome 1 was used to isolate strains
from infected mice [14]. These isolates were analyzed
using a SNP microarray for markers on chromosomes 5
and 7, and loss of heterozygosity due to mitotic recombi-
nation was observed. Several of the affected strains had
altered colony phenotypes or karyotypic changes [15].
Taken together, the studies on genome organization
strongly support the idea that karyotypic variability, inclu-
ding reversible changes in chromosome number and loss
of heterozygosity, seems to be quite common and reversi-
ble in C. albicans and can affect the phenotype.

Gene discovery

As the sequence was emerging, several laboratories
mined the expanding information base for information
about the genetic capacity of the fungus. Perhaps the most
striking example of gene discovery enabled by the
sequence led to the demonstration of sexuality in what had
been thought of as an asexual fungus. After observing that
C. albicans contains a gene with very high similarity to
the MATal gene of S. cerevisiae, Hull and Johnson went
on to show that the strain being sequenced, SC5314, has
orthologues to both the MATa and MATa genes. They
called the corresponding loci MTL for Mating Type Like
[23]. MTLa and MTLa were shown to be located on sepa-
rate homologues of chromosome 5 [34]. From this disco-
very came a series of papers demonstrating mating and
characterizing the process in strains engineered to be ei-
ther homozygous or hemizygous for one mating type and
in strains that were homozygous as isolated from patients
[24,30,31,34]. Three groups independently mined the
genomic sequence and found a potential o-pheromone
sequence which turned out to be the biologically active
one [3,32,40].

One of the most interesting findings to arise from
the discovery of the MTL loci was the demonstration that
the white-opaque colony phenotype transition, discovered
by Slutsky et al. in 1987 [50], was found only in strains
which were hemizygous or homozygous for one or the
other MTL allele. The opaque cell-type was found to be
the sexually active form and to mate at a rate some 10°-
fold higher than white cells [36].

Tzung et al. examined the presence or absence of
genes required for meiosis in S. cerevisiae and found that
much, but not all, of the capacity was present in Candida.
They concluded that the missing genes might be either
dispensable or undetectable by homology searches and
that C. albicans is likely to be capable of a complete
sexual cycle [53].
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Three genomic approaches have been used to exa-
mine gene function in C. albicans: a library containing
18,000 transposon-interrupted genes was constructed and
screened for mutants in the yeast-to-hyphal transition.
One hundred forty-six haploinsufficient genes were iden-
tified [54]. Specific targeting of the genes identified in
Assembly 6 of the Candida genome was carried out using
a two-step process which disrupted one allele and placed
the other under control of the tetracycline promoter. Five
hundred sixty-seven essential genes were identified [46].
Interestingly, only 61% of the genes found to be essential
in S. cerevisiae were essential in C. albicans. A resource
for screening the genome using the UAU cassette, which
allows disruption of both copies of a gene with a single
transformation [12], is available. This resource was cons-
tructed by the Mitchell laboratory and TIGR. The website
is listed in table 1.

In a clever use of microarray technology, Moran et
al. compared whole-genome hybridization of C. albicans
and the closely related species C. dubliniensis and found
that about 4% of the C. dubliniensis genome failed to
hybridize to the C. albicans microarray, and that many
genes previously implicated in virulence were either
absent or highly divergent in sequence in C. dubliniensis.
This provides insight into the diminished virulence of
C. dubliniensis compared to C. albicans [37].

Gene expression

The availability of the genomic sequence has led to
a large variety of microarray experiments to study gene
expression. At this time more than 20 papers detailing
microarray experiments have been published. The condi-
tions investigated have ranged from growth on blood after
transfer from minimal medium to changes in gene expres-
sion associated with the acquisition of drug resistance.
Table 2 lists many of the microarray experiments which
have been published recently. These microarray experi-
ments have provided a large amount of information about
gene expression in C. albicans. Among other results, they
have identified the genes regulated by pH [4], shown that
Candida lacks a stress response found in S. cerevisiae
[11], looked at the patterns of gene expression in cells lac-
king such important transcription factors as Nrglp,
Miglp, and Tuplp [38].

There have been several studies examining geno-
me-wide gene expression in cells either drug-resistant or
growing in the presence of drugs. The first of these was
carried out by DeBacker et al. who looked at genes over-
and under-expressed in the presence of itraconazole. They
found that more than 150 showed increased expression
while about 100 showed down-regulation [10]. Cowen et
al. carried out a long-term study of the acquisition of drug
resistance by cells subjected to increasing concentrations
of fluconazole over hundreds of generations. Microarray
analysis of several independent resistant lines showed that
there were three different resistant phenotypes, one cha-
racterized by overexpression of the CDR2 ABC-transpor-
ter efflux pump, and two by overexpression of the MDRI
multidrug major facilitator transporter gene. One of the
MDR I-related phenotypes occurred part-way through the
experiment in two of the lines but was, in the end, repla-
ced by the other MDRI phenotype [9]. An analysis of
benomyl-induced MDRI and fluphenazine-induced
CDR]I-related phenotypes showed that while some of the
genes were affected similarly to resistant clinical strains,
there were significant differences. However, in both kinds
of strains, drug-resistance and stress-related genes are
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Table 2. Some microarray studies in C. albicans.

1 Author [ref.] Date Subject Conclusions

Genome Analysis

Moran [37] 2004 Comparison of genes in C. albicans Absence and divergence of 4.4% (247) genes in
and C. dubliniensis C. dubliniensis including virulence genes

Selmeki [49] 2005 Comparative genome hybridization Detect aneuploidy and gene deletions

Forche [15] 2005 Single nucleotide polymorphism array Changes after infection

Drug resistance and response

De Backer [10] 2001
Cowen [9] 2002
Rogers [47] 2002
Barker [1] 2004
Karababa [27] 2004

Response to itraconazole
Population genomics of drug resistance

Fluconazole-resistant vs.
fluconazole-sensitive strains

Induced amphotericin and
fluconazole-resistant strains

Compares drug-resistant laboratory strains
with clinical strains

116 genes down, 180 up including ergosterol
biosynthetic genes and genes of unknown function

301 genes; three patterns of response to long-term
growth on fluconazole

New genes involved beside transporters

134 genes including upregulation of sterol
biosynthesis genes

Clinical strains upregulate both drug-resistant
and cell damage genes

Unique biological properties

Lan [28] 2002
Bennett [3] 2003
Tsong [52] 2003
Nantel [39] 2002
Sohn [51] 2003
Enjalbert [11] 2003
Lan [29] 2004
Bensen [4] 2004
Harcus [20] 2004

Metabolic response to white-opaque switching

Mating pheromone response

Mating type and factors

Yeast to hyphal transition

Cell wall dynamics (yeast to hypha)

Stress induced gene expression
Regulation by iron concentration

Response to pH and Rim101p

Cyclic AMP signaling

373 genes; 221 up in opaque (especially oxidative
metabolism), 152 in white (fermentative)

Induction of 62 genes including cell surface
“virulence” genes

Regulation important for survival in
mammalian host

Known virulence genes regulated by transition

The yeast to hyphal transition upregulates
cell-wall biosynthesis genes

Absence of general stress response
526 up in low iron, 626 up in high iron

514 pH response genes; alkaline pH
affects response to iron

cAMP affects genes involved in many processes,
including growth. Not all cAMP regulation
involves RAS1

Fungus-host interactions

Fradin [17] 2003 Stage-specific response to blood Gene responses in cells incubated in blood
Fradin [16] 2005 Response to blood fractions Granulocytes govern the Candida response
Lorenz [33] 2004 Internalization by macrophages Uptake by macrophages induces a
starvation response
Garcia-Sanchez [19] 2004 Biofilms vs planktonic cells ~320 genes affected, some independent of hypha
formation; sulphur amino acid biosynthesis important
Cao [6] 2005 C. albicans biofilm exposed to farnesol 104 genes upregulated by farnesol; 170
downregulated
Proteomics
Yin [55] 2004 Proteomic response to aminoacids starvation Comparison with S. cerevisiae; differences
reflect niches
Pitarch [42] 2004 Identification of serum proteins after C. albicans housekeeping genes are antigenic

Candida infection




highly expressed [27]. Other studies using matched
clinical fluconazole-sensitive and -resistant strains have
shown that a variety of new genes are upregulated in the
resistant strains, including catabolic and stress-related
pathways [47]. Examination of the gene expression chan-
ges in an experimentally induced amphotericin B-resistant
strain (which had simultaneously become fluconazole-
resistant) found expression changes in 134 genes, with
sterol biosynthesis and cell stress genes being upregulated
and some genes whose products are very important to the
cell (histones, protein synthesis components, energy gene-
rating components) down-regulated [1]. The common
thread through these studies is that drugs induce both spe-
cific resistance genes and genes related to cell damage.
Interestingly, no one has reported up-regulation of DNA
repair genes in these studies, perhaps because none of
drugs used target DNA.

A number of groups have taken advantage of
microarray technology to examine gene expression under
conditions of particular importance in Candida biology.
The yeast-to-hyphal transition has been of particular inte-
rest. Nantel et al. showed that known virulence genes are
regulated by the transition from yeast to hyphae [39]. The
transition causes derepression of several cell-wall genes,
and this derepression is mediated through the transcription
factor EFGI [51]. Temperature, osmotic, and oxidative
stress seem not to induce the kind of stress response in
C. albicans that one finds in S. cerevisiae [11]. However,
iron deprivation and pH change both seem to cause wide-
spread gene expression changes. Growth in low iron
medium causes the upregulation of more than 500 genes,
while growth in excess iron leads to high expression of
626. A number of these genes seem to be subject to regu-
lation by a newly discovered gene called SFUI [29].
The effect of pH on gene regulation seems equally global,
more than 514 genes change their regulation in response
to pH changes. Alkaline pH upregulates several
iron acquisition genes, and, in contrast to the case in
S. cerevisiae, the major pH response gene RIM10I does
not work in C. albicans by repressing the NRGI gene.
Instead, these two transcriptional repressors seem to work
in parallel [4]. Harcus et al. used transcriptional profiling
to look at the role of cAMP in gene regulation in Candida.
They used a knockout of CDC35, the adenyl cyclase, and
found that although cAMP affected genes involved in
cellular processes ranging from growth to stress response,
there was a significant degree of differentiation among the
genes affected [20]. For example, a knockout of RAS/
only affected a subset of the cAMP-responsive genes.
These studies demonstrate clearly that the regulatory cir-
cuits in C. albicans resemble those in S. cerevisiae in
some ways but have significant and important differences.

Lan et al. compared the gene expression patterns of
white and opaque cells [28], while Tsong looked at the
control exerted by the MTLal, MTLa2, MTLal, and
MTLo2 genes [52]. These two studies taken together sug-
gest that much of the gene regulation specific to mating is
exerted by the white-opaque switch. Bennett et al. looked
at the genes induced by the o-pheromone and found that
in addition to genes that seem to be important in mating, a
number of genes implicated in virulence are also induced
[3]. Lockhart et al. using RT-PCR technology, found simi-
lar results independently [32].

Fradin et al. looked at the changes in gene expres-
sion upon incubation in blood or plasma and were able to
identify several sets of genes whose expression went up
(oxidative stress-related genes, alkaline-pH-induced
genes, both glycolytic and glyoxalate-cycle genes, and
hypha-related genes) [18]. Almost as many genes were
down-regulated (240) as were up-regulated (283), promi-
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nent among them heat-shock genes [18]. Much of this res-
ponse was shown to be due to neutrophils in the blood;
experiments in which the blood was depleted of granu-
locytes, monocytes, or all cells showed that the granulocy-
tes seemed to induce the largest number of changes in
gene expression [16].

Since uptake by macrophages is one of the early
steps in the infection process, Lorenz et al. looked at
transcriptional changes occurring after engulfment. They
found that the cells shifted to a starvation response imme-
diately, followed by recovery characterized by hyphal
growth and a return to normal metabolism. A large num-
ber of the differentially regulated ORFs are uncharacteri-
zed [33].

Two laboratories have looked at gene expression in
biofilms. Garcia-Sdnchez et al. using an apparatus in
which nutrient composition or flow can be varied, found
that the pattern of gene expression was more stable than in
cells undergoing planktonic growth [19]. More than 300
genes were shown to be differentially expressed, among
them a number of amino acid biosynthetic genes. Since
hypha formation seems likely to be intricately associated
with biofilm formation, a biofilm formed by a cph/cph
efg/efg double mutant was compared with one formed by
a wild-type strain. Three hundred and seventeen genes
were expressed independently of these transcriptional
regulators, while 86 depended on them. Farnesol has been
shown to be a quorum-sensing molecule in C. albicans
[21] and to inhibit biofilm formation [45]. Treatment of a
biofilm with farnesol leads to upregulation of 104 genes
and downregulation of 170 [6].

As the sequence became available, the C. albicans
proteome became accessible. Pitarch and coworkers began
early to develop proteomic techniques [43,44], and the
application of those techniques to the examination of the
antigens important in systemic candidiasis has been
published. These workers found that housekeeping
gene products are antigenic, and that responses to specific
antigens could be reflect a differentiation of the
immune response. Furthermore, they suggest that high
enolase-antibody concentrations may be associated with
recovery [42].

In a metabolic analysis, Yin et al. looked at the res-
ponse of the proteome to 3-aminotriazole, a histidine ana-
logue which triggers the general amino acid control
response regulated by the GCN4 gene, in Candida and in
baker’s yeast, where it has been well characterized [55].
Many of the proteins induced were the same; the excep-
tions seem to relate to the different niches of the two
fungi. In general the proteomic studies support and extend
the transcription analyses, but as more appear, one can
expect evidence for post-transcriptional regulation to sur-
face.

Conclusion

The availability of the genome sequence of
C. albicans has made possible a variety of experiments
which have greatly expanded our knowledge of the
biology of this important pathogen. Advances have been
made in genome structure and dynamics, in the identifi-
cation of genes which may play a role in the special
niches (commensalism and pathogenicity) of the orga-
nism, and in the patterns of gene expression under condi-
tions important to the biology. The complete annotation
will stimulate gene and protein expression analysis under
an increasingly varied number of conditions; these data
will in turn cast light on the function of the large number
of genes of un-known function.
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