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Abstract

The Gene Ontology (GO) is a structured controlled vocabulary developed to describe the roles and
locations of gene productsin a consistent fashion, in away that can be shared across organisms.
The unicellular fungus Candida albicansis similar in many ways to the model organism
Saccharomyces cerevisiae, but as both acommensal and a pathogen of humans, differs greatly in
its lifestyle. With an expanding at-risk population of immunosuppressed patients, increased use of
invasive medical procedures, the increasing prevalence of drug resistance, and the emergence of
additional Candida species as serious pathogens, it has never been more critical to improve our
understanding of Candida biology to guide the development of better treatments. In this brief
review, we examine the importance of GO in the annotation of C. albicans gene products, with a
focus on those involved in pathogenesis. We also discuss how sequence information combined
with GO facilitates the transfer of knowledge across related species, and the challenges and
opportunities that such an approach presents.

Introducing Candida albicans, a pathogen of increasing relevance in the
present day

Candida albicans, the best studied of the human fungal pathogens, is a frequent commensal
of humans and is responsible for mucosal infections, such as vaginitis or oral thrush, in
otherwise healthy individuals. However, systemic Candida infection is a serious threat to
severely ill or immunocompromised patients, including low-birthweight infants, transplant
recipients, chemotherapy patients, burn victims, and HIV-infected patients[1, 2]. In
addition, C. albicans can readily colonize catheters and other medical devices, where it
forms biofilms that are significantly more resistant to drug treatment than are planktonic
(individual free-floating) cells[3, 4]. For these reasons, C. albicans has become the third or
fourth most common cause of nosocomia bloodstream infections, and mortality rates from
systemic Candida infection are high [5, 6]. Emerging resistance to the existing arsenal of
antifungal drugsis also of increasing concern, and azol e resistance is now common among
isolates from HIV-positive patients [ 7]. Additionally, other fungal species are emerging as
pathogens of increasing prevalence and concern [8]. Thus, the need for new and more
effective strategies to combat these infections, as well as those caused by other fungal
pathogens for which C. albicans can serve as amodel, has driven recent studies designed to
elucidate the molecular basis of C. albicans virulence. Genomic-scale experiments are
powerful toolsthat can provide insight into pathogenesis and other processes at a molecular
level, but which require awell-annotated gene catalog. The Gene Ontology (GO) vocabulary
is aclassification system of particular utility for this purpose (see: http://

www.geneontol ogy.org).
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Introducing the Gene Ontology

GO comprises three hierarchical controlled vocabularies and a set of evidence codes. These
three vocabul aries contain terms to describe the location of a gene product within the cell
(Cellular Component), the activity that it carries out (Molecular Function), and the broader
role that it fulfills (Biological Process). Each term is related to both the less-specific
“parental terms’ that are placed above it in the hierarchical tree, as well as to the more
specific “child” termsthat it encompasses. The evidence codes describe the type of
inference that was used to make each GO annotation to a gene product and, as such, indicate
alevel of confidence. A gene product may be annotated with any number of terms from any
of the three vocabularies, depending on the available data. Direct annotation to a particular
term also implies indirect annotation to all terms from which that term is descended. For
example, a protein annotated to the Cellular Component term “mitochondrial inner
membrane” is also implicitly annotated to “ mitochondrial membrane” and “mitochondrion”,
which are more general, parental terms of “mitochondrial inner membrane” in the Cellular
Component vocabulary.

Candida albicans biology and pathogenic strategies

Genetic diversity is crucia to adaptation and survival in the diverse and often hostile
environments within the host. C. albicans usually existsin adiploid or near-diploid state,
and has never been observed to undergo meiosis. However, diploids that become
homozygous at the mating-type-like (MTL) locus can mate to form tetraploids in atightly
regulated process that requires morphological switching from the nonmating “white”’ cell
type to the mating-competent “opague’ cell type [9-12] (Figure 1a). Genetic recombination
occursin resulting tetrapl oids, which then shed chromosomes to return to diploidy in a
process termed the parasexual cycle[13, 14]. Another mechanism leading to genetic
diversity isthe frequent occurrence of aneuploidy and gross chromosomal rearrangements
(such as isochromosome formation, during which one chromosome arm is duplicated and
the other arm islost), for which C. albicans exhibits a remarkabl e tolerance. Such events can
confer selective advantages with respect to drug resistance and capacity for metabolism of
specific nutrients [15-17].

C. albicans grows in several morphological forms, including: (i) a budding yeast form that
can switch from the smooth-walled white phase to the rough-walled, mating-competent
opaque phase, (ii) pseudohyphal filaments, and (iii) filaments with a true hyphal

morphology (Figure 1b) [18, 19]. The ability to switch morphology is essentid for its
pathogenicity, as different growth forms exhibit differential successin the various ecological
niches encountered in the host [20, 21]. Y east-form cells are more amenable to dispersal in
the bloodstream, while hyphae exhibit adhesive and mechanical properties that allow them
to penetrate host cell membranes [22, 23]. Engulfment of yeast-form cells by host
macrophages induces a stress response to the low-glucose conditions therein and triggers a
switch to hyphal growth, which facilitates physical escape from this hostile environment
[24], as well as other changes in gene expression that can affect the properties of
macrophages to benefit the pathogen [25]. White- and opaque-phase cells are adapted to
growth in different niches, and white-opague switching is an infrequent event under most
conditions studied. However, this switching is greatly induced in the WO-1 strain in the
mammalian gastrointestinal tract, though other tested strains did not show such an induction,
suggesting that there is genetic variation in control of this response [20].

The capacity to grow in amulticellular community known as a biofilm is an important
component of C. albicans pathogenicity, allowing it to grow on catheters and other medical
devices, and dental prostheses. Compared to planktonic cells, cellsin biofilms exhibit a
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remarkable resistance to drugs, which complicates patient treatment [4, 26-28]. Biofilm
formation depends on ameans of cell-to-cell communication, and C. albicans exhibits
signaling responses to cell density (quorum sensing) that regulate growth and probably
facilitate its survival in the host [29, 30].

The acquisition of drug resistance is another important component of C. albicans virulence
in the clinical setting. It can readily develop resistance to antifungal drug treatment via
multiple mechanisms, including regulation of drug efflux transporters (e.g., Cdrlp, Cdr2p,
and Mdrlp [31]), mutation of drug targets (e.g., Ergllp, lanosterol 14-alpha-demethylase,
the target of azole antifungals[32]), mutation of regulatory factors (e.g., Taclp, a
transcriptional regulator of drug efflux [15]), and chromosomal rearrangements [15, 17, 33].

Candida albicans in the “genomic age”

The genomic sequence of C. albicans strain SC5314 was published in 2004 as an assembly
comprising 266 contiguous segments across a haploid reference genome [34]. Subsequently,
using these contigs as a starting point, a chromosome-level assembly was constructed [35].
Publication of the sequence served as a springboard to the genomic age [36, 37], and
numerous genomic resources have been developed for Candida [38, 39], several of which
have been made widely available to the research community (e.g., CandidaDB: http://
genodb.pasteur.fr/cgi-bin/WebObjects/CandidaDB, Broad Fungal Genome Initiative: http://
www.broad.mit.edu/node/304, Sanger Ingtitute: http://www.sanger.ac.uk/Projects/Fungi/,
Genolevures:. http://www.genolevures.org/yeastgenomes.html; also see http://
www.candidagenome.org/CommunityNews.shtml). The recent availability of genome
sequences for related pathogenic and non-pathogenic fungi has enabled the use of
comparative genomics approaches to refine the ORF catalog and gene annotation, aswell as
to examine gene families that have expanded in the pathogenic fungi.

The genome-scale experimental approaches (such as microarrays) that are now available for
research into Candida pathogenesis mechanisms can generate large volumes of data,
including long lists of genes of interest, providing a significant challenge to make sense of
the results. It is therefore vital that gene products are annotated consistently, not only across
all gene products within an organism, but also across similar gene productsin other (often
closely related) organisms. With such annotation, experimental data from many organisms
can be leveraged to enable more comprehensive analyses of these large-scale datasets, and
to provide biological relevance above and beyond simple phenomenological descriptions.
The most comprehensive and most widely used system for organization and classification of
gene products that satisfies this criterion is the Gene Ontology (GO) [40].

Gene Ontology at Candida Genome Database

GO annotation provides an at-a-glance summary of the most salient features of agene
product. Applied to the annotation of alarge gene set, GO acts as a handle to rapidly retrieve
lists of genes that share functions or roles, or whose products reside together in acommon
cellular location. For example, a Quick Search for “virulence” at Candida Genome Database
(CGD, http://www.candidagenome.org/ [41]) retrieves the GO term “ pathogenesis’ from the
Biological Process branch of the ontology, since “virulence” isincluded in GO asa
synonym of “pathogenesis’. The GO Term page at CGD displays a graphical view of the
term’s placement in the hierarchy, with its parental and child terms (if it has children), and
also lists al of the genes that have been directly annotated with the term, along with the
corresponding evidence codes, references from which the information was curated, and links
to each Locus Summary page. An example GO Term Page is shown in Figure 2.

Trends Microbiol. Author manuscript; available in PMC 2014 January 30.


http://genodb.pasteur.fr/cgi-bin/WebObjects/CandidaDB
http://genodb.pasteur.fr/cgi-bin/WebObjects/CandidaDB
http://www.broad.mit.edu/node/304
http://www.broad.mit.edu/node/304
http://www.sanger.ac.uk/Projects/Fungi/
http://www.genolevures.org/yeastgenomes.html
http://www.candidagenome.org/CommunityNews.shtml
http://www.candidagenome.org/CommunityNews.shtml
http://www.candidagenome.org/

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Arnaud et al.

Page 4

The more comprehensive the annotation of an organism’s gene catalog, the easier it isto
discover patterns and biological relevance in groups of genes that exhibit common
properties in large-scale studies. The concise, structured, and standardized descriptions
offered by GO annotation greatly facilitate the computationa analysis of lists of gene
products of interest. For example, alist of several dozen genes that are determined to be co-
regulated in a microarray experiment, or whose products are co-localized, may include
genes with seemingly disparate roles, or with completely unknown roles. Analysis of the GO
annotations of such a group of genes may reveal significant enrichment of particular
biological processes and can therefore generate testable hypotheses, by suggesting that the
uncharacterized gene products may also participate in one or more of the enriched processes.
Many tools have been created to facilitate grouping and statistical analysis of gene lists
based on the GO terms assigned to the genes (e.g., GO:: TermFinder [42]; GO Slim Mapper,
http://db.yeastgenome.org/cgi-bin/GO/goSlimMapper.pl; and numerous others listed at
http://www.geneontol ogy.org/GO.tool s.shtml).

Manual GO annotation at CGD

At CGD, GO annotation of C. albicans gene products is manually extracted from the
scientific literature by CGD curators and added to the database, using the appropriate
evidence code and reference for each annotation. The scientific literature does not typically
indicate particular GO terms; rather, experimental datain a publication are used by a curator
to determine the appropriate GO terms to use in annotating a gene product. Manual curation
therefore requires biological expertise, aswell as aworking knowledge of GO itself, and the
consistent application of a set of curation criteria. As of April 2009, CGD includes 5,860
manually curated GO annotations, collected from 1,176 distinct published references.

Early development of the GO focused on model organisms that are by and large
nonpathogenic, such as Saccharomyces cerevisiae and Drosophila melanogaster. Beginning
in 2004, a group of researchers formed an interest group called the Plant-Associated
Microbe Gene Ontology group (PAMGO), to improve the parts of the GO that relate to
interactions between microbes and the hosts that may be beneficial, neutral, or detrimental to
either of the partner organisms (http://pamgo.vbi.vt.edu/ [43, 44]). These improvements to
the GO have been used heavily in the annotation of C. albicans genes. For example, in
CGD, over 200 genes are currently annotated to the term “symbiosis, encompassing
mutualism through parasitism” and its child terms in this branch of the Biological Process
ontology, which the PAMGO collaborators devel oped.

The C. albicans gene catal og contains a number of gene familiesimplicated in
pathogenicity, for example, agglutinin-like sequence (ALS) genesinvolved in adhesion to
host cells, and genes coding for ferric reductases, secreted aspartyl proteases and secreted
lipases [45-48]. The expansion of these gene families has likely been driven by evolutionary
pressure to diversify the genes responsible for carrying out functions important for survival
in the host. For example, host organisms strictly limit the amount of iron that is available to
any pathogen, as an innate defense strategy against infection [49]. The microbial ferric
reductases are an important component of the iron acquisition pathways that are essential for
survival under the iron-limiting environment of the host [50]. As an apparent consequence
of this evolutionary arms race between pathogen and host, it has been observed that the C.
albicans genome contains an expanded complement of ferric reductase genes compared to
its nonpathogenic cousin, S. cerevisiae [48]. As of January 2009, atotal of 15 genes have
been demonstrated or predicted to encode ferric reductasesin C. albicans, but only 8in S,
cerevisiae (see http://www.candidagenome.org/cgi-bin/GO/go.pl ?goi d=293 and http://
www.yeastgenome.org/cgi-bin/GO/goTerm.pl ?goid=293, respectively). Of these 15 C.
albicans genes, only two have been functionally characterized by direct experimentation
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[51-53]; the remaining gene functions have been inferred by similarity-based computational
methods, and the experimental follow-up on these predictions is an opportunity for further
study in the laboratory. As an example, the similarity of the gene orf19.7077 to ferric
reductase genes has been noted, but the actual function and role of this gene has not been
explored experimentally (http://www.candidagenome.org/cgi-bin/locus.pl?
locus=0rf19.7077, accessed on 6 April 2009).

Characterization of the genes within these families has demonstrated that individual family
members can fill specialized roles and that different family members show differing
regulation of expression under varying conditions [54]. For example, individual members of
the family of cell surface glycoproteins encoded by the AL S genes preferentially mediate
adherence to distinct ranges of host cell and extracellular matrix substrates, and even the
products of apair of alelic genes have been observed to show differential association with
host cells, by virtue of differential regulation or protein sequence [55].

However, in general, not all the members of these important gene families have been
experimentally characterized, and it is therefore often inferred from the family membership
that all of the closely related members share the same function and role. (At thistime, we
curate such inferences only as they are published in the scientific literature; we do not make
them de novo. In the future, we plan to incorporate predictions that are based on
characterized protein domains.) GO annotation provides a concise way to express such
inferences, by assigning a shared term that indicates the common function, and then using
the GO evidence codes to clearly indicate whether the inference was based on experimental
characterization or sequence similarity. However, these predictions based on family
membership should be considered to be testable hypotheses about the relatively
uncharacterized gene products within a gene family, as sequence similarity does not
guarantee identical behavior; indeed, the cases where family members show differences are
interesting biologically, and of particular relevance to C. albicans pathogenesis.

GO term transfer from S. cerevisiae to C. albicans

Because GO assignment is such auseful “handle” for genesin an annotated genome, and
because only a subset of C. albicans genes have been characterized directly, it is both
advantageous and necessary to predict functions of the uncharacterized or less-characterized
genes. Predictions can be made using GO annotations in conjunction with a set of criteriafor
transitive term assignment, and with the use of appropriate evidence codes to provide the
CGD user community with an at-a-glance indication of how these assignments were made.

Thelack of ameiotic cycle, ahaploid phase, and stable low-copy episomesin C. albicans
make it more laborious to conduct genetic screens and phenotypic analysesthanin S
cerevisiae. Direct experimental characterization of C. albicans gene products has therefore
been concentrated in areas of virulence-related properties such as morphological switching,
infectivity, and drug resistance. In contrast, S. cerevisiae is probably the best characterized
model organism, and much is known about many cellular processes that are unlikely to ever
be studied directly in C. albicans. In addition, annotation of the S. cerevisiae genome and
curation of its scientific literature have been conducted for many years by the
Saccharomyces Genome Database (SGD); indeed the Gene Ontology curation at SGD is
considered the “gold standard” in the field, and 90% of known S cerevisiae gene products
have at least one manually assigned GO annotation (excluding annotations to "unknown"
terms). Thus, thereis great utility in leveraging this body of annotation, by interspecies GO
term transfer from S. cerevisiae, to round out the annotation of the C. albicans gene catalog
(see Figure 3).

Trends Microbiol. Author manuscript; available in PMC 2014 January 30.


http://www.candidagenome.org/cgi-bin/locus.pl?locus=orf19.7077
http://www.candidagenome.org/cgi-bin/locus.pl?locus=orf19.7077

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Arnaud et al.

Page 6

To conduct transitive annotation at CGD, we first determined orthology relationships
between C. albicans and S. cerevisiae genes using the InParanoid algorithm, which
identifies reciprocal best BLAST hits between species [56]. Candidate GO annotations for
transfer from S. cerevisiae to C. albicans were only those with experimental evidencein
SGD, with evidence codes of either Inferred from Direct Assay (IDA), Inferred from
Physical Interaction (IPl), Inferred from Genetic Interaction (1GI) or Inferred from Mutant
Phenotype (IMP), as these are deemed to be the most reliable annotations. Any annotations
that were themselvesinferred in S. cerevisiae, either based on sequence similarity or by
some other algorithm, were excluded from this group in order to avoid propagating
predictions. From this candidate set of S. cerevisiae annotations, those that were either
redundant with existing manually curated GO annotationsin CGD, or redundant with other
SGD annotations that were candidates for transfer, were removed. For example, if an
annotation to “kinase activity” and an annotation to “protein kinase activity” were
candidates for transfer for a particular gene product, only the more specific annotation to
“protein kinase activity” was transferred, as the less specific annotation (“kinase activity”)
can be inferred from the annotation to its child term (* protein kinase activity”). All
annotations that were transferred to CGD by this procedure were given the evidence code
IEA (Inferred from Electronic Annotation), and thus identified as being computationally
derived. Intotal, 11,191 new annotations were transferred in April 2008, affecting 3113
genes. An overview of the GO annotationsin CGD, highlighting the annotations derived
from S. cerevisiae annotations at SGD, is shown in Figure 4. This processis repeated
periodicaly, to take advantage of new GO annotations at SGD, so that C. albicans
researchers can continue to derive the maximum benefit from this transitive transfer.

This method of transitive annotation is not without intrinsic biases. Firstly, it isimportant to
consider that the pool of annotations available for transfer will exhibit dependence on the
organism from which term transfer isinitiated, and that the types of processes that are
typicaly studied in any given model organism will affect the well-roundedness of any set of
transferred terms. In addition, some organisms simply lack genes or even entire processes
that may be of great importance in others, even in the case of reasonably closely related
organisms. For example, S. cerevisiae entirely lacks both the NADH dehydrogenase
subunits of respiratory complex | and the alternative oxidase (AOX), which are present in C.
albicans and other fungi, suggesting that C. albicans is more representative of other fungi in
thisrespect [57-61]. As S. cerevisiae is nonpathogenic under ordinary circumstances, GO
term assignments related to virulence processes are not well represented in this organism.
For instance, S. cerevisiae completely lacks orthologs of the genes encoding the secreted
lipases of C. albicans, agene family for which possible rolesin host colonization and in
virulence have been suggested, but not yet conclusively demonstrated [47, 62, 63].

Another caveat to consider is that the accuracy of transfer of these annotations relies on
correct orthology designations. We used only sequences from C. albicans and S cerevisiae
to infer orthology (with Caenorhabditis elegans used as an outgroup, to eliminate some false
positive predictions), whereas a more comprehensive orthology mapping might use
sequences from many related organisms, such asis done in the TreeFam project [64], which
isused to build trees of animal genes families. In the future, we will extend our procedure to
predict GO term assignments based on orthology to the fission yeast Schizosaccharomyces
pombe and more distantly related eukaryotes for which athorough experimental evidence-
based set of GO annotation has been curated. Above al, orthology-based transfer is
predicated on the conservation of functions and roles of orthologs since their last common
ancestor. In many, if not most cases, this assumption islikely to be correct, especially when
the organisms diverged relatively recently. However, we stress that these orthol ogy-based
transferred annotations are predictions, and that subseguent experimental analysisis
necessary to make a conclusive statement. Experimental follow-up on sequence-based
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predictions can yield exciting and surprising results, some of which are discussed in detail
below.

Rewiring during evolution

C. albicansisvery similar to S. cerevisiae in many ways, and early investigationsinto C.
albicans molecular biology often emphasized the commonalities: many C. albicans genes
werefirst cloned by complementation of S. cerevisiae mutations or by cross-hybridization
with S cerevisiae genes. More recent work has demonstrated, though, that C. albicansis not
abaker’s yeast that happens to possess extra abilities allowing it to establish commensal and
pathogenic interactions with mammalian hosts. Rather, the molecular details of some of the
most basic and essential processes have diverged between the two organismsin the
approximately 140-850 million years since their evolutionary separation [36]. The
elucidation of several cases of transcriptional network “rewiring” has highlighted the
capacity of transcriptional networks to evolve rapidly. “Rewiring”, or “reprogramming”,
consists of changes in membership among groups of coregulated genes, achieved through
addition or removal of upstream transcription factor binding motifs, and/or substitutionsin
the identities of the transcription factors involved in regulation of a particular process. Thus,
two different species may exhibit a similar response to a particular environmental stimulus,
but the molecular cast of characters used to achieve the response may be quite different [65].
Because of the phenomenon of rewiring, it can be argued that genetic nomenclature
guidelines for C. albicans should be revised (Box 1).

In perhaps the most dramatic example, the transcriptional regulatory network for genes
encoding ribosomal proteins has been significantly rewired in S. cerevisiae and/or C.
albicans since their last common ancestor, which is surprising given the essential nature of
ribosomal protein expression. In S cerevisiae, Raplp, in concert with cofactors that provide
specificity, binds upstream of ribosomal protein genes and activates their transcription. In
contrast, the C. albicans ortholog of S. cerevisiae Raplp is not involved in this process;
rather, both in C. albicans and in many other Ascomycetes, this task is performed by the
ortholog of the S. cerevisiae protein Thf1p, which islikely the ancestral state [66]. In this
case, both the transcription factors involved and the regulatory motifs upstream of the set of
regulated genes have diverged inthe S. cerevisiae lineage. In another remarkable example,
the genes under mating-type control are regulated in opposite ways in the two species, but
with the same outcome in terms of gene expression inthe‘a and ‘alpha mating types,
furthermore, C. albicans employs atranscriptional activator in this process, Mtla2p, that has
been entirely lost from the S. cerevisiae lineage [67]. Several other instances of divergence
in regulatory circuits, and differing roles of orthologous transcription factors, have been
uncovered [68-72].

Transcriptional regulation is not the only areain which rewiring has occurred. It haslong
been an apparent paradox that although the C. albicans genome includes orthologs of a
number of S. cerevisiae meiotic genes[73], meiosis has never been observed. Recent work
has established that genetic recombination occurs during the parasexual cycleandis
mediated by C. albicans Spollp, whose S. cerevisiae ortholog functions exclusively in
meiotic recombination [14]. This raises the possibility that other C. albicans orthol ogs of
meiotic genes may also have roles in the generation of genetic diversity viarecombination in
the parasexual cycle[14].

While these examples of rewiring do not detract from the overall utility of GO annotation
transfer between species, they illustrate some limitations to the approach. The strategy
depends on the presence of identifiable orthologs in both species, so it is only applicable to
the common set of genes; if an ortholog has been lost from one of the species, for example
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MTLA2, which isnot present in S. cerevisiae, then GO annotation transfer is not possible. In
addition, since rewiring is more likely to change the role of a gene product than its
biochemical activity, transferred Biological Process annotations may be less reliable than
Molecular Function or Cellular Component annotations. Like any GO annotations made on
the basis of automated analysis, they should be treated as predictions that can be used to
formulate testable hypotheses to be pursued in the laboratory.

Concluding remarks and future directions

Characterization of the complete gene catalog of the fungal pathogen C. albicans, although
challenging, isagoal that islikely to bring exciting new insights about fungal biology and
pathogenesis. Interspecies transfer of GO annotations presents an opportunity to make a
large number of inferences quickly. Being able to round out the catalog of annotated genes,
and, in particular, to infer annotations for genesthat are unlikely ever to see experimental
characterization in the organism of interest, is greatly helpful in analysis of large-scale
experiments. It isimportant to bear in mind that GO annotations transferred on the basis of
orthology are predictions and need to be further subject to experimental validation.
However, in cases where experimental results do not correspond to sequence-based
predictions, thereis interesting biology to be explored. Comparison to S. cerevisiae genesis
only thefirst step: there are likely to be as-yet-unrecognized C. albicans genes, which may
be either not yet annotated as open reading frames, or annotated but without similarity to
any currently characterized genes, that will be revealed as the genome sequenceis refined
and as the genes of other organisms, particularly those of other fungal pathogens, are
experimentally characterized [74]. In addition, recent microarray and transcriptome
seguencing studies have revealed on the order of athousand previously unknown transcripts
in S. cerevisiae [75-78], about which almost nothing is known, and many of which show
little or no conservation with the corresponding syntenic regionsin closely related species
[76, 79]. It is expected that such studies will revea novel genesin C. albicans, many of
which are likely on the forefront of C. albicans' evolutionary arms race with its host, and
intimately involved in pathogenesis. The ongoing annotation of the C. albicans genome
affords opportunities to facilitate laboratory research into fungal pathogenesis (Box 2), with
the exciting potential that new discoveries may unlock molecular secrets that will alow us
to better tame the organism’s pathogenic ways to benefit human patients suffering from
Candida disease.

Box 1
Gene naming conventions and functional divergence

The phenomenon of rewiring may suggest that genetic nomenclature guidelines for C.
albicans should be revised. The general rule has been that C. albicans genes should be
named for their S. cerevisiae orthologs. However, such names can be misleading where
rewiring has occurred: for example, whereas the GAL4 genein S cerevisiaeisinvolved
in galactose metabolism, C. albicans GAL4) is not involved in galactose metabolism
[70]. The Candida research community will need to decide whether priority should be
placed on orthology or on biological role, when choosing gene names.

The first name used for each gene in the published literature is entered asiits standard
gene name in CGD (see http://www.candidagenome.org/Nomenclature.shtml). However,
standard gene names can be changed; gene name requests may be initiated by contacting
CGD, at candida-curator@genome.stanford.edu. The procedure for gene name changeis
asfollows: CGD will contact each of the other research groups who have published
papers concerning the gene, let them know about the name change proposal, and give
everyone a chance to voice any objections or concerns. If there is consensus in support of
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Box

Questions for future research

*  What can comparative genomics tell us about Candida pathogenesis genes and
possible antifungal targets?

*  Can we prevent the acquisition of antifungal drug resistance by Candida during
infection of human patients?

e Canthefungus be “locked” into a commensal, avirulent state in the host?
e What are the explicit biological requirementsfor clinical Candida virulence?

» How can the host response be made more effective against systemic Candida
infection?

* How hasthe relationship between Candida and its hosts developed over the
course of evolution?
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Life cycle and morphology of Candida albicans. (a) C. albicans parasexual cycle. Diploid
yesast-form cells that have become homozygous (‘a&/a or ‘a/a’) at the mating-type-like locus
(MTL) may undergo a phenotypic switch from "white" to mating-competent, "opague” cells.
The mating of opague cells of opposite mating types produces a tetraploid ‘aa/aa’ cell that

returnsto the diploid state via chromosome | oss. (b) Different shapes of C. albicans.

Depending on the environmental conditions, C. albicans can grow in distinct morphological
forms: round, budding yeast-like cells easily separate from each other, whereas elongated,

filament-forming true hyphal and pseudohyphal cells remain attached; the constriction

between cells is a distinguishing feature of pseudohyphae. Figure adapted from reference

[36].
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GO term: hyphal growth
Definition: Growth of fungi as threadlike, tubular structures that may contain multiple nuclei and may or may not be divided internally by septa, or cross-walls.
Ontology: Biological Process (GO:0030448)
Graphical Display: Jump to: top | Annotation Summary | Genes Annotated with this Term
“This diagram shows the local area of the Gene Ontology and the numbers of yeast genes annotated to each term in the diagram. Within the diagram, click on the blue

amow 10 navigate up the tree and click on a GO term name 10 g0 10 its GO term page.
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Figure2.

Example GO term page for the Biological Process term “hyphal growth” from the CGD web
site (http://www.candidagenome.org/cgi-bin/GO/go.pl ?goid=30448, as seen on January 13,
2009). The page displays the definition of the term, with a graphic showing its location
within the hierarchy. The page aso contains a table that shows the number of annotations
within various summary categories, including annotations made from high-throughput and
computationally based experiments. A list of al of the annotated genes, along with
references and evidence codes, is displayed at the bottom of the page. AmiGO is aweb-
based tool for searching and browsing the GO, which is provided by the Gene Ontology
Consortium and is available at http://amigo.geneontol ogy.org/cgi-bin/amigo/go.cgi. The
evidence code IMP indicates that the annotation is “Inferred from Mutant Phenotype.”
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Comparison of C. albicansand S. cerevisiae genome annotation. ORFs are classified as
‘Verified' if thereis experimental evidence for afunctional gene product. ‘ Uncharacterized’

ORFs are predicted based on sequence analysis, but currently lack experimental

characterization. ORFslabeled as ‘ Dubious' have no experimental characterization and

appear indistinguishable from random non-coding sequence.
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Selected GO Terms
Origin of GO annotations at CGD
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Figure4.

Statistics of GO term transfer to C. albicans based on S cerevisiae annotation. Red bars
represent the number of C. albicans genes at CGD annotated to the selected GO terms
(annotated directly to each term itself, or annotated to one of its more specific child terms)
by transferring annotations from orthologous characterized S. cerevisiae genes at SGD. Blue
bars represent genes annotated at CGD based on published literature.
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