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ABSTRACT

The Candida Genome Database (CGD, http://www.
candidagenome.org/) contains a curated collection of
genomic information and community resources for
researchers who are interested in the molecular
biology of the opportunistic pathogen Candida
albicans. With the recent release of a new assembly
of the C.albicans genome, Assembly 20, C.albicans
genomics has entered a new era. Although the
C.albicans genome assembly continues to undergo
refinement, multiple assemblies and gene nomencla-
tures will remain in widespread use by the research
community. CGD has now taken on the responsibility
of maintaining the most up-to-date version of the
genome sequence by providing the data from this
new assembly alongside the data from the previous
assemblies, as well as any future corrections and
refinements. In this database update, we describe the
sequence information available for C.albicans, the
sequence information contained in CGD, and the
tools for sequence retrieval, analysis and compari-
son that CGD provides. CGD is freely accessible at
http://www.candidagenome.org/ and CGD curators
may be contacted by email at candida-curator@
genome.stanford.edu.

INTRODUCTION

Candida albicans is a serious human health concern,
especially for the growing population of immunocompro-
mised patients (1,2). C.albicans is a common fungal organism
that can live as a commensal in its mammalian host, and it
does so in a large fraction of the human population (3). It
can also enter a pathogenic state, causing painful mucosal
infections (e.g. oral thrush and vaginitis) or deadly systemic
disease (4,5).

The Candida Genome Database (CGD, http://www.
candidagenome.org/) grew out of the Candida research
community’s need for a centralized resource for genomic

sequence and gene annotation, and for improved access to
the wealth of published experimental data about Candida
molecular biology. CGD is based on the framework of the
Saccharomyces Genome Database (SGD, available at http://
www.yeastgenome.org/) (6). CGD became available online
in August 2004. In the past 2 years CGD has grown
in many respects, with greatly expanded curation of the
experimental literature (see Table 1). Results of large-scale
studies have been incorporated into or linked from CGD
in several ways: the Gene Ontology terms assigned by the
Candida Annotation Working Group have been added to
CGD GO Annotations (7); an archive of publicly available
large-scale datasets has been created; and gene-specific
Locus pages in CGD have been linked to experimentally
determined transcription modules (8). Additional community
resources have also been added, including a Candida labs
directory and a listing of Candida-related postdoctoral
positions and other job opportunities.

This update highlights the sequence resources added to
CGD over the past 2 years, a period in which there have
been significant advances in the assembly, annotation and
availability of the C.albicans genome sequence. A large-
scale community-based revision of the C.albicans genome
assembly was completed and has been recently released to
the public (7,9). During this time, CGD has incorporated
extensive DNA and protein sequence information from mul-
tiple versions of the C.albicans genome assembly, including
Assembly 20, along with tools for accessing and comparing
the sequences.

C.albicans sequence assemblies

The latest C.albicans genome assembly, Assembly 20, is a col-
laborative effort of groups at the Biotechnology Research Insti-
tute of the National Research Council of Canada, the
University of Minnesota, and Chiba University of Japan (9).
Assembly 20 follows Assembly 19, which was released by
the Stanford Genome Technology Center in 2004 (10), and
improves upon it in a number of ways. Most notably, Assem-
bly 20 is a chromosome-level assembly; the 266 Assembly 19
contigs that span the haploid complement of the genome have
been mapped onto the eight C.albicans chromosomes and
joined into nearly contiguous sequence. Numerous corrections
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to the sequence and to the predicted boundaries of ORFs have
also been made as part of this effort (9).

However, Assembly 20 does not yet fully replace Assem-
bly 19. Assembly 19 is a diploid assembly, which for many
regions of the genome includes two contigs, corresponding
to polymorphic allelic regions that show significant sequence
differences. In contrast, Assembly 20 is a haploid assembly,
and in generation of Assembly 20, updates to Assembly
19 have been made in only one allele of each pair. It should
also be noted that Assembly 20 does not represent a haploid
set of chromosomes from the sequenced strain per se,
but instead is a mosaic of the two haplotypes. Thus, it is
important that access to Assembly 19 sequences be main-
tained even though Assembly 20 is considered to be a more
complete assembly. In addition, earlier assemblies of the
genomic sequence and their associated gene nomenclatures
are in widespread use in the research community and in the
scientific literature. CGD continues to provide easy access
to all versions of the genome sequence (including the
outdated ones) while minimizing confusion, despite the
necessarily complex nature of the situation.

In CGD, the primary sequence for each gene is the sequence
that is specified in Assembly 20. Where the sequence and
annotation of individual genes has changed, it is essential
for the research community to have access to the different
versions, not only to be able to understand exactly what has
changed, but also to facilitate a critical evaluation of
the sequence and to facilitate the continuing refinement pro-
cess. To this end, CGD makes multiple versions of the
sequence available to the user community. The Assembly
20 and 19 sequences of each gene (and of both alleles, if
available) are readily available from each gene’s Locus
page, and the genomic context on the chromosome (from
Assembly 20) or the contig(s) (from Assembly 19) can
be explored using the GBrowse genome browser (11).
Sequences from all of the assemblies, including the archived
Assemblies 4 and 6, are available for query by BLAST
and for bulk download, as described in more detail below.

Gene names and identifiers

Frequently, users need to retrieve sequence information
for a single gene, or for a small number of genes. The most

direct route to this sequence information is through the Locus
page. CGD is gene-centric in nature; the website is organized
around Locus pages that provide access to all available
information about each gene, including the literature-derived
information about the function, role and localization of the
gene product, the phenotypes caused by mutation of the
gene, the experimental literature that describes the gene,
and, of course, its sequence. To make it possible for users
to easily access sequence and other information about any
given gene, CGD collects all of the names by which each
gene has been called, and makes all of these gene name
synonyms, or ‘aliases’, searchable. The gene names in CGD
come from several sources. The genetic-style names of
format ‘ABC1’ have been manually collected by CGD cura-
tors from the published literature (12). Numerically based
names (e.g. Contig4-3061_0012, orf6.8002 and orf19.5007)
were assigned to the predicted protein-coding genes
during the annotation of Assemblies 4, 6 and 19, respectively
(7,10). At CGD, sequence comparisons were used to deter-
mine the mapping between the ORFs from Assemblies
4 and 6 and the corresponding genes in Assembly 19, and
the appropriate aliases were added to each Locus page. The
ORFs in Assembly 20 share the names of format ‘orf19.#’
that were assigned during production of Assembly 19.
Names of format ‘IPF.#’ (e.g. IPF22272.1 and IPF1819.1)
and CA# (e.g. CA5255) were assigned by CandidaDB (13).
Additionally, names of format ‘CaJ7.#’ have been assigned
to ORFs on Chromosome 7 (14). Cases in which confusion
exists regarding the assignment of a give gene name are
documented in CGD Nomenclature Notes, which appear
prominently on the Locus page so that users are alerted to
the situation.

In the future, it may be desirable to adopt a chromosomal
position-based systematic gene nomenclature, similar to the
one used in the Saccharomyces cerevisiae community. If
the Candida research community decides to develop such a
system, CGD will facilitate the process and will adopt the
new nomenclature as the primary systematic gene identifiers.

Sequence visualization and retrieval at CGD

CGD provides numerous ways to retrieve sequence data. The
CGD Sequence Retrieval Tool is accessible via the ‘Get
Sequence’ link, located on the left-hand sidebar on the
Home Page, under Search Options. The tool retrieves
sequences specified by gene name, alias, systematic ORF
name or allele name. It also allows the user to define how
much of the upstream and downstream flanking sequences
to retrieve, to select only the coding sequence (without
introns), or to translate the sequence to protein. The output
is available in either FASTA or GCG format. The tool is
also able to retrieve an entire chromosome, contig, or a
particular region of a chromosome or contig identified by
starting and ending coordinates.

Several types of sequence may also be retrieved from
individual CGD Locus pages using options on the ‘Retrieve
Sequences’ pull-down menu. The options include the
genomic DNA (with introns), the coding sequence (with
introns removed), the genomic DNA with 1 kb upstream
and downstream flanking regions, and the predicted
protein sequence (ORF translation). The sequences in

Table 1. Candida Genome Database curation statistics. September 2006 and

March 2005 statistics are presented

CGD curation statistics March
2005

September
2006

References cited
2006

Curated gene descriptions 1455 3988 829
Genes with phenotype

annotations
652 867 —

Total phenotype
annotations

2393 3864 587

Genes with GO
annotations

3673 4066 —

Total gene ontology
annotations

14 121 16 920 —

Total literature-based
GO annotations

2617 4439 940

The ‘Total GO annotations’ figure includes the similarity-based predictions
generated by the Annotation Working Group, whereas the ‘Total literature-
based GO annotations’ figure excludes this set.
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Assembly 20 and Assembly 19 are available from this menu.
In cases where the two diploid alleles are known to differ in
sequence in Assembly 19, both of these sequences are avail-
able. The selected sequence is displayed in a browser window
in FASTA format, and may be copied and pasted into another
application.

Sequence information may be retrieved in bulk from the
CGD website. The downloadable files are indexed on the
CGD Downloads page (http://www.candidagenome.org/
DownloadContents.shtml). The raw sequences of C.albicans
chromosomes from Assembly 20 are available, as well as
an archive of contigs from previous assemblies (Assemblies
4, 5, 6 and 19) from the Stanford Genome Technology Center
(10). For Assemblies 19 and 20, files with processed
sequences are also available: DNA sequences of all coding
regions, with or without introns, and with and without 1 kb
flanking regions. The protein sequences derived from ORF
translation are available for the Assemblies 20, 19 and 6.
The DNA sequence of the mitochondrial genome is also
available for download (10), as are the sequences of the
tRNA genes predicted at CGD using the tRNAscan-SE
algorithm (15).

CGD also makes C.albicans sequence information and
gene annotation available via the GBrowse genome browser,
which is a sequence visualization and analysis tool developed
as part of the Generic Model Organism Database Project (11).
The tool displays a user-selected fragment of the genome
(contig, chromosome, ORF, etc.) in the form of an interactive
map that can be zoomed in and out, or scrolled along the
selected region. The sequence of the region within the brow-
ser’s window can be saved to a file at any time. The content
displayed on the map is also user-selectable, using ‘tracks’.
The user may elect to display (or hide) tracks containing
ORFs, tRNA genes, restriction enzyme sites, six-frame trans-
lation, and DNA sequence (at high resolution) or G-C content
(at low resolution). At this time, users may choose to browse
either the Assembly 20 chromosomes or the Assembly 19
contigs. The Assembly 20 view includes a track containing
the Assembly 19 contigs, to facilitate comparison between
the two assemblies (Figure 1). In the future, ‘historical’ tracks
containing the contigs and ORFs from Assemblies 6 and 4
will be added to the browser. Upon selecting these tracks,
users will have a graphical view of the changes between
the genome assemblies; for example, it will be clear where
contigs have been assembled with each other, or where
ORFs have been added, merged, or deleted from one version
of the genome assembly to the next.

All the features displayed in the genome browser are
hyperlinked to their respective Locus pages, so that all the
other pieces of information (experimental literature, mutant
phenotypes, Gene Ontology assignments) are just a mouse
click away. On each Locus page, GBrowse-generated thumb-
nails show schematic diagrams of the chromosomal surround-
ings and serve as a link to the full-featured genome browser,
so that switching back and forth between the Locus page and
GBrowse windows is rapid and straightforward.

Comparative sequence analysis at CGD

For sequence analysis, CGD provides a BLAST tool
accessible via a link shown in the banner at the top of almost

every page on the CGD website (http://www.candidagenome.
org/cgi-bin/nph-blast). The tool allows comparison of any
query sequence to one of several C.albicans sequence data-
sets. The full suite of BLAST programs is available
[BLASTN, BLASTP, BLASTX, TBLASTX and TBLASTN
(16)]. The sequence databases that can be searched include
the complete sequence of Assembly 20 chromosomes, Assem-
bly 19 supercontigs, Assembly 6 contigs or Assembly 4 con-
tigs; the coding sequences of ORFs from Assemblies 20 or 19
with or without introns; the translation products of ORFs
from Assemblies 20, 19 or 6; the predicted tRNA genes
from Assembly 19, or the mitochondrial genome sequence.

Sequence comparisons with species other than C.albicans
are available through the SGD (http://www.yeastgenome.
org). SGD currently provides a Fungal BLAST tool [http://
seq.yeastgenome.org/cgi-bin/blast-fungal.pl; (17)] that is up-
dated regularly with all fungal sequences available in
GenBank; it allows users to BLAST against all fungal
sequences or against any desired combination of species.
Rather than re-creating this tool, CGD links to it from the
CGD BLAST search page, such that users may readily
input any sequence for comparison to myriad fungal species.

Since S.cerevisiae proteins have in general been more
widely and deeply characterized than those of C.albicans, it
is useful for CGD users to be able to access quickly any pub-
lished information about the putative S.cerevisiae ortholog of
a C.albicans protein. Therefore, for each C.albicans protein
with a predicted S.cerevisiae ortholog, we have added a
prominent link to the Locus Summary page of the ortholog
in the SGD (http://www.yeastgenome.org). We have also
added a search feature whereby the name of an S.cerevisiae
gene may be used to search for the C.albicans ortholog in
CGD. Orthologs were mapped using the InParanoid software
(version 1.35) developed at the Karolinska Institutet (18). The
haploid complement of C.albicans proteins from CGD was
compared to S.cerevisiae proteins from SGD, using the
wormpep 145 set of C.elegans proteins from the Sanger Insti-
tute as an outgroup. Using relatively stringent cutoffs (BLO-
SUM80 matrix and an InParanoid score of 100%), 3594
ortholog mappings met these criteria when the analysis was
performed in 2005 using Assembly 19 of the C.albicans gen-
ome sequence. The analysis will be repeated using Assembly
20, and also periodically in the future when the sequence is
updated significantly.

DISCUSSION

Future comparative genomics tools at CGD

Annotated genome sequences are now available for multiple
fungal species related to C.albicans [http://cbi.labri.fr/Genole-
vures/index.php, (19); http://www.sanger.ac.uk/sequencing/
Candida/dubliniensis/; http://www.broad.mit.edu/annotation/
fungi/fgi/]. To facilitate CGD users’ access to these data,
which are stored at diverse locations, we will collect DNA
and protein sequences and make the files available for
download. In the near future, we will implement two tools
that allow comparison of closely related genomes with regard
to conservation of gene order and of orthologous sequences.
The Synteny Viewer, which is already in use at SGD (20), is
an interactive display of aligned chromosomal segments from
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different species, with genes color-coded by degree of
similarity and hyperlinked to sequence or additional infor-
mation. This tool will be used to display regions of synteny,
or conserved gene order, between C.albicans and the other
Candida species. The Fungal Alignment Viewer, also used
by SGD (20), facilitates comparison among orthologous
genes as well as their 50 and 30 flanking sequences by gen-
erating custom color-coded ClustalW alignments between
nucleotide or protein sequences.

The degree of similarity between a pathogen drug target
and host molecules is an important consideration in predict-
ing drug toxicity and side effects. In the future, CGD will
implement a new BLAST tool containing sequences from
pathogenic and non-pathogenic fungi plus sequences from
mammalian hosts, so that users may evaluate conservation
between possible drug targets and any host homologs.

Future developments in C.albicans sequence
information

With the summer 2006 release of Assembly 20, the CGD
team has now taken on the responsibility of maintaining the
‘official’ copy of the C.albicans genome sequence, and the
task of incorporating corrections and updates as the sequence
data are refined. The most significant challenge remaining in
refinement of the C.albicans sequence will be the completion
of an updated diploid assembly. The adjustment of the bound-
aries of allelic ORFs and, eventually, accurate representation

of haplotype information (as far as haplotype data are
available) are challenging tasks for the future. As the genomic
sequence assembly continues to evolve, CGD looks forward
to providing the Candida research community with the latest
DNA and protein sequence, and with the tools necessary to
navigate and analyze this wealth of information.

CGD curators welcome your suggestions and comments.
Please email CGD at candida-curator@genome.stanford.edu.
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