














of both synonymous and nonsynonymous (i.e., amino acid

replacing) substitutions were low, the ratio of these two rates could

still reveal the action of adaptive evolution. However, the dN/dS

rates shown in Supplemental Table S8 demonstrate that there is

little evidence for positive selection among 5569 orthologous gene

pairs. For most genes (5177) dN/dS < 0.3, indicating strong purify-

ing selection and conservation of protein structure. Only 1 gene

(orf19.6601) had a dN/dS value significantly greater than 1 (3.077),

indicative of positive selection. Therefore, the expansion of par-

ticular gene families described above is not accompanied by

a concomitant innovation in protein structures.

Discussion
This study is the first to compare the genome sequences of

C. dubliniensis and C. albicans, a comparison that is particularly

valuable because these closely related organisms are very similar,

but differ markedly in pathogenicity. In our analysis of their dif-

ferences in genetic repertoire, one might have expected gene

families with known roles in virulence to be specific to C. albicans

or nonfunctional in C. dubliniensis. However, we find that the two

gene complements are highly similar, with only subtle differences

in repertoire between such characterized gene families. Perhaps

surprisingly, it is the unfamiliar TLO and IFA gene families that

have expanded most in C. albicans, and these now provide com-

pelling candidates for pathogenicity-associated factors. This picture

of the relative complement of specific gene families was produced

Table 4. Comparative genomics of IFAgene family loci in Candida
spp.

Locus Alias Chromosome

Species identifier

C. albicans C. dubliniensis C. tropicalis

1 IFA10 1 orf19.4549 Cd36_01600a x

2
1 orf19.2430

Cd36_05810 x
IFA9 1 orf19.2663

3 IFA15 1 orf19.996 x x

4
IFA22 1 orf19.1002 x x

1 orf19.1005
5 IFA5 1 orf19.6353 x x

6
IFA18 2 orf19.4507a

Cd36_19060a xIFA4 2 orf19.4510
IFA17 2 orf19.4511

7 IFA1 2 orf19.156 Cd36_19290a x
8 3 x Cd36_80890a x
9 IFA7 4 orf19.1326 x x
10 IFA11 4 orf19.1596 x x
11 5 orf19.931 Cd36_50580a x
12 5 orf19.3919 Cd36_53990b x
13 6 x Cd36_63200 x
14 IFA12 6 orf19.5619 Cd36_63710a x
15 IFA6 7 orf19.5177 x x

16

IFA25 7 orf19.5138 Cd36_72790b

CTO05211.3
7 orf19.5139

IFA25 7 orf19.5140 Cd36_72800
IFA19 7 orf19.5141 Cd36_72810b

17
7 orf19.1330 Cd36_73110

x
7 orf19.6704a Cd36_73120b

18
7

orf19.6690
Cd36_73230a

x
7 Cd36_73260

19
7 orf19.5508a

Cd36_73360 x
7 orf19.6703

20 R orf19.6641a Cd36_31080a x

21
R orf19.3877 Cd36_31750a

x
R orf19.3879a Cd36_31770a

22 R orf19.7550 Cd36_34930 x

Loci 23 18 1
Genes 31 21 1

An ‘‘x’’ indicates corresponding positions without genes or pseudogenes.
aAn annotated pseudogene.
bA gene relic (i.e., noncoding region with significant similarity to an IFA
gene, yet extensively corrupted to such as extent that a gene model could
not be composed).

Table 3. Disparities in gene family size between C. albicans and
C. dubliniensis

Gene clusters were generated from all annotated gene models in C.
dubliniensis and C. albicans, including pseudogenes. Clusters were then
manually curated to ensure that all family members were included (see
Methods).
aDisparity expresses the copy number in C. dubliniensis subtracted from
the number in C. albicans. Cell shading reflects the polarity of evolutionary
change, inferred through phylogenetic and comparative analyses (see
Methods): C. albicans gain (blue), C. albicans loss (red), C. dubliniensis gain
(pink), C. dubliniensis loss (purple), combination of C. albicans gain, and
C. dubliniensis loss (light blue). Unshaded cells indicate that the direction
of change could not be determined.
bY9-related helicases are found in subtelomeric regions in C. dubliniensis;
evidence suggests that these are also present in C. albicans and that the
apparent disparity in helicase copy number is due to the omission of
subtelomeric regions from the C. albicans assembly.
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by an earlier genomic analysis using CGH (Moran et al. 2004),

indicating that this technique can provide an accurate impression

of genomic differences.

C. albicans infection is associated with the developmental

transition from the yeast to hyphal growth stage, and genes reg-

ulating, or specifically expressed during hyphal differentiation, are

therefore implicated in pathogenesis. Both C. dubliniensis and C.

albicans possess various hydrolytic enzymes, such as secretory li-

pases and phospholipase B, which are expressed at the onset of

hyphal differentiation and when infection is established (Naglik

et al. 2003). Both genomes also include diverse SAP gene families,

although additional SAP genes have evolved in C. albicans, which

we propose is a result of sequential segmental inversions. Dupli-

cation of genes at the breakpoints of chromosomal inversions has

been observed previously, for instance, in Drosophila melanogaster

(Matzkin et al. 2005) and Anopheles gambiae (Sharakhov et al.

2006), and in yeast, recently duplicated genes co-occur with

chromosomal breakpoints more frequently than expected by

chance (Gordon et al. 2009). This is thought to occur during the

repair of chromosomal breaks, either single- or double-stranded,

during which nonreciprocal recombination can occur with the

template used in DNA repair, which is proposed to contain the

duplicated gene (Sharakhov et al. 2006; Ranz et al. 2007; Meisel

2009). In this case, the genes concerned, SAP5 and SAP6, encode

proteins known to have hypha-specific expression and may have

increased the ability of C. albicans to cause systemic infection. In

almost all respects C. dubliniensis and C. albicans correspond in

their repertoires of GPI-anchored proteins, which mediate inter-

actions at the host–pathogen interface. Thus, their common an-

cestor was probably a competent opportunist, with the molecular

tools to cause disease, among them at least six ALS genes that are

instrumental in host cell adhesion and are unambiguously asso-

ciated with pathogenesis (Hoyer 2001; Hoyer et al. 2008).

Given the prominent role of ALS in disease (Fu et al. 2002;

Zhao et al. 2007), their known functional differentiation (Sheppard

et al. 2004; Zhao et al. 2004; Cheng et al. 2005; Zhao et al.

2005) and genetic variability, perhaps even hypervariability

(Zhang et al. 2003; Zhao et al. 2003; Oh et al. 2005; Zhao et al.

2007,), it is important to clearly and correctly interpret genomic

variation in ALS repertoire. While ALS loci are positioned in

a roughly similar manner in C. dubliniensis and C. albicans, the

phylogeny in Figure 4B often showed that there is no simple

orthology between ALS genes on chromosome 6. ALS2 and 4 from

C. albicans did not cluster with their positional orthologs in

Figure 5. Phylogeny and comparative genomics of the IFA gene family in Candida spp. (A) Cartoon of genomic distribution (note: not precise karyotypes).
Pseudogenes are denoted by C. (B) Maximum likelihood phylogeny of IFA protein sequences in C. albicans (prefixed orf19.), C. dubliniensis (prefixed Cd36_),
and C. tropicalis (CTRG05211.3). Branch lengths are proportional to evolutionary change and measured in substitutions/site. This topology was concordant
with an alternative Bayesian consensus tree. Dotted lines link gene IDs to a cartoon of a multiple sequence alignment. C termini are labeled according to amino
acid composition: (#) long, acidic-type; (*) a shorter, nonacidic-type C-terminal. No label indicates that neither type is present or the C terminus is absent.
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C. dubliniensis because, as Figure 4D demonstrates, recombination

between ALS genes has altered some sequences since speciation.

This is supported by the distribution of distinct C-terminal types,

which clearly shows that ALS genes can be chimaeric. While this

‘‘loss of orthology’’ has only affected certain genes in C. albicans

and C. dubliniensis, it is worth noting that all C. tropicalis sequences

are monophyletic in Figure 4B, despite ALS6 and 7 having posi-

tional orthologs in this species (CTRG_02229.3 and CTRG_

02228.3, respectively). This indicates that, ultimately, recombina-

tion is likely to affect all ALS genes and result in concerted evolu-

tion. Hence, although both C. albicans and C. dubliniensis have five

genes within the region of chromosome 6 in Figure 4C, positional

orthology is no guarantee of structural, or perhaps functional,

correspondence. Where sequence and positional identities both

suggest orthology, as with ALS1, ALS6, and ALS7, we might reliably

transfer functional information between genes; but where se-

quences are very different, function may also have changed.

Since it shared an ancestor with C. albicans, C. dubliniensis has

experienced reductive evolution that has probably diminished the

genetic repertoire it inherited. With the exception of conspicuous

transposon activity, there has been little expansion of existing

gene families, or derivation of novel genes. Instead, C. dubliniensis

has lost genes with important functions, such as HYR1, and is in

the process of losing other genes, some of which have suggested

roles in filamentous growth and perhaps virulence, through

pseudogenization. The most dramatic loss of genetic capacity has

occurred, and continues to occur, in the IFA gene family, which

Figure 6. Phylogeny and comparative genomics of telomere-associated (TLO) genes in Candida spp. (A) Cartoon of genomic distribution (note: not
precise karyotypes). One gene copy previously identified as TLO14 on the right arm of chromosome 6 in C. albicans (van het Hoog et al. 2007F), is not
included in current assemblies or detected using BLAST. Pseudogenes are denoted by c. (B) Bayesian phylogeny of TLO nucleotide sequences in C.
albicans, C. dubliniensis (prefixed Cd36_), and C. tropicalis (CTRG_05798.3). Branch lengths are proportional to evolutionary change. Monophyly of C.
albicans and C. dubliniensis sequences is supported by nonparametric bootstrap values and posterior probabilities from maximum likelihood and Bayesian
analyses, respectively. Dotted lines link individual genes to a cartoon of a multiple sequence alignment. Exons are represented by shaded rectangles,
putative introns with heavy black lines; spaces between exons represent gaps introduced by multiple alignment. An asterisk (*) denotes a stop codon.

Figure 7. Formation of hyphae by wild-type C. albicans (SC5314), wild-
type C. dubliniensis (Wü284), Cdtlo1D (Cd36_35580 deleted), Cdtlo1D

expressing CaTLO11 (orf19.5700), and Cdtlo1D expressing caCTA24
(orf19.4054). The percentage of yeast cells producing germ tubes was
calculated following incubation at 37°C for 1 h.
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clearly originated in Candida, and could be a specific adaptation to

parasitism (Butler et al. 2009). C. dubliniensis and C. albicans are

known to differ in their IFA gene repertoire (Moran et al. 2004); the

exhaustive analysis presented here shows that 14 out of 21 loci are

predicted to be nonfunctional. While some genes are corrupted by

only one or a few frame-shifts, others are genuine relics with

heavily corrupted coding sequences that betray a recent history of

mutational decay. However, this process of unmistakable degra-

dation in C. dubliniensis is only half the story: it cannot explain the

greatest differences between the species.

For its part, C. albicans has lost relatively little and has ex-

panded its genomic repertoire of selected gene families. In Table 3,

only one case of excess copy number in C. dubliniensis is due to a C.

albicans loss (glutamate decarboxylase; cluster 2649). Relatively

minor evolutionary acquisitions, such as SAP4 and 5 through in-

version, or ALS3 through duplicative transposition, may yet turn

out to be of great importance. But it is the TLO gene family that

stands out as the largest copy number disparity that has evolved

specifically in C. albicans, rather than through deletion in C. dub-

liniensis. This disparity was suggested in previously reported CGH

experiments (Moran et al. 2007), but was not observed in pan-

Candida genomic comparisons (Butler et al. 2009), despite only

one TLO gene being present in C. tropicalis. TLO are thought to

encode transcription factors (Kaiser et al. 1999; van het Hoog et al.

2007), since they contain a putative Med2 domain (Hallberg et al.

2004; Pfam: PF11214), which is associated with the RNA poly-

merase II mediator complex in yeast (Björklund and Gustafsson

2005). In preliminary assays, we have shown that loss of TLO1 in

C. dubliniensis significantly reduces hyphal formation in response

to serum, and that this can be restored by complementation with

certain C. albicans TLO genes. Therefore, TLO genes may have

a regulatory function during morphogenesis in both species, per-

haps affecting their relative abilities to cause disease.

As Figure 6 suggests, C. albicans has derived novel TLO gene

copies through duplication at its subtelomeres, perhaps through

telomeric exchange. Since their sequences are virtually identical,

this suggests that subtelomeric TLO genes diverge as a unit under

concerted evolution, and evolved for dosage rather than func-

tional diversity. Contrary to expectation, the C. albicans TLO gene

sequence is less related to the C. dubliniensis homolog than the C.

tropicalis gene. Substitution patterns within the TLO multiple

alignments (see Supplemental Fig. S3) show that this unexpected

similarity is due to amino acid motifs shared by C. dubliniensis and

C. tropicalis (shown in red), which have been modified in C. albi-

cans. Hence, the ‘‘closeness’’ of C. dubliniensis and C. tropicalis TLO

sequences, which contradicts the overall species relationships,

probably owes more to the derived state of C. albicans: in short, the

TLO family has been uniquely modified in number and structure

in C. albicans, while C. dubliniensis retains a TLO repertoire not

unlike the ancestral state.

The differences between the genomic repertoires of C. albicans

and C. dubliniensis demonstrate that they have taken divergent

evolutionary trajectories since speciation. While C. albicans has

augmented its parasitic capacity with expansions of the SAP, ALS,

and IFF gene families (among many others), C. dubliniensis has

experienced widespread deletions, many of which have affected its

capacity to cause disease, at least in humans. Since there is no

comparable innovation in the C. dubliniensis genome, this suggests

a process of reductive evolution and the deletion of redundant loci

after C. dubliniensis. We exploited the diminished pathogenicity of

C. dubliniensis to identify the candidate genes in C. albicans that

could account for the phenotypic disparity between these other-

wise very similar organisms. We have shown that the principal

disparities favoring C. albicans concern two relatively unknown

gene families, the TLO and IFA proteins, providing substantial new

leads in the molecular characterization of candidal virulence.

Methods

Genome sequencing and assembly
C. dubliniensis has a complex diploid karyotype consisting of 13
haploid chromosomes, some of which correspond in their entirety
to a C. albicans chromosome, and some of which are chimaeras of
C. albicans chromosomal blocks (Magee et al. 2008). This karyo-
type could not be recovered during genome sequencing, or
reproduced in the final assembly, because chromosomal homologs
are virtually indistinguishable. Therefore, the C. dubliniensis ge-
nome sequence is a haploid consensus of both chromosomal ho-
mologs, which was assembled de novo without reference to the
C. albicans genome sequence. Genome assembly produced 1110
contigs with an N50 value of 86 kb, meaning that at least half of all
bases belonged to contigs of this size or greater. Given that the
actual karyotype could not be resolved, and the purpose of as-
sembly was for comparison with C. albicans, at this point the order
and orientation of C. dubliniensis contigs was established by
mapping them onto the C. albicans genome sequence, to produce
pseudochromosomes. This inevitably meant that those haploid
components of the C. dubliniensis karyotype that departed from
the eight chromosome karyotype of C. albicans were not repre-
sented in our C. dubliniensis assembly. However, no genome data
were discarded since these ‘‘missing’’ chromosomes contributed
their nucleotide sequences to the haploid consensus. PCR walking
was used to validate the contig scaffolds produced in reference to
C. albicans. Specific BACs were sequenced to demonstrate that
those haploid components contained in the in vivo karyotype, but
omitted from our genome assembly, did exist.

Sequence polymorphism

To identify heterozygous sites in the C. dubliniensis assembly, we
realigned all of the shotgun reads using SSAHA2 (Ning et al. 2001)
onto the final genome sequence. We then identified all reads that
uniquely align and are paired in the correct orientation within the
expected insert size. Sites were identified where a base differed
from the reference base and where the cumulative phred score for
the alternative base was greater than 42, as described previously
( Jeffares et al. 2007). This was also done for C. albicans reads for
comparison.

Gene prediction and annotation

Open reading frames (ORFs) over 300 bp were marked up in Arte-
mis (Rutherford et al. 2000). ORFs were manually checked using
BLASTX to select the most plausible coding sequence where mul-
tiple overlapping ORFs existed, and to identify likely start and
stop codons. All splice donor and acceptor sequences and lariat
(TACTAAC) sites were manually marked up, enabling a refinement
of intron–exon structures of appropriate gene models. Additional
coding sequences were annotated, and existing gene models were
refined based on a base-wise comparison with C. albicans using the
Artemis Comparison Tool (ACT; Carver et al. 2005). Functions were
ascribed by searching UNIPROT and PFam databases for homolo-
gous proteins using FASTA and BLASTP analyses. All protein
alignments were manually reviewed. Pseudogenes were only con-
firmed after exhaustive manual base checking to prove that both
alleles were predicted to be nonfunctional. Where only one al-
lele was nonfunctional, the haploid consensus, (which contains
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sequences from both chromosomal homologs), was resolved into
two haplotypes and the full-length allele was retained in the
consensus.

Annotation of the major repeat sequence (MRS)

A gene-poor region of chromosome 2 was found to contain
a cluster of five SfiI restriction sites, known to be located in the C.
albicans MRS (Chibana et al. 1994; Jones et al. 2004), and to con-
tain a coding sequence which, in C. albicans, was described as be-
ing located in the MRS RB2 region. Dot-plot analysis (Dotter) of
this region showed that it contained four tandem repeat units of
2106 bp each, plus one partial repeat of 1535 bp. Each of these
repeat units contained a single SfiI site. This represents the RPS
‘‘core’’ of the MRS region. A single RPS unit from this region was
compared to each C. dubliniensis chromosome in turn using
BLASTN, in order to locate the other MRS regions. The conserved
flanking HOK and RB2 regions, previously noted in C. albicans MRS
(Chindamporn et al. 1998), were located by aligning 10 kb of se-
quence upstream and downstream of the core RPS unit from each
MRS using ClustalW (Larkin et al. 2007).

Comparative analysis of genome content

The OrthoMCL algorithm (Li et al. 2003; Chen et al. 2006) was
used to obtain a global view of the differences between C. dublin-
iensis and C. albicans genomic complement. OrthoMCL groups
homologous sequences into clusters that range in size from single
species-specific genes to large gene families conserved across spe-
cies. We used OrthoMCL to obtain a preliminary list of gene
clusters that was then manually curated to identify gene families
with interspecific disparities in copy number. After inspecting all
such clusters using BLASTX to ensure that gene families were not
subdivided into distinct clusters, and that all family members were
included, we then inspected the genomic positions of each cluster
member in ACT to confirm presence or absence in C. dubliniensis
and C. albicans. The preliminary list of disparities produced by
OrthoMCL did not include many species-specific singleton genes
that were evident from chromosomal comparisons. Therefore, we
manually inspected each chromosome for disruptions to the co-
linear gene order. C. dubliniensis coding sequences (including
transposable element genes, but not pseudogenes) at these break-
points were then compared with the C. albicans genome using
BLASTX to obtain the top sequence match. Genes without
matches in C. albicans, or where the top hit in C. albicans was not
reciprocal, were confirmed as C. dubliniensis specific. The process
was repeated for putative C. albicans-specific genes. Where possi-
ble, the polarity of evolutionary change (i.e., the species in which it
occurred) was assessed through comparison with the character
state in an outgroup, in this case, the draft C. tropicalis genome
sequence (Butler et al. 2009).

Comparative analysis of predicted GPI-anchored proteins

Genes that encode putative GPI proteins were selected by identify-
ing coding sequences that were predicted to have an N-terminal
signal peptide and a GPI-anchor attachment site, but were negative
for transmembrane spanning regions. C-terminal GPI signal pep-
tides were predicted using Big-PI (Eisenhaber et al. 2004) and a com-
plementary pattern search method that searched for the GPI-spe-
cific sequence (gasndc)(gasvietkdlf)(gasv)-x(4,19)-(filmvagpstcywn)
(Prosite format) using the fuzzpro (de Groot et al. 2003) pro-
gram from EMBOSS. Absence of internal transmembrane domains
was analyzed using TMHMM (Krogh et al. 2001), and presence of an
N-terminal signal peptide predicted using SignalP (Emanuelsson
et al. 2007). Proteins fulfilling the criteria described above were

analyzed further by BLAST to identify C. albicans orthologs. The
C. dubliniensis genome was surveyed for orthologs to all known GPI-
anchored proteins and protein families in C. albicans.

Phylogenetic analysis

Comparative genomics and phylogenetic estimation were used to
characterize the evolutionary changes affecting several gene fam-
ilies (TLO, IFA, ALS, IFF, SAP, and cluster 4629). Sequences were
retrieved through BLASTX analysis and subsequent inspection of
each locus in ACT. Where possible, outgroup sequences for C.
albicans and C. dubliniensis were provided by homologs from C.
tropicalis (Butler et al. 2009). All gene sequences were translated
and aligned using ClustalW (Larkin et al. 2007) and then edited
manually. It was necessary to remove highly divergent repeat re-
gions from the TLO (789 bp) and ALS (1326 bp) alignments. The
SAP (1857 bp), IFA (1941 bp), IFF (1311 bp), and cluster 4642 (577
bp) alignments comprised the entire coding sequences after minor
adjustments to ensure equal length. Phylogenies for the TLO, ALS,
and cluster 4642 nucleotide alignments were estimated using
maximum likelihood (ML) and Bayesian inference (BI). The ML
phylogeny was estimated with PHYML v2.4.4 (Guindon and
Gascuel 2003; Guindon et al. 2005), using a general-time reversible
(GTR) model (Yang 1994) with six rate categories. Empirical base
frequencies and a gamma distribution parameter (a) were opti-
mized from the data. The BI phylogeny was estimated with
MrBayes v3.1.2 (Huelsenbeck and Ronquist 2001; Ronquist and
Huelsenbeck 2003). Four parallel MCMC chains were run for
1,000,000 generations, with a sample frequency of 100 genera-
tions; a burn-in of 1000 generations was found to be sufficient to
achieve stationary model parameters using Tracer v1.4.1 (http://
tree.bio.ed.ac.uk/software/tracer/). Due to greater sequence di-
vergence and available characters, phylogenies for the SAP, IFA,
and IFF families were estimated from protein sequences. ML and
BI phylogenies employed a WAG model (Whelan and Goldman
2001) with an additional rate heterogeneity parameter. Otherwise,
operating conditions were as described previously. In all cases,
topological robustness was assessed through 100 nonparametric
bootstrap replicates (Felsenstein 1985).

Experimental disruption of TLO genes

Growth and transformation of C. dubliniensis strain Wü284 was
performed by electroporation as described previously (Moran et al.
2007). Disruption of the CdTLO1 gene was achieved using the
SAT1-flipper cassette system (Reuß et al. 2004). A deletion con-
struct was created by amplifying the flanking regions of CdTLO1
with the primer pairs CTA21KF/CTA1X and CTA1S/CTA21SIR (see
Supplemental Table S9), followed by ligation of the products into
plasmid pSFS2A to yield plasmid pTY101. This construct was then
used to transform C. dubliniensis Wü284, and deletion of the
CdTLO1 gene was confirmed by Southern analysis. Reintroduc-
tion of wild-type TLO genes was achieved by amplification of the
entire ORF plus their upstream and downstream regulatory se-
quences using primer pairs CdTLO1FP/CdTLO1RP (for CdTLO1),
CdTLO2FP/CdTLO2RP (for CdTLO2), CaTLO11FP/CaTLO11RP (for
CaTLO11), and CaTLO12FP/CaTLO12RP (for caCTA24) (see Sup-
plemental Table S9) and ligation of these into the C. dubliniensis
integrating vector pCDRI to yield plasmids pCdTLO1, pCdTLO2,
pCaTLO11, and pCaTLO12, respectively. These plasmids were
transformed into the CdTLO1D strain as described above.

Calculation of dN/dS ratios

Five thousand five hundred sixty-nine (5569) pairs of orthologous
gene sequences were extracted from the OrthoMCL analysis
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described above. Each of these pairs was aligned using ClustalX.
The ratio of the nonsynonymous substitutions per site to synony-
mous substitutions per site (dN/dS) was estimated for each orth-
ologous pair, averaged over the entire alignment, using Ka/Ks Cal-
culator v1.2 (Zhang et al. 2006). This program implements several
candidate models of codon substitution in a maximum likelihood
framework; we used the NG method to estimate dN/dS values.
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