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Comprehensive annotation of the transcriptome
of the human fungal pathogen Candida albicans
using RNA-seq
Vincent M. Bruno,1 Zhong Wang,2 Sadie L. Marjani,3 Ghia M. Euskirchen,4

Jeffrey Martin,2 Gavin Sherlock,4,5 and Michael Snyder1,4,5

1Department of Molecular, Cellular, and Developmental Biology, Yale University, New Haven, Connecticut 06520, USA;
2DOE Joint Genome Institute (JGI), Walnut Creek, California 94598, USA; 3Department of Genetics, Yale University School

of Medicine, New Haven, Connecticut 06520, USA; 4Department of Genetics, Stanford University Medical School,

Stanford, California 94305-5120, USA

Candida albicans is the major invasive fungal pathogen of humans, causing diseases ranging from superficial mucosal in-
fections to disseminated, systemic infections that are often lifethreatening. We have used massively parallel high-
throughput sequencing of cDNA (RNA-seq) to generate a high-resolution map of the C. albicans transcriptome under
several different environmental conditions. We have quantitatively determined all of the regions that are transcribed
under these different conditions, and have identified 602 novel transcriptionally active regions (TARs) and numerous
novel introns that are not represented in the current genome annotation. Interestingly, the expression of many of these
TARs is regulated in a condition-specific manner. This comprehensive transcriptome analysis significantly enhances the
current genome annotation of C. albicans, a necessary framework for a complete understanding of the molecular mecha-
nisms of pathogenesis for this important eukaryotic pathogen.

[Supplemental material is available online at http://www.genome.org. The sequencing data from this study have been
submitted to the NCBI Sequence Read Archive (http://www.ncbi.nlm.nih.gov/Traces/sra/sra.cgi) under accession
no. SRA020929.]

Candida albicans, the major invasive fungal pathogen of humans,

asymptomatically inhabits the mucosal surfaces of most healthy

individuals and causes disease upon immune debilitation or dis-

ruption of the host’s microbial flora. It is the etiological agent of

mucosal infections such as oral and vaginal thrush and can also

disseminate through the bloodstream to establish infection at

several different anatomical sites (Klepser 2006). Hematogenously

disseminated candidiasis has a 47% mortality rate despite the rapid

administration of antifungal therapy (Gudlaugsson et al. 2003). A

steady increase in the number of AIDS cases and of patients un-

dergoing chemotherapy has led to an increase in the number of

people suffering from C. albicans infections (Pfaller and Diekema

2004). This increase in prevalence, as well as an increasing resis-

tance to existing antifungal therapies, provides a strong impetus to

understand the molecular mechanisms of pathogenesis and the

acquisition of drug resistance, with the hopes of identifying novel

therapeutic targets. In order to obtain a comprehensive under-

standing of these mechanisms, it is necessary to have a complete

description of the transcriptome of C. albicans.

The ability of C. albicans to cause disease largely depends on

the ability to alter its transcriptome in response to different envi-

ronmental stimuli and stresses to ensure survival in different host

niches. A complex transcriptional circuitry ensures that morpho-

genesis between ovoid yeast cells and elongated filamentous cells,

a process tightly linked to virulence, takes place in response to

specific stimuli (Biswas et al. 2007). Changes in the transcrip-

tional network also ensure that C. albicans can grow in tissues with

vastly different pH values and survive stresses believed to be in-

flicted upon them by cells of the innate immune system (Lorenz

and Fink 2001; Rubin-Bejerano et al. 2003; Bensen et al. 2004;

Hromatka et al. 2005; Enjalbert et al. 2006; Chiranand et al. 2008).

RNA-seq (deep-sequencing of cDNA) provides a largely un-

biased method to define comprehensively and systematically the

transcriptome (the complete set of transcribed regions in a ge-

nome) of an organism in a manner that is significantly more sen-

sitive than microarray hybridization approaches (Wang et al. 2009).

This approach has been used to identify novel transcribed regions

in Saccharomyces cerevisiae, Schizosaccharomyces pombe, bacteria, hu-

mans, and plants (Emrich et al. 2007; Weber et al. 2007; Mi et al.

2008; Nagalakshmi et al. 2008; Wilhelm et al. 2008). The data

obtained using RNA-seq have also been used to identify new splic-

ing events and to quantify gene expression from cells grown under

different experimental conditions or grown as different cell types

(Marioni et al. 2008; Mortazavi et al. 2008; Sultan et al. 2008;

Trapnell et al. 2009; Wu et al. 2010).

Here, we report a comprehensive transcriptome annotation of

C. albicans using RNA-seq data. We generated data for C. albicans

(strain SC5314) grown under a total of nine different in vitro con-

ditions. Using our data set of about 177 million mapped reads, we

have significantly refined the primary annotations of the C. albicans

genome by determining the position of transcripts in the genomes,

including 602 newly identified transcripts for strain SC5314, and

by identifying 41 new introns. Furthermore, we have determined

the expression levels of each of the transcripts for all nine condi-

tions and have uncovered several examples of condition-specific
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expression of novel transcripts as well as

examples of condition-specific expression

of previously annotated genes that were

missed by traditional microarray hybrid-

ization experiments.

Results

Deep RNA sequencing of C. albicans
isolates under diverse growth
conditions

In order to perform a comprehensive

analysis of the C. albicans transcriptome,

we performed high-throughput sequenc-

ing of cDNA (RNA-seq) made from

poly(A) purified RNA isolated from C.

albicans grown under a variety of in

vitro conditions. In total, nine different

growth conditions were analyzed; six dif-

ferent experiments were performed (in

duplicate) using matched media condi-

tions (control and experimental cells were

grown under equivalent conditions). A

wide variety of growth conditions that are

known to be relevant to pathogenesis

were investigated. The conditions tested were as follows: hyphae-

inducing conditions (YPD plus 10% fetal calf serum [FCS] vs. YPD

alone), tissue culture medium buffered to different pH’s (M199

media buffered to pH 4 vs. pH 8), high oxidative stress (YPD + 5 mM

H2O2 vs. YPD alone), low oxidative stress (YPD + 0.5 mM H2O2 vs.

YPD alone), nitrosative stress (YPD + 1 mM DPTA-NONOate vs. YPD

alone), and cell wall damage–inducing conditions (YPD + 100

mg/mL Congo Red vs. YPD alone). From all of the experiments

combined, we obtained a total of 177 million reads that mapped to

the SC5314 genome (Table 1). By aligning the mapped reads against

the reference genomes, we observed that our background signal was

very low as evidenced by low read counts in intergenic regions and

across the centromeres. Sample signal tracks of two different geno-

mic regions are depicted in Figure 1. Biological replicates showed

a very high level of correlation (r > 0.92) (see Supplemental Fig. S1).

Detection of annotated genes

Using our RNA-seq data set, which includes RNA assayed from cells

grown under several different conditions, we were able to suc-

cessfully detect at least some expression for 6006 (97%) of the 6197

previously annotated open reading frames (ORFs) in the genome.

Of the 191 ORFs that we failed to detect the expression of, 148 are

annotated as ‘‘dubious’’ and 18 are annotated as ‘‘pseudogenes,’’

‘‘blocked_open_reading_frames,’’ or ‘‘transposable element genes.’’

Gene ontology (GO) analysis of the remaining 25 undetected ORFs

revealed enrichment for in the GO Term ‘‘response to hydroperox-

ide,’’ with a P-value of 0.0017. Failure to detect these genes could

stem from them not being real genes, in the case for the ‘‘dubious

ORFs’’ and the ‘‘pseudogenes,’’ or from the genes simply not being

expressed at a detectable level under any of the conditions that

we tested.

We also analyzed our data to determine 59 and 39 UTR lengths

(Supplemental Table S1). Strikingly, those ORFs with long 59 UTRs

(> 500 bp, of which there were 286 ORFs) were significantly

enriched for genes annotated to the GO terms filamentous growth

(corrected P-value = 2.17 3 10�6) and regulation of biological

process (6.73 3 10�6). In contrast, those with short 59 UTRs (<200

bp) were enriched for RNA metabolic process (5.43 3 10�6).

Intron discovery

We set out to analyze the intron annotation, by specifically

searching for confirmation of existing annotations as well as dis-

covery of new introns. We first compiled a list of 499 existing

Table 1. Sequence read mapping statistics

Growth condition Unique mappable reads

Neg. control (CWD) #1 5,600,388
Neg. control (CWD) #2 4,940,838
CWD #1 6,119,027
CWD #2 4,952,319
High XS #1 5,618,920
High XS #2 5,817,324
Low XS #1 4,803,218
Low XS #2 5,259,905
Neg. control (NS) #1 6,042,559
Neg. control (NS) #2 5,620,768
NS #1 4,522,265
NS #2 5,049,030
Neg. control (XS) #1 4,903,719
Neg. control (XS) #2 5,412,937
pH4 #1 4,789,805
pH4 #2 5,595,842
pH8 #1 4,385,364
pH8 #2 4,396,487
YPD + serum #1 8,763,631
YPD + serum #2 12,249,820
YPD #1 12,213,306
YPD #2 11,045,798
YPD #1-SS 9,690,207
YPD #2-SS 9,689,915
YPD + serum #1-SS 10,073,614
YPD + serum #2-SS 9,601,796

Total 177,158,802

Figure 1. Representative signal tracks of RNA-seq data. Data are from C. albicans strain SC5314
grown in YPD. (A) Strand-specific representation of expression in the genomic region surrounding the
ACT1 locus. Red or blue boxes above the signal tracks represent Candida Genome Database (CGD)
annotated features. The red line represents transcription from the positive strand. The blue line repre-
sents transcription from the negative strand. (B) Strand nonspecific representation of transcription in the
genomic region immediately surrounding the centromere on chromosome 2 (CEN2).
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intron annotations based on the gene annotations from the Can-

dida Genome Database (CGD) (http://www.candidagenome.org/;

Skrzypek et al. 2010). We next took two complementary ap-

proaches to identifying a comprehensive list of introns in the ge-

nome using the deep-sequencing data. First, we used the TopHat

software (Trapnell et al. 2009), which identifies reads that match to

regions on either side of a canonical splice site, to identify both

known and novel introns. Using this approach, we validated 385

of the 499 (77%) known introns (data not shown). Among the 114

introns that we were unable to detect using RNA-seq, 67 were in-

trons in tRNA genes, nine were introns in mitochondrial genes,

one was a 59 UTR intron in a nuclear encoded gene, and 37 were in

nuclear encoded ORFs. Since our analysis was performed in poly(A)

purified mRNA, we did not expect to detect introns in tRNA genes

and mitochondrial genes as these are not polyadenylated. We ex-

amined the sequence data for the 38 nuclear encoded genes whose

introns we failed to detect, and determined that there was not

enough sequence coverage in our data to be able to identify the

introns in 24 of those genes. A GO term analysis revealed that

these genes are significantly enriched for the annotations ‘‘meio-

sis’’ and ‘‘sexual sporulation’’ (transferred based on orthology to

S. cerevisiae) (Arnaud et al. 2009), which are conditions that were

not tested; 13 of the genes contain meiotic/sporulation annota-

tions. For the remaining 11 genes, for several we observed that

either one of the exons showed no expression (four cases), or there

were sequence reads that mapped throughout the presumed in-

tron (seven cases), though no ORF was clearly present in those

regions. It is possible that these are unspliced products, whose ef-

ficiency of splicing is low under our growth conditions.

In a second approach to discover novel introns, we used

a method developed in house (Nagalakshmi et al. 2008) to identify

reads that need to be split into two segments in order to be properly

aligned to the genome (junction reads). Combined, these methods

revealed the presence of 41 previously unannotated introns under

the growth conditions examined (for sample signal track, see Fig.

2B; Supplemental Table S2). We subsequently verified the exis-

tence of all 41 novel introns by RT-PCR, the data for 14 of which are

shown in Figure 2C. In six cases, these novel introns extended

currently annotated ORFs at their 59 ends, resulting in additional

predicted N-terminal protein sequence, which often aligned well

with the predicted ortholog sequence from Candida dubliniensis.

For example, for orf19.6013, we discovered two additional introns

upstream of the currently annotated ORF. These two introns ex-

tend the protein coding sequence at the N terminus, such that

Figure 2. Intron identification and validation. (A, B) Signal tracks representing an example of a known, previously annotated, intron (A) and a novel
intron (B) identified using our RNA-seq data. Red and dark blue bars represent annotated ORFs according to the Candida Genome Database (CGD). Light
blue bars represent RNA-seq–driven annotations, which include ORF plus 59 and 39 untranslated regions (UTRs). Introns are depicted as two colored bars
(exons) connected by a bent gray line. (C ) Validation of introns by RT-PCR. Each panel represents a different novel intron being assayed by a different pair
of oligonucleotides flanking the intron. The left lane in each panel is a PCR product derived from genomic DNA. The right lane in each panel is a PCR
product derived from cDNA.
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there are an additional 80 amino acid residues, which align with

high sequence identity to the C. dubliniensis sequence (Fig. 3). A

second such example is orf19.5569, where the discovery of a new

intron extends the protein sequence at the N terminus by 63 res-

idues, which align with almost 100% identity to the C. dubliniensis

ortholog (Supplemental Fig. S2). Thus, our RNA-Seq data greatly

improve the intron annotation of the C. albicans genome.

Identification of novel expressed
regions

The current gene annotation is almost

exclusively based on gene prediction

programs that detect protein coding re-

gions. It does not contain genes that code

for small proteins (<100 codons), and it

contains few genes (other than tRNAs)

with no coding potential (noncoding

genes). We used our data set to search for

novel transcripts. To do this, all of the

strand nonspecific reads from all of the

growth conditions were combined and

used to identify regions of the genome

with a minimum coverage of at least four

reads/nucleotide for a stretch of at least

250 nucleotides (nt). We required that

these regions were at least 250 nt away

from an annotated gene, and allowed

a gap in coverage of no greater than 50 nt

to allow for introns and regions of low

mapability. Using these criteria, we iden-

tified 602 regions of the genome that are

expressed as polyadenylated RNA. We

used an additional 39 million reads that

were generated from a strand-specific

protocol, from cells grown in YPD and in

YPD + 10% serum, to confidently assign

the expressed strand to 522 of these novel transcripts (see Supple-

mental Table S3). Signal tracks of two novel transcripts are displayed

in Figure 4. These novel expressed regions have a median size of 434

bp. Even though most are not expected to encode long ORFs (425

have ORFs # 50 codons), we did discover a few (13) that have

ORFs with the potential to encode proteins with greater than 100

amino acids, which may be bona fide novel protein coding genes.

Figure 3. Re-annotation of orf19.6013 due to discovery of two novel introns. (A) Alignment of the new amino acid sequence (which results from the
discovery of new introns) for orf19.6013 to its homolog in C. dubliniensis. Red letters represent new translation that results from considering the new
introns. (B) Schematic representation of re-annotation set against the Candida Genome Database (CGD) GBrowse. Shaded areas represent novel introns.
Red bars represent annotated CGD ORFs. Pink lines represent new coding sequence resulting from the novel introns.

Figure 4. Identification of novel transcriptionally active regions (TARs). Signal tracks for examples of
novel transcripts that are present in a region of chromosome 1 that has several annotated features (A)
and a region on chromosome 7 that does not have any annotated features (B). Red and dark blue bars
represent annotated ORFs according to the Candida Genome Database (CGD). Light blue bars represent
RNA-seq–driven annotations, which include ORF plus 59 and 39 untranslated regions (UTRs). Introns
are depicted as two colored bars (exons) connected by a bent gray line.
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However, the majority of the novel transcribed regions are not ex-

pected to encode proteins, based on the absence of long recogniz-

able ORFs capable of encoding proteins with significant similarity

(P-value < 1 3 10�10) to those in existing databases, with only 23

of the novel transcripts meeting these criteria, several of which

were transposon related.

Analysis of gene expression reveals condition-specific
expression for many C. albicans genes

RNA-seq provides a platform to measure differences in gene ex-

pression in a manner that is more sensitive than traditional

microarray hybridization experiments (Wilhelm and Landry

2009). We used our RNA-seq data to analyze the expression of all of

the previously annotated genes as well as the set of novel tran-

scripts that we have uncovered in this study. RPKM (reads per ki-

lobase per million mapped reads) values (Mortazavi et al. 2008)

were determined for all genes in each of the conditions tested, and

the resulting data were transformed by first dividing each value for

a gene under a particular condition by that gene’s mean RPKM

value across all conditions and then taking the log (base 2) of the

resulting values. Effectively, this transformed the data into the

familiar log ratio values typically used for gene expression analyses.

We did this so that we could determine the similarity in relative

change for each transcript across the set of conditions and how

those changes were similar and differed between transcripts. These

data were then subjected to hierarchical clustering using the

Pearson correlation as the distance metric (Fig. 5A). To identify

subclusters with functional enrichment, we determined a signifi-

cant Pearson correlation through permutation analysis as done

previously (Brown et al. 2006). We then cut the tree at this corre-

lation, and resulting subclusters were refined by visual inspection

and then analyzed for GO term enrichment using GOTTermfinder

(Boyle et al. 2004). Example subclusters are shown in Figure 5, B–D.

We also clustered the RPKM data themselves, which are a repre-

sentation of absolute abundance for the transcripts, and noted that

some clusters also showed functional enrichment, suggesting that

many transcripts that contribute to a process are maintained at

similar levels to one another across conditions (e.g., Supplemental

Fig. S3).

We used qRT-PCR to validate the differences in gene expres-

sion determined by RPKM analysis of the RNA-seq data. The

analysis was performed on a total of 41 genes. Twenty-six of these

were novel transcripts (including three that were tested under two

different sets of conditions), and 15 were previously annotated

genes that were not previously known to be regulated in conditions

Figure 5. Cluster analysis of gene expression based on log ratio RPKM data. (A) Heat map depicting the results of cluster analysis of the log ratio RPKM
data. (B) A cluster that is enriched in genes involved in ‘‘cellular amino acid biosynthetic process.’’ (C ) A cluster that is enriched in genes involved in
‘‘intraspecies interaction between organisms.’’ (D) A cluster that is enriched in genes involved in ‘‘cellular cell wall organization or biogenesis.’’ Green
represents lower expression, red represents high expression, column represent individual experiments, and rows represent transcriptional units.
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that our RPKM analysis indicated. We observed a high correlation

between the gene expression changes that were calculated by the

two different methods (Pearson correlation = 0.940) (see Fig. 6). Thus,

we have uncovered and validated several gene expression changes

of known genes that were not uncovered by traditional microarray

analysis as well as condition-specific expression for many of our

novel transcripts.

Inspection of the expression data revealed three classes of

findings that further our understanding of C. albicans biology. First,

we identified many examples of novel transcripts whose expression

is regulated by the growth conditions. For example, novel transcript

NOVEL-Ca21chr1-048 is expressed at 299-fold higher levels during

growth in the hyphal form (YPD + 10% serum) than grown in the

yeast form (YPD alone) (see Supplemental Table S4). It is found in

a cluster (Fig. 5C) along with hyphal-specific cell wall proteins, some

of which (ALS3 and HWP1) have demonstrated roles in virulence

via mediating interactions with host cells (Staab et al. 1999;

Tsuchimori et al. 2000; Phan et al. 2007).

Second, we found several examples of completely uncharac-

terized annotated genes whose expression is regulated by growth

conditions. These examples will help to begin characterizing gene

functions for the many genes for which absolutely no functional

data exists. For example, the expression of orf19.4936.1 is higher

in the presence of serum (267-fold) than in the control condition

(YPD) (see Supplemental Table S4). These results represent the first

functional data points for orf19.4936.1 and suggest a possible role

in the responses to serum response.

Third, we found examples where our analysis suggests a novel

role for genes and pathways that are relatively well established

and annotated. These examples could uncover novel aspects of C.

albicans biology. For example, several genes involved in arginine

biosynthesis (ARG1, ARG3, ARG4, ARG5/6, ARG8, CPA1, CPA2, and

ECM42) and lysine biosynthesis (LYS1, LYS2, LYS9) are induced

specifically in our experiments in which the cells were subject to

mild oxidative stress (0.5 mM hydrogen peroxide) (for expression

data, see Fig. 5C; Supplemental Table S4). None of these genes have

been previously reported to be induced in response to oxidative

stress in C. albicans or S. cerevisiae. Our results suggest a novel

linkage between arginine and lysine biosynthesis and the oxidative

stress response.

Discussion
The task of defining the complete set of transcripts that an or-

ganism expresses is complicated by the fact that transcriptomes

are dynamic entities that change in response to the extracellular

environment. Thus, not all of the genes are expressed under any

given condition or developmental state, and many genes even

when they are expressed, will only be expressed at low levels. We

reasoned that performing RNA-seq on cells grown under several

different conditions and different developmental states would

generate a more complete transcriptome map than simply

assaying one growth condition. To this end, we generated RNA-seq

data from cells grown under nine different in vitro conditions.

The specific conditions were chosen because they approximate many

of the different environments and stresses that C. albicans is thought

to encounter during the course of an infection and as a commensal

organism.

Previous genomic studies of gene expression in C. albicans

used microarrays based on the existing genome annotations. The

fact that the genome annotation is constantly being updated and

even the current annotation is incomplete means that these

earlier studies were missing many genes (more than 602 by our

estimates), many of which could potentially play important roles in

the pathogenesis of the organism. It is only with a complete anno-

tation of the transcriptome that we can fully understand how an

organism responds and reacts to different environments and causes

disease.

Despite the considerable depth of sequencing coverage that

we obtained, we did not detect the expression of all of the pre-

viously annotated genes in the genome. It should be noted that all

of the RNA that we analyzed in this study was put through two

sequential rounds of poly(A) mRNA selection, so we do not expect

to detect transcripts which are not polyadenylated. Long-lived

transcripts with short poly(A) tails and short transcripts, which

may have been size-selected against in our isolation protocol, will

also be underrepresented in our data set.

We have identified 602 transcripts that do not correspond to

known annotated features in the CGD. Our analysis of gene ex-

pression of all the novel transcripts as well as the previously an-

notated genes has revealed a number of interesting features of gene

expression. First, the expression of many of these transcripts is

regulated in a condition-specific manner. Although the functions

of these transcripts are currently unknown, cluster analysis of the

RPKM data combined with GO analysis can provide clues about

their function. For example, the possibility exists that NOVEL-

Ca21chr1-048, whose expression is regulated in a manner similar

to HWP1 and ALS3 (Fig. 5C), is involved in mediating the in-

teraction between C. albicans and host cells and, by extension,

virulence. A more detailed functional analysis is required, and is

currently underway, to determine if this novel transcript is indeed

involved in virulence. Second, we found several instances of the

condition-specific gene expression of previously annotated genes

that have never been reported in the literature. These cases will

serve as starting points to functionally characterize the large num-

ber of genes in the genome for which no functional data exist as

well as make some novel connections between well-characterized

pathways and biological phenomena.

Figure 6. Verification of gene expression analysis by quantitative real-
time PCR (qRT-PCR). Individual gene expression ratios (treated/un-
treated) were calculated using RPKM data generated by RNA-seq and
plotted against calculations done for the same gene using qRT-PCR. Red
diamonds represent novel transcripts. Blue diamonds represent anno-
tated genes that were previously not known to be regulated under that
particular condition. The Pearson correlation is 0.929.
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The arginine biosynthetic genes are known to be induced

upon phagocytosis by neutrophils (Rubin-Bejerano et al. 2003)

and macrophages (Lorenz et al. 2004). Exactly why these genes are

induced in macrophages is not known, but the induction upon

phagocytosis into neutrophils is thought to be a response to amino

acid starvation conditions inside the phagosome and not due to

oxidative stress, a crucial part of the host defense (Babior et al.

1973). This notion is supported by the inability to detect the in-

duction of ARG genes upon exposure to hydrogen peroxide in

a microarray experiment (Rubin-Bejerano et al. 2003). Our results

suggest that C. albicans cells do indeed respond to mild oxidative

stress by inducing the expression of arginine biosynthetic genes,

and may explain why these genes are induced upon phagocytosis

into cells of the innate immune system. One intriguing possibility

is that C. albicans overproduces arginine and lysine as a mecha-

nism to deal with cellular damage resulting from free radicals in the

cells. Additional experiments are required to understand exactly

why and how C. albicans would respond to oxidative stress in this

manner, and may uncover an exciting interplay between this

pathogen and the members of the innate immune system and thus

further our understanding of C. albicans biology.

We used our data set to identify introns that are not present in

the existing CGD annotation, and discovered 41 such cases. Six

of the novel introns result in extensions to existing ORFs, and an-

other six other appear to be new 59 UTR introns. The remaining

ones either are introns in novel transcripts or generate alternative

splices of existing transcripts. This study dramatically improves

the intron annotation and provides a more accurate view of the

organism’s protein coding potential.

The ribosomal protein L30, encoded by RPL30, is the only

gene in the C. albicans genome that is known to undergo alternative

splicing (Mitrovich et al. 2007). We were able to detect both of the

alternatively spliced junctions of RPL30 by using BLAT on the ag-

gregate of all the reads for strain SC5314 (data not shown). Further

mining of our data set is expected to be useful to identify other

potential examples of alternative splicing as well as examples of

genes whose splicing is regulated in a condition-dependent manner.

In summary, our data set of 177 million uniquely mapped

reads will serve to significantly improve the current genome anno-

tations of C. albicans through the discovery of novel transcripts and

identification of novel introns. Furthermore, our approach of ex-

amining several different growth conditions has allowed us to obtain

a more complete view of the transcriptome as well as the ability to

uncover condition-specific regulation of annotated genes that were

missed by traditional microarray hybridization experiments.

The summary data, as well as signal tracks and the novel

annotations have been submitted to the CGD website.

Methods

Media and growth conditions
C. albicans strain SC5314 was routinely passaged in YPD (2%
dextrose, 2% Bacto Peptone, 1% yeast extract) at 30°C.

For the serum-induction experiments, we followed a protocol
established by Kadosh and Johnson (2005). Briefly, a saturated
overnight culture of strain SC5314 was diluted into 100 mL of YPD
medium and allowed to grow at 30°C overnight until cells reached
an OD600 of ;13. Twenty-five-milliliter aliquots from this culture
were diluted into 250 mL of fresh, prewarmed YPD medium in
the presence or absence of 10% FCS (GIBCO) and grown at 30°C
(absence of serum) or 37°C (presence of serum). One hour after

dilution into the 250-mL cultures, cells were harvested by centri-
fuging and immediately stored at �80°C.

For pH4 vs. pH8 experiments, we followed a protocol estab-
lished by Bensen et al. (2004). Strain SC5314 was grown overnight
in YPD at 30°C. The following day, cells were pelleted, washed with
M199 medium at either pH 4 or pH 8, and diluted into fresh M199
pH 4 or pH 8 medium prewarmed to 37°C to an OD600 of 0.5. Cells
were then incubated for 4 h at 37°C with shaking and then har-
vested by centrifuging and immediately stored at �80°C.

For the oxidative stress experiments, a saturated overnight
culture of strain SC5314 was diluted into 800 mL of YPD medium
to an OD600 of 0.1 and allowed to grow at 30°C until the culture
reached an OD600 of ;1.0. At this point, the culture was split into
three 250-mL cultures in separate 1-L flasks. To these cultures,
hydrogen peroxide (H2O2) was added to a final concentration
of 5 mM (high oxidative stress) or 0.5 mM (low oxidative stress) or
was omitted (untreated control). After 15 min of treatment at 30°C,
the cells were harvested by vacuum filtration and immediately
stored at �80°C.

For the cell wall damage experiments, a saturated overnight
culture of strain SC5314 was diluted into 600 mL of YPD medium
to an OD600 of 0.1 and allowed to grow at 30°C until the culture
reached an OD600 of ;1.0. At this point, the culture was split into
two 250-mL cultures in separate 1-L flasks. To one of the cultures,
a stock solution of Congo Red (Sigma Aldrich), dissolved in water,
was added to a final concentration of 100 mg/mL. An equal volume of
water was added to the other 250-mL culture as an untreated control.
After 2 h of treatment at 30°C, the cells were harvested by centri-
fuging and immediately stored at �80°C for later RNA isolation.

For the nitrosative stress experiments, a saturated overnight
culture of strain SC5314 was diluted into 600 mL of YPD + 80 mM
HEPES (pH 7.5) to an OD600 of ;0.1 and allowed to grow at 30°C
until an OD600 of ;1.0. At this point, the culture was split into
two 250-mL cultures in separate 1-L flasks. To one of the cultures, a
750 mM stock solution of DPTA-NONOate (Cayman chemicals;
dissolved in 10 mM NaOH) was added to a final concentration
of 1mM. An equal volume of 10 mM NaOH was added to the
other 250-mL culture as an untreated control. After 15 min of
treatment at 30°C, the cells were harvested by vacuum filtration
and immediately stored at �80°C for later RNA isolation.

Total RNA isolation and mRNA purification

Total RNA was extracted from frozen pellets using the Ribopure
Yeast Kit (Ambion), and poly(A) mRNA was purified from total
RNA using the Micro Poly(A) Purist Kit (Ambion) according to the
manufacturer’s instructions.

Preparation of libraries for Illumina deep-sequencing

mRNA, from cells grown under several conditions, was fragmented
into 150- to 300-bp fragments by incubation in RNA Fragmenta-
tion Reagent (Ambion) for 5 min at 70°C. The fragmented mRNA
was then purified away from the fragmentation buffer by Agen-
court RNAClean beads (Beckman Coulter) following the manu-
facturer’s instructions. The purified, fragmented mRNA was then
converted into double-stranded cDNA using the SuperScript
Double-Stranded cDNA Synthesis Kit (Invitrogen) by priming with
random hexamers. Strand nonspecific cDNA libraries were pre-
pared for Illumina deep-sequencing according to the method
previously described by Nagalakshmi et al. (2008). Strand-specific
cDNA libraries were prepared as described by Parkhomchuk et al.
(2009). About 30 nt of sequence was determined from one end
of each cDNA fragment using high-throughput DNA sequencing
(Bentley et al. 2008).
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Intron discovery

To identify reads that spanned potential junctions, TopHat 1.0.12
was used (Trapnell et al. 2009), requiring a minimum intron length
of 10 bp and a maximum intron length of 1500 bp. Reads were
compared to Assembly 21 of C. albicans, available from the CGD.
After identification of novel introns, the aligned reads were
visually inspected using GenomeView (http://genomeview.
sourceforge.net/) to further confirm them, before experimental
validation was performed.

Intron validation

A pool of poly(A)-enriched mRNA was generated by combining
500 ng of each mRNA sample, which was used for deep-sequenc-
ing, into a single microcentrifuge tube. cDNA was then prepared
from this pool using the SuperScript First-Strand Kit (Invitrogen).
The cDNA was then used as a template for PCR using primers that
flank each of the intron junctions tested. As a control, each primer
pair was also used to prime PCR off of C. albicans genomic DNA. All
PCR products are subject to agarose gel electrophoresis and visu-
alized by staining with ethidium bromide. The oligonucleotides
were systematically designed using an in-house–developed script
that utilizes Primer3 to pick primers that span the splicing junc-
tions (for a list of oligonucleotides used for validation, see Sup-
plemental Table S5).
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