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Abstract
Candida albicans maintains both commensal and pathogenic states in humans. Here, we have
defined the genomic response to osmotic stress mediated by transcription factor Sko1. We
performed microarray analysis of a sko1Δ/Δ mutant strain subjected to osmotic stress, and we
utilized gene sequence enrichment analysis and enrichment mapping to identify Sko1-dependent
osmotic stress-response genes. We found that Sko1 regulates distinct gene classes with functions
in ribosomal synthesis, mitochondrial function, and vacuolar transport. Our in silico analysis
suggests that Sko1 may recognize two unique DNA binding motifs. Our C. albicans genomic
analyses and complementation studies in Saccharomyces cerevisiae showed that Sko1 is
conserved as a regulator of carbohydrate metabolism, redox metabolism, and glycerol synthesis.
Further, our real time-qPCR results showed that osmotic stress-response genes that are dependent
on the kinase Hog1 also require Sko1 for full expression. Our findings reveal divergent and
conserved aspects of Sko1-dependent osmotic stress signaling.

Keywords
Yeast; Transcription factor; SKO1; Osmotic stress; Enrichment mapping

1. Introduction
Candida albicans is the most common fungal pathogen in humans, causing both superficial
and fatal invasive infections. C. albicans occupies numerous niches within its human host
including the urogenital and gastrointestinal tracts, skin, and abiotic surfaces such as
indwelling catheters [1]. Also, C. albicans can infect the bloodstream and internal organs of
immunocompromised patients [1]. As a consequence, C. albicans frequently encounters
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challenges from host defenses, resident microflora, antifungal drugs, and fluctuations in
environmental pH and osmolarity. Signal transduction pathways allow C. albicans to detect
and adapt to such varying microenvironments.

The mitogen activated kinase (MAPK) signaling cascade known as the High Osmolarity
Glycerol (HOG) pathway mainly controls the response to osmotic, oxidative, and heavy
metal stresses and is critical for processes such as cell wall stability, filamentation, and
pathogenesis [2–8]. HOG pathway components are widely conserved in a variety of fungal
organisms, and the cornerstone of HOG pathway signaling is the MAPK Hog1. The
molecular mechanisms governing HOG pathway signaling were elucidated in the yeast
Saccharomyces cerevisiae [9]. Genomic analyses determined that S. cerevisiae mounts a
HOG pathway-dependent transcriptional response when exposed to hyperosmotic stress [9–
11]. Membrane bound sensors initiate a phosphorylation cascade to activate Hog1 [12].
Subsequently, Hog1 activates transcription factors Sko1, Hot1, and Msn2/4 culminating in
the expression/repression of target genes [10,13,14].

The Hog1–Sko1 signaling relationship has been extensively characterized in S. cerevisiae.
Following oxidative or osmotic shock, activated Hog1 phosphorylates Sko1 [15].
Phosphorylated Sko1 forms a transcriptional complex with the coregulators Cyc8, Tup1,
SAGA and Swi/Snf at target gene promoters, where it plays the role of both a gene activator
and a repressor [16,17].

There are functionally divergent as well as conserved roles of Sko1 in C. albicans. Sko1 was
identified as a regulator of the oxidative stress response similar to its counterpart in S.
cerevisiae [18]. We previously found both HOG-independent and HOG-dependent roles for
Sko1 in the responses to cell wall damage and osmotic stress, respectively [19]. The role of
Sko1 in the response to cell wall damage by the anti-fungal agent caspofungin is controlled
in part by the protein kinase Psk1 and is specific to C. albicans [19]. Interestingly, we
discovered that following osmotic stress Hog1 phosphorylates Sko1, implicating Sko1 as a
transcriptional regulator of osmotic stress-response genes [19]. However, the Sko1-
dependent transcriptional output and the physiological role played by Sko1 in the osmotic
stress response remain unknown in C. albicans.

Here, we utilized genetic profiling analyses coupled with the GSEA/Enrichment Map
applications [20] to define the role of Sko1 in the osmotic stress response. We provide
evidence of both divergent and conserved roles of Sko1 in the osmotic stress response.

2. Results
2.1. Global role of Sko1 in the osmotic stress response

The genomic response of C. albicans cells subjected to cationic osmotic stress was
previously determined [3], but the identity of Sko1-dependent osmotic stress-response genes
remains unknown. We performed microarray comparisons of a wild-type (wt) strain and
sko1Δ/Δ mutant strain treated with 1.0 M NaCl. We identified Sko1-dependent targets as
genes whose transcript abundance was consistently altered two-fold or greater (P-value <
0.05) in the sko1Δ/Δ mutant strain compared to the wt strain in the presence of salt. We
found that Sko1 regulates 275 genes, 189 of which require Sko1 for full expression and 87
are repressed by Sko1 (Supplementary dataset worksheet 2). Thus, Sko1 acts as a repressor
and activator in the C. albicans osmotic stress response. We also identified 21 genes with
elevated expression in the sko1Δ/Δ mutant strain in the absence of salt stress and 3 genes
that were downregulated (our unpublished data, [18]).
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Gene Set Enrichment Analysis (GSEA) is used to identify statistically over-represented gene
sets within a given dataset [20]. We used GSEA to identify gene sets (such as a metabolic
pathway) that are statistically over-represented within a ranked list of Sko1-modulated
genes. In order to clearly present gene sets that are enriched in the sko1Δ/Δ mutant under
osmotic stress, we utilized the Cytoscape/Enrichment Map network plugin to group and
organize the large number of correlated gene sets [20]. Surprisingly, our enrichment analysis
revealed novel roles of Sko1 as an activator of ribosomal biogenesis and mitochondrial ATP
synthesis genes. Also, we found that Sko1 acts as a repressor of vacuolar transport genes
(Fig. 1). These gene sets were not identified in transcriptional profiling experiments with S.
cerevisiae sko1Δ mutant strains [10,21,22]. In addition, we did not identify these gene sets
after GSEA analysis using Capaldi et al.’s S. cerevisiae sko1Δ mutant transcriptional
profiling dataset (our unpublished data, [10]). We also found a conserved role of Sko1 as a
repressor of genes involved in redox metabolism and carbohydrate metabolism [10,15].

We measured transcript levels by real time (RT)-qPCR to confirm our microarray and
enrichment map findings and chose a number of genes based on the presence of two putative
Sko1 DNA binding motifs (see Section 2.2). Our results show that the fatty acid oxidase
genes FOX2 and open reading frame (ORF) 19.6443 and the putative vacuolar protease
inhibitor genes TFS1 and ORF19.2769 were induced in the wt strain and significantly
overexpressed in the sko1Δ/Δ mutant following osmotic stress. Gene expression levels were
restored to wt in the sko1Δ/Δ/+ complemented strain (Fig. 2A). In addition, the transcript
levels of the ribosomal modification genes SOF1, DIM1, YTM1, and RPF1 were elevated in
the wt strain under osmotic stress, but were almost completely absent in the sko1Δ/Δ mutant
strain under similar conditions. Interestingly, in the absence of osmotic stress, these genes
were overexpressed in the sko1Δ/Δ mutant and sko1Δ/Δ/+ complemented strain (Fig. 2A).
Our observations in the sko1Δ/Δ/+ complemented strain suggest that both functional copies
of Sko1 are required for full repression. These observations demonstrate a dual role of Sko1
for certain ribosomal genes: Sko1 is an activator during salt stress, but during vegetative
growth, Sko1 functions as a repressor. Taken together, our genomic analyses and enrichment
mapping highlight distinct features of Sko1 osmotic stress signaling in C. albicans.

2.2. Identification of a putative Sko1 binding site
In S. cerevisiae, the ATF/CREB DNA motif (T(G/T)ACGT(C/A)A) is required for Sko1
binding to gene promoter regions [10,21]. In addition, S. cerevisiae Sko1 was shown to bind
to promoter sequences that are different from the ATF/CREB motif [22]; however, the Sko1
DNA binding sequence is unknown in C. albicans. We used the RSAT, Align Ace, and
MEME web-based applications to scan the promoter regions of the Sko1-dependent osmotic
stress-response genes for a DNA-binding consensus sequence. We discovered two over-
represented promoter motifs in genes that are repressed or activated by Sko1, respectively.
These motifs were approximately 200 bp–300 bp upstream of the start codon. The sequence
(A/T)ATAGCAAT(T/C)A was mainly associated with genes repressed by Sko1 and found
48 times in 34 genes with a P-value 1.8e–9 (Fig. 2B, Supplementary dataset worksheet 3).
This sequence was present approximately 10 times more often in Sko1-dependent genes
(10.55%) compared to the frequency found in all promoters of the C. albicans genome
(1.77%). We compared this sequence to known transcription motifs and found a similar
motif (P-value 0.0036) used by the S. cerevisiae transcription factor Rfx1.

The sequence (T/C)TCATCTCATC(G/T)CA(A/T) was found 131 times in 97 genes (P-
value 1.0e–15), 85 of which were Sko1-activated genes (Fig. 2C, Supplementary dataset
worksheet 3). This sequence was present approximately 2.8 times more often in Sko1-
dependent genes (47%) compared to the genome (17%). Our similarity searches identified
the binding motif (P-value 2.4e–4) of the S. cerevisiae transcription factors Tod6 and Dot6.
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We did not detect significant enrichment of the ATF/CREB motif in our Sko1-dependent
gene set; however, this motif was present in several Sko1 osmotic stress-response genes
(Supplementary dataset worksheet 3), so we cannot rule out the possibility that Sko1 may
recognize this motif in C. albicans. Collectively, these findings indicate that Sko1 may
regulate gene expression through two novel binding sequences in C. albicans.

2.3. Role of Sko1 in cell growth under osmotic stress
C. albicans wt strains exposed to 1.0 M NaCl show a slight increase in their doubling time
compared to unstressed cells, and cell growth is drastically reduced in 2.0 M NaCl [23].
Because Sko1 activates genes involved in protein translation and mitochondrial function
(Fig. 1), we reasoned that Sko1 may be required for cell growth. We monitored growth of
the sko1Δ/Δ mutant strain in liquid nutrient medium and solid nutrient medium
supplemented with 1.0 M and 1.5 M NaCl. Our results did not show a growth defect on 1.0
M growth medium (Supplementary Fig. 1). This finding was in concordance with a previous
study using a different sko1Δ/Δ mutant strain [18]. However, we did observe a modest, but
significant growth defect in solid and liquid media supplemented with 1.5 M NaCl
(Supplementary Fig. 1). This phenotype was not due to cell death, since the yeast viability
dyes methylene blue and propidium iodine did not stain the sko1Δ/ Δ mutant strain (our
unpublished results). Growth was restored to wt levels in the sko1Δ/Δ/+ complemented
strain. Therefore, Sko1 is required for optimal growth under moderate and high levels of
osmotic stress.

2.4. Role of Sko1 in glycerol synthesis
Glycerol accumulation is critical for osmoregulation, serving as an intracellular solute and
molecular protectant [9]. Glycerol synthesis is catalyzed by Gpd1, Gpd2 and Rhr2, and C.
albicans rhr2Δ/Δ mutants contain approximately 50% less glycerol than wt and grow poorly
on hyperosmotic medium [24]. We hypothesized that a defect in RHR2 and GPD1/2
expression would lead to a defect in glycerol accumulation under hyperosmotic conditions.
We found an expression defect of RHR2 and GPD2 (4.7-fold for RHR2 and 5.4-fold for
GPD2) in the sko1Δ/Δ mutant strain under osmotic stress (Fig. 3A). However, glycerol
accumulation in sko1Δ/Δ mutant strain was similar to the wt strain after 30 min of 1.0 M
NaCl exposure (Fig. 3B). These findings suggest that Sko1 is involved in the activation of
glycerol synthesis genes under osmotic stress, but that glycerol synthesis may also occur
independently of Gpd1/2 and Rhr2 activity. Indeed, glycerol can be produced via
triacylglycerol metabolism [25]. Our enrichment map shows that fatty acid metabolic genes
are elevated in sko1Δ/Δ mutant strain (Fig. 1). We monitored expression of the
triacylglycerol lipases TGL1 and TGL2 which catalyze the conversion of triacyglycerol to
glycerol [25,26]. TGL1 expression was not induced in the wt strain following osmotic stress,
but was elevated in the sko1Δ/Δ strain in the presence and absence of 1.0 M NaCl. TGL2
expression was induced in the wt strain following osmotic stress and significantly elevated
in our sko1Δ/Δ mutant strain (Fig. 3C). Therefore, increased lipid metabolism could augment
glycerol production in the sko1Δ/Δ mutant.

2.5. Sko1 regulates expression of Hog1-dependent osmotic stress response genes
In C. albicans, transcriptional profiling studies showed that the majority of osmotic stress-
response genes require Hog1 for their full expression or repression [3]. Further, Hog1–Sko1
signaling has been extensively characterized in S. cerevisiae, so we expected that Hog1
exerts control of osmotic stress-response genes partly by acting through Sko1 in C. albicans.
To test this hypothesis, we measured transcript levels for 12 Hog1-dependent, osmotic
stress-response genes by RT-qPCR following 1.0 M NaCl exposure in wt, hog1Δ/Δ, and
sko1Δ/Δ mutant strains.
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As in previous transcript profiling studies, 1.0 M NaCl exposure induced expression of
osmotic stress response genes in the wt strain [27], and their expression was significantly
reduced or absent in the hog1Δ/Δ mutant strain (Supplementary dataset worksheet 4 and Fig.
4A). Moreover, the 12 Hog1-dependent genes required Sko1 for full expression
(Supplementary dataset worksheet 4, Fig. 4A). Notably, gene expression was reduced in the
sko1Δ/Δ mutant strain for the glycerol permease HGT10, the alcohol dehydrogenase ADH7,
the carbohydrate transporter HGT19, and two of the most highly induced osmotic stress
response genes ORF19.4370 and ORF19.7296, which do not have orthologs in S. cerevisiae
(Fig. 4A). In addition, the expression defect of GPD1 and RHR2 in the sko1Δ/Δ mutant
strain was observed in the hog1Δ/Δ mutant strain (Fig. 3A). Gene expression levels were
restored to wt in the sko1Δ/Δ/+ and hog1Δ/Δ/+ complemented strains. Taken together, these
findings show that Sko1 is required for full expression of certain Hog1-dependent osmotic
stress response genes.

2.6. Conservation of C. albicans Sko1 function in S. cerevisiae
The basic leucine zipper (bZIP) DNA binding domain and Hog1 phosphorylation region are
conserved between C. albicans Sko1 and S. cerevisiae Sko1 [28]. Therefore, we considered
the possibility that C. albicans Sko1 would functionally complement an S. cerevisiae sko1Δ
mutant strain in the osmotic stress response. We transformed a sko1Δ mutant strain with a
multicopy plasmid containing C. albicans SKO1 and measured the expression of 10 S.
cerevisiae Sko1-dependent osmotic stress response genes by RT-qPCR in the wt strain,
sko1Δ mutant strain, and sko1Δ/pCaSKO1 complemented strain. We found that C. albicans
Sko1 completely restored the gene expression defect of glycerol dehydrogenase GPD1 and
the transcriptional regulator MGA1. Also, C. albicans Sko1 partially restored the gene
expression defect of glycerol permease STL1 and the oxidoreductase GRE2 (Fig. 4B). Thus,
these findings suggest that Sko1 function is partially conserved in the S. cerevisiae and C.
albicans osmotic stress responses.

3. Discussion
Among the human niches for C. albicans, the kidneys have osmolarity levels over 1.0 M in
the renal medulla [29]. C. albicans can survive in hyperosmotic environments with salt
concentrations as high as 2.0 M [30]. We used genome-wide transcriptional analysis and
enrichment mapping to define a novel signaling circuit for transcription factor Sko1 in the
osmotic stress response. Further, we demonstrated conserved attributes of Sko1 as a
downstream effector of HOG pathway signaling following osmotic stress based on similar
transcriptional responses in hog1Δ/Δ and sko1Δ/Δ mutant strains. In C. albicans, as in S.
cerevisiae, Sko1 has a conserved role as an activator of genes involved in glycerol and redox
metabolism. Our findings reveal both divergent and conserved roles of Sko1
(Supplementary Fig. 2).

3.1. Functional divergence of Sko1 in the C. albicans osmotic stress response
Our transcriptional profiling, GSEA, and enrichment analysis uncovered distinct gene
classes that are regulated by Sko1 in response to osmotic stress such as mitochondrial
function, vacuolar transport, and ribosome synthesis. Although the physiological
consequences of the C. albicans osmotic stress response have not been well-characterized,
similar genomic responses were observed in S. cerevisiae, but Sko1 was not implicated in
the transcriptional response. In S. cerevisiae, mitochondrial function is essential to
counteract the toxic effects of reactive oxygen species (ROS) generated by cationic stress,
and mutations to genes involved in mitochondrial biogenesis and energy transformation
(citric acid cycle, electron transport chain, and ATP synthase subunits) causes severe growth
defects on hyperosmotic medium [31,32]. In both C. albicans and S. cerevisiae, Sko1
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function in the oxidative stress response is conserved. Our transcript profiling data shows
that Sko1 is required to activate genes involved in general mitochondrial function such as
MTO1 (mitochondrial tRNA modification), and MIS12 (folate synthesis, Supplementary
datasheet worksheet 2). These findings suggest that Sko1 plays an expanded role in C.
albicans to counter osmotic stress-induced ROS damage by mitochondrial nucleotide
synthesis.

Elevated vacuolar fragmentation is observed following osmotic stress [33]. Also, vacuolar
proton ATPase activity contributes in salt detoxification by sequestering Na+ in vacuolar
vesicles [34]. Although, the expression of several vacuolar-associated genes was elevated in
the sko1Δ/Δ mutant strain treated with 1.0 M NaCl, we did not detect any aberrant vacuolar
phenotypes (our unpublished data), nor did we observe a significant change of gene
expression for the vacuolar ATPases VMA2, VMA4, VMA10 and VMA13 [33,35]. Therefore,
the phenotypic consequences of elevated vacuolar gene expression in the sko1Δ/Δ mutant
strain remain unclear.

In S. cerevisiae, translation is transiently inhibited following 1.0 M salt stress — presumably
to arrest cell division [11,36]. Transcriptional profiles in both C. albicans and S. cerevisiae
show that ribosomal gene expression is mainly downregulated as a group following osmotic
stress, even if the expression of certain genes is slightly induced [3,27,36]. Our microarray
findings show that ribosomal gene expression is significantly less in the sko1Δ/Δ mutant
strain than the wt strain following osmotic stress. Thus, Sko1 function may be to maintain
basal levels of ribosomal gene expression following osmotic stress until translational activity
is restored. Interestingly, the expression of the elongation factor gene ELF1 is significantly
reduced in the sko1Δ/Δ mutant strain (Supplementary datasheet worksheet 1), and elf1Δ/Δ
mutants have a growth defect [37]. Our growth assays showed that sko1Δ/Δ mutant strain
grows slower that the wt strain under moderate (1.5 M NaCl) osmotic stress. Thus, we argue
that reduced protein translational activity may contribute to the sko1Δ/Δ mutant growth
defect.

Our RT-qPCR results show that the ribosomal genes SOF1, YTM1, RPF1, and DIM1
transcript levels are elevated in the sko1Δ/Δ mutant strain under vegetative growth, but
absent during osmotic stress. This activator/repressor activity on the same gene was
observed in S. cerevisiae Sko1 regulation of oxidative stress response genes and is
dependent on the Tup1–Cyc8 complex [16,38]. Tup1–Cyc8 is recruited to promoters
through direct interactions with transcriptional regulators to control gene expression [38].
We propose that Sko1 may associate with Tup1–Cyc8 in C. albicans to control ribosomal
gene expression.

Our in silico gene promoter analysis provides insight of the cis-acting elements required for
Sko1 function and the transcriptional regulatory components governing the C. albicans
osmotic stress response. We found that the sequence (A/T)ATAGCAAT(T/C)A was
significantly enriched in genes repressed by Sko1. This sequence is similar to the S.
cerevisiae transcription factor Rfx1 which represses DNA damage response genes [39].
Moreover, similar to Sko1, Rfx1 recruits Tup1 and Cyc8 to gene promoters [39]. The C.
albicans ortholog Rfx1 is functionally conserved in the DNA damage response and has not
been associated with the osmotic stress response [40]. We also identified the consensus
sequence (T/C)TCATCTCATC(G/T)CA(A/T) for genes activated by Sko1. This sequence is
recognized by the S. cerevisiae transcriptional factors Tod6 and Dot6, which regulate
ribosomal biogenesis [41]. C. albicans Dot6 has not been functionally characterized, and a
TOD6 ortholog is not present in the C. albicans’ genome. Although we cannot completely
rule out the possibility that Sko1 may indirectly regulate target genes by modulating RFX1
and DOT6 expression, our microarray findings show that DOT6 and RFX1 expression is at
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wt levels in the sko1Δ/Δ mutant strain (Supplementary dataset worksheet 1). An attractive
hypothesis is that Sko1 may work synergistically with Rfx1 and Dot6 in the osmotic stress
response in C. albicans. Nevertheless, our observations suggest that Sko1 may interact with
two distinct DNA binding motifs in C. albicans.

3.2. Hog1–Sko1 signaling is conserved in the C. albicans osmotic stress response
Our findings establish Sko1 as a transcriptional regulator of the HOG pathway mediated
osmotic stress response in C. albicans. This role was anticipated, as microarray and ChIP-
chip analyses in S. cerevisiae showed that Sko1 regulates 18% of Hog1-dependent osmotic
stress response genes [10]. There are three lines of evidence that the role is similar in C.
albicans. First, a comparison of our microarray results against a previously published
microarray study [3] indicates that Sko1 is required for full activation of 15% of Hog1-
dependent genes. We have supported this analysis with RT-qPCR, which demonstrated that
Hog1 and Sko1 are needed for activation of 12 genes following osmotic stress. Second,
SKO1 expression and post-translational modification are dependent on Hog1 following
osmotic stress (Supplementary dataset worksheet 4, [19]). Third, in C. albicans, Hog1 plays
a role in mitochondrial function, and in S. cerevisiae, Hog1 controls vacuolar H+-ATPase
function [34,42]. Taken together, these findings show that the HOG pathway acts, at least in
part, through Sko1 in the C. albicans osmotic stress response.

Our enrichment map findings and complementation analysis in S. cerevisiae show that Sko1
is functionally conserved as a repressor of carbohydrate metabolism and transport, fatty acid
oxidation, and redox metabolism. Carbohydrate metabolism is important for physiological
processes, such as cell wall remodeling and production of the osmolyte glycerol. Our RT-
qPCR results show that the glycerol metabolic genes GPD2 and RHR2 and the glycerol
permease HGT10 require Hog1 and Sko1 for full expression. Furthermore, hog1Δ/Δ mutants
fail to accumulate intracellular glycerol following osmotic stress. However, glycerol levels
are similar to wt in our sko1Δ/Δ mutant strain, and our results suggest that increased fatty
acid metabolism augments glycerol synthesis. It seems likely that in C. albicans, Hog1-
dependent phosphorylation of Sko1 alleviates redox and carbohydrate metabolic gene
repression that was found in S. cerevisiae Hog1–Sko1 signaling [13,15,16].

4. Conclusion
Although stress response components are conserved between S. cerevisiae and C. albicans,
the evolutionary distance between these two yeasts predicts that the genetic response to
environmental stress will be divergent. Indeed, transcriptional rewiring has been observed in
the cell wall damage and oxidative stress signaling pathways [30]. Our findings demonstrate
the utility of GSEA and enrichment mapping to uncover transcriptional networks. We
established a divergent role of Sko1 in the C. albicans osmotic stress response as a regulator
of translation, mitochondrial function and vacuolar transport. Further, we show that Sko1 is
required for critical adaptive processes such as glycerol synthesis and carbohydrate and
redox metabolism. This aspect of Sko1 signaling is evolutionarily conserved in yeasts.

5. Materials and methods
5.1. Media and growth conditions

C. albicans cultures were grown in Yeast Peptone Dextrose plus uridine media (YPD+uri:
2% dextrose, 2% bacto peptone, 1% yeast extract, and 80 mg/l uridine) at 30 °C with
shaking. S. cerevisiae cultures were grown in YPD or complete synthetic medium (2%
dextrose, 6.7% yeast nitrogen base [YNB] plus ammonium sulfate without uracil and the
necessary auxotrophic supplements [csm−ura]). C. albicans cells were grown in YPD+uri and
S. cerevisiae cells were grown in YPD or csm−ura in genomic, biochemical, and growth
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assay monitoring osmotic stress responses. Experimental cultures were supplemented with
1.0 M sodium chloride (NaCl) to induce osmotic stress.

5.2. Yeast strains and transformation procedures
C. albicans and S. cerevisiae strains used in this study are listed in Supplementary Table 1.
All C. albicans strains were derived from the laboratory wt strain BWP17 (genotype:
ura3Δ:: λimm434/ura3Δ:: λimm434 his1::hisG/his1::hisG arg4::hisG/arg4::hisG). S.
cerevisiae strains were derived from the laboratory wt strain BY4741 (genotype: MATa,
his3, leu2, met15, ura3).

All primers used in this study are listed on Supplementary Table 2. The S. cerevisiae sko1Δ
mutant strain (LS03) was constructed as follows: Primers ScSKO1delfwd and
ScSKO1delrev were used to amplify approximately a 1.7 kb DNA fragment consisting of
the ORF for Kanamycin resistance flanked by 100 bp of S. cerevisiae SKO1 5′ and 3′
untranslated (UTR) sequences. The pFA6a-5FLAG-KanMX6 plasmid (Addgene) was used
as a template, and yeast transformations were performed using the lithium chloride protocol
[43]. Transformants were selected on YPD plates supplemented with 200 μg/ml G418
(Sigma) and verified by colony PCR. LS03 was brought to Ura prototrophy through
transformation with the pYES2.1/V5-His-TOPO vector (Invitrogen) to create strain LS04.
The S. cerevisiae sko1Δ/CaSKO1 complemented strain (LS05) was created by transforming
strain LS03 with pYES-CaSKO1-V5 [19]. The wt BY4741 strain was brought to Ura
prototrophy through transformation with the pYES2.1/ V5-His-TOPO vector to create strain
LS07.

5.3. RNA isolation and real time-PCR analysis
Overnight cultures of designated C. albicans strains were diluted to a starting OD600 nm of
0.2 in 100 ml YPD+uri. The cultures were incubated with shaking at 30 °C to an OD600 nm of
1.0. A volume of 40 ml of this culture was transferred to a new flask containing 10 ml of 5.0
M NaCl (Cf = 1.0 M) to subject the cells to osmotic stress. As a control, an equivalent
dilution was made of the remaining culture volume using water. The cultures were incubated
at 30 °C for an additional 30 min. After salt (or water) treatment, OD600 of each culture was
measured to approximate cell number, and an appropriate volume was removed to obtain 3 ×
108 cells. Cells were collected by gentle centrifugation (2880 ×g), and total RNA was
extracted using the RiboPure™ — Yeast Kit (Ambion). Manufacturer’s protocol was
followed with the following minor adjustment: DNase treatment was for 1 h at 37 °C. RNA
yield and quality were checked by UV absorbance at 260nm and 280nm in a BioRad Smart
Spec spectrophotometer and by electrophoresis on a standard 0.8% agarose gel.

cDNA was synthesized using the AffinityScript Multiple Temperature cDNA Synthesis Kit
(Agilent Technologies) following the manufacturer’s protocol. As a control for DNA
contamination, parallel reactions were performed without reverse transcriptase. Primers
were designed using Primer3 software (http://frodo.wi.mit.edu/cgi-bin/primer3/
primer3_www.cgi). The reaction tubes were incubated at 42 °C for 90 min followed by 5
min at 90 °C to terminate the reaction.

PCR efficiency (E) was determined for all primers through amplification of C. albicans
genomic DNA. Primer pairs yielding E-values between 99 and 103% were used in
subsequent RT-qPCR experiments. RT reactions were prepared in triplicate using iQ SYBR
Supermix (BioRad). RT-qPCR experiments and data analysis were performed using the
BioRad MyiQ™2 thermocycler equipped with an iQ5 multicolor optical unit (BioRad) as
previously described [19]. Transcript levels were normalized against C. albicans TDH3 or S.
cerevisiae TDH3 expression (both of which encode glyceraldehyde-3-phosphate
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dehydrogenase), and gene expression changes were calculated by the ΔΔCT method [44,45].
Target-gene fold changes for treated or untreated cells were determined by comparison to
the untreated wt strain. Significant differences between groups were determined in unpaired
t-tests with a P-value of <0.05 being statistically significant.

5.4. Microarray analysis
Cultures of designated C. albicans strains were prepared, and RNA extraction was
performed as described for RT-qPCR analysis. We performed four hybridizations that
compared transcripts from a salt-treated sko1Δ/Δ mutant strain against a salt-treated wt
strain. All RNA samples were produced from independent cultures. Transcriptional profiling
was performed as previously described [46], and the resulting data was normalized and
analyzed in GeneSpring GX version 7.3 (Agilent Technologies). The results of this analysis
are listed in the Supplementary dataset worksheet 1, which includes significantly-modulated
genes that exhibited a statistically-significant (t-test P-values < 0.05) change in transcript
abundance of at least 2.0-fold. Functional analysis in GSEA, Cytoscape and Enrichment
Map [20] software were conducted as described by Uwamahoro et al. [47].

5.5. In silico gene promoter analysis
All Sko1 gene targets with a 2-fold or greater change in transcription were considered.
Upstream sequences were retrieved from the Regulatory Sequence Analysis Tools (RSAT,
http://rsat.ulb.ac.be/ [48]) web-based application. The oligo-analysis program was chosen
for matrix determination; parameters were left at default, and the C. albicans genome was
chosen for the background model. In addition, the Multiple Em for Motif Elicitation
(MEME, http://meme.sdsc.edu), and W-AlignACE programs were used to search for
putative binding sites. Due to the query size restrictions for MEME (maximum of 60,000
characters/inquiry) and W-AlignACE programs, gene promoter sequences were run in
successive groups with parameters set to default. To avoid bias, genome sequences were
randomly selected for input; this was repeated three times to confirm results. The above
procedure was then repeated with isolated data sets of genes with only increased expression
(>2.0 fold) or only decreased expression (>2.0 fold). All returned position-specific scoring
matrices (PSSMs) were compared to known matrices using TomTom, a component of the
MEME suite. TomTom searches Jaspar Core, Transfac, and Uniprobe Mouse databases for
known binding sites.

5.6. Intracellular glycerol assays
Yeast cultures were prepared as described for RNA analysis. Following 30 min of 1.0 M
NaCl treatment, intracellular glycerol levels were measured using the free glycerol reagents
kit (Sigma) following manufacturer’s protocol.

Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.ygeno.
2013.06.002.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Enrichment Map of Sko1-dependent osmotic stress-responsive genes. Enrichment Map
based on transcript profiles comparing the sko1Δ/Δ mutant strain (JMR104) against the wt
reference strain (DAY185) following 1.0 M NaCl treatment. Nodes (circles) depict gene sets
statistically overrepresented in the sko1Δ/Δ mutant strain, and node size represents the
number of genes in a set. Red node color represents enrichment in the sko1Δ/Δ mutant strain
(genes repressed by Sko1 under osmotic stress). Blue node color represents enrichment in
the wt strain (genes activated by Sko1 under osmotic stress). Color intensity is proportional
to the enrichment significance. Lines (edges) connecting nodes indicate the relatedness
between nodes. Edge thickness represents the degree of overlap between gene sets.
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Fig. 2.
Divergent aspects of Sko1 gene regulation in the osmotic stress response. (A) RT-qPCR
analysis of osmotic stress-responsive genes identified from GSEA/enrichment mapping and
containing a putative Sko1 binding site in the wt reference strain DAY185, sko1Δ/Δ mutant
strain (JMR104), and sko1Δ/Δ/+ complemented strain (JMR109). Transcript levels were
normalized to TDH3 expression, and fold changes between strains were normalized to the
untreated wt adjusted to the value of 1.0. (B) Sequence logo for the putative DNA binding
site of Sko1-repressed genes. (C) Sequence logo for the putative DNA binding site of Sko1-
activated genes.
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Fig. 3.
Requirement of Sko1 in glycerol production. (A) RT-qPCR analysis of the glycerol
metabolic genes GPD2 and RHR2 in the wt reference strain DAY185, hog1Δ/Δ mutant
strain (JMR121), hog1Δ/Δ/+ complemented strain (JMR123), sko1Δ/Δ mutant strain
(JMR104), and sko1Δ/Δ/+ complemented strain (JMR109) following 1.0 M NaCl treatment.
All genes were analyzed in triplicate. Transcript levels were normalized to TDH3, and fold
changes between strains were normalized to the untreated wt strain adjusted to a value of
1.0. (B) Measurements of intracellular glycerol levels following growth in 1.0 M NaCl for
the wt, sko1Δ/Δ mutant strain, and the sko1Δ/Δ/+ complemented strain. (C) RTq-PCR
analysis of the triacylglycerol lipase genes TGL1 and TGL2. An asterisk indicates a P-value
< 0.05 compared to the wt strain in salt.
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Fig. 4.
Conserved aspects of Sko1 function in the osmotic stress response. (A) RT-qPCR analysis
of osmotic stress-responsive genes in the C. albicans wt reference strain DAY185, hog1Δ/Δ
mutant strain (JMR121), hog1Δ/Δ/+ complemented strain (JMR123), sko1Δ/Δ mutant strain
(JMR104) and sko1Δ/Δ/+ complemented strain (JMR109) following exposure to 1.0 M
NaCl. All genes were analyzed in triplicate. Transcript levels were normalized to TDH3, and
fold changes between strains were normalized to the untreated wt reference strain adjusted
to a value of 1.0. (B) RT-qPCR expression analysis of S. cerevisiae osmotic stress-response
in the S. cerevisiae wt reference strain (LS07), sko1Δ mutant strain (LS04), and the sko1Δ/C.
albicans SKO1 complemented strain (LS05). Transcript levels were normalized to S.
cerevisiae TDH3 expression, and fold changes between strains were normalized to the
untreated wt reference strain adjusted to the value of 1.0. An asterisk indicates a P-value <
0.05 compared to the reference strain in salt.
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