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Specificity of the osmotic stress 
response in Candida albicans 
highlighted by quantitative 
proteomics
Mette D. Jacobsen1, Robert J. Beynon  2, Lee A. Gethings3, Amy J. Claydon2, 
James I. Langridge3, Johannes P. C. Vissers3, Alistair J. P. Brown1 & Dean E. Hammond  4

Stress adaptation is critical for the survival of microbes in dynamic environments, and in particular, 
for fungal pathogens to survive in and colonise host niches. Proteomic analyses have the potential 
to significantly enhance our understanding of these adaptive responses by providing insight into 
post-transcriptional regulatory mechanisms that contribute to the outputs, as well as testing 
presumptions about the regulation of protein levels based on transcript profiling. Here, we used label-
free, quantitative mass spectrometry to re-examine the response of the major fungal pathogen of 
humans, Candida albicans, to osmotic stress. Of the 1,262 proteins that were identified, 84 were down-
regulated in response to 1M NaCl, reflecting the decrease in ribosome biogenesis and translation that 
often accompanies stress. The 64 up-regulated proteins included central metabolic enzymes required 
for glycerol synthesis, a key osmolyte for this yeast, as well as proteins with functions during stress. 
These data reinforce the view that adaptation to salt stress involves a transient reduction in ribosome 
biogenesis and translation together with the accumulation of the osmolyte, glycerol. The specificity of 
the response to salt stress is highlighted by the small proportion of quantified C. albicans proteins (5%) 
whose relative elevated abundances were statistically significant.

Candida albicans is most commonly found as a commensal of healthy humans but can colonise diverse niches 
within the human body. For example, this fungus colonises the gastrointestinal tract of most individuals, and is 
a frequent cause of mucosal infection in otherwise healthy people (oral thrush and vaginitis). Furthermore, C. 
albicans is common cause of life-threatening systemic disease in immunocompromised patients, these infections 
having high mortality rates even following antifungal therapy1. The mechanisms by which C. albicans transitions 
from a relatively harmless commensal to an aggressive pathogen are not fully understood, but relate to the activa-
tion of a battery of fungal virulence factors, a perturbation of the local microbiota that permits fungal outgrowth, 
and/or the weakening of host immunity2–5. In addition, a set of fungal fitness attributes, which include rapid 
and effective nutrient and stress adaptation, promote the virulence of C. albicans6,7. The ability to quickly adapt 
to host-imposed stresses in various environments contributes significantly to the survival of the fungus in host 
niches, and its ability to cause infection8. In particular, host defence mechanisms are perceived as stresses by the 
pathogen. Myeloid cells attempt to kill fungal cells using a range of toxic reactive oxygen and nitrogen species9, 
and it was recently shown that a combination of cationic (NaCl) and oxidative stresses are particularly lethal for 
pathogenic Candida species10,11. Therefore, an understanding of stress response mechanisms could potentially 
lead to therapeutic approaches that augment host defence.

C. albicans adapts to different stress inputs via specific signalling pathways. For example, adaptation to 
heat shock is mediated by the transcription factor Hsf112, nitrosative stress adaptation is dependent on the 
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transcription factor Cta413, and resistance to oxidative stress is dependent upon the AP-1-like transcription fac-
tor Cap1, the response regulator Skn7, and the Hog1 Stress Activated Protein Kinase14–17. Hog1 is also crucial 
for resistance to osmotic and cationic stress in C. albicans17,18. Many studies have focused on the transcriptional 
response of C. albicans cells to different environmental stressors, e.g.10,19–22. Accurate assessments of these stress 
responses at the protein level are less common23,24.

Although there is a broad correlation between the response of transcript and protein, there is uncertainty in 
the degree to which one can infer changes to the proteome on the basis of transcriptomic analysis25. Whilst the 
increases in protein abundance observed in this study did correlate better with reported increases in transcript 
levels20 compared with previous studies24, a reduction in transcripts did not lead to equivalent changes in protein 
amounts. Thus, studies implying a decrease in protein abundance based on decreased levels of mRNA should 
be treated with caution. It is reasonable to suggest that, subject to translational regulation26,27, an increase in 
transcript level will often lead to a commensurate increase in protein abundance. However, the degree to which 
a reduction in transcript level will lead to a decline in the corresponding protein is dependent on the inherent 
intracellular stability of that protein. A protein with a low rate of degradation will not respond quickly, even fol-
lowing a dramatic decrease in the abundance of its transcript. There may be less of a disconnect when cells are 
dividing rapidly, as the rapid expansion of total cellular volume can dilute ‘surplus’ protein quickly. In addition, 
post-translational regulation plays an important role in stress adaptation. For example, while the mitogen acti-
vated protein kinase (Hog1) is important for oxidative stress resistance in C. albicans17, it does not make a major 
contribution to the transcriptional response to oxidative stress20. Therefore, to gain a thorough understanding of 
stress responses, they must also be studied at the proteomic level.

In this investigation, we have conducted a detailed comparative analysis of proteomic changes between C. 
albicans cells grown under normal conditions and those experiencing high osmolarity salt-stress. Previous stud-
ies20 have compared the transcriptome of C. albicans under these two conditions, and our previous analysis of 
the osmotic stress proteome in C. albicans exploited two-dimensional gel electrophoresis technologies that could 
not achieve the same proteome depth24. Therefore, in this study, we examined the osmotic stress proteome of C. 
albicans in depth using high-throughput, label-free mass spectrometry-based approaches. The relatively small 
proportion of proteins that were significantly up-regulated, together with the focus upon certain central carbon 
metabolic pathways, suggests a high degree of specificity for the osmotic stress response and highlights the signif-
icance of arabitol synthesis, as well as glycerol production, for the requisite osmolyte accumulation during cellular 
adaptation to this stress.

Experimental
Cell culture. A single C. albicans colony was cultured overnight at 30 °C in shaking incubator in 5 mL CAI4-
CIp10 in YPD-T, pH 7.4 (Tris buffered YPD containing 2% w/v glucose, 2% w/v mycological peptone (Oxoid, 
Hampshire, United Kingdom), 1% w/v yeast extract (Oxoid), 100 mM Tris-HCl, pH 7.4)28. The following day 
500 µL culture was inoculated into 50 mL YPD-T and allowed to grow overnight. Fresh medium was then inoc-
ulated with culture to OD600 = 0.2 and the cells were grown to OD600 = 0.8. At this point the culture was divided 
into two, diluted with medium to OD600 of 0.2 and NaCl added to one flask (final concentration 1M), the other 
serving as the control. The triplicate analysis (three high salt, three controls) were harvested after 1 h of further 
growth and the cell pellets were flash frozen in liquid nitrogen. Three biological replicates per treatment group 
were produced in this way.

Sample preparation. Cell pellets were thawed on ice and washed in cold H2O. Each cell pellet was 
re-suspended in 250 µL H2O and an equal volume of acid-washed glass beads (425–600 μm, Sigma-Aldrich, St. 
Louis, MO) was added. The cells were disrupted using a Mini bead beater 8 (BioSpec Products, Bartlesville, OK) 
by 5 cycles of 10 × 20 s with 1 min on ice between each cycle. After each cycle the samples were spun down, the 
supernatant containing the protein extract removed, and fresh cold H2O added before repeating the bead beating. 
Finally, fractions from each sample were pooled before further analysis. High levels of cell breakage were con-
firmed by SDS-PAGE of different fractions.

Proteomics. Three biological replicate samples containing a broken cell preparation equivalent to 100 µg 
protein were dissolved in 100 µL 25 mM ammonium bicarbonate and analysed for each condition. The proteins 
were denatured with 10 µL of 1% (w/v) RapiGest (Waters Corporation, Milford, MA) in 25 mM ammonium 
bicarbonate and incubated at 80 °C for 10 min. Next, the samples were reduced by the addition of 10 µL of 60 mM 
DTT followed by incubation for 10 min at 65 °C and alkylated by the addition of 10 µL of 180 mM iodoacetamide 
and incubation at room temperature for 30 min in the dark. Trypsin (Roche Diagnostics Ltd, West Sussex, United 
Kingdom) was reconstituted in 50 mM acetic acid to a concentration of 0.2 µg/µL and digestion performed by the 
addition of 20 µL of the trypsin solution to the sample followed by incubation at 37 °C. After 4.5 h, an additional 
10 µL of trypsin solution was added and incubation continued overnight. At the end of the digestion, trifluoro-
acetic acid (final concentration 1% v/v) was added to inactivate and precipitate the RapiGest detergent. After 
centrifugation at 14,000 g for 15 min, the supernatant fraction, containing tryptic peptides, was used directly for 
liquid chromatography - mass spectrometry (LC-MS) analyses.

LC-MS configuration. Nanoscale LC separation of tryptic peptides was performed with a NanoAcquity 
system (Waters Corporation), equipped with a Symmetry C18 5 µm, 2 cm × 180 µm precolumn and an HSS T3 
C18 1.7 µm, 25 cm × 75 µm analytical reversed phase column (Waters Corporation). The samples, 1 µL (100 ng), 
were transferred with aqueous 0.1% (v/v) formic acid to the precolumn at a flow rate of 5 µL/min for 5 min. 
Mobile phase A was water containing 0.1% (v/v) formic acid, whilst mobile phase B was acetonitrile containing 
0.1% (v/v) formic acid. After desalting and preconcentration, the peptides were eluted from the precolumn to the 
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analytical column and separated with a gradient of 3–40% mobile phase B over 90 min at a flow rate of 300 nL/
min, followed by a 2 min column rinse with 85% of mobile phase B. The columns were re-equilibrated at initial 
conditions for 20 min. The analytical column temperature was maintained at 35 °C. The lock mass compound, 200 
fmol [Glu1]-fibrinopeptide B/ µL, was delivered by an auxiliary pump at 600 nL/min.

Mass spectrometric analysis of tryptic peptides was performed using a Synapt G2-S mass spectrometer 
(Waters Corporation, Wilmslow, United Kingdom). For all measurements, the mass spectrometer was operated 
in v-mode with nominal resolution of 20,000 FWHM. All analyses were performed in positive mode ESI. The 
ion source block temperature and capillary voltage were set to 100 °C and 3.2 kV, respectively. The time of flight 
analyser of the mass spectrometer was externally calibrated with a NaCsI mixture from m/z 50 to 1990. The data 
were post-acquisition lock mass corrected using the doubly charged monoisotopic ion of [Glu1]-fibrinopeptide 
B. The reference sprayer was sampled with a frequency of 60 s. Accurate mass LC-MS data were collected in 
ion mobility assisted data independent (LC-IM-DIA-MS) mode of acquisition ((U)(H)DMSE)29. The spectral 
acquisition time in each mode was 0.5 s with a 0.02 s interscan delay. In low energy MS mode, data were collected 
at a constant ‘Trap’ collision energy of 4 eV and a constant ‘Transfer’ collision energy of 2 eV. In elevated energy 
mode, the ‘Trap’ collision energy was ramped from 4 eV to 5 eV in 0.5 s and the ‘Transfer’ collision energy was 
set to ramp during each ion mobility separation cycle, with the ramp applying the optimum collision energy 
for ions at a specific drift time. The ion mobility separations were combined in the 0.5 s total elevated energy 
integration time. One cycle of low MS1 and elevated energy MS2 data was acquired every 1 s. The quadrupole 
mass analyser was operated in non-resolving mode. The mass spectrometry proteomics data have been deposited 
to the ProteomeXchange Consortium via the PRIDE30 partner repository with the dataset accession number 
PXD008362.

Data processing and database searching. ProteinLynx GlobalSERVER version 3.0.2 (Waters 
Corporation) was used to process all data. Protein identifications were obtained by searching the C. albicans data-
base (6160 entries, http://www.candidagenome.org/). To detect and monitor protein and peptide identification 
error rates, decoy database entries were created by reversing the original protein amino acid sequences and con-
catenating them with the original entries. The principle of the search algorithm has been described previously31. 
Peptide and fragment ion tolerances were determined automatically, one missed cleavage site was allowed, as well 
as fixed carbamidomethylation of cysteine and variable oxidation of methionine. Identifications were accepted 
when the protein identification exceeded a confidence limit of identification greater than 95%, analogous to the 
probabilistic discriminant search score approach proposed by Keller et al.32, the protein was identified in at least 
two experimental replicates, either technical or biological, at least two peptides per protein were identified, and 
an amount estimation was associated with the identification33, which maintained an experiment-wide based pro-
tein identification false discovery rate (FDR) of 1%. Missing data points were replicated by data imputation after 
filtering for valid values34. In short, missing values were imputed with the average value of technical/biological 
replicates if the relative standard deviation across replicates did not exceed 50%. In all other instances, i.e. when 
the standard deviation was greater than 50% or when the protein was not detected in any of the replicates, the 
0.1% percentile value of the normalised MS2 abundance was imputed.

Bioinformatics. Normalised protein abundances were expressed as the MS2 product ion intensity sum of the 
fragment ions identified to a protein over the sum of all detected product ions from all proteins detected within a 
given replicate experiment. As demonstrated by Daly et al.35, product ion intensities scale linearly with precursor 
ion intensities and are a viable alternative to estimate the concentration of a protein in cases where saturation 
skews the estimation of the abundance. The latter can be caused by concentration effects, i.e. high abundant and 
well ionising species, or by acquisition, where ion concentration results in an increased number of ions reaching 
the detection system. This leads in both instances to underestimation of concentration and incorrect relative 
abundances. This is however not uncommon in LC-MS analysis of high dynamic range biological samples, is 
observed with various analyser types36,37 and quantitation techniques38, and can be corrected for using various 
approaches, either mathematically, or technically, respectively. The abundance estimation method applied here is 
similar in principle to the method described by Thalassinos et al.39, originally described by Silva et al.33. Relative 
protein abundances, log2 and square root-transformed, assuming Poisson distribution of the data, were con-
sidered significant when the 95% confidence interval was exceeded and p < 0.05 (two tailed, type two Student’s 
t-test), an approach of which the principle is analogous to the method described by Richardson et al.40 when 
dealing with uncertainty in multi-condition experiments using Bayes-based quantitation techniques, but uses 
univariate statistical logic instead.

To carry out functional analysis of our proteomic data, we queried online S. cerevisiae database annotation(s), 
which are more complete than the most recent C. albicans annotations. NCBI ‘blastp’ was initially used to search a 
reviewed UniProt S. cerevisiae database (v090816) to determine the S. cerevisiae homologs of our C. albicans pro-
tein assignments. Annotation for the top S. cerevisiae hit for each C. albicans sequence submitted to blastp (lowest 
e-value and highest bit score), was used for subsequent Gene Ontology (GO) functional analysis. The ‘simplify’ 
option of the ‘GOCluster_Report’ function of the ‘R/Bioconductor package systemPipeR version 1.1041 was used 
to perform enrichment tests for “slim” GO terms based on a hypergeometric distribution against a background 
list of all proteins in the S. cerevisiae proteome (minimum gene set size = 3, p-value cut-off = 0.05). To generate 
pathway diagrams annotated with our expression data, the WikiPathways42 plug-in of Pathvisio version 3.2.443 
was used. All other data analyses and visualisations were carried out using R version 3.4.244; specifically, PCA 
using ‘FactoMineR’ and fuzzy c-means clustering using the Mfuzz package45.

http://www.candidagenome.org/
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Results and Discussion
Proteomic profiling of C. albicans. To examine the impact of salt stress on the C. albicans proteome, cells 
were exposed to 1 M NaCl for 1 h. These cells retained over 98.5% viability, and the overall SDS-PAGE protein 
profile remained unchanged (Fig. 1a). Three biological replicates of each condition were analysed by label-free 
proteomics. The general, overall LC-MS profiles, shown as mirrored bubble plots, were very similar, with most 
peptides eluting between 25 and 75 min and 1,000–2,500 (M + H)+ (charge reduced peptide molecular weight) 
(Fig. 1b). Proteins that were identified with at least two peptides in a minimum of two replicates covered about 
three orders of magnitude of abundance. Highly abundant proteins included Ssa2 (Hsp70 family chaperone), Ssb1 
(Hsp70 family heat shock protein), and Pdc11 (pyruvate decarboxylase), which were typically up to 100 times 
higher in abundance than the lowest abundance proteins, Cpa2 (arginine-specific carbamoylphosphate synthase), 
Dpb4 (DNA polymerase epsilon subunit D), and Csm1 (component of the monopolin complex), covering three 
orders of identification and quantitation dynamic range. When proteins were ordered by abundance for control 
cells, the salt-treated cells followed a broadly similar distribution, consistent with selective proteome changes. 
However, several proteins were notably increased or decreased in abundance in salt treatment (Fig. 1c).

Overall proteomic analysis of C. albicans. To explore the effect of salt treatment on the proteome of 
C. albicans, three biological replicates of each condition were analysed, each in technical triplicate. When the 
label-free abundance profiles of the six biological samples were compared, following averaging of each technical 
triplicate, the overall proteome profile was very similar and highly correlated (Fig. 2a), permitting combined 
analysis and comparison of the two proteomes. Label free quantitative proteomic LC-MS analyses revealed 1,262 
quantifiable proteins, with very few proteins unique to one of the biological conditions. These 1,262 proteins 
were identified in at least two replicates with a protein false discovery rate (FDR) less than 1%. The identification 
replication rate, i.e. protein identification occurring in at least two of the three technical replicates, was 84.2% 
(Fig. 2a). There were 41 proteins that were exclusive to the control group, and 57 were exclusive to the salt treat-
ment group, using the same criteria, leaving 1,164 proteins common to both conditions (Fig. 2b). Of the proteins 
previously identified by 2D gel analysis24, over 97% were detected and quantified by LC-MS and two-thirds of the 
2D gel proteins that were detected lay within the highest LC-MS abundance order, as might have been anticipated. 
Moreover, the 2D gel-based proteomic approach can be biased against membrane (associated) proteins, whereas 
the LC-MS results presented here, applied to total cell extracts, afforded the identification and quantitation of 160 
(12.5% of the total) membrane (or membrane-associated) proteins.

Comparative label-free quantitative LC-MS proteome analysis of C. albicans under salt 
stress. Three independent replicate cultures (each with three technical replicates) of C. albicans were grown 
under normal conditions or under conditions of osmotic stress. The magnitude of change (fold change) of each 

Rep 1

NaCl: - + - + - +
185

98

62

49

33

28

kDa

Rep 2 Rep 3

b

0

-5000

-2500

2500

5000

20 40 60 80
retention time (min)

(M
+H

)+

RHR2 − TRPHVDPEEIIR

RHR2 − VVVFEDAPAGITAGK

RHR2 − LLSIERPDCFITAEK

RHR2 − TRPHVDPEEIIR

RHR2 − VVVFEDAPAGITAGK RHR2 − LLSIERPDCFITAEK

control

salt stressed

0 200 400 600 800 1000 1200

0

1

2

3

4

protein abundance index

lo
g1

0
ab

un
da

nc
e

control
salt stressed

c

a

Figure 1. Semi quantitative profiling of C. albicans proteomes under normal and salt-stressed conditions. (a) 
SDS PAGE separation of three biological C. albicans replicates/cultures grown under different (control (−) vs. 
salt-stressed (+)) conditions. The gels from which these lanes were taken are shown in Supplementary Fig. 1. 
(b) Deconvoluted base peak intensity chromatograms of tryptic peptide digests of the salt-stressed and control 
proteomes. The peptide abundances are represented by the dot size, showing regulated Rhr2 as an example. (c) 
Protein abundances in descending order as a function of (control) protein abundance index.



www.nature.com/scientificreports/

5SCientiFiC RepoRts |  (2018) 8:14492  | DOI:10.1038/s41598-018-32792-6

protein, expressed as salt treatment/control and the t-test statistical significance (corrected for multiple compar-
isons) is represented in a volcano plot (Fig. 3a). Most proteins were clustered in a region of statistically insignifi-
cant differences between the two conditions. However, the abundance of a small subset of proteins was markedly 
altered between the two conditions. Unsupervised principal components analysis (Fig. 3b) using the entire pro-
teome data set revealed a clear divergence between control and salt treatment proteomes, with tight association of 
most of the technical replicates. The robustness of the data is also apparent when the complete protein abundance 
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data-set was used to direct hierarchical clustering analysis, with log2 transformed product ion abundances used 
as the input parameter (Fig. 3c). There was clear separation between the two conditions, although, as seen in the 
principal components analysis, there was some variance between technical replicates.

Functional categorisation of the differential proteome. A significant proportion of C. albicans open 
reading frames have yet to be defined functionally, although many have been assigned putative roles based on 
homology to S. cerevisiae genes. Querying S. cerevisiae database annotation(s) following homology matching (see 
Experimental: Bioinformatics section), allowed us to propose a functional characterisation of the proteome data. 
Comparing the mean label-free abundances of proteins subclassified into functional clusters based on UniProt 
keywords, between salt-stressed and control cells, emphasised the overall stability of the proteome (Fig. 4a), evi-
dent across a broad dynamic range of protein abundance (Fig. 4b). The stability of the expression profile further 
served to highlight, and provided a good reference for, the changes in those proteins that exhibited statistically 
likely changes in abundance.

In parallel with the unbiased hard clustering analysis we performed to assess the reproducibility of the LC-MS 
data, we also subjected the abundance data to a ‘soft’ clustering approach. Two clear clusters were evident (Fig. 5a), 
where the first cluster contains 105 proteins that were down-regulated in conditions of salt stress, and the second 
cluster contains 110 proteins that were up-regulated under salt stress. Both GO enrichment analysis and pathway 
analysis was carried out on the proteins present in both clusters. The most enriched biological processes (upper 
plot) and molecular function (lower plot) terms are shown in Fig. 5b. Proteins involved in ‘metabolism’, particu-
larly of carbohydrates (glucose) were up-regulated following osmotic stress, whereas proteins involved in ‘gene 
expression’, ‘translation’ and ‘translation initiation’ were down-regulated. To obtain a visual representation of the 
fold-change in protein abundance of the components of the ‘carbon metabolism’ pathway, the WikiPathways 
plug-in of Pathvisio was used to summarise the data (Fig. 6a).

Impact of osmotic stress on central carbon metabolism. The core proteome was largely invariant in 
the two conditions (Fig. 2). Following exposure to 1 M NaCl, 84 proteins were significantly decreased in abun-
dance (Supplementary Table 1), exceeding the confidence interval with p < 0.05. The majority (34) are (or are 
predicted to be) ribosomal proteins or proteins involved in ribosome biogenesis. Extending the analysis to mod-
erately decreased proteins (>1.5-fold), the majority (57%) of 137 proteins are defined as ribosomal proteins or 
ribosome-related. They include several rRNA processing proteins such as Dim1, Ipi3, Nop14, Pno1, Pwp2, Rcl1, 
Utp22 as well as Utp25, which was amongst the most dramatically diminished proteins (Fig. 3; Supplementary 
Table 1). This group also included Pol1, a putative DNA polymerase involved in DNA replication. These data 
reflect the decrease in ribosome biogenesis, translation and possibly DNA replication that accompanies the tran-
sient cell cycle arrest that follows salt stress, or the imposition of other types of stress20,25,46–48. In addition to 
ribosome biogenesis and translation, the levels of Cox1 (subunit I of cytochrome c oxidase), which is one of 
the most strongly down-regulated proteins following osmotic stress, exhibiting a 10-fold reduction under stress 
(Fig. 3; Supplementary Table 1). A relative, univariate quantitative summary of all detected proteins is shown in 
Supplementary Fig. 2.

However, 64 proteins were increased in response to the osmotic stress (Supplementary Table 2), these proteins 
exceeding the regulation confidence interval at an adjusted p < 0.05. These included Gpd2 (glycerol-3-phosphate 
dehydrogenase; increased 4.1-fold) and Rhr2 (also known as Gpp1, glycerol 3-phosphatase; increased 3.4-fold), 
two enzymes required for biosynthesis of the osmolyte glycerol, a key requirement for osmo-adaptation in C. 
albicans and other yeasts49,50. This correlates well with the salt-mediated induction of the corresponding tran-
scripts17,20. We note that Gpd2 levels increase to a greater extent than Gpd1 levels in response to the osmotic 
stress (Fig. 6a and Supplementary Table 2). Again, this correlates well with the available transcript profiling data 
for NaCl-induced stress in C. albicans17,20 and lends significant weight to the validity of the output of the osmotic 
stress proteome defined in this study.

In addition to glycerol biosynthetic enzymes, other central metabolic functions were induced by osmotic stress 
(Figs 3a and 6a,b; Supplementary Table 2). Several enzymes on the pentose phosphate pathway were up-regulated 
(Zwf1, Gnd1, Sol3, Tal1, Tkl1). Interestingly, this pathway links arabitol synthesis to glycolysis and glycerol pro-
duction (Fig. 6), and arabitol accumulation has been implicated in stress adaptation in C. albicans51,52. Little work 
has been performed on arabitol synthesis in C. albicans51–54. However, cells are known to accumulate arabitol in 
response to osmotic stress in a manner that is only partially dependent on Hog151,52. Our data reinforce the view 
that arabitol accumulation contributes to osmotic stress adaptation in C. albicans.

Other central metabolic functions induced by osmotic stress include the key glyoxylate cycle enzymes isoc-
itrate lyase (Icl1) and malate synthase (Mls1). The glyoxylate cycle is thought to promote C. albicans patho-
genicity, as both the ILS1 and MLS1 transcripts are induced during phagocytosis by macrophages47,48,55,56. In 
addition, enzymes that generate intermediates for the glyoxylate cycle were up-regulated in response to osmotic 
stress, e.g. isocitrate dehydrogenase (Idp1) and glutamate dehydrogenase (Gdh2). The up-regulated central met-
abolic enzymes also included the glycolytic enzymes Tpi1 and Pgk1 and two key enzymes that regulate glyc-
olytic flux: phosphofructokinase (Pfk2) and pyruvate kinase (Cdc19) (Fig. 6a). Sorbose reductase (Sou1) was 
also strongly increased (6.7-fold). Sou1 is part of the sorbose utilization pathway, probably converting this 
sugar to fructose-6-phosphate on the glycolytic pathway57. Meanwhile, other central metabolic enzymes were 
down-regulated (Eno1, Sdh2, Lsc1) (Fig. 6a). Together, these changes may reflect the differential expression of 
specific isozymes, and/or the adjustment of central metabolic fluxes following the demand for increased glycerol, 
and possibly arabitol, synthesis. The lack of significant changes to other metabolic functions highlights the speci-
ficity of the metabolic response to osmotic stress.

The highest increases in protein abundance were manifest by Asr1 (a ubiquitin ligase that modifies RNA 
polymerase II) and Asr2. These proteins were identified as adenylyl cyclase and stress responsive58 in a study 



www.nature.com/scientificreports/

7SCientiFiC RepoRts |  (2018) 8:14492  | DOI:10.1038/s41598-018-32792-6

of transcriptional response of cAMP signalling in C. albicans, and are up-regulated following a range of other 
treatments including heat, osmotic59 and weak acid stress22 as well as in the response to 10% (v/v) fetal bovine 
serum in the medium60. The set of up-regulated proteins also include numerous stress proteins whose cognate 
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genes are part of the core transcriptional response to stress in C. albicans20. These include Hsp12 (C5_02080C_A), 
Adh7 (C6_02480W_A) and Ahp1 (C4_02410C_A). Levels of the heat shock protein Hsp21 (C2_04010C_A), 
which is involved in glycerol regulation61, were also elevated. In addition, proteins involved in oxidative stress 
adaptation were induced by the osmotic stress, suggesting that this stress induced a mild oxidative stress 
response in C. albicans62. For example, the levels of Cat1 (catalase), Gsh2 (glutathione biosynthesis) and Glx3 (a 
glutathione-independent glyoxalase) were all elevated after salt stress. Significantly, Tps2 (C1_03380W_A) was 
also increased. Tps2 encodes trehalose-6-phosphate phosphatase, required for synthesis of the stress protectant 
trehalose. The TPS2 gene is up-regulated in response to osmotic stress and contributes to ionic stress resistance 
in C. albicans20,63.

Comparing these proteomic outputs to those of Yin et al.24, there is reasonable overlap given the different 
technical approaches, with Rhr2, Grp2, Met15, Rct1, Tkl1 and Orf19.1862 being identified in both studies. Yin et 
al.24 used 2D gels and MALDI-ToF mass spectrometry to identify proteins that were up-regulated in response to 
0.3 M NaCl. Furthermore, there is reasonable overlap with previous transcript profiling studies performed under 
similar conditions10 in that the top six proteins were also up-regulated at the transcript level (Fig. 6c). Previous 
work has indicated that during salt stress in S. cerevisiae, for low abundance proteins, the correlation between 
changes at protein and transcript levels is weak (R2 = 0.09)25,64,65.
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Conclusions
Label-free proteomic quantification by LC-MS has been effective in profiling of over 1,250 proteins from the  
C. albicans proteome, and in identifying the significant changes in this proteome that occur in response to expo-
sure to 1M NaCl. The data clearly indicate that this salt stress leads to reduced levels of proteins involved in trans-
lation during the transient cell cycle arrest that accompanies this stress, as well as the increase of proteins that 
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mediate adaptation to the stress. These include stress proteins and enzymes required for the synthesis of glycerol. 
The other stress-induced enzymes included components of the arabitol biosynthetic pathway, which reinforces 
the view that this often ignored osmolyte contributes to osmotic stress adaptation in C. albicans. This study opens 
the way to the detailed proteomic analysis of other adaptive responses that contribute to the pathobiology of this 
major pathogen of humans. Analysis of the proteins that are changing is underway, but classic stress responses 
(heat shock proteins, glycerol metabolism) are already identified as responsive at the protein level.

References
 1. Pfaller, M. A. & Diekema, D. J. Epidemiology of Invasive Candidiasis: a Persistent Public Health Problem. Clin. Microbiol. Rev. 20, 

133–163 (2007).
 2. Neville, B. A., d’Enfert, C. & Bougnoux, M. E. Candida albicans commensalism in the gastrointestinal tract. FEMS Yeast Res. 15, 

fov081 (2015).
 3. Underhill, D. M. & Pearlman, E. Immune Interactions with Pathogenic and Commensal Fungi: A Two-Way Street. Immunity 43, 

845–858 (2015).
 4. Casadevall, A. The Pathogenic Potential of a Microbe. mSphere 2 (2017).
 5. Mayer, F. L., Wilson, D. & Hube, B. Candida albicans pathogenicity mechanisms. Virulence 4, 119–128 (2013).
 6. Brown, A. J. P., Brown, G. D., Netea, M. G. & Gow, N. A. R. Metabolism impacts upon Candida immunogenicity and pathogenicity 

at multiple levels. Trends Microbiol. 22, 614–622 (2014).
 7. Brown, A. J. P. et al. Stress adaptation in a pathogenic fungus. J. Exp. Biol. 217, 144 LP–155 (2013).
 8. Brown, A. J. P., Haynes, K., Gow, N. A. R. & Quinn, J. Stress Responses in Candida. In Candida and Candidiasis (eds Calderone R. 

A., Clancy, C. J.) 225–242, https://doi.org/10.1086/341420 (ASM Press 2012).
 9. Brown, G. D. Innate Antifungal Immunity: The Key Role of Phagocytes. Annu. Rev. Immunol. 29, 1–21 (2011).
 10. Kaloriti, D. et al. Mechanisms underlying the exquisite sensitivity of Candida albicans to combinatorial cationic and oxidative stress 

that enhances the potent fungicidal activity of phagocytes. MBio 5, e01334–14 (2014).
 11. Kos, I. et al. Mechanisms underlying the delayed activation of the cap1 transcription factor in Candida Albicans following 

combinatorial oxidative and cationic stress important for phagocytic potency. MBio 7, e00331–16 (2016).
 12. Nicholls, S., Leach, M. D., Priest, C. L. & Brown, A. J. P. Role of the heat shock transcription factor, Hsf1, in a major fungal pathogen 

that is obligately associated with warm-blooded animals. Mol. Microbiol. 74, 844–861 (2009).
 13. Chiranand, W. et al. CTA4 Transcription Factor Mediates Induction of Nitrosative Stress Response in Candida albicans. Eukaryot. 

Cell 7, 268–278 (2008).
 14. Alarco, A.-M. & Raymond, M. The bZip Transcription Factor Cap1p Is Involved in Multidrug Resistance and Oxidative Stress 

Response in Candida albicans. J. Bacteriol. 181, 700–708 (1999).
 15. Alonso-Monge, R. et al. The Hog1 Mitogen-Activated Protein Kinase Is Essential in the Oxidative Stress Response and 

Chlamydospore Formation in Candida albicans. Eukaryot. Cell 2, 351–361 (2003).
 16. Singh, P., Chauhan, N., Ghosh, A., Dixon, F. & Calderone, R. SKN7 of Candida albicans: Mutant Construction and Phenotype 

Analysis. Infect. Immun. 72, 2390–2394 (2004).
 17. Smith, D. A., Nicholls, S., Morgan, B. A., Brown, A. J. P. & Quinn, J. A Conserved Stress-activated Protein Kinase Regulates a Core 

Stress Response in the Human Pathogen Candida albicans. Mol. Biol. Cell 15, 4179–4190 (2004).
 18. San José, C., Monge, R. A., Pérez-Díaz, R., Pla, J. & Nombela, C. The mitogen-activated protein kinase homolog HOG1 gene controls 

glycerol accumulation in the pathogenic fungus Candida albicans. J. Bacteriol. 178, 5850–5852 (1996).
 19. Hromatka, B. S., Noble, S. M. & Johnson, A. D. Transcriptional Response of Candida albicans to Nitric Oxide and the Role of the 

YHB1 Gene in Nitrosative Stress and Virulence. Mol. Biol. Cell 16, 4814–4826 (2005).
 20. Enjalbert, B. et al. Role of the Hog1 Stress-Activated Protein Kinase in the global transcriptional response to stress in the fungal 

pathogen Candida albicans. Mol. Biol. Cell 17, 1018–1032 (2006).
 21. Wimalasena, T. T. et al. Impact of the unfolded protein response upon genome-wide expression patterns, and the role of Hac1 in the 

polarized growth, of Candida albicans. Fungal Genet. Biol. 45, 1235–1247 (2008).
 22. Ramsdale, M. et al. MNL1 Regulates Weak Acid–induced Stress Responses of the Fungal Pathogen Candida albicans. Mol. Biol. Cell 

19, 4393–4403 (2008).
 23. Kusch, H., Engelmann, S., Albrecht, D., Morschhäuser, J. & Hecker, M. Proteomic analysis of the oxidative stress response in 

Candida albicans. Proteomics 7, 686–697 (2007).
 24. Yin, Z. et al. A proteomic analysis of the salt, cadmium and peroxide stress responses in Candida albicans and the role of the Hog1 

stress-activated MAPK in regulating the stress-induced proteome. Proteomics 9, 4686–4703 (2009).
 25. Lee, M. V. et al. A dynamic model of proteome changes reveals new roles for transcript alteration in yeast. Mol. Syst. Biol. 7, 514 (2011).
 26. Selbach, M. et al. Widespread changes in protein synthesis induced by microRNAs. Nature 455, 58–63 (2008).
 27. Schwanhausser, B. et al. Global quantification of mammalian gene expression control. Nature 473, 337–342 (2011).
 28. Kaloriti, D. et al. Combinatorial stresses kill pathogenic Candida species. Med. Mycol. 50, 699–709 (2012).
 29. Distler, U. et al. Drift time-specific collision energies enable deep-coverage data-independent acquisition proteomics. Nat Meth 11, 

167–170 (2014).
 30. Vizcaíno, J. A. et al. 2016 update of the PRIDE database and its related tools. Nucleic Acids Res. 44, 11033 (2016).
 31. Li, G.-Z. et al. Database searching and accounting of multiplexed precursor and product ion spectra from the data independent 

analysis of simple and complex peptide mixtures. Proteomics 9, 1696–1719 (2009).
 32. Keller, A., Nesvizhskii, A. I., Kolker, E. & Aebersold, R. Empirical Statistical Model To Estimate the Accuracy of Peptide 

Identifications Made by MS/MS and Database Search. Anal. Chem. 74, 5383–5392 (2002).
 33. Silva, J. C., Gorenstein, M. V., Li, G.-Z., Vissers, J. P. C. & Geromanos, S. J. Absolute Quantification of Proteins by LCMSE: A Virtue 

of Parallel ms Acquisition. Mol. Cell. Proteomics 5, 144–156 (2006).
 34. Cox, J. & Mann, M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-

wide protein quantification. Nat Biotech 26, 1367–1372 (2008).
 35. Daly, C. E., Ng, L. L., Hakimi, A., Willingale, R. & Jones, D. J. L. Qualitative and Quantitative Characterization of Plasma Proteins 

When Incorporating Traveling Wave Ion Mobility into a Liquid Chromatography–Mass Spectrometry Workflow for Biomarker 
Discovery: Use of Product Ion Quantitation As an Alternative Data Analysi. Anal. Chem. 86, 1972–1979 (2014).

 36. March, R. E. An Introduction to Quadrupole Ion Trap Mass Spectrometry. J. Mass Spectrom. 32, 351–369 (1997).
 37. Chernushevich, I. V., Loboda, A. V. & Thomson, B. A. An introduction to quadrupole–time-of-flight mass spectrometry. J. Mass 

Spectrom. 36, 849–865 (2001).
 38. Ishihama, Y. et al. Exponentially Modified Protein Abundance Index (emPAI) for Estimation of Absolute Protein Amount in 

Proteomics by the Number of Sequenced Peptides per Protein. Mol. Cell. Proteomics 4, 1265–1272 (2005).
 39. Thalassinos, K. et al. Design and Application of a Data-Independent Precursor and Product Ion Repository. J. Am. Soc. Mass 

Spectrom. 23, 1808–1820 (2012).
 40. Richardson, K. et al. A Probabilistic Framework for Peptide and Protein Quantification from Data-Dependent and Data-

Independent LC-MS Proteomics Experiments. OMICS 16, 468–482 (2012).

http://dx.doi.org/10.1086/341420


www.nature.com/scientificreports/

1 1SCientiFiC RepoRts |  (2018) 8:14492  | DOI:10.1038/s41598-018-32792-6

 41. H. Backman, T. W. & Girke, T. systemPipeR: NGS workflow and report generation environment. BMC Bioinformatics 17, 388 (2016).
 42. Pico, A. R. et al. WikiPathways: Pathway Editing for the People. PLOS Biol. 6, e184 (2008).
 43. Kutmon, M. et al. PathVisio 3: An Extendable Pathway Analysis Toolbox. PLoS Comput. Biol. 11, e1004085 (2015).
 44. R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria 0, 

{ISBN} 3-900051-07-0 (2017).
 45. Kumar, L. & Futschik, E. M. Mfuzz: A software package for soft clustering of microarray data. Bioinformation 2, 5–7 (2007).
 46. Radmaneshfar, E. et al. From START to FINISH: The Influence of Osmotic Stress on the Cell Cycle. PLoS One 8, e68067 (2013).
 47. Lorenz, M. C., Bender, J. A. & Fink, G. R. Transcriptional Response of Candida albicans upon Internalization by Macrophages. 

Eukaryot. Cell 3, 1076–1087 (2004).
 48. Childers, D. S. et al. The Rewiring of Ubiquitination Targets in a Pathogenic Yeast Promotes Metabolic Flexibility, Host Colonization 

and Virulence. PLoS Pathog. 12, e1005566 (2016).
 49. Fan, J., Whiteway, M. & Shen, S.-H. Disruption of a gene encoding glycerol 3-phosphatase from Candida albicans impairs 

intracellular glycerol accumulation-mediated salt-tolerance. FEMS Microbiol. Lett. 245, 107–116 (2005).
 50. Albertyn, J., Hohmann, S., Thevelein, J. M. & Prior, B. A. GPD1, which encodes glycerol-3-phosphate dehydrogenase, is essential for 

growth under osmotic stress in Saccharomyces cerevisiae, and its expression is regulated by the high-osmolarity glycerol response 
pathway. Mol. Cell. Biol. 14, 4135–4144 (1994).

 51. Kayingo, G. & Wong, B. The MAP kinase Hog1p differentially regulates stress-induced production and accumulation of glycerol and 
d-arabitol in Candida albicans. Microbiology 151, 2987–2999 (2005).

 52. Sánchez-Fresneda, R. et al. Specific stress-induced storage of trehalose, glycerol and d-arabitol in response to oxidative and osmotic 
stress in Candida albicans. Biochem. Biophys. Res. Commun. 430, 1334–1339 (2013).

 53. Wong, B., Murray, J. S., Castellanos, M. & Croen, K. D. D-arabitol metabolism in Candida albicans: studies of the biosynthetic 
pathway and the gene that encodes NAD-dependent D-arabitol dehydrogenase. J. Bacteriol. 175, 6314–6320 (1993).

 54. Wong, B. et al. D-arabitol metabolism in Candida albicans: construction and analysis of mutants lacking D-arabitol dehydrogenase. 
J. Bacteriol. 177, 2971–2976 (1995).

 55. Lorenz, M. C. & Fink, G. R. The glyoxylate cycle is required for fungal virulence. Nature 412, 83–86 (2001).
 56. Barelle, C. J. et al. Niche-specific regulation of central metabolic pathways in a fungal pathogen. Cell. Microbiol. 8, 961–971 (2006).
 57. Greenberg, J. R., Price, N. P., Oliver, R. P., Sherman, F. & Rustchenko, E. Candida albicans SOU1 encodes a sorbose reductase 

required for L-sorbose utilization. Yeast 22, 957–969 (2005).
 58. Harcus, D., Nantel, A., Marcil, A., Rigby, T. & Whiteway, M. Transcription Profiling of Cyclic AMP Signaling in Candida albicans. 

Mol. Biol. Cell 15, 4490–4499 (2004).
 59. Enjalbert, B., Nantel, A. & Whiteway, M. Stress-induced Gene Expression in Candida albicans: Absence of a General Stress Response. 

Mol. Biol. Cell 14, 1460–1467 (2003).
 60. Ahmed, R. et al. Serum responsive proteome reveals correlation between oxidative phosphorylation and morphogenesis in Candida 

albicans ATCC10231. J. Proteomics 185, 25–38 (2018).
 61. Mayer, F. L. et al. Small but Crucial: The Novel Small Heat Shock Protein Hsp21 Mediates Stress Adaptation and Virulence in 

Candida albicans. PLoS One 7, e38584 (2012).
 62. Moradas-Ferreira, P., Costa, V., Piper, P. & Mager, W. The molecular defences against reactive oxygen species in yeast. Mol. Microbiol. 

19, 651–658 (1996).
 63. Martínez-Esparza, M. et al. Role of trehalose-6P phosphatase (TPS2) in stress tolerance and resistance to macrophage killing in 

Candida albicans. Int. J. Med. Microbiol. 299, 453–464 (2009).
 64. Gasch, A. P. et al. Genomic Expression Programs in the Response of Yeast Cells to Environmental Changes. Mol. Biol. Cell 11, 

4241–4257 (2000).
 65. Chen, D. et al. Global Transcriptional Responses of Fission Yeast to Environmental Stress. Mol. Biol. Cell 14, 214–229 (2003).

Acknowledgements
We are grateful to the BBSRC for funding the CRISP Consortium (Combinatorial Responses in Stress Pathways) 
under the SABR Initiative (Systems Approaches to Biological Research) (BB/F00513X/1; BB/F005210/1). AJPB 
was also funded by the BBSRC (BB/K017365/1), the ERC (C-2009-AdG-249793), the Wellcome Trust (097377), 
the MRC (MR/M026663/1), and the MRC Centre for Medical Mycology and the University of Aberdeen (MR/
M026663/1).

Author Contributions
D.E.H., performed experiments, analysed data and wrote the manuscript; A.J.P.B., designed experiments and co-
wrote the manuscript; J.P.C.V. performed experiments, analysed data and co-wrote the manuscript; L.A.G., A.J.C. 
and M.D.J., performed experiments; R.J.B. and J.I.L., co-designed experiments and co-wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-32792-6.
Competing Interests: L.A.G., J.I.L. and J.P.C.V. are employed by Waters Corporation, which operates in the field 
covered by the article. The remaining authors declare no competing financial interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-32792-6
http://creativecommons.org/licenses/by/4.0/

	Specificity of the osmotic stress response in Candida albicans highlighted by quantitative proteomics
	Experimental
	Cell culture. 
	Sample preparation. 
	Proteomics. 
	LC-MS configuration. 
	Data processing and database searching. 
	Bioinformatics. 

	Results and Discussion
	Proteomic profiling of C. albicans. 
	Overall proteomic analysis of C. albicans. 
	Comparative label-free quantitative LC-MS proteome analysis of C. albicans under salt stress. 
	Functional categorisation of the differential proteome. 
	Impact of osmotic stress on central carbon metabolism. 

	Conclusions
	Acknowledgements
	Figure 1 Semi quantitative profiling of C.
	Figure 2 Quantitative and qualitative comparison of label-free proteome profiles.
	Figure 3 Cluster analysis of C.
	Figure 4 Expression changes in functional protein groupings under salt-stress conditions.
	Figure 5 Clusters and enriched GO terms for proteins that were up- or down-regulated in response to salt stress.
	Figure 6 Impact of osmotic stress on central carbon metabolism.




