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Genome-wide gene expression profiling and a forward genetic screen show that differential expression of the sodium ion transporter Ena21 contributes to the differential tolerance of Candida albicans and Candida dubliniensis to osmotic stress

 

Introduction

Candida albicans is the most pathogenic yeast species. It is a common cause of superficial infections (e.g. vaginitis, diaper rash and oral thrush) and in certain groups of immunocompromised patients it can cause systemic infections with high levels of mortality [START_REF] Odds | Candida and Candidosis: A Review and Bibliography[END_REF]. A number of factors contribute to the virulence of C. albicans, including the ability to form filaments, cell-cell and cell-surface adhesion, the production of extracellular proteinases and stress adaptation. Candida dubliniensis is closely related to C. albicans in evolutionary terms, sharing its properties of commensalism and opportunistic infection [START_REF] Sullivan | Candida dubliniensis sp. nov.: phenotypic and molecular characterization of a novel species associated with oral candidosis in HIV-infected individuals[END_REF]. In a recent study it was shown that 95.6% of genes are Ն 60% homologous in the two species, with the vast majority of genes being approximately 90% homologous [START_REF] Moran | Comparative genomics using Candida albicans DNA microarrays reveals absence and divergence of virulence-associated genes in Candida dubliniensis[END_REF]. Given the similarity of the genomes of these two species it is not surprising that they share many phenotypic traits, including the ability to produce hyphae and chlamydospores. This can present difficulties in accurately discriminating between them in clinical samples. However, despite their phylogenetic relatedness, epidemiological data suggest that C. albicans is significantly more pathogenic than C. dubliniensis which is rarely identified in cases of systemic disease (i.e. 2% of cases of candidemia) while C. albicans is usually responsible for approximately 50-65% of cases. [START_REF] Kibbler | Management and outcome of blood stream infections due to Candida species in England and Wales[END_REF][START_REF] Sullivan | Comparison of the epidemiology, drug resistance mechanisms, and virulence of Candida dubliniensis and Candida albicans[END_REF][START_REF] Odds | One year prospective survey of Candida bloodstream infections in Scotland[END_REF]. This observation has been confirmed using a range of infection models, including the mouse model of systemic infection and the neonatal mouse gastric infection model [START_REF] Gilfillan | Candida dubliniensis: phylogeny and putative virulence factors[END_REF][START_REF] Vilela | Pathogenicity and virulence of Candida dubliniensis: comparison with C. albicans[END_REF][START_REF] Stokes | Lower filamentation rates of Candida dubliniensis contribute to its lower virulence in comparison with Candida albicans[END_REF]. The molecular basis for the differential virulence of C. dubliniensis and C. albicans has yet to be established. However, it has recently been shown that C. dubliniensis has a lower filamentation rate than C. albicans, resulting in a decreased capacity to invade tissues in a reconstituted human epithelial infection model [START_REF] Stokes | Lower filamentation rates of Candida dubliniensis contribute to its lower virulence in comparison with Candida albicans[END_REF]. This suggests that a lower capacity to produce hyphae in vivo might contribute to the relatively low virulence of C. dubliniensis. However, other factors might also contribute, at least in part, to the reduced virulence of C. dubliniensis in comparison with C. albicans.

Candida albicans can colonize diverse niches within its human host [e.g. the oral cavity, the gastrointestinal tract and the vagina [START_REF] Odds | Candida and Candidosis: A Review and Bibliography[END_REF]] and has the capacity to respond rapidly to changes in environmental conditions [START_REF] Enjalbert | Stressinduced gene expression in Candida albicans: absence of a general stress response[END_REF][START_REF] Lorenz | Transcriptional response of Candida albicans upon internalization by macrophages[END_REF][START_REF] Fradin | Granulocytes govern the transcriptional response, morphology and proliferation of Candida albicans in human blood[END_REF][START_REF] Tournu | Global role of the protein kinase, Gcn2, in the human pathogen, Candida albicans[END_REF]. This species is also able to tolerate a wide range of environmental stresses [START_REF] Smith | A conserved stress-activated protein kinase regulates a core stress response in the human pathogen Candida albicans[END_REF]. The inactivation of key stress-protective enzymes or stress-signalling proteins attenuates the virulence of C. albicans, indicating that stress responses contribute to the virulence of this pathogen [START_REF] Wysong | Cloning and sequencing of a Candida albicans catalase gene and effects of disruption of this gene[END_REF][START_REF] Alonso-Monge | Role of the mitogen-activated protein kinase Hog1p in morphogenesis and virulence of Candida albicans[END_REF][START_REF] Hwang | Copper-and zinccontaining superoxide dismutase and its gene from Candida albicans[END_REF][START_REF] Fradin | Granulocytes govern the transcriptional response, morphology and proliferation of Candida albicans in human blood[END_REF]. Genome-wide analyses of C. albicans have revealed major transcriptional reprogramming following exposure to specific stresses. This has provided insights into the mechanisms of stress adaptation in this fungus, and highlighted differences in these stress adaptation mechanisms compared with those found in model yeast species [START_REF] Gasch | Genomic expression programs in the response of yeast cells to environmental changes[END_REF][START_REF] Chen | Global transcriptional responses of fission yeast to environmental stress[END_REF][START_REF] Enjalbert | Stressinduced gene expression in Candida albicans: absence of a general stress response[END_REF][START_REF] Enjalbert | Role of the Hog1 stress-activated protein kinase in the global transcriptional response to stress in the fungal pathogen Candida albicans[END_REF]. For example, it was shown that C. albicans does not mount a core transcriptional response under environmental conditions that stimulate a common stress response in Saccharomyces cerevisiae and Schizosaccharomyces pombe. Instead, C. albicans mounts a more specific core stress response, involving the activation of a relatively small set of genes under stress conditions that activate the stress activated protein kinase, Hog1p [START_REF] Enjalbert | Role of the Hog1 stress-activated protein kinase in the global transcriptional response to stress in the fungal pathogen Candida albicans[END_REF]. Also, while Msn2-like transcription factors play a key role in the core stress response in S. cerevisiae, their role in C. albicans has diverged significantly [START_REF] Nicholls | Msn2-and Msn4-like transcription factors play no obvious roles in the stress responses of the fungal pathogen Candida albicans[END_REF][START_REF] Ramsdale | Mnl1 regulates weak acidinduced stress responses of the fungal pathogen Candida albicans[END_REF] suggesting that stress responses have diverged in pathogenic yeasts in comparison with benign model yeasts.

Several studies have shown that C. dubliniensis is less resistant than C. albicans to elevated temperatures, high salt concentrations and oxidative stress [START_REF] Pinjon | Simple, inexpensive, reliable method for differentiation of Candida dubliniensis from Candida albicans[END_REF][START_REF] Alves | Hypertonic sabouraud broth as a simple and powerful test for Candida dubliniensis screening[END_REF][START_REF] Vilela | Pathogenicity and virulence of Candida dubliniensis: comparison with C. albicans[END_REF]. It has also recently been reported that the C. dubliniensis Cnh1p Na+/H+ antiporter has far less transport activity than the C. albicans Cnh1p protein [START_REF] Krauke | Functional comparison of plasma-membrane Na + /H + antiporters from two pathogenic Candida species[END_REF]. Given the importance of stress responses for the virulence of C. albicans, we reasoned that the lower stress tolerance of C. dubliniensis might help to explain the disparity in the virulence of these two species. Therefore, in this study we have compared the genome-wide transcriptional responses of C. dubliniensis and C. albicans under environmental conditions that emphasize their differential stress tolerances. In addition, we have performed a genome-wide screen for C. albicans sequences that confer increased salt tolerance upon C. dubliniensis. Both approaches indicate that differential regulation of the ENA21 gene, encoding a sodium ion transporter, can account for the different salt tolerance of C. dubliniensis and C. albicans. However, ectopic expression on ENA21 in C. dubliniensis was insufficient to increase the virulence of this pathogen.

Results

Sensitivity of C. dubliniensis and C. albicans to environmental stresses

Previous studies have suggested that C. dubliniensis is less tolerant of environmental stress than C. albicans [START_REF] Pinjon | Simple, inexpensive, reliable method for differentiation of Candida dubliniensis from Candida albicans[END_REF][START_REF] Alves | Hypertonic sabouraud broth as a simple and powerful test for Candida dubliniensis screening[END_REF][START_REF] Vilela | Pathogenicity and virulence of Candida dubliniensis: comparison with C. albicans[END_REF]. Given the importance of stress responses in microbial pathogenesis we reasoned that this reduced tolerance to stress might contribute, at least in part, to the reduced virulence of C. dubliniensis relative to C. albicans. Therefore, before embarking upon a genomic comparison of stress responses in these species, we first confirmed their differential tolerance of the specific stresses used in the expression profiling experiments.

The comparative ability of C. albicans SC5314 and C. dubliniensis CD36 to tolerate specific stresses was tested (Fig. 1). The data obtained using these strains (whose genomes have been sequenced) were representative of those obtained for a range of strains belonging to both species (data not shown). Both C. albicans and C. dubliniensis displayed similar tolerance of mild stress conditions (e.g. on media supplemented with 0.6 M NaCl or 1 mM H 2O2). However, the growth of C. dubliniensis was inhibited to a significantly greater extent, compared with the inhibition of C. albicans growth, when cells were exposed to more acute stresses (e.g. temperatures Ն 42°C; osmotic stresses Ն 1 M NaCl; oxidative stresses Ն 5 mM H2O2) (Fig. 1). These data indicate that while C. dubliniensis is able to adapt to mild stresses it does not have the same capacity as C. albicans to adapt to more extreme osmotic, oxidative and temperature stresses.

Expression profiling of C. dubliniensis and C. albicans following exposure to acute stresses

Establishing the molecular basis of the differential stress phenotypes of C. albicans and C. dubliniensis is likely to contribute to our understanding of the role of stress responses in the virulence of Candida species. Therefore, we used genome-wide expression profiling to perform an unbiased exploration of the molecular differences between the stress responses of C. albicans and C. dubliniensis. Exponentially growing C. dubliniensis CD36 and C. albicans SC5314 cells were exposed to the following stress conditions and transcript profiling performed 30 min later: a shift from 30°C to 42°C; 1.0 M NaCl; and 5 mM H2O2. These conditions were chosen because the two Candida species displayed differential sensitivities to these relatively acute stresses (Fig. 1). A 30 min time point was used because previous studies have shown that most C. albicans stress genes are induced at this point [START_REF] Enjalbert | Stressinduced gene expression in Candida albicans: absence of a general stress response[END_REF]. Four independent biological replicates (with dye swap) were analysed for each condition, statistically robust changes in expression were identified using SAM (Significance Analysis of Microarrays) software, and a cut-off of Ն 1.5fold changes was used to identify stress-regulated genes.

A previous microarray analysis in C. albicans examined the effects of mild stress conditions (i.e. a shift from 25°C to 37°C; 0.3 M NaCl; and 0.4 mM H 2O2) upon global gene expression [START_REF] Enjalbert | Stressinduced gene expression in Candida albicans: absence of a general stress response[END_REF]. These conditions had previously been demonstrated to stimulate broad-ranging core transcriptional responses to stress in model yeasts [START_REF] Gasch | Genomic expression programs in the response of yeast cells to environmental changes[END_REF][START_REF] Chen | Global transcriptional responses of fission yeast to environmental stress[END_REF]. However, of the 445 C. albicans genes that were induced in response to at least one of these conditions, only one gene was commonly induced by all three conditions [START_REF] Enjalbert | Stressinduced gene expression in Candida albicans: absence of a general stress response[END_REF]. In the current study, where we have examined more extreme levels of the same stresses, there was a significant increase in the number of stress-induced genes in C. albicans (see Table S1 and Fig. S1). A total of 1016 C. albicans genes were induced in response to at least one of these conditions (Fig. 2A). Despite this 2.5fold increase in the number of stress-induced genes, the number of genes that were commonly induced by all three stress conditions remained low. Eleven genes (1.1% of the stress genes) were induced by all three stresses, of which seven have no known function. This finding is consistent with our previous report indicating that C. albicans expresses a relatively small core stress response, compared with benign model yeasts [START_REF] Enjalbert | Role of the Hog1 stress-activated protein kinase in the global transcriptional response to stress in the fungal pathogen Candida albicans[END_REF]. We also observed that although moderate stresses and acute heat shock decrease the level of expression of Ena21 and osmotic stress in C. dubliniensis and C. albicans 3 ribosomal genes [START_REF] Enjalbert | Stressinduced gene expression in Candida albicans: absence of a general stress response[END_REF]this work), a strong osmotic or oxidative stress does not impact significantly upon these genes. This reinforces the notion that yeast cells mount dose-dependent responses to stresses, modulating their adaptive strategies depending upon the specific nature of the deleterious conditions [START_REF] Quinn | Distinct regulatory proteins control the graded transcriptional response to increasing H 2 O 2 levels in fission yeast Schizosaccharomyces pombe[END_REF]Ramsdale et al., 2008 and Fig. S2).

A similar observation was made in C. dubliniensis. A total of 679 C. dubliniensis genes were induced in response to at least one of the three stress conditions examined. Eight (1.2%) of these genes were induced by all three stresses. Of these eight genes, two are in common with the 11 core stress genes from C. albicans: orf19.7085 (unknown function) and RPN4/orf19.1069 (a putative regulator of proteasome genes). Both of these belong to the previously defined core stress genes of C. albicans [START_REF] Enjalbert | Role of the Hog1 stress-activated protein kinase in the global transcriptional response to stress in the fungal pathogen Candida albicans[END_REF]. Therefore, like C. albicans, C. dubliniensis exhibits a relatively small core transcriptional stress response in terms of the numbers of genes involved, compared with model yeasts.

General impact of acute stresses upon the C. dubliniensis and C. albicans transcriptomes

The transcriptional responses of C. albicans and C. dubliniensis to the acute heat, osmotic and oxidative stresses displayed a relatively high degree of similarity (Fig. 2B). About 45% of the C. albicans genes that were induced in response to the heat shock were also induced in C. dubliniensis (Fig. 2B). Approximately 59% of the C. dubliniensis genes that were induced by the salt stress were also induced in C. albicans. Similarly, about 64% of the C. dubliniensis genes that were induced by the oxidative stress were also induced in C. albicans. Our comparison of the genes that are regulated in each species suggests that, while there is significant overlap between the transcriptional responses of C. dubliniensis and C. albicans to each of these stresses, the corresponding stress signalling pathways have some different outputs in each species.

Scatter plots revealed that the overall level of expression of genes in C. albicans and C. dubliniensis is comparable under each stress condition tested (Fig. S3). However, the number of genes that were induced in each species differed significantly from one condition to another. For example, about twice as many genes were induced in response to heat shock in C. dubliniensis (370 genes) than in C. albicans (194 genes). In contrast, approximately twice as many genes were induced in response to oxidative stress in C. albicans (567 genes) compared with C. dubliniensis (364 genes). In the case of the osmotic stress, the response mounted by C. dubliniensis to salt osmotic stress was relatively weak, with only 51 genes induced, compared with the 391 genes that were upregulated in C. albicans. These differences do not simply reflect the differential stress sensitivities of these pathogens because in all cases C. dubliniensis was more sensitive to these stresses (Fig. 1). Instead the data suggest that the stress signalling pathways might exhibit different levels of responsiveness to these environmental changes as well as some differences in their downstream targets.

Impact of the stresses upon cellular functions in C. dubliniensis and C. albicans

We examined the behaviour of 'hallmark genes' in the microarray experiments to facilitate the comparison of the two species with regard to the impact of stresses upon relevant cellular functions. Hallmark genes were defined as genes of known function in S. cerevisiae that display regulatory responses characteristic of the relevant functional category in that yeast. Having selected these hallmark genes we then examined their fold-regulation in both C. dubliniensis and C. albicans under each of the three stress conditions analysed (Fig. 3). In general these hallmark genes behaved similarly in both species, although there were some notable differences.

Heat shock genes. Most of the heat shock hallmark genes, many of which encode molecular chaperones, were strongly induced in response to heat shock in both C. dubliniensis and C. albicans (Fig. 3). Of the eight heat shock hallmark genes examined, five were induced in both species, two were induced in neither species, and HSP30 was induced only in C. dubliniensis. Our previous studies have indicated that HSP12 expression is induced in C. albicans in response to heat, oxidative and osmotic stresses [START_REF] Enjalbert | Stressinduced gene expression in Candida albicans: absence of a general stress response[END_REF][START_REF] Smith | A conserved stress-activated protein kinase regulates a core stress response in the human pathogen Candida albicans[END_REF]. However, HSP12 upregulation was not observed in this study, possibly because of the different stress conditions examined. In general the heat shock hallmark genes were not induced in response to the other stresses examined, but several were upregulated in response to the oxidative stress in C. albicans (HSP30, HSP78, HSP104).

Osmotic stress genes. The majority of the osmotic stress hallmark genes were upregulated in both C. dubliniensis and C. albicans following exposure to 1.0 M NaCl. For example, STL1 was strongly induced in both species (Fig. 3). STL1 encodes a glycerol proton symporter that is transiently induced in response to osmotic shock in S. cerevisiae [START_REF] Ferreira | A member of the sugar transporter family, Stllp is the glycerol/H + symporter in Saccharomyces cerevisiae[END_REF]. Also, while the GPD1 gene was not induced in either species, CdGPD2 was more strongly induced than CaGPD2. GPD1 and GPD2 are presumed to encode glycerol 3-phosphate dehydrogenase isoenzymes critical for the biosynthesis of the osmolyte, glycerol. The ENA21 and ENA22 genes were upregulated in C. albicans, as reported previously in other microarray studies of the osmotic stress response in this Fig. 3. Comparison of expression of specific genes in specific functional categories. These include the three stress hallmark groups as well as other gene groups selected for their specificity to one of the species. For the latter, genes that were induced or repressed Ն 2-fold in either species were entered to the GO Term Finder tool (http://www.candidagenome.org/cgi-bin/GO/goTermFinder). Four processes (nitrogen utilization, peptide transport, glucose transport and manganese transport) were found to be significant in only one species (P < 0.01).

Ena21 and osmotic stress in C. dubliniensis and C. albicans 5 Journal compilation © 2009 Blackwell Publishing Ltd, Molecular Microbiology pathogen [START_REF] Enjalbert | Stressinduced gene expression in Candida albicans: absence of a general stress response[END_REF][START_REF] Enjalbert | Role of the Hog1 stress-activated protein kinase in the global transcriptional response to stress in the fungal pathogen Candida albicans[END_REF]. However, the C. dubliniensis ENA genes displayed minimal levels of activation. The C. albicans ENA21 gene and its paralogue ENA22 are orthologues of the S. cerevisiae ENA2 gene that encodes a P-type ATPase sodium pump. ScENA2 confers salt tolerance upon S. cerevisiae through sodium ion efflux [START_REF] Garciadeblas | Differential expression of two genes encoding isoforms of the ATPase involved in sodium efflux in Saccharomyces cerevisiae[END_REF]. The C. dubliniensis genome (http://www.sanger.ac.uk/sequencing/Candida/ dubliniensis/) contains two genes with over 90% nucleotide sequence identity to CaENA21 and CaENA22 (Cd36_72570/CdENA21 and Cd36_00320/CdENA22). Therefore, the lack of induction of CdENA21 and CdENA22 in response to salt stress was surprising. We reasoned that this lack of induction might partially account for the relative sensitivity of C. dubliniensis to salt stress (Fig. 1).

Oxidative stress genes. The oxidative stress hallmarks, which include catalase, superoxide dismutase, glutaredoxin and thioredoxin genes, were generally strongly induced in both C. dubliniensis and C. albicans in response to 5 mM H 2O2. As described previously for mild stress conditions (0.4 M H2O2), the oxidative stress hallmark genes were also upregulated slightly in response to a mild heat-shock [START_REF] Enjalbert | Stressinduced gene expression in Candida albicans: absence of a general stress response[END_REF], a phenomenon that seems more pronounced in C. dubliniensis. Other cellular functions. We have established that, with some notable exceptions, most of the stress hallmark genes displayed similar expression patterns in C. dubliniensis and C. albicans. Using the gene ontology tool we then screened our transcript profiling datasets for functional categories that displayed statistically significant differences in their regulation between these two species. For most functional categories no significant differences were observed. However, a small number of processes did display significant differences between C. dubliniensis and C. albicans (P < 0.001). These were nitrogen utilization, peptide transport, glucose transport and manganese ion transport (Fig. 3). The oligopeptide transporter genes (OPT) and the nitrogen utilization genes, which include the regulators GAT1 and NPR1 [START_REF] Boeckstaens | The yeast ammonium transport protein Mep2 and its positive regulator, the Npr1 kinase, play an important role in normal and pseudohyphal growth on various nitrogen media through retrieval of excreted ammonium[END_REF][START_REF] Dabas | Control of ammonium permease expression and filamentous growth by the GATA transcription factors GLN3 and GAT1 in Candida albicans[END_REF], were repressed in response to the acute osmotic stress in C. albicans, but only to a minor extent in C. dubliniensis. Also most OPT genes were induced in response to the oxidative stress in C. dubliniensis, but not in C. albicans. Some genes involved in glucose and manganese ion transport were more strongly induced by osmotic stress in C. albicans than in C. dubliniensis.

To summarize, our genome-wide expression profiling indicated that C. albicans and C. dubliniensis generally display similar transcriptional responses to the relatively acute heat, salt and oxidative stresses examined here. However, some differences were observed between these species with respect to the regulation of genes encoding various transporters, and in particular, the lack of induction of ENA21/22 sodium ion efflux pumps in C. dubliniensis provided a possible explanation for the relative sensitivity of this pathogen to salt stress.

A genetic screen for C. albicans genes that suppress the osmotic sensitivity of C. dubliniensis Our transcript profiling provided a powerful screen for genes whose stress regulation differs between C. dubliniensis and C. albicans. In parallel, we performed forward genetic screens for C. albicans sequences capable of suppressing the relative sensitivity of C. dubliniensis to heat, oxidative or salt stress. We reasoned that these two screens -one based on stress gene regulation, and the other upon stress phenotype -would provide complementary insights into the mechanistic basis for the differential stress sensitivities of these two pathogens.

The genetic screens were performed by transforming C. dubliniensis CdUM4B (ura3/ura3) with a C. albicans genomic library constructed in the plasmid pRMI (URA3), and selecting for transformants capable of growth at 42°C, or on medium supplemented with 5 mM H 2O2 or 1 M NaCl. Several saturating screens yielded no C. dubliniensis transformants capable of growth at 42°C or on medium containing 5 mM H2O2. This was consistent with the idea that the ability to grow under these conditions is a polygenic trait. However, 11 transformants capable of growth on 1 M NaCl were identified. Of these, four exhibited a stable and reproducible salt-resistant phenotype, tolerating up to 1.2 M NaCl. Sequence analysis revealed that all four C. dubliniensis transformants carried plasmids containing the entire coding sequence of the C. albicans ENA21 gene. This strongly suggested that the transformation of C. dubliniensis with CaENA21 was sufficient to increase the salt tolerance of this species, despite the presence of an orthologous gene in C. dubliniensis (CdENA21) that shares 91% identity.

To test this further, we integrated a single copy of the CaENA21 gene under the control of its native promoter at the CDR1 locus in C. dubliniensis strain CD36. This had no effect upon the growth of C. dubliniensis on YPD medium. However, a single copy of CaENA21 was sufficient to confer greatly enhanced resistance to 1.0 M and 1.2 M NaCl (Fig. 4). Indeed, the growth of C. dubliniensis CD36 expressing CaENA21 on medium containing 1.0 M NaCl was comparable to that of C. albicans SC5314 (see Fig. 1). Similar results were obtained with another reference C. dubliniensis strain, Wü284 (Fig. 4). Therefore, the introduction of CaENA21 was sufficient to confer salt tolerance upon C. dubliniensis.

To determine whether the native C. dubliniensis ENA21 gene is capable of conferring a similar phenotype, we then integrated the CdENA21 gene under the control of its native promoter at the CDR1 locus in C. dubliniensis strains CD36 and Wü284. The introduction of one additional single copy of CdENA21 did enhance the growth of C. dubliniensis at 1 M NaCl, but unlike the C. albicans ENA21 gene, CdENA21 did not support significant growth at 1.2 M NaCl. These data suggest that the CdEna21 protein has the ability to confer salt tolerance but that either differential expression of the CaENA21 and CdENA21 genes, or perhaps functional differences in the activity of the encoded proteins, might account for the relatively high salt resistance of C. albicans compared with C. dubliniensis.

Differential expression of ENA21 in C. albicans and C. dubliniensis

Our microarray experiments suggested that the ENA21 gene is differentially expressed in C. dubliniensis and C. albicans in response to 1.0 M NaCl. To test this further we performed real-time PCR (RT-PCR) on the ENA21 transcript and its paralogue ENA22 in both species, measuring their expression levels relative to the TEF1 internal control (Fig. 5A). The basal levels of ENA21 mRNA were approximately 10-fold higher in C. albicans compared with C. dubliniensis. By 1 h post exposure to 1 M NaCl CaENA21 mRNA levels were induced fivefold in C. albicans, whereas CdENA21 expression levels did not increase in C. dubliniensis. These data were consistent with our transcript profiling data, confirming that while ENA21 responds to salt stress in C. albicans, it does not do so in C. dubliniensis.

When ENA22 mRNA levels were examined it was observed that the basal levels of expression were low in both species (Fig. 5A). ENA22 expression was induced in both species following exposure to 1 M NaCl, but the levels of ENA22 induction were lower than the basal levels of ENA21 mRNA in C. albicans. These data reinforced the idea that differential ENA21 expression levels in C. dubliniensis and C. albicans contribute to the different salt tolerances of these pathogens.

If differential ENA21 expression levels do account for the different salt tolerances of C. dubliniensis and C. albicans one would expect this to be reflected in relatively high ENA21 mRNA levels in salt-tolerant C. dubliniensis transformants. Therefore, we measured ENA21 mRNA levels in the C. dubliniensis CD36 and Wü284 transformants carrying CaENA21 and CdENA21 in the presence or absence of 1 M NaCl (Fig. 5B). Once again, ENA21 mRNA levels were measured by RT-PCR relative to the TEF1 internal control. CaENA21 mRNA levels were strongly induced by NaCl in both C. dubliniensis CD36 and Wü284. Some induction of the cloned CdENA21 gene was observed in C. dubliniensis CD36 in the presence of NaCl and this may account for the elevated NaCl tolerance exhibited by CD36 transformants relative to Wü284 (Fig. 4). However, no induction of chromosomal CdENA21 sequences was observed in C. dubliniensis transformants carrying the empty pCDRI vector, and no CdENA21 induction in C. dubliniensis Wü284 cells carrying pCdENA21. These data reinforce the view that elevated ENA21 expression levels increase the salt tolerance of C. dubliniensis. In an attempt to determine if differences in the activity of the two promoters accounted for the differential expression of CdENA21 and CaENA21, we performed a promoter-swap experiment. To do this we created a fusion between the CaENA21 promoter and the CdENA21 open reading frame (ORF) and downstream sequences. However, when this construct was transformed into C. dubliniensis CD36 or Wü284, we did not observe any significant induction of this gene in response to NaCl. Consistent with this, the phenotype on NaCl plates was identical to C. dubliniensis transformants that harboured an additional native CdENA21 gene (data not shown). This suggests that the regulation of ENA21 transcript levels in C. albicans and C. dubliniensis may be mediated through changes in transcript stability rather than transcription.

Hog1 activation in C. dubliniensis

ENA21 is upregulated in response to osmotic shock by the stress-activated protein kinase Hog1 in C. albicans [START_REF] Enjalbert | Role of the Hog1 stress-activated protein kinase in the global transcriptional response to stress in the fungal pathogen Candida albicans[END_REF]. To investigate whether the minimal induction of ENA21 and ENA22 in C. dubliniensis in response to salt stress was due to a lack of Hog1p activation, we examined the phosphorylation status of this protein by Western blot analysis. Following exposure to NaCl, Hog1p was expressed and phosphorylated at similar levels in C. dubliniensis and C. albicans (Fig. 6). Therefore, the absence of ENA21 and ENA22 induction in C. dubliniensis is not due to a lack of Hog1 signalling. This view is reinforced by the observation that other Hog1dependent genes such as GPD2 and SLT1 were strongly induced by NaCl (Fig. 3). candidiasis [START_REF] Maccallum | Temporal events in the intravenous challenge model for experimental Candida albicans infections in female mice[END_REF]. No significant difference in the survival of mice infected with these isogenic strains was observed (not shown). Furthermore, these strains displayed no significant differences with respect to their fungal burdens in the kidney, brain and liver (Fig. 7). Therefore, the increased salt tolerance of C. dubliniensis cells carrying the CaENA21 gene was not sufficient to increase their virulence. This indicates that increasing the osmotic stress resistance of C. dubliniensis is not sufficient to increase the virulence of this species to the virulence levels of C. albicans, for example. Therefore, other traits of C. dubliniensis cells such as their thermal sensitivity, oxidative stress sensitivity and reduced rates of hyphal development might contribute to their relatively low virulence. Our data are consistent with the idea that the basis of this low virulence phenotype is multifactorial.

Effect of

Discussion

Epidemiological observations and virulence data from animal models both indicate that, despite the close phylogenetic relationship between C. albicans and C. dubliniensis, the latter species is less capable of colonizing and infecting humans. Recent studies have confirmed that the genomes of both species are closely related, with only 4.4% of C. albicans genes being absent or significantly divergent in the C. dubliniensis genome [START_REF] Moran | Comparative genomics using Candida albicans DNA microarrays reveals absence and divergence of virulence-associated genes in Candida dubliniensis[END_REF]. Comparison of the C. albicans and C. dubliniensis genome sequences indicates that the vast majority of gene orthologues in these species are Ն 90% identical and both species share a high degree of synteny. This close genetic relatedness of the two species results in their sharing many phenotypic traits, to the point where it can be difficult to discriminate between them using phenotypic tests.

One phenotypic difference identified soon after the discovery of C. dubliniensis is the reduced capacity of this species to grow at temperatures Ն 42°C, conditions under which the majority of C. albicans strains grow [START_REF] Sullivan | Candida dubliniensis sp. nov.: phenotypic and molecular characterization of a novel species associated with oral candidosis in HIV-infected individuals[END_REF]. Indeed, comparative growth at 45°C has been recommended as a simple phenotypic test to discriminate between the two species [START_REF] Pinjon | Simple, inexpensive, reliable method for differentiation of Candida dubliniensis from Candida albicans[END_REF]. These findings suggest that C. albicans is better able to tolerate thermal stress than C. dubliniensis.

Data presented here (Fig. 1) and in other studies [START_REF] Sullivan | Candida dubliniensis sp. nov.: phenotypic and molecular characterization of a novel species associated with oral candidosis in HIV-infected individuals[END_REF][START_REF] Pinjon | Simple, inexpensive, reliable method for differentiation of Candida dubliniensis from Candida albicans[END_REF][START_REF] Alves | Hypertonic sabouraud broth as a simple and powerful test for Candida dubliniensis screening[END_REF][START_REF] Vilela | Pathogenicity and virulence of Candida dubliniensis: comparison with C. albicans[END_REF] show that C. dubliniensis is also less tolerant than C. albicans to heat shock, NaCl and H 2O2, indicating that C. dubliniensis is relatively more susceptible to a range of environmental stresses compared with C. albicans. Therefore, C. dubliniensis appears less well equipped than C. albicans to adapt to the stresses experienced by these pathogens in the diverse environmental niches they occupy in the human body. This might, in part, contribute to the lower virulence of C. dubliniensis compared with C. albicans.

It was conceivable that a general lack of activation of stress responses in C. dubliniensis might have accounted for the relatively low tolerance of this pathogen to environmental stress. Therefore, in the first transcript profiling comparison of the two species, we used genome-wide expression profiling to compare the transcriptional responses of C. dubliniensis and C. albicans to stresses, focusing on experimental conditions under which C. dubliniensis grows relatively poorly (a 30-42°C heat shock, 1.0 M NaCl and 5 mM H 2O2). These experiments revealed that, in general, C. dubliniensis mounts a similar transcriptional response to C. albicans following exposure to these heat, salt and oxidative stresses (Figs 2 and3). In both C. dubliniensis and C. albicans a relatively small subset of genes was commonly induced by all three of the stresses examined (about 1% of the set of stress induced genes). This strengthens the view that C. albicans (and now C. dubliniensis) exhibits a relatively narrow core stress response compared with the benign model yeasts S. cerevisiae and S. pombe [START_REF] Enjalbert | Role of the Hog1 stress-activated protein kinase in the global transcriptional response to stress in the fungal pathogen Candida albicans[END_REF]. The expression of hallmark stress genes was remarkably similar in both species. There were differences between the species with respect to the expression of a variety of transporters involved in peptide and manganese uptake. However, with one notable exception, the transcript profiling data revealed no obvious explanations for the relatively low stress tolerance of C. dubliniensis compared with C. albicans.

One notable exception was the minimal induction of ENA21 and ENA22 in C. dubliniensis following exposure to salt stress. This suggested that insufficient expression of the Ena21/22 sodium ion efflux pumps might contribute to the salt sensitivity of this species. This view was strongly reinforced by the repeated isolation of the CaENA21 gene in an unbiased genetic screen for C. albicans genes that can suppress the salt sensitivity of C. dubliniensis. All four of the C. albicans genomic clones that were capable of suppressing the salt sensitivity of C. dubliniensis carried the CaENA21 gene. The significance of the CaENA21 gene in conferring salt resistance upon C. dubliniensis was further confirmed by the subsequent integration of this gene into the C. dubliniensis genome. Once again, this increased the resistance of C. dubliniensis cells to salt stress (Fig. 4). Furthermore, increased CaENA21 expression in C. dubliniensis correlated with elevated salt resistance (Fig. 5). When an additional copy of CdENA21 was integrated into the C. dubliniensis genome, the level of expression observed was significantly lower than that observed for CaENA21 in C. albicans. Nevertheless, an increase in salt tolerance was evident in these C. dubliniensis cells, suggesting that CdEna21p is functional and can confer salt tolerance. The finding that CaENA21 and CdENA21 are expressed at higher levels in CD36 compared with another C. dubliniensis strain (i.e. Wü284) also suggests that there may be differences in ENA21 regulation between different strains of C. dubliniensis.

Our data strongly suggest that the relatively low levels of CdENA21 expression in C. dubliniensis contribute to the salt sensitivity of this species, compared with C. albicans. These relatively low CdENA21 expression levels are not due to a lack of Hog1 signalling as the Hog1 stress-activated protein kinase was phosphorylated in response to salt stress in C. dubliniensis (Fig. 6). Other osmotic stress genes were also induced in response to the NaCl treatment (Fig. 3). Therefore, differences in the ENA21 promoters could account for the differential responsiveness of this gene in C. dubliniensis and C. albicans. Preliminary analysis of the promoters has identified an upstream region (~800 to ~1300) that shares minimal sequence homology between the two species (data not shown). This area contains multiple putative transcription factor binding sites. Differences in these putative transcription factor binding sites might contribute to the differential regulation of the ENA21 genes in these species. However, the promoter-swap experiment indicated that simply replacing the CdENA21 promoter with the CaENA21 promoter is insufficient to restore C. albicans-like regulation upon the CdENA21 gene. Therefore, differences in the post-transcriptional regulation of ENA21 probably also contribute to the differential regulation of this gene in C. dubliniensis and C. albicans. This requires further investigation.

High salt levels are found in the medulla of the kidney and it has been shown that CaENA21 is upregulated almost threefold in mouse renal infections [START_REF] Walker | Genome-wide analysis of Candida albicans gene expression patterns during infection of the mammalian kidney[END_REF]. Therefore, we tested whether increasing the salt tolerance of C. dubliniensis has an impact upon the virulence of this pathogen. This was done by comparing the survival rates and tissue burdens for mice infected with CaENA21 transformants and control strains (Fig. 7). CaENA21 expression did not increase the virulence of C. dubliniensis. This suggests that traits in addition to salt sensitivity contribute to the relatively low virulence of this species compared with C. albicans. These additional traits might include the thermal and oxidative stress sensitivity of C. dubliniensis (Fig. 1) and/or the relatively low rates of hyphal development observed for this species [START_REF] Gilfillan | Candida dubliniensis: phylogeny and putative virulence factors[END_REF][START_REF] Stokes | Lower filamentation rates of Candida dubliniensis contribute to its lower virulence in comparison with Candida albicans[END_REF]. The role of CaENA21 in C. albicans virulence is currently unclear and could be assessed by deleting this gene; however, it is likely that any phenotypic defect would be masked by the expression of other sodium transporters, such as Cnh1p or Ena22p.

In summary, our data indicate that the low levels of ENA21 transcript induced in response to NaCl stress can account for the relative salt sensitivity of C. dubliniensis compared with C. albicans. The basis for the observed differences in ENA21 expression in the two species may be due to differences in transcriptional regulatory pathways, to differential post-transcriptional controls, or to a combination of both. Our work shows how a combination of expression profiling and forward genetic screens can provide a powerful experimental approach towards the elucidation of the mechanistic basis for important phenotypic differences between these closely related Candida species.

Experimental procedures

Strain and growth conditions

Candida dubliniensis strains CD36 [START_REF] Sullivan | Candida dubliniensis sp. nov.: phenotypic and molecular characterization of a novel species associated with oral candidosis in HIV-infected individuals[END_REF], Wü284 [START_REF] Morschhaüser | Identification of CARE-2-negative Candida albicans isolates as Candida dubliniensis[END_REF] and CdUM4B (ura3/ura3: [START_REF] Staib | Isogenic strain construction and gene targeting in Candida dubliniensis[END_REF]) and C. albicans SC5314 [START_REF] Gillum | Isolation of the Candida albicans gene for orotidine-5′-phosphate decarboxylase by complementation of S. cerevisiae ura3 and E. coli pyrf mutations[END_REF] were used in this study. Strains were routinely grown at 30°C in YPD containing 0.02% adenine and 0.008% uridine or in SD minimal medium [START_REF] Sherman | Getting started with yeast[END_REF].

Stress sensitivity tests

To test the sensitivity of strains to specific stresses, they were grown in YPD broth at 30°C to mid-exponential phase and 10-fold serial dilutions of these cells spotted onto YPD plates and YPD plates supplemented with the appropriate concentration of NaCl or H2O2. Growth was monitored after 24 h at 30°C (42°C for the heat-shock assay).

Transcript profiling

Transcript profiling was performed on C. albicans SC5314 and C. dubliniensis CD36 as described previously [START_REF] Enjalbert | Role of the Hog1 stress-activated protein kinase in the global transcriptional response to stress in the fungal pathogen Candida albicans[END_REF]. The strains were cultured to OD600 = 1 in YPD supplemented with uridine at 30°C (200 r.p.m.), and then divided into two parts: one was exposed to a stress condition whereas the other was the control. For the heat shock experiments, cells were transferred from 30°C to 42°C by immersing the sample in a water bath at t = 0. To impose the hyperosmotic shock, NaCl was added to a final concentration of 1.0 M. To apply the oxidative shock, hydrogen peroxide (H2O2) was added to a final concentration of 5 mM. After 30 min, cells were collected by centrifugation, snap frozen in liquid N2, disrupted using a microdismembrator (Braun, Melsungen, Germany) and RNA prepared as described previously [START_REF] Hauser | Transcriptional profiling on all open reading frames of Saccharomyces cerevisiae[END_REF]. Cy3-and Cy5-labelled cDNAs were prepared from total RNA, and the probes were hybridized with whole genome microarrays containing c. 6000 C. albicans genes (Eurogentec, Seraing, Belgium). Slides were scanned using a ScanArray Lite scanner (PerkinElmer Life Sciences, Beaconsfield, UK) and quantified using Quan-tArray software (version 2.0). Data normalization and analysis were performed using GeneSpring (Silicon Genetics, Redwood City, CA), and statistical analysis was performed using SAM [START_REF] Tusher | Significance analysis of microarrays applied to the ionizing radiation response[END_REF]. Expression ratios were calculated by comparing stressed cells with their unstressed control. Data from four independent biological replicates, two of them obtained with a dye swap, were used for each strain and each condition. These datasets are available at ArrayExpress (http://www.ebi.ac.uk/microarray/ with the experiment code: E-MEXP-1650).

Forward genetic screen in C. dubliniensis

A C. albicans genomic DNA library constructed in the plasmid pRM1 [START_REF] Pla | Cloning of the Candida albicans HIS1 gene by direct complementation of a C. albicans histidine auxotroph using an improved double-ARS shuttle vector[END_REF] was kindly provided by Dr Federico Navarro-García (Universidad Complutense de Madrid). C. dubliniensis CdUM4B cells were transformed with this library by electroporation [START_REF] Staib | Isogenic strain construction and gene targeting in Candida dubliniensis[END_REF] to yield about 40 000 independent transformants. To identify C. albicans genes that suppress the inability of C. dubliniensis to grow under stressful conditions, 40 pools of transformants were generated and 5 ¥ 10 5 cells from each pool were spread onto SD plates containing 1.2 M NaCl or 5 mM H2O2 and grown at 30°C, or onto SD medium alone and incubated at 42°C. Positive clones were subcultured and the stability of their salt, peroxide or temperature tolerant phenotypes was assessed, and the plasmids rescued from stable C. dubliniensis transformants. To ascertain the identity of C. albicans ORFs isolated in this screen, the inserts were sequenced and homology searches performed using the C. albicans WU-BLAST2 Search facility at the Candida genome database (CGD; http://www.candidagenome.org/).

Gene manipulations in C. dubliniensis

The C. albicans ENA21 (CaENA21) and C. dubliniensis ENA21 (CdENA21) genes and their promoters were integrated into the C. dubliniensis genome in single copy. This was accomplished by PCR amplification of these genes from chromosomal DNA using the Expand Long Template PCR System (Roche Applied Science) using template DNA from C. albicans SC5314 and C. dubliniensis CD36. The entire CaENA21 ORF was amplified, including 1385 bp of upstream sequences and 588 bp of downstream sequences. The CdENA21 gene was PCR amplified including 2414 bp of upstream sequences and 223 bp of downstream sequences. These PCR products were cloned in pGEM-T (Promega) and sequenced to confirm that no mutations had been introduced. To create a fusion between the CaENA21 promoter and the CdENA21 ORF, we removed an ~2 kb HindIII/EcoRV fragment containing the entire CaENA21 promoter along with exon 1 and the beginning of exon 2 of the coding sequence (encoding the first 49 aa) from the CaENA21 construct. A similar HindIII/EcoRV fragment was then removed from the CdENA21 construct and the CaENA21 HindIII/EcoRV fragment was fused in frame to the CdENA21 ORF using a HindIII site conserved at the same position in the CdENA21 ORF. The inserts were then subcloned into pCDRI [START_REF] Moran | Differential regulation of the transcriptional repressor Nrg1 accounts for altered host cell interactions in Candida albicans and Candida dubliniensis[END_REF] using the NotI and SacII restriction endonuclease sites in pGEM-T, to create the plasmids pCaENA21 and pCdENA21 and pFusion. Targeted integration of these pCDRI-based plasmids at the CDR1 locus of C. dubliniensis strains CD36 and Wü284 was carried out as described by [START_REF] Moran | Differential regulation of the transcriptional repressor Nrg1 accounts for altered host cell interactions in Candida albicans and Candida dubliniensis[END_REF]. The ENA21 copy number in these strains was assayed by RT-PCR using the primers ENA21F/R (see next section). Strains carrying pCaENA21 or pCdENA21 were shown to harbour three copies of ENA21 gene relative to TEF1.

Real-time PCR analysis of gene expression

For RNA preparation, cells were harvested from YPD cultures and frozen in liquid nitrogen. RNA was prepared using TRIreagent (Sigma) as described [START_REF] Stokes | Lower filamentation rates of Candida dubliniensis contribute to its lower virulence in comparison with Candida albicans[END_REF]. RNA samples were rendered DNA free by incubation with Turbo-DNA-free reagent (Ambion, Austin, TX) and RNA concentrations determined using the Ribo-green kit (Molecular Probes). Reverse transcription was carried out with 1 mg of total RNA with an oligo-dT primer (Promega) and Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA). Amplification was carried out using the following primers pairs: QRTEF1F/R [START_REF] Green | Construction and real-time RT-PCR validation of Candida albicans PALS-GFP reporter strains and their use in flow cytometry analysis of als gene expression in budding and filamenting cells[END_REF]; ENA21F/R (ENA21F: 5′-GGGCCAACCAATTTTTACTTTG-3′; ENA21R: 5′-AATAA AGTACAACCAATTGCAACACC-3′); and ENA22F/R (ENA22F: 5′-GATCCACTGCATTTGCCTCA-3′; ENA22R: 5′-AAATTGGTTAGCCCAAAGTTCACT-3′).

Primer sets ENA21F/R and ENA22F/R were designed using Primer Express software v1.5 (Applied Bisosytems, Foster City, CA) and were homologous to C. albicans and C. dubliniensis ENA21 and ENA22 ORFs respectively. These primers yielded single, specific amplimers from genomic DNA and cDNA templates from both C. albicans and C. dubliniensis. Real-time detection of TEF1 and ENA amplimers was carried out using the QuantiTect Sybr green PCR kit (Qiagen, West Sussex, UK) and the ABI 7700 sequence detector. ENA gene expression levels were normalized against the expression levels of the constitutively expressed TEF1 gene in the same cDNA sample.

Hog1 phosphorylation assays

Hog1 phosphorylation was examined by Western blotting (New England Biolabs) as described previously [START_REF] Smith | A conserved stress-activated protein kinase regulates a core stress response in the human pathogen Candida albicans[END_REF]. Western blots were probed with an anti-phospho p38 antibody, which only recognizes the phosphorylated, active form of C. albicans and C. dubliniensis Hog1 (Hog1-P). Total levels of Hog1 protein were determined by stripping and reprobing the blot with an anti-Hog1 antibody (Santa Cruz Biotechnology, Sanata Cruz, CA) that recognizes both phosphorylated and unphosphorylated forms of Hog1.

Virulence assays

Immunocompetent 6-to 8-week-old female BALB/c mice (Harlan Sera-lab, Loughborough, UK) were challenged intravenously with C. dubliniensis cells grown with shaking for 18-24 h at 30°C in NGY medium [0.1% (w/v) Neopeptone, 0.4% (w/v) glucose and 0.1% (w/v) Yeast Extract]. Cells were harvested, washed twice, and then resuspended in physiological saline. Groups of five or six mice were inoculated via the lateral tail vein with 1.7 ¥ 10 5 cfu g -1 body weight (Mac-Callum and Odds, 2005). Mice were monitored over 28 days and animals showing signs of distress or illness were humanely terminated and deaths recorded as occurring the following day. Kidneys, liver and brain were removed aseptically post mortem, homogenized in 0.5 ml of water, and C. dubliniensis tissue burdens determined by viable counting. Organ burdens were compared by Mann-Whitney U-test. All experimentation was carried out under the terms of the UK Home Office licenses for research on animals.

Fig. 1 .

 1 Fig. 1. Comparative growth of C. albicans SC5314 (Ca) and C. dubliniensis CD36 (Cd) under conditions of heat shock, osmotic stress (NaCl) and oxidative stress (H2O2). Ten-fold dilutions of mid-exponential phase cultures were spotted onto YPD plates supplemented with the compounds indicated on the left of the figure, with the exception of the spots incubated at 42°C; all other spots were incubated at 30°C.

Fig. 2 .

 2 Fig. 2. Global analysis of C. albicans and C. dubliniensis gene expression exposed to heat shock, osmotic stress and oxidative stress. A. Venn diagrams indicating the numbers of genes induced in C. albicans (C. a) and C. dubliniensis (C. d) subjected to the three stress conditions (HS+: heat shock from 30°C to 42°C; OS+: osmotic stress with 1 M NaCl; XS+: oxidative stress with 5 mM H2O2. B. Venn diagrams indicating the numbers of overlapping induced genes in C. albicans and C. dubliniensis submitted to the same stress condition. The gene lists were obtained using the SAM software to define the statistically significant genes (False Discovery Rate < 10%) and by refining the list with a cut-off of 1.5.

Fig. 4 .

 4 Fig. 4. Growth of derivatives of C. dubliniensis strains CD36 and Wü284 harbouring the integrative plasmid pCDRI on YPD agar supplemented with NaCl. Strains were transformed with empty plasmid (pCDRI) or derivatives containing the C. albicans (pCaENA21) or C. dubliniensis (pCdENA21) genes. Spot plates were prepared as described in the Experimental procedures.

  Fig. 5. Real-time PCR analysis of ENA21 and ENA22 expression. A. Expression of ENA21 (left) and ENA22 (right) was analysed in C. albicans (dark grey bars) and C. dubliniensis (light grey bars) relative to the expression of TEF1. Cells were grown to OD600 1.0 (0 min) before the addition of 1 M NaCl. RNA was isolated 30 and 60 min after the addition of NaCl. B. Expression of ENA21 in derivatives of C. dubliniensis strain CD36 (left) and Wü284 (right) harbouring the integrative plasmid pCDRI or derivatives of the plasmid containing the cloned C. albicans ENA21 gene (CaENA21) or the cloned C. dubliniensis ENA21 gene (CdENA21).

Fig. 6 .

 6 Fig. 6. Phosphorylation of Hog1 in C. albicans and C. dubliniensis exposed to 1.0 M NaCl. Western blot analysis of Hog1 from C. albicans SC5314 (C. a) and C. dubliniensis CD36 (C. d) cells after treatment with 1.0 M NaCl for the times indicated. Western blots were probed with an anti-phospho p38 antibody, which only recognizes the phosphorylated, active form of C. albicans and C. dubliniensis Hog1 (Hog1-P). Total levels of Hog1 protein were determined by stripping and reprobing the blot with an anti-myc antibody that recognizes both phosphorylated and unphosphorylated forms of Hog1.

Fig. 7 .

 7 Fig. 7. Effect of heterologous expression of CaENA21 on virulence. Organ burdens determined for groups of six BALB/c mice infected with the CD36 strains. White bars represent C. dubliniensis CD36 containing pCDRI; grey bars, CD36 containing pCdENA21; and black bars, CD36 containing pCaENA21.
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