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ABSTRACT 25 

Caspofungin is an echinocandin antifungal that inhibits glucan synthesis in the fungal cell wall. A 26 

Candida parapsilosis bloodstream isolate resistant to echinocandins was recovered from a patient 27 

who had undergone allogeneic hematopoietic stem cell transplantation. The FKS1 gene, encoding 28 

the target glucan synthase, contained a heterozygous mutation resulting in an I1380T amino acid 29 

change, in addition to the naturally occurring P660A polymorphism. When expressed at the 30 

equivalent position in the Fks1p protein of C. lusitaniae, P642A and I1359T, alone and in 31 

combination, led to 6-, 12-, and ≥256-fold increases in the minimal inhibitory concentration (MIC) 32 

of caspofungin, respectively. The caspofungin concentration needed to inhibit 50% of glucan 33 

synthase activity was increased 3-, 37-, and 270-fold, respectively. At high drug concentrations, and 34 

also in drug-free medium, infrared spectroscopy revealed a decrease in β-glucan content and an 35 

increase in chitin in the cell wall of the I1359T Fks1p mutants. Atomic force microscopy showed cell 36 

wall damage and cell swelling in both susceptible and resistant strains under caspofungin exposure. 37 

Analysis of susceptibility to cell-wall stressors and key factors in cell wall integrity (CWI) and high-38 

osmolarity glycerol (HOG) pathways showed that all strains activated these pathways under 39 

caspofungin stress. In the I1359T Fks1p mutants, Mkc1p was constitutively activated even without 40 

caspofungin. Deletion of MKC1 restored caspofungin susceptibility, indicating that activation of the 41 

CWI pathway is a key molecular determinant of resistance in vitro to caspofungin in these mutants. 42 

 43 
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INTRODUCTION 49 

Invasive candidiasis is a common hospital-acquired infection with a high crude mortality rate. 50 

Although Candida albicans is the predominant pathogenic yeast species, non-albicans Candida 51 

species, some of which have reduced susceptibility to antifungals, account for more than half of all 52 

cases in some geographical areas (1, 2). Candida parapsilosis generally ranks second or third among 53 

the species most often isolated from invasive infectious episodes, especially in neonates and 54 

critically ill patients in intensive care units (3). This species is diploid and belongs to the CTG clade of 55 

yeasts, which decode the CUG codon as serine instead of leucine (4). Numerous genetic traits 56 

contribute to C. parapsilosis pathogenesis, such as adherence proteins, secreted enzymes, and the 57 

formation of biofilm on human skin and implanted medical devices, which may serve as a starting 58 

point for invasive candidiasis (5, 6).  59 

C. parapsilosis has reduced in vitro susceptibility to echinocandins, which are the first-line 60 

treatment for patients with invasive candidiasis (7). Echinocandins inhibit the 1,3-β-glucan synthase 61 

responsible for the biosynthesis of the major glucan component of the yeast cell wall (8). The 62 

reduced susceptibility of C. parapsilosis stems from the species-specific amino acid polymorphism 63 

P660A in the glucan synthase (9). We have reported that expression of a FKS1 allele bearing the 64 

P660A polymorphism at the equivalent position in Candida lusitaniae conferred a six-fold increase 65 

in the caspofungin MIC (10). In C. albicans, the main mechanism of echinocandin resistance 66 

involves non-synonymous mutations in two hotspot regions, HS1 and HS2, of the FKS1 gene (11), 67 

altering drug-target interactions (12). In C. parapsilosis, with the exceptions of two recently 68 

reported HS1 mutations (13, 14), the FKS polymorphisms described to date were located outside 69 

the HS1 and HS2 regions (15), and their role in resistance was not functionally demonstrated in 70 

vitro. Additionally, cellular stress response pathways involving calcineurin, high-osmolarity glycerol 71 

(HOG), and protein kinase C (PKC), can contribute to increased chitin synthesis (16), cell wall 72 
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remodeling (17), and tolerance to echinocandins (18).  73 

In this work, we identified a new mutation in a FKS1 allele of an echinocandin-resistant C. 74 

parapsilosis clinical isolate responsible for invasive candidiasis. In order to study the real impact of 75 

this mutation on echinocandin resistance and its biological effects, we chose to express it in a 76 

genetic context different from the one in which it was selected in the clinic. To do this, we used a 77 

strain of the haploid species C. lusitaniae, genetically modified for the expression of full-length FKS1 78 

alleles in an isogenic context (10). We then determined the caspofungin kinetic inhibition 79 

parameters of the variants of 1,3-β-glucan synthase thus obtained. Morphological changes induced 80 

by caspofungin were analyzed using atomic force microscopy (AFM), which enables nanometer-81 

level imaging of the properties of yeast-cell surfaces exposed to external stresses (19–22). 82 

Caspofungin-induced morphological changes were correlated with variations in the cell wall 83 

biochemical composition using infrared spectroscopy in attenuated total reflection mode (IR-ATR), 84 

a non-invasive technique enabling qualitative and quantitative analysis of yeast cell wall 85 

composition (23–25). Although the glucan synthase of C. lusitaniae expressing this new mutation 86 

along with the genetic polymorphism specific to C. parapsilosis had decreased binding capacity for 87 

caspofungin, glucan synthesis seemed to be altered even in the absence of drug. This resulted in a 88 

reduced 1,3-β-glucan content in the cell wall, increased chitin synthesis, constitutive activation of 89 

the Cell Wall Integrity (CWI) rescue pathway, and global loss of fitness during interactions with 90 

murine macrophages in vitro.  91 

RESULTS 92 

Isolation of a Candida parapsilosis strain resistant to echinocandins  93 

This clinical case involved a 35-year-old woman who underwent allogeneic hematopoietic stem-cell 94 

transplantation (HSCT) for an idiopathic medullary aplasia with paroxysmal nocturnal 95 
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hemoglobinuria positivity. The patient remained neutropenic over the subsequent four months and 96 

was empirically treated with several courses of broad-spectrum antibiotics and caspofungin for 97 

septic episodes with a high level of C-reactive protein (230 mg/L). On Day 90 of HSCT, while the 98 

patient was on caspofungin (120 mg/daily), yeast was isolated from a blood sample and identified 99 

by MALDI-TOF mass spectrometry as C. parapsilosis (CPAR). The MICs for antifungal agents 100 

measured by Etest at 48 h were caspofungin, 32 g/mL; micafungin, 32 g/mL; anidulafungin, 32 101 

g/mL (Supplemental Data S1); fluconazole, 0.094 g/mL; voriconazole, 0.012 g/mL; 5-102 

fluorocytosine, 0.012 g/mL; and amphotericin B, 0.19 g/mL. Because the CPAR isolate was 103 

resistant to echinocandins, nucleotide sequencing of the entire FKS1 gene was performed. 104 

Comparison with the sequence of the FKS1 gene of C. albicans SC5314 confirmed the presence of 105 

the naturally occurring homozygous polymorphism C1978G leading to the P660A (proline replaced 106 

by alanine) amino acid substitution in the HS1 region (amino acids 652 to 660), which has been 107 

described in C. parapsilosis (9). Comparison with the sequence of the FKS1 gene of the caspofungin-108 

susceptible C. parapsilosis CBS 604 revealed the T4139C heterozygous mutation, leading to the 109 

substitution I1380T (isoleucine replaced by threonine) four amino acids downstream of the HS2 110 

region (amino acids 1369 to 1376) of glucan synthase (Supplemental Data S2). 111 

Fks1p P660A and I1380T substitutions are necessary for high-level caspofungin resistance in vitro 112 

To evaluate the contribution of each mutation of the CPAR FKS1 gene to echinocandin resistance in 113 

vitro, the nucleotide changes responsible for the P660A and I1380T substitutions were introduced 114 

separately and in combination at their equivalent positions in the FKS1 gene of C. lusitaniae, 115 

yielding Fks1p bearing the P642A and 1359T substitutions (Fig. 1A). The newly generated FKS1 116 

alleles were transformed and expressed in C. lusitaniae F1 trp1∆3', ura3∆5', a caspofungin-117 

susceptible strain (MIC 0.125 µg/mL) that was engineered from the wild-type (WT) strain CBS 6936 118 

for the chromosomal allelic replacement of the essential FKS1 gene (10). The resulting 119 
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transformants were tested for caspofungin susceptibility. Compared to the WT, introduction of 120 

P642A in Fks1p resulted in a six-fold increase in caspofungin MIC (0.75 g/mL), as reported 121 

previously (10). The I1359T replacement increased the caspofungin MIC 12-fold (1.5 μg/mL), and 122 

the combination of P642A and I1359T led to a caspofungin MIC ≥ 32 μg/mL, at least 256-fold higher 123 

than the WT and comparable to the C. parapsilosis CPAR clinical isolate (Fig. 1B). The growth curves 124 

obtained in liquid RPMI confirmed the phenotype of resistance to caspofungin in the mutant strains 125 

and showed that expression of mutated Fks1p did not alter the growth capacity of the mutant 126 

strains in drug-free RPMI (Supplemental Data S3).  127 

High caspofungin concentrations are necessary to inhibit the activity of glucan synthase bearing 128 

the P642A and I1359T substitutions  129 

To assess the direct inhibition of caspofungin on glucan synthase, the half‐maximal inhibitory 130 

concentration (IC50) values were determined for 1,3‐β‐glucan synthases expressed by the FKS1 WT 131 

and mutant strains of C. lusitaniae in polymerization assays using [3H]UDPG as the substrate (11). 132 

The inhibition curve for caspofungin against C. lusitaniae expressing WT enzyme displayed the 133 

typical pattern of 1,3‐β‐glucan synthase echinocandin susceptibility with a caspofungin IC50 of 13.36 134 

ng/mL (Fig. 2). Decreased echinocandin susceptibility was observed with the C. lusitaniae 135 

expressing the P642A, I1359T, and P642A+I1359T mutant enzymes, with 3‐, 37-, and 270‐fold 136 

increases in echinocandin IC50 values, respectively, compared with the WT enzyme (Fig. 2). 137 

Introduction of I1359T in C. lusitaniae Fks1p leads to a reduced cell wall glucan content in cells 138 

exposed to high caspofungin concentration 139 

We used the FKS1 WT and mutant isogenic strains of C. lusitaniae to evaluate the effects of the 140 

FKS1 variants on the composition of the cell wall by IR-ATR. IR-ATR spectra were recorded for yeast 141 

suspensions in PBS after 16 h of incubation in medium containing no drug and in medium 142 

containing a low (0.05 µg/mL; 0.4 WT MIC) or high (5 µg/mL; 40 WT MIC) caspofungin 143 
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concentration (Fig. 3a). The integrated intensities of the bands are directly related to the 144 

concentrations of the biochemical compounds. In the region 1800 to 1200 cm-1, the spectra 145 

revealed mainly proteins (amides I and II at 1644 and 1546 cm-1, respectively) and phosphate 146 

compounds (1248 cm-1), which could correspond to nucleotide sugars, i.e., the substrates of glucan 147 

and chitin synthases, and to phospholipids. Bands at 1377 and 1309 cm-1, assigned to chitin (26), 148 

were resolved upon treatment with caspofungin. In the region < 1200 cm-1, assigned mainly to C-O-149 

C, C-OH, C-C and PO2 stretchings, the four C. lusitaniae strains exhibited main bands at 1150, 1081, 150 

1064, 1028, and 1005 cm-1 (determined from the second derivative spectra, not shown). The bands 151 

at 1150, 1081, and 1005 cm-1 were assigned to 1,3--glucans (26) mixed with other glucans, 152 

possibly 1,4--glucans based on the band at 1064 cm-1 (27). 153 

Figure 3b presents the spectra of yeast cells treated with caspofungin after subtracting the 154 

spectrum of cells grown in drug-free medium. The difference spectra of caspofungin-treated cells 155 

were characterized by positive bands assigned to chitin at 1556, 1378, and 1309 cm-1, and negative 156 

bands assigned to 1,3--glucans at 1087, 1045, and 995 cm-1 (26, 28). The increase in chitin 157 

synthesis and the decrease in 1,3--glucan content was caspofungin dose-dependent for all strains, 158 

except for ß-glucans in WT, and the degrees of increases and decreases differed according to the 159 

mutation in FKS1 (Fig. 3c). At high drug concentration, the reduction in 1,3--glucan content was 160 

comparable in the WT and P642A, but the 1,3--glucan content decreased markedly in strains with 161 

the Fks1p I1359T mutation. Interestingly, the strain expressing Fks1p with both the P642A and 162 

I1359T substitutions had the greatest reduction in cell wall glucan content when exposed to high 163 

caspofungin concentration compared to untreated cells, suggesting marked alteration of glucan 164 

synthase activity. 165 

This hypothesis appears to be corroborated by the comparison of the spectra of mutant cells grown 166 

in drug-free medium, after subtracting the spectrum of WT cells grown in the same medium (Fig 3d, 167 
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derived from the spectra of Supplementary Data S4). The introduction of the I1359T mutation in 168 

Fks1p not only increased the chitin content in the cell wall, as with P642A, but also reduced the 169 

glucan content in the cell wall of both single and double mutant.  170 

Effects of the P642A and I1359T substitutions in Fks1p and of caspofungin treatment on cell 171 

topography 172 

AFM was used to image WT and mutant C. lusitaniae cells in the absence of drug and after 173 

treatment with caspofungin at 0.05 and 5 µg/mL for 16 h. We first analyzed the effect of 174 

caspofungin on C. lusitaniae WT cells (Fig. 4a-c). Untreated WT cells had smooth and regular 175 

surfaces and some had elongated shapes typical of pseudohyphal growth (Fig. 4a). After 176 

caspofungin treatment, WT cells had rough surfaces with crests, hollows, and furrows (Fig. 4b-c). 177 

This change was accompanied by cell swelling and a wider cell size distribution (Fig. 5). Introduction 178 

of the P642A substitution into Fks1p resulted in yeast cells with a similar phenotype to WT cells, 179 

regardless of caspofungin treatment (Fig. 4d-f). Cells expressing P642A Fks1p are phenotypically as 180 

affected as WT cells by caspofungin, with a much more marked effect on cell size heterogeneity 181 

(Fig.5). Surprisingly, the I1359T substitution in Fks1p yielded some yeast cells with irregular rough 182 

surfaces even in the absence of drug (Fig. 4g), and the cells were larger and had a wider size 183 

distribution than WT and P642A cells (Fig. 5). After caspofungin treatment, I1359T mutant cells had 184 

a wrinkled surface (Fig. 4h-i). C. lusitaniae cells with the P642A and I1359T substitutions in Fks1p 185 

(Fig. 4j-l) exhibited morphological traits similar to the single I1359T mutant. These findings suggest 186 

that although both substitutions are required for full resistance to caspofungin in vitro, I1359T 187 

impacts Fks1p function and cell wall organization. This morphological analysis confirms that 188 

caspofungin treatment always affects cell surface topography regardless of its concentration or 189 

strain susceptibility, and reveals that the single amino acid substitution I1359T in Fks1p may be 190 

responsible for morphological changes even in cells not exposed to caspofungin stress. 191 
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Susceptibility to other cell wall and osmotic stresses 192 

Morphological changes under caspofungin treatment, particularly cell swelling, led us to test their 193 

susceptibilities to other compounds that interfere with the fungal cell wall and to induce rescue 194 

pathways. We used calcofluor white (CFW) and Congo red (CR), whose damage to the cell wall 195 

activates the CWI pathway; caffeine, which activates the CWI pathway without damaging the cell 196 

wall; and sorbitol and NaCl, to test the HOG response (Fig. 6). WT and mutant strains had 197 

comparable susceptibilities to the hyperosmotic stress generated by sorbitol (MIC 1500 mM) and 198 

NaCl (MIC 1250 mM), and to the stress caused by caffeine (MIC 25 mM). In contrast, the mutant 199 

strains exhibited enhanced susceptibilities to CFW and CR relative to the WT. The P642A 200 

substitution in Fks1p increased the susceptibility of the strain four-fold to CFW and eight-fold to CR. 201 

The I1359T substitution, with or without P642A, increased susceptibility eight-fold for CFW and 32-202 

fold for CR (Fig. 6). The different responses of the Fks1p mutants to cell wall stressors (caspofungin, 203 

CFW, and CR) prompted us to explore the main cell integrity pathways possibly related to 204 

caspofungin-induced cell wall stress in the Fks1p mutants, i.e., the calcineurin, HOG, and CWI 205 

pathways. 206 

Transcriptional analysis of target genes of cell wall synthesis and integrity in C. lusitaniae 207 

The expression levels of the genes encoding chitin synthase (CHS1, CHS2, CHS3, CHS8), glucan 208 

synthase (FKS1), the catalytic subunit of calcineurin (CNA1), and the major mitogen-activated 209 

protein kinases of the HOG (HOG1) and CWI (MKC1) pathways, were analyzed by quantitative RT-210 

PCR in WT and mutant strains cultivated in drug-free RPMI medium and in caspofungin-211 

supplemented medium (5 µg/mL for 3 h). The expression level of each gene in the WT strain in 212 

drug-free medium was normalized to 1 by reference to ACT1 mRNA. The expression levels of the 213 

genes according to strain and growth conditions were compared to the WT in drug-free medium; 214 

the variations did not exceed three-fold. Only significant changes (p ≤ 0.05) in the means of three 215 
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independent biological replicates are discussed below (Fig. 7). Caspofungin treatment of WT C. 216 

lusitaniae increased the expression levels of CHS1, CHS2, CHS3, CNA1, and FKS1. The P642A 217 

substitution in Fks1p resulted in enhanced expression of CHS3, CHS8, CNA1, FKS1 and HOG1 in 218 

drug-free medium; the addition of caspofungin further increased the expression level of CHS3, but 219 

that of FKS1 was unaffected. The I1359T substitution alone, and in combination with P642A, 220 

resulted in enhanced expression of CHS3, CHS8, CNA1, and MKC1 in drug-free medium. Adding 221 

caspofungin increased the expression of CHS1, CHS2, and CHS3 in the I1359T mutant, and of CHS2 222 

in the double mutant expressing the P642A and I1359T substitutions. To summarize, the 223 

transcriptional response to caspofungin involved increased expression of the calcineurin, chitin 224 

synthase, and glucan synthase genes, except in strains with the I1359T substitution, in which FKS1 225 

was not over-expressed to the benefit of MKC1. Accordingly, when compared to WT strain, I1359T 226 

tends to decrease the expression of FKS1 even in the presence of caspofungin and leads to increase 227 

the expression of MKC1, even in the absence of caspofungin. 228 

Mkc1p is activated in strains expressing I1359T Fks1p even in the absence of caspofungin 229 

Monoclonal antibodies against phosphorylated Mkc1p, phosphorylated Hog1p, and tubulin were 230 

used for western blot analysis of protein extracts of the C. lusitaniae WT and mutant strains 231 

cultivated in the absence and presence of caspofungin (Fig. 8). For the HOG pathway, strains 232 

expressing Fks1p with the I1359T substitution exhibited an increased content of phosphorylated 233 

Hog1p under caspofungin exposure. Compared with the WT, a very small quantity of 234 

phosphorylated Hog1p was also detected in strains with Fks1p polymorphisms cultivated in drug-235 

free medium. For the CWI pathway, as expected from previous findings (16), all of the strains 236 

analyzed responded to caspofungin by phosphorylating Mkc1p. Interestingly, phosphorylated 237 

Mkc1p was detected in protein extracts from the I1359T Fks1p mutants, with or without P642A, 238 
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cultivated in drug-free medium. Constitutive activation of the CWI pathway strongly suggests that 239 

the I1359T substitution is deleterious to the cell. 240 

Deletion of MKC1 in C. lusitaniae strains expressing Fks1p with the I1359T substitution restores 241 

caspofungin susceptibility in vitro 242 

The ORF OVF10720.1 of strain CBS 6936 of C. lusitaniae (29) encodes a putative Mkc1p of 546 243 

amino acids having 79.8% identity with the C. albicans ortholog protein CR_00120C_A (30), and 244 

having the conserved TEY phosphorylation motif at amino acids 193-195. MKC1 loss-of-function 245 

mutants were obtained in the WT and mutant FKS1 strains of C. lusitaniae expressing the I1359T 246 

substitution with or without P642A by targeted integration of an URA3 deletion cassette at the 247 

MKC1 locus. Strains with a reconstituted MKC1 locus were also generated for each null mutant. The 248 

strains were tested for caspofungin susceptibility (Table 1). Deletion of MKC1 in the WT had little 249 

effect on caspofungin susceptibility, decreasing the MIC from 0.125 to 0.0625 µg/mL. In contrast, 250 

deletion of MKC1 in the strain expressing Fks1p with the I1359T substitution restored caspofungin 251 

susceptibility to the WT level (0.125 µg/mL), and to the level of the P642A mutant in the strain 252 

expressing Fks1p with both the P642A and I1359T substitutions (0.75 µg/mL). In each case, the 253 

phenotype observed was reversed by reintegrating a WT MKC1 allele in each null mutant. This 254 

finding demonstrates that caspofungin resistance mediated by the I1359T substitution is mainly 255 

dependent on MKC1 and on activation of the CWI rescue pathway in vitro. 256 

Effects of FKS1 allelic variability on the fitness of C. lusitaniae in vitro 257 

The effects of the FKS1 mutations on fitness were evaluated using an in vitro model of Candida-258 

macrophage interactions (31). J774 murine macrophages were infected at a multiplicity of infection 259 

(MOI) of 1: 1 with C. lusitaniae WT and FKS1 mutants, and cellular interactions were measured at 260 

30 min, 5 h, and 24 h post-infection. Prior to infection, yeasts were treated or not with caspofungin 261 

at low (0.05 µg/mL) and high (5 µg/mL) concentrations.  262 
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The first parameter analyzed was the fraction of macrophages engaged in phagocytosis. 263 

Without caspofungin, the proportion of macrophages engaged in phagocytosis was 44 to 66% for 264 

all strains at 5 h and 24 h post-infection (Fig. 9 at 24 h). Treatment of WT cells with caspofungin at 265 

0.05 µg/mL reduced by 50% the number of macrophages involved in phagocytosis at each time 266 

point. The percentage of macrophages phagocytosing the single I1359T and double P642A, I1359T 267 

mutants also decreased by half after treatment with caspofungin at 5 µg/mL (Fig. 9).  268 

The second parameter was the fungal biomass internalized by the macrophages. Without 269 

caspofungin treatment, the fungal biomass phagocytozed at 24 h post-infection was increased 270 

significantly (~ 10-fold) for the two mutants expressing the I1359T Fks1p, compared to those 271 

expressing WT and P642A Fks1p (Fig. 10). Exposure to caspofungin increased the fungal biomass 272 

ingested by phagocytes, noticeably for C. lusitaniae WT cells exposed to 0.05 µg/mL caspofungin 273 

and for the single I1359T and double P642A, I1359T mutant cells exposed to 5 µg/mL caspofungin. 274 

Although the phagocytosed fungal biomass may have been overestimated in the mutants due to 275 

their larger size and changes in cell wall content, these results suggest that the I1359T Fks1 protein 276 

promotes recognition of yeasts by macrophages and improves phagocytosis efficiency under 277 

antifungal pressure, because fewer phagocytes (Fig. 9) were recruited but more yeasts were 278 

engulfed (Fig. 10).  279 

The third parameter was the survival of intra-macrophagic yeasts at 24 h post-infection (Fig. 280 

11). Interestingly, under drug-free conditions, survival rates were higher for yeasts expressing Fks1 281 

protein with the I1359T substitution, with or without P642A, compared to WT and P642A. At 0.05 282 

µg/mL caspofungin, survival was higher for I1359T relative to the WT, and was comparable to the 283 

P642A Fks1p strain.  284 

DISCUSSION 285 
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After collecting a clinical blood isolate of C. parapsilosis resistant in vitro to echinocandins having a 286 

new mutation in FKS1, we characterized the cellular and molecular effects of this mutation in C. 287 

lusitaniae. The C. parapsilosis isolate carried a mutation in one of the two FKS1 alleles, resulting in 288 

the replacement of an isoleucine by a threonine at position 1380 in β-1,3-glucan synthase. This 289 

polymorphism was recently reported in an FKS1 allele of C. albicans resistant to both anidulafungin 290 

and ibrexafungerp (32). In this work, we provide evidence that it contributes to echinocandin 291 

resistance in vitro after its expression in the haploid yeast C. lusitaniae (10). We chose to study the 292 

effect of the mutation in a genetic context different from the one in which it was initially isolated, 293 

in order to eliminate any genetic and/or epigenetic factors that might have contributed to its 294 

selection. The presence of the P660A polymorphism in C. parapsilosis is a genetic factor that 295 

contributed to the selection of the I1380T mutation. By expressing I1380T in the presence and 296 

absence of P660A in the C. lusitaniae model, we were able to demonstrate that it is indeed the 297 

combination of these two polymorphisms that confers a high level of in vitro resistance to 298 

echinocandins, rather than the I1380T mutation alone. In C. albicans, most of the resistance 299 

mutations are concentrated in two conserved regions of the FKS1 gene, the so-called hot spot 1 300 

(HS1) and 2 (HS2) regions (12, 33). These regions presumably bind the cyclic peptidic part of 301 

echinocandins (34). A third conserved region described in S. cerevisiae, HS3, located between HS1 302 

and HS2, could be involved in the binding of the hydrophobic acyl tail of echinocandins (34). In the 303 

C. parapsilosis group, other than the naturally occurring P660A polymorphism and the recently 304 

described mutations R658G (14) and F652S (13) in HS1, most of the mutations suspected to be 305 

involved in echinocandin resistance were located outside the HS1 and HS2 regions (15). The I1380T 306 

mutation described here is located four amino acids downstream of HS2 in a peptidic region 307 

expected to be exposed outside the plasma membrane (34). Replacing the nonpolar isoleucine with 308 

the similar-in-size but polar threonine can have marked consequences. Threonine has a hydroxyl 309 
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group that can be involved in numerous reactions, such as phosphorylation, O-linked glycosylation, 310 

proteolytic cleavage, and hydrogen binding to other amino acids, which can influence the 311 

secondary and tertiary structures of proteins, and has been implicated in protein-protein 312 

interactions (35) (36).  313 

It is possible that the I1380T amino acid substitution reduces the binding affinity of the HS2 314 

domain to echinocandins. However, when expressed in C. lusitaniae at the equivalent position, and 315 

compared to the WT Fks1 protein, the I-T substitution alone conferred a 12-fold increase in the 316 

caspofungin MIC (from 0.125 to 1.5 µg/mL), and a 37-fold increase in the caspofungin IC50 value. 317 

The I1380T substitution must be associated with the P660A polymorphism of HS1, which itself has a 318 

moderate effect on caspofungin MIC, to confer a high caspofungin MIC (≥ 32 µg/mL, comparable to 319 

the clinical CPAR isolate) and a 270-fold increase in the caspofungin IC50 value compared to the WT. 320 

These findings indicate that both the HS1 and HS2 domains of Fks1p contribute to binding 321 

caspofungin, and therefore that they are in conformational close vicinity. The P-A and I T 322 

substitutions, in combination, conferred the same level of pan-echinocandin resistance in vitro in 323 

both C. parapsilosis and C. lusitaniae. Therefore, the conformational changes must involve 324 

conserved regions in Fks1p between the two species. A cryo-electron microscopy study of Fks1p in 325 

S. cerevisiae (37) revealed that HS1 and HS2 are located in two neighboring transmembrane helices, 326 

TM5 for HS1 and TM8 for HS2, on the outer side of the cell membrane. Also, P642 and I1359 (C. 327 

lusitaniae Fks1p coordinates) are on peptide segments close enough to interact. The authors 328 

suggested that any substitutions at or near these positions may contribute to a substantial change 329 

in the lipid environment of the enzyme, sufficient to reduce the binding affinity to caspofungin. 330 

Moreover, TM8 amino acids contribute to the β-glucan translocation channel and some interact 331 

with the newly synthesized glucan chain. In S. cerevisiae Fks1p, the aromatic F1363, just upstream 332 

of I1364 and corresponding to I1359 in C. lusitaniae, is expected to bind glucans (37). 333 
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Decreasing the binding capacity of Fks1p to caspofungin is not the only effect of the 334 

combination of P660A and I1380T mutations. Using vibrational spectroscopy, we observed that the 335 

C. lusitaniae strains expressing I1359T Fks1p (equivalent position of I1380T), especially with P642A 336 

(equivalent position of P660A), had the lowest 1,3-ß-glucan contents in the cell wall compared to 337 

the WT when exposed to high caspofungin concentration. Although caspofungin has a decreased 338 

binding capacity to I1359T Fks1p, it appears to exhibit increased inhibitory activity, as less glucan is 339 

synthesized by I1359T Fks1p. 340 

In C. albicans and C. glabrata, some amino acid substitutions contributing to caspofungin 341 

resistance concomitantly decreased the Vmax of Fks1p (33, 38, 39). Unlike a report that the glucan 342 

content in the cell wall of echinocandin-resistant C. albicans strains was unaffected by Fks1p 343 

mutations (38), our work shows a direct correlation between the Fks1 I1359T polymorphism and 344 

the glucan deficit in the cell wall of C. lusitaniae. 345 

Further evidence of abnormal Fks1p activity was provided by observation of the cell surface by 346 

AFM. Some of the yeasts expressing I1359T Fks1p, with or without P642A, had irregular rough 347 

surfaces, and were larger than the WT, in drug-free medium. This is a phenotype similar to WT cells 348 

exposed to low concentrations of caspofungin. This phenotype can be the consequence of a defect 349 

of glucan synthase activity, mainly caused by I1359T, because the P642A substitution has no effect 350 

on cell wall phenotype. Our findings confirm previous reports that yeast cell integrity in the 351 

presence of echinocandins may in part be ensured by increased chitin synthesis  (16, 17, 19, 20, 38, 352 

40). Cells were larger and had a reduced cell wall glucan content but did not exhibit greater 353 

susceptibility to osmotic stress. The I1359T mutants had no particular sensitivity to caffeine. This 354 

purine alkaloid is capable of activating the Pkc1p-Mkc1p CWI pathway (30) via TOR complex 1, but 355 

does not affect cell wall remodeling because of its inability to activate the transcription factor Rlm1 356 

(41). 357 
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Lack of susceptibility to caffeine suggests that the CWI pathway was active in the I1359T 358 

mutants. However, these mutants exhibited a marked growth defect in the presence of CFW and 359 

CR. Both chemicals have similar effects, which can partially mimic those of echinocandins, by 360 

binding and inhibiting the synthesis of glucans and chitin at the cell wall (41, 42). Their damage is 361 

perceived by cell wall sensors, which activate the CWI pathway up to the transcription factor Rlm1, 362 

thereby upregulating the expression of the genes encoding glucan and chitin synthases. The greater 363 

susceptibility of the I1359T mutants to these inhibitors indicated that at least one component of 364 

the cellular response to cellular damage was dysfunctional. Targeted transcriptional analysis in C. 365 

lusitaniae of the main genes involved in signaling and cell wall synthesis confirmed, as expected 366 

from previous reports, the enhanced expression of calcineurin A (16), chitin synthase, and FKS1 (43) 367 

in cells exposed to caspofungin. Interestingly, increased expression of FKS1 was not observed in 368 

strains with the I1359T Fks1p mutation, in which MKC1 was upregulated. Implication of this MAP 369 

kinase was confirmed at the protein level: the phosphorylated active form of Mkc1p was markedly 370 

increased in all the strains exposed to caspofungin, and in the I1359T mutants cultivated in drug-371 

free medium. Restoration of caspofungin sensitivity following deletion of MKC1 in C. lusitaniae 372 

mutants with I1359T Fks1p revealed that resistance in vitro mediated by I1359T Fks1p is dependent 373 

on MKC1 and on activation of the CWI pathway. The direct involvment of MKC1 in echinocandin 374 

resistance could be demonstrated in this study by using the haploid C. lusitaniae yeast model, as, 375 

unlike the C. parapsilosis clinical isolate, there is no wild-type allele to compensate for the defect in 376 

the I1359T Fks1 glucan synthase. Although the I1359T mutant cells were larger in drug-free 377 

medium, the weak Hog1p phosphorylation, which is involved in adaptation of the cell to high-378 

osmolarity conditions, was not specific to I1359T, as it was also observed in P642A. Activation of 379 

the CWI pathway without exposure to echinocandin likely results from defective I1359T Fks1p 380 

activity, which is concordant with the damage seen by AFM on the cell wall of the mutant even in 381 
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drug-free medium, and with the lowest glucan content detected by IR spectroscopy. This defect 382 

may also explain the greater susceptibility to CFW and CR in I1359T Fks1p mutants, which cannot 383 

compensate for the damage to glucans by upregulating the expression of a fully functional Fks1 384 

enzyme. It may also explain the apparent loss of fitness in C. lusitaniae strains expressing I1359T 385 

Fks1p during interactions with J774 macrophages. Compared with the WT under caspofungin 386 

treatment, 50% fewer phagocytes were recruited to engulf a significantly greater fungal biomass of 387 

yeasts expressing I1359T Fks1p. The significant decreases in the ß-glucan contents of the mutants 388 

could enhance the exposure of mannose and glycoproteins, which are recognized by macrophage 389 

TLR2, TLR4, and C-type Lectins receptors (44), and/or to unmasking of chitin, the proportion of 390 

which in the cell wall is increased by antifungals. Chitin reinforcement in the cell wall may explain 391 

the enhanced intra-macrophagic survival of I1359T Fks1p mutants, either via the NLR cytoplasmic 392 

receptor NOD2 and its interaction with chitin, mannose receptor, and TLR9, leading to the 393 

production of IL-10 (44); or via chitin-mediated inhibition of nitric oxide synthase (45). Loss of 394 

fitness was reported in resistant C. albicans strains, in which several Fks1p mutations affected 395 

growth rate, filamentation, and virulence in a variety of animal models (38). 396 

In conclusion, when expressed in C. lusitaniae, the mutation P642A, which corresponds to the 397 

P660A species-specific polymorphism of C. parapsilosis, had little effect on the caspofungin MIC, 398 

and no effect on glucan content of the cell-wall or survival after macrophage phagocytosis. These 399 

results support clinical practice, in which echinocandins at standard concentrations are used for the 400 

treatment of most C. parapsilosis invasive infections (12). In contrast, I1359T is a deleterious 401 

mutation that decreases the binding capacity of caspofungin to Fks1p and also impairs glucan 402 

synthesis. The resulting yeast cells have abnormal cell walls, and exhibit constitutive activation of 403 

the CWI rescue signaling pathway, notably by the phosphorylation of Mkc1p. We have finally 404 

demonstrated that Mkc1 is the main molecular determinant of caspofungin resistance in vitro in C. 405 
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lusitaniae yeasts expressing Fks1p I1359T. However, we believe that the activation of rescue 406 

signaling pathways to resist to echinocandin is likely not confined to the Fks1p I1359T mutation. 407 

Recently, we showed that rapamycin restored caspofungin susceptibility in vitro in resistant strains 408 

of C. albicans with the Fks1p S645P mutation, as well as in C. lusitaniae strains expressing the 409 

equivalent mutation (46). Notably, rapamycin activates Mpk1p, the ortholog of Mkc1p in S. 410 

cerevisiae (47), suggesting that other factors in the signaling network, beyond Mkc1p, may be 411 

involved in echinocandin resistance, depending on the mutation affecting Fks1p. 412 

MATERIALS AND METHODS  413 

Candida strains and culture conditions 414 

The C. parapsilosis clinical strain CPAR was identified by matrix-assisted laser desorption ionization–415 

time of flight mass spectrometry Microflex LT systems (Bruker Daltonics), with FlexControl (version 416 

3.0) software (Bruker Daltonics). All of the C. lusitaniae strains constructed in this study or from 417 

previous works (10) (48) were derived from the WT reference strain CBS 6936 (ATCC 38553). All of 418 

the strains and their genotypes are listed in Supplemental Data S5. Yeasts were routinely cultivated 419 

in YPD medium and on YNBS after transformation by electroporation, as described previously 420 

(10). RPMI 1640 medium (Sigma-Aldrich) supplemented with 2% glucose and buffered to pH 7.0 421 

with 0.165 M MOPS was used to test susceptibility to antifungals and other stressor molecules.  422 

Nucleic acid extraction and PCR amplification  423 

Yeast DNA was extracted using a glass-bead method (48) and PCR was performed using the high-424 

fidelity DNA polymerase Pfu (Promega). RNAs were extracted from 1  108 cells suspended in 1 mL 425 

of TRI REAGENT® (Molecular Research Center) and disrupted using the glass-bead method (49). 426 

RNA quality and quantity were evaluated on an Agilent Bioanalyzer with RNA 6000 Nano Chips. For 427 

RT-qPCR, 50 ng of RNA from each sample were amplified using the GoTaq One-Step RT-qPCR 428 
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System (Promega) with the SYBR-Green intercalating agent on the Bio-Rad CFX Thermocycler. 429 

Relative quantification of gene expression was carried out by the 2-∆∆Ct method (50) using ACT1 as 430 

the reference gene, in triplicate experiments using independent RNA samples. Fluorescence data 431 

from RT-qPCR were collected and analyzed, including statistical tests, with CFX Manager software, 432 

v. 3.1 (Bio-Rad). The sequences of the primers used for PCR and RT-qPCR and the GenBank 433 

accession numbers of the target genes are provided in Supplemental Data S6. 434 

Construction of C. lusitaniae FKS1 mutants 435 

FKS1 allele replacement was achieved in C. lusitaniae as described previously (10), by introducing 436 

into strain F1 trp1∆3’, ura3∆5' two DNA fragments covering the entire FKS1 ORF. Both fragments 437 

overlap a 40 bp region where SNPs of interest were inserted. In this study, the single mutant CLUS 438 

I1359T and the double-mutant CLUS P642A, I1359T were constructed starting from the genomic 439 

DNA of strains F1 TRP1, URA3, and CLUS Fks1p P642A, respectively, as described previously (10). 440 

The following mutations were introduced separately and in combination in the FKS1 gene of C. 441 

lusitaniae: C1924G (codon change CCT to GCT) for P642A and T4076C (codon change ATT to ACT) 442 

for I1359T, corresponding to the coordinates C1978G (P660A) and T4139C (I1380T) in the FKS1 443 

gene and protein of C. parapsilosis. FKS1 nucleotidic changes were verified by DNA sequencing 444 

(Eurofins Genomics). The primers are listed in Supplemental Data S6. 445 

Construction of C. lusitaniae mkc1 deletion mutants 446 

The mkc1 deletion mutants were generated using a DNA cassette of URA3 flanked by the 5’- and 447 

3'-UTR regions of MKC1. The recipient strains for transformation were 6936 ura3∆ expressing a WT 448 

FKS1 allele, and strains 1359T ura3∆ and P642A/I1359T ura3∆ expressing mutant FKS1 alleles. 449 

Reconstructed strains were obtained after transformation with a PCR DNA fragment containing a 450 

MKC1 allele, and selection on YNBS supplemented with 5-fluoroorotic acid (0.8 mg/mL) and uracil 451 

(50 µg/mL). Deletion/insertion of MKC1 was verified using PCR and nucleotide sequencing (Eurofins 452 
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Genomics). The primers are listed in Supplemental Data S6. 453 

Susceptibility testing 454 

Susceptibility to antifungals was determined by Etest (bioMérieux) according to the manufacturer’s 455 

instructions. MICs were read after incubation for 48 h at 35°C. For caspofungin supplementation, 456 

we used caspofungin acetate powder (Merck Sharp and Dohme; Kenilworth, USA). Susceptibility to 457 

toxic compounds was evaluated using microdilution assays adapted from CLSI standards (51) in 458 

RPMI 1640 medium. Yeast growth was measured after incubation for 48 h at 35°C using a 459 

microplate reader at 450 nm. Experiments were conducted at least in triplicate. Calcofluor white 460 

(CFW), Congo red (CR), and caffeine were purchased from Sigma-Aldrich. 461 

Inhibition measurement of glucan synthase 462 

Yeast cells were grown to early stationary phase in YPD medium and collected by centrifugation. 463 

Cell disruption, membrane protein extraction, and partial 1,3‐β‐glucan synthase purification by 464 

product‐entrapment were performed as described previously (39). Reactions were initiated by the 465 

addition of product‐entrapped glucan synthase. Sensitivity to caspofungin was measured by 466 

polymerization assay using a 96‐well 0.65 µm multiscreen HTS filtration system (Millipore Corp.) in 467 

a final volume of 100  µL, as described previously (11). Serial dilutions of the drugs (0.01 to 10,000 468 

ng/mL) were used as calibration standards. Inhibition profiles and IC50 values were determined 469 

using a normalized response (variable‐slope) curve fitting algorithm with Prism v. 8.1.2 software 470 

(GraphPad Software). 471 

Atomic force microscopy imaging 472 

AFM experiments were performed at room temperature (20°C) using a BioScope Resolve AFM 473 

(Bruker) and MSCT tips (MicroLever, Bruker). Cells were cultivated in RPMI medium with (0.05 or 5 474 

µg/mL) or without caspofungin for 16 h at 30°C with agitation. Next, 200 µL of each suspension 475 

were deposited for 2 h on glass substrates coated with a thin layer of Cr (~10 nm) and Au (~30 nm). 476 
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After sedimentation, surfaces were gently rinsed in ultrapure water and dried overnight at 30°C. 477 

Images were taken in air to enhance the morphological differences induced by the drug. Cell size 478 

was determined by measuring the short axis of 50 cells selected randomly in images from three 479 

independent experiments for each condition. 480 

IR-ATR 481 

IR-ATR spectra were recorded between 4000 and 800 cm-1 on a Bruker Vertex 70v spectrometer as 482 

described previously (17). The resolution of the single beam spectra was 4 cm-1. A nine-reflection 483 

diamond ATR accessory (DurasamplIR™, SensIR Technologies, incidence angle: 45°) was used to 484 

acquire spectra. Yeasts were cultivated in RPMI medium with (0.05 or 5 µg/mL) or without 485 

caspofungin for 16 h at 30°C with agitation. Cells were washed in PBS and one drop of yeast 486 

suspension in PBS was deposited on the ATR crystal. The PBS spectrum was used to remove the 487 

spectral background. The spectra of the fingerprint regions of interest were baseline-corrected at 488 

1800 and 800 cm-1 and normalized to 1 in the region 1597 to 800 cm-1. 489 

Protein extraction and western blotting 490 

Protein was extracted from 5  108 cells cultivated in YPD in the absence or presence of 491 

caspofungin (5 μg/mL) for 3 h. After washing with sterile water, the pellet was resuspended in 250 492 

μL of Laemmli buffer containing 0.5 μL of protease inhibitor (Cocktail Set III, Merck) and 50 μL of 493 

phosphatase inhibitor (Cocktail Set III, Merck). Cells were disrupted using the glass-bead method at 494 

4°C, and the homogenate was heated to 100°C for 10 min. Crude cell extracts corresponding to 5  495 

106 cells per well were separated by SDS-PAGE (4-20%) for 45 min at 180 V. They were semi-dry 496 

transferred onto PVDF membranes (Bio-Rad). After incubation for 1 h in blocking solution (5% 497 

skimmed milk, PBS, 0.2% Tween 20), membranes were incubated for 12 h with the following 498 

primary antibodies: mouse anti-phospho-p38 MAP kinase (Thr180/182) 28B10 for the detection of 499 

Hog1p-P (Cell Signaling Technology) (dilution 1: 1000); mouse anti-phospho-p44/p42 MAPK 500 
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(Thr202/Tyr204) for the detection of Cek1p-P and Mkc1p-P (Cell Signaling Technology) (dilution 1: 501 

1500); and mouse anti-TAT1 monoclonal for the detection of tubulin as the loading control (ECACC 502 

#00020911) (dilution 1: 1000). After washing with 1 M NaCl and blocking solution, the membranes 503 

were incubated for 1 h at room temperature with the following secondary antibodies: ECL Plex anti-504 

mouse Cy3 conjugate (GE Healthcare #PA43009V, 1: 5000) and ECL Plex anti-rabbit Cy5 conjugate 505 

(GE Healthcare #PA45011V, 1: 5000). After washing with blocking solution, the membranes were 506 

subjected to direct fluorescence detection using the ImageQuant™ LAS 4000 (GE Healthcare) 507 

according to the manufacturer’s recommendations. 508 

Macrophage cultivation and yeast infection 509 

J774A.1 (ATCC TIB-67) murine macrophages were cultured in cRPMI medium (RPMI-1640 without 510 

phenol red, supplemented with 10% heat inactivated fetal bovine serum, 1 mM sodium pyruvate, 511 

and 2 g/L sodium bicarbonate), and infected as described previously (31). Briefly, J774 512 

macrophages were adhered, overnight at 37°C in 5% CO2, in 96-well plates with clear well bottoms 513 

(Greiner Bio-one) at a concentration of 2 x 10
5 macrophages per well in 200 µL of cRPMI. Three 514 

separate plates were set up to perform a time course analysis of the infection over 24 hours, at 515 

T30min, T5h and T24h. Yeast cells collected from overnight culture in YPD containing 5 g/mL CFW, 516 

and supplemented or not with caspofungin at 0.05 or 5 g/mL, and adjusted to a density of 1  517 

106/mL in cRPMI plus 5 5 g/mL CFW, with or without caspofungin (0.05 or 5 g/mL).  J774 518 

macrophages were infected with 200 µL of CFW-labeled yeasts treated or not with caspofungin at a 519 

MOI of 1 macrophage:1 yeast. As controls, PBS alone, macrophages stained with CFW, and yeasts 520 

stained with CFW were included in the plate. Caspofungin did not alter the growth or viability of 521 

the macrophages. For each Candida strain, macrophage infection was performed in triplicate and 522 

each condition was tested in quintuplet per experiment. 523 

Flow cytometry and fluorimetry 524 
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The macrophage mortality rate and the ratio of macrophages engaged in phagocytosis was 525 

measured using flow cytometry, as described previously (31). Briefly, macrophages were double-526 

stained with anti-mouse CD16-APC (Beckman Coulter) and calcein-AM (Sigma-Aldrich) at 30 min, 5 527 

h, and 24 h post-infection with CFW-labeled yeasts treated or not with caspofungin (0.05 or 5 528 

g/mL). Macrophage viability was calculated as the percentage of macrophages positive for both 529 

calcein-AM and anti-CD16-APC fluorescence in an infection assay compared to uninfected 530 

macrophages. Phagocytosing macrophages were quantified as the number of macrophages positive 531 

for calcein, anti-CD16, and CFW fluorescence. The fungal biomass ingested by the macrophages was 532 

evaluated by measuring the mean fluorescence intensity (MFI) of CFW-labeled yeasts per 533 

phagocytosing macrophage. The background of each fluorescent marker was removed using yeast 534 

cells alone labeled with anti-CD16-APC and calcein-AM, and macrophages alone labeled with CFW.  535 

Yeast survival rate 536 

J774 cells were infected in triplicate with CFW-labeled yeasts treated or not with caspofungin. After 537 

co-incubation for 24 h, endocytosed yeast cells were released by lysing the J774 macrophages in 1 538 

ml of 0.1% ice-cold Triton X-100 (Acros Organics). The yeast cells were counted using a Malassez 539 

hemocytometer and diluted to 1 x 103 cells/ml in YPD. Then, 100 μl of yeast suspensions containing 540 

100 cells were plated onto YPD in duplicates, incubated at 30°C for 24-48 h. CFU were counted, and 541 

the percentages of survival were determined. 542 

SUPPLEMENTAL MATERIAL 543 

Supplemental data for this article may be found at: 544 
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Figure 1. Caspofungin susceptibility of C. lusitaniae expressing different FKS1 alleles.

(a) Schematic position of amino acid substitutions introduced in C. lusitaniae Fks1

proteins equivalent to those identified in C. parapsilosis CPAR. (b) Etest

determination of caspofungin susceptibility of the C. lusitaniae CBS 6936 strain

expressing a wild type (WT) Fks1 protein and of the C. lusitaniae strains expressing

Fks1 proteins containing P642A, I1359T, and both P642A, I1359T amino acid

substitutions. For each FKS1 allele expressed, caspofungin MIC was determined for

six independent clones after having controlled at the molecular level that they had

correctly integrated the SNP of interest. The MIC is indicated by a white arrow.
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WT
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I1359T

Strain WT P642A I1359T P642A, I1359T

CAS IC50 (ng/mL) 13.36 38.88 494.8 3602

(a)

(b)

Figure 2. Caspofungin (CAS) inhibition profiles of enriched glucan synthase

(GS) complexes from wild type and mutant C. lusitaniae strains. Relative GS

activity to the wild type strain 6936 (WT) was assessed by the incorporation of

[3H]glucose in glucan polymers.

(a) Caspofungin titration curves for the C. lusitaniae WT strain, and strains

expressing the Fks1 proteins with P642A, I1359T and P642A+I1359T

substitutions. (b) Caspofungin half maximal inhibitory concentration (IC50)

values for each C. lusitaniae strain.
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Figure 3. (a) Infrared spectra in ATR mode of yeasts in suspension in PBS, without treatment (black lines) and

after treatment with caspofungin at 0.05 (blue lines) and 5 µg/mL (red lines) during 16 h. (b) Difference spectra

between the spectra from untreated yeasts and those from yeasts treated with caspofungin at 0.05 (dark blue

lines) and 5 µg/mL (pink lines). Key: ν, stretching; δ, bending; s, symmetric; a, antisymmetric. (c) Integrated

intensities related to the variations in chitin and ß-glucans amounts in the cell wall of WT and FKS1 mutant

strains of C. lusitaniae after treatment with caspofungin. Integrated intensities were calculated from the

difference spectra of Figure 3b as the values corresponding to the integrated intensities of CH2 bending bands

from chitin, and C-C, C-O stretching band from ß-glucans (integrated regions: 1394-1361 and 1110-1077 cm-1,

respectively). Y axis positive values: increase in chitin content in the cell wall relative to untreated cells. Y axis

negative values: decrease in ß-glucan content in the cell wall relative to untreated cells. (d) Integrated

intensities related to the variations in chitin and ß-glucans amounts in the cell wall of FKS1 mutants grown in

drug-free medium after subtracting the cell wall spectrum of WT grown in the same medium. Legends as in (c).
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Figure 4. AFM images in air of C. lusitaniae WT, P642A, I1359T and P642A, I1359T

cells without and with caspofungin treatment at 0.05 µg/mL and 5 µg/mL. Large scale

deflection (error signal) images of WT (a, b, c), P642A (d, e, f), I1359T (g, h, i) and

P642A, I1359T cells (j, k, l) without caspofungin treatment (a, d, g, j) and after

treatment with 0.05 µg/mL of caspofungin (b, e, h, k) and 5 µg/mL of caspofungin (c,

f, i, l). Top left insets are enlarged tridimensional views (merged height and

deflection) showing the surface ultrastructure of individual cells in the corresponding

condition. Top right insets are high resolution deflection images of cells in the

corresponding condition.
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Figure 5. Violin-plot of the cell sizes of C. lusitaniae strains. The distribution of cell sizes

(short axis) was measured for WT, P642A, I1359T and P642A, I1359T cells without

caspofungin and after caspofungin treatment at 0.05 µg/mL and 5 µg/mL (n = 50 cells

from 3 independent experiments; Box percentile: 25th-75th; White dots correspond to

median).
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Figure 6. Susceptibility of C. lusitaniae WT and mutant strains to osmotic stress and cellular

and cell wall stressors. MIC was considered as the concentration of the stressor which

inhibited 80 to 100% of the growth of the strains compared to their growth in the culture

medium without stressor after 48 h of incubation. WT ( ); P642A ( ); I1359T ( ); P642A,

I1359T ( ).
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Figure 7. Quantitative transcriptional analysis of genes involved in cell wall biosynthesis

and in cellular rescue pathways in C. lusitaniae WT and mutant strains exposed or not to

caspofungin (CAS, 5 µg/mL, 1 h). * p<0.05; ** p<0.01; *** p<0.005.
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Figure 8. Western blot analysis of the phosphorylated MAP kinases Mkc1p-P and Hog1p-

P in crude protein extracts of C. lusitaniae WT and FKS1 mutant strains exposed or not to

caspofungin (5 µg/mL, 1 h). All the samples were analysed on the same blot.
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Figure 9: Macrophage phagocytosis assays of WT and FKS1 mutants of C. lusitaniae.

Yeasts exposed or not to different concentrations of caspofungin (CAS) and J774

murine macrophages were mixed at a MOI of 1Y:1M and the percentage of living

macrophages ( ) and of phagocytosing macrophages ( ) was measured 24 h post-

infection by flow cytometry (± SEM from 3 independent experiments performed in

quintuplets).
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Figure 10. Relative mass of WT and FKS1 mutants of C. lusitaniae phagocytosed by

murine J774 macrophages. CFW-labeled yeasts exposed or not to different

concentrations of caspofungin (CAS) and J774 murine macrophages were mixed at a

MOI of 1Y:1M. Mean fluorescence intensity (MFI) of intra-macrophagic yeasts after

quenching with trypan blue was measured 24 h post-infection (± SEM from 3

independent experiments performed in quintuplets). AUF: arbitrary units of

fluorescence.
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Figure 11. Intramacrophagic survival of WT and FKS1 mutants of C. lusitaniae.

Yeasts exposed or not to different concentrations of caspofungin (CAS) and J774

murine macrophages were mixed at a MOI of 1Y:1M and incubated 24 h. After

macrophage lysis, survival percentage was obtained by the number of CFU after

plating 100 yeasts on YPD (± SEM from 3 independent experiments).
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