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A B S T R A C T   

In 2009 Candida auris was first isolated as fungal pathogen of human disease from ear canal of a patient in Japan. 
In less than a decade, this pathogen has rapidly spread around the world and has now become a major health 
challenge that is of particular concern because many strains are resistant to multiple class of antifungal drugs. 
The lack of available antifungals and rapid increase of this fungal pathogen provides an incentive for the 
development of new and more potent anticandidal drugs and drug combinatorial treatments. Here we have 
explored the growth inhibitory activity against C. auris of a synthetic dipeptide glutamine analogue, L-norvalyl- 
N3-(4-methoxyfumaroyl)-L-2,3- diaminopropanoic acid (Nva-FMDP), that acts as an inhibitor of glucosamine-6- 
phosphate (GlcN-6-P) synthase - a key enzyme in the synthesis of cell wall chitin. We observed that in contrast to 
FLC susceptible isolates of C. auris, FLC resistant isolates had elevated cell wall chitin and were susceptible to 
inhibition by Nva-FMDP. The growth kinetics of C. auris in RPMI-1640 medium revealed that the growth of FLC 
resistant isolates were 50–60% more inhibited by Nva-FMDP (8 μ g/ml) compared to a FLC susceptible isolate. 
Fluconazole resistant strains displayed increased transcription of CHS1, CHS2 and CHS3, and the chitin content 
of the fluconazole resistant strains was reduced following the Nva-FMDP treatment. Therefore, the higher chitin 
content in FLC resistant C. auris isolates may make the strain more susceptible to inhibition of the antifungal 
activity of the Nva-FMDP peptide conjugate.   

Introduction 

C. auris is an opportunistic pathogen that colonises skin and causes 
systemic infections in hospital settings in patients with co-morbidities 
that include patients with Covid-19 (Borman et al., 2021). Notably, 
C. auris frequently display resistance to single or multiple class of 
commonly used antifungal drugs i.e. azoles, polyenes and echinocandins 
which severely limits the treatment options (Lockhart et al., 2017a). 
Studies of susceptibility profiles of antifungals on C. auris isolates 
revealed that up to 90% of isolates were resistant to fluconazole, 8% to 
amphotericin B (AMB) and 2% to echinocandins (Chowdhary et al., 
2018). Increased coincident resistance to other azoles such as itraco-
nazole, voriconazole and isavuconazole have also been reported 
(Sharma et al., 2015; Chowdhary et al., 2014; Magobo et al., 2020; 

Kumar et al., 2015). In vivo analyses have shown that micafungin ex-
hibits greater potency towards invasive C. auris infections compared to 
FLC and AMB (Lepak et al., 2017). However, the extensive use of echi-
nocandins may have contributed to the development of resistance to-
wards this class of front line drugs (Lockhart et al., 2017b; Sharma et al., 
2016; Chowdhary et al., 2017; Sharma et al., 2020). 

The underlying molecular mechanisms that account for the high 
level of resistance to antifungals of C. auris are incompletely understood. 
However, a range of antifungal mechanisms in C. auris are beginning to 
emerge (Ademe and Girma, 2020). For example, drug efflux pumps 
which play crucial role in mediating drug resistance in other Candida 
species have also been shown to be upregulated in C. auris resistant 
isolates (Chaabane et al., 2019). A number of MFS and ABC-type genes 
have been identified in the C. auris genome (Chatterjee et al. 2015; Wasi 
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et al., 2019). However, studies to date have not been able to reconcile 
the relatively modest levels of efflux pump protein upregulation that are 
observed with the high levels of antifungal resistance associated with 
this organism. In this paper we reveal a change in the physiology of 
fluconazole resistant strain of C. auris that provide new insights into its 
enhanced azole resistant phenotype. The mechanism of azole resistance 
in C. auris has been associated with point mutations in its target gene, 
lanosterol 14 α-demethylase and upregulation of ERG11 and mutations 
in the Upc2 transcription factor (Lockhart et al., 2017a; Ben-Ami et al., 
2017; Prakash et al., 2016). Common mutations in FKS1 and FKS2 gene 
associated with echinocandin resistance mechanism have also been re-
ported in (Cortegiani et al., 2018). The increasing prevalence 
of C. auris infection and high level of resistance against major classes of 
antifungals has led to searches for novel compounds that have the po-
tential to improve the existing arsenal of antifungals. In addition the use 
of drug combinations may provide opportunities for improved chemo-
therapy of C. auris. 

N3–(4-methoxyfumaroyl)-L-2,3-diaminopropanoic acid- (FMDP) is a 
potent selective inhibitor of the enzyme GlcN-6-P synthase (Milewski 
et al., 1988), which catalyses the first step in the cytosolic pathway of 
UDP-GlcNAc biosynthesis (Milewski et al., 2006) that provides the 
substrate for cell wall assembly. UDP-N-acetyl-D-glucosamine (UDP- 
GlcNAc) is a ubiquitous metabolite of eukaryotes and used in different 
ways. In fungi this a substrate is essential for chitin and mannoprotein 
biosynthesis which are important components of the cell wall. FMDP 
behaves as a glutamine analogue and blocks N-terminal glutamine 
binding domain of GlcN-6-P synthase (Andruszkiewicz et al., 1987). The 
limited efficacy of FMDP against intact Candida cells was attributed to 
limitations to transport it efficiently into the cell. In order to enhance the 
permeability of FMDP, different oligopeptide structures incorporating 
FMDP were explored (Andruszkiewicz et al., 1987). Among them, Nva- 
FMDP (L-norvalyl-N3–(4-methoxyfumaroyl)-L-2,3-diaminopropanoic 
acid) showed the highest efficacy towards different fungi, including 
S. cerevisiae, C. albicans, Cryptococcus neoformans and Aspergillus species. 
Nva-FMDP was shown to be an effective inhibitor in vitro against many 
recombinant yeast cells and fluconazole resistant C. albicans isolates that 
overexpress ABC efflux pumps (Milewski et al., 2001; Wakieć et al., 
2008). Nva-FMDP was also demonstrated to be an effective antifungal 
agent in mouse model of systemic candidiasis (Milewski et al., 1988). 

Increased uptake of Nva-FMDP was mediated by the proton motive 
force-dependent oligopeptide permeases and stimulated by increase in 
membrane potential caused by an overexpression of CDR1 and CDR2 
(Wakieć et al., 2008). Notably, the Pdr5p, which is a S. cerevisiae 
ortholog of C. albicans Cdr1p, has been recently shown to be a drug/ 
proton co-transporter (Wagner et al., 2021), thus supporting the 
postulated mechanism. The distinctive selective potency of Nva-FMDP 
against FLC resistant C. auris strains has not been so far observed in 
case of other Candida species. 

The mechanism of action of FMDP-oligopeptides includes transport 
of di- and tripeptide conjugates by the PTR2 and PTR22 peptide per-
meases. Specifically oligopeptide permease is required for tetra- penta- 
hexa- hepta- and octapeptide transport. Uptake of these antifungal 
peptides is followed by intracellular cleavage by peptidases and inacti-
vation of GlcN-6-P synthase enzyme by released FMDP, resulting in the 
blockade of intracellular glucosamine supply for chitin biosynthesis. In 
C. albicans the levels of chitin and mannoprotein were reduced in Nva- 
FMDP treated cells and cell wall integrity was compromised as evi-
denced by direct imaging using scanning electron microscopy (Milewski 
et al., 1991). 

In the present study, we examined the activity of Nva-FMDP to 
C. auris hospital isolates which displayed high level of resistance to 
azoles. We observed that Nva-FMDP was selectively effective against 
fluconazole resistant C. auris, but remained ineffective towards azole 
susceptible isolates. We therefore propose that the increased chitin 
levels in the cell wall increases the susceptibility of these FLC resistant 
isolates to the Nva-FMDP cell wall inhibitor. 

Results and discussion 

FLC resistant C. auris isolates are selectively susceptible to Nva-FMDP 

To assess the impact of Nva-FMDP on C. auris, we selected five FLC 
resistant hospital isolates (MIC80 > 128μ g/ml); NCCPF_470033, 
NCCPF_470034, NCCPF_470035, NCCPF_470036 and NCCPF_470037 
and a susceptible isolate AMR_5556. All these clinically resistant isolates 
belong to clade I of the C. auris group and were obtained from the Na-
tional culture collection of Pathogenic fungi, Post-graduate Institute of 
Medical Education and research (PGIMER), Chandigarh, India. For 
comparison, we also included another FLC susceptible clade II isolate 
CBS10913T that was obtained from the CBS culture collection, West-
erdijk Fungal Biodiversity Institute, Utrecht, the Netherlands. The 
growth inhibitory effect of Nva-FMDP on these isolates was tested by 
three independent methods; growth kinetic studies in liquid medium, 
MIC susceptibility and spot sensitivity assays as described in Materials 
and Methods. 

MIC determination in RPMI-1640 media demonstrated that FLC 
resistant C. auris isolates were susceptible to Nva-FMDP (MIC80 32μ g/ 
ml) as compared to its susceptible strain AMR_5556 and CBS10931T that 
had an MIC80 of 128μ g/ml (Fig. 1A). Susceptibility to Nva-FMDP was 
further assessed by growth kinetics analysis in RPMI-1640. Doubling the 
MIC80 concentration of FLC susceptible isolates further confirmed the 
susceptibility of all five tested FLC resistant isolates to 8μ g/ml Nva- 
FMDP (Fig. 1B). Growth kinetic analysis showed up to 50–60% inhibi-
tion at 8μ g/ml Nva-FMDP. Spot analysis of tested strains also gave 
similar results in YPD medium (Fig. 1C). The antifungal activity of Nva- 
FMDP was further assessed in several other drug resistant clinical iso-
lates of C. auris which were not only FLU resistant, but also resistant to 
amphotericin B (AMB). Nva-FMDP was again found to be effective in 
inhibiting growth of these multidrug resistant isolates (Supplementary 
Fig. S1A). 

In addition to the Nva-FMDP dipeptide, the inhibitory effect of two 
other FMDP conjugates, Lysine-Nva-FMDP and (Alanine)3-FMDP was 
also tested on FLC resistant C. auris isolates. The antifungal activity of 
these FMDP conjugates, Lys-Nva-FMDP and (alanine)3-FMDP was tested 
previously against C. albicans, where enhanced uptake of these conju-
gates was correlated with their strong inhibitory effect (Wakieć et al., 
2008). However, both the FMDP conjugates, Lysine-Nva-FMDP and 
(Alanine)3-FMDP did not show any inhibitory effect against FLC resis-
tant C. auris isolates compared with the CBS10931T susceptible strain 
(Supplementary Fig. S1B). 

Having observed the selective susceptibility of FLC resistant isolates 
to Nva-FMDP treatment, we then wanted to see if the combination of 
Nva-FMDP with FLC exhibited synergistic inhibition on these azole 
resistant isolates. For this, we employed the chequerboard method in 
which inhibition in RPMI-1640 medium is expressed as the sum of 
fractional inhibitory concentration index (FICI) for two antifungals. 
Fractional inhibitory concentration (FIC) of both antifungals was 
calculated as the MIC of the antifungal compounds in combination 
divided by the MIC of antifungal alone. FICI was calculated by adding 
the FIC values for the two antifungals used. The starting concentration of 
FLC and Nva-FMDP for chequerboard assay was selected as, half of the 
MIC80 concentration of FLC (For resistant isolates = 64μ g/ml and for 
FLC susceptible strain = 2μ g/ml) and of Nva-FMDP (For resistant iso-
lates = 16μ g/ml and for FLC susceptible strain = 64μ g/ml). The FICI 
values for CBS10931T and all the tested FLC resistant isolates were > 1 
which implied indifferent interaction between Nva-FMDP and flucona-
zole. Therefore FLC resistant isolates are inhibited by Nva-FMDP 
dipeptide, however, Nva-FMDP when combined with FLC has no syn-
ergetic impact on these isolates. 
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Supplementation of N-acetyl-D-glucosamine reversed the susceptibility of 
FLC resistant isolates 

Nva-FMDP targets the enzymes responsible for the synthesis for UDP- 
GlcNAc and thereby inhibits cell growth. Therefore we then attempted 
to rescue the growth inhibition by supplementation of the growth media 
with N-acetyl-D-glucosamine (GlcNAc). We supplemented RPMI-1640 
medium with 10 mM concentration of GlcNAc along with 8μ g/ml 
Nva-FMDP to the cell suspension and incubated it for 24 h at 37 ◦C. As 
shown in Fig. 2A, the growth inhibitory effect of Nva-FMDP was abol-
ished by the addition of GlcNAc and it also supported that GlcN-6-P 
synthase is the only essential target for FMDP dipeptide. 

qRT-PCR confirms increased basal expression of peptide transporter genes 
in few FLC resistant isolates 

In most fungi, two types of peptide transport systems are present: (i) 
peptide transporters (PTR) carrying di- and tripeptides comprises of two 
proteins encoded by PTR2 and PTR22 and (ii) the oligopeptide trans-
porters (OPT) which mediates the uptake of longer oligopeptides (Basrai 
et al., 1995; Dunkel et al., 2013). Since Nva-FMDP is a dipeptide and is 
known to be transported by peptide transporters PTR2 and PTR22, we 
then assessed the basal expression level of these genes in FLC resistant 
and susceptible C. auris isolates. Basal expression profile of these two 
genes were quantified and normalised relative to the expression of TDH1 
as a housekeeping gene (Kumari et al., 2018). Basal level expression of 
both the peptide transporter genes, PTR2 and PTR22 was higher in some, 
but not all, of the tested FLC resistant isolates. For example, the tran-
script of PTR2 in NCCPF_470034 and PTR22 in NCCPF_470037 did not 
change in comparison to susceptible CBS10931T and AMR_5556 isolates 

(Fig. 2B). Therefore there was a partial correlation between PTR2 and 
PTR22 expression with Nva-FMDP susceptibility. Previously it was re-
ported that an impaired transport of Nva-FMDP led to increased resis-
tance of C. albicans cells to this antifungal peptide and deletion of the 
PTR genes eliminated the Nva-FMDP growth inhibitory effect on C. 
albicans cells (Hori et al., 1974; Milewski et al., 1988; Basrai et al., 1992; 
Schielmann et al., 2017). These results indicates that faster uptake of 
Nva-FMDP by FLC resistant cells through peptide transporters might 
explain the inhibitory effect towards these cells. The efflux of rhodamine 
6G, a fluorescent substrate of Cdr1/Cdr2 showed no significant differ-
ence between untreated and Nva-FMDP treated FLC resistant C. auris 
isolates, implying no major change in the expression of the major efflux 
pumps encoding genes (Fig. 2C(i)). In the absence of a true homologue 
of CDR2 in C. auris (Wasi et al., 2019), we compared the expression of 
CDR1 in Nva-FMDP treated and untreated FLC resistant isolates (Fig. 2C 
(ii)). No significant difference in CDR1 expression was observed between 
Nva-FMDP treated and untreated FLC resistant isolates. The two isolates 
(NCCPF_470034 and NCCPF_470035) displayed downregulation of the 
CDR1 transcript upon Nva-FMDP treatment. Thus, we suggest that the 
potentiating effect of Nva-FMD on fluconazole resistant strains was not 
due to major changes in the drug efflux activity. 

Calcofluor White staining reveals increased chitin content of FLC resistant 
isolates 

It has been reported that blockage of GlcN-6-P synthase in Nva-FMDP 
treated C. albicans cells results in decreased chitin and mannoprotein 
biosynthesis and that this effect could be mitigated by the addition of 
exogenous GlcNAc (Milewski et al., 1991). We therefore stained chitin in 
FLC resistant and susceptible isolates using Calcofluor White (as 

Fig. 1. FLC resistant C. auris isolates exhibit susceptibility to Nva-FMDP: (A) MIC80 values were obtained using microdilution assay in RPMI-1640 media on flu-
conazole and Nva-FMDP as described under “Material and Methods”. (B) Growth kinetics study of each isolate was performed by using micro-cultivation method in a 
96-well plate using Liquid Handling System (Tecan, Austria) in RPMI-1640 medium. (C) Spot serial dilution assay for C. auris isolates on FLC and Nva-FMDP at 
indicated concentration in YEPD agar plate. All the experiment was conducted in triplicates (n = 3), and values are expressed in mean ± standard deviation. 
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Fig. 2. (A) NAG supplementation reverses the inhibitory effect of Nva-FMDP in C. auris resistant isolates: Growth kinetics of all the isolates were performed in the 
RPMI-1640 medium supplemented with 10 mM of NAG and 8 µg/ml Nva-FMDP and both in the combination. (B) Peptide transporter gene expression in FLC resistant 
C. auris isolates: PTR2 and PTR22 expression levels were determined by qRT-PCR, and expression was estimated as 2-ΔCT with the TDH1 gene as a control. Data is 
presented as means ± standard deviation from biological duplicates with technical triplicates. (C) (i) C. auris FLC resistant isolates exhibit no changes in R6G efflux 
after Nva-FMDP treatment: R6G efflux in Nva-FMDP treated and untreated isolates were performed as described in Materials and Methods. Each bar indicates the 
standard deviations of mean of three sets of experiments. p-values < 0.05 were considered statistically significant and were calculated using GraphPad prism 9 and 
two-way ANOVA (uncorrected Fisher’s LSD). (ii) No change in CDR1 expression of untreated and Nva-FMDP treated C. auris isolates: Expression of CDR1 was 
measured by qRT-PCR as described in Material and Methods. 

Fig. 3. C. auris FLC resistant isolates display increased CFW staining: Cell wall chitin staining was performed as described in the Material and Methods using 10μ g/ 
ml Calcofluor White solution. After incubation for 10 min with final conc. of 10 μg/ml Calcofluor White solution in dark, cells were observed by confocal microscopy 
(Fig. 3A). Mean fluorescent intensity with respective to each strains were quantitated and graph was plotted (Fig. 3B). Increase fluorescent colour intensity depicts 
higher chitin content in respective isolates. 

G. Shahi et al.                                                                                                                                                                                                                                   



The Cell Surface 8 (2022) 100076

5

described in Material and Methods). Quantitative confocal imaging 
demonstrated an increased intensity of Calcofluor White staining in FLC 
resistant isolates as compared with both the susceptible isolates 
(CBS10931T and AMR_5556), suggesting an increase in cell wall chitin 
levels (Fig. 3A and B). The increased chitin staining in FLC resistant 
isolates led us to examine the basal expression levels of chitin synthase 
genes CHS1, CHS2 and CHS3 in resistant and susceptible isolates by qRT- 
PCR. The five tested FLC resistant isolates showed different transcript 
levels of these genes. Most of the FLC resistant isolates showed higher 
expression of chitin synthase genes compared with FLC susceptible 
isolates. NCCPF_470033 and NCCPF_470036 showed significantly 
higher expression of CHS1, and CHS2 expression in all five FLC resistant 
isolates. CHS3 expression was elevated in NCCPF_470033, 
NCCPF_470035 and NCCPF_470036 compared to CBS10931T (Fig. 4A). 
Expression of CHS genes in other susceptible AMR_5556 was also seen to 
be lower than FLC resistant isolates (Fig. 4A). The higher chitin content 
in FLC-resistant cells may therefore be due to the higher CHS2 expres-
sion potentially indicating a major role of Chs2 in chitin biosynthesis 
in C. auris, which contracts with C. albicans, where CHS3 is responsible 
for biosynthesis of 80% of cell wall chitin, and CHS1 provides chitin for 
the primary septum (Munro, 2013). The basal expression profile of these 
CHS genes therefore correlated with the increased Calcofluor White 
staining in FLC resistant C. auris isolates. These intrinsic changes in cell 
wall chitin level between resistant and susceptible isolates may relate to 
the selective susceptibility profile of Nva-FMDP in FLC resistant C. auris 
isolates. 

Our data reinforce and significantly extend previous studies. For 
example, we showed previously that the level of cell wall chitin 

appeared to be correlated with the extent of sterol synthesis and 
consequently the regulation of chitin synthesis (Chiew et al., 1982; 
Sekiya and Nozawa, 1983; Bossche, 1985). The isolates of C. parapsilosis, 
C. tropicalis, C. krusei and C. albicans have a higher content of chitin 
when treated with fluconazole that may relate to the effects of ergosterol 
depletion and lanosterol increase on chitin synthesis (Pfaller et al., 1990; 
Pfaller and Riley, 1992). Of note, the azole resistance clinical isolates 
used in the present study also displayed reduced susceptibility to echi-
nocandins. Growth kinetics assays of these isolates in the presence of 
caspofungin (CAS) and micafungin (MFG) showed reduced inhibitory 
effects of these drugs on C. auris clinical isolates (Supplementary 
Fig. S2). Interestingly, as in other fungi, a recent study showed that 
caspofungin adapted cells exhibit enhanced chitin levels and corre-
sponding upregulation of chitin synthase genes (Lara-Aguilar et al., 
2021). Together, these studies suggest that alterations in chitin synthesis 
is a common response to azole treatment. 

Quantitative analysis of cell wall component by HPLC show low level of 
chitin in Nva-FMDP treated FLC resistant isolates 

Cell wall of fungi is structured as two layers in which the innermost 
layer is broadly conserved in structure and the outer layers can vary 
significantly between different species of fungi (Erwig and Gow, 2016; 
Lenardon et al., 2020). In Candida species inner layer is composed of 
chitin and β-glucan and the outer layer is enriched with mannoproteins - 
although chitin can be dispersed in the inner and outer layers under 
conditions of stress (Da Silva Dantas et al., 2021). Changing cell wall 
composition is an important mechanism facilitating survival of Candida 

Fig. 4. (A) Basal level expression of chitin synthase genes were elevated in C. auris FLC resistant isolates: Basal level expression of chitin synthase genes (CHS1, CHS2 
and CHS3) was measured by qRT-PCR as described in Material and Methods. p-values > 0.05 were considered significant and calculated with unpaired t-test using 
GraphPad prism 9. Data represented as means ± standard deviation (n = 3) from biological duplicates and technical triplicates. (B) Glucosamine levels in C. auris FLC 
resistant isolates: Glucosamine content of cell wall was determined by HPLC as described earlier in materials and methods. Nva-FMDP treated FLC resistant isolates 
exhibited lower chitin level compared to untreated cells. p-values < 0.05 was considered to be significant and were calculated with unpaired t-test using GraphPad 
prism 9. Data represented as means ± standard deviation from three biological replicates (n = 3). (C) Gene encoding GlcN-6-P synthase enzyme display less 
expression in susceptible isolates: Basal level expression of GFA1 was observed less in FLC susceptible isolates which correlates with less glucosamine content in this 
isolate. Significance was calculated using unpaired t-test and p > 0.05 was statistically considered to be significant. 
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spp. However, cell wall dynamics of C. auris has not been much explored 
although there have been reports of novel mannans in the outer cell wall 
(Bruno et al., 2020). The difference in chitin content and expression of 
chitin synthase genes between FLC susceptible and resistant C. auris 
isolates prompted us to analyse cell wall components quantitatively. 
After culturing in RPMI-1640 medium, cell walls were extracted and 
hydrolysed into their respective sugar components (see Material and 
Methods). Levels of glucosamine, glucose and mannose in the cell wall 
fractions were quantified using high-performance liquid chromatog-
raphy (HPLC). Dry weight of recovered cell walls was quantified, and 
chitin, glucan and mannan contents were determined by measuring the 
glucosamine, glucose and mannose released (respectively) following 
hydrolysis of purified wall (Plaine et al., 2008). Consistent Calcofluor 
White staining and CHS expression, we observed significantly higher 
chitin content in the FLC resistant isolates compared to the FLC sus-
ceptible CBS10931T isolate. The isolate NCCPF_470037 was the 
exception where glucosamine content remained unchanged. In another 
susceptible isolate, AMR_5556 the glucosamine level was slightly higher 
than CBS10931T although it’s level was lower when compared to FLC 
resistant NCCPF_470033 and NCCPF_470035 isolates (Fig. 4B-i). To 
further check the impact of Nva-FMDP on these isolates, we treated the 
cells at MIC50 values and observed the chitin level. We noted signifi-
cantly lower chitin levels in Nva-FMDP treated FLC resistant isolates 
except for NCCPF_470034 where the observed low level was not statis-
tically significant. The NCCPF_470037 isolate showed no change in 
chitin contents compared to the untreated controls (Fig. 4B-ii). These 
data imply that Nva-FMDP susceptibility of these isolates may be the 
result of blockage of enzyme GlcN-6-P synthase by Nva-FMDP, resulting 
in the attenuation of intracellular glucosamine supply for chitin syn-
thesis. Notably, the chitin level did not change between treated and 
untreated cells of CBS10931T. 

Lower basal expression of glutamine: fructose-6-phosphate 
aminotransferase (GFA1) gene in FLC susceptible isolates 

N-acetyl-D-glucosamine is a component of chitin and biosynthesis of 
these polysaccharides depends entirely on the provision of glucosamine- 
6-phosphate - a product of GlcN-6-P synthase. This enzyme is encoded 
by GFA1 and which is an essential gene in fungi (Whelan and Ballou, 
1975). We therefore checked the basal expression of GFA1 in FLC 
resistant and susceptible isolates. The mRNA level of GFA1 in FLC sus-
ceptible isolates was considerably lower than in FLC resistant isolates 
(Fig. 4C). This finding was consistent with previous observations of 
reduced chitin and decreased basal expression of chitin synthase genes 
in FLC susceptible isolates. Lower expression of GFA1 in these isolates 
may result in decreased GlcN-6-P synthase activity - the target of Nva- 

FMDP. The lack of binding of FMDP to the target enzyme may explain 
the absence of an inhibitory effect of Nva-FMDP in this isolate. 

Glucan and mannan levels are not affected in FLC resistant C. Auris 
isolates 

We did not measure any changes in glucan levels in FLC resistant 
isolates compared to FLC susceptible isolates, however, a significant 
increase in glucan was observed following Nva-FMDP treatment in 
CBS10931T cells (Fig. 5A). The glucan level increase in Nva-FMDP 
treated CBS10931T cells might therefore reflect the activation of 
compensatory mechanism responding to lower chitin levels in this 
isolate (Walker et al., 2008). However no significant change were 
recorded in Nva-FMDP treated AMR_5556 isolates in comparison to 
untreated. The mannan levels in FLC resistant isolates upon Nva-FMDP 
treatment was also unchanged, except in FLC susceptible isolate 
CBS10931T that showed a slight but significant decrease (Fig. 5B). 

The present study demonstrates selective antifungal activity of Nva- 
FMDP on FLC-resistant clinical isolates of C. auris. Fluconazole suscep-
tible strains, belonging to Clades I and II were not affected in their 
content of chitin or susceptibility towards Nva-FMDP. This difference in 
susceptibility, is hypothesised to be a consequence of Nva-FMDP 
induced inhibition of cell wall chitin biosynthesis. In this respect, it is 
noteworthy that C. auris some clinical isolates have been demonstrated 
to be susceptible to the chitin synthase inhibitor Nikkomycin Z (Bentz 
et al., 2021). These observations suggest that combinatorial treatment of 
C. auris with azoles and agents that interfere with chitin synthesis may 
improve clinical outcomes. 

Material and Methods 

Materials 

The growth media RPMI-1640, YEPD (yeast extract/peptone/ 
dextrose) and MOPS (3-(N-morpholino) propanesulfonic acid) were 
purchased from Himedia (Mumbai, India). Antifungal drug Fluconazole, 
N-acetylglucosamine (GlcNAc) and the Calcofluor White optical 
brightener was purchased from Sigma. Nva-FMDP, Lys-Nva-FMDP and 
(Ala)3-FMDP were synthesised at the Department of Pharmaceutical 
Technology and Biochemistry, Gdańsk University of Technology, 
Poland. Primers used in the present study were obtained from IDT (In-
tegrated DNA technologies). 

Strains and culture conditions 

FLC susceptible CBS10931T clade II isolate was obtained from the 

Fig. 5. (A) Nva-FMDP treated CBS10931T isolate exhibit increased glucan content: The glucan content was determined by hydrolysis and quantification of glucose as 
described in material and methods. After Nva-FMDP treatment glucan level was increased in FLC susceptible isolate (CBS10931T). Significance was calculated with 
two-way ANOVA (uncorrected Fisher’s LSD). (B) Mannan levels in C. auris isolates upon Nva-FMDP treatment: Mannan content was determined by hydrolysis and 
quantification of mannose as described in Material and Methods. Statistical significance was calculated using two-way ANOVA (uncorrected Fisher’s LSD). 
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CBS, Westerdijk Fungal Biodiversity Institute, Utrecht, the Netherlands. 
Another susceptible isolates, AMR_5556 and clinically resistant clade I 
isolates NCCPF_470033, NCCPF_470034, NCCPF_470035, 
NCCPF_470036 and NCCPF_470037 were obtained from the National 
culture collection of Pathogenic fungi, Post-graduate Institute of Medi-
cal Education and research (PGIMER), Chandigarh, India. All the strains 
were grown and preserved in YEPD medium and freshly revived before 
use from − 80 ◦C stock. 

Drug susceptibility assay 

Minimal inhibitory concentration (MIC): MIC values were deter-
mined by the serial two fold dilution method using 96-well microtiter 
plates in RPMI-1640 w/o sodium bicarbonate with L-glutamine buffered 
with MOPS buffer, pH adjusted to 7 as indicated in CLSI recommenda-
tions (Clinical and Laboratory Standards Institute) and described pre-
viously (Pfaller et al. 2008). 

Spot assays: Spot assays were performed using 5 fold serial dilution 
of cell suspension in saline (0.9% NaCl) solution, and 4 μl aliquot of each 
dilution was spotted on YEPD plates with and without drugs as described 
previously (Mukhopadhyay et al., 2002). 

Growth kinetic assays: Growth kinetic assays was performed using a 
micro-cultivation method in 96 well plate using Liquid Handling System 
(Tecan, Grodig, Austria) in RPMI-1640 media at 37 ◦C. Briefly, over-
night grown cells were inoculated at a dilution of 0.1 OD600 in a 96-well 
plate with and without drug and allowed to grow at 37 ◦C. OD600 was 
measured every 30 min for an interval up to 48 h. Doubling times of 
isolates were calculated by measuring the time taken in doubling of 
logarithms values of the OD600 of the exponential phase. 

Quantitative Real-Time PCR (qRT PCR) 

For total RNA isolation primary culture of isolates was grown over-
night from which secondary culture was inoculated in YEPD broth at 0.2 
OD600 and grown for 4 h. The cultures were collected by centrifugation, 
and washed with DEPC-treated water. Total RNA was isolated following 
manufacturer’s specifications, using a RNeasy Mini Kit (Qiagen, Hilden, 
Germany). cDNA synthesis was carried out using RevertAid H Minus 
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, 
MA, United States) as per manufacturer’s instruction. Quantitative RT 
PCR was performed using iTaq Universal SYBR green super mix Bio-Rad 
with desired gene-specific primers to estimate the expression profile. 
The TDH1 gene was used for normalisation and results were compared 
between Ct values of FLC susceptible and resistant isolates. Experiments 
were performed in biological duplicates and technical triplicates and 
statistical significance was calculated using unpaired t-test in GraphPad 
Prism 9 software. 

Rhodamine-6G efflux 

Efflux of R6G was determined essentially using a protocol described 
by Kohli et al. (2002). Briefly, overnight cultures of strains were diluted 
to OD600 0.2 in YEPD media with and without Nva-FMDP and allowed to 
grow for 4 h. Cells were then resuspended in phosphate-buffered saline 
at a cell density of 108 cells ml− 1 and incubated at 37 ◦C for 1 h in a 
shaker. R6G was then added at a final concentration of 10μ M and 
incubated for 3 h. After incubation cells were washed and suspended in 
PBS containing 2% glucose and incubated for 45 min to initiate the 
efflux. Cells were then centrifuged and supernatant was collected and 
absorption was measured at 527 nm. 

Calcofluor White staining to assess chitin content 

Overnight cultures of strains were diluted to OD600 0.2 in RPMI-1640 
and grown for 4 h at 37 ◦C, shaking. Cells were collected by centrifu-
gation and fixed with 3.7% formaldehyde solution to final cell density 

corresponding to OD600 1 for 30 min. Washed the cells with phosphate 
buffer saline (PBS) and treated with final conc. of 10μ g/ml Calcofluor 
White solution for 10 min in dark. After washing with PBS cells were 
mounted on a glass slide and observed using a DAPI filter set on confocal 
microscope as described previously (Okada and Ohya, 2016). 

Quantitation of cell wall components by HPLC 

Cell wall of isolates were prepared from exponential cultures grown 
in RPMI-1640 with and without Nva-FMDP. Briefly, cell walls were 
extracted by disrupting cells with glass beads (Sigma, G9268) using a 
Fastprep cell breakage machine (Thermo Savant, Middlesex, UK). 
Samples were then washed five times with 1 M NaCl and cell walls were 
extracted using SDS-Mer-OH buffer (50 mM Tris, 2% sodium dodecyl 
sulphate (SDS), 0.3 M β- mercaptoethanol, 1 mM EDTA; pH 8.0) at 
100 ◦C for 10 min. Cell wall pellets were resuspended in sterile dH2O, 
freeze dried, and the dry weight of recovered cell walls was measured. 
Chitin contents were determined by measuring the glucosamine, glucan 
by measuring glucose and mannan was determined by measuring 
mannose released by acid hydrolysis of purified cell walls as described 
previously (Plaine et al., 2008). 
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Gdańsk, Poland from indo-polish grant (DST/INT/POL/P-35/2016). 

Funding 

The study is supported by funding from a Indo-Polish grant (DST/ 
INT/POL/P-35/2016) to RP and SM. 

G. Shahi et al.                                                                                                                                                                                                                                   



The Cell Surface 8 (2022) 100076

8

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.tcsw.2022.100076. 

References 

Ademe, M., Girma, F., 2020. Candida auris: From multidrug resistance to pan-resistant 
strains. Infect. Drug Res. 13, 1287. https://doi.org/10.2147/IDR.S249864. 

Andruszkiewicz, R., Chmara, H., Milewski, S., Borowski, E., 1987. Synthesis and 
biological properties of N3-(4-methoxyfumaroyl)-L-2,3-diaminopropanoic acid 
dipeptides. A novel group of antimicrobial agents. J. Med. Chem. 30 (10), 
1715–1719. https://doi.org/10.1021/jm00393a005. 

Basrai, M.A., Lubkowitz, M.A., Perry, J.R., Miller, D., Krainer, E., Naider, F., Becker, J.M., 
1995. Cloning of a Candida albicans peptide transport gene. Microbiology 141 (5), 
1147–1156. 

Basrai, M.A., Zhang, H.L., Miller, D., Naider, F., Becker, J.M., 1992. Toxicity of oxalysine 
and oxalysine-containing peptides against Candida albicans: regulation of peptide 
transport by amino acids. Microbiology 138 (11), 2353–2362. https://doi.org/ 
10.1099/00221287-138-11-2353. 

Ben-Ami, R., Berman, J., Novikov, A., Bash, E., Shachor-Meyouhas, Y., Zakin, S., 
Maor, Y., Tarabia, J., Schechner, V., Adler, A., Finn, T., 2017. Multidrug-resistant 
Candida haemulonii and C. auris, Tel Aviv, Israel. Emerg. Infect. Dis. 23 (2). 

Bentz, M.L., Nunnally, N., Lockhart, S.R., Sexton, D.J., Berkow, E.L., 2021. Antifungal 
activity of nikkomycin Z against Candida auris. J. Antimicrob. Chemother. 76 (6), 
1495–1497. https://doi.org/10.1093/jac/dkab052. 

Borman, A.M., Fraser, M., Patterson, Z., McLachlan, S., Palmer, M.D., Mann, C., 
Oliver, D., Brown, P., Linton, C.J., Dzietczyk, A., Johnson, E.M., 2021. The 
considerable impact of the SARS-CoV-2 pandemic and COVID-19 on the UK National 
Mycology Reference Laboratory activities and workload. Med. Mycol. 59, 
1068–1075. https://doi.org/10.1093/mmy/myab039. 

Bossche, H.V., 1985. Biochemical targets for antifungal azole derivatives: hypothesis on 
the mode of action. Curr. Topics Med. Mycol. 313–351 https://doi.org/10.1007/ 
978-1-4613-9547-8_12. 

Bruno, M., Kersten, S., Bain, J.M., Jaeger, M., Rosati, D., Kruppa, M.D., Lowman, D.W., 
Rice, P.J., Graves, B., Ma, Z., Jiao, Y.N., Chowdhary, A., Renieris, G., Van De 
Veerdonk, F.L., Kullberg, B.J., Giamarellos-Bourboulis, E.J., Hoischen, A., Gow, N.A. 
R., Brown, J.P., Meis, F., Williams, L., Netea, M.G., 2020. Transcriptional and 
functional insights into the host immune response against the emerging fungal 
pathogen Candida auris. Nat. Microbiol 5 (12), 1516–1531. https://doi.org/ 
10.1038/s41564-020-0780-3. 

Chaabane, F., Graf, A., Jequier, L., Coste, A.T., 2019. Review on antifungal resistance 
mechanisms in the emerging pathogen Candida auris. Front. Microbiol. 10, 2788. 
https://doi.org/10.3389/fmicb.2019.02788. 

Chatterjee, S., Alampalli, S.V., Nageshan, R.K., Chettiar, S.T., Joshi, S., Tatu, U.S., 2015. 
Draft genome of a commonly misdiagnosed multidrug resistant pathogen Candida 
auris. BMC Genom. 16, 686. https://doi.org/10.1186/s12864-015-1863-z. 

Chiew, Y.Y., Sullivan, P.A., Shepherd, M.G., 1982. The effects of ergosterol and alcohols 
on germ-tube formation and chitin synthase in Candida albicans. Can. J. Biochem 60 
(1), 15–20. https://doi.org/10.1139/o82-003. 

Chowdhary, A., Anil Kumar, V., Sharma, C., Prakash, A., Agarwal, K., Babu, R., 
Dinesh, K.R., Karim, S., Singh, S.K., Hagen, F., Meis, J.F., 2014. Multidrug-resistant 
endemic clonal strain of Candida auris in India. Eur. J. Clin. Microbiol. Infect. Dis. 33 
(6), 919–926. https://doi.org/10.1007/s10096-013-2027-1. 

Chowdhary, A., Prakash, A., Sharma, C., Kordalewska, M., Kumar, A., Sarma, S., et al., 
2018. A multicentre study of antifungal susceptibility patterns among 350 Candida 
auris isolates (2009–17) in India: role of the ERG11 and FKS1 genes in azole and 
echinocandin resistance. J. Antimicrob. Chemother. 73, 891–899. https://doi.org/ 
10.1093/jac/dkx480. 

Chowdhary, A., Sharma, C., Meis, J.F., Hogan, D.A., 2017. Candida auris: a rapidly 
emerging cause of hospital-acquired multidrug-resistant fungal infections globally. 
PLOS Pathog. 13 (5), e1006290. https://doi.org/10.1371/journal.ppat.1006290. 

Cortegiani, A., Misseri, G., Fasciana, T., Giammanco, A., Giarratano, A., Chowdhary, A., 
2018. Epidemiology, clinical characteristics, resistance, and treatment of infections 
by Candida auris. J. Intensive Care 6 (69), 1–13. https://doi.org/10.1186/s40560- 
018-0342-4. doi: 10.1186/s40560-018-0342-4. 

Da Silva Dantas, A., Filomena Nogueira, F., Lee, K.K., Walker, L.A., Edmondson M, 
Brand, A.C., Lenardon, M.D. and Gow, N.A.R. (2021). Crosstalk between calcineurin 
and the cell wall integrity pathways prevents chitin overexpression in Candida 
albicans. Journal of Cell Science. 134, jcs258889. doi:10.1242/jcs.258889; PMID: 
34792152, PMC8729787. https://doi.org/10.1242/jcs.258889. 

Dunkel, N., Hertlein, T., Franz, R., Reuß, O., Sasse, C., Schäfer, T., Ohlsen, K., 
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Morschhäuser, J., Milewski, S., 2017. Transport deficiency is the molecular basis of 
Candida albicans resistance to antifungal oligopeptides. Front. Microbiol. 8, e2154. 
https://doi.org/10.3389/fmicb.2017.02154. 

Sekiya, T., Nozawa, Y., 1983. Reorganization of membrane ergosterol during cell fission 
events of Candida albicans: A freeze-fracture study of distribution of filipin-ergosterol 

G. Shahi et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.tcsw.2022.100076
https://doi.org/10.1016/j.tcsw.2022.100076
https://doi.org/10.2147/IDR.S249864
https://doi.org/10.1021/jm00393a005
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0015
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0015
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0015
https://doi.org/10.1099/00221287-138-11-2353
https://doi.org/10.1099/00221287-138-11-2353
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0025
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0025
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0025
https://doi.org/10.1093/jac/dkab052
https://doi.org/10.1093/mmy/myab039
https://doi.org/10.1007/978-1-4613-9547-8_12
https://doi.org/10.1007/978-1-4613-9547-8_12
https://doi.org/10.1038/s41564-020-0780-3
https://doi.org/10.1038/s41564-020-0780-3
https://doi.org/10.3389/fmicb.2019.02788
https://doi.org/10.1186/s12864-015-1863-z
https://doi.org/10.1139/o82-003
https://doi.org/10.1007/s10096-013-2027-1
https://doi.org/10.1093/jac/dkx480
https://doi.org/10.1093/jac/dkx480
https://doi.org/10.1371/journal.ppat.1006290
https://doi.org/10.1186/s40560-018-0342-4. doi: 10.1186/s40560-018-0342-4
https://doi.org/10.1186/s40560-018-0342-4. doi: 10.1186/s40560-018-0342-4
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0090
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0090
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0090
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0095
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0095
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0105
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0105
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0105
https://doi.org/10.1128/AAC.46.4.1046-1052.2002
https://doi.org/10.3855/jidc.4582
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0120
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0120
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0120
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0120
https://doi.org/10.1080/21505594.2021.1927609
https://doi.org/10.1080/21505594.2021.1927609
https://doi.org/10.1016/j.tcsw.2020.100047
https://doi.org/10.1016/j.tcsw.2020.100047
https://doi.org/10.1128/AAC.00791-17
https://doi.org/10.1093/cid/ciw691
https://doi.org/10.1093/cid/ciw691
https://doi.org/10.1093/cid/ciw691
https://doi.org/10.1093/cid/ciw691
https://doi.org/10.4102/sajid.v35i1.116
https://doi.org/10.1128/AAC.45.1.223-228.2001
https://doi.org/10.1128/AAC.35.1.36
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0165
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0165
http://refhub.elsevier.com/S2468-2330(22)00005-6/h0165
https://doi.org/10.1002/yea.1337
https://doi.org/10.1128/AAC.46.12.3695-3705.2002
https://doi.org/10.1128/JCM.01391-08
https://doi.org/10.1128/JCM.01391-08
https://doi.org/10.1007/BF01967067
https://doi.org/10.1016/0732-8893(90)90050-6
https://doi.org/10.1016/0732-8893(90)90050-6
https://doi.org/10.1016/j.fgb.2008.08.003
https://doi.org/10.1016/j.fgb.2008.08.003
https://doi.org/10.1016/j.cmi.2015.10.022
https://doi.org/10.1016/j.cmi.2015.10.022
https://doi.org/10.3389/fmicb.2017.02154


The Cell Surface 8 (2022) 100076

9

complexes. J. Ultrastruct. Res.h 83 (1), 48–57. https://doi.org/10.1016/S0022-5320 
(83)90064-3. 

Sharma, C., Kumar, N., Pandey, R., Meis, J.F., Chowdhary, A., 2016. Whole genome 
sequencing of emerging multidrug resistant Candida auris isolates in India 
demonstrates low genetic variation. New Microbes New Infect. 13, 77–82. https:// 
doi.org/10.1016/j.nmni.2016.07.003. 

Sharma, D., Paul, R.A., Chakrabarti, A., Bhattacharya, S., Soman, R., Shankarnarayan, S. 
A., Chavan, D., Das, P., Kaur, H., Ghosh, A., Rudramurthy, S.M., 2020. Caspofungin 
resistance in Candia auris due to mutations in Fks1 with adjunctive role of chitin and 
key cell wall stress response pathway genes. Antimicrob. Agents Chemother. 66 (1), 
e01652–21. https://doi.org/10.1101/2020.07.09.196600. 

Wagner, M., Blum, D., Raschka, S.L., Nentwig, L.-M., Gertzen, C.G.W., Chen, M., 
Gatsogiannis, C., Harris, A., Smits, S.H.J., Wagner, R., Schmitt, L., 2021. A new twist 
in ABC transporter mediated multidrug resistance-Pdr5 is a drug/proton co- 
transporte. bioRxiv. https://doi.org/10.1101/2021.05.26.445758. 
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