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ABSTRACT

The present study is an attempt to determine the lipid composition of Candida auris and to highlight if the changes in lipids
can be correlated to high drug resistance encountered in C. auris. For this, the comparative lipidomics landscape between
drug-susceptible (CBS10913T) and a resistant hospital isolate (NCCPF 470033) of C. auris was determined by employing high
throughput mass spectrometry. All major groups of phosphoglycerides (PGL), sphingolipids, sterols, diacylglycerols (DAG)
and triacylglycerols (TAG), were quantitated along with their molecular lipid species. Our analyses highlighted several key
changes where the NCCPF 470033 showed an increase in PGL content, specifically phosphatidylcholine,
phosphatidylglycerol, phosphatidylserine, phosphatidylinositol, and phosphatidylethanolamine; odd chain containing
lipids and accumulation of 16:1-DAG and 16:0-DAG; depletion of 18:1-TAG and 18:0-TAG. The landscape of molecular species
displayed a distinct imprint between isolates. For example, the levels of unsaturated PGLs, contributed by both odd and
even-chain fatty acyls were higher in resistant NCCPF 470033 isolate, resulting in a higher unsaturation index.
Notwithstanding, several commonalities of lipid compositional changes between resistant C. auris and other Candida spp.,
the study could also identify distinguishable changes in specific lipid species in C. auris. Together, the data highlights the
modulation of membrane lipid homeostasis associated with drug-resistant phenotype of C. auris.
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INTRODUCTION

The scope of diseases caused by human fungal pathogens
ranged from superficial to chronic by a variety of Candida
species. The prevalent human fungal infections are majorly
caused by Candida albicans and non-albicans Candida (NAC)
species. Apart from common fungal species, newer species
of Candida are emerging as belligerent pathogens that dis-
play a high level of drug resistance (Brown et al. 2012; Fair-
lamb et al. 2017). In 2009 from Japan, a close relative of Can-
dida haemulonii was identified and named as Candida auris, rep-
resents one such example (Satoh et al. 2009; Kathuria et al.
2015). Fungemia, due to C. auris, now prevalent worldwide, is
associated with a high mortality rate and treatment failure, in
addition to being highly resistant to commonly used antimy-
cotics such as azoles, polyenes, and echinocandins (Chowdhary,
Sharma and Meis 2017; Lockhart et al. 2017; Lone and Ahmad
2019).

The most common contributors involved in reducing the
impact of antifungals used by other pathogenic fungi include
overexpression of multidrug transporters (Kumari et al. 2018;
Wasi et al. 2019) and drug target alterations also represent
another common strategy that excludes the antifungals from
reaching out to its target (Lupetti et al. 2002; Shor and Per-
lin 2015). Azoles target 14α-demethylase encoded by ERG11,
while echinocandins target 1,3-β-glucan synthase encoded by
FKS genes. Both the targets are widely reported to acquire muta-
tions in drug-resistant isolates in Candida isolates (Lupetti et al.
2002; Hou et al. 2019). Notwithstanding, the well understood
and widely documented features of drug resistance, microor-
ganisms are continually developing new and varied ways of ren-
dering generally used antifungal drugs. (Anderson 2005). Sev-
eral recent reports have shown new resistance mechanisms that
fungal cells resort to thwart drug effectiveness includes stress
responses that are crucial in assuring the survival of the cell
(Shor and Perlin 2015).

In Candida, the enzymes of lipid biosynthetic pathways repre-
sent a target of many known antifungal drugs (Prasad and Singh
2013). Previous independent studies on Candida by our group and
others demonstrated that membrane lipids composition could
influence the drug susceptibilities in Candida cells (Lattif et al.
2011; Singh, Yadav and Prasad 2012). Besides, the virulence of
many pathogens is also impacted by lipids, the phospholipid
synthesis genes, PSD1 and PDS2 play a crucial role in azole resis-
tance, cell wall integrity and virulence of C. albicans (Gonçalves
et al. 2017; Khandelwal et al. 2018). Moreover, any changes in
the lipid homeostasis and membrane lipid asymmetric distri-
butions between two monolayers of the plasma membrane also
shown to affect drug resistance and virulence (Gonçalves et al.
2017; Khandelwal et al. 2018). Together, the drug susceptibilities
depend on their diffusion rates, efflux by membrane pump pro-
teins, and the local membrane environment (Balzi and Goffeau
1995; Prasad and Singh 2013).

Recent advances in high throughput mass spectrometry-
based strategies for a complete analysis of cellular lipids
have been developed and employed in fungi (Singh and Del
Poeta 2016). By employing high throughput mass spectrometry
approach, we have earlier characterized the lipidome of vari-
ous Candida spp. to show that while all Candida species com-
prise similar levels of various phospholipid classes, they exhibit
distinct molecular lipid species imprint (Singh et al. 2010). The
comparative lipidomics study that followed between susceptible
and resistant clinical genetically matched isolates of C. albicans,

presented evidence that changes in lipid homeostasis can not
only influence drug resistance phenotypes but also impacts the
cell wall integrity and mitochondrial function (Singh and Prasad
2011; Singh, Yadav and Prasad 2012).

That the prevalence of highly drug-resistant clinical iso-
lates of C. auris, which cannot be explained based on the
contributions of established resistance mechanisms (Kim
et al. 2019; Rybak et al. 2019), makes it imperative to seek new
alternatives which could also be important in presenting such
level of drug resistance. For this, the present study, using the
ESI-MS/MS (electrospray ionization tandem mass spectrometry)
approach, has focused on analyzing comparative lipidome
between drug-resistant and susceptible C. auris isolates. Our
analyses quantified five major lipid groups of C. auris, namely
PGLs, sphingolipids (SL), sterols, diacylglycerols (DAG) and
triacylglycerols (TAG) along with the composition of their
molecular lipid species. The comparative lipid profiles of C.
auris strain CBS10913T (drug-susceptible) and NCCPF 470033
(drug-resistant) revealed marked changes in their compositions,
suggesting a major remodeling of polar lipids in drug resistant
C. auris.

MATERIALS AND METHODS

Materials

Lipid standards were purchased from Sigma-Aldrich, USA and
Avanti polar lipids Inc., USA. All solvents and chemicals were
mass spectrometry grade and purchased from Sigma-Aldrich,
USA and Fisher Scientific, UK.

Strains and culture conditions

Candida auris strain CBS10913T was purchased from CBS
database, Westerdijk Fungal Biodiversity Institute, Utrecht, the
Netherlands. The drug-resistant C. auris NCCPF 470033 strain
(this study) is a hospital isolate from India and was obtained
from the National Culture Collection of Pathogenic Fungi, Post-
graduate Institute of Medical Education & Research, Chandi-
garh, India. Cultures were maintained on YEPD agar plates at
30◦C. For lipid extraction, 106 cells (1.0 O.D.) were inoculated in
50 mL YEPD medium and grown for 6 hrs, and approximately 5 ×
108 cells were harvested, washed with dH2O thrice before lipid
extraction (Singh, Yadav and Prasad 2012).

Drug susceptibility assessment

Minimum inhibitory concentrations (MIC) of fluconazole (FLC),
itraconazole (ITZ), ketoconazole (KTZ), miconazole (MCZ),
amphotericin B (AmB), nystatin (NYS), caspofungin (CSP) and
micafungin (MICA) against the C. auris strains were determined
as described in method M27-A3 by the Clinical and Labora-
tory Standards Institute (CLSI, formerly NCCLS, USA) (Pfaller
et al. 2008).

Lipid extraction

Harvested cells were broken in methanol using glass beads
(Glaperlon, 0.4–0.6 mm), and lipids were extracted by the Folch
extraction method using chloroform: methanol (2:1, v/v), as
described earlier (Folch, Lees and Sloane Stanley 1957). Lipid
extracts were dried in N2 and kept in −20◦C until analyzed. Lipid
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Figure 1. Drug susceptibility profiling of CBS10913T and NCCPF 470033 strains. The panels show the drug susceptibility of C. auris strains on FLC, ITZ, KTZ, MCZ, AmB,
NYS, CSP and MICA using the spot assays. The MIC values, as determined by the broth dilution method (Pfaller et al. 2008), are also depicted.

dry weights were recorded at this step for the normalization of
mass spectral data.

Mass spectrometry analysis

Lipid extracts were dissolved in 1 mL chloroform. To the 2–3
μL aliquots of these dissolved lipids, internal standards were
added as described previously (Singh et al. 2010; Singh and
Prasad 2011; Singh, Yadav and Prasad 2012), and volume made
up to 1.4 mL using chloroform: methanol: 300 mM ammonium
acetate (100:5:26, v/v/v). Lipid extracts were then analyzed
on Xevo TQ-XS triple quadrupole mass spectrometer (XEVO-
TQS#WAA627, Waters, UK, Milford, MA). Levels of various lipid
classes and individual molecular lipid species were determined
using the neutral loss, negative and positive multiple precursor
ion scans as described earlier (Singh et al. 2010; Singh and Prasad
2011; Singh, Yadav and Prasad 2012).Instrument parameters
settings are listed in supplementary sheet S1. Data processing
was performed using the TargetLynx XSTM software (Waters,
UK, Milford, MA) and data normalized to lipid dry weight and
represented as nmol/mg lipid dry weight. Lipid structures and
their nomenclature were annotated according to previously
published studies (Bowden et al. 2017) (www.lipidmaps.org,
www.k-state.edu/lipid).

Gas chromatography mass spectrometry (GC-MS)

For free sterol analysis, base hydrolyzed lipid extract were
derivatized with N,O-Bis (trimethylsilyl) trifluoroacetamide with
trimethyl-chlorosilane (BSTFA/TMCS, Sigma, USA) and analyzed
on DB5-MS column (30 m × 0.2 mm × 0.20 μm) as described
previously (Singh, Yadav and Prasad 2012). The retention time
and mass spectral patterns of external standards were used for
identification of sterol species. For fatty acid (FA) analyses, base
hydrolyzed lipid extract were derivatized with BF3-Methanol and
analyzed on Omegawax column (30 m × 250 μm × 0.25 μm) as
described previously (Singh et al. 2017). The retention time and
mass spectral patterns of fatty acid methyl ester standard mix
(Sigma, USA) were used as a reference to identify respective FAs
(Sharma et al. 2012).

Statistical analysis

Experiments were performed in triplicates, and all the lipid data
sets are represented as mean ± standard error mean (SEM). Sta-
tistical significance was determined using student’s t-test and
P-values < 0.05 were considered significant. The principal com-
ponent analysis (PCA) was performed using the XLSTAT software
(Addinsoft, US) on Microsoft Excel platform. PCA between C.
auris strains CBS10913T and NCCPF 470033 was performed using

the whole lipidome data sets (582 lipid species as nmol/mg lipid
dry weight, supplementary sheet S2) as well as the phospholipid
species data (144 lipid species as % of total PGL + SL). However,
for comparative PCA of C. auris with other Candida strains, we
have used the data for only phospholipid species (as % of total
PGL + SL, supplementary sheet S3), which are reported in the
previously published lipidomic studies by our group (Singh and
Prasad 2011; Singh, Mahto and Prasad 2013). We chose the mole%
data of 144 phospholipid species for comparative purposes as
these were detectable in the current study as well as in the ear-
lier published lipidomes of Candida.

RESULTS AND DISCUSSION

NCCPF 470033 strain is highly resistant to azoles

For the lipidome analysis, we selected two strains of C.
auris; CBS10913T, which was highly susceptible to antifungals
and resistant hospital isolate NCCPF 470033. The CBS10913T
strain was susceptible to all the tested drugs that included
azoles, polyenes, and echinocandins. However, in comparison
with the susceptible CBS10913T strain, NCCPF 470033 isolate
showed high resistance towards FLC (MIC80 > 256.0 μg/mL), ITZ
(MIC80 > 0.25 μg/mL), KTZ (MIC80 > 0.125 μg/mL) and MCZ
(MIC80 > 2.0 μg/mL) and showed no change in susceptibility
towards AmB (MIC80 0.5 μg/mL), NYS (MIC80 > 2.0 μg/mL), CSP
(MIC80 75 ng/mL) and MICA (MIC80 62.5 ng/mL) (Fig. 1). The
differences in drug susceptibilities between CBS10913T and
NCCPF 470033 isolates allowed us to make comparisons of their
lipid profiles.

Azole resistant NCCPF 470033 show elevated levels of
polar lipids

A comparative lipidomics was performed to underscore the
importance of lipids in influencing drug resistance in C.
auris. For this, lipids were extracted as described earlier from
FLC susceptible CBS10913T and FLC resistant NCCPF 470033
strains. Lipid dry weights of extracts in triplicates obtained
from 5 × 108 CBS10913T and NCCPF 470033 cells were 1.86 ±
0.03 and 2.23 ± 0.08 mg, respectively. The extracted lipids
were subjected to mass spectrometry analysis on ESI-MS/MS
(Electrospray Ionization mass spectrometry) and GC-MS as
described earlier. In our analysis, 582 lipid species were
detected belonging to five different lipid groups namely, PGLs,
SLs, sterols, DAGs and TAGs. Moreover PGLs further divided
into eight different lipid subclasses, namely lysophosphatidyl-
choline (LPC, 1-acyl-sn-glycero-3-phosphocholine) phos-
phatidylcholine (PC, 1,2-diacyl-sn-glycero-3-phosphocholine),

http://www.lipidmaps.org
http://www.k-state.edu/lipid
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Figure 2. The total content of different lipid classes between CBS10913T and NCCPF 470033 strains. (A), The total PGL content, along with the total class contents of
PC, LPC PE, LPE, PI, PS, PG and PA, in CBS10913T and NCCPF 470033 strains of C. auris is depicted. (B), The total SL and neutral lipid contents, along with the total

class contents of IPC, MIPC, DAG and TAG, in CBS10913T and NCCPF 470033 strains of C. auris is depicted. The DAG and TAG content were determined based on the
attached FA chain, as described earlier, For example, NL271, NL273, NL299 and NL301 scans were used to detect 16:1, 16:0, 18:1 and 18:0 -FA containing DAG or TAG
species, respectively. Data represents nmol per mg lipid dry weight and can be found in supplementary sheet S2. Mean ± SEM of 3 replicates are plotted. The P-values
of < 0.05, <0.01 and < 0.001 are represented by ∗ , ∗∗ and ∗∗∗ , respectively.

lysophosphatidylethanolamine (LPE, 1acyl-sn-glycero-3-
phosphoethanolamine), phosphatidylethanolamine (PE,1,2-
diacyl-sn-glycero-3-phosphoethanolamine) phosphatidyli-
nositol (PI, 1,2-diacyl-sn-glycero-3-phospho-(1’-myo-inositol),
phosphatidylserine (PS, 1,2-diacyl-sn-glycero-3-phosphoserine),
phosphatidylglycerol (PG, 1,2-diacyl-sn-glycero-3-phospho-(1’-
sn-glycerol), phosphatidic acid (PA, 1,2-diacyl-sn-glycero-3-
phosphate).

The quantitation of lipids revealed that the azole-resistant
isolate NCCPF 470033 had 1.9 folds higher PGLs amounting to
467.6 ± 2.1 nmol/mg lipid dry weight when compared with the
CBS10913T strain (Fig. 2A). This data coincided well with the
increased levels of various PGL subclasses like PC, PE, LPE, PI, PS,
and PG were as much as 2.9-fold higher in NCCPF 470033, com-
pared to the CBS10913T strain. The contents of PA and LPC did
not show any change between these isolates (Fig. 2A). PC was
the most abundant PGL in the C. auris followed by PE. Interest-
ingly PC was 1.7-fold higher in azole-resistant isolates, but PE
showed the maximum change (2.9-fold) between the tested iso-
lates among PGLs.

Our analysis of SLs was limited, and only two classes of
SL were detected, which displayed no significant difference
between the CBS10913T and NCCPF 470033 strains (Fig. 2B). The
neutral lipids are the storage lipids and contain two major
subclasses DAG and TAG. The total neutral lipid content was
∼39% lower in NCCPF 470033 compared to the CBS10913T strain
(Fig. 2B). While we observed as much as 2.1 folds increase in
16:1-DAG and 16:0-DAG content of NCCPF 470033, there were as
much as 3.6 folds decrease in 18:1-TAG and 18:0-TAG content of
NCCPF 470033, compared to the CBS10913T strain (Fig. 2B). In
corroboration to these data, our GC-MS analysis showed that
the content of 16C FA was 8% higher, and the content of 18C

FA was 45% lower in NCCPF 470033 compared to the CBS10913T
strain (Supplementary Fig. S1). However, composition of ergos-
terol esters showed no significant difference between the two
strains (Fig. 2B). A recent multiomics study of Zamith-Miranda
et al. also reported that PC and TAG were most diverse lipid
classes between resistant and sensitive C. auris isolates. How-
ever, lipids with unsaturation C16:1 FA was lower in resistant
isolate (Zamith-Miranda et al. 2019). This is in accordance to our
present data set of lipid profiles of resistant and susceptible C.
auris isolates.

Molecular lipid species of PGLs show distinct imprint
between susceptible and resistant strains

Alterations in membrane fluidity by changes in lipid home-
ostasis are known to affect drug resistance in Candida species
(Mukhopadhyay, Kohli and Prasad 2002; Prasad et al. 2005). These
alterations include changes in FA chain lengths, number of dou-
ble bonds, hydroxylations, methylations, and backbone struc-
ture. We monitored these changes by quantifying the variations
in molecular lipid species compositions between the CBS10913T
and NCCPF 470033 strains. We identified and quantitated a total
of 582 molecular species of various classes of lipids in C. auris.

Among 149 PGL species that were detected, lipid species
with 34C and 36C containing 1 to 3 double bonds in their FA
chains were most abundant in NCCPF 470033 isolate. For exam-
ple, lipid species 34:3, 34:2, 34:1, 36:3, 36:2, 36:1 were abundant
in all PC, PE, PI, PS, PG and PA classes (Figs. 3 and 4). Majority of
mono- and poly- unsaturated lipid species were present in high
abundance in NCCPF 470033 strain. For example, PC (30:1, 32:2,
32:1, 33:2, 33:1, 34:3, 34:2, 34:1, 36:3), PE (32:2, 32:1, 33:2, 33:1,
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Figure 3. Comparison of LPC, PC, LPE and PE molecular lipid species compositions between CBS10913T and NCCPF 470033 strains. The PGL species are represented as
‘total number of carbons in the acyl chains: total number of carbon-carbon double bonds in the acyl chains’. Data represents nmol per mg lipid dry weight and can be

found in supplementary sheet S2. Mean ± SEM of 3 replicates is plotted. The P-values of < 0.05, <0.01 and < 0.001 are represented by ∗ , ∗∗ and ∗∗∗ , respectively.

Figure 4. Comparison of PI, PS, PG, and PA molecular lipid species compositions between CBS10913T and NCCPF 470033 strains. The PGL species are represented as
‘total number of carbons in the acyl chains: total number of carbon-carbon double bonds in the acyl chains’. Data represents nmol per mg lipid dry weight and can be

found in supplementary sheet S2. Mean ± SEM of 3 replicates is plotted. The P-values of < 0.05, <0.01 and < 0.001 are represented by ∗ , ∗∗ and ∗∗∗ , respectively.

34:3, 34:2, 34:1, 35:1, 36:3, 36:2, 36:1), PI (32:2, 32:1, 34:3, 34:2,
34:1, 36:1), PS (32:1, 34:1), PG (34:2, 34:1) and PA (34:3, 34:1), were
in higher amounts in NCCPF 470033 as compared to CBS10913T
strain (Figs. 3 and 4). Among the lysophosphoglycerides (lyso-
PGL), LPC (16:1, 18:1) and LPE (16:1, 18:2, 18:1) were higher
while LPC (18:0) and LPE (16:0) were lower in NCCPF 470033.
(Fig. 3).

Azole resistant C. auris present higher unsaturation
index

A closer look at the PGL species revealed several interest-
ing changes between NCCPF 470033 and CBS10913T strains.
For example, the presence of odd chain fatty acids that have

previously been also detected in other Candida species and
yeasts (Singh and Prasad 2011; Kondo et al. 2014). Notably,
the content of odd chain FA containing PGLs was higher
in NCCPF 470033 as compared to CBS10913T strain (Fig. 5A).
Although the levels of saturated PGL species did not change,
the levels of unsaturated PGLs were higher in NCCPF 470033
compared to CBS10913T strain, resulting in a higher unsat-
uration index in NCCPF 470033 (Fig. 5B–D). The lipid ratios
of PC(36:3/36:1), PE(32:2/32:1) and PE(36:3/36:1) were higher,
while the ratios PE(34:2/34:1) and PE(36:2/36:1) were lower in
NCCPF 470033 compared to CBS10913T strain (Fig. 5E). The
changes in lipid ratios and odd chain FAs are good predictors of
alteration in the membrane lipid environment (Singh and Prasad
2011).
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Figure 5. Alterations in PGL species levels of C. auris CBS10913T and NCCPF 470033 strains. (A), Total levels of odd-chain fatty acyl containing PGLs and saturated fatty
acyl containing PGLs. (B), The degree of unsaturation represented as unsaturation index. The unsaturation index was calculated using the following formula: UI = [(1 ×
% monoene-PGL) + (2 × % diene-PGL) + (3 × % triene-PGL) + (4 × % tetraene-PGL) + (5 × % pentaene-PGL) + (6 × % hexaene-PGL)]/100. (C), Ratio of unsaturated and
saturated PGLs. (D), Ratios of select PC and PE species levels. Mean ± SEM are shown (n = 3). The P-values of < 0.05, <0.01 and < 0.001 are represented by ∗ , ∗∗ and ∗∗∗ ,
respectively.

Independent reports from others and us show that the
metabolic pathways, including lipid metabolism, involved in
the development of drug resistance, are often conserved in
pathogenic fungi (Mukhopadhyay, Kohli and Prasad 2002; Singh
and Prasad 2011; Singh, Mahto and Prasad 2013; Sharma et al.
2014; Gao et al. 2018). In this context, the available data provide
credible evidence to point that imbalance in lipid homeostasis
influence drug susceptibility of fungal cells (Supplementary
Table S1). Notable compositional changes were recorded in
earlier published comparative lipidomics between isogenic
matched pair of AS/AR (azole susceptible/azole-resistant) iso-
lates of C. albicans (Singh and Prasad 2011). In Gu4/Gu5, G2/G5,
YOI-16/YOI-64 isolates representing AS (azole sensitive/AR
(azole resistant) isogenic pairs of C. albicans hospital isolates
showed consistent increase in odd chain FA containing PGLs
and unsaturation index in AR G5, Gu5, and YOI-64 isolates
as compared to susceptible Gu4, G2 and YOI-16, respectively
(Singh and Prasad 2011; Singh, Mahto and Prasad 2013). The
odd chain FAs have a better advantage in influencing the
membrane fluidity as compared to the polyunsaturated FAs
(Jenkins, West and Koulman 2015), probably due to its low
melting temperature (Ibarguren, López and Escribá 2014;
Beppu et al. 2017). The compromised PGL biosynthesis with
resulting changes in membrane fluidity affects was shown to
affect the drug diffusion, accumulation and drug susceptibility
of C. albicans cells highlighting a strong link between PGL

homeostasis and azole resistance (Singh and Prasad 2011).
The raised unsaturated lipids content in the present study
is another common compositional change between resis-
tant C. auris (present study) and C. albicans cells (Singh and
Prasad 2011).

NCCPF 470033 shows variations in DAG and TAG
metabolism

Among the neutral lipids, of a majority of DAG species that
showed statistically significant changes, 16:1-DAG (32:2, 32:1,
34:3), 16:0-DAG (34:2, 34:1) and 18:1-DAG (34:2, 34:1) species
were abundant in NCCPF 470033 compared to CBS10913T strain
(Fig. 6). In contrast, of a majority of TAG species that showed
statistically significant changes, 16:1-TAG (52:3), 16:0-TAG (46:2,
52:2), 18:1-TAG (48:3, 52:4, 52:3, 52:2, 54:3, 52:2) and 18:0-TAG
(54:2) were present in much low in NCCPF 470033 compared to
CBS10913T strain (Fig. 6).

Resistant C. auris possess a higher level of free
ergosterol

Sterols and SLs are the other two essential components of the
membranes that directly influence membrane fluidity (Dufourc
2008; Guan et al. 2009). Azole resistance in C. auris is caused



Shahi et al. 7

Figure 6. Comparison of DAG and TAG molecular lipid species compositions in CBS10913T and NCCPF 470033 strains. The DAG and TAG molecular species were
analyzed as described earlier (Singh and Prasad 2011), also see Figure 2). DAG and TAG species are represented ‘total number of carbons in the acyl chains: total
number of carbon-carbon double bonds in the acyl chains’. DAG and TAG species boxed in red represents statistically significant changes. Data represents nmol per
mg lipid dry weight and can be found in supplementary sheet S2. All the 3 replicates are plotted for each strain. The P-values of < 0.05, <0.01 and < 0.001 are represented

by ∗, ∗∗ and ∗∗∗ , respectively.

by alteration in the ergosterol pathway and ergosterol con-
tent (Kean and Ramage 2019; Zamith-Miranda et al. 2019). We
examined ergosterol and its intermediates by employing GC-
MS and identified seven key intermediates of ergosterol biosyn-
thesis pathway. Upon analyzing the free ergosterol biosynthe-
sis intermediates, we observed that, most were significantly
lower in NCCPF 470033 as compared to CBS10913T. Remark-
ably both fungisterol and squalene were below the detec-
tion limit and showed a drastic reduction in NCCPF 470033
(Fig. 7A). The end products ergostatetraenol and ergosterol
levels, however, were significantly higher in NCCPF 470033
as compared to CBS10913T strain. In contrast, the levels of
ergosteryl esters remained unchanged between the two iso-
lates (Fig. 7B). similarly, total ergosterol was found higher in
azole resistant C. auris isolate (Zamith-Miranda et al. 2019).
The higher ergosterol content in NCCPF 470033 well correlated
with observed higher resistance towards azoles of NCCPF 470033
isolate (Fig. 7A). The lowering of ergosterol under hypoxic
C. albicans cells reported recently corroborates earlier stud-
ies. It highlights its role in governing FLC resistance (Burgain
et al. 2020).

Few complex SL species show alteration in
NCCPF 470033

Although the detailed analysis of SLs requires different proto-
col of extraction, the method employed in the present study let
identification of some of the SL structures. Our analysis revealed
that the levels of IPC (44:0–2), IPC (46:0–3) and MIPC (44:0–2)
species were significantly lowered in NCCPF 47033 compared to
CBS10913T strain (Fig. 7C). Some of IPC structures detected did
show variation between CBS10913T and NCCPF 470033 strains,

and whether these changes are related to drug susceptibili-
ties will require further studies. A detailed and targeted sphin-
golipidomic study is required to understand the relevance of SLs
in drug resistance in C. auris.

PCA analysis reveals the distinctness of the susceptible
and resistant isolate

The comparative lipidome data described above hints towards
a massive remodeling of lipid species in NCCPF 470033 when
compared to the CBS10913T strain. We performed PCA analysis
to further examine the statistical significance of remodeling of
lipids associated with high azole resistance. PCA analysis allows
the extraction and visualization of statistically significant vari-
ations from larger data sets. The extracted data are described
by the principal components which account for the possible
variations within the data. PCA was performed, using the lipid
species data in nmol/mg lipid weight, between NCCPF 470033
and CBS10913T strains to highlight the statistically significant SL
variations amongst them. The PCA analysis allowed the extrac-
tion of 5 principal components, of which the principal compo-
nent 1, 2 and 3 accounted for ∼83% variance in the data sets
and were plotted (Fig. 8). Also, the associated loading values of
each lipid species are decisive in the allocation of each principal
component.

The plot of principal components 1 and 2 exhibited seg-
regation of CBS10913T and NCCPF 470033 strains from each
other (Fig. 8). An inspection of the loading values linked
to principal component 1 confirmed that the lipid species
with less abundance (like TAG(52:3)-16:1, TAG(54:2)-18:0,
TAG(54:3)-18:1) and those with high abundance (like DAG(32:1)-
16:1 and DAG(34:1)-18:1) in azole resistant NCCPF 470033
strain (compared to CBS10913T), are key to the separation of
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Figure 7. Comparison of sterols and sphingolipid compositions in CBS10913T and NCCPF 470033 strains. (A), Analysis of free sterol species. (B), Analysis of steryl esters.
(C), Analysis of IPC’s and MIPC’s. IPC and MIPC species are represented as ‘total number of carbons in the sphingoid base and acyl chains: total number of carbon-

carbon double bonds in the sphingoid base and acyl chains- number of hydroxyl groups present in the sphingoid base and acyl chains’. Data in (A) is represented as
the normalized mass spectral signal. Data in (B) and (C) are represented as nmol per mg lipid dry weight and can be found in supplementary sheet S2. Mean ± SEM of
3 replicates is plotted. The P-values of < 0.05, <0.01 and < 0.001 are represented by ∗ , ∗∗ and ∗∗∗ , respectively.

Figure 8. PCA analysis of lipid species compositions of CBS10913T and
NCCPF 470033 strains of C. auris. PCA analysis was performed using the XLSTAT
software described in methods. The scores of the top 3 principal components
(factors) are plotted, demonstrating more than 83% of the variance in the data

sets. The principal component 1 (factor 1), principal component 2 (factor 2) and
principal component 3 (factor 3) contribute 43.33%, 24.5% and 15.5% variances
respectively. A blind analysis was performed using 3 replicate data sets of each

strain (Supplementary sheet S2). A list of factors loading values associated with
each principal component is shown in supplementary sheet S4.

CBS10913T and NCCPF 470033 strains on principal component
1 axis. Analysis of loading values linked to principal compo-
nent 2 reveals that the lipid species with less abundance (like
TAG(54:2)-18:0, TAG(52:2)-16:0, TAG(52:3)-16:1) and those with
high abundance (like DAG(34:1)-18:1, DAG(34:3)-16:1, DAG(32:1)-
16:1) in NCCPF 470033 (compared to CBS10913T), are key to sep-
aration of CBS10913T and NCCPF 470033 strains on principal
component 2 axis. Similar variations were also observed across
principal component 3 axis among the DAG and TAG species

However, the PCA analysis using the complete lipid species
data set could not highlight the significant changes in the phos-
pholipid group. To resolve this issue, we performed yet another
PCA analysis using the lipid species data as mole% (% of total
PGL + SL, supplementary sheet S3). In these analyses, five prin-
cipal components were extracted, where the principal compo-
nent 1 and 2 accounted for more than 95% variation in the data
sets (Fig. S2a, Supporting Information). The loading values of
principal component 1 show that PC (36:3, 36:2, 36:1, 38:3), PA
(36:2, 36:1), PI (36:3), IPC (44:0–3), LPE (16:0) are deficient, while
PE (32:1, 34:1, 34:2, 34:3, 36:3), PC (32:1, 32:2, 34:1, 34:2) are abun-
dant, in NCCPF 470033 strain and important for segregation of
CBS10913T and NCCPF 470033 strains on principal component 1
axis (Fig. S2a and b, Supporting Information). The loading values
of principal component 2 show that the mono-unsaturated lipid
species like PC (28:1, 36:1), PI (36:1), IPC (44:0–3), LPC (16:0) are
deficient. In contrast, poly-unsaturated lipid species like PE (34:2,
34:3, 36:3), PC (34:2, 34:3) are abundant, in NCCPF 470033 strain
and important for segregation of CBS10913T and NCCPF 470033
strains on principal component 2 axis (Fig. S2a and b, Supporting
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Information). Together, these PCA analyses highlight the spe-
cific subset of lipid species associated specifically with the azole
resistant C. auris.

A comparative PCA analysis between the lipid profiles of C.
auris strains (this study) with those of other Candida species
(published previously, (Singh et al. 2010) shows a distinct lipid
imprint of C. auris (Fig. S2c and d, Supporting Information). Fur-
ther, using the PCA analysis, we could also highlight similarities
and differences in lipid profiles of C. auris strains and the previ-
ously published lipidomes of clinical isolates of C. albicans (Singh
and Prasad 2011; Singh, Yadav and Prasad 2012; Singh, Mahto
and Prasad 2013) (Supplementary Fig. S2e and S2f).

Although the PCA analyses did highlight certain lipid species
that show significant changes between data sets, however, lipid
changes consistent with drug resistance are difficult to often
understand. For simplification, we have summarized the lipid
variations reported in earlier published studies involving AS/AR
isolates of C. albicans and C. auris and the present study (Table S1,
Supporting Information). A comparison of these data sets shows
that the lipid changes occurring between different AS/AR iso-
lates are quite divergent and could impact drug susceptibilities
in different ways, and demand further studies for better under-
standing.

CONCLUSION

Overall, in this study we were able to: (i) quantify major lipid
groups and determine molecular lipid species compositions; (ii)
highlight specific changes among the lipid species associated
with azole resistance in C. auris; (iii) underline the common-
alities of lipid compositional changes between AR C. auris and
other Candida spp.; (iv) identify that specific lipid species vari-
ations could be a feature to distinguish C. auris strains from
the other species of Candida. In future, we aim to expand our
spectrum of analysis by including several susceptible and resis-
tant isolates that are resistant to fluconazole and show collateral
resistance to other class of drugs to pave way for better insight
into the relevance of lipids in drug resistance in this important
pathogenic yeast.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSYR online.
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