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ABSTRACT: Candida albicans (C. albicans), a major fungal . "SRS S CeC
pathogen, causes life-threatening infections in immunocompro- ' |
mised individuals. Fluconazole (FLC) is recommended as first-line
therapy for treatment of invasive fungal infections. However, the
widespread use of FLC has resulted in increased antifungal
resistance among different strains of Candida, especially C. albicans,
which is a leading source of hospital-acquired infections. Here, by
hyperspectral stimulated Raman scattering imaging of single fungal
cells in the fingerprint window and pixel-wise spectral unmixing, we
report aberrant ergosteryl ester accumulation in azole-resistant C.
albicans compared to azole-susceptible species. This accumulation was a consequence of de novo lipogenesis. Lipid profiling by mass
spectroscopy identified ergosterol oleate to be the major species stored in azole-resistant C. albicans. Blocking ergosterol
esterification by oleate and suppressing sterol synthesis by FLC synergistically suppressed the viability of C. albicans in vitro and
limited the growth of biofilm on mouse skin in vivo. Our findings highlight a metabolic marker and a new therapeutic strategy for
targeting azole-resistant C. albicans by interrupting the esterified ergosterol biosynthetic pathway.
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Invasive fungal infections and increasing resistance to has resulted in increased antifungal resistance by different
antifungals are emerging threats to public health that fungal strains to these drugs, especially among Candida
contribute to high morbidity and mortality." Fungal infections species.'”'" C. albicans can gain resistance to azoles mainly
have been referred to as “hidden killers” because the effects of via genetic alteration of the drug target Ergll ;12 upregulation
fungal infections and antifungal resistance on human health are of the efflux pumps CDR1, CDR2, and MDRI;"”~"° and
not widely recognized.2 Candida albicans (C. albicans) is a inactivation of ER €3, which synthesizes the sterol |1 16—21
major fungal pathogen that causes life-threatening infections Despite these advances in our understanding of azole
when the host becomes debilitated or immunocompromised.”’ resistance mechanisms, it remains unclear why some fungal
Species of Candida, most notably C. albicans, are mostly species are intrinsically resistant to or easily acquire resistance
associated with invasive, life-threatening fungal infections in to multiple antifungal drugs."** In particular, how ergosterol

immunocompromised individuals.* Mortality rates due to
fungal infections are estimated to be as high as 45%,” which
may be due to the inefficient diagnostic methods and
inappropriate initial antifungal therapies.’

Therapeutic options for fungal infections are limited. The
most widely used antifungal drugs comprise only a few
chemical classes, including azoles [fluconazole (FLC),
itraconazole, voriconazole, and posaconazole], polyenes
(amphotericin B), and the echinocandins (caspofungin,
anidulafungin, and micafungin).z8 Azoles are recommended
as first-line therapy for most invasive Candida species that
cause systemic infections; azoles inhibit 14a-demethylase
Ergll in the ergosterol biosynthesis pathway. This results in
the accumulation of toxic sterol 14,24-dimethylcholesta-
8,24(28)-dien-3f,6a-diol, which permeabilizes the fungal
plasma membrane.” However, the widespread use of azoles

metabolism is reprogrammed in response to antifungal azole
treatment remains poorly understood.

Recently developed coherent Raman scattering microscopy,
based on coherent anti-Stokes Raman scattering (CARS) or
stimulated Raman scattering (SRS), opens a new window to
explore single-cell metabolism in a spatially and temporally
resolved manner. In particular, hyperspectral CARS or SRS
imaging has unveiled hidden signatures in various biological
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Figure 1. SRS imaging reveals an increased level of EE accumulation in azole-resistant C. albicans. (A) Schematic illustration on the principle of
SRS. (B) Raman spectra of lipids accumulated in azole-resistant fungal strains, including C. albicans TWO7241, TWO7243, ATCC 64124, NR-
29446, ATCC MYAS73, NR-29448, and azole-susceptible C. albicans W. Type, by hSRS imaging. (C) Reference spectra for hSRS spectra unmixing
analysis using least square fitting. (D) Fingerprinting hSRS images of various types of C. albicans cells, including azole-susceptible and azole-
resistant cells. (E) EE and (F) acyl C=C quantification analysis of (D). Bar scale represents 10 um. Significance was evaluated using an unpaired ¢

test (***, p < 0.001).

systems. These imaging

techniques have permitted researchers

to spatially resolve and quantitatively analyze metabolites

inside cancer cells

Dynamic imaging of sp

imaging of vibrational probes.

23-28

and Caenorhabditis elegans.29_34

ecific metabolites was enabled by SRS
35-38

As it relates to using SRS imaging for infectious diseases, the
orientation of amphotericin B was resolved by the polarization-
sensitive SRS signal from fingerprint C=C stretching
vibration.” Rapid antimicrobial susceptibility determination

at a single-bacterium level was achieved by stimulated Raman
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metabolic imaging.’”*" Despite these advances, SRS imaging of
metabolism in drug-resistant fungal cells is underexplored. A
recent femtosecond SRS study identified lipid accumulation in
azole-resistant cells.** Yet, femtosecond SRS in the CH
stretching vibration window does not have the capacity to
resolve the chemical content of lipids. Consequently, the
molecular mechanism and clinical impact of this lipid
accumulation remain elusive.

To study metabolic reprogramming of fungal cells in
response to azole treatment, we employed fingerprint hyper-
spectral SRS (hSRS) imaging to visualize the contents of C.
albicans at a subcellular level. A pixel-wise least absolute
shrinkage and selection operator (LASSO) regression algo-
rithm was further applied to decompose the hSRS stack into
chemical maps. An aberrant storage of esterified ergosterol
(EE), featured by the sterol C=C peak at 1603 cm™" and the
acyl C=C peak at 1655 cm™', was identified in azole-resistant
species but not in azole-sensitive species. Further investigation
verified that EE accumulation in azole-resistant C. albicans
arises from de novo lipogenesis. Mass spectrometry analysis
identified ergosteryl oleate as the major EE species. Based on
these findings, we tested an antifungal strategy utilizing oleate
to interrupt the esterification process. Oleate significantly
suppressed EE accumulation in C. albicans. Moreover, oleate/
azole combination treatment resulted in effective attenuation
of the azole tolerance and viability of C. albicans in both yeast
and biofilm forms. The in vivo study further confirmed that
oleate-mediated inhibition of EE accumulation effectively
impaired azole resistance in C. albicans and suppressed biofilm
growth. These data collectively demonstrate the potential of
using EE as a metabolic marker for detection of azole-resistant
fungi and identify a new approach to treat invasive fungal
infections by targeting ergosterol metabolism.

B MATERIALS AND METHODS

SRS Imaging. hSRS imaging was conducted with a spectral
focusing method, where the Raman shift was tuned by
controlling the temporal delay between two chirped femto-
second pulses. A femtosecond laser (Coherent) operating at 80
MHz provided the pump and Stokes laser source. With the
pump beam tuned to 891 nm, the Stokes beam was tuned to
1040 nm to cover the fingerprint C=C vibrational region. The
Stokes beam was modulated at 2.3 MHz by an acousto-optic
modulator (1205-C, Isomet). After combination, both the
pump and Stokes beams were chirped by 12.7 cm long SF57
glass rods and then sent to a laser-scanning microscope. A 60X
water immersion objective (NA = 1.2, UPlanApo/IR,
Olympus) was used to focus the light on the sample. An oil
condenser (NA = 1.4, U-AAC, Olympus) was used to collect
the signal.

To acquire hSRS images, a stack of 120 images at different
pump-Stokes temporal delay was recorded. The temporal delay
was controlled by an automatic stage that moved forward with
a step size of 10 um. To calibrate the Raman shift to the
temporal delay, standard chemicals, including DMSO,
triglyceride, and ergosterol, with known Raman peaks in C=
C region from 1460 to 1750 cm™' were used. The average
acquisition time for a 200 X 200 pixels image was about 1 s.
hSRS images were analyzed using Image] (National Institute of
Health).

Details of materials and other methods are included in the
Supporting Information.

B RESULTS

SRS Imaging Reveals an Increased Level of Esterified
Ergosteryl in Azole-Resistant C. albicans. We first applied
confocal fluorescence imaging to confirm the accumulation of
neutral lipids in the stationary phase, FLC-resistant C. albicans.
As shown in Figure S1, BODIPY-labeled droplets are seen in
the C. albicans cells in the UPC (susceptible dose-dependent),
TWO7241, and TWO7243 (resistant) strains but are not seen
in sensitive wild-type (W. Type) and DBC 46 strains.
However, compositional information of individual lipid
droplets (LDs) cannot be revealed from the fluorescence
images. To quantitatively visualize and identify the chemical
components of the lipids in individual fungal cells, we deployed
fingerprint hSRS imaging via spectral focusing using a setup
shown in Figure S2. SRS is a dissipative process in which
energy corresponding to the beating frequency (w, — ) is
transferred from input photons to a Raman-active molecular
vibration (€2). Tuning the time delay between the two chirped
excitation beams can substantially change the overlapping
difference in the frequency, which excites different Raman
shifts (Figure 1A). By tuning the laser-beating frequency to
cover the C=C stretching vibration window from 1550 to
1700 cm™', we conducted hSRS imaging of azole-resistant C.
albicans strains, including TWO7241, TWO7243, NR-29446,
ATCC 64124, ATCC MYAS73, NR-29448, and azole-
susceptible W. Type, all in the stationary phase. The SRS
spectra in this spectral region, which arise from the intracellular
LDs and proteins, can be extracted at each pixel from the
image stack. In the normalized SRS spectra of LDs in azole-
resistant C. albicans (TWO7241, TWO7243, NR-29446, and
ATCC 64124), two strong Raman bands at 1603 and 1655
cm™" were present (Figure 1B). The sterol C=C peak was
absent in strain ATCC MYAS73, which contains a mutation in
ER¢11. In comparison, the azole-sensitive C. albicans W. Type
strain had a significantly weaker Raman signal at 1603 cm™,
which suggests that azole-susceptible C. albicans cells have a
much lower concentration ratio of sterol C=C to acyl C=C
(Figure 1B). The two types of spectrally separated bands are
contributed by the sterol C=C vibration with a peak at 1603
cm™" and the acyl C=C vibration with a peak at 1655 cm™/,
respectively. The origin of the two major peaks was confirmed
by the SRS spectra of pure ergosterol and glyceryl trioleate,
which exhibit a characteristic sterol C=C vibrational band at
1603 cm™ and acyl C=C vibrational band at 1655 cm™
(Figure 1C). The SRS spectra of pure ergosterol and glyceryl
trioleate overlapped with the spectra of LDs in azole-resistant
C. albicans cells. This indicates that the content in individual
LDs is predominantly in the form of ergosterol (in its esterified
form) and glyceryl trioleate.

To quantify the amount of EE in these LDs, concentration
maps of acyl C=C, sterol C=C, and the amide I band were
reconstructed from LASSO analysis of the hSRS stacks (see the
Materials and Methods section). As shown in Figure 1D, hSRS
images that contained hundreds of single fungal cells in each
field-of-view were obtained. The standard reference spectra of
ergosterol, glyceryl trioleate, and peptone (Figure 1C) were
used for unmixing of sterol C=C, acyl C=C, and the amide I
band, respectively. The reconstructed concentration maps of
sterol C=C, acyl C=C, and amide I for azole-resistant C.
albicans TWO7241, TWO7243, ATCC 64124, NR-29446,
ATCC MYAS73, and NR-29448 and azole-susceptible C.
albicans W. Type are presented in Figure 1D. The hSRS stack

https://doi.org/10.1021/acs.analchem.3c00900
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Figure 2. Increased EE accumulation in azole-resistant C. albicans stationary phase and biofilm cells. Fingerprinting hSRS images of stationary
phase (A), logarithmic (log) phase (C) C. albicans cells, and C. albicans biofilm (E). hSRS spectra of lipids accumulated in (B) stationary phase,
(D) logarithmic phase C. albicans TWO7241, and (F) C. albicans TWO7241 biofilm. (G) EE and (H) acyl C=C quantification analysis of hSRS

unmixed concentration maps in (A,C,E). Bar scale represents 10 um.

channel visualized the sum of hSRS frames. Distinct spatial
patterns were found in the decomposed sterol C=C, acyl C=
C, and amide I channels. In the sterol C=C channel, EE
accumulation was successfully separated and visualized in the
C. albicans W. Type, TWO7241, TWO7243, and NR-29446
strains but barely in strains ATCC 64124, ATCC MYAS73,
and NR-29448. The acyl C=C signal revealed accumulation
of lipid metabolites both in LDs and the cell membrane,
whereas the amide I channel revealed protein distribution,
which presented as a uniform pattern inside cells.

To verify whether the observed phenomenon is strain
specific, we repeated the detection on multiple azole-

susceptible and susceptible dose-dependent C. albicans cells
(Figure S3). Consistently, hSRS spectral unmixing confirmed
that azole-susceptible strains had significantly lower intra-
cellular EE accumulation compared to azole-resistant strains.
Interestingly, the 11A8A2A strain is a susceptible dose-
dependent strain, but it exhibited obvious EE accumulation.
It was found that the 11A8A2A strain, which is an ER&11-
overexpressing isolates, contained a gain of function mutation
in UPC2, in which eight single amino acid substitutions were
elucidated from their UPC2 alleles. This was found to be
associated with increased ER€11 expression, increased
ergosterol production, and decreased FLC susceptibility.'"**
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Figure 3. EE accumulation in azole-resistant C. albicans cells is related to glucose de novo lipogenesis. (A) Spectra unmixing hSRS imaging of C.
albicans cells under glucose depletion treatment. (B) hSRS spectra of lipid accumulation in (A). (C) EE and (D) acyl C=C quantification analysis
of hSRS unmixed concentration maps in (A). (E) Spectra unmixing hSRS imaging of C. albicans cells in the presence of the glycolysis inhibitor
(2DG). (F) hSRS spectra of lipid accumulation in (E). (G) EE and (H) acyl C=C quantification analysis of hSRS unmixed concentration maps in
(E). (I) Mass spectra of lipids extracted from azole-susceptible C. albicans W. Type and azole-resistant C. albicans TWO7241 cells. (J) Ergosteryl
oleate (EE C18:1) level analysis of mass spectra. (K) Overall lipid level analysis of mass spectra. (L) Quantitative ergosteryl oleate (EE C18:1) to
overall lipids (EE C18:0 + C18:1 + C18:2 + C18:3) intensity ratio of C. albicans W. Type and C. albicans TWO7241 cells. Bar scale represents 10
um. Significance was evaluated using an unpaired f test (¥*, p < 0.01; *** p < 0.001).

For single-cell chemical analysis, the decomposed concen-
tration maps were segmented to generate maps of intracellular
compartments corresponding to LDs and proteins in individual
cells (Figure S4). Statistical analysis in Figure 1E shows a
clearly elevated level of sterol C=C accumulation in azole-
resistant C. albicans TWQO7241, TWQ7243, and NR-29446. In
contrast, the azole-resistant C. albicans strains ATCC 64124,
ATCC MYAS73, and NR-29448 had relatively lower levels of
sterol C=C, probably due to involvement other azole
resistance mechanisms that do not rely predominantly on
ergosterol overproduction. Quantitative analysis of the EE-to-
protein ratio intensity confirmed a significant difference in EE
accumulation levels between azole-resistant and azole-suscep-
tible or susceptible dose-dependent C. albicans (Figure SSA).

For further statistical comparison, Student’s ¢ test found that
the two subpopulations were statistically different (p value
<0.001) in terms of the levels of EE in azole-resistant and
azole-susceptible cells. In contrast, no significant alteration was
present in the acyl C=C contents between azole-resistant and
azole-susceptible strains, as shown in the quantitative analysis
of acyl C=C intensity (Figure 1F) and acyl C=C-to-protein
ratio intensity (Figure SSB). This indicates that acyl C=C is
not a molecular marker inside C. These data
collectively demonstrate a significantly increased level of EE
accumulation in azole-resistant C. albicans compared to non-
resistant strains.

Next, to examine the effects of growth period on EE
accumulation, we explored the phase-dependent changes in

albicans.
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lipid metabolism during fungal growth. In the stationary phase,
yeast cells have a balanced rate of microbial death and new cell
generation. The metabolic activities of stationary phase cells
are at equilibrium. However, logarithmic phase yeast cells grow
and divide rapidly with minimal reproductive time. In
logarithmic phase yeast cells, metabolism is the most active
at this stage of a cell’s lifespan and, as a consequence, these
cells are more sensitive to changes in their environment.***’
Yeast cells accumulate more lipids during the stationary
phase.*® Figure 1 demonstrates the increased level of EE
accumulation in the stationary phase, azole-resistant C.
albicans. To explore whether EE is accumulated in the log
phase as well, azole-resistant C. albicans TWO7241 cells were
grown and then harvested in the mid-logarithmic phase and
stationary phase, respectively. The hSRS concentration maps
suggest that the level of EE is significantly decreased in
logarithmic phase cells compared to stationary phase cells
(Figure 2A,C). The intracellular sterol C=C and acyl C=C
intensities in individual cells were distinctly higher in stationary
phase cells, as shown in the SRS spectra of the lipids (Figure
2B,D). The integrated sterol C=C and acyl C=C intensity in
individual cells was quantitatively analyzed and is plotted as
histograms (Figure 2G,H). The results indicated that the sterol
C=C and acyl C=C contents were higher in azole-resistant
C. albicans at a single-cell level. Additionally, we collected
stationary phase C. albicans cells and then cultured them in
fresh nutrient medium for 3 h. The hSRS spectra showed
decreased EE accumulation in the C. albicans cells after the
medium was refreshed (Figure S6). The growth of micro-
organisms depends on the availability of nutrients in the
surrounding medium. A previous study found that when the
culture medium of stationary phase C. albicans cells was
switched, this induced rapid hydrolyzation of sterol esters to
free sterol and fatty acids that were utilized for the biogenesis
of membranes.*® These data collectively suggest that higher
levels of EE accumulation are a distinct metabolic feature of
azole-resistant C. albicans cells that are in the stationary phase.

C. albicans cells that are in the stationary phase are capable
of forming highly drug-resistant biofilms in humans through
various adaptive mechanisms that alter the lipid composition of
cell membranes. The ability of C. albicans to form biofilms
poses a significant medical challenge in the treatment of
candidiasis as these structured communities are recalcitrant to
treatment by antifungals.””*® Therefore, we investigated if EE
content is altered during C. albicans biofilm development. We
cultured stationary phase C. albicans to form biofilm and then
examined the level of EE in cells using hSRS microscopy. A
mixed type of cells, which comprised round and spherical yeast
cells with filamentous hyphae and pseudohyphae intertwined
with each other, was formed during the temporal development
of biofilms, as shown in the hSRS stack image (Figure 2E). The
decomposed SRS images show significant EE accumulation in
the fungal biofilm (Figure 2E). The SRS spectra of lipids and
the statistical analysis confirmed that EE accumulated at a high
level, which was comparable to the yeast form of C. albicans
TWO7241 in the stationary phase (Figure 2F,G). The acyl
C=C level remained markedly high in cells both in the
stationary phase and biofilm form, which was at higher level
compared to cells in the log phase (Figure 2H). Altogether,
these data demonstrate that EE accumulation is a signature of
Candida biofilm.

EE in Azole-Resistant C. albicans Arises from De Novo
Lipogenesis and Is Largely in the Form of Ergosteryl

Oleate. To identify the source of increased EE accumulation
in azole-resistant C. albicans cells, we examined the
contribution of de novo lipogenesis and exogenous fatty acid
uptake, respectively. Cytosolic acetyl coenzyme A is the central
metabolic intermediate that is essential for lipid biosynthetic
reactions through different carbon metabolism pathways, such
as glycolysis, f-oxidation, and the glyoxylate cycle."” Among
these metabolic pathways, glucose is universallgf_utilized as the
preferred carbon source by most organisms.””>" To evaluate
the contribution of de novo lipogenesis to the increased EE
accumulation in azole-resistant C. albicans strains, we examined
the effects of glycolysis on carbon utilization and lipid storage.
Azole-resistant C. albicans TWO7241, TWQ7243, and azole-
susceptible W. Type were cultured in glucose-supplemented
medium or glucose-deficient medium until cells reached the
stationary phase. The fingerprinting hSRS images of cells
grown in glucose-supplemented or glucose-deficient media
were acquired, and the hSRS spectra from the LDs were
quantified (Figure 3A,B, Figure S7A,C). We found a significant
decrease in the total level of LDs, especially in the
accumulation of EE, from cells cultured in glucose-deficient
medium compared to glucose-supplemented medium in the
azole-resistant TWO7241 and TWO7243 strains and the
azole-susceptible W. Type strain (Figure 3C, Figure S7B,D).
Additionally, the acyl C=C lipid was significantly decreased
after glucose depletion (Figure 3D). This result indicates that
glycolysis was a major contributor of the accumulated lipids.

Next, we used a glycolysis inhibitor, 2-deoxy-p-glucose
(2DG), to further confirm that de novo biosynthesis is a major
route to the elevated EE storage in azole-resistant C. albicans.
2DG, an analogue of glucose, cannot undergo further glycolysis
since the 2-hydroxyl group in the glucose molecule is replaced
by a hydrogen. To assess the effects of 2DG on lipid storage,
we first studied its toxicity to fungal cells. The cell viability
result under concentration-dependent treatment of 2DG
confirmed that the concentration of 0.2 M did not reduce C.
albicans growth in vitro (Figure S8). The fingerprint hSRS
images of cells cultured in YPD medium supplemented with
2DG and cells cultured in normal YPD medium were acquired.
As indicated in Figure 3E,F, we observed that EE accumulation
was markedly attenuated upon glycolysis inhibition by 2DG in
the azole-resistant C. albicans TWO7241 and TWO7243
strains. In contrast, upon exposure to 2DG, a less drastic
reduction in the EE level was observed in azole-sensitive cells
compared to FLC-resistant cells (Figure 3G, Figure S9A,C).
The acyl C=C intensity reduction was not significantly
affected in FLC-susceptible and FLC-resistant cells (Figure
3H, Figure S9B,D). These data together indicate that EE
accumulation in azole-resistant C. albicans cells is largely due to
glucose uptake and de novo synthesis. The inhibition of
glycolysis effectively reduced the level of EE in the FLC-
resistant strain.

In order to identify the fatty acid types in the accumulated
EE, we performed electrospray ionization mass spectrometry
(ESI—MS) analysis of the extracted lipids from C. albicans. Our
result revealed that ergosteryl oleate (EE C18:1) accumulated
in intracellular lipids was identified to be the dominant species
(Figure 3I). The m/z 679, m/z 677, and m/z 675 peaks
correspond to ergosteryl oleate (EE C18:1), ergosteryl
linoleate (EE C18:2), and ergosteryl linolenate (EE C18:3),
respectively. The quantitative analysis further showed that the
level of EE (C18:1) was significantly higher in the TWO7241
strain compared to the W. Type strain (Figure 3]). Moreover,
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the total amount of lipids was significantly higher in azole-
resistant cells compared to azole-sensitive cells (Figure 3K).
Quantitative analysis showed that the percentage of ergosteryl
oleate (EE C18:1) in overall lipids (EE C18:0 + C18:1 +
C18:2 + C18:3) is in significant higher level in TWO7241 cells
than that in W. Type cells (Figure 3L).

Inhibition of EE Accumulation by Oleic Acid
Effectively Impairs Azole Resistance in Stationary
Phase C. albicans Both In Vitro and In Vivo. It has been
known that sterols are known to be esterified by acyl-CoA-
cholesterol acyltransferase (ACAT), which forms steryl esters
in an intracellular acyl-CoA-dependent reaction. The two
ACAT-related enzymes, Arelp and Are2p, catalyze sterol
esterification in yeast.”> The mass data of lipid profiling led to
our hypothesis that oleic acid (OA) can be employed as a
competitive inhibitor of acyl-CoA to interfere with the active
site of the enzyme. This prevents the substrate, acyl-CoA, from
binding to the enzyme. To test our hypothesis, we measured
whether cell viability or cell growth is affected by oleate

treatment. To trace cellular response of OA treatment, we
cultured cells in medium supplemented with OA at different
concentrations for 13 h and detected the fingerprinting hSRS
imaging signal as a measurement of exogenous fatty acid
uptake. The cell morphology of the azole-resistant strain C.
albicans TWO7241 was significantly affected by a high
concentration of OA treatment (100 and 500 uM), which is
indicated by the distorted cell shapes in the transmission
images (Figure S10). In comparison, no morphological
changes were observed with C. albicans W. Type cells under
OA treatment at 10 and 100 xM; morphological changes were
not observed until a high concentration of 500 uM OA was
used. This result suggests that the cell morphology of azole-
resistant C. albicans is more vulnerable under OA treatment
compared to that of azole-sensitive C. albicans cells.

To conduct a comprehensive study of the cellular changes in
chemical information, we conducted fingerprinting hSRS to
inspect metabolic changes in the presence of OA treatment.
The hSRS unmixing concentration maps clarified that the
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intensity of the lipids, including both sterol C=C and acyl
C=C, remained at a high level compared to the control and
the low dose of OA treatment (10 xM). However, the lipid
maps showed almost completely diminished sterol C=C
intensity in the presence of a high concentration of OA
treatment (100 and SO0 uM). The protein signals were
remarkably decreased as well, with metabolic heterogeneity
observed in the decomposed maps (Figure 4A). The intensity
profile of the lipids showed active EE synthesis in the control
and the low dose OA-treated (10 M) cells, but EE synthesis
was dramatically reduced in the presence of higher
concentrations of OA (100 and 500 yM) (Figure 4B). This
indicated that the metabolic inhibition in azole-resistant C.
albicans was visualized by tracing biomass metabolic synthesis
under OA treatment. A comparison of the unmixed SRS image
intensity further revealed that the synthesis of lipids was highly
active in azole-sensitive C. albicans cells exposed to 10 uM of
OA treatment, but the synthesis of lipids was much reduced in
the presence of a higher concentration of OA (100 and 500
uM). However, the unmixing results exhibited a largely
diminished signal in the EE image but no significant change
in the acyl C=C image until the OA dosage was increased up
to 500 uM (Figure S10). Comparing the unmixed finger-
printing channels between azole-resistant and azole-sensitive C.
albicans cells, we postulated that the cell viability of azole-
resistant C. albicans is much more vulnerable to OA treatment,
and that EE production is impaired in the presence of OA. To
confirm this finding, we investigated cell viability using an
optical density measurement. The cell growth of azole-resistant
C. albicans was not affected in the presence of OA treatment at
a low concentration (10 uM). However, OA at 100 and 500
UM effectively inhibited the growth of azole-resistant C.
albicans cells (Figure 4D). To ensure that this inhibition was
not an acidic effect, we tested the ester form of OA, ethyl
oleate (EQ), and observed the same concentration-dependent
growth inhibition results (Figure 4E). In contrast, the sensitive
species were more robust to OA treatment (Figure S10). In
summary, our observation supports that EE inhibition by OA
reduces the viability of azole-resistant fungi.

Because ergosterol esterification is known to play a vital role
in maintaining intracellular ergosterol homeostasis, we
evaluated how cell susceptibility to azole antifungals could be
affected by oleate-mediated abrogation of EE. Additionally, we
evaluated whether the combination of OA and azoles would
exhibit a synergistic relationship and reduce azole tolerance in
fungi. To determine if a synergistic relationship exists, we used
the checkerboard assay to monitor the optical density of azole-
resistant C. albicans TWQO7241, TWQO7243, NR-29446, and
ATCC 64124 in the presence of oleate and FLC treatment. A
synergistic relationship was identified between oleate and FLC
treatment against azole-resistant C. albicans (Figure SA).
Notably, the lowest azole concentration that inhibited C.
albicans TWO7241 growth within 24 h steadily decreased
when the dose of OA was increased. An OA dose of 128 ug/
mL resulted in a 8-fold reduction in the minimum inhibitory
concentration (MIC) of FLC, where a two-fold change or
larger was classified as synergy based on the fractional
inhibitory concentration index (FICI). A synergistic relation-
ship was also observed between OA and FLC against other
azole-resistant strains: for C. albicans TWO7243, a 16-fold
reduction in the MIC of FLC was observed in the presence of
64 pug/ml OA; for C. albicans NR-29446, a 128-fold reduction
in the MIC of FLC was observed in the presence of 128 ug/

mL OA; and for C. albicans ATCC 64124, a 128-fold reduction
in the MIC of FLC was observed in the presence of 4 yg/mL
of OA treatment, respectively. The calculation of FICI based
on the MICs of FLC or OA and the fractional inhibitory
concentration (FIC) confirmed the synergistic effect between
oleate and FLC (Figure SB). Additionally, the combination of
FLC (at 8 ug/mL) with OA, at concentrations of 10 4uM and
higher, reduced the growth of C. albicans as observed over a 40
h period (Figure SC). The results confirmed that using OA, an
EE biosynthesis inhibitor, significantly impaired the cell
viability and resistance to FLC in azole-resistant C. albicans
strains. These growth inhibition results further validate our
hypothesis that OA with FLC exhibits a strong synergistic
effect in suppressing the growth of azole-resistant C. albicans
cells compared to either agent alone. Notably, palmitic acid
and arachidonic acid did not exhibit a synergistic relationship
with FLC against C. albicans TWO7241 (Figure S12). OA
treatment inhibits ergosterol esterification biosynthesis which
is vital for ergosterol homeostasis. The azole antifungals inhibit
the ergosterol biosynthesis pathway. Thus, OA acted
synergistically with FLC against azole-resistant C. albicans.

After confirming the efficacy of OA and FLC combination
treatment in azole-resistant C. albicans cells, and the hSRS
imaging predicted that inhibition in EE accumulation may
impair the biofilm-forming ability of C. albicans, we further
explored the synergistic effect of OA with FLC on the growth
of C. albicans biofilm. Biofilm development from yeast cells and
the biofilm cell viability were examined under OA and azole
treatment. The concentration of OA at 128 ug/mL and FLC at
16 pg/mL were chosen for combination therapy against C.
albicans TWO7241 biofilm. We performed confocal fluores-
cence imaging to identify the dead fungal cells with SYTOX
green nucleic acid stain and the overall fungal cells using the
cell wall stain concanavalin A (Con A) as an indicator.
Stationary phase C. albicans TWO7241 cells were seeded to
grow a biofilm over 24 h. The OA or azole treatment was then
applied before the biofilm was developed from the yeast form
of C. albicans. As shown in Figure SD, the transmission images
clearly show that in the control group, cells developed large
number of filamentous hyphae with extracellular matrix after
the 24 h incubation period, indicating that a biofilm had
formed. In the OA treatment group, the cells developed large
numbers of filamentous hyphae. However, in the FLC or the
OA/FLC treatment groups, there was a reduced number of
filamentous hyphae, and more yeast cells remained. From the
green channels showing the dead fungal cells with SYTOX
green, we observed that the dead cell ratio was dramatically
higher in the OA/FLC group. Quantification of the dead cell
(green channel) and the total cell amount (red channel)
further confirmed that the ratio of dead cells was significantly
higher in response to OA/FLC treatment compared to the
other three groups (Figure SE). This validated the synergistic
effect of OA/FLC to impair azole tolerance and cell viability.
From the total cell amount indicated in the red channel, we
estimated the cell number of yeast form and hyphae form. As
expected, the histogram showed the fungal cells largely
remained in the yeast form in the presence of OA/FLC,
which indicated that there was an inhibitory effect in fungal
biofilm development (Figure SF).

We further evaluated if the OA/FLC combination could
eradicate a fungal biofilm. The biofilm of C. albicans
TWO7241 yeast cells was first grown for 12 h, and then, the
OA or FLC treatment was incubated with the biofilm for
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another 12 h. No signs of morphological changes were
detected between the treatment groups (Figure SG). The live/
dead fluorescence imaging suggested that OA or FLC
treatment alone did not affect cell viability over the treatment
period. Interestingly, the ratio of dead cells was markedly
increased in the presence of the OA/FLC combination when
compared to OA or FLC alone. This indicates that OA/FLC
substantially suppressed the formation of C. albicans biofilm.
The quantitative ratio of dead cells was calculated and is
plotted in Figure SH. These data demonstrate an enhanced
effect of OA and FLC when administrated together to enhance
the activity of FLC in the biofilm of C. albicans.

To evaluate the efficacy of combining OA and FLC to
overcome azole resistance in vivo, we investigated the effect of
OA/FLC in a murine skin wound infection model>> To
induce skin lesions in mice (4 groups [n = 2 mice/group]), a
fungal suspension containing approximately 10° CFU/mL of
azole-resistant C. albicans TWO7241 was inoculated on the
wounds and uniformly applied gently onto the mice skin
(Figure 6A). 3 h after the wounds were infected, the first
topical treatments were administered to each group (FLC at 32
ug/mL or OA at 256 pug/mL). The second treatment was
administered 21 h after the wounds were infected. The wounds
of all the treated groups and the control group are shown in
Figure 6B. Then, mice were humanely euthanized, and the
wound tissues were aseptically collected in order to quantify
the Candida filamentation in wounds. Periodic acid—Schiff
(PAS) staining was further employed to examine the
physiological condition of the wounds. The untreated, OA-

treated, and FLC-treated groups all showed the formation of C.
albicans filaments below the wound, in which dead tissues,
yeast, or hyphae form fungi, macrophages, and neutrophils
dwell (Figure 6C). This suggests that the immune system of
mice fought against fungi residing inside the wound tissue.
Treatment of OA alone did not significantly influence C.
albicans hyphae development relative to the untreated control
(p > 0.05) (Figure 6C,D). In contrast, OA/FLC effectively
inhibited the formation of C. albicans hyphae in mice skin
tissues, with yeast form C. albicans aggregated on the mice skin
surface. These results qualitatively and quantitatively demon-
strate the improvement of OA/FLC in their ability to impair
Candida filamentation in vivo (Figure 6C,D). The synergistic
relationship between OA and FLC, as demonstrated here,
implies a novel approach to effectively inhibit the growth of C.
albicans hyphae, which impairs biofilm formation.

B DISCUSSION

Multidrug-resistant Candida species are rapidly emerging and
spreading globally. The mortality rates of invasive C. albicans
infection remain high despite the availability of existing
antifungal therapies. Strategies that can combat the emergence
and spread of antifungal resistance are crucial for guiding
therapeutic treatment. However, an understanding of the
underlying mechanism of fungal cell metabolism reprogram-
ming in response to azole treatment is incomplete. C. albicans
is capable of forming highly drug-resistant biofilms, an
organized three-dimensional structure that comprises a dense
network of cells in an extracellular matrix of carbohydrates,
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glycoproteins, lipids, and nucleic acids.”*™° These biofilms
restrict access to echinocandin drugs, and they are intrinsically
resistant to azoles.'””’ As the biofilms of C. albicans are
recalcitrant to antifungal treatment, biofilms pose a significant
medical challenge for the treatment of candidiasis. The
development and formation of biofilms is a multi-step process
that involves various adaptive mechanisms, such as lipid
composition alteration.”” Cells in C. albicans biofilms undergo
phase-dependent changes in the levels and composition of
lipids.”®*”

Here, by hSRS imaging that enables visualization and
quantitative analysis of lipid metabolism integrated with
LASSO analysis to quantify the intracellular chemical contents,
we report an aberrant accumulation of EE in azole-resistant C.
albicans as compared with non-resistant species at a single-cell
level. Such accumulation is found to arise from de novo glucose
lipogenesis. According to lipid profiling analysis by mass
spectrometry, ergosterol oleate storage significantly increases
in azole-resistant C. albicans. Consequently, blocking EE
accumulation by using azoles in combination with oleate
synergistically suppressed C. albicans cell viability in vitro and
the growth of biofilms on the wounds of mice in vivo.

Visualizing metabolism in single living cells has been
challenging due to technical difficulties. Here, by fingerprinting
hSRS imaging, we demonstrated visualization and quantitative
analysis of lipid metabolism at the single-cell level in a
temporal and spatially resolved manner. This method is
complementary to current techniques, like mass spectrometry,
nuclear magnetic resonance spectroscopy, fluorescence imag-
ing, or single-color SRS spectroscopy. Instead of ensemble
measurement, high spatial resolution is vital for exploring
intracellular dynamic and complex metabolic networks.
Visualizing the mechanisms underlying fungal resistance to
azole antifungals and revealing the metabolic heterogeneity or
the diversity in metabolism at a single-cell level should facilitate
a better understanding of why some fungal species are
intrinsically resistant to azoles. Our method opens an avenue
to address this question by imaging the metabolic response in a
wide variety of fungal cells or a biofilm in situ. Another
important question that can be pursued by our technology is
whether a therapeutic strategy can be developed through a
quantitative, comparative study of intracellular metabolites
between sensitive fungal cells, resistant cells, and biofilm cells.

In this work, we showed that compared to azole-sensitive C.
albicans cells, resistant cells exhibit significantly higher level of
EE accumulation derived mainly from de novo glucose
lipogenesis. Our observation is consistent with previous reports
of higher EE accumulation levels in some azole-resistant
cells.”" A recent study reported significant enrichment of
genes associated with ergosterol and sphingolipid biosynthesis
in FLC-treated cells which has the highest correlation with
FLC resistance.”” Oleate inhibited steryl ester synthesis and
caused liposensitivity in yeast.”> However, direct evidence to
elucidate azole resistance and steryl esterification is needed.
The difference of EE biosynthetic preference for C. albicans
may be related to its special metabolic demands, leading to our
observation of a distinct EE biosynthetic metabolic pathway in
azole-resistant C. albicans. We also noticed that different
clinical isolates may have distinct metabolic profiles. Azole-
resistant C. albicans strains ATCC MYAS73, ATCC 64124,
and NR-29448 showed relatively lower cellular levels of EE.
Further investigation is needed to fully understand the
metabolic networks on how high cellular levels of EE

contribute to azole resistance. Our imaging method could be
a powerful tool to reveal the metabolic differences between
different cell models in clinically resistant isolates and other
fungal pathogens. Developing more applications for our
approach relies on improving imaging sensitivity further. Due
to the current limited detection sensitivity at a millimolar level,
we could not detect ergosterol or sphingolipid on the cell
membrane in the fingerprint region. Higher sensitivity would
allow mapping of the complex organization with distinct lipid
compositions on cell membranes. Future elucidation is needed
for the molecular mechanisms by which the EE biosynthetic
pathway will determine whether ergosterol esterification is a
compelling therapeutic target across multiple Candida types.
Regulating ergosterol metabolism in Candida cells from
multiple isolates will further improve the current under-
standing of how metabolic transformation is linked to
antifungal resistance.
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