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Abstract

Candida auris, a decade old Candida species, has been identified globally as a significant
nosocomial multidrug resistant (MDR) pathogen responsible for causing invasive outbreaks.
Biofilms and overexpression of efflux pumps such as Major Facilitator Superfamily and ATP
Binding Cassette are known to cause multidrug resistance in Candida species, including C.
auris. Therefore, targeting these factors may prove an effective approach to combat MDR in
C. auris. In this study, 25 clinical isolates of C. auris from different hospitals of South Africa
were used. All the isolates were found capable enough to form biofilms on 96-well flat bot-
tom microtiter plate that was further confirmed by MTT reduction assay. In addition, these
strains have active drug efflux mechanism which was supported by rhodamine-6-G extracel-
lular efflux and intracellular accumulation assays. Antifungal susceptibility profile of all the
isolates against commonly used drugs was determined following CLSI recommended guide-
lines. We further studied the role of farnesol, an endogenous quorum sensing molecule, in
modulating development of biofilms and drug efflux in C. auris. The MIC for planktonic cells
ranged from 62.5—-125 mM, and for sessile cells was 125 mM (4h biofilm) and 500 mM (12h
and 24h biofilm). Furthermore, farnesol (125 mM) also suppresses adherence and biofilm
formation by C. auris. Farnesol inhibited biofilm formation, blocked efflux pumps and down-
regulated biofilm- and efflux pump- associated genes. Modulation of C. auris biofilm forma-
tion and efflux pump activity by farnesol represent a promising approach for controlling life
threatening infections caused by this pathogen.

Introduction

Candida auris has now well evolved MDR pathogen, which has caused serious outbreaks in
several continents. It was first isolated from external ear of a Japanese patient in 2009 [1] and
within a decade infection caused by C. auris has spread rapidly across six continents [1,2].
Centers for Disease Control and Prevention (CDC) has declared C. auris as a global threat
with a report of causing several outbreaks in different countries, including United States
(https://www.cdc.gov/fungal/candida-auris/tracking-c-auris.html). C. auris is causing serious
bloodstream infections and other infections ranging from meningitis, bone infections, surgical
wound infections and urinary tract infections have been reported in hospitals [3]. C. auris
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infections are stubborn because it is resilient to most of the available antifungal drugs [4]. In
one of the reports, CDC has analyzed antifungal susceptibility profile of different C. auris iso-
lates and it was reported that almost all the isolates were resistant to fluconazole (FLZ) and
one-third of isolates remain unaffected to amphotericin B (AmB). In 2016, Infectious Diseases
Society of America (IDSA) Clinical Practice Guidelines for candidiasis has recommended
Antifungal Susceptibility Testing (AFST) for all clinically relevant Candida isolates. Further-
more, it was suggested that any Candida isolate with antifungal resistance > 1 and with uncer-
tain identity should be further tested for confirmation of C. auris [5]. In a study, out of 54 C.
auris isolates from five countries, FLZ resistance was reported in 93% isolates, AmB resistance
in 35% isolates, and echinocandins resistance in 7% C. auris isolates (around 41% C. auris iso-
lates were found resistant to > 2 antimycotic class of drugs) [6]. Similarly, a recent report
clears scenario of C. auris resistance in the U.S., 86%, 43% and 3% of first 35 patients were
resistant to FLZ, AmB and echinocandins respectively [7].

Whereas, echinocandins class of drugs was found active against most of the isolates of C.
auris; however, echinocandin resistance in patients have been reported recently [8]. Research-
ers have reported multidrug resistance among C. auris isolates as a common phenomenon,
severely restraining its treatment possibilities [6]. In South Africa, the first instance of infection
caused by C. auris was reported in the 2014 and around 1,700 cases were detected between
2012 and 2016. Currently, C. auris is a widespread problem as it is found in almost 100 hospi-
tals across South Africa with a vast majority of cases been reported from private hospitals in
Gauteng Province. The underlying reason for rapid spread of C. auris infection is its ability to
adhere to polymeric surfaces and biofilm formation [9].

Increasing prevalence of C. auris infection worldwide especially in South Africa motivated
us to study pathogenic traits of this species. Farnesol, a first quorum sensing (QS) molecule
identified in eukaryotic microorganisms [10], play an important role in an array of biological
functions such as virulence, biofilm formation, and competence [11]. Numerous studies have
reported the effect of farnesol on C. albicans growth and pathogenesis [12-14]. In C. albicans,
farnesol inhibits the dimorphism [10] that prevent its establishment in different environmental
conditions [15], it has antioxidant effects [16] and also inhibits drug transporters [17]. Addi-
tionally, farnesol showed low cytotoxicity without genotoxic effects [18]. Researchers have also
suggested that farnesol competitively inhibits the efflux of antifungal compounds mediated by
ABC drug transporters, possesses in vitro synergistic effect with various antifungals against sin-
gle or mixed-species biofilm models and suppresses the resistance of C. albicans biofilms by
regulating the expression of the gene CYRI and PDE2 [19, 20]. With this background, we
emphasized to study the effect of farnesol on growth, biofilms and reversal of drug resistance
in different C. auris isolates.

Methods
Ethics statement

All the C. auris isolates (n = 25) were obtained from the Division of Mycology, National Insti-
tute of Communicable Diseases (NICD), Johannesburg, South Africa. To use these isolates in
this study, an ethics waiver was obtained from the Human Research Ethics Committee of Uni-
versity of the Witwatersrand (M140159) and performed according to guidelines outlined in
the Helsinki Declaration.

Candida isolates

In this study, 25 C. auris (C. auris MRL 2397, C. auris MRL 2921, C. auris MRL 3499, C. auris
MRL 3785, C. auris MRL 4000, C. auris MRL 4587, C. auris MRL 4888, C. auris MRL 5418, C.
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auris MRL 5762, C. auris MRL 5765, C. auris MRL 6005, C. auris MRL 6015, C. auris MRL
6057, C. auris MRL 6059, C. auris MRL 6065, C. auris MRL 6125, C. auris MRL 6173, C. auris
MRL 6183, C. auris MRL 6194, C. auris MRL 6277, C. auris MRL 6326, C. auris MRL 6333, C.
auris MRL 6334, C. auris MRL 6338 and C. auris MRL 6339) and 1 C. albicans (SC5314) were
used. All 25 clinical C. auris strains were from NICD’s national active surveillance system for
candidaemia (GERMS-SA) and the details about collection, identification and drug suscepti-
bility can be obtained from van Schalkwyk and co-workers (2019) [21]. The isolates were
stored in glycerol stock at -80°C until required.

Antifungal susceptibility profiles

The antifungal susceptibility profile of C. auris isolates were established by broth microdilution
assay as per the recommended guidelines of Clinical and Laboratory Standards Institute
(CLSI) reference document M27-A3 [22]. Briefly, inoculum was prepared by growing C. auris
in Sabouraud Dextrose Broth (SDB) at 37°C for 24h, centrifuged and resuspended yeast cells
in fresh SDB and the turbidity of the suspension was adjusted to 0.5 McFarland Standard
(equivalent to 5.0 x 10° CFU/ml) using MicroScan Turbidity meter (Beckman Coulter, CA,
USA). Stock solutions of AmB and FLZ were prepared by using dimethyl sulfoxide (DMSO)
and the range of concentrations tested were 16-0.004 ug/ml and 1000-0.25 pg/ml, respectively.
Farnesol (Sigma Aldrich Co., USA) was obtained as a 3.7 M stock solution and was further
diluted with 1% DMSO to achieve a concentration of 2000 mM. Two-fold dilutions of farnesol
(100 pL) were prepared in 96-well flat-bottom microtiter plates, to obtain a concentration
range of 500 to 0.24 mM after the inoculation of 100 pl of stock culture (0.5 McFarland) to
each well. All the plates were incubated at 37°C for 48h without shaking. In every set of experi-
ment, cell free (sterility) and drug free (growth) controls were included for each C. auris iso-
lates and all the isolates were tested in triplicate. C. albicans SC5314 was kept as a standard
laboratory control in each test performed. Observation was made visually as well as by employ-
ing 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) reduction
assay [23]. Briefly, a stock solution of MTT was prepared in Phosphate Buffer Saline (PBS) (5
mg/ml, filter sterilized and diluted 1:5 with pre-warmed sterile PBS). After 48h incubation,

50 pl of MTT solution was added to each well of the microtiter plate and was incubated for 5h
at 37°C. Subsequently, 100 pl of DMSO was added to solubilize the MTT-formazan product,
which was measured at 490 nm by using a microplate reader (iMark, BioRad). MIC’s were
determined as the lowest concentration of the drugs (AmB and FLZ) and farnesol that inhib-
ited growth of test organism.

Candida auris biofilm formation

Biofilm formation by Candida spp. on medical devices is very common problem and life
threatening for patients. Different clades of C. auris have also been reported to produce biofilm
and therefore we studied the biofilm forming capability of C. auris strains isolated form differ-
ent hospitals in South Africa. Biofilm formation by C. auris isolates (n = 25) was evaluated as
described previously with slight modifications [24]. Briefly, 200 ul standardized cell suspension
(0.5 McFarland) was inoculated in 96-well flat bottom microtiter plates at 37°C for 2h. C. albi-
cans SC5314 was used as a standard for biofilm formation. After incubation medium was aspi-
rated and the wells were washed twice with sterile PBS, resulting in removal of planktonic
cells. The wells of microtiter plates were reloaded with 200 ul of fresh medium and again incu-
bated at 37°C for 48h. Metabolic activities of biofilms formed by both the Candida species
were measured using MTT reduction assay. Briefly, after biofilm formation 50 pl of 5mg/ml
MTT solution was added to each well of the 96-well flat bottom microtiter plate and was
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incubated at 37°C for 5h. Subsequently, MTT was removed and 100 pl of DMSO was added to
solubilize the MTT-formazan product. The resulting colored solution was quantified by mea-
suring absorbance at 490 nm using a multi-well microplate reader (iMark, BioRad). The meta-
bolic activities of biofilms formed by C. auris and C. albicans SC5314 was compared. The
metabolic activity was also compared among C. auris isolates and those with higher readings
were selected for further investigation (drug efflux and accumulation studies as well as for
molecular analysis).

Effect of farnesol on development of C. auris biofilms

To evaluate the activity of farnesol on sessile cells of C. auris and later development of biofilms,
a method described previously was followed [23]. Briefly, to see the effect of farnesol on adher-
ence and development of biofilms, freshly prepared C. auris cells (100 pl, 0.5 McFarland) were
incubated with 100 pl farnesol (500-0.48 mM) (referred as zero time) in predetermined wells
of 96-well flat bottom microtiter plate for initial 2h under biofilm forming conditions. Later
on, planktonic cells were aspirated and wells were washed with sterile PBS followed by addi-
tion of fresh medium and incubation at 37°C for 48h. Whereas, effect of farnesol on 4h prema-
ture C. auris biofilms was evaluated by inoculating 100 ul cell suspension (0.5 McFarland) into
predetermined wells of 96-well flat bottom microtiter plates followed by incubation at 37°C
for 4h. After incubation the growth medium was removed followed by thorough washing with
sterile PBS. After removal of non-adherent cells, different concentrations (500-0.48 mM) of
farnesol were added to the wells of microtiter plate and incubated at 37°C for 48h. Metabolic
activities of the biofilms were measured using MTT reduction assay as described above.

Effect of farnesol on mature biofilms

C. auris biofilms were allowed to grow at 37°C for 12h and 24h under favorable biofilm form-
ing conditions. The growth medium was removed, and biofilm was washed gently with sterile
PBS. Farnesol (500-0.48 mM) was added to the predefined wells of microtiter plates and fur-
ther incubated at 37°C for 24h. The metabolic activity of treated and untreated biofilms was
assessed by MTT reduction assay as described above.

The lowest concentration of farnesol where we reported >90% destruction in mature bio-
film was recorded. Furthermore, biofilm inhibitory concentrations (BIC) were defined as the
lowest concentration of farnesol where we report inhibition (>90%) compared to the growth
control.

Confocal laser scanning microscopy (CLSM)

To further confirm the effect of farnesol on C. auris biofilm, CLSM was done. C. auris strain
MRL5765 was allowed to grow on glass coverslips in 6-well microtiter plates under biofilm
forming conditions. Farnesol (BIC) was administered in designated wells at different time
points (4h, 12h and 24h) except the growth control wells (untreated cells). The plates were fur-
ther incubated at 37°C for 24h. Following incubation, the planktonic cells were aspirated and
biofilms were gently washed twice with PBS and stained with fluorescent dye FUN-1 (Invitro-
gen, Thermo Fisher Scientific, South Africa) and concanavalin A (ConA)-Alexa Fluor 488 con-
jugate (Invitrogen, Thermo Fisher Scientific, South Africa). For staining, the coverslips were
transferred to a new 6-well microtiter plate and incubated with 2 ml PBS containing FUN-1
(10 uM) and ConA-Alexa Fluor 488 conjugate (25 pg/ml) for 45 min at 37°C in dark. FUN-1
(excitation = 543 nm and emission = 560 nm) is a vital dye and only live cells are capable of
transporting it to the vacuole and result into orange-red cylindrical intra-vacuolar structures
(CIVS) whereas in dead cells FUN-1 remain in the cytosol and fluoresces yellow-green [25].
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ConA (excitation = 488 nm and emission = 505 nm) on the other hand fluoresces bright green
when binds to o-mannopyranosyl and a-glucopyranosyl residues present in cell wall and bio-
film matrix. After incubation with fluorescent dyes the glass coverslips were flipped on glass
plates and stained biofilms were observed using a Zeiss Laser Scanning Confocal Microscope
(LSM) 780 and Airyscan (Carl Zeiss). Multitrack mode was used to collect the images of green
(ConA) and red (FUN-1) fluorescence simultaneously. The thickness or volume of whole bio-
film was determined by collecting Z-stack picture and the distances between first and last fluo-
rescent confocal plane was defined as biofilm thickness [26].

Extracellular Rhodamine 6G efflux assay

Extracellular efflux of Rhodamine 6G (R6G) from C. auris cells were evaluated as described
previously [27], with some minor adjustments. For this study four C. auris isolates (MRL 4000,
MRL 5762, MRL 5765, and MRL 6057) were selected and C. albicans SC5314 was used as stan-
dard for efflux activity. These C. auris isolates were preferred over others because of higher bio-
film forming capabilities as well as these isolates were resistant to FLZ and AmB. As these
isolates were displaying comparatively higher virulence, they seem to be promising candidates
for analyzing drug efflux pumps and to check effect of farnesol over these pumps. Briefly, Can-
dida cells were grown on Sabouraud Dextrose Agar (SDA) plates at 37°C for 24h. The stan-
dardized cell suspensions (0.5 McFarland) were inoculated in 50 ml growth media (SDB) at
37°C for 8h. Post-incubation media was centrifuged (3,000 rpm for 5 min), washed twice with
25 ml PBS (without glucose) and was resuspended in the same buffer (2% cell suspension).
The cells were then further incubated in 50 ml sterile PBS containing 2-deoxy-p-glucose (5.0
mM) and 2,4 dinitrophenol (5.0 mM) for 45 min, resulting in de-energizing of cells. Followed
by de-energization, the cells were washed and again resuspended in glucose-free PBS (0.5
McFarland). R6G (final concentration of 10 pM) was added to this resuspension and incubated
for 40 min at 37°C. After incubation cells were again washed and resuspended in glucose-free
PBS and samples (2 ml) were withdrawn at definite intervals (0, 5, 10, 15, 20 min). After har-
vesting samples were pelleted at 3,000 rpm for 5 min and optical density of supernatant was
recorded at 527 nm. To study the energy dependent R6G eftlux, 0.1 M glucose was added after
20 min incubation to the cells resuspended in glucose-free PBS. The absorbance was recorded
till 60 min of incubation with glucose and the last reading was recorded after overnight (20h)
incubation. Positive as well as negative controls were included in all the experiments. The stan-
dard concentration curve of R6G was prepared for determining the actual concentration of
R6G eftluxed.

For competition assays, yeast cells were exposed for 2h to different concentration of farne-
sol (0.5 x MIC and MIC). Post exposure the cells were pelleted (3,000 rpm for 5 min) and
washed twice with sterile PBS (without glucose). Thereafter, treated cells were de-energized
and then equilibrated in R6G as stated above. Samples (2 ml) were withdrawn at predeter-
mined time points (0, 5, 10, 15, 20 min), centrifuged (3,000 rpm for 5 min) and absorbance of
supernatant was recorded at 527 nm. The estimation of energy dependent R6G efflux was
done by adding 0.1 M glucose after 20 min incubation to the resuspended cells and reading
were recorded till 60 min and last reading was recorded after 20h of incubation. Positive as
well as negative controls were included in all the experiments. The standard concentration
curve of R6G was prepared for determining the actual concentration of R6G effluxed.

Intracellular Rhodamine 6G accumulation assay

Intracellular accumulation assay was executed as discussed earlier [27], with minor modifica-
tion. Briefly, C. auris isolates (MRL 4000, MRL 5762, MRL 5765 and MRL 6057) cells were
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grown overnight in SDB medium at 37°C. After incubation cells were centrifuged (3,000 rpm
for 5 min) and washed twice in sterile PBS and re-inoculated in sterile SDB broth supple-
mented with farnesol (at 0.5 x MIC and MIC) at 37°C for 2h. Post incubation, cells were pel-
leted (3,000 rpm for 5 min) and given sterile PBS wash. The washed cells were resuspended in
sterile PBS (1.0 ml) supplemented with 2% glucose and 4 uM R6G and then incubated at 37°C
for 30 min. Post incubation cells were washed twice with cold sterile PBS and the pellet was
used for fluorescence microscopy.

Real time PCR

Effect of farnesol on the expression of genes involved in biofilm formation and drug efflux
pumps (Table 1) was evaluated by RT-qPCR. Briefly, C. auris (MRL 4000, MRL 5762, MRL
5765 and MRL 6057) cells at a concentration of 5 x 10° cells/ml were exposed to farnesol
(MIC) followed by incubation at 37°C for 2h. Untreated cells were used as negative control.
Total RNA was extracted using RNA MiniPrep kit (Inqaba Biotechnical Industries Ltd) follow-
ing the manufacturer’s instructions. Concentration of total RNA was measured using a Nano-
drop 2000 spectrophotometer (Thermo Scientific, MA, USA). Purity of RNAs was assessed by
determining A,¢o/Asg ratio and a ratio above 2 was used for further experiment RT-qPCR.
Thereafter, cDNA was synthesised using cDNA synthesis kit (Lasec South Africa Ltd) follow-
ing manufacturer’s instructions. Primers for the target and housekeeping genes (ACT1) were
designed using online Primer3web version 4.1.0. (http://primer3.ut.ee/) (Table 1) and were
synthesized from Metabion International AG, Germany (http://www.metabion.com/). RT-
qPCR was performed using PowerUp™ SYBR™ Green Master Mix (Applied Biosystems) in
a RocheLight® Cycler Nano instrument Real-time PCR system (Roche, Basel, Switzerland).
The following thermal cycling conditions for all RT-qPCR reactions were used; UDG activa-
tion at 50°C for 2 min (Hold), Dual-lock DNA polymerase at 95°C for 2 min (Hold), 40 cycles
of denaturation at 95°C for 15 sec, annealing at 53°C for 15 sec, and extension 72°C for 1 min.
Dissociation curve conditions (melt curve stage) were as follows: Pre-melting at ramp rate of
1.6°C/sec, 95°C and 15 sec; Melting at ramp rate of 1.6°C/sec, 60°C and 1 min; Melting at
ramp rate of 0.15°C/sec, 95°C and 15 sec. The dissociation curve and CT values were deter-
mined using the LightCycler Nano system. The gene expression was quantified and analyzed
with respect to the housekeeping gene ACT1 using formula 2**“", The relative change in
expression was estimated by normalizing to housekeeping gene (ACT1I).

Table 1. Nucleotide sequences for primers (5'—3').

Gene Forward primer Reverse primer Source
CDRI1 GAAATCTTGCACTTCCAGCCC CATCAAGCAAGTAGCCACCG [28]
CDR2 GTCAACGGTAGCTGTGTG GTCCCTCCACCGAGTATGG [28]
MDRI GAAGTATGATGGCGGGTG CCCAAGAGAGACGAGCCC [28]
MDR2 GGCGAGCTGTTGAGAATGTG CTTCATGGCTTGCAACCTTC [28]
SNQ2 ATCACCGAGGAATTGAGCAC TCAACCTGTGAGCTTGATGC This study
HYR3 CTGGTTTGACCTTCGTGGAT GGCAGAGGTGACGTAGAAGC This study

IFF4 AATGGTGCTGGTTGTGTGAA AGTGAACCCAAGGTTGATGC This study
PGA26 CCACGAACCTCCAAACAAGT TGGTCACTGTGAGGGTGGTA This study
PGA52 ACGAACACACCGTTGAATGA AGTGCCATCTTGAGCGCTAT This study
PGA7 GGCAGACTTTTCAGCTTTGG AATCAATTTCCCGTTTGCAG This study
ALS5 GCGATCCAATTTTGGAAGAA GGTGCATCCCTATCTGAGGA This study
ACTI GAAGGAGATCACTGCTTTAGCC GAGCCACCAATCCACACAG [28]

https://doi.org/10.1371/journal.pone.0233102.t001
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Statistics

All the data and graphs were made and statistically analyzed using GraphPad prism version
5.01. All the experiments were carried out in triplicates, and the data obtained were presented
as means * standard error of the mean. Two-way ANOVA was used to compare untreated
control with treated groups and P value less than 0.05 was considered significant.

Results and discussion
Antifungal susceptibility testing

All the clinical isolates of C. auris used in the present study were found sensitive to the farnesol
within the MIC range of 62.5-125 mM. MIC values for AmB ranged from 0.125-4.0 pg/ml
whereas for FLZ the MIC values ranged from 16-500 pig/ml (Table 2). CDC has established arbi-
trary breakpoints for C. auris, which were set at >32 ug/ml and >2 pg/ml for FLZ and AmB,
respectively [9,29]. Based on these cutoff values, all the tested C. auris isolates except three (MRL
2397, MRL 3499, MRL 3785) were FLZ resistant whereas five C. auris isolates (MRL 2921, MRL
4000, MRL 5762, MRL 5765 and MRL 6057) were found resistant to AmB. Recent studies have
also confirmed that C. auris isolates are usually resistant or less susceptible to azoles [30-32]. Fur-
thermore, lower susceptibility of C. auris isolates against AmB is also in agreement with previous
studies, where high AmB MICs for C. auris isolates were reported [33-35]. Inhibitory and modu-
latory effects of farnesol in C. albicans and other non-albicans Candida species has already being
studied and its impact on biofilm formation, efflux pumps, and other virulence attributes is well
established [12, 36-38]. However, this study for the first time reported inhibitory effect of farnesol
on C. auris isolates. In comparison to other non-auris Candida species where low MICs for farne-
sol were reported, high concentrations are required to inhibit growth of C. auris. Farnesol at low
concentration of 0.3 mM inhibits growth of C. albicans planktonic cells whereas, C. dubliniensis
growth is inhibited at further lower concentration of 0.2 mM [39, 40]. As C. auris is MDR species,
it was expected to have higher MIC values as compared to other Candida species.

C. auris biofilm formation

Metabolic activity of untreated healthy biofilms was quantified by MTT and the results
revealed that all the 25 isolates of C. auris were able to form biofilm. Whereas, the extent of bio-
film formed varied among the isolates, only 16 out of 25 C. auris isolates were good biofilm

Table 2. MIC values for AmB, FLZ and farnesol against isolates of C. auris.

C. auris isolates AmB (ug/ml) FLZ (ug/ml) Farnesol (mM) C. auris isolates AmB (ug/ml) FLZ (ug/ml) Farnesol (mM)

MRL 2397 1.0 16.0 125.0 MRL 6059 0.5 125.0 125.0
MRL 2921 2.0 250.0 125.0 MRL 6065 1.0 125.0 125.0
MRL 3499 0.5 16.0 62.5 MRL 6125 0.25 62.0 125.0
MRL 3785 0.125 16.0 62.5 MRL 6173 0.25 32.0 125.0
MRL 4000 2.0 250.0 125.0 MRL 6183 0.25 250.0 125.0
MRL 4587 0.5 32.0 125.0 MRL 6194 0.25 125.0 125.0
MRL 4888 1.0 500.0 125.0 MRL 6277 0.5 125.0 125.0
MRL 5418 0.5 500.0 125.0 MRL 6326 0.25 125.0 125.0
MRL 5762 2.0 500.0 125.0 MRL 6333 0.5 125.0 125.0
MRL 5765 2.0 500.0 125.0 MRL 6334 0.5 250.0 125.0
MRL 6005 1.0 500.0 125.0 MRL 6338 0.25 125.0 125.0
MRL 6015 0.25 62.0 125.0 MRL 6339 0.5 250.0 125.0
MRL 6057 4.0 125.0 125.0

https://doi.org/10.1371/journal.pone.0233102.t002
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formers which was evident from higher MTT readings. Furthermore, biofilm formed by these
16 isolates were compared with biofilm formed by C. albicans SC5314. The metabolic activity
recorded for C. albicans biofilm was 1.5 to 2.0 times higher than metabolic activity recorded
for C. auris biofilm. Therefore, we concluded that C. auris isolates were having biofilm forming
capability but less than C. albicans SC5314. When all 16 C. auris isolates were compared for
their biofilm forming capability higher metabolic activity was recorded in MRL 4000, MRL
5762, MRL 5765 and MRL 6057; furthermore, these isolates were also found resistant to FLZ
and AmB. Our results are in agreement with previous findings, which characterized and com-
pared the biofilm formation of 16 different C. auris isolates with biofilms formed by C. albicans
[32, 41]. In these studies, they reported C. auris biofilms are mainly composed of yeast cells
whereas, extremely heterogeneous architecture was found in C. albicans biofilms. They also
investigated and compared the virulence factors of C. auris isolates with C. albicans. Research-
ers also described and differentiated the biofilm forming ability of non-aggregative and aggre-
gative strains of C. auris [41].

Farnesol inhibits C. auris biofilm development and formation

Sixteen C. auris isolates showing good biofilm forming capability were selected for this study.
Non adherent (pre-incubation/zero time) and adherent cell population (4h, 12h and 24h) of C.
auris was treated with different concentrations of farnesol (500-0.48 mM) to determine its
inhibitory effect over C. auris biofilm formation. The results demonstrated that incubation of
isolates with the farnesol (125.0 mM) during initial phase of biofilm development stopped the
cells from adhering and growing further, resulting in scarce or missing biofilms in the microti-
ter plate. Additionally, at concentration of 7.81 mM of farnesol we observed more than 50%
inhibition in biofilm formation. When the cells were allowed to grow for 4h under biofilm
forming conditions the biofilm inhibitory concentration (BIC) was found to be 125 mM. Fur-
thermore, 12h and 24h mature biofilm became highly resistant to low concentration of farne-
sol and were inhibited at a high concentration of 500 mM. This was reflected clearly in the
readings recorded at 490 nm, with lowest MTT readings at the highest concentration of farne-
sol. Percent inhibition of C. auris biofilms at different concentration is shown in Fig 1. The
effect of farnesol on subsequent biofilm development decreased, as we allowed cells to adhere
by increasing the incubation time. In comparison, good biofilm architecture was recorded for
untreated biofilms (negative control), which was marked by readings obtained at 490 nm. The
results further suggested that mature biofilms (12h and 24h) are more resistant. Although C.
auris forms significantly reduced biofilms as compared to C. albicans, nevertheless, it has the
ability to form biofilms on various medical devices [3]. In comparison to other non-auris Can-
dida species where lower concentrations of farnesol were reported to have anti-biofilm effects,
our results showed higher concentrations are required to inhibit biofilm formation and devel-
opment. Sebaa and co-workers (2019) reported anti-biofilm activity of farnesol against C. albi-
cans ATCC 10231 and 6 other strains isolated from dentures [42]. In the same study, it was
reported that 3 mM farnesol exerted stronger action when added at the beginning of biofilm
formation (>50% inhibition) than when added to 24h mature biofilms (<10% inhibition),
and therefore concluded farnesol had a greater effect during the initial phases of biofilm for-
mation. In another study, it was reported that metabolomic changes associated with hyphal
suppression by farnesol in C. albicans reaches to complete hyphae inhibition at 1 mM concen-
tration of farnesol [43]. Antifungal resistance and lower susceptibility among C. auris biofilms
against commonly used drugs in comparison to C. albicans and C. glabrata has already been
reported by researchers [41,44]. Results in the present study established the fact that farnesol
prevented adherence of C. auris cells, which is a crucial step in biofilm formation.
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Fig 1. Effect of farnesol on formation of C. auris biofilms. C. auris cells were incubated under biofilm forming conditions with
different concentrations of farnesol (500-0.48 mM) at time interval (pre-incubation, 4h, 12h, and 24h). Pre-incubation of C. auris
cells with farnesol and treatment of C. auris biofilm formed after 4h, 12h and 24h of incubation with farnesol. MTT reduction
assay was used for quantification. Two-way ANOVA was used to study statistical significance (***P < 0.001).

https://doi.org/10.1371/journal.pone.0233102.g001

CLSM analysis

C. auris biofilm architecture and antifungal activity of farnesol was examined by using CLSM
technique. Biofilm cells at different growth phases were challenged with farnesol for 24h and
stained with FUN-1 and ConA to evaluate the cell viability and thickness of biofilm extracellu-
lar matrix. The inhibitory effect of farnesol was assessed by comparing treated biofilms with
untreated control under confocal microscope. CLSM analysis of untreated control revealed
that as biofilm gets more mature their metabolic activity decreases, as seen by Fun-1 staining.
Fun-1 permeabilizes into cells and only metabolically active cells convert Fun-1 to orange-red
CIVS [25]. Highest metabolic activity was observed in 4h biofilms that was estimated by stain-
ing intensity of CIVS (orange-red colour) whereas as the staining decreased with increase in
incubation time of biofilms (Fig 2). After 24 h of incubation under biofilm forming conditions,
only a small subpopulation showed formation of CIVS, which was evident from orange-red
fluorescence. These results are incongruent with the previous findings, where cells embedded
in mature biofilm (48h) were reported to have reduced metabolic activity and limited growth
as compared to cells with young biofilms (4h) [45]. Contrary to this with increasing age and
maturity the thickness of extracellular matrix was found to increase which was evident by
more green fluorescence during CLSM as a result of binding of ConA to glucose and mannose
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Fig 2. Metabolic activity of C. auris cells in biofilm decreases with increasing maturity. C. auris strain MRL 5765 cells were stained with FUN-1 and
ConA- Alexa Fluor 488 conjugate stain after incubation of biofilm for 4h, 12h and 24h respectively. The image utilizes a 63X oil immersion objective
with magnification, X1. The cells that were live and active produce orange-red cylindrical intra-vacuolar structures (CIVS). The increase in green
fluorescence shows the increase in biofilm extracellular matrix with increasing incubation time.

https://doi.org/10.1371/journal.pone.0233102.9002

residues present in cell wall and biofilm matrix. The thickness of 4h young, 12h and 24h
mature biofilm was found to be around 9.08 pm, 12.11 pm and 13.93 um respectively.

In our current study, CLSM revealed that after treatment with farnesol (BIC; 125 mM for
4h and 500 mM for 12h and 24h) the biofilms were abrogated and the viability of cells in the
biofilm was altered, which was evident by aggregate of cells scattered on the coverslip and pres-
ence of yellow-green structures showing metabolically inactive cells (Fig 3). Furthermore, far-
nesol also decrease the whole volume of the biofilm, the thickness of treated 4h, 12h, and 24h
biofilms were measured and found to be 8.48 um in case of treated 4h, and 12h biofilms
whereas the thickness of treated 24 h biofilm was recorded as 9.69 um. It is clear that farnesol
significantly affected the sustainability of yeast cells in biofilms pointing towards the ability of
farnesol to penetrate cell membrane resulting in an effective anti-biofilm activity.

Farnesol inhibits R6G efflux mediated transporters

MDR efflux pumps contributes to drug resistance and their functional activity in vitro can be
studied by using R6G, which is a recognized efflux substrate [46]. In FLZ non-responsive Can-
dida cells ATP-dependent efflux pumps (ABC superfamily) throws out R6G dye after entering
cells passively [47]. In this study, we are measuring the inhibitory/modulatory outcome on
MDR efflux transporters of C. auris. Here we investigated four isolates of C. auris (MRL 4000,
MRL 5762, MRL 5765 and MRL 6057) for the passage of substrate, R6G (10 uM) after manifes-
tation of farnesol (0.5 x MIC and MIC). When the cells were incubated with PBS (without glu-
cose) we noted an instant uptake of R6G dye by the cells, which came to stability after 30 min.
After addition of glucose, control Candida cells (untreated) showed energy and time depen-
dent efflux of R6G dye from the cells as they are rich in membrane bound MDR transporter
pumps. This was clearly evident from steady rise in the concentration of R6G dye extracellu-
larly (Fig 4). Whereas, farnesol (0.5 x MIC) resulted in inhibition of energy dependent R6G
efflux from treated cells confirming its role in modulating/inhibiting MDR efflux transporters.
Higher concentration of farnesol (MIC) also had complete inhibitory effect on these energy
dependent efflux pumps.
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Fig 3. Inhibitory effect of farnesol on C. auris biofilms. CLSM analysis of C. auris strain MRL 5765 biofilms treated with farnesol at different
stages of growth and development (4h, 12h and 24h). The image utilizes ConA- Alexa Fluor 488 conjugate and FUN-1 staining, a 63X oil
immersion objective with magnification, X2.5. In above images structures shown in green (ConA) represent the fungal cell wall and biofilm
matrix; structures in yellow-green (FUN-1) are metabolically inactive and dead cells; structures in orange-red (FUN-1) are the viable cells.

https://doi.org/10.1371/journal.pone.0233102.g003

Inhibition of efflux pumps in C. albicans by phytochemicals has been well established by
the researchers [27, 48]. Researchers have also explained the role of MDR efflux transporters
(ABC and MFS transporter) in resistance and the genes encoding these pumps in C. auris [44].
Our results are in agreement with previous studies [49], who reported high activity of ABC-
type efflux in C. auris than C. glabrata, isolates proposing C. auris with efflux-mediated intrin-
sic resistance to azoles. It has been reported by authors that in C. albicans farnesol particularly
targets CaCdrlp and CaCdr2p (ABC transporters), resulting in changes in resistance to azoles
in C. albicans isolates but in a concentration dependent manner [37]. Interestingly, kinetics
data cleared that farnesol results in competitive inhibition with an unchanged V., and higher
K,, values in cells overexpressing CaCdrlp [17].

To the best of our knowledge we are exploring outcome of farnesol on MDR efflux trans-
porters in C. auris isolates for the first time. Our results clearly state that farnesol is completely
inhibiting ABC MDR transporters similar to that reported in C. albicans.

Farnesol inhibits R6G extrusion

To further confirm the effect of farnesol on activity of C. auris efflux pumps, accumulation of
R6G dye inside the cells was studied. Untreated C. auris isolates were used as a control for esti-
mating actual accumulation of R6G in cells. The fluorescence was recorded high in case of far-
nesol (0.5 x MIC and MIC) treated C. auris cells, suggesting more R6G accumulation
intracellularly in comparison with untreated control cells (Fig 5).
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Fig 4. Effect of farnesol on extracellular R6G efflux. Figure showing concentration of extracellular R6G in untreated control and treated
C. auris cells. Addition of glucose (0.1 M; indicated by an arrow) activated R6G transport from the cells and absorbance was recorded at
527 nm. Concentration of extracellular R6G was determined by standard curve. The values presented here is average of three independent

experiments.

https://doi.org/10.1371/journal.pone.0233102.9004

Candida auris is known to be highly multidrug resistant and among the various resistance
mechanisms, the most dominant approach for throwing drug out of cell is the overexpression
of MDR transporters and makes Candida unresponsive to antifungal therapies. The most com-
mon reason for MDR is efflux transporters from ABC superfamily, such as CaCdrlp and
CaCdr2p [50, 51]. Despite several studies reporting the inhibition of efflux pumps in C. albi-
cans, there are no reports on inhibition of efflux transporters in C. auris till date. Whereas, lot
of work have been published on inhibition of this transporters in C. albicans and it has been
published that farnesol effectively inhibits/modulates ABC MDR pumps (CaCdrlp and
CaCdr2p) and did not affect much in case of MFS efflux pumps (CaMdrlp) [17, 37]. This
study for the first-time reported efficacy of farnesol to block efflux pumps in C. auris isolates.

Farnesol results in reduced expression of genes associated to resistance

Candida auris is an emerging MDR pathogen with higher MIC values against commonly used
antifungal drugs when compared to other Candida species and the molecular basis of its MDR
still remains unclear. Few studies have come up recently that has provided insight into
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Fig 5. R6G intracellular accumulation. Fluorescence images of R6G stained C. auris MRL 5765 cells. The isolate was observed
under bright field and fluorescence microscopy. (A) The figure shows untreated C. auris cells that have effluxes R6G dye during
incubation with glucose and only few cells retain R6G fluorescence. Treatment with 0.5 x MIC (B) and MIC (C) results in
accumulation of R6G inside the cells after incubation with glucose which is clearly represented by high fluorescence inside the cells.
(D) Fluorescence intensity is represented in the form of bar graph and was quantified with the help of Image J software.

https://doi.org/10.1371/journal.pone.0233102.9005
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Fig 6. Comparative variation in gene expression of C. auris isolates, CDR1, CDR2, SNQ2, HYR3, IIF4, PGA26, PGA7 and PGA52
determined by RT-qPCR. Data represents fold change in gene expression by adopting comparative Ct method. The gene expression between
control and treated were compared and was normalized to a value of 1 and ACT1 was used as housekeeping gene.

https://doi.org/10.1371/journal.pone.0233102.9g006

transcriptomic assembly of C. auris and revealed the possible mechanism of drug resistance
among these isolates [28, 44]. For understanding the molecular basis of farnesol on C. auris
drug efflux pumps and biofilm formation, we studied gene expression in C. auris. IIF4, PGA26,
PGA7, PGA52 and HYR3 genes played an active role in adhesion of biofilms and SNQ2, CDR1,
CDR2, MDRI, and MDR2 genes were functionally related to efflux pumps in C. auris [44]. After
the active role of farnesol on the biofilm and efflux pumps, we studied the effect of farnesol on
the expression levels of these genes in different C. auris isolates. After treatment with 125 mM
farnesol, all the above-mentioned genes were significantly downregulated at varying levels (Fig
6). Based on these results, we therefore speculated that the inhibition of drug efflux pumps in all
the tested isolates by farnesol may be related to downregulation of genes related to efflux pump
in C. auris (CDRI, CDR2 and SNQ2). The downregulation of CDRI and CDR2 genes after treat-
ment with farnesol confirms its potential to inhibit ABC drug efflux transporters. MDRI and
MDR2, on the other hand, were not having consistent expression level in all the isolates of C.
auris. It has already been mentioned by researchers that CDR1 is relatively more expressed as
compared to MDRI [28]. Additionally, both CDR2 and MDR?2 expression were not raised in
any of the isolates. However, in our study both CDRI and CDR?2 are over expressed than MDRI
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and MDR2. In addition, downregulation of genes (IIF4, PGA26, PGA7 and PGA52) associated
to adhesion also supports our in vitro biofilm inhibition results. Interestingly, ALS5 did not
expressed in any of the four isolates, which could be due to its late upregulation in the latter
stages of mature biofilms or due to ALS-independent adherence mechanism in C. auris [44].
However, further in-depth studies are required to prove these claims.

Our results showed that farnesol, a quorum sensing molecule, has ability to inhibit growth
of multidrug resistant C. auris isolates and also has capacity to suppress C. auris biofilm forma-
tion and efflux pumps. In addition, the effect of farnesol was related to the molecular mecha-
nisms as all the biofilm and efflux pump associated genes were downregulated at varying
levels. Furthermore, farnesol has a property to modulate the function of ABC efflux transport-
ers of C. auris and thereby can be utilized in reversing azole drug resistance in these isolates.
To the best of our knowledge, this is the first study exploring modulatory outcome of farnesol
on development of biofilms and efflux pumps of C. auris globally and specifically to South
African clade, it will be helpful in unrevealing possible mechanisms of action of farnesol
against biofilm formation and efflux transporters of C. auris.

Acknowledgments

Authors are grateful to Prof Nelesh Govender for providing C. auris strains used in this study.
The CLSM facility provided by Life Sciences Imaging Facility (LSIF) at Faculty of Health Sci-
ences, University of the Witwatersrand is duly acknowledged by authors.

Author Contributions

Conceptualization: Vartika Srivastava, Aijaz Ahmad.
Data curation: Vartika Srivastava.

Formal analysis: Vartika Srivastava, Aijaz Ahmad.
Funding acquisition: Aijaz Ahmad.

Methodology: Vartika Srivastava, Aijaz Ahmad.
Project administration: Aijaz Ahmad.

Supervision: Aijaz Ahmad.

Validation: Aijaz Ahmad.

Writing - original draft: Vartika Srivastava.

Writing - review & editing: Aijaz Ahmad.

References

1. Satoh K, Makimura K, Hasumi Y, Nishiyama Y, Uchida K, Yamaguchi H. Candida auris sp. nov., a novel
ascomycetous yeast isolated from the external ear canal of an inpatient in a Japanese hospital. Micro-
biolo Immunol. 2009; 53: 41—44. https://doi.org/10.1111/j.1348-0421.2008.00083.x PMID: 19161556

2. Lone SA, Ahmad A. Candida auris-the growing menace to global health. Mycoses. 2019; 62: 620-637.
https://doi.org/10.1111/myc.12904 PMID: 30773703

3. Cortegiani A, Misseri G, Fasciana T, Giammanco A, Giarratano A, Chowdhary A. Epidemiology, clinical
characteristics, resistance, and treatment of infections by Candida auris. J Intensive Care. 2018; 6: 69.
https://doi.org/10.1186/s40560-018-0342-4 PMID: 30397481

4. Ostrowsky B, Greenko J, Adams E, Quinn M, O’Brien B, Chaturvedi V, et al. Candida auris isolates
resistant to three classes of antifungal medications—New York, 2019. MMWR Morb Mortal Wkly Rep.
2020; 69: 6-9. https://doi.org/10.15585/mmwr.mm6901a2 PMID: 31917780

PLOS ONE | https://doi.org/10.1371/journal.pone.0233102 May 11, 2020 15/18


https://doi.org/10.1111/j.1348-0421.2008.00083.x
http://www.ncbi.nlm.nih.gov/pubmed/19161556
https://doi.org/10.1111/myc.12904
http://www.ncbi.nlm.nih.gov/pubmed/30773703
https://doi.org/10.1186/s40560-018-0342-4
http://www.ncbi.nlm.nih.gov/pubmed/30397481
https://doi.org/10.15585/mmwr.mm6901a2
http://www.ncbi.nlm.nih.gov/pubmed/31917780
https://doi.org/10.1371/journal.pone.0233102

PLOS ONE

Farnesol inhibits pathogenicity markers in C. auris

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

Tsay S, Kallen A, Jackson BR, Chiller TM, Vallabhaneni S. Approach to the investigation and manage-
ment of patients with Candida auris, an emerging multidrug-resistant yeast. Clin Infect Dis. 2018; 66:
306-311. https://doi.org/10.1093/cid/cix744 PMID: 29020224

Lockhart SR, Etienne KA, Vallabhaneni S, Farooqi J, Chowdhary A, Govender NP, et al. Simultaneous
emergence of multidrug-resistant Candida auris on 3 continents confirmed by whole-genome sequenc-
ing and epidemiological analyses. Clin Infect Dis. 2017; 64: 134—140. https://doi.org/10.1093/cid/
ciw691 PMID: 27988485

Tsay S, Welsh RM, Adams EH, Chow NA, Gade L, Berkow EL, et al. Notes from the field: Ongoing
transmission of Candida auris in health care facilities—United States, June 2016-May 2017. MMWR
Morb Mortal Wkly Rep. 2017; 66: 514—515 https://doi.org/10.15585/mmwr.mm6619a7 PMID:
28520710

Wiederhold NP, Najvar LK, Shaw KJ, Jaramillo R, Patterson H, Olivo M, et al. Efficacy of delayed ther-
apy with fosmanogepix (APX001) in a murine model of Candida auris invasive candidiasis. Antimicrob
Agents Chemother. 2019; 22: 63 pii: €01120-19. hitps://doi.org/10.1128/AAC.01120-19 PMID:
31427304

Govender NP, Magobo RE, Mpembe R, Mhlanga M, Matlapeng P, Corcoran C, et al. Candida auris in
South Africa, 2012-2016. Emerg Infect Dis. 2018; 24: 2036—2040. https://doi.org/10.3201/eid2411.
180368 PMID: 30334713

Hornby JM, Jensen EC, Lisec AD, Tasto JJ, Jahnke B, Shoemaker R, et al. Quorum sensing in the
dimorphic fungus Candida albicans is mediated by farnesol. Appl Environmental Microbiol. 2001; 67:
2982-2992. https://doi.org/10.1128/AEM.67.7.2982—-2992.2001

Langford ML, Atkin AL, Nickerson KW. Cellular interactions of farnesol, a quorum-sensing molecule
produced by Candida albicans. Future Microbiol. 2009; 4: 1353—1362. https://doi.org/10.2217/fmb.09.
98 PMID: 19995193

Ramage G, Saville SP, Wickes BL, Lopez-Ribot JL. Inhibition of Candida albicans biofilm formation by
farnesol, a quorum-sensing molecule. Appl Environmental Microbiol. 2002; 68: 5459-5463. https://doi.
org/10.1128/AEM.68.11.5459-5463.2002

Han TL, Cannon RD, Villas-Boas SG. The metabolic response of Candida albicans to farnesol under
hyphae-inducing conditions. FEMS Yeast Res. 2012; 12: 879-889. https://doi.org/10.1111/j.1567-
1364.2012.00837.x PMID: 22846172

Egbe NE, Dornelles TO, Paget CM, Castelli LM, Ashe MP. Farnesol inhibits translation to limit growth
and filamentation in C. albicans and S. cerevisiae. Microb Cell. 2017; 4: 294-304. https://doi.org/10.
15698/mic2017.09.589 PMID: 28913344

Martins M, Henriques M, Azeredo J, Rocha SM, Coimbra MA, Oliveira R. Morphogenesis control in
Candida albicans and Candida dubliniensis through signaling molecules produced by planktonic and
biofilm cells. Eukaryot Cell. 2007; 6: 2429-2436. https://doi.org/10.1128/EC.00252-07 PMID:
17981993

Deveau A, Piispanen AE, Jackson AA, Hogan DA. Farnesol induces hydrogen peroxide resistance in
Candida albicans yeast by inhibiting the Ras-cyclic AMP signaling pathway. Eukaryot Cell. 2010; 9:
569-577. https://doi.org/10.1128/EC.00321-09 PMID: 20118211

Sharma M, Prasad R. The quorum-sensing molecule farnesol is a modulator of drug efflux mediated by
ABC multidrug transporters and synergizes with drugs in Candida albicans. Antimicrob Agents Che-
mother. 2011; 55: 4834—4843. https://doi.org/10.1128/AAC.00344-11 PMID: 21768514

Chavez-Andrade GM, Tanomaru-Filho M, Rodrigues EM, Gomes-Cornélio AL, Faria G, Bernardi MIB,
et al. Cytotoxicity, genotoxicity and antibacterial activity of poly(vinyl alcohol)-coated silver nanoparticles
and farnesol as irrigating solutions. Arch Oral Biol. 2017; 84: 89-93. https://doi.org/10.1016/j.
archoralbio.2017.09.028 PMID: 28965044

Polke M, Leonhardt |, Kurzai O, Jacobsen ID. Farnesol signalling in Candida albicans—more than just
communication. Crit Rev Microbiol. 2018; 44: 230-243. https://doi.org/10.1080/1040841X.2017.
1337711 PMID: 28609183

Chen S, Xia J, Li C, Zuo L, Wei X. The possible molecular mechanisms of farnesol on the antifungal
resistance of C. albicans biofilms: the regulation of CYR1 and PDE2. BMC Microbiol. 2018; 18. https://
doi.org/10.1186/s12866-018-1344-z PMID: 30509171

van Schalkwyk E, Mpembe RS, Thomas J, Shuping L, Ismail H, Lowman W, et al. Epidemiologic shift in
candidemia driven by Candida auris, South Africa, 2016—2017. Emerg Infect Dis. 2019; 25:1698—-1707.
https://doi.org/10.3201/eid2509.190040 PMID: 31441749

Clinical and Laboratory Standards Institute. Reference method for broth dilution antifungal susceptibility
testing of yeasts. Approved Standard M27-A3. 2008; CLSI third ed. PA, USA. Eggimann, P., Garbino,
J., Pitte, D.

PLOS ONE | https://doi.org/10.1371/journal.pone.0233102 May 11, 2020 16/18


https://doi.org/10.1093/cid/cix744
http://www.ncbi.nlm.nih.gov/pubmed/29020224
https://doi.org/10.1093/cid/ciw691
https://doi.org/10.1093/cid/ciw691
http://www.ncbi.nlm.nih.gov/pubmed/27988485
https://doi.org/10.15585/mmwr.mm6619a7
http://www.ncbi.nlm.nih.gov/pubmed/28520710
https://doi.org/10.1128/AAC.01120-19
http://www.ncbi.nlm.nih.gov/pubmed/31427304
https://doi.org/10.3201/eid2411.180368
https://doi.org/10.3201/eid2411.180368
http://www.ncbi.nlm.nih.gov/pubmed/30334713
https://doi.org/10.1128/AEM.67.7.29822992.2001
https://doi.org/10.2217/fmb.09.98
https://doi.org/10.2217/fmb.09.98
http://www.ncbi.nlm.nih.gov/pubmed/19995193
https://doi.org/10.1128/AEM.68.11.54595463.2002
https://doi.org/10.1128/AEM.68.11.54595463.2002
https://doi.org/10.1111/j.1567-1364.2012.00837.x
https://doi.org/10.1111/j.1567-1364.2012.00837.x
http://www.ncbi.nlm.nih.gov/pubmed/22846172
https://doi.org/10.15698/mic2017.09.589
https://doi.org/10.15698/mic2017.09.589
http://www.ncbi.nlm.nih.gov/pubmed/28913344
https://doi.org/10.1128/EC.00252-07
http://www.ncbi.nlm.nih.gov/pubmed/17981993
https://doi.org/10.1128/EC.00321-09
http://www.ncbi.nlm.nih.gov/pubmed/20118211
https://doi.org/10.1128/AAC.00344-11
http://www.ncbi.nlm.nih.gov/pubmed/21768514
https://doi.org/10.1016/j.archoralbio.2017.09.028
https://doi.org/10.1016/j.archoralbio.2017.09.028
http://www.ncbi.nlm.nih.gov/pubmed/28965044
https://doi.org/10.1080/1040841X.2017.1337711
https://doi.org/10.1080/1040841X.2017.1337711
http://www.ncbi.nlm.nih.gov/pubmed/28609183
https://doi.org/10.1186/s12866-018-1344-z
https://doi.org/10.1186/s12866-018-1344-z
http://www.ncbi.nlm.nih.gov/pubmed/30509171
https://doi.org/10.3201/eid2509.190040
http://www.ncbi.nlm.nih.gov/pubmed/31441749
https://doi.org/10.1371/journal.pone.0233102

PLOS ONE

Farnesol inhibits pathogenicity markers in C. auris

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Srivastava V, Dubey AK. Anti-biofilm activity of the metabolites of Streptomyces chrestomyceticus
strain ADP4 against Candida albicans. J Biosci Bioengg. 2016; 122: 434—440. https://doi.org/10.1016/j.
jbiosc.2016.03.013 PMID: 27117484

Chandra J, Mukherjee PK, Ghannoum MA. In vitro growth and analysis of Candida biofiims. Nat Protoc.
2008; 3: 1909-1924. https://doi.org/10.1038/nprot.2008.192 PMID: 19180075

Millard PJ, Roth BL, Thi HP, Yue ST, Haugland RP. Development of the FUN-1 family of fluorescent
probes for vacuole labeling and viability testing of yeasts. Appl Environ Microbiol. 1997; 63: 2897—
2905. PMID: 9212436

Ceresa C, Tessarolo F, Maniglio D, Caola |, Nollo G, Rinaldi M, et al. Inhibition of Candida albicans bio-
film by lipopeptide AC7 coated medical-grade silicone in combination with farnesol. AIMS Bioengineer-
ing. 2018; 5: 192-208. https://doi.org/10.3934/biceng.2018.3.192

Singh S, Fatima Z, Ahmad K, Hameed S. Fungicidal action of geraniol against Candida albicans is
potentiated by abrogated CaCdr1p drug efflux and fluconazole synergism. PLoS One. 2018; 13:
€0203079. https://doi.org/10.1371/journal.pone.0203079 PMID: 30157240

Rybak JM, Doorley LA, Nishimoto AT, Barker KS, Palmer GE, Rogers PD. Abrogation of triazole resis-
tance upon deletion of CDR1 in a clinical isolate of Candida auris. Antimicrob Agents Chemother. 2019;
63: e00057-19. https://doi.org/10.1128/AAC.00057-19 PMID: 30718246

Sarma S, Upadhyay S. Current perspective on emergence, diagnosis and drug resistance in Candida
auris. Infect Drug Resist. 2017; 10: 155-165. https://doi.org/10.2147/IDR.S116229 PMID: 28652784

Lee WG, Shin JH, Uh Y, Kang MG, Kim SH. First three reported cases of nosocomial fungemia caused
by Candida auris. J Clin Microbiol. 2011; 49: 3139-3142. https://doi.org/10.1128/JCM.00319-11 PMID:
21715586

Chowdhary A, Sharma C, Duggal S, Agarwal K, Prakash A, Singh PK, et al. New clonal strain of Can-
dida auris, Delhi, India. Emerg Infect Dis. 2013; 19: 1670-1673. https://doi.org/10.3201/eid1910.
130393 PMID: 24048006

Larkin E, Hager C, Chandra J, Mukherjee PK, Retuerto M, Salem |, et al. The emerging pathogen Can-
dida auris: growth phenotype, virulence factors, activity of antifungals, and effect of SCY-078, a novel
glucan synthesis inhibitor, on growth morphology and biofilm formation. Antimicrob Agents Chemother.
2017; 61: e02396-16. https://doi.org/10.1128/AAC.02396-16 PMID: 28223375

Chakrabarti A, Sood P, Rudramurthy SM, Chen S, Kaur H, Capoor M, et al. Incidence, characteristics
and outcome of ICU-acquired candidemia in India. Intensive Care Med. 2015; 41: 285-295. https://doi.
org/10.1007/s00134-014-3603-2 PMID: 25510301

Kathuria S, Singh PK, Sharma C, Prakash A, Masih A, Kumar A, et al. Multidrug-resistant Candida auris
misidentified as Candida haemulonii. characterization by matrix-assisted laser desorption ionization-
time of flight mass spectrometry and DNA sequencing and its antifungal susceptibility profile variability
by Vitek 2, CLSI broth microdilution, and Etest method. J Clin Microbiol. 2015; 53: 1823-1830. https://
doi.org/10.1128/JCM.00367-15 PMID: 25809970

Calvo B, Melo ASA, Perozo-Mena A, Hernandez M, Francisco EC, Hagen F, et al. First report of Can-
dida auris in America: clinical and microbiological aspects of 18 episodes of candidemia. J Infect. 2016;
73: 369-374. https://doi.org/10.1016/}.jinf.2016.07.008 PMID: 27452195

Shirtliff ME, Krom BP, Meijering RA, Peters BM, Zhu J, Scheper MA, et al. Farnesol-induced apoptosis
in Candida albicans. Antimicrob Agents Chemother. 2009; 53: 2392—2401. https://doi.org/10.1128/
AAC.01551-08 PMID: 19364863

Cernakova L, Dizova S, Gaskova D, Jancikova |, Bujdakova H. Impact of farnesol as a modulator of
efflux pumps in a fluconazole-resistant strain of Candida albicans. Microb Drug Resist. 2019; 25: 805—
812. https://doi.org/10.1089/mdr.2017.0332 PMID: 30785845

Yu LH, Wei X, Ma M, Chen XJ, Xu SB. Possible inhibitory molecular mechanism of farnesol on the
development of fluconazole resistance in Candida albicans biofilm. Antimicrob Agents Chemother.
2012; 56: 770-775. https://doi.org/10.1128/AAC.05290-11 PMID: 22106223

Jabra-Rizk MA, Shirtliff M, James C, Meiller T. Effect of farnesol on Candida dubliniensis biofilm forma-
tion and fuconazole resistance. FEMS Yeast Res. 2006; 6: 1063—1073. https://doi.org/10.1111/j.1567-
1364.2006.00121.x PMID: 17042756

Langford ML, Hasim S, Nickerson KW, Atkin AL. Activity and toxicity of farnesol towards Candida albi-
cans are dependent on growth conditions. Antimicrob Agents Chemother. 2010; 54: 940-942. https:/
doi.org/10.1128/AAC.01214-09 PMID: 19933803

Sherry L, Ramage G, Kean R, Borman A, Johnson EM, Richardson MD, et al. Biofilm-forming capability
of highly virulent, multidrug-resistant Candida auris. Emerg Infect Dis. 2017; 23: 328-331. https://doi.
org/10.3201/eid2302.161320 PMID: 28098553

PLOS ONE | https://doi.org/10.1371/journal.pone.0233102 May 11, 2020 17/18


https://doi.org/10.1016/j.jbiosc.2016.03.013
https://doi.org/10.1016/j.jbiosc.2016.03.013
http://www.ncbi.nlm.nih.gov/pubmed/27117484
https://doi.org/10.1038/nprot.2008.192
http://www.ncbi.nlm.nih.gov/pubmed/19180075
http://www.ncbi.nlm.nih.gov/pubmed/9212436
https://doi.org/10.3934/bioeng.2018.3.192
https://doi.org/10.1371/journal.pone.0203079
http://www.ncbi.nlm.nih.gov/pubmed/30157240
https://doi.org/10.1128/AAC.00057-19
http://www.ncbi.nlm.nih.gov/pubmed/30718246
https://doi.org/10.2147/IDR.S116229
http://www.ncbi.nlm.nih.gov/pubmed/28652784
https://doi.org/10.1128/JCM.00319-11
http://www.ncbi.nlm.nih.gov/pubmed/21715586
https://doi.org/10.3201/eid1910.130393
https://doi.org/10.3201/eid1910.130393
http://www.ncbi.nlm.nih.gov/pubmed/24048006
https://doi.org/10.1128/AAC.02396-16
http://www.ncbi.nlm.nih.gov/pubmed/28223375
https://doi.org/10.1007/s00134-014-3603-2
https://doi.org/10.1007/s00134-014-3603-2
http://www.ncbi.nlm.nih.gov/pubmed/25510301
https://doi.org/10.1128/JCM.00367-15
https://doi.org/10.1128/JCM.00367-15
http://www.ncbi.nlm.nih.gov/pubmed/25809970
https://doi.org/10.1016/j.jinf.2016.07.008
http://www.ncbi.nlm.nih.gov/pubmed/27452195
https://doi.org/10.1128/AAC.01551-08
https://doi.org/10.1128/AAC.01551-08
http://www.ncbi.nlm.nih.gov/pubmed/19364863
https://doi.org/10.1089/mdr.2017.0332
http://www.ncbi.nlm.nih.gov/pubmed/30785845
https://doi.org/10.1128/AAC.05290-11
http://www.ncbi.nlm.nih.gov/pubmed/22106223
https://doi.org/10.1111/j.1567-1364.2006.00121.x
https://doi.org/10.1111/j.1567-1364.2006.00121.x
http://www.ncbi.nlm.nih.gov/pubmed/17042756
https://doi.org/10.1128/AAC.01214-09
https://doi.org/10.1128/AAC.01214-09
http://www.ncbi.nlm.nih.gov/pubmed/19933803
https://doi.org/10.3201/eid2302.161320
https://doi.org/10.3201/eid2302.161320
http://www.ncbi.nlm.nih.gov/pubmed/28098553
https://doi.org/10.1371/journal.pone.0233102

PLOS ONE

Farnesol inhibits pathogenicity markers in C. auris

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Sebaa S, Boucherit-Otmani Z, Courtois P. Effects of tyrosol and farnesol on Candida albicans biofilm.
Mol Med Rep. 2019; 19: 3201-3209. https://doi.org/10.3892/mmr.2019.9981 PMID: 30816484

Han TL, Cannon RD, Villas-Boas SG, The metabolic response of Candida albicans to farnesol under
hyphae-inducing conditions, FEMS Yeast Res. 2012; 12: 879-889, https://doi.org/10.1111/j.1567-
1364.2012.00837.x PMID: 22846172

Kean R, McKloud E, Townsend EM, Sherry L, Delaney C, Jones BL, et al. The comparative efficacy of
antiseptics against Candida auris biofilms. Int J Antimicrob Agents. 2018; 52: 673—677. https://doi.org/
10.1016/j.ijantimicag.2018.05.007 PMID: 29775686

Bojsen R, Regenberg B, Folkesson A. Saccharomyces cerevisiae biofilm tolerance towards systemic
antifungals depends on growth phase. BMC Microbiol. 2014; 14: 305. https://doi.org/10.1186/s12866-
014-0305-4 PMID: 25472667

Maesaki S, Marichal P, Vanden BH, Sanglard D, Kohno S. Rhodamine 6G efflux for the detection of
CDR{1-overexpressing azole-resistant Candida albicans strains. J Antimicrob Chemother. 1999; 44:
27-31. https://doi.org/10.1093/jac/44.1.27 PMID: 10459807

LiuS, Yue L, GuW, Li X, Zhang L, Sun S. Synergistic effect of fluconazole and calcium channel block-
ers against resistant Candida albicans. PLoS One. 2016; 2016, 11, e0150859. https://doi.org/10.1371/
journal.pone.0150859 PMID: 26986478

Ahmad A, Khan A, Manzoor N. Reversal of efflux mediated antifungal resistance underlies synergistic
activity of two monoterpenes with fluconazole. Eur J Pharm Sci. 2013; 48: 80-86. https://doi.org/10.
1016/j.ejps.2012.09.016 PMID: 23111348

Ben-Ami R, Berman J, Novikov A, Bash E, Shachor-Meyouhas Y, Zakin S, et al. Multidrug-resistant
Candida haemuloniiand C. auris, Tel Aviv, Israel. Emerg Infect Dis. 2017; 23: 195-2083. https://doi.org/
10.3201/eid2302.161486 PMID: 28098529

Prasad R, Gaur NA, Gaur M, Komath SS. Efflux pumps in drug resistance of Candida. Infect Disord
Drug Targets. 2006; 6: 69—83. https://doi.org/10.2174/187152606784112164 PMID: 16789872

Prasad R, Rawal MK. Efflux pump proteins in antifungal resistance. Front Pharmacol. 2014; 5: 202.
https://doi.org/10.3389/fphar.2014.00202 PMID: 25221515

PLOS ONE | https://doi.org/10.1371/journal.pone.0233102 May 11, 2020 18/18


https://doi.org/10.3892/mmr.2019.9981
http://www.ncbi.nlm.nih.gov/pubmed/30816484
https://doi.org/10.1111/j.1567-1364.2012.00837.x
https://doi.org/10.1111/j.1567-1364.2012.00837.x
http://www.ncbi.nlm.nih.gov/pubmed/22846172
https://doi.org/10.1016/j.ijantimicag.2018.05.007
https://doi.org/10.1016/j.ijantimicag.2018.05.007
http://www.ncbi.nlm.nih.gov/pubmed/29775686
https://doi.org/10.1186/s12866-014-0305-4
https://doi.org/10.1186/s12866-014-0305-4
http://www.ncbi.nlm.nih.gov/pubmed/25472667
https://doi.org/10.1093/jac/44.1.27
http://www.ncbi.nlm.nih.gov/pubmed/10459807
https://doi.org/10.1371/journal.pone.0150859
https://doi.org/10.1371/journal.pone.0150859
http://www.ncbi.nlm.nih.gov/pubmed/26986478
https://doi.org/10.1016/j.ejps.2012.09.016
https://doi.org/10.1016/j.ejps.2012.09.016
http://www.ncbi.nlm.nih.gov/pubmed/23111348
https://doi.org/10.3201/eid2302.161486
https://doi.org/10.3201/eid2302.161486
http://www.ncbi.nlm.nih.gov/pubmed/28098529
https://doi.org/10.2174/187152606784112164
http://www.ncbi.nlm.nih.gov/pubmed/16789872
https://doi.org/10.3389/fphar.2014.00202
http://www.ncbi.nlm.nih.gov/pubmed/25221515
https://doi.org/10.1371/journal.pone.0233102

