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Abstract

Pigments produced by micro-organisms could contribute to their pathogenesis and resistance. The investigation into the
red pigment of R. mucilaginosa and its ability to survive and resist has not yet been explored. This study aimed to inves-
tigate the survival and resistance of the R. mucilaginosa CQMUI strain following inhibition of pigment production by
naftifine and its underlying mechanism. The red-pigmented Rhodotorula mucilaginosa CQMU1 yeast was isolated from
an infected toenail of a patient with onychomycosis. Cultivation of R. mucilaginosa in liquid and solid medium showed
the effect of naftifine after treatment. Then, analysis of phagocytosis and tolerance to heat or chemicals of R. mucilaginosa
was used to evaluate the survival and resistance of yeast to different treatments. Naftifine reversibly inhibited the pigmen-
tation of R. mucilaginosa CQMUI in solid and liquid media. Depigmented R. mucilaginosa CQMU1 showed increased
susceptibility toward murine macrophage cells RAW?264.7 and reduced resistance toward different types of chemicals,
such as 1.5-M NaCl and 0.5% Congo red. Inhibition of pigment production by naftifine affected the survival and growth
of R. mucilaginosa and its resistance to heat and certain chemicals. The results obtained could further elucidate the target
of new mycosis treatment.

Introduction

The genus Rhodotorula includes a heterogeneous group
of fungi with diverse beneficial traits, such as resistance
to heavy metals and oxidative stress, and the production of
enzymes and carotenoids [1]. Traditionally, they are com-
mon nonvirulent environmental inhabitants. Recently, stud-
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certain bacterial pigments can impair neutrophil killing and
promotes virulence and pathogenesis [8, 9].

Rhodotorula mucilaginosa is a basidiomycetous yeast
that produces a red carotenoid pigment [7]. The levels of
the red pigments of R. mucilaginosa could be changeable
in response to adverse conditions, such as UV exposure
[10]. However, the effects and functions of the pigment on
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the fungi survival and resistance toward oxidative stress
or osmotic stress remain unclear. Naftifine is a synthetic
allylamine antifungal agent for topical treatment of tinea
infection. Recently, naftifine has been shown to block the
biosynthesis of carotenoid pigment of Staphylococcus
aureus through competitively inhibiting 4,4'-diapophytoene
desaturase (CrtN) enzyme and then resulting in depigmen-
tation, attenuated virulence, and increased susceptibility
to innate immune clearance [9]. Whether the naftifine can
reduce the pigmentation of R. mucilaginosa and how the
resistance of the depigmented R. mucilaginosa changes
remain largely unknown.

In 2018, we isolated a salmon/red pigment-producing
yeast, the R. mucilaginosa CQMUI strain, using samples
obtained from a healthy patient presenting with a skin infec-
tion [5]. The R. mucilaginosa CQMUI strain and squalene
monooxygenase (SQLE) gene of the isolate were identified
using molecular method and the sequences of the isolate
were deposited on the GenBank of National Center for
Biotechnology Information (NCBI). In the study, we first
determined the effect of naftifine on the pigmentation of R.
mucilaginosa CQMUI1. Then we investigated the growth,
survival, and resistance changes of the yeasts after naftifine-
mediated depigmentation. The results obtained in this study
is a preliminary work to enlighten the possible mechanism
of R. mucilaginosa resistance and survival rate and it is a
need to further explore the relationship between yeast pig-
ment and the survival rates of R. mucilaginosa for medical
purposes.

Materials and Methods
Media Culture and Strains

The R. mucilaginosa CQMU1 yeast strain was isolated using
samples obtained from a patient with toenail onychomycosis
at Chongqing Medical University First Affiliated Hospital,
Chongqing, China [5]. Sabouraud dextrose agar (SDA) and
yeast peptone dextrose (YPD) (Oxoid Ltd., Hampshire, UK)
were the cultivation media. Antifungal drugs, naftifine, bute-
nafine, and bifonazole-treated fungal cells (Sigma-Aldrich,
St. Louis, MO, USA). Chemicals used for conducting sur-
vival and resistance tests included 1% methylene blue (Oxoid
Ltd.), 1.5-M NaCl and 1.5-M KCI (Sichuan Easteng Test
Co., Ltd., Sichuan, China), 1 mM H,0,, and 0.5% Congo red
(Oxoid Ltd.). The yeast cells were incubated in a fungal and
bacterial incubator MDT-60R (Zhengzhou Instrument Co.,
Ltd., Zhengzhou, China). No ethical approval was required
as the research in this article related to micro-organisms.
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Molecular Identification of R. mucilaginosa CQMU1
Yeast Strain and Squalene Monooxygenase (SQLE)
Gene

The total RNA of R. mucilaginosa CQMUI strain which
was obtained from a healthy patient presenting with a skin
infection [5] was extracted using RNA extraction kit (YiS-
han Biotech, China) followed manufacturer’s protocol. The
Internal Transcribed Spacer (ITS) and 18S rRNA of the iso-
lated sample were amplified by PCR using universal primers
of ITS1-5.8-ITS2, Small Subunit (SSU) small subunit ribo-
somal RNA (18S rRNA), and Large Subunit (LSU) regions
as listed in supplementary Table 1. Then PCR amplification
for ITS1-5.8-ITS2 and LSU regions were carried out in a
thermal cycler under the following conditions: one round
of denaturation at 95 °C for 120 s followed by 30 cycles of
denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s,
and extension at 72 °C for 1 min, with a final extension step
at 72 °C for 10 min. Meanwhile for 18S rRNA region, one
round of denaturation at 94 °C for 5 min followed by 30
cycles of denaturation at 94 °C for 20 s, annealing at 59 °C
for 20 s, and extension at 72 °C for 50 s, with a final exten-
sion step at 72 °C for 1 min. All sequences were embedded
on NCBI GenBank as followed: Rhodotorula mucilaginosa
CQ.1 ITS (MKO080558), Rhodotorula mucilaginosa CQ.2
18 s (MK084474), and Rhodotorula mucilaginosa CQ.3
LSU (MT782268).

Moreover, the whole RNA sequence of R. muci-
laginosa CQMUI1 strain was sequenced using Illumina
HiSeqTM2500 by Gene Denovo Biotechnology Co. The
RNA-seq data were deposited in the National Center for
Biotechnology Information (NCBI) Short Read Archive
(SRA) database with the accession number: PRINA590855.
Sample name is Rh_ctrl and the accession number is Acces-
sion: SAMN13341477, ID: 13341477. Hence from the
sequence of protein-coding marker genes such as ACT gene,
it can be retrieved in RNA-seq data SRA: SRS5713385.
In addition, the sequence is highly homologous (95.92%)
with R. mucilaginosa strain 2LJJ1 actin (ACT) gene
(MK879551.1). For beta-tubulin gene (TUB2) gene, the
sequence can be retrieved from SRR10525677.28441806.1
and SRR10525677.28441806.2 and 100% homologous with
sequence of R. mucilaginosa strain KR (PUHQ01000037).
All PCR products were checked using 1.2% gel electropho-
resis before submitted for sequencing. The cDNA strands
was amplified as template using the SQLE gene primer
retrieved from reference gene conserved motifs and nucleo-
tide sequences among the SQLEs included XM_018414785
(Rhodotorula graminis) and the primer is listed in supple-
mentary Table 1.
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Macrophage Cell Maintenance and Culture

The murine macrophage (RAW264.7) cell line was pro-
vided by the Basic Medical College of Chongqing Medi-
cal University and was used for conducting phagocytosis
assays. The Dulbecco’s modified Eagle medium (DMEM,
Gibco, Grand Island, NY, USA) supplemented with 10%
heat-inactivated fetal calf serum (Gibco) was used to main-
tain the cell line and were incubated at 37 °C ina 0.5% CO,
incubator (Zhengzhou Instrument Co., Ltd.). The cells were
seeded at a density of 1x 10°-3.0x 10° cells/well in a vol-
ume of 100 pL in 96-well plates (triplicates) for 16 h prior
to the conduction of subsequent experiments. The culture
media was changed every 24 h and the cells condition was
examined. Routine culture maintenance was performed for
two weeks until the cells reached the almost 10% of the cell
confluence.

Survival and Resistance Rate Test
Yeast Strain and Culture Conditions

The yeast cells were pre-cultivated for 24 h in SDA agar
medium in a Petri dish and were then further cultivated in
200-mL Erlenmeyer flasks in 50 mL SDA liquid medium
at an initial optical density of 0.1 (at 660 nm). Incubation
was performed at 28 “C. Antifungal drugs were either added
directly to liquid YPD medium or added to YPD plates at
concentrations 0.2, 1.2 and 5.0 mg/mL.

Macrophage Phagocytosis Assay

Experiments for pigmentation inhibition of R. mucilaginosa
using the antifungal drug naftifine were conducted prior
to the tests mentioned in Supplementary data 1A and B.
RAW?264.7 macrophage cells were seeded at a density of
1x10°-3.0x 107 cells/well in a volume of 100 pL in 96-well
plates for 16 h prior to the conduction of subsequent experi-
ments. The cells were supplemented with DMEM and then
incubated at 37 °C in a 0.5% CO, incubator (Zhengzhou
Instrument Co., Ltd.). The macrophages survival experi-
ments were performed in quintuplets. R. mucilaginosa was
inoculated into 5-mL SDA liquid medium in a 50-mL tube
and incubated at 28 °C (subjected to shaking at 150 rpm) for
7 days to achieve log-phase growth. Yeast cells were catego-
rized into the wild-type group (WT), SQLE-inhibited group
(D), and naftifine-reversible induced (R) group and were
added to the media (used for conducting infection assays)
on macrophage monolayers at the desired density. 10 pl of
R. mucilaginosa was added into 990-pl Phosphate-Buffered
Saline (PBS) (pH 7.4) and the number of yeast cells were
counted using a haemocytometer. Fluorescein isothiocyanate
(FITC) (Sigma-Aldrich, St. Louis, MO, USA) was dissolved

in DMSO (1 mg/ml) prior usage to stain R. mucilaginosa
cells during phagocytosis assay. 50 pl of FITC solution was
added into the suspension of R. mucilaginosa (1x 108 CFU)
for every 1 ml. The mixture solution was kept in dark by
wrapping it using tin foils and incubating at 30 °C and then
shaken at 200 rpm for 4-6 h. The solution was washed with
PBS for 3 times and kept at 4 °C. RAW264.7 cell was co-
cultured with FITC stained R. mucilaginosa and the culture
was incubated for 1.5 h. For observation under confocal laser
scanning microscope, the culture medium was discarded and
cell culture was gently washed using 1 X PBS for 3 times.
4% polyacetal solution was used for cell fixation for 30 min.
0.5% Triton-100 was added into in cells at room tempera-
ture for 30 min. Co-cultured cells were gently washed using
1 X PBS for 3 times and were stained with DAPI at room
temperature for 15 min. RAW264.7 cell co-cultured with R.
mucilaginosa were observed under confocal laser scanning
microscope.

Infected monolayers were incubated at 37 °C in a 0.5%
CO, incubator for 3 h. The cells were visualized using an
inverted microscope DMIRE?2 inverted microscope (Leica
Microsystems) at 400 X magnification and images were
acquired to determine phagocytosis. The yeast cells were
evaluated every hour for a duration of 24 h (yeast cells
engulfed by macrophages and yeast cells not subjected to
engulfment or lysis). The cells were harvested from each
well to conduct plating and to calculate the colony-forming
units, with the result expressed as colony-forming units per
milliliter (CFU/mL). Infected macrophages remained viable
for several days, and samples were analyzed approximately
every 6, 12, and 24 h. Next, 20-pL lysates were transferred
to a separate tube and used for conducting the CFU plating
test at different temperatures (22 °C, 28 °C, and 32 °C) for
thermotolerance test. Thermotolerance is the transient abil-
ity of yeast cells to survive at higher temperatures. Survival
data obtained from the analysis of the number of surviving
yeast cells were statistically analyzed between paired groups
using the log-rank test with the PRISM version 8.0 soft-
ware (GraphPad, Inc., San Diego, CA, USA) and compared
with the non-phagocytosis group (P <0.005 was considered
significant).

Tenfold dilution of the lysates was prepared from the total
volume of yeast medium (5 mL) obtained, and the number of
fungal colonies was determined for each dilution. The dilu-
tion factor was calculated for yeast cells per total medium
volume (1074, 1073, 1072, and 107! cells/mL). The fungal
cells were obtained after macrophage cell lysis and were
centrifuged to remove the liquid medium. The cell lysate
was subjected to washing steps by pipetting twice or thrice
in sterile, fresh phosphate-buffered saline solution (Oxoid
Ltd.). The lysates were transferred into new 96-well plates
for conducting serial dilutions. Duplicate well contents were
combined in a final volume of 200-pL serial dilutions of the
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lysates (1:10) were prepared in a 96-well plate by adding
25-uL lysate to 225-uL. macrophage cells. Next, 10 pL of
each dilution was added to YPD agar plates prepared using
the standard drop-plating technique [11]. The plates were
wrapped with parafilm and incubated in a humidified cham-
ber at 22 °C, 28 °C, and 32 °C for 3 days. Yeast colonies
were counted manually using plates displaying 1-100 dis-
tinct colonies. CFU calculations were performed using MS
Excel. The average duplicate or triplicate dilutions that had
been plated were calculated. Colonies grown on YPD agar
supplemented with naftifine were compared with the group
that was not treated with naftifine and the results have been
presented using a graph.

Survival and Resistance Test Using Different Types
of Chemicals

YPD agar media were prepared and supplemented with
1.5-M NaCl, 1.5-M KCl, 1-mM H,0,, 0.5% Congo red, or
1% methylene blue. Next, 10 mL of the R. mucilaginosa
yeast suspension was obtained after lysis of macrophage
cells, and 10 pL was spotted on supplemented YPD agar
and subjected to incubation at 28 °C for 2 days until the
colonies were visible; 100 viable colonies on each plate
were counted. Resistance to different types of chemicals was
evaluated. Quantitative data for the CFU of R. mucilaginosa
and Pichia pastoris (as a control) yeast cells were statisti-
cally evaluated using the GraphPad Prism software and the
complete details of the method is presented in the supple-
mentary data. The survival of yeast cells following treatment
with naftifine was assessed as per methods presented in the
supplementary data.

Assessment of SQLE mRNA Expression Level by qRT-PCR

The cultured R. mucilaginosa wild-type (WT), SQLE-
inhibited (D), and naftifine-reversible-induced (R) group
cells were lysed by subjecting cell suspensions to liquid
nitrogen treatments using a mortar and pestle to break the
cell wall. Total RNA of the isolated strains was extracted
using an RNA extraction kit (YiShan Biotech, Guangdong,
China) as per the manufacturer’s instructions. The quan-
tity and quality of the RNA samples were measured using
the NanoDrop 2000 Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) and evaluated by electro-
phoresis on a 1.2% (w/v) agarose (XHLY Ltd., Beijing,
China) 20% (v/v) formaldehyde gel, respectively. First-
strand cDNA was synthesized using the PrimeScript 1st-
strand cDNA synthesis kit (TaKaRa Biotechnology, Shiga,
Japan). The cDNA was stored at — 80 °C until analysis.
The mRNA level was evaluated by qRT-PCR using the
primers listed in Supplementary Table 1. mRNA expres-
sion levels were normalized to that of GAPDH, and
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gRT-PCR was performed for 30 cycles using the CFX96
Real-Time PCR Detection system (Bio-Rad, Hercules, CA,
USA). The following thermal conditions were used for
PCR: denaturation at 95 °C for 20 s, primer annealing at
55 °C for 20 s, and extension at 95 °C for 5 s. The final
cycle included extension for 10 min at 72 °C.

Protein Assessment by SDS-PAGE and Western Blotting

Protein from naftifine-treated R. mucilaginosa was used to
analyze the SQLE protein expression level by SDS—poly-
acrylamide gel electrophoresis (SDS-PAGE) and western
blotting. The protein was extracted from the yeast culture
medium by centrifugation, and 70 pL of cold acetone was
added to the pellet for incubation at — 20 °C for 3 h. The
mixture was centrifuged, and the pellet was subjected to
washing steps using phosphate-buffered saline three times;
then, the washed pellet sample was mixed with 10 X load-
ing buffer and heated at 100 °C for 2 min. The protein
sample was stored at — 20 °C until use. SDS-PAGE was
conducted according to the method described by Lae-
mmli (1970). Aliquots of the lysates were subjected to
boiling for 2 min, after which they were electrophoresed
on 10% SDS-PAGE gels (EpiZyme, Inc., Cambridge, UK)
and transferred onto a polyvinylidene fluoride membrane
(Merck Millipore, Billerica, MA, USA). The membrane
was blocked using nonfat dried milk diluted in Phosphate-
Buffered Saline with Tween 20 (PBST) buffer at room
temperature for 2 h and then subjected to probing using
primary monoclonal mouse antibodies. Antibodies against
SQLE and GAPDH (control) (Santa Cruz Biotechnology,
Dallas, TX, USA) with 1:10,000 dilution were used for
protein detection. The secondary goat-anti-mouse 1gG
(H+L) antibody (Santa Cruz Biotechnology, Dallas, TX,
USA) was added (1:10,000 dilution) to detect the primary
antibody. Signals were detected using an enhanced chemi-
luminescence reagent (Promega, Madison, WI, USA),
followed by detection of the probed proteins using a gel
imaging machine, i.e., the ChemiDoc™ MP Imaging Sys-
tem (170-8280) (Bio-Rad).

Statistical Analysis

The statistical significance of differences in the percentage
of phagocytosis levels and CFU of R. mucilaginosa in all
treatment groups was determined by performing one-way
and two-way analysis of variance using the SPSS version
25.0 software (SPSS, Inc., Chicago, IL, USA) and GraphPad
Prism version 8.0. All experiments were conducted tripli-
cates and all data were analyzed using Student’s ¢ test. n.s.,
non-significant; *P <0.05; **P <0.01; and ***P < 0.001.
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Fig. 1 Reversible inhibition of

pigmentation of R. mucilagi- A.
nosa by naftifine. Antifungal
drug test for pigment inhibition.
A Naftifine inhibition effect.
Determination of squalene
epoxidase inhibition using
antifungal drugs: naftifine, bute-
nafine, and bifonazole. (a) SDA
supplemented with naftifine; (b)
butenafine; and (c) bifonazole

at 0.2, 1.0, and 5.0 mg/ml. B
Reversible effect of naftifine on
R. mucilaginosa. SDA medium;
SDA supplemented with 0.2-
mg/mL naftifine showed depig-
ment; transferred depigment R.
mucilaginosa recovered on SDA
medium. (a) SDA medium;

(b) SDA supplemented with
0.2-mg/mL naftifine showed
depigment; (c) Transferred
depigment R. mucilaginosa
recovered on SDA medium. The
figures shown are representative
example of several experi- B
ments which was conducted in '
triplicates and repeated for three

times

A. Naftifine

B. Butenafine

C. Bifonazole |

SDA No Drug

Naftifine concentrations mg/mL
0.2 1.2 5.0

Fig.2 Survival evaluation of R. mucilaginosa by phagocytosis assay.
Observation of R. mucilaginosa engulfed by RAW264.7 cells under
laser confocal fluorescence microscopy X 1000, showing green fluo-
rescent spots in the RAW264.7 cells after 1.5-h incubation. Red:
RAW264.7 cells stained with PKH 26; green: R. mucilaginosa

Results

Reversible Inhibition of Pigmentation of R.
mucilaginosa by naftifine

The minimum concentration necessary to induce depig-
mentation in R. mucilaginosa was 50 g/L (0.05 mg) in

stained with FITC; blue: RAW264.7 cell nucleus stained with DAPI).
A Wild-type (WT) R. mucilaginosa without naftifine treatment, B
Depigment (D) R. mucilaginosa after treated with naftifine, C Repig-
ment (R) R. mucilaginosa turned into red color after re-cultured the D
group on new fresh agar medium (Color figure online)

YPD liquid medium (Supplementary Fig. S1). Two classes
of antifungal drugs, allylamine (naftifine and butenafine)
and azole (bifonazole), were used against R. mucilaginosa.
All drugs inhibited fungal growth at high concentrations
(1.2 and 5.0 mg/mL); however, only naftifine inhibited the
production of red pigment at the minimum concentration
(0.2 mg/mL) without inhibiting yeast growth (Fig. 1A).
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There were no pigment color changes in the colonies
grown on SDA supplemented with butenafine, and no
colonies grew on bifonazole-supplemented SDA. Naf-
tifine treatment exerted a reversible effect on carotenoid
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pigmentation, as transfer of depigmented cells onto new
SDA restored pigmentation (Fig. 1B, a—c). Based on the
above results, we used naftifine at a concentration of
0.2 mg/mL for subsequent tests.
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«Fig.3 A Typical field view of phagocytosis assay and the black
arrows point the yeast cells. (a) control group; macrophage cells with-
out R. mucilaginosa infected; (b) migration of phagocytes to R. muci-
laginosa cells; (c) recognition of yeast cells surface; (d) engulfment
of R. mucilaginosa that bound to the phagocyte cell membrane, (e)
processing of engulfed cells within maturing phagosomes and diges-
tion of the ingested particle; and (f) other macrophage recruited to the
ruptured sites to ingest the released yeasts. B Comparison of yeast
uptake by macrophage cells between groups: (a) untreated group
named as wild-type (WT); (b) depigmentation group (D) treated
by naftifine; and (c) repigmented group after naftifine treatment
(R). Group D showed the highest uptake of yeast engulfed by mac-
rophage cells and the lowest number was WT group. C Percentage of
phagocytosis rate showed the number of R. mucilaginosa yeast cells
engulfed by the macrophage cells in 24 h of group WT, D, and group
R. Percentage of phagocytosis rate showed the number of R. muci-
laginosa yeast cells engulfed by the macrophage cells in 24 h WT,
D, and R. The result showed yeast uptake of depigment group is the
highest at time interval 0, 1, 2, 3, 5, 7, 9, and 12-24 h. At the start-
ing point, after 30 min of yeast infection, the WT groups show rate
of yeast engulfment is more than 20%, while D group is more than
40% and R is 30%. Macrophage cells have Phagocytic clearance of R.
mucilaginosa yeast cells by macrophages cells was completed after
13 h for WT and R groups while it took 14 h for D group. There are
significance different between WT, D, and R groups with P value
P <0.0001. All experiments were conducted triplicates and all data
were analyzed using Student’s ¢ test on GraphPad Prism software
(Color figure online)

Survival Evaluation of R. mucilaginosa
by Phagocytosis Assay

Observation of R. mucilaginosa engulfed by RAW264.7
cells under laser confocal fluorescence microscopy was
made as shown in Fig. 2. There were total 17% of yeast cells
of R. mucilaginosa was engulfed WT, while there were 45%
yeast cells of D group and 20% of R group, which means
D group was more susceptible toward macrophage cell and
have less survival rate. Phagocytosis assay was conducted
to evaluate the survival rate of R. mucilaginosa. The rep-
resentative stage of phagocytosis is shown in Fig. 3A. The
percentage rate of yeast engulfed by macrophages during
phagocytosis was recorded each hour for a duration of 24 h
(Fig. 3C). R. mucilaginosa uptake by macrophage cells was
highest in the depigmentation group D compared to that
observed in the untreated group. The number of yeast cells
subjected to uptake by macrophages after 30 min of yeast
infection (0 h) was the highest for group D (40%), followed
by groups R (30%) and WT (20%). This finding indicated
that group D was more susceptible to the phagocytosis of
macrophages.

Hence, the phagocytosis rate was rapid and vigorous in
the depigmented group compared with that observed in the
other groups could be due to the loss of pigmentation after
naftifine treatment. Student’s ¢ test on GraphPad Prism soft-
ware revealed significant differences between the groups
(P <0.0001).

Survival and Resistance Evaluation by Determining
Thermotolerance and Using Chemicals
and Antifungal Drugs

Following the conduction of the phagocytosis assay, we per-
formed survival and resistance tests by subjecting yeast cells
extracted from lysed macrophages to different challenges.
Evaluation of the CFU on the agar plates showed that group
D had the lowest CFU count compared with the WT and R
groups on YPD agar cultured at different temperatures (22 °C,
28 °C, and 32 °C) in the thermotolerance test (Fig. 4A). Fur-
thermore, group D cells showed the lowest CFU among the
three groups (Fig. 4B) after chemical treatment (Fig. 4B).
Those results showed Group D was more sensitive to osmotic
stress (NaCl and KCl) and a cell wall stress inducer (Congo
red), but less to oxidative stress agent (H,O,). Further, we
supplemented the YPD agar with different concentrations of
naftifine and cultured the R. mucilaginosa cells at different
temperatures. As shown in Fig. 4A, R. mucilaginosa is more
suitable to grow at 28°C and the statistical data in Fig. 4C
show the significant different values between the groups.
The results revealed the lowest count of viable yeast cells for
group D in every chemical test with P <0.005 (0.5% Congo
red: 0.0116, 1% methylene blue: 0.0200, 1.5-M NaCl: 0.0261),
which indicated lowest resistance levels compared to WT
and R groups after naftifine-mediated inhibition of pigment
production (Fig. 4B, C). Statistical analysis was performed
to determine the survival rate of R. mucilaginosa as method
provided in supplementary data.

Evaluation of SQLE Gene and Protein Expression
Levels

The reported target of naftifine was squalene monooxygenase
gene (SQLE). Therefore, we evaluated the changes of SQLE
of the three groups (WT, D, and R). RNA-seq data showed
the SQLE changed insignificantly among three groups (Sup-
plementary data S3). The SQLE RNA level showed no sig-
nificant difference among groups by gqRT-PCR, although the
expression levels were slightly increased after naftifine treat-
ment (P=0.3559) (Fig. SA). Protein expression levels by SDS-
PAGE and western blotting revealed no significant changes in
expression of the 60-kDa protein upon naftifine treatment at
the minimum concentration of 0.2 mg/mL (Fig. 5B and C).
We further examined the protein expression of SQLE at higher
drug concentrations (5, 10, 15, 20 mg/mL). The decreased
expression of SQLE at higher drug concentrations indicated
that the effects of naftifine were dose dependent. Further we
investigated the effect of SQLE on survival and resistance by
over-expressed SQLE in P. pastoris strain GS115 as showed
above (supplementary data). Colonies grew on agar plates,
with the SQLE-pPIC9K (SQLE-expressing) group showing
the highest CFU compared to that observed in P. pastoris WT
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Fig.4 Survival and resistance
evaluation by determining
thermotolerance and using
chemicals and antifungal drugs.
A Survival and resistance test
by thermotolerance and chemi-
cals. A Morphology of colony-
forming unit (CFU) of survived
R. mucilaginosa on YPD

agar were grown in different
temperatures; 22 ‘C, 28 ‘C, and
32 °C for thermotolerance test,
while B shows the morphology
of CFU on different chemical
tests. Chemical resistance test
was conducted using 0.5% of
Congo red as cell wall stressor
agent, while osmotic stress
response was assessed with

1.5 M of NaCl and KCI. CFU
of R. mucilaginosa was counted
and Group D is sensitive to
osmotic, oxidative, and cell wall
stress conditions. Furthermore,
oxidative stress tolerance was
tested with 1-mM H,0, and 1%
of methylene blue were used

to test the yeast cell resistance.
C shows two-way ANOVA

test was performed to evalu-

ate the significance difference
between the groups. Statisti-
cal value of resistance test on
different types of chemicals.
CFU of R. mucilaginosa yeast
was evaluated by statistical
analysis using Student’s ¢ test.
Depigmented (D) group showed
the lowest survival rate toward
chemical and thermotolerance
test. 28 “C is the most suitable
temperature for R. mucilaginosa
to grow. For test using 0.5%
Congo red, there is a significant
difference between WT and

D groups (P=0.0116) and D
and R (P=0.0328). For 1%
methylene blue test, there is a
significant difference between
WT and D groups (P=0.0200)
and also significant difference
for test 1.5-M NaCl for WT and
D (P=0.0261) (Color figure
online)
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Fig.5 Evaluation of SQLE

: : A. oo
gene and protein expression
levels. Evaluation of squalene
epoxidase gene expression level 0.04-

(qRT-PCR, SDS-PAGE, and
WB results). A No significant
difference of relative SQLE
mRNA level: P-value =0.3559;
B No significance difference for
the SQLE protein expression
level (60 kDa) for SDS-PAGE

o
°
A

Relative mRNA expression

e
3

B

M

. WT R
180kDa
130kDa
100kDa

70kD2
55kDa
40kDa

35kDa

25kDa

<& & &
and C Western Blotting result & & &
. .. ® ) )

shows there is no significant OQQ Q_QQ

difference at 0.2 mg/mL of naf-

tifine in WT, D, and R groups Groups

but protein level was decreased C

when higher concentrations * 60kD2 wr D R c 5 10 15 20 mg/ml
naftifine

were supplemented at 5, 10,
15, and 20 mg/mL. D Groups

named as Pichia pastoris wild

type without alcohol induc-
tion (WT), P. pastoris without
recombinant plasmid was
induced by alcohol (+alcohol)
and SQLE-pPIC9K over-
expressed (SQLE expressed).
SQLE gene was over-expressed
in Pichia pastoris and the
survival rates was measured

by counting the CFU/plates
and it showed the SQLE over-
expressed group has the highest
CFU in comparison to other
groups

alcohol

SQLE
expressed

SQLE
expressed

cells and P. pastoris cells without the recombinant plasmid
were induced by alcohol (+alcohol) (Fig. 5D).

Discussion

R. mucilaginosa is an emerging opportunistic pathogenic
yeast that produces a red carotenoid pigment [12, 13]. How-
ever, few studies addressed the effect of pigmentation on
its survival and resistance. This study presents the survival
and resistance of R. mucilaginosa before and after naftifine
treatment. We showed that naftifine reversibly inhibited pig-
mentation process, and the loss of red pigment resulted in
reduced survival and resistance of R. mucilaginosa toward
phagocytosis, chemical treatment, and temperature. Further-
more, over-expression of SQLE gene resulted in increased
survival and resistance of the yeast cells. Those results dem-
onstrated that pigmentation of R. mucilaginosa is important
for fungi survival and resistance, which potentially points
out the target of fungal therapy.

0.5% Congo red 1% Methelyne blue

i.‘

Firstly, naftifine could reduce the carotenoid pigment
production of the R. mucilaginosa at a 0.02 mg/mL con-
centration without apparent inhibition on its growth. The
depigmentation process was reversible. The above results are
consistent with Mot et al.’s previous report [14]. Naftifine
was first reported to block the biosynthesis of the carotenoid
pigment in S. aureus through competitive inhibition of its
diapophytoene desaturase (CrtN), resulting in increased sen-
sitivity of S. aureus to ROS and decreased mortality in a
murine sepsis model [9]. Further, naftifine derivatives with
improved potency for CrtN inhibition and reduced S. aureus
bacterial burdens during systemic infection in mice were
developed [15]. The CrtN enzyme is located downstream
of SQLE in the carotenogenesis pathway [9, 16]. In fungi,
SQLE is involved in ergosterol biosynthesis and its inhibi-
tor, terbinafine or naftifine, is approved for the treatment of
specific fungal infections. Carotenoid pigment biosynthesis
is located downstream of ergosterol biosynthesis pathway.
And the previous report showed that the blockade of pig-
ment synthesis has caused the infliction and injury of the
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fungal cell wall [17]. Thus, the naftifine might target the
two periods of the biosynthesis pathway [9, 16], which may
expand the therapy of fungi.

As for fungi, carotenoid pigments are linked to pathogen-
esis and resistance. Research already showed that pigment-
deficient fungi demonstrated attenuated virulence because
of their reduced ability to block immune recognition [18].
The green fungal conidial pigment dihydroxynaphthalene-
melanin (DHN-melanin) of Aspergillus fumigatus was able
to hinder phagocytosis and conidium binding to host pro-
teins, such as fibronectin [19, 20]. In the study, we found
reduced survival of R. mucilaginosa in macrophage cells
and decreased resistance of R. mucilaginosa after pigment
inhibition by naftifine. This reflected the decreased virulence
for the depigmented R. mucilaginosa. Phagocytic clearance
of fungal pathogens occurs through the recognition of cell-
surface fungal-specific molecules called pathogen associ-
ated molecular patterns (PAMPs). Different species of fungi
cell wall composition will be recognized specifically by the
phagocytes. Meanwhile, ergosterol has been recognized as
an immunologically active molecule that acts as a direct
trigger of macrophage pyroptosis [21]. Thus, inhibition of
SQLE could increase the susceptibility of R. mucilaginosa
to be engulfed by macrophage cells. Also, this phenomenon
justified the presence of pigment benefited survival and
resistance rate of the fungi.

Besides, carotenogenesis has evolved as a cellular
defense mechanism against oxidative damage [22]. Kejzar
et al. showed that the carotenoid produced by black fungus
Hortaea werneckii plays an important role in their survival
and resistance at extreme conditions, such as the high NaCl
concentrations [23]. For H,0, oxidative stress test, surpris-
ingly, existence of red pigment had no significant effect on
R. mucilaginosa, which is parallel to the black fungus H.
werneckii [23]. However, Schroeder et al. have ever reported
the carotenoids of R. mucilaginosa against oxidative stress
[22]. This could be explained by different components of
carotenoids produced by R. mucilaginosa, especially in dif-
ferent conditions. Further study is needed to address the
issue.

Moreover, we found that naftifine indeed induced the
reduction of SQLE protein levels at higher concentrations.
Although no significant reduction of SQLE mRNA level
after naftifine treatment was detected in our study, the SQLE
protein variants exhibited reduced enzymatic activities and
induced SQLE expression at the transcription level [24].
The occurrence of feedback induction for SQLE expres-
sion could explain partially the effect of naftifine on SQLE,
as showed in a previous study [25, 26]. The SQLE gene
expression is regulated in a coordinated manner via blockade
at multiple stages in the sterol biosynthesis pathway [26,
27]. Thus, effects of naftifine could reduce SQLE at both
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transcriptional and protein levels, resulting in decreased sur-
vival and resistance.

One limitation of the study is that the SQLE reduction
is induced by naftifine rather than deletion of the gene, and
SQLE is over-expressed in the P. pastoris strain GS115.
We attempted to knockout the SQLE gene by performing
several experiments using the CRISPR/Cas9 system or
gene gun methods; however, no positive SQLE-deficient
clones were obtained. SQLE catalyzes the epoxidation of
squalene to yield 2,3-oxidosqualene, the key step of sterol
biosynthesis pathways in fungi, and increases the content
of squalene, leading to the infliction of injury to the cell
wall and membrane. As an essential role played by SQLE
in fungal metabolism, the fungi likely cannot grow without
SQLE gene. However, despite this limitation, reduction
of the R. mucilaginosa survival rate following naftifine-
mediated inhibition confirms the critical role of SQLE in
the process of ergosterol synthesis. Further study of the
mechanisms involve in the carotenoids production and the
yeast cells survival is suggested. Moreover, some studies
have proven that melanin also can provide protection to
extremes in temperature, both heat and cold for some fungi
such as Cryptococcus neoformans [28] and Exophiala
(Wangiella) dermatitidis [29]. Recent study also reported
the role of melanin which acts as virulence factor for some
fungi species and this knowledge is critical in understand-
ing fungal cell structure and pathogenesis [30].

Conclusion

Thus, we found reversible inhibition of pigmentation by naf-
tifine to R. mucilaginosa, and Depigmented R. mucilaginosa,
showed decreased survival and growth to adverse conditions.
Inhibition of R. mucilaginosa pigment production by naf-
tifine affected the survival and resistance rate toward heat
and certain chemicals. The results obtained could further
elucidate the target of new mycosis treatment targeting on
squalene monooxygenase (SQLE) gene. Besides, we may
utilize R. mucilaginosa as the yeast model to study the rela-
tion of the pigment and yeast cell survival and resistance.
The findings of this study have to be seen in light of some
limitations. Firstly, there are lack of references of R. muci-
laginosa pigment function on antifungal drug test. Besides,
the key challenge in this study is to view the phagocytosis
process of macrophage cells RAW264.7 cell line using lim-
ited equipment that we have. Besides, loss of function phe-
notype approach using gene knockout was implemented but
unfortunately the method used has disrupted the genes and
destroyed the yeast cells. In future, researchers can continue
to explore the precise mechanism of yeast cell survival using
macrophage assay.
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