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Abstract

Filamentous cell growth is a vital property of fungal pathogens. The mechanisms of filamen-
tation in the emerging multidrug-resistant fungal pathogen Candida auris are poorly under-
stood. Here, we show that exposure of C. auris to glycerol triggers a rod-like filamentation-
competent (RL-FC) phenotype, which forms elongated filamentous cells after a prolonged
culture period. Whole-genome sequencing analysis reveals that all RL-FC isolates harbor a
mutation in the C,H, zinc finger transcription factor-encoding gene GFC1 (Gfc1 variants).
Deletion of GFC1 leads to an RL-FC phenotype similar to that observed in Gfc1 variants.
We further demonstrate that GFC1 mutation causes enhanced fatty acid 3-oxidation metab-
olism and thereby promotes RL-FC/filamentous growth. This regulation is achieved through
a Multiple Carbon source Utilizer (Mcu1)-dependent mechanism. Interestingly, both the
evolved RL-FC isolates and the gfc1A mutant exhibit an enhanced ability to colonize the
skin. Our results reveal that glycerol-mediated GFC1 mutations are beneficial during C.
auris skin colonization and infection.

Author summary

Candida auris is an emerging multidrug-resistant fungal pathogen that has rapidly spread
worldwide in the past decade. This fungus can manifest filamentous morphology under
certain conditions, such as passage through a mammalian host. Here, we demonstrate
that exposure of C. auris to glycerol triggers a rod-like filamentation-competent (RL-FC)
phenotype, resulting in elongated filamentous cells post a prolonged cultivation. Whole-
genome sequencing analysis indicates that mutation of a C,H, zinc finger transcription
factor-encoding gene GFCI is responsible for the generation of RL-FC/filamentous phe-
notype and enhances ability of skin colonization. We further substantiate that Multiple
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Carbon source Utilizer (Mcul)-mediated fatty acid B-oxidation metabolism contributes
to Gfcl-suppressed filamentous growth. Our findings link a single gene mutation to meta-
bolic adaptation and acquisition of filamentous competence in C. auris, shedding light on
how adaptive traits emerge in pathogens to enhance colonization and infection of the
host.

Introduction

Candida auris is a recently emerging fungal pathogen, first isolated in Japan in 2009 from the
ear discharge of a female patient [1,2]. In the past decade, infections with C. auris have become
a global health threat and have attracted considerable attention. Based on data from the Cen-
ters for Disease Control and Prevention (CDC) (https://www.cdc.gov), C. auris has been iso-
lated in over 40 countries across six continents [2]. As of 2021, 3270 clinical cases and 7413
screening cases of C. auris were reported in the United States alone [3]. CDC has continued to
see an increase in case counts for 2022. From Jan to Dec, 2022, 2377 clinical cases were
reported [4]. More importantly, the predilection of this fungus for long-term skin colonization
and its environmental persistence has led to rapid and widespread transmission within and
between healthcare facilities, thereby posing an imminent threat to patients [2,5,6].

Morphological plasticity is a common strategy adopted by pathogenic fungi to adapt to
diverse host environments and to cause infections [7-11]. Cryptococcus neoformans and Histo-
plasma capsulatum are capable of altering their cellular forms to a filamentous phenotype in
response to a changing environment [7-9]. Saccharomyces cerevisiae can alternate between
unicellular yeast and multicellular pseudohyphal cell forms [10,11]. Phenotypic transitions
have been considered a prominent feature of pathogenic Candida spp. Yeast-filament transi-
tion and white-opaque switching in C. albicans, C. tropicalis, and C. dubliniensis are the best
examples and have been well investigated [12-18]. Different cell types differ not only in cellu-
lar morphologies, but also in biological and pathological features [14,19-24]. For example, fila-
mentous cells are critical for host adherence, tissue invasion, and tissue damage, and are
essential for initiating systemic infections, whereas yeast cells facilitate biofilm formation and
are easily disseminated through the bloodstream [19].

In C. albicans, the yeast-filament transition is regulated by a variety of host environmental
factors, such as physiological temperature (37°C), neutral pH, elevated levels of CO,, N-acetyl-
glucosamine (GlcNAc) and serum [13,25-28]. In contrast, C. auris fails to develop filaments
when exposed to these environmental signals [29]. It has long been thought that C. auris was
unable to undergo filamentation [30,31]. Interestingly, we recently reported that unlike other
Candida species, C. auris underwent filamentous growth after passage through a mammalian
body [32]. Low temperature (<25°C) was found to facilitate filamentous growth, suggesting
that filamentation of C. auris may occur at low-temperature niches, such as on the host skin
where the temperature is lower than that inside the host body. Another study reported that
treatment of C. auris cells with genotoxins that induce DNA damage or replication inhibition
resulted in pseudohyphal-like cell formation [33]. Loss of function of heat shock protein 90
(Hsp90) or deletion of the DNA damage-induced long non-coding RNA DINOR resulted in a
polarized filamentous growth morphology [34,35]. Taken together, these findings suggest that
host environment stresses and DNA stability may be critical factors for C. auris filamentous
growth. However, the detailed regulatory mechanisms are largely unknown.

A striking feature unique to C. auris is its rarity of isolating from the gastrointestinal tract,
but efficiently colonizes the skin surface, a phenomenon that has been considered to be
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associated with its metabolic predilection [36,37]. One study reported that C. auris survived on
human skin for several weeks, whereas C. albicans completely lost cell viability within one
week [38]. Growth in synthetic sweat medium that supplemented human sweat fatty acids
allowed C. auris to form a multilayer biofilm with a cellular burden 10-times greater than that
formed by C. albicans. This finding indicated that high salinity and fatty acids may confer C.
auris a metabolic advantage over C. albicans.

Adaptive evolution is a common biological process of pathogenic microorganisms contrib-
uting to improve host fitness and enhance pathogenicity. As a rapidly evolved human patho-
gen, C. auris exhibits a high degree of genetic and genomic heterogeneity among a wide range
of clinical isolates [39]. In vitro experimental assays have demonstrated that environmental
stresses drive the occurrence of genetic mutations in C. auris [2,40,41]. Our in vivo results
revealed that passage through a mammalian body triggered filamentous growth of C. auris. In
the present study, we set out to explore the evolutionary mechanism of filamentation in C.
auris [32]. Through a carbon source screening assay, we found that exposure of C. auris to
glycerol triggered the generation of a novel RL-FC phenotype. WGS and Sanger sequencing
analysis indicated that all evolved RL-FC isolates carried a mutation in the GFCI open reading
frame (ORF) region, which led to filamentous growth and increased skin fitness. Deletion of
GFCI resulted in an RL-FC phenotype similar to that observed in Gfcl variants. Furthermore,
we demonstrated that Gfcl mutation caused enhanced fatty acid B-oxidation metabolism and
thereby promoted RL-FC/filamentous growth and skin colonization. This was achieved
through the metabolic changes mediated by Mcul and by the regulation of two regulators
Ume6 and Hgcl. Therefore, our results reveal that glycerol-induced GFCI mutations may be
beneficial during C. auris skin colonization and infection. Considering that glycerol is widely
used in our daily life, we propose that it could lead to genetic heterogeneity of this fungus, pro-
moting adaptive evolution and thereby enhancing host colonization and transmission.

Results
Glycerol induces a rod-like phenotype and filamentation in C. auris

We previously found that C. auris can undergo filamentous growth after passage through a
mammalian body [32]. The filamentous cells exhibited significantly different expression pat-
terns of carbon metabolism-related genes compared with the yeast cells. Therefore, we first
designed a carbon source screening experiment to examine the effects of carbon sources on C.
auris filament formation. The C. auris strain we used was the previously reported “typical
yeast” (TY) cell form (BJCA001) that is considered unable to form filaments in vitro [32] (Fig
1A). We cultured C. auris cells on YP media (1% yeast extract, 2% peptone, w/v) containing
different carbon sources (2%, w/v). As shown in Fig 1B, when the TY cells were cultured on
YPD medium (1% yeast extract, 2% peptone, 2% glucose, w/v), they exclusively grew in the
round yeast form and formed smooth colonies, which was consistent with our previous report.
However, when the TY cells were grown on YP plus glycerol medium, several highly wrinkled
sectored colonies (26.8+4.4%, a total of 48 individual sectored colonies) containing rod-like/
elongated cells were observed (Fig 1A and 1B). No wrinkled or sectored colonies (<0.03%)
were observed on media containing sucrose, GIcNAc, mannitol, pyruvate, citric acid, or acetic
acid as a sole carbon source (S1 Fig). Hereafter, we referred to YP plus glycerol medium as
YPG (1% yeast extract, 2% peptone, 2% glycerol, w/v). These results indicate that glycerol
exclusively drives the morphological transition of C. auris from typical yeast cells to rod-like/
elongated cells, which results in the formation of wrinkled colonies.

To test whether the glycerol-induced phenotype was heritable or not, we grew C. auris cells
derived from the sectored colonies on either YPG or YPD media and cultured them at 25°C
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Fig 1. Glycerol induces rod-like phenotype and filamentation in C. auris (A) Schematic representation of the

screening strategy. C. auris typical yeast cells were plated on YPG medium and grown at 25°C for 11 days. A total of 48

wrinkled sectored colonies that contain rod-like/elongated cells were observed. (B) Data for a YPG medium plate

containing the wrinkled sectored colonies. Percentage of sectored colonies are indicated. Colony and cellular

morphologies of TY and rod-like/elongated cells were shown. No sectored colonies were observed on YPD medium.

TY: Typical yeast; SEC: Filament-sector; RL-FC: Rod-like filamentation-competent. Scale bar for colonies, 1 mm; Scale
bar for cells, 10 pm. (C) Colony and cellular morphologies of filament-sector replated on YPG and YPD media for 6 or
9 days of growth at 25°C. Scale bar for colonies, 1 mm; Scale bar for cells, 10 um. SEC: Filament-sector. The strain used

was BJCA001 (WT).
https://doi.org/10.1371/journal.ppat.1012362.9001

for 6 or 9 days. We found that on YPD medium at 25°C, the sector-derived cells always main-
tained their rod-like phenotype. On YPG medium, the cells exhibited a rod-like phenotype
after 6 days of incubation at 25°C, while around 30% of rod-like cells converted to elongated
filamentous cells after further incubation for three additional days. Most of the colonies grown
on YPG medium exhibited wrinkled edges after prolonged incubation (Fig 1C). All the cells
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derived from glycerol-induced sectors were morphologically indistinguishable from the origi-
nal round TY cells. These results indicate that the glycerol-induced rod-like phenotype and fil-
ament formation are heritably maintained. Thus, hereafter we referred to this phenotype as
the “rod-like filamentation-competent (RL-FC)” phenotype.

Glycerol-induced GFCI variants confer enhanced filamentation
competence and skin fitness to C. auris

We first sequenced the genomes of 21 evolved RL-FC isolates derived from individual glyc-
erol-induced sectors using whole genome sequencing (WGS). To identify mutations that likely
resulted in the heritable RL-FC phenotype, non-synonymous differences relative to the refer-
ence sequences from each isolate were determined. Interestingly, all 21 individual isolates
exhibited alternative mutations in the ORF of the B9J08_003985 gene (Figs 2, S2, and S1
Table), suggesting that exposure of C. auris to glycerol resulted in a high frequency of muta-
tions in the B9J08_003985 ORF. Sanger sequencing was used to verify mutations identified by
WGS. For the other 27 RL-FC isolates, we also performed Sanger sequencing to determine the
sequences of the B9J08_003985 ORF region (48 RL-FC isolates). As expected, all 27 isolates
harbored a mutation in B9J08_003985, which encodes a C,H, zinc finger regulator as shown
in Fig 2A. Due to the glycerol-induced RL-FC phenotype and the phenotypic characterization
of deletion mutants (described below), we heretofore referred to B9J08_003985 as Glycerol-
induced Filamentation-Competent factor (GFCI).

Further investigation indicated that among 48 evolved RL-FC isolates, 9 harbored missense
mutations (18.8%), 5 harbored nonsense mutations (10.4%), and 34 harbored frameshift
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Fig 2. All evolved RL-FC mutants carry a mutation in the transcription factor-encoding gene GFCI1. We obtained 48 independently-evolved
RL-FC isolates from YPG medium and performed whole-genome sequencing (WGS) and Sanger sequencing analysis. Missense, nonsense, or
frameshift mutations were identified in all evolved isolates. aa: Amino acids. (A) Schematic diagram of C. aruis Gfcl protein. The protein is 428 amino
acids long and comprised of two ZnF-C,H, domains and four low complexity domains, which were denoted by red and blue boxes, respectively.
ZnF-C,H,, C,H, zinc-finger domain (15-40 aa and 46-69 aa). Low compositional complexity (101-118 aa, 160-177 aa, 239-269 aa, and 317-348 aa).
Domains of Gfc1 protein were estimated using the SMART database. (B) Schematic diagram of mutation sites in GFCI gene ORF sequence. The
numbers and short lines indicate individual mutation sites. g.347delC, g.687_696del, and g.737_806del represent deletion mutations. Point mutations
include g.67T>A, g.86G>A, g.104G>A, g.152G>T, g.170G>T, g.187C>T, g.196C>T, g.258C>A, g.435C>A, and g.752G>A. g.255_256insC,
€.373_502dup, g.687_696dup, and g.723_787dup represent insert mutations. The dashed boxes indicate the positions of two ZnF-C2H2 and four low
complexity domains. Details for mutations are described in S1 Table. (C) Numbers and percentages of mutation types (Missense, nonsense, or
frameshift) of Gfcl identified in 48 evolved RL-FC isolates. Details for mutations are described in S1 Table.

https://doi.org/10.1371/journal.ppat.1012362.9002
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mutations (70.8%) (Fig 2C). In total, eight RL-FC isolates harbored mutations in ZnF-C,H,
domains, whereas five RL-FC isolates harbored mutations in low complexity domains. Details
for mutations that occurred in the GFCI ORF of all 48 isolates are described in S1 Table. Since
all the 48 isolates exhibited both GFCI mutations and rod-like filamentous phenotypes, we
assumed that Gfcl might function in suppressing filamentous growth of C. auris.

Unlike C. albicans or other pathogenic Candida species, which prefer to colonize the
human gut, C. auris predominantly colonizes the skin [2,5]. We further investigated the impact
of Gfcl variants on skin colonization using a newborn mouse skin infection model. Based on
the types of GFCI mutations, six representative isolates V3 (152G>T), V4 (687_696dupTCG-
CACCGCT), V5 (86G>A), V8 (347delC), V10 (723_787dupGGGGTCTC-
TAGCTCCCGCCGGAGCCTCTTGGAGCTTAGGGTCAGGGTCAGGGCCAGGGT-
CAGGCT), and V23 (255_256insC) were selected for use (S1 Table). Scanning electron
microscope (SEM) assays showed that all six Gfcl variant-containing isolates exhibited the
RL-FC phenotype and filamentous growth on skin surfaces, whereas the WT strain maintained
around yeast cell phenotype (S3A Fig). As expected, the fungal burdens of the six Gfc1 vari-
ant-containing isolates on the mouse skin were much higher than those of the WT strain, indi-
cating that glycerol-induced Gfc1 variants confer C. auris with an increased ability to colonize
the host skin (S3B Fig).

Deleting the GFCI OREF results in the RL-FC/filamentous phenotype and
enhances skin colonization

To confirm the function of GFCI in C. auris, we first constructed a GFCI deletion (gfcIA)
mutant using plasmid pSFS2a [42], then complemented back the GFCI cassette at the native
locus. Consistent with glycerol-induced Gfcl variants, gfcIA mutant exhibited the RL-FC phe-
notype on both YPD and YPG media, and formed wrinkled colonies containing a minority of
filaments after prolonged incubation on YPG medium (Fig 3A). In contrast, the WT and
GFC1 complemented strain consistently maintained their round yeast cell phenotype.
Although after 9 days of growth some “blebs” occurred on the surfaces of the WT and GFCI
complemented strain colonies, no RL-FC/filamentous cells were observed. An incubation
period of at least 11 days would be necessary for RL-FC/filamentous sectors formation. These
results demonstrate that deletion of GFCI results in an RL-FC phenotype similar to that of
GFC1 variants and confers C. auris the ability to undergo filamentous growth, suggesting that
Gfcl functions as a negative regulator of filamentous growth in C. auris.

To investigate the impacts of Gfcl disruption on colonization, we performed skin coloniza-
tion and infection experiments with the gfcIA mutant, WT and complemented strains using
the newborn mouse skin infection model. As expected, gfc1A mutant exhibited the RL-FC phe-
notype and an increased skin fungal burden, while the WT and complemented strains did not
(Fig 3B-3D). These results were consistent with the findings of the GFC1 variant-containing
isolates. Taken together, glycerol could exclusively drive the loss of function of Gfcl, which
thereby generates RL-FC phenotype and enhances colonization of the host skin.

Inactivation of GFCI leads to increased fatty acid B-oxidation metabolism

To further investigate the regulatory mechanism of Gfcl on C. auris filamentation, we per-
formed a proteomic comparative analysis of the WT strain and gfcIA mutant grown on YPG
medium (Fig 4A and S1 Dataset). In total, 1013 proteins exhibited >1.5 fold changes. Among
them, 513 proteins were downregulated and 500 were upregulated in gfcIA mutant compared
with those in the WT strain. We further performed gene ontology (GO) analysis to investigate
the functional properties of the differentially expressed proteins. As expected, a subset of signal
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Fig 3. Deletion of GFCI in C. auris results in the RL-FC/filamentous phenotype and increased colonization ability on the
mouse skin. WT, BJCA001. (A) Colony and cellular morphologies of the WT, gfcIA, and gfc1A/GFC strains on YPG and YPD
media for 6 and 9 days of growth at 25°C. Scale bar for colonies, 1 mm; Scale bar for cells, 10 um. (B) SEM images of the infected
skin samples. 2 x 10° cells of the WT, gfc1A, and gfc1A/GFCI strains in 2 pL PBS were spotted on the dorsal back skin of new born
mice. After 3 days of infection, the infected skin areas were excised, gently washed with 1 x PBS, and fixed with 2.5%
glutaraldehyde for SEM assays. Scale bar, 10 um. (C) Histopathological assays. Cell inoculation method was the same as described
in panel B. After 3 days infection, the infected skin areas were excised and stained with periodic acid-Schiff (PAS) and then used
for microscopy assays. Scale bar, 10 pm. (D) Fungal burdens on skin. Cell inoculation method was the same as described in panel
B. After 3 days infection, the infected skin areas were excised, homogenized and then plated onto YPD agar for CFU assays. The
experiment was repeated three times. For each time, three skin samples were used for each strain. The result of a representative
experiment is shown. Error bars denote SD. ns, no significant difference. **P < 0.01 (Student’s t-test, two tailed).

https:/doi.org/10.1371/journal.ppat.1012362.9003

transduction and filamentation-related proteins were upregulated in the gfcIA mutant. Inter-
estingly, a number of carbohydrate metabolism- and lipid metabolism-related proteins were
also upregulated (Fig 4B), and most of them were related to fatty acid B-oxidation metabolism
process, including Fad2, Fatl, Fox2, Antl, Faa2, Pex3, Pex8, Pex11, Faa2-3, and Pot1 (Fig 4C).
Consistently, high transcriptional levels of these genes were confirmed by qRT-PCR analysis
(S4A Fig). The finding was consistent with our previous study in which the filamentous phe-
notype of C. auris isolated after passage through the mammalian body, exhibited remarkedly
increased expression of fatty acid f-oxidation metabolism-related genes [32]. Taken together,
this suggests that fatty acid B-oxidation plays a role in the regulation of filamentous growth in
C. auris. Since the fatty acid B-oxidation metabolism is highly associated with mitochondrial
oxidative respiration and ATP synthesis, we further determined whether deletion of GFCI also
affected the mitochondrial basal oxygen consumption rate (OCR) and intracellular ATP con-
tent. As shown in S4B and S4C Fig, both the OCR and ATP levels were significantly increased
in the gfcIA mutant compared to the WT and complemented strains. As expected, the

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012362  July 8, 2024 7125


https://doi.org/10.1371/journal.ppat.1012362.g003
https://doi.org/10.1371/journal.ppat.1012362

PLOS PATHOGENS GFC1 mutation underpins metabolic adaptation and filamentation in C. auris

I I

I I

| I

I I

I |

G0:0019538 | 39 57 I

Protein | |
and amino acid I I
| I

\ . |

| I

metabolic process

G0:0006520 14 24
e — - - — == 4
Carbo_hydrate GO:0005975 ! . 17 15 |
metabolic process I I
| |
G0:0006629 | . 22 16 |
| I
I |
Lipid G0:0044255 | . 21 16 |
metabolic process : :
G0:0008610 | . 16 10
| |
G0:0006631 : [ 5 3 :
G0:0036180 | ‘ 27 20
Signaling transduction | |
and filamentous GO:0090033 ! () o] 6 |
growth | |
G0:0060258 | @ 4 il |

Fig 4. Protein expression profiles of the WT and gfcIA mutant strains grown on YPG medium. C. auris cells were
grown on YPG medium at 25°C for 6 days, and then collected and lysed for proteomic analysis. WT, BJCA001. Detailed
protein expression data were shown in S1 Dataset. (A) Venn diagram showing the differentially expressed proteins in gfc1A
mutant. (B) The Gene Ontology (GO) analysis of the differentially expressed proteins in gfcIA mutant. Circle size is
proportional to the number of differentially expressed proteins. Proteins categories (based on the GO analysis; S1 Dataset).
(C) The heatmap shows changes in the expression of proteins in gfcIA mutant relative to WT cells. The pheatmap R
package (version 1.0.12; https://cran.r-project.org/web/ packages/pheatmap/index.html) was used to plot expression levels
of differentially expressed proteins. Proteins involved in fatty acid p-oxidation mechanism are indicated. Colors represent
the relative expression levels of proteins (gfcIA/WT). The three columns for each strain represent three experiments were
performed with 3 biological replicates.

https://doi.org/10.1371/journal.ppat.1012362.9004

metabolic activity of the gfcIA mutant was shown to be enhanced, as determined by using an
XTT assay (54D Fig). Taken together, the loss of function of Gfcl increases fatty acid B-oxida-
tion metabolism, which in turn enhances mitochondrial oxidative respiration and intracellular
ATP production.

Dysfunction of Gfcl results in accumulation of oleic acid and linoleic acid

Fatty acids are defining components of fungal cell membranes and are therefore crucial for cell
viability and cellular regulation [43]. We predicted that the induction of fatty acid B-oxidation
metabolism in C. auris gfc1A cells would result from an increase in the levels of fatty acids.
Given that, we investigated the fatty acid profile of the WT and gfcIA mutant strains. As
shown in Fig 5A and S2 Dataset, compared with the WT strain, fatty acids accumulated in
gfclA cells. The two most abundant fatty acids of Candida lipids, oleic acid (OA) and linoleic
acid (LA) [44], increased by ~30% and ~50%, respectively (Fig 5B). Several studies have indi-
cated that the biosynthesis of fatty acids often resulted in changes in the adherence and viru-
lence of C. albicans [44-48]. In addition, the composition of the fatty acids varies with the
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Fig 5. Deletion of GFCI promotes RL-FC cell formation and filamentation via accumulation of oleic acid (OA)
and linoleic acid (LA). (A) Fatty acid profiles and relative content in the WT and gfcIA mutant strains after cultured
in YPG at 25°C for 6 days. Cellular fatty acids were detected by MetWare based on the Agilent 7890B-7000D GC-MS/
MS platform. The pheatmap R package (version 1.0.12; https://cran.r-project.org/web/packages/pheatmap/index.html)
was used to plot different levels of fatty acids. Detailed fatty acid data were shown in S2 Dataset. (B) OA and LA
content (ug/g cells) of the WT and gfc1A mutant strains grown in YPG at 25°C for 6 days. Error bars denote SD. *P <
0.05, **P < 0.01 (Student’s ¢-test, two tailed). (C) Colony and cellular morphologies of the WT, gfcIA and gfcIA/GFC1
strains in the presence of OA or LA. C. auris cells were grown on YPD, YPG, or YP containing OA (0.03%) or LA
(0.03%), and incubated at 25°C for 6 or 9 days. Scale bar for colonies, 1 mm,; Scale bar for cells, 10 pm. WT, BJCA001.

https://doi.org/10.1371/journal.ppat.1012362.9g005

different morphological forms of C. albicans. Higher levels of OA and LA in the hyphal form
of C. albicans were proposed, and OA was identified to play an inductive role in cell filamenta-
tion [44,45]. Therefore, we were also interested in determining whether exogenously supplied
OA or LA promoted filamentous growth in C. auris. As shown in Fig 5C, in the presence of
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OA or LA, the gfcIA mutant underwent obvious filamentous growth and formed rough colo-
nies with wrinkled edges as early as 6 days after incubation. Almost all gfcIA cells converted to
elongated filaments by day 9 after further incubation. In contrast, the WT and GFCI comple-
mented strains consistently maintained their round yeast cell phenotype and formed smooth
colonies. These results demonstrated that OA and LA promoted filamentous growth in the
gfcIA mutant, and exerted a more pronounced effect than that of glycerol. Taken together, dis-
ruption of GFCI in C. auris results in an increased fatty acid content (principally OA and LA),
which in turn promotes filamentous growth.

Mcul is required for Gfcl-suppressed filamentous growth

In C. albicans, the mitochondria protein Mcul (Multiple Carbon source Utilizer 1), which
underpins carbon and respiratory metabolism, also plays crucial roles in filamentation and vir-
ulence [49]. Deletion of MCUI results in the inability of C. albicans to utilize glycerol as a sole
carbon source. Thus, we investigated the effects of the Mcul homolog in C. auris on Gfcl-sup-
pressed filamentation in the presence of glycerol. Consistently, dysfunction of Mcul in C.
auris led to growth defects on YPG medium (Fig 6A), and greatly reduced the OCR and ATP
production in YPD medium, suggesting a conserved role of Mcul in carbon source utilization
and metabolism between the two Candida species (Fig 6B and 6C). A subsequent proteomic
comparative analysis of C. auris mculA mutant grown on YPD medium indicated that com-
pared with the WT strain, the aforementioned fatty acid B-oxidation metabolism-related pro-
teins were significantly downregulated in the mculA mutant, indicating a crucial role of Mcul
in fatty acid B-oxidation metabolism (Fig 6D). Fatty acid profile analysis showed that the con-
tent of two most abundant fatty acids OA and LA was significantly reduced in the mcuIA
mutant, implying the potential roles of Mcul in OA and LA synthesis and filamentous regula-
tion in C. auris (Fig 6E). To further test the role of Mcul in Gfcl-suppressed filamentation, we
deleted the MCUI gene in the gfcIA background. Since dysfunction of Mcul caused growth
defect of C. auris on YPG (YP plus 2% glycerol) medium, we cultured the gfcIA/mculA mutant
on 1.5% YPG medium (YP plus 1.5% glycerol and 0.5% glucose). As expected, the gfcIA
mutant exhibited the RL-FC phenotype on both YPD and 1.5% YPG media, while the gfc1A/
mculA mutant only generated the RL-FC phenotype in 22.2+4.4% cells after 6 days of incuba-
tion, and 22.3£0.9% of cells after 9 days of incubation. These results indicated that deleting the
MCUI gene in gfcIA mutant partly rescued the yeast phenotype, suggesting that Mcul-me-
diated OA and LA metabolism was required for filamentous growth of the gfc1A mutant (Fig
6F). Taken together, the loss of function of Gfcl increases OA and LA metabolism through
Mcul, which in turn triggers filamentous growth of C. auris.

Filament-specific G1 cyclin-related protein Hgcl and the transcription
factor Ume6 are required for Gfcl-suppressed filamentous growth

To further characterize the regulatory mechanism controlling the development of the RL-FC/
filamentous phenotype, we examined the transcriptional expression levels of a subset of fila-
ment-related regulators by performing qRT-PCR analysis. Interestingly, C. auris homologs of
the cyclin-related protein Hgcl and its key transcriptional interactor Ume6 were found to be
greatly upregulated in the gfcIA mutant compared with the WT strain (S5A Fig) [50-52]. As
expected, the expression levels of the two genes were remarkably downregulated in C. auris
mculA mutant. Hgcl is a hypha-specific G1 cyclin-related protein that is essential for hyphal
morphogenesis in C. albicans [52]. Ume6 is a zinc DNA-binding transcription factor, and
plays an inductive role in hyphal elongation in C. albicans [50, 51]. Consistently, deletion of
either UME6 or HGCI in gfcIA mutant completely restored the yeast growth form, even on
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Fig 6. Role of the Mcul protein in Gfcl-suppressed filamentous growth in C. auris. For B, C and E, data are shown as the mean + SD of
three independent experiments. Error bars denote SD. For C and E, *P < 0.05, **P < 0.01 (Student’s ¢-test, two tailed). WT, BJCA001. (A)
Growth of the WT, and mculA mutant strains on YPD and YPG media. The WT and mculA mutant strains were adjusted to 2.5 x 10° cells/
mL, and then 10-fold serial dilutions of cells were spotted onto YPD and YPG, respectively. Cells were cultured at 25°C for 3 days. (B) OCR
in the WT and mculA mutant strains were measured by a Seahorse XFe96 analyser. C. auris cells were grown on YPD medium at 25°C for 6
days. Oligo (1.5 pM), oligomycin; FCCP (2 pM), Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone; Rot/AA (0.5 uM), Rotenone
/antimycin A. (C) Intracellular ATP content in the WT and mcuIA mutant strains after cultured on YPD medium at 25°C for 6 days. (D)
The heatmap shows changes in the expression of proteins in mculA mutant relative to the WT cells. The pheatmap R package (version
1.0.12; https://cran.r-project.org/web/ packages/pheatmap/index.html) was used to plot expression levels of differentially expressed proteins.
Proteins involved in fatty acid B-oxidation mechanism are indicated. Colors represent the relative expression levels of proteins (mculA/
WT). The three columns for each strain represent three experiments were performed with 3 biological replicates. (E) OA and LA contents
(ug/g cells) of the WT and mculA mutant strains grown on YPD medium at 25°C for 6 days. (F) Colony and cellular morphologies of the
WT, gfcIA, gfclA/mculA and mculA mutant strains on 1.5% YPG (YP plus 1.5% glycerol and 0.5% glucose) medium for 6 or 9 days of
growth at 25°C. Percentage of RL-FC cells are indicated. Approximately 300-500 cells were examined for each culture. Scale bar for
colonies, 1 mm; Scale bar for cells, 10 um.

https://doi.org/10.1371/journal.ppat.1012362.9006
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YPG medium, after a prolonged incubation period (S5B Fig). Taken together, loss of function
of Gfcl in C. auris results in filamentous growth via the activating function of the two filament
regulators Ume6 and Hgcl.

Discussion

Morphological plasticity is a common strategy adopted by pathogenic fungi to rapidly adapt to
host environment, and to cause infections. As a rapidly emerging threat worldwide, C. auris
exhibits many unique characteristics in the initiation and progression of filamentation. In this
study, we reported that exposure of C. auris to glycerol resulted in recurrent mutations in the
GFC1 OREF region, which thereby led to novel RL-FC phenotype formation and filamentous
growth in C. auris. Mcul-mediated fatty acid B-oxidation metabolism and two cell cycle-
related factors Ume6 and Hgcl were subsequently identified to play critical roles during this
process. Both glycerol-induced Gfcl variants and deletion of GFCI resulted in an increased
colonization ability in a mouse skin infection model (Fig 7). Glycerol is a compound liquid
widely used in the cosmetics, pharmaceutical, and household industries. It is a common ingre-
dient in skin care products, humectant, cough medicines, gel capsules, toothpaste, soaps, tex-
tiles and so on. Given that, the selection for GFCI mutations by glycerol exposure may occur
frequently and is important for C. auris colonization, infection and transmission.

Adaptive evolution to the natural or host environment is found to occur frequently in path-
ogenic fungi. Many environmental cues, such as temperature fluctuations, nutrient alterations,
and antifungal stresses, have been demonstrated to drive the evolution of fungal characteristics
[53]. It has been indicated that the evolution of C. auris as a human pathogen may have
resulted from climate change, specifically global warming [2,54]. Its unique property, salinity
tolerance, has been considered to confer this fungus the capacity to undergo a morphological
transition as an adaptive evolution mechanism [2,29,55]. In addition, the widespread use of
antifungal drugs has led to the evolution of antifungal resistance in C. auris [2,54]. Our previ-
ous study revealed that passage through a mammalian body triggered filamentous growth of
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Fig 7. Schematic model of adaptive evolution of C. auris caused by glycerol.

https://doi.org/10.1371/journal.ppat.1012362.g007
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C. auris [32]. Here, we set out to explore the evolutionary mechanism and found that long-
term cultivation of C. auris in the presence of glycerol resulted in an evolved RL-FC phenotype
and filamentous growth, which enhanced its ability to colonize host skin (Figs 1 and 3). Long-
term persistence and survival on biotic and abiotic surfaces are hallmark characteristics of C.
auris which may contribute to its intrahospital transmission [2,5,6]. Therefore, our findings
shed light on a novel adaptive evolutionary mechanism of C. auris in enhancing host coloniza-
tion, infection, and transmission.

Adaptive evolution often results in loss-of-function mutations and changes in cellular phys-
iology. A study of C. albicans under evolutionary pressure by serial passage in a mouse GI tract
identified recurrent mutations in the FLOS8 gene, which contributed to highly competitive fit-
ness in the host GI tract [56]. Collections of Candida lusitaniae isolates from three individuals
with cystic fibrosis and persistent lung infections showed acquired mutations in the MRS4
gene, which encodes a mitochondrial iron transporter [57]. Recently, several studies highlight
the critical roles of environmental stresses in driving genetic or genomic heterogeneity of C.
auris. After a series of passages through increasing concentrations of fluconazole, a flucona-
zole-susceptible isolate of C. auris acquired one extra copy of chromosome V, which harbors
several drug resistance-related genes, and thereby conferred the fungus with fluconazole resis-
tance [40]. A similar study recently reported that upon exposure to fluconazole, mutations of
the transcription factor TAC1B arose rapidly, which contributed to clinical fluconazole resis-
tance in C. auris [58]. In addition, C. auris can undergo a ploidy shift between haploid and dip-
loid forms under certain stressful conditions [59]. To explore the genetic or genomic
mutations following the adaptive evolution of C. auris in response to glycerol, we performed a
WGS analysis of the evolved RL-FC isolates. We found that all RL-FC isolates harbored a
mutation within the ORF region of the GFCI gene, including missense, nonsense, or frame-
shift mutations (Fig 2 and S1 Table), implying that the presence of glycerol accumulates GFCI
mutations. Although the mechanism underlying this phenomenon remains unclear, one possi-
ble explanation could be that different mutations in the GFCI gene confer C. auris cells a high
selection advantage in the presence of glycerol, such as an advantage in glycerol metabolism or
an increased ability to colonize the host (Figs 3, S3 and S6).

It has been demonstrated that carbon compounds are not only a nutrient source, but also
act as signal effectors that cause alternative cellular responses [60]. Glycerol is a common car-
bon source for fungal growth and often triggers a morphological transition in Candida spp.
Our recent studies reported that glycerol was able to induce filamentous growth in C. haemulo-
nii, a close relative of C. auris in the Metschnikowiaceae clade [61-63]. We demonstrated that
the presence of glycerol or low temperatures favored the filamentous phenotype in C. haemulo-
nii, which was consistent with our findings here. One study demonstrated that glycerol pro-
moted pseudohyphal growth of C. parapsilosis at 37°C through a different signaling pathway
compared with that induced by glucose at 30°C [64]. Moreover, glycerol has been demon-
strated to promote biofilm development of C. albicans, and the authors emphasize the pivotal
role that glycerol can play, is not only metabolic but also regulatory impact [65]. Here, we
found that exposure to glycerol caused the accumulation of GFCI gene mutations, which in
turn triggered a novel RL-FC phenotype as well as filamentous growth of C. auris (Figs 1, 2
and S1 Table). The role of glycerol in promoting filamentous growth of C. auris via accumulat-
ing genetic mutations was reported here for the first time. However, the underlying mecha-
nism needs to be further explored.

Many studies have reported that lipid or fatty acid B-oxidation metabolism in pathogenic
fungi is highly linked with their morphogenesis or pathogenesis [66]. Catabolism occurs via
the B-oxidation pathway, in which fatty acids are first esterified to the corresponding acyl
coenzyme A (CoA) and then oxidized to acetyl-CoA, which finally enters the TCA cycle [66].

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012362  July 8, 2024 13/25


https://doi.org/10.1371/journal.ppat.1012362

PLOS PATHOGENS

GFC1 mutation underpins metabolic adaptation and filamentation in C. auris

In Ustilago maydis, the ability to utilize host lipids is highly related to its pathogenic develop-
ment [67]. B-Oxidation metabolism associated with the cAMP signaling pathway and the Ras/
MAPK pathway was demonstrated to promote filamentous growth and pathogenesis in U.
maydis. In Blastomyces dermatitidis, lipid droplets were found to be actively metabolized dur-
ing the phase transition from yeast to mold, and lipid metabolism contributed to filamentous
growth [68]. Many studies have reported that the altered composition of fatty acids often
resulted in changes in adherence and virulence of Candida species [44]. Moreover, the prefer-
ence of C. auris for colonizing human skin has been considered to be associated with its meta-
bolic predilection. Our previous study demonstrated that the filamentous phenotype obtained
after passage through the mammalian body exhibited upregulated expression of fatty acid -
oxidation metabolism-related genes [32]. In this study, we investigated protein expression lev-
els of the gfcIA mutant by performing a proteomic comparative analysis. Consistently,
increased expression of fatty acid B-oxidation metabolism-related proteins was observed in the
gfcIA mutant compared to the WT strain (Fig 4). Taken together, filament development in C.
auris requires the enhanced activity of fatty acid B-oxidation metabolism and Gfc1 plays an
essential role during this process. However, the underlying mechanisms that generate this
effect need to be further explored.

Here, we found that Gfc1 is a C,H, zinc finger regulator that controls the generation of
RL-FC phenotype in C. auris. The closest homologs of Gfcl in C. albicans is Berl, a key tran-
scription factor that governs morphological switching in both white and opaque cells [69-
71]. In white cells, Berl is required for biofilm development in vitro and in vivo but is not
required for filamentous growth [71]. In opaque cells, Bcrl is a central regulator that sup-
presses filamentation in a cAMP signaling-dependent manner. A subset of genes, including
the filament regulator Ume6 and G1 cyclin-related protein Hgcl, are repressed by Berl dur-
ing opaque cell filamentation [70,71]. Consistently, Gfcl of C. auris plays a negative role in
the regulation of filamentous growth in C. auris, and the expression of UME6 and HGCI
genes was also repressed by Gfcl. These findings indicate that Gfcl in C. auris appears to
have similar functions to Berl in C. albicans opaque cells, but not to Berl in C. albicans
white cells [70,71]. Notably, C. auris cells share more biological features with C. albicans
opaque cells, including oxidative metabolism preference and skin colonization advantage
[19,72].

In summary, we uncovered a novel RL-FC phenotype and a unique evolutionary strat-
egy involving in a filamentous regulatory mechanism in C. auris. Exposure of C. auris to
glycerol caused recurrent mutations in the GFCI gene, which resulted in metabolism
changes and filamentous growth, and thereby enhanced skin colonization. Considering
that C. auris predominantly colonizes human skin and glycerol is widely used in our daily
life, we suggest that presence of glycerol may enhance C. auris colonization or infection,
perhaps for adaptation to the host environment, as well as for rapid and widespread trans-
mission. Our study therefore not only sheds light on the biology and pathogenicity of C.
auris but also provides important information for prevention and control of fungal
infections.

Material and methods
Ethics statement

All animal experiments were conducted in compliance with the guidelines and regulations set
forth by the Animal Care and Use Committee of Fudan University (2021JS004). The present
study was approved by the Committee.
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Strains and growth condition

Yeast strains used in the study are listed in S1 Table. C. auris strains were stored at -80°C in
25% glycerol (Sinopharm Chemical Reagent Co., Ltd. Cat. No. 56-81-5). To revive the strains
from the frozen stocks, C. auris cells were scratched with a sterile tip and streaked onto yeast
extract-peptone-dextrose (YPD) medium plates (10 g/L yeast extract from Angel Company,
Hubei, China; 20 g/L peptone from Oxoid Ltd. Company. Hants, UK; 20 g/L glucose and 20 g/
L Agar from Sangon Biotech, Shanghai, China) and incubated at 30°C. YPD medium supple-
mented with 5 ug/mL phloxine B (Sigma-Aldrich) were used for routine growth of C. auris.

For the screening assay of carbon sources, YP medium with 5 pg/mL phloxine B plus differ-
ent carbon sources (Sigma-Aldrich) including glycerol (20 mL/L), glucose (20 g/L), GIcNAc
(20 g/L), mannitol (20 g/L), pyruvate (20 g/L), citric acid (20 g/L), and acetic acid (20 g/L)
were used. For the morphological assays, YPOA medium (10 g/L yeast extract, 20 g/L peptone,
0.3 mL/L oleic acid) and YPLA medium (10 g/L yeast extract, 20 g/L peptone, 0.3 mL/L linoleic
acid) supplemented with 5 ug/mL phloxine B were used.

Plasmid construction

The primers used for PCR amplification in this study are listed in S2 Table. To construct the
deletion plasmids pSFS2a-ko-auARG4 and pSFS2a-ko-auGFClI, approximately 1000 bp frag-
ments of the 5-UTR and 3’-UTR of ARG4 or GFCI were amplified from C. auris BJCA001
genome and subcloned into the Apal/Xhol and Sacll/Sacl sites of pSFS2a plasmid [73], respec-
tively. To construct the deletion plasmid pSFS2a-ko-auMCU1, around 1000bp fragments of
the 5-UTR and 3’-UTR of MCUI were amplified and sequentially introduced into the NotI/
Sacll and Kpnl/Xhol sites of pSFS2a. The reconstituted plasmid pBlueScript-GFCI1p-GFC1 was
created based on the pBlueScript plasmid [74]. The ARG4 cassette, along with the 5-UTR plus
OREF region of GFC1, and 3’-UTR were amplified from C. auris BICA001 genome and sequen-
tially inserted into the Xbal/Notl, Spel/EcoRI and Xbal/Spel sites of the pBluescript II KS (+)
plasmid [74].

Construction of C. auris mutant strains

To construct the deletion mutant of ARG4 (FDYC0194), the Apal/Sacl linearized plasmid
pSES2a-ko-auARG4 was transformed into strain BJCA001 to replace the ARG4 allele. The
resulting strain was then cultured in 5% YPM (10 g/L yeast extract, 20 g/L peptone, 50 g/L
maltose) medium for FLP-mediated excision of the SAT1I flipper cassette. The deletion mutant
of GFCI (FDYC0231) was constructed using a similar strategy. The Apal/Sacl linearized plas-
mid pSFS2a-ko-auGFCI was transformed into strain FDYC0231 to replace the GFCI allele.
The resulting strain was then cultured on 5% YPM medium for FLP-mediated excision of the
SATI flipper cassette. To generate the GFCI reconstituted strain FDYC0747, the plasmid
pBlueScript-GFCIp-GFCI was linearized with Spel and transformed into strain FDYC0231.
To construct the deletion mutant of MCU1 (FDYC0582), the Kpnl linearized plasmid pSFS2a-
ko-auMCU1 was transformed into strain FDYC0194 to replace the MCUI allele. The gfc1A/
mculA double mutant FDYC0952 was constructed by transforming the FDYC0231 strain with
the Kpnl linearized plasmid pSFS2a-ko-auMCU]I. To delete UME6 and HGCI in gfcIA
(FDYC0231) mutant, fusion PCR reactions were performed [75]. 5’- and 3’-flank fragments of
UMES6 or HGCI, as well as the selectable marker gene ARG4 were amplified from C. auris
BJCA001 genome. Fusion PCR assays were performed using the 5’- and 3’-flank fragments
and ARG4 as templates. gfcIA (FDYCO0231) strain was transformed with the fusion PCR prod-
ucts comprising the CauARG4 cassette flanked by 5’- and 3’- flanking fragments of the target
gene.
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Whole genome sequencing and analysis

Single colonies of selected RL-FC isolates were inoculated into YPG medium and grown at
25°C for 24 h. Genomic DNA was extracted using the TTANamp Yeast DNA Kit (TianGen
Biotech, Beijing, China). In brief, approximately 5x10 cells were suspended in 600 pL of sorbi-
tol buffer containing 50 U Lyticase (Cat. No. RT410) and incubated at 37°C for 30 min. Fol-
lowing centrifugation at 13, 000 x g for 5 min, 200 uL of buffer GA, 20 pL of Proteinase K
solution, and 220 uL buffer GB were added. The samples were then incubated at 70°C for 10
min. After two rounds of washing, genomic DNA was collected and stored at -20°C. Whole
genome sequencing was conducted by Berry Genomics Co., Beijing, China. Sequencing librar-
ies were generated using a NEBNext Ultra DNA library prep kit for Illumina (NEB, USA). The
DNA samples were sonicated to obtain fragments of approximately 300 bp in size. The frag-
mented DNA was end-polished, and PCR amplification was performed using full-length adap-
tor for Illumina sequencing. Purified PCR products were analyzed for size distribution using
an Agilent 2100 Bioanalyzer. Each sample was then subjected to sequencing on the Illumina
NovaSeq platform, generating 2 x 150 bp reads with a minimum coverage of 450 x SNP and
INDEL analyses were performed as described in our previous publication [40]. Briefly, clean
reads were mapped to the genomic assembly of C. auris strain B11221 (NCBI accession num-
ber: GCF_002775015.1) using BWA mem 0.7.17 software with default settings [75]. SAMTools
v1.361 [76], Picard Tools v1.56 (http://picard.source-forge.net), and GATK v2.7.2 (https://
gatk.broadinstitute.org/hc/en-us) were employed for variation analyses [77]. Finally, Sanger
sequencing was used to confirm identified variations.

Virulence in a cutaneous mouse model

The experimental protocol followed in this study was adapted from the method described by
Kvaal et al [78], with some modification. Newborn BALB/c mice aged between 3 to 5 days
were used for cutaneous infection experiments. A stencil with a surface area of 8§ mm? was
used to mark the specific area of the skin for colonization. The marked skin area was disin-
fected using 75% ethanol. C. auris cells were initially grown overnight in YPD liquid medium
at 30°C and then harvested and suspended in PBS. A suspension containing 2x10° C. auris
cells in 2 uL was spotted onto the marked area of the dorsal back skin. To ensure complete cov-
erage of the marked area with C. auris cells, the inoculum was thoroughly spread using a sterile
pipette tip. After the skin surface dried, a small sterilized glossy paper was affixed on the inocu-
lated spot with First Aid waterproof tape. At the end of the experimental period, each mouse
was euthanized using CO, anesthesia. The filter paper was carefully removed, and the marked
skin area was excised for further analysis.

Histopathological assay

The infected skin tissues of the mice were fixed with 10% (w/v) buffered formalin. After fixa-
tion, the tissues were washed, dehydrated, and embedded in paraffin wax. The embedded sam-
ples were sliced into sections with a thickness of around 4 pm using a microtome (MICROM
International GmbH, Germany). These sections were then subjected to staining with periodic
acid-Schiff (PAS) for subsequent microscopy assays.

Scanning electron microscopy (SEM)

The infected skin tissues were sectioned and fixed with 2.5% glutaraldehyde for 24 h. The sam-
ples were then dehydrated using gradually increasing concentrations of ethanol (50, 75, 90,
and 100%) and tertiary butanol (50, 75, 90, and 100%), dried, and then coated with a thin layer
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of gold. The prepared samples were visualized and imaged using the Hitachi FlexSem1000 II
Scanning Electron Microscope.

Proteomic analysis

C. auris strains were cultured on YPD or YPG medium plates at 25°C for 6 days. Cells were
harvested, and total protein was extracted for proteomic analysis following a previously
described protocol [79]. The collected cells were rinsed twice with 1 x PBS, and then resus-
pended in 200 pL of lysis buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% NP-40, 1% Na-
deoxycholate, 0.1% (w/w) SDS, 1 mM EGTA, 1 mM EDTA, 1 mM PMSF) containing the pro-
tease inhibitor cocktail (Cat. No. 11873580001 Roche Diagnostics, Mannheim, Germany). C.
auris cells were lysed using a bead beating instrument (40 s beating followed by 1 min cooling
on ice for 5 cycles). The supernatant was collected and the protein concentration was deter-
mined by Bradford assays (Sigma-Aldrich). For LC-MS/MS analysis, total proteins were
digested via FASP method using the FASP method with Nanosep 10k filters (Pall Life Science,
USA) [80]. After three rounds of buffer displacement using 8 M urea in 25 mM NH,HCO;,
proteins were reduced with 10 mM DTT and alkylated with 30 mM iodoacetamide. The filter
was then washed once with 20% acetonitrile (ACN) followed by three washes with digestion
buffer (30 mM NH,HCO3), and was overnight digested using trypsin (enzyme/protein (w/w)
ratio as 1:50). The resulting solution was filtered, and the filter was washed twice with 15%
ACN. All the filtrates were pooled and vacuum-dried. LC-MS/MS analysis was performed
using an EASYnLC 1200 system (Thermo Fisher Scientific, USA) coupled with an Orbitrap
Fusion mass spectrometer (Thermo Fisher Scientific, USA). A one-column configuration was
utilized, employing a home-packed C 18 column (75 um i.d. x 25 cm; ReproSil-Pur 120
C18-AQ, 1.9 pm (Dr. Maisch GmbH, Germany)) [81]. The mobile phases consisted of Solvent
A (0.1% formic acid) and Solvent B (0.1% formic acid in 80% ACN). Peptides were eluted
directly into the Orbitrap Fusion Lumos mass spectrometer. Data-dependent analysis was
employed for MS scans, with MS1 scans acquired in the Orbitrap analyzer at a resolution of
60,000 (m/z range: 350-1600) and an auto maximum ion injection time. The cycle time
between master scans was set to 3 seconds, and precursor ions were fragmented using HCD
mode. Fragmented ions were then analyzed using the Orbitrap analyzer at a resolution of
15,000 and a normalized collision energy (NCE) of 30%. The raw data were processed using
Proteome Discoverer software (version 2.4, Thermo Fisher Scientific) with an in-house Mascot
search engine (version 2.7.0, Matrix Science). The data search was conducted against the C.
auris protein database obtained from UniProt. Trypsin/P was chosen as the enzyme, allowing
for up to two missed cleavages. The precursor mass tolerance was set at 10 ppm, and the frag-
ment mass tolerance was set at 0.05 Da. Carbamidomethylation on cysteine was designated as
a fixed modification, while N-acetylation at the protein N-terminal and oxidation on methio-
nine were considered as variable modifications. The false discovery rate threshold was set to
0.05 for proteins and 0.01 for peptides. Three replicates were carried out. Differential expres-
sion analysis of proteins was performed using the DEP package (version 3.16) in R [82].

RNA extraction and qRT-PCR

RNA extraction and quantitative real-time polymerase chain reaction (QRT-PCR) experiments
were performed with slight modifications to a previously described protocol [40]. C. auris
strains were cultured on YPG plates at 25°C for 9 days. Total RNA was extracted from the har-
vested cells using the GeneJET RNA Purification Kit (Thermo Fisher Scientific, Cat. No.
K0731). Briefly, the collected cells were resuspended in 200 pL solution buffer containing 0.9
M sorbitol, 0.1 M EDTA (pH 7.5), 50 U Lyticase (Cat. No. RT410) and 10 uL DTT (1M). After
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incubation at 37°C for 30 min, cells were collected, resuspended in pre-cooling Lysis Buffer
(40 seconds beating followed by 1 minute cooling on ice), and then lysed using a bead beating
instrument. Total RNA was isolated using the GeneJET RNA Purification Kit. For gqRT-PCR
assays, 1 ug of total RNA per sample was used to synthesize cDNA with RevertAid H Minus
Reverse Transcriptase (Thermo Scientific, Inc., Beijing, China). Quantification of transcripts
for qRT-PCR was conducted on a Bio-Rad CFX96 real-time PCR detection system (Bio-Rad,
Hercules, USA) using SYBR green master mix (QPS-201, TOYOBO, Osaka, Japan). The
expression levels were normalized to the C. auris ACT1 gene. Data were analyzed using Bio-
Rad CFX Manager 3.1 for Bio-Rad Real-Time PCR system. Three biological replicates were
employed for the analysis.

Intracellular ATP quantification assays

To investigate the intracellular ATP content of C. auris strains, colonies grown on YPG plate
for 6 days were collected and subjected to analysis using the BacTiter-Glo Microbial Cell Via-
bility Assay (Promega). In brief, approximately 10° CFU of C. auris in 100 uL was mixed with
an equal volume of BacTiter-Glo luciferase reagent. The mixture was then incubated for 15
min at room temperature in the dark. To quantify the intracellular ATP content, a standard
curve was established using serial tenfold dilution of ATP disodium salt (Solarbio, Cat. No.
C0550), starting from a concentration of 1 uM. The ATP content of the samples was deter-
mined using Cytation 3 plate reader (BioTek Instruments Inc, USA) and the resulting values
were then normalized to their corresponding CFU values.

XTT assays

A 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) assay
was conducted using XTT Cell Viability Kit (Cell signaling tech., Cat. N0.9095). Piror to the
experiment, the electron coupling solution and XTT Reagent were thaw. Then electron cou-
pling solution was added to the XTT Reagent in a volume ratio of 1:50 to prepare the XTT
detection solution. For the investigation of XTT, C. auris strains on YPG plate for 6 days were
resuspended in 1x PBS. Approximately 3x10” CFU in 150 uL was mixed with 50 uL of the
XTT detection solution. The mixture was incubated for 10 min at room temperature in the
dark. Subsequently, the optical density (OD) of the samples was measured at 450 nm using a
microplate reader (BioTek Instruments Inc. USA).

OCR assays

A Seahorse Xfe96 analyser (Agilent) was used to measure the oxygen consumption rate
(OCR), following the described protocol [79]. Data were analyzed using the Wave 2.6. In brief,
C. auris cells on YPG plate for 6 days-incubation were seeded at a density of 5x10* CFU per
well in poly-L-lysine (0.03%) precoated Seahorse XF96 cell culture microplates (Agilent). The
plates were then centrifuged and incubated for 1 h at 30°C allowing the cells to adhere to the
microtiter plates. The OCR was examined by sequential injections of oligomycin (Oligo,

1.5 uM), Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, 2 uM) and rote-
none/antimycin A (Rot/AA, 0.5 uM). These injections allowed the assessment of various
aspects of mitochondrial function.

Fatty acid profile analysis

C. auris strains were cultured on YPG plate at 25°C for 6 days. Samples were weighed 50 mg
and then mixed with 150 uL of methanol, 200 pL of methyl tert-butyl ether and 50 uL of 36%
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phosphoric acid. The samples were vortexed for 3 min and then subjected to a freeze-thaw
cycle by immersing them in liquid nitrogen for 2 min, followed by thawing on ice for 5 min.
This freeze-thaw process was repeated twice. After centrifugation at 4°C, 100 uL of supernatant
was obtained and evaporated using a nitrogen blower. Then, 300 pL of 15% boron trifluoride
methanol solution was added, following by vortexing for 3 min. The mixture was kept in a
60°C oven for 30 min, cooled to room temperature, and 500 pL of hexane solution and 200 pL
saturated sodium chloride solution were added accurately. After vortexing for 3 min, the mix-
ture was centrifuged at 4°C, and 100 pL of hexane layer solution was collected for analysis. Gas
chromatography (GC)-electron ionization (EI)-mass spectrometry (MS)/MS system (GC, Agi-
lent 7890B; MS, 7000D System) was used for analysis. The following GC conditions were
employed: GC column-DB-5MS capillary column (30 m x 0.25 mm x 0.25 um, Agilent); car-
rier gas-high purity helium (purity >99.999%); heating procedure-initial temperature of 40°C
(2 min), followed by an increase of 30°C/min up to 200°C (1 min), then an increase of 10°C/
min up to 240°C (1 min), and a final increase of 5°C/min up to 285°C (3 min); flow rate—1.0
mL/min; inlet temperature—230°C; injection volume—1.0 uL. The Agilent 7890B-7000D
EI-MS/MS system was used, with the following setting: temperature—230°C; ionization volt-
age—70eV; transmission line temperature—240°C; four-stage rod temperature—150°C; sol-
vent delay—4 min; and scanning mode—SIM. Fatty acids and their metabolites were detected
by MetWare based on the Agilent 7890B-7000D GC-MS/MS platform. The data gathered from
metabolomics analysis were derived from the average of three independent samples for every
condition. The normalized metabolomic data used in this study can be accessed in S2 Dataset.

Statistical analysis

All values presented in this study are reported as means + standard deviation (SD) unless spe-
cifically mentioned. All experiments were conducted in a minimum of three independent trials
to ensure reproducibility. GraphPad Prism software (version 10.1.0) was utilized to generate
figures and perform statistical analyses. Statistical significance was determined using two-
tailed unpaired Student’s t-test, one-way ANOVA or two-way ANOVA, as indicated in the
respective analyses. A P-value less than 0.05 was considered statistically significant, except for
the proteomic analysis and fatty acid profile analysis, where a fold change greater than 1.5 was
defined as statistically significant.

Supporting information

S1 Fig. Growth and morphology of C. auris on different media at 25°C for 11 days. Y
(Yeast extract) P (Peptone) + different carbon source: Sucrose, N-acetylglucosamine GIcNAc,
Mannitol, Pyruvate, Citric acid, Acetic acid. Scale bar for colonies, 1 mm; Scale bar for cells,
10 um. The strain used was BJCA001.

(TIF)

$2 Fig. Colony morphologies of 21 GFCI variants-containing isolates of C. auris identified
by whole genome sequencing. 21 C. auris isolates were grown on YPG medium for 9 days at
25°C. Details for mutations are described in S1 Table. Scale bar: 1 mm.

(TIF)

S3 Fig. Skin infection assays with glycerol-induced GFC1 variants-containing isolates of C.
auris using a newborn mouse model. Approximately 2 x 10° C. auris cells of the WT and
GFC1 variants-containing isolates V3 (152G>T), V4 (687_696dupTCGCACCGCT), V5
(86G>A), V8 (347delC), V10 (723_787dupGGGGTCTCTAGCTCCCGCCGGAGCCTCTTG-
GAGCTTAGGGTCAGGGTCAGGGCCAGGGTCAGGCT), and V23 (255_256insC) in 2 uL
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PBS were spotted on the dorsal back skin of newborn mice. After the skin surface dried, a
small sterilized glossy paper was affixed on the inoculated spot with medical tape. WT,
BJCAO001. (A) Scanning electron microscope (SEM) images of the infected skin samples. After
3 days of infection, the infected skin areas were excised, gently washed with 1 x PBS, and fixed
with 2.5% glutaraldehyde for SEM assays. Scale bar, 10 um. (B) Fungal burdens of the WT and
GFCI variants-containing isolates on skin. After 3 days of infection, the infected skin areas
were excised, homogenized and then plated onto YPD mdeia for CFU assays. The experiment
was repeated three times. For each time, three skin samples were used for each strain. The
result of a representative experiment is shown. Error bars denote the standard deviation (SD).
*P < 0.05, **P < 0.01, (Student’s t-test, two tailed).

(TIF)

S4 Fig. Deletion of GFCI leads to increased oxidative metabolisms and ATP production. C.
auris cells were grown on YPG medium at 25°C for 6 days. Data are shown as the mean + SD
of three independent experiments. Error bars denote SD. For A, B and C, *P < 0.05,

**P < 0.01 (Student’s t-test, two tailed). WT, BJCA001. (A) Relative expression levels of genes
involved in fatty acid mechanism in the WT, gfcIA, and gfcIAGFC1 strains. Cells were col-
lected and lysed for qRT-PCR analysis. The expression level of the WT strain for each gene
was set as 1. ns not significant. (B) Oxygen consumption rate (OCR) in the WT, gfcIA, and
gfcIA/GFCI1 strains were measured by a Seahorse XFe96 analyser. Oligo (1.5 pM), oligomycin;
FCCP (2 uM), Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone; Rot/AA (0.5 uM),
Rotenone/antimycin A. (C) Intracellular ATP content in the WT, gfcIA, and gfcIA/GFC1
strains cultured on YPG medium. (D) The metabolic activity detected by 2,3-bis (2-methoxy-
4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) assay. Three biological repli-
cates were performed.

(TIF)

S5 Fig. Ume6 and Hgcl are associated with GFC1-suppressed filamentous growth in C.
auris. WT, BJCAO00L. (A) Relative expression levels of UME6 and HGCI in the WT, gfcIA, and
mculA mutant strains. C. auris cells were grown on YPG medium at 25°C for 9 days, and then
collected and lysed for qRT-PCR analysis. The expression level of the WT strain was set as 1.
Error bars denote SD. *P < 0.05, (Student’s ¢-test, two tailed). (B) Colony and cellular mor-
phologies of the WT, gfc1A, gfc1A/ume6A, and gfc1A/hgclA mutant strains on YPG medium
for 6 or 9 days of growth at 25°C. Scale bar for colonies, 1 mm; Scale bar for cells, 10 pum.

(TIF)

S6 Fig. Competitive growth assays of C. auris WT and GFCI mutant strains. WT, BJCA001.
GFCI mutant strains: gfcIA, V3, V4. A 50:50 mixture of the WT strain and gfcIA or evolved
RL-FC isolates (V3 or V4) was inoculated into liquid YPG medium for growth at 25°C. The
survival rates of the different strains were determined by CFU assays. The WT (yeast-form)
and GFCI mutant (RL-FC form) cells could be easily distinguished by plating on phloxine B-
containing YPG plates. Percentages of the WT and GFCI mutant (gfcIA, V3, or V4.) cells were
calculated at different time points as indicated. (A) WT versus gfc1A; (B) WT versus V3; (C)
WT versus V4. Three biological repeats were performed. Error bars denote SD.

(TIF)

S1 Table. Strains used in this study.
(DOCX)

S2 Table. Primers used in this study.
(DOCX)
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S1 Dataset. Protein expression profiles of C. auris WT, gfclIA, and mculA mutant strains
grown on YPG or YPD medium for 6 days at 25°C.
(PDF)

$2 Dataset. Fatty acid profiles of C. auris WT, gfcIA, and mculA mutant strains grown on
YPG or YPD medium for 6 days at 25°C.
(PDF)

S3 Dataset. Source data file.
(XLSX)
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