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ABSTRACT We determined the susceptibility of South African Candida auris bloodstream
surveillance isolates to manogepix, a novel antifungal, and several registered antifun-
gal agents. C. auris isolates were submitted to a reference laboratory between 2016
and 2017. Species identification was confirmed by phenotypic methods. We deter-
mined MICs for amphotericin B, anidulafungin, caspofungin, micafungin, itraconazole,
posaconazole, voriconazole, fluconazole, and flucytosine using Sensititre YeastOne and
manogepix using a modified Clinical and Laboratory Standards Institute broth microdi-
lution method. Clade distribution was determined for a subset of isolates using whole-
genome sequencing. Of 394 tested isolates, 357 were resistant to at least 1 antifungal
class. The manogepix MIC range was 0.002 to 0.06 mg/mL for 335 isolates with flu-
conazole monoresistance. Nineteen isolates were resistant to both fluconazole and
amphotericin B yet still had low manogepix MICs (range, 0.004 to 0.03 mg/mL).
Two isolates from the same patient were panresistant but had manogepix MICs of
0.004 mg/mL and 0.008 mg/mL. Comparing MIC50 values, manogepix was .3-fold
more potent than azoles, 4-fold more potent than echinocandins, and 9-fold more
potent than amphotericin B. Of 84 sequenced isolates, the manogepix MIC range
for 70 clade III isolates was 0.002 to 0.031 mg/mL, for 13 clade I isolates was 0.008
to 0.031 mg/mL, and for one clade IV isolate, 0.016 mg/mL. Manogepix exhibited
potent activity against all isolates, including those resistant to more than one anti-
fungal agent and in three different clades. These data support manogepix as a
promising candidate for treatment of C. auris infections.

IMPORTANCE Since C. auris was first detected in South Africa in 2012, health care-associ-
ated transmission events and large outbreaks have led to this pathogen accounting for
more than 1 in 10 cases of candidemia. A large proportion of South African C. auris iso-
lates are highly resistant to fluconazole but variably resistant to amphotericin B and
echinocandins. There is also an emergence of pandrug-resistant C. auris isolates, limit-
ing treatment options. Therefore, the development of new antifungal agents such as
fosmanogepix or the use of new combinations of antifungal agents is imperative to
the continued effective treatment of C. auris infections. Manogepix, the active moiety
of fosmanogepix, has shown excellent activity against C. auris isolates. With the emer-
gence of C. auris isolates that are pandrug-resistant in South Africa, our in vitro suscep-
tibility data support manogepix as a promising new drug candidate for treatment of
C. auris and difficult-to-treat C. auris infections.
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C andida auris is an important cause of invasive infections in both acute and long-
term health care settings and as of February 2021 had been reported in more than

47 countries (1). This fungal pathogen colonizes both skin and mucosal surfaces, forms
biofilms, is resistant to some standard disinfectant solutions, and is transmitted by con-
tact (2). C. auris causes outbreaks of infection, and particularly among critically ill and
immunosuppressed patients, invasive infection is associated with high mortality (3–5).
The coronavirus disease (COVID-19) pandemic has led to a global surge in hospitaliza-
tions with an increasing number of critically ill people at risk for health care-associated
infections caused by C. auris (6). In laboratories using older methods of identification,
C. auris can still be misidentified and is resistant to multiple antifungal classes based
on tentative breakpoints (7, 8). Through whole-genome sequencing (WGS), C. auris was
grouped into four genotypic clades named for their geographic origin: clade I (South
Asia), clade II (East Asia), clade III (Africa), and clade IV (South America) (9–11). A clade
V isolate, which differs from the other four by .200,000 single nucleotide polymor-
phisms (SNP), was cultured from a 14-year-old girl with otomycosis in Iran (3). The four
main clades differ in their antifungal resistance profiles, with clade II being less resist-
ant than clades I, III, and IV (10, 12).

In South Africa, C. auris is the third most common Candida species causing candidemia
(13). Echinocandins are recommended for treatment of bloodstream C. auris infection (14, 15).
A large proportion of South African C. auris isolates, dominated by clade III, are resistant to
fluconazole but variably resistant to amphotericin B and echinocandins (16). For comparison,
90% of 350 Indian C. auris isolates collected between 2009 and 2017 and dominated by
clade I were resistant to fluconazole and lower proportions were resistant to echinocandins
(2%) and amphotericin B (8%) (17). Furthermore, the emergence of pandrug-resistant C. auris
isolates limits treatment options (18). Therefore, the development of new antifungal agents
or the use of new combinations of antifungal agents is imperative to the continued effective
treatment of C. auris infections. Several antifungal agents with novel mechanisms of action
and potent in vitro activity against C. auris are in the pipeline (19). Among these is fosmano-
gepix, a first-in-class small-molecule antifungal agent which is currently in phase 2 clinical tri-
als for the treatment of invasive fungal infections (20). The active moiety, manogepix, is an
inhibitor of glycosylphosphatidylinositol (GPI) biosynthesis. Manogepix targets the highly
conserved Gwt1 enzyme, thereby blocking GPI posttranslational modification, which is nec-
essary for the anchoring of GPI-anchored surface proteins to the fungal cell wall (20). Several
studies have reported excellent in vitro activity of manogepix against C. auris and other fungi
causing invasive infections, including isolates which were resistant to more than one anti-
fungal agent (20–26). In order to determine the activity of manogepix and other registered
antifungal agents against South African isolates, we performed in vitro antifungal susceptibil-
ity of C. auris bloodstream isolates collected through a national laboratory surveillance pro-
gram in 2016 to 2017.

RESULTS
Selection of isolates and cases. Between 2016 and 2017, 400 C. auris isolates from

344 cases were submitted to NICD as part of candidemia surveillance. Of the 400 isolates,
257 isolates were correctly identified as C. auris by the submitting laboratories. Of the 137
with an incorrect identification at the submitting laboratory, 53 were identified to species
level (Candida haemulonii [n = 34], Saccharomyces cerevisiae [n = 7], Candida parapsilosis
[n = 5], Candida albicans [n = 4], Nakaseomyces glabrata [n = 2], and Candida lusitaniae
[n = 1]). The remaining 84 isolates were not identified to species level. Of the 400 isolates
confirmed as C. auris at NICD, 394 isolates cultured from 340 cases had manogepix MICs
determined; the remaining six isolates were contaminated during storage before manogepix
MICs could be determined. Of the 340 cases, 45 cases had more than one isolate tested (16).

Distribution of MICs. The broth microdilution (BMD) and Etest MIC distribution,
MIC50, and MIC90 of 10 antifungal agents for the 394 C. auris isolates are presented in Table 1.
The BMD MIC50 and MIC90 values for all tested isolates of manogepix were 0.008 mg/mL and
0.016mg/mL, which were lower than those of all other antifungal agents tested. Of the 394 C.
auris isolates, 357 fluconazole-resistant isolates had a manogepix MIC range of 0.002 mg/mL
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to 0.063 mg/mL, while 37 fluconazole-susceptible isolates had a manogepix MIC range of
0.002mg/mL to 0.031mg/mL. Comparing manogepix BMD MIC90 values to those of the other
antifungal agents, manogepix was 3- to 6-fold more potent than itraconazole, posaconazole,
voriconazole, and fluconazole, 4-fold more potent than micafungin and anidulafungin, and 9-
fold more potent than amphotericin B. According to the ECOFFFinder results, the wild-type
upper limit (WT-UL) MIC for manogepix, using the 99.0% cutoff value, was 0.06mg/mL. At this
cutoff value, there were no non-WT isolates for manogepix.

Manogepix activity against resistant C. auris isolates. Of 394 C. auris isolates, 357
(91%) were resistant to at least 1 antifungal class (Fig. 1). A total of 335 C. auris isolates were re-
sistant to fluconazole alone with BMDMIC50 of 128mg/mL and MIC90 of 256mg/mL. The man-
ogepix BMD MIC50 and MIC90 values for these isolates were 0.008 mg/mL and 0.016 mg/mL,
with an MIC range of 0.002 mg/mL to 0.063 mg/mL. A single amphotericin B mono-resistant
isolate had a manogepix MIC of 0.008mg/mL. Nineteen isolates, which were resistant to both
fluconazole and amphotericin B, had low manogepix MICs (range, 0.004 mg/mL to 0.031 mg/
mL) (Fig. 1). Two isolates from the same patient were resistant to all three antifungal classes.
These two isolates had micafungin Etest MIC of 16 mg/mL, fluconazole BMD MICs of 32 mg/
mL and 64mg/mL, and amphotericin B Etest MICs of 4mg/mL and 2mg/mL. The manogepix
MICs for these two isolates were 0.004mg/mL and 0.008mg/mL, respectively.

Manogepix activity across C. auris clades. Of the 84 sequenced C. auris isolates,
70 belonged to clade III, 13 to clade I, and 1 to clade IV (Fig. 2). These isolates were all
resistant to at least one antifungal agent. All 84 sequenced C. auris isolates had low
manogepix MICs irrespective of their clade (Fig. 3). The 70 resistant clade III isolates had a
manogepix BMD MIC50 of 0.008 mg/mL and MIC90 of 0.016 mg/mL with an MIC range of
0.002 mg/mL to 0.031 mg/mL. Among the 13 resistant clade I isolates, the manogepix BMD
MIC50 was 0.016 mg/mL and the MIC90 was 0.03 mg/mL with an MIC range of 0.008 mg/mL
to 0.031 mg/mL. The fluconazole-resistant clade IV isolate had a manogepix BMD MIC of
0.016mg/mL (Fig. 3). The clade III and I isolates had VF125AL and Y132F amino acid substitu-
tions in Erg11p, respectively (Fig. 2). The two echinocandin-resistant clade III isolates had the
S639P substitution in Fks1p.

DISCUSSION

We compared the antifungal susceptibility of a novel antifungal agent, manogepix,
and several registered antifungal agents against 394 South African C. auris isolates from epi-
sodes of bloodstream infection. Based on comparisons of the MIC90 values, manogepix was
more potent than the azoles, echinocandins, and amphotericin B. This novel antifungal agent
was also active against multidrug-resistant and pandrug-resistant C. auris isolates. Manogepix

FIG 1 Manogepix MICs distribution for mono-, multi-, and pandrug-resistant C. auris isolates (n = 357),
South Africa, 2016 to 2017. Fluconazole MIC $ 32 mg/mL, micafungin MIC $ 4 mg/mL, amphotericin B
MIC $ 2 mg/mL.
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FIG 2 Whole-genome sequencing single nucleotide polymorphism analysis of 84 South African
bloodstream C. auris isolates collected between 2016 to 2017 during national laboratory-based candidemia

(Continued on next page)
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was active against 84 sequenced isolates from three different clades, all of which were resist-
ant to at least 1 other antifungal agent, and retained activity against those with resistance
gene mutations.

C. auris is responsible for approximately 1 in 10 cases of candidemia in South Africa
and has been associated mostly with large outbreaks in both public- and private-sector
hospitals (14). Although only 5% and 1% of the C. auris bloodstream isolates were multidrug-
and pandrug-resistant, respectively, any extensive drug resistance in a clinical setting is of
major concern since this limits treatment options and there is potential for clonal expansion.
Pandrug-resistant C. auris strains have also been reported in Kenya, the United Arab Emirates,
and the United States (12). Novel antifungal agents such as ibrexafungerp (triterpenoid class),
VT-1598 (tetrazole class), and fosmanogepix, the prodrug of manogepix, may prove useful in
management of difficult-to-treat C. auris infections (19). Fosmanogepix is in phase II clinical tri-
als for the treatment of invasive candidiasis, aspergillosis, and rare mold infections (https://
clinicaltrials.gov/, identifiers NCT03604705, NCT04240886, NCT04148287) (27). Fosmanogepix
differs from other antifungal classes in that it is a novel N-phosphonooxymethyl prodrug
that can be quickly and completely metabolized by host systemic phosphatases to the active
moiety, manogepix (22, 28). This active moiety then targets the fungal inositol acyltransferase
enzyme GWT1, thereby preventing GPI-anchored protein maturation and compromising
fungal growth (22, 28).

All the C. auris isolates in this study, most of which belonged to clade III, had low mano-
gepix MICs regardless of whether these isolates were resistant to fluconazole, amphotericin
B, or echinocandins. This is consistent with what has previously been reported from in vitro
studies of manogepix tested against C. auris isolates from different geographic areas (21).
Sixteen C. auris isolates from Germany, Japan, South Korea, and India had a manogepix MIC90

of 0.031mg/mL versus a fluconazole MIC90 of.64mg/mL, amphotericin B MIC90 of 3mg/mL,
and micafungin MIC90 of 2 mg/mL (21). Another study from an outbreak in the United States
also reported excellent activity of manogepix against 200 C. auris isolates (24). In the latter Zhu
et al. study, the manogepix MIC90 of 0.031 mg/mL was lower than the fluconazole MIC90 of
256mg/mL, amphotericin B MIC90 of 2mg/mL, and micafungin MIC90 of 0.25mg/mL (24). The
manogepix MIC90 in our study (0.016 mg/mL) was one dilution lower. We also found that no

FIG 3 Manogepix MICs distribution across different clades of C. auris isolates (n = 84), 2016 to 2017.
Seventy isolates belonged to clade III, 13 to clade I, and 1 to clade IV.

FIG 2 Legend (Continued)
surveillance. The phylogenetic tree shows the relationship of isolates by clade and their susceptibility to
fluconazole (FLC), micafungin (MICA), amphotericin B (AMB), and manogepix (MGX) with corresponding
point mutations in the ERG11 gene (Y132F, VF125AL) associated with azole resistance, and the FKS1
gene hot spot 1 (S639P) associated with echinocandin resistance. Blue, clade III isolates; orange, clade I
isolates; purple, clade IV isolate; turguoise, clade V reference isolate; red, clade II reference isolate; red,
resistant isolates (FLC: $32 mg/mL, MICA: $4 mg/mL, AMB: $2 mg/mL); green, susceptible isolates (FLC:
#32 mg/mL, MICA: #4 mg/mL, AMB: #2 mg/mL, MGX: #0.016 mg/mL); gray, mutation absent; black,
mutation present.
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C. auris isolates were classified as non-WT for manogepix at the upper limit of 0.06 mg/mL,
which is similar to the findings of Zhu et al. (24). While Arendrup et al. found that isolates with
high fluconazole MICs also had high manogepix MICs and those with low fluconazole MICs
had low manogepix MICs, we found no difference in manogepix activity among fluconazole-
resistant or -susceptible isolates (22). It is possible that the activity of manogepix is not affected
by all the mechanisms of fluconazole resistance (24). Of 83 fluconazole-resistant C. auris iso-
lates and a single fluconazole-susceptible isolate which had their genomes sequenced, as well
as 35 fluconazole-susceptible isolates for which WGS was not analyzed in the current study, all
had mutations in the ERG11 genes. All these isolates also had low manogepix MICs with no
differences in manogepix MIC between fluconazole-resistant and -susceptible isolates (16).

We observed no differences in manogepix MICs between multidrug- and pandrug-
resistant isolates. The action of manogepix against multidrug-resistant and panresistant C.
auris isolates is probably not affected by the genetic mechanisms of resistance to azoles, pol-
yenes, and echinocandins in these isolates. Although the azoles and polyenes, like manoge-
pix, affect the integrity of the fungal cell membrane, these antifungals target different
enzymes (29). This is supported by the two pandrug-resistant isolates with manogepix MICs
of 0.004 mg/mL and 0.008 mg/mL in our study. Berkow and Lockhart and Zhu et al. also
tested two and six pandrug-resistant isolates and reported manogepix MICs of 0.004mg/mL
to 0.008mg/mL and 0.008mg/mL to 0.016 mg/mL, respectively (24, 29). Our C. auris isolates
clustered into three different clades. With phylo-geographic mixing, C. auris outbreaks from
Canada, Kenya, and the United States have also been reported to comprise multiple clades
(12). Chow et al. found 45% of clade I isolates to be multidrug-resistant versus clade III (8%)
and clade IV (10%) using the Etest method (12). We also observed a high percentage (92%)
of multidrug resistance among clade I isolates versus clade III isolates (9%). Comparing man-
ogepix activity among the three different clades, the manogepix MICs were low irrespective
of the clade. Berkow and Lockhart tested 100 C. auris isolates from different geographic
areas/clades and also reported a manogepix MIC range of ,0.0005 mg/mL to 0.015 mg/mL
with no differences in activity between isolates from the different clades (28). Only six clade I
isolates (most multidrug resistant) and one clade III isolate had an MIC of 0.031 mg/mL,
which is one dilution higher than that reported by Berkow and Lockhart. Five isolates with
no assigned clade had a manogepix MIC of 0.031mg/mL. Of the 122 Indian isolates (clade I)
in the Arendrup et al. study, a majority (65%) of the isolates had a manogepix MIC of 0.008
to 0.031 mg/mL as determined by CLSI method (22). Eleven isolates representing the South
Asian (n = 5) and South American (n = 6) clades were also inhibited by manogepix MIC of
#0.06mg/mL (25).

A strength of our study is that we tested a large number of C. auris isolates from national
surveillance and compared the manogepix MICs to those of other registered antifungal
agents in South Africa. We used the BMD method for manogepix testing, which allowed for
accurate comparisons with previously published studies (20, 21, 23–25, 29). We found that
manogepix had excellent activity against resistant C. auris isolates and could thus be useful
for treatment of difficult-to-treat infections. Although we have confirmed the in vitro activity
of manogepix against C. auris isolates, clinical trials are needed to understand the pharmaco-
kinetics and pharmacodynamics of this novel agent as well as safety and efficacy in patients
with C. auris infections. A limitation of the study is that we did not assign all 394 C. auris iso-
lates to a clade, although we did use random sampling based on phenotypic resistance pat-
terns to limit selection bias.

Conclusions. Manogepix MICs were lower than those of other antifungal agents in
a large collection of South African C. auris bloodstream isolates. This antifungal agent also
had potent activity against multidrug-resistant and panresistant C. auris isolates irrespective
of the clade or presence of resistance gene mutations. Manogepix is a promising new drug
candidate for treatment of C. auris infections.

MATERIALS ANDMETHODS
National surveillance and case definition. Clinical Candida auris isolates were collected during

national laboratory-based surveillance conducted from 1 January 2016 through 31 December 2017 at laborato-
ries affiliated with the National Health Laboratory Service (NHLS) or private pathology practices in South Africa.
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We defined a case as a person of any age with a positive C. auris blood culture indicating a bloodstream infec-
tion. Laboratories were requested to submit all Candida species isolated from blood cultures to the National
Institute for Communicable Diseases (NICD) in Johannesburg and to provide the corresponding patient demo-
graphic details and Candida species identification obtained by the submitting laboratory. The isolate data in
this study were published previously (16, 30).

Confirmation of C. auris. Candida isolates were stored at 270°C after species identification was per-
formed at the NICD by previously described phenotypic methods (15). For this study, we retrieved the stored
C. auris isolates and subcultured them on chromogenic agar (CHROMagar Candida, Mast Diagnostics, Amiens,
France) for a purity check. Species identification of single colonies was then reconfirmed using matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) (Bruker Corporation, Billerica, MA,
United States). Isolates that were contaminated in storage were excluded.

Antifungal susceptibility testing. (i) Manogepix. We tested the activity of manogepix (MGX, APX001A)
against all available C. auris strains. The manogepix powder was supplied by Amplyx Pharmaceuticals Inc., San
Diego, California. MICs for manogepix were determined using broth microdilution (BMD) panels prepared at
NICD following Clinical and Laboratory Standards Institute (CLSI) M27-Ed4 recommendations with one modifica-
tion (31). Briefly, panels were made using RPMI 1640 broth supplemented with morpholinepropane-sulfonic acid
(MOPS) buffer and 0.2% glucose. A manogepix stock solution of 10 mg/mL was prepared in 100% dimethyl sulf-
oxide (DMSO), as recommended by the manufacturer. The 15-mL aliquots of the stock solution were kept at
270°C. We then prepared intermediate dilutions of the manogepix stock using DMSO to obtain final concentra-
tions of 0.0005mg/mL to 16mg/mL. One microliter of the manogepix solution, instead of 100mL as per CLSI rec-
ommendations, was added to microtiter plates, and RPMI broth containing a final concentration of 2.5 � 103

cells/mL was then added. A total of 1mL of DMSO was also added to “no drug” control wells. The manufacturer-
recommended manogepix MIC range is 0.001 mg/mL to 2 mg/mL. All plates were incubated at 35°C and MICs
were visually evaluated for growth following 24 h of incubation. The MIC was defined as the lowest manogepix
concentration that caused$50% growth inhibition compared to the positive growth control as per manufacturer
recommendations. C. parapsilosis ATCC 22019 and Candida albicans ATCC 90028 were run on all days of testing,
and MICs were found to be within the required quality control ranges (0.008 to 0.03 mg/L for ATCC 22019 and
0.004 to 0.015 mg/L for ATCC 90028).

(ii) Other antifungal agents. The MICs for nine other antifungal agents (i.e., amphotericin B, fluco-
nazole, voriconazole, itraconazole, posaconazole, caspofungin, anidulafungin, micafungin, and flucyto-
sine) were determined using a commercial broth microdilution method (Sensititre YeastOne, Thermo
Fisher Scientific, Cleveland, OH, USA) as per manufacturer’s instructions. The echinocandin, azole, and flucyto-
sine MICs were read at 50% growth inhibition compared to the positive control, while the MICs for amphoteri-
cin B were read at 100% inhibition as per CLSI recommendations (31). We used CDC tentative breakpoints to
define resistance in C. auris: amphotericin B MIC of$2mg/mL, fluconazole MIC of$32mg/mL, and anidulafun-
gin/micafungin MIC of $4 mg/mL. We did not interpret caspofungin MICs; instead, micafungin or anidulafun-
gin resistance was used as a surrogate marker of resistance to the entire class (32). Multidrug resistance was
defined as resistance to two antifungal classes, while pandrug resistance was defined as resistance to three
antifungal classes. There are no breakpoints to interpret itraconazole, posaconazole, voriconazole, and flucyto-
sine MICs. Quality control strains of C. parapsilosis ATCC 22019 and Candida krusei ATCC 6258 were included in
all runs as described above. Amphotericin B MICs were also determined by gradient diffusion strips (Etest,
bioMérieux, Marcy l’Etoile, France) according to the manufacturer’s instructions. In addition, gradient diffusion
MICs were determined for all isolates and found to be echinocandin-resistant by Sensititre (16).

The MIC50, MIC90, and ranges were calculated for all 10 antifungal agents. There are currently no pub-
lished breakpoints or epidemiological cutoff (ECV) values for manogepix against C. auris isolates. We used
the ECOFFinder program XL 2010 v2.1 (obtained from https://clsi.org/meetings/microbiology/ecoffinder/)
to calculate the wild-type upper limit (WT-UL) (33). This was defined as the upper MIC where the wild-type dis-
tribution ends and corresponded to approximately 99.0% of the MIC distribution (26). We used the WT-UL to
define the wild-type (MIC#WT-UL) and non-wild-type (MIC$WT-UL) populations for manogepix (26, 33).

Phylogenetic analysis of resistant C. auris isolates.We used the sequenced genomes of 84 C. auris
isolates to perform a phylogenetic and resistance mutation analysis, as described previously (16, 30). Of these
84 isolates, 62 were resistant to fluconazole alone, 19 were multidrug resistant (i.e., resistant to fluconazole and
amphotericin B), 2 were pandrug resistant (i.e., resistant to fluconazole, amphotericin B, and micafungin), and 1
was resistant to amphotericin B alone. DNA extraction and paired-end libraries were prepared as described pre-
viously (16). We used FastQC and PRINSEQ to assess the quality of the read data and to perform read filtering
for sequences of low quality. We aligned the paired-end reads data to a South African C. auris strain (B11221),
which had been previously sequenced on the PacBio platform by Lockhart et al. in 2017, using Burrows-
Wheeler Aligner (BWA) (9). We included reference genome strains representing clade I (PEKT02), clade II
(PYFR01), clade IV (PYGM01), and clade V (SRR9007776), which we obtained from NCBI BLAST. Single nucleo-
tide polymorphism variants were called using the Northern Arizona Single Nucleotide Polymorphism (NASP)
pipeline, which is publicly available, as described previously (30). Phylogenetic analysis was performed using
MEGA software. We previously assessed the presence of mutations using a target gene approach on CLC
Genomics Workbench version 10 (Qiagen, The Netherlands) (16). For the 84 resistant isolates, we looked for
mutations within the ERG11 gene (associated with azole resistance) and FKS1 hot spot 1 region (associated
with echinocandin resistance). We aligned these isolates to a reference wild-type genome of clade I C. auris
B8441 (GenBank accession PEKT00000000.2) to detect mutant genes within the ERG11 and FKS1HS1 genes.
Sequences were examined visually and changes within the DNA sequences were noted and compared to
those previously reported by Lockhart et al. and Chow et al. (9, 12).

Ethics approval. Ethical approval for GERMS-SA laboratory-based surveillance was obtained through
research ethics committees of several South African universities (University of Pretoria, University of the
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Free State, University of the Witwatersrand, University of KwaZulu-Natal, University of Cape Town,
Stellenbosch University, and Sefako Makgatho University).

Data availability. All WGS data are in the NCBI SRA under BioProject PRJNA737309 with the follow-
ing sequences accession numbers: SAMN19689606, SAMN19689548, SAMN19689546, SAMN19689594,
SAMN19689592, SAMN19689604, SAMN19689585, SAMN19689619, SAMN19689600, SAMN19689601,
SAMN19689621, SAMN19689547, SAMN19689583, SAMN19689584, SAMN19689603, SAMN19689599,
SAMN19689598, SAMN19689590, SAMN19689544, SAMN19689625, SAMN19689616, SAMN19689572,
SAMN19689611, SAMN19689620, SAMN19689549, SAMN19689560, SAMN19689622, SAMN19689571,
SAMN19689569, SAMN19689580, SAMN19689561, SAMN19689518, SAMN19689581, SAMN19689519,
SAMN19689566, SAMN19689586, SAMN19689605, SAMN19689624, SAMN19689609, SAMN19689607,
SAMN19689613, SAMN19689563, SAMN19689562, SAMN19689582, SAMN19689565, SAMN19689564,
SAMN19689610, SAMN19689627, SAMN19689574, SAMN19689575, SAMN19689631, SAMN19689595,
SAMN19689557, SAMN19689618, SAMN19689576, SAMN19689589, SAMN19689545, SAMN19689556,
SAMN19689550, SAMN19689570, SAMN19689612, SAMN19689597, SAMN19689552, SAMN19689623,
SAMN19689573, SAMN19689543, SAMN19689617, SAMN19689555, SAMN19689591, SAMN19689559,
SAMN19689568, SAMN19689520, SAMN19689608, SAMN19689626, SAMN19689628, SAMN19689629,
SAMN19689630, SAMN19689587, SAMN19689551, SAMN19689553, SAMN19689577, SAMN19689615,
SAMN19689578, SAMN19689558.
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