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ABSTRACT Candida auris is a newly emerging fungal pathogen of humans and has
attracted considerable attention from both the clinical and basic research communi-
ties. Clinical isolates of C. auris are often resistant to one or more antifungal agents.
To explore how antifungal resistance develops, we performed experimental evolu-
tion assays using a fluconazole-susceptible isolate of C. auris (BJCA001). After a series
of passages through medium containing increasing concentrations of fluconazole,
fungal cells acquired resistance. By sequencing and comparing the genomes of the
parental fluconazole-susceptible strain and 26 experimentally evolved strains of C.
auris, we found that a portion of fluconazole-resistant strains carried one extra copy
of chromosome V. In the absence of fluconazole, C. auris cells rapidly became sus-
ceptible and lost the extra copy of chromosome V. Genomic and transcriptome se-
quencing (RNA-Seq) analyses indicate that this chromosome carries a number of
drug resistance-related genes, which were transcriptionally upregulated in the resis-
tant, aneuploid strains. Moreover, missense mutations were identified in the genes
TAC1B, RRP6, and SFT2 in all experimentally evolved strains. Our findings suggest
that the gain of an extra copy of chromosome V is associated with the rapid acquisi-
tion of fluconazole resistance and may represent an important evolutionary mecha-
nism of antifungal resistance in C. auris.

KEYWORDS Candida auris, aneuploidy, antifungal resistance, experimental evolution,
fluconazole

The emerging fungal pathogen Candida auris was first described in Japan in 2009
and is becoming a serious global threat to human health (1–4). C. auris emerged

simultaneously on different continents and spread around the world rapidly. Infections
with C. auris have been reported in at least 30 countries across six continents (5, 6).
There were 1,092 confirmed cases in the United States alone, as of March 2020 (CDC
data [https://www.cdc.gov/fungal/candida-auris/tracking-c-auris.html]). Recently, sev-
eral large-scale nosocomial outbreaks were reported (7–9).

C. auris is often multidrug resistant, and some clinical isolates are even resistant to
all three major classes of antifungals: azoles, polyenes, and echinocandins (2). Most
clinical isolates are resistant to fluconazole, one of the first-line drugs; more than 10%
of clinical isolates are resistant to two or three classes of antifungals (2, 3, 10).
Comparative genomic analysis indicates that there are a number of conserved or-
thologs associated with antifungal resistance in C. auris and the most common fungal
pathogen, Candida albicans (11). For example, genes of the ergosterol biosynthesis
pathway and drug transporters are conserved in the genomes of fungi.

The lanosterol 14-alpha-demethylase Erg11 is a key enzyme of the ergosterol
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biosynthesis pathway and the primary target of azole drugs (12). Three major muta-
tions, VF125AL (commonly referred to as F126L), Y132F, and K143R, have been found
in Erg11 and are associated with antifungal resistance in clinical isolates of C. auris (3,
11, 13, 14). However, it has been reported that the expression of ERG11 in clinical
fluconazole-resistant strains was not significantly increased (15), although its expression
level was upregulated 8-fold in older cells (16). Heterologous expression of C. auris
ERG11 alleles with Y132F or K143R substitutions increased azole MICs in Saccharomyces
cerevisiae (14). Although most clinical isolates of C. auris are resistant to fluconazole,
many strains that show a relatively high MIC for fluconazole do not carry any mutations
of the three hot spots on Erg11 (3, 15), and it has not been shown that the three major
ERG11 mutations fully explain the high resistance levels of isolates carrying these
changes. Therefore, both Erg11-dependent and Erg11-independent mechanisms could
be involved in the antifungal resistance of C. auris.

Aneuploidy is a common phenomenon in fungi, in which the number of one or
more chromosomes is abnormal (17, 18). In C. albicans and Cryptococcus neoformans,
aneuploidy is often associated with drug resistance (17, 19). At least 50% of fluconazole-
resistant isolates of C. albicans are aneuploid (19). In vitro experimental assays demon-
strated that antifungal and environmental stresses drive the formation of aneuploidy in
fungi (20). In the present study, we set out to explore the evolutionary mechanism of
antifungal resistance in C. auris. Taking advantage of a fluconazole-susceptible strain
(BJCA001) isolated in Beijing, China (21), we performed experimental evolution assays.
Through a series of passages in medium containing increasing concentrations of
fluconazole, we obtained a set of fluconazole-resistant strains of C. auris. Whole-
genome sequencing analysis indicates that a portion of experimentally evolved
fluconazole-resistant strains carry one extra chromosome V (or scaffold 6 of the B8441
reference genome). In addition, transcriptome sequencing (RNA-Seq) analysis indicates
that potential fluconazole resistance or ergosterol biosynthesis-related genes, such as
ERG9 and OPT1/2, on this chromosome were upregulated, which suggests that the gain
of this extra chromosome is associated with the development of fluconazole resistance
in these C. auris strains.

RESULTS
Induction of resistance in a fluconazole-susceptible isolate of C. auris. In a

recent study, we reported the first isolate of C. auris in China (BJCA001, belonging to
south Asia clade I). The MIC of fluconazole for BJCA001 is 2.0 mg/liter when this strain
is incubated for 24 h (21). Interestingly, cells of C. auris were able to grow in the
presence of 32 mg/liter of fluconazole when the incubation time was extended to 48 to
72 h. However, cells of the C. albicans control (SC5314) were unable to grow under the
same culture conditions (Fig. S1). We predicted that the growth of C. auris in the
presence of fluconazole could be due to (i) the effect of trailing growth, a commonly
observed phenomenon in Candida spp. (22), or (ii) the gain of fluconazole resistance in
fungal cells.

To investigate whether the treatment of fluconazole could induce the development
of resistance in C. auris, we designed a strategy of experimental evolution (Fig. 1A). Cells
of C. auris were passaged in RPMI 1640 medium containing a series of increased
concentrations of fluconazole (32 mg/liter, 64 mg/liter, or 128 mg/liter). After three
passages in each culture, cells were plated on yeast extract-peptone-dextrose (YPD)
medium and cultured at 37°C for 3 days. Eighteen single colonies (A1 to A18) from the
YPD plates were collected and tested for MIC of fluconazole (Fig. 1). Of note, as we
describe in Materials and Methods, some of these samples (A1 to A18) could be clonal,
since they were derived from three different lineages. The MICs for samples A1 to A8,
A9 to A14, and A15 to A18 were 128 mg/liter, 64 mg/liter, and 32 mg/liter, respectively.
To further stabilize the antifungal resistance, samples A1 to A8 were subjected to four
additional passages in RPMI 1640 medium containing 128 mg/liter of fluconazole (Fig.
1B and C), generating strains B1 to B8. The MICs for B1 to B8 were 128 mg/liter.
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Aneuploidy for chromosome V (scaffold 6) is associated with fluconazole
resistance of experimentally evolved strains. To explore the rapid development of
fluconazole resistance in C. auris, we resequenced the genomes of the parental
fluconazole-sensitive strain BJCA001 and 26 experimentally evolved strains (A1 to A18
and B1 to B8) (Data Set S1). We found that the evolved isolates do not carry known drug
resistance mutations, such as F126L, Y132F, or K143R in ERG11, which could not explain
the resistant phenotype in these isolates. Single nucleotide polymorphism (SNP) anal-
ysis identified 40 missense and 3 stop mutations in the 26 experimentally evolved
strains (Data Set S1). Two stop mutations were found in samples A2 and A17
(GenBank accession no. PIS51396.1 and PIS52414.1) and one in sample A18 (accession
no. PIS55644.1). PIS51396.1 encodes a homolog of fungal Ime2, which is a serine/
threonine protein kinase involved in the regulation of meiosis. In Candida albicans,
mutation of Ime2 leads to hypersensitivity to amphotericin B (23). PIS52414.1 encodes
a homolog of C. albicans cyclic AMP (cAMP)-dependent protein kinase catalytic subunit
(Tpk1). Tpk1 plays a global role in the regulation of morphological transitions, stress
response, and antifungal resistance in C. albicans (24). PIS55644.1 encodes a homolog
of the Tcc1 transcription factor that regulates filamentation and virulence in C. albicans
(25). Tcc1 is repressed by the antifungal flucytosine in C. albicans (26), suggesting that
it could be involved in antifungal resistance.

Three missense site mutations (PIS52262.1_L564R, PIS58786.1_I162L, PIS49793.1_
S195R; the designations correspond to the GenPept accession number plus the muta-

FIG 1 Schematics of the experimental evolution strategies of fluconazole resistance in C. auris. (A) Eight independent samples (containing
4 � 105 cells) of C. auris BJCA001 were initially cultured in 0.2 ml RPMI 1640 medium (OD600 � 0.1) containing 32 mg/liter fluconazole (FLC)
and grown at 35°C for 48 h. After two more passages under the same conditions, cells were inoculated and grown in YPD medium
containing 64 mg/liter and then 128 mg/liter fluconazole for three passages each. Two and three samples failed to grow after treated with
32 mg/liter and 64 mg/liter fluconazole, respectively. Three isolates that grew in the medium containing 128 mg/liter fluconazole were
then plated on YPD medium for 3 days of incubation at 37°C. Eighteen independent colonies (A1 to A18) with MICs of �32 mg/liter
were picked and subjected to whole-genome sequencing (WGS). To strengthen the fluconazole-resistant feature, samples A1 to A8 were
inoculated into RPMI 1640 medium containing 128 mg/liter fluconazole for four additional passages and then subjected to WGS (samples
B1 to B8). (B) Induction of the loss of fluconazole resistance strain B1. Cells of the fluconazole-resistant strain B1 were inoculated and
grown on YPD plates without fluconazole at 25°C for 1 month. Colonies were then subjected to MIC testing. (C) MICs of fluconazole for
BJCA001 and strains A1 to A18, B1 to B8, and R1 to R3.
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tion) were found in all 26 experimentally evolved strains. PIS49793.1 is a homolog of C.
albicans TAC1 encoding a transcriptional activator of drug transporter-encoding genes
CDR1 and CDR2 (27). TAC1B is located in chromosome V in C. auris. A recent study
demonstrated that missense mutations in TAC1B (PIS49793.1 mutations R495G and
F214S) are associated with fluconazole resistance, while the A640V mutation could
directly confer resistance in C. auris (28). Another study indicates that deletion of TAC1B
results in the increased susceptibility to fluconazole and voriconazole in C. auris (29).
PIS52262.1 is a homolog of C. albicans RRP6, encoding a nuclear exosome exonuclease
component, whereas PIS58786.1 is a homolog of C. albicans SFT2, encoding a putative
membrane protein. However, no evidence implies that RRP6 and SFT2 are related to
drug resistance based on the reported functions of their orthologs in C. albicans and
other fungal species.

Moreover, some other missense site mutations of genes involved in drug resistance,
cell wall maintenance, and oxidative metabolisms were found in a subset of evolved
strains (Data Set S1). For example, a mutation of PIS58450.1 was found in two samples
(A11 and A15). PIS58450.1 encodes a homolog of C. albicans Age3, which is an
ADP-ribosylation factor GTPase-activating protein. Mutation of AGE3 in C. albicans
affects chemical and drug resistance (30). Some strains carried mutations of homologs
of C. albicans genes for Ald5, Amo2, and Taf4. It has been demonstrated that the
expression of Ald5 is regulated by fluconazole (31), whereas mutation of Amo2 and Taf4
in C. albicans results in hypersensitivity to toxic ergosterol analog (23). These findings
indicate that these SNPs of the experimentally evolved strains of C. auris could also
affect fluconazole resistance.

C. auris typically exists as a haploid organism (11, 32). Muñoz et al. assembled the
genomic DNA of two C. auris strains (B8441 and B11221) into seven chromosomes (11).
Using the reported genome assembly of strain B8441 as a reference, we analyzed the
copy number variation (CNV) of each scaffold based on our resequencing data for
strains BJCA001, A1 to A18, and B1 to B8. As shown in Fig. S2, C. auris strain BJCA001
is a typical haploid isolate and contains only one copy of each scaffold. The copy
numbers of scaffold 6 (chromosome V) in A1 to A18 and B1 to B8 varied from 1.00 to
2.03. For B1 to B8 and A7, the copy number of chromosome V was 2 or close to 2,
implying that these strains carried an extra copy of this chromosome. The copy
numbers of chromosome V of several strains were nonintegers, including those of
strains A1 to A7, which exhibited a high MIC of fluconazole (128 mg/liter), and A9, A13,
A14, and A18, which exhibited moderate MICs (64 mg/liter and 32 mg/liter). We hy-
pothesized that there were two potential factors leading to these noninteger copy
numbers. First, only a portion of cells in the population of these samples (A1 to A7, A9,
A13, A14, and A18) carried an extra copy of chromosome V. Samples A1 to A18 were
grown on YPD medium without fluconazole before collection for genomic sequencing.
Although single colonies were used, a portion of cells in the colonies could have lost
the extra chromosome during the growth in the absence of fluconazole stress. Second,
these strains (A1 to A7, A9, A13, A14, and A18) might carry an isochromosome rather
than a full-length chromosome. To uncover potential reasons for the noninteger copy
numbers of chromosome V, we examined the average read depth for nonoverlapping
500-bp windows throughout chromosome V for strains BJCA001, A1 to A18, and B1 to
B8. Of note, B1 to B8 were derived from cultures A1 to A8 and subjected to an
enrichment for drug-resistant cells through four additional passages in the presence of
128 mg/liter fluconazole (Fig. 1). As shown in Fig. 2, Fig. S3, and Data Set S2, enriched
samples B1 to B8 all carried a whole extra copy of chromosome V, suggesting that
additional passages favored the growth of aneuploid cells. For samples A1 to A7, A9,
A13, A14, and A18, the CNV of each window showed increased copy numbers across
chromosome V, with an average centered between haploid and diploid levels, sug-
gesting that they were heterozygous populations and only a portion of cells carried an
extra copy of chromosome V.

Interestingly, genomic analysis indicated that at least 23 genes associated with drug
resistance or ergosterol biosynthesis, including TAC1B, NCP1, ERG9, and ERG13, are
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FIG 2 Copy-number variations (CNV) of C. auris after a series of passages in the fluconazole-containing
medium. Fluconazole-susceptible strain BJCA001 served as a reference. Experimentally evolved strains A1 to
A8 and B1 to B8 (Fig. 1) were tested. A comparative genomic analysis shows a copy number variation at
scaffold 6 (chromosome V) using the B8441 genome assembly as a reference. The data for strains A9 to
A18 are presented in Fig. S1. The x axis indicates scaffolds 1 to 10. The y axis shows the copy number of each
scaffold. Each spot represents the sequence depth for a genomic segment of 500 bp across the chromosomes.
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located on chromosome V of C. auris (Fig. 3 and Data Set S3), suggesting that this
chromosome is associated with antifungal resistance.

C. auris cells become fluconazole susceptible and return to the euploid state.
To confirm that the extra copy of chromosome V of resistant strains of C. auris was
associated with fluconazole resistance, we next grew the fluconazole-resistant strain
B1 on YPD medium plates containing no antifungal drug. We obtained a set of
fluconazole-susceptible strains, indicating that the resistant strain could return to
the susceptible state in the absence of antifungal drug stress. Whole-genome sequenc-
ing analysis indicated that the recovered fluconazole-susceptible strains R1 to R3
(MIC � 2 mg/liter) lost the extra copy of chromosome V (Fig. S2 and S3 and Data Set S1).
Moreover, strains R1 to R3 still possessed the SNPs in the genes TAC1B, RRP6, and SFT2,
suggesting that these mutations do not play a major role in resistance of our evolved
strains. Three new SNPs (PIS51247.1_K357E, PIS48789.1_S115L, and PIS51736.1_N251I)
were observed in strains R1 to R3. PIS51247.1 is an ortholog of C. albicans orf19.2008
(encoding an S-methyl-5-thioribose-1-phosphate isomerase). No orthologs of PIS48789.1
and PIS51736.1 were found in C. albicans and S. cerevisiae. Taken together, our results
suggest that aneuploidy of this chromosome is associated with the acquisition of
fluconazole resistance in C. auris.

Fluconazole-resistant strains exhibit a low growth rate. Both aneuploidy and
drug resistance affect cellular physiology in the absence of antifungal stress (17, 33, 34).
For example, aneuploid strains proliferate more slowly than do wild-type cells of S.

FIG 3 Genome-wide profile of differential gene expression between fluconazole-resistant strain B1 and
fluconazole-susceptible strain BJCA001 and scaffold copy number variation for B1. Different scaffolds are shown
outside the circle. The differential gene expression and copy number changes are shown in the middle and inner
rings. Several genes that may be involved in drug resistance are shown between the outside and middle circles;
genes in red and green are upregulated and downregulated, respectively, in B1 compared with BJCA001.
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cerevisiae (35). We next compared the growth rates of the original fluconazole-sensitive
strain BJCA001, experimentally evolved strains B1 to B8, and recovery strains R1 to R3
(fluconazole sensitive). As shown in Fig. 4, all experimentally evolved fluconazole-
resistant strains exhibit a lower growth rate than BJCA001 and recovery susceptible
strains, implying that there is a trade-off between growth rate and resistance to
fluconazole in C. auris conferred by aneuploidy.

Fluconazole-resistant and fluconazole-susceptible strains exhibit globally dif-
ferential transcriptional profiles. As mentioned above, at least some drug resistance-
related genes are located on chromosome V of C. auris. To investigate whether the
dosage effect of this chromosome affected the transcriptional profile of genes on it, we
performed RNA-Seq analysis with the parental fluconazole-susceptible strain BJCA001
and experimentally evolved fluconazole-resistant strain B1. As mentioned above, strain
B1 carried an extra copy of chromosome V (Fig. 2). Compared to BJCA001, we found
that 285 genes were upregulated and 203 genes downregulated in cells of B1 (2-fold
change cutoff; adjusted P value, �0.05; three replicates tested) (Fig. 5 and Data Set S3).
Of the 285 genes upregulated in B1, 175 genes are located on chromosome V
(representing 44.9% of 390 genes on this chromosome) (Fig. 5 and Data Set S3).

Interestingly, a number of genes related to antifungal resistance or ergosterol
biosynthesis on chromosome V of C. auris were upregulated in the evolved resistant
strain (Table 1). There was only one gene (PIS49750.1) on chromosome V that was
downregulated in B1 cells. Four genes on chromosome V (NCP1, ERG9, ERG13, and
ZCF22) and two genes related to ergosterol or sterol biosynthesis on chromosomes II
and III (ERG11 and ERG1, respectively) were transcriptionally upregulated in strain B1
based on RNA-Seq (Fig. 5 and Data Set S3) or qRT-PCR (Fig. S4). ERG13 encodes a
hydroxymethylglutaryl coenzyme A (hydroxymethylglutaryl-CoA) synthase to yield
3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) (36). ERG9 and ERG1 encode squalene
synthase and squalene epoxidase, respectively; the first enzyme is dedicated to pro-
duction of squalene, which is the precursor of all steroids (37). ERG11 encodes a
microsomal and membrane-bound protein, which functions as a lanosterol 14,�-
demethylase of the cytochrome P450 family and the primary target of azole drugs (12).
NCP1 encodes a coenzyme of Erg11, and deletion of NCP1 in C. albicans leads to a
200-fold increase of susceptibility to ketoconazole (38, 39). ZCF22 is a predicted
Zn(II)2Cys6 transcription factor-encoding gene (40). Zcf22 protein has domains similar
to those of Upc2, which is a regulator of sterol biosynthesis (41). Sequence analysis
indicates that both Upc2 and Zcf22 of C. auris belong to the Upc2 family. However, it
remains to be investigated whether Zcf22 plays a role similar to that of Upc2 and is
involved in the regulation of sterol biosynthesis.

Moreover, 16 transporter-encoding genes, including OPT2, OPT1, EMP46, SEC24, and
MEP2 were transcriptionally upregulated in B1 (Data Set S3). These transporters could

FIG 4 Growth curves of strain BJCA001, experimentally evolved fluconazole-resistant strains B1 to B8,
and recovery strains R1 to R3 in YPD medium. Cells were cultured with an initial inoculum with an OD600

of 0.2 at 30°C with shaking for 48 h. Three biological repeats were performed.
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play a role in efflux pumps of drugs. For example, OPT2 encodes an oligopeptide
transporter which is induced in the presence of fluconazole in C. albicans (42). In C. auris
and other drug-resistant species of the CTG clade, there is an expansion of OPT
transporters, including over 10 copies of OPT2 in the genome (11). There are 8 OPT
genes on chromosome V of C. auris. Of them, 7 exhibited increased expression in strain
B1. We noted that the transcriptional expression of CDR1 was not significantly changed
(1.03-fold) and that of CDR4 was downregulated in B1 (2.08-fold), suggesting that the
mutation site of PIS49793.1_S195R (the homolog of C. albicans TAC1) does not obvi-
ously affect its regulatory function on the two genes. Taken together, these results
imply that the increased expression of genes on chromosome V due to copy number
variation is associated with the fluconazole resistance of the experimentally evolved
strains of C. auris.

In addition, TAC1A and MDR1 regulate antifungal resistance in other fungi and were
differentially expressed in the wild-type (WT) and B1 strains. ERG3, UPC2, TAC1B, and
MRR1 also exhibited 1.3- to 2.0-fold changes (Data Set S3). Both TAC1A and TAC1B are
the homologs of C. albicans TAC1 and are located on chromosome V of C. auris.
Recently, it was demonstrated that mutation of TAC1B could confer antifungal resis-
tance in C. auris (28). ERG3 encodes a sterol desaturase that is involved in one of the
final reactions in the ergosterol biosynthetic pathway in fungi. Some clinical isolates of
C. albicans carrying Erg3 mutations exhibit increased azole resistance (43). As men-
tioned earlier, the Upc2 transcription factor functions as a regulator of ergosterol

FIG 5 Differentially expressed global gene profiles between the fluconazole-resistant strain B1 and original strain BJCA001. (A) Box plot of distribution of gene
expression values for each scaffold. (B) Differentially expressed genes (DEG) in strains B1 and BJCA001. (C) Upregulated and downregulated genes in strains
B1 and BJCA001 for each scaffold. (D) Functional classification of DEG at scaffold 6. Genes were classified based on C. albicans gene annotation and ontology
(http://www.candidagenome.org).
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biosynthetic genes and sterol uptake (41), whereas the Mrr1 transcription factor plays
a role in the regulation of the expression of the multidrug resistance-related gene MDR1
in C. albicans (44). Taken together, the results indicate that the differential expression
of these genes in the WT and experimentally evolved B1 strains could contribute to the
difference in fluconazole resistance.

DISCUSSION

The development of drug resistance is an important topic of both the public health
and research communities. The newly emerging fungal pathogen C. auris has attracted
much attention from the public and research community due to its multidrug resis-
tance feature. It has been proposed that the widespread use of antifungal drugs may
play a critical role in the emergence of this fungus (4). Most clinical isolates of C. auris
are resistant to the first-line drug fluconazole (3, 4). How does C. auris develop
antifungal resistance? To explore the mechanism, in this study, we took advantage of
a fluconazole-sensitive strain of C. auris BJCA001 and performed in vitro experimental
evolution assays. After a series of passages in the presence of fluconazole, cells of C.
auris BJCA001 acquired resistance to the drug (Fig. 1). Genomic sequencing analysis
indicates that the gain of an extra chromosome V is associated with the development
of resistance to fluconazole in the experimentally evolved strains. As described in
Results and in Materials and Methods, the design of our experiments had some
limitations. First, the A samples (A1 to A18) were derived from three different lineages,
and some of them could be clonal or duplications, although they carried various copy
numbers of chromosome V and different SNPs. Second, we performed the in vitro
experimental evolution assays using only a single strain of genetic clade I. It would be
worthwhile to examine whether the gain of the extra chromosome is a general feature
in the other genetic clades. Third, we did not test whether this aneuploidy is a feature
of naturally fluconazole-resistant isolates from clinical settings.

The formation of aneuploidy is a general adaptive mechanism of fungi in the
presence of antifungal stress (17, 19). For example, the gain of a partial or full extra

TABLE 1 Differentially expressed genes of interest on chromosome V of C. aurisa

Functional description C. auris gene accession no. C. albicans homolog Log2(WT/B1) FDR Reference(s)

Ergosterol biosynthesis PIS49477.1 ERG13 �0.61 1.27E�06 26, 55
PIS49563.1 ERG9 �1.18 5.61E�26 26, 55
PIS49684.1 NCP1 �2.06 3.72E�54 39
PIS49856.1 ZCF22 �1.12 3.64E�15 40, 41

CDR or MDR family PIS49792.1 TAC1A �1.61 3.52E�33 27
PIS49793.1 TAC1B �0.59 8.32E�05 27
PIS49714.1 orf19.1449 �0.66 5.79E�04 56
PIS49547.1 orf19.2473 �0.62 4.14E�10 55

Oligopeptide transporters PIS49539.1 OPT1 �1.48 3.22E�04 11
PIS49578.1 OPT1 0.47 2.59E�05 11
PIS49456.1 OPT2 �0.32 3.30E�03 11
PIS49514.1 OPT2 �0.61 3.71E�03 11
PIS49515.1 OPT2 �0.16 5.62E�01 11
PIS49521.1 OPT2 �1.05 3.86E�12 11
PIS49522.1 OPT2 �1.62 1.66E�19 11
PIS49537.1 OPT2 �0.55 1.74E�03 11

Other major facilitator superfamily PIS49770.1 HGT7 �1.97 3.84E�53 57
PIS49560.1 orf19.4090 �0.82 1.11E�05 57
PIS49745.1 orf19.4905 �1.17 1.77E�33 57
PIS49665.1 orf19.7666 �0.62 1.18E�04 57

Fluconazole resistance related PIS49757.1 orf19.2893 �1.25 4.24E�24 58
PIS49801.1 GRP2 �1.99 1.94E�10 58
PIS49656.1 orf19.6502 �0.61 6.22E�07 58

aThis table is associated with Data Set S3. Log2(WT/B1) is the log2 ratio of the FPKM value of the WT to that of B1. FDR (false discovery rate) reflects adjusted P
values. CDR, Candida drug resistance genes; MDR, multidrug resistance genes. The WT strain was BJCA001; B1 is a fluconazole-resistant strain derived from BJCA001.
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chromosome V in C. albicans is related to fluconazole resistance (19). Chromosome V of
C. albicans houses genes encoding the enzyme (Erg11) of the ergosterol pathway
targeted by azole drugs and efflux proteins. In C. auris, increased copy number of the
chromosomal region encompassing ERG11 had been reported as another mechanism
of azole resistance (11). In the present study, we found that a portion of experimental
evolved fluconazole-resistant strains contained an aneuploidy for chromosome V that
also bears a range of antifungal resistance-associated genes (Fig. 3; Table 1).

Aneuploidy often results in the changes of cellular physiology and gene expression
profile. It has been observed in S. cerevisiae that most genes on aneuploid chromo-
somes were expressed at higher levels consistent with a dosage effect (35). To explore
the effect of aneuploidy on the transcriptional profile in C. auris, we performed RNA-Seq
analysis (Fig. 5). As expected, 50% genes located on chromosome V were significantly
upregulated in the fluconazole-resistant strain harboring an extra copy of chromosome
V (Fig. 5, Data Set S3, and Table 1). Several genes (for example, OPT [oligopeptide
transporter] family transporter genes, ERG9, and NCP1) could contribute to the devel-
opment of resistance in C. auris. The increased expression of ERG13, ERG9, and NCP1
could result in an increase of the cellular level of ergosterol (Fig. S4). Moreover, some
genes associated with ergosterol biosynthesis (e.g., ERG1, ERG7, ERG8, ERG11, and
ERG26) were also upregulated in fluconazole-resistant strain B1 (Data Set S3).

Although aneuploidy could occur spontaneously in fungi, our study demonstrates
that the spontaneous rate of aneuploidy formation in C. auris could be significantly
increased in the presence of fluconazole stress. Under the antifungal stress, aneuploid
cells of C. auris were still able to proliferate. However, under the same culture condition,
cells of C. albicans strain SC5314 failed to grow in the presence of fluconazole (Fig. S1).
A recent study suggested that aneuploidy is uncommon in clinical isolates of C. auris
(32), and the authors suggest that ploidy changes do not appear to be a mechanism of
environmental adaption in C. auris. However, our study implies that aneuploidy may be
unstable and would be quickly lost in the absence of drug pressure, and it may
therefore be missed when strains are cultured in the absence of drug but could still be
important for response to antifungal agent in C. auris. The loss of the extra chromosome
V was repeatable in different experimentally evolved strains after growth on medium
without fluconazole. This genomic plasticity could be a common feature of pathogenic
fungi (45). Together with the fact that most clinical isolates of C. auris are fluconazole
resistant, these findings indicate that the genome of C. auris could be more plastic than
that of C. albicans under stressful conditions.

Although the feature of antifungal resistance provides an advantage to C. auris cells
in the presence of drug stress, we found that all fluconazole-resistant strains grew more
slowly than the susceptible counterpart (Fig. 4). Similar to the case in C. albicans, there
could be a fitness trade-off between cell growth and antifungal resistance in C. auris.
Aneuploidy may result in unbalanced gene expression and protein stoichiometry (35).
The perturbation of cellular homeostasis could lead to a delay of the G1 phase.
Consistent with our results, a recent study reported that overexpression of nine genes
of the ergosterol biosynthesis pathway (HMG1, ERG9, ERG1, NCP1, ERG25, ERG27, ERG28,
ERG6, and ERG2) led to a lowered growth rate in Saccharomyces cerevisiae (46).

Taken together, our results reveal a new mechanism of the development of flu-
conazole resistance in C. auris using an integrated strategy that combined the exper-
imental evolution and systems biology approaches. Formation of aneuploidy could be
one of the antifungal resistance mechanisms in this fungus. Our findings provide an
example of drug resistance development in fungi and shed new light on the global
emergence of C. auris.

MATERIALS AND METHODS
Strains and culture conditions. YPD medium (10 g/liter yeast extract, 20 g/liter peptone, and 20

g/liter glucose) was used for routine growth of C. auris and C. albicans. C. auris strain BJCA001 and C.
albicans strain SC5314 were used in this study. To determine the growth curves of C. auris and C. albicans
strains, we cultured cells in YPD medium for 48 h using 96-well plates. The growth intensity (measured
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as optical density at 600 nm [OD600]) was read with a Synergy 4 Gen5 plate reader (Biotek, Potton, United
Kingdom).

MIC assay. MIC assays for all strains (BJCA001, A1 to A18, B1 to B8, and R1 to R3) used in this study
were performed according to the CLSI standard M27 (47) and a previous report (48). Three repeats were
performed for each strain. Briefly, C. auris cells of each strain were initially patched on synthetic complete
defined (SD) medium plates at 35°C for 24 h. Approximately 500 fungal cells in 0.1 ml RPMI 1640 medium
(1.04% [wt/vol] RPMI 1640, 3.45% [wt/vol] MOPS [morpholinepropanesulfonic acid]S, NaOH used for pH
adjustment to 7.0) were mixed with 0.1 ml RPMI 1640 medium with different concentrations of antifungal
drugs in a 96-well plate for MIC assays. A series of fluconazole concentrations (from 0.5 to 128 �g/ml) was
used. Cells were incubated at 35°C in air for 24 h. Candida krusei ATCC 6258 and Candida parapsilosis
ATCC 22019 served as quality controls.

Induction of fluconazole resistance in C. auris. The fluconazole-susceptible strain BJCA001 (MIC of
fluconazole � 2) was used as the starting strain. All cultures were performed in 96-well plates, and the
growth intensity (OD600) was read with a Synergy 4 Gen5 plate reader (Biotek, Potton, United Kingdom).
To induce fluconazole resistance, eight independent samples of C. auris strain BJCA001 were treated with
fluconazole as demonstrated in Fig. 1. Eight independent cell samples (colonies) of C. auris BJCA001 were
initially treated with 32 mg/liter fluconazole for three passages. Then, 4 � 105 cells of each sample in
0.2 ml RPMI 1640 medium were incubated in each well of 96-well plates at 35°C for 48 h. Two samples
failed to grow in the presence of 32 mg/liter fluconazole. The other six samples (4 � 105 cells for each
treatment) were subsequently treated with 64 mg/liter fluconazole for three passages. Three samples
failed to grow in the presence of 64 mg/liter fluconazole. The other three samples were further treated
with 128 mg/liter fluconazole for three passages and then plated on YPD medium (without fluconazole).
Eighteen representative single colonies (A1 to A18) from the three independent samples were tested for
the MIC of fluconazole and subjected to genomic sequencing. Of note, these samples (A1 to A18)
represent three different lineages, and many of them were clonal. To obtain samples B1 to B8, strains A1
to A8 were subjected to four additional passages in RPMI 1640 medium containing 128 mg/liter
fluconazole. To obtain fluconazole-susceptible recovery strains, the fluconazole-resistant strain B1 was
grown on YPD plates (without fluconazole) at 25°C for 1 month. To screen fluconazole-susceptible strains,
the cells of different colonies were reinoculated on YPD plates with or without 128 mg/liter fluconazole.
Colonies that grew on YPD plates without fluconazole but not on YPD plates with 128 mg/liter
fluconazole were subjected to MIC tests.

Whole-genome resequencing analysis. Single colonies of C. auris A1 to A18, R1 to R3, and BJCA001
were grown in liquid YPD medium at 37°C for 24 h. Cells were subjected to MIC testing to ensure that
they maintained the original antifungal-resistant features and then were collected for genomic DNA
extraction. To generate strains B1 to B8, cells of single colonies of A1 to A8 from YPD plates were
inoculated into liquid YPD medium containing 128 mg/liter fluconazole and passaged four times.
Genomic DNA of B1 to B8 was then extracted for sequencing. Genomic DNA was extracted using the
TIANamp yeast DNA kit (TianGen Biotech, Beijing, China) according to the company’s recommended
protocols. The construction of libraries and genomic sequencing was performed by Berry Genomics Co.,
Beijing, China, according to the company’s protocols. Sequencing libraries were generated using a
NEBNext Ultra DNA library prep kit for Illumina (NEB, USA). The DNA samples were fragmented by
sonication to a size of �300 bp. DNA fragments were then end polished, A tailed, and ligated with the
full-length adaptor for Illumina sequencing with further PCR amplification. Purified PCR products were
subjected to size distribution analysis with an Agilent 2100 Bioanalyzer. Each sample was then sequenced
using the Illumina NovaSeq platform with 2 � 150-bp reads and 450� minimum coverage.

Reference-based alignment and variant calling assays. To analyze genomic sequence variations
of C. auris strains, we compared the sequences of 30 samples (BJCA001, A1 to A18, B1 to B8, and R1 to
R3). The FASTX toolkit v0.0.14 (http://hannonlab.cshl.edu/fastx_toolkit/index.html) was used to remove
low-quality (Phred score � 10), ambiguous, and adaptor bases from raw reads. The clean reads were then
mapped to the previously published genomic assembly of C. auris strain B8441 (NCBI accession number
GCA_002759435.2 (11)) using BWA mem 0.7.17 software with default settings (49). SAMtools v1.361 (22)
was employed to convert the alignment results into the BAM format, and Picard Tools v1.56 (https://
github.com/broadinstitute/picard) was used to sort and mark duplicated reads with the commands
“SortSam” and “MarkDuplicates,” respectively. The variable sequence sites were detected with the
SAMtools and Genome Analysis Toolkit (GATK v2.7.2) (50). For GATK, the program HaplotypeCaller was
used for SNP calling. The ploidy of the genome of BJCA001 was set as 1. The strand_call_conf (thresholds
for low- and high-quality variation loci) and strand_emit_conf (minimum Phred-scaled confidence
threshold) parameters were set to 50.0 and 20.0, respectively. High-quality SNPs from SAMtools and
GATK were merged with the GATK program SelectVariants. Sites with total quality by depth of �2.00,
mapping quality of �40, genotype quality of �30, and genotype depth of �5 were filtered out using
GATK Variant Filtration. The variant sites with a coverage depth of �20 were used for subsequent
analyses and final SNP extraction.

Copy number variation analysis. The BAM data sets with duplications removed were used to
estimate copy number variation (CNV) for each isolate. Genomic regions with CNV were identified with
the Splint script to avoid the “smiley pattern” bias (51). The read depth obtained with 500-bp nonover-
lapping windows across the genome was generated with default internal parameters. The relative copy
number values of each window were normalized by the median value of nonoverlapping 500-bp
windows and visualized using R script. The predicted copy number of each chromosome was determined
based on the mean read depth coverage in a given chromosome and normalized by the whole-genome
coverage.
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Q-RT-PCR and RNA-Seq assays. Quantitative real-time PCR (Q-RT-PCR) assays were performed
according to our previous publication, with modifications (52). Briefly, fungal cells were collected from
cultures grown on solid plates. Cells were subjected to MIC testing to ensure that they maintained the
original antifungal-resistant features. One microgram of total RNA per sample was used to synthesize
cDNA with RevertAid H Minus reverse transcriptase (Thermo Scientific, Inc., Beijing, China). Quantification
of transcripts was performed in a Bio-Rad CFX96 real-time PCR detection system using SYBR green. The
signal from each experimental sample was normalized to the expression level of the C. auris ACT1 gene.

For RNA-Seq assays, C. auris cells grown on YPD medium at 37°C for 24 h were used for total RNA
extraction and RNA-Seq analysis. The libraries were sequenced using the Illumina NovaSeq platform (by
Berry Genomics Co., Beijing, China). Approximately 6 billion reads were obtained by sequencing each
library. Low-quality (Phred score � 10), ambiguous, and adaptor bases were removed from the raw reads
using the FASTX-Toolkit v0.0.14 (http://hannonlab.cshl.edu/fastx_toolkit/index.html). The clean reads
were aligned to the transcriptome of C. auris (from the NCBI database; accession number
GCA_002759435.2) (11) using the software HiSat2 v2.0.5 with default parameters. Transcriptional expres-
sion of different samples was estimated with StringTie v1.3.3b with default parameters (53). Differentially
expressed genes were analyzed with the DESeq2 R package (54). Differentially expressed genes must
satisfy three criteria: (i) an FPKM (fragments per kilobase per million) value for at least one sample of �20;
(ii) a fold change of �2; (iii) false discovery rates (FDRs) of �0.05.

Data availability. All data were deposited in the Sequence Read Archive (SRA) database (accession
no. SRR9325914 to SRR9325939 and SRR9316737). The RNA-Seq data set has been deposited in the NCBI
Gene Expression Omnibus (GEO) portal (accession no. GSE136768).
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