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Abstract: 17 

Antifungal drug resistance and tolerance poses a serious threat to global public health. In the 18 

human fungal pathogen, Candida auris, resistance to triazole, polyene, and echinocandin 19 

antifungals is rising, resulting in multidrug resistant isolates. Here, we use genome analysis and 20 

in vitro evolution of seventeen new clinical isolates of C. auris from clades I and IV to determine 21 

how quickly resistance mutations arise, the stability of resistance in the absence of drug, and 22 

the impact of genetic background on evolutionary trajectories. We evolved each isolate in the 23 

absence of drug as well as in low and high concentrations of fluconazole. In just three 24 

passages, we observed genomic and phenotypic changes including karyotype alterations, 25 

aneuploidy, acquisition of point mutations, and increases in MIC values within the populations. 26 
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Fluconazole resistance was stable in the absence of drug, indicating little to no fitness cost 27 

associated with resistance. Importantly, two isolates substantially increased fluconazole 28 

resistance to ³256µg/ml fluconazole. Multiple evolutionary pathways and mechanisms to 29 

increase fluconazole resistance occurred simultaneously within the same population. Strikingly, 30 

the sub-telomeric regions of C. auris were highly dynamic as deletion of multiple genes near the 31 

sub-telomeres occurred during the three passages in several populations. Finally, we 32 

discovered a mutator phenotype in a clinical isolate of C. auris. This isolate had elevated 33 

mutation rates compared to other isolates and acquired substantial resistance during evolution 34 

in vitro and in vivo supporting that the genetic background of clinical isolates can have a 35 

significant effect on evolutionary potential.  36 

Importance: 37 

Drug resistant Candida auris infections are recognized by the CDC as an urgent threat. Here, 38 

we obtained and characterized a set of clinical isolates of C. auris including multiple isolates 39 

from the same patient. To understand how drug resistance arises, we evolved these isolates 40 

and found that resistance to fluconazole, the most commonly prescribed antifungal, can occur 41 

rapidly and that there are multiple pathways to resistance. During our experiment, resistance 42 

was gained, but it was not lost, even in the absence of drug. We also found that some C. auris 43 

isolates have higher mutation rates than others and are primed to acquire antifungal resistance 44 

mutations. Furthermore, we found that multidrug resistance can evolve within a single patient. 45 

Overall, our results highlight the high stability and high rates of acquisition of antifungal 46 

resistance of C. auris that allow evolution of pan-resistant, transmissible isolates in the clinic. 47 

 48 

  49 
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Introduction: 50 

Candida auris has spread rapidly since it was first identified as a fungal species in 2009 in 51 

Japan [1]. C. auris infections have been reported in at least 47 countries, although given 52 

challenges in distinguishing C. auris from other species, infections are likely even more 53 

widespread [2]. Genomic analysis indicates that C. auris isolates can be classified into five 54 

major geographically distinct clades with clades I, III and IV most commonly causing outbreaks 55 

[3–5]. Major factors contributing to the rapid spread of C. auris are high rates of transmission 56 

from patient-to-patient in healthcare settings, extended survival on fomites, and rapidly acquired 57 

antifungal drug resistance [6,7]. Acquired resistance to triazoles, including fluconazole, as well 58 

as polyenes is common, and resistance to echinocandin antifungals is increasing, resulting in 59 

multidrug resistant isolates [8]. Pan-resistant isolates of C. auris have recently arisen and 60 

spread from one patient to another during outbreaks in multiple healthcare facilities in the United 61 

States [9]. Therefore, understanding how C. auris becomes resistant to antifungals is critical. 62 

 63 

Azole resistance in Candida species most often occurs due to mutations within the ergosterol 64 

biosynthesis pathway. Mutations in ERG11, the gene that encodes a sterol-demethylase and is 65 

the target of triazoles, are commonly identified in drug resistant clinical isolates in addition to 66 

mutations that activate drug export pathways. In C. auris isolates, fluconazole resistance has 67 

been correlated with three amino acid substitutions in ERG11: V125A/F126L, Y132F, and 68 

K143R [4]. These mutations have been shown to increase fluconazole minimum inhibitory 69 

concentrations (MICs) by ~16-fold [10]; however, mutations in ERG11 alone cannot explain the 70 

very high levels of resistance (MICs >256µg/ml fluconazole) observed in many C. auris isolates. 71 

Activating mutations in the transcriptional regulator of drug efflux pumps, TAC1B, have also 72 

been shown to be important for high levels of fluconazole resistance [11], and deletion of 73 

TAC1B abrogates resistance [12]. However, there are still many open questions regarding the 74 
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rates and stability of acquired drug resistance and the contribution of genetic diversity between 75 

clinical isolates to the evolutionary rates and trajectories of acquired drug resistance.  76 

In vitro evolution experiments using single C. auris isolates have provided insight into the rates 77 

of evolution and types of mutations acquired during drug exposure. Evolution of the clade I 78 

reference genome strain AR0387/B8441 in increasing concentrations of fluconazole followed by 79 

candidate gene sequencing highlighted the importance of TAC1B as a key regulator of 80 

resistance [11]. Passaging of a different fluconazole susceptible clade I isolate in increasing 81 

concentrations of fluconazole identified aneuploidy of Chromosome 5 along with missense 82 

mutations in three genes, including TAC1B. Chromosome 5 contains TAC1B as well as several 83 

other possible fluconazole resistance genes. Increased copy number elevates transcription of 84 

these genes [13] similar to aneuploidy-based fluconazole resistance in Candida albicans 85 

[14,15]. A drug sensitive clade II isolate evolved resistance in <21 days after passaging in 86 

increasing concentrations of amphotericin B, fluconazole, or caspofungin. Furthermore, 87 

passaging in amphotericin B or combinations of fluconazole and caspofungin resulted in 88 

multidrug resistance in the clade II isolates [16]. Resistant isolates acquired missense mutations 89 

and/or aneuploidies. For example, the isolates passaged in amphotericin B acquired missense 90 

mutations in ERG3, ERG11, and MEC3, genes associated with increased MICs for both 91 

amphotericin B and fluconazole, while the multidrug resistant isolate passaged in fluconazole 92 

and then caspofungin had mutations in TAC1B, FKS1 (the target of caspofungin), and a 93 

segmental duplication of chromosome 1 containing ERG11 [16].  94 

 95 

However, these studies have only used a single isolate such that the spectrum of mutations 96 

identified has been limited and the contributions of genetic background and starting progenitor 97 

fitness have not been determined. The spectrum of mutations known to increase fluconazole 98 

resistance is much broader in the better studied organism C. albicans than in C. auris. It is not 99 
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known if this is because of differences in genome structure or other factors. C. albicans is 100 

typically a heterozygous diploid and therefore may be more likely to develop a wider range of 101 

aneuploidies, loss of heterozygosity events, and copy number variations based on repeat-based 102 

genome rearrangements than C. auris, which has a haploid genome [15,17–19]. However, 103 

recessive single nucleotide variations (SNVs) are initially buffered by the other homologous 104 

chromosome in C. albicans. C. auris is haploid so SNVs may have a larger impact on the 105 

rate/dynamics of adaptation, as has been seen in direct comparisons of evolutionary pathways 106 

in diploid and haploid strains of Saccharomyces cerevisiae [20,21]. Candida glabrata is also 107 

haploid and prone to developing multidrug resistance. Recent experimental evolution studies 108 

with C. glabrata showed that a relatively small number of genes are mutated during the 109 

acquisition of drug resistance, but that the range of SNVs within these genes is high [22]. 110 

Understanding the spectrum of aneuploidies, genes, and SNVs associated with resistance in C. 111 

auris will help provide insight into clinically relevant markers of resistance. 112 

 113 

Antifungal drug tolerance is defined as a subset of cells that can grow slowly in drug 114 

concentrations above the MIC, and is correlated with treatment failure in the clinic [23,24]. In C. 115 

auris tolerance to azoles requires the essential molecular chaperone HSP90 [25], is enhanced 116 

as mother cells age, and is associated with gene duplication and overexpression of ERG11 and 117 

CDR1, encoding an ABC transporter [26]. To date, in vitro evolution experiments in C. auris 118 

have focused on acquisition of resistance through MIC measurements [13,16], whereas the 119 

range of tolerance observed in clinical isolates and changes in tolerance over time have not 120 

been studied. Understanding the contribution of genetic background to drug resistance and 121 

tolerance is particularly important because mutational and phenotypic outcomes depend on the 122 

starting genetic landscape of the organism [27,28]. For example, different clinical isolates of C. 123 

albicans have heterogeneous drug responses and variable levels of genome stability in 124 

fluconazole [18,23,29].  125 
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 126 

Mutations and copy number variations can provide enhanced fitness in the presence of the 127 

antifungal drug, but these resistance mutations often incur a fitness cost in the absence of the 128 

drug [19,22,30]. Multiple studies in C. albicans have shown rapid loss of antifungal drug 129 

resistance mutations in the absence of selective pressure [30,31]. However, little is known about 130 

the stability of drug resistance alleles in C. auris, and none of the in vitro evolution studies so far 131 

have evolved clinically drug resistant isolates in the absence of antifungals or in sub-inhibitory 132 

concentrations to measure the relative rates of loss of resistance compared to gain. 133 

 134 

Here, we evolved a set of seventeen clinical isolates of C. auris from clades I and IV to 135 

determine how quickly resistance mutations arise, the prevalence of tolerance, the stability of 136 

resistance in the absence of drug, and the influence of genetic background on antifungal drug 137 

resistance. In the presence and absence of fluconazole, we observed genomic and phenotypic 138 

changes including karyotype alterations, aneuploidy, loss of sub-telomeric regions, acquisition 139 

of de novo point mutations, and increases in MIC values and tolerance within the populations. 140 

Strikingly, we observed little to no fitness cost associate with resistance as the clinical isolates 141 

with high starting MICs maintained fluconazole resistance in the absence of drug. We also 142 

found that the genetic background of clinical isolates dramatically impacts evolutionary 143 

dynamics. One clinical isolate had elevated mutation rates relative to other isolates and 144 

acquired substantial resistance during the evolution experiment. This is the first example of a 145 

mutator phenotype detected in clinical isolates of C. auris. In lineages from this isolate, multiple 146 

mechanisms to increase fluconazole resistance occurred simultaneously within the same 147 

population, including missense alleles in transcriptional regulators of azole resistance and 148 

acquisition of multiple aneuploidies. Retrospective analysis of clinical data identified that this 149 

mutator acquired multidrug resistance during infection of an individual patient. Overall, our 150 
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results demonstrate the high potential for rapid evolvability of drug resistance in clinical isolates 151 

of C. auris.     152 

 153 

Results:         154 

 155 

Genomic diversity among seventeen clinical isolates of Candida auris 156 

 157 

To better understand how genomic diversity contributes to drug resistance and infection 158 

potential of Candida auris, we obtained seventeen C. auris isolates from the Fungus Testing 159 

Laboratory at the University of Texas Health Science Center. These isolates were isolated from 160 

diverse body sites (blood, urine, tissue samples, tracheal aspirate, and pleural fluid) and 161 

geographic locations (Table S1) [32,33]. Available clinical information indicates that these 17 162 

isolates were likely from 14 individual patients [33]. Using Illumina-based whole genome 163 

sequence (WGS), we determined that these isolates are members of C. auris clades I and IV 164 

(Figure 1A). Four previously characterized isolates [4], B8441, B11220, B11221, and B11245 165 

were used as controls to identify clades I-IV (Figure 1A). We named the six clade I clinical 166 

isolate progenitors A-P to F-P and eleven clade IV clinical isolate progenitors G-P to Q-P. 167 

Among samples geographic location information, clade I samples were from New York, New 168 

Jersey and Massachusetts, while clade IV samples were from Illinois and Florida (Table S1). 169 

Isolates H-P, I-P and K-P are known to be from a single patient as are O-P and P-P. 170 

 171 

We next analyzed karyotypes using contour-clamped homogenous electric field (CHEF) 172 

electrophoresis. Overall, the karyotypes of isolates within a clade were more similar than 173 

karyotypes across clades, but we also observed high intra-clade karyotype variability. Strikingly, 174 

the karyotype of every clade I isolate differed from the other clade I clinical isolates, and four 175 

distinct karyotypes were observed among the eleven clade IV clinical isolates (Figure 1B). 176 
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Interestingly, differences are apparent even among isolates from a single patient as I-P has a 177 

different karyotype from H-P and K-P. These results demonstrate chromosomal-level 178 

differences between clades of C. auris as well as among isolates from a single clade [5,34,35]. 179 

However, the mechanisms driving these chromosomal differences, such as copy number 180 

variations (CNVs), are not understood. 181 

 182 

To identify potential CNVs, we mapped the Illumina WGS reads to the B8441 reference genome 183 

contigs using YMAP [36]. None of the clinical isolates had detectable whole chromosome 184 

aneuploidies, but we did observe CNVs in several clinical isolates, especially in sub-telomeric 185 

regions (Figure 1C). The CNV at the right edge of contig 2.1 aligns with the rDNA repeat region, 186 

and the internal CNVs on contigs 7.1, 4.1, 9.1 and 8.1 map to repetitive sequences indicating 187 

isolate-to-isolate variability in repeat copy number. For example, one of the amplifications visible 188 

on contigs 7.1 and 8.1 maps to an open reading frame (ORF) encoding a homolog of the Zorro3 189 

retrotransposase, demonstrating variable transposon copy numbers between isolates (Figure 190 

S1). Intriguingly, the sub-telomeric regions of several contigs have no copies remaining on the 191 

YMAPs (Figure 1C), so we analyzed read depth across these regions more closely [37]. We 192 

identified sub-telomeric deletions in the clinical isolates as regions greater than 500bp within 193 

50kb of the end of the chromosome without reads mapped to the reference genome (Figure 194 

S2). Remarkably, every clinical isolate in our collection had at least one sub-telomeric deletion 195 

compared to the reference genome B8441 (Figure 1C, Table S1 and Table S2). Clade I clinical 196 

isolates had one or two sub-telomeric deletions totaling 4.6kb to 10.1kb, while clade IV clinical 197 

isolates had five or six sub-telomeric deletions totaling 39.5kb to 103.8kb (Table S1 and Table 198 

S2). These results indicate that C. auris sub-telomeric regions are highly dynamic and may 199 

account for some of the karyotype plasticity observed by CHEF (Figure 1B).  200 

 201 
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GO term analysis of the annotated gene functions of ORFs within the deleted sub-telomeric 202 

regions showed significant enrichment for transmembrane transporter activity (31.2% of genes, 203 

corrected p-value 1.45e-10). For example, isolate I-P was missing 21 ORFs including 2 204 

predicted transmembrane iron transporters, 3 putative transmembrane glycerol transporters, 205 

and 2 putative transmembrane glucose transporters (Table S2). Within a clade, multiple clinical 206 

isolates shared sub-telomeric deletion patterns indicating that these isolates may be closely 207 

related. For example, five of the six clade I isolates shared the same deletion of 4.6kb at the end 208 

of contig 9.1. Four of these five had only this one deletion, but isolate A-P was also missing a 209 

portion of contig 7.1. The remaining clade I isolate (E-P) matched the reference sequences in 210 

contigs 9.1 and 7.1 but lacked a region at the beginning of contig 8.1 (Table S2). Consistent 211 

with this data, E-P had a distinct karyotype from the other clade I isolates despite overall 212 

similarity at the level of SNVs (Figure 1). These sub-telomeric deletions may result in phenotypic 213 

differences important for host adaptation and infection, such as iron import, between clades and 214 

between isolates within the same clade.  215 

 216 

Clinical isolates of C. auris have differing fluconazole susceptibility and tolerance 217 

profiles 218 

 219 

We next used minimal inhibitory concentration (MIC50) values to quantify both resistance and 220 

tolerance of the clinical isolates. For some isolates, clinical data on resistance was collected at 221 

the Fungus Testing Lab, so we used this as a starting point to understand drug susceptibility. 222 

Based on these data, six of the seventeen isolates (A-P, B-P, C-P, D-P, H-P and K-P) were 223 

resistant to at least one antifungal drug class and three isolates (A-P, B-P and K-P) were 224 

resistant to two different classes of antifungal drugs using resistance breakpoints defined by the 225 

CDC [38] (Table S3). However, some isolates did not have clinical data for fluconazole. 226 

Additionally, the clinical tests do not include information on tolerance to fluconazole. Therefore, 227 
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we measured fluconazole resistance (FLCR) and tolerance for all isolates. Five of the six clade I 228 

clinical isolates had a MIC50 of ≥256µg/ml fluconazole, while the sixth isolate had an MIC50 of 229 

64µg/ml fluconazole (Table S1). In comparison, nine isolates from clade IV had MIC50 values 230 

ranging from 2µg/ml to 64µg/ml, with only a single FLCR isolate K-P. We were unable to 231 

measure the MIC50 for isolate N-P at 24 hours because the isolate grows poorly in vitro and did 232 

not reach the culture density necessary for determining MIC50.  233 

 234 

Antifungal drug tolerance is defined as the ability of cells to grow at concentrations of drug 235 

higher than the MIC50 and can be measured by supra-MIC growth (SMG) at 48 hours [23,24,39]. 236 

We measured SMG for all isolates with MIC50 values below 256µg/ml. Two of the reference 237 

isolates, B11220 and B11221, and one of the clinical isolates from this set, H-P had SMG 238 

values >0.6 indicating high levels of tolerance in these isolates. Furthermore, isolates E-P, K-P 239 

and Q-P had SMG values between 0.4-0.6. Therefore, tolerance occurs in C. auris and varies 240 

between clinical isolates similar to what has been observed in other Candida species [23,29]. 241 

 242 

To identify potential drivers of antifungal drug resistance and tolerance, we performed 243 

comparative genomics to identify SNVs in the isolates relative to the reference isolate B8441, 244 

which is drug sensitive and has low tolerance. We first analyzed SNVs in FKS1, ERG11, ERG3, 245 

TAC1B, and MRR1A because of their previous connections to drug resistance in C. auris. FKS1 246 

encodes the echinocandin target 1,3-beta-D-glucan synthase and missense mutations have 247 

been previously linked to echinocandin resistance in C. auris [40–42]. Isolates H-P and K-P, the 248 

two isolates that were resistant to caspofungin, had FKS1S639P missense mutations, while 249 

sensitive isolates did not have FKS1 substitutions (Table S1 and Table S3). Loss of function of 250 

ERG3, which encodes a sterol Δ⁵,⁶-desaturase in the ergosterol biosynthesis pathway, has been 251 

linked to several types of drug resistance in other Candida species [22,43]. In C. auris, S58T 252 

substitutions in ERG3 have potentially been linked to amphotericin B resistance in a small set of 253 
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clade IV clinical isolates [42]. We observed an ERG3S58T variant in all the clade IV isolates, 254 

however we did not observe any correlation between this mutation and amphotericin B 255 

resistance. Strikingly, we observed a novel SNV in ERG3 (T227I) in the H-P isolate which had 256 

high fluconazole tolerance with SMG values >0.6, suggesting that this allele may be correlated 257 

with tolerance. SNVs in ERG11, the target of fluconazole, and TAC1B, a regulator of drug 258 

export pumps, correlate with azole resistance in published datasets [4,11,16,44]. The five FLCR 259 

isolates with MIC50 values ³256µg/ml contained the mutations ERG11K143R and TAC1BA640V 260 

(Table S1). Both isolates (E-P and K-P), with MIC values in the 32-64µg/ml range had an 261 

ERG11 missense mutation, ERG11Y132F, that has also been correlated with resistance (Table 262 

S1). We did not observe any MRR1A mutations associated with fluconazole resistance in our 263 

clade I or clade IV isolates.  264 

 265 

To expand beyond the candidate gene approach to identify genetic variation that may explain 266 

higher levels of tolerance, we used comparative genomics of clade IV isolates with similar MICs, 267 

but varying degrees of tolerance. We compared two strains with high tolerance, H-P and Q-P, to 268 

a strain with low tolerance, I-P to identify moderate or high impact SNVs (e.g., missense and 269 

nonsense). There were 21 moderate and high impact SNVs in H-P that were not in I-P. In 270 

addition to the ERG3 mutation discussed above, there were several other candidates that may 271 

affect transcriptional regulation or membrane composition based on annotated function (Table 272 

S4). There were 5 moderate and high impact SNVs in Q-P that were not in I-P. None of them 273 

were shared with H-P, the other high tolerance clinical isolate, suggesting that there are multiple 274 

mechanisms that can promote tolerance in C. auris. None of the identified SNVs in Q-P have 275 

been previously annotated as being involved in fluconazole responses, but two of the five have 276 

annotated functions related to mating in other fungi (Table S4). Together, these mutational 277 

analyses provide insight into mechanisms of pre-existing antifungal drug resistance and SNVs 278 

associate with tolerance within the clinical isolates. 279 
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 280 

In vitro evolution of Candida auris in the presence and absence of fluconazole 281 

To gain a better understanding of how genetic background and pre-existing antifungal drug 282 

resistance shape genome dynamics and evolution, we conducted a short-term in vitro evolution 283 

experiment using these clinical isolates as progenitors for approximately 30 generations in high 284 

concentrations of fluconazole (256µg/ml), sub-MIC concentrations of fluconazole (1µg/ml 285 

fluconazole), and in medium lacking antifungal drug (Figure 2). The same starting population 286 

was used for each of the environmental conditions. Serial dilution (1:1000) was conducted every 287 

72 hrs for a total of three passages, and then the entire population of cells from each lineage 288 

were collected for MIC, ploidy, CHEF, and Illumina WGS analysis (Figure 2). We chose the 289 

0µg/ml and 1µg/ml fluconazole conditions to gain insight into evolutionary pathways of C. auris 290 

in the absence of drug selection and in sub-MIC concentrations. Neither the 0µg/ml or 1µg/ml 291 

fluconazole condition resulted in dramatic changes in MIC (Table S1). Thirteen of the sixteen 292 

isolates had no change in MIC when evolved in the absence of drug. The remaining three 293 

isolates decreased their MICs by 2-fold (Table S1). No changes in MICs were observed for any 294 

of the isolates following passaging in the 1µg/ml fluconazole condition (Table S1). Therefore, 295 

resistance is maintained in sub-MIC levels of drug and in the absence of drug for at least 30 296 

generations. In 256µg/ml fluconazole, the frequency of MIC change depended on starting MIC50 297 

values. For progenitors with either low (£4µg/ml) or very high (³256µg/ml) MIC50, three 298 

passages in 256µg/ml fluconazole did not result in any change in MIC values. However, for the 299 

two progenitors (E and K) with MIC50 values of 64µg/ml fluconazole, passaging in 256µg/ml 300 

fluconazole increased the MIC50 in the evolved population to 128-256µg/ml fluconazole (K-256 301 

and E-256) (Table S1 and Figure 3A).  302 

 303 

Candida auris rapidly acquires aneuploidies and SNVs during in vitro evolution 304 
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Growth in fluconazole has been shown to promote whole genome ploidy increases in C. 305 

albicans [45]. To determine if C. auris changed ploidy during the short in vitro evolution 306 

experiment, we measured ploidy using flow cytometry. All the progenitors and evolved 307 

populations were haploid (Table S1). We also examined karyotypes via CHEF. Overall, the 308 

karyotypes of the evolved isolates were similar to the progenitors, but small changes in 309 

migration consistent with changes in repeat copy number and/or sub-telomeric loss were 310 

observed (Figure S3). To further examine CNVs, we performed Illumina WGS and mapped read 311 

depth using YMAP. Two evolved populations, I-0 and K-256, had detectable whole chromosome 312 

aneuploidies of chromosome 6 (contigs 8.1 and 12.1) and chromosome 5 (contig 9.1) (Figure 313 

3B). CNVs were verified by read depth with IGV, and the average read depth across these 314 

chromosomes (~1.3x) indicated that the aneuploid chromosome is only present in a subset of 315 

cells within the evolved populations (Figure 3B). Chromosome 5, which was amplified in K-256, 316 

contains several genes previously associated with drug resistance including TAC1B. The 317 

mechanism of selection for chromosome 6 aneuploidy (I-0) during in vitro evolution in the 318 

absence of drug is not immediately apparent, but it does have genes associated with drug 319 

resistance such as B9J08_004113, the homolog of C. albicans MDR1, suggesting that the 320 

aneuploidy, once selected, could influence antifungal resistance as well. Overall, this analysis 321 

shows that C. auris aneuploidies can arise rapidly (3 passages) and reach detectable levels in 322 

the population during in vitro evolution, both in the presence and absence of fluconazole. This 323 

suggests that aneuploidy may be a common mechanism of generating genome diversity in C. 324 

auris.  325 

 326 

We next analyzed the WGS data for de novo SNVs by comparing the evolved populations with 327 

their respective progenitor isolate. We identified 98 SNVs causing either a moderate or high 328 

impact mutation that arose during the in vitro evolution experiments (Table S5). Of these 98 329 

SNVs, we re-sequenced a subset of 28 SNVs spanning a range of allele frequencies with 330 
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Sanger sequencing. Twenty-one of these SNVs were clearly visible in the Sanger sequencing 331 

traces. All seven remaining SNVs were at allele frequencies £0.2 suggesting that these alleles 332 

are below the level of detection of Sanger sequencing, but detectable in multiple reads with 333 

Illumina WGS (Table S5). The 98 SNVs arose in 83 different ORFs. To determine if gene 334 

functions were enriched in the SNVs that arose during in vitro evolution, we conducted gene 335 

ontology (GO) analysis using the Candida Genome Database. No GO terms were significantly 336 

(p<0.05) enriched. However, the strength of the GO term analysis was limited by the GO 337 

enrichment algorithm’s removal of multiple hits to the same ORF. We observed recurrent 338 

mutations in fifteen ORFs. Recurrent de novo mutations occurred both as the same SNV in 339 

multiple evolution populations (ex. S386P in B9J08_003450 in L-0 and L-1) and as different 340 

SNVs in the same ORF (ex. V742A and L760S in Tac1b in E-256 and K-256). Several of the 341 

recurrent mutations occurred in homologs of C. albicans genes related to nutrient acquisition, 342 

transcriptional regulation and regulation of the cell cycle as discussed below (Table S5). 343 

 344 

Rapid acquisition of recurrent mutations during in vitro evolution without changes in 345 

fluconazole resistance 346 

 347 

Several recurrent mutations arose in independent lineages without accompanying changes in 348 

fluconazole resistance indicating that their selection during the in vitro evolution condition 349 

correlates with in vitro fitness more generally. In some cases, the in vitro evolution rapidly 350 

selected for alleles likely present at low levels within the progenitor obtained directly from the 351 

clinic. For example, both the N-0 and N-1 evolved populations had V406A missense mutations 352 

within ORF B9J08_001332, the ortholog of the transcription factor PHO4. The mutation was not 353 

detectable in the progenitor isolate, but the frequency of the mutation in both evolved 354 

populations was 1.0 indicating a very rapid sweep during the evolution experiment (Table S5). 355 

Similarly, an SNV in B9J08_003619, which encodes the ortholog of the MED15 component of 356 
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the mediator complex involved in transcription, increased from a frequency of 0.04 in the K-P 357 

clinical isolate to 0.79 in the K-0 evolved population and 0.29 in the K-1 evolved population 358 

(Table S5). 359 

 360 

In other cases, multiple independent mutations arose within the same ORF in independent 361 

lineages. Most strikingly, nonsense mutations were observed in IRA2, the GTPase activator that 362 

negatively regulates RAS1, in three independent evolution populations, B-1, A-256A and C-256 363 

(Table S1). The IRA2 allele frequencies within the evolution populations were 0.2, 0.83, and 364 

0.45 respectively. While these mutations map to two different ORFs (B9J08_003924 and 365 

B9J08_003925) both annotated as IRA2 homologs in the B8441 C. auris reference genome, we 366 

have several lines of evidence to support that these ORFs encode a single IRA2 gene product 367 

(Figure S4A). First, the B8441 reference genome sequence contains an erroneous single base 368 

insertion that causes a frameshift that separates the two ORFs. This insertion was not observed 369 

with Sanger sequencing of B8441 and was absent from all other clade I sequences, indicating 370 

that it is a reference sequence error (Figure S4B). Furthermore, RNAseq data [46] was 371 

consistent with a single transcript. Based on the corrected ORF sequence, B-1 has a E677* 372 

nonsense mutation and A-256A and C-256 both acquired the same C1029* nonsense mutation. 373 

Additionally, while analyzing the IRA2 mutations, we also determined that the B-P clinical isolate 374 

also had a third nonsense mutation, E1060* that was enriched during evolution experiment. The 375 

presence of this nonsense mutation in the original clinical isolate highlighted this gene as 376 

potentially important in regulating growth of C. auris in vivo as well. 377 

 378 

The nonsense mutations in IRA2 result in the deletion of the GTPase activating domain, so we 379 

hypothesized that these IRA2 mutations would result in increased Ras signaling and potentially 380 

in increased growth in vitro [47,48]. Therefore, we conducted growth curve analysis with three 381 

pairs of single colonies isolated from the evolved populations comparing the growth of those 382 
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that contained the IRA2 nonsense mutations with those that did not. No detectable differences 383 

in growth phenotypes were observed in the presence or absence of drug (Figure S4C). In 384 

addition to altered growth phenotypes in other species [47,48], IRA2 has been shown to be 385 

required for biofilm formation in C. albicans [49]. We hypothesized that the selective advantage 386 

of removal of IRA2 function in our in vitro evolution experiment may be due to decreased biofilm 387 

formation resulting in more planktonic cells available for transfer to the next passage. Therefore, 388 

we measured biofilm formation in the progenitor isolates and representative single colonies with 389 

and without IRA2 stop mutations using a crystal violet assay. We used C. albicans SC5314 as a 390 

known biofilm-forming control. As expected, C. albicans formed a robust biofilm in YPAD, but it 391 

did not grow well or form a biofilm in YPAD+128µg/ml fluconazole (Figure S4D). C. auris 392 

isolates formed biofilms in both conditions, although the biofilms were weaker than C. albicans. 393 

Although there was isolate-to-isolate variability in biofilm formation, we did not observe any 394 

significant differences between the progenitors and evolved isolates with or without IRA2 395 

nonsense mutations (Figure S4D). Overall, our results demonstrate that nonsense mutations in 396 

IRA2 are repeatedly selected for during in vitro evolution in the presence of fluconazole and 397 

truncation of IRA2 can also be observed directly in clinical isolates. Even though we did not 398 

observe significant differences in growth rates of individual colonies, it is possible that in direct 399 

competition and/or in environments with nutritional limitations or other constraints, inactivation of 400 

IRA2 has a selective advantage both in vitro and in vivo. 401 

 402 

Multiple mechanisms to acquire fluconazole resistance occur simultaneously in C. auris 403 

populations 404 

We only observed increases in MIC when cells were grown in 256µg/ml fluconazole 405 

(Figure 3A and Table S1), so we first determined whether this high concentration of fluconazole 406 

impacted the number and/or the gene targets of the moderate and high impact SNV mutations. 407 

In the combined set of seventeen evolution populations from each condition, the number of de 408 
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novo SNVs acquired in 0µg/ml, 1µg/ml and 256µg/ml fluconazole evolution conditions was 409 

similar (31, 30 and 37 SNVs, respectively). GO analysis identified significant (p<0.05) 410 

enrichment of gene functions involved in protein tyrosine kinase activity and ion binding in the 411 

256µg/ml fluconazole condition. Within the group of ion binding ORFs, the number of zinc 412 

binding transcription factors was striking, including multiple independent SNVs in TAC1B and 413 

the C. auris homolog of UPC2 in the two populations that acquired a significant increase in 414 

fluconazole MIC during the evolution experiment (E-256 and K-256) (Figure 3 and Table S5). 415 

Numerous mutations in TAC1B, the transcription activator of Cdr efflux pumps, have previously 416 

been associated with fluconazole resistance in C. auris [11]. In other Candida species, UPC2 417 

homologs are key regulators of antifungal drug resistance and gain-of-function mutations in 418 

UPC2 increase transcription of ergosterol biosynthesis genes [50–52]. These data highlight the 419 

speed (~30 generations) in which de novo UPC2 and TAC1B alleles can arise and expand 420 

within a population. 421 

 422 

The TAC1BV742A mutation arose in the E-256 lineage from clade I and reached an allele 423 

frequency of 0.79 (Table S5). Interestingly, the TAC1BV742A variant along with an increase in 424 

fluconazole MIC from 64 to >256µg/ml in the E-256 population (Figure 3). No other moderate or 425 

high impact mutations or aneuploidies were observed in the E-256 population (Table S5 and 426 

Figure 3), indicating that the TAC1B missense variant is likely driving the 4-fold increase in MIC. 427 

Unlike the E-256 population, the mutational landscape in the K-256 population which increased 428 

in fluconazole MIC from 64 to 128µg/ml fluconazole was much more complicated. The K-256 429 

population acquired the TAC1BL760S mutation at a frequency of 0.26, and two different missense 430 

mutations in UPC2, C444Y and A506V, arose at allele frequencies of 0.14 and 0.15 respectively 431 

during the in vitro evolution experiment (Table S5). In addition to the TAC1B and UPC2 SNVs, 432 

the K-256 population had 20 other detectable moderate and high impact SNVs and an 433 
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aneuploidy on contig 9.1 suggesting that multiple mechanisms of resistance are arising 434 

simultaneously in subsets of the K-256 population. 435 

 436 

Mutational Landscape within Evolution Populations and Evidence of Clonal Interference 437 

 438 

To further explore the mutational landscape of the evolution lineages, we isolated single 439 

colonies from selected populations and conducted Illumina WGS. We selected populations for 440 

single colony analysis based on SNVs (e.g. two different IRA2 stop alleles within the B-1 441 

population) and presence of aneuploidies within the population (I-1 and K-256 populations). We 442 

characterized and sequenced six individual colonies from the B-1, I-1, K-1 and O-1 evolution 443 

populations and twenty-four single colonies from the K-256 population (Table S1). These single 444 

colony experiments highlighted extensive phenotypic and genotypic variability within the 445 

evolution populations, especially in the K-256 lineage (Figure 4 and Figure S5).  446 

 447 

One striking result was the detection of additional sub-telomeric deletions within single colonies 448 

of the evolution populations (Table S1 and Table S2). One colony from each set of six from the 449 

B-1 and I-1 populations underwent an additional sub-telomeric deletions. In the K lineages, the 450 

sub-telomeric regions showed even greater rates of change. Three K-1 colonies underwent 1-2 451 

additional sub-telomeric deletions. Within the K-256 single colonies, all 24 single colonies 452 

underwent additional sub-telomeric deletions of 17.2kb to 45.9kb that were not apparent in the 453 

original population (Figure 4A and Table S2). Furthermore, among the colonies that lost 17.2kb 454 

(from contig 9.1), two colonies, K-256-1 and K-256-11, each had an additional deletion of 1.1kb 455 

and 2.6kb, respectively (Table S2). Overall, these results show highly dynamic sub-telomeric 456 

regions in the presence of fluconazole where changes can become apparent on the timescale of 457 

three passages totaling approximately 30 generations.  458 

 459 
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Together with chromosome 5 aneuploidy in a subset of the population and multiple SNVs in 460 

fluconazole resistance genes, we hypothesized that the K population had simultaneously 461 

evolved into multiple sub-lineages with clonal interference preventing a sweep of the population 462 

due to competition between mutants with enhanced fluconazole resistance. To test this 463 

hypothesis, we tracked the different evolutionary trajectories within the K-256 population using 464 

the unique sub-telomeric deletions and SNVs found in each single colony. We were able to 465 

divide the K-256 population into five distinct sub-lineages and analyzed the SNVs and 466 

aneuploidies in these isolates to identify genetic determinants of resistance in the sub-lineages. 467 

The K-256 population had a fluconazole MIC of 128µg/ml, while the single colonies had 468 

fluconazole MICs ranging from 32µg/ml up to >256µg/ml indicating a high level of heterogeneity 469 

within the population (Figure 4B), while the MICs of single colonies from the I-1 and K-1 470 

populations were similar to each other and to the population (Table S1).  471 

 472 

Sub-lineage 1 had the greatest diversity in MIC values and several aneuploidies. We observed 473 

several SNVs shared among sub-lineage 1 isolates (Table S5), but none of the SNVs identified 474 

have been previously linked to azole resistance. Instead, aneuploidy seems to be the driving 475 

force for fluconazole resistance in sub-lineage 1. Colonies K-256-1, K-256-6, K-256-11 and K-476 

256-23 had increased copy number of contig 9.1/Chromosome 5 and corresponding increased 477 

fluconazole MIC values (Figure 4B). This chromosome contains several genes potentially 478 

associated with azole resistance including TAC1A and TAC1B as well as NPC1, ERG9 and 479 

ERG13. Colony K-256-11 had the highest MIC50 (256µg/ml fluconazole) in sub-lineage 1 and 480 

had increased copy number of two additional contigs (3.1 and 5.1) which both map to 481 

Chromosome 3. Interestingly, Chromosome 3 contains the ERG11 gene which is the target of 482 

fluconazole.  483 

 484 
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For sub-lineages 2 through 5, all colonies had fluconazole MICs ³256µg/ml, which was the limit 485 

of detection. Sub-lineage 2 had increased copy number of contig 9.1/Chromosome 5 as well as 486 

the UPC2A506V variant (Figure 4B and Table S5). Sub-lineage 3 shared the UPC2C444Y variant 487 

among all colonies suggesting a possible mechanism for increased resistance (Table S5). 488 

Intriguingly, one colony from sub-lineage 3, K-256-4, also contained a novel segmental 489 

aneuploidy on contig 9.1 that includes the TAC1B gene (Figure 4B). Sub-lineages 4 and 5 had 490 

high MICs, but neither had detectable aneuploidies or SNVs previously associated with 491 

resistance, opening up the possibility of new resistance mechanisms. For example, Sub-lineage 492 

5 had missense mutations in the C. auris homologs of DCR1, the Dicer ribonuclease III enzyme, 493 

and TRA1, a histone acetyltransferase suggesting that alterations in the regulation of gene 494 

expression are increasing fluconazole resistance in colony K-256-13 (Table S5). Together, 495 

these results indicate that multiple paths to increased resistance including missense SNVs and 496 

whole chromosome and segmental aneuploidies can occur very rapidly in just three passages 497 

within a single evolution population. 498 

 499 

Clinical Isolate K Has Elevated Mutation Rates  500 

 501 

In examining the complete set of mutation data, we were struck by the mutational diversity that 502 

arose from the K-P progenitor relative to other isolates (Figure 5A). Indeed, a majority of all 503 

SNVs were from the K-P progenitor: 20/31SNVs identified in the 0µg/ml fluconazole evolution 504 

populations were from the K-0 population and only 11 were from the other 16 progenitors. 505 

Similarly, 20/30 SNVs and 23/37 SNVs from the 1µg/ml and 256µg/ml fluconazole evolution 506 

populations were from K-1 and K-256. Given the high rate of acquisition of SNVs in the in vitro 507 

evolution experiment relative to the other progenitor isolates, we decided to measure the rate of 508 

loss of URA3 function as a marker of mutational rate using 5-fluororatic acid (5-FOA) selection. 509 

We compared loss rates of URA3 per cell division using a fluctuation assay with K-P as well as 510 
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two other closely related clade IV isolates H-P and I-P. The progenitor isolate K-P had 511 

approximately a 10-fold higher 5-FOA resistance rate with loss of function mutations arising at 512 

2.1x10-7 mutations/cell division while H-P and I-P had loss rates of 4.4x10-8 and 1.3x10-8 513 

mutations/cell division, respectively (Figure 5B). 514 

 515 

To determine possible genetic determinants of the high mutation rate of K-P relative to H-P and 516 

I-P, we identified SNVs unique to K-P. There were ten missense or nonsense impact variants 517 

found in K-P compared to isolates H-P and I-P (Table S4). As expected, one of these variants 518 

was the ERG11Y132F mutation that likely confers the higher starting fluconazole resistance of K-P 519 

relative to H-P and I-P. Strikingly, one of the variants was a A216V missense mutation in 520 

B9J08_004425 which encodes the C. auris homolog of the mismatch DNA repair component 521 

MLH1. These data suggest a possible alteration in mismatch repair is associated with the higher 522 

mutational rate in original clinical isolate (K-P). To the best of our knowledge, this is the first 523 

description of a mutator phenotype in a C. auris clinical isolate. 524 

 525 

Discussion: 526 

 527 

High rates and stability of acquired antifungal drug resistance 528 

 529 

Through in vitro evolution of a set of seventeen new clinical isolates of C. auris from clades I 530 

and IV we determined that C. auris can rapidly undergo genomic and phenotypic changes 531 

including aneuploidy, loss of sub-telomeric regions, acquisition of de novo point mutations, and 532 

increases in antifungal MIC values. In just 30 generations over 9 days, two different progenitor 533 

isolates (E-P and K-P) acquired two-fold or greater increases in fluconazole MIC50 values when 534 

grown in 256µg/ml fluconazole (Figure 3). Previously published in vitro evolution experiments 535 

with C. auris have suggested that fluconazole resistance can develop rapidly. Bing et al. 536 
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observed increased fluconazole MICs up to 128µg/ml after 18 days in a clade I strain [13], and 537 

Carolus et al. detected increased fluconazole MICs up to 32µg/ml as early as day 13 in a clade 538 

II strain [16]. Our experiments demonstrate rapid evolvability of clinical isolates from both clades 539 

I and IV over even shorter timescales. Importantly, acquisition of resistance was much faster 540 

than loss of resistance. We observed little to no fitness cost associate with resistance as all 541 

clinical isolates with high starting MICs maintained resistance in the absence of drug. Similarly, 542 

even though we did not include echinocandin treatment, the FKS1 mutations associated with 543 

echinocandin resistance were maintained at an allele frequency of 1.0 throughout the evolution 544 

experiment. This means that strains can accumulate resistance to different classes of antifungal 545 

agents. Once resistance is acquired, it is maintained in a C. auris population even in the 546 

absence of selective pressure for an extended period. If the drug treatment is stopped or 547 

switched, antifungal resistance is unlikely to be lost which sets a pathway towards the evolution 548 

of multidrug-resistant and pan-resistant isolates of C. auris [9,53].  549 

 550 

Multiple mechanisms of resistance and tolerance  551 

 552 

Our mutational spectrum results suggest that the probability of evolution of multidrug-resistant 553 

and pan-resistant isolates is also elevated in C. auris because of the large number of different 554 

mechanisms that promote acquired drug resistance. Strikingly, many of these different 555 

mechanisms promoting fluconazole resistance arose simultaneously in a single population (K-556 

256) further emphasizing a high likelihood of clonal interference where multiple beneficial 557 

mutations are selected for simultaneously [48]. This mutator isolate increased its fluconazole 558 

MIC50 to >256µg/ml, and resistance occurred in at least five different evolutionary pathways 559 

concurrently (Figure 4 and Table S5). Individual isolates from sub-lineage 1 had an increased 560 

copy number of Chromosome 5 and Chromosome 3. Sub-lineages 2 and 3 had distinct UPC2 561 

mutations as well as increased copy number of all or part of Chromosome 5. Amplification of 562 
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TAC1B and ERG11 has been observed in previous evolution experiments [13,16] suggesting it 563 

is a recurring mechanism in antifungal drug resistance acquisition. Perhaps most intriguingly, 564 

sub-lineages 4 and 5 had high MICs, but none of these single colonies had detectable 565 

aneuploidies or SNVs previously associated with resistance indicating that there are additional 566 

novel mechanisms of fluconazole resistance. For example, alteration of gene expression may 567 

occur in mutants that acquired missense mutations in the C. auris homologs of DCR1, the Dicer 568 

ribonuclease III enzyme, and TRA1, a histone acetyltransferase (Table S5). 569 

 570 

Zn2-Cys6 zinc finger transcription factors were enriched in the evolution mutation set with 571 

recurrent mutations in TAC1B as well as the C. auris homologs of C. albicans UPC2, ZCF18, 572 

and ZCF22 genes suggesting that these transcription factors regulate cellular processes related 573 

to fluconazole import, export or targeting effects. We uncovered new TAC1B and UPC2 alleles 574 

not previously associated with increased fluconazole resistance (Table S5). Among clinical 575 

isolates, mutations in TAC1B are common, and five of the six clade I isolates included in this 576 

collection had the TAC1BA640V allele seen in other clade I clinical isolates with high levels of 577 

resistance [11]. The TAC1BV742A and TAC1BL760S alleles that arose during the evolution 578 

experiments have not been previously identified, suggesting that the range of possible alleles 579 

that can be mutated in TAC1B to result in activation is even higher than previously appreciated. 580 

In addition to TAC1, several zinc cluster transcription factors, including UPC2, have been 581 

identified as essential for fluconazole resistance in C. albicans, and activating mutations in 582 

UPC2 elevate fluconazole resistance by increasing transcription of the ergosterol biosynthesis 583 

pathway [54]. A UPC2 missense mutation in a single clade I isolate had previously been shown 584 

to correlate with a 2-fold increase in MIC50 [11]. While the mechanistic role of UPC2 has not 585 

been characterized yet in C. auris, the identification of UPC2 mutations associated with 586 

resistance in two independent evolution experiments and in two different sub-lineages of K-256 587 

indicates that UPC2 is important in regulating resistance to fluconazole in C. auris.  588 
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 589 

In addition to fluconazole resistance (both pre-existing and evolved), we also characterized the 590 

first examples of fluconazole tolerance in C. auris. Tolerance did not increase during evolution, 591 

but several clinical isolates had high levels of initial tolerance. Our comparative genomics 592 

identified possible genetic factors contributing to high tolerance, including ERG3. Genetic 593 

background has previously been shown to be a determinant of tolerance in C. albicans [23], but 594 

there is a limited understanding of the specific genes and alleles associated with tolerance in 595 

any Candida species. ERG3 is involved in the production of toxic by-products resulting from 596 

blockage of ERG11 by azoles such as fluconazole such that changes in ERG3 function may 597 

allow slow growth in the presence of fluconazole [55]. ERG3 mutations have also previously 598 

been associated with resistance to polyenes and echinocandins [16,56] and have been shown 599 

to drive cross-resistance to multiple antifungals [22]. In work by Carolus et al., an ERG3 600 

truncation mutation arose during in vitro evolution of C. auris in the presence of amphotericin B, 601 

and this mutation was also associated with elevated fluconazole resistance [16]. Combination 602 

therapies show promise for treating pan-resistant isolates of C. auris [53]. However, when using 603 

antifungal resistance genes as biomarkers for resistance clinically, it will be important to 604 

consider the multifactorial effects of these mutations, especially as combination therapies are 605 

considered. 606 

 607 

Most of the mutations that occurred during the in vitro evolution experiment in fluconazole were 608 

SNVs while a minority of isolates acquired aneuploidies. This is in contrast to rapid evolution of 609 

fluconazole resistance in C. albicans where CNVs in the form of aneuploidy and segmental 610 

amplifications are the dominant type of resistance mechanism observed after short-term in vitro 611 

evolution [19]. One possible explanation for the differences observed is due to the diploid 612 

genome in C. albicans vs the haploid genome in C. auris. SNVs in a diploid genome must be 613 

dominant to have a phenotypic effect thus masking the effects of recessive mutations. In a 614 
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haploid genome, only one copy of the gene is present such that SNVs can have immediate 615 

phenotypic impact [20,21].  616 

 617 

Genome instability in sub-telomeres 618 

We observed rapid and dynamic genome instability of the C. auris sub-telomeres in vitro and in 619 

vivo. The haploid genome structure in C. auris also increases the likelihood that there will be 620 

phenotypic consequences associated with loss of sub-telomere regions. Every clinical isolate in 621 

our collection had at least one sub-telomeric deletion compared to the reference genome B8441 622 

(Table S2). Strains within a clade are similar at the sequence level with few SNVs (Figure 1), 623 

but they differ with regards to the gene content at the sub-telomeres. Prior work has shown that 624 

relative to the reference genome (B8441/clade I), clade II strains lost adhesins and cell wall 625 

proteins from sub-telomeric regions [5]. However, our results demonstrate that this is a 626 

widespread phenomenon that results in genotypic diversity both between clades and within a 627 

given clade of C. auris and that adhesins and cell wall proteins are a minority of the ORFs that 628 

are lost in the sub-telomeres. Instead, GO term analysis of the annotated gene functions of 629 

ORFs within the deleted sub-telomeric regions showed significant enrichment for 630 

transmembrane transporter activity indicating that import and export of nutrients such as iron 631 

and glucose are likely affected as well as import and export of antifungals. When comparing H-P 632 

(high fluconazole tolerance) and K-P (fluconazole resistance and high mutability) to other clade 633 

IV strains, including I-P from the same patient, they had lost an additional three ORFs on Contig 634 

7.1. One of these ORFs is annotated as a SIT1 homolog in C. albicans with roles in iron 635 

transport and another is annotated as the homolog of the plasma membrane transporter DAL9 636 

in C. albicans which is similar to DAL5 in S. cerevisiae. ScDAL5 null mutants have more than 637 

twice the normal deposition of chitin [57]. Given the role of excess chitin production in 638 

enhancing antifungal drug resistance in C. albicans [58], it is tempting to speculate that the loss 639 
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of this sub-telomeric gene may also be a contributing factor to fluconazole tolerance/resistance 640 

and/or echinocandin resistance. 641 

 642 

In addition to pre-existing sub-telomeric differences between clinical isolates, we also observed 643 

loss of sub-telomere regions during in vitro evolution. Closer examination of these loss events in 644 

vitro showed the loss of sequence in one of the sub-telomere regions, but no additional copy 645 

number of any other sub-telomeres suggesting that loss occurs due to a recombination method 646 

that does not involve repair via another chromosome such as break-induced replication (BIR) 647 

[19]. Sub-telomere regions are dynamic in other fungal species as well. In C. albicans, the sub-648 

telomere regions contain a set of TLO genes that are expanded compared to other closely 649 

related Candida species and have elevated mutation and LOH rates [59]. Non-reciprocal 650 

recombination events including crossovers and gene conversions also occurred at the C. 651 

albicans telomeres during in vitro evolution experiments resulting in changes in TLO genes [60]. 652 

However, in contrast to what we observed in C. auris, changes to the TLO genes in C. albicans 653 

resulted in acquisition of a different TLO or formation of a hybrid gene rather than reduction in 654 

TLO number [60].  655 

 656 

Genetic background/mutator phenotypes 657 

One of the most striking results was the importance of genetic background on the spectrum of 658 

acquired mutations. The frequency of SNVs varied significantly depending on the progenitor 659 

isolate with one progenitor isolate, K-P, accounting for more than half of all the SNVs identified 660 

in the entire experiment. K-P also had elevated rates of 5-FOA resistance as an indicator of 661 

mutation rate (Figure 5). Estimated rates of SNP acquisition in C. auris varies dramatically 662 

among published studies from 5.75 SNPs per genome per year [61] to more than 400 SNPs per 663 

year [62] with genetic variability observed both with hosts and within healthcare facilities 664 

suggesting that clinically important evolution can occur both in the environment and in vivo 665 
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[62,63]. Differences in estimated mutation rate could be explained by different stringency in 666 

bioinformatic approaches, differences in estimates of the effective population size, growth rates, 667 

or selection pressure due to antifungal drug treatment [61]. However, differences in rates of 668 

mutation during outbreaks also may be explained by biologically important differences in the 669 

genetic background such as alterations to DNA repair proteins as seen in the K-P isolate. The 670 

K-P isolate described here is the first known example of a mutator phenotype in C. auris (Figure 671 

5). Elevated mutation rates have been observed in other fungal pathogens including 672 

Cryptococcus species mutator alleles in DNA repair pathway genes and activation of 673 

transposase activity enhance within-host adaptation and evolution of antifungal resistance [64–674 

67].  675 

 676 

Tracing the evolutionary pathway of multi-drug resistance 677 

The first isolate of C. auris identified in 2009 was drug-sensitive as is the reference genome 678 

strain B8441 first isolated in Pakistan in 2010 [4], but since then rapid acquisition of multidrug 679 

resistance has occurred worldwide. Multidrug resistant isolates can spread from one patient to 680 

another [9], and molecular epidemiological tracking has shown that resistance can arise rapidly. 681 

For example, genomic evaluation of nosocomial C. auris transmission in the Chicago metro 682 

region indicated that all isolates likely trace back to a single introduction of a drug-sensitive 683 

clade IV isolate followed by patient-to-patient transmission and genomic diversification [68]. 684 

Within the region, fluconazole resistance has evolved independently multiple times [68]. By 685 

combining the genomic analysis and evolutionary insights from this study with prior molecular 686 

epidemiological tracking of C. auris, we put together a model of how multidrug resistance and a 687 

high mutation rate evolved in an individual patient over the course of infection (Figure 6). For 688 

this model, we focused on the three clade IV clinical isolates from a single patient in Illinois 689 

where echinocandin resistance, fluconazole tolerance and fluconazole resistance evolved 690 

during the course of infection (Figure 4, Table S1 and [33]). By tracking sub-telomeric deletions 691 
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and comparative genomic analysis of SNVs (Table S1 and Table S4), we reconstructed the 692 

possible evolutionary path of the clinical isolates and highlight potential evolutionary tracts that 693 

are clinically relevant for the evolution of multi-drug resistance in vivo and further increases in 694 

MICs during in vitro evolution (Figure 6). An FKS1S639P mutation in the progenitor of H-P and K-695 

P was maintained even as large sub-telomeric deletions and other SNVs accumulated both in 696 

vivo and in vitro (Figure 6A). In this echinocandin-resistant background, both fluconazole 697 

tolerance and moderate fluconazole resistance evolved independently within the same patient 698 

following treatment with posaconazole and fluconazole [33]. H-P acquired tolerance and a set of 699 

mutations including an ERG3 missense mutation. While in the K-P lineage, acquired mutations 700 

included missense alleles in ERG11 and MLH1 correlated with moderately elevated fluconazole 701 

resistance and a higher mutation rate. Together, these mutations allowed further acquisition of 702 

SNVs and aneuploidies during only three passages of in vitro evolution that elevated 703 

fluconazole resistance through many different mechanisms to strengthen the multi-drug 704 

resistance of this isolate (Figure 6B). Overall, the genome analysis of clinical isolates and in 705 

vitro evolution experiments here provide insights into the high stability and high rates of 706 

acquisition of antifungal resistance of C. auris that allow evolution of pan-resistant, transmissible 707 

isolates in the clinic.  708 
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Materials and Methods: 709 

Yeast isolates and culture conditions 710 

All isolates used in this study are described in Table S1. Clinical C. auris isolates were obtained 711 

from the Fungus Testing Laboratory at the University of Texas Health Science Center at San 712 

Antonio. All isolates were identified as Candida auris by DNA sequence analysis of the ITS 713 

region and large ribosomal subunit gene and phenotypic characteristics as previously described 714 

[33]. Isolates were stored at -80° C in 20% glycerol. Isolates were cultured at 30°C in YPAD 715 

medium (10g/L yeast extract, 20g/L bactopeptone, 0.04g/L adenine, 0.08g/L uridine, 20g/L 716 

dextrose with 15g/L agar for plates) unless otherwise specified. For selection for loss of URA3 717 

function, cells were grown on SDC+ 1g/L 5-FOA supplemented with 0.1g/L uridine and 0.1g/L 718 

uracil.   719 

 720 

Antifungals and Clinical Susceptibility Testing. Susceptibility testing in Table S3 was 721 

performed at the Fungus Testing Laboratory at the University of Texas Health Science Center 722 

according to CLSI M27 broth microdilution methods [69]. Antifungal powders were purchased 723 

from SigmaAldrich (St. Louis, MO, USA; amphotericin B, caspofungin, micafungin, fluconazole, 724 

posaconazole, and voriconazole) or were provided by Astellas Pharmaceuticals (Northbrook, IL, 725 

USA). The concentration ranges tested were 0.015 to 8µg/ml for caspofungin and micafungin, 726 

0.03 to 16µg/ml for amphotericin B, isavuconazole, posaconazole, and voriconazole, and 0.125 727 

to 64µg/ml for fluconazole. The MIC50 for the echinocandins and azoles was the lowest 728 

concentration that resulted in at least 50% growth inhibition compared to the growth control after 729 

24 hours of incubation at 35°C. For amphotericin B, the MIC was the lowest concentration that 730 

resulted in 100% inhibition of growth. The CLSI quality control isolates Candida parapsilosis 731 

ATCC 22019 and C. krusei ATCC 6258 were also included. 732 

 733 

In vitro evolution experiment  734 
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Seventeen Candida auris clinical isolates (A-P through Q-P) were plated on YPAD and 735 

incubated for 48 hours at 30°C. Cells were diluted into YPAD and the optical density (OD600nm) 736 

from a BioTek Epoch spectrophotometer was adjusted to 1.0. A 1:1000 dilution was made into 737 

three experimental groups: 1) YPAD, 2) YPAD with 1µg/ml fluconazole, and 3) YPAD with 738 

256µg/ml fluconazole in deep-well 96-well plates. Plates were sealed with Breath EASIER tape 739 

(Electron Microscope Science) and placed in a humidified chamber for 72 hours at 30° C. Every 740 

72 hours, cells were resuspended and transferred 1:1000 into fresh YPAD with the indicated 741 

concentration of fluconazole. After three transfers, cells were collected for DNA isolation, MIC 742 

and CHEF analysis, and for storage at -80°C. The evolution populations are named after their 743 

starting progenitor isolate and the drug concentration of the evolution experiment (ex. K-256). 744 

Two separate A-256 populations were evolved, so these populations are names A-256A and A-745 

256B. 746 

 747 

Microdilution minimum inhibitory concentration (MIC) 748 

The fluconazole MIC50 for all clinical and evolved isolates was measured using a microwell broth 749 

dilution assay in Table S1, Figure 3 and Figure 4. Isolates were inoculated from frozen stocks 750 

into YPAD and grown for 16-18 hours at 30°C. Cells were diluted in fresh 0.05X dextrose YPAD 751 

to a final OD600nm of 0.01, and 20µl of this dilution was inoculated into a 96-well plate containing 752 

180µl of a 0.5X dextrose YPAD with a 2-fold serial dilution of the antifungal drug or a no-drug 753 

control. Final concentrations of fluconazole tested ranged from 0.5µg/ml to 256µg/ml. Cells were 754 

incubated at 30°C in a humidified chamber and OD600nm readings were taken at 24 and 48 hours 755 

post inoculation with a BioTek Epoch spectrophotometer. The MIC50 of each of the isolates was 756 

determined as the concentration of antifungal drug that decreased the OD600nm by ≥50% of the 757 

no-drug control at 24 hours. The SMG (supra-MIC growth) was calculated as the average 758 

OD600nm for all wells above the established MIC50 for that isolate/lineage at 24 hours normalized 759 

to the no-drug control [23,24]. 760 
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 761 

Growth Curve Analysis 762 

Isolates were inoculated from frozen stocks into YPAD and grown for 16hr at 30°C. Cells were 763 

diluted in fresh YPAD to a final OD600nm of 0.01, and 10µl of this dilution was inoculated into a 764 

96-well plate containing 190µl of YPAD with or without the indicated concentration of 765 

fluconazole. Cells were grown at 30°C in the BioTek Epoch with shaking (256 rpm) for 48hr with 766 

OD600nm readings every 15 minutes. Growth curves were conducted in biological triplicate in 767 

three separate experiments. Calculation of summary statistics was conducted using the R 768 

package Growthcurver using standard parameters [70].  769 

 770 

Biofilm Assay 771 

Isolates were patched from frozen stocks to YPAD plates and incubated for 72hr at room 772 

temperature. Cells were transferred to YPAD and diluted to an OD600nm of approximately 0.05. 773 

20µl of this dilution was added to 1ml YPAD with or without the indicated concentration of 774 

fluconazole. In triplicate, 200µl of this mixture was added to a polystyrene plate. Plates were 775 

covered with Breath EASIER tape (Electron Microscope Science) and placed in a humidified 776 

chamber for 72 hours at 30°C. To stain the biofilm, the planktonic cells were removed, then 777 

each well was washed 3X with sterile water prior to adding 200µl 0.1% crystal violet for 15 min 778 

at room temperature. The stain was removed, then each well was washed 3X with sterile water. 779 

Plates were allowed to dry for 15 min at room temperature, then 200µl solubilization solution 780 

(10% acetic acid, 20% methanol) was added to each well. Following incubation for 10 min at 781 

room temperature, OD600nm was measured with a BioTek Epoch spectrophotometer. 782 

 783 

Contour-clamped homogenous electric field (CHEF) electrophoresis 784 

Sample plugs were prepared as previously described [71]. Briefly, cells were suspended in 785 

300µL 1% low-melt agarose (Bio-Rad) and digested with 1.2mg Zymolyase (US Biological) at 786 
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37°C for 16 hours. Plugs were washed twice in 50 mM EDTA and treated with 0.2 mg/ml 787 

proteinase K (Alpha Asar) at 50°C for 48 hours. Chromosomes were separated in a 1% 788 

Megabase agarose gel (BioRad) in 0.5X TBE using the CHEF DRIII Pulsed Field 789 

Electrophoresis System under the following conditions: 60s to 120s switch, 6 V/cm, 120° angle 790 

for 36hrs followed by 120s to 300s switch, 4.5 V/cm, 120° angle for 8 hours. CHEF gels were 791 

stained with ethidium bromide and imaged with the GelDock XR Imaging system (BioRad). 792 

 793 

Illumina whole genome sequencing  794 

Genomic DNA was isolated using a phenol-chloroform extraction as described previously [14]. 795 

Libraries were prepared using either the Illumina Nextera XT DNA Library Preparation Kit or the 796 

Nextera DNA Flex Library Preparation Kit. Adaptor sequences and low-quality reads were 797 

trimmed using Trimmomatic (v0.33 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 798 

MINLEN:36 TOPHRED33) [72]. Trimmed reads were mapped to the C. auris reference genome 799 

(GCA_002759435.2_Cand_auris_B8441_V2) from the National Center for Biotechnology 800 

Information (https://www.ncbi.nlm.nih.gov/assembly/GCA_002759435.2/). Reads were mapped 801 

using BWA-MEM (v0.7.12) with default parameters {Li, 2013}. PCR duplicated reads were 802 

removed using Samtools (v0.1.19) [73], and realigned around predicted indels using the 803 

Genome Analysis Toolkit (RealignerTargetCreator and IndelRealigner, v3.4-46) [74].  804 

 805 

Phylogenomic analysis 806 

Phylogenomic analysis was conducted for the starting clinical isolates (Table S1 and Figure 1). 807 

Variants were generated using realigned, sorted BAM files with the Genome Analysis Tool Kit 808 

(HaplotypeCaller, v3.7-0-gcfedb67) with the ploidy parameter of 1 [74]. Variants were combined 809 

using GATK’s CombineGVCFs and genotyped using GATK’s GenotypeGVCF to generate a 810 

single VCF file containing all identified variants. Variants were sorted as either SNVs or INDELs 811 

using GATK’s SelectVariants, and low-quality SNVs were removed using GATK’s 812 
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VariantFiltration using the following parameters: read depth < 2; mapping quality < 40; Fisher 813 

strand bias > 60; and a Qual score < 100. High quality SNPs were annotated using snpEff 814 

(v4.3T) using the C. auris reference genome, B8441 (Cand_auris_B8441_V2). Genome-wide 815 

SNV-based phylogenetic analysis of the progenitor C. auris clinical isolates was conducted 816 

using the maximum likelihood method in RAxMLGUI (v2.0) using the variants generated above 817 

and included a total of 181229 positions. Model selection was conducted using MEGAX (v. 818 

10.1.8) [75]. The best fitting model was the general time-reversible (GTR) model + gamma 819 

distribution. Internode support was tested using a bootstrap analysis of 500 replicates. 820 

 821 

Polymerase chain reaction (PCR) 822 

All primer sequences used in both PCR and Sanger sequencing are listed in Table S6. PCR 823 

amplifications were performed with Taq DNA Polymerase (GenScript) according to the 824 

manufacturer’s instructions. 825 

 826 

Variant detection 827 

De novo variant detection for the evolution populations after three passages in each condition 828 

was conducted and VCFs were generated using realigned, sorted BAM files with Mutect 829 

algorithm within the Genome Analysis Tool Kit (v3.7-0-gcfedb67). Variants were annotated 830 

using SnpEff (v SnpEff 4.3K, build 2017-03-29) with the Candida auris reference genome and 831 

gene feature file (B8441, GCA_002759435.2_Cand_auris_B8441_V2). Parental variants 832 

present in the progenitor isolates were removed using VCF-VCF intersect 833 

(https://github.com/galaxyproject/tools-iuc/tree/master/tool_collections/vcflib/vcfvcfintersect) with 834 

a window size of 0 bp. De novo variant detection for whole-genome sequencing of single 835 

colonies from the evolution populations was conducted with Mutect2 from the Genome Analysis 836 

Tool Kit (v4.1.2) where the progenitor strain was input as the “normal” sample and the evolved 837 

sample was the “tumor”. Low-quality variant calls were filtered with FilterMutectCalls using 838 
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default parameters, and moderate and high impact variants were annotated using SnpEff. 839 

Mutect2 was also used for comparison of clade IV strains to identify alleles associated with high 840 

tolerance and high mutation rate. For the tolerance phenotype, I-P was used as the “normal” 841 

sample and H-P and Q-P were input as the “tumor” samples. For the mutator phenotype, H-P 842 

and I-P were used as “normal” samples and K-P was input as the “tumor” sample. All nonsense 843 

and missense mutations were visualized in the Integrative Genomics Viewer (IGV, v2.8.2) [37] 844 

and select variants were validated with Sanger sequencing (Table S5). 845 

 846 

Gene Ontology (GO) analysis 847 

GO analysis was conducted for all terms (biological process, function, and component) using 848 

the GO Term Finder from the Candida Genome Database (CGD accessed, 10/18/2021, 849 

http://www.candidagenome.org/cgi-bin/GO/goTermFinder).  Terms were considered significantly 850 

enriched if p < 0.05 with Bonferroni correction. 851 

 852 

Visualization of aneuploid chromosomes 853 

Aneuploid scaffolds were visualized using the Yeast Mapping Analysis Pipeline (YMAP v 1.0) 854 

[36]. Aligned .bam files were uploaded to YMAP and read depth was plotted as a function of 855 

chromosome position using the built-in B8441 clade I reference genome. Read depth was 856 

corrected for both GC content as well as chromosome-end bias.  857 

 858 

Fluctuation Analysis 859 

Fluctuation analysis of URA3 mutation rates was performed similar to prior studies [76] using 860 

the method of the median [77]. Briefly, strains were streaked for single colonies and grown on 861 

YPAD for 2 days at 30°C. Per strain, 8 independent colonies were inoculated into 1 mL liquid 862 

YPAD and grown overnight at 30°C. Cultures were diluted with PBS and spot plated onto 863 

nonselective YPAD for total cell counts and selective media (5-FOA for URA3 loss). YPAD 864 
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plates were incubated at room temperature for 3 days and 5-FOA plates were incubated at 30°C 865 

for 3 days. Colony counts were used to calculate the rate of marker URA3 loss per cell division. 866 

 867 

Data availability 868 

The sequencing datasets generated during this study are available in the Sequence Read 869 

Archive repository under projects PRJNA635156 and PRJNA635167. 870 
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Figure 1: Characterization of the genomes of the seventeen new clinical isolates. (A) 1119 

Phylogenomic analysis of the seventeen starting clinical isolates based on SNV data from 1120 

Illumina whole-genome sequencing using the maximum likelihood method based on informative 1121 

positions. Numbers along branches indicate bootstrap values calculated using 500 replicates. 1122 

Clinical isolate strains A-P through F-P cluster to Clade I, while clinical isolates G-P through Q-P 1123 

cluster to Clade IV. (B) CHEF karyotype gel stained with ethidium bromide of each clinical 1124 

isolate as well as four previously characterized strains: B8441, B11221, B11220 and B11245 1125 

that represent clades I through IV, respectively. (C) Whole-genome sequence data plotted using 1126 

YMAP. Read depth was converted to copy number (Y-axis) and was plotted as a function of 1127 

chromosome position using the B8441 Clade I reference genome for each clinical isolate.  1128 
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 1130 

Figure 2: Schematic of C. auris in vitro evolution experiment. Seventeen C. auris clinical 1131 

isolates were split into three independent lineages and cultured at three different concentrations 1132 

of FLC (YPAD, YPAD + 1ug/ml FLC, & YPAD + 256ug/ml FLC) for a total of 51 evolution 1133 

populations. Serial passage (1:1000 dilution) of each population occurred every 72 hrs for a 1134 

total of 30 generations. After 30 generations, each of the 50 evolution populations were 1135 

collected for further analysis (N-256 did not grow). 1136 
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Figure 3: Determination of fluconazole MICs and genome karyotypes of in vitro evolution 1139 

populations. (A) MICs were measured for all evolution lineages and representative evolution 1140 

populations C, E, I and K from each evolution condition (0µg/ml, 1µg/ml, or 256µg/ml 1141 

fluconazole (FLC)) are shown here below the progenitor data. MICs were measured by broth 1142 

dilution assay in 0.5X dextrose YPAD with increasing concentrations of FLC. The MIC50 was 1143 

defined as the lowest concentration of FLC that decreased the OD600 at 24 hr to less than 0.5 of 1144 

the growth control without drug. Normalized growth is shown as a color scale where relative 1145 

growth ³0.8 is shown as blue and no growth is shown as black with scaled colors in between. 1146 

The MIC50 for each is marked with a yellow bar. Normalized growth values shown are the mean 1147 

of three replicates. (B) Whole-genome sequence data plotted using YMAP. Read depth was 1148 

converted to copy number (Y-axis) and was plotted as a function of chromosome position using 1149 

the B8441 Clade I reference genome for each progenitor and evolution population.  1150 
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 1152 

Figure 4: Genomic and phenotypic diversity within the K-256 evolution population (A) 1153 

Schematic of shared sub-telomeric deletions and SNVs to identify the five sub-lineages of the K-1154 

256 evolution population. (B) MICs were measured for each single colony from the K-256 1155 

population. MICs were measured by broth dilution assay in 0.5X dextrose YPAD with increasing 1156 

concentrations of FLC. The MIC50 was defined as the lowest concentration of FLC that 1157 

decreased the OD600 at 24 hr to less than 0.5 of the growth control without drug. Whole-genome 1158 

sequence data plotted using YMAP. Read depth was converted to copy number (Y-axis) and 1159 

was plotted as a function of chromosome position using the B8441 Clade I reference genome 1160 

for each single colony. 1161 
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 1162 

Figure 5: Elevated mutation rates in K lineages. (A) Total number of SNVs over the course of 1163 

the evolution experiment for all three conditions for each progenitor. Moderate and high impact 1164 

mutations were identified by Mutect2 by comparing each ending evolution population to the 1165 

progenitor strain. (B) Progenitor isolates were grown overnight in YPAD media, then diluted with 1166 

water and plated onto YPAD for total cell counts and 5-FOA plates to select for URA3 loss. 1167 

Colony counts were used to calculate the rate of loss per cell division. Data are mean ± SEM 1168 

calculated from at least three biological replicates, each with eight cultures per conditions. 1169 

Significant differences are indicated with letters (Ordinary one-way ANOVA, p<0.0001; Tukey 1170 

multiple comparison, p<0.001 for letter difference). 1171 
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 1173 

Figure 6: Schematic of evolutionary path of rapid acquisition of multidrug resistance. (A) 1174 

Evolution of micafungin resistance associated with acquisition of FKS1S639P occurred during the 1175 

course of infection and treatment with micafungin and two different azoles (posaconazole and 1176 

fluconazole) in a single patient. The FKS1S639P allele was maintained both in vivo and during in 1177 

vitro evolution in the absence of echinocandins. (B) Evolution of fluconazole tolerance (H) 1178 

associated with ERG3T227I and moderate fluconazole resistance (K) associated with ERG11Y132F 1179 
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occurred in parallel from a shared echinocandin resistant progenitor. K also acquired a mutator 1180 

phenotype and rapidly evolved to higher resistance to fluconazole through a variety of 1181 

mechanisms during in vitro evolution. 1182 
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