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ABSTRACT

Candida auris has emerged as a multidrug-resistant pathogen of great clinical concern.
Approximately 90% of clinical C. auris isolates are resistant to fluconazole, the most commonly
prescribed antifungal agent, yet it remains unknown what mechanisms underpin this fluconazole
resistance. To identify novel mechanisms contributing to fluconazole resistance in C. auris, the
fluconazole-susceptible C. auris clinical isolate AR0387 was passaged in media supplemented
with fluconazole to generate derivative strains which had acquired increased fluconazole
resistance in vitro. Comparative analysis of comprehensive sterol profiles, [*H]-fluconazole
uptake, sequencing of C. auris genes homologous to genes known to contribute to fluconazole
resistance in other species of Candida, and the relative expression of C. auris ERG11, CDR1,
and MDR1 were performed. All fluconazole-evolved derivative strains were found to have
acquired mutations in the zinc-cluster transcription factor-encoding gene, TAC1B, and a
corresponding increase in CDR1 expression relative to the parental clinical isolate, AR0387.
Mutations in TAC1B were also identified in a set of 304 globally distributed C. auris clinical
isolates representing each of the four major clades. Introduction of the most common mutation
found among fluconazole-resistant clinical isolates of C. auris into the fluconazole-susceptible
isolate AR0387, was confirmed to increase fluconazole resistance by 8-fold, and the correction
of the same mutation in a fluconazole-resistant isolate, AR0390, decreased fluconazole MIC by
16-fold. Taken together, these data demonstrate that C. auris can rapidly acquire resistance to
fluconazole in-vitro, and that mutations in TAC1B significantly contribute to clinical fluconazole
resistance.

IMPORTANCE

Candida auris is an emerging multidrug-resistant pathogen of global concern, known to be
responsible for outbreaks on six continents and commonly resistant to antifungals. While the vast
majority of clinical C. auris isolates are highly resistant to fluconazole, an essential part of the
available antifungal arsenal, very little is known about the mechanisms contributing to resistance.
In this work, we show that mutations in the transcription factor TAC1B significantly contribute to
clinical fluconazole resistance. These studies demonstrate that mutations in TAC1B can arise
rapidly in vitro upon exposure to fluconazole, and that a multitude of resistance-

associated TAC1B mutations are present among the majority of fluconazole-resistant C.

auris isolates from a global collection and appear specific to a subset of lineages or clades. Thus,
identification of this novel genetic determinant of resistance significantly adds to the
understanding of clinical antifungal resistance in C. auris.
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TEXT- 4371 words
INTRODUCTION

First identified in 2009, Candida auris has rapidly become a healthcare-associated and
multidrug-resistant pathogen of global concern.(1, 2) While originally found to be the causative
pathogen of virtually simultaneous outbreaks of invasive candidiasis in Asia, South Africa, and
South America, C. auris has now been identified in more than 30 countries across 6 continents,
including more than 900 confirmed clinical cases of C. auris infections in the United States.(3)
Further contributing to the clinical significance of this organism are its proclivity to colonize
both environmental surfaces and patients, challenges associated with the reliable identification in
the clinical microbiology laboratory, and the markedly decreased susceptibility to currently
available antifungal agents found among a large proportion of C. auris clinical isolates.(4, 5)
While epidemiologic data and clinical experience pertaining to the treatment of infections caused
by C. auris are currently inadequate to support the establishment of epidemiologic cut-off values
and true clinical breakpoints, the Center for Disease Control and Prevention (CDC) has proposed
tentative breakpoints to help guide clinicians based upon available susceptibility data for C. auris
clinical isolates. When these tentative breakpoints are applied, approximately 3% of C. auris
clinical isolates are resistant to echinocandins, one third are resistant to amphotericin B, and 90%
are resistant to fluconazole (minimum inhibitory concentration [MIC] >32mg/L; modal MIC
>256mg/L).(6) Additionally, one third of clinical isolates are multidrug-resistant, with elevated
MIC for two or more different classes of antifungals, and clinical isolates resistant to all
available agents have been repeatedly reported.(7, 8)

The extent of fluconazole resistance among C. auris isolates is particularly concerning as

this agent remains the most commonly prescribed antifungal, and many of the outbreaks of C.
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auris have occurred in resource-limited settings.(2, 8-11) While the pervasiveness of fluconazole
resistance among C. auris clinical isolates substantially limits therapeutic options of C. auris
infections, relatively little is known about the molecular mechanisms underpinning this
resistance. One mechanism of fluconazole resistance repeatedly identified in C. auris is mutation
of the gene encoding the sterol-demethylase enzyme targeted by the triazoles, ERG11. Three
such mutations, encoding the amino acid substitutions VF125AL (commonly referred to as
F126L), Y132F, and K143R, are frequently reported among fluconazole-resistant clinical
isolates, and associations between these mutations and specific genetic clades of C. auris have
been observed.(2) Additionally, the mutations encoding the Y132F and K143R substitutions
correspond to mutations known to contribute to triazole resistance in other species of Candida
such as Candida albicans.(12) While the direct impact of these ERG11 mutations has not been
delineated in C. auris, heterologous expression of C. auris ERG11 alleles carrying mutations
encoding either the Y132F or K143R amino acid substitutions on a low copy number episomal
plasmid was observed to decrease fluconazole susceptibility in a haploid strain of
Saccharomyces cerevisiae.(13) However, clinical isolates harboring the same ERG11 mutations
and exhibiting fluconazole MIC as low as 1mg/L have been described, as have fluconazole-
resistant isolates of C. auris with no mutation in ERG11, suggesting the presence of yet to be
identified mechanisms of fluconazole resistance.(8, 14)

In addition to mutations in ERG11, increased expression of efflux pump-encoding genes
is a common contributor to clinical triazole resistance among multiple species of Candida.(15)
Most notable of these is C. glabrata, in which nearly all of clinical triazole resistance is
attributable to overexpression of the ATP-Binding Cassette (ABC)-type efflux pump encoding

genes CgCDR1, CgPDH1, and CgSNQZ2.(16) The C. auris genome has recently been revealed to
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90 encode a substantial number of efflux pump encoding genes of both the ABC and Major

91  Facilitator Superfamily (MFS) classes, and triazole-resistant isolates of C. auris have been

92  observed to exhibit efflux pump activity greatly exceeding (up to 14-fold higher) that of C.

93 glabrata.(17-19) Furthermore, the increased expression of the C. auris ABC-type efflux pump-

94  encoding gene, CDR1, has previously been shown to substantially contribute to clinical triazole

95 resistance.(20, 21) At present however, the genetic determinants underpinning the increased

96  expression of efflux pump-encoding genes in C. auris remain unidentified.

97 In this work, we undertook an unbiased approach utilizing in-vitro evolution to create a

98 collection of isogenic C. auris strains with increased fluconazole resistance, exhibiting an 8 to

99  64-fold increase in fluconazole MIC. Characterization of these strains as well as analysis of
100  whole genome sequencing data for over 300 globally-distributed C. auris isolates implicated
101  TAC1B (B9J08_004820), a close homolog of the well-characterized C. albicans transcriptional
102  regulator CaTAC1, as a novel genetic determinant of clinical fluconazole resistance. Having
103 identified TAC1B mutations to be present among a large proportion of fluconazole-resistant
104  clinical isolates, we utilized a Cas9-mediated transformation system to both introduce the most
105 common TAC1B mutation identified among resistant clinical isolates (encoding A640V) into the
106  fluconazole-susceptible AR0387, as well as correct the A640V-encoding mutation in the
107  previously characterized and highly fluconazole-resistant clinical isolate AR0390 to the wild-
108  type sequence. In both cases, the presence of this prevalent TAC1B mutation was associated with
109 significant increase in fluconazole MIC, demonstrating that mutations in TAC1B represent a
110  prevalent and significant genetic determinant of fluconazole resistance among clinical C. auris
111  isolates.

112
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113 RESULTS

114  Candida auris rapidly acquires increased fluconazole resistance in-vitro. In an effort to

115 identify novel mechanisms of fluconazole resistance in this emerging multidrug-resistant

116  pathogen, a collection of isogenic strains with increased fluconazole resistance was created via
117  in-vitro evolution utilizing the previously described fluconazole-susceptible C. auris clinical
118  isolate AR0387 (also known as B8441) (Figure 1). Briefly, the parental AR0387 was grown in
119  liquid cultures of YPD media supplemented with either 8 or 32 mg/L of fluconazole for 48

120  hours. Each liquid culture was then plated on the standard antifungal susceptibility testing media,
121 RPMI, supplemented with the same concentration of fluconazole for an additional 48 hours to
122 identify individual colonies exhibiting increased fluconazole resistance. Two individual colonies
123 were selected for characterization from the plate supplemented with 8mg/L of fluconazole

124 (yielding strains FLU-A and FLU-B), and a single colony was selected from the plate

125  supplemented with 32mg/L of fluconazole (yielding strain FLU-C). One strain from each initial
126  passage, FLU-A and FLU-C, were subsequently subjected to a second passage in 64 and

127  256mg/L of fluconazole supplemented media, respectively, yielding strains FLU-A2 and FLU-
128 C2.

129 Fluconazole MIC were then determined for the parental AR0387 and each of the five
130 fluconazole-evolved strains by broth microdilution in accordance with Clinical Laboratory

131  Standards Institute methodology with minor modifications as previously described.(20) AR0387
132  exhibited a fluconazole MIC of 1mg/L, while the five fluconazole-evolved strains were found to
133  have MIC ranging from 8 to 64mg/L (Figure 2). Each of the second-generation evolved strains,
134  FLU-AZ2 and FLU-C2, exhibited a further 2 to 4-fold increase in fluconazole MIC relative to

135 their respective first-generation strains.
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136

137  Fluconazole-evolved strains exhibit alterations in membrane sterols without accompanying
138  mutations in ERG11 or ERG3. As fluconazole-resistant C. auris clinical isolates are very often
139  found to possess mutations in ERG11, sequencing of the ERG11 allele for each of the

140  fluconazole-evolved strains was performed. Surprisingly, all evolved strains were found to have
141 wildtype ERG11 sequences matching that of the parental AR0387. To assess for other changes to
142  the ergosterol biosynthesis pathway which may be contributing to fluconazole resistance, each of
143  the fluconazole-evolved strains and the parental AR0387 were subsequently subjected to

144 comprehensive sterol profiling. Briefly, each strain was grown to exponential growth phase in
145  RPMI liquid media with or without 16mg/L of fluconazole (a concentration approximating the
146  average serum concentration achieved in patients being treated for candidemia).(23)

147 Following growth in RPMI without fluconazole, all fluconazole-evolved strains and the
148  parental AR0387 were observed to have largely similar sterol profiles (Figure 3). In all samples,
149  ergosterol comprised more than 75% of total cellular sterols, with ergosta-5, 7, 22, 24(28)-

150 tetraenol and zymosterol observed to be the next most abundant sterols. Intriguingly, four of the
151  fluconazole-evolved strains (FLU-A, FLU-B, FLU-C, and FLU-A2) were also observed to have
152  asmall amount (2 to 4%) of 14-methyl-fecosterol present, while this sterol was absent in both
153 ARO0387 and FLU-C2. In Candida albicans, 14-methyl-fecosterol is a known substrate of the
154  sterol-desaturase enzyme encoded by CaERG3, which catalyzes the conversion of 14-methyl-
155  fecosterol to the toxic sterol associated with the antifungal activity of the triazoles, 14-methyl-
156  ergosta-8, 24(28)-dienol-3,6-diol (Figure 4).

157 Following growth in RPMI supplemented with fluconazole, the sterol profiles of each of

158 the fluconazole-evolved strains were dramatically different than that of AR0387 (Figure 5).


https://doi.org/10.1101/2020.02.18.955534

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.18.955534; this version posted February 20, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

159  While ergosterol was still the predominant sterol among all five fluconazole-evolved strains,
160 lanosterol (46%) and 14-methyl-fecosterol (21%) were observed to be the two most prevalent
161  sterols in AR0387. Additionally, 14-methyl-ergosta-8, 24(28)-dienol-3,6-diolcomprised 4% all
162  sterols present in AR0387, while this sterol was absent in the sterol profiles of all fluconazole-
163  evolved strains. As mutations in the sterol-desaturase encoding gene, ERG3, have been observed
164  to contribute to fluconazole resistance in other species of Candida, and notable differences in the
165  amount of cellular 14-methyl-fecosterol and 14-methyl-ergosta-8, 24(28)-dienol-3,6-diol were
166  observed between AR0387 and the fluconazole-evolved strains, sequencing of the C. auris gene
167  (B9J08_003737) with the highest degree of homology to C. albicans CaERG3 was performed.
168  However, no mutation in C. auris ERG3 was observed in any of the fluconazole-evolved strains.
169

170  Fluconazole-evolved strains exhibit significantly reduced fluconazole uptake. As triazoles
171 including fluconazole have previously been shown to enter the cells of C. albicans via facilitated
172  diffusion, deficient drug import was next examined as a potential mechanism contributing to the
173  increased fluconazole resistance among the fluconazole-evolved strains.(24) As previously

174  described, the accumulation of [*H]-fluconazole was assessed for AR0387 and each fluconazole-
175  evolved strain, as well as a previously characterized strain of AR0387 where the CDR1 gene has
176  been deleted (AR0387 Acdrl), following a two hour glucose starvation in YNB media without
177  carbon source supplementation.(20) [*H]-fluconazole accumulation was observed to be reduced
178 Dby approximately 50% in four of the fluconazole-evolved strains (FLU-A, FLU-B, FLU-C, and
179  FLU-A2) relative to than that observed in AR0387 (Figure 6A), while accumulation in FLU-C2
180  did not significantly differ from that of AR0387. Importantly, there was no difference in [*H]-

181  fluconazole accumulation between AR0387 and AR0387 Acdrl (Figure 6B), confirming that
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182  the conditions used in this study for glucose starvation were adequate to remove the activity of
183  this known C. auris resistance effector.

184

185  Mutations in TAC1B are associated with significantly increased expression of CDR1. Gain-
186  of-function mutations in zinc-cluster transcription factor genes, such as C. albicans genes

187  CaUPC2, CaMRR1, and CaTACL are a well-characterized mechanism of fluconazole resistance
188  among other species of Candida.(15) To determine if similar mutations may be contributing to
189  the fluconazole resistance among the fluconazole-evolved strains in these studies, the C. auris
190  genes with the highest degree of homology to the C. albicans transcriptional regulatory genes
191 CaUPC2, CaMRR1, and CaTAC1, here named UPC2 (B9J08 000270), MRR1 (B9J08_004061),
192  TAC1A (B9J08_004819), and TAC1B (B9J08_004820), were identified by BLAST and gene
193  orthology analysis and sequencing was performed. As two C. auris genes possessing very high
194  degrees of homology with CaTAC1 were identified, both were included in this study. While no
195  mutations were identified in TAC1A or MRR1, all five fluconazole-evolved strains were found to
196  have mutations encoding amino acid substitutions in TAC1B (Table 1). Both the FLU-A strain
197  its second-generation derivative FLU-A2 had acquired a mutation encoding the amino acid

198  substitution R495G, while the strains FLU-B, FLU-C, and FLU-C2 all had acquired a mutation
199  encoding the amino acid substitution F214S. Neither of these mutations correspond to previously
200 characterized GOF mutations in CaTAC1, or orthologous genes from other species of Candida.
201  However, these mutations are predicted to alter residues near or within the conserved fungal

202  transcription factor middle homology region (MHR) of Tac1Bp, and multiple mutations

203  encoding amino acid substitutions in the MHR of CaTACL1 have previously been associated with

204  fluconazole resistance.(25) Additionally, a sole mutation in UPC2 encoding the amino acid
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205  substitution M3651 was identified in FLU-C2, and this mutation similarly alters a residue

206  predicted to reside within the MHR of Upc2p.

207 In an effort to ascertain if the identified mutations in TAC1B and UPC2 may be

208  associated with altered expression of potential resistance effectors among the fluconazole-

209  evolved strains, the relative expression of ERG11, CDR1, and MDR1 was evaluated by RTgPCR.
210  Toaccomplish this, AR0387 and each of the fluconazole-evolved strains were grown to

211  exponential growth phase in RPMI media, and RNA was extracted as previously described. The
212 expression of each gene of interest relative to AR0387 was assessed using the 44CT (threshold
213  cycle) method and the C. auris ACT1 housekeeping gene (B9J08_000486).(20) Among all five
214  fluconazole-evolved strains, the expression of CDR1 was found to be 3 to 5-fold that of AR0387
215  (Figure 7). This level of CDR1 expression is similar to that previously described among

216  extensively fluconazole-resistant C. auris clinical isolates.(20) Additionally, subtle variations in
217  the expression of ERG11, and MDR1, not exceeding 2.1-fold that of AR0387, were also

218  observed among individual fluconazole-evolved strains.

219 As copy number variations (CNV) among genes encoding fluconazole resistance

220  effectors, such as ERG11, have previously been reported among clinical isolates and laboratory
221  strains of C. auris, gPCR amplifying from genomic DNA was performed to assess for CNV
222  among the effectors ERG11, CDR1, and MDR1, as well as TAC1B, for each of the fluconazole-
223  evolved strains. (26, 27) For each gene of interest, three primer sets spanning the open reading
224 frame were utilized. While no alteration in the copy number of ERG11, CDR1, or MDR1 was
225  observed, the second-generation fluconazole-evolved strain FLU-A2 was found to have a 2-fold
226  increase in the copy number of TAC1B, which was not evident in other evolved strains (Figure

227 S1).
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228

229  TAC1B mutations identified during in-vitro evolution studies are also present among

230 fluconazole-resistant C. auris clinical isolates. Interrogation of a dataset consisting of whole
231  genome sequencing data for 304 globally distributed C. auris isolates representing each of the
232  four major clades revealed mutations in TAC1B to be present among 164 isolates (54%).(27)
233  Excluding sites which are fixed in all isolates within a clade, which are present in both sensitive
234 and resistant isolates, 14 non-synonymous TAC1B mutations and one deletion, were identified
235  (Figure 8, Table S1). Furthermore, the two TAC1B mutations that arose during in-vitro drug
236  selection were found to be present among fluconazole-resistant clinical C. auris isolates,

237  suggesting a possible role in clinical fluconazole resistance. R495G was found in a single Clade |
238 isolate, and the F214S change was found in 2 isolates from Clade 11 and 1 isolate from Clade 1V
239  (Figure 8, Table S1). Notably, a mutation encoding the A640V amino acid substitution was

240  found to be the most common among clinical isolates, found in 57 Clade | isolates from 7

241  countries and always present with the ERG11 mutation encoding the K143R amino acid

242  substitution. Nearly all (98.2%) of the isolates isolates with A640V and K143R mutations

243  displayed high-level fluconazole resistance (>64mg/L). Other common TAC1B mutations include
244  A657V in 15 Clade I isolates and a frame shift mutation F862_N866del in 46 Clade IV isolates.
245  These mutations appeared in isolates with the ERG11 Y 132F variant, and these isolates have
246  markedly high MIC values (Figure 8), suggesting these mutations may provide additive

247  fluconazole resistance. Comparison of TaclB protein sequences indicated C. auris A657V

248  corresponds to the CaTacl GOF mutation A736V which is associated with increased triazole
249  resistance in C. albicans. Additionally, we observed three novel TAC1B mutations in Clade 1V

250 isolates lacking resistance-associated mutations in ERG11, including K247E (n = 5), M653V (n
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251 =7)and AB51T (n = 16), six resistant isolates from Clade | which harbored two TAC1B
252  mutations (A15T and S195C), as well as two different mutations affecting the P595 site (P595L
253 in Clade I and P595H in Clade IV).

254

255  Mutations in TAC1B contribute to fluconazole resistance. As mutations in TAC1B were

256 identified among a large proportion of fluconazole-resistant C. auris clinical isolates, and the
257  mutation encoding the amino acid substitution A640V was found to be the most prevalent among
258  this large collection of clinical isolates, the direct impact of this mutation on fluconazole

259  susceptibility was next determined using a Cas9-mediated transformation system. To accomplish
260  this, the TAC1B allele from the previously characterized fluconazole-resistant C. auris clinical
261  isolate AR0390 (also known as B11205, an isolate from Clade I), which contains the mutation
262  encoding the amino acid substation A640V, was introduced into the fluconazole-susceptible

263  clinical isolate AR0387 using the Cas9-ribonucleoproteins (Cas9-RNP) and the SAT-FLP system
264  as previously described.(20) Two independent positive transformants were obtained, and

265  fluconazole MIC were determined by broth microdilution. Introduction of the TAC1B”**®Y allele
266  to the native TAC1B locus was observed to increase fluconazole MIC 8-fold relative to the

267  parental AR0387 (Figure 9). Conversely, when the same methods were used to introduce the
268  wildtype TAC1B allele to isolate AR0390 (which harbors the TAC1B mutation encoding

269  A640V), a 16-fold decrease in fluconazole MIC was observed (Figure 9). Fluconazole MIC did
270  not differ between independent transformants.

271

272  DISCUSSION
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273 C. auris has rapidly become a fungal pathogen of global concern. Among the

274  characteristics most notably distinguishing this organism from other species of Candida, the

275  prevalence of fluconazole resistance is of clear clinical concern. While mutations in the ERG11
276  gene are strongly associated with clinical fluconazole resistance in C. auris, other genetic and
277  molecular mechanisms contributing to fluconazole resistance in this organism are largely

278  unknown.

279 In this work, we utilize both in vitro evolution and large-scale whole genome sequencing
280  to identify mutations in TAC1B as a novel genetic determinant of fluconazole resistance.

281  Mutations in TAC1B were identified among all fluconazole-evolved strains, and associated with
282  altered sterol profiles, decreased [°H]-fluconazole uptake, and increased expression of CDR1 and
283  TACI1B. A large-scale analysis of whole genome sequencing data for over 300 C. auris clinical
284  isolates revealed the majority of isolates to harbor mutations in TAC1B, including those

285  mutations identified among fluconazole-evolved strains as well as mutations similar to known
286  GOF mutations in C. albicans TACL1. Subsequently, Cas9-RNP mediated genetic manipulations
287  demonstrated that the most common mutation found among fluconazole-resistant clinical isolates
288  of C. auris, encoding the amino acid substitution A640V, alone was sufficient to elevate

289  fluconazole resistance by 8-fold. Thus, mutations in TAC1B are both a potent genetic

290 determinant contributing to clinical fluconazole resistance in C. auris, and prevalent among a
291 large global collection of fluconazole-resistant clinical isolates. Further studies characterizing the
292  interplay between mutations in ERG11 and TAC1B, and the delineation of the TAC1B regulon in
293  C. auris are needed.

294
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295

296 METHODS

297  Isolate, strains, and growth media used in this study. Clinical isolates AR0387 and AR0390
298  were made available by the CDC and FDA AR Isolate Bank as part of the C. auris collection of
299  isolates. All constructed strains and clinical isolates were grown in YPD liquid media (1% yeast
300 extract, 2% peptone, and 2% dextrose) at 30°C in a shaking incubator unless otherwise indicated.
301  Frozen stocks of all strains and clinical isolates were prepared with 50% sterile glycerol and

302  were maintained at -80°C.

303

304  Minimum inhibitory concentration determination. Fluconazole (Sigma) was prepared in

305 DMSO. As previously described, modified Clinical and Laboratory Standards Institute document
306  M27 methodology utilizing broth microdilution, RPMI liquid media, and reading absorbance at
307 600 nm on a BioTek Synergy 2 microplate reader (BioTek, Winooski, VT), were used to

308 determine fluconazole MIC as the lowest concentration at which 50% inhibition of growth was
309 obtained.(28) All susceptibility testing was performed technical triplicate and biological

310  duplicate.

311

312 Comprehensive sterol profiling. Fluconazole-evolved strains and the parental clinical isolate
313  were grown to exponential growth phase at 30°C in RPMI liquid media with or without

314  fluconazole supplemented at 16mg/L. Alcoholic KOH was used to extract nonsaponifiable lipids.
315 A vacuum centrifuge (Heto) was used to dry samples, which were then derivatized by adding
316 100 pl 90% N,O-bis(trimethylsilyl)- trifluoroacetamide—10% tetramethylsilane (TMS) (Sigma)

317  and 200 pl anhydrous pyridine (Sigma) while heating at 80°C for 2 hours as previously
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318  described.(23, 29) GC-MS (with a Thermo 1300 GC coupled to a Thermo 1SQ mass

319  spectrometer; Thermo Scientific) was used to analyze and identify TMS-derivatized sterols

320  through comparison of the retention times and fragmentation spectra for known standards. Sterol
321  profiles for each sample were determined by analyzing the integrated peak areas from GC-MS
322  data files using Xcalibur software (Thermo Scientific). All sterol analysis was performed in

323  biological triplicate.

324

325  Assessment of [*H]-fluconazole uptake. C. auris isolates and fluconazole-evolved strains were
326  glucose-starved for 3 hours, and 200 pL of concentrated cell pellets were added to 250 pL of
327  YNB without glucose and 50 pL of freshly diluted 0.77 uM [*H]-fluconazole, yielding a final
328  [*H]-fluconazole concentration significantly below the MIC of each strain or isolate being tested
329  (23.6 pg/L). Samples were then incubated at 30°C for 24 hours before 200 pL of each sample
330  was transferred to 5SmL of stop solution (YNB +20 mM [6mg/L] unlabeled fluconazole) in a
331 14mL round bottom tube. Samples were then filtered and dried on glass fiber filters, then washed
332 with another 5mL of stop solution before the filters and cells were then transferred to a 5mL

333 scintillation vial. A Beckman Coulter scintillation analyzer was then used to quantify the

334  radioactivity of each filter following the addition of 3 ml of scintillation cocktail (Ecoscint XR,
335  National Diagnostics). Experiments were performed with six biological replicates and all results
336 were normalized to CPM per 1x10° cells.

337

338  Assessment of copy number variation by qPCR and relative gene expression by reverse
339 transcription quantitative PCR. For assessment of gene copy number variation, genomic DNA

340  was isolated from each isolate or strain, and gPCR was performed three independent primer sets
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341  spanning the open reading frame of each gene of interest, and the housekeeping gene ACT1,
342  using SYBR green per the manufacturer’s instructions and as previously described.(26) For
343  assessment of relative gene expression, C. auris isolates and strains were inoculated into 2 mL of
344  RPMI broth buffered with MOPS to pH 7.0 and grown overnight at 30°C for initiation.

345  Overnight cultures were then diluted to an ODggo 0f 0.1 in 10 mL of RPMI media with or without
346 16 mg/mL of fluconazole and placed in a 50 mL conical tube. Cultures were then incubated for
347 10 hours, confirmed to be exponential growth phase under these conditions, and then cells were
348  collected by centrifugation, storing cell pellets at -80°C until isolation of RNA was performed.
349  Synthesis of cDNA was performed using the RevertAid RT kit (Thermo Scientific), per the
350 manufacturer’s instructions. C. auris ACT1, ERG11, CDR1, and MDR1 were then amplified
351 from cDNA using SYBR green, PCR master mix, and parameters as previously described.(20)
352  All experiments were performed in biological and technical triplicate. The 2T method was
353  used to calculate relative expression of each gene of interest, and standard error was determined
354  using ACT values as previously described.(22, 30) Primers are listed in Table S2.

355

356  Variant identification

357 TAC1A (B9J08_004819) and TAC1B (B9J08_004820) mutations were identified in a set of 304
358  globally distributed Candida auris isolates representing Clade I, Il, Il and 1V (27). For this

359  dataset read quality and filtering was performed using FastQC v0.11.5 and PRINSEQ v0.20.3
360 (21278185) using "-trim_left 15 -trim_qual_left 20 -trim_qual_right 20 -min_len 100 -

361 min_qual_mean 25 -derep 14". Then, paired-end reads were aligned to the C. auris assembly
362  strain B8441 (GenBank accession PEKT00000000.2; (30559369)) using BWA mem v0.7.12

363  (19451168) and variants were identified using GATK v3.7 (20644199) with the haploid mode
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364 and GATK tools (RealignerTargetCreator, IndelRealigner, HaplotypeCaller for both SNPs and
365 indels, CombineGVCFs, GenotypeGVCFs, GatherVVCFs, SelectVariants, and Variant Filtration).
366  Sites were filtered with Variant Filtration using "QD < 2.0 || FS > 60.0 || MQ < 40.0". Genotypes
367  were filtered if the minimum genotype quality < 50, percent alternate allele < 0.8, or depth < 10
368  (https://github.com/broadinstitute/broad-

369  fungalgroup/blob/master/scripts/SNPs/filterGatkGenotypes.py). Genomic variants were

370 annotated and the functional effect was predicted using SnpEff v4.3T (22728672). The annotated
371  VCF file was used to determine the genotype of known mutation sites in ERG11

372  (B9J08_001448) and mutations in TAC1A (B9J08 004819) and TAC1B (B9J08 004820).

373

374 Antifungal susceptibility testing for global collection of isolates

375  Fluconazole susceptibility testing was included for 294 of 304 isolates included in whole genome
376  analyses. A total of 270 isolates were tested at the CDC as outlined by Clinical and Laboratory
377  Standards Institute guidelines. Briefly, custom prepared microdilution plates (Trek Diagnostics,
378  Oakwood Village, OH, USA) were used for fluconazole. Resistance to fluconazole was set at
379  >32 mg/L. This interpretive breakpoint was defined based on a combination of these breakpoints
380 and those established for other closely related Candida species, epidemiologic cutoff values, and
381 the biphasic distribution of MICs between the isolates with and without known mutations for

382  antifungal resistance (https://www.cdc.gov/fungal/candida-auris/c-auris-antifungal.html).

383
384  Cas9-Ribonucleoprotein mediated transformations. C. auris Cas9 and electroporation-
385  mediated transformations were performed as previously described with minor modification.(20)

386  The C. auris TAC1B alleles from AR0387 (TAC1B"T") and AR0390 (TAC1B"***Y) were
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387  amplified from genomic DNA, then cloned into the plasmid pBSS2 using restriction enzymes
388  Sacll and Eagl, yielding the plasmids pBSS2-TAC1B"" and pBSS2-TAC1B***V. Repair

389 templates for each allele of interest were then amplified from each plasmid using primers that
390 also introduced approximately 50 bases of homology targeting the TAC1B loci to the 3’ end of
391  the repair templates. Primers are listed in Table S2. Electrocompetent C. auris cells were

392  prepared as previously described. Approximately 4 uM of dual Cas9-RNP that target both the
393 TACI1B allele and the sequence immediately downstream of the open reading frame, as well as 1
394 g of repair template were mixed with cells prior to electroporation according to the C. albicans
395  protocol on a GenePulsar Xcell (Bio-Rad).(24) Cells were then allowed to recover for 4 to 6
396  hours in YPD, incubating in a shaking incubator at 30°C. Transformants were then selected by
397  plating recovered cells on YPD plates supplemented with 400 pug/mL of nourseothricin.

398 Integration of the repair template at the targeted loci was then confirmed by PCR for all

399 transformants. The FLP recombinase was then induced by growing positive transformants in
400 YPM (1% yeast extract, 2% peptone, and 2% maltose) to mediate loss of the SAT1-FLP cassette.
401  All final strains identified to have lost the SAT1-FLP cassette by replica plating as previously
402  described, were then again confirmed by sequencing.(18)

403

404  Data and resource availability

405  All lllumina sequence analyzed in this project is available in the NCBI SRA under BioProjects
406 PRJINA328792, PRINA470683, PRINA493622. A set of isolates are available from the CDC
407 and FDA Antimicrobial Resistance (AR) Isolate Bank

408  (https://www.cdc.gov/drugresistance/resistance-bank/index.html).

409
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Figure 1. Schematic of C. auris fluconazole in-vitro evolution experiments. AR0387 was
cultured in YPD supplemented with 8 or 32mg/L of fluconazole. Cultures were plated on RPMI
containing the same concentration of fluconazole, and individual colonies were picked for
further characterization. Fluconazole-evolved strains FLU-A and FLU-C were subsequently
further passaged in YPD supplemented with 64 and 256mg/L of fluconazole, respectively.
Cultures were then again plated on RPMI containing the same concentration of fluconazole and
individual colonies were picked for further characterization.
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536  Figure 2. MIC of C. auris fluconazole-evolved strains. Percentage growth of AR0387 and
537  fluconazole-evolved strains with escalating concentrations of fluconazole measured at 24 hours.
538  Percent growth was determined relative to respective untreated controls as assessed by

539  absorbance at ODggo.
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543  Figure 3. Sterol profiles of C. auris evolved strains. The major constituent sterols for AR0387
544  and fluconazole-evolved strains at exponential growth phase in RPMI are shown as the
545  proportion of total cellular sterols.
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549  Figure 4. Predicted C. auris sterol biosynthesis pathway. The major constituent sterols
550 identified in sterol profiles are shown with corresponding colors.
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554  Figure 5. Sterol profiles of C. auris evolved strains with fluconazole exposure. The major
555  constituent sterols for AR0387 and fluconazole-evolved strains at exponential growth phase in
556  RPMI supplemented with 16mg/L fluconazole are shown as the proportion of total cellular
557  sterols.
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561  Figure 6. Intracellular accumulation of [*H]-fluconazole among fluconazole-evolved strains.
562  [°H]-labeled fluconazole uptake in (a) fluconazole-evolved strains and (b) CDR1-deletion strain,
563  compared to the parental clinical isolate AR0387.
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567  Figure 7. Relative expression of C. auris ERG11, CDR1, and MDR1 among fluconazole-
568 evolved strains grown to exponential growth phase in RPMI. The expression of C. auris

569 ERGL11, CDR1, and MDR1 among AR0387 and the fluconazole-evolved strains were determined
570  following culturing to exponential growth phase at 30°C in RPMI. The expression level for each
571  sample is shown relative to that of the respective gene in AR0387. Arrows between graphs

572 indicate lineage of each fluconazole-evolved strain from the parental AR0387.
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579  Figure 8. Point mutations TAC1B and fluconazole susceptibility in C. auris. (a) Phylogenetic
580 tree of SNPs identified from 304 C. auris whole-genome sequences from four major clades (I, 11,
581 I and IV). Isolate label background are color-coded by known mutations in ERG ]

582  (B9J08 001448)(Y132F, K143R, F126L). Susceptibility to fluconazole is depicted as resistant
583  (dark-gray) or susceptible (yellow), and the minimal inhibitory concentration (MIC) value is

584  indicated as dark-blue boxes. The red dotted line indicates the tentative MIC breakpoint to

585 fluconazole (=32 mg/L). Green circles indicate isolates harboring non-clade specific non-

586  synonymous mutations or gain-of-function mutations in 74CIB (B9J08_004820), with filled
587  circles corresponding to percent alternate allele of >0.8 while open green circles correspond to
588  percent alternate allele of 0.67 to 0.79. The specific mutation is indicated for each isolate(s).

589  Mutations in bold/dark-blue arose in in-vitro evolution experiments or were functionally tested in
590 this study and associated with increased resistant to fluconazole in C. auris. (b) Mutations and
591  location in TACIB protein sequence associated with azole resistance are indicated using

592  triangles. Mutations in bold/dark blue (red triangles) arose in in-vitro evolution experiments or
593  were functionally tested in this study and associated with increased resistant to fluconazole in C.
594 auris. The size of the triangle indicates the number of isolates from this study harboring the

595  mutation (range: 1 to 57 isolates).
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Figure 9. Fluconazole MIC for TAC1B strains. Percentage growth of AR0387, AR0390, and
their derivative TAC1B strains with escalating concentrations of fluconazole measured at 24
hours. Percent growth was determined relative to respective untreated controls as assessed by
absorbance at ODgp.
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606  Figure S1. Copy number variation of TAC1B among fluconazole-evolved strains as

607  determined by gPCR. Gene copy number of TAC1B across fluconazole-evolved strains and
608 parental AR0387 as determined by gPCR with three independent primer sets spanning the open
609 reading frame and as compared to the housekeeping gene ACT1.
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614 TABLES
615
616 Table 1. Sequencing of C. auris MRR1, TAC1A, TAC1B, and UPC2 among fluconazole-

617  evolved strains.

618
Gene AR0387 FLU-A FLU-A2 FLU-B FLU-C FLU-C2
MRR1 WT WT WT WT WT WT
TAC1A WT WT WT WT WT WT
TAC1B WT R495G R495G F214S F214S F214S
UPC2 WT WT WT WT WT M365I

619

620

621

622
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623 SUPPLEMENTARY TABLES
624
625 Table S1. TAC1A and TAC1B mutations observed among global collection of C. auris
626 isolates. Variants shown in bold are unique to resistant isolates. Variants shown in orange were
627 identified through in vitro evolution experiments. Variants shown in yellow were verified to
628 directly contribute to fluconazole resistance. Variants shown in italics are uniquely found
629  together. Percent shown represents percent of isolates with the indicated TAC1B mutation from
630 the indicated Clade which have fluconazole MIC >32mg/L.
Clade | Clade Il Clade Il Clade IV
(n =126) (n=7) (n=51) (n=120) | Total
GENE VARIANT %(n) %(n) %(n) %(n) n
A15T 100(6) 6
S36L 171
S89Y 51
S192N 100(1) 1
S195C 100(6) 6
E200K 51
F214S 50(2) 0(1) 3
K215R 178
K225N 51
Q226R 171
K247E 80(5) 5
TACI1B
(B9J08_004820) 1268V 51
D278V 171
Q298K 51
L3280Q 120
C331S 171
C334F 171
L335S 171
S339A 171
T346I 51
R495G 100(1) 1
Q503R 51
F580L 51
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A583S 100(5) 5
P595H 100(1) 1
P595L 100(1) 1
P607S 0(1) 1
Y608H 171
AB4OV 98.2(57) 57
Y647C 51
AB51T 37.5(16) | 16
M653V 86(6) 7
AB57V 100(15) 15
S754N 171
M809I 171
N773_L774del 51
F862_N866del 97.8(46) | 46
V13| 171
S116A 171
V145E 178
G149D 51
A288S 120
E313G 3
P371L 1
TAC1A
(B9JO8_004819) D500E 171
E560D 171
E565D 51
S627G 51
K713N 7
E758G 51
S762P 171
A766T 51
631
632
633
634
635

636
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Table S1. Oligonucleotides used in this study
Primer Sequence (5’-3)
Sequencing

ERG11-SeqAmpF
ERG11-SegAmpR
ERG11-SeqF1
ERG11-SeqR1
ERG11-SeqF2
ERG11-SeqR2
ERG11-SeqF3
ERG11-SeqR3
ERG11-SeqF4
ERG11-SeqR4
ERG3-SegAmpF
ERG3-SegAmpR
ERG3-SeqF1
ERG3-SeqgR1
ERG3-SeqF2
ERG3-SeqgR2
ERG3-SeqF3
ERG3-SegR3
ERG3-SeqF4
ERG3-SegR4
MRR1-SeqAmpF
MRR1-SegAmpR
MRR1-SeqF1
MRR1-SeqR1
MRR1-SeqF2
MRR1-SeqR2
MRR1-SeqF3
MRR1-SeqR3
MRR1-SeqF4
MRR1-SeqR4
MRR1-SeqF5
MRR1-SeqR5
UPC2-SegAmpF
UPC2-SegAmpR
UPC2-SegF1
UPC2-SeqR1
UPC2-SeqF2
UPC2-SeqR2

GCCCTGAAAGAAACCCGTACAC
GGCACTGGACGCAGGAAC
CCTCATCCATCGACTTGAGTTC
GGCTGGAGCTGGTTTGG
GACTGCCTTGACGAAAGAAGC
GTGTGGGTCGAACTCGTTG
GGTCAGCACACTTCAGCTTC
CTGAGCAGCGTCTCTCTTC
CGTGCAATTGGGCACC
GCCGTATTTCTCTCTGCACAG
GTACCTGCGTCCATGTACCATG
GGTGGTGGATCACTACGATAGCG
CACTCGGAGATCTCTGCCC
GGCTGCGAAATCGCACTG
CGTTTACACGGCCTGCAG
CAATCCACTTGTGGTGGGGC
GCCAAAGCGTTGCCCAAG
CGGTAGCGTTTTTGCTGCC
GGCTACACTGGCCTTCCG
CCAAGTGGAACCACCATGC
GAGGCAGACGAGCGTTTTG
GTTGGCAAAGCTGATGGG
CGAGCGGCAATTAACACTTC
CAGGGGTTAGCTAACGCC
CCAACACAACAGCAGTCC
GCTACCGCCTGGTCATCC
GGCGTGCTCTTCAGACAG
GGCATAAGCTTGCAACATCG
GGGCATGAATCGAGAGCC
CATTTCATCAGAGGTTTGCGC
GGATCATGAGAGATTGTGGCG
GAGTTAGTGATGGAACCTGACGC
GGCAGCGCACGAACACGC
GAGAGCGCCTTTCGTGGTGG
CTCATCCGGGAGTCTTCAG
GCGTGAGGATCGCACTAG
GTGCGGGCTTACTCAATG
CCAAACCTTGTCCTTCATCTCC
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UPC2-SeqF3
UPC2-SeqR3
UPC2-SeqgF4
UPC2-SeqR4

TAC1A-SeqgAmpF
TAC1A-SegAmpR

TAC1A-SeqF1
TAC1A-SeqR1
TAC1A-SeqF2
TAC1A-SeqR2
TAC1A-SeqF3
TAC1A-SeqR3
TAC1A-SeqF4
TAC1A-SeqR4
TAC1A-SeqF5
TAC1A-SeqR5

TAC1B-SegAmpF
TAC1B-SegAmpR

TAC1B-SeqF1
TAC1B-SeqR1
TAC1B-SeqF2
TAC1B-SeqR2
TAC1B-SeqF3
TAC1B-SeqR3
TAC1B-SeqF4
TAC1B-SeqR4
TAC1B-SeqF5
TAC1B-SegR5
RTQPCR
ACT1-F
ACT1-R
ERG11-F
ERG11-R
CDR1-F
CDR1-R
MDR1-F
MDR1-R

gPCR

ACT1-F1

ACT1-R1

ERG11-F1
ERG11-R1
ERG11-F2
ERG11-R2
ERG11-F3

GCGTTGGTCGCCAGTGC
CTTAGATAGATGCGTTGCGCTG
CTCCATGATCGATCCGGAG
GCGGTGTCTTGTCTGGAG
CCCACAGGGTCAGACAGAGG
GGAGGCGCTTGTGTGCACG
GGCCGTGCCTAAGCCATC
CCAAGGGGAAGGTGGTAC
CGCAGCTCCAGCGGTCTAC
CCCTCCACGATCGAAATGC
GGTCCCCGCCATCAGATAC
GGAGGCAAAGTCCTTCACG
CAACAGGCTCCCGCTGATG
CTCCGAGCCGTCATTGAC
GCCAGAGGTGGTGCCTTC
CTCGTCCTCCTCCTCACTC
CGCCTCACACAAAACTTCG
GAAAGCCAATGCGCAGTTGG
CAGCCATCGGGCAGTGCG
CAGAGCAATGTCGCAGCG
GGACCCACTCGTCGCTGC
GCGAACCATTGGGCGTG
GAAGGCATGGCTACTGTGC
GCTGGAAGAAGTAGGCAAGC
CCTTCGCAGCTCGACCCC
GGTGGTTTCCAAATGGACCAC
CGACGACGACCTATTGCTC
GTCCTCTGGCTTGAGCCTG

GAAGGAGATCACTGCTTTAGCC
GAGCCACCAATCCACACAG
GTTTGCCTACGTGCAATTGG
GTAGTCGACTGGTGGAAGCG
GAAATCTTGCACTTCCAGCCC
CATCAAGCAAGTAGCCACCG
GAAGTATGATGGCGGGTG
CCCAAGAGAGACGAGCCC

GAAGGAGATCACTGCTTTAGCC
GAGCCACCAATCCACACAG
GTTTGCCTACGTGCAATTGG
GTAGTCGACTGGTGGAAGCG
GGACTGCATCGTCGATGTTG
GGACTGCATCGTCGATGTTG
CACTTGCCCTTGCCTGC
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ERG11-R3

CCTGTCAGGAACGATGTCACC

CDR1-F1 GAAATCTTGCACTTCCAGCCC
CDR1-R1 CATCAAGCAAGTAGCCACCG
CDR1-F2 CGAGGATGGCGTTGCTC
CDR1-R2 CCTGATGAGCACCAAAACCAG
CDR1-F3 CTACTGGCTCTTCTGTGGTCTC
CDR1-R3 GTCATAGCAGCCGCGAG
MDR1-F1 GAAGTATGATGGCGGGTG
MDR1-R1 CCCAAGAGAGACGAGCCC
MDR1-F2 GAGAGAGCTTCTTCGGCAG
MDR1-R2 CCTGCTTCGTCTTTGCCC
MDR1-F3 GTGGTGCTTCTGTGGGTG
MDR1-R3 CACCAAACAAAGGGCCCG
TAC1B-F1 CACGCCCAATGGTTCGC
TAC1B-R1 GGGTGAAGGTGCCTCCATG
TAC1B-F2 GGAGAACAACCGTGTGCTC
TAC1B-R2 GTAATCACGTCCAGCAGCG
TACI1B-F3 CCATGCCTATCGAGCAGC
TAC1B-R3 GCACAGTAGCCATGCCTTC
PCR
TAC1B-AMP-F TCACCGCGGCATCATCCCCACCGTTGCC
TAC1B-AMP-R TCACGGCCGCATCATCGTTAAAATCGTGGTAAGCATAC
TAC1B-SCN-F CATCATCCCCACCGTTGCC
TAC1B-SCN-R GAAAGCCAATGCGCAGTTGG
TAC1B-RT-F GACAGCGCAAGAACTATACTTCATC
TAC1B-RT-R CAAAGAAAGTCAACATGTTGATTGCTGCTGGCGTAATTCG

TACTCGTTAGGGGCGAATTGGTACCGGG

crRNA target sequence
TAC1B-5’-crRNA
TAC1B-3’-crRNA

TCTCGTTCTTCGCCATGAAC
TTCGTACTCGTTAGCATATG
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