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2 

Abstract 36 

Antimicrobial drug resistance poses a global health threat, requiring a deeper understanding of 37 

the evolutionary processes that lead to its emergence in pathogens. Complex evolutionary 38 

dynamics involve multiple mutations that can result in cooperative or competitive (clonal 39 

interference) effects. Candida albicans, a major fungal pathogen, displays high rates of copy 40 

number variation (CNV) and loss of heterozygosity (LOH). CNV and LOH events involve large 41 

numbers of genes and could synergize during evolutionary adaptation. Understanding the 42 

contributions of CNV and LOH to antifungal drug adaptation is challenging, especially in the 43 

context of whole-population genome sequencing. Here, we document the sequential evolution 44 

of fluconazole tolerance and then resistance in a C. albicans isolate involving an initial CNV on 45 

chromosome 4, followed by an LOH on chromosome R that involves KSR1. Similar LOH events 46 

involving KSR1, which encodes a reductase involved in sphingolipid biosynthesis, were also 47 

detected in independently evolved fluconazole resistant isolates. We dissect the specific KSR1 48 

codons that affect fluconazole resistance and tolerance. The combination of the chromosome 4 49 

CNV and KSR1 LOH results in a >500-fold increase in azole resistance, illustrating a compelling 50 

example of rapid, yet step-wise, interplay between CNV and LOH in drug resistance evolution. 51 

 52 

Introduction 53 

The evolutionary processes that lead to the emergence of antimicrobial drug resistance in 54 

pathogens pose a global health threat. Understanding the evolution of resistance is complicated 55 

by the fact that multiple mutations often arise in the same population and either compete with 56 

each other (clonal interference) or co-occur in the same genetic background, thereby 57 

contributing to resistance either additively or epistatically [1–4]. Candida albicans, common 58 

commensal and pathogen of humans, undergoes high rates of copy number variation (CNV) 59 
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and loss of heterozygosity (LOH) [5–8], which often affect many genes and can contribute to 60 

evolutionary adaptation. However, CNV and LOH can be difficult to identify in populations of 61 

cells via whole genome sequencing. Therefore, the dynamics by which CNV and LOH drive 62 

adaptation to drug stress, how the two types of mutations interact, and the mechanisms by 63 

which they influence drug resistance are not fully understood. 64 

 65 

Ergosterol, the fungal analog of cholesterol, is a key regulator of membrane fluidity. Two of the 66 

three major classes of antifungal drugs target ergosterol directly or indirectly. Azole drugs target 67 

lanosterol 14-alpha demethylase, a cytochrome P450 that catalyzes a key step in the ergosterol 68 

biosynthesis pathway, which is encoded by the gene ERG11 in C. albicans. Mutations that 69 

occur in ERG11 itself [4,9,10], those which affect its expression level [11–14], or mutations in 70 

other genes in the ergosterol biosynthesis pathway such as ERG3 [15–17] can confer azole 71 

drug resistance to C. albicans isolates and other Candida species. However, the most prevalent 72 

resistance mechanisms affect the expression or activity of drug efflux pumps that remove azole 73 

drugs from the cell, thereby reducing Erg11p inhibition and restoring some level of ergosterol 74 

biosynthesis [1,3,18–21]. Together with sphingolipids, ergosterol also contributes to lipid raft 75 

formation and membrane polarization. The polarization of the lipid membrane is necessary for 76 

filamentation [22], a key virulence trait, and lipid rafts are important for the proper localization 77 

and activation of membrane-associated proteins including efflux pumps [23]. Thus, azole 78 

resistance and tolerance are also influenced by sphingolipid biosynthesis [21,24].  79 

 80 

Azole tolerance, in contrast to resistance, is defined as slower persistent growth that is 81 

independent of drug concentration. Resistance is measured in the clinic as the drug 82 

concentration that reduces growth by 50% or more at 24 h (Minimum Inhibitory Concentration, 83 

MIC50) [25]; tolerance is measured as the relative growth in supra-MIC concentrations of drug at 84 

48 h (supra-MIC growth, SMG) [21,26]. While tolerance relies upon the robust function of many 85 
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stress response pathways [26], and high tolerance has been associated with clinical persistence 86 

during treatment [26–29], we do not yet understand how mutations conferring high tolerance 87 

impact treatment, and whether they might precede or be connected to the acquisition of drug 88 

resistance.  89 

 90 

Multiple mechanisms could link sphingolipid biosynthesis (S1 Fig) to azole resistance and/or 91 

tolerance [24]. Null mutations in two genes, FEN1 and FEN12, which catalyze sphingolipid 92 

precursor formation, increase azole resistance and tolerance by upregulating sphingolipid 93 

biosynthesis genes and increasing complex sphingolipid levels [30]. Overexpression of LCB4, a 94 

putative sphingosine kinase (S1 Fig), affects fluconazole tolerance [31], while a heterozygous 95 

deletion of LCB4 increases azole susceptibility [32]. Azole susceptibility in LCB4/lcb4 mutants 96 

can be ameliorated by the addition of the metabolic intermediate phytosphingosine-1-P 97 

(PhytoSph-1-P), which leads to upregulation of drug efflux pumps [32]. In addition, chemical 98 

inhibitors of sphingolipid synthesis including aureobasidin A, which targets AUR1, [33,34]; 99 

NPD827, which likely targets LCB1/LCB2 [35]; MMV688766 [36]; and myriocin, which inhibits 3-100 

ketosphinganine formation [34], all synergize with azoles by disrupting the localization or 101 

activation of drug efflux pumps. 3-ketosphinganine, which is inhibited by myriocin, is reduced by 102 

the 3-ketosphinganine reductase encoded by KSR1 (S1 Fig). Despite its importance in the 103 

sphingolipid pathway [37], KSR1 has not been previously connected to resistance. However, a 104 

ksr1∆/ksr1∆ null mutant generated in a lab strain increased the fluconazole MIC50 by 2-fold [37], 105 

providing initial evidence that changes to KSR1 function could influence azole responses. 106 

 107 

The heterozygosity of the C. albicans diploid genome serves as a rich source of recessive 108 

variants that can be revealed rapidly via LOH [8,38,39]. The C. albicans reference genome from 109 

isolate SC5314 contains almost 200 heterozygous nonsense alleles that encode early stop 110 

codons [39]; such alleles might limit the selection of LOH events if they are recessive lethal [40]. 111 
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Yet heterozygous recessive alleles can also be advantagous when homozygosed via LOH 112 

events [41–43]. For example, homozygosis of a hyperactive allele of the efflux pump regulator 113 

Tac1p can confer high levels of azole resistance [19]. LOH in C. albicans frequently affects long 114 

portions of chromosome arms, encompassing thousands of heterozygous positions [44,45], 115 

thereby making it difficult to pinpoint the specific genes and nucleotides by which such events 116 

affect antifungal drug responses. As a result, despite their prevalence, the mechanisms by 117 

which most LOH events affect phenotypes remain unknown.  118 

 119 

CNV is another important class of mutations frequently found in C. albicans strains that evolve 120 

under stress. Both whole-chromosome and segmental aneuploidy are associated with increased 121 

resistance and/or tolerance to antifungal drugs in clinical isolates and in laboratory evolution 122 

experiments [46–48]. In some cases, the mechanisms causing increased resistance via CNV 123 

have been identified. For example, amplification of the left arm of chromosome (Chr) 5 occurs 124 

via an isochromosome structure (i(5L)) that provides two additional copies of the fluconazole 125 

(FLC) target ERG11 and of a transcriptional activator of drug efflux pumps, TAC1; the extra 126 

copies of these two genes largely explains the drug resistance in strains carrying the i(5L) 127 

karyotype [12,49]. While the specific mechanisms of resistance have not been elucidated for 128 

most CNVs, the recurrent association of increased resistance or tolerance with specific CNVs 129 

suggests that specific genes within these amplified regions are responsible for increased 130 

resistance [46,47,50,51]. As with LOH, identifying the mechanisms of drug resistance is 131 

complicated by the large number (often hundreds) of genes amplified within a given CNV, any of 132 

which could potentially contribute to resistance via different mechanisms. 133 

 134 

Here, we describe the step-wise evolution of an azole resistant isolate of C. albicans via an 135 

initial CNV on Chr4, followed by a small LOH on ChrR. These two events contribute additively to 136 

drug resistance and result in a final evolved MIC50 of >256 µg/mL FLC. Furthermore, we identify 137 
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NCP1, a gene within the Chr4 CNV, whose overexpression results in a 2-fold increase in MIC50. 138 

We also localize the specific nucleotides affected by the LOH on ChrR to the KSR1 coding 139 

sequence and show that they are important for increased resistance and tolerance. Combining 140 

the LOH in KSR1 with the Chr4 CNV increases resistance by >500-fold, providing a powerful 141 

example of rapid step-wise evolution of drug resistance via different mechanisms. Furthermore, 142 

in the reference isolate SC5314, KSR1 contains a heterozygous nucleotide that encodes an 143 

early stop codon; this nonsense allele predicts a truncated protein that lacks a membrane 144 

localization domain. Remarkably, four independent LOH events that each affect residues in 145 

KSR1 do not generate homozygous early stop codons. This highlights the power of LOH to 146 

recombine heterozygous variants and to de-couple linked variants in C. albicans.  147 

 148 

Results 149 

Step-wise acquisition of increased resistance during 150 

adaptation to fluconazole 151 

We recently identified a lineage (AMS4058) in an evolution experiment in which the drug 152 

sensitive progenitor strain SC5314 acquired FLC resistance after 10 passages in 1 µg/mL FLC, 153 

resulting in an increase in MIC50 from 0.5 µg/mL to >256 µg/mL FLC [47]. The AMS4058 lineage 154 

also had reduced filamentation in vitro and decreased virulence in a mouse model of 155 

disseminated candidiasis (S2 Fig A,B). To understand the dynamics of adaptation in lineage 156 

AMS4058, we measured the MIC50 at each of the 10 passages. The MIC50 increased 2-fold after 157 

passage 1 and after passage 3; and increased dramatically to >256 µg/mL FLC after passage 4 158 

(Fig 1A). We also measured FLC tolerance after each passage (supra-MIC growth, SMG, see 159 

Methods) [21,26]. SMG increased dramatically after the first passage and steadily decreased in 160 

passages 2 and 3 (Fig 1B). We hypothesized that variants conferring large increases in 161 
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tolerance were dominant early in the evolution experiment (passages 1 to 3), whereas variants 162 

conferring high levels of resistance arose around passage 4 and continued to increase in 163 

frequency in all subsequent passages.  164 

 165 

Fig 1. Step-wise evolution of drug resistance via CNV and LOH. (A) MIC50, defined as the 166 

drug concentration at which growth is inhibited by >50%, is plotted on the y-axis for each 167 

passage of the evolution experiment. (B) SMG, defined as the average growth in drug 168 

concentrations greater than the MIC50, is plotted on the y-axis for each passage of the evolution 169 

experiment. (C) Read depth from whole genome sequencing of the entire population for each 170 

passage of the evolution experiment is plotted according to genomic position and normalized to 171 

the average read depth for the entire genome. (D) Median copy number, calculated from read 172 
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depth relative to the entire genome, for whole chromosomes with variation in copy number 173 

(Chr3 and Chr5) is plotted on the y-axis for the entire population at each passage of the 174 

evolution experiment. (E) Median copy number of the central amplified portion of Chr4, 175 

calculated from read depth in the entire passaged population relative to the rest of the genome, 176 

is plotted on the y-axis at each passage of the evolution experiment and connected by line 177 

segments. (F) Relative copy number for the entire population at passage 9 at the region 178 

containing a CNV, calculated from the relative average read depth, is plotted on the y-axis 179 

according to the position on Chr4 on the x-axis. Each point represents the average read depth 180 

of a 500 bp window. Dashed lines show the location of repeat sequences in the C. albicans 181 

genome [50]. (G) OD600 values for liquid culture growth assays are plotted over time for the wild-182 

type progenitor (black), a single colony containing the Chr4 amplification without LOH at KSR1 183 

(P4.4 single colony, light blue), and a single colony containing the Chr4 amplification with the 184 

LOH at KSR1 (P4.5 single colony, dark blue). Growth in rich media, 1 µg/mL FLC, and 256 185 

µg/mL FLC are shown. Error bars are standard errors for three replicates. Points are averages. 186 

A table to the right shows average MIC50 and SMG values for the listed strains. (H) Allele 187 

frequencies for 2 single nucleotide variants at KSR1 amino acid positions 189 and 192 are 188 

plotted for each passage of the evolution experiment. Reference “A” alleles are shown in cyan, 189 

and reference “B” alleles are shown in magenta. (I) Biallelic single nucleotide polymorphism 190 

(SNP) frequencies are plotted across the KSR1 locus on chromosome R for two single colonies 191 

isolated from passage 4, with MIC50 = 1 (P4.4, top) and MIC50 >256 µg/mL FLC (P4.5, bottom). 192 

The absence of biallelic SNPs in P4.5 indicates a loss of heterozygosity highlighted by the pink-193 

shaded region. (J) OD600 values for liquid culture growth assays are plotted over time for the 194 

wild-type progenitor (black), the P10 evolved population (red), and a strain engineered to 195 

contain the LOH at KSR1 (pink). Growth in rich media with 0 µg/mL, 1 µg/mL, or 256 µg/mL FLC 196 

are shown. Error bars are standard errors for three replicates. Points are averages. A table to 197 

the right shows MIC50 and SMG values for the listed strains. 198 
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Aneuploidy and copy number variation arise early and yield 199 

moderate increases in fluconazole tolerance and resistance 200 

To identify the genetic changes associated with increases in drug tolerance and resistance, we 201 

performed population-level whole genome sequencing of each passage of the evolution 202 

experiment. We first estimated the population-average copy number of each chromosome by 203 

examining sequencing read depth across the genome for all 10 passages. Increases in read 204 

depth indicative of copy number variants (CNVs) were present in the population from passage 2 205 

to passage 10 (Fig 1C-E). The median copy number of Chr3 was ~2.18, 2.27, and 2.15 for 206 

passages 1, 2, and 3, respectively (Fig 1D), suggesting that ~15-30% of the population was 207 

trisomic for Chr3 at these early passages with high tolerance (see Methods). Chr5 also rose to a 208 

frequency of ~2.17 by passage 2 (Fig 1D). Chr3 contains several genes encoding efflux pumps 209 

and their regulators, such as CDR1, CDR2, and MRR1; and Chr5 contains genes encoding 210 

Erg11 (the azole drug target) and efflux pump regulator Tac1. Additional copies of these genes 211 

have the potential to contribute to increased resistance and tolerance observed in the early 212 

populations of the evolution experiment. 213 

 214 

In addition to evidence of aneuploidy, we detected a segmental amplification of Chr4 (Fig 1C,E), 215 

consisting of a stair-step structure with two flanking regions (~20-25 kb, A21 Chr4 coordinates 216 

~532000 to ~553000, and ~681000 to ~704500) surrounding a central region with the highest 217 

copy number (~100 kb, A21 Chr4 coordinates ~553000 to ~674000) (Fig 1F). Each amplified 218 

region was flanked by inverted repeat sequences, consistent with segmental amplifications as 219 

previously described (Fig 1F, [50]). Median read depth in the central region increased from a 220 

population average relative copy number of 2 in passage 1 to ~3.5 by passage 2, ~5 by 221 

passage 3, and then gradually rose to ~6 copies by passage 10 (Fig 1E).  222 

 223 
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To identify individual genotypes within the passaged populations, we isolated and sequenced 5 224 

single colonies each from passages 2, 3, and 4. Passage 2 included one colony with wild type 225 

chromosome copy numbers (euploid), one colony with an LOH of ChrR and duplication of the B 226 

homolog, resulting in a ChrR BB genotype, two colonies with monosomy of the right end of 227 

ChrR, and one colony with homozygosis of the left arm of Chr4 resulting in an AA genotype (S3 228 

Fig A). For each unique genotype from passage 2 we performed growth curve and microbroth 229 

dilution assays and found that the colony with ChrR LOH grew faster than the progenitor strain 230 

in all concentrations of FLC, with an MIC50 of 2 µg/mL FLC and an SMG of 0.78 (S3 Fig B). In 231 

passage 3 we found two distinct genotypes: 2 colonies displayed concurrent trisomy of Chr3 232 

and Chr6 along with LOH encompassing the entirety of ChrR resulting in a ChrR AA genotype; 233 

and 3 colonies displayed the Chr4 segmental amplification described above (S3 Fig C). Both 234 

genotypes from passage 3 also grew better than the progenitor in FLC, with a slightly elevated 235 

MIC50 of 1 µg/mL FLC and SMG of 0.25 and 0.3 (S3 Fig D). Thus, early in the evolution 236 

experiment, different copy number variants arose and conferred a 2- to 4-fold increase in MIC50 237 

and increased tolerance. 238 

 239 

The amplified region of Chr4 does not contain genes known to cause increased drug resistance 240 

upon overexpression. This region includes ~88 genes, including NCP1, which encodes the 241 

Erg11p reductase (S4 Fig A). We tested the hypothesis that overexpression of Ncp1p is 242 

sufficient to promote growth in 1 µg/mL FLC by engineering strains with NCP1 under the control 243 

of a tet-off promoter system inserted at one of the two copies of the native locus. Without the 244 

addition of doxycycline, these strains over-express NCP1 at ~8-fold the level of wild-type NCP1 245 

expression; with the addition of doxycycline, NCP1 is expressed at 0.5-fold relative to its 246 

expression in wild-type cells (S4 Fig B). Overexpression of NCP1 in these engineered strains 247 

resulted in a 2-fold increase in MIC50 that was abolished with the addition of doxycycline (S4 Fig 248 

C). Because there is allelic variation at the NCP1 locus in SC5314, we overexpressed the A and 249 
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B alleles independently; both NCP1 alleles resulted in the same 2-fold increase in MIC50 (S1 250 

Table). Thus, overexpression of NCP1 is sufficient to increase growth in low drug concentration 251 

and provides at least one explanation for the increased MIC50 in the single colonies carrying the 252 

Chr4 CNV. However, overexpression of NCP1 cannot explain the MIC50 of >256 µg/mL FLC 253 

displayed by passages 4-10 of the evolution experiment.  254 

 255 

LOH at KSR1 produces a high resistance phenotype 256 

To identify the genetic changes responsible for the high level of resistance seen in passages 4-257 

10, we examined the genomes of 5 single colonies from passage 4 and measured their growth 258 

across a range of FLC concentrations. All 5 colonies contained the Chr4 CNV (S3 Fig E); 259 

however, only 1 of the 5 colonies, isolate P4.5, grew significantly faster than the progenitor in 260 

256 µg/mL FLC and had an MIC50 of >256 µg/mL FLC (S1 Table, Fig 1G). Interestingly, P4.5 261 

contained a short (711 bp) LOH of the ChrR B homolog between coordinates 1604191 to 262 

1604902 that was not present in the other colonies. Population-level sequencing of each 263 

passage showed that allele ratios in this region were biased for allele A in passages 1-3 but 264 

switched to a bias for allele B in passage 4 and steadily rose to 100% frequency of the B allele 265 

by passage 9 (Fig 1H). This ~700 bp LOH (which we will now call LOH1) encompassed ~⅔ of 266 

KSR1 (CR_07380C) which encodes 3-ketosphinganine reductase (Fig 1I) and catalyzes the 267 

second step in sphingolipid biosynthesis [37].  268 

 269 

To directly test the effect of the 711 bp LOH at KSR1 (KSR1 LOH1) on drug resistance, we 270 

replaced this portion of the KSR1A allele with KSR1B, reconstructing the evolved LOH in the 271 

progenitor background (SC5314) (without the Chr4 CNV). This strain, (KSR1 LOH1) grew faster 272 

than the progenitor at FLC concentrations from 1 to 256 µg/mL, with an MIC50 of 8 µg/mL FLC 273 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 5, 2024. ; https://doi.org/10.1101/2024.03.05.583528doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.05.583528
http://creativecommons.org/licenses/by-nc-nd/4.0/


12 

and an SMG of 0.86 (Fig 1J). Thus, KSR1 LOH1 alone is sufficient to cause a 16-fold increase 274 

in resistance and a high tolerance phenotype (~8-fold higher than the progenitor).  275 

 276 

Next, we tested the hypothesis that overexpression of NCP1 and the KSR1 LOH1 in 277 

combination could explain the evolved resistance phenotype. A strain engineered to carry both 278 

the tetO-NCP1 overexpression construct and the KSR1 LOH1 genotype (tetO-NCP1,KSR1 279 

LOH1) grew faster than either single mutant alone in low and high FLC. However, the strain with 280 

tetO-NCP1 and KSR1 LOH1 had a final MIC50 of 4 and SMG of 0.66 (S5 Fig), which is not 281 

sufficient to reproduce the MIC50 of single colony P4.5, which carried the ~150kb Chr4 CNV and 282 

the KSR1 LOH1. This implies that one or more additional genes within the Chr4 CNV might be 283 

necessary, in combination with the KSR1 LOH1, to account for the high MIC50 of the populations 284 

at passages 4-10 and of single colony P4.5. Additionally, amplification of the Chr4 CNV 285 

coincided with LOH of Chr4 sequences that flank the CNV (S2 Fig C). Therefore, we cannot rule 286 

out the possibility that LOH of other genes on Chr4 could contribute to high resistance in strain 287 

P4.5 as well. 288 

 289 

To ask if Ksr1p is necessary for drug resistance, we tried to engineer null strains lacking both 290 

copies of KSR1. We obtained heterozygous mutants by deleting either the A or B allele 291 

individually. Strains lacking the KSR1 B allele had a wild-type MIC50 of 0.5 µg/mL FLC, while 292 

strains lacking the KSR1 A allele had an MIC50 of 2 µg/ml FLC, a 4-fold increase relative to the 293 

parent strain (S6 Fig A). Despite several attempts in multiple labs, the only two ksr1D/D 294 

transformants recovered had undergone large LOHs encompassing most of ChrR (S6 Fig B), 295 

which confounded the interpretation of phenotypes associated with the complete loss of Ksr1p. 296 

In Saccharomyces cerevisiae, the KSR1 ortholog (TSC10) is essential [52]; however, in C. 297 

albicans, null mutants of KSR1 (strains SC90, SC91) were previously described in strain 298 

BWP17, an auxotrophic derivative of SC5314 [37]. Whole genome sequencing of these original 299 
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BWP17 ksr1D/D null strains revealed that both mutants had also undergone LOH encompassing 300 

most of ChrR (S6 Fig B). Interestingly, two of the four ksr1D/D null strains were homozygous for 301 

ChrR AA (blue) and the other two were homozygous for ChrR BB (pink), but in all four strains 302 

the region flanking the KSR1 locus was homozygous for the A allele (AA) (S6 Fig C). 303 

Importantly, other manipulations of KSR1 usually were not accompanied by large LOHs (see 304 

below), suggesting that KSR1 might be essential in the SC5314 background when ChrR 305 

maintains normal heterozygosity.  306 

 307 

KSR1 LOH1 results in reduced sphingolipids, lower 308 

intracellular FLC, and higher drug efflux 309 

Ksr1p catalyzes an early step in sphingolipid biosynthesis (S1 Fig) and changes in its function 310 

may alter the cellular sphingolipid composition [37,53,54]. Consistent with this, ksr1D/D strains 311 

(SC90 and SC91, containing large ChrR LOH regions) had lower levels of inositol 312 

phosphorylceramides and were sensitized to inhibitors of subsequent steps of sphingolipid 313 

biosynthesis [37]. To determine the role of the evolved KSR1 LOH1 we compared the lipid 314 

content of the progenitor (SC5314) and KSR1 LOH1 (engineered into SC5314), with and 315 

without FLC treatment, using mass spectrometry. In the absence of FLC, the abundance of all 316 

sphingolipid species was reduced in the KSR1 LOH1 strain relative to the progenitor (Fig 2A). In 317 

the progenitor, upon FLC exposure (1 and 10 µg/mL) intermediates of the sphingolipid pathway 318 

increased and glucosylceramides decreased in abundance (Fig 2A). By contrast, the KSR1 319 

LOH1 strain had consistently low levels of both phytosphingolipids and glucosylceramides. In 320 

addition, exposure of the KSR1 LOH1 strain to 10 µg/mL FLC resulted in increased sphingosine 321 

(Sph), phosphorylated dihydrosphingosine (dhSph-1-p) and phosphorylated phytosphingosine 322 

(PhytoSph-1-p) relative to no drug conditions, in two of the three replicates (Fig 2A, green box). 323 

No such change in sphingolipid species was seen in the progenitor. Together, these results 324 
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indicate that in general, sphingolipid species are decreased in the KSR1 LOH1 strain relative to 325 

the progenitor strain, and that the two strains respond differently to FLC. 326 

 327 

Fig 2. LOH at KSR1 affects cellular lipid profiles, intracellular FLC concentrations, and 328 

drug efflux. (A) A heatmap shows abundance of sphingolipid species relative to inorganic 329 

phosphate present in each strain and condition relative to the mean of all samples for each 330 

respective lipid species. Heatmap colors indicate row-wise z-scores, red being high and blue 331 

being low. Rows are lipid species and columns are individual samples, both of which are 332 

clustered by k-means clustering as shown by the dendrograms on the top and left. Columns 333 

include 3 replicates each of the wild type progenitor strain (black) grown in 0 µg/mL (white), 1 334 

µg/mL (grey), and 10 µg/mL FLC (black), and the KSR1 LOH1 engineered strain (purple) in the 335 

same conditions. Two outlier samples were removed (WT in 10 µg/mL FLC and KSR1 LOH1 in 336 

1 µg/mL FLC). Wild type samples cluster according to condition, indicating consistent changes 337 

in sphingolipid species as FLC concentrations are increased. KSR1 LOH1 samples do not 338 
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consistently cluster by condition, indicating only subtle changes in sphingolipid species as FLC 339 

concentration increases. Sphingolipid species (rows) that increase in the KSR1 LOH1 strain at 340 

high FLC concentration are boxed in green. (B) Mean intracellular Cy5 fluorescence, as 341 

measured by flow cytometry, is plotted with both points and bars for each strain listed after 4 342 

hours of incubation with Cy5-FLC. Each point represents one replicate, bars are means and 343 

whiskers are quartiles. (**Indicates a paired t-test p-value of < 0.01) (C) As in (B), mean 344 

intracellular R6G fluorescence is plotted for each strain listed after incubation with rhodamine 345 

6G for 4 hours. (D) Extracellular R6G fluorescence is plotted on the y-axis over time (on the x-346 

axis) after addition of glucose, for the progenitor strain (black) and engineered KSR1 LOH1 347 

(purple). Points are means and error bars are standard errors of the mean across 3 replicates.  348 

 349 

A reduction in sphingolipid species could significantly alter membrane structure, membrane 350 

fluidity, and the formation of lipid rafts, which help properly position membrane-associated 351 

proteins such as the drug efflux pump Cdr1p [23]. In addition, PhytoSph-1-P is thought to be a 352 

signaling molecule that can lead to the upregulation of drug efflux pumps such as Cdr1p and 353 

Cdr2p and a reduction in intracellular FLC [32]. Thus, changes in the sphingolipid composition 354 

and structure of the cell membrane might influence the ability of drug efflux pumps to export 355 

FLC.  356 

 357 

To evaluate the effect of KSR1 LOH1 on FLC export, we measured intracellular drug 358 

concentrations by flow cytometry of cells after incubation for 4 hours with a fluorescently labeled 359 

FLC probe (FLC-Cy5, [55]). The KSR1 LOH1 strain had significantly lower intracellular levels of 360 

FLC than the progenitor strain at 4 hours (Fig 2B, paired t-test p-value = 0.004). To measure 361 

general efflux activity, we monitored intracellular levels of Rhodamine 6G (R6G), a fluorescent 362 

molecule that is actively effluxed by ABC transporters [56], by flow cytometry after incubation for 363 

4 hours. KSR1 LOH1 intracellular R6G levels were ~3-fold lower than in the progenitor strain 364 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 5, 2024. ; https://doi.org/10.1101/2024.03.05.583528doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.05.583528
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 

(Fig 2C, paired t-test p-value = 0.009). To measure the dynamics of active drug efflux, we 365 

performed a time-course in which cells were preloaded with R6G, and fluorescence of the 366 

supernatant was measured over time after the addition of glucose. The KSR1 LOH1 strain had 367 

a ~6-fold increase in the rate of efflux relative to the progenitor strain after growth in 0, 1, and 10 368 

µg/mL FLC (Fig 2D). In addition, using RT-qPCR, we found that, relative to the progenitor, 369 

CDR1 was upregulated ~1.5 fold in the absence of FLC, and ~2 fold in 1 µg/mL FLC (S7 Fig). 370 

While this increase in expression likely contributes to the higher rate of efflux, the much more 371 

dramatic increase in efflux (~6-fold increase in rate, Fig 2D) suggests that additional 372 

mechanisms influence efflux activity. Together, these results indicate that cells with the KSR1 373 

LOH1 have higher rates of drug efflux and accumulate lower levels of intracellular FLC than the 374 

progenitor strain. 375 

 376 

Chr4 CNV does not increase ceramides in a wild type KSR1 377 

background 378 

Ceramides, a class of sphingolipids, are important for drug resistance [24] and also reduce the 379 

growth rate of aneuploid cells in S. cerevisiae [57]. However, it is not known if segmental 380 

aneuploidies result in higher ceramide levels and slower growth in C. albicans, as they do in S. 381 

cerevisiae. Therefore, we asked if ceramide levels were elevated in a strain bearing the Chr4 382 

CNV by comparing mass spectrometry data for strain P4.4 (which carries the Chr4 CNV but no 383 

LOH at KSR1) to the progenitor. Ceramides were not significantly up-regulated in strain P4.4 384 

(two-sample t-test p-values for 0 µg/mL FLC: glycosyl ceramides = 0.53, hydroxy-ceramides = 385 

0.67, ceramides = 0.54, hydroxy-phytoceramides = 0.19, S8 Fig). Ceramide levels were 386 

reduced in strain P4.5, which carried both the Chr4 CNV and KSR1 LOH1, much like the KSR1 387 

LOH1 alone (S8 Fig). These data suggest that CNVs in C. albicans might not incur the same 388 

changes in ceramides as those described for aneuploidy in S. cerevisiae and is consistent with 389 
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the lack of a fitness cost for the Chr4 CNV strains relative to the progenitor (Fig 2B, P4.4 in 0 390 

µg/mL FLC). Therefore, KSR1 LOH1 likely does not alleviate a fitness cost of the Chr4 CNV. 391 

Rather, the Chr4 CNV and KSR1 LOH1 appear to operate additively to produce increased FLC 392 

resistance, as might be expected for two mutations that are acting on two distinct mechanisms 393 

of drug resistance that co-evolved in the same cells during adaptation to drug.  394 

 395 

Homozygosis of arginine at Ksr1p aa189 is the major driver 396 

of drug resistance 397 

To examine the effects of specific amino acid(s) in Ksr1p that contribute to the drug resistance 398 

phenotype, we compared KSR1 LOH1 to three other independently evolved SC5314-strains 399 

that acquired KSR1 LOH events during adaptation to 1 µg/mL FLC (Evolved LOH2, Evolved 400 

LOH3, Evolved LOH4, see Methods). These three evolved LOH events ranged in size from ~20 401 

bp to ~2,000 bp of ChrR and each included a portion of the KSR1 locus (Fig 3A, S9 Fig A, S1 402 

Table). All three evolved strains had 4-fold increases in MIC50 and increased SMG relative to 403 

the progenitor strain (Fig 3B). They also were defective in filamentation and had decreased 404 

virulence in a Galleria mellonella model of systemic fungal infection (S9 Fig B-D).  405 
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 406 

Fig 3. LOH resulting in 189R/R produces a strong drug resistance phenotype. (A) A 407 

schematic of the KSR1 locus including heterozygous positions (black dots) that are either 408 

synonymous (S), missense (M), or nonsense (N, *) in the B allele relative to the A allele. A allele 409 

is shown in blue and B allele is shown in pink. Allele frequencies are plotted across the KSR1 410 

locus and a larger flanking region on chromosome R for the wild type progenitor (top) and the 411 

three evolved isolates (Evolved LOH2, Evolved LOH3, and Evolved LOH4). The absence of 412 

biallelic SNVs in the evolved isolates, or allele frequencies of 1, indicates a loss of 413 

heterozygosity in that region highlighted by the pink shaded region. Note that the chromosome 414 

coordinates are inverted on the map because the KSR1 coding sequence is on the ‘Crick’ 415 

strand of the chromosome. (B) OD600 values for liquid culture growth assays are plotted over 416 

time for the wild type progenitor (SC5314, black), and the three evolved strains with LOH 417 

including some portion of the KSR1 locus (Evolved LOH2, Evolved LOH3, and Evolved LOH4). 418 

Growth in rich media with 0 µg/mL, 1 µg/mL, and 256 µg/mL FLC are shown. Error bars are 419 

standard errors for three replicates. MIC50 and SMG values are shown in a table to the right. (C) 420 
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Schematics show portions of the KSR1 coding region that underwent LOH in the four evolved 421 

LOH events. Dotted lines demarcate the single nonsynonymous SNV that was homozygous in 422 

all four LOH isolates, a nucleotide coding for glutamine in allele A and arginine in allele B at 423 

amino acid position 189. (D) Liquid growth assays, plotted as in (B), are shown for the 424 

progenitor strain (black), the strain engineered to contain the KSR1 LOH1 (pink), and the 425 

KSR1189R/R engineered strain (red). MIC50 and SMG values are shown in a table to the right.  426 

 427 

RNA-sequencing of these three evolved strains when exposed to 0, 2, or 64 µg/mL FLC 428 

concentrations was analyzed for principal components. The first principal component, explaining 429 

the majority of the variance in the data (83%), separated samples by FLC treatment (S10 Fig A). 430 

The second principal component, explaining 5% of the variance in the data, separated strains 431 

that were exposed to FLC by genotype (S10 Fig B). This indicates that both wild type and 432 

evolved strains undergo major transcriptional changes upon exposure to FLC, and that, in the 433 

absence of FLC, transcriptional differences between progenitor and evolved strains are minimal. 434 

Expression levels of genes annotated as related to sphingolipid biosynthesis showed a similar 435 

trend, with samples clustering according to FLC exposure first, and then clustering weakly by 436 

genotype (S10 Fig C). Although 5 genes catalyzing steps in sphingolipid biosynthesis were 437 

differentially expressed in all three evolved strains relative to the progenitor strain, no strong 438 

correlation between transcriptional changes and changes in corresponding sphingolipid 439 

metabolites was evident (S10 Fig D), likely because most upregulated genes were downstream 440 

of KSR1 in the biosynthesis pathway (S1 Fig). Because the KSR1 LOH1 strain had high levels 441 

of glucose-dependent efflux in the R6G assay (Fig 2D), we also examined the expression of 442 

ABC drug efflux pumps. Efflux pumps CDR1 and CDR2 were not significantly upregulated in the 443 

three evolved strains (S10 Fig E). SNQ2, which is annotated as a multidrug transporter in S. 444 

cerevisiae [58], was upregulated in all three strains (S10 Fig E). Taken together, these data 445 

indicate that LOH affecting Ksr1p has a small effect on the global transcriptome and likely 446 
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impacts the activity and/or localization of drug efflux pumps post-transcriptionally, and that the 447 

progenitor and evolved strains respond differently to FLC exposure.  448 

 449 

In SC5314, the KSR1 protein coding region harbors 6 synonymous and 4 nonsynonymous 450 

heterozygous nucleotides. The LOH events in all four FLC-evolved LOH strains became 451 

homozygous for the B allele at a single nonsynonymous variant encoding aa189 (Fig 3C). In the 452 

wild-type SC5314, allele A encodes glutamine and allele B encodes arginine (KSR1189Q/R ); in all 453 

four evolved LOH isolates (LOH1-LOH4) the sequence encodes arginine at aa189 (KSR1189R/R). 454 

To test the effect of aa189R/R alone, we constructed a strain encoding KSR1189R/R and 455 

measured its growth in a range of FLC concentrations. The KSR1189R/R strain was more resistant 456 

(MIC50 of 8 µg/mL) and tolerant (SMG of 0.78) and grew better than the progenitor across FLC 457 

concentrations (Fig 3D), with growth dynamics similar to those of the KSR1 LOH1 strain in 1 458 

µg/mL FLC and better than the growth of KSR1 LOH1 in 256 µg/mL FLC. Thus, KSR1189R/R is a 459 

major driver of resistance in all four evolved strains (Fig 3D).  460 

 461 

LOH unlinks the effect of 189R/R from the masking effect of 462 

the nonsense codon 463 

KSR1 codon 272 in the SC5314 progenitor encodes arginine on the A allele and encodes a 464 

nonsense mutation on the B allele (KSR1272R/*). Notably, all four LOH events in FLC-resistant 465 

strains remained heterozygous at this codon (KSR1272R/*, Fig 3C). We asked if a strain carrying 466 

the homozygous nonsense allele would be viable, and if so, if the nonsense allele would mask 467 

the effect of aa189R/R on drug resistance. To address these questions, we engineered mutants 468 

that were homozygous for the nonsense codon (KSR1272*/*) and mutants that were homozygous 469 

for the entire B allele (KSR1B/B, which is homozygous for both aa189R/R and aa272*/*) (Fig 470 

4A). We were able to recover both mutants without any additional LOH events (S11 Fig), and 471 
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found that both KSR1272*/* and KSR1B/B had increased MIC50 and SMG values (MIC50 = 4 472 

µg/mL, SMG = 0.86) relative to the progenitor SC5314 (MIC50 = 0.5 µg/mL, SMG = 0.01, Fig 473 

3D), but the MIC50 was not elevated to the same degree as KSR1 LOH1 (MIC50 = 8 µg/mL, 474 

SMG = 0.86, Fig 4A,B). Furthermore, growth curve analysis across a range of FLC 475 

concentrations determined that the average growth of KSR1B/B and KSR1272*/* was nearly 476 

identical and consistently lower than KSR1 LOH1 at drug concentrations > 1 µg/mL (Fig 4B, 477 

paired t-test between KSR1 LOH1 and KSR1B/B p-values < 0.1). The matched growth of 478 

KSR1272*/* and KSR1B/B (which includes aa189R/R and aa272*/*), indicates that homozygosis 479 

of the nonsense codon affects drug resistance itself and masks the effect of 189R/R in strains 480 

carrying both 189R/R and 272*/*.  481 
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 482 

Fig 4. LOH unlinks 189R/R from a stop codon with masking effects on phenotype. 483 

(A) Schematics of the KSR1 locus in three engineered strains: the strain engineered to contain 484 

the KSR1 LOH1 (as in Fig 2C), one that is completely homozygous for the KSR1B allele 485 

(KSR1B/B), and one that is homozygous for the nonsense codon to the end of the protein 486 

(KSR1272*/*). SNP positions are indicated by circles, and the SNP that codes for the nonsense 487 

codon in allele B is indicated by an asterisk. A and B alleles are indicated in blue and pink, 488 

respectively. (B) Area under the growth curve, calculated from 48 h liquid growth assays, is 489 

plotted on the y-axis, relative to the growth condition of various FLC concentrations shown on 490 

the x-axis. Each point is the mean of three replicates. Each strain is shown in a different color 491 
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and connected by line segments. (*Indicates paired t-test values < 0.1, ** indicates paired t-test 492 

values < 0.01 for all comparison in 2ug/mL FLC and higher) (C) Mean intracellular Cy5 493 

fluorescence, as measured by flow cytometry, is plotted with both points and bars for each 494 

strain listed, after 4 hours of incubation with FLC-Cy5. Each point represents one replicate, bars 495 

are means and whiskers are quartiles. The same data as shown in Fig 2B is shown with the 496 

addition of the KSR1B/B strain for comparison. (**Indicates a paired t-test p-value of < 0.01) (D) 497 

Extracellular R6G fluorescence is plotted on the y-axis over time after the addition of glucose, 498 

measured in minutes, on the x-axis. The same data as shown in Fig 2D is shown with the 499 

addition of a KSR1B/B (light blue) and KSR1272*/* (dark blue) strain for comparison. (E) Spot 500 

plates showing serial dilutions of strain across the x-axis at concentrations of 107, 106, 105, 104, 501 

and 103 cells/mL in rich media (YPAD), and 0.02% sodium dodecyl sulfate (SDS). One 502 

representative replicate of 3 performed is shown. (F) A heatmap showing levels of sphingolipid 503 

species present in each strain and condition relative to the mean among all samples for that 504 

lipid species. Heatmap colors indicate row-wise z-scores, red being high and blue being low. 505 

Rows are lipid species, clustered by k-means clustering as shown by the dendrograms on the 506 

left, and columns are individual samples, which are not clustered. Columns include 3 replicates 507 

each of the wild-type progenitor strain (black) grown in 0 µg/mL (white), 1 µg/mL (grey), and 10 508 

µg/mL FLC (black), and the KSR1 LOH1 engineered strain (purple), the KSR1B/B strain (light 509 

blue) and KSR1272*/* (dark blue) in the same conditions.  510 

 511 

We next asked if homozygosis of the nonsense codon 272*/* and homozygosis of 189R/R affect 512 

drug resistance via similar mechanisms by measuring intracellular levels of FLC at 4 and 24 513 

hours after drug exposure. We found that both KSR1 LOH1 and KSR1B/B strains accumulated 514 

less intracellular FLC relative to the progenitor strain (Fig 4C, paired t-test p-value for KSR1B/B 515 

= 0.004). Furthermore, KSR1 LOH1, KSR1272*/*, and KSR1B/B all had increased active efflux of 516 

R6G when exposed to 0, 1, or 10 µg/mL FLC (Fig 4D). All three mutants also had a heightened 517 
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sensitivity to the detergent SDS, which destabilizes cell membranes (Fig 4E). Interestingly, the 518 

strains with a homozygous nonsense codon (KSR1B/B and KSR1272*/*) had a stronger growth 519 

defect in the presence of SDS relative to the KSR1 LOH1 strain (Fig 4E). Thus, all mutants had 520 

similar intracellular FLC levels and efflux levels, but those with a homozygous nonsense codon 521 

were more sensitive to SDS, suggestive of a more severe membrane defect.  522 

 523 

We next asked about differences in the sphingolipid composition of KSR1 LOH1 relative to 524 

strains homozygous for the nonsense codon. By comparing lipidomic data for the KSR1 LOH1, 525 

KSR1B/B, and KSR1272*/* strains and the progenitor, we found that strains homozygous for the 526 

nonsense mutation had lower levels of all sphingolipid species relative to both the progenitor 527 

and the KSR1 LOH1 strain (Fig 4F, purple box). In addition, strains homozygous for the 528 

nonsense mutation did not have the increase in dhSph-1-p or PhytoSph-1-p that was seen in 529 

the KSR1 LOH1 strain relative to the progenitor at 10 µg/mL FLC (Fig 4F, green box). Together, 530 

these results suggest that both KSR1 LOH1 and strains homozygous for the nonsense codon 531 

have increased drug resistance due to increased drug efflux related to changes in their 532 

sphingolipid composition, and that changes in sphingolipid levels are more severe in strains 533 

homozygous for the nonsense codon.  534 

 535 

The SDS sensitivity of the strains prompted us to examine their vacuole morphology, which can 536 

be an indication of membrane stress [35]. Indeed, using FM4-64 to stain vacuolar membranes, 537 

we observed some vacuolar abnormality: in FLC, both KSR1 LOH1 and KSR1B/B strains had 538 

smaller vacuolar area than the progenitor strain (S12 Fig A,B), yet were similar in size and 539 

morphology to the progenitor strain (S12 Fig A).  540 

 541 

Lipid droplets affect cellular stress responses by sequestering excess toxic lipids and sterols 542 

and mediating the release and transport of lipids from the ER to the plasma membrane and 543 
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other cellular organelles [59]. Using BODIPY staining to visualize lipid droplets, we found that 544 

the KSR1 LOH1 strain had, on average, a higher, but not significantly different, number of lipid 545 

droplets per cell as compared to the progenitor, in rich media. Conversely, the KSR1B/B strain 546 

had, on average, a significantly lower number of BODIPY stained lipid droplets, which was 547 

similar to the decrease in the number of lipid droplets seen when wild-type cells were treated 548 

with myriocin (S13 Fig A,B). Since myriocin inhibits the step in sphingolipid biosynthesis 549 

immediately preceding the reaction catalyzed by KSR1 [33,34], this indicates that KSR1B/B 550 

shares a phenotype characteristic of sphingolipid pathway inhibition while the KSR1 LOH1 does 551 

not. Together, these results indicate that KSR1 LOH1 as well as strains with homozygous 552 

nonsense codon affect lipid homeostasis, membrane stress, and the formation of lipid droplets, 553 

but that these two types of mutations differ in their effect on lipid droplet properties.  554 

 555 

Nonsense codon at aa272 results in mislocalization of Ksr1p 556 

The KSR1 nonsense codon is predicted to truncate the protein immediately upstream of a 557 

putative membrane-anchoring domain encoded by KSR1A in C. albicans and in TSC10, the S. 558 

cerevisiae ortholog (Fig 5A, [37,60,61]). To ask if this C-terminal tail affects Ksr1p localization, 559 

we fused an mNeon-Green fluorescent protein to the N-terminus of either KSR1A or KSR1B in 560 

the SC5314 background. As expected based on the localization of Tsc10p in S. cerevisiae, 561 

mNeonGreen-Ksr1A co-localized with an ER stain. However, mNeonGreen-KSR1B labeling 562 

was diffuse throughout the cytoplasm (Fig 5B). We posit that the failure of the truncated Ksr1Bp 563 

to localize to the ER likely prevents efficient contact of Ksr1p with its substrate, which is in the 564 

ER, and thus effectively reduces Ksr1Bp activity. The reduction in activity due to mislocalization 565 

appears more severe than that resulting from the homozygosis of arginine at aa189, based on 566 

the further reduction in sphingolipid species abundance in strains with homozygous nonsense 567 

alleles (Fig 4F). However, rather than further increasing drug efflux and drug resistance, efflux in 568 
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these strains remained steady (Fig 4C,D), and sensitivity to SDS was increased (Fig 4E). 569 

Together, these data suggest that cumulative positive and negative fitness trade-offs result in a 570 

‘sweet spot’ for drug resistance that is occupied by the evolved strains with KSR1189R/R but not in 571 

those harboring homozygous nonsense codons (Fig 5C). This underscores the observation that, 572 

at the end of the evolution experiments, all four LOH events homozygosed KSR1 aa189 but not 573 

aa272. 574 

  575 
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 576 

Fig 5. Nonsense allele results in mislocalization of Ksr1p (A) Ribbon models produced by 577 

Alphafold [60] predictions are shown for C. albicans Ksr1pA and Ksr1pB. The early stop codon 578 

in Ksr1pB (red star) truncates the protein ahead of a putative membrane-anchoring domain 579 

positioned on the right side of the model. Models are colored according to Alphafold confidence 580 

scores, in which blue is high and yellow to red are low. (B) Fluorescence microscopy images for 581 

engineered strains containing KSR1A (top row) or KSR1B (bottom row) tagged with 582 

NeonGreen. From left to right the columns show DIC, Neon green fluorescence, the 583 

endoplasmic reticulum-specific probe 2 [66], and a merged image of mNeonGreen and ER 584 

probe. (C) A model reflecting the levels of sphingolipid abundance, rate of active efflux, and 585 

membrane sensitivity together contributing to a theoretical fitness landscape. The regions on 586 

this landscape occupied by a completely wild-type Ksr1p (left), a localized KSR1189R/R mutant 587 

such as the LOH strains (middle), and strains with a homozygous nonsense mutation resulting 588 
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in mislocalization (right) are shown. The evolved LOHs occupy a ‘sweet spot’ for drug 589 

resistance, with increased active efflux, intermediate sphingolipid levels, and membrane 590 

sensitivity leading to the highest drug resistance and tolerance. 591 

 592 

Discussion 593 

Here we followed the evolutionary progression of a lineage of C. albicans adapting to the azole 594 

drug fluconazole via the sequential acquisition of CNV followed by LOH on a different 595 

chromosome occurring in the same background. Each of these genome changes affected many 596 

genes, yet we found that much of the resistance can be attributed to changes in two genes: 597 

amplification of NCP1 within the Chr4 CNV and partial homozygosis of KSR1 within the ChrR 598 

LOH. These two genes were not previously associated with drug resistance and it appears that 599 

they impact resistance via different mechanisms. NCP1 encodes a cytochrome p450 reductase 600 

that, when overexpressed, increases the FLC MIC50 by 2-fold. Ncp1p was a likely contributor to 601 

drug resistance because it interacts with Erg11p, the target of fluconazole. In addition, a screen 602 

for haploinsufficient increases in drug sensitivity did identify an NCP1 heterozygous null as a 603 

sensitizer to FLC [62]. However, we are not aware of any previous descriptions of NCP1 copy 604 

number changes conferring increased FLC resistance. The Chr4 CNV was followed by a ChrR 605 

LOH event that homozygosed part of KSR1, which is required for proper sphingolipid 606 

biosynthesis. The homozygosis of codon 189 to arginine can explain a 16-fold increase in the 607 

MIC50 as well as a high level of drug tolerance. When in combination with the Chr4 CNV, these 608 

two mutations are associated with an MIC50 of >256 µg/mL FLC. Interestingly, the combination 609 

of an overexpression of NCP1 and LOH at KSR1 does not phenocopy the combination of the 610 

Chr4 CNV and LOH at KSR1, indicating other genes located in the Chr4 CNV that might also 611 

contribute to drug resistance or interact with the LOH at KSR1.  612 

 613 
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LOH of KSR1 arose independently in four isolates that were selected for increased growth in 614 

fluconazole. Recurrent isolation of similar LOH breakpoints points to the potential importance of 615 

Ksr1p and sphingolipid metabolism in drug responses. All four independently evolved KSR1 616 

mutants were defective in filamentation, a phenotype also seen previously with ksr1∆/∆ mutants 617 

[37]. We posit that the filamentation defect in KSR1 mutations might be due to alterations in the 618 

levels of sphingolipids and ergosterol that perturb lipid raft formation and cell membrane 619 

polarization, processes critical to filamentous growth [22,63]. The filamentation defect might also 620 

lead to a decrease in virulence, which could help explain why KSR1 mutants have not been 621 

previously identified in azole resistant clinical isolates. However, the biosynthesis of 622 

sphingolipids, and specifically glucosyl ceramides, is also required for C. albicans virulence 623 

independently of the yeast-to-hyphal transition [64]. The precise connection between 624 

sphingolipids, filamentation, and virulence remains to be determined [24].  625 

 626 

One remarkable feature of the four independent LOH events observed at KSR1 is that they all 627 

effectively unlinked two loci: codon 189, a residue important for resistance, was homozygosed, 628 

while codon 272, which encodes a premature stop codon, always remained heterozygous. The 629 

power of LOH to act as a type of allelic recombination might help explain the lack of a predicted 630 

‘genetic breakdown,’ also known as Muller’s ratchet [65], observed in asexual diploid species, in 631 

which stop codons or loss of function mutations are allowed to accumulate with deleterious 632 

effects [40].  633 

 634 

The nonsense allele at codon 272 truncates Ksr1p just prior to its localization domain and 635 

consequently results in Ksr1p mislocalization. The mislocalization of Ksr1p likely inhibits its 636 

ability to interact with its substrate in the ER, greatly diminishing enzyme efficiency. However, 637 

the nonsense mutation in KSR1B does not appear to be a null allele, based on our ability to 638 

obtain KSR1B/B transformants. We propose that, as in other fungal species [54], Ksr1p forms a 639 
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homodimer. In a strain heterozygous for the nonsense codon at KSR1, localization of Ksr1p 640 

would be only partially reduced, because heterodimers would be able to localize partially, while 641 

homodimers would fail to localize properly. Thus, we propose that complete Ksr1p 642 

mislocalization severely reduces sphingolipid levels, affecting the cell membrane structure and 643 

resulting in an increase in active drug efflux (Fig 5C). By contrast, 189R/R homozygosity 644 

localizes to the ER and only partially inhibits sphingolipid biosynthesis. Thus, 189R/R 645 

homozygosis results in a ‘sweet spot’ for drug resistance, in which efflux is highly active and the 646 

membrane is not as severely compromised (Fig 5C).  647 

 648 

KSR1 Arg189 is predicted to lie at the interface between the two subunits of the dimer in 649 

Cryptococcus neoformans, where the structure of the homodimer was recently solved [54], and 650 

it also is in close proximity to the well-conserved catalytic triad [37]. Therefore, homozygosity of 651 

arginine at amino acid 189 could influence dimerization, enzymatic specificity and/or enzyme 652 

activity. Based on the observed reduction in sphingolipid species, 189R/R appears to reduce 653 

Ksr1p function relative to the progenitor that is heterozygous (189R/Q). Interestingly, inhibition 654 

of sphingolipid biosynthesis with myriocin, NPD827 or aureobasidin A, increases FLC sensitivity 655 

rather than increasing FLC resistance [33–35]; similarly, other loss of function mutations in 656 

sphingolipid genes tend to decrease, rather than increase FLC resistance [24,32]. This does not 657 

appear to be the case for KSR1 and suggests that the relationship between drug resistance and 658 

sphingolipid abundance phenotypes may be more complex than previously appreciated. Indeed, 659 

although connections have been made between sphingolipid abundance and the activity of drug 660 

efflux pumps, exactly how these two are connected remains to be determined. 661 

 662 

In summary, here we observed an increase in tolerance early in the evolution experiment that 663 

was associated with the early appearance of CNV and aneuploidy, followed by the acquisition of 664 

a short LOH event that resulted in strong azole resistance. Both CNV and LOH occur at higher 665 
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frequencies than de-novo point mutations [5–8], and therefore the co-occurrence of these types 666 

of mutations in the same background is likely. The LOHs we observe here are short, much like 667 

gene conversion events, and could therefore easily be overlooked in genome sequencing. 668 

Indeed, despite their importance, identifying CNV and LOH remains challenging, particularly in 669 

whole-population sequencing. In addition, because they often impact multiple genes, 670 

determining the specific genes and mechanisms by which CNV and LOH impact FLC sensitivity 671 

is difficult. This study demonstrates that the rapid acquisition of large genome changes and LOH 672 

events are frequent enough to co-occur and to rapidly acquire high levels of antifungal drug 673 

resistance. This work sheds light on genes that contribute to this process, and further studies 674 

elucidating the mechanisms of drug resistance behind other CNV and LOH events will continue 675 

to improve our understanding of the forces at play during adaptation to antifungal drugs. 676 

 677 

Materials and Methods 678 

Data availability 679 

RNA sequences reported in this paper have been deposited in the NCBI Sequence Read 680 

Archive, https://www.ncbi.nlm.nih.gov/bioproject (BioProject ID PRJNA1063495), and whole 681 

genome sequencing data for strains described in this paper (S1 Table) have been deposited in 682 

NCBI Sequence Read Archive (BioProject ID PRJNA1071177).   683 

Microbroth dilution assays (MIC50 and SMG) and growth 684 

curve assays 685 

Strains were grown from frozen glycerol stocks overnight in 3 mL of YPAD containing 2% 686 

dextrose (20 g/L Bactopeptone, 10 g/L yeast extract, 0.04 g/L adenine, 0.08 g/L uridine). Strains 687 

were then diluted to a final calculated OD of 0.01 in YPAD containing 1% dextrose and added to 688 
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a 96-well assay plate at a 1:10 ratio, resulting in a final starting OD of 0.001 in each well. Assay 689 

plates were prepared by performing serial dilutions of YPAD containing 1% dextrose and 256 690 

µg/mL fluconazole, resulting in final concentrations of 256, 128, 64, 32, 16, 8, 4, 2, 1, or 0.5 691 

µg/mL FLC with cells added, as well as YPAD with 1% dextrose without the addition of FLC.  692 

 693 

For MIC50 and SMG assays, 96-well plates were allowed to incubate stationary in a humidified 694 

chamber at 30°C for 24 hours, at which time they were resuspended by pipetting and OD600 695 

measured using a BioTek Epoch 2 microplate reader. Plates were then allowed to sit stationary 696 

for another 24 hours (48 total) at 30°C in a humidified chamber, after which they were 697 

resuspended and OD measured. MIC50 was calculated by first subtracting blank values from all 698 

wells and then normalizing each strain grown in FLC to the same strain grown in YPAD without 699 

FLC and then averaged across replicates. The drug concentration at which average growth was 700 

reduced below 50% at 24 hours was designated as the MIC50. SMG was calculated by 701 

averaging the normalized growth at 48 hours for all concentrations of FLC greater than the 702 

MIC50 value. The triplicate measurements were averaged to produce the final reported SMG 703 

value.  704 

 705 

For growth curves, 96-well plates containing sterilized water motes surrounding the outer wells 706 

were prepared as described above for microbroth dilution assays and grown in a BioTek Epoch 707 

2 at 30°C with shaking for 48 hours, with OD600 readings taken every 15 minutes. Data was 708 

analyzed in R (version 4.1.3) using the package growthcurver [68] to calculate empirical AUC 709 

values. Mean and SE of triplicate OD600 values (minus blanks) were calculated and plotted over 710 

time using ggplot2 for all growth curve plots.  711 

 712 
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Evolution experiments 713 

The lineage described in Fig 1 was evolved as previously described in [47]. As detailed there, a 714 

single colony isolated from susceptible lab strain SC5314 was suspended in 1 mL sterile YPAD 715 

media and grown overnight at 30°C. One fourth of this culture was used to initiate a lineage 716 

grown in YPAD + 1 µg/mL FLC in a deep-well 96-well plate which was sealed with Breathe 717 

EASIER tape and placed in a humidified chamber at 30°C for 72 hours. Every 72 hours, cells 718 

were resuspended and transferred to a new plate with fresh YPAD + 1 µg/mL FLC at a dilution 719 

of 1:1000 for a total of 10 transfers. Culture remaining from each passage was frozen at -80°C 720 

in 20% glycerol.  721 

 722 

In this second experiment, C. albicans cells were evolved in liquid YPD (2% bacto-peptone, 1% 723 

yeast extract, 2% dextrose (filter-sterilized)) + 1 µg/mL FLC. The experiment consisted of 4 724 

lineages each initiated from a single colony SC5314 progenitor and passaged at a 1:100 dilution 725 

every 24 hours for a total of 12 passages (30°C, 200 rpm), approximating 80 generations. Every 726 

4 days, the passaged cultures were frozen at -80°C in 25% glycerol. The final passage of each 727 

lineage was frozen at -80°C in 25% glycerol and selected for further analysis.  728 

 729 

Whole genome sequencing, variant detection, and allele 730 

frequency analysis 731 

To ensure that the results of whole genome sequencing for evolution passages reflected the 732 

entire populations as much as possible, each glycerol stocked passage was thawed and half the 733 

entire volume used for a short (~16 hours) growth expansion in 0.5 µg/mL FLC before collection 734 

of genomic DNA for sequencing. For all other whole genome sequencing experiments, strains 735 

were grown in 3 mL YPAD containing 2% dextrose overnight at 30°C with shaking. Cells were 736 
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pelleted and resuspended in TENTS buffer (1% SDS, 100 mM NaCl, 100 mM Tris pH 8, 1 mM 737 

EDTA, 2% Triton), added to ~250 uL of .5 mm glass beads, and lysed in a BeadRuptor Elite 738 

(Omni International, 1 cycle, 4 m/s, 15 s). Genomic DNA was then isolated using a phenol-739 

chloroform extraction. Sequencing libraries were prepared by SeqCenter, LLC, or SeqCoast 740 

Genomics using the Illumina DNA Prep and sequenced on an Illumina NovaSeq 6000. Adaptor 741 

sequences and low-quality reads were removed using Trimmomatic (v0.39, parameters 742 

LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36 TOPHRED33) [69]. Trimmed 743 

reads were mapped to the C. albicans reference genome (A21-s02-m09-r08) from the Candida 744 

Genome Database (CGD) 745 

(http://www.candidagenome.org/download/sequence/C_albicans_SC5314/Assembly21/). Reads 746 

were mapped using BWA-MEM (v0.7.17) with default parameters [70]. Samtools (v1.10) [71] 747 

was used to sort, index, and remove PCR duplicates from aligned reads, as well as calculate 748 

read depth at each genomic nucleotide position using the ‘samtools depth’ function. Single 749 

nucleotide variants were called using GATK (v4.1.2) [72] Mutect2, with SC5314 designated as 750 

the ‘normal’ sample to identify new SNVs, or with the mutant designated as the ‘normal’ sample 751 

to identify regions of LOH, using default parameters. Variants differing between evolved and 752 

progenitor strains were then manually inspected using the Integrated Genome Viewer (IGV, 753 

v2.12.3) [73]. Biallelic SNPs for allele frequencies were identified using GATK (v4.1.2) 754 

‘HaplotypeCaller’ [74] followed by ‘GenotypeGVCFs’, both set with -ploidy 2, and then selected 755 

using ‘SelectVariants’ with parameters -select-type SNP and –restrict-alleles-to BIALLELIC. 756 

Variants were then filtered for quality using QD < 2.0, QUAL < 30.0, SOR > 3.0, FS > 60.0, MQ 757 

< 40.0, MQRankSum < -12.5, and ReadPosRankSum < -8.0.  758 

 759 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 5, 2024. ; https://doi.org/10.1101/2024.03.05.583528doi: bioRxiv preprint 

http://www.candidagenome.org/download/sequence/C_albicans_SC5314/Assembly21/
https://doi.org/10.1101/2024.03.05.583528
http://creativecommons.org/licenses/by-nc-nd/4.0/


35 

CNV analysis 760 

Whole genome sequencing was processed as described above, and sequencing depth files 761 

generated using ‘samtools depth’ were downloaded and further processed in R (v4.1.3) to 762 

identify regions of varying copy number. Depth files were read into R, and rolling means were 763 

calculated for 500 bp windows across the entire genome using the RcppRoll R package (v0.3.0) 764 

[75]. Means were then divided by the median read depth of the entire genome (excluding 765 

mitochondrial DNA) to calculate relative abundance and then multiplied by 2 (due to C. albicans 766 

being a diploid organism) to generate an estimated copy number. Estimated copy numbers 767 

were then plotted according to genomic position to visualize regions of the genome with 768 

changes in copy number. Copy number based on read depth and heterozygosity of the entire 769 

genome was also visualized using the online YMAP platform [76]. Raw fastq files were 770 

uploaded to YMAP and processed using the parameters “ploidy of experiment: 2, baseline 771 

ploidy:2, generate Figs with annotations? Yes, data type: whole genome NGS (short reads), 772 

read type: paired-end short reads, reference genome: Candida albicans SC5314 (CGD: A21-773 

s02-m09-r10), haplotype map: Abbey_et_al_2014, chromosome-end bias (forces using GC 774 

content bias) checked.” 775 

 776 

For mixed populations, such as the entire passage populations of the first evolution experiment, 777 

abundance of trisomies or CNVs in the population was estimated using the copy numbers 778 

calculated for individual clones isolated from the populations as a reference. The formula A*x + 779 

B*(1-x)= C, where A is euploid copy number, B is the CNV copy number estimated from a single 780 

colony, and C is the estimated copy number from the entire population, was used to find x, the 781 

proportion of the population containing the CNV, assuming no other CNV of a different copy 782 

number is present in the same region.  783 

 784 
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Strain engineering 785 

All primers and sequences used in strain construction and verification are listed in S2 Table. All 786 

strains described in this paper (S1 Table) were whole genome sequenced, and the whole 787 

genomes sequencing data can be found at the NCBI Sequence Read Archive (BioProject ID 788 

PRJNA1071177). 789 

 790 

Construction of KSR1 LOH1, KSR1272*/*, KSR1B/B, and KSR1A/A 791 

strains 792 

KSR1 LOH engineered strains, including KSR1 LOH1, KSR1272*/* and KSR1B/B were 793 

constructed using homologous recombination. Transformation constructs were generated by 794 

amplifying three fragments that were subsequently stitched together into one fragment using 795 

strand overlap extension PCR: 1) a 398 bp fragment downstream of the KSR1 locus (relative to 796 

the Crick strand) amplified from genomic DNA of the evolved strain containing the KSR1 LOH, 797 

2) a NAT resistance marker optimized for C. albicans from plasmid pAS3019, and 3) the entire 798 

KSR1 coding sequence and 464bp immediately upstream (relative to the Crick strand) amplified 799 

from genomic DNA of the evolved strain containing the KSR1 locus. Amplification of the KSR1 800 

locus to generate the transformation construct was not allele-specific, and therefore a mixed 801 

pool of transformation constructs was generated that included both KSR1B and the chimeric 802 

combination of KSR1A and KSR1B that resulted from LOH1. Transformation was performed in 803 

SC5314 by lithium acetate and heat shock, and single colonies isolated. Single colonies were 804 

screened by PCR for correct upstream and downstream insertion into the genome. Sanger 805 

sequencing was then performed for the entire KSR1 locus specifically for the transformed allele 806 

by amplifying fragments from within the NAT resistance marker to determine the combination of 807 

A and B SNVs present. The genotype of the non-transformed allele was determined by 808 

amplification the KSR1 locus, selection of the smaller band (excluding NAT), and restriction 809 
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digest with restriction enzyme BanII, which will cut the A allele sequence at nucleotide 192 810 

(GAGCCC) but not the B allele sequence (GAACCC). In this way, three strains were selected: 811 

1) one in which the entire A allele had been transformed with the new chimeric allele, resulting 812 

in the identical genotype to the evolved strain at the KSR1 locus, 2) one in which the A allele 813 

had been partially transformed with the B allele construct, resulting in KSR272*/* that was 814 

otherwise heterozygous, and 3) one in which the entire A allele had been transformed into a 815 

complete B allele at the KSR1 locus resulting in KSR1B/B. Whole genome sequencing was then 816 

performed to ensure the correct genotypes at KSR1 and ensure that these strains did not 817 

contain additional changes such as aneuploidies or other LOH. The same process was used to 818 

generate the KSR1A/A strain, using genomic DNA from the wild-type SC5314 to amplify the 819 

KSR1A locus.  820 

 821 

Construction of tetO-NCP1 strains 822 

Strains containing an tetO-NCP1 overexpression construct were generated by first amplifying a 823 

transformation construct using primers with homology to the native NCP1 locus from a tetO 824 

vector pAS3027. The transformation construct, including upstream and downstream homology, 825 

included CaTar-TetO-FlpNAT. This construct was transformed into lab strain Sn152, an 826 

auxotrophic derivative of SC5314, by lithium acetate and heat shock transformation. 827 

Transformants were screened for correct insertion using PCR for both upstream and 828 

downstream flanks of the transformed region. Sanger sequencing was used to determine which 829 

allele of NCP1 was overexpressed. For strains containing both the tetO-NCP1 and KSR1 LOH1 830 

constructs, NAT was removed from the tetO-NCP1 strains by growth on FBS to activate FLP 831 

recombinase, and then transformed with the same protocol described above for KSR1 LOH1. 832 

 833 

Construction of KSR1 deletion mutants in SC5314 834 
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The KSR1 deletion mutants in the SC5314 background were constructed using the CRISPR 835 

system developed by [77]. The intact CRISPR cassette was built with plasmids pADH118 for 836 

gRNA expression and plasmid pADH99 for Cas9 components. Both plasmids had the 837 

carbenicillin selection marker, and when cut and stitched together they reconstituted the NAT 838 

marker. The LEUpOUT strategy was used to remove the CRISPR components and the NAT 839 

marker. The C. albicans strain AHY940 (SC5314 LEU2 heterozygous knockout) was used to 840 

transform and produce the mutants. The parental strain and plasmids were provided by the 841 

Hernday lab.   842 

 843 

Construction of strains carrying mNeon-Green-Ksr1p  844 

To generate C. albicans strains with a tagged Ksr1 protein, we amplified: NAT1 from plasmid 845 

pJB-T155 (primers 2313 and 2251), mNeonGreen from plasmid pJB-T409 (primers 2315 and 846 

2369), the plasmid backbone containing an E. coli origin of replication, and the AmpR gene from 847 

pJB-T155 (primers 2325 and 2027). The promoter sequence of TDH3 was amplified from the 848 

genomic DNA of C. albicans SC5314 (primers 2239 and 2314).  849 

 850 

The plasmid expression cassette (NAT1-TDH3-mNeonGreen) was amplified from pJB-T510 by 851 

PCR using PCRBIO VeriFi™ Mix with primers CB-KSR1-F, CB-KSR1-R, which are 852 

complementary to 40 bp 5’-to the start codon of the KSR1 ORF, and 40 bp downstream of the 853 

start codon. The amplified PCR product was used to transform a fresh C. albicans SC5314 log 854 

phase liquid culture and transformants were selected on YPD + nourseothricin (400 µg/ml).   855 

 856 

Successful transformants were validated by diagnostic PCR using PhireGreen Hot Start II PCR 857 

Master Mix along with primers specific for the expression cassette and KSR1 (#2039, #CB-858 

KSR1-CHK). To determine which allele of the gene was fused to mNeonGreen, the sequence 859 
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was amplified by PCR (primers #2039, #2342), cleaned using a Qiagen PCR cleaning kit, and 860 

Sanger sequenced. 861 

 862 

Construction of KSR1189R/R 863 

To construct the strain with single nucleotide mutation resulting in KSR1189R/R genotype, we 864 

used the site-specific mutagenesis  “LEUpOUT” system [77] customized to target the desired 865 

gene and PCRBIO VeriFi™ Mix for PCR. Briefly, fragment “A” has a split NAT gene, fragment 866 

“B” contains the gRNA and a LEU2 homology region, and fragment “C” is made by PCR 867 

stitching of fragments “A” + “B”.  868 

 869 

For making strains homozygous for 189R/R, we used a gRNA and donor DNA fragment 870 

amplified by pairs of primers (2902, 2903, S2 Table). Following the annotation in the 871 

“LEUpOUT” system, Fragment "A" included the pSNR52 promoter, and a split NAT1 (part2 of 2) 872 

was amplified from plasmid pJB-T482 using primers 2890 and 2891. Fragment "B" had a LEU2 873 

homologous region and a custom gRNA, that was made using plasmid pJB-T486 and oligos 874 

2898 and 2892 (S2 Table). Fragment "C" was made by stitching together fragments "A" and "B", 875 

using primers 2893 and 2895. Plasmid pJB-T487, which contains a split NAT1 (part1 of 2), the 876 

CAS9 expression construct, and a LEU2 homology region, was digested with restriction enzyme 877 

MssI to release this region for use in transformation. 878 

 879 

Fragment “C”, the digested pJB-T487, and the donor DNA were used to transform C. albicans 880 

YJBT-2760 strain. Transformants were first selected on YPD + nourseothricin (400 µg/ml), then 881 

on SDC lacking leucine. To ask if the targeted sites of KSR1 were repaired by the donor DNA 882 

and carry the designed single nucleotide mutations, the region was amplified by PCR with the 883 

PhireGreen Hot Start II PCR Master Mix (primers 2341, 2342), cleaned with a Qiagen PCR 884 
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cleaning kit, and sent for Sanger sequencing. Upon whole genome sequencing, we discovered 885 

that this mutant did undergo LOH for much of chromosome R (S11 Fig). 886 

 887 

Alphafold protein structure predictions 888 

Ribbon models of structural predictions for KSR1A and KSR1B were generated using Alphafold 889 

(version 2.3.2) [60]. Protein coding sequences for KSR1A and KSR1B were downloaded from 890 

the Candida Genome Database [78] from the V22 reference genome and submitted for 891 

Alphafold predictions using the colab notebook found at: 892 

https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/AlphaFold.ip893 

ynb, using default parameters.  894 

 895 

Fluorescence microscopy of tagged KSR1 alleles 896 

Cells were picked from an agar plate into SDC medium and grown overnight by incubating at 897 

30°C with shaking. The following day, cells were diluted 1:50 into fresh SDC. For fluorescence 898 

microscopy of the mNeonGreen-tagged protein and staining with an endoplasmic reticulum-899 

specific probe 2 [66] the cells were incubated at 30°C for 2 hours with shaking, the stain was 900 

added to a final concentration of 1 μM, and the cells were incubated for an additional hour in the 901 

dark. 3-5µL of cell culture was deposited on a glass slide topped with 10 µL of low melt agar 902 

and imaged with a Nikon Ti Eclipse microscope using the Nikon Elements AR software, and 903 

Nikon Plan Apo x100 objective. Filters used were: 488 nm mNeonGreen excitation and 510 nm 904 

for emission; for the ER-specific stain CFP 438 nm excitation and 483 nm emission. 905 

 906 

Lipid analysis 907 
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Strains AMS2401, AMS5778, AMS5779, AMS5784, AMS5780, and AMS5782 were grown 908 

overnight in 10 ml of SDC at 30°C under agitation. Cell suspensions were centrifuged, washed 909 

in sterile PBS and counted. Then, 1x108 cells were inoculated in 10 ml of fresh SDC only, or in 910 

media containing 1 or 10 µg/ml of fluconazole and grown for additional 48 h at 30°C. Prior to cell 911 

lysis, C17-sphingolipid standards were added to the samples [79,80]. Mandala extraction was 912 

carried out as described previously [81], followed by Bligh and Dyer Extraction [82]. A third of 913 

each sample obtained from the Bligh and Dyer Extraction was reserved for inorganic phosphate 914 

(Pi) determination, so the relative sphingolipid signal was normalized by the Pi abundance. The 915 

organic phase was transferred to a new tube and submitted to alkaline hydrolysis of 916 

phospholipids [83]. Finally, the organic phase was dried and used for mass spectrometry 917 

analysis [80]. 918 

 919 

Sphingolipid abundances, normalized by Pi abundance, were then analyzed using R (version 920 

4.1.3). Any lipid species that were not detected in any sample were removed from analysis. 921 

Because the distribution of lipid abundances was exponential across samples, log10 values were 922 

calculated for all normalized abundances, and heatmaps generated using the log10 transformed 923 

values. Heatmaps were generated using the R package pheatmap (version 1.0.12) [84], and 924 

scaled by row (across samples) to result in heatmap color intensities that represent each sample’s 925 

z-score calculated from the distribution of all samples in the row.  926 

 927 

RNA sequencing  928 

C. albicans cells were cultured overnight in liquid YPD medium (2% bacto-peptone, 1% yeast 929 

extract, 2% dextrose (filter-sterilized)) at 30°C with shaking (200 rpm) and then diluted 1/50 in 930 

YPD either without FLC, with 2 µg/ml FLC, or with 64 µg/ml FLC. After 24 h at 30°C with shaking 931 

(200 rpm), 1 ml of the cell suspension was utilized to extract total RNA using the Ribopure-Yeast 932 
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RNA kit (AM1926, Invitrogen), according to the manufacturer's instructions. A Bioanalyzer 933 

(Agilent) was used for the qualitative sample analysis, and only those with RNA quality (RIN) 934 

scores of 7 or higher and a 260/280 ratio within the range of 2.13-2.2 were sequenced. 935 

Sequencing was performed with the help of the Biomics Platform at Institut Pasteur using pair-936 

end Illumina stranded-mRNA sequencing. RNA sequences reported in this paper have been 937 

deposited in the NCBI Sequence Read Archive, https://www.ncbi.nlm.nih.gov/bioproject 938 

(BioProject ID PRJNA1063495). 939 

 940 

RNA sequencing data analysis  941 

The paired reads from the RNA-seq libraries were trimmed for low-quality reads, and Illumina 942 

TruSeq adapters were removed with Cutadapt v1.9.1 [85] with the following parameters: --trim-943 

qualities 30 -e (maximum error rate) 0.1 --times 3 --overlap 6 --minimum-length 30. The cleaning 944 

of rRNA sequences was performed with Bowtie2 v2.3.3 [86] with default parameters. The 945 

cleaned reads from RNA-seq paired-end libraries were aligned to the C. albicans SC5314 946 

reference genome (Version_A22-s07-m01) with Tophat2 v2.0.14 [87] and the following 947 

parameters: minimum intron length 30; minimum intron coverage 30; minimum intron segment 948 

30; maximum intron length 4000; maximum multihits 1; and microexon search. Genes were 949 

counted using featureCounts v2.0.0 [88]  from the Subreads package (parameters: -t gene -g 950 

gene_id -s 2 -p). Analysis of differential expression data was performed in DeSeq2 [89]. The 951 

statistical analysis process includes data normalization, graphical exploration of raw and 952 

normalized data, tests for differential expression for each feature between the conditions, and 953 

raw P-value adjustment. The genes with adjusted P-value less than 0.1 were considered as 954 

differentially expressed compared to the non-treated condition (YPD no FLC). Log2 fold changes 955 

for each evolved strain relative to the progenitor strain in no FLC were plotted as heatmaps 956 
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using pheatmap [84] without any additional scaling, and asterisks were used to denote 957 

significant P-values as described above. 958 

 959 

Cy5 and R6G flow cytometry 960 

C. albicans cells were grown overnight in liquid YPD medium (1% yeast extract, 2% peptone, 961 

and 2% dextrose (with the dextrose filter sterilized)) at 30°C with shaking (200 rpm). Cultures 962 

were diluted 1 in 100 in a 3 mL volume of YPD and compounds were added to final 963 

concentrations of 1 µg/mL for Rhodamine 6G (Sigma), or 1 µM for FLC-Cy5. Samples incubated 964 

with 10 µg/mL of Beauvericin (Sigma) were used as positive controls and those incubated with 965 

corresponding volumes of DMSO were used as negative controls. Cells were incubated at 30°C 966 

with shaking and harvested after 4 h, washed twice with sterile PBS and diluted to a density of 967 

~106 cells/mL in PBS. Fluorescence was measured in 200 µL aliquots of cell suspension and 968 

data were collected from 100,000 cells per sample using a Miltenyi MACSQuant Analyzer 10 969 

Flow Cytometer. Cell populations were gated by SSC/FSC to eliminate small debris particles. 970 

Experiments were performed with at least three biological and two technical replicates. 971 

Analyses were performed using FlowJo 10.8. 972 

 973 

Rhodamine 6G efflux assay 974 

C. albicans cells were patched from glycerol stocks onto YPAD agar plates and grown at 30°C 975 

for ~1 day. Patches were used to inoculate 3 mL liquid YPAD media with 2% dextrose (20 g/L 976 

bactopeptone, 10 g/L yeast extract, 0.04 g/L adenine, 0.08 g/L uridine), and grown at 30°C 977 

overnight with shaking. Cultures were then back-diluted, adding 50 µL of overnight culture into 5 978 

mL of fresh media with 0 µg/mL FLC, 1 µg/mL FLC, or 10 µg/mL FLC added at grown for 3 979 

hours at 30°C with shaking. Cultures were spun down and washed with PBS (pH 7, room 980 

temperature), and then resuspended in 2 mL PBS and incubated for 2 hours at 30°C with 981 
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shaking. Rhodamine 6G (ThermoFisher #419010050) was added to a final concentration of 10 982 

µg/mL and cultures incubated for 1 hour at 30°C with shaking. Cultures were spun down and 983 

washed twice with 4°C PBS, and then resuspended in a final volume of 900 µL of PBS. Cultures 984 

were then split across 6 wells of a 96-well plate to constitute technical triplicate for a set with 985 

and without dextrose (at 150 µL per well). Baseline fluorescence and optical density (OD600) 986 

measurements were taken using a BioTrex HTX plate reader (excitation 485 nm, emission 525 987 

nm) for 5 minutes at 1 minute intervals. The plate was then removed, and dextrose was added 988 

to the ‘with dextrose’ samples to a final concentration of 1%. The plate was then returned to the 989 

plate reader and fluorescence and OD measurements were taken every 4 min for a total of 90 990 

min. Three biological replicates were performed.  991 

 992 

Fluorescent imaging of lipid droplets  993 

C. albicans cells were cultured in liquid YPD medium (2% bacto-peptone, 1% yeast extract, 2% 994 

dextrose (filter-sterilized)) overnight at 30°C with continuous shaking (200 rpm). The number of 995 

cells was determined by measuring optical densities (OD600) using a Biotek Epoch 2 plate 996 

reader. 106 cells/mL were resuspended in YPD in different conditions: no drug, with 128 µg/ml 997 

Fluconazole (FLC, PHR1160-1G, Sigma Aldrich), or with 128 µg/ml myriocin (MYO, M1177-5M, 998 

Sigma Aldrich). The cell suspensions were incubated for 3 h at 30°C (200 rpm). After 999 

incubation, cells were washed twice with sterile PBS and incubated with 1 µg/ml Bodipy 493/503 1000 

(D3922, Invitrogen) for 10 minutes at 30°C and 200 rpm.  The cell suspension was washed 1001 

twice with sterile PBS. The cells were then imaged at a 60X magnification with a GFP filter and 1002 

an exposure of 125 ms on a Zeiss AxioVision Rel. 4.8 microscope. Cellprofiler4.2.6 1003 

(https://cellprofiler.org/, available at https://github.com/CellProfiler/CellProfiler) was used to 1004 

analyze the images. The Speckle Counting pipeline (https://cellprofiler.org/examples) was used 1005 

to identify smaller objects within larger ones and to establish a relationship between them. 1006 
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Objects with a diameter of 30-100 pixels were considered as yeast cells, while those with a 1007 

diameter of 1-6 pixels were classified as lipid bodies. The same pipeline was used to quantify 1008 

several parameters. These include the number of lipid bodies within each cell, the highest pixel 1009 

intensity within each lipid body (referred to as maximum brightness), and the integrated intensity 1010 

of lipid bodies. The integrated intensity was quantified by summing the pixel intensities within 1011 

these structures. All assays were performed with biological triplicates, with at least 200 cells 1012 

analyzed per replicate.  1013 

 1014 

Fluorescent imaging of vacuoles 1015 

C. albicans cells were cultured in liquid YPD medium (2% bacto-peptone, 1% yeast extract, 2% 1016 

dextrose (filter-sterilized)) overnight at 30°C with shaking (200 rpm) and resuspended in YPD or 1017 

YPD + FLC (128 µg/ml) at a concentration of 106 cells/mL. To stain the vacuoles, cells were 1018 

incubated with 8 µM of SynaptoRed C2 (S6689, Sigma) for 3 h at 30°C with shaking. The cell 1019 

suspension was then washed with 1 mL of fresh YPD and transferred to 4 mL of YPD before 1020 

incubating for 90 min at 30°C (200 rpm). The cells were washed with sterile PBS before imaging 1021 

at a 60X magnification with an mCherry filter and an exposure of 100 ms on a Zeiss AxioVision 1022 

Rel. 4.8 microscope. Cellprofiler4.2.6 (https://cellprofiler.org/, available at 1023 

https://github.com/CellProfiler/CellProfiler) was used to analyze the images. The Speckle 1024 

Counting pipeline (https://cellprofiler.org/examples) was used to identify objects with diameters 1025 

of 10-35 pixels, these objects were considered as vacuoles. The sum of the pixel intensities 1026 

within these vacuoles, represented by the integrated intensity, and the area of these vacuoles 1027 

were quantified using Speckle Counting. All assays were performed with biological triplicates, 1028 

with at least 200 cells analyzed for each replicate.  1029 

 1030 
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RT-qPCR 1031 

C. albicans cells were patched onto solid YPAD agar from frozen glycerol stocks and grown at 1032 

30°C for ~2 days. Patches were used to inoculate 3 mL YPAD media (2% dextrose) and grown 1033 

overnight at 30°C with shaking. 350 µL of overnight cultures were back diluted into 50mL fresh 1034 

YPAD media with 0 µg/mL FLC or 1 µg/mL FLC added, and grown at 30°C with shaking until 1035 

cultures reached an OD between 0.4-0.5. 5 mL of each culture was pelleted, supernatant 1036 

removed, and cell pellets flash frozen in liquid nitrogen, and then stored at -80°C until RNA 1037 

could be harvested. RNA was extracted using the Qiagen RNeasy Mini Kit (CAT# 74106), using 1038 

the mechanical disruption method with a Omni International Bead Ruptor Elite. 1 ug of RNA 1039 

from each sample was DNase treated after elution, via incubation with DNase at 37°C for 30 1040 

min followed by the addition of EDTA to a final concentration of 5mM and heat inactivation at 1041 

75°C for 5 min. cDNA was prepared using SuperScript II RT (ThermoFisher, Cat# 18064014) 1042 

using an Oligo(dT) primer according to the manufacturer’s recommendations. cDNA was used 1043 

as template for qPCR reactions performed in technical triplicate with primers specific to either 1044 

TEF1, ACT1, or CDR1 for each sample as well as noRT and no template controls, using 1045 

PowerUp SYBR Green Mastermix (Fisher Scientific, CAT# A25742) run on a BioRad CFX-96. 1046 

Delta-delta Ct values for CDR1 were calculated, with propagation of error, relative to either 1047 

TEF1 or ACT1 and then relative to the progenitor strain in 0 µg/mL FLC. Three complete 1048 

biological replicates were performed.  1049 

 1050 

Spot plates 1051 

C. albicans cells were patched onto solid YPAD agar plates and grown at 30°C for ~2 days. 1052 

Patches were used to inoculate 3 mL of liquid YPAD media (2% dextrose) and grown overnight 1053 

at 30°C with shaking. Cultures were diluted to ~107 cells/mL in PBS and serial dilutions 1054 

performed to generate suspensions at 106, 105, 104, and 103 cells/mL. 5 µL of each suspension 1055 
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was spotted onto YPAD agar plates with 0% or 0.02% sodium dodecyl sulfate. Cells were 1056 

incubated at 30°C and pictures taken at 24 and 48 hours.  1057 

 1058 

Filamentation assays 1059 

C. albicans cells were cultured in liquid YPD medium (2% bacto-peptone, 1% yeast extract, 2% 1060 

dextrose (filter-sterilized)) overnight at 30°C with shaking (200 rpm). Yeast cells were diluted 1/50 1061 

in 4 ml of YPD and seeded in 6-well plates. After 2 h at 37°C with shaking (200 rpm), the cell 1062 

suspension was then washed twice with sterile PBS and imaged at a 60X magnification in 1063 

brightfield on a Zeiss AxioVision Rel. 4.8 microscope. All assays were performed with three 1064 

biological replicates, with at least 200 cells analyzed for each replicate. Representative images 1065 

are shown in the Figs. 1066 

 1067 

Galleria mellonella infections 1068 

G. mellonella larvae were sourced from La ferme aux Coleos (Cherbourg-en-Cotentin, France), 1069 

maintained at room temperature, and were used within one week of delivery. Larvae without any 1070 

signs of melanization and with an average weight of 0.4 g were selected for each experiment in 1071 

groups of 12. C. albicans cells were cultured in liquid YPD medium (2% bacto-peptone, 1% yeast 1072 

extract, 2% dextrose, filter-sterilized). Following an overnight incubation at 30°C with shaking (200 1073 

rpm), cells were washed twice with sterile PBS. The cell concentrations were then determined 1074 

using a Luna FX7 Automatic Cell Counter (Logos Biosystems) and adjusted to 3 × 107 cells/mL in 1075 

sterile PBS. For the infection, each larva was injected with 3 × 105 cells/mL through the last left 1076 

pro-leg using a 10 µL glass syringe and a 26S gauge needle (Hamilton, 80300). A subsequent 1077 

injection with either fluconazole (0.2 µg/larva) or a sterile vehicle (PBS at matching injection 1078 

volumes) was administered via the last right pro-leg, 2 h post-infection. The inoculum size was 1079 

verified by plating fungal cells on YPD and counting the resulting colony forming units (CFUs). 1080 
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Both infected and control groups of larvae were maintained at 37 °C for 14 days, with daily 1081 

monitoring of survival. Larvae were deemed dead if no movement was observed upon contact. 1082 

The experiments were conducted with three biological replicates. Control groups of larvae 1083 

included those treated with PBS or FLC without fungal infection.  1084 

 1085 

Mouse survival study 1086 

Male CD-1 mice were inoculated via the tail vein with 2 x 105 cells of C. albicans, using 5 mice 1087 

per strain. The mice were monitored twice daily for survival by an observer who was blinded to 1088 

the identity of the infecting strain. Mice that showed signs of substantial distress were humanely 1089 

euthanized. 1090 

 1091 
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Supporting information 1354 

 1355 

Fig S1. The sphingolipid biosynthesis pathway in C. albicans. A flow chart showing the 1356 

sphingolipid biosynthesis pathway in C. albicans, compiled from [30,32,35,67]. Chemical 1357 

inhibitors are shown in red.  1358 
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 1360 

Fig S2. Properties of the evolved population. (A) Survival curves for mice infected with the 1361 

progenitor strain SC5314 (red) or with the evolved P10 population (black, AMS4058) (Mantel-1362 

Cox log-rank test p-value = 0.0018). (B) Representative microscopy images show differences in 1363 

hyphal formation between the progenitor strain SC5314 (left) and the evolved population (right) 1364 

after incubation at 37°C for 2 h in rich media. (C) Read depth from whole genome sequencing 1365 

normalized to average depth across the whole genome is shown for the evolved population, 1366 

capped at an estimated 4 copies. Colors indicate changes in allele frequencies at heterozygous 1367 

positions. Blue indicates an increase in the proportion of the “A” reference allele, while pink 1368 

indicates an increase in the proportion of the “B” reference allele, signifying losses of 1369 

heterozygosity. (D) Read depth from whole genome sequencing normalized to average depth 1370 

across the whole genome is shown for the evolved population without a limit to the read depth 1371 

for the full visualization of the CNV on Chr4. (C and D) Dots indicate positions of major repeat 1372 

sequences. Blue dot indicates rDNA repeats. 1373 
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Fig S3. Single colonies isolated from passages 2, 3, and 4. (A) Read depth from whole 1376 

genome sequencing normalized to average depth across the whole genome is shown for 5 1377 

single colonies selected from passage 2 of the evolution experiment. Colors indicate changes in 1378 

allele frequencies at heterozygous positions. Blue indicates an increase in the proportion of the 1379 

“A” reference allele, while pink indicates an increase in the proportion of the “B” reference allele, 1380 

signifying losses of heterozygosity. (B) OD600 values for liquid culture growth assays are plotted 1381 

over time for the wild-type progenitor (black), and the four unique genotypes recovered from 1382 

passage 2. Growth in rich media without drug, with 1 µg/mL or 256 µg/mL FLC are shown. Error 1383 

bars are standard errors for three replicates. Tables on the right side indicate average MIC50 1384 

and SMG values for these genotypes. (C) Read depth plotted as in (A) for five single colonies 1385 

selected from passage 3 of the evolution experiment. (D) OD values for liquid culture growth 1386 

assays are plotted over time for the wild-type progenitor (black), and the two unique genotypes 1387 

recovered from passage 3. Growth in rich media alone or with 1 µg/mL FLC or 256 µg/mL FLC 1388 

are shown. Error bars are standard errors for three replicates. Tables on the right side indicate 1389 

average MIC50 and SMG values for individual genotypes. (E) Read depth plotted as in (A) for 1390 

the two unique genotypes from 5 single colonies selected from passage 4 of the evolution 1391 

experiment. 1392 
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 1394 

Fig S4. Overexpression of NCP1 leads to an increase in MIC50. (A) Estimated copy number, 1395 

calculated as read depth normalized to the rest of the nuclear genome, is plotted for 500 bp 1396 

windows across the left arm of chromosome 4. The position of the NCP1 gene is indicated in 1397 

green. (B) RT-qPCR data show fold change in expression of NCP1 relative to the wild type 1398 

background strain. Fold changes are shown for the strain containing the tet-off NCP1 system in 1399 

YPAD without and with doxycycline, and for the wild type strain (WT) and tet-off NCP1 strain 1400 

grown in 1 µg/mL FLC with and without doxycycline. Black line indicates a fold change of 1 (no 1401 

change) relative to the wild type strain. Error bars are propagated standard error of three 1402 

replicates. (C) A heatmap showing relative growth after 24 hours for the progenitor strain and a 1403 

strain containing the native NCP1 gene under the control of a tet-off promoter system in the 1404 

absence (NCP1 on) and presence of doxycycline (NCP1 off). Yellow lines indicate MIC50 values. 1405 
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 1407 

Fig S5. Combined effect of NCP1 overexpression and KSR1 LOH1. 1408 

(A) OD600 values for liquid culture growth assays are plotted over time for the wild type 1409 

progenitor (black), a strain engineered to contain a tet-off-NCP1 allele (light green) and a strain 1410 

engineered to contain both the tet-off-NCP1 allele and the KSR1 LOH1 (dark green). Growth in 1411 

rich media without drug, 1 µg/mL FLC, or 256 µg/mL FLC are shown. Error bars are standard 1412 

error for three replicates. MIC50 and SMG values calculated at 24 and 48 hours are shown to the 1413 

left (see Methods). (B) As in (A), OD values for liquid culture growth assays are plotted over 1414 

time for the wild type progenitor (black), a strain engineered to contain a tet-off-NCP1 allele 1415 

(light green), and the same strain grown in the presence of doxycycline (orange). Growth in rich 1416 

media, 1 µg/mL FLC, and 256 µg/mL FLC are shown. 1417 
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 1419 
Fig S6. Heterozygous and homozygous deletion mutants of KSR1 1420 

(A) A heatmap showing OD600 values relative to growth in rich media after 24 hours in a broth 1421 

microdilution assay for engineered strains with homozygous or heterozygous deletions of KSR1. 1422 

The engineered strain containing the same KSR1 genotype that evolved in KSR1 LOH1 is 1423 

shown last for comparison. Yellow lines indicate the FLC MIC50. (B) Read depth from whole 1424 

genome sequencing normalized to average depth across the whole genome is shown for 4 1425 

single colonies with complete deletions of KSR1. Colors indicate changes in allele frequencies 1426 

at heterozygous positions. Blue indicates an increase in the proportion of the “A” reference 1427 

allele, while pink indicates an increase in the proportion of the “B” reference allele, signifying 1428 

losses of heterozygosity. (C) Read depth and SNV composition from integrated genomics 1429 

viewer (IGV) are shown for one evolved isolate (Evolved P10) and engineered homozygous 1430 
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knockout mutants in SC5314 and in BWP17 backgrounds. All four full knockout mutants show 1431 

losses of heterozygosity, indicated by full color SNVs, including orf19.6134 and PIF1 which are 1432 

all homozygous for the reference “A” allele. KSR1 is flanked by the uncharacterized orf19.6123 1433 

and MRLP8.  1434 
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 1436 
Fig S7. RT-qPCR for CDR1 in KSR1 LOH1 strain. (A) RT-qPCR data for one biological 1437 

replicate in technical triplicate is shown for expression of the gene CDR1 relative to the gene 1438 

ACT1 for the KSR1 LOH1 engineered strain, the KSR1 LOH1 engineered strain growth in 1 1439 

µg/mL FLC, and the progenitor strains grown in 1 µg/mL FLC, all relative to the WT (progenitor) 1440 

strain grown in rich media. Error bars are standard deviations for technical triplicate with 1441 

propagation of error during delta-delta CT calculations. (B) Data for the first biological replicate, 1442 

calculated as in (A) but normalized to the gene TEF1 rather than ACT1. (C) As in (A), RT-qPCR 1443 

data for a second biological replicate in technical triplicate. 1444 
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 1446 

Fig S8. Lipid analysis of Chr4 CNV and KSR1 LOH combinations. A heatmap showing 1447 

levels of sphingolipid species present in each strain and condition relative to the mean of all 1448 

samples for that lipid species. Heatmap colors indicate row-wise z-scores, blue being low and 1449 

red being high. Rows are lipid species and columns are individual samples. Rows are clustered 1450 

by k-means clustering as shown by the dendrogram on the left. Columns include 3 replicates 1451 

each of the wild type progenitor strain (black) grown in 0 µg/mL (white), 1 µg/mL (grey), or 10 1452 

µg/mL FLC (black), the KSR1 LOH1 engineered strain (purple), the single colony isolated from 1453 

P4 that contained the Chr4 CNV alone (P4.4, light green), and the single colony from P4 that 1454 

contained both the Chr4 CNV and KSR1 LOH (P4.5, dark green) in the same conditions. Two 1455 

outlier samples were removed (WT in 10 µg/mL FLC and KSR1 LOH1 in 1 µg/mL FLC).  1456 

  1457 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 5, 2024. ; https://doi.org/10.1101/2024.03.05.583528doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.05.583528
http://creativecommons.org/licenses/by-nc-nd/4.0/


66 

 1458 

Fig S9. Additional evolved strains with LOH at KSR1. (A) Read depth from whole genome 1459 

sequencing normalized to average depth across the whole genome for three evolved strains 1460 

that all contain LOH at the KSR1 locus and their SC5314 progenitor. Gray bars show 1461 

heterozygous positions. (B) Microscopy of progenitor and evolved strains grown at 37℃ for 2 1462 

hours shows differences in the initiation of hyphal growth. (C) Survival curves for G. mellonella 1463 

show a reduction in virulence for all three evolved strains relative to the progenitor (Log-rank 1464 

test, ** P < 0.01). (D) Median G. mellonella survival over 14 days demonstrates that treatment 1465 

with FLC increases survival of the wild-type strain (gray) but does not increase survival for 1466 

larvae infected with evolved strains LOH3 (green) and LOH4 (blue).  1467 
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 1469 

Fig S10. RNA-sequencing analysis for Evolved LOH2, 3, and 4 isolates. (A) Principal 1470 

component analysis for RNA-sequencing data colored according to environmental condition. (B) 1471 

Principal component analysis for RNA-sequencing data colored according to strain identity. (C) 1472 

A heatmap showing normalized abundance from triplicate RNA-seq data for genes annotated as 1473 

being related to sphingolipid biosynthesis. Rows are genes and columns are all samples, 1474 

including the wild type progenitor, Evolved LOH2, Evolved LOH3, and Evolved LOH4 in the 1475 

absence of FLC (YPD), 2 µg/mL FLC, or 64 µg/mL FLC. Row and column dendrograms from k-1476 

means clustering are shown on the top and left. (D) A heatmap shows the log2 fold changes 1477 
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from triplicate RNA-seq data for genes catalyzing the steps of the sphingolipid biosynthesis 1478 

pathway (Fig S1). Columns are strains Evolved LOH2, Evolved LOH3, and Evolved LOH4 1479 

relative to the wild type progenitor in 0 µg/mL FLC, and rows are genes annotated as part of the 1480 

sphingolipid biosynthesis pathway or related to sphingolipid transport. Fold changes that are 1481 

significantly different at an adjusted p-value of 0.1 are indicated with an asterisk. (E) As in (D), a 1482 

heatmap shows log2 fold changes from triplicate RNA-seq data for genes annotated as ABC 1483 

transporters.  1484 
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 1486 

Fig S11. Whole Genome Sequencing for all engineered KSR1 strains. For each KSR1 1487 

mutant engineered strain, read depth is plotted on the y-axis according to genomic position on 1488 

the x-axis. All strains shown are euploid (copy number of 2). In addition, grey bars show regions 1489 

of heterozygosity, pink bars show regions of homozygosity of the “B” allele, and blue bars show 1490 

homozygosity of the “A” allele. The tetO-NCP1, KSR1 LOH1 strain was engineered in the 1491 

SN152 genetic background, that includes LOH on Chr2 and a small region of Chr3. Points 1492 

below each diagram mark the position of major repeat sequences. 1493 
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 1495 

Fig S12. Vacuolar phenotypes for evolved and engineered KSR1 LOH mutants. (A) 1496 

Fluorescent microscopy (top rows) and DIC (subsequent rows) images for strains engineered to 1497 

contain the KSR1 LOH1 or to be completely homozygous for KSR1 for either the A or B alleles. 1498 

Cells were stained with the vacuolar dye FM4-64 after growth in YPD without drug (top) or after 1499 

exposure to 128 µg/mL FLC (bottom). (B) Quantification of vacuolar area and integrated pixel 1500 

intensity for fluorescence microscopy images shown in panel A, (see Methods). Points show an 1501 
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average of at least 200 cells and error bars represent standard errors of the mean (SEM). (C) 1502 

As in A, fluorescence microscopy images of the additional three evolved strains with LOH 1503 

affecting KSR1. (D) Quantification of fluorescence microscopy shown in panel (C). (B and D) 1504 

Asterisks denote significant differences, using nonparametric t-tests, * P < 0.05, ** P < 0.01. 1505 
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 1507 

Fig S13. BODIPY staining and microscopy for evolved and engineered KSR1 mutants. 1508 

(A) Fluorescent microscopy images for cells from strains engineered to contain the KSR1 LOH1 1509 

and to be completely homozygous for KSR1 for either the A or B allele. Cells were stained with 1510 

the lipid droplet dye BODIPY after growth in YPD alone (top), after exposure to 128 µg/mL FLC 1511 

(middle), or after exposure to 128 µg/mL myriocin (MYO, bottom). (B) Quantification of the 1512 

number of lipid droplets, lipid size, and integrated pixel intensity for fluorescence microscopy 1513 

images, a subset of which are shown in panel (A), (see Methods). Points are an average of at 1514 

least 200 cells and error bars represent standard errors of the mean (SEM). (C) As in A, 1515 

fluorescence microscopy images for the three additional evolved strains with LOH affecting 1516 

KSR1. (D) Quantification of fluorescence microscopy, a subset of which is shown in panel (C). 1517 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 5, 2024. ; https://doi.org/10.1101/2024.03.05.583528doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.05.583528
http://creativecommons.org/licenses/by-nc-nd/4.0/


73 

(B and D) Asterisks denote significant differences, using nonparametric t-tests, * P < 0.05, ** P 1518 

< 0.01. 1519 

Table S1. Strains used in this study.  1520 

Table S2. Plasmids and oligos used in this study. 1521 
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