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ABSTRACT 25 

Invasive Candida bloodstream infections (candidemia) are a deadly global health threat. Rare 26 

Candida species are increasingly important causes of candidemia and phenotypic data, 27 

including patterns of antifungal drug resistance, is limited. There is geographic variation in the 28 

distribution of Candida species and frequency of antifungal drug resistance, which means that 29 

collecting and reporting regional data can have significant clinical value. Here, we report the first 30 

survey of species distribution, frequency of antifungal drug resistance, and phenotypic variability 31 

of Candida bloodstream isolates from an academic medical center and 5 affiliated hospitals in 32 

the Minneapolis-Saint Paul region of Minnesota, collected during an 18-month period from 2019 33 

to 2021. We collected 288 isolates spanning 11 species from 119 patients. C. albicans was the 34 

most frequently recovered species, followed by C. glabrata and C. parapsilosis, with 10% of 35 

cases representing additional, rare species. We performed antifungal drug susceptibility for the 36 

three major drug classes and, concerningly, we identified fluconazole, micafungin and multidrug 37 

resistance rates in C. glabrata that were ~ 2 times higher than that reported in other regions of 38 

the United States. We report some of the first phenotypic data in rare non-albicans Candida 39 

species. Through analysis of serial isolates from individual patients, we identified clinically 40 

relevant within-patient differences of MIC values in multiple drug classes. Our results provide 41 

valuable clinical data relevant to antifungal stewardship efforts and highlight important areas of 42 

future research, including within-patient dynamics of infection and the mechanisms of drug 43 

resistance in rare Candida species. 44 

 45 

  46 
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INTRODUCTION 47 

 Candida species are frequent human commensals and also important opportunistic 48 

fungal pathogens1–3. Candida infections can be superficial, such as oral candidiasis, or deeply 49 

invasive, including sites like the bloodstream (candidemia) or abdominal cavity. About 1.5 50 

million cases of invasive candidiasis occur annually around the world4.  51 

Diverse Candida species are increasingly important causes of invasive candidiasis, and 52 

while Candida albicans is the most frequent cause, its global prevalence has decreased to less 53 

than 50% of reported cases5. Candida species continue to undergo nomenclature changes; 54 

therefore we will use the species names most familiar to clinicians, with the revised name in 55 

parentheses when the species is introduced. The most common non-albicans Candida 56 

pathogens include C. glabrata (Nakaseomyces glabratus), C. parapsilosis and C. tropicalis; 57 

prevalence of each species varies between global regions5. C. glabrata is the second most 58 

common cause of invasive candidiasis in North America, Europe and Australia5,6. In Latin 59 

America C. parapsilosis follows C. albicans in frequency of isolation, except in Columbia and 60 

Venezuela, where C. parapsilosis is the most common cause of candidemia7. C. tropicalis 61 

accounts for ~7.5% of invasive candidiasis in Europe and ~17% of cases in Latin America5,7. A 62 

growing percentage of invasive infections are caused by rare species and emerging 63 

pathogens8,9. For example, C. krusei (Pichia kudriavzevii) is responsible for 2-3% of invasive 64 

candidiasis cases8. C. auris is a recently emerged pathogen that has spread globally and can 65 

be transmitted between patients10. C. lusitaniae (Clavispora lusitaniae) is closely related to C. 66 

auris and accounts for 2-3% of invasive candidiasis cases9,11. 67 

Major antifungal drug classes are limited to azoles, echinocandins and polyenes. Azoles 68 

such as fluconazole, voriconazole and itraconazole cause cell membrane stress and are 69 

fungistatic12. Azoles target Erg11, part of the ergosterol biosynthesis pathway12. Echinocandins 70 
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such as micafungin, caspofungin and anidulafungin, are fungicidal and target the Fks subunit of 71 

1,3-beta-D-glucan synthase which results in cell wall stress13,14. The fungicidal polyenes, 72 

including amphotericin B, target ergosterol in the cell membrane leading to cell membrane 73 

stress15. Some Candida species have intrinsic resistance to specific antifungal drugs – for 74 

example, C. krusei’s Erg11 protein has naturally reduced susceptibility to fluconazole16,17. 75 

Candida species also acquire drug resistance through a broad spectrum of mutations. 76 

Mechanisms of azole resistance are diverse and include overexpression or mutation of the drug 77 

target Erg11p, alteration of the ergosterol pathway and increased activity of drug efflux pumps18–78 

20. Echinocandin resistance is driven primarily by mutations in the gene(s) encoding the Fks 79 

subunit of the drug target21.  80 

The frequency of acquired antifungal drug resistance varies between species, drug class 81 

and geographic regions5,7,9. Fluconazole resistance is more frequent in non-albicans Candida 82 

species, including C. glabrata (~9%), C. tropicalis (~9 – 12%) and C. auris (~90%)5,22. 83 

Echinocandin resistance in C. glabrata is higher in North America (2.8%), compared to Europe 84 

(0.6%) and the Asia-Pacific region (0.4%)5. Resistance rates can also vary by institution, e.g. 85 

echinocandin resistance rates of C. glabrata isolates range from 0 to 25% within different 86 

hospitals in the United States23. Multidrug resistance (MDR), defined as resistance to more than 87 

one class of antifungal drug, is a growing concern. C. auris is best known for rapid acquisition of 88 

multidrug resistance, but acquired multidrug resistance has also been reported in C. albicans, 89 

C. glabrata, C. parapsilosis, C. tropicalis, C. krusei, and C. lusitaniae24–29. With only limited 90 

options available to treat invasive Candida infections, it is critical to understand the species 91 

distribution and frequency of antifungal drug resistance at a local level to make appropriate 92 

therapeutic choices and prevent future outbreaks. 93 
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Rare Candida species lack sufficient clinical data to accurately define antifungal 94 

susceptibility cutoff values. Susceptibility testing of an isolate identifies the minimum inhibitory 95 

concentration (MIC) value in a given drug. Setting a clinical breakpoint (i.e., the MIC value at 96 

which isolates are considered resistant) requires testing large numbers of isolates to determine 97 

the distribution of MIC values for a given species and then integrating MIC results with clinical 98 

outcome data30. As a result, clinical breakpoints so far are limited to common pathogens such 99 

as C. albicans or C. glabrata31. In the absence of clinical breakpoints, epidemiological cut-off 100 

values (ECOFFs) have been determined for some additional species32. ECOFF values define 101 

the upper limit of the ‘wild-type’ MIC distribution for a species and are based on MIC testing of 102 

multiple, independent groups of isolates32,33. ECOFFs can provide information about the 103 

expected drug response of a species when breakpoints have not been established due to 104 

insufficient clinical evidence (i.e., limited treatment outcome data). Gathering more data from 105 

rare and emerging Candida pathogens is crucial to develop ECOFFs and clinical breakpoints 106 

which can guide treatment decisions. 107 

In the absence of antifungal drug resistance, some isolates demonstrate drug tolerance: 108 

persistent growth in drug concentrations above their MIC34,35. Tolerance is distinct from 109 

resistance, and increased fluconazole tolerance in C. albicans has been associated with failure 110 

to clear an infection during extended therapy35. For fungistatic drugs such as fluconazole, one 111 

measure of tolerance is supra-MIC growth (SMG)36. Tolerance has been most studied in C. 112 

albicans, however the extent of azole tolerance across clinical isolates is poorly understood. 113 

Tolerance levels in non-albicans Candida species is not known and might impact patient 114 

outcomes across species37,38. 115 

Serial clinical isolates from an individual patient can display phenotypic variation 116 

including changes in antifungal drug resistance39. Most previous studies of clinical Candida 117 
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strains focused on only one isolate per patient40–42. Few studies have analyzed serial clinical 118 

isolates and the extent and impact of within-host variation of Candida populations on clinical 119 

outcomes is poorly understood39,40,43.  120 

Surveys of invasive candidiasis and candidemia that only examine data at the level of 121 

continent or country do not account for important regional variation44–46. For example, in 2016, 122 

the CDC’s Emerging Infections Program (EIP) reported that the prevalence of C. albicans in 123 

candidemia cases ranges from 35% in Maryland to 42% in Tennessee, while the prevalence of 124 

C. parapsilosis ranges from 9% in Tennessee to 18% in Oregon9. The EIP’s 2012 – 2016 125 

candidemia surveillance only included metro areas from four states – Georgia, Maryland, 126 

Oregon and Tennessee9,45. To our knowledge, no studies have reported the species distribution 127 

of candidemia cases in Minnesota’s Twin Cities region. 128 

 To investigate the species distribution, frequency of antifungal drug resistance, and 129 

phenotypic variability of Minneapolis – St. Paul (Twin Cities) metro area Candida bloodstream 130 

infections, we prospectively collected residual clinical bloodstream isolates from an academic 131 

medical center and 5 affiliated hospitals in the Twin Cities metro area during an 18-month period 132 

from 2019 to 2021. Our isolate bank includes a total of 288 isolates from 119 patients, with 11 133 

Candida species represented. We performed antifungal susceptibility testing of all isolates for 134 

each of the three major drug classes. We identified multidrug resistance in a single C. lusitaniae 135 

isolate, and troublingly, in 4.8% of C. glabrata isolates. By collecting serial isolates from 136 

individual patients, we identified within-host differences in MIC values and the acquisition of 137 

multidrug resistance. Additionally, we provide some of the first data related to tolerance in non-138 

albicans Candida species. Our study is the first to report the diversity of candidemia-causing 139 

species and frequency of antifungal drug resistance in a major hospital system in the Twin 140 

Cities metro area of Minnesota. 141 
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RESULTS 142 

 143 

Candida albicans is the most common cause of candidemia in the Twin Cities area 144 

We collected isolates from all positive Candida blood cultures identified during clinical 145 

testing between December 2019 and May 2021 (see Methods and Table S1). For this study, we 146 

define an isolate as a single colony subculture taken from an individual blood culture sample 147 

(Figure 1A). We collected a total of 288 isolates representing 11 species from 119 different 148 

patients (Figure 1B and C). C. albicans was the most frequently identified species in the study 149 

and was isolated from 54 patients (45.3%), followed by C. glabrata (n=42, 35.3%), C. 150 

parapsilosis (n = 8, 6.7%) and C. tropicalis (n = 3, 2.5%). Rare species detected in this study 151 

include C. dubliniensis, C. kefyr (Kluyveromyces marxianus), C. orthopsilosis, and C. lusitaniae 152 

(each isolated from 3 patients), C. krusei (2 patients), C. nivariensis (Nakaseomyces nivariensis, 153 

1 patient) and C. utilis (Cyberlindnera jadinii, 1 patient). 154 

 155 

Multiple isolates from individual patients demonstrate the within-host diversity of clinical 156 

strains 157 

Forty-eight percent of patients in our study had multiple positive blood cultures during 158 

the study period and we collected one isolate from each positive culture. We defined a case as 159 

all isolates collected from an individual patient, and each case was assigned a numeric code 160 

that was unrelated to any patient identifiers. To provide more detailed information about isolates 161 

collected throughout individual patient infections, we further defined four categories of cases: 1) 162 

individual cases (one isolate collected from one patient); 2) Serial isolate cases (multiple 163 

isolates of a single species collected from one patient within 30 days of the initial positive 164 

culture); 3) Recurrent cases (multiple isolates of a single species, collected from one patient 165 
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more than 30 days after the initial positive culture); and 4) Polyfungal cases (multiple species 166 

collected from a single patient within 30 days of each other). Serial isolate cases were collected 167 

from all species except C. dubliniensis and C. nivariensis (Figure 2 and Table S2). Four 168 

recurrent cases were identified (3.4% of all cases); two were recurrent C. albicans infections 169 

and two were recurrent C. parapsilosis infections. The time span between sampling of recurrent 170 

isolates ranges from 107 to 338 days (Figure 2, Table S3).  171 

We identified four polyfungal cases (Figure 2, Table S3), including two cases that each 172 

involved two different species collected independently on one day (C. albicans and C. glabrata 173 

isolated from patient 10; C. albicans and C. dubliniensis isolated from patient 57). We found no 174 

patterns related to the species which were isolated together or the time spans involved in 175 

polyfungal cases. Two of our patients fit into multiple categories, highlighting the complexity of 176 

some candidemia infections. Patient 17 had six C. krusei blood cultures collected over 22 days, 177 

with an additional single C. glabrata blood culture on the third day, comprising both a serial and 178 

polyfungal case. Patient 58 had two independent C. tropicalis blood cultures and a C. 179 

parapsilosis blood culture collected over the course of two days, and another C. parapsilosis 180 

blood culture over three months later, therefore fitting the categories of serial, polyfungal and 181 

recurrent cases.  182 

 183 

Antifungal resistance is most common in C. glabrata but also occurs in other non-184 

albicans species 185 

 We performed antifungal susceptibility testing on all isolates to determine the frequency 186 

of resistance against the three major antifungal drug classes. We measured the minimum 187 

inhibitory concentration (MIC) for fluconazole, micafungin and amphotericin B using the 188 

European Committee on Antimicrobial Susceptibility Testing (EUCAST) broth microdilution 189 
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method and interpreted results according to EUCAST breakpoints (Supplementary Table 190 

S1)31,33. For 8 of 288 isolates that had insufficient growth for EUCAST growth criteria, we 191 

measured the MIC by gradient diffusion (Methods). For species without clinical resistance 192 

breakpoints, we evaluated available ECOFF values.  193 

Fluconazole clinical resistance breakpoints were available for all species in this study 194 

except for C. krusei, which has intrinsic resistance. We identified 22 C. glabrata isolates, 1 C. 195 

tropicalis isolate and 4 C. utilis isolates with fluconazole resistance (Figure 3, Supplementary 196 

Table S1). The clinical breakpoint of fluconazole for C. glabrata is 16 μg/mL, and MIC values for 197 

resistant C. glabrata isolates ranged from 32 to 256 μg/mL. All C. albicans, C. parapsilosis, C. 198 

lusitaniae, C. orthopsilosis, C. kefyr, C. dubliniensis and C. nivariensis isolates were clinically 199 

susceptible to fluconazole.   200 

Micafungin clinical resistance breakpoints are only established for C. albicans, C. 201 

glabrata, and C. parapsilosis. We identified 11 micafungin resistant C. glabrata isolates (Figure 202 

4, Table S1). All C. albicans have MIC values of <0.03 μg/mL and are micafungin sensitive. All 203 

C. parapsilosis isolates have MIC values of ≤ 2 μg/mL and are micafungin sensitive. All of our C. 204 

krusei and C. tropicalis isolates have MICs below their established ECOFF values (0.25 μg/mL 205 

for C. krusei and 0.06 μg/mL for C. tropicalis), meaning that they fall within the wild-type MIC 206 

distribution47. No clinical breakpoints or ECOFF values are available for C. lusitaniae, C. 207 

dubliniensis, C. kefyr, C. nivariensis, C. utilis and C. orthopsilosis, but other surveys of clinical 208 

isolates have been reported. For example, C. lusitaniae clinical isolate MIC values ranging from 209 

0.032 to 0.064 μg/mL have been reported previously48,49.  Strikingly, 8 of our 23 C. lusitaniae 210 

isolates have MIC values ranging from 0.125 to > 1 μg/mL, indicating that they are micafungin 211 

resistant. Notably, we identified a range of resistant phenotypes within 1 serial case of C. 212 

lusitaniae, where 7 of 20 serial isolates from one patient had MIC values ranging from 0.256 to 213 
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>1 μg/mL micafungin50. The micafungin MIC values for C. dubliniensis, C. kefyr, C. nivariensis 214 

and C. utilis in this study range from 0.016 to 0.064 µg/mL and are consistent with the median 215 

MIC values reported by other studies using EUCAST broth microdilution49,51. All C. orthopsilosis 216 

isolates have MIC values of 0.5 μg/mL, which is less than the median MIC values from other 217 

studies using EUCAST broth microdilution51,52.  218 

Amphotericin B clinical resistance breakpoints are available for C. albicans, C. glabrata, 219 

C. parapsilosis, C. krusei, C. tropicalis or C. dubliniensis. We did not find any amphotericin B 220 

resistance in these six species (Figure 5, Table S1). ECOFF values are available for C. kefyr (1 221 

μg/mL) and C. lusitaniae (0.5 μg/mL)53. All C. kefyr isolates had MIC values below the ECOFF 222 

value. We identified a single amphotericin B-resistant C. lusitaniae isolate (MIC of 1 μg/mL). All 223 

C. nivariensis, C. orthopsilosis and C. utilis isolates tested for this study had MIC values of 1 224 

μg/mL or less for amphotericin B. Since amphotericin B is reported to have similar in vitro 225 

activity among Candida species, this suggests that these isolates do not have any amphotericin 226 

B resistance53.  227 

 228 

C. glabrata micafungin and fluconazole resistance are more frequent in our study 229 

compared to that reported from other regions of the United States  230 

To determine the frequency of resistance at the case level, we determined the number of 231 

patients with any resistant isolates (i.e., serial resistant isolates from an individual patient count 232 

as a single case). The number and percentage of resistant cases per species is summarized in 233 

Table 1. Species with no resistant isolates are not listed.  234 

We found micafungin resistance in 7.1% of C. glabrata cases, about twice the frequency 235 

of cases resistant to any echinocandin (3.6%)  reported by the CDC EIP for 20169. We also 236 

identified fluconazole resistance in 16.7% of C. glabrata cases in our study, which is notably 237 
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higher than the 10.7% reported by the CDC EIP for 20169. We identified micafungin resistance 238 

in 2 of only 3 C. lusitaniae cases collected in our study. Overall, our results indicate that in C. 239 

glabrata antifungal drug resistance to two major drug classes is concerningly high in the Twin 240 

Cities metro area relative.  241 

 242 

Multidrug resistance is found in non-albicans Candida species 243 

Multidrug resistance is an important clinical concern because antifungal treatment 244 

options are limited. We identified multidrug resistance in 33% of C. lusitaniae cases (n = 1 245 

patient, micafungin and amphotericin B) and in 4.8% of C. glabrata cases (fluconazole and 246 

micafungin, n = 2 patients). The frequency of multidrug resistance in our study is almost two 247 

times the national average reported by the CDC EIP in 2016 (0 – 2.7%)9. Our results are 248 

concerning and important for informing local and national antifungal stewardship programs. 249 

 250 

Differences in MIC values between serial isolates occur in all three antifungal drugs 251 

 Clinical antifungal susceptibility testing is often only performed on the first isolate 252 

collected from a patient, limiting our understanding of both the within-host variation and the 253 

speed at which drug resistance is acquired during treatment. We compared MIC values within 254 

all serial and recurrent cases from individual patients to determine how often MIC values differ 255 

between related isolates. Two-fold differences in MIC values (e.g., a single dilution) are not 256 

considered significant by CLSI or EUCAST standards due to inter-laboratory variation54. We 257 

identified nine serial isolate cases with a 4-fold to 64-fold variation in MIC (Supplementary Table 258 

S4). Notably, two of these cases had MIC differences to multiple drugs. Patient 54, a serial case 259 

of 8 C. glabrata isolates, had a 4-fold increase in amphotericin B MIC and a 64-fold increase in 260 

fluconazole MIC across the isolates, indicating substantial within-host variation of resistance 261 
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(Figure 6A). Case 34, a C. lusitaniae serial case of 20 isolates, had an 8-fold increase in 262 

amphotericin B MIC and a 64-fold increase in micafungin MIC (Figure 6B). We also identified a 263 

4-fold increase in amphotericin B MICs in two C. albicans cases, and a 4-fold to 8-fold increase 264 

in fluconazole MIC in three C. glabrata cases, one C. utilis case and one C. parapsilosis case. 265 

Differences in MIC values in serial isolates might represent existing within-host diversity of a 266 

strain or might be changes that are actively being selected for during antifungal therapy.  267 

 268 

Fluconazole tolerance is greatest in C. glabrata  269 

To evaluate antifungal tolerance, we determined 48-hour SMG values in fluconazole 270 

(Figure 7). SMG is calculated as the average growth across supra-MIC concentrations, relative 271 

to a no-drug control, and in C. albicans SMG values > 0.3 has been associated with persistent 272 

infections35. The C. albicans isolates in our study had a mean SMG of 0.2, with a range from 273 

0.09 to 0.38. There were two recurrent C. albicans cases and all isolates had mean SMG values 274 

below 0.2, suggesting that fluconazole tolerance was unlikely to play a role in the recurrence. 275 

C. glabrata isolates had the highest fluconazole tolerance of all species in our study, with 276 

a mean SMG of 0.497 and range from 0.16 to 0.78 (Table S5). Despite the high SMG values, 277 

there were no recurrent C. glabrata cases in our study, and 19 of 20 serial isolate cases had 278 

time spans of less than 5 days. The C. glabrata isolates had high levels of fluconazole 279 

resistance along with tolerance, however their MIC and SMG values were not correlated 280 

(Spearman’s rank correlation coefficient = 0.12, p = 0.309 after multiple test correction), 281 

indicating that these are independent mechanisms of growth in the presence of drug.  282 

C. parapsilosis isolates had generally low SMG values, with a mean of 0.15 and range 283 

from 0.05 to 0.23, which may indicate low tolerance but could also reflect overall slower growth 284 

in this species. Among the rare species, C. lusitaniae had the lowest fluconazole tolerance 285 
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overall with a mean SMG of 0.08, but a single isolate had an SMG of 0.56, exceeding the 286 

tolerance of all species other than C. glabrata. Notably, this fluconazole tolerant C. lusitaniae 287 

isolate was also resistant to micafungin and amphotericin B. When comparing SMG values of 288 

isolates within serial cases, we identified multiple instances of SMG differences ≥ 0.1 involving 289 

C. glabrata, C. albicans, C. parapsilosis, C. lusitaniae and C. kefyr (Supplementary Table S6). 290 

These within-patient differences in tolerance may reflect existing phenotypic variation in a strain 291 

or may be evidence of within-host evolution during treatment – our data again highlights the 292 

value of testing multiple isolates from a patient over several days during antifungal treatment.  293 

 294 

There is limited association between growth rates in the absence of drug and MIC values  295 

Bacteria often have a fitness cost associated with antimicrobial resistance, but in fungi 296 

the relationship between fitness and antifungal drug resistance is not straightforward55. We 297 

calculated the growth rate (r) of all isolates as a proxy for fitness over 24-hours in the absence 298 

of drug (Figure 8). C. glabrata and C. nivariensis had the fastest overall growth rates (C. 299 

glabrata median r = 0.988, C. nivariensis r = 1.16). C. parapsilosis had the slowest growth of 300 

any Candida species (median r = 0.373). 301 

To determine if increased MIC values are associated with a growth defect, we tested 302 

whether there was a correlation between the MIC (in each drug class) and mean growth rate (in 303 

the absence of drug) for individual species. Species with a single MIC value for a given drug 304 

were excluded. In fluconazole, we identified a significant negative correlation between growth 305 

rate and MIC in C. glabrata (Spearman’s rank correlation coefficient = -0.24, p = 0.024) and in 306 

C. utilis (Spearman’s rank correlation coefficient = -1, p = 0), but no correlation in C. albicans, C. 307 

parapsilosis, and C. tropicalis (Supplementary Figure S1, Supplementary Table S7). In 308 

micafungin, there was no significant correlation between growth rate and MIC for all tested 309 
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(Supplementary Figure S2, Supplementary Table S7). In amphotericin B, we identified a 310 

significant negative correlation between growth rate and MIC value in C. orthopsilosis 311 

(Spearman’s rank correlation coefficient = -0.87, p = 0.021). Surprisingly, in amphotericin B we 312 

identified a significant positive correlation between growth rate in the absence of drug and MIC 313 

for C. glabrata (Spearman’s rank correlation coefficient = 0.22, p = 0.039) and C. parapsilosis 314 

(Spearman’s rank correlation coefficient = 0.49, p = 0.003) (Supplementary Figure S3, 315 

Supplementary Table S7). There was no correlation in C. albicans, C. lusitaniae, C. kefyr, C. 316 

utilis or C. dubliniensis. Overall, our results indicate that the association between MIC and 317 

growth defects varies by species and by drug class, and that reduced drug susceptibility does 318 

not always confer a fitness cost. 319 

 320 

DISCUSSION 321 

Candidemia is an important hospital-associated infection with significant associated 322 

mortality. Population-based surveillance studies have revealed important geographic and 323 

temporal variation in causal species and frequencies of antifungal drug resistance. We present 324 

the first study reporting species distribution and antifungal resistance for an academic medical 325 

center and 5 affiliated hospitals in the Twin Cities metro area. We prospectively collected 288 326 

bloodstream isolates representing 11 Candida species from 119 patients, including 57 serial 327 

isolate cases representing 9 species.  328 

C. albicans, C. glabrata, and C. parapsilosis were the most frequently recovered species 329 

in our study. Our data is relatively consistent with nation-wide studies from 2012 – 2017, albeit 330 

with slightly lower frequencies of C. parapsilosis and C. tropicalis9,56. Approximately 10% of our 331 

cases were caused by rare Candida species, highlighting their growing clinical importance. The 332 

frequency of polyfungal infections in our study (3.4%) is consistent with results reported by other 333 
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studies in the United States and elsewhere9,57. The frequency of recurrent infection in this study, 334 

3.4%, is somewhat lower than the 6% recurrence reported by a CDC EIP candidemia study of 335 

Georgia, Maryland, Oregon and Tennessee, which could reflect regional and temporal 336 

variation58. 337 

 We determined the frequency of antifungal drug resistance for all isolates to three drug 338 

classes. We identified no drug resistance in C. albicans, which is consistent with very low levels 339 

reported by the CDC EIP at four national sites9. We also identified no resistance to any drug 340 

classes in C. parapsilosis. Other U.S. studies have reported higher rates of fluconazole 341 

resistance in C. parapsilosis bloodstream isolates9,59. Local fluconazole resistance might be 342 

lower due to differences in treatment practices or might reflect undersampling due to the limited 343 

number of C. parapsilosis cases in this study60. We identified amphotericin B resistance in only 344 

a single C. lusitaniae isolate, which is consistent with low levels of amphotericin B resistance 345 

reported across Candida species18,54. Notably, this occurred within six days of initiation of 346 

therapy, highlighting how rapidly C. lusitaniae can acquire resistance to amphotericin B61,62.  347 

Importantly, in C. glabrata, we identified fluconazole resistance in 16.7% of cases, 348 

micafungin resistance in 7.1% of cases and multidrug resistance in 4.8% of cases – frequencies 349 

that are 1.5 – 2 times higher than earlier studies of C. glabrata in the United States9,45. These 350 

results are clinically important and concerning because echinocandins are recommended first-351 

line therapy for candidemia and fluconazole is an important step-down treatment for 352 

candidemia63. Our results may represent geographic variation or could reflect changes in 353 

treatment practices – in 2016, treatment guidelines for candidemia were revised to recommend 354 

echinocandins as first-line therapy, in contrast to the 2009 guidelines which indicated 355 

fluconazole was acceptable first-line treatment63,64. We identified multidrug resistance in a single 356 

case of C. lusitaniae, and we identified fluconazole resistance in one C. utilis case. Our results 357 
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are an important addition to the very limited data available for both species. Overall, our findings 358 

emphasize that continued region-specific monitoring of antifungal drug resistance is crucial for 359 

identifying trends in resistance patterns that could impact antifungal stewardship efforts. 360 

A strength of our study is the collection and testing of serial isolates from individual 361 

patients. We identified greater than 2-fold MIC differences in 9 of the 56 patients that had 362 

multiple isolates collected. In some cases, isolates collected on the same day had differing MIC 363 

values, while in other cases, MIC values climbed later during the infection or even dropped 364 

relative to earlier isolates. Our data highlight the potential clinical significance of within-host 365 

diversity and the limitations of current clinical testing strategies. 366 

Tolerance has been associated with persistent or recurrent infection and is understudied 367 

in all Candida species34. We measured SMG as an indicator of fluconazole tolerance for all 368 

isolates and have reported some of the first SMG values for non-albicans species. While other 369 

studies have identified increased SMG values in persistent C. albicans infections, we did not 370 

find an association with SMG and recurrence35. However, our study collected a limited number 371 

of recurrent infections. Further investigation of tolerance mechanisms, including further 372 

longitudinal sampling and testing of additional drugs is an important direction for future work.   373 

We determined the growth rate in rich media for all species as a measure of fitness in 374 

the absence of drug. There was extensive variation between isolates in C. albicans and C. 375 

glabrata, the two most common species in our study. Among the species that had a range of 376 

MIC values, we identified both positive and negative associations between increases in MIC and 377 

potential growth defects in the absence of drug. Our results suggest that there is not always a 378 

fitness trade-off associated with drug resistance in Candida species and highlight the need for 379 

further investigation to elucidate the relationship between acquired resistance and fitness in 380 

clinically relevant environments. 381 
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There are several limitations to our study. While serial isolates are well represented in 382 

our data set, all isolates are single colony subcultures. Our sampling strategy, while reflective of 383 

modern clinical microbiology practices, may underestimate the diversity of bloodstream 384 

populations during infection. Unstable genomic alterations such as aneuploidy, which can be 385 

important drivers of drug resistance and tolerance38,65–67, may be missed as a result of this 386 

single colony subculturing.  387 

In conclusion, we surveyed species distribution and antifungal susceptibility of Candida 388 

bloodstream isolates in an academic health center and 5 affiliated hospitals. We identified 389 

important and deeply concerning trends in antifungal drug resistance in C. glabrata with 390 

implications for antifungal stewardship efforts. We have provided valuable phenotypic data for 391 

rare Candida species and described within-host phenotypic variability among common and rare 392 

Candida pathogens, which has potential clinical significance and is an important avenue for 393 

future research.  394 

 395 

METHODS 396 

 397 

IRB review 398 

The study was reviewed and approved by the University of Minnesota Institutional 399 

Review Board (IRB ID STUDY00006473).  400 

 401 

Isolate and data collection 402 

All available Candida bloodstream isolates identified from patients in M Health Fairview 403 

System hospitals were collected between December 2019 and May 2021. The M Health 404 

Fairview Infectious Diseases Diagnostic Laboratory performed species-level identification of all 405 
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isolates by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF). Each isolate 406 

collected for this study is a single colony subculture of an individual clinical blood culture. 407 

Isolates and patients were assigned unique study codes unrelated to identifying information. 408 

Colonies were cultured on Sabouraud dextrose agar plates and stocks were prepared with 20% 409 

glycerol and stored at -80°C.  410 

 411 

Minimum Inhibitory Concentration (MIC) by broth microdilution 412 

MIC was determined by broth microdilution performed in RPMI 1640 (Cytiva, product no. 413 

SH30011.02) with 0.2% dextrose buffered with 0.165 M MOPS (Thermo Fisher Scientific, 414 

product no. J19256A1) and adjusted to pH 7.033. Cultures were grown from glycerol stocks on 415 

Sabouraud dextrose agar plates at 35°C for 48 hours. Inoculum was prepared by suspending 416 

multiple colonies into sterile water and diluted to a final OD600 of 0.01. 100 µl of the inoculum 417 

was added to 96-well plates containing 100 µl of twofold serial dilution of antifungal drug in 2X 418 

RPMI medium (fluconazole: Alfa Aesar product no. J62015, micafungin: MedChemExpress 419 

product no. HY-17579, amphotericin B: Chem-Impex International product no. 00329). Plates 420 

were incubated in a humidified chamber at 35°C without shaking. At 24 hours post-inoculation, 421 

plate cultures were resuspended and OD530 readings were performed using a BioTek Epoch2 422 

plate reader (Agilent). The mean and standard deviation of all 24-hour no-drug control OD530 423 

readings were calculated per isolate from all plates. The EUCAST Antifungal MIC Methods for 424 

Yeast defines the MIC for azoles and echinocandins as the lowest drug concentration that 425 

inhibits ≥50% of growth relative to no-drug control, and the MIC for amphotericin B as the lowest 426 

concentration that inhibits ≥90% of growth relative to no-drug contro33. MICs for isolates with a 427 

no-drug control OD530 of > 0.2 were determined according to EUCAST guidelines and 428 

interpreted according to available EUCAST breakpoint values. Per EUCAST guidelines, isolates 429 
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with an OD530 ≤ 0.2 were re-incubated per EUCAST guidelines and re-read at 48 hours. 430 

Isolates with an OD530 ≤ 0.2 at 48 hours were re-tested by gradient diffusion strip (see below). 431 

Quality control for each MIC batch was performed using C. lusitaniae FDA-CDC AR Bank # 432 

0398 and/or C. krusei FDA-CDC AR Bank # 039768. All MIC assays were performed in triplicate. 433 

 434 

MIC by gradient diffusion strip 435 

MIC testing by gradient diffusion strip was performed for isolates with no-drug control 436 

OD values ≤ 0.2 at 24 and 48 hours. Antifungal susceptibility testing was adapted from CLSI 437 

supplement M60 document protocol for Gradient Diffusion Strips69. Briefly, isolates were struck 438 

from glycerol stocks onto Sabouraud dextrose agar plates and incubated for 24 hours at 35°C. 439 

For each culture, multiple colonies were picked, suspended in sterile water and diluted to a final 440 

OD600 of 0.01 using a spectrophotometer. 100µl of the diluted cells was plated onto RPMI 441 

plates, a gradient diffusion strip (fluconazole: Biomerieux, product no. 510858, amphotericin B: 442 

Liofilchem, product no. 921531) was applied and the plate was incubated for 24 hours at 35°C 443 

in a humidified chamber. At 24 hours, plates were imaged using a Bio-Rad Gel Doc system. The 444 

MIC values were determined by identifying the concentration where the lawn of growth 445 

intersected with the gradient strips. 446 

 447 

Supra-MIC growth (SMG) by broth microdilution 448 

SMG was calculated for all isolates with no-drug control OD values > 0.2 at 24 hours. 449 

Plates were incubated for an additional 24 hours at 35°C. Plate cultures were resuspended and 450 

48-hour OD530 readings were performed using a BioTek Epoch2 plate reader (Agilent). Supra-451 

MIC growth (SMG) in fluconazole was calculated as the mean of 48-hour growth in all wells 452 
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above the MIC concentration, divided by the mean of the no-drug control wells. All SMG assays 453 

were performed in triplicate.  454 

 455 

Growth curve analysis 456 

Overnight cultures were started from glycerol stocks and grown in a shaking incubator at 457 

30°C in liquid YPAD medium with 2% dextrose (10 g/L yeast extract, 20 g/L Bacto peptone, 20 458 

g/L dextrose, 0.04 g/L adenine and 0.08 g/L uridine). Overnight cultures were diluted in fresh 459 

YPAD medium to a final OD600 of 0.01 and 20 µl of this cell suspension was inoculated into a 460 

96-well plate containing 180 µl of YPAD with 1% dextrose. Cells were grown in a BioTek 461 

Epoch2 plate reader at 30°C for 24 hours with constant shaking, and OD600 readings were 462 

taken every 15 minutes. Growth curves were performed in triplicate. Growth curve metrics 463 

including mean and standard deviation for carrying capacity, growth rate, doubling time, AUC-E 464 

and AUC-L were calculated with the R package Growthcurver (v0.3.1)70,71. Metrics were plotted 465 

with the R package ggplot2 (v3.5.1)72. 466 

 467 

Correlation testing 468 

For species that had more than one MIC value, Spearman’s rank correlation coefficient 469 

was calculated for MIC relative to SMG and to growth rate in YPAD. All correlation analyses and 470 

multiple test correction (using the Holm method) were performed with the R package correlation 471 

(v0.8.4)73,74. 472 

 473 

Code availability 474 

Scripts used in data analysis and figure generation are available at 475 

https://github.com/selmeckilab/2024_Candida_clinical_isolate_phenotyping. 476 
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Table 1. Frequency of antifungal drug-resistant cases by species 723 

Species Total cases, N Drug Resistant cases, N 
(%) 

C. glabrata 42 
fluconazole 7 (16.7) 

micafungin 3 (7.1) 

C. lusitaniae 3 
micafungin 2 (66.7) 

amphotericin B 1 (33.3) 

C. tropicalis 3 fluconazole 1 (33.3) 

C. utilis 1 fluconazole 1 (100) 

 724 
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 725 

Figure 1. Candidemia isolate collection summary. (A). Workflow for isolate collection. 726 

Positive blood culture samples were subcultured for microbial identification as part of the clinical 727 

workflow. Species-level identification was performed by matrix-assisted laser 728 

desorption/ionization time-of-flight (MALDI-TOF). Candida species were flagged by clinical staff 729 

and a single colony was selected from the initial plate to be cultured and saved for our study. (B) 730 

Number of isolates collected per Candida species. (C) Number of patients with a bloodstream 731 

infection of each Candida species. 732 
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Figure 2. Timelines of serial, recurrent and polyfungal isolate sampling. Patient codes are 734 

on the y-axis and the relative number of days are on the x-axis. Serial cases have multiple 735 

isolates of a single species collected from one patient within 30 days of the initial positive 736 

culture. Recurrent cases have additional isolates of the same species collected more than a 737 

month after the initial positive blood culture. 738 

 739 

 740 

Figure 3. Summary of fluconazole MIC values for all isolates. The size of each circle 741 

represents the number of isolates with that MIC. Established clinical resistance breakpoints are 742 

indicated by horizontal dashed lines. 33 C. glabrata isolates, 1 C. tropicalis, and 4 C. utilis 743 

isolates are fluconazole resistant. Fluconazole MIC screening was performed up to a maximum 744 

concentration of 32 μg/mL, which exceeds clinical breakpoints, and is shown in this figure. C. 745 
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glabrata, C. tropicalis and C. utilis isolates with fluconazole MIC values > 32 μg/mL were 746 

subsequently tested at higher concentrations to determine MIC values which are reported in the 747 

text and Table S1. 748 

 749 

 750 

Figure 4. Summary of micafungin MIC values for all isolates. The size of each circle 751 

represents the number of isolates with that MIC. Established clinical resistance breakpoints are 752 

indicated by vertical dashed lines where available. 11 C. glabrata isolates and 8 C. lusitaniae 753 

isolates are micafungin resistant. Micafungin MIC screening was performed up to a maximum 754 

concentration of 1 μg/mL. C. parapsilosis isolates were subsequently tested at higher 755 

concentrations and all isolates were micafungin sensitive. 756 

 757 
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 758 

Figure 5. Summary of amphotericin B MIC values for all isolates. The size of each circle 759 

represents the number of isolates with that MIC. Established clinical resistance breakpoints are 760 

indicated by vertical dashed lines where available. One C. lusitaniae isolate is amphotericin B 761 

resistant. 762 

 763 
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 764 

Figure 6. Within-host variation of MIC values occurs in all three drugs. (A). 64-fold 765 

fluconazole MIC differences and 4-fold amphotericin B MIC differences in case 54 C. glabrata 766 

isolates. (B.) 64-fold micafungin MIC differences and 8-fold amphotericin B in case 34 C. 767 

lusitaniae isolates.  768 
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 769 

Figure 7. Fluconazole tolerance varies across and within Candida species. Dotplot of 770 

supra-MIC growth (SMG). For each isolate, the mean SMG is represented as a point and 771 

standard deviation is shown as dotted lines. SMG is the proportion of growth at 48 hours in all 772 

drug concentrations above the MIC, relative to a no-drug control. SMG testing was performed in 773 

triplicate for all isolates. 774 
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 775 

Figure 8. Distribution of isolate growth rate/hr-1 in the absence of drug. For each isolate, 776 

the mean growth rate in YPAD is represented as a point and standard deviation is shown as 777 

dotted lines. Growth curves were performed in triplicate for all isolates. 778 

 779 
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