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ABSTRACT Heteroresistance to antifungal agents poses a significant challenge in the
treatment of fungal infections. Currently, the absence of established methods for
detecting and measuring heteroresistance impedes progress in understanding this
phenomenon in fungal pathogens. In response to this gap, we present a comprehensive
set of new and optimized methods designed to detect and quantify azole heteroresist-
ance in Candida albicans. Here, we define two primary assays for measuring heteroresist-
ance: population analysis profiling, based on growth on solid medium, and single-cell
assays, based on growth in liquid culture. We observe good correlations between the
measurements obtained with liquid and solid assays, validating their utility for studying
azole heteroresistance. We also highlight that disk diffusion assays could serve as an
additional tool for the rapid detection of heteroresistance. These methods collectively
provide a versatile toolkit for researchers seeking to assess heteroresistance in C. albicans.
They also serve as a critical step forward in the characterization of antifungal heterore-
sistance, providing a framework for investigating this phenomenon in diverse fungal
species and in the context of other antifungal agents. Ultimately, these advancements
will enhance our ability to effectively measure antifungal drug responses and combat
fungal infections.

IMPORTANCE Heteroresistance involves varying antimicrobial susceptibility within a
clonal population. This phenomenon allows the survival of rare resistant subpopula-
tions during drug treatment, significantly complicating the effective management of
infections. However, the absence of established detection methods hampers progress in
understanding this phenomenon in human fungal pathogens. We propose a com-
prehensive toolkit to address this gap in the yeast Candida albicans, encompassing
population analysis profiling, single-cell assays, and disk diffusion assays. By providing
robust and correlated measurements through both solid and liquid assays, this work will
provide a framework for broader applications across clinically relevant Candida species.
These methods will enhance our ability to understand this phenomenon and the failure
of antifungal therapy.

KEYWORDS mycology, Candida albicans, drug responses, azoles, heteroresistance

F ungal infections remain inadequately addressed within the spectrum of human
infectious diseases. A recent global survey reported a staggering annual occurrence
of over 6.5 million cases of invasive fungal infections, contributing to more than
3.8 million fatalities (1). This burden significantly impacts human well-being, particularly
immunocompromised individuals and those undergoing intensive medical care (2). Up
to 70% of fungal infections are due to Candida species, posing a significant challenge
due to their remarkable ability to evade antifungal treatment and host defenses (3, 4).
Candida species are frequent causative agents for nosocomial infections and Candida
albicans remains the most prevalent among these (5). Currently, there are no vaccines
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against fungal infections and only limited antifungal drugs are available for treatment (6,
7).

Antifungal resistance has been observed across all classes of drugs (4, 8), and it is
associated with persistent infections and high mortality rates (9-11). The frequency of
multidrug-resistant species is also increasing, with multiple reports of Candida auris and
Candida parapsilosis causing outbreaks in medical facilities (11-14). Among antifungals,
azoles are commonly used for the treatment of Candida infections (15, 16). This is owing
to their accessibility, low toxicity, and broad spectrum of action. In Candida species,
azoles function as fungistatic agents by inhibiting the activity of the enzyme Erg11
in the ergosterol biosynthesis pathway (17). Inhibition of this synthesis step leads to
the accumulation of toxic intermediate sterols, resulting in the loss of cell membrane
integrity and growth arrest (4). Azole resistance is often associated with increased
expression of drug efflux pumps, mutations in genes regulating their expression,
mutations in the drug target, or with increased copies of genes associated with drug
resistance (4, 18).

In addition to bona fide drug resistance, population heterogeneity can serve as a
bet-hedging strategy to increase the chances of survival upon drug exposure (19).
Tolerance and heteroresistance have emerged as alternative mechanisms by which
fungal pathogens can escape the consequences of drug exposure (20-27). Tolerance
reflects the ability of an otherwise drug-susceptible subpopulation to grow at drug
concentrations that are inhibitory for the rest of the population (28). It can be detected
using disk diffusion assays or broth microdilution/minimum inhibitory concentration
(MIC) assays, and it is measured as the residual fungal growth above drug inhibitory
levels following extended incubation times (28). Tolerance has been linked to the
inability of antifungals to clear fungal infections and is correlated with increased
mortality (28, 29).

In contrast, heteroresistance implies the existence of a drug-resistant subpopulation
within a drug-susceptible majority population. Such resistant subpopulations can grow
efficiently in the presence of elevated drug concentrations but might lose this ability
when the drug pressure is removed (30, 31). Heterogeneous antibiotic resistance was
discovered in 1947 for Haemophilus influenzae (32). However, this phenomenon was
first documented in 1970 in Staphylococcus aureus, where bacterial strains were tested
in population analysis profiling (PAP) assays (33). Since then, it has been observed
in multiple bacterial species with different antibiotics, in both bactericidal and bacter-
iostatic contexts (30, 34). Heteroresistance has been associated with the presence of
increased copies of genes that confer resistance (31). The presence of such resistant
bacterial subpopulations has been linked to an increased risk of recurrent infections (30,
34).

Recent work has described heteroresistance in fungal pathogens, notably in
Cryptococcus neoformans (21-23, 27, 35), Nakaseomyces glabrata (formerly Candida
glabrata) (20), and Candida parapsilosis (25) upon exposure to either azoles or echinocan-
dins. Heteroresistance is likely to occur in other fungal species as well, and it could play
critical roles in shaping antifungal treatment efficacy. C. neoformans heteroresistant cells
were detected in the cerebrospinal fluid of fluconazole-treated cryptococcal meningitis
patients, and their detection was associated with relapse from azole monotherapy (21,
23). C. neoformans azole heteroresistance was linked to the presence of an additional
copy of chromosome 1, which harbors both ERG17 and AFR1, genes encoding the
azole drug target and a major drug efflux pump, respectively (22, 23). The higher
expression of these genes is thought to contribute to the increased drug resistance,
while increased efflux pump activity was positively associated with heteroresistance (23).
Similarly, heteroresistance was associated with the failure of azoles to clear infection by
N. glabrata (20). In this species as well, heteroresistant isolates displayed higher levels
of drug efflux (20). Echinocandin-heteroresistant C. parapsilosis isolates were detected
from breakthrough bloodstream infections in allogeneic hematopoietic cell transplant
patients on micafungin prophylaxis (25). A machine learning model based on genomic
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features of heteroresistant isolates detected three single nucleotide variants ( SNVs) and
one copy number variation (CNV) as potential predictors of echinocandin heteroresist-
ance, but these were not further investigated (25). Overall, the significance of heterore-
sistance is becoming increasingly recognized for its impact on therapeutic outcomes (19,
30, 31), making this phenomenon an important parameter to consider when studying
antifungal drug responses.

Heteroresistance is not currently measured in standard susceptibility assays as
most approaches average whole population phenotypes. Detection methods have
been developed to identify and characterize heteroresistance in bacterial populations,
allowing for a more precise understanding of this phenomenon (30). The most estab-
lished method is the PAP assay, although disk diffusion assay, E-tests, MIC, flow
cytometry, time-kill assays, or combinations of these have also been used (30). Defi-
nitions of heteroresistance vary widely depending on the microbial species and the
antibiotic. Frequently, resistance among heteroresistant subpopulations exhibits levels
that are two to eight times greater than the resistance observed in the original popula-
tion (30, 34). However, there is no clear consensus regarding the frequency and extent of
resistance necessary for classifying a subpopulation as heteroresistant.

While we benefit from standardized susceptibility testing methods for resistance
(in both clinical and research settings) and tolerance (in research labs) (26, 28, 36-
38), antifungal heteroresistance is poorly characterized, and methods to quantify this
phenomenon have not been formally established. Here, we define several methods to
identify and quantify the existence of resistant subpopulations in C. albicans azole-sus-
ceptible isolates. We show that single-cell assays in liquid culture and PAP assays on solid
medium can both detect and measure this phenomenon while demonstrating a strong
correlation. We also argue for the use of short PAP assays and disk diffusion assays as
rapid tools for quantifying or detecting heteroresistance, respectively. Additionally, we
show that PAP assays are amenable to the testing of heteroresistance across a diverse
set of yeast species. Together, these methods comprise a versatile toolkit for evaluating
heteroresistance in Candida species.

MATERIALS AND METHODS
C. albicans strains and growth

All C. albicans isolates are listed in Table 1. C. albicans cells were cultured in liquid
YPD medium [2% bacto-peptone, 1% yeast extract, and 2% dextrose (filter-sterilized)]
overnight at 30°C with continuous shaking (200 rpm), unless otherwise specified. The
number of cells in each culture was determined by measuring the optical densities of
culture dilutions (ODggp nm) in sterile water using a Biotek Epoch 2 microplate reader
(Agilent Technologies). The cultures were then diluted to the desired concentrations in
sterile water.

MIC testing

These assays were performed as previously described (43). Briefly, ~2 x 10° cells were
cultured at 30°C with shaking (200 rpm) for 48 h in 96-well plates in a total volume of
125 pL of YPD with the following fluconazole (FLC) concentrations: 0, 0.125-128 ug/mL
in two-fold increments. Cell densities were measured at 24 and 48 h using a BioTek
Epoch 2 microplate reader. Susceptibility (MICsg) and tolerance (supra-MIC growth,
SMG) values were determined after 24 and 48 h of growth, respectively, as previously
described (36, 43). Briefly, MIC assays consist of determining the minimum inhibitory
drug concentration at 50% growth inhibition relative to untreated control wells (MICsg).
SMG is measured by averaging the amount of growth in wells above MICsq values,
normalized to the growth in wells without drug. All assays were performed with three
biological replicates.

For MIC assays performed in RPMI, we followed the Clinical and Laboratory Standards
Institute (CLSI) guidelines (45). Briefly, a similar protocol to the one described above was
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TABLE 1 C. albicans and other species isolates used in this study”.

Name Species Susceptibility (FLC Average rate of Site of isolation Reference/
MICsg, pg/mL) heteroresistance (%) Source
C. albicans isolates

CAY8847  C.albicans 4 <0.04 Oral cavity (39)

CAY8856  C.albicans 2.67 <0.04 Oral cavity (39)

CAY8762  C.albicans >128 Oral cavity (39)

P60002 C. albicans >128 Bloodstream (40)

SC5314 C. albicans 0.83 0.39 Bloodstream  (41)

CAY6420  C. albicans 0.67 0.30 Bloodstream  (28)

CAY6440  C. albicans 1.17 1.10 Bloodstream  (28)

CAY8836  C.albicans 0.67 271 Oral cavity (39)

CAY8851  C.albicans 0.67 0.50 Oral cavity (39)

CEC3544  C.albicans 0.83 0.50 Commensal (42)

CEC4032  C. albicans 0.42 0.58 Superficial (42)

CEC4499  C. albicans 0.67 3.97 Food spoilage  (42)

Other species

4-7873A  C.dubliniensis 3.20 <0.04 Not available  (43)

4-7873C  C.dubliniensis 48 59.82 Not available  (43)

SA100 C. dubliniensis 0.79 39.39 Not available  (43)

DSY1448  C. dubliniensis 0.25 89.70 Oral infection ~ Dominique
Sanglard

DSY1590  C. tropicalis 2 49.56 Oral infection ~ Dominique
Sanglard

DSY2168  C. tropicalis 32 54.70 Oral infection ~ Dominique
Sanglard

CP289 C. orthopsilosis 2 <0.04 Not available  (43)

CP331 C. orthopsilosis 0.60 0.07 Not available  (43)

R018-G3  C. parapsilosis 0.60 <0.04 Not available  (43)

R029-0O4  C. parapsilosis 0.60 <0.04 Not available  (43)

ATCC96143 C. metapsilosis 3.60 <0.04 Not available  (43)

CP43 C. metapsilosis 2.80 <0.04 Not available  (43)

CAO01 C. auris 6.67 <0.04 Auditory canal  (43)

CA02 C. auris 533 65.31 Burn wound (43)

CA07 C. auris 5.33 37.44 Bloodstream  (43)

CA23 C. auris 41.60 9.49 Ear discharge  (43)

CA13 C. haemulonii 10.40 <0.04 Not available  (43)

CA15 C. haemulonii 2.67 0.09 Fish (43)

CA11 C. duobushaemulonii 5.33 0.05 Bloodstream  (43)

CA12 C. duobushaemulonii 30.40 <0.04 Foot ulcer (43)

CA14 C. duobushaemulonii 7.20 <0.04 Not available  (43)

CA16 K. ohmeri 8 <0.04 Not available  (43)

CA18 C. lusitaniae 1.33 <0.04 Not available  (43)

DSY2242  N.glabrata 32 0.26 Oralinfection  (44)

DSY2243  N.glabrata 32 1.24 Oralinfection  (44)

DSY552 N. glabrata 32 0.05 Oral infection ~ Dominique
Sanglard

DSY1362  N.glabrata 1.67 1.75 Oralinfection ~ Dominique
Sanglard

CA19 S.cerevisiae 6.67 <0.04 Not available  (43)

CA20 S. cerevisiae 57.60 <0.04 Not available  (43)

BY4741 S. cerevisiae 22.86 <0.04 Not available  (43)

“The rate of heteroresistance was calculated by taking the average growth on PAP assays at 48 h for fluconazole
(FLC) concentrations equal to or greater than 10-fold the MICs of the parent isolate.
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followed with the following changes: cells were grown in RPMI medium (1% RPMI with
glutamine, 3% MOPS, and 2% dextrose, pH 7) at 35°C without shaking for the duration of
the assay (48 h).

Disk diffusion assays

10° Candida cells were evenly spread on YPD agar [2% bacto-peptone, 1% yeast extract,
2% dextrose (filter-sterilized), and 2% agar] or RPMI agar (1% RPMI with glutamine,
3% MOPS, 2% dextrose, and 2% agar, pH 7) plates using glass beads. A disk contain-
ing 25 pg fluconazole [Liofilchem (9166) or Oxoid (CT1806B)] was positioned at the
center of the agar plate. The plates were incubated at 30°C for 48 h, and images were
captured using a PhenoBooth+ instrument (Singer). Susceptibility and tolerance were
determined by measuring RAD» (the radius of the zone of drug inhibition, measured at
20% FLC inhibition) and FoGyq (the fraction of growth within the area of drug inhibi-
tion, calculated using the 20% FLC inhibition cutoff), respectively, using the R package
diskimageR (36). At least three independent disk diffusion assays were performed for
each isolate; representative images are shown.

PAP assays

YPD or RPMI agar was prepared with various FLC concentrations (0, 0.5, 1, 2, 4, 8, 16, 32,
64, and 128 pg/mL). Yeast cells were grown overnight in YPD medium and diluted to a
concentration of 1 x 10° cells/mL. Four cell dilutions were prepared: 10°, 10%, 10°, and
10 cells/mL. Each YPD-FLC plate was then seeded with five spots of 5 pL from each cell
dilution. The plates were incubated at 30°C and imaged at 24 and 48 h. The number of
non-confluent colonies was tallied for each cell concentration to determine the fraction
of cells able to grow at each FLC concentration. These numbers were then normalized
to the number of colonies growing on YPD plates without FLC. The fraction of cells was
plotted across the different FLC concentrations. All PAP assays were performed with at
least three biological replicates. The rate of heteroresistance was calculated by taking the
average growth on PAP at 48 h for FLC concentrations equal to or greater than 10-fold
the MICsq of the parent isolate. When such concentrations exceed the dynamic range of
the assay, the maximum FLC concentration (128 pg/mL) was used instead.

The area under the curve (AUC) and the corresponding standard error were calculated
using GraphPad Prism (v10). Only FLC concentrations equal to or greater than the MICsq
values were considered for AUC calculations. For both C. albicans and other species, the
AUC is shown relative to the AUC of the C. albicans SC5314 reference isolate.

To assess the FLC susceptibility of C. albicans cells growing on PAP assays, five colonies
were randomly selected from FLC 128 pug/mL plates for each isolate. Only three colonies
could be recovered for isolate CAY8851. From these colonies, ~2 x 10° cells were grown
directly in 96-well plates at 30°C with shaking (200 rpm) for 24 h in a total volume of
125 pL of YPD with either no drug or with FLC. The FLC concentrations used were 8- and
16-fold higher than the parent MICsq. Cell densities were measured at 0 and 24 h using
a BioTek Epoch 2 microplate reader and normalized to those measured in wells without
FLC.

To assess the FLC susceptibility of cells from other species growing on PAP assays, 16
colonies were randomly selected from FLC 128 pg/mL plates. Only five colonies could
be recovered for Candida orthopsilosis isolate CP331. From these colonies, ~2 x 10° cells
were grown directly in 96-well plates, and MIC assays were performed (as described
above). For the validation of YPD PAP colonies in RPMI assays, a total of 15 colonies from
three biological replicates per isolate were tested using the RPMI MIC method described
above.

Short PAP assays

C. albicans cell densities were adjusted to 10° cells/mL, from which three subsequent
dilutions were prepared: 10°, 10%, and 10° cells/mL. Three droplets of 5 L from these
cell suspensions were plated onto YPD agar supplemented with 0 or 128 ug/mL FLC.
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The plates were incubated at 30°C and imaged at 24 and 48 h to determine the
number of non-confluent colonies from the different cell dilutions. These numbers were
normalized to the observed growth on plates without FLC, and the fraction of growth
at 128 pg/mL FLC was plotted for each isolate. All assays were performed with three
biological replicates.

Single-cell assays

C. albicans cultures were diluted to 10? cells/mL, and 96-well plates were seeded with
10 pL of cell suspension and 185 pL of YPD or YPD + FLC (at a concentration 10-fold
higher than the MICsq of the respective strain). A total of 384-768 wells were tested
for each biological replicate, and single-cell assays were performed with three to five
biological replicates. The number of cells inoculated per well was normalized by plating
12 aliquots of 10 pL from the inoculum for the determination of colony-forming units
(CFUs). The CFU counts indicated that, across experiments, the wells were seeded with
0.83-1.167 cells per well (number termed here normalized inoculum). The normalized
inoculum was used to determine the total number of cells seeded per biological
replicate. The plates were incubated at 30°C with shaking (200 rpm) for a total of 96 h.
At 48, 72, and 96 h, the plates were mixed by vortexing, and their optical density
(ODgpg) Was read using a Biotek Epoch 2 microplate reader. Wells with ODggg = 0.5 were
considered for subsequent analysis, and their frequency was determined relative to the
total number of wells inoculated. Thus, to calculate the fraction of wells with proficient
growth (ODggp = 0.5), the following formula was used:

fraction of wells with proficient growth (%) =

number of wells with proficient growth
number of wells inoculated

normalized inoculum) x X 100
(

After 96 h, 8-16 wells with proficient growth were randomly selected for FLC
susceptibility testing. Fifty- microliter aliquots from these wells were grown in 5 mL
YPD overnight, and these cultures were used in MIC assays (as described above). Both
susceptibility (MICsp) and tolerance (SMG) were determined. Next, the fraction of wells
displaying MICsg values 10-fold higher than the MICsy of the parent strain, termed
frequency of recovery, was determined relative to the number of wells tested. The rate
of heteroresistance was calculated by multiplying the fraction of wells with proficient
growth with the frequency of recovery.

rate of heteroresistance (%) =
fraction of wells with proficient growth (%) X frequency of recovery (%) x 100

A similar protocol was followed for single-cell assays in RPMI, with several modifica-
tions. First, due to the slower cell growth in RPMI medium, the incubation time was
extended from 96 to 144 h. Additionally, as growth levels were overall lower than those
observed in YPD, the growth threshold for wells with proficient growth was adjusted
from an ODggg = 0.5 to an ODggg > 0.35. For the validation of cells in RPMI MIC assays, a
total of 21 wells from two biological replicates were tested in susceptibility assays using
the RPMI MIC method described above.

Statistical analyses

Correlation analyses were performed using two-tailed nonparametric Spearman tests.
P values < 0.05 were denoted as significant. AUC values and statistical analyses were
obtained using GraphPad Prism (v10).
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RESULTS
Disk diffusion assays can detect the presence of heteroresistant colonies

To detect the presence of potential heteroresistant cells in azole-susceptible C. albicans
isolates, we selected 10 strains with relatively high susceptibility and 2 highly resistant
strains as controls (P60002 and CAY8762). Most of the strains represent clinical isolates
recovered from diverse infection sites, including bloodstream, oral, and superficial
infections, and include a commensal and a food spoilage isolate (Table 1). This set of
isolates was tested on both liquid MIC assays as well as disk diffusion assays to evaluate
their FLC susceptibility and tolerance. On liquid MIC assays, susceptibility levels were
determined following 24 h of growth by identifying the FLC concentration resulting
in 50% growth inhibition (MICs5p). In addition, prolonged growth (48 h) allows the
determination of tolerance by measuring the SMG, or the supra-MIC growth, which
reflects the amount of growth above MICsq levels relative to the growth in wells without
drug (28). Disk diffusion assays are another efficient way to assess drug susceptibility
and tolerance, based on the radius of the area of drug inhibition (RADq, a measure of
drug susceptibility at 20% drug inhibition) and the fraction of cell growth in the zone
of inhibition relative to the growth in areas not exposed to FLC (FoG;, calculated using
the 20% FLC inhibition cutoff, see Materials and Methods), respectively. These assays
confirmed the high resistance of isolates P60002 and CAY8762 and the high susceptibil-
ity of the 10 remaining isolates, whose MICsq values ranged from 0.83 to 4 ug/mL (Fig.
S1A and C), values that are below or at the clinical breakpoint for FLC resistance (37).

In addition, the 10 susceptible isolates displayed diverse tolerance levels on both
liquid and solid assays, ranging from 0.27 to 0.83 for SMG (Fig. S1B and D), indicating
tolerant subpopulations of variable sizes. Indeed, the zone of drug inhibition of disk
diffusion assays is often populated with tolerant colonies of small size due to their slower
growth in the presence of drug (28). These colonies were previously shown to have
similar susceptibility and tolerance levels as the originating population (28). We were
surprised to detect colonies of a larger size within this zone of inhibition for several of
the strains examined, colonies that appeared uninhibited by the drug (marked with red
arrows, Fig. TA). Interestingly, assessing the susceptibility of these large colonies revealed
that their resistance levels were 1.2- to 256-fold higher than those of the corresponding
parent population (Fig. 1B), indicating the presence of heteroresistant subpopulations of
cells. Inspired by bacterial definitions (30), we classified heteroresistant colonies as those
that displayed at least 10-fold higher MICsq levels relative to the MICsq of the parent
population. Using this classification, 30 out of 40 (75%) of the large colonies tested
were consistent with a heteroresistant profile. CAY8847 and CAY8856 did not display
any large colonies in the zone of drug inhibition (Fig. 1A), and therefore no colonies
could be tested. We also determined the tolerance (SMG) levels of the large colonies with
MICsq levels lower than or equal to 128 pg/mL (the highest FLC concentration tested
in MIC assays). Across lineages, the large colonies displayed similar (CAY6420, CAY8836,
CAY8851, and CEC3544) or higher tolerance levels (CEC4032 and CEC4499) relative to the
tolerance of the parent isolates (using SMG measurements at 48 h from MIC assays, Fig.
10), indicating that increased tolerance alone could not explain the increased colony size
of these colonies.

These results illustrate that disk diffusion assays represent a rapid method to detect
the presence of heteroresistant colonies, but this method cannot accurately quantify this
phenomenon. One major drawback is that high tolerance levels can yield a high number
of tolerant colonies, which can mask the presence of heteroresistant colonies making
these difficult to identify and isolate. Consequently, the precise quantification of
heteroresistance is not possible using this method, highlighting the need for more
robust and quantitative approaches.
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of three biological replicates.

PAP assays can accurately measure C. albicans azole heteroresistance

In bacterial populations, PAP assays are considered the gold standard for measuring both
the size of heteroresistant subpopulations and the resistance level (30, 46). This resource-
intensive method is not used in clinical laboratories. Instead, research laboratories
employ it retrospectively to identify heteroresistance in cases of treatment failure. For
fungal pathogens, this assay has been adapted for N. glabrata (20), C. neoformans (23),
and C. parapsilosis (25) in the context of FLC and echinocandin treatment. PAP assays
consist of quantifying the number of resistant colonies growing across a range of drug
concentrations relative to those growing on plates without drug. We performed PAP
assays for the 12 strains selected for this study using FLC concentrations of 0-128 pug/mL
and imaged the plates for CFU quantification (Fig. 2A). The number of cells plated
ranged from 0.5 to 500 cells per spot with a total of five spots per dilution (resulting
in 2.5 to 2,500 cells plated for each dilution). PAP profiles were obtained by plotting
the percentage of CFUs observed across each FLC concentration relative to the CFUs on
plates without antifungal. Previous studies have used 1-5 days for incubation of these
assays, as well as different temperatures [30°C or 35°C (20, 23, 25)]. To avoid colony
filamentation, PAP plates were incubated at 30°C, and CFUs were quantified at both
24 and 48 h (Fig. 2A). After 24 h, no colony growth could be observed above liquid
MICsq levels, consistent with their FLC susceptibility profiles. CAY8847 and CAY8856
displayed growth inhibition at drug concentrations approximately two-fold lower than
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FIG 2 PAPs can accurately quantify azole heteroresistance. (A) C. albicans cultures were serially diluted and plated on YPD plates without antifungal or

supplemented with a gradient of FLC concentrations (0.5-128 pg/mL in two-fold dilutions). The plates were incubated for 48 h and imaged at 24 and 48 h for

CFU determination. The fraction of cells growing at each concentration was determined by counting the number of colonies growing on FLC relative to the

number of colonies present on plates without FLC. (B) PAP profiles of the 12 strains examined in this study. Heteroresistance levels were calculated by taking

the average growth on PAP at 48 h for FLC concentrations equal to or greater than 10-fold the MICsq of the parent isolate (Avg HR). The dotted lines indicate

the detection limit of the assay (0.04% of the population), and the red lines show MICsq levels. Error bars show the standard error of the mean (S.E.M.) of three

biological replicates. (C) Susceptibility measurements of up to five randomly selected colonies (salmon) recovered from FLC 128 ug/mL plates. Susceptibility

levels of parent isolates (black) are included for reference. Susceptibility was determined by assessing cell growth at FLC concentrations 8- and 16-fold higher

than the MICs of the corresponding parent isolate.

MICsq concentrations (Fig. 2B), which could be due to the differences in susceptibility
when measured in liquid versus solid assays. As expected, resistant isolates included as
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controls displayed proficient growth at both time points, although both required the
full 48 h period for most of the population to grow at the highest FLC concentrations
(Fig. 2B). CAY8847 and CAY8856 showed no additional growth above MICsq levels, which
was consistent with the absence of heteroresistant colonies in disk diffusion assays
(Fig. TA and 2B). In contrast, the remaining eight strains displayed subpopulations
with robust growth at drug concentrations well exceeding MICgq levels (Fig. 2B). These
subpopulations varied in size between 0.3% and 4.08% (note that the detection limit
of the PAP assay is 1/2,500 cells, equivalent to 0.04%). Surprisingly, strains displaying
growth above MICsq levels were characterized by a steady plateau-like growth of the
heteroresistant subpopulation across FLC concentrations, indicating that this phenom-
enon is likely independent of drug concentration (Fig. 2B). Isolates displaying detectable
growth at concentrations equal to or greater than 10 times MICsq of the parent isolate
were classified as heteroresistant, and the average size of the subpopulation growing
across these concentrations was calculated as the rate of heteroresistance (see Materials
and Methods). Calculating the AUC of PAP assays revealed that the AUC paralleled the
average heteroresistance rate measurements; therefore, both parameters can be used to
measure this phenomenon (Fig. S1E).

To validate the presence of resistant colonies among heteroresistant subpopulations,
up to five colonies growing on 128 pg/mL FLC PAP plates were randomly selected and
their FLC susceptibility was determined. To facilitate these experiments, we measured
their growth in the presence of no drug, 8-fold, and 16-fold higher FLC concentrations
relative to the MICsq of the parent isolate. All colonies tested (37/38, 97%), except
for one (originating from isolate CAY8851 and for which only three colonies could be
recovered), were able to grow efficiently at FLC concentrations 16-fold higher than
the MICsg of parent isolate, indicating that they were at least 16-fold more resistant
than corresponding parent strains and therefore could be classified as heteroresistant
(Fig. 2C). We also tested whether the rate of heteroresistance was linked to other drug
responses such as the susceptibility (MICsp) or the tolerance (SMG) of the parent isolate.
However, no significant correlation was observed between the average heteroresistance
rate and either of these parameters (Spearman correlation test, r = —0.585, P = 0.079 for
MICsq; r = 0.596, P = 0.075 for SMG; Fig. S2A and B), indicating that these phenomena
are likely independent of each other. Overall, these data establish that C. albicans azole
heteroresistance can be accurately detected and quantified following 48 h of growth at
30°C by using YPD PAP assays.

As PAP assays involve a large volume of work, we reasoned this method could not
be employed for the screening of large numbers of fungal isolates. Given that heterore-
sistance levels appeared independent of drug concentration (Fig. 2B), we tested whether
a single drug concentration would be sufficient to assess the size of the heteroresistant
subpopulation. We selected the highest drug concentration employed in PAP assays and
plated different cell dilutions on either no drug or 128 pg/mL FLC while maintaining a
low detection limit (1/1,500 cells, equivalent to 0.067%). Decreasing both the number of
cell dilutions and spots plated for each dilution allowed testing of up to four isolates per
plate, therefore, reducing the volume of work by ~20-fold (while 10 plates are needed
for one isolate using conventional PAP assays, only 2 plates are needed for four isolates
using this approach, Fig. 3A).

The fraction of the heteroresistant cell population was determined for each of the
12 strains after 48 h of growth using this approach. No growth was observed for strains
CAY8847 and CAY8856 (Fig. 3B), consistent with the results observed with disk diffusion
and PAP assays. In contrast, resistant strains CAY8762 and P60002 displayed high levels of
growth on 128 pg/mL FLC plates (Fig. 3B). For the eight heteroresistant isolates, the size
of the subpopulation enumerated using the 128 ug/mL FLC plates varied between 0.34%
and 3.36% (Fig. 3B), rates that were highly similar to those measured using conventional
PAP assays. Indeed, a positive correlation was observed between the rates of heterore-
sistance determined with PAP and short PAP assays (Spearman correlation test, r =0.717,
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FIG 3 Short PAP assays represent an efficient method for measuring azole heteroresistance. (A) C. albicans cultures were serially diluted and plated on YPD plates

without antifungal or supplemented with 128 pg/mL FLC. The plates were incubated for 48 h and imaged for CFU determination. The fraction of cells growing

on FLC was determined relative to the growth on plates without drug. (B) Short PAP profiles of the 12 strains examined in this study. The dotted lines indicate

the detection limit of the assay (0.067% of the population). Conventional PAP assays are included for reference. Avg HR, average heteroresistance rates measured

with short PAP assays. Red lines show MICsq levels, and error bars show the standard error of the mean (S.E.M.) of three biological replicates.

P = 0.024; Fig. S2C). Thus, short PAP assays can be used for a faster assessment of C.
albicans azole heteroresistance.

Single-cell assays as a method for quantifying heteroresistance in liquid
assays

We also developed a liquid assay to measure the frequency of heteroresistance within
drug-susceptible populations. The assay involves growing hundreds of single cells in
individual wells (384-768 wells per biological replicate, equivalent to a detection limit
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FIG4 Single-cell assays can measure the frequency of heteroresistance in liquid culture. (A) Schematic of single-cell assays, whereby individual cells were grown
in FLC concentrations 10-fold higher than the MICsq of the parent isolate. A subset of cells recovered from wells showing robust growth were further tested
in susceptibility assays. Heteroresistance rates were calculated by multiplying the fraction of wells with proficient growth with the rate of recovery of resistant
isolates from the tested wells. Histograms show the fraction of wells with proficient growth (ODggg = 0.5, B), the fraction of heteroresistant isolates recovered
from the tested wells (C), and the rate of heteroresistance for each isolate (D). Experiments were performed with three to four biological replicates, each with at
least 384 cells tested. Lines show average values.

of 0.13%-0.26%) in the presence of a drug concentration 10-fold greater than the MICsq
of the parent isolate (Fig. 4A). Yeast cells were incubated for 96 h during which their
growth was monitored at regular intervals. Wells with optical densities (ODggg) equal to
or greater than 0.5 after 96 h of growth were considered for later analyses, and their
proportion was determined relative to the total number of cells assayed. The susceptibil-
ity of the cells from a subset of growing wells was then assayed to determine if they
represent heteroresistant cells (Fig. 4A). The set of 10 susceptible strains was assayed
using this approach, and it became apparent that they showed a diversity of growth
profiles, from isolates CAY8847 and CAY8856 displaying no growth to isolates displaying
a significant proportion of wells with proficient growth. For example, 29.81% of the
CAY6420 wells showed robust growth by 96 h (Fig. 4B). In contrast, only 0.69% of the
CEC3544 wells reached an ODggq = 0.5 (Fig. 4B).

From the wells displaying proficient growth, 8-16 wells per biological replicate were
randomly selected to test the FLC susceptibility of the cells growing in these wells. The
exception was isolate CEC3544 for which fewer than eight wells were available and for
which all wells were tested. Almost half of the isolates tested showed MICs levels greater
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than those of the parent isolate (=1.25x fold change, 115/247 wells, 46.6%), with only a
minority of isolates showing decreased resistance (<0.75x fold change, 6/247 wells, 2.4%;
Fig. S3A). For isolates where tolerance levels could be calculated, MIC assays revealed
that a subset of isolates also had increased SMG levels relative to parent isolates (=1.25X%,
53/150 wells, 35.3%), while only one isolate showed the opposite trend (<0.75%, 1/150
wells, 0.67%; Fig. S3B). The frequency of wells displaying FLC resistance levels equal to
or greater than 10-fold the MICsq of parent isolates was determined. Here, the rate of
recovery of heteroresistant cells varied widely, from 3.13% as seen with SC5314 to 79%
seen with CEC3544 (Fig. 4Q).

Finally, the fraction of wells with proficient growth and the frequency of recovery of
heteroresistant cells were multiplied to yield the rate of heteroresistance, resulting in
diverse levels across the eight isolates, from 0.43% (for SC5314) to 8.07% (for CAY6440)
(Fig. 4D). These rates showed a positive correlation to those measured with PAP assays
(Spearman correlation test, r = 0.657, P = 0.045; Fig. S2D), indicating that this method can
be reliably used to measure FLC heteroresistance. Given the diversity of susceptibility and
tolerance levels observed with isolates recovered from single-cell assays, our data also
indicate that this approach can reveal a substantial capacity for evolution under drug
pressure relative to bulk assays where diverse lineages are likely to be masked by whole
population phenotypes.

RPMI solid medium does not accurately reflect different azole responses

In clinical settings, susceptibility testing is conventionally performed under CLSI
conditions in RPMI medium (45). To determine whether heteroresistance could also
be detected on RPMI, we selected three isolates representative of different categories:
a susceptible isolate that does not form heteroresistant cells (CAY8847), a susceptible
isolate with high heteroresistance rates on both PAP and single-cell assays (CAY6440),
and a resistant isolate (P60002, see Fig. 1 to 4). We first tested the susceptibility of these
isolates on RPMI liquid MIC assays (at 35°C, pH 7, without shaking), which revealed similar
patterns in MICsg and SMG levels to those observed in YPD (Fig. S4A and B). However,
testing of these isolates on RPMI disk diffusion assays revealed minimum differences
between strains, with the three isolates showing similar susceptibilities (RADg) and
tolerance levels (FoGg), which was in stark contrast with the results obtained on YPD
(Fig. S4C through E). Surprisingly, none of the isolates displayed a clear area of inhibition
nor displayed any heteroresistant colonies in this area (Fig. S4C), indicating that different
azole responses cannot be discriminated on RPMI solid medium. We also performed
single-cell assays for the heteroresistant isolate (CAY6440) using RPMI medium and
incubation at 35°C. We observed growth levels similar to those observed in YPD (Fig.
S4F), despite using a lower growth cutoff (ODggg = 0.35 instead of 0.5) and an extended
incubation time (144 instead of 92 h) due to the reduced growth rates observed on RPMI
(Fig. S4F). However, the susceptibility of the cells growing in these wells could not be
tested due to the very high level of flamentation observed.

Additionally, we sought to determine whether the susceptibility of heteroresistant
cells growing on YPD PAP and YPD single-cell assays could be validated using CLSI
testing methods. Therefore, we recovered CAY6440 colonies from PAP plates containing
128 pg/mL FLC and tested their FLC susceptibility in RPMI MIC assays. All colonies tested
(15/15) displayed a >10-fold higher MICsq relative to the parent strain, demonstrating
that isolates recovered from this assay meet the resistance criteria observed by the CLSI
method (Fig. S4G). Similarly, most isolates (18/21) obtained from YPD single-cell assays
displayed a >10-fold higher FLC resistance in RPMI MIC assays (Fig. S4G), confirming that
this assay can identify subpopulations with increased resistance levels. The tolerance
(SMG) levels of the isolates examined from both assays were similar to those of parent
strains (Fig. S4H). Taken together, these results indicate that heteroresistant isolates
identified using these methods form subpopulations whose high resistance levels can be
detected in MIC assays using both YPD and CLSI methods. Moreover, detection methods
relying on RPMI agar cannot reliably distinguish between susceptibility, tolerance,
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and heteroresistance and therefore are not recommended for identifying these drug
responses.

Multiple Candida species display azole heteroresistance

To assess the use of the PAP assay in other yeast species, we gathered a collection of
30 isolates belonging to Candida dubliniensis, Candida tropicalis, Candida orthopsilosis,
C. parapsilosis, Candida metapsilosis, C. auris, Candida haemuloniii, Candida duobushaemu-
lonii, Kodamaea ohmeri, Candida lusitaniae, N. glabrata, and Saccharomyces cerevisiae
species (Table 1). The strains selected displayed susceptibility levels lower than 64 pg/mL
FLC, with MICsq levels ranging from 0.25 to 57.6 pg/mL FLC (Fig. S5A), which allowed
the detection of potential heteroresistant colonies on PAP assays at a minimum of two
concentrations (64 and 128 pg/mL FLC). These isolates showed a wide range of FLC
tolerance levels when tested in MIC assays, ranging from 0.13 to 0.86 SMG (Fig. S5B).
Testing this collection using the PAP method revealed diverse growth profiles, with
potential heteroresistant subpopulations encompassing 0.05%-89.7% of the population
(Fig. 5). Isolates showed diverse AUC values, both well below and well above those
of the C. albicans reference strain SC5314, which generally reflected heteroresistant
rates measured in PAP assays (Fig. S5C). While no significant correlation was observed
between the average heteroresistance rate of these isolates and susceptibility (MICsg,
Spearman correlation test, r = 0.0126, P = 0.947; Fig. S6A), a modest positive correlation
was observed with tolerance (SMG, Spearman correlation test, r = 0.562, P = 0.001; Fig.
S6B), indicating that these phenomena could be linked. Interestingly, only isolates with
high tolerance levels displayed some degree of heteroresistance.

We found that seven isolates from C. dubliniensis (DSY1448, 4-7873C, and SA100), C.
tropicalis (DSY1590 and DSY2168), and C. auris (CA02 and CAQ7) displayed high heterore-
sistance rates, ranging from 37.44% to 89.7% of the population (Fig. 5). Susceptibility
testing of colonies growing on PAP assays at 128 pg/mL FLC revealed that ~51% (57/112)
of the colonies tested had higher resistance (=1.25x MICs) relative to the corresponding
parent strains (Fig. S7A). For this set of isolates, most colonies (64/78, ~82%) for which
tolerance could be measured showed similar tolerance to that of their corresponding
parent isolate, with only ~18% of the colonies displaying increased tolerance (=1.25x
SMG; Fig. S7B). Seven isolates from C. orthopsilosis (CP331), C. auris (CA23), C. haemulonii
(CA15), C. duobushaemulonii (CA11), and N. glabrata (DSY2242, DSY2243, DSY552, and
DSY1362) showed low levels of heteroresistance, ranging from 0.05% to 9.49% of the
total population (Fig. 5). For these isolates, 78.8% (67/85) of the colonies recovered from
PAP assays were more resistant than the parent isolate (>1.25x MICgq; Fig. S7A). Two
isolates from this set (CP331 and DSY1362) formed colonies with increased tolerance
(=1.25x SMG), while most colonies (26/41, 63.4%) showed tolerance levels similar to
those of the parent isolate (Fig. S7B). Finally, for the remaining 16 isolates, including
those from C. dubliniensis (4-7873A), C. orthopsilosis (CP289 and CP331), C. parapsilosis
(RO18-G3 and R029-04), C. metapsilosis (ATCC96143 and CP43), C. auris (CAO1), C.
haemulonii (CA13), C. duobushaemulonii (CA12 and CA14), K. ohmeri (CA16), C. lusitaniae
(CA18), and S. cerevisiae (CA19, CA20, and BY4741), no heteroresistant colonies could be
recovered (<0.04% of the population; Fig. 5), indicating either the limitation of our
current testing method or the absence of heteroresistant cell formation in these isolates.

Thus, PAP assays were able to detect the presence of heteroresistance in 14 out of the
30 isolates examined. Most of the colonies recovered (124/197, 62.9%) from these assays
showed higher resistance relative to the parent isolates, while only a small fraction
displayed increased tolerance (26/119, 21.85%), therefore validating this approach. The
frequency of recovery of resistant colonies was dependent on the genetic background of
the isolate rather than on the species of origin. Overall, these results indicate that azole
heteroresistance is prevalent among other Candida species and that the PAP method
coupled with additional validation of colonies can be used to detect and measure this
phenomenon.
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DISCUSSION

Heteroresistance can compromise antimicrobial treatment and complicate the selection
of optimal therapeutic strategies resulting in clinical failure and relapse. In bacterial
populations, this leads to the use of combination therapies or higher doses of antimicro-
bials to ensure effective treatment against both susceptible and resistant subpopulations
(30, 31, 34, 46). In the long term, heteroresistance can contribute to the development
and spread of drug resistance. In fungal pathogens, heteroresistance is emerging as a
significant challenge in the context of antifungal treatment (20-23, 25, 27, 35), requiring
precise and efficient methods for identification and measurement. Here, we present both
optimized and novel approaches for detecting and quantifying azole heteroresistance in
Candida species, highlighting the advantages and limitations of each method.

Disk diffusion assays are routinely employed to measure susceptibility and tolerance
(36). Here, we show that they can also be used to identify the presence of heteroresistant
colonies (Fig. 1). However, this method falls short in assessing the frequency of heterore-
sistance, a critical parameter in understanding the dynamics of resistance development.

To address these limitations, we argue for the use of PAP and single-cell assays,
which offer a comprehensive assessment of rates of heteroresistance among susceptible
populations. We note that single-cell assays involve a lengthier protocol with a higher
detection limit relative to PAP assays (0.13%-0.26% versus 0.04% of the population,
respectively) but can reveal a wide spectrum of adaptation to antifungal exposure, as
illustrated by the diversity of susceptibility and tolerance levels of the isolates recovered
(Fig. S3). Furthermore, we adapted the conventional PAP to a short PAP assay, a simplified
and faster method for measuring heteroresistance (Fig. 3). The short PAP assay signifi-
cantly reduces labor demands, making it amenable for the screening of large numbers of
isolates. Importantly, we reveal moderate but significant correlations in the heteroresist-
ance rates determined with these different methods (Fig. S2C and D).

Our findings also highlight that environmental conditions are crucial for the accurate
assessment of this phenomenon and emphasize the importance of species-specific
considerations. Indeed, there are substantial differences in how heteroresistance is
measured in different fungal species (20, 23, 25). For example, FLC heteroresistance
in N. glabrata was measured on YAG agar after 24 h of growth following incubation
of PAP plates at 30°C for 24 h (20). In our study, PAP assays identified heteroresistant
subpopulations in this species following incubation on YPD plates at 30°C for 48 h,
while no visible colonies were detectable at 24 h. A C. neoformans study used FLC YPD
plates, which were incubated at 30°C for 5 days (23). In contrast, a C. parapsilosis/C. auris
study used echinocandin-supplemented YPD plates, which were incubated for 2-3 days
at 35°C (25). The variations in medium, incubation time, and temperature emphasize
the need for species-specific and antifungal-specific tailored methodologies. Differences
in the intrinsic growth rates of these fungal species under different conditions further
highlight the complexity of measuring these drug responses. For example, in N. glabrata,
the presence of heteroresistant cells was apparent on YAG medium at 24 h (20), whereas
these subpopulations required 48 h for detection on YPD (Fig. 5). This could be due
to intrinsic differences between isolates, an increased propensity for developing azole
resistance, and/or a faster emergence of heteroresistance, potentially allowing for earlier
detection.

The high diversity in heteroresistance rates observed here with different C. albicans
isolates is likely due to both the ability of cells to grow in the presence of high drug
concentrations as well as the stability of heteroresistant cells once they arise. This was
most apparent in single-cell assays, where both the frequency of wells with proficient
growth as well as the rate of recovery of heteroresistant cells varied substantially
between isolates (Fig. 4B and C). It remains unknown what fraction of heteroresistant
cells reverted to high susceptibility during validation by MIC assays. An additional
variable is the presence of tolerant cells, which can confound the number of colonies and
wells recovered, respectively. Indeed, a subset of tolerant isolates was detected among
C. albicans isolates recovered from single-cell assays (Fig. S3B). Therefore, subsequent
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validation of recovered isolates in susceptibility assays is essential for establishing the
size of the heteroresistant subpopulation. More precise methods could be developed to
measure this phenomenon, including through the identification of genetic markers that
can predict the ability of isolates to form heteroresistant cells. We were also surprised
by the extensive diversity in MICsq levels of isolates recovered from single-cell assays
after a short exposure to high FLC concentrations (Fig. S3A), indicating that this assay
could reveal a higher diversity of adaptation strategies than previously reported assays in
which whole populations are exposed to similar doses of azoles (47, 48).

Analysis of isolates from other yeasts revealed that many other Candida species also
display azole heteroresistance and that PAP assays can detect the presence of heterore-
sistant subpopulations (Fig. 5). However, additional validation of colonies growing on
PAP assays is recommended for validating the increased resistance of these subpopula-
tions. While most of the colonies growing on PAP plates were indeed more resistant, a
subset of them showed increased tolerance (Fig. S7B). We cannot exclude the possibility
that isolates could have lost resistance once removed from the selective medium, as it is
often the case with heteroresistant isolates (49). Across the collection, heteroresistance
rates did not appear associated with phylogeny, although the limited number of isolates
examined does not allow for the direct testing of any correlations. Second, additional
optimization might be required for each species to improve the rate of recovery by
potentially adjusting the growth medum, incubation time, or temperature.

Our data further emphasize the importance of the experimental conditions used
to monitor different drug responses as experiments performed on solid RPMI medium
failed to detect both tolerance and heteroresistance in C. albicans (Fig. S4). Indeed,
medium composition, incubation time, temperature, pH, shaking, and inoculum size
have been previously shown to impact drug susceptibility (50, 51). Some of these
parameters have been specifically linked to variations in tolerance. Trailing growth (or
tolerance) appears to vary with medium, temperature, pH, glucose concentration, type of
microtiter plates, and shaking speed (28, 48, 52-56). To some extent, the differences seen
here between YPD (pH ~ 5) and RPMI (pH 7) could be attributed to differences in pH.
Marr and colleagues (56) showed that a pH below neutrality decreases tolerance in both
YPD and RPML. In line with this report, we previously found that FoG and SMG levels were
reduced in YPD at pH 4.5 relative to pH 7, while high temperatures (39°C) also reduced
tolerance (28). Therefore, the absence of shaking, the higher temperature, the different
medium composition, and the increased pH are all likely to impact our drug response
measurements and could account for the absence of heteroresistant colonies on RPMI
versus YPD agar (Fig. S4).

It is also worth noting that the diversity in heteroresistant rates is likely a function of
the genetic background of the respective isolate impacting both the rate of emergence
of heteroresistant cells as well as their stability in the absence of selective pressures. The
fitness costs associated with increased drug resistance could vary depending on the type
of genetic and/or epigenetic changes underlying heteroresistance. Indeed, in bacterial
populations, heteroresistant cells emerge through the acquisition of genetic mutations
as well as via gene amplifications, the latter of which being intrinsically unstable (49).
The high rates of heteroresistance observed here are not consistent with mutational
events occurring during such short time intervals of in vitro growth. For C. albicans, the
average mutation rate was calculated to ~1.2 x 107" base substitutions per base pair
per generation (57), although mutation rates have not been formally measured under
high FLC exposure. However, other genetic events previously observed during azole
stress could contribute to heteroresistance. For example, the formation of tetraploid
intermediates that progress into mitotic collapse and unequal DNA segregation leading
to chromosomal aneuploidy could represent one scenario (58).

In conclusion, our study introduces both new and refined methodologies for
identifying and measuring heteroresistance in C. albicans susceptible populations
subjected to azole stress. The comparative analysis of different assays provides
a nuanced understanding of their advantages and limitations. Recognizing the
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environment- and species-specific variations in growth dynamics and response to
antifungal agents is crucial for characterizing heteroresistance and for developing
targeted strategies to combat it in diverse Candida species. This work lays the founda-
tion for future investigations aiming to unravel the intricate mechanisms underlying
heteroresistance and potentially optimize antifungal interventions.

ACKNOWLEDGMENTS

We thank members of the Fungal Heterogeneity group for valuable discussions on
this study. We thank Dominique Sanglard for the gift of isolates. We thank Christophe
d'Enfert and his group for the use of CEC strains and PhenoBooth+ (Singer) instrument
(42).

This work was supported by an FRM Espoirs de la Recherche Postdoctoral Fellowship
(to E.LM.), an ANR GENOMEHET grant (to I.V.E.), and a PTR Carnot Pasteur grant (to .V.E.).

I.V.E. is a CIFAR Azrieli Global Scholar in the CIFAR Program Fungal Kingdom: Threats &
Opportunities.

AUTHOR AFFILIATION

'Fungal Heterogeneity Group, Institut Pasteur, Université Paris Cité, Paris, France

AUTHOR ORCIDs

luliana V. Ene © http://orcid.org/0000-0002-0390-7084

FUNDING

Funder Grant(s) Author(s)
Agence Nationale de la Recherche GENOMEHET luliana V. Ene
(ANR)

Fondation pour la Recherche Médicale Espoirs de la Recherche Eli I. Maciel
(FRM) Postdoctoral Fellowship

Institut Pasteur Pasteur Carnot PTR luliana V. Ene
CIFAR luliana V. Ene
AUTHOR CONTRIBUTIONS

Cécile Gautier, Data curation, Formal analysis, Investigation, Methodology, Validation,
Writing - original draft | Eli I. Maciel, Data curation, Formal analysis, Investigation,
Methodology, Validation, Writing - original draft | luliana V. Ene, Conceptualization,
Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project
administration, Supervision, Validation, Visualization, Writing - original draft, Writing -
review and editing

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Figure S1 (Spectrum04041-23-S0001.tiff). Drug response measurements for the set of
12 C. albicans isolates.

Figure S2 (Spectrum04041-23-S0002.tiff). Heteroresistance rate correlations for C.
albicans isolates.

Figure S3 (Spectrum04041-23-50003.tiff). FLC susceptibility and tolerance for isolates
recovered from Single Cell Assays.

Figure S4 (Spectrum04041-23-S0004.tiff). RPMI medium cannot accurately distinguish
between susceptible, tolerant, and heteroresistant isolates.

April 2024 Volume 12 Issue 4

Microbiology Spectrum

10.1128/spectrum.04041-2318

Downloaded from https://journal s.asm.org/journal/spectrum on 19 December 2024 by 157.99.174.85.


https://doi.org/10.1128/spectrum.04041-23
https://doi.org/10.1128/spectrum.04041-23

Methods and Protocols

Microbiology Spectrum

Figure S5 (Spectrum04041-23-S0005.tiff). Drug response measurements of isolates
from other species.
Figure S6 (Spectrum04041-23-S0006.tiff). Heteroresistance rate correlations for isolates
from other species.
Figure S7 (Spectrum04041-23-S0007.tiff). Validation of colonies recovered from PAP
assays of isolates from other species.

REFERENCES

1.

April 2024 Volume 12

Denning DW. 2024. Global incidence and mortality of severe fungal
disease. Lancet Infect Dis:S1473-3099(23)00692-8. https://doi.org/10.
1016/51473-3099(23)00692-8

Bongomin F, Gago S, Oladele RO, Denning DW. 2017. Global and multi-
national prevalence of fungal diseases-estimate precision. J Fungi (Basel)
3:57. https://doi.org/10.3390/jof3040057

Lionakis MS, Netea MG. 2013. Candida and host determinants of
susceptibility to invasive candidiasis. PLoS Pathog 9:1003079. https://
doi.org/10.1371/journal.ppat.1003079

Robbins N, Caplan T, Cowen LE. 2017. Molecular evolution of antifungal
drug resistance. Annu Rev Microbiol 71:753-775. https://doi.org/10.
1146/annurev-micro-030117-020345

Arendrup MC, Arikan-Akdagli S, Jergensen KM, Barac A, Steinmann J,
Toscano C, Arsenijevic VA, Sartor A, Lass-FIorl C, Hamprecht A, et al. 2023.
European candidaemia is characterised by notable differential
epidemiology and susceptibility pattern: results from the ECMM Candida
Il study. J Infect 87:428-437. https://doi.org/10.1016/j.jinf.2023.08.001
de Oliveira Santos GC, Vasconcelos CC, Lopes AJO, de Sousa Cartagenes
Mdo S, Filho A, do Nascimento FRF, Ramos RM, Pires E, de Andrade MS,
Rocha FMG, de Andrade Monteiro C. 2018. Candida infections and
therapeutic strategies: mechanisms of action for traditional and
alternative agents. Front Microbiol 9:1351. https://doi.org/10.3389/
fmicb.2018.01351

Hoenigl M, Sprute R, Egger M, Arastehfar A, Cornely OA, Krause R, Lass-
Florl C, Prattes J, Spec A, Thompson GR, Wiederhold N, Jenks JD. 2021.
The antifungal pipeline: fosmanogepix, ibrexafungerp, olorofim,
opelconazole, and rezafungin. Drugs 81:1703-1729. https://doi.org/10.
1007/540265-021-01611-0

Prasad R, Nair R, Banerjee A. 2019. Emerging mechanisms of drug
resistance in Candida albicans. Prog Mol Subcell Biol 58:135-153. https://
doi.org/10.1007/978-3-030-13035-0_6

Arastehfar A, Gabaldon T, Garcia-Rubio R, Jenks JD, Hoenigl M, Salzer
HJF, Ilkit M, Lass-Florl C, Perlin DS. 2020. Drug-resistant fungi: an
emerging challenge threatening our limited antifungal armamentarium.
Antibiotics (Basel) 9:877. https://doi.org/10.3390/antibiotics9120877
Arastehfar A, Lass-Florl C, Garcia-Rubio R, Daneshnia F, Ilkit M, Boekhout
T, Gabaldon T, Perlin DS. 2020. The quiet and underappreciated rise of
drug-resistant invasive fungal pathogens. J Fungi (Basel) 6:138. https://
doi.org/10.3390/jof6030138

Fisher MC, Alastruey-lzquierdo A, Berman J, Bicanic T, Bignell EM, Bowyer
P, Bromley M, Briggemann R, Garber G, Cornely OA, Gurr SJ, Harrison TS,
Kuijper E, Rhodes J, Sheppard DC, Warris A, White PL, Xu J, Zwaan B,
Verweij PE. 2022. Tackling the emerging threat of antifungal resistance
to human health. Nat Rev Microbiol 20:557-571. https://doi.org/10.
1038/541579-022-00720-1

Harris E. 2023. CDC: Candida auris fungal infections and drug resistance
on the rise. JAMA 329:1248. https://doi.org/10.1001/jama.2023.5255
Daneshnia F, de Almeida Janior JN, llkit M, Lombardi L, Perry AM, Gao M,
Nobile CJ, Egger M, Perlin DS, Zhai B, Hohl TM, Gabaldén T, Colombo AL,
Hoenigl M, Arastehfar A. 2023. Worldwide emergence of fluconazole-
resistant Candida parapsilosis: current framework and future research
roadmap. Lancet Microbe 4:e470-e480. https://doi.org/10.1016/52666-
5247(23)00067-8

Lockhart SR, Chowdhary A, Gold JAW. 2023. The rapid emergence of
antifungal-resistant human-pathogenic fungi. Nat Rev Microbiol 21:818-
832. https://doi.org/10.1038/s41579-023-00960-9

Pappas PG, Kauffman CA, Andes DR, Clancy CJ, Marr KA, Ostrosky-
Zeichner L, Reboli AC, Schuster MG, Vazquez JA, Walsh TJ, Zaoutis TE,
Sobel JD. 2016. Clinical practice guideline for the management of
candidiasis: 2016 update by the infectious diseases society of America.
Clin Infect Dis 62:e1-50. https://doi.org/10.1093/cid/civ933

Issue 4

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Pfaller MA, Diekema DJ, Turnidge JD, Castanheira M, Jones RN. 2019.
Twenty years of the SENTRY antifungal surveillance program: results for
Candida species from 1997-2016. Open Forum Infect Dis 6:579-S94.
https://doi.org/10.1093/ofid/ofy358

Hitchcock CA, Dickinson K, Brown SB, Evans EG, Adams DJ. 1990.
Interaction of azole antifungal antibiotics with cytochrome P-450-
dependent 14 alpha-sterol demethylase purified from Candida albicans.
Biochem J 266:475-480. https://doi.org/10.1042/bj2660475

Cowen LE, Sanglard D, Howard SJ, Rogers PD, Perlin DS. 2014.
Mechanisms of antifungal drug resistance. Cold Spring Harb Perspect
Med 5:a019752. https://doi.org/10.1101/cshperspect.a019752
Dewachter L, Fauvart M, Michiels J. 2019. Bacterial heterogeneity and
antibiotic survival: understanding and combatting persistence and
heteroresistance. Mol Cell 76:255-267. https://doi.org/10.1016/j.molcel.
2019.09.028

Ben-Ami R, Zimmerman O, Finn T, Amit S, Novikov A, Wertheimer N,
Lurie-Weinberger M, Berman J. 2016. Heteroresistance to fluconazole is a
continuously distributed phenotype among Candida glabrata clinical
strains associated with in vivo persistence. mBio 7:e00655-16. https://doi.
org/10.1128/mBio.00655-16

Sionov E, Chang YC, Garraffo HM, Kwon-Chung KJ. 2009. Heteroresist-
ance to fluconazole in Cryptococcus neoformans is intrinsic and
associated with virulence. Antimicrob Agents Chemother 53:2804-2815.
https://doi.org/10.1128/AAC.00295-09

Sionov E, Chang YC, Kwon-Chung KJ. 2013. Azole heteroresistance in
Cryptococcus neoformans: emergence of resistant clones with chromoso-
mal disomy in the mouse brain during fluconazole treatment.
Antimicrob Agents Chemother 57:5127-5130. https://doi.org/10.1128/
AAC.00694-13

Stone NR, Rhodes J, Fisher MC, Mfinanga S, Kivuyo S, Rugemalila J, Segal
ES, Needleman L, Molloy SF, Kwon-Chung J, Harrison TS, Hope W,
Berman J, Bicanic T. 2019. Dynamic ploidy changes drive fluconazole
resistance in human cryptococcal meningitis. J Clin Invest 129:999-1014.
https://doi.org/10.1172/JCI124516

Varma A, Kwon-Chung KJ. 2010. Heteroresistance of Cryptococcus gattii
to fluconazole. Antimicrob Agents Chemother 54:2303-2311. https:/
doi.org/10.1128/AAC.00153-10

Zhai B, Liao C, Jaggavarapu S, Tang Y, Rolling T, Ning Y, Sun T, Bergin SA,
Gjonbalaj M, Miranda E, Babady NE, Bader O, Taur Y, Butler G, Zhang L,
Xavier JB, Weiss DS, Hohl TM. 2022. Echinocandin heteroresistance
causes prophylaxis failure and facilitates breakthrough Candida
parapsilosis  infection. Medrxiv. https://doi.org/10.1101/2022.05.29.
22275734

Berman J, Krysan DJ. 2020. Drug resistance and tolerance in fungi. Nat
Rev Microbiol 18:319-331. https://doi.org/10.1038/s41579-019-0322-2
Mondon P, Petter R, Amalfitano G, Luzzati R, Concia E, Polacheck I, Kwon-
Chung KJ. 1999. Heteroresistance to fluconazole and voriconazole in
Cryptococcus neoformans. Antimicrob Agents Chemother 43:1856-1861.
https://doi.org/10.1128/AAC.43.8.1856

Rosenberg A, Ene IV, Bibi M, Zakin S, Segal ES, Ziv N, Dahan AM,
Colombo AL, Bennett RJ, Berman J. 2018. Antifungal tolerance is a
subpopulation effect distinct from resistance and is associated with
persistent candidemia. Nat Commun 9:2470. https://doi.org/10.1038/
s41467-018-04926-x

Feng Y, Lu H, Whiteway M, Jiang Y. 2023. Understanding fluconazole
tolerance in Candida albicans: implications for effective treatment of
candidiasis and combating invasive fungal infections. J Glob Antimicrob
Resist 35:314-321. https://doi.org/10.1016/j.jgar.2023.10.019

El-Halfawy OM, Valvano MA. 2015. Antimicrobial heteroresistance: an
emerging field in need of clarity. Clin Microbiol Rev 28:191-207. https://
doi.org/10.1128/CMR.00058-14

10.1128/spectrum.04041-2319

Downloaded from https://journal s.asm.org/journal/spectrum on 19 December 2024 by 157.99.174.85.


https://doi.org/10.1016/S1473-3099(23)00692-8
https://doi.org/10.3390/jof3040057
https://doi.org/10.1371/journal.ppat.1003079
https://doi.org/10.1146/annurev-micro-030117-020345
https://doi.org/10.1016/j.jinf.2023.08.001
https://doi.org/10.3389/fmicb.2018.01351
https://doi.org/10.1007/s40265-021-01611-0
https://doi.org/10.1007/978-3-030-13035-0_6
https://doi.org/10.3390/antibiotics9120877
https://doi.org/10.3390/jof6030138
https://doi.org/10.1038/s41579-022-00720-1
https://doi.org/10.1001/jama.2023.5255
https://doi.org/10.1016/S2666-5247(23)00067-8
https://doi.org/10.1038/s41579-023-00960-9
https://doi.org/10.1093/cid/civ933
https://doi.org/10.1093/ofid/ofy358
https://doi.org/10.1042/bj2660475
https://doi.org/10.1101/cshperspect.a019752
https://doi.org/10.1016/j.molcel.2019.09.028
https://doi.org/10.1128/mBio.00655-16
https://doi.org/10.1128/AAC.00295-09
https://doi.org/10.1128/AAC.00694-13
https://doi.org/10.1172/JCI124516
https://doi.org/10.1128/AAC.00153-10
https://doi.org/10.1101/2022.05.29.22275734
https://doi.org/10.1038/s41579-019-0322-2
https://doi.org/10.1128/AAC.43.8.1856
https://doi.org/10.1038/s41467-018-04926-x
https://doi.org/10.1016/j.jgar.2023.10.019
https://doi.org/10.1128/CMR.00058-14
https://doi.org/10.1128/spectrum.04041-23

Methods and Protocols

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

43,

44,

45,

April 2024 Volume 12

Andersson DI, Nicoloff H, Hjort K. 2019. Mechanisms and clinical
relevance of bacterial heteroresistance. Nat Rev Microbiol 17:479-496.
https://doi.org/10.1038/541579-019-0218-1

Alexander HE, Leidy G. 1947. Mode of action of streptomycin on type b
Hemophilus influenzae: Il. nature of resistant variants. J Exp Med 85:607-
621. https://doi.org/10.1084/jem.85.6.607

Kayser FH, Benner EJ, Hoeprich PD. 1970. Acquired and native resistance
of Staphylococcus aureus to cephalexin and other beta-lactam
antibiotics. Appl Microbiol 20:1-5. https://doi.org/10.1128/am.20.1.1-5.
1970

Falagas ME, Makris GC, Dimopoulos G, Matthaiou DK. 2008. Heteroresist-
ance: a concern of increasing clinical significance? Clin Microbiol Infect
14:101-104. https://doi.org/10.1111/j.1469-0691.2007.01912.x

Sionov E, Lee H, Chang YC, Kwon-Chung KJ. 2010. Cryptococcus
neoformans overcomes stress of azole drugs by formation of disomy in
specific multiple chromosomes. PLoS Pathog 6:21000848. https://doi.
org/10.1371/journal.ppat.1000848

Gerstein AC, Rosenberg A, Hecht |, Berman J. 2016. diskimageR:
quantification of resistance and tolerance to antimicrobial drugs using
disk diffusion assays. Microbiology162:1059-1068. https://doi.org/10.
1099/mic.0.000295

Arendrup MC, Friberg N, Mares M, Kahlmeter G, Meletiadis J, Guinea J,
Subcommittee on Antifungal Susceptibility Testing (AFST) of the
ESCMID European Committee for Antimicrobial Susceptibility Testing
(EUCAST). 2020. How to interpret MICs of antifungal compounds
according to the revised clinical breakpoints v. 10.0 European committee
on antimicrobial susceptibility testing (EUCAST). Clin Microbiol Infect
26:1464-1472. https://doi.org/10.1016/j.cmi.2020.06.007

Lyons N, Berman J. 2023. Protocols for measuring tolerant and
heteroresistant drug responses of pathogenic yeasts. Methods Mol Biol
2658:67-79. https://doi.org/10.1007/978-1-0716-3155-3_6

Ford CB, Funt JM, Abbey D, Issi L, Guiducci C, Martinez DA, Delorey T, Li
BY, White TC, Cuomo C, Rao RP, Berman J, Thompson DA, Regev A. 2015.
The evolution of drug resistance in clinical isolates of Candida albicans.
Elife 4:e00662. https://doi.org/10.7554/eLife.00662

Wu W, Lockhart SR, Pujol C, Srikantha T, Soll DR. 2007. Heterozygosity of
genes on the sex chromosome regulates Candida albicans virulence. Mol
Microbiol ~ 64:1587-1604.  https://doi.org/10.1111/j.1365-2958.2007.
05759.x

Fonzi WA, Irwin MY. 1993. Isogenic strain construction and gene
mapping in Candida albicans. Genetics 134:717-728. https://doi.org/10.
1093/genetics/134.3.717

Ropars J, Maufrais C, Diogo D, Marcet-Houben M, Perin A, Sertour N,
Mosca K, Permal E, Laval G, Bouchier C, et al. 2018. Gene flow contributes
to diversification of the major fungal pathogen Candida albicans. Nat
Commun 9:2253. https://doi.org/10.1038/s41467-018-04787-4

Alabi PE, Gautier C, Murphy TP, Gu X, Lepas M, Aimanianda V, Sello JK,
Ene IV. 2023. Small molecules restore azole activity against drug-tolerant
and drug-resistant Candida isolates. mBio 14:e0047923. https://doi.org/
10.1128/mbio.00479-23

Coste AT, Crittin J, Bauser C, Rohde B, Sanglard D. 2009. Functional
analysis of cis- and trans-acting elements of the Candida albicans CDR2
promoter with a novel promoter reporter system. Eukaryot Cell 8:1250-
1267. https://doi.org/10.1128/EC.00069-09

Cantén E, Espinel-Ingroff A, Peméan J. 2009. Trends in antifungal
susceptibility testing using CLSI reference and commercial methods.

Issue 4

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Microbiology Spectrum

Expert Rev Anti Infect Ther
14787210.7.1.107

Roch M, Sierra R, Andrey DO. 2023. Antibiotic heteroresistance in ESKAPE
pathogens, from bench to bedside. Clin Microbiol Infect 29:320-325.
https://doi.org/10.1016/j.cmi.2022.10.018

Todd RT, Soisangwan N, Peters S, Kemp B, Crooks T, Gerstein A, Selmecki
A. 2023. Antifungal drug concentration impacts the spectrum of
adaptive mutations in Candida albicans. Mol Biol Evol 40:msad009. https:
//doi.org/10.1093/molbev/msad009

Yang F, Scopel EFC, Li H, Sun L-L, Kawar N, Cao Y-B, Jiang Y-Y, Berman J.
2023. Antifungal tolerance and resistance emerge at distinct drug
concentrations and rely upon different aneuploid chromosomes. mBio
14:€0022723. https://doi.org/10.1128/mbio.00227-23

Pereira C, Larsson J, Hjort K, EIf J, Andersson DI. 2021. The highly
dynamic nature of bacterial heteroresistance impairs its clinical
detection. Commun Biol 4:521. https://doi.org/10.1038/s42003-021-
02052-x

Rex JH, Pfaller MA, Rinaldi MG, Polak A, Galgiani JN. 1993. Antifungal
susceptibility testing. Clin Microbiol Rev 6:367-381. https://doi.org/10.
1128/CMR.6.4.367

Rodriguez-Tudela JL, Martinez-Suarez JV. 1995. Defining conditions for
microbroth antifungal susceptibility tests: influence of RPMI and
RPMI-2% glucose on the selection of endpoint criteria. J Antimicrob
Chemother 35:739-749. https://doi.org/10.1093/jac/35.6.739

Schoofs A, Odds FC, Colebunders R, leven M, Wouters L, Goossens H.
1997. Isolation of Candida species on media with and without added
fluconazole reveals high variability in relative growth susceptibility
phenotypes. Antimicrob Agents Chemother 41:1625-1635. https://doi.
org/10.1128/AAC.41.8.1625

Anaissie E, Paetznick V, Bodey GP. 1991. Fluconazole susceptibility
testing of Candida albicans: microtiter method that is independent of
inoculum size, temperature, and time of reading. Antimicrob Agents
Chemother 35:1641-1646. https://doi.org/10.1128/AAC.35.8.1641
Coenye T, De Vos M, Vandenbosch D, Nelis H. 2008. Factors influencing
the trailing endpoint observed in Candida albicans susceptibility testing
using the CLSI procedure. Clin Microbiol Infect 14:495-497. https://doi.
org/10.1111/j.1469-0691.2008.01956.x

Agrawal D, Patterson TF, Rinaldi MG, Revankar SG. 2007. Trailing end-
point phenotype of Candida spp. in antifungal susceptibility testing to
fluconazole is eliminated by altering incubation temperature. J Med
Microbiol 56:1003-1004. https://doi.org/10.1099/jmm.0.47168-0

Marr KA, Rustad TR, Rex JH, White TC. 1999. The trailing end point
phenotype in antifungal susceptibility testing is pH dependent.
Antimicrob Agents Chemother 43:1383-1386. https://doi.org/10.1128/
AAC43.6.1383

Ene 1V, Farrer RA, Hirakawa MP, Agwamba K, Cuomo CA, Bennett RJ.
2018. Global analysis of mutations driving microevolution of a
heterozygous diploid fungal pathogen. Proc Natl Acad Sci USA
115:E8688-E8697. https://doi.org/10.1073/pnas.1806002115

Harrison BD, Hashemi J, Bibi M, Pulver R, Bavli D, Nahmias Y, Wellington
M, Sapiro G, Berman J. 2014. A tetraploid intermediate precedes
aneuploid formation in yeasts exposed to fluconazole. PLoS Biol
12:e1001815. https://doi.org/10.1371/journal.pbio.1001815

7:107-119. https://doi.org/10.1586/

10.1128/spectrum.04041-2320

Downloaded from https://journal s.asm.org/journal/spectrum on 19 December 2024 by 157.99.174.85.


https://doi.org/10.1038/s41579-019-0218-1
https://doi.org/10.1084/jem.85.6.607
https://doi.org/10.1128/am.20.1.1-5.1970
https://doi.org/10.1111/j.1469-0691.2007.01912.x
https://doi.org/10.1371/journal.ppat.1000848
https://doi.org/10.1099/mic.0.000295
https://doi.org/10.1016/j.cmi.2020.06.007
https://doi.org/10.1007/978-1-0716-3155-3_6
https://doi.org/10.7554/eLife.00662
https://doi.org/10.1111/j.1365-2958.2007.05759.x
https://doi.org/10.1093/genetics/134.3.717
https://doi.org/10.1038/s41467-018-04787-4
https://doi.org/10.1128/mbio.00479-23
https://doi.org/10.1128/EC.00069-09
https://doi.org/10.1586/14787210.7.1.107
https://doi.org/10.1016/j.cmi.2022.10.018
https://doi.org/10.1093/molbev/msad009
https://doi.org/10.1128/mbio.00227-23
https://doi.org/10.1038/s42003-021-02052-x
https://doi.org/10.1128/CMR.6.4.367
https://doi.org/10.1093/jac/35.6.739
https://doi.org/10.1128/AAC.41.8.1625
https://doi.org/10.1128/AAC.35.8.1641
https://doi.org/10.1111/j.1469-0691.2008.01956.x
https://doi.org/10.1099/jmm.0.47168-0
https://doi.org/10.1128/AAC.43.6.1383
https://doi.org/10.1073/pnas.1806002115
https://doi.org/10.1371/journal.pbio.1001815
https://doi.org/10.1128/spectrum.04041-23

	Approaches for identifying and measuring heteroresistance in azole-susceptible Candida isolates
	MATERIALS AND METHODS
	C. albicans strains and growth
	MIC testing
	Disk diffusion assays
	PAP assays
	Short PAP assays
	Single-cell assays
	Statistical analyses

	RESULTS
	Disk diffusion assays can detect the presence of heteroresistant colonies
	PAP assays can accurately measure C. albicans azole heteroresistance
	Single-cell assays as a method for quantifying heteroresistance in liquid assays
	RPMI solid medium does not accurately reflect different azole responses
	Multiple Candida species display azole heteroresistance

	DISCUSSION


