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Delicate Metabolic Control and Coordinated Stress Response Critically
Determine Antifungal Tolerance of Candida albicans Biofilm Persisters
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Candida infection has emerged as a critical health care burden worldwide, owing to the formation of robust biofilms against
common antifungals. Recent evidence shows that multidrug-tolerant persisters critically account for biofilm recalcitrance, but
their underlying biological mechanisms are poorly understood. Here, we first investigated the phenotypic characteristics of Can-
dida biofilm persisters under consecutive harsh treatments of amphotericin B. The prolonged treatments effectively killed the
majority of the cells of biofilms derived from representative strains of Candida albicans, Candida glabrata, and Candida tropi-
calis but failed to eradicate a small fraction of persisters. Next, we explored the tolerance mechanisms of the persisters through
an investigation of the proteomic profiles of C. albicans biofilm persister fractions by liquid chromatography-tandem mass spec-
trometry. The C. albicans biofilm persisters displayed a specific proteomic signature, with an array of 205 differentially ex-
pressed proteins. The crucial enzymes involved in glycolysis, the tricarboxylic acid cycle, and protein synthesis were markedly
downregulated, indicating that major metabolic activities are subdued in the persisters. It is noteworthy that certain metabolic
pathways, such as the glyoxylate cycle, were able to be activated with significantly increased levels of isocitrate lyase and malate
synthase. Moreover, a number of important proteins responsible for Candida growth, virulence, and the stress response were
greatly upregulated. Interestingly, the persisters were tolerant to oxidative stress, despite highly induced intracellular superox-
ide. The current findings suggest that delicate metabolic control and a coordinated stress response may play a crucial role in me-

diating the survival and antifungal tolerance of Candida biofilm persisters.

F ungal infections are a common and critical problem associated
with extremely high morbidity and mortality rates, especially
in immunocompromised individuals (1, 2). Candida species are
the predominant pathogens in fungal infections, as they are part of
normal human microbiota and are ubiquitous in the oral cavity,
gastrointestinal tract, and skin of healthy individuals. Under par-
ticular conditions, these opportunistic pathogens might contrib-
ute to various superficial and even life-threatening systemic infec-
tions (3). It has been recognized that biofilm is the preferred mode
of growth and existence for microorganisms, including Candida
species, and =65% of human infections are attributed to biofilm
formation and persistence (4). Biofilms attach to surfaces/inter-
faces and form by embedding themselves in a protective extracel-
lular polymeric matrix. In particular, Candida species are notori-
ous biofilm formers on indwelling medical devices, which is
directly linked to therapeutic failure (3, 5). We and other groups
have shown that Candida biofilms are highly resistant to antifun-
gals (6, 7). Certain hypotheses have been made to elaborate on the
mechanisms of increased antifungal resistance in Candida bio-
films, such as the presence of extracellular polymeric substance,
the oxidative stress response, and a highly drug-tolerant persister
population (8, 9).

Microbial persisters are a subset of microorganisms that have
escaped from lethal-dose antimicrobial treatments. Unlike resis-
tant mutants, persisters are multidrug-tolerant phenotypic vari-
ants without acquired genetically heritable resistance (10, 11). The
concept of persisters was first proposed by Bigger in 1944 (12). It
was demonstrated that a growing culture of Staphylococcus pyo-
genes could not be completely sterilized by penicillin (12). How-
ever, the importance of persisters in infections was not well rec-
ognized until the recent discovery of persisters in the biofilm
community of pathogenic microbes, such as Pseudomonas aerugi-
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nosa, Escherichia coli, and Mycobacterium tuberculosis (13-15).
Biofilms provide a barrier against the immune system and antimi-
crobials and prevent persisters contained in the biofilms from be-
ing mopped up by immune cells. Once antimicrobial treatment
stops, persisters are capable of reviving from the challenges and
repopulating the biofilms (10). It is believed that persisters are
responsible for the recalcitrance and relapse of many human dis-
eases, such as tuberculosis, cystic fibrosis, and candidiasis (11, 16).
Several studies recently reported similar findings in Candida bio-
films. Persisters have been detected in Candida albicans biofilms
when exposed to high concentrations of antifungals (17, 18), while
others are unable to find persisters in biofilms of some Candida
strains, including C. albicans SC5314 and certain clinical isolates
of C. glabrata and C. tropicalis (19). Therefore, there is still con-
troversy on the presence of persisters in Candida biofilms as a
universal trait.

It is evident that persisters have caused a heavy clinical burden,
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but the biological basis of these tolerant cells remains elusive.
Growth arrest triggered by toxin-antitoxin (TA) systems has been
the prevailing hypothesis for the survival of microbial persisters,
based on the notion that antimicrobials target mainly actively
growing cells (20). However, recent studies suggest that dormancy
is not the sole mechanism, and some active cellular processes are
critical for cellular survival, including active drug efflux and pro-
tection against reactive oxygen species (ROS) (11, 20). Neverthe-
less, our understanding of biofilm persisters is very limited. Cur-
rently, the survival mechanisms of Candida biofilm persisters
remain unclear. Although one study reported that superoxide dis-
mutase may be associated with C. albicans biofilm persistence
against miconazole (18), extensive investigations are urgently
needed to elucidate the exact underlying mechanisms.

Given the uncertainty about the presence of persisters in Can-
dida biofilms, here, we first identified the profiles of Candida bio-
film persisters in vitro. We then investigated the effects of consec-
utive antifungal treatments on the persisters. Our data show that
Candida biofilms harbor a small fraction of antifungal-tolerant
persisters that are unaffected by prolonged courses of treatment.
To further explore the survival mechanisms of C. albicans biofilm
persisters, we examined their proteome profiles through mass
spectrometry (MS)-based shotgun proteomics, and an array of
essential proteins for the antifungal tolerance of the persisters was
identified. The results indicate that the persisters tend to enter into
a metabolically inactive state while exhibiting solid responses to
intensive antifungal stress. These novel findings suggest that per-
sisters may be the keystone subpopulation for Candida biofilm
resistance and survival, and this study offers new insights into the
development of effective antibiofilm therapeutic approaches.

MATERIALS AND METHODS

Candida strains and growth conditions. A total of six well-defined
strains from three representative Candida species were employed in this
study, including three reference strains (C. albicans SC5314, C. glabrata
ATCC 90030, and C. tropicalis ATCC 13803), and three clinical isolates
(C. albicans BF-1, C. glabrata T1570, and C. tropicalis T1427). These spe-
cies were successfully used in our previous studies (6, 21). The API 32C
identification system (bioMérieux, Marcy I’Etoile, France) confirmed the
identities of these Candida strains. All Candida strains were streaked on
Sabouraud dextrose agar (SDA) (Gibco Ltd., Paisley, United Kingdom)
and incubated at 37°C for 24 h. For broth culture, a Candida inoculum
was grown overnight in yeast nitrogen base (YNB) medium (Difco,
Franklin Lakes, NJ) supplemented with 50 mM glucose in a shaking incu-
bator at 80 rpm. At late-exponential-growth phase, Candida cells were
harvested by centrifugation and washed twice with 0.1 M phosphate-buff-
ered saline (PBS) (pH 7.2) for further biofilm experiments. Alternatively,
the filamentous growth of C. albicans BF-1 was carried out in Spider
medium (1% nutrient broth, 1% mannitol, and 0.2% K,HPO,) (22) and
used for subsequent transcriptional analysis.

Biofilm formation. Candida biofilms were established on presteril-
ized 24-well polystyrene plates (Iwaki, Tokyo, Japan), according to a stan-
dard method described previously, with minor modifications (6). Briefly,
washed cells were resuspended in YNB medium containing 100 mM glu-
cose, unless otherwise specified, and adjusted to 1 X 107 cells/ml. Next, 1
ml of the standardized suspension was added to the wells of a plate and
incubated at 37°C for 1.5 h in a shaking incubator at 80 rpm to allow cell
adherence. Following the adhesion stage, nonadherent cells were aspi-
rated, and each well was washed with 1 ml of PBS. Afterwards, 1 ml of new
YNB medium containing 100 mM glucose was pipetted into each well.
The plates were incubated at 37°C in a shaking incubator at 80 rpm for 48
h to obtain mature biofilms.
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Antifungal susceptibility test and XTT reduction assay. Stock solu-
tions (6.4 mg/ml) of amphotericin B (AMB) (Sigma, St. Louis, MO) were
prepared in dimethyl sulfoxide. A 2-fold serial dilution was conducted
with YNB medium containing 100 mM glucose to produce final concen-
trations ranging from 1 to 256 wg/ml. Candida biofilms were washed with
1 ml of PBS and incubated in growth medium with different concentra-
tions of AMB, and growth medium without AMB was used as a control.

After 24 h of incubation at 37°C, the metabolic activity of biofilms was
determined by using the 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-
[(phenylamino)carbonyl]-2H-tetrazolium hydroxide (XTT) reduction
assay, as previously described by our group (23). An XTT (Sigma) solu-
tion (1 mg/ml in PBS) and a menadione (Sigma) solution (0.4 mM) were
prepared and mixed. The final concentration was adjusted with PBS to 0.2
mg/ml for XTT and 0.004 mM for menadione. The biofilms were washed
twice with 1 ml of PBS, and 1 ml of the mixed XTT solution was pipetted
into each well for incubation in the dark at 37°C for 3 h. The colorimetric
changes were measured by transferring 200 wl of the supernatant into a
96-well plate (Iwaki) and reading at 490 nm in a SpectraMax 340 tunable
microplate reader (Molecular Devices Ltd., Sunnyvale, CA). Each assay
was performed in parallel on three separate occasions.

Consecutive treatments of Candida biofilms and quantitation of
persisters. First, the C. albicans BF-1 biofilms were treated with 1 ml of
different concentrations of AMB (1 to 256 pg/ml) for 24 h at 37°C. The
biofilms were then washed twice with 1 ml of PBS, and cells were
harvested by scraping and vigorous vortexing in 1 ml of PBS. The
surviving cells were quantified by serial dilution and plating on SDA
for counting of the CFU.

Next, to detect and quantify persisters of all six Candida biofilms, 1 ml
of growth medium containing 256 pw.g/ml AMB was added to the biofilms
for 24 h. The number of viable cells was determined, according the same
procedure mentioned above. The total cell numbers of untreated biofilms
were also recorded. Afterwards, consecutive treatments with AMB were
undertaken for another 72 h. The old media were aspirated every 24 h and
replaced by 1 ml of fresh ones containing 256 ng/ml AMB, and the num-
ber of viable cells was quantified with CFU.

LIVE/DEAD staining and confocal laser scanning microscopy. The
viability of AMB-treated biofilms was further evaluated by LIVE/DEAD
staining and confocal laser scanning microscopy (CLSM), as described
previously (24). Candida biofilms were formed on polystyrene disks and
treated with AMB (256 pg/ml). After 24 h of treatment and 48 h of con-
secutive treatments, biofilms were stained using the LIVE/DEAD
BacLight viability kit (Molecular Probes, Eugene, OR) in the dark for 30
min. Images were obtained by scanning the biofilms in a CLSM system
(FluoView FV 1000; Olympus, Tokyo, Japan).

Sample preparation for mass spectrometry. To investigate the sur-
vival mechanisms of Candida biofilm persisters, C. albicans BF-1 biofilms
were treated with 256 pg/ml AMB for 24 h. After washing twice with 1 ml
of PBS, cells of treated and untreated biofilms were harvested and lysed
with yeast protein extraction reagent (Y-PER) (Pierce Biotechnology,
Rockford, IL), according to the manufacturer’s protocol. The cell lysates
were centrifuged at 13,200 rpm for 10 min, and the supernatants were
reserved to determine the protein content using the Bradford assay (Bio-
Rad, Hercules, CA). Prior to in-solution digestion, the samples were
mixed with acetone and incubated at —20°C for 30 min to precipitate
proteins. Afterwards, proteins were resuspended with 8 M urea in 0.1 M
Tris-HCI, reduced by 20 mM dithiothreitol, and alkylated with 25 mM
iodoacetamide. Sequencing-grade trypsin (Promega, Madison, WI) was
added in a protease-to-protein ratio of 1:100 (wt/wt) to digest the proteins
at 37°C overnight. The output peptides were then desalted and purified
using StageTips, as described previously (25). The experiments were in-
dependently repeated three times.

Liquid chromatography-tandem MS analysis. The liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS) experiments were
performed on a nanoflow high-performance liquid chromatography
(HPLC) coupled to an LTQ Orbitrap Velos mass spectrometer (Thermo
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TABLE 1 MICs of AMB against Candida biofilms
AMB MICs ([pg/ml]/[uM])*

Strain MIC;, MICys

C. albicans SC5314 2.0/2.2 64/70.4

C. albicans BF-1 2.0/2.2 32/35.2

C. glabrata 90030 2.0/2.2 128/140.8
C. glabrata T1570 1.0/1.1 16/17.6

C. tropicalis 13803 1.0/1.1 >256/281.6
C. tropicalis T1427 1.0/1.1 256/281.6

“ The MICs, and MICy; are defined as the lowest AMB concentration with a 50% and
95% reduction in absorbance, respectively, compared to the controls assessed by XTT
reduction assay.

Fisher Scientific, Waltham, MA). Peptides were dried down using Speed-
Vac (Thermo Fisher Scientific) and redissolved in 0.1% formic acid. Af-
terwards, the peptide samples were separated by reverse-phase chroma-
tography using an in-house-made PicoTip column (New Objective,
Woburn, MA) (360 pm outer diameter, 75 wm inner diameter, 15-pm
tip), packed with 8 to 10 cm of octadecyl-silica (ODS)-A C, 4 5-pm phase
(YMC, Allentown, PA). Peptides were rinsed with buffer A (0.1% formic
acid) for 5 min and eluted with a 150-min linear gradient from 2 to 35%
buffer B (100% acetonitrile, 0.1% formic acid). The LTQ Orbitrap was
operated in a data-dependent manner through a full scan, followed by
collision-induced dissociation on the 20 most abundant ions.

Data processing and bioinformatics analysis. The MS data were an-
alyzed with the MaxQuant software (version 1.3.0.5; Max Planck Institute
of Biochemistry, Martinsried, Germany) (26). Specifically, the MS/MS
spectra were searched by the Andromeda search engine against the refer-
ence proteome sequences of C. albicans SC5314 obtained from UniProt
release 2014_06. Label-free quantitation algorithms with default param-
eters were adopted for protein quantification. The precursor mass toler-
ance was set at 20 ppm and 6 ppm for the first search and main Androm-
eda search, respectively. The searches included methionine oxidation and
N-terminal acetylation as variable modifications and carbamidomethyla-
tion as a fixed modification. The minimum peptide length was 7 amino
acids, and a maximum of 2 missed cleavages was set. A false discovery rate
(FDR) of 0.01 was specified for peptide and protein identifications. If the
peptides were shared between multiple proteins, a protein group was re-
ported. The statistical analysis of differential protein expression between
the biofilm persisters and controls was performed by a ¢ test, with a per-
mutation-based FDR value of 0.05 using the Perseus software (version
1.4.1.3; Max Planck Institute of Biochemistry) (27). Proteins were
grouped by hierarchical clustering according to their expression profiles.
The differentially expressed proteins were annotated by Gene Ontology
(GO) enrichment analysis with BINGO (version 2.44) in the categories of
biological process, molecular function, and cellular component (28). A
GO database of C. albicans SC5314 downloaded from EMBL-EBI in July
2014 was used to map the proteins. Multiple hypothesis testing was cor-
rected with a Benjamini-Hochberg FDR threshold of 0.05.

Measurement of superoxide. The cytosol and mitochondrion super-
oxide probes (HKSOX-2 and HKSOX-2m, respectively) for the detection
of the endogenous superoxide in live cells were kindly provided by Dan
Yang at the Department of Chemistry, Faculty of Science, The University
of Hong Kong. For the measurement of superoxide levels in persisters, C.
albicans BF-1 biofilms were developed for 48 h on an ibiTreat p.-slide 8
well (ibidi, Martinsried, Germany) and treated with 256 pwg/ml AMB for
24 h. For a positive control, biofilms were cultured for 72 h and treated
with 20 pM antimycin A for 30 min. Untreated biofilms served as a neg-
ative control. The biofilms were washed and incubated with the probes (4
pwM HKSOX-2 and 2 wM HKSOX-2m) separately in the dark for 30 min.
After incubation, the biofilms were scanned to take images by CLSM.

Quantitative real-time PCR. To further evaluate and validate the role
of the differentially expressed proteins involved in the survival and toler-
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ance of biofilm persisters, the growth and biofilm development of C. al-
bicans BF-1 were determined in Spider medium. The biofilms grown in
Spider medium were treated with 256 pg/ml AMB for 24 h and pelleted.
Total RNA was extracted using the SV total RNA isolation system (Pro-
mega), and cDNA was synthesized using the iScript cDNA synthesis kit
(Bio-Rad, Hercules, CA). Quantitative PCR (qPCR) was performed using
the QuantiNova SYBR green PCR kit (Qiagen, Valencia, CA) in the
StepOnePlus real-time PCR system (Applied Biosystems, Foster City,
CA), with the following cycling conditions: 95°C for 2 min, followed by 40
cycles of 95°C for 5 s and 60°C for 30 s. Reactions were carried out in
triplicate for three independent experiments. The sequences of the prim-
ers used in this experiment are listed in Table S1 in the supplemental
material. The data were analyzed with LinRegPCR (version 2015.3) (29,
30), and the relative gene expression levels were normalized to that of the
reference gene ACT1. Statistical significance was evaluated by ¢ test, with
the significance level set at a P value of <0.05.

RESULTS

Antifungal susceptibility of Candida biofilms. An XTT reduc-
tion assay was employed to determine the susceptibility of Can-
didabiofilms. Overall, AMB displayed potent antifungal effects on
the six Candida biofilms. The MICs, (50% growth reduction) of
AMB for these biofilms ranged from 1 to 2 pg/ml. Nevertheless,
high doses of AMB were required to inhibit 95% of the growth of
the biofilms (Table 1). The dose-dependent killing of these bio-
films by AMB exhibited a biphasic trend, with a reduction of live
cells at low concentrations and a relative stable subpopulation
unaffected at high concentrations. The survival of C. albicans BF-1
biofilm in the presence of AMB is shown in Fig. 1.

Presence of persisters in Candida biofilms. After 24 h of treat-
ment with AMB at 256 pg/ml, the majority of the six Candida
biofilms were killed, while a small amount of persisters survived
(Fig. 2). The fractions of biofilm persisters were in a range of
0.01% to 0.5% among all the strains, except C. glabrata T1570. In
this case, although the untreated biofilm possessed a large popu-
lation, the fraction of persisters was extremely low (2.4 X 107'9).
A relatively low fraction of persisters was also observed in another
C. glabrata strain (ATCC 90030), despite the rapid growth of its
biofilm (Fig. 2). The cellular viability of these treated Candida

C. albicans BF-1 biofilm
Log CFU (ml!)

0 1 16 32 64 128 256
AMB Concentration (pg/ml)

FIG 1 Dose-dependent inhibition of C. albicans BF-1 biofilms by AMB after
24 h treatment. As the concentration of AMB increases, the treatment kills the
majority of C. albicans biofilms but fails to eradicate a subpopulation of the
biofilms, which remain alive even at lethal doses of AMB. The data represent
the means = SD of three biological replicates from one representative experi-
ment out of two independent experiments with similar results.
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FIG 2 AMB-tolerant persisters in Candida biofilms. The fraction of persisters is defined as the number of persisters accounting for the total cell number of the
control biofilm. It is small and varies among the strains tested, ranging from 0.01% to 0.46%, except for C. glabrata T1570 (2.4 X10~'°). The data represent the
means * SD of three biological replicates from one representative experiment out of two independent experiments with similar results.

biofilms was then assessed by LIVE/DEAD staining with CLSM,
which confirmed the presence of viable persisters in these biofilms
(Fig. 3). Taken together, these results demonstrated the presence
of persisters in all the Candida biofilms tested after 24 h of treat-
ment with AMB.

Consecutive treatments of Candida biofilm persisters. In or-
der to verify that the persisters were not leftover due to insufficient
action time and to determine the effect of consecutive antifungal
treatments on persisters, the 24-h-treated biofilms were consecu-
tively treated by AMB (256 pg/ml) for another 72 h. Interestingly,
consecutive treatments failed to control these biofilms at 48, 72,
and 96 h. The quantity of persister cells was maintained at a rela-
tively stable level (Fig. 4). Confocal images of LIVE/DEAD stain-
ing confirmed that the persisters remained alive, despite the con-
secutive AMB treatments (Fig. 3).

Specific proteomic signature of C. albicans biofilm persist-
ers. The protein expression profiles of C. albicans biofilm persist-

C. albicans BF-1

C. albicans SC5314

24h

48h

C. glabrata ATCC 90030

ers were analyzed using an MS-based shotgun proteomics ap-
proach. Digested protein samples from persister fractions and
controls of C. albicans BF-1 biofilms, each consisting of 3 biolog-
ical replicates times 3 technical replicates, were loaded for the
identification and quantification of proteins. The relative label-
free quantitation of the replicates was highly reproducible, with
average Pearson correlation coefficients of 0.952 for the persister
samples and 0.954 for the controls. The complete list of peptides
identified is presented in Data Set S1 in the supplemental material.
Those proteins assembled from shared peptides were pooled into
one protein group. A total of 903 proteins/protein groups were
identified after excluding potential contaminants and 11 proteins
without a valid label-free quantification intensity in both persist-
ers and controls (see Data Set S2 in the supplemental material). Of
those, 424 (47.0%) proteins were common to persisters and con-
trols (Fig. 5). For hierarchical clustering and statistical analysis,
the data on protein intensities were filtered to ensure that each

C. glabrata T1570 C. tropicalis ATCC 13803 C. tropicalis T1427

FIG 3 Confocal images (40X magnification) reflecting the viability of Candida biofilms treated with AMB (256 pg/ml). The preformed Candida biofilms on
polystyrene disks were exposed to AMB for 24 h (A). Afterwards, fresh AMB medium was added to treat the biofilms until 48 h (B). The treated biofilms were then
stained with viability indicators (SYTO 9 and propidium iodide) and scanned with a confocal laser scanning microscope. The bright green cells represent the
persisters that stay alive under consecutive AMB treatments. The viability experiments were undertaken twice, and the pictures presented reflect a representative
field. Scale bar = 50 pm.
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FIG 4 Consecutive treatments of Candida biofilms by AMB (256 wg/ml). The biofilms were treated with AMB consecutively for 96 h. The old media were
replaced every 24 h with fresh AMB medium. The consecutive treatments failed to control the biofilm persisters. The data represent the means = SD of three
biological replicates from one representative experiment out of two independent experiments with similar results.

biological replicate had at least one valid value. The hierarchical
clustering showed a clear disparity in protein expression profiles
between persisters and controls. The replicates from either per-
sisters or controls were grouped together and demonstrated great
similarity (Fig. 6). Compared to the controls, 96 proteins (10.6%)
were significantly upregulated (P < 0.05; FDR, 0.05), and 109
proteins (12.1%) were significantly downregulated (P < 0.05;
FDR, 0.05) in the persisters (Fig. 5). The differentially expressed
proteins were subjected to Gene Ontology (GO) enrichment anal-
ysis, which revealed 253 significantly overrepresented biological
processes (P < 0.05; FDR, 0.05) (see Data Set S3 in the supple-
mental material).

Altered metabolic activity in C. albicans biofilm persisters.
We further examined the significant protein hits involved in the
cellular metabolism of the persisters (Table 2). Interestingly, the
major energy-generating pathways in the C. albicans biofilm per-
sisters were inhibited. Among the significantly changed proteins,
the enzymes involved in glycolysis, e.g., phosphoglycerate kinase
(PGK1) and hexokinase-2 (HXK2), were all downregulated. Like-
wise, the dominating enzymes from the tricarboxylic acid (TCA)
cycle, including isocitrate dehydrogenase (IDH) and malate dehy-
drogenase (MDH), which catalyze the generation of NADH, de-
creased. Persisters also exhibited a lower level of proteins associ-

ated with the pentose phosphate pathway, the parallel pathway of
glycolysis. In contrast, a few metabolic pathways were activated in
the persisters. We observed upregulation of the key enzymes, such
as isocitrate lyase (ICL) and malate synthase (MS), in the glyoxy-
late cycle as an alternative pathway of the TCA cycle. Gluconeo-
genesis, occurring roughly in reverse order of glycolysis, was likely
to be enhanced. The protein that matched the rate-limiting en-
zyme of gluconeogenesis, namely, fructose-1, 6-bisphosphatase
(FBPase), was upregulated.

In addition, the abundance of enzymes associated with amino
acid biosynthesis, such as branched-chain-amino-acid amino-
transferase, was lower in the persisters. The expression of a highly
conserved protein, TMA19, implicated in protein synthesis and
cell growth, was reduced. We found a lower level of RNA1, a
protein responsible for RNA processing and export of RNA from
the nucleus to the cytosol. The major elongation factors (e.g.,
EF-1a, EF-2, and EF-Tu) required for translational elongation
were downregulated, whereas the fungi-unique elongation fac-
tor EF-3 was upregulated, along with several auxiliary compo-
nents (e.g., EF-1p and EF-Camlp). Interestingly, we identified
a variety of ribosomal proteins (e.g., RPS6A, RPS5, RPPO,
RPS3, RPS7A, RPL4B, RPS20, RPS1, RPS0, RPS12, RPL12, and
RPS18) and proteins involved in translation regulation (e.g.,

PiL1
° ) P4
a o Poliss
| s
/ 5 - & 2 o
Controls ' Common  Persisters ' 2 S%"U
0,
SUN41
125 424 354 CHT3
CE ' g 3
T T T T T
-4 2 0 2 4

Log?2 [Persisters/Controls] ratio

FIG 5 Protein identification and quantification in C. albicans biofilm persisters. (A) Overlap of proteins identified from the persisters (778 proteins) and controls
(549 proteins). (B) Volcano plot of quantitative differences in proteins between the persisters and controls. Proteins showing significant differences (P < 0.05;
FDR 0.05) are labeled. The green and blue circles represent significantly up- and downregulated proteins in the persisters, respectively.
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Intensity
high

*Glycolysis
(ADH1, FBAL, TPI1, ENO1)

*Cell wall integrity
(PIL1, LSP1)
*Glyoxylate cycle
(MLS1)
*Response to oxidative stress
(GRP2, TSAl)
* *Response to abiotic stimulus
(HSP90, SLK19)

FIG 6 Two-way hierarchical clustering (P, persisters; C, controls). The hierarchical clustering analysis groups the samples of persisters and controls separately,
and it shows distinct profiles of protein expression between the two clusters. Proteins that reveal the same changing patterns are clustered in the column tree on
the left. The proteins listed in the rectangles on the right display similar expression patterns.

TIF1, EGD2, PABI1, ASC1, and CAF20) that were enriched in
persisters (Table 2).

Enhanced stress response in C. albicans biofilm persisters.
The expression of proteins involved in the stress response revealed
considerable changes in the persisters. We found that proteins
from heat shock protein (HSP) family, including HSP90, HSP21,
HSP104, HSP SSA1, and HSP SSC1, were highly expressed in the
persisters (Table 2). The HSP70 molecular chaperone protein
KAR2, being essential for viability and the alleviation of the endo-
plasmic reticulum by regulation of the unfolded protein response,
was also induced. Moreover, we identified a high level of proteins
accounting for morphogenesis (e.g., BMH1, RAS1, and ASC1),
cell cycle control (e.g., BMHI1, SMT3, SLK19, and GRP2), and
surface adherence (e.g., ALS3, MP65, and CSP37), which are es-
sential for viability, virulence, and response to biotic stimulus of
C. albicans (Table 2).

The major mechanism of AMB action is to increase cell perme-
ability through binding to ergosterol present in the cell membrane
(31). Interestingly, the proteins associated with ergosterol biosyn-
thesis (e.g., MCR1, ERG10, and ERG13) were downregulated in
persisters. Meanwhile, the persisters demonstrated increased ex-
pression of cell wall integrity proteins (e.g., XOG1, BGL2, SUN41,
PCK1, SIM1, PHR2, MPGI1, SCW11, and PSA2). It has been
shown that AMB induces oxidative damage in fungal cells to en-
hance its antifungal effect (32). As expected, we observed the up-
regulation of some important cellular antioxidants (e.g., TSA1
and TTR1) in the persisters (Table 2). Several aforementioned
highly expressed proteins (HSP21, RAS1, and GRP2) also contrib-
ute to the antioxidative response. To verify whether persisters are
tolerant to oxidative stress, we adopted cytosol and mitochon-
drion superoxide probes to assess the abundance of the major
ROS. As shown in the confocal micrographs, the superoxide level
was low in the control biofilms. With reference to the controls, the
AMB treatment induced larger amount of superoxide in the per-
sisters. Notably, the majority of superoxide in the cells was located
at the mitochondrion instead of the cytosol (Fig. 7).
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Transcriptional response of C. albicans biofilm persisters in
Spider medium. Under hyphal growth conditions in Spider me-
dium, the AMB treatment gave rise to a smaller fraction (7.34E-
06) of persisters in the C. albicans BF-1 biofilms than that in YNB
medium. After 24 h treatment, the expression of both PGK1 and
HXK2 was markedly downregulated (P < 0.001), while the GRP2
and TSA1 transcripts were significantly enhanced (P < 0.05) in
the persisters compared to the controls. No statistically significant
differences were observed in the expression of RAS1, ALS3, and
BGL2 (Fig. 8).

DISCUSSION

The formation and persistence of microbial biofilms have been a
leading cause of human infections and failure of antimicrobial
therapy worldwide. The underlying mechanisms enabling the sur-
vival of biofilms remain unclear. The discovery of persisters in
both bacterial and fungal biofilms has expedited the unmasking of
this intricate issue. AMB is a potent polyene antifungal commonly
used for the treatment of systemic fungal infections through bind-
ing to the cell membrane component ergosterol and induction of
oxidative stress (31, 32). In this study, although the majority of
the six Candida biofilm cells were killed following 24 h of AMB
treatment at 256 pg/ml, a small fraction of persisters survived.
The level of persisters varied among different strains, indicating
the diversity of species susceptibility and their drug tolerance. The
results are partly similar to previous observations by other re-
searchers in biofilms of C. albicans and C. glabrata with a higher
level of persisters (17, 33). It should be noted that our current data
demonstrate the presence of persisters in biofilms of the well-
studied reference strain C. albicans SC5314. This differs from a
recent study on a reported lack of persisters in biofilms of C. albi-
cans SC5314 treated with 100 pg/ml AMB (19). It has been pro-
posed that the formation of persisters depends on biofilm adher-
ence instead of its complex architecture (17). Notably, here, we
show that the clinical isolate C. glabrata T1570 can form thick
biofilms with a large population, but interestingly, the fraction of
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TABLE 2 Annotated differentially expressed proteins in C. albicans biofilm persisters

Survival Mechanisms of Candida Biofilm Persisters

Proteins by function UniProt accession no. Gene Log, fold change Pvalue
Glycolysis
Fructose-bisphosphate aldolase QIURB4 FBAI —2.83 3.96E-09
Enolase 1 P30575 ENO1 —2.02 3.64E-07
Hexokinase-2 P83776 HXK2 —3.84 1.53E-13
Phosphoglycerate kinase P46273 PGK1 —3.42 1.11E-17
Phosphoglycerate mutase P82612 GPM1 —0.67 0.0013
Triosephosphate isomerase Q9P940 TPI1 —2.63 3.02E-12
Hexokinase-like protein® Q59K93 GLK2 —0.84 5.13E-07
Likely hexokinase” Q59178 GLK1
Likely hexokinase” Q59JX3 GLK3
Likely hexokinase® Q59RR7 GLK4
Uncharacterized protein Q5AK23 ADH1 —1.39 3.24E-08
Pentose phosphate pathway
Potential 6-phosphogluconolactonase Q59PZ6 SOL3 —3.53 3.21E-07
Transaldolase Q5A017 TAL1 —1.24 2.96E-09
6-Phosphogluconate dehydrogenase, decarboxylating Q5AKV3 GND1 —0.64 3.46E-05
Glucose-6-phosphate 1-dehydrogenase” Q5APLO ZWF1 —1.41 2.97E-14
Glucose-6-phosphate 1-dehydrogenase® Q5AQ54
Gluconeogenesis
Uncharacterized protein Q5AAHS5 PCK1 0.97 0.0006
Uncharacterized protein G1UB66 FBP1 0.71 0.0064
TCA cycle
Aconitate hydratase, mitochondrial P82611 ACO1 —1.12 1.58E-07
Malate dehydrogenase, cytoplasmic P83778 MDH1 —0.60 0.0006
Malate dehydrogenase Q5AMP4 MDHI1-1 —0.92 1.28E-06
Isocitrate dehydrogenase (NADP) Q59MEF7 IDP1 —1.75 4.22E-11
Isocitrate dehydrogenase (NADP) Q59V07 IDP2 —1.43 2.73E-07
Putative uncharacterized protein IDH2 Q5A0M1 IDH2 2.70 2.46E-07
Putative uncharacterized protein IDH2* Q5A0T8
Citrate synthase Q59275 CIT1 2.61 4.93E-12
Glyoxylate cycle
Isocitrate lyase Q59RB8 ICL1 3.87 1.75E-08
Malate synthase Q5APD2 MLS1 2.73 2.61E-13
Biosynthesis of amino acids
Phospho-2-dehydro-3-deoxyheptonate aldolase, tyrosine inhibited P79023 ARO4 —2.32 2.44E-09
5-Methyltetrahydropteroyltriglutamate-homocysteine methyltransferase P82610 MET6 —2.17 7.23E-11
Uncharacterized protein Q5A9D9 LYS12 —2.48 1.17E-13
Homoserine dehydrogenase Q5AIA2 HOMe6 —2.99 3.17E-08
Uncharacterized protein Q5ALQY9 ARO3 —0.74 0.0018
Phosphoserine aminotransferase Q59P52 SER1 —2.29 2.97E-07
Branched-chain amino acid aminotransferase Q59YS9 BAT22 —2.87 1.80E-13
Branched-chain amino acid aminotransferase Q5AHJ9 BAT21 —2.44 1.79E-08
Uncharacterized protein Q5AAMO ARGl —0.98 0.0004
3-Isopropylmalate dehydrogenase Q5AFI8 LEU2 —2.33 6.64E-12
Likely mitochondrial ketol-acid reductoisomerase® Q59WW5 ILV5 —1.59 6.45E-10
Likely mitochondrial ketol-acid reductoisomerase” Q59XR8
Asparagine synthetase” Q59SH9 ASN1 —3.05 2.09E-10
Asparagine synthetase® Q59SE8
Translational elongation factor
EF-1a1? POCY35 TEF1 —0.80 6.06E-06
EF-1a“ Q59K68
EF-1a2” Q59QD6
EF-2 Q5A0M4 EFT2 —1.55 1.61E-08
EF-3 P25997 CEF3 2.34 3.09E-09
EF-Tu Q5ABC3 TUF1 —1.09 0.0005
Potential translation elongation factor Cam1p Q59Q82 CAM1-1 2.06 1.88E-07
Putative uncharacterized protein EFB1 Q5A652 EFB1 4.29 7.72E-09
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TABLE 2 (Continued)

Proteins by function UniProt accession no. Gene Log, fold change Pvalue

Regulation of Ran GTPase activity
Uncharacterized protein® Q5AJS1 RNA1 —3.11 4.46E-12
Uncharacterized protein” Q5AJE2

Ribosome
Likely cytosolic ribosomal protein S3 Q59N00 RPS3 3.34 9.66E-11
Ubiquitin-ribosomal protein fusion S27a“ Q5A109 UBI3 —0.81 6.65E-05
Uncharacterized protein® Q5ADS0 UBI4
Likely cytosolic ribosomal acidic protein PO Q5AFQ4 RPPO 3.60 1.26E-10
Likely cytosolic ribosomal protein S18 Q5AFQO RPS18 1.74 1.04E-05
Likely cytosolic ribosomal protein S20 Q5A389 RPS20 3.30 6.08E-08
Likely cytosolic ribosomal protein L12 Q5AJF7 RPLI12 2.30 0.0003
Likely cytosolic ribosomal protein S5 Q5AG43 RPS5 3.60 3.38E-10
Likely cytosolic ribosomal protein S7 Q5AJ93 RPS7A 3.32 2.42E-14
Likely cytosolic ribosomal protein L4 Q597ZX4 RPL4B 1.58 4.61E-08
40S ribosomal protein SO 042817 RPSO 241 1.86E-09
40S ribosomal protein S1 P40910 RPS1 2.72 8.23E-10
40S ribosomal protein S6 Q5AMI6 RPS6A 391 4.81E-08
40S ribosomal protein S12 Q5ADQ6 RPS12 2.40 1.13E-06

Heat shock proteins
HSP90 homolog P46598 HSP90 3.09 2.26E-13
Small HSP21 Q5AHH4 HSP21 3.85 1.86E-10
Putative uncharacterized protein HSP104 Q5A376 HSP104 3.56 3.55E-06
HSP SSA1 P41797 SSA1 0.36 0.0004
HSP SSC1, mitochondrial P83784 SSC1 0.96 2.23E-07
Likely HSP70/BiP chaperone” Q5AD54 KAR2 2.25 6.29E-06
Uncharacterized protein® Q5ADI3

Response to abiotic stimulus
14-3-3 protein homolog 042766 BMH1 2.58 1.46E-10
Ras-like protein 1 Q59XU5 RAS1 1.22 0.0004
Guanine nucleotide-binding protein subunit 3-like protein P83774 ASC1 1.79 7.89E-08
Uncharacterized protein Q59W54 SMT3 1.53 0.0003
Putative uncharacterized protein Q5ADTO SLK19 3.27 1.25E-12

Adhesion
Agglutinin-like protein 3 Q59L12 ALS3 2.45 0.0002
Cell surface mannoprotein MP65 Q59XX2 MP65 2.41 6.67E-08
Cell surface protein Q5A9D4 CSP37 3.19 8.36E-11

Ergosterol biosynthesis
NADH-cytochrome b reductase 2 Q59M70 MCR1 —1.79 8.68E-09
Uncharacterized protein Q59K50 ERGI10 —0.75 0.001
Uncharacterized protein Q5A3727 ERG13 —1.64 2.96E-07

Cell wall integrity
Glucan 1,3-B-glucosidase P29717 XOGl1 1.32 0.0013
Glucan 1,3-B-glucosidase BGL2 Q5AMT2 BGL2 2.44 2.83E-09
Secreted B-glucosidase SUN41 Q59NP5 SUN41 3.27 1.24E-06
Secreted B-glucosidase SIM1 Q5AKU5 SIM1 3.51 1.53E-09
Uncharacterized protein Q5AAHS5 PCK1 0.97 0.0006
pH-responsive protein 2 013318 PHR2 0.64 0.0001
Mannose-1-phosphate guanyltransferase 093827 MPG1 1.52 3.83E-05
Potential cell wall glucanase Q5AKC7 SCW11 3.51 4.75E-09
Uncharacterized protein Q5AL34 PSA2 0.64 0.0061
Possible sphingolipid long-chain-base sensory protein Q59KV8 LSP1 3.60 2.02E-14
Possible sphingolipid long-chain-base sensory protein Q59VF6 PIL1 3.22 2.22E-16

Response to oxidative stress
Putative NADPH-dependent methylglyoxal reductase GRP2 P83775 GRP2 241 5.27E-11
Peroxiredoxin TSA1 Q9Y7F0 TSA1 2.95 1.44E-12
Potential mitochondrial glutaredoxin Q5ABB1 TTR1 1.50 0.0007

“ Protein group.
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FIG 7 Superoxide levels in C. albicans biofilm persisters. The C. albicans bio-
films were formed on ibiTreat p.-slide for 48 h and then exposed to AMB (256
pg/ml) for 24 h. (A) LIVE/DEAD staining (40 X ) of the control and AMB-treated
biofilms. (B) Biofilms were labeled with cytosol and mitochondrion superoxide
probes. Those treated with antimycin A (20 uM) for 30 min ahead of probe incu-
bation served as the positive controls. The persisters after AMB treatment exhib-
ited a higher level of superoxide mainly located in the mitochondria with
reference to the controls. The experiments were performed twice, and the
pictures presented reflect a representative field. Scale bar = 50 um.
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Survival Mechanisms of Candida Biofilm Persisters

persisters is extremely low. This result might suggest that biofilm-
forming ability per se may not account for high drug tolerance.
Currently, the sequential or periodic administration of antimi-
crobial agents remains the major treatment protocol for control-
ling infectious diseases in humans (34-36). However, several no-
torious infections, including candidiasis, are difficult to control
despite prolonged courses of antimicrobial therapy and the ab-
sence of resistant mutants, which is mainly attributed to drug-
tolerant persisters (11). In the present study, we found that se-
quential AMB treatment fails to eradicate Candida biofilm
persisters. This observation indicates that persisters may play a
critical role in chronic infections and may account for therapeutic
failure even with a prolonged antifungal remedy in clinical prac-
tice. Recently, emerging evidence has provided a link between
persisters and refractory infectious diseases. One whole-genome
comparison of Burkholderia pseudomallei isolated from patients
with recurrent infections revealed almost identical genotypes,
suggesting that relapse results from recovery of the initial infecting
strain instead of a reinfection (37). In cystic fibrosis patients with
protracted antibiotic therapy, elevated levels of P. aeruginosa per-
sisters have been identified from the isolates obtained late in the
course of airway infection (38). Moreover, an analysis of clinical
isolates from patients undergoing chemotherapy reveals that
those with long-term oral carriage of C. albicans carry high-per-
sister mutants (33). Therefore, novel therapeutic strategies are
urgently needed to target persisters. However, there is limited in-
formation on the survival mechanisms of persisters, hampering
the course of drug discovery. The present study has secured a
reliable in vitro model for the investigation of Candida biofilm
persisters, as consecutive AMB treatments are unable to eradicate
persisters. With this model, we identified the proteomic profiles of
C. albicans BF-1 biofilm persister fractions via MS-based shotgun
proteomics, the most used tool for the global identification and
quantification of proteins. The Candida biofilm persisters exhibit
a specific proteomic signature distinct from that of the controls.
The catalyzing enzymes from glycolysis and the TCA cycle are
curbed, demonstrating that major energy-generating pathways
are inhibited in the persisters. Allison et al. (39) reported that the
addition of glycolysis intermediates enables the killing of bacterial
persisters induced by aminoglycosides, providing the link be-
tween glycolysis inactivation and biofilm persistence. It has been
demonstrated that the deletion of the protein TMAI19 in yeast

m Controls
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HXK2 RAS1

ALS3
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FIG 8 Relative gene expression in C. albicans biofilm persisters under filamentous conditions. The C. albicans biofilms were formed in Spider medium and
treated with 256 pug/ml AMB for 24 h. The mRNA expression level was determined by qPCR and normalized against ACT1. The data are presented as the means =
SD from three independent experiments performed in triplicate. *, P < 0.05; **, P < 0.001.
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might result in the compromise of cell cycle progression and elon-
gation of the cell life span (40, 41); notably, the present study
shows that this key protein is downregulated in the C. albicans
biofilm persisters. We also found that protein synthesis is down-
regulated, resulting from the control of regulatory proteins in-
volved in the translation and downregulation of enzymes for
amino acid biosynthesis. This differs from a transcriptional study
demonstrating that genes involved in amino acid biosynthesis are
overexpressed in AMB-treated C. albicans biofilms (42). However,
this study used a sublethal concentration of AMB to treat the
biofilms, which retained >80% of the metabolic activity of the
controls. Kwan and coworkers (43) recently showed that down-
regulated protein synthesis in E. coli might account for the induc-
tion of higher levels of persisters. It is generally assumed that a
dormant state triggered by TA systems is responsible for the tol-
erance of persisters. Balaban et al. (44) adopted a single-cell model
and revealed that persisters of the hipA7 mutant E. coli are non-
growing cells, which is the first direct evidence correlating persis-
tence and dormancy. The HipA toxin belongs to the first identified
TA system that is linked to persistence and works by phosphory-
lating the elongation factor EF-Tu, leading to perturbed transla-
tion and persister formation (45). The downregulation of major
elongation factors (e.g., EF-1a, EF-2, and EF-Tu) may therefore
be critical for Candida biofilm persistence. Collectively, these data
suggest that Candida biofilm persisters appear to enter into a met-
abolically inactive state for survival.

Despite the inhibition of major metabolic activities, the Can-
dida biofilm persisters maintain important cellular circuitries and
thereby initiate the active stress response. The glyoxylate cycle
bypasses the decarboxylation steps of the TCA cycle and converts
C2 compounds to C4 precursors for gluconeogenesis and biosyn-
thesis (46). As shown in our study, the unique enzymes from this
route, ICL and MS, are significantly enriched in the persisters. The
glyoxylate cycle is required for Candida virulence, and its absence
in humans makes it a prime target for antifungal agents (47). The
use of the ICL inhibitor itaconate reduces the fraction of Burk-
holderia cenocepacia biofilm persisters, corroborating the impor-
tance of the glyoxylate cycle in the survival of persisters (48). No-
tably, the substantial increase in abundance of many proteins
essential for the stress response suggests that the Candida biofilm
persisters may adopt an active defense strategy in response to ex-
treme antifungal stimulus. HSPs are a family of cytoprotective
proteins ubiquitous within cells, and they are crucial for cellular
stress responses and protein folding and translocation (49). We
have found a series of HSPs that display tremendously higher ex-
pression levels, such as HSP90, HSP21, and HSP104. HSP90 is a
key regulator of cell circuitry and plays an important role in po-
tentiating fungal resistance (50, 51). HSP21 mediates adaptation
to thermal and oxidative stress and contributes to antifungal drug
tolerance in C. albicans (52, 53). Of the HSPs, HSP104 is not found
in animal cells, and it governs the thermotolerance and virulence
of C. albicans (54). In addition, our results show that persisters
increase the expression levels of various proteins that dominate
growth, phenotypic switching, surface adherence, quorum sens-
ing, and cell cycle control. Of them, ALS3 is an important adhe-
sion protein that mediates Candida adherence to host tissues and
its biofilm formation (55). A previous study reported that the
exposure of C. albicans biofilm to caspofungin is associated with
the enhanced expression of the ALS3 gene, while AMB-exposed
biofilms show upregulation of the ALS1 gene (42). The activation
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of these regulatory proteins indicates that Candida biofilm persist-
ers probably prepare themselves for a self-protection mode by
adjusting their growth and interactions with other cells. The en-
richment of an array of ribosomal proteins may be important for
correct assembly of crucial proteins under stressed conditions.

As AMB causes lethal effects on Candida by prompting cell
membrane rupture and oxidative stress, we further examined the
specific cellular pathways in Candida biofilm persisters in re-
sponse to AMB treatment. It has been reported that C. albicans
biofilms contain a lower level of ergosterol than that of planktonic
cells, and mutants with impaired ergosterol synthesis exhibit in-
creased resistance to AMB (56). Notably, the biosynthesis of er-
gosterol, the AMB target, is subdued, indicating that the persisters
attempt to lower cell membrane stress. This is consistent with the
hypothesis that persisters represent an evolutionary reservoir that
gives rise to resistant organisms (11). Interestingly, we detected a
number of upregulated cell wall integrity proteins responsible for
cell wall biosynthesis and maintenance in persisters. A previous
report showed the upregulation of genes associated with B-1,6-
glucan biosynthesis in C. albicans biofilms treated with high doses
of AMB (57). Taken together, these findings suggest that persisters
may enhance cell wall integrity as a compensatory mechanism for
the impairment of the cell membrane. The control of oxidative
stress may be a common mechanism for bacterial tolerance (58). It
has been reported that targeting of the oxidative stress response of
Candida is able to enhance the efficacy of AMB treatment (59).
Exposure of C. albicans planktonic cultures to AMB at a concen-
tration equivalent to the MIC might result in the upregulation of
multiple proteins involved in oxidative stress adaptation (60).
Through probing of intracellular superoxide, we further showed
that persisters might undergo increased oxidative stress compared
to that of control biofilms, suggesting that the survivors are toler-
ant to oxidative killing. Several important cellular antioxidants
and proteins required for adaptation to oxidative stress were
found to be increased in persisters. Moreover, the inhibition of
glycolysis and the TCA cycle results in decreased production of
NADH, and its oxidation via the electron transport chain stimu-
lates the production of superoxide and downstream ROS. The
protection against ROS by downregulation of the TCA cycle has
been shown to promote the survival of tobramycin-treated bio-
films (48). We have previously demonstrated that C. albicans bio-
films increase antioxidative capacities with reference to the plank-
tonic counterparts (24). The present study further implies that
persisters may be the responsible population for the increased
antioxidative capacities of C. albicans biofilms.

Based on the proteomic analysis, we further investigated the
transcriptional regulation of C. albicans biofilm persisters in re-
sponse to AMB treatment under filamentous conditions. Seven
significant changing proteins were selected and subjected to gPCR
analysis. Consistent with the proteomic analysis, the persisters in
Spider medium demonstrate downregulation of the key genes
(PGKland HXK2) from glycolysis and overexpression of the
genes (GRP2 and TSAl) responsible for the antioxidative re-
sponse. These findings further indicate the importance of meta-
bolic and stress regulation in persister survival. The gene expres-
sion of RAS1, ALS3, and BGL2 reveals no significant differences,
while displaying a similar trend with the proteomics results. As
gene expression precedes protein synthesis, this may lead to some
discrepancy between the proteomic and transcriptional data mea-
sured at the same time point. Additionally, a much lower fraction
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of persisters was identified under filamentous conditions, suggest-
ing that the environmental conditions may affect the antifungal
tolerance of persisters. Due to the complexity of gene regulation in
persisters and the current lack of reliable techniques for persister
isolation, further studies are highly warranted to confirm the cur-
rent findings.

In summary, this study has demonstrated that a small fraction
of Candida biofilm persisters can withstand consecutive treat-
ments of lethal doses of AMB, and a specific proteomic signature
of the persisters has been identified. To our knowledge, this is
probably the first study on a concurrent analysis of both the gene
and protein expression profiles of Candida biofilm persisters. The
persisters could downregulate major energy-generating pathways
and protein synthesis and enhance imperative metabolic activities
and protein expression associated with the stress response. There-
fore, the antifungal tolerance of Candida biofilm persisters is
probably triggered by delicate metabolic regulation and coordi-
nated stress adaptation. It is noteworthy that Candida biofilm per-
sisters may have the capacity to invoke a specific adaptive strategy
against antifungals. Here, we identified an array of crucial toler-
ance-related proteins in the persisters. The unmasking of the sur-
vival mechanisms of Candida biofilm persisters may contribute to
the development of novel antifungal agents for the effective con-
trol and management of Candida infections.
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