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Abstract: Candida albicans is the most frequent fungal species that causes infections in humans. 
Fluconazole is the main antifungal used to treat Candida infections, and its prolonged and indiscriminate 
use for the last decades are the most established causes which originated resistant strains. Fungal drug 
resistance is associated to alterations in ERG11 gene and overexpression of multidrug resistance (MDR) 
transporters belonging to two families: ATP-binding cassette (ABC) and Major Facilitator Superfamily 
(MFS). To evaluate the role of MFS transporters in azoles resistance of C. albicans clinical strains, this 
study aimed to analyze four Candida albicans clinical isolates from the University Hospital in Juiz de 
Fora (Minas Gerais/Brazil), selected in our previous study as they were unaffected by FK506, an ABC 
pumps inhibitor. In a primary investigation on MFS proteins overexpression, the extrusion of fluorescent 
substrates (rhodamine 6G and nile red) was analyzed by fluorescence microscopy and flow cytometry. 
Results suggest participation of MFS transporters in azole resistance of C. albicans isolates and indicate 
the existence of secondary resistance mechanisms. Therefore, this study contributes to the information 
about Candida albicans infections in Brazil and reinforces the importance of epidemiological studies 
focusing on an improved understanding of the disease and further resistance reversion.
Key words: Candida, fluconazole, MFS, multidrug resistance, yeast.

Correspondence to: Antonio Ferreira-Pereira 
E-mail: apereira@micro.ufrj.br 
ORCid: http://orcid.org/0000-0002-0474-8388

INTRODUCTION

Candida species are commensal organisms in healthy 
individuals. However, in immunocompromised 
patients, they may cause a disease called candidiasis, 
which vary from harmless superficial mycosis to 
highly life-threatening systemic infections (Morio 

et al. 2012). Fluconazole is the first-line drug for 
the treatment of Candida infections (Li et al. 2014). 
Nonetheless, treating candidiasis may be difficult due 
to the increasing incidence of resistance promoted 
by its overuse over the past two decades. Moreover, 
the number of antifungal classes available to treat 
fungal infections remains extremely limited due 
to the difficulty of discovering potential drugs that 
affect the fungus and not the host (Dadar et al. 2018).
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The antifungal activity of azoles relies on the 
inhibition of lanosterol 14α-demethylase (ERG11), 
a key enzyme in ergosterol biosynthesis. The 
mechanisms of azole resistance of Candida species 
are well established, including overexpression or 
mutations in ERG11 (Sanglard et al. 1998); changes 
in the ergosterol biosynthesis pathway, and energy-
dependent drug efflux (Sanglard et al. 1995). 
Alterations in ERG11 were considered the primary 
mechanism of resistance to azoles in C. albicans 
(Kohli et al. 2001). Nevertheless, the identification 
of the MDR transporters - ATP binding cassette 
(ABC) proteins (Kaur and Bachhawat 1999) and 
the membrane proteins belonging to the major 
facilitator superfamily (MFS) (Fling et al. 1991) 
- was soon considered as important as ERG11 
modifications on multidrug resistance phenotype 
(Cannon et al. 2009). 

Unlike ABC transporters, dependent on 
ATP hydrolysis for substrate transport across the 
membrane, MFS transporters are powered by 
plasma membrane electrochemical gradient. MDR1, 
the major MFS transporter gene related to drug 
resistance (White 1997), was primarily identified 
in 1991, in transformed Saccharomyces cerevisiae 
strains and later, linked to azole resistance in C. 
albicans (White et al. 1998).

Regarding MDR1 gene regulation in C. 
albicans, it is known that fluconazole does not 
induce its expression above the normal level, unlike 
ERG11 (Vandeputte et al. 2012). However, in many 
fluconazole-resistant clinical isolates, mutations 
have probably occurred and abolished the normal 
regulation of this gene leading to its inherent 
overexpression in those strains (Morschhauser 
2002). This mechanism has already been reported as 
conferring resistance to different toxic compounds, 
such as Mdr1p substrates cerulenin and brefeldin 
A (Hiller et al. 2006), in a transformed C. albicans 
strain, and more recently to fluconazole in a clinical 
isolate (Keniya et al. 2015), indicating that MFS 
mediated fluconazole resistance is sufficient to 

determine if a Candida albicans infection may 
persist or not.

In Brazil, studies concerning the incidence 
of Candida infections are decentralized, and the 
available data regarding fluconazole resistance by 
membrane transporters is limited (Goulart et al. 
2018). In a previous study, we assessed the frequency 
of Candida spp. isolated from patients of a Brazilian 
tertiary hospital, their fluconazole susceptibility and 
the involvement of ABC transporters on resistance 
phenotype (Neves-Junior et al. 2015). From this 
study, we selected three C. albicans isolates which 
fluconazole resistance has not been related to ATP-
Binding Cassette transporters and evaluated the 
role of Major Facilitator Superfamily efflux pumps 
on this process by fluorescence microscopy and 
flow cytometry.

MATERIALS AND METHODS

YEAST STRAINS AND CULTURE CONDITIONS

Candida albicans clinical isolates were garnered 
from urine and blood samples of patients in the 
intensive care unit (ICU) of the University Hospital 
of Universidade Federal de Juiz de Fora, Minas 
Gerais, Brazil, between 2012 and 2014. For this 
study, three resistant strains were selected: 1114, 
14A, and 1016; as well as one susceptible strain 
(134i) and one ABC-mediated fluconazole resistant 
strain (242A). These C. albicans strains were 
previously screened as FCZ resistant and were 
not chemosensitized by FK506, a classic ABC 
transporter inhibitor (Neves-Junior et al. 2015). It 
was also used a well-known fluconazole resistant 
C. albicans clinical isolate (PRI) (Garcia-Gomes 
et al. 2012), and a fluconazole-resistant C. albicans 
strain (96-25) which overexpresses MDR1 and 
ERG11, kindly provided by Dr. Theodore C. White, 
University of Washington and Seattle Biomedical 
Research Institute, Seattle, Washington (White et 
al. 2002). 
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This project was approved by Ethics 
Committee: Protocol CEP-UFJF:079-420-2010 
FR:368108; CAEE:0056.420.000-10. All Candida 
isolates were stored in 20% glycerol at -20°C. 

Saccharomyces cerevisiae mutant strains 
were used as control: one which overexpresses 
MDR1 efflux pump gene (946), and another with 
all genes related to the MDR phenotype deleted 
(522), hypersusceptible to xenobiotic (Lamping et 
al. 2007). Both strains were kindly provided by Dr. 
Brian Monk  and Dr. Richard Cannon (University 
of Otago - New Zealand). A summary containing 
additional information on the clinical isolates and all 
control strains used in this study (code, species, site 
of isolation and strain source) is given in Table I.

All Candida strains were grown in Yeast Extract 
Peptone Dextrose medium (YPD) (2% glucose, 1% 
yeast extract, 2% peptone) at 37°C under agitation 
and were harvested in the exponential growth 
phase. Saccharomyces strains were grown in the 
same medium, at 30ºC under agitation.

ANTIFUNGAL AND CHEMICAL AGENTS

Fluconazole (Farmacopa Pharmaceuticals, Rio 
de Janeiro, Brazil) stock solutions were prepared 
in distilled water and sterilized by filtration, 
while itraconazole, voriconazole, posaconazole 
and ketoconazole (Sigma Aldrich, St. Louis, 
USA) stock solutions were prepared in dimethyl 
sulfoxide (DMSO). Stocks were maintained at 
-20ºC. Rhodamine 6G (Sigma Aldrich, St. Louis, 
USA) stock solution was prepared in distilled water 
and stored at room temperature. Nile red (Sigma 
Aldrich, St. Louis, USA) was prepared in DMSO 
and maintained at 4ºC. 

AZOLES SUSCEPTIBILITY TEST

In vitro azoles susceptibility test was performed 
and analyzed according to Clinical and Laboratory 
Standards Institute’s (CLSI) M27-A3 and M27-S4 
guidelines (CLSI 2008). Regarding C. albicans, 
fluconazole’s Minimum Inhibitory Concentration 
(MIC) end points and classifications for broth 

TABLE I
Strains used in this study.

Code Species Susceptibility to 
fluconazole Clinical   Material Source

1016 Candida albicans Resistant Urine Oncologic Hospital – ICU

1114 Candida albicans Resistant Urine Oncologic Hospital – ICU

14A Candida albicans Resistant Blood First-Aid Hospital – ICU

PRI Candida albicans Resistant Subgengival secretion Garcia-Gomes et al. 2012

134i * Candida albicans SDD1 Urine Neves-Junior et al. 2015

242A * Candida albicans Resistant Urine Neves-Junior et al. 2015

522 * Saccharomyces cerevisiae Susceptible (deletion of main MDR 
transporters) Lamping et. al. 2007

946 * Saccharomyces cerevisiae Resistant (CaMdr1 overexpression) Lamping et. al. 2007

96-25 * Candida albicans Resistant
(CaMdr1 and ERG11 

overexpression)
Abnominal fluid

White et al. 2002

1 SDD, susceptible dose-dependent.
* Control strains.
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microdilution assay are: ≤ 2 μg/ml for susceptible 
strains; 4μg/ml for susceptible dose-dependent 
(SDD) strains, and ≥ 8 μg/ml for resistant strains. 
Itraconazole’s end points are: ≤0.125 µg/ml for 
susceptible, between 0.25 to 0.5 µg/ml for SDD, 
and ≥ 1 for resistant. Voriconazole’s end points are: 
≤ 0.125 µg/ml for susceptible, between 0.25 to 0.5 
µg/ml for SDD, and ≥ 1 µg/ml for resistant. For 
posaconazole and ketoconazole, the referenced data 
is not available to indicate a correlation between 
MIC and outcome of treatment, although MICs for 
yeast may vary between 0.03 and 16 µg/ml. Cell 
growth was analyzed in a microplate reader at 600 
nm (Fluostar Optima, BMG Labtech, Offenburg, 
Germany) and compared to the growth control. 

RHODAMINE 6G AND NILE RED EFFLUX TESTS IN 
YEAST CELLS 

Efflux methodologies were performed as described 
elsewhere (Reis de Sá et al. 2017). Cells at 1 x 10³ 
cells/ml were incubated overnight in YPD medium, 
at 37ºC under agitation until the exponential phase 
of growth was reached. Then, cells were centrifuged 
(5000 x g /5 min), washed four times with distilled 
water, and maintained on ice for 2 hours. 6 x 105 
cells/ml were incubated with R6G (5 μM) or nile 
red (7 μM) in phosphate buffered saline (PBS) 
containing 2% (w/v) glucose, for 1h at 37ºC under 
agitation. Cells were centrifuged (9000 x g /2 min), 
washed three times with PBS, observed under a 
fluorescence optical microscope (Nikon Eclipse 
E400 microscope - Tokyo, Japan) and analyzed 
by flow cytometry. For flow cytometry analysis, 
the experiment was performed in duplicate and 
analyzed by BD AccuriTM C6 Flow Cytometer. A 
total of 25.000 cells per sample were measured with 
a 535nm filter. Flow cytometry data were analyzed 
using BD Accuri C6 Software (Accuri Cytometers 
– v. 1.0.264.21). Substrates efflux was evaluated by 
comparison of mean fluorescence intensity of each 
strain with control strains and histograms analysis.  

STATISTICAL ANALYSIS

Data were presented as mean ± standard error. A 
probability level of 5% (p < 0.05) in Student’s t-test 
was considered significant.

RESULTS

STRAINS AND AZOLE SUSCEPTIBILITY PROFILE 

In a previous study (Neves-Junior et al. 2015), 
we demonstrated through a chemosensitization 
assay, using FK506 (a classical ABC pumps 
inhibitor), that fluconazole resistance of seven out 
of 93 Candida strains was not mediated by ABC 
transporters. Three of the seven C. albicans strains 
were selected for this study (14A, 1114 and 1016).

Information regarding the susceptibility of 
the strains to five different azoles (fluconazole, 
itraconazole, voriconazole, posaconazole, and 
ketoconazole) are summarized in Table II. 
According to CLSI’s breaking points for MIC, 
1016, 1114 and 14A strains are resistant to 
fluconazole. For itraconazole, the three strains were 
susceptible. 1016 and 1114 strains were susceptible 
to voriconazole, while 14A displayed a resistance 
profile. Clinical breakpoints for ketoconazole and 
posaconazole have not been proposed yet, but they 
are likely to be close to breakpoints for itraconazole. 
By using a MIC of ≥ 1 µg/ml to categorize resistant 
strains, 1016, 1114 and 14A strains could be 
considered resistant to posaconazole. 1016 and 
14A strains could also be considered resistant 
to ketoconazole, but 1114 should be considered 
susceptible. PRI strain was included in this 
study due to the likelihood that its resistance to 
fluconazole was caused by overexpression of MFS 
transporters (Neves-Junior et al. 2015). In this 
study, the PRI strain was categorized as resistant 
to fluconazole, itraconazole, and voriconazole. A 
similar susceptibility to azoles was observed for 
242A strain, that was resistant to fluconazole, 
itraconazole, voriconazole, and posaconazole. 
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FLUORESCENCE MICROSCOPY ANALYSIS FOR 
EVALUATION OF ABC AND MFS EFFLUX PUMPS 
ACTIVITIES 

For an initial and qualitative analysis of MFS 
transporters overexpression in Candida strains, 
cell fluorescence was observed using a fluorescent 
optic microscope. In this assay, R6G, an exclusive 
fluorescent substrate of ABC transporters (Holmes 
et al. 2008), and nile red, a fluorescent substrate 
for ABC and MFS transporters (Ivnitski-Steele et 
al. 2009), were used as indicators of efflux pumps 
activity. Cell retention of R6G and extrusion 
of nile red are the primary characteristics of 
azole resistance by MFS pumps. Our results are 
demonstrated in Figure 1 - A columns for R6G and 
Figure 1 – B columns for nile red. Control mutant 
strain code 522 was able to retain intracellular 
fluorescence of both fluorescent substrates. Mutant 
resistant strain code 946 demonstrated significant 
nile red extrusion. Similar results were observed on 
other clinical strains resistant to FCZ (PRI, 1114, 

14A, 1016, 96-25). Additionally, all strains were 
capable of retaining R6G.

Taken together, the nile red extrusion from the 
yeast cell and the retention of significant amounts 
of R6G imply the participation of MFS pumps on 
azole resistance.

FLOW CYTOMETRY ANALYSIS FOR EFFLUX 
EVALUATION OF FLUORESCENT SUBSTRATES

In order to evaluate the efflux pumps activity, 
cells were loaded with R6G or nile red and their 
fluorescence intensity was assessed by flow 
cytometry. Cells were analyzed by the comparison of 
their geometric mean fluorescence and distribution 
in a histogram. In nile red efflux analysis (Figure 2a), 
all strains were able to extrude a significant amount 
of the compound in comparison to a fluconazole 
resistant clinical strain, 242A, and a fluconazole 
susceptible clinical strain, 134i. The C. albicans 
clinical strain 242A resistance phenotype was 
associated with ABC transporters overexpression 
on a previous study using tacrolimus (Neves-Junior 

TABLE II
Evaluation of the Minimum Inhibitory Concentration (MIC) of azoles against C. albicans and S. cerevisiae strains.

Source Species
MIC (µg/ml)1

FCZ ITC VOR POSA KTC 

1016 Candida albicans >1000 <0.06 <0.25 >1 >1 

1114 Candida albicans >1000 <0.250 <0.25 >1 <0.250 

14A Candida albicans >64 <0.125 >1 >4 >1 

PRI Candida albicans >64 >1 >1 >0.125 <0.250 

134i * Candida albicans 4 ND2 ND ND ND

242A * Candida albicans >64 >1 >2 >4 <0.250

522 * Saccharomyces cerevisiae 2 ND ND ND ND

946 * Saccharomyces cerevisiae 64 ND ND ND ND

96-25 * Candida albicans 32 1 ND ND ≤0.5
1FCZ: fluconazole; ITC: itraconazole; VOR: voriconazole; POSA: posaconazole; KTC: ketoconazole. Breakpoints were determinate
according to M27- A3 and M27-S4, CLSI.
2ND: not determinated.
*Control strains.
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et al. 2015). The strains also presented similar 
efflux rates to 96-25 strain ( ERG11 and MDR1 
overexpression) (Figure 2). In the R6G treatment 
(Figure 2b), 1114, 1016, 14A and PRI presented 
accumulation of this compound in comparison 
to 134i strain (susceptible control). Furthermore, 
histogram analysis showed that only PRI and 1114 
strains were able to extrude nile red effectively, 
although 1114 extruded some of the R6G. Strains 
1016 and 14A retained R6G, but little nile red was 
extruded, indicating a possible secondary resistance 
mechanism for these two strains, in addition to the 
MFS transporters participation. 

DISCUSSION

Even though azole resistance has been a serious 
problem in therapy for Candida infections for 
decades (Srivastava et al. 2018), this phenomenon 
still stands as a reality for ICUs and ambulatory 
institutions around the globe. In Brazilian 
hospitals, candidemia and invasive candidiasis 
remain not notified in most of the cases, which 
leads to difficulties for epidemiologic studies. 

In Brazil, fluconazole is the first-line therapy 
in public healthcare institutions for treatment of 
nearly all Candida infections. Given amphotericin 
B’s high toxicity, it is only used in critical cases, 
mostly in systemic infections, and where the first-
line treatment has failed. Therefore, the study of 
azole resistance mechanisms of Candida infections 
is an important first step to overcome persistent 
infections and to further analyze the effect of 
natural of synthetic compounds responsible to 
revert resistance phenotype. 

In this study, we investigated the possible role 
of MFS efflux pumps in azole resistance of resistant 
C. albicans clinical isolates. Cross-resistance 
among azole drugs is expected and observed in 
hospitals, due to their structural similarity. MIC 
analysis showed that those strains are resistant to 
fluconazole and, at least, one other azole. Strains 
1016 and 1114 presented an extremely high MIC 
value for fluconazole (MIC > 1000 µg/ml), but were 
susceptible to itraconazole and voriconazole. Strain 
1114 was also susceptible to ketoconazole. On the 
other hand, strains 14A and PRI were both resistant 

Figure 1 - Fluorescence microscopy of C. albicans isolates in the presence of fluorescent substrates, in a 40x magnification. C. 
albicans strains PRI, 14A, 1114 and 1016 were treated with rhodamine 6G, an ABC pumps substrate (A columns), and nile red, 
a MFS pumps substrate (B columns). Images show that all strains retained rhodamine 6G. Nonetheless, only strains 522 and 134i 
retained red nile, while PRI, 1114, 14A, 1016, 946 and 96-25 strains extruded this compound. Saccharomyces cerevisiae strains 
522 (mutant strain that lacks efflux pumps) and 946 (mutant strain that overexpresses MFS transporters) were used as controls, as 
well as C. albicans strains 134i (fluconazole-susceptible clinical isolate) and 96-25 (fluconazole-resistant clinical isolate). Results 
are representative of at least three independent experiments.
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to fluconazole (MIC > 64 µg/ml), but with MIC 
values lower than those observed for strains 1016 
and 1114. Interestingly, these strains were resistant 
to voriconazole and posaconazole. Moreover, strain 
14A was resistant to ketoconazole, while strain PRI 
displayed resistance to itraconazole. These data 
show that the evaluation of the MIC of antifungal 
drugs play a pivotal role on the treatment of the 
patient, since it may guide physicians to prescribe 
the best therapy according to the susceptibility 
profile of the etiological agent of the infection.

The approach involving fluorescence 
evaluation with rhodamine 6G and nile red was 
previously performed by Garcia-Gomes et al. 
(2012) in order to analyze efflux pumps activity 
and suggests possible roles for efflux pumps in 
yeast resistance (Neves-Junior et al. 2015). Flow 
cytometry and fluorescence optical microscopy 
experiments demonstrated the ability of tested C. 
albicans clinical strains of retaining rhodamine 
6G and extruding nile red (Figures 2 and 3). All 
four strains showed their MFS overexpression 
potential when a high intracellular accumulation 

of rhodamine and almost no nile red were observed 
(Figure 1). Furthermore, the quantitative analysis 
from flow cytometry indicated the variation of 
compounds across strains. PRI strain demonstrated 
the expected pattern for overexpression of MFS 
transporters. Although 1114 showed a similar 
profile, this strain also released an amount of 
R6G for extracellular environment, suggesting the 
participation of ABC transporters in addition to 
MFS proteins, unlike the other three strains tested. 
In the last two strains (14A and 1016), a novel 
profile of efflux was observed, with much less nile 
red extrusion. This result may indicate a second 
resistance mechanism, probably ERG11 related, 
that could also be responsible for azole resistance, 
in agreement with MFS pumps overexpression. 
Previous studies have already demonstrated C. 
albicans’ ability to persist in an infection by 
multiple mechanisms such as the overexpression 
of ABC transporters (Chen et al. 2010), ERG11 
(Xiang et al. 2013), and MFS transporters (Costa 
et al. 2014). 

Figure 2 - Mean fluorescence intensity of C. albicans isolates after treatment with nile red or rhodamine 6G. C. albicans strains 
PRI, 1016, 1114 and 14A were not able to retain nile red, as well as control strain 96-25 (a). The four tested strains retained 
rhodamine 6G, as well as control strains 134i and 242A (b). Saccharomyces cerevisiae strains 522 and 946 were used as control. 
Results are representative of at least four independent experiments. (*) p> 0.05.
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Data obtained through the fluorescent 
methodology, however, is limited, since the role 
of ERG11 cannot be confirmed. This matter 
justifies our choice of evaluating possible ERG11 
participations in resistance by comparisons with 
genetically modified control strains. By observing 
the similar efflux profile of the clinical strain 
which overexpresses ERG11 and MDR1 - 96-25 
strain, to the tested strains in flow cytometry, it is 
unclear whether ERG11 participates in fluconazole 
resistance of C. albicans isolates, although we may 
presume the participation of MFS overexpression, 
since cells were able to extrude nile red.

In summary, this study showed that MFS 
mediated fluconazole resistance may have an 
important role in the growth of Brazilian strains 
at high concentrations of fluconazole. This 
mechanism of resistance is relevant, since the main 
clinical impacts of MFS transporters in fungal 
infections include the development, progression, 
or persistence of the infection in the host (Costa 
et al. 2014). Furthermore, in Brazil, there is a lack 
of information about the molecular mechanisms 
of azole resistance, as well as the diffuse 
epidemiological data due to different analysis in 
different regions of this country (Colombo et al. 

Figure 3 - Flow cytometry histograms of C. albicans isolates after treatment with nile red or 
rhodamine 6G. In blue: untreated cells; red: cells treated with nile red; black: cells treated with 
rhodamine 6G. PRI and 1114 extruded a significant amount of nile red and retained rhodamine 
6G. In comparison, 1016 and 14A extruded less Nile red and retained rhodamine 6G. These results 
indicate the possible role of MFS transporters in these strains resistance and suggest a secondary 
mechanism of resistance for 1016 and 14A. Results are representative of at least four independent 
experiments.
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2006). For this reason, this study aims to contribute 
to the information in Brazil about Candida 
infections, and also reinforces both the increased 
reporting of C. albicans azoles resistant strains and 
the involvement of drug transporters (especially 
MFS pumps) in this process.
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