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In the past decades, infections caused by opportunistic pathogens have increased dramatically due to the growing number
of immunocompromised patients. Also, a significant increase in the prevalence of resistance to antifungal agents was
registered, resulting in high levels of morbidity, mortality and in an increase in health care costs. Therefore, a
understanding the mechanisms of antifungal drug resistance is crucial to improve the methods to diagnose resistance,
develop new antifungal agents for the treatment of infections caused by resistant fungi and prevent the emergence of
resistance in the first place.
The most clinically relevant pathogenic yeasts belong to the Candida and Cryptococcus genera, and are represented
mainly by Candida albicans, Candida glabrata, Candida parapsilosis, Candida tropicalis and Candida krusei, which
altogether cause approximately 99% of all known human cases of candidiasis, and by Cryptococcus neoformans.
To treat infections caused by pathogenic fungi, four major classes of antifungal drugs (azoles, polyenes, fluoropyrimidines
and echinocandins), with different targets and modes of action, are currently used in clinical practice. However,
simultaneous resistance to one or more of these antifungals has been registered, compromising therapeutic effectiveness.
The limited number of antifungal drugs available and their use as prophylactic agents has further increased the prevalence
of fungal pathogens, which are considered innately resistant to some of the antifungal classes, such as C. glabrata and C.
krusei. The understanding of the complex mechanisms underlying the acquisition of multidrug resistance (MDR) is, thus,
crucial to devise new strategies to diagnose, treat and eradicate fungal infections.
Since multidrug resistance is often attributed to the action of multidrug efflux pumps from both the ATP-Binding Cassette
(ABC) and the Major Facilitator Superfamily (MFS), this chapter is dedicated to the mechanisms by which pathogenic
yeasts are able to develop resistance towards several antifungal drugs used in clinical practice, with particular emphasis on
the role of the multidrug efflux pumps belonging to these superfamilies.
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1. Epidemiology
Pathogenic yeasts, such as those belonging to the Candida genus (Candida spp.), are able to cause infections in
immunocompromised individuals, that can range from superficial infections (in the skin, epithelium, etc.) to
disseminated infections (invasive penetration of vital organs), which can ultimately result in death. In the United States
of America, about 11.5% of the 80.000 bloodstream infections that are detected every year are caused by yeasts of the
Candida genus and the mortality rate associated reaches over 30% of the cases [1].
The most relevant pathogenic Candida species are Candida albicans, Candida dubliniensis, Candida glabrata,
Candida krusei, Candida parapsilosis and Candida tropicalis [2]. Pathogenic Candida species are commonly isolated
from the oral cavity and the vulvovaginal and urinary tract. Currently, infections caused by C. albicans are still the most
frequent, but its incidence has dropped to give rise to those caused by C. glabrata, C. tropicalis and C. parapsilosis, a
fact that seems to be related with a decreased susceptibility of these species towards the drugs used in clinical practice
[3, 4]. Infections caused by these four Candida species are responsible for around 95% of all identified Candida
infections.
The incidence of infections caused by Candida species varies according to the geographic region and the infection
site. For instance, the incidence of C. glabrata is higher in adults than in children and even lower in newborns [5]. On
the other hand, infections caused by C. parapsilosis have their highest incidence in newborns, transplanted individuals
and patients receiving parenteral nutrition [6]. C. tropicalis is often isolated from neutropenic patients or individuals
suffering from malignant diseases [7].
Infections caused by C. glabrata are the second most frequent in North America and, of all caused by non-albicans
Candida species, are the ones with the highest mortality rate [8]. It is also important to refer that C. albicans and C.
glabrata have been isolated together from around 70% of the patients suffering from oral candidiasis, suggesting that
these two species might have a synergistic effect on infections occurring in this niche [9].
C. parapsilosis is the second most frequently isolated Candida species in bloodstream infections, right after C.
albicans [10], in both Europe and Latin America [11].
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Patients infected by C. tropicalis often require longer periods of hospitalization than those infected with C. albicans.
This could be related with a higher level of virulence exhibited by this species and to the fact that it is less susceptible to
the antifungal drugs used in clinical practice. Also, in a study performed in 12 Brazilian hospitals, C. tropicalis was the
second most frequently isolated Candida species, present in 33-48% of the infected patients [7, 12].
Outside the Candida genus, one of the most common pathogenic yeast is Cryptococcus neoformans. Unlike what is
known for Candida species, C. neoformans can cause disease both in immunocompromised and immunocompetent
individuals. Its basidiospores can be inhaled and disseminate within the organism, through the respiratory tract, causing
pulmonary infections and subsequently, due to this organism preference for the central nervous system, cause lifethreatening meningoencephalitis [13]. C. neoformans is found worldwide, while a related species, Cryptococcus gattii,
which is endemic in tropical regions, was found mainly in Australia, Papua New Guinea and in an outbreak in Canada
[14]. The clinical prevalence of C. neoformans has continuously increased in the past 2 decades in HIV-infected and
organ transplanted patients as well as in individuals undergoing chemotherapy. C. neoformans is the most common
fungal pathogen in the central nervous system and the third most common cause of central nervous system
complications in AIDS patients. It is estimated that approximately 1 million new cases of cryptococcal meningitis are
reported each year and the mortality rate attributable to C. neoformans in AIDS patients is approaching alarming
proportions, reaching almost 30% [14], and representing a serious threat to public health and especially
immunocompromised patients.
Cryptococcus infections also represent a relevant threat in organ-transplant patients, as they occur in up to 5% of
these patients with an overall mortality rate reaching 42% [15]. As in the case of Candida infections, azoles can be used
in the fight against cryptococcosis, but most cases of central nervous system infections are treated with a combination of
amphotericin B and flucytosine as a first line treatment. However, some researchers consider cryptococcal infections to
be virtually incurable, given the ability of these yeasts to remain dormant within host cells [14].

2. Resistance against antifungal therapy
Infections caused by Candida and Cryptococcus spp. are often hard to treat, and the high mortality rates associated to
these fungal pathogens result from the late diagnosis and from the acquisition of antifungal drug resistance..
Antifungal drugs commonly used to treat infections caused by these pathogenic yeasts include azoles, often used as
the first line therapy and in prophylaxis, which are subdivided in imidazoles (e.g. clotrimazole, ketoconazole) and
triazoles (e.g. fluconazole, posaconazole); as well as the newest family of antifungal drugs, the echinocandins (e.g.
caspofungin, anidulafungin and micafungin). Drugs such as polyenes (e.g. amphotericin B) and pyrimidine analogs (e.g.
flucytosine) are more commonly used for combined therapy, often as last resource. These four families of antifungal
drugs were developed in the past decades in an attempt to respond efficiently to the growing number of clinical isolates
resistant to the previously used antifungals. However, this development of resistance occurs much more rapidly than the
development and implementation of new drugs and, therefore, it is of the utmost importance to understand the
mechanisms behind this phenomenon.
There are mainly four ways by which fungal pathogens can acquire resistance to antifungal drugs: i) drug
inactivation; ii) drug target alteration; iii) lower drug uptake and iv) active drug extrusion [16, 17]. In clinical practice it
would be of paramount importance to identify which resistance mechanism is taking place in a certain fungal isolate, as
well as identify resistance patterns to different drugs across species in order to adopt a personalized and efficient
treatment in each case. For instance, azoles have been widely used in the treatment of Candida spp; however, resistance
episodes to these drugs have been increasingly reported, especially for fluconazole, widely used in the treatment of
systemic infections. Additionally, despite azole resistant strains of C. neoformans are more rarely encountered in
comparison with Candida spp., several clinical isolates, collected from cerebrospinal fluid, were found to exhibit
moderate to high resistance to fluconazole [18]. Echinocandins have rose in popularity as a first line treatment of
Candida infections, due to their relatively lower resistance values when compared with other antifungals used during a
more extendend period of time, such as azoles. Unfortunately, they are clinically ineffective against Cryptococcus spp.
[19], as C. neoformans is intrinsically resistance to these drugs. Although the mechanism behind this observation is still
unknown, it is postulated that it can be derived from drug efflux from the cells or degradation of the drug both intra or
extracellularly. From all antifungal drugs used in clinical practice, amphotericin B is extensively used either alone or in
combination with other antifungals as a first line treatment for cryptococcal infections. However, amphotericin B
resistant C. neoformans clinical isolates have been reported, further increasing the need to understand how antifungal
drug resistance by fungal pathogens develops. The number of cases describing resistance to previously effective drugs
is growing each day, further impairing effective treatment in clinical practice. Close monitoring of resistance patterns
across both fungal species and drug families is gaining increasing importance in an effort to keep track of multiple
resistance profiles worldwide. Table 1 shows the results of a compilation of studies addressing the percentage of clinical
isolates, from several geographic regions, found to be resistant to four antifungal drugs used in the treatment of
systemic infections by pathogenic yeasts, demonstrating the worldwide abundance of antifungal resistance across
several pathogenic yeast species.
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Resistance to several antifungal drugs from the same family (e.g. several azoles) has been widely described and it is
now a major concern in terms of resistance to multiple drugs. However, acquisition of resistance to drugs from distinct
families represents another relevant concern. In fact, a study by Joseph-Horne and colleagues [20] found C. neoformans
isolates that displayed cross-resistance against amphotericin B (polyene) and fluconazole (azole) and reduced levels of
intracellular drug accumulation, proposing a possible role for a common multidrug transporter. Similarly, crossresistance between drugs from distinct families has also been reported in Candida spp. Clinical isolates from C.
tropicalis and C. glabrata were found to be resistance against both azoles and amphotericin B [21-23]. Interestingly, a
case was also reported where an agricultural antifungal, prochloraz, induced cross-resistance to azole drugs. The
underlying mechanism responsible for this phenomenon was found to be the upregulation of multidrug transporters
[24]. Some concern is also growing related to the use of echinocandins and development of cross-resistance. Signs of
multidrug resistance among more traditional antifungals, such as azoles, and the more recent echinocandins have
already been reported [25-27]. Not only multiple antifungal resistance has been reported in isolated episodes, but also
cross-resistance between more than one family of antifungal drugs is increasing among clinical isolates obtained from
patients in several epidemiological studies, especially concerning Candida spp. Multiple resistance across C. albicans,
C. glabrata, C. tropicalis and C. parapsilosis have been found in 22% of the isolates collected [28]. Accordingly, 11.158.3% of C. glabrata isolates resistant to echinocandins were found to have cross-resistance against fluconazole or
other azoles as well [25, 26, 29]. Also for C. tropicalis, 6.3% of the isolates found in one study were resistant to azoles
and echinocandins [26]. Not only have cross resistance between echinocandins and fluconazole been reported, but also
between echinocandins and amphotericin B [30].
Table 1 Estimate on the percentage (%) of non-susceptible or resistant clinical isolates against four antifungal drugs used in clinical
practice, across several geographic regions [28, 30-56].
Species
C. albicans
C. glabrata
C. tropicalis
C. parapsilosis
C. neoformans

Fluconazole
0.5-33.3
3.4-70
1.3-37.7
21-29.7
4.8-33

% resistance
Amphotericin B Caspofungin
3.2-6.8
3.8-6
2.5-60
1.3-16.2
6.7-18.1
0.7-13
4.5-20
0.4-1.5
3.2-17.4
5

5-Flucytosine
4.4-45
0.8-35
6.7-25
2-7.7
1.6

3. Multidrug resistance: the role of multidrug transporters
Antifungal drug resistance is particularly more serious when it develops not only against the administered drug, but also
to other non-related chemical compounds. This multidrug resistance phenomenon relies, in most cases, on the activity
of multidrug efflux pumps that belong in fungi to two superfamilies: the ATP-binding cassette superfamily (ABC) –
whose transporters are energized by ATP hydrolysis – and the Major Facilitator Superfamily (MFS) – whose
transporters are energized by the proton gradient across the membrane.
In all pathogenic Candida species, including C. glabrata and C. krusei, that have a decreased susceptibility towards
azoles when compared to C. albicans, the action of these transporters is known to be closely related to the acquisition of
drug resistance, in particular to azoles. Similarly to the case of Candida spp., the expression of multidrug resistance
transporters is one of the major drug resistance mechanisms displayed by C. neoformans.
3.1 ABC Superfamily Efflux Pumps
The ATP-binding cassette transporters have a ubiquitous distribution in living organisms, going from bacteria to man
[57, 58]. These transporters have been widely characterized and some of them have been found to have clinical
significance in what concerns antifungal drug resistance [57]. In most cases, these transporters were found to be
intrinsically related to multidrug resistance, and particularly to antifungal drug resistance. For example, in C. albicans,
CaCDR1 – the first ABC transporter described in a fungal pathogen [59] - and CaCDR2, two homologs of ScPDR5,
were found to be upregulated in fluconazole-resistant isolates [60], the disruption of the former turning this species
much more susceptible to azoles [61]. Both these transporters were found to be regulated by the transcription factor
CaTac1, the most important transcription regulator of multidrug resistance in C. albicans, and gain of function
mutations in Tac1 were found to lead to the constitutive expression of CaCDR1 and CaCDR2 [62]. In fluconazoleresistant C. dubliniensis isolates the overexpression of CdCDR1 and CdCDR2 was also observed [63].
C. glabrata expresses three well studied ABC transporters, CgCdr1, CgPdh1 (or CgCdr2) and CgSnq2. The deletion
of the first in an azole-resistant strain, leads to the intracellular accumulation of fluconazole and hypersusceptibility to
other azoles, and further CgPdh1 deletion aggravates this phenotype, similarly to what occurs in C. albicans [64, 65].
Deletion of CgSnq2 was also found to lead to an increased susceptibility towards different azoles and 4-nitroquinolineN-oxide, in an azole-resistant strain [66]. Interestingly, all these transporters have been found to be regulated by the
transcription factor CgPdr1, known to be the major regulator of multidrug resistance in C. glabrata [67].
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A homolog of CDR1 was also found in C. tropicalis and shown to be overexpressed in a strain that developed
resistance against fluconazole [68]. In C. krusei, which is intrinsically resistant to fluconazole, two partial genes
encoding for ABC transporters, CkABC1 and CkABC2, were cloned [69] and CkABC1 expression was later shown to be
related with increased azole resistance in this species, indicating its potential role as a multidrug resistance transporter
[70, 71].
The most well characterized ABC transporter of C. neoformans is Afr1 [19]. The disruption of this gene was found to
lead to a higher susceptibility to azoles, while the expression of this gene, from a plasmid, was able to rescue the
susceptibility phenotype of the deletion mutant [72]. Additionally, CnAfr1 appears to be not only required for azole
drug resistance in C. neoformans, but also for virulence, as its overexpression was also found to increase strain
virulence in mice [73] and to modulate the host’s immune system [74]. A second ABC transporter in C. neoformans,
cnMdr1, has also been characterized. Its expression in a susceptible Saccharomyces cerevisiae strain resulted in
increased resistance to fluconazole and itraconazole, but not to echinocandins or polyenes [75].
3.2 Major Facilitator Superfamily Efflux Pumps
When compared with the ABC transporters, a lot less is known about the MFS transporters that are involved in drug
efflux. These transporters belong to two families: the DHA1 (drug:H+ antiporter family 1), with 12 transmembrane
domains, and the DHA2 (drug:H+ antiporter family 2), with 14 transmembrane domains.
The first MFS drug efflux pump ever to be identified in pathogenic fungi was Candida albicans Mdr1. This
transporter has homologs in several other Candida species and was shown to be regulated by the transcription factor
CaMrr1, appearing to be specifically involved in fluconazole resistance by decreasing its accumulation inside the cell
[61]. In C. dubliniensis, the homolog of this transporter was found to be overexpressed in most fluconazole resistant
isolates, while upon elimination, resistance to this antifungal drug was completely abolished [63].A MDR1 homolog
was also found in C. tropicalis and shown to be overexpressed in a strain that had acquired resistance towards
fluconazole [66].
In C. glabrata, CgFlr1 was shown to be involved in benomyl resistance, a pesticide used in agriculture, but no
connection was found between this transporter and antifungal resistance [76]. Meanwhile, other transporters, such as
CgAqr1, CgQdr2 and CgTpo3, have also been studied. CgAqr1 was found to be involved in flucytosine resistance
mediating, directly or indirectly, the accumulation of this drug. It also confers resistance to acetic acid, which is
frequently found in the vaginal mucosa, probably contributing to the persistence in this niche [77]. CgQdr2 was
identified as a determinant of resistance to imidazoles such as clotrimazole, miconazole, tioconazole and ketoconazole.
Also, this transporter was shown to play an active part in the efflux of these drugs, and its expression was found to be
activated in clotrimazole-stressed cells, under the control of the transcription factor CgPdr1 [78] , the major regulator of
multidrug resistance in C. glabrata. CgTpo3 was found to be involved in the resistance to both imidazoles and triazoles,
such as fluconazole, and to the polyamine spermine, found in high concentrations in the urogenital tract. Moreover,
CgTPO3 was upregulated in C. glabrata cells exposed to spermine, in a CgPdr1-dependent manner. Also, this
transporter seems to be involved in the efflux of azoles and spermine, and the control of the intracellular concentration
of this polyamine seems to be important for azole resistance [79].
It is also important to refer that in a recent exhaustive compilation of the number of MFS transporters present in eight
species of pathogenic fungi clinically relevant (C. albicans, C. glabrata, C. guilliermondii, C. parapsilosis, C.
lusitaniae, C. tropicalis, C. neoformans and Aspergillus fumigatus) it was shown that their genomes encode about 300
putative DHA transporters and that only 14 of them have already been characterized, corresponding to approximately
5% of the total number of transporters [80].
Also, from BLAST analysis using S. cerevisiae PDR genes as queries, 32 PDR transporters were identified in four
medically important human fungal pathogens: C. albicans, C. glabrata, Aspergillus fumigatus and Cryptococcus
neoformans [57]. In most cases, these PDR transporters were found to be intrinsically related not only with MDR, but
particularly with antifungal drug resistance.
These observations highlight the importance of further studying these transporters to fully understand the
mechanisms of antifungal drug resistance acquisition in pathogenic fungi.
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Fig. 1 ABC (orange) and MFS (blue) transporters present in C. albicans, C. glabrata, C. krusei, C. tropicalis and C. neoformans
described as being involved in the acquisition of multidrug resistance. In green are represented the transcription factors known to be
involved in the regulation of these transporters.

4. How to overcome multidrug resistance?
The currently used antifungal therapies are becoming limited in their ability to treat infections caused by pathogenic
yeasts. The development of new antifungals appears, thus, imperative. Researchers all over the world have been testing
new compounds, many of which of natural origin, or several drugs already available in the market for their antifungal
ability, but the advance has been slow.
It is also important to refer that the increasing number of fluconazole resistant strains has been suggested to derive
from an extensive use of this antifungal as a prophylactic agent. New forms of prophylaxis that do not result in a direct
contact of the fungal pathogens with the therapeutic drugs that are ultimately used to treat infections caused by them
are, thus, required. This could be a valuable lesson for a more careful usage of new antifungal drugs.
Moreover, the understanding of the mechanisms that lead these organisms to acquire resistance is essential to allow
the identification of new targets for the development of new drugs. Genome-wide studies could help provide a global
comprehension of multidrug resistance, which is known to be a multifactorial phenomenon.
Given that the action of multidrug efflux pumps plays a tricky part in this equation, finding and developing drugs that
block them could also be an effective way to overcome this problem. One of the possible strategies to be used in
overcoming multidrug resistance phenomena is combination therapy. Other than the combined use of amphotericin B
and flucytosine in the treatment of cryptococcal meningitis, this approach is usually not applied with other antifungal
drugs or other pathogenic yeasts. The combined treatment with two different drugs targeting two steps of the same
pathway (e.g. allylamines and azoles, both targeting membranar ergosterol content) or the use of two drugs targeting
two distinct pathways (e.g. echinocandins and polyenes, targeting the cell wall and cell membrane components,
respectively) could yield better results in overcoming multidrug resistance, as well as helping decrease the dosage of
antifungals required when compared to single-agent therapies.
Once multidrug resistance is commonly associated with the expression of multidrug resistant transporters, some
strategies have been developed to inhibit their action and chemosensitize antifungal resistant cells. Inhibitors are
designed to influence the cellular ATP level, this way affecting the power supply for ABC transporters; influence
membrane phospholipids to increase membrane permeability for ions that decrease the activity of ABC transporters; or
establish specific interactions with proteins, such as the transporter itself [81]. More recently, a derivative from a Doctapeptide, named RC21v3, was used to inhibit C. albicans Cdr1 multidrug transporter. RC21v3 is a high-affinity
inhibitor that interacts with the extracellular surface of the transporter protein, resulting in chemosensitization of azoleresistant clinical isolates to fluconazole and other azole drugs [82]. Following a similar approach, a set of
transmembrane peptide mimics were develop in order to disrupt the activity of the same Cdr1 multidrug transporter in
C. albicans [83]. These synthesized peptides are able to target the transmembrane helixes of the target protein,
interfering with specific interactions in the protein structure. This way, the peptide mimics are able to prevent proper
assembly and folding of the multidrug transporter, effectively acting as antagonists to block drug efflux. These
strategies represent a potential way of overcoming drug resistance by directly disrupting the activity of multidrug
transporters, hopefully shutting down a major mechanism for multiple antifungal resistance. Alternatively, approaches
using natural inhibitors have also been pursued. Tanabe and colleagues [84] described two natural cyclodepsipetides
(unnarmicin A and C) obtained from marine-derived fungi and bacteria extracts that were able to sensitize C. albicans
cells overexpressing multidrug transporters, acting as efflux pump inhibitors. Another study described the use of
jatrophane diterpenoids from herbaceous origin that strongly inhibited drug-efflux activity of the C. albicans ABC
transporter Cdr1 and the MFS transporter Mdr1, by effectively competing with the antifungal for efflux by these
multidrug transporters [85].Furthermore, it is important to develop new methods of diagnosis, that are more rapid and
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efficient, and that allow unequivocal identification of which strain(s) are causing the infection and to which compounds
do they are resistant to, or at least prone to develop resistance to. An overall better understanding of the patient’s
clinical history and of the strain that is causing the infection is determinant to choose the most efficient therapeutic
option.
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