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Abstract
Fungi cause a variety of diseases and are difficult to treat owing to their eukaryotic nature
resulting in dearth of antifungal targets at hand. This problem is further elevated many folds
due to the resistance mechanisms of fungi through which they circumvent the antifungal drugs
administered for therapeutic purposes. Fungi have a variety of strategies for obtaining these
resistances, amongst them pivotal role is played by the ABC and MFS transporters. This article
encompasses the important genes and their respective roles of both the classes of the transporters
in different species of fungi.

Introduction
Our natural environment encompasses a humongous number of micro-organisms
such as bacteria, fungi, viruses etc, having varied habitats and an intrinsic capacity
to adapt to it. These micro-organisms very often are associated with the mortality
and morbidity of the human beings. Amongst these micro-organisms are fungi which
are ubiquitous in environment and are saprophytic or parasitic in nature. The impact
of fungi on human health can be accessed by the data saying that invasive fungal
infections IFIs are responsible for around 1.5 million deaths worldwide each year [13]. They being eukaryotic in nature are harder to kill as the targets unique to them
are fewer in number. Apart from this they have an added advantage to undergo
genetic modi ications thus making them less susceptible and resistant to the ongoing
therapeutics. The development of resistance in fungi is a major scienti ic challenge
that has to be addressed by the scienti ic community and the pharmaceutical industry
unanimously. Some major antifungal drugs and the fungal species having developed
resistance against them have been depicted in table 1 [4].
Chie ly, there are four strategies that are exploited by the fungi so as to confer
antifungal resistance (Figure 1). However, this short article is aimed to identify the
genes and their roles in conferring the antifungal resistance by means of transport
alterations through ABC and MFS transporters [5].
Transport alterations
Survival of a microorganism in a natural environment is dependent upon two factors
a) its ability to secrete toxic compounds against the competing microorganisms and b)
its ability to survive any such attacks. Antifungal drugs administered create a hostile
environment for the fungi and in order to counter it fungi use their transporters viz.
ATP-binding cassette (ABC) and the major facilitator superfamily (MFS) transporters
[5]. A diagrammatic representation of both of them has been provided in igure 2.
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Table 1: List of some antifungal drugs and respective fungal species found resistant to it
Drugs

Resistant fungal species

Fluconazole

Candida albicans, C. glabrata, C. tropicalis, C. krusei, C. dubliniensis, Cryptococcus neoformans,
Histoplasma capsulatum, Aspergillus fumigatus, A. flavus

Amphotericin B

C. albicans, C. lusitaniae, C. neoformans

Flucytosine

C. albicans, C. neoformans, Aspergillus spp.

Terbinafine

C. albicans

Figure 1: Figure showing the strategies of resistance mechanism employed by fungi to confer antifungal resistance.

Figure 2: Structural depiction of a) MFS Transporter b) ABC transporter.

ABC Transporters: ABC transporters, located not only in the plasma membrane
but also in the membrane of the organelles, comprise of two transmembrane domains
(TMD) and two cytoplasmic nucleotide binding domain (NBD). TMDs function as
transmembrane helices facilitating the transport whereas NBDs provides site for
ATP hydrolysis [6]. The precise arrangement of the NBDs and TMDs inside a pump
polypeptide (transporter) depends on the type of the pump itself. There are three main
subfamilies of ABC transporters based on the classi ication made in Saccharomyces
cerevisiae, viz. the pleiotropic drug resistance (PDR), multi-drug resistance (MDR), and
multidrug resistance-associated protein (MRP) (cf. human CFTR) subfamilies [7-9].
Amongst these the most important fungal subfamily often associated with the fungal
drug resistance is the PDR family, the prime example being Pdr5p in S. cerevisiae [1012].
In case of Candida species, the over expression of Candida drug resistance 1 (CDR
1) and Candida drug resistance 2 (CDR 2) genes are responsible for the induction
of azole resistance, CDR1 being a major contributor [13-18]. The function of CDR1
is not restricted to azole resistivity but also works as a multidrug resistance (MDR)
gene. Further research on C. albicans has shown that CaCDR3 and CaCDR4 function
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as phospholipid lippases. CaCdr3p although shows high sequence conservation
with CaCdr1p and CaCdr2p but does not contribute to resistance against lucytosine
[19]. Similarly, no involvement of CaCDR4 gene was found in lucytosine resistance
[20]. Homology based studies suggest that orthologs of SNQ2 and YOR1 are involved
in providing resistance against 4-nitro-1-oxido-quinoline [21] and aureobasidin A,
respectively [22].
Thirty percent of clinical isolates of Candida glabrata portray a moderate innate
resistance to azoles. It has also been observed that this innate resistance can mount
up during the course of treatment or prophylaxix with azole drugs especially
luconazole which persists even after the treatment culminates [23]. A noteworthy
point that needs to be mentioned here is that due to the extensive use of luconazole
the cross resistance in C. glabrata against other azoles (itraconazole, ketoconazole or
voriconazole) has increased [24]. There are about 18 ABC transporters that have been
identi ied in C.glabrata. Amongst them, CgCDR1, CgCDR2, CgSNQ2 are the functional
analogues of CDR1 and CDR2. Over expression of CgCDR1 has been found to confer
resistance against azoles [25,26]. This ef lux pump utilizes ATP phosphorylation as an
energy source and apart from azoles has a wide range of structurally and functionally
diverse group of compounds as substrates. Further CgAUS1, has been identi ied which
is responsible for the rejuvenation of the lost ergosterol due to the activity of azoles
[27]. Unlike other species of Candida, C. krusei is found to be resistant to luconazole,
the reason being the reduced susceptibility of the drug target Erg11p to azole
antifungals, whereas a majority of the strains are found to be susceptible in a dosedependent manner to itraconazole [28-30]. Studies based on the degenerate primers
have helped us to identify CkABC1 and CkABC2 as the only known ABC transporters till
date in C.krusei. Amongst CkABC1 and CkABC2 the latter was found strongly induced
in response to azoles whereas the former was minimally expressed under all growth
conditions tested.
Studies based on identi ication of functional analogues of CDR1 and CDR2 in C.
dubliniensis resulted in CdCDR1 and CdCDR2 in C. krusei, ABC1 and ABC2 in C. tropicalis,
CDR1 homologue and in Cryptococcus neoformans, CnAFR1 also function as important
genes for azole resistance [5,31-33]. In Aspergillus fumigatus the ABC transporter
genes responsible for imparting resistance are atrF and atrI. It has been found that atrI
mediates resistance to itraconazole and voriconazole whereas atrI mediated resistance
only to voriconazole in case of S.cerevisiae [34].
A. fumigatus genome comprises of 49 ABC transporters, however there is
not much evidence available to link any ABC transporter with clinically relevant
antifungal drug resistance. The probable reason behind this is that the speci icity of
all the transporters is limited henceforth we can conclude that ef lux in this case is not
related to imparting resistance against antifungal drugs [35]. Multiple copies of the
genes encoding several enzymes participating in the ergosterol bisosynthesis pathway
have been found in the genome of Aspergillus species example CYP 51 gene. Gene
knockout studies have depicted that Cyp51Ap (AfuCyp51Ap) is responsible for the
innate resistance to luconazole and ketoconazole [36]. Further, the ABC transporters
that have been isolated and characterized are AtrA, AtrB, AtrC, AtrC2, and AtrD [3740]. AtrA and AtrB are PDR ABC pumps whereas AtrC, AtrC2 and AtrD serve as MDR
class of transporters.
In case of Cryptococcus species, 54 ABC transporters have been reported till date.
Out of the above CneAfr1p [41,42] and CneMdr1p [43] are the only two which have been
found linked to the antifungal drug resistance in C. neoformans. CneAfr1p shows a high
homology to A. nidulans AtrBp, AfuAtrFp, ScSnq2p, and CgPdh1p. Studies conducted
on the cross resistance between amphotericin B and luconazole in C. neoformans and
C.gattii portray the defects in Erg2p (CneErg2p) or CneErg3p and additionally had
reduced levels of ergosterol thus explaining the AMB resistance [44].
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MFS Transporters
MFS transporters, encompasses a large superfamily of protein sharing a high sequence
similarity all across the living world. The two subfamilies of MFS transporters have been
classi ied on the basis of the number of transmembrane spans (TMS) within the transmembrane
domain (TMD). The drug:H+ antiporter DHA1 has 12 TMS and DHA2 has 14 TMS [45].
In case of Candida albicans, out of the six genes (MDR1, FLU1, TPO3, orf19.2350, NAG3,
and MDR97) annotated as MFS in the Candida genome database (CGD) only CaMdr1p and
CaFlu1p have antifungal substrates. CaMdr1p is a type of DHA1 MFS transporter, and
has been shown to confer resistance against luconazole and ketoconazole, but not to
miconazole or itraconazole [46].CaMdr1p over expression in C. albicans also imparts
resistance to cerulenin and brefeldin A. Further, studies on structural and functional
analyses of CaMdr1p determined a critical region in the TMS5 which is responsible
for the drug/H+ transport [47]. FLU1 is another example of DHA1 MFS gene from C.
albicans [48]. Studies suggest that not much on luconazole susceptibility was visible
by deletion of the FLU1 in C. albicans but this sensitized the cells to mycophenolic
acid suggesting its activity as a pump substrate. In a study based on mutagenesis, 21
itraconazole resistant mutants were developed in which about half of the mutants,
depicted resistance due to over expression of the ef lux pumps AfuMDR3, an MFS-type
transporter belonging to the DHA2 family.
The above highlighted transporters and the genes overexpressed in course of
providing resistance against drugs can prove to be potential targets for adjunct
therapy, involving killing the fungi and stopping them to achieve resistance against
the main drug.

Conclusion
Growing resistance of the fungi against currently used antifungals is a matter of
big concern for the scienti ic community. The rate of developing resistance against
the antifungals is higher than the rates at which the new antifungals are introduced.
Therefore, it is the need of the hour to understand the mechanism of the antifungal
resistance and try to evade it. To address the same, this article underlines the various
mechanisms of the antifungal resistance acquired by the fungi with a special emphasis
on the transport based alterations. ABC proteins and MFS pumps both differing in the
mechanism by which they harvest energy. ABC transporters are basically dependent
upon the ATP phosphorylation for energy whereas MFS pumps depend upon the
proton motive force for the same. Further, the different ABC and MFS transporters
present in different species such as Candida, Aspergillus, Cryptococcus etc have been
described along with their role in the antifungal drug resistance. This article will pay
a pivotal role in understanding the major genes involved in inducing the resistance
in different fungi and will de initely be helpful in conducting future studies on the
resistance gained by fungi.
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