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Abstract

This review provides an overview of members of the ATP-binding cassette (ABC) and major facilitator superfamily
(MFS) of transporters identified in filamentous fungi. The most common function of these membrane proteins is to
provide protection against natural toxic compounds present in the environment of fungi, such as antibiotics produced
by other microorganisms. In plant pathogenic fungi, these transporters can also be an important determinant of
virulence on host plants by providing protection against plant defence compounds or mediating the secretion of
host-specific toxins. Furthermore, they play a critical role in determining base-line sensitivity to fungicides and
other antimycotic agents. Overexpression of some of these transporters can lead to the development of resistance to
chemically-unrelated compounds, a phenomenon described as multidrug resistance (MDR). This has been observed

in a variety of organisms and can impose a serious threat to the effective control of pathogenic fungi.

Abbreviations: ABC — ATP-binding cassette; Acc. — accession number; DAS — diacetoxyscirpenol;

DMI - demethylation inhibitor; EST — expressed sequence tag; MDR — multidrug resistance; MFS — major
facilitator superfamily; MRP — multidrug resistance-related protein; NBF — nucleotide-binding fold;

PDR - pleiotropic drug resistance; PDREs — pleiotropic drug resistance elements; SBI — sterol biosynthesis

inhibitor; TMD - trans-membrane domain.

Introduction

In nature, filamentous fungi are constantly exposed to a
wide variety of toxic compounds originating from vari-
ous sources. In their living environment they encounter
numerous antibiotic compounds produced by other
microorganisms. Plant pathogenic fungi must also be
able to resist the toxic effects of plant defence products
such as phytoalexins and phytoanticipins. In addition,
the advent of chemical disease control over the past
decades led to an increased exposure of fungi to fungi-
cides. On the other hand, fungi may also need to han-
dle toxicants of endogenous origin such as antibiotics
and mycotoxins that provide the producing organism

with a competitive advantage in its ecological habitat.
In this context, the following questions can be raised:
‘Which strategies have organisms developed to protect
themselves against exposure to exogenous toxic prod-
ucts?’ and ‘How do toxin producing organisms manage
to protect themselves against auto-toxicity of endoge-
nous toxins?” The answers to both questions relate to
mechanisms of selective toxicity and can be of a qual-
itative or quantitative nature. Qualitative factors relate
to the presence of the target site of a toxic compound
in sensitive organisms and its absence in resistant ones.
Quantitative factors determine the effective concentra-
tion of the cytotoxic agent that can be built up at the
target site as a result of uptake, transport, storage and
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natural metabolism. Differences in affinity of the tar-
get site in target and non-target organisms are also
important quantitative factors.

Functions of ABC and MFS transporters in
filamentous fungi

Quantitative factors that influence the accumulation
of toxicants in cells were only discovered in the last
couple of decades and are described as members of
the ATP-binding cassette (ABC) and the major facil-
itator superfamily (MFS) of membrane transporters.
These transporters have a remarkably broad substrate
specificity and are able to transport a wide variety of
natural and synthetic toxic products of either endoge-
nous or exogenous origin. In this way, they prevent or
reduce accumulation of these products inside cells and
hence, avoid or minimise their toxic action (Nelissen
et al.,, 1997; Bauer et al., 1999; Pao et al., 1998).
Furthermore, overexpression of these transporters is
known to play an essential role in resistance of cells to
chemically-unrelated compounds. This phenomenon is
described as multidrug resistance (MDR) and is a seri-
ous threat to the effectiveness of drugs (Fling et al.,
1991; Juliano and Ling, 1976).

The physiological functions of ABC and MFS
transporters in fungi are also highly significant.
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These transporters provide protection against toxic
compounds present in their natural habitat or pre-
vent the cytoplasmatic accumulation of toxic secondary
metabolites produced by the fungus itself. In addition,
in plant pathogenic fungi these transporters may act as
virulence or pathogenicity factors if they mediate secre-
tion of virulence factors, such as host-specific toxins,
or provide protection against plant defence compounds
during pathogenesis (De Waard, 1997) (Figure 1). If
the sexual stage of a fungus is present, ABC trans-
porters can also be involved in secretion of mating type
factors and thus, contribute to the genetic diversity of
a fungal population. Such transporters have already
been characterised in Saccharomyces cerevisiae and
Schizosaccharomyces pombe (Christensen et al., 1997,
Kuchler et al., 1989).

ABC and MFS transporters also function in
protection against synthetic toxic compounds, such as
fungicides and other antimycotic agents (De Waard,
1997). Over the past few years, the widespread use
of antifungal compounds has resulted in the develop-
ment of fungicide resistance in several fungal species.
Studies on azole-resistant strains of Candida albicans
and other fungal pathogens of medical importance indi-
cated a decreased accumulation of these compounds
in cells, mediated by ABC and MFS transporters.
In many of these cases, exposure to a single antimycotic
agent resulted in simultaneous resistance to a number
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Figure 1. Functions of ABC and MFS transporters in filamentous fungi.



of chemically unrelated compounds. Overexpression
of ABC and MFS genes was closely linked with
such MDR phenotypes (Albertson et al., 1996; Fling
et al., 1991; Franz et al., 1998; Sanglard et al., 1995;
1997; White, 1997). Reduced accumulation of azole
fungicides in Aspergillus nidulans and Penicillium
italicum suggested that a similar mechanism attributed
to resistance development in these fungi (De Waard
and Van Nistelrooy, 1980; 1984a,b; 1988). Recent stud-
ies support the hypothesis that ABC and MFS trans-
porters are indeed involved in MDR in filamentous
fungi (Del Sorbo et al., 2000).

The aim of this review is to describe ABC and MFS
transporters from filamentous fungi, with a function in
protection against natural toxic compounds and fungi-
cides. This review will also focus on recent data that
demonstrate the role of ABC and MFS transporters in
secretion of host-specific toxins and mycotoxins.

ABC transporters

ABC transporters comprise one of the largest protein
families known to date, operating in a wide variety
of organisms from bacteria to man (Higgins, 1992).
They are located in the outer plasma membrane or
in membranes of intracellular compartments, such as
the vacuoles, endoplasmatic reticulum, peroxisomes,
and mitochondria. ABC transporters are capable of
transporting a wide variety of cytotoxic, hydrophobic
agents, ranging from ions to macromolecules, against a
concentration gradient (Ambudkar et al., 1999; Bauer
etal., 1999; Del Sorbo et al., 2000; Theodoulou, 2000).
The energy needed for transport is generated by the
hydrolysis of ATP and for this reason ABC trans-
porters are characterised as primary active transport
systems (Azzaria et al., 1989). ABC transporters are
also described as P-glycoprotein, PDR (pleiotropic
drug resistance) proteins or MDR proteins.

The structural unit of an ABC transporter is com-
posed of two homologous halves each containing
six trans-membrane domains (TMDs) and a con-
served nucleotide-binding fold (NBF). The NBFs
of ABC transporters are located in the cytoplasm.
They are distinguished by the presence of highly
conserved amino acid sequences, called the Walker A
[G-(X)4-G-K-(T)-(X)6-1/V] and Walker B [R/K-
(X)3-G-(X)3-L-(hydrophobic)4-D] motif, and the
ABC signature [L-S-G-G-(X)3-R-hydrophobic-X-
hydrophobic-A] (Ames et al., 1989; Walker et al.,
1982). The catalytic activity of these sites with respect
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to coupling and hydrolysis of ATP provides the energy
necessary for transport of substrates (Azzaria et al.,
1989). Both NBFs can have ATPase activity, stimu-
lated by the presence of the substrate and in the case
of full size transporters interaction between the two
homologous halves seems to be necessary for trans-
port (al Shawi and Senior, 1993; Ambudkar et al.,
1992; Loo and Clarke, 1994). The TMDs of ABC
proteins are less conserved as compared to the NBFs.
They might form a pore across the lipid bilayer of
membranes (Rosenberg et al., 1997) and are known to
play a role in determining the substrate specificity of
the transporters. More specific, TMDs 4, 5, 6, 10, 11,
and 12 and the extra-cellular loops connecting them
are thought to be closely linked with substrate binding
and transport (Greenberger, 1993; Loo and Clarke,
1995; Safa et al., 1990; Zhang et al., 1995).

ABC transporters can be classified into different
clusters based on their topology. The majority of these
proteins have a [TMDg-NBF], or [NBF-TMDg], topol-
ogy. Half-sized transporters with a single TMD4-NBF
or NBF-TMDg configuration have also been described
and are assumed to function after dimerisation
(Decottignies and Goffeau, 1997; Theodoulou, 2000).
Multidrug resistance-related proteins (MRP) are ABC
transporters with a TMD,[TMD¢-NBF], topology.
They are characterised by the presence of an additional
trans-membrane spanning domain of approximately
200 amino acids at the N-terminus of the protein and the
presence of a putative ‘Regulatory’ (R) or ‘Connector’
domain between the two homologue halves, thought to
act in regulation of the protein (Tusnady et al., 1997)
(Figure 2). Some representatives of this group of trans-
porters have been identified as glutathione S-conjugate
pumps involved in cellular detoxification and other
processes (Ishikawa, 1992; Ishikawa et al., 1997).

ABC transporters include both uptake and efflux
systems. In general, they exhibit a broad substrate
specificity, although transporters with specific sub-
strates also occur. The broad range of substrates
for these proteins includes alkaloids, lipids, peptides,
steroids, sterols, terpenoids, flavanoids, sugars, inor-
ganic anions and heavy metal chelates. Synthetic com-
pounds, such as fungicides, anticancer drugs, and other
therapeutic or disease control agents have also been
described (Ambudkar et al., 1999; Bauer et al., 1999;
Del Sorbo et al., 2000; Theodoulou, 2000). Most of
these compounds have a positive charge at physiolog-
ical pH, are hydrophobic and enter the cells through
passive diffusion (Gottesman and Pastan, 1993). The
way that these compounds are transported is not
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Figure 2. Schematic representation of ABC transporters with the [NBF-TMDg], and [TMD¢-NBF], topology. MRP proteins are ABC
transporters with a TMD, [TMDs-NBF], topology. TMDs are indicated as boxes and are numbered. The NBFs are indicated as circles.

‘R’ is the ‘regulatory’ or ‘connector’ domain of the MRP-like proteins.

fully understood and several models have been pro-
posed. Early models suggested that ABC proteins
act as ‘biological pumps’ interacting directly with
their substrates for their removal from the cytoplasm
(Gottesman and Pastan, 1988). However, recent stud-
ies indicate that detection and excretion of toxic agents
takes place at the membrane level before toxic con-
centrations can be built up in the cytoplasm. In this
case, drugs are removed directly from the membranes
into the extra-cellular space, and therefore, ABC trans-
porters have been described as ‘hydrophobic mem-
brane vacuum cleaners’ (Gottesman and Pastan, 1993;
Raviv et al., 1990). However, it is also assumed that,
initially, a small amount of the drug might be neces-
sary to reach the cytoplasm in order to activate the
cell defence mechanism and induce production of these
pumps. A second model suggests that ABC transporters
have a flippase activity, translocating drugs from the
inner leaflet of the lipid membrane bilayer to the outer
one and subsequently released into the outer envi-
ronment (Higgins and Gottesman, 1992). Yet, other
models propose that ABC proteins indirectly promote
decreased intracellular accumulation of drugs by alter-
ing biophysical properties of membranes (Roepe, 1994;
Wadkins, 1997).

In silico analysis of the S. cerevisiae genome iden-
tified at least 30 different ABC transporters (Taglicht
and Michaelis, 1998). Other genome sequencing pro-
grammes reported the presence of 56 ABC proteins
in Drosophila melanogaster, 56 in Caenorhabditis
elegans, 129 in Arabidopsis thaliana, and 48 in Homo
sapiens (http://www.humanabc.org/). Evidence sug-
gests that an equally high number of ABC pro-
teins are present in filamentous fungi. Complete
sequencing of the Neurospora crassa genome
revealed the existence of 39 putative ABC pro-
teins, while in Cochliobolus heterostrophus, Fusarium
sporotrichioides, and Botrytis cinerea 51, 54, and
46 ABC proteins were identified, respectively (Yoder
and Turgeon, 2001). The function of a limited num-
ber of these proteins has been elucidated, but the vast
majority remains to be investigated.

ABC transporters from filamentous fungi
involved in protection against natural toxic
compounds and fungicides

Aspergillus spp.
Several ABC transporter genes from A. nidulans have
been described (Table 1). AtrA and atrB encode



Table 1. ABC transporter genes from A. nidulans

ABC gene Acc. Reference

atrA 768904 Del Sorbo et al., 1997

atrB 768905 Del Sorbo et al., 1997

atrC AF071410 Andrade et al., 2000b
atrC2* AF082072 Angermayr et al., 1999
atrD AF071410 Andrade et al., 2000b

atrE AJ309280 Andrade et al., 2000

atrF AJ309281 Andrade et al., 2000

atrG AJ309282 Andrade et al., 2000

abcA — Do Nascimento et al., 1999
abcB — Do Nascimento et al., 1999
abcC — Do Nascimento et al., 1999
abcD — Do Nascimento et al., 1999

*Renamed. Original name was also atrC.

proteins with a [NBF-TMDg], topology, while atrC
and atrD encode proteins with a [TMDs-NBF], topol-
ogy. Expression of these genes is up-regulated by
a range of natural and synthetic toxic compounds,
such as the secondary plant metabolites pisatin and
reserpine, the antibiotic cycloheximide, and sterol-
demethylation-inhibiting (DMI) fungicides (Andrade
et al.,, 2000; Del Sorbo et al., 1997). Heterologous
expression of atrB in an ABC transporter deficient
mutant strain of S. cerevisiae showed that yeast trans-
formants carrying this gene are resistant to the antibi-
otic cycloheximide and a number of other drugs, sug-
gesting a role for atrB in MDR (Del Sorbo et al., 1997).
Functional analysis by gene replacement in A. nidulans
demonstrated that atrB is involved in protection against
compounds from all major classes of fungicides and
natural toxic compounds. These include anilinopy-
rimide, benzimidazole, phenylpyrrole, phenylpyridy-
lamine, DMI, and strobilurin fungicides, as well as
the plant alkaloid camptothecin and the phytoalexin
resveratrol (Andrade et al., 2000a). Disruption of atrD
in A. nidulans resulted in a hypersensitive phenotype
to cycloheximide, the cyclosporin derivative PSC 833,
nigericin, and valinomycin (Andrade etal.,2000b). The
results show that some of the A. nidulans ABC trans-
porters play a role in defence against a wide range of
natural toxic products and fungicides.

Since ABC transporters can play a role in pro-
tection of fungi against the activity of DMI fungi-
cides, efforts have been undertaken to identify ABC
transporter genes in A. flavus and A. fumigatus, two
important opportunistic pathogens involved in human
aspergillosis. AfIMDR1 (Acc. U62931) is the only ABC
transporter gene cloned from A. flavus. It encodes a
transporter with a [TMD¢-NBF], predicted topology
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Table 2. ABC transporter genes from
A. fumigatus

ABC gene  Acc. Reference

AfuMDRI1 U62934 Tobin et al., 1997
AfuMDR2  U62936 Tobin et al., 1997
ADRI — Slaven et al., 1999
abcA AJ417501 —

atrF AJ311940 —

but no function for this protein has been reported yet.
ABC transporter genes cloned from A. fumigatus are
listed in Table 2. AfuMDRI encodes a protein with
a predicted [TMD¢-NBF], topology while abcA and
atrF encode proteins with a [NBF-TMDg], topology.
Interestingly, AfuMDR?2 encodes a protein with only
four putative TMDs and a single NBF. Heterologous
expression of AfuMDRI1 in S. cerevisiae resulted in
enhanced resistance to cilofungin, a (1,3)-8-D glucan
synthase inhibitor, but not to other antimycotics tested.
A. fumigatus is insensitive to cilofungin, suggesting
that this property is due to the ability of AfuMDRI1
to provide protection against this compound (Tobin
et al., 1997). Increased levels of ADRI expression
were found in an itraconazole-resistant isolate of
A. fumigatus that does not accumulate this compound,
implying the involvement of ADRI in itraconazole
efflux (Slaven et al., 1999). Reduced cellular accu-
mulation of this compound has also been described
for other itraconazole-resistant isolates of this fungus
(Denning et al., 1997). Hence, increased drug efflux
activity seems to be acommon mechanism of resistance
in A. fumigatus.

Botrytis cinerea

B. cinerea (teleomorph Botryotinia fuckeliana) is the
causal agent of the grey mould disease that attacks a
wide variety of crop plants and causes serious eco-
nomic losses. Several ABC transporter genes have
been cloned from this fungus (Table 3). The basal
level of transcripts of these genes vary from unde-
tectable (BcatrC, BcatrJ, BcatrN), to low (BcatrA,
BcAtrB, BceatrE, BeatrG, BeatrK), and high (BcatrF,
BcatrH, Bcatrl) (Vermeulen et al., 2001). Treatment
with fungicides can increase transcript levels of sev-
eral of these genes. BcatrB encodes a protein with a
[NBF-TMDg], topology. Increased transcript levels of
this gene are observed after treatment with phytoalex-
ins, phenylpyrrole, anilinopyrimide, and dicarbox-
imide fungicides (Schoonbeek et al., 2001; Vermeulen
et al., 2001). Functional analysis by means of gene
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Table 3. ABC transporter genes from B. cinerea

ABC gene Acc. Reference

BcatrA 768906 Del Sorbo and De Waard, 1996
BcatrB AJ006217 Schoonbeek et al., 1999
BcatrC AF241315 Vermeulen et al., 2001
BcatrD AJ272521 Vermeulen et al., 2001
BcatrE AF238224 Vermeulen et al., 2001
BcatrF AF238230 Vermeulen et al., 2001
BcatrG AJ278038 Vermeulen et al., 2001
BcatrH AF241313 Vermeulen et al., 2001
Bcatrl AF238229 Vermeulen et al., 2001
BcatrJ AF238228 Vermeulen et al., 2001
BcatrK* AF238227 Vermeulen et al., 2001
BMRI* AB028872 Nakajima et al., 2001
BcatrL — Vermeulen et al., 2001
BcatrM — Vermeulen et al., 2001
BcatrN AF238226 Vermeulen et al., 2001

*BcatrK and BMR] are identical.

disruption showed that ABcatrB mutants display
increased sensitivity to resveratrol, a plant defence
product in grapevine, while virulence tests showed
a slight reduction in virulence on grapevine leaves
as compared to the wild-type control. These results
suggest a role for BcatrB in virulence of B. cinerea
by providing protection against resveratrol. In addi-
tion, ABcatrB mutants exhibit increased sensitivity to
the phenylpyrrole fungicides fenpiconil and fludiox-
onil, while mutants overexpressing this gene show
decreased sensitivity to these compounds, suggesting
an additional role for BcatrB in fungicide sensitivity of
B. cinerea (Schoonbeek et al., 2001). BcatrD encodes
a protein with a [NBF-TMDg], topology. This gene
exhibits a high level of basal expression in germlings
of B. cinerea and its transcript level is up-regulated by
treatment with DMI, dicarboximide, and benzimida-
zole fungicides, as well as with the antibiotic cyclo-
heximide (Hayashi et al., 2001). A positive correlation
between increased transcript levels of BcatrD and resis-
tance to azole fungicides was observed. Replacement
mutants of BcatrD exhibit increased sensitivity to sev-
eral DMIs and accumulate relatively high amounts
of oxpoconazole. Likewise, mutants overexpressing
BcatrD show a positive correlation between BcatrD
expression level and decreased sensitivity to this
compound. These results indicate that BcatrD is a
determinant of sensitivity of B. cinerea to DMI fungi-
cides (Hayashi et al., 2001). BMRI (BcatrK) encodes
a protein with a [NBF-TMDg], topology. ABMRI
mutants display increased sensitivity to the antibi-
otic polyoxin and the organophosphorous fungicide

iprobenfos, which implies that BMRI1 is an additional
MDR transporter of this fungus (Nakajima et al.,
2001).

Gibberella pulicaris

The necrotrophic fungus G. pulicaris (anamorph
Fusarium sambucinum), the cause of dry rot dis-
ease of potatoes, infects tubers through open
wounds. Recently, the ABC transporter gene Gpabcl
(Acc. AJ306607), encoding a protein with a
[NBF-TMDg], topology, was cloned and characterised
from this fungus. Wounding of potato tissues induces
the production of phytoalexins, such as rishitin and
lubimin. Treatment of the fungus with either of these
two compounds induced rapid expression of Gpabcl.
Pathogenicity tests revealed that AGpabcl mutants are
unable to colonise potato slices. Additionally, these
mutants are hypersensitive to rishitin and lubimin, sug-
gesting that they are incapable of coping with the
toxic effect of phytoalexins produced at the infec-
tion site. Thus, Gpabcl is essential for pathogenicity
of G. pulicaris on potato tubers by providing protec-
tion against plant defence compounds (Fleissner et al.,
2002).

Magnaporthe grisea

M. grisea is a major pathogen of rice. The ABC
transporter gene ABCI (Acc. AF032443) was iden-
tified through an insertional mutagenesis screen for
pathogenicity mutants. The encoded protein has a
[NBF-TMDg], topology. AABC1 mutants have normal
growth on agar media but showed a complete loss of
virulence on barley and rice plants. Histopathological
analysis of the infection process on rice showed that the
AABCI mutants, although capable of forming appres-
soria, failed to produce extensive infection hyphae
and died shortly after penetration of the epidermal
cells. Expression analysis of the AABCI mutants
after treatment with several compounds demonstrated
that ABCI transcript levels are strongly induced by
the DMI fungicides miconazole and metconazole, the
rice phytoalexin sakuranetin, and the protein synthe-
sis inhibitor hygromycin. Yet, AABCI mutants do not
show increased sensitivity to any of these compounds.
Thus, the exact role of ABC1 during pathogenesis
needs to be established. The most probable explanation
for the loss of virulence of the deletion mutants is that
ABCI1 provides protection against antimicrobial com-
pounds present in barley and rice cells, although the
compound(s) involved remain to be identified (Urban
et al., 1999).



Mpycosphaerella graminicola

Five ABC transporter genes have been cloned and
sequenced from M. graminicola (anamorph Septoria
tritici) the causal agent of Septoria tritici leaf
blotch, one of the most important diseases of wheat
(Table 4). The encoded ABC proteins all exhibit the
[NBF-TMDg], configuration. Expression of MgAfr3
was not detected under any conditions tested. However,
MgAtrl, MgAtr2, MgAtr4, and MgAtr5 display dis-
tinct expression profiles when treated with a range of
compounds known to be either substrates or induc-
ers of ABC transporters. These include DMIs, nat-
ural toxic compounds such as the plant defence
compounds eugenol and psoralen, and the antibiotics
cycloheximide and neomycin. The expression pat-
tern of the genes also depends on the morphologi-
cal state, yeast-like cells or mycelium, of the fungus
(Stergiopoulos et al., 2002a; Zwiers and De Waard,
2000). Heterologous expression of MgAtrl, MgAtr2,
MgAtr4, and MgAtr5 genes in a multiple knockout
strain of S. cerevisiae showed that the products of
these genes transport a wide range of chemically-
unrelated compounds and possess an extensive overlap
in substrate specificity. Their substrate range includes
synthetic compounds such as DMIs, natural com-
pounds such as the plant metabolites berberine and
camptothecin, and the mycotoxin diacetoxyscirpenol
(DAS). The function of MgAtri-5 in virulence of
M. graminicola on wheat was investigated with knock-
out mutants. Analysis of the transformants showed that
AMgAtr5 mutants have a small increase in sensitiv-
ity to the putative wheat defence compound resorcinol,
suggesting a role for this transporter during pathogene-
sis. No further phenotypes were observed for any of the
mutants and compounds tested. This could be due to
redundancy of ABC transporters with similar substrate
specificity (Zwiers, 2002). Thus, the possibility that
some of these transporters are involved in protection
against natural and synthetic toxic compounds cannot
be excluded. All transformants were tested for viru-
lence on wheat seedlings. AMgAtr4 mutants displayed
reduced virulence as compared to the wild-type control

Table 4. ABC transporter genes from M. graminicola

ABC gene  Acc.

Reference

MgAtrl AJ243112 Zwiers and De Waard, 2000
MgAtr2 AJ243113 Zwiers and De Waard, 2000
MgAtr3 AF364105  Stergiopoulos et al., 2002a
MgAtrd AF329852  Stergiopoulos et al., 2002a
MgAtrS AF364104  Stergiopoulos et al., 2002a
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strain. Northern analysis on interaction RNA isolated
from wheat infected with the wild-type isolate and the
AMgAtr4 mutant showed a low build-up of biomass
of the AMgAtr4 mutant on wheat (Stergiopoulos et al.,
2002b). The findings indicate a role for this protein in
virulence.

Penicillium digitatum

P. digitatum is the causal agent of the citrus green
mould. Five ABC transporter genes have been cloned
from this fungus (Table 5). PMRI was cloned
from a DMlI-resistant isolate that is also cross-
resistant to the unrelated chemicals cycloheximide,
4-nitroquinoline-N-oxide (4NQO), and acriflavine.
The gene has a [NBF-TMDy], topology and shares
a high degree of identity with atrA and atrB from
A. nidulans. Basal level of PMRI transcription was
higher in DMI-resistant isolates of P. digitatum than in
sensitive ones. Treatment of the fungus with the DMI
fungicide triflumizole induced PMRI transcription
in sensitive and DMI-resistant strains. Disruption of
PMRI in sensitive and DMI-resistant isolates resulted
in increased sensitivity to DMIs as well as to camp-
tothecin, phloretin, and oligomycin (Nakaune et al.,
1998; 2002). Reintroduction of PMRI in APMRI
mutants derived from DMI-resistant strains resulted
in decreased sensitivity to DMIs. However, reintro-
duction of PMRI in APMRI mutants derived from
DMI-sensitive strains did not result in decreased sen-
sitivity. These results suggest that although PMRI1-
mediated efflux of DMIs plays an important role
in determining sensitivity of P. digitatum to DMIs,
it does not, alone, explain the difference in sensi-
tivity between DMlI-sensitive and resistant isolates
(Hamamoto et al., 2000). PMR5 encodes a protein
with a [NBF-TMDg], topology and shares a high
degree of identity with PMRI from P. digitatum, atrB
from A. nidulans and BcatrB from B. cinerea. In
contrast to PMRI, transcription of PMR)5 is strongly
induced by benzimidazoles, dithianon, and resvera-
trol but not by DMIs. Furthermore, APMRS5 mutants
display increased sensitivity to benzimidazole fungi-
cides and dithianon as well as to plant products such as

Table 5. ABC transporter genes from P. digitatum

ABC gene  Acc. Reference

PMRI ABO010442  Nakaune et al., 1998
PMR3 — Nakaune et al., 2001
PMR4 — Nakaune et al., 2001
PMR5 AB060639  Nakaune et al., 2001; 2002
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camptothecin and resveratrol. The results demonstrate
that PMRS and PMR1 possess distinct substrate speci-
ficity and have an important role in providing protection
of the fungus against a range of natural and synthetic
toxic compounds (Nakaune et al., 2002).

Other filamentous fungi

ABC transporter genes from other fungi include
two genes, coded LMABCI and LMABC2, from
Leptosphaeria maculans (anamorph Phoma lingam),
the causal agent of blackleg disease of crucifers. Both
genes encode proteins with the [NBF-TMDg], topol-
ogy. LMABCI is strongly induced after treatment
of the fungus with an analogue of the brassinin phy-
toalexin methyl-4-chlorobenzyldithiocarbamate and
the azole fungicide miconazole. Increased transcripts
of LMABC? are observed after treatment of the fungus
with cycloheximide and the phytotoxin sirodesmin PL.
Functional complementation of a S. cerevisiae ABC
transporter null mutant, demonstrated that LMABC?2 is
able of transporting cycloheximide and 4NQO. Thus, it
is possible that this gene plays a role in MDR, thereby
protecting the fungus against natural and synthetic
toxic compounds (Taylor and Condie, 1999).

Four ABC transporter genes have been cloned from
Venturia inaequalis, the causal agent of the apple scab
disease (Table 6). VIABCI and VIABC2 encode pro-
teins with a [NBF-TMDg], topology, while VIABC3 and
VIABC4 encode proteins with a [TMDs-NBF], topol-
ogy. Northern blot analysis revealed that VIABC4 has a
high basal level of expression indicating that this gene
might be involved in basic metabolism (Schnabel and
Jones, 2001).

ABC transporters involved in transport of toxins

Although data on the role of fungal ABC proteins
in the secretion of endogenous produced toxins are
limited, it is clear that ABC transporters can at
least provide protection against toxins produced by
other fungi. Bissinger and Kuchler (1994) reported
the first evidence that ABC transporters can function
in protection against mycotoxins. They showed that

Table 6. ABC transporter genes from V. inae-
qualis

ABC gene  Acc. Reference

VIABC1 AF227914  Schnabel et al., 2001
VIABC2 AF227915  Schnabel et al., 2001
VIABC3 AF375878  Schnabel et al., 2001
VIABC4 AF375879  Schnabel et al., 2001

PDR5 (Acc. L19922), a well-known ABC trans-
porter gene from S. cerevisiae, can provide protection
against sporidesmin, an epidithidioxopiperazine myco-
toxin produced by the fungus Phytomyces chartarum.
APDR5 mutants are supersensitive to sporidesmin as
well as to a number of unrelated drugs, suggesting that
PDRS is involved in cellular detoxification processes.
Trichothecene mycotoxins can act as virulence factors
(Desjardins et al., 1996). The expression level of PDR5
in S. cerevisiae correlates with sensitivity to exogenous
trichothecenes. Transgenic tobacco plants transformed
with PDR5 were less sensitive to the trichothecene
4,15-diacetoxyscirpenol (Muhitch et al., 2000).

Preliminary data have been reported for sirodesmins,
which are non-selective toxins produced by the plant
pathogenic fungus L. maculans. Increased expression
levels of LMABC2 are found after treatment with
sirodesmin. The fungus is also known to produce the
host-specific phytotoxin phomalide, suggesting that
LMABC?2 is involved in secretion of such compounds
(Taylor and Condie, 1999). Further functional analy-
sis of these ABC genes with respect to secretion of
toxins is under investigation.

Heterologous expression of MgAtrl and MgAtrd
from M. graminicolain aS. cerevisiae strain with multi-
ple non-functional ABC genes, demonstrated that both
genes confer decreased sensitivity to the trichothecene
DAS, a mycotoxin produced by Fusarium gramin-
earum. Kema et al. (1996) proposed that forma-
tion of necrotic lesions on wheat leaves infected
with M. graminicola is associated with secretion of
phytotoxic compounds produced by the pathogen.
Although such compounds have not yet been charac-
terised, it might be possible that MgAtrl and MgAtr4
are involved in secretion of host-specific toxins pro-
duced by the fungus. The reduced virulence pheno-
type of the AMgAtr4 mutants supports this hypothesis
(Stergiopoulos et al., 2002b).

Furthermore, it has been shown that MRP trans-
porters of H. sapiens are capable of energy-dependent
transport of aflatoxin B1 and its glutathione conjugates
(Loe et al., 1997). These reports suggest that protec-
tion of organisms against aflatoxins can be mediated
via efflux activity of ABC transporters.

Structure—function relationships among
ABC transporters

We performed a phylogenetic analysis of ABC
transporters from filamentous fungi sharing the



[NBF-TMDg], topology. Multiple sequence align-
ments were made using the ClustalW programme and
a dendrogram was generated by parsimony as calcu-
lated using PROTPARS (Figure 3). A cluster of ABC
proteins involved in protection against natural toxic

PdPMR1
AnatrG

ViABCl

MgAtr3
MgAtrl
VIABC2
BcatrA
AfatrF BcBMRI

BcatrB

MgAtr5  PdPMRS

MfatrB

Figure 3. Phylogenetic unrooted tree of 23 ABC transporters
with the [NBF-TMDs], topology from filamentous fungi. The
tree was based on parsimony as calculated using PROTPARS.
Alignments were performed using the ClustalW alignment pro-
gramme. The code of the proteins mentioned in the tree are pro-
ceeded by two or three letters, indicating the source organism:
An: Aspergillus nidulans, Af: Aspergillus fumigatus, Bc: Botrytis
cinerea, Gp: Gibberella pulicaris, Mf: Monilinia fructicola, Mg:
Mpycosphaerella graminicola, Mgr: Magnaporthe grisea, Pd:
Penicillium digitatum, Vi: Venturia inaequalis.

TMD,,
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compounds can be distinguished. This cluster includes
atrB from A. nidulans, BcatrB from B. cinerea, MgAtrS
from M. graminicola, and PMRS from P. digitatum.
These transporters are induced and/or transport plant-
defence related compounds, with the stilbene resver-
atrol and the plant alkaloid camptothecin as the most
striking examples. It is possible that this branch of ABC
transporters represents a group of orthologs with a sim-
ilar function. A second cluster seems to be constituted
by ABC proteins involved in protection against DMIs.
This cluster includes BcatrD from B. cinerea, atrE and
atrG from A. nidulans, and PMR1 from P. digitatum.
BcatrD and PMRI1 are specifically involved in pro-
tection against synthetic toxic compounds such as
DMlIs, while atrG and atrE are induced by DMIs
(Andrade, 2000). Similarities in smaller clusters can
also be found. For example, Gpabcl from G. pulicaris
and ABC1 from M. grisea are both pathogenicity fac-
tors. MgAtrl from M. graminicola and BcatrA from
B. cinerea cluster together and are both induced by
cycloheximide. The same holds true for atrA from
A. nidulans and MgAtr4 from M. graminicola that are
both strongly induced by cycloheximide and imazalil.

MEFS transporters

MES transporters comprise the largest protein family,
present from bacteria to higher eukaryotes. They facil-
itate the uniport, symport, or antiport of various com-
pounds using the energy from electrochemical gradi-
ents across membranes. For this reason MFS trans-
porters are classified as secondary transport systems
(Marger and Saier, 1993; Pao et al., 1998; Paulsen et al.,
1996).

In general, MFS transporters consist of 12 or 14
TMDs arranged into two homologous halves, joined
together by a large cytoplasmatic loop between
TMDs 6 and 7 (Henderson, 1993; Kilty and Amara,
1992; Paulsen and Skurray, 1993) (Figure 4).
Similarities between the two halves of the protein
suggest that MFS transporters with 12 TMDs evolved

TMD,,

Figure 4. Schematic representation of MFS transporters with 12 and 14 TMDs. The TMDs are indicated in boxes and are numbered.
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from a duplication event of a gene encoding a pro-
tein with 6 TMDs, while transporters with 14 TMDs
emerged by additional acquisition of 2 TMDs at the
C-terminal domain of the protein (Pao et al., 1998;
Paulsen and Skurray, 1993; Rubin et al., 1990).
Mutational analysis with respect to functionality of
the two halves of these proteins suggests that the
N-terminal domain is primarily involved in proton
translocation while the C-terminal domain is engaged
in substrate binding and recognition (Griffith et al.,
1992). Unlike ABC proteins, MFS transporters do not
possess well-defined conserved motifs. An overview
of this superfamily classified at least 18 distinct fam-
ilies. Sequence alignment identified the presence of a
conserved motif of 13 amino acids between TMDs 2
and 3 [G-[RKPATY]-L-[GAS]-[DN]-[RK]-[FY]-G-R-
[RK]-[RKP]-[LIVGST]-[LIM]]. This motif is thought
to be involved in promoting conformational changes
in the protein upon substrate binding, allowing traf-
ficking of substrates through the membrane. The motif
may also act as a gate, regulating substrate trans-
port from and to the cytoplasm. Additional sequence
motives present in members of specific families of
the MFS transporters can also be found, although the
significance and conservation of such motives among
the different MFS families is not yet fully defined (Pao
et al., 1998).

Although functional analysis of most MFS trans-
portersis still inits initial stages, reports suggest that the
function and substrate specificity of these proteins can
be impressively broad. MFS transporters are involved
in the trafficking of sugars, drugs, polyols, vitamins,
neurotransmitters, Krebs-cycle metabolites, phospho-
rylated glycolytic intermediates, amino acids, peptides,
osmolites, iron-siderophores, nucleosides and organic
and inorganic anions and cations. In this way, they
facilitate cell functions such as the uptake of nutri-
ents, secretion of cell cycle metabolites, protection
against endogenous and exogenous toxic compounds,
and maintenance of an electrochemical gradient across
membranes. They are also involved in sporulation of
fungi and yeasts, cell to cell communication and patho-
genesis. MFS transporters differ from ABC proteins by
the fact that they only mediate transport of relatively
small-sized molecules.

The phylogenetic classification of MFS proteins
into families revealed a close relation between struc-
ture and function. Thus, members of different fami-
lies have specific substrate specificity and predictions
about the function of novel members of a specific fam-
ily can be made (Nelissen et al., 1997; Pao et al., 1998;

Paulsen et al., 1996). In this respect, transporters of
sugars and drugs comprise by far the largest families.
For example, genome analysis of S. cerevisiae revealed
186 MFS transporters. A total of 28 of these proteins
play a role in MDR while 34 were classified as sugar
transporters (Nelissen et al., 1997).

MFS transporters involved in secretion of
host-specific toxins

The first MES transporter involved in secretion of host-
specific toxins was reported by Pitkin et al. (1996).
They found that the TOXA (Acc. AAB36607) gene
product from Cochliobolus carbonum, encoding a MFS
transporter with 10-13 predicted TMDs, secretes the
host-specific cyclic tetrapeptide HC-toxin. Interest-
ingly, TOXA occurs in two linked copies flanking the
HTS1 gene that encodes the central enzyme in HC-
toxin biosynthesis. This suggests that there is a clus-
ter of genes responsible for HC-toxin production. The
TOXA genes have only been found in fungal strains that
produce the HC-toxin. Mutants with a single-disrupted
copy of TOXA still produce the HC-toxin and are viru-
lent on maize. However, attempts to disrupt both copies
of the TOXA gene were unsuccessful, suggesting that
the encoded protein acts in self-protection against the
HC-toxin. Thus, TOXA is essential for survival and
virulence on host plants of HC-toxin producing strains.

Many species of the fungal genus Cercospora spp.
including the soybean pathogen C. kikuchii, produce
the phytotoxic polyketide cercosporin. Sequencing of
cDNA clones generated from mRNA transcripts that
were specifically induced under light-conditions led
to the identification of CFP (Acc. AAC78076). This
gene encodes a MFS transporter with 14 predicted
TMDs that is involved in cercosporin transport. ACFP
mutants do not produce cercosporin, have reduced vir-
ulence on soybean, and show increased sensitivity to
this toxin. Complementation of these mutants with a
functional CFP copy restores the parental phenotype.
The results indicate that CFP is a cercosporin trans-
porter involved in virulence and self-protection against
this toxin (Callahan et al., 1999; Upchurch et al., 2001).

MFS transporters involved in
secretion of mycotoxins

Most of the genes involved in trichothecene biosyn-
thesis by Fusarium spp. are located within a gene
cluster. In F. sporotrichioides, this cluster includes



Tril2 (Acc. AF11355), an MFS gene encoding a
transporter with 14 predicted TMDs. Mutants of
S. cerevisiae transformed with Tri/2 have decreased
sensitivity to trichothecene. Disruption of 7ril/2 in
F. sporotrichioides reduced secretion of trichothecene
and the ATril2 mutants showed impaired in vitro
growth. Thus, Tril2 acts as a trichothecene transporter
and plays arole in self-protection of F. sporotrichioides
against trichothecenes (Alexander et al., 1999).

Recently, the A. flavus MFS gene aflT was identi-
fied in a gene cluster involved in aflatoxin biosynthe-
sis (Acc. AC087725). The protein encoded by afiT is
highly homologous to the HC-toxin transporter TOXA
from C. carbonum. These observations suggest that
aflT encodes an aflatoxin transporter (Chang et al.,
1999).

The information available, indicates that secretion
of endogenously-produced mycotoxins proceeds via
MEFS transporters, while protection against exogenous
trichothecenes and aflatoxins seems to be mediated via
ABC transporters. This is a striking difference, which
might relate to the evolution of these proteins.

MFS transporters with other functions

Fragments of three MFS genes from B. cinerea
were cloned from an expressed sequence tag (EST)
library of this fungus grown under nitrogen star-
vation conditions. These genes were coded Bcmfsl
(Acc. AF238225), Bcmfs2 (Acc. AF241312), and
Bemfs4 (Acc. AF238231). Bemfsl encodes a protein
with 14 predicted TMDs, which has highest homology
to the MFS transporters Apafll from A. parasiticus,
CFP1 from C. kikuchii, and TOXA from C. carbonum.
DMI-resistant strains of B. cinerea show an increased
expression of Bemfsl. ABcmfsl mutants display an
increased sensitivity to the plant defence compound
camptothecin and the toxin cercosporin. Mutants over-
expressing Bcmyfs1 show an increased tolerance to these
natural toxic compounds as well as to several DMIs,
the dicarboximide fungicide iprodione, and the fungi-
cides fenhexamide and captan. Deletion of Bemfs! in
a ABcatrD mutant increased the sensitivity of this
mutant to DMIs. These results demonstrate that Bemifs 1
is a multidrug transporter. Bcmfsl1 is the first fungal
MES transporter identified with a function in MDR,
capable of transporting both natural toxic compounds
and fungicides (Hayashi et al., 2002).

In many cases, fungal MFS transporters involved
in secretion of host-specific toxins are located in
gene clusters responsible for the biosynthesis of these
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products. However, this is not always true as the
Gibberella fujikuroi MFS transporter gene smt (Acc.
AJ272424) is located adjacent to the gibberellin (GA)
biosynthesis pathway genes but not involved in secre-
tion of GAs from this fungus. Smt is probably a mem-
ber of the sugar-transporter family as expression of this
gene is induced by sugar alcohols, such as sorbitol,
mannitol, and myoinositol (Voss et al., 2001).

Concluding remarks
State of the art

In eukaryotes, all well-characterised drug efflux mech-
anisms can be ascribed to the activity of ABC and
MES transporters. These transporters belong to super-
families that are large and ancient, being thought to
date back more that 3 billion years. It is suggested
that the subfamilies of drug transporters evolved from
families with other transport capacities and that mem-
bers of these parent families may have functioned as
transporters of nutrients into the cell or as exporters of
biosynthetic macromolecules (Saier et al., 1998).

The ABC transporters characterised in filamentous
fungi seem to be specifically involved in transport of
exogenous substrates. These can be toxic compounds
of either natural or synthetic origin. The rapid pro-
duction of these transporters upon exposure to cyto-
toxic agents suggests that these proteins function as
a first line of defence for the survival of the fungus.
This protection mechanism is highly significant, as
ABC transporters possess a broad range of substrate
specificity and thus, can provide protection against
toxic compounds of different chemical classes. This is
a fundamental difference compared to other defence
mechanisms, which are effective only against a par-
ticular class of compounds or even a single mole-
cule. In plant pathogenic fungi, ABC transporters also
provide protection against plant defence compounds,
and thus, act as virulence factors. No ABC trans-
porters that secrete endogenously produced virulence
factors such as host-specific toxins have yet been iden-
tified. ABC transporters from filamentous fungi also
have an important role in influencing base-line sen-
sitivity to fungicides. Furthermore, overproduction of
ABC proteins can result in MDR to different classes
of fungicides. This has been reported especially for
pathogens of medical importance (St Georgiev, 2000;
Vanden Bossche et al., 1998). Yet, the risk of MDR in
fungal pathogens of agricultural importance seems to
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be limited (De Waard et al., 1995). This discrepancy
is ascribed to a relatively low fitness of MDR strains
by which they are unable to compete with wild-type
isolates under field conditions (De Waard et al., 1982;
Dekker, 1981).

Transporters of endogenous toxins most frequently
belong to the MFS transporters. This may be explained
by the fact that transport of such substrates should be
constitutive as endogenously synthesised toxicants can
be produced during the major part of the lifetime of
the fungus. In this case, maintenance of MFS trans-
port systems may be more cost-effective than the ABC
transporter systems. MFS proteins are also involved
in transport of exogenous substrates, such as cyto-
toxic compounds and thus, can function as a protection
mechanism of cells. These MFS transporters are usu-
ally members of a specific 12 TMDs subfamily and
are also implicated in MDR. Hence, activation of dif-
ferent efflux mechanisms seems necessary to ensure
successful protection of cells from toxicants. For exam-
ple, in a recent study on fluconazole-resistant strains
of C. albicans, overexpression of ABC and MFS trans-
porter genes operated concurrently in 85% of all the
resistant strains tested (Perea et al., 2001).

Practical implications

The observation that ABC and MFS transporters influ-
ence base-line sensitivity to fungicides, are responsible
for MDR and act as virulence factors implies that these
transporters constitute an attractive target for chem-
ical control. In this context, inhibitors of ABC and
MES transporters may improve the efficacy of chem-
ical control and reduce virulence of plant pathogenic
fungi.

Inhibition of ABC transporter activity can occur
through compounds that are termed chemosensitizers
or MDR modulators. These modulators may have lit-
tle or no intrinsic cytotoxic action but inhibit ABC
transporter-mediated drug export through competitive
inhibition of transport or through interaction with
other binding sites of the transporter. Compounds
that block the generation of ATP in cells can also
inhibit the activity of the ABC proteins. This approach
has already been validated in clinical trials aimed
at the reversal of MDR in tumor cells (Avendano
and Menendez, 2002). Mixtures of agricultural fungi-
cides and ABC transporter modulators may also be
synergistic. This has been demonstrated for mix-
tures of DMIs and respiratory inhibitors, such as

oligomycin and dicyclohexylcarbodiimide (De Waard
and Van Nistelrooy, 1982; 1984a,b).

This review has described how ABC proteins with
high sequence homologies can have similar functions.
This observation implies that it should be feasible to
develop inhibitors of specific ABC transporters. Such
targeted inhibition is of particular interest for the clus-
ter of DMI transporters and for the ones involved in vir-
ulence of plant pathogens. Inhibition of specific ABC
transporters could also result in selectivity between tar-
get and non-target organisms, which is, for instance,
required during plant pathogenesis.

Efflux mechanisms can interfere with screening pro-
grammes aimed at the discovery of new fungitoxic lead
compounds. The reason is that test organisms have an
intrinsic insensitivity to test compounds as a conse-
quence of efflux systems that reduce accumulation of
the compounds in cells. In this case, promising lead
compounds would be missed. Thus, the use of hyper-
sensitive fungal strains in high-throughput screening
processes for the identification of new antifungal com-
pounds is important. Single and multiple knockout
mutants of ABC genes with a hypersensitive phenotype
could be very useful for this purpose. Furthermore, to
prevent fungicide resistance development based upon
increased efflux activity, candidate compounds should
not act as substrates of ABC transporters. This implies
that these compounds must have the same toxic activity
to wild-type, disruption, and overexpression mutants
of ABC transporters. Hence, such mutants should also
be included in the optimisation of new fungicides.

Many fungal species are known to produce
antibiotics and other important metabolic compounds.
Secretion of such compounds by the producing organ-
isms might be mediated via efflux pumps such as
ABC and MFS transporters. For example, penicillin
secretion by A. nidulans may be influenced by the ABC
transporter atrD (Andrade et al., 2000b). This implies
that the production of secondary metabolites could be
increased by overexpression of specific transporters.

Future perspectives

The number of ABC and MFS transporters cloned
from filamentous fungi rapidly increases and genome-
sequencing programmes will provide an even larger
amount of data regarding sequences of ABC and
MES transporters. Although the role of some of these
proteins has been elucidated, the function of the
majority of transporters is still based on speculations



derived from sequence homologies and expression
data. Additional data on phenotypic characterisation
of gene disruption and/or overexpression mutants are
certainly needed.

In many cases, ABC and MFS proteins have a
remarkable broad substrate specificity that may over-
lap. This abundance of transporters presents serious
difficulties in the functional analysis of gene disruption
mutants. For this reason, overexpression mutants might
be more helpful in the characterisation of the substrate
specificity of the transporters.

Expression data show that ABC or MFS trans-
porter genes can respond to the same stimuli, such as
cytotoxic agents. This might suggest a general stress
response and/or a common regulatory mechanism for
these transporters. Yet, the way in which fungi reg-
ulate expression of ABC or MFS transporters is still
unknown. Several studies have indicated that the pro-
moter activity of the human P-glycoprotein may be
modulated via the so-called Ras signal transduction
pathway (Bosch and Croop, 1996). No evidence is
available for the presence in filamentous fungi of a
signal transduction pathway or a specific transcrip-
tion factor that could regulate transporter activity. The
way cells perceive potential substrates may be closely
related with such a transduction pathway. Specific sub-
strate receptors in membranes or membrane distur-
bance caused by the presence of the substrate might
possibly lead to activation of such a transduction path-
way. Alternatively, it might be possible that the trans-
porter itself is involved in recognition of substrates and
thus regulate its own expression.

Regulation of ABC transporter gene expression in
S. cerevisiae is described as the PDR network. In
this system, expression of several ABC transporters
is under the regulatory control of PDR1 and PDR3.
These proteins are members of the bi-nuclear Gal4p-
like Zn(IT),Cys, class of transcription factors that reg-
ulate transcription through cis-acting elements. These
elements (5'-TCCG/aC/tGG/cA/g-3) were coded as
PDREs (pleiotropic drug resistance elements) and
are present in all known PDR1/PDR3 target sites
including MFS and ABC transporter genes (Bauer
et al., 1999; Wolfger et al., 2001). Thus, it would be
interesting to search for PDR1/PDR3 homologues in
filamentous fungi and for putative PDREs elements.
In M. graminicola disruption of single ABC genes
did not result in increased sensitivity to any of the
compounds tested. However, heterologous expression
studies in S. cerevisiae shows that the encoded pro-
teins posses an overlapping specificity in transport
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of substrates and northern blot analysis reveals that
they are also induced by several common compounds
(Stergiopoulos et al., 2002a; Zwiers, 2002; Zwiers and
De Waard, 2000). Such observations support the idea
that regulation of these transporters might proceed via
a common transduction pathway.

An interesting question remains how ABC and MFS
transporters or putative cell membrane receptors recog-
nise and transport compounds from diverse chemical
classes. This is especially relevant for xenobiotics since
these were only developed in the last three decades.
Despite this, several ABC and MFS transporters effec-
tively transport these compounds. This may be due
to a low substrate specificity of multidrug transporters.
However, it is also possible that synthetic compounds
mimic natural analogues. For example, DMI fungicides
structurally resemble sterols and for this reason might
be perceived as such by cells.

In summary, fungal ABC and MFS transporters
present an exciting field of research since it com-
bines fundamental aspects with various practical appli-
cations. Advances in molecular biology techniques
especially with respect to fungal transformation and
high-throughput functional analysis will strongly stim-
ulate this type of research for the near future and may
lead to the discovery of new disease control agents.
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