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Outline of the thesis

OUTLINE OF THE THESIS

ATP-binding cassette (ABC) transporters are membrane proteins that utilise the energy
derived from the hydrolysis of ATP to drive the transport of compounds over biological
membranes. They are members of one of the largest protein families to date, present in both
pro- and eukaryotic organisms. ABC transporters play an essential role in multidrug resistance
(MDR) of cancer cells to chemically unrelated compounds. ABC transporters involved in drug
resistance have also been described in filamentous fungi. In plant pathogenic fungi ABC
transporters may act as virulence factors if they mediate secretion of virulence factors or
provide protection against plant defence compounds during pathogenesis. Such a role in
pathogenesis has been demonstrated for the ABC transporters ABC1 from Magnaporthe
grisea, BeatrB from Botrytis cinerea, and GpABC1 from Gibberella pulicaris.

In our laboratory ABC transporters from Mycosphaerella graminicola (Fiickel) Schroter
(anamorph state: Septoria tritici Rob.ex.Desm.), the causal agent of septoria tritici blotch of
wheat, are studied. This disease can cause a significant reduction in yield. Typical disease
symptoms are necrotic spots filled with the asexual pycnidia and sexual pseudothecia of the
fungus. Formation of the necrotic lesions may be associated with secretion of phytotoxic
compounds by the pathogen. On the other hand, wheat is known to produce plant defence
compounds, such as 2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one (DIMBOA) and
fluorescent compounds produced around infected stomata. Therefore, the fungus may have
evolved specific ABC transporters that secrete toxins, or reduce the intracellular accumulation
of plant defence compounds. Disease management of M. graminicola has widely involved the
use of azole fungicides such as cyproconazole, propiconazole, and tebuconazole. The mode of
action of these fungicides is based on inhibition of cytochrome P450 sterol 14a-demethylase
(P45014pMm) activity, a key enzyme in the sterol biosynthetic pathway. In plant pathogenic
fungi four major mechanisms of resistance to azoles have been reported. One of these is
reduced accumulation of the fungicides in mycelium, attributed to an energy-dependent efflux
mechanism mediated by ABC transporters. Other possible resistance mechanisms include
mutations in the CYP51 gene encoding P450,4py as well as overexpression of this gene.

Recently, Zwiers and De Waard (2000) cloned and characterised the ABC transporter genes
MgAtrl and MgAtr2 from M. graminicola. The present study is focused on cloning additional



ABC transporter genes from this pathogen and the analysis of their function in pathogenesis,
protection against natural and synthetic toxic compounds, and resistance to azole fungicides in

laboratory-generated mutants and field isolates of the fungus.

Chapter 1 describes M. graminicola and its importance in agriculture. In addition,
mechanisms of resistance to azole fungicides are presented.

Chapter 2 comprises a review, describing the function of ABC transporters from
filamentous fungi in pathogenesis and protection against natural and synthetic toxic
compounds. Members of the major facilitator superfamily (MFS) of membrane transporters
from filamentous fungi are also described, since these proteins can mediate similar functions
in cells as ABC transporters.

Chapter 3 describes the cloning and characterisation of the ABC transporter genes MgAtr3,
MgAtrd4, and MgAtr5 using a PCR-based approach. Sequence analysis showed that the
encoded proteins exhibit a topology similar to that of MgAtrl and MgAtr2 from M.
graminicola. Northern analysis demonstrated that the genes display distinct but overlapping
expression profiles when treated with a number of natural or synthetic toxic compounds
known to be either inducers or substrates of ABC transporters.

In Chapter 4 the role in MDR of MgAtri-MgAtr5 is studied. This was done by
complementation of Saccharomyces cerevisiae mutants with the M. graminicola ABC
transporter genes and by analysis of ABC transporter disruption or replacement mutants of M.
graminicola with respect to sensitivity to natural and synthetic toxic compounds as well as
antagonistic bacteria. Results indicate that ABC transporters from M. graminicola can play a
role in protection of the fungus against natural and synthetic toxic compounds.

In Chapter 5 the role of MgAtri-MgAtr5 as virulence factors during pathogenesis on wheat
seedlings is studied. Disruption or replacement strains of MgAtrl, MgAtr2, MgAtr3, and
MgAtr5 displayed an unaltered phenotype in comparison to the wild-type control but virulence
of MgAtr4 disruption mutants was significantly reduced on seedlings of all wheat cultivars
tested. Therefore, MgAtr4 is a virulence factor of M. graminicola during pathogenesis on
wheat. This is the first virulence factor identified so far from this important plant pathogen.

Chapter 6 describes studies on mechanisms of resistance to azole fungicides in azole-
resistant laboratory-generated mutants of M. graminicola. These include efflux mechanisms

mediated by ABC transporters, overexpression of CYP5/, and mutations in the coding
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sequence of this gene. The results indicate that multiple mechanisms may be responsible for
reduced sensitivity of the mutants to azoles.

Chapter 7 describes molecular mechanisms that account for variation in base-line
sensitivity to azole fungicides in field isolates of M. graminicola and hence, complement
results described in Chapter 6 for the field situation. Genetic analysis showed that azole
sensitivity in M. graminicola is a polygenic trait. Overexpression of ABC transporter genes
and CYP51 may explain the reduced azole sensitivity of some field isolates, indicating that
multiple mechanisms could account for differences in base-line sensitivity to azoles.

In Chapter 8 the antimicrobial activity of the azole fungicides cyproconazole and
propiconazole alone and in combination with ABC transporter modulators against M.
graminicola is studied. Interactions in the mixtures are tested using the Colby and Wadley
method with a wild-type M. graminicola isolate that showed moderate sensitivity to azole
fungicides. Analysis with both methods showed that interactions between the compounds in
most combinations tested are additive.

Chapter 9 presents a summarising discussion of the thesis.
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General introduction

Mycosphaerella graminicola

Classification and Nomenclature

Mycosphaerella graminicola (Fiickel) J. Schrét. in Cohn is the teleomorphic stage of Septoria
tritici Roberge in Desmaz., causing the disease known as septoria tritici blotch of wheat. The
asexual stage, S. tritici, was described by Roberge and published by Desmaziéres in 1842
(Desmazieres, 1842). The sexual stage of this fungus was initially described by Fiickel as
Sphaerella graminicola (1865) and later classified by Schréter in the genus Mycosphaerella
(1894). The debate on the classification of the sexual stage lasted until 1972 when Sanderson
characterised M. graminicola as the perfect stage of the fungus (Sanderson, 1972; Sanderson,

1976).

Taxonomy and description of the fungus

M. graminicola is a member of the Order Dothideales (Ascomycota). It produces pseudothecia
(70-100 um) that enfold asci (30-40 x 11-44 um), which contain eight ascospores (9-16 x 2.5-
4.5 um), consisting of two cells that are unequal in size (Sivanesan, 1990). The imperfect
stage, S. tritici, is classified in the Order of Sphaeropsidales (Deuteromyces). It produces
round, dark, brown to black pycnidia (60-200 um), which contain threadlike pycnidiospores
(1.7-3.1 x 39-86 um), bearing 3 to 7 septations (Sivanesan, 1990). These are released from an
opening at the tip of the pycnidium (ostiole) after a wet period of 30 minutes or longer.
Release happens inside an extra-cellular matrix known as the ooze or cirrhus. The cirrhus
consists of a thick, sticky substrate, enriched in sugars and proteins that enables spores to
attach to the surface of their host and to remain viable under dry conditions (Fournet, 1969).
The number of pycnidiospores released from a single pycnidium may vary from 5 to 10 x 10°.
Discharge of pycnidiospores from pycnidia progresses gradually in time, with the majority

(40-60%) released during the first wetting period (Eyal, 1971).

Host range

Although bread (Triticum aestivum) and durum (7riticum turgidum subsp. durum) wheat are
the primary hosts of M. graminicola, several other Graminaceous species may also function as
alternative hosts of the pathogen. These include Agropyron spp., Agrostis spp., Brachypodium
spp., Bromus spp., Dactylis spp., Festuca spp., Glyceria spp., Hordeum spp., Poa spp., Secale
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cereale, and Triticum spp. Although such hosts may function as an alternative source of
primary inoculum, their exact role in the epidemiology of M. graminicola needs to be

established (Weber, 1922; Sprague, 1950; Williams and Jones, 1973; Brokenshire, 1975).

Disease symptoms

Wheat plants are susceptible to M. graminicola at any stage of their development. Although
infections of leaves are most common, all aerial parts can be infected. Initial symptoms of the
disease are irregular yellowish or chlorotic spots on the infected tissue that spread
longitudinally between the veins. These symptoms appear five to six days after inoculation but
the time of their appearance varies according to the environmental conditions and
susceptibility of the wheat cultivar. Under favourable conditions initial spots turn into necrotic
lesions, surrounded by a yellow margin and covered with the pycnidia of the fungus. Pycnidia
are formed exclusively within substomatal cavities and are present on both sides of the leaf
surface. They often emerge in rows, following the linear arrangement of the stomata across the
leaves. Their size can fluctuate in proportion to the number of pycnidia present on the infected
tissue and the cultivar response (Eyal ef al., 1987). In that respect, higher numbers of pycnidia
and more tolerant wheat cultivars usually result in smaller in size pycnidia (Eyal and Brown,
1976). However, the percentage of the necrotic leaf area, or the virulence of a S. tritici isolate
does not significantly affect the size of the pycnidia and pycnidiospores produced (Shearer and
Wilcoxson, 1978). Heavily infected leaves can become completely necrotic resulting in poor
root development and reduced grain production, or even plant death. Leaf sheaths, glumes,
stems, and especially nodes may also become infected. Infected nodes appear dark in colour

and sunken and can also develop pycnidia.

Epidemiology

The fungus overwinters as pycnidia, pseudothecia, or mycelium in plant debris, such as straw
and stubble, volunteer wheat or alternative hosts (Djerbi, 1977; Eyal et al., 1987). Primary
inoculum consists of rain-splashed pycnidiospores released from pycnidia and airborne
ascospores from mature pseudothecia (Figure 1). Although initially underestimated, the role of
ascospores in epidemics of the disease is gradually given more attention. In the U.K. and
U.S.A., ascospores are considered to be the primary source for initial infections during

autumn in winter wheat crops (Shaw and Royle, 1989; Schuh, 1990). Ascospores can also be
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released throughout the whole season and thus, significantly contribute to disease epidemics
and the establishment of diverse genetic populations (Hunter et al., 1999; Zhan et al., 1998;
Zhan et al., 2001).

Wind dispersal
to new wheat plants

ﬁ Rainsplash dispersal

to new wheat plants

Rainsplash and
wind dispersal

Pycnidiospores

Leaf to leaf
spread

Stubble Young wheat plants Mature wheat plants
Figure 1. Life cycle of Mycosphaerella graminicola (source: Palmer and Skinner, 2002)

Both ascospores and pycnidiospores require conditions of high humidity that result in free
water for their release (Eyal, 1971; Brown et al.,, 1978; Sanderson and Hampton, 1978; Shaw,
1991). High humidity is also necessary for all stages of infection: spore germination,
penetration and development within the host as well as pycnidia production (Hooker, 1957;
Shaner and Finney, 1976). Temperatures required for disease development are a minimum of
2-3°C and a maximum of 33-37°C, with an optimum of 20-25°C. Under optimum conditions
the asexual cycle of the disease can be completed within fourteen to twenty-one days (Shipton
et al, 1971; Shaner and Finney, 1976) and a sexual cycle within thirty-five days in the
Netherlands (Kema et al., 1996a). However, environmental conditions such as moisture
levels, temperature, and light intensity, the susceptibility of the wheat cultivar, and virulence
of the isolates can influence the time needed for completion of the disease cycle (Shaw, 1991;
Shaw and Royle, 1993). Pycnidiospores as well as ascospores can be dispersed to leaves by
rain splash. This transport occurs both from the lower leaves of the plants or crop debris to
leaves higher in the canopy (vertical transport) and to the surrounding leaves (horizontal

transport). Horizontal transport may also occur via leaf contact between uninfected and
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infected leaves and wind-transferred inoculum (Royle et al., 1995). Therefore, the canopy
structure can have an important role in determining development of the disease (Lovell et al.,
1997). In this respect, tall plants and late maturity often contribute to lower disease coverage
of the upper leaves and can be considered as a source of resistance (Scott et al., 1982; Eyal et

al., 1987; Van Beuningen and Kohli, 1990).

Infection process

Germinating pycnidiospores or ascospores develop germ tubes from both apical ends of the
spore and as buddings from intermediate cells. Cytological analysis of the infection process
showed that germ tubes enter the host almost exclusively through stomata (Kema et al.,
1996b; Duncan and Howard, 2000) (Figure 2), although direct penetration through the cuticle
has also been reported (Dancer et al., 1999).

A: 1-2 dpi B: 2-4 dpi

T
T

C: 4-8 dpi D: 8-12 dpi

Figure 2. Infection process in time (days post inoculation; dpi) of Mycosphaerella graminicola in wheat leaves.
A: penetration through stomata; B: infection hyphae expand to the mesophyll and to neighbouring substomatal
cavities; C: formation of ring-like structures in substomatal cavities and further colonisation of mesophyll; D:
chlorotic symptoms on infected leaves and beginning of the formation of mycelial baskets in substomatal
cavities; E: cell collapse followed by necrotic symptoms on leaves and rapid mycelial proliferation; F: pycnidia
in dead host tissue. (adopted from Duncan and Howard, 2000)

10
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Penetration via stomata usually occurs within the first 24-48 hours after inoculation. No
appressoria are formed, although the formation of appressoria-like structures (swellings) at the
tip of the germ tubes has been reported, without their presence to be a prerequisite for
stomatal penetrations (Duncan and Howard, 2000). From the substomatal cavities the fungus
expands through the mesophyll and also towards neighbouring substomatal cavities thus,
establishing multiple infections from a single penetration site. During pathogenesis, hyphae
remain strictly intercellular and in close contact with mesophyll cells, but no haustoria or
other specialised feeding structures are formed. At 8-10 days post inoculation (dpi), a massive
increase of fungal biomass is present, stimulated by the release of nutrients after cell collapse.
This increase is especially apparent around the substomatal cavities where the formation of
the so-called baskets is observed. The rapid collapse of mesophyll cells and the presence of
severely affected cells without the presence of mycelium in the vicinity led to the suggestion
that soluble phytotoxic compounds are involved in the wheat - M. graminicola interaction
(Zellikovitch et al., 1992; Kema et al.,, 1996b). However, no such specific compounds have
been yet characterised and their role in pathogenesis remains to be established. Finally, at
approximately 14 dpi the first pycnidia become visible, emerging from the stomata (Cohen

and Eyal, 1993; Kema et al., 1996b; Duncan and Howard, 2000).

Host specificity

Host specificity in M. graminicola has been reported by many authors but still remains
controversial. Eyal et al., (1973) indicated that host-response in the wheat - M. graminicola
pathosystem is quantitative rather than qualitative and proposed the existence of physiological
specialisation in the pathogen. Genetic variability reported for M. graminicola populations
suggests that there is potential selection of isolates with increased virulence to resistant
cultivars (McDonald and Martinez, 1990). Isolates of M. graminicola specifically adapted to
bread or durum wheat (Eyal ef al., 1973; Kema et al., 1996a) as well as specific cultivar-
isolate interactions have been identified (Eyal et al., 1985; Ahmed ef al., 1996; Kema and Van
Silthout, 1997; Cowger et al, 2000; Brown et al., 2001). These observations raise the
possibility for a gene-for-gene relationship in the wheat - M. graminicola pathosystem. Kema
et al., (2000) reported that avirulence in the pathogen is controlled by a single locus, which is
consistent with the idea of a gene-for-gene relationship. Till now, no specific avirulence genes

have been characterised from this pathogen (Brading et al., 2002).

11
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Economic importance

M. graminicola is considered as the major threat to wheat crops in the Western Europe and
around the Mediterranean basin, causing serious losses on both bread and durum wheat (Eyal
and Ziv, 1974; Kema and Verstappen, 1999). The economic importance of the disease is
rapidly increasing in areas with a mild climate and heavy infections from this pathogen have
been reported in almost all wheat-growing areas of the world: North and South America,
Africa, Asia, Australia, and New Zealand (Shipton ef al., 1971). In the U.K., wheat fields with
infections by M. graminicola were detected at a frequency of 2% by 1976 and increased to
86% by 1988 (Polley and Thomas, 1991). This enormous rise in disease frequency was
attributed partially to the introduction of more susceptible early maturing semidwarf wheat
cultivars as well as to changes in cultural practices. The total losses from septoria diseases (S.
tritici and Stagonospora nodorum) are estimated world-wide over 9 million metric tons
(Kolomiets, 1999) as both diseases are capable of reducing yields as much as 30-40% (Eyal et
al., 1987).

Disease management
Disease management of M. graminicola is predominantly based on the use of resistant wheat
cultivars, chemical control, and cultural practices.

Breeding for resistance. Host resistance to M. graminicola is complex but understanding
the inheritance of resistance to this pathogen is essential for designing effective breeding
programs. Wheat cultivars can vary significantly in their response to infections by M.
graminicola. In general, no complete immunity to M. graminicola exists and thus, necrosis
and/or pycnidia are generally present. Therefore, any delay or restriction in pathogen
development is considered as a form of resistance (Nelson and Marshall, 1990). Several
studies indicated that resistance to M. graminicola may be controlled by one or two dominant
genes or partially dominant genes (Wilson, 1979; Lee and Gough, 1984; Somasco et al.,
1996), two or three recessive genes (Rosielle and Brown, 1979; Wilson, 1985), and by the
additive effects of multiple genes (Van Ginkel and Scharen, 1987; Van Ginkel and Scharen,
1988; Jlibene et al., 1994; Simon and Cordo, 1998). Physiological specialisation of the
pathogen suggests that cultivars can provide protection against a particular race of M.
graminicola but not to others (Kema et al., 1996a; Eyal, 1999). In addition, frequent genetic

recombination within the pathogen population may imply that resistance of cultivars can

12
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easily be lost by changes in virulence of the pathogen (Chen and McDonald, 1996; Kema et
al., 1996a; Hunter et al., 1999). Cultivars with high resistance to M. graminicola exist but
their yields are significantly less than those of susceptible cultivars treated with fungicides
(Hollomon et al., 1999). In general, plant height and maturity level negatively correlate with
pycnidia coverage by M. graminicola and in that respect, tall plant stature and late maturity
are often linked with low infection levels (Tavella, 1978; Brokenshire, 1976; Danon et al.,
1982; Van Beuningen and Kohli, 1990). Short varieties are more prone to damage because
transfer of rain-splashed pycnidiospores in the canopy is more efficient. Therefore, the
widespread use of dwarf and semi-dwarf varieties from the 1970s onwards may have
increased damage by septoria tritici blotch (Baltazar ef al., 1990). However, these factors may
be less important in areas where the epidemic is generated by wind-born ascospores. Wheat
cultivars that express a consistent host response over time, which is not associated with plant
height and maturity and is combined with low pycnidial coverage, are likely to possess a more
stable type of resistance (Eyal and Talpaz, 1990).

Chemical control. A large number of compounds that belong to different classes of
fungicides are known to be active against M. graminicola. Protective fungicides, such as the
dithiocarbamates maneb, mancozeb, and zineb and the aromatic fungicide chlorothalonil, have
been used in the past in control of septoria diseases (Eyal and Wahl, 1975; Hims and Cook,
1992). However, protective fungicides require repeated applications every ten to fourteen days
during the growing season for effective control of the pathogen, which significantly increases
the cost of disease management. In that respect, systemic fungicides with curative activity and
long protective action may be more beneficial than protective fungicides. Methyl-
benzimidazole carbamate (MBC) fungicides, such as benomyl, have been extensively used for
control of M. graminicola in the fields (Sanderson and Gaunt, 1980). However, isolates of M.
graminicola resistant to benomyl have been reported (Fisher and Griffin, 1984; Zelikovitch et
al., 1986). Such isolates are cross-resistant to other benzimidazole fungicides, such as
carbendazim and thiabendazole, but not to fungicides from other classes (Fisher and Griftin,
1984; Metcalf et al., 1985). Sterol demethylation inhibitors (DMlIs), such as the azoles
cyproconazole, epoxiconazole, propiconazole, tebuconazole, and triadimefon, have been used
extensively for the control of M. graminicola over the past 20 years. These are systemic
fungicides with both protective and curative activity in disease control (Kuck and

Scheinpflug, 1986). Although more effective when sprayed during the leaf emergence stage of

13
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wheat development, they offer flexibility in time of application (Jordan ef al., 1986; Cook and
Thomas, 1990; Loughman and Thomas, 1992; Duczek and Jones-Flory, 1994; Milus, 1994).
In addition, they are broad-spectrum fungicides active also against other diseases, such as
rusts and powdery mildew. Despite their extensive use, no resistance development of M.
graminicola against these compounds has been detected although, populations of this
pathogen with a broad-range in base-line sensitivity are present (Suty and Kuck, 1996; Gisi et
al., 2000). Recently, a new class of a broad-spectrum systemic fungicides derived from natural
products, the strobilurins (azoxystrobin, kresoxim-methyl, trifloxystrobin), has been
introduced. Their mode of action is based on inhibition of mitochondrial respiration by
blocking electron transfer between cytochrome b and cytochrome c¢; at the Qol site of
cytochrome b. For this reason, strobilurins are also described as Qol fungicides (Qols)
(Clough, 1993; Baldwin et al, 1996; Bartlett et al, 2002). Qols may be used both in
protective and curative applications against M. graminicola and initial trials indicate that they
can provide efficient control of septoria diseases under field conditions (Godwin ef al., 1999;
Rohel et al., 2001; Rohel et al., 2002).

Cultural practices. Despite the use of disease-tolerant wheat varieties and agrochemicals,
cultural practices should remain the main pillar of control of septoria diseases. Cultural
practices are of high importance, especially in low crop productivity systems where low yields
do not justify additional expenses for disease control. Such cultural practices aim to reduce the
amount of inoculum available for infections and the time that the crop is exposed to the
pathogen. Removal of volunteer wheat and other alternative hosts in fields before planting,
ploughing, burning of stubble, and rotation with other crops that are non-hosts to the
pathogen, can drastically reduce the amount of primary inoculum available for infections
(Bannon and Cooke, 1998). Narrow row spacing and high plant density tend to increase
disease severity, enabling easier dispersal of the inoculum within the crop and creating high
humidity conditions in the canopy. Therefore, such conditions that favor the disease should be
avoided (Tompkins ef al., 1993). Overhead irrigation also enhances disease severity as
compared to other methods of irrigation. Finally, crops planted later in the growing season are
less prone to infections as they are exposed to infections for a shorter period of time (Murray

et al., 1990; Shaw and Royle, 1993).
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Molecular mechanisms of azole resistance in fungi

General characteristics of azole fungicides

Azoles represent a large group of fungicides that has been available since the mid-1970s and
currently constitute one quarter of the world’s market for fungicides. Most azoles are
imidazole (e.g. imazalil and prochloraz) or triazole derivatives (e.g. epoxiconazole,
cyproconazole, propiconazole, tebuconazole, and triadimefon). They are systemic fungicides
with both a protective and curative activity in disease control and active against a wide range
of plant pathogenic fungi. /n vitro studies have shown that most members of the Ascomycetes,
Basidiomycetes, and Fungi Imperfecti are more or less sensitive to these compounds (Kuck
and Scheinpflug, 1986; Scheinpflug and Kuck, 1987). Azoles have a low toxicity to mammals
and therefore, several imidazoles (e.g. ketoconazole and miconazole) or triazoles (e.g.
fluconazole and itraconazole) are also extensively used as antimycotics in the treatment of
human and animal infections by fungi and yeasts. Their spectrum of antifungal activity
includes Aspergillus, Candida, Saccharomyces cerevisiae, and other invasive opportunistic
fungal pathogens such as Mucor, Fusarium, Rhizomucor, and Absidia species (Sheehan et al.,

1999).

Mode of action

Azoles act by inhibition of the activity of cytochrome P450 sterol 14a-demethylase
(P450,4pm)-dependent oxidative demethylation of eburicol (filamentous fungi) or lanosterol
(yeasts) in the ergosterol biosynthesis pathway. The heterocyclic ring of azoles can bind to the
sixth ligand position of the central iron atom in the haem group of P4504pMm and thus, prevent
substrate binding and oxygen activation (Buchenauer, 1977; Sisler and Ragsdale, 1984;
Vanden Bossche et al., 1987; Yoshida and Aoyama, 1987; Yoshida, 1988; Yoshida and
Aoyama, 1990; Yoshida and Aoyama, 1991; Vanden Bossche and Marichal, 1991; Vanden
Bossche and Marichal, 1992; Vanden Bossche, 1998). For this reason azoles are also
described as sterol demethylation inhibitors (DMIs). Inhibition of P4504py activity induces
the depletion of ergosterol in cell membranes as well as accumulation of Cl4-methylated
precursors. This results in disturbance of membrane fluidity and structure, and can alter the
activity of membrane-bound enzymes, such as chitinase (Sancholle ef al, 1984; Vanden

Bossche et al., 1984; Marichal et al., 1985; Weete, 1986; Sancholle et al., 1988; Weete, 1989;
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Vanden Bossche, 1990; Kelly et al., 1995). Consequently, morphological alterations in fungi,
such as extensively branched and swollen cells with severe thickening of cell walls induced by
azoles are frequently observed and have been described in germ tubes and hyphae of many
fungal species, such as Cladosporium cucumurinum (Sherald et al, 1973), Monilinia
fructigena (Kato et al., 1975), Botrytis cinerea (Kato et al., 1980), Ustilago avenae (Hippe
1984), Sclerotium rolfsii (Roberson et al., 1989; Fuller et al., 1990), and Fusarium culmorum
(Kang et al., 2001).

Resistance

Resistance is the genetic adaptation of a fungus to a certain fungicide or group of fungicides
that results in reduced sensitivity to the compounds. This phenomenon, which is also
described as genotypic or acquired resistance, is found in many fungal species that were
sensitive to fungicides prior to their exposure. Fungicide resistance can be achieved by single
mutations in genes of the pathogen or from the increase in frequency of naturally occurring,
less-sensitive sub-populations. Resistance differs from natural or intrinsic insensitivity of
species that are not included in the antifungal spectrum of a certain compound (Delp and
Dekker, 1985; Brent, 1995).

Because of their site-specific mode of action, azoles are more prone to resistance
development than multisite inhibitors. Under laboratory conditions, azole-resistant mutants
can easily be obtained, but such mutants often display reduced fitness with respect to spore
germination, mycelial growth, and virulence and their levels of resistance are relatively low.
Therefore, resistance development to azoles under field conditions was considered unlikely
(Dekker, 1981; De Waard and Fuchs, 1982; Fuchs and De Waard, 1982). However, in course
of time, azole resistance emerged in several fungal populations, although relatively slowly as
compared to other classes of fungicides (De Waard, 1994). The first case of field resistance
development to azoles was reported for Sphaerotheca fuliginea, the causal agent of cucumber
powdery mildew (Schepers, 1985). Since then, azole resistance is also reported for other
fungal pathogens, such as Erysiphe graminis f. sp. tritici (Kendall et al., 1993), Penicillium
digitatum (Eckert, 1987), Venturia inaequalis (Hildebrand et al., 1988), and Rhynchosporium
secalis (Kendall et al., 1993).
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Resistance mechanisms

Studies on the genetics of resistance to the azole imazalil in Aspergillus nidulans identified
eight loci allocated to six different linkage groups conferring resistance to this compound
(Van Tuyl, 1977). Polygenic control of resistance to azole fungicides has been reported for
other fungi as well and may imply the involvement of several mechanisms (Kalamarakis et
al., 1991; Brent and Hollomon, 1998). In filamentous fungi four general mechanisms have
been described to confer resistance to azoles: 1) reduced intracellular concentration of the
antifungal compound, so that it can no longer reach or saturate its target, 2) target site
alterations that result in reduced affinity of the antifungal compound for its target, 3)
overexpression of the target site that results in a titration effect of the compound 4)
compensation of the toxic effects of azoles in cells by alterations in the sterol-biosynthesis
pathway.

Reduced intracellular accumulation. The way azoles enter fungal cells is not yet fully
understood but current models support the idea of passive diffusion through cell walls and
membranes. Therefore, altering drug penetration through changes in cell wall and/or
membrane composition can reduce the intracellular accumulation of antifungal compounds in
cells. Lower ergosterol levels or a decreased ratio between phosphatidyl-choline and
phosphatidyl-ethanolamine in the membranes can reduce permeability to azoles and such
changes have been reported in some azole-resistant strains of the pathogenic yeast C. albicans
(Hitchcock et al., 1986; Loeffler et al., 2000). Other studies indicate that modifications in cell
wall structure caused by altered glycosylation of surface proteins can also result in changes in
azole sensitivity in this pathogen (Timpel et al., 1998). Yet, the vast majority of findings
support the idea that reduced intracellular levels of azoles can be achieved by active excretion
of drugs from cells (De Waard and Van Nistelrooy, 1979; 1980), mediated by transporters of
the ATP-binding cassette (ABC) and major facilitator superfamily (MFS) (Stergiopoulos et
al., 2002). These systems are extensively reviewed in Chapter 2 of this thesis.

Target site alterations. Point mutations in the CYP51 or ERGI1 encoding P450,4pym gene
of filamentous fungi or yeasts, respectively, can also confer resistance to azoles. In C. albicans
two mutations in ERG1 1, namely G464S (Loeffler et al., 1997; Franz et al., 1998; Sanglard et
al., 1998; Kelly et al, 1999) and R467K (White, 1997a) were frequently detected in
fluconazole-resistant isolates of this pathogen. Both amino acids are located near the haem-

binding domain of P4504pm and the mutations result in structural or functional alterations
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that cause reduced affinity of P450,4pym to fluconazole but without the enzyme entirely loosing
its catalytic activity. Additional mutations in ERGI1 of C. albicans, such as T315A (Lamb et
al., 1997), Y132H (Sanglard et al., 1998), S405F (Sanglard et al., 1998), and 1471T (Kakeya
et al.,, 2000) along with several other mutations, have also been described in azole-resistant
isolates of this pathogen (Sanglard et al., 1998; Asai et al., 1999; Favre et al., 1999; Marichal
et al., 1999; Perea et al., 2001). Point mutations in CYP51 associated with decreased azole-
sensitivity have also been described in pathogens of agricultural importance, such as
laboratory-generated mutants of Ustilago maydis (Joseph Horne et al., 1995a; Butters et al.,
2000) and P. italicum (Van Nistelrooy et al., 1996), and in field isolates of Uncinula necator
(Délye et al., 1997), and E. graminis f. sp. hordei (D¢lye et al., 1998). In all instances the
mutation resulted in a Y136F substitution of P4504pym, except for U. maydis. In the latter
case, the G464D mutation was detected.

Increase in target site concentration. Increased levels of P450y4py, caused by
overexpression of CYP51 (or ERGI11I) is also described as a resistance mechanism to azoles.
An increase in P4504pMm production requires higher intracellular concentrations of azoles to
achieve full inhibition of P4504pM activity. Overexpression of ERGI has been reported in
several azole-resistant isolates of C. albicans and S. cerevisiae (Vanden Bossche et al., 1994,
White, 1997b; Kontoyiannis et al., 1999; Perea et al., 2001). Levels of resistance achieved by
overexpression of P4504py vary considerably and are generally lower as compared to other
resistance mechanisms. In a clinical azole-resistant isolate of Candida glabrata
overproduction of P4504pm was closely linked with ERGI1 gene amplification, caused by
duplication of the entire chromosome containing the ERG/1 gene (Vanden Bossche et al.,
1992; Marichal et al, 1997). In the agricultural important pathogens P. digitatum and V.
inaequalis, tandem repeats in the promoter region of CYP5/ enhanced transcription of this
gene and the copy number of these repeats positively correlated with CYP51 expression and
decreased sensitivity to azoles (Hamamoto et al., 2000; Schnabel and Jones, 2001).

Alterations in the sterol biosynthesis pathway. Azoles exert their toxic effects in fungi by
depletion of ergosterol as well as the accumulation of toxic Cl4-methylated precursors of
sterols, especially Cl4a-methylergosta-8,24(28)-dien-3f3,6a-diol (diol) (Kelly et al, 1995).
Accumulation of diol is known to cause growth arrest in C. albicans (Kelly et al., 1997) and
S. cerevisiae (Vanden Bossche, 1991; Kelly et al., 1995). The toxic effects of this precursor in

S. cerevisiae can be abolished by mutations in the ERG3 gene, which encodes A™® desaturase
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(ERG3) (Watson et al., 1989; Bard et al.,, 1993; Kelly et al., 1995). This enzyme acts at an

earlier step in the sterol biosynthesis pathway than P450,4py and inhibition of ERG3 results in

the absence of diol from cells as well as in higher Cl14a-methyl fecosterol levels. This sterol

precursor allows fungal growth and can compensate for ergosterol in cells when present in

sufficient amounts (Watson et al., 1989; Kelly et al., 1996, Kelly et al., 1997; Nolte et al.,

1997). Recently it was also shown that deletion of ERG3 from C. albicans results in reduced

sensitivity of the mutants to fluconazole (Miyazaki et al., 2001). Altered A>° desaturase

activity has also been reported in azole-resistant mutants of U. maydis (Joseph-Horne et al.,

1995a; Joseph-Horne et al., 1995b).
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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. This has been observed in a variety of organisms and

can impose a serious threat to the effective control of pathogenic fungi.

Keywords: antibiotic compounds; fungicides; mycotoxin; pathogenicity; plant defence compounds; resistance;

toxin

28



ABC and MFS transporters in filamentous fungi

INTRODUCTION

In nature, filamentous fungi are constantly exposed to a wide variety of toxic compounds
originating from various 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 fungicides. On the other hand, fungi may also need to
handle 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 upon exposure to exogenous toxic products?” and “How do toxin producing
organisms manage to protect themselves against auto-toxicity of endogenous toxins?” The
answers to both questions relate to mechanisms of selective toxicity and can be of qualitative
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 concentration of the cytotoxic agent that can be built-up at the target
site as a result of uptake, transport, storage, and natural metabolism. Differences in affinity of

the target 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 Facilitator Superfamily (MFS) of membrane transporters. These
transporters have a remarkable broad substrate specificity and are able to transport a wide
variety of natural and synthetic toxic products of either endogenous or exogenous origin. In
this way, they prevent or reduce accumulation of these products inside cells and hence, avoid
or minimize their toxic action (Nelissen et al., 1997; Pao et al., 1998; Bauer et al., 1999).
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 serious threat to the effectiveness of drugs (Fling et al.,
1991; Juliano and Ling, 1976).
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Figure 1. Functions of ABC and MFS transporters in filamentous fungi

The physiological functions of ABC and MFS transporters in fungi are also highly
significant. These transporters may provide protection against toxic compounds present in
their natural habitat or prevent 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 secretion 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
transporters 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 wide-spread use of antifungal compounds has resulted in the development of fungicide
resistance in several fungal species. Studies on azole-resistant strains of Candida albicans and
other fungal pathogens of medical importance indicated 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 of
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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., 1997; Sanglard et al., 1995; 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 studies support the hypothesis that ABC and MFS

transporters 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 fungicides. 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 et al., 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 transporters are characterised as primary active
transport systems (Azzaria et al., 1989). ABC transporters are also described in literature as P-
glycoprotein, PDR (Pleiotropic Drug Resistance) proteins, or MDR proteins.

The structural unit of an ABC transporter is composed of two homologous halves each
containing six Trans-Membrane Domains (TMD) and a conserved 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-I/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.,
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1982). The catalytic activity of these sites with respect to coupling and hydrolysis of ATP
provides the energy necessary for transport of substrates (Azzaria et al., 1989). Both NBFs
can have ATPase activity, stimulated 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
transport (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).

ATP

Figure 2. Schematic representation of ATP-Binding Cassette (ABC) transporters with the [NBF-TMDg], and
[TMDs-NBF], topology. Multidrug Resistance-related Proteins (MRP) are ABC transporters with a
TMD,[TMD¢-NBF], topology. Trans-Membrane Domains (TMDs) are indicated as boxes and are numbered.
The Nucleotide-Binding Folds (NBFs) are indicated as circles. “R” is the “Regulatory” or “connector” domain of
the MRP-like proteins.

ABC transporters can be classified into different clusters based on their topology. The
majority of these proteins have a [TMD4¢-NBF], or [NBF-TMDg], topology. Half-sized
transporters with a single TMDg-NBF or NBF-TMDg configuration have also been described
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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 homologues halves, thought to act in regulation of the protein (Tusnady et al., 1997)
(Figure 2). Some representatives of this group of transporters have been identified as
glutathione S-conjugate pumps involved in cellular detoxification and other processes
(Ishikawa, 1992; Ishikawa ef al., 1997).

ABC transporters include both uptake and efflux systems. In general, they exhibit a broad
substrate specificity, although transporters with specific substrates also occur. The broad range
of substrates for these proteins includes alkaloids, lipids, peptides, steroids, sterols,
terpenoids, flavanoids, sugars, inorganic anions, and heavy metal chelates. Synthetic
compounds, 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 physiological
pH, are of hydrophobic nature, and enter the cells through passive diffusion (Gottesman and
Pastan, 1993). The way that these compounds are transported is not yet fully understood and
several models have been proposed. 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 studies indicate that detection and
excretion of toxic agents takes place at the membrane level before toxic concentrations 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 transporters are characterised as “hydrophobic
membrane 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 necessary 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 environment (Higgins and Gottesman, 1992). Yet, other models
propose that ABC proteins indirectly promote decreased intracellular accumulation of drugs

by altering biophysical properties of membranes (Roepe, 1994; Wadkins, 1997).
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In silico analysis of the S. cerevisiae genome identified at least 30 different ABC
transporters (Taglicht and Michaelis, 1998). Other genome sequencing programmes 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
suggests that an equally high number of ABC proteins are present in filamentous fungi.
Complete sequencing of the Neurospora crassa genome revealed the existence of 39 putative
ABC proteins, 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 number 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). Atr4 and atrB
encode proteins with a [NBF-TMDg], topology, while a##C and atrD encode proteins with a
[TMDs-NBF], topology. 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,
2000; Del Sorbo et al, 1997). Heterologous expression of atrB in an ABC transporter
deficient mutant strain of S. cerevisiae showed that yeast transformants carrying this gene are
resistant to the antibiotic cycloheximide and a number of other drugs, suggesting 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 anilinopyrimide, benzimidazole,
phenylpyrrole, phenylpyridylamine, 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 et al., 2000b). The results show that
at least some of the A. nidulans ABC transporters play a role in defence against a wide range

of natural toxic products and fungicides.
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Table 1. ABC transporter genes from Aspergillus nidulans

ABC gene Accession number Reference

atrd 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

atrk AJ309280 Andrade, 2000

atrF AJ309281 Andrade, 2000

atrG AJ309282 Andrade, 2000

abcA - Do Nascimento ef al., 1999
abcB - Do Nascimento ef al., 1999
abcC - Do Nascimento et al., 1999
abeD - Do Nascimento ef al., 1999

* Renamed. Original name was also atrC

Since ABC transporters can play a role in protection of fungi against the activity of DMI
fungicides, ample efforts have been undertaken to identify ABC transporter genes in 4. flavus
and A. fumigatus, two important opportunistic pathogens involved in human aspergillosis.
AfIMDRI (Acc. U62931) is the only ABC transporter gene cloned from A. flavus. It encodes a
transporter with a [TMDe-NBF]; predicted topology but no function for this protein has been
reported yet. ABC transporter genes cloned from A. fumigatus are listed in Table 2.

Table 2. ABC transporter genes from Aspergillus fumigatus

ABC gene Accession number Reference
AfuMDR1 U62934 Tobin et al., 1997
AfuMDR?2 U62936 Tobin et al., 1997
ADRI - Slaven et al., 1999
abcA AJ417501 -

atrF AJ311940 -

AfuMDR] encodes a protein with a predicted [TMDg-NBF], topology while abcA4 and atrF
encode proteins with a [NBF-TMDg], topology. Interestingly, AfuMDR2 encodes a protein
with only four putative TMDs and a single NBF. Heterologous expression of AfuMDRI in S.
cerevisiae resulted in increased resistance to cilofungin, a (1,3)--D glucan synthase inhibitor,
but not to other antimycotics tested. 4. fumigatus is insensitive to cilofungin, suggesting that

this property is due to the ability of AfuMDRI1 to provide protection against this compound
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(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 ADRI1 in itraconazole efflux (Slaven et al, 1999). Reduced cellular
accumulation 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 a common 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 economic losses. Several ABC

transporter genes have been cloned from this fungus (Table 3).

Table 3. ABC transporter genes from Botrytis cinerea

ABC gene Accession number Reference

BcatrA 768906 Del Sorbo and De Waard, 1996
BcatrB AJ006217 Schoonbeek ef al., 1999
BcatrC AF241315 Vermeulen ef al., 2001
BceatrD AJ272521 Vermeulen et al., 2001
BceatrE AF238224 Vermeulen ef al., 2001
BceatrF AF238230 Vermeulen et al., 2001
BcatrG AJ278038 Vermeulen ef al., 2001
BcatrH AF241313 Vermeulen et al., 2001
Bcatrl AF238229 Vermeulen ef al., 2001
BeatrJ AF238228 Vermeulen et al., 2001
BcatrK* AF238227 Vermeulen ef al., 2001
BMRI1* AB028872 Nakajima et al., 2001
BcatrL - Vermeulen ef al., 2001
BeatrM - Vermeulen et al., 2001
BcatrN AF238226 Vermeulen et al., 2001

* BeatrK and BMR1 are identical

The basal level of transcripts of these genes vary from undetectable (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 several
of these genes. BcatrB encodes a protein with a [NBF-TMDg], topology. Increased transcript

levels of this gene are observed after treatment with phytoalexins, phenylpyrrole,
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anilinopyrimide, and dicarboximide fungicides (Schoonbeek et al., 2001; Vermeulen et al.,
2001). Functional analysis by means of gene 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 addition, ABcatrB mutants exhibit increased sensitivity to the
phenylpyrrole fungicides fenpiconil and fludioxonil, 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
benzimidazole fungicides, as well as with the antibiotic cycloheximide (Hayashi et al., 2001).
A positive correlation between increased transcript levels of BcatrD and resistance to azole
fungicides was observed. Replacement mutants of BcatrD exhibit increased sensitivity to
several DMIs and accumulate relatively high amounts of oxpoconazole. Likewise, mutants
overexpressing BcatrD show a positive correlation between BcatrD expression and decreased
sensitivity to this compound. These results indicate that BcatrD is a determinant of sensitivity
of B. cinerea to DMI fungicides (Hayashi et al., 2001). BMRI (BcatrK) encodes a protein with
a [NBF-TMDg], topology. ABMRI mutants display increased sensitivity to the antibiotic
polyoxin and the organophosphorous fungicide iprobenfos, which implies that BMRI is an

additional MDR transporter of this fungus (Nakajima et al., 2001).

Gibberella pulicaris

The necrotrophic fungus G. pulicaris (anamorph Fusarium sambucinum) is able of infecting
potato tubers through open wounds causing the dry rot disease. 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 colonize potato slices. Additionally, these mutants are hypersensitive to
rishitin and lubimin, suggesting that they are incapable of coping with the toxic effect of

phytoalexins produced at the infection site. Thus, Gpabcl is essential for pathogenicity of G.
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pulicaris on potato tubers by providing protection 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
identified through an insertional mutagenesis screen for pathogenicity mutants. The encoded
protein has a [NBF-TMDg], topology. AABCI 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
appressoria, failed to produce extensive infection hyphae and die 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
synthesis inhibitor hygromycin. Yet, AABCI mutants do not show increased sensitivity to any
of these compounds. Thus, the exact role of ABC1 during pathogenesis still needs to be
established. The most probable explanation for the loss of virulence of the deletion mutants is
that ABC1 provides protection against antimicrobial compounds present in barley and rice

cells, although the compound(s) involved remain to be identified (Urban et al., 1999).

Mycosphaerella graminicola

Five ABC transporter genes have been cloned and sequenced from the plant pathogenic
fungus 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 MgAtr3 was not detected under any
conditions tested. However, MgAtrl, MgAtr2, MgAtr4, and MgAtr5 display distinct
expression profiles when treated with a range of compounds known to be either substrates or
inducers of ABC transporters. These include DMIs, natural toxic compounds, such as the
plant defence compounds eugenol and psoralen, and the antibiotics cycloheximide and
neomycin. The expression pattern of the genes also depends on the morphological state, yeast-
like cells or mycelium, of the fungus (Stergiopoulos et al., 2002a; Zwiers and De Waard,
2000). Heterologous expression of MgAtri, MgAtr2, MgAtr4, and MgAtr5 genes in a multiple

knockout strain of S. cerevisiae showed that the products of these genes can transport a wide
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range of chemically unrelated compounds and possess an extensive overlap in substrate
specificity. Their substrate range includes synthetic compounds such as DMIs, and natural
compounds, such as the plant metabolites berberine and camptothecin, and the mycotoxin

diacetoxyscirpenol (DAS).

Table 4. ABC transporter genes from Mycosphaerella graminicola

ABC gene Accession number 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
MgAtr5 AF364104 Stergiopoulos et al., 2002a

The function of MgAtri-MgAtr5 in virulence of M. graminicola on wheat was investigated
with knockout mutants. Analysis of the tranformants showed that AMgA¢r5 mutants have a
small increase in sensitivity to the putative wheat defence compound resorcinol and to the
grape phytoalexin resveratrol, suggesting a role for this transporter during pathogenesis. 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 et al.,
submitted). Thus, the possibility that some of these transporters are involved in protection
against natural and synthetic toxic compounds can not be excluded. All transformants were
also tested for virulence on wheat seedlings. AMgAtr4 mutants displayed reduced virulence as
compared to the wild-type control strain. Northern analysis on interaction RNA isolated from
wheat infected with the wild-type isolate and the AMgAtr4 mutant, shows 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 DMI-resistant isolate that is
also cross-resistant to the unrelated chemicals cycloheximide, 4-nitroquinoline-N-oxide

(4NQO), and acriflavine. The gene has a [NBF-TMDg], topology and shares a high degree of
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identity with atrA4 and atrB from A. nidulans. Basal level of PMRI transcription was higher in

DMI-resistant isolates of P. digitatum than in sensitive ones.

Table 5. ABC transporter genes from Penicillium digitatum

ABC gene Acc. number Reference

PMRI AB010442 Nakaune et al., 1998
PMR3 - Nakaune et al., 2001
PMR4 - Nakaune et al., 2001

Treatment of the fungus with the DMI fungicide triflumizole induced PMR]I transcription
levels in both DMI-sensitive and resistant strains. Disruption of PMRI in DMlI-sensitive and
resistant isolates resulted in increased sensitivity to DMIs as well as to camptothecin,
phloretin, and oligomycin (Nakaune et al., 1998; Nakaune et al., 2002). Reintroduction of
PMRI in APMRI mutants derived from DMI-resistant strains resulted in decreased sensitivity
to DMIs. However, reintroduction of PMRI in APMRI mutants derived from DMI-sensitive
strains did not result in decreased sensitivity. These results suggest that although PMRI-
mediated efflux of DMIs plays an important role in determining sensitivity of P. digitatum to
DMIs, it does not alone explain the difference in sensitivity between DMI-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 PMR1, transcription of PMRS is strongly
induced by benzimidazoles, dithianon, and resveratrol but not by DMIs. Furthermore, APMR5
mutants display increased sensitivity to benzimidazole fungicides and dithianon as well as to
plant products, such as camptothecin and resveratrol. The results demonstrate that PMRS and
PMRI1 possess distinct substrate specificity and can 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 the plant pathogenic fungus Leptosphaeria maculans (anamorph Phoma lingam), the
causal agent of blackleg disease of crucifers. Both genes encode proteins with the [NBF-

TMDg]> topology. LMABCI is strongly induced after treatment of the fungus with an
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analogue of the brassinin phytoalexin methyl-4-chlorobenzyldithiocarbamate and the azole
fungicide miconazole. Increased transcripts of LMABC2 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 LMABC2 is able of
transporting cycloheximide and 4NQO. Thus, it is possible that this gene plays a role in
multidrug resistance, thereby protecting the fungus against natural and synthetic toxic
compounds (Taylor and Condie, 1999).

Four ABC transporter genes have been cloned from the plant pathogenic fungus Venturia

inaequalis, the causal agent of the apple scab disease (Table 6).

Table 6. ABC transporter genes from Venturia inaequalis

ABC gene Accession number Reference

ViABClI AF227914 Schnabel et al., 2001
ViABC2 AF227915 Schnabel et al., 2001
ViABC3 AF375878 Schnabel et al., 2001
ViABC4 AF375879 Schnabel et al., 2001

ViABCI and ViABC?2 encode proteins with a [NBF-TMDg], topology, while ViABC3 and
ViABC4 encode proteins with a [TMD4-NBF], topology. 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 PDRS
(Acc. L19922), a well-known ABC transporter gene from S. cerevisiae, can provide protection
against sporidesmin, an epidithidioxopiperazine mycotoxin 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 PDRS5 in S. cerevisiae correlates with sensitivity to exogenous
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trichothecenes. Transgenic tobacco plants transformed with PDRS5 are less sensitive to the
trichothecene 4,15-diacetoxyscirpenol (Mubhitch et al., 2000).

Preliminary data are 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 analysis of these ABC genes with respect to
secretion of toxins is under investigation.

Heterologous expression of MgAtrl and MgAtr4 from M. graminicola in a S. cerevisiae
strain with multiple non-functional ABC genes, demonstrated that both genes confer
decreased sensitivity to the trichothecene diacetoxyscirpenol (DAS), a mycotoxin produced by
Fusarium graminearum. Kema et al., (1996) proposed that formation of necrotic lesions on
infected wheat leaves caused with M. graminicola may be associated with secretion of
phytotoxic compounds produced by the pathogen. Although such compounds have not yet
been characterised, it might be possible that MgAtrl and MgAtr4 are involved in secretion of
host-specific toxins produced by the fungus. The reduced virulence phenotype of the AMgAtr4
mutants supports this hypothesis (Stergiopoulos ef al., 2002b).

Furthermore, it has been shown that MRP transporters of H. sapiens are capable of energy-
dependent transport of aflatoxin B1 and its glutathione conjugates (Loe et al., 1997). These
reports suggest that protection 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 alignments were made using the ClustalW
programme and a dendrogram was generated by parsimony as calculated using PROTPARS
(Figure 3).

A cluster of ABC proteins involved in protection against natural toxic compounds can be
distinguished. This cluster includes atrB from A. nidulans, BcatrB from B. cinerea, MgAtr5
from M. graminicola, and PMRS from P. digitatum. These transporters are induced and/or
transport plant defence related compounds, with the stilbene resveratrol and the plant alkaloid

camptothecin as the most striking examples. It is possible that this branch of ABC transporters
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Figure 3. Phylogenetic unrooted tree of 23 ATP-
Binding Cassette (ABC) transporters with the
[NBF-TMDg], topology from filamentous fungi.
The tree was based on parsimony as calculated
using PROTPARS. Alignments were performed
using the ClustalW alignment programme. The code
of the proteins mentioned in the tree are preceded
by two or three letters, indicating the source
organism: An: Aspergillus nidulans, Af: Aspergillus
Sfumigatus, Bc: Botrytis cinerea, Gp: Gibberella
pulicaris, Mf.  Monilinia  fructicola, Mg:
Mycosphaerella graminicola, Mgr: Magnaporthe
grisea, Pd: Penicillium digitatum, Vi: Venturia
inaequalis

PdPMR1
AnatrG

AnatrE

VIABC1

AnatrA MgAtr2
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BeatrA
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represents a group of orthologs with a similar function. A second cluster seems to be

constituted by ABC proteins involved in protection against DMIs. This cluster includes

BcatrD from B. cinerea, attE and atrG from A. nidulans, and PMR1 from P. digitatum.

BcatrD and PMRI1 are specifically involved in protection against synthetic toxic compounds

such as DMIs, 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 factors. 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.
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MFS TRANSPORTERS

MFS transporters comprise the largest protein family, present from bacteria to higher
eukaryotes. They facilitate the uniport, symport or antiport of various compounds using the
energy from electrochemical gradients across membranes. For this reason MFS transporters
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 from a
duplication event of a gene encoding a protein 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).

TMD,, TMD,,

Figure 4. Schematic representation of Major Facilitator Superfamily (MFS) of transporters with 12 and 14
Trans-Membrane Domains (TMDs). The TMDs are indicated in boxes and are numbered.

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 ez al., 1992). Unlike
ABC proteins, MFS transporters do not possess well-defined conserved motifs. An overview
of this superfamily classified at least 18 distinct families. 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
trafficking of substrates through the membrane. The motif may also act as a gate, regulating

substrate transport from and to the cytoplasm. Additional sequence motives present in
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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 transporters is still in its initial stages, reports
suggest that the function and substrate specificity of these proteins can be impressively broad.
MFS transporters are involved in trafficking of sugars, drugs, polyols, vitamines,
neurotransmitters, Krebs-cycle metabolites, phosphorylated glycolytic intermediates, amino
acids, peptides, osmolites, iron-siderophores, nucleosides, organic and inorganic anions, and
cations. In this way, they facilitate various cell functions, such as the uptake of nutrients,
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 pathogenesis.
MEFS 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 structure and function. Thus, members of different families have specific substrate
specificity and predictions about the function of novel members of a specific family 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).

MEFS transporters involved in secretion of host-specific toxins

The first MFS 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. Interestingly, 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 cluster 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 virulent on maize. However, attempts to disrupt both

copies of the TOXA4 gene were unsuccessful, suggesting that the encoded protein acts in self-
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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 virulence 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 transporter involved in self-

protection against this toxin and virulence (Callahan et al., 1999; Upchurch et al., 2001).

MEFS transporters involved in secretion of mycotoxins

Most of the genes involved in trichothecene biosynthesis by Fusarium spp. are located within
a gene cluster. In F. sporotrichioides this cluster includes 77i/2 (Acc. AF11355), a MFS gene
encoding a transporter with 14 predicted TMDs. Mutants of S. cerevisiae transformed with
Tril2 have decreased sensitivity to trichothecene. Disruption of 7ri/2 in F. sporotrichioides
reduced secretion of trichothecene and the A77i/2 mutants showed impaired in vitro growth.
Thus, Tril2 acts as a trichothecene transporter and plays a role in self-protection of F.
sporotrichioides against trichothecenes (Alexander ef al., 1999).

Recently, the 4. flavus MFS gene afIT was identified in a gene cluster involved in aflatoxin
biosynthesis (Acc. AC087725). The protein encoded by afIT is highly homologous to the HC-
toxin transporter TOXA from C. carbonum. These observations suggest that afI/T encodes an
aflatoxin transporter (Chang et al., 1999).

The information available so far, indicates that secretion of endogenously-produced
mycotoxins proceeds via MFS 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.
MEFS 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 starvation conditions. These genes were
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coded Bemfsl (Acc. AF238225), Bemfs2 (Acc. AF241312), and Bemfs4 (Acc. AF238231).
Bemfs1 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 Bcmfsl.
ABcmfs] mutants display an increased sensitivity to the plant defence compound
camptothecin and the toxin cercosporin. Mutants overexpressing Bcmfs! show an increased
tolerance to these natural toxic compounds as well as to several DMIs, the dicarboximide
fungicide iprodione, and the fungicides fenhexamide and captan. Deletion of Bemfsl in a
ABcatrD mutant increased the sensitivity of this mutant to DMIs. These results demonstrate
that Bemfs1 is a multidrug transporter. Bcmfs1 is the first fungal MFS 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 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 secretion of
GAs from this fungus. Smt is probably a member of the sugar-transporter family as expression
of this gene is induced by sugar alcohols, such as sorbitol, mannitol, and myo-inositol (Voss et

al., 2001).

CONCLUDING REMARKS

State of the art
In eukaryotes, all well-characterised drug efflux mechanisms can be ascribed to the activity of
ABC and MFS transporters. These transporters belong to superfamilies 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 during evolution from families with other transport
capacities and that members of these parent families may have functioned as transporters of
nutrients into the cell or as exporters of biosynthetic macromolecules (Saier et al., 1998).

ABC transporters characterised so far in filamentous fungi seem to be specifically involved

in transport of exogenous substrates. These can be toxic compounds of either natural or
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synthetic origin. The rapid production of these transporters upon exposure to cytotoxic 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 particular class of compounds or even a single molecule. In
plant pathogenic fungi ABC transporters also provide protection against plant defence
compounds and thus, act as virulence factors. No ABC transporters that secrete endogenously-
produced virulence factors such as host-specific toxins have yet been identified. ABC
transporters from filamentous fungi can also have an important role in influencing base-line
sensitivity 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 ef al., 1998). Yet, the risk of MDR in fungal
pathogens of agricultural importance seems to 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 synthesized toxicants can be produced during the major part of the lifetime of
the fungus. In this case, maintenance of MFS transport systems may be more cost-effective
than ABC transporter systems. MFS proteins are also involved in transport of exogenous
substrates, such as cytotoxic compounds and thus, can function as a protection mechanism of
cells. These MFS transporters are usually members of a specific 12 TMDs subfamily and are
also implicated in MDR. Hence, activation of different efflux mechanisms seems necessary to
ensure successful protection of cells from toxicants. For example, in a recent study on
fluconazole-resistant strains of C. albicans overexpression of ABC and MFS transporter genes

operated concurrently in 85% of all resistant strains tested (Perea ef al., 2001).

Practical implications
The observation that ABC and MFS transporters influence base-line sensitivity to fungicides,
are responsible for MDR, and act as virulence factors implies that these transporters constitute

an attractive target for chemical control. In this context, inhibitors of ABC and MFS
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transporters may improve the efficacy of chemical control and can 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 little 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 may 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 fungicides and
ABC transporter modulators may also be synergistic. This has been demonstrated for mixtures
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 cluster of
DMI transporters and for the ones involved in virulence of plant pathogens. Inhibition of
specific ABC transporters could also result in selectivity between target and non-target
organisms, which is, for instance, required during plant pathogenesis.

Efflux mechanisms can interfere with screening programs aimed at the discovery of new
fungitoxic lead compounds. The reason is that test organisms may have an intrinsic
insensitivity to test compounds as a consequence of efflux systems that reduce accumulation
of the compounds in cells. In this case, promising lead compounds may be missed. Thus, the
use of hypersensitive fungal strains in high-throughput screening processes for the
identification of new antifungal compounds is important. Single and multiple knockout
mutants of ABC genes with a hypersensitive phenotype can 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 optimization of new fungicides.

Many fungal species are known to produce antibiotics and other important metabolic

compounds. Secretion of such compounds by the producing organisms might be mediated via
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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 can increase 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 MFS 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 overlap. 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 available so far show that ABC or MFS transporter 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 regulate
expression of ABC or MFS transporters is still unknown. Several studies have indicated that
the promoter 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 transcription
factor that could regulate transporter activity. The way cells perceive potential substrates may
be closely related with such a transduction pathway. Specific substrate receptors in
membranes or membrane disturbance caused by the presence of the substrate might possibly
lead to activation of such a transduction pathway. Alternatively, it might be possible that the
transporter itself is involved in recognition of substrates and may 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(II),Cyse

class of transcription factors that regulate transcription through cis-acting elements. These
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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 proteins posses an overlapping specificity in transport of substrates and northern
blot analysis reveals that they are also induced by several common compounds (Stergiopoulos
et al., 2002a; Zwiers and De Waard, 2000; Zwiers et al., submitted). 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 recognise 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 effectively 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
combines fundamental aspects with various practical applications. Advances in molecular
biology techniques especially with respect to fungal transformation and high-throughput
functional analysis will strongly stimulate this type of research for the near future and may

result in the discovery of new disease control agents.
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ABSTRACT

Three single copy ATP-binding cassette (ABC) transporter encoding genes, designated
MgAtr3, MgAtr4, and MgAtr5, were cloned and sequenced from the plant pathogenic
fungus Mycosphaerella graminicola. The encoded ABC proteins all exhibit the [NBD-
TMS¢], configuration and can be classified as novel members of the pleiotropic drug
resistance (PDR) class of ABC transporters. The three proteins are highly homologous
to other fungal and yeast, ABC proteins involved in multidrug resistance or plant
pathogenesis. MgAtr4d and MgAtrS possess a conserved ABC motif at both the N- and
C-terminal domain of the protein. In contrast, the Walker A motif in the N-terminal and
the ABC signature in the C-terminal domain of MgAtr3, deviate significantly from the
consensus sequence found in other members of the PDR class of ABC transporters.
Expression of MgAtr3 could not be detected under any of the conditions tested.
However, MgAtr4 and MgAtr5 displayed distinct expression profiles when treated with a
range of compounds known to be either substrates or inducers of ABC transporters.
These included synthetic fungitoxic compounds, such as imazalil and cyproconazole,
natural toxic compounds, such as the plant defence compounds eugenol and psoralen,
and the antibiotics cycloheximide and neomycin. The expression pattern of the genes
was also dependent on the morphological state of the fungus. The findings suggest a role
for MgAtr4 and MgAtrS during plant pathogenesis and in protection against toxic

compounds.

Keywords: ATP-binding cassette transporters; multidrug resistance; plant pathogenesis; Septoria tritici

58



Cloning and characterisation of MgAtr3, MgAtr4, and MgAtr5

INTRODUCTION

ATP-binding cassette (ABC) transporters are membrane proteins that utilise the energy
derived from the hydrolysis of ATP to drive the transport of compounds over biological
membranes. They are members of one of the largest protein families to date, present in both
pro- and eukaryotic organisms (Higgins, 1992). Genome analysis of Saccharomyces
cerevisiae identified 31 putative ABC proteins, which can be classified into six clusters
(Decottignies and Goffeau, 1997) or classes (Taglicht and Michaelis, 1998) based on their
structure and topology. Most ABC transporters are composed of two similar halves, each
consisting of a cytoplasmatic nucleotide-binding domain (NBD) and six trans-membrane
segments (TMSg). The majority of these proteins have a [TMSs-NBD], or [NBD-TMSq¢],
topology, but half size transporters with a single TMSs-NBD or NBD-TMSg configuration
have also been described. The NBDs of ABC transporters contain conserved amino acid
sequences which are called the Walker A and Walker B motif (Walker ef al, 1982) and the
ABC signature (Ames et al., 1990).

ABC transporters are known to play an essential role in multidrug resistance (MDR) of
cells to chemically unrelated compounds (Juliano and Ling, 1976). ABC transporters involved
in drug resistance have also been described in filamentous fungi (De Waard, 1997). In plant
pathogenic fungi ABC transporters may act as virulence factors if they mediate secretion of
pathogenicity factors or provide protection against plant defence compounds during
pathogenesis (Del Sorbo et al., 2000). This hypothesis has been validated in an insertional
mutagenesis screen for pathogenicity mutants of the rice blast fungus Magnaporthe grisea,
which identified the ABC transporter ABC1 as a novel pathogenicity factor, probably
protecting the fungus against plant defence compounds produced by the host (Urban et al.,
1999).

In our laboratory ABC transporters from Mycosphaerella graminicola (Fiickel) Schroeter
(anamorph state: Septoria tritici Rob.ex.Desm.), the causal agent of septoria leaf blotch of
wheat, are studied. This disease can cause a significant reduction in yield. Typical disease
symptoms are necrotic spots filled with the asexual pycnidia and sexual pseudothecia of the
fungus (Eyal et al., 1987). Formation of the necrotic lesions may be associated with secretion
of phytotoxic compounds by the pathogen (Kema et al, 1996). Wheat is known to produce
plant defence compounds, such as 2,4-dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one
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(DIMBOA) (Weibull and Niemeyer, 1995). Therefore, the fungus may have evolved specific
ABC transporters that secrete toxins, or reduce the intracellular accumulation of plant defence
compounds.

Recently, Zwiers and De Waard (2000) cloned and characterised the ABC transporter
genes MgAtrl and MgAtr2 from M. graminicola. Both genes are differentially expressed when
mycelium and yeast-like cells of this dimorphic fungus are treated in vitro with antibiotics,
plant secondary metabolites or azole fungicides. This paper extends these studies by reporting
the cloning and characterisation of the ABC transporter encoding genes MgAtr3, MgAtr4, and
MgAtrS.

MATERIALS AND METHODS

Fungal culture conditions

M. graminicola isolate IPO323 (Kema and Van Silthout, 1997) was used for the construction of a genomic
library and for expression studies. Genomic DNA was isolated from 5-day-old yeast-like cells (Raeder and
Broda, 1985). Yeast-like cells and mycelium of M. graminicola were grown as described by Zwiers and De

Waard (2000).

Isolation and characterisation of MgAtr3, MgAtrd, and MgAtr5

A polymerase chain reaction (PCR) based approach was followed using M. graminicola IPO323 genomic DNA
as template. Degenerate oligonucleotide primers were designed on the conserved amino acid sequences of the
Walker A and Walker B motif and the ABC signature of the pleiotropic drug resistance (PDR) and multidrug
resistance-related protein (MRP) class of ABC transporters, based on a phylogenetic analysis of the yeast ABC
proteins (Taglicht and Michaelis, 1998) (Table 1). The PCR reaction mix contained 200 uM of dNTPs, 30 ng ul'l
of each primer, 1x PCR buffer (Boehringer Mannheim B.V.), 2 U Tag polymerase, and approximately 100 ng
DNA template. PCR-cycles consisting of 5 min denaturation at 94°C followed by an additional step of 1 min at
the same temperature, 45 sec of annealing at 48°C, and 45 sec extension at 68°C were performed. A final
extension step of 3 min at 68°C completed the reaction. Specific products were reamplified with Pwo polymerase

and cloned into pCR-Blunt (Invitrogen) plasmid vector.
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Table 1. Degenerate primers used for PCR amplification of ABC transporter domains from Mycosphaerella
graminicola®

Primer name Sequence (5’ - 3') Motif Region
PDR class

KV1 GGCCGHCCNGGHTSNGGNTG Walker A N—terminal
KV2 CGCTCDCCDCCSSWVACCNCC ABC signature N-terminal
KV3 CCNCKVGTVSWRTTRTCCCA Walker B N—terminal
KV4 GGNGCNGGHMGCACBACBCT Walker A C—terminal
KV5 SAGDCCVSAGGTNGGYTCRTC Walker B C—terminal
MREP class

KV7 NGARATRCCYTTYTCNCC ABC signature N-terminal
KV9 GGCCGMACNGGHGCNGGNAAR Walker A C—terminal
KV11 GMVGTVGCYTCRTCNAR Walker B C—terminal

? Primers were designed based on the conserved amino acid sequences of the Walker A and Walker B motif, and ABC
signature of the PDR and MRP class of ABC transporters from Saccharomyces cerevisiae.

Cloned PCR fragments were sequenced and used to probe a phage-library of genomic DNA from M.
graminicola TPO323 (Zwiers and De Waard, 2000). Hybridising clones from phages with inserts of interest were
subcloned into either pBluescript (Stratagene) or pZErO™-2 (Invitrogen) plasmid vectors. Sequencing was
performed by the dideoxy chain-termination method using ampli-Taq polymerase and fluorescent dideoxy
dNTPs. BLAST (Basic Local Alignment Search Tool) homology searches of databases were performed using the
BLAST 2.0 version package at NCBI (http://www.ncbi.nlm.nih.gov/BLAST; Altschul et al., 1997). Sequences
were analysed using the DNAstar 4.2 version package (DNASTAR Inc., Madison, U.S.A.).

Reverse transcription (RT)-PCR was performed on M. graminicola RNA to determine intron positions. Total
RNA was extracted as described by Zwiers and De Waard (2000) and PCR amplifications were performed using
the ‘Superscript One-step RT-PCR system’ (GIBCO BRL) according to the manufacturer’s instructions. 5" and 3’
rapid amplification of DNA complementary to RNA (cDNA) ends (RACE) experiments were performed using

the Boehringer Mannheim RACE kit according to the manufacturer’s instructions.

Southern blot analysis

The copy number of MgAtr3, MgAtr4, and MgAtr5 in the genome of isolate IPO323 was studied by Southern blot
analysis. Gene-specific probes were prepared and genomic DNA (3 pg) was digested with specific restriction
enzymes (20 units). Blotting was performed onto Hybond-N" membranes (Amersham Pharmacia Biotech)
according to the manufacturer’s instructions. Hybridisations were done at 65°C in Modified Church buffer (0.36
M Na,HPO,, 0.14 M NaH,PO,, 1 mM EDTA, 2% SDS, pH. 7.2). Washings were performed twice at 56°C in 2x
SSC and 0.5x SDS.
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RNA isolation and northern blot analysis

Total RNA was isolated from yeast-like cells and from mycelium of isolate IPO323 after treatment with plant
defence compounds, xenobiotics, lipids or fatty acids. The final concentration of the chemical compounds were
as follows: acriflavin (50 pg ml”, Fluka), cycloheximide (50 ug ml”, Merck), the cyclosporin derivative PSC833
(10 pg ml™", Syngenta), cyproconazole (10 pg ml™, Syngenta), eugenol (0.01% (v/v), Sigma-Aldrich), imazalil
nitrate (10 pg ml”, Janssen Pharmaceutica), lanosterol (100 ng ml”, Sigma-Aldrich), linoleic acid (1 mg ml!
Sigma-Aldrich), neomycin (100 pg ml”, Sigma-Aldrich), nystatin (5 pg ml™, Duchefa), oleic acid (1 mg ml";
Sigma-Aldrich), palmitic acid (1 mg ml”, Sigma-Aldrich), phosphatidyl choline (100 pg ml™, Sigma-Aldrich),
progesterone (100 pg ml”', Sigma-Aldrich), psoralen (50 pg ml”', Sigma-Aldrich), quercetin (100 pg ml™', Sigma-
Aldrich), reserpine (100 pg ml”, Sigma-Aldrich), resveratrol (50 pg ml”, Sigma-Aldrich), tomatine (10 pg ml”,
Sigma-Aldrich), and triflupromazine (20 pg ml”, Sigma-Aldrich). Most of the compounds were added from a
thousand-fold concentrated stock solution in water or methanol. Eugenol, linoleic acid, neomycin, oleic acid,
palmitic acid, and phosphatidyl choline were added to the cultures as pure products. Solvents (0.1%) were added
to control treatments. RNA isolations were performed according to Zwiers and De Waard (2000). Homologous
hybridisation of the blots was performed overnight at 65°C in Nasmyths solution buffer (18.5% Dextran sulphate,
1.85% sarcosyl, 0.011 M EDTA, 0.3 M Na,HPO,, 1.1 M NaCl, pH 6.2). The solution (5.4 ml) was mixed with
distilled water (4.6 ml) just before use to obtain the hybridisation buffer (10 ml). Sheared herring sperm DNA
(100 pg ml™") was included as a blocking agent. Blots were washed twice in 2x SSC, 0.1x SDS and 0.1x SSC,
0.1x SDS, each for 15 min at 65°C.

Probes
Gene-specific probes used in Southern and northern blot analysis were: a 0.85 kb Sall fragment down-stream of
the ABC signature sequence in the N-terminal domain of MgAtr3, a 1.14 kb BamHI/Pstl fragment between the
NBDs of MgAtr4, and a 0.6 kb EcoRI fragment down-stream the Walker A sequence of the C-terminal domain
of MgAtr5 (Figure 2). Equal loading of the samples on the blots was examined with a probe derived from the
gpdl gene of M. graminicola, encoding glyceraldehyde 3-phosphate dehydrogenase.

Randomly primed DNA isotopic probes were prepared by enzymatic incorporation of [a->*P]-labelled dATP.
In each labelling reaction, 50 ng of a probe template was used. Probes were purified using the QIAquick

Nucleotide Removal kit (QIAGEN) before adding to the hybridisation solution.

RESULTS

Cloning of MgAtr3, MgAtr4, and MgAtr5
PCR performed on genomic DNA from M. graminicola isolate IPO323 using degenerate
primers derived from conserved sequences within the NBDs of ABC transporters, resulted in

the amplification of several fragments of the expected size. Sequence analysis of the cloned
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fragments revealed that only the amplification products of primer combinations KV1 with
KV2, KV1 with KV3, and KV4 with KV5, showed homology to ABC transporter domains.
These primers were designed on consensus sequences of the PDR class of ABC transporters
(Table 1). Two of the amplified fragments represented parts of MgAtrl and MgAtr2,
previously described by Zwiers and De Waard (2000). PCR products with high homology to
other ABC transporter genes were used to screen a M. graminicola genomic library and clone
the corresponding genes. This screen resulted in the identification of three new genes
encoding ABC transporters. These genes were named MgAtr3, MgAtr4, and MgAtrs.
Alignment of MgAtr3, MgAtr4, and MgAtr5 showed that the deduced proteins have
homology with ABC transporters from other filamentous fungi or yeasts (Table 2, Figure 1).
Southern analysis revealed that all three genes have a single copy in the genome of M.
graminicola (data not shown). The genes are deposited in the GenBank under the Accession

numbers AF364105, AF329852, and AF364104, respectively.

Table 2. Homology of the ABC transporters MgAtr3, MgAtr4, and MgAtr5 from Mycosphaerella graminicola
with ABC transporters from filamentous fungi and yeasts.

ABC ABC transporters from other filamentous fungi and Homology

transporters yeasts

from

Mycosphaerella protein Source organism Accession e- Identity  Similarity

graminicola

Number value (%) (%)

MgAtr3 BMRI1 Botrytis cinerea AB028872 0.0 32 48
MgAtr5 Mycosphaerella graminicola  AF364104 e-117 28 43
atrB Aspergillus nidulans 768905 e-112 28 42
BFR1 Schizosaccharomyces pombe P41820 e-122 26 41

MgAtrd atrA Aspergillus nidulans 768904 0.0 57 70
BcatrD Botrytis cinerea AJ272521 0.0 48 63
atrE Aspergillus nidulans AJ276241 0.0 46 60
MgAtr2 Mycosphaerella graminicola  AJ243113 0.0 45 60

MgAtr5 BcatrB Botrytis cinerea AJ006217 0.0 67 77
atrB Aspergillus nidulans 768905 0.0 62 72
MgAtrl Mpycosphaerella graminicola  AJ243112 0.0 38 55
BMRI1 Botrytis cinerea AB028872 0.0 37 54
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Figure 1. Phylogenetic unrooted tree of 26 fungal Mghus

ABC transporters with the [NBD-TMS¢], ScPDR12  \ AuB BeatrB
configuration. The tree was based on parsimony as SeSNQ2
calculated using PROTPARS. Alignments were
performed using the CLUSTALX alignment
programme. The Mycosphaerella graminicola ABC
proteins are printed in bold and underlined. The
code name of the genes mentioned in the tree are
preceded by two letters, indicating the source
organism: An: Aspergillus nidulans, Bc: Botrytis
cinerea, Ca: Candida albicans, Cg: Candida
glabrata, Mg: Mycosphaerella graminicola, Mgr: CaCDR4
Magnaporthe grisea, Pd: Penicillium digitatum, Sc:
Saccharomyces cerevisiae, Sp: AnAUE
Schizosaccharomyces pombe

BeatrA

PdPMR1

CaCDR2 MgrABC1

MgAtr2
ScPDR10

CgCDR1

ScPDR15
ScPDR5

Sequence analysis
A 6.954 kb Xbal-Notl fragment containing the MgAtr3 gene was cloned into pZERO-2. The
entire sequence of MgAtr3 was determined along with 2.23 kb of promoter and 584 bp of the
3’ flanking region. The open reading frame (ORF) of MgAtr3 is 3.966 kb long and encodes a
putative protein of 1321 amino acids with a calculated mass of 145 kDa (Figure 2). The ORF
is interrupted by three introns of 66, 62, and 54 bp, respectively. All three introns fit the
features generally found in genes from filamentous fungi (Unkles, 1992). The introns and their
positions were confirmed by sequencing of cDNA generated by RT-PCR. Analysis of RACE
products revealed that the 5" untranslated region (UTR) is at least 65 bp long and the 3' UTR
432 bp. At the 5’ flanking region of MgAtr3 a 7/8 conserved Kozak sequence (CCGCCATG)
spans the putative translation start and a putative GC rich box (CCGCCC) is located at
position -113 bp. Three TATAAA-like sequences enabling the TFIID transcription factor to
bind to the TATA box in yeast are located at positions -466, -558, and -605 bp, respectively.
At the 3’ flanking region of MgAtr3, a typical polyadenylation signal (AATAAA) is located at
256 bp downstream of the putative translation stop codon.

Sequencing of MgAtr4 clones revealed a 4.908 kb ORF encoding a protein of 1635 amino
acids with a predicted mass of 182 kDa. Additional DNA up- (2.37 kb) and downstream (2.7
kb) of MgAtr4 was also sequenced. The ORF of MgAtr4 is probably not interrupted by introns
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(Figure 2), since searches for putative splicing junctions were negative. The high homology of
this gene with other ABC transporter genes confirmed this conclusion. Repeated attempts to
determine the transcriptional start and end of the gene were not successful. A 7/8 conserved
putative Kozak sequence (CAGCCATG) was detected around the putative translation start of
MgAtr4.

Xbal | San| 1 m“l{m Nofl

| [—

lkb lllgAtr3
P4 pomb Pl EcoRI
EcoRI| |EooRI EcoRI|| | | [ | Psﬂ| fcoR[ Psil
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BeoR | m v | v Pt psi BamHI  EcoRT

1kb

Figure 2. Physical map of MgAtr3, MgAtr4, and MgAtr5 from Mycosphaerella graminicola. The positions of the
ATP-binding cassette domains are indicated as dark gray boxes. Introns are depicted as black boxes and
numbered with Latin numbers. Black horizontal boxes indicate the probes used in Southern and northern blot
analysis. Direction of transcription is given by arrows.

The sequence determined for MgAtr5 was 9.747 kb long and contained 1.78 and 3.34 kb of
the 5" and 3’ non-coding flanking regions, respectively. The ORF of MgAtr5 is 4.281 kb long
and encodes a protein of 1426 amino acids with a calculated mass of 159 kDa (Figure 2). The
ORF is interrupted by five introns of 56, 118, 57, 51, and 54 bp, respectively, which all fit the
features reported for introns in genes from filamentous fungi. The introns and their positions
were confirmed by sequencing a full-length cDNA clone of MgAtr5, generated by RT-PCR.
Analysis of RACE products revealed that the 5" UTR is at least 59 bp long. Two putative
transcriptional stops were also found 151 and 180 bp downstream of the putative stop codon.

At the 5' flanking region of MgAtr5, a 7/8 conserved Kozak sequence (CGACCATG) is
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spanning the putative translation start. At position -247 bp, a 5/6 conserved putative

PDR1/PDR3 binding-site (CCGCGC) is found.

Secondary structure

Hydropathy analysis predicts that MgAtr3, MgAtr4, and MgAtr5 contain a polypeptide
sequence of two homologous halves each comprising of six putative TMSs and one NBD, the
major diagnostic features of the ABC superfamily. The proteins have a [NBD-TMS¢]»
predicted topology. Hence, they can be classified as novel members of the PDR class of ABC
transporters (Taglicht and Michaelis, 1998).

Table 3. Conserved amino acid sequences of the Walker A and Walker B motif, and the ABC signature, in the

PDR class of fungal ABC transporters”.

Protein Source  Walker A ABC signature Walker B

N-terminal
MgAtrl Mgb MLVLGRPGSGCSTFLK VRGVSGGERKRVSIAETLASKSTVVCWDNSTRGLDA
MgAtr2 Mg LVVLGPPGSGCSTFLK LRGVSGGERKRVTIAEASLSGAALQAWDNSTRGLDS
MgAtr3 Mg VLVASAEPAECTQLLR VRGISGGERRRLSVAEALLSGANVLCFDDLTRGLDA
MgAtrd Mg LIVLGRPGSGCSTLLK VRGVSGGERKRVSIAEMALAGSALAAWDNSTRGLDS
MgAtrS Mg LLVLGRPGAGCTSLLK VRGVSGGERKRVSILETMAARATVVCWDNSTRGLDA
AtrB An LLVLGRPGSGCTTLLK IRGVSGGERKRVSITECLGTRASVFCWDNSTRGLDA
BcatrB Be LLVLGRPGAGCTTLLK VRGVSGGERKRVSITEMLASRGSVMCWDNSTRGLDA
BMRI1 Bc VLVLGRPGSGCTTFLK VRGVSGGERKRVSIAEMMITSGTVCAWDNSTRGLDA
ABCl1 Mgr LVVLGPPGSGCSTFLK IRGVSGGERKRVTIAEAALSGAPLQCWDNSTRGLDS
PMRI1 Pd LIVLGRPGSGCSTFLK IRGVSGGERKRVSIAEATLCGSPLQCWDNSTRGLDS
PDRS5 Sc LVVLGRPGSGCTTLLK VRGVSGGERKRVSIAEVSICGSKFQCWDNATRGLDS

C-terminal
MgAtrl Mg VALMGASGAGKTTLLN LGVEQR--KRLTIGVELAAKPSLLLFLDEPTSGLDS
MgAtr2 Mg TALMGVSGAGKTTLLD LNVEQR--KRLTVGVELAAKPQLLLFLDEPTSGLDS
MgAtr3 Mg LAVMGASGAGKTTLLN SELSARDRKRTTIAVELAAKPD-ILFLDEPTTGLGS
MgAtrd Mg TALMGVSGAGKTTLLD LNVEQR--KLLTIGVELAAKPKLLLFLDEPTSGLDS
MgAtr5 Mg GALMGSSGAGKTTLLD LSVEQR--KRLTIGVELVSKPSILIFLDEPTSGLDG
AtrB An GALMGSSGAGKTTLLD LSVEQR--KRVTIGVELVSKPSILIFLDEPTSGLDG
BcatrB Be GALMGSSGAGKTTLLD LSVEQR--KRLTIGVELVSKPSILIFLDEPTSGLDG
BMRI1 Bce TALMGSSGAGKTTLLD LAVEQR--KRVTIGVELAAKPELLLFLDEPTSGLDS
ABCl1 Mgr TALMGVSGAGKTTLLD LNVEQR--KRLTIGVELAAKPPLLLFVDEPTSGLDS
PMR1 Pd TALMGVSGAGKTTLLD LNVEQR--KRLTIGVELAAKPQLLLFLDEPTSGLDS
PDR5 Sc TALMGASGAGKTTLLD LNVEQR--KRLTIGVELTAKPKLLVFLDEPTSGLDS

? Identical sequences in fungal PDR-like ABC transporters, except for MgAtr3, in bold

°® Mg: Mycosphaerella graminicola, An: Aspergillus nidulans, Bc: Botrytis cinerea, Mgr: Magnaporthe grisea, Pd:
Penicillium digitatum, Sc: Saccharomyces cerevisiae.

The NBDs of MgAtr3, MgAtr4, and MgAtr5 are characterised by the presence of an ATP
binding cassette, containing the conserved amino acid sequences of the Walker A and Walker

B motif (Walker et al, 1982) and the ABC signature (Ames et al., 1990). MgAtr4 and
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MgAtrS possess a conserved ABC motif at both the N- and C-terminal domain of the protein.
In contrast, the Walker A motif in the N-terminal domain and the ABC signature in the C-
terminal domain of MgAtr3, deviate significantly from the consensus sequence described for

PDR-like ABC transporters (Table 3).

Genes in flanking regions of MgAtr3, MgAtr4, and MgAtr5

Flanking regions of MgAtr3, MgAtr4, and MgAtr5 were (partially) sequenced to determine the
presence of other genes. A gene encoding a trichodiene oxygenase related cytochrome P450
enzyme is located at 1.7 kb downstream of MgA#r3. This gene is homologous to other
cytochrome P450 monooxygenase (7R/4) encoding genes, involved in the initial oxygenation
step of trichothecene biosynthesis. BLAST results show highest homology to the TRI4 genes
from Myrothecium roridum (Acc. AF009417, 27% ident., 44% simil.), Fusarium
sporotrichioides (Acc. AAB72032, 29% ident. 44% simil.), and Neurospora crassa (Acc.
CAB99378, 27% ident. 41% simil.). Striking direct repeats (DR) are present between MgAtr3
and the cytochrome P450 gene. They consist of three repeats of 30 nt
(ATCGCACAGCAGTGACACCTCTGTAGGGAACG) and an additional imperfect fourth
copy, which could function in the regulation of the putative M. graminicola TRI4 gene. In the
5" flanking region of MgAtr3, three genes were identified. They encode an epoxide hydrolase,
an oxidoreductase, and a dioxygenase. All these enzymes could be involved in detoxification
processes or breakdown routes. The epoxide hydrolase exhibits highest homology to a soluble
human analogue (Acc. AF233336, 22% ident., 35% simil.), the oxidoreductase (partially
sequenced) to a B-keto-acyl-reductase from Pseudomonas aeruginosa (Acc. AF052586, 27%
ident., 42% simil.), and the dioxygenase (only partially cloned) to dioxygenase from E. coli,
(Acc. P37610) which is involved in taurine catabolism.

In the 3’ flanking region of MgAtr4, a gene encoding a putative protein with highest
homology to an abnormal spindle (asp) gene from Drosophila melanogaster  (Acc.
AE003749, 29% ident., 39% simil.), was identified. This gene encodes a microtubule binding
protein putatively involved in microtubule-based processes in cells. No additional ORFs with
significant homology to any gene in the GenBank were identified in the 5" and 3’ flanking

regions of MgAtr5.
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Expression of MgAtr3, MgAtr4, and MgAtr5 after treatment with different compounds

In northern analysis experiments no signal of MgAtr3 could be detected neither in mycelium
nor in yeast-like cells, treated with a range of compounds as listed in materials and methods
(data not shown). However, spliced messenger RNA (mRNA) of MgA#r3 was obtained in 5’
RACE experiments using RT-PCR, indicating that low levels of transcripts, undetected in the
northern blot analysis experiments, are present. RT-PCR analysis also revealed that the
population of MgAtr3 transcripts was not properly processed. The pool of MgAtr3 mRNA,

still contained transcripts with unspliced sequences from intron 1 and/or intron 2 (data not

shown).

Figure 3. Northern blot analysis of MgAtr4, MgAtr5, and gpdl expression in yeast-like cells (Y) and mycelium
(M) of Mycosphaerella graminicola after treatment with test compounds.

A low basal level of MgAtr4 expression was observed in untreated yeast-like cells and
mycelium of the fungus. Transcripts of MgAtr5 were also detected in these samples, but
signals were weaker than for MgAtr4. Treatment of the fungus with a range of compounds
strongly induced transcription of both MgAtr4 and MgAtr5 (Figure 3). However, the induction
of both genes depended significantly on the morphological state of this dimorphic fungus. For
example, treatment with psoralen and progesterone resulted in increased transcript levels of
MgAtr4 and MgAtr5 in both yeast-like cells and mycelium, while treatment with neomycin
only induced MgAtr5 expression in yeast-like cells. Linoleic acid strongly induced expression
of MgAtr4 in mycelium but hardly any induction was noticed in yeast-like cells. Imazalil
induced an increase in transcript levels of MgAtr4 in both morphological states of the fungus

but only induced transcripts of MgAtr5 in yeast-like cells.
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DISCUSSION

A PCR-based approach using degenerate primers directed against conserved amino acid
sequences in the NBDs of ABC transporters from the PDR and MRP class of S. cerevisiae,
resulted in the cloning of three new ABC transporter genes (MgAtr3, MgAtr4, and MgAtrS)
from the plant pathogenic fungus M. graminicola. The approach also identified the ABC
transporter genes MgAtrl and MgAtr2 previously reported by Zwiers and De Waard (2000).
Based on their predicted topology, ABC transporters from S. cerevisiae can be divided into six
classes (Taglicht and Michaelis, 1998). The proteins encoded by MgAtr3, MgAtr4, and
MgAtr5 all exhibit the same [NBD-TMS¢], topology, which classifies them as putative
members of the PDR class of ABC transporters. ABC transporter genes from other classes
were not detected. Primers designed on ABC domains of the MRP class of yeast ABC
proteins, resulted in the amplification of only unspecific products. Combinations of primers
derived from the two classes of ABC transporters gave the same outcome. Hence, the results
indicate that the homology of ABC proteins in the MRP class is probably lower than that of
the PDR class or that the primers used were too degenerate to allow efficient amplification of
specific products of the MRP class.

ABC transporter proteins are characterised by the presence of highly conserved amino acid
sequences in their NBDs. Consensus sequences comprise 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 (Walker et al., 1982),
and the ABC signature [L-S-G-G-(X)3-R-hydrophobic-X-hydrophobic-A] (Ames et al.,
1990). Members of the PDR class of ABC proteins differ from the general consensus
sequence of other ABC transporters by the presence of a cysteine residue instead of a lysine
downstream the third conserved glycine residue (VLGxPGxGC) in the Walker A motif of the
N-terminal domain of the protein. The N-terminal ABC signature of the PDR class
(SGGERKR) of ABC transporters also differs from the other five predicted classes of the
yeast ABC proteins. In addition, the SXGQ/E motif, present in ABC signature of the C-
terminal domain of most ABC transporters is replaced by the LXVEQ motif in fungal PDR-
like sequences (Decottignies and Goffeau, 1997). MgAtr4 and MgAtr5 match these consensus
sequences for members of the PDR class. In contrast, particularly the N-terminal Walker A
motif and the C-terminal ABC signature of MgAtr3 significantly deviate from the above

patterns (Table 3). These domains are important for ATPase activity of the transporter and
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introduced mutations over these regions usually result in an altered protein function (Loo and
Clarke, 1995). Therefore, MgAtr3 may be an exceptional member of the PDR-like class of
ABC transporters with different substrate specificity. This conclusion is strengthened by the
fact that no circumstances could be found that induce expression of this gene.

The physiological function of the ABC proteins encoded by MgAtr3, MgAtr4, and MgAtrS5
is not yet known. However, members of the PDR class of ABC transporters with high
homology to MgAtr4 include atrA from Aspergillus nidulans, PMR1 from Penicillium
digitatum, ABC1 from M. grisea (Figure 1). PMRI is associated with resistance to sterol
demethylation inhibitors (DMIs) in P. digitatum (Nakaune et al., 1998) while ABCI is
important for pathogenicity of M. grisea on rice (Urban et al., 1999). MgAtr5 shows high
homology with the multidrug transporters atrB and BcatrB from A. nidulans and Botrytis
cinerea, respectively. AtrB is known to be involved in the transport of compounds such as
camptothecin, fludioxonil, and rhodamine 6G (Andrade et al., 2000). Substrates of BcatrB
include the phenylpyrrole fungicide fenpiclonil and the grapevine phytoalexin resveratrol
(Schoonbeek et al., 2001). Other well characterised fungal or yeast ABC proteins of the PDR
class include, Pdr5p, Sng2p, and Pdr12p from S. cerevisiae (Bissinger and Kuchler, 1994),
CDRI1 (Prasad et al, 1995) and CDR2 (Sanglard et al., 1997), from Candida albicans and
others. Most of these transporters function in multidrug or pleiotropic drug resistance (MDR
or PDR). The high level of homology displayed by MgAtr4 and MgAtr5 with the proteins
mentioned above might imply that these transporters can have similar substrate profiles. The
observed expression profile of the genes after treatment with a range of compounds also
points in this direction. Hence, MgAtr4 and MgAtr5 may play a role in providing protection of
M. graminicola against a wide range of natural toxic compounds present in its host plants and
against fungicides used in disease control.

Expression studies in the wild type isolate IPO323 of M. graminicola, revealed that both
MgAtr4 and MgAtr5 exhibit a relatively low basal level of expression, although somewhat
higher for MgAtr4 than for MgAtr5. MgAtr4 also exhibited higher levels of basal expression
when compared with MgA#r2, a previously cloned ABC transporter from the same pathogen
(Zwiers and De Waard, 2000). The constitutive expression of MgAtr4 may reflect an intrinsic
metabolic activity of the deduced protein. No basal level of expression was detected for
MgAtr3 in northern blot experiments. Expression of MgAtr3 was also not observed after

treatment of the fungus with a range of chemically different compounds. However, the
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presence of partially spliced transcripts obtained by RT-PCR analysis exclude the possibility
that MgAtr3 is a pseudogene. Partial splicing of transcripts has also been observed for MgAtr2
(Zwiers and De Waard, 2000). This mechanism has been implicated as a mean of cells to
regulate expression of genes and the specificity of their encoded proteins (Birch ef al., 1995;
Fossa et al., 1995).

Treatment of M. graminicola with various compounds increased transcription of MgAtr4
and MgAtr5. In general, the two genes display distinct expression profiles for some
compounds but overlapping expression profiles for others. Such variations suggest that the
genes are probably under different regulatory control and may also reflect the ability of the
encoded proteins to transport similar but also different compounds. This is also supported by
the observations that different transcriptional regulatory elements are found in the promoter
region of each gene. Expression of MgAtr4 and MgAtr5 was upregulated by either synthetic
fungitoxic compounds, such as imazalil and cyproconazole or natural occurring compounds,
such as the plant secondary metabolites eugenol and psoralen, and the antibiotics
cycloheximide and neomycin. These findings also support the hypothesis that the encoded
ABC transporters provide protection against toxic compounds present in the environment of
the fungus.

The expression profile of MgAtr4 and MgAtr5 differs significantly in yeast-like cells and
mycelium, the two dimorphic forms of M. graminicola. This could be the result of differences
in cell membrane or cell wall composition of the two morphological stages. Changes in lipid,
sugar, and protein composition of cell membranes leads to an altered solubility profile and,
consequently, influence the perception of compounds by cells (Pallares-Trujillo et al., 2000;
Ouar et al, 1999). Moreover, it has been shown that differences in the membrane
environment or membrane composition can significantly affect substrate specificity and
ATPase activity of ABC transporters. Sinicrope et al., (1992) demonstrated that alterations in
membrane lipid fluidity of canalicular membrane vesicles modulate the ABC transporter-
mediated accumulation of MDR-type drugs. Moreover, a reduced ability of Pdr5p to confer
resistance to different drugs was observed in S. cerevisiae mutants, in which genes involved in
the ergosterol biosynthesis pathway had been disrupted (Kaur and Bachhawat, 1999).

Recently, an Agrobacterium tumefaciens mediated transformation method has been
developed for M. graminicola (Zwiers and De Waard, 2001) to disrupt or replace genes by

homologous recombination events. In future work, this technology will be used to generate
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knockout mutants of MgAtr3, MgAtr4, and MgAtr5 in order to elucidate their function in drug

resistance and virulence.
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ABSTRACT

The role in multidrug resistance (MDR) of five ABC transporter genes (MgAtr1-MgAtr5)
from the wheat pathogen Mycosphaerella graminicola was studied. This was done by
complementation of Saccharomyces cerevisiae with the M. graminicola ABC transporter
genes and by analysis of ABC transporter knockout mutants of M. graminicola with
respect to sensitivity to natural toxic compounds, xenobiotics, and antagonistic bacteria.
The S. cerevisiae complementation experiments showed that all ABC transporter genes
tested encode proteins that provide protection against chemically unrelated compounds,
indicating that they function as multidrug transporters with distinct but overlapping
substrate specificity. Their substrate range in yeast includes fungicides, plant
metabolites, antibiotics, and a mycotoxin from Fusarium graminearum
(diacetoxyscirpenol). Transformants of M. graminicola with disrupted or deleted ABC
transporter genes did not exhibit clear phenotypes, probably due to the redundancy of
transporters with an overlap in substrate specificity. MgA#r5 deletion mutants of M.
graminicola showed an increase in sensitivity to the putative wheat defence compound
resorcinol and to the grape phytoalexin resveratrol, suggesting a role for this
transporter in protection against plant defence compounds. Bioassays with antagonistic
bacteria indicated that MgAtr2 provides protection against phenylpyrrole antibiotics
produced by Pseudomonas fluorescens and Burkholderia cepacia. In summary, the
results show that ABC transporters from M. graminicola play a role in protection

against toxic compounds from natural and artificial origin.

Keywords: ATP-binding (ABC) cassette transporters; antibiotic; Mycosphaerella graminicola; multidrug

resistance;
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INTRODUCTION

ATP-binding cassette (ABC) transporters or traffic ATPases are membrane-bound proteins
present in both prokaryotic and eukaryotic organisms that drive the uptake or efflux of
compounds by hydrolysis of ATP (Higgins, 2001). ABC transporters are able to prevent
intracellular accumulation of toxic compounds by extrusion and thus, provide cells with
protection against deleterious effects of toxicants. ABC transporters can also be involved in
the establishment of resistance in drug-based treatment of infectious diseases, such as
candidiasis and malaria, and in chemotherapy of cancers (Foote ef al., 1989; Sanglard et al.,
1995). This may result in the simultaneous development of resistance to a wide range of
chemically unrelated compounds, a phenomenon described as multidrug resistance (MDR).
MDR can be caused by overproduction of ABC transporters and has also been described for
the yeasts Candida albicans, Saccharomyces cerevisiae and Schizosaccharomyces pombe
(Nishi et al., 1992; Kolaczkowski et al., 1998). The development of MDR also threatens the
successful control of filamentous fungi that are pathogenic to plants and mammals with
fungicides and antimycotics. ABC transporters from Aspergillus nidulans, Aspergillus
fumigatus, Aspergillus flavus, Botrytis cinerea, Penicillium digitatum and Mycosphaerella
graminicola have been implicated in resistance against antifungal compounds (Stergiopoulos
et al.,2002c).

Besides acting as a general detoxification mechanism against hydrophobic toxicants, ABC
transporters can be involved in more specific functions. For instance, the fungal ABC
transporters STE6 and maml from S. cerevisiae and S. pombe, respectively, are mating
peptide transporters (Christensen et al., 1997, McGrath and Varshavsky, 1989). Another
proposed function is the maintenance of membrane integrity by transport of membrane
constituents to the outer leaflet of the lipid bilayer and extrusion of hydrophobic compounds
that might disturb the membrane (Gottesman and Pastan, 1993; Mahe et al., 1996). In plant
pathogenic fungi, ABC transporters have been implicated to act as virulence factors by
providing protection against plant defence compounds or by secretion of pathogenicity factors
(De Waard, 1997; Del Sorbo et al, 2000). These functions have been demonstrated for
Magnaporte grisea (Urban et al., 1999), B. cinerea (Schoonbeek et al., 2001), Gibberella
pulicaris (Fleissner et al., 2002) and M. graminicola (Stergiopoulos et al., 2002b).
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We are interested in the role of ABC transporters in the wheat-M. graminicola interaction.
M. graminicola, the causal agent of septoria tritici blotch of wheat, is a major pathogen on this
crop. Despite its economic importance not much is known about the molecular mechanisms
underlying this disease. In this paper we describe the functional complementation of S.
cerevisiae mutants with the ABC transporter genes MgAtri-MgAtr5 from M. graminicola in
order to identify potential natural substrates of these transporters. Furthermore, the sensitivity
of individual M. graminicola knockout mutants to natural toxic compounds, xenobiotics, and

antibiotic producing bacteria was tested.

MATERIALS AND METHODS

Fungal material and culture
M. graminicola TPO323 was used as standard isolate (Kema and Van Silthout, 1997). Yeast-like cells were either
grown in liquid yeast-sucrose medium (YSM; yeast extract 10 g I, sucrose 10 g 1) at 18°C and 140 rpm, on
solid V8 plates (50% V8 vegetable juice, 50% water, 2.5% agar) at 18°C, or on potato dextrose agar (PDA; 39 g
I'") (Merck) at 18°C.

Complementation of S. cerevisiae was performed using strain AD12345678 (Ayorl, Asng2, Apdr5, Apdri0,
Apdrll, Aycfl, Apdr3, Apdrl5, Aura3) (Decottignies et al., 1998)

Molecular biological techniques
Basic DNA and RNA manipulations were performed according to standard procedures (Sambrook et al., 1989).
Escherichia coli strain DH5a was used for propagation of constructs. Fungal genomic DNA was isolated from
freeze-dried material using DNAzol  reagent (Life-Technologies). Induction experiments were performed as
described previously (Zwiers and De Waard, 2000). Total RNA of M. graminicola was isolated using the
TRIzol® reagent (Life Technologies). RNA (10 pg) was separated on a 1.2% agarose gel containing glyoxal and
transferred to Hybond-N membranes (Amersham). Equal loading and transfer of RNA was determined by
staining northern blots with methylene-blue followed by hybridisation with the 18S rRNA subunit of Aspergillus
niger (Melchers et al., 1994). Hybridisation was performed at 65°C in Nasmyth's hybridisation solution (1.1 M
NaCl, 0.3 M Na,HPO,, 0.011 M Na,EDTA, 1.85% sarcosyl, 18.5% dextran sulphate, pH 6.2, 100 pg denatured
herring sperm DNA ml™). Probes used in northern analysis were an 840 bp EcoRI fragment from MgAtrl, a 750
bp Sall fragment from MgAtr2, an 800 bp Sall fragment from MgAtr3, an 480 bp BamHI/ Pstl fragment from
MgAtr4 and a 600 bp EcoRI fragment from MgAtr5 (Figure 1).

Full length cDNA clones of MgAtrl, MgAtr2, and MgAtr5 were made from poly A" RNA isolated from yeast-
like cells of M. graminicola. Amplification of full-length cDNA was performed with the Advantage Klentaq

polymerase mix (Clontech) according to the manufacturer’s instructions. cDNA clones were cloned in the yeast
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expression vector pYes2 (Invitrogen) and transformed to S. cerevisiae strain AD12345678. As MgAtr4 does not
contain any introns a full-length genomic fragment was cloned in pYes2. Yeast transformants containing the

empty vector pYes2 were used as controls.

BamHI EcoR1

Hindlll BamHI ﬁcoRI BamH|I {I(bal Xbal

hph '
MgAtrl MgAtrl
HindIll Sall Xbal
BamH]  |HindIl SalIJ IBamHI IXbaI {"IindIH IBamHI
B :
\ hph
MgAtr2 MgAtr2
BamHI
BamHI Xbal BamHI
HI a9 " i Hi"dHII ||13;?zdIH
! hph
MgAtr3
BamHI  Xbal
Hindlll | BamHI BamHI )
HindIll Pst f I HindlIl Xbal
1 |
D |
hph
MgAtr4 MgAtr4
BamHI Hindlll ~ BamH]
E L | | IXbaI
— ]
\
hph
2000 4000 6000 8000 10000 12|000
L 1 1 1 1 1 " L L

Figure 1. Schematic representation of MgAtri-MgAtr5 loci in Mycosphaerella graminicola transformants.
Knockout mutants of MgAtri (A), MgAtr2 (B), and MgAtr4 (D) were generated by gene disruption and of
MgAtr3 (C) and MgAtr5 (E) by gene replacement. Remaining parts of MgAtri-MgAtr5 coding regions are
indicated with black arrows. Fragments used as probe in analysis of disruptants are indicated as open boxes. All
genes were disrupted or replaced by the hygromycin resistance cassette (hph) which is indicated by a grey arrow.

Plasmid construction

Disruption constructs of MgAtr! and MgAtr4 were made by means of the GPS™ Mutagenesis system (New
England Biolabs) using the approach previously described for the construction of a MgA#r2 disruption construct
(Zwiers and De Waard, 2001).

Target plasmid pCGNAtrl was constructed by the insertion of a 5.9 kb HindlIll/Xbal fragment containing the
entire MgAtrl into pCGN1589 digested with Hindlll/Xbal. The target plasmid pCGNAtr4 was generated by the
ligation of a 7.5 kb Kpnl/Spel insert in pCGN1589 digested with Kpnl/Xbal. Both target plasmids pCGNAtr1
and pCGNAtr4 were used in a transposition reaction together with the transprimer donor vector pGPS3Hyg.

Screening and analysis of plasmids containing an insertion was performed as described before (Zwiers and De
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Waard, 2001). The disruption constructs pCGNAAtrl with 3.5 and 2.4 kb of flanking homologous DNA and
pCGNAAtr4 with 3.1 and 4.4 kb of flanking homologous DNA were subsequently transformed into A.
tumefaciens LBA1100 by electroporation.

The plasmid used for the targeted replacement of MgAtr3 was constructed in such a way that a 4.4 kb
Smal/Notl fragment containing almost the entire ORF of MgA#r3 was replaced by a 4.1 kb fragment containing
the hygromycin-resistance cassette. The final replacement construct pPBAAtr3 contained 2.6 kb of the 5' flanking
region and 2.5 kb of the 3' flanking region. Prior to transformation the construct was digested with Apal/No#l and
the 9.2 kb fragment was used for the transformation.

The construct used to disrupt MgAtr5 was generated by amplifying a 2.4 kb region immediately upstream of
the MgAtr5 ORF and a 3.2 kb region immediately downstream of the MgA#5 ORF. These PCR products were
cloned to either side of the hygromycin B resistance cassette in pBluescript (Stratagene) such that the entire

construct could be excised with a Apal digestion prior to transformation.

M. graminicola transformation

A. tumefaciens-mediated transformation was used to disrupt MgAtrl and MgAtr4 in IPO323 as described for
MgAtr2 (Zwiers and De Waard, 2001). MgAtr3 and MgAtr5 replacement mutants were generated according to
the method of Payne et al., (1998) with the following exceptions. Instead of dimethylsulfoxide (DMSO), 28 ul of
PTC solution (40% (w/v) PEG3350, 50 mM Tris-HCIL, pH 8.0, 50 mM CaCl,) was added with 5 pl of linearized
DNA (1 pug ul™).

Sensitivity assays

Minimum inhibitory concentrations (MICs) of fungitoxic compounds were determined for yeast-like growing
cells of M. graminicola on agar plates. Toxicity tests were performed by spotting cells (5 pl at a density of 4 x
10° cells ml™), harvested from 3-day-old liquid medium, on 9-ml Petri dishes containing PDA amended with
different concentrations of toxicants. Compounds tested are indicated in Table 1. Experiments were performed in
duplicate and repeated at least three times. MIC values were assessed after 10 days of incubation at 18°C in the
dark.

Sensitivity assays of S. cerevisiae were performed on solid synthetic media containing bacto-yeast nitrogen
base without amino acids (Difco; 6.7 g 1), drop-out mix (2 g I'' containing amino acids without uracil), galactose
20 ¢g 1", noble agar (Difco; 20 g 1", and toxicants at different concentrations. Cultures of S. cerevisiae grown in
liquid synthetic medium were grown overnight at 30°C. The overnight culture was diluted to an optical density of
0.5 at 600 nm (ODygg), and subsequently 5 ul were spotted on plates. Drug sensitivity was scored visually after

incubation for 3 days at 30°C in the dark.

Chemicals

Chemicals used in toxicity assays were; carbendazim (DuPont De Nemours), cyproconazole, diacetoxyscirpenol
(DAS), fludioxonil, and propiconazole (Syngenta), fluazinam (ISK Biosciences), gramine (Fluka), imazalil
nitrate, and miconazole (Janssen Pharmaceutica), kresoxim-methyl (BASF), tebuconazole (Bayer AG), thiram

(AAgrunol), amphotericin B, berberine, camptothecin, cholesterol, colchicine, corticosterone, cycloheximide,
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ergocryptine, ergosterol, estradiol, eugenol, hygromycin, lanosterol, linoleic acid, neomycin, 4-nitroquinoline-N-
oxide, oligomycin, phosphatidyl-choline, progesterone, psoralen, quercetine, reserpine, resorcinol, resveratrol,
rhodamine 6G, sitosterol, stigmasterol, testosterone, tomatine, triflupromazine, vinblastine, and vincamine

(Sigma-Aldrich).

Table 1. Compounds used in toxicity assays with Saccharomyces cerevisiae and Mycosphaerella graminicola.

Antibiotics® Fungicides Plant metabolites Sterols / Fatty acids Miscellaneous
Amphotericin B Carbendazim Berberine Cholesterol Diacetoxyscirpenol
Cycloheximide = Cyproconazole Camptothecin Corticosterone Ergocryptine
Hygromycin Fluazinam Colchicine Ergosterol 4-NQO
Neomycin Fludioxonil Eugenol Estradiol Rhodamine 6G
Oligomycin Imazalil Gramine Lanosterol Triflupromazine
Kresoxim-methyl Pisatin Linoleic acid
Miconazole Psoralen Phosphatidylcholine
Propiconazole Quercetine Progesterone
Tebuconazole Reserpine Sitosterol
Thiram Resorcinol Stigmasterol
Resveratrol Testosterone
Tomatine
Vinblastine
Vincamine

* All compounds were tested against S. cerevisiae, compounds in bold only against M. graminicola

Agar diffusion tests

The antagonistic activity of Pseudomonas fluovescens Pf5 and Burkholderia cepacia B37W on growth of M.
graminicola was examined in agar diffusion tests. Bacteria were cultured on King’s medium B (King et al,
1954) (KMB) at 25°C in the dark. A single colony was transferred from KMB-agar to 3 ml KMB-broth and
incubated in an orbital shaker at 180 rpm and 28°C for 16 h. Bacterial suspensions were mixed with 1/3 PDA (13
g 1) of 42°C, poured in Petri-dishes (14 cm diameter, 50 ml), and subsequently incubated at 25°C in the dark for
10 days. M. graminicola yeast-like cells (5 x 10%) were mixed with 50 ml ' PDA (19.5 g I'") of 42°C and
poured in Petri-dishes (14 cm diameter). Agar plugs (13 mm diameter) were transferred from the plates
containing the bacteria and placed on the plates seeded with fungal cells. Plates were subsequently incubated at

18°C in the dark and fungal inhibition zones were measured after 1 week.

RESULTS

Complementation of S. cerevisiae

To identify potential substrates of ABC transporters from M. graminicola, S. cerevisiae was
complemented with MgAtrl (AJ243112), MgAtr2 (AJ243113), MgAtr4 (AF329852), and
MgAtr5 (AF364104). Full-length cDNA clones were constructed and cloned in the yeast
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expression vector pYes2. The generation of a full-length cDNA from MgAtr3 (AF364105)
was not successful. Clones were transformed to the S. cerevisiae strain AD12345678, in
which several ABC transporter genes have been deleted (Decottignies et al., 1998). The
sensitivity of the yeast transformants was tested against forty-five compounds of either natural
or synthetic origin (Table 1). Most compounds tested were non-toxic to S. cerevisiae or
displayed no difference in toxicity between the control recipient strains and the ABC
transporter gene-expressing yeast transformants. However, ten compounds showed a
differential activity to some of the transformants tested (Table 2). These compounds included
fungicides, plant metabolites, the antibiotic cycloheximide, and the fungal mycotoxin
diacetoxyscirpenol (DAS). All ABC transporters were capable of providing protection against
some compounds. MgAtrl had the broadest substrate range whereas the substrate range of

MgAtr5 was limited to only a few of the differentiating compounds.

Table 2. Compounds with differential activity to Saccharomyces cerevisiae AD12345678 expressing the
Mycosphaerella graminicola ABC transporters MgAtrl, MgAtr2, MgAtr4, or MgAtr5.

MgAtrl MgAtr2 MgAtr4 MgAtr5
Fungicides
Cyproconazole +* + + P
Propiconazole + + + -
Tebuconazole + + + -
Sterols/fatty acids
Ergosterol + + + -
Progesterone + + + -
Plant metabolites
Berberine + - - +
Camptothecin + - - +
Antibiotics
Cycloheximide + - - -
Other
Diacetoxyscirpenol + - + -
Rhodamine 6G - + + -

*Increase in resistance as compared to pYes2 transformed control strain;
® No difference in sensitivity as compared to pYes2 transformed control strain;

Decreased sensitivity to cycloheximide was only provided by MgAtrl. In contrast,
protection against the other compounds listed could be provided by at least two ABC
transporters. However, the transporters did differ in their capacity to provide protection as
reflected by differences in resistance levels between the transformants. For instance, MgAtrl,

MgAtr2, and MgAtr4 were all capable of providing protection against azole fungicides, but
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yeast transformed with MgAtrl and MgAtr4 survived higher concentrations of the azole
fungicide cyproconazole as compared to yeast transformed with MgAtr2. The same
phenomenon was observed with the mycotoxin DAS. The presence of both MgAtrl and
MgAtr4 increased resistance to this compound, but resistance was highest in yeast
transformants containing MgAtrl. As an example of these distinct but overlapping effects of
MgAtrl, MgAtr2, MgAtr4, and MgAtr5 on the sensitivity of S. cerevisiae to toxicants, the
activities of the plant metabolite camptothecin, the antibiotic cycloheximide, the azole

fungicide cyproconazole, and the mycotoxin DAS are shown in Figure 2.

Camptothecin Cycloheximide Cyproconazole Diacetoxyscirpenol

125 0.25 . 0.025 100
z \ A S . \///

Figure 2. Effect of heterologous expression of MgAtri, MgAtr2, MgAtr4, or MgAtr5 from Mycosphaerella
graminicola in Saccharomyces cerevisiae AD12345678 on sensitivity to camptothecin, cycloheximide,
cyproconazole, or diacetoxyscirpenol. Each row (1, 2, 4, 5) displays two independent S. cerevisiae control
transformants with the empty vector pYes2 (A) and two independent S. cerevisiae transformants (B) containing
the full length clone of MgAtri (1), MgAtr2 (2), MgAtr4 (4), or MgAtr5 (5). Concentrations of compounds in the
agar are indicated in mg "',

Disruption and replacement in M. graminicola

Five ABC transporter genes of M. graminicola were subjected to either disruption or
replacement. The replacement of MgAtr3 and MgAtr5 was performed through protoplast-
PEG-mediated transformation. However, replacement through this procedure was not very
efficient. Only two out of eighty-six (2.3%) MgAtr3 transformants lacked the MgAtr3 coding

sequence and did not contain ectopically integrated copies. Similar results were obtained for
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MgAtr5 where in two out of thirty-six transformants (5.6%) the coding region was replaced.
Therefore, disruption of MgAtri, MgAtr2, and MgAtr4 was performed using Agrobacterium
tumefaciens-mediated transformation. Analysis of eight putative MgAtrl disruptants revealed
that two transformants were disruptants containing a single copy of the transforming DNA.
This efficiency is in the same order as described for the 4. tumefaciens-mediated disruption of
MgAtr2 (Zwiers and De Waard, 2001). The disruption of MgAtr4 was even more effective as
nine out of twelve (75%) transformants analysed were disruptants containing a single copy of
the introduced DNA.

For all genes two independent knockout mutants were used for phenotypical
characterisation. A transformant containing a single copy of the hygromycin-resistance
cassette was used as a control. Southern blot analysis showed that all knockout mutants used
contained a single copy of the transforming DNA (data not shown). Schematic representations
of the MgAtri-MgAtr5 loci in the M. graminicola knockout mutants are shown in Figure 1.
None of the transformants showed an altered growth rate in yeast sucrose medium (YSM) as
compared to the wild-type recipient isolate [IPO323 or the control transformant Sp2. Under the

conditions tested, no morphological differences could be observed.

Expression analysis
The expression of all five ABC transporter genes was analysed in the M. graminicola
knockout mutants and the recipient wild-type isolate. RNA was isolated from cells either
untreated or treated with the azole fungicide cyproconazole, the antibiotic cycloheximide, the
steroid hormone progesterone, or the plant secondary metabolite psoralen, all known inducers
of one or more M. graminicola ABC transporter genes (Stergiopoulos et al., 2002a; Zwiers
and De Waard, 2000). Northern blot analyses showed that MgAtr5 expression in the MgAtr5
deletion mutants was completely abolished whereas the MgAtrl, MgAtr2, and MgAtr4
disruptants did not produce full-length mRNA’s (Figure 3A). The analyses could not confirm
the deletion of MgAtr3 as in the wild-type isolate MgAtr3 expression was already undetectable
under all conditions tested (Stergiopoulos et al., 2002a).

The expression analysis demonstrated that the basal expression level of MgAtrl was
upregulated in MgAtr4 disruptants (Figure 3B). Such an alteration in expression was not

observed in any of the other knockout mutants.

84



ABC transporters as protectants against toxic compounds
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Figure 3: A-B. Expression analyses of Mycosphaerella graminicola transformants. A: MgAtrl, MgAtr2,
MgAtr4, and MgAtr5 expression in transformants containing a disrupted MgAtrl (1), MgAtr2 (I1) or MgAtr4 (111)
allele or a deleted MgA#r5 allele (IV), respectively. In all panels, expression in the wild-type recipient isolate
IPO323 and in two independent transformants is shown. Expression is shown after treatment of cells with 100 mg
progesterone I'" (I, 11, and III) or 100 mg psoralen I'' (IV). B: Expression of MgAtrl in MgAtr4 disruption
mutants of M. graminicola. 1PO323 is the wild-type recipient isolate and AAtr4-3 and AAtr4-4 are two
independent MgAtr4 disruption mutants. The 18S ribosomal RNA gene is used as a loading control. RNA was
isolated from cells treated with 0.1% methanol (1), 10 mg cyproconazole 1" (2), 100 mg progesterone 1" (3), 100
mg cycloheximide I"' (4) or water (5).

Toxicity assays with knockout mutants

Based upon the results obtained with the yeast-complementation assay twenty-five compounds
were tested for their activity against growth of M. graminicola transformants containing a
disrupted or deleted allele of MgAtri-MgAtr5. Compounds included are listed in Table 1. An
alteration in sensitivity was only observed for the MgAr5 deletion mutants, which exhibited
an increase in sensitivity to resorcinol (1,3-benzenediol) and to the phytoalexin resveratrol
(trans-3,5,4'-trihydroxystilbene) as compared to the wild-type isolate or a hygromycin-
resistant control transformant (Table 3). These data suggest that MgAtrS can protect M.
graminicola against the toxic activity of these compounds. Interestingly, growth of the
MgAtr5 deletion mutants was completely inhibited at 200 pg ml" resveratrol but restored at

higher concentrations of resveratrol (Figure 4).
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Table 3. Minimum Inhibitory Concentrations (pug
ml") of resorcinol and resveratrol to the wild-type
Mycosphaerella graminicola strain 1PO323, the
control transformant Sp2 and two independent
MgAtr5 knockout mutants.

Figure 4. Effect of deletion of MgA#5 in
Mycosphaerella graminicola on sensitivity to
resveratrol. 1, represents the recipient wild-type
isolate IPO323; 2, the control transformant Sp2; 3,
and 4, represent two independent MgAtr5 deletion
mutants. Cells were spotted on PDA amended with
50, 200 and 500 pg resveratrol ml™.

Antagonistic activity of bacteria

Resorcinol Resveratrol
1PO323 800 > 800
Sp2 800 > 800
AMgAtr5-1 600 200
AMgAtr5-2 600 200
50 200 500
4 ‘
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B. cepacia B37W and P. fluorescens Pf5, known to produce the phenylpyrrole antibiotics

pyrrolnitrin and pyoluteorin (Burkhead ef al., 1994; Howell and Stipanovic 1979), were tested

for their antagonistic activity against M. graminicola transformants in agar diffusion tests.

Both bacterial strains exhibited a clear antagonistic activity, as distinct inhibition zones were

present. In addition, the antagonistic activity of both bacterial strains was significantly higher

to MgAtr2 disruptants than to the other M. graminicola transformants tested (Figure 5). These

results indicate that ABC transporters from M. graminicola can provide protection against

antibiotic compounds produced by bacteria.
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Figure 5. Antagonistic activity of Burkholderia cepacia B37TW (A) and Pseudomonas fluorescens Pf5 (B) on
growth of Mycosphaerella graminicola transformants with disrupted or deleted alleles of MgAtr1-MgAtr5 in agar
diffusion tests. S, represents Sp2, a control transformant containing a single copy of the hygromycin-resistance
cassette and 1, 2, 3, 4, and 5 represent transformants of M. graminicola with disrupted or deleted alleles of
MgAtrl-MgAtr5, respectively. Bars represent average results within a single experiment. Letters above bars
indicate significantly different inhibition zones as determined by ANOVA using Genstat 5 (fourth edition). Least
significant differences of means (l.s.d.) were determined at the 0.05 level. Asterisks indicate samples not
determined due to lack of growth of M. graminicola pre-cultures. (C) Example of the antagonistic effect of B.
cepacia B37W on growth of the control transformant Sp2 and the MgAtr2 disruption mutant AAtr2 in an agar
diffusion test.

DISCUSSION

This study describes the effect of disruption or deletion of five different ABC transporter
genes from the wheat pathogen M. graminicola on the sensitivity to natural toxic compounds,
xenobiotics, and antibiotics. As far as we know this is the most extensive analysis of the
protective role of ABC transporters from a plant pathogenic fungus.

Heterologous expression of the ABC transporters in S. cerevisiae indicates that MgAtri-
MgAtr5 from M. graminicola can protect S. cerevisiae against the toxic activity of a wide
variety of chemically unrelated toxicants. We assume that this protection is based upon active
transport of the compounds by the encoded proteins. MgAtrl provides protection against nine
out of ten substrates identified in the S. cerevisiae complementation assay. Therefore, MgAtrl
can be considered as a true multidrug transporter. This contrasts with MgAtr5 that has a more
limited substrate range in yeast, as only the plant metabolites berberine and camptothecin are
accepted as substrates. The substrate range of MgAtr2 and MgAtr4 is very similar. This might
be a consequence of the high homology between MgAtr2 and MgAtr4 (45% identity, 60%
similarity), which is the highest amongst the five ABC transporters cloned from M.
graminicola.

In the yeast complementation assay, three of the M. graminicola transporters (MgAtrl,
MgAtr2, and MgAtr4) provide protection against azole fungicides that are currently used to
control septoria tritici leaf blotch of wheat. The results suggest that these ABC transporters
can play a role in determining the intrinsic sensitivity of M. graminicola populations to azoles
and can be involved in the development of resistance against these compounds. This has
recently been demonstrated for MgAtrl in azole-resistant laboratory-generated strains (Zwiers
et al., 2002). Ergosterol, the main sterol constituent of fungal membranes, is a substrate for

MgAtrl, MgAtr2, and MgAtr4. This could imply that these ABC transporters are not only
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involved in protection against toxicants but also in maintenance of membrane integrity as
proposed for S. cerevisiae (Mahe et al., 1996). MgAtrl and MgAtr5 can transport the plant
alkaloids berberine and camptothecin as substrates. This suggests that they are involved in
protection of the fungus against fungitoxic plant defence compounds. However, these two
plant alkaloids are not present in wheat but are produced by Berberis vulgaris and
Camptotheca acuminata, respectively (Rothenberg, 1997; Stermitz et al., 2000). Whether the
capacity to transport these compounds is relevant in pathogenesis of M. graminicola on wheat
is unclear. Possibly wheat produces, as yet unknown, alkaloids. In that case MgAtrl and
MgAtrS could be regarded as virulence factors that act in protection of the fungus against such
compounds. Plant metabolites known to be produced by wheat and implicated in protection
against pests and pathogens include hydroxamic acids such as 2,4-dihydroxy-7-methoxy-2H-
1,4-benzoxazin-3(4H)-one (DIMBOA) and (alkyl)resorcinols (Seitz, 1992; Wilkes et al.,
1999). These compounds were either not available (DIMBOA) or not toxic to S. cerevisiae
(resorcinol). The mycotoxin DAS produced by F. graminearum (Muhitch et al., 2000) is a
substrate for both MgAtrl and MgAtrd. F. graminearum is the causal agent of wheat head
blight and might compete with M. graminicola for the same ecological niche on wheat.
Hence, protection against DAS and other mycotoxins by ABC transporters can act as a
mechanism of survival in its natural niche.

The yeast complementation assays indicated that several chemically unrelated compounds
are potential substrates of M. graminicola ABC transporters. However, none of the ABC
transporter knockout mutants of the pathogen did display an alteration in sensitivity to these
compounds. Vice versa, resorcinol and resveratrol, which were identified as substrates in the
phenotypic analysis of M. graminicola knockout mutants were no substrates in the yeast
assays. This discrepancy in substrate range found between the two assays can be explained by
a redundancy of ABC transporters. It is known that ABC transporters are members of a large
protein superfamily and can have an overlap in substrate specificity (Kolaczkowski et al.,
1998). This is also clearly demonstrated by the results of our yeast-complementation assays.
Hence, the presence of other ABC transporter genes can mask the function of disrupted or
deleted ABC transporter genes. The observed upregulation of MgAtrl expression in a MgAtr4
disruption background is suggestive in this respect. Another explanation could be that the

yeast assay does not necessarily reflect the situation in M. graminicola itself, as it is known
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that the membrane environment influences drug resistance conferred by ABC transporters
(Krishnamurthy and Prasad, 1999; Zwiers et al., 2002).

The MgAtr5 deletion mutants of M. graminicola exhibited an increased sensitivity to the
phenolic compounds resorcinol and resveratrol. Resorcinol is used in the treatment of acne
and other skin disorders as eczema and psoriasis. Besides antibacterial action, antifungal
activity of (alkyl)resorcinol has been described (Suzuki et al., 1996). Resveratrol is a stilbene
phytoalexin especially produced in the skin and seeds of grapes. The susceptibility of
grapevine to the fungal pathogen B. cinerea is inversely correlated with the resveratrol content
(Jeandet et al., 1995). The closest homologues of MgAtr5, are the ABC transporters BcatrB
and atrB from B. cinerea and A. nidulans, respectively (Stergiopoulos et al., 2002a). The
replacement of both BcatrB and atrB has rendered transformants hypersensitive to resveratrol
(Andrade et al., 2000; Schoonbeek et al., 2001). This suggests that these three orthologs are
involved in protection against plant derived compounds and that MgAtr5 might play a role in
protection against wheat defence compounds.

The MgAtr5 deletion mutants display increased sensitivity to low concentrations of
resveratrol but upon exposure to high concentrations they are as sensitive to this compound as
control strains. This implies that besides ABC transporter activity additional mechanisms of
resistance to resveratrol, e.g. detoxification by laccases, can function in M. graminicola and
that ABC transporter mediated resistance acts as the first line of defence in protection against
toxic compounds.

The agar diffusion tests show that B. cepacia B37W and P. fluorescens Pf5 exhibit an
increased antagonistic activity to MgA#r2 disruptants. Both bacterial strains produce
phenylpyrrole antibiotics (Burkhead et al., 1994; Howell and Stipanovic, 1979). This suggests
that phenylpyrroles are substrates for MgAtr2 and that ABC transporters can have a natural
function in protecting M. graminicola against antibiotics present in its environment. The
sensitivity to the fungicide fludioxonil, which is derived from pyrrolnitrin (Nyfeler and
Ackermann, 1974), is not affected in MgAtr2 disruptants, suggesting that the same transporter
does not necessarily transport structurally closely related molecules. ABC transporters that
transport antibiotics can play an important role in ecology and epidemiology of plant
pathogenic fungi (Schoonbeek et al, 2002). This may also apply to M. graminicola, since
during the saprophytic phase of its lifecycle the fungus needs to cope with antagonistic effects

exerted by bacteria and fungi. Moreover, several bacterial strains with antagonistic activity
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against M. graminicola have been reported as potential biocontrol agents (Levy et al., 1989).
The presence of an ABC transporter-mediated resistance mechanism against compounds
produced by antagonistic bacteria may impose severe limitations to the use of these bacteria as
biocontrol agents for M. graminicola.

In summary, we show that M. graminicola contains multidrug transporters with
overlapping substrate specificity. Substrates include fungicides, plant metabolites, antibiotics,
and a mycotoxin. Moreover, the analysis of M. graminicola transformants with disrupted or
deleted alleles of ABC transporter genes indicates phenotypes for antibiotics and plant
metabolites. Therefore, ABC transporters of M. graminicola can contribute significantly to the

competitive ability of the fungus as a successful pathogen.
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CHAPTER 5

THE ABC TRANSPORTER MGATR4 IS A VIRULENCE FACTOR OF
MYCOSPHAERELLA GRAMINICOLA THAT AFFECTS

COLONISATION OF SUBSTOMATAL CAVITIES IN WHEAT LEAVES

Ioannis Stergiopoulos, Lute-Harm Zwiers and Maarten A. De Waard
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ABSTRACT

The role in virulence of the ATP-binding cassette (ABC) transporters MgAtrl1-MgAtrS
from Mycosphaerella graminicola was analysed in disruption or replacement strains, on
seedlings of the susceptible wheat cultivar Obelisk. Disruption strains of MgA#rl and
MgAtr2, and replacement strains of MgAw3 and MgA#r5 displayed an unaltered
phenotype in comparison to control strains, while virulence of the MgAtr4 disruption
strains was significantly reduced. This reduction in virulence was independent of the
wheat cultivar used. Histopathological analysis of the infection process revealed that
MgAtr4 disruption strains colonise substomatal cavities less efficiently and display
reduced intercellular growth in the apoplast of wheat leaves. In vitro growth
experiments in different media showed no fitness penalty associated with the disruption
of MgAtr4. Expression analysis demonstrated that transcripts of the constitutively
expressed gene CYP51, encoding the fungal specific cytochrome P450 sterol 14a-
demethylase from M. graminicola, were not detectable in interaction RNA from wheat
infected with MgAtr4 disruption strains thus, confirming the reduced intercellular
growth of these strains. The results indicate that MgAtr4 is a virulence factor of M.
graminicola during pathogenesis on wheat and may function in protection against
fungitoxic compounds present around the substomatal cavities of wheat leaves. MgAtr4

is the first virulence factor cloned from this important plant pathogen.

Keywords: compatible interaction, incompatible interaction, pathogenicity, plant defence compounds, Septoria

tritici, toxins
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INTRODUCTION

The ascomycete fungus Mycosphaerella graminicola (Fuckel) J. Schroeter in Cohn (anamorph
state: Septoria tritici Roborge in Desmaz.) is the causal agent of septoria tritici blotch on
wheat. This is one of the most important economic diseases of wheat with potential yield
losses of up to 30-40% (Eyal et al, 1987). Typical symptoms of the disease are irregular
chlorotic areas on the infected leaves that develop into necrotic lesions covered with dark
brown to black pycnidia or pseudothecia of the fungus (Eyal ef al., 1987). Conditions of high
humidity and moderate temperatures are known to favour the disease.

Histopathological analysis of the infection process showed that the fungus primarily enters
its host directly through stomata. Penetration of the substomatal cavities usually occurs within
24-48 hours (h) after inoculation and subsequently growth extends to the leaf apoplast and to
neighbouring substomatal cavities thus, establishing multiple stomatal infections from a single
penetration site. During pathogenesis, infection hyphae remain strictly intercellular and in
close contact with mesophyll cells, but no haustoria or other specialised feeding structures are
formed. The first symptoms on infected plants become visible at 8-10 days post inoculation
(dpi) as chlorotic areas on the leaf surface. From this time point onwards there is a massive
increase of fungal biomass, induced by the release of nutrients after cell collapse. This
increase is especially apparent around the substomatal cavities where the formation of the so-
called baskets is observed. At approximately 14 dpi chlorotic areas turn into necrotic lesions
and the first pycnidia become visible emerging from stomata with mycelial baskets (Cohen
and Eyal, 1993; Duncan and Howard, 2000; Kema et al., 1996).

Incompatible responses in the wheat - M. graminicola interaction are described by the
inability of the fungus to grow within its host. Although no differences are observed during
the first stages of the infection process, only very little increase in fungal biomass is observed
during the later stages of pathogenesis as the fungus is unable to colonise mesophyll cells and
remains restricted to the substomatal cavities (Kema et al., 1996). Incompatible interactions
can still result in necrosis and production of pycnidia, but considerably less as compared to
compatible interactions. The quantitative differences in response between compatible and
incompatible interactions led to the suggestion that no complete immunity to M. graminicola
exists. In such cases, any restriction or delay in pathogen development can be regarded as a

form of resistance (Nelson and Marshall, 1990).
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Although a considerable amount of data is present regarding epidemiology of infections
caused by M. graminicola, the biochemical and molecular basis of virulence of the fungus is
poorly understood, and little is known about actual genes involved in host resistance and
virulence of the pathogen. Recent data suggest a gene-for-gene relation in the wheat - M.
graminicola interaction and studies on the segregation of avirulence led to the identification of
a single avirulent locus in M. graminicola (Brading et al., 2002; Kema et al., 2000). However,
specific virulence genes have not yet been identified from this pathogen.

ATP-Binding Cassette (ABC) transporters comprise one of the largest protein families
known to date. They are present in a wide variety of organisms ranging from bacteria to man
(Higgins, 1992). ABC transporters are located in the outer plasma membrane or in membranes
of intracellular compartments and are capable of transporting a wide variety of hydrophobic
compounds against a concentration gradient. The energy needed for transport is generated by
ATP hydrolysis and for this reason they are considered as primary active transport systems. In
filamentous fungi, ABC transporters can function in protection against synthetic toxic
compounds or antibiotics produced by competing microorganisms present in the environment
of the fungus. Overexpression of ABC transporters can have pleiotropic effects resulting in
simultaneous resistance to a number of chemically unrelated compounds, a phenomenon
described as MultiDrug Resistance (MDR). In plant pathogenic fungi ABC transporters can
also act as virulence factors if they provide protection against plant defence compounds during
pathogenesis or mediate secretion of pathogenicity factors, such as host specific toxins
(Stergiopoulos et al., 2002b). So far, a role of ABC transporters in pathogenesis has been
demonstrated for the plant pathogens Magnaporthe grisea (Urban et al., 1999), Botrytis
cinerea (Schoonbeek et al., 2001), and Gibberella pulicaris (Fleissner et al., 2002).

We study the role of ABC transporters in the wheat - M. graminicola interaction. Five ABC
transporter genes, coded MgAtrI-MgAtr5, have been cloned and characterised (Stergiopoulos
et al., 2002a; Zwiers and De Waard, 2000). All genes are highly homologous to other fungal
ABC transporter genes involved in MDR or pathogenesis. Heterologous expression in
Saccharomyces cerevisiae demonstrated that the encoding proteins can transport a wide
variety of natural and synthetic toxic compounds. Functional analysis of MgAtri-MgAtr5
disruption or replacement strains showed that they may also provide protection against

fungicides and secondary plant metabolites in M. graminicola itself (Zwiers et al., submitted).
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In this paper, we report the characterisation of the disruption or replacement strains of
MgAtrl-MgAtr5 with respect to virulence on wheat. We demonstrate that MgA¢r4 disruption
strains are significantly less virulent on wheat seedlings as compared to control strains. The
reduction in virulence was observed on various cultivars tested. Histopathological studies
revealed that the MgAtr4 disruption strains have a defect in colonising substomatal cavities
and display reduced intercellular growth in the apoplast of infected wheat leaves. Northern
analysis of interaction RNA confirmed the reduced in planta growth of the MgAtr4 disruption
mutants, while in vitro growth experiments showed no fitness penalty associated with the
disruption of MgAtr4. The results show that MgAtr4 is essential for virulence of M.

graminicola on wheat.

MATERIALS AND METHODS

Strains, media, and growth conditions

M. graminicola isolate IPO323 (Kema and Van Silthout, 1997) was used as a wild-type control and as recipient
strain for the generation of disruption or replacement strains. Single gene disruption strains of MgAtril, MgAtr2,
and MgAtr4 were generated using Agrobacterium tumefaciens-mediated transformation (Zwiers and De Waard,
2001; Zwiers et al., submitted). Gene replacement strains of MgAtr3 and MgAtr5 were made according to Payne
et al., (1998) and Zwiers et al., (submitted). Strain Sp2 is a control transformant containing a single-copy of the

hygromycin-resistance cassette, generated by A. tumefaciens-mediated transformation (Table 1).

Table 1. Strains of Mycosphaerella

graminicola tested in virulence assays Strain name Gene disrupted o Transformation
replaced method
IPO323* - -
Sp2° - A. tumefaciens®
04 MgAtrl A. tumefaciens
y | 08 MgAtrl A. tumefaciens
* Wild type isolate; .
® Transformation control with an ectopic Tl MgAtr2 A. tumefaciens
integration of the hygromycin-resistance T2 MgAtr2 A. tumefaciens
cassette; d
¢ Agrobacterium tumefaciens-mediated >8 Mgdur3 PEG
transformation (Zwiers and De Waard, 2001). 85 MgAwr3 PEG
Transformation strains are gene-disruption AMgAtr4.3 MgAird A. tumefaciens
mutants; .
¢ Polyethylene  glycol (PEG)-mediated AMgAtr4.4 MgAtrd A. tumefaciens
transformation (Payne et al., 1998; Zwiers et 141 MgAtr5 PEG

al., submitted). Transformation strains are
gene-replacement mutants;

237 MgAtrs PEG
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Yeast-like cells were grown in liquid Yeast-Sucrose Medium (YSM, yeast extract 10 g I"', sucrose 10 g 1) in
the dark at 18°C and 140 rpm. Cultures (20 ml) were inoculated with yeast-like cells derived from stocks stored
at —80°C. The optical density of cultures was determined at 600 nm (ODggo) and new starting cultures (20 ml)
were prepared with an ODgg of 0.05. Three days later, the ODg of these cultures was adjusted to 0.5 in fresh
medium (20 ml) and the cultures were incubated again overnight under similar conditions as described above. In

all cases the antibiotic streptomycin sulfate (100 mg 1"') was added to the cultures to prevent bacterial growth.

Virulence Assays
Virulence of M. graminicola strains was tested on the wheat cultivar (cv) Obelisk, susceptible to isolate IPO323.
For each MgAtr gene two independent disruption or deletion strains were tested (Table 1) and virulence assays
were repeated at least three times. M. graminicola yeast-like cells grown in liquid YSM were harvested by
centrifugation at 3,000 g for 10 min at 10°C. Pellets were washed once in sterile Millique water and resuspended
in 0.15% Tween-20 at a density of 10" cells per ml. Suspensions were sprayed onto 7-9-day-old wheat seedlings
till run-off. Control treatments were performed with a solution of 0.15% Tween-20. Inoculated plants were placed
in sealed perspex-lidded containers at 18°C, and a 16-h-daylight period. Relative Humidity (RH) in the containers
was kept above 80% by placing a water-soaked cloth in the bottom of the boxes. Emerging second leaves were
clipped every 4-5 days to facilitate disease assessment and light penetration to the inoculated first emerging leaf.
Virulence was assessed visually by evaluation of the leaf area covered with symptoms and the abundance of
pycnidia in necrotic lesions.

In addition to cv Obelisk, virulence of the MgAtr4 disruption strains was also assessed on cultivars Taichung
29, Bussard, Clement, Shafir, and Toropi. The response of these cultivars to infections with IPO323 varied from

susceptible (Taichung 29, Bussard), to semi-susceptible (Clement), and resistant (Shafir, Toropi).

Histopathological analysis

Wheat seedlings of cv Obelisk were inoculated with strains Sp2 and AMgAtr4.3 as previously described. Entire
leaves (n=5) were collected from inoculated plants at 3, 6, 10, 14, 17, and 21 dpi and stained with trypan-blue
(Heath, 1971; Wilson and Coffey, 1980) in order to monitor fungal growth inside leaf tissue. Stained leaves were
examined with a Zeiss Axiovert 10 (Zeiss, Jena, Germany) microscope and photographs were made on a 35 mm
Kodak Ektachrome 64T Colour Reversal Film (Kodak, Herts, U.K.).

Quantitative assessment of disease caused by strains Sp2 and AMgAtr4.3 was made at 21 dpi by counting the
number of colonised substomatal cavities present in the two parallel rows adjacent to the central vein on one side
of the leaves. Counting started from the tip of the leaves and the first 500 substomatal cavities from each row
were used for calculations (in total 5000 for each interaction). Assessment of fungal biomass in colonised
substomatal cavities was performed by scoring the presence of limited mycelial growth (level 1) or the presence
of a mycelial basket or a mature pycnidium at the substomatal cavities (level 2). The systemic nature of
substomatal colonisation by strains Sp2 and AMgAtr4.3 was calculated by counting the number of colonised

substomatal cavities flanking a colonised substomatal cavity.
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In vitro growth experiments

Growth of strain Sp2 was compared to growth of the MgAtr4 disruption strains AMgAtr4.3 and AMgAtr4.4 in
liquid culture media. These were YSM, M-1-D, and Intercellular Washing Fluid (IWF) isolated from un-
inoculated and IPO323-inoculated (IWF-IPO323) wheat seedlings. M-1-D is a defined minimal medium
containing sucrose (87.6 mM), MgSO,4 (30 mM), ammonium tartrate (27.1 mM), Ca(NOs), (1.2 mM), KNO;
(0.79 mM), KClI (0.87 mM), NaH,PO, (0.14 mM), KI (45 uM), H;BO; (22 uM), MnSO4 (30 uM), ZnSOy4 (8.7
uM), FeCl, - 6H,0 (7.4 uM) (Pinkerton and Strobel, 1976). IWF was isolated from wheat seedlings grown for
10-12 days at 18°C and RH above 80%, by water infiltration in vacuo, followed by centrifugation at 3,000 g (De
Wit and Spikman, 1982). IWF from wheat seedlings inoculated with IPO323 was isolated according to the same
procedure from leaves inoculated 8 days post sowing and harvested at 4 dpi. The IWFs were concentrated by
freeze-drying to half of their original volume before use.

Yeast-like cells of the strains used in growth test experiments were pre-cultured for 3 days in liquid YSM as
described previously. Growth was assessed by measuring the ODgq in cuvettes with a 1 cm optical path length,
with a BioPhotometer (Eppendorf, Hamburg, Germany). New cultures (25 ml) with an ODgy of 0.01 were
initiated in the media described above and incubated in the dark at 18°C and 140 rpm. Samples (n=5) were taken
daily for a period of 10 (YSM, IWF, IWF-IPO323) or 14 days (M-1-D). The ODggy of these samples was

corrected with the ODgq values of the culture filtrates obtained after centrifugation at 10,000 g for 5 min.

Interaction RNA and northern blot analysis

Northern analysis was performed with total RNA isolated from infected wheat leaves in time course experiments.
Seedlings of cv Obelisk (9-day-old) were inoculated with isolate IPO323 and strains AMgAtr4.3 and AMgAtr4.4.
Control inoculations were performed with a solution of 0.15% Tween-20. First emerging leaves (n=5) were
collected over a period of 22 days at 6, 8, 12, 14, 16, 18, and 22 dpi, instantly frozen in liquid nitrogen, and
stored at —80°C until RNA isolation.

Interaction RNA was isolated from frozen biomass using the TRIzol reagent (Life Technologies Inc.,
Maryland, U.S.A.) according to the manufacturer’s instructions. Isolated RNA (15 ug, 4.5 ul) was denatured in a
solution of 6 M glyoxal (4.5 ul), 0.1 M sodium phosphate (3.0 pul), and dimethyl sulfoxide (13.3 pl) at 50°C for 1
h. RNA was subjected to electrophoresis on 1.6% agarose gel in a 10 mM sodium phosphate buffer, pH 7.0.
Blotting was carried out on Hybond-N" membranes (Amersham Pharmacia Biotech, Buckinghamshire, U.K.) by
capillary transfer with 10x SSC solution. RNA was cross-linked to membranes by irradiation under UV light (0.6
J per square centimeter). Homologous hybridisations were performed overnight at 65°C in Nasmyth’s solution
buffer (18.5% dextran sulphate, 1.85% sarcosyl, 0.011 M EDTA, 0.3 M Na,HPO,, 1.1 M NaCl, pH 6.2). This
solution (5.4 ml) was mixed with distilled water (4.6 ml) just before use to obtain the hybridisation buffer (10
ml). Blots were washed twice in 2x SSC, 0.1x SDS and twice in 0.1x SSC, 0.1x SDS at 65°C, for 15 min.

Probes

Probes used in northern blot analysis were a 0.84 kb EcoRI fragment of MgAtri, a 0.75 kb Sall fragment of
MgAtr2, a 0.85 kb Sall fragment of MgAtr3, a 0.48 kb BamHI/Pst] fragment of MgAtr4, a 0.6 kb EcoRI fragment
of MgAtr5, and a 0.65 kb DNA fragment of CYP51 from M. graminicola. This last fragment was obtained by
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PCR using genomic DNA from isolate [PO323 as template. Equal loading of samples on blots was examined with
a 0.6 kb EcoRI fragment of the /8S rRNA gene from Aspergillus niger.

Randomly primed DNA isotopic probes were prepared by enzymatic incorporation of [o°P]-dATP. In each
labelling reaction 50 ng of a probe template was used. Probes were purified using the QIAquick Nucleotide

Removal kit (QIAGEN, Leusden, The Netherlands) before addition to the hybridisation solution.

Production of phytotoxic compounds

Production of phytotoxic compounds by M. graminicola was tested in liquid M-1-D medium according to
Perrone et al., (1999). Cultures (100 ml) of strains IPO323, Sp2, AMgAtr4.3, and AMgAtr4.4 were initiated at a
starting ODgo of 0.1 and grown for a period of 14 days in the dark at 22°C and 150 rpm. Cell free culture filtrates
were obtained by centrifugation at 10,000 g at 4°C for 10 min. The supernatant was concentrated to half of the
original volume by freeze-drying and filter-sterilised through a 0.2 um filter (FP 30/0.2 CA-S, Schleicher and
Schuell, Dassel, Germany). Culture filtrates were supplemented with 0.2% v/v Tween-80 and phytotoxic activity
was examined on 10-day-old wheat seedlings of cultivars Obelisk, Bussard, and Shafir by spraying till run-off.
Control treatments were performed with M-1-D medium supplemented with 0.2% v/v Tween-80. Plants were
incubated in sealed Perspex-lidded containers at 18°C and a 16-h-daylight period for 3 weeks. Phytotoxicity was

assessed at the end of the 3-week period.

RESULTS

Virulence assays

Virulence of all disruption or replacement strains of MgAtri-MgAtr5 from M. graminicola
(Table 1) was compared with control strains IPO323 and Sp2 on wheat seedlings of the
susceptible cultivar (cv) Obelisk. For all strains, first symptoms became visible at 8-10 dpi.
These emerged as small chlorotic spots, most frequently starting from the tip of the leaves.
These symptoms expanded longitudinally across the leaf surface and developed into necrotic
lesions covered with pycnidia of the fungus. No difference in symptom development and
necrotic leaf area was observed for strains IPO323, Sp2, and the disruption or replacement
strains of MgAtrl, MgAtr2, MgAtr3, and MgAtr5 at 21 dpi. However, for the MgAtrd4
disruption strains (AMgAtr4.3 and AMgAtr4.4) symptom development was delayed and
lesions remained limited in size. At 21 dpi, 50% of the leaf area from plants infected by the
MgAtr4 disruption strains did not show any symptoms, while leaves infected with the control
strains were completely necrotic (Figure 1). Lesions caused by the MgAtr4 disruption strains

slowly continued to expand in time and plants became completely necrotic at 30-35 dpi.
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Figure 1. Virulence of Mycosphaerella graminicola strains on wheat seedlings of cultivar Obelisk at 21 days
post inoculation. Strains tested are IPO323 and Sp2 (controls) and AMgAtr4.3 and AMgAtrd.4 (MgAtr4
disruption strains). A: symptoms of whole plants. B: symptoms on first emerging leaves

Both MgAtr4 disruption strains tested showed the same phenotype.

None of the strains tested was impaired in pycnidia formation. Small necrotic lesions
caused by the MgAtr4 disruption strains showed abundant pycnidia. Pycnidiospores isolated
from plants inoculated with the MgAtr4 disruption strains were still able to grow on PDA

plates amended with hygromycin (100 mg 1"). Plants inoculated with these pycnidiospores
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showed the same reduction in virulence as plants inoculated with in vitro-grown yeast-like
cells of the strains.

Virulence of strains AMgAtr4.3 and AMgAtr4.4 was also assessed on the wheat cultivars
Taichung 29 and Bussard (susceptible to IPO323), Clement (semi-susceptible to [PO323), and
Shafir and Toropi (resistant to IPO323). Both MgAtr4 disruption strains showed reduced
virulence on all cultivars tested. The reduction in virulence was most clear on the susceptible
and semi-susceptible cultivars (data not shown). Here, disease symptoms caused by control
strains and the MgAtr4 disruption strains started at 8-10 dpi, but developed slower for the
disruption strains as compared to the control strains. In case of the resistant cultivars
differences between control and MgAtr4 disruption strains were less pronounced due to the
low infection levels incited by all strains. Production of pycnidia within necrotic areas was

similar for all strains on all cultivars tested.

In planta growth monitoring

Histopathological analysis of the infection process was examined by staining wheat leaves
inoculated with control strain Sp2 and the MgAtr4 disruption strain AMgAtr4.3 with trypan-
blue (Table 2). Germinated yeast-like cells showed germ tubes from both apical ends and no
signs of growth inhibition on the leaf surface were present for any of the strains tested.
Chemo- or thigmotropism towards stomata was not observed, as in many cases germ tubes by-
passed guard cells of stomata without establishing infections. Infections appeared to occur
only through stomata, as direct penetration of epidermal cells was not observed.

The control strain Sp2 had successfully entered and colonised the substomatal cavities by 6
dpi. Infection hyphae extended longitudinally towards neighbouring substomatal cavities
establishing multiple infections from a single penetration site. At 10 dpi, the first
macroscopical symptoms became visible on infected plants as chlorotic spots at the tip of the
leaves (Figure 2Aa). At this time point, microscopical observations showed strict intercellular
growth of the fungus (Figure 2Ab) between mesophyll cells (Figure 2Ac). Colonisation of the
leaf apoplast and increase of fungal biomass progressed rapidly from 10 dpi onwards and
mycelial proliferation around substomatal cavities became apparent by 14 dpi. Collapse of leaf
tissue and necrosis described the macroscopical symptoms at 17 dpi (Figure 2Ba). This
coincided with abundant hyphal growth around mesophyll cells (Figure 2Bb) and the

formation of mycelial baskets in the substomatal cavities (Figure 2Bc), followed by the
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Pycnidia
21
++

Symptoms

Necrosis
21
++

Biomass
build-up
10-21
++

6-10
++

Colonisation of apoplast
growth

Stages in pathogenesis
Longitudinal

Substomatal
colonisation
3-6
++

Stomatal infections

Entry
1-2
++
++

1-2
++

Growth
++

Leaf surface

Germination
1
++°
++

Table 2. Histopathological analysis of pathogenesis by control strain Sp2 and the MgAdrr4 disruption strain AMgAtrd.3 of Mycosphaerella graminicola.

Table depicts differences between the two strains at the different stages of infection.

b Relative to control: reduced (+) and similar (++)

? Days post inoculation (dpi)

Strains
Sp2
AMgAtrd.3

development of pycnidia. At 21 dpi, leaves

were almost completely necrotic (Figure
2Ca). In dead leaf tissue pycnidia were
commonly present and coincided with
extensive colonisation of the apoplast
(Figure 2Cb, c).

Germ tubes of AMgAtr4.3 penetrated
the substomatal cavities at the same rate as
Sp2, but colonised substomatal cavities
significantly slower. Growth of AMgAtr4.3
towards the apoplast was also restricted.
However, as for the control strain,
chlorotic symptoms at the tip of the leaves
became visible at 10 dpi (Figure 2Ad). At
this time point, fungal growth was still
restricted to the substomatal cavities
(Figure 2Ae, f). To a limited extent the
fungus escaped infected substomatal
cavities and grew longitudinally towards
neighbouring substomatal cavities but the
majority of established infections did not
expand (Figure 2Be). Increase in fungal
biomass in infected substomatal cavities
and the apoplast progressed only slowly in
time (14 and 17 dpi) (Figure 2Bf). At 21
dpi, cell collapse was mainly observed in
restricted necrotic lesions (Figure 2Cd, e,
f), but in these lesions pycnidia formation

progressed normally.
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AMgAtr4.3
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Figure 2. Histopathological analysis of infection of wheat leaves by Mycosphaerella graminicola strains Sp2
(control) and AMgAtr4.3 (MgAtr4 disruption strain) in time.

Aa: macroscopical symptoms incited by Sp2 at 10 dpi; Ab: intercellular growth to the apoplast (pointed by
arrows); Ac: infection hyphae growing around mesophyll cells (pointed by arrows) (detail of Ab); Ad:
macroscopical symptoms incited by AMgAtr4.3 at 10 dpi; Ae: infection hyphae restricted at the substomatal
cavity (pointed by arrow); Af: same as Ae; Ba: macroscopical symptoms incited by Sp2 at 17 dpi; Bb: extensive
mycelial growth in the apoplast; Be: mycelial baskets in substomatal cavities (level 2); Bd: macroscopical
symptoms incited by AMgAtr4.3 at 17 dpi; Be: longitudinal growth to neighbouring substomatal cavities without
basket formation in substomatal cavities (pointed by arrows); Bf: limited mycelial biomass in substomatal
cavities (level 1); Ca: macroscopical symptoms incited by Sp2 at 21 dpi; Cb: Pycnidia in necrotic lesions; Cc:
same as Cb; Cd: macroscopical symptoms incited by AMgAtr4.3 at 21 dpi; Ce: stomata with pycnidia and
uninfected stomata (pointed by arrows); Cf; scattered infected stomata on the leaf surface (arrows indicate
uninfected stomata).

Quantification of leaf colonisation

Colonisation of wheat leaves infected by control strain Sp2 and the MgAtr4 disruption strain
AMgAtr4.3 was quantified at 21 dpi by counting the number of colonised substomatal
cavities, the abundance of biomass in the substomatal cavities, and the degree that adjacent
substomatal cavities were colonised (systemic infection). In the latter case, the number of
colonised substomatal cavities with either one or both of the two flanking substomatal cavities
colonised was assessed (Table 3).

Table 3. Quantification of infection of Mycosphaerella graminicola strain Sp2 (control) and AMgAtr4.3
(MgAtr4 disruption strain) on wheat leaves of cultivar Obelisk at 21 days post inoculation.

A. Number of colonised substomatal cavities

Sp2 AMgAtr4.3
Number % Number %
Colonised 2205 44 1066 21
Non-colonised 2795 56 3934 79

B. Biomass in colonised substomatal cavities

Number % Number %
Level 1* 1516 69 740 69
Level 2 689 31 326 31

C. Systemic colonisation of substomatal cavities

Number % Number %
0-1-0° 298 13.5 423 40
0-1-1 or 1-1-0 674 30.5 332 31
1-1-1 1233 56.0 311 29

 Level 1: limited biomass; level 2: mycelial basket or pycnidium;
® Figures indicate patterns of colonisation of two substomatal cavities (first and third figure) flanking a colonised substomatal
cavity (middle figure). Figure 0 represents un-colonised substomatal cavities and figure 1 colonised substomatal cavities;
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The total number of colonised substomatal cavities was significantly higher for Sp2 than
for AMgAtr4.3 (Table 3A). Within necrotic lesions biomass and pycnidia formation in
colonised substomatal cavities was similar for the two strains tested (Table 3B). However, the
systemic nature of substomatal colonisation varied significantly between the two strains, since
the percentage of flanking substomatal cavities that were colonised was much higher for strain
Sp2 than for strain AMgAtr4.3 (Table 3C). Thus, the results indicate that the MgAtr4
disruption strains possess a reduced ability to colonise substomatal cavities and expand into

mesophyll tissue.

In vitro growth

The effect of disruption of MgAtr4 on fitness of the fungus was studied in in vitro growth test
experiments. Growth of strains AMgAtr4.3 and AMgAtr4.4 was compared with control strain
Sp2 in different liquid culture media. Growth of AMgAtr4.3 and AMgAtr4.4 was similar to
that of Sp2 in all media tested. An exponential increase in fungal growth was observed
between 2 and 5 days of culturing in all media tested, except for M-1-D. Exponential growth
in this medium was still observed after 14 days of culturing. Biomass levels at the stationary
phase were highest in the rich YSM and significantly lower in IWF and IWF-IPO323 (Figure
3).

Expression analysis

Expression of the ABC transporter genes MgAtrl, MgAtr2, MgAtr3, MgAtr4, and MgAtr5,
and the fungal specific CYP5] gene, encoding cytochrome P450 sterol 14a-demethylase
(P45014pm) (Kalb et al., 1987) from M. graminicola, was examined in interaction RNA
isolated from wheat seedlings inoculated with the wild-type strain IPO323 and strains
AMgAtr4.3 and AMgAtr4.4, in time course experiments (Figure 4). In all cases, expression of
MgAtr2 and MgAtr3 was not detected. Low transcript levels of MgAtrl and MgAtr5 were
observed at 22 dpi in interaction RNA isolated from plants inoculated with [PO323 (data not
shown). Transcripts of MgAtr4 and CYP51 became already visible at 12 dpi and their levels
gradually increased in time until 18 dpi. At 22 dpi a small decrease in the transcript level of
these genes was observed. Transcripts of MgAtr4, CYP51, and the other genes tested could not
be detected at any time point after infection in interaction RNA isolated from plants

inoculated with the MgAtr4 disruption strains (Figure 4).
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Figure 3. In vitro growth of Mycosphaerella graminicola strains Sp2 (¢) (control) and AMgAtr4.3 (o) and
AMgAtrd.4 (0) (MgAtr4 disruption strains) in liquid growth media: A: Yeast Sucrose Medium, B: M-1-D
minimal medium, C: Intercellular Washing Fluid, and D: Intercellular Washing Fluid isolated from plants
infected with the wild-type M. graminicola isolate IPO323. Growth was assessed by measuring the optical
density of the cultures at 600 nm (ODygqy).
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Figure 4. Expression analysis of MgAtr4 and CYP51 from Mycosphaerella graminicola in interaction RNA
isolated from leaves of wheat seedlings inoculated with the wild-type strain IPO323 (I323), and the MgAr4
disruption strains AMgAtr4.3 (A4.3) and AMgAtr4.4 (A4.4) in a time-course experiment. Control treatments are
indicated as H,O.
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Phytotoxic activity of culture filtrates

Histopathological studies suggested the involvement of toxins in the wheat — M. graminicola
interaction (Kema et al., 1996). Perrone et al, (1999) reported the production of a non-
cultivar-specific phytotoxic metabolite by M. graminicola in liquid M-1-D medium.
Therefore, the phytotoxic activity of M-1-D culture filtrates from strains IPO323, Sp2,
AMgAtr4.3, and AMgAtr4.4 was examined on wheat seedlings of cultivars Obelisk, Bussard
(susceptible to IPO323), and Shafir (resistant to [PO323). 14-Day-old culture filtrates from
these strains showed phytotoxic activity on all cultivars tested. Symptoms incited by all
strains consisted of chlorotic spots that became visible at 6-8 days post spraying (data not
shown). These symptoms resembled the initial chlorotic spots observed upon infection with
the fungus. Phytotoxicity of all culture filtrates was slightly higher to cv Shafir than to
cultivars Obelisk and Bussard, which suggests no relationship between phytotoxic activity of
culture filtrates of the strains used and susceptibility of the wheat cultivars to M. graminicola.
Nevertheless, with none of the cultivars a difference in phytotoxic activity between the culture

filtrates from strains IPO323, Sp2, AMgAtr4.3, and AMgAtr4.4 was observed.

DISCUSSION

This study analyses the function of five ABC transporter genes from the wheat pathogen M.
graminicola in virulence on wheat seedlings. The results clearly demonstrate that MgAtr4
disruption strains have a reduced virulence in comparison to the wild-type control and the
other MgAtr disruption or replacement strains tested. Thus, MgAtr4 can be regarded as a
virulence factor of M. graminicola on wheat. This is the first virulence factor identified so far
from this important plant pathogen.

MgAtr4 disruption strains have a normal in vitro growth and therefore, the delayed in
planta growth of these strains can not be ascribed to a general fitness penalty.
Histopathological analysis of the infection processes revealed that the reduced virulence of the
MgAtr4 disruption strains can be ascribed to unsuccessful colonisation of substomatal
cavities. This early stage in pathogenesis is essential for establishment of the disease, further
expansion of the fungus to the apoplast, and colonisation of neighbouring substomatal

cavities, thereby allowing multiple stomatal infections from a single penetration site (Duncan
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and Howard, 2000). Hence, retarded growth of the MgAtr4 disruption strains in the apoplast is
probably the result of hampered growth in substomatal cavities.

Expression analysis of interaction RNA isolated from wheat inoculated with strain IPO323
showed increased transcript levels of MgAtr4 in time. A similar increase in transcript levels
was observed for the constitutively expressed CYP51 from M. graminicola (Gisi et al., 2000).
The increase in transcript levels of these two genes during infection correlated with an
increase in fungal biomass, characteristic for compatible interactions (Kema et al., 1996). In
contrast, no transcripts of CYP51 were detected in interaction RNA of the MgAtr4 disruption
strains indicating that biomass proliferation of these strains during infection was extremely
low. Hence, results from the expression analysis corroborate the finding of reduced in planta
growth of the MgAtr4 disruption strains.

In plant pathogenic fungi ABC transporters could act as virulence factors if they provide
protection against plant defence compounds during pathogenesis or mediate secretion of
pathogenicity factors, such as host specific toxins or other virulence factors (Stergiopoulos et
al., 2002b). Pnini-Cohen et. al., (1997) detected the presence of fluorescent compounds
produced around stomata infected by M. graminicola that did not completely arrest infection,
but rather affected the rate of in planta mycelial development at the onset of the infection. It is
possible that MgAtr4 is involved in protection of the fungus against such fungitoxic
compounds produced at the substomatal cavities. This would explain the decreased potency of
the MgAtr4 disruption strains to colonise substomatal cavities and the retarded growth of
these strains in the apoplast. Wheat is also known to produce the plant defence compound 2,4-
dihydroxy-7-methoxy-2H-1,4-benzoxazin-3(4H)-one (DIMBOA) (Weibull and Niemeyer,
1995). Currently, attempts to isolate DIMBOA and other plant defence compounds from
wheat are made, to test their activity against MgAtr4 disruption mutants.

MgAtrd is highly homologous to ABCI1, an ABC transporter from M. grisea that
determines pathogenicity of this fungus on rice and barley (Urban et al., 1999). ABCI deletion
mutants show a dramatic growth arrest after penetration of the host and fail to produce
extensive infection hyphae and to colonise the apoplast. Although the exact role of ABCI
during pathogenesis remains to be established, the most probable explanation for the loss of
virulence of the deletion mutants is that ABC1 provides protection against antimicrobial
compounds produced by the host. The high homology between MgAtr4 and ABC1 and the

similarities in the observed phenotype in disruption mutants of both transporter genes, suggest
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that the encoded proteins have a similar function during pathogenesis, possibly by providing
protection against plant defence compounds produced by the host. Such a function in
virulence has previously been demonstrated for the ABC transporter BcatrB from B. cinerea
(Schoonbeek et al., 2001) and GpABC1 from G. pulicaris (Fleissner et al., 2002), which
provide protection against the plant defence compounds resveratrol and rishitin, respectively.
Heterologous expression of MgAtrl, MgAtr2, MgAtr4, and MgAtr5 from M. graminicola in a
multiple ABC transporter knockout strain of S. cerevisiae, showed that the encoded ABC
transporters transport a wide variety of chemically-unrelated compounds and possess an
overlap in substrate specificity (Zwiers et al., submitted). Therefore, the presence of
functional homologues of MgAtr4 in M. graminicola may explain why MgAtr4 disruption
strains do not show a complete loss of pathogenicity on host plants.

Formation of necrotic lesions caused by M. graminicola may be associated with secretion
of phytotoxic compounds by the pathogen (Kema et al, 1996). Therefore, the fungus may
have evolved specific mechanisms for secretion of toxins during pathogenesis or self-
protection against auto-toxicity of such products (Stergiopoulos et al, 2002b). This
phenomenon has been described for transporters of the major facilitator superfamily from
Cochliobulus carbonum (Pitkin et al., 1996), Fusarium sporotrichioides (Alexander et al.,
1999), and Cercospora kikuchii (Callahan et al., 1999). Production of phytotoxic metabolites
by M. graminicola in in vitro-grown cultures has been reported (Harrabi et al., 1993; Perrone
et al., 1999; Voloshchuk et al., 1994). Our results confirmed the potency of M. graminicola to
secrete phytotoxic metabolites. However, a function of MgAtr4 in secretion of these
phytotoxic metabolites could not be established since disruption of MgAtr4 did not alter the
phytotoxic activity of culture filtrates. A role of MgAtr4 in self-protection is also not likely
since in vitro growth of MgAtr4 disruption strains under conditions that promote the
production of such metabolites was not impaired.

In summary, our results demonstrate that the ABC transporter MgAtr4 from M.
graminicola plays a role in virulence of the fungus during colonisation of substomatal cavities
of wheat seedlings. We suggest that MgAtr4 disruption mutants become sensitive to
fungitoxic plant compounds produced around the substomatal cavities. The nature of these

compounds remains to be elucidated.
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ABSTRACT

Laboratory strains of Mycosphaerella graminicola with a decreased susceptibility to the
azole antifungal agent cyproconazole showed a multidrug resistance phenotype by
exhibiting cross-resistance to the unrelated chemicals cycloheximide and/or rhodamine
6G. Decreased azole susceptibility was found to be associated with either decreased or
increased levels of accumulation of cyproconazole. No specific relationship could be
observed between azole susceptibility and the expression levels of the ATP-binding
cassette (ABC) transporter genes MgAtrI-MgAtr5 and the sterol P450 140-demethylase
gene, CYP51. The ABC transporter MgAtrl was identified as a determinant in azole
susceptibility, since heterologous expression of the protein reduced the azole
susceptibility of Saccharomyces cerevisiae and disruption of MgAtrl in one specific M.
graminicola laboratory strain with constitutive MgAtrl overexpression, restored the
level of susceptibility to cyproconazole to wild-type levels. However, the level of
accumulation in the mutant with a MgA#rl disruption did not revert to the wild-type
level. We propose that variations in azole susceptibility in laboratory strains of M.

graminicola are mediated by multiple mechanisms

Keywords: ATP-binding cassette (ABC) transporters; azoles; multidrug resistance; mutant; resistance; Septoria
tritici
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INTRODUCTION

In wheat growing areas septoria tritici blotch, caused by the fungus Mycosphaerella
graminicola (anamorph Septoria tritici) is recognised as a major disease. The resulting loss in
yield is estimated in millions of metric tons of grain and billions of U.S. dollars each year
(Eyal et al., 1987). Therefore, control of this disease either by resistance breeding or through
chemical control is of major importance.

An important group of antifungal agents used to control M. graminicola is the sterol
demethylation inhibitors (DMlIs), which interfere with ergosterol biosynthesis through
inhibition of the sterol P450 14a-demethylase (P45014pm). Azole antifungal agents in which
the triazole ring acts as the active moiety are the most important group of DMIs. They have a
broad-spectrum antifungal activity, protective and curative properties, and low phytotoxicity.
Although mutants with resistance to DMIs could be easily obtained in the laboratory, the risk
of resistance development in the field was initially considered low, as laboratory mutants
generally suffer a fitness penalty (De Waard and Van Nistelrooy, 1990). At present, resistance
to azoles is widespread in various foliar pathogens, such as powdery mildews and scab
(Hollomon, 1993). However, these pathogens can still be controlled by a limited number of
DMIs with relatively high intrinsic activity. This is also true for the control of septoria blotch
of wheat, in which, despite the intensive use of cyproconazole and other azole antifungal
agents, no indications of a decreased susceptibility to these compounds have been found (Gisi
et al., 1997).

Resistance to azole antifungal agents can be caused by alterations in sterol biosynthesis
(Joseph-Horne et al., 1995a), mutations at the P450,4py target site (Joseph-Horne et al.,
1995b; Sanglard et al., 1998) or increased levels of expression of the P4504pp-encoding
gene, CYP5] (Hamamoto et al, 2000; Van den Brink et al, 1996). Another important
resistance mechanism is reduction of the intracellular concentration of the antifungal agent by
means of an increased active efflux system. This mechanism operates in a broad variety of
both plant and animal pathogens and is attributed to the increased activity of ATP-binding
cassette (ABC) transporters (De Waard, 1997; Andrade et al., 2000; Del Sorbo et al., 2000).
ABC transporters became known for their role in multidrug resistance (MDR) in human

tumour cells (Juliano and Ling, 1976). They also function in MDR of filamentous fungi to
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antifungal agents and unrelated chemicals (Andrade et al., 2000; Balzi and Goffeau, 1995;
Sanglard et al., 1995).

We are interested in the role of ABC transporters from M. graminicola in pathogenesis and
in the susceptibility of this fungus to antifungal agents. To assess the role of these transporters
in azole susceptibility of M. graminicola, we selected laboratory strains with decreased
susceptibility to the azole antifungal agent cyproconazole. All strains were analysed for their
susceptibility to azoles and other chemically unrelated compounds, their levels of
accumulation of ["*C]cyproconazole, and their levels of expression of five ABC-transporter
genes (MgAtri-MgAtr5) and the sterol P450 14o-demethylase gene (CYP51). MgAtrl was
disrupted by Agrobacterium tumefaciens-mediated transformation in strains with constitutive
MgAtrl overexpression and the transformants were phenotypically characterised. Results
presented indicate that in M. graminicola, multiple mechanisms may contribute to the

variation in susceptibility to azole antifungal agents.

MATERIALS AND METHODS

Fungal material and culture conditions.
In this study two field isolates of M. graminicola were used, isolate 1323 was isolated in The Netherlands in 1981
(Kema and Van Silfhout, 1997) and isolate M1 was collected in France in 1993 and was provided by Dr J.M.
Seng (Biotransfer, Montreuil, France). Strains were grown yeast-like in liquid yeast-sucrose medium (yeast
extract 10 g 1", sucrose 10 g 1) at 18°C and 140 rpm or on solid V8-agar plates (50% V8 vegetable juice, 50%
water, 2.5% agar) at 18°C. Mycelium used in accumulation studies was obtained by inoculating 100 ml of
Czapek Dox-mycological peptone (Czapek Dox 33.4 g I, mycological peptone 5 g 1) with 3 x 10* cells per ml
and incubation on a rotary shaker (25°C, 140 rpm) for an additional 3 days.

Complementation of Saccharomyces cerevisiae was performed using strain AD12345678 (Ayorl Asng2

Apdr5 Apdrl0 Apdril Aycfl Apdr3 Apdrl5 Aura3) (Decottignies et al., 1998).

Susceptibility assays and isolation of laboratory strains.

The antifungal agents tested were the triazoles cyproconazole (Syngenta), propiconazole (Syngenta), and
tebuconazole (Bayer AG), the protein synthesis inhibitor cycloheximide (Sigma), and the dye rhodamine 6G
(Sigma). Minimum inhibitory concentrations (MICs) were determined for yeast-like growing cells on V8-agar
plates or potato dextrose agar plates (PDA; 39 g I). Toxicity tests were performed by spotting 5 pul of a cell
suspension with a density of 4 x 10° cells per ml, harvested from 3-day-old liquid medium, on 9-ml Petri dishes
containing V8-agar or PDA amended with different concentrations of toxicants. The concentrations of

compounds used in the susceptibility assays ranged from 0.025 to 1.5 mg 1" for the triazoles, from 2.5 to 1500
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mg 1" for cycloheximide, and from 2.5 to 250 mg I"" for rhodamine 6G. Experiments were performed three times
in triplicate, and MIC values were assessed visually after 10 days of incubation at 18°C in the dark.

M. graminicola strains with decreased susceptibility to the azole antifungal agent cyproconazole were isolated
by plating 1 x 10° yeast-like cells on V8-agar in 14-cm Petri dishes amended with cyproconazole at three times
the MIC value of the wild-type parent strains. After 10 days of incubation colonies were isolated from these
plates.

Susceptibility assays of S. cerevisiae were performed on solid synthetic media containing Bacto Yeast
Nitrogen Base without amino acids (6.7 g I""), dropout mix (2 g I containing amino acids without uracil),
galactose (20 g 1), Noble agar (20 g 1), and cycloheximide or cyproconazole at various concentrations.
Cycloheximide was used at 0.01, 0.05, 0.1, and 0.25 pg ml™, cyproconazole was used at 0.003, 0.01, and 0.025
pg ml™, and rhodamine 6G was used at 0.5, 1, and 5 pg ml”". Cultures of S. cerevisiae were grown overnight in
liquid synthetic medium at 30°C. The overnight culture was diluted to an optical density at 600 nm (ODgg) of
0.5, and subsequently, 5 and 10 pl were spotted on plates. Drug susceptibility was scored visually after

incubation for 3 days at 30°C in the dark.

Gene disruption.
Agrobacterium tumefaciens-mediated transformation was used to disrupt MgA¢rl in strains 1323C1 and M1C4.
Generation of disruption constructs and selection of transformants with the disrupted MgArl gene were

performed as described previously (Zwiers and De Waard, 2001).

Accumulation of ['*C]cyproconazole.

Mycelium was homogenised and harvested by filtering over 0.85-mm- and 55-pm-pore-size filters. Subsequently,
mycelium was washed with 50 mM sodium-phosphate buffer (pH 6.0), resuspended in 50 mM sodium phosphate
buffer (pH 6.0, 1% glucose) at a density of 6 mg wet weight per ml and incubated for 30 min at 25°C and 140
rpm. Subsequently, ["*C]cyproconazole (kindly provided by Syngenta) was added to an external concentration of
100 uM. Mycelium (5 ml) was harvested at intervals of 10 min by vacuum filtration, washed 5 times with 5 ml of
phosphate buffer, and radioactivity in the biomass was measured with a Beckman LS6000TA liquid scintillation
counter. Accumulation levels of ['*CJcyproconazole were calculated as nmol per mg of dry weight. Energy
dependency of ["“Clcyproconazole accumulation was tested by the addition of carbonyl-cyanide m-
chlorophenylhydrazone (CCCP, 20 uM) and subsequent measurement of the level of ["“CJcyproconazole

accumulation.

DNA and RNA manipulations.

M. graminicola genomic DNA isolated from 5-day-old yeast-like cells (Raeder and Broda, 1985) was used to
amplify the open reading frame (ORF) of the M. graminicola CYP51 gene (GenBank accession no: AF263470).
Amplification reaction volumes (50 ul) contained dATP, dCTP, dGTP and dTTP (200 uM), primers (1.2 uM),
AmpliTag DNA polymerase (0.5 U) (Perkin Elmer) and a reaction buffer (10 mM Tris-HCI pH 8.3, 50 mM KClI,
3 mM MgCl,). DNA was denatured for 3 min at 94°C followed by 2 min at 50°C, and 2 min at 72°C. This initial
cycle was followed by 29 cycles of 1 min at 94°C, 1 min at 58°C and 1 min at 72 °C. The amplification was
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stopped with an extension of 10 min at 72°C. PCR primers used were CYP5'
(GGTACCATGGGTCTCCTCCAGGAAG) and CYP3' (TCCCTCCTCTCCCACTTTAC). Amplification
products were isolated from agarose gel and directly sequenced.

Northern blot analysis was performed with RNA isolated from wild-type and laboratory-generated strains.
The levels of expression of the ABC transporter-encoding genes MgAtr! (GenBank accession no: AJ243112),
MgAtr2 (GenBank accession no: AJ243113) (Zwiers and De Waard, 2000), MgAtr3 (GenBank accession no:
AF364105), MgAtr4 (GenBank accession no: AF329852), and MgAtr5 (GenBank accession no: AF364104)
(Stergiopoulos et al., 2002) and the CYP51 gene were examined. Total RNA was isolated using the TRIzol
reagent (Life Technologies). RNA (10 pg) was separated on a 1.2% agarose gel containing glyoxal and
transferred to Hybond-N nylon membranes (Amersham). Equal loading and transfer of RNA was determined by
staining northern blots with methylene blue and hybridisation with the 18S rRNA subunit of Aspergillus niger
(Melchers et al., 1994). Hybridisations were performed at 65°C in Nasmyth's hybridisation solution (1.1 M NaCl,
0.3 M Na,HPO,, 0.011 M Na,EDTA, 1.85% sarcosyl, 18.5% dextran sulphate, pH 6.2, and 100 pg of denatured
herring sperm DNA ml™).

Complementation of Saccharomyces cerevisiae

Full-length ¢DNA clones of MgAtrl were made from poly-A" RNA isolated from yeast-like cells of M.
graminicola. Amplification of full-length cDNA was performed with the Advantage Klentaq polymerase mix
(Clontech) according to the manufacturer’s instructions. cDNA clones were cloned in the yeast expression vector
pYes2 (Invitrogen) and transformed to S. cerevisiae strain AD12345678. Yeast transformants containing the

empty vector pYes2 were used as controls.

RESULTS

Susceptibility assays to azole antifungal agents.

The MIC values of cyproconazole for the field strains 1323 and M1 were approximately 0.1 pg
ml™” on PDA and 0.3 pg ml™ on V8-agar. Both strains showed a similar cross-susceptibility to
the triazoles propiconazole and tebuconazole (data not shown).

To elucidate the potential role of ABC transporters in susceptibility to azoles, strains 1323
and M1 were subjected to selection with cyproconazole. Strains with a decreased
susceptibility to cyproconazole were isolated from V8-agar plates amended with
cyproconazole at three times the MIC values of both parent strains. For both 1323 and M1 the
frequency of resistant colonies was around 10™*. The relative decrease in susceptibility of
several strains was determined and ranged between factors of 3 and 6 (Table 1). All strains

showed cross-resistance to propiconazole and tebuconazole (data not shown). Repetitive
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subculturing of the strains under nonselective conditions showed that all 1323-derived strains
were stable, whereas the Ml-derived strains M1A1l and MI1D1 lost their decreased
susceptibility to cyproconazole. The susceptibility of the strains to several chemically
unrelated chemicals was determined in order to study whether the strains would have an MDR
phenotype. Indeed, all strains exhibited a low degree of cross-resistance to cycloheximide

and/or rhodamine 6G (Table 1).

Table 1. Susceptibility of field

isolates,  laboratory-generated MIC (pg ml')
strains with decreased sensitivity a - .
o azoles, and Mgdrr] disrupted Isolate Cyproconazole  Cycloheximide =~ Rhodamine 6G
mutants of  Mycosphaerella 1323 0.1 500 25
graminicola to cyproconazole, 1323A1 0.4 1000 25
cycloheximide, and rhodamine 1323C1 0.75 1500 150
6G. 1323C4 0.5 1000 25
 Strains 1323A1, 1323C1, 1323C4, 1323E1 0.75 1500 50
1323El, and strains M1A1, M1B1, 1323C1A1-1 0.1 25 25
MI1C1, MI1C4, and MIDI1 are 1323C1A1-2 0.1 25 25
laboratory-generated strains derived
from the wild-type field isolates
1323 and MI. Strains 1323C1A1-1 Ml 0.1 500 15
and 1323C1Al1-2 and strains MIA1 0.4° ND° 30
M1C4A1-1 and MIC4A1-2 are MI1Bl1 0.3 ND 30
transformants of I323C1 and MI1Cl1 03 ND 30
MI1C4, respectively, with a MI1C4 0.5 1500 100
disrupted allele of MgAtr1. MIDI1 0.3° ND 30
resi:;kzltflt' :;rs?;?;ncew\zz IOISI?E;BE MIC4AL-1 0.5 1500 100
’ MIC4AI1-2 0.5 1500 100

subculturing.

°ND, not determined

Accumulation of [14C]cyproconazole.

The decreased susceptibility of the strains to cyproconazole could be due to reduced levels of
intracellular accumulation of the antifungal agent in mycelial cells. Therefore, the levels of
cyproconazole that accumulated in cells were measured over time (Figure 1A and B). The
levels of ["*C]cyproconazole accumulation of the two wild-type strains 1323 and M1 did not
differ significantly and amounted, on average, 1 and 0.9 nmol cyproconazole per mg dry
weight, respectively. In all strains derived from strain 1323 the levels of accumulation of
['*CJcyproconazole decreased significantly by factors of 3 to 4 (Figure 1A). The levels of
accumulation by the M1-derived strains M1B1 and M1C1 decreased by factors of 2 to 3. In
contrast, the level of accumulation of ['*C]cyproconazole by strain M1C4 was higher than the
level of accumulation by the wild-type and increased over time (Figure 1B). In all strains
tested, accumulation appeared to be due to an energy-dependent efflux, as addition of CCCP

increased the accumulation of cyproconazole (Figure 1C).
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Figure 1. (A) Levels of accumulation of

[14C]cyproconazole in Mycosphaerella graminicola A
wild-type isolate 1323 (), and laboratory generated
strains with decreased cyproconazole susceptibility,
strains 1323A1 (O), I1323C1 (A), 1323C4 (A), and
[323E1 (m). (B) Levels of accumulation of
['*Clcyproconazole in wild-type isolate M1 (e) and
laboratory-generated strains M1A1 (O), MIBI
(A), M1C1 (A), M1C4 (m), and M1D1 (O). (C)
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Northern analysis

The MDR phenotype of the laboratory-generated strains could indicate that ABC transporters
are involved in the mechanism of resistance (Kolaczkowski et al., 1998). Therefore, the levels
of expression of the ABC transporter genes MgAtrl-MgAtr5 were studied. Northern analysis
in untreated yeast-like cells demonstrated that almost all laboratory-generated strains exhibit a
change in the basal expression level of at least one of the ABC transporter genes whose levels
of expression were tested (Figure 2). For instance, the levels of expression of MgAtrl were
highly increased in strains 1323C1 and M1C4 compared to those in their respective wild-type
parent strains. In addition, both strains showed increased levels of expression of MgAtrS.
Even strain M1A1l, which lost its resistance to cyproconazole, still showed a clear
overexpression of an ABC transporter gene, e.g. MgAtr2. However, all these expression data
indicate that there is no consistent correlation between the observed susceptibility profile of a
strain and the profile of expression of any of the ABC transporter genes tested. All strains
were also tested for levels of expression of the CYP5/ gene. Only [1323E1 showed, besides

upregulation of MgAtr4, an increased level of CYP51 expression.
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Figure 2. Expression levels of MgAtri, I 0o m - - = % =
MgAtr2, MgAtrd, MgAws, and CYPSI in 88 8§88 sz
Mycosphaerella  graminicola wild-type I

strains (I323 and M1) and laboratory- MgAtr1 - -
generated strains (I323A1, 1323Cl,

1323C4, 1323E1, MIAL, MIBI, MICI, MgAtr2 o

MI1C4 and MI1D1). The 78S ribosomal
RNA gene is used as loading control.

MgAtrd SIS - - - -

MgAtr5 - - B B

Analysis of CYP51

Using primers directed against the CYP5/ gene from M. graminicola, a 1903 bp fragment
comprising the entire ORF was amplified from the wild-type strains 1323 and M1 and from
the laboratory-generated strains 1323C1 and M1C4. The deduced amino acid sequence of the
proteins encoded by the genes from wild-type strains and both laboratory-generated strains

were identical (data not shown).

Analysis of MgAtrl
Strains 1323C1 and M1C4 both constitutively overexpressed MgAtri, but showed opposite
accumulation of cyproconazole. The role of MgAtrl in the decreased susceptibility to
cyproconazole was analysed in more detail by complementation of a S. cerevisisae mutant
with MgAtrl and by disruption of MgAtrl in 1323C1 and M1C4 by means of 4. tumefaciens-
mediated transformation.

The heterologous expression of MgAtrl in S. cerevisiae showed that the presence of
MgAtrl results in decreased susceptibility of the yeast to both cycloheximide and
cyproconazole (Figure 3) Therefore, both cycloheximide and cyproconazole are potential

substrates of MgAtrl.
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Figure 3. Effect of heterologous expression of Cvbroconazole
MgAtrl from Mycosphaerella graminicola in yP

Saccharomyces  cerevisiae ~ AD12345678  on
susceptibility to cycloheximide, cyproconazole, and
rhodamine 6G. Five or ten microliters (row 1 and 2,

respectively) of overnight cultures of two 0.003
independent S. cerevisiae transformants containing
the full-length cDNA clone of MgAtrl (A), or the
control plasmid pYes2 (B) were diluted to an
optical density at 600 nm of 0.5 and spotted. The

0.025
concentrations of compounds in the agar are
indicated in pg ml™.
Cycloheximide Rhodamine 6G

After A. tumefaciens-mediated transformation of both strain 1323C1 and strain M1C4, two
disruptants containing a single copy of the transforming DNA were isolated and characterised
with respect to MgAtrl expression, their azole susceptibility, and levels of cyproconazole
accumulation. Northern analysis demonstrated that disruption of MgAtrl resulted in
disappearance of full-length MgAtrI mRNA (Figure 4). The levels of accumulation of
['*C]cyproconazole by the MgA#r] disruptants of both 1323C1 and M1C4 compared to those
for their respective parent strains were similar (data not shown). The MgAtrl disruptants
derived from I[323C1 had wild-type (strain I323) susceptibility to cyproconazole and
rhodamine 6G. Moreover, they became hypersensitive to cycloheximide (Figure 5A),
demonstrating a role for MgAtrl in protection against these compounds in [323C1. In contrast,
the MgAtrl disruptants derived from M1C4 remained less susceptible to these compounds

(Figure 5B).

Figure 4. Expression of MgAtrl in Mycosphaerella
graminicola wild-type strains (strains 1323 and M1),
laboratory-generated strains (strains 1323C1 and
MI1C4) and independent transformants of 1323Cl
and MIC4 with a disrupted MgAtrl allele
(I1323C1A-1, 1323C1A-2, M1C4A-1 and M1C4A-2).

1323

M1

1323C1
M1C4
1323C1D-1
M1C4D-1
1323C1D-2
M1C4D-2
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Figure 5. Susceptibility of Mycosphaerella graminicola wild-type strains, laboratory-generated azole-resistant
strains, and MgAtrl knockout mutants of laboratory-generated azole-resistant strains to cyproconazole,
cycloheximide, and rhodamine 6G. (A): wild-type isolate 1323 (quadrant 1), laboratory-generated strain 1323C1
(quadrant 2), and two independent transformants of 1323C1 with the disrupted MgAtr1 allele (quadrants 3 and 4);
(B): wild-type isolated M1 (quadrant 1), laboratory-generated strain M1C4 (quadrant 2), and two independent
transformants of M1C4 with the disrupted MgAerl allele (quadrants 3 and 4). The concentration of
cyproconazole (I), cycloheximide (II), and rhodamine 6G (III) used is indicated in pg ml”.

DISCUSSION

Laboratory-generated strains of M. graminicola with a decreased susceptibility to the azole
antifungal agent cyproconazole were selected at a rate of around 10, This frequency is not
unique for M. graminicola, since similar frequencies have been observed for other
filamentous fungi, e.g. Aspergillus nidulans and Nectria haematococca. Genetical analysis of
azole-resistant strains of these organisms identified a polygenic system for azole resistance
(Kalamarakis et al., 1991; Van Tuyl, 1977). Recently, in Candida glabrata the development
of so-called high-frequency azole resistance (HFAR), which occurred at frequencies
comparable to those in M. graminicola, was described (Sanglard et al., 2001). We propose
that the decreased susceptibility of the laboratory-generated strains can be regarded as
microbial resistance (Sanglard and Odds, 2002)

The susceptibility of the laboratory-generated strains is still within the range observed in
field populations of M. graminicola (Gisi et al., 1997). This suggests that the mechanisms

underlying the microbial resistance to azoles in laboratory strains can also occur in natural
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populations of the pathogen and, thus, contribute to the natural variation in baseline
susceptibility.

Most strains of M. graminicola with decreased azole susceptibility exhibited cross-
resistance to the chemically unrelated compounds cycloheximide and rhodamine 6G. Such an
MDR phenotype in strains with decreased azole susceptibility has been described for the
yeasts Candida albicans (Sanglard et al., 1995), C. glabrata (Sanglard et al., 2001), and S.
cerevisiae (Balzi et al., 1994) and the filamentous fungi A. nidulans (Del Sorbo et al., 1997),
Botrytis cinerea (Hayashi et al., 2001), Penicillium digitatum (Nakaune et al., 1998), and P.
italicum (Guan et al., 1992). Most laboratory strains of M. graminicola with an MDR
phenotype exhibited decreased levels of accumulation of cyproconazole. This observation
suggests that the MDR is associated with energy-dependent transport of drugs that results in a
decreased cellular content of toxicants (De Waard, 1997; Del Sorbo et al., 2000). However,
the level of accumulation of ['*C]cyproconazole by strain M1C4 was higher than the level of
accumulation by the wild-type and increased over time. This indicates that multiple
mechanisms contribute to the variation in azole susceptibility in M. graminicola. The
increased level of accumulation by M1C4 may be caused by cell wall changes that lead to an
increased nonspecific binding of the compound to cell wall components. The relatively low
increase in the level of accumulation of [14C]cyproconazole in M1C4 after addition of the
uncoupler CCCP might offer support for this mechanism. Increased levels of accumulation of
azoles have also been described for triadimenol-resistant laboratory-strains of Ustilago maydis
(Wellmann and Schauz, 1993). An alternative mechanism for the increased level of
accumulation of cyproconazole by strain M1C4 might be active sequestration of the fungicide
in vacuoles. This protection mechanism is well described in plants, in which sequestering of
endotoxins, heavy metals, and natural pigments occurs through a specific subclass of ABC
transporters (Rea, 1999). In line with this explanation is the increase in the level of
[14C]cyproc0nazole accumulation in M1C4 over time.

Differences in levels of drug accumulation can be mediated by changes in ABC transporter
activity due to overexpression of ABC transporter genes. Therefore, the levels of expression
of all ABC transporter genes cloned so far from M. graminicola (MgAtri-MgAtr5) were
analysed in all strains. Northern analysis indicated that the moderate changes in susceptibility
to azoles are associated with profound changes in the levels of expression of the ABC

transporter genes, suggesting that the regulation of the genes examined in the laboratory-
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generated strains is quite different from that in the parent strains. However, it is not possible
to associate the level of expression of a specific ABC transporter gene with the observed
phenotype. This indicates that multiple transporters may be involved in azole susceptibility or
that the transporter of prime importance for azole transport in M. graminicola is not yet
identified.

We have studied the ABC transporter gene MgAtrl in more detail since this gene was
overexpressed in strains 1323C1 and M1C4, which displayed decreased and increased levels
of accumulation of cyproconazole, respectively. Complementation of a S. cerevisiae mutant
with MgAtrl resulted in a decrease in susceptibility of the yeast transformants to
cyproconazole and cycloheximide.  Disruption of MgAdsl in 1323C1 restored the
susceptibility to cyproconazole and rhodamine 6G to wild-type levels and even resulted in
hyper-susceptibility to cycloheximide. Therefore, all three compounds are potential substrates
of MgAtrl in M. graminicola.

Disruption of MgAtrl in [1323C1 did not cause the level of accumulation of cyproconazole
to revert to the level found for the wild-type strain. Thus, our data prove that MgAtrl can
provide protection against azole antifungals in S. cerevisiae and M. graminicola, but also
show that the overall level of accumulation is not affected by the disruption of MgAtrl in
strain 1323C1. These seemingly conflicting results are hard to explain but suggest that in
I323C1 decreased influx and not increased efflux by MgAtrl causes the reduced
accumulation. Apparently, MgAtrl can only act as a determinant of azole susceptibility when
overexpressed and when azole influx is impaired. These results also imply that the overall
level of accumulation of cyproconazole by laboratory strains of M. graminicola is probably
not an indicator of either azole susceptibility or the exclusive involvement of ABC
transporters. This contrasts with the situation in A. nidulans and B. cinerea (Andrade et al.,
2000; Stehmann and De Waard, 1995; Vermeulen et al., 2001) and emphasises the complexity
of mechanisms that contribute to azole accumulation in M. graminicola.

As MgAtrl is not upregulated in all selected laboratory strains selected and as disruption of
MgAtrl in M1C4 did not alter the phenotype it is clear that besides overproduction of MgAtrl
other mechanisms act as determinants involved in the MDR phenotype. Disruption of other
ABC transporter genes in the laboratory strains should indicate if additional ABC transporters

are involved. This is well possible, since ABC transporters are members of a large protein
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superfamily and are known to possess overlapping substrate specificities (Decottignies and
Goffeau, 1997; Kolaczkowski et al., 1998).

Sequencing of CYPS51 from M. graminicola strains 1323C1 and M1C4 did not show any of
the point mutations reported to confer resistance to azole antifungal agents in C. albicans
(Gisi et al., 2000; Sanglard et al., 1998). This indicates that at least in these strains, mutations
in the CYP51 gene are not involved in decreased susceptibility to cyproconazole. However,
overexpression of CYP51, as observed in strain [323E1, could contribute to decreased
susceptibility (Hamamoto et al., 2000; Van den Brink et al., 1996).

In summary the data described suggest that in laboratory strains of M. graminicola,
multiple mechanisms contribute to the variation in azole susceptibility. One mechanism
involves the upregulation of MgAtrl and possibly more ABC transporter genes, which lead to
an increased efflux of antifungal agents. Other mechanisms may involve changes in cell wall
composition or sequestration of the antifungal agent in cellular compartments, resulting in
increased levels of accumulation. Finally, reduced levels of passive influx may play a role.
Multiple mechanisms probably operate in individual strains. Multiple mechanisms of azole
resistance also function in C. albicans and P. digitatum (Hamamoto et al., 2001; Kohli et al.,
2002; Perea et al, 2001). This situation complicates investigations on mechanisms of
resistance mechanisms to azoles in M. graminicola. At present, we are examining whether
multiple mechanisms also account for the variation in azole susceptibility in field populations

of M. graminicola.

ACKNOWLEDGEMENTS

The authors acknowledge Dr G.H.J. Kema and Dr C. Waalwijk (Plant Research International, Wageningen, The
Netherlands) for discussions within the Wageningen Mycosphaerella group, Prof. Dr P.J.G.M. De Wit (WUR)
and Dr D. Sanglard (University Hospital Lausanne, Switzerland) for critical reading of the manuscript. M.
Collina, and J. Zilverentant are acknowledged for technical assistance. L-H. Zwiers was financially supported by
Syngenta, Switzerland, and 1. Stergiopoulos by the Training and Mobility of Researchers (TMR) Programme —
Marie Curie Research Grants, The European Commission (Contract No. ERBFMBICT983558).

126



Azole susceptibility in laboratory mutants

REFERENCES

Andrade AC, Del Sorbo G, Van Nistelrooy JGM
and De Waard MA (2000) The ABC transporter
AtrB  from Aspergillus nidulans mediates
resistance to all major classes of fungicides and
some natural toxic compounds. Microbiol UK
146: 1987-1997

Andrade AC, Van Nistelrooy JGM, Peery RB,
Skatrud PL and De Waard MA (2000) The role
of ABC transporters from Aspergillus nidulans in
protection against cytotoxic agents and in
antibiotic production. Mol Gen Genet 263: 966-
977

Balzi E, Wang M, Leterme S, VanDyck L and
Goffeau A (1994) PDRS, a novel yeast multidrug
resistance conferring transporter controlled by the
transcription regulator PDR1. J Biol Chem 269:
2206-2214

Balzi E and Goffeau A (1995) Yeast multidrug
resistance: the PDR network. J Bioenerg
Biomembr 27: 71-76

De Waard MA (1997) Significance of ABC
transporters in fungicide sensitivity and resistance.
Pestic Sci 51: 271-275

De Waard MA and Van Nistelrooy JGM (1990)
Stepwise development of laboratory resistance to
DMI-fungicides in Penicillium italicum. Neth J
Plant Pathol 96: 321-329

Decottignies A and Goffeau A (1997) Complete
inventory of the yeast ABC proteins. Nat Genet
15: 137-145

Decottignies A, Grant AM, Nichols JW, De Wet
H, McIntosh DB and Goffeau A (1998) ATPase
and multidrug transport activities of the
overexpressed yeast ABC protein Yorlp. J Biol
Chem 273: 12612-12622

Del Sorbo G, Andrade AC, Van Nistelrooy JGM,
Van Kan JA, Balzi E and De Waard MA
(1997) Multidrug resistance in Aspergillus
nidulans involves novel ATP-binding cassette
transporters. Mol Gen Genet 254: 417-426

Del Sorbo G, Schoonbeek H and De Waard MA
(2000) Fungal transporters involved in efflux of
natural toxic compounds and fungicides. Fungal
Genet Biol 30: 1-15

Eyal Z, Scharen AL, Prescott JM and van
Ginkel M (1987) The Septoria diseases of wheat:
Concepts and methods of disease managment
CIMMYT, Mexico, pp. 51

Gisi U, Hermann D, Ohl L and Steden C (1997)
Sensitivity profiles of  Mycosphaerella
graminicola  and  Phytophthora  infestans
populations to different classes of fungicides.
Pestic Sci 51: 290-298

Gisi U, Chin KM, Knapova G, Farber RK,
Mohr U, Parisi S, Sierotzki H and Steinfeld U
(2000) Recent developments in elucidating modes
of resistance to phenylamide, DMI and strobilurin
fungicides. Crop Prot 19: 863-872

Guan J, Kapteyn JC, Kerkenaar A and De
Waard MA (1992) Characterisation of energy-
dependent efflux of imazalil and fenarimol in
isolates of Penicillium italicum with a low,
medium and high degree of resistance to DMI-
fungicides. Neth J Plant Pathol 98: 313-324

Hamamoto H, Hasegawa K, Nakaune R, Lee YJ,
Makizumi Y, Akutsu K and Hibi T (2000)
Tandem repeat of a transcriptional enhancer
upstream of the sterol 14alpha-demethylase gene
(CYPS51) in Penicillium digitatum. Appl Environ
Microbiol 66: 3421 - 3426

Hamamoto H, Nawata O, Hasegawa K, Nakaune
R, Lee YJ, Makizumi K and Hibi T (2001) The
role of the ABC transporter gene PMRI in
demethylation inhibitor resistance in Penicillium
digitatum. Pestic Biochem Physiol 70: 19-26

Hayashi K, Schoonbeek H, Sugiura H and De
Waard MA (2001) Multidrug Resistance in
Botrytis  cinerea associated with decreased
accumulation of the azole fungicide oxpoconazole
and increased transcription of the ABC transporter
gene BcatrD. Pestic Biochem Physiol 70: 168-
179

Hollomon DW (1993) Resistance to azole
fungicides in the field. Biochem Soc T 21: 1047-
1051

Joseph-Horne T, Manning NJ, Hollomon D and
Kelly SL (1995a) Defective sterol

D5(6)desaturase as a cause of azole resistance in
Ustilago maydis. FEMS Microbiol Lett 374: 1-2
Joseph-Horne T, Hollomon D, Loeffler RST and
Kelly SL (1995b) Altered P450 activity
associated with direct selection for fungal azole
resistance. FEBS Lett 374: 174-178

Juliano RL and Ling V (1976) A surface
glycoprotein modulating drug permeability in
Chinese hamster ovary cell mutants. Biochim
Biophys Acta 455: 152-162

Kalamarakis AE, De Waard MA, Ziogas BN and
Georgopoulos SG (1991) Resistance to fenarimol
in Nectria haematococca var. cucurbitae. Pestic
Biochem Physiol 40: 212-220

Kema GHJ and Van Silfhout CH (1997) Genetic
variation for virulence and resistance in the wheat-
Mycosphaerella graminicola pathosystem. III.
Comparative  seedling and adult plant
experiments. Phytopathology 87: 266-272

127



Chapter 6

Kohli A, Smriti NFN, Mukhopadhyay K, Rattan
A and Prasad R (2002) In vitro low-level
resistance to azoles in Candida albicans 1is
associated with changes in membrane lipid
fluidity and asymmetry. Antimicrob Agents
Chemother 46: 1046-1052

Kolaczkowski M, Kolaczkowska A, Luczynski J,
Witek S and Goffeau A (1998) In vivo
characterization of the drug resistance profile of
the major ABC transporters and other components
of the yeast pleiotropic drug resistance network.
Microb Drug Resist 4: 143-158

Melchers WJ, Verweij PE, Van den Hurk P,
Van Belkum A, De Pauw BE, Hoogkamp
Korstanje JA and Meis JF (1994) General
primer-mediated PCR for detection of Aspergillus
species. J Clin Microbiol 32: 1710-1717

Nakaune R, Adachi K, Nawata O, Tomiyama M,
Akutsu K and Hibi T (1998) A novel ATP-
binding cassette transporter involved in multidrug
resistance in the phytopathogenic fungus
Penicillium digitatum. Appl Environ Microbiol
64: 3983-3988

Perea S, Lopez-Ribot JL, Kirkpatrick WR,
McAtee RK, Santillan RA, Martinez M,
Calabrese D, Sanglard D and Patterson TF
(2001) Prevalence of molecular mechanisms of
resistance to azole antifungal agents in Candida
albicans strains displaying high-level fluconazole
resistance isolated from human immunodeficiency
virus-infected  patients.  Antimicrob  Agents
Chemother 45: 2676-2684

Raeder U and Broda P (1985) Rapid preparation
of DNA from filamentous fungi. Lett Appl
Microbiol 1: 17-20

Rea PA (1999) MRP subfamily ABC transporters
from plants and yeast. J Exp Bot 50: 895-913

Sanglard D, Kuchler K, Ischer F, Pagani JL,
Monod M and Bille J (1995) Mechanisms of
resistance to azole antifungal agents in Candida
albicans isolates from AIDS patients involve
specific multidrug transporters.  Antimicrob
Agents Chemother 39: 2378-2386

Sanglard D, Ischer F, Koymans L and Bille J
(1998) Amino acid substitutions in the
cytochrome P-450 lanosterol  14alpha -
demethylase (CYP51Al1) from azole-resistant
Candida albicans clinical isolates contribute to
resistance to azole antifungal agents. Antimicrob
Agents Chemother 42: 241-253

128

Sanglard D, Ischer F and Bille J (2001) Role of
ATP-binding-cassette transporter genes in High-
Frequency Acquisition of Resistance to azole
antifungals in Candida glabrata. Antimicrob
Agents Chemother 45: 1174-1183

Sanglard D and Odds FC (2002) Resistance of
Candida species to antifungal agents: molecular
mechanisms and clinical consequences. Lancet
Infect Dis 2: 73-85

Stehmann C and De Waard MA (1995)
Accumulation of tebuconazole by isolates of
Botrytis cinerea differing in sensitivity to sterol
demethylation inhibiting fungicides. Pestic Sci 45:
311-318

Stergiopoulos I, Gielkens MMC, Goodall SD,
Venema K and De Waard MA (2002)
Molecular cloning and characterisation of three
new ABC transporter encoding genes from the
wheat pathogen Mycosphaerella graminicola.
Gene 289: 141-149

Van den Brink HJ, Van Nistelrooy JGM, De
Waard MA, Van den Hondel CA and Van
Gorcom RF (1996) Increased resistance to 14
alpha-demethylase inhibitors (DMIs) in
Aspergillus niger by coexpression of the
Penicillium  italicum  eburicol 14  alpha-
demethylase (cyp51) and the A. niger cytochrome
P450 reductase (cprA) genes. J Biotechnol 49:
13-8

Van Tuyl JM (1977) Genetics of fungal resistance
to systemic fungicides. Meded Landbouwhogesch
Wageningen, The Netherlands

Vermeulen T, Schoonbeek H and De Waard MA
(2001) The ABC transporter BeatrB from Botrytis
cinerea is a determinant of the phenylpyrrole
fungicide fludioxonil. Pest Manag Sci 57: 393-
402

Wellmann H and Schauz K (1993) DMI-
resistance in Ustilago maydis: 11. Effect of
triadimefon on regenerating protoplasts and
analysis of fungicide uptake. Pestic Biochem
Physiol 46: 55-64

Zwiers L-H and De Waard MA (2000)
Characterization of the ABC transporter genes
MgAtrl and MgAtr2 from the wheat pathogen
Mycosphaerella graminicola. Fung Genet Biol
30: 115-125

Zwiers L-H and De Waard MA (2001) Efficient
Agrobacterium tumefaciens-mediated  gene
disruption in the phytopathogen Mycosphaerella
graminicola. Curr Genet 39: 388-393



Azole sensitivity in field isolates

CHAPTER 7
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ABSTRACT

Molecular mechanisms that account for variation in base-line sensitivity to azole
fungicides were examined in a collection of twenty field isolates collected in France and
Germany, of the wheat pathogen Mpycosphaerella graminicola. The isolates tested
represent the wide base-line sensitivity to the azole fungicide tebuconazole described
previously. The isolates were cross-sensitive to other azoles tested, such as cyproconazole
and ketoconazole but not to unrelated chemicals like cycloheximide, kresoxim-methyl, or
rhodamine 6G. Progenies from a genetic cross between an isolate with an intermediate
and a high sensitivity to azoles displayed a continuous range of phenotypes with respect
to cyproconazole sensitivity, indicating that variation in azole sensitivity in this haploid
organism is polygenic. The basal level of expression of the ATP-binding cassette
transporter genes MgAtrI-MgAtr5 from M. graminicola significantly varied amongst the
isolates tested, but no clear increase in the transcript level of a particular MgA#r gene
was found in the less sensitive isolates. Cyproconazole strongly induced expression of
MgAtr4 but no correlation between expression levels of this gene and azole sensitivity
was observed. One isolate with intermediate sensitivity to azoles overexpressed CYP51,
encoding cytochrome P450 sterol 140-demethylase from M. graminicola. Isolates with a
low or high sensitivity to azoles were tested for accumulation of cyproconazole, but no
clear correlation between reduced accumulation of the fungicide in mycelium and
sensitivity to azoles was observed. Therefore, differences in accumulation can not
exclusively account for the variation in base-line sensitivity of the isolates to azoles. The
results indicate that multiple mechanisms account for differences in base-line sensitivity

to azoles in field isolates of M. graminicola.

Keywords: ATP-binding cassette (ABC) transporters; azoles; base-line sensitivity; CYPS51; sterol demethylation

inhibitors (DMlIs); fungicide resistance; Septoria tritici
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INTRODUCTION

Azoles represent a major class of fungicides that has been extensively used over the past three
decades in the control of fungal pathogens of medical and agricultural importance. They are
systemic fungicides with both protective and curative activity in disease control (Kuck and
Scheinpflug, 1986). Their mode of action is based on inhibition of cytochrome P450 sterol
l4a-demethylase (P45014pm) activity, a key enzyme involved in the biosynthesis of ergosterol
in fungi. For this reason azole fungicides are also described as sterol demethylation inhibitors

(DMIs) (Sisler and Ragsdale, 1984),

Because of their site-specific mode of action, the risk of resistance development to DMIs is
significant. However, laboratory-generated azole-resistant mutants often display reduced
fitness with respect to spore germination, mycelial growth, and virulence and their levels of
resistance are low. For these reasons, resistance development under field-conditions was
considered unlikely (De Waard and Fuchs, 1982; Fuchs and De Waard, 1982; Dekker, 1981).
Nevertheless, DMI resistance emerged in several pathogen populations, although relatively
slowly as compared to other classes of fungicides (De Waard, 1994). One of the first cases of
field resistance was reported for Sphaerotheca fuliginea, the causal agent of cucumber
powdery mildew (Schepers, 1985). Since then, DMI resistance is also reported in other fungal
pathogens, such as Penicillium digitatum (Eckert, 1987), Erysiphe graminis f. sp. hordei
(Heaney, 1988), Venturia inaequalis (Hildebrand et al., 1988), and Rhynchosporium secalis
(Kendall et al., 1993).

Analysis of azole resistance in fungi revealed that different molecular mechanisms may
operate in resistant isolates. In Candida albicans, several alterations in CYP51 (also described
as ERG11), that encodes P450,4pMm, have been identified. These include point mutations in the
coding region of CYP51 that result in reduced affinity of azoles for the target enzyme
(Marichal et al., 1999) or overexpression of this gene that results in higher intracellular levels
of P450,4pm (Vanden Bossche ef al., 1994; White, 1997; Franz et al., 1998; Kontoyiannis et
al.,, 1999; Perea et al., 2001). Similar alterations in CYP5/ have been reported in fungal
pathogens of agricultural importance. Point mutations in CYP5/ associated with decreased
azole sensitivity have been described in laboratory-generated mutants of Ustilago maydis
(Joseph-Horne et al., 1995) and P. digitatum (Van Nistelrooy et al., 1996), and in field
isolates of Uncinula necator (Délye et al., 1997) and E. graminis f. sp. hordei (Délye et al.,
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1998). Resistance to azoles in P. digitatum and V. inaequalis positively correlates with
increased expression of CYP51, caused by the presence of tandem repeats in the promoter

region of this gene (Hamamoto et al., 2000; Schnabel and Jones, 2001).

Reduced accumulation of azoles in cells as a result of active efflux mechanisms constitutes
another well-characterised mechanism of resistance. Early reports indicated that fenarimol-
resistant strains of 4. nidulans accumulate less fungicide compared to the wild-type control
(De Waard and Van Nistelrooy, 1979; De Waard and Van Nistelrooy, 1980). The reduced
accumulation is ascribed to an increased energy-dependent efflux of the compounds from
cells, mediated by ATP-binding cassette (ABC) transporters (Del Sorbo ef al., 1997; Andrade
et al., 2000). ABC transporters comprise one of the best-characterised protein families
associated with active excretion of drugs. They utilise the energy derived from hydrolysis of
ATP to drive the transport of a wide variety of cytotoxic agents over biological membranes
(Higgins, 1992). In particular, ABC transporters of filamentous fungi are known to exhibit an
important function in protection against synthetic toxic compounds such as antibiotics,
fungicides, and other xenobiotics (Stergiopoulos et al., 2002b). Overproduction of ABC
transporters can result in pleiotropic effects such as simultaneous resistance to structurally
unrelated compounds, a phenomenon described as multidrug resistance (MDR) (Gottesman

and Pastan, 1993).

Despite the extensive knowledge on molecular mechanisms of azole resistance in
laboratory-generated mutants, the relevance and frequency of such mechanisms in field
populations of fungal pathogens is still unclear. In P. digitatum increased expression levels of
ABC transporters genes such as PMRI and PMRS5 as well as increased expression of CYP51
were detected in DMI-resistant isolates (Hamamoto et al., 2000). In this paper we studied
mechanisms that could potentially explain the wide variation in base-line sensitivity to azoles
in field isolates of the fungus Mycosphaerella graminicola (Fuckel) J. Schroeter in Cohn
(anamorph: Septoria tritici Roborge in Desmaz.), the causal agent of septoria tritici blotch of
wheat. The economic importance of this disease has dramatically increased over the past few
decades and control management of this pathogen has widely involved the use of azole
fungicides. In laboratory-generated azole-resistant mutants of M. graminicola, different
mechanisms of resistance to azoles may operate amongst others, overexpression of specific
ABC transporter genes (Zwiers et al., 2002). Resistance development in M. graminicola to

azole fungicides under field conditions has not been reported (Gisi et al., 1997). However,
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field populations of M. graminicola consist of isolates with a broad range in sensitivity levels

to these fungicides (Gisi and Hermann, 1994; Suty and Kuck, 1996).

Here we studied twenty field isolates of M. graminicola sampled in France and Germany
that possess a significant difference in base-line sensitivity to the azole fungicide
tebuconazole. Analysis of the progeny of a genetic cross between two isolates with a 100-fold
difference in sensitivity to cyproconazole, indicated that azole sensitivity in this fungus is
polygenic. Expression studies of ABC transporter genes and CYP5] showed that isolates
display large differences in basal level of expression of these genes. Accumulation of
cyproconazole did not correlate with azole sensitivity. The results indicate that multiple
mechanisms may operate in field isolates of M. graminicola that determine base-line

sensitivity to azole fungicides.

MATERIALS AND METHODS

Fungal strains

Eleven field isolates of M. graminicola originating from France and nine field isolates derived from Germany
(Table 1) were kindly provided by Dr J.M. Seng (Biotransfer, Montreuil Cedex, France) and Dr A. Suty (Bayer
AG, Landwirtschaftszentrum Monheim, Leverkusen, Germany), respectively. The isolates were sampled from
wheat fields treated with tebuconazole and selected for differential sensitivity to this fungicide. Single spore
isolates were prepared from bulk samples and used throughout the whole study. A genetic cross between isolates
M1 and M3 was made according to Kema et al., (1996) and 40 progeny isolates (M1M3 1 - M1M3 40) were

obtained. Stock-cultures of the isolates were kept as yeast-like cells at —80°C.

Culture conditions

Yeast-like cells of the isolates were grown in liquid Yeast Sucrose Medium (YSM, 10 g I yeast extract, 10 g I
sucrose) at 18°C and 140 rpm. Mycelium was grown in liquid Czapek Dox-Mycological Peptone medium (CzD-
MP,334¢ I"" Czapek Dox, 5 g I'' mycological peptone) at 25°C and 140 rpm. Toxicity assays were performed in
Potato Dextrose Broth (PDB, 24 g 1) at 25°C.

Compounds
The chemicals used in this study were the azole fungicides cyproconazole (Syngenta, Basel, Switzerland),
ketoconazole (Janssen Research Foundation, Beerse, Belgium), and tebuconazole (Bayer AG,

Landwirtschaftszentrum Monheim, Leverkusen, Germany), the antibiotic cycloheximide (Sigma-Aldrich Chemie
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BV, Zwijndrecht, The Netherlands), the Qol-inhibitor (Qol) kresoxim-methyl (BASF AG, Limburgerhof,
Germany), and the dye rhodamine 6G (Sigma-Aldrich Chemie BV, Zwijndrecht, The Netherlands). All
compounds were of technical grade and used as 100x concentrated stock solutions of 1000, 562, 316, 178, 100,

56.2,31.6, 17.8, 10, 5.62, 3.16, 1.78, 1, 0.562, 0.316, 0.178 and 0.1 mg I"" in methanol.

Fungicide activity test

Sensitivity of isolates to compounds was assessed in a microtitre plate test, adapted from Pijls et al., (1994). Cell
suspensions (10° ml") of the isolates were prepared in PDB from three-day-old cultures. Wells of sterile flat-
bottomed microtitre plates (Greiner BV, Alphen aan de Rijn, The Netherlands) were filled with cell suspension
(50 ul) and mixed with PDB (150 pl) amended with fungicides at different concentrations. PDB with methanol
(1%) was used as a control. All treatments were tested in four-fold per microtitre plate and tests were repeated at
least once. Plates were sealed to prevent evaporation from wells and incubated for five days as still cultures at
25°C in the presence of light. Growth was assessed with a microtitre plate reader (Bio-Tek Instruments Inc.
Vermont, U.S.A.) by measuring cell density at 630 nm. Sensitivity of the isolates to the compounds was
expressed as Minimum Inhibitory Concentration (MIC) values. These values are the lowest concentration of
compounds in the scale used that does not allow growth. The variation factor of isolates for sensitivity to

compounds is defined as the ratio between the MIC value of the most and least sensitive isolate.

Expression analysis

RNA isolation and northern blot analysis.

YSM or CzD-MP (20 ml) was inoculated with yeast-like cells derived from stock cultures of the isolates tested.
After three days of culturing at 18 or 25°C and 140 rpm, the optical density of the cultures was determined at 600
nm (ODggo) and new cultures (20 ml) with a starting density of ODgo 0.1 were initiated. Three days later, the
ODygqg of these cultures was adjusted to 0.5 in fresh medium (20 ml) and the cultures were incubated again
overnight under similar conditions as described above. Cyproconazole treatments (10 mg 1", 0.1% methanol)
were performed at 140 rpm for 1 h. Yeast-like cells or mycelium were grown in YSM at 18°C or CzD-MP at
25°C, respectively. Control treatments were performed with methanol (0.1%). Fungal biomass was harvested by
centrifugation at 10.000 rpm and 0°C for 10 min, and instantly frozen in liquid nitrogen.

RNA was isolated from frozen biomass with the TRIzol® reagent (Life Technologies Inc. Maryland, U.S.A.)
according to the manufacturer’s instructions. RNA (10 pug, 4.5 pl) was denatured in a solution of 6 M glyoxal
(4.5 pul), 0.1 M sodium phosphate (3.0 pl), and dimethyl sulfoxide (13.3 pl) at 50°C for 1 h and subjected to
electrophoresis on 1.6% agarose gel in 10 mM sodium phosphate buffer, pH 7.0. Blotting was carried out on
Hybond-N" membranes (Amersham Pharmacia Biotech, Little Chalfont Buckinghamshire, U.K.) by capillary
transfer with 10x SSC solution. Homologous hybridisations were performed overnight at 65°C in Nasmyth’s
solution buffer (18.5% dextran sulphate, 1.85% sarcosyl, 0.011 M EDTA, 0.3 M Na,HPO, 1.1 M NaCl, pH 6.2).
This solution (5.4 ml) was mixed with distilled water (4.6 ml) just before use to obtain the hybridisation buffer
(10 ml), while sheared herring sperm DNA (100 pg ml™") was included as blocking agent. Blots were washed
twice in 2x SSC, 0.1x SDS and twice in 0.1x SSC, 0.1x SDS at 65°C for 15 min.
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Probes.
Gene-specific probes of the ABC transporter genes MgAtrl (Acc. AJ243112), MgAtr2 (Acc. AJ243113), MgAtr3
(Acc. AF364105), MgAtr4 (Acc. AF329852), and MgAtr5 (Acc. AF364104) used in northern blot analysis
represented a 0.84 kb EcoRI fragment of MgAtrl, a 0.75 kb Sall fragment of MgAtr2, a 0.85 kb Sall fragment of
MgAtr3, an 1.14 kb BamHI/Pst] fragment of MgAtr4, and a 0.6 kb EcoRI fragment of MgAtr5. A 0.65 kb DNA
fragment of CYP51 (Acc. AF263470), encoding P450,4pm of M. graminicola, was obtained by PCR using
genomic DNA from isolate [IPO323 (Kema and Van Silfhout, 1997) as template. Primers used for amplification
were CYPinternal4 (5-CAGCACTCTTCATCTGCGAC-3") and CYP3’anchor (5'-
TCCCTCCTCTCCCACTTTAC-3"). PCR conditions consisted of 30 cycles of 1 min denaturation at 94°C, 1 min
of annealing at 58°C, and 1 min of extension at 72°C with an additional extension step of 10 min at 72°C at the
end of the reaction. Equal loading of samples on blots was examined with a 0.6 kb EcoRI fragment of the /8S
rRNA gene from Aspergillus niger.

Randomly primed DNA isotopic probes were prepared by enzymatic incorporation of [a**P]-dATP. In each
labelling reaction, 50 ng of a probe template was used. Probes were purified using the QIAquick Nucleotide

Removal kit (QIAGEN, Westburg BV, Leusden, The Netherlands) before adding to the hybridisation solution.

Accumulation of ['*C]cyproconazole

Three-day-old mycelial cultures were harvested by filtering through a 0.85 mm pore sieve and by collection of
the mycelium on a 0.055 mm pore sieve, washed with 50 mM phosphate buffer pH 6.0, and re-suspended in the
same buffer at a net wet weight of 6 mg 1"'. Cultures were incubated at 25°C and 140 rpm for 30 min before
addition of ["*C]cyproconazole, at an initial external concentration of 100 UM. Mycelium from cultures (5 ml)
was collected by vacuum filtration at intervals of 5, 15, 25, 35, 45, 55, 95, and 105 min after addition of
["“Cleyproconazole, washed (5x) with phosphate buffer, pH 6.0 (5 ml) and stored in vials containing
LUMASAFE™ PLUS (3 ml) (Groningen, The Netherlands). Energy-dependency of cyproconazole accumulation
was examined by addition of carbonyl-cyanide m-chlorophenylhydrazone (CCCP, 20 uM), 55 min after addition
of ["CJcyproconazole. Radioactivity in the samples was measured with a Beckman LS6000TA liquid
scintillation counter (Beckman Instruments Inc., Fullerton, U.S.A.). Accumulation of [*C]cyproconazole was

calculated as nmol of cyproconazole per mg dry weight of biomass.

Statistical analysis

Statistical analysis of the results was performed using SPSS for Windows release 10.0.5 (SPSS Inc. Chicago,
Ilinois, U.S.A.) and Microcal™Origin™ version 5.0 (Microcal Software Inc., Northampton, U.S.A.) statistical
software. Linear association between sensitivity to different compounds or between sensitivity to azoles and
accumulation of ["*C]cyproconazole was examined using the Pearson’s correlation coefficient. Statistical
significant differences between mean values of ["CJeyproconazole accumulation were tested using the Student-

Newman-Keuls (S-N-K) analysis at a significance level of 0.05 using 11 degrees of freedom.
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RESULTS

Sensitivity assays

The sensitivity of the field isolates to the azole fungicides cyproconazole, ketoconazole, and
tebuconazole varied significantly (Table 1). Mean MIC values of cyproconazole,
ketoconazole, and tebuconazole were 44.8, 15.5, and 24.3 mg I"', respectively, indicating that
ketoconazole was the most active azole tested (Table 2). MIC values of tebuconazole ranged
between 0.316 and 56.2 mg I indicating that the variation factor (defined as the ration
between the MIC value of the most and least sensitive isolate) amounted 178. MIC values for
cyproconazole and ketoconazole ranged between 0.0562 and 100 mg 1" resulting in a
variation factor of 1779. Box-and-Whiskers plots showed that the variation in MIC values of
the isolates inside the boxes (50% of population) was lower for tebuconazole than for

cyproconazole and ketoconazole (Figure 1).
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Mean MIC values for the non-azole compounds cycloheximide, kresoxim-methyl, and
rhodamine 6G were 63.0, 0.87, and 2.57 mg I'', respectively (Table 2). The data indicate that
the Qol-inhibitor kresoxim-methyl was the most active compound of all chemicals tested.
Sensitivity of the isolates to cycloheximide, kresoxim-methyl, and rhodamine 6G, showed a
variation factor of 10, 56.2, and 5.62, respectively (Table 1). Hence, the variation in MIC
values observed for non-azole compounds was much smaller in comparison to the variation

observed for azoles.
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Table 1. Sensitivity of Mycosphaerella graminicola field isolates to the azole fungicides cyproconazole, ketoconazole, and tebuconazole, the antibiotic
cycloheximide, the Qol-inhibitor kresoxim-methyl, and the dye rhodamine 6G.

Minimum Inhibitory Concentrations (mg litre™)

Azole fungicides

Non-azole compounds

Isolates Year Origin :MW\WM\WO\OMHNNM% . :MQ%M%\HWM%N : :MMWUMJB%HN%N : O%O_OMMQEE@ Wammox_ﬁﬂ.gmgﬁ Wroaﬂcmﬂco 6G
M1 1993 France 0.1 0.178 1.78 100 3.16 3.16
M2 1993 France 1 10 17.8 5.62 0.1 3.16
M3 1993 France 17.8 5.62 31.6 100 0.0562 1.78
M4 1995 France 100 100 17.8 100 1 1.78
M5 1994 France 56.2 0.562 31.6 56.2 0.178 3.16
Mo 1995 France 100 100 31.6 31.6 3.16 3.16
M7 1994 France 0.0562 0.1 0.316 56.2 0.562 1
M8 1995 France 0.178 0.1 0.562 56.2 3.16 3.16
M9 1995 France 56.2 10 17.8 56.2 0.178 3.16
M10 1994 France 56.2 31.6 31.6 56.2 0.0562 3.16
Ml11 1995 France 10 0.562 17.8 56.2 0.562 3.16
S006 1996  Germany 1 0.0562 1.78 10 1 0.562
S009 1996  Germany 31.6 5.62 31.6 100 3.16 3.16
S030 1998  Germany 56.2 1.78 17.8 100 1 3.16
S042 1998  Germany 100 1 31.6 100 0.562 1.78
S043 1998  Germany 0.1 0.1 17.8 56.2 0.178 3.16
S054 1996  Germany 100 0.562 56.2 31.6 1 3.16
S175 1997  Germany 10 0.562 17.8 100 0.178 1.78
S176 1997  Germany 100 31.6 56.2 56.2 0.562 1.78
S190 1997  Germany 100 10 56.2 31.6 0.562 3.16

# Number of repetitions (n) for French (M) and German (S) isolates
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Table 2. Sensitivity of field isolates of Mycosphaerella graminicola to the azole fungicides cyproconazole,
ketoconazole, and tebuconazole, the antibiotic cycloheximide, the Qol-inhibitor kresoxim-methyl, and the dye
rhodamine 6G.

Minimum Inhibitory Concentrations (mg ") *

Compounds Minimum Maximum Mean Median
Cyproconazole 0.0562 100 44.83 44.25
Ketoconazole 0.0562 100 15.50 11.66
Tebuconazole 0.316 56.2 24.36 17.80
Cycloheximide 5.62 100 63.00 56.20
Kresoxim-methyl 0.0562 3.16 0.87 0.79
Rhodamine 6G 0.562 3.16 2.57 3.16

 Average of 20 isolates tested

Cross sensitivity

Sensitivity of the isolates to cyproconazole and tebuconazole (» = 0.82, P < 0.0001),
cyproconazole and ketoconazole (» = 0.71, P < 0.0001), and tebuconazole and ketoconazole (r
= 0.64, P < 0.003) correlated positively, indicating cross sensitivity to the azoles tested. In
contrast, no correlation was observed between sensitivity to azole fungicides and the non-
azole compounds tested (Table 3, Figure 2). Similar results were obtained when cross

sensitivity was examined for French and German isolates, separately (data not shown).

Table 3. Patterns of cross sensitivity of 20 field isolates of Mycosphaerella graminicola to the azole fungicides
cyproconazole, ketoconazole, and tebuconazole, the antibiotic cycloheximide, the Qol-inhibitor kresoxim-
methyl, and the dye rhodamine 6G.

Cyproco- Ketoco-  Tebuco-  Cyclohe- Kresoxim- Rhoda-

Compounds Correlation nazole nazole nazole ximide methyl mine 6G
Cyproconazole r’ 0.71 0.82 0.18 0.04 0.22
P’ <0.001  <0.001 0.45 0.87 0.35
Ketoconazole r 0.71 0.64 0.02 -0.03 0.29
P <0.0001 0.003 0.92 0.90 0.22
Tebuconazole r 0.82 0.64 0.07 -0.14 0.43
P <0.0001 0.003 0.77 0.55 0.06
Cycloheximide r 0.18 0.02 0.07 0.11 0.17
P 0.45 0.92 0.77 0.65 0.49
Kresoxim-methyl r 0.04 -0.03 -0.14 0.11 -0.05
P 0.87 0.90 0.55 0.65 0.85
Rhodamine 6G r 0.22 0.29 0.43 0.17 -0.05
P 0.35 0.22 0.06 0.49 0.85

 Pearson correlation coefficient;
® Significant correlation at p=0.05 level (in bold);

138



Azole sensitivity in field isolates

254
©
E
(]
©°
N
©
c
[o]
(&)
>
o)
2
[ 1 n
é 054 "
o 4 O—- r=282
S P < 0.0001
-15 T T T T T T T T 1
145 410 05 00 05 10 15 20 25
Log MICs cyproconazole (mg ")
25
~ 204 " =
(@)
£ 154 m wm
@
o
N
(0]
c
[o]
Q
8
Q
X
[/
Qo
=
o)
o
=

T T
10 15

05
Log MICs tebuconazole (mg ')

Log MICs kresoxim-methyl (mg ")

Log MICs ketoconazole (mg 1)

104

r=71
P <0.0001

| J ) T ) 1 1
05 00 05 10 15 20 25

Log MICs cyproconazole (mg ')

45 410

" r=0.04
AP =087

40 05 00 05 10 15
Log MICs cyproconazole (mg ')

45 20 25

Figure 2. Correlation between sensitivity of 20 field isolates of Mycosphaerella graminicola to the azole
fungicides cyproconazole, ketoconazole, and tebuconazole, and the Qol-inhibitor kresoxim-methyl.

Analysis of the progeny isolates

The sensitivity to cyproconazole of 40 progeny isolates obtained from a genetic cross between

isolates M1 (MIC: 0.1 mg 1) and M3 (MIC: 17.8 mg I'") was tested. MIC values of the

progeny isolates ranged between 0.316 and 17.8 mg 1", indicating a continuous distribution in

sensitivity to cyproconazole between the MIC values of the parents (Figure 3).

Figure 3. Sensitivity of 40 progeny isolates
of Mpycosphaerella graminicola obtained
from a cross between isolates M1 (MIC 0.1
mg ") and M3 (MIC 17.8 mg 1) to
cyproconazole. Median value is indicated as
a continuous black line and mean value as a
dashed line. Sensitivity of the parent isolates
M1 and M3 are indicated as dotted and dash-
dotted lines, respectively.
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Expression analysis

Expression of the ABC transporter genes MgAtri-MgAtr5 (Zwiers and De Waard, 2000;
Stergiopoulos et al., 2002a) was examined in yeast-like cells and mycelium of isolates with
high (M1, M7, M8, S043), medium (M3), and low (M4, M6, S054, S190) sensitivity to
cyproconazole (Figure 4). Transcripts of MgAtr2 and MgAtr3 could not be detected in any of
the isolates under the conditions tested (data not shown). In contrast, basal transcript levels of
MgAtrl, MgAtr4, and MgAtr5 varied significantly. Some isolates displayed a high basal level
of expression for one specific gene only (e.g. MgAtrl in isolate S054) but not for the others.

Such differences occurred in both yeast-like cells and the mycelium form of the fungus.

MgA trl Yeast-like cells Mycelium
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Figure 4. Northern blot analysis of the ABC transporter genes MgAtri, MgAtr4, and MgAtr5 and CYP5! in
yeast-like cells and mycelium of Mycosphaerella graminicola after treatment with cyproconazole (C). Control
samples are treated with 0.1% methanol (M). Isolates tested had low (M1, M7, M8, S043), medium (M3), and
high (M4, M6, S054, S190) MIC values of cyproconazole. Hybridisation of the blots with an /8S rRNA probe
from Aspergillus niger served as a loading control.
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Obvious basal transcript levels of MgAtrl were found in yeast-like cells of isolates M1,
M3, M7, and S054, and of MgAtr4 and MgAtr5 in all isolates tested, but for MgAtr5
particularly in isolate M1. In mycelium, basal expression of MgAtrl was observed in isolates
M3 and M7 and of MgAtr4 in most of the isolates tested (except for M1 and S054). Basal
expression of MgAtr5 in mycelium was limited to isolates M3, M7, and S190. The basal
expression level of MgAtr5 significantly differed between yeast-like cells and mycelium for

all the isolates tested.

Treatment with cyproconazole strongly induced transcription of MgAtr4 in most of the
isolates tested, especially in yeast-like cells. Induced levels of MgAtrl and MgAtr5 were also
observed but only for a limited number of isolates, such as M3 and M7 for MgAtrl and M1
for MgAtr5. Differences in induced level of expression among the isolates were also detected.
For example, induction of MgAtr4 in mycelium was much higher in isolates M3 and M8 than
in isolates M6, M7, and S190. Nevertheless, a correlation between expression of a specific

ABC gene and sensitivity of the isolates to cyproconazole was not clear.

CYP51 displayed basal transcripts in all isolates. However, in isolate M3 a relatively high
basal level of expression was observed, especially in mycelium of the fungus. Treatment with

cyproconazole did not effect the expression level of this gene (Figure 4).

Accumulation studies

Accumulation of [14C]cypr0c0nazole in thirteen field isolates tested proved to be constant in
time. Mean accumulation levels measured ranged between 0.35 and 1 nmol of cyproconazole
per mg dry weight (Table 4). Addition of CCCP induced higher cyproconazole accumulation
levels in all isolates, indicating that accumulation was energy-dependent. No positive
correlation between accumulation of ['*CJcyproconazole and sensitivity to cyproconazole (r =
0.39, P = 0.19), ketoconazole (» = 0.29, P = 0.34), or tebuconazole (» = 0.31, P = 0.31) was
present. Statistical analysis for significant differences in cyproconazole accumulation
identified four overlapping groups of isolates. Each group consisted of isolates with low and
high sensitivity to azoles (Table 4). Isolates M4 and S190, both with a low sensitivity to
cyproconazole (MIC 100 mg I™") displayed the highest (1.08 mg dry weight™) and lowest (0.36
mg dry weight ) accumulation level of cyproconazole as compared to the other isolates tested,

respectively (Table 4; Figure 5).
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Table 4. Accumulation of ["*C]cyproconazole by 13 field isolates of Mycosphaerella graminicola with different

sensitivity levels to azole fungicides

Isolates  Sensitivity to Number Mean Statistical Mean Accumulation

cyproconazole of Accumulation significance of after CCCP addition

(mg litre™) replicates (nmol accumulation® (nmol cyproconazole

(n) cyproconazole mg dry weight™)
mg dry weight™")

M7 0.0562 5 0.59 (0.14)° a,b,c 2.08 (0.49)
M1 0.1 4 0.41 (0.09) a,b 1.81 (0.42)
S043 0.1 8 0.51 (0.13) a,b,c 1.76 (0.38)
M8 0.178 6 0.42 (0.06) a,b 1.55 (0.50)
M2 1 5 0.80 (0.37) b, c,d 2.11 (0.77)
S175 10 1 051 ( - ) - 203 ( -)
M3 17.8 6 0.58 (0.17) a,b,c 2.08 (0.40)
M5 56.2 2 0.88 (0.01) c,d 2.58 (0.05)
M4 100 9 1.08 (0.31) d 2.59 (0.74)
Mo 100 6 0.41 (0.09) a, b 1.23 (0.28)
S054 100 6 0.88 (0.14) c,d 2.40 (0.55)
S176 100 2 0.52 (0.12) a,b,c 2.02 (0.37)
S190 100 3 0.36 (0.12) a 1.43 (0.23)

? Statistical significant differences between mean values. Letters represent groups of homogeneous subsets calculated using
the Student-Newman-Keuls (S-N-K) analysis. Sigma values for groups a, b, ¢, and d are 0.65, 0.09, 0.11, and 0.18,

respectively. Differences were calculated at a significance level of p=0.05;

® Standard deviation;

Figure 5. Accumulation of
["Clcyproconazole by  field
isolates  of  Mycosphaerella
graminicola with different levels
of sensitivity to azole fungicides.
MIC values of cyproconazole for
isolates M4 (m), M7 (A), S043
(0), and S190 (e) are 100,
0.0562, 0.1, and 100 mg 17
respectively.
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DISCUSSION

In this study, we set out to investigate the physiological basis of variation in sensitivity to
azole fungicides in field isolates of M. graminicola. The results obtained indicate that the field
isolates of M. graminicola tested significantly vary in sensitivity to azole fungicides. The
variation factor for sensitivity of the isolates for tebuconazole was 178. This value is in the
same range as described by Suty and Kuck (1996), who reported a variation factor of 100 in a
collection of more than 1500 isolates. The variation factors for the azole fungicides
cyproconazole and ketoconazole amounted 1779 and this value is significantly higher than for
tebuconazole. Such a broad variation in sensitivity for these compounds is intriguing,
especially since the isolates were previously never exposed to ketoconazole, an azole
antimycotic used in treatments of human fungal pathogens and to cyproconazole, which was
not used in the fields from which the isolates were collected. Significant variation in base-line
sensitivity to fungicides has been reported before and is ascribed to naturally tolerant
genotypes that already exist in fungal populations prior to fungicide treatment (Brent, 1992).
Studies monitoring the sensitivity of field populations of M. graminicola to azoles over the
past decades have not yet detected the evolution of resistant phenotypes (Gisi et al., 1997).
Hence, the significant difference in sensitivity to the azoles tested is regarded as natural

variation in base-line sensitivity to azole fungicides.

The field isolates tested showed cross-sensitivity to azole fungicides. Cross-sensitivity to
azoles has been reported earlier for other fungal pathogens of both medical (White, 1997) and
agricultural importance (Georgopoulos, 1982), including M. graminicola (Gisi et al., 1997). A
correlation in sensitivity between the azole fungicides and cycloheximide, kresoxim-methyl,
or thodamine 6G was not observed. These results indicate that field isolates with a relatively
low sensitivity to azoles do not have a multidrug resistance phenotype, as described for
laboratory-generated azole-resistant mutants of M. graminicola (Zwiers et al., 2002). This
discrepancy indicates that mechanisms of resistance that operate in laboratory-generated
mutants and field isolates are different.

The sensitivity of progeny isolates obtained from a genetic cross between an isolate with
high and intermediate sensitivity to cyproconazole ranged between the sensitivity of both
parents. The frequency distribution of MIC values among the progeny was continuous and

therefore, progeny isolates could not be classified in distinct sensitivity groups. We conclude
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that sensitivity to cyproconazole in the haploid organism M. graminicola is polygenic. This
observation may, at least in part, explain the extremely high variation factor in base-line
sensitivity of the isolates to the azoles tested and may imply that different mechanisms are
involved in azole tolerance in this fungus. This corroborates the observation that multiple
resistance mechanisms may operate in laboratory-generated mutants of M. graminicola with
decreased sensitivity to azoles (Zwiers et al., 2002). Polygenic control of resistance to azole
fungicides has been reported for A. nidulans (Van Tuyl, 1977) and Nectria haematococca var.

cucurbitae (Kalamarakis et al., 1991).

None of the M. graminicola progeny isolates were less sensitive to cyproconazole than
parent isolate M3. This observation indicates that recombination of putative azole-resistance
genes in the progeny isolates did not result in an additive effect that exceeded the tolerance
level of the parent isolate M3. Therefore, genetic recombination in M. graminicola may not
easily result in the generation of progeny isolates with azole sensitivity that exceeds the base-
line sensitivity observed. Instead, a gradual shift in frequency of the least sensitive genotypes

in the population may be expected as a result of the polygenic inheritance (Russell, 1995)

Expression of the ABC genes MgAtrl-MgAtr5 was examined in northern blot experiments
in both yeast-like cells and mycelium of the fungus. Differences in basal level of expression
among the field isolates were observed, but no obvious increase in transcript levels of a
specific MgAtr gene was found exclusively in the less sensitive isolates, except for MgAtrl in
isolates M3 and S054. Cyproconazole-induced expression was observed in particular for
MgAtr4 but a correlation between induced transcript levels and azole sensitivity was not
present. Increased expression of ABC transporter genes has been described as a resistance
mechanism to azole antifungals in azole-resistant isolates of P. digitatum (Nakaune et al.,
1998), A. nidulans (Andrade et al., 2000), and B. cinerea (Hayashi et al., 2001). Hence, we do
not exclude that increased transcript levels of MgAtrl might play a role in increased azole
tolerance of isolates M3 and S054. This would corroborate the finding that overexpression of
MgAtrl leads to azole resistance in some laboratory-generated mutants of M. graminicola
(Zwiers et al., 2002). It is also possible that not yet identified ABC transporter genes, play a
role in azole-sensitivity of field isolates as well. This hypothesis is supported by the
observation that from a single azole-sensitive cell line of C. albicans, multiple strains with
different levels of resistance were obtained that displayed distinct overexpression patterns of

at least four genes involved in azole resistance. These included the ABC transporter genes
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CDRI and CDR?2, the major facilitator gene MDR1, and ERG1 1, the gene encoding the target
enzyme of the azoles in the ergosterol biosynthetic pathway (Cowen et al., 2000).

The expression studies demonstrate a high basal transcript level of CYP5/ in isolate M3.
This isolate has an intermediate sensitivity to azoles as compared to other isolates tested.
Increased expression of CYP51 is described as a mechanism of resistance to azoles in many
fungi (Joseph-Horne and Hollomon, 1997). In C. albicans and S. cerevisiae azole tolerance as
a result of enhanced transcription or amplification of the CYP51 (ERG11) gene has also been
observed (Vanden Bossche et al., 1994; White, 1997; Kontoyiannis et al., 1999; Perea et al.,
2001). In P. digitatum and V. inaequalis, tandem repeats in the promoter region of CYP5]
enhanced transcription of this gene and the copy number of these repeats correlated positively
with CYP51 expression and tolerance to azoles (Hamamoto et al., 2000; Schnabel and Jones,

2001). It is possible that a similar mechanism is operating in isolate M3.

Uptake experiments demonstrated that accumulation levels of ['*C]cyproconazole by field
isolates of M. graminicola did not correlate with sensitivity to azoles. Individual isolates with
decreased sensitivity to azoles, such as S190, showed a relatively low accumulation level of
['*CJeyproconazole but other isolates with decreased sensitivity to azoles, such as M4, display
a relatively high accumulation level of the fungicide. Hence, reduced accumulation of azoles
from mycelium can not account exclusively for the differences in base-line sensitivity in the
isolates tested. The absence of a correlation between accumulation of cyproconazole and azole
sensitivity may reflect the high genetic diversity of M. graminicola field populations (Chen
and McDonald, 1996) that accounts for morphological and physiological differences. These
differences can have a significant effect on accumulation of [14C]cyproconazole and may
mask the variations in accumulation mediated by changes in ABC transporter activity. Studies
on laboratory-generated azole-resistant mutants of M. graminicola showed that mutants occur
with either a decreased or an increased accumulation of azoles as compared to their parent
isolates (Zwiers et al., 2002). Such a relation can not easily be made for field isolates since the
genetic relationship between field isolates tested is virtually unknown. For these reasons it is
still possible that the mechanism of resistance in the least sensitive field isolates is mediated
by changes in ABC transporter activity resulting in either a decreased or increased
accumulation of the fungicide. Active drug disposal in vacuoles or in lipid bodies could
possibly explain the relatively high accumulation level observed for some of the least

sensitive field isolates and might relate to overexpression of ABC transporters localised in
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vacuolar membranes (Rea, 1999). This has been described for azole-resistant strains of U.
maydis that accumulated triadimenol to higher levels as compared to sensitive strains
(Wellmann and Schauz, 1993). Alternative mechanisms of resistance, such as alterations in
the target-site of azoles can also not be excluded. For these reasons we anticipate that a high
correlation between azole sensitivity and accumulation in field isolates of M. graminicola can
not easily be established. However, previous literature data suggest that such a correlation is
present (Joseph-Horne et al., 1996; Gisi et al, 2000). The discrepancy with the work of
Joseph-Horne ef al., (1996) can be ascribed to the low number of isolates tested. The work of
Gisi et al., (2000) is difficult to judge since data that support their conclusion were not
published.

In summary, our studies suggest that variation in sensitivity to azoles in field isolates of M.
graminicola is based on multiple mechanisms. These may include decreased accumulation of
the fungicide in the cytoplasm, increased accumulation of the fungicide as a result of
sequestration of the fungicide in cellular compartments and overproduction of P450;4ppm.
These multiple mechanisms would corroborate the polygenic nature of azole sensitivity as

shown by the analysis of a genetic cross of M. graminicola isolates.
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ABSTRACT

The antimicrobial activity of the azole fungicides cyproconazole and propiconazole as
single active ingredients and in mixtures with the ATP-binding cassette (ABC)
transporter modulators rhodamine 6G, quercetin, quinidine, and verapamil, and the
strobilurin kresoxim-methyl was assessed against the wheat pathogen Mycosphaerella
graminicola. Interactions amongst these compounds were evaluated on germination and
germ tube growth of pycnidiospores using the Colby and Wadley method. Water agar
proved to be the best test medium since all pycnidiospores germinated within 24 h of
incubation and apical germ tube growth dominated over bud formation by intermediate
cells. Analysis with the Colby method revealed that interactions between the compounds
in all mixtures tested on germination of pycnidiospores were additive. With regard to
germ tube growth, mixtures of cyproconazole and verapamil or Kkresoxim-methyl
displayed a synergistic interaction. Analysis of mixtures of cyproconazole and kresoxim-
methyl with the Wadley method, revealed that the interaction between the two
compounds was just additive. These results indicate that the Colby method

overestimated the interaction between these two compounds in a mixture.

Keywords: ABC transporters; azoles; interaction in mixtures; modulators; Mycosphaerella graminicola
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INTRODUCTION

The fungus Mycosphaerella graminicola (FUckel) Schroeter (anamorph state: Septoria tritici
Rob.ex.Desm.) is the causal agent of septoria tritici leaf blotch of wheat, one of the most
economically important diseases of wheat. Typical symptoms of the disease are irregular
chlorotic lesions on infected leaves that under favourable conditions develop to necrotic spots,

covered with dark brown to black pycnidia or pseudothecia of the fungus (Eyal ef al., 1987).

The economic importance of this disease has dramatically increased over the past few
decades. Yield losses from this pathogen may amount up to 30-50% in areas without disease
control. Disease control has widely involved the use of azole fungicides such as prochloraz,
propiconazole, and cyproconazole. The mode of action of these fungicides is based on
inhibition of cytochrome P450 sterol 14a-demethylase (P450,4pm), a key enzyme of the sterol
biosynthetic pathway (Sisler ef al., 1984). Although the risk of resistance development against
these compounds has been classified as moderate (Brent and Hollomon, 1998), extensive use
of azoles over the past 20 years has lead to resistance development in several pathogens of
both medical (Hitchcock, 1993) and agricultural importance (De Waard, 1994). One of the
mechanisms proposed to operate in azole-resistant isolates of fungi is reduced accumulation
of these fungicides in the mycelium (De Waard and Van Nistelrooy, 1980). This reduction in
accumulation has been attributed to an energy-dependent efflux mechanism mediated by ATP-

binding cassette (ABC) transporters (Del Sorbo et al., 2000).

ABC transporters utilize the energy derived from the hydrolysis of ATP to drive the
transport of endogenous metabolites and exogenous toxic compounds over biological
membranes. Overproduction of ABC transporters can generate multidrug-resistant (MDR)
phenotypes since ABC transporters can transport a variety of cytotoxic drugs (Gottesman and
Pastan, 1993). Compounds able to modulate the activity of ABC transporters can reverse
multidrug resistance, as they inhibit efflux of drugs from cells. Many compounds have been
shown to directly interact with the multidrug transporter acting as competitive inhibitors of
transport. Verapamil and quinidine are known to be members of this group (Ambudkar et al.,
1999). Compounds, such as respiration inhibitors that are able to block the generation of ATP
in cells may also decrease the activity of ABC transporters. Indeed, synergistic activity
between certain azole fungicides and respiration inhibitors like carbonyl-cyanide m-

chlorophenylhydrazone (CCCP), oligomycin, and dicyclohexylcarbodiimide has been reported
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(De Waard and Van Nistelrooy, 1982; 1984a, b). Strobilurins are natural antibiotics that
inhibit mitochondrial respiration by blocking electron transfer at the cytochrome-bcl complex
(complex III) (Becker et al., 1981). Derivatives of strobilurins such as kresoxim-methyl have

been developed as commercial fungicides and used either alone or in mixtures with other

fungicides (Sauter et al., 1999).

This study describes the activity of the azole fungicides propiconazole and cyproconazole,
either alone or in mixtures with the ABC transporter modulators rhodamine 6G, quercetin,
quinidine, and verapamil and the strobilurin fungicide kresoxim-methyl. Interactions between
the compounds were determined on activity against spore germination and germ tube growth

of M. graminicola according to the methods of Colby (1967) and Wadley (1945, 1967).

MATERIALS AND METHODS

Fungus

Leaves displaying symptoms of septoria tritici leaf blotch were collected from an experimental wheat field in
Wageningen, The Netherlands. Pycnidiospores of M. graminicola were isolated from pycnidia of infected leaf
segments. These were attached to a glass slide and placed on the bottom of a Petri dish fitted with filter paper
saturated with sterile tap water. After formation of oozing drops on top of the pycnidia, an aqueous suspension of
pycnidiospores was prepared by vortexing the leaves in a test tube containing 5 ml of sterile tap water. The
concentration of the spore suspension was determined with a “Coulter™ Z Series” particle counter (Coulter

Corporation, Florida U.S.A.) and adjusted to 10° spores ml™".

Chemicals

The chemicals used in this study were the azole fungicides propiconazole and cyproconazole (Syngenta Crop
Protection AG, Basel, Switserland), the strobilurin fungicide kresoxim-methyl (BASF AG, Ludwigshafen,
Germany) and the ABC transporter modulators rhodamine 6G, quercetin, quinidine, and verapamil (Sigma

Chemical Company, St. Luis, Missouri, U.S.A.). All compounds used were of technical grade quality.

Media

Media used were, Potato-Dextrose Agar [PDA; 39 g 1" (Merck)], Water Agar [WA; 15 g "' (Oxoid)], Yeast Malt
Agar [YMA; yeast extract 4 g I"" (Oxoid), malt extract 4 g L' (Difco laboratories), sucrose 4g I (Merck), and
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agar-agar 15 g I'' (Oxoid)], Czapek-Dox [CzD; 45.5 g I'' (Oxoid)], and Czapek-Dox + Peptone [CzD + P;
Czapek Dox 45.5 g 1" (Oxoid), peptone 5 g I'' (Oxoid)].

Spore germination test

The activity of the compounds, as sole ingredients and in mixtures, on germination of pycnidiospores of M.
graminicola was assessed in spore germination tests. Stocks of 100x concentrated solutions of the compounds
were prepared in methanol. Media amended with these compounds were made by adding aliquots from the stock
solutions. The final concentration of methanol in the medium was 1%. Agar with 1% methanol was used as a
control. Spore suspensions (100 pl) were transferred to Petri dishes (9 cm) containing media (20 ml) amended
with the test compounds at different concentrations. The antibiotic streptomycin sulfate (50 mg I"") was added to
all plates to prevent bacterial growth. The spores were spread over the medium surface with a glass rod and the
dishes were stored in an incubator at 18°C in the dark. At the end of the incubation period all dishes were stored
at 4°C. Germination rates and length of germ tubes formed, both as an elongation of the apical cells and as buds
from the intermediate cells (in between apical cells) of 100 counted spores, were assessed. Standard deviations of
germination of pycnidiospores and germ tube growth were calculated and were less than 10 and 55% of the mean

values, respectively.

Quantification of interactions

Interactions between fungicides in mixtures were analysed according to Colby (1967) using the formula E=
XaYp/100 in which X and Yp represent growth as a percentage of the control with toxicant A used at dosage p
and toxicant B used at dosage q, respectively. E is the expected growth as a percentage of the control for mixture
A and B at dosages p and q. The observed response is obtained experimentally by comparing the activity of
single compounds with mixtures containing the same rate of the constituents as applied singly. A deviation from
the expected response as calculated from the level of interaction R between the expected and the observed
response of the two compounds would indicate synergism or antagonism. The Wadley formula (1945, 1967)
describes the theoretical response (ECso(th)) of a two-component mixture as ECsq(th)= (a + b)/(a/ECso(A) +
b/ECs¢(B)) where A and B represent the two components and a and b the ratio of the components in the mixture.
The level of interaction R is calculated as R= ECsy(th)/ECso(obs) in which ECso(obs) is the observed ECs, value
of the specific mixture. By definition, in both formulas additive interactions are present if R = 1, synergism if R >
1 and antagonism if R < 1. Because of the biological variability of the test systems, synergism is considered
significant if R > 1.5 and antagonism if R < 0.5. Additive interactions are present when 0.5 <R > 1.5 (Gisi et

al.,, 1985).
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RESULTS

Germination of pycnidiospores on different media

Germination of pycnidiospores of M. graminicola was assessed on WA, PDA, YMA, CzD,
and CzD + P media. On all media germination became visible after 12-15 h of incubation and
all pycnidiospores completed germination after 24 h of incubation (Table 1). By that time, the
multicellular pycnidiospores displayed germ tubes at the apical cells and yeast-like buds at the
intermediate cells (Table 2; Figure 1B). After 32 h of incubation, growth of the apical germ
tubes and the yeast-like buds was still observed. After 24 h, bud formation on WA and to a
lesser extend on CzD, was less frequent as compared to the other media tested. Germination
on WA and CzD mainly proceeded with apical germ tubes and hardly any buds were
observed. The germination of pycnidiospores on these media was accompanied by the
formation of relatively long apical germ tubes as compared to germination on the complex

media (Table 2).

Table 1. Time course of
germination of pycnidiospores

of Mycosphaere{la graminicola Medium 12 15 18 21 24
on different media

Time (h)

PDA® 14°2)  153)  32(5) 8 (3) 100 (0)
WA 113 166 193 8 (5 100 (1)
YMA 224 202 346 99 (1) 100 (0)
CzD 502 11 (@ 17(6) 95(2) 100 (0)
CzD +P 12¢4) 133 32@ 872 99 (0

* PDA: potato dextrose agar, WA: water agar, YMA: yeast malt agar, CzD: Czapek-
Dox, CzD-P: Czapek-Dox + peptone;
® Percentage of germination of 100 counted spores (standard deviation);

Activity of azole fungicides and test compounds.

The activity of the compounds on spore germination (Table 3) and apical germ tube growth
(Table 4) was assessed after 32 h of incubation on WA. ECs, values of cyproconazole and
propiconazole as calculated from dose-response curves, were 0.1 and 0.01 mg I, respectively,
for both inhibition of spore germination and germ tube growth (results not shown). The ABC

transporter modulators, hardly affected germination but some of them inhibited germ tube
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Table 2. Germination of pycnidiospores of Mycosphaerella graminicola after 24 h of incubation on different media.

Medium
PDA? WA YMA CzD CzD+P
Type of Percentage  Length Percentage Length Percentage  Length Percentage Length Percentage Length
Germination % pum % pum % pum % pm % pm
Buds 90°2) 32°(14) 40 @) 24 (13) 85 (3) 21(9) 59 () 28 (16) 95 (D) 251D
Apical germ tubes 83 (4) 47 (12) 96 (2) 67 (23) 74 (9) 41 (10) 100 (1) 84 (25) 95 (5) 50 (14)

*PDA: potato dextrose agar, WA: water agar, YMA: yeast malt agar, CzD: Czapek-Dox, CzD + P: Czapek-Dox + peptone;
b Percentage of germination (standard deviation);  ° Average length of 100 measured apical germ tubes or buds (standard deviation);

Table 3. Expected (Exp) and observed (Obs) germination (%) of pycnidiospores of Mycosphaerella graminicola on water agar amended with mixtures of test
compounds after 32 h of incubation. The expected germination is calculated according to Colby (1967).

Germination in presence of mixtures of compounds (%)*

Propiconazole Cyproconazole
Concentration Germination in 0.01 mg I 0.1 mg I 0.01 mg I 0.1 mg B
(mg1")  presence of single - : : :
compounds (%) Exp Obs R° Exp Obs R Exp  Obs R Exp  Obs R

Quercetin 10 81 70 70 1.00 57 43 1.32 67 75 0.89 61 60 1.02

100 85 73 72 1.01 60 54 1.11 71 73 0.97 64 62 1.03
Quinidine 10 95 82 83 0.99 67 50 1.34 79 71 1.11 71 77 0.92

100 93 80 73 1.09 65 49 1.33 77 87 0.88 70 75 0.93
Rhodamine 6G 0.1 95 82 81 1.01 67 57 1.17 79 80 0.99 71 78 0.91

1 86 74 73 1.01 60 62 0.97 71 79 0.90 65 61 1.06
Verapamil 10 94 81 75 1.08 66 53 1.24 78 66 0.18 70 65 1.07

100 87 75 70 1.07 61 42 1.45 72 69 1.04 65 51 1.27
Kresoxim-methyl 0.0001 87 75 74 1.01 64 73 0.88 72 74 0.97 69 69 1.00

0.003 87 75 78 0.96 64 48 1.33 72 72 1.00 69 68 1.01

® Figures represent germination of pycnidiospores, expressed as a percentage of control treatment. Germination percentages in the presence of 0.01 and 0.1 mg I cyproconazole
are 83 and 75% and in the presence of 0.01 and 0.1 mg It propiconazole 86 and 70%, respectively;

® Ratio between expected and observed germination (R= Exp/Obs);
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Figure 1. Morphological alterations of germinating pycnidiospores of Mycosphaerella graminicola after
treatment with different compounds. A: control spores; B: detail of a spore displaying yeast-like buds (11) and
apical germ tube growth (1); C: germinating spores after treatment with cyproconazole; D: germinating spores
after treatment with rhodamine 6G; E: germinating spores after treatment with kresoxim-methyl.

growth at the concentrations used. ECs values for quercetin, quinidine, rhodamine 6G, and
verapamil for germ tube growth were about 100, 10, 1, and 10 mg I"', respectively (Table 4).
The strobilurin fungicide kresoxim-methyl was very active with ECsy values for both
germination and germ tube growth ranging between 0.01 and 0.003 mg I"' (results not shown).
This compound severely affected germination of pycnidiospores. Morphological alterations of
the formed germ tubes caused by the activity of the compounds were markedly present. Upon
treatment with the azole fungicides apical germ tubes become frequently branched and
swollen. Kresoxim-methyl resulted in severely stunted germ tubes, while rthodamine 6G

induced swollen spores with shorter germ tubes (Figure 1).

Interactions of the compounds in mixtures - Colby

Two-component mixtures of azole fungicides and test compounds were designed and their
activity on spore germination was studied. The concentration of single compounds in these
mixtures inhibited germination and germ tube growth less than 50% as compared to the

controls. Expected interactions within the mixtures were calculated according to Colby.
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Mixtures of propiconazole and cyproconazole with the ABC transporter modulators or
kresoxim-methyl showed only additive effects with respect to germination of pycnidiospores
(Table 3). With regard to germ tube growth, interactions with ratios higher than 1.5 were
observed for combinations of cyproconazole with verapamil, and kresoxim-methyl (Table 4),

suggesting a synergistic interaction in these mixtures.

Table 4. Expected (Exp) and observed (Obs) germ tube growth of pycnidiospores of Mycosphaerella
graminicola on water agar amended with mixtures of test compounds after 32 h of incubation. The expected
germ tube growth is calculated according to Colby (1967).

Germ tupe Germ tube growth in presence of mixtures

growth in ¢ ds (%)*

presence of of compounds (%)

_ single Propiconazole 0.01 mg I Cyproconazole 0.01 mg 1™
Test compound ~ Concentration ~ compounds
(mg 17 (%) Exp Obs R® Exp Obs R

Quercetin 100 56 33 29 1.14 46 45 1.02
Quinidine 10 45 27 35 0.77 37 27 1.37
Rhodamine 6G 1 62 37 26 1.42 51 33 1.38
Verapamil 10 44 26 27 0.96 36 23 1.56
Kresoxim- 0.0001 97 57 42 1.36 79 50 1.58
methyl 0.003 81 48 41 117 67 33 176

? Figures represent the average length of apical germ tubes of 100 pycnidiospores, expressed as a percentage of control
treatment. Germ-tube growth in the presence of 0.01 mg I"' propiconazole and of 0.01 mg I"' cyproconazole was 59 and 82%,
respectively;

®Ratio between expected and observed growth (R= Exp/Obs);

Interactions between cyproconazole and kresoxim-methyl - Wadley

Interactions between cyproconazole and kresoxim-methyl on germ tube growth were analysed
further according to Wadley. Three mixtures with different ratios of kresoxim-methyl were
prepared. Dose-response curves of the single compounds and of the mixtures were constructed
and used to calculate ECsy values (ECso(obs)) (results not shown). The ECsy values of the
single compounds were used to determine the theoretical ECsy values (ECsy(th)) of the
mixtures. In all mixtures, ECso(obs) were higher than ECsy(th). Interaction ratios ranged

between 0.52 and 0.58 indicating additive effects between the compounds (Table 5).
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DISCUSSION

Water agar (WA) proved to be an appropriate medium for germination tests with
pycnidiospores of M. graminicola. All pycnidiospores germinated within 24 h of incubation
and had comparable growth vigor. Growth of the apical germ tubes was still observed after 32
h of incubation and was comparable to that of the other media tested. After this time period,
growth rates on complex media were higher than on WA. Yet, we selected WA for the
toxicity studies since this medium minimizes the possibility that components in the medium
interact with the activity of the test compounds. In addition, spore germination on WA results
in a preferential formation of apical germ tubes rather than the formation of branched hyphae
as observed on rich media. Duncan and Howard (2000) have also reported similar
observations previously.

The azole fungicides tested were potent inhibitors of germination of pycnidiospores. The
ABC transporter modulators proved to be less active than the azole fungicides and affected
only germ tube growth. Activity of azoles on spore germination is known to be species-
dependent. For example, spore germination of Cladosporium cucumerinum is hardly affected
by several azoles (Buchenauer, 1977), while spore germination of other fungal species, such
as Penicillium italicum and P. expansum is significantly inhibited by imazalil or etaconazole
(Kerkenaar and Barug, 1984). The morphological alterations caused by cyproconazole and
propiconazole on germinating pycnidiospores resemble effects previously described for other
fungal species such as C. cucumurinum (Sherald et al., 1973), Monilinia fructigena (Kato et
al., 1975), and Botrytis cinerea (Kato et al., 1980). These alterations are ascribed to depletion
of ergosterol and accumulation of Cl4-methyl sterol intermediates. Kresoxim-methyl was
found to be an extremely potent inhibitor of germination of pycnidiospores. This observation
is in agreement with reports from literature, describing strobilurins as inhibitors of spore
germination. For many fungi, inhibition of spore germination occurred at considerably lower
concentrations, than those required for inhibition of mycelial growth (Sauter et al., 1995).

Interactions of test compounds in mixtures were estimated according to Colby (1967). The
Colby formula is a simple mathematical model, representing an easy and quick way to
determine the interactions between two compounds with a different mode of action. With
respect to spore germination, only additive interactions in mixtures of the azole fungicides and

the ABC transporter modulators or kresoxim-methyl could be observed. With regard to germ

161



Chapter 8

tube growth, combinations of cyproconazole and verapamil or kresoxim-methyl had a
synergistic activity. Mixtures with kresoxim-methyl showed the clearest effect. Therefore, this
combination was further examined according to the Wadley formula, which has been
proposed as a more accurate way to investigate interactions in mixtures (Wadley, 1967). Our
results indicate that mixtures containing different ratios of cyproconazole and kresoxim-
methyl displayed only additive effects. Hence, calculations through the Colby and Wadley
methods do not support each other. Probably, the Colby method overestimates the interactions
between two compounds in a mixture. For this reason this method has been subject to serious
criticism (Morse, 1978; Nash, 1981). Still this method is frequently used as a quick way to
evaluate interactions between two components in a mixture.

Although our results indicate that, according to Wadley, no synergism occurred between
the azole fungicides and the modulators tested, it does not mean that this phenomenon is
absent in all cases. The occurrence of synergistic interactions between compounds can be
highly dependent on the fungal strains and mixtures used. For instance, synergism between
ABC transporter modulators and other compounds is more likely for MDR strains of a
pathogen rather than for sensitive ones. Hence, strains that overexpress ABC transporters and
accumulate less drugs than wild-type strains would be interesting for further studies (Ford,
1990). For example, the newly characterized immuno-suppressant tacrolimus strongly
synergised the effect of azole antifungal agents against azole-resistant strains of Candida
albicans (Maesaki et al., 1998). However, in the same experiments synergistic effects were
not observed with an azole-sensitive isolate. Other respiration inhibitors or MDR modulators
such as verapamil, actinomycin A, oligomycin, sodium azide or carbonyl-cyanide m-
chlorophenylhydrazone (CCCP) in combination with azoles did not show synergism either. In
a similar way, transport of vinblastin by mammalian ABC transporters was inhibited by
daunomycin, quinidine, and verapamil but not by other drugs able to reverse MDR, such as
vanadate, vincristine, colchicine, and puromycin (Cornwell et al., 1986; Cornwell et al., 1987;
Akiyama et al., 1988). The inhibitory effect of the triazole fungicides propiconazole and
tebuconazole on spore germination of B. cinerea, was strongly synergised by sub-lethal doses
of ABC transporter modulators, such as bis-benzimide, rhodamine 6G, N-ethylmaleimide, and
quercetin but not by daunomycin and quinidine (Del Sorbo et al., 1998). Thus, the search for
ABC transporter modulators that synergise the activity of fungicides to M. graminicola should

continue as it could lead to new and innovative disease control methods. For example,
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combined application of synthetic or natural fungicides with selected non-toxic ABC

transporter modulators could result in reduced dose rates of the chemicals used for control of

plant diseases.
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Cloning of ABC transporter genes from M. graminicola

The aim of this study was to clone ABC transporter genes from the wheat pathogen M.
graminicola and establish the function of the encoded proteins in protection of the fungus
against toxic compounds and pathogenesis. Two ABC transporter genes coded MgAr] and
MgAtr2 were previously cloned from M. graminicola by heterologous screening of a genomic
library of the fungus with a probe derived from PDRS, a well-characterised ABC transporter
gene from Saccharomyces cerevisiae involved in Pleiotropic-Drug Resistance (PDR) (Zwiers
and De Waard, 2000). Using a PCR-based approach with primers directed against conserved
amino acid sequences of the Nucleotide-Binding Domains (NBDs) of ABC transporters we
succeeded in cloning three additional ABC transporter genes, named MgAtr3, MgAtr4, and
MgAtr5 (Stergiopoulos et al., 2002a; Chapter 3). Both approaches to clone ABC transporter
genes from M. graminicola have been validated in cloning ABC genes from other filamentous
fungi as well. These include Aspergillus nidulans (Del Sorbo et al., 1997; Andrade, 2000),
Aspergillus flavus, Aspergillus fumigatus (Tobin et al., 1997), Botrytis cinerea (Schoonbeek
et al., 2001), and Penicillium digitatum (Nakaune et al., 1998; Nakaune et al., 2002).

Based on the topology of NBDs and Trans-Membrane Segments (TMSs), ABC transporters
from S. cerevisiae can be subdivided into six clusters (Decottignies and Goffeau, 1997) or
classes (Taglicht and Michaelis, 1998). MgAtrl-MgAtr5 from M. graminicola exhibit the
[NBD-TMS¢], topology, which classifies them as putative members of the PDR class of ABC
transporters. ABC transporters from other classes were not identified (Zwiers and De Waard,
2000; Stergiopoulos et al., 2002a; Chapter 3). Genome analysis programmes have reported
the presence of 31 ABC proteins in S. cerevisiae (Taglicht and Michaelis, 1998) and a
similarly high number in genomes of other fungi (Yoder and Turgeon, 2001). Hence, it is
likely that M. graminicola also possesses more ABC proteins. Alternative approaches may be
required to clone the corresponding genes. Screening of Expressed Sequence Tag (EST)
libraries generated from RNA of M. graminicola grown in vitro under different cultural
conditions or from wheat leaves infected by the pathogen would be an appropriate approach.
EST libraries generated from interaction RNA may lead to identification of ABC proteins
with a role in pathogenesis. Recently, such an approach identified several homologues of ABC
proteins in M. graminicola. None of these proteins encoded PDR-like ABC transporters

(Keon et al., 2000).
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A phylogenetic analysis of ABC transporters from filamentous fungi showed that ABC
proteins with similar functions cluster in groups of orthologous proteins. An analysis with 23
ABC transporters with the [NBD-TMS¢], topology from filamentous fungi identified a cluster
involved in protection against DMI fungicides (Stergiopoulos et al., 2002b; Chapter 2).
Therefore, it might be possible to search for functional homologues of ABC proteins by
screening orthologues within a cluster. Such an approach was validated in cloning ABC
transporters from A. nidulans (Andrade, 2000) and B. cinerea (Hayashi et al., 2001) involved
in azole transport. Blast analysis of PMR1, an azole transporter from P. digitatum, with EST
sequences from A. nidulans identified three ABC transporters from A. nidulans, highly
homologous to azole efflux pumps from other organisms. Expression analysis demonstrated
that the corresponding genes (AnAtrE, AnAtrF, and AnAtrG) are induced by azoles and display

increased levels of expression in azole-resistant mutants of the fungus (Andrade, 2000).

Expression of ABC transporters from M. graminicola and substrate specificity

One of the major functions of ABC transporters in cells is to provide protection against toxic
compounds present in the environment of the cell. Members of the PDR class of ABC
transporters are known for their broad substrate specificity. Heterologous expression of
MgAtrl, MgAtr2, MgAtr4, and MgAtr5 from M. graminicola in S. cerevisiae mutants showed
that the encoded proteins can transport a number of structurally unrelated compounds
(Chapter 4). Therefore, MgAtrl, MgAtr2, MgAtr4, and MgAtr5 can be regarded as multidrug
transporters from M. graminicola.

Expression analysis demonstrated that MgAtri-MgAtr5 are induced in M. graminicola by
various chemical compounds (Zwiers and De Waard, 2000; Stergiopoulos et al., 2002a;
Chapter 3). However, heterologous expression of these genes in S. cerevisiae showed that the
transformants had the same sensitivity to several inducing compounds as the wild-type strain.
Disruption or replacement mutants of MgAtri-MgAtr5 in M. graminicola also displayed a
similar sensitivity to most of the compounds tested as the wild-type strain (Chapter 4). Two
laboratory-generated azole-resistant mutants of M. graminicola were detected (1323C1 and
MI1C4) that constitutively overexpressed MgAtri. Disruption of MgAtrl in these mutants
restored sensitivity to azoles only in I323C1 and not in M1C4 (Chapter 6). Finally, in field

isolates of M. graminicola differences in basal level of expression of MgAtri-MgAtr5 did not
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correlate with sensitivity to azoles (Chapter 7). Thus, compounds that induce expression of
ABC transporter genes are not necessarily substrates of the encoded transporter proteins.

It has been demonstrated that expression of ABC transporter genes can be influenced by
stress factors (Bauer et al, 1999; Krishnamurthy et al., 1998; Sukhai and Piquette-Miller,
2000). In that respect, it is not known whether the observed induction of ABC genes after
treatment with compounds is due to the specific perception of the compound or an aspecific
stress response caused by effects of the compound in cells. For example, a stress response
might be the consequence of accumulation of azole fungicides in cell membranes, which can
trigger a signalling pathway for activation of transcription of ABC transporter genes.
However, transcription might also be activated indirectly by inhibition of P450,4py activity,
which blocks sterol biosynthesis and results in the accumulation of abnormal sterol precursors
that may have toxic activity (Kelly ez al., 1995; Vanden Bossche ef al., 1998). Such precursors
may also act as stress factors and enhance transcription. The relation between overexpression
of MgAtrl-MgAtr5 and production of ABC protein in cells is also not known. Western blot
analysis or functional assays measuring direct activity of ABC transporters could provide a
more clear picture on the role of these proteins in transporting specific compounds.

Several compounds induce the expression of more than one ABC transporter gene. For
example, cycloheximide, psoralen, and progesterone induce expression of MgAtrl-MgAtr5 in
at least one of the two dimorphic forms of the fungus (Zwiers and De Waard, 2000;
Stergiopoulos et al., 2002a; Chapter 3). Furthermore, several compounds induce the
expression of both MgAtrl and MgAtr4 and disruption of MgAtr4 in M. graminicola leads to
overexpression of MgAtrl (Chapter 4). Such observations suggest that some of the M.
graminicola ABC genes might be under similar regulatory control. This would corroborate
findings in other organisms where regulation of ABC proteins proceeds via a common
transduction pathway (Chapter 2). The elucidation of such a pathway in M. graminicola
would be important for a better understanding of the function of ABC transporters in this

organism.

Redundancy of ABC transporters from M. graminicola
Heterologous expression of MgAtrl-MgAtr5 in S. cerevisiae showed that the encoded proteins
are able to transport a number of structurally unrelated compounds. However, M. graminicola

mutants with disrupted or deleted ABC transporter genes showed increased sensitivity to only
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a limited number of compounds tested (Chapter 4). ABC transporters constitute one of the
largest protein families present in cells that can have broad and overlapping substrate
specificity (Ambudkar et al., 1999; Bauer et al, 1999; Theodoulou, 2000; Stergiopoulos et
al., 2002b; Chapter 2). Hence, it is possible that upon deletion or replacement of MgAtri-
MgAtr5 from M. graminicola, other efflux pumps with similar substrate specificity
compensate for the non-functional transporter gene. Redundancy in ABC systems has been
reported before (Ahmed et al., 1995). In the pathogenic yeast Candida albicans at least two
ABC proteins, CDR1 and CDR2, identified as azole-transporters in S. cerevisiae, were
involved in azole resistance. However, although disruption of CDRI in C. albicans did result
in increased sensitivity of this organism to azoles, mutants with disrupted CDR2 showed
increased sensitivity to azoles only in a CDR/ disruption mutant and not in a wild-type isolate
(Sanglard et al., 1997). Disruption of MgAtr4 in M. graminicola results in overexpression of
MgAtrl, which might indicate that MgAtrl compensates for the loss of MgAtr4. This idea is
supported by the observation that MgAtrl has a similar substrate specificity as MgAtr4 in the
S. cerevisiae complementation experiments (Chapter 4) and a similar expression profile as
determined by northern blot analysis (Zwiers and De Waard, 2000; Stergiopoulos et al.,
2002a; Chapter 3). The overlapping substrate specificity of MgAtrl and MgAtr4 might also
explain why the MgAtr4 disruption mutants do not show complete loss of virulence on wheat
seedlings (Chapter 5). This assumption would imply that MgAtrl and MgAtr4 provide

protection against similar compounds during pathogenesis.

ABC transporters as virulence factors in M. graminicola
Disruption of MgAtr4 from M. graminicola resulted in reduced virulence of the fungus on
wheat seedlings. Histopathological analysis of the infection process showed that MgAtr4
disruption strains colonise substomatal cavities less efficiently than the wild-type strain and
display reduced intercellular growth in the apoplast of infected wheat leaves. These results
indicate that ABC transporters from M. graminicola can have an important function in
determining virulence of the fungus on wheat plants (Chapter 5).

ABC transporters involved in virulence of phytopathogenic fungi have been described
before (Chapter 2). In Magnaporthe grisea the ABC transporter ABC1 was identified as an
important determinant of virulence of the fungus on barley and rice plants (Urban et al.,

1999). Expression analysis demonstrated that ABC! transcript levels are strongly induced by
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multiple compounds, as for example the phytoalexin sakuranetin. However, ABC! disruption
mutants do not show any increased sensitivity to these compounds and therefore, the exact
role of this transporter in pathogenesis still needs to be established. Nevertheless, loss of
virulence of ABC! disruption mutants on barley and rice plants was attributed to insufficient
protection of the fungus against plant defence compounds (Urban et al., 1999). In a similar
way, the ABC transporters BeatrB and Gpabcl were established as virulence factors of B.
cinerea on grapevine leaves (Schoonbeek et al., 2001) and Gibberella pulicaris on potato
tubers (Fleissner et al, 2002) by providing protection against resveratrol and rishitin,
respectively. ABC transporters involved in the secretion of endogenously produced fungal
toxins have not yet been identified. Instead, several transporters of the Major Facilitator
Superfamily (MFS) with such a function have been reported (Stergiopoulos et al., 2002b;
Chapter 2).

The exact role of MgAtr4 during pathogenesis could not yet be established. We
hypothesise that the transporter is involved in protection of the fungus against plant defence
compounds produced around the substomatal cavities. The exact nature of such compounds is
not yet known although Pnini-Cohen et al., (1999) reported the production of fluorescent
compounds in the vicinity of stomata infected by M. graminicola. Localised accumulation of
autofluorescent compounds with antimicrobial activity has been reported in epidermal tissue
in response to attack by Erysiphe graminis in barley (Kunoh et al., 1982; Aist and Israel,
1986), oat ( Kidger and Carver, 1981; Parry and Carver, 1986; Carver et al., 1991), and wheat
(Green et al, 1975; Stadnik and Buchenauer, 1999). Production of the autofluorescent
compounds was associated with cuticular contact of the pathogen with host cells and its
intensity and extent was higher at appressorial than at germ-tube contact sites. Furthermore,
accumulation of autofluorescent compounds at infection sites was much higher in resistant
cultivars than in susceptible cultivars and the intensity of localised autofluorescence correlated
with resistance to penetration by E. graminis (Mayama and Shishiyama, 1978; Carver ef al.,
1991; 1992; 1995; Stadnik and Buchenauer, 1999). This autofluorescent response was
independent of autofluorescence of epidermal and mesophyll cells undergoing hypersensitive
cell death in race-specific resistance (Zeyen et al., 1995). Characterisation of emission spectra
of the compounds identified autofluorogens as phenolics, synthesised de novo in response to
pathogen attack (Mayama and Shishiyama, 1978). Increased activity of phenylalanine

ammonia-lyase (PAL) and tyrosine ammonia lyase activity as early as 4 hours after wheat
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inoculation with E. graminis f. sp. tritici also suggests a role of phenols in plant defence
(Green et al., 1975). PAL is known to catalyse the first step in phenylpropanoid metabolism,
by which it affects the synthesis of different phenolic compounds in plants (Dixon et al,
1983; Jones, 1984).

The antimicrobial activity of phenolic compounds accumulating around the substomatal
cavities may also explain the reduced virulence of the MgAtr4 disruption mutants. This would
imply a general response of wheat plants to attack by pathogens. To test this hypothesis, the
intensity and extent of autofluorescence emitted from cells after inoculation with M.
graminicola should be examined. Inhibitors of PAL activity, such as a-aminooxy-f-
phenylpropionic acid (AOPP) and a-aminooxy acetic acid (AOA) can reduce biosynthesis of
phenolic compounds in cells. Both inhibitors suppress accumulation of localised
autofluorescent compounds and increase susceptibility of wheat, barley, and oat leaves to E.
graminis (Carver et al, 1991; 1992; 1994; 1996). Therefore, it would be interesting to
investigate whether the use of these inhibitors may also restore virulence of the MgAtr4
disruption mutants.

The isolation and characterisation of autofluorescent compounds is also important, since
these defence compounds can be potentially useful in programmes to genetically engineer and
select plants with a higher content of these compounds. Other options are to use
autofluorescent compounds as lead structures in fungicide synthesis programmes or to search
for activators of PAL activity that induce the production of phenolic compounds in plants

(Nagai et al., 1994; Dorey et al., 1999).

Mechanisms of azole sensitivity in M. graminicola

Mechanisms of reduced sensitivity to azole fungicides were studied in laboratory-generated
mutants as well as in field isolates of M. graminicola. Mechanisms studied involved
decreased accumulation of azoles in cells, overexpression of the ABC transporter genes
MgAtri-MgAtr5 and of CYP51 encoding P450,4py, and mutations in CYP51. Results from the
studies indicated that multiple mechanisms may operate simultaneously (Chapters 6 and 7).
These results corroborate findings with other organisms, such as C. albicans. Sub-populations
of this pathogen generated from single clonal isolates did show distinct resistance mechanisms
to azoles after treatment with these antifungal compounds, suggesting that the mechanism(s)

of drug resistance is(are) selected rather randomly. In many cases, a rapid induction of
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multidrug efflux pumps is observed after exposure to the antimicrobial agents, which suggests
that this protective mechanism is utilised as a “first aid kit” by cells to oppose potential threats
(De Waard, 1997; Franz et al., 1998; Cowen et al., 2000; Perea et al., 2001; 2002; Martinez et
al., 2002; White et al., 2002). This conclusion seems to corroborate the results with M.
graminicola.

Decreased sensitivity to azoles in laboratory-generated mutants and field isolates of M.
graminicola can coincide with either decreased or increased accumulation of the compounds
in cells. In all isolates, addition of the uncoupler carbonyl-cyanide m-chlorophenylhydrazone
(CCCP) induced an increased accumulation of cyproconazole in mycelial cells indicating that
accumulation is energy-dependent (Chapters 6 and 7). This situation contrasts with that in
other organisms, such as 4. nidulans (De Waard and Van Nistelrooy, 1980), B. cinerea
(Hayashi et al., 2001), and P. italicum (De Waard and Van Nistelrooy, 1984) where decreased
azole sensitivity always correlated with decreased accumulation of azoles in mycelium of the
fungus. ABC and MFS transporters can account for the decreased accumulation of azoles in
cells by efflux of these compounds into the extra-cellular space. However, these transporters
may also be responsible for sequestration of azoles in vacuoles or other intracellular
compartments that would result in increased intracellular accumulation of the compounds
without affecting the cells. This mechanism could explain the higher accumulation of
cyproconazole measured in some of the azole-tolerant field isolates and laboratory-generated
mutants of M. graminicola. Intracellularly localised P-glycoprotein (P-gp), a well-
characterised ABC protein of the MDR class of ABC transporters from human (Ambudkar et
al., 1999), plays a role in the sequestration of drugs within cytoplasmatic organelles (Shapiro
et al., 1998; Meschini et al., 2000; Arancia et al., 2001; Ferraoa et al., 2001). This protection
mechanism has also been described in plants where sequestering of endotoxins, heavy metals,
and natural pigments occurs through a specific subclass of ABC transporters (Rea, 1999).

Accumulation of azoles by M. graminicola as measured in our uptake experiments is the
net result of both influx and efflux of the compounds from cells. It is known that the cell wall
and membrane composition can significantly reduce plasma membrane permeability and may
contribute to azole resistance. The plasma membrane composition can also strongly influence
substrate specificity and ATPase activity of ABC transporters (Hitchcock ef al, 1986;
Sinicrope et al., 1992; Baggetto, 1997; White et al., 1998; Lavie et al., 1999; Van Den Hazel
et al., 1999; Lavie and Liscovitch, 2000; Ferte, 2000; Pallares-Trujillo et al., 2000). Our
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studies seem to corroborate this observation, since differences in expression of ABC
transporter genes in yeast-like cells and mycelium of M. graminicola (Chapter 3) could be
attributed to differences in the membrane composition of the two dimorphic forms.
Differences in substrate specificity of MgAtrl-MgAtr5 in M. graminicola and S. cerevisiae
could also be the result of differences in the intrinsic membrane composition of the two
organisms (Chapter 4). Therefore, the natural variation in the membrane composition of
laboratory mutants and field isolates of M. graminicola, or alterations in membranes induced
by the effect of azoles on ergosterol biosynthesis, can play a more important role in azole-

sensitivity than initially anticipated.

Modulating the activity of ABC transporters
ABC transporters from M. graminicola can be involved as described before, in protection
against antifungal compounds and in virulence of the fungus. Therefore, finding ways to
modulate the activity of ABC proteins in the fungus might facilitate disease control.
Modulation of ABC transporter activity can occur with compounds known as ABC
transporter modulators or chemosensitisers. By themselves such compounds generally have
little or no toxic activity, but when used in combination with other antimicrobials they can
improve their efficacy in disease control. Such compounds have already been synthesised and
used in clinical trials for the treatment of MDR in tumor cells. Examples of modulators are
anthracycline and Vinca alkaloid analogues, calcium channel blokers, calmodulin antagonists,
cyclosporines, steroids and hormonal analogues, and other miscellaneous hydrophobic
cationic compounds (Ford and Hait, 1990; 1993; Ford et al, 1996; Scala et al, 1997,
Ambudkar ef al., 1999; Krishna and Mayer, 2000; Shabbits et al., 2001). Modulators of ABC
transporter activity can also improve the in vitro activity of azole fungicides against fungi,
such as A. nidulans (De Waard and Van Nistelrooy, 1982), P. italicum (De Waard and Van
Nistelrooy, 1984) and B. cinerea (Hayashi et al., in press).

We have tested the combined activity of known ABC transporter modulators in combination
with azole fungicides to a randomly selected field isolate of M. graminicola. Only additive
effects between the compounds tested were observed (Chapters 8). However, the isolate used
in these experiments was relatively sensitive to azole fungicides and therefore, ABC
transporters may have been less important for the sensitivity level of this isolate to azoles. As

modulators may also have a selective activity on specific efflux pumps it is also possible that
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we did not test the proper modulators. Therefore, we performed preliminary studies on the
activity of modulators with field isolates of M. graminicola that varied in base-line sensitivity
to azole fungicides and in cyproconazole accumulation levels (non-published results). The
strains used were the field isolates M4, M7, S043, and S190 (Chapter 7). Compounds tested
were the azole fungicide cyproconazole in combination with chlorpromazine (phenothiazine),
cycloheximide (protein synthesis inhibitor), kresoxim-methyl (Qol-inhibitor), progesterone
(steroid), quercetin (flavanoid), quinidine (alkaloid), reserpine (indole alkaloid), rhodamine
6G (dye), verapamil (phenylacetonitrile), and tacrolimus (macrolide antibiotic). The
modulating activity of the compounds on fungicide activity of cyproconazole was qualitatively
assessed in crossed-paper strip experiments (De Waard and Van Nistelrooy, 1982; Sugiura et
al., 1993). A synergistic interaction was only observed for chlorpromazine. The synergism
was observed for all isolates tested and proved to be dependent of the concentration of both
compounds. Results obtained with field isolate S190, which has a relatively low sensitivity to

cyproconazole, are presented in Figure 1.

Chlorpromazine
1000 mg 1 5000 mg 1 10000 mg 1

Cyproconazole
10 mg 1

Cyproconazole
100 mg 1

Figure 1. Synergistic activity between cyproconazole (horizontal paper-strips) and chlorpromazine (vertical
paper-strips) to Mycosphaerella graminicola (field isolate S190). Figures indicate concentrations of solutions
used to impregnate paper-strips with compounds, before application of the strips on agar seeded with yeast-like
cells of the fungus.
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These results suggest a role for ABC transporters in determining base-line sensitivity to azoles
in these isolates. Similar concentrations of chlorpromazine induced a similar increase in
sensitivity to cyproconazole in all isolates tested, suggesting that a specific azole-transporter is
inhibited. Therefore, chlorpromazine-insensitive transporters or other mechanisms of
resistance may account for decreased sensitivity to azoles of field isolates. This hypothesis
corroborates our conclusion that multiple mechanisms are involved in the variation in base-
line sensitivity of field isolates of M. graminicola to azoles (Chapter 7). Modulation of ABC
transporter activity by chlorpromazine has been demonstrated before in mammalian tumor
cells (Bebawy et al., 2001), C. albicans (Krajewska-Kulak and Niczyporuk, 1993) and other
yeast species (Ben-Gigi et al., 1988), Escherichia coli (Molnar et al., 1997), Leishmania spp.
(Essodaigui et al., 1999), and B. cinerea (Hayashi et al., in press). The modulation is ascribed
to competitive inhibition of transport with the test compounds (Syed et al, 1996). An
interesting question arises whether modulation of ABC transporter activity could also take
place during pathogenesis. If so, modulators might improve efficacy of fungicides or increase
activity of plant defence compounds (De Waard, 1997).

Modulation of the activity of plant ABC transporters can also be relevant for plant disease
control. This hypothesis is based on the discovery of diverse compounds capable of protecting
human cells against harmful drugs by modulating the P-gp-mediated efflux. These compounds
can alter the P-gp substrate specificity either by enhancing the specificity of the transporter for
some compounds and reducing it for others, or by enabling transport of compounds that were
previously not a substrate of the protein. This phenomenon has been described as Retargeting
of ABC transporters (Kondratov et al., 2001). Pathogenesis of M. graminicola probably
involves the secretion of toxins (Kema et al., 1996). Therefore, it would be interesting to
investigate whether such compounds could also be used to enhance wheat defence by
retargeting of plant ABC proteins for enhanced transport of fungal toxins and wheat defence
compounds. An important prerequisite of such modulators or activators would be selective
action between target ABC proteins in the pathogen and the host. Kondratov et al., (2001)
speculated that P-gp can be “fine-tuned” with appropriate modulators to optimise substrate
specificity. A similar approach might be possible for retargeting the substrate specificity of

plant ABC transporters, without altering substrate specificity of fungal ABC proteins.
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Summary

SUMMARY

The aim of this study was to clone ATP-binding cassette (ABC) transporter genes from the
wheat pathogen Mycosphaerella graminicola and to establish the role of the encoded proteins
for the fungus in pathogenesis on wheat and in protection against toxic compounds.

In Chapter 1 a description of M. graminicola (anamorph state: Septoria tritici) is given.
The pathogen is the causal agent of septoria tritici blotch of wheat. The disease has a
worldwide distribution and is an increasingly important threat to wheat crops, especially in
areas with high humidity and moderate temperatures. Therefore, understanding of the
molecular mechanisms of pathogenesis and fungicide resistance development in this pathogen
is important. Disease management of M. graminicola has widely involved the use of azole
fungicides. The mode of action of these fungicides is based on inhibition of cytochrome P450
sterol 14a-demethylase (P45014pMm) activity, a key enzyme of the sterol biosynthetic pathway.
In plant pathogenic fungi four major mechanisms of resistance to azoles have been reported.
One of these is reduced accumulation of the fungicides in mycelium, attributed to an energy-
dependant efflux mechanism mediated by ABC or major facilitator superfamily (MFS)
transporters. These mechanisms are described in Chapter 1.

In Chapter 2 ABC and MFS transporters from filamentous fungi are reviewed. These
transporters comprise two of the largest protein families known to date. The proteins are
located in the plasma membrane or in membranes of intracellular compartments and are
capable of transporting a wide variety of cytotoxic agents against a concentration gradient. In
case of ABC transporters, the energy needed for transport is generated by ATP-hydrolysis and
therefore, ABC transporters are characterised as primary active transport systems. MFS
transporters use the energy from the electrochemical gradient across membranes and for this
reason they are classified as secondary transport systems. ABC and MFS transporters can play
an essential role in multidrug resistance (MDR) of cells to chemically unrelated compounds.
ABC and MFS transporters involved in resistance to fungitoxic compounds have also been
described in filamentous fungi. In plant pathogenic fungi these transporters may act as
virulence factors if they mediate secretion of virulence factors, such as host specific toxins, or

provide protection against plant defence compounds during pathogenesis.
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Chapter 3 describes the cloning and characterisation of three single copy ABC transporter
genes from M. graminicola, using a PCR-based approach. The genes were named MgAtr3,
MgAtr4, and MgAtrS. Based on the topology of the encoded proteins, MgAtr3-MgAtr5 can be
classified as novel members of the PDR class of ABC transporters. Expression of MgAtr3
could not be detected by northern blot analysis under the conditions tested. However, MgAtr4
and MgAtr5 displayed distinct expression profiles when treated with a range of compounds
known to be either substrates or inducers of ABC transporters. These included synthetic
fungitoxic compounds, such as imazalil and cyproconazole, natural toxic compounds, such as
the plant defence compounds eugenol and psoralen, and the antibiotics cycloheximide and
neomycin. The expression pattern of the genes was also dependent on the morphological state
of the fungus.

In Chapter 4 the function of MgAtri-MgAtr5 from M. graminicola in protection of the
fungus against natural and synthetic toxic compounds is further analysed. Heterologous
expression of MgAtrl, MgAtr2, MgAtr4, and MgAtr5 in Saccharomyces cerevisiae showed
that the encoded proteins can transport a number of chemically unrelated compounds and have
distinct but overlapping substrate specificities. Therefore, MgAtrl, MgAtr2, MgAtr4, and
MgAtrS can be considered as multidrug transporters from M. graminicola. Analysis of
MgAtrl-MgAtr5 gene disruption or replacement mutants in M. graminicola, showed that
deletion of MgAtr5 slightly increases sensitivity of the fungus to the putative wheat defence
compound resorcinol and the grape phytoalexin resveratrol. Bioassays with antagonistic
bacteria indicated that MgAtr2 provides protection of M. graminicola against antibiotics
produced by Pseudomonas fluorescens and Burkholderia cepacia.

Chapter 5 describes the function of MgAtri-MgAtr5 in virulence of M. graminicola on
wheat. Gene disruption or replacement mutants of MgAtri, MgAtr2, MgAtr3, and MgAtr5
displayed an unaltered phenotype in comparison to the wild-type control strain. However,
virulence of the MgAtr4 disruption mutants was significantly reduced on seedlings of all
wheat cultivars tested. Histopathological analysis of the infection process showed that MgAtr4
disruption mutants have reduced capacity to colonise substomatal cavities and display reduced
growth in the apoplast of infected wheat leaves. In vitro growth test experiments on different
media showed no growth defects associated with the disruption of MgAtr4. Therefore, the
results indicate that MgAtr4 is a virulence factor of M. graminicola. MgAtr4 is the first

virulence factor identified so far from this important plant pathogen.

182



Summary

In Chapter 6 studies on mechanisms of azole resistance in laboratory-generated azole-
resistant mutants of M. graminicola are described. These mutants displayed an MDR
phenotype by exhibiting cross-resistance to the unrelated chemicals cycloheximide and/or
rhodamine 6G. Mechanisms studied involved increased efflux of azoles from cells mediated
by ABC transporters, overexpression of CYP5] encoding P4504py, and effects of mutations
in the coding sequence of this gene. Reduced accumulation of azoles in mycelium of the
fungus played a role in the resistance of some of the mutants to azoles. However, additional
resistance mechanisms, such as sequestration of azoles in cellular compartments also seemed
to operate.

In Chapter 7 molecular mechanisms that account for variation in base-line sensitivity to
azole fungicides in field isolates of M. graminicola are studied. The isolates tested showed a
large variation in sensitivity to azoles. The isolates were cross-sensitive to the azoles
cyproconazole, ketoconazole, and tebuconazole, but not to unrelated chemicals, such as
cycloheximide, kresoxim-methyl, and rhodamine 6G. Genetic analysis showed that azole
sensitivity in M. graminicola is a polygenic trait. The basal expression level of MgAtri-
MgAtr5 significantly varied among the isolates but no correlation between expression of a
specific ABC gene and azole sensitivity was observed. Cyproconazole particularly induced
expression of MgAtr4 but no correlation between expression of this gene and azole sensitivity
was observed either. One isolate with intermediate sensitivity to azoles showed high levels of
CYP51 expression. Decreased accumulation of azoles in mycelium did not correlate with
azole sensitivity. The results indicate that multiple mechanisms account for differences in
base-line sensitivity to azoles in field isolates of M. graminicola. This conclusion is in line
with the proposed mechanisms of resistance to azoles in laboratory-generated mutants of M.
graminicola.

In Chapter 8 the antifungal activity of the azole fungicides cyproconazole and
propiconazole as single compounds and in combination with ABC transporter modulators is
studied. Tests were performed with a wild-type field isolate of M. graminicola that possessed
a moderate sensitivity to azole fungicides. The activity of the compounds was evaluated in
spore germination and germ-tube growth tests. Analysis of interactions between the
compounds with the Colby method showed additive effects in most mixtures tested. Some

synergism in mixtures of cyproconazole with verapamil and kresoxim-methyl was also
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observed. Analysis with the Wadley method revealed additive interactions in mixtures of
cyproconazole and kresoxim-methyl.

Chapter 9 represents the general discussion of the thesis with special emphasis on selected
topics, such as possible approaches to clone additional ABC transporter genes from M.
graminicola, the relation between expression of ABC genes and substrate specificity of the
encoded proteins, the redundancy in ABC transporters, the function of ABC transporters as
virulence factors, the mechanisms of azole sensitivity and resistance in M. graminicola, and
finally ways to modulate ABC transporter activity.

In conclusion, data presented in this thesis show that ABC transporters from M.
graminicola have a number of important functions. They can act as virulence factors of plant
pathogens. In addition, they may provide protection against natural and synthetic, toxic
compounds and account for base-line sensitivity and fungicide resistance of fungi to azole

fungicides.
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Samenvatting

SAMENVATTING

Het doel van dit onderzoek was de klonering van ATP-bindings cassette (ABC)
transportgenen van het tarwepathogeen Mycosphaerella graminicola en de bestudering van
hun functie tijdens de pathogenese van de schimmel op tarwe en bij bescherming tegen
toxische verbindingen.

Hoofdstuk 1 geeft een beschrijving van M. graminicola (anamorf Septoria tritici). Het
pathogeen is de veroorzaker van de septoria tritici bladvlekkenziekte op tarwe. De ziekte komt
overal ter wereld voor en is in toenemende mate een bedreiging voor de tarweteelt, speciaal in
gebieden met een hoge luchtvochtigheid en gematigde temperatuur. Om die redenen is een
beter begrip van moleculaire mechanismen die tijdens de pathogenese een rol spelen en van de
ontwikkeling van resistentie tegen fungiciden belangrijk. De bestrijding van M. graminicola
berust in hoge mate op het gebruik van azoolfungiciden. Het werkingsmechanisme van deze
fungiciden is gebaseerd op remming van de activiteit van cytochroom P450-afhankelijk sterol
l4o-demethylase (P45014pMm), een sleutelenzym in de sterolbiosynthese. In plantenpathogene
schimmels zijn vier belangrijke mechanismen van resistentie tegen azolen bekend. Eén van
deze mechanismen is verminderde accumulatie van de fungiciden in mycelium, hetgeen wordt
toegeschreven aan energie-afhankelijke efflux door ABC en major facilitator superfamily
(MFS) transporteiwitten. Deze mechanismen worden eveneens in hoofdstuk 1 beschreven.

Hoofdstuk 2 geeft een overzicht van ABC en MFS transporteiwitten in filamenteuse
schimmels. De transporteiwitten vormen twee van de grootste eiwitfamilies die momenteel
bekend zijn. De eiwitten zijn gelokaliseerd in de plasmamembraan of in membranen van
intracellulaire compartimenten en zijn in staat om uiteenlopende cytotoxische verbindingen
tegen een concentratiegradiént te transporteren. ABC transporteiwitten genereren de energie
die nodig is voor transport door hydrolyse van ATP en daarom worden ABC transporteiwitten
gekarakteriseerd als primair actieve transport systemen. MFS transporteiwitten benutten de
energie van de elektrochemische gradiént over membranen en daarom worden deze eiwitten
beschreven als secundair actieve transport systemen. ABC en MFS transporteiwitten kunnen
een essenti€le rol vervullen in multidrug resistentie (MDR) van cellen tegen chemisch niet-
verwante verbindingen. ABC en MFS transporteiwitten van schimmels kunnen betrokken zijn

bij resistentie tegen fungiciden en andere fungitoxische verbindingen. In plantenpathogene
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schimmels kunnen transporteiwitten ook fungeren als virulentiefactoren indien ze
verantwoordelijk zijn voor de secretie van gastheer-specifieke toxinen of bescherming
verschaffen tegen afweerstoffen van planten tijdens de pathogenese.

Hoofdstuk 3 beschrijft de klonering en karakterisering van drie ABC genen van M.
graminicola door middel van PCR. De drie genen werden aangeduid als MgAtr3, MgAtr4 en
MgAtr5. De topologie van de gecodeerde eiwitten duidt erop dat MgAtr3-MgAtr5 kunnen
worden geclassificeerd als nieuwe vertegenwoordigers van de PDR klasse van ABC
transporteiwitten. In northern blot analyse experimenten kon onder de geteste omstandigheden
geen expressie van MgAtr3 worden aangetoond. MgAtr4 en MgAtr5 vertoonden echter
duidelijke expressie profielen na behandeling met verbindingen die bekend zijn als substraat
of inducer van ABC transporteiwitten. De geteste stoffen omvatten synthetisch fungitoxische
verbindingen zoals imazalil en cyproconazool, natuurlijke toxische verbindingen zoals de
plantenafweerstoffen eugenol en psoraleen en de antibiotica cycloheximide en neomycine. Het
expressiepatroon van de genen was ook athankelijk van de morfologie van de schimmel.

In Hoofdstuk 4 wordt de functie van MgAtri-MgAtr5 van M. graminicola bij de
bescherming van de schimmel tegen natuurlijke en synthetische, toxische verbindingen verder
geanalyseerd. Heterologe expressie van MgAtrl, MgAtr2, MgAtr4, en MgAtr5S in
Saccharomyces cerevisiae toonde aan dat de gecodeerde eiwitten een aantal chemisch niet-
verwante verbindingen kunnen transporteren. De eiwitten bezitten duidelijke overeenkomsten
en verschillen in substraatspecificiteit. Op grond van deze waarnemingen kunnen MgAtrl,
MgAtr2, MgAtr4, en MgAtr5S beschouwd worden als multidrug transporteiwitten van M.
graminicola. Analyse van MgAtrl-MgAtr5 gendisruptie- of genvervangings-mutanten van M.
graminicola toonde aan dat deletie van MgAtr5 een geringe toename in gevoeligheid van de
schimmel voor de afweerstoffen resorcinol en resveratrol veroorzaakte. Biotoetsen met
antagonistische bacterién wezen er op dat MgAtr2 M. graminicola bescherming verschaft
tegen antibiotica geproduceerd door Pseudomonas fluorescens en Burkholderia cepacia.

Hoofdstuk 5 beschrijft de functie van MgAtri-MgAtr5 in de virulentie van M. graminicola
op tarwe. Gendisruptie- en genvervangings-mutanten van MgAtrl, MgAtr2, MgAtr3 en
MgAtr5 vertoonden hetzelfde virulente fenotype als de wild-type controle stam. De virulentie
van MgAtr4 disruptie mutanten was echter significant verminderd op zaailingen van alle
geteste tarwecultivars. Histopathologisch onderzoek van het infectieproces toonde aan dat

MgAtr4 disruptie mutanten substomatale ruimten slecht koloniseren en een verminderde groei
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vertonen in de apoplast van tarweblad. In vitro groeiproeven op verschillende media toonden
aan dat disruptie van MgAtr4 het groeivermogen niet vermindert. Dit wijst er op dat MgAtr4
een virulentiefactor is van M. graminicola. MgAtr4 is de eerste virulentie factor die tot nu toe
van dit belangrijk plantenpathogeen is geidentificeerd.

In Hoofdstuk 6 worden resistentie-mechanismen voor azoolfungiciden in azool-resisente
laboratoriumstammen van M. graminicola beschreven. Deze mutanten vertoonden een MDR
fenotype omdat ze kruisresistentie geven tegen de chemisch niet-verwante verbindingen
cycloheximide en/of rhodamine 6G. De effecten die werden gevonden omvatten een toename
in efflux van azolen door ABC transporteiwitten, overexpressie van CYP51 dat codeert voor
P45014pm en mutaties in het coderende gedeelte van het gen. Verminderde accumulatie van
azolen in mycelium speelde een rol in resistentie van sommige mutanten tegen azolen.
Additionele effecten zoals opslag van azolen in celcompartimenten zouden echter ook een rol
kunnen spelen.

In Hoofdstuk 7 worden moleculaire mechanismen die verantwoordelijk zijn voor variatie
in basis-gevoeligheid voor azool fungiciden in veldisolaten van M. graminicola bestudeerd.
De geteste isolaten vertonen een grote variatie in gevoeligheid voor azolen. De isolaten waren
kruisgevoelig voor de azolen cyproconazool, ketoconazool, en tebuconazool maar niet voor
niet-verwante verbindingen zoals cycloheximide, kresoxim-methyl en rhodamine 6G.
Genetische analyse toonde aan dat azool-gevoeligheid in M. graminicola een polygene basis
heeft. Het basale expressieniveau van MgAtrl-MgAtr5 was voor de isolaten duidelijk
verschillend, maar er kon geen correlatie tussen expressieniveau van een specifieck ABC gen
en azool-gevoeligheid worden vastgesteld. Cyproconazool induceerde in het bijzonder de
expressie van MgAtr4, maar een correlatie tussen expressie van dit gen en azool-gevoeligheid
kon evenmin worden vastgesteld. Eén isolaat met intermediaire gevoeligheid voor azolen
vertoonde een hoog CYP5] expressieniveau. Verminderde accumulatie van azolen in
mycelium correleerde niet met azool-gevoeligheid. De resultaten tonen aan dat meerdere
mechanismen voor de verschillen in basis-gevoeligheid van veldisolaten van M. graminicola
verantwoordelijk  zijn. Een vergelijkbare conclusie werd in hoofdstuk 6 voor
resistentiemechanismen in azool-resistente laboratoriummutanten van M. graminicola
getrokken.

In Hoofdstuk 8 wordt de fungitoxische activiteit van de azool-fungiciden cyproconazool en

propiconazool alleen en in combinatie met ABC transportmodulators bestudeerd. De proeven
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werden uitgevoerd met een veldisolaat van M. graminicola dat een matige gevoeligheid heeft
voor azool fungiciden. De activiteit van de stoffen werd bepaald op de sporenkieming en
kiembuisgroei. Analyse van de interacties tussen de stoffen met de Colby methode toonde aan
dat de effecten in de meeste mengsels additief zijn. In mengsels van cyproconazool en
verapamil of kresoxim-methyl werd enige synergistische activiteit waargenomen. Analyse van
mengsels van cyproconazool en kresoxim-methyl met de Wadley methode toonde uitsluitend
additieve interacties aan.

Hoofdstuk 9 geeft een algemene discussie van het proefschrift met speciale aandacht voor
onderwerpen zoals: mogelijke strategieén om additionele ABC genen van M. graminicola te
kloneren, de relatie tussen expressie van ABC genen en substraatspecificiteit van de
gecodeerde eiwitten, de grote verscheidenheid aan ABC transporteiwitten, de functie van
ABC transporteiwitten als virulentiefactor, de mechanismen van azool-gevoeligheid en
resistentie in M. graminicola, en tenslotte mogelijkheden om ABC transportactiviteit te
beinvloeden.

Samenvattend, tonen de gegevens van dit proefschrift aan dat ABC transporteiwitten van
M. graminicola een aantal belangrijke functies bezitten. Zij kunnen functioneren als
virulentiefactor. Bovendien kunnen ze bescherming verschaffen tegen natuurlijke en
synthetische, toxische stoffen en verantwoordelijk zijn voor basis-gevoeligheid en resistentie

tegen azoolfungiciden.
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INEPIAHYH

YKomdg TG UEAETNG OWTAG MNTOV 1) KAWVOTOINGM YOVISI®V oL KOOIKOTOOLV TPWOTEIVES
emovopalopeveg g ATP-binding cassette (ABC) transporters amd tov maboyovo pdknto
Mycosphaerella graminicola ko1 n TaVTONOINGT TOL POAOL TOV TPOTEVOV OVTMOV GTOV
KkaBopiopd g maboyevvnTikdTNTOG TOL HOKNTO GTO GLTAPL KO GTNV TPOCTUGIN TOV EVAVTIO
0¢€ TOEIKEG OVGTEC.

210 Kepdiaro 1 divetan ) meprypoaen tov poknta M. graminicola (atedg popon Septoria
tritici). To maBoyovo avtd mpokadel TNV acBiveln YvOGTH KOl G GETTOPINGT TOV oltnpav. H
acBévela yel maykoouo eEdmimon kot amotelel pion avEavouevng onuaciog omell og
KOAMEPYEIEC OTOPLOD, 1010{TEPO. GE TEPLOYES LE LYNAN OYETIKN Lypacio Kol HETPLEG
Beppokpaocies. I'ia to Adyo avTd, N KATOVONGT TOV HOPLIK®V UNYOVICUOV ToV oyeTilovTot Le
NV TaBoyevVnTIKOTNTA Kot avOEKTIKOTNTO TOL HOKNTO GE HVKNTOKTOVO GKELAGHOTA, givat
wwitepng onuaciog. H katamoréunon g acbévelng avtg cvumeptiapPdvel gvpéwmg
xpnon oloAKOV HLKNTOKTOVOV. O TpOTOC dpdong TV HUKNTOKTOVOV OLTMOV OLGLOV
Baciletal otnv avactod g avtidpaong amopefdimong Tov dvipaka 14 katd ™ didpkela
ovuvleong TV OTEPOAMV oTo KLTTOPW, Topepfaivovtag otn Aettovpyion €vog evivHOv
eEaptodpevov amod to Kuttoxpmua P45014pm. To €viopo avtd mailel Eva kabopiotikd poAo ot
Blochvleon OAwV TtV oTEPOAGV. e TABOYOVOLS HOKNTEG TOV QUTOV, TECGEPLS KLPIMG
unyoviopol avlektikodtntog ot aloreg éxovv avagepbel. ‘Evag amd ovtodg eival kot m
LELOUEVT] GLGGMPEVGT TV OVCIAOV OVTMOV GTO HVKNALO TOL POKNTO, TOV 0modideTal o Evay
evepyelnKd eEapTtdOUEVO eKKPITIKO pnyaviocpd katevbovopevo amdé ABC transporters 1)
TPOTEIVEG TNG VITEP-01K0YEVELNG TV major facilitators (MFS). Avtoti ot 000, kabdg Kot dAlot
punyoviopol avlektikdtTog 0TI AlOAES, TEPLYpAQOvVTaL ETtions oto Kepdiawo 1.

210 Kepdlaio 2 yivetar pio ovabedpnon tov ABC kot MFS transporters amd pokniiokovg
pokntes. Ot TpmTEIVES AVTEG UE HETAPOPIKO POAO YO TO. KVTTOPO, OTOTEAODV OV0 Omd TIG
UEYOAVTEPEG OIKOYEVELEG TPOTEIVOV oL £xovv avapepBel g topa. Evromilovion xvpimg
oV €EOMAOCUATIKY HEUPPAVN I OTIS HEUPPAVES EVOOKVTTAPIKAOV SLOUEPICUATMOV KOl Elval
KOVEC VO HETOKIVOUV éva peydio aplBpd Kutotollkdv mopayovimv evavtio oto Poabud
SaPfabuong e TukvOTNTAG TOVG EKOTEPWOEV TOV KLTTOPIKAOV HEPPpovdy. Xy Tepintmon
tov ABC transporters 1 evEpyelol TOL ATOLTEITOL Y10 TNV LETAKIVIOT QLTN TPOEPYETAL ATTO TNV

VOPOAVOT NG TPLPEGPOPIKNG adevoouvng (ATP) kot yio Tov AdYo avtd o1 TPOTEIVEG OVTEG
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yopaktpiloviot Kot wg 0 KOPLOG EVEPYOS UNYOVIGUOG LETAKIVIOTNG KUTOTOEIKADV TAPUyOVTI®V
ota KOttopa. Amd v AAAn mhevpd, or MFS transporters, ¥pnoLUomTolovV TNV EVEPYELD TNG
niektpoynuikng owpdduong exatépmbev TV pepPpovov vy T peTOKiviion Hopiov
Swpéocov ovtdv Kot YU avtdév 1o Adyo Talvopodvior ¢ OEVTEPELMOV  UNYAVICUOG
HETAKIVIIONG KLTOTOEIKMV TOPAYOVI®MV OTO KVLTTOPA. £T0 6VVoAo tovg ot ABC kor MFS
transporters pUmwopovv va maiovv Evav KabopltoTikd poAo oty avamtuln O106TOVPOVIEVTG
avOEKTIKOTNTOG TOV KLTTAP®V G€ TOAAATAOVS KVTOTOEIKOVE KOl YNUKAL 11 GUOYETILOUEVOVG
napdyovteg. ABC ka1 MFS transporters coppetéyovieg omv avamtuoén avlektikdttog oe
HUKNTOEIKEG EVAGELG €xouV emiong meptypagel o€ PUKNAOKOVS pOKNTEG. Ze mafoydvoug
HOKNTEG TOV QLTOV, Ol TPMTEIVEC OVTEG UTOPOVV E€MIONG VO OPAGOLV G TOPAYOVTEG
HOAVGUOTIKOTNTOG TV HUKATOV 0V LEGOAUBOVV GTNV £KKPION HOAVCUATIK®OV TOPOYOVTOV
omwg Eeviotob—edég toiveg, M map€yovv TPOCTOCIO. EVAVTIOV (QUTOTPOCTATELTIKMOV
EVOCEMV KOTA TN d1dpKeto TG TafoyEvveong.

10 Kepaioao 3 meprypdoetor 1 KA®VOTOINGYN KOl YOPOKTNPIOUOS — TPLOV
Hovoyovoyovidiov mov kwdikomolovv ¢ mpog ABC transporters amd to poxknta M.
graminicola,, ypnowonowwvtog pio péBodo Pacilopevn omv oAVCIO®TY avTidpaoNS NG
nmoivpepaons (PCR). Ta yovidia avtd €govv ovopaotel MgAtr3, MgAtrd xou MgAtrS.
Boowlopevol oty tomoloyikn SdTaEn TV KOOKOTOMUEVOV TPOTEIVOV, Ol TPOTEIVEG
MgAtr3-MgAtrS pmopovv va ta&ivounBovv o¢ péAN ¢ TAEOTPOTIKNG OVOEKTIKOTNTOG OF
tolwcéc ovoiec owoyévelag twv ABC transporters. ‘Exppaocn tov yovidiov MgAtr3, dev
aviyvenTNKe VIO TIG cLVONKeES Ypnotponoinong g avaivong Northern. Tlap’ 6Aa avtd, ta
yoviowa MgAtr4d kaw MgAtr5 mopovciacay O1aKpiTn KoTovoun EKepacng Letd amd ékbeor Tov
POKNTO G €V PACUO. EVOGEMY TOV OMOTEAOVV €ite vmooTpmduato yw mpwteiveg ABC 1
EMAYOLY TNV €KQPOACT TOV ovAAOY®OV  yovdiov. X1  OOKIMaLOUEVES  EVAOGELG
ocoumepthapupdvovtal  ocuvBeTikd  PLKNTOTOEIKA  okevAouoTa, Ome¢  imazalil kot
cyproconazole, TOEIKEC EVDCELG PLGIKNG TPOEAEVGEMG, OTMG Ol PLTOTPOCTATEVTIKEG EVIDGEL
eugenol kot psoralen, kat T avtifrotikd cycloheximide ko neomycin. H katoavoun éxepaong
TV Yovdiwv MgAtr3-MgAtr5 ntav eniong e£aptdUeVN Kol od T LOPPOAOYIKT KOTAGTOON,
ondplo. N LUKNALO, TOL POKNTA.

210 Kepdlaro 4 €Eetdletor mepoutépm 1 AEITOLPYIR TOV KOIIKOTOWOVUEVOV OO TO
yovidww MgAtrl-MgAtr5 mpwteivov tov pwoknto M. graminicola otnv mpootociot avTov
eVOVTIOL 0€ TOEIKEG EVOGELS QUOIKNG M TEYVNTNG Tpoedevoews. Etepdloyn éxopaom tov

yovidiwv MgAtrl, MgAtr2, MgAtr4, xon MgAtr5 ot {oun Saccharomyces cerevisiae, £0€1&e
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OTL 01 KMOIKOTOLOVUEVES TPMOTEIVEG UTOPOVV VAL LETAPEPOLV £val PLEYOAO aptBUd yNUIKA, Un
oLOYETILOUEVOV 0VCLOV EKATEPMOEV TOV KLTTOPIKOV HEUPPAVAOV KOl KATEYOLV OLIKPLTN
aAAG emkaAvmTOpeVn) €€eldiKeVon MG TPOG TO. VTOSTPOUATA TOVG. [ To Adyo avtd, ot
npoteiveg MgAtrl, MgAtr2, MgAtrd, kow MgAtr5S pmopodv va BempnBodv kot og mpoTeiveg
UETAPOPAS TOAAOTAMY YNUIKA U CLGYETILOPEV®OV KLTOTOEIKAV okevaoudtov (multidrug
transporters), and to poknto M. graminicola. AvaAvor oteleyx®v Tov POKNTO TOV PEPOVV
pNén N aviikatdotaon evog TV yovidiov MgAtrl-MgAtr5 amd yovidio avapopds 6Tov 1010 To
poknto M. graminicola, €d6eiée 611 daypaen Tov yovidiov MgAtrS mpoxodel pio pikpnm
avénomn g evaoOnciog Tov POKNTO GTNV ®G QEPOUEVN] PLTOTPOCTOTEVTIKY] £VMCT TOV
ortaplov resorcinol kot TV @utoaAeivny mpoepyoOuevn amd QULTE aumEMOV resveratrol.
[Tepdpato Proloykng dokyaciog HeE ovtayovioTikd Pokmmpla, £3€iav 0Tl M TPOTEIVN
MgAtr2 givot tkavn vo Tapéyel Tpootacio tov poknta M. graminicola evavtio o€ avtiBlotikd
mapoyopuevo amod ta faktipia Pseudomonas fluorescens kou Burkholderia cepacia.

Y10 Kepdlato 5 neprypdoetal 1 cVUPOA TOV KOOIKOTOOVUEVOV amd Ta Yoviola MgAtri-
MgAtr5 mpoteivddv 61N LOAVGUOTIKY KavOTnTa ToL poknta M. graminicola. TteA&ym tov
poknto pe pnén M aviikatdotaon o€ éva amd To yovidww MgAtrl, MgAtr2, MgAtr3 ko
MgAtrS5, £de1&av mapOUOL0 UIVOTVLTIO (G TPOG TN LOAVGHOTIKY TOVG IKAVOTNTA, LE TO PLGIKO
oTéAeY0G TOL POKNTO, TOL YPNoomoleito wg paptupoc. Iap” Ao ovtd M HOALGHOTIKY
KAVOTNTO GTEAEXDV TOV HOKNTO pe pNEN 6To Yovidlo MgAtrd, HTov CNUOVIIKA UEIWUEVT] OE
QLTAPLL OA®V TOV TOIKIM®V G1TOPlov Tov dokKldotnKay. lotomaboroyikn avdivon g
Swdikaciog Tposforng GUAA®V GlTaplov amd To POKNTO, £6E1EE OTL GTEAEYN TOL HOKNTO UE
pnén oto yovidlo MgAtr4d mapovslalovy HEIOUEVN KAVOTNTO OOIKIGUOD TNG GTOUOTIKNG
KOWLOTNTAG CTOUATOV TOV QUAAOV KOl UEIWUEV PAACTIKN avdmTtun Ttov HLKNAiov GTOV
amonmAdoTn TOV TPocPBePAnuéveov eutodv ortaptov. Tlap’ dha avtd, mewpdupato PAACTIKNAG
AVATTUENG TOV POKNTO GE OLOPOPETIKE OpenTIKE VTOGTPMOUATA dEV £JEIEAV KATOLN EAGTTMON)
OTNV OVATTLEN GTEAEXMDV TOL POKNTO He pEN 610 Yovidlo MgAtr4 vmd in vitro cuvOnkes. '
TO AOYO OVTO TO OMOTEAECLOTA OTOKOAEITTOVV OTL 1| TpWTEIV MgAtrd givon Evag mapdyovtag
HOALGUATIKOTNTOG Yio TOV poknta M. graminicola. H mpwteivn avt) (MgAtrd) amotedel tov
TPOTO LOAVCUATIKO TOPEYOVTA TOV TOVTOTOLEITAL OO TO CUAVTIKO 0VTO POKNTA.

210 Kepdiato 6 pehetovvtor ol unyovicpoi vmebovvor yio v avlextikdomta e aloAeg
EPYOUOTNPLOKA-TOPOYOUEVOV GTEAEXDV TOV pOKNTO M. graminicola avOEKTIKOV GTIG EVOGEL
avtés. Ta oteléyn avtd, ek10¢ TV alOA®MV TopoVsiocoy aVOEKTIKOTNTO OTIS YNUKO Hn

oyxetilopeveg evmoelg cycloheximide kovn rhodamine 6G. Xtovg peketnBévieg unyovicpovs
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coumepthappavovtal n av&oavopevn £kkpion Tov alolwv amd To kuTTapa o péso tov ABC
transporters, 1 vVreEPEKPPacT Tov Yovidiov CYPS5] mov KOOKOTOEL MG TPOS TO KLTTOYPOLLA
P45014pm, Kol n OTOPEN TUYOV UETOALAEE®V OTNV KMIKOTOL0VG0 OAANAOVYIL OVTOD TOL
yovidiov. Ta arotedéopata deiyvouv 0Tl HEWOUEVT GLGCOPEVSOT TV ALOAWMY GTO LVKAALO TOV
POKNTO GUVEICPEPE GTNV AVOEKTIKOTNTA OPIGUEVOV GTEAEYMV OTIG EVAOCELS avTéc. [Tap® OAa
oUTO, EMUTAEOV PUNYOVIGUOL aVOEKTIKOTNTOG, OTTMOC 1) LECEYYONON TV AlOA®V GE KLTTOPIKA
dlapepiopoto eaivovtol Emiong vao AEIToVPyoLV.

Y10 Kepdlaio 7 pehetodvior ot poprokoi pnyoviopol mov eivor vmedBovor yuoo v
TOPOAAUKTIKOTNTA 7OV TOPOoLCldleTol ®¢ Tpog TNV gvatstncia otg aldreg QLGIKAOV
oteEAEYOV TOV poknto M. graminicola mpoepyouevov amd tov oypd. To oteAéyn mov
e€eTdoTnKOV TOpovGiacay i HEYAAT TOPUALIKTIKOTTO 0TV evocOncia Tovg g mPog TIg
aloleg. Ta otehéyn avtd katelyav dactavpopévn aviektikodtnto otig aldAeg cyproconazole,
ketoconazole kot tebuconazole, aAAd Oyl o€ GALEG YNUIKMG LN GLGYETILOUEVEG OVGIEG OTMG
cycloheximide, kresoxim-methyl kot rhodamine 6G. T'evetikn oavdivon €deie Ot 1
evaucnoio otig aldreg Tov poknta M. graminicola ivon moAvyovidlakng evoews. To facikod
enminedo Exppaong TV yovidiwv MgAtri-MgAtr5, doigpepe onuovTikd PHeTalld TOV OTEAEYDV
TOV HOKNTA, OAAG KOUld GLGYETION WETaED EKQPAONG €VOG CLYKEKPIUEVOL OO OVTA TO
yoviola kot evocOncio otig aloreg dev mapatnpndnke. H évoon cyproconazole mpokdiece
EMOY®YN TG EKEpaoNg 1aitepa Tov Yovidiov MgAtr4, aAld Kopd oLoYXETION WETOED
£€KQpaomng avtod Tov yovidiov kol gvoicOncio tov poknta ot alodeg dev mapaTnpPNONKE
enionc. 'Eva otéheyog tov poknta pe pétpro evoauctnoio otig aloreg mopovcioce VYA
emineda Exppoong tov yovidiov CYPS51. Zvoyétion petald PELMUEVIC CLGGMPELONG TMOV
aloA®V GTO LUKNALO TOV HOKNTO KO EVOI0ON G0 avToD GTIC 0VGieg OVTEC dev TapaTnpnOnKe
emiong. Ta amoteAéopata delyvouv 0Tt moAlomiol pnyoavicpoi eivor vmedbOvvor yia v
epneoviLopevn TopaALaKTIKOTNTO 6€ gvoucncio oTig alOAES, PLGIKMOV CTEAEXDV TOV HOKNTO
M. graminicola mpogpydpevov amd tov aypd. To counépacua avtd Ppioketon 6€ GLUEMVIL
LE TOVG TTPOTEWVOUEVOVS TTOAAATAOVG UNYOVIGLOVG 0vOEKTIKOTNTOS OTIC ALOAEC, EPYACTNPLOKA
TOPAYOUEVOV GTEAEYDV TOL LOKNTO AVOEKTIKMOV GTIC OVGIEG ALTEG.

Y10 Kepalaio 8 peletdtor M towoloyikn opdaon Tov  aloMK®OV  HUKNTOKTOVOV
cyproconazole kot propiconazole oTopkd, 1| 6€ GUVOLACUO HE EVAGELS TOL UTOPOLV VO,
emmpedoovv ™ Aertovpyia tov ABC transporters. H peklétn oavt mpaypotomonke
YPNOLOTOIOVTOS £VOL PUOIKO OTEAEXOG TOL poknta M. graminicola, mpoepyOUEVO amd TOV

aypo, pe oxeTikG pétplo gvaicOnoio oe pokntoktova aloikng evoems. H to&ikoAoyikn
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dpdon OAwv TV evhcemv agloloyndnke oe doKipég mapeunddions PAAcTong omopimv Tov
POKN T KOl BAAGTIKNAG OVATTUENG TOL HLKNALOL avToD. AVAALON TG OAANAETIOpOONC LETAED
TOV EVOGEMV Ypnolponoldvtag ™ nébodo Colby mapovsiace povo afpototikd amoteAécuorto
®¢ TPOG TN OpAcT TOVG OTO TEPICCOTEPO. OO T UEYHOTO TOV €EETACTNKOV. XVVEPYELOKN
dpdon moapatnpndnke pe t pébodo Colby oe petypota tov evdoewmv cyproconazole ko
verapamil 1 kresoxim-methyl. ITap’ 6Aa avtd, avdivon pe ™ pébodoo Wadley €deiée povo
afpoilotikn aAdnAemiopaon petald TV evdoemv cyproconazole kot kresoxim-methyl oe
dlapopa Pely LT TOVG.

210 Kepdiaro 9 colntovvior To omOTEAECUATO TNG GLUVOAMKNG HEAETNG We 1dtaitepn
éupaon oe emeypéva Bépota OTmMG TPOTOL KAMVOTOINoNG eMmPOcHETOV YOVIdiwV Tov
Kkwdtkomolovv g tpog ABC transporters omd 1o poknta M. graminicola,, | oyéon peta&o
éxppoong ABC yovidiov kot €£e1dikevong TV KMOKOTOIOVUEVOV TPMOTEIVAOV MG TPOG TO
VIOCTPAOUOTO TOVS, TO PovOpevo «epedpeiag» otovg ABC transporters, o poiog tov ABC
transporters g LOAVCUOTIK®OV TapAyOvVI®OV, 0l UNYOVIGHOT avOekTiKOTNTOC Kot evonsOnoiog
oV poknta M. graminicola otig alOAEC Kot TEAOG, TPOTOL EMNPEAGLOV KOl OLAUOPPOONG TNG
dpdong twv ABC transporters.

Q¢ 1eEMkd cvuTEPAGHA, To GTOLXELD TOV TAPOVGIALOVTOL GTN HEAETT QLT dElyvoVV OTL Ol
ABC transporters ond 1o poknto M. graminicola, exteAodv évov aplOpd oNUAVTIKOV
AELTOVPYIDOV Y100 TO MOKNTO ovTd. 'ETol Aowmdv pmopovv va amoTEAEGOVY LOAVGLOTIKOVG
TOPAYOVTESG Y10 TO LOKNTA 1] EMTAEOV VO, TOPEXOVV TPOGTAGTO EVAVTIOL GE PLGIKNG 1 TEXVNTING
TPoereHoEMS TOEIKES OVOiEg Kot VO AmOTEAEGOVY Evay amd Tovg Tapdyovieg kabopiopol g

gvooOnciog Kot ovOeKTIKOTNTAG TOL HOKNTA 6€ AJOAKE LUK TOKTOVAL.
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