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A Novel ATP-Binding Cassette Transporter Involved in
Multidrug Resistance in the Phytopathogenic
Fungus Penicillium digitatum

RYOJI NAKAUNE,' KIICHI ADACHI,' OSAMU NAWATA,' MASAMITSU TOMIYAMA,?
KATSUMI AKUTSU,* axp TADAAKI HIBI'*

Department of Agricultural and Environmental Biology, The University of Tokyo, Bunkyo-ku, Tokyo 113-8657,*
Department of Biotechnology, National Institute of Agrobiological Resources, Tsukuba, Ibaraki 305-8602,>
and Faculty of Agriculture, Ibaraki University, Ami-machi, Ibaraki 300-0393,% Japan

Received 10 April 1998/Accepted 8 July 1998

Demethylation inhibitor (DMI)-resistant strains of the plant pathogenic fungus Penicillium digitatum were
shown to be simultaneously resistant to cycloheximide, 4-nitroquinoline-N-oxide (4NQO), and acriflavine. A
PMRI1 (Penicillium multidrug resistance) gene encoding an ATP-binding cassette (ABC) transporter (P-
glycoprotein) was cloned from a genomic DNA library of a DMI-resistant strain (LC2) of Penicillium digitatum
by heterologous hybridization with a DNA fragment containing an ABC-encoding region from Botrytis cinerea.
Sequence analysis revealed significant amino acid homology to the primary structures of PMR1 (protein
encoded by the PMRI gene) and ABC transporters of Saccharomyces cerevisiae (PDR5 and SNQ?2), Schizosac-
charomyces pombe (HBA2), Candida albicans (CDR1), and Aspergillus nidulans (AtrA and AtrB). Disruption of
the PMRI1 gene of P. digitatum DMI-resistant strain LC2 demonstrated that PMR1 was an important deter-
minant of resistance to DMIs. The effective concentrations inhibiting radial growth by 50% (EC,s) and the
MICs of fenarimol and bitertanol for the PMRI disruptants (Apmrl mutants) were equivalent to those for
DMlI-sensitive strains. Northern blot analysis indicated that severalfold more PMRI transcript accumulated in
the DMI-resistant strains compared with those in DMI-sensitive strains in the absence of fungicide. In both
DMlI-resistant and -sensitive strains, transcription of PMRI was strongly enhanced within 10 min after
treatment with the DMI fungicide triflumizole. These results suggested that the toxicant efflux system com-
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prised of PMRI1 participates directly in the DMI resistance of the fungus.

Sterol demethylation inhibitors (DMIs) have a common site
of action within the fungal sterol biosynthesis pathway, which is
the demethylation of sterols at position 14 by sterol 14-a-
demethylase (p450-14DM). This group of fungicides is widely
used to control a broad spectrum of plant pathogenic fungi
belonging to the classes Ascomycetes, Basidiomycetes, and Deu-
teromycetes. Based on genetic studies with Aspergillus nidulans
(41) and Erysiphe graminis f. sp. hordei (19), DMI resistance in
fungi is controlled not by a single gene but by more complex
genes. For this reason, the possibility of occurrence of resistant
fungal strains to DMIs has been considered to be relatively
low. However, many DMI-resistant field strains have devel-
oped recently in various plant pathogenic fungi (18).

In theory, DMI resistance can be based on a target site
mutation of the p450-14DM. Indeed, recent studies demon-
strated that alteration of p450-14DM activity (21, 40) or over-
expression of p450-14DM (39) was involved in resistance to
DMIs. More recently, several amino acid alterations in p450-
14DM were shown to be associated with DMI resistance (7,
27).

Another mechanism of DMI resistance may depend on a
decreased accumulation of fungicides in the mycelium due to
enhanced energy-dependent toxicant efflux, as has been shown
for A. nidulans (11-13), Botrytis cinerea (37), and Penicillium
italicum (9, 10). In Candida albicans, resistance to azole fun-
gicides was based on an energy-dependent efflux mechanism
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operated by the ATP-binding cassette (ABC) transporter
CDRI1 (29, 34). ABC transporters (P-glycoproteins) are known
to be responsible for multidrug resistance in prokaryotic and
eukaryotic organisms (2, 15, 16, 31, 35). In the most recent
study, atrA and atrB genes encoding ABC transporters were
cloned from a filamentous fungus, A. nidulans, and it was
demonstrated that an atrB transgene rendered Saccharomyces
cerevisiae resistant to azole fungicide (6). These data prove that
the ABC transporter may play a significant role in fungicide
sensitivity and resistance (8).

In our previous study, the energy-dependent efflux operated
by PDRS5 was exhibited to be a main determinant of DMI
resistance in S. cerevisiae (28a). The MICs of DMIs (triflumi-
zole and bitertanol) for Apdr5 mutants (PDRS5 disruptants)
were 20 times lower than that for the parental yeast strain.

In this study, we investigated the relationship between DMI
resistance and multidrug resistance in the field isolates of the
citrus green mold Penicillium digitatum by cloning and charac-
terizing a gene (designated PMRI) encoding an ABC trans-
porter for DMI efflux.

MATERIALS AND METHODS

Fungi, bacteria, and vector DNA. DMI-resistant strains LC2, M1, and I1 of the
citrus green mold P. digitatum were isolated from the surfaces of imported
lemons. DMI-sensitive strains DF1 and U1 were isolated from imported lemons
and oranges, respectively. DMI-sensitive strain PD5 was isolated from domestic
satsuma mandarin (Citrus unshiu Marc.). Escherichia coli DH5o was used for
plasmid propagation. Strain XL1-Blue MRA(P2) was used for phage DNA
manipulation. Plasmid vector pUC19 and pBluescriptIl SK+ (Stratagene) were
used for subcloning and sequencing. Phage vector \DASH II (Stratagene) was
used for genomic library construction.

Toxicant sensitivity assay. Toxicants tested included four DMIs (triflumizole,
fenarimol, bitertanol, and pyrifenox), one antibiotic (cycloheximide), and two
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TABLE 1. Multidrug resistance in P. digitatum
Result for the following strains (ug/ml)*:
Toxicant PD5 DF1 U1 LC2 M1 Il

ECs MIC ECs, MIC ECs, MIC ECs MIC ECs, MIC ECs MIC
Triflumizole 0.08 1 0.04 1 0.01 1 2.06 >100 1.28 >100 2.79 >100
Fenarimol 0.28 5 0.32 5 0.29 5 2.29 >100 2.67 >100 5.26 >100
Bitertanol 0.22 5 0.28 5 0.31 5 3.19 >100 2.72 >100 9.59 >100
Pyrifenox 0.37 10 0.64 10 0.75 10 >50 >100 >50 >100 >50 >100
Cycloheximide 0.07 1 0.04 1 0.09 1 0.16 2 0.28 2 0.18 2
4NQO 0.36 5 0.45 5 0.24 5 1.70 10 1.79 10 1.38 10
Acriflavin 0.77 5 1.10 5 0.44 5 1.58 50 1.74 50 1.16 50

“ DMI-sensitive strains (PD5, DF1, and U1) and DMI-resistant strains (LC2, I1 and M1) were used for analysis of the multidrug resistance.

mutagens (acriflavine and 4-nitroquinoline-N-oxide [4NQOJ]). After incubation
for 2 days at 25°C on potato dextrose agar (PDA; Eiken), the inoculum disks (4
mm in diameter) of P. digitatum were taken from the margins of actively growing
cultures. The inoculum was placed on PDA (Difco) containing each toxicant
described above. Fungal sensitivities to toxicants were determined by measuring
the effective concentration inhibiting radial growth by 50% (ECs) or the MIC
after 3 days of incubation at 25°C in the dark. Experiments were performed in
duplicate.

Cl g and seq ing. Basic methods for DNA manipulations were as
described elsewhere (32). Total genomic DNA was isolated from P. digitatum
LC2 by the following modification of a method described elsewhere (43). About
1 g of fresh mycelia was ground to a fine powder under liquid nitrogen. The
powder was suspended in 5 ml of extraction buffer (0.7 M NaCl, 50 mM
Na,EDTA, 50 mM Tris-HCl [pH 8.0], 1% sodium dodecyl sulfate [SDS]), and
then the suspension was incubated for 30 min at 50°C. DNA was extracted
several times from the suspension with phenol-chloroform-isoamyl alcohol (24:
24:1), twice with chloroform-isoamyl alcohol (24:1), and precipitated with 2-pro-
panol. High-molecular-weight DNA was spooled out with a pipette tip, washed
in 70% ethanol, vacuum dried, and resuspended finally in TE buffer (10 mM
Tris-HCI, 1 mM Na,EDTA [pH 8.0]). This genomic DNA was partially digested
with Mbol to generate the maximum yield of DNA fragments in the size range
of 10 to 20 kb. The 10- to 20-kb fragments were size fractionated by agarose gel
electrophoresis as described elsewhere (1). These DNA fragments were ligated
into the BamHI site of A\DASH II and packaged with Gigapack II Plus Packaging
extracts (Stratagene). This genomic library was screened by plaque hybridization
with the 2.1-kb EcoRI fragment of BMRI of B. cinerea (see Results). After the
plaque screening, DNA fragments from positive clones were subcloned into
pBluescriptIl SK(+) and sequenced by the dideoxy chain termination method
(33). The sequence data were assembled and analyzed with GENETYX software
(Software Development Co., Ltd.). One of the positive clones containing a
complete open reading frame (ORF) similar to the ABC transporter gene was
designated pPD602 and used for the following experiments. The gene was des-
ignated PMRI (Penicillium multidrug resistance).

PMRI gene disruption. On the basis of the nucleotide and amino acid se-
quences of PMRI in pPD602, an EcoRV fragment containing the translation
initiation codon as well as approximately three-fourths of the PMR1 (protein
encoded by PMRI gene)-coding region was subcloned into the EcoRV site of
pBluescriptIl SK+. An internal 3.0-kb AatI-Smal fragment was replaced by a
4.0-kb BglII-Xbal fragment containing the hygromycin B resistance gene cassette
(Hyg") excised from pAN7-1 (30) (see Fig. 2A). The resultant plasmid, which was
designated pUNE10, was linearized with EcoRV and was used for the transfor-
mation of P. digitatum LC2. Preparation and transformation of the fungal pro-
toplasts were carried out by methods described previously (20). The transfor-
mants were selected on PDA containing hygromycin B at a concentration of 100
pg/ml. A total of 199 hygromycin B-resistant transformants were isolated. After
single-spore isolation, sensitivity to 10 g of triflumizole or 0.5 pg of cyclohex-
imide per ml was examined.

Gene disruption of PMRI was confirmed by Southern hybridization analysis.
Five micrograms of genomic DNA from the triflumizole-sensitive transformants
as well as the ectopic transformants and wild-type strains was digested with
EcoRYV, size separated in a 0.8% agarose gel, and transferred to a GeneScreen
Plus membrane (DuPont NEN) by vacuum blotting with VacuGene (Bio-Rad).
Hybridization with the 2.5-kb AatI-Smal fragment containing the 5" end of the
PMRI gene (probe 1) (see Fig. 2A) and the 2.3-kb EcoRI fragment containing
the central region of the PMRI gene (probe 2) (see Fig. 2A) was performed with
the enhanced chemiluminescence (ECL) system (Amersham) under the condi-
tions recommended by the manufacturer. Finally, three PMRI disruptants
(Apmrl mutants) were designated DIS07, DIS33, and DIS96.

RNA isolation and Northern blot analysis. Conidia of DMI-sensitive strains
PD5, DF1, and Ul; DMI-resistant strains LC2, M1, and I1; and the Apmrl
mutant DIS33 were incubated in potato dextrose broth (Difco) for 1 day at 25°C
with shaking (80 strokes/min). To investigate whether transcription of PMRI was

induced by a toxicant, mycelia of PD5 and LC2 were treated with 50 ug of
triflumizole per ml for 10 min or 1 h. Fungal total RNA was extracted by acid
guanidinium thiocyanate-phenol-chloroform extraction as previously described
(25), except that the fresh mycelia were ground into fine powders under liquid
nitrogen. Approximately 50 pg of total RNA was electrophoresed on a 1%
agarose gel containing formaldehyde (32), transferred onto GeneScreen Plus
membrane by VacuGene, and hybridized with probe 2 by using the ECL system.

Nucleotide sequence accession number. The sequence reported here is avail-
able under GenBank accession no. AB010442.

RESULTS

Multidrug resistance of DMI-resistant strains of P. digita-
tum. Toxicant sensitivity assaying of the DMI-resistant strains
of P. digitatum indicated that all of the strains tested (LC2, M1,
and I1) were highly resistant to cycloheximide, 4NQO, and
acriflavine compared with the DMI-sensitive strains (PDS5,
DF1, and Ul). The ECys of these toxicants for the resistant
strains were approximately two to seven times higher than
those for the sensitive strains (Table 1). These results showed
that the DMI resistance in P. digitatum is highly correlated with
multidrug resistance.

Cloning and characterization of PMRI. Recently, we cloned
a gene (BMRI) encoding the ABC transporter from the plant
pathogenic fungus B. cinerea by heterologous hybridization
with the PDRS5 gene from S. cerevisiae (28a). A 2.1-kb EcoRI
fragment of BMRI, which contains an ABC-coding region, was
used as the probe for screening of the homologous clones from
the genomic library of P. digitatum LC2. Three positive clones
(insert sizes, 14.0, 15.0, and 16.5 kb) were obtained. These
three clones were shown to contain the same PMRI gene.

A total of 5,260 nucleotides of sequence, from 382 bp up-
stream from the translation initiation codon to 429 bp down-
stream of the putative stop codon of the PMRI gene, was
determined. An ORF of 4,446 nucleotides encoding a protein
of 1,482 amino acids (166 kDa) was predicted. No introns were
found in this region, which was confirmed by cDNA sequenc-
ing (data not shown).

A homology search indicated that the PMR1 OREF is signif-
icantly similar to several ABC transporters. Alignments of
amino acid sequences showed 48.8% identity with CDR1 of C.
albicans (29), 47.7% identity with PDR5 (STS1/YDR1) of S.
cerevisiae (3, 4, 17), 46.5% identity with AtrA of A. nidulans
(6), 39.4% identity with HBA2 of Schizosaccharomyces pombe
(38), and 38.8% identity with SNQ2 of S. cerevisiae (36).

Hydropathy analysis according to a method described else-
where (26) suggested that the predicted structure of PMRI1 is
typical of an ABC transporter and is characterized by two
membrane-anchored hydrophobic moieties with six transmem-
brane stretches (residues 492 to 511, 518 to 541, 575 to 594, 601
to 620, 630 to 650, and 743 to 759 and residues 1162 to 1185,
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Walker A ABC-signature Walker B
P.digitatum PMRL (N) :157-GEMLIVLGRPGSGCSTF 280-VSGGERKRVSIAEATLCGSPLQUWDNSTRGLD
A.nidulans  AtrA (N) :163-GELLLVLGRPGTGCSTL 286-VSGGERKRVSIAEMALAMTPFAAWDNSSRGLD
S.cerevisige PDRS (N} :186-GELLVVLGRPGSGCTTL 309-VSGGERKRVSIAEVSICGSKFQUWDNATRGLD
S.cerevisiae SNQ2 (N) :186-GEMILVLGRPGAGCSSF  3@9-VSGGERKRVSIAEALAAKGSIYCWDNATRGLD
S.pombe HBAZ (N) :187-GELVMVLGQPGSGCSTF  309-VSGGERKRVTISEGFATRPTIACWDNSTRGLD
C.albicans  CDR1 (N) :175-GELTVVLGRPGAGCSTL 298-VSGGERKRVSIAEASLSGANIQCWDNATRGLD

R KKK KR R Fdkkdokkkk F K Ak kokkk

Walker A ABC-signature Walker B
P.digitatum PMRL (C) :859-ALMGVSGAGKTTLLDVL 967-LNVEQRKRLTIGVELAAKPQLLLFLDEPTSGLD
A.nidulans  AtrA (C) :863-ALMGVSGAGKTTLLDVL 971-LNVEQRKLLTIGVELPPSPKLLLFLDEPTSGLD
S.cerevisige PDRS (C) :902-ALMGASGAGKTTLLDCL 1@1@-LNVEQRKRLTIGVELTAKPKLLVFLDEPTSGLD
S.cerevisiae SNQ2 (C) :886-ALMGESGAGKTTLENTL 993-LNVEQRKKLSIGVELVAKPDLLLFLDEPTSGLD
S.pombe HBAZ (C) :915-ALMGESGAGKTTLLNVL 1823-LNVEQRKRATIGVELAAKPALLLFLDEPTSGLD
C.albicans  CDRL (C) :887-ALMGASGAGKTTLLNCL 996-LNVEQRKRLTIGVELVAKPKLLLFLDEPTSGLD

Bk RAKRRERRE K kKR RRREE K KK KRORRRRRR

FIG. 1. Multiple alignment of the ATP-binding cassette of P. digitatum
PMR1 and representative fungus and yeast homologues. The ABC sequence of
PMR1 was aligned with those of AtrA from A. nidulans (6), PDRS from S.
cerevisiae (3), SNQ2 from S. cerevisiae (36), HBA2 from S. pombe (38), and
CDR1 from C. albicans (29) in the NH,-terminal (N) and COOH-terminal (C)
domains. Bar above sequences indicate the Walker A and B and the ABC
signature motifs. The amino acid residue number for each protein is indicated at
the beginning of each sequence. Asterisks indicate identical residues.

1198 to 1216, 1247 to 1265, 1283 to 1301, 1317 to 1335, and
1449 to 1467, respectively), alternating with two intracellular
ATP-binding hydrophilic moieties. Walker A motifs (GxSGxG
KST) (42) were located at residues 164 to 172 and 862 to 870,
and Walker B motifs (LxxDEP/AxxxLD) (42) were located at
residues 306 to 311 and 988 to 993 (Fig. 1B); both of these were
located in the hydrophilic domains corresponding to similar
positions in the yeast ABC transporters.

Disruption of PMRI. From a total of 199 hygromycin B-
resistant transformants, three DMI-sensitive transformants
(1.5% of the total transformants) were obtained after single-
spore isolation followed by a DMI sensitivity assay. Southern
blot analysis confirmed that the PMRI genes of the DMI-
sensitive transformants (DIS07, DIS33, and DIS96) were dis-
rupted, since all of them showed no hybridization with probe 1
(Fig. 2B). Moreover, when the same blot was reprobed with
probe 2, the ectopic transformant and the wild-type strains
showed an expected hybridization signal at 6.5 kb (Fig. 2B),
whereas the three Apmrl mutants showed a hybridization sig-
nal at 7.5 kb, which was the length expected for a gene replace-
ment (Fig. 2B).

These results indicated that PMRI is closely connected with
the DMI resistance of P. digitatum. The Apmrl mutants were
unable to grow on PDA plates containing the following toxi-
cants at concentrations that allowed the growth of parental
strain LC2: 1 pg of fenarimol, 1 pg of bitertanol, and 1 pg of
triflumizole per ml (Fig. 3). On the other hand, the effect of
PMRI disruption on pyrifenox sensitivity was not as significant
(Fig. 3; Table 2). The ECsys and MICs of cycloheximide,
4NQO, and acriflavine for the Apmrl mutants were almost the
same as those for LC2 (data not shown). The Apmrl mutants
were viable, grew normally, and caused the same symptoms on
the inoculated citrus fruits as the parental strain, indicating
that PMRI is not an essential gene for normal growth and
pathogenicity.

Northern blot analysis. The steady-state levels of PMRI
mRNA in DMI-sensitive and -resistant strains of P. digitatum
in the absence of the toxicant are shown in Fig. 4A. PMRI
transcripts were detectable in all of the sensitive strains tested
(Fig. 4A). In the resistant strains, the levels of PMRI expres-
sion were several times higher than those in the sensitive
strains (Fig. 4A). No transcript was detectable in the Apmril
mutant DIS33 (Fig. 4A).

When 50 pg of triflumizole per ml was supplemented in
PDB, transcription of PMRI in both DMI-sensitive and -resis-
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FIG. 2. Disruption of PMRI. (A) Restriction map of pPD602 containing
PMRI and schematic diagram of disruption of PMRI. Black arrow, ORF of
PMRI; open boxes, flanking regions of PMRI; bold striped boxes, Walker motifs;
black lines, probes for Southern and Northern blot analysis; filled boxes, ORF.
Disruption vector pUNEI10 contains the hygromycin B resistance gene cassette
(Hyg") (thin striped box) flanked by the 5’ upstream region and the 3’ end of the
PMRI gene. Double homologous recombination between the PMRI locus and
the disruption vector pUNEI0 results in gene replacement. Restriction enzymes
are as follows: At, ArtI; RI, EcoRI; RV, EcoRV; and Sm, Smal. (B) Southern
blot analysis of Apmrl mutants. The genomic DNAs extracted from ectopic
transformant TFO1 (lane 1); Apmrl mutants DIS07, DIS33, and DIS96 (lanes 2
to 4); parental strain LC2 (lane 5); and DMI-sensitive strain PD5 were digested
with EcoRV and separated in a 0.8% agarose gel. The blot was probed with
probe 1 (2.5-kb Smal-Artl fragment) and was reprobed with probe 2 (2.3-kb
EcoRI fragment).

tant strains was strongly enhanced within 10 min after triflu-
mizole treatment (Fig. 4B), and afterwards the accumulation
of mRNA was decreased in 60 min. No significant difference in
the levels of mRNA accumulation between both strains was
observed in the presence of triflumizole (Fig. 4B).

DISCUSSION

We describe the cloning and characterization of the PMRI
gene encoding an ABC transporter of P. digitatum, the causal
agent of citrus green mold. This is the first report to indicate
the presence of an ABC transporter and its role in fungicide
resistance in field isolates of a plant pathogenic fungus.

The major molecular determinants mediating multidrug re-
sistance are known to be P-glycoproteins, which reduce the
cytoplasmic concentration of toxic drugs by driving them out of
the cells (2, 15, 16, 31, 35). In our previous study, we cloned a
gene involved in the resistance to DMIs from S. cerevisiae and
identified it with the pleiotropic drug-resistant gene PDR5
(28a). For this reason, it is reasonable to suppose that the
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FIG. 3. DMI sensitivity of the Apmrl mutants. TFO1 (ectopic transformant
with pUNE10); Apmrl mutants DIS07, DIS33, and DIS96; DMI-resistant strain
LC2 (parental strain of the transformants); and DMI-sensitive strain PD5 were
cultured for 3 days at 25°C on PDA plates containing triflumizole (1 pg/ml),
bitertanol (1 pg/ml), fenarimol (1 wg/ml), or pyrifenox (50 pg/ml).

resistance to some pesticides such as DMIs in filamentous
fungi can be mediated by multidrug efflux transporters. At the
present time, such a transporter-mediated resistance mecha-
nism to cytotoxic compounds is thought to be universal and
indispensable for almost all organisms, from bacteria to hu-
mans. The DMI-resistant strains of P. digitatum examined in
this study showed resistance to cycloheximide, 4NQO, and
acriflavine (Table 1). Therefore, it is likely that multidrug efflux
transporters could perform an important role in resistance to
these toxicants in P. digitatum. However, although the ECsys
and the MICs of fenarimol and bitertanol for Apmrl mutants
were equivalent to those for the DMI-sensitive strains (Table
2; Fig. 3), the sensitivities of the Apmrl mutants to pyrifenox
(Table 2; Fig. 3), cycloheximide, 4NQO, and acriflavine (data
not shown) did not change significantly. In S. cerevisiae, a
number of ABC transporters which confer multidrug resis-
tance have been identified. Therefore, in P. digitatum, it
seemed reasonable to think that there are likewise several
homologues of PMR1 which confer resistance to pyrifenox,
cycloheximide, 4NQO, and acryflavine. The present study has
at least shown that the ABC transporter PMRI1 is the main
determinant of resistance to fenarimol and bitertanol in P.

ApPL. ENVIRON. MICROBIOL.
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FIG. 4. Northern blot analysis of PMRI expression. (A) Expression of PMR1
in P. digitatum in the absence of triflumizole. Conidia from each strain were
grown in the absence of triflumizole in PDB at 25°C for 1 day. Total RNA was
prepared as described in Materials and Methods. Approximately 50 pg of total
RNA from each strain (lanes: 1, sensitive strain PDS5; 2, sensitive strain DF1; 3,
sensitive strain Ul; 4, resistant strain LC2; 5, resistant strain M1; 6, resistant
strain I1; and 7, Apmrl mutant DIS33) was loaded into each lane. Ethidium
bromide-stained TRNA bands are shown for comparison of the quantities of
loaded RNAs. (B) Time course of expression of PMRI in the presence of
triflumizole. Approximately 50 pg of total RNA from DMI-sensitive strain PD5
(lanes 1 to 3) and DMI-resistant strain LC2 (lanes 4 to 6) after treatment with
triflumizole (50 pg/ml) was loaded into each lane. Lanes: 1 and 4, 0 min of
treatment; 2 and 5, 10 min of treatment; 3 and 6, 60 min of treatment.

digitatum and that the resistance level might depend on the
efflux capacity of PMR1 but not on the alteration of the target
enzyme p450-14DM, as reported previously (7, 21, 27, 39, 40).

A common mechanism underlying multidrug resistance is
overexpression of P-glycoprotein. The PMRI transcript was
shown to be expressed at a higher level without toxicant in
DMlI-resistant strains compared with DMI-sensitive strains
(Fig. 4). A similar result was reported for A. nidulans, in which
isogenic imazalil-resistant mutants carrying imaB have a higher
basal level of transcription of atrA4 than the wild-type strain (6).
However, since all strains used in the present study were field
isolates of different origins, more experiments, such as the
transformation of sensitive strains with expression vector in-
cluding PMRI, are necessary to confirm that higher levels of
gene expression confer a stronger multidrug-resistant pheno-
type. Transcription of PMRI in all strains was enhanced within
10 min after the addition of triflumizole. This result is similar
to the transcriptional induction of PDR5 and SNQ2 in S. cer-
evisiae (17) and atrA and atrB in A. nidulans (6) by the toxi-
cants.

TABLE 2. Effect of PMRI disruption on DMI sensitivity in P. digitatum

Result with the following strains (ug/ml)*:

Toxicant PD5 DIS07 DIS33 DIS96 LC2
ECs MIC ECs, MIC ECso MIC ECs, MIC ECs, MIC
Triflumizole 0.08 1 0.44 10 0.37 10 0.48 10 2.06 >100
Fenarimol 0.28 5 0.33 5 0.28 5 0.37 5 2.29 >100
Bitertanol 0.22 5 0.20 5 0.17 5 0.24 5 3.19 >100
Pyrifenox 0.37 5 34.4 >100 26.8 >100 19.2 >100 >50 >100

“ DMI-sensitive strain PD5; Apmrl mutants DIS07, DIS33, and DIS96; and the parental strain LC2 (DMI-resistant strain) were used for analysis of the effect of the

Apmrl mutation.
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In A. nidulans (11-13), B. cinerea (37), and P. italicum (9,
10), the uptake of DMIs into the sensitive strains was initially
fast, and the accumulation of the toxicant increased to the
maximum 10 min after addition of the toxicant, followed by a
decline. In contrast, the initial phase of rapid fenarimol uptake
was completely lacking in those resistant strains. These results
and our present data suggest that the efflux system in resistant
cells is constitutively active and becomes immediately opera-
tive upon contact with fungicides. Accordingly, the high fun-
gicide concentration sufficient for saturation of the target sites
in the sensitive strains might not be achieved in resistant cells.
In the case of yeast multidrug resistance, some transcriptional
regulatory factors affecting the transcript level of PDRS were
identified (3, 5, 14). Recently, the target sequences of these
regulators (PDR1 and PDR3), which belong to the C6 zinc
cluster family, were identified in the promoter regions of PDR5
(22, 23) and SNQ2 (28). We are now analyzing the trans-acting
and cis-acting factors involved in the regulation of PMRI tran-
scription. However, taking account of the rather small differ-
ence in the basal PMRI transcription level between resistant
and sensitive strains, this aspect seems insufficient to elucidate
the complete mechanisms of resistance. It was suggested that
an amino acid conversion in a human P-glycoprotein MDR1
confers multidrug resistance (24). It is not evident at present
whether any mutation in PMR1 also confers multidrug resis-
tance in P. digitatum.

Further analysis of the regulation of PMRI expression is
necessary to clarify the mechanism of DMI resistance by
PMRI.

Finally, we presume that the ABC transporter-mediated tox-
icant efflux mechanism might play an important role in fungi-
cide resistance among almost all of the plant pathogenic fungi,
since we detected the PMRI homologues in several species of
plant pathogenic fungi belonging to the classes Oomycetes,
Ascomycetes, Basidiomycetes, and Deuteromycetes (unpublished
data).
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