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During pathogenesis, fungal pathogens are exposed to a
variety of fungitoxic compounds. This may be particularly
relevant to Botrytis cinerea, a plant pathogen that has a
broad host range and, consequently, is subjected to expo-
sure to many plant defense compounds. In practice, the
pathogen is controlled with fungicides belonging to differ-
ent chemical groups. ATP-binding cassette (ABC) trans-
porters might provide protection against plant defense
compounds and fungicides by ATP-driven efflux mecha-
nisms. To test this hypothesis, we cloned BcatrB, an ABC
transporter-encoding gene from B. cinerea. This gene en-
codes a 1,439 amino acid protein with nucleotide binding
fold (NBF) and transmembrane (TM) domainsin a [NBF—
TMg), topology. The amino acid sequence has 31 to 67%
identity with ABC transporters from various fungi. The
expression of BcatrB is up regulated by treatment of B.
cinerea germlings with the grapevine phytoalexin resvera-
trol and the fungicide fenpiclonil. BcatrB replacement
mutants are not affected in saprophytic growth on differ-
ent media but are more sensitive to resveratrol and fenpi-
clonil than the parental isolate. Furthermore, virulence of
ABcatrB mutants on grapevine leaves was dlightly re-
duced. Theseresultsindicate that BcatrB is a deter minant
in sensitivity of B. cinerea to plant defense compounds and
fungicides.

The widely occurring plant pathogenic fungus Botrytis cin-
erea Pers.:Fr., anamorph of Botryotinia fuckeliana (De Bary)
Whetzel, infects the fruits, flowers, or green tissues of at least
235 plant species (Jarvis 1977). Several of these hosts are
known to produce defense compounds belonging to various
chemical classes that act as constitutive or inducible chemical
barriers (Osbourn 1999). B. cinerea is able to withstand toxic
effects of plant defense compounds with varying structures
such as stilbenes, isoflavonoids, coumarins, and sesquiter-
penes. Pathogens can overcome the defense of their hosts by
specific mechanisms such as enzymatic conversion of these
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compounds (Schafer et al. 1989). The specificity of such en-
zymes might delimit the host range of pathogens. More gen-
eral mechanisms that provide protection against a broad range
of toxicants such as compartmentalization and reduction of
accumulation would allow pathogens to cope with various
defense compounds that occur in many different host species.
Reduction of accumulation can be achieved with active efflux
by ATP-binding cassette (ABC) transporters. These transport-
ers accept various classes of secondary plant metabolites as
substrates (Kolaczkowski et al. 1998).

The superfamily of ABC transporters consists of mem-
brane-bound proteins with an ATP-binding cassette (Higgins
1992). They use ATP to transport a wide spectrum of com-
pounds over various membranes (Senior et al. 1995). Several
subfamilies can be distinguished on the basis of the topology
of hydrophobic domains made up of transmembrane helices
(TM) and hydrophilic domains, comprising the nucleotide
binding fold (NBF). The latter is characterized by the common
nucleotide binding motifs, described by Walker et al. (1982),
and the typical ABC signature. Some subfamilies of ABC
transporters are named after their first-known member with a
function in multidrug resistance (MDR). For instance, they
can confer MDR to mammalian cancer cells causing resis-
tance to unrelated drugs used in chemotherapy. In mammals,
MDR can be mediated by overexpression of two subfamilies
of ABC transporters, the P-glycoprotein or MDR1-like ABC
transporters with a [TMs-NBF], topology, and the MDR-
related proteins MRP with a TM,-[TM¢NBF], topology
(Ishikawa et al. 1997). In Saccharomyces cerevisiae, a plei-
otropic drug resistance (PDR) network is involved in MDR
(Balzi and Goffeau 1995). The PDR network is composed of
transcriptional regulators such as PDR1 and PDR3 that acti-
vate expression of many genes, including PDR5 and SNQ2,
PDR-like ABC transporters with a [NBF-TMg], topology.
ABC transporters with additional topologies have been de-
scribed in S cerevisiae (Decottignies and Goffeau 1997).
Transporters in the PDR network provide S cerevisiae with
tolerance to different toxic compounds. This manifests itself
as increased sensitivity upon disruption of one or more mem-
bers of the network. ABC transporters present in S cerevisiae
can export a multitude of compounds comprising plant secon-
dary metabolites (Kolaczkowski et al. 1998). For this reason,
ABC transporters of plant pathogens could play a significant



role in pathogenesis by protecting against plant defense com-
pounds or preventing suicidal effects of fungal toxins (De
Waard 1997). Recently, this hypothesis was confirmed by the
finding that the ABC transporter ABC1 from Magnaporthe
grisea is involved in pathogenesis on rice because disruption
of the ABC1 gene results in strongly reduced virulence (Urban
et al. 1999). No substrate has yet been identified for Abcl,
although it was proposed that this protein is involved in pro-
tection against unidentified plant defense compounds.

ABC transporters in filamentous fungi also can be involved
in protection against fungicides. In Aspergillus nidulans
strains selected for resistance to azole fungicides, cross-
resistance to unrelated compounds has been observed (Van
Tuyl 1977). Resistance to azoles correlated with decreased
accumulation as a result of increased energy-dependent efflux
of these toxicants (De Waard and Van Nistelrooy 1979; De
Waard and Van Nistelrooy 1980). It is hypothesized that ABC
transporters account for this increased efflux activity (De
Waard 1997). These azole-resistant mutants of A. nidulans
indeed display increased expression of particular ABC trans-
porter genes (Del Sorbo et al. 1997). Similarly, azole-resistant
isolates of Penicillium digitatum overexpressed the ABC
transporter PMR1 and disruption of the encoding gene re-
duced resistance of these mutant strains to these compounds
(Nakaune et al. 1998). Furthermore, resistance of laboratory
mutants of B. cinerea to azole fungicides (Ziogas and Girgis
1993) correlated with decreased accumulation of these com-
pounds as a result of energy-dependent efflux (Stehmann and
De Waard 1995). Recently, field isolates exhibiting cross re-
sistance to different fungicides accompanied by active efflux
have been reported in France (Chapeland et al. 1999). These
data confirm that ABC transporters might play a role in pro-
tection of B. cinerea to fungitoxic compounds.

This paper focuses on the function of ABC transporters
from B. cinerea in plant pathogenesis and protection against
fungicides. We cloned and characterized the ABC transporter
encoding gene BcatrB. Replacement of the BcatrB gene re-
sulted in increased sensitivity to the grapevine phytoalexin
resveratrol and a slight reduction in virulence on grapevine
leaves. Additionally, increased sensitivity to the phenylpyrrole
fungicide fenpiclonil was observed. Hence, we have shown
that BcatrB may be a virulence factor of B. cinerea, which
also can play a role in sensitivity to commercial fungicides.

RESULTS

Cloning of genes encoding ABC transporters.

Screening of a genomic library of B. cinerea in A-EMBL3
with a 1.5-kb BglII-Taql fragment from the yeast ABC trans-
porter PDR5 yielded several hybridizing clones. Sequence
analysis of two phages revealed open reading frames (ORFs)
with homology to PDRS. The corresponding genes were as-
signed the names BcatrA and BcatrB (B. cinerea ATP-binding
transporter A and B, respectively). Southern analysis with
gene-specific probes derived from the less-conserved regions
of BcatrA and BcatrB demonstrated that they are single-copy
genes that do not cross hybridize. This paper describes the
characterization and functional analysis of BcatrB. BcatrA
will be described in a separate paper.

A 5-kb ECORV fragment and an overlapping 5.5-kb Sall
fragment were subcloned in pBluescript, a restriction map was

constructed, and the sequence was determined (Fig. 1). As-
sembly of sequences revealed a 4.3-kb ORF in which the
presence of one intron was suggested on the basis of a se-
quence comparison. The presence of a 56-bp intron at position
1,116 to 1,171 was confirmed by reverse transcription-
polymerase chain reaction (RT-PCR). The 5’-flanking region
(833 bp) of BcatrB contains a conserved Kozak sequence
(CCAUCAUGG) around the deduced translation start (Kozak
1984) and a TATA box (Chen and Struhl 1988) at position
—220. In addition to these general promoter features, a single
putative Pdr1p/Pdr3p binding element (Katzmann et al. 1996)
is present at position —555, and a Stell and a Matl-Mc
binding site at position —165 (Kjaerulff et al. 1997). In yeast,
these elements are involved in regulation of expression of
ABC transporters involved in MDR and mating. No poly-
adenylation signal consensus sequence (AATAAA) in the 3'-
flanking region was found.

BcatrB encodes a 1,439 amino acid protein with homology
to ABC transporters of other fungi (Del Sorbo et al. 2000)
such as PDR5 and SNQ2 from S cerevisiae and AtrA and
AtrB from A. nidulans (Table 1). The degree of homology
between BcatrB and AtrB from A. nidulans is particularly
high (67.5% identity). Alignment of the conserved amino acid
stretches in the N- and C-terminal NBFs of the proteins (Table
2) demonstrates that the NBFs in both halves are highly con-
served in BcatrB and ABC transporters from other fungi and
yeasts. The conserved sequence stretches in fungal ABC
transporters are longer than the general consensus described
for other organisms (Higgins 1992; Walker et al. 1982). Char-
acteristics of fungal ABC transporters such as a degenerated
Walker motif in the C-terminal NBF and the presence of a
cysteine instead of a lysine residue in the N-terminal Walker
A motif also are found in BcatrB. Prediction of transmem-
brane helices of BcatrB with the prediction of transmembrane
regions and orientation (Tmpred) routine of the EMBL server
(Hofmann 1993) yields a pattern that strongly resembles that
of PDR5 and AtrB. The protein consists of four domains, two
hydrophobic TMgs and two hydrophilic NBFs organized in a
[NBF-TMg], topology.

Expression of BcatrB in vitro.

Northern blot analysis showed that BcatrB has a low level
of basal expression in germlings grown in liquid-shake cul-
ture. Transcription of BcatrB is induced specifically by the
phytoalexins resveratrol (50 mg per liter) and pisatin (20 mg
per liter) from grapevine and pea, respectively, and the phen-
ylpyrrole fungicide fenpiclonil (10 mg per liter) (Fig. 2). The
fungicide tebuconazole (10 mg per liter) (Fig. 2) and the anti-
biotic cycloheximide (50 mg per liter; data not shown) give
only weak induction. Transcript levels of actin in lanes 4, 5,
and 9 (Fig. 2) are relatively low. This may be because the
treatment of germlings with fenpiclonil and pisatin has a
strong fungitoxic effect. The basal expression level of BcatrB
in the azole-resistant isolate G25 and the benzimidazole-
resistant isolate SAS405 did not differ significantly from the
sensitive strains B3 and B05.10 (results not shown).

Replacement of BcatrB.

Functional analysis of BcatrB was studied in gene re-
placement mutants obtained with the construct pPBABOHT
in which a 2.6-kb Xbal-Sall fragment of the BcatrB se-
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quence is replaced by a 2.7-kb hygromycin resistance cas-
sette (OHT) (Fig. 1). Transformation of the haploid B. cine-
rea strain B05.10 with pPBABOHT yielded approximately 60
hygromycin-resistant colonies. Homokaryotic transformants
were purified by three rounds of monospore isolation and
alternating growth on selective and nonselective media. To
verify the replacement of the BcatrB gene, DNA from the
transformants was subjected to digestion with HindIlI,
Southern blotted, and hybridized with the 3.5-kb Sall-
ECoRYV probe (Fig. 1). Restriction of DNA from strains with
a wild-type copy of BcatrB with HindIIIl results in three
fragments containing BcatrB sequences: a 2.8-kb fragment
from the 5” side with flanking region, a 0.7-kb internal
fragment, and a 7-kb fragment from the 3’ side with flanking
region. Restriction with HindIIl of DNA from mutants with
BcatrB replaced by a double crossover would result in two
fragments containing BcatrB sequences, each approximately
5.2 kb long, without an internal fragment. Genome analysis
of transformants revealed three major types of integration
events: ectopic integrations, heterokaryons in which only a
fraction of all nuclei contained the mutant copy, and homo-
karyons, in which all nuclei contained the mutant copy (Fig.
3). From type 3, two independent transformants were se-
lected: ABcatrB4 and ABcatrB5. Northern analysis of both
mutants confirmed that wild-type mRNA of BcatrB was not
present, not even after treatment with resveratrol or fenpi-
clonil at concentrations that induce elevated transcript levels

in wild-type strains (Fig. 4). The absence of BcatrB in the
replacement mutant strains was confirmed in three inde-
pendent Northern analysis experiments.

Sensitivity to toxicants.

Vegetative growth of the mutants ABcatrB4 and ABcatrB5
on solid media (PDA, MEA, 1x Gamborg’s BYS) is similar to
that of the wild-type strain B05.10 (data not shown). No
difference in growth rate or timing and production of con-
idia was observed. In radial growth tests, the mutants
showed increased sensitivity to the stilbene phytoalexin
resveratrol when compared with the parental strain B05.10
(Table 3). All strains showed the characteristic brown dis-
coloration associated with resveratrol conversion by laccase
activity. No difference in sensitivity to the isoflavonoid
phytoalexin pisatin from Pisum sativum was observed. The
ABcatrB mutants did not show increased sensitivity to the
antibiotic cycloheximide, the dicarboximide fungicide vin-
clozolin, and the azole fungicide imazalil. The ABcatrB
mutants exhibited a small but significant increase in sensi-
tivity to the phenylpyrrole fungicide fenpiclonil (Table 3).
The increase in sensitivity was found for spore germination,
germ-tube elongation (Fig. 5A), and colony formation (Fig.
5B), yet was hardly detectable for mycelial growth (Fig. 6).
The increase in sensitivity of ABcatrB mutant spores is most
apparent at concentrations of fenpiclonil of 0.05 to 0.1 mg
per liter.
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Fig. 1. Physical map of the BcatrB locus from Botrytis cinerea in A, genomic DNA and B, a phage clone. The conserved regions encoding the Walker A
motif, ATP-binding cassette signature, and Walker B motif in the 5" and 3’ halves of the open reading frame are indicated by black boxes. B, The intron
is indicated by a shaded box. B = BstXI; EI = EcoRI; EV = EcoRV; H = HindIIl; S = Sall; P = Pstl; and X = Xbal. Sites used for construction of the
disruption construct are in bold. Arrows indicate replacement of a 2.6-kb Xbal-Sall fragment by the hygromycin resistance cassette (2.7-kb Xbal—-
HindIII fragment) in the ABcatrB mutants. Black bars indicate the probes used for hybridization. The 0.7-kb HindIII fragment was used as a gene-
specific probe in Northern and Southern blotting. The 3.5-kb PstI-ECORV fragment was used as a probe in Southern blotting to determine genomic or-

ganization in the transformants.
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Virulence assays.

Virulence of the ABcatrB mutants was tested in wet cham-
bers on detached grapevine leaves at 4°C (Table 4). The size
of lesions caused by the control transformant T132 was not
significantly different from the parental strain (exp. 1 and 2).
In two independent experiments (exp. 2 and 3), the spreading
necrotic lesions caused by mutants ABcatrB4 and ABcatrB5
were significantly smaller (P < 0.05 in Student’s t test) than
those formed by the parental strain B05.10. In experiment 3,
the determined growth rate of the mutants ABcatrB4 (1.1 +
0.9 mm per day) and ABcatrB5 (1.1 + 1.1 mm per day) also
was significantly lower than that of B05.10 (2.2 + 1.2 mm per
day).

DISCUSSION

The ABC transporter BeatrB from B. cinerea has high ho-
mology with ABC transporters from other fungi (Del Sorbo et
al. 2000) such as the PDR proteins PDR5 and SNQ2 from S
cerevisiae (Balzi and Goffeau 1995), AtrB from A. nidulans
(Del Sorbo et al. 1997), Pmrl from P. digitatum (Nakaune et
al. 1998), and Abcl from M. grisea (Urban et al. 1999). This
suggests a similar role for BcatrB in protection against exoge-

Table 1. Homology of ATP-binding cassette transporters®

nous toxic compounds or in plant pathogenesis. Indeed, our
study shows that BcatrB is involved in protection against the
grapevine phytoalexin resveratrol and the phenylpyrrole fun-
gicide fenpiclonil. The finding that BcatrB protects against
resveratrol is significant because it is known that susceptibil-
ity of grapevine to B. cinerea is inversely correlated with the
resveratrol contents of the grapevine cultivar (Jeandet et al.
1995). The hypothesis that BcatrB can contribute to the viru-
lence of B. cinerea on plants producing resveratrol was con-
firmed on grapevine leaves on which ABcatrB mutants
showed slightly reduced virulence. Because virulence is not
fully lost, we propose that BcatrB is one of the many factors
that contribute to virulence. Recently, it has been described
that Abcl, an ABC transporter homolog from the rice blast
fungus M. grisea, is important for virulence on rice (Urban et
al. 1999). The interaction between rice and M. grisea is ac-
companied by production of phytoalexins in the host (Kodama
et al. 1992). Increased sensitivity to these plant defense com-
pounds may explain the loss of virulence of ABC1 mutants.
Mutants do not show increased sensitivity to a number of
phytoalexins in vitro, however, despite the ability of these
compounds to induce expression of ABC1 in the wild type.
Therefore, an explanation for the loss of virulence in the

Source  Accession no. Protein BcatrA AtrB AtrA Pdr5p Sng2p Cdrip Abcl PMR1
Bc AJ006217 BcatrB 36.5 67.5 32.7 313 333 323 33.1 322
Bc 768906 BcatrA ok 36.0 30.8 313 31.0 29.9 304 30.8
An 768905 AtrB ek 31.6 32.6 325 31.5 31.6 32.0
An 768904 AtrA kk 414 37.8 41.5 42.0 424
Sc L19922 Pdr5p ek 35.9 53.6 433 45.5
Sc X66732 Snq2p ok 36.5 33.9 35.8
Ca X77589 Cdrlp ek 44.4 48.2
Mg AF032443 Abcl ok 57.1
Pd AB010442 PMRI1 ek

2 Botrytis cinerea (Bc), Aspergillus nidulans (An), Saccharomyces cerevisiae (Sc), Candida albicans (Ca), Magnaporthe grisea (Mg), and Penicillium

digitatum (Pd) expressed as percentage identical amino acids.

Table 2. Alignment of the ATP-binding domain of BcatrB with homologous sequences in ATP-binding cassette (ABC) transporters®

Protein Source Walker A ABC signature Walker B

N terminal GxXSGXGKS® SGGQ LxxDExXSALD
BcatrB Bc® LLVLGRPGAGCTTLLK GVSGGERKRVSIIEMLASRGSVMCWDNSTRGLD
BcatrA Bc LLVLGRPGSGCSTFLK GVSGGERKRVSIAETLPTKKTVVSWDNSTRGLD
AuB An LLVLGRPGSGCTTLLK GVSGGERKRVSIIECLGTRASVFCWDNSTRGLD
AtrA An LLVLGRPGTGCSTFLK GVSGGERKRVSIAEMALAMTPFAAWDNSSRGLD
PDR5 Sc LVVLGRPGSGCTTLLK GVSGGERKRVSIAEVSICGSKFQCWDNATRGLD
SNQ2 Sc ILVLGRPGAGCSSFLK GVSGGERKRVSIAEALAAKGSIYCWDNATRGLD
CDR1 Ca TVVLGRPGAGCSTLLK GVSGGERGRVDIAEASLSGANIQCWDNATRGLD
Abcl Mg LVVLGPPGSGCSTFLK GVSGGERKRVTIAEAALSGAPLOCWDNSTRGLD
PMRI1 Pd LIVLGPPGSGCSTFLK GVSGGERKRVSIAEATLCGSPLQCWDNSTRGLD

C terminal GXSGXGKSP SGGQ LxxDExxSALD
BcatrB Bc LGALMGSSGAGKTTLL LSVEQRKRLTIGVELVSKPSILIFLDEPTSGLD
BcatrA Bc MVALMGASGAGKTTLL LSVEQRKRVTIGVELAAKPNLLLFLDEATSGLD
AuB An LGALMGSSGAGKTTLL LSVEQRKRVTIGVELVSKPSILIFLDEPTSGLD
AtrA An LTALMGVSGAGKTTLL LNVEQRKLLTIGVELPPSPKLLLFLDEPTSGLD
PDR5 Sc LTALMGASGAGKTTLL LNVEQRKRLTIGVELTAKPKLLVFLDEPTSGLD
SNQ2 Sc MTALMGESGAGKTTLL LNVEQRKKLSIGVELVAKPDLLLFLDEPTSGLD
CDR1 Ac ITALMGASGAGKTTLL LNVEQRKRLTIGVELVAKPKLLLFLDEPTSGLD
Abcl Mg LTALMGVSGAGKTTLL LNVEQRKRLTIGVELAAKPPLLLFVDEPTSGLD
Pmrl Pd CTALMGVSGAGKTTLL LNVEQRKRLTIGVELAAKPQLLLFLDEPTSGLD

# Identical sequences in fungal ABC-transporters in bold.

® General consensus sequence of ABC transporters (Higgins 1992; Walker et al. 1982).
¢ Botrytis cinerea (Bc), Aspergillus nidulans (An), Saccharomyces cerevisiae (Sc), Candida albicans (Ca), Magnaporthe grisea (Mg), and Penicillium

digitatum (Pd).
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ABC1 mutants of M. grisea is not yet known. It may be that
Abcl provides protection against a yet-unidentified phytoa-
lexin. Similar mechanisms may be involved in the protection
of other plant pathogens against phytoalexins. For instance,
activity of ABC transporters could explain the nondegradative
tolerance of pisatin, a phytoalexin from P. sativum, in Nectria
haematococca on the basis of energy-dependent efflux (Denny
et al. 1987).

Although pisatin induces higher transcript levels of BcatrB
in the wild-type isolate of B. cinerea, the ABcatrB mutants
have the same sensitivity to pisatin as the parental isolate. The
fungus may cope with this phytoalexin by means of additional
transporters or degradative enzymes, as described for other
pathogens such as pisatin demethylase (Schafer et al. 1989).
Enzymatic degradation of resveratrol by B. cinerea can be
accomplished by laccase-like activity (Sbaghi et al. 1996),
which explains why the increased sensitivity of ABcatrB mu-
tants to resveratrol is moderate. We propose that BcatrB
serves as a “first-aid” response to provide immediate protec-
tion against resveratrol and bridges the time required for
breakdown of resveratrol by laccase activity, which was ob-
served in the parental strain B05.10 and the ABcatrB mutants.

For several ABC transporter genes, a phenotype of single
gene replacements becomes manifest only in fungicide-
resistant strains in which the ABC-transporter gene responsi-

Table 3. Effect of plant defense compounds and fungicides on radial
growth of Botrytis cinerea on PDA medium

Strains
Compounds B05.10% ABcatr B4P ABcatrB5P
Pisatin 2.1 £0.5° 25+0.8 2+0.6
Resveratrol 911 +383¢ 290 + 69¢ 248 + 534
Cycloheximide 2.2+0.3°¢ 1.9+0.6 1.8+0.1
Fenpiclonil 12+5¢ 8.8 +2¢ 7.7 +2¢
Vinclozolin 80 + 20° 70 £ 20 80.0 =10

# Wild-type parental isolate.

® BcatrB gene-replacement mutants.

¢ 50% effective concentration (milligrams per liter) + experimental error.

4 Significantly different from B05.10 (P < 0.05).

¢ 50% effective concentration (micrograms per liter) + experimental
error.

1 2 3 4 5 6 7 8 9

BCacCtA e v o S~

BcatrB |

Fig. 2. Expression of BcatrB in Northern blot experiments. RNA was
hybridized with the 0.7-kb HindIII fragment of BcatrB (Fig. 1). Tran-
script levels of BcatrB in germlings of strain B05.10 after 60 min of
mock-treatment (lane 1) or treatment with 0.1% methanol (lane 2), fen-
piclonil (1, 3, and 10 mg per liter; lanes 3, 4, and 5), resveratrol (20 and
50 mg per liter; lanes 6 and 7), tebuconazole (10 mg per liter; lane 8),
and pisatin (25 mg per liter; lane 9). BcactA shows hybridization with
the Botrytis cinerea actin gene. rRNA shows methylene blue staining of
ribosomal RNA.

rRNA
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ble for resistance is overexpressed. In P. digitatum disruption
of the PMRI gene in the azole-resistant strain LC2, which
overexpresses PMRI1, sensitivity to azole fungicides is re-
stored to wild-type levels but not beyond those levels
(Nakaune et al. 1998). The observation that replacement of
BcatrB in a wild-type strain results in increased sensitivity to
resveratrol and fenpiclonil indicates that BcatrB has a rela-
tively high activity toward these compounds. Because the
fungicide fenpiclonil is derived from the antibiotic pyrrolni-
trin, the activity of BcatrB toward fenpiclonil may relate to the
fact that B. cinerea needs to protect itself against natural tox-
ins during saprophytic growth (Atlas and Bartha 1993).
Among these are antibiotics such as pyrrolnitrin produced by
Pseudomonas spp. (Ligon et al. 2000). It is possible that
BcatrB is involved in protection against pyrrolnitrin, as shown
for the structurally related fenpiclonil. If ABC transporters
provide protection against natural toxicants, they could be
significant in determining the broad host range and the sapro-
phytic ability of B. cinerea.

kb 1 2 3 4 5 6 7 8 9 10 kb

2.0 — 2.0

-
om
I

=l

0.8 -

Fig. 3. Southern blot with DNA from Botrytis cinerea strains SAS56 and
B05.10 (wild type) and five putative ABcatrB mutants obtained by trans-
formation with the construct pPBABOHT. DNA was digested with Hin-
dIII and hybridized with a 3.5-kb PStI-ECORV probe from BcatrB (Fig.
1). Heterokaryotic transformant (lane 1), APstl marker (lane 2), homo-
karyotic transformants ABcatrB4, 5, 15 and 45 (lanes 3, 4, 5 and 6,
respectively.), APstl marker (lane 7), parental isolate B05.10 (lane 8),
wild-type isolate SAS56 (lane 9), and AHindIIl marker (lane 10). Mo-
lecular size markers (kb) are indicated.



Transcription of BcatrB can be induced by fungitoxic com-
pounds (resveratrol and cycloheximide) that also induce tran-
scription of ABC transporter genes in other fungi (Del Sorbo
et al. 1997; Miyahara et al. 1995). In fact, overlapping sets of
compounds can induce several ABC transporters in S cere-
visiae and Candida albicans. In S cerevisiae, the induction of
PDRS5, SNQ2, and YORI is regulated by the transcription
factors Pdrlp and Pdr3p (Mahé et al. 1996). The promoters of
transporter genes in the PDR network all contain one or more
PDR elements (TCCG(C/T)GGAA) (Katzmann et al. 1994).
Binding of Pdrlp or Pdr3p to these boxes stimulates expres-
sion of these genes (Katzmann et al. 1996). Modification of
Pdrlp, Pdr3p, or the PDR elements leads to changes in ex-
pression of the PDR genes (Hallstrom and Moye-Rowley
1998), thereby altering the sensitivity to toxic compounds.
The promoter of BcatrB contains a sequence stretch
(TCCACGGAA, 551 bp upstream of the start codon) that
strongly resembles the yeast PDR elements. Although no
PDRI1 or PDR3 homolog is known in B. cinerea to date, the
presence of this box suggests that regulation of ABC trans-
porters in B. cinerea may be similar to that in S cerevisiae.
Cycloheximide and pisatin induce expression of BcatrB but do
not have an increased activity toward the ABcatrB mutants.
This implies that inducers of transcription are not necessarily
a substrate of that particular transporter. Furthermore, these
compounds can be a substrate of other ABC transporters,
which may be up regulated in ABcatrB mutants and mask the
loss of BcatrB. Recently, the presence of at least 12 other
ABC transporters has been demonstrated in an EST library of
B. cinerea (F. Bitton, C. Levis, D. Fortini, J. M. Pradier, Y.
Brygoo, and Genoscope—Centre National de Séquencage,
unpublished). The B. cinerea strain T4 cDNA library was
made under conditions of nitrogen deprivation (EMBL acces-
sion no. AL110624 to AL117185). This situation resembles
the functioning of the PDR network in S. cerevisiae (Balzi and
Goffeau 1995) and the CDR gene family in C. albicans
(Sanglard et al. 1997). There, concerted action of ABC trans-
porters with overlapping substrate specificity provides the cell

with a protection system against various toxic compounds
(Carvajal et al. 1997; Kolaczkowski et al. 1998). For instance,
C. albicans strains resistant to azole antimycotic drugs over-
express CDR1, CDR2, or both genes (Sanglard et al. 1997).
Disruption of CDRLI results in an increased sensitivity to azole
drugs that can be overcome by overexpression of CDR2. Dis-
ruption of CDR2 increased sensitivity to azoles only in an
azole-resistant ACDRL strain that overexpresses CDR2 and
not in ACDRL strains with wild-type sensitivity. This illus-
trates that, in many instances, increased sensitivity to toxi-
cants can only be observed in multiple knockout mutants.

In laboratory-generated mutants of B. cinerea, resistance to
azole fungicides has been attributed to increased energy-
dependent efflux of these compounds (Stehmann and De
Waard 1995). A similar mechanism has been described for
resistant field isolates (Leroux et al. 1998). This increased
efflux can be explained by enhanced activity of an ABC
transporter. Resistance to azole fungicides accompanied by
increased expression of a particular ABC transporter gene has
previously been described in A. nidulans (Andrade et al. 2000)
and P. digitatum (Nakaune et al. 1998). The azole-resistant
laboratory mutants of B. cinerea tested in our studies, how-
ever, show the same low basal expression level of BcatrB as
the parental strain. Treatment of these mutants with azoles
gives a similar increase of BcatrB expression in mutants and

Table 4. Virulence of Botrytis cinerea on detached grapevine leaves at 4°C

StrainY
Experiment B05.10 T132 ABcatrB4  ABcatrB5
1 132+29a 127+33a
2 84+22a* 86%38a 59+23b 60+15b
3 57+20a 36x1.6b 40+16b

YB05.10 (parental wild-type strain), T132 (B05.10 transformed with
hygromycin resistance cassette), and ABcatrB4 and ABcatrB5 (BcatrB
gene-replacement mutants).

* Average lesion size (diameter in millimeters). Values within one row
followed by the same letter do not differ significantly (P < 0.05; stu-
dent’s t test).

B05.10 ABcatrB4 ABcatrB5 ABcatrA-M7
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
BcatrB
acocis QNI W e

rRNA

— . " e

e

ld_-- - o —— W

Fig. 4. Expression of BcatrB in Northern blot experiments. RNA was hybridized with the 0.7-kb HindIII fragment of BcatrB. Transcript levels of BcatrB
in parental strain B05.10, gene replacement mutants ABcatrB4 and ABcatrB5, and control strain ABcatrA-M7 are indicated. Germlings were mock
treated (lanes 1), treated with methanol (0.1%; lanes 2), fenpiclonil (10 mg per liter; lane 3), or resveratrol (50 mg per liter; lane 4). BcactA shows hy-
bridization with the Botrytis cinerea actin gene. rRNA shows methylene blue staining of ribosomal RNA.
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wild type. These results indicate that a yet-unidentified trans-
porter is involved in resistance to azole fungicides.

In conclusion, our results suggest a mutual role for BcatrB
from B. cinerea in protection against activity of plant defense
compounds and fungicides. Further studies may elucidate the
importance of BcatrB and other ABC transporters as virulence
factors of the fungus on additional host plants and as protec-
tion against a wider variety of toxic compounds.

MATERIALS AND METHODS

Culturing of fungal strains.

Strain SAS56, a monoascospore isolate (Van der Vlugt-
Bergmans et al. 1993) and the haploid strain B05.10 derived
from SAS56 (a gift from P. Biittner and P. Tudzynski, Institut
fir Botanik, Westfilische Wilhelms-Universitidt, Miinster,
Germany) were used as reference strains. T132 is a hygromy-
cin-resistant strain derived from B05.10 by transformation
with the plasmid pOHT containing the hygromycin resistance

cassette OHT (Van Kan et al. 1997). ABcatrA-M7 is a gene-
replacement mutant derived from B05.10 in which BcatrA is
replaced by the OHT cassette (Del Sorbo, unpublished).

The monoascospore strain SAS405, provided by F. Faretra
(University of Bari, Italy), contains the alleles MbclHr and
DaflLR, which confer resistance to benzimidazoles and dicar-
boximides, respectively (Faretra and Pollastro 1991).

Isolate B3 is an azole-sensitive strain isolated from tomato
in Greece. The monospore isolate G25 is a laboratory-
generated mutant derived from B3 with reduced sensitivity to
azole fungicides (Stehmann and De Waard 1996), provided by
B. N. Ziogas (University of Athens, Greece).

All strains were cultured at 20°C in the dark on tPDA
(potato dextrose agar amended with 300 g of homogenized
tomato leaves per liter). After 3 days, the cultures were ex-
posed to near-UV light for 16 h and incubated for 1 additional
week in the dark. Conidia were collected from sporulating
cultures to inoculate liquid cultures in Gamborg’s BS medium
(Duchefa Biochemie, Haarlem, The Netherlands) supple-

A Control Resveratrol Fenpiclonil Fenpiclonil
100 mg I 0.056 mg I” 0.1mgl’
R e : i
e I oy
B05.10
ABcatrB4

Fig. 5. Effect of resveratrol and fenpiclonil on growth of Botrytis cinerea. A, Spore germination and germ-tube growth of strains B05.10 (parental strain)
and ABcatrB4 (BcatrB replacement mutant) in B5 medium after 22 h incubation at 20°C. B, Colony formation on B5 agar amended with 0.1 mg of fen-
piclonil per liter after 1 week incubation at room temperature. Untransformed control strains (spots 1, 2, and 3), ABcatrA mutants (spots 4, 5, and 6),
T132 control (B05.10 transformed with hygromycin resistance cassette) (spot 7), and ABcatrB mutants (spots 8 and 9) are indicated.
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mented with 1% sucrose and 10 mM ammonium phosphate
(pH 6.5). Germlings from overnight cultures were used for
induction experiments and DNA and RNA isolation. Hygro-
mycin-resistant transformants were maintained on malt extract
agar (Oxoid, Basingstoke, Hampshire, England) plates
amended with 100 mg of hygromycin per liter (Sigma, St.
Louis, MO, U.S.A.) and transferred to tPDA to harvest spores
for experiments.

B. cinerea strain B05.10 was transformed with the use of
protoplasts (Hamada et al. 1994) with modifications as de-
scribed previously (Van Kan et al. 1997).

Molecular techniques.

DNA manipulations were performed according to standard
methods (Sambrook et al. 1989). Escherichia coli strain
DH50. was used for propagation of constructs. The A-EMBL3
system (Promega, Madison, WI, U.S.A.) was used to con-
struct a library of B. cinerea strain SAS56 genomic DNA par-
tially digested with SaullIA.

The library was screened with a probe derived from the S
cerevisiae gene PDR5, provided by A. Goffeau (Louvain-la-
Neuve, Belgium). This 1.5-kb BgllI-Tagl fragment comprises
the entire N-terminal ATP-binding cassette domain of PDRS.
Membranes (Hybond-N*, Amersham, Arlington Heights, IL,
U.S.A.) were hybridized with random-primed (GIBCO,
Gaithersburg, MD, U.S.A.), [0-**P]dATP-labeled probes at
56°C in modified Church buffer (Church and Gilbert 1984),
and washed at 56°C in 1x SSC. Fragments from positive
phages were subcloned in pGEM3Z(+) (Promega) or
pBluescriptll-SK (Stratagene, La Jolla, CA, U.S.A.). Se-
quencing was performed with the Thermo Sequenase II cycle
sequencing kit (Amersham Pharmacia Biotech, Uppsala,
Sweden).

Genomic DNA of B. cinerea was isolated as described pre-
viously (Drenth et al. 1993), digested with restriction en-
zymes, fractionated on 1.0% agarose-TAE gels, and trans-
ferred to Hybond-N* membranes by capillary blotting
(Sambrook et al. 1989). Blots were hybridized with random-
primed, [0-*’P]dATP-labeled probes at 65°C in modified
Church buffer, washed at 65°C in 0.2x SSC, and exposed to
X-OMAT AR films (Kodak, Rochester, NY, U.S.A.).

Gene expression.

For RNA induction experiments, precultures were grown in
300-ml round-bottom flasks (100 ml of B5 medium and
10% conidia per ml) at 20°C and 180 rpm for 13 to 15 h. If
necessary, mycelium of different cultures was pooled. Fol-
lowing distribution over fresh flasks, inducing agents were
added from a 1,000x concentrated stock solution in methanol.
After additional incubation at 20°C and 180 rpm for 1 h, my-
celium was harvested on glass-fiber filters and washed with
ice-cold 10 mM sodium phosphate (pH 6.5) and sterile water
with a vacuum manifold (Millipore, Bedford, MA, U.S.A.).

Total RNA was extracted from mycelium frozen in liquid
nitrogen with guanidine hydrochloride (Logemann et al.
1987). Samples of 10 pg of RNA were denatured with glyoxal
in dimethyl sulfoxide and subjected to electrophoresis on a
1.4% agarose gel in 10 mM sodium phosphate. RNA was
transferred to Hybond-N membranes by capillary blotting in
10x SSC (Sambrook et al. 1989). Northern blots were hy-
bridized in modified Church buffer at 65°C with random

primer [0-*?P]dATP-labeled probes. The gene-specific probes
used were a 1.1-kb BamHI-ECoRI fragment of BcatrA, a 0.7-
kb HindIII fragment of BcatrB, and a 1.2-kb HindIII fragment
of the constitutively expressed actin gene of B. cinerea.

Construction of the gene-replacement vector.

pBABOHT is the vector used for gene replacement of
BcatrB (Fig. 1). In an 8-kb BstXI-KpnlI fragment, a 2.6-kb
Xbal-Sall fragment from the coding region of BcatrB con-
taining both ABC motifs was replaced by the OHT cassette
from the plasmid pOHT, providing hygromycin resistance
(Hilber et al. 1994) (provided by M. Ward, Genencor Interna-
tional, San Francisco, CA, U.S.A.). The resistance marker was
inserted as a 2.7-kb Xbal-HindIII fragment, retaining 0.8 kb
of the 5’-flanking region and 1 kb of the coding region of
BcatrB. We used HindIII from the multiple cloning sites and
Kpnl to insert a 4.5-kb fragment from the 3" end of the gene.
The plasmid was linearized with Kpnl prior to transformation
to obtain double crossover integration.

Toxicity assay.

For all toxicants, 50% effective concentration values (ECs,)
for inhibition of radial growth were determined on PDA and
solidified BS medium, as described previously (Stehmann and
De Waard 1996). Test compounds were added in a range of
concentrations from 1,000x stock solutions in methanol and
resveratrol from freshly prepared 500x stock solutions. Ex-
periments were carried out in triplicate and repeated two or
three times. Student’s t test was used for statistical analysis.

Toxic activity of compounds in liquid B5 medium was de-
termined in 96-well polystyrene plates (Greiner, Alphen a/d
Rijn, The Netherlands). Wells were inoculated with 5 x-10°
spores in 100 ul of medium and incubated at 20°C for 60 h.
Growth was measured as an increase of absorbance at 405 nm
in an EL312 microplate reader (BIO-TEK instruments, Wi-
nooski, VT, U.S.A.).

Virulence assay.

Virulence assays were performed on detached grapevine
leaves placed in prewetted florist foam (Smithers-Oasis,
Griinstadt, Germany) in humid chambers. Five (experiments 1
and 2) or four (experiment 3) leaves were inoculated with 2 x
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Fig. 6. Effect of fenpiclonil on germling growth of Botrytis cinerea
strains B05.10 (parental strain, white), and the replacement mutants
ABatrB4 (dashed up) and ABatrB5 (dashed down) in liquid B5 medium
in multiwell plates, 60 h incubation at 20°C, and measured as absor-
bance at 405 nm. Solvent concentrations never exceeded 0.1% methanol.
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10° B. cinerea conidia per ml and preincubated in 1x B5 me-
dium amended with 1% sucrose and 10 mM ammonium phos-
phate (pH 6.5) at 20°C for 2 h to synchronize germination.
Four sectors were designated on the upper side of each leaf.
Each sector was inoculated with 15 droplets (1 pl) of strains
B05.10 (parental line), T132 (control transformant),
ABcatrB4, or ABcatrB5 (BcatrB mutants). Lesion diameters
were measured after incubation at 4°C for 6 days in experi-
ments 1 and 2 and for 10 days in experiment 3. Mean values
of lesion sizes were determined on the basis of figures of
spreading lesions (> 1 mm). Student’s t test was used for sta-
tistical analysis. In experiment 3, the growth rate of lesions
was based on measurements made on days 9, 10, and 11.
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