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We investigated the mechanism of resistance to demethylation inhibitors (DMI) in Penicillium digitatum by
isolating the CYP51 gene, which encodes the target enzyme (P450,,;,,,) of DML, from three DMI-resistant and
three DMI-sensitive strains. The structural genes of all six strains were identical, but in the promoter region,
a unique 126-bp sequence was tandemly repeated five times in the DMI-resistant strains and was present only
once in the DMI-sensitive strains. Constitutive expression of CYP51 in the resistant strains was about 100-fold
higher than that in the sensitive strains. We introduced CYP51, including the promoter region, from a
DMI-resistant strain into a DMI-sensitive strain, which rendered the transformants DMI resistant and
increased CYP51 expression. We also found that if the number of copies of the repeat was reduced to two,
resistance and CYP51 expression also decreased. These results indicate that the 126-bp unit acts as a
transcriptional enhancer and that a tandem repeat of the unit enhances CYP51 expression, resulting in DMI
resistance. This is a new fungicide resistance mechanism for filamentous fungi.

Demethylation inhibitors (DMIs) are widely used as fungi-
cides in agriculture and medicine. In the 1970s, the develop-
ment of resistance to DMI fungicides under practical condi-
tions was thought to be unlikely (9, 16). However, in practice,
DMI-resistant strains occur widely in several important plant
and animal pathogens, such as Erysiphe graminis, Sphaerotheca
fuliginea, Pyrenophora teres (12), and Candida albicans (11),
causing acute problems in crop production and in the treat-
ment of candidiasis of AIDS patients. Determining the mech-
anism of resistance is, therefore, quite important.

We previously showed that an ATP-binding cassette (ABC)
transporter gene, PMRI, is involved in DMI resistance in Pen-
icillium digitatum by disrupting the PMRI gene and concomi-
tantly increasing sensitivity to DMI fungicides (21). PMRI ex-
pression is strongly induced by fungicide treatment in both
DMI-sensitive and DMI-resistant strains, but the constitutive
expression level of PMRI in the resistant strain was relatively
higher than that in the sensitive strain (21). ABC transporter-
mediated resistance to toxicants in yeast and human cells is a
consequence of increased constitutive expression of the ABC
transporter gene (3, 7), so we thought that the higher level of
constitutive expression of the PMRI gene could be responsible
for the higher DMI resistance of the resistant strains. How-
ever, introduction of the PMRI coding region under the con-
trol of a strong constitutive promoter, PgpdA4, into a DMI-
sensitive strain had no observable effect on DMI resistance (H.
Hamamoto, O. Nawata, K. Hasegawa, R. Nakaune, Y. J. Lee,
Y. Makizumi, K. Akutsu, and T. Hibi, submitted for publica-
tion), suggesting that the constitutive expression level of PMRI
is not the determinative factor for DMI resistance. The coding
sequences of this gene from three DMI-sensitive and three
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DMlI-resistant strains were also identical. These results sug-
gested that another factor was responsible for the higher DMI
resistance (Hamamoto et al., submitted).

Possible resistance mechanisms include mutations of CYP51,
the gene encoding cytochrome P450 sterol 14a-demethylase
(P450,45Mm), the target enzyme of DMIs (29), or increased
expression of CYP51 (11, 12). Our initial objective in this study
was to determine if DMI resistance is attributable to these
mechanisms associated with CYP51. We found that a tandem
repeat of a unique 126-bp sequence in the region upstream of
the CYP51 gene contributes to the overexpression of the gene
and results in higher DMI resistance. To our knowledge, this is
the first report of the acquisition of fungicide resistance trig-
gered by a transcriptional enhancer in filamentous fungi.

MATERIALS AND METHODS

Fungal strains. The three DMI-sensitive strains (PD5, DF1, and Ul) and the
three DMI-resistant strains (LC2, M1, and I1) of P. digitatum were field isolates
of different origins (21). The effective concentrations inhibiting radial growth by
50% (ECs;s), and the MICs of the DMI fungicide triflumizole were 0.01 to 0.08
and 1 pg/ml, respectively, for the sensitive strains and 1.3 to 2.8 and >100 wg/ml,
respectively, for the resistant strains (21). LC2M, a spontaneous mutant with
diminished resistance, was isolated from the resistant strain LC2. The ECs, and
MIC of triflumizole for LC2M were 0.5 and 10 pwg/ml, respectively. We previously
sequenced PMRI (GenBank accession number AB010442), a gene encoding a
toxicant-extruding ABC transporter, in LC2 and LC2M, and we observed no
difference between the nucleotide sequences in the two strains (data not shown).
All of the strains were stored as frozen spore suspensions at —80°C. These strains
were deposited in the Institute for Fermentation (IFO), Osaka, Japan. IFO
accession numbers are 33112 through 33118 for PDS5, DF1, U1, LC2, M1, I1, and
LC2M, respectively.

Oligonucleotide primers. The oligonucleotide primers we designed for use in
PCR and nucleotide sequencing are listed in Table 1. The positions of these
primers within and around the coding region of the P. digitatum CYP51 (PdCYPS5I)
gene are shown in Fig. 1A.

Cloning and sequencing of the putative PdCYP51 gene. Based on the con-
served amino acid sequences encoded by the CYP51 genes of Penicillium italicum
(25), Ustilago maydis (10), Saccharomyces cerevisiae (14), and C. albicans (17), we
designed a set of degenerate primers, Pri 284 and Pri 1511c, to PCR amplify a
genomic DNA fragment encoding part of the PACYP51 gene. The PCR condi-
tions were as follows: 3 min at 94°C followed by 30 cycles each of 30 s at 94°C,
1 min at 60°C, and 2 min at 72°C, using a GeneAmp 2400 or 9700 thermal cycler
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TABLE 1. Sequences of the primers used in this study

Primer Sequence
Pri —1.8k 5" CGAGCAACCAGTCTACCCGAAT 3’
Pri —1.5k 5" TCGGCGCACATTCTCTACAACC 3’
Pri —207 5" TAGCTCCAAAACAAATCGTCTGCC 3’
Pri —81 5" CAAAACCCTAACTGTGTGGCCTCA 3’
Pri I52. e 5" TCATTGGGAGTACAGTCGCCTATG 3’
Pri 284 5" CGGCGACATCTT(T/C)TGTCTNCCA(C/G)CNCC(A/G)AA 3’
Pri 326 e 5" CGTATATCTCGGCGTTGAAGGAAA 3’
Pri 466 5" TGGAGCAAAAGAAGGTACAACTCC 3’
PIi 717 e 5" CTCCAAGGCGAAGAAGTACGATCA 3’
Pri 926 5" CAACGGCAGGACAGACCCAAAG 3’
Pri 1230 e 5" CGTCTCCACTCTTCCATTCACAC 3’
Pri 1609 5" TGCCAGACACGGATTACTCGGT 3’
Pri 38C. e 5" CACTTGATCTGCCCTGTTACCA 3’
Pri 346¢ 5" CCTTCAACGCCGAGATATACG 3’
PIi426C ... 5" CGAAGACGGGGGTTGTAAGCT 3’
Pri 1437¢ 5" CCGTATCAGAAGAATCCTCGGC 3’
Pri 1511c .5" AGCG(A/G)TGTCTNCCA(C/G)CNCC(A/G)AA 3’
Pri 1875¢ 5" CTCGCGTGAACCTATGATCGTC 3’
Pri 3.3KCu e 5" AAGACCGATCATACCCTGGCTC 3’
Pri 3.5kc 5" GTCAACACCCAACGAAAAGGCC 3’
oligo(dT)Sph 5" AACTGGAAGAATTGCATGCAGGAATTTTTTTTTTTTTTTTTT 3’
TSP 5" TGGAAGAATTGCATGCAGGAA 3’

(Perkin-Elmer [PE] Applied Biosystems, Foster City, Calif.) with Ex Taq poly-
merase (Takara, Tokyo, Japan). The amplified 1.2-kb fragment was cloned into
pGEM-T (Promega, Madison, Wis.) and sequenced by following the instructions
in the pPGEM-T and pGEM-T Easy Vector Systems technical manual (Promega).
The sequence obtained was used to design four inverse PCR (IPCR) primers: Pri
346¢, Pri 426¢, Pri 926, and Pri 1230. Genomic DNA of PD5 was digested with
Sall or Xhol and was self-ligated in order to be subjected to IPCR (22). The
IPCR conditions were as follows: 3 min at 94°C followed by 30 cycles each of 30 s
at 94°C, 30 s at 55°C, and 3 min at 72°C. The 1.2-kb IPCR products were
sequenced directly and contained putative initiation and termination codons.
Based on these sequences, we designed a set of primers, Pri —207 and Pri 1875c,
to amplify the entire CYP51 gene. The PCR conditions were as follows: 5 min at
94°C followed by 25 cycles each of 30 s at 94°C, 30 s at 56°C, and 2.5 min at 72°C.
The amplified 2.1-kb fragment was passed through a SUPREC-02 ultrafilter
(Takara) to remove PCR primers. The concentrate was applied to dye termina-
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FIG. 1. (A) Positions of the primers used for PCR, nucleotide sequencing,
and transformation experiments. Numeral components of primer names are
shown along boxes and lines, which represent the PdCYP51 ORF and surround-
ing sequences, respectively. (B) Schematic representation of the structure of the
PdCYP51 gene of strain PD5. Open boxes, ORF; shaded boxes, introns. Six
regions encoding highly conserved CR domains are indicated below.

tor labeling reactions by using a dRhodamine Terminator Cycle Sequencing FS
Ready Reaction Kit (PE Applied Biosystems) for direct sequencing (Fig. 1A) on
an ABI PRISM 377 HM or an ABI PRISM 310 (PE Applied Biosystems) DNA
sequencer.

Reverse transcription (RT)-PCR was carried out as follows. Total RNA was
isolated from mycelia of strain PD5 grown in potato dextrose broth medium and
subjected to RT with a 42-base oligo(dT)Sph anchor primer binding to poly(A)
(Table 1) using GibcoBRL Superscript (Life Technologies, Rockville, Md.) ac-
cording to the manufacturer’s instructions. The product of RT was first subjected
to PCR with Pri —207 and a 21-base TSP primer (Table 1) corresponding to the
oligo(dT)Sph anchor primer. The PCR conditions were as follows: 3 min at 94°C
followed by 40 cycles each of 30 s at 94°C, 1 min at 55°C, and 1.5 min at 72°C. The
second PCR was carried out with Pri —207 and Pri 1875c, and the product of the
second PCR was used for sequencing. The conditions for the second PCR were
as follows: 3 min at 94°C followed by 25 cycles each of 30 s at 94°C, 1 min at 58°C,
and 1 min at 72°C.

Southern and Northern blot analysis. Extraction of genomic DNA and total
RNA, Southern and Northern blotting, hybridization, and signal detection using
the ECL system (Amersham Pharmacia Biotech UK, Bucks, England) were
performed as described previously (21). The PCR product amplified with Pri
—207 and Pri 1875c was passed through a SUPREC-02 ultrafilter (Takara) and
used as a probe to detect the PACYP51 gene in Southern and Northern blotting.
For blotting control, a cDNA fragment containing the actin gene (actA) of P.
digitatum was used. To examine the induction of gene expression by a DMI
fungicide, the fungus was treated with 50 pg of triflumizole/ml for 10 min in a
liquid culture medium. All the expression assays were carried out at least twice.

Cotransformation and toxicant sensitivity assay. To obtain the sequences
upstream and downstream of PdCYP51, the IPCR products were cloned into
pGEM-T and sequenced. Based on the sequence data, we designed four primers,
Pri —1.8 k, Pri —1.5k, Pri 3.3 kc, and Pri 3.5 ke (Table 1; Fig. 1A). Pri —1.8k and
Pri 3.5 ke were used to amplify the putative promoter and coding region of the
PdCYPS51 gene. Fragments of 5.3 kbp (PdCYP51-P) and 5.8 kbp (PdCYP51-L)
were amplified from strains PD5 and LC2, respectively. These clones were
introduced into the DMI-sensitive strain PD5 by cotransformation with plasmid
pBF101, which carries a blasticidin S resistance cassette (15). Transformation
was performed by the polyethylene glycol method as described by Itoh et al. (13).
For selection of blasticidin S-resistant transformants, 100 g of blasticidin S/ml
was used. To isolate the DMI-resistant transformants, conidia of blasticidin
S-resistant lines were inoculated onto potato dextrose agar (PDA) plates con-
taining 0, 0.01, 0.1, 1.0, or 10.0 pg of triflumizole/ml, and germination and growth
were examined after incubation for 3 days at 25°C. For determination of ECs,s
and MICs of DMIs and other toxicants, the transformants were purified by
subculture of single spores, and ECs,s and MICs were determined as described
previously (21). Experiments for each toxicant were carried out at least three
times. Toxicants tested included four DMIs (triflumizole, fenarimol, bitertanol,
and pyrifenox), one antibiotic (cycloheximide), and two mutagens (acriflavine
and 4-nitroquinoline-N-oxide [4NQOJ).
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FIG. 2. Comparison of genomic PCR products derived from three DMI-
sensitive strains (PD5, DF1, and U1), three DMI-resistant strains (LC2, M1, and
11), and the mutant strain LC2M, amplified with Pri —207 and Pri 1875c. (A)
Ethidium bromide-stained image of the PCR products separated in a 0.7%
agarose gel. (B) Schematic representation of the sequences of the PCR products
derived from the seven strains. Each open arrow represents one unit of the
tandem repeat. Open box, ORF of PACYP5]1.

Nucleotide sequence accession numbers. The sequences of PACYP5] from
PD5 and LC2 are available under GenBank accession numbers AB030178 and
AB030179, respectively.

RESULTS

Sequence and structure of the PdACYP51 gene of strain PD5.
Southern blot analysis suggested that CYP51 is present as a
single-copy gene in the genome of P. digitatum strain PD5
(data not shown). The PCR fragment amplified from genomic
DNA of P. digitatum strain PD5 with primers Pri —207 and Pri
1875c was 2,082 bp long and had one putative open reading
frame (ORF) (nucleotides 1 to 1759) divided into four exons
by three introns (nucleotides 217 to 281, 480 to 548, and 1629
to 1702). The positions of the introns were the same as those
reported for P. italicum, and the excision of these introns was
confirmed by sequencing the RT-PCR product derived from
the mRNA of this gene. The deduced amino acid sequence of
CYP51 had 87% similarity to that of P. italicum and more than
40% similarity to CYP51 of S. cerevisiae and C. albicans. The P.
digitatum sequence contained six regions, CR1 through CR6
(encoded by nucleotides 214 to 302 [containing intron 217 to
281], 405 to 455, 759 to 791, 981 to 1082, 1215 to 1235, and
1482 to 1541, respectively) (Fig. 1B), known to be highly con-
served among CYP51 family proteins (1). We named this gene
PACYP51.

Sequence comparison of PACYP51 genes in seven strains.
Each of the seven P. digitatum strains studied had a single copy
of the PACYP51 gene in its genome as indicated by Southern
blot analysis (data not shown). The PCR products amplified
with Pri —207 and Pri 1875c were separated by agarose gel
electrophoresis, and fragments of 2.1, 2.7, and 2.3 kb were
observed (Fig. 2A). When sequenced, the PACYP51 structural
genes in all of the strains were identical; however, there were
apparent differences in the promoter region. Each of the three
resistant strains had a tandem repeat of five copies of a unique
126-bp sequence, 5" GGATCATTTTTGCTCCGGCTGGTG
TGACATCTGGGGATGGCCTGACCTGATGATTAATCG
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FIG. 3. Northern blot analysis of expression of the PACYP51 gene. (A) Ex-
pression without fungicide treatment. (B) Expression after triflumizole (50 wg/
ml) treatment for 10 min. The RNA on the membrane was rehybridized with an
actin gene (actA)-specific probe to check for equal loading of RNA, and the
pattern is shown below.

TCAATCCTTCCCTCCTGATTTGTCTTACAAAACCCTA
ACTGTGTGGCCTCATACTTCCGATTCCAG 3', in the
upstream promoter region between nucleotides —672 and
—43. In all three sensitive strains this sequence was present
only once, while in LC2M, the number of copies was two (Fig.
2B). This sequence was identical in every repeat and was re-
peated in tandem without any intervening residues. Except for
the difference in the number of copies, the sequences of the
upstream region amplified with Pri —207 and Pri 1875c from
all seven strains were identical. A BLAST and FASTA data-
base search based on the sequence of the repeat unit identified
no striking similarities to known sequences except for a similar
sequence (80% homology) observed in the region of nucleo-
tides —173 to —47 in the promoter region of the CYP5] gene
of P. italicum (25). There is no apparent TATA box or CCAAT
box in the region upstream of PdCYP5]1.

Expression of the PACYP51 gene. The levels of accumulation
of PACYP51 mRNA (about 2.0 kb) in all three DMI-resistant
strains were much higher than those in the DMI-sensitive
strains (Fig. 3; autoradiograms were slightly overexposed to
show the bands of the sensitive strains). In analyses with a
shorter exposure time or diluted samples (data not shown), the
levels of PACYP51 mRNA in the resistant strains were shown
to be approximately 100-fold higher than those in the sensitive
strains. In the autoradiograms, a second, larger band (about
3.5 kb) was observed, the nature of which is unknown. The
level of PACYP5] mRNA in LC2M was somewhat lower than
that in LC2 but higher than those in the sensitive strains.
Treatment with the DMI fungicide triflumizole had little effect
on the expression level of this gene. These results suggest that
the 126-bp sequence in the promoter region of PACYP51 may
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PdCYP51

FIG. 4. Northern blot analysis of constitutive expression of the PdCYP51
gene in the transformed PDS5 lines PD5(PdCYP51-P)-21, PD5(PdCYP51-L)-7,
and PD5(PdCYP51-L)-15. The RNA on the membrane was rehybridized with an
actin gene (actA)-specific probe to check for equal loading of RNA, and the
pattern is shown below.

be a transcriptional enhancer and that additional copies in-
crease the expression of PACYP5] and result in higher DMI
resistance.

Transformation of a DMI-sensitive strain with a PACYP51
allele from a DMI-resistant strain. PdCYP51-P (a 5.3-kb frag-
ment with a promoter with one repeat from PDS5) or PACYP51-L
(a 5.8-kb fragment with a promoter with five repeats from LC2)
was transformed into the DMI-sensitive strain PD5. Cloning of
the 5.8-kb fragment in the plasmid vector sometimes resulted in
deletion of the tandem repeats, so we introduced the PCR prod-
uct directly into the fungus by cotransformation with pBF101,
which encodes blasticidin S resistance. We first obtained 23, 21,
and 12 blasticidin S-resistant transformants following transforma-
tion with PACYP51-P plus pBF101, PACYP51-L plus pBF101, and
pBF101 alone, respectively. Conidia from the nontransformed
parental strain and the 35 transformants obtained by the intro-
duction of PdCYP51-P plus pBF101 or pBF101 alone did not
germinate on PDA plus 1 pg of triflumizole/ml. One transfor-
mant generated by the introduction of PACYP51-P plus pBF101,
designated PD5(PdCYP51-P)-21, germinated and grew on PDA
plus 0.1 pg of triflumizole/ml and had integrated one copy of
PdCYP51-P (data not shown). Conidia from 3 transformants ob-
tained by the introduction of PACYP51-L plus pBF101 did ger-
minate on PDA plus 10 pg of triflumizole/ml, whereas the other
18 transformants did not germinate on PDA plus 1.0 pg of
triflumizole/ml and were shown by PCR analysis to harbor no
PdCYP51-L gene (data not shown). Two of the transformants
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acquiring increased DMI resistance, PD5(PdCYP51-L)-7 and
PD5(PAdCYP51-L)-15, had one and five copies of the foreign
PdCYP51-L, respectively (data not shown).

PdCYP51 mRNA levels were increased in PD5(PdCYP51-
L)-7 and PD5(PdCYP51-L)-15 to equal that in LC2, but only a
slight increase was observed in PD5(PdCYP51-P)-21 (Fig. 4).
PD5(PdCYP51-L)-7 and PD5(PdCYP51-L)-15 showed signifi-
cant increases in DMI resistance (Table 2), and in the cases of
triflumizole, fenarimol, and bitertanol, they were almost as
resistant as LC2, whereas PD5(PdCYP51-P)-21 showed only a
slight increase in resistance. On the other hand, the sensitivi-
ties of these transformants to other toxicants remained un-
changed. These results suggest that the 126-bp tandem repeat
in the promoter enhances expression of PACYP5I and in-
creases DMI resistance in P. digitatum.

DISCUSSION

DMI resistance in fungi could be acquired either as a result
of mutations in the CYP5] gene or as a result of an increased
expression level of this gene (11, 12). In some Candida species
that cause oral candidiasis in AIDS patients, the molecular
mechanism of DMI resistance has been intensively studied,
and point mutations in CYP51 were associated with increased
DMI resistance (2, 18, 23, 27). Also, in the phytopathogenic
fungi P. italicum, Uncinula necator, and E. graminis, changes in
the amino acid sequence of CYP51 are associated with DMI
resistance (4, 5, 6).

Changes in the expression level of CYP51 might contribute
to the gradual development of DMI resistance (8, 20, 26). In
Candida glabrata, increased expression of CYP5!1 could occur
due to an increase in CYP5] copy number resulting from a
chromosome duplication (20). Such a mechanism for toxicant
resistance is also known in mammalian systems as gene ampli-
fication (24). However, the contribution of increased expres-
sion of CYP51 to DMI resistance in field isolates of phyto-
pathogenic fungi is unknown.

With respect to the P. digitatum CYP51 gene, PACYP51, the
protein-coding regions of the six alleles we cloned were iden-
tical. More specifically, none of the three amino acid residues,
Tyr 6 1les 3 and Arg,s,, substitution at which has been re-
ported to be associated with DMI resistance (2, 4, 5, 6, 18, 23,
27), were resistant-type residues. Thus, changes in the amino
acid sequence of the CYP51 protein were not responsible for
the differences we observed in DMI resistance. We did find a
unique 126-bp sequence that was tandemly repeated five times
in the DMI-resistant strains. We have further checked the
presence of the tandem repeat in another seven DMI-resistant
strains and nine DMI-sensitive strains of P. digitatum by PCR
with primers Pri —207 and 38c, and we have confirmed that all
resistant strains tested had a tandem repeat of five copies of a

TABLE 2. ECs,s and MICs of DMIs and other toxicants for the transformants into which PACYP51 was introduced

Result with the indicated strain (pg/ml)

Toxicant PD5 PD5 (PACYP51-P)-21 PD5 (PACYP5I-L)-7 PD5 (PACYP5I-L)-15 LC2

ECs, MIC ECs, MIC ECs, MIC ECs, MIC ECs, MIC
Triflumizole 0.05 = 0.02 0.5 0.15 £ 0.02 5 1.6 0.9 >100 1.6 = 0.8 >100 2.5 +0.7 >100
Fenarimol 0.11 £ 0.03 1 0.25 £0.12 10 0.64 = 0.14 100 0.95 = 0.18 >100 1.9+03 >100
Bitertanol 0.14 = 0.04 5 0.35 £ 0.03 10 1.2+03 >100 1.6 0.2 >100 2.6 1.6 >100
Pyrifenox 0.03 = 0.00 5 0.28 +0.17 10 1.5+03 100 31=*1.6 >100 42 + 12 >100
Cycloheximide 0.11 £ 0.02 1 0.11 = 0.03 1 0.08 = 0.03 1 0.07 = 0.02 1 0.21 £ 0.07 5
4NQO 0.37 = 0.02 5 0.33 £0.17 5 0.35 £0.16 5 0.29 = 0.16 5 0.75 £ 0.52 10
Acriflavine 0.58 = 0.24 5 0.60 = 0.08 5 0.52 = 0.08 5 0.77 = 0.17 5 28 +1.2 >100
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GTTTTGGGATTGACACACCGGAGTATGAAGGCTAAGGTC 5'

Elf-1 c-Ets-1 (p54)
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FIG. 5. Transcription factor binding sites within the 126-bp sequence found
by means of a computer search on the GenomeNet server using the MOTIF
program (The Supercomputer Laboratory, The Institute for Chemical Research,
Kyoto University [http:/www.genome.ad.jp/]). The sites found in the upper
strand are shown above the sequence, and the sites in the lower strand are shown
below the sequence.

126-bp sequence, while all sensitive strains had only one copy
(H. Hamamoto et al., unpublished data). This 126-bp sequence
may act as a transcriptional enhancer, with the tandem repeat
increasing the level of expression of PACYP5] and thereby
conferring DMI resistance. Also, the results of the transfor-
mation of PD5 with PACYP51 suggest that the copy number of
PdCYP51 may have a small effect on the level of expression of
this gene and DMI resistance. This report is the first to show
that overexpression of CYP51 contributes to DMI resistance in
phytopathogenic fungi.

Previously, we showed that PMRI, a gene encoding an ABC
transporter involved in toxicant extrusion, plays a role in DMI
resistance in P. digitatum and that a mutant in which PMRI was
disrupted exhibited a loss of DMI resistance (21). Considering
these findings on PMRI together with the present results on
CYP51, we hypothesize that DMI sensitivity depends on the
ratio of toxicant molecules to target enzyme molecules inside
the fungal cell. The number of toxicant molecules inside the
cell is controlled by PMR1, which extrudes to the outside of the
cell the intruding toxicant and/or the endogenous toxic oxy-
sterols accumulated by the action of DMI. The number of target
enzyme molecules is dependent on the level of expression of
CYP51. Therefore, when PMRI and CYP51 are expressed at
ordinary levels, the fungi are DMI sensitive. Also, when PMRI
is disrupted, the fungi are DMI sensitive, even when CYP51 is
overexpressed (21). When PMRI is expressed at an ordinary
level and CYP51 is overexpressed, the fungi exhibit resistance,
as shown in this study. It is also possible that the fungi will
exhibit resistance if PMRI is overexpressed at an extraordinary
level and CYP51 is expressed at an ordinary level, although the
strains used in the present study could not be used to test this
hypothesis.

The mechanism by which the tandem repeat unit enhances
the expression of PACYP5] remains to be determined. The
126-bp sequence contains four sites for known fungal tran-
scriptional binding factors (ADR1 and HSF) and 15 sites for
vertebrate binding factors [HNF3-8, CdxA, MZF1, GATA-1,
GATA-2, Pbx-1, Elf-1, c/EBPB, v-Myb, and c-Ets-1(p54)] (Fig.
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5). Similar clusters of transcription factor binding sites also
occur in TATA-less promoter sequences (19, 28, 30), so the
126-bp sequence might function as both a transcriptional en-
hancer and a promoter.

We do not know if the resistant strains were derived from
sensitive strains by mutation while under selection for fungi-
cide resistance. We did not detect any additional repeats in
DMI-sensitive strains that had been subcultured on PDA con-
taining low concentrations of triflumizole for 6 months. From
LC2M, we know that a resistant strain can lose some resistance
by loss of some of the copies of the repeated sequence. At
present, we cannot explain how the copy number of the en-
hancer sequence increases.

This transcriptional enhancer-based mechanism is a new
fungicide resistance mechanism for filamentous fungi. Whether
the mechanism also occurs in other filamentous fungi or plays
a role in resistance to toxicants other than DMIs remains to be
determined. Finally, we think that the strong enhancer activity
of the tandem repeats might be a useful tool to increase gene
expression in other applied microbiology and biotechnology
contexts.
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