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ABSTRACT Plant cutin monomers trigger, and glucose
suppresses, the expression of the cutinase gene of pathogenic
fungi. To identify the cutinase promoter region responsible for
induction by the unique plant components, a promoter analysis
was done with transformants. Plasmids were construcded that
contained (i) the 5' fln g region of the cutinase gene or its
deletion mutants from Fusarium solani pisi fused with a
chloramphenicol acetyltransferase (CAT) reporter gene and
(ii) a constitutive promoter fused with a hygromycin phospho-
transferase gene. Hygromycin-resistant trasormants of F.
solani pisi generated by electroporation were assayed for CAT
activity inducible by cutin hydrolysate and for glucose repres-
sion ofthis induction. CAT was induced in a glucose-repressible
manner when fused with a 360-base-pair (bp), or longer,
segment of the 5' flanking region of the cutinase gene, and
deletion of the next 135 bp abolished this induction. Gel
retardation assays showed that a protein(s) in nuclear extract
from the fungus bound to the 5' flaning region of cutinase
gene, and this binding-was also abolished when the same 135-bp
segment was deleted. These results show that the'-225 to -360
segment of thie cutinase gene contains a cis-acting regulatory
element that binds trans-acting factor(s) in the nuclei. Treat-
ment of the nuclear extract with immobilized phosphatase
abolished binding to the promoter, gsing that binding
required a phosphorylated form of the protein. With isolated
nuclei, phosphorylation of a protein occurred only in the
presence of both cutin monomer and the fungal protein factor.
The presence of protein kinase inhibitor H7 during the prein-
cubation of nuclei with the monomer and protein factor
inhibited cutinase gene transcription. These resultssest that
cutin monomer causes phosphorylatio of a tnscripon fac-
tor that binds to the -225 to -360 segment of the cutilae gene
and enhances transcription of this gene.

Fungi that can infect intact plant organs use cutinase to
penetrate through cutin, the major structural component of
the plant cuticle (1). Contact with cutin causes induction of
cutinase in the spores of highly pathogenic fungi (2). Within
minutes after contact with cutin, cutinase transcripts become
detectable. Evidence has been presented that the small
amount of cutin monomers released by the small amount of
cutinase carried by the fungal spore induces cutinase syn-
thesis in the spores of Fusarium solani pisi (Nectria hema-
tococca). The 10,16-dihydroxy C16 acid and 9,10,18-
trihydroxy C18 acid, the unique monomers of cutin, are the
best inducers of cutinase. Nuclear run-off experiments
showed that these hydroxy acids enhanced transcription of
the cutinase gene in Fusarium solani pisi (3). In nuclei
isolated from uninduced cultures of the fungus, the hydroxy
acids triggered cutinase gene expression when supplemented
with a protein factor (4). This selective activation of cutinase
gene transcription involved enhancement of transcription
initiation and normal termination of transcription. Studies

with analogues of cutin monomers indicated that optimal
activation of cutinase gene transcription required the struc-
tural elements naturally present in the dihydroxy and trihy-
droxy fatty acid monomers of cutin. How such monomers
trigger cutinase gene transcription is not understood. Here
we show that a 135-base-pair (bp) 5' flanking segment of the
cutinase gene from F. solani pisi is required for induction of
cutinase by cutin monomers and for glucose repression ofthe
gene. Nuclear protein binding selectively to the same region
of the gene is demonstrated. Evidence is presented that cutin
monomer causes phosphorylation of a transcription factor
that binds to the bp -225 to -360 segment of the cutinase
gene only when phosphorylated and this binding is involved
in the activation of transcription of the cutinase gene.

MATERIALS AND METHODS
Materials. Single-spore isolates ofF. solanipisi field isolate

T8 (2) were maintained and cultures were grown on 1%
glucose and salts (5). Escherichia coli DH5 was used as host
for all vector constructs in pBluescript KS. Hygromycin B,
driselase, and D-sorbitol were from Sigma. Novozyme 234
was from Novo Industries (Bagsvaerd, Denmark) and labeled
nucleotides were from New England Nuclear. All restriction
enzymes, T4 DNA ligase, and T4 DNA polymerase were
from Pharmacia or from New England Biolabs. Kinase
inhibitor H7 was from Seikagaku Kogyo, Tokyo.

Construction of Transformation Vectors. A hygromycin-
resistance gene (hph) fused to a constitutive promoter from
Cochliobolus heterostrophus (provided by Olin Yoder, Cor-
nell University) was isolated as a 2.3-kilobase (kb) Kpn
I-Bam III fragment (6), blunt-ended by T4 DNA polymerase,
and then ligated into the T4 polymerase-blunted Sac I site of
pBluescript KS. A transformant with the promoter adjacent
to the polylinker region (pBluescript KS Coc Hyg) was
selected. A 1.5-kb Acc I-Bgl I DNA fragment from U5-11 (7),
containing the 5' flanking region of the cutinase gene and 34
bp ofthe coding region, blunted by T4 DNA polymerase, was
ligated into an Acc I, T4 DNA polymerase-blunted Xho I site
of pBluescript KS. The 1.5-kb cutinase gene segment was
fused to the coding region of the chloramphenicol acetyl-
transferase (CAT) gene, which was isolated as an Xba I-Sal
I fragment from pGA583 (8) and ligated into Xba I/Sal
I-digested pBluescript KS to produce pBluescript KS CAT.
To obtain the correct translational fusion, the 1.5-kb cutinase
gene in pBluescript was digested with Kpn I, T4 DNA
polymerase-blunted, and then digested with Xba I. This
fragment was ligated into Xba I/Hpa I-digested pBluescript
KS CAT. The 1.5-kb cutinase promoter-CAT gene fusion
was isolated as an Xba I-Sal I fragment and ligated into Xba
I/Sal -digested pBluescript KS Coc Hyg. A 465-bp Pvu II,
T4 DNA polymerase-blunted Bgl I deletion of the cutinase
gene was ligated into the EcoRV site of pBluescript KS. The
cutinase gene segment was fused to the CAT coding region as

Abbreviation: CAT, chloramphenicol acetyltransferase.
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indicated above. An Xba 1-HincII fragment containing the
cutinase gene was ligated into Xba I/Hpa I-digested pBlue-
script KS CAT. The cutinase promoter-CAT gene fusion was
ligated into pBluescript KS Coc Hyg. Further deletions were
obtained by isolating a Pvu I-SalI fragment from the 431-bp
deletion fused to the CAT gene in pBluescript. This deletion
contains 360 bp of cutinase leader sequence fused to the CAT
gene. This fragment was ligated into Sma I/Sal I-digested
pBluescript KS Coc Hyg. An Aat II digestion of pBluescript
KS containing the 431-bp deletion fragment fused to the CAT
gene left 225 bp of cutinase leader sequences. The Aat II site
was blunted with T4 DNA polymerase and the DNA was cut
with Sal I. This fragment was then ligated into Sal I-cut
pBluescript KS Coc Hyg. Similarly, a BstXI digestion left a
94-bp cutinase 5' segment.

Transformation of Protoplasts. F. solani pisi protoplasts
were prepared by a modification ofa published procedure (9).
Conidia (106) were shaken for 30-36 hr at 75 rpm in 100 ml of
mineral medium (5) containing 2% glucose at room temper-
ature, and mycelia were washed and suspended in 10 mM
sodium phosphate (pH 5.8) containing 1.2 M MgSO4, drise-
lase (10 mg/g of tissue), and Novozyme 236 (25 mg/g of
tissue). After the suspension was incubated at 30°C for 2 hr
with shaking (75 rpm), the protoplasts (108) were recovered
as described (9) and resuspended in 1.2 M sorbitol/10 mM
Tris HCl, pH 7.5/10 mM CaCl2 (STC buffer). Protoplasts
(107) in 700,ul of STC buffer were gently mixed with 10,ug of
linearized DNA in a 1-ml electroporation cuvette and incu-
bated on ice for 15 min before a 100-msec pulse at 1 kV was
applied. The protoplasts were again incubated on ice for 10
min before they were plated at various dilutions onto V-8
medium containing 1.2 M sorbitol, mineral salts (5), and 2%
agar. Overlays of 1% agarose containing hygromycin at 200
,ug/ml were added 24 hr later. After 7 days of growth, agar
plugs containing the fastest-growing colonies were trans-
ferred to V-8 plates containing hygromycin at 300 ,ug/ml.
After 7 days, agar plugs from the periphery of each growing
transformant were transferred onto V-8 agar containing no
hygromycin. After 4 or 5 days of growth, agar plugs from the
periphery of each growing transformant were transferred to
V-8 agar containing hygromycin at 300 ,ug/ml. Ten of the
fastest-growing colonies were transferred to individual plates
containing hygromycin at 150,ug/ml and kept as stock plates.
This procedure yielded about 20 transformants per ug of
DNA; all of the transformants obtained in the first selection
were stable with no abortive false positives; 100-250 stable
transformants were isolated for each transformation vector.
From each deletion class, 4 transformants that grew well on
medium with hygromycin at 300 ,g/ml were randomly se-
lected and grown on V-8 plates containing hygromycin at 150
,g/ml for 6-7 days. Conidia from these plates were used to
generate protoplasts.
For promoter analysis, an equal number of protoplasts

from each transformant were added to 1 ml of T8 medium
with or without 2% glucose. For induction, cutin hydrolysate
(10), dispersed in STC buffer by sonication, was added at 80
,ug/ml. The protoplasts were incubated in the dark at 26°C for
48 hr and centrifuged in an Eppendorf centrifuge; the super-
natant was assayed for cutinase spectrophotometrically (11).
The pelleted cells were suspended in 300 ,ul of buffer and
disrupted by sonication. To minimize background the cell
lysate was incubated at 65°C for 10 min and centrifuged for
5 min in the Eppendorf centrifuge. Equal amounts of protein
were assayed for CAT activity at 37°C (12).

Binding of Nuclear Proteins to the Cutinase Gene. After
glucose depletion of the medium as determined by glucose
oxidase assay, nuclei were prepared (4) and nuclear protein
extract was isolated (13). Aliquots of the nuclear extract (1-5
,tg of protein) were incubated in 20 Al with 32P-labeled DNA
fragment (2-5 ng) and 1 Ag of poly(dI-dC) in 25 mM Hepes,

pH 7.9/150mM NaCl/5mM MgCl2/10mM dithiothreitol/2
mM EDTA/3mM phenylmethanesulfonyl fluoride/5% (vol/
vol) glycerol for 15 min, the mixture was subjected to
electrophoresis, and autoradiograms were prepared. Nuclear
extract was incubated for 30 min with or without immobilized
calf intestinal mucosal alkaline phosphatase (Sigma) at 220C
and beads were removed by centrifugation prior to incubation
with labeled DNA.

Protein Phosphorylation. Isolated nuclei were preincubated
with the protein factor and dihydroxy C16 acid with or without
1mM protein kinase inhibitor H7 and assayed for production
of cutinase transcripts (4); in the control the inhibitor was
added after preincubation. Protein factor used in all experi-
ments was obtained from the supernatant of the fungal
homogenate prepared for the isolation of nuclei (4). Upon gel
filtration of the supernatant on a Sepharose 6B column,
cutinase transcription-activating protein factor (14) emerged
at the void volume, and aliquots of this protein were desig-
nated "protein factor."
To measure phosphorylation, various combinations of

nuclei, protein factor, and monomer (5,g) were mixed with
60mM Hepes (pH 7.6), 90mM NaCl, 0.06% Triton X-100, 6.3
mM MgCl2, 1.5,g of bovine serum albumin, 10mM MnCl2,
1 mM phenylmethanesulfonyl fluoride, and 30 ,uCi of
[,y-32P]ATP (1,Ci = 37 kBq) in a total volume of 35 pl and
incubated 10 min at 26°C. The reaction was stopped, the
protein was subjected to SDS/10% PAGE, and the gel was
dried and autoradiographed.

RESULTS
In isolated fungal nuclei the hydroxy acids from the plant,
together with a fungal protein factor, promote initiation of
cutinase gene transcription (4). To identify the hydroxy
acid-inducible promoter of fungal cutinase, we performed a
promoter analysis using fungal transformation. The plasmid
used for transformation contained a hygromycin-resistance
gene fused to a constitutive promoter from C. heterostrophus
(6) and the CAT gene fused to the 5' flanking region of the
cutinase gene from F. solani pisi (7) (Fig. 1). The plasmids
were used to transform F. solanipisi protoplasts. Protoplasts
from the resulting stable transformants were analyzed for
inducible expression of CAT activity and repression by
glucose. The 1.5-kb 5' flanking region of the cutinase gene

cuflnose genesegmene Bluescript KS mcs pGA583 CAT

ATG - l0oa-G TC GAG GGG GGG CCC G AA - 19aa - ATG

Coc prom _ Cut prom
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FIG. 1. (Left) Plasmid containing a constitutive Cochliobolus
heterostrophus promoter (Coc prom) with hygromycin phospho-
transferase gene (hph) and cutinase 5' flanking region (Cut prom)
with CAT gene. (cat) In cutinase promoter-CAT junction (top): aa,
amino acid codons; mcs, multiple cloning site. (Right) Thin-layer
chromatographic assay for CAT activity ofF. solanipisi transformed
by electroporation with the plasmid. Lanes: I, induced with cutin
hydrolysate; U, uninduced; R, induction by cutin hydrolysate re-
pressed with glucose.

Agricultural Sciences: Bajar et A



8210 Agricultural Sciences: Bajar et al.

cutinase gene Bluescript KS mcs pGA583 - CAT

ATG - lOao - G'AT CAA GCT TAT CGA TAC CGT C AA - 19oa - ATG

Cut prom
.94

.,360-.Coc pro

cat

hph

pBluescript KS
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FIG. 2. Transformation vector containing the CAT gene with
cutinase promoter deletion (A&) derivatives (Cut prom) and hygro-
mycin phosphotransferase gene (hph) with a constitutive C. heteros-
trophus promoter (Coc prom). Detailed structure of the fusion region
is shown (see Fig. 1 legend for explanation).

conferred inducibility of CAT activity by cutin hydrolysate,
and glucose completely repressed this induction (Fig. 1).
To identify the segment of the 5' flanking region of the

fungal cutinase gene responsible for induction by the plant
signal, deletion mutants derived from the 5' flanking region
were fused to the CAT gene (Fig. 2), and introduced into
protoplasts of F. solani pisi by electroporation, and mitoti-
cally stable transformants were used for induction studies. To
verify that the deletion mutants had integrated into genomic
DNA, Southern blot analyses were performed. In all cases,
the Pvu II fragment of the cutinase gene hybridized with high
molecular weight DNA corresponding to the fungal genomic
DNA, indicating integration of the plasmid into the fungal
genome (data not shown). When Southern blots of Sst
I-digested DNA were probed with the vector containing no
cutinase gene segment (to avoid hybridization to the native
cutinase gene), a single band was seen for each transformant,
and the differences in size indicated random integration into
the fungal genome (Fig. 3 Left). The fragment size is con-
sistent with the possibility that the plasmids underwent
tandem duplication before integration into the fungal ge-

kb

23.1 -

0
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m

nome. Southern blots of Xba I/Sca I-digested DNA from
each of the transformants showed a band representing the
endogenous cutinase gene in the lanes representing all of the
transformants when probed with a construct containing a
cutinase gene fragment (arrow, Fig. 3 Right). This result
indicated that the endogenous cutinase gene was not dis-
rupted by the introduced exogenous sequences, suggesting
nonhomologous recombination. Consistent with this conclu-
sion, all transformants produced equal amounts of cutinase
when induced with cutin hydrolysate (data not shown). The
multiple bands observed in the Southern blot suggests ran-
dom integration of exogenous plasmids into the fungal ge-
nome, possibly after tandem duplication or concatemeriza-
tion, as previously concluded with other filamentous fungi
(14-16). This mode of integration is quite suitable for pro-
moter analysis.
To identify the monomer-inducible promoter region of

cutinase gene, the transformants containing a Pvu II-
shortened 5' flanking region of the cutinase gene fused to the
CAT gene (Fig. 2) were tested for inducibility of the marker
gene by cutin hydrolysate and for repression by glucose. The
431-bp 5' flanking portion of the cutinase gene conferred
inducibility by cutin hydrolysate on the CAT gene, and the
presence of glucose repressed this induction (Fig. 4A). When
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FIG. 3. Southern blots of genomic DNA isolated from some F.
solani pisi transformants obtained with the vector containing the
cutinase flanking region indicated above the lanes. (Left) Genomic
DNA was digested with Sst I and probed with a 32P-labeled DNA
containing pBluescript, hph, and CAT sequences but no cutinase
sequence; electrophoresis was done in 0.5% agarose gel. DNA from
untransformed cells showed no hybridization. (Right) DNA was
digested with Xba I and Sca I, and the deletion construct containing
the Pvu II derivative, labeled with 32p, was used as the probe. Arrow,
major band from untransformed, wild-type (wt) cells.

FIG. 4. (A) CAT activity of transformants obtained with the
vector shown in Fig. 2, containing the indicated segments of the 5'
flanking region of cutinase. Bars: I, induced with cutin hydrolysate;
U, uninduced; R, induction by cutin hydrolysate repressed with
glucose. Four independent transformants were assayed for each case
and the average is given. To obtain accurate rate measurements,
percent conversion (acetylation of [14C]chloramphenicol) was kept
low. (B) Time course of induction of CAT activity in a transformant
generated with the vector shown in Fig. 2 containing the 431-bp 5'
flanking region of the cutinase gene. One of the transformants used
in A was grown in medium with glucose; upon depletion of glucose,
cutin hydrolysate was added. After various induction periods, CAT
assays were done. *, Induced; El, uninduced.
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individual transformants were tested, the induction ranged
from 6- to 15-fold overall and variation was within + 15% for
the four independent transformants used for each construct
in each experiment. The time course of CAT induction by
cutin hydrolysate and its repression by glucose (Fig. 4B) were
quite similar to the previously observed time course of
cutinase induction by cutin monomers and glucose repression
in F. solani pisi cultures (10). Thus, the induction of CAT
activity appears to be an authentic test for the promoter
activity of the cutinase gene. When the 5' flanking region of
the cutinase gene was shortened by Pvu I digestion, the
resulting 360-bp promoter likewise conferred on the CAT
gene inducibility by cutin monomers and repression by
glucose. The degree of inducibility was the same with the
1500-bp, 431-bp, or 360-bp cutinase promoter (Fig. 4A), and
in all cases glucose completely repressed the gene. However,
further shortening of the cutinase promoter by digestion with
Aat II or BstXI abolished inducibility of the CAT gene (Fig.
4A). Thus, the -225 to -360 region of the fungal cutinase
gene contains cis-acting elements necessary for the induction
of this gene by the plant signal. Examination of the 135-bp
segment, essential for cutinase induction by the signal gen-
erated from the plant cuticle and for glucose repression,
showed the presence of a cAMP-responsive element and an
Spl transcription factor-binding element (17, 18) (Fig. 5).
To test whether nuclear proteins bind to the cutinase pro-

moter region, the 5' flanking region of the cutinase gene and
its derivatives obtained by restriction enzyme digestion were
tested for retardation of their electrophoretic mobility after
incubation with nuclear extract prepared from F. solani pisi
grown until glucose was depleted. Incubation of 32P-labeled
360-bpPvu I fragment ofthe cutinase gene with nuclear extract
gave a discrete band indicating retardation of mobility; inclu-
sion of a 100-fold excess of unlabeled 360-bp segment in the
incubation mixture eliminated this band (Fig. 6 Left), indicat-
ing that the retarded band represented binding of nuclear
protein specifically to the 360-bp segment ofDNA. Deletion of
the 135 bp at the 5' end of this DNA segment by Aat II
treatment yielded a 225-bp fragment that did not show any
indication ofbinding to nuclear protein(s) (Fig. 6 Right). Thus,
the same region of the cutinase promoter that is required for
induction by cutin monomer and repression by glucose is also
involved in binding nuclear protein. Treatment of nuclear
protein extract with immobilized phosphatase abolished bind-
ing to the promoter, indicating that phosphorylation of the
protein is required for DNA binding (Fig. 6 Right).

700 600 500
1 . 1

360 bp

" M

1 2 3 4

360 bp 225 bp

5 6 7 8 9 10

FIG. 6. Gel retardation of 5' flanking region of cutinase gene by
interaction with nuclear proteins from F. solani pisi and prevention of
this interaction by phosphatase treatment of the nuclear protein. 32P_
labeled cutinase gene fragments (indicated above the autoradiograms)
were incubated with (lanes 2, 3, 4, 6, 7, 9, and 10) or without (lanes 1,
5, and 8) nuclear proteins from F. solanipisi for 15 min and the mixture
was subjected to electrophoresis; 1 ug of nuclear protein was used for
lane 3, and 5 ug was used for the other lanes. For lane 2, a 100-fold
excess of unlabeled 360-bp fragment was added; for lanes v and 10, the
nuclear protein was treated for 30 min with 5 units of immobilized
alkaline phosphatase at 220C; for lanes 6 and 9, similar incubation was
done without alkaline phosphatase before incubation with DNA.

In an attempt to detect phosphorylation of the trans-acting
factor(s), isolated nuclei were incubated with [y-32P]ATP in
the presence of the protein factor (from the cell extract) that
was found to be required for activation of cutinase transcrip-
tion in isolated nuclei (4) and/or the cutin monomer (10,16
dihydroxy C16 acid), and the products were analyzed by
SDS/PAGE (Fig. 7 Left). Maximal phosphorylation of a
protein of about 52 kDa required both cutin monomer and
protein factor, although some phosphorylation was detected
when only the monomerwas added to the nuclei. To determine
whether phosphorylation is relevant to cutinase transcription,
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FIG. 5. The 5' flanking region of three fungal cutinase genes
[C.c., Colletotrichum capsici; C.g., Colletotrichum gloeosporioides;
F.s.p., F. solani pisi (24)]. cAMP-responsive element and Spl
consensus binding sequence are shown by solid boxes and tandem
11-bp direct repeats are shown by open boxes. Arrows show the
promoter region found to be necessary for inducible expression.
Scale is in base pairs.

A B C D

FIG. 7. (Left) Protein phosphorylation in nuclei incubated with
the protein factor from the supernatant and dihydroxy C16 acid and
inhibition of phosphorylation by protein kinase inhibitor H7. Incu-
bation was done with [y-32P]ATP under conditions that activate
transcription of the cutinase gene (4). Lanes: 1, nuclei with the
supernatant protein factor; 2, nuclei with dihydroxv C16 acid; 3,
nuclei with the supernatant protein factor and dihydroxy C16 acid; 4,
same as 3 but with 1 mM H7. (Right) Inhibition of cutinase gene
transcription in isolated nuclei by protein kinase inhibitor H7. Bars:
A, nuclei; B, nuclei plus protein factor plus dihydroxy C16 acid; C,
same as B but preincubated with 1 mM H7 for 30 min prior to
transcription assay; D, same as B but with the addition of 1 mM H7
at the beginning of the transcription assay, after the 30-min prein-
cubation. Transcription rate is expressed as parts per million (4).
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the effect of protein kinase inhibitor H7 (19) on activation of
cutinase transcription was tested in isolated nuclei. Since
preincubation of nuclei with both the monomer and the protein
factor is necessary to obtain linear rates of transcription (4),
the effect of the presence of the inhibitor during this prein-
cubation was compared with that found when the inhibitor was
present only during the transcription period (Fig. 7 Right). H7
severely inhibited transcription only when it was present
during the preincubation but not when added after.

DISCUSSION
Induction of cutinase in the germinating spores of F. solani
pisi by the unique cutin monomer appears to be important for
pathogenesis (1, 20). Isolates of the pathogen that showed a
high level of induction could readily infect intact organs,
whereas isolates that were unable to respond to the plant
signal could not infect intact pea stem. To identify the
cutinase promoter involved in the induction of cutinase by
the plant signal, we used a construct that contains constitu-
tive C. heterostrophus promoter to drive the hygromycin-
resistance gene used for selection of transformants and the
cutinase promoter to drive the CAT marker gene. Electro-
poration yielded ample stable transformants that showed
remarkably similar (+15%) degrees of induction, and there-
fore quantitative comparison could be readily done. With this
approach, we demonstrated inducible and repressible expres-
sion of the marker gene. The results obtained with the
transformants suggest that a 135-bp DNA segment in the 5'
flanking region of the cutinase gene is necessary for induction
by cutin hydrolysate and for glucose repression. The results
obtained with promoter analysis using transformants agreed
with the results of DNA binding of nuclear proteins. The
same 135-bp segment of the 5' flanking region was found to
be involved in binding nuclear protein. An examination ofthe
nucleotide sequence of the promoter showed that a cAMP-
responsive element is present 224 bp upstream of the ATG
initiation codon. This sequence is not present anywhere else
in the known 2868-bp sequence of the Fusarium cutinase
gene. Removal of the region containing the cAMP-responsive
element eliminated induction and repression. Furthermore,
the 5' flanking region of the cutinase gene from Colletotri-
chum gloeosporioides and from Colletotrichum capsici (21)
has one cAMP-responsive element (Fig. 5). These results
suggest that the cAMP-responsive element and/or the adja-
cent regions might be involved in the regulation of the fungal
cutinase gene. Another feature of the 5' flanking region of the
cutinase gene found to be essential for induction is the Spl
site, which is also present in the 5' flanking region of the
cutinase gene from the two Colletotrichum species (20). In
each of the three cutinase genes, nested 11-bp direct reeats
were found in the 5' flanking region, and in the case of
Fusarium, the only case in which promoter analysis has been
done, the direct repeats are located within the region shown
to be essential for induction and repression. Further analysis
of the promoter region is necessary to determine whether the
direct repeats play a functional role.

Since a nuclear protein also binds selectively to the same
5' flanking region as that required to confer inducibility on the
CAT marker gene, it is most likely that this protein represents
a trans-acting factor involved in induction of the cutinase
gene. In isolated fungal nuclei, cutinase transcription was
induced by cutin monomer and a fungal protein factor from
the fungal extract supernatant (4). How the cutin monomer
enhances cutinase transcription is not clear. Since the mono-
mer and the protein factor were required for the phosphor-
ylation ofa protein in the presence of nuclei, and phosphatase
treatment of nuclear protein extract prevented binding to the
promoter, it appears that the role of cutin monomer is to
cause phosphorylation of a transcription factor that binds to

the cutinase promoter (and/or another transcription factor)
only when it is phosphorylated, and this binding activates
cutinase gene transcription. The present result that protein
kinase inhibitor H7 inhibits activation of cutinase transcrip-
tion by cutin monomer and the protein factor supports this
hypothesis. This inhibition of transcription required the pres-
ence of H7 during the preincubation of isolated nuclei with
the cutin monomer and the protein factor that was found to
be essential for eliminating the lag observed in the activation
of cutinase gene transcription. Thus, the lag probably repre-
sents biochemical reactions required for transcription acti-
vation that include phosphorylation of transcription factors.
The protein factor (from the fungal extract) that was required
to activate cutinase gene transcription was a 100-kDa protein
in its native form (21), and the protein that was phosphoryl-
ated when the nuclei were incubated in the presence of cutin
monomer and the protein factor showed a subunit size that
was about half of this native size. Therefore it is tempting to
speculate that a dimer of the transcription factor whose
phosphorylation is enhanced by the cutin monomer binds to
the promoter. Thus, the mechanism of regulation of the
cutinase gene, involved in fungal pathogenesis, by the dihy-
droxy and trihydroxy fatty acids of the host plant cuticle
would be analogous to the regulation of gene expression by
lipid-type bioregulators such as steroid hormones, thyroxine,
and retinoic acid (22, 23), and the transcription factor in-
volved may belong to the superfamily of factors involved in
transcription regulation by such regulatory molecules.
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