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Cutinase of Botrytis cinerea has been suggested to play an
important role in penetration of host tissues. A protein
fraction with cutin hydrolyzing activity was purified from
culture filtrates of B. cinerea induced for cutinase activity.
An 18-kDa protein in this fraction was identified as
cutinase and the corresponding gene cutA was cloned. The
gene is present in a single copy in the genome of B. cinerea
strain SAS56 and its predicted amino acid sequence shows
significant homology (31 to 35% identity) to other fungal
cutinases. RNA blot analysis showed that cutA mRNA is
induced in vitro by the cutin monomer 16-hydroxy-
hexadecanoic acid and repressed by glucose. The expres-
sion of cutA during infection of tomato leaves is low dur-
ing early phases of infection, but high when the fungus has
colonized the leaf and starts to sporulate.

Additional keywords: grey mold, pathogenicity gene.

The cuticle of aerial plant parts is the first barrier a plant
pathogenic fungus must breach for direct penetration of the
epidermis. The structural component of the cuticle is cutin, a
polymer composed of mainly C16 and C18 hydroxy fatty ac-
ids, which are predominantly linked by ester bonds (Martin
and Juniper 1970). The enzyme cutinase releases fatty acids
from cutin by hydrolysis of the ester bonds. Production of
cutinase during growth on cutin in vitro has been reported for
over 20 plant pathogenic fungi (Baker and Bateman 1978; Et-
tinger et al. 1987; Trail and Köller 1990).

Botrytis cinerea Pers.:Fr., a ubiquitous plant pathogen with
a very wide host range (Jarvis 1977), is able to infect its host
by direct penetration of the cuticle. Evidence for enzyme-
mediated penetration has come from electron microscopy
studies (McKeen 1974; Rijkenberg et al. 1980). A role for
cutinase was proposed because lesion formation by B. cinerea
was reduced by 80% on gerbera flowers treated with antibod-
ies raised against cutinase (Salinas 1992). Cutinase activity in
B. cinerea was first demonstrated by Shishiyama et al. (1970)
and Baker and Bateman (1978). Production is induced by

cutin, cutin hydrolysate, and cutin monomers such as 16-
hydroxyhexadecanoic acid (16-hha), and it is repressed by
glucose (Salinas et al. 1986; Salinas 1992). The enzyme has
been purified from B. cinerea strain Bc7 and identified as an
18-kDa protein (Salinas 1992). Inhibition of enzyme activity
by diisopropylfluorophosphate indicated the involvement of a
serine residue in the active center of the enzyme. Cutinases,
including the one of B. cinerea, belong to the class of serine
esterases that contain the catalytic triad (serine, histidine, and
aspartate), with the active serine in the consensus sequence
Gly-His/Tyr-Ser-X-Gly (Martinez et al. 1992). This group of
enzymes hydrolyzes the model substrate p-nitrophenyl bu-
tyrate (PNB; Purdy and Kolattukudy 1973), which is widely
used in the purification of cutinase. However, to demonstrate
specific cutin hydrolysis, the enzyme should be tested on
cutin, for which mostly radioactively labeled cutin is used
(Purdy and Kolattukudy 1973, 1975).

The present work was undertaken to determine whether B.
cinerea requires cutinase for successful penetration. Here we
report the partial purification of cutinase A and the cloning
and expression analysis of the corresponding cutA gene. In the
accompanying paper (van Kan et al. 1997) we describe the
analysis of cutA gene expression using reporter gene fusions
and the construction of cutinase A-deficient mutants by gene
disruption.

RESULTS

Purification of PNB hydrolytic enzymes.
In B. cinerea cutinase production is induced by cutin or

monomers of cutin such as 16-hha (Salinas 1992). Enzyme
activity can be determined using radioactively labeled cutin or
PNB as a substrate (Purdy and Kolattukudy 1973, 1975). In
this study, PNB was used to assay esterase activity in fractions
obtained during the purification process. However, esterases
other than cutinase can also hydrolyze this substrate and might
be co-purified. Therefore, (partially) purified fractions are re-
ferred to as PNB hydrolytic activities.

B. cinerea was grown in liquid culture in the presence of
16-hha. The culture filtrate was concentrated and proteins
were fractionated by gel filtration. PNB hydrolytic activity
was detected in fractions 42 to 48 (peak I) and 56 to 64 (peak
II) of the eluent (Fig. 1). Pooled fractions of each peak were
separately subjected to chromatofocusing and the resulting
fractions were tested. PNB hydrolytic activity from peak I
eluted at pH 7.0 (Fig. 1, fractions 20 to 22, peak IA) and the
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activity from peak II eluted at pH 5.8 (fractions 36 to 38, peak
IIA). This indicates the presence of two different PNB hydro-
lyzing enzymes. The protein composition of peaks IA and IIA
was analyzed by SDS-PAGE. Peak IA contained two proteins
of about 80 and 11 kDa, while peak IIA contained two pro-
teins of 45 and 18 kDa (Fig. 2). Further purification was ham-
pered by the limiting amount of protein in the two fractions
(<50 Tg each from 2-liter culture filtrate). Therefore it was
decided to characterize the cutin hydrolyzing activity and to
analyze the fractions by protein sequencing.

Characterization of purified proteins.
Determination of cutinase activity. Crude filtrates of B. cin-

erea cultures, induced with 16-hha, and the enzyme prepara-
tions of peaks IA and IIA were incubated with cutin labeled
with the chromogenic group Remazol Brilliant Blue R (RBB,
Wolf and Wirth 1990). Cutin-RBB hydrolytic activity could
not be detected in crude culture filtrates. The fraction from
peak IIA released a blue colored product from the insoluble
substrate into solution, whereas the fraction from peak IA did
not. The release was dependent on the presence of detergent
(0.5% Triton). The activity in peak IIA was abolished by
boiling. The optimal pH for cutin-RBB hydrolysis was 5.6, in
agreement with the optimal pH reported for hydrolysis of ra-
dioactive cutin by cutinase from B. cinerea strain Bc7 (Salinas
et al. 1986).

Cutin-RBB hydrolytic activity could be quantified by
measuring the increase in the absorption at 590 nm caused by
the release of RBB-labeled material into the solution from the
insoluble substrate. From peaks IA and IIA, equal amounts of

Fig. 1. Profiles of PNB hydrolytic activity in fractions obtained after gel
filtration and chromatofocusing. PNB hydrolysis was measured in even
fractions eluted from the Sephadex G-50 column. Two peaks I (fractions
42 to 48) and II (fractions 56 to 64) showed significant activity. Both
peaks were subjected to chromatofocusing. In even fractions PNB hy-
drolytic activity and pH were measured. Peak IA (fractions 20 to 22) and
peak IIA (fractions 36 to 38) contained highest PNB hydrolytic activity.

Fig. 2. SDS-polyacrylamide gel electrophoresis of peak IA (lane 1) and
peak IIA (lane 2). Lane M contains marker proteins with molecular
weights of 66, 45, 36, 29, 24, 20 and 14.2 kDa. Proteins were stained
with Coomassie Brilliant blue R-250.
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PNB hydrolyzing activity were incubated with cutin-RBB. In
peak IIA a -A590 of 0.566/h was measured, whereas in peak
IA a -A590 of only 0.057/h was measured. The hydrolysis
products released by peak IIA could be extracted from the
aqueous phase with chloroform, but the quantity of hydrolysis
products released from the substrate was insufficient for
chemical identification.

These results indicate that peak IIA but not peak IA con-
tains cutinase activity. Since a cutinase purified from B. cine-
rea strain Bc7 was identified as an 18-kDa protein (Salinas
1992), the 18-kDa protein in peak IIA was assumed to be
cutinase. This protein was subjected to amino acid sequence
analysis for further identification and the design of gene spe-
cific primers for PCR based gene cloning. From the fraction
representing peak IA, the 80- and 11-kDa proteins were sub-
jected to N-terminal sequence analysis.

Amino acid sequence analysis. The N-terminus and four
internal sequences (p7, p8, p9 and p11) of the 18-kDa protein
were determined (Table 1). The N-terminal sequence showed
significant identity (50 to 60% over 17 amino acids) to se-
quences in the N-terminal region of cutinases of Colle-
totrichum gloeosporioides, C. capsici, Alternaria brassici-
cola, Magnaporthe grisea, Ascochyta rabiei, and Fusarium
solani (see below). Peptides p7, p8 and p11 also aligned with
these cutinases, whereas peptide p9 could not be aligned.
Peptide p8 contains a serine residue in the motif. G-H/Y-S-X-
G, which is characteristic of the active center of serine es-
terases (Martinez et al. 1992). Based on the sequence simi-
larities to fungal cutinases, the presence of the active site resi-
due serine and its cutin-RBB hydrolyzing activity, the 18-kDa
protein was designated cutinase A.

N-terminal sequences of the 11- and 80-kDa proteins from
peak IA were determined (Table 1). The N-terminus of the 80-
kDa protein showed homology (10 out of 16 amino acids
identical) to glucoamylase of Neurospora crassa (Stone et al.
1993). The N-terminal sequence of the 11-kDa protein showed
no homology to sequences in the SWISS-PROT database.
PCR primers were designed and the corresponding gene, des-
ignated ekdA, was cloned and sequenced (not shown). The
sequence of the ekdA gene indicated that the purified 11-kDa
protein is a degradation product of an intracellular protein of
144 amino acids, probably released from disintegrating myce-
lium (results not shown). This gene was not studied further.

Isolation and characterization of the cutA gene.
Amino acid sequences of cutinase A were used to design

oligonucleotide primers for RT-PCR to amplify coding regions

of the corresponding gene, designated cutA. Primer combina-
tions N + 11 and N + 8 (Table 1) amplified fragments of 300
and 380 bp, respectively. After cloning and sequence analysis
of the 380-bp fragment, an open reading frame (ORF) of 120
amino acids was deduced, including peptide sequences of the
N-terminus, p7, p8, and p11. Using the cloned PCR fragment
as a probe, a genomic library of B. cinerea was screened to
isolate the entire cutA gene. Five recombinant phages were
isolated, in which the cutA gene was mapped on two SalI
fragments in each phage, one of 5.0 kb and a second fragment
of variable size. This is in agreement with the presence of a
SalI site in the probe. Two SalI fragments of 2.5 and 5.0 kb
were subcloned, a restriction map of the cutA locus was made
and the sequence determined (Fig. 3A and B). The complete
sequence represented in plasmid pCut1 (Fig. 3C) is shown in
Figure 4. This sequence was aligned with the cDNA sequence
of the PCR fragment (Fig. 3D) to identify the coding region
and confirm the position of two introns of 78 and 66 nt, re-
spectively.

Upstream of the coding sequence 1.4 kb of the promoter re-
gion was sequenced (Fig. 4). No typical CAAT and TATA
boxes for transcription initiation could be identified. At the 3´-
end of the coding sequence 0.7 kb of the terminator was se-
quenced. A polyadenylation signal consensus sequence
(AATAAA) is not present.

Table 1: Sequences of N-termini of 18-, 11-, and 80-kDa proteins and peptides obtained after tryptic digests of the 18-kDa proteinsa

Peptide Amino acid sequence Primer Nucleotide sequence

I
18 kDa N-terminus AXSDVTVIFARGXSEXG N 5´-GAYGTIAYIGTIATHTTYGC-3'
p7 LLPAETTAK
p8 LVISGYSQGGQLVHNAAK 8 5´-CCNGTYRTICAIGTRTTRCG-3'
p9 TYGMDTTAAAAFVK
p11 ISXAVIFGDPDNGDPV 11 5´-GGRTCICCRTTRTCIGGRTCNCC-3'
11 kDa N-terminus AXGITVTNKST
80 kDa N-terminus XVDSFIAXEXPIAFRNL
a Underlined amino acid sequences refer to those used for PCR primer design. X refers to an unidentified amino acid residue. In the sequence of the 18

kDa N terminus, an ambiguity (I or T) occurred at the 6th position. In the nucleotide sequences of the primers, the following code is used: N = A, C, G
or T; Y = C or T; R = A or G; H = A, C or T; I = inosine. Primers 8 and 11 are complementary to the coding sequences

Fig. 3. Analysis of the Botrytis cinerea cutA gene. A, Map of recombi-
nant phage containing 5.0- and 2.5-kb SalI fragments hybridizing to
cutA probe. B, Partial restriction map and sequencing strategy of cutA.
C, Organization of the cutA gene. The complete sequence cloned in
plasmid pCut1 is presented in Figure 4. D, Position of cDNA fragment
amplified by primers N and 11 (Table 1). Abbreviations of restriction
enzymes include: RI = EcoRI, RV = EcoRV, HIII = HindIII. Discontinu-
ous lines (A) represent DNA region of unknown length. Hatched bars
represent phage arms. Arrows indicate direction and extent of sequenc-
ing. Closed bars represent coding sequences, open bars represent in-
trons. Start and stop codons are shown.
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Fig. 4. Nucleotide sequence of the Botrytis cinerea cutA gene. The sequence starts at a HindIII site and extends to an EcoRI site as shown in Figure 3B.
The deduced amino acid sequence is shown below the open reading frame. Sequences of the N-terminus and peptides p8, p7, p11, and p9, respectively,
as determined by protein sequencing, are indicated by shaded boxes. The arrow indicates the predicted cleavage site of the signal sequence. The nucleo-
tide sequence data are in the EMBL and GenBank databases under accession number Z69264.
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The ORF in the cutA gene predicts a protein of 202 amino
acids. The predicted cleavage site of the signal sequence, ac-
cording to the (-3,-1) rule (Von Heijne 1986), is between posi-
tions 20 and 21 (arrow in Fig. 4), whereas the N-terminal se-
quence of the purified protein starts at position 30. This indi-
cates that additional N-terminal processing steps occur during
or after secretion in the culture medium. One discrepancy was
found between the N-terminal sequence determined on the
purified protein and the ORF predicted from the DNA se-
quence (S versus T, respectively in position 14). All internal
peptide sequences obtained from protein sequencing (shaded
in Fig. 4) fully match the deduced sequence.

A computer alignment of the B. cinerea cutinase A with
other fungal cutinases is shown in Figure 5. Similarity be-
tween the cutinase of B. cinerea and other cloned cutinases
varies from 50 to 53%. The amino acid identity, as shown by
dots in Figure 5, is 31 to 35%. These scores are rather low in
comparison to a similarity of 64 to 74% and identity of 48 to
64% among cutinases of F. solani, A. rabiei, C. capsici, and A.
brassicicola. The functional serine residue is present in a
highly conserved region (GYSGG, positions 115 to 119 in the
B. cinerea protein) in all sequences. Residues D169 and H182,
forming the catalytic triad together with S117, are conserved
at similar positions in the B. cinerea cutinase A as compared
to other cutinases.

The copy number of the cutA gene was determined by
Southern blot analysis of genomic DNA of B.cinerea strain
SAS56 restricted with several enzymes (Fig. 6). A probe con-
taining part of the cutinase encoding sequence hybridized to
single fragments in the EcoRI, EcoRV, and HindIII digests.
The SalI digest shows two hybridization signals due to the
presence of a SalI site in the coding region. A second, weakly
hybridizing fragment in the PstI digest was not predicted from
the restriction map and was not reproducible. It is concluded
that cutA occurs as a single copy gene in the genome of B.
cinerea strain SAS56.

Fig. 5. Comparison of cutinase sequences from Botrytis cinerea, Colletotrichum gloeosporioides (Ettinger et al. 1987), C. capsici (Ettinger et al. 1987),
Alternaria brassicicola (Yao and Köller 1994), Magnaporthe grisea (Sweigard et al. 1992) Ascochyta rabiei (R. Tenhaken, unpublished, accession num-
ber in GenEMBL: X65628) and Fusarium solani f. sp. pisi (Soliday et al. 1989). Amino acids identical to cutinase of B. cinerea are indicated by dots.
Gaps introduced for optimal alignment are indicated by a dash. Asterisks above the alignment indicate amino acids participating in catalytic triad
(Martinez et al. 1992). Shaded boxes indicate the position of peptides determined by protein sequencing.

Fig. 6. Autoradiograph of Southern blot containing genomic DNA of
Botrytis cinerea strain SAS56 digested with restriction enzymes as indi-
cated. Molecular size markers are indicated in kb. The blot was hybrid-
ized with the cloned cutA PCR fragment.
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In vitro expression of the cutA gene.
Gene expression of cutA was analyzed in cultures of B. cin-

erea grown under different conditions and compared to PNB
hydrolytic activity. A start culture of B. cinerea was diluted
(day 0) in media A (16-hha + glucose), B (16-hha), or C (glucose)
and sampled during each of the following 5 to 8 days. Glucose
measurements showed that glucose was already depleted from
culture medium A and C at day 2. In the absence of glucose less
fungal biomass developed (Fig. 7A, culture B).

Production of PNB hydrolytic activities in the start and sub-
cultures sampled during 8 days postinduction (d.p.i.) and
RNA blot analysis of RNA isolated from the start culture at
day 0 and from cultures A, B, and C during 1 to 5 d.p.i., is
shown in Figure 7. The blots were hybridized with cutA and
the constitutively expressed β-tubulin gene of B. cinerea
(tubA, accession number Z69263 in GenEMBL) to standard-
ize mRNA levels. A single cutA transcript of 900 nt was de-
tected, in agreement with the DNA sequence data.

In medium A, PNB hydrolytic activity (Fig. 7B) was first
detected at 2 d.p.i. reaching a maximum activity at 6 d.p.i.
When glucose was depleted from the medium at 2 d.p.i., the
cutA mRNA (Fig. 7C) was strongly expressed and then de-
creased from 3 d.p.i. onwards. The continuous increase in
PNB hydrolytic activity in medium A is probably caused by
esterases other than cutinase (e.g. fraction IA, Figs. 1 and 2).

In medium B, in the absence of glucose, the cutA mRNA
(Fig. 7C) was expressed at a high level at 1 d.p.i., indicating
that glucose repressed the cutA gene at day 1 in medium A.
Both in media A and B the cutA mRNA displays the same
transient induction pattern (Fig. 7C). A transient peak activity
in PNB hydrolysis was found at day 1 in medium B (Fig. 7B),
presumably resulting mainly from the production of cutinase
A. In the absence of the cutin monomer (medium C), no PNB
hydrolytic activity was measured and only a very low hybridi-
zation signal of cutA mRNA was detected.

In planta expression of the cutA gene.
To analyze whether cutA is expressed during infection of

host tissue, tomato leaves were inoculated with conidia of B.
cinerea. Standard inoculation for successful and synchronized
infection was performed with conidia resuspended in a buffer
containing glucose and phosphate (Van den Heuvel 1981; Ed-
lich et al. 1989). The first visible symptoms on inoculated to-
mato leaves were small water-soaked lesions at 16 h post-
inoculation (h.p.i.). These lesions became necrotic at 20 h.p.i.
and their size remained unchanged until 72 h.p.i.. No new le-
sions appeared during that time, indicating that the primary
infection occurred very synchronized. After 72 h.p.i., a subset
of lesions developed into spreading lesions. At 120 h.p.i., the
fungus had grown abundantly and started to sporulate from the
expanded, necrotic lesions. Based on these symptom devel-
opments leaves were harvested for RNA isolation at 4, 8, 12,
16, and 20 h.p.i., when penetration of host tissue occurs and
the expression of cutA mRNA might be expected. Sampling
continued until 120 h.p.i. to cover the whole infection process.
RNA blot analysis of total RNA isolated from infected tomato
leaves is shown in Figure 8. The blot was also hybridized with
the tubA gene of B. cinerea to demonstrate the ability to detect
fungal mRNAs in the total population of plant and fungal
RNAs. This probe hybridized specifically with the fungal β-
tubulin mRNA under the stringent conditions used. Under less
stringent hybridization conditions a plant β-tubulin mRNA of
smaller size was detected (results not shown). The cutA
mRNA was first detectable at 12 h.p.i., stayed at a similar
level as the tubA mRNA and strongly increased at 120 h.p.i.,
when also the fungal biomass had increased.

DISCUSSION

Two fractions containing PNB hydrolytic activity were pu-
rified from a liquid culture of B. cinerea grown in the pres-

Fig. 7. Mycelial dry weight (A), PNB hydrolytic activity in culture fil-
trate (B) and RNA blot analysis of cutA expression (C) in cultures of
Botrytis cinerea, grown under different conditions. A start culture of B.
cinerea was diluted at day 0 in media A (16-hha + glucose), B (16-hha)
or C (glucose) and sampled during each of the following days. Mycelial
dry weights were determined in samples of 50-ml culture medium. RNA
blots of total RNA were hybridized with probes derived from the cutA
and the B. cinerea β-tubulin gene (tubA). Sizes of mRNAs (in nt) are
shown in the right margin. All autoradiographs are overnight exposures.

A

B

C
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ence of the cutin monomer 16-hha. PNB is not a specific sub-
strate for cutinase and is also hydrolyzed by other esterases.
Therefore, cutin labeled with Remazol Brilliant Blue R (RBB,
Wolf and Wirth 1990) was used to measure cutin hydrolysis in
these fractions. Cutin-RBB hydrolytic activity was only pres-
ent in the fraction containing an 18-kDa protein, later identi-
fied as cutinase A, and not in the other PNB hydrolytic frac-
tion containing 11- and 80-kDa proteins. This is the first time
that the use of cutin-RBB as a substrate for cutinase is re-
ported. The method was not useful for assays on crude culture
filtrates, probably because of interference by components of
the medium or fungal exudates. On partially purified prepara-
tions, however, it proved to be a good alternative to radioac-
tively labeled cutin. The radioactive labeling of cutin requires
incorporation of [14C]-fatty acids in vivo or treatment with
high dosages of [3H] (Purdy and Kolattukudy 1973, 1975; Sa-
linas et al. 1986). Both methods yield substantial radioactive
waste during the processing of the labeled product. In con-
trast, purified cutin can be labeled with RBB and the resulting
product only needs a few washing steps before use in enzyme
assays. Furthermore, assays with radioactive cutin may re-
quire long incubation times, up to 18 h (Salinas et al. 1986). In
the cutin-RBB assay, a significant absorption increase was
obtained after 1 h of incubation. Unfortunately, we were not
able to confirm that the hydrolysis products released from
cutin-RBB are indeed RBB-labeled fatty acids.

The 18-kDa protein was identified as cutinase A, based on
size, cutin-RBB hydrolytic activity and sequence similarity to
previously cloned fungal cutinases. The catalytic triad com-
prising the amino acids serine, aspartic acid, and histidine was
conserved. The cutA gene, present in a single copy in the
genome of B. cinerea strain SAS56, encodes an ORF of 202
amino acids, of which 29 N-terminal amino acids are removed
during posttranslational processing to release a mature protein
of 183 amino acids.

Gene expression of cutA and PNB hydrolysis in culture fil-
trate were analyzed in different B. cinerea cultures. The cutA
gene is repressed by glucose (compare Fig. 7, media A and B)
and requires the presence of an inducer (compare Fig. 7, me-
dia A and C). PNB hydrolytic activity in media B and C cor-
related with cutA expression. In medium A, however, PNB
hydrolysis increased until 6 d.p.i., whereas cutA expression
was highest at 1 d.p.i. A correlation between cutA mRNA lev-
els and cutinase activity in filtrates of cultures A, B, and C
could not be investigated with the cutin-RBB substrate, as
discussed above.

Expression of cutA during infection of tomato leaves by B.
cinerea was first observed at 12 h.p.i., just before lesions ap-

pear at 16 h.p.i. cutA expression was not strongly induced com-
pared to the expression of the constitutively expressed tubA
gene. The strong cutA expression observed at 120 h.p.i. might
reflect cutin degradation during saprophytic growth of the fun-
gus in the final stages of plant colonization. In the inoculation
method used, the analysis of a role for cutinase in penetration
of host tissue by B. cinerea is difficult. To achieve efficient
and synchronous infection, leaves were inoculated by spraying
conidial inoculum droplets containing glucose (Edlich et al.
1989; Van den Heuvel 1981), which was found to repress cutA
expression (Fig. 7). The inoculation of tomato leaves with dry
conidia results in inefficient and highly unsynchronized infec-
tion, making it inappropriate to investigate fungal gene ex-
pression over time by RNA blot analysis. The accompanying
paper (van Kan et al. 1997) reports on the use of the reporter
gene uidA encoding β-glucuronidase (Jefferson et al. 1987) to
study cutinase A expression at early timepoints during infec-
tion in single germinating conidia. Cutinase A-deficient mutants,
obtained by gene disruption, were used to evaluate the require-
ment of this gene for penetration of host tissue by B. cinerea.

MATERIALS AND METHODS

Fungal growth.
B. cinerea strain SAS56 (Van der Vlugt-Bergmans et al.

1993) was grown on malt extract agar (Oxoid, Basingstoke,
England) or tPDA (potato dextrose agar containing 300 g of
homogenized tomato leaves per liter) at 18°C in the dark. Af-
ter 3-day cultures were exposed for 16 h to near-UV light. One
week later conidia were collected from sporulating cultures and
inoculated in Gamborg’s B5 medium (Duchefa Biochemie BV,
Haarlem, The Netherlands) supplemented with 0.3% (w/v)
glucose (start culture) at a density of 109 conidia per liter. Af-
ter 4 days of growth in a rotary shaker at 160 rpm, 20°C, the
cutin monomer 16-hydroxyhexadecanoic acid (16-hha, Sigma)
was added as an inducer of cutinase expression at a final concen-
tration of 0.05% (w/v). Incubation was continued for 6 days.

For analyses of gene expression in vitro, a 2-day-old start
culture was diluted fivefold in the following media: B5 me-
dium + 0.3% glucose + 0.05% 16-hha (A), B5 medium +
0.05% 16-hha (B), B5 medium + 0.3% glucose (C). The re-
mainder of the start culture (40% of the mycelium) was har-
vested. All three subcultures were incubated at 20°C, 160 rpm
and mycelium and culture filtrate were sampled during each
of the following 8 days. The dry weight of the mycelium and
PNB hydrolytic activity of the culture filtrates were determined.

The glucose concentration in liquid cultures was determined
according to the method of Nelson (1944).

Fig. 8. Autoradiograph of RNA blot of total RNA isolated from infected tomato leaves at different time points (numbers refer to hours postinoculation)
and from 1-day-old Botrytis cinerea mycelium grown in liquid medium (Bc). The blot was hybridized with probes derived from the cutA and tubA genes
of B. cinerea. Sizes of the mRNA (in nt) are shown in the right margin.
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Enzyme assay for PNB hydrolytic activity.
Culture filtrate or (partly) purified protein fractions were

diluted in 25 mM potassium phosphate buffer, pH 8.0 and
0.05% (v/v) Triton X-100 in a final volume of 450 Tl. To this,
50 Tl of para-nitrophenyl butyrate (PNB, Sigma) resuspended
at a concentration of 10 mM in 0.25 mM phosphate buffer, pH
7.0, and 0.5% (v/v) Triton X-100 was added. After 1 h of in-
cubation at 22°C PNB hydrolysis was measured spectropho-
tometrically at 405 nm. Background caused by yellowish cul-
ture filtrate and/or nonenzymatic substrate degradation was
determined in a parallel assay containing protein fraction that
had been heated for 5 min at 100°C, and subtracted from the
values of non-heated enzyme fractions.

Purification of PNB hydrolytic enzymes.
A B. cinerea culture induced with 16-hha showed highest

PNB hydrolytic activities at 6 days after induction. The cul-
ture was filtered and polysaccharides were removed by pre-
cipitation with 15 to 20% (v/v) acetone and centrifugation.
From the supernatant acetone was removed by vacuum evapo-
ration. The sample was subsequently concentrated to 30 ml by
ultrafiltration using an Amicon PM-10 membrane (cut off 10
kDa), freeze-dried and resuspended in 2 ml of elution buffer
(50 mM Tris-HCl, pH 7.5, 100 mM NaCl). After centrifuga-
tion (5 min at 13,000 × g), the supernatant was applied to a
Sephadex G-50 column (2.6 × 100 cm), equilibrated with elu-
tion buffer and the column was eluted at a flow rate of 10
ml/h. Fractions of 5 ml were collected during 48 h and the
even-numbered fractions were monitored for PNB hydrolytic
activity. Fractions of each peak were pooled, dialyzed against
25 mM imidazole-HCl, pH 7.4, and applied to a PBE 94 col-
umn (Pharmacia, 1.2 × 35 cm) equilibrated with 25 mM imi-
dazole-HCl, pH 7.4. Elution with 1:8 diluted Polybuffer 74-
HCl, pH 4.0, at 30 ml/h during 12 h resulted in a pH gradient
from 7.0 to 4.5. Fractions of 5 ml were collected and pH and
PNB hydrolytic activity were determined in the even frac-
tions. Fractions containing high activity were dialyzed (cut off
12 to 14 kDa) against distilled water to remove the Polybuffer
and analyzed by polyacrylamide gel electrophoresis under de-
naturing conditions (SDS-PAGE). Electrophoresis was per-
formed according to Laemmli (1970) with a 2% (w/v) stack-
ing gel and a 15% (w/v) running gel using the Mini-Protean II
dual slab gel system (Bio-Rad). Molecular mass markers
ranging from 14.2 to 66 kDa (Sigma) were co-electrophoresed
to estimate molecular masses of the various proteins. Proteins
were stained with Coomassie Brilliant Blue R250.

Enzyme assay for cutinase activity.
Tomato cutin was coupled with the chromogenic group

Remazol Brilliant Blue R (Wolf and Wirth 1990) by G. A.
Wolf (Institut für Pflanzenpathologie und Pflanzenschutz der
Georg-August-Universität, Göttingen, Germany). After cou-
pling, colorless cutin became dark blue. Optimal pH, tem-
perature and concentration of Triton X-100 for the enzyme
assay were determined using partially purified cutinase frac-
tions. Cutin-RBB hydrolysis was optimal in 100 mM sodium-
phosphate buffer pH 5.6, 0.5% (v/v) Triton X-100 supple-
mented with 1 mg of insoluble cutin-RBB in a reaction vol-
ume of 100 Tl. This suspension was incubated at 30°C under
continuous gentle shaking for 1 h. The background was meas-
ured in a parallel assay using protein fractions that had been

heated for 5 min at 100°C. Cutin-RBB particles were pelleted
by centrifugation in a microfuge and the absorption of the su-
pernatant at 590 nm was measured.

Determination of amino
acid sequences.

Purified protein fractions were subjected to SDS-PAGE
(Laemmli 1970) and blotted onto PVDF-membrane in 50 mM
Tris-borate, 0.1% SDS and 20% methanol according to Bauw
et al. (1990). After blotting for 8 h at 35 V, the membrane was
washed three times for 10 min in 10 mM boric acid, pH 8, and
25 mM NaCl. Protein bands were stained with Coomassie
Brilliant Blue R250 and cut out. In situ tryptic digestions,
separations of peptides and amino acid sequence determina-
tion were performed as described by Bauw et al. (1990).

RT-PCR.
Total RNA was isolated from mycelium of B. cinerea strain

SAS56 harvested 3 days after induction with 16-hha, using the
Extract-A-Plant RNA isolation kit (Clontech). Poly(A)+ RNA
was isolated using the Oligotex-dT mRNA kit (Qiagen) and
used as template in first-strand cDNA synthesis employing an
oligo(dT) primer and Superscript Reverse Transcriptase (RT)
(GibcoBRL/Life Technologies) according to the manufac-
turer’s instructions. For PCR 1 Tl of RT mix was combined
with 250 ng of each primer, 5 mM dNTPs and 1.2 units Ultma
Polymerase (Perkin Elmer). Buffer and MgCl2 were added
according to the manufacturer’s instructions. The amplifica-
tion started with 5 min 95°C followed by 35 cycles of 1 min
95°C, 1 min 55°C, 1 min 72°C and a final 2 min at 72°C be-
fore cooling to 4°C. Amplified products were analyzed on a
2% agarose gel in TAE buffer and cloned into pCR-script SK+

(Stratagene). DNA sequencing was performed on double-
stranded DNA using the CircumVent Thermal Cycle Se-
quencing Kit (New England Biolabs).

Screening of genomic library.
A genomic library of B. cinerea strain SAS56 in lambda

EMBL3 was kindly provided by M. Kusters-Van Someren
(Section of Molecular Genetics of Industrial Micro-organisms,
Wageningen Agricultural University). From the genomic li-
brary, 2 × 104 recombinant phages were plated. Replica filters
(Hybond-N+, Amersham) were made and hybridized for 16 h
at 65°C in modified Church buffer (0.5 M sodium phosphate
buffer, pH 7.2, 7% SDS; Church and Gilbert 1984) in the
presence of a random-primed [I-32P]dATP labeled probe. Fil-
ters were washed in 0.5× SSC and 0.5% SDS at 65°C and ex-
posed to Kodak X-OMAT AR film. Positive plaques were pu-
rified by a second round of hybridization. DNA from selected
phages of the genomic library was isolated using Qiagen col-
umns according to the manufacturer’s instructions and ana-
lyzed by digestion with SalI. Hybridizing fragments detected
by Southern blot analysis were cloned and used for further
subcloning and sequence analysis. DNA sequence analysis
was performed on double-stranded DNA using the Dyedeoxy
Terminator Cycle Sequencing Kit (Applied Biosystems).
Analyses of the sequence data and alignment to known se-
quences in GenEMBL and SWISS-PROT databases were per-
formed using the Wisconsin Package, Version 8, Genetics
Computer Group, Madison, WI. All DNA manipulations not de-
scribed were performed according to Sambrook et al. (1989).
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Southern blot analysis.
Genomic DNA of B. cinerea strain SAS56 was isolated according

to Drenth et al. (1993), digested with restriction enzymes, fractionated
on 0.7% agarose/TAE gel and blotted according to the manufacturer’s
instuctions onto Hybond-N+ membranes (Amersham). The blot was
hybridized in modified Church buffer, as described above, at 65°C
for 18 h in the presence of a random-primed [I-32P]dATP labeled
probe. Blots were washed in 0.2× SSC and 0.5% SDS at 65°C and
exposed to Kodak X-OMAT AR film.

Analysis of gene expression in vitro.
Total RNA was isolated from mycelial fractions using the

Extract-A-plant RNA isolation kit (Clontech). Samples of 10
Tg total RNA were denatured with formamide and formalde-
hyde and subjected to electrophoresis on a 1.0% agarose gel
containing formaldehyde (Sambrook et al. 1989). After blot-
ting to Hybond-N+ membranes (Amersham), blots were hy-
bridized as described for Southern blots.

Analysis of gene expression in planta.
Conidia of sporulating cultures of B. cinerea strain SAS56

were harvested and resuspended in Gamborg’s B5 medium
(Duchefa) supplemented with 10 mM glucose and 8.5 mM
potassium phosphate, pH 5.0, and sprayed at a density of 106

conidia per ml onto detached tomato leaves (Lycopersicon es-
culentum, cv. Moneymaker). Compound leaves were incu-
bated with their stem inserted in wet florist’s foam oasis, in
closed plastic boxes with a transparent lid to obtain a humidity
of 100%. Before closing the boxes, the inoculum was air-
dried. The boxes were placed at 18°C with a light-dark cycle
of 16 h light and 8 h darkness. Leaves were harvested at 0, 4,
8, 12, 16, 20, 24, 32, 48, 72 and 120 h after inoculation. Isola-
tion of total RNA from the leaves, electrophoresis under de-
naturing conditions, blotting, and hybridization were per-
formed as described above.
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