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RESEARCH ARTICLE 

Cutinase 1s Not Required for Funga1 Pathogenicity on Pea 

Dietmar J. Stahl and Wilhelm Schafer' 
lnstitut für Genbiologische Forschung Berlin GmbH, lhnestrasse 63, D-1000 Berlin 33, Germany 

Cutinase, a fungal extracellular esterase, has been proposed to be crucial in the early events of plant infection by many 
pathogenic fungi. To test the long-standing hypothesis that cutinase of Nectria haematococca (Fusarium solani f sp 
piso is essential to pathogenicity, we constructed cutinase-deficient mutants by transformation-mediated gene disrup- 
tion of the single cutinase gene of a highly virulent N. haematococca strain. Four independent mutants were obtained 
lacking a functional cutinase gene, as confirmed by gel blot analyses and enzyme assays. Bioassays of the cutinase- 
deficient strains showed no difference in pathogenicity and virulence on pea compared to the wild type and a control 
transformant. We conclude that the cutinase of N. haematococca is not essential for the infection of pea. 

INTRODUCTION 

In contrast to human or animal disease development, the mo- 
lecular mechanisms involved in establishing plant diseases 
are poorly understood. With fungal pathogens, only the genes 
for cutinase production (Dickman et al., 1989; Soliday et al., 
1989) and pisatin demethylating ability (Weltring et al., 1988; 
Schafer et al., 1989) of Nectria haematococca MP VI and the 
b locus of Ustilago maydis (Kronstad and Leong, 1989; Schulz 
et al., 1990) have been isolated and characterized as putative 
pathogenesis determinants. The direct involvement of the 
b locus in the pathogenic development of U. maydis was un- 
equivocally demonstrated by gene replacement (Kronstad and 
Leong, 1990). 

The crucial role of cutinase in infection of plants was sug- 
gested after investigation of the filamentous ascomycete 
N. haematococca mating population VI (anamorph: Fusarium 
solani f sp piso, the causal agent of foot rot of pea. N. hae- 
matococca is a soil inhabiting fungus with a world-wide 
distribution. In pea seedlings, the initial center of attack by this 
pathogen is the cotyledonary attachment area, below-ground 
epicotyl, and upper taproot. Above-ground symptoms are not 
readily defined but consist primarily of yellowing of the basal 
foliage and stunted growth (Kraft et al., 1981). lndirect evidence 
has been interpreted to imply a pivotal role of cutinase in in- 
fection, especially during penetration of the underground 
hypocotyl. Cutinase, a serine esterase, could be detected im- 
munocytologically at the penetration site where germinating 
spores were breaching the cuticle of etiolated, sectioned pea 
stems (Shayhk et al., 1977). lnhibitors of serine hydrolases and 
antiserum raised against cutinase prevented infection by 
N. haematococca (Maiti and Kolattukudy, 1979). Expression 
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and release of cutinase in spores of N. haematococca are in- 
duced by monomers of cutin (Woloshuk and Kolattukudy, 
1986; Podila et al., 1988), and repressed by glucose (Lin and 
Kolattukudy, 1978). An agricultura1 use of cutinase inhibitors 
as fungicides was proposed, but never reached the point of 
practical application. lnsertion of the cutinase gene of this pea 
pathogen into Mycosphaerella spp, a wound pathogen of 
papaya fruits, enabled the transformants to infect unwounded 
papaya fruits, demonstrating the involvement of cutinase in 
the interaction of this recombinant pathogen with its host 
(Dickman et al., 1989). To evaluate directly the role of cutinase 
during the infection process of N. haematococca on its natu- 
ral host, we constructed a cutinase-deficient mutant by gene 
replacement. The results are inconsistent with a crucial role 
for cutinase in disease development under normal conditions. 

RESULTS 

Selection of an N. haematococca Strain 
for the Gene Replacement 

An N. haematococca strain was desired that is highly virulent 
and carries only one cutinase gene for the construction of the 
null mutant. lsolates were tested for virulence on soil-grown 
pea plants. A 500-bp fragment corresponding to nucleotide 
position 161-659 of the cutinase gene of N. haematococca iso- 
late T8 (Soliday et al. 1989) was amplified by polymerase chain 
reaction (PCR) of genomic DNA. The PCR product was cloned 
to create plasmid pCut22. The number of cutinase genes of 
each isolate was estimated by DNA gel blot analysis. All strains 
contained a common cutinase gene, whereas some strains 
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contained a second gene. Strain 77-2-3 was chosen for fur- 
ther experiments because it was highly virulent and the 
cutinase gene was unique in the genome of this fungal isolate. 

Transformation-Mediated Gene Disruption 

The cutinase gene of strain 77-2-3 was isolated for trans- 
formation-mediated gene disruption by screening a partia1 
genomic library. One clone containing a 5.5-kb Sacl-Smal frag- 
ment (p8C77-1) was analyzed further. A 754-bp open reading 
frame interrupted by a 52-bp intron was identified after deter- 
mining the nucleotide sequence of a 1700-bp segment of 
p8C77-1 (data not shown). The coding region and regulatory 
elements of the gene showed more than 99% identity with the 
cutinase gene of N. haemafococca isolate T8 (Soliday et al., 
1989). 

The transformation vector pDC6 shown in Figure 1A was 
constructed for gene replacement. A 360-bp Eco47111-PpuMI 
fragment interna1 to the cutinase gene open reading frame 
was replaced by a selection marker. The selection marker con- 
sisted of the hygromycin B phosphotransferase (hph) gene of 
Escherichia coli, conferring resistance to hygrornycin B, and 
regulatory elements of the glyceraldehyde-3-phosphate de- 
hydrogenase (gpd) and tryptophan synthase (trpC) genes of 
Aspergilhs nidulans (Punt et al., 1987). lnsertion of the marker 
gene into the coding region allowed the application of the “one- 
step gene replacement” technique (Rothstein, 1983), as 
depicted in Figure 1B. Deletion of a 360-bp fragment of the 
cutinase coding region during vector construction permitted 
the unequivocal proof of gene replacement by DNA gel blot 
analysis. Strain 77-2-3 was transformed with plasmid pDC6. 
Hygromycin B-resistant transformants were screened for gene 
replacement by DNA gel blot analysis. Three different types 
of transformants could be obtained, as shown in Figure 2. DNA 
from transformant 77-102 produced hybridization patterns con- 
sistent with replacement of the wild-type cutinase gene by the 
disrupted cutinase gene of plasmid pDC6 (Figures 2A and 2D). 
A 3.6-kb length increase of the cutinase signal of 77-102, as 
compared with the length of the wild-type gene (Figures 2A 
and 2B), when using pDC6 as a probe, reflected the addition 
of the hygromydin B selection marker. No signal was detect- 
able for 77-102 after hybridizing with the 360-bp Eco47111-PpuMI 
fragment. In the case of transformant 77-100 (Figures 2A and 
2E), the transformation vector had integrated by a single ho- 
mologous recombination event without disturbing cutinase 
gene function. The ectopic transformant 77-109 (Figures 2A 
and 2C) represents the most common integration event. 

A plate assay for extracellular esterase activity was designed 
to facilitate the identification of further nu11 mutants. As cutinase 
is inducible by the cutin monomer 16-hydroxyhexadecanoic 
acid (Lin and Kolattukudy, 1978) and acetate is not nearly 
as repressive as glucose to the production of cutinase by 
cutin (Dantzig et al., 1986), transformants were grown on 
16-hydroxyhexadecanoic acid-acetate agar. After 3 days of 
growth, colonies were overlaid with the esterase substrate 
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Figure 1. Transformation-Mediated Gene Disruption of the Cutinase 
Gene. 

(A) For construction of the transformation vector pDC6, the cutinase 
gene of strain 77-2-3 located on a 5.5-kb Sacl-Smal fragment (thin white 
box) was cloned. The hygromycin B phosphotransferase (hph) gene 
of E. co/i(thick white box) was inserted into the coding region of cutinase 
(black boxes). Expression of this selectable marker is controlled by 
regulatory elements of the glyceraldehyde3-phosphate dehydrogenase 
(gpd) and tryptophan synthase (WpC) genes of A. nidulans (shaded 
boxes). A 360-bp Eco47111-PpuMI fragment of the 753-bp coding re- 
gion of the cutinase gene was replaced by the 4.0-kb selection marker. 
(B) Schematic presentation of the “one-step gene replacement” tech- 
nique. The fungal cutinase gene is replaced by the disrupted cutinase 
gene from the transformation vector by twofold homologous recombi- 
nation in the 5’ and 3‘ regions flanking the cutinase gene. 

para-nitrophenyl butyrate. Whereas wild-type 77-2-3 and most 
of the 100 transformants analyzed produced a large halo on 
these plates, as shown in Figure 3,77-102 and three transform- 
ants, 77-5, 77-75, and 77-84, produced no halos, indicating 
the absence of extracellular esterase activity. DNA gel blot anal- 
ysis of these transformants (data not shown) revealed the same 
replacement of the cutinase gene as that in 77-102. Overall, 
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Figure 2. DMA Gel Blot Analysis of N. haematococca Wild-Type Strain
and Transformants.

(A) DNA gel blot analysis of a Kpnl digest of genomic DNA from wild-
type isolate 77-2-3 and transformants. Lanes 1 and 5, wild-type 77-2-3;
lanes 2 and 6, ectopic transformant 77-109; lanes 3 and 7, cutinase-
deficient transformant 77-102; lanes 4 and 8, transformant 77-100.
Lengths and migration of X Hindlll are shown at left. Markers are given
in kilobases. Lanes 1 to 4 were probed with the gene replacement
vector pDC6, and the lanes 5 to 8 with a 360-bp Eco47lll-PpuMI cutinase
fragment, which was deleted from the disrupted cutinase gene in the
transformation vector pDC6.
(B) Restriction map of the cutinase locus from wild-type strain 77-2-3.
(C) Restriction map of the cutinase locus and the integrated copy of
the transformation vector from ectopic transformant 77-109.
(D) Restriction map of the mutated cutinase locus from null mutant
77-102.
(E) Restriction map of the cutinase locus from the single homologous
transformant 77-100.
The positions of the intact and the interrupted cutinase genes on the
Kpnl fragments are shown by boxes. The 360-bp Eco47lll-PpuMI frag-
ment of the cutinase gene used as a probe in lanes 5 to 8 in (A) is
indicated by the black boxes in (B), (C), and (E). The selection marker
disturbing cutinase gene function is indicated by a stippled box in (C),
(D), and (E).

Figure 3. Plate Assay for Extracellular Esterase Activity.

Wild-type strain 77-2-3 at left and cutinase-deficient transformant 77-
102 at right were grown on cutinase induction medium to yield colo-
nies 2 cm in diameter. After being overlaid with para-nitrophenyl
butyrate-containing agar, a yellow halo appeared around the colony
of the wild-type strain indicating the secretion of esterase activity into
the agar. The absence of a halo around 77-102 revealed the lack of
extracellular esterase activity of this transformant.

4% of the transformants were mutated to the cutinase-deficient
phenotype by the gene disruption procedure.

Transcriptional and Enzymatic Analysis
of the Transformants

The influence of gene replacement at the transcriptional level
was determined by RNA gel blot analysis. The wild type, null
mutant 77-102, and transformant 77-100 were grown in liquid
culture with apple skin as a crude source of cutin for cutinase
induction and in medium containing glucose for repression
of cutinase. RNA was isolated, and gel blots were hybridized
with the radiolabeled 360-bp Eco47lll-PpuMI fragment. A sin-
gle 1050-nucleotide transcript was detected for the wild type
and transformant 77-100 under conditions of cutinase induc-
tion, as shown in Figure 4. No transcript was detected for
transformant 77-102. Neither the wild type nor transformants
gave rise to cutinase transcript when grown in medium con-
taining glucose, confirming the catabolite repression of
cutinase (Lin and Kolattukudy, 1978).

Wild type, 77-100, and the four null mutants 77-5,77-75,77-84,
and 77-102 were cultivated on purified apple cutin as carbon
source. Whereas the wild type and transformant 77-100 grew
equally well, growth of the null mutants was dramatically re-
duced. This result is due to replacement of the cutinase gene,
because germination efficiency, growth rate, and colony mor-
phology were identical when the strains were grown on
complete medium.

To demonstrate the absence of the cutinase protein in trans-
formant 77-102, the culture fluids from cutin-grown strains were
treated with 1,3-14C-diisopropyl fluorophosphate, an inhibitor
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wild-type activity. Table 1 shows that the four null mutants (77-5,
77-75, 77-84, and 77-102) produced only 0.13 to 0.95% of the
activity measured for the wild-type strain 77-2-3. Transformant
77-100, carrying the transformation vector in the vicinity of the
cutinase locus, displayed 82.2% of the wild-type activity. To
prove that there was no residual cutinase activity in the cul-
ture fluids of the null mutants, we performed a specific cutinase
assay that relies on release of soluble material from 3H-cutin.
The wild type and transformant 77-100 showed a significant
level of cutinolytic activity, but no cutinase activity was detected
for the four null mutants (Table 1).
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Flgure 4. RNA Gel Blot Analysis of Cutinase Expression.

RNA of wild-type (wt) strain 77-2-3 and the transformants 77-100 and
77-102 grown under conditions of cutinase induction (+) or repression
(-) was analyzed. Length (kb) and migration of the RNA ladder are
shown at left. Total cellular RNA (24 ;ig) was loaded per lane, and the
filter was hybridized with the internal 360-bp Eco47lll-PpuMI fragment
of the cutinase gene.

Pathogenicity Tests

Different bioassays were performed to evaluate the importance
of cutinase activity for pathogenicity. Pea seeds were planted
in sterile soil and infected with conidia from the wild type and
transformants. Plants were exposed to conidia concentrations
corresponding to the level of inoculum found in the soil of in-
fected pea fields (Kraft and Roberts, 1969). The infected plants
were examined daily for 20 days, and no difference in the vir-
ulence of the wild type, the four null mutants, or transformant

46.0-

of serine hydrolases, including cutinase (Cohen and Oosterbaan,
1967; Koller et al., 1982a). A highly abundant protein of 24 kD,
corresponding to the molecular mass of cutinase after 1,3-
14C-diisopropyl fluorophosphate treatment (Koller et al.,
1982a), was detected with the wild type and transformant
77-100, but not for 77-102, as shown in Figure 5. Besides the
24-kD cutinase, four less abundant proteins (with molecular
masses of 26.5,29, and approximately 48 and 55 kD) were de-
tected for transformant 77-100 and the wild type. After prolonged
exposure, all proteins, with the exception of cutinase, were visi-
ble for transformant 77-102 (data not shown). This result
suggests that at least five serine hydrolases are secreted by
N. haematococca isolate 77-2-3 during saprophytic growth on
cutin, and four of these proteins are secreted by the cutinase
null mutant.

Culture fluids of the wild type, 77-100, and 77-102 cultivated
on cutin were assayed daily for general esterase activity with
para-nitrophenyl butyrate as substrate. The time course of ex-
tracellular esterase induction was similar for the wild type and
77-100. After 20 days, the enzyme activity of both cultures
reached a plateau at a similar value. By contrast, 77-102 did
not show an induction of esterase activity. After 20 days, an
esterase activity accumulated corresponding to 0.3% of the

30.0 - ,—

21.5 -

14.3 - —

6.50-

Figure 5. Detection of Proteins with Active Serine in the Culture Fluid
of Cutin Grown Fungi.

Fluorography of proteins with active serine after 1,3-14C-diisopropyl
fluorophosphate treatment and separation on 15% SDS-polyacryl-
amide gels. Equal volumes of culture fluid of cutin grown fungi were
analyzed. Lane 1, molecular mass standards (14C-labeled proteins)
with markers given in kilodaltons; lane 2, transformant 77-100; lane
3, null mutant 77-102; lane 4, wild-type strain 77-2-3. Besides the 24-
kD cutinase, marked by an arrow, four minor proteins, marked by aster-
isks, are visible for the wild type and transformant 77-100.
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Table 1. Comparison of Esterase and Cutinase Activities in 
Culture Fluid from the Wild Type and Transformants Cultivated 
for 3 Weeks on Cutin 

Esterasea Cutinaseb 

Strain (nkat/mL) (O/O)~ (cpm/100 pUhr) (O/o)' 

Wild type 554.0 100.0 33115 & 2318 100.0 
77-100 455.4 82.2 26523 f 2121 78.0 
77-1 02 0.74 0.13 3018 f 156 0.0 
77-5 1.94 0.35 3386 f 148 0.0 
77-75 5.3 0.95 3166 f 332 0.0 
77-84 0.73 0.13 3155 f 417 0.0 
Controld 0.0 0.0 3223 f 525 0.0 

a Culture fluid was assayed for esterase activity using para-nitro- 
phenyl butyrate as a substrate. 
bCutinase activity was measured by determining the release of 
radioactivity from 3H-cutin. Results are the average of two replica- 
tive determinations. 

Relative activities (Yo) are given as the difference of culture fluid 
value and control value compared with the wild-type activity (100%). 
d Control activities show total esterase activity or cutinase activity af- 
ter incubation with culture medium alone. 

77-100 was observed. All infected plants displayed the typical 
symptoms described for N. haematococca (Kraft et al., 1981). 
These included yellowing of the basal foliage and stunted 
growth, as can be seen for the wild type and cutinase-deficient 
mutant 77-102 in Figure 6A. A brown discoloration of the 
hypocotyl and the upper tap root localized the point of fungal 
attack (Figure 6B). Pea seedlings were examined 6 and 8 days 
after planting in soil infested with conidia of the wild type or 
the null mutant 77-102 for the analysis of the early stage of 
infection. The appearance of small brown lesions on the tap 
root and on the hypocotyl showed that both organs were in- 
dependently colonized equally well by the wild type and the 
null mutant. Therefore, the colonization of the hypocotyl need 
not be caused by a spread of the pathogen from the root into 
the stem base. 

Results from other experiments performed by Maiti and 
Kolattukudy (1979) and Koller et al. (1982b) suggested that 
cutinase is essential for plant infection, but these experiments 
were performed with sections of etiolated pea stems. We there- 
fore evaluated our strains by this assay system. The hypocotyls 
of etiolated peas were cut in pieces of 2 to 3 cm in length, and 
the unwounded surface was inoculated with a droplet of 
conidial suspension. Symptoms were checked 3 to 4 days af- 
ter incubation in the dark. lnfection caused brown lesions due 
to invading hyphae, as shown for wild type and null mutant 
77-102 in Figure 6C. The presence of hyphae in infected plant 
tissue was confirmed by microscopic analysis (D. J. Stahl, C. 
Hofmann, and W. Schafer, manuscript in preparation). Many 
of the conidia of the droplet were converted to a mass of wet 
mycelium (Figure 6C). This phenomena, resembling sapro- 
phytic fungal growth on agar plates, is typical for this assay 
and was never observed in assays with intact, living plants. 

Virulence of each strain with this assay was determined, and 
the results are summarized in Table 2. Wild-type strain 77-2-3, 
transformant 77-100, and null mutant 77-102 displayed a mean 
virulence of 77,80, and 8l%, respectively, in four independent 
experiments. Further experiments with the three null mutants 
77-5, 77-75, and 77-84 revealed no decrease in infectivity of 
these transformants in comparison to the wild type (Table 2). 
We concluded that the cutinase-deficient mutants display the 
same pathogenicity as the wild type or control transformant 
in two different bioassays. 

DISCUSSION 

N. haematococca, a fungal pea pathogen, can grow on cutin 
as a sole carbon source and makes a substrate-induced, 
catabolite-repressed cutinase (Lin and Kolattukudy, 1978). We 
produced fungal lines that contain null mutations of the 
cutinase gene and thus cannot produce cutinase. All dis- 
ruptants lacked cutinase, whereas all other transformants 
possessed the enzyme. Without cutinase, fungal growth in cul- 
ture with cutin as a sole carbon source was strongly inhibited. 
By contrast, its pathogenicity was unaltered. 

Evidence for the direct involvement of cutinase of N. hae- 
matococca in the disease development of this fungus on pea 
has relied on the analysis of infection studies with polyclonal 
antibodies (Maiti and Kolattukudy, 1979) or chemical inhibi- 
tors (Maiti and Kolattukudy, 1979; Koller et al., 1982b) in the 
inoculum. These studies depended on the specificity of the 
inhibitor. To our knowledge, the specificity of the polyclonal 
antibody in the presence of germinating conidia on sectioned, 
etiolated peastems has not been shown. The chemical inhib- 
itors used are the organophosphorous compounds diisopropyl 
fluorophosphate and diethyl para-nitrophenyl phosphate. These 
are general inhibitors of serine hydrolases, including esterases 
and proteases (Cohen et al., 1967). Therefore, the inhibition 
of other enzymes besides cutinase could have been respon- 
sible for the observed reduction in pathogenicity. Following 
3 weeks of growth on cutin as carbon source, at which time 
cutinase activity contributes up to 99.7% of the total esterase 
activity, four other proteins were labeled with diisopropyl 
fluorophosphate in addition to cutinase. That this inhibitor is 
not specific for cutinolytic enzymes is in agreement with that 
reported for Colletotrichum lagenarium in which diethyl para- 
nitrophenyl phosphate was tested. Although the growth of 
C. lagenarium was not affected, there was a reduction of ap- 
pressoria formation in the presence of the inhibitor. This could 
only be attributed to a disturbance of fungal metabolic func- 
tions (Bonnen and Hammerschmidt, 1989). 

Genetic approaches were used to elucidate the role of 
cutinase in virulence of phytopathogenic fungi. Mutents re- 
duced or deficient in cutinolytic activity were induced by 
chemical treatment of C. gloeosporioides (Dickman et al., 
1987) and C. lagenarium (Bonnen and Hammerschmidt, 
1989) or by UV irradiation of N. haematococca (E s. pisq 
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Table 2. Virulence of N. haematococca Transformants in
Comparison to the Wild-Type Strain 77-2-3 on Segments of
Etiolated Pea Stems

Strain

Wild type"
77-100"
77-1 02b

77-5c

77-75c

77-84c

Waterb

Degree of infection

Noninfected

23
20
19
20
0
0

100

(%)a

Infected

77
80
81
80

100
100

0

Figure 6. Pathogenicity Tests of the Wild-Type of N. haematococca
and a Cutinase-Deficient Mutant.

a Infectivity and virulence were expressed as the percentage of in-
fected segments.
b Values are the average of four independent experiments using 10
to 20 pea segments, respectively.
c Results from one experiment using 20 pea segments.

and C. gloeospor/oides (Dantzig et al., 1986; Dickman et al.,
1987). Whereas cutinase-deficient mutants of C. gloeospori-
oides lost pathogenicity on papaya fruits, the extensive
investigations of 13 different C. lagenarium mutants (Bonnen
and Hammerschmidt, 1989) revealed no correlation between
cutinase activity and pathogenicity. The single N. hae-
matococca mutant described possessed an 80 to 90%
reduction in cutinase activity and reduced virulence in the sec-
tioned pea stem assay. In general, mutants obtained after
chemical or UV mutagenesis require a series of backcrosses
to eliminate additional, undetected mutations. This can only
be circumvented by analyzing several independent mutants.

The availability of a transformation system and the cloned
cutinase gene allowed the construction of a recombinant strain
where the endogenous cutinase gene was replaced by a mu-
tated functionless copy. The ascomycete N. haematococca is
a haploid fungus, and the isolate used in this study contains

(A) Symptoms on peas grown 20 days in soil infested with wild-type
strain 77-2-3 and cutinase-deficient mutant 77-102 are shown in pot
2 and pot 3, respectively. Each pot was infested with 5 x 106 conidia.
Yellowing of basal foliage and stunted growth of the above-ground plant
parts were caused to the same extent by both fungi. Uninoculated con-
trol plants are shown in pot 1. Ten to 15 replicate plants were used
per treatment. The experiment was repeated three times with results
similar to those shown here.
(B) Detailed picture of the root and the lower stem of plants shown
in (A). The root and lower stem of an uninoculated control plant are
shown at left. The dark brown of upper tap root and the below-ground
epicotyl at center is caused by infection with the wild-type strain. The
same symptoms are caused by infection with the cutinase-deficient
mutant 77-102, as shown at right.
(C) Lesions on etiolated pea segments, caused by germinating conidia
of wild-type strain 77-2-3 (left) and null mutant 77-102 (right).
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only one copy of the cutinase gene. Every change in the geno- 
type can directly affect the phenotype of the transgenic strain. 
The construction of a precise gene disruption mutant was re- 
cently shown for Cochliobolus carbonum, a maize pathogen. 
The disruption of an endopolygalacturonase gene did not lead 
to a different pathogenic behavior of the mutant (Scott-Craig 
et al., 1990). In Magnaporfhegrisea, a rice pathogen, the only 
cutinase gene that is homologous to the cutinase genes of 
Collefotrichum capsici (Ettinger et al., 1987) and N. haemafo- 
cocca was destroyed by a one-step gene replacement ex- 
periment. The resultant mutants were indistinguishable from 
wild-type strains in pathogenicity tests on three different hosts. 
However, the mutants retained cutinase activity in the stan- 
dard cutinase enzyme assay (Valent and Chumley, 1991). Our 
results do not exclude the possibility of other yet undetected 
cutinases, although we could not measure residual cutinolytic 
activity in the mutants in vitro. If present, these undetected 
cutinases must fulfill the following criteria: (1) they do not cross- 
hybridize to DNAor RNA of the cloned gene and to the 360-bp 
middle fragment of the gene used as a probe; (2) they are not 
expressed during saprophytic growth and are not induced when 
grown with cutin as a sole carbon source; and (3) they are only 
induced by yet unknown substances in the plant. 

Cutinolytic enzyme activity was first described for Penicil- 
lium spinulosum (Heinen, 1960), a ubiquitous saprophyte 
common in soil, decaying vegetation, and foods (Pitt, 1979). 
It is known now that cutinase is produced by a variety of fungi 
(Kolattukudy, 1981) and bacteria (Heinen and de Vries, 1966). 
Until now, cutinase has been mainly discussed as a pathoge- 
nicity factor; the ecological aspect of its activity has been 
neglected. Because cutin degradation is a feature of many 
saprophytic microorganisms, the cutinolytic activities of these 
saprophytes are probably responsible for the degradation of 
cutin in the litter and the soil after leaf fall (Koller, 1991). There- 
fore, we propose that the cutinase of N. haemafococca is 
primarily used for cuticle decomposition in plant debris. This 
function is in agreement with the ecology of this soil-borne 
facultative parasite and the plant inducibility of the cutinase 
gene (Woloshuk and Kolattukudy, 1986; Podila et al., 1988). 

CAACAGAGACG) and a 24-mer (TGCAGCAACGATCAAGACCAG-T), 
were synthesized and corresponded to nucleotide positions 1122 to 
1146 and 1598 to 1621, respectively, of the cutinase gene of N. hae- 
matococca isolate T8 (Soliday et al., 1989). The oligonucleotides (40 
nM) were used as primem in the PCR with 1 pg of genomic DNA iso- 
late T8. The reaction was carried out in a DNA Thermal Cycler using 
reagents from GeneAmp PCR Reagent Kit (Perkin-Elmer Cetus, Nor- 
walk, CT). Amplification was performed for 40 cycles of 1 min at 92% 
1 min at Z0C, and 6 min at 7OOC. The amplified 500-bp PCR product 
was ligated into the Smal-digested phagemid vector pTTT318U using 
standard procedures (Sambrook et al., 1989). 

Transformation-Mediated Gene Disruption 

For the gene replacement, the vector pDC6 was constructed. An in- 
terna1 360-bp Eco47111-PpuMI fragment of the cutinase gene was deleted 
from plasmid p8C77-1, and a 4.0-kb Bglll-Hindlll fragment of vector 
pAN7-1 (Punt et al., 1987) was blunt-end ligated into linearized p8C77 
to create pDC6. 

Transformation of N. haemafococca was done according to Yelton 
et al. (1984) with some modifications. Strain 77-2-3 was cultivated for 
2 to 3 weeks on V8 juice agar plates to produce conidia. Conidia were 
suspended in water, separated from mycelium by passage through 
two layers of cheesecloth, and transferred into a 2000-mL flask con- 
taining 100 mL of a glucose-asparagine medium (VanEtten and Stein, 
1978). The flask was shaken vigorously (200 rpm) at 28%, and the 
mycelium was harvested after 12 to 15 hr. Mycelium was resuspended 
in 25 mL of STC high osmolarity medium (1.2 M sorbitol, 50 mM 
CaCI,, 10 mM Tris-HCI, pH 7.0) containing 1% Novozym 234 (Novo 
Industries, Copenhagen, Denmark) and gently agitated at 28% for 
2 hr. Protoplasts were filtered through two layers of cheesecloth and 
one layer of 20-pm Nybolt membrane, mixed with one volume of ST 
buffer (0.6 M sorbitol, 100 mM Tris-HCI, pH 7.0), and pelleted by cen- 
trifugation. Prdoplasts were washed two times in STC and resuspended 
in STC containing 2 mM aurintricarboxylic acid. Circular plasmid DNA 
(20 to 30 pg) was mixed with 107 protoplasts (100 pL), and the SUS- 

pension was treated with two volumes of polyethylene glycol(6OOh PEG 
4000, 10 mM Tris-HCI, pH 7.0,50 mM CaCI,). Aliquots of transformed 
protoplasts were plated in 10 mL of regeneration agar (20% sucrose, 
0.1% yeast extract, 0.1% casein enzymatic hydrolysate, and 1.6% agar). 
Regeneration plates were incubated at 28OC and overlaid after 18 hr 
with 10 mL of 1% agar containing hygromycin B to yield a final con- 
centration of 50 pglmL. Routinely, 20 transformants were obtained per 
107 protoplasts. Transformants were purified by propagating colonies 
from single isolated conidia. 

METHODS 

RNA Gel Blot Analysis 
Fungal Culture and Cutinase Gene lsolation 

Nectria haematococca MP VI isolates were obtained from H. D. VanEtten 
(University of Arizona, Tucson) and maintained on V8 juice agar plates 
(200 mL of V8 juice, 3 g of CaCO,, 25 g of agar per liter) at 23OC. Sap- 
rophytic growth on cutin was performed as described by Kolattukudy 
et al. (1981) with slight modifications. Mineral medium (10 mL) sup- 
plemented with 50 mg of apple cutin was inoculated with 1 x 106 
spores of each fungal isolate, grown on V8 juice agar, and incubated 
at 23%. 

Preparation of fungal genomic DNAwas done as described by Garber 
and Yoder (1983). Two oligonucledides, a 25-mer (TTATGCCCGAGGTT- 

N. haematococca strains were cultivated in 100 mL of mineral medium 
(VanEtten and Stein, 1978) in a 1000" flask containing either 1% 
apple skin or 1% glucose as carbon source. Cultures were shaken 
at 28%, and mycelium was harvested after 10 days, lyophilized, and 
ground to powder. Total cellular RNAwas isolated from ground mycelium 
by the method of Logemann et al. (1987). RNA was glyoxylated, frac- 
tionated by gel electrophoresis, and transferred to a nylon membrane 
(GeneScreen Plus, Du Pont) as described by Williams and Mason 
(1985). The filter was hybridized with a radiolabeled interna1 fragment 
of the cutinase gene. An RNA ladder (Gibco-Bethesda Research 
Laboratories) was used as the size standard. 
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To identify cutinase-deficient mutants, a plate assay was designed to 
determine extracellular esterase activity. As cutinase is secreted ex- 
tracellularly, cutinase-lacking transformants can be detected when 
overlaid with the esterase substrate para-nitrophenyl butyrate. Plugs 
of mycelium were placed onto plates containing induction medium 
(glucose-free asparagine medium, 1% sodium acetate, 0.1% 16- 
hydroxyhexadecanoic acid, 1.6% agar) and incubated at 28OC. After 
3 days, 2-cm-diameter colonies had formed. The plates were overlaid 
with staining agar (50 mM potassium phosphate, pH 8.0,0.5 mMpara- 
nitrophenyl butyrate, 1% agar). Only transformants with an intact 
cutinase gene showed a large, yellow halo around the fungal colony. 
Colonies without this halo had lost the ability to secrete the para- 
nitrophenyl butyrate hydrolyzing activity and were analyzed further. 

General esterase activity of fungal isolates grown on cutin was mea- 
sured spectrophotometrically at 405 nm using para-nitrophenyl butyrate 
as described by Kolattukudy et al. (1981). Cutinase activity was as- 
sayed with tritiated apple cutin (3H-cutin) according to Koller et al. 
(1982a). Cutin was radiolabeled by the tritium labeling service of Amer- 
sham lnternational (London). 

Treatment of culture fluid with 14C-diisopropyl fluorophosphate was 
a modification of a published procedure of Koller et al. (1982a). In brief, 
80 pL of culture filtrate of cutin-grown fungi was incubated with 10 pL 
of 1,3-14C-diisopropyl fluorophosphate (2.0 pCi) and 10 pL of 0.2 M so- 
dium phosphate, pH 7.5, for 3 hr at 23OC. The proteins were separated 
on 15% SDS-polyacrylamide gels, using 14C-labeled Rainbow pro- 
teins (Amersham lnternational) as molecular m a s  standards and 
identified by fluorography. 

Pathogenicity Tests 

Virulence of the strains was assessed using a pot assay described 
by VanEtten (1978) with slight modifications. Pea seeds (cultivar Alaska 
28, Asgrow Seed Co., Kalamazoo, MI) were surfaced sterilized with 
3% sodium hypochlorite and grown in steamed soil contained in plas- 
tic pots (12 x 12 cm). Soil was infested with 40 mL of conidial suspension 
(1.25 x I05 per mL), prepared from 10- to 14-day-old cultures grown 
on V8 juice agar, immediately after the pea seeds had been planted. 
Plantswere incubated in an environmental growth chamber with a 16-hr 
photoperiod and 28OC day/23OC night temperatures. 

Pea stem bioassays were done as described by Koller et al. (1982a). 
Pea seedlings (cultivar Alaska 28) were grown for 6 to 9 days in the 
dark in a growth chamber at 23 to 25OC. Sections of the hypocotyl(2 
to 3 cm) were washed with distilled water, placed on moist filter paper 
in Petri dishes, and inoculated with 5-pL droplets of conidial suspen- 
sion (108 per mL) in water. Droplets were carefully placed on the 
surface of the segments, and inoculated segments were incubated 
at 23 to 25OC in the dark. Virulence was evaluated 3 to 4 days after 
inoculation. 
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