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Plant-pathogenic fungi produce cutinase, an enzyme required to degrade plant cuticles and facilitate
penetration into the host. The absence of cutinase or a decrease in its production has been associated with a
decrease in pathogenicity of the fungus. A set of isogenic strains of Cryphonectria parasitica, the chestnut blight
fungus, was tested for the presence and amounts of cutinase activity. The virulent strain of C. parasitica
produced and secreted significantly higher amounts of cutinase than the hypovirulent strains. Use of both
nucleic acid and polyclonal antibody probes for cutinase from Fusarium solani f. sp. pisi showed that cutinase
in C. parasitica is 25 kDa in size and is coded by a 1.1-kb mRNA. Both mRNA and protein were inducible by
cutin hydrolysate, while hypovirlnence agents suppressed the level of mRNA and the enzyme. Since all the
strains had the cutinase gene, the suppression of expression was due to the hypovirulence agents. The data
presented are the first report indicating that hypovirulence agents in C. parasitica regulate a gene associated
with pathogenicity in other plant-pathogenic fungi.

Several strains of Cryphonectria parasitica, the causal
agent of chestnut blight, have been found in nature which
exhibit varying degrees of virulence in the development of
the blight disease (2, 13). The most virulent (V) strains do not
have any double-stranded RNAs (dsRNAs) in their cyto-
plasm. Strains which contain one or more dsRNAs display
decreased virulence and therefore are called hypovirulent
(H) strains (8, 17). There is a great variation amongH strains
in the number, size, concentration, and sequence similarities
of the dsRNAs, and in the degree of hypovirulence (2, 8, 12,
14, 17, 30, 35). The dsRNAs, which have organizational
features characteristic of the genomes of fungal viruses (18,
21, 22, 40, 50), are packaged in lipid vesicles (12) along with
RNA-dependent RNA polymerase (18). Evidence suggests
that the dsRNAs are the main, if not sole, H agents. The
dsRNAs can move from H strains to a V strain through
hyphal anastomosis, after which the recipient (V) strain will
exhibit the phenotypic traits of the donor H strain (3). This
phenomenon of transmissible hypovirulence has been the
focus of recent efforts to use H strains for the biological
control of this devastating disease (2, 34).
Although H strains have been successful in controlling the

blight in Europe, H strains from Europe as well as the North
American continent have had limited success in the United
States. This has necessitated further study to understand the
mechanism of hypovirulence. The major thrust of research
to date has been in examining the structural organization of
the dsRNAs and the genes coded by them. The European H
strain EP713 has been shown to contain dsRNA coding for at
least two proteins, both ofwhich have autocatalytic protease
activity similar to that found in potyviruses (6, 40, 46).
Expression of one of these proteins in a virulent strain
resulted in the strain exhibiting phenotypic traits character-
istic of hypovirulent strains (5). However, there was no
reduction in the virulence of the fungus. The role of the
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dsRNA and/or dsRNA-coded proteins in suppressing the
virulence is yet to be determined.

Although considerable efforts have been undertaken to
characterize the dsRNAs, very little effort has been made so
far to identify the factors that determine the virulence of the
blight fungus. Using differential hybridization techniques,
genes expressed specifically in V strains have been isolated
(37). Analyses of proteins from V and H strains have showed
that accumulation of certain proteins in V strains is sup-
pressed by the H agents (38). However, with the exception
of the phenyl oxidase of the laccase type (19, 41, 42), these
proteins and genes have not been identified and their func-
tion in hypovirulence is yet to be determined.
Recent studies have shown that the H strains produce

reduced amounts of the enzyme laccase compared with the
V strain (19, 41, 42). Transformation of a V strain with a
cDNA copy of a gene coded by the dsRNA also resulted in
a reduction of laccase production (5). The enzyme laccase is
widely distributed in plants and fungi, and its function in
fungi is largely unknown. It has been suggested to have a
role in the formation of fruiting bodies and in the degradation
of lignin. The presence of laccase in both pathogenic and
nonpathogenic fungi suggests that the enzyme is not directly
linked to pathogenesis.
To infect and cause the blight, it is likely that C. parasitica

possesses genes for cutinases and pectinases to breach the
outer barriers of the epidermal cells and other genes such as
cellulases to colonize the host. There is considerable evi-
dence indicating that cutinases play a crucial role in the
penetration and establishment of disease by plant-patho-
genic fungi (11, 24, 25, 26). Recent studies have shown that
cutinase production by germinating spores is induced by
cutin monomers (36). Furthermore, the de novo synthesis of
cutinase is essential to produce enough cutinase for the
dissolution of the plant cuticle during penetration by the
fungus (26).

In this report, we provide evidence for the suppression of
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cutinase gene expression in C. parasitica by the cytoplasmic
H agents.

MATERIALS AND METHODS

Fungal strains and growth conditions. A set of C. parasit-
ica strains constructed by Anagnostakis (1) were used for
this study. These strains were produced by converting the
American V strain, EP155, with H isolates from Europe and
North America. Since nuclear genetic elements in all these
strains are identical, any changes in gene expression are the
result of a change in the cytoplasm, including the H agents.
The fungal cultures were grown in EP basal medium (39)

containing 2% glucose. For the induction of cutinase, con-
ditions described for Fusarium solani f. sp. pisi (31) were
used. The cultures were grown in EP basal medium contain-
ing 0.2% glucose as the carbon source. After 3 to 4 days
when glucose was depleted (measured by the glucose oxi-
dase assay [Sigma Chemical Co., St. Louis, Mo.]), cutin
hydrolysate was added to the culture medium at a concen-
tration of 50 ,ug/ml. The cultures were grown for -2 days and
harvested.

In all cases, the cultures were grown for a total of 6 days.
The mycelia were harvested by filtration, the filtrate was
centrifuged at 10,000 x g for 20 min, and the clear superna-
tants were used for activity measurements and protein
analysis.

Cutinase assay. A cutinase assay with equal volumes of
culture supernatants (100 ,ul) was performed as described by
Lin and Kolattukudy (31) for F. solani f. sp. pisi.

Nucleic acids. Mycelia were lyophilized and ground to a
powder in liquid nitrogen. The DNA was isolated by the
method described by Davis et al. (7). The RNA was isolated
essentially as described by Chirgwin et al. (4). The ground
mycelial powder was homogenized in 4 M guanidinium
thiocyanate solution and centrifuged at 10,000 x g for 10
min. Cesium chloride was added to give a concentration of
0.4 g/ml, and the solution was layered on a cushion of 5.7 M
cesium chloride solution in an autoclaved polyallomer tube.
The solution was subjected to centrifugation at 113,000 x g
(Beckman Ultracentrifuge L8-80, SW41 rotor) at 22°C for 20
h to pellet the RNA. The RNA was further purified by
extraction with a phenol-chloroform mixture and precipita-
tion with ethanol (44).

Southern and Northern analyses. Genomic DNA (10 ,ug)
from the fungal tissues was digested with PstI, electro-
phoresed on a 0.8% agarose gel, and electrophoretically
transferred to Magnagraph (Micro Separations Inc.) nylon
membranes as described elsewhere (44). Total RNA (15 jig)
from each strain was resolved by denaturing (formaldehyde)
gel electrophoresis on a 1.5% agarose gel. The RNAs were
visualized after staining with ethidium bromide. The profiles
of RNA in all the lanes were identical (data not shown). The
resolved RNAs were transferred to a nylon membrane (16).
A cDNA clone for cutinase from F. solani f. sp. pisi (48)

was used as a probe. The cDNA insert was isolated by gel
electrophoresis and electroelution and labeling with
[a-32P]dCTP by the random primer method (44). Hybridiza-
tion and other analytical procedures were essentially as
described by Sambrook et al. (44). Prehybridization was for
2 h at 42°C in a solution containing 5 x SSPE (lx SSPE is
0.18 M NaCl, 10 mM NaPO4, and 1 mM EDTA [pH 7.7]),
0.1% sodium dodecyl sulfate (SDS), 50% formamide, 5x
Denhardt's solution, 100 ,ug of yeast RNA (Sigma) per ml,
and 100 ,g of sheared and denatured salmon sperm DNA per
ml. Hybridization was at 45°C for 16 to 24 h in the same

solution containing -106 cpm of labeled probe per ml. The
blots were washed to a final stringency of 0.1x SSPE-0.1%
SDS at 65°C and exposed to Kodak XAR-5 film.

Protein analysis. Culture supernatants were either dialyzed
against 10 mM Tris (pH 7.0) and lyophilized or subjected to
precipitation with 80% acetone (20) to obtain proteins. The
protein precipitate was suspended in SDS-polyacrylamide
gel electrophoresis (PAGE) sample buffer (29), heated at
100°C for 5 min, and subjected to SDS-PAGE on 4 to 20%
polyacrylamide gradient gels (Bio-Rad Laboratories, Rich-
mond, Calif.). Cellular proteins were extracted from lyoph-
ilized and powdered mycelia (38), and equal amounts of
protein (20 jig) were analyzed by SDS-PAGE on 7.5%
polyacrylamide gels.
Western blotting, (immunoblotting). The culture superna-

tants and the cell extracts resolved by SDS-PAGE as de-
scribed above were transferred to Immobilon-P membranes
(Amersham) essentially as described by Matsudaira (33).
The transfer was performed at 4°C, using CAPS [3(cyclohex-
ylamino)-1-propane sulfonic acid] buffer (pH 11.0) contain-
ing 10% methanol at 25 V for 16 to 20 h. The membranes
were subjected to Western blotting with the Protoblot West-
ern Blotting Kit (Promega Corp., Madison, Wis.). Antiserum
raised against cutinase from F. solani f. sp. pisi was used (at
a dilution of 10-4) as a primary antibody.

RESULTS

Cutinase activity. The isogenic strains of C. parasitica
were selected for this study since they differed only in their
cytoplasmic contents. The parent strain was the American V
strain, EP155. This was converted by the hypovirulent
isolates from France, Italy, Michigan, Tennessee, and Vir-
ginia to produce EP713, EP779, EP868, EP905, and EP915,
respectively (1).

Cutinase is synthesized by plant-pathogenic fungi and is
secreted into the medium. The synthesis is known to be
inhibited by the presence of glucose in the growth medium
(26). Also, to synthesize cutinase, the fungi have to be
induced by providing cutin monomers as the main carbon
source in the growth medium. Therefore, the C. parasitica
strains described above were grown in EP basal medium
containing 2% glucose as well as under the inducible condi-
tions.
The growth medium and the culture supernatants of

strains grown in the presence of 2% glucose did not have
detectable cutinase activity (data not shown).

Cultures grown in the presence of cutin hydrolysate indi-
cated the presence of cutinase in their culture supernatants.
The wet mycelial weight of all the strains grown under these
conditions and recovered after 6 days was roughly the same.
Therefore, an aliquot of 0.1 ml from each culture supernatant
was used for the assays. The results of the assays and
calculated values for activity are presented in Fig. 1. The
highest cutinase activity was in the V strain, EP155. The H
strains, on the other hand, had significantly lower cutinase
activity in their culture supernatants. The strains EP713,
EP779, and EP868 had the lowest activity (10% or less
compared with EP155) among all the H strains. Two H
strains, EP905 and EP915, showed slightly higher (-18 and
32%, respectively) activity but significantly less than that of
EP155.

Southern analysis. Since cutinase genes of several fungi
have been shown to contain conserved sequences (15), we
decided to test the feasibility of using a probe from heterol-
ogous source. The DNA from C. parasitica strains was
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FIG. 1. Cutinase activity in the culture supernatants of C. para-

sitica strains. The virulent strain, EP155, and isogenic hypovirulent
strains were grown in EP basal medium to which cutin hydrolysate
was added (see Materials and Methods). The culture supernatants
were separated by filtration and then centrifugation. Aliquots of 100
p1l were used in the cutinase activity assay in which p-nitrophenyl
butyrate was the substrate, and changes in the A450 were recorded.
Activity units (1 U is nanomoles of substrate hydrolyzed per minute
per milliliter of culture supernatant) for various strains were EP155,
189.0; EP713, 10.8; EP779, 17.8; EP868, 21.6; EP905, 35.6; EP915,
60.5.

digested with PstI, and fragments were transferred to a
nylon membrane and hybridized to a probe corresponding to
cDNA of cutinase mRNA from F. solani f. sp. pisi. The
hybridization analysis, performed under moderately strin-
gent conditions (50% formamide, 45°C), suggested that the
probe could be used to detect the homologous cutinase gene
in C. parasitica (Fig. 2). The probe hybridized strongly to a
single fragment of -3.1 kbp. The hybridization profile for all
the strains was almost identical.

Northern (RNA) analysis. The results obtained with RNA
from strains grown under the inducible conditions are pre-
sented in Fig. 3. Equal amounts of total RNA from each
strain (15 ,ug) were subjected to the analysis. A single RNA
species, -1.1 kb in size, hybridized strongly to the probe.
This RNA species was not detectable in EP713, EP779, and
EP868 under these conditions. However, samples from
EP905 and EP915 showed the presence of the 1.1-kb RNA
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FIG. 2. Southern hybridization. Genomic DNA (10 pLg) from C.
parasitica strains was digested with PstI. The fragments, resolved
on 0.8% agarose gels, were transferred to a nylon membrane and
hybridized to the probe. A cDNA clone corresponding to cutinase
from F. solani f. sp. pisi was labeled with 32P and used as a probe.
Numbers on the left indicate mobilities and sizes of DNA markers.
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FIG. 3. Northern hybridization. Total RNA (15 pLg) was isolated
from C. parasitica strains grown under inducible conditions (see
Materials and Methods) and resolved by denaturing (formamide) gel
electrophoresis on 1.5% agarose gels. The separated RNAs were

transferred to nylon membranes, and the blot was hybridized to the
cutinase probe as described in the legend to Fig. 2. Numbers
indicate the sizes of RNA markers (Bethesda Research Laborato-
ries, Gaithersburg, Md.).

species, although the amounts were significantly lower than
that in EP155. Analysis with 30 p.g of total RNA indicated
that strain EP779 contained trace amounts of this RNA
species (data not shown). It was not detectable in EP868 and
EP713 even under these conditions.

Similar analysis of RNA derived from cultures grown in
the presence of 2% glucose indicated that the 1.1-kb RNA
(hybridizable to the probe) was below detectable levels in all
the strains (data not shown).

Protein analysis and Western blotting. Proteins were iso-
lated from the culture supernatants of strains grown under
inducible conditions as well as in the presence of 2%
glucose. Aliquots corresponding to 150 ,ul of culture super-
natant were subjected to SDS-PAGE on 4 to 20% polyacryl-
amide gradient gels. The Coomassie blue-stained proteins
present in supernatants of strains grown under the inducible
conditions are shown in Fig. 4A. The protein profiles of the
V and various H strains were not identical. The V strain,
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FIG. 4. Analysis of proteins present in the culture supernatants.
Proteins were isolated from culture supernatants of strains grown in
the presence of cutin hydrolysate. Aliquots corresponding to 150 ,ul
of supernatant were analyzed by SDS-PAGE on 4 to 20% polyacryl-
amide gradient gels (Bio-Rad). (A) Gel was stained with Coomassie
brilliant blue. (B) Resolved proteins were transferred to an Immo-
bilon-P membrane and subjected to Western blotting. An antibody
raised against cutinase from F. solani f. sp. pisi was used as the
primary antibody in the Western blot. The positions of marker
proteins (Promega Corp.) and their sizes are indicated.

VOL. 12, 1992



4542 VARLEY ET AL.

EP155, secreted several proteins into the medium, some of
which were not detectable in other samples. Conversely,
some of the H strains secreted abundant quantities of certain
proteins not detectable in the culture supernatant of EP155.
Even among the H strains, there was considerable variation
in the type and abundance of secreted proteins. Analysis of
cellular proteins from the V and various H strains showed no
noticeable differences in their profiles under the conditions
used.
Western analysis indicated the presence of a 25-kDa

protein in the EP155 culture supernatant which reacted with
the polyclonal antibodies raised against cutinase from F.
solani f. sp. pisi (Fig. 4B). This protein could not be detected
in samples from EP713, EP779, and EP868 under these
conditions. However, it was detected in the samples from
EP905 and EP915. The relative levels of the 25-kDa protein
among the strains were consistent with the relative levels of
the 1.1-kb RNA observed in the Northern analysis and the
levels of cutinase activity in the culture supernatants.
Western analyses of culture supernatants from strains

grown in the presence of 2% glucose failed to detect the
25-kDa protein in any sample (data not shown).

DISCUSSION

The data presented here indicate that cutinase gene
expression in C. parasitica is affected by the H agents
present in the cytoplasm. This is the first report in C.
parasitica demonstrating the H-agent regulation of a gene
required by other plant-pathogenic fungi for pathogenicity.
Earlier works of Powell and Van Alfen (37, 38) had shown
that the H agents in the cytoplasm suppressed the expression
of several genes. Two genes, Vir 1 and Vir 2, were cloned
from the V strain. However, the proteins coded by these
genes were not identified, and the potential role of these
genes in pathogenicity was not investigated. The presence of
H agents also leads to a reduction in production and accu-
mulation of laccase (19, 41, 42). However, reduction in
laccase levels did not affect the virulence of the fungus (5).
The biological function of laccase in fungi is still unclear. In
contrast, cutinase is one of the most important genes in
plant-pathogenic fungi, and its involvement in the penetra-
tion of the barrier cuticles and in subsequent disease devel-
opment has been demonstrated in several fungi (9, 10, 23,
26-28, 43, 47, 49). These findings have resulted in research
targeting inactivation of the cutinase gene for plant disease
control (32, 45, 47). The significance of cutinase in fungal
pathogenicity and virulence prompted us to undertake this
study.
The enzyme activity assayed by the p-nitrophenyl bu-

tyrate method in this study was due to cutinase and was not
a result of nonspecific esterases. The growth medium did not
have any activity. The activity observed in C. parasitica
cultures was inducible by cutin hydrolysate and was inhib-
ited by glucose, both of which are characteristic features of
cutinases in fungi (26). The cultures were grown in 100 ml of
medium, and the weight of mycelial tissue obtained from
each strain was roughly the same. Therefore, the differences
in the amount of cutinase activity per milliliter of the culture
medium reflected differences in the level of synthesis and
secretion of the enzyme into the medium. The V strain,
EP155, secreted significantly higher amounts of the enzyme
than the H strains. It has been shown for F. solani f. sp. pisi
and other fungi that there is a direct relationship between
pathogenicity and the amount of cutinase released from
spores (10, 27, 32). Using mutants of F. solani f. sp. pisi

which produced reduced amount of cutinase, they demon-
strated that the efficiency of infection was correlated to the
level of cutinase production. In light of this, our results
suggest that a similar relationship between virulence and
cutinase gene expression exists in C parasitica.
Almost identical patterns were observed in the Southern

analysis with the V and H strains. This was expected since
the strains used were isogenic. The differences in RNA and
proteins synthesized and secreted by the H strains thus were
due to differential expression resulting from the cytoplasmic
environment.
The analysis of RNA provided evidence that at least one

step in the regulation of cutinase gene expression was at the
transcriptional level. The hybridization probe detected a
single RNA species under moderately stringent conditions.
The size of the RNA, 1.1 kb, was similar to the sizes of
cutinase mRNAs from other fungi (in F. solani f. sp. pisi,
cutinase mRNA has a size of -1.0 kb). The EP155 strain,
which had the highest enzyme activity, had the highest
amounts of this RNA compared with the H strains. As with
the enzyme activity, this RNA species was inducible by
cutin hydrolysate, while the presence of 2% glucose inhib-
ited synthesis. The data suggest that the 1.1-kb RNA repre-
sents mRNA for cutinase in C. parasitica. The size of this
RNA differs significantly from the 0.65- and 0.85-kb RNAs
corresponding, respectively, to the Vir 1 or Vir 2 genes
reported by Powell and Van Alfen (37).
The Western analysis further confirmed that cutinase gene

expression was suppressed by the H agents. The size of the
protein, 25 kDa, was consistent with the 1.1-kb RNA ob-
served in the Northern analysis. Cutinases isolated from
other fungi have been shown to have a molecular size of 22
to 32 kDa. The antibody cross-reaction in the Western
analysis was very specific. As with activity and Northern
analyses, the intensity of this band was consistent with the
levels of the enzyme activity and levels of the 1.1-kb RNA
species. This correlation, as well as the antigenic relatedness
to cutinase from F. solani f. sp. pisi, suggested that the
25-kDa protein is cutinase from C parasitica. A 24-kDa
protein was reported to be synthesized specifically in the V
strain of C. parasitica (38). This protein was detected in the
cell as well as in culture supernatants. Since it was not
characterized further, especially by cutin hydrolysate induc-
tion and glucose inhibition, it is difficult to infer whether the
24-kDa protein is related to the cutinase.
The data indicate that the C parasitica cutinase is closely

related to the cutinase from F. solani f. sp. pisi. Cutinases
from different fungi have conserved sequences (15). Work in
progress to isolate and characterize cutinase and its gene
from C. parasitica should determine whether those con-
served sequences are present in C. parasitica.
The Northern and Western analyses indicate that H agents

suppress cutinase gene expression. The H agents in the
strains analyzed were of both European and American
origin. These strains contain dsRNAs, presumably the pri-
mary H agents, which have little or no sequence homology.
However, the effect of these dsRNAs on cutinase gene
expression, as with the virulence of the fungus, is relatively
the same. It is possible that dsRNAs code for proteins which
in turn suppress virulence-related genes. Two dsRNAs-
coded proteins have been isolated from EP713 and were
shown to have autocatalytic protease activity similar to
potyviral proteinases (6, 46), but their effect on the virulence
of C. parasitica has not been determined. Because of dis-
similarities among dsRNA sequences from European and
American strains, it is unlikely that they code for a specific
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protein(s). Experiments to investigate the effect of these
proteins on cutinase gene expression will be very useful in
understanding the role of dsRNA in C. parasitica.
The degree of suppression of cutinase gene expression

varied among the H strains. EP905 and EP915 showed
significantly higher levels of expression than the rest of the H
strains. Yet all the H strains used in this study showed a
roughly equal degree of hypovirulence in the field tests (1, 3).
This is not surprising since fungal virulence, presumably, is
a combined effect of several gene functions and not an effect
of a single gene. A pathogenic fungus uses cutinases, pecti-
nases, ligninases, and cellulases among other enzymes to
penetrate and colonize the host. Decrease in the expression
of a single enzyme may not be enough to nullify the
virulence. Hypovirulence, similarly, might result from the
suppression of one or all pathogenic genes in C parasitica.
Preliminary work in our laboratories suggests that other
genes are also regulated by the H agents. Although EP905
and EP915 showed higher cutinase levels relative to the
other H strains tested, a higher degree of suppression of
other pathogenicity genes in EP905 and EP915 may be
responsible for the overall hypovirulence. Identification and
regulatory analysis of other pathogenicity genes is necessary
to understand the mechanism of hypovirulence in C. para-
sitica.
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