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Development of a transformation system for Crinipellis perniciosa,
the causal agent of witches’ broom in cocoa plants

Received: 12 September 2002 / Revised: 29 October 2002 /Accepted: 5 November 2002 / Published online: 17 December 2002
Springer-Verlag 2002

Abstract Protoplasts of the pathogenic plant fungus,
Crinipellis perniciosa, were transformed to hygromycin B
resistance using the pAN7-1 plasmid, which contains the
Escherichia coli hph gene under the control of Aspergillus
nidulans regulatory sequences. The pAN7-1 plasmid was
introduced by PEG/CaCl2 treatment. Transformation
frequencies of 1.6–2.5 transformants/lg of DNA were
achieved. About 54% of the transformants were abor-
tive and 40 analyzed transformants were mitotically
stable and showed different hygromycin B resistance
levels. The presence of the hph gene was checked by PCR
in five transformants and the integration of multiple
plasmid copies into different genome sites was observed
by Southern analysis. This is the first report of a
C. perniciosa transformation system and represents an
important step for further research into genetic manip-
ulation of this fungal plant pathogen.

Keywords Transformation Æ Hygromycin resistance Æ
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Introduction

The basidiomycete, Crinipellis perniciosa (Stahel) Singer,
is an important hemibiotrophic pathogen and is the

causal agent of witches’ broom disease in cocoa (Theo-
broma cacao L.). This disease currently represents a
serious threat to economic viability of cocoa production
in South America and the Caribbean islands. It causes
estimated losses in annual cacao production potential of
250,000 t in Latin America, representing revenue losses
of U.S.$ 235 million. Cocoa bean production in Brazil
has fallen from 400,000 to 100,000 t as a consequence of
10 years of C. perniciosa infection (Bowers et al. 2001).
The main control measures available include phytosa-
nitation, fungicide application and selection of resistant
cultivars. Interest in biological control has given rise to
studies with fungi that show antagonistic effects towards
C. perniciosa, especially some species of Trichoderma
(Bastos 1996; Azevedo et al. 2000).

Mechanisms by which C. perniciosa infects Theo-
broma cacao are still poorly understood, partly due to a
lack of molecular analyses that could characterize pa-
thogenicity and virulence factors of this fungus, but also
due to a limited knowledge of host/pathogen relations.
The need for a transformation protocol was emphasized
in several studies as a necessary instrument for the in-
vestigation of disease-causing mechanisms (for a review,
see Mullins and Kang 2001). Moreover, a transforma-
tion system would allow the introduction of interesting
sequences by cotransformation, like the gene encoding
for green fluorescent protein (GFP) or DNA fragments
for gene disruption (insertional mutagenesis). Dominant
selectable markers are of interest, since they can be used
directly in the wild-type strain, without need for a re-
cipient mutant strain. Some dominant markers have
already been used for transformation of fungal plant
pathogens. These include acetamidase in Cochliobolus
heterostrophus (Turgeon et al. 1985), benomyl resistance
in Cryphonectria parasitica (Churchill et al. 1990) and
phleomycin resistance in Rhynchosporium secalis (Rohe
et al. 1996). Transformation systems based on hygro-
mycin B resistance selection using heterologous
regulatory sequences have been found useful in several
phytopathogenic fungi, including Fulvia fulva (Oliver
et al. 1987), Ustilago maydis (Wang et al. 1988),
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Magnaporthe grisea (Leung et al. 1990), C. parasitica
(Churchill et al. 1990) and R. secalis (Rohe et al. 1996).
The regulatory sequences of Aspergillus nidulans used in
the transformation of some basidiomycete species seem
to be poorly recognized and the use of homologous
sequences has proven more efficient.

In this paper, we report the genetic transformation of
protoplasts from Crinipellis perniciosa by polyethylene
glycol (PEG)/CaCl2 treatment. This is the first report of
the successful transformation of this important phyto-
pathogenic fungus.

Materials and methods

Strains and culture conditions

The C. perniciosa strain, biotype C, used in this study was isolated
in Santo Amaro, Bahia, Brazil. The fungus was maintained on
Oxoid potato dextrose agar (PDA) modified by addition of 0.15%
casein hydrosylate, 0.2% yeast extract, 0.2% peptone and 0.01%
vitamin solution (0.2 mg biotin, 10.0 mg p-aminobenzoic acid,
50.0 mg pyridoxine, 50.0 mg thiamin, 100.0 mg nicotinic acid,
100.0 mg riboflavin, 100 ml distilled water) at 27 �C. The trans-
formed strains were maintained on the same modified PDA med-
ium containing 50 lg hygromycin B/ml.

Transformation vector

Plasmid pAN7-1 (Punt et al. 1987) was obtained from Dr.
C.A.M.J.J. van den Hondel, Leiden, The Netherlands. It contains
the Escherichia coli hygromycin B phosphotransferase gene (hph)
fused to the A. nidulans glyceraldehyde-3-phosphate dehydrogenase
gene (gpd) promoter and the A. nidulans tryptophan synthetase
gene (trpC) transcription-terminator. The plasmid was isolated
from E. coli DH5a using the alkaline lysis procedure, as described
by Sambrook et al. (1989).

Protoplast production and transformation procedure

Protoplasts of C. perniciosa were obtained from mycelium grow on
modified PDA covered by a cellophane membrane. After 4 days at
27 �C, 1 g of C. perniciosamycelium was added to 10 ml of osmotic
solution (0.8 M KCl in 10 mM phosphate buffer, pH 5.8), 150 mg
Glucanex enzyme (Novo Nordisk) and 100 mg of bovine serum
albumin and was incubated at 30 �C with agitation (80 rpm) for
2–3 h. Following removal of cell debris by filtration, the proto-
plasts were centrifuged at 3,000 g for 10 min at 4 �C, to remove the
enzyme, washed three times in 5 ml of STC (1 M sorbitol, 50 mM
CaCl2, 100 mM Tris-HCl) at 3,000 g for 10 min at 4 �C, re-
suspended in an appropriate volume of STC for a final con-
centration of 108 protoplasts/ml and kept on ice. Transformation
of C. perniciosa was carried out according to Yelton et al. (1984)
and Ballance and Turner (1985), with some modifications. In two
separate experiments, approximately 1·107 protoplasts were added
to 10, 15 and 20 lg of plasmid pAN7-1, 50 ll of PEG solution
(25% PEG 6000, 50 mM CaCl2) was added and the mixture was
incubated on ice for 20 min. This was followed by the addition of
500 ll of the same PEG solution and a 20-min incubation at room
temperature. The protoplasts were plated on selective regeneration
medium (PDA containing 0.5 M sucrose, with 100 lg hygromycin
B/ml) and incubated at 27 �C. After 15–20 days, we could see
transformant colonies growing on this medium. Negative controls,
with protoplasts that were treated with PEG/CaCl2 solution but
not with pAN7-1, were plated on non-selective regeneration
medium (PDA containing 0.5 M sucrose). Aliquots of protoplast

suspensions that were not treated with PEG/CaCl2 solution or
pAN7-1 were plated in PDA with or without stabilizer (0.5 M
sucrose), to estimate the regeneration frequency.

Nuclear staining of protoplasts

In order to determine the percentage of nucleated protoplasts, the
nuclei were stained with Giemsa (Sigma). One drop of protoplast
suspension was spread on a slide dried at room temperature. The
slide was then held in a methanol solution for 5 min for fixation
and hydrolyzed with 1 N HCl for 2 min at 63 �C. The slide was
washed three times with 100 mM phosphate buffer, pH 7.0, and the
Giemsa (prepared in 100 mM phosphate buffer, pH 7.0) was ad-
ded. After 15 min, the dye was removed by washing in phosphate
buffer and the slide was examined with an optic microscope.

Transformant analysis

The genomic DNA of the parent strain and five randomly chosen
transformants were extracted according to Specht et al. (1982). A
PCR analysis for detection of the hph gene was performed using the
primers hph1 (5¢-AGCGTCTCCGACCTGATG-3¢) and hph2 (5¢-
CGACGGACGCACTGACGG-3¢). PCR amplification included
30 cycles of 1 min at 94 �C for denaturing, 1 min for annealing at
50 �C and 1.5 min for polymerization at 72 �C. The reaction pro-
ducts were analyzed by electrophoresis on 1.5% agarose gel. The
same DNA used on the PCR was used for Southern analysis.
About 4 lg of BamHI-digested DNA was fractionated on a 0.8%
agarose gel and transferred to a Nylon membrane (Stratagene),
according to the general protocols of Sambrook et al. (1989), using
the pAN7-1 plasmid as probe. DNA probe-labeling, hybridization
and signal detection were performed with the Dig high prime la-
beling and detection starter kit II (Roche), following the instruc-
tions of the manufacturer.

Mitotic stability

The mitotic stability of 40 transformants was examined by growth
on a nonselective medium (PDA modified medium without hy-
gromycin B). Cultures were sequentially transferred to nonselective
medium five times and cultured for 5 days each time. Mycelial
fragments were then transferred back to selective medium to de-
termine whether the selective marker had been lost.

Resistance level to hygromycin B

Forty transformants and the wild-type strain were tested for their
hygromycin B resistance levels. The colonies were transferred to
PDA modified medium containing different concentrations of the
antibiotic (50, 100, 150, 200, 250, 300 lg/ml) and incubated at
27 �C for 5 days.

Results and discussion

Preliminary tests showed residual growth of the C. per-
niciosa wild-type strain in 50 lg hygromycin B/ml, but
no growth at a concentration of 100 lg/ml. The trans-
formation experiments were therefore carried out using
100 lg hygromycin B/ml.

In two independent experiments, an aliquot of
the protoplast suspension was treated with PEG/
CaCl2 without pAN7-1 to determine the protoplast
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regeneration frequency, which was found to be 2%. This
was the same frequency achieved with protoplasts that
were not treat with PEG/CaCl2 solution or pAN7-1. In
the nuclear-staining of protoplasts, 900 protoplasts were
examined and it was shown that 58.8% were enucleate,
37.5% uninucleate and 3.55% binucleate. Hygromycin
B-resistant colonies became visible to the naked eye
15 days after protoplast treatment with PEG/CaCl2 so-
lution and different concentrations of circular pAN7-1
plasmid (Table 1). The highest transformation fre-
quency (2.5 transformants/lg DNA) was obtained in a
transformation mixture containing 10 lg of pAN7-1
plasmid.

The protoplast regeneration rate of 2% obtained with
or without PEG/CaCl2 treatment was interesting, since a
reduced viability of the protoplasts had been expected
after this treatment, due to the deleterious effects of
PEG. Furlaneto et al. (1999) reported a decrease of 10%
in protoplast regeneration for Metarhizium flavoviride
after PEG treatment; and Valadares-Inglis et al. (1997)
observed a 10–25% reduction for the same treatment in
the CG423 strain of M. flavoviride. The high percentage
of enucleate protoplasts (58.8%) is one factor related to
this low regeneration rate. Moreover, this high rate of
enucleate protoplasts may explain the lack of a linear
correlation between the increase in DNA concentration
and the increase in the number of transformants, as
shown in Table 1. The lack of correlation may have been
a result of a saturation of pAN7-1 plasmid DNA mo-
lecules, in relation to competent nucleate protoplasts in
the transformation mixture.

The transformation frequency obtained (1.6–
2.5 transformants/lg of DNA) by protoplast treatment
with PEG/CaCl2 and the circular pAN7-1 plasmid is not
considered high. It is, however, a higher value than that
obtained for Lentinus edodes, which had 0.8 transfor-
mants/lg of pLG-hph containing the hph gene under the
control of the homologous promoter of the gpd gene
(Hirano et al. 2000). In contrast, it is lower than the
value obtained for Magnaporthe grisea, with 20–
30 transformants/lg of pAN7-1 (Kachroo et al. 1997),
and that for Laccaria laccata, with 5–50 transformants/
lg of the same plasmid (Barrett et al. 1990). One factor
that could possibly have reduced the transformation rate
is the poor recognition of the gpd promoter of A. nidu-
lans (an ascomycete) by the transcriptional machinery of
C. perniciosa (a basidiomycete). The poor recognition of

ascomycetes gene control elements in basidiomycete
hosts has been discussed elsewhere and was cited as the
possible reason for the low transformation frequency in
other studies, such as with Hebeloma cylindrosporum, in
which the pAN7-1 vector was also used for transfor-
mation (Marmeisse et al. 1992). Based on this idea and
on the statement that transformation frequency should
be increased by the use of homologous promoters,
transformation systems using the hygromycin B gene
under the control of homologous promoters were con-
structed for Schizophyllum commune (Schuren and
Wessels 1994) and Agaricus bisporus (Van de Rhee et al.
1996). For S. commune, phleomycin-resistant transfor-
mants were obtained only when using the homologous
gpd promoter, although one construct containing
Aspergillus nidulans regulation sequences was inefficient
(Schuren and Wessels 1994). Nevertheless, the use of the
homologous gpd promoter did not increase the trans-
formation frequency for Agaricus bisporus in relation to
the pAN7-1 plasmid (Van de Rhee et al. 1996). It is also
expected that the use of homologues promoters led to a
lower number of the vector integration, once they could
be transcribed more efficiently. Some other factors can
also be considered to increase transformation fre-
quencies. Irie et al. (2001) observed a 50-fold increase in
the transformation frequency of Plerotus ostreatus when
heat-denatured DNA lambda was added to the trans-
formation mixture. The restriction enzyme-mediated
integration technique (REMI) described by Schiestl and
Petes (1991) also increases the transformation frequency
in a great number of fungi and collaborates in a low-
number or single-vector insertion into the genome. This
is a transformation variation in which a restriction en-
zyme is added to the transformation mixture with a
linear plasmid.

About 54% of the transformants obtained in the two
experiments were unable to grow after their transfer to a
new selective medium, representing abortive transfor-
mants. The other 46% of the transformants continued
their visibly normal growth in the new medium. Five of
these were randomly chosen for plasmid integration
analysis. Total DNAs of the wild-type strain and five
transformants were isolated from the mycelial mass and
used for amplifications with primers hph1 and hph2. The
expected product of 690 bp, corresponding to the
structural hph gene region (Fig. 1), was obtained. Am-
plification of the expected fragment was observed in this
PCR analysis in all five transformant strains, while the
fragment was absent when wild-type DNA was used.
DNA from a strain of Penicillium griseoroseum trans-
formed with the pAN7-1 plasmid was used as a positive
control.

Southern blot analysis was used to determinate the
copy number of the vector in the C. perniciosa genome
(Fig. 2), using genomic DNA digested with BamHI,
which cleaves pAN7-1 once. This procedure confirmed
the results obtained by PCR and showed that multiple
vector copies were integrated at different genome sites in
the transformants and that no hybridization signal was

Table 1 Number of Crinipellis perniciosa transformants resistant to
hygromycin B in two independent experiments with different DNA
concentrations. The transformation frequency was calculated as the
number of transformants per microgram of pAN7-1

Treatment DNA
concentration
(lg)

Average
number of
transformants

Transformation
frequency

A 10 25 2.5
B 15 31 2.1
C 20 32 1.6
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observed in the untransformed strain. Fragments of the
same size as pAN7-1 were observed in four transfor-
mants studied (T1, T2, T3, T5), indicating the occur-
rence of tandem integrations, which made analysis of the
copy number integrations difficult. The high number of
pAN7-1 copies required to achieve hygromycin B re-
sistance could be due to the poor recognition of the gpd
promoter of Aspergillus nidulans, as discussed before.

Forty transformants analyzed were able to grow on a
new selective medium after five transfers in non-selective

medium, indicating their mitotic stability. Transfor-
mants showed different resistance levels in media with
different hygromycin B concentrations (50, 100, 200 lg/
ml; Fig. 3). Different hygromycin B resistance levels may
have been influenced just as much by the number of
plasmid copies as by the integration site (position effect).
Other authors (Barrett et al. 1990; Marmeisse et al. 1992;
Furlaneto et al. 1999) have also reported the occurrence
of transformants with different levels of resistance to-
wards the selection antibiotic.

The random insertion model of the pAN7-1 plasmid
is of practical interest because of the possibility of using
this vector in insertional mutagenesis, paving the way for
research into the functional genetics of this fungus. An
insertional mutagenesis system (random or targeted) is
very useful for isolating pathogenicity genes from phy-
topathogenic fungi (for a review, see Idnurm and
Howllet 2001). This approach is quite promising at
present, since the C. perniciosa genome is being se-
quenced by a consortium of Brazilian institutions (see
the homepage of this project, at www.ige.ibi.uni-
camp.br/vassoura). Still, in spite of the transformation
protocol described here, few protocols are available for
functional genetic studies of C. perniciosa. An interesting
aspect of an efficient insertional mutagenesis system is
that the vector, besides integrating randomly, integrates
itself in one or a few sites, to facilitate the recuperation
of the interrupted gene. Multiple integration of the
pAN7-1 plasmid is therefore an undesirable character-
istic and alterations in the protocol are necessary to re-
duce the number of integrations. Besides the homologue
promoters and the REMI method, another alternative to
reduce the number of integrations is the use of the

Fig. 1 Amplified 690-bp fragment corresponding to part of the
structural region of the hph gene. Total DNA from Crinipellis
perniciosa wild type and five randomly chosen transformants was
amplified with the primers hph1 and hph2. M Molecular size
marker Smart (Promega), WT C. perniciosa wild type, PG
Penicillium griseoroseum transformant with the hph gene used as
positive control (transformant obtained in our laboratory for other
objectives), T1–T5 C. perniciosa transformants resistant to
hygromycin B

Fig. 2 Southern blot analysis of total DNA of C. perniciosa wild
type and five randomly chosen transformants resistant to
hygromycin B. Total DNA was cut with BamHI and fractionated
in 0.8% agarose gel. The pAN7-1 plasmid was used as probe.
P Plasmid pAN7-1 cut with BamHI, WT C. perniciosa wild type,
T1–T5 C. perniciosa transformants. Some fragments of the
molecular size marker k HindIII are indicated in kilobases on the
left

Fig. 3 Growth of C. perniciosa wild type (in the center) and five
randomly chosen transformants on modified potato dextrose agar
medium with varying concentrations of hygromycin B: A 0 lg/ml,
B 50 lg/ml, C 100 lg/ml, D 200 lg/ml. The wild type showed no
growth at 100 lg/ml and the transformants showed different levels
of resistance. Photograph was taken 8 days after inoculation at
27 �C
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transformation mediated through Agrobacterium tume-
faciens (ATMT). For Fusarium oxysporum, about 50–
80% of the transformants obtained by the ATMT
method showed a single T-DNA insert per genome and
in the transformation of Calonectria morganii by
ATMT, all transformants analyzed had a single-copy
integration of the marker gene (Malonek and Meinhardt
2001; Mullins et al. 2001).

We report here the first successful transformation of
the important plant pathogen Crinipellis perniciosa. The
hph gene that confers hygromycin B resistance was
chosen as the selection marker, since it can be directly
used in the wild-type strain. Other marker types, such as
genes that complement auxotrophic mutations, cannot
yet be used for this fungus because there is currently no
auxotrophic mutant available. Beyond the potential use
in functional genetics studies, this transformation system
also allows for the introduction of genes of interest by
cotransformation, as in the case of GFP, whereby
transformants can be used to accompany the infection
process by fluorescence microscopy. Gene fragments
identified by the sequencing project can also be co-
introduced for gene-tagging and genes in antisense form
can be used for silencing studies. Some parameters will
be analyzed in future experiments of C. perniciosa
transformation, with the objective of obtaining an
optimized transformation protocol with randomized
integration of unique vector copies for an efficient
insertional mutagenesis system.
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