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ABSTRACT The fungus Trichoderma harzianum is a po-
tent mycoparasite of various plant pathogenic fungi. We have
studied the molecular regulation of mycoparasitism in the
host/mycoparasite system Botrytis cinerea/T. harzianum. Pro-
tein extracts, prepared from various stages of mycoparasit-
ism, were used in electrophoretic mobility-shift assays (EM-
SAs) with two promoter fragments of the ech-42 (42-kDa
endochitinase-encoding) gene of T. harzianum. This gene was
chosen as a model because its expression is triggered during
mycoparasitic interaction [Carsolio, C., Gutierrez, A., Jime-
nez, B., van Montagu, M. & Herrera-Estrella, A. (1994) Proc.
Natl. Acad. Sci. USA 91, 10903-10907]. All cell-free extracts
formed high-molecular weight protein—-DNA complexes, but
those obtained from mycelia activated for mycoparasitic at-
tack formed a complex with greater mobility. Competition
experiments, using oligonucleotides containing functional and
nonfunctional consensus sites for binding of the carbon
catabolite repressor Crel, provided evidence that the complex
from nonmycoparasitic mycelia involves the binding of Crel to
both fragments of the ech-42 promoter. The presence of two
and three consensus sites for binding of Crel in the two ech-42
promoter fragments used is consistent with these findings. In
contrast, the formation of the protein~-DNA complex from
mycoparasitic mycelia is unaffected by the addition of the
competing oligonucleotides and hence does not involve Crel.
Addition of equal amounts of protein of cell-free extracts from
nonmycoparasitic mycelia converted the mycoparasitic DNA-
protein complex into the nonmycoparasitic complex. The
addition of the purified Crel::glutathione S-transferase pro-
tein to mycoparasitic cell-free extracts produced the same
effect. These findings suggest that ech-42 expression in T.
harzianum is regulated by (i) binding of Crel to two single sites
in the ech-42 promoter, (ii) binding of a “mycoparasitic”
protein—protein complex to the ech-42 promoter in vicinity of
the Crel binding sites, and (iii) functional inactivation of Crel
upon mycoparasitic interaction to enable the formation of the
mycoparasitic protein-DNA complex.

Biological control of plant pathogens is an attractive alterna-
tive to the strong dependence of modern agriculture on
chemical fungicides, which cause environmental pollution and
development of resistant strains. The saprophytic soil fungus
Trichoderma harzianum Rifai is a potent mycoparasite of
several economically important plant pathogenic fungi, and
has therefore been tested for biocontrol potential in many field
and greenhouse trials. Unfortunately, the efficacy of biocon-
trol strains has shown to be, in most of the cases, less
predictable and not competitive with that of chemical fungi-
cides. Knowledge of the biochemical events that determine
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mycoparasitism and their regulation would suggest strategies
to improve the reliability of 7. harzianum as a biocontrol agent.
To accomplish this goal, a number of genes, specifically
induced under mycoparasitic conditions, have been cloned
from T. harzianum (1-9). Most of these genes encode chiti-
nolytic and glucanolytic enzymes (24, 6, 8, 9); this reflects the
need of the mycoparasite to penetrate the cell wall of the plant
pathogen, which, in many cases, consists of chitin and -1,3-
glucans as major structural components. Chitinases have been
proven essential for biocontrol in vivo and in vitro, and fungal
chitinase-encoding genes are therefore considered as attrac-
tive tools to reinforce plant defenses (10, 11).

Despite this importance of chitinases, there have been few
attempts to understand the regulation of chitinase expression
in T. harzianum. ech-42 transcription is induced by chitin and
repressed by glucose (3, 4), but these data were obtained with
T. harzianum growing in submerged culture on chitin or cell
walls of plant pathogenic fungi, which do not reflect natural
conditions.

Because T. harzianum is not capable of sexual reproduction,
genetically defined mutants that could be used to study gene
regulation are not available and cannot be easily obtained.
Therefore, we have used an alternative approach to obtain
information on the regulation of ech-42 expression under
mycoparasitic conditions: we studied proteins binding to the
ech-42 promoter in vitro by using cell-free extracts from
mycelia of 7. harzianum during the mycoparasitic interaction
with mycelia of Botrytis cinerea, an important plant pathogen.
Protein—-DNA complexes, whose binding is competitively pre-
empted by the carbon catabolite regulator Crel and favored
under mycoparasitic conditions, were detected.

MATERIALS AND METHODS

Strains and Plasmids. 7. harzianum strain P1 (ATCC
74058), isolated from wood chips, and B. cinerea Pers.:Fr.strain
12 isolated from grapes were used as a mycoparasite and its
host, respectively, since P1 is able to limit the activity of B.
cinerea as a pathogen on apple, grapes and other crops (12).
Plasmids pBluescript (Stratagene) and pCRII (Invitrogen)
were used for cloning PCR-generated fragments.

Plate Confrontation Assays and Protein Extracts. Plate
confrontation assays, where the mycelia of T. harzianum and
B. cinerea were allowed to intermingle, were performed in the
dark on potato dextrose agar or minimal medium with 2% agar

Abbreviations: EMSA, electrophoretic mobility-shift assay; GST, glu-

tathione S-transferase.

Data deposition: The sequence presented in this paper has been

deposited in the GenBank data base (accession no. Z80358).

7To whom reprint requests should be addressed.

§$Present address: Otto Warburg Center for Agricultural Biotechnol-
ogy, The Hebrew University of Jerusalem, Faculty of Agriculture,
Rehovot, Israel.



Microbiology: Lorito et al.

plus 0.3% glucose (3). For extraction of DNA-binding pro-
teins, 7. harzianum and B. cinerea were grown on confronta-
tion plates, and mycelia of 7. harzianum collected at different
stages of interaction: (7) 2 days after inoculation before contact
with B. cinerea (Trichoderma or Botrytis mycelia, 5 mm apart
from the original inoculum and without spores were collected);
(i) 12 h, (iii) 24 h, and (iv) 72 h after contact with mycelium
of B. cinerea; and (v) 12-24 h after hyphal contact with
mycelium of another colony of T. harzianum strain P1 of the
same age. Mycelium of B. cinerea was also collected immedi-
ately after contact with T. harzianum. All the mycelia in the
area of interaction or close to it were recovered. Equivalent
zones were collected from control plates inoculated only with
T. harzianum or B. cinerea. T. harzianum was also grown in
liquid culture on minimal medium plus 0.3% glucose or malt
extract, and the mycelium was collected by centrifugation 4
days after the cultures were started. Cell-free extracts were
obtained as described (13) and stored at —70°C. A glutathione
S-transferase (GST)::Crel fusion protein from Trichoderma
reesei E. Simmonds was used to investigate the competitive
effect of Crel on the binding of cell-free extracts to the
promoter fragments. The preparation of this fusion protein has
been described elsewhere (14); briefly, a 700-bp DNA frag-
ment encoding the DNA-binding domain of the Crel-protein
was expressed as a GST::Crel fusion in Escherichia coli LC137,
and the protein purified as described in the manufacturer
protocols (Pharmacia—-LLKB). Molecular biological standard
techniques were carried out according to Sambrook et al. (15).

Cloning of the ech-42 Promoter. A 829-bp fragment, com-
prising nucleotides —1 to —829 from the start codon of ech-42,
was PCR amplified from genomic DNA of T. harzianum.
Three nested primers were designed for the region containing
the 5’ end of ech-42 (ref. 2; Table 1); namely: E1, which anneals
at nucleotide +133; E2, which anneals upstream of E1 and
includes the start codon; and E3, which anneals at nucleotide
—60. PCR conditions were as follows: one cycle of 3 min at
94°C and of 1 min at 55°C, followed by 34 cycles of 1 min at
94°C; 1 min at 55°C and 3 min at 72°C; and a final cycle of 1
min at 94°C, 1 min at 55°C, and 7 min at 72°C. E1 and random
primer 221 (Table 1) were first used to amplify a putative
promoter fragment, which was identified by probing with a
700-bp fragment of ech-42 containing the 5’ end of the gene.
The band hybridizing with the probe was purified from the gel
and re-amplified first with oligonucleotides E2 plus 221 and
then with E3 plus 221. Two amplicons showing the expected
sizes (803 and 829 bp, respectively) were purified from the gel
and subcloned. At least two PCR products, obtained indepen-
dently from different primers and combinations, were cloned
in pCRII and sequenced from both ends. The final sequence
was also verified by sequencing two overlapping fragments of
the promoter, which were obtained by cleavage with BamHI
and Xbal or with Sall and EcoRV.

Preparation of DNA Fragments EMSA. Three fragments of
the promoter of the T. reesei xynl (xylanase I-encoding) gene
generated by restriction of a 538-bp DNA fragment (14) were
also used for EMSA. The fragments used for EMSA were
end-labeled with the appropriate [y->?P]dNTP using Seque-

Table 1. Oligonucleotide used for PCR amplification or
for EMSA

Name Sequence Ref.
221 5'-aatcgggetg-3' This study
E1l 5'-ctggctctettctcaaca-3’ This study
E2 5'-atggtgaagtgtttgaga-3’ This study
E3 5'-ttgaaaggaagaagttgc-3’ This study
Crelso 5'-atattatgcggagaccccagaatgtttctce-3’ 14
CrelwT  5'-gccggatgcaccccagatctggggaacgegeege-3' 14
CrelMU  5'-gccggatgcacccaagatcttgggaacgegeege-3' 14

EMSA, electrophoretic mobility-shift assay.
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FiG. 1. Plate confrontation assay of 7. harzianum and B. cinerea,
and SDS/PAGE of cell-free extracts of mycelia collected during
different stages of mycoparasitism. (4) Schematic description of the
plate assay used to prepare cell-free extracts from different stages of
mycoparasitism. Small circles represent T. harzianum (T) or B. cinerea
(B) colonies growing on agar medium in a Petri plate (large circles).
The mycelium was collected from the pattern-filled zones before the
contact (al), and 12 h (a2), 24 h (a3), and 72 h (a4) after the contact.
Samples were also collected from other conditions (see Materials and
Methods). (B) SDS/PAGE of T. harzianum cell-free extracts from
different conditions. Lanes: 1, extract from a 7. harzianum-T. harzia-
num interaction 12-24 h after the contact; 2, T. harzianum extract from
mycelium in stage al; and 3-5, T. harzianum extracts of mycelia from
stages a2, a3, and a4, respectively. Twenty micrograms of protein was
applied per slot.

nase version 2.0 (United States Biochemical). Synthetic dou-
ble-stranded oligonucleotides, used for competition experi-
ments, are given in Table 1, and were prepared as described by
Strauss et al. (14). The DNA-protein binding and the EMSA
were performed as described by Stangl et al. (13). DNA-
protein binding was performed at 4°C for 5 min and extracts
obtained from different mycoparasitism stages were always
tested at the same protein concentration for each experiment
or mixed at different ratios.

Electrophoresis. Samples to be analyzed by SDS/PAGE
were boiled in SDS/PAGE buffer and electrophoresed in 10%
acrylamide gels. Bands were visualized by Coomassie blue
staining.

RESULTS

Mycoparasitic Interaction Is Accompanied by a Major
Change in the Intracellular Protein Composition of the My-
coparasite. Cell-free extracts containing nuclear proteins were
prepared from T. harzianum strain P1 at various stages of
interaction with Botrytis cinerea—i.e., 2 days before and 12, 24,
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and 72 h after contact with B. cinerea (Fig. 14). During the
latter stages, triggering of expression of ech-42 biosynthesis
occurred (ref. 3, and data not shown) and the mycelium of host
lysis was completed after 72 h. SDS/PAGE showed that the
mycoparasitic process was paralleled by a striking change in the
protein composition of the extracts (Fig. 1B). The major
changes were observed already 12 h after the initial contact
and little variation occurred thereafter. No alterations in the
SDS/PAGE pattern were observed with protein extracts from
mycelia after prolonged growth in either liquid or solid media,
and in mycelia of T. harzianum confronted with other mycelia
of T. harzianum (Fig. 1B and data not shown). Therefore,
regulatory events triggering mycoparasitism probably take
place within the first 12 h of interaction.

Cloning and Sequence Analysis of ech-42 5'-Upstream Se-
quences. To investigate the alterations in the interaction of
proteins with the regulatory regions of mycoparasitism genes
during shift from mycelial growth to mycoparasitism, ech-42
was used as a model. The expression of this gene during
transition to mycoparasitism has already been shown (3) under
experimental conditions similar to the ones used here. There-
fore, a promoter fragment of the ech-42 gene encoding for an
endochitinase was obtained by PCR from T. harzianum
genomic DNA using a nested primer from the 5’ end of the
encoding sequence and a random primer. The larger band,
which was 829 bp, was purified and sequenced. The sequence
was identical to the already known (3) 350 bp of the ech-42
promoter of 7. harzianum, with the exception of one bp at
nucleotide —327 (Cinstead of T). The 829 bp (Fig. 2) displayed
several single consensus sites (5'-SYGGRG-3’; refs. 16 and 17)
for binding of the carbon catabolite repressor CreA (which
corresponds to the Trichoderma Crel; ref. 14). No other known
consensus sites for transcriptional regulators could be identi-
fied with certainty.

T. harzianum Proteins Form Mycoparasitism-Dependent
Complexes with ech-42 Nucleotide Fragments. Two Sall frag-
ments S1 and S2 (480 and 349 bp, respectively) of the ech-42
5’-end noncoding sequences were analyzed by EMSA for their
ability to bind proteins present in extracts from different stages
of the mycoparasitic process. Two different high-molecular-
weight DNA-protein complexes were found with cell-free
extracts from mycoparasitic and nonmycoparasitic interaction,
respectively. Of these two the DNA-protein complex observed
under mycoparasitic conditions exhibited greater mobility
than that formed under nonmycoparasitic conditions (Fig. 3).
Controls using extracts from 7. harzianum confronted with
itself did not show the shift in size of the complex typical for
mycoparasitism, indicating that its appearance was not the
result of nutrient (i.e., glucose) starvation. The formation of
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FiG. 3. In vitro binding of proteins to fragments of the ech-42
promoter. (A) Schematic representation of the method used to
prepare the DNA fragments for EMSA. PCR was performed with
combinations of primers 221, E1, E2, and E3 as described. The final
221 plus E3 amplification product was sequenced and digested with
Sall to obtain the two fragments used for EMSA (S1 and S2). (B)
EMSA, using protein extracts of 7. harzianum and two fragments of
the ech-42 promoter region. Lanes: 1, free DNA; 2, DNA plus extract
from a3; 3, DNA plus extract from al; 4, DNA plus protein extracts
from the mycelium of a T harzianum-T. harzianum interaction; and 5,
DNA plus protein extracts from mycelium of B. cinerea during a2.

DNA-protein complexes with cell-free extracts of B. cinerea
likewise was not responsible for the “mycoparasitic shift,”
because the controls showed that this complex did not pene-
trate into the gel under the conditions applied here. We
therefore conclude that mycoparasitic conditions are charac-
terized by an alteration in the binding of proteins to the ech-42
promoter.
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FiG. 2. Sequence of the ech-42 promoter region. The TATA boxes are printed in boldface type and underlined. Putative consensus sequences
for binding of Crel are underlined, and the arrow indicates their positions on the coding strand (—) and on the complementary strand (<).
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The Nonmycoparasitic DNA-Protein Complex Involves the
DNA-Binding of Crel. Since the two ech-42 promoter frag-
ments showed the presence of consensus sequences for binding
of the carbon catabolite repressor protein Crel, we investi-
gated whether these sites are involved in the formation of the
DNA-protein complexes observed with cell-free extracts ob-
tained from mycelia grown under mycoparasitism or nonmy-
coparasitism conditions, respectively. To this end, increasing
amounts of an unlabeled double-stranded fragment of the xyn/
promoter of 7. reesei, containing a double and a single Crel
binding site (Crelso; ref. 14), were added to the EMSA-
incubation mixtures. Fig. 4 shows that Crelso competitively
inhibited the binding of the extracts from nonmycoparasitic,
but not that from the mycoparasitic mycelia, to ech-42 pro-
moter fragments. Complete inhibition was obtained with a
molar ratio of 1:50 (genomic DNA vs oligonucleotide, respec-
tively). To demonstrate the specific involvement of Crel,
another oligonucleotide (Cre1MU), which contains a mutation
in the Crel binding site that substantially reduces the binding
of Crel in vitro and in vivo (14, 18), was used (Fig. 4B). No
competition was observed, even with 100 molar excess of
CrelMu. These results clearly indicate that the formation of
nonmycoparasitic, but not the mycoparasitic, DNA-protein
complex involves binding of Crel to ech42.

Mycoparasitic Interaction Prevents Crel-Binding to its
Target Sequence in the ech-42 Promoter. To obtain informa-
tion on how binding of the mycoparasitism-specific protein
complex takes place at the expense of Crel-binding, protein
extracts from both the mycoparasitic and the nonmycoparasitic
conditions were mixed in various proportions and binding to
ech-42 analyzed by EMSA. The presence of equal amounts of
protein from both types of extracts yielded the nonmycopara-
sitic protein—-DNA complex, which, therefore, at similar pro-
tein concentrations, displayed a higher stability than the
mycoparasitic protein-DNA complex (Fig. 5). To find out
whether the protein-DNA complex formed under mycopara-
sitism conditions requires functional inactivation of Crel,
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Fi6.4. Demonstration of the involvement of Crel in protein-DNA
binding during EMSA with protein extracts of 7. harzianum and the
ech-42 fragments S1 and S2. Two oligonucleotides, one containing a
double Crel-binding site (CrelwT) and one containing the same site
mutated and unable to bind Crel (Crelmu), were used. (4) Lanes: 1,
free DNA; 2, DNA plus protein extracts from al (see Fig. 1); 3-5, DNA
plus protein extracts from al in the presence of a 5-fold (lane 3),
10-fold (lane 4), and 50-fold (lane 5) molar excess of CrelwT; and 6
and 7, DNA plus protein extracts from al in the presence of a 50-fold
(lane 6) and 100-fold (lane 7) molar excess of Crelmu. (B) Lanes: 1,
free DNA; 2, DNA plus protein extracts from a3 (see Fig. 1); 3 and 4,
DNA plus protein extracts from a3 in the presence of a 50-fold (lane
3) and 100-fold (lane 4) molar excess of CrelwT; and 5, DNA plus
protein extracts from a3 plus a 100-fold molar excess of Crelmu.
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varying amounts of a GST::Crel fusion protein (14) were
added to the extract from mycoparasitic mycelia. As shown
(Fig. 5), the fusion protein strongly competed with these
protein extracts. Controls showed that the GST::Crel fusion
protein alone formed complexes of a size similar to that of
complexes from nonmycoparasitic cell-free extracts. The si-
multaneous addition of GST::Crel fusion protein and of
protein extracts from nonmycoparasitic mycelia synergistically
inhibited formation of the mycoparasitic complex. These data
indicate that Crel successfully competes with the “mycopara-
sitic” DNA-binding protein(s) for both ech-42 fragments,
suggesting that Crel must become functionally impaired dur-
ing transition to mycoparasitism.

DISCUSSION

The results presented in this paper provide insight into the
molecular mechanism triggering mycoparasitism. Using ech-
42, a gene expressed in hyphae of T. harzianum upon contact
with its host (3), we show that this mycoparasitic interaction is
accompanied by a change in the ability of nuclear proteins of
the fungus to bind to the ech-42 promoter. Two different
protein—-DNA complexes, corresponding respectively to myce-
lia before and during mycoparasitism, were found with cell-
free extracts. In the case of nonmycoparasitic mycelia, com-
petition analysis showed that the carbon catabolite repressor
Crel participates in this DNA-protein complex. At least five
consensus-target sites for Crel were detected in the 5'-
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Fi16. 5. EMSA of protein extracts of 7. harzianum with fragments
S1 and S2 of the ech-42 promoter in the presence of GST::Crel fusion
protein of T. reesei. (A) Lanes: 1, DNA plus protein extract from al
(see Fig. 1) in the presence of 10 ug of GST::Crel; 2, as in line 1 but
in the absence of Crel::GST; 3, free DNA; 4, DNA plus 10 ug of
GST::Crel in the absence of protein extracts from 7. harzianum; 5,
DNA plus protein extracts from a3 (see Fig. 1); 6-10, DNA plus
cell-free extracts from a3 in the presence of 0.01 (lane 6), 0.1 (lane 7),
0.5 (lane 8), 1.0 (lane 9), and 10 pg (lane 10) of GST::Crel. (B) EMSA
with DNA and various ratios of protein extracts from al and a3. Lanes:
1, free DNA; 2, protein extracts from al; 3, protein extracts from a3;
4-6, extracts from al and a3, added at a protein ratio (wt/wt) of 5:1
(lane 4), 1:1 (lane 5), and 1:5 (lane 6); 7, protein extracts from al and
a3 at a ratio of 5:1 in the presence of 0.1 ug of GST::Crel; §, protein
extracts from al and a3 at a ratio of 3:1 in the presence of 0.1 ug of
GST::Crel; and 9 and 10, EMSA with 0.1 (lane 9) and 0.3 pg (lane 10)
of GST::Crel only.
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Fi1G. 6. Model to explain the regulation of the expression of ech-42
during mycoparasitism. RSa, target sequences for binding of Crel-
specific complexes (nonmycoparasitic); RSb, target sequences for
binding of the mycoparasitic regulator. S1 and S2 = Sall fragments of
the ech-42 5'-upstream sequence (see Discussion).

upstream sequences of ech-42. Further studies, including anal-
ysis of deletions, will be undertaken to show which of those
sites is actually functional in vivo.

Upon contact of T. harzianum with its host, a new DNA-
protein complex was formed with the ech-42 promoter, whose
binding could not be competitively inhibited with Crel-specific
oligonucleotide sequences. This indicates that during the first
12 h of mycelial interaction, the Crel-containing protein—
DNA complex characteristic of the nonparasitic condition is
displaced by a “mycoparasitism-specific’ complex. Nothing is
yet known about the target sequences for this complex. The
fact that formation of this complex could be competitively
inhibited by the addition of the Crel::GST fusion protein
suggests that both complexes may have overlapping or con-
tiguous target sequences. However, it is equally possible that
proteins, specifically present during the mycoparasitic and
nonmycoparasitic conditions, respectively, compete for bind-
ing to a protein component of the TATA-binding protein—
RNA polymerase II complex rather than directly for a DNA
target. Interestingly, the formation of the mycoparasitism-
specific protein-DNA complex obviously requires a functional
inactivation of Crel, because the addition of Crel to cell-free
extracts from mycoparasitic mycelia replaces the mycopara-
sitism-specific protein-DNA complex with the Crel-specific
protein—-DNA complex. Unfortunately, the regulation of Crel
function is still not understood; there is evidence that its
transcription is constitutive and autoregulated (19) and its
function in vivo may therefore be regulated by posttransla-
tional modification. The possible occurrence of such a regu-
lation (i.e., by phosphorylation) has been shown for the yeast
counterpart of Crel-Miglp (20).

Based on the present results, we present a model which—
albeit still hypothetical—accounts for all the observations
made, and which should be useful to design experiments to
study in vivo the mechanism that triggers expression of ech-42
and other mycoparasitism genes in 7. harzianum upon contact
with its host (Fig. 6). Before contact with the plant pathogen,
Crel binds to its target sequence (RSA) and precludes binding
of the mycoparasitism regulator to RSB, which has lower
affinity to its target than that of Crel (Fig. 64). Upon contact
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with the plant pathogen, Crel becomes functionally impaired
and dissociates from RSA, thereby enabling the mycoparasit-
ism regulator to bind to RSB (Fig. 6B). This model bears
striking similarity to the regulation of alcR expression in
Aspergillus nidulans (21), where the regulatory sequences for
binding of CreA and the positive autoregulator AlcR are so
closely located that the occupation by the respective protein
precludes binding of the other. Furthermore, it has been
demonstrated that, under glucose-repressed conditions, CreA
has a higher affinity for its target than AlcR (21). Since the
relevance of the A. nidulans/alcR model to the in vivo situation
has been established, we expect, by analogy, that our model
based on in vitro investigations also reflects the in vivo situa-
tion.

Note Added in Proof. While this manuscript was in press, we became
aware of a paper by Margolles-Clark et al. (22) reporting on the effect
of different carbon sources on ech-42 expression in 7. harzianum.
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