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A plate confrontation experiment is commonly used to study the mechanism by which Trichoderma spp.
antagonize and parasitize other fungi. Previous work with chitinase gene expression (ech42) during the
precontact period of this process in which cellophane and dialysis membranes separated Trichoderma harzia-
num and its host Rhizoctonia solani resulted in essentially opposite results. Here, we show that cellophane
membranes are permeable to proteins up to at least 90 kDa in size but that dialysis membranes are not. ech42
was expressed during the precontact stage of the confrontation between Trichoderma atroviride and its host only
if the cellophane was placed between the two fungi. These results are consistent with enzyme diffusion from
T. atroviride to R. solani generating the trigger of ech42 gene expression.

The ability of some species of Trichoderma to antagonize
and parasitize other fungi has made them effective biocontrol
agents against a range of plant pathogens (4, 8, 13). The mech-
anism responsible for biocontrol is unknown, although both
hydrolytic enzymes (chitinases, glucanases, and proteases) and
antibiotics play an important role (5, 9, 11, 14, 15). In partic-
ular, two chitinases (ech42 and chit33) and a protease (prbl)
appear important, even though the events triggering the ex-
pression of these genes during antagonistic interaction of
Trichoderma with other fungi are not well understood.

Recently (6, 16), ech42 expression has been shown to be
triggered by diffusable factors whose formation does not re-
quire contact between Trichoderma and Rhizoctonia solani.
Cortes et al. (6) used Northern blot analysis and detected
ech42 gene expression even though Trichoderma and R. solani
were separated by a cellophane membrane. In contrast,
Zeilinger et al. (16) separated the two fungi with a dialysis
membrane but found no ech42 expression with a green fluo-
rescent protein (GFP) reporter system. Resolving this appar-
ent discrepancy is critical to understanding how cell wall deg-
radation products, which both groups (6, 16) reported to elicit
ech42 gene expression, are formed.

In our laboratories, we frequently cultivate Trichoderma spp.
on agar plates covered with a cellophane membrane, since this
facilitates the removal of the fungus from the plate for subse-
quent analysis. Since this mode of cultivation also works well
with macromolecular substrates such as xylan (unpublished
observations), we suspected that the cellophane membrane
may not be completely impermeable to proteins. We therefore
compared the use of cellophane and dialysis membranes as
tools to separate the two colonies during confrontation exper-
iments.

To determine if macromolecules can permeate the cello-
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phane and dialysis membranes used in the confrontation ex-
periment, circular pieces of the cellophane membrane or the
dialysis tubing (2-cm diameter) were wetted, wrapped around
the bottom of an ISCO cup, and fixed with a tight rubber band.
The cup was then filled with 1 ml of a solution of sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) low-molecular-weight standard proteins (2 mg/ml) and
placed in a 30-mm-diameter Petri dish containing 2 ml of
distilled water. After incubation for 24 h at room temperature,
1 ml of water was withdrawn, mixed with 2 ml of 96% ethanol,
allowed to stand for 2 h at —20°C, and centrifuged (13,000 X
g, 4°C, 10 min). The precipitate was resuspended in 1 ml of
SDS-PAGE sample buffer (1), boiled (3 min, 95°C), and sub-
jected to SDS-PAGE in 7.5% separation gels (1). Marker
protein controls were also dissolved in SDS-PAGE sample
buffer, boiled as described above, and run on the same gel.

We incubated membranes with Trichoderma atroviride strain
P1 (ATCC 74058) by growing the fungus on potato dextrose
agar (Merck, Darmstadt, Germany), covered with the mem-
brane, for 4 days at 30°C. By this time, the fungus had covered
the entire plate as a fine, hairy mycelium. We scraped the
fungus from the plate with a spatula and rinsed the membrane
with 200 ml of distilled water. Circular pieces (2-cm diameter)
were cut from portions of the membrane that were free of
fungal hyphae, as determined microscopically. We found a
small, but clearly detectable, amount of all but the largest
marker protein (118 kDa) in the water (Fig. 1, lane B). The
control (membrane not incubated with 7. atroviride [data not
shown]) also showed the same result, indicating that the cel-
lophane membrane is permeable to proteins up to 90 kDa and
that cultivation of Trichoderma on it does not further alter this
property. In contrast, no proteins diffused through the dialysis
membrane (Fig. 1, lane C). From this experiment we con-
cluded that the cellophane membrane is not completely im-
permeable to proteins and that its use in the confrontation
assay would not prevent proteins and macromolecules of sim-
ilar sizes from diffusing from one fungus to the other.

This result suggests that the reason for the different findings
may be attributed to the type of membrane used; it also implies
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FIG. 1. SDS-PAGE of marker proteins applied onto the cellophane and into
closed dialysis membrane tubes (lane A) and of material leaking through the
cellophane (lane B) and the dialysis membrane (lane C). Forty micrograms of
marker proteins (lane A) and 20 pl of samples (lanes B and C) were applied, and
gels were stained with Coomassie blue. Samples in lanes B and C were concen-
trated such that they were directly comparable to that in lane A (see the text for
details).

that experiments performed with a dialysis membrane would
not show ech42 gene expression but that those performed with
a cellophane membrane would. We tested these hypotheses by
using T. atroviride ZEGA 2#6, carrying six copies of the
ech42::GFP reporter construct (16), and R. solani strain 1450
(Institute of Plant Pathology, Naples, Italy) as the plant-patho-
genic host, as previously described (6, 16). Plate confrontation
assays were carried out with agar plates covered with cello-
phane and incubated in the dark (12). For confrontation assays
that avoid physical contact, the host and mycoparasite were
separated by dialysis membranes (Sigma, Deisenhofen, Ger-
many; cutoff size, 12 kDa) or cellophane, as previously de-
scribed (6, 16) (see Fig. 2). Microscopic analyses of ech42::GFP
expression were performed using a fluorescence microscope
(DMRE/HC; Leica, Solms, Germany) fitted with a Leica filter
set (L4 band-pass, 450- to 490-nm excitation filter, 515- to
560-nm emission filter). Small pieces (5 to 10 mm?) of the
cellophane were cut out at the interaction zone, and hyphae
were removed from the cellophane with a drop of sterile water.
Digitized pictures (Fig. 2) were obtained using a video capture
system with an attached Sony DXC/950P camera. From these
experiments we concluded that the membranes used, cello-
phane and dialysis, were responsible for the differences in
ech42 gene expression and not other differences in the two
experimental setups.

Interestingly, when the dialysis membrane was used in the
experimental setup of Cortes et al. (6), R. solani inhibited
Trichoderma (Fig. 2D). This result suggests that macromole-
cule diffusion is required for T. atroviride to attack R. solani and
to overcome the competitive action (e.g., for nutrients) by the
host. Whether Trichoderma prevents the formation of or inac-
tivates a host-derived inhibitory compound remains to be clar-
ified, but to the best of our knowledge, no inhibitory com-
pounds from R. solani have been described.

These results led us to conclude that the expression of ech42
during the precontact period of a mycoparasitic interaction
requires the diffusion of a macromolecule of 12 to 90 kDa (i.e.,
larger than the 12-kDa cutoff size of the dialysis membrane but
not larger than the largest marker that penetrated the cello-
phane membrane) from one fungus to the other. This confirms
that our previous hypothesis (16) is correct and resolves the
apparent inconsistency between our results and those of Cortes
et al. (6).

Having two types of membranes with different levels of per-
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FIG. 2. Confrontation assay between T. atroviride (T) ech42:GFP (ZEGA
2#6; black areas) and R. solani (R; gray areas). (A) Arrangement of the mem-
branes according to the work of Cortes et al. (6). The membrane is shown by a
dotted line. (B) Arrangement of the membranes according to the work of
Zeilinger et al. (16). + indicates ech42::GFP expression, and — indicates no
expression. 1 and 2 refer to the two photographs shown in panel C. (C) Fluo-
rescence microscopy photographs of the effects of using the membrane arrange-
ment of Cortes et al. (6) with a cellophane (1*) and a dialysis (2*) membrane on
ech42::GFP expression. (D) Patterns of colony growth of Trichoderma and Rhi-
zoctonia under the experimental conditions of Cortes et al. (6) when a dialysis or
a cellophane membrane was used to separate the two fungi.

dialysis
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meability for fungal extracellular macromolecules available
further provided us with a tool to learn whether this triggering
macromolecule is produced by Trichoderma or Rhizoctonia. To
this end, we grew T. atroviride on synthetic medium (16) with
0.1% (wt/vol) glucose on plates that had been covered with one
of the two membranes (see Fig. 3) as described above (step 1).
Thereafter, the membrane plus the fungus was removed and
the plate was covered with a new membrane and inoculated
with Rhizoctonia (step 2). Finally, Rhizoctonia was removed, a
dialysis membrane was placed on the plate, and the plate was
inoculated with T. atroviride ZEGA 2#6 (step 3). In these
experiments, GFP formation was observed only when a cello-
phane membrane was used both in the first and in the second
step (Fig. 3), suggesting that the production of a macromole-
cule by Trichoderma and its action on Rhizoctonia are crucial
for ech42 expression.

The blockage of macromolecule penetration into the agar in
step 1 could be fully compensated for by inclusion of a low
concentration (0.1 to 0.5 pg/ml) of a lytic enzyme preparation
of T. harzianum in the second plate (Fig. 2) (we chose Novo-
zyme 234 [Sigma, St. Louis, Mo.] for this experiment, as this
preparation is readily available and the experiment is thus
easily repeatable by other workers). However, this addition did
not compensate for the use of a dialysis membrane in step 2,
indicating that contact between the macromolecule and Rhi-
zoctonia was required. The final triggering of ech42 expression
(step 3) was observed even when a dialysis membrane was used
in this step, indicating that the inducer is of low molecular
weight. These data support a model in which an attack on
Rhizoctonia by a macromolecule of Trichoderma releases a
low-molecular-weight inducer of ech42 expression. As this
macromolecule releases a compound from Rhizoctonia and
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FIG. 3. Schematic drawing of the consecutive steps of the plate confrontation
assay. Disks represent plates with colonies of the fungi T. atroviride ZEGA 2#6
(T) and R. solani (R). Arrows pointing from the plates indicate removal of the
fungus; arrows pointing into the plate indicate inoculation of agar disks with the
respective fungus. The membranes used in the four different experiments are
indicated in the numerical order of the three steps, with C meaning cellophane,
and D meaning dialysis membrane. Novozyme 234 was applied as a solution on
top of the agar, distributed equally, and allowed to diffuse into the agar for 2 h
at room temperature before a membrane was added. — indicates no fluores-
cence, and + indicates fluorescence when samples were examined under a
fluorescence microscope. nd, not determined.

because a similar effect could be obtained with Novozyme 234,
we hypothesize that this macromolecule is an enzyme, most
likely a chitinase as its action can be inhibited by allosamidine
(16). The system used here will be useful in the purification of
this enzyme from Novozyme 234 and other extracellular cul-
ture fluids of Trichoderma biocontrol strains.
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