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TRICHOLIN, A NEWANTIFUNGAL AGENT FROM Trichoderma viride, AND
ITS ACTION IN BIOLOGICAL CONTROLOF Rhizoctonia solani
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Tricholin, a ribosome-inactivating protein isolated from the culture broth of Trichoderma viride,
has been shownto exert fungicidal effects on Rhizoctonia solani through a multi-hit kinetic interaction.
Tricholin causes a parallel cessation of growth, uptake of amino acids, and protein biosynthesis.
The in vivo mode of action of tricholin on protein synthesis and cell growth appears to be attributed
to the diminishing of the polysome formation in R. solani through damage to large ribosomal
subunits. These results concur with previous data and prove that tricholin is an effective inhibitor

of protein synthesis. The efficacy of tricholin as an antibiotic agent was estimated to have a duration
of approximately 42 hours.

In recent years, fungi have been used frequently to control plant diseases caused by other fungi. In
most of these cases control of phytopathogens is effected through mycoparasitism1 ~ 3). The expression of
mycoparasitism is either by penetration and formation of hyphae within the host hyphae, or by antibiotic
effects exerted as a result of contact1}.

Trichoderma species are antagonists of many soil-borne phytopathogenic fungi4~6) and have

significantly decreased infection and disease through mycoparasitism. Successful control of phytopathogens
including Rhizoctonia solani, and other fungi has been achieved7'8). The molecular mechanism of this
antagonism is not yet well understood.
Recently we have isolated an extracellular protein, tricholin, from a strain of T. viride, and the

molecular action of tricholin was elucidated in vitro9). In this study we evaluated the antibiotic effect of
tricholin on phytopathogenic R. solani, and the in vivo mode of action of tricholin vs. the host cell was
examined. The results implied that tricholin is a potential fungicide for use in agriculture and medicine.

Materials and Methods

Cell Culture and Tricholin
Lyophilized culture of R. solani (CCRC 31252) obtained from The Culture Collection and Research

Center (Hsinchu, Taiwan) was soaked with sterile water for 30 minutes before transferred to potato dextrose
agar plate (Acumedia Inc., Baltimore, U.S.A.), then incubated at 30°C for 24hours. Single colony of R.
solani was picked and inoculated into 50 ml of potato dextrose broth (PDB) (Difco Lab., Detroit, U.S.A.)
in 250-ml flask. The cells were maintained at 30°C, with constant agitation.

Tricholin used in all experiments was isolated from the culture broth of T. viride (CCRC 32654)
according to procedures of Lin et al.9).

Fungicidal Effect
Quantitative measurement of fungicidal activity was done by viable counts. R. solani cells were

incubated in PDBmediumas described above with selected concentrations of tricholin. During the course
of the test, samples of 0.5ml were taken at time intervals and were plated on drug-free potato dextrose
agar. After incubation, viable fungal colony counts were determined. The number of target sites per cell
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were assessed by analysis of the survival-curves.

Protein Synthesis Assay
The labeled precursor L-[14C]leucine (120 Ci/mmol, Amersham, U.S.A.) was added to cell cultures

(OD650 =0.3) at the final concentration of 3 ^Ci per ml (the experimental volume was 5 ml in 50-ml flask).
After 9 hours of incubation, when cell cultures attained 0.5 OD650units (approximately 0.6 x 106 cells/ml),
various concentrations of tricholin or blank (sterile water) were added. Duplicate samples (0.5 ml) were
taken at various time intervals and diluted immediately in 1 ml of 5%ice-cold trichloroacetic acid (TCA).
Precipitates containing labeled leucine were collected on WhatmanGF/C filters and washed with 20 ml of
5%ice-cold TCA. The filters were dried, placed into a scintillation fluid, and counted.

Binding Assay and Proteolytic Digestion
R. solani cells were prepared exactly as they were for protein synthesis assays. Tricholin was

radioiodinated with carrier-free iodine (Amersham, Boston, MA)using IODO-GENiodinating reagent
(Pierce, Rock ford, IL). The iodinated tricholin retained its biological activity with a specific activity of
3 x 103 cpm/ng. All binding assays were performed at room temperature (25°C). Cells (2.4 x 104) in a final
volume of 200 /il were gently mixed with various concentrations of [125I]tricholin and incubated at room
temperature for various time intervals. The cells were centrifuged using Kubota microcentrifuge (Model
KM15200) at speed of5,000rpm, 5 minutes, at 25°C and washed 3 times with 10him Tris-HCl, pH 7.6. The
cells were finally resuspended in 10 mMTris-HCl, pH 7.6, transferred to a separate tube and the radioactivity
was determined.

Proteolytic digestion of tricholin treated cells was performed as follows: R. solani was grown for
9 hours and was incubated with [125I]tricholin for another 9 hours. The cells were collected and washed
with 0.1 m phosphate - buffered saline, pH 7.6 (PBS) vigorously. The treatments of protease were done by
resuspending cells with 0.3 ml of PBS then 3 units of protease K (600units/ml, Boehringer Mannheim
GmbH,Germany)were added into cells solution and incubated at 37°C for 30minutes. The cells were
collected and washed with PBS three times then sodium dodecyl sulfate (SDS) at the final concentration
of0.05% was added before cells subjected to French press (16,000 psi). Cell lysates were taken and analyzed
in 15% polyacrylamide gel electrophoresis containing SDS10), and autoradiograph at - 70°C.

Analysis of Polysomes
Tricholin treated and non-treated R. solani cells were harvested by centrifugation, washed twice with

PBS and were broken by a French press (16,000psi). The extract was centrifuged at 12,000 xg for 20
minutes and the resulting post-mitochondrial supernatant was used immediately for polysome analysis.
A post-mitochondrial supernatant (0.4 ml) representing about 3 x 1 04 cells was adjusted to the condition

of polysomal buffer containing 20mMTris-HCl, pH 7.6; 500mM KC1, 8 mMMgCl2, and layered on 0.5~
1.5 m linear sucrose gradients containing polysomal buffer. The centrifugation was done using a Beckman
SW41 rotor, at 40,000rpm, for 2.5hours at 4°C. The gradients were analyzed by an ISCO U.S.A.
absorbancemonitor.

Results

Fungicidal Action of Tricholin

The effect of tricholin on the growth of R. solani cells was examined by cell viability testing (Fig. 1).
Tricholin exerted a fungicidal mode of action on R. solani which was dependent upon concentration. The
correlation of cell growth and in vivo protein synthesis was determined. R. solani cells were allowed to
grow for 12 hours at 30°C, then [14C]leucine and different amounts of tricholin were added into the broth
medium while growth continued. At several time intervals (indicated in Fig. 2) aliquots were taken to
measure cell density and the incorporation of [14C]leucine. The results showed that cessation of

incorporation of [14C]leucine into TCAprecipitated proteins was parallel to that of cell viability and to
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Fig. 1. Concentration dependence of that fungicidal
effect of tricholin on R. solani. R. solani cells were
inoculated into PDBmedium.

the growth of cells (estimated from the optical
density) (Fig. 2, A, B and C).
Although our preparation of tricholin was elec-

trophoretically and immunologically pure9), we

were aware that the action of tricholin might be
affected by contamination with other agents. Hence,
a precautionary step was added. The experimental
conditions were essentially the same as in Fig. 2C.
As the tricholin treated cells became inhibited (8

hours after administering tricholin), a 3 fold excess
of anti-tricholin serum was added to the broth
medium, and growth was allowed to continue.
Reversible inhibition of the antibiotic effect of

tricholin was observed (Fig. 3). This clearly ruled
out the possibility of contamination by other
antimicrobial agents, and indicated that tricholin

was the primary factor that caused the inhibition of
the cell growth.

Timeand concentration effects of tricholin to
host cells were examined. The duration of the efficacy
of tricholin as an antibiotic agent vs. R. solani was
ca. 42hours as summarized in Table 1. Tricholin
inhibited protein synthesis in R. solani at both low
and high concentrations. However, at low dosage
levels the effect lasted only 3 to 4hours; the cells
then resumed their growth. This was possible

because a certain fraction of the cell population

could escaoe antibiotic action and survive. At hish

At log phase, various concentrations of tricholin
were added to the culture. Growth was continued for
24 hours when samples were taken and diluted serially
and then were spread on PDAplates. The survival
curve and the minimal fungicidal concentration were

determined by quantitation of colony-forming units
(CFU). The number of targeted sites per cell were

estimates made by the analysis of the intercept of the
slope of the survival curve shownon the right hand

vertical axis. These data represent the mean+ S.D. of
three experiments performed in duplicate.

concentrations of tricholin protein synthesis in R. solani was completely inhibited. It was noted that
the rate of uptake of leucine by cells was not affected by the concentration of tricholin. The time lag for
the incorporation of leucine into cells was about 2 hours. Incorporation of amino acids is necessary before
cells can initiate protein biosynthesis. The antibiotic effect of tricholin lasted approximately 42 hours after
its administration to R. solani cells in broth medium. A correlation between the cell number and the
effective concentration of tricholin was calculated. The estimated value of killing concentration was 0.7 fig
per106cells.

In vivo Action of Tricholin in R. solani Cells

Our preliminary binding data indicated that tricholin was able to bind to host cells (time for maximum
binding is 50minutes), and there appeared to be at least one type of specific receptor binding observed
from the competition experiment (data not shown). Whencells were incubated with [125I]tricholin and
washed vigorously before treatment with protease K, [125I]tricholin was found in cell lysates. The
autoradiography indicated that the intensities of radioactivity were the same in cell lysates of [1 25I]tricholin



802 THE JOURNAL OF ANTIBIOTICS JULY 1994

Fig. 2. The antibiotic effect of tricholin on R. solani.

The effect coordinately expressed by (A) the number of viable cells (by CFU). (B) the OD650 units
(growth); and (C) the incorporation of L-[14C]leucine. The incubation time was counted at the time of
adding tricholin after the growth of R. Solani cells reached at 0.5 OD650units. The concentrations of
tricholin used were 0.04fig (1 x ) and 0.4fig (10 x ) per 1 ml of culture. Controls (o), tricholin treated (à").

Fig. 3. Reversible inhibition of protein synthesis by tricholin is reversible.
R. solani cells were grown with L-[14C]leucine (120Ci/mmol) for 9 hours at 30°C (cell density

OD650 = 0.5), then 0.4 jug (per l ml of culture) of tricholin were added. When tricholin-treated cultures
became effected (9 hours after administering tricholin), then a 3 fold excess of anti-tricholin serum was
added to the broth medium (indicated by arrow) and growth was allowed to proceed (A). Controls were
done by incubating cells with (à") and without tricholin (o). Aliquots of duplicate samples cells were
taken at the time indicated and the incorporation of [14C]leucine was measured as described in the text.

treated cells regardless of protease K treatment (Fig. 4). The results of proteolytic digestion indicated that
tricholin did get into the host cells intact. Hence, the in vivo action of tricholin on R. solani cells was
investigated further, and the polysomal profiles of R. solani cells were examined. R. solani cells were grown
for 9hours before treatment with 0.35fig (per l ml of culture) of tricholin, a dosage that is known to



VOL. 47 NO. 7 THE JOURNAL OF ANTIBIOTICS 803

Table 1. The efficacy of tricholin against R. solani cells.

Percentage of inhibition

T. J y Uptake of leucine Cell density

m Time of growth (hours) Time of growth (hours)
1 8 27 42 1 8 27 42

Control 0 0 0 0 0 0
0.04 59 46 0 54 54 0

0.2 81 73 0 45 69 0
0.4 82 70 0 81 52 0

0.S 94 86 29 75 76 48

Cells in exponential phases were incubated separately with indicated amounts of tricholin. At
time intervals, aliquots were removed, [14C]leucine incorporation and cell growth were measured.
The values were the summaryof several experiments with duplicate samples.

Fig. 4. Proteolytic digestion of tricholin treated cells.

R. solani cells were grown for 9hours and then
incubated with [1 2 5I]tricholin for another 9 hours. The
cells were washed vigorously and broken by French

press (16,000psi). The cell lysates were analyzed by
polyacrylamide gel electrophoresis containing SDS

and autoradiography. Lane 1 shows the intact [125I]-
tricholin; lane 2 shows the intact [125I]-tricholin being
treated with protease K; lane 3 represents the total cell
lysate from [125I]-tricholin treated cells; and lane 4 is
the same as lane 3 but with protease K treatment under
the sameconditions as lane 2. The intact form of
tricholin is indicated bv arrow.

inhibit 50% of cell growth (from data of Fig. 1),
then the cells were grown continuously for 9 hours
and harvested for polysome analysis. At the same
time, the untreated cells were grown for 12hours

and used as the control. The polysome profile of
tricholin-treated cells was diminished as compared
to control cells when the sameOD650 unit equivalent
of cells was used (Fig. 5). In addition, the ratio of
40S and 60S subunits was drastically changed in the
tricholin treated cells while, the peak high of 40S
ribosomal subunits between control and treated cells
remained the same (Fig. 5). This is a good indication
that large ribosome subunits were the target of
tricholin in vivo. The decrease in large ribosomal
subunits in tricholin treated cells would accounts

for the action oftricholin on R. solani. The remaining
60S subunits in the polysome profile may come from
surviving cells, since the measurement of OD650

quantitates either live or dead cells. The results concur with our previous in vitro data*'.

Discussion

In this study we showed that tricholin exerted a fungicidal effect against R. solani by mechanisms
involving inhibition of growth and amino acid incorporation. Other antimicrobial peptides from various
microorganisms have been reported. In general they are relatively small in molecular size1:l ~ 16), contain
some unusual amino acids, and are, in most cases, formed via non-ribosomal mechanism of biosynthesis14)
or from the post-translational modification15-16). The chemical properties of tricholin have been

characterized9*; it has a relative large molecular weight (ca. 14 kDa) with no traces of modified amino acids.
Thus, the fungicidal action of tricholin is of considerable interest in understanding the mechanism of
antigonism. In addition, several species of Trichoderma produce antifungal metabolites such as alkyl

pyrones17>18) and Trichotoxin A-5019) which are antagonistic to fungi. However, possible contamination
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Fig. 5. Analysis of polysomal profiles of cytoplasmic extracts from R. solani cells.

R. solani cells were grown and processed as described in the text. Then, the amount of cells from
control (0.385 OD650 units/ml) (A) and tricholin treated cells (0.412 OD650 units/ml) (B) were analyzed

on 0.5~ 1.5m linear sucrose gradients in a buffer system containing 20mMTris-HCl, pH 7.6; 500mM
KC1, 8mMMgCl2. The migration of 40S and 60S ribosomal subunits is indicated. The bar marks

equivalent positions of the polysome regions. The scales give relative optical density (monitored at

by these antimicrobial agents in our preparation has been ruled out by the use of anti-tricholin serum
(Fig. 3). This result clearly indicated that tricholin was the primary factor that caused the cessation of the
growth of R. solani. Previously, we have reported that the mechanism of tricholin's action was in inhibition
of cell-free protein synthesis through its action on large ribosomal RNA9). There is good reason to believe
that the in vivo action of tricholin vs. R. solani might be identical to that of determined in vitro. The
analysis of the polysomal profile in tricholin treated cells has further proven that the tricholin is, indeed,
an effective inhibitor of the translational machinery in vivo.

Preliminary receptor analysis and proteolytic digestion data also revealed that tricholin entered R.
solani cells whereas in an experiment with a humanhepatoma cell line, tricholin showed no effect on
growth or on binding to hepatoma cells (data not shown). This implyed that the antagonistic action of
tricholin to R. solani is specific and that the action could be mediated by a specific receptor interaction.
Currently, we are investigating this mechanism that involves in possible receptor interaction. Weare also
studying the antifungal spectrum of tricholin vs. other pathogenic fungi. This information could lead to
an understanding of the in vivo action of tricholin.

Acknowledgments

This work was supported in part by National Science Council grant NSC80-0418-B-010-01, Taiwan, Republic of
China, and Medical Research and Advancement Foundation in Memory of Dr. Chi-Shuen Tsou.

References

1) Barnett, H. L. & F. L. Binder: The fungal host-parasite relationship. Anal. Rev. ofPhytopath. 1 1: 273 - 292, 1973
2) Sivan, A.; Y. Elad & I. Chet: Biological control effects of a new isolate of Trichoderma harzianum on Pythium

aphanidermatum. Phytopath. 74: 498 ~ 501, 1984
3) Dennis, C. & J. Webster: Antagonistic properties of species-groups of Trichoderma. Trans. Br. Mycol. Soc. 57:

25-39,1971



VOL. 47 NO. 7 THE JOURNAL OF ANTIBIOTICS 805

Freemen, S.; A. Sztejnberg & I. Chet: Evaluation of Trichoderma as a biocontrol agent for Rosellinia necatrix.
Plant and Soil 94: 163-170, 1986

Wells, H. D.; D. K. Bell & C. A. Jaworski: Efficacy of Trichoderma harzianum as a biocontrol for Sclerotium
rolfsii. Phytopath. 62: 442 -447, 1972

Hadar, Y.; I. Chet & Y. Henis: Biological control of Rhizoctonia solani damping-off with wheat bran culture of
Trichoderma harzianum. Phytopath. 69: 64- 68, 1979
Howell, C. R.: Relevance of mycoparasitism in the biological control of Rhizoctonia solani by Gliocladium virens.

Phytopath. 77: 992-994, 1987

Papavizas, G. C; J. A. Lewis & T. H. Abd-Ei Moity: Evaluation of new biotypes of Trichoderma harzianum for
tolerance to benomyl and enhanced biocontrol capabilities. Phytopath. 72: 126- 132, 1982
Lin, A.; C.-K. Chen & Y.-J. Chen: Molecular action of tricholin, a ribosome-inactivating protein isolated from
Trichoderma viride. Mol. Micro. 5: 3007-3013, 1991

Laemmli, U. K.: Cleavage of structural protein during the assembly of the head of bacteriophage T4. Nature
(London) 277: 680, 1970

Krause, M. & M. A. Marahiel: Organization of the biosynthesis genes for the peptide antibiotic gramicidin S.
J. Bacterial. 170: 4669-4674, 1988

Banerjee, S. & J. N. Hansen: Structure and expression of a gene encoding the precursor of subtilin, a small
protein antibiotic. J. Biol. Chem. 263: 9508-9514, 1988
Galvez, A.; G. Gimenez-gallego, M. Maqueda & E. Valdiv: Purification and amino acid composition ofpeptide
antibiotic AS-48 produced by Streptococcus {Enterococcus) faecalis subsp. liquefaciens S-48. Antimicrob. Agents
and Chemotherapy. 33: 437-441, 1989
Naruse, N.; O. Tenmyo, K. Tomita, M. Konishi, T. Miyaki & H. Kawaguchi: Lanthiopeptin, a new peptide
antibiotic production, isolation and properties of lanthiopeptin. J. Antibiotics. 42: 837 - 845, 1989
Kaletta, C. & K.-D. Entian: Nisin, a peptide antibiotic: cloning and sequencing of the nisA gene and
posttranslational processing of its peptide product. J. Bacterial. 171: 1597- 1601, 1989
Schnell, N.; K.-D. Entian, U. Schneider, F. Gotz, H. Zahner, R. Kellner & G. Jung: Prepeptide sequence
of epidermin, a ribosomally synthesized antibiotic with four sulphide-rings. Nature 333: 276-278, 1988
Okuda, T.; A. Fujiwara & M. Fujiwara: Correlation between species of Tricholderma and production patterns
of isonitrile antibiotics. Agric. Biol. Chem, 46: 1811 - 1822, 1982
Claydon, N.; M. Allan, J. R. Hanson & A. G. Avent: Antifungal alkyl pyrones of Trichoderma harzianum.
Trans. Br. Mycol. Soc. 88: 503-513, 1987
Przybylske, M.; I. Dietrich & I. Manz: Elucidation of structure and microheterogeneity of the polypeptide
antibiotics paracelsin and trichotoxin A-50 by fast atom bombardment mass spectrometry in combination with
selective in situ hydrolysis. Biomed. Mass Spectro. 1 1: 569-582, 1984


