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Trichoderma species produce trichothecenes, most notably trichodermin and harzianum A (HA), by a biosynthetic pathway in
which several of the involved proteins have significant differences in functionality compared to their Fusarium orthologues. In
addition, the genes encoding these proteins show a genomic organization differing from that of the Fusarium tri clusters. Here
we describe the isolation of Trichoderma arundinaceum IBT 40837 transformants which have a disrupted or silenced tri4 gene, a
gene encoding a cytochrome P450 monooxygenase that oxygenates trichodiene to give rise to isotrichodiol, and the effect of tri4
gene disruption and silencing on the expression of other tri genes. Our results indicate that the tri4 gene disruption resulted in a
reduced antifungal activity against Botrytis cinerea and Rhizoctonia solani and also in a reduced ability to induce the expression
of tomato plant defense-related genes belonging to the salicylic acid (SA) and jasmonate (JA) pathways against B. cinerea, in
comparison to the wild-type strain, indicating that HA plays an important function in the sensitization of Trichoderma-pre-
treated plants against this fungal pathogen. Additionally, the effect of the interaction of T. arundinaceum with B. cinerea or R.
solani and with tomato seedlings on the expressions of the tri genes was studied.

Trichothecenes are important mycotoxins known mainly for
their phytotoxicity and for their toxic effects on animals and

humans (16, 39). Trichothecenes are produced by the genera Fus-
arium, Stachybotris, Myrothecium, and Trichoderma (14) as well as
others (12). The trichothecene biosynthetic pathways in Trichoth-
ecium (33), Fusarium (5, 8, 23, 26, 29, 59), Myrothecium (53), and,
recently, Trichoderma (11) have been studied. In Fusarium and
Trichoderma, most of the genes involved in trichothecene biosyn-
thesis are clustered, but the two genera display important genetic
organizational differences. In Fusarium, the known genes for tri-
chothecene biosynthesis are located in three different loci: one
locus composed of a main cluster containing 12 genes, including
Tri5, and the other two loci composed of 1 or 2 genes (43). In
Trichoderma, only the tri5 gene is located outside the main cluster
(11). In both genera, Tri5 encodes trichodiene synthase, a terpene
cyclase that is the first committed enzyme of the trichothecene
biosynthetic pathway, which converts farnesyl pyrophosphate
(FPP) to trichodiene (24, 25). Trichoderma is the only trichoth-
ecene producer described so far in which the tri5 gene is not lo-
cated in the main tri cluster. The explanation for this gene location
still remains unclear; however, a plausible explanation would be
that the ancestral tri cluster included this gene and that during
evolution, tri5 was located outside the cluster in the Trichoderma
trichothecene producers. Once trichodiene is produced in
Trichoderma, it is then oxygenated by the tri4-encoded cyto-
chrome P450 monooxygenase, utilizing three consecutive oxy-
genation steps at the C-2, C-12, and C-11 positions to produce
isotrichodiol (11). The 3-step oxygenation by Tri4 is also found
for Myrothecium (37). Those trichothecenes that have an oxygen-
ated C-3 position (such as T2-toxin, deoxynivalenol, and nivale-
nol) have a tri4-encoded P450, which oxygenates four positions
(C-2, C-12, C-11, and C-3) (36, 52). Trichoderma Tri4 contains all
the conserved structural features described for heme-thiolate pro-
teins (2, 58), such as that seen for the Tri11 protein, another
monooxygenase (single step), which is involved in the C-4 hy-

droxylation of 12,13-epoxytrichothec-9-ene (EPT) to produce
trichodermol in Trichoderma (11).

The tri4 gene of Trichoderma arundinaceum spans 1,791 bp,
with four introns of 70, 58, 56, and 53 bp, and encodes a protein of
517 amino acids, with a deduced molecular mass of 58 kDa and a
pI of 7.9. A comparison of the Tri4 protein with the nr database
using the BLASTX algorithm resulted in high identities with Tri4
proteins from Trichothecium roseum and Fusarium species (11).
Lower identity values were obtained with P450 monooxygenases
of a plethora of fungal species, such as Myrothecium roridum,
Aspergillus oryzae, Aspergillus clavatus, and Penicillium, as repre-
sentative examples.

Trichoderma species are also known for their biocontrol activ-
ity against phytopathogenic fungi (18, 31). This activity is carried
out in several different ways, such as the production of extracellu-
lar hydrolytic enzymes (6) or the production of secondary metab-
olites with antifungal activity (48, 57). Proteins may also be in-
volved in competition for nutrients conferring a nutritional
advantage (17). Moreover, as revealed by research in the last de-
cade, some Trichoderma strains can interact directly with roots,
resulting in increased plant growth potential, resistance to dis-
eases, and tolerance to abiotic stresses (21, 47).

Harzianum A (HA) has shown cytotoxic activity against some
mammalian tumor cell lines (28). However, its phytotoxic ability
has not been studied until now, although trichodermin, a tri-
chothecene produced by Trichoderma brevicompactum strains
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(14), has shown strong phytotoxic activity (50). Trichodermin has
an acetyl group at C-4, while HA has an octa-2,4,6-trienedioic acid
at that position. In both cases, it has been hypothesized that those
lateral moieties might be added to trichodermol by an acyl-trans-
ferase encoded by the tri3 gene (11).

T. arundinaceum might serve as a model to determine the ben-
eficial effect of trichothecenes on Trichoderma biocontrol activity
and also on the modulation of plant defense responses by this
fungus.

In this article, we describe the effect of the disruption or silenc-
ing of tri4 in T. arundinaceum on the gene expressions of the other
tri genes involved in HA biosynthesis. In addition, we determined
the abilities of the transformants (tri4-silenced or -disrupted) and
the wild-type strain to produce HA, to act as a biocontrol agent,
and to elicit plant defense responses in tomato plants.

MATERIALS AND METHODS
Strains, culture media, and culture conditions used in the present work.
Trichoderma arundinaceum IBT 40837 (Ta37) (IBT Culture Collection of
Fungi at the Department of Biotechnology, Technical University of Den-
mark) was kindly provided by Ulf Thrane. For trichothecene analysis and
RNA isolation, Trichoderma arundinaceum strains were grown by using a
two-step procedure with CM (0.5% malt extract, 0.5% yeast extract, 0.5%
glucose), followed by growth in PDB modified medium as described pre-
viously (11).

T. harzianum T34 (CECT 2413; Spanish Type Culture Collection, Va-
lencia, Spain) was used as a control in the antifungal experiments.

The fungal phytopathogen Botrytis cinerea 98 was isolated from dis-
eased strawberry plants, and Rhizoctonia solani CECT 2815, Myrothecium
roridum ATCC 52485, and Fusarium sporotrichioides CECT 20166 were
used as targets for the dual-confrontation assays. B. cinerea and R. solani
were also included for growth assays on membranes.

All fungal strains were routinely maintained on PDA (2.4% PDB, 2%
agar), except for B. cinerea and Ta37, which were maintained on MEA
(2% glucose, 2% malt extract, 1% peptone, 2% agar [pH 5.6]) and PPG
(2% [dry wt/vol] dehydrated potato flakes, 2% glucose, 2% agar), respec-
tively.

Solanum lycopersicum var. Marmande (Semillas Battle S.A., Barcelona,
Spain) was used for fungus-plant interaction studies.

Xanthotoxin (Sigma, St. Louis, MO) was added, when indicated, to the
culture medium in acetone for a 0.1 mM final concentration.

Construction of plasmids p�tri4 and pURS4. Plasmid pURS4 was
constructed by isolating a 554-bp fragment that corresponds to the second
exon of the Ta37 tri4 gene (see Fig. S1A in the supplemental material),
using BamHI-SacI endonuclease digestion of plasmid pF42E4 containing
the complete tri4 open reading frame (ORF) (11). This fragment was
treated with Klenow and ligated with plasmid pSIL, which contained a
150-bp intron, the tss1 promoter, and the terminator region of the cbh2
gene from Trichoderma reesei (49), which had been digested with BamHI,
treated with Klenow enzyme, and dephosphorylated. The resulting plas-
mid, pSILtri4Sa, had one copy of the internal tri4 fragment. This plasmid
was digested with EcoRV, dephosphorylated, and ligated again with the
same internal blunt-ended BamHI-SacI 554-bp fragment of the tri4 gene,
resulting in plasmid pSILtri4SaSb. This plasmid has two copies of tri4
exon 2 in opposite orientations, separated by the above-mentioned
150-bp intron, which will form a hairpin RNA structure containing an
intron (ihpRNA) in the transformed cell. Finally, a 3.2-kb SacI fragment
from pSILtri4SaSb containing the whole silencing cassette was ligated
with plasmid pUR5750 (15) (digested with SacI and dephosphorylated) to
obtain the final construct, pURS4, of 17.7 kb (see Fig. S1B in the supple-
mental material).

A 777-bp fragment of the tri4 gene (from bp 120 to 897) was amplified
by using iProof high-fidelity DNA polymerase (Bio-Rad, Hercules, CA)
and primer pair 2102/2103 (see Table S1 in the supplemental material)

(with an AscI restriction site at the end), using genomic DNA (GenBank
accession number FN394491). The amplicon was band purified with the
Ultraclean DNA purification kit (MoBio, Carlsbad, CA) and cloned into
pCR4 Blunt TOPO (Invitrogen, Carlsbad, CA). The resulting plasmid was
then cut with AscI and ligated with a chimeric hygromycin B gene (2.5 kb),
which contained AscI restriction sites at both ends of the chimera (55), lead-
ing to the final 7.3-kb p�tri4 vector (see Fig. S1B in the supplemental mate-
rial).

Transformation of Trichoderma arundinaceum. Strain Ta37 was
transformed according to the following two different procedures.

Plasmid pURS4 was transformed by using Agrobacterium-mediated
transformation as described previously (9). The transformants were se-
lected by hygromycin B resistance, and after two rounds of growth in
selective medium, 10 transformants were chosen for PCR and Southern
analysis.

Plasmid p�tri4 was transformed by using a protoplast transformation
protocol as described previously (38), with the only difference being that
protoplasts were formed by incubating the mycelium with lytic enzymes
(5 mg/ml lysing enzymes, 25 mg/ml driselase, and 0.05 mg/ml chitinase in
a 0.7 M NaCl solution) (Sigma, St. Louis, MO) for 20 h. The transformants
were selected by resistance to hygromycin B (100 �g/ml). The selected
transformants were analyzed by PCR using primer pair Tri437-5/
Tri437-3b (see Table S1 in the supplemental material), using the Terra
PCR Direct polymerase mix (Clontech, Mountain View, CA), and by
Southern hybridization to detect those transformants with the p�tri4 vec-
tor inserted into the middle of the tri4 gene.

Extraction and chemical analysis of trichothecenes and derivatives.
Cultures were analyzed by high-performance liquid chromatography
(HPLC) for HA as previously described (11).

Cultures were also extracted and analyzed by gas chromatography
low-resolution mass spectrometry (GCMS) for other trichothecene-re-
lated metabolites. GCMS measurements were made with a Hewlett Pack-
ard 6890 gas chromatograph fitted with an HP-5MS column (30-mm by
0.25-mm film thickness) and a 5973 mass detector. The carrier gas was
helium with a 20:1 split ratio and a 20-ml/min split flow. The program
used was as follows: the column was held at 120°C at injection, heated to
260°C at 25°C/min, and held for 4.4 min (total run time of 10 min).
Individual components were isolated from concentrated extracts that
were separated on a silica gel column eluted with hexane-ethyl acetate
(3:1) and characterized by GCMS and nuclear magnetic resonance
(NMR) spectroscopy.

Antifungal assays. (i) Direct confrontation assay. In vitro confronta-
tion assays between Trichoderma strains (T. arundinaceum Ta37 and dis-
ruptant strain Ta�Tri4) and the pathogens R. solani, M. roridum, F. spo-
rotrichioides (on PDA plates), and B. cinerea (on MEA plates) were
established as follows. Agar plugs cut from growing colonies of each fun-
gus were placed 5 cm apart in parallel on PDA or MEA plates and incu-
bated at 28°C in the dark. The behaviors of T. arundinaceum strains
against each pathogen were examined visually until the Trichoderma
strains had overgrown or surrounded the pathogen colony. The confron-
tation assays were performed in triplicate, and single cultures of
Trichoderma strains and pathogens were used as controls. Photographs
were taken after 10 days.

(ii) Growth assay on membranes. Five-millimeter-diameter PDA
plugs of Ta37 or transformants (disruptant strain Ta�Tri4 and silencing
strain TaS4-9) were placed at the center of petri dishes containing PDA or
MEA medium, on cellophane sheets, or on 10-kDa-cutoff dialysis mem-
branes. After 2 days of incubation at 28°C, the membranes were removed
from the plates, and a single 5-mm-diameter mycelial plug of the patho-
gens R. solani, on PDA plates, and B. cinerea, on MEA plates, was placed at
the center of the plate. In parallel, the pathogens were grown on PDA or
MEA (control plates). Each pathogen was tested in three plates. Growth
diameters were calculated after 72 and 96 h for R. solani and B. cinerea,
respectively. The results are expressed as percentages of the inhibition of
growth of each pathogen by Trichoderma strains.
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(iii) Antibiogram of an extracted Ta37 culture broth against B. ci-
nerea. Bioassay plates were made by inoculating 1 � 105 spores/ml of B.
cinerea in warm (50°C) MEA (1% agar) medium. A 24-h-old culture of
Ta37 was extracted with ethyl acetate and finally dissolved in acetonitrile,
as previously described (11). We checked for the presence of any other
compounds apart from HA and measured the HA concentration in the
Ta37 sample by HPLC. Four different dilutions in acetonitrile (2.4, 1.2,
0.6, and 0.3 mg/ml HA) were tested against B. cinerea. Forty microliters of
each dilution was added into holes with a 5.5-mm diameter and 3.5-mm
depth that were formed in the bioassay plates. As a negative control, acetoni-
trile was placed into one hole. Plates were maintained at 4°C for 5 h to allow
the solution to diffuse and then incubated for 1 week at 28°C to visualize the
growth inhibition zone. The experiment was done in triplicate.

Tomato plant assays. Solanum lycopersicum var. Marmande tomato
seeds were surface sterilized by washing for 10 min in 70% ethanol and 10
min in 50% sodium hypochlorite and thoroughly washed in sterile dis-
tilled water.

An in vivo assay was used to evaluate the abilities of Trichoderma
strains to promote tomato plant growth. Tomato seeds were coated with
an aqueous suspension containing 2 � 108 spores of Trichoderma per ml
(1 ml of spore suspension/30 seeds) and then air dried in an open petri
dish overnight under a laminar flow hood. Treated tomato seeds were
sown in pots (32 pots per condition) containing commercial loamy field
soil (Kekkilä 50/50; Projar S.A., Valencia, Spain), with the following com-
position: 90% organic matter (coconut shells and peat), 10% ash, 50%
humidity, 1-4/1-6 decomposition degree (von Post), pH 5.5 to 6.6, 0.2%
nitrogen, 0.1% total phosphorus, 0.5% calcium, 0.1% magnesium, 0.2%
iron, 1.5 mg/kg of chlorides, and 80 g/liter of dry weight, previously au-
toclaved at 121°C for 1 h on two successive days. Pots with untreated
tomato seeds were used as controls. The pots were incubated in a green-
house at 22°C � 4°C and watered as needed. Measurements of stem
height, stem diameter, and main root length were taken after 4 weeks.

Four-week-old plants obtained from tomato seeds coated with Ta37,
disruptant strain Ta�Tri4, or water (control) were inoculated with 15 �l
of B. cinerea conidial suspensions (1 � 106 spores/ml) in germination
buffer (20 mM glucose and 20 mM KH2PO4) onto the leaf surface. Inoc-
ulated plants were incubated in a humid chamber under the conditions
described above. Two inoculations were made per leaf on four leaves per
plant for 16 plants per treatment and two replicates for each experiment.
After 4 days, the necrotic lesions were measured. Leaves before and after
pathogen inoculation were collected to extract RNA as described above. In
parallel, uninoculated plants were used as controls.

Tomato-Trichoderma hydroponic cultures were carried out as previ-
ously described (45). First, sterile tomato seeds were placed inside Phyta-
tray II boxes (Sigma, St. Louis, MO) (30 seeds per box) on a sterile gauze
sheet over a sterile stainless steel screen, which held them 1 cm above 100
ml of Murashige and Skoog (MS) medium (Duchefa, Netherlands), and
maintained at 25°C in a plant growth chamber with controlled light and
humidity, as described above, for 2 weeks. Spores of Trichoderma (107

spores) were used to inoculate 250-ml flasks containing 100 ml of PDB
medium. Each strain was cultured at 28°C and at 200 rpm in darkness for
48 h. Mycelia were then harvested by filtration, washed with sterile water,
and used to inoculate Phytatray II boxes that contained 2-week-old to-
mato plants. Tomato-Trichoderma hydroponic cultures were maintained
at 25°C and at 80 rpm for 20 h. Finally, Trichoderma mycelia attached to
roots were recovered with a direct cold-water jet and used for gene expres-
sion analysis by quantitative PCR (qPCR).

Chitinase activity assays. Cultures of the different strains were grown
in modified PDB medium at 28°C and at 250 rpm for 96 h. PDB was
selected even when it was not the ideal medium to induce chitinases, since
it was the best medium for the production of HA among all the examined
media and conditions. Supernatant samples of 8 ml were taken every 24 h,
and they were frozen until they were analyzed for chitinase activity.

The extracellular chitinase activity was quantified by using p-nitro-
phenyl-�-D-glucosaminide (p-nitrophenyl-�DG) as the substrate, which

was prepared at 12.5 mM in methanol–50 mM Tris-HCl (pH 6.0) (vol/
vol).

The reaction mixture was prepared by the addition of 50 �l of super-
natant, 1 mM substrate, and 50 mM Tris-HCl buffer (pH 6.0) in a 0.5-ml
final volume. The reaction mix was incubated at 25°C for 1 h, and the
reaction was stopped with 0.5 ml of methanol. The hydrolysis of
p-NP�DG was determined by measuring the absorbance at a 410-nm
wavelength. The activity was quantified by performing a p-NP standard
curve. The total activity corresponded to nanomoles of p-NP formed in 1
min, and the specific activity corresponded to nanomoles formed in a
minute per mg of dry weight. In all cases, the background caused by
nonenzymatic substrate degradation was determined in a parallel assay
with a mixture containing protein extract that had been treated for 5 min
at 100°C and was subtracted from the values for nontreated enzyme ex-
tracts.

Nucleic acid extraction and manipulation. The procedures for fungal
genomic DNA isolation and Southern hybridization were performed as
described previously (11).

To isolate total RNA, Trichoderma strains were grown as indicated
above. Mycelia were then recovered from modified PDB medium by fil-
tration, washed with 0.9% NaCl, dried on absorbent filter paper, frozen
with liquid nitrogen, and ground in a mortar. RNA was extracted by the
phenol-SDS method (4) and treated with DNase and RNase protector
(Fermentas, Vilnius, Lithuania).

The same procedure was also used to extract RNA from mycelia of the
5-mm interaction zone in confrontation assays and from tomato leaves.

The cDNA was synthesized by using 1 �g of total RNA and a reverse
transcription system (Promega, Madison, WI).

Labeling, hybridization, and immunological detection were carried
out with a nonradioactive labeling and immunological detection kit with
CDP-Star as the chemiluminescent substrate (Roche, Mannheim, Ger-
many), as previously described (10).

qPCR experiments. In order to perform comparative studies of the tri
gene or tomato plant defense gene expression levels, oligonucleotides
were designed (see Table S1 in the supplemental material) based on the
sequences of the studied genes (11, 54). In the case of tri gene expression,
we ran GeNorm software (56) to determine the best reference genes
among the �-actin, gpd, and �-tubulin genes. According to the GeNorm
results, the �-actin and gpd genes were used as reference genes, and the
�-tubulin gene was discarded. For tomato defense-related gene expres-
sion assays, we used �-actin as a reference gene. The qPCRs were carried
out by using the Step One Plus system (Applied Biosystems). The reac-
tions were performed with a total volume of 20 �l with the addition of the
following components/reaction: 10 �l Express SYBR green qPCR Super-
Mix Universal (Invitrogen, Carlsbad, CA), 0.4 �l forward primer (10
�M), 0.4 �l reverse primer (10 �M), 0.4 �l ROX reference dye (25 �M
5-carboxy-X-rhodamine in a solution containing 10 mM Tris-HCl [pH
8.6], 0.1 mM EDTA, and 0.01% Tween 20), cDNA, and H2O to 20 �l.
REST2009 software (40) was used to calculate the relative expression val-
ues and the significance of the differences between the gene expression
levels. For each primer pair used in this work, we performed a standard
curve with 320, 160, 80, 40, 20, and 10 ng cDNA for tri genes or 160, 80, 40,
20, 10, and 5 ng cDNA for the rest of the genes to determine the PCR
amplification efficiency (E value). Each measurement was made in tripli-
cate.

RESULTS
Disruption and silencing of the T. arundinaceum tri4 gene.
Plasmids p�tri4 and pURS4 (see Fig. S1 in the supplemental ma-
terial) were transformed into T. arundinaceum IBT 40837 to ob-
tain tri4-disrupted strain Ta�Tri4 and tri4-silenced strains TaS4-5
and TaS4-9, respectively. Ta�Tri4 should carry a disrupted, non-
functional tri4 gene, and TaS4-5 and TaS4-9 should have just the
silencing cassette inserted.

For Ta�Tri4, 150 hygromycin B-resistant transformants were
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analyzed by PCR using oligonucleotide pair Tri437-5/Tri437-3b
(see Table S1 in the supplemental material), which amplified a
1.8-kb fragment in a nondisruptant transformant and a 9.1-kb
fragment in a Ta�Tri4 disruptant. Transformant 76 was the only
one that displayed the expected 14.8-kb disruption band in a
Southern analysis using BamHI-digested genomic DNA hybrid-
ized to a 777-bp tri4 probe (amplified by PCR using primer pair
2102/2103) (see Fig. S2A in the supplemental material).

For TaS4-5 and TaS4-9, 48 hygromycin B-resistant transfor-
mants were isolated by Agrobacterium-mediated transformation.
Ten of these transformants were analyzed by Southern transfer,
with 4 transformants (transformants 1, 5, 6, and 9) showing the
expected bands of 3.1 and 1.4 kb when they were hybridized with
a 554-bp probe corresponding to an internal fragment of the tri4
gene. They did not show, as expected, any hybridization signal
when they were hybridized with a 7.9-kb BglII probe correspond-
ing to the region of plasmid pURS4 that was not transferred to the
fungus (no T-DNA region) (see Fig. S2B in the supplemental ma-
terial), indicating that only the “T-DNA” region of the transform-
ing plasmid had been integrated into the fungal genome. Finally,
transformants 5 and 9, which exhibited the correct Southern pat-
terns, were selected for further studies.

Trichothecene production in Ta�Tri4 and TaS4-9 transfor-
mants. The disrupted tri4 mutant, Ta�Tri4 transformant 76, does
not produce harzianum A (Table 1), as determined by HPLC anal-
ysis of supernatants from cultures grown in PDB, although trace
amounts of this compound were detected under some culture
conditions. The two tri4-silenced transformants produced slightly
smaller amounts of HA than did the wild-type strain at 48 and 72
h of growth in liquid production medium (Table 1).

The GCMS method used for trichothecene analysis did not
detect HA but did detect trichodermol, the immediate HA precur-
sor, in cultures of wild-type T. arundinaceum and both the TaS4-5
and TaS4-9 transformants (Fig. 1D). Extracts of Ta�Tri4 did not
contain trichodermol, isotrichodiol, or trichodiene but contained
other low-molecular-weight components. Based on its mass spec-
tral fragmentation and NMR spectroscopy, the main component
was identified as 12,13-epoxytrichoene-2-ol (see Table S2 in the
supplemental material). Two minor components were tentatively
identified as 12,13-epoxytrichoene-2,8-diol (see Table S3 in the
supplemental material) and 12,13-epoxytrichoene-2,16-diol (see
Table S4 in the supplemental material). 12,13-Epoxytrichoene-
2-ol was also found in extracts of TaS4-5, TaS4-9, and wild-type
Ta37 cultures that had been treated with the P450 inhibitor xan-
thotoxin (Fig. 1B and C).

Effect of tri4 silencing or disruption on expression of the tri
genes. The relative expression levels of the tri genes in the tri4-

disrupted and -silenced transformants were analyzed and com-
pared with that in the wild-type strain.

The disruption negatively affected the expressions of the tri4
and tri5 genes (P � 0.00) (Fig. 2) in comparison with the wild-type
strain, while the levels of tri6 expression were similar for both
strains. Note that the level of tri4 expression in the disruptant was
above zero, which is most likely due to the fact that the primers
used to detect tri4 expression were located at the 5= end of the
gene, before the insertion of the disrupting vector. The tri4 pro-
moter and 5= end of the gene should be intact, and transcription
should be initiated. On the other hand, in the TaS4-9 transfor-
mant, the tri4, tri5, tri6, and tri11 genes were repressed signifi-
cantly (P � 0.00) in comparison with the wild-type strain. tri4 had
very low levels of expression, as the expression ratio was 0.015
(P � 0.00) compared with the wild-type strain. This was expected
since it is a tri4-silenced transformant, indicating that the silenc-
ing process had worked properly.

It was noted that for both types of transformants, a reduction
in the tri5 gene transcription level was found, with expression
ratios of 0.191 (P � 0.00) and 0.180 (P � 0.00) for Ta�Tri4 and
TaS4-9, respectively (Fig. 2).

tri4 gene disruption or silencing resulted in an increase in the
chitinase activity in comparison with that of the control strain.
Chitinase behavior, which is involved in the Trichoderma myco-
parasitic activity, increased about 2.5-fold in the Ta�Tri4 and
TaS4-9 transformants in comparison with the strain transformed
with plasmid pUR5750 without the insert (Table 2). It is impor-
tant to note that the level of chitinase activity was higher in both
tri4 transformants than in the control strain, even though these
transformants had very different levels of HA production.

Silencing and disruption of the tri4 gene negatively affect the
antagonistic activity of Trichoderma. Two in vitro antifungal as-
says were used: growth on membranes and direct confrontation.

(i) Growth on membranes. Trichoderma strains were grown
on cellophane and dialysis membranes (cutoff, 10 kDa) to allow
the diffusion of Trichoderma extracellular compounds into the
medium. After the removal of the membranes containing the my-
celia, the effect of such hydrolytic enzymes plus metabolites (cel-
lophane) or only metabolites (dialysis) on the growth of two dif-
ferent plant-pathogenic fungi was determined.

Table 3 summarizes the percentages of growth inhibition of B.
cinerea and R. solani by T. arundinaceum Ta37 (wild type), dis-
ruptant strain Ta�Tri4, silencing transformant strain TaS4-9, and
T. harzianum T34, which was used as a control in the antifungal
assays. It was observed that the inhibition values for growth on
cellophane were always similar to or higher than the values for
growth on dialysis membranes. The level of inhibition of the
growth of B. cinerea caused by Ta37, similar to that observed with
T. harzianum T34, was higher than that caused by strains Ta�Tri4
and TaS4-9 on both cellophane and dialysis membranes, and
lower values were obtained with Ta�Tri4 than with TaS4-9. Thus,
on cellophane, the percentages of inhibition of Ta37 against B.
cinerea were approximately 11 and 4% higher than those mea-
sured with Ta�Tri4 and TaS4-9, respectively, whereas on dialysis
membranes, the inhibition values of Ta37 were 22 and 6% higher
than those of Ta�Tri4 and TaS4-9, respectively.

Strains Ta37 and TaS4-9 showed identical inhibition values
against R. solani on both cellophane and dialysis membranes at 96
h of growth. However, significant differences between the wild
type and the tri4 disruptant strain on dialysis membranes were

TABLE 1 HA production in liquid medium by Trichoderma strainsa

Time (h)

Mean HA production (�g/ml) � SD

Wild type Ta�Tri4 TaS4-9b

24 18.60a � 0.35 0.00d � 0.00 18.22a � 1.61
48 18.28a � 0.50 0.00d � 0.00 12.98b,c � 0.10
72 14.76b � 0.67 0.00d � 0.00 12.85b,c � 0.50
96 10.38c � 0.78 0.00d � 0.00 10.38c � 1.28
a For each column, values followed by different superscript letters are significantly
different (P � 0.001).
b The tri4-silenced transformants TaS4-9 and TaS4-5 produced similar levels of HA,
with no significant differences between both strains.
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obtained at this growth time (Table 3). These differences can be
better visualized by photographs that were taken after 10 days of
growth, in which it is even possible to see differences between
Ta37 and TaS4-9 (Fig. 3).

These results show that the disruption of tri4 reduced the bio-
control activity of T. arundinaceum against B. cinerea and R. so-
lani. In addition, this level of reduction was higher than that found
with TaS4-9, which could be the result of the different levels of HA

FIG 1 (Left) Ion chromatograms of the trichodiene standard (A), extracted Ta�Tri4 supernatant (B), supernatant extracted from xanthotoxin-treated strain Ta37 (C),
and supernatant extracted from Ta37 without xanthotoxin (D). (Right) Schematic HA biosynthetic pathway. Dotted lines indicate the production of 12,13-ep-
oxytrichoene-2-ol from trichodiene by the strains within the gray box. Note that this compound was detected in Ta37 cultures only after xanthotoxin treatment.
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production in each of the mutants. Under the conditions used in
this experiment, TaS4-9 produced just slightly lower levels of HA
than the wild-type strain, while Ta�Tri4 did not produce HA. To
test the inhibitory activity of defined amounts of HA, an antibi-
ogram assay was used. An extracted Ta37 sample was analyzed by
HPLC, and just traces of other compounds apart from HA were
detected. The culture supernatant was diluted so that 2.4, 1.2, 0.6,
and 0.3 mg HA/ml were tested on the growth of B. cinerea. After 1
week of incubation, the diameter of the zone of inhibition was
measured, 4.47 � 0.09, 4.27 � 0.09, 4.1 � 0.08, and 3.87 � 0.09
cm for 2.4, 1.2, 0.6, and 0.3 mg HA/ml, respectively. Acetonitrile

did not block B. cinerea growth (see Fig. S3 in the supplemental
material).

(ii) Direct confrontation assays. Plate confrontation experi-
ments between Ta37 or Ta�Tri4 and the pathogens B. cinerea, R.
solani, M. roridum, and F. sporotrichioides were carried out at
28°C, and plates were photographed after 10 days of incubation
(see Fig. S4 in the supplemental material). In all cases, the four

FIG 2 Effect of tri4 disruption or silencing on relative tri gene expression levels. (A) Comparison between the tri gene expression levels of Ta�Tri4 and those of
Ta37 determined by using REST2009 software. (B) TaS4-9 versus Ta37. Dotted-line squares indicate gene expression levels statistically different from those under
the control conditions (n � 3; P � 0.05).

TABLE 2 Chitinase activity against p-NP-�-D-glucosaminide measured
in supernatants of strains Ta-pUR5750, TaS4-9, and Ta�Tri4 at four
timesa

Strain

Mean chitinase activity (nmol/min/mg dry wt) against
p-NP-�-D-glucosaminide � SD

24 h 48 h 72 h 96 h

Ta-pUR5750b 0.05 � 0.0a 0.84 � 0.07a 2.17 � 0.06a 4.65 � 0.96a

TaS4-9 0.41 � 0.25a 3.66 � 0.11b 6.97 � 0.25b 11.61 � 1.41b

Ta�Tri4 0.20 � 0.13a 3.29 � 0.23b 4.89 � 0.13c 11.90 � 0.57b

a For each time point, values followed by different letters are significantly different (P �
0.05 by a Duncan test).
b Control strain.

TABLE 3 Percent growth inhibition of Botrytis cinerea and Rhizoctonia
solani by hydrolytic enzymes/metabolites from T. arundinaceum Ta37,
the tri4 transformants Ta�Tri4 and TaS4-9, and T. harzianum T34
grown on cellophane or dialysis membranes with a 10-kDa cutoff for 2
daysa

Strain

Mean % growth inhibition � SD

B. cinerea (72 h) R. solani (96 h)

Cellophane Dialysis Cellophane Dialysis

Ta37b 100.0a � 0.0 88.8a � 0.3 100.0a � 0.0 100a � 0.0
Ta�Tri4 89.2b � 1.8 66.3b � 5.9 96.6b � 2.2 75.1b � 8.2
TaS4-9 96.0c � 1.6 82.9a � 2.8 100.0a � 0.0 100.0a � 0.0
T34c 100.0a � 0.0 87.1a � 1.0 96.0b � 0.0 78.4b � 0.9
a For each column, values followed by different superscript letters are significantly
different (P � 0.001).
b Wild-type strain.
c Control.
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pathogens on control plates of PDA or MEA completely covered
the surface after this incubation time. In the confrontation plates,
Trichoderma strains overgrew the colonies of B. cinerea, R. solani,
and F. sporotrichioides and surrounded the colonies of M. roridum.
Both Trichoderma strains (wild-type strain Ta37 and the Ta�Tri4
mutant) were able to inhibit the growth of the four pathogens
tested, reducing the colony diameters of B. cinerea and M. roridum

to no more than 25 mm. Significant differences were observed
only between the inhibition effects of Ta37 and Ta�Tri4 against B.
cinerea and R. solani in this assay.

Relative expression levels of Ta37 tri genes in the interaction
region of confrontation assays against B. cinerea and R. solani.
Both structural tri genes (tri3, tri4, tri5, and tri11) and regulatory
tri genes (tri6 and tri10) were monitored for gene expression dur-
ing confrontation assays against B. cinerea and R. solani. Relative
expression was determined by comparing fungal gene expression
in the confrontation assay to that of the wild-type strain growing
alone. During confrontation with B. cinerea, only tri6 was upregu-
lated in Ta37 (Fig. 4A), by a mean factor of 2.7 (P � 0.03). tri11
expression was not significantly affected by the interaction with B.
cinerea, while tri3 expression was highly repressed, as shown by the
expression ratio of 0.062 (P � 0.00). During confrontation with R.
solani, all the tri genes in Ta37, except tri10, were upregulated (P �
0.00) (Fig. 4B). These results suggest that the production of har-
zianum A should be stimulated by the interaction of Ta37 with R.
solani.

Effect of silencing or disruption of the tri4 gene on plant
growth and plant defense responses. (i) Effect of T. arundina-
ceum on growth of tomato plants in hydroponic cultures. The T.
arundinaceum wild-type strain and the tri4-disrupted transfor-
mant did not significantly affect the growth of tomato seedlings in
hydroponic cultures, as measured by the parameters stem length,
root length, and stem diameter. However, an analysis of tri gene

FIG 3 Fungal growth inhibition of R. solani after 10 days of incubation on
plates prepared by growing Trichoderma strains for 2 days on cellulose mem-
branes. As a control, a plate without previous Trichoderma growth (R.s. con-
trol) was included.

FIG 4 Relative tri gene expression levels of Ta37 in confrontation assays against B cinerea (A) and R. solani (B), determined by using REST2009 software.
Dotted-line squares indicate gene expression levels statistically different from those under the control conditions (strain Ta37 grown without the pathogen) (n �
3; P � 0.05).
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expression in the wild-type strain showed that the interaction with
the plants affects mainly the expressions of tri4 and tri11, which
were 2.7- and 2.9-fold upregulated (P � 0.00), respectively (Fig.
5A). In the case of the Ta�Tri4 transformant, the tri4, tri5, tri6,
tri10, and tri11 genes were all significantly upregulated, by factors
of 8.4 (P � 0.00), 2.5 (P � 0.00), 2.5 (P � 0.04), 1.5 (P � 0.00), and
2.1 (P � 0.09), respectively (Fig. 5B). It must be taken into account
that the Ta�tri4 transformant contains a truncated copy of the tri4
gene, and the promoter region is still functional in the transfor-
mant chromosome; thus, it is also possible for us to determine the
effect of such a disruption on the induction of tri4 expression.

(ii) Analysis of expression of defense-related genes in plants
obtained from seeds treated with wild-type T. arundinaceum
strain IBT 40837 or the tri4-disrupted transformant. As in the
above-described results for the hydroponic cultures, wild-type T.
arundinaceum and the tri4-disrupted transformant did not signif-
icantly affect tomato growth in a greenhouse when the parameters
stem length, root length, and stem diameter were measured. It was
described previously that the biocontrol effect of Trichoderma sp.
on plants can be due to several factors, including secondary me-
tabolite production, plant growth promotion, and resistance in-
duction in plants (21). Thus, we investigated the expression levels
of several defense-related genes in leaves from tomato plants that
were treated with strain Ta37 or Ta�Tri4. We analyzed markers of
both the salicylic acid (SA) (PR1b1 and PR-P2) and jasmonate
(JA) (PINI, PINII, and TomLoxA) pathways under the following
four conditions: tomato plants plus B. cinerea versus tomato
plants (condition 1), tomato plants plus Trichoderma and B. ci-
nerea versus tomato plants plus Trichoderma (condition 2), to-
mato plants plus Trichoderma versus tomato plants (condition 3),

and tomato plants plus Trichoderma and B. cinerea versus tomato
plants (condition 4).

As shown in Fig. 6A, Ta37 alone (condition 3) induced the
expressions of PR1b1 (SA) and PINI and PINII (JA). B. cinerea
alone (condition 1) induced PINI, PINII, and TomLoxA, all genes
in the JA pathway. B. cinerea induced PINI at a higher ratio than
did Ta37 alone. A comparison of relative gene expression levels in
tomato plants treated with Ta37 and then infected with B. cinerea
versus Ta37-inoculated plants that were not infected with B. ci-
nerea (condition 2) showed that all tested genes were upregulated.
Finally, in plants treated with Ta37 and infected with B. cinerea
(condition 4), all the analyzed genes were drastically upregulated
versus nontreated, noninfected plants.

In the case of strain Ta�Tri4, which does not produce HA, the
relative gene expression results (Fig. 6B) indicated that the level of
induction of the expression of genes involved in the SA and JA
signaling pathways was significantly lower than that obtained
when strain Ta37 was used. Some genes that were upregulated in
interactions with strain Ta37 were downregulated in strain
Ta�Tri4. Thus, the PINII gene was downregulated by a factor of
0.63 (P � 0.02) in plants treated with Ta�Tri4 and infected with B.
cinerea (condition 2) (Fig. 6B), while the corresponding condition
with strain Ta37 showed this gene to be upregulated by a factor of
10.27 (condition 2) (P � 0.00) (Fig. 6A).

The greatest differences in relative gene expression levels ob-
tained between the plants treated with Ta37 and those treated with
Ta�Tri4 were observed under condition 4, when plants obtained
from seeds treated with these strains and infected with B. cinerea
were compared with non-Trichoderma-treated and non-B. ci-
nerea-infected plants (condition 4) (Fig. 6). Under these condi-

FIG 5 Effect of the presence of tomato roots on relative tri gene expression levels of Ta37 (A) and Ta�Tri4 (B). Data were analyzed with REST2009 software.
Dotted-line squares indicate gene expression levels statistically different from those under the control conditions (n � 3; P � 0.05). A schematic representation
of a hydroponic culture is shown.
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tions, all the analyzed genes involved in SA and JA pathways were
expressed at higher levels in plants treated with strain Ta37 than in
those treated with strain Ta�Tri4.

DISCUSSION

Trichoderma is an amazing fungus because it can produce extra-
cellular hydrolytic enzymes to act as a biocontrol agent and pro-
duce phytotoxic mycotoxins. However, T. arundinaceum is a
poorly studied species that has not been described previously as a
biocontrol strain. It produces the trichothecene harzianum A. HA
has not been evaluated for phytotoxicity, although its toxicity
against eukaryotic cells is well known (30).

In this study, a tri4 disruption mutant was generated to evalu-
ate the role of HA in biocontrol. Previous studies have shown that
tri4 controls the addition of oxygens at C-2, C-12, and C-11, con-
verting trichodiene to isotrichodiol (11). Disruption mutant
strain Ta�Tri4 was expected to accumulate trichodiene, as this is
the case for Fusarium Tri4 mutants (27). Instead, 12,13-ep-
oxytrichoene-2-ol (52, 59) accumulated in cultures of the mutant
strain. Interestingly, this compound also accumulated in wild-
type T. arundinaceum cultures that had been treated with low
concentrations of the P450 inhibitor xanthotoxin. The addition of
xanthotoxin to Fusarium cultures causes the accumulation of
trichodiene (3, 22). These results suggest that tri4 is partially func-
tional in the mutant and can control C-2 and C-12 oxygenations.
However, although the disruption strategy allowed the transcrip-
tion of the 5= end of the gene, it prevented the synthesis of a
complete copy of the tri4 transcript and, therefore, a functional
Tri4 protein. The oxygenation of trichodiene may be due to one or
two P450 oxygenases that efficiently convert any trichodiene into
12,13-epoxytrichoene-2-ol. In Fusarium, other P450 enzymes can
add oxygens to the C-11 or the C-2 position of trichodiene or
trichodiene derivatives (34, 51). Although no trichodermol was
detected by GCMS analysis of Ta�Tri4 extracts, HPLC analysis
detected trace amounts of HA in some Ta�Tri4 cultures. This
leaky-mutant phenomenon has been observed for blocked mu-
tants of Fusarium. For example, trace amounts of the trichoth-
ecene T-2 toxin were detected in Tri3 mutants of F. sporotri-
chioides (35). The trace amount of HA suggests that there may be
another P450 that can convert 12,13-epoxytrichoene-2-ol into
isotrichodiol albeit with a lower efficiency. Any isotrichodiol
formed could then be converted to HA by the Tri11 and Tri3
enzymes.

As we observed, Tri4-overexpressed transformants do not in-
crease levels of harzianum A production (data not shown). Note
that tri4 is expressed at one of the highest levels of all the T. arun-
dinaceum tri genes at 24 h of growth (see Fig. S5 in the supplemen-
tal material); thus, the level of tri4 gene transcription is probably
not a limiting step of biosynthesis. The other biosynthetic genes,
such as the tri3, tri5, tri6, and tri11 genes, are expressed at lower
levels than tri4, and they may represent a limitation of HA biosyn-

thesis at the transcriptional level. Similar to this result, the over-
expression of the tri5 gene in T. arundinaceum IBT 40837 did not
result in a statistically significant increase in the level of HA pro-
duction in comparison with that of the wild-type strain (M. G.
Malmierca, unpublished data). However, the overexpression of
this gene in T. brevicompactum IBT 40841 resulted in the produc-
tion of increased levels of trichodermin (50). These differences in
the results between T. brevicompactum and T. arundinaceum led
us to propose an additional hypothesis by which the limiting steps
in trichodermin and HA biosynthesis, respectively, are probably
different. Thus, the results for T. brevicompactum indicated that
the tri5-encoded protein would be a limiting step in trichodermin
biosynthesis, since the overexpression of this gene resulted in an
increase in the level of trichodermin biosynthesis (50), while the
results obtained with T. arundinaceum indicated that the bottle-
neck in HA biosynthesis would be another step(s) of its biosyn-
thesis. Taking into account that the only difference in the
trichodermin and HA biosynthetic pathways is the acylation by
esterification of the C-4 oxygen of trichodermol, possibly by Tri3,
with an octatriendioyl or acetyl moiety in T. arundinaceum or T.
brevicompactum, respectively (Fig. 1), the biosynthesis of HA
would most likely require another enzyme, possibly a polyketide
synthase, for the synthesis of the octatriendioyl moiety, as indi-
cated previously by Cardoza and coworkers (11). One possibility
would then be that the limiting step of HA biosynthesis would be
octatriendioyl biosynthesis rather than the tri5- or tri4-encoded
steps.

All the tri genes of T. arundinaceum include in their promoter
regions hypothetical binding sites for the tri-positive regulator
Tri6 (42). Thus, the regulation of the expressions of all these genes
might be coordinated (11). However, the tri genes are expressed at
different levels, similar to those described previously for the sterig-
matocystin/aflatoxin (ST/AF) biosynthetic genes in Podospora an-
serina, Aspergillus flavus, and A. nidulans (7, 41). These genes are
regulated by the transcriptional regulator AflR and also have dif-
ferent levels of expression (44).

The Ta�Tri4 and TaS4-9 transformants differed drastically in
their levels of HA production, but they had similarly increased
levels of chitinase activity compared to that of the control strain,
which may explain why the Ta�Tri4 transformant still had signif-
icant biocontrol activity. Thus, although HA has been shown to be
involved in the biocontrol/mycoparasitic activity of T. arundina-
ceum (see Fig. S3 in the supplemental material), the chitinase and
other extracellular hydrolytic activities obviously also contribute
to its mycoparasitic activity. It is also apparent that the differences
in the biocontrol activities between strains Ta�Tri4 and TaS4-9
are due to their different levels of HA production, since they both
have similar levels of chitinase activity. To help explain the in-
crease in chitinase activity in the mutants, perhaps the levels of
trichodiene and/or 12,13-epoxytrichoene-2-ol produced in the
tri4-disrupted and -silenced transformants act as regulators of the

FIG 6 (A) Relative expression levels of defense-related genes belonging to the SA and JA pathways in 4-week-old tomato plants infected (	Bc) or not (
Bc) with
B. cinerea, when seeds were coated with Ta37. The expression ratio data were obtained and represented by using REST2009 software. Black-line squares (SA
genes) and dotted-line squares (JA genes) indicate gene expression levels statistically different from those under the control conditions (n � 3; P � 0.05). (B)
Relative expression levels of defense-related genes belonging to the SA and JA pathways in 4-week-old tomato plants infected (	Bc) or not (
Bc) with B. cinerea
when seeds were coated with Ta�Tri4. The expression ratio data were obtained and represented by using REST2009 software. Black-line squares (SA genes) and
dotted-line squares (JA genes) indicate gene expression levels statistically different from those under the control conditions (n � 3; P � 0.05). Note that the top
left panels of panels A and B correspond to different repetitions of the same experiment. Thus, they are almost identical, as they represent the effect of B. cinerea
when Trichoderma is not present (control condition).
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expression of the gene(s) encoding chitinase or other enzymes
involved in the mycoparasitic-biocontrol process. Although the
trichothecene deoxynivalenol (DON) has been shown to repress
the expression of the nag1 gene, encoding an N-acetyl-�-D-gluco-
saminidase, one of the most important cell wall-degrading en-
zymes of Trichoderma atroviride P1 (32), the effects of other tri-
chothecenes on chitinase genes are unknown. If the trichothecene
intermediates of T. arundinaceum do have a direct effect on the
production of its own chitinases, this helps to demonstrate the
uniqueness of this species. It has combined the production of a
trichothecene, normally seen only in plant pathogens, with the
production of chitinases, normally seen in beneficial microorgan-
isms that control microbial plant pathogens. Also, T. arundina-
ceum can apparently induce the expression of its own chitinase
genes when HA levels are reduced, perhaps in an effort to main-
tain its environmental niche, in a response similar to that observed
previously for T. atroviride P1 in confrontation experiments
against Fusarium strains with a reduced level of DON production
(32).

There are many genes involved in plant pathogenesis by a fun-
gus, and it is not known exactly how B. cinerea or R. solani infects
and invades plant tissue. It is possible that T. arundinaceum could
act as a biocontrol agent of these two pathogens by producing the
mycotoxin HA, which can then reduce the growths of these patho-
gens, as has been shown in the present work. In addition, we have
observed in confrontation assays that B. cinerea repressed most of
the T. arundinaceum tri genes, possibly as a defense mechanism to
reduce the level of HA production. However, in the case of R.
solani, the situation seems to be reversed, as the expressions of all
the T. arundinaceum tri genes assayed, except tri10, were induced.
It is possible that an unknown stimulant produced by R. solani
caused the increase in T. arundinaceum gene expression levels as a
mechanism for this fungus to outcompete R. solani. Therefore, it is
possible that HA might be acting as an inhibitor of certain fungi
but not others. At this point, it is important to take into account
that the disruption of the tri4 gene reduced growth inhibition
against R. solani to a lesser extent than against B. cinerea.

The interaction of Trichoderma with tomato plants in hydro-
ponic cultures might be expected to affect seedling growth due to
the presence of HA. However, no significant effect on the mea-
sured growth parameters of the wild-type-treated plants or the
Ta�Tri4-treated plants was observed. This suggests that HA does
not negatively affect growth under the tested conditions. When tri
gene expression in these Ta37-treated plants was analyzed, in-
creases in the levels of transcription of the tri4 and tri11 genes were
observed; however, the level of HA production might not be in-
creased, since the tri5 gene is just slightly downregulated, by a
factor of 0.56 (P � 0.09). In addition, the lack of increased levels of
tri6 transcription suggests that the increase in the expression levels
of the tri4 and tri11 genes is the result of a mechanism indepen-
dent of Tri6. In the case of the Ta�Tri4 transformant, mycelia of
this strain recovered from roots of tomato plants in hydroponic
cultures showed an increase in the expression level of the tri4 gene
which was higher than that observed for the wild-type tomato
cultures. This could be due to a response of the fungal cell, pro-
duced as result of the lack of Tri4 activity, to compensate for the
increase in levels of trichodiene. In Ta�Tri4 mycelia recovered
from hydroponic plant cultures, the tri6 expression level was also
increased, perhaps in response to the lack of HA production or
due to some other regulatory factor.

In the development of a hypothesis as to the mechanism by
which T. arundinaceum may serve as a biocontrol agent against the
invasion by phytopathogenic fungi on plants, we have shown that
the production of HA by T. arundinaceum does not affect tomato
seedling growth (i.e., it is not phytotoxic under our test condi-
tions) and that it slows the growth of the pathogenic fungi B.
cinerea and R. solani. We have also shown that the relative expres-
sion levels of the T. arundinaceum tri genes respond differently
when exposed to B. cinerea and R. solani. To expand on our hy-
pothesis, we looked at the expression of plant genes that are in-
volved in the plant defense SA and JA pathways in tomato plants
grown in a greenhouse for 4 weeks from seeds that were treated or
not with strain Ta37 and infected or not with the phytopathogen
B. cinerea. This test should indicate whether the presence of strain
Ta37 increases the intensity of the plant response against B. ci-
nerea, in a sensitizing effect similar to that previously described for
biocontrol Trichoderma strains (1, 13). We found an increase in
the level of the SA response (condition 4) (Fig. 6A) when tomato
plants inoculated with Ta37 were infected with B. cinerea, com-
pared with the level of expression observed for plants infected with
B. cinerea but not treated with Ta37. When strain Ta�Tri4 was
used, a much lower level of induction of these responses was ob-
served, indicating that HA could have a relevant function in the
sensitization of the plant against phytopathogenic fungi. This new
role of HA was further confirmed by comparing the induction of
the JA- and SA-related genes in Ta37-treated plants infected with
B. cinerea versus plants without Trichoderma treatment and in-
fected with B. cinerea. The difference between these conditions
showed a sensitizing effect of Ta37, reflected in an upregulation of
all the studied defense-related genes. In contrast, when this com-
parison was performed with strain Ta�Tri4 (Ta�Tri4-treated
plants infected with B. cinerea versus plants not treated with
Ta�Tri4 and infected with B. cinerea), only the genes PR-P2 and
TomLoxA were slightly upregulated, indicating that when HA is
not produced, the sensitizing function carried out by T. arundina-
ceum is almost entirely lost. Therefore, HA contributes as a neces-
sary partner to plant sensitization against fungal pathogens. We
have proposed a network interaction among the tomato plant, the
biocontrol agent T. arundinaceum, and the phytopathogen B. ci-
nerea (Fig. 7), where T. arundinaceum sensitizes the tomato plant
by inducing plant defense genes, which are in turn induced faster
and to higher levels when the pathogen B. cinerea invades.

As also indicated in Fig. 7, in addition to HA, other metabolites
and/or enzymes produced by Trichoderma may participate in
plant sensitization. Thus, the production of at least five different
peptaibiotics, including alamethicins, trichocopactin, tricho-
brevins, trichocryptins, and trichoferin, and six different hydro-
phobins was described previously for different T. arundinaceum
HA producer strains (14), which, together with HA and probably
other unknown metabolites, would participate in the induction of
the plant defense-related genes and or in the interaction with fun-
gal pathogens. For instance, in a recent work, the involvement of
hydrophobins of Metarhizium brunneum in the virulence of this
fungus against Spodoptera exigua (beet armyworm) was shown
(46), which contributes to support the hypothesis of the involve-
ment of these kinds of proteins of T. arundinaceum in the
Trichoderma-Botrytis-plant interaction.

Additionally, a recent review of plant-beneficial effects of dif-
ferent Trichoderma strains, most of them known as biocontrol
agents, summarized different proteins (cellulase, polygalacturo-
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nase, ceratoplatanins, cellulose-binding-domain proteins, and
nonactive xylanase) and secondary metabolites (peptaibiotics, py-
rones, pyridines, and butenolides) that are able to induce plant
defenses (21).

However, even though it has been shown that the tomato
plants used in this study respond by activating their defense sys-
tems against B. cinerea at a higher level in the presence of strain
Ta37, the lesions caused by B. cinerea did not show any reduction
in the Ta37-treated plants. This finding is in agreement with pre-
vious results (54) showing that the treatment of the tomato line
TA209 with T. atroviride P1 increased pathogenesis-related (PR)
gene expression but had no significant effect on resistance, which
led to the conclusion that the effect of the Trichoderma interaction
on resistance against phytopathogenic fungi depends on the geno-
type of the treated plant. The importance of this concept was also
proven for maize, to the point that there are varieties for which the
use of T. harzianum T22-based products may be either recom-
mended or counterindicated (19, 20).

In conclusion, trichothecenes are important for the biocontrol
activity of T. arundinaceum, as their interactions with plants in-
duce the expression of genes related to the defense response in
plants. They also participate in sensitizing the plant to respond,
inducing the genes involved in the defense response to pathogen
attack faster and at higher levels. In addition, both the plants and
the phytopathogenic fungi regulate the expression of the tri genes
of T. arundinaceum. Thus, this is the first report of the interaction
between the production of trichothecenes and plant defense re-
sponses, showing how these processes establish a network of in-
teractions in which each partner regulates the other parts and

showing how secondary metabolites play an essential role in the
mechanism of biocontrol (Fig. 7).
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