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Abstract A monooxygenase gene was isolated from a
biocontrol strain of Trichoderma hamatum and its role in
biocontrol was investigated. The gene had homologues in
other fungal genomes, but was not closely related to any
fully characterised gene. The T. hamatum monooxygenase
gene was expressed speciWcally in response to the plant
pathogens Sclerotinia sclerotiorum, Sclerotinia minor and
Sclerotium cepivorum, but not in response to Botrytis cine-
rea or T. hamatum. Expression of the gene did not occur
until contact had been made between the two fungal spe-
cies. Homologues in T. atroviride and T. virens showed
similar expression patterns. Expression of the gene in
response to S. sclerotiorum was inXuenced by pH, with a
peak of expression at pH 4, and was subject to nitrogen
catabolite repression. Disruption of the monooxygenase
gene did not aVect the growth or morphology of T. hama-
tum, but caused a decrease in its ability to inhibit the
growth and sclerotial production of S. sclerotiorum. The
monooxygenase gene had a role in the antagonistic activity
of Trichoderma species against speciWc fungal plant patho-
gens and is therefore a potentially important factor in bio-
control by Trichoderma species.
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Introduction

Trichoderma species are eVective as biological control
agents for a range of crop diseases caused by fungal plant
pathogens. Their use has the potential to reduce consid-
erably the quantity of chemical fungicides used in agri-
culture; however, greater consistency is required for
widespread acceptance. Exploration of the molecular basis
of biocontrol interactions has the potential to yield strate-
gies for improving the reliability of biocontrol by Tricho-
derma species.

Trichoderma biocontrol agents act through a number of
mechanisms such as mycoparasitism, competition, antibio-
sis (Hjeljord and Tronsmo 1998) and induction of systemic
resistance (Meyer et al. 1998), or combinations of these
mechanisms (Lorito et al. 1996). As yet, only mycoparasit-
ism has been extensively investigated at a molecular level.
Several cell wall degrading enzymes are involved in the
mycoparasitic attack on the host fungus including prote-
ases, chitinases and glucanases, and the genes encoding
some of these have been well characterised (Geremia et al.
1993; Carsolio et al. 1994; Donzelli et al. 2001). Increased
expression of genes encoding cell wall degrading
enzymes, such as the alkaline protease prb1, endochitinase
chit 33 and endoglucanase egl1, can improve biocontrol
(Flores et al. 1997; Migheli et al. 1998; Limon et al. 1999;
Pozo et al. 2004), but this is not always the case, as with
the endochitinase gene ech42 (Carsolio et al. 1999). Other
genes that appear to have a role in mycoparasitism have
also been identiWed, such as a putative amino acid perme-
ase (Vasseur et al. 1995) and the tga1 and tga3 genes
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encoding G-protein �-subunits (Rocha-Ramirez et al.
2002; Zeilinger et al. 2005). Although Trichoderma spe-
cies are known to produce a range of antibiotics, little is
known about the genes involved in their synthesis (Howell
1998). Molecules involved in the induction of systemic
resistance in plants by Trichoderma species are currently
being characterised (Hanson and Howell 2004; Harman
et al. 2004). Induction of systemic resistance in plants by
Trichoderma asperellum involves the jasmonic acid path-
way (Shoresh et al. 2004), but the details of this process
remain to be elucidated.

Commercially available Trichoderma preparations for
biocontrol are usually Trichoderma atroviride or Tricho-
derma harzianum. A less well-known species, Trichoderma
hamatum, is also an eVective biocontrol agent against Scle-
rotinia sclerotiorum, Sclerotinia minor, Botrytis cinerea,
Pythium ultimum and Rhizoctonia solani (Harman et al.
1980; Rabeendran 2000; Horst et al. 2005). The interaction
between T. hamatum and S. sclerotiorum involves
increased expression of the T. hamatum homologues of the
ech42 and prb1 genes from T. atroviride, which encode
host cell wall-degrading chitinase and proteinase enzymes
(Steyaert et al. 2004). A number of other T. hamatum
genes, which showed increased expression during interac-
tion with S. sclerotiorum, were identiWed using suppressive
subtractive hybridisation (Carpenter et al. 2005). In the
present study, we report on the characterisation of one of
those genes, a monooxygenase, and investigate its role in
biological control by T. hamatum.

Materials and methods

Strains

T. hamatum LU593, T. atroviride LU132 and T. virens
LU555 were identiWed by morphology and ITS1 sequenc-
ing (Steyaert et al. 2004). S. sclerotiorum, S. minor, B. cine-
rea, Sclerotium cepivorum and P. ultimum were identiWed
by morphology. Cultures were grown on potato dextrose
agar (PDA) at 22°C in the dark. PDA for culturing P. ulti-
mum was amended with 0.5% chloramphenicol.

Genomic DNA isolation

Trichoderma spp. were cultured in potato dextrose broth
(PDB) in 6 ml Petri dishes for 3 days in the dark at 22°C.
Mycelium was lifted out of the medium, rinsed in sterile
water and squashed between paper towels to remove liquid.
The mycelium was ground in liquid nitrogen, and DNA
was extracted using a PureGene kit (Gentra Systems, Min-
neapolis, MN). Alternatively, when isolating small quanti-
ties of DNA for PCR, mycelium was scraped from 3- to

5-day-old PDA plates, ground in lysis buVer using a micro-
pestle and puriWed using the PureGene kit.

Genomic library construction and screening

A T. hamatum genomic library was constructed by partially
digesting LU593 genomic DNA with Sau3AI and isolating
the 8- to 12-kb fragments from an agarose gel. The Sau3AI
fragments were ligated into a Zap Express vector (Strata-
gene, La Jolla, CA) cut with BamHI. The library was pack-
aged, ampliWed and stored at ¡80°C.

The T. hamatum genomic library was plated out at
4 £ 104 per 100 cm2 plate in E. coli XL1-BlueMRF’ cells.
Plaque lifts were done using Hybond-N+ (Amersham Bio-
sciences, UK) and Wxed using 0.5 M NaOH followed by a
wash in 5£ SSC. The library was screened with a 330-bp
fragment of a monooxygenase gene (denoted G3) previously
isolated from a subtraction library (Carpenter et al. 2005)
and using ECL labelling and detection (Amersham Biosci-
ences). Three rounds of screening were done to ensure that
the clone was pure. The pBK-CMV phagemids with inserts
were excised from the lambda vector as per the Zap Express
kit instructions and plasmid DNA was isolated.

Isolation of homologous genes from other 
Trichoderma species

Genes homologous to those found in T. hamatum were
ampliWed from T. atroviride and T. virens using degenerate
primers. To amplify within the coding region, primers G3degf
(5�-GTSGCCATCATYGGYGCNGG-3�) and G3degr2
(5�-TCRAARGCCTGGTTSACRCCYTG-3�) were used. To
amplify 5� of the monooxygenase gene in T. atroviride,
primer LU132G3forprom (5�-TAGAGCTTCTCAAAGTG
ATG-3�) from the T. atroviride coding sequence and degener-
ate primer acetyltransdeg (5�-ATYCARATGCACATYG
ACTGCAT-3�) from the coding region of the gene upstream
of the monooxygenase were used.

Sequence analysis

Plasmids were sequenced using ABI BigDye terminator
chemistry and an ABI3100 sequencer (Applied Biosystems,
Foster City, CA). Sequencing primers were designed using
Primer 3 (http://Frodo.wi.mit.edu/cgi-bin/primer3/primer3_
www.cgi) with a melting temperature of 50°C. Both strands
were sequenced and assembled using Sequencher 4.2 (Gene
Codes, Ann Arbor, MI). Sequence data was analysed using
Blast searches of GenBank and fungal genomes. Promoter
analysis was done using DNAman 4.0 (Lynnon Biosoft,
Quebec, Canada) to search for regulatory motifs previously
found to be associated with mycoparasitism and/or biocon-
trol (Steyaert et al. 2003).
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Confrontation assays and RNA extraction

Minimal medium agar (MMA) (Carsolio et al. 1994) con-
taining 0.2% glucose was covered with a sheet of sterile,
lightly sandpapered cellophane and inoculated with two
agar plugs 4.5 cm apart. Confrontation plates were inocu-
lated with a Trichoderma species and a plant pathogen,
whereas control plates received two plugs of Trichoderma
spp. Plates were incubated at 22°C in the dark for 2–4 days.

The mycelium was harvested from the interaction
zone of the two colonies by gently scraping it oV the cel-
lophane using a scalpel blade. It was immediately frozen
in liquid nitrogen and ground using a mortar and pestle.
Total RNA was isolated using Trizol Reagent (Invitro-
gen, Carlsbad, CA), resuspended in water and stored at
¡80°C.

Northern and Southern blotting

RNA was separated by electrophoresis in a 1.2% formalde-
hyde–agarose–MOPS gel (Sambrook and Russell 2001).
Genomic DNA (5 �g) was separated in a 0.8% agarose
Tris–acetate–EDTA (TAE) gel. Nucleic acids were trans-
ferred to Hybond-N+ membrane (Amersham Biosciences)
by capillary transfer. Blots were probed using DIG chemi-
luminescent labelling (Roche, Mannheim, Germany)
according to the manufacturer’s recommendations.

Gene replacement construct

A gene replacement construct was created using overlap
(fusion) PCR (McPherson 2000) to join approximately
2.5 kb from either Xank of the G3 monooxygenase coding
region to a hygromycin resistance cassette. The upstream
Xank was ampliWed from a pBK-CMV-G3 phagemid using
primers G3pf2, which has a HindIII site at the 5�-end, and
G3pr (Table 1). The downstream Xank was ampliWed using

G3tf and G3tr2, which has a KpnI site at the 5�-end. The
hygromycin resistance (hph) cassette from pAN7-1 (Punt
et al. 1987), including Aspergillus nidulans gpd promoter
and trpC terminator, was ampliWed using primers hygf2 and
hygr2 in which the 5�-ends are homologous to primers G3tf
and G3pr, respectively. The components of the replacement
construct were ampliWed using the Expand Long Template
PCR system (Roche, Mannheim, Germany) and puriWed
from a 1% agarose gel. The three segments were joined and
ampliWed in a second PCR, using primers G3pf 2 and G3tr2
with 120 ng of template made up of the three segments in
equimolar amounts. The overlap fragment was digested with
KpnI and HindIII and cloned into the binary vector p0300
that was also digested with KpnI and HindIII. The plasmid
p0300 was made from pCAMBIA 2300 (CAMBIA, Can-
berra, Australia) by digestion with BstXI and XhoI to
remove the NPTII coding region and CaMV35S promoter,
producing a binary vector in which the only sequences
between the left and right borders was the multiple cloning
site (MCS) in the lacZ� gene and the redundant CaMV35S
terminator. The gene replacement construct (pG3KO2) was
checked by sequencing across each junction. The plasmid
pG3KO2 was then transformed into Agrobacterium tum-
efaciens strain EHA105 by electroporation and transfor-
mants were selected on Luria broth (LB) agar containing
50 �g/ml kanamycin and 10 �g/ml rifampicin.

Agrobacterium-mediated transformation 
of T. hamatum LU593

T. hamatum LU593 was transformed by pG3KO2 using
the method of Zeilinger (2004). The A. tumefaciens
EHA105 containing pG3KO2 was grown at 24°C in
induction medium with 200 �M acetosyringone until the
OD at 660 nm was 0.2. Agrobacterium cultures (500 �l)
were mixed with 107 conidia, spread on sterile cellophane
placed on induction medium agar and incubated for 48 h

Table 1 Primers used for 
making the gene replacement 
construct and identifying 
transformants

Primer name Sequence

G3pf2 5�-ATATAAGCTTGGTCCCACTCGGGCTTGTCA-3�

G3pr 5�-TCTCCCAAAGGATCGTGGCTTGG-3�

G3tf 5�-GCGTGAGAAATATGTCCTGCCTGTC-3�

G3tr2 5�-ATAGGTACCTCCTTGCGGCCTCAGTTTGC-3�

hygf2 5�-GACAGGCAGGACATATTTCTCACGCGGCGAGGAGCCTCGTCCTGTC-3�

hygr2 5�-CCAAGCCACGATCCTTTGGGAGATGGAGATGTGGAGTGGGCGCTTA-3�

kotest1 5�-CGTTCTCGAACATGCTTTCC-3�

kotest2 5�-TCGTTTACCCAGAATGCACA-3�

kotest3 5�-TGGGTGAGTTCAAATGTCCA-3�

hygcodf 5�-GATGTAGGAGGGCGTGGATA-3�

hygcodr 5�-GATGTTGGCGACCTCGTATT-3�

G3pf 5�-TATAAGCTTCGGTATTGTGGAGCTGGGCATGA-3�
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at 22°C. The cellophane was then transferred to PDA sup-
plemented with 300 �g/ml hygromycin and 200 �g/ml
timentin, and overlaid with 4 ml 1/2x PDA with 300 �g/
ml hygromycin and 200 �g/ml timentin at 42°C. Transfor-
mants were subcultured twice on to PDA containing
hygromycin and timentin, and DNA was puriWed from
mycelium scraped from the second subculture. Transfor-
mants were checked for the presence of a gene replace-
ment by PCR using primers kotest1 and kotest2, which
were designed to give a 2.7 kb product in a knockout and
no product in the wild-type, and primers kotest 1 and
kotest3, which produced a 6.7 kb product in knockouts
and 4 kb in the wild-type. Transformants carrying the
gene knockout were puriWed by two rounds of single
spore isolation. A Southern blot was used to conWrm the
presence of a gene knockout and absence of additional
ectopic integration. DNA from the knockout mutants was
digested with PstI, and the Southern blot was probed with
two fragments of 550 and 1 kb ampliWed from pG3KO2
using primers hygcodf and hygcodr and G3pf and G3pr,
respectively.

Phenotypic characterisation of knockout mutants

The growth rate and morphology of the knockout mutants
on PDA was compared to that of the wild-type LU593.
Strains were subcultured onto PDA in triplicate and incu-
bated at 22°C. The colony radius was measured daily for
3 days, and appearance of the colony including the pres-
ence of spores was noted at 8, 10 and 15 days after inocula-
tion.

Metabolism of salicylate was determined by two meth-
ods. Salicylate Xuoresces under UV transillumination
(312 nm) and this Xuorescence can be detected in agar
plates. Catechol, the product of salicylate metabolism, is
not detected (Ishiyama et al. 2004). MMA containing 0.1%
salicylate was inoculated with LU593 or one of the knock-
out mutants, and incubated at 22°C. Plates were photo-
graphed using broad bandwidth UV transillumination
(290–365 nm). Salicylate metabolism was also determined
by measuring biomass produced with salicylate as a sole
carbon source. Spores (105) from LU593 and knockout
mutants were grown in 100 ml MM with 2.5 mM salicylate,
or 2.5 mM glucose or no carbon source at 22°C and
200 rpm. After 9 days of growth, the cultures were Wltered,
dried and weighed.

Confrontation assays for evaluating knockout mutants
were conducted by inoculating MMA or PDA plates with
agar plugs of S. sclerotiorum and LU593 or a knockout
mutant, 4 cm apart, and incubating at 22°C. The growth and
appearance of the colonies were recorded every few days
for 23 days. Then the sclerotia produced on each plate were
collected, counted, dried and weighed.

The biocontrol ability of the knockout mutants relative
to the wild-type LU593 was determined using a cabbage
leaf midrib assay (Rabeendran 2000). The test strains and
S. sclerotiorum were cultured on PDA for 4 days, and
10 mm discs cut from the plates using a cork borer. A S.
sclerotiorum disc was placed in the centre of a Petri dish
on moistened sterile sand with its mycelium side up
beneath a Trichoderma disc placed with its mycelium side
down. The midribs were excised from cabbage leaves,
sterilised with 1% sodium hypochlorite for 3 min, then
washed 3£ with sterile water. The ends were trimmed and
the midribs cut into 30-mm sections. Three pieces of cab-
bage midrib were placed in each Petri dish radiating out-
wards from the fungal discs, ensuring contact between the
cabbage and agar. Controls included each strain paired
with a disc of sterile PDA. Ten replicates were used for
S. sclerotiorum alone and paired with each T. hamatum
strain. Controls, consisting of each T. hamatum strain
alone or sterile PDA, were replicated six times. The
assays were incubated at 22°C. At 4 and 7 days after inoc-
ulation, the proportion of the cabbage midrib that was
softened and discoloured was determined using sterile
forceps. After 21 days, any sclerotia produced were
counted, dried and weighed. The results were analysed by
ANOVA using Genstat 9.

Creation of GFP promoter fusion mutants

A binary vector for constitutive expression of GFP
(p0300GFP) was constructed by digesting pCT74 (Lorang
et al. 2001) with EcoRI and KpnI to remove the hph and
GFP cassettes on a single fragment, which was then cloned
into the MCS of p0300. The G3 monooxygenase promoter
fusion vector (pG3GFP) was constructed by cutting
p0300GFP with NcoI and SalI, which removed both the
ToxA promoter from the GFP coding region and the hygro-
mycin resistance cassette. The G3 gene promoter was
ampliWed by PCR using Pfu polymerase (Fermentas) using
primers 593G3promf2 (5�-ATATGTCGACAAGCAGCT
AGTTGCGCCTGT-3�) and 593G3promr2 (5�-ATACCAT
GGTTTGGGGTTTTTGTTGTGAC-3�), which incorpo-
rated restriction sites for the enzymes SalI and NcoI. The
product was cut with SalI and NcoI and ligated into the
MCS of p0300GFP cut with the same enzymes.

The GFP plasmids p0300GFP and pG3GFP were
sequenced to check that no errors had been introduced into
the G3 promoter sequence or GFP coding sequence and that
the structure was correct. The vectors were then trans-
formed into A. tumefaciens EHA105 by electroporation.
T. hamatum LU593 was transformed with p0300GFP, and
also cotransformed with pG3GFP and pYT6 in a 2:1 ratio,
using Agrobacterium-mediated transformation. pYT6 is a
binary vector containing the hygromycin B resistance (hph)
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gene under the control of the Aspergillus glaA promoter
and trpC terminator.

Induction of the G3 monooxygenase promoter 
in GFP fusion mutants

Spores (10,000) from wild-type LU593 or the transformed
strains carrying constitutively expressed GFP and GFP con-
trolled by the G3 monooxygenase promoter were germi-
nated and grown in 250 �l PDB, in a bioimaging microplate
with black walls and a clear bottom to the wells (BD Bio-
sciences, Palo Alto, CA). After 5 days at 22°C, the PDB
was removed by pipetting and 100 �l of test substance(s)
added. Incubation at 22°C was resumed. Fluorescence and
absorbance were measured on each of the following 4 days
using a Fluostar microplate reader (BMG Labtech, OVen-
burg, Germany) with excitation at 485 nm and emission at
520 nm for detection of GFP, and using excitation at
590 nm for absorbance readings. S. sclerotiorum was cul-
tured in PDB and treated in the following ways to produce
reagents to test for stimulation of the G3 gene promoter.
For live S. sclerotiorum, the culture (including broth) was
fragmented using a blender. For autoclaved mycelium, the
mycelium was separated from medium by vacuum Wltration
using a 0.22-�m Wlter, then blended in water and auto-
claved. The Wltrate was also tested, as were concentrated
fractions of the Wltrate obtained using Centriprep centrifu-
gal Wlter devices (Millipore, Bedford, MA) with molecular
weight cut-oVs of 50,000 and 10,000. PuriWed cell walls
were prepared from mycelium by grinding in liquid nitro-
gen and repeated washes with distilled water (Geremia
et al. 1993). Chitin was suspended in water at a concentra-
tion of 1% and autoclaved. The eVect of pH was determined
using citrate–phosphate (McIlvaine) buVers at pH 3–7. The
eVect of glucose and ammonium availability was deter-
mined using glucose at concentrations of 2.5, 0.5 and 0.1%,
and ammonium acetate at 1.0 and 0.1%. Three replicates
were used and results were analysed by ANOVA.

Results

Monooxygenase gene sequence analysis

Screening of the T. hamatum genomic library with SSH
clone G3 yielded a clone with a 7.8 kb insert, which con-
tained the complete monooxygenase gene (GenBank acces-
sion EU124654). The gene consisted of a single exon
encoding a protein of 410 amino acids, which had 64%
identity to a monooxygenase AF110 from Aspergillus
Xavus (GenBank accession AAT65716) (Zhang et al.
2004). The protein sequence also showed high similarity to
proteins predicted from sequences from other Aspergillus
species and Gibberella zeae (Table 2). Comparison with
the Fusarium graminearum (Gibberella zeae) genome
(http://mips.gsf.de/genre/proj/fusarium) yielded more than
30 sequences with signiWcant homology (E value < e¡05).
Of these, one stood out as having much greater similarity
than the rest (1.4e¡129) suggesting it was the homologous
gene. Some of these proteins with the greatest similarity to
the G3 monooxygenase have been predicted to be salicylate
hydroxylases, but this role has not been conWrmed experi-
mentally. Comparison was therefore made with proteins
whose functions have been conWrmed. The G3 sequence
was compared to the sequences of Agaricus bisporus 4-
aminobenzoate hydroxylase, Saccharomyces kynureneine
3-monooxygenase, two bacterial salicylate hydroxylases
and a bacterial 3-hydroxybenzoate hydroxylase. Although
all had signiWcant E values, all showed low identity (14–
18%), indicating that they are related to G3, but not closely
(Table 2).

Alignment of the T. hamatum monooxygenase amino
acid sequence with that of A. Xavus AF110 revealed con-
served residues involved in FAD binding (Fig. 1). The
Rossman fold motif GXGXXG, which binds the ADP moi-
ety of FAD was present close to the N-terminus. Towards
the C-terminus there was a conserved region, which
included the GD motif that binds the ribose moiety of FAD.

Table 2 Selected proteins 
showing similarity to the 
T. hamatum monooxygenase 
gene

Protein Accession no. E value % Identity

Aspergillus Xavus monooxygenase AAT65716 8e¡145 64

Gibberella zeae hypothetical protein XP388292 7e¡131 58

Neosartorya Wscheri salicylate hydroxylase 
(Aspergillus Wscherianus)

XP001258632 4e¡130 58

Aspergillus fumigatus salicylate hydroxylase XP748347 5e¡129 56

Aspergillus niger hypothetical protein XP001393383 2e¡128 58

Agaricus bisporus 4-aminobenzoate hydroxylase BAA07468 7e¡13 17

Pseudomonas stutzeri salicylate hydroxylase (nahW) AAD02157 6e¡12 14

Pseudomonas stutzeri salicylate hydroxylase (nahG) AAD02146 5e¡10 18

Klebsiella pneumoniae 3-hydroxybenzoate-6-hydroxylase AAW63416 1e¡6 18

Saccharomyces cerevisiae kynurenine 3-monooxygenase P38169 6e¡6 15
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The DG motif described in Xavoprotein hydroxylases by
Eppink et al. (1997) was also present. Comparison of the
G3 monooxygenase sequence to the most similar fungal
sequences revealed an additional motif with the conserved
sequence DIGGA, which was not present in the more dis-
tantly related sequences. It was present only in the most
similar sequence from each fungal species, including the
Wrst four listed in Table 2. This motif corresponded in posi-
tion to the GG motif described by Vallon (2000); however,
the amino acids surrounding the core GG were diVerent.

Sequencing 5� of the G3 monooxygenase coding region
revealed a 769 bp intergenic region and a predicted adjacent
gene with homology to acetyl transferases. Sequencing 5� of
the acetyl transferase gene revealed homology to another
unidentiWed fungal protein (Fig. 2). Sequencing 3� of the stop
codon of the G3 monooxygenase revealed 642 bp before the
predicted stop codon of the next gene. The downstream gene
was identiWed by sequence homology as the delta subunit of
the coatomer complex (�-COP), also known as the archain
gene, and this gene extended to the end of the clone, which

encompassed the complete �-COP gene. The arrangement of
the acetyl transferase, monooxygenase and �-COP genes
showed synteny with the T. reesei genome (http://genome.
jgi-psf.org/Trire2/Trire2.home.html); however, upstream of
the acetyl transferase, the synteny is broken as T. reesei that
has a retroelement and a hypothetical protein unrelated to the
one in T. hamatum (Fig. 2).

G3 monooxygenase homologues in other species 
of Trichoderma

A part of the coding region of the G3 monooxygenase
homologues from T. atroviride and T. virens were ampli-
Wed and sequenced for use as probes so that the expression
of the monooxygenase gene in these species could be com-
pared to that of T. hamatum. The homologous genes from
T. atroviride and T. virens were 87 and 81% identical,
respectively, to T. hamatum over the 898 bp sequenced, and
were 83% identical to each other. A region of 1.6 kb 5� to
the T. atroviride monooxygenase coding sequence was also
ampliWed and sequenced so that the promoter sequences of
the two species could be compared. A putative acetyl trans-
ferase gene was present 5� of the monooxygenase gene in
T. atroviride as was previously found in T. hamatum. In T.
atroviride, the predicted stop codon of the acetyl transfer-
ase was 967 bp 5� of the monooxygenase start codon,
whereas in T. hamatum the predicted coding regions of the
two genes are separated by 769 bp.

Analysis of the G3 monooxygenase gene promoter region

The promoter regions of the T. hamatum and T. atroviride
G3 monooxygenase genes were searched for motifs known
to be involved in the regulation of genes associated with

Fig. 2 Arrangement of the genes in the genomic library clone carrying
the T. hamatum G3 monooxygenase gene and in the equivalent region
of the T. reesei genome. The G3 monooxygenase gene was Xanked by
genes predicted to be the delta unit of the coatomer protein and an
acetyl transferase. 5� of the acetyl transferase, the species diVered, as
T. hamatum had a hypothetical protein, which was present in a diVerent
part of the T. reesei genome, whereas T. reesei had a putative retroele-
ment. Arrows show the direction of the open reading frames, which are
represented by the grey boxes

 0                 1                  2                 3                  4                 5                 6   7             7.8  kb

T. reesei

T. hamatum 

monooxygenase coatomer delta subunit acetyl transferase 
hypothetical

protein

retroelement 

Fig. 1 Alignment of the 
T. hamatum G3 monooxygenase 
amino acid sequence with the 
Aspergillus Xavus homologue. 
Identical residues are indicated 
by vertical lines and conserva-
tive substitutions are indicated 
by dots. Asterisks indicate the 
conserved residues involved in 
binding FAD. The Wrst box rep-
resents the region that binds the 
ADP moiety of FAD and in-
cludes the Rossman fold motif 
GXGXXG. The second box indi-
cates the GG motif (Vallon 
2000). The third box indicates 
the DG motif conserved in Xavo-
protein hydroxylases (Eppink 
et al. 1997), and the fourth box 
shows the GD motif that binds 
the ribose moiety of FAD
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 AERVMSVLVNILEYRYIRLAKYGHKEQSGFDFDDVSKDDESHFYLKEFHYGLPSINKYIG    16
 |: ||. | .||  |||||:.|| | : ||:|.|  |:|.|:|||.:|.|| |.|..|:|      
 AQAVMDSLEKILVHRYIRLGHYGYKLH.GFEFTDKLKNDPSRFYLHDFEYGEPRIRQYVG    06

 NTFKPTLDPYLHKRVRSHIGDAGVLLKASSTSGDAFTWTVSTSSESVVHDFKKQYEVPIG   121
 |||:|.||||| |||||||||||||  |..|.:|.| |||..|.||:|| |||.|.|||.      
 NTFRPELDPYLYKRVRSHIGDAGVLCAATATTDDDFQWTVDSSTESIVHVFKKNYHVPIN   911

 ARDYEQQLRRQKGILVESGDALQPAIVFAGHKPSMITVPLPYNPKEQLQARPVAATVGIM   181
 .|:.:..  :|:|||||||| ||||||||||||.||||||.|:.. :||  |||||||:       
 ERGLQPAH.KQRGILVESGDKLQPAIVFAGHKPNMITVPLGYEDPVELQRTPVAATVGVA   971

 VR..GKAWTDLKPVLYFPWLNIGKLPINSVANAVIPPFDASGERLFDVCWAKNNMLEDWG   142
 ||   ..| |||||: ||||||   .|.|||..||.|||..|:||||:||.|:|:| |||      
 VRCLHSSWRDLKPVVHFPWLNIKAPSIQSVARQVIEPFDSAGDRLFDICWQKDNLLRDWG   832

 LQWNKLANGIRVADEKDDKSQKKQQVKAVIGAFTYVDEFAQNVGQGATPPIAHAADGLIV   992
|| :||.::.:.          |  :||| .:|||||||||||||||||||||||||||      
 QQWLRLAKELSID..........QSKRAVILSYTYVDEFAQNVGQGATPPIAHAADGLIV   892

TAWEAIMQDFDIGYLWEMDFPEFV.GDKVAD..PLRRKNLQDNLDLVKDVRAQRG   953
.||.:|.||| :||||:||:| | .:.::|  |:|||::|.||:||||||||||      

 ALDEHMQQWEDVMADFDPSYLWELDFAEHVDPENLGDQKPMRRKDIQANLELVKDVRAQRG   843

*  * *

*  *  **

* *  *   *****

 mutamah .T

 suvalf .A
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mycoparasitism and biocontrol. For this purpose, the pro-
moter region was deWned as extending from the putative
stop signal of the upstream acetyl transferase gene to the
monooxygenase start codon, as the transcription start point
had not been determined. Both the T. hamatum and T. atro-
viride G3 promoters had sequences matching 11 of the
motifs searched for, speciWcally, the TATA box, CCAAT
box, GATA, CreA, STRE, PacC, BrlA, AbaA, AceI, AceII
and MYC1(Cortes et al. 1998; Steyaert et al. 2003). In most
cases, the positions of the motifs were not conserved
between the sequences from the two Trichoderma species,
and as they are generally short motifs, some of which
would be expected to occur randomly within these
sequences, many may not be functional regulatory ele-
ments. The mycoparasitism elements MYC2–4 were not
present in either sequence. There were a few motifs whose
positions were conserved between the two promoters
(Fig. 3) and were therefore considered more likely to be
functional. CCAAT and PacC (pH regulation) motifs
occurred in close proximity (26–31 bp between them) lying
240–280 bp upstream of the start codon. GATA (nitrogen
repression) and BrlA (sporulation) motifs occurred at the
5�-end of the promoters, separated by 16–26 bp and lying
within 70 bp of the preceding stop codon. Additionally,
both sequences had MYC1 (mycoparasitism) elements
positioned approximately 110 bp apart. Comparison of the
two promoter sequences also revealed an overall similarity
of 66% and a deletion in the middle of the T. hamatum pro-
moter relative to the T. atroviride promoter. Alignment of
the sequences revealed six blocks of identity ranging in size
from 10 to 30 bp, which may represent novel regulatory
sequences (Fig. 3). One of these contained a conserved
CreA (carbon repression) motif. Smaller identical segments
also occurred.

The T. hamatum G3 promoter was also compared to that
of T. hamatum chit42 (ech42) and prb1, two biocontrol
genes predicted to be regulated by common pathways, and
to the T. reesei G3 homologue, but notable similarities were
not observed.

Southern blot

Southern analysis produced a single band in each of three
restriction digests (EcoRI, HindIII, PstI), which showed the
G3 monooxygenase gene to be a single copy gene. Single
bands were also produced by HindIII digests of T. atrovi-
ride and T. virens DNA showing the gene to be present in
these species also (data not shown).

Expression of the T. hamatum G3 monooxygenase 
over time

Northern analysis revealed that the G3 monooxygenase was
not expressed in T. hamatum grown alone or in confronta-
tion with itself, but was expressed in confrontation with S.
sclerotiorum. Expression of the gene did not occur until the
two colonies were overlapping (Fig. 4). The lack of expres-
sion when T. hamatum is grown in confrontation with itself
showed that the expression is speciWc to interaction with
S. sclerotiorum and not simply a stress response induced by
starvation.

Induction of expression by alternative host species

The confrontation assay was repeated using other plant
pathogen species and using T. atroviride and T. virens.
Expression of the T. hamatum G3 monooxygenase gene in
confrontation with S. cepivorum was at a level similar to
that induced by S. sclerotiorum (Fig. 5a). S. minor and
P. ultimum induced the monooxygenase to a lesser extent,
barely detectable in the case of P. ultimum. No monooxy-
genase expression was detected in response to B. cinerea.
Expression of the monooxygenase homologue in T. atrovi-
ride and T. virens followed a similar pattern (Fig. 5b, c). In
these species, expression was induced by S. sclerotiorum

Fig. 3 Comparison of the promoter regions of the T. hamatum and
T. atroviride G3 monooxygenase genes. The black bars represent the
sequence from the stop codon of the predicted upstream gene to the
start codon of the monooxygenase. The dashed line represents a dele-
tion in the T. hamatum sequence. Rectangles represent blocks of 100%
identity with the size of the block in base pairs shown below. Regula-
tory motifs known from other genes are shown only when the position
was conserved between the two species, and are depicted as follows:
black diamond GATA, white diamond BrlA, arrow MYC1, triangle
CreA, white star CCAAT, black star PacC

T. hamatum 

T. atroviride 

100 bp 

23                        30  17 15                                         10            12 bp 

Fig. 4 Northern analysis showing expression of T. hamatum G3
monooxygenase in T. hamatum grown alone, grown in confrontation
with itself and grown in confrontation with S. sclerotiorum. Day 2 was
2 days after inoculation and prior to contact of the two colonies on con-
frontation plates. On day 3, colonies had just made contact and over-
lapped by 1–3 mm. On day 4, they overlapped by approximately
10 mm. The top panel was probed with monooxygenase gene, and the
lower panel shows ethidium bromide-stained RNA as a loading control
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and S. cepivorum but not by B. cinerea nor in the absence
of a host species.

Induction of expression of the G3 monooxygenase 
determined using GFP promoter fusion mutants

Several transformants, which carried the constitutively
expressed GFP and GFP regulated by the G3 promoter,
were obtained. One of each was chosen for analysis of gene
expression based on the strength of GFP expression and the
similarity of growth and morphology to the wild-type.

The expression of the G3 monooxygenase gene in
response to live S. sclerotiorum was signiWcantly inXu-
enced by pH (P < 0.01). Two days after the addition of
citrate–phosphate buVers, when the highest level of expres-
sion occurred, G3 expression in the presence of S. sclero-
tiorum was greatest at pH 4. Both pH 3 and 4 gave greater
expression than in unbuVered conditions, and expression
decreased as pH increased from 5 to 7 (Fig. 6a). The
expression of G3 was also signiWcantly aVected by ammo-
nium ion concentration (P < 0.01) when measured after
3 days. Expression was induced by live S. sclerotiorum
when ammonium acetate had been added at 0 and 0.1%, but
not at 1% (Fig. 6b). The concentration of glucose did not
signiWcantly aVect G3 expression. The three glucose con-
centrations (0.1, 0.5 and 2.5%) and no glucose all gave
comparable expression of G3 in response to live S. sclero-
tiorum. In the absence of S. sclerotiorum, there was no
expression of G3 at any pH or ammonium ion or glucose
concentration. There was no induction of gene expression
in response to chitin, or any of the fractions derived from
S. sclerotiorum other than the live S. sclerotiorum culture.

IdentiWcation of gene knockout mutants by PCR 
and Southern blotting

Screening of 30 putative knockout transformants by PCR
revealed three mutants, which generated PCR products
indicative of a gene knockout. After puriWcation by single
spore isolation, Southern blot analysis of these three
mutants, using a restriction enzyme which cut within the

hygromycin gene, showed that the wild-type fragment was
replaced by two smaller fragments, conWrming that all three
mutants were knockout mutants (Fig. 7.). The Southern blot
also conWrmed that no additional ectopic integrations had
occurred in any of the knockouts.

Fig. 5 Northern analysis of G3 monooxygenase expression in Tricho-
derma spp. in response to diVerent host species. Top panels were
probed with the G3 monooxygenase gene from the respective Tricho-
derma species. Lower panels were probed with 18s as a loading con-

trol. RNA was extracted when colonies were overlapping by 5–10 mm.
Th T. hamatum, Ta T. atroviride, Tv T. virens, Ss S. sclerotiorum, Sm
S. minor, Sc S. cepivorum, Bc B. cinerea, Pu P. ultimum, — Tricho-
derma spp. grown alone

Fig. 6 G3 monooxygenase gene expression induced by S. sclerotio-
rum is inXuenced by pH and nitrogen availability. a The Xuorescence
produced by wild-type LU593 and a G3 promoter fusion mutant 2 days
after the addition of citrate-phosphate buVers with or without live,
blended S. sclerotiorum. The monooxygenase gene was induced only
in the presence of S. sclerotiorum, and induction was greatest at pH 3
and 4 or in unbuVered medium. b The Xuorescence produced by the
same strains 3 days after the addition of 0, 0.1 and 1.0% ammonium
acetate with or without live, blended S. sclerotiorum. The monooxy-
genase gene was induced only in the presence of S. sclerotiorum and
at low or zero levels of ammonium acetate. Gene expression was
repressed in the presence of 1% ammonium acetate. Error
bar = §standard error of the mean. wt wild-type LU593, G3 G3
promoter:GFP fusion mutant, Ss S. sclerotiorum
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Phenotypic characterisation of G3 monooxygenase 
gene knockout mutants

The growth rate of the knockout mutants on PDA was not
signiWcantly diVerent from that of the wild-type, consistent
with a lack of gene expression during normal growth. The
appearance of the colonies was also similar to that of the
wild-type, except for a possible small reduction in sporula-
tion. Neither of the assays for salicylate metabolism
showed a diVerence between wild-type LU593 and the G3
knockout mutants, indicating that salicylate is unlikely to
be the substrate for the monooxygenase enzyme.

The behaviour of the knockout mutants in confrontation
with S. sclerotiorum was compared to LU593 on PDA and
on MMA. In all cases, the T. hamatum strains and S. sclero-
tiorum grew rapidly until the two colonies met. Then
S. sclerotiorum ceased to grow, while T. hamatum slowly
overgrew S. sclerotiorum. On PDA, LU593 overgrew
S. sclerotiorum to a greater extent than any of the knockout
mutants; however, the diVerence was only signiWcant for
KO13 (P < 0.05) (Table 3). On MMA, LU593 appeared to
overgrow S. sclerotiorum more quickly than any of the
knockouts; however, the sparse growth produced on this
medium by both species made it diYcult to distinguish

them with certainty. The number and total weight of sclero-
tia produced on each PDA confrontation plate were
recorded. The number and weight of sclerotia produced in
the presence of the knockout mutants were greater than
those for the wild-type, indicating that the knockouts had
a decreased inhibitory activity against S. sclerotiorum
(Table 3). However, this diVerence was only statistically
signiWcant (P < 0.05) in the case of KO13 (number and
weight) and KO15 (number only). Overall, the gene disrup-
tion caused a small decrease in the antagonistic activity of
T. hamatum against S. sclerotiorum.

Two of the knockout mutants, KO13 and KO24, were
tested for their ability to control the rot of cabbage leaf mid-
rib sections by Sclerotinia sclerotiorum. In both assays, the
wild-type LU593 gave excellent control of the Sclerotinia
disease, while the negative control showed complete decay
of the cabbage tissue (Table 4). Biocontrol by KO13 was
not signiWcantly diVerent from the wild-type for any of the
parameters measured. However, biocontrol by KO24 was
signiWcantly less than the wild-type in both the proportion
of cabbage tissue decayed 4 and 7 days after inoculation
(P < 0.01), and in the number and weight of sclerotia pro-
duced (P < 0.01).

Discussion

A novel gene with potential importance in biocontrol was
isolated from T. hamatum. Comparative sequence analysis
showed the gene to encode a protein belonging to the large
and diverse family of monooxygenases, which are involved
in various aspects of cellular metabolism. Proteins, which
are very similar to the G3 monooxygenase, have been pre-
dicted from fungal genome sequencing, but the function of
these has not been determined. The G3 monooxygenase had
the sequence motifs characteristic of a FAD-dependent

Fig. 7 Southern blot showing disruption of the G3 monooxygenase
gene in knockout mutants. DNA was digested with PstI, and the blot
was probed with two fragments from the coding region of the hygro-
mycin gene and the promoter region of the G3 gene, respectively. A
PstI site was present in the hygromycin gene-coding region. A 9-kb
fragment in the wild-type was replaced by two smaller fragments (5
and 6 kb) in the knockouts (KO13, KO15, KO24), and no additional
ectopic integrations were evident. KO32 showed the 9-kb wild-type
fragment and an ectopic integration

Table 3 Comparison of monooxygenase knockout mutants with wild-
type T. hamatum in confrontation with S. sclerotiorum

a Figures shown are averages of three replicates. Growth was mea-
sured from the agar plug forming the T. hamatum inoculum to the edge
of the T. hamatum colony growing over the S. sclerotiorum colony.
This was easier to determine than the width of the overlap, as the edge
of S. sclerotiorum became obscured by the T. hamatum growing over it
b The result was signiWcantly diVerent from the wild-type (P < 0.05,
ANOVA)

Strain Growth over 
S. sclerotiorum 
(mm)a

Number of 
sclerotia 
produced

Total 
sclerotial 
weight (mg)

LU593 28.0 9.0 47.0

KO13 20.0b 14.7b 79.4b

KO15 21.7 13.3b 56.1

KO24 26.0 11.7 60.4
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monooxygenase (Eppink et al. 1997; Vallon 2000), but was
not closely related to any well-characterised Xavoprotein.
Only distantly related proteins have been properly identi-
Wed, and these include a range of monooxygenases such as
an aminobenzoate hydroxylase from Agaricus (Tsuji et al.
1996), kynurenine 3-hydroxylase from Saccharomyces, and
bacterial hydroxylases of salicylate (Bosch et al. 2000) and
other benzoate derivatives (Liu et al. 2005). Therefore,
sequence homology did not give a strong indication of the
reaction catalysed by this enzyme.

Some of the genes showing greatest similarity were pre-
dicted to encode salicylate hydroxylases. This was of par-
ticular interest due to the association of salicylate with the
induction of systemic resistance in plants by Trichoderma
species (Harman et al. 2004) and also the ability of salicy-
late to induce expression of the endochitinase gene ech42 in
T. atroviride (Lutz et al. 2004). Salicylate metabolism was
tested using the gene disruption mutants; however, the
results were not consistent with salicylate as a substrate; so,
the substrate of this monooxygenase remains to be deter-
mined.

Sequencing of fungal genomes, such as Fusarium
graminearum (http://mips.gsf.de/genre/proj/fusarium) and
Neosartorya Wscheri (http://tigrblast.tigr.org), has shown
them to contain many genes encoding a variety of monoox-
ygenases, most of which have not had their function deter-
mined. Using sequence similarity as an indication of
function in a large gene family like this must be approached
with caution, as a signiWcant level of similarity (<e¡5) does
not necessarily indicate a common function.

Monooxygenase genes sometimes lie in clusters with
other functionally related genes. The T. hamatum G3
monooxygenase gene was positioned between a putative

acetyl transferase gene and the coatomer delta subunit (�-
COP) gene, an arrangement which was conserved in T. ree-
sei (http://genome.jgi-psf.org/Trire2/Trire2.home.html). It
seems unlikely that the �-COP gene has functional relation-
ship to the monooxygenase, as �-COP is a highly conserved
gene present in diverse eukaryotes, with a fundamental role
in eukaryote cell biology concerning intracellular protein
transport (TunnacliVe et al. 1996). It is possible that the
acetyl transferase and the adjacent hypothetical protein are
functionally related to the monooxygenase; however, there
is insuYcient information known about these proteins to
draw any conclusions. Upstream of the acetyl transferase,
the synteny with T. reesei was broken. If these genes are
functionally related, the break in synteny could reXect a
functional diVerence between the two species, i.e., the
monooxygenase gene may have a role in biocontrol in T.
hamatum but a diVerent role in T. reesei, which is not a
recognised biocontrol species. AF110, the Aspergillus
Xavus gene that gave the highest similarity to the T. hama-
tum monooxygenase gene, is adjacent to a gene cluster,
which synthesises the mycotoxin aXatrem and is likely to
be a part of this gene cluster (Zhang et al. 2004). This could
be an indication that the T. hamatum gene is involved in
synthesis of a mycotoxin; however, there was no synteny
between the T. hamatum genes and the A. Xavus cluster.

The expression of the T. hamatum monooxygenase gene
was stimulated speciWcally during interaction with S. scle-
rotiorum and certain other plant pathogenic fungi. Expres-
sion of the gene was not evident during growth on PDA and
did not begin until contact was made between the two spe-
cies. This strongly suggested that the gene product had a
role in the antagonistic attack of Trichoderma spp. on other
fungal species. Other genes involved in biocontrol, such as
prb1, nag1 and chit42, showed similar patterns of expres-
sion (Carsolio et al. 1994; Cortes et al. 1998; Zeilinger
et al. 1999; Steyaert et al. 2004). However, the expression
of the G3 monooxygenase gene in response to plant patho-
gens was more speciWc than some of these other genes. For
example, chit42 (ech42) showed a basal level of expression
in the absence of a plant pathogen in both T. hamatum and
T. atroviride (Carsolio et al. 1994; Steyaert et al. 2004), and
was stimulated by light in T. atroviride (Carsolio et al.
1994). This was not the case for G3, which appeared to be
induced solely by the presence of a live plant pathogen.

In T. hamatum, expression of the gene was induced by S.
sclerotiorum, S. minor, S. cepivorum, but not by B. cinerea
or by interaction with itself. A similar pattern was observed
in T. atroviride and T. virens. This showed that the interac-
tion was quite speciWc and not a generalised response to
any fungus encountered. The three plant pathogen species,
which did induce the gene, have in common that they are
soilborne pathogens, whereas B. cinerea is a foliar patho-
gen. The three Trichoderma strains used are all eVective

Table 4 Performance of monooxygenase knockout mutants in a bio-
control assay

a Figures shown are averages of ten replicates. % Disease refers to the
proportion of the cabbage leaf midribs which was soft and discoloured
in a blind assessment
b The result was signiWcantly diVerent from the wild-type (P < 0.01,
ANOVA)

Strain % Disease
day 4a

% Disease
day 7

Number of 
sclerotia 
produced

Sclerotial 
weight 
(mg)

First assay

Control 98 100 6.4 124

KO13 18 39 1.7 14

LU593 27 34 0.5 3

Second assay

Control 98 100 10 143

KO24 41b 67b 7.8b 81b

LU593 13 36 0.3 4
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biocontrol agents for one or more of the four plant patho-
gens listed above (McLean and Stewart 2000; Rabeendran
2000; McLean et al. 2005; Stewart et al. 2005; Rabeendran
et al. 2006), although not all combinations have been
tested; so, it is not possible to correlate biocontrol eYcacy
with expression of the monooxygenase gene. The T. atrovi-
ride strain LU132 was eVective at controlling disease
caused by B. cinerea (Stewart et al. 2005) and S. cepivorum
(McLean et al. 2005) and has been developed commercially
for these purposes. However, the expression of the T. atro-
viride monooxygenase gene in response to S. cepivorum
and B. cinerea was quite diVerent, suggesting that the
mechanisms used in biocontrol may be variable depending
on the pathogen species involved.

Analysis of the promoter sequence of the T. hamatum
monooxygenase gene revealed numerous possible regula-
tory motifs, but only a few of these were in conserved posi-
tions relative to the T. atroviride promoter. One that was
conserved was the PacC motif associated with gene regula-
tion in response to pH (Denison 2000). The assays using
promoter fusion mutants showed that expression of the
monooxygenase gene was not stimulated by changes in pH
in the absence of S. sclerotiorum. However, during interac-
tion with S. sclerotiorum, pH had a highly signiWcant eVect
on the level of expression observed. Therefore, it is likely
that expression of this gene is regulated via the PacC sys-
tem. The monooxygenase gene promoter also had a con-
served GATA (nitrogen catabolite repression) motif, and
the expression of the gene was aVected by the concentration
of primary nitrogen, which suggested that this gene was
subject to nitrogen catabolite repression. Other Tricho-
derma genes associated with biocontrol, such as prb1 and
chit42, were also regulated through nitrogen catabolite
repression (Donzelli et al. 2001; Olmedo-MonWl et al.
2002). In contrast, expression of the monooxygenase gene
did not appear to be aVected by glucose concentration, sug-
gesting that the CreA (carbon repression) motif, which was
present in a conserved region of the promoter, was not
functional.

The T. hamatum promoter did not show much similarity
to the prb1 or chit42 promoters (Steyaert et al. 2004), and
only included one of the Wve mycoparasitism-related
(MYC) elements previously described in these genes (Cor-
tes et al. 1998; Steyaert et al. 2003), which suggested that it
was regulated independently of these other biocontrol
genes. The G3 promoter also showed little similarity to that
of the T. reesei homologue. This is consistent with T. reesei
not being a biocontrol species and the homologous gene
having a somewhat diVerent role. However, the similarities
between the T. hamatum and T. atroviride promoters,
which included identical sequences of up to 30 bp, sug-
gested the presence of additional, previously undescribed
regulatory elements.

The gene knockout mutants grew normally on PDA,
which is consistent with the gene not being expressed dur-
ing normal growth, but being expressed speciWcally during
antagonistic activity against other fungi. The knockout
mutants were less aggressive than the wild-type in confron-
tation with S. sclerotiorum, which was also consistent with
the gene being expressed during antagonistic activity. The
gene disruption conferred a loss of biocontrol ability, sig-
niWcant in only one of the two mutants tested, but did not
abolish biocontrol completely. Therefore, although the
gene has a role in biocontrol, it is not essential. As biocon-
trol involves a variety of cellular activities (Kubicek et al.
2001), it is likely that numerous genes are involved; there-
fore, many of these genes will be making a relatively minor
contribution to the biocontrol outcome such that their
contribution may be diYcult to detect. Additionally, some
genes involved in biocontrol may have redundant roles that
can be totally or partially done by other enzymes. Interest-
ingly, knockouts of the mycoparasitism-related ech42 gene
in T. atroviride did not cause loss of mycoparasitic or
biocontrol activity (Carsolio et al. 1999), yet the gene is
accepted as being important in biocontrol. Also, disruption
of tvsp1, the prb1 homologue in T. virens, produced no
signiWcant diVerences from the wild-type in three of four
biocontrol-related parameters (Pozo et al. 2004). This
inconsistency may be associated with the inherent variabil-
ity of assays involving two or three live organisms.

The confrontation and biocontrol assays were conducted
using 2–3 knockout mutants, rather than just one, to con-
Wrm that the phenotypic changes observed were due to the
gene knockout and not due to additional random mutations.
The knockout mutants behaved similarly in these assays
although there was variation in the extent to which the gene
knockout impaired their ability to inhibit the growth and
sclerotial production of S. sclerotiorum. This variation
could be explained by non-target mutation in the knockout
strains. Additional Southern blot and PCR analysis of the
disrupted region of the knockout genomes were performed,
but revealed no diVerences between them (data not shown).
For further characterisation of the role of this gene in bio-
control, it would be interesting to see if overexpression of
the gene resulted in an increase in the biocontrol ability of
the fungus.

The T. hamatum monooxygenase gene described herein
had an expression pattern consistent with a role in antago-
nistic activity against speciWc fungal plant pathogens and
its disruption had a negative impact on biocontrol ability.
The speciWcity of the gene expression was quite striking in
that the gene showed no expression whatsoever except in
the presence of particular plant pathogens. Its role in the
antagonistic interaction and its substrate remain to be deter-
mined; however, the characteristics described here indicate
its involvement in biocontrol by Trichoderma species.
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