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Losses due to plant diseases may be as high as 10-20% of the total worldwide food
production every year, resulting in economic losses amounting to many billions of dollars
and diminished food supplies. Chemical control involves the use of chemical pesticides to
eradicate or reduce the populations of pathogens or to protect the plants from infection by
pathogens. For some diseases chemical control is very effective, but it is often non-specific
in its effects, killing beneficial organisms as well as pathogens, and it may have undesirable
health, safety, and environmental risks.

Biological control involves the use of one or more biological organisms to control
the pathogens or diseases. Biological control is more specialized and uses specific
microorganisms that attack or interfere with the pathogens. The members of the genus
Trichoderma are very promising against soil-born plant parasitic fungi. These filamentous
fungi are very widespread in nature, with high population densities in soils and plant litters
[1]. They are saprophytic, quickly growing and easy to culture and they can produce large
amounts of conidiawith long lifetime.
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Biochemical background of antagonism by Trichoderma strains

The antagonistic properties of Trichoderma strains against plant pathogenic
fungi are proposed to be the result of the synergistic effects of three basic mechanisms:
antibiosis, competition and mycoparasitism. The biochemica basis of these
mechanisms seems to be the production of antifungal compounds and extracellular
enzymes.

Antifungal compounds

Comprehensive reviews are available on the antibiotic production of
Trichoderma species[2, 3, 4 and references therein]. Dennis and Webster [2] described
the production of trichodermin, a chloroform-soluble sesquiterpenoid metabolite, by
Trichoderma viride and T. polysporum, and the production of other peptide antibiotics
by Trichoderma hamatum.

Okuda et a. [5] showed that Trichoderma species exhibited their own
production patterns of isonitrile antibiotics, isonitrile patterns correlated with the
morphological and physiological characteristics of the species.

An isolate of Trichoderma harzianum was found to secrete 3-(2-
hydroxypropyl)-4-(2-hexadienyl)-2(5H)-furanone, which inhibits microbial growth [6].
From this mycoparasitic species group two cyclonerodiols, an octaketide keto diol and
three new octaketide-derived compounds with antibiotic activity towards the take-all
fungus Gauemannomyces graminis var. tritici were also identified [4].

Trichorzins and trichorzianines are peptaibol antibiotics with antifunga activity.
The paralel formation and synergistic effect of trichorzianines with hydrolytic
enzymes in the inhibition of spore germination and hyphal elongation of Botrytis
cinerea was shown by Schirmbdck et al. [7]. Such synergisms may play an important
role in the antagonism of Trichoderma species against plant pathogenic fungi.

Harzianum A, a trichothecene from T. harzianum showing modest antifungal
activities, was characterized by Corley et al. [8].

Tricholin is a ribosome-inactivating protein isolated from T. viride, with
fungicidal effects against Rhizoctonia solani [9]. The mode of action of this compound
towards R. solani appeared to be attributed to the diminishing of polysome formation
through damage to large ribosomal subunits.

The T. harzianum metabolite 6-pentyl-pyrone reduced the growth and spore
germination of R. solani and Fusarium oxysporum f. sp. lycopersici in in vitro tests,
suggesting a strong relationship between pyrone production and the in vitro
antagonistic ability of T. harzianum[10].
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Wilhite and Strancy [11] investigated the timing of the biosynthesis of gliotoxin
(epidithiodiketopiperazine) in case of Trichoderma virens (formerly classified as
Gliocladium virens), a species important for the biological control of Pythium ultimum.
The examined strain synthesized gliotoxin only within a short 16-h period during
replicative growth.

Viridiofungins are aminoacyl akyl citrate compounds of T. viride, with a broad
antifungal spectrum. However, these compounds are inhibitors of squalene synthase, an
enzyme essential for ergosterol synthesis, Mandala et al. [12] showed that the broad
antifungal activity of viridiofungins was due to the inhibition of serine
palmitoyltransferase, the first committed enzyme of sphingolipid biosynthesis.

The broad spectrum of antifungal compounds produced by Trichoderma species
should be discussed in a separate review. This summary will focus on the extracellular
enzymes involved in the antagonistic processes of these fungi.

Extracellular enzymes

Extracellular enzymes secreted by Trichoderma species play a basic role both in
competition and mycoparasitism. In natural soil systems there is keen competition
between the soil inhabitant microorganisms for the limited nutritional sources, such as
carbon, nitrogen, iron and vitamins. A nutritional study of Trichoderma strains is
available concerning these limiting factors [13]. The ability of 65 Trichoderma isolates
to utilize 127 carbon sources was studied by Manczinger and Polner [14]. Besides the
information on the competitive abilities of Trichoderma strains, such studies reveal
useful information on the systematics of the genus. Trichoderma species are good
competitors, with the ability to grow fast. Extracellular enzymes, such as cellulases and
xylanases, enable them to colonize plant residues rapidly.

Mycoparasitism based on the degradation of fungal cell walls by lytic enzymes
is suggested to be the main mechanism involved in the antagonism of Trichoderma
strains against fungal plant pathogens [15]. After recognition, Trichoderma hyphae coil
around the host hyphae, produce hooks and appresorium-like bodies, and penetrate the
host cell wall. Inbar and Chet [16] showed that lectins play an important role in
recognition: T. harzianum hyphae coiled around nylon fibers treated with concanavalin
A or Slerotiumrolfsii lectin, producing hooks in a pattern similar to that observed with
real host hyphae. Extracellular enzymes are important for the penetration and
degradation of the host cell wall. The cell walls of fungi belonging to Basidiomycota
and Ascomycota contain chitin and B-glucan (laminarin) fibrils embedded in a protein
matrix, while the main cell wall components of Oomycota are f-glucan and cellulose.
For the penetration of the cell wall of the host, mycoparasitic Trichoderma species
need hydrolytic enzymes, which are able to degrade these cell-wall components.
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Chitinases and B-1,3-glucanases were found to be the main enzymes involved in the
degradation of the cell walls of R. solani, S rolfsii and Pythium aphanider matum [15,
17].

Chitin is a biopolymer composed of 3-1,4-linked N-acetylglucosamine (GlcNac)
residues. Based on the review of Sahai and Manocha [18], chitinolytic enzymes can be
divided into three types: endochitinases, cleaving randomly at internal sites of the
chitin microfibril producing chitotetraose, chitotriose and diacetylchitobiose; -1,4-N-
acetylglucosaminidases, splitting chitotetraose, chitotriose, and diacetylchitobiose into
GlcNac monomers in an exo-type fashion; and exochitinases or chitobiosidases,
releasing diacetylchitobiose in a stepwise fashion. Ulhoa and Peberdy purified and
characterized an extracellular chitobiase belonging to the group of p-1,4-N-
acetylglucosaminidases [19] and an extracellular chitinase [20] from T. harzianum.
Later the chitinolytic system of this fungus was found to be more complex, consisting
of six distinct enzymes: two B-1,4-N-acetylglucosaminidases and four endochitinases
[21]. The induction of the chitinolytic system of T. harzianum seems to be an early
event in mycoparasitism; it is triggered by recognition and is the first step in the
antagonistic cascade [22]. Recent results clarified the role of an endochitinase of T.
virens in the biocontrol of R. solani [23]: strains with the disrupted chitinase gene
showed decreased biocontrol activities, while strains where the gene was over-
expressed were more effective against the pathogen than the wild type strain.

B-1,3-Glucanases (laminarinases) can be divided into two classes: endo-type
enzymes cleaving B-linkages at random sites along the polysaccharide chain and
releasing short oligosaccharides, and exo-type enzymes rel easing glucose residues from
the non-reducing end of the substrate. The first Trichoderma p-1,3-glucanase, cleaving
only glucans, was purified from Trichoderma longibrachiatum and characterized by
Tangarone et al. [24]. The B-1,3-glucanolytic system of T. harzianum consists of at
least seven extracellular enzymes upon induction with laminarin [25]. Glucose
appeared to inhibit the formation of all of the detected enzymes. Based on the analysis
of these enzymes, they might play different rolesin the lysis of host cell walls.

In case of the mycoparasitic action against the oomycete Pythium species, the
cellulases of Trichoderma may aso play an important role in allowing the local
penetration of the antagonist into the host hyphae [26]. However, the Trichoderma
cellulases were studied extensively because of their industrial importance [27].

Other cell wall-degrading enzymes hydrolyzing minor polymers (proteins, -
1,6-glucans, etc.) may also be involved in the degradation of host cell walls. Flores et
al. [28] showed that the over-expression of a proteinase-encoding gene of T. harzianum
resulted in improved biocontrol activity, suggesting the importance of proteases in the
degradation of the protein components of the host cell wall and in the lysis of whole
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host cells. The role of T. harzianum proteases in the biocontrol of B. cinerea was
recently investigated by Elad and Kapat [29]. An endo-B-1,6-glucanase related to the
mycoparasitism of T. harzianum was a so purified and characterized: the enzyme was
found to act in cooperation with B-1,3-glucanases and chitinases in the hydrolysis of
fungal cell walls[30].

Ecophysiological properties of Trichoderma strains

The antagonistic ability of Trichoderma species makes them potential
candidates for biocontrol against plant pathogenic fungi as a part of complex integrated
pest management. Ecophysiological studies of the genus are of great importance:
biocontrol strains should be thoroughly characterized before application.
Environmental stress factors, such as competitive soil microorganisms, pesticide or
heavy metal contamination, low temperature and low water potential affect
Trichoderma species significantly. Therefore, studies on the influence of these
parameters on the mycelia growth, sporulation, competitive ability, enzyme secretion
and enzyme activities of biocontrol strains should be carried out in the laboratory
before field experiments.

Studies are available on the effects of temperature on the spore germination and
germ-tube growth [31], the growth and competitive abilities [32], the saprophytic
ability [33] and the in vitro extracellular enzyme activities [34] of Trichoderma strains.
The influence of environmental factors, such as temperature and the inhibitory effect of
bacteria, on the competitive saprophytic ability of Trichoderma species was
investigated by Nadr and Kecskés [35], and the competitive success of Trichoderma
was suggested to be attributable mainly to its tolerance to the inhibitory effect of
bacteria.

One of the most important limitations of the use of Trichoderma strains as
biofungicides is their low osmotolerance level. The water conditions in soils are
limiting parameters affecting fungal activities. Dry conditions may occur even in
normally less dry soils as a result of normal drying between rains. On the other hand,
biocontrol agents may be needed against plant pathogens in dry soils. The mycelial
growth of Trichoderma is significantly affected by low water potentia values.
However, the in vitro enzyme activities of the examined strains were not influenced by
the lowering of the water potential to such a considerable extent [36].

Studies on the effects of pesticides on biocontrol Trichoderma strains are of
great importance for planning the combined application of biofungicides with
chemicals. The effects of the herbicide propyzamide and five fungicides (benomyl,
guintozene, vinclozolin, thiram and prothiocarb) on the colonization of substrates by T.
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harzianum was investigated and discussed with a view to practical applications [37].
The selective effects of two systemic fungicides on soil fungi, including T. viride, was
examined by Abde-Fattah et a. [38]. The sensitivity of the fungal antagonists
(Chaetomium globosum and Trichoderma species) of onion white rot, caused by
Sclerotium cepivorum, to captan, mancozeb, thiram, benomyl and two dicarboximides
was also evaluated and dicarboximide-resistant biotypes were selected [39].

Although several heavy metals (e.g. copper, zinc, nickel, cobalt, etc.) are
necessary trace elements for the growth of fungi, they are toxic at high concentrations.
The sorption of toxic metals by fungi (Rhizopus arrhizus and T. viride) and clay
minerals was examined by Morley and Gadd [40]. Studies on the accumulation of zinc,
cadmium and mercury by T. harzianum are also available [41]. When subjected to 1-
millimolar concentrations of different heavy metals, the activity of the mycoparasitic
enzymes produced by Trichoderma strains could tolerate high doses of these toxic
compounds with the exception of mercury [Kredics et a. unpublished results].
Extracellular enzymes seem to remain active even under environmental conditions
where mycelial growth has already ceased.

The breeding of Trichoderma for cold-tolerance, osmotolerance, heavy metal-
and pesticide-resistance and constitutive extracellular enzyme production may result in
effective mycoparasitic strains for biocontrol application against fungal plant pathogens
under awide range of environmental conditions.

Breeding by mutagenesis and protoplast fusion

Many biocontrol Trichoderma strains could be originally resistant to a wide
variety of chemical fungicides frequently used for controlling phytopathogenic fungi.
Combining fungicide resistant biocontrol strains with chemical fungicides could result
in a decrease in the fungicide level in soils, which should be maintained for effective
pest control. This is the basis of integrated pest management, which could be very
effective and less dangerous to the ecosystem and human health than chemical control
alone [42]. In some cases biocontrol strains are also sensitive to the fungicide to be
applied (e.g. to the frequently used fungicide benomyl). In such cases resistant strains
could be isolated by induced mutagenesis [43]. Effective pest control may require 10°—
10° propagula to be present in one gram of soil in case of Trichoderma and
Gliocladium [44]. The presence of such high amounts of conidia is not desirable from
the point of view of ecology, economy and public health. To solve this problem, the
biocontrol strains of Trichoderma and Gliocladium should be bred for increased
effectiveness. Strains, which do not require a long inductive process for the production
of degrading enzymes, could be more effective as biocontrol agents. Generally,
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biocontrol strains produce B-1,3-glucanases congtitutively, some elements of the
chitinase system require induction and the most effective proteases are also produced
inductively [45, 46].

There are few publications regarding the breeding of mycoparasitic strains by
mutagenesis. Some of these investigations report only on tests of random isolates
following mutagenic treatments, others write about obtaining fungicide resistant
mutants, which could be used in integrated pest management and only some of them
deal with the mutagenic improvement of the enzyme secretion abilities of the strains
[47, 48]. More attention should be paid to the mutagenic methods of breeding, because
strains bred by mutagenesis can get registration for on field use from environmental
protection agencies more easily than strains produced by protoplast fusion,
transformation or via gene cloning.

Protoplast fusion is a quick and easy method for combining the advantageous
properties of distinct promising strains. It was successfully applied in the breeding of T.
harzianum biocontrol strains [49, 50]. The parasexua cycle of Trichoderma has some
interesting phenomena, which were first published for Trichoderma reesel [51]. The
parameiotic behavior was later also published for T. harzianum and T. viride [52].
Protoplasts could be produced easily from biocontrol Trichoderma strains and their
induced fusion resulted in genetic recombinants with elevated biocontrol abilities in
many instances [53].

A progeny from the fusion between T. harzianum strains T95 lys- and T12 his-
showed improved growth, rhizosphere competence and control activity as compared
with the parental strains and has recently been registered as a microbia pesticide (F-
Stop R) [49].

In order to improve the properties of antagonistic T. harzianum isolates by
genetical means protoplast fusion was attempted between 3 strains isolated from soil
samples in ltaly and Israel, using sclerotia of Sclerotinia minor as baits [54].
Protoplasts from T. harzianum isolates and from their auxotrophic mutants obtained
after N-methyl-N'-nitro-N-nitrosoguanidine treatment could be produced efficiently by
incubating the mycelium in a crude cell wall lytic enzyme solution containing
NovoZym 234 and Lytic enzyme No. 2 from Cytophaga. The fused protoplasts of
complementary auxotrophic strains could be selected as heterokaryons on selective
medium. They produced prototrophic mycelium and the conidia of both parents were
produced during sporulation.

When two different auxotrophs of the same Trichoderma strain (T. harzianum,
T. hamatum, Trichoderma koningii and T. viride) were fused, rapidly growing
prototrophic progenies were obtained at high frequency [52]. Progenies from these
intrastrain fusions appeared to be balanced heterokaryons and no evidence of
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recombination between the two parental strains was obtained. Following interstrain
fusions presumptive somatic hybrids developed very slowly and in low numbers as
compared with hybrids from intrastrain fusions. The authors concluded from their
results that protoplast fusion in the genus Trichoderma gave rise to great variability,
but the classical parasexual cycle was not required for variation to occur.

Protoplasts of high purity could be obtained from the young thalli of strains T12
and T95 of T. harzianum by the digestion of cell walls with NovoZym 234. Protoplasts
fused by polyethylene glycol regenerated readily. On minimal medium the fusion
between the lysine-requiring and histidine-requiring auxotrophs of strain T95 gave rise
to about 10% of the number of colonies produced on minimal medium supplemented
with histidine and lysine. Nearly all conidia from these prototrophic colonies were
auxotrophic. The number of those requiring histidine and those requiring lysine was
approximately equal. These results indicate that the prototrophic progenies of this
fusion were balanced heterokaryons, with the parental nuclei present in equal numbers.

Conversely, fusion between T12 hiss and T95 lys strains gave rise to
unbalanced heterokaryons with T12 predominating. The frequency of prototrophic
formation was less than 0.01% and the origina isolates grew very slowly, but a
progeny showed improved growth, rhizosphere competence and control activity as
compared with the parental strains[55].

Protoplast fusion techniques were used for the production of new antagonistic
strains from two British and two Italian strains of Trichoderma with different
biocontrol potentials against B. cinerea, Sclerotinia sclerotiorum and P. ultimum [56].
The strains were treated with UV radiation and mutants tolerant to hygromycin B or
propiconazole were selected. Hybrids were obtained in 13 crosses, isolated on
fungicide-amended media based on the inheritance of resistance markers from both
parental strains. Selected fast-growing, stable mutants were tested in biocontrol trials
against P. ultimum on lettuce seedlings and B. cinerea. No significant increase was
achieved in the activity after fusion; the hybrids were generaly less active than their
parental strains.

Protoplasts were fused from two auxotrophic mutants of T. harzianum (ATCC
32173), obtained from young thalli following cell wall digestion by NovoZym 234
[53]. The antagonistic abilities of the prototrophic strains were found to vary with each
pathogenic fungus. Strain A2 controlled effectively the Rhizoctonia damping-off of
cotton seedlings in the greenhouse, when compared with the parental strains. It was
concluded that protoplast fusion appeared to be a useful tool for combining desirable
traits from parental strainsto produce improved biocontrol strains.

The level and pattern of the rhizosphere competence of T. harzianum strain
1295-22, derived from fusing protoplasts of auxotrophic mutants of the prototrophic
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strains T12 and T95, were studied and compared with those of the original strains [49].
Both strains T12 and T95 colonized the entire length of maize roots, but strain 1295-22
was more effective in colonizing the middle sections of the roots than either parental
strain. So in this experiment a hybrid with improved rhizosphere competence was
obtained by protoplast fusion between the benomyl tolerant T. harzianum strain T95
and T. harzianum strain T12.

A variety of auxotrophic mutants were prepared from severa species and strains
of Trichoderma by nitrosoguanidine. Following intrastrain fusions, 2—-10x107? of the
viable colony forming units grew under selective conditions regardless of the
auxotrophs involved, indicating that induced heterofusions were frequent and
nutritional complementation was functional. In interstrain fusions, however, only 1—
20x10° of the viable colony forming units produced colonies under selective
conditions, indicating alow level of compatibility [57]. The restricted growth of these
somatic hybrid colonies, which were not heterokaryotic, appears to result from the
fusion of heterologous protoplasts.

Limited compatibility may reduce the likelihood of parasexua recombination,
but does not preclude the possibility of the genetic manipulation of Trichoderma strains
by protoplast fusion.

Intergeneric protoplast fusions were attempted between G. virens and T.
harzianum to obtain viable fusion products [58]. Auxotrophic mutants of G. virens G88
and the benomyl resistant T. harzianum T95 were used to isolate fusants. Fusants
obtained from the intergeneric protoplast fusion segregated spontaneously into various
strains during continuous culturing on complete medium. The severa intergeneric
hybrids were classified into three types. parent-like hybrids, segregants, and
recombinants.

Breeding by cloning and transformation

Breeding by introducing the target genes directly into the cells can be more
effective than breeding by mutagenesis or protoplast fusion. The realization of this
transfer of genes requires the availability of efficient transformation systems and
cloned genes.

Many publications deal with the transformation methodology of Trichoderma
strains. In general, transformation is performed by using protoplasts, because these
wall-less cells are easy to produce from most strains, but there are some aternative
technologies, such as hiadlistic [59, 60] and Agrobacterium tumefaciens mediated [61]
procedures. The most frequently used methods for the selection of transformants are
based on dominant markers, such as fungicide resistance genes (beta-tubulin gene [62],
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hygromycin B phosphotransferase gene [62, 63, 64, 65]), auxotrophy-complementing
genes (arginin auxotrophy [66], uracil auxotrophy [67, 68]) and acetamid-catabolitic
genes [69], while others are based on the activities of reporter genes (green fluorescent
protein [70], B-galactosidase gene [66, 69], B-glucuronidase [59]). As the frequency of
transformation was under the desirable level in many cases, further research was
performed to increase the frequency by using homologous genes [71, 72, 73],
homologous expression signals [74] or nuclease inhibitors [64]. Mitotic instability can
also reduce the number of transformation progenies. There is evidence for a correlation
between the stability of transformants and the integration of the vector into the genome,
whereas when extrachromosomal plasmid molecules occur, unstable transformants are
obtained.

In order to improve the biocontrol efficiency of the mycoparasitic Trichoderma
strains by transformation, genes of enzymes important in the mycoparasitic process
were cloned and used for gene transfer. Most frequently chitinase genes [23, 75, 76], in
some cases protease [28] and -1,3-glucanase genes [77] were used to construct
transformant strains with an increased copy number of the genes. In some cases strains
with increased hiocontrol efficiency could be found among the derivates. Another
benefit of transformation comes up in the monitoring of strains, where the specific
Trichoderma strains released into the soil are genetically marked. The reporter genes of
B-glucuronidase and green fluorescent protein could provide a valuable tool for this
purpose [70, 78, 79].

Although each of the three methods of breeding is suitable to obtain biocontrol
strains with better ecophysiological properties, all of them have both advantages and
disadvantages, and until the Trichoderma strains bred by protoplast fusion and
transformation can hardly get registration for on field use from environmental
protection agencies, mutagenesis remains the main tool of breeding for the practice.

References

1. Samuels,G.J.: Trichoderma: areview of biology and systematics of the genus. Mycol Res 100, 923-935
(1996).

2. Dennis,C., Webster,J.: Antagonistic properties of species-groups of Trichoderma |. Production of
nonvolatile antibiotics. Trans Br Mycol Soc 57, 25-39 (1971).

3. Dennis,C., Webster,J.: Antagonistic properties of species-groups of Trichoderma II. Production of
volatile antibiotics. Trans Br Mycol Soc 57, 41-48 (1971).

4. Ghisalberti,E.L., Rowland,C.Y.: Antifungal metabolites from Trichoderma harzianum. J Nat Prod 56,
1799-1804 (1993).

Acta Microbiologica et Immunologica Hungarica 49, 2002



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

ECOPHY SIOLOGY AND BREEDING OF TRICHODERMA 11

. Okuda,T., FujiwaraA., FujiwaraM.: Correlation between species of Trichoderma and production

patterns of isonitrile antibiotics. Agric Biol Chem 46, 1811-1822 (1982).

. Ordentlich,A., Wiesman,Z., Gottlieb,H., Cojocaru,M., Chet,l.: Inhibitory furanone produced by the

biocontrol agent Trichoderma harzanum. Phytochemistry 31, 485-486 (1992).

. Schirmbock,M., LoritoM., Wang,Y-L., HayesC.K., Arisan-Atac,l., ScdaF., Harman,G.E,

Kubicek,C.P.: Paralel formation and synergism of hydrolytic enzymes and peptaibol antibiotics,
molecular mechanisms involved in the antagonistic action of Trichoderma harzianum against
phytopathogenic fungi. Appl Environ Microbiol 60, 4364—4370 (1994).

. Corley,D.G., Miller-Wideman,M., Durley,R.C.: Isolation and structure of harzianum A: a new

trichothecene from Trichoderma harzianum. J Nat Prod 57, 422-425 (1994).

. Lin,A., Lee,T.-M., Rern,J.C.: Tricholin, a new antifungal agent from Trichoderma viride, and its action

in biological control of Rhizoctonia solani. J Antibiot 47, 799-805 (1994).

Scarsdlletti,R., Faull, J.L.: In vitro activity of 6-pentyl-a-pyrone, a metabolite of Trichoderma harzianum,
in the inhibition of Rhizoctonia solani and Fusarium oxysporum f. sp. lycopersici. Mycol Res 98, 1207—
1209 (1994).

Wilhite,S.E., Strancy,D.C.: Timing of gliotoxin biosynthesis in the fungal biological control agent
Gliocladiumvirens (Trichoderma virens). Appl Microbiol Biotechnol 45, 513-518 (1996).
Mandala,S.M., Thornton,R.A., Frommer,B.R., Dreikorn,S., Kurtz,M.B.: Viridiofungins, novel inhibitors
of sphingolipid synthesis. J Antibiot 50, 339-343 (1997).

Jackson,A.M., Whipps,JM., Lynch,JM.: Nutritional studies of four fungi with disease biocontrol
potential. Enzyme Microb Technol 13, 456461 (1991).

Manczinger,L ., Polner,G.: Cluster analysis of carbon source utilization patterns of Trichoderma isolates.
System Appl Microbiol 9, 214-217 (1987).

Elad,Y., Chet,l., HenisY.: Degradation of plant pathogenic fungi by Trichoderma harzianum. Can J
Microbiol 28, 719-725 (1982).

Inbar,J., Chet,l.: Biomimics of funga cell-cell recognition by use of lectin-coated nylon fibers. J
Bacteriol 174, 10551059 (1992).

Sivan,A., Chet,l.: Degradation of fungal cell walls by lytic enzymes of Trichoderma harzianum. J Gen
Microbiol 135, 675-682 (1989).

Sahai,A.S., Manocha,M.S.: Chitinases of fungi and plants: their involvement in morphogenesis and host-
parasite interaction. FEMS Microbiol Rev 11, 317-338 (1993).

Ulhoa,C.J., Peberdy,JF.: Purification and characterization of an extracellular chitobiase from
Trichoderma harzianum. Curr Microbiol 23, 285-289 (1991).

Ulhoa,C.J., Peberdy,J.F.: Purification and some properties of the extracellular chitinase produced by
Trichoderma harzianum. Enzyme Microb Technol 14, 236-240 (1992).

Haran,S., Schickler,H., Oppenheim,A., Chet,l.: New components of the chitinolytic system of
Trichoderma harzianum. Mycol Res 99, 441446 (1995).

Inbar,J., Chet,l.: The role of recognition in the induction of specific chitinases during mycoparasitism by
Trichoderma harzianum. Microbiology 141, 2823-2829 (1995).

Baek,J.-M., Howell,C.R., Kenerley,C.M.: Therole of an extracellular chitinase from Trichoderma virens
Gv29-8 in the biocontrol of Rhizoctonia solani. Curr Genet 35, 41-50 (1999).

Tangarone,B., Royer,J.C., Nakas,J.P.: Purification and characterization of an endo-(1,3)-3-D-glucanase
from Trichoderma longibrachiatum. Appl Environ Microbiol 55, 177-184 (1989).

Acta Microbiologica et Immunologica Hungarica 49, 2002



12

25.

26.

27.

28.

29.

30.

31.

32.

35.

36.

37.

38.

39.

40.

41.

42.

43.

MANCZINGER et al.

Vézquez-Garciduenas,S., Leal-Morales,C.A., Herrera-Estrella,A.: Andysis of the 3-1,3-glucanolytic
system of the biocontrol agent Trichoderma harzianum. Appl Environ Microbiol 64, 1442-1446 (1998).
Benhamou,N., Chet,l.: Cellular and molecular mechanisms involved in the interaction between
Trichoderma harzianum and Pythium ultimum. Appl Environ Microbiol 63, 2095-2099 (1997).
Kubicek,C.P., Eveleigh,D.E., Esterbauer,H., Steiner,W., Kubicek-Pranz,E.M. (eds): Trichoderma reesei
cellulases: biodiversity, genetics, physiology and applications. Royal Society of Chemistry, Cambridge
(1990).

Flores,A., Chet,l., Herrera-Estrella,A.: Improved biocontrol activity of Trichoderma harzianum by over-
expression of the proteinase-encoding gene prbl. Curr Genet 31, 30-37 (1997).

Elad,Y., Kapat,A.: The role of Trichoderma harzianum protease in the biocontrol of Botrytis cinerea.
Eur J Plant Pathol 105, 177-189 (1999).

dela Cruz,J., Pintor-Toro,J.A., Benitez, T., Llobell A.: Purification and characterization of an endo-13-1,6-
glucanase from Trichoderma harzanum that is related to its mycoparasitism. J Bacteriol 177, 1864-1871
(1995).

Magan,N.: Effects of water potential and temperature on spore germination and germ-tube growth in
vitro and on straw leaf sheaths. Trans Br Mycol Soc 90, 97-107 (1988).

Badham,E.R.: Growth and competition between Lentinus edodes and Trichoderma harzianum on
sawdust substrates. Mycologia 83, 455-463 (1991).

. Eastburn,D.M., Butler,E.E.: Effects of soil moisture and temperature on the saprophytic ability of

Trichoderma harzianum. Mycologia 83, 257-263 (1991).

. Antal,Z., Manczinger,L., Szakécs,G., Tengerdy,R.P., Ferenczy,L.: Colony growth, in vitro antagonism

and secretion of extracellular enzymes in cold-tolerant strains of Trichoderma species. Mycol Res 104,
545-549 (2000).

Nadr,Z., Kecskés,M.: Factors influencing the competitive saprophytic ability of Trichoderma species.
Microbiol Res 153, 119-129 (1998).

KredicsL., Antal,Z., Manczinger,L.: Influence of water potential on growth, enzyme secretion and in
vitro enzyme activities of Trichoderma harzianum at different temperatures. Curr Microbiol 40, 310-314
(2000).

Davet,P.: The effects of some pesticides upon substrate colonization by Trichoderma harzianum Rifai in
the presence of other soil fungi. Soil Biol Biochem 13, 513-517 (1981).

Abdel-Fattah,H.M., Abdel-Kader,M.I.A., Hamida,S.: Selective effects of two systemic fungicides on soil
fungi. Mycopathologia 79, 93-99 (1982).

Kay,S.J., Stewart,A.: The effect of fungicides on fungal antagonists of onion white rot and selection of
dicarboximide-resistant biotypes. Plant Pathol 43, 863-871 (1994).

Morley,G.F., Gadd,G.M.: Sorption of toxic metals by fungi and clay minerals. Mycol Res 99, 1429—
1438 (1995).

Ledin,M., Krantz-Rulcker,C., Allard,B.: Zn, Cd and Hg accumulation by microorganisms, organic and
inorganic soil components in multi-compartment systems. Soil Biol Biochem 28, 791-799 (1996).
Sivan,A., Chet,l.: Microbial control of plant diseases. In: Mitchell, R. (ed.) Environmental Microbiology.
Wiley-LissInc., New York, p. 335 (1992).

Ahmad,J.S., Baker,R.: Rhizosphere competence of benomyl-tolerant mutants of Trichoderma spp. Can J
Microbiol 34, 694-696 (1988).

Acta Microbiologica et Immunologica Hungarica 49, 2002



45.

46.

47.

48.

49.

50.

51.

52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

ECOPHY SIOLOGY AND BREEDING OF TRICHODERMA 13

Adams,P.B.: The potential of mycoparasites for biologica control of plant diseases. Annu Rev
Phytopathol 28, 59-72 (1990).

Haran,S., Schickler,H., Chet,l.: Molecular mechanisms of lytic enzymes involved in the biocontrol
activity of Trichoderma harzianum. Microbiology 142, 2321-2331 (1996).

van Tilburg,A-U.B., ThomasM.D.: Production of extracellular proteins by the biocontrol fungus
Gliocladiumvirens. Appl Environ Microbiol 59, 236-242 (1993).

Manczinger,L., Anta,Z., Ferenczy,L.: Breeding of mycoparasitic Trichoderma strains by UV-
mutagenesis. In: IUMS Congresses Praha, Poster Abstracts (1994).

Sinha,l., Upadhyay,R.S.: Modification of biocontrol potential of Trichoderma viride. Acta Phytopathol
Enthomol Hung 28, 209-214 (1993).

Sivan,A., Harman,G.E.: Improved rhizosphere competence in a protoplast fusion progeny of
Trichoderma harzianum. J Gen Microbiol 137, 23-30 (1991).

Stasz, T.E.: Genetic improvement of fungi by protoplast fusion for biological control of plant pathogens.
Can J Plant Pathol 12, 322-327 (1990).

Manczinger,L., Ferenczy,L.: Somatic cell fusion of Trichoderma reesei resulting in new genetic
combinations. Appl Microbiol Biotechnol 22, 72—76 (1985).

Stasz,T.E., Harman,G.E.: Nonparental progeny resulting from protoplast fusion in Trichoderma in the
absence of parasexuality. Exp Mycol 14, 145-159 (1990).

Peer,S., Chet,l.: Trichoderma protoplast fusion: A tool for improving biocontrol agents. Can J Microbiol
36, 6-9 (1990).

Pecchia, S., Anne, J.: Fusion of protoplasts from antagonistic Trichoderma harzianum strains. Acta
Horticulturae 255, 303-311 (1989).

Stasz, T.E., Harman,G.E., Weeden,N.F.: Protoplast preparation and fusion in two biocontrol strains of
Trichoderma harzianum. Mycologia 80, 141-150 (1988).

Migheli,Q., Whipps,JM., Budge,S.P. Lynch,JM.: Production of inter- and intra-strain hybrids of
Trichoderma spp. by protoplast fusion and evaluation of their biocontrol activity against soil-borne and
foliar pathogens. J Phytopathol 143, 91-97 (1995).

Stasz, T.E., Harman,G.E., Gullino,M.L.: Limited vegetative compatibility following intra- and
interspecific protoplast fusion in Trichoderma. Exp Mycol 13, 364-371 (1989).

Shin,P-G., Cho,M-J.: Intergeneric protoplast fusion between Gliocladium virens and Trichoderma
harzianum. Korean J Mycol 21, 323-331 (1993).

Lo,C.T., Nelson,E.B., Hayes,C.K., Harman,G.E.: Ecologica studies of transformed Trichoderma
harzianum strain 1295-22 in the rhizosphere and on the phylloplane of creeping bentgrass.
Phytopathology 88, 129-136 (1998).

Lorito,M., Hayes,C.K., Di-Pietro,A., Harman,G.E.: Biolistic transformation of Trichoderma harzianum
and Gliocladium virens using plasmid and genomic DNA. Curr Genet 24, 349-356 (1993).

de Groot,M.J.A, Bundock,P., HooykaasP.J.J., Beijersbergen,A.G.M.: Agrobacterium tumefaciens-
mediated transformation of filamentous fungi. Nature Biotechnol 16, 839-842 (1998).

Ulhoa,C.J., Vainstein,M.H., Peberdy,J.F.: Transformation of Trichoderma spp. with dominant selectable
markers. Curr Genet 21, 23-26 (1992).

Herrera-Estrella,A., Goldman,G.H., Van-Montagu,M.: High-efficiency transformation system for the
biocontrol agents, Trichoderma spp. Mol Microbiol 4, 839-844 (1990).

Acta Microbiologica et Immunologica Hungarica 49, 2002



14

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

MANCZINGER et al.

Manczinger,L., Komonyi,O., Antal,Z., Ferenczy,L.: A method for high-frequency transformation of
Trichoderma viride. JMicrobiol Methods 29, 207-210 (1997).

Sivan,A., Stasz,T.E., Hemmat,M., Hayes,C.K., Harman,G.E.: Transformation of Trichoderma spp. with
plasmids conferring hygromycin B resistance. Mycologia 84, 687—694 (1992).

Antal,Z., Manczinger,L., Ferenczy,L.: Transformation of a mycoparasitic Trichoderma harzianum strain
with the argB gene of Aspergillus nidulans. Biotechnol Tech 11, 205-208 (1997).

Gruber,F., Visser,J., Kubicek,C.P., De-Graaff,L.H.: The development of a heterologous transformation
system for the cellulolytic fungus Trichoderma reesei based on a pyrG-negative mutant strain. Curr
Genet 18, 71-76 (1990).

Manczinger,L., Antal,Z., Ferenczy,L.: Isolation of uracil auxotrophic mutants of Trichoderma harzianum
and their transformation with heterologous vectors. FEMS Microbiol Lett 130, 59-62 (1995).

Pentill& M., Nevalainen,H., Ratto,M., Salminen,E., Knowles J.A.: A versatile transformation system for
the cellulolytic filamentous fungus Trichoderma reesei. Gene 61,155-164 (1987).

InglisP.W., Queiroz,P.R., Vaadares-InglisM.C.: Transformation with green fluorescent protein of
Trichoderma harzianum 1051, a strain with biocontrol activity against Crinipellis perniciosa, the agent
of witches-broom disease of cocoa. J Gen Appl Microbiol 45, 63—67 (1999).

Bergés,T., Barreau,C.: Isolation of uridine auxotrophs from Trichoderma reesei and efficient
transformation with the cloned ura3 and ura5 genes. Curr Genet 19, 359-366 (1991).

Gruber,F., Visser,J., Kubicek,C.P., De-Graaff,L.H.: Cloning of the Trichoderma reesei pyrG gene and its
use as a homologous marker for a high-frequency transforming system. Curr Genet 18, 447-452 (1990).
Smith,J.L., Bayliss,F.T., Ward,M.: Sequence of the cloned pyr4 gene of Trichoderma reesei and its use
as ahomologous selectable marker for transformation. Curr Genet 19, 27-34 (1991).

Mach,R.L., Schindler,M., Kubicek,C.P.: Transformation of Trichoderma reesei based on hygromycin B
resistance using homologous expression signals. Curr Genet 25, 567-570 (1994).

DeaneE.E., Whipps,JM., Lynch,JM., Peberdy,J.F.: Transformation of Trichoderma reesei with a
constitutively expressed heterologous fungal chitinase gene. Enzyme Microb Technol 24, 419-424
(1999).

Giczey,G., Kerényi,Z., Dallmann,G., Hornok,L.: Homologous transformation of Trichoderma hamatum
with an endochitinase encoding gene, resulting in increased levels of chitinase activity. FEM S Microbiol
Lett 165, 247-252 (1998).

Sanchez-Torres,P., Gonzalez,R., Perez-Gonzalez,JA., Gonzalez-Candelas,L., Ramon,D.: Development
of a transformation system for Trichoderma longibrachiatum and its use for constructing multicopy
transformants for the egl1 gene. Appl Microbiol Biotechnol 41, 440-446 (1994).

BaeY.S., Knudsen,G.R.: Cotransformation of Trichoderma harzianum with B-glucuronidase and green
fluorescent protein genes provides a useful tool for monitoring fungal growth and activity in natural
soils. Appl Environ Microbiol 66, 810-815 (2000).

Thrane,C., Luebeck,M., GreenH., Degefu,Y., Allerup,S., ThraneU., Funck-Jensen,D.: A tool for
monitoring Trichoderma harzianum: |. Transformation with the GUS gene by protoplast technology.
Phytopathology 85, 14281435 (1995).

Acta Microbiologica et Immunologica Hungarica 49, 2002



