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Mojej Mamie i Tacie za to, ze wierzyli we mnie... 

„Look deep into nature,

and then you will understand everything better.”

Albert Einstein
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Kurzfassung  

Dem filamentösen und mykoparasitären Pilz Trichoderma kommt eine Schlüsselrolle in der 

industriellen Produktion von Enzymen zu und wird unter Anderem verwendet, um Cellulasen und 

Hemicellulasen zu produzieren. Trichoderma wird dabei häufig im gleichen Atemzug mit anderen 

wirtschaftlich relevanten Mikroorganismen erwähnt. Durch seine Rolle als Enzymproduzent wird 

Trichoderma bei der zur Produktion von Biotreibstoffen der zweiten Generation eine bedeutende 

Rolle zugeschrieben. Darüber hinaus findet der Pilz Anwendung in der Landwirtschaft, wo er als Mittel 

zur biologischen Kontrolle von pflanzenpathogenen Pilzen (Biocontrol) eingesetzt wird als auch als 

Biodünger Verwendung findet. In der Gattung Trichoderma finden sich aber auch Vertreter, die als 

mykoparasitäre Pathogene von kommerziell genutzter Pilze bekannt sind. Auch im Humanbereich 

spielen zwei Arten dieses Genus als opportunistische Krankheitserreger, vor allem bei 

immungeschwächten Menschen, eine Rolle. 

Der Fokus dieser Arbeit ist auf mögliche negative Auswirkungen durch Vertreter der Gattung 

Trichoderma gerichtet. Die Arbeit untersucht (i) den Zusammenhang zwischen den ursächlichen 

Substanzen die die grüne Schimmel-Krankheit bei Pilzen verusachen, (ii) ob Trichoderma potentiell 

toxische Sekundärmetaboliten bildet und (iii) wie Trichoderma invasive Mykosen bei Menschen 

hervorruft. 

Manche negativen Eigenschaften, wie Mykoparasitismus, sind charakteristisch für eine Vielzahl von 

Trichoderma Specien. Andere, wie die opportunistische Pathogenität für immungeschwächte 

Säugetiere oder die grüne Schimmelpilz-Krankheit, sind widerum auf wenige Taxa beschränkt. Die 

Vielzahl an Einsatzmöglichkeiten sowie die ökologische Anpassungsfähigkeit von Trichoderma machen 

diesen Pilz ein lohnenswertes Forschungsobjekt, um tieferes Verständnis für seine Ökologie und 

Vielfältigkeit zu entwickeln. 
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Summary 

The mycoparasitic filamentous fungus Trichoderma is frequently listed among the most economically 

significant microorganisms because of its key role in the production of industrial enzymes such as 

cellulases and hemicellulases that besides other roles are proposed for the second generation biofuel 

production. Even more importantly Trichoderma is intensively used in agriculture as an agent of 

biological control of plant pathogenic fungi (biocontrol) and as biofertilizer.  On the contrary there are 

also known adverse effects of the mycoparasitic activity of Trichoderma as some species of the genus 

are pathogenic to the commercial mushrooms. Furthermore, at least two species of the genus are 

important to mankind as opportunistic pathogens of immunocompromised humans. 

The focus of this thesis is put on the possible negative effects of the genus Trichoderma such as (i) the 

investigation of causative agent(s) of the mushroom green mold disease; (ii) production of putatively 

toxic secondary metabolites and (iii) ability to cause invasive mycoses in humans.  

Some properties, like mycoparasitism, are characteristic of a wide variety of species in the genus. 

Other properties, like opportunistic attacks on mammals with immunodeficiency or green mold 

disease, seem to be restricted to certain taxa. Thus, the great diversity of applications combined with 

ecological adaptability of the genus Trichoderma makes for a deeper understanding of its ecology and 

diversity the worthwhile.  
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Nomenclature and current taxonomic assumptions 

The genus Hypocrea/Trichoderma is pleomorphic. Taxonomic names Hypocrea and Trichoderma are 

manifestations of the same organisms. Recent studies have demonstrated that the majority of the 

genetic diversity of the genus is represented by its sexual forms (Jaklitsch, 2009, 2011; Druzhinina et 

al., 2011) while some species are isolated equally frequently as both anamorphs and teleomorphs. 

Several common species have lost their ability to reproduce sexually and have become clonal species 

(or agamospecies) (Druzhinina et al., 2008, 2010a, 2010b; Samuels et al., 2012). Several changes in 

the International Code of Botanical Nomenclature which was adopted at the IBC (International 

Botanical Congress) in Melbourne in July 2011 have important consequences for the way names are 

applied for fungi. Historically, different names were applied to the sexual and vegetative forms of 

some fungi, but from now on, only a single older taxonomic name applies to each fungal species: a 

principle that has been articulated as “one fungus, one name.” In addition, starting 1 January 2013, 

names of new fungi will require the citation of a unique identifier issued by a recognized repository 

that will register the name (Outcomes of the 2011 Botanical Nomenclature Section at the XVIII 

International Botanical Congress, James S. Miller).  

This thesis coincided with the transitional phase in fungal nomenclature what resulted in some 

taxonomic inconsistiencies throughout the work. Thus, in the most of the published manuscripts the 

first mentioning of a fungal species is provided in accordance with the previously valid requirement of 

the article 59 of the ICBN implying the teleomorph priority rule. The generic group is termed 

Hypocrea/Trichoderma, Hypocrea or Trichoderma. 

References:  

Jaklitsch WM (2009) European species of Hypocrea Part I. The green-spored species. Stud Mycol 63, 1-91. 

Jaklitsch WM (2011) European species of Hypocrea part II: species with hyaline ascospores. Fungal Divers 48(1), 

1-250. 

Druzhinina IS, Komoń-Zelazowska M, Kredics L, Hatvani L, Antal Z, Belayneh T & Kubicek CP (2008) Alternative 

reproductive strategies of Hypocrea orientalis and genetically close but clonal Trichoderma 

longibrachiatum, both capable of causing invasive mycoses of humans. Microbiology 154, 3447-59. 
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Druzhinina IS, Kubicek CP, Komoń-Zelazowska M, Mulaw TB & Bissett J (2010a) The Trichoderma harzianum 

demon: complex speciation history resulting in coexistence of hypothetical biological species, 

recent agamospecies and numerous relict lineages. BMC Evol Biol 10, 94. 

Druzhinina IS, Komoń-Zelazowska M, Atanasova L, Seidl V & Kubicek CP (2010b) Evolution and ecophysiology of 

the industrial producer Hypocrea jecorina (Anamorph Trichoderma reesei) and a new sympatric 

agamospecies related to it. PLoS One 5(2), e9191. 

Druzhinina IS, Seidl-Seiboth V, Herrera-Estrella A, Horwitz BA, Kenerley CM, Monte E, Mukherjee PK, Zeilinger 

S, Grigoriev IV & Kubicek CP (2011) Review: Trichoderma: the genomics of opportunistic success. 

Nat Rev Microbiol 9(10), 749-59. Erratum in: Nat Rev Microbiol 9(12), 896. 

Samuels GJ, Ismaiel A, Bon MC, De Respinis S & Petrini O (2010) Trichoderma asperellum sensu lato consists of 

two cryptic species. Mycologia 102, 944–966.  
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Abbreviations and web resources 

BCAs  Biological Control Agents 

cal1   calmodulin  

chi18-5  Endochitinase (former ech42) 

DNA  deoxyribonucleic acid 

GenBank public DNA/protein sequence database maintained by the National Center for 

Biotechnology Information (NCBI) as part of the International Nucleotide Sequence 

Database Collaboration (INSDC). 

GeneDoc: sequence editing software http://www.nrbsc.org/gfx/genedoc  

IBC  International Botanical Congress 

ICBN International Code of Botanical Nomenclature: 

http://www.iapttaxon.org/nomen/main.php 

INSDC  International Nucleotide Sequence Database Collaboration 

ISTH  International Subcommission on taxonomy of Hypocrea: http://www.isth.info  

JGI  DOE Joint Genome Institute: http://www.jgi.doe.gov  

MKZ  Monika Komon-Zelazowska, the author of the thesis 

NCBI  National Center for Biotechnology Information: http://www.ncbi.nlm.nih.gov  

NRPS  Non-Ribosomal Peptide Synthetase 

rpb2   RNA polymerase subunit II  gene 

s.l.  sensu lato 

s.s.  sensu stricto 

tef1  translation elongation factor 1 

USDA   United States Department of Agriculture, also known as the Agriculture Department  

http://www.nrbsc.org/gfx/genedoc
http://www.iapttaxon.org/nomen/main.php
http://www.isth.info/
http://www.jgi.doe.gov/
http://www.ncbi.nlm.nih.gov/
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Thesis overview  

This thesis consists of an introduction that describes the diversity of Trichoderma applications 

followed by the three chapters comprising results of the investigations on (i) the green mould disease 

of mushrooms caused by Trichoderma spp., (ii) diversity of peptaibols secreted by Trichoderma and 

(iii) Trichoderma as an opportunistic pathogen of immunocompromised humans; conclusive remarks 

and an appendix with the manuscript that include materials from the thesis. 

The first authorship publications presented in the chapters 3 and 4 have been published in peer-

reviewed scientific juornals, Applied and Environmental Microbiology and Eukaryotic Cell respectively. 

The thesis also includes five other research papers and one review co-authored by the applicant; all 

published in peer-reviewed journals.  

In total, the list of applicant’s publications consists of 23 peer-reviewed publications (see complete list 

of publications).  
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1. Trichoderma and diversity of its applications 

True fungi or Eumycetes have been traditionally recognised as the kingdom, marked as eukaryotic 

heterotropic organisms with a low level of thallus diversification and chitin-containing cell walls. They 

reproduce by means of spores that also function as stress resistant structures. In the modern system 

Eumycetes is placed on the Eukaryote domain of life where they share the common ancestor with 

Metazoa (animals). 

Species of the mycotrophic filamentous genus Trichoderma (teleomorph Hypocrea, Hypocreales, 

Ascomycota, Dykaria) are among the most widely used and widely isolated fungi. They could be found 

growing on bark, dead wood, other fungi, building materials and animals (Klein and Eveleigh, 1998), in 

soil and in the rhizosphere of plants. Trichoderma strains have been also detected on marine sponges 

(Paz et al., 2010; Gal Hemed et al., 2011), as endophytes (Samuels et al., 2006b; Zhang et al., 2007; 

Mulaw et al., 2010; Chaverri et al., 2011; Chaverri and Samuels, 2013) as well as (although rarely) on 

livivg herbaceous plants (Jaklitsch, 2009). It clearly demonstrates their high opportunistic potential 

and that they are able very flexibly adapt to various ecological niches (Druzhinina et al., 2011). 

Among hundreds of fungal genera, Trichoderma contains several species which play prodigious role to 

humankind due to their ability to produce enzymes they can be applied in industry and especially in 

biotechnology (Figure 1.1). Trichoderma enzymes are involved in alteration of plant biomass into 

soluble sugars and can be used for fossil-fuel production and other coproduction systems (Kubicek 

and Penttilä, 1998). 

In addition, Trichoderma spp. are also known for their remarkable potential to antagonize other fungi. 

This property has been exploited in domestication of Trichoderma as biological control agents (BCA) 

against numerous plant pathogenic fungi. In particular strains of T. cf. harzianum, T. atroviride, T. 

virens and T. asperellum are universally active (Chet, 1987; Kubicek and Penttilä, 1998; 

Sivasithamparam and Ghisalberti, 1998; Hjeljord and Tronsmo, 1998; Harman et al., 2004; Druzhinina 

et al., 2011).  

Plant diseases caused by fungal and bacterial pathogens are a major cause of decrease in amount of 

crops obtained by agriculture every year (Chet et al., 1997). Use of chemical compounds for control of 
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plant diseases is limited due to the development of resistance to these compounds by pathogens. On 

the contrary usage of bio control agents offers environmentally risk-free approach. 

Monte (2001) proposed that a combination of biological control agents applied with addition of lower 

levels of chemical compounds would result in the same level of crop protection as by using chemicals 

alone. 

 

 

Figure 1.1. Major applications of Trichoderma in biotechnology and agriculture 

 

Approach to employ beneficial microorganisms is based on several assumptions. Firstly, growing 

faster than the plant pathogens, microorganisms can over compete the unwanted fungi or bacteria. 

Secondly, BCAs can use a plant pathogenic microbe as a nutrient source or can release compounds 

that inhibit growth and development of such pathogens.  
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The genus Trichoderma spans a big number of species and strains that have properties appropriate 

for BCAs. Their acting involves the activation of multiple mechanisms (Druzhinina et al., 2011; 

Atanasova et al., 2013; Druzhinina and Kubicek, 2014).  

The ability to control plant pathogenic fungi – the principal action of BCAs is based on mycoparasitism 

that is a directed process, which can be divided into several stages: recognition of the presence of a 

potential prey (“sensing”); induction of the biochemical tools to besiege the prey (“preparing for the 

prey”); actual attack; and eventual killing and feeding on the prey.  

The transition from the commensalism to parasitic state necessitates the molecular dissection of 

traits responsible for both interactions. The availability of the genome sequence of T. atroviride and T. 

virens (Kubicek et al., 2011) has enabled to use full genome arrays to study the sequential events 

occurring during confrontation of these Trichoderma spp. with Rhizoctonia solani at a genome-wide 

transcriptomic level (Atanasova et al., 2013). This study revealed that both T. virens and T. atroviride 

reacted to the presence of R. solani already before physical contact. Yet they showed an essentially 

different behavior: T. virens only overexpressed 78 genes (1 % of all expressed genes), of which those 

involved in gliotoxin biosynthesis and its precursor metabolites accounted for the largest group. 

Genes for other secondary metabolites and extracellular enzymes were mostly constitutively 

expressed. T. atroviride, in contrast, overexpresses 400 genes (about 5 % of all expressed genes) 

which were enriched PTH11-G-protein coupled receptors, lectins and ß-glucanases, small secreted 

cysteine rich proteins and secondary metabolite synthases. Some of these compounds have been 

described above, and the potential role of the other gene families is detailed below (given after 

Druzhinina and Kubicek, 2014). 

However, there were also common responses shared by T. virens and T. atroviride and thus expected 

to be universal for the genus Trichoderma because these species represent the two phylogenetcally 

distinct clades. One was the overexpression of a high number of genes for proteolytic enzymes and 

oligopeptide transporters, which is consistent with the findings that the overexpression of the alkaline 

protease gene prb1 enhances the mycoparasitic ability (Flores et al., 1997). Another event, common 

to both T. virens and T. atroviride, is the induction of genes of the heat shock response such as HSP23, 

HSP70, HSP90 and HSP104, genes of oxidative stress response (cytochrome C peroxidase, proline 
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oxidase, and ER-bound glutathione-S-transferases), and genes for detoxification processes (ABC efflux 

transporters, the pleiotropic drug resistance (PDR) transporters and the multidrug resistance MDR-

type transporters). R. solani has been shown to use radical oxygen species as signaling molecules 

during sclerotia formation (Papapostolou and Georgiou, 2010), and excrete antifungal components 

(Aliferis and Jabaji, 2010), both of which may have elicited this response. An ABC-transporter from Ta 

(TAABC2) has already been shown to be involved in biocontrol of R. solani (Ruocco et al., 2009). 

In this regards it is noteworthy to mention that Trichoderma spp. also contain a considerable number 

of cytochromes P450 proteins (Druzhinina et al., 2012). They represent a superfamily of sequence-

related heme oxygenases, which are found in most organisms, and whose roles range from carbon-

source degradation and the elaboration of metabolites in prokaryotes, lower eukaryotes and plants, 

to detoxification of xenobiotic compounds in insects and mammals including humans (Kelly et al., 

2006). Their role in the intracellular detoxification of potentially toxic metabolites is well known in 

higher organisms (Singh et al., 2011) and may also here serve to defend Trichoderma against its prey. 

However, evidence has recently emerged that they are also playing a role in the extracellular 

inactivation of hazardous materials (Roelofs et al., 2012), which may explain the profound ability to 

grow and develop even in highly contaminated habitats or in kerosene tanks (Klein and Eveleigh, 

1998). They may therefore be important components for Trichoderma’s opportunistic abilities. 

Recognition and attachment to the host hyphae is the first essential step in the contact with the prey, 

although the observed morphological changes depended strongly on the host fungus tested. Lu et al. 

(2004) used a T. atroviride strain carrying a green fluorescent protein under a constitutive promoter 

to study the necrotrophic parasitic interaction between with the oomycete P. ultimum and the 

basidiomycete R. solani. Growing alongside the host hyphae and formation of papillae-like structures 

were observed as the most common events. These authors further showed that the hyphae of T. 

atroviride also frequently branched towards the host suggesting an active, probably chemotactic 

response to its presence. The formation of helix-shaped hyphae (“coiling”) – a morphological 

response that has most frequently been associated with mycoparasitic attack (Figure 1.2). 

Despite the wealth of information on genes that contribute to the mycoparasitic activity of 

Trichoderma, we still know only little about the molecules that are actually used to kill the prey 
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(Druzhinina and Kubicek, 2014). This is likely also the result of the fact that different strains and 

species use different strategies for this purpose (Atanasova et al., 2013).  Secondary metabolites of 

Trichoderma are generally believed to play a role in this process. However, functional genetic 

evidence is still lacking, and in vitro data may be misleading: as an example, the peptaibols can act 

synergistically with secreted hydrolytic enzymes to promote ingress into pathogen structures 

suggesting a role in antagonistic actions against plant pathogens (Schirmböck et al., 1994).  

Nonetheless, both NRPS-encoding genes are downregulated during confrontation of T. atroviride and 

R. solani (Atanasova et al., 2013). Reverse genetic data for an involvement in antagonism have so far 

only been obtained for trichodermin (in T. brevicompactum; Tijerino et al., 2011), and gliotoxin 

(Atanasova et al., 2013; Mukherjee et al., 2012). 

 

 

Figure 1.1. Coiling of Trichoderma koningiopsis TUCIM D28 in dual confrontations with plant 

pathogenic fungi Alternaria alternata and Sclerotinia sclerotiorum, synthetic nutritional agar, 21 

days of incubation in darkness, 25⁰C. Photo: MKZ 

 

It appears appropriate here to also mention that T. atroviride and T. virens contain two set of genes 

encoding high molecular weight toxins, which bear high similarity to the Tc-(toxin complex) toxins - 

approximately 1 MDa protein complexes which are toxic to insect pests - of Photorhabdus 

luminescens (Enterobacteriaceae, Proteobacteria), a bacterium which is mutualistic with 

entomophagous nematodes and which secretes this toxin into the insect hemocoel upon nematode 
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invasion (Goodrich-Blaire and Clark, 2007). In Yersinia pseudotuberculosis (Enterobacteriales, 

Proteobacteria), these toxins were shown to have evolved as virulence factors to mammals (Hares et 

al., 2008). 

Trichoderma strains are applied for biocontrol against fungal phytopathogens on two ways: indirectly 

by (i) competing for nutrients and space, thereby crowding out the pathogen and taking over, (ii) 

producing metabolites that may kill the cells (antibiosis), block spore germination (fungistasis) or 

modifying the rhizosphere preventing the pathogens from growth (acidifying the soil).  The direct way 

occurs when the pathogen itself and BCA interact together in the process which is called parasitism. In 

this case the physical contact and production of hydrolytic enzymes, toxic compounds and/or 

antibiotics has to be established in order to work coefficiently with the enzymes (Gajera et al., 2013). 

It is also known that Trichoderma strains can positively influence plant growth by biofertilization and 

stimulate the plant-defense mechanisms (Haque et al., 2010). 

For over 80 years Trichoderma species have been investigated as biological control agents but only 

recently some strains are commercially available. One of the possible reasons could be the impact of 

harmful side-effect when applying chemical fungicides. BCAs are concerned as “natural” thus not 

dangerous to the products (Monte, 2001). 

For a wide variety of diseases and crops in all climate zones commonly used as biocontrol agents 

against plant pathogenic fungi are the four Trichoderma species.  These are strains of T. cf. harzianum, 

T. atroviride (teleomorph H. atroviridis), T. virens (teleomorph H. virens) and T. asperellum which are 

applied against plant pathogenic fungi such as Rhizoctonia (Thanatephorus), Botrytis (Botryotinia), 

Sclerotinia and Fusarium (Gibberella) or fungi-like organisms Phytophthora, Pythium (Hjeljord and 

Tronsmo, 1998). Lately, there is growing number of studies facing the biocontrol of nematodes 

(Dababat et al., 2006; Kyalo et al., 2007; Goswami et al., 2008). 

The well known fungal bioagent Trichoderma cf. harzianum has been investigated for a long time. The 

biocontrol mechanism of T. cf. harzianum is a complex process mediated by the secretion of 

extracellular enzymes, such as chitinases (de la Cruz et al., 1992), β-glucanases (Lorito et al., 1994) 

and proteinases (Geremia et al., 1993), as well as secondary metabolites (Sivasithamparam and 

Ghisalberti, 1998). 
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The role of Trichoderma antibiotics in biocontrol is still a matter of discussion. Although some 

antibiotics may be the major factor for the biocontrol activity of a certain strain, this may not be the 

case for others (Harman, 2000). 

Filamentous fungi are applied in the industry as a valuable source of enzymes due to their 

extracellular protein production (Kubicek et al., 2009). Among others species of the genus 

Trichoderma, specifically T. reesei is considered as a robust enzyme factory due to the fact that it is 

capable to abundantly secrete enzymes with lytic ability, namely: pectinases (pectin methylesterase, 

endo and exo-polygalacturonases), cellulases (endo and exoglucan beta-1,3-glucosidases, endoglucan 

beta-1,6-glucosidases), hemicellulases (xylanases, mannanases), endochitinases, chitin 1,4-beta-

chitobiosidases, proteases lipases, amylases,  RNases, DNases and phosholipases (Lorito, 1998). 

Contrary to other industrially applied hosts for proteins expression, Trichoderma can be cultivated on 

relatively cheap and uncomplicated media thus it is not necessary to use any expensive supplements 

in the growth medium like: vitamins, amino acids or other additives. Because of the unique properties 

Trichoderma reesei becomes an attractive host organism used for production of its native cellulolytic 

and hemicellulolytic enzymes and also for the production of heterologous proteins (Saloheimo and 

Pakula, 2012; Gorsche et al., 2013). Another benefit to use T. reesei is the evidence of the expansion 

of all crucial tools required for the expression of heterologous proteins in this organism (Gorsche et 

al., 2013). The fact that Trichoderma reesei is entirely known from the single wild type culture QM6a 

makes it uncommon between fungi which are applied in the industry. The wild type strain QM6a was 

isolated from the cotton garments and canvas of the US army from Solomon Islands during the World 

War II (Reese, 1976). It is also worth to mention that nowadays all isolates used in industry and 

science come from the ancestor strain Trichoderma reesei QM6a. Large–scale mutagenesis and 

screening programs have released entire purebred of isolates with upgraded enzyme production 

properties (Saloheimo et al., 2012). The amount of valuable mutant strains is considerable, among 

them: hypercellulolytic, cellulose-negative strains or moreover, some partially protease-deficient 

strains (Mantyla, 1998). Additionally, T. reesei can be transformed with a number of diverse selection 

markers, from auxotrophic markers such as pyr4 (Gruber et al., 1990), to  resistance to benomyl 

(Peterbauer et al., 1992; Schuster et al., 2007) or hygromycin (Mach et al., 1994) or even to allow 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2886115/#CR132
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growth on acetamide as sole nitrogen source mediated through the Aspergillus nidulans amdS gene 

(Penttilä et al., 1987). 

Supplementary to heterologous enzymes already produced on an industrial scale using Trichoderma 

as host organism, great achievements have been initiated to express an amount of other enzymes 

partly from more distantly related donor organisms (Table 1.1). 

The first heterologous protein expressed in T. ressei was calf chymosin (Penttilä, 1998), which was 

expressed in T. reesei Rut-C30 under the cbh1 promoter (Harkki et al., 1989; Uusitalo et al., 1991). 

Another example of the first efforts to express heterologously an antibody in Trichoderma has been 

reported by Nyyssönen and co-workers. They successfuly expressed murine Fab fragments in T. reesei 

(Nyyssönen et al., 1993; Nyyssönen and Keränen, 1995). 

Other impressive examples of the introduction of heterologous proteins are the expression of 

endopeptidase B from barley under the control of the cbh1 promoter (Saarelainen et al., 1997) and 

cinnamoyl esterase from Piromyces equi (Poidevin et al., 2009). From one point of view, the 

expression of endopeptidase B from barley confirmed that it is feasible to express fully functional 

proteins from higher eukaryotes in Trichoderma. From the another point of view, the expression of 

cinnamoyl esterase from Piromyces equi ensured the production of EstA, a fully functional catalytic 

domain, capable of releasing ferulic acid, a valuable aromatic compound, from a variety of natural 

substrates such as maize bran and wheat (Gorsche et al., 2013). 

As already mentioned, Trichoderma reesei (teleomorph Hypocrea jecorina) is the main industrial 

producer of lignocellulolytic enzymes, and the secretory behavior of this fungus strongly depends on 

the carbon sources (Kubicek et al., 1996; Jun et al., 2013). From the biotechnological point of view 

some cellulases applications could be found in paper, pulp and textile processing industries (Belghith 

et al., 2001) or in the improvement of animal feed (Bhat, 2000). Since recently, these enzymes are 

also hired in the degradation of biomass into simple sugars which are in turn useful for biofuel 

production (Kumar et al., 2008). 

The wide industrial application of T. reesei in industry for enzyme production raises a question 

whethe this fungus also secreet secondary metabolites that may be potentially dangerous 

‘contaminants’ for biotechnological products. 
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TABLE 1.1. HETEROLOGOUS PROTEINS EXPRESSED IN TRICHODERMA (MODIFIED FROM GORSCHE ET AL., 2013). 

Protein  Donor organism  Host strain Reference 

Acid phosphatase Aspergillus niger ALKO2221 Miettinen-Oinonen et al., 1997 

Aminopeptidase  Aspergillus sp. Trichoderma reesei or longibrachiatum Amfep, 2009 

Amylase (alpha) Aspergillus sp. Trichoderma reesei or longibrachiatum Amfep, 2009 

Antibody Fab fragments Murine Rut-C30 Nyyssönen et al., 1993 

Beta-Glucosidase Talaromyces emersonii Rut-C30 Murray et al., 2004 

Cellulase  Trichoderma sp. Trichoderma reesei or longibrachiatum Amfep, 2009 

Chymosin Calf Rut-C30 Harkki et al., 1989; Uusitalo et al., 1991 

Cinnamoyl esterase EstA Piromyces equi Rut-C30 Poidevin et al., 2009 

Cutinase Coprinopsis cinerea D-00775 cbh1-neg Kontkanen et al., 2009 

DewA Aspergillus nidulans QM9414 Schmoll et al., 2010 

Endochitinase  Trichoderma harzianum Rut-C30 Margolles-Clark et al., 1996 

Endopeptidase B Barley Rut-C30 

   

 

ALKO2221 Saarelainen et al., 1997 

Glucanase (beta) Trichoderma sp. Trichoderma reesei or longibrachiatum Amfep, 2009 

Glucoamylase P Hormoconis resinae Rut-C30 Joutsjoki et al., 1993 

  

 

ALKO2221   

Laccase  Phlebia radiate Rut-C30 Saloheimo and Niku-Paavola, 1991 

Laccase  Melanocarpus albomyces Rut-C30 Kiiskinen et al., 2004 

Pectin lyase Aspergillus sp. Trichoderma reesei or longibrachiatum Amfep, 2009 

Phospholipase A Thermomyces sp. Trichoderma reesei or longibrachiatum Amfep, 2009 

Steryl esterase  Melanocarpus albomyces Rut-C30 Kontkanen et al., 2006 

Xylanase II Humicola grisea HEP1 De Faria et al., 2002 

Xyn VI Acrophialophora nainiana Rut-C30 Salles et al., 2007 

Xyn11A Nonomuraea flexuosa ALKO3620 Paloheimo et al., 2003 
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Thus, the genus Trichoderma is producing a numerous secondary metabolites such as toxins, 

potential anti-cancer compounds and antibiotics (Reino et al., 2008) that are important in signaling, 

development and interaction with other living organisms (Hoffmeister and Keller, 2007; Osbourn, 

2010; Kubicek et al., 2011). 

The genes encoding enzymes that synthesize secondary metabolites have recently been reviewed 

(Mukherjee et al., 2012). 

The peptaibols are a group of small, linear peptides having a high α-aminoisobutyric acid (Aib) 

content and an amino acid alcohol at the C-terminus, which are exclusively produced by members of 

the genus Trichoderma and closely aligned genera by means of special NRPS enzymes (Komon-

Zelazowska et al., 2007). These properties have given rise to the name peptaibol (peptide, Aib, and 

amino alcohol) (Benedetti,ProcNatAcadSci, 1982). The genomes of all three Trichoderma spp. 

(Martinez et al., 2008; Kubicek et al., 2011) contain two genes encoding such peptaibol synthases, 

one synthesizing short (10-14 aa) and one synthesizing long (18-25 aa) peptaibols.  Like all other NRPS 

enzymes too, the peptaibol synthases consist of a series of modules that act like an assembly line, 

each incorporating one amino acid into the peptide (Strieker et al., 2010). The core of each module 

includes adenylation, peptidyl carrier and condensation domains. It is therefore interesting that the 

larger peptaibol synthase synthesizes only a single peptaibol of 18-25 aa’s (Neuhof et al., 2007; Wiest 

et al., 2002). Mukherjee et al. (2011) and Degenkolb et al. (2012) showed by gene disruption that the 

smaller synthase synthesizes two small peptaibols (11 and 14 kDa). The obvious three-residue gap 

between 11- and 14-residue peptaibol families has to be attributed to module skipping (Degenkolb et 

al., 2012), which could be further kinetically regulated by the chemical structure of the intermediate 

peptides, thereby giving rise to the multitude of peptides produced by these enzymes in dependence 

of the available precursor concentrations. 

Some peptaibol structures are given below (Figure 1.3). Peptaibols form a helical structure with the 

hydrophobic side chains exposed to the surface which allows them to interact with natural and 

artificial bilayers and form pores or voltage-dependent ion channels increasing membrane 

permeability (Rebuffat et al., 1999). 

The need to sequence more and more genomes of Trichoderma species gives us an opportunity to 

provide better library of enzymes used in biofuel production (Baker et al., 2008; Grigoriev et al., 

2011). On the other hand there are still important unanswered questions in awareness of biocontrol, 
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identifying new enzymes and exploring the structures of secondary metabolites (Karagiosis and 

Baker, 2013). 

 

 

Figure 1.3. Peptaibol structures. (A) An alamethicin (1amt) helix with the eight Aib residues 

highlighted in orange, thought to promote an alpha-helical character (shown in blue) which is 

observed in many peptaibols. Two proline residues of alamethicin are highlighted in green. (B) 

Antiparallel antiamoebin (1joh) dimer (helices highlighted in orange), as found in the asymetric 

unit. (C) Crystal structure of trichotoxin_a50 (Chugh, Bruckner & Wallace (2002) biochemistry 41: 

12934-12941). Pictures taken from http://peptaibol.cryst.bbk.ac.uk/structure.htm 

http://peptaibol.cryst.bbk.ac.uk/structure.htm
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2. Aims of the thesis 

Trichoderma is a genus of filamentous fungi that contains species with profound potential of 

environmental opportunism. This property is exploited in a wide range of industrial applications. 

However, besides the positive role, these fungi also demonstrate some potentially negative impact 

on mankind. 

This study aims to investigate the molecular ecological aspects of Trichoderma which should be 

considered prior its application in agriculture and industry. 

To accomplish the goal of the thesis the following questions have been to be answered: 

1. Whether mycoparasitic nature of Trichoderma may possess a certain danger for mushroom 

farming?  

2. Whether among secondary metabolites secreted by Trichoderma there are certain potentially toxic 

copounds? 

3. How diverse are the Trichoderma species that may cause mycoses in animals including humans? 
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3. Trichoderma and Pleurotus farming  
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3.1. Biofungicide versus causative agents of the green mold disease of mushrooms 

What is a biofungicide? A definition of biofungicides was formulated by Francis and Keinath (2010) 

that “biofungicides are microorganisms and naturally occurring substances that control diseases 

(biochemical pesticides) that are approved for organic production”. 

The number of studies about the biocontrol of plant pathogens is growing rapidly and became more 

interesting thus more feasible. The exploration on fungal species which are efficient to control plant 

pathogens revealed Trichoderma spp., because their antifungal abilities are known since early 1930’s 

(Weindling, 1934). Most of the opportunistic species are powerful mycoparasites thus are used in 

agriculture for purpose of plant protection. 

On the other hand, the mycoparasitic activity of Trichoderma may have also negative effect on 

humankind. Worldwide there are mushroom farms with the dominant production of Agaricus 

bisporus (champinion), Pleurotus ostreatus (oyster mushroom), and Lentinula edodes (shiitake) 

(Chang, 1999). Since over sixty years some Trichoderma strains have been notified as causal agent of 

green mould infection in edible mushroom industry (Sinden and Hauser, 1953).  

There are several factors which should be considered by mushroom farmers for improved 

production. Based on Chen and Moy (2004) these are: carbon and nitrogen source, warm 

temperatures, high humidity (plus variation of these elements), and darkness. Paradoxically, the 

same conditions are suitable for mould thus having direct influence towards crop contamination. The 

favourable conditions, give rise for a faster growth of moulds what in the end effect may cause the 

competition for nutrients and the space (Williams et al., 2003). Trichoderma strians could also 

produce extracellular enzymes, toxic secondary metabolites and volatile organic compounds, which 

results in drastical crop losses (Kredics et al., 2010). The disease appears in the mushroom cultivation 

substrate or in the casing layer as surfaces covered with Trichoderma spores. Emerging mushrooms 

are severely spotted, often distorted (Seaby, 1989), making them unmarketable. 

3.1.1. Green mould on Agaricus  

In 1988 Geels reported that the mushroom disease has been correlated mainly with either poor 

hygiene or insufficient quality of the compost. Therefore, until 80’s green mould was treated as trivial 

issue hence easy handled by changing the composting system, reconstruction sanitation or by 
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applying chemicals (Geels et al., 1988). This conception changed significantly after the first reports 

about green mould infections on Agaricus from Northern Ireland in 1985. 

Identical infections have been observed in mushroom farms across Europe namely in Spain, 

Germany, in the United Kingdom, France and the Netherlands (Hermosa et al., 1999; Seaby, 1998; 

Mamoun et al., 2000b; Geels, 1997), Poland (Sobieralski et al., 2012), Croatia (Lorant Hatvani, Lea 

Atanasova, personal communications). In 1998 Castle wrote about similar disease emerged in 

mushroom crops in Canada and in the United States (Castle et al., 1998).  

The increased number of green mould cases stimulated researcher to intensify the work towards 

identification the causative agent.  

Despite the fact that several Trichoderma spp. (e.g. T. koningii, T. hamatum, T. longibrachiatum, T. 

citrinoviride, T. crassum, T. spirale)(Castle et al., 1998) were found on mushroom compost, only T. 

harzianum has been assigned as a species colonizing cultivation area (Seaby, 1987). 

As it has been identified in that time, isolates of T. harzianum obtained from British Isles compost 

belong to three different biological pattern namely Th1, Th2 and Th3 (Seaby, 1987). They behave 

different in respect to the growth, sporulation and the way of aggressiveness in compost expansion 

where Th2 has been classified as the most aggressive form responsible for the green mould infection 

(Seaby, 1987).  

In order to assess the intraspecific diversity among T. harzianum strains, Muthumeenakshi and 

colleagues (1994) applied several molecural markers specifically restriction fragment length 

polymorphism (RFLP) and random amplified polymorphic DNA (RAPD) analyses and sequencing of the 

internal transcribed spacer (ITS) 1 of the rRNA gene cluster.  

Later on, techniques mentioned above have been enforced for molecular labeling of Trichoderma 

cultures isolated from mushroom farms in North America. They revealed another group of T. 

harzianum called Th4 which was comparable to, but on the other hand noticeable divergent than the 

Th2 (Castle et al., 1998; Muthumeenakshi et al., 1998). 

As T. harzianum was (and still is) a species often used for biological control of fungal plant pathogens, 

concerns have emerged regarding the possible involvement of these strains in the development of 

mushroom green mold. Molecular phylogenetic studies based on RAPD analysis (Ospina-Giraldo et 
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al., 1999) as well as sequence analysis of the ITS 1 and 2 rRNA region disclosed that biocontrol and 

green mould strains can be clearly differentiated. Supporting these molecular data, Romaine et al. 

(2001) showed in pathogenicity trials that commercial biocontrol T. harzianum strains and related 

ones from the Th1 biotype were not pathogenic on A. bisporus, as opposed to Th4 isolates. Specific 

primer pair has been developed to identify the aggressive biotypes Th2 and Th4 in order to select 

biocontrol candidates for potential pathogenicity (Chen et al., 1999a). In addition, this PCR-based test 

has been used for the identification of Trichoderma isolates collected in the United States during and 

prior to the explosion of the green mould plague (Chen et al., 1999b). The results showed no 

evidence for the preepidemic presence of Th4, implying the recent development of highly virulent 

genotype. Muthumeenakshi et al. (1994) suggested, using the molecular differences between the 

biotypes Th1 – Th3, that they could exhibit three distinct species. Molecular data pointed out 

afterwords, that the Th3 biotype belongs to T. atroviride (Castle et al., 1998; Ospina-Giraldo et al., 

1998), whereas Th1 was identified as T. harzianum sensu stricto (Gams and Meyer, 1998). In 2002 

Samuels and co-workers redescribed two aggressive biotypes, namely Th2 and Th4. Based on the 

morphological characteristics, and phylogenetic analyses of ITS 1 and the translation elongation 

factor 1-alpha (tef1) gene they were recognized as T. aggressivum f. europaeum and T. aggressivum f. 

aggressivum, respectively.  

Figure 3.1 shows the separated taxonomic state of T. aggressivum in the Harzianum clade (Atanasova 

et al., 2013) as revealed based on the multiloci phylogeny of Druzhinina et al. (2010).  

3.1.2. Trichoderma on Plurotus  

A similar infestation occurred almost twenty years ago on the oyster mushroom Pleurotus ostreatus 

caused by T. viride (as identified at that time) in North America (Sharma and Vijay, 1996), but the first 

significant crop losses of cultivated P. ostreatus caused by green mould disease were reported in 

South Korea by Yu (2002). Woo et al. (2004, 2006) reported green mould on the oyster mushroom 

Pleurotus ostreatus in Italy followed by Hungary, Romania (Hatvani et al., 2006; Kredics et al., 2006) 

and South Korea (Park et al., 2006). 

Based on the observation by Yu (2002) and Woo et al. (2004) the presence of Trichoderma spp. 

appears in the initial stage of substrate preparation, with the pasteurization they seem do not exist, 
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but they could be recognized again in the base after inoculation with Pleurotus (spawing), during 

incubation stage and the fruiting periods. 

 

Figure 3.1. The recombination network of T. harzianum species complex determined by SplitsTree 
(NJ mode) from the multilocus phylogenetic dataset of druzhinina et al. (2010). taxa with 
“harzianum"-like morphology are shown by a light yellow background and dotted lines; other 
anamorph morphologies are shown by different colours and dotted lines; individual teleomorph 
morphologies are indicated by different end symbols. orange and green arrows show trichoderma 
spp. that are causative agents of pleurotus and agaricus green mold diseases respectively. 
Representative sequences for species from Harzianum-Catoptron Clade may be retrieved from 
NCBI Entrez search engine using [species strain locus] keywords. ceri – T. cerinum, velu – T. 
velutinum, harz – T. harzianum s.l., inh – T. inhamatum, epi – H. epimyces, tom – T. tomentosum, 
stram – H. straminea, aggr – T. aggressivum, alni – H. alni, tawa – H. tawa, atro – H. atrogelatinosa, 
pleurotu – T. pleurotum, pleuroti – T. pleuroticola, brunn – H. brunneoviridis, cato – T. catoptron. 
The image is modified from Druzhinina et al., 2010. 

 

The causative agent of the oyster mushroom green mold has been reported to be morphologically 

and culturally distinct from T. aggressivum (Park et al., 2004; Woo et al., 2004). Park et al. (2004, 

2005a) collected green mould samples originated from South Korea between the years 1997 and 

2002. They have examined more than 100 isolates of Trichoderma from oyster mushroom substrates. 

Using the morphology and culture features they were able to classify the isolates into 7 different 

species, among them two belonging to new taxa (Park et al., 2004, 2005a). The researches claimed 
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that two new species (Trichoderma koreana and Trichoderma pleuroti) were responsible for the 

disease on Pleurotus in South Korea, but they did not provide nomenclaturally valid species 

descriptions. Hatvani et al. (2006) reported that the Hungarian oyster mushroom green mold species 

has the same internal transcribed spacer 1 (ITS1) and ITS2 sequences as an undescribed species of 

Trichoderma (Trichoderma sp. strain DAOM 175924) (Kullnig-Gradinger et al., 2002) and that its ITS1 

and ITS2 sequences were also identical with those deposited for four Trichoderma pathogens of P. 

ostreatus from South Korea.  

Phylogenetic analysis allowed Park et al. (2006) to formally confirm the existence of two new species 

causing green mould disease in South Korea and described them as T. pleurotum and T. pleuroticola.  

It should be also mentioned that  similarly to T. aggressivum – the causal agent of Agaricus green 

mould disease - both species were shown to belong to the Harzianum Clade of 

Hypocrea/Trichoderma. 
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Kredics L, Kocsubé S, Nagy L, Komon-Zelazowska M, Manczinger 

L, Sajben E, Nagy A, Vágvölgyi C, Kubicek CP, Druzhinina IS & 

Hatvani L (2009) Molecular identification of Trichoderma species 

associated with Pleurotus ostreatus and natural substrates of the 

oyster mushroom. FEMS Microbiol Lett 300, 58-67 

OWN CONTRIBUTION: 

MKZ contributed to the molecular and microbiological work at 

Vienna University of Technology (cultivated fungi, extracted 

genomic DNA, performed PCR) and participated in the analysis of 

sequences and ms writing.   
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3.4. Further investigations on T. pleurotum and T. pleuroticola 

The problematic of green mould infections is also known from Polish mushroom farms. In the work of 

Sobieralski et al. (2012)* we performed experiments where we determined the growth of T. 

pleuroticola and T. pleurotum isolates. Additiolnally, we determined the interactions between these 

strains and several species of Pleurotus sp. in in vitro conditions. The results showed that all studied 

T. pleuroticola strains exhibited significantly greater growth than T. pleurotum isolates after the 

incubation time. These findings coresponded to those noted by Siwulski et al. (2011). In respect to 

our previous study presented in this thesis (Komon-Zelazowska et al., 2007) these results are 

particularly interesting as up to now there are no wild isolates of T. pleurotum known. It may be 

explained by the association of these two species and fater growth of T. pleuroticola that thus hides 

T. pleurotum in isolation plates. 

In the work of Sobieralski et al. (2012) we analysed also the impact of T. pleuroticola and T. 

pleurotum on the mycelium development of different species of Pleurotus. The outcome was that the 

isolates of T. pleuroticola demonstrated reduced growth of P. florida, P. cornucopiae, P. pulmonarius, 

P. columbinus, P. eryngii and P. ostreatus more than isolates of T. pleurotum. These findings 

correspond to our results obtained by Komon-Zelazowska et al. (2007) concerning faster mycelium 

growth and the overgrowing of P. ostreatus mycelium by T. pleuroticola isolates. 

*Sobieralski K, Siwulski M., Komon-Żelazowska M., Błaszczyk L. 

Górski, R. Spiżewski, T., and I. Sas-Golak1 (2012) Evaluation of the 

growth of Trichoderma pleurotum and Trichoderma pleuroticola 

isolates and their biotic interaction with Pleurotus sp. JOURNAL OF 

PLANT PROTECTION RESEARCH Vol. 52, No. 2 (2012) 

Ms presented in the APPENDIX.  
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4.1. Facts and challenges in the understanding of the biosynthesis of peptaibols by 

Trichoderma 

Kubicek CP, Komon-Zelazowska M, Karaffa-Sandor E & Druzhinina 

IS (2007) Facts and challenges in the understanding of the 

biosynthesis of peptaibols by Trichoderma, a review. Chem 

Biodivers 4(6), 1068-1082 

OWN CONTRIBUTION: 

MKZ contributed to the writing of this review.  
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4.2. The formation of atroviridin by Hypocrea atroviridis is conidiation-associated, and 

positively regulated by blue light and the G-protein GNA3 

Komon-Zelazowska M, Neuhof T, Dieckmann R, Döhren H, 

Herrera-Estrella A, Kubicek CP and Druzhinina IS (2007) The 

formation of atroviridin by Hypocrea atroviridis is conidiation-

associated, and positively regulated by blue light and the G-

protein GNA3. Eukaryotic Cell 6(12), 2332-42 

OWN CONTRIBUTION: 

MKZ cultivated fungi and contributed to the experimental work 

and to the bioinformatics analysis of the data. She participated in 

the interpretation of the results and contributed to ms writing.  
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5. Which Trichoderma species may cause 

invasive mycoses in immunocompromised 

humans?   
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5.1. Inclusion of Trichoderma longibrachiatum in the list of opportunistic pathogens of 

immunocompromised humans 

The number of reports about fungal infections of humans expanding enormously in recent years 

(Santillan Salas et al., 2011). Infections can appear as a result of a broken normal immune barrier 

(surgery, traumatic inoculation). Host protection system can be also depleted by medical treatments 

or when the patients suffer from chronic sinusitis (Antal et al., 2005). 

As it has been manifested until now, the genus Trichoderma is of widespread relevance (Hatvani et 

al., 2013). The valuable effects of Trichoderma isolates are broadly known but more and more data is 

being published about the clinical importance of the filamentous fungal genus (Kredics et al., 2003). 

These infections are characterized by the presence of fine septate hyphae in tissue sections, the so-

called “hyalohyphomycosis pathological entity,” for which differential diagnosis with invasive 

aspergillosis is critical (Chouaki et al., 2002). 

Trichoderma shows increasing medical importance as an opportunistic human pathogen particularly 

in immunocompromised patients. Trichoderma species can cause localized infections and fatal 

disseminated disease. There are several reported cases where Trichoderma longibrachiatum was 

isolated: (i) from an infected skin and subcutaneous tissue of a child with acute aplastic anemia and 

neutropenia (Munoz et al., 1997), (ii) from a brain abscess in a leukemic patient with prolonged 

neutropenia (Seguin et al., 1995), (iii) from otitis externa in a pediatric patient (Hennequin et al., 

2000) and from a HIV-positive patient (American Type Culture Collection, ATCC 208859; Samuels et 

al., 1998).  

Furukawa (1998) described another case namely the severe invasive sinusitis, as an effect of T. 

longibrachiatum infection, in a liver and small bowel transplant recipient. This one was successfully 

cured.  

T. longibrachiatum had been identified as the causal agent in the majority of reported Trichoderma 

mycoses, therefore the genus is now on the growing list of potential fungal pathogens in 

immunocompromised humans (Trabelsi et al., 2010). 
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Antal et al. (2005) investigated the potential virulence factors of 12 clinical and 9 environmental T. 

longibrachiatum strains in spite of comparison their ability to cause infections in humans. Based on 

the results all clinical isolates could grow at physiological pH, what is obligatory to colonize human 

tissues. All questioned Trichoderma isolates were able to grow at inflated temperatures (up to 40ºC). 

Beyond T. longibrachiatum, other strains (like H. orientalis) while being the members of 

Longibrachiatum section of the genus Trichoderma, exposed the capability to grow at 37ºC. This 

finding is a critical issue due to the colonization of human hosts.  Experiments of the carbon and 

nitrogen utilization showed that all of the isolates were able to utilize various basic amino acids both 

as sole carbon and nitrogen sources. Furthermore, compounds produced by three clinical samples 

reduced the motility of boar spermatozoa suggesting that they possess toxic effect to mammalian 

cells as well.  

Kredics et al. (2004) checked the possible involvement of proteases in the pathogenesis of 

Trichoderma isolates. At the same time, Dóczi et al. (2004) reported that T. longibrachiatum exhibits 

overall high levels of resistance to antifungal compounds along with itraconazole, fluconazole and in 

some instances also amphotericin B.  

Remarkable strength of some clinical samples to antifungal medicaments reveals dilemma towards 

the healing of Trichoderma infected patients (Hatvani et al., 2013). In order to find appropriate 

methods of therapy in some cases of Trichoderma infections, Munoz et al. (1997) suggested to use 

combination of amphotericin B and itraconazol or ketoconazole. Another treatment proposed De 

Miguel et al. (2005) as well as Alanio et al. (2008) by using caspofungin combined with voriconazole. 

Nevertheless, before starting with the individual medical treatment, should be clarified the type and 

the expansion of fungal infection, the health status of patient and the primary predisposing 

conditions (Hatvani et al., 2013). 
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5.5. Taxonomic updates on Trichoderma species of putative clinical importance  

In the work presented in the thesis (Druzhinina et al., 2012), we recognized several putative new 

species with direct genetic link to the clinically important T. longibrachiatum and H. orientalis 

(Druzhinina et al., 2008). These taxa have been later on named in the subsequent ms of Smauels et 

al. (2012: as Trichoderma aethiopicum (former T. sp. PS III) and Trichoderma pinnatum (former H. sp. 

nov. G.J.S. 02-120). Fungal strains were independently received by the Vienna University of 

Technology and USDA labs from colleagues in several research institutions or from personal 

collections. Most Trichoderma cultures were obtained by direct isolation from the substratum. 

Several collections were derived from stromata of Hypocrea teleomorphs.  

It is also worth to mention that both species are plants-associated (isolated from soil) but their 

closest relationship is with T. longibrachiatum which is also known as opportunistic species. That is 

why more studies are required in order to find out whether these species also have a potential to 

cause diseases in immonocompromised humans. 

We also reported on another Trichoderma-related isolate CBS 120951 that was associated with a 

cystic fibrosis (Druzhinina et al., 2007). This isolate has been later included in the taxonomic study of 

Samuels and Ismaiel (2011). They have indicated that the so far “unidentified Hypocreaceae” noted in 

the literature as being isolated from lung of a patient with non-fatal pulmonary fibrosis belongs to 

the novel taxon Hypocrea peltata. This statement has been proved by the phylogenetic analysis 

based on of nucleotide sequences from the internal transcribed spacer region (ITS), 28S nuclear large 

subunit (LSU) of rDNA and RNA polymerase subunit B-encoding gene (rpb2). In all cases, fungal 

isolates of H. peltata (assembled by Samuels) and the strain CBS 120951 formed a highly supported 

clade (Samuels and Ismaiel, 2011). 
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6. Conclusive remarks: Trichoderma is a beneficial microorganism which is safe to apply. 

Almost safe! 

Species of the genus Trichoderma are part of the most valuable groups of microorganisms which have 

had an impact on human prosperity in recent times. The number of literature (Google Scholar 

database retrieved at http://www.scholar.google.com ~ 182,000 hits, March 2014) and the amount 

of patents (Google patent database retrieved at http://www.google.com/patents ~ 293,000 hits, 

March 2014) being filed/granted on Trichoderma is still growing (Mukherjee et al., 2013). 

Aeons ago, the genus was raised by Persoon (1794) nevertheless the adventages of application of 

Trichoderma as plant disease biocontrol agents, mycoparasites and producers of antibiotic have been 

presented in the 1930s by Weindling (1932, 1934). Today, Trichoderma strains are the most widely 

used microbs all over the world.  

In this thesis we have investigated potentially negative molecular ecological aspects of the genus 

Trichoderma.  We have demonstrated that the fungus can cause a devastationg green mold disease 

on musroom farms world-wide.  Althought many different Trichoderma species are usually present in 

mushroom substrates, only several species seem to be really specific causative agents of the green 

mold disease. The initial recognition of T. pleuroticola was made in the pioneering phylogenetic work 

of Hypocrea/Trichoderma (Kullnig-Gradinger et al., 2002) where it was detected as T. cf. aureoviride 

DAOM 175924, a sister taxon to T. harzianum sensu lato. The first indications of the ability of this 

species to cause a Pleurotus green mold disease were obtained from Hungary and later on from Italy 

Poland and Romania. We recognized that although there are other Hypocrea/Trichoderma species 

detected in Pleurotus farms, T. cf. aureoviride DAOM 175924 is likely specific for this environment. 

The detailed phenetic and micromorphological analysis revealed the existence of the two distinct 

morphotypes, which were subsequently recognized on the basis of multiloci phylogeny. The first 

version of the manuscript presented in the thesis (Part 3.2. Komon-Zelazowska et al., 2007a) 

contained the formal taxonomic descriptions of the two new species with the new names proposed. 

However in a course of the revision we learned that the South Korean scientists (Park et al., 2006) 

have already published formal descriptions of these two species although presenting limited 

molecular data. As our study was based on a large sample of worldwide isolates and also contained 

http://www.scholar.google.com/
http://www.google.com/patents
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the detailed phylogenetic and phenetic characterization of the taxa, the editor found the publication 

worthwhile but suggested us to adapt the taxonomy of Park et al. (2006). 

Although this study has certain importance for mushroom industry, from the perspective of fungal 

biology the following outcomes seem to be the most interesting: (i) despite that the variability of 

morphological characters is known to be very low in Trichoderma (the number of morphological 

species is several folds lower than the number of currently recognized phylogenetic species) the two 

closely related and strictly sympatric species T. pleuroticola and T. pleurotum have distinctively 

different phenotypes. Moreover, the morphology of T. pleurotum is not known to be present in the 

Harzianum Clade. Therefore the next challenge will be the search for the selective pressure, which 

could drive the evolution of T. pleurotum towards such differentiation. (ii) The source of T. pleurotum 

infection remains mysterious as this taxon has not been reported from any other environment so far. 

In this respect T. pleurotum resembles T. aggressivum, the causative agent of Agaricus green mold 

disease, which is also not known from nature. The application of tef1-based specific PCR primers 

developed for all three green mold species (Part 3.3. Kredics et al., 2009) to total soil DNA extracted 

from different temperate samples did not reveal presence of T. aggressivum and T. pleurotum. In 

contrast to that, T. pleuroticola is frequent in environmental samples from North America and 

Europe. The search for the source of green mold infection constitutes another challenge for our 

colleagues and us. (iii) The dual confrontations of the Trichoderma species causing green mold 

diseases of mushrooms showed that Agaricus bisporus (at least the strain studied) is even more 

vulnerable to T. pleurotum and T. pleuroticola, however the distribution of these species is biased 

towards Pleurotus farms. The nature of such specialization may be explained by different substrata 

used for the two mushrooms but its biology remains unclear. 

The ability of Trichoderma to cause invasive mycoses of immunocompromised humans should be 

considered as another potential risk factor associated with Trichoderma-based products for 

agriculture (biofertilizers and biofungicides). In the research presented in the thesis (Part 5.2 

Druzhinina et al., 2008) we have got a possibility to analyze a nearly complete collection of clinical 

isolates of Trichoderma. Despite that their attribution to T. longibrachiatum was already known we 

assumed that there might be a certain specialization of these strains, which put them in a winning 

position in clinical environment. Moreover, the relatedness of T. longibrachiatum to H. orientalis was 
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not resolved at that time. As T. longibrachiatum is one of the most frequently isolated species the 

purpose of this study was obvious: we wanted to investigate the relation between the geographically 

broad sample of T. longibrachiatum and H. orientalis in order to trace the origin of clinical isolates. 

The first results showed that T. longibrachiatum and H. orientalis are genetically isolated taxa as they 

fulfill the criteria of the genealogical concordance phylogenetic species concept, and, more 

importantly, that the ability to attack immunocompromised humans is an unspecific property of both 

species. We also revealed that the isolates from rhizosphere of Coffea arabica from Ethiopia 

represent a distinct taxon that has been recently named as Trichoderma aethiopicum (Samuels et al., 

2012). Druzhinina et al. (2012) and the later group (Samuels et al., 2012) also recognized Trichoderma 

pinnatum and a yet undescribed species Trichoderma sp. CBS 243.63, all three located in T. 

longibrachiatum – H. orientalis phylogenetic clade. From the phylogenetic perspective we may 

assume that all these three novel species may be also opportunistic causative agents of human 

mycoses. However there are no cases repoted so far.  

Interestingly a considerable experimental effort was dedicated to the phenotypic profiling of clinical 

and none-clinical strains in respect to their ability to utilize different carbon sources at low, optimal 

and human body temperatures. As these data revealed no difference between clinical and 

environmental isolates they were not included in the manuscript but only mentioned in the 

discussion part. 

Thus, we suggest to urge, that all strains planned for agricultural applications should be tested for 

growth at 37°C as a safety precaution, in order to minimize potential health risks. Additionally, the 

application of all five known species from T. longibrachiatum – H. orientalis phylogenetic clade and 

actually from the entire Section Longibrachiatum in biotechnology and agriculture should be 

controlled with special care or rather neglected, as the most common human pathogen within the 

genus Trichoderma is T. longibrachiatum (Druzhinina et al., 2008).  

The use of some Trichoderma species in contemporary biotechnologies is because of their ability to 

hydrolyze cellulose. The production of hydrolytic enzymes (cellulases and hemicellulases) has been 

mostly examined and commercially exploited in T. reesei (teleomorph H. jecorina). Mutants of the 

isolate QM 6a have been used for years for cellulase and heterologous protein production and, more 

recently, for the production of biofuels (Kubicek and Penttilä, 1998; Kumar et al., 2008; Kubicek et al., 
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2009). Although our study has demonstrated that Trichoderma contains some potentially toxic 

metabolites such as peptaibols (Part 4, Komon-Zelazowska et al., 2007b), their toxicity to humans is 

quite low.  

Thus, our study shows that the fungal genus Trichoderma is certainly a highly beneficial 

microorganism that is safe to apply in industry in agriculture if the applied strains are screened 

against their ability to cause green mold disease and grow at the temperature of human body. We 

would like to specially note that the correct molecular identification of every Trichoderma strain is 

required prior its application is proposed.  
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