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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 filamentésen und mykoparasitdren Pilz Trichoderma kommt eine Schllsselrolle in der
industriellen Produktion von Enzymen zu und wird unter Anderem verwendet, um Cellulasen und
Hemicellulasen zu produzieren. Trichoderma wird dabei hadufig im gleichen Atemzug mit anderen
wirtschaftlich relevanten Mikroorganismen erwdhnt. Durch seine Rolle als Enzymproduzent wird
Trichoderma bei der zur Produktion von Biotreibstoffen der zweiten Generation eine bedeutende
Rolle zugeschrieben. Dariiber hinaus findet der Pilz Anwendung in der Landwirtschaft, wo er als Mittel
zur biologischen Kontrolle von pflanzenpathogenen Pilzen (Biocontrol) eingesetzt wird als auch als
Biodiinger Verwendung findet. In der Gattung Trichoderma finden sich aber auch Vertreter, die als
mykoparasitdare Pathogene von kommerziell genutzter Pilze bekannt sind. Auch im Humanbereich
spielen zwei Arten dieses Genus als opportunistische Krankheitserreger, vor allem bei

immungeschwachten Menschen, eine Rolle.

Der Fokus dieser Arbeit ist auf mogliche negative Auswirkungen durch Vertreter der Gattung
Trichoderma gerichtet. Die Arbeit untersucht (i) den Zusammenhang zwischen den ursachlichen
Substanzen die die griine Schimmel-Krankheit bei Pilzen verusachen, (ii) ob Trichoderma potentiell
toxische Sekundarmetaboliten bildet und (iii) wie Trichoderma invasive Mykosen bei Menschen

hervorruft.

Manche negativen Eigenschaften, wie Mykoparasitismus, sind charakteristisch fiir eine Vielzahl von
Trichoderma Specien. Andere, wie die opportunistische Pathogenitat fir immungeschwachte
Sadugetiere oder die griine Schimmelpilz-Krankheit, sind widerum auf wenige Taxa beschrankt. Die
Vielzahl an Einsatzmoglichkeiten sowie die dkologische Anpassungsfahigkeit von Trichoderma machen
diesen Pilz ein lohnenswertes Forschungsobjekt, um tieferes Verstindnis fiir seine Okologie und

Vielfaltigkeit 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.
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Abbreviations and web resources

BCAs
call
chi18-5
DNA
GenBank

GeneDoc:
IBC
ICBN

INSDC
ISTH
JGI
MKz
NCBI
NRPS
rpb2
s.l.
S.S.
tef1
USDA

Biological Control Agents
calmodulin

Endochitinase (former ech42)
deoxyribonucleic acid

public DNA/protein sequence database maintained by the National Center for
Biotechnology Information (NCBI) as part of the International Nucleotide Sequence
Database Collaboration (INSDC).

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

International Botanical Congress

International Code of Botanical Nomenclature:
http://www.iapttaxon.org/nomen/main.php

International Nucleotide Sequence Database Collaboration

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

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

Monika Komon-Zelazowska, the author of the thesis

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

Non-Ribosomal Peptide Synthetase
RNA polymerase subunit Il gene
sensu lato

sensu stricto

translation elongation factor 1

United States Department of Agriculture, also known as the Agriculture Department
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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 Penttils, 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 Penttild, 1998;
Sivasithamparam and Ghisalberti, 1998; Hjeljord and Tronsmo, 1998; Harman et al., 2004; Druzhinina
etal., 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.

Biotechnology Agriculture
Primary N q?'rimary h
 Carbohydrate active * Biofungicide
—| enzymes for —1{ » Rhizosphere
industry competent
.» Enzymes for biofuel | L phytostimulant )
P
Secondary Secondary
e Production of antibiotics + Antagonist of nematodes
* Production of other * Bioremediation agent

secondary metabolites » Bioindicator of soil health

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 R-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 prbl 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 (Schirmbock 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).

with A. alternata with S, sclerotiorum

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, 25°C. 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

III

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), B-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 Il (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

16| Page


http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2886115/#CR132

Molecular ecological aspects of Trichoderma that should be considered prior its application in agriculture and industry

growth on acetamide as sole nitrogen source mediated through the Aspergillus nidulans amdS gene
(Penttild 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 (Penttild, 1998), which was
expressed in T. reesei Rut-C30 under the cbhl 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 Nyyssdnen and co-workers. They successfuly expressed murine Fab fragments in T. reesei
(Nyyssonen et al., 1993; Nyyssonen and Keranen, 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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Protein

Donor organism

Host strain

Reference

Acid phosphatase
Aminopeptidase
Amylase (alpha)
Antibody Fab fragments
Beta-Glucosidase
Cellulase

Chymosin

Cinnamoyl esterase EstA
Cutinase

DewA

Endochitinase

Endopeptidase B

Glucanase (beta)

Glucoamylase P

Laccase

Laccase

Pectin lyase
Phospholipase A
Steryl esterase
Xylanase Il

Xyn VI

XynllA

Aspergillus niger
Aspergillus sp.
Aspergillus sp.

Murine

Talaromyces emersonii
Trichoderma sp.

Calf

Piromyces equi
Coprinopsis cinerea
Aspergillus nidulans
Trichoderma harzianum

Barley

Trichoderma sp.

Hormoconis resinae

Phlebia radiate
Melanocarpus albomyces
Aspergillus sp.
Thermomyces sp.
Melanocarpus albomyces
Humicola grisea
Acrophialophora nainiana

Nonomuraea flexuosa

ALKO2221

Trichoderma reesei or longibrachiatum
Trichoderma reesei or longibrachiatum
Rut-C30

Rut-C30

Trichoderma reesei or longibrachiatum
Rut-C30

Rut-C30

D-00775 cbhl-neg

QM9414

Rut-C30

Rut-C30

ALKO2221

Trichoderma reesei or longibrachiatum
Rut-C30

ALKO2221

Rut-C30

Rut-C30

Trichoderma reesei or longibrachiatum
Trichoderma reesei or longibrachiatum
Rut-C30

HEP1

Rut-C30

ALKO3620

Miettinen-Oinonen et al., 1997

Amfep, 2009

Amfep, 2009

Nyyssonen et al., 1993

Murray et al., 2004

Amfep, 2009

Harkki et al., 1989; Uusitalo et al., 1991
Poidevin et al., 2009

Kontkanen et al., 2009

Schmoll et al., 2010

Margolles-Clark et al., 1996

Saarelainen et al., 1997
Amfep, 2009

Joutsjoki et al., 1993

Saloheimo and Niku-Paavola, 1991
Kiiskinen et al., 2004

Amfep, 2009

Amfep, 2009

Kontkanen et al., 2006

De Faria et al., 2002

Salles et al., 2007

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 a-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,
19| Page



Molecular ecological aspects of Trichoderma that should be considered prior its application in agriculture and industry

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
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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
33| Page



Molecular ecological aspects of Trichoderma that should be considered prior its application in agriculture and industry

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 Thl 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 Thl — 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 Thl 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.
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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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The worldwide commercial production of the oyster mushroom Pleurotus ostrestus is currently threatened by
massive attacks of green mold disease. Using an infegrated appreach te species recognition comprising
analyses of morphological and physiological characters and application of the genealogical concordance of
muitiple phyvlogenetic markers (internal transcribed spacer 1 [1T51] and IT82 sequences; partial sequences of
tef] and chil8-5), we determined that the causal agents of this disease were two genetically closely related, but
phenotypically strongly different, species of Trichoderma, which have heen recently described as Trichoderma
Meurotum and Trichoderma plewraticola. They belong to the Harvzianum clade of Hypocrea/Trichoderma which
alseo includes Trichoderma aggressivum, the causative agent of green mold disease of Agaricus. Both species have
been found on cultivated Pleurotus and its substratum in Europe, Iran, and South Korea, but T, pleuroticola has
also been isolated from soil and wood in Canada, the United States, Europe, Iran, and New Zealand. T.
Pleursticola displays pachybasivm-like morphelogical characteristics typical of its neighbors in the Havzianum
clade, whereas T plewrotum is characterized by a ghiocladivm-like conidiophore morphelogy which is upchar-
acteristic of the Harzianum clade. Phenotype MicroArrays revealed the generally impaired growth of 7.
pleurotiem on numerous carbon sources readily assimilated by 7. pleuroticola and T. aggressivum. In contrast, the
Phenetype MicroArray profile of T, pleuroticely is very similar to that of T, aggressivum, which is suggestive of
a close genetic relationship. In vitro confrontation reactions with Agaericus bisporus revealed that the antago-
nistic potential of the two new species against this mushroom is perhaps equal to T. aggressivum. The P.
ostreatus confrontation assays showed that 7. pleuroticols has the highest affinity to svergrow mushroom
mycelivm among the green mold species. We conclude that the evelutionary pathway of 7. pleuroticola could be
in parallel to other saprotrophic and mycoparasitic species from the Harzianum clade and that this species
poses the highest infection risk for mushroom farms, whereas 7. plewrorisn could be specialized for an
ecological niche connected to components of Pleurotus substrata in cultivation. A DNA BarCede for identifi-
cation of these species based on I'TS1 and ITS2 sequences has been provided and integrated in the main
database for Hypocrea/Trichoderma (www. ISTH.infa).

Plevrotus ostreatus is an important edible basidiomycete
commonly known as oyster gmashroomu. This fungus is the third
most comraercially important edible mmshroom worldwide (4).
In addition, it is used for the bioconversion of agricultural and
industrial lignocellulose debris (2, 32) and as a souvrce of en-
zymes and other metabolites for industrial and medical appli-
cations (13, 26). F. ostreatus can be grown on a wide range of
agricultural by-products and industrial wastes (29), although
pasteurized straw is most commonly used. Many pests and
diseases can cause vield losses in P. osireatus, and the associ-

* Corresponding author. Mailing address: Research Area Gene Tech-
nology and Applied Biochemistry, Institute of Chemical Engineering,
Vienna University of Technology, Getreidemarkt 9/1665, A-1060 Vienna,
Austria. Phone: 431 58801 17202, Fax: 43 158801 17299, E-mail: druzhini
@mail.zserv. tuwien.ac.at.

T Supplemental material for this article may be found at hitp://asm
L8sM.0rg/

* Published ahead of print on 7 September 2007.
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ation of Irichoderma species with the cultivation substratum
haslong been known to limit production (1). Sharma and Vijay
(38) reported green mold of oyster mushroom in North Amer-
ica 10 years ago, and serious cases of green mold diseases of P.
ostreqtus in commercial operations were detected recently in
Scuth Korea (30}, Italy (41), Hungary (14}, and Romania (20).

Trichoderma green mold infection in edible basidiomycetes
has been known for a long time {39). An Agavicus green mold
disease started in Northern Ireland in 1985 and rapidly spread
over farms across Hurope (15, 25). A similar disease appeared
in mushroom crops in the United States and Canada (3). The
causative agent was originally believed to be Trichoderma har-
zignum (teleomorph Hypocrea lixiiy but was later on clarified to
be a new species of Trichoderma, viz., Trichoderma aggressivine,
of which two varieties (7. aggressivarm var. europaewm and T.
aggressivam var. aggressivum) were distinguished from Burope
and North America, respectively (35).

The causative agent of the oyster mushroom green mold has
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been reported to be morphologically and culturally distinct from
T. aggressivur (30, 41). Park et al. (30) clamed that two new
species (Trichederma koreana and Trichoderma pleroti} were re-
sponsible for the disease on Plewrotus in South Korea, but they did
not provide nomenclatorally valid species descriptions. Hatvani et
al. (14) reported that the Hungarian ovster mushroom green
mold species has the same interoal transcribed spacer 1 (JTS1)
and ITS2 sequences as an undescribed specics of Trichoderma
{(Trichoderma sp. strain DAOM 175924) (22) and that its ITS1
and ITS2 sequences were also identical with those deposited for
four Trichoderma pathogens of P. ostreatus from South Korea.
Recently, Park et al. (31) have formally described two new species
causing Flewrotus green mold disease in South Korea, Tw-
choderma plewrotim and Trichoderma pleuroiicola.

The objectve of the present study was to use an integrated
approach comprising morphological, physiological, and molec-
ular analyses to investigate the evolution of the Trichoderma
strains causing Pleurotus green mold disease and to examine
reasons for the recent disease outbreaks.

MATERLALS AND METHODS

Fungal strains. Strains investigated in this stitdy are given in Table 1. They are
maintained in the culture collections of the Division of Gene Technology and
Applied Biochemistry, Vienna University of Technology, Vienna, Austria, under
assigned CPK numbers; at DAOM (Eastern Cereal and Oilseed Research Cen-
tre, Ottawa, Canada); and at the Section of Plant Pathology, University of
Naples, Portici (NA), Italv Representative cultures have also been deposited at
the Centraalbureau voor Schimmelcultures (CBS), Utrecht, The Netherfands.

Morphological analysis. Cultures were grown on 2% Oxoid malt exteact agar
(MA)} and Oxoid potato dextrose agar (PDA) at 20°C under ambient daylight
conditions or in a 12 k12 h light:dark cycle under fluorescent and near-UY
lamps. Colony descripiions are based on observations on MA under ambient
daylight conditions, unless otherwise specified. Color codes and erminology ae
from the Methuen Handbook of Colours (18). Growth rates from 5°C to 40°C at
increments ot 5° were determined on PDA using the protocel of Samuels et al
(34). Micrescopic observations and measurements were made from preparations
mounted in lactic acid. Conidiophore structure and morphology were described
from macronematous conidiophores taken from the edge of conidiogenous pus-
wies or fascicles when conidia were maturing, vsually after 4 o 7 daws of
incubation. Conidial morphology and measurements were recorded after 14
days.

Metabolic profiles. Metabelic profiles based on assimilztion of carbon sousces
were performed using Biolog FF MicroPlates (6, 9, 19, 21). Microplates were
incubated at 26°C in the dark, and absorbance readings at 420 nm and at 750 nm
were analvzed separately. Absorbance data were not corrected for growth in the
control well, which was treated a5 an independent variable in the analyses.
Cluster analyses were performed using NTSYS software (33) with a similarity
matrix using the product-moment correlation coeflicient and employing the un-
weighted-pair group method using average linkages. SAS was used for analyses
of variance {ANOVAs) and caponical variate analyses (36). Univariaie
ANOVAs were performed on data for each of the 95 different carbon substrata
and the control. The substrata were ranked on the ANOVA F values and the
degree of significance of the among-species variation in the ANOVAs. The
highest ranked variables (probability > F < 0.0001) were sefected to perform
canonical variate analysis. Wilk’s Lambda and Pillai's trace were employed to test
the significance of the canonical variate analysis. The total standardized canon-
ical coeflicients were used to interpret the three significant eigenvectors obtained
from the analysis.

Doal confrontation assays. T'o assess the antagonistic potential of I pleuroti-
cola and T pleuroium against P, osireafus and A, bisporus, we isolated pure
cultures of the respective mushrooms from the products available on the Aus-
trian market. Three sirains of each species were used in dual confrontation tests
at 26°C, with 70 aggressivum CBS 433.95 and Hypocrea jecoring/Trichoderma reeset
OM éa as positive and negative controls, respectively.

DNA extraction, PCR, and sequencing, After 5 days of growth on MA at 25 =
1°C, mycelia wete harvested, and genomic DINA was isolated using a QIAGEN
DiNeasy Plant mini kit by following the mamfacturer’s protacol.

Amplification of the nuclear rRNA gene cluster, containing the TTS1 and ITS2

AppL. EvviroN. MICROEIOL.

and the 585 tRNA gene, and of a 0.4-kb fragment of endochitinase chils-3
(formerly named echd2) was done as described previously (16). An approxi-
mately 1-kb portion of the fff was amplified and sequenced wsing primers EF1
[5°- ATGGGTAAGGA(A/G)GA(‘AAGA(‘ 3] and BF2 [GGA(GAYGTACCA
GT{G/CYATCATGTT-3'] (28) or as described in Jalditsch et al. (16).

Purified PCR products for TTST and TTS2, feff, and chifS-5 were subjected to
automatic sequencing at MWG (Martinsried, Germany). Sequences were edited
manually and deposited in NCBI GenBank and www ISTH.info.

Phylogenetic analysis. For the phylogenetic analysis, DNA sequences were
aligned using ChstalX and visually edited in Genedoc, version 2.6 (27). The
mterleaved NEXUS fike was formatied vsing PAUP®, version 4.0019 (40), and
manually formatted for the MrBayes program, version 3.0B4. The Bayesian
phylogenetic reconstructions have been performed as described in Jaklitsch et al.
(16). According to the protocol of Leache and Reeder (23), posterior probability
values lower than 0.95 were not considered significant while values below 0.9
were not shown ou the consensus phylogram.

Haplotype networks were constructed manually based on detected shared poly-
morphic sites and confirmed using statistical pasimony analysis as implemented in
TCS, version 2.11 (), and maximum parsimony analysis using PATP*, version
40010 (40).

RESULTS

The P. ostreatus-associated strains comprise two phyloge-
netic Trichoderma species. Strains from oyster mushroom-pro-
ducing farms having severe green mold infections from Hungary,
Romania, Italy, and South Korea exhibited the same or highly
similar ITS1 and ITS2 sequences as the previously recognized
putative niew species “Trichoderma of. aureoviride DAOM 1750247
(NCBI GenBank accession no. AY605726) (22) and the recently
de@cmbed Pleursius green mold agent frorg Korea T. plewroti-
cole CNUMH 601 (NCBI GenBank DQ164400) (31). We have
previously documented that strain DAOM 175924 forms a
separate phyvlogenetic branch in the vicinity of T. harzianum
and 7. aggressivum In the Harzianum clade (22, 24). We ap-
plied two criteria of Drettman et al. {7) employing multilocus
genealogies to determine if the vatious isolates assaciated with
green mold on Plenrotus represented a single species or more
than one distinct species. The criterion of genealogical concor-
dance requires that the clade must be present in the majority
of single-locus trees. The genealogical nondiscordance crite-
rion recognizes a clade as an independent evolutionary lineage
when it is reliably supported by at least one single-locus gene-
alogy and if it is not contradicted by any other single gene tree
determined by the same methods. To do this, we amplified and
sequenced fragments from three different phylogenetic mark-
ers, 1.e., a fragment spanning the ITS1-5.85 rRNA-ITS2 region
of the rRNA gene cluster, a fragment covering the fourth and
fifth introns and the last long exon of the transiation elongation
factor l-alpha (tzf1) gene, and a fragment including & portion
of the fifth exon of the chil8-5 gene encoding a family 18
chitinase. In order to cornpose the sample set for phylogenetic
analysis, the resulting sequences were subjected to the se-
quence similarity search tool iraplemented in TrichoBLAST
(17 also www.ISTH.info). No identical hits except “Tricho-
derma sp. strain DAOM 175924” were detected, but the high-
est sequence homology was shown for species from the Har-
rianum clade (10). As shown in Fig. 1, the phylogenies
obtained from independent analyses of tef! and chil8-5 mark-
ers placed the Pleuroius green mold isclates and conspecific
strains in one supported hypthetical taxonomic unit close to J4.
Iixii/T. harzianum. On the chil$-5 tree the hypothetical taxo-
nomic unit node of Plasrotus-associated isolates and allied
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TABLE 1. Pleuroms green mold strains used in this study

NCREI GenRank accession no.?
Alternative

Species and strain ctrain no. Origin Habitat W%}Saznd ot 65
T. plewroticola strains
DAOM 1750247 CBS 121144 Canada (Ontario) On Acer sp. AYB05726 AY805769
DAOM 229916 United States Forest soil, Al horizon AYB05738 AYB05781
{Wisconsin)
CPK 1540 CB5 121217 Italy P. ostregtus substratum BEF302782 BEF302762
CPK. 1541 Italy P ostreatus substratum EF392783
CPK 1542 Italy P. cstregius incubating EF302784
bales
CPK 1543 Ttaly P. ostreares incubating EF3%2783
bales
CPK 1544 Italy P. ostrearus incubating EF302786 BF302763
bales
CPK 1545 [taly P. ostreatus incubating EF302787
bales
CPK 1546 [taly P. catreatus incubating EF302788 Er302764
bales
CPK 1547 Italy P. ostreatus incubating BEF30278%
bales
CPK 1548 Italy P. ostreamus incubating EX392700
bales
CPK 1550 Italy Mushroom farm EF392791 EF392765
CPK 1551 Ttaly Mushroom farm EF302792 EF392766
CPK 1552 Italy Mushroom farm BEF302793
CFK 2104 CB5 121145 Hungary P. cstreatus substratum EF302704
CFPK 2516 Romania P. ostreatus substratum EFa01670 EFetissl
CPK 2817 Romania P. ostreatus substratum EFa01677 EF601682
DZ 56 CPYK 882, CBS Iran Compost for Agaricus EF302781 EF302761 EF392776
121146 bisporus )
GIS 0401 United States Biocontro! of Cercospora” EF302768
{Montana)
GIS 95-§1 The Netherlands Pleurotus spawn AF345948 AF348102
CBS 628.77 The Netherlands Foodstuff AFIG4006
IB T22%0 Canada {Quebec}) Elm log AYS(5746 AYE05789 EF392777
BBA 65638 Germany AFI94007
GIS 93-14 New Zealand Biocontrol of Anniifaria® AFQ35216
T plewsotum strains
CPK 21137 CBS 121147, Hungary P. cstreatus substratum EF302808 ET362773 EF392779
DAOM
236051
CPK 2093 Hungary P. ostreatus substratunm EF3927%6
CPK 20696 Hungary P. ostreatus substratum EF302707 EF302770
CPK 2097 Hungary P. ostreamus substratum EX392708 EF302771
CPEK 2098 Hungary FP. ostreatus substratum EF302799 EF392778
CPK 2000 Hungary P. ostreatus substratum EF392800
CPK 2100 Hungary P. ostreatus substratunm EF302801 EF392772
CPK 2101 Hungary P. osiregtus substratum BEF302802
{CPK 2102 Hungary P. ostreatus substratum EH302803
CFPK 2103 Hungary P. ostreatns substratum EF392804
CPK 2109 Hungary P. ostreamus substratum EF392805
CPE 2110 Hungary P. ostrearus substratum EX302806
CPK 2112 Hungary P. ostreatus substratum EF392807
CPK 2114 Hungary P. ostregtus substratum EF302809
CPK 2116 CBS 121148 Hungary P. ostreatus substratum EF302510 EF302774 EF392780
CPK 2117 Hungary P. ostregtus substratum EF392811 EF302775
CPK 1532 CBS 121216 Ttaly P. ostreatus substratom EF302705 EFa01678
CPK 2314 Romania P. pstreatus substratum EP501674 EF601679
CPK 2812 Romania P. ostreqrus substratum EF601675 EF601680

# Reference strain.

# Obtained from G. I Samuels as 7 konfrgir; used for biocontrod of Cerrospore.

< Indicated as a biocontrol agent by Dodd et al. (8).

*# Accession numbers in roman fype ate newly submilted; those in jtalics were submitied previously and retrieved for this work.
strains further bifurcated into two significantly supported mold strains, as well as environmental isolates from I[ran,
clades. A similar divergence also takes place on the fegfi tree: North America, and New Zealand; the second clade includes
one clade comprises strain DAOM 175924, most of the Italian, most of the Hungarian and two Romanian green mold strains,
one of the Hungarian, and two Romanian Plenrorus green together with one strain isclated from soft rot of wood in
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FIG, 2. IT¥-based oligonueleotids BarCode for identification of mushroom green meld species, GHMI to GMHDS and SHM1 to 2HMS indicate
positions of genus- and species-specific hallmarks as indicated in Druzhinina et al. (11). The star shows the position of the diagnostic substitution
inside SHMS for T, plenrotum, T pleuroticola, T aggressivum, and H. ioat/T. haranum. Type sequences were retrieved using accsssion numbers

given in the study of Druzhinina et al. (11).

Germany. A single Italian isolate, CPK 1532, from a Pleurotus
farm occupies a basal position to this clade.

Visual analysis of ITS1 and ITS2 sequences (Fig. 2) support
the relationship of the studied strains to the Harzianum clade.
All strains from Pleurotus farms were segregated into two ITS2
alleles which differed from each other by one single nucleotide
polymorphism (position 394 from the first nucleotide of the
first genus-specific hallmark) (11). This divergence strictly cor-
responds to the two significant clades in the analyses of tef7 and
chil&-5. Both of these alleles were 5 to 6 nucleotides different
from the type allele of T harzianum (CBS 226.95) and from the
two known alleles of 7. aggressivum.

The concordant divereence of three loci showing two clades
of Pleurotus green mold strains indicates the presence of two
phylogenetic species. Because of the identity of the ITS1 and
ITS2 sequences of strains DAOM 175924 and CNUMH 601
and of strains CPK 1532 and CNUMH 501 (NCBI GenBank
D0164405) and based on the similar ecological characteriza-
tions, we assume that the detected new species correspond to
T. pleuroticala type culture CNUMH 601 and T pleurotum type
colture CNUMH 501, which have been formally described by
Park et al. (31). Since ex-type cultures of these species were not
deposited in publicly accessible culture collections and there-
fore were not available for this study, we refer to strains
DAOM 175924 and CPK 1532 as reference strains for 7" pleu-
roticola and T. pleuroturn, respectively. For rapid molecular
identification, oligonucleotide BarCodes based on differences
in TTS1 and TTS2 sequences among 7. pleurotum, 7. pleuroti-
cola, and related species have been implemented in the data-
base for the Hypocrea/Trichoderma DNA oligonucleotide
BarCode program TvichOKEY (11, 12; also www.ISTH.info).

Biogeography of T. pleuroticola and T. pleurofum. We per-
formed a detailed analysis of the tef! alleles of T pleuroticola
and T. plewrotum to investigate possible biogeographic traits in

the distribution of the isolates associate d with Plerrotus. Figure
3 shows the distribution of individual tef! alleles among 1so-
lates from different locations. The scheme was constructed
from one of 100 saved most parsimonious trees obtained using
a hewristic search implemented in PAUP*, version 4b10. Six
Hungarian and two Romanian strains of 7. plewrotum showed
almost no intraspecific variability since two groups of tefl se-
quences (four isolates each) were separated by only one A<G
transition and one indel in one of several 5'-A T, -3’ spans of
the intron. In contrast, two major alleles of T pleuroticola (Fig.
3, T and II) were distinguished based on five diagnostic transi-
tions. Six tested Italian strains of T. pleuroticola isolated from
cultivated Pleuratus substratum we re found to be polymorphic;
one strain has the tefl allele Ia identical to strain GJS 0401
known to be a biocontrol agent from Montana uvsed against
Cercospora in sugar beet; three strains share the same allele
(IIa) with strain DZ56 isolated from Agaricus compost in Iran,
and the two remaining strains have the tgf7 allele (IIb) identi-
cal to that of reference strain DAOM 175924 isolated from
Acer sp. in Canada. GIS 95-81 isolated from Pleurotus spawn in
The Netherlands has one position that differs from the type
allele. The only Hungarian isolate of 7. pleuroticola (CPK
2104) belongs to the first major allele. Thus, the absence of any
biogeographical pattern for the distribution of T pleuroticola
and, moreover, the mixed composition of the Ttalian sample
suggest the presence of a distribution vector for the species.
Evolution of T. pleurofmm was accompanied by a loss of
certain carbon utilization traits. The results of a cluster analy-
sis based on optical density at 750 nm (assimilation and
growth) for 95 carbon sources after 96 h of incubation are
presented in Fig. 4A The strains of 7" plewrotum formed a
“monophenetic” grouping in the cluster analysis, whereas T
pleuroticola and T. aggressivum were not clearly separated. In
univariate ANOV As, however, highly significant differences

FIG. 1. Bayesian analyses of the phylogenetic position of Pleurstus green mold species bazed on their chrf&-5 and ref! sequences. Posterior
probability coefficients are given at respective nodes and shown only if the branch was highly supported (=>0.95). Arrows indicate branches leading
to currently recognized species. GenBank accession numbers for T plewrstum and T plenroticols are given in Table 1. Accession numbers for other
sequences may be retrieved from GenBank using the searches “species+strain +endochitinazes 42°" and “species+ strain+ translation elongation™
for chi? &5 and teff, respectively.
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T. pleuroticola

T. pleurotum

FIG. 3. Distribution of individual teff alleles among isolates from
different locations. The scheme was manually construeted baszed on
one of the 100 saved most parsimonious trees obtained using a heu-
ristic search implemented in PATUP*, version 4b10 (39). #, isolates
from Hungary; ¢, isolates from Romania; @, izolates from Italy; star,
izolates from North America; &, single isolate from Iran. Arabic num-
bers cortespond to bootstrap coefficients; roman numbers show main
tefl alleles,

among all the species (P of <0.001) were seen for 34 substrata.
A canonical variate analysis was performed for the 12 most
significant substrata (P of <20.0001). All three canonical vari-
ates were highly significant (7 of <0.001) (Table 2), and a plot
af T. pleuroticola, T. pleurotum, T. aggressivum, and T harzia-
aum on the three cancnical variates (Fig. 4B) clearly distin-
ouishes 7. pleuraticala and 7. plewrotumm from each other, as
well as from the closely related species in the Harzianum clade.
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FIG. 4. (A) Cluster analysis of Trichoderma strains based on
750-nm optical density readings (mycslial growth) after a 96-h incu-
bation; “monophenetic” taxa arc shaded. (B) Canonical variate anal-
veis of 750-nm optical density readings after a 96-h incubation.

Metabolic profiles of T plewroticola, T. plewrotum, and re-
lated species in the Harzianum clade on the 34 highly sienifi-
cant substrata (7 of <0.001) are compared in Fig. 5 and in the
table in the supplemental material. In general, T. harzianum
had the highest growth rate on a majority of the carbon sources
(18/34). However, this did not reflect an overall higher growth
rate or preferred temperature optima, since 7. pleuroticola had
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TAELE 2. Total standardized canonical coefficients

Canonizal  Canonical  Canenical

Rank Substrate variate 1 vatiate 2 varlate 3
1 L-Botbose 1.11 0.19 100
2 N-Acetyl-D-glucosamine 005 =226 152
3 L-Threonine 2.99 189 —436
4 N-Acetyl-L-glutamic acid —2.87 —153 —028
5 Jebacic acid —1.85 236 073
6 Quinie acid 0.94 074 075
7 D-Tagatose 2.38 0.83 10z
3 L-Fucose 1.39 1.40 -131
9 Suceinic acid mono-methyl 0.40 =050 =211

ester
10 Glyeyl-Lglutamic acid 1.39 —193 —022
11 B-Hydrexybutyric acid 184 1.14 —011
12 p-Glueuronic acid —4.43 021 525

the highest growth rates on the most readily assimilated com-
pounds such as N-acetyl-D-glucosamine and a-D-glucose. No-
tably, all three species cavsing mushroom green mold diseases
did not grow on N-acetyl-D-mannosamine or on N-acetyl-L-
glutamic acid (Fig. 5) whereas T harzianum readily assimilated
these carbon sources. T\ pleuratum exhibited generally im-
paired or slow growth on the majority of the carbon sources,
and the species was unable to grow on D-tagatose, succinic acid
mono-methyl ester, D-glocuronic acid, o-D-glucose-1-phos-
phate, and pB-methyl-D-galactoside, which were all assimilated
by the other species. In addition, growth of 7" pleurotum on
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N-acetyl-D-glucosamine, sebacic acid, quinic acid, L-phenylal-
anine, and arbutin was significantly slower than growth of the
other three species. The highest assimilation rates for 7. pleu-
roticole occurred on N-ace tyl-D-glucosamine and quinic acid,
which could be vseful to differentiate between the two cavs-
ative agents of Pleurotus green mold disease. The carbon as-
similation profile for 77 pleuroticola was very similar to that of
T aggressivin. The two species are distinevished by the inabil-
ity of 7. ageressiviurn to assimilate o-ketoglutaric acid, L-malic
acid, and succinamic acid.

Antagonism of T. pleurofum and T. pleuroticola against P.
ostreatus in vitro. Results of dual confrontation tests with 7.
ostreatus and A. Bisporus are shown in Fie 6. 4 bisporus was
vulnerable to all Trichoderma strains tested. The culture of this
mushroom developed slowly and after 10 days was partly over-
grown by Trickoderma reesei QM 6a (leleomorph H. jecoring)
wed as a negative control since it is a tropical species without
notable mycoparasitic ability. All strains of the three green mold
species covered the whok plate including the colony of A4
bisporus after 5 to 7 days. The solates of T pleuroticolz and T
plewroturn produced intense conidiation locally over the colony of
A Bisposus. The P. ostreatus culture was fully resstant agamst 7.
reesel OM 6a, with the contact area between the two opposing
colonies characterized by the well-expressed inhibition area. T
ageressivin was able to overgrow about one-third of the radms of
the P. astreatus colony, but the overgrowth stopped after 12 days
of incubation. A clearly melanized barrage reaction in the con-
frontation zone was seen on the reverse of the plate. 7" plewrotum
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FIG. 5. Mean growth of mushroom green mold specles on carbon sourees for which statistically significant differences among the species were
detected. ®, T, aggrasivuny, B, T pleurcticola; O, T, plaurotum, — H. Ioat/T. hareianum. The order of the carbon sourcss is the rank of the growth on
95 carbon sources and water, based on optical density at 750 nm at 96 h for the mean of six strainz of H. BT, harganuen. Carbon sources utilized
differently by I plewroion and other species are in shown in boldface, underlining indicates cases in which all green mold species were different from [,
IodifT. harzanum, and use of italics indicates the case in which T0 aggressvien and T planrotn were different from two other species.
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T. aggressivum
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H. jecorina

QM 6a

4
~C.P.K. 2104

FIG. 6. Dual confrontation assays between cultures of A. bisporus and P. ostreatus and mushroom green mold species observed after 10 days
of incubation on PDA. . jecorina/T. reesei QM 6a was used as a negative control.

also caused a strong antagonistic response from P. ostreatus al-
though it was able to overgrow the majority of the Pleurotus
colony by the end of the experiment. The confrontation zone
between two opposing colonies was marked by intensive mela-
nization of P. ostreatus hyphae and abundant conidiation of 7.
pleurotum (Fig. 6). In contrast to the 7. pleurotum, T. pleuroticola
did not cause any visible antagonistic reaction from the P. ostrea-
tus culture and was able to overgrow the Pleurotus colony within
4 to 6 days.

Morphology of T. pleuroticole and T. plenrofum. The close
genetic relationship of 7. pleuroticola and T. pleurotum, as
revealed by gene sequence analysis, led us to expect that these
two species would have very similar morphologies. However,
and also in accordance with Park et al. (31), this was found not
to be the case. The most striking difference was that 7% pleu-
rotum isolates exhibited a gliocladium-like conidiophore
branching (Fig. 7), whereas T. pleuroticola showed a typical

pachybasium-like conidiophore (Fig. 8) developing in fascicles
or pustules more characteristic of species in the Harzianum
clade. Subtle differences were also apparent in conidial size
and growth rates.

Detailed notes on diagnostic morphology of the two species
follow.

Trichoderma pleuroftum (Fig. 7a to f). Colonies producing
limited aerial mycelium and sparse conidiation from effuse co-
nidiophores on MA, initially greenish white (27:A:2), becoming
grayish green (26-27:B-C:3-4), later dull green (26:E-F:4-5), and
finally in age on MA dull gray green (25-26:E-F:3) with conidia-
tion evenly distributed in small irregular fascicles; on PDA with
more abundant effuse conidiation becoming dark green in age
(25:F:3-4). Reverse on MA more or less colorkess; on PDA often
developing light yellow sectors (4:A:3-5), and in age more or less
conspicuously colored dull yellowish brown to reddish brown (5:
D:4 to 8:D:5). Conidiophores arising from the substratum, usually
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FIG. 7. T. pleuratum CPK 2113 (reference culture). (a) Colony on PDA after 10 days at 25°C. (b) Prostrate conidiophore with gliocladium-like
branches. (¢) Conidiophore with crowded apical branches and phialides. (d) Terminal branches with appressed phialides. (¢) Ellipsoid conidia.

unbranched near the base, over most of the length bearing glio-
cladium-like primary branches at nearly right angles, primary
branches approximately equal in length, usually unbranched near
the base, with branches arising singly and irregularly or in whorls
of up to four near the apex, the apex of the conidiophore and
primary branches usually terminated by a whorl of three or four
branches rebranching once or twice and bearing crowded whorls
of phialides; conidiophore and branches relatively broad, up to 8
wm diameter toward the base, terminal branches mostly 4 to 13
wm long and 3 to 4 pm wide. Phialides arising almost exclusively
in verticilks of four to seven on terminal branches, nearly ampul-
liform, often curved, sharply constricted at the conidium-bearing
apex, mostly 4.5 to 7.5 by 2.5 to 4.0 pm, solitary phialides rare,
intercalary phialides not observed, phialides persistent in age.

Conidia predominately ellipsoid, occasionally obovoid with one
end pointed, less often subglobose, 2.5 to 4.8 by 1.7 to 2.6 pm
(average, 3.6 by 2.1 u.m), pale green viewed microscopically, dark
green in mass, smooth wallked. Chlamydospores few, subglobose.

Morphologically, 7 pleurotum has a conidiophore branching
pattern that is unique within the Harzianum clade, in that
conidiophores are mostly solitary and more or less prostrate,
branching in an irregular fashion, with branches scattered,
arising separately and bearing crowded whorls of appressed
phialides at the apex resembling the conidiophore in Gliocla-
dium. Conidia are mostly ellipsoid and longer than in most
other species in the clade.

Trichoderma pleuroficola (Fig. 8a to f). Colonies producing
limited aerial mycelium on MA, on PDA producing fascicu-
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FIG. 8. T. pleursticola strain DAOM 175924 (reference culture). (a) Colony on PDA after 10 days at 25°C. (b) Flat conidiogenous pustules. (c)
Crystals in reverse on PDA after 14 days. (d) Conidiophorewith paired or verticillate branches and phialides. (&) Phialides. (f) Mostly subglobose conidia.

late, white aerial mycelium, conidiophores forming small pus-
tules that coalesce in broad concentric zones, initially greenish
gray (25:B:2-3), soon grayish green (25:C:3-4 to 25:E:4-5), in
age on MA dull to dark green (26:E-F:4-5), in age on PDA
darker green, or with brighter green, flat pustules fringed by
white mycelium and renewed conidiation. Reverse more or less
uncolored at first, in age dull yellowish on MA, on PDA typ-
ically turning dark brown (8:F:5), abundant, small, yellow crys-
tals often developing in PDA after 7 days of incubation. Co-
nidiophores branching in a more or less pyramidal fashion with
branches increasing in length toward the base, branches arising
singly or paired toward the base of the conidiophore main axis,
near the apex often three to four verticillate, primary branches
branching in a pattern similar to the main axis, conidiophore
and branches comparatively narrow and flexuous, main axis up
to 5.5 pm wide at the base, gradually narrowing to 2.5 to 3.0

wm at the apex, terminal branches cylindrical, 6 to 14 by 2.5 to
3.3 pm. Phialides paired or three to four verticillate at the apex
of the terminal branches, or arising separately and scattered
along the sides of the conidiophore and branches, ampulliform
to lageniform, abruptly narrowing to a conidium bearing col-
lulum less than 1 pm wide, mostly 4.2 to 9.5 by 3.0 to 4.2 pm,
or terminal phialides acerose and up to 20 pm long, Short,
cylindric intercalary phialides occasionally produced beneath
septa on terminal branches or from sides of phialides. Phialides
seceding in older cultures. Conidia subglobose to broadly el-
lipsoid, less often obovoid and pointed at the base, 2.6 to 5.0 by
2.4 to 3.7 pm (average, 3.7 by 2.8 p.m), bright green viewed
microscopically, dark gray green in mass, smooth walled.
Chlamydospores usually in chains or clusters, subglobose, 4 to
10 pm diameter, pale greenish.

Morphologically, the conidiophore in 70 pleuroticola is orga-
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nized I essentially the same fashion as in IT harzignum and
related species in the Harzianum clade. The conidiophore is
branched at reguiar intervals with branches increasing in length to
the base, and branches and phialides arise mostly i uncrowded
verticts. Conidia are significantly larger n 1 pleuwroticola than in
T harzianwi, but the most distinetive morphological feature of T
pleuroticola is the production by most strains of a dark brown
pigment and yellow crystals in the agar on PDA.

DISCUSSION

In this paper, we provide evidence that the causal agent for the
oyster mushroom green mold disease, which recently started to
spread o Furope and Asia, is actually two different although
genetically closely related species of Trichoderma which corre-
spond to recently described taxa T, plevrom and T, plewroticola
(31). Both species are atso closely related to the H. I[di/T. harzia-
num species aggregate and to T. aggressivim, which is the causal
agent of green mold disease of Agaricus. These tindings are in
accordance with those reported by Pask et al. (30), who used
parsimony analysis of ITS1 and 1TS2, »ph2, and tef] sequences to
separate the Plenrotus pathogenic straing into two clusters which
they called “Trichoderma sp. strain K17 and “strain K2.” Unfor-
tunately, sequences from their study, except for ITS1 and ITS2
from six isolates, have not been deposited in public databases and
thus could not be included mn our analysis. The avaifable ITS1 and
IT82 sequences indicate that their six strams of Trichoderma sp.
strajn K1 isolated from Pleurots substrata (rice straw, cotton
waste, and sawdust) from four locations in South Korea corre-
spond to 1. pleuroticola (reference GenBank accession numbers
DQ16440¢ and D 164410 for strains CNUS01 and CNU6G46,
respectively) subsequently described by the same authors (31).
Similarly, strain K2 represents 1. plenrotum, 14 strains of which
were solated from the same substrata n six locations (reference
GenBank accession numbers Q164405 DO164406, DQ164407,
and DOQ164408 for strains CNUSOL, CNUSZ3, CNUS38 and
CNUS571, respectively). According to Park et al. (30, 31) both
species coexist in South Korean Pleurotus farms with no dear
dominance of one or the other species.

There are several indications that the miection is ntroduced to
farms via the substratura for mushroom cultivation, and differ-
ences in species distribution may be due to the use of certain
substrata which, depending on the manufacturer, may consist of
cereal straw, sawdust, bagasse, or waste cotton. In our sample 7.
plewroticola dominates m samples from Ttalian Plewrotus farms
while T. plewromm i3 abundant among Hungarian isolates. Al-
though wheat straw is used as a major component for the Pleu-
rofus substratum in both countries, the difference m species com-
position may be due to the addition of pulverized “tufo” in Italian
farms, which is a natural calcareous rock of volcanic origin that
raises the substratum pH to around 8. To the best of our knowl-
adge, there is no such technological stage in Hungarian farms,
where wheat straw is moisturized in the open air before use as
Pleurorus substraium. The hypothesis of a possible reduction of T
plevroim infection by the alkalization of the substratiun may be
further supported by the fact that Plewroius green mold is not
reported to be a severe problem in the United States, where the
addition of lime to mcrease pH to 7.5 is widely practiced (http:
Jmushrocrnspawr.cas.ps.edn/). However, this treatment seems
to be ineffective agamst T. plewroticola. There may be another
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explanation for the ccourrence of the two Plewrotus-associated
green mold species in mushroom farms. 1. plawroticola is also
frequently isolated from soil and plant debris, and we report
environmental strains from Canada, the United States, Burope,
and New Zealand. It seems to have a global occurrence, although
possibly favoring a temperate climate. T. plewroiicole infections
may therefore have multiple origins and even be due to introdue-
tions from the surrounding environment. In contrast, I pleuro-
turn, just like T aggressivuin, has so far never been isolated from
areas outside of mushroom farms. Seaby (37) reported evidence
that I, aggressivarn could be carried by red pepper mites into
Agaricus mushroom farms. Another possibility would be that 7.
plevrorum conld be an endophyte of plants used for preparation
of the mushroom substratum (possibly wheat, rice, and cotton).
The vectors for T. plewroram and T. plewroticolz into mushroom
farms are currently under investigation in cur laboratories. The
consistent cooccurrence of these two species in mushroom farms
in Romania, Italy, Hungary, aod South Korea is interesting. Yet
recent metagenontic studies on the occurrence of Trichoderma in
Austrian soils frequently reveals the presence of T. pleuroticola
but never of T. pleurorum {M. A. Friedl and L S. Druzhinina,
unpublished data}, thus suggesting that these two species oceupy
different ecological and trophic niches in nature.

The large phenetic divergence of T. pleuroticola and T. pleu-
rotum, morphologically and metabolically, in spite of the very
close phylogenetic relationship, is a unique finding, as fungiare
believed te develop phenotypic diferences only after accumu-
lation of some genetic distance, which gives rise to “cryptic”
species which can hardly be phenotypically distinguished. The
fact that T. plerrotum occupies a more termmal position than
T. plenroticola in all gene trees and that the latter exhibits
similar morphological and metabolic characteristics as its phy-
logenetically close members in the Harzianura clade of Hypo-
crea/Trichoderma (1. harzianure and 1. aggressivum) suggest
that this change in morphology is due to a loss rather than a
gain of gene fusction. Kulinig-Gradinger et al. (22), comparing
the morphotypes and phylogeny of Trichoderma species have
speculated that the switch from fungicolous to sapropliytic
habitats was accompanied by the expression of the pachyba-
sivm-like conidiophore morphology. In this sense, the retorn
to gliocladium-like morphology may be advantageous vnder
the conditions of the natural niche of T. plenrotum. The glio-
cladinm-like morphology is rare in the Harzianum clade al-
though 1t is known for the anamoiph of Hypocrea tawa.

Fven though there is a consistent association between T
ageressivum and Agaricus, on one hand, and T. plewroricola/T.
plevrotum and Flewrotus, on the other hand, our confrontation
assays show that the two newly described species pose a potential
threat to mushroom-producing farms: both T. pleuroticole and T,
plevvotum were able to inhibit and then overgrow Agericus cul-
ture, while Plesrosus showed some resistance toward T, aggressi-
v, Since T. pleviroticola i frequently isolated from various soils
and plant debris, we consider this species as the most dangerous
agent of mushroom green mold disease in general.

Finally, this study also places sorme caveats on the use of
some Trichoderma isolates as bincontrol agents. Two of the T
plairoticola isolates of this study were obtained from other
researchers as biofungicides against scil-borne diseases {Table
1). In view of the present identification of T. pleuroticole as a
causative agent of oyster mushroom green mold, this applica-
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tion could be problematic. However, the fact that infections by
T. plewroticola and T. pleurotum—although probably common
for decades (see reference 39)—ounly recently increased dra-
matically suggests there is a special trigger for the mfections,
which may mvolve the source of the substrate used for culti-
vation, its preparation, or other conditions of mushroom cul-
tivation. This, o turn, implies that if this trigger can be deter-
mined, the risk of infection can be managed. With the
molecular tools presented in this paper, the processes involved
in the preparation of substrata for the cultivation of P. ostreaius
can be mvestigated, and infections can be traced back to their
sources. Oligonucleotide probes based on diagnostic polymor-
phismis in tef sequences offer the development of real-time
PCR techniques for quantitative detection as well and are in
preparation in our laboratories.
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3.3. Molecular identification of Trichoderma species associated with Pleurotus ostreatus
and natural substrates of the oyster mushroom.
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Abstract

Green mold of Pleurotus ostreatus, caused by Trichoderma species, has recentdy
resulted in crop losses wordwide. Therefore, there is an emerging need for rapid
means of diagnosing the causal agents. A PCR assay was developed for rapid
detection of Trichoderma pleurotum and Trichoderma pleuraticola, the two patho-
gens causing green mold of B ostreatus. Three oligonucleotide primers were
designed for identifying these species in a multiplex PCR assay based on DNA
sequences within the fourth and fifth introns in the translation elongation factor
1z gene. The primers detected the presence of T pleurotunr andfor T pleyraticola
directly in the growing substrates of oyster mushrooms, without the need for
izolating the pathogens. The assay was used to assess the presence of the two species
in natural environments in which B ostreatns can be found in Hungary, and
demonstrated that T. pleuraticola was present in the growing substrates and on the
surface of the basidiomes of wild oyster mushrooms. Other Trichoderma species
detected in these substrates and habitats were Trichoderma harzianw, Trichoder-
ma longibrachiztum and Trichoderma atroviride. Trichoderma pleurotusn was not

Fleurotus astregtus, THchoderma.

Introduction

Fleurotus ostreatus {Jacq.} P. Kumm., commonly known as
the oyster mushroom, is the third most important commer-
cially grown edible mushroom worldwide {Chang, 1996}, [n
addition, it is used for the bioconversion of agricultural and
industrial lignocellulose debris {Ballero et al., 1950; Puniya
et al, 1996}, and as a source of enzymes and other
metabolites for industrial and medical applications {Mar-
zullo et al, 199% Gunde-Cimerman, 1992}, Pleurotus os-
treatus can be grown on a wide range of agricultural
byproducts and industrial wastes {Fani et al., 1997}, Many
pests and diseases can cause yield losses in P ostreatus. The
association of Trichoderma species with the cultivation
substrate has long been known to limit production {Anon-
ymous, 2005}, Sharma & Vijay {1556} reported green mold
of oyster mushroom caused by Trichoderma viride Pers.
in North America, while severe cases of green mold of
P ostreatus were detected recenty in South Korea {Park

@ 25049 Federation of Eurepean Micrbiclogical Sodeties
Published by Blackwell Publizhing Led. All rights reserved

found in any of the samples from the forested areas tested in this study.

et al., 2004a—c}, [taly {(Woo et al, 2004}, Hungary {Hatvani
etal., 2007} and Romania {Kredics et al., 2006}.

Green mold of oyster mushroom has recently been
reported to be cansed by two genetically dosely related, but
phenctypically distinct, new species of Trichodersa: Tricho-
derma pleuraticola SH. ¥u & M.S. Park and Trichaderma
pleyrotum S H. ¥u & MLS. Park {Park et al,, 2004a—c, 2006;
Komon-Zelazowska et al, 2007}, Both species have been
found on cultivated £ ostreatus and substrates on which the
mushroom is grown in Europe, [ran and South Korea, but
T. pleuroticola has also been isolated from soil and wood in
Canada, the United States, Europe, Iran, New Zealand {Park
et al., 2004a—c, 2006; Komon-Zelazowska et al., 2007} and
Hungary {Szekeres et al., 2005}, It is not yet known whether
these species also occur in association with B astreatus in
natural environments.

The objectives of this study were to develop a multiplex
PCR assay for the rapid and specific detection of
T. pleuroticoln and T pleurotumr and to test for the

FEMS Microbiol Lett 304 (200493 58 &7
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occurrence of these two species in substrates used for the
cultivation of oyster mushroom, as well as on wood colo-
nized by P. ostreatus and on the surface of basidiomes of the
mushroom in forested areas in Hungary.

Materials and methods

Fungal strains

All fungal strains used in this study are deposited in the
culture collections of the Department of Microbiology,
Faculty of Science and Informatics, University of Szeged,
Szeged, Hungary, and the Research Area Gene Technology
and Applied Biochemistry, Institute of Chemical Engineer-
ing, Vienna University of Technology, Vienna, Austria. The
strains of Trichoderma and other ascomycetes tested with the
PCR assay are listed in Table 1. All T. pleuroticola and
T. pleurotum strains in Table 1 were identified previously
based on sequence analysis of internal transcribed spacer
(ITS)1, ITS2 and translation elongation factor la (fefl)
{Komon-Zelazowska et al, 2007).

DNA extraction from fungal cultures and
cultivation substrates of P. ostreatus

Fungal cultures were all grown on a solid MEX medium
(30 gL malt extract and 20gL " agar in distilled water)
covered with a cellophane membrane for 1-2 days at 25 °C,
from which 70-80 mg mycelium was harvested. After freez-
ing in liquid nitrogen (30s), mycelia were disrupted in
Eppendorf tubes containing glass beads using a TissueLyser
RETSCH MM 301 (Retsch GmbH, Haan, Gemany) for
L min. The freezing and disruption procedure was per-
formed twice. DNA extraction was carried out using the
Qiagen DNeasy Plant Mini Kit or the Sigma GenElute™
Plant Genomic DNA Miniprep Kit according to the proto-
cols provided by the manufacturers (Qiagen Vertriebs
GmbH, Vienna, Austria; Sigma-Aldrich, Budapest, Hun-
gary). Noninfested and Trichoderma-infested substrate sam-
ples for cultivation of . ostreatus were each disrupted with a
pestle in a mortar filled with liquid nitrogen, which was
followed by DNA extraction as described above. DNA
extracts from fungal cultures were diluted 1:100, while
those from oyster mushroom substrates were diluted 1:10
with double-distilled water for PCR amplification.

Primer design and validation

DNA sequence alignments of the ITS region (ITS1-5.85
rRNA gene—ITS2) and parts of the fefl and endochitinase
(chil8-5) genes for T. pleurotum, T. pleuroticola and various
isolates of Trichoderma harzianum, Trichoderma aggressivum
f. europaeum and T aggressivum f. aggressivim were
screened to identify hallmark sequences appropriate for the

FEMS Microbiol Lett 300 (2009) 53-67
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development of primers specific for T pleurotum and T
pleuroticola.

PCR assays specific for the two target fungi were per-
formed in a final volume of 21 pL, containing 95mM 5 x
Green GoTaqTM reaction buffer, 0.38mM dNTP mix,
3.57 mM MgCly, 0.8 U GoTaq™ DNA polymerase (all from
Promega GmbH, Mannheim, Germany), 190, 71 and
190 nM of primers FPforwl, FPrevl and PSrevl, respectively
(see Table 2), 0.5 uL double-distilled water and 2 pL tem-
plate DNA. For each set of samples assayed, a negative
control sample with 2 uL double-distilled water substituting
for the template DNA was included. Trichoderma pleurotum
strain A8 and T. plenroticola strain A37 were used as positive
control strains; they were identified previously based on ITS
and tefI sequences that proved to be identical to those of the
type strains T, pleurotum CBS 121147 and T. pleuroticola
CBS 121144, respectively (Komon-Zelazowska et al., 2007;
Table 1). Amplification was performed in a Bio-Rad iCyder
(Bio-Rad Laboratories, Vienna, Austria) as follows: one
cycle at 94°C for 2min, 35 cycles at 94°C for 10s and
68 °C for 205, and one cycle at 72 °C for 30s. PCR products
were subjected to electrophoresis at 80V for 30min in a
1.5% agarose gel prepared in TAE buffer (4.84gL™" Tris
base, 1.142 mLL™ glacial acetic acid, 2 mLL™ 0.5M EDTA,
pH 8.0, in distilled water, with the pH then adjusted to 8.5)
containing 200ngmL ™" ethidium bromide. The electro-
phoresis buffer was the same TAE buffer. A GeneRuler™
1-kb DNA Ladder (Permentas GmbH, St. Leon-Rot, Ger-
many) was used as a standard with each gel to assess the sizes
of the amplicons. DNA was visualized by UV illumination
and photographed using a Bio-Rad Gel Doc 2000 device
(Bio-Rad Laboratories).

The specificity of the primers was tested with 13 strains
of T pleurotum and 17 strains of T. pleuroticola, including
the type strains of each species (Table 1). To ensure that
the primers do not cross-react with other Trichoderma spp.
or other fungi, DNA extracts of 28 other Trichoderma
species as well as 12 other fungal species were also tested
(Table 1). The strains of P. ostreatus, Penicillivm expansum
Link, Aspergillus sp., Mortierella sp. and Thermowmyces sp.
were obtained from the mushroom farm in Hungary
where T. pleuroticola and T. pleurotum strains had pre-
viously been isolated from infested substrate samples
(Hatvani et al., 2007).

Isolation of Trichoderma strains from the
substrates and the surface of wild
P. ostreatus mushrooms

Basidiomes as well as the natural substrate of P. ostreaiuis
were collected from five Hungarian forests (Table 3). Natural
substrate samples were taken from wood beside the basi-

diomes and dispersed directly or inoculated from

© 2009 Federation of European Microbiological Societies
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Table 1. List of fungal isolates involved in testing of primers specific for THichoderma pleuroticola and Trichoderma pleurotum, causal agents of green

mold of the oyster mushroom (Pleurotus ostreatus)

Species

Strain number™

Origin

T pletrotum 5.H. Yu & M.S. Park

T pleuroticola 5.H. Yu & M.S. Park

T. harzianum Rifai

T. aggressivum f. europaesum Samuels &
W. Gams

T. aggressivum f. aggressivum Samuels &
W. Gams

T minutisporum Bissett

T crassum Bissett

T. oblongisporum Bissett

T. tomentosum Bissett

T rossicum Bissett, C.P. Kubicek & Szakacs

T. fertile Bissatt

T. cerinum Bissett, C.P. Kubicek & Szakacs

T velutinum Bissett, C.P. Kuhicek & Szakacs

T. polysporum (Link) Rifai

T helicum Bissett, C.P. Kubicek & Szakacs

T spirale Bissett

T virens (J.H. Mill., Giddens & A.A. Foster) Arx

T. brevicompactum G.F. Kraus, C.P. Kubicek &
W. Gams

T hamatum (Bonord ) Bainier

T. atroviride Bissett

T. aspereflum Samuels, Lieckf. & Nirenberg
T. viride Pers.

T koningii Oudem.

T viridescens (AS. Horne & H.5. Will.)
Jaklitsch & Samuels

T. gamsii Samuels & Druzhin.

T. koningiopsis Samuels, C. Suarez & H.C.
Evans

T. aureoviride Rifai

T longibrachiatum Rifai

T. citrinoviride Bissett

T. ghanense Yoshim. Do, Y. Abe & Sugiy.
Fusarium poae (Peck) Wollerm.

F. graminearum Schwabe

F oxysporum E.F. 5m. & Swingle

£ culmorum (W.G. Sm.) Sacc.

F. sporotrichioides Sherb.

® 2009 Federation of European Microbiological Societies
Published by Blackwell Putlishing Ltd. All rights reserved

ATC.PK. 2095), A8 (C.PK. 2096), ATT
(C.PK. 2097, ATE(C.PK. 2098}, 425 (C.PK.
2100), A28 (C.PK. 2103}, C4(C.PK. 2109}
C5(C.PK. 2110}, CT14(C.PK.2112), €15
(C.RK. 2113, CBS 121147, DAOM 236051},
C27{C.PK. 2114}, C25(C.PK. 2116, CBS
121148), C27(C.PK. 2117}

A37 (C.PK. 2104, CBS 121145)

C.PK. 230 (DAOM 175924, CBS 121144)
C.PK. 882 (CBS5 121146)

C.PK. 1407 (DAOM 175924, CBS 628.77)
C.PK. 1540 (CBS 121217y to CPK. 1551
C.PK. 1715 (G.U.5. 04-01)

C.PK. 7 (CBS5 960.68)
C.PK. 367 (IMI 359824}

C.PK. 366 (CBS 435.95}

C.PK.22(G.J.5.95-216}

C.PK. 63 (CBS5 336.93, DAOM 164916)
C.PK.93(CBS5343.93)

C.PK. 97 (CBS 345.93)

C.PK. 223 (DAOM 230008)

C.PK.232 (DAOM 167161}

C.PK. 293 (DAOM 230012, T.U.B. F-778)
C.PK. 298 (DAOM 230013, T.U.B. F-784)
C.PK. 462 (G.).5. 99-159)

C.PK. 414 (DAOM 230016)

C.PK. 679 (T.U.B. F-825}

C.PK. 2747 (C.N.R.A. 146}

C.PK. 1580

CPK 16

C.PK. 626 (T.U.B. F-337)

C.PK. 674 (T.U.B. F-756}
C.PK.625(T.U.B. F-371}

C.PK. 1370(G.J.5. 90-18)
C.PK. 2069 (U.N.1.5.5. 3-76 5TS}

C.PK. 2070 (U.N.15.5, 4-102)
C.PK. 1813 (PPRC J7}

C.PK. 10 (ICMP 3090}
C.PK. 45 (IMI 297702}
C.PK. 343 (T.U.B. F-706})
C.PK. 1255 (NRRL 3091}
C.PK. 2786 (CB5 115636}
CPK 1117

C.PK. 1842 (PPRC H6}
C.PK. 2747

C.PK. 2787 (CBS 115700}

Substrate of cultivated P ostreatus, Hungary

Substrate of cultivated R ostreatus, Hungary
Canada

Iran

The Netherlands

From Pleurotus, Italy

Biocontral agent of Cercospora in sugar beet,
Montana

Unknawn

United Kingdom

Mushraom compost, BC, Canada

Unknawn

Soil under Picea excelsa, QC, Canada
Wood of Thuja plicata, BC, Canada
Material under bark of Wmus sp., ON,
Canada

Cultivated soll, Krasnoyarsk region, Siberia,
Russia

Unknown

Sail, Annapurna Himal, Nepal

Forest soil, Annapurna Himal, Nepal

Bark, NSW, Australia

Soll near seashore, Malaysia

Rio de Janeiro, Brazil

Rhizosphere of Theobroma cacao plantation,
Ivary Coast

Iran

Soil, Florida

Soil near seashore, Jamaica
Brazil

Soll, castle park, Osaka, Japan
Wisconsin

Soll, Sardinia, Italy

Sail, Sardinia, Italy
Sall, Jimma, Ethiopia

Unknawn

Unknown

Soil, Boston

Unknawn

Triticum aestivum, Zulawy region, Poland
Unknawn

Sail, Harerga, Ethiopia

Wheat, Austria

Fagropyrum esculentum, Warmia region,
Poland

FEMS Microbiol Lett 300 (2009) 58-67
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Table 1. Continued.

Species Strain number® Origin

Peniciflium expansum Link 5z.M.C. FAM-1, 5z.M.C. FAM-3 Straw used for preparing Pleurotus substrate,

Hungary

Aspergillus niger Tiegh. Sz.M.C. 608 Brazil

Aspergillus sp. 5z.M.C. FDM-5 Straw used for preparing Pleurotus substrate,
Hungary

Mucor circinelloides Tiegh. Sz.M.C. 12028 Unknown

Mortierella sp. Sz.M.C. FDM-7 Straw used for preparing Pleurotus substrate,
Hungary

Thermomyces sp. Sz.M.C. FAT-1 Straw used for preparing Pleurotus substrate,
Hungary

Pleurotus ostreatus (Jacg.) P Kumm. Sz.M.C.B7 Mushroom farm, Hungary

*Strain numbers in parentheses are cross-reference numbers of the respective isolates. Type strains of Trichoderma pleurotum and Trichoderma
pleuroticota are indicated in bold font. Strain numbers in ftalic font refer to isolates from the study of Hatvani et af. (2007},

CBS, Centraalbureau vor Schimmelcultures, Utrecht, the Netherlands; C.N.R.A., culture collection of Centre National de Recherche Agronomigue,
Abidjan, vory Coast; C.PK., culture collection of Christian P Kubicek, Institute of Chemical Engineering, Vienna University of Technology, Vienna,
Austria; DAOM, Canadian Collection of Fungal Cultures, Ottawa, Canada; G.J.5., culture collection of Gary J. Samuels, Systematic Mycology and
Microbiology, Agricultural Research Service (ARS), United States Department of Agriculture (USDA), Beltsville, MD; ICMP, International Collection of
Micraorganisms from Plants, Auckland, New Zealand; IMI, culture collection of CABI Bioscience UK Centre, Egham, Surrey, UK; NRRL, USDA ARS
Culture Collection, Peoria, IL; PPRC, culture collection of the Plant Protection Research Centre, Ambo, Ethiopia; 5z.M.C., culture collection of the
University of Szeged, 5zeged, Hungary; T.U.B., culture collection of the Technical University of Budapest, Budapest, Hungary; U.N.L5.5., culture
callection of the Universita degli Studi di Sassari, Sassari, Italy.

Table 2. Data on fefi sequence-hased PCR primers designed in this study for the specific detection of Trichoderma pleurotum and Trichoderma

pleuroticota, causal agents of green mold of the ayster mushroom (Pleurotus ostreatus)

Amplicon size with

Length in Melting point — FPforw1
Primer  Specificity Seguence nucleotides (Trmdin °C in base pairs (bp}
FPforw1 T pleurotum and 5-CACATTCAATTGTGCCCGACGA-3/ 22 58.22 -
T pleurcoticola
FPrevl T pleurotum and 5-ACCTGTTAGCACCAGCTCGC-3/ 20 59.21 447
T. pleuroticola
PSrevl T. pleurotum 5-GCGACACAGAGCACGTTGAATC-3/ 22 58.89 218

suspensions (1g in 100 mL sterile distilled water) onto a
solid yeast extract—glucose (YEG) medium (5gL™" glucose,
1gL™ yeast extract, 5gL™ KH,PO, and 20g L™ agar in
distilled water supplemented with 0.1gL™" streptomycin
and 0.1gL™" chloramphenicol) for strain isolation. Sub-
strate samples were taken only if the corresponding basi-
diomes were also observed. Basidiomes were simply picked
from the growing substrate. Pieces of hats weighting 1 g were
washed in 100 mL sterile distilled water in order to obtain
suspensions, and inoculations were performed from the
suspensions and by placing the pieces directly onto the
medium described above and incubated at 25 °C. After the
appearance of conidiating fungal colonies, a conidial sus-
pension was prepared in distilled water for each sample,
diluted and plated on YEG agar medium. Agar plugs were
then cut from colonies of Trichoderma and transferred to
new plates of YEG agar. Trichoderma isolates derived from

FEMS Microbiol Lett 300 (2009) 53-67

the natural P. ostreatis substrates as well as the surface of
wild oyster mushrooms are listed in Table 3.

Molecular identification of Trichoderma species

PCR amplification of the ITSI region and a 0.7-kb fragment
of fefl containing the fourth and fifth introns of the original
Trichoderma isolates and of strains isolated from infested
straw samples, and the amplicon purification steps were
carried out as described previously (Jaklitsch et al., 2006;
Hatvani et al., 2007). Sequencing of the PCR products was
petformed at Eurofins MWG Operon (Ebersberg, Ger-
many). Sequence analysis of the ITS and fef! amplicons was
performed with the aid of the tricHokEY 2.0 (Druzhinina
ef al., 2005; Druzhinina & Kopchinskiy, 2006) and TricHo-
BrasT (Kopchinskiy ef al., 2005) tools available online at
http://www.isth.info/.

© 2009 Federation of European Microbiological Societies
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Table 3. Origin of samples and identification of Trichoderma strains isolated from the substrate and the basidiomes of wild-grown Pleurotus ostreatus

inHungary

Fungal strain numbers

Specific PCR*

ITS sequence-hased identity (GenBank

accession number)

tef1 sequence-based identity
(GenBank accession number)

Site 1: Populus alba stump, cak-silver lime forest (Convallario—Quercetum roboris), Kisijszallas, Hungary

C.PK. 3193 to C.PK. 3197
C.PK. 3198 to C.PK. 3220

Site 2: Populus alba stump, oak—ash—elm open woodland (Fraxino pannonicae—Uimetum), T8serdd, Hungary

C.PK. 3247 to C.PK. 3249,
C.PK.3257 to C.PK. 3253,
C.PK.3258
C.PK. 3250, C.PK.3254t0
C.PK. 3257

T. pleuroticola
T. pleuroticola

Negative

Negative

T. pleuroticola (EU9181407)
ND

T. harzianumiHypocrea lixii
{EU918151)

T harzianum/H. lixii (EU918148,
EUS18151)

Site 3: Populus alba stump, planted poplar forest (Popufetum cuit.), Kecskemét, Nyomasi forest, Hungary

3/A: Surface of basidiome
C.PK. 2884, C.PK. 2888
to C.RK. 2899, C.RK. 2898
C.PK.2903
C.PK. 2885, C.PK. 2891,
C.PK. 2897, C.PK. 2898,
C.PK. 2901
C.PK. 2886, C.PK. 2887,
C.PK. 2894 to C.PK. 2896,
C.PK. 2900, C.PK. 2902
C.PK. 2892, C.PK. 2893

3/B: Substrate
C.PK. 3271, C.PK. 3273,
C.PK. 3274, C.PK. 3276,
C.PK. 3278 ta C.PK. 3281
C.PK. 3275

C.PK. 3272
C.PK. 3277

Negative
Negative
T. pleuroticola

T. pleuroticola

T. pleuroticola

Negative

Negative

T. pleuroticola
Negative

T. longibrachiatum/Hypocrea
arientalis (EU918139)

ND

T. pleuroticola (EU918141,
EUS18143, EUS18147, EU218148)

T. pleuroticola (EU918142, EU918144
to EU918146, EU918148)

ND

T. longibrachiatumiH. orientalis
(EU918139)

T. longibrachiatum/H. orientalis
(EU918138)

T. pleuroticola (EU918148)

T atroviride/H. atroviridis (EUS18133)

Site 4. Populus canadensis stump, along the road, Kecskemét, Hunyadivaros, Hungary

C.PK. 3258, C.PK. 3263,
C.PK. 3264, C.PK. 3269,
C.PK. 3288

C.PK. 3260, C.PK. 3262,
C.PK. 3265, C.PK. 3267,
C.PK. 3268, C.PK. 3282,
C.PK. 3285 to C.PK. 3287
C.PK. 3267, C.PK. 3266,
C.PK. 3270, C.PK. 3283,
C.PK. 3284

Sample 5: Tiffa sp. stump, inside the city of Szeged, Hungary

5/A: Surface of basidiome
No Trichoderma found.
5/B: Substrate
C.PK. 3375, C.PK. 3376,
C.PK. 3378, C.PK. 3379,
C.PK.3381, C.PK. 3387,
C.PK. 3391 to C.PK. 3394
C.PK. 3377, C.PK. 3380,
C.PK. 3382 to C.PK. 3386,
C.PK.3388to C.PK. 3380

Negative

Negative

T. pleuroticola

Negative

Negative

T harzianumiH. lixii (EUS18150,
EUS18152)

T harzianumiH. lixii (EUS18150,

EUS18152, EU918153}

T. pleuroticola (EU918148)

ND

T. atroviridle/H. atroviridis
{EU918134-EUS18137)

T. pleuroticola (EU918160)
ND

ND

T harzianum (EUS18162-EUS18164}

T. longibrachiatum (EU918159)

T longibrachiatum (EU918159}
T. pleuroticofa (EU918160,
EUS1816T)

ND

ND

T longibrachiatum (EU918159}
ND

T. pleuroticola (EU913160)

T atroviride (EUS18154)

T harzianum (EU918165, EU918166)

ND

T. pleuroticola (EU918160)

T harzianum (EU918165-EUS18169)

T. atroviride (EUD18155-EU918158)

*Result of the specific multiplex PCR assay developed in this study.
Tidentical accession numbers refer to identical sequences.
ND, not determined.
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(3.‘] FPforw1
1 38 —= 57 287 1 65
5 ntron 4 intron 5 3
=
1 138
232 - 253 37 -— 58
PSravi FPrav1
(k)
position within 4th inbron: 2ol a1d
FPforwl: 5. .. CACATTCAATTGTGIIOCERDGER, . 3
T pleuretum O P K. 2814:- ... ... .... &' COTOOCTOCHCAT TR AT TETEI00EAR AT TOT SCAGAS AR TT TT OTOET -CCHCANT TEAT-AT .. 3
T. ploeureticoels DROM 17B824:. . . ... .... &' CCTOCCTOCRCAT TCAAT TETECOCERAEAT TCT SCAGAS AR TT TT O3TET -CGHCANT TTTTCAT .. 3
T. spgressivum £, sogrsssivum DACM 222154: 5'_ | CTOCCTOCACAT TCAAT TGTECTCEA TOAT TOT GAAGAGARTT - - - = ~5T -CGRCHAT TTTTCAT .. 3
T. ageressivum £. surcpssum CES 100535:. .. . &' L CTOCCTOCACATCCAAT TETEE TOCA TOAT TOT GARGAGARTT - - - - -3T -CSRCHAT TTTTCAT .. .3
T. harzigoum CBS 273 To:-_ o .. ... . ........ &' LCTOOCTOTRCAT TORAT TERRTOCCHCART TCT SHAGASAATT TT O TET TOGRCANT TTTTCAT .. 3
positicn within 4th  inkroms 196d 256d
PSrevil: 3 .. CTRRATTECAGIRARCRCRIND, . . 5
T. plourctum C.P.K. 2814 ... . __........ &' TTTTTTITSITT CACTCOCO2CACT G300 AGTOATERT TOARDST ST O TATETAED- - - -CAT .. 3"
T. plourcticols DACM 17B824:-. . . ... .._. &' TTT---ITGITTCACTOT OO - ACT 3-O02 ARTOATCRT TOARDST SOTOTATETOTOC - - AT .. 3
T, sogressitvum £, sovrcssivum DACM 222154 6'_ TTTTT-2TSOTTCACTATCACTA - - - —2OC AGOOETCET TOANOET SOTOTETCTOTC- - - TCAT .. 2
T. sgrsssivum £ surspssum CBS 100526 . &' L TTTTTTETSOT TCHCTATCACTA - - - — 20T AGODETCET TOALSET SOTOTETCTOTO- -3TCAT .. 2
T. harzigonum CBS 273 T8&:_ .. ... .. ........ &' LTTTTCT -2 TT CAC - - TCACTT - - - - DOTAGOCATCRT TOAGOST STTCTETETOC TT GTCAT .. 3
position within Sth intron: 1l 31
FPrevl: 3 ...030TCEROCRCEATTETCCR, . .5
T. pleurctum C.P.E. 2814:- ... __........ &' LGTATGSTCT O TECTOCATCACCT COAT GoA G AR TGS ASCTEST FCTAACRIGTCAT GOECHRS .. 3
T, pleurcticols DROM L759R24:. ... .. ... ...t 5 LETATETCT 0T - - —CCATCAT CT TR T CA G AR T TG G A CTET 2o TAACASETART TOGCRS .. L3
T. sopressitvum £. sowrsssivum DAOM 222154: 5'_ | GTATETCTOOT - - TC-ATCACOCOCATACAGCARTTACAAGOC AT SCTAACAGSCAAT TCACAZ . . 3
T. sogressitvum £. surcepssum JES 1005616:-. .. .. &' ETATETCTOOT - - TC-ATCACODOCATACA ST AR TT AR AGOC AT SO TAACAGSCAAT TCACAZ . . 3
T harziznum CBS 273 T8-_ o ..._o__........ &' LETATETITTOT - -TC-ATT ARCT TOAT GOT TOARTTG A AR TORST SCTAACRIGCORAT TOACHRS . 3

Fig. 1. Binding sites of primers FPfarw!, FPrevl and PSrevl, used in a multiplex PCR assay for detection of twa Trichodenms spp. pathagenic ta
Haursius cstresius. {a) Schematic presertation af the fefi fragrment of the target fungi with the primer-binding sites. Numbers indicate nucleatide
pasitians within the imtrans. {b) Alignrment of sequences within the faurth and the fifth intrans of the reft gene that were used for primer design.
Pasitians wariable for Tichodarns pleuratur, Trichodarmes plewraticeds and related Trichoderms species are shaded in gray within the sequences
carrespanding to the specific primers. The aligned sequences were derved from GenBank {accession numbers: EFG0TATY, AYROSTEY, AYROSTOR,
AF348095 and AF348099 for strains C.RK. 2814, DAOM 175924, DAOM 222154, CBS 100525 and CBS 273.78, respectively).

Results

Design of PCR primers selectively identifying
T pleurotum and T pleuroticola

Three areas of tgff {Fig. 1a} were identified for development
of specific primers FPforwl, FPrewl and Psrevl {Table 2}, for
amplification of a #47-bp fragment from both T. pleuraium
and T plewroticoln and a 218-bp product specific for T
Pleuratunt {Fig. 1b}. PCR assays with these primers produced
two major bands for all isolates of T plenrotum evaluated,
while only the larger fragment was formed from the DNA
extracts of the T plewroticola strains {Fig. 2a and b}. No
cross-reaction was observed with the DNA extracts of 238
other Trichoderma species and 12 other fungal species {Table
1} {data not shown}. Based on these results, the multiplex
PCR. assay is specific for the detection and identification of
the two Trichoderma spp. pathogenicto B ostreatus.

ldentification of T. pleuroticofa and T. pleurotum
directly from substrates used for cultivation
of P ostreatus

The primers developed in this study were also tested for the
ability to detect the mushroom pathogens directly in the

FEMS Microbiol Lett 30k {2009 58 67

substrates on which oyster mushrooms are cultivated.
Samples of straw colonized by Pleurotus that was nonin-
fested or infested with green mold were tested. DNA was
isolated from the samples as described in Materials and
methods and the primers FPforwl, FPrevl and PSrevl were
used to amplify #f] fragment{s} by PCR assay for any T
Pleuroticala and T plenrotup strains present in the samples.
No amplicons of T pleurotum or T plewroticola were
obtained from noninfested straw, but the PCR assay yielded
the two bands characteristic of T pleurotusr for all samples
of infested straw assayed (PSAIL/3 and PSALL/4; Fig. 3}. This
indicated the presence of T plewroium in the infested
substrates, which was confirmed by subsequent ITS se-
quence analysis of the Trichoderma strains isolated from the
samples {data not shown}.

ldentification of Trichoderma spp. isolated from
natural substrates and from basidiocarps
of P ostreatus

A total of 110 Trichoderma strains were isolated from the
substrates {20 isolates} and basidiomes {20 isclates} of wild
E ostreatus growing in five sites in Hungary {Table 3}. For
Site 1, an calk-silver lime forest, all 28 isclates were identified
as T, pleuroticola. However, it was not detected in Site 2 {15

@ 2009 Federation of European Micrabiclogical Societies
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M o1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

Fig. 2. DNA fragraents amplfied in a rultiplex PCR using prireers specific far Trchsdarmeg plersturn and THchoderrneg gleursticals, fa) DNA fragrents
arnplified from 13 T pleursturn isalates. Lane M, GereRuler™ 1 -kb DNA Ladder {Fermentas GrabHY; lane 1, negative contral {r template DhAY; lanes 2
and 3, T plevrsturn strain AR and T pleuroticol strain A37, respectively {positive cantrols); and lanes 4-15, T pleuraiurn straing A1, 411, AT6, AZ5,
AZB T4, C5, Cl4, CBS 121147, (21, C25and C27, respectively. {b) DNA fragrents armplified fram 17 T, pleuroticsls tolates. Lane M, GeneRuler™
1-kb DNA Ladder; lane 1, negative cantrol{no ternplate DNAY, lanes 2 and 3, T plewrsturs strain ABand T pleursticols strain A37, respectively {positive
rantrals) and lanes 4-19, T, pleuraticols strains CB5 121144, C PK. 882, C PK. 1401, CPK. 1540, C.PK. 1541, C.PK. 1643, C.PK 1543, C.PK. 1544,
C.BK. 1545, C.REK. 1546, C.REK. 1547, CRK. 1548, C.RK. 1548 CPK 1550, C.RK. 1551 and C.RK. 1715, respectively. Type straing are indicated in
bald fant.

M 15 16 17 18 19 20 21 22 23 24 25

Fig. 3. DNA armplivons detected using prirers specfic for Trichodarrg pleursturm and Tidhoderrns pleuroticods in the rultiplex PCR assay with DA
extracted directly fram green mald-infested wheat straw substrates and frorn Tichoderme straing isolated fram these substrates, Lane M, GeneRuler™
1-kb DA Ladder {Fermentas GrabHY, lane 1, negative contral {no ternplate DNAY, lanes 2 and 3, T gleursturn strain A8 and T, plaurstice strain A37,
respectively {pasitive contralsh lane 4, DNA fram green mold-infested substrate PRANS; lanes 5—15, DNA frorm Tichoderrs straing isolated fram
substrate PSAIV3; lane 16, DHA frarm green rald infested substrate PSAIVE; and lanes 17-25, DNA fror Trichodkerrg straing solated fram subitrate
PEAA.

isolates}, an oalk—ash—elm open woodland {Fraxing panno-
nicae—UTmetum}, or in Site & from the city of Szeged {20
isclates}, whereas it was identified for five of the 19 isolates
obtained from Site 4, and a single isolate of 11 found at Site
3B. Trichoderma pletsrotun was not detected from any of the
five sites.

Sequence analyses of the [TS reglon and/or fef] were used
to identify the other Trichoderma spp. detected from Sites
1-5. The isclates included T harsianus Rifal, Trichoderma

@ 25049 Federation of Eurepean Micrbiclogical Sodeties
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longibrachintum Rifai and Trichederma atroviride Bissett
exclusively. Trichoderma harzianim was the exclusive species
found in Site 2 samples, dominated Site 4 {14 of 15 isolates}
and made up 50% of the isolates {10 of 20} in Site 5B.
Trichoderma longibrachiatum was present only in Site 3B,
where it appeared to be the dominant species {nine of 11
isolates}, Trichoderma atroviride was found only in Site 3B
{one of 11 isolates} and Site 5, where this species accounted
for 50% of the isolates {10 of 20}, Trichaderma spp. were not

FEMS Microbiol Lett 304 (200493 58 &7
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found on P ostreatus basidiomes from Site 5. However, T,
plesiroticoln was the dominant species in Site 3A samples (14
of 20 isolates), while the remaining six isolates from that site
were all identified as T. longibrachiatum.

Discussion

Fungal pathogens are an emerging problem in mushroom
farms, where they can limit mushroom quality and yield.
Therefore, there is an increasing need for rapid methods of
detecting the pathogens in order to efficiently control the
diseases caused by them. Zijlstra ef al. (2008) used a TagMan
PCR assay for the timely detection of Verticillium fungicola
var. aleophilum W. Gams & Zaayen and V. fungicola var.
fungicola (Preuss) Hassebr., the causal agents of dry bubble
disease of Agaricus bisporus (J.E. Lange) Imbach in North
America and Burope, respectively. Chen et al. (1999a,b)
described a PCR assay for the identification of T. harzianum
biotypes 2 and 4, which were later described as T. aggressi-
vuin f. europaeum and T, aggressivum {. aggressivum Samuels
& W. Gams, respectively (Samuels et al., 2002), responsible
for green mold epidemics in cultivated A. bisporus world-
wide. This PCR assay has been applied for the comparison of
Trichoderma strains sampled in the United States during and
before the outbreak of the green mold epidemic (Chen et al.,
199%9a,b), which revealed no evidence of the pre-epidemic
existence of I. aggressivum f. aggressiviim, suggesting the
recent emergence of a highly virulent genotype. The assay
was successfully adopted by Hatvani ef al. (2007), who
identified the causal agent of green mold of cultivated A.
bisporus in Hungary as T aggressivim {. europaeust.

In order to facilitate identification of the two Trichoderma
spp. pathogenic to P ostreatus, three oligonucleotide pri-
mers were developed in this study to identify T. plewsrotum
and T. pleuroticola using a multiplex PCR assay. The results
demonstrated that these two species can be distinguished
from each other, as well as from other fungal species using
this assay. The assay was tested with DNA extracted directly
from noninfested and Trichoderma-infested substrates of
cultivated oyster mushroom. PCR amplicons were not
detected from noninfested substrates, but DNA extracts
from the infested substrates produced the two DNA bands
characteristic of T. pleurotum. However, the design of the
assay was such that the two DNA bands could reflect the
presence of either T. pleurotum alone or the presence of both
T. pleuroticola and T. pleurotum, ie. the assay does not
differentiate whether the substrate contains only T. plewr-
otum or both species. Therefore, the identity as T plewsrotum
was confirmed by subsequent ITS sequence analysis. The
data show that the primers designed in this study are able to
detect the two Trichoderma spp. pathogenic to P ostreatus
without the need to isolate and culture the pathogens. This
assay may help one to identify the presence of green mold

FEMS Microbiol Lett 300 (2009) 53-67
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disease of B ostreatus caused by T. plewrotum and T
pleuroticoln in the early phases of infection, facilitating the
early application of appropriate disease control strategies. In
order to prevent contamination from spreading, the appli-
cation of calcium hydroxide onto the affected area, and the
use of fungicides benomyl, thiabendazole and prochloraz are
suggested (Won, 2000; Yu, 2002).

The presence and potential damage from T. pleurotum
and T. pleuroticola (Park ef al, 2006) in the cultivation of P
ostreatus is well known (Yu, 2002; Park et al., 2004a—c, 2005;
Woo et al., 2004; Kredics et al., 2006; Hatvani et al., 2007,
2008; Komon-Zelazowska ef al., 2007). However, to the best
of our knowledge, the association of these pathogens with
oyster mushroom growing in the wild has not been reported
previously. Therefore, the presence of these species was
tested on wood substrates colonized by wild E ostreatus, as
well as on the surface of the mushrooms growing in forested
areas in Hungary. The PCR assay developed in this study has
revealed that T. pleuroticola can be present in both the
natural substrates of P. ostreatus and on the basidiomes of
the mushrooms in the wild.

Szekeres ef al. (2005) examined the genetic diversity of
Trichoderma species in the rhizosphere of winter wheat in
Hungary and found that approximately 5% of the Tricho-
derma isolates belonged to the species T plewroticoln. In
contrast, this study has shown that T. pleuroticola may be
present at a higher proportion of the Trichoderma isolates
found in the substrate and on the basidiomes of wild oyster
mushrooms. The presence of this species in these habitats
suggests that these might be potential sources of infections
for mushroom farms. In contrast, T. pleurotum was not
detected in any of the samples from Hungary examined in
this study. Similar to T aggressivum, T. pleurotum has never
been found in naturally ocourring substrates vet. Recent
metagenomic studies on the occurrence of Trichoderma
species in Austrian soils revealed the common presence of
T. pleuroticoln, but never that of T. plewrotum (MLA. Friedl &
I.8. Druzhinina, unpublished data), suggesting that these
two species may occupy different ecological and trophic
niches in nature (Komon-Zelazowska et al., 2007).

The diversity of Trichoderma species found in the vicinity
of wild P. estreatus was also evaluated in this study. Besides
T pleureticola, other species detected were I harzianum, T.
longibrachiatum and T. atreviride. Hatvani et al. (2007)
examined Trichoderma strains isolated from the substrate
used for oyster mushroom cultivation in Hungary. Among
31 strains, T. pleurotum was the most prevalent (27 strains).
In addition, single isolates of T pleuroticoln, T. atroviride,
Trichoderma asperellum Samuels, Lieckf. & Nirenberg and T.
longibrachiatum were found. However, in contrast to sam-
ples of wild P. ostreatus, T. harzianum was not detected.

The primer set and PCR protocol developed in this study
allow for the rapid detection and differentiation of the two

© 2009 Federation of European Microbiological Societies
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major Trichoderma pathogens of oyster mushroom. The
ability to detect and track these pathogens could lead to
better integrated management tools to reduce losses to green
mold in commercial mushroom production.
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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-Zelazowska M., Btaszczyk L.
Gorski, R. Spizewski, T., and I. Sas-Golakl1 (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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REVIEW

Facts and Challenges in the Understanding of the Biosynthesis of Peptaibols
by Trichoderma

by Christian P. Kubicek*?), Monika Komoii-Zelazowska®), Erzsébet Sandor®), and
Irina S. Druzhinina®)

2} Division of Gene Technology and Applied Biochemistry (DGTAB), Institute of Chemical
Engineering, Vienna University of Technology, Getreidemarkt 9/1665, A-1060 Vienna
{phone: +43-1-58801-17250; fax: +43-1-58801-17299)

5} University of Debrecen, Centre for Agricultural Sciences, Faculty of Agriculture, Department of Plant
Pathology, P 0. Box 36, H-4015 Debrecen

Species of the mitosporic filamentous fungal genus Trichoderma are prominent producers of both
short {7-11 residues) and long (1820 residues) peptaibols and peptaibiotics, which are thought to be
involved in their interaction with other living systems. Numerous reviews are available regarding
biodiversity, structure, and mode of action of these peptide derivatives, but little emphasis has been paid
to the physiology and genetics of their formation. In this review article, we used the recent knowledge on
biosynthesis and production of these components to speculate on some of the unknown points. We also
highlight areas where further research is most urgently needed.
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. Function of Trichoderma Peptaibols

. Conclusions
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L Introduction. — The mitosporic filamentous fungal genus Trichoderma (Hypo-
crea, Hypocreales, Ascomycota) contains several species with strains prominent for
their economic importance as sources of enzymes and antibiotics, as plant-growth
promoters, metabolizers of xenobiotics, and commercial biofungicides [1-3]. One
species, Trichoderma longibrachiatum, has been shown to infect immunocompromized
humans, and is now on the list of emerging fungal pathogens [4]. At least three other
species, T. aggressivim, T. pleurotophilum, and T. fulvidum, have been observed to
cause significant crop loss in the mushroom industry, producing Agaricus bisporus and
Pleuratus ostreatus, respectively [5]. While the mechanisms invelved in all these
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processes likely involve a multitude of factors, the formation of secondary metabolites
that are antagonistic or signaling molecules is likely an important factor in all processes
where Trichoderma interacts with other living organisms.

In fact, a plethora of secondary metabolites has been isolated and characterized
from various Trichaderna species (for a review, see [6] }. Among them, peptaibols and
related peptaibiotics are a unique class of peptides. They are characterized by
molecular weights of 500-2200Da, a high number of non-proteinogenic, a,a-
dialkylated a-amino acids like isovaline (Iva) and a@-aminoisobutyric acid (Aib), an
acetylated N-terminus, and an amino alcohol, mostly phenylalaninol, at the C-terminal
end, which is lacking in the peptaibiotics [7]. The name ‘peptaibol’ originates from
parts of the words peptide, Aib, and amino alcohoel. Although peptaibols are not only
produced by Trichoderma [8], most of the peptaibols known today have been found in
this genus and in species of closely related genera. Reports on their isolation from
evolutionary distant fungi are probably due to contamination (see, e.g., Boletus edulis
[9]; see also [8]). The structure and properties of more than 300 peptaibols are
collected in the Peptaibol Database on the Word Wide Web [10]. The peptaibols
formed by Trichoderma usually comprise 18-20 amino acid residues, with a single
central Pro moiety. The mechanism of action of peptaibols is mostly related to channel
formation in lipid membranes, which implies a bundle of hydrophobic transmembrane
helices surrounding a central pore [11]. To learn more about their biochemistry, the
review of Duclohier is recommended [12].

2. Biosynthesis of Peptaibols. — Except for their N- and C-terminal modifications,
the peptaibols are peptides, and, consequently, their biosynthesis occurs in the same
way as in other microbial peptides, ie., by non-ribosomal peptide synthases (NRPS}.
This is a major difference to higher eukarvotes, which synthesize peptides as larger
propeptides that are subsequently processed by endoproteases. NRPS are large,
multifunctional enzymes whose domain organization resembles fatty acid synthases
[13-15]. Genes encoding peptaibol synthases have been cloned from Trichoderma
virens (Hypocrea virens) [16][17], T. asperellum [18], and T harziarnwm [19], and the
corresponding genes could be identified in the genome of T. reesei ( H. jecorina) (http://
genome.jgi-psf.org/Trire2/Trire2.home.htm1} and T. atroviride ( H. atroviridis) [20]. The
best-characterized gene, fex], does not contain any intron, encodes a mature protein of
20,925 residues (about 2.3 MDa}, and is transcribed into an mRNA roughly 63-kb long.
Wiest ef al. [16] stressed that such a large mRNA would span about 10 pm, thus
exceeding the diameter of a cell, implying that there must be a special mechanism how
the cell handles the processing of such a large molecule, which, in turn, could be of
relevance for peptaibol biosynthesis.

Interestingly, Whilhite et al. [21] reported the partial cloning and characterization of
a peptide synthase from 7. virens, with a sequence identical to the 3'-terminal 5-kb of
tex]. The authors reported that a knock-out mutant in this gene ( psyI} causes partial or
complete loss of hydroxymate siderophore production, and, thus, concluded that psy7
encodes an NRPS responsible for hydroxymate siderophore production. However, the
identity of the C-terminus of psyl and fexI suggests that this is unlikely, because the
structure of fex! clearly indicates that it synthesizes an 18-residue peptide, which is
much larger than expected for an enzyme producing hydroxymate-containing side-
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rophores. Also, the genome sequences of Neurospora crassa and Aspergillus fimigatus
{which are known to produce siderophores) do not contain genes encoding NRPS with
18 modules or strong sequence similarity to fex? (psyl}. In fact, Wiest et al. [16]
reported that, according to unpublished data, the tex! delta mutant is not affected in the
production of siderophores.

Based on a comparison of the amino acid sequence of the proteins encoded by the
peptaibol synthase genes cloned for Trichoderma species, and also those of other
peptide sythases, some insights into their structures have been obtained: like in other
peptide synthases, each amino acid is introduced by an adenylation domain, which is
covalently linked to the adjacent carrier domain. Peptide-bond formation takes place at
the condensation domains, where adjacent and non-adjacent carrier domains deliver
aminoacyl and peptidyl intermediates [22][23].

Nine residues in the active site of peptide synthases have been proposed to play a
major role in defining substrate specificity for incorporation of amino acids based on
structural data { Table 1). These residues are thought to define the signature sequences
specifying amino acid incorporation. Interestingly, the signature sequences from the

Table 1. Amino Acid Signatures of the AMP-Activating Domain of TEX! from T. virens and T.
harzianum, and Amino Acids Transferved by These. Abbreviations: U, a-aminoisobutyric acid; J,
isovaline; Voh, valinol. Data taken from [16][19], and unpublished data.

Source Domain Amino acid Signature
T. virens 6 Q DGGMVGGN
17 Q DGGMVGGN
7 LU DCGWVVGY
1 u DGGYLAGV
9 U DLGYLAGC
12 u DLGYLAGV
15 U DLGFLAGV
16 u DLGFLAGL
5 U A DLGWLCGV
3 A DVGFVAGV
8 A DIFVVAGV
T. harzignum 16 A DLGLLAGL
17 A DGGAVGGN
18 A DAIFLGVV
T. virens 16 A DLGFLAGL
17 A DGGMVGVX
18 A DAIIIVGY
T. reesei 16 A DMGWFAGV
17 A DGGMVGGN
18 A DAAFIMGV
T. virens 11 L DFLYFGGV
14 LV DAALIGAV
4 v DMGFLGGV
18 Voh DAIIIVGY
2 G DIGMVVGV
10 S DVGYLAAV
13 P DVLFCGLI
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modules of tex] are unique and do not exactly match those found in other characterized
NRPSs, which is seen best when the phylogenetic relationship of the signature
sequences is analyzed (Fig. I). Therefore, the signature sequences alone do not allow
the identification for which amino acid substrate they are specific. However, Wiest et al.
[16] noted a high similarity in the signature sequences of the 1st, 9th, 12th, 15th, and

UTvi1
_E S Tv10
UTv9
UTvi2
UTvie
61 Tv A16
Th A16
UTvis
UA Tv 5
Tre A16
43— Voh Tv 18
Tv A18
se— 1re A18
LV Tv 14
Tv A18
P Tv 13
L Tvii
VTva
ATv3
ATv8
— JU Tv7
L GgTv2
Th A17
Tv A17
Tre A17
QTve
QTvi17

57

M

Fig. 1. Neighbor-joining cladogram of an alignment of the sequence of eight signafure amino acids from

the AMP-activating domain of three TEXI proteins (sce Table I). Abbreviations: Tv, T. virens; Th, T.

harzianum; Tre, T. reesei. Amino acids are given in the one-letter code, and non-proteinogenic amino

acids are abbreviated as explained in Table 1. The numbers specify the number of the domain, starting

with n=1 at the N-terminus. The analysis was done in PAUP* 4.0b10, using 500 bootstrap replications.
The corresponding bootstrap coelficients are given al the respective nodes.
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l6th modules of TEX1, all of which are — in view of the structure of the correspondingly
produced peptaibol - likely responsible for Aib incorporation, and for which also some
clustering is observed in the tree (Fig. I}.

A characteristic feature of peptaibol synthases is that, unlike most peptide
synthases with a thioesterase domain at the C-terminus, they possess a dehydrogenase
domain instead. This dehydrogenase leads to the formation of the amino acid alcohol
whose presence at the C-terminus is characteristic for the peptaibols (see below). It is
suggested that this module effects the release of the product by reductive cleavage.

Because fungal genes for secondary-metabolite biosynthesis, including NRPS,
frequently occur in gene clusters [24], it would not be surprising to find such a genomic
organization also for the peptaibol synthases. However, comparison of the fex! locus in
T. virens, T. reesei, and T harzienwwm rejects this assumption: in all three species, the
locus is synthetic as it contains a gene encoding a retrograde-regulation-protein
{RTG2) orthologue, and a gene encoding a protein with high similarity to calcium/
proton exchangers 3-downstream of fex/. The preliminary sequence in a 2-kb region
upstream of fex has not revealed homology to known proteins in any of the three
Trichoderma species. This suggests that a gene cluster for peptaibol production does not
occur.

3. Biodiversity of Peptaibols. — The peptaibols produced by Trichoderma species are
considerably heterogeneous, both in size and composition of amino acids at some
places in the sequence, and the cultures from a single strain usually comprise several
components. In T. virens TV29-8, disruption of fex] eliminated the production of all of
these compounds (e., the 18-, 14-, and 11-residue peptaibols) [16]. This would imply
that TEX1 has not only a very broad substrate specificity, but also can bypass certain
domains, thus producing the shorter peptaibols. However, in the commercially relevant
T. virens strain G20, disruption of the fex/ gene (which is 99% similar in its DNA
sequence to fex] studied in [16]), resulted only in the elimination of production of the
18-residue peptaibol, but not of the 11- and 14-residue congeners [17]. These authors
identified AMP-activating domains from additional NRPS of this strain, one of which
was likely a second peptaibol synthase. Similar results have been obtained with a fex’
orthologue from T. harzianum, whose disruption alse impaired the formation of the 18-
residue, but not of and the 11-residue peptaibols [25]. Unfortunately, the sequence of
the 11- and 14-residue peptaibols formed by T. virens TV 29-8 was not given, and it can,
therefore, not be assessed whether they could, indeed, be formed by a ‘domain
bypassing’; however, the evidence from the other two papers suggests that the shorter
peptaibols are formed by a separate enzyme.

There is concordant evidence for a broad substrate specificity of the peptaibol
synthases, ie., some modules are able to bind multiple substrates, albeit with different
affinities [26][27], and eventually also with different K. values. In agreement with
such a model, the intracellular abundance of individual amino acids appears to be a
major determinant for substrate specificity, because the complexity can be manipulated
by supplementing cultures with a specific amine acid [28][29]. Contrary to that,
supplement of exogenous Aib, or addition of Glu as a charged amino acid to the
medium, resulted in modifications of peptaibol biosynthesis, leading to the simplifi-
cation of the peptide mixture. The addition of Aib to the cultures of a 1. harzianum
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strain generated new peptaibol molecules and led to the production of almost
exclusively a single peptide, in which all Iva residues were replaced by Aib, while Glu
supply favored the synthesis of peptaibols with increased Glu content in T long-
ibrachiafum. Certain lack of specificity of the amino acid substrate binding to the NRPS
was also observed in the case of alamethicin biosynthesis by ‘T viride’ [28]. The
observation that extracellular addition of Aib, but not of other amino acids, also
increases the rate of peptaibol formation suggests that the substrate specificity of the
modules incorporating this amino acid is rather strict though, and that this amino acid is
limiting in the intracellular pool (see discussion below).

4. Evolution of Peptaibols. — As described above, peptaibol synthases are members
of the NRPS family, which are characterized by a multimodular domain organization.
Such modular rearrangements play an important role in protein evolution [30].
Functional modules, often representing structural domains or smaller fragments, are in
many cases well-conserved, but re-occur in a different order and across many protein
families. The genetic mechanisms responsible for this process are gene duplication,
gene fusion, and loss of sequence fragments. This can, therefore, lead to a rearrange-
ment in the sequential order of the domains. Weiner and Bornberg-Bauer [31] have
identified a large number of such rearrangements in multidomain proteins, and
analyzed their evolutionary history. For NRPS, they found that ‘duplication/deletion” is
the most frequent mechanism occurring.

No such studies have yet been performed with peptaibols synthases. We have been
addressing the evolution of peptaibols as follows: we assumed that the amino acid
sequence of the produced peptaibols (taking the broad substrate specificity into
account } would be indicative of the domain order in the respective peptaibol synthases.
To this end, we separately aligned all 18-to-20- and 10-to-14-residue peptaibols from the
peptaibol database [10][11], and subjected them to phylogenetic analysis. The resulting
trees are shown in Fig. 2.

As can be seen, on the tree formed by the large peptaibols, some compounds such as
trichovirin, trichokonin, trichokindin, or trichorzianine cluster in one, albeit poorly
supported, branch, indicating that these peptaibols have already developed a specific
sequence that is not corrupted by the relaxed substrate specificity. In contrast, the
position of other peptaibols were unresolved, with mixed multiple compounds,
indicating that substrate specificity of individual modules and module organization
overlap. An even more unresolved picture was obtained for the short peptaibols. Taken
together, these data would suggest that the structures of the peptaibols contain no
phylogenetic information due to broad substrate specificity of the peptaibol synthases
and the involvement of genomic rearrangements in their evolution. In fact, by
analyzing a (small} number of Trichoderma species with established species identity,
Degenkolb et al. [32] found that the types of peptaibols produced do not correlate with
the taxonomy of these species.

In order to test this hypothesis by a different method, we took the 1st AMP-
activating domains of TEX1 [16] and performed a similarity search using the blastn
algorithm (www.ncbinlm.nih.gov) of the National Center for Biotechnology Informa-
tion (NCBI). Thereby, it became evident that the next neighbors of individual domains
from one Trichoderma species were mostly the corresponding other AMP-activating
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domains of the same peptaibol synthase. The next neighbors were AMP-activating
domains from other Trichoderma species such as T. asperellumm or T. harzianum (which
are present in the database}, but, interestingly, also from other fungi such as
Metarhizium. These findings were substantiated by a phylogenetic analysis, which
clearly shows that the AMP-activating domains of different Trichoderma species form
terminal clusters, indicating that they are orthologues (Fig. 3). This is interesting,
because these domains do not occur in the same order in different Trichodermna species.
Currently, a more detailed phylogenetic analysis of peptaibol synthases is performed by
von Déhren and Kubicek [33], but we can already conclude that domain transfer due to
recombination and, in part, even by horizontal gene transfer have contributed to the
evolution of peptaibol synthases. The clustering of the peptide synthase domain from
Metarhizium anisopliae and domain 14460 is an example pointing in this direction.

5. Biosynthesis of Modified Peptaibol Residues. — The origin of the acetylated N-
terminus and the C-terminal amino alcohol of peptaibols has been studied in detail by
Mohr and Kleinkauf in the case of alamethicine synthase [34], which led to the
conclusion that neither of these residues are synthesized by other metabolic pathways,
nor are they direct substrates for the synthase. This finding is also substantiated by the
domain structure of the peptaibol synthases, which clearly indicates that these
modifications are due to posttranslational processing. Also, the peptaibiotics pseudo-
konin KL 1T and VI from 7. koningii (H. koningii} have an unusual C-terminal end,
with an amide and a hydroxyketopiperazine group, respectively. This might be the
result of an alternative processing/chain termination of the Aib-Pro-OH terminus,
either by amidation of Pro, or by cyclization of Aib and Pro into the hydroxyketo-
piperazine ring { probably in two steps: first by reduction of the carboxylic acid residue
to an aldehyde, followed by intramolecular cyclization [35]).

6. Biosynthesis of Non-Proteinogenic e,o-Dialkyl Amino Acids. - As mentioned
above, peptaibols are rich in Aib and Iva residues. It is intriguing that, despite of this

o Tig 2. Parsimony phylogenetic analysis of short-chain {a) and long-chain (b) pepiuibols produced by
Trichoderma. Phylograms show one out of 300 maximwm parsimony phylogenetic trees obtained using
the heuristic tree-searching algorithm with Maxtree option in effect. Stability of clades was tested with
500 of bootstrap replicates. Note that strain identifications may be incorrect, because the respective
isolates have not been identified by DNA-sequence analysis. Trichopolyns I-V were not included in the
analysis, because their sequences deviate significantly from that of all other Trichoderma peptaibols. It is
suggested that this is a product of a Tolypocladium sp., which have in earlier times frequently been
misidentified as ‘7. polysporum’. Abbreviations of peptaibols and producer organisms for tree a: TRK,
trikoningin (7. koningii); HC, harzianin (7. harzianum); P8, pseudokinin (7. pseudokoningii); TD,
trichodecenin (. viride); TG, trichogin (T. longibrachiatum); TV, trichorovin (T viride); OZ,
trichorozin (T, harziamum). Abbreviations for tree b: TI, trichokindin (70 harziamun); Al, alamethicin
(T. viride NRRL 3199); At, atroviridin (7. atroviride); Lo, longibrachin (7. longibrachiatum); Par,
paracelsin (T saturnisporum, H. jecorina); Pol, polysporin (T. polysporwm); Sat, saturnisporin (T
saturnisporwm); T, trichocellin (T, viride); TKA, trichokonin (7. korningii); Tol, tricholongin {7
longibrachiatum); TZ, trichorzianine (T, harzianum); Tin, trichorzin (T, harzianwm); tsin, trichosporin
{T. polysporum); TK, trichotoxin {T. viride 5242=T. asperellurm); Tvi, trichovirin (T. viride); Tkon,

trikoningin (T, koningii).
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Fig. 3. Phylogenetic analysis of the AMP-activating domain of TEX] of T. virens, and its most similar
protein sequences (according to blastn). Domains in TEXI are indicated by the number of the first
amino acid; BLAST-derived domains were: Salps AS1:AY513580, T. asperellum (bit score 676, E value:
0.0); Salps2 HI1-3: AJ871177, T. harzianwmn (498, 1e-138); Salps IMI: AJ784987, T. harzianum (395,
1e-107); AF 304355, T. asperelhum (321, 3e-85); Meta 1-4, 4 matching domains X89442, M. anisopliae
pesA (319, 9e-85). Phylogenetic analysis was done by bayesian analysis with 10° generations and 300
burned trees, and sampling was done after every 100 trees. Black cycles indicate statistically supported
nodes (PP > 0.94).

fact, the biosynthesis of these two amino acids has, so far, not been studied in
Trichoderma or any other organism that produces peptaibols. The only information
available is that extracellularly added Aib is a) incorporated in the peptaibols and b)
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stimulates peptaibol formation, which indicates that the naturally occurring intra-
cellular concentration of these two amino acids must be limiting [28] [29]. Aib does not
occur in mammals, and also seems to be absent from most yeast or filamentous fungi
like Neurospora, which is evidenced by the fact that it can be used in these species as a
non-metabolizable analogue for amino acid transport [36]. No specific investigations
towards elucidating the biosynthesis of Aib have, so far, been performed, but we would
like to offer some speculations in this respect.

For Aib, the most straightforward possibility would be formation from its
stereochemical ‘neighbor’, e.g., L-alanine, which would imply one or (in the case of
L-isovaline) two methyltransferase reactions, using adenosyl-methionine as a Me
donor (Schenie; part a). An alternative way has recently been proposed by Raap et al.
(Scheme, part b) [37], although not for Trichoderma, but for the fungus Emericellopsis
salmosynnemara, which produces the 15-residue long peptaibols zervamicins IIA and
IIB. When [PN]pL-Iva was added to the culture medium, the "N-isotope was not only
found in the p-Iva residue, but, surprisingly, also in the Aib residues, as well as at the
proteinogenic amino acids present in zervamycin. This indicates that Iva can be
metabolized and used for the biosynthesis of other amino acids. This is not so
unexpected, because bacteria and fungi are known to possess a dialkylglycine
decarboxylase (EC 4.1.1.64), a pyridoxal phosphate dependent enzyme of the
aminotransferases class-1I1 group. The enzyme is unique in terms of catalyzing both
decarboxylation and transamination.

Esaki et al. [38] characterized dialkylglycine decarboxylase from several Aspergil-
lus and Fusarivwm species, and confirmed that it performs the reaction shown in part b of
the Scheme. Adachi et al. [39] functionally characterized the gene dgd! encoding the
dialkylglycine decarboxylase in the wheat blotch fungus Mycosphaerella graminicola.
They showed that dgd! mutants cannot utilize Aib as a single nitrogen source. A gene
with high similarity was also found in the database for the H. jecorina genome (64.2%
amino acid similarity; scaffold 8: 1336708-1338033). Raap et al. [37] suggested that

Scheme. Tweo Hypotheses Regarding the Biosynthetic Reactions Leading to Aib. For details, see text.
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this gene might also be involved in the biosynthesis of Iva and Aib by reversed
carboxylation/transamination of acetone and butan-2-one, using peptaibol synthesis as
a driving force for reversing the equilibrium of this reaction. A drawback of this
hypothesis is that the reverse reaction has, so far, not been demonstrated [40]. Clearly,
this is an intriguing hypothesis, which needs to be approved by reversed genetics in
Trichoderma.

7. Regulation of Peptaibol Biosynthesis. - Regulation of peptaibol biosynthesis is
still only poorly understood. Culture conditions used to obtain peptaibols vary widely,
using diverse carbon and nitrogen sources, as well as pH values (7able 2}. However,
two findings are noteworthy: the first is that in many studies [16][41-45] surface
cultures had to be used to produce peptaibols, and, when grown on the same medium,
no peptaibols were produced in submerged cultivation. In addition, in the few cases
where submerged cultivations were used with success, it turned out that the addition of
an insoluble component (usually a carbon source such as cellulose; see [28]) was in
most cases a necessary prerequisite for production. The latter finding was nicely
supported by the observation that peptaibol production by T. afroviride (named T
harziamam in this study) occuwrred in liguid minimal medium only when Botrytis cinerea
cell walls were present [46], which suggests a co-regulation of peptaibol biosynthesis
and formation of cell-wall-degrading enzymes. Both observations would indicate a
developmental regulation of peptaibol biosynthesis. In fact, several authors reported
that they have isolated the peptaibols from very old surface cultures of Trichoderma (at
least 15 d of cultivation; see Table 2}, which, in our experience, are inevitable strongly
sporulating, suggesting the possibility of a correlation between conidiation and
peptaibol biosynthesis.

If such a link would actually exist, the promoter of the peptaibol synthase should
contain consensus sites for binding of regulatory proteins known to be required for
regulation of conidiogenesis [47][48]. We investigated this possibility by two different
means: first, we aligned the fex? promoter of T. reesei with the 5S-upstream regions of
two hydrophobin genes (hfbI and hfb2} of T. reesei. Hydrophobins of Trichoderma as
well as of other fungi have been shown to be co-regulated with sporulation [49-51].
Some 48.3% of AfbI and 39.6% of Afb2 were identical with fex. This value is
significantly higher than that produced by an alignment of fex! with the promoter of the
gpdl (glyceraldehyde-3-phosphate dehydrogenase) gene (27.4%) or the translation
elongation factor 1-alpha (fefI; 30.2%), indicating apparent conservation of promoter
sequences between fex] and hfb2.

Second, we manually tested the T. reesei fex] promoter for the presence of binding
sites of the fluffy regulator (encoded by the flu gene) of Newrospora crassa, a
Zn(2)Cys{6) DNA-binding protein, which is required for asexual sporulation [52].
Fluffy binds to the motif 3-CGG(N)CCG-3, which has also been found in the
hydrophobin genes of N. crassa. However, despite of the presence of a potential flu
orthologue in 7. reesei, we detected such binding sites neither in the fex nor in the
promoters of ifbI and Afb2, eventually suggesting either a different binding specificity
of T. reesei fluffy or a different regulation of hydrophobin and peptaibel synthase in
Trichoderma.
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We have, therefore, recently tested this experimentally, by studying the formation
of the long-chain peptaibols atrovirins A—C by T. atroviride, using a peptaibiomics
approach [57]. We, indeed, found that atroviridins are not formed by vegetative hyphae
of the fungus, but are accumulated only when sporulation is induced by one of the
triggers (light, starvation, and mechanical injury), thus confirming cur conclusions
from published data. Interestingly, however, we also found that a mutant in the G-a
protein GNA3 (=Tga3) [38], despite of being hypersporulating, is almost completely
devoid of peptaibol formation. This result adds the peptaibols to the list of other fungal
secondary metabolites that have been shown to be dependent on the positive function
of a G-a protein such as penicillin formation by Aspergillus nidulans [59], and
trichothecene production by Fusariuwm sporotrichioides [60]. The role for this
association is not completely understood at this moment: secondary metabolites
associated with sperulation are usually divided into three categories [61]: /) metabolites
with a positive role in sporulation, i/} components required for the process of
sporulation (melanins being prominent examples), and ) toxic metabolites secreted
by the fungus concomitant with sporulation. Because of the membrane-affecting
properties of the peptaibols, one would favor the latter explanation. However, arole of
the peptaibols in categories i or i cannot be ruled out at the moment.

8. Function of Trichoderma Peptaibols. — While the above findings are in
accordance with a role of the peptaibols as major defensive ‘weapons’ of Trichoderma,
there are some points raising doubt that this is the only explanation for their existence.
The major one is that spores are, as a whole, already better protected than hyphae; yet
the latter de form any peptaibols. We, therefore, wonder whether peptaibols may also
serve different functions in Trichoderma, and eventually also in the other fungi
producing them. In this regard, it is interesting that another ion-channel-forming
peptide antibiotic, gramicidin, induces sporulation in its producer bacterium Bacillus
subtilis [62][63]. Also, in fungi, peptides (whose structures have not been well-
characterized yet), are known to induce sporulation [64]. Sporulation of T. harziamum,
in which the fex! orthologue has been knocked-out, appeared to be normal, yet this
strain still produced the short-chain peptaibols and, thus, was not completely devoid of
their formation. In our opinion, the physiological response of Trichoderma to the
presence of peptaibols would be a challenging subject worth further studies.

9. Conclusions. — It is intriguing that, despite of the strong interest in application of
peptaibols and screening for new components, and the increment in understanding how
the respectively involved NRPS work, this review reveals that there exist numerous
gaps in our basic understanding of how they are produced. We think that closing this
gap for some of these points such as the biosynthesis of the non-proteinogenic amino
acids, which may enable to remove the precursor limitation, or understanding the
genetic basis for the sporulation-associated nature of their formation, which could offer
strategies to produce peptaibols by submerged fermentation, will be important steps in
further developments.
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Species of the mycoparasitic fungal genus Hypocrea/Trichoderma are prominent producers of peptaibols, a
class of small linear peptides of fungal origin. Some of these peptaibols have been shown to act synergistically
with cell-wall-degrading enzymes in the inhibition of the growth of other fungi in vitro and in vive. Here we
present the structure of the Hypocrea airoviridis peptaibol synthetase gene (phsi), deduced from the genome
sequence of H. atroviridis. It consists of 19 typical peptide synthetase modules with the requived additional
modifying domains at the N and C termini. Phylogenetic and similarity analyses of the individual amino
acid-activating modules is consistent with its ability te synthesize atroviridins. Matrix-assisted laser desorp-
tion ionization-time of flight mass spectrometry of surface-grown cubtures of H. afroviridis showed that no
peptaibols were formed during vegetative growth, but a microheterogenous mixture of atroviridins accumu-
lated when the colenies started fo sporulate. This correlation between sporulation anid atroviridin formation
was shown to be independent of the pathway inducing sporvlation (i.e,, light, mechanical injury and carbon
starvation, vespectively). Atroviridin formation was dependent on the function of the two blue lizht regulaters,
BLR1 and BLRZ, under some but not all conditions of sporvlation and was repressed in a pkr! (regulatory
subunit of protein kinase A) antisense strain with constitatively active protein kinase A. Conversely, however,
loss of function of the Ga-protein GNA3J, which Is a negative regulator of sporulation and leads to a
hypersporuiating phenotype, fully impairs atroviridin formation. Our data show that formation of atrovividin
by H. atroviridis occurs in a sporulation-associated manner but is uncoupled from it at the stage of GNA3.

Peptaibiols, a class of linear peptides of fungal origin with 7
to 20 residues, have three structural characteristics: (i) a high
proportion of dialkylated amino acids with an abuodance of
a-aminoischutyric acid {Aib); (i) an N-acyl (usually acetyl)
terminus; and (it} a C-terminal amino alcohol, such as pheny-
lalaninoi or leucinol. Peptaibols naturally occur as mixtures of
isoforms, and more than 300 sequences are now known (bttp:
ffwww.crvstbbleacul/peptaibol/home.shtml). They are divided
into three subclasses, which are (i) the long-sequence peptai-
bols such as alamethicins or trichorzianins, which contain 18 to
20 amino acid residues; (if) the short-sequence peptaibols such
as harzianins or zervamicins containing 11 to 16 residues; and
(it} the lipopeptaibols with 7 or 11 residues and whose N
terminus is acyvlated by a short fatty acid chain (e.g., trichogin
A [11, 43]. Peptaibols generally exhibit antimicrobial activity
against gram-positive bacteria and fungi but have also been
implicated in the interaction with marmmalian cells (39). Their
biological activities are believed fo be due to their membrane-

modifying properties and ability to form transmembrane volt-
age-dependent channels (23).

Fungi of the anamorphic fungal genus Trichoderma (Hypo-
creale, Asconveota), which contains cosmopolitan soilborne
fiungh with econontic importance as biocontrol agents (13, 27),
are well known as producars of peptaibols. It has been shown
m vitro that peptaibols act synergistically with the cell-wall-
degrading enzvmes secreted by Thichoderma to mnhibit the
growth of fungal pathogens (22, 32). This antagonism is
thought to be due to the action of the peptaiboels on the mem-
brane of the target fungus, thereby inhibiting membrane-asso-
ciated enzymes invoived in cell wall synthesis.

Despite their attractive potential as antimycotica and their
potential importance in the physiology of the fungus, little
information is available on the physiological and molecular
regulation of peptaibol formation. Such a knowledge would in
turn be a prerequisite to understanding the role of these com-
pounds for the fungus. Like other fungal peptides that are
products of secondary metabolism, peptaibols are synthesized
bv nonribosomal peptide synthetases, and genes encoding the
respective peptaibol synthetases are known from Trichoderma
virens (44, 45y and T. harzianum (42). Tue to the large molec-

* Corresponding author, Mailing address: Technische Universitat
Wien, FB Gentechnik und Angewandte Biochemie, Institute of Cham-

ical BEngineering, Getreidemarkt 3-166, A-1060 Wien, Auvstria. Phone:
{11) 43-1-58801-17250. Fax: (11) 43-1-581-6226. E-mail: ckubicek
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ular mass of the transcript, which makes its mtact isolation
difficult, almost no studies have been carried out on the regu-
lation of tramscript formation. Recently, Vizcaino et al. (42)
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TABLE 1. Comparison of . atroviridis PBS1 to other peptaibol synthases from Trichodenna/Hypocrea

Organism Gene/protein Product name Product lengih Source or reference
H. atroviridis rbsI/PBS1 Atroviridin 19-mer, 20-mer This study
H. virens tex I/ THEXT Trichorzin 18-mer 46
H. jecoring parl/PAR1 Paracelsin 20-mer Unpublished
harl/HARL Harzianin 11-14-mer Unpublished
H i salps2/SALPS2 Trichorzin (7) 18-mer (7) 42¢

“ Only three terminal moduoles were sequenced; however, because of the presence of a C-terminal alcohol debydrogenase domain and the aminoe acid activated by
the last three A domains, its identity as a large peptaibol synthase was concluded (42).

reported that the peptaibol synthetase transcript of 7. harzio-
rum cann only be detected under nitrogen starvation.

In the present study, we used a recently developed method
for studying peptaibol formation from low amounts of fungal
biomass using matrix-assisted laser desorption ionization-time
of flight (MALDI-TOF) mass spectrometry (MS) (25) to in-
vestigate the formation of . groviridis peptaibols. This fungus
Lias been chosen because it is a strong biocontro] agent, and its
peptaibols may play a role in its antagonistic and mycoparasitic
abilities. In order to correctly align the observed masses with
the peptaibols, we have cloned in siico the H. afroviridis pbsl
gene and deduced its protein structure predicting that it pro-
duces atroviridin, Here we show that the formation of atroviri-
din by H. atrovividis occurs by a sporulation-coupled pathway,
whose physiological implications are discussed. In addition, we
show that atroviridios belong to the group of secondary me-
tabolites which require positive regulation by G proteins.

MATERIALS AND METHODS

Nomenclature. The nomenclature for the genes and proweins described here
has been partially revised in order to foliow the recommendations of the con-
sortium annotating the richoderma genomes to follow the Newrospora/pyreno-
mycete nomenclature, and—if already known—-to use the name of the respective
Neurcspora orthologue. Where this led t a change in the name of an already-
cited gene or protein is indicated at the fisst use.

Reagents. 2,5-Diliydroxibenzoic acid from Sigma Chemicals (8t Louis, MO)
was used as matrilx for MALDI-TOF experiments. Trifluorcacetic acid, ethanol,
acetonittile, and methanol from Merck were used as solvents.

Strains and calivre conditions. The wild-type sirains of A afroviridis used
throughout the present study were IMI 206040 and ATCC 74058 (= P1). The
following mutants, prepared from these strains, were used: the blue-light regu-
fator (BLR1 and -2} Ablr-I, and Abi>-2 delta strains {5), the G-a protein GNA-
delta Agnad sttain {= fzad) (48) and stealn AS-phrl, in which the protein kinase
A (PKA) reguiatory subunit (PKR1) gene i inactivated by expression of an
antisense copy (6). With the exception of the pnad strain, which was derived from
H. afroviridis P1, all other muitants were from strain TV 206040, Cultures were
routinely grown at 25°C on malt agar plates. To test the influence of exogenous
cyclic AMP (cAMP; Sigma), cAMP was added to potato dextrose agar cooled o
48°C after autoclaving.

Colonies were induced to conidiate as previously described (5) by exposure 1o
white light {25 wmel photons m ™% s7%; 1,800 Ix). In case of dark-grown cultures,
harvesting was done uander red safety light, which has been shown Lo have o
effect on the fungus for the short period applied (3 to 2 min).

To induce conidiation by carbon starvation, fungal colonies were grown in
darkness for 48 h in MM {1.66 mM MgSQ,, 516 mM K, HPO,, 2.68 mM KCL,
125 mM NH NG, 7.19 oM Fe80,, 693 uM Zn80,, 10.1 pM Mnll), 111 mM
glucose (8), and a piece of agar with mycelium and then transferred to glucose
free MM mediom and allowed to grow for a fuither 24 h in either complete
darkness or under illumination. For injury-induced conidiaticn (6}, fungal colo-
nies were grown in total darkness at 25°C for 72 h, cut in strips with a scalpel, and
incubated for an additional 24 h in the dark at 25°C.

Extraction and preparation of mycelia for MALDI-TOF analysis. A few mi-
crograms of fungal mycelia, corresponding to 5 mm® of the edge of the colonies,
were suspended in acetonitrile-methanol-water (1:1:1), and 1 pl of the suspen-
sion was directly spotted onto target wells of 2 100-position sampie plate and

immediately mixed with 1 pl of marix solition (10 mg of 2,5-dihydroxybenzoic
acid/ml in acetonitrile-methanol-water {1:1:1] and 0.3% wifluoroacetic acid). The
sampie matrix mixture was allowed to air dry prior to analysis. Alternatively,
freeze-dried mycelium obtained from shaken culwires or fungi grown on plates
was homogenized m 60% ethanol and centrifuged. Then, 3 pi of the protein
solution was spotted onto a MALDI target plate and mixed with matrix

M5 analysis of low-moleoslar-mass peptides. Measurements were performed
in the delayed extiaction mode, aflowing the determination of monoisotopic
mass values. A low mass gate of 300 Da improved the measurement by filiering
out the most intensive matriy jons. The mass spectrometer was used in the
positive ion detection and reflector mode.

Semignantitative analysis of peptaibol formation. Because the biomass weight
of the part of the fungal colony that was prepared for analysis could not be
measured, the values obtained cannot be related to the biomass amount, aad the
method therefore does not allow a quantitative analysis. Consequently, only very
stong differences (present versus nol Present or present versus almost not
presenty were considered relevant and used for the interpretation of resuiss.

Bioinformatic metheds, A full-length copy of H. atroviridis phsl was identified
in its genome sequence by TBLASTN search with the T. wirens pbs gene as a
probe. The amino acids activated by individual ATP-binding {(amine acid acti-
valing)-domains were identified by neighbor joining (NJ) analwis (MEGA 3.1)
(20) of individual A domaliis of H. atroviridis pbsl and those from 7. virens (44),
T. herziorwm (42), and AL jecorina (T, reeset [unpublished data]) (Table 1). For
this purpose, the amine ackd sequences were aligned with CLUSTAL X, the
alignment was manually improved in GENEDOC and then exported to MEGA
3.1. The NJ tree was constructed with 1,000 bootstrap replicas.

RESULTS

In silico charactevization of the H. atroviridis 19-residue
peptaibol synthetase and fts putative product. Using the T
virens tex! sequence as a query in TBLASTN, we identified a
continuous open reading frame in the genome sequence of I,
atroviridis IM1 200040, which, when translated, would give rise
to a 21,87%-amino-acid (aa) protein. This deduced polypeptide
conststs of 19 complete peptide synthetase modules and the
respective additional acetyltransferase and alcohol dehydroge-
nase domains at the N and C termini of the predicted protein
(Fig. 1a), thus clearly identifying it as a peptaibol synthetase. It
is the only large peptaibol synthase gene in the genome of H.
atroviridis. The genes flanking pbsi in H. atroviridis are shown
in Fig. 1b: the immediate downstream region contains se-
quences putatively encoding proteins similar to 8. cerevisize
Reglp and an N. erassa calciumy/proton exchangear in the same
order and crientation as immediately downstream of T. virens
text and T. harzianum salps2 (42, 46) (Fig. 1a). The upstream
region contains genes encoding proteins of the cytochrome
P450 subfamilies and a prenyltransferase (Fig. 1). Both genes
are also found i the same orientation upstream of the harzi-
anin synthetase gene of . jecoring (unpublished data) but are
absent from the 5' Hanking area of 10 virens tex]. In fact, these
two genes occur at two different scaffolds of the T. virens
genome database (scaffolds 6 and 17), which are both different
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from that containing tex! (scaffold 12 [unpublished datal).
These comparisons show that the locus encoding the large
peptaibol synthetases in Trichoderma apparently underwent
major reorganization during evolution.

Peptide synthetases consist of a conserved iteration of mod-
ules, each consisting in 5—3 order of an ATP-binding domain,
an amino acid thicesterification domain, and a condensation
domain (37). Therein, the ATP-binding domains specify the
substrate specificity and thus the sequence of the formed pep-
tide. In order to predict the latter, we first performed a phy-
loge netic analysis of all 19-aa activating domains and corre-
sponding domains identified in 7. virens TEX1 and H. jecorina
paracelsin and harzianin synthetases (PAR1 and HARI, re-
spectively; H. von Ddhren et al, unpublished data) for which
the amino acid sequences of the respective peptaibol products
are known (Table 1). The rationale for this was the hypothesis
that domains activating the same amino acid may be more
similar to each other within different 7richoderma spp. than to
other domains of the same protein. The resulting tree (Fig. 2)
verifies this hypothesis in part: there are consistent and well-
supported clades for the P-and Q-activating domains, and—
albeit poorly resolved at the central nodes—several terminal
clades for Aib and Ala. However, a number of clades were
mixed. We also noted that domains which activate the same
amine acids but are close to either the N or the C terminus of
the resulting peptaibol consistently formed different clusters.
This analysis allowed some identification but left several do-
mains unidentified.

Therefore, the domains were further analyzed with respect
to the presence of the signature sequences proposed by Stach-
elhaus et al. (38) and Challis et al. (7). For this purpose, we

compared them to those present in H. jecorina PAR] because
the respective paracelsin is structurally most similar to atro-
viridin (Table 2) (25). Modules putatively acting on the same
aa indeed showed conserved signature sequences, differences
often being only conserved changes (e.g, L—+V). Based on
these combined analyses in Fig. 2 and Table 2, the peptaibols
“encoded” by H. atroviridis would be compatible with that of
atroviridins from a bona fide strain of H. atrovividiz (26), Ac-
UPUAQUVUGLUPVU{U/JQQF-OH, with the exception
that the TJ between A4 and Q5 is missing.

Identification of atroviridins formed by H. afroviridis. In
order to compare the structure of the peptaibols putatively
formed by PBS1 to those actoally formed by H. atroviridis IMI
206040 and P1, we used MALDI-TOF analysis of surface-
grown cultures of H. atrovizidis. The rationale for this was that
a review of the literature about peptaibol formation by Tri-
choderma revealed that most rescarchers have used either sur-
face cultures or submerged cultures, to which solid compo-
nents had been added (19). The results from such an
experiment, which yielded consistent results for both strains,
are shown in Fig. 3: as long as the culture of 7. airoviride was
in the state of vegetative hyphal erowth, no peptaibol forma-
tion was detected (data not shown). However, as soon as the
fungus started to sporulate, peptaibol formation was evident by
the observation of a characteristic island of several mass peaks
in the range of 1,935 to 2,010 Da. Table 3 compares the masses
of these peaks with those of atroviridins and neoatroviridins of
H. atrovinidis: the main peak at m/z 1,963 corresponds to pro-
tonated atroviridin A. Masses at 1,920 and 1,934 correspond to
atroviridins A and B without the Aib in position 6 and for
which the respective module is missing in PBS1. Masses at
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FIG. 2. Phylogenetic relationships of the different adenylation do-
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the positions of the respective modules in the protein, but in addition
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1,949, 2,003, and 2,017 may represent new atroviridin variants
because they can be explained by the loss or gain of one or two
methylene groups from atroviridin A, respectively. While the
identification of all of the components of the peptaibol mixture
was beyond the scope of the present study, these findings
confirm that this “mass island” corresponds to the atroviridins
and that both the 20-residue and the 19-residue peptaibols
(which would correlate with the module structure) are detect-
able. We have thus taken the abundance of this peak island,
which did not change in its shape (i.e., ratio of individual peaks
to each other) throughout this investigation as a semiqualita-
tive measure (see above) for the formation of peptaibols.

Peptaibol formation depends on the BLRI and BLR2 pro-
teins and is stimulated by light. Since atroviridin formation
was only detected under conditions of conidiation, we investi-
gated this in more detail. The process of conidiation by fungi is
subject to several regulatory influences (47), and the correla-
tion observed above may therefore be simply coincidence, ie.,
independent regulation by the same physiological event, or due
to a common signal upstream of the conidiation event. We
therefore investigated whether different me thods for promot-
ing conidiation would always correlate with peptaibol forma-
tion or whether the latter specifically occurs only under one of
these conditions. As a first condition, we chose white light,
which is known to trigger photoconidiation in /7. atroviridis via
the function of the blue light regulator proteins BLR1 and
BLR2 (5). Figure 4ashows that the triggering of conidiation by
light was indeed paralleled by a strong accumulation of pep-
taibols, and only traces were seen in dark cultivated cultures.
The latter may have been due to some sporulation, since they
were completely absent in a parallel set of experiments (data
not shown). This accumulation was completely blocked in the
bir! and bi»2 delta mutants. These data indicate that peptaibol
formation under conditions of light-induced sporulation de-
pends on the BLR1/2 proteins.

Starvation-induced sporulation triggers peptaibol forma-
tion independently of light and the BLR proteins. Another
universal inducer of conidiation in fungi is nutrient starvation,
and we therefore tested whether the accumulation of peptai-
bols would also be stimulated under these conditions. Figure
4b shows that carbon starvation indeed led to the accumulation
of peptaibols and that under these conditions the accumulation
was independent of the b#! and bi+2 genes and, consistent with
this, was also independent of light. This would in theory be in
contrast to previous reports that carbon deprivation-induced
sporulation depends on the BLRIBLR2 proteins {6). How-
ever, more recent data have shown that the BLR1/2-depe ndent
response 1s only observed when cultures are subjected to a
starvation for not more than 12 h and absent during incubation
under starvation conditions for a longer time (A Herrera-

vated amino acid, When more than a single amino scid is given (linked
by an asterisk [*]), this indicates that the module accepts more than a
single amino acid. The tree was constructed by NT analysis, using 1,000
bootstrap replications, whose statistics (percentage of oceurrence of
the branch in 1,000 trees) are given at the respective nodes. The
bracket summarizes all branches leading to modules involred in ad-
enylation of n-aminoisobutyric acid.
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TABLE 2. Signature sequences of the A domains of FL etroviridis PBS1 compared to . jecorina PARID?

Signature az at position:

Domain Activated aa
235 236 239 278 299 301 322 330 331
Al Aib L L G Y L A G v E
A2 Pro D 1 L T C A L I C
v i g
A3 Alb L v k¢ B L A €3 ¥ E
1
Ad Ala D L O F L A O Y F
v ¥ i
A4 Aib D M G B 1 A G N4 v
1 1 f
A5 Gin D €3 g M ¥ G o N X
Ab Adby L L g X ¥ A a X E
A7 Val D A F L L G I ¥ A
i g i
AB Aib D L G Y L A €3 C E
v
AD Gly L A% k€3 Y L M A N4 L
i f
AlD Leu D ¥ 5 Y L G A v M
1 f g v
All Aib L L k& i) L A G ¥ E
AlZ Pro b ¥ L b < G L L c
Al3 Val D A A L A% \'% (&3 ¥ T
g m i i
Ald Alb L L g B L A L€} \4 E
AlS Aibflva D M G w M G L¢3 Y I
f a v
Al Gin i) g G M ¥ G €3 N X
Al7 Gin L c k&3 M I G €3 N X
v
AlS Fhe D A A I 1. v o 4 G
f 1 m

% Challis et al (7). Identical signature amino acids are underlined. If the corresponding signature amino acid is different in PAR1, the respective amino acid is
indicated by a lowerease letter below that of PBST. Since no activation dowain for leucine (A10) is present in PARY, its signature was taken from TEX1, and wdentical

amino acids are indicated in boldface to ilhustrate this difference. aa, amino acids.

Hstrella, unpublished data). The present data therefore show
that the response to light observed above (Le., peptaibol accu-
mulation and dependence on the BLR proteins) is due to its
sporulation-associated nature and not because of a direct reg-
ulatory role of the light triggering signal cascade on peptaibol
synthetase.

Induction of conidiation-associated peptaibol formation by
mycelial injury is light dependent but BLR independent. As a
third, independent approach to study the correlation of pep-
taibol formation with conidiation, we used mechanical stress
(injury with a scalpel (see reference 5) of the mycelia. This
conidiation pathway has also been shown to be independent of
the BLR proteins (5), and consequently there is also sporula-
tion in the darkness. Interestingly, however, peptaibol forma-
tion under these conditions in H. afroviridis was completely
dependent on the presence of light, and virtually no peptaibols
were detectable in its absence in spite of sporulation; essen-
tially the same findings were also observed in the byl and blr2
mutants {data not shown). While this is consistent with the
above findings that injury-promoted comidiation is BLR mde-
pendent, it documents that there is also a BLR-independent
pathway of stimulation of peptaibol formation by light under
stress.

The hypersporvlating H. arroviridis delta-gnz3 mutant is
defective in peptaibol formation. Conidiation in Neurospora

crassa is negatively regulated by the Ga-protein Gna3 (17), and
consistent data have also been reported also for H. atroviridis
(48). Consequently, a gre3-delta mutant leads to hypersporu-
lation. We wondered whetber this mutant would consequently
overproduce peptaibols. However, in contrast to these expec-
tations, the results shown in Fig. 5 document that this mutant
is almost completely impaired in peptaibol formation and that
this impairment is apparent under all conditions tested above,
ie., light, carbon starvation, and mechanical injury, while the
hypersporulating phenotype indeed formed under all of these
(with the exception of stawvation) conditions. As has been
reported previously (48}, the addition of exogenous cAMP (1
and 5 mM) did not alter the slowly growing, hypersporulating
phenotype of the mutants. We therefore tested whether the
addition of cAMP would rescue peptaibol formation in these
mutants, but we found that this also was not the case {data not
shown). Consequently, these data imply that peptaibol forma-
tion is positively controlled by GNAS3 via a pathway that must
be different from that repressing conidiation and that this
control overrides the correlation with sporulation.
Constitutive activation of PKA leads to impairment of pep-
taibel formation. [Despite of the lack of influence of addition of
exogenous cAMP, the disparity of the effect of loss of function
of GNA3 on conidiation and peptaibol formation prompted us
to investigate whether the effect on peptaibol formation would
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FIG. 3. Detailed view of a MALDI-TOF mass spectrum from a peptaibol producing sporulating culture of the wild-type strain . atroviridic IMI
206040, grown in the presence of light, The mjr values of the individual peaks are given.

mvolve PKA (PKAL). G-protein-mediated inhibition of sporu-
lation is known to involve the downstream action of PKA (35).
To this end, we used a strain overexpressing the antisense
version of the regulatory subunit of PKAL (6) and whose PKAL
activity is thus constitutively activated. Consistent with what is
known in other funei sporulation in this strain was essentially
absent (see also reference 6). Also consistent with the findings
that the addition of cAMP had no effect, peptaibol formation
was not observed in this strain, irrespective of the conditions
used (light/darkness, mechanical injury, starvation, etc. [data
not shown]). Therefore, the positive action of GNA3 on pep-
taibol formation does not involve PKAL

DISCUSSION

Peptaibols are among the largest peptide-like components
formed by fungi and also have a number of interesting appli-
cations. However, apart of their isolation and chemical char-
acterization, little information has thus far become available
about the reasons for their biodiversity and regulation of for-
mation. Here we used in silico analysis to predict the structure
of the peptaibol synthe tase of H. atroviridis, and we report that

TABLE 3. Interpretation of the H. atrowiridis atroviridin by
MATLDI-TOF analysis

Compound .

mifz value(s) idef_\tity Explanation

1,920 Atroviridin A —Als + H = 1919, position
& deletion

1,934 Atroviridin B -Ala + H = 1933, position
i deletion

1,948 1,949 New atroviridin -CH, (1961 minus 14)

1,983 Atroviridin A {1961y + H = 1962

1,987, 1,988 ?

2,00 ?

2,003, 2,004 New atroviridin +CH,, 1939 + 14

2,017, 2,018 New atroviridin +2CH,, 1989 + 28

the formation of the respective peptaibols—atroviridins—par-
tially correlates with sporulation and is GNA3 dependent. To
facilitate the subsequent discussion, these findings and the
interaction of components are summarized in Fig. 6.

Although we have not produced a delta mutant of H. atro-
viridis phbsi, in silico analysis predicts that the respective gene
encodes all of the domains necessary for synthesizing at least
19-residue peptaibols. Amino acid residues 232 to 430 of H.
atroviridis PBS1 showed 52% identity over 80% of the length of
the ketoacyl synthetase domain of H. jecorina PAR1, and res-
idues 431 to 815 were 74% identical over 100% of the length of
the PAR1 acyltransferase domains and were also highly similar
to 70 virens TEX1. These domains therefore encode the pro-
teins acetylating of the peptaibol N terminus. Amine acid res-
idues 22694 to 23110, on the other hand, were 73% identical
over 100% of the length of the alcohol dehydrogenase domain
(pfam00106) of PARI, which is necessary for the reductive
cleavage of the final amino acid to generate the C-terminal
aleohol. The same domain has been found at the same place in
T. virens TEX1 and T. harzianum SALPS2 (42, 46). Therefore,
together with the 19-aa activating, transferring, and condensa-
tion domains, the deduced PBS1 protein theoretically contains
all of the enzymatic activities necessary and typical to produce
peptaibols.

Peptaibols are notoricusly microheterogeneous. Wiest et al.
(46) emphasized that this multiplicity of products is likely a
result of the ability of the activating modules to bind multiple
substrates. Tn addition, this ability may be reflected in different
K, values for different amino acids, because it is known that
the microheterogeneity can be influenced by supplementing
cultures with a specific amino acid, thereby likely incre asing its
intracellular concentration (see reference 19). The possibility
that multiple peptaibol synthetases would be responsible for
generation of this microhe terogenecus mixture has been ruled
out by Wiest et al. (46), who showed that arex! knockoutin T
virens eliminated the formation of all 18-residue peptaibols. In
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FIG. 5. GNAZ3 is required for peptaibol production by H. atrovir-
dis. H. atroviridis P1, and its Agna3 mutant were used. Other symbols
are used as explained in Fig. 4. Only experiments performed with
illuminated cultures are shown since none of the nonilluminated cul-
tures of the deltagna3 mutant showed any peptaibol production. The
range of intensity is 0 to 18,000 to make the traces of peptaibols which
are still formed more visible. The experiment shown is typical for three
independent experiments, whose results were consistent with the data
shown here.

addition, Weiet al. (45) proved that the small 11-14-mer pep-
taibols are products of a second, smaller peptaibol synthase.
Our genome sequence data support such a claim: in fact, pbs!
is the only gene in the H. atroviridis genome that encodes a
peptaibol synthetase consisting of the required number of
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FIG. 6. Schematic summary of the regulation of peptaibol biosyn-
thesis, based on results from the present study. (a) Summary of pep-
taibol formation under the various conditions in the mutants tested. L,
light; D, dark. Strains are abbreviated as indicated in Materials and
Methods. “Y" (yes) indicates peptaibol formation; “N" (no) indicates
no peptaibol formation. Conditions in which peptaibol formation cor-
relateswith sporulation are in white on a black background. (b) Model
for the putative interaction of the factors, as studied here, on sporu-
lation and peptaibol formation. Red arrows indicate signaling mecha-
nisms in which peptaibol formation is uncoupled from sporulation. +,
activation; —, inhibition. The dotted arrow indicates the possibility of
BLR1 and BLR2 action via GNA3 (unpublished data), for which no
evidence is presented here.

modules for synthesis of peptaibols with more than 16 residues
(C. P. Kubicek, unpublished data). Similar findings have also
been made for H. jecorina (H. von Doehren, unpublished
data). However, our data contribute a new aspect on the mul-
tiplicity of peptaibol production: the atroviridins formed con-
tain the sequence Aib5-Aib6-Gln7. while the structure of PBS1
does not contain a second Aib domain preceding the Gln
domain. The only explanation that can be offered for this
finding is that the US module acts twice, forming a hexapeptide
intermediate. Such cases of the iterative use of peptide syn-
thetase modules are known in fungal nonribosomal peptide
synthetases (43) but have thus far not been reported for pep-
taibol synthetases. Our data suggest that this could be a further
mechanism contributing to peptaibol heteroge neity.

The phylogenetic analysis, which was performed to identify

FIG. 4. BLR1- and BLR2-dependent formation of atroviridin in H. atroviridis by different sporulation-inducing pathways. Graphs show the
MALDI-TOF spectra of cultures of the wild-type strain (IMI), the delta-blr! mutant strain (bi1), and the delta b%#2 mutant strain (6%#2) under
illumination (L) and in darkness (D) on ME agar (a), under conditions of starvation (S) (b), and under conditions of mechanical injury (i) (c). See
Materials and Methods for details. The ranges of the intensity of the MALDI-TOF spectra were O to 28,000 (a), 0 to 23,000 (b), and O to 25,000
(¢). The insets show photographs of the respective cultures immediately before peptaibol extraction. Data consistent with the claims drawn were

obtained in at least one additional, separate experiment.
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the ndividual activating domains, revealed avery high diversity
and, with the exception of the domains specific for Pro, Gln,
Phe, and in some cases Aib, phyvlogeny was unable to predict
the amino acids bound by these moduoles. Similar difficulties
were observed with the signature sequences proposed by Chal-
lis et al. (7} based on a limited set of domains. This high amino
acid diversity contrasts with that of the otherwise rather highly
conserved transfer and condensation domains (>80% iden-
tity). This and the fact that some of the modules activating the
same amino acid (e.g.. Aib or Ala) occur in different clades of
the NJ tree suggests a history of gene duplication and a high
mutation rate that ultimately leads to an alteration of the
substrate specificity. In addition, the fact that the pbsi locus
has only partially maintained synteny in Trichoderma suggests
the possibility of recombination as an additional origin of the
diversity of peptatbols in this fungal genus.

The pbsi mRNA, inn a stretched forn, must be about 10 pm
long, and it was already emphasized (46) that the mechanism
for the transcription of such large mRNAs in eukaryotes is
unknown, and the correlation between transcript abundance
and expression level is questionable. Therefore, rather than
quantifymg the pbs! transcript, we used MALDI-TOF M5
identification of the peptaibols as a means to learn about their
regulation of formation. Also, the MALDI-TOF procedure has
the advantage that it allows the analysis of a very small part of
the growing colony, thereby ensuring the analysis of a homog-
enous fungal tissue. Unfortunately, # also has the drawback
that zbsolute quantification is impossible since the weight of
the fungal material that was extracted could not be deter-
mined. Consequently, only extreme changes {present or not
present) are used for interpretation. However, using this semi-
quantitative approach, we could show that the formation of
“long” peptatbols by the wild-type of £, atroviridis is associated
with conidiation. Such an association is not without precedent:
as an exatnple, sporulation-deficient mutants of Aspergiilus spp.
(2), Claviceps purpurea (28), or Fusarium veriicillivides (34}
have also been shown to be defective in the production of their
respective secondary metabolites. Calvo et al. (4) grouped sec-
ondary mefabolites associated with sporulation info three
broad categories: (i) metabolites that are required for the
sporulation process (for example, the sporulation-activating
linoleic acid-derived compounds produced by A. nidulans) (8-
10), (ii) metabolites that are required for sporulation struc-
tures (for example, pigments such as melanms, which are re-
quired for the integrity of sexual and asexual spores) {1, 15),
and (i) metabolites that are toxic and whase formation coin-
cides with the approximate time of sporulation (for example,
the bicsynthesis of mycotoxins) (14, 41). Based on their fungi-
cidal action, peptaibols would fit into the last group. However,
an important difference is that they are not secreted but remain
hound to the spores of Trichoderma. So could they be impor-
tant for sporulation in the sense of groups i and ii listed above?
Peptaibol synthetase-delta mutants of 7. virens (46} and of T.
harzigrum (D. Keszenman-Pereyra et al, unpublished data)
still spoerulate, so the answer would be no. However, both the
1. harzianum and the T. vivens delta mutants still form the
11-14 residue peptaibols (46; Keszenman-Persyra et al., un-
published), and they could compensate for the loss of forma-
tion of the 18- to 20-residue peptaibols. In addition, the pep-
tatbols might have subtle effects on sporolation that escape
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nspection of the morphology only. For example, they are
known to function as voltage-gated membrane channels, pri-
marily transporting K* (11, 12, 18, 33), which could be impor-
tant for ion transport and/or homeostasis during sporulation.
In fact, gramicidin, another ion channel-forming peptide anti-
biotic, induces sporulation in its producer Bacillus subtilis (24,
29). The necessity for the presence of specific membrane chan-
nels in fungal spores has recently been stressed by Sidoux-
Walter et al. (36), who showed that sporulation in S, cerevisize
is accompanied by the expression of a specific aquaporin,
which is responsible for water ovtflow from spores. Thus, in
analogy, one could speculate that the peptaibols are mportant
for K™ and other moneovalent cation homeostasis duriog the
conidiation of Trichodeyma. We have been unable to find s
report describing the effect of peptaiboels on the producer or-
ganisms, which in the light of the present findings clearly war-
rants investigation.

Sporulation of H. atrovividis is dependent on light (4, 6), and
it was therefore not unexpected that the formation of a
conidiation-associated secondary metabolite would conse-
quently respond to light as well. However, the present data
show that the relationship between light and peptaibol forma-
tion is more complex: the fact that mechanical injury can over-
ride control by BLRY and -2 but is still affected by light G.e., no
peptaibol formation was observed in the dark, despite sporu-
lation) suggests that there is a second, light-dependent mech-
anism that is essential for peptatbol formation. The occurrence
of light stimulation of gene expression by an BLRI and two
independent pathways in H. atroviridis has been recently shown
(31}, and it is possible that this pathway may contribute to
peptaibol formation under conditions of mechanical injury-
induced sporulation.

The G-protein signaling pathway has been shown to be in-
volved in the control of secondary metabolism and conidiation
n Aspergilius species, particularly in A. nidulans (4), but there
is also evidence indicating the regulation of trichothecene pro-
duction in Fuserivm (40) and y-pentylpyrone formation in H.
atroviridis (30) by a similar pathway. Interestingly, not all ef-
fects of G proteins (as would be expected from a sporulation-
associated process) are negative: while n A. riduiens the dom-
inant-activating fadd4d“** allele represses conidiaticn and
sterigimatocystin biosynthesis, it stimulates penicillin biosyn-
thesis at the same time (4). Introduction of the faedd " allels
nte F. sporotrichioides results m reduced conidiation but n-
creased trichothecene production (40). It is also worth noting
that all of the reports on a role of G proteins fn fungal sec-
ondary metabolism were done with the Aspergilfus G-protein
FadA or its Trichoderma orthologne TGATL (GNAT). In con-
trast, the present study was undertaken with another G pro-
tein, GNA3. Although both GNA1 and GNAS3 (previously
termed TGA3 [48]) are negative regulators of conidiation mn F
atroviridis (30, 48), N. crassa GNAL is regulated by the trans-
membrane receptor protein GPR-4, which is responsible for
carbon source signaling (21). The receptor to which GNA3
binds is not known yet. Thus, our data show that not only
FadA/GNAL mediate secondary metabolism, but at least
GNA3J also does so. [t is tempting to speculate that all G
proteins might be able to regulate secondary metabolism, be-
cause null mutants in all of them affect sporulation (16). This
is understandable i view of the multiple signals (pH, sugar,
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nitrogen content, light, and many others) that determine
whether a fungal cell can maintain a vegetative mnode of growth
or whether it is advisable to conidiate.

The subsequent steps required for triggering of peptaibol
formation by GNA3 are vnclear. H this occurred via activation
of adenylate cyclase and thus the formation of cAMP, one
would assume that the H. atroviridis strain harboring the anti-
sense gene for the regulatory subunit of PKA and thus bearing
a constitutively active PKA would overproduce peptaibols.
This was shown not to be the case, and indeed, at the level of
PKA, peptaibol formation again strictly correlated with sporu-
lation and was therefore absent in the PKA-overproducing
mutant. The finding of loss of sporulation is consistent with the
hypersporulating phenotype of the delta-gna3 strain and sug-
gests that the pathway triggering sporulation m H. atroviridis 13
subject to a negative contrel by a G-protein/PKA pathway
similar to that in A, nidulans (35). Hence, the positive effect of
GNA3 on peptaibol biosyathesis must involve another signai-
ing pathway for which, thus far, enly the requirement for
GNA3J is known.
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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 402C).
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 372C. 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, Ddczi 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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The common soil fungus Trichoderma (teleomorph Hypocrea, Ascomycota) shows increasing
medical importance as an opportunistic human pathogen, particularly in immunecompromised and
immunosuppressed patients. Regardless of the disease type and the therapy used, the prognosis
for Trichoderma infection is usually poor. Trichoderma longibrachiatum has been identified as the
causal agent in the majority of reported Trichoderma mycoses. As T. longibrachiatum is very
common in environmental samples from all aver the world, the relationship between its clinical and
wild strains remains unclear. Here we performed a multilocus {ITS1 and 2, teff, cal? and chit18-
5) phylogenetic analysis of all available clinical isolates (15) and 36 wild-type strains of the fungus
including several cultures of its putative teleomorph Hypocrea orientalis. The concordance of
gene genealogies recognized T. longibrachiatum and H. orientalis to be different phylogenetic
species, which are reproductively isolated from each other. The majority of clinical strains (12)
were attributed to 7. fongibrachiatum but three isolates belonged to H. orientalis, which broadens
the phylogenetic span of human opportunists in the genus. Despite their genstic isolation, T.
longibrachiatum and H. orfentalis were shown to be cosmopolitan sympatric species with no bias
towards certain geographical locations. The analysis of haplotype association, incongruence of
tree topologies and the split decomposition method supported the conclusion that H. orientalis is
sexually recombining whereas strict clonality prevails in T. fongibrachiatum. This is a rare case of
occurrence of sexual reproduction in opportunistic pathogenic fungi. The discovery of the different
reproduction strategies in these two closely related species is medically relevant because it is
likely that they would also differ in virulence and/or drug resistance. Genetic identity of
environmental and clinical isolates of T. fongibrachiatum and H. orientalis suggests the danger of
nosocomial infections by Hypocrea/Trichoderma and highlights the need for ecological studies of
spore dispersal as source of invasive human mycoses.
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Accepted 21 July 2008

INTRODUCTION

Many mould species are capable of causing invasive

increased, due to HIV/AIDS and the use of immunosup-
pressants for organ transplantation and cancer therapies.

mycoses of mammals, including humans, under appropri-
ate conditions, but of the more than one million fungal
species which are estimated to exist in nature, only a few
hundred have been associated with human and animal
diseases {Walsh & Groll, 1999). In the last decade, however,
case reports on infections by common mould fungi have

Abbreviations: TS, internal transcribed spacer; MCMC, metropolis-
coupled Markov chain Monte Carlo; PHT, partition homogeneity test.

Species from the fungal genus Hypocrea/ Trichoderma
{Hypocreales, Ascomycota) have recently also joined this
emerging list of such opportunistic pathogens. Detailed
case reports of Trichoderma infections have been summar-
ized by Kredics et al. (2003). Typically, these include several
isolations from the peritoneal effluent of dialysis patients,
infections of immunocompromised transplant recipients,
and patients suffering from leukaemia, brain abscesses and
HIV {Furukawa et al, 1998; Hennequin et al. 2000; Munoz

2008/021196 © 2008 SGM  Printed in Great Britain
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et al. 1997; Myoken er al. 2002). While Trichoderma isolates
are still not a major threat, they nevertheless pose difficult
diagnostic and therapeutic challenges because (i) without
rapid diagnosis and treatment their clinical manifestations
can be fatal (Seguin er al., 1995; Tanis et al., 1995; Richter
et al., 1999; Chouaki er al., 2002; Myoken et al., 2002; Tang
ef al, 2003), (i) they are difficult to identify by
morphological analysis (Druzhinina et al., 2005), and {iii)
they are resistant to most antifungal agents {Kratzer et al.,

2006).

The sources of human and animal infections by
Trichoderma species, which typically are cosmopolitan
soil-borne fungi frequently found in the rhizosphere or as
endophytes {(Klein & Eveleigh 1998; Harman et al.,, 2004),
are not known at present. Sequence analysis of the internal
transcribed spacers 1 and 2 {ITS1 and 2) of the rRNA gene
duster identified all strains isolated from clinical patients —
with a few exceptions — as Trichoderma longibrachiatum
{Kuhls er al, 1999; Kredics et al., 2003). This taxon usually
represents a common, albeit minor, component of
Trichoderma communities isolated from soil and other
environments { Druzhinina et al., 2005; Kubicek et al., 2003;
Kullnig er al., 2000; Wuczkowski et al., 2003; Zhang et al.,
2005,), but it appears to be more abundant in indoor
environments such as water-damaged buildings or mush-
room farms infected by green mould disease (Thrane et al.,
2001; Hatvani et al, 2007, respectively). Consequently, T.
longibrachiatum has also been detected in sputum and
sinus ethmoidalis of healthy humans (Kredics et al., 2003).

Many facultative pathogenic fungi such as Trichephyton
rubrim, Cryptococcus neoformans and the pathogenic
chytrid Barrachochytritum dendrobatidis have been shown
to be single worldwide distributed clonal lineages {Griser et
al, 1999; Halliday & Carter, 2003; Morehouse et al., 2003,
Zhang et al., 2006). However, some other opportunistic
human pathogenic fungi such as Aspergillus fiomigatus
exhibit both clonal and recombining history {Nielsen &
Heitman, 2007; Pringle et al, 2005). The reproduction
strategy and population structure of T. longibrachiatum has
not been investigated yet. Phylogenetic analyses of
Trichoderma section Longibrachiarwm has been limited to
the sequence of the ITS regions of the rRNA genes (Kuhls
ef al, 1997) and RAPD (random amplified polymorphic
DNA) fingerprinting {Turner et al, 1997), which both
vielded results suggesting clonality for T. longibrachiatum.
However, as the ascomycete Hypocrea orientalis has been
proposed as a teleomorph of T. longibrachiatum {Samuels
er al, 1998), at least some generations of sexual
reproduction should thus be detectable in its population
history.

Knowledge of the population structures of T. lengibrachia-
tum and H. orientalis, their relationship and mode(s) of
reproduction would therefore aid cur understanding of
whether clinical infections are caused by certain lineages
only (i.e. whether they share the same recent ancestry), and
whether the causative agents are present in all or only some

geographical areas. The objectives of this study were
therefore to (i) investigate the phylogenetic relatedness of
a geographically broad sample of T. longibrachiatum and H.
orientalis induding dinical and environmental strains; (ii)
to detect the genetic origins of clinical isolates; and (iii) to
identify the mode of reproduction of these fungi with
special emphasis on that of the clinical isolates.

METHODS

Material studied. The strains, their origin and the sequences used in
this work are listed in Table 1. The isolates are stored at —80 °C in
50% glycerol in the laboratory of Vienna University of Technology
{TU Wien). Strains are grouped according to their identification in
the present work. For convenience, TU Wien collection codes
{C.P.K.) are used for the strains throughout the work, but other
collection numbers are also listed in Table 1.

DNA extraction, PCR amplification and sequencing. Mycelia
were harvested after 2—4 days growth on 3 % malt extract agar (MEA}
at 25 °C and genomic DNA was extracted using the Qiagen DNeasy
Plant Maxi kit following the manufacturer’s protocol. Amplification of
the nuclear rRNA gene cluster, containing ITS1 and 2 and the 5.88
rRNA gene, and of a fragment of the endochitinase gene chii8-5
(formerly named ech42)} was done as described previously {Komon-
Zelazowska et al., 2007). The fourth large intron of tef! (translation
elongation factor 1-o) was amplified using primers EF1-728F (5'-
CATCGAGAAGTTCGAGAAGG-3") and TEF1-LLErev (5'-AACTT-
GCAGGCAATGTGG-3") (Jaklitsch et al., 2006), and a fragment of call
{calmodulin) using primers CAL-228F (5'-GAGTTCAAGGAGGCC-
TTCTCCC-3') and CAL-737R (5'-CATCTTTCTGGCCATCATGG-
37) (Chaverri et al., 2003). Purified PCR products for I'TS1 and 2, tefl,
cull and chit18-5 were subjected to automatic sequencing at MWG
{Martinstied, Germany). NCBI GenBank accession numbers of the
corresponding sequences are given in Table 1.

Sequence analysis. DNA sequences were aligned with CLUSTAL X
1.81 {Thompson et al,, 1997) and then visually edited using GeneDoc
2.6 (Nicholas & Nicholas, 1997). The possibility of intragenic
recombination, which would prohibit the use of the respective loci
for phylogenetic analysis, was tested by linkage-disequilibrium-based
statistics as implemented in DnaSP 4.50.3 (Rozas et al,, 2003). The
neutral evolution of coding sequences {call and chil8-5) was tested by
Tajima test implemented in the same software. The interleaved
NEXUS file was formatted using paup*4.0b10 (Swofford, 2002) and
manually formatted for the MrBayes v3.2 program (Ronquist &
Huelsenbeck, 2003). The best nucleotide substitution model for each
locus was determined using jMODELTEST {Posada, 2008). As Akaike
and Bayesian information criteria [AIC (Akaike, 1974) and BIC
{Schwarz, 1978), respectively] selected different nucleotide substi-
tution models for every locus and due to the relatively small size of
individual datasets (731 characters per 51 sequences for the biggest)
the unconstrained GTR 41+ G substitution model was applied to all
sequence fragments (Table 2). Metropolis-coupled Markov chain
Monte Carlo {(MCMC) sampling was performed with two simultan-
eous runs of four incrementally heated chains that performed either 1
or 3 million generations. The length of run {number of generations)
for each dataset was determined using the awTy graphical system
{Wilgenbusch et al, 2004, online at http://ceb.csit.fsu.edu/awty) to
check the convergence of MCMG; all analyses were repeated at least
twice. Bayesian posterior probabilities (PP} were obtained from the
50 % majority rule consensus of trees sampled every 100 generations
after removing the first trees using the ‘burn’ command. The number
of ‘burned’ generations was determined for every run based on visual
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‘g Table 1. Clinical and environmental strains of Trichoderma, their origin, and NCBI accession numbers of corresponding sequences
El
t;% Species TU Wien Alternative strain nos Substratum Country ITS1 and 2 tefl chilg-5 call
= identifier*
g
; Trichoderma CPK. 1254 CBS 818.68, DAOM  Mud in creek Ohio, USA EU401556 EU401591 EU401511 EU401459
3 longibrachiatum  ex-type 167674
=) C.P.K. 1685 UAMH7955 Human sinus NA AY328040 EU401596 EU401516 EU401464
C.P.K. 1686 UAMH7956 Lung tissue of a bone marrow NA AY328041 EU401597 EU401517 EU401465
transplantation patient
C.P.K. 1687 UAMH 9515 Peritoneal effluent NA AY328035 EU401598 EU401518 EU401466
C.P.K. 1689 ATCC 201044 Neutropenic child Texas, USA AY585879 EU401600 EU401520 EU401468
C.P.K. 1690 ATCC 208859 HIV-positive patient Texas, USA AY328042 EU401601 EU401521 EU401469
C.P.K. 1691 CBS 446.95 Lung tissue Vienna, Austria AY328039 EU401602 EU401522 EU401470
C.P.K. 1692 1P 2110.92 Lung and heart of bone marrow Villejuif, France 781902 EU401603 EU401523 EU401471
transplantation patient
C.P.K. 1693 CNM-CM 382 Peritoneal fluid of CAPD¥ patient Las Palmas, Spain AY328034 EU401604 EU401524 EU401472
C.P.K. 1695 CNM-CM 1798 Blood culture of patient with liver Spain AY920396 EU401605 EU401525 EU401473
transplant
C.P.K. 1696 CNM-CM 2171 Foot skin of premature infant with Spain AY920397 EU401606 NA EU401474
subcutaneous lesions
C.P.K. 1697 CNM-CM 2277 Sputum of tuberculosis patient Spain AY920398 EU401607 ~ EU401526  EU401475
C.P.K. 2882 SeMC IM3 Sinus lavage sample of a rhinosinusitis ~ NA EU401576 EU401627 EU401546 EU401495
patient
C.P.K. 2879 5zMC Thg ‘Water-damaged building Finland EU401573 EU401624  EU401543  EU401492
CP.K. 1698 CNM-CM 1698, IMI Biocontrol strain Spain AY585880 EU401608 EU401527 EU401476
297702
C.P.K. 2058 SeMC 3102, B17 Agaricus compost Hungary WA EU401620 EU401539 EU401488 e
C.P.K. 850 Y 20, CBS 115341 Loamy sand, guava plantation Alexandria, Egypt EU401555 EU401590 EU401510 EU401458 s
C.P.K. 1749 DAOM 251259 Sandy soil, parkland Kigali, Rwanda EU401562 EU401611 EU401530  EU401479 g
C.P.K. 1750 DAOM 231258 Sandy soil, parkland Kigali, Rwanda EU401563 EU401612 EU401531 EU401480 g
C.P.K. 2056 SeMC 3001, A35 Pleurotus cultivation substratum Hungary EU401569 EU401619 EU401538 EU401487 P
CP.K. 624 TUB E-363 Soil Lisbon, Portugal EU401551 EU401582  EU401501 EU401449 5'5{
CPK. 45 IMI 297702 Soil Egypt NA EU401578 EU401497  EU401445 @
C.PK. 848 Y 17, IMI 155340 Clay, under orange tree El-Mansura, Egypt EU401553 EU401588 EU401508 EU401456 8
CP.K. 1889 PPRC 83 Red soil, coffee-growing region Ethiopia EU401567 EU401617 EU401536 EU401485 S
CP.K. 1301 IMI 287096 Unknown India EU401559 EU401594 EU401514 EU401462 g
CP.K. 1303 IMI 291914 Unknown Antarctica EU401560 EU401595 EU401515 EU401463 X
C.P.K. 2062 CECT 2412 Mushroom compost Wales, UK EU401572 EU401623 EU401542 EU401491 3
CP.K. 2059 SzMC 3103, B19 Agaricus compost Hungary EU401570 EU401621 EU401540 EU401489 i
CP.K. 1707 Soil Kazan, Russia EU401561 EU401610 EU401529 EU401478 5
C.PK. 680 TUB F-828 Flower soil Mexico City, Mexico AY857122 EU401583 EU401502 EU401450 §
C.P.K. 1890 PPRC 58 Red soil, coffee-growing region Ethiopia EU401568 EU401618 EU401537  EU401486 g
c; C.PK. 710 TUB F-1036 Soil in artificial rain forest Mexico City, Mexico AY857241 EU401586 EU401506 EU401454 2
P C.PK. 1815 PPRC |9 Red soil, coffee-growing region Jimma, Ethiopia EU401564 EU401613 EU401532 EU401481 k]
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Species TU Wien Alternative strain nos Substratum Country ITS1 and 2 tefi chil8-5 call
identifier”
C.P.K. 842 Y 11, CBS 115338 Sandy loam, clover field El-Minia, Egypt EU401552 EU401587 EU401507 EU401455
C.P.K. 849 Y19 Loamy soil, wheat field El-Kharga, Egypt EU401554 EU401589 EU401509 EU401457
CP.K. 42 IAAL Tea plantation Kenya EU401547 EU401577 EU401496 EU401444
Hypocrea C.P.K. 166 G.].S. 88-81, ATCC  Stump at burn site Yunnan, China EU401550 EU401581 EU401500 EU401448
orientalis ex-type 90550
C.P.K. 704 TUB F-1023 Soil Iguazo Falls, Argentina  AY857238 EU401585 EU401505 EU401453
C.P.K. 1294 G.J.S. 91-157 Mud, Hoeloch caves Switzerland EU401558 EU401593 EU401513 EU401461
C.P.K. 109 PPRI 3894 From moss in the Black Forest South Africa EU401548 EU401579 EU401498 EU401446
C.P.K. 1699 CECT 2606, IMI Soil Kenema, Sierra Leone X93929 EU401609 EU401528 EU401477
061758
C.P.K. 683 TUB F-831 Soil Costa Rica AYS857225 EU401584 EU401503 EU401451
C.P.K. 688 TUB F-837 Soil 2500 m elevation Costa Rica AY857230 AY857282 EU401504 EU401452
CPK. 112 ICMP 1694 Unknown New Zealand EU401549 EU401580 EU401499  EU401447
C.P.K. 2880 SzMC IM1 Child with acute lymphaoblastic WA EU401574 EU401625 EU401544 EU401493
leukaemia
C.P.K. 2881 SeMC IM2 Stool of a paediatric patient NA EU401575 EU401626 EU401545 EU401494
C.P.K. 1688 UAMH 9573 Peritoneal catheter tip Newfoundland, Canada AY328038 EU401599 EU401519 EU401467
T. sp. PS 1T C.P.K. 1817 PPRC J11 Coffea arabica rhizosphere Jimma, Ethiopia EU401565 EU401614 EU401533 EU401482
C.P.K. 1837 PPRC W4 C. arabica rhizosphere ‘Wellega, Ethiopia EU401566 EU401615 EU401534 EU401483
CP.E. 1841 PPRC H5 C. arabica rhizosphere Harerga, Ethiopia MA EU401616 EU401535 EU401484
H.sp. PS TV CP.K. 1261 CBS 243.63 Under Nothofagus New Zealand EU401557  EU401592 EU401512  EU401460

™A, Not available,

*Bold type highlights clinical strains.

+CAPD, continuous ambulatory peritoneal dialysis.
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Reproductive strategies of two clinical Trichoderma spp.

Table 2. Nucleotide characteristics of loci and parameters of phylogenstic analyses

AIC and BIC, Akaike information criterion (Akaike, 1974) and Bayesian information criterion {Schwarz, 1978) as implemented in jMODELTEST
(Posada, 2008); TIM1 (Posada, 2003) and TIM2 (Posada, 2008), nucleotide substitution models with six free parameters and unequal base
frequencies; TN {Tamura & Nei, 1993), nucleotide substitution model with five free parameters and unequal base frequencies; K80 (Kimura, 1930},
nudeotide substitution model with one free parameter and equal base frequencies; HKY {Hasegawa et al., 1985), nucleotide substitution model with
four free parameters and unequal base frequencies; GTR (Tavaré, 1986}, general time reversible model with eight free parameters; I, proportion of
invariable sites; G, gamma rates; NS, not significant; NA, not applicable.

Substitution models selected by AIC and BIC
MCMC generations, millions

Mean nt frequencies* A/C/G/T
Substitution rates*

TIM2+ G and K80+ G
1

0.24/0.29/0.27/0.20

Parameters of MCMC analysis

TIM1+ G and HKY + G
1

0.22/0.33/0.25/0.20

Parameters Phylogenetic marker
call chil8-5 tefl
Pragment features Exon/intron Exon Intron
No. of sequences 51 50 51
No. of characters 429 731 515
Parsimony informative 31 32 49
Constant 390 663 440

TrN+G and K80
3

No. of chains/Temp. {4} 4/0.2 4/0.2 4/0.2
Sampling frequency 100 100 100
‘Burned’ 300 300 300

0.21/0.32/0.21/0.26

ASC 0.06 0.06 0.78
AG 0.36 85.84 90.40
AT 0.23 011 0.30
CoG 0.08 0.46 0.33
CoT 80.60 7.11 0.51
GoT 1 1 1
ot 0.06 0.06 0.08
Total tree length* 7.05 5.09 6.73
DNA polymorphism analysis
No. of sites excluding gaps and missing data 377 395 445
Segregation sites 32 34 57
No. of mutations, 37 35 58
No. of alleles (haplotypes) 11 9 15
Haplotype diversity 0.83 0.84 0.68
Nucleotide diversity, = 0.01 0.03 0.02
@ per site from n 0.02 0.03 0.03
Neutrality analysis
Tajima test Ns (—1.18, P=0.1} Ns (—1.26, P>0.1) NA

*As estimated after GTR MCMC sampling and buming.

analysis of the plot showing generation versus the log probability of
observing the data. According to the protocol of Leache & Reeder
{2002} PP wvalues lower than 095 were not considered significant
while values below 0.9 are not shown on the resulting phylograms.
Model parameter summaries after MCMC runs and burning first
samplings as well as nucleotide characteristics of the loci used are
collected in Table 2.

Detection of recombination. Recombination within individual
phylogenetic clades was tested by multiple tools. (a) The index of
association (I,), which measures whether the alleles from the different
loci in a population are randomly or nonrandomly associated in the

analysed genomes (Maynard Smith, 1992), and which was computed
by using the linkage disequilibrium (LD) analysis available on the
MLST website (http://linux.mlst.net/link_dis/index.hitm); significance
was gauged from 1000 random permutations of the data. (b} The
partition homogeneity test (PHT) integrated in PAUF*4.0b10
(Swofford, 2002), which estimates the congruence among different
loci datasets { Cunningham, 1997}. For this test heuristic search under
the parsimony optimality criterion was used, parsimony-uninforma-
tive characters were excluded, gaps were treated as missing, and
10000 repetitions were performed. A maximum of 100 trees were
saved to conserve memory. {c} Recombination tests implemented in
the RecombiTEST package available at http://www.lifesci.sussexac.

http://mic.sgmjournals.org
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uk/CSE/test/. {d) The ¢, test (pairwise homoplasy index, Phi} as
implemented in the SplitsTree software (Huson, 1998). (e} Visual
analysis of topologies of phylogenetic trees.

RESULTS

Phylogenetic species in the sample of clinical
Trichoderma strains

Our sample consisted of 51 strains, all sharing the same
sequence of ITS1 and 2 of the rRNA gene duster. The
sequence was identified as the ‘H. orientalis-T. long-
ibrachiatum’ species doublet by the oligonucleotide bar-
code program TrichOKey (Druzhinina er al., 2005; online
at http://www.ISTH.info). Among these strains, 15 were
obtained as clinical isclates. The other 36 were chosen to
cover the broadest possible geographical variability of T.
longibrachiatim including all available strains (7) of its
putative teleomorph H. erientalis. In order to investigate
the evolutionary relations within this sample, we sequenced
three phylogenetic markers used in Hypocrea/Trichoderma:
the long intron of tefi, an intron-containing fragment of
call and a partial exon sequence of chil8-5. Nucleotide
characteristics of these sequences are given in Table 2.

We used Bayesian analysis of the individual gene datasets
to infer a phylogenetic structure (Fig. la—c). Three
statistically supported clades and a single lone branch were
present in the tefl and chil8-5 gene trees (Fig. la, b): the PS
{phylogenetic species) I clade contained more than half the
isolates, including the ex-type strain of T. longibrachiatuns,
clade PS II included the ex-type strain of H. orientalis, all
but one {C.P.K. 1261) of the other strains of H. orientalis,
and three strains originally identified as T. longibrachiatumns;
clade PS III contained three strains isolated from coffee
rhizosphere in Ethiopia. The single strain isolated from the
teleomorph from New Zealand (C.P.K. 1261) formed a
branch with unresolved phylogenetic position within the
dataset studied. Resolution of the call tree {Fig. 1c) was less
clear as no statistical support was detected for clade PS 1,
but its topelogy was in agreement with the other two loci.
The phylogenetic position of strains forming clade PS II in
tefl and chil8-5 trees was not well resclved by call analysis
as C.P.K. 2880 and CP.K. 2881 formed a topologically
separated subclade (but without statistical support) from
other strains of PS II. Positions of C.P.K. 1261 and PS III
on the call tree were concordant with the other two loci.

This analysis shows that the three clades and the single
branch are fully supported in two gene trees, and not
rejected in the third. Thus, at least three clades (PS I, IT and
1) fulfil the two criteria of Dettman er al. (2003) for
multilocus genealogies — i.e. that a clade must be present in
the majority of single-locus trees; and that a clade is reliably
supported by at least one single-locus genealogy and is not
contradicted by any other single-gene tree determined by
the same methods (the genealogical nondiscordance
criterion). Based on the position of the ex-type strains

tor T. longibrachintum and H. orientalis in different clades,
we conclude that clade PS I represents T. longibrachiatum
sensu stricto, and clade PS II consequently represents H.
orientalis. On the other hand, clade PS 1II and C.P.K. 1261
are two as vyet wundescribed species of section
Longtbrachiatum which we will further refer to as
Trichoderma sp. PS (phylogenetic species) III and
Hypocrea sp. PS IV, respectively.

The clinical strains of T longibrachiatum’ were only found
in cdlades PS T {12 strains) and II (3 strains) and thus — in
contrast to what was believed before — belong to two
phylogenetic species {Fig. 1).

Reproductive strategies of T. longibrachiatum
and H. orientalis

In order to test whether the phylogenetically distinct species
T. longibrachiatum and H. orientalis are also separated by a
reproductive barrier, we used the split decomposition
method provided by the SplitsTree {Huson & Bryant,
2006) package. This analysis enabled us to test for the
presence of network relationships within clades PS I, 1T and
I1I, and various dual and threefold combinaticns of them,
using a concatenated dataset of tefl, call and chitl8-5 (Fig.
2a—c). This method presents conflicting phylogenetic data,
presumably arising from recombination, as an intercon-
nected network of lineages. As shown in Fig. 2(a), such a
network was evident between the total dataset (four
phylogenetic species). However, analyses of individual clades
PS T and PS IT documented an almost complete lack of a
network for T longibrachiatum compared to H. erientalis,
which is expected to have sexual reproduction in its life cycle
as several teleomorphs were collected. When the Phi test
(Huson & Bryant, 2006) implemented in the same software
package was applied to various concatenated gene combina-
tions of clades PS I, PS II and PS III, ewvidence for
recombination was obtained for every combination (data
not shown) and also for clade PS 11 {H. orientalis) alone
(¢=0.32, P=0.0005), whereas the possibility of recombina-
tion was rejected for clade PSI(T. longibrachiatum) ($=0.14,
P=0.8). These data indicate that in contrast to H. orientalis,
which represents a sexual population, T. longibrachiatum is
largely cdonal. Strains of PS III could not be analysed
individually because they were too low in number.

The partition homogeneity test (PHT; Huelsenbeck e al.,
1996) was used to examine the congruence between gene
trees. In this test artificial datasets are produced by multiple
(10000) resampling and random swapping of observed
datasets and subsequent construction of maximum-par-
simony trees for every newly sampled ‘gene’ sequence. For
clonally reproducing populations, the sums of the lengths
of the gene trees for the observed and resampled data
should be similar, but under recombination the sums of
the tree lengths should be longer than that for the actual
data because recombination among unlinked sites should
introduce homoplasy into the data. When the whole
dataset was analysed (PS I-1V; call, chil8-5 and tefI) the
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Fig. 2. Reconstruction of possible recombination networks between and within T. fongibrachiatum and H. orientalis by the split
decomposition method applied to the concatenated dataset (tef? + cal? + chi18-5). (a) Total sample with four phylogenetic
species; (b} strains of H. orientalis clade PS5 II; (¢} strains of T, fongibrachiatum clade PS | Gaps were treated as missing
characters throughout. All networks have been calibrated to fit one scale.

actual summed tree length of 189 steps was exactly at the
lowest limit of that produced by any of the 10 000 artificial
datasets { P=0.0003}, and eight steps shorter than 0.95 9% of
them, thus indicating incongruence among the different
gene trees. In order to test whether this topological conflict
appears to be due to incongruence in one particular clade
the PHT was applied to the PS 1 and PS IT clades separately.
In addition, we ran the analysis with and without partition
of the tefl gene, which covers the intron sequence and
therefore may contain homoplasious characters even in
clonal populations, due to high mutation rates. The
corresponding data show (Fig. 3) that there is a
recombination within the PS II H. orientalis dade, the
result being independent of tef! sequences. At the same
time, topologies of call and chil8-5 trees for PS I T.
longibrachiatum are congruent, suggesting the absence of

sexual recombination in this clade (Fig. 3). When tef was
incduded in the PHT of PS I the null hypothesis of
recombination was not rejected (F=0.046).

In order to verify this result by yet further means, we also
used the index of association (IA) test on a subset of ‘clone
corrected’ data (i.e. individuals with identical genotypes at
the three loci were excluded so that each multilocus
genotype was represented only once; cf. Pringle et al,
2005). The data obtained were in accordance with
occurrence of recombination within H. erientalis but not
in T. longibrachiatum and Trichoderma sp. PS 111, as the [A
test did not reject the null hypothesis of recombination in
the former {P=0.462) but did so in the latter two datasets.

Finally, the maximum chi-squared test of Maynard Smith
(1992), linkage disequilibrium (LD} r2 (Hill & Robertson,
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1968}, and LDD' (LD versus distance |DI; Lewontin, 1964}
estimates available on the RecombiTEST webpage (see
Methods) also detected recombination between strains of

H. orientalis, but not in T. longibrachiatum (data not
shown).

Inspection of intracladal structures of H. origntalis on all
trees revealed several conflicts of topologies. Besides the
abovementioned unresolved position of C.P.K. 2880 and
C.P.K. 2881 on the call tree, other strains of PS5 II
aggregated in different statistically supported subclades
which were unique for every locus. Such ‘jumping’
behaviour of individual sequences also suggests the
presence of sexual recombination. No intracladal patterns
were detected for PS I and IIL

Haplotype structure and distribution of clinical
strains within the T. Jongibrachiatum clade

Since the above data showed that T. longibrachiatum behaves
essentially clonally, we now tested whether the clinical
isolates would occupy specific positions in the structure of
clade PS [, ie. whether clinical occurrence would correlate
with specific haplotypes. To this end, we used DnaSP 4.503
to collapse individual sequence alignments to haplotypes,
and then subjected them to statistical parsimony implemen-
ted in TCS (Clement et al., 2000). The results showed that the
haplotype with the highest total numbers of environmental
isolates also contained the majority of clinical isolates.
Haplotypes represented by only a single strain contained only
a few individual clinical isolates, but most of them were
represented by wild-type strains (data not shown).

Biogeography of T. longibrachiatum and
H. orientalis

The distribution analysis of strains from PS5 [ and IT shows
that T. longibrachiatum and H. orientalls are a closely related
pair of cosmopolitan and sympatric species, as both of them
were detected on almost all continents. . orientalis was

frequently isolated from soil or mud samples as the
anamorph, so it is clearly a holomorphic species which
may coexist with T. longibrachiatunt in the same ecosystem.
The only known teleomorph samples of . orientalis have so
far been collected in China, thus malking it difficult to
speculate on climatic preferences for fruit body formation.
Unfortunately the origin of several clinical isolates (6; Table
1} was not available for this study. The other strains were
isolated from hospitals in North America (south United
States and north-east Canada), temperate Europe (central
France and Austria}, subtropical Gran Canaria and contin-
ental Spain. This dataset shows that there is no bias of
clinical strains towards specific geographical location.

DISCUSSICN

This study set out to test the hypothesis that opportunistic
strains of T. lengibrachiatisn may represent specialized
potentially clonal subpopulations within this species. In
that case it would be possible to identify specific genetic
markers for their diagnosis. Availability of such sequences
would enable screening for the source of these infections
and so eventually reduce their clinical appearance. In
contrast, the results from this work provide clear evidence
that not only one but two genetically different species T.
longibrachiatum and H. orientalis infect immunocompro-
mised patients, and that dinical isolates are found in all
gene haplotypes or are predominantly associated with the
major haplotypes of both species. This leads us to conclude
that not a single population of T. lomgibrachiatum is
responsible for opportunistic attack on humans but
presumably every isolate of T. longibrachiatum or H.
orientalis is potentially able to do so. This conclusion is also
supported by phenotype microarray data testing carbon
source utilization profiles of these two species, which failed
to show any statistically supported metabolic difference (L.
Hatvani, L. Kredics & L. 5. Druzhinina, unpublished). It is
further consistent with data obtained from isoenzyme
analysis {Szekeres et al, 2006) and study of mitochondrial
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DNA polymorphism (Antal et al, 2006). We have thus
demonstrated that both species are a potential threat. It is
important to mention that human clinical isolates shared
identical multilocus haplotypes with isolates from soil and
plant materials, and Trichederma invasive mycoses may
therefore be potentially nosocomial.

The finding of this work has important implications also
for the biotechnological use of T. longibrachiatum, because
strains of this fungus have been used as agents of biclogical
control against phytopathogenic fungi (Vizcaino et al,
2005; Sanchez et al., 2007). In the light of the present
results, this application should be abandoned or at least
carefully monitored. Also, T. longibrachiatum has been
reported to be a component of the indoor fungal flora
(Thrane et al., 2001) and has also frequently been isolated
from mushroom farms infected by green mould disease
(Hatvani et al, 2007). We recommend that T. long-
ibrachiatum and H. orientalis are included on the list of
those indoor fungi whose presence is specifically mon-
itored. Primers to be designed for such tests therefore have
to take into account the whole genetic variation within T.
longibrachiatum and H. orientalis, as demonstrated in this
paper. The lower percentage of H. orientalis clinical strains
may be a result of the lower sample size. Interestingly,
clinical isolates in the H. orientalis clade were recovered
during the last 5 years, whereas isolates recovered earlier
were only T. longibrachiatum.

There have so far been no studies dedicated to the ecology
of T. longibrachiatum and H. orientalis. Therefore it is
difficult to trace their preferred ecological niches, which
would aid prediction of the source of Trichoderma
infections. Nevertheless, besides being isolated from
numerous soil samples worldwide, T. longibrachiatum has
been consistently detected in association either with wild
fruiting bodies of the wood-decaying fungus Pleurotus
ostreatus (L. Hatvani, L. Kredics, I. S. Druzhinina & C. P.
Kubicek, unpublished) or in mushroom farms cultivating
Pleurotus and Agaricus (Hatvani et al., 2007). Another also
interesting case of abundant detection of T. lengibrachia-
tum was its isolation from the archaeological excavation
sites at an Iron Age tomb in the Republic of Tatarstan,
Russia (F. Alimova & 1. S. Druzhinina, unpublished). An
explanation for these findings may be derived from
observations that T. lengibrachiatm occupies the lowest
soil horizons but not the upper organic soil layers.
Therefore, together with its appearance as causative agent
of invasive mycoses, there is emerging evidence that T.
longibrachiatum and H. orientalis may have a specialized
ecological niche(s) which is(are) essentially different from
other species of the genus.

The present findings distinguish infections caused by T.
longibrachiatum and H. orientalis from those caused by
human-pathogenic fungl from the Fusarium solani com-
plex, where the majority of clinical isolates are derived
from a single worldwide distributed clonal lineage (Zhang
et al., 2006). A donal structure has also been demonstrated

for other pathogenic fungi such as Trichophyton rubrum,
Cryptococcus  neoformans  or  the chytrid pathogen
Barrachochytrium  dendrobaridis {(Gréaser et al, 1999
Halliday & Carter, 2003; Morehouse er al, 2003), whereas
many other human-pathogenic fungi, induding Aspergillus
funrigatus (Pringle et al, 2005), exhibit both donal and
recombining strategies {for reviews see Taylor et al., 1999;
Nielsen & Heitman, 2007). The results from this study
present evidence that sexual reproduction, indicated by
recombination, is an important strategy in cne of the two
opportunistic pathogenic species of Hypocreal Trichoderma,
H. orientalis. The potential presence of a sexual life cycle in
an opportunistic pathogen is a significant finding, because
its allows the fungus to respond faster to environmental
challenges, thereby combating disease treatment by
exchange of antibictic-resistance genes and virulence
factors (Milgroom, 1996; Nielsen & Heitman, 2007;
Normak er al., 2003; Paoletti er al., 2005). It is not known
whether these two species exploit their animal-pathogenic
ability in nature; therefore it is too early to speculate that
H. orientalis has developed different strategies than T.
longibrachiatum for its opportunistic attack and subsequent
survival. The phylogenetic analysis presented in this paper
suggests that T. longibrachiatum and H. orientalis evolved
in parallel from a common ancestor, forming two
sympatric species. Thus, their pathogenic ability would be
the result of a heritage from a recent ancestor rather than a
convergent evolution. Further studies are needed to
understand which species exploits more of its pathogenic
abilities in nature.

H. orientalis is not the only Hypocrea species with potential
health risk to humans. Druzhinina ef al. {2008) reported a
case study in which Hypocrea sp. CBS 120951 was isolated
from the lung tissue of a patient with non-fatal pulmonary
fibrosis. This isolate exhibits an uncertain phylogenetic
position in the genus Hypecrea/Trichederma and is also
phenotypically very distinct as it does not conidiate i vitro
but produces fertile stromata. Nevertheless, cases of sexual
reproduction among clinically relevant strains of Hypocrea
may be more frequent than was previously recognized.

Apart from these clinical implications, the results presented
here also provide some new insights into the taxonomy of
T. longibrachiatum and H. orfentalis: based on ITS1
sequence analysis and isoenzyme data, Samuels et al.
(1998) suggested that T. longibrachiatum may be the
anamorph of H. orientalis. The present data reject this
hypothesis by clearly showing that these two taxa represent
individual phylogenetic species, which have already
undergone reproductive isolation. In addition, we provide
evidence for a third phylogenetic species, Trichoderma sp.
PS 1III, which should be formally described elsewhere. In
addition, the branches leading to this species did not form
a network in the split decomposition analysis although the
three available strains were isolated from three different
coffee-growing areas in Ethiopia. These data are supportive
of a reproductive barrier between Trichoderma sp. PSTII, T.
longibrachiatum and H. orientalis.
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Hypocrea sp. strain C.P.K. 1261 (=CBS 243.63) formed a
separate branch in all gene trees and in the SplitsTree
analysis. Samuels er al. (1998) had previously noted that
this strain differed from the other isolates in their sample
both morphologically and in isoenzyme analysis profiles
but nevertheless maintained it within their concept of H.
orientalis. Based on our data, this strain represents a fourth
species in our dataset. Since the origin of this strain was
from a fruiting body, it is a member of another sexually
propagating population which could occupy an as yet
unknown ecological niche.
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The phylogenetically most derived group of the genus Trichoderma — section Longibrachiatum, includes
some of the most intensively studied species, such as the industrial cellulase producer T. reesei (teleo-
morph Hypocrea jecorina), or the facultative opportunistic human pathogens T. longibrachiatum and H. ori-
entalis. At the same time, the phylogeny of this clade is only poorly understood. Here we used a collection
of 112 strains representing all currently recognized species and isclates that were tentatively identified
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1. Introduction

Species of the mycotrophic filamentous ascomyceteous genus
Trichoderma (Hypocreales, Hypocreaceae; teleomorph Hypocrea)
are among the most commonly encountered fungi {(Druzhinina
et al,, 2011). They are frequently isolated from soil and are found
growing on dead wood, bark, other fungi, building materials and
animals, including humans, demonstrating a high cpportunistic
potential and adaptability to ecological conditions (Klein and Eve-
leigh, 1998: Druzhinina et al., 2011). Taxonomically, Trichoderma
had been divided into five sections, including section Longibrachia-
fum {for review see Gams and Bissett, 1998), but with increasing
molecular phylogenetic analyses the sectional nomenclature of
Trichoderma was abandoned in favor of naming phylogenetic
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clades (Samuels, 2006; Kubicek et al., 2008). Interestingly, though,
the morphologically and metabolically distinctive section Longibr-
achiatum is one of only two sections that has remained intact fol-
lowing phylogenetic analysis. The comparative analysis of three
genomes of diverse Trichoderma species has revealed that the Lon-
gibrachiatum clade is evolutionarily one of the youngest clades
{Kubicek et al, 2011) of the genus. Sexual reproduction is common
in the Longibrachiatum clade: Samuels et al. (1998) defined 10 spe-
cies within what they called the ‘Hypocrea schweinitzii complex’.
The Longibrachiatum clade comprises the most intensively stud-
ied Trichoderma species, T. reesei {teleomorph Hypocrea jecorina),
which is industrially used for the production of cellulolytic and
hemicellulolytic enzymes involved in food and feed industry, textile
manufacture and biofuel technology {Harman and Kubicek, 1998;
Kubicek et al., 2009). In addition, several members of the clade are
used for production of secondary metabolites, particularly strains
that were isolated from marine habitats (Sperry et al., 1998; Ruiz
et al., 2007; Paz et al,, 2009; Gal-Hamed et al., 2011). However, cer-
tain strains of three of its species, T. citrinoviride {teleomorph H.
schweinitzii), T. longibrachiatum and H. orientalis, have caused oppor-
tunistic infections of immunocompromized humans {Kuhls et al,,
1999; Kredics et al., 2003), and T. longibrachiatum and T. citrinoviride
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are frequently isolated as indoor contaminants with high allergenic
potential for humans {Thrane et al., 2001).

Species delimitation in fungi is still a matter of intensive debate,
and several species concepts have been discussed (for review see
Giraud et al,, 2008). The first molecular phylogenetic analysis of
the Longibrachiatum clade (Kuhls et al., 1997) was based on the
internal transcribed spacer region of the rRNA gene cluster (ITS).
Altheough this region is currently considered to be a universal bar-
code locus for fungi {Bellemain et al., 2010}, it is unable to distin-
guish all closely related species in many genera of hyphoemycetes
including Trichoderma (Gazis et al., in press). Today, phylogenetic
species concept has become most popular, because it bypasses
the limitations imposed by the morphological or biclogical species
concepts {such as the requirement for clear phenotypic differences,
or the ability to mate the fungus in vitro), and because of the sim-
plicity with which gene sequences can be obtained from practically
all organisms. Thereby, the GCPSR {Genealogical Concordance Phy-
logenetic Species Recognition, Taylor et al., 2000) concept, which
uses the phylogenetic concordance of multiple unlinked genes to
identify the absence of genetic exchange and thus evolutionary
independence of lineages, is currently most widely used within
the fungal kingdom {e.g. Dettman et al., 2003; Fournier et al.,
2005; Johnson et al., 2005; Koufopanou et al., 2001; Le Gac et al.,
2007; Pringle et al,, 2005). The molecular phylogeny of some spe-
cies of the Longibrachiatum clade was investigated recently using
GCPSR (Druzhinina et al,, 2008, 2010; Atanasova et al,, 2010) with
the result that some of the taxa in fact comprised clenal species (or
agamospecies) that reproduce exclusively asexually. Druzhinina
et al. {2008, 2010) therefore hypothesized that the loss of sexual
reproduction may constitute an important mechanism for specia-
tion in the Longibrachiatum clade. Yet, whether or not a lineage is
indeed a phylogenetic species or e.g. represents demes from a
metapopulation that is connected by Infrequent migration, can
be obscured. In addition, GCPSR can be difficult to apply to truly
clonal fungi where no incongruities in multi-locus data are found.

Birky et al. (2010) recently developed a population genetics ap-
proach, which can be used to complement species recognition by
GCPSR. Their method is based on the theory that in a single species
random genetic drift will produce clades and singlets that have all
descended frem a common ancester on an average 2N, generatiocns
ago (Ne is the effective population size), and their distance from
each other will be less than 2N, generations. After the onset of spe-
ciation, however, a species will be split into two populations that
are completely separated and will thus form clusters separated
by a gap exceeding 2N.. Thus clusters that are separated by ¢ = 4N,
generations (the “4x rule” or “K/# method”) represent the upper
95% confidence limit of the coalescent time, and are characterized
by a probability of less than 5% of those being formed by random
genetic drift. The K/8 method therefore supports the cluster as an
evolutionary species (Birky et al,, 2010).

Since the earlier systematic work on the Longibrachiatum clade
(Bissett, 1984; Kuhls et al., 1997; Samuels et al., 1998) we have re-
ceived numercus cultures that are members of the clade that can-
not be molecularly identified with certainty as any of the
recognized species. This uncertainty, combined with the discovery
of cryptic species in the clade through the use of GCPSR has leaded
us to apply the GCPSR concept and the K/# method to the enlarged
collection of isolates of the Longibrachiatum clade.

2. Materials and methods
2.1. Material studied

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. Pure cultures were made by isolating
single ascospores or conidia using a micromanipulator or a
platinum needle on cornmeal agar (Difco)+ 2% (w/v) dex-
trose {CMD). The strains, their origins and the NCBI GenBank
accession numbers of DNA sequences used in this work are
listed in Table 1. The isolates are stored at —80°C in 20-50%
glycerol in the laboratory of Vienna University of Technology
(Austria) or at the USDA (Beltsville, MD, USA) or the University
of Vienna (Austria). Representative strains are deposited in the
Centraalbureau voor Schimmelcultures, Utrecht, The Netherlands
(CBS).

2.2. DNA extraction, PCR amplification and sequencing

Mycelia were harvested after 2—4 days of growth on 3% malt ex-
tract agar (MEA) or up to 7 d in liquid 2% malt extract medium at
25 °C and genomic DNA was isolated using QIAGEN DNeasy® Plant
Mini Kit following the manufacturer’s protocel. Amplification of
fragments of tef1 {ranslation elongation factor 1-a), call (calmod-
ulin), chi18-5 (endochitinase CHI18-5, former known as ech42) and
of rpb2 (RNA polymerase subunit B IT) was performed as described
previously (Druzhinina et al., 2008, 2010; Atanasova et al., 2010).
PCR fragments were purified (PCR purification kit, Qiagen, Hilden,
Germany), and sequenced at MWG (Ebersberg, Germany) or cy-
cle-sequenced the University of Vienna after an in vitro enzymatic
cleanup (Werle et al,, 1994). In Beltsville, sequences were obtained
using BigDye Terminator cycle sequencing kit v. 3.1 (Applied Bio-
systems, Foster City, CA, USA), and products were analyzed directly
on a 3130 Genetic Analyzer {Applied Biosystems). For each locus
both strands were sequenced with the primers used in PCR
amplifications.

2.3. Phylogenetic analysis

For the phylogenetic analysis DNA sequences were aligned
with Clustal X 1.81 (Thompson et al, 1997) and then visually
checked in GeneDoc 2.6 (Nicholas and Nichelas, 1997). Optionally
ambiguous areas of the alignment were removed using the
gblocks server http://melevol.cmima.csic.es/castresanafGblocks_-
server.html (Castresana, 2000). The loci used in this study were
previously checked for absence of intragenic recombination
(Druzhinina et al., 2008). Neutral evoclution was tested by linkage
disequilibrium based statistics and Tajima’s test as implemented
in DnaSP 4.50.3 {Rozas et al., 2003). The interleaved NEXUS file
was formatted using PAUP* 4.0b10 (Swofford, 2002). The best
nucleotide substitution model for each locus was determined
using JjMODELTEST (Posada, 2003) and the unconstrained
GTR +1+ G nucleotide substitution model was applied to all loci.
Metropolis-coupled Markov chain Monte Carle (MCMCMC) sam-
pling was performed using MrBayes v. 3.0B4 with two simulta-
neous runs of four incrementally heated chains that performed
for 5 millions of generations. The sufficient number of generations
for each dataset was determined using the AWTY graphical sys-
tem {Nylander et al., 2008) to check for convergence of MCMCMC.
Bayesian postericr probabilities (PP) were obtained from the 50%
majority-rule consensus of trees sampled every 100 generations
after removing the first trees. PP values lower than 0.95 were
not considered significant while values below 0.9 are not shown
on the resulting phylograms. Model parameters summaries after
MCMCMC run and burning first samplings as well as nucleotide
characteristics of used loci are given in Table 2.
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2.4. Detection of phylogenetic species

We used three approaches to identify phylogenetic species
within our sample. The first was the Genealogical Concordance
Phylogenetic Species Recognition concept (GCPSR, Taylor et al.,
2000), which identifies a phylogenetic species from the existence
of statistically supported phylogenetic clades that are present in
the majority {at least two of three) of single-locus trees and that
are not contradicted by any cther single-gene tree(s) determined
by the same method. Te identify such clades, we used the approach
of Dettman et al. (2003), i.e. production and analysis of a majority-
rule consensus tree from the three single-locus trees, which reveals
the genealogical patterns shared among loci, regardless of levels of
support.

The second criterion was the K/6 method {(Birky et al., 2010).
Briefly, this invelves: (i) estimation of the nuclectide diversity =
{using DnaSp v5.0; Rozas et al., 2003) by the mean pairwise differ-
ence between sequences multiplied by the sample size correction
nf{n — 1) where n is the number of sequences in the clade; (ii) cal-
culating 8 {=2N.u) from 7n{(1-47/3); (iii) testing the nucleotide
diversity K between each pair of sister clades; and (iv) calculation
of K{#8, which consequently should be >4 in the case of a true evo-
lutionary species.

Third, we compared the frequency of pairwise nucleotide se-
quence differences within our sample. As shown by Highton
(2000), this procedure will result in a bimoedal frequency distribu-
tion of pairwise sequence differences, among which the lower val-
ues represent sequence differences between individuals within
species, with an expected mean of N.p2N.u differences per site,
whereas the second mode represents differences between species
with an expected mean >>2N.u differences per site (Birky et al,
2010). The pairwise sequence differences were calculated in MEGA
5.0 (Tamura et al., 2011), using the concatenated dataset.

2.5. Detection of recombination

The criterion of incongruence among the four gene genealogies
was used to infer the occurrence of sexual recombination among
isolates, using the Phi-test implemented in SplitsTree {Huson,
1998), which uses the pairwise homoplasy index, PHI (=@) statis-
tic, to detect refined incompatibilicy indicating recombination
(Bruen et al., 2006). In selected cases, also the IA (Index of Associ-
ation) test, which measures whether the alleles from different loci
in a population are randomly or non-randomly associated in the
analyzed genomes {Maynard Smith, 1992) was used. The latter
method was computed by Multilocus 1.3.b {Agapow and Burt,
2001).

3. Results
3.1. Sample design and phylogenetic markers

The sample (Table 1) consisted of 112 strains, and included
strains of putatively new and previously recognized species of

Table 2
Nucleotide parameters of loci used for phylogenetic analysis.

tefl call chil8-5 Total
Total sites 522 429 704 1655
Sites without gaps 229 179 526 934
Parsimeny informative sites 45 53 145 243
nt diversity 7 0.0562 0.0261 0.0711
Tajima's D N§? NS NS

* NS, not significant, P < 0.01.

the Longibrachiatum clade (Samuels et al, 1998, Mullaw et al,,
2010; Druzhinina et al,, 2008, 2010) and strains that were attrib-
uted to this group based on their morphology andfor DNA se-
quences using TrichoBLAST (for tefl and rpb2) and ITS1 and 2 in
TrichOKey (Druzhinina et al., 2005; Kopchinskiy et al.,, 2005) as
implemented on www.isth.info or BLAST on the NCBI portal
http://blast.ncbi.nlm.nih.gov/. Many of these strains have previ-
ously been reported in the literature {(Wuczkowski et al., 2003;
Bissett et al, 2003; Kubicek et al,, 2003; Druzhinina et al., 2005,
Druzhinina et al, 2008, 2010; Atanasova et al, 2010; Mullaw
et al., 2010). Where possible, strains with the same ITS1 and 2 al-
lele were selected from diverse regions te cover the maximum of
geographic distribution.

Individual nucleotide characteristics of the loci are shown in Ta-
ble 2. Tajima's D test confirmed neutral evolution for all four gene
fragments. No conflict was detected between loci and the bivariate
plot of bipartitions for the Bayesian analyses suggested conver-
gence between parallel runs.

3.2. Molecular phylogeny

We first used Bayesian methods to infer genealogies from three
single locus alignments. The trees were reoted against T. virens
(teleomorph H. virens), which formed a basal branch to T. reeset,
a member of the Longibrachiatum clade, in a genome-wide phylog-
eny {Kubicek et al., 2011). Phylograms obtained from tef1, chii8-5
and call had a well-resolved internal structure with supported
internal nodes {Supplementary data 1), while rpb2 resulted in a
poor phylogenetic resclution and therefore was excluded from
the subsequent analysis {data not shown). Fifteen terminal phylo-
genetic clades with posterior probabilities >0.94 and eleven lone
lineages were consistently observed in all three trees. Therefore,
based on the strict criteria of GCPSR, they can be considered as
phylogenetic species. To prove the genealogical concordance of
these clades, we used the approach of Dettman et al. {2003} and
analyzed a majority-rule consensus tree from the three single-lo-
cus trees (Supplementary data 2), which approved these clades. Be-
cause of the congruence of the gene trees, we ran a Bayesian
analysis with a concatenated dataset of the three genes (Fig. 1).
Eleven clades and the lone lineages of T. effusium C.P.K. 254 {Bissett
et al,, 2003) and H. andinensis G.].S. 90-140 contained type strains
of formally established taxa (Table 1, Fig. 1). They are indicated
by an arrow on the branch leading to the respective node on the
concatenated phylograms (Fig. 1). Two clades (T. sp. PS Ill and T.
sp. C.P.K. 3334) and the lone lineages H. sp. CBS 243.63 have been
previously considered as putative new species awaiting formal tax-
onomic description (Druzhinina et al.,, 2008; Atanasova et al., 2010;
Mullaw et al., 2010). They are indicated by a double arrow respec-
tively. The three other clades (H. sp. nov. GJ.5. 02-120, T. sp. nov.
TR175 and T. sp. nov. MA 3642), four lone lineages (isolates G.].S.
08-81, G.J.5. 00-72, GJ.5. 99-17 and G.].5. 10-263), and a group of
strains (C.P.K. 667, G.].S. 09-62, G.].S. 01-355) affiliated with the
type strain of H. andinensis {G.].S. 90-140) could not be attributed
te any known species by GCPSR concept.

3.3. Species recognition

Phylogenetic analysis using GCPSR supported a monophyletic
origin of the Longibrachiatum clade and all of the species that
were recognized by Bissett in 1984 and later authors {Doi et al.,
1987; Samuels et al, 1998; Bissett, 1991; Bissett et al., 2003;
Atanasova et al.,, 2010). In order to test whether the additional
clades or lone lineages that have not been formally described
may represent putatively species, we measured their phyloge-
netic distance from the neighboring clades by the Ky6 method
(Birky et al., 2010). As can be seen in Table 3, all of the previously
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Fig. 1. Bayesian phylograms obtained from the concatenated alignment of tef, call and chiT8-5 loci. Branches leading to formally described or previously recognized
phylegenetic species are marked by filled single and double arrows respectively; phylogenetic species recognized in this study are shown by open arrows. The color code
corresponds te the map insert and indicates geographic origin of iselates. Nodes supported by posterior prebability >0.94 are shown in circles: black circles indicate supports
obtained in both analyses after removal of ambiguous areas of the alignment using uncenstrained ghlocks (Castresana, 2000) and without such treatment, while white circles

indicate supports obtained based on the complete concatenated alignment only. Sexual recombination is shown by vertical bars with a ‘rec+ sign. Type strains of formally
described species are underlined. Strains isolated from teleomorphs are given in bold.
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known species were supported by values of >4, and this also
turned out to be true for all but one of the new clades of un-
known species identity. The only excepticn was the clade con-
taining H. novae-zelandiae, where the branch to T. sp. TR175
was not supported. Also, the hypothesis that 7. ghanense would
consist of two cryptic species received no support.

As inferred from Birky et al. {2010), the species identified by the
4x rule could theoretically also be metapopulations that consist of
two or more local populations connected by migration or by peri-
odic extinction and re-colonization. An additional problem, partic-
ularly relevant in this case, are the lone lineages for which no = or
could be determined and therefore their species status could not be
clarified. To solve such cases, Birky et al. {2010} introduced a further
criterion to distinguish between species and populations of species
by plotting the sequence differences versus the respective number
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of pairs of strains. As already shown by Highton {2000}, this will re-
sult in a bimodal frequency distributicn of pairwise sequence dif-
ferences, among which the lower values represent sequence
differences between individuals within species, with an expected
mean of 2Nyt differences per site, whereas the second mode repre-
sents differences between species with an expected mean =»2N.u
differences per site {Birky et al,, 2010). We therefore plotted the se-
quence differences in tefl, call and chii8-5 of the investigated 104
isolates versus the nucleotide differences of all pairs (Fig. 2). As can
be seen, this resulted in a bimodal distribution, although the distri-
bution in the second mode {which represents higher diversities)
was not perfectly bell shaped. Nevertheless, the first mode (sup-
posed to represent the sequence diversity between individuals
within species occurred at diversities of 0-0.01. This fits nicely to
the mean 2N, =8 value of 0.00754 calculated for our sample.
Hence we consider values >0.02 to be indicative of differences be-
tween species, which is supported by the fact that 0.02 already lies
within the onset of the second mode.

All of the species that were detected by the 4x rule showed val-
ues >0.02 when compared with other species. All clades identified
above were approved by pairwise sequence differences of their iso-
lates with those from other clades of >0.02, whereas intraspecific
pairwise differences were always <0.02. This method also showed
that the sister species to H. novae-zelandiae, T. sp. nov. are separate
species (pairwise sequence difference 0.028).

1

Pairwise nucleotide difference x1 02

Fig. 2. Frequency distribution of uncerrected pairwise sequence differences, in bins
of 1%. The gray bars show values detected between isolates of the same species.
Arrows with strain numbers identify the lowest difference value detected for this
isolate against isolates from any other taxon.

Consequently, we also tested the nuclectide differences be-
tween the lone lineages and other isolates (Fig. 2). This analysis
confirmed G.J.5. 10-263, GJ.5. 08-81, GJ.5. 00-72, GJ5. 99-17,
CBS 243.63 and CP.K 254 (T. effusiin) to be individual species,
but did not support it for C.P.K. 524 and G.].5. 04-93. These there-
fore should be attributed to T. parareesei.

3.4. Evolution of phenotypical traiis

There is a high degree of phenotypic consistency among the
members of the Longibrachiatum clade, which is reflected e.g. In a
strong tendency for species to be thermotolerant (i.e. they still
grow at 37 or 40 °C), and that the morphelogy of the conidiophores
and conidia is largely homogeneous and in agreement with earlier
descriptions by Bissett {1984). Thus it is not surprising that the
main clades that are suppoerted by GCPSR and the K/# method,
show only subtle Internal phenotypic variaticn, and differences

Table 3
Pairwise calculations of 4 rule for clades recognized based on genealogical concordance.

Species Next neighbor a K Kfa

T. sp. GJ.S. 10-263 T. reesei 0.00127* 0.045 35.7°
T. parareesei T. reesei 0.00199 0.176 884
H. sp. G.J.§. 02-120 T. sp. PFS 111 0.00234 0.177 75.7
H. sp. CBS 243.63 H. orfentalis 0.00127% 0.180 141.7
H. sp. G.J.S. 02-120 T. longibrachiatum 0.00234 0.124 53.0
H. sp. CBS 243.63 H. sp. G].S. 02-120 0.00127% 0.078 61.41
T. ghanense type subclade T. ghanense none type subclade 0.00485 0.002 0.8
T. ghanense none type subclade T. ghanense type subclade 0.00056 0.004 7.3
T. sp. MA 3642 T. ghanense 0.00238 0.010 43.7
T. saturnisporum T. sp. MA 3642 0.01375 0.089 70.1
T. sinense T. sp. GJ.S. 00-72 0.00403 0.035 8.6
T. konilangbra T. sinense 0.00154 0.021 13.8
T. sp. CP.K. 3334 T. konilangbra 0.00127% 0.185 153.2
T. sp. CP.K. 3334 T. sinense 0.00127* 0.042 331
T. effusum H. schweinitzii 0.00127% 0.230 181.1
T. effusum T. sp. G.J.S. 08-81 0.00127* 0.087 68.5
T. sp. GJ.5. 08-81 H. schweinitzii 0.00127% 0.148 116.5
H. schweinitzii T. pseudokoningii 0.01389 0.062 4.5
H. novae-zelandiae T. saturniopsis 0.01006 0.01736 1.71
H. novae-zelandiae T. sp. G.J.5. 99-17 0.01006 0.01616 158
T.sp. 519 T. sp. GJ.S. §9-17 0.00565 0.02234 231

* 8 was calculated based on a single strain, see Section 2.4 for details.
® Bold font highlights values >4.
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Table 4

Recombination and evolution of species from the Longibrachiatum clade.

n Tajima's D Fu and Li's D D-test IA test®

H. andinensis 4 —0.494 —0.436 0.3029 0.86°
T. sp. MA 3642 5 —1.161 -1.167 NA* NA
T. sp. PS III 3 NP NP 0.223 0.96
T. sp. CP.K 3334 6 NP NP NA NA
T. ghanense
Subclade with the type strains 8 —0.509 —1.168 0.0361 037
All strains —0.722 —0.533 041
Subclade without the type strain 5 —0.972 —-0.972 0.233 1.335°
H. jecoring 11 —1.256 —1.256 0.006 0.175
T. konilangbra 2 NP NP NA NA
T. longibrachiatum 12 -1.7 —2.025 0.58 0.38
H. novae-zelandige 3 NP NP 0.36 0.79°
H. orientalis 17 —0.164 0.087 0.0005 0.12
T. parareeset 4 —0.212 —-0.212 0.126 093
H. sp. G.J.5. 02-120 2 NP NP NA NA
H. pseudokoningii 3 NP NP NA NA
T. saturnisporum 5 —0.641 —0.573 0.0313 042
T. sinense 3 NP NP 0.02 NA
H. schweinitzii 9 —0.537 —0.561 0.00058 0.22

? NA, not analysed; species or putative species known only from a single isolate were not included.

B NP, not possible: calculation not done because of insufficiently large sample.
“ In these cases p was > 0.05, and the data are thus questionable.

are mainly reflected in dimensions of conidia or rates of growth.
There are, however, notable exceptions: Hypocrea novae-zelandiae
is apparently endemic to New Zealand, where it has been collected
as teleomorph. Its Trichoderma anamorph is unremarkable in the
Longibrachiatum clade. Most species in the Longibrachiaium clade
have smooth, ellipsoidal tc cblong conidia, but conidia of T. ghan-
ense, T. saturnisporum and T. sp. TR 175 are typically tuberculate to
a greater or lesser degree. The basal position of the H. novae-zelan-
diae clade in Fig. 1 may indicate that tuberculate conidia, which are
alsoc found in the Viride clade (Jaklitsch et al., 2006) may be an
ancestral trait of the Longibrachiatum clade. Trichoderma effusum
and the phylogenetic species T. sp. G.J.5. 08-81 respectively, are
phenotypically divergent (Samuels et al., in press) to such an ex-
tent that, based on their morphology alone, they would not have
been considered as members of the clade.

Stromata of most members of the Longibrachiatum clade are
brown but in one single subclade, which includes the sexually
reproducing species H. schweinitzii {anamorph T. cifrinoviride) and
H. pseudokoningii, stromata are black or nearly so.

3.5. Sexual recombination

We have previously reported that closely related species of the
Longibrachiatum clade can survive based on alternative {combined
sexual and asexual or exclusively asexual) reproduction strategies
{Druzhinina et al, 2008, 2010). In order to identify clonal and
mainly sexually recombining species in the whole clade, we used
the Phi-test built on the pairwise homoplasy index (PHI, &) to de-
tect refined incompatibility even in the presence of recurrent
mutation (Bruen et al., 2006). This method assumes the infinite
sites model of evolution, in which the detection of incompatibility
for a pair of sites indicates recombination. It detected recombina-
tion within H. schweinitzii/T. cifrinoviride, T. sinense, T. saturnispo-
rum, H. jecorina/T. reesei, H. orientalis and the subclade within T.
ghanense that contains the type strain G.J.5. 95-137 (Table 4), but
not in any of the other clades shown in Fig. 1. Recombination
was also evident from the topology of single locus trees, which
showed Incongruent positions of individual isolates within these
species (cf. Supplementary data 1). Interestingly, no recombination
was detected between strains basal to the type strains of either H.
andinensis or H. novae-zelandiae, which both were isolated from
their teleomorphs.

In addition, we tested these strains by the index of association
test, which confirmed all the recombining taxa that were identified
by the PHI-test (Table 4).

4. Discussion

In the present paper, we extended and complemented the well-
known GCPSR concept for species delimitation by the addition of
the population genetics-based K/# method to identify species with-
in the Longibrachiaium clade of Hypocrea/Trichoderma. We show
that the results obtained by the two methods agree with each other
well, and detected 26 phylogenetic species which is more than a
doubling of the species inventory already known for this group
(Samuels et al., 1998). All of the previcusly described taxa and all
but one of the proposed phylogenetic species were confirmed. In
addition, two new phylogenetic species were identified.

However, we alsc noted some problematic cases: the four iso-
lates that according to GCPSR represent H. novae-zelandiae and
the two isolates that represent T. sp. nov. TR 175, respectively,
were not supported by the K/8 method. This finding was particu-
larly puzzling in view of the fact that they have already acquired
a number of distinct phenotypical characters that would be consis-
tent with their nature as a separate species. Also, their pairwise
nucleotide differences {0.026-0.032) placed them into the mode
typical for separate species (cf. Fig. 2). Birky et al. {2010) observed
a similar case in some Penicillium clades. It is possible that in the
present case, the failure to pass the K/¢ methoed is either due to a
still incomplete sampling of the genetic diversity of H. novae-zelan-
diaze and phylogenetic species T. sp. nov. TR 175, or, less likely, to an
unusually high plasticity of phenotypic characters. If two, recently
diverged clades are now genetically isolated but share retained
ancestral variation, their divergence and genetic isolation follow
a continuum and no single percentage is going to work in all cases.
Thus the K/# method will not work In such cases.

Another interesting case was the branch containing the type
strain of H. andinesis. Based on the principles of GCPSR and the
strong statistic support for this branch, all isolates in this clade
would be identified as the same species. Yet, it was suspicious that
the genetic distances between these isolates were much greater
than those observed among isolates of other species within the Lon-
gibrachiatum clade. A calculation of the pairwise sequence differ-
ences between the four isolates of the H. andinensis clade revealed
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values between 0.028 and 0.062 what corresponds to different spe-
cies in the sense of our sample. In additicn, tests for recombination
within this clade frequently gave negative result what contrasts
with the findings that the type strain of H. andinensis (G.].S. 90-
140) was sampled as a teleomorph. We therefore consider these
strains to represent closely related but rare species, for which we
find it practicable to continue calling these strains “H. andinensis
complex” until more isolates of them have been found.

It was also conspicuous that 25% of the identified phylogenetic
species were represented only by a single isclate, i.e. they formed
lone lineages. All of them exhibited a basal position to the species
clusters they were associated with, and were characterized by long
genetic distances and nucleotide sequence diversities >0.025, thus
implying an already long history of existence as a separate species.
Theoretically, they could be species with growth requirements that
exceed those fulfilled by the media used for isolation of Tricho-
derma from the environment; yet none of these has so far yet been
detected in metagenomic studies on Trichoderma {Hagn et al.,
2007; Friedl and Druzhinina, 2012). Alternatively it is possible that
they represent relict species that are in progress of extinction.
However, the most likely interpretation is that these species are
strongly biased in their habitat and geographic distribution and
have therefore not been found so far. Similar cases were observed
for the genetically diverse Harzianum clade of Trichoderma by
Druzhinina et al. (2010).

Six of ten species of the Longibrachiatum clade, for which en-
ough isolates were available to test for a history of recombination,
were shown to exhibit evidence for sexual recombination. With
the exception of H. andinensis and H. novae-zelandiae (which was
above explained as a sampling problem), all of the species for
which also sexual stages were sampled, in fact confirmed recombi-
natien, thereby also verifying the validity of our approach. In addi-
tion, two species for which se far no teleomorph has been found (T.
ghanense, T. saturnisporum) were alse positive in this test. An inter-
esting finding from the recombination tests was that there are
some phylogenetic clades in Longibrachiatum, which contain a sex-
ual and an apparently asexual species (e.g. T. longibrachiatum ver-
sus H. orientalis; T. reesei versus T. parareesei; T. sinense versus T. sp.
nov. C.P.K. 3334), suggesting that speciation in these cases invelved
loss or gain of sexual reproduction. This phenomenon is also seen
in T. ghanense, which was shown to split intc two phylogenetic
groups: the clade containing the type strain showed a history of
recombination, the other clade did not. It is possible that the latter
clade represents a species in progress. One must apply caution to
these analyses, however, because undetected population structure,
or lack of sufficient variation among the individuals may obscure
the detection of recombination. So the inability to detect recombi-
nation does not necessarily equate with asexuality.

Summarizing, our data show that the combination of GCPSR
with the K/# method represents a robust test to identify phyloge-
netic species in fungi. Although Birky et al. (2010) propose the
K/ method only for asexual fungi, our current results demonstrate
that this approach is also applicable to a phylogenetic analysis of
fungi which consist of a mixed batch of sexual and asexual taxa.
In addition, combining the K/# method with GCPSR helped to dee-
pen the analysis and to exclude false positives. We therefore rec-
ommend combining these two methods also in future studies
with other fungi.
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Case Report

An Unknown Hypocreaceae Species Isolated from Human Lung
Tissue of a Patient with Non-Fatal Pulmonary Fibrosis

Irina S. Druzhinina, Dr. SC.,J Karen Lalle, B. SC.,2 Birgii Willinger, Dr. Med. Sc,,3 Monika Komon-Zelazowska, M. Sc.,l Joseph
Ammirati, Dr. S¢.” Christian P. Kubicek, Dr. Sci.’ and Jack D. Rogers, Dr. Sei.,” nstiture of Chemical Engineering, Research
Area of Gene Technology and Applied Biochemistry, Vienna University of Technology, Vienna, Austria, 2Mycology Section,
Clinical Microbiology Laboratory, University of Washington Medical Center, Seaitle, Washington, *Depariment of Clinical
Microbiology, Medical University of Vienna, Vienna, Austria, *“Department of Biclogy, University of Washington, Seatile,
Washington, and *Department of Plant Pathology, Washington State University, Pullman, Washington

Introduction

‘We describe the first human case in
which a fungus in the family Hypocrea-
ceae (Hypocreales, Ascomycota) was
isolated in culture. The organism was
isolated from lung tissue of a 19-year-
old patient diagnosed with non-fatal
pulmonary fibrosis. The fungus occa-
sionally produced the hypocrea-like
sexual state in culture and lacked con-
idial sporulation. The perithecia that
formed from the primary isolate con-
tained asci with eight bicellular asco-
spores, which soon disarticulated. Thus,
mature asci contained 16 part spores.
Examination of the culture showed
chlamydospores and arthrospores
resulting from disarticulated hyphae,
but no aerial condiophores. Phylogen-
etic analysis of nucleotide sequences
from the internal transcribed spacers
ITS1 and ITS?2 of the TRINA gene clus-
ter (a large exon and a short intron of
the translation elongation factor 1-
alpha-encoding gene fef! and of a frag-
ment of the RNA polymerase subunit
B-encoding gene rpb2) revealed that
this fungus occupies a unique phyloge-
netic position close to the genus Hypo-
crea and its anamorph, Trichoderma.
The absence of anamorphic characteris-
tics and the conflicting phylogeny of
tef! and rpb2 do not allow its reliable
classification to the genus level. The
MICs of most antifungal agents were
relatively high for this organism, except
for amphotericin B (MIC, 0.125 pg/ml)
and voriconazole (MIC, 1.0 ug/ml).

Muailing Address: Irina S. Druzhinina,

Dr. Sc., Institute of Chemical Engineering,
Research Area of Gene Technology and
Applied Biochemistry, Vienna University of
Technology, Getreidemarkt 9-166.5, A-1060
Vienna, Austria. E-mail: druzhini@
mail.zserv.tuwien.ac.at

This case illustrates the widening spec-
trum of potential opportunistic patho-
genic fungi and underscores problems
encountered in diagnosing invasive
fungal diseases.

Background

For many years, filamentous fungi
have been recognized as opportunistic
human pathogens. They are important
causes of morbidity and mortality in
immunocompromised patients, includ-
ing those who are HIV infected (1).
Hyaline septate mycelia of fungi, such
as Fusarium spp., Acremonium spp.,
and Paecilomyces spp., are increasingly
reported as causing invasive mycoses
that do not respond to conventional
therapy. One newly recognized but
already prominent agent causing hya-
lohyphomycosis is Trichoderma longi-
brachiatum, a member of the mitosporic
fungal genus Trichoderma (anamorph
of Hypocrea, phylum Ascomycota).
Although other species were named,
later molecular diagnosis identified
them all as T longibrachiatum. This
fungus causes a range of symptoms
from localized infections to fatal dis-
seminated diseases. Most cases have
been reported in immunocompromised
patients, particularly those undergoing
peritoneal dialysis, and in transplant
recipients (2).

Many species of Trichoderma have
applications in biotechnology, as pro-
ducers of enzymes, and in agriculture,
as agents for biological pest control (3).
To date, only Trichoderma (i.e., the
anamorph stage) has been cultured from
clinical samples, whereas Hypocrea, its
sexual form, has never been observed in
culture. In our case, an unknown fungal
species with the hypocrea-like teleo-
morph morphology was isolated from
human lung tissue. Phylogenetic analy-
sis of molecular markers showed that

this species occupies a unique taxonomic
position close to the genus Hypocrea
and its anamorph, Trichoderma, empha-
sizing the widening spectrum of oppor-
tunistic human-pathogenic fungi.

Clinical History

In January 1999, a 19-year-old
female was diagnosed with pulmonary
fibrosis at the University of Washington
Medical Center. She had a history of
asthma and interstitial lung disease
with mediastinal lymphadenopathy
and bilateral interstitial infiltrates. On
pulmonary function testing, a restrictive
pattern with a diminished diffusing cap-
acity of the lung for carbon monoxide
was also found. Bronchoscopy was
performed to check for sarcoidosis,
interstitial pulmonary fibrosis, and
hypersensitivity pneumonitis. The
upper airways, both vocal cords, and
the trachea appeared normal. The right
and left airways were without endo-
bronchial lesions or abnormal secre-
tions. Bronchoalveolar lavage (BAL)
of the right middle lobe was performed,
and transbronchial biopsy specimens
from the right lower lobe basilar seg-
ments and an endobronchial biopsy
specimer from the right lower lobe
carina were obtained. Cellular analysis
of the BAL showed alveolitis with a
preponderance of macrophages and
15% eosinophils. T lymphocytes com-
prised 11% of the cells, and the CD4/
CDS8 ratio was 1:1, indicating a nonspe-
cific alveolitis with features atypical for
sarcoidosis. The transbronchial lung
biopsy specimen revealed no diagnostic
features specific for granuloma or vas-
culitis but reflected nonspecific fibrosis
and inflammation. All laboratory values
were in the normal range, including
liver function tests. Antinuclear anti-
body serology showed antibodies react-
ing positively to nuclear antigen, with a
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Figure 1. Morphology of CES 120951, Terminal chlarnydospore (A);, endoarthric arthrospors (B); chlamydospores, the lower one terminal,
the upper one intercalary [C); and two mature asci (stipes not shown), where the ascospores are mostly disarticulated into part spores (D),

Panels B and C are from material stained with aniline blue in lactic acid; panels A and D are from unstained raterial. All photos were taken
by differential interference microscopy. Bare, 10 pm.

speckled pattern at a titer of 160. The
test for anti-neutrophil cytoplasmic
antibodies was negative, indicating no
sign of vasculitis. Serclogy for HIV was
negative. Pulmonary function studies
performed at the Womens Health Care
Center showed forced experatory vol-
ume in the first second (FEV1) of 1.58
(51% of that predicted) and an FEV1/
forced vital expiratory capacity ratio of
TO%. After receiving bronchodilators,
she improved dramatically. Chest X rays
from January 1999 and 6 months later
showed bilateral hilar lymphadenopathy
and diffuse interstitial markings. A chest
CT showed the same findings. Ground-
glass opacities, especially in the lower
posterior lung areas, were described.

Because of suspected sarcoidosis, a
biopsy of the mediastinal lymph nodes
and a thoracoscopic lung biopsy were
performed. Transbronchial biopsies
revealed alveolar lung tissue with inter-
stitial fibrosis and mild chronic inflam-
mation. Neither the lymph nodes nor
the bronchial mucosa showed any diag-
nostic alterations. The right posterior
base of the lung revealed interstitial
pulmonary fibrosis, with a pattern con-
gistent with moderate to severe (grade
I to III of IV) interstitial pneumonia
and moderate lymphoplasmacytic and
eosinophilic inflaimmatory infiltrates.
Movat stains were performed to help
differentiate fibrous matter in histologic
preparations.

Mycological Investigation

Tissue from the right upper pulmo-
nary lobe was cultured, and one colony
of fungal growth was observed during
incubation on Sabouraud chlorampheni-
col agar (Emmons’ modification). The
organism was deposited in the Centraal-
bureau voor Schimmelcultures strain

collection (Utrecht, The Netherlands) as
CBS 120951. The colony was white and
lanose, with no noticeable color on the
reverse. Only septate mycelia were noted
on microscopic examination. The fun-
gus was subsequently subcultured onto
2% potato dextrose agar (PDA) and
mycobiotic agar (containing 0.04%
cycloheximide ) incubated at 30°C and
onto Sabouraud agar incubated at 35°C
and 45°C. No growth occurred on myco-
biotic agar or on Sabouraud agar at
45°C. Cultures on PDA at 30°C and
Sabouraud agar at 35°C were similar to
the original isolate in macroscopic and
microgcopic appearance. A sandwich
slide culture was initiated, using potato
flake agar. Coverslips were removed
and examined at 7, 14, and 21 days
for the presence of chlamydospores.

Plates of 2% PDA with 5 g/I of
yeast extract (PDYA) were inoculated.
Colony growth on PDYA, incubated in
a natural ¢ycle of sunlight-darkness at
21°C, covered a 9-cm-diameter petri
plate within 7 days and was white and
lanose with no color on the reverse.
After 14 days of incubation, tan-to
reddish-tan pulvinate stromata (up to
1 c¢m in diameter} were produced at the
periphery of the plate. After 28 days,
sections of stromata showed abundant
perithecia that were 0.1 to 0.2 mm in
diameter and contained short-stipitate
asci, 85 to 95 by 4.5 nm, with iodine-
negative apical apices. The perithecia
contained eight bicellular ascospores,
each of which soon digarticulated, giv-
ing rise to 16 subglobose to rectangular
part spores, 4.5 to 6 by 3to 3.5 um
in size (Fig. 1). Part spores were dis-
charged in great numbers on overlying
petri plate lids.

Asexual structures had terminal and

intercalary chlamydospores that were
globose, pyriform, or irregular, 7 to 15
by 4.5 to 8 um, and arthrospores, 9 to
14 by 5 to 6 um. The arthrospores were
holoarthric (hypha disarticulates at the
septum) and enteroarthric (propagule
remaing in the hypha devoid of con-
tents). No aerial conidiophores or
conidia were observed.

Thirty-two single ascospores (half
ascospores) discharged from the peri-
thecia onto petri plate lids were isclated
by a micromanipulator and placed on
PDYA. Of these 32 cultures, 11 pro-
duced perithecial stromata, and of these,
3 discharged half ascospores. Asci pro-
duced from single-spore cultures pro-
duced eight typical bicellular ascospores.
Thus, this fungus appears to have four
fertile ascospores (eight half ascospores)
and four sterile ascospores (eight half
ascospores) per generation. This pro-
duction iz similar to the mating-type
gene switching first described in Hypao-
crea [Chromocrea) spinulosa (4) and
Hypacrea citring (5). After a few weeks,
production of perithecial stromata
ceased altogether, and all attempts to
restore it failed.

Molecular Identification
of the Fungus

To identify CBS 120951 by molecu-
lar means, we first used PCR to amplify
and sequence the internal transcribed
spacers of the TRNA gene cluster (ITS51
and IT'S2). Since its morphology was
congistent with Hypocrea, we submitted
the sequence (GenBank accession num-
ber EF392732) to TrichOKEY, the
oligonucleotide BarCode program for
identification of Hvpocrea/Trichoderma
species (0,7) (http://www.isth.info/
molkey). Although the program detected
all five genus-specific BarCodes for
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Hypocrea/ Trichoderma, no oligonu-
cleotide hallmark(s) specific for any
known species, section, or clade within
the genus was found. On the basis
of TrichOKEY, it is likely that CBS
120951 represents a new species or
possesses an as-yet-unknown ITS1 and
ITS?2 allele of a described species. The
sequerice similarity search performed
for I'TS1 and ITS2 against the National
Center for Biotechnology Information
GenBank, using the BLASTN program,
resulted in three moderately related
species of Hypocreq as the three best
hits (88 to 98% similarity): H. flavi-
conidia and H. pezizoides from Tricho-
derma section Trichoderma (7) and H.
megalocitrina from the Megalocitrina
clade (8) (Table 1). This similarity
occurred primarily in the 5.88 rRNA
gene region, which is highly conserved
in the genus, whereas the main diagnos-
tic areas of ITS1 and I'TS2 did not show
sigl}ificant alignment (expected E value,
107,

The phylogenetic position of CBS
120951 was further examined by ampli-
fying three other phylogenetic markers

Table 1. NCBI GenBank sequences”

used in the molecular taxonomy of
Hypocrea/Trichoderma: the highly var-
iable fifth (short) intron of the transla-
tion elongation factor 1-alpha-encoding
gene fefl, the sixth exon of fef, and

a fragment of the RNA polymerase
subunit B-encoding gene rpb2. Short
sequence stretches (~30 and ~40
nucleotides [nt]) of the 126 nt-long

tef] intron were identical to that of H.
crystalligena from the Megalocitrina
clade (8) and H. sulawesensis and H.
chromosperma (Table 1), both of which
represent lone lineages of Hypocrea/
Trichoderma phylogeny (7). The
BLASTN analysis of the ref! exon pro-
duced a heterogeneous mix of mostly
similar sequences (Table 1): H. farinosa
(8) (94% similarity), H. microciirina
from Hypocrea section Hypocreanum
9), (93%), and Hypomyces stephano-
matis, which represents a neighboring
genus (93%). The similarity search
applied to the partial coding sequence
of the rpb2 gene showed 84 to 85%
similarity to several species of Hypo-
crea/Trichoderma sensu stricto (H.
schweinitzii and T. rossicum) as well

as to H. cinereoflava, which has an
unclear phylogenetic position on the
genetic edge of the genus (9).

These results were used to compose
a data set for a phylogenetic analysis of
the ref! exon and rpb2, which contain
the main diversity within the genera
Hypocrea/Trichoderma, and the avail-
able sequences of the most closely
related genera. Neither gene provided
a phylogram with high resolution of
internal nodes (Fig. 2). Inn the rpb2 tree,
CBS 120951 occupies a statistically
supported position (posterior probability,
0.99) outside of a large clade that com-
bines all included Hypocrea/ Tricho-
derma species, as well as sequences of
fungi that are believed to be outside of
the genera (e.g., H. pallida, Hypomyces
stephanomatis, Sphaerostilbella sp.,
and two Arachnocrea spp. (Fig. 2A).
In contrast, analysis of the fef! exon
places CBS 120951 into a statistically
supported multifurcating clade (poste-
rior probability, 0.95), which combines
Trichoderma section Longibrachiatum,
the Pachvbasicides, the Citrina and
Lutea clades; and lone lineages, such

Length of Aligned Similarity
Sequence fragment (nt) fragments (5'-3") (%) 3 best hits” Accession no.
ITS1 - 585 -1TS2 558 161-547 o4 Hypocrea flaviconidia G.1.S. 99-49 DQ023301
40-83 920
161-542 94 H. pezizoides G.1.S. 01-257 DQO00G32
40-78 88
139-371 98
385-489 92 H. megalocitring B.E.O. 00-09 DQ835511
7-86 93
tefl intron (Sth shorty 126 86-126 100 H. crystalligena C.PX. 2134 DQ345346
1-28 100
86-126 100 H. sulawesensis G.1.S. 85-208 AYT37730
1-29 100
8‘15:?6 igg H. chromosperma G.1.S. 94-67 AY737728
tef] exon 592 1-591 94 H. farinosa G.J1.S. 89-139 DQ835477
1-588 93 H. microcitrina G.J.S. 97-248 DQ835479
3-592 93 Hypomyces stephanomatis G.J.S. 88-50 AF534632
b2 676 1-676 85 H. schweinitzii CTR 79-225 AY015639
29-666 84 H. cinereaflava G.].S. 92-102 DQ834461
16-675 84 Trichoderma rossicum DAOM 230009 DQO87240
“Total core nucleotide sequences 4,658,713; 12.12.2006.
aNon—Hypocreaﬁ"nchoderma BLAST hits shown in boldface.
182 0196-4399/00 (see frontmatter) © 2007 Elsevier Clinical Microbiclogy Newsletter 29:23,2007
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as H. voglmayrii, H. farinosa (9), and
Aphysiostroma stercorarium, all of
which are considered to belong to Hypo- A
creq sensu stricto. In this tree, the last
two species are the closest neighbors to
CBS 120951 (Fig 2B). Thus, the phylo-
genetic analysis of two unlinked loci
confirms that CBS 120951 is close

to the genus Hypocrea/Trichoderma,

although the exact taxonomic position ,,m?"gff::;'%; Eorbigeesn
of the isolate remains uncertain. o if

F545521
H. pezizoides

a
H i

DQOBE150

H. vogimayrii

AFS45S67 )
Nectria cinnabarina

Hypocrea sensu stricto
92733

Q834461 EF3
crereoflee Fpe50051

H,

545556,
Hypomyces stephanomatis

AY533830
Gibberella moniliformis

Susceptibility Tests o Aites sabrica
Susceptibility tests were performed Y r— c?‘ﬂf’,@”“”””
by means of the Etest, as described by poueriaL
the manufacturer (AB Biodisk, Solna,
Sweden). CBS 120951 did not grow on
the recommended RPMI 1640 medium
{Sigma-Aldrich, Vienna, Austria), and
therefore, yeast nitrogen base (Sigma-
Aldrich, Vienna, Austria) was used
instead. This medium was the only one B
that provided sufficient growth to pro- B ogimeyri
vide reliable results in susceptibility Hypocrea sensu stricto
testing. As controls, reference strains .
of Candida albicans ATCC 90028 and
Candida krusei ATCC 6258 with known
MIC ranges were also tested. All plates
were incubated at 30 and 37°C, and the
results were read after 24, 48, 72, and
96 h of incubation.

The reference strains showed good
growth at both incubation temperatures
at all time points, and the MICs of all
antifungal agents were within the ranges asmis
indicated by CLSI. For CBS 120951,
results could beread only after 48, 72,
and 96 h at an incubation temperature
of 30°C. At 37°C, no growth was
observed. The MICs of most antifungal
agents were relatively high, with the
exception of amphotericin B (MIC,
0.125 pg/mly and voriconazole (MIC,
1.0 pg/ml). MICs for capsofungin,

Arachnocrea stipata

Q834460
Sphaerostilbella cf. aureonitens

AFS4sSES 41015636
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CBS 120951
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0os3547
H. 181053 ppsaszea
Apysistroms
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H. chromosperma stercorarium
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. sulawesensis Nectria cinnabarina

AF534632
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AFs34613
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0.1
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AF534626
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DQ34s345
H. avellariea HQ crystafligena
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Hria pyaasese
H. pezizoides

Figure 2. Results of Bayesian phylogenetic analyses of rpb2 (A) and fef] (B) gene sequences
(GTR model, 1,000,000 generations, repeated in triplicate). Black circles above nodes indicate
posterior probability above 0.94; grey shadows show unresolved areas on both trees; filled
and open terminal squares indicate species from Hypocrea sensu stricto and related genera,
respectively. The numbers correspond to the NCBI GenBank accession numbers of the

flucytosine, ketoconazole, and posa-
conazole were greater than 32 pg/ml.
The MICs of fluconazole and itracona-
zole were >256 pg/ml and 16 pg/ml,
respectively. As judged by the MICs,
the isolate appears to be susceptible
only to amphotericin B. As no inter-
pretive breakpoints exist for this strain,
it is uncertain whether CBS 120951 is
susceptible to voriconazole. However,
it is clearly resistant to the other azoles
and flucytosine and caspofungin.

Conclusions

In this report, we describe an
attempt to identify an unknown Hypo-
creaceqe species from the lung tissue

sequences used in the analysis.

of a patient with pulmonary fibrosis.
Although the clinical and mycological
investigations did not determine whether
this fungus did indeed cause the infec-
tion or confribute to pulmonary fibrosis,
and the outcome was not fatal, we wish
to alert physicians and clinical micro-
biologists to the possible further emer-
gence of such fungal opportunists. The
high resistance to most antifungal agents
in use is comparable to that of other
opportunistic pathogens, including
Trichoderma (2). CBS 120951 is a
newly described fungus whose habitat

is unknown. Although the fungus was
isolated originally in its sexual form,

it has now ceased to grow in this form
and can be identified only by cultural
features and gene sequence analysis.
From a mycological perspective, it is
notable that CBS 120951 produces only
chlamydospores and arthrospores as
asexual propagules in vitro. If the orga-
nism becomes more widely recognized
as an animal or human pathogen, it
might be disseminated by either asco-
spores that come from some as-yet-
unknown source where sexual fruiting
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is common or inhalation of asexual
propagules by the host.

Apart from its isolation from human
tissue, the evolutionary pathway of CBS
120951 remains unknown. The only
point that can be claimed with certainty
is that this fungus is unrelated to all
known agents of hyalohyphomycoses.
On the basis of sequencing, this fungus
is not a member of Trichoderma section
Longibrachiatum, a section from which
all clinical strains of Trichoderma have
originated. Moreover, our analysis even
casts doubt on whether CBS 120852
is a member of the genera Hypocreal
Trichoderma despite its morphology.

In part, this is due to the fact that the
genetic borders of the genus are not
known at present, although it appears
that more arguments can be made for its
assignment to Hypocrea/Trichoderma
than against it. The presence of five
genus-specific BarCodes in the ITS1
and ITS?2 sequences, fef! phylogeny,
mating-type switching, and hypocrea-
like morphology of the teleomorph
form all support this idea. Moreover,
the isolation from such an unusual habi-
tat for a species of Hypocreg may indi-
cate that as-yet-undiscovered ecological
niches are inhabited by the genus. The
main argument against attributing CBS

120951 to Hypocrea/Trichoderma is its
extrageneric topology on the rpb2 phylo-
genetic tree and the relatively long
genetic distance from Hypocrea sensu
stricto. These inconsistencies may be
explained by the lack of sequence infor-
mation from Hypocrea/Trichoderma-
related genera.
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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 lll) 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 lItaly
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
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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 tefl-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 Penttild, 1998; Kumar et al., 2008; Kubicek et al.,

136 |Page



Molecular ecological aspects of Trichoderma that should be considered prior its application in agriculture and industry

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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Abstrack Growth of Trichoderma plevrotum and T. pleuroticola isolates on the Potato Dextrose Agar (PDA) medium was investigated.
T. pleuroticola isolates showed a significantly greater diameter of their inycelium colonies after 5 days of incubation than the T. plew-
rotum isolates. In addition, biotic interactions between T. pleurotum and T. plevroticoln isolates and species of Pleurotus sp. were de-
termined. The following six species of oyster mushroom were used: P fiorida, B cornucopiae, P. pulmonarius, P. cotumbinus, P ostreatus

and P. eryrgii. It was demonstrated that isolates of the T. pleuroticola species limited the growth of the examined species of oyster

mushroom to a much greater extent than the isolates of the T. pleurotum species.

Key wotds: Trichoderma, oyster mushroom, mycelium growth, biotic interaction

INTRODUCTION

Aggressive species of Trichederma fungi may cause
green mould diseases — a serious problem in mushroom
production. In Agarieus bisporus cultivation the pathogen-
ic Trichoderma were designated as T. aggressivum f. euro-
paetm {Th2) and T. aggressivum f. aggressiviom (Th4) (Wil-
liams ef ai. 2003). Green moulds occur on a massive scale
in oyster mushroom plantations in North America (Shar-
ma and Vijay 1996), South Korea {Park et af. 2004a, b, ¢,
2006), Italy (Woo et al. 2004), Hungary (Habvaniet . 2007}
as well as in Romania {Kredics et al. 2006). Balaszczyk
et al. (2011} investigated molecular variability of Tricho-
derma strains occurring in Poland, including those isolat-
ed from the substrate used in mushroom cultivations. In
the case of oyster mushroom cultivations, the following
two closely related genetically Trichoderma species were
identified as pathogens: T. wlewroticola and T. pleurotum
{Kommeon-Zelazowska et al. 2007). However, phenotypi-
cally, the above species exhibit considerable differerices.
They were identified in cultivation media in Europe, Iran,
and South Korea. Recently, T. pleuroticola and T. plewrotum

*Corresponding address:
sohieralskidhup.poznan.pl

species were identified in Spain as well (Gea 2009). In2010,
T. plewrotivola and T. plenrotum strains were also identified
in oyster mushroom cultivations in Poland (Siwulski et al.
2011). The wild growing P. ostreatus species was accompa-
nied by a number of Trichoderma species, most commonly
by T, plewroticoln but alse by T. harzianum, 1. longibrachia-
tum and T. atroviride (Kredics et al. 2009).

The first aim of the performed investigations was to
determine growth of T. pleuraticola and T. pleurstum iso-
lates. The second aim was to determine the interactions
between these isolates and several species of Pleurotus sp.
in in vitro conditions.

MATERIALS AND METHODS

The oyster mushroom species used in the experiments
were derived from the collection of cultivated and medic-
inal mushrooms of the Department of Vegetable Crops at
Poznat University of Life Sciences, Peland (Table 1). Iso-
lates of the Trichoderma genus: four T. plewrotum isolates
and four T. plewroticola isolates are described in table 2.
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Table 1. List of Pleurotus sp. strains used in the experiment

Species Strain number Origin
P floridn Pf149/8 Collection of cultivated and medicinal mushrooms
P pulmonarius Ppd7/A
P columbinis PcB8/F
P opatreqtus Poddfs
P eryngii Pel32/P

Table 2. List of Trichoderma izolates used in the experiment

Isolate Strain number Origin

T pleurotum 136 Vienna University of Technology, Institute

: of Chemical Engineering, Division Applied
T. plerotum E139 Biochemistry and Gene Techmology, Austria
T pleurotui T53/B Institute of Genetics
1. plenrotuimn TI70/C Polish Academy of Science, Poznan, Poland
1. pleuroticola Mid1 Vienna University of Technology, Institute

of Chemical Engineering, Division Applied

Tpleuroticol M43 - B
Lpleuroticola - Biochenistry and Gene Technology, Austria
T. plenroticoln T6/PR Institute of Genetics
T pleuroticola T52/2D Polish Academy of Science, Poznai, Poland

The trial was conducted on Potato Dextrose Agar
{PDA) medium {OUxoid Ltd., England) in the biologi-
cal laboratory of the Department of Vegetable Crops at
Poznari University of Life Sciences. During the first stage
of the investigations, growth of the examined 7. pleurotum
and T. plewroticola isolates on the above-mentioned PDA
meditm was determined. Inoculations were performed
in a laminar-airflow cabinet by putting mycelia dises
{5 mm diameter) of the examined Trichoderma isolate in
the centre of the medium in a Petri dish. The dish was
9 em ir1 diameter. Discs were cut out from the PDA me-
dium overgrown with the mycelium of the examined
strains. Incubation was carried out in an incubator with
no light access, at a temperature of 24-25C and relative
air humidity ranging from 80 to 85%. The diameter of the
fungus colony was measured after 5 days of incubation.

In the course of the second stage of the experiment,
the individual biotic effect (IBE) was estimated with the
index of biotic relations developed by Marka (1974) {Ta-
ble 3}. For this purpose, mycelia discs of Pleurotus strains

and competitive Trichoderma were placed on a Petri dish
at a distance of 4 cm from each other. Using a plastic
pipe of 5 mm diameter, the discs were cut out from PDA
media overgrown with the mycelium of the examined
mushroom. The mycelia discs of examined T. pleurotum
and T. pleuroticola isolates, were inoculated 7 days after
the inoculation of the tested Plewrotus strain. Incubation
was carried out in the conditions described above. My-
celium growth measurements of the investigated fungus
were taken every 24 hours. Assessments of interactions
between the developing mycelia were determined. The
observations noted: the degree of one colony surround-
ing the other, width of the inhibition zone, and growth
limitation or infestation of one colony by the other. A pre-
cise description of the method of conducting the experi-
ment was given by Fruzyiiska-Jozwiak et al. (2010}

The experiment was established in six replications in
a random design. Two cycles of the experiments were
conducted. No significant differences between cycles
were found.

Table 3. Score scale for the determination of individual bictic effect (IBE) (acc. to Marika 1974)

Type of interaction between colonies Points
Both colonies are in contact along a straight line 0
Colony A remains in contact with colony B along a slightly curved line )
so that it surrounds less than 1/3 of colony A 1
Colony A remains in contact with colony I along a curved line h
so that it surrounds at least 173 bt less than 1/2 of colony A -
Colony A remains in contact with colony B along a curved line 3
so that it surrounds at least 1/2 but less than 2/3 of colony A i
Colony A remains in contact with colony B along a curved line ol
so that it surrounds at least 2/3 or more of colony A
Each millimetre of the inhibition zone is cecupted by colony A +1
Colony B at least by 1/3 but less that ¥2 stnaller than its control colony developed individually 3
on a separate plate
Colony B at least by 2/3 smaller than its control colony developed individually 3
on a separate plate
Colony B completely undeveloped +4

ge
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RESULTS

Figure 1 presents growth of T. pleurotum and T. pleu-
roticola isolates on the PDA medium. The diameters of
colonies of different strains of T. plewrotum after 5 days
of incubation were similar and ranged from 72 to 75 mm.
T. pleuroticola isolates exhibited significantly greater di-
ameters of colonies after the above-mentioned period of
incubation. The colony diameter of these isolates ranged
from 83 to 88 mm. There were no significant differences
between isolates.

When analysing IBE indices for T. pleurotum and
T. plenroticola isolates, this index assumed a different
value depending on the tested Pleurotus species. The ex-
amined I. pleurotum isolates exhibited a very similar IBE

index in their interaction with all the species of Pleurotus.
This index, in the case of all the examined isolates, varied
from +3 to +5. No difference was found in the IBE index
value for T. pleurotum isolates in their interaction with
P. cornucopiae. In all the cases, the IBE index reached +5.
The greatest sensitivity to the effect of T. pleurotum was
shown by P. cormucopine. A very similar value was also
exhibited by the index in the case of the T. pleurotum iso-
late in its interaction with P. columbinus. The IBE index
amounted to +4 with the exception of the T. pleurotum
E136 isolate where the value was higher and reached +5.
Considerable variation in the IBE index was determined
in the case of T. pleurotum isolates in their interactions
with P. ostreatus and P. eryngii {Table 4).

Table 4. Individual biotic effect index for T. pleurotum and T. pleuroticoln isolates

Isolate Pleurotus
Trichoderma species - .
designation forida corriLCOpine pulmonarius columbinus ostreatus eryngii
T. plewrotum
T. pleurotum E136 E139 | +4  +4 +5 +5 +4 +i +5 +i +4 +5 | +5 +i
T. pleurotum T53/B T270/C +5 +5 +5 +4 +5 +4 +4 +4 +3 | 43 +4
T. pleurotum
T. pleuroticola
T. pleuroticola M141 M143Ta/ | +6 +6 +6 +7 +6 +6 +6 +6 +5 +h | +6 +6
T. pleuroticola PR T52/2D +5 46 +7 +7 +7 +6 +5 +7 +5 +7 | +6 +6
T. pleuroticola
100 88

E 86 g3 &b

E 80 - 70

8

£ 60 -
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1. T. pleurotrm E136 4. T. pleurotum T270/IC

pleuroticola TBIPR

T.T
2. 7. pleurotum E139 5. T, pleuroticolaM141 8. T. pleuroticola T52/2D
3. T. pleurotlum T538  §. T. plouroficolaM143

Fig. 1. Diameter of the colonies of T. pleurotunt and T. pleuroticols isolates after 5 days of incubation on PDA medium

The IBE index for the examined T. pleuroticola isolates
and Pleurotus sp. strains was significantly higher and
ranged from +5 to +7. For the interaction between the T.
pleuroticola isolate and P. florida, the IBE index was simi-
lar and amounted to +6, with the exception of the T6/PR
isolate where the IBE index was found to be lower (+5).
T. pleuroticola isolates in their interaction with P. cornuco-
piae showed a similar IBE index amounting to +7, with
the exception of the M141 strain for which the IBE index
reached the value of +6. This species of Pleurotts showed
the greatest sensitivity to T. pleuroticola isolates. The IBE
index for the examined T. pleuroticola isolates and P. pul-
monarius as well as P. eryngii amounted to +6, with the
exception of the T6/PR isolate for which the IBE value was
higher - reaching a value of +7. The IBE index for interac-

tions between the T. pleuroticola isolates and P. columbinus
as well as P, ostreatus fluctuated within wider limits from
+5 to +7.

DISCUSSION

Experiments involving the growth of T. plenrotum and
T. pleuroticola isolates on PDA medium did not show any
significant differences in colony diameters of the isolates
after 5 days of incubation. All the examined T. pleuroticola
isolates exhibited a significantly greater colony diameter
after the incubation period than T. pleurotum isolates. The
above results correspond with those reported by Siwulski
et al. (2011).
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In the available literature on the subject, there is ne
precise information regarding the impact of T. plewrotum
and T. pleuroticola species on the mycelium development
of different species of Plewrotus sp. In the described inves-
tigations, the authors used six different Pleurotus species
as well as eight isolates of T. pleurotum and T. pleuroticola.
The analysis of IBE indices for individual T. pleurotum
and T. pleuroticola isolates demonstrates that isolates of
the T. pleuroticola species reduced growth of the examined
Pleurotus sp. species considerably more than isolates of
the T. pleurotum. In the case of all examined T. pleurotum
isolates, the value of the IBE index in their interactions
with Pleurotus species ranged from +3 to +5. The IBE in-
dex for T. pleuroticola, on the other hand, reached a value
from +5 to +7. When analysing table 3, it can be said that
the IBE index of T. pleurotum isolates in interaction with
individual species of Pleurotus, was fairly similar within
species and isolates. T. pleurotum to the greatest extent
inhibited the development of P. cornucopise, which was
the most sensitive species to the effect of this fungus. The
relatively highest variability of the IBE index for T. pleuro-
tum isolates and the Pleurotus species occurred in the case
of P, eryngii. A similar variability in the IBE index was de-
termined for the T. pleurotum isolates in interaction with
P. ostreatus. Greater differences were found in the value
of the IBE index for T. pleuroticola isolates in interaction
with the Pleurotus species. The species most sensitive to
T. pleuroticola was P. cornucopize

The obtained results support the observations of
Konmmon-Zelazowska et al. 2007) regarding faster myce-
lium growth and the overgrowing of the P. ostreatus my-
celium by T. pleuroticola isolates. The above-mentioned re-
searchers demonstrated that T. pleuroticoln can overgrow
P. ostreatus mycelium, whereas the T. pleurotum isolates
penetrate up to 3 mm into P. ostreatus mycelium and then
it ceases to overgrow mycelium of the oyster mushroom.
The performed investigations indicated that mycelium
of the examined oyster mushroom species exhibited
a certain antagonistic response in relation to T. pleurotum
isolates. The above experiments confirmed the fact that
none of the experimental mycelia of oyster mushroom
exhibited an antagonistic response to T. pleuroticola iso-
lates, which were characterized by a very high IBE in-
dex in their interactions with nearly all Pleurotus species.
Only in some cases did the value of the IBE index for the
examined T. pleuroticola isolates in their interaction with
Pleurotus sp. species amount to +5. In the majority of the
cases, the index reached a value of +6 or +7 indicating the
absence of antagonistic responses in relation to T. pleuroti-
cola isolates.

Information can be found in the literature about some
mushroom species which exhibit a defense response to
some aggressive Trichoderma isolates. This kind of re-
sponse was shown by the shiitake (Lentinula edodes) as
well as oyster mushrooms (P. ostreatus and P. eryngii)
{(Savoie et al. 2001). Trichoderma aggressivum f. europaeum
is one of the most dangerous pathogens in mushroom
production. This species causes large losses in edible and
medicinal mushroom cultivation. Earlier investigations
by the authors on interaction of edible mushroom species
with pathogenic fungi revealed that certain antagonis-

tic responses to T. aggressivum f. europaeum isolates were
shown by some strains of Coprinus comatus. (Fruzyrska-
Jozwiak et al. 2011). Other investigations carried out by
the authors (Siwulski et al. 2009; Sobieralski et al. 2009)
correspond with the results obtained in our described ex-
periment. The tested species and strains of Agaricus and
Pleurotus were very sensitive to the effect of Trichoderma.
They did not exhibit any defensive response in relation
to T. aggressivum f. europaeum isolates. The studies also
revealed a significant ability of Trichoderma to inhibit my-
celium development in the case of some Pleurotus species.
The most sensitive to Trichoderma impact was P. cornu-
copie. The results clearly indicated greater inhibition of
Pleurotus growth by T. pleuroticola isolates.
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