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KURZFASSUNG

Trichoderma (Hypocreales, Ascomycota) ist eine Gattung der filamentdsen Pilze, die durch ihr hohes
opportunistisches Potenzial und ihre Anpassungsfahigkeit an verschiedene 6kologische Bedingungen in

zahlreichen natirlichen und kiinstlichen Habitaten verbreitet ist.

Die Fruchtkorper der Trichoderma spp. (Teleomorph; geschlechtliche Form) wurden hauptsachlich auf
Basidiomyceten gefunden. Viele Trichoderma Anamorphe (asexuelles Entwicklungsstadium) haben die
Fahigkeit biotrophe Interaktionen (z.B. Parasitismus) mit anderen Pilzen einzugehen. Aufgrund dieser
Eigenschaft sind Trichoderma spp. flir Forschung und Industrie von groRer Bedeutung und werden zur
Bekdampfung von phytopathogenen Pilzen als Biofungizide eingesetzt. Trichoderma Mykoparasitimus steht
daher im Fokus zahlreicher wissenschaftlicher Studien, was dazu fiihrte, dass mittlerweile sieben Genome
(T. asperellum, T. atroviride, T. citrinoviride, T. harzianum sensu stricto, T. longibrachiatum, T. reesei und T.

virens) sequenziert und fiir die Offentlichkeit freigegeben wurden.

In der vorliegenden Dissertation wird die Okologie der Gattung Trichoderma anhand von genomischen,
transcriptomischen und Okophysiologischen Studien diskutiert. Die komparative Transkriptomik zeigte
unterschiedliche Mykoparasitismus-Strategien der T. atroviride, T. reesei und T. virens. Die phylogenomische
Studie der drei genannten Spezies zeigte, dass Mykoparasitismus eine Ureigenschaft dieser Gattung ist. Dies
wurde auch in der Fallstudie Uber die evolutionar bedingten Unterschiede des mykoparasitischen Potenzials
der eng verwandten, jedoch genetisch getrennten Spezies T. reesei und T. parareesei, unterstrichen. Die
Studie des Polyketid-Synthase Gens pks4 in T. reesei brachte hervor, dass dieses Gen fiir die Pigmentbildung
verantwortlich ist und auch Einfluss auf andere wichtige Okophysiologische Funktionen, inklusive
Mykoparasitismus dieser Spezies hat.

Diese Dissertation bietet erste Einblicke in den Mykoparasitismus von Trichoderma aus genomischer und

okophysiologischer Perspektive.
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SUMMARY

Trichoderma (Hypocreales, Ascomycota) is a genus of common filamentous fungi that display a remarkable
range of lifestyles. They have been isolated from numeral natural and artificial habitats demonstrating their
high opportunistic potential and adaptability to variety of ecological conditions. Fruiting bodies of
Trichoderma spp. are mainly found associated with basidiomycetes and many of Trichoderma anamorphs
can form biotrophic associations (in a broad sense parasites) with different fungi. This property is widely
used by researchers and industry for the antagonization and eventual killing of fungal pathogens of plants
(biological control or biocontrol). The exploitation of the mycotrophic properties of Trichoderma in
biotechnology and agriculture made the genus well studied and brought it in focus of numerous -omic
studies including the seven complete genomes (7. asperellum, T. atroviride, T. citrinoviride, T. harzianum

sensu stricto, T. longibrachiatum, T. reesei and T. virens) recently released for public access.

This doctoral thesis focuses on the ecology of the genus Trichoderma, discussing it by our ecophysiological,
genomic and transcriptomic studies. The comparative transcriptomic analysis of T. atroviride, T. reesei and
T. virens revealed different strategies of Trichoderma mycoparasitism. The phylogenomic study of the three
mentioned species showed that mycoparasitism is an innate property of the genus. This was further
underlined by the case study on the versatility of antagonistic potentials in closely evolutionary related but
genetically delimited species T. reesei and T. parareesei. The study of a polyketide synthase gene (pks4) in T.
reesei revealed the involvement of a pigment producing pks in such ecophysiological functions as stress
resistance, defense against competitive microorganisms and in mycoparasitism.

This thesis provides the first insight into ecological genomics of Trichoderma through the genome-wide

integrated analysis of mechanism, evolution and ecophysiology.
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NOMENCLATURE AND CURRENT TAXONOMIC ASSUMPTIONS

The main subject of this thesis is the pleomorphic genus of filamentous fungi Trichoderma. The sexual
(teleomorphic) stage was known by the generic name Hypocrea (Hypocreales, Ascomycota), whereas the
asexual (anamorphic or mitosporic) stage is called Trichoderma. The majority of the genetic diversity of the

genus is represented by its sexual forms'*

and 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)**®’. The nomenclature of these fungi is complicated because
of their pleomorphism. In this regard the ICBN (International Code of Botanical Nomenclature) which was
adopted at the IBC (International Botanical Congress) in Melbourne in July 2011 for fungi suggested that
from 1 January 2013 only one official name is allowed for each pleomorphic fungus. However, the ISTH as a
subcommission of the International Commission on the Taxonomy of Fungi (ICTF IUMS) is expected to
recommend on the names in Hypocrea and Trichoderma. The use generally follows the principle of priority
of publication, but a new passage in Art. 57.2 says that an anamorph-typified name (e.g. Trichoderma)
that has priority must not be taken up until retention of the teleomorph-typified name (e.g. Hypocrea) has
been considered by the General Committee and rejected. Another new Art. 14.n says that lists of preferred
names may be submitted to the General Committee, which will refer them to the Nomenclature Committee

for Fungi and committees of experts for examination. After approval, these names will then become

permanent, i.e. treated as conserved.

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. Materials that have been prepared after January 1** 2013

comply with the new rule. The generic group is termed Trichoderma.

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

? Jaklitsch WM (2011) European species of Hypocrea part II: species with hyaline ascospores. Fungal Divers, 48(1):1-250.

® Druzhinina IS, Seidl-Seiboth V, Herrera-Estrella A, Horwitz BA, Kenerley CM, Monte E, Mukherjee PK, Zeilinger S, Grigoriev IV,
Kubicek CP (2011) Review: Trichoderma: the genomics of opportunistic success. Nat Rev Microbiol, 9(10):749-59. Erratum in: Nat
Rev Microbiol, 9(12):896

* Druzhinina IS, Komon-Zelazowska M, Kredics L, Hatvani L, Antal Z, Belayneh T, Kubicek CP (2008) Alternative reproductive
strategies of Hypocrea orientalis and genetically close but clonal Trichoderma longibrachiatum, both capable of causing invasive
mycoses of humans. Microbiology, 154(Pt 11):3447-59.

> Druzhinina IS, Kubicek CP, Komon-Zelazowska M, Mulaw TB, Bissett J (2010) The Trichoderma harzianum demon: complex
speciation history resulting in coexistence of hypothetical biological species, recent agamospecies and numerous relict lineages.
BMC Evol Biol, 10:94.

® Druzhinina IS, Komon-Zelazowska M, Atanasova L, Seidl V, Kubicek CP (2010) Evolution and ecophysiology of the industrial
producer Hypocrea jecorina (Anamorph Trichoderma reesei) and a new sympatric agamospecies related to it. PLoS One, 5(2):e9191.

7 samuels GJ, Ismaiel A, Bon MC, De Respinis S, Petrini O (2010) Trichoderma asperellum sensu lato consists of two cryptic species.
Mycologia, 102:944-966.
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ABBREVIATIONS AND WEB RESOURCES

BCA Bayesian Concordance Analysis

cDNA complementary deoxyribonucleic acid

DNA deoxyribonucleic acid

DOE The United States Department of Energy (DOE): http://energy.gov/

ENTREZ NCBI Entrez cross-database search: www.ncbi.nlm.nih.gov/Entrez/

FunCat Functional Catalogue for systematic classification of proteins from whole genomes:

http://mips.helmholtz-muenchen.de/proj/funcatDB/search main frame.html

GeneDoc: sequence editing software http://www.nrbsc.org/gfx/genedoc/
GO database of Gene Ontology terms: http://www.geneontology.org/
IBC International Botanical Congress

ICBN International Code of Botanical Nomenclature: http://www.iapt-

taxon.org/nomen/main.php

ICTF International Commission on the Taxonomy of Fungi: http://www.fungaltaxonomy.org/
ISTH International Subcommission on Trichoderma and Hypocrea: http://www.isth.info/

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

KEGG Kyoto Encyclopedia of Genes and Genomes: http://www.genome.jp/kegg/

KOG EuKaryotic Orthologous Groups (KOG), a eukaryote-specific version of the Clusters of

Orthologous Groups (COG) tool for identifying ortholog and paralog proteins

LA Lea Atanasova, the author of the thesis

MCMC Markov chain Monte Carlo

MycoCosm the fungal genomic resource tool of JGI: http://genome.jgi-psf.org/programs/fungi/index.jsf
NCBI National Center for Biotechnology Information: http://www.ncbi.nlm.nih.gov/

NRPS Non-Ribosomal Peptide Synthetase

Pfam database of protein families that includes their annotations: http://pfam.sanger.ac.uk/

PKS polyketide synthase

gPCR real-time polymerase chain reaction

RNA Ribonucleic acid

rpb2 RNA polymerase Il subunit gene
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s.l. sensu lato

S.S. sensu stricto

tef1 translation elongation factor 1a
VOCs volatile organic compounds
WSCs water soluble compounds

Interactive key, images, descriptions, distributions and nomenclature of the genus Trichoderma by Samuels

et al.: http://nt.ars-grin.gov/taxadescriptions/keys/Trichodermalndex.cfm

JGI Trichoderma genome platforms

T. asperellum:

T. atroviride:
T. citrinoviride:

T. harzianum:

T. longibrachiatum:

T. reesei:

T. reesei RUT C-30:

T. virens:

http://genome.jgi.doe.gov/Triasl/Triasl.home.html

http://genome.jgi.doe.gov/Triat2/Triat2.home.html

http://genome.jgi.doe.gov/Tricil/Tricil.home.html

http://genome.jgi.doe.gov/Trihal/Trihal.home.html

http://genome.jgi.doe.gov/Trilo1/Trilol.home.html

http://genome.jgi.doe.gov/Trire2/Trire2.home.html

http://genome.jgi.doe.gov/TrireRUTC30 1/TrireRUTC30 1.home.html

http://genome.jgi.doe.gov/TriviGv29 8 2/TriviGv29 8 2.home.html

Transcriptomic database

The microarray data and protocols related to this study are available at the GEO web site
http://www.ncbi.nlm.nih.gov/geo/ under accession number GSE23438.
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THESIS OVERVIEW

This is a cumulative thesis that consists of (i) an introducing review of the literature on ecology of
Trichoderma as revealed by DNA barcoding tools, (ii) three chapters containing published experimental
results or materials prepared for submission and relevant comments, (iii) an outlook, and (iv) two
appendices containing manuscripts with materials presented in the thesis and manuscripts of the author
that were not included in the main part of the thesis respectively. The introduction of the thesis has been
submitted as an invited review for the book chapter Ecophysiology of Trichoderma in genomic perspective®.
The first authorship publications presented in the Chapters 1 and 2 have been published in peer-reviewed
scientific journals, the publication of Chapter 3 ”Polyketide synthase gene pks4 of Trichoderma reesei

provides pigmentation and defense against biotic and abiotic stress” has been submitted to Eukaryotic Cell.

® Atanasova L (2013) Ecophysiology of Trichoderma in genomic perspective. In: Gupta VK, Schmoll M, Herrera-Estrella A, Upadhyay
RS, Druzhinina IS and Tuohy M (eds.) Biotechnology and Biology of Trichoderma. Elsevier BV, Amsterdam, The Netherlands, invited
review submitted.
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ECOPHYSIOLOGY OF TRICHODEMA

Trichoderma in its ecological niche?

Members of the filamentous ascomycete genus Trichoderma are among the most commonly isolated biotrophic and
saprotrophic fungi, frequently found on other fungi, on dead wood and bark, in soil and rhizosphere. Trichoderma
isolates are also known from marine sponges (Paz et al., 2010; Gal-Hemed et al., 2011), living gramineous and
herbaceous plants (Jaklitsch, 2009) and as endophytes (Samuels et al., 2006b; Zhang et al., 2007; Hanada et al., 2008;
Mulaw et al., 2010), what demonstrates their ability to occupy various ecological niches. Trichoderma diversity of life
styles is versatile, and refers to two major nutritional modes- saprotrophy and biotrophy - which are commonly not in
disagreement for many of Trichoderma species. Most of the species can live in parasitic relationship in which the
parasite feeds on a living host organism like other fungi (Figure 1.1). Most of the fruiting bodies of Trichodema spp.
were found on specific basidiomycetes as well as several of Trichoderma spp. can degrade and grow within and on a
wide variety of fungi with or without killing them (necrotrophic hyperparasitism and/or mycoparasitism or
mycotrophy; Druzhinina et al., 2011). Furthermore, biotrophic interactions were observed also with other organisms
such as immunocompromised humans (Kredics et al., 2003; Druzhinina et al., 2008) or nematodes (Casas-Flores et al.,
2007) (Figure 1.1). Some species such as T. reesei, known by its production of cellulosic and hemicellulosyc enzymes,
exhibit saprotrophic nutrition, where the fungus can successfully degrade lignocellulosic compounds by extracellular
digestion involved in the processing of dead or decayed organic matter (Figure 1.1). This was observed also for T.
subeffusum, T. luteffusum, T. polysporum, T. phellinicola, T. sulphurea etc. probably after entire digestion of the host
basidiome (Jaklitsch, 2011). Thus, it was hypothesized that the Trichoderma ancestral species have first parasitized on
wood-rotting fungi and later on explored the wood as an optional ecological niche and have switched to living on the
pre-degraded wood rather than the host fungus itself (Rossmann et al., 1999; Druzhinina et al., 2011). However, it was
observed that Trichoderma spp. can also can establish comensalistic associations in the rhizosphere or in plant tissue
(as endophytic associate; Mulaw et al., 2010), or even beneficially stimulate plant growth and evoke plant defense
reactions against pathogens (Howel et al., 2003; Benitez et al., 2004; Druzhinina et al., 2011) (Figure 1.1). Furthermore,
a species T. subeffusum was recently found in association with green algae on decorticated wood (Jaklitsch, 2011).
Other mutualistic or comensalistic associations with Trichoderma are known from marine sponges (Gal-Hemed et al.,
2011), insects (D. Davidson, L. Atanasova and 1.S. Druzhinina, unpublished data) and bacteria (L. Atanasova and 1.S.
Druzhinina, unpublished data), yet their interactions are not yet well understood.

Most of the Trichoderma studies focused on the anamorphs of Trichoderma from soil (Kullnig et al., 2000; Kubicek et
al., 2003; Wuczkowski et al., 2003; Gherbawy et al., 2004; Friedl and Druzhinina, 2012; Zhang et al., 2005; Migheli et
al., 2009, Zachow et al., 2009). Thus, the impression that Trichoderma is primarily a soil fungus is very commonly
distributed in science. The diversity studies showed the dominance opportunistic species such as T. asperellum, T.
asperelloides, T. harzianum sensu lato, T. pleuroticola, T. alni, T. hamatum, T. atroviride, T. strigosum, T.
brevicompactum, T. virens, T. longibrachiatum, T. gamsii, T. citrinoviride, T. koningiopsis, T. spirale, T. koningii complex
etc. Atanasova et al. (2013a) proposed that it is likely that these species obtained the ability to saprotrophic growth in
soil due to their great opportunistic potential as suggested based on genomes of T. atroviride and T. virens (Druzhinina
and Kubicek, 2013). Moreover, a consistent co-occurrence of T. harzianum sensu lato, T. spirale, T. gamsii, T. hamatum
and T. koningiopsis in non-rhizosphere soils was noticed in several studies (Hagn et al., 2007; Zachow et al., 2009;
Friedl and Druzhinina, 2012). Co-existence of T. harzianum sensu stricto and T. cf. harzianum has been shown by a
number of cultivation based studies (see Druzhinina et al. 2010a for references) and was confirmed by metagenomic
analyses of soil (Friedl and Druzhinina, 2012). Similar coexistence was also shown for T. longibrachiatum and H.
orientalis isolated from terrestrial (Druzhinina et al., 2008; Kredics et al., 2008) and marine environments (Gal-Hamed
et al, 2010).

° Ecological niche - the totalilty of the adaptations of an organism to exploit its particular environment.
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Figure 1.1: Ecological niches of genus Trichoderma.

However, the cultivation approaches tend to strongly undergo the isolation bias for rare and slow growing, non-
opportunistic species. In situ diversity studies of Trichoderma in soils (Hagn et al., 2007, Zachow et al., 2009, Meincke
et al.,, 2010, Friedl and Druzhinina, 2012) detected almost exclusively already known species of Trichoderma. The latest
metagenomic study on Trichoderma in soil using a combination of cultivation independent metagenomic methods and
in vitro modeling of infrageneric interactions showed that there is almost no hidden diversity of this genus in soils, but
showed that diversity of Trichoderma species different soil layers is not only limited on the highly opportunistic
species, but also comprise T. rossicum, T. pachypallidum, T. polysporum and a new species Trichoderma cf. sp. nov.
MOTU 1A 64 from Section Longibrachiatum (Friedl and Druzhinina, 2012). On the other hand the authors showed that
the local diversity of Trichoderma in soil is biologically determined as not all species which are known to be locally
abundant above ground (e.g. most frequent teleomorphic Trichoderma species in Central Europe T. minutisporum and
common T. viridescens, T. viride, H. pulvinata, T. strictipile etc. (Jaklitsch et al., 2006; 2009) were not detected (see
Friedl and Druzhinina, 2012).

However, the extensive work of Jaklitsch (2009; 2011) on Trichoderma in Europe suggested that the biodiversity on
and above the litter layers exceed the number of species isolated from soil, and showed that generally Trichoderma
anamorphs are considerably more common on plant material than the teleomorphs. The majority of Trichoderma
species (83 %) occurs on wood and bark of trees and shrubs, while only 2 % may be found on gramineous or
herbaceous hosts, 2 % on soil and forest debris and 13 % specifically on other fungi (Atanasova et al., 2013a). Although
the full diversity of Trichoderma species associated with higher plants, basidiomycetes, invertebrates and mammals is
not known, most of the taxa have been recovered from dead wood and fruiting bodies of other fungi suggesting that
these are the primary ecological niches of this fungus (Druzhinina and Kubicek, 2013).

11
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Mycotrophy of Trichoderma

The ability of fungi to feed on other fungi is described as necrotrophic hyperparasitism or mycoparasitism (Druzhinina
et al., 2011). Studies of Trichoderma teleomorphs in Europe, which included more than 600 specimens from 14
different countries (Jaklitsch 2009; 2011) covering most climatic zones and including 75 species of Trichoderma that
form teleomorphs, reported that most fruiting bodies of Hypocrea spp. are associated with specific basidiomycete
fungi; e.g. H. estonica and H. parestonica strictly growing on Hymenochaete spp., T. fomiticola growing on Fomes
fomentarius, and H. pulvinata on Fomitopsis pinicola and Piptoporus betulinus etc. (see Jaklitsch, 2011). Moreover,
Trichoderma can mostly degrade and grow within the latent fungal structures (sclerotia) of variety of plant pathogenic
fungi (see Druzhinina et al., 2011).

Species of Trichoderma possess strong mycoparasitic potential and were frequently studied against ascomycetous
causative agents of plant diseases Alternaria alternata, Botryotinia fuckeliana and Sclerotinia sclerotiorum (Figure 1.2;
see Druzhinina et al., 2011) as well as against basidiomycete Rhizoctonia solani (Reithner et al., 2011; Shibu et al.,
2012; Yang et al., 2012; Atanasova et al., 2013b). Thus, the exploitation of the mycoparasitic properties of Trichoderma
in biotechnology and agriculture made the genus well studied and brought it in focus of numerous -omic studies
including the seven complete genomes (T. asperellum, T. atroviride, T. citrinoviride, T. harzianum sensu stricto, T.
longibrachiatum, T. reesei and T. virens; http://www.jgi.doe.gov/). Numerous studies regarding Trichoderma spp.

mechanisms of action and their commercially valuable purposes (Harman et al., 2004, 2011; Lorito et al., 2010) were
released. Most researches in this direction were preformed only with few of Trichoderma opportunistic species, such
as T. harzianum sensu lato species complex, T. atroviride, T. virens, T. asperellum and T. asperelloides (Howel et al.,
2003; Benitez et al., 2004; Druzhinina et al., 2011; Atanasova et al., 2013b; etc.). Recently, a remarkable genus-wide
survey of Trichoderma antagonistic potential against ascomycetes Sclerotinia sclerotiorum, Botrytis cinerea and
Alternaria alternata as well as against oomycete Phytophtora sp. showed that, despite a considerable infraspecific
variability, nearly all of 75 molecularly defined Trichoderma species are able to reduce the development of tested prey
fungi in the average range of 70 % (Druzhinina and Kubicek, 2013). They showed that the mycoparasitism, with few
exceptions e.g. T. polysporum, is a genus-wide trait, and that the mycoparasitism is a rather strain than species specific
(Figure 1.2).

Trichoderma species were found to commonly colonize the substrates on the farms growing edible fungi (Agaricus
bisporus, Lentinula edodes, and Pleurotus ostreatus) (Sinden et al., 1953). All over the World in the last three decades
severe damages have been caused by Trichoderma spp. what led to the extensive studies to identify the green mold
disease agents (Muthumeenakshi et al., 1994; Castle et al., 1998; Park et al.; 2004, 2006; Hatvani et al., 2007; Komon-
Zelazowska et al., 2007).A survey based on the molecular identification and diagnostic test for T. aggressivum, showed
that seven species, T. aggressivum f. europaeum, T. asperellum, T. atroviride, T. ghanense, T. harzianum sensu lato, T.
longibrachiatum and new undescribed phylogenetic species Trichoderma sp. DAOM 175924 co-occur in the infected
mushroom substrates (Hatvani et al., 2007), but aggressive colonization was claimed to be exclusively due to two
formae speciales of a new Trichoderma species, viz. T. aggressivum f. europaeum in Europe and T. aggressivum f.
aggressivum in North America (Samuels et al., 2002). The same ITS1 and 2 allele as known for T. sp. DAOM 175924 was
found on the Hungary oyster mushroom farm (Hatvani et al., 2007) and the study showed that two different, although
genetically closely related species, T. pleurotum (the correct name T. pleuroti, see Atanasova et al., 2013a) and T.
pleuroticola together with T. aggressivum were the causing agents of green mold disease in Hungary, Poland, Romania,
Italy, South-Korea and Taiwan (Park et al.; 2004; Hatvani et al., 2007; Komon-Zelazowska et al., 2007). Recently new
Trichoderma species, T. mienum, was isolated from ascospores and dry stromata found on bedlogs for shiitake and
oyster mushroom cultivation in Japan (Kim et al., 2012).

Studying Trichoderma mycoparasitic response, several genes, enzymes and other effectors were found to be involved
among different species and in different stages of their predation (Seidl et al., 2009b; Reithner et al., 2011; Omann et
al., 2012; Catalano et al., 2011; Atanasova et al., 2013b). The processes occurring during Trichoderma mycoparasitism
were recently grouped into four stages (Druzhinina and Kubicek, 2013): 1) waiting for a prey (ambushing); 2)
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recognition of the presence of a potential prey (sensing); 3) induction of the biochemical tools to besiege the prey
(hunting); and 4) actual attack and eventual killing and feeding on the prey. Trichoderma spp. might recognize the
other fungi by the excretion of small peptides or other molecules that are released as a response to proteases secreted
by the Trichoderma spp. (Druzhinina et al., 2011). They may bind to G protein-coupled receptors (such as Gprl) or
nitrogen-sensing receptors on the surface of the Trichoderma spp. hyphae, inducing a signaling cascade comprising G
proteins and mitogen-activated protein kinases (MAPKs), which may then trigger the activation of still unknown
transcription factors which may regulate the genes responsible for secondary metabolite biosynthesis and cell wall
lysis of the other fungus (Druzhinina et al., 2011). However, these are only the insights into the opportunistic success
of Trichoderma, but the mechanisms behind are still not well understood.
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Figure 1.2: Trichoderma mycroparasitic poteintial is prey and predator specific. A moderately active strain T. sp.
TUCIM 4158 compared to strong mycoparasite T. harzianum sensu lato TUCIM 4148 in confrontations with six plant
pathogenic fungi.

Saprotrophy of Trichoderma on dead wood

Most of Trichoderma species (83 %) have been reported to occur on dead wood and bark of trees and shrubs
(Atanasova et al., 2013a). The fungal degradation pathways of lignocellulosic biomass are described in detail in Kubicek
(2013). In the genus Trichoderma T. reesei is most prominent industrial producer of cellulases and hemicellulases,
enzymes employed in breaking cellulose into simple sugars (glucose and xylose) (Grigoriev et al., 2011). The industrially
important strain QM 6a was isolated in 1942 on the Solomon Islands during WW I, and strains used in biotechnology
today have been derived from it by the classical mutagenesis based on a series of exposures to radiation with a linear
accelerator. The resulting mutants displayed two- to four-fold increase in cellulolytic activity. However, the potential to
degrade cellulose is strain specific in T. reesei (Druzhinina et al., 2010b) and might be expanded in several strains of
Longibrachiatum Clade, e.g. in T. longibrachiatum and T. citrinoviride, whereas the teleomorphs of the latter one were
shown to be among very poor producers (Kubicek et al., 1996).
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For the degradation of cellulosic materials T. reesei can produce at least two cellobiohydrolases (CBHI and CBHII), eight
endo-B-1,4-glucanases (EGI to EGIV, EG45, CEL74A , CEL61B and CEL5B) and seven B-glucosidases (BGLI, BGLII, CEL3B,
CEL3C, CELIB, CEL3D, CEL3E ) that act synergistically to degrade crystalline cellulose to glucose (Kubicek et al., 2009).
The major cellulase genes are coordinately expressed under different inducing carbon source conditions; by cellulose,
its derivatives cellobiose and sophorose, lactose, and a monosaccharide L -sorbose, and are subject to carbon
catabolite repression (Kubicek et al., 2009; Furukawa et al., 2009). Hemicelluloses, e.g. xylan, galactoglucomannan and
xyloglucan, are besides the cellulose the most abundant polysaccharides in plant cell walls (Eriksson et al., 1990;
Seiboth et al., 2007). A major part of hemicelluloses consists of simple sugars such as pentoses (D-xylose, L-arabinose)
and hexoses (D-galactose, D-mannose or D-glucose). The major components of this xylanolytic system are
endoxylanase (1,4-B-D-xylan xylanohydrolase) which hydrolyses the f-1,4 bonds in the main chain generating a
mixture of xylo-oligosaccharides, and B-xylosidase (1,4-B-D-xylan xylohydrolase) which cleaves off the terminal xylose
units from the non-reducing end of xylo-oligosaccharides and has been reported to be rate limiting in xylan hydrolysis
(Gomez et al., 2001). T. reesei forms at least three endo-xylanases (XYNI to XYNIII), one B-xylosidase (BXL1) (Furukawa
et al., 2009) and one endo-f3-1,4-glucanase which nonspecif cally degrades xylan (Rauscher et al., 2006). Contrary to
cellulases, xylanase genes are not co-regulated (Furukawa et al., 2009). Expression of the xynl gene is primarily
induced by D-xylose, whereas xylobiose and sophorose induce the xyn2 (Furukawa et al., 2009) and cellulose, its
derivatives and L -sorbose, but not xylan, xylooligosaccharides or D -xylose induce the expression of xyn3 (Xu et al.,
2000). This applies that expression of cellulase and xylanase genes is modulated by a complex network involving
several regulatory proteins (Furukawa et al., 2009). Several transcription factors were found to be involved in cellulase
and xylanase gene expression in T. reesei; three positive transcriptional activators (XYR1, ACE2 and the HAP2/3/5
complex) and two repressors (ACE1 and the carbon catabolite repressor CRE1) (Kubicek et al., 2009). CREl is a Cys2His2
zinc f nger protein that mediates carbon catabolite repression of cellulase and xylanase genes (Strauss et al., 1995;
Furukawa et al., 2009). CRE1 and the general transcriptional activator Xyrl are essential for xynl transcription
(Rauscher et al., 2006). XYR1 has been demonstrated to be a general and essential transcription factor controlling
expression of the major cellulolytic and xylanolytic genes, regardless of inducer (xylose, xylobiose, sophorose and
lactose) and mode of expression (basal, derepression and induction) (Stricker et al., 2006, 2007; Kubicek et al., 2009).
ACEIl has been shown to be involved in the induction of all major cellulase genes and xyn2, where deletion of ace2
reduced their expression in the presence of cellulose but did not affect induction by sophorose (Aro et al., 2001),
whereas ACEl represses expression of all major cellulase genes (cbhl, cbh2, egll and egl2) and the major xylanase
genes (xynl1 and xyn2) under inducing conditions with sophorose and cellulose (Saloheimo et al., 2000; Aro et al., 2003)
and directly antagonizes Xyrl function by competing for one of its binding sites (Rauscher et al., 2006).

Recently, Seiboth et al. (2012) have shown that the protein methyltransferase LAE1, known as a master regulator of
secondary metabolites in Aspergillus spp. (Keller and Bok, 2006; Keller et al., 2007) inf uences cellulase gene
transcription in T. reesei. The growth of the deletion mutants on cellulose was severely impaired and signif cantly
reduced cellulase and xylanase activities were found in the deletion mutant’s cultures grown on lactose and xylan
respectively. Contrary to non-successfully increased production of all cellulases by increased expression or activity of
the cellulase- and hemicellulose specif ¢ transcriptional regulator XYR1 (Stricker et al., 2006; Mach-Aigner et al., 2008),
the overexpression of Lael has yielded signif cant improvements in cellulase production in T. reesei. A transcriptome
analysis of T. reesei wild type strain and deletion mutant Alael on lactose revealed that in total 6.5 % of all down-
regulated genes in Alael strain were CAZyme encoding genes, from which the majority represented glycosyl
hydrolases (GH) involved in cellulose and hemicellulose degradation (Seiboth et al., 2012). Furthermore, swollenin
SWO1, a protein carrying an expansin-like domain that disrupts the crystalline cellulose structure (Saloheimo et al.,
2002), CIP1, which contains a signal peptide and a cellulose-binding domain (Foreman et al., 2003; Li et al., 2007), and
four xylanases (XYN1 to XYN4) were also down-regulated. The reduction of expression of various glycosidase genes
was also ref ected in the decreased ability to grow on several di- or oligosaccharides. Seiboth et al. (2012) implied that
the expression of most of the cellulolytic and hemicellulolytic genes is affected by /ael. The authors further speculated
that LAE1 might play a role in the linkage between asexual sporulation and CAZyme gene transcription in T. reesei, like
shown in Metz et al. (2011): asexual sporulation triggers massive CAZyme gene expression in T. reesei in an inducer-
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independent but XYR1-dependent way. The deletion /ael mutants in T. reesei exhibited absence of conidiation
whereas the overexpression strains were hypersporulating. Approximately half of the genes up-regulated during
asexual sporulation are identical to a third of the genes down-regulated in Alael (Seiboth et al., 2012) and absence of
conidial cellulases makes lael deletion mutants unable to germinate on cellulose as a carbon source (Metz et al.,
2011). Seiboth et al. (2012) therefore consider it possible that the regulation of sporulation is the prime target of LAE1,
and that the effect on cellulase gene expression occurs by a signal for CAZy gene expression created during
sporulation.

Trichoderma growth in soil

Species commonly isolated from soils are mostly cosmopolitan and opportunistic Trichoderma species known from all
over the world (Kubicek et al., 2003; Zachow et al., 2009; Migheli et al., 2009). Several recent studies that were
preformed on islands (Migheli et al., 2009; Zachow et al., 2009) are also in agreement with this. Tyrrhenian Island of
Sardinia (Migheli et al., 2008), which has become isolated since the early Miocene (7~8 Ma) is considered a hotspot of
biodiversity and endemism (Médail and Quézal, 1999; Grill et al., 2006). Among more than 400 strains of Trichoderma
from 15 soils comprising undisturbed and disturbed environments (forest, shrub lands and undisturbed or extensively
grazed grass steppes) Migheli et al. (2009) were able to isolate mostly pan-European and/or pan-global Trichoderma
species from sections Trichoderma and Pachybasium, comprising T. harzianum s.l., T. gamsii, T. spirale, T. velutinum, T.
hamatum, T. koningii, T. virens, T. tomentosum, H. semiorbis, T. viridescens, T. atroviride, T. asperellum, T. koningiopsis
and T. samuelsii (that time Trichoderma sp. Vd2), possessing the genotypes already detected worldwide. Only one
isolate represented a new, undescribed species belonging to the Harzianum Clade, and a unique allele of T. hamatum
was additionally found. Similarly, the study of Tenerife island soil (Zachow et al., 2009) revealed similar diversity (T.
harzianum, T. spirale, T. cf. tomentosum, T. gamsii, T. viridescens, T. viride and T. ‘viride Ve’). Migheli et al. (2009)
suggested that native Trichoderma diversity on Sardinia was replaced by extensive invasion of species from Eurasia,
Africa and the Pacific Basin, what was supported also by Zachow et al. (2009); the colonization by highly competitive
Trichoderma species from the continent could explain the extraordinarily high mycoparasitic potential of all
Trichoderma isolates found on this island against different plant pathogens (Zachow et al., 2009). Furthermore, the
diversity reported for the rhizosphere of agricultural soils and crops in South-East Asia (Kubicek et al., 2003) and South
America (Hojos-Carvajal et al., 2009) and in Ethiopia (Mulaw et al., 2010) was much higher than those found on both
islands. The cultivation-based study of Trichoderma species from South-East Asian soils from 19 countries including
tropical forest, park, garden and soil near island’s seashores revealed nine Trichoderma species (Kubicek et al., 2003).
Genus Trichoderma, as in other studies, dominated with Trichoderma harzianum s.l. and T. virens, followed by T.
spirale, T. koningii, T. atroviride, T. asperellum, T. viride, T. hamatum and T. ghanense. Another study of Trichoderma
diversity from soil and litter in China (Zhang et al., 2005) reported about very similar biodiversity in soil (T. asperellum,
T. koningii, T. atroviride, T. viride, T. velutinum, T. cerinum, T. virens, T. harzianum, T. sinensis, T. citrinoviride, T.
longibrachiatum) and two putative new species. Corresponding to fact that most of species the isolated from soil are
cosmopolitan as well as strong opportunist a local genetic diversity study of Trichoderma in the river Danube national
park in Middle Europe (Austria) found T. harzianum, T. rossicum, T. cerinum, T. hamatum and T. atroviride and T.
koningii in riparian forest soil (Wuczkowski et al., 2003). Moreover, T. harzianum s.l. and an anamorph of H. orientalis
were even found in a several different strongly alkaline soils from the Northern half of the Nile valley (Egypt) (Gerbawy
et al., 2004)

On the other hand a large-scale biogeographic study of neotropic soils performed in Mexico, Guatemala, Panama,
Ecuador, Peru, Brazil and Colombia (Hoyos-Carvajal et al., 2009) revealed relatively high diversity of Trichoderma
species. The most commonly isolated species were T. asperellum and T. harzianum s.l., but also T. atroviride, T.
brevicompactum, T. crassum, T. erinaceum, T. gamsii, T. hamatum, T. harzianum, T. koningiopsis, T. longibrachiatum, T.
ovalisporum, T. pubescens, T. rossicum, T. spirale, T. tomentosum, T. virens, T. viridescens and T. reesei were found.
Additionally, two distinct genotypes of T. asperellum with different metabolic profiles and habitat preferences were
found, and one of them was later described as T. asperelloides (Samuels et al., 2010). Further undescribed species

15



Atanasova L: Ecological genomics of the opportunistic fungus Trichoderma

from this study are still awaiting their formal description. Interestingly, neither T. koningii nor T. viride, once believed
to be common and widely distributed, were isolated from these neotropical soils.

These studies showed that most isolates from soils belong to a few known Trichoderma species, which are all very
powerful opportunist. Hence, it might be suggested that saprotrophic growth in soil is likely so demanding that only
strong environmental opportunistic species can accomplish it.

Rhizosphere competence of Trichoderma

Recently, several species have been patented as stimulants of plant growth and immunity (biofertilizers),
complementing their role as principal components in commercial biofungicide formulations. Some of these species
improve survival of plants in hostile environments and increase plant tolerance to drought and high salinity (Gal-
Hamed et al., 2011; M. Marzouk, L. Atanasova and |.S. Druzhinina; J. Zhang, unpublished data). These traits are
intimately associated with the profound ability of only some species to grow in the rhizosphere as well as free soil and
establish long-term associations in planta, however, only ca. 20 % of described Trichoderma species have been
detected in these ecosystems.

A study from a coffee plant (Coffea arabica) rhizosphere in Ethiopia showed remarkable diversity and occurrence of
several new or rarely observed genotypes (Mulaw et al., 2010). Infect, a correlation analysis did not detect any other
parameter that would influence species richness and distribution, so the authors concluded that the C. arabica
rhizosphere as ecological niche is the main parameter determining the presence of Trichoderma. Similarly, the most
dominant species in the vertical soil profiles in Danube riparian forest soils, T. asperellum, was reproducibly associated
with upper soil horizonts (rhizosphere), but its abundance did not correlate with the carbon and nitrogen content of
the soil or pH of the habitat (Friedl and Druzhinina, 2012).

It has been shown that plants respond to the presence of other organisms by activating defense mechanisms,
especially against various plant pathogens that trigger their immune defense (Yedidia et al., 1999; Druzhinina et al.,
2011). As other non-pathogenic microorganisms, Trichoderma spp. trigger induced systemic resistance that results in
the accumulation of components of the jasmonate and ethylene signaling pathways in plants (Segarra et al., 2007;
Druzhinina et al., 2011). Furthermore, proteomic and transcriptomic studies showed that colonization of plant roots by
Trichoderma provoke a systemic change in the expression of plant genes regulating stress responses, isoprenoid
oxylipins and ethylene biosynthesis, photosynthesis, photorespiration, and carbohydrate metabolism (Vargas et al.,
2009; Druzhinina et al., 2011). Several classes of Trichoderma molecules, such as xylanases, peptaibols, swollenin and
cerato-platanins, induce microbe-associated molecular patterns in plants (Druzhinina et al., 2011). Details on the
Trichoderma — plant root associations are extensively reviewed in Druzhinina et al. (2011).

Ability to competitively colonize plant roots has often been stressed as an important requirement of Trichoderma to
act as biocontrol agents (cf. Harman et al., 2004). However, very less is known about the interaction of Trichoderma
with plant roots in vivo, also due to very narrow sampling of species and using of very few opportunistic species as
model organisms because they possess a potential as biocontrol agents (Druzhinina et al., 2011). Rhizosphere might
provide opportunities for both biotrophy and saprotrophic nutrition on plant roots; Trichoderma as saprotroph could
degrade highly hydrated polysaccharides such as pectins and hemicellulose which are secreted from the plant roots
and tips (mucgel) or might as biotroph interact with plant mycorrhiza (Druzhinina et al., 2011).

Trichoderma versus mycorrhizae

The role of mycorrhiza is very important for the plants, since 92 % of land plants are colonized by mycorrhizal fungi
(Druzhinina et al., 2011) and exchange nutrients for minerals. However, it would be remarkably important to know if
the interactions between the mycorrhizal fungi and Trichoderma are synergistic or the Trichoderma species feed on
them, since the mycorrhizal fungi present an obvious natural barrier between the plant and Trichoderma. Mycorrhiza is
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among the poorest studied topic in the research area of Trichoderma, as the cultivation and general work with
mycorhizae is difficult in vitro.

Recently, sequenced genome of ectomycorrhizal fungus Laccaria bicolor revealed that during ectomycorrhizae
development, L. bicolor expresses effector-type small secreted proteins with unknown function, for which it was
speculated to have a decisive role in the establishment of the symbiosis, which furthermore induces an increased
expression of carbohydrate, oligopeptide and amino acid transporters, suggesting increased fluxes of metabolites at
the symbiotic interface (Martin et al., (2008). The unexpected observation that the genome of L. bicolor lacks
carbohydrate-active enzymes involved in degradation of plant cell walls, but maintains the ability to degrade non-plant
cell wall polysaccharides, pointed out the dual saprotrophic and biotrophic lifestyle of the mycorrhizal fungus that
enables it to grow within both soil and living plant roots (Martin et al., 2008). A study on Laccaria bicolor mycorrhiza
formation in the rhizosphere of black spruce in presence of two Trichoderma species revealed strong antagonistic
effect towards mycorrhizal colonization in both cases, when Trichoderma and L. bicolor were inoculated together and
when establishment of the mycorrhizal fungus in the rhizosphere prior the inoculation of Trichoderma was allowed
(Summerbell, 1987). Interestingly, one Trichoderma strain did not parasitize on L. bicolor in agar culture (Summerbell,
1987). In studies where seedlings grown in open pots were used, the same effect of Trichoderma was observed
towards the formation of mycorrhiza by two Suillus spp. (Shemakhanova, 1962), however under certain unusual soil
conditions, Trichoderma spp. appeared to stimulate the formation of mycorrhiza (Summerbell, 1987). Furthermore, it
was also shown that mycorrhization helper bacteria promote ectomycorrhizal establishment of L. laccata but inhibit
mycorrhiza formation by other fungi (Duponnois et al., 1993). However, Trichoderma interactions with bacteria in
rhizosphere as well in other habitats are another white spot in Trichoderma research.

Trichoderma + bacteria = ?

Close associations with bacteria including endosymbiosis have been recently detected in many fungi (Bianciotto et al.,
2003; Compant et al., 2008; Coenye et al., 2001; Lim et al., 2003; Partida-Martinez and Hertweck, 2005). Recent
advances in molecular ecology and genomics indicate that the interactions of Trichoderma spp. with other organisms
such as animals and plants may have evolved as a result of saprotrophy on fungal biomass and various forms of
parasitism on other fungi (mycoparasitism), combined with broad environmental opportunism (Druzhinina et al., 2011;
see above). Up to date most of Trichoderma — bacteria associations are known to either have a beneficial effect on
plant disease protection as combined biocontrol agents in agriculture or Trichoderma secondary metabolites were
studied as effectors of bacterial growth. A study showed that application of Trichoderma sp. and several strains of
Pseudomonas spp. mixture provided greater suppression of the Gaeumannomyces graminis var. tritici on wheat (Duffy
et al., 1996). Further it has been shown that chitinolytic enzymes of Trichoderma sp. enhanced the growth of
Enterobacter cloacae in the presence of chitinous substrates and increased the ability of bacterial cells to bind to
hyphae of the fungal pathogens (Lorito et al., 1993). Trichoderma spp. were also able to beneficially modify the
response of plants to infection by bacteria e.g. Xanthomonas spp., Pseudomonas syringae, etc. (Woo et al., 2006).
Recently, Davidson et al. (2009) performed an experimental study on microbial diversity of artificial and natural nests
of Camponotus (Colobopsis) cylindricus (COCY) ants which dominate the lowland dipterocarp rain forest on Borneo.
They suggested that the filamentous mycoparasitic fungus Trichoderma and bacteria from the nitrogen fixing genus
Burkholderia are likely associated with nests of these ants. Species of Campanotus (Colbopsis) genus have been already
reported as frequent non-mutualistic ‘weed’ fungi of gardens of leaf cutting ants (see Sen et al., 2009 for the
references) present along with Fusarium, Synecephalastrum and garden-threatening Escovopsis fungi. However, no
other study has so far reported about such interactions for Trichoderma. In the collaboration with D. Davidson we
isolated and subcloned a library of Trichoderma species including the cellulose producer T. reesei which has so far not
been isolated as an anamorph from natural habitats. Davidson et al. (2009) proposed a role for Trichoderma cellulases
in hardening COCY nest cavity walls in natural fallen wood, which are remarkably hard and extremely difficult to crack
open, despite extensive decay of external wood surfaces.

17



Atanasova L: Ecological genomics of the opportunistic fungus Trichoderma

As mentioned, Davidson et al. (2009) detected bacteria co-occurring in the ant’s nests together with Trichoderma. Six
COCY spp. were harvested from artificial and natural nests in fallen dead wood and the microbial community of their
nests was subsequently assessed using metagenomic approach by universal primers for the bacterial 16S rRNA gene
and fungal 18S rRNA gene. All COCY taxa except one nest in the understory and commute extensively over the ground
to canopy access trees. Members of bacterial genus Burkholderia and fungal genus Trichoderma continually appeared
in both fiber and carton nests and the latter statistically dominated in the fiber nest, but was not detected in any of
unoccupied nests, nor in any of the nests inhabited by ant taxa other than COCY. Burkholderia was found in ca. half of
COCY spp. nests but was also detected in low amount in unoccupied nests and in nests housing other ant taxa.
Davidson et al. (2009) showed that Burkholderia and Trichoderma co-occurred significantly more than predicted by
chance. At the colony level, Trichoderma was present in 87.5 % of the occurrences of Burkholderia, and Burkholderia,
in all nests with Trichoderma (P = 0.01 in Fisher Exact Test in both cases; Davidson et al., 2009). Interestingly,
Trichoderma also occurred as endophytes in leaves from the canopy and understory and from roots of COCY foraging
plants, but was absent from a leaf sample of an adjacent tree of a different species were these species do not forage,
yet Burkholderia was not detected in any of those samples (Davidson et al., 2009). Together with D. Davidson we
further investigate the foraging pattern and the potential collecting of microorganism by these particular ants. Our
metagenomic analysis confirmed that Trichoderma spp. are present in the buccal pellets of at least one COCY species.
Burkholderia spp. are among the most abundant bacteria in the environment. It is now obvious that the plasticity of
their genomes allow them to colonize diverse environmental niches (Holden et al., 2004).Several species of the genus
are classified as human, animal or plant pathogens but others may interact with their partner organisms, resulting in
various beneficial effects. The comprehensive review on ecological diversity and occurrence of Burkholderia spp. in the
natural environment has been recently presented by Comopant et al. (2008). For the context of this review the most
remarkable are the findings of Burkholderia spp. as endosymbionts of both insects (including ants) and fungi (including
endophytes, plant pathogens and mycorrhizal agents). Many Burkholderia species are intimately associated with
rhizosphere and are also found in vegetative and reproductive tissues of plants (Cruz et al., 2001; Vega et al., 2005).
Our 16S rRNA sequence analysis and Bayesian phylogenetic analysis provided evidence for the at least eight putative
Burkholderia taxa, of which at least six 16S rRNA phylotypes suggest hypothetically new species might occur in COCY
nests. However, the majority of Burkholderia isolates from derived COCY ants are closely related to a common N,-fixing
neotropical soil species B. tropica.

Our preliminary results show that several other Trichoderma strains that were not isolated from ants nest also harbor
Burkholderia spp. and that these can alter the carbon utilization and growth rates of Trichoderma spp. Up to date no
other interactions between Trichoderma and bacteria were studied in nature.

Facultative endophytism of Trichoderma

Endophytic biotrophy (i.e., mutualistic growth inside a plant tissue) is very common among fungi (Druzhinina et al.,
2011), yet very few Trichoderma species have been isolated as true endophytes (Holmes et al., 2004; Bailey et al. 2006;
2009; Bae et al., 2009; 2011) and it is not clear if any of Trichoderma species are obligate endophytes.

After the study of Trichoderma associated with the rhizosphere of Coffea arabica (see above) we extended the study to
detect endophytes from roots of healthy C. arabica (coffee) in Ethiopia (T. Mulaw. LS. Druzhinina, C.P. Kubicek, L.
Atanasova ms in preparation) and detected several of the isolated species new to science to be also present in the
rhizosphere e.g. T. aethiopicum, as well as few were detected exclusively in planta, e.g. T. flagellatum. Both species
were recently formally described by Samuels et al. (2012), whereas other eight putative new species will be described
in the future. Several other Trichoderma anamorphs are for now known as obligate endophytes: Zhang et al. (2007)
described a rare species, T. taxi, from Taxus mairei from Jiangxi province, China. Many other true endophytic
Trichoderma species were found in the association with cacao tree (Theobroma cacao) in South America such as T.
theobromicola from Amazonian Peru and T. paucisporum from Ecuador (Samuels et al., 2006b), and T. martiale
(Hanada et al., 2008) all belonging to Pachybasium Clade. Furthermore, it is likely that due to a high opportunistic
potential Trichoderma species can be facultative endophytic associates of plants. Several Trichoderma species were
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collected from plants growing in tropical climates e.g. T. ovalisporum isolated from Banisteriopsis caapi (Holmes et al.,
2004), T. hamatum (Bae et al., 2009) and T. caribbaeum from Theobroma gileri (Samuels et al., 2006a) and T.
stilbohypoxyli from Theobroma cacao (Lu and Samuels, 2003). Moreover, Hypocrea spinulosa is a unique species that
forms fruiting bodies also on various temperate gramineous hosts (e.g. Chelidonium, Plantago) including those that are
partially green (living). The species does not form conidia in vitro but abundant fertile stromata were found and thus
may be mated (Jaklitsch, 2009). The unique biology of this rare temperate and clearly specialized species suggests that
it is also capable of biotrophic growth (endophytic or even parasitic) on herbaceous plants.

Animal nourishment of Trichoderma

The most common hosts of the hypocrealean animal pathogens include insect species of Coleoptera, Hemiptera and
Lepidoptera, although one species of arthropod pathogen is generally considered to have a narrow host range of one
or closely related host species (Sung et al., 2008). These arthropod pathogenic fungi consist of several genera (e.g.,
Cordyceps s.s., Elaphocordyceps, Hypocrella, Metacordyceps and Ophiocordyceps) in three families (Clavicipitaceae,
Cordycipitaceae and Ophiocordycipitaceae) (Sung et al., 2008). These multiple fungal lineages are associated with a
diversity of arthropods that possibly had a relatively ancient origin as shown by the founding of the oldest fossil
evidence of animal parasitism by fungi, Paleoophiocordyceps coccophagus parasitized by a fungus similar to asexual
states of Hirsutella and Hymenostilbe of the extant genus Ophiocordyceps and order Hypocreales (Sung et al., 2008).

Also Trichoderma was found to be able to establish parasitic associations with the animal hosts. It was found as a
colonizer of nematode eggs and second-stage juveniles, and it was also reported that it can sometimes penetrate the
nematode egg masses (Sharon et al., 2001). Such host—fungus interactions are not abundantly documented and at the
molecular level not well understood (Grigoriev et al., 2011). As with mycoparasitism, lytic enzymes, such as chitinases
and proteases as well as toxins are important virulence factors in the infection process, but intensive research is
necessary to better understand the mechanisms underlying the infection of nematodes by fungi (Druzhinina et al.,
2011; Grigoriev et al., 2011).

Trichoderma spp. can cause invasive mycosis in immunocompromised mammals including humans. Such invasions are
up to date known only from H. orientalis, clonal T. longibrachiatum, and possibly T. cf. harzianum (Guarro et al., 1999;
Kredics et al., 2003; Druzhinina et al., 2008; Kantarcioglu et al., 2009) though there are several species that can grow at
37 °Csuch as T. reesei or T. citrinoviride. It has been shown that the lung cell cultures infected with T. longibrachiatum
stated to rapidly sediment and lose their adhesive properties compared to those infected with T. reesei, implying that
proteases and/or secondary metabolites from the fungus are acting on these cells (Druzhinina et al., 2011). Clinical
Trichoderma species were typically isolated from the peritoneal effluent of dialysis patients, infections of
immunocompromised transplant recipients, and patients suffering from leukemia, brain abscesses and HIV (Druzhinina
et al., 2008). It is still a question whether the ability of T. longibrachiatum to attack immunocompromised mammals is
a newly gained property of the species since it is a derived lineage on the phylogenetic tree of the whole genus
(Kubicek et al., 2011; Atanasova et al., 2013a) or it resembles the ancestral abilities of other hypocreales as shown by
Sung et al. (2008).

Most of the famous Trichoderma species are environmental opportunists

The use of molecular tools for species identification has raised the number of Trichoderma species dramatically and
revealed that some Trichoderma species are cosmopolitan, but several of them are geographically isolated or occupy
very limited ecological niches. The biogeography Trichoderma may be deduced from several studies, but it is still
impossible to draw conclusions about the whole genus on a world-wide scale, because many regions have not been
screened and many more species are expected to be found. However, some diversity studies of Trichoderma in limited
but widely separated geographical areas (Kullnig et al., 2000; Kubicek et al., 2003; Wuczkowski et al., 2003; Gherbawy
et al., 2004; Zhang et al., 2005; Migheli et al., 2008; Zachow et al., 2008; Friedl and Druzhinina, 2012) showed that in

19



Atanasova L: Ecological genomics of the opportunistic fungus Trichoderma

comparison to epigeal diversity of the genus relatively a few species of Trichoderma inhabit the temperate soil: T.
asperellum, T. asperelloides, T. pleuroticola, T. alni, T. hamatum, T. atroviride, T. strigosum, T. brevicompactum, T.
virens, T. longibrachiatum, T. gamsii, T. citrinoviride, T. koningiopsis, T. spirale, T. koningii complex. It is notable, that
most of the species listed are cosmopolitan and are known from a broad range of habitats.

The core of Harzianum Clade is represented by the cosmopolitan H. lixii —Trichoderma harzianum sensu lato species
complex with a high degree of phylogenetic variation (Druzhinina et al., 2010a). This species complex may be resolved
in future and the distribution of each species will require a new evaluation. This Clade contains also species known as
green mold disease agents on mushroom farms from all north temperate regions (T. aggressivum, T. pleurotum and T.
pleuroticola; Samuels et al., 2002; Park et al., 2006, Komon-Zelazowska et al., 2007). T. virens from the sister Virens
Clade, is a cosmopolitan, but predominately temperate species.

Except T. longibrachiatum and T. citrinoviride most of the species of the Longibrachiatum Clade have a narrow
distribution range such as T. aethiopicum (East Africa), H. andinensis (high elevations in Venezuela), T. effusum (high
elevations in India), T. flagellatum (Ethiopia), T. gracile (Malaysia), T. konilangbra (high elevations in East Africa), T.
pseudokoningii (Australasia) and T. solani (Mexico) (Samuels et al., 2012; Druzhinina et al., 2012). Furthermore, T.
reesei, used for the production of cellulase enzymes and its teleomorph H. jecorina as well as its sister species T.
parareesei (Druzhinina et al., 2010b; Atanasova et al., 2010) are pantropical species.

Section Trichoderma comprises 39 species among them cosmopolitan T. atroviride, T. gamsii, T. asperellum and T.
asperelloides, T. hamatum, Koningi species aggregate, rare T. viride and endophytic, neotropic T. theobromicola and T.
paucisporum (see Atanasova et al., 2013a).

Pachybasium Clade was recently subdivided to several unrelated clades (Jaklitsch, 2009; Jaklitsch 2011) and the clade
with remaining species around T. polysporum collected Australia, Europe, Japan, Korea, New Zealand, North America,
is now called pachybasium core group (Jaklitsch, 2011). It contains T. minutispora frequently found in middle Europe
and North America (eastern U.S.A. and Canada) (Jaklitsch, 2011) and T. alutaceum isolated in Europe (Austria,
Germany, UK), Japan, and North America, T. piluliferum was so far collected only from northern Europe, T. atlanticum
in middle Europe, rare T. pachypallidum in Austria, Czech Republic, Germany and Sweden.

Secondary metabolites of Trichoderma for its adaptation to ecological niches

Trichoderma spp. are producers of variety of secondary metabolites - small molecules which also comprise toxins,
antibiotica and potential anti-cancer compounds and play important role in signaling, development and interaction
with other organisms (Hoffmeister and Keller, 2007; Keller et al., 2005; Osbourn, 2010; Mukherjee et al., 2012a). The
recent genome analysis of three Trichoderma species has revealed a large number of genes putatively involved in the
biosynthesis of secondary metabolites, such as non-ribosomal peptides, polyketides, terpenoids and pyrones (Kubicek
et al., 2011; Mukherjee et al., 2012a; 2012b).

The genes for secondary metabolite biosynthesis are often found in clusters (Keller and Hohn, 1997; Mukherjee et al.,
2012a). Yet, in vitro cultivation conditions might not induce the expression of most of the secondary metabolites
repertoire, thus the putative products often remain unknown (Mukherjee et al., 2012a). High mycoparasitic potential,
rhizosphere competence as well as facultative or endophytic plant interactions (see chapters above) render
Trichoderma species the most widely used biofungicides. Thus, many authors suggested that the involvement of
secondary metabolites is crucial for the biocontrol potential of these mycotrophic fungi (Baker et al., 2012; Miao et al.,
2012; Mukherjee et al., 2012a; 2012b). This can be supported by the fact that a great diversity of biosynthetic clusters
was found in two highly opportunistic and mycotrophic species T. atroviride and T. virens, compared to a tropical wood
decaying T. reesei (Kubicek et al., 2011). Most recently, Mukherjee et al. (2012a) proposed that many silent
biosynthetic clusters might be activated by competition for resources between Trichoderma and its host fungi.
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Similar to other ascomycetes, Trichoderma spp. produce nonribosomal peptides, for example the
epipolythiodioxopiperazines (ETPs) and siderophores, as well as a subgroup of peptaibiotics known as peptaibols. The
peptaibols are a group of small 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 (Kubicek et al., 2007). The genomes of all three sequenced Trichoderma spp. 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). By gene disruption
Mukherjee et al. (2011) and Degenkolb et al. (2012) showed 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.

Two other secondary metabolites, whose biosynthesis in T. virens is initiated by an NRPS, but which are not formed by
T. atroviride, are the epipolythiodioxopiperazine-type peptides gliotoxin and gliovirin (Patron et al., 2007). The former
is exclusively produced by so called “P-strains” of T. virens, whereas the latter is only produced by “Q-strains”
(Mukherjee et al., 2012b). Gliotoxin has fungistatic action, and is also known from the opportunistic human pathogen
Aspergillus fumigatus (Eurotiales, Ascomycota) where it has been discussed as a virulence factor (Dagenais and Keller,
2009). Its toxicity is due to the presence of a disulfide bridge in the molecule which can inactivate proteins via reaction
with thiol groups and generate reactive oxygen species by redox cycling (Gardiner et al., 2005). Gliovirin has
antimicrobial properties particularly against Oomycota (Mukherjee et al., 2012b).

Secondary metabolites may be essential for survival under particular environmental conditions; for example,
siderophores, which are needed for fungal growth at low iron concentrations. They are mostly produced
nonribosomally by large multifunctional peptide synthetases organized into repetitive synthase units, where each of
them completes a different single amino acid elongation step (Wilhite et al., 2001). The orthologous NRPS gene
clusters involved in siderophore synthesis (SidD and NPS6) have been identified in T. atroviride, T. reesei, and T. virens
(Kubicek et al., 2011; Mukherjee et al., 2012a; 2012b; Lehner et al., 2012). Both orthologous genes, responsible for the
synthesis of fusarinine/coprogene type siderophores, were found in latter two species, whereas T. atroviride contains
only the SidD homolog. Furthermore, a putative ornithine-N5-monooxygenase orthologues to A. nidulans and A.
fumigatus SidA, dffA from A. oryzae, and sidl from F. graminearum that catalyze the initial step in siderophore
biosynthesis in all intra- and extracellular siderophores were identified in these three Trichoderma species (see Lehner
et al, 2012).

For the first time screening approach applying liquid chromatography coupled with high-resolution mass spectrometry
(LC-HRMS) was used by Lehner et al. (2012) to screen for iron chelators/siderophores. The study showed a high
diversity of secreted siderophores in Trichoderma: 18 different siderophores were detected in the culture f Itrates of
eight Trichoderma species (see Lehner et al., 2012), from which only few has been described so far: ferricrocin, which
plays an important role in intracellular iron storage (Eisendle et al., 2006) and is usually described as an intracellular
siderophore, was found in T. harzianum s.s., T. atroviride and T. virens, but also to some level in T. reesei, T. asperellum
and T. hamatum; dimerum acid, that has so far been reported only for T. virens (Wilhite et al., 2001), fusigen and
coprogen were detected in all species cultures. In total, at least ten putative novel siderophores were found using LC-
HRMS(-MS) screening approach and selected criteria for the elucidation of (putative novel) metabolites, relevant to
the molecular mechanisms regarding their benefcial use. However, the biosynthesis of ferricrocin and
hydroxyferricrocin involves acetylation of N5-hydroxyornithine to N5-acetyl-N5-hydroxyornithine by the sidL gene
which is not clustered with other siderophore-biosynthetic genes, as well as not regulated by iron availability in A.
fumigatus (Blatzer et al., 2011). Further, the NPS2 in some Fusarium spp. (see Tobiasen et al., 2007), SidC from A.
nidulans (Eisendle et al., 2006) and Sid2 from Ustilago maydis (Yuan et al., 2001), encode NRPS gene responsible for
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the production of siderophores ferricrocin and ferrichrome. Orthologues of both genes were found in all three
Trichoderma species with sequenced genomes (Lehner et al., 2012).

Based on the biosynthesis in A. fumigatus (Blatzer et al., 2011) and the finding of the corresponding siderophores and
orthologoues genes in T. atroviride, T. virens and T. reesei, Lehner et al. (2012) proposed that the Trichoderma spp.
equivalently requires f ve genes corresponding to sidl, sidH, sidF, sidD, and sidF from A. fumigatus (Blatzer et al., 2011,
for more details see Lehner et al., 2012) for the biosynthesis of fusarinine and coprogen type siderophores, which start
with the hydroxylation of ornithine, catalyzed by the SidA monooxygenase. Lehner et al. (2012) proposed that low
diversity of genes coding for siderophore synthetases in Trichoderma might indicate post-synthetic modif cations as a
reason for high compound diversity.

Fungal secondary metabolite production is often linked to environmental factors, e.g. growth substrate might regulate
the production of gliotoxin (Park et al., 1991; Mukherjee et al., 2012a) or to physiological traits such as conidiation
(Mukherjee et al., 2012a). Regulator methyltransferase LaeA, the ‘velvet’ complex and the illumination co-regulate
secondary metabolism and conidiation in fungi (Keller and Bok, 2006; Keller et al., 2007). In A. nidulans, VeA physically
interacts with VelB and the regulator of secondary metabolism LaeA to form a complex that regulates secondary
metabolism and sexual reproduction (Bayram et al., 2008). Deletion of the VeA gene leads to an increase in conidiation
in the darkness and reduced biosynthesis of sterigmatocystin (the product of a PKS) and penicillin (the product of a
NRPS), while it reduces and delays sexual reproduction (Kato et al., 2003; Kim 2009). In T. virens, the deletion of vell
impaired production of conidia on solid medium and chlamydospores in rich medium; as well it is shown that vel1 is
also involved in the regulation of the gliotoxin biosynthesis gene gliP and other secondary metabolism genes
(Mukherjee and Kenerley, 2010).

Polyketides are important secondary metabolites as they possess antimicrobial, anti-cancer and immunosuppressive
properties, as well they are involved in organism’s substrate competition and communication (Mukherjee et al.,
2012a). 29 out of a total of 47 PKS-encoding genes in the three Trichoderma spp. fall into an orthologous group (Baker
et al., 2012). These authors speculated that Trichoderma spp. may comprise only a limited catalogue of PKSs, but the
diversity in their respective metabolites may be expanded at the level of ‘accessory enzymes’ that subsequently modify
the polyketide products. Indeed, many of the aforementioned cytochrome P450 monooxygenases, FAD-dependent
monooxygenases, short chain dehydrogenases/reductases or epimerases are located next to PKS encoding genes. Less
is known about the role of these enzymes in Trichoderma ecophysiology.

Terpenoids are diverse class of compounds synthesized from five-carbon isopentenyl units. Among the three
Trichoderma spp. with analyzed genomes T. virens genome has an expansion of terpene cyclases, the crucial enzyme
for terpenoid synthesis. The fungistatic and anticancer steroidal compound viridin is widely produced by both ‘P’ and
‘Q’ strains of T. virens (Howell et al., 1993; Mukherjee et al., 2012a). In addition to terpenoids, several other volatile
metabolites have been reported to be produced by T. atroviride (Stoppacher et al., 2010). T. brevicompactum
produces trichodermin, a terpenoidtrichothecene type toxin that is highly fungitoxic and phytotoxic, and which is
formed by the trichodiene synthase TRI5 (Tijerino et al., 2010). a—pentyl-pyrone, a volatile component with coconut
aroma and antifungal activity, is one of the most well studied secondary metabolites from a biocontrol perspective
(Cooney et al., 2001; Reithner et al., 2005, 2007). Its formation has been detected in T. atroviride, but not in T. reesei
and T. virens (Reino et al., 2008). Its biosynthesis has been suggested to occur via linoleic acid, analogous to jasmonate
synthesis in which the necessary hydroxyl group originates from an oxidation by lipoxygenase (Serrano-Carreon et al.,
1993).

Furthermore, it is worth 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 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). T.
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virens contains four paralogs of this gene. The presence of these two potential insecticidal toxin genes in mycoparasitic
Trichoderma spp. renders it also possible that the two species may be active also against insects.
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AIMS OF THE THESIS

Trichoderma is a genus of filamentous fungi with a variety of biotrophic and saprotrophic lifestyles. The
ability to parasitize and/or kill other fungi (mycoparasitism) is widely used in agricultures as a protection of

plants against plant pathogens (biological control or biocontrol).

The major aim of this thesis was to get inside the ecological genomics of Trichoderma, i.e. to reveal

molecular mechanisms employed by the fungus in its environment.
To fulfill this role the following tasks have been formulated:

1. To investigate molecular mechanisms of Trichoderma mycoparasitism by comparative
transcriptional analysis of cosmopolitan opportunistic species and powerful biocontrol agents

Trichoderma atroviride and T. virens with tropical ecologically restricted species T. reesei.

2. To reveal the evolutionary history of Trichoderma mycoparasitism by phylogenomic analysis of T.

atroviride, T. virens and T. reesei.

3. To reveal the role of polyketide synthase gene pks4 from T. reesei that is putatively responsible for

the most characteristic morphological feature of the fungus, its green color of conidia.
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1. COMPARATIVE TRANSCRIPTOMICS REVEALS DIFFERENT
STRATEGIES OF TRICHODERMA MYCOPARASITISM
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Abstract

exploited for further development of biofungicides.

Background: Trichoderma is a genus of mycotrophic filamentous fungi (teleomorph Hypocrea) which possess a
bright variety of biotrophic and saprotrophic lifestyles. The ability to parasitize and/or kill other fungi
(mycoparasitism) is used in plant protection against soil-borne fungal diseases (biological control, or biocontrol). To
investigate mechanisms of mycoparasitism, we compared the transcriptional responses of cosmopolitan
opportunistic species and powerful biocontrol agents Trichoderma atroviride and T. virens with tropical ecologically
restricted species T. reesei during confrontations with a plant pathogenic fungus Rhizoctonia solani.

Results: The three Trichoderma spp. exhibited a strikingly different transcriptomic response already before physical
contact with alien hyphae. T. atroviride expressed an array of genes involved in production of secondary
metabolites, GH16 B-glucanases, various proteases and small secreted cysteine rich proteins. T. virens, on the other
hand, expressed mainly the genes for biosynthesis of gliotoxin, respective precursors and also glutathione, which is
necessary for gliotoxin biosynthesis. In contrast, T. reesei increased the expression of genes encoding cellulases and
hemicellulases, and of the genes involved in solute transport. The majority of differentially regulated genes were
orthologues present in all three species or both in T. atroviride and T. virens, indicating that the regulation of
expression of these genes is different in the three Trichoderma spp. The genes expressed in all three fungi exhibited
a nonrandom genomic distribution, indicating a possibility for their regulation via chromatin modification.

Conclusion: This genome-wide expression study demonstrates that the initial Trichoderma mycotrophy has
differentiated into several alternative ecological strategies ranging from parasitism to predation and saprotrophy. It
provides first insights into the mechanisms of interactions between Trichoderma and other fungi that may be

Keywords: Hypocrea, T. atroviride, T. virens, T. reesei, Mycoparasitism, Gene expression, Biocontrol, Transcriptomics

Background

Mycoparasitism describes the type of biotrophic
interactions in which organisms benefit at the expense
of the fungi [1]. In a broad sense this property is most
proliferated within the fungal family Hypocreaceae, and
the ability to antagonize, parasitize or even kill other
fungi (necrotrophic hyperparasitism, mycotrophy) is par-
ticularly common in the genus Trichoderma (teleomorph
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Hpypocrea, Hypocreales, Dikarya) [1]. The biochemistry
and genetics of mycoparasitism has been most thor-
oughly investigated in only a few species of Trichoderma
such as Trichoderma harzianum sensu lato, T. atroviride
(teleomorph Hypocrea atroviridis), T. virens (teleomorph
H. virens), T. asperellum and T. asperelloides [1-3] be-
cause of their application as agents of biological control
of pests (biocontrol) in agriculture. Consequently, several
enzymes and other effectors involved in the recognition
of a fungus and in the mycoparasitic responses itself have
been identified [4-7]. Expressed-sequence-tag (EST) libra-
ries obtained of different Trichoderma strains cultivated
under various conditions have contributed significantly to
the large-scale identification of genes required for the
interaction [8-12]. DNA microarrays have been used to

© 2013 Atanasova et al,; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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study the interaction of Trichoderma with plants [13]. So
far, however, only two studies used high throughput
transcriptomic tools to investigate mechanisms of
Trichoderma mycoparasitism [5,11].

A comparative analysis of the genome inventory of
T. atroviride, T. virens and 7T. reesei revealed that
mycoparasitism is the innate property of the genus
Trichoderma [1,4]. It has been suggested that the evolu-
tionary more recent species 7. reesei adapted to a certain
ecological niche and thereby partially lost the strength of
its mycoparasitic potential [1,4]. A comparison of gen-
ome wide gene expression in vigorous and moderate
mycoparasitic Trichoderma species may therefore lead
to the identification of mechanisms involved in the
interaction.

In this study we have applied oligonucleotide tiling
microarrays to obtain transcriptional profiles of T.
atroviride IMI 206040, T. virens Gv29-8 and T. reesei QM
6a (which were used for genome sequencing) inter-
action with the plant pathogenic fungus Rhizoctonia
solani (teleomorph Thanatephorus, Basidiomycota). Our
data highlight the differences in the mechanisms of
these interactions between Trichoderma species and
emphasize the existence of alternative strategies employed
by these fungi.

Results

Confrontation assays and Trichoderma mode of action

In order to identify the genes that are involved in
T. atroviride (Ta), T. virens (Tv) and T. reesei (Tr)
interaction with R. solani, we performed dual confronta-
tion assays. R solani, a plant pathogenic fungus was
chosen as a model prey fungus because several biocontrol
formulations based on Trichoderma target various plant
diseases caused by this fungus [14] and as it makes se-
vere agricultural damages on a wide range of crops
worldwide [15]. The three Trichoderma spp. revealed
essential differences in their response to confrontation
with R. solani (Figure 1): Tr was at first unable to stop
the growth of R solani, and the growth of the latter
one was even stimulated for 21% more than when
confronted to itself. However, after 10 days at the bor-
derline between the two cultures there was a clear
barrage zone that was later consequently overgrown
by Tr (Figure 1). Tv inhibited the growth of R. solani
by 9%, but it was able to fully overgrow R. solani colony
and finally killed it. In contrast, at 10th day 7z did not
stop the growth of R. solani, but it straightforwardly over-
grew it almost completely (86%, Figure 1). Thus, in terms
of this experiment, 7v and Ta expressed interactions best
described as predation (immediate kill and consumption)
and parasitism respectively. Tr showed neutral reaction
with signs of weak mycoparasitism.
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T. atroviride

hizoctonia ™,
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Figure 1 Mycoparasitism of Trichoderma spp. in dual
confrontations assays with Rhizoctonia solani. Fungi were
incubated for 10 days on PDA at 25°C and 12 hours cyclic illumination.
Arrows indicate overgrowth of R. solani by Trichoderma spp.

Transcriptional response of Trichoderma to the interaction
with R. solani

The tiling microarray data of 7a, Tv and Tr were
analyzed at three stages of the interaction: (1) before
contact with alien hyphae (BC), (2) during the initial
contact with the hyphae (C), and (3) when the inter-
action has been established (after contact; AC) (Figure 2).
After data normalization we applied the linear modeling
approach and the Bayes statistics implemented in the
LIMMA package (http://bioinf.wehi.edu.au/limma/, [16])
to the biological replicates as described in Materials and
Methods. In total more than 60% of the genes present in
the three genomes were found to be transcribed. Among
them 651, 303 and 424 genes were found to be differen-
tially regulated (larger/smaller than log, (ratio) = 1.5) in
Ta, Tv and Tr, respectively (Table 1; Additional file 1:
Tables S1-S3) and thus involved in the interaction. All of
up- and down-regulated genes were annotated and
categorized as described in the Materials and Methods
section. In addition, Functional Catalogue (FunCat,
http://mips.helmholtz-muenchen.de/proj/funcatDB/) pro-
tein families were assigned to those genes for which a
function could be predicted (Table 2). 66, 70 and 62% of
the significantly expressed genes of 7a, Tv and T7, respect-
ively, encoded genes with significant similarity to other
fungal proteins (blastp E <%’ Table 1). The remaining
genes were annotated as unknown (when orthologues were
found in other fungal genera but no function was assigned)
or orphan (unique; present only in Trichoderma spp.)
proteins (see Materials and Methods for definition). The
latter comprised only 0.5-0.7% of all transcripts for the
three Trichoderma species (Table 1). Statistical analysis
revealed that the transcriptomic profiles of three

34



Atanasova et al. BMC Genomics 2013, 14:121
http://www.biomedcentral.com/1471-2164/14/121

Page 3 of 15

v
Bl
=
>
s}
e
b
o
o
E
e
o
.~
o
<
_U
L
[

Figure 2 Development of mycoparasitic reaction of Trichoderma atroviride against Rhizoctonia solani. The mycelium was sampled before
contact (BC), at the contact (C) and after the contact (=overgrowth, AC) with R. solani.

investigated species were significantly different (ANOVA,
p <0.001). The majority of involved genes in Tr and Tv (63
and 84% respectively) were down-regulated, whereas the
up- and down-regulated genes in Tz occurred in approxi-
mately equal proportions (52% up- and 48% down-
regulated). However, in all species the pattern of up- and
down-regulation depended on the confrontation stages
(Figure 3).

Interestingly, the majority of significantly up-regulated
genes were represented by genes for which orthologues
in other Trichoderma species are present (Figure 4). In
addition, 88 of these genes were shared only between Tv
and 7a. Thus 93.2, 74.4 and 84.8% of all genes that were
significantly expressed in either 71 Ta or Tv, respec-
tively, were orthologues or at least conserved in 7a and
Tv. In contrast, among those most of genes involved in
mycoparasitic response were only found in one species.
Only nine orthologuous genes were up-regulated in all
three species (Figure 4) when confronted with R. solani,
and 29 genes were significantly expressed only in the
two mycoparasitic species Ta and 7v; they comprised 16

unknown, three putative MFS transporters, two orphan
and two unknown transcriptional activators genes.

The most significant differences were evident at the
pre-contact stage (ANOVA, p < 0.001): in 77 the major-
ity of differentially regulated genes were up-regulated,
whereas in 7v and in Ta genes in this stage were mostly
down-regulated and showed only a small response
(Figure 3). At contact with hyphal tips of R. solani, Tr
and 7Ta displayed only a low transcriptomic response,
whereas Tv showed significant down-regulation of most
of its genes (ANOVA, p <0.001). During overgrowth of
the prey, expression of most of genes increased in Ta
and Tv, but were down-regulated in 7r. However, in
general transcriptional response in this stage was sig-
nificantly different between 7z and the other two spe-
cies (ANOVA, p <0.001).

To confirm the microarray results, quantitative Real-
Time-PCR (qPCR) was performed on a subset of the
genes from 7v and 7Ta. They were chosen from gene
families that showed abundant up-regulation during
confrontation with R. solani, such as GH16 glucanases,

Table 1 Numbers of transcripts that are either up- or down-regulated during the mycoparasitic response of T. reesei, T.

atroviride and T. virens

Species Section Genes Transcripts Proteins
With identified function Unknown Orphan
Total Up/down (%*)  Total Up/down (%)  Total Up/down (%) Total Up/down (%)
T. reesei Longibrachiatum 9 143 424 36.6/63.4 44.7/55.3 137 234/76.6 23 21.7/78.3
T. atroviride  Trichoderma 11 865 651 53.1/46.9 432 52.1/479 173 58.4/41.6 46 43.5/56.5
T. virens Pachybasium 12 428 303 15.5/84.5 19.4/80.6 71 85/91.5 21 0/100

*the percentages of up- and down regulated genes are calculated based on the total number of transcripts found within each group of genes; bold fond

highlights larger values.
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Table 2 Protein groups (FunCat) that exhibited significant up- and/or down-regulation during mycoparasitic

interaction in at least one of the three Trichoderma spp.*

Page 4 of 15

FunCat FunCat number Annotation T. atroviride T. virens T. reesei
category 11 865 genes 12 428 genes 9 143 genes
Total Up Up/ Total Up Up/ Total Up Up/
involved down down involved down down involved down down
(%) (%) (%)
metabolism 01_05_01_01_09 2-oxoglutarate 3 0 3 0 1 70 n.a. 0 0 0 n.a.
dependent dioxygenase
01_04 acid phosphatase 4 4 0 na. I 70 na. 1 I 0 na.
01_20_05_11 PKS 5 2 3 0.7 1 0 1 0 4 2 2 1
01_20_35_01_05 flavonol reductase 4 4 0 na. 1 0 1 0 0 0 0
01_20_35_01_05 isoflavon reductase 2 2 0 na. 0 0 0 0 ] 0 1 0
01_20_36 NRPS 2 0o 2 0 4 0 4 0 2 0 2 0
01_25_01 GH glycosyl hydrolase 51 10 41 0.2 5 4 1 4 36 34 2 17
01_25_03 protease 15 13 2 6.5 3 12 05 5 2 3 0.7
01_25_07 lipase/esterase 6 2 4 0.5 2 0 2 0 3 12 0.5
01_25_07 CE carbohydrate esterase 3 T2 0.5 0 0 0 0 3 3 0 na.
transcription 11_02_03_04 C2H2 transcriptional 5 2 3 0.7 5 0 5 0 9 3 6 0.5
regulator
11_02_03_04 transcription factor 8 17 0.1 0 0 0 n.a. 0 0 0 na.
11_02_03_04 Zn2Cys6 transcriptional 11 3 8 04 3 0 3 0 5 2 3 0.7
regulator
protein fate 14_07_04 GCNS5-N-acetyltransferase 6 3 3 1 2 171 1 1 I 0 na
14_07_09 SAM-dependent 4 4 0 na. 3 0 3 0 3 2 1 2
methyltransferase
protein with 16_01 ankyrin 2 T 0 na. 2 0 2 0 0 0 0 na
binding
functions 16_21 Cytochrpme P450 8 6 2 3 9 0 9 0 5 4 1 4
subfamily
16_21 FAD-dependent 11 8 3 2.7 3 2 1 2 2 0 2 0
monooxygenase
16_21_07 GMC oxidoreductase 2 2 0 na. 2 0 2 0 1 0 1 0
16_21_07 short chain 8 5 3 17 11 0 11 0 6 0 6 0
dehydrogenase/
reductase
cellular transport  20_01_01 oligopeptide transporter 8 3 5 0.6 I T 0 na. 3 T2 0.5
20_01_01_01_01 iron permease 2 2 0 n.a. 0 0 0 n.a. 0 0 0 na.
20_01_01_07 inorganic phosphate 4 4 0 na. I 10 na. 1 I 0 na
transporter
20_01_03 monocarboxylate 3 30 na. 0 0 0 na. 0 0 0 na
transporter
20_01_07 amino acid permease 5 1 4 03 3 3 0 na. 4 3 1 3
20_03 MFS (major facilitator 51 15 36 04 7 4 3 1.3 17 9 8 1.1
superfamily) (12 TMH)
signal 30_05_02_24 GPCR, G-protein coupled 6 75 02 0 0 0 n.a. 2 0 2 0
transduction receptor
mechanism 30_05.02.24  PTH11-type GPCR 1M 9 2 45 2 02 o 2 o
cell rescue and ~ 32_01_05 chaperone/heat shock 0 0 0 na. 5 50 na. 4 0 4 0
defense protein
32_07 AAA + —type ATPase 4 2 2 1 8 0 8 0 2 1 1
32_07_05 PDR-type multidrug 3 37 3 0 0 0 na. 2 T 1 1

transporter
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Table 2 Protein groups (FunCat) that exhibited significant up- and/or down-regulation during mycoparasitic
interaction in at least one of the three Trichoderma spp.* (Continued)

32_07_05 ABC transporter 0
32_07_05 MDR (multidrug 0
resistance-associated
protein)
32_07_07_03 glutathione S-transferase 3
subcellular 70_01 cell wall protein 5
localization 70_27 SSCR (small secreted 8
cysteine rich protein)
cell fate 40 HET protein 2

0 0 na. 2 0 2 0 2 0 2 0
0 0 na. 2 0 2 0 1 0 1 0
3 0 n.a 4 0 4 0 2 0 2 0
0 5 0 2 0 2 0 4 2 2 1

8 0 na 6 0 6 0 0 0 0 n.a
2 0 na. 0 0 0 n.a. 1 0 1 0

*ratio values cannot be given when denominator is zero; n.a. means not applicable.

proteases, PKS and SSCPs (see below). Expression of
these genes correlated well with the data of the micro-
array (Additional file 1: Table S4). We therefore con-
clude that the results of tiling microarray analysis indeed
reflect differences in the function of genes involved in
mycoparasitism.

The enrichment for the major functional categories
(FunCat) was assessed for each category (Table 2) sepa-
rately. To reveal the common (shared by all three spe-
cies) and species-specific mechanisms acting at every
stage of interaction between Trichoderma and R. solani
we performed the statistical analysis of the respective
FunCats. In general, all three species showed signifi-
cantly different FunCat profiles indicating the pres-
ence of alternative interaction strategies (MANOVA;
p <0.05). Shifts in gene expression between BC, C and
AC stages of the interaction were also strongly species-
specific (Figure 5): only a minor portion of genes be-
came down-regulated in C compared to BC and at AC
compared to C (ANOVA <p<0.001). However the
massive differences were observed in 7a when a large
group of genes became up-regulated at AC compared to
BC and C (Figure 5A).

Statistical analysis of the global comparison of FunCat
categories for the three stages for 7Tr, Tv and 7a, revealed
that most categories broadly scattered both in the up-
and down-regulated areas (Table 2). However, some
specific features were observed: in 77, genes involved
in metabolism and transport were all up-regulated and
the latter also in 7v; expression of proteins with bind-
ing function was increased in 7z during the contact
phase and proteins involved in self-defense decreased
in Tr during overgrowth. It is also apparent that during
overgrowth regulation of all genes was much more com-
parable (as indicated by less scattering of values), and
only few categories also included up-regulated genes.

Genes up-regulated in interaction with R. solani

A comparison of the protein families [Pfam, http://pfam.
sanger.ac.uk/] assigned for up-regulated genes in the
above analysis revealed very little common responses

among the three Trichoderma spp., and also between the
two opportunistic and strong mycoparasitic species. In fact
only a few gene families shared a common trend in all
three Trichoderma spp. (proteases, heat shock proteins,
cytochrome C peroxidase, proline oxidase, ER-bound
glutathione-S-transferases, ABC efflux transporters, the
pleiotropic drug resistance (PDR) transporters, multidrug
resistance MDR-type transporters and nitrilases), indica-
ting that stress response connected with detoxification
of potentially hazardous metabolites is a general reaction
of Trichoderma during antagonism (see the Discussion
below).

In addition to the genes named above, all three
Trichoderma spp. had distinct specific responses. Thus,
in addition to expression of the highest number of sev-
eral protease families (dominated by subtilisin-like and
aspartyl proteases), Ta increased the transcription of
oligopeptide transporters, C-type lectins, small secreted
cysteine-rich proteins (SSCPs), PTH11-receptors and
3-glucanases of the GH16 family (Table 2; Additional
file 1: Tables S1-S3). In contrast, 7v mainly increased
the expression of genes for gliotoxin biosynthesis includ-
ing the genes for its precursors, and genes encoding heat
shock proteins. The minor additional responses in Tv
included increased up-regulation of chaperone proteins,
and several dehydrogenases and monooxygenases and
significant down-regulation of AAA + —type ATPases and
transcriptional regulators. However, it was conspicuous
that both strongly opportunistic and mycoparasitic spe-
cies expressed all these genes already at a stage before
hyphal contact with R solani, and were not expressed
anymore after the contact with the prey (Figure 5B).

Ta also largely relied on antibiosis: one polyketide syn-
thase (PKS) of the reducing (lovastatin/citrinin) clade I
(Triat2:134224; [17]) was expressed at all stages of inter-
action, and peaked at C. A second PKS gene (Triat2:85006;
[17]) from the reducing clade I was expressed only at
contact but not at BC and AC. Interestingly, 7a also
expressed genes encoding two KP4-like killer-toxins that
have so far not been described for filamentous fungi. In
addition, the up-regulation of genes encoding macrophomate
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Figure 3 Averaged regulation of all genes (|log, (ratio)| > 1.5) involved in mycoparasitsm of T. reesei, T. atroviride and T. virens during
the three confrontation stages with R. solani (BC, C and AC). Vertical bars denote 0.95 confidence intervals. The same letters above the bars
indicate the statistical significance (ANOVA) between the stages of each species: for m—n-r p < 0.005; s—t p < 0.02; u-z p < 0.001. The plot shows
different trends of gene expression kinetics between the species and does not reflect the gene regulation intensity differences among

Figure 4 The Venn diagram showing the number of
orthologous genes of T. reesei, T. atroviride and T. virens that
are involved in mycoparasitic response against Rhizoctonia
solani (at all stages of confrontation). The total number of
orthologous genes per species is given below the respective
species name.

synthases, isoflavone reductases and pyoverdin dioxygenases
was notable. These genes may be involved in the formation of
yet unknown secondary metabolites of Trichoderma. Finally,
a gene encoding a lipoxygenase (Triat2:33350), which is ab-
sent in 7r and Ti, was up-regulated at C stage. It may be
involved in the biosynthesis of y-pentylpyrone (see details in
the Discussion).

In contrast, the transcriptome of Tr before contact
revealed unique response to the presence of R. solani. It
showed a massive up-regulation of cellulolytic and
hemicellulolytic CAZymes, and ribosomal proteins
(Table 2). Furthermore, several transporter proteins
(MSF permeases, inorganic phosphate, oligopeptide and
amino acid transporters) as well one PKS (Trire2:60118)
were up-regulated at this stage. Interestingly, 77 also up-
regulated subtilisin proteases but none of the aspartyl
proteases that were active in Ta. At C stage Tr signifi-
cantly reduced the total gene expression, and only genes
encoding a multidrug transporter, a stress-responsive
protein (RDS1) and another PKS were induced and may
indicate defense reaction rather than an attack. The AC
stage was characterized by an increased activity of the
genes encoding ribosomal proteins, while genes for
cellulolytic and hemicellulolytic CAZymes were not
expressed anymore.

Genes down-regulated in interaction with R. solani

Some gene families were consistently down-regulated in
all three species during confrontation with R. solani, par-
ticularly already at BC stage. These comprised short-chain
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Figure 5 Scatter plots of all regulated genes in each stage for
(A) T. atroviride, (B) T. virens and (C) T. reesei, respectively. The
log, (ratio) regulation for the genes at contact (C, circles) and after the
contact (AC, squares) stages are plotted against the genes regulated
prior the contact (BC). The genes, for which a stage-specific difference
was found, are indicated by their functional names.

dehydrogenases/reductases, transcriptional regulators of
the fungal-specific Zn(2)Cys(6) family, non-ribosomal pep-
tide synthases, and AAA + —domain proteases.

The only species-specific response was detected for
Ta, which showed the opposite expression pattern of
genes involved in polysaccharide and lipid hydrolysis
and solute uptake to 77 as it strongly down-regulated all
these genes already prior the contact (BC).

Genomic distribution of genes involved in
mycoparasitism

We also investigated whether the genes expressed during
interaction with R. solani would be clustered in the gen-
ome. Our approach was based on the consideration that
under random distribution of transcribed genes, we
should (on the average) find them once in batches of 18,
42 and 22 subsequent genes in Ta, Tv and T, respect-
ively. These values arise by division of the total number
of genes in the 7a, Tv and Tr (11865, 12518, and 9143,
respectively) by the number of genes significantly
expressed by them in this study (651, 303 and 424, re-
spectively). To detect significant deviations from these
expectations, we manually screened the three genomes
for genes that occurred within the vicinity of each other
at an at least 3-fold lower value than the above
calculated average distributions, as was also done by
Seiboth, Aghcheh et al. [18]. We detected that the distri-
bution of about one third of the genes (36.9, 34.7 and
37.2% in Ta, Tv and T7, respectively) was not random
(Pearson coefficient >0.25) (Table 3). About a third of
them were located at the ends of the respective scaffolds
implying that they are situated either at the ends of
chromosomes or nearby repetitive regions.

Discussion

Although a wide range of Trichoderma spp. have been
described as mycoparasites [1], detailed studies on the mo-
lecular physiology of this trait have been performed mostly
with T. harzianum CECT 2413 or the T. atroviride strains P1
and IMI 206040 [2,3,19]. Based on these studies, it is com-
monly believed that the expression of cell wall lytic enzymes
(particularly chitinases but also f3-glucanases and proteases)
and secondary metabolites are the major determinants for
success in this process. The present comparison of the two
mycoparasites T. atroviride and T. virens with T. reesei, which
was unable to efficiently besiege R solani, changes this view
in two important aspects: first, the role of induction of
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Table 3 Clusters of nonrandomly distributed genes in T. atroviride, T. virens and T. reesei that are involved in
mycoparasitism

Scaffold T. atroviride T. virens T. reesei
Gene area* Density** Gene area* Density** Gene area* Density**
1 44-47 3/4 583-618 6/36 62-68 3/7
69-87 7/19 974-990 417 129-135 4/7
1111-1119 4/9 439-452 4/14
1331-1340 3/10 632-639 3/8
1717-1726 3/10 734-753 5/20
2 85-93 3/9 3-27 7/25 43-55 4/13
306-313 3/8 134-148 3/15
649-663 6/15 253-274 4/22
936-942 3/7 665-695 4/31
998-1000 3/3
1031-1039 3/9
1039-1054 6/16
3 140-143 4/4 788-792 4/5 4-27 5/24
189-201 10/13 333-342 3/10
691-698 3/8 406-411 4/6
771-773 3/3
4 37-45 4/9 20-24 4/5 34-45 3/12
340-349 3/10 242-255 3/14 333-339 3/7
593-614 6/20 327-346 3/20
5 12 - 24 7/13 252-262 3/1 209-226 4/14
97-104 3/8 235-248 4/14
286-302 5/17 448-463 5/16
389-412 8/22
425-427 3/3
6 264-268 4/5 2-21 3/20 24-51 6/28
354-357 3/4 128-139 3/12
461-483 7/23
7 178-187 4/10 6-9 3/4 59-72 5/14
404-408 3/5 286-292 3/7
484-509 8/26
524-532 5/9
546-559 4/14
8 117-129 6/13 276-290 3/15
155-165 6/11
185-189 3/5
9 173-188 6/16 26-44 4/19
198-212 4/15
489-498 4/10
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Table 3 Clusters of nonrandomly distributed genes in T. atroviride, T. virens and T. reesei that are involved in

mycoparasitism (Continued)

10

11

12

13

15

16
17

18

19

20
21

22
24
26
27
28

29

32
34
35
45
54

399-411
462-477
386-391
466-468
77-85
132-139
275-281

20-25
169-174
55-61
78-85
165-175
45-62
135-138
40of 12
68-82
141-155
2-11

5/13
9/16
3/6
3/3
3/9
3/8
3/7

4/6
3/6
3/7
3/8
4/11
6/18
3/4
3/9
6/15
4/15
5/10

242-262 3/21 74-83 3/10
185-187 3/3
262-272 3/11
316-344 5/29
7-11 3/5
160-174 3/15
277-281 3/5
219-229 3/11 1-14 3/15
59-86 6/28
1-7 5/7
107-113 4/7 32-37 3/6
94/100 3/7
21-41 3/21 116-120 4/5
100-109 3/10
101-114 4/15 80-109 7/30
29-41 4/13
53-63 4/11
40-56 4/17
32-51 3/20 68-74 3/7
98-122 5/25
68-79 3/12
99-113 6/13
55-62 3/8
3-13 10/11 26-30 3/5
32-51 4/20
7-20 3/14
1-8 5/8

* indicates the area on the scaffold in which the cluster was identified, given by the numbers of the first and the last genes on the scaffold. ** the ratio of
significantly up- or down-regulated genes to the total number of genes in the cluster.

hydrolytic enzymes and secondary metabolites must be
revisited; and second, the two mycoparasites display com-

pletely different strategies to antagonize their host/prey.

The latter claim is nicely reflected by the findings that
— although the majority of significantly expressed genes

in the three Trichoderma spp. belong to the gene inven-
tory present in all of them — most of these genes are
specific for only in one of the species. This implies that
rather the regulation of gene expression than the avail-
ability of specific “mycoparasitic” genes is the key for
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successful antagonism. The molecular basis for this has
not yet been studied: it could be the enhanced number
of transcription factors in 7z and Tv [4] which may have
resulted in a more refined transcription pattern of genes
related to mycoparasitism. The other reason could be
the occurrence of many of these genes in nonsyntenic
regions of the genome (at the ends of chromosomes or
nearby repetitive regions; vide supra), which could have
changed the transcriptional environment of these genes.

We have previously reported that T. atroviride is able
to sense the presence of its host from a distance [20].
This ability to sense the other fungus seems to be a
property of all Trichoderma species, as all three show a
significant and specific expression of a number of genes
already before contact. However, the types of genes
expressed distinguished T. atroviride and T. virens from
T. reesei: while the former two species express a number
of genes for which a function in antagonism can be
interpreted, T. reesei mainly expresses genes for nutrient
acquisition. Interestingly, the expression of the same cel-
lulase and hemicellulase genes was strongly down-
regulated in T. atroviride and highly induced in T. reesei,

T. virens remained unaffected. One interpretation of this
observation would be that — upon sensing a potential
prey — T. atroviride changes gene expression towards an
attack, whereas T. reesei attempts to compete with the
other fungus by faster acquisition of nutrients. Likewise,
it is possible that the sensing of a basidiomycete fungus
signals the availability of pre-degraded wood to T. reesei,
in accordance with the model that 7. reesei became an effi-
cient saprotroph on dead wood by following wood-
degrading fungi into their habitat [1,20,21]. This implies that
components from the host/prey are able to stimulate this
process, and the role of the general cellulase regulator XYR1
[22] therefore warrants examination. The fact that cellulase
gene expression came to an immediate stop when 7. reesei
arrived at physical contact with R solani does not contradict
this explanation, because cellulases and hemicellulases are
secreted into the medium where they have a half-life of 40
and more hours. Thus the cellulases secreted by 7. reesei
before contact may suffice for nutrient acquisition through-
out the whole process of interaction observed.

The two strong mycoparasitic species also differed in
the tools that they used for combating and killing R.
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solani. T. virens straightforwardly headed for predation
by poisoning R. solani with gliotoxin. Earlier studies
[23-27] have already suggested that gliotoxin formation
is the main antifungal principle of a subset of T. virens
strains, so called “Q-strains” (such as Gv29-8). Our data
are consistent with this claim, but it must be noted that
they may not apply to “P-strains” as they do not produce
gliotoxin [25,26]. In our experiments it was evident from
the up-regulation of almost all genes required for gliotoxin
biosynthesis, ie. a two module non-ribosomal peptide
synthetase (g/iP); thioredoxin reductase (g/iT); O-methyl
transferase (g/iM); a methyl transferase with unknown spe-
cificity (gliN); glutathione S-transferase (g/iG); cytochrome
P450 monooxygenases (g/iC); amino cyclopropane carb-
oxylate synthase (glil); and a dipeptidase (gfi/). This
coordinated expression is also supported by the genomic
clustering of these genes (Figure 6). However, it was of
interest to note that also genes involved in the provision of
the precursor of gliotoxin, L-phenylalanine, and of the
glutathione required for the formation of the central disul-
fide bond were induced during one or more of the three
stages. Provision of sulfur for cysteine and subsequently
glutathione biosynthesis appeared to be an essential re-
quirement already before contact, as indicated by the up-
regulation of two sulfate permeases, one sulfatase, the cyst-
eine biosynthesis genes ATP-sulfurylase and PAPS reduc-
tase, and of SCON2, an ubiquitin-ligase involved in
regulating sulfur metabolism under conditions of low sul-
fate supply [28]. Most of these genes were up-regulated only
before contact, suggesting that 7. virens could later fulfill the
sulfur requirement by feeding on R. solani. In contrast, a
shortage in L-phenylalanine appears to take place only dur-
ing overgrowth as illustrated by the increased expression of
3-deoxy-D-arabino-heptulosonate-7-phosphate synthase, the
first enzyme involved in the biosynthesis of aromatic amino
acids, and also the regulatory target for this pathway [29].

It is interesting to note that the genes of the gliotoxin
gene cluster that are present in 7r [23] were not at all
expressed during confrontation with R. solani, whereas
the gliotoxin cluster is absent in 7a [23].

T. atroviride, in contrast, appeared to follow a strategy
that involved antibiosis as well as the action of hydro-
lytic enzymes indicating a rather parasitic interaction
that does not directly aims to kill the host. With respect
to the latter, T. atroviride up-regulated almost only £3-1
,3/1,4-D-glucanases of the GH16 family, of which some
also contained a carbohydrate-binding domain of the lec-
tin superfamily (SCOP link 49899). Unfortunately their
properties have not been studied in sufficient detail to
offer an interpretation why 7. atroviride overexpressed
just this battery of f3-glucanases and not one of the several
others that are present in its genome [4].

Proteases, on the other hand, were up-regulated in all
three species, although only the aspartyl proteases were
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consistently up-regulated in the two strong mycoparasites
and down-regulated in 7. reesei. This confirms our earlier
conclusion [30] that the proteases play an important role
in mycoparasitism.

Up-regulation of genes for secondary metabolite pro-
duction in T. atroviride most conspicuously comprised
two PKS genes of the reducing (lovastatin/citrinin-like)
clade I [17]. One of them (Triatl:134224) was in fact one
of the most up-regulated genes before and at contact with
R. solani. However, there is indirect evidence for yet more
secondary metabolite formation: T. atroviride has been
reported to produce a—pentyl-pyrone, a volatile compo-
nent with antifungal activity that is not formed by T. reesei
and T. virens [31]. Its biosynthesis has been suggested to
occur via linoleic acid, in analogy to jasmon synthesis by
plants in which the necessary hydroxyl group originates
from an oxidation by lipoxygenase [32]. A lipoxygenase
gene was indeed present in 7. atroviride (protein ID
33350) but not the two other species, and was significantly
up-regulated in 7. atroviride during contact with R. solani.
In addition, the up-regulated genes putatively encoding
macrophomate synthase, pyoverdin dioxygenase and of
isoflavone reductase may be involved in the biosynthesis of
so far unknown secondary metabolites. Two PKS
(Trire2:60118, Trire2:82208; the first of the same type as
the two of T. atroviride, and the second belonging to the
nonreducing PKS clade I), were also up-regulated in T.
reesei before and at contact respectively. However, no
other genes with potential relationship to secondary me-
tabolism were observed in T. reesei. Interestingly, genes
encoding nonribosomal peptide synthases (NRPS) — in-
cluding the two encoding peptaibol synthases, which have
been emphasized as important antifungal components
from Trichoderma [33] — were found to be down-
regulated in all three species. Similar findings have been
reported recently for T. atroviride by Reithner et al. [5].

Another notable finding with T. atroviride was the up-
regulation of several genes encoding members of GPCR
PTHI11 class [34], of lectins and of small secreted cyst-
eine rich proteins. PTH11 encoding genes were also
among those up-regulated in the mycoparasite Coniothyrium
minitans during colonization of Sclerotinia sclerotiorum [35],
thus rendering them candidates for a function in
mycoparasitism. Interestingly, a PTH11 receptor of Botrytis
cinerea is not involved in plant pathogenicity but regulates
the expression of a glutathione-S-transferase gene [36].
The lectins also included a gene encoding cyanovirin, a
mannose-binding lectin [37]. Lectins have been
suggested to be involved in coiling of Trichoderma
around hyphae of the fungi they attack [38]. SSCPs are
abundant in Trichoderma [4] and the high expression of
several of them in T. atroviride suggests a potential role
in mycoparasitism. They are involved in the mutualistic
behavior of the ectomycorrhizal symbiont of plants
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Laccaria bicolor and are active in some plant pathogenic
fungi [39].

Only a few gene families shared a common trend: all
three Trichoderma spp. also displayed an oxidative re-
sponse in confrontation with R. solani (expression of
heat shock proteins, cytochrome C peroxidase, proline
oxidase, and ER-bound glutathione-S-transferases). Like-
wise, genes for detoxification processes (ABC efflux
transporters, the pleiotropic drug resistance (PDR)
transporters and the multidrug resistance MDR-type
transporters) were induced. R. solani uses radical oxygen
species as signaling molecules during sclerotia formation
[40], and excretes antifungal components [41], both of
which could act in our experiments and may have elicited
this response. An ABC-transporter from 7. atroviride
(TAABC?2) is involved in biocontrol of R. solani [42].

A cyanide hydratase gene with high similarity to
corresponding proteins from other ascomycetes was one
of the most strongly induced genes in all three
Trichoderma spp. at all stages of the interaction. The
fungal cyanide hydratases form a functionally specialized
subset of the nitrilases which catalyze the hydrolysis of
cyanide to formamide [43]. One could argue that this
nitrilase serves defend against cyanide produced by R.
solani, but this has not yet been proven so far. On the
other hand, bacteria like Pseudomonas spp. [44] produce
cyanide. Since this gene was expressed by all three
Trichoderma spp., its expression may be a general re-
sponse of Trichoderma towards the presence of any
host, but this clearly needs further investigations.

A significant portion of the genes responding to the
presence of R. solani, were non-randomly distributed in
the genome of all three Trichoderma spp. In ascomycetes
clustering is primarily known for genes involved in sec-
ondary metabolite synthesis [45]. In T. reesei the genes en-
coding cellulases, hemicellulases and other proteins of the
CAZome also occur in clusters [46], and we have recently
shown that the genes regulated during conidiation also are
clustered in the genome [47]. In Fusarium graminearum
(teleomorph: Gibberella zeae) [48] and Neurospora crassa
(anamorph: Chrysonilia crassa) [49], clustering occurs in
subtelomeric regions and contains particularly fast evolv-
ing genes, such encoding secreted proteins and orphan
genes related to ecological success of an organism. In this
context, it is reasonable that the genes related to
mycoparasitism are clustered in organisms that have
specialized on this trait. In Aspergillus spp., expression
of genes from such clusters is controlled by the putative
methyltransferase LaeA [50], a component of the Velvet
protein complex [51]. In this regards, we have recently
shown that cellulase formation and conidiation in T.
reesei are in fact regulated by the orthologue LAE1 [18].
Another component of the Velvet protein complex,
VEL1 (VeA) controls mycoparasitism in 7. virens [52].
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We were recently able to show that LAE1 indeed is a
regulator of mycoparasitism in 7. atroviride (RK.
Aghcheh, LS. Druzhinina and C.P. Kubicek, unpub-
lished data).

Conclusions

The present comparison of the two opportunistic and
strongly mycoparasitic species T. atroviride and T. virens
with T. reesei, which is unable to besiege R. solani, reveals
different responses of Trichoderma spp. to the presence of
another fungus. It also demonstrates that there is no com-
mon mechanism by which a mycoparasite attacks and kills
its host, but that alternative strategies are used. Finally, the
observation of a nonrandom distribution of the transcribed
genes suggests the possible involvement of epigenetic regu-
lation of mycoparasitism.

Methods

Comparative transcriptomics analysis

For mycoparasitism confrontation assays 7. virens Gv29-
8, T. atroviride IMI 206040 and T. reesei QM 6a were
grown on potato dextrose agar plates (BD Dicfo,
Franklin Lakes, NJ, USA), covered with cellophane, at 25°C
and 12 hours cyclic illumination and harvested when the
mycelia were ca. 5 mm apart, at contact of the mycelia
and after Trichoderma had overgrown the host fungus
Rhizoctonia solani by ca. 5 mm. As control, the respective
strain of Trichoderma was confronted with itself and
harvested at contact. Peripheral hyphal zones from each
confrontation stage were sampled and shock frozen in li-
quid nitrogen. Mycelia were ground to a fine powder
under liquid nitrogen and total RNA was isolated using
the guanidinium thiocyanate method [53]. For cDNA
synthesis, RNA was treated with DNase I (Fermentas,
Burlington, Canada) and purified with the RNeasy
MiniElute Cleanup Kit (Qiagen, Valencia, CA, USA). 5 pg
RNA/reaction were reverse transcribed using the
SuperScript Il Reverse Transcriptase (Invitrogen,
Carlsbad, CA, USA) and a mixture of provided random
hexamer primer and oligo(dT) primer.

We designed T. virens, T. atroviride and T. reesei tiling
array with 60mer oligonucleotides (oligo length) each
93 bp apart (oligo distance), using the unmasked fasta
file of the genomes of T. atroviride [http://genome.jgi.
doe.gov/Triat2/Triat2.info.html], 7. virens [http://gen-
ome.jgi-psf.org/Trivel/Trivel.home.html] and 7. reesei
[http://genome.jgi-psf.org/Trire2/Trire2.home.html].
The design was done with Teolenn [54] using a max-
imum prefix length match set to 30 for the uniqueness
calculation made by genome tools. Complexity is
evaluated using the masked genome by counting the
number of masked bases for each probe. T, values are
calculated using the nearest neighbor thermodynamic
model. No filters were applied after probe parameter
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calculations. In order to obtain the probe quality score,
the calculated parameters were weighted as follows: 0.4
for Ty, 0.3 for uniqueness, 0.2 for GC content, and 0.1
for complexity. To get final oligonucleotide scores, a
weighting of 0.75 was assigned to quality scores, and a
weighting of 0.25 was assigned to position scores.
Teolenn software designed 415373, 387105 and 359089
final probes respectively for T. atroviride, T. virens, and
T. reesei. Oligonucleotides were loaded on Agilent
eArray software and 2 x 400 k microarrays were obtained
from Agilent. The microarray data and related protocols
are available at the GEO web site [www.ncbi.nlm.nih.
gov/geo/] under accession number GSE23438. Briefly,
the RNAs of two independent biological replicates for
each condition (which in turn consisted of pooled RNA
preparations from at least three separate cultivations)
were reverse-transcribed and labeled with Cy3 or Cy5
dye using the indirect labeling procedure. Dye bias was
eliminated using dye switch labeling protocol. We then
hybridized 1.5 pg of labeled cDNA with the 2x400k
DNA chip (Agilent). The array was read using an Agilent
G2505C DNA microarray scanner and the TIFF images
extracted with the Agilent Feature Extraction software
(version 10.5.1.1) using the 20bit coding ability. Data
pre-treatment was applied on each result file to discard
flagged spots by Feature Extraction software. The data
were normalized without background subtraction by the
global Lowess method performed with the Goulphar
software [55]. For each experimental condition, the two
file results were merged together. For each probe the
hybridization ratio was linked to genome annotation
coming from the DOE JGI website for a respective gen-
ome. The final ratio for each transcript was obtained by
averaging the detected hybridization values from all
probes located inside the coding sequence on the
matching strand. Transcripts with no or only one probe
marked as detected were discarded from further analysis.
Finally we kept only transcript with a final hybridization
ratio greater than log, (ratio) =1.5 or lower than log,
(ratio) = -1.5. The list of statistically significant differen-
tially expressed genes was obtained by applying the lin-
ear modeling approach implemented in ImFit package
for Python and the empirical Bayes statistics implemented
by eBayes from the limma R package (http://bioinf.wehi.
edu.au/limma/; [16]).

Gene identification

The genomes of T. reesei QM6a, T. atroviride IMI 206040
and T. virens Gv29-8 have been annotated [4] and were
used as a source for identification of the genes found in
this study. A gene was considered to encode a homologue
of an already identified protein if it had the Expect value
(E) in blastp of<e'® with the next Sordariomycetes
member. All unknown and orphan (unique) proteins were
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subjected to blastp search (May, 2012) to check whether
any of them has been identified for another fungus since the
Trichoderma annotations. Orphan proteins were defined as
such that did not occur in any other Pezizomycotina with
an E-value > €?°. All other proteins, for which no function
could be predicted, were termed as unknown.

Statistical data evaluation

Statistical analyses of microarray data were performed
using Statistica 6.1 (StatSoft, Inc., Tulsa, OK, USA). For
this purpose the cumulative matrix has been assembled
(Additional file 1: Table S1-S3). In this matrix every gene
was considered as a case and the following grouping
variable (predictors) were integrated: protein ID, gene
annotation, species, protein family (Pfam), gene regula-
tion (up-regulated/down-regulated), fold gene regulation
prior, at and after the contact, and functional category
(FunCat). Data were explored by means of descriptive
statistics (mean values and standard deviations were
calculated for each predictor). Hypotheses were tested
using one-way main effects or factorial ANOVA analyses
with post-hoc comparisons with Tukey honest signifi-
cant difference tests (Tukey HSD).

Mycoparasitic potential

The antagonistic potential was evaluated for each species
based on dual confrontation plate assay carried out as
described for the RNA extraction, except the plate were
not covered with cellophane. The evaluation of the
plates was carried out after 10 days of incubation (see
Figure 1) and the growth of Trichoderma against itself
was set up as a zero inhibition rate. The growth inhib-
ition of R solani was calculated implying that the dis-
tance between the plugs of both fungi is 100%. The
inhibition of growth was calculated as a percentage of
Trichoderma growth subtracted for a correction of the
growth against itself. Overgrowth of the prey was
calculated similarly using the distance between the R.
solani plug and the confrontation zone with
Trichoderma as 100%, and the growth of Trichoderma
over the R. solani mycelium was then calculated as a
percentage of overgrowth.

Real Time PCR quantification of transcripts
T. atroviride and T. virens were cultivated and harvested
as described for the microarrays. DNase treated (DNase I,
RNase free; Fermentas) RNA (5 pg) was reverse
transcribed with the RevertAid" First Strand cDNA Kit
(Fermentas) according to the manufacturer’s protocol with
a combination of the provided oligo(dT) and random
hexamer primers.

All real-time PCR experiments were performed on a
Bio-Rad (Hercules, CA) iCycler IQ. For the reaction the
IQ SYBR Green Supermix (Bio-Rad, Hercules, CA) was
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prepared for 25 ul assays with standard MgCl, concen-
tration (3 mM) and a final primer concentration of 100
nM each. Primers used are given in Additional file 1:
Table S4. The amplification protocol consisted of an ini-
tial denaturation step (3 min at 95°C) followed by 40
cycles of denaturation (15 sec at 95°C), annealing (20 sec
at 52 and 52.5°C for T. virens and T. atroviride respect-
ively) and extension (72°C for 10 sec for both species).
Tefl gene which maintained constant over all conditions
(+ 20 relative %) was used as the normalizer. Determi-
nation of the PCR efficiency was performed using tripli-
cate reactions from a dilution series of cDNA (1, 0.1, 102
and 10°). Amplification efficiency was then calculated
from the given slopes in the IQ5 Optical system
Softwarev2.0. The qPCR were performed with the cDNA
of 5 pooled biological replicates for each species and
condition. Expression ratios were calculated using
Livak test model [56] and are given in the Additional
file 1: Table S4. Zero values for qPCR indicate the ex-
pression levels between |log, (ratio)|>1.5 as these
were not treated as significantly regulated in the
microarray analysis.

Additional file

Additional file 1: Table S1. List of Trichoderma reesei genes, which
expression has been significantly changed in response to mycoparasitism
to R. solani. Table S2. List of Trichoderma virens genes, which expression
has been significantly changed in response to mycoparasitism to R.
solani. Table S3. List of Trichoderma atroviride genes, which expression
has been significantly changed in response to mycoparasitism to R.
solani. Table S4. Real Time PCR quantification of selected genes.
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Conclusive remarks and contributions

Lea Atanasova (LA) performed the dual confrontation assays and extracted RNA for T. reesei and T.
atroviride, partially annotated the transcripts, carried out gPCR and its analysis, did statistical data
evaluation of transcriptomic analysis, prepared most of the figures and supplementary materials and

participated in manuscript writing.

The transcriptomic response in confrontation with the model fungus Rhizoctonia solani underlined their
different mechanisms of mycoparasitic response in all three species as well as in different stages of
mycoparasitic attack. However, the question appeared if the ability to parasitize on other fungi was lost in
this species or this property was gained by other so called strong mycoparasite Trichoderma spp. later in the
evolution. With other words, was the ancestral nutritional mode of Trichoderma biotrophic (more exact

mycotrophic) or saprotrophic as shown for T. reesei?

Nonetheless, little is known about Trichoderma mycoparasitism in vivo, but what could be studied so far in
vitro implies that interactions of Trichoderma with other fungi are prey/host dependent and additionally the
Trichoderma antagonistic potential is strain dependent rather than a specific trait of some species. Finally,
our knowledge on Trichoderma mycoparasitism arrives from the fact that Trichoderma teleomorphs are
associated with other fungi; from in vitro test on mostly plant pathogenic fungi; and from the fact that

biocontrol preparations are efficient in situ.
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2. MYCOPARASITISM IS TRICHODERMA’S INHERENT PROPERTY

clerotinia Alternaria  Rhizoctonia
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2.1 Phylogenomics of Trichoderma reveals the origin of mycotrophy

Kubicek et al. Genome Biolgy 2011, 12:R40
http:/igenomebiology.com/2011/1 2/4/Ra0
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Introduction

Mycoparasitism, a lifestyle where one fungus is parasitic on another fungus, has special relevance when the
prey is a plant pathogen, providing a strategy for biological control of pests for the management of plant
diseases. Today about 60% of the biofungicide market is based on formulations with the common

filamentous fungus Trichoderma (Verma et al., 2007).

The genome sequences of the two biocontrol species of Trichoderma - T. atroviride and T. virens (Kubicek et
al., 2011) showed a remarkable differences to the genome of the industrial cellulase producer T. reesei
(Martinez et al., 2008) that was reflected in (i) genome size (ii) conservation of gene order, (iii) lack of active
mobile elements probably due to repeat-induced point mutation (iv) several gene families expansions in the
two above mentioned mycoparasitic species relative to T. reesei or other ascomycetes, and are
overrepresented in non-syntenic genome regions. Also in contrast to the genomes of other multicellular
ascomycetes such as aspergilli (Fedorova et al., 2008; Galagan et al., 2009), Trichoderma appear to be have
the highest level of synteny of all genomes investigated (96 % for T. reesei and still 78/79% for T. virens and
T. atroviride respectively, versus 68 to 75% in aspergilli)., and most of the differences to other ascomycetes
occur in the non-syntenic areas. Nevertheless, at a molecular level the three species are as distant from
each other as apes from Pices (fishes) or Aves (birds) (Fedorova et al., 2008), suggesting a mechanism
maintaining this high genomic synteny. Espagne et al. (2008) proposed that a discrepancy of genome
evolution between P. anserina, N. crassa and the aspergilli and saccharomycotina yeasts is based on the
difference between heterothallic and homothallic fungi: in heterothallics the presence of interchromosomal
translocation could result in chromosome breakage during meiosis and reduced fertility, whereas
homothallism allows translocations to be present in both partners and thus have fewer consequences on
fertility. Since Trichoderma is heterothallic (Seidl et al., 2009), this explanation is also applicable to it.
However, another mechanism, meiotic silencing of unpaired DNA (Shiu et al., 2002) - which has also been
proposed for P. anserina (Espagne et al., 2008), and which eliminates progeny in crosses involving
rearranged chromosomes in one of the partners - may not function in Trichoderma because one of the

essential genes (SAD2; Borkovich et al., 2004) is missing.

T. reesei - a relatively rare tropical species which is mainly known from its teleomorphic stage in vivo - is
commonly considered to be a moderate to weak mycoparasite, but the origin of mycoparasitism in the
genus remains obscured. Sung et al. (2008) refer to the general fungicolous nature of the Hypocreaceae
family to which Trichoderma is attributed, however the genus itself is considered to be saprotrophic on
plant biomass (Sung et al., 2008). The purpose of this work was to apply the phylogenomic approach to the

three Trichoderma species with sequenced genomes which have different mycoparasitic potentials and
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compare their relations with fungi from related genera using phylogenetic approach, in order to test
whether profound mycoparasitism of T. atroviride and T. virens is an advanced evolutionally feature

compared to T. reesei or vice versa the later species lost the ability to feed on other fungi.

Materials and Methods

One-hundred genes were randomly selected from T. atroviride, T. virens and T. reesei, and Gibberella zeae
and Chaetomium globosum genomes based on their property to fulfill two requirements: they were in
synteny in all four genomes, and they were true orthologues (no other gene encoding a protein with amino
acid similarity >50% present). After alignment, the concatenated 10,449 amino acids were subjected to
Bayesian analysis (Yang et al., 1997) using 1 million MCMC generations. The respective cDNA sequences
(31,347 nucleotides) were also concatenated, and Ks/Ka ratios determined using DNASp5 (Librado et al.,
2009)

The genus-wide phylogram of Trichoderma was constructed by Bayesian analysis of partial exon nucleotide
sequences (824 total characters from which 332 were parsimony-informative) of the rpb2 gene (encoding
RNA polymerase B Il) from 110 ex-type strains, thereby spanning the major clades of the genus. The tree
was obtained after 5 million MCMC generations sampled for every 100 trees, using burnin = 1200 and
applying the general time reversible model of nucleotide substitution. The NCBI ENTREZ accession numbers

are: 1 [HQ260620]; 3 [DQO8724]; 4 [HM182969]; 5 [HM182984]; 6 [HM182965]; 7 [AF545565]; 8[AF545517]; 16 [FI442769]; 17
[AY391900]; 18 [FJ179608); 19 [FI442715]; 20 [FJ442771]; 21 [AY391945]; 22 [EU498358]; 23 [DQ834463]; 24[FI442725); 25
[AF545508]; 26 [AY391919]; 27 [AF545557]; 28 [AF545542]; 29 [FI442738]; 30[AF545550]; 31 [AY391909]; 32 [AF545516]; 33
[AF545518]; 34 [AF545512]; 35 [AF545510]; 36 [AF545514]; 37 [AY391921]; 38 [AF545513]; 39 [AY391954]; 40 [AY391944]; 41
[AF545534]; 42 [AY391899]; 43 [AY391907]; 44 [AF545511]; 45 [AY391929]; 46 [AF545540]; 47 [AY391958]; 48[AY391924]; 49
[AF545515]; 50 [AY391957]; 51[AF545551]; 52 [AF545522]; 53 [FI442714]; 54 [AF545509]; 55 [AY391959]; 56 [DQO87239];
57[AF545553]; 58 [AF545545]; 59 [DQ835518]; 60[DQ835521]; 61 [DQ835462]; 62 [DQ835465]; 63[DQ835522]; 64 [AF545560]; 65
[DQ835517]; 66[DQ345348]; 67 [AF545520]; 68 [DQ835455]; 69 [AF545562]; 70 [AF545563]; 71 [DQ835453]; 72 [FI179617]; 73
[DQ859031]; 74 [EU341809]; 75 [FJ179614]; 76 [DQO87238]; 77 [AF545564]; 78 [FJ179601]; 79 [FI179606); 80 [FJ179612]; 81
[F1179616]; 82 [EU264004]; 83 [FJ150783]; 84 [FJ150767]; 85 [FJ150786]; 86 [EU883559]; 87 [FJ150785]; 88 [EU248602); 89
[EU241505]; 90 [FJ442762]; 91 [FI442741); 92 [FJ442783]; 93 [EU341805]; 94 [F1442723]; 95 [FI442772]; 96 [EU2415023]; 97
[EU341801]; 98 [EU248600]; 99 [EU341808]; 100 [EU3418033]; 101 [EU2485942]; 102 [AF545519]; 103 [EU248603]; 104
[EU248607]; 105 [EU341806]; 106 [DQO86150]; 107 [DQ834460]; 108 [EU711362]; 109 [EUS83557]; 110 [FJ150790].

Results

T. reesei, T. atroviride and T. virens each occupy distanced phylogenetic positions in the genus Trichoderma,
as shown by a Bayesian rpb2 tree of 110 Trichoderma taxa (Figure 2.1a). In order to determine which of the
three species more likely resembles the ancestral state of Trichoderma, we performed a Bayesian

phylogenetic analysis using a concatenated set of 100 proteins that were encoded by orthologous genes in
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syntenic areas in the three Trichoderma species and also G. zeae and C. globosum. The result (Figure 2.1b)
showed that T. atroviride occurs in a well-supported basal position to T. virens and T. reesei. These data
indicate that T. atroviride resembles the more ancient state of Trichoderma and that both T. virens and T.
reesei evolved later. The long genetic distance of T. reesei further suggests that it was apparently evolving
faster than T. atroviride and T. virens since the time of divergence. To test this assumption, we compared
the evolutionary rates of the 100 orthologous and syntenic gene families between the three Trichoderma
species. The median values of the evolutionary rates (Ks and Ka) of T. atroviride - T. reesei and T. virens - T.
reesei were all significantly higher (1.77 and 1.47, and 1.33 and 1.19, respectively) than those of T. atroviride
- T. virens (1.13 and 0.96; all P values <0.05 by the two-tailed Wilcoxon rank sum test). This result supports

the above suggestion that T. reesei has been evolving faster than T. atroviride and T. virens.

Discussion

Our data suggest that the ancestral state of Trichoderma was mycoparasitic. This conclusion was supported
by the genus-wide test for the mycoparasitic potential that revealed that all Trichoderma species are
capable to parasitize on other fungi when several prey/host are tested (Druzhinina and Kubicek, 2013). T.
reesei appears to have lost 23 % of genes present in T. atroviride and maintained in T. virens. In our
transcriptomic study we have shown that, when sensing the pray, T. atroviride and T. virens induce the
expression of the genes involved in the attack, whereas T. reesei attempts to compete with the other fungus
by faster acquisition of nutrients (Atanasova et al., 2013; Chapter 1). Thus we conclude that T. reesei is a
derived species that lost its mycoparasitic potential due to the lost of a great portion of genes by adapting
to the saprotrophic way of life. This supports an earlier speculation (Rossmann et al., 1999) that the
ancestors of Trichoderma were mycoparasites on wood-degrading basidiomycetes and acquired
saprotrophic characteristics to follow their prey into their substrate. Indirect evidence for this habitat shift
in T. reesei was also presented by Slot and Hibbett (2007), who demonstrated that T. reesei — after switching
to a specialization on a nitrogen-poor habitat (decaying wood) - has acquired a nitrate reductase gene
(which was apparently lost earlier somewhere in the Sordariomycetes lineage) by horizontal gene transfer
from basidiomycetes. It is also possible that the biotrophic Trichoderma ancestor species remained on the
decomposed wood after they digested the basidiomycete host and evolved into saprotrophs in order to
adapt to a novel ecological niche. This hypothesis is supported by the fact that many Trichoderma
teleomorphs (e.g. T. subeffusum, T. luteffusum, T. polysporum, T. phellinicola, T. sulphurea etc.) associated

with basidiomes are often found on medium to strongly decayed wood (see Jaklitsch et al., 2011).
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Figure 2.1: Mycoparasitism is an ancient life style of Trichoderma. (a) Position of T. atroviride, T. virens and T. reesei
within the genus Trichoderma. The positions of T. reesei, T. virens and T. atroviride are 4, 29 and 97, respectively -
shown in bold), and a few hallmark species are given by their names. For the identities of the other species, see the
gene accession numbers (Materials and Methods). (b) Bayesian phylogram based on the analysis of amino acid
sequences of 100 orthologous syntenic proteins (MCMC, 1 million generations, 10,449 characters) in T. reesei, T. virens
and T. atroviride, Gibberella zeae and Chaetomium globosum. Circles above nodes indicate 100% posterior
probabilities and significant bootstrap coefficients. The numbers in the boxes between (a) and (b) indicate the genome
sizes and gene counts and percentage net gain regarding T. atroviride. Photoplates show the mycoparasitic reaction
after the contact between Trichoderma species and Rhizoctonia solani. Trichoderma species are always on the left
side; dashed lines indicate the position of Trichoderma overgrowth of R. solani. (From Kubicek et al., 2011)

54



Atanasova L: Ecological genomics of the opportunistic fungus Trichoderma

References

Atanasova L, Druzhinina IS and Jaklitsch WM. (2013) Two hundred Trichoderma species recognized based on molecular phylogeny.
In Trichoderma: Biology and Applications, Eds. Mukherjee PK, Sigh US, Horwitz BA, Schmoll M, Mukherjee M. CABI of Nosworthy
Way, UK, Wallingford, Oxon, in press.

Borkovich KA, Alex LA, Yarden O, Freitag M, Turner GE, Read ND, Seiler S, Bell-Pedersen D, Paietta J, Plesofsky N, Plamann M,
Goodrich-Tanrikulu M, Schulte U, Mannhaupt G, Nargang FE, Radford A, Selitrennikoff C, Galagan JE, Dunlap JC, Loros JJ, Catcheside
D, Inoue H, Aramayo R, Polymenis M, Selker EU, Sachs MS, Marzluf GA, Paulsen |, Davis R, Ebbole DJ, et al. (2004) Lessons from the
genome sequence of Neurospora crassa: tracing the path from genomic blueprint to multicellular organism. Microbiol Mol Biol Rev,
68:1-108.

Druzhinina 1S, Kubicek CP (2013) Ecological genomics of Trichoderma. In Ecological genomics of fungi. Ed. by Martin F. Wiley-
Blackwell, Oxford, UK, in press.

Espagne E, Lespinet O, Malagnac F, Da Silva C, Jaillon O, Porcel BM, Couloux A, Aury JM, Ségurens B, Poulain J, Anthouard V,
Grossetete S, Khalili H, Coppin E, Déquard-Chablat M, Picard M, Contamine V, Arnaise S, Bourdais A, Berteaux-Lecellier V, Gautheret
D, de Vries RP, Battaglia E, Coutinho PM, Danchin EG, Henrissat B, Khoury RE, Sainsard-Chanet A, Boivin A, Pinan-Lucarré B, et al.
(2008) The genome sequence of the model ascomycete fungus Podospora anserina. Genome Biol, 9:R77.

Fedorova ND, Khaldi N, Joardar VS, Maiti R, Amedeo P, Anderson MJ, Crabtree J, Silva JC, Badger JH, Albarraq A, Angiuoli S, Bussey
H, Bowyer P, Cotty PJ, Dyer PS, Egan A, Galens K, Fraser-Liggett CM, Haas BJ, Inman JM, Kent R, Lemieux S, Malavazi |, Orvis J,
Roemer T, Ronning CM, Sundaram JP, Sutton G, Turner G, Venter JC, et al. (2008) Genomic islands in the pathogenic filamentous
fungus Aspergillus fumigatus. PLoS Genet, 4:e1000046.

Galagan JE, Calvo SE, Cuomo C, Ma LJ, Wortman JR, Batzoglou S, Lee SI, Bastirkmen M, Spevak CC, Clutterbuck J, Kapitonov V, Jurka
J, Scazzocchio C, Farman M, Butler J, Purcell S, Harris S, Braus GH, Draht O, Busch S, D’Enfert C, Bouchier C, Goldman GH, Bell-
Pedersen D, Griffiths-Jones S, Doonan JH, Yu J, Vienken K, Pain A, Freitag M, et al. (2005) Sequencing of Aspergillus nidulans and
comparative analysis with A. fumigatus and A. oryzae. Nature, 438:1105-1115.

Kubicek CP, Herrera-Estrella A, Seidl-Seiboth V, Martinez DA, Druzhinina IS, Thon M, Zeilinger S, Casas-Flores S, Horwitz BA,
Mukherjee PK, Mukherjee M, Kredics L, Alcaraz LD, Aerts A, Antal Z, Atanasova L, Cervantes-Badillo MG et al. (2011) Comparative
genome sequence analysis underscores mycoparasitism as the ancestral life style of Trichoderma. Genome Biol, 12(4):R40.

Librado P, Rozas J. 2009. DnaSP v5: a software for comprehensive analysis of DNA polymorphism data. Bioinformatics, 25(11):1451-
1452.

Martinez D, Berka RM, Henrissat B, Saloheimo M, Arvas M, Baker SE, Chapman J, Chertkov O, Coutinho PM, Cullen D, Danchin EG,
Grigoriev IV, Harris P, Jackson M, Kubicek CP, et al. (2008) Genome sequencing and analysis of the biomass-degrading fungus
Trichoderma reesei (syn. Hypocrea jecorina). Nat Biotechnol, 26(5):553-60.

Rossmann AY, Samuels GJ, Rogerson CT, Lowen R (1999) Genera of Bionectriaceae, Hypocreaceae and Nectriaceae (Hypocreales,
Ascomycetes). Stud Mycol, 42:1-83.

Seidl V, Seibel C, Kubicek CP, Schmoll M (2009) Sexual development in the industrial workhorse Trichoderma reesei. Proc Natl Acad
Sci USA, 106:13909-13914.

Shiu PK, Metzenberg RL (2002) Meiotic silencing by unpaired DNA: properties, regulation and suppression. Genetics, 161:1483-1495.

Slot JC, Hibbett DS (2007) Horizontal transfer of a nitrate assimilation gene cluster and ecological transitions in fungi: a phylogenetic
study. PLoS One, 2:e1097.

Sung GH, Poinar GO Jr, Spatafora JW (2008) The oldest fossil evidence of animal parasitism by fungi supports a Cretaceous
diversification of fungal-arthropod symbioses. Mol Phylogenet Evol 49(2):495-502.

Verma M, Brar SK, Tyagi RD, Surampalli RY, Valero JR (2007) Antagonistic fungi, Trichoderma spp.: panoply of biological control.
Biochem Eng J, 37:1-20.

Yang Z, Rannala B (1997) Bayesian phylogenetic inference using DNA sequences: a Markov Chain Monte Carlo Method. Mol Biol
Evol, 14:717-724.

55



Atanasova L: Ecological genomics of the opportunistic fungus Trichoderma

Contributions

Materials presented in this chapter were incorporated in

Kubicek CP, Herrera-Estrella A, Seidl-Seiboth V, Martinez DA, Druzhinina IS, Thon M, Zeilinger S, Casas-Flores
S, Horwitz BA, Mukherjee PK, Mukherjee M, Kredics L, Alcaraz LD, Aerts A, Antal Z, Atanasova L, Cervantes-
Badillo MG, Challacombe J, Chertkov O, McCluskey K, Coulpier F, Deshpande N, von Déhren H, Ebbole DJ,
Esquivel-Naranjo EU, Fekete E, Flipphi M, Glaser F, Gémez-Rodriguez EY, Gruber S, Han C, Henrissat B,
Hermosa R, Hernandez-Onate M, Karaffa L, Kosti I, Le Crom S, Lindquist E, Lucas S, Liibeck M, Liubeck PS,
Margeot A, Metz B, Misra M, Nevalainen H, Omann M, Packer N, Perrone G, Uresti-Rivera EE, Salamov A,
Schmoll M, Seiboth B, Shapiro H, Sukno S, Tamayo-Ramos JA, Tisch D, Wiest A, Wilkinson HH, Zhang M,
Coutinho PM, Kenerley CM, Monte E, Baker SE, Grigoriev IV (2011) Comparative genome sequence analysis
underscores mycoparasitism as the ancestral life style of Trichoderma. Genome Biology, 12:R40.

LA retrieved the sequences of 100 orthologous proteins from syntenic areas of Trichoderma atroviride, T.
virens and T. reesei and also Giberella zeae and Chaetomium globosum, performed the phylogenetic analysis

and contributed to its interpretation.

56



Atanasova L: Ecological genomics of the opportunistic fungus Trichoderma

2.2 Clonal species Trichoderma parareesei sp. nov. likely resembles the ancestor of the
cellulase producer Hypocrea jecorina/T. reesei
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We have previously reported that the prominent industrial enzyme producer Trichoderma reesei (teleomorph
Hypocrea jecorina; Hypocreales, Ascomycota, Dikarya) has a genetically isolated, sympatric sister species devoid of
sexual reproduction and which is constituted by the majority of anamorphic strains previously attributed to H.
Jecorina/T. reesei. In this paper we present the formal taxonomic description of this new species, T. parareesei,
complemented by multivariate phenotype profiling and molecular evolutionary examination. A phylogenetic anal-
ysis of relatively conserved loci, such as coding fragments of the RNA polymerase B subunit II (rpb2) and GH18
chitinase (chil8-5), showed that T. parareesei is genetically invariable and likely resembles the ancestor which gave
raise to H. jecorina. This and the fact that at least one mating type gene of 7. parareesei has previously been found
to be essentially altered compared to the sequence of H. jecorina/T. reesei indicate that divergence probably occurred
due to the impaired functionality of the mating system in the hypothetical ancestor of both species. In contrast, we
show that the sexually reproducing and correspondingly more polymorphic H. jecorina/T. reesei is essentially
evolutionarily derived. Phenotype microarray analyses performed at seven temperature regimens support our
previous speculations that T. parareesei possesses a relatively high opportunistic potential, which probably ensured

the survival of this species in ancient and sustainable environment such as tropical forests.

Trichoderma reesei, the anamorph of the pantropical sapro-
trophic ascomycete Hypocrea jecorina, is used in the biotech-
nological industry for the production of cellulolytic and hemi-
cellulolytic enzymes and recombinant proteins (13, 21).
Accordingly, strong interest in this fungus has also recently
reemerged in attempts to produce second-generation biofuels
to reduce carbon dioxide emissions and the dependence on
fossil fuels (oil) (15, 17).

Trichoderma reesei was originally collected on the Solomon
Islands during World War II, where it destroyed canvas and
other cellulose-containing materials of the U.S. army (18). It is
unique among industrial fungi, as 7. reesei was known only
from the single isolate QM 6a for 50 years, and all genetically
improved mutant strains used in biotechnology today have
been derived from it. Kuhls et al. (14) found that 7. reesei was
indistinguishable from mycelial cultures of the pantropical as-
comycete Hypocrea jecorina, on the basis of sequences of the
internal transcribed spacer of the rRNA gene cluster and ran-
domly amplified polymorphic DNA (RAPD) fingerprinting
analysis. Thus, they established the anamorph-teleomorph
connection, which is still valid. Other putative anamorphs of H.
Jjecorina have more recently been identified as frequent inhab-
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itants of soils in tropical forests of Southeast Asia, South
America, and the South Pacific region (1, 7, 12). Druzhinina et
al. (4), however, have recently shown that the majority of
anamorphic strains are genetically isolated from H. jecorina/T.
reesei and form at least two new phylogenetic species. The
more frequent one (7. parareesei nom. prov. [4]) was shown to
be closely related to and also sympatric with H. jecorina but
exclusively asexual (clonal or agamospecies). In that work we
also provided some details on the ecophysiological character-
istics of H. jecorina and its sister species. We showed that the
extremely efficient cellulase-producing strains are present in all
these phylogenetic species and that in general their carbon
metabolisms are very similar, although the clonal species are
more versatile and efficient in the utilization of their preferred
substrata. No details on carbon utilization profiles or temper-
ature-dependent growth rates have been presented. Striking
differences between H. jecorina/T. reesei and T. parareesei in
conidiation intensity, photosensitivity, and mycoparasitism
have been found, all suggesting that the latter species occupies
a separate ecological niche and has much stronger opportunis-
tic potential than H. jecorina (4).

Here we provide the formal taxonomic description of 77i-
choderma parareesei on the basis of macro- and micromorphol-
ogies, carbon utilization profiles at different temperatures, and
phylogenetic analysis. We show that this species likely resem-
bles the ancestor of H. jecorina/T. reesei.

MATERIALS AND METHODS

Material studied. The strains used in this work, their origin, and the NCBI
GenBank sequence accession numbers are listed in Table 1. The isolates are
stored at —80°C in 50% glycerol in the Collection of Industrial Microorganisms
of Vienna University of Technology (TUCIM). For convenience, TUCIM num-
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TABLE 1. Strains of 7. parareesei and H. jecorina/T. reesei as well as other species from Trichoderma section Longibrachiatum
used in this study’

GenBank accession no.

Taxon CP.K. Other strain no. Origin
strain no. chil8-5 pb2
Reesei subclade
Trichoderma parareesei sp. nov. 717 type CBS 125925, TUB F-1066 Mexico HM182987 HM182963
3426 G.J.S. 07-26 Ghana HM182991 HM182966
661 CBS 125862, TUB F-728 Argentina HM182990 HM182965
665 TUB F-733 Argentina HM182992 HM182967
3420 G.J.S. 04-41 Brazil HM182989 HM182964
634 TUB F-730 Sri Lanka HM182993 HM182968
3692 Ethiopia HM182987 HM182962
Hypocrea jecorina 160 G.J.S. 85-236 Celebes, Indonesia HM183002 HM182977
282 G.J.S. 97-177 French Guiana HM182999 HM182974
1392 G.J.S. 86-401 Puerto Rico HM183005 HM182980
1282 G.J.S. 85-249 Celebes, Indonesia HM182998 HM182973
158 G.J.S. 85-229 Celebes, Indonesia HM183003 HM182978
159 G.J.S. 85-230 Celebes, Indonesia HM183004 HM182979
1127 G.J.S. 93-23 New Caledonia HM183000 HM182975
1337 G.J.S. 93-22 New Caledonia HM183001 HM182976
917 CBS 383.78, QM 6a Solomon Islands HM182994 HM182969
3418 G.J.S. 06-138 Cameroon HM182997 HM182972
3419 G.J.S. 06-140 Cameroon HM182996 HM182971
155 G.J.S. 86-404 Brazil HM182995 HM182970
Other species from Trichoderma
section Longibrachiatum

Trichoderma sp. strain C.P.K. 524 523 TUB F-1034 Taiwan HM183006 HM182981
524 TUB F-1038 Taiwan HM183007 HM182982
Trichoderma sp. strain C.P.K. 1837 1837 Ethiopia HM183011 HM182986
T. longibrachiatum 1254 CBS 48978 Colombia DQO087242> EU401511°
T. saturnisporum 1266 CBS 33070, ATCC 18903 Georgia, USA HM183009 HM182984
H. schweinitzii 2002 CBS 121275 Germany, Europe HM183008 HM182983
T. pseudokoningii 1277 G.J.S. 81-300 HM183010 HM182985

@ Strains of T. parareesei sp. nov., H. jecorina, and Trichoderma sp. strain C.P.K. 524 were published earlier (1, 4, 12). ATCC, American Type Culture Collection; CBS,
Centralbureau voor Schimmelcultures; G.J.S., collection of Gary J. Samuels, USDA, Beltsville, MD; TUB, collection of George Szakacs, TU Budapest, Hungary.

b Previously published by Jaklitsch et al. (8).

bers (CPK) are used for the strains throughout the article; in addition, numbers
of the original isolators’ collections are listed in Table 1.

DNA extraction, PCR amplification, and sequencing. Mycelia were harvested
after 2 to 4 days of growth on 3% malt extract agar (MEA; Merck, Germany) at
25°C, and genomic DNA was isolated using a Qiagen (Hilden, Germany)
DNeasy plant minikit following the manufacturer’s protocol. Amplification of
fragments of chil8-5 (GHI1S8 chitinase CHI1S8-5, previously ech42) and rpb2
(RNA polymerase subunit IT 3) was performed as described previously (9). PCR
fragments were purified (PCR purification kit; Qiagen) and sequenced at Euro-
fins MWG Operon (Ebersberg, Germany).

Phylogenetic analysis. Phylogenetic analysis was done essentially as described
previously (4, 9). Briefly, DNA sequences were aligned by use of the Clustal X
program (version 1.81) and visually checked in GeneDoc software (version 2.6).
The possibility of intragenic recombination, which would prohibit the use of each
locus for phylogenetic analysis, was tested by linkage disequilibrium-based sta-
tistics implemented in DnaSP software (version 4.50.3) (19). The neutral evolu-
tion was tested by Tajima’s test, implemented in the same software. The inter-
leaved NEXUS file was formatted using the PAUP* program (version 44.0b10)
(22). As the sample size is relatively small (1,670 characters per 26 sequences for
the biggest data set), the unconstrained GTR+I+G substitution model was
applied to all sequence fragments (Table 2). Metropolis-coupled Markov chain
Monte Carlo (MCMC) sampling was performed using the MrBayes program
(version 3.0B4) with two simultaneous runs of four incrementally heated chains
for 1 million generations. Bayesian posterior probabilities (PPs) were obtained
from the 50% majority rule consensus of trees sampled every 100 generations
after removal of the first trees using the “burnin” command. The number of
discarded generations was determined for each run on the basis of visual analysis
of the plot showing the generation versus the log probability of observing the
data. PP values lower than 0.95 were not considered significant. Summaries of
the model parameters and nucleotide characteristics of the loci used are given in
the Table 2.

Phenotype microarrays. Growth rates on different carbon sources were ana-
lyzed using a phenotype microarray system for filamentous fungi (Biolog Inc.,
Hayward, CA), as described by Druzhinina et al. (2) and Friedl et al. (5). Briefly,
strains were cultivated on 3% MEA for 5 days. Conidial inocula were prepared
by rolling a sterile, wetted cotton swab over sporulating areas of the plates. The
conidia were then suspended in sterile Biolog FF inoculating fluid (0.25% Phyta-
gel, 0.03% Tween 40), gently mixed, and adjusted to a transmission of 75% at 590
nm (using a Biolog standard turbidimeter calibrated to the Biolog standard for
filamentous fungi). A total of 90 pl of the conidial suspension was dispensed into
each of the wells of the Biolog FF microplates (Biolog Inc.), which were incu-
bated at 15, 20, 25, 30, 35, 40, and 45°C in darkness. The optical density (OD) at
750 nm (for detection of mycelial growth [2, 5]) was measured after 18, 24, 42, 48,
66, 72, and 96 h using a microplate reader (Biolog Inc.). Statistical analyses
were performed using the Statistica software package (version 6.1; StatSoft
Inc., Tulsa, OK).

Growth rate determination on agar plates and morphological observations.
The micromorphology of conidiation structures, growth rates, and the compar-
ative morphology of cultures were determined and morphological terms were
applied as described by Jaklitsch (10). Growth rates at 15, 25, 30, and 37°C were
recorded in a single experiment using 2 strains each of T. parareesei and T. reesei.
In addition, images of cultures grown on 3% MEA for 5 days at 25°C under
alternating 12 h of light/12 h of dark were taken. Color was determined as
described by Kornerup and Wanscher (11).

Phytotoxicity assays. Phytotoxicity assays were carried out using seeds of
garden cress (Lepidium sativum) from Austrosaat AG (Vienna, Austria) and
strains CBS 125925, CBS 125862, and C.P.K. 665 of T. parareesei and strains
C.PK. 917 (OM 6a), C.P.K. 1282, and C.P.K. 3419 of H. jecorina. Samples
without Trichoderma were used as controls. The assay was designed on the basis
of a 24-well plate, where each well was inoculated with one seed of L. sativum.
Surface sterilization of the seeds was performed in 96% ethanol for 15 min,
followed by washing of the seeds with sterile double-distilled water, with this step
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TABLE 2. Nucleotide properties of phylogenetic markers and MCMC parameters”
Phylogenetic marker
Parameter j
1pb2 chil8-5 Concatenated

Fragment characterization

Partial exon

Partial exon Not applicable

No. of characters 852 818 1,670
No. parsimony informative 80 88 168
No. constant 685 680 1,365

Parameters of MCMC analysis

Mean nucleotide frequency” (A/C/G/T) 0.24/0.28/0.28/0.20 0.23/0.33/0.24/0.20 0.24/0.30/026/0.20

Substitution rates®
A<C 0.12 0.10 0.11
A<G 0.23 0.23 0.25
AeT 0.03 0.12 0.06
C<G 0.08 0.10 0.09
CeT 0.44 0.37 0.39
GeT 0.09 0.06 0.08

Alpha“ 0.18 21.32 0.23

No. of MCMC generations (10°)/no. of runs 12 12 2/2

PSRF* 1.00 1.00 1

No. of chains/temp (\) 4/0.2 4/0.2 4/0.2

Sampling frequency 100 100 100

No. of discarded first generations 200 300 300

Total tree length (substitutions/site) 0.58 0.3 0.38

¢ Alpha (shape parameter of the gamma distribution) and potential scale reduction factor (PSRF) values were estimated after GTR MCMC sampling and burning.

> Twenty-nine sequences in total were analyzed.

being repeated twice. Individual seeds were introduced into 20 of the 24 wells
filled with synthetic low nutrition agar (SNA) medium (for 1 liter, 1 g of KH,PO,
and KNO3, 0.5 g MgSO, - 7H,0 and KClI, 0.2 g glucose and sucrose, and 20 g of
agar-agar; Merck, Darmstadt, Germany), leaving 4 wells for the control of the
fungal growth. Pregrown mycelium was introduced to 20 seedlings per strain. The
plates were incubated at 25°C under a rhythmic illumination cycle (12 h of
light/12 h of dark) for 8 days. Afterwards, the plants were inspected under a
stereomicroscope and the lengths of their stems were measured.

MycoBank accession number. The sequence of Trichoderma parareesei Jak-
litsch, Druzhinina & Atanasova, sp. nov., has been deposited in MycoBank under
accession no. MB 515503 (Fig. 1).

RESULTS

Taxonomy. Differt a Trichodermate reesei absentia teleo-
morphosis, sporulatione multo magis abundante, conidio-
phoribus sinuosis et conidibus parvioribus, uniformioribus in
forma et magnitudine. Phialides in agaro CMD lageniformes
vel ampulliformes, 4.5 ad 11 pm longae, 2.5 ad 3.8 pm latae.
Conidia viridia, ellipsoidea vel oblonga, glabra, 3.3 ad 6.2 pm
longa, 2.5 ad 3.5 pm lata.

Morphology and growth rates of T. parareesei. Table 3 pre-
sents some characteristics of 7. parareesei. The morphology
and growth rates of T. parareesei follow. Optimum growth at 30
to 37°C on all media. On CMD (Sigma corn meal agar plus
10% dextrose) mycelium covering the plate within 3 days at 25
to 37°C. Colony on CMD at 25 to 37°C hyaline, thin; mycelium
dense, not zonate, concentrated on the agar surface, of thick,
radially arranged primary hyphae and numerous delicate sec-
ondary hyphae forming a reticulum. Hyphal width decreasing
with increasing temperature. Aerial hyphae scant, short, be-
coming fertile. Autolytic activity and coilings lacking or incon-
spicuous. No diffusing pigment produced or agar turning

slightly yellowish, 1B3 to 3B3; no distinct odor produced.
Chlamydospores at 30 to 37°C after 1 week uncommon, slightly
increased in number relative to that at lower temperatures,
terminal, mostly in thin, 3- to 4-pm-wide hyphae, less com-
monly intercalary in wider hyphae, 6 to 22 pm long by 4 to 16
pwm wide, length/width ratios of 0.9 to 2.6 (n = 33), (sub)glo-
bose to pyriform, less commonly fusoid or oblong, smooth,
sometimes 2 celled. Conidiation starting after 1 day on simple
conidiophores of a straight, flexible main axis often sterile at
the tip, and several tree-like side branches, paired, unpaired, or
radially emergent from the main axis; appearing as minute
white shrubs 0.3 to 0.6 mm in diameter, concentrated in prox-
imal areas and in one to several diffuse, at higher temperatures
often narrower, concentric zones. Shrubs loosely disposed and
firmly attached to surface hyphae; erect, first with straight to
sinuous sterile elongations, becoming green and entirely fer-
tile; terminally 2.5 to 3.5 pm wide, downwards 4.5 to 5 pm.
Consecutively, after ca. 3 days, dark green pustules to nearly 2
mm in diameter formed, more or less arranged in concentric
zones. Pustules loose, transparent, first white with sterile ends
or elongations, turning pale to dark green, maturing from
inside, ends becoming fertile; consisting of a loose reticulum
bearing several straight or sinuous main axes with highly vari-
able, straight or distinctly sinuous side branches. Conidio-
phores (all branches) generally narrow, 2.0 to 4.5 pm wide,
thick walled, and with thickenings to 5.5 to 6.5 pm when old,
flexuous, loosely arranged, usually unpaired, in right angles or
inclined upwards, holding solitary phialides in right angles
along their length, directly, or terminally on a supporting cell
often similar in shape (intercalary phialides) or on few-celled
cylindrical branches, sometimes in whorls of 3 on intercalary
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FIG. 1. Trichoderma parareesei. (a to c) Cultures after 4 days on CMD (a), SNA (b) and PDA (c); (e) conidiophore without cover glass (9 days);
(f) young conidiophore (3 days); (g) young conidiophore with sterile elongation (3 days); (h) conidiophore of a shrub on growth plate (2 days);
(i to n) conidiophores after 3 days (i and n) and after 9 days (j to m); (o and r) phialides at 2 days (o) and 8 days (r); (p and q) chlamydospores
(7 days); (s and t) conidia (8 days); (e to t) growth on CMD; (a to ¢, p, and q) growth at 30°C; (e and j to m) growth at 15°C; (f to i, n, o, and r
to t) growth at 25°C; (a to ¢, f, g, i, and n to t) strain C.P.K. 717; (e, h, and j to m) strain C.P.K. 661; (d and u) Hypocrea jecorina (Trichoderma
reesei); (d) culture on PDA after 4 days at 30°C (C.P.K. 917); (u) conidia (C.P.K. 1127, SNA, 25°C, 4 days). Scale bars: 15 mm (a to d), 30 pm

(e and h), 15 pm (f, g, i, k, 1, p, and q), 10 wm (j, m, n, and r to u), and 5 pm (o).
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TABLE 3. Colony phenotype and anamorph characteristic of the species discussed
Parameter T. parareesei sp. nov. H. jecorina/T. reesei

Colony type on CMD
defined pustules

Colony radius (mm) at 48 h

Conidia formed abundantly in shrubs and well-

Only shrubs; no well-defined
pustules formed

CMD
15°C 19-21 8-19
25°C 44-47 34-44
30°C 50-56 44-55
37°C 50-53 37-58
PDA
15°C 15-16 9-16
25°C 44-48 36-49
30°C 53-56 45-59
37°C 57-61 42-59
SNA
15°C 17-18 9-15
25°C 40-43 32-40
30°C 50-55 40-60
37°C 53-58 32-64
Conidia Uniformly ellipsoidal; more variable, ellipsoidal Variable, ellipsoidal or oblong
to cylindrical at 37°C with parallel sides
Conidium

Length (pm)
Width at widest point (um)

33-6.2 (3.8-4.5)
25-3.5(2.8-3.2)

3.5-9.0 (3.5-6.0)
2.2-4.0 (2.5-3.3)
1.2-2.7° (1.3-1.9)

Lageniform

Length/width 1.2-2.0° (1.3-1.5)
Phialides Lageniform or ampulliform, often with a
cylindrical neck, usually with distinct
widening at or above the middle
Phialide

Length (m)

Width at widest point (um)
Width at base (wm)
Length/width

45-11 (5-8)

25-3.8(2.7-3.5)
14-32 (1.7-2.4)
1.3-3.6 (1.6-2.7)

5.0-14.5 (6-10)
2.2-4.0(2.5-3.5)
1.3-3.0 (1.7-2.5)
1.5-4.6 (2-3.4)

¢ Data in parentheses represent the narrower ranges determined by the mean plus minus standard deviation.

bn = 10.
‘n =175.

phialides, but not originating at the same position. Phialides
lageniform or ampulliform with often cylindrical neck, straight
and symmetric or inequilateral and distinctly curved, with wide
or constricted base, usually with distinct widening at or above
the middle. Conidia formed in minute, mostly dry heads 10 pm
in diameter. Conidia green, uniformly ellipsoidal, smooth,
thick walled, eguttulate or with some minute guttules; scar
indistinct or pointed; shape and size more variable, ellipsoidal
to cylindrical at 37°C. On potato dextrose agar (PDA), myce-
lium covering the plate within 3 days at 25 to 37°C. Secondary
hyphae forming a dense reticulum. Autolytic excretions con-
spicuous at the colony margin, positively correlated with in-
creasing temperature. Conidiation on PDA and MEA conspic-
uously abundant, in numerous densely arranged and variably
superposed bright yellow-green to dark green pustules (for
cultures of T. parareesei and H. jecorina on 3% MEA, see Fig.
S1 in the supplemental material). Diffusing pigment variable,
yellow if present. On SNA, mycelium covering the plate within
3 days at 25 to 37°C. Colony similar to CMD; conidiation more
abundant, denser, and more regularly arranged in concentric
zones.

Holotype. The holotype was isolated from soil of a subtrop-
ical rain forest near Iguazu Falls, Argentina, on 4 September
1997, and is deposited as a dry culture (WU 30015; living
cultures CBS 125925, C.P.K. 717, TUB F-1066).

Additional isolates examined were CBS 125862 (C.P.K. 661,
TUB F-728) from subtropical rain forest, near Iguazu Falls,
Argentina, 4 September 1997.

Habitat and distribution. 7. parareesei has been isolated
from soils of subtropical and tropical areas in South America
(Brazil, Argentina, Colombia), Central America (Mexico), Af-
rica (Ghana and Ethiopia), and India (4). Hojos-Carvajal et al.
(7) noted that the fungus occurs in soil of the African oil palm
(Elaeis guineensis) in South America.

Anamorph morphology of Hypocrea jecorina/Trichoderma
reesei. To highlight differences in culture and anamorph mor-
phologies, a short description of H. jecorina/T. reesei cultured
in the same experiments is given here (Table 3). On CMD,
mycelium covering the plate within 3 to 4 days at 25 to 37°C.
Conidiation after 4 to 8 days at 25°C on CMD and SNA
concentrated in a distal concentric zone, farinose, green; only
shrubs, no well-defined pustules formed. Conidiophores
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straight, 2.5 to 5 pm wide, similar to those of 7. parareesei in
shrubs. Larger branches becoming coarsely warted with age.
Phialides solitary, lageniform, straight, only rarely slightly
curved, sometimes with long cylindrical necks. Conidia vari-
able, ellipsoidal, or oblong with parallel sides, scar indistinct.
Temperature-dependent growth of 7. parareesei and H. jeco-
rina on multiple carbon sources. We have recently reported
that 7. parareesei and H. jecorina exhibit qualitatively similar
carbon source utilization profiles under standard temperature
conditions (25°C) but respond differently to light (4). More-
over, it was noticed that 7. parareesei showed a more variable
utilization profile compared to that of H. jecorina. Here we
performed phenotype microarrays (PMs) of both species at
seven temperatures in darkness in order to get an advanced
profile of carbon source utilization by 7. parareesei in compar-
ison to that of H. jecorina. Results show that in general both
species have their growth optimum at temperatures between
28 and 35°C. However, T. parareesei is able to produce statis-
tically higher biomass in this temperature range compared to
that for H. jecorina (analysis of variance [ANOVA], P < 0.05).
Figure 2A shows the temperature-dependent growth rates of
both species calculated for the 16 best carbon sources (cluster
I) for H. jecorina, as estimated by Druzhinina et al. (2). The
detailed PM profiles are given in Table S1 in the supplemental
material. The most distinct difference between PM profiles of
the two species was detected at 35°C. Figure 2B shows exam-
ples of faster growth of T. parareesei at 35°C on i-erythritol,
p-mannitol, D-cellobiose, and D-galactose than the rate for H.
jecorina. An inspection of the growth pattern on i-erythritol
and p-mannitol can be used in the laboratory to distinguish the
two species. In addition to the carbon sources listed above,
similar patterns were also observed on gentobiose, b-mannose,
D-xylose, D-arabitol, D-trehalose, a-D-glucose, and p-fructose,
yet without statistical significance (ANOVA, P > 0.05).
Phytotoxicity assays. We have previously reported that 7.
parareesei is considerably different from H. jecorina with re-
spect to its ecophysiological adaptation (4). Thus, we found
that, contrary to H. jecorina, T. parareesei is better adapted to
growth in light and is more competitive with epigeal fungi than
H. jecorina. However, all strains of T. parareesei have been
isolated from soil, suggesting that soil may be its natural hab-
itat. In order to extend our knowledge on the ecology of T.
parareesei, we have performed a pilot phytotoxicity assay,
which tests the influences of T. parareesei and H. jecorina on
the germination of seeds and on the growth of a model plant,
Lepidium sativum. This plant was chosen for its rapid growth in
soil-free cultivations. The results show that both T. parareesei
and H. jecorina are, in fact, able to inhibit growth of L. sativum
up to 40%, yet the plants were normally developed. Statistically
supported differentiation was detected only between each of
the investigated fungal species and the control samples (for T.
parareesei, P = 0.0009 [ANOVA] and n = 59; for H. jecorina,
P = 0.0002 and n = 67), but no statistically significant differ-
ences were found between the species. Furthermore, the vari-
ation of inhibition among the 7. parareesei strains was minimal.
In contrast, growth of the plants with H. jecorina was strain
dependent; in particular, strain C.P.K. 3419 inhibited L. sati-
vum plants the most conspicuously. Development of the root-
lets in the presence of Trichoderma was observed to be strain
specific, as some strains (C.P.K. 717 and C.P.K. 667 of T.
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parareesei and C.P.K. 3419 of H. jecorina) clearly inhibited
maturation of Lepidium roots.

Evolution of T. parareesei. The genealogical concordance
phylogenetic species recognition criterion, based on three of
the most polymorphic phylogenetic markers applied previously
(4), showed that T. parareesei constitutes a cryptic phylogenetic
species genetically isolated from H. jecorina. In order to learn
about the evolution of these two species with respect to other
related taxa, we used Bayesian phylogenetic analysis of nucle-
otide sequences of two relatively conserved phylogenetic mark-
ers, rpb2 and chil8-5, which allow alignments with other spe-
cies of Trichoderma section Longibrachiatum (Fig. 3). The
nucleotide properties of these loci and parameters of phyloge-
netic analyses are given in Table 2. The topology of the phy-
logram based on the combined data set (Fig. 3A) confirms the
result of Samuels et al. (20) and shows that, indeed, T. longi-
brachiatum and species related to it (H. orientalis and Tri-
choderma sp. strain C.P.K. 1837 [3]) are the next genetic neigh-
bors to the species studied in this work. Furthermore, it also
revealed a monophyletic Reesei subclade combining 7. para-
reesei, Trichoderma sp. strain C.P.K. 524, and H. jecorina (Fig.
3B). The Reesei subclade is characterized by relatively short
intercladal genetic distances compared to those present be-
tween other species in the section. A detailed inspection of this
subclade (Fig. 3B) revealed that 7. parareesei does not occupy
any separate clade but is most closely related to the hypothet-
ical common ancestor of the whole Reesei subclade. This was
also confirmed on both individual phylograms for rpb2 and
chil8-5 (data not shown). Three strains of 7. parareesei (C.P.K.
3692 [Ethiopia], C.P.K. 634 [Ghana], C.P.K. 3426 [Sri Lanka])
are closest to the ancestral node, while four other strains form
a statistically supported subclade derived from it. The phylo-
gram shows that both H. jecorina and Trichoderma sp. strain
C.P.K. 524 derived from the ancestral state, which is contem-
porarily represented by T. parareesei. In contrast to 7. pararee-
sel, strains of H. jecorina show considerable infraspecific poly-
morphism and occupy the longest branches of the Reesei
subclade. These data indicate that T. parareesei is evolutionar-
ily older than H. jecorina and likely resembles the ancestor of
the latter species.

DISCUSSION

In this study we extend our earlier finding (4) of T. parareesei
as a new phylogenetic species of Trichoderma section Longi-
brachiatum to a full taxonomic description. The use of an
integrated approach consisting of morphological observation
and description, temperature-dependent carbon source utili-
zation profiling, and phylogenetic analysis resulted in a clear
differentiation between T. parareesei and T. reesei, the ana-
morph of H. jecorina, where T. parareesei was erroneously
ascribed to earlier (1, 7, 12).

Macro- and micromorphological characters. Conidiation in
T. parareesei is distinctly more abundant than in H. jecorina on
all media at all temperatures. On richer media such as PDA
and MEA, conidiation in 7. parareesei is conspicuously abun-
dant and is positively correlated with temperatures up to 37°C.
Under such conditions, several generations of bright yellow-
green pustules form consecutive superposed layers, resulting in
a thick, coarsely tubercular colony surface. In H. jecorina,
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FIG. 2. Temperature-dependent growth of 7. parareesei and H. jecorina on different carbon sources. (A) Temperature-dependent growth rates
of both species calculated for the 16 best carbon sources (cluster I, L-arabinose, D-arabitol, b-cellobiose, dextrin, i-erythritol, D-fructose, gentobiose,
a-D-glucose, maltotriose, D-mannitol, b-mannose, D-melezitose, D-trehalose, D-xylose, y-aminobutyric acid), as estimated by Druzhinina et al. (2)
for H. jecorina. The complete carbon source utilization profiles are given in Table S1 in the supplemental material. (B) Temperature-dependent
growth of T. parareesei and H. jecorina on individual carbon sources. Vertical bars correspond to standard deviations, calculated on the basis of
the profiles of six and five strains for 7. parareesei and H. jecorina, respectively. Colored labels highlight the differences.

conidiation on PDA is usually yellow and turns green only
slowly, while on CMD and SNA, only shrubs and no well-
defined pustules are formed. Conidiophores of H. jecorina are
comparable to those of T. parareesei and are formed in shrubs,
but they are generally straighter, with slightly longer phialides
and conidia that vary in shape and size more conspicuously
than those of T. parareesei. Phialide length only rarely exceeds
10 pm in T. parareesei, while this is common in H. jecorina. The

formation of a yellow pigment is variable among isolates of
both species.

Reasons for genetic isolation and speciation. Our data show
that T. parareesei, a species that has lost its ability to reproduce
sexually, likely closely resembles the anamorphic stage of a
common ancestor of all three species detected in the Reesei
subclade. We have recently demonstrated that although T.
parareesei possesses both the MATI-1 and MATI-2 loci, the
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FIG. 3. Bayesian circular phylogram inferred from the concatenated data set of partial exons of rpb2 and chil§8-5 phylogenetic markers. Symbols
at the nodes correspond to PPs of >94%. Arrows point to clades/nodes of phylogenetic species. (A) Phylogenetic position of the Reesei subclade
with respect to other species from Trichoderma section Longibrachiatum; (B) phylogenetic relations between species of the Reesei subclade
(enlarged from panel A). The ex type strain of 7. reesei QM 6a (C.P.K. 917) is underlined.

latter is essentially altered compared to that of H. jecorina,
where both mating-type loci are functional even in vitro. There-
fore, we speculate that the inability of sexual reproduction
likely originated from mutations in the MATI-2 gene (4). Here
we used conservative phylogenetic markers (coding fragments
of the chil8-5 and rpb2 genes) to infer the evolution of the
group of species rather than to differentiate 7. parareesei from
the rest. The analyses show that, in fact, 7. parareesei is the
oldest taxon which apparently nearly stopped its evolutionary
development and that H. jecorina and Trichoderma sp. strain
C.P.K. 524 arose from it. This is in perfect agreement with our
previous results, which showed abundant molecular footprints
of sexual recombination for H. jecorina and none for 7. para-
reesei (4). Thus, we conclude that 7. parareesei is a relict aga-
mospecies which resembles the ancestor of H. jecorina and
Trichoderma sp. strain C.P.K. 524. In this case, it is interesting
to speculate on reasons which led to the survival of 7. para-
reesei. The reduction of sexual recombination is reflected in the
low level of infraspecific polymorphism of T. parareesei, which
theoretically makes the species vulnerable to changing envi-
ronments. We think that the survival of 7. parareesei was to a
large extent possible due to the long-term stability of its hab-
itat, the tropical forest, which is one of the most sustainable
and ancient ecosystems on the planet. However, we have also
observed that 7. parareesei has a versatile phenotype in a broad
range of temperatures, extensive conidiation, and fast growth
rates, which altogether are characteristics in line with strongly
opportunistic members of the genus, e.g., T. asperellum, T.
longibrachiatum, and T. hamatum. As it is hard to imagine
which mechanisms could be exploited by the agamospecies to

gain new genetic/phenetic properties (6), we would rather sug-
gest that in H. jecorina extensive production of propagules and
growth on certain carbon sources was reduced during evolu-
tion. This hypothesis is well supported by the observations that
H. jecorina has an unusual small genome compared to the sizes
of the genomes of other ascomycetes and Trichoderma species
(165 cf. also http://genome.jgi-psf.org/Trivel/Trivel.home.html
and http://genome.jgi-psf.org/Triatl/Triatl.home.html), sug-
gesting that its overall phenotype likely reflects some losses in
the genome. Druzhinina et al. (4) also showed that H. jecorina
is photoinhibited to a certain extent, while 7. parareesei is well
adapted to various lighting conditions. Moreover the two spe-
cies also have differences in their antagonistic potential in dual
confrontations with fungi pathogenic for plants, showing that
T. parareesei is generally more competitive. These consider-
ations call for a comparison of the genomes of 7. parareesei and
H. jecorina, because this may provide insights into the original
genetic potential of this important industrial species, where
speciation occurred by restriction to a narrow habitat and
lifestyle.

ACKNOWLEDGMENTS

This work was supported partly by Austrian Science Fund grant
FWF P-19340-MOB to C.P.K. and FWF P22081-B17 to W.M.J.

We express special thanks to Aquino Benigno for his help with the
DNA sequences.

REFERENCES

1. Druzhinina, I. S., A. G. Kopchinskiy, M. Komon, J. Bissett, G. Szakacs, and
C. P. Kubicek. 2005. An oligonucleotide barcode for species identification in
Trichoderma and Hypocrea. Fungal Genet. Biol. 42:813-828.

65



VoL. 76, 2010

10.

11.

12.

. Druzhinina, I. S., M. Schmoll, B. Seiboth, and C. P. Kubicek. 2006. Global

carbon utilization profiles of wild-type, mutant, and transformant strains of
Hypocrea jecorina. Appl. Environ. Microbiol. 72:2126-2133.

. Druzhinina, I. S., M. Komon-Zelazowska, L. Kredics, L. Hatvani, Z. Antal,

T. Belayneh, and C. P. Kubicek. 2008. Alternative reproductive strategies of
Hypocrea orientalis and genetically close but clonal Trichoderma longibrachia-
tum, both capable to cause invasive mycoses of humans. Microbiology 154:
3447-3459.

. Druzhinina, 1. S., M. Komon-Zelazowska, L. Atanasova, V. Seidl, and C. P.

Kubicek. 2010. Evolution and ecophysiology of the industrial producer Hypo-
crea jecorina (Anamorph Trichoderma reesei) and a new sympatric agamo-
species related to it. PLoS One 5:¢9191.

. Friedl, M. A., M. Schmoll, C. P. Kubicek, and I. S. Druzhinina. 2008.

Photostimulation of Hypocrea atroviridis growth occurs due to a cross-talk of
carbon metabolism, blue light receptors and response to oxidative stress.
Microbiology 154:1229-1241.

. Giraud, T., G. Refrégier, M. Le Gac, D. M. de Vienne, and M. E. Hood. 2008.

Speciation in fungi. Fungal Genet. Biol. 45:791-802.

. Hoyos-Carvajal, L., S. Orduz, and J. Bissett. 2009. Genetic and metabolic

biodiversity of Trichoderma from Colombia and adjacent neotropic regions.
Fungal Genet. Biol. 46:615-631.

. Jaklitsch, W. M., M. Komon, C. P. Kubicek, and I. S. Druzhinina. 2005.

Hypocrea voglmayrii sp. nov. from the Austrian Alps represents a new phy-
logenetic clade in Hypocrea/Trichoderma. Mycologia 97:1365-1378.

. Jaklitsch, W. M., C. P. Kubicek, and L. S. Druzhinina. 2008. Three European

species of Hypocrea with reddish brown stromata and green ascospores.
Mycologia 100:796-815.

Jaklitsch, W. M. 2009. European species of Hypocrea Part 1. The green-
spored species. Stud. Mycol. 63:1-91.

Kornerup, A., and J. H. Wanscher. 1981. Taschenlexikon der Farben—1440
Farbnuancen und 600 Farbnamen. Muster-Schmidt Verlag, Ziirich, Switzer-
land.

Kubicek, C. P., J. Bissett, C. M. Kullnig-Gradinger, I. S. Druzhinina, and G.
Szakacs. 2003. Genetic and metabolic diversity of Trichoderma: a case study
on South-East Asian isolates. Fungal Genet. Biol. 38:310-317.

TRICHODERMA PARAREESEI ANCESTOR OF T. REESEI

13.

14.

15.

16.

19.

20.

21.

22.

7267

Kubicek, C. P., M. Mikus, A. Schuster, M. Schmoll, and B. Seiboth. 2009.
Metabolic engineering strategies for the improvement of cellulase produc-
tion by Hypocrea jecorina. Biotechnol. Biofuels 2:19.

Kuhls, K., E. Lieckfeldt, G. J. Samuels, W. Kovacs, W. Meyer, O. Petrini, W.
Gams, T. Borner, and C. P. Kubicek. 1996. Molecular evidence that the
asexual industrial fungus Trichoderma reesei is a clonal derivative of the
ascomycete Hypocrea jecorina. Proc. Natl. Acad. Sci. U. S. A. 93:7755-7760.
Kumar, R., S. Singh, and O. V. Singh. 2008. Bioconversion of lignocellulosic
biomass: biochemical and molecular perspectives. J. Ind. Microbiol. Biotech-
nol. 35:377-391.

Martinez, D., R. M. Berka, B. Henrissat, M. Saloheimo, M. Arvas, S. E.
Baker, J. Chapman, O. Chertkov, P. M. Coutinho, D. Cullen, E. G. Danchin,
L. V. Grigoriev, P. Harris, M. Jackson, C. P. Kubicek, C. S. Han, I. Ho, L. F.
Larrondo, A. L. de Leon, J. K. Magnuson, S. Merino, M. Misra, B. Nelson,
N. Putnam, B. Robbertse, A. A. Salamov, M. Schmol, A. Terry, N. Thayer, A.
Westerholm-Parvinen, C. L. Schoch, J. Yao, R. Barabote, M. A. Nelson, C.
Detter, D. Bruce, C. R. Kuske, G. Xie, P. Richardson, D. S. Rokhsar, S. M.
Lucas, E. M. Rubin, N. Dunn-Coleman, M. Ward, and T. S. Brettin. 2008.
Genome sequencing and analysis of the biomass-degrading fungus 77i-
choderma reesei (syn. Hypocrea jecorina). Nat. Biotechnol. 26:553-560.

. Percival Zhang, Y. H., M. E. Himmel, and J. R. Mielenz. 2006. Outlook for

cellulase improvement: screening and selection strategies. Biotechnol. Adv.
24:452-481.

. Reese, E. T., H. S. Levinsons, and M. Downing. 1950 Quartermaster culture

collection. Farlowia 4:45-86.

Rozas, J., J. C. Sanchez-DelBarrio, X. Messeguer, and R. Rozas. 2003.
DnaSP, DNA polymorphism analyses by the coalescent and other methods.
Bioinformatics 19:2496-2497.

Samuels, G. J., O. Petrini, K. Kuhls, E. Lieckfeldt, and C. P. Kubicek. 1998.
The Hypocrea schweinitzii complex and Trichoderma sect. Longibrachiatum.
Stud. Mycol. 41:1-54.

Seidl, V., and B. Seiboth. 2010. Trichoderma reesei: genetic strategies to
improving strain efficiency. Biofuels 1:343-354.

Swofford, D. L. 2002. PAUP*: phylogenetic analysis using parsimony (*and
other methods), version 4.0b10. Sinauer Associates, Sunderland, MA.

66



Atanasova L: Ecological genomics of the opportunistic fungus Trichoderma

Contributions

LA amplified chil18-5 and rpb2 loci, participated in sequence analysis, carried out BIOLOG Phenotype
Microarrays and phytotoxicity experiments, performed temperature depending growth rate analyses and

statistical analysis, participated in figure design and writing of the manuscript.

67



Atanasova L: Ecological genomics of the opportunistic fungus Trichoderma

2.3 T. parareeseli, the sibling species of T. reesei, is powerful mycoparasite

T. parareesei T reesei T virens T atroviride _ control
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Introduction

T. reesei QM 6a isolated in 1942, it was a victim of then almost undeveloped taxonomy for Trichoderma.
Therefore it was first determined to be T. viride, and later on recognized as a unique species and named in
honor of its detector Elwyn T. Reese T. reesei (Simmons, 1977). Bissett (1984) then revised it as being co-
specific with T. longibrachiatum. Finally, it was recognized to be identical to the pantropical ascomycete H.
jecorina (Kuhls et al., 1996), which was itself just distinguished as a separate tropical species closely related
to H. schweinitzii (Samuels et al., 1998). Yet small morphological differences and the inability of these
authors to cross it with other H. jecorina isolates in the lab led Kuhls et al. (1996) to assume that it is actually
a clonally derived asexual form of H. jecorina. Our data have clearly rejected this hypothesis: the analysis
showed that the original isolate T. reesei QM 6a reveals a history of recombination similar to that of the
teleomorphic isolates of H. jecorina. These findings are also supported by our recent discovery that T. reesei
QM 6a is a MAT1-2 idiotype and can indeed be crossed with MATI1-1 partners of H. jecorina (Seidl et al.,
2009). T. reesei clearly is an isolate identical to H. jecorina, and the minor differences in anamorph
morphology (Kuhls et al.,, 1996) and nutrient assimilation (Lieckfeldt et al., 2000) to other (more recent)
isolates of H. jecorina are likely the result of its maintenance in the laboratory for the last 65 years. Since 1%
of January 2013 the name Trichoderma applies to all the holomorph species (see Nomenclature and current

taxonomic assumptions), thus the name T. reesei will be further applied.

Our findings showed that T. reesei strains isolated as anamorphs from soil and litter belonged to a cryptic
agamospecies, T. parareesei [Jaklitsch, Druzhinina & Atanasova] (Atanasova et al., 2010). This sibling
anamorphic sister species of T. reesei is similarly restricted to the same pantropical altitude around the
equator, what represents a rare example of sympatric speciation of a saprotrophic fungus (Giraud et al.,
2008). Though not able to reproduce, T. parareesei possess both mating loci what suggest the operation of
other speciation mechanisms of sympatric speciation rather than the mutation of one MAT locus. However,
the phylogenetic analyses using conserved loci to infer the evolution of both species revealed T. parareesei
is the oldest taxon which apparently nearly stopped its evolutionary development and that T. reesei arose
from it (see Atanasova et al., 2010; Chapter 2.2). Furthermore, we also showed that T reesei underwent
considerable sexual recombination whereas none was observed for T. parareesei.

Generally T. reesei is considered to be a weak mycoparasite as well as we previously showed that it has a
derived position on phylogenetic tree (Kubicek et al., 2011; Chapter 2.1) thus we were interested in the

antagonistic potential of its clonal and ancestral sister species T. parareesei.
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Material and Methods

To assess the antagonistic potential of anamorphic cultures of T. reesei five potential prey fungi have been
selected: Sclerotinia sclerotiorum C.P.K. 3593 and FOX (Fusarium oxysporum species complex, strain C.P.K.
1842) to represent soil and rhizosphere competent pathogens and F. xylarioides C.P.K. 3453, Alternaria
alternata C.P.K. 3594 and Botrytis cinerea C.P.K. 3592 to represent epigeal plant pathogens. Potential prey
fungi were inoculated as agar blocks of the standard size always 1 cm from the edge of the Petri plate and
pre-cultivated on 3% PDA in darkness at 25 °C. Then similar agar blocks with Trichoderma cultures were
introduced on the opposite side of the plate and cultivated for 10 days. Antagonistic potential was semi-
quantified based on both ability to inhibit the growth of a pathogen and ability to overgrow the mycelium of
the pathogenic fungus. One of 5 phases for each confrontation was recorded: O—no inhibition; | - started to
inhibit; 1l - clear signs of inhibition; Il -mostly or strongly inhibited; IV - totally inhibited. The ability to

overgrow was based on the same scale but recorded using Arabic numbers.

Results

Species of Trichoderma are renowned for their mycoparasitic behavior (Harman and Kubicek, 1998). In
order to test whether the two species may also differ in their antagonistic abilities, we have selected five
plant pathogenic fungi which differ in their primary habitat: Sclerotinia scleotiorum and Fusarium
oxysporum (FOX, F. oxysporum species complex) representing soil competent mycobionts; and F.
xylarioides, Alternaria alternata and Botrytis cinerea representing pathogens of green plant tissue and thus
predominantly epigeal fungi. Figure 2.2 shows the summary of dual confrontation tests assessed after 10
days of co-cultivation on MEA medium. T. reesej is able to considerably inhibit growth of S. scleotiorum, A.
alternata and B. cinerea. The latter plant pathogen was so completely combated by T. reesei C.P.K. 160 and
C.P.K. 1127 that its mycelium was overgrown and killed. No antagonism to both Fusarium species by T.
reesei was detected. Strains of T. parareesei showed a conserved pattern of mycoparasitic activity with
almost no variation among strains, and they also exhibited a superior antagonistic potential against S.

scleotiorum, B. cinerea and particularly A. alternata.
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Figure 2.2: Mycoparasitic ability of T. reesei (H. jecorina) and T. parareesei. Results of dual confrontation tests between
Trichoderma strains (inoculated on the left side) and the plant pathogenic fungi (inoculated on the right side): Sc —
Sclerotinia scleotiorum, FOX — Fusarium oxysporum complex, Fx — F. xylarioides, Alt— Alternaria alternata, Bot — Botrytis
cinerea. Roman numbers indicate the weak (I), moderate (l1), strong (lll) and very strong (IV) ability of Trichoderma to
inhibit the growth of the prey fungus. The ability to overgrow the mycelium of prey fungi is given in Arabic numbers on
the similar scale. Antagonistic potential is calculated as the mean value for a strain to combat all five pathogens. The
dashed lines correspond to the center position between confronted fungi. (From Druzhinina et al., 2010)

71



Atanasova L: Ecological genomics of the opportunistic fungus Trichoderma

Discussion

We tested mycoparasitic potential of closely related species T. reesei, T. parareesei and T. sp. C.P.K. 524
against epigeal and soil born plant pathogens. The position of the T. sp. C.P.K. 524 was recently
reconsidered in the phylogenetic analysis of the whole Section Longibrachiatum and this species was
attributed to the T. parareesei species clade (Druzhinina et al., 2012).

General observation showed that B. cinerea was very weak prey of all tested Trichoderma species, though
not all of the T. reesei strains were able to overgrow this fungus compared to very constant effect of T.
parareesei strains. Major differences between the species were detected in confrontations with S.
scleotiorum, A. alternata and Fusarium spp. where T. parareesei was able to antagonize these preys more
successfully than T. reesei.

The strains of T. parareesei showed a conserved pattern of mycoparasitic activity as well as remarkable
antagonistic potential against epigeal plant pathogenic fungi. Compared to strong opportunistic T. virens
and T. atroviride, T. parareesei successfully inhibited FOX and compared to T. virens totally overgrown A.
alternata (data not shown). However, the significant antagonistic ability similar to highly opportunistic
species such as T. virens and T. atroviride render this species strong mycoparasite against tested plant
pathogenic fungi.

Intriguing, T. parareesei, a clonal species that is most closely related to the hypothetical common ancestor
of T. reesei, was revealed to be very strong opportunistic species and T. reesei apparently evolved from a
common ancestor with mycotrophic nutritional mode and lost the strong ability to parasitize on other fungi

during the evolution.
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2.4 Towards further investigations of Trichoderma mycoparasitism

Taxa of Hypocreales exhibit a broad range of nutritional modes and symbioses involving plants, animals and
other fungi. Sung et al. (2008) performed ancestral host reconstruction of Hypocreales coupled with
phylogenetic dating analyses calibrated with an ancient fungal parasite Paleoophiocordyceps coccophagus.
Their results showed a plant-based ancestral nutritional mode for Hypocreales, which then ecologically
shifted to fungal and plant hosts in Hypocreaceae. In agreement to our result they show that the common
Hypocreaceae ancestors functioned as mycoparasites that infect various groups of fungi including
mushrooms, bracket fungi, rusts and truffles (Sung et al., 2008). Regarding the plant host, however, most of
Trichoderma species are found on dead or decomposed wood (especially the teleomorphs). Some of the
species indeed can live as facultative and very few as obligate endophytes, but living plant material is not
the primary habitat of Trichoderma (Atanasova et al., 2013). Thus, further inclusion of Trichoderma species
in the analysis would even more clearly show that Hypocreaceae arrived from an ancestor which biotrophic
mode of nutrition. Anyhow, these facts support the speculation that the ancestors of Trichoderma were
mycoparasites on wood-degrading basidiomycetes and acquired saprotrophic characteristics to follow their

prey into their substrate (Rossmann et al., 1999).

Our comparative study the transcriptional profiles of T. atroviride IMI 206040 T. virens Gv29-8 and T. reesei
QM 6a (which genomes were sequenced) in response to the plant pathogenic fungus R. solani showed that
these three species employ alternative strategies to combat other fungi. The gene regulation of each
species is distinct, yet it is necessary to note that this fungus presents one model organism that might not
resemble the mechanisms of Trichoderma mycoparasitism on other fungi. Thus similar comparative
transcriptomic studies using other fungi would be of great importance; for instance plant pathogenic
ascomycetes or those species which are found in Trichoderma spp. natural habitats e.g. the basidiomes with
which teleomorphs of Trichoderma spp. are associated or basidiomycetes which grow on dead wood; or
even edible fungi from mushroom farms where green mold causes harvest loss. Moreover, R. solani is a
temperate fungus which might inhabit similar ecological niches as T. atroviride and T. virens, but not T.
reesei. The first two species might have evolved to combat this basidiomycete due to their random co-
existence in rhizosphere, though this does not necessarily mean that their interaction is of a primary
importance for these Trichoderma spp. Contrary, T. reesei is a tropical saprotroph, which probably does not
interact with temperate plant pathogenic fungi in its natural habitat and thus might have not evolved the
mechanisms to combat it. Hence, we were interested in the evolution of mycoparasitism in the genus
Trichoderma. We showed that T. reesei is a derived species which successfully adapted to a saprotrophic life

style and mycoparasitism is a rather ancestral property of the species. This finding is well concordant to our
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results that T. parareesei, a sibling species which likely resembles T. reesei ancestor and evolved very slowly
due to a lack of sexual recombination, is a strong mycoparasite. We are awaiting the genome release of this
agamospecies to investigate the genomic traits that might help us to understand the details of T. reesei

evolution from mycoparasite to a saprotrophic species
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3. THE POLYKETIDE SYNTHASE GENE PKS4 OF TRICHODERMA
REESEI PROVIDES PIGMENTATION AND DEFENSE AGAINST
BIOTIC AND ABIOTIC STREES 11

" Materials presented in this chapter have been submitted as:
Atanasova L, Knox BP, Kubicek CP, Baker SE, Druzhinina IS (2013) The polyketide synthase gene pks4 of Trichoderma reesei provides
pigmentation and defense against biotic and abiotic strees. ms submitted to Eukariotic Cell.
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Abstract

Species of fungal genus Trichoderma (teleomorph Hypocrea, Ascomycota) are well known after their diverse
production of secondary metabolites. Non-ribosomal peptides and polyketides represent a major portion of
these products. Recently phylogenomic analysis of polyketide synthase (PKS)-encoding genes in some
Trichoderma species showed that the majority of PKSs occur as orthologs and that their number in these
species is generally low. Recently it was suggested that the PKS encoding gene pks4 Trire2:82208 from T.
reesei and their orthologues are most likely responsible for the Trichoderma characteristic yellow-green
pigment. In this study we show that deletion of this gene in T. reesei results in full loss of conidial
pigmentation. The ecophysiological characterization of two pks4 deletion mutants furthermore revealed
that its regulation also influences further functions in T. reesei lifestyle such as delayed germination rate,
altered carbon source utilization, increased UV sensitivity and decreased mycoparasitic defence against
other fungi. Furthermore, we show that the pks4 gene is responsible for the coloration of the perithecia and
fertile progeny with white conidia, as well as for the non-melanised parts of stroma and perithecial
structures. We also show that regulation of remaining PKS encoding genes present in T. reesei genome is

influenced by the pks4 gene.

Introduction

The economically important genus Trichoderma (Hypocreales, Ascomycota, Dikarya) is well known for its
mycotrophic lifestyle and for the broad range of biotrophic interactions with plants and animals. Moreover
it contains several cosmopolitan species characterized by their outstanding environmental opportunism.
These properties have given rise to the use of several species in agriculture as biopesticides and

biofertilizers while T. reesei is applied for production of bioenergy-related enzymes.

The molecular basis of the opportunistic success of Trichoderma is not yet well understood. While there is
some evidence for a role of some secreted proteins (Druzhinina et al., 2012; Druzhinina and Kubicek, 2013),
less is known about a possible role of secondary metabolites. Trichoderma spp. are probably best known for
their production of peptaibols, which are non-ribosomal peptides with antimicrobial and plant defense-
stimulating activities (Mukherjee et al., 2012a). However, less is known about the role of polyketide
synthases (PKS) in Trichoderma ecophysiology. Genome analysis of several filamentous fungi revealed
amount of gene clusters responsible for the secondary metabolite production, yet many of them were not
found to be expressed under standard laboratory conditions what makes it difficult to identify the
compounds (Brakhage and Schroeckh, 2011; Mukherjee et al., 2012b). Trichoderma spp. polyketides are
produced by type iterative PKSs, multienzymes consisting of several active sites, capable of catalyzing the

fusion of variable numbers of CoA linked acyl monomers, such as acetyl-CoA and malonyl-CoA, into
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polymers known as polyketides. Iterative PKSs can be further grouped into non-reducing (NR) and reducing
(RD) PKSs according to their domain organization (Kroken et al., 2003). Due to the iterative nature of fungal
PKSs, only a single PKS is involved in the biosynthesis of a particular fungal polyketide in most cases (Saha et
al., 2012). Recently Baker et al. (2012) have taken a phylogenomic approach to study the PKS repertoire in
the genomes of T. reesei, T. atroviride and T. virens. This enabled the putative in silico identification of some
of them. In total 11 PKS encoding genes were found in T. reesei genome, from which two are singlets (i.e.
they occur only in T. reesei) and nine have orthologues in T. virens or/and T. atroviride PKSs (Baker et al.,
2012). Pks4- (Trire2:82208, Triat2:79 and Trive2:77826) in T. reesei, T. atroviride and T. virens, respectively),
which encode enzymes of the non-reducing type (clade 1), has been shown to have orthologues in other
fungi (i.e. pks associated with synthesis of aurofusarin in Fusarium graminearum (Frandsen et al., 2011; Kim
et al., 2005; Malz et al.,2005), bikaverin in Fusarium fujikuroi (Linnemannstons et al., 2002; Wiemann et al.,
2009) and DHN melanin in Aspergillus spp. (Baker, 2008; Chiang et al., 2011; Jgrgensen et al., 2011;
Langfelder et al., 1998; Tsai et al., 1998, 2001; Watanabe et al., 1999; 2000). It was therefore hypothesized
that PKS4 would likewise be involved in the production of characteristic Trichoderma yellow-green pigment

(Baker et al., 2012).

Pigment forming PKSs have been shown to have functions beyond providing the color of conidia (Langfelder
et al., 1998, Heinekamp et al., 2012, Tsai et al., 1998). In this study we therefore used reverse genetics to
examine the functions of pks4 in T. reesei. We will show that a loss of function of pks4 is indeed responsible
for the pigmentation of conidia and fruiting bodies, but also has an impact on mycelia growth rates,
conidiation, conidial wall stability, and on the antagonistic abilities of T. reesei against other fungi, including
formation of inhibitory metabolites. In addition, we will show that deletion of pks4 significantly affect the
expression of other PKS-encoding genes of T. reesei. To our knowledge this is the first indication that low-

molecular pigments can be involved in defense, mechanical stability and stress resistance in fungi.
Material and methods
Deletion of pks4 gene in T. reesei

The pks4 was deleted based on the double joined PCR method as described by Yu et al. (2004). Essentially, a
typical PCR reaction fused DNA fragments of a 50 flanking sequence, a 30 flanking sequence and a
hygromycin B (hyg) selection marker. Primers F2 and R3 carried homologous sequence overlapping with the
ends of the selection marker. In a first round PCR the amplification of the components using the specific and
chimeric primers (see primer list below) was done. In a second PCR round the assembly reaction was carried
out without using any specific primers, as the overhanging chimeric extensions act as primers (Yu et al.,

2004). In the third PCR round amplification of the final product using nested primers was made (primers F1
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and R4). Transformants were randomly picked and examined for double crossover-mediated gene
replacement pattern by PCR amplification of the hyg locus using a primer pair beyond the flanking regions

included in the cassette (primers F1 and R6).

List of primers used for the double-joined PCR transformation of T. reesei Qme6a to achieve pks4 gene
deletion:

F1 CAATGGCCGAATGTTCTAGC
F2 AGGTACGCATGGAGACAACA
R3 GGAACAAGTTGAGCCAGAGC
F4 GCAATACACGGTGAGAACGA
R5 TACACACGCACTCACGCATA
R6 TGCGGAGGATCGAGACTATT
The verification of the pks4 absence in the genome of T. reesei Apks4 was tested by a specific gPCR primers
(Table 3.1) with the following amplification protocol; initial denaturation step for 3 min at 95 °C, followed by

40 cycles of denaturation for 15 sec at 95 °C, annealing for 20 sec at 54 °C and extension at 72 °C for 15 sec.

Somatic incompatibility

Somatic compatibility of Apks4 mutants and the parental strain was tested to reveal the genetic identity of
the mutants and the influence of the pks4 knock-out on the recognition of QM 6a genotype. The strains

were confronted to each other on 2.4 %PDA (BD Difco, Germany), at 28 °C for seven days in darkness.

Morphological observations

The parental strain QM6a and both deletion mutants were cultivated in darkness and 12h cyclic light on 2.4
% PDA (BD Difco, Germany) at 28 °C for seven days. Spore density was measured quantitatively per cm? of
developed conidia. For this purpose three 6.2 cm? agar fragments were cut from cultures pre-grown at 28 °C
for seven days and were rinsed separately in 15 ml of water containing 0.1 % of Tween-80 until visually all
conidia were washed out. The OD of the suspension was measured at 540 nm using Biolog turbidimeter
calibrated to the Biolog standard for f lamentous fungi. The final concentration value was calculated based
on the calibration curve inferred from the serial dilutions of the standard suspension. Furthermore, size of
the conidia was assessed by measuring the length of 40 conidia per each strain under the microscope using

400 x magpnifications.

Mycelial growth rate and carbon source utilization

Strains growth rates and carbon utilization profile were analyzed using a Phenotype microarray system with
Biolog FF microplates for flamentous fungi (Biolog Inc., Hayward, CA) as described in Druzhinina et al.

(2006) and Atanasova et al. (2010). Briefly, the strains were cultivated on 2.4 % PDA for five days in darkness
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and conidial inocula were prepared by rolling a sterile, wetted cotton swab over conidiating areas of the
plates. The conidia were then suspended in sterile Biolog FF inoculating f uid (0.25 % Phytagel, 0.03 %
Tween-40), gently mixed, and adjusted to a transmission of 75 % at 590 nm (using a Biolog standard
turbidimeter calibrated to the Biolog standard for f lamentous fungi; 4 x 10" spores in 10 ml of phytagel).A
total of 90ul of the conidial suspension was dispensed into each of the wells of the Biolog FF microplates
(Biolog Inc.) and incubated at 28 °C in darkness and at 12 h cyclic light. The optical density (OD) at 750 nm
(for detection of mycelial growth) was measured after 18, 24, 42, 48, 66, 72, 90 and 96 hours using a
microplate reader (Biolog Inc.).The growth rate of each strain was assessed by the averaged mycelial density
measured on all 95 carbon sources after 0, 24, 48 and 72 hours of incubation in darkness. Statistical

analyses were performed using the Statistica software package (version 6.1; StatSoft Inc., Tulsa, OK).

Response to illumination

The three strains were inoculated in the Biolog FF Phenotype microarray plates containing 95 carbon
sources and water as described above, incubated in light (20 cm away from Master TLD 15W/840 lamp) and
darkness at 28 °C for five days and measured at 750 nm. The growth rates and carbon utilization patterns
were compared to those incubated in darkness and the data were statistically analyzed using the Statistica

software package (version 6.1; StatSoft Inc., Tulsa, OK).

UV sensitivity

The photosensitivity of the spores lacking the pigment was tested using UV radiation with the HNS 15W OFR
UV lamp. The conidia were collected from five days old plates and were filtered through sterile glass wool
and the amount of spore suspension containing 4 x 10’ (75 % turbidity) was estimated using Biolog
turbidimeter at 580 nm. The suspensions were then diluted several times to obtain ca. 20 spores per 100 ul
which were then plated on four PDA plates per sample (QM 6a and both Apks4 mutants) and four for each
sample control. Open plates were then exposed to the UV illumination for five, seven and ten minutes,
whereas the control was opened protected from UV light. The plates were then incubated for 48 h at 28 °C
and the single spore colonies observed under 10-times magnification were counted and the percentage of
germinated spores were normalized by the spore numbers obtained from not exposed plates. Statistical

analyses were performed using the Statistica software package (version 6.1; StatSoft Inc., Tulsa, OK).

Spore capacity

Spores of the mutants and the parental strain were transferred to a carbon supporter and were coated
with 4 nm Au-Pd layer under vacuum conditions in the high vacuum evaporation unit, type Sputter Coater

Quorum Q150T S (Quorum Technologies, Germany). The spores were then observed under a FEI Quanta™
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200 Field Emission Scanning Electron Microscope (FEGSEM) using 5kV and high pressure under 25 000 x

magnification.

Mating experiments and amplification of MAT loci

In vitro mating experiments were carried out on PDA (BD Difco, Germany) medium at room temperature
and cycling day light as dual confrontation assays of QM 6a or pks4 deletion mutants (MAT1-2) against CBS
999.97 (MAT1-1). Plates were incubated for 14 days, the ascospores were then collected from the mature
fruiting bodies and progeny strains were isolated by single ascospore cultivation. Obtained F1 progeny
strains were then purified and tested for somatic incompatibility as described above. The strains which
expressed somatic incompatibility reaction were further used in this study. Obtained F1 generations of

MATI1-1 and MAT1-2 pks4 deletion or non-deletion progeny was further cross-mated as described above.

PCR verification of MAT loci and pks4 inheritance

Mycelia were harvested after 2—4 days of growth on PDA (Difco, Germany) at 28 °C and genomic DNA was
isolated using DNeasy Plant Mini Kit (Qiagen, Germany) following the manufacturer’s protocol. Each
progeny strain was screened for mating type by amplifying mat1-1-3 and mat1-2-1 loci as described in
Druzhinina et al. (2010). Furthermore, all progeny strains were screened for inheritance of pks4 gene using
PCR primers PKS4-2fw (TCATTATACACGGACTTT) and PKS4-1rev (TATAAGCCTGACTGTAGT) at following
conditions: 1 min of initial denaturation step at 94 °C followed by 30 cycles of 1 min denaturation at 94°C, 1
min of annealing at 50 °C and 90s of extension at 72 °C. Final extension was carried out at 72 °C for 7 min.
The results were verified by real-time PCR (gqPCR) primer pair for pks4 gene listed in Table 3.1 under the
conditions described above. The number of cycles was compared to the number of cycles obtained for
housekeeping gene tefl. The qPCR runs were carried out in iQ5 Bio-Rad gPCR machine under the conditions

described below.

Antagonistic potential

Antagonistic ability of T. reesei QM 6a and both pks4 deletion mutants was assessed by dual confrontation
tests against Rhizoctonia solani, Sclerotinia sclerotiorum, Botrytis cinerea and Alternaria alternata. Agar
plugs with fresh culture of Trichoderma and the plant pathogenic fungus were placed each on opposite
poles of a PDA (BD Difco, Germany) plate, 1 cm from the edge. The cultures were incubated at 28 °C for 10
days under the 12h cyclic light. Antagonistic potential was estimated as a percentage reduction of the
antagonist growth rate corrected for the growth rate when confronted with itself, so that the growth of

antagonist against itself was set up as a zero inhibition rate.
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Volatile compounds (VOCs)

The impact of pks4 gene on VOCs production was tested by “sandwich” culture test. Trichoderma strains
were first cultivated on the PDA plate for two days at 28 °C and were then sealed together with a plate
containing fresh antagonistic fungus on the top. The plates were then further cultivated at the same

conditions for four days. The radius of the plant pathogenic fungi was measured every 24h.

Water soluble compounds (WSCs)

WSCs were assessed by growing Trichoderma QM 6a and the mutants on the PDA covered by cellophane,
which was removed together with Trichoderma mycelium after 60 hours. Agar plugs of antagonistic fungi
were then put in the middle of the plates and were cultivated for another four days under 12h cycling light
and 28 °C. The radius of the fungi was measured every 24h. Additionally the same experiment was
performed when the fungus cultivated on PDA was sealed on the top of the growing T. reesei under the

same conditions as described above.

RNA extraction

Confrontation assays of T. reesei QM 6a and both Apks4 strains against themselves and against Rhizoctonia
solani were carried out on potato dextrose agar plates (BD Dicfo, Germany) covered with cellophane at 28
°C and 12 hours cyclic illumination. Peripheral hyphal zones from each confrontation stage were sampled
and were shock frozen in liquid nitrogen. Mycelium of five replicate plates was harvested when the hyphae
were ca. 20 mm apart (before the contact) and at contact of the mycelia and was pooled together before
the RNA extraction. Mycelia were grinded to a fine powder under liquid nitrogen and total RNA was isolated
using the RNeasy extraction Kit (Qiagen, Germany). For cDNA synthesis, DNase treated (DNase I, RNase free;
Fermentas, Germany) RNA (5 pg) was reverse transcribed with the RevertAid™ First Strand cDNA Kit
(Fermentas, Germany) according to the manufacturer’s protocol with a combination of the provided

oligo(dT) and random hexamer primers.

Expression analysis

All real-time PCR experiments were performed in an iCycler IQ (Biorad, Germany). For the reaction the 1Q
SYBR Green Supermix (Bio-Rad, Germany) was prepared for 25 ul assays with standard MgCl, concentration
(3 mM) and a final primer concentration of 100nM each. Primers used are given in Table 3.1. The
amplification protocol consisted of an initial denaturation step (3 min at 95°C) followed by 40 cycles of
denaturation (15 sec at 95°C), annealing (20 sec at the temperature given in the Table 3.1 for each primers

separately) and extension (72 °C for 15 sec). Tefl housekeeping gene which maintained constant over all
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conditions (t 20 relative %) was used as the normalizer. Determination of the PCR efficiency was performed
using triplicate reactions from a dilution series of cDNA (0.1, 10, 10° and 107%). Amplification efficiency was
then calculated from the given slopes in the IQ5 Optical system Softwarev2.0. The qPCR were performed
with the cDNA of 5 pooled biological replicates for each species and condition separately. Expression ratios
were calculated by the Pfaffl test model implemented in the Relative expression software tool (REST) (Pfaffl

et al., 2002).

Results

Generation of a pks4 knock out strain of T. reesei QM 6a

The mutants showing an altered phenotype were randomly picked from plates and the deletion of pks4 was
verified by PCR amplification of region outside of the recombination area and only those transformants and
gPCR as described in Material and methods. Two candidates, Apks4-1 and Apks4-2 were selected for further
studies.

Performing Biolog Phenotypic microarray it has been verified that the phenotypes of both candidate strains
are very consistent and that the changes observed are in agreement with the previous data from
transformation strains (Druzhinina et al., 2006). Furthermore, the genetic identity of the mutants and the
influence of the pks4 knock-out on the recognition of QM 6a genotype were tested by a plate confrontation
assay. Both mutants expressed somatic incompatibility reaction (flat zone) and no anastomoses were
observed in contact to their parental strain QM 6a, indicating genetic alterations due to transformation. The
parental strain recognized the mutants as non-self genotype and thus reacted antagonistic, what eventually
led to the partial overgrowth of the mutants. The mutants were well compatible to each other, what

suggested that the deletion strains are genetically identical.

Apks4 mutants are devoid of green conidial pigmentation

The default hypothesis of this work was that PKS4 is involved in pigment formation. This was confirmed:
morphological examination on PDA plates revealed that both pks4 deletion mutants lost the green conidial
pigmentation (Figure 3.1a) but the characteristic for T. reesei yellow pigmentation of the media remained
unchanged. Green conidia coloration did not occur in any of cultivation conditions in light or darkness, and
was not recovered by cultivation on any of 95 carbon sources of the Biolog Phenotype Microarrays (Figure

3.1b).

The Apks4 strains did not show any statistically significant difference in the conidiation intensity on PDA:
after seven days QM 6a and Apks4-1 and Apks4-2 produced in average 9.03, 9.16 and 9.94 x 10°spores per
cm’, respectively (ANOVA p> 0.05; Figure 3.1c). Spore size remained unchanged (ANOVA p> 0.05; data not
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shown), however, the conidia of the deletion mutants showed less stability against reduced air pressure

(Figure 3.1d).

In order to test whether pks4 is solely responsible for conidial pigment formation, we crossed the Apks4
mutants (which due to their QM 6a background posses MATI1-2; Seidl et al. 2009) with the MAT1-1 strain
CBS 999.97. In total 34 pure single spore progeny strains were isolated from mature ascospores. 21, 10 and
3 cultures contained purely white, green and yellowish conidia, respectively. All first generation progeny
(F1) strains were PCR screened for the mating types, and revealed equal distribution (15 MATI-2 and 18
MAT1-1) that was phenotype independent. Specific pks4 primers were designed (Table 3.1) and used to test
F1 for the presence of pks4 gene. It was thereby found that all the strains with green conidia had inherited
the wild-type gene, whereas the yellow and albino-conidia phenotype did not contain pks4 gene. This
proves that the loss of the conidial pigmentation indeed is the direct cause of the pks4 deletion and that this

gene is involved in production of green pigmentation of T. reesei.

G C.oMSa \pksd-1 \pksq-2 [ 12605
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Figure 3.1: Comparative photoplate of QM 6a and the pks4 deletion mutants’ conidiation. a. Morphology and
conidial pigmentation of Apks4 and QM 6a cultures. b. Conidiation of QM 6a and Apks4 mutants on D-tagatose, D-
trehalose, turanose, xylitol and D-xylose. c. Number of QM 6a and Apks4 mutants’ spores measured after seven
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days of cultivation PDA. No statistically significant difference in the conidiation intensity was observed (ANOVA p>
0.05). d. Conidial stability observed under a FEI Quanta™ 200 Field Emission Scanning Electron Microscope (FEGSEM)
after applied vacuum conditions and high pressure under 25 000 x magnification.

Loss of green pigmentation caused reduced resistance to UV

The lack of green conidia pigmentation was also reflected in an increased sensitivity to UV light: after seven
minutes of UV exposure (see M&M for details) 64 % of green spores survived, whereas only 8-20 % of white
conidia were able to germinate, both compared to not exposed control (Table 3.2). The prolongation of
exposure time for three minutes led to ca. 92 % loss of germination rate of both Apks4 mutants (Table 3.2)

while QM 6a germination decreased for only 60 %.
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Table 3.2: Percentage of germinated spores after the exposure to UV light for seven and ten minutes. Sd annotate
standard deviation values.

T reesei | ? of germinated spores after UV exposure
strain 7 min sd 10 min sd
QM 6a 63.6 10.1 39.4 6.4

Apks4-1 19.7 6.5 5.9 8.4

Apks4-2 7.7 6.5 7.7 6.5

Pks4 is responsible for ascospore discharge and contributes to the development of the brown color of

fruiting bodies and stroma

The wild-type morphology of the T. reesei teleomorph is conspicuous with perithecial openings appearing as
black dots against the light brown background (Figure 3.2a-b; Samuels et al., http://nt.ars-
grin.gov/taxadescriptions/keys/Trichodermalndex.cfm). Crossing of the two Apks4 mutants with the MAT1-
1 tester strain CBS 999.79, as described above, produced stroma with fruiting bodies that were normally
pigmented which shot vital and fertile ascospores. Crossings between the albino strains from the collection
of F1 described above showed that the pigmentation of both stroma surface and perithecial openings is also
altered (Figure 3.2c-e, h-i). Thus, the young stromata appeared to be white with slightly brownish dots of
perithecial openings (Figure 3.2c, d). However, the mature and over-mature teleomorphs developed dark
brown pigmentation of both stroma surface and perithecial walls and openings (Figure 3.2d, e, h).
Importantly, the surface of mature stromata was covered by whitish worm-like structures that originated
from perithecial openings (Figure 3.2e, h). Microscopic investigation showed that these structures were
entirely composed of mature ascospores as some of them started to germinate (Figure 3.2g). This
observation indicates that the mechanism of ascospore discharge is altered in absence of PKS4. Morphology

of asci was observed to be normal.
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Figure 3.2: Photoplate of T. reesei QM 6a and Apks4 mutants’ fruiting bodies. a. T. reesei fruiting bodies in nature. b.
T. reesei melanised brown stromata and dark-brown perithecia openings. c. young white stromata and mature,
partially melanised brownish fruiting bodies of F1 Apks4 strains mated in vitro. The scale annotate 10 mm. d.
Partially melanised over-mature fruiting bodies of F1 Apks4 strains with dark perithecia openings. The scale
annotates 1 mm. e. magnified young white stromata of F1 Apks4 strains with non-melanised openings. f. Conidia of
F1 Apks4 strains observed under 200 x magnification. g. Ascospores from the worm-like structures of F1 Apks4
attached to over-mature perithecia indicated by arrows on figure h. i. Pigmented perithecium with over-mature
melanised stroma under 200 x magnification.

Loss of pks4 reduces the antifungal potential of T. reesei

In dual confrontation assays with several fungi (Rhizoctonia solani, Sclerotinia sclerotiorum, Botrytis cinerea
and Alternaria alternata) showed that the ability of T. reesei QM 6a to inhibit growth of other fungi was
reduced in the Apks4 mutants (Figure 3.3a) by 37, 13, 22 and 40 %, respectively. Interestingly, there were
no significant differences in ability of QM 6a and the pks4 mutants to overgrow their opponents, as can be
observed for A. alternata and R. solani on the Figure 3.3a, thus the mycoparasitic ability was not affected.
However, the difference was detected in respect to the ability to protect against opponent’s metabolites: in
confrontations of QM 6a with A. alternata, S. sclerotiorum and R. solani a narrow antibiosis zone was
observed likely due to secretion of metabolites toxic for T. reesei (Figure 3.3b).This zone was clearly
enlarged and appeared with diffused borders in confrontations with the Apks4 mutants suggesting that

metabolites secreted by other fungi penetrate colonies of the deletion mutants.
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Apks]

Figure 3.3: Mycoparasitic potential of QM 6a and pks4-1 deletion mutants. Confrontations panels are shown only for
Apks4-1, both mutants revealed identical mycoparasitic pattern. a. Front sides of confrontation plates with plant
pathogenic fungi always on the left side and Trichoderma QM 6a and the mutants always on the right. b. Back sides
of confrontation plates with plant pathogenic fungi always on the left side and with T. reesei QM 6a and the
mutants always on the right. Enlarged antibiosis zones for Apks4 strains are indicated by the arrows.

Pks4 affects the production of water soluble and volatile inhibitory compounds

In order to test whether the loss of pks4 is also reflected in an alteration of water soluble and volatile
metabolites produced by T. reesei, QM 6a and the two Apks4 strains were grown in sealed “sandwich”
cultures (see Materials and Methods) with R. solani, S. sclerotiorum, B. cinerea and A. alternata so that the
test fungi were facing Trichoderma cultures on the top. When compared to the effect caused by the both
pks4 deletion mutants with that of QM 6a, the growth of all four tested fungi was strongly reduced by VOCs
(Figure 3.4 showing R. solani as one example), thus indicating that the pks4 deletion mutants display an

enhanced production of VOCs compared to QM 6a.
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In contrast, the formation of fungicidic water soluble compounds (WSCs) by T. reesei was reduced in the
Apks4 strains (Figure 3.4b). Interestingly, the secretion of WSCs by T. reesei QM 6a and the Apks4 mutants
was inhibited by the presence R. solani VOCs (no hyphal contact), and this effect was even enhanced in the

Apks4 strains (Figure 3.4c).

Apks4 | Qv 64

Figure 3.4: Effect of VOCs and WSCs from pks4 deletion mutant and QM 6a on growth of R. solani. A. Reduction of R.
solani growth by the VOCs secreted by T. reesei QM 6a and Apks4-1 strain after four days incubation. Both mutants
consistently reduced the growth of R. solani. B. R. solani growth on the PDA medium containing WSCs of T. reesei
and pks4 deletion mutants. C. Growth of R. solani on the medium with WSCs secreted by the pks4 mutant and QM
6a in the presence of VOCs from R. solani during the growth of T. reesei strains. Aa, Ss, Bs and Rs mark Alternaria
alternata, Sclerotinia sclerotiorum, Botrytis cinerea and Rhizoctonia solani, respectively.

Pks4 is involved in regulation of other PKS genes in confrontation with other fungi

We were also interested whether the loss of PKS4 would impact other PKS-encoding genes in T. reesei. To
this end, we assessed their expression in QM 6a and the two Apks4 mutants when confronted to R. solani.
Expression of PKS genes was inspected both prior the contact and at contact of the hyphae (Figure 3.6). Two
pks genes, pks3 (Trire2:105804) and pks7 (Trire2:65116), were not detectable in the conditions of our

experiments including in the confrontations of strains to itself.

The expression analysis of the remaining eight pks genes in Apks4 mutants and QM 6a prior and at the
contact with the R. solani revealed essential change in the regulation patterns depending on the stage of
the interaction respectively such as before contact and contact respectively. Before the contact both QM 6a
and the mutants up-regulated four pks genes from lovastatin/citrinin reducing clade | (pks1, pks2, pks6 and
pks9; for protein ID see Table 3.1). Yet, contrary to the pks9 (Trire2: 106272) and pks2 (Trire2: 65891) which
expressions were much higher in QM 6a then in the mutants (Figure 3.6a), pks6 and pks1 were strongly up-
regulated in mutant strains (Figure 3.6a). The remaining two reducing genes pks5 (Trire2:59482) from the
clade of fumonisin — like synthases and the singlet pks2S (Trire2:73618) as well as the non-reducing pks1S
(Trire2:73621) were not influenced in QM 6a prior the contact with R. solani, but showed a tendency to up-
regulation in both mutants (Figure 3.6a). At contact with R. solani the pattern was different: QM 6a down-
regulated the majority of its pks genes including pks9 and pks2 compared to when confronted to itself

(Figure 3.6b). These genes were strongly up-regulated before the contact with R. solani (Figure 3.6a).
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Interestingly, singlet pks1S and pks2S were differentially down-regulated at the contact of the mutants and

R. solani (Figure 3.6b), whereas the QM 6a significantly up-regulated these genes at this stage.

The expression of pks-genes in the mutants in non-antagonistic condition (confrontation to itself) was
deduced by the normalization to values of QM 6a. Most of the eight pks genes were down-regulated in the
mutants, whereas two singlet genes, pks2S that is a member of the lovastatin/citrinin clade and pks1S

belonging to the non-reducing clade Il were up-regulated (Figure 3.5).

10 -
B Apks4-1
B Apks4-2
1 - : ; : . ;
0.01
0.001-
pksl pks2 pks5 pksé pks8 pks9 pkS2 pks1S

Figure 3.5: Regulation of PKS genes in both Apks4 mutants normalized by the T. reesei QM 6a strain. Protein numbers
of pks genes in the genome: pks1 (Trire2:65172), pks2 (Trire2:65891), pks5 (Trire2:59482), pks6 (Trire2:60118), pks8
(Trire2:81964), pks9 (Trire2:106272), pks1S (Trire2:73621) and pks2S (Trire2:73618).
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Discussion

In this paper, we have functionally characterized the role of pks4 in T. reesei. pks4 belongs to the non-
reducing clade | of fungal pks-encoding genes, which includes genes associated with pigment production
such as aurofusarin (Frandsen et al.,, 2011; Kim et al.,, 2005; Malz et al.,, 2005) or bikaverin
(Linnemannstons et al., 2002; Wiemann et al., 2009), but also DHN melanin (Baker, 2008; Chiang et al.,
2011; Jgrgensen et al., 2011; Langfelder et al., 1998; Tsai et al., 1998, 2001; Watanabe et al., 1999; 2000).
While the former comprise substances of relatively low molecular weight, melanins - the dark to black
pigments, are of high molecular mass that derive from oxidative polymerization of phenolic compounds
(Riley, 1997; Heinekamp et al., 2012). The chemical structures of the conidial pigments of T. reesei and
Trichoderma spp. in general have not been elucidated yet, but due to their green and sometimes yellowish
color would appear not to be melanins. Yellow pigments e.g. from A. niger were shown to be dimeric linear
naphtho-y-pyrones (Jgrgensen et al. 2011). However, Benitez et al. (1976) preliminarily characterized the
conidial pigment of Trichoderma sp. (T. viride at that time) as a non-indolic melanin-like polyphenol.
Consistent with these data, Csiktusnadi Kiss et al. (2000) identified the main pigment fractions of T.
harzianum as oxidation polymers originating from monomer molecules containing polar substructures and
double bonds in the alkyl chain. The dark brown component of the fruiting body and stoma color, which
likely represents melanin, is independent on PKS4. In absence of pks4 the young stroma of T. reesei are
colorless with slightly darkened openings of perithecia indicating some remained pigmentation. Mature and
overmature stromata, however, show some dark brown coloration of the surface and perithecia walls,
indicating that melanin is still synthesized but the PKS4 product is different and that it is responsible for the

main bright reddish teleomorph color.

The question whether or not the pigments synthesized by PKS4 are melanins is important because our data
show that PKS4 is involved in antagonism and defense against other fungi, in mechanical stability of the
conidium, and in the discharge of the ascospores. A role in antagonism is also supported by earlier findings
that pks4 is up-regulated during antagonism and mycoparasitic contact of T. reesei with R. solani (Atanasova
et al.,, 2013). A role in defense, stress resistance, virulence and mechanical stability has so far been shown
for melanins but not for the low-molecular weight pigments formed by PKS4 orthologs mentioned above. In
addition, some polyketides have been shown to be involved in sexual development (Wolf and Mirocha,
1973; Zimmerman et al., 1995; Graziani et al., 2004; Engh et al., 2007; Nowrousian, 2009), but none of them
was a PKS4 ortholog and the mechanism of involvement is still only poorly understood, in most cases also
probably related to cell-wall stabilization (Nowrousian, 2009). T. reesei PKS4 therefore exhibits a biological
function typical for melanin synthesizing PKSs: in human pathogenic fungi, such as Cryptococcus neoformans

(Nosanchuk et al., 2000; Rosas et al., 2000a,b; Casadevall et al., 2000), Sporothrix schenckii (Romero-
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Martinez et al., 2000; Morris-Jones et al., 2003), Paracoccidioides brasiliensis (Gomez et al., 2001),
Histoplasma capsulatum (Nosanchuk et al., 2002), and the opportunistic pathogen A. fumigates (Heinekamp
et al., 2012), melanin is involved in virulence, probably because of resistance against oxidative stress. Also, it
contributes to resistance against antifungal drugs in H. capsulatum (Hamilton and Holdom, 1999). Melanins
have also been demonstrated to play crucial roles in plant pathogenic fungi: in Magnaporthe grisea,
melanin accumulates between the plasma membrane and the cell wall of an aspersorium creates turgor
pressure (Howart and Valent, 1996). In addition, expression of an A. alternata melanin biosynthetic PKS in
the insect pathogen Metarhizium anisopliae exhibited increased virulence (Tseng et al., 2011). In wood
decaying Basidiomycota such as Phellinus weirii, (Li, 1981) and Pleurotus ostreatus (l. Druzhinina, personal
communication) melanin is crucially important in reactions of somatic incompatibility when genet borders
are marked by thick melanised walls (barrage-reaction) impermeable for competitive fungi, which could also

be the reason for the effect of PKS4 on vegetative compatibility in T. reesei.

Another interesting consequence of pks4 loss of function that has not been reported with any other PKS
before was its effect on the expression of the other eight T. reesei pks genes that has been tested in this
study. During normal growth in the absence of a competing fungus, all but two of these eight genes were
significantly down-regulated. Since growth of the mutant strains and the wild type occurred at the same
rate, these differences cannot be the consequence of different rates of nutrient uptake. In addition,
antagonistic interaction with R. solani revealed that loss of pks4 function affected the expression of the
other pks genes in different ways, some being up-regulated, some down-regulated and some not affected at
all. From these data we conclude that PKS4 — or rather the function of its product, e.g. protection and
defense against stress — is an important signal for the expression of the other pks genes, and that this signal

affects pks genes in different ways. This is definitely an area that requires further investigations.

Loss of function of pks4 also led to a decreased synthesis of water soluble inhibitory components by T.
reesei, and it is tempting to speculate that they would be formed by the affected PKSs. Since their
production was tested in the absence of other fungi, they all are down-regulated (cf. Figure 6), and it is not
possible to predict which of them is or are the responsible producers. In addition, these components could
also be products of other enzymes, such as non-ribosomal peptide synthases of which T. reesei has ten

(Kubicek et al., 2011).

It was finally interesting to note that deletion of pks4 increased the production of volatile organic
compounds (VOCs) by T. reesei. The chemical nature of the VOCs from T. reesei have not been identified
yet, but their composition from other Trichoderma spp. showed that they in majority comprised mainly long

aliphatic acids, and their alcohols and esters (Nemcovic et al., 2008; Siddiquee et al., 2012), which are
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usually products of fatty acid catabolism (Savage et al., 1996). Their biosynthesis may be favored by the lack

of PKS activity which results in an increased access to the cellular pools of acetyl- and malonyl-CoA.

The function of PKSs has so far mainly been investigated with respect to the role of their products in human
or plant pathogenesis. Our data show that PKS4 also influences several biological functions in T. reesei
which are not only related to the interaction with other organisms. Transcriptomic analyses of T. reesei have
recently shown that many pks genes are highest expressed during rapid vegetative growth (Metz et al.,
2011; Portnoy et al., 2011; Karimi-Aghcheh et al., 2013), which is not a pattern that would be expected for
genes whose function is unrelated to growth. It will thus be worthwhile to perform a deeper investigation of

the regulation and role of pks genes in fungal physiology.
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OUTLOOK

Ecological genomics implies that the studies and analysis of several available genomes can help to
understand the common genus-wide traits and detect the unique features of selected species only when
the true nature of the organism (i.e. the diversity of is lifestiles and totality of ecophysiological adaptations)

has been also investigated.

A high interest in industrially important Trichoderma reesei, a producer of large amounts of enzymes
employed in breaking cellulose in to simple sugars led to the first sequenced Trichoderma species
(http://genome.jgi-psf.org/Trire2/Trire2.home.html). The movement toward environmentally friendly
agriculture over the past two decades has encouraged the use and facilitated the studies of biocontrol fungi.
In recent years the complete genomes of another two Trichoderma species, T. atroviride and T. virens (JGl,

http://genome.jgi-psf.org), one of the most studied biocontrol agents of the genus, were sequenced by DOE

JGI  and became publicly available (http://genome.jgi-psf.org/Trivel/Trivel.home.html and
http://genome.jgi-psf.org/Triat1/Triatl.home.html, respectively).
In the year 2012 genomes of four other Hypocrea/Trichoderma species have became available by DOE JGI:

T. harzianum sensu stricto CBS 226.95 (http://genome.jgi-psf.org/Trihal/Trihal.home.html), T. asperellum

CBS 433.97 (http://genome.jgi.doe.gov/Trias1/Triasl.home.html), T. longibrachiatum
(http://genome.jgi.doe.gov/Trilo1/Trilol.home.html) and T. citrinoviride
(http://genome.jgi.doe.gov/Tricil/Tricil.home.html). The sequencing of these four species, closely related
to those already sequenced genomes will allow even more comprehensive molecular-level analysis of the
ecological diversity of the genus and it might lead to better understanding of the traits responsible for the
loss of sexual reproduction. Furthermore, the availability of Trichoderma longibrachiatum genome, the
species frequently found as antagonist of nematodes in soil, might allow the identif cation of traits
associated with interaction with nematodes. Additionally, sequencing of T. koningii by Shanghai Institutes
for Biological Sciences (China) and several T. harzianum sensu lato genomes has been reported, yet these

genomes are not publicly accessible.

Our phylogenomic survey revealed that the mycoparasitic species T. atroviride occupies an ancestral
position relative to the mycoparasitic and phytostimulating species T. virens, while the moderate antagonist
of other fungi and a superior producer of cellulases T. reesei holds the most derived position on the tree
(Chapter 2). This finding indicates that mycoparasitism is the innate property of the genus, which may be
either powered by additional features (like in T. virens) or reduced (like in T. reesei) in a course of evolution
and ecological specialization. The latest phylogenetic analysis of the whole genus (see Appendix IlI-I) is

largely in agreement with our postulation. Furthermore, we are preparing an extended phylogenomic
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analysis including the newly sequenced agamospecies T. harzianum s.s., T. asperellum and T.
longibrachiatum. The putative positions of these species are indicated in Appendix II-1.

Although mycotrophy of Trichoderma has been studied for decades, there is still a large gap in our
understanding of the molecular events involved in this process. Part of this lack of knowledge is due to the
fact that different Trichoderma spp. exhibits a strikingly different transcriptomic response to their prey in
different stages of mycoparasitic attack as it has been shown in this work (Chapter 1). For example, T.
atroviride expresses an array of genes putatively involved in secondary metabolism and synthesis of GH16
R-glucanases, proteases and small secreted cysteine rich proteins; whereas T. virens, on the other hand,
expresses mainly the genes for gliotoxin biosynthesis and glutathione (which is necessary for gliotoxin
biosynthesis) precursors. A comparison of a larger, phylogenetically diverse sample of Trichoderma spp. may

enable us to sort out the basic physiological events that take place during mycotrophic interaction.

The best studied core of the genus Trichoderma contains mycoparasitic soil- or rhizosphere-competent
species. The genomes of the opportunistic taxa have been sequenced by the JGI, however, genomes of
these species alone do not allow in depth understanding of e.g. Trichoderma-plant interactions, interactions
with mycorrhiza. Therefore, an increase of Trichoderma genomics understanding would be achieved by
sequencing the species that to some extent evolved towards association with plants and/or are able to
develop in soil including heavily disturbed and arid ecosystems, which may be potentially beneficial for
bioenergy grasses. It is important to note that plant growth promotion is a strain specific ability, and may
vary among the strains inside of one species. Here we can address the questions of genomic properties of
the strains which beneficially influence the plant growth compared to those for which a negative impact on
the plants was observed in vitro. Furthermore, rhizosphere competent Trichoderma species or strains would
help us to understand the interaction with plant roots or lead us closer to mycorrhiza — Trichoderma
interactions. The genomes of cosmopolitan environmental opportunists and are most frequently found in
temperate rhizosphere and soil but sometimes have also been observed as facultative epigeal and root
endophytes (T. hamatum, T. polysporum, and some members of the Harzianum clade: T. cerinum, H. alni, T.
cf. harzianum, T. pleuroticola, and T. ‘afroharzinum’ nom. prov. might help us to understand these
interactions.

Endophytes occupy very specific ecological niche inside a plant organism. We still do not understand the
mechanisms of a putative mutualistic success of obligate Trichoderma endophytes, neither what are the
benefits for both mutualsits. Moreover, the question emerges what are the genetic properties of
cosmopolitan Trichoderma species that allow them to switch to endophytic way of life. To answer these
questions some of the following putatively obligate endophytic Trichoderma species can be sequenced: T.

evansii (host plant(s): Lophira alata, Cola verticillata and Theobroma gileri; Cameroun, Peru respectively), T.
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ovalisporum (host plant: Banisteriopsis caarpi; Ecuador), T. theobromicola (host plant: Theobroma cacao;
Peru), T. scalesiae (host plant: Scalesia pedunculata endemic to Galapagos Islands, T. taxi (host plant: Taxus
mairei; China), T. amazonicum (host plant: Hevea spp.; Peru), T. caribbaeum var. aequatoriale (Theobroma

spp.; Tropical America), T. paucisporum (Theobroma cacao, Ecuador), T. martiale (Theobroma cacao; Brazil).

For many conidial fungi the facilitated methods for production of DNA-mediated transformation mutants
have already been established. Studies using transformation mutant focus on the understanding of specific
genes, pathways, or processes, but also on functional genomics studying the impact of genes on the
organism’s phenotype. Phenotype is the manifested attribute of an organism, combined result of its genes
and environment during ontogeny, what became a target for strain improvement in biotechnology
(Atanasova and Druzhinina, 2010). In our comparative transcriptomic study of mycoparasitic response of
three Trichoderma species (Chapter 1) we show that several PKS genes are regulated in different stages of
antagonistic attack. In our most recent study (Chapter 3) we show that T. reesei pks4 gene is indeed
involved in defense, stress resistance and mechanical stability of T. reesei, but also responsible for green
pigmentation characteristic for Trichoderma conidia and the pigmentation of both stroma surface and
perithecial openings. Additionally there is evidence that the loss of this gene has an impact on the
regulation of other pks genes in the T. reesei genome, but how and why this is achieved still remains
unknown. However, this pks gene is of high importance for the maintenance of T. reesei environmental

fitness and its impact will be further studied in the future.

The understanding of Trichoderma spp. mechanisms, their life styles and diversity is currently increasing by
the sequencing and analyses of their whole genomes. The availability of solid taxonomy within the genus
and samples from various habitats and substrates from all over the world combined with Trichoderma
genome analyses can therefore allow us to explore the genus in the perspective of ecological genomics
(Druzhinina and Kubicek, 2013). In this thesis the first link between ecology and genomics of the genus

Trichoderma was achieved.
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