TU Wien Feng Cai Doktorarbeit

ICL1=BI:

IMAGINEERING
NATURE

KUMULATIVE DISSERTATION

RESOLVING THE CONUNDRUM OF TRICHODERMA TAXONOMY:

HOW ECOLOGICAL GENETICS COUPLED WITH EVOLUTIONARY ANALYSIS ENHANCES THE
POLYPHASIC SPECIES CONCEPT IN FUNGI

ausgefiihrt zum Zweck der Erlangung des akademischen Grades eines
Doktor der Naturwissenschaften

unter der Leitung von
Professor Priv. Doz. Dr. Irina S. Druzhinina

Institute 166/5
Institut fir
Verfahrenstechnik, Umwelttechnik, und technische Biowissenschaftenn- ICEBE,
eingereicht an der Technischen Universitit Wien,
Fakultit fiir Technische Chemie

von

Herr Feng Cai

Matrikelnummer 01428998

Cuiping Zigizhongshan 2-417, Nanjing 210000, China

15.01.2021 Student M\

L 4 v

Datum Unterschrift

ﬁ/ ',@E'a 24{ My L-M\ -‘

Betreuer

Unterschrift



TU Wien Feng Cai Doktorarbeit

"Nomina si nescis, perit et cognitio rerum’”
Carl Linnaeus “Botanical Philosophy”, ed. 1, Stockholm & Amsterdam, 1751.”




TU Wien Feng Cai Doktorarbeit
Table of Contents
R0 1 7N 2 PP PPN 4
KIURZEASSUNG ....veuveteeteeseessessessesseessessessesseassessassessessssssessessessessssssensessesssessessensessesssessensessesssssssssessessessesssessessessessssssanses 6
ACKNOWLEDGEMENTS. ...ccitiiiiiiiiiiiititittitseeese s e s s ss s s s s s s sssssas s s s s s s s s s s s s s ss s sss s s sssssssssssssssssssbababbsaeasennnannes 7
BN 1200 3100 1 (0 PP 9
CURRICULUM VITAE ......veveettstesteessessessessesssessassessesssessassasssssssssessessessessssssensessessessssssessessessssssensessessessesssessessessesssessessens 17




TU Wien Feng Cai Doktorarbeit

SUMMARY

Fungi comprise one of the most diverse groups of eukaryotes on Earth. Nearly two thousand
new species are described each year, while the number of known fungal species -
approximately 150,000, is estimated to hardly excess only a few percent of the total diversity
in this kingdom. The rapid growth of fungal taxonomy is escalated by the outstanding role
that fungi play for human kind because new species may possess new properties. Fungi
produce a rich spectrum of hydrolytic enzymes, surfactant proteins, and secondary
metabolites that found their application in industry, pharmaceutics, and agriculture. Many
fungi are valuable for the food production; others are exploited as industrial cell factories to
synthesize bioactive compounds or serve as models for cell biology research. Some biotrophic
fungi can cause diseases in humans, and cattle or parasitize crops. Being ubiquitous in most
ecosystems, fungi perform essential ecological processes as symbionts and decomposers.
Fungi have a simple structure of their body that is either tubular (mycelium, or hyphae) or
single-celled (spores, or yeasts). This morpho-anatomical organization frequently undergoes
convergent evolution making the precise and accurate species identification required to
predict their application or pathology-relevant properties challenging.

In the first part of this thesis, we focused on the diversity, species delimitation, and
molecular identification of nearly four hundred species of the plant-beneficial and industrially-
relevant filamentous fungi from the genus 7richoderma (Hypocreales, Ascomycota). We
compiled a complete inventory of all Trichoderma species and DNA barcoding materials
deposited in public databases. We have then developed an authoritative guideline for
molecular identification of 7richodermathat requires analysis of the three DNA barcodes (ITS,
tefl, and rpb2) and supported it by several online tools. We then used all the whole-genome
sequenced (WGS) Trichoderma strains to provide versatile, practical examples of
Trichoderma DNA Barcoding, reveal methodological and theoretical shortcomings, and
discuss possible ambiguities. The work provides an in-depth discussion of species concepts
applied in Trichoderma taxonomy. We conclude that these fungi are particularly suitable for
implementing integrative taxonomy that fuses DNA Barcoding and the polyphasic
phenotyping. Subsequently, we tested the applicability of the developed DNA Barcoding

protocol on the collection of Trichoderma
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spp. strains isolated from the emerging salt marches on the Yellow Sea coastal tidal flat zones.
This study resulted in the discovery of 7. arenarium sp. nov. and other fungal bioeffectors
suitable for biosaline agriculture. The above taxonomic studies and the review of the
ecological genomics of the most industrially-relevant species of Trichoderma - T. reesei
revealed the critical shortage of species recognition criteria in the genus and highlighted the
theoretical shortcomings of our understanding of the speciation process in fungi. To
overcome it, we have proposed that speciation can be reflected in the evolution of genes
relevant to fungal fitness (ecological genetics). For this purpose, in the second part of the thesis,
we optimized the toolbox for the genetic recombination of 7richoderma and reviewed the
strain improvement techniques available for these fungi. Our previous study discovered that
the highly surface-active small secreted cysteine-rich proteins (saSSCPs) — hydrophobins
(HFBs), strongly influence the fitness of the two sister species from the Harzianum Clade of
Trichoderma. It showed that HFB evolution and function analysis could reveal distinct
adaptations of sympatric species to microecological niches. Therefore, in the third part of the
thesis, we studied the other family of saSSCPs that are massively secreted by 7Trichoderma -
cerato-platanins (CPs). The in sifico analysis of 283 CPs from 157 fungal genomes revealed the
long evolutionary history of CPs in Dikarya fungi that have undergone several lateral gene
transfer events and multiple gene duplications. Three genes were maintained in the core
genome of Trichoderma, while some species have up to four CP-encoding genes. However,
the functional analysis of CPs revealed that only EPL1 is active at all development stages but
plays a minor role in interactions with other fungi and bacteria. The deletion of this gene
resulted in increased colonization of rhizosphere by 7Trichoderma spp. Similarly, the
biochemical tests of the heterologously produced EPL1 by Pichia pastoris support the above
claims. Overall, this study pointed to the evolutionary and functional paradox of CPs in fungi.
The high diversity and stabilizing selection suggest their importance for the speciation process.

In summary, the studies presented in this thesis provide the conceptual and
methodological framework for establishing the integrative taxonomy of 7richoderma spp.
that should rely on DNA Barcoding and consider the genetic background of ecological
adaptations driving the evolution and speciation. We conclude that applying the polyphasic
approach to species recognition in 7richoderma and other highly diverse genera of

environmentally opportunistic fungi will finally resolve the conundrum of fungal taxonomy.
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KURZFASSUNG

Pilze der Gattung 7Trichoderma (Hypocreales, Ascomycota) sind fiir den Menschen von
besonderer Bedeutung aufgrund der Verwendung einzelner Arten in der Enzym
produzierenden Biotechnologie, als biologische Pflanzenschutzmittel und Stimulatoren des
Pflanzenwachstums in der Landwirtschaft, oder aber als Besiedler immunschwacher
Menschen und Tiere. Gegenwirtig sind fast 400 Spezies bekannt, aber deren sichere
Identifizierung ist schwierig. Ich habe mich daher in meiner Arbeit mit der Identifizierung der
einzelnen Spezies sowie den moglichen Mechanismen der Artenbildung bei 7richoderma
beschiftigt.

Als ersten Schritt hierzu habe ich eine auf DNA-Sequenzanalyse beruhende Methode (, DNA
Barcoding™) entwickelt: zu diesem Zweck habe ich die DNA-Sequenzen dreier Barcode-
Marker (ITS, tefl und zpb2) aller Spezies verglichen, und eine bioinformatische
Analysenmethode erarbeitet die eine sichere Speziesidentifizierung ermdglicht.

Die Methode wurde in der Folge anhand nicht identifizierter 7richoderma Isolate aus einem
Salzmarsch-Okosystem an der Kiiste des Gelben Meers getestet und verifiziert, was auch zur
Identifizierung und Beschreibung einer neuen Trichoderma Art — 7. arenarium sp. nov. -
fithrte. Im Zuge dieser Untersuchung konnten — als sekundirer ,,Benefit” - auch zahlreiche
Isolate gefunden werden welche als Bioeffektoren fiir die Pflanzenzucht auf salzreichen Boden
geeignet sind.

Die oben beschriebenen Ergebnisse zeigten aber auch dass die bei der Speziesbildung
wirksamen Mechanismen in 7richoderma nur ungentigend bekannt sind. Ich habe daher in
Weiterfithrung meiner Arbeit die Theorie aufgestellt dass die Speziesbildung in der Evolution
von Genen fiir die Fitness im Okosystem reflektiert sein miisste. Ich habe dies am Beispiel
zweier Typen sogenannter “surface active, small secreted and cysteine rich” (saSSCPs)
Proteine — der Hydrophobine (HFB) und der Ceratoplatanine (CPs) — analysiert. Meine
Untersuchungen an 7. harzianum und 7. guizhouense zeigen dass die Funktion und
Evolution der HFBs tatsichlich mit der Anpassung sympatrischer Spezies an 6kologische
Nischen korreliert. Im Falle der CPs konnte ich eine auf stabilisierender Selektion beruhende
Evolution zeigen, was deren Rolle bei der Anpassung an das jeweilige Okosystem verdeutlicht.

Meine Arbeit hat daher einen neuen Weg zur Identifizierung von Trichoderma Arten
aufgezeigt und dariiber hinaus Mechanismen der Artenbildung entdeckt. Diese Befunde sind
nicht nur fiir 7richoderma bedeutsam sondern kénnen auch als Vorlage fiir dhnliche
Untersuchungen bei anderen Pilzgattungen dienen.
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INTRODUCTION

Fungi comprise one of the most diverse groups of eukaryotes on Earth. Nearly two thousand
new species are described each year, while the number of known fungal species -
approximately 150,000, is estimated to hardly excess only a few percent of the total diversity
in this kingdom (1). The rapid growth of fungal taxonomy is escalated by the outstanding role
that fungi play for human kind because new species may possess new properties. Fungi
produce a rich spectrum of hydrolytic enzymes, surfactant proteins, and secondary
metabolites that found their application in industry, pharmaceutics, and agriculture (2). Many
fungi are valuable for the food production; others are exploited as industrial cell factories to
synthesize bioactive compounds or serve as models for cell biology research. Some biotrophic
fungi can cause diseases in humans, and cattle or parasitize crops. Being ubiquitous in most
ecosystems, fungi perform essential ecological processes as symbionts and decomposers.
Fungi have a simple structure of their body that is either tubular (mycelium, or hyphae) or
single-celled (spores, or yeasts). This morpho-anatomical organization frequently undergoes
convergent evolution making the precise and accurate species identification required to

predict their applied or pathology-relevant properties challenging (2).

Ubiquitous mycotrophic and phytosaprotrophic fungi from the genus 7richoderma (syn.
Hypocrea, Hypocreales) have been known to mycologists for more than 200 years that is
tractable in the scientific literature (3-5). Similar to other common fungi, the last two decades
sharply transformed Trichoderma to the species-rich genus (6-10) that made it comparable to
such fungi as Fusarium (Hypocreales), Aspergillus, or Penicillium (Eurotiales) and left all sister
hypocrealean or even the model genus for fungal biology Neurospora (Sordariales) far behind.
The increase in the total number of Trichoderma species was not strongly influenced by the
general mycological movement “One fungus — one name” (11), as the connection with the
single Hypocrea teleomorph (with only a few exceptions) has been established earlier and
considered in the first species counts (6, 9). The drastic increase in 7richoderma species
number can be explained by the emerging importance of Trichoderma for humankind.
Approximately 50 years ago, 7. reesei was recognized as a highly efficient producer of plant
biomass-degrading enzymes for biofuel and other industries (12). A couple of decades later,
several other species (7. atroviride, T. virens, T. harzianum, and others) were proposed as
potent bioeffectors for plant protection (biofungicides) and plant growth promotion
(biofertilizers) (13), and they are now widely used for biological control of fungal pests in

Doktorarbeit
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sustainable agriculture (biocontrol). Trichodermawas also documented as the causative agent
of the green mold disease on mushroom farms and as an opportunistic pathogen in humans.
Although the applications are still restricted to a few species, the growth of species richness
positively influences the 7richoderma science development as the number of 7richoderma-
based publications grows proportionally to it. Another striking property of 7richoderma that
makes it a useful model of taxonomic studies is the evident lack of hidden diversity or “dark
Trichoderma species” (14), meaning that most or all species can be successfully cultivated in
vitro. Therefore, Trichoderma spp. can potentially be extensively phenotypically and
physiologically characterized along with taxonomic or nomenclatural acts. The possibility of
the extended ecophysiological profiling paves the way for the introduction of the integrative
(polyphasic) taxonomy for species delimitation, i.e., the combination of genealogy
(phylogeny), phenotype (including autecology), and even possibly reproductive biology
(when feasible) (2). The analysis of a relatively large number of whole-genome sequences
(WGS) for Trichoderma spp. also provided insights into the evolutionary timeline of this
genus (15, 16). Thus, 7richoderma can serve as a useful model for the observation of
taxonomic development with an impact on the precision, accuracy, and ambiguity of species

delimitation and subsequent identification.

Therefore, the aim of this thesis was the holistic evaluation of the whole-genus
Trichoderma systematics from the perspective of modern integrative (polyphasic)

taxonomy.

The structure of the resulting thesis is best presented by the three sections, each consisting

of one to three publications (Figure 1).

¢ Cai and Druzhinina, 2021
e Ding et al., 2020
* Chenthamara et al., 2021

Section |: Molecular taxonomy of
Trichoderma

Section II: Genetic engineering of * Cai et al., 2021
Trichoderma e Chen et al., 2021

Section Ill: Ecological genetics of

Trichoderma * Gao et al., 2020

FIGURE 1. STRUCTURE OF THE THESIS
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Section |

The first section of this thesis includes two research articles and a theoretical part
summarized in the book chapter (Figure 1).

First, we focused on the diversity, species delimitation, and molecular identification of
nearly four hundred species Trichoderma. We compiled a complete inventory of all
Trichoderma species and DNA barcoding materials deposited in public databases. The
results of this work were presented in the scientific peer-reviewed publication “Cai, F.,
Druzhinina, I. S. 2020. In honor of John Bissett: Authoritative guidelines on molecular
identification of Trichoderma. Fungal Diversity. DOL 10.1007/s13225-020-00464-4". As
specified in the title, the core of this work is the authoritative guideline for molecular
identification of Trichoderma that requires analysis of the three DNA barcodes (ITS, tef1,
and rpbh2) and is supported by several online tools. We then used all the whole-genome
sequenced (WGS) Trichoderma strains to provide versatile, practical examples of
Trichoderma DNA Barcoding, reveal methodological and theoretical shortcomings, and
discuss possible ambiguities. This work provides an in-depth discussion of species
concepts applied in Trichoderma taxonomy. We conclude that these fungi are
particularly suitable for implementing integrative taxonomy that fuses DNA Barcoding
and the polyphasic phenotyping.

Methodology: DNA Barcoding of fungi, molecular evolutionary analysis,
theoretical biology, fungal taxonomy, fungal genomics.

Own contribution: initialization of pairwise similarity threshold for fungal
species delimitation, molecular phylogenetic analyses, development of DNA
Barcoding protocol, involvement in manuscript writing and revision,

preparation of figures and tables.

Subsequently, we tested the applicability of the developed DNA Barcoding protocol on the
collection of Trichoderma spp. strains isolated from the emerging salt marches on the Yellow
Sea coastal tidal flat zones. This study resulted in the scientific peer-reviewed publication
“Ding, M., Chen, W., Ma, X,, Lv, B., Gao, R,, Jiang, S., Zhao, Z., Cai, F., Druzhinina, I. S.
2020. Emerging salt marshes as a source of Trichoderma arenarium sp. nov. and other fungal
bioeffectors for biosaline agriculture. Journal of Applied Microbiology.
DOI:10.1111/jam.14751”. Our motivation was the urgent need of effective and safe
biofertilizers and biofungicides for the sustainable agriculture. Natural ecosystems that closely
resemble the conditions of biosaline agriculture may present a reservoir for fungal strains that
can be used as novel bioeffectors. We isolated a library of fungi from the rhizosphere of three
natural halotolerant plants grown in the emerging tidal salt marshes on the southeast coast of
China. DNA barcoding of 116 isolates based on the rRNA ITS1 and 2 and other markers (tef7
or 1pb2) revealed 38 fungal species, including plant pathogenic (41%), saprotrophic (24%), and
mycoparasitic (28%) taxa. The mycoparasitic fungi were mainly species from the
hypocrealean genus 7richoderma, including at least four novel phylotypes. Two of them,
representing the taxa Trichoderma arenarium sp. nov. (described in this publication) and 7
asperelloides, showed effective antagonistic activity against five phytopathogenic fungi, and
significant growth promotion on tomato seedlings under the conditions of saline agriculture.

Thus, Trichoderma spp. of salt marshes play the role of natural biological control in young
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soil ecosystems with a putatively premature microbiome. The saline soil microbiome is a rich

source of halotolerant bioeffectors that can be used in biosaline agriculture.

Methodology: Bacterial metagenomic, soil property, field sampling, DNA
Barcoding of fungi, molecular evolutionary analysis, ecophysiological
characterization of fungi, fungal-plant interaction assay, dual confrontation
assays of fungi, basic microbiology and molecular biology, light and electron
microscopy.

Own contribution: specified in the publication; author for correspondence.

The theory on molecular evolution of Trichoderma was then summarized and critically
reviewed in “Chenthamara, K., Rahimi, M., Grujic, M., Druzhinina, I. S., Cai, F. 2021.
Trichoderma reesei — Methods and Protocols: Chapter 1 Ecological genomics and evolution
of Trichoderma reesei, Mach-Aignar, A., and Martzy, R., eds. Methods in Molecular Biology,
Springer Nature, pp 1-21. DOIL 10.1007/978-1-0716-1048-0_1" The filamentous fungus
Trichoderma reesei (Hypocreales, Ascomycota) is an efficient industrial cell factory for the
production of cellulolytic enzymes used for biofuel and other applications. Therefore,
research addressing 7. reesei is relatively advanced compared to other Trichoderma spp.
because of the significant bulk of available knowledge, multiple genomic data, and gene
manipulation techniques. However, the established role of 7. reesesin industry has resulted
in a frequently biased understanding of the biology of this fungus, where the valuable applied
properties could be extrapolated to the environmental adaptations of the fungus. Thus, the
recent studies unexpectedly show that the superior cellulolytic activity of 7. reesei and other
Trichoderma species evolved due to multiple lateral gene transfer events, while the innate
ability to parasitize other fungi (mycoparasitism) was maintained in the genus, including 7.
reeser. In this chapter, we follow the concept of ecological genomics and describe the ecology,
distribution, and evolution of 7. reeses, as well as critically discuss several common

misconceptions that originate from the success of this species in applied sciences and industry.

Methodology: DNA Barcoding of fungi, molecular evolutionary analysis,
theoretical biology, fungal taxonomy, ecological genomics.

Own contribution: conceptualization and structuring, molecular phylogenetic
analyses, participation in manuscript writing and revision, preparation of figures

and tables.

The above taxonomic studies and the review of the ecological genomics of the most
industrially-relevant species of 7Trichoderma - T. reesei revealed the critical shortage of
species recognition criteria in the genus and highlighted the theoretical shortcomings of
our understanding of the speciation process in fungi. To overcome it, we have proposed
that speciation can be reflected in the evolution of genes relevant to fungal fitness

(ecological genetics).

12
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Section II

For this purpose, in the second section of the thesis, we summarized our previously
obtained knowledge on the optimization of the toolbox for the genetic recombination of
Trichoderma. It resulted in the publication of two book chapters, both are currently in
press.

“Cai, F., Kubicek, C. P., Druzhinina, I. S. 2021. Biofuels and Biodiesel: Genetic
transformation of Trichoderma spp. Chhandak B., ed. Methods in Molecular Biology,
Springer Nature ISBN 978-1-0716-1322-1" The production of biofuels from plant biomass
is dependent on the availability of enzymes that can hydrolyze the plant cell wall
polysaccharides to their monosaccharides. These enzyme mixtures are formed by
microorganisms but their native compositions and properties are often not ideal for
application. Genetic engineering of these microorganisms is therefore necessary, in which
introduction of DNA is an essential precondition. The filamentous fungus 7richoderma
reesei — the main producer of plant-cell-wall-degrading enzymes for biofuels and other
industries — has been subjected to intensive genetic engineering towards this goal and has
become one of the iconic examples of the successful genetic improvement of fungi.
However, the genetic manipulation of other enzyme-producing 7Trichoderma species is
frequently less efficient and, therefore, rarely managed. In this chapter, we therefore
describe the two potent methods of 7Trichoderma transformation mediated by either (i)
polyethylene glycol (PEG) or (ii) Agrobacterium. The methods are optimized for 7. reesei
but can also be applied for such transformation-resilient species as 7. harzianum and T.

guizhouense, which are putative upcoming alternatives for 7. reeseiin this field.

Methodology: genetic transformation of fungi using polyethylene glycol (PEG)
and Agrobacterium-based protocols.
Own contribution: development of the protocols, participation in writing and

revision, preparation of figures and tables.

“Chen, PJ., Pang, G., Cai, F., Druzhinina, I. S. 2021. Strain improvement and genetic
engineering of Trichoderma for industrial applications. Zaragoza O., and Casadevall A.,
eds. Encyclopedia of Mycology, Elsevier ISBN: 9780128199909”. The excellent abilities of
cellulase production for biofuel and other industries and the plant-beneficial potential of
Trichoderma spp. have led this fungus to being subjected to intensive genetic engineering
and become one of the iconic examples for fungal genetics. Genetic manipulation to
improve the strains is a highly effective means of meeting tailor-made applications. In this
chapter, we review the technologies and methods that have been developed for
Trichoderma strain improvement, including untargeted mutagenesis, targeted genetic
recombination, RNA interference, promoter engineering, and the new promising

genome editing technology-CRISPR/ Cas9.

Methodology: the whole spectrum of genetic manipulation with fungi.
Own contribution: conceptualization and structuring, critical reviewing of the
described approaches, participation in manuscript writing and revision,

preparation of figures and tables.
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Our previous study discovered that the highly surface-active small secreted cysteine-rich
proteins (saSSCPs) — hydrophobins (HFBs), strongly influence the fitness of the two sister
species from the Harzianum Clade of Trichoderma. The results presented in “Cai, F., Gao,
R., Zhao, Z., Ding, M., Jiang, S., Yagtu, C., Zhu, H., Zhang, J., Ebner, T., Mayrhofer-
Reinhartshuber, M., Kainz, P., Chenthamara, K., Bayram-Akcapinar, G., Shen, Q.,
Druzhinina, I. S. 2020. Evolutionary compromises in fungal fitness: hydrophobins hinder
the adverse dispersal of spores and challenge their survival. The ISME Journal. 14:2610-
2624. DOI: 10.1038/541396-020-0709-0" (see Appendix to the Thesis) showed that HFB
evolution and function analysis could reveal distinct adaptations of sympatric species to

microecological niches.

Section III

Therefore, in the third section of the thesis, we studied the family of saSSCPs that are
massively secreted by 7Trichoderma - cerato-platanins (CPs) in submerged
conditions: "Gao, R., Ding, M., Jiang, S., Zhao, Z., Chenthamara, K., Shen, Q. Cai, F.,
Druzhinina I.S. 2020. The evolutionary and functional paradox of cerato-platanins in
fungi. Applied and Environmental Microbiology  86:€00696-20. DOL:
10.1128/ AEM.00696-20".

Cerato-platanins (CPs) form a family of SSCPs and are of particular interest not only
because of their surface activity but also their abundant secretion by fungi. We performed
an evolutionary analysis for 283 CPs from 157 fungal genomes with the focus on the
opportunistic plant-beneficial and mycoparasitic fungus 7richoderma. Our results
revealed the long evolutionary history of CPs in Dikarya fungi that have undergone
several events of lateral gene transfer and gene duplication. Three genes were maintained
in the core genome of Trichoderma, while some species have up to four CP-encoding
genes. All Trichoderma CPs evolve under stabilizing natural selection pressure. The
functional analysis of CPs in 7. guizhouense and T. harzianum revealed that only EPL1
is active at all stages of the development but plays a minor role in interactions with other
fungi and bacteria. The deletion of this gene results in increased colonization of tomato
roots by Trichoderma spp. Similarly, the biochemical tests of the heterologously
produced EPL1 by Pichia pastoris support the above claims. Based on the obtained results,
we conclude that the function of CPs is probably linked to their surfactant properties and
the ability to modify the hyphosphere of submerged mycelium and thus facilitate the
nutritional versatility of fungi. The effector-like properties do not sufficiently describe the
diversity and evolution of these proteins in fungi as they are also maintained, duplicated,

or laterally transferred in the genomes of non-herbivore fungi.

Methodology: Fungal genomics, molecular evolutionary analysis, genetic
transformation, heterologous production of proteins, ecophysiological
characterization of fungi, fungal-plant interaction assay, plant immunity assays,
dual confrontation assays of fungi, basic microbiology and molecular biology.

Own contribution: specified in the publication; author for correspondence.

In summary, the studies presented in this thesis provide the conceptual and

methodological framework for establishing the integrative taxonomy of 7richoderma spp.
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that should rely on DNA Barcoding and consider the genetic background of ecological
adaptations driving the evolution and speciation (Figure 2). We conclude that applying
the polyphasic approach to species recognition in 7richoderma and other highly diverse
genera of environmentally opportunistic fungi will finally resolve the conundrum of

fungal taxonomy.

MORPHOLOGICAL
SPECIES CONCEPT

CONCORDANCE]
PHYLOGENETIC SPECIES
RECOGNITION

ECOLOGICAL GENETICS
ECOLOGICAL GENOMICS

ECOLOGY AND BIOGEOGRAPHY

INTEGRATIVE TAXONOMY
AND POLYPHASIC
APPROACH

FIGURE 2. THE SCHEMATIC TIMELINE OF 7TRICHODERMA SPECIES RECOGNITION AS
DESCRIBED IN CAI AND DRUZHININA, 2020, FUNGAL DIVERSITY.
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