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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 7richoderma species and DNA
barcoding materials deposited in public databases. We have then developed an
authoritative guideline for molecular identification of 7richoderma that requires analysis
of the three DNA barcodes (ITS, tef1, 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 7richoderma DNA Barcoding, reveal methodological and
theoretical shortcomings, and discuss possible ambiguities. The work provides an in-
depth discussion of species concepts applied in 7richodermataxonomy. 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 7richoderma
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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. reeseirevealed 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 7richoderma — cerato-platanins
(CPs). The in silico 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 7Trichoderma, 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
Trichoderma 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 Trichoderma 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 7richoderma (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
Trichoderma 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, zef7 und 1ph2) aller Spezies verglichen, und eine bioinformatische
Analysenmethode erarbeitet die eine sichere Speziesidentifizierung erméglicht.

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 ungeniigend bekannt sind. Ich habe daher
in Weiterfiihrung 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 T. guizhouense zeigen dass die Funktion
und Evolution der HFBs tatsichlich mit der Anpassung sympatrischer Spezies an
okologische 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 7richoderma Arten
aufgezeigt und dariiber hinaus Mechanismen der Artenbildung entdeckt. Diese Befunde
sind nicht nur fiir 7richodermabedeutsam sondern kénnen auch als Vorlage fiir dhnliche
Untersuchungen bei anderen Pilzgattungen dienen.

~ 1]~



Doktorarbeit

Feng Cai

TU Wien

ayiolqig usipn N.L Te uud ul ajge|ieAe si SISay) [B10100p SIY) JO UOISIaA [eulblio panoidde ayl
"regBnpian yay1olqig UsIp\ NL J8p ue 1SI uoneuassiq Jasalp uoisiaAeulblO aponipab ausigoidde aig

qny aSpajmoud| INoA

Slayrolqie

~ 1)~



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

TU Wien Feng Cai Doktorarbeit

ACKNOWLEDGEMENTS

/711 was born in Zhuji, a small city surrounded by
/ /| ~mountains in Zhejiang Province, southeast China.

i / ! Given grown up there, I was always attracted by
L A / ).'I plants and forests, especially by orchids. I started my
o / first orchid collection when I was 12. The collection
— grew fast as every year the boy went to the forests

[ e hunting for new “species” with different colors and flower shapes,
what I now know are “phenotypes,” and those could probably be “populations”. The
orchid collection stopped growing when I had to leave my hometown for college study
at Nanjing Agricultural University (NAU), where I chose Plant Nutrition as my direction.
The study was impressive; however, it somehow did not meet my goals for
understanding the orchids. The books regarding orchids in the university library were
read three times and daily checked for updating. I think something was attracting me
there what maybe can be called “diversity”. However, I could not figure out at that
moment. It was just that they are too many and too different. Without hesitation, I
studied in this direction for a master and for a Ph.D. degree on which plant beneficial
microbes became my primary research materials. In 2017, I completed the Ph.D. thesis
in the direction of Plant Nutrition. For this, I would like to express my sincere gratitude
to my supervisor Prof. Qirong Shen for his positive influence, and also for the support
of my intention to continue my education in the TU Wien, Vienna, where I met another

Ph.D. mentor, Irina S. Druzhinina, and her group.

During the first period of studying in TU WIEN, 2014-2017, I tried the best to adjust to
the local environment and laboratory life, which were somewhat different from that of
the other side of the globe. Luckily, a lady Glinseli Bayram Akcapinar was in this group
too. Being under the direct tuition by Giinseli, I grabbed the lab skills of biotechnology
quickly. Therefore, I would like to express my heartfelt thanks to Giinseli, who first
influenced me with her insightful ideas, practical advice, and feasible instructions.
Working together with the HFB team members Agnieszka Przylucka, Komal
Chenthamara, and Tatyana Yemelyanova, I noticed the value of being in a team and
appreciate all their general helps, useful discussions, and supports, though ladies, your
full names are still so hard for me. I would also express my deepest thanks to Marica
Grujic (Maric), with whom we spent the most working deep nights together. Thanks
to Carina Pretzer for her delightful lab sorting and general help. Furthermore, Komal
again, by whom I got a glimpse of “phylogeny”, which turned out to be an essential
word in my current research. Therefore, many thanks to the ladies Marica, Carina, and
Komal for their support in work and their friendship, no matter local and the long
distance.

~ 13~



Doktorarbeit

Feng Cai

TU Wien

ayiolqig usipn N.L Te uud ul ajge|ieAe si SISay) [B10100p SIY) JO UOISIaA [eulblio panoidde ayl
"regBnpian yay1olqig UsIp\ NL J8p ue 1SI uoneuassiq Jasalp uoisiaAeulblO aponipab ausigoidde aig

qny aSpajmoud| INoA

Slayrolqie

~ 14~



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

TU Wien Feng Cai Doktorarbeit

Thanks to Civan Yagtu, Saliha Durak, Simger Seven, and Victor Lobanov, for working
together with me as master students and more than that. Thanks
to Mohammad Rahimi for delicious food and interesting chatting topics. Thanks
to Youzhi Miao for working together on the CRISPR system through which I learned
more than it. Thanks to Alexey Kopchinskiy for always helping solve imaging and IT-
related  problems. Thanks toShadi Pourmehdi, Lea  Atanasova, Melanie
Grandis, Christina Ortner, and all MIBI group members with whom the lab is often
joyful.

The completion of this dissertation would not be possible without the full support from
my Ph.D. mentor Irina S. Druzhinina, who opened the “gate” of EVOLUTION and
ECOLOGICAL GENETICS as well as TAXONOMY to me. Working with Irina for more
than six years, I keep growing in these directions and on all other related topics. I
appreciate her guidance over the last years for helping me digging and finding my
genuine interest and offering me an opportunity to go to MBL to learn MOLECULAR
EVOLUTION, which is the crucial term for my research interest in the future. Moreover,
I think this is also the key term that I missed since a boy collecting different orchids. With
the guidance and daily scientific debates with Irina, I finally found a person with whom
I can communicate my research interests and whose influence helps me see myself more
and more clearly.

I am incredibly thankful to my boss’s boss Christian Kubicek, for his long-distanced
collaboration and full yet justified supports for my scientific arguments with Irina. Every
face-to-face talk and email exchange was so bright and meaningful when it is with an
abbreviation of CPK.

This is also a perfect time to thank Fakultit fiir Technische Chemie. A special thanks to
the Head of the ICEBE, Robert Mach and Astrid Mach-Aigner, for organizing high-
standard and bright labs over the years, allowing international students to feel more
inclusive and qualified, and also for their collaboration for hosting me remotely during
this COVID hard time. Thanks to Monika Schmoll, I learned the topic of signaling in
fungi and scientific writing skills. The research project could not have been completed
without the help of external collaborators: Erik Reimhult from BOKU, Hinrich
Grothe, Bernhard Seiboth, Laura Felgitsch, Christian Derntl, and Thiago Machado
Mello De Sousa, from TU WIEN, Igor V. Grigoriev, and Andrei S. Steindorff from JGI
(USA).

I would also acknowledge the China Scholarship Council (CSC) for providing me with
the personnel cost during my stay in Vienna. Furthermore, thanks to my local
colleagues Zheng Zhao, Ren Wei Gao, Siqi Jiang, Mingyue Ding, and Guan Pang, with
whose supports I could complete my second Ph.D. dissertation more sufficiently.

With a delightful but reluctant mood, I wrote down this acknowledgment, meaning that
my TU WIEN Ph.D. student life is pending to end. I shall express my wishes to the
people I mentioned above and those I could not list here good health and a bright future.

Thank you all!

~ 15~



Doktorarbeit

Feng Cai

TU Wien

ayiolqig usipn N.L Te uud ul ajge|ieAe si SISay) [B10100p SIY) JO UOISIaA [eulblio panoidde ayl
"regBnpian yay1olqig UsIp\ NL J8p ue 1SI uoneuassiq Jasalp uoisiaAeulblO aponipab ausigoidde aig

qny aSpajmoud| INoA

Slayrolqie

~ 16~



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

TU Wien Feng Cai Doktorarbeit

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 7richoderma 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 7richoderma 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
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(biofertilizers) (13), and they are now widely used for biological control of fungal pests in
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 i
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
Section |: Molecular taxenomy of Ding et al., 2020

Trichoderma
* Chenthamara et al.,, 2021

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

Section |Il; Ecological genetics of

S * 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 7richoderma that requires analysis of the three DNA barcodes (ITS, tef1,
and zpb2) 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 7richoderma 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 7richoderma 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

~19~
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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. DOI: 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 7richoderma spp.
because of the significant bulk of available knowledge, multiple genomic data, and gene
manipulation techniques. However, the established role of 7. reeses in 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. reeses 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 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).
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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 7richoderma 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 7richoderma 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. reeserin 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 7richoderma - cerato-platanins (CPs) in submerged
conditions: "Gao, R., Ding, M., Jiang, S., Zhao, Z., Chenthamara, K., Shen, Q. Cai, F.,
Druzhinina LS. 2020. The evolutionary and functional paradox of cerato-platanins in
fungi. Applied and Environmental Microbiology  86:€00696-20.  DOLI:
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 7richoderma 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.

o
o
MORPHOLOGICAL
SPECIES CONCEPT

PHYLOGEMETIC SPECIES
RECOGNITION

ECOLOGICAL GENETICS
ECOLOGICAL GENOMICS

ECOLDGY AMD BIDGEDGRAFHY

f J |}
- L - =

INTEGRATIVE TAXONOMY
AMND POLYPHASIC
APPROACH

FIGURE 2. THE SCHEMATIC TIMELINE OF TRICHODERMA SPECIES RECOGNITION AS
DESCRIBED IN CAI AND DRUZHININA, 2020, FUNGAL DIVERSITY.
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In honor of John Bissett: authoritative guidelines on molecular
identification of Trichoderma

Feng Cai'**@. Irina 5. Druzhinina'**42

Recelved: 3 September 2020/ Aoceptad: & Movember 2020
©The Authors) 2021

Abstract

Modern taxonomy has developed towards the establishment of global authoritative lists of species that assume the standard-
ized principles of species recognition, at least in a given taxonomic group, However, in fingi, species delimitaticn is fre-
quently subjective because it depends on the choice of a spacies concept and the criteria selected by a taxonomist. Contrary
fa 1L, identification of fungal species is expected (o be accurate and precise becanse it should predict the properties that are
required for applications ar that are relevant in pathology. The industrial and plant-beneficial fungi from the genns Tricho-
derma (Hypooreales) offer a suitsble model to address this collision betwesn species delimitation and species identification.
A few decades ago, Trichadermg diversity was limited to a few dozen species. The introduction of malecular evolutionary
methods resulted in the exponential expansion of Trchoderma taxonomy, with up to 50 new species recognized per vear,
Here, we have reviewed the genus-wide taxonomy of Trichoderma and compiled a complete invenfory of all Trichoderme
species and DMNA barcoding material deposited in public databases (the inventory is available at the website of the Interna-
tional Subcommission on Taxonomy of Trichaderma wwwirichodermae.info). Among the 375 species with valid names as
of July 2020, 361 (6% have been cultivated in vitro and DNA barcoded, Thos, we have developed a protocol for molecular
identification of Trichederma that requires analysis of the three DNA barcodes (ITS, tefd, and spd2), and it is supported by
onling tools that are svailable on www irichokeyinfo. We then used all the whole-genome sequenced (WGS) Tichode ma
strains that are available in public databases to provide versatile practical examples of molecular identification, reveal short-
comings, and discuss possible ambiguities. Based on the THotodernia example, this study shows why the identification of a
fungal specices is an infricate and laborious task that reguires a background in myeology, moleeular biological skills, training
in molecular evoluticnary analysis, and knowledge of taxonemic lterature. We provide an in-depth discussion of species
concepts that are applicd in Trichodermig taxonomy, and conclude that these fungi are particlariy suitable for the implementsa-
tion of a polvphasic approsch that was first intreduced in Tichodersia taxonomy by John Bissett (1948-2020%, whose work
ingpired the current study. We also propose o regulatory and unifying role of intemational commissions on the taxonomy of
particular fungal groups. An important ooteome of this work 35 the demeonstration of an urgent nesd for cooperation between
Trichederma researchers (o get prepared to the efficient use of the upeoming wave of Trichoderma genomic data,

Keywords Diversity - DNA barcoding - Hypoereales - GUPSR - Species coneept - Taxonomy - Whole-genome sequencing

Electronlc supplementary materlal The onling vession of this
artiele {hnpefdenongd L0 100T 813225020004 644 ) containg
supplementary material, which is svailable to aothorized users,

& Irina 5. Druzhinina Institace of Chemical, Environmental, and Bicscienca
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Introduction inte the predicament
of Trichoderma identification

Fungi are ubiguitons. They penetrate their environment and
impact multiple facets of human life, ranging from biotech-
nology, phyvtopathology, and medicine to hiodiversity con-
servation (Hyde et al, 2019, Precise identfification of fungi
is requirved for all mycological investigations and applica-
tions. It allows us to predict beneficial or pathogenic proper-
ties of individual fungal strains, monitor their distribution,
and establish safety measures. The recent introduction of
DMA Barcoding in fungal identification has significantly
improved species identification and reduced the associated
lakor (Schach et al. 2012 Va et al, 20049, However, the
precision of fungal identification is frequently impeded by
development of the underlying taxonomy (Lucking et al.
2020,

Taxonomy, which is naming, classifying, and describing
living crganisms based on the similarity of their charscteris-
fics and evolutionary history. is not an exact science {(Gormert
et al. 2020 Licking ef al. 2020; Schoch et al. 2020). Differ-
ent groups of organisms are classified based an their specific
characteristics and their role in the ecosystem (ee balow).
These differences can apply even to related organisms that
have unigue lifestvles (such as abligate biotrophs or sapro-
trophs) that are considered in species delimitation. Fungal
species can be frequently delimitated by expert faxcnomists,
ather fungal researchers, and amateurs. Although they all
will provide sufficient material for the formal laxonomic
descriptions, the taxonomic approachas will not be the same
(Fontaine el al. 20 %; Garneft et al. 20200 Expert taxono-
mists can represent different schools and generations, and
thus, they will use unequal approaches and methodologies,
Therefore, no nomenclatural codes ean specify the criteria
that were used to recognize taxa, Zoologists have recently
proposad the establishment of global species lists that should
be hased on universal principles of science, lransparency,
and political compliance (Garnett et al. 20200, They speci-
fiedl the key role of taxonomic communities in consolidation
of such & list and taxa approvalirejection. The implemen-
fation of such high-level taxonomic regolations supporied
by stakeholders (faxonomy users) can consolidate expert
EIOUS.

In fungi, which comprise one of the most diverse group
of eukaryotes with the predicted diversity of several mil-
lion species (Choi and Kim 2017; Hawksworth and Lick-
ing 2017}, the unification of taxonomic eriteria is impeded
by the scarcity of fossils, weegular lifecyeles, and relative
marphalogical simplicity, Species delimitation is hindevad
by the difficulties of defining boundaries of individual
fungal organisms or populations, diminotive bodies that
develop inside of a substrate, and excepfional metabolic

ﬂ Springer

and ecological plasticity for which obszrvation may be ham-
prered. Therefore, DNA-basad techniques allowed a virtual
restart of fungal taxonomy hased on the new level of preci-
sion (Litcking et al. 2030, and unprecedented success wilh
unification and standardization was achieved (Tavlar 2011;
May et al, 2009), Molecular technigues alse led to diseovery
of the hidden fungal diversity and fueled the ongoing debate
of the clagsification and naming rules for the fungal “dark
taxa” that are cnly known from their DNA sequences and
have attracted great attention of fungal taxonomists (Nilsson
et al. 2001497, The main consequence of the new methodology
is prohably not the taxonomic criteria unification boi fhe
sharp increase in the number of taxa (of all ranks) among
known fungal groups (Taylor et al, 2000, Hawksworth and
Locking 24 73, Mumercus genera of common and indostri-
ally or agriculturally important fungi such as Perfcillium
and Aspergiling (Houbraken and Samson 2001; Sklenar
et al. 2007; Steenwyk et al. 2009 Honhraken et al. 2020)
have been recently taxonomically revised, and ample spe-
cies combinations were proposed within previous species
complexes or clades. Recognition of more species is consid-
enzd to he a useful practice becanse it leads to the scourate
and precise diagnosis of potential pathogens, prediction of
beneficial properties, and an impeoved overall understanding
of fungal diversity and ecology (Hyde et al. 2019; Bajpai
etal. 2009}, However, becanse the identifiability of new taxa
(Boo 17 is not always evaluated, even well-studied groups
of fungi can rapidly move from the rear of fungal taxonomy
to its frontline.

Trichoderna as a suitable model for integrative
fungal taxonomy

Ubiquitous myestrophic and phvitosaprateophic fungi from
the genus Tchoderma (syn. Hypacrea, Hypocreales) have
been known to mycologists from the beginning of the formal
taxonomic records for fungi from the late 18th cenfury (see
Persoon 1794). For 200 years, investigation of Trchoderma
(and Hypocrad) developed with the pace of all mycology,
and it was mainly based on investigaticn of its teleomorphic
stage Hypacres [the name is oot Inwse, (Tavlor 2011, Koss-
man et al, 200137] that is tractable in the scientific literature
(reviewed elsewhere, for example in Rossman et al. 2013;
Jaklitsch and Voglmayr 201 3). In the mid-20th century, only
a few species (or “species aggregates™) of THokoderma were
proposed (Rifal 1969, However, similar to other common
fungi, the last two decades sharply transformed Tricheo-
derma 10 the species-rich genus (Dreuzhinina et al, 20006,
Kubicek et al. 2008; Jaklitsch 2009, 200 1; Alanssova el al.
2013, Bissctt ot al, 2000 3) that made it comparable to such
fungi as Fusariam (Hypocreales) Aspergillug, or Penicil-
fieeee (Burotiales) and left all sister hypocrealean or even the
model genus for fungal biology Newrespora (Sardariales) far
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Trichoderma tor humankind, Approcimately 50 years ago, T
reesed wits recognized as a highly efficien producer of plan
biomass-tegrading enmymes for biofuel and other indusiries,
A couple of decades later, several other specics (T, atro-
viride, T. viveas, T, favzigenm, and others) were proposed
a5 potent bioelfectors for plant protection (fisfungicides)
and plant growth promotion (eferilizers) freviewed by
Harman et al, 2004, Druchining en al. 2011 and others), amd
they are now widely used Tor hiclogical contrel of fungal
pests in sustainable agriculiore (Siocontrol), Trichoder o
wis also documented as the causative agent ol the green
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meld disease on mushroom farms (Komoni-Zelazowska et al,
2007 and as an opportonistic pathogen in humans (Sand-
oval-Thnis et al. 200473 This resulted in the rapid increase
of scientific publications hased on Techederma species
(Fig. 1}, The second reason that wltimately contributed to
fthe sndden increase in the species number is the nse of either
phylegenetic (PSKE, Box 1) or the genealogical concordance
phylogenetic species recognition (GCPSR, Box 1) concepts
and DNA Barcoding technigues in THecfiodermea taxonomy
and the subseguent modification of the criteria for species
delimitation. Before the intraduction of DNA Barcoding,

e o §E i el e

frichodernin species were recognized based on thelr mor-
phelogy and growth characteristics, However, the introdue-
ticn of melecular methads and, in particular, the extensive
uge of GCPSR (Box 1) resulted in the recognition of several
hundred Trichodermea species (reviewesd in Druchinina e al.
2006; Atanasova et al. 2013) many of which were dalimi-
fated within previonsly existing species complexes or clades.
Althongh the applicaticns are still restricted o a fow spe-
cies, the growth of species richness positively influences the
Trickodermea scienee development as the mmber of Tricho-
derma-based publications grows proportionally o it (Fig, L

Another striking properly of Trichodermea that makes i
a useful model of taxonomic studies 1s the evident lack of
hidden diversity or “dark Trichoderma species” (Migheli
et al, M09, Friedl and Drozhinina 2012; Hagn et al. 2007,
Meincke et al. 20105 Lapez-Cuintero et al, 20035 Rohrich
et al. 2014; Jaklitsch 2004, 201 1; Jaklitsch and Voglmayr
20L5), meaning that most or all species can be successfully
cultivated in vitro, Therefore, Tichadernia spp. can polen-
tially be extensively phenatypically and physiologically
characterized along with laxonomic or nemenclalural
acts (Samucls et al, 20606, 20012; Druzhinina et al. 20700;
Chaverri et al. 2005; Bissett et al, 20033, The possibility of
the extended ecophysiclogical profiling paves the way for
the introduction of the integrative {polyphasic) taxonomy
for species delimitation, 1.2, the combination of gensal-
ogy (phylogeny ), phenotype (inchiding autecology), and
reproductive hiology (when feasible) (Licking et al. 20200
The analysis of & relatively large number of whale-genome
sequences [WGS ) for Trickedern spp. {s2¢ below) also pro-
vided insights into the evolutionary timeline of this genus
(Druzhinina et al, 2018; Kubicek et al, 2019}, Thus, Tricke-
derma can serve as a uselu] model for the observation of
faxonomic development with an impact on the precision,
accuracy, and ambigoity of species delimitation and suhse-
quent identification,

The challenge and the aim: identification
of Trichederma species

To address the current state of Trichoderma dentifiability
al the species level, we invited researchers working with

ﬂ Springer

these fungi to perform an exercise cn DNA Barcoding, The
responcdents wers offered an anonymous online survey where
they could insert their idenlification resulls along with the
deseription of the identification procedure, their experi-
enece in the area, and comments, For this test, we picked
two unpublished Trichoderma strains that had sequences of
DINA bareeding leci that were similar but not identical to
those that were available in public databases in Moy 2020,
Euach strain was represented by a set of the three sequences
(ITS. partial sequences of tef], and rp62 genes, respectively,
see Box 1 and Below) and a brief description of the hahitat.
Mo information on biogeography, morphology, or physiol-
oey was provided. As shown below, one strain belongs o T
suizhorende (TUCIM 10063, nick-named a “mycoparasite”
in the survey], which i a sister species to T karzionum (L
el al. 2013; Chaverri et al. 20015). Another strain (TUCIM
3640, nick-named an “epipliyte”™) represents a putative new
Trichaderna species (77 sp. TUCIM 56400, which is await-
ing its formal description if additional material will become
available,

The survey was completed by 47 respondents (Fig. 2).
Among them. 82% described themselves as experienced
Trichoderma researchers, including 13% who were also
experienced in advanced DNA Barcoding of fungi (puta-
tive taxonomists). Ten (21%) replies diagnosed both strains
correctly (see below), while 23 respondents (49495 failed o
identify beth sequences, T, zuizhowense was identified cor-
Tectly by 20 respondents, and the second strain was assigned
Lo putative new species by 14 respondents (ree falow), The
aceuracy of identification did not correlate with the experi-
ence because nearly one-half of the correct answers were
given by beginners, while ten highly experienced Tricfo-
dermag scientists failed to identify bath strains (Fig. 23, 5imi-
larly, time had no effect on the identification becavse the
average time spent for the correet and ineorrect answers was
simalar 1o the total average (33 ming ANOVA, P> 0,05).

[dentification of the WGS straing provided an alterna-
tive measurement of Trchoderma species identifiability
by the experts because genomes are usnally deposited by
researchers who specialize in this fungus. Therefore, we
have assessed the identification of Tricfodermo strains for
which the WiGSs have bean available in public daotabases
(Table 1), Among the 42 straing, (wo strains were deposited
without species names (a8 Tichaderma sp. IMV 00434 and
Trichoderma sp. TW 219901, while the original identifica-
tion of 13 strains (35% ) was not accurate (Fig. 2, and fefow),

Thns, these two tests demonstrate that the accurate molec-
ular identification of Trchaderno species 13 a considerable
challengs for experts who do research on this fungus. Tt is
nat easy even [or specialists in fungal taxonomy. The dif-
ficulties related to identification are also refiected in the
fact that more than 2000 Trickederma records in the NCBI
Taxonomy Browser were deposited as “Trichodenmg sp.”
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Fig. 2 Molecular identifice-
tion of Trichedernn straing by
experts, i The online sarvey
resulis on 1he identificalion of
thie two wiknown Triclode rna
solutes besed on the combi-
nation of primery (T5) and
secoadary (el and rpil) DMNA
harcodes, The survey was com-
pleted by 47 voluntesrs with One of
experience u the eren The level v

of heir expertise was provicded spocies
by the respondents, b The cor- jdantified
rectiness of spocies wentification
ol 42 Trichexderma 1solates, for
which W5 ere evailable in
public databases in Julby 2020,
“Uncestaie” cocrespond to
sitains et wene deposited as
Titvhoede e sp.

Cormect

and peu”

Identificaticn of these 44 (2 4427 strains also challenged our
skills and riggered the sidy on bow o identily a Tricho-
derma species, which is presenied below,

Thus, this work addresses the problem of moelecular
identification of Trichedermea at the specics level, We have
selected the “white paper” format o provide a review of
Trietorderma taxonomy and prepare the autheritative guide-
lines for the accurate unambiguous molecular identification
of Trichederma diversity that is recognized by the year
2020 For this, we ficst provided a complete inventory and
a cumulative summary of Trichoderma nomenclaure, and
reviewsed the current state of its molecular taxonomy. Sec-
ond, we developed and explained the protocol for molecular
identification of currently valid Frichaderma species. The
comparison of ITS sequences for Trichoderma spp. and is
neighhoring genern allowed us 10 setup a similarity thresh-
obd o estimate o query strain for it possihility of heing a
member of the penus, We also used the variability of the two
DIMA barcoding markers (epbe2 and feff, Box 1) between the
currently defined species and set the numerical standards of
the similarity threshold ar the level gt which i is sufficien
for species identification for most of the existing species,
Wi then provided practical cxamples of DNA Barcoding
showing how the identification results can be presented and
give examples on how a new species hypothesis can be pro-
posed. Finally, we developed recommendations Tor Triche-
dermna laxonomy providers and laxonomy users on peefocm-
kg diversiy studies, For this, we introduced the sewwirich
akey.com and the wawrrichoderma,info web resources that
dedicated 1 Trichadermg lanonomy and molecular identili-
caticn., We concluded that the genus Trichoderme is highly
suitable for the application of the inegrative {polyphasic)
tsonomy hased o genealogy, ecophysiology, and hiogeog-
raphy, which was initially proposed by Jobn Bigsen for these
and other fungi (Kubicek e al, 2003; Komoni-Zelazowska

M 2dvanced [l Esperienced

Beginner

el al. 2007; Hovos-Carvajal e al. 2009), and therefore, we
dedicate this work 1o his memory. We also proposed a regu-
latory and unification role of International Commissions on
Taxonomy of Tichoderna (ICTT for the approvalfrejection
of new specics proposals,

Assumptions made in this study

In this study, we assumed that the genus Frichadernu
included species tha were originally described as Tricho-
dermr (hasionym) or fransterred Lo Trichodera from other
genera (eembieatico nove; comb, nov.) such as Hyvpocee,
Prafocrea, Aphvsiasiroma, of Sarawakus, according 1o
Rossman et al. (2013). We also consideced all Hypocrea
and Protacrea records in the WCBI Taxonomy Browser that
wiere trans ferred o Trichodarma because they were congist-
et with the aim of this study (molecular identification of
Trichaderma), However, we did not consider all specics
names of Mypocrea that were deposited in the Index Fungo-
rum and Mycobank that had not been formally transferred o
Trichoderma because they may he members of mher hypoc-
realean penerd (e.g., Hypowyees, Hypocrella, Moetleriella,
Protocreopsis, Clindoniella, Avkinsonella, Silbocrea, Rat-
tarrina, Podoecrea, Neciriopsis, Myriogenospora, Oplio-
cordveeps, Arachnocrea, INallovpocrea, Selivie, Necitria,
Epiclilie, and others) or unrelated taxa (Broonella, Amplis-
phaeria, Thwemenetla, vpocvlan, Penzigia, o Amplistromea
and Plowrightia).

Here, we focused on molecular identification using in
silico methods and corresponding records in public data-
bases, In some places, we indicated instances of incomplete
reference material that were deposited into public databases
or revealed idemtilications that could have mcreased accu-
racy, precision, and ambiguity, However, we assumed that
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Table 1 Trickoderma strains with WiGSs that wers deposited in public databazes before July 2020
Sirain IC Spovics Identification  Genome 10 Ruferences

= T acCusacy
[his sludy nitinl

OMea" T resqef T recsei \,,-'r GCA_NONNGHES, 1 Martinez el ol (2008)
CERS 999,497 T recsei T reesei 3 GCA_NOL999515,1  Tisch ot al, {2017)
CES 1259257 T peraressel T panarecsed 1,.n'r GCA_DOIOS0ITS L Yang etal {2015}
CES 816687 T fongibrachiotion T langibrachtaium 1,|"' GCA_ 0030251551 Druzhinina ecal. (2018)
MEL T tongilraciiaimm T fangibrachionm 1,.n'r IG1 1185339 -
SMF2 T lengibrmeiiatimn T longibrachinim y GOA 000G32TTS L Mie etal (2014)
JON 15353 I .L'cmgmrucﬁia.rnm T &rmingﬂ 0 GiA_DDTUS0475.1 Fumelli et al. {2015)
TUCIM &6 T el citrinoviridd T citrincviricde Wi GOA_ 0030230151 Druzhasing e al. (2018)
CHS 226457 T harianm T haarzigrenm \,,-'r GCA_DDZE095, 1 Druzhining et 2, {2018)
TR274 T barcfanum T hepreiamuems \r-'r GiCA_O0ZE38R45.1 Kubicek eral. (201%,
ns7 T haraianim T Farziamis \,,-'r GCA_DD990665,1  Compant et al. {017}
T2 T afrofurrzivnim T hawziasinm 0 JGI 1185335 -
THTTH T afrefurrzianm T havziannm o GCA_DDIKEEEGE1  Bavoncelli et al, (2015}
MIAT 4742 T0 s NJAU 4742 I guithonense ] GCA_D02022T85.1  Druzhinina et al, (2015)
nano T sp M0 T harzianinn 0 JGT 1185333 -
VY 00454 T airaanossil T sp. 0 GOA 0019319850 Fanelli et al, {2018)
CFAM-422 T el endopleyticien T lendiformee 0 GUA_ITT63451 -
TTEM =8 T ef. atrobrimng e T aarohrmawesion 1,."'0 GCA_NDMAER15, 1 Fanelli e al, (20018)
TFhul 10 spr TPhad T pl’uumﬁ o LA 7216651 Funelli e al, {2015)
Trl T plerroticoli T. harziansm ] GUA_DMIS94145.1 -
Gyaoal T wlrens T vlveng ‘.,n'r GCA_DODITOR85. 2 Hubicek ecal. (2001
FT-333 T wirens T wireng ﬂ,,-'r GCA_NOCEN0F15, 1 Fanelli etal (2018)
Ty-1511 T vironz T wiride ] GUA_DOTEMGARE1 —
T 30k T s aff, pesceiseun IMT HMDGT T wireny 0 GOA_DDI835465.01  Sherkhane et al. (2017)
IMD 206040 T. atroviride T, asrovirice W GCA 0001710052 Kubicek ecal (2011)
B0 T atrevivisde T atrovirisle \r-'r JG1 1185343
JTCM 5410 T, arroviride T arnpviride \,,-'r GCA_DOLS99035, 1 Fanelli et al, (20018)
L ) 1" atroviride T mroviride \,-'r JOI 11E5341 -
Fl T arroviride T arrpvinide 1,,-'r TGI 1185357 -
MR20M5 T arrpvride T arpgviride 1,|"' GOA_DO0WG3TR5.1  Shi-Kunne etal (2015)
LY357 T sp LY 35T T, wtroviride 0 GCA_D02MIoEDE1 -
TahBS T gemiti T. pamaii W GCA_DOL451TTEY Baconcelli atal (2016)
ASMH T s adl pramnsdi ASMH T genamesid 0 GiA_ (8042051
POST T sp aff, Rowringlopsiz TNOST T Koridnglogeis 0 GOA 0022469550 Casteillo et al, (2017
B 12 ef. aspereiiiom L asperelim W GUA_ODDTIZORTT  Fanelli etal. (2018)
CES43357 T aapere il T, aspereiim 1,,-'r GCA_NO32EI05,1  Druzhinina et al, {2018)
TRI36 1. aspersloides 1. wsperelln ] M.A. -
Ts93 T azpereloides T wsperellim 0 GUCA_DMISHERESD -
Ghiz T dwtmitiom T harnation 1,|"' GOA_000G31835.2 Swdholme ecal. (2013)
IBT 40837 T, arimdindeeinn T aivirdinacetm 1,.n'r GOCA_ 030120051 Proctos ecal. (Z015)
TBT 4841 T el brevicompadtion T brevicompachon \.‘rﬂ GiCA_ D030 20851 Procior atal. {2018}
Tw2les 1T cyanedicharomag T sp. o --,-‘r GCA_DIDDISEL5,1 Ehou et al, {20207

T type stmdn: o, orgingd fdentifieation was sccrtes O, odgingl identification was in correcl, T, ap. [stmin 10]-

i pulidive new apecied of

Trichodernms for which no sister species is known, T, spo aff. [species name] [strain ID]—a putative new apecies of Tichodernna for which a
sldler species 14 detecied; T, ef. [spectes namea] and T, aff. [species nama)] cases where mamblgoons identfeatdon 8 currently nod achievabla
wilthout a detailed taxonomic revision of the group, M.A. not available
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the sequences ind species descriptions were correct (Le., we
ignored incorrect seguences, not incorrect identifications).

We also assumed that all formally described species com-
plied with the requirements of the Code (May et al. 2009,
Box 1) irrespective of the species criteria applied, and that
the material studied must be identifiable.

The importanes of the Trichoderme taxonomic history,
the scope of phenotypic assessments, morphology, bioge-
ography, ecology, chemataxonomy, relisbility, and avail-
ability of reference specimens were highly appreciated but
fhe detailed consideration of these aspects was beyond the
seope of ihis survey.

For the sake of easier reading, we used the short taxoe-
nomic names, e aveided listing suthers” name(s) and the
publicaticn year of species names, For all species, this infor-
mation is available in tables and in the aceessory websites
werwtrichoerma.info and www.trichokey.com, Exceptions
made [or the case where these parts of the formal species
name are discussed.

The state of Trichoderma nomenclature,
taxonomy, and DNA Barcoding by the year
2020

To estimate the state of Trichaderme taxonomy, we first
collected all Trichederma names and the former Fyprocres
names ranslerred 1o Fichoderma according (o Rossman
et al. (2013} that have been deposited in the three major
faxopomic databases, which are Index Fungorum (htip:!
warwindexfungornm.org’}, Mycobank (hitpfwawmycob
ank.orgd}, and the NCBI Taxonomy Browser (hitps:(waw,
nchinlom.nih.govitaxonomy ). The comulative list is pre-
sented in Table 2 (see the digital sortable version at hntps:f
trichokev.comdindex, phpftrichoderma-taxonomy-2020 and
a printable version at bitps:Airichodermainfoftrichoderm
a-taxonomy-220 Tt summarizes the results in which s
serecned Trichoderma for the names that are currently in
use, names that are not in wse, orthagraphic variants, and
other synenyms, Then, for each species, we cellected the
reconds foe the reference strain (holotvpe or ex-type specified
with the original species description or its valid substitute)
and recorded the distribution of DNA Barcoding markers
and the total number of DNA Barcoding sequences archivad
per cach species, The assessment of the accuracy of individ-
ual sequence attribotion to a given species name was heyond
the scope of this research {see “Assumpticns” abowe), but
this issue 15 partially addressed below.

Trichaderma nomenclature

The inventory of Trickederma nomenclature resulted ina
complete list of 464 nonredundant species epithets (Table 2.

Among them. 90 nomes are not currently in use (Bissett
el al. 2015}, including 22 grammatically incorrect names
(orthographic varianis) that have been replaced by their
corrected versions (Tahle 2). Several names are considerad
to be invalid becanse their deseription did not follow the
requirements of the Code (May ot al. 20019) ar the deposi-
tion to public databases was not performed or was made
incompletely (refer to T cyanodichetamons nom. inval. at
WCBI Taxonomy Browser as an example). The contempo-
rary valid nomenclature of Trichodermea spp. consists of 373
specics Names.

The Latin names of Trichodermia spp. most eommanly
reflect macromorphology of the telecmaorph and the culture
appearance in vitro (e.g., L viride, T ciirinum, 1 citring-
viride, T, pulvinatem) or the microscopic features of the
species (gg., T helicom, T, spivale, T, crystalligennm, T,
comipactum, T, ochlongisporum, T brevicompactum, T, Ion-
sibrachiarum). Some names indicate the species ecology
(e.g.. T peycirophilum, T ageressivam, T, endapfoericam)
of the suhstrates and hosts (e.2., 1 arenariam, T banrosns,
T alui, T parepinwces, T epingyees, T, plewras, T tead). The
etymology of many Trickodarig specics names corresponds
t the names of continents or regions {e.g., I caribbaeum,
1 ginense, T owtericomam, 1 sinoausirgle, T suropaetin,
T mediterrancum), famous gecgraphic hallmarks such
15 mouniaing or river basing (g.g., T sheanongfianmm, T,
cliangbatense, T, amazonicun, T alpinum), or they reflect
political or historical-geographical names of the sampling
locations {e.g., 0 aerfiiopicum, T linghiense, T, austeiactin,
F britowmicum, T brirdanige, T comerunensze, T cosrari-
cense, T danicum, T extonicwm, T, guizhowense, T, hain-
onerde, 1 kengnense, T hisponicum, T2 honglonpensis, T
febeiense, T, intrianwm, T Qalicum, T. koreanuwm, T, mora-
vicum, I' novae-zelandice, T, sulawerense, T, taiwanense,
T thailandicum, T. vbetense, T, vunnanense). Maming after
colleagues that contributed (o Trichaderma research or the
development of Triclioderma-hased applications appears to
be increasingly popular and appreciated, such s 1 befrari,
T biggerdi, T cheni, T, chreizeiant, T, dinglevae, T eifi, T
evarstt, 1 gameli, T hardfomen, T Heclfeldine, T parvos-
tod, o petersenii, T prisciloe, T, reccei, T, wifuii, T, roger-
sontt, T samuelsii, T, cimmensti, T, voghnayrti, and others.

For cryptic species that are merphologically identical to
previously described taxa, anthors reguently compose Latin
names by adding Greek or Latin affixes “nee-" {new) (e.g.,
T neacrassuny, T neokoningti, T, nearufoides, T neovufion,
I neosinense, T neotropicale), “preudo-" (false) {e.g.. T
peendabiitdonioe, T, prewdocandidune, T, psendadensum,
T prendogelarinosum, T, prepdokoningil, T prendolac-
tenr, T, prewdonigrovivens, T, preudostraminenn, b, Vpara-"
(near} (e.g., T paroreesel, T, pararogersonii, T poratro-
viride, T paraviridescens), or “-oides™ (likeness) (e.g.. T
aiprefloides). Prefines such as “eu-" {rue), “sud-" {under),

":'3 Springer
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Table 2 The complele laxonony of Trichadenng “’ul)I 2NN

3 pe) TARDRO MY l— IDERTRICATION
1%
iii £ :
| - -
‘i. 3 K E|species nams P a6 g 1
H i e i |als 5| £l F|cormartiana | &
g EH 1E _Iw-'l-r' j
o 3 5 | ]
camts | 8 (5] 3 31 jaasy i B HEIE CE e
T, | proatruse LS — mm| o | 10 1=
T |aadeoress  [tatul, ektertan & wow| B | 1135TH | I
i fsusaimina . . rac | o 1111 P .
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w130l T, [ e domae (L B | Gud | 0603 bl |
amuals Drpartat,
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T [iamurh & Chzend I
joeso T. |rodmona e L zoa| CEL | LboE ] o
0 T. |morgorateme atien zma| cns | 1zasdo =
it | 4 m;..muh | cms | s - [Ree—— -
- T.|ourertioefaum  |aisan may| coms | s
T, [dami g Lin B Rebie [ R0 COREL|  LETT
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|iaibiuh & Vogmm|
T |faitiai oy | ks | 130008 i
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st & Voginrn 2ma| cws | 120ame
it K oginm zma| b | 13849
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“wega-", Cmegalo-" (g, “peote” (frat), and Czefe™ (real)
are also used (e, T encorficioides, T, custadiense. T, sub-
viride, T, subeffsum, T megalociteinum, T, melanosiag-
wem, T, zelolarzicenn ), There are no preferences for ong
naming strategy for Trchedersa. The etymology of cach
name is usually justified and explained along with the spe-
cles description,

The common issue of Trichaderma nomenclalure thal is
difficult to correct is the use of grammatically wrong formal
scientific names ( Table 2) (May et al. 200%), We calculated

Fal Springer

that nearly 80 Trichoderma spp. wene fiest deseribed using
incorrect grammar, Even when corrected, such orthographic
varignts remain recorded in public databasces as synonyms.
This ultimsately allects the identifiability of the specics and
conluses the taxonomy wsers. For example, in MycoBank,
the orihographic variant “T. plewrorn Yo & Park (20067
[MBAS04TSS] 15 recorded ws synmvam of grammatically cor-
et T plecron Yu & Park (2006) [MB#5469065], Although
the details on the name stalus appear on the page with the
detailed profile of the MycoBank record, the main page for
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S - B e el s
re g T. | frucepui bRk 521
Ll B T. |midados anueh -
| e T, |coeraros ety 2| 35
Ak | b T. |strevmatieum ek B P o Sdlwdth :Bmi 25
LS Bl B T. | Foviiigioos U e #‘II 25
e T. |rompies Briie |1 Fabiich & Sracis (200 ATCC
B 43 L T | e o i s B T gl 5T | HMAS
it o] T. |shefvison enie hea & Dhaarg BET| HMAS
1 T, |wermiciahes s & Elmang 2007 | HMAS
T. | et K hes & [naang 2auF | HMAS
v [ T. |vermipihis el BT S
CEE T, | B ket R | RS
1|5 T livariense tamui Bl e
tiw T | Morcasmm amel EC I
e T, [hainenemes b By [ g 257 | HMAS
TS L LkEiah Bt e
R ke & Thaarg 2087
Wl b & P ang 37| HMAS
m T. |oefeme Chea & Chaang 3208 | HMAS
Exs T, [anguidum AnE Taang 2247| HMAS
ey M ir 1wl
204 |32 Niseir FETE)
E sl 1982 o35
o Chen B Thaang 2087 | HMAS
i b Chen & Fhaarg 2004 | HMAS

the arthographic varian ME#304755 has no indications
that the name sheuld not be used hup:iwww. mycobank,
orgfBicloMICSDetails. asps?Ree=420470), The NCBI Tax-
onomy Browser does not have the incorrect orthographic
variant listed, but incorrect sequence information appeared
larpely in the NCRI Entres search system, For example,
“Trichoderma plegratamn™ was used in the delinitions of at
least 14 nuelestide sequences and will appear in the resulls
of the sequence similarily search (BLAST). Although on

GenBank pages such as hipssfwwownchi, nlm, nib govinocoo
refEU279975,1, the “Source™ and “Organism™, are correct
{as Trichoderma plewreti), unexperieneed users may mis-
take the incorrect orthographic variant for species identi-
fication and, thus, unintentionally amplify the number of
ingorrect reconds, Therelome, it is highly recommendesd o
carelully consider the grammar of the Latin language and
#sk the cxperts for the grammatic verificalion of 4 new
name proposal. The San Juan Chapter F of the Code (Box 1)
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T. | ploe¥eni danc Pyl bt & breieln

T. | Botilesie g & Thwaig
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17 ind Masag HMAS
FhI b, Park & Lin -4
1 Raseir

2k, O K Lim
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Zpchu, Chaverd & sl
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LkNiah & Chaeari

intreduces the correctability for incorreetly cited identifiers befow), Before introducing molecular metheds in fungal
taxonemy, the most significant contributions were made by
C. H. Persoon (11 species, htipawww.indexlungorum.org’)
and M. A, Rifai (six specics) (Rifai 1964, 1. Rissen with
colleagues, worked on (the edge of DNA Barcoding times
The corrent taxeoomy of Trichederma was provided by Ohe 90% of the 200h century ) and recognioed 24 species,
1749 mveologists who researched the diversity of this geous including some that have been DNA barcoded (Table 21, The

of names and 1vpifications (May ct al, 2009).

Timeline of Trichoderma taxonomy

[or the last 236 vears starting from the first proposed and  most substantial conteibution o Frichede s taxonomy of
still-valid species name T vivde Pers, (18320 (Fig., 3) (see all time was made by the groups of W, M. JTaklitsch [> 120
Fal Springer
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000G, 2001 Taklnsch et al. 2005, 2006,
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FE S E Daf 1Pt | Chaseni 2o 35 | 10080
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T u R fhurg aeep| s | azine
FITS Chen & Thaang 37| HMAS | JLIEG
e i Lkhian oo s | paonm
G . | i Chen & Chasng 2007 NiMAS | 248E21
[ —— ¢ has & fhasrg 2007 WMAS | 43633
Pl 4 pluﬂd.num Cham & Chaarg 2007 HMAS | 24328
1 . adat Lkliah 300 =11 110833
I Mﬂﬂ“l!m 2000) HMAS | 47367
2am | rp e Chen & Phmarg 2007 NMAS | 243E5E
FL . |ehulipian) Lkl . Vopim 2oes| (B3 | 832572

2000 Taklinseh
20K}8a, b, 2012,

M3, 20045 Jaklitseh and Voglmgyr 2002, 2003, 2005)] and
G. 1 Samucls |= 70 species, (for cxample, Samucls ¢t al.
2002, 20046, 2000, 2012; Chaverri et al. 2015; Chaverri
and Samuels 2003, Lo ot al, 2004, Chaveeri et al. 20113
that worked alone or collaborated with cach other and such

researchers as C. P Kohicek, E. Lieckieldt, H. Voplmayr,
and P Chaverri (Fip. 21 Most of the above-listed 1axono-
mists except P Chaverri have completed their research in
Trictoderme diversity, Current active taxonomy providers
for Trichoderma arc W, Y. Fhuang and her colleagues who
have named > 83 specics in the last five years Cfor cxample,
Chen and Zhuang 2006; Qin and Zhuang 2016a, ¢ Chen
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it T. |spiaie i r 1w 035

ik T. | Ao e ¥ b B P ang BERF| HMAS
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X T. | abfomptrponm sl | s
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s r.|Aunus T Lt 2e| cas
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He T. | simiorkin iBek | ki wh K agineg (20a] a5

and Shoang 200 Ta, b, ¢, d; Qin and Fhuang 2006b, 200 7),
However, the most recent specics that appearcd in 2020 were
also described by sciemtists who are new o Tricloderma
taxonomy [Tomah el al. 2020; Ding et al, 20200 (Table 2).
Comact details for the corrent experts in Trichoderma 12%-
onomy e available on the Tnernaional Commines on Tax-
omomy of Trichoderma (ICTT) wehsite (wwwirichoderm
a.info), which replaces the currently unsupported www.isth,
info (see below).

Fal Springer

Beginming in the Tate 18th century and for the Tirst
204 years, cumulative taxonomy for Trichodermes and
Hyvpoereg developed at a steady rate, accumulating one
OF Lwo Tiew specics every two years (Fg. 20, This mainly
includes the weleomorphic species that were originally
described as Mypocrea spp. and were recently transferred
1o Trichaderma secording o the contribution of Kossman
el al. (20030 In the 19905, shortly belore introducing DNA
Barcoding in fungal diversity research, there were almost

[0 - varze vazas [ amicte o - 55 B

[ ras ot - i

[ iepaic : 12aza0ze

~40~

505
il
BT
BOE
B
Sy
&1

1



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

b

now

3
i
r ki

513
514
515
516
517
518
519
a0

TU Wien Feng Cai Doktorarbeit

Fungal Diversicy

Talile 2 {conlinuet)

T, [pesusasigrodrens | Wineis, Samids & i [3200 | 515

T, |BpeHmm Chen & Ching 27 | CGMCT

(B babdoeh B diacas (2908 | DO

LRI

14 i hen B Phaarg 343

1| datipide e B Ehmang aad | Hmas

1t - et | Hmas =

10 thang B Thasng aem| Wz l=

e IT— P oH
T, |chromospermam |4 b b Samu 00| B5 =
. [eramecm & b e Srmasels B s
T, [swrotansum < bapaarei & Saraasis B Ha
T, [erameoiles LebBrach B Vgl s 305 m
7., |rewtormenm - har & Phaarg 2007 | CGMCT =2
T. |abrunnue ¢ havred B Rk 00| CRS 5=
T | chhares o i hreme | & Sarmuely 2003| CBG |2=]
T, |thalephoinain byt & Samuely 2om| CRG ==
F. |roubafum Tha B fhusg 205 | HMAS ==}
T, |rovafume ha, Shusng & 1 2007 | CGRKT
I.|cortorirame :‘mm‘ 2| o
T. |ehatamdimm e & Sl zem| cd
T. |Wrancartifovury  |vipsg | ladich & Vagmay (2004 o

121 F. [fupanmne |thra, Awsang & 10 2007 | HRiRAL

wn Em-:hmnm Sarpusia 2000

W F. |pesudocondidm | WMinnis, Semusda & Choveni (2000 B

10 F. | rowivide vifai 19| ol

70 . |ttt Lakkih 2om| CB5

= Y PP -:::Ialmmmnlm. el e

1= T. | f;;':m'“‘ ama| 23

nm . |duritoam '-__':"E:'w*""" 24| CES

1 ik uroioneralr Dol om | KM

1w . |biirand cum :w“'“"" ama| 025

1700 T. | giram ukilch zom| 25

180 L [F—— [ B vl g o

15% T. |l LErah B Vopke oy | CE3

1= T, |Wiosies ey 0w | CES

pL T. | ekl i [ b B Pl g 2md | HMAS

100 Hepocrea! Trichoderma names deposited for this genps,  the number of BNA barcoded species doubled o abou

However, with the introduction of DNA-based technigues, 200 CAtanasova i al. 2003 The maximum productivity of

molecular phylogeny, and the GCPSE concepl, the number — taxonomy providers was reached between 2004 and 2007
of Trietoderme basionyms started 1o increase expanentially, when = 50 molecularly characierized Triclhoderma specics
resulting in a “hockey sick™ shape of the plot showing the  were added per year (Fig. 3). The recent growth of molecular
species number against me (Fig. 3, In 2006, the Grae 100 diversity in this genus has slightly declined, bo sl leads
species were charscterized wsing moeleoular data (Druzhin-  tothe additdon of roughly & dozen new molecularly defined

ina et al, 2006), which was predicted o be accounted for  Frichadesma basionyms cach year,
ome-hall of the total diversity it that time, while in 2013,
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By the vear 2020, most Teichoderog specics have been
characterized wsing DNA-based techniques. We have
counted only 14 currently valid names that have not been
characterized molecularly because IDDNA extraction from
ol specimens Cailed (eg., T fatizonatem, T sito-ausirale,
and T, viridiflavim) or samples were not availshle for this
analysis (Bissett ot al, 200 5; Zho and Zhoang 2004), The
following eight unsequenced members of Trclode rimag were

Fal Springer
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transferred 1o this genus rom Sarmeskos {Hypocreales); T,
Mevasporwn, T. frapile, T izawae, T. rosellum, T. sordidum,
T subtrachvearpum, T swecisim, and T, frachvearpreom
by Jaklitsch en al. (2014 and T2 brevipes from Covdvieeps
(Hypocreslesh (Bisse ¢ al, 20050 {Table 21, None of these
specics are available for DNA harcoding.

The remaining 361 Trichoderma species (995 ) have been
sequenced lor al least one DNA Barcoding locus. In the

[0 - varze vazas

[ amicte o - 55

B

[ ras ot - i

[ iepaic : 12aza0ze

~4)~

536
538
B4l
E41
B4
5]
Gk
Sab



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

now

3
i
r ki

346
347

S48
540

a50

TU Wien

Fungal Diversicy

Feng Cai

Doktorarbeit

Table 2 {conlinuest)

Bhwil, Fabioak & % acecy

DAOR | 230008

B il

2000

1 #arke, Seurg Oh K Lin aoea| 85 | asared
159 L, Thung, Tud Zharg 2| CoMCE| 16

| amprih i whiony 2009 =19 119395
e remneh fomn S E oo c2s | 119075

i

2 Tormsh & Tharyg 2] HMAS | 243151
121 i, Dirg & Draibin s |caReC| 1811

1w amush S Wy 2008 a5 119058
RE ek E Sleen 2008 (55 119003
A Mokl iwh & Vopkeen zow| (235 | B3053F
i samuch, ol & o [20m) GAS | 9199

i fawnchi B Dol seen| 025 | aistas
100 Sl s 25 | aseTm
a5 . R B B 2508 | HMAS | 2T3TH0
s [l m""’“’””""“ se| 025 | dusmon
avis [ Lamuali R Dodd secd| [R5 | d1s0m
snn| = s ::‘:;é:;‘”"*m"“‘" sed| a5 | auamer
12 , A Tl B Doedd 006 035 | 15056
e , FY nidem n GASR | BE-117
e - A hea 2 Paang 2| WMas | TIE
-2 Ll e A Thaang 357 HMAS | 23795
- 'L::‘::':m:“ se1| cas | saoowd
stis |l et . ses| a5 | ammr
EIES 5 EN RAIT LR a5 M35
EIES o | Cham & Phaang 2007 HMAS | 243796
|3 el |z2e8! Gas | @118
1] ik | Same el 5| GAR | BTN
e FamuelvE Drurhing 2008 = 19 1509
e Cin Masng 2008 NMRAS | 2TL89T
e Lakliah & Vogh s | a5 | BAMSE
| Cham & Chaarg 20071 HMAS | 243010
3|3 inA& Maseg aoed | HMAS | 2TATES
b Lakhiws DOUL | WAL | 20081 T
¥ !:’;L’:"'-““““ amal ted | iramte
0 famurly 2000 55 FRL i )

1382

following section, we provide an overview of the taxenomy

and molecular identifiabality of these specics.

Reference materials that are available for molecular

identification of Trichoderma

W first reviewed the Teichodermg specics names that
were deposited into the three main mycological taxonomic
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databases by May 2020, The largest number Callivalidy were

recorded in Mycobank (436/361) and Index Fungorum
(422735359 (5ce “Assumplions” above ). The NCBI Taxonomy

browser contained 336 names, among which 12 are not in

st (Table 21, a5 follows: 1 aliven, T glawciesn, H pachy-
faginides, T Inteffiswm, 1. fomitopsis, T sulsalpiiaretm,

T wndaripile, T, cvanodichotoms, T subalnd, T vigosim,
I acremonioides, and T, sulicilofdes, The [our currently
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abandoncd names—T, afbim, T, glavcum, T, fomitopsis, and
T subswlphrens,—were retrievable as valid from all three
databases.

Although all three depositories are powered with an
aptian (o distinguish between currently legitimate names,
synonyms, and names that are ool in use, these records
showed frequent disagreements, In Mycobank, T album

IndexPungorum, T ofteinie is listed as the currently cor-  s6g
reet name., The NCBIE Taxenomy browser has no notes on - s6e
the current siatus of T, efbvem while [T DNA sequences are 570
atteibuted 1o this ourdated axonomic name, which appears 571
in similarity search results (BLAST ), Thus, nong of the three 572
depositorics contain all 375 @xonomically valid names o 572
Trictadermea spp. Therelore, none of the daabases can be 5w
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vatlid Trigfode reng nomenclature, Only 309 82% ) corrently
accepted names were deposited into all three databases

(Table Z).

The description of the new [ungal specics requires depo-

sition of the name inte MycoBank (Seifert and Rossman
2000 May et al, 2009), Upon acceptance of the publica-
tiom, & taxenomy provider (the author of the species name)
is expected o manually release the name in this database

for comsideration by the curators, The name will be auto-
matically copied o Index Fungorum without any manual
update (Redhead and Morvell 2002 ), and therelore, these twa
databases will have concordant records. However, at leas for
Trictaderma, the validity of all names should sl be can-
tivusly comsidered, irmespective of the eotry date,

The deposition of the name into the NCEI Taxonomy
Browser is only possible along with the submission of DINA
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barcode sequences, Thus, this dalabase does nol contiin cur-
rently used taxoncmic names of the specics for which DINA
barcode sequences are not available.

Alernatively, deposition into the NCBEI GenBank (and
the Taxonomy Browser, respectively ) without the deposi-
tien inte Mycobank/Index Fungorum leads to an invalid
apecies description (May et al, 201%), Some names have
been abandoned by Mycobank/Index Fungorum hecause

Fal Springer

of the application of the “One fungus=one name™ concepl
[Taylor 200 1), which is speeificd for the order Hypocreales
in Eoasman et al. (2003), but it is still being recorded in
the NCBI Taxonomy Browser. In Trichoderma, il velers
1o the name of the wleomorphic stage Mvpocnea, or spe-
cies of such sister pencra a8 Profocrea (Taklitsch 2008 or
Sarawakus (laklitsch 1 al, 2014}, which bave been trans-
ferred 10 Trictoderme. For example, the NCBI Taxonemy
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Rroweser links the curmently unused name “Hypoecrea pacle-
Dgrsiofdes Doi 19727 10 the correct name T2 podvsporuns, bt
the "Definition™ of the numerous individual scquences of
T polvsporwem remains " Hypocrea pachvbasiondes”™. This
disagreement should be considerad when the results of the
seguence similarity search (BLAST) against the NCBI Gen-
Bank are cvaluated Csee betow ), Five recently introdoced
species names wene present in NCB] Taxonomy Browser bt
net deposited in Mycobank/Index Fungerum (Table 2}, We

assigned them as invalid lor now based on the Code (May
el al. 20191, Among them, T, cvanodicliotonns is noted in
the NCBI Taxonomy Browser as “Trichaderme cvanod)-
chotemuy 1.5, 14 & K. Chen, 2018, nom. inval.” with the
note “Nom. inval. (e, newnen fvalidiem, or invalid name)
refers e a name that is ool published o accordance with
rules that were enumerated in the ICN™, while T sebalnd,
T, riegosin, T aeremonioides, and 7 sebicidoides are nol
noted as such. T dorotfopsis (Tomah et al, 20200 has been
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tanonomy. b The numiber of Trichoderme species mlroduced  w
Indn.';l.l"unp:ru.m per year, © The total number of Trichoderme species
recorded in IndexFungorum

deposited inte MycoBank but not yet released, Therefore, we
comsider this species name to be valid. Thus, the statns of
cach species name should be verificd using multiple sources,
Tible 2 is designed o aid this scarch.

The name of the pencric type specics (Trichoderm
viride} is presented differently in the three databases. The
MCBI Taxonomy Browser contains T2 viride Pers, 1832,
while MycoBank and Index Fungorum refers to T2 vivide
Fers, 1794, which is absent in the NCRI Taxonomy Browser,
Jaklinsch et al. (2006) outlined the history of this specics
description in the 18th 1o 1%h centuries, which allowed

them to conclude that the correct laxenomic name should
refer to hoth publications and be presented as Tricfode ro
wiride Pers., Meues Mag, Bow ([Roemer’s] 1092, 1794 Fries,
Syst, Mycol, 3 215, 1832) (laklitsch e al, 2006), How-
ever, none of the databases accepts the double records for
the authors, publications, and years, and only one of them
should be chosen (Table 2).

Ti review the material that is available for molecular
identification of Trichoderma specics, we manually rocorded
the distribution of DNA barcodes that were deposited in
the MCRI GenBank per cach Trichoderm species that were
recorded in NCBI Taxonomy Browser ( Tahle 20, This analy-
sis gimedl to reveal gaps in the depoesition of DNA barcoding
markers, but could not allow verification of the correctiness
of availahle materials {see “Assumptions™ ) It showed that
224 166% ) Trichodermo species were characterized by [our
or miore loci, 80 22% ) species were characterized by three
loet, and 35 (105 remain characierized by one or two loci.
The most commanly deposited DNA barcode loct were
fef! (3220 and wpd2 (310, followed by ITS (293}, For 270
specics (0% from the molecularly characterized and 72%
from all Laxa), these three DNA barcodes were available,
and reff and #ph2 were available for 307 species (B5% and
HI%, respectively). ITS was missing for 73 (20%), rpb2 was
missing for 56 (1A% ), and fef ! was missing for 43 (129 spe-
cies, The vther phylogenetic markers wene deposited for con-
siderahly fewner specics, as follows: aclf for 140 39%), calf
fior 113 (329, acr for W (295, and chid8-5 for 87 (24%),
Gienes encoding LSU and 55U rRMA Toci were sequenced
foor the small number of species (Table 2).

This anitlysis shows that the providers of molecular ax-
onemy of Trichadermea agreed on the use of the three DNA
bareode loct (TS, rpb2, and refl ) and deposited them for
most of the molecularly charseterized species. Conseguently,
independent of their properties and suitability for the pur-
pose, anly ITS, rpb2, and tefT can be vsed for molecular
identilication ol contemporary diversity ol Triclodernu,
The community of Trichaderma laxonomy providers cur-
rently has no agreement on the soitability of other loci.
Therelore, all other markers have incomparably smaller
collections of relerence sequences and cannot be consid-
ered for the comparison unless reference sieaing are available
fior sequencing, Felow, we will also show that this lack of
agreement and the resulling incomplete databases for phy-
logenetic foci and their distribution along the infragencric
clades considerably and adversely influenced the process of
species delimitagon by the 1axonomisis.

Properties of ITS, rpb2, and tef7 DNA barcoding
markers for Trichoderma spp.

In this study, we aimed e expand upon the protecol for accu-
rate and unambiguous molecalar identification of existing
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Trichoderma spp. based on the availoble DINA barcodes. In
the following section, we estimate the genus-wide differ-
ences and similarities between the three DNA barcoding
laci that are available for mast molecularly defined species.

ITS is required ta identify the genus Trichoderna

The theory suggests that accurate and precise maolecular
idlentification of such common and large fungal genera as
Trichoderma, Fusarium, Aspergillus, and the others relies
of the combined use of primary and secondary DNA bar-
codes (Stielow of al, 2015; Bisseit of al, 2005; O Donneti
et al. 2015; Sklepar et al, 2017). The complete [TS region
or mere precisely, the internal transeribed spacers 1 and 2
of the rRNA gene cluster (See Box | and the discussion on
the structure of ITS DNA barcoding locus below, Fig. 9),
has been assigned as the primary DNA barcode marker for
all fungi (Schoch et sl. 20123 Although this locus can have
insufficient polyvmorphism at a specics level and numerous
fungal sister species cannct be distinguished by the compari-
sen of I'TS sequences (e.2., Atanasova et al. 2003, Stielow
et al. 20103; O Donnell et al. 2015; Sklenar et al, 20173, it
has the advantages of easy amplification and of the largest
reference database (Nilsson et al. 2019 Schoch et al, 20200,
The Latter makes it more suitahle for mefabarcoding of fun-
gal communitics (Tedersoo ot al, 2004; Abdelfattah ot al.
2005} and thereby leads to the rapid geowth of the umber of
records on the environmental I'TS sequences (usnally either
ITS1 or ITS2) that are deposited in pullic databases [e.g.,
UNITE {Milsson et al. 20197].

ITS was the first locus that was intraduced in DNA Bar-
cading of Trickoderma in late 1990s (Kuhls et al. 19%96),
while in 2083, we used it to develop the on-line oligam-
cleatide DINA Barcoding teol to identify all B8 Trichodersa
species that have been molecularly characterized at that time
(Druzhininag et al, 2005), Althoueh most species were reli-
ably identified by the unigue combinations of oligonncleo-
ficle I'TS hallmarks, sister species such as T longibrachiiatum
- T erientale, T, konfngit - T ovalisparum, amd others could
not be distinguished at that time. Since then, and particn-
larly along with the recent boom of Trichoderma taxonomy
in 2004-2007, ITS was repeatedly criticized for the high
mumber of homoeplasicus sites that evelve due to the high
mtation rate and saturation (Samuels et al. 2006; Druzhin-
ina et al. 2005; Chaverri et al, 2015} and for its insnfficient
resolution at the species level (Atanasova et al, 2000; Dro-
zhinina et al, 2012; Sandeval-Denis et al, 2004; Samoels
ef al. 2006}, Therefore. this locus has even been abandoned
in some large surveys of Trichoderma diversity (Taklitsch
2008, 201 1; Jaklitsch and Voglmayr 201 5}, resulting in the
description of at least 73 species that were not characterized
by ITS (Table 23 This essentially compromised the status

ﬂ Springer

of IT5 as a primary DMNA barcode locus, at least for Tricha-
derni spp. identification.

[n this study, we analyzed the pairwise similarities
between the full-length reference ITS sequences (inchding
the 5,85 rENA gene, see the exact length in the Supple-
mentary Datasets) representing all infrageneric gronps of
Trichoderma and compared it to sequences of Profecres,
Hypomyces, Escevepsis, Sepedenium, Cladobetrym,
Sphaerestilbella, Hypocreapsis, Myeogone, and Beauve-
ria qall from Hypocreales). The polymorphism reached
00 mutations from the total length of 760 base pairs in the
alignment (3% similarity) (Fig. 41, However, we noficed
that the ITS sequences in Trichoderma were significantly
mere similar to each other compared to the related genera
(Fig. 4). The heat map and the principal component analysis
showed that the infrageneric similarily of IT5 in Tricho-
dermea spp. 18 between 71 and 100% while the similarity
between Trichoderma spp. and the currently recognized
neighboring genera is almost 76%, which indicates that if &
query ITS sequence shares a similaeity = 76% to at least one
of the known frichodermsa spp., it most likely belongs to
Trickederma genus, and vice versa, This calculation allowed
us to compaose an STE56 Dataser that contains representative
ITS sequences from the genus Tichoderme. The dataset can
be used for the identification of a4 query sequence on the
gencric level if its similarity is = 76% to at least one of the
records in the dataset {Supplementary Datasets), We then
verified the above assumption by particularly checking the
sequences of “basal™ species from the genus Trichoderma
such as T albolutescens (Jaklitsch 20010, T, endeslateern (du
Plessia et al. 201 8), and T aleatifiscescens (Overton ef al.
2006 Taklitsch and Voglmayr 20137 that were characterized
by the relatively long genetic distance to the core specics of
the genus (Jaklitsch and Yoglmayr 20133, Moreover, this
thresheld was not contradicted by the results that were gen-
arated from other logi (see Below),

Similar to previous studies, we also revealed that many
closely related Trichoderma species shared the same [TS
phylotypes [Fig. 4, (Samuels et al. 2006; Droshining ef al.
W06, 20123]. Thus, this locus cannot be used for the iden-
tification at the species level. We also showed that although
ITS sequences are highly conserved between some infrage-
neric groups of Trichoderma (Section THchoderma or Virde
Clade, Fig. 4. it 15 not snitable for the identification of cur-
rently proposed infrageneric gronps, which is likely doe to
the: high level of homoplssions sites (Druzhinina et al, 2005;
Sandoval-Denis et al. 2014}

We conclude that bacause ITS 15 highly diagnostic at
the genus level and provides essential information for the
molecular identification of Trchedermea spp.. it remains the
primary loens that 1s required for DNA Barcoding,
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Trichadenma spp. (7B) ather Hypocreal

A

Trichoderma spp.

othor Hypooreales

{'!

Trichodenme spp.

Fig.4 Sequence pairwise simileritics of the thres main DNA bar-
coeling loei ol Trichodeons, o Hestmap of ITS meirwise similarly
between Trichaderme and other Hypocreales and within Trichoderma
genus, Representative ITS sequences from 56 type strains belonging
Trivtode roese spp (gee TTE Do i Supplementary Darasens) ausd

Trichoderma species can be identified based
on=99% and = 97% pairwise similarities of rpb2
and tef1, respectively

W then analyeed pairwise inlerspecilic similariny values
for the two other DMNA barcoding loci thal are available for
Trichoderma—Ihe partial sequences of wpd2 and sefd (Fia, 4)
genes. The exact length of the wsed fragments is given in
the Supplementary Datasers and discossed Selow, Fig. 9
For thns reason, we collected reference strains Tor all DNA
harconled species (Tahle 23 and vsed NCRI Entres to neriea
the respective sequences, The lists of accession numbers
for IIMA sequences in public databases wre highly prone to

Trichoderma spp. (355)

=3

Trichoderma spp.

5

?‘. ¥ - i 2 ‘p."
= . g L "
= .« %, o
g -5 - u
. .
n1.11er Hypacreales l‘I“
=15 -10 =5 5 10

PCR (61.3%]

PAIRWISE STHILARTTIES (&%}

Trichodarma spp. (200)

22 wiher Hypocreales were respectively collected. b Principal compo-
nent analysis (ICA) of the ITS pairwise similarily mairis. ¢ Healmap
of rpid paitwise similarities within Trichaderma genus (355 species).
A Heatmag of fe/7 pedrwise similority within Trichode re genus (200
apecied that produced significant aligriment)

ercors and become rapidly cotdaed because of 1axononic
rewigions of individoal fungal groups, Therefore, we pro-
wvided the Hst of suggested reference siraing, We would like
1o rgcommend thit txonomy wsers gddress the lireratre and
rerrigve the relerence siraing for species of interest and then
scarch the databases for the corresponding DNA barcode
sequences, In this study, the corrcetness of each sequence
was verified using taxonomic literature and records in Index
Fungorum, MycoBank, andfor NCRI Taxonomy Browser.
The sequences were rimmed to the standard fength of a
phylogenetic marker that was established lor Trichode rng
[gee delow, Kopehinskiy et al, (2005) and “Materials and
Methods™].
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The results indicated that the genetic border of the genus
was nof apparent on rpb2 or wefl similarity plots (data not
shawnd. Therelore, these twa loct cannad be wsed for identi-
fication at the generic level.

The sequences of reff (Box 1) were highly pelymoerphic
{Fig. 4) and showed = 50% of mismatches between individ-
val fragments, and therefore, they frequently did not prodoce
a statistically significant alignment for most of their length.
Consequently, mast individoal species can be distinguished
by the refd DNA barcode (Fig. 4). The high level of reff
polymorphism has the drawback of a high level of infraspe-

cifie variability that can iead o ambiguity and false-posiiive
species hypotheses. Thus, a sinale 28 bp indel in the reff
sequense was wsed to recognize a cryptic species I bisser
i within the common putative agamospecies T lonzibra-
clifatiem (Sandoval-Denis et al. 20145, However, the poly-
phasic approach, i.e. the application of the GCPSE concept
integrated with the detailed scophysiological profiling and
analysis of biogeography did not support the existence of T,
Bigzerni as a single taxon becavuse no other differences were
detected (Hatvani et al, 201499,

Eefterence strains of several currently valid species shared
highly similar (= 9%.5%) phylotvpes of 1o/ (for example, T
afurasin and I exdephyitenre ). Moreover, the history of reflf
application for DNA Barcoding consists of several periods
when researchers used different fragments of this large gene
fior phylagenetic reconstructions (Drozhinina and Eobicek
2003 Thus, inthe early 20008, we used the short Gth iitron
of this gene, and I. Bisselt’s groop then tested the applicahbil-
ity of the first two introns at the 57 end of the gene, while
P Chaverri and G, I, Samuels et al. proposed the large por-
ficn of the last {sixth} exon (Chaverri and Samuels 2005},
Mast resoluticn is provided by the fragment spanning over
the fourth intron, Gth exon, and Gfth intron (Kopchinskiy
et al, 2005, Consequently, the NCBI GenBank contains all
thess frequently non-overlapping fragmenis of the reff pene,
which complicates its use and in particular affects the results
of the sequence similarity search. Together, these findings
make the reff lacus insufficient to be used as the only DNA
barcode marker for Tefodern identification at the specics
lewel as it was alse proposed by Rahimi et al, (20200 for the
identifiction of 7 reeser. The lmitations outlined above also
reveal that the application of fef7 together with ITS will not
allow unambiguovs identification of Tichadernia spacies.

The sequences of «pé2 (Box 1) were most conserved
hecause many Trchaderma spp. shared highly similar phy-
lotypes, Figure 4 shows large clusters of highly similar spe-
cies and even clades indicating that the single use of this
NA barcode was also not suitable for species identification.

Thus, corrently none of the thres DNA barcode loci can
be used as a sole sufficient marker for the identification of
the 361 Trichoderma species.

ﬂ Springer

[n this stody, we aim to determing how to distinguish
currently valid Trichederma species using the DNA barcode
sequences thal have been provided. To assess the sequence
similarity threshold in 2 manner that is snfficient to identify
species, we screened the subclades of species that exhib-
ited highly similar spi and refl sequences (Fig, 53, In such
groups, we ignored rare species that were available from a
low number of isclates, arkl focused on the well-established
and common species with recorded values or humankined.
As g reference example, we selected (1: reesed] the main
industrial cellulase producer T2 reesei (eg., Drurhinins et al.
200400 and two of s sibling species 1) parreesel (Alanasova
et al, 20000 and T, thermophilem (Qin and Zhoang 20016a),
(22 harzignem) The mest commaon environmental opporhn-
istic species with high suitability for ocoentec], plant 2rowth
promotion, and enzyvme production are as follows: T farzi-
arzm (Chaverri et al, 2015), and the two sibling species, T
affafigrzianem (Chaverri et al. 2005 and T7 gaizhowense (Li
etal. 200173 Grojic et al. 20019); and (3: asperellim) another
common species with multiple applications in agriculture, T
aspereliun (Rivera-Méndez et al. 20050) and the two recently
recognized sibling species, 1D asperellofides (Samuels ef al,
2010} and T, yurranense (Y et al. 2007},

LTS was polymorphic in the 2: Farsfonem gronp, bot 1
reesei—1, parareessl (the 1: reesef group) and T aspers!-
toides—T. yunnanense (the 3: asperellum group) shared the
same [TS phylotypes. In all three groups, the rpé2 sequences
were differant, with similarities that were 98, 13-9877% for
the 1: recsei group, % 93-9583% for the 2 ferdonsm
cluster, and 98,6599, 14% for 3: asperellum. Thus, if none
of these species hypotheses to be rejected based cn rpie2,
Trichoderng species should be only by 19 different, It cor-
responds to the maximum level of infraspecific polymor-
phigm of elght motations (substitutions or indels) if the total
length of the aliznment is fixed to the diagnostic regicn of
820 base pairs (see Fig. 9 balow and “Materials and Meth-
nols™ fior the details). Thus, assignment to an existing species
iz possible if the similarity of /b2 is = 99%. However, in
this case, the uniqueness of T, wrenense rph2 appears (o
ke compromised (Fig. 3, Table 23,

Similar consideration of the ef! polymorphism
resulted n B2.63-96.10% similarities between the 10 ree-
sei group, 80,20-B6,85% far the 2: Rarziamus cluster, and
84,2995 397 or the 3: asperellum group. Thus, these spe-
cies can be distinguished based on refd similarity = 97%
or identifiedd based onz=97%. This assumes that different
strains of the same species can have up to 27 mutations in
the diagnostic aren of the weff DNA barcode, which agrees
wel] with the species where large populations were studied
(Druzhinina el al. 2012; Halvani et al. 2009),

We, therefore, cenclode that a query strain can be
assigned to the existing Trichoders species if it s = 99%
similar for rpb2 and has =975 tefl similarities (o that of the

| Tourres] : Large 13218 FEUTIES T | |I'=BH| ST

[ res cote - 458

Drapatch : 14122000

~g)~

L H

5l
et
BT
E71
E7Z
7%
]
B75
Hit
BFYT
E7E
BTG
G

HEE
=

EE
il
EAT
[isiliy
=
G

B
B
E05
T
(=7
T
i
i

I
0E

)
i
ey
el
EiT)
atm
]
a1
a1
a4
015
ai6
Bl
e



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

fiils)
30
LK
e
g3
B
225
925
a3r
938

TU Wien

Fungal Diversicy

Feng Cai

Doktorarbeit

reference strains. The molecular identification can only be
achieved if hoth Loci poine o the same result species.

The high level of infrapeneric conservation of rphb2
CAtanasova of al, 2003; Jaklitsch 2009, 200 1; Jaklitsch and

of the most complete phylogram for the genus Trichadersg
(Fig. 6) and, thus, reveal the “phylegenctic order™ (" Phy-
loOrder™) of the specics that is provided in Table 2. To
achicve this for all IDNA barcoded 361 species, the approxi-
mate position of the species Tor which rpd2 s nol availahle

or for which it is availahle but not anributed (o the species in
the NCBI Taxonomy Browser was determined based on the
stmilarities of other loci and respective axononne literature
(Fig, &), The phylogenctic analyvsis of the alignment of 356
2 seguenees revedled at ledse eight statistically supporied
rpb2-based infragencric ¢lades that largcly correspond Lo
these presented in previcus revicews of Tricledernr 1ax-
onomy (Atanasova o al. 2003) To avoid further confusion
and discrepancics, we skipped naming the clades, but we

Fig. 5 Sequence pairwise
aimilarities of each DNA
harcoding locus belwesn sels
of selected model species. The

three closely related sibling Clade Spachs

species, 1 oreesed, 1 perarcesed
anid 0 e rapogliisg
ectelaniom Clade: T!

Pairwise similarity, %

5

T. thermoghilum

|T- afrafharzianum

T. asperelinm
T. osperelion
7. punnanense

=

=

=

7. herzianum
T. grizhovense

T. reesei
IT- pororessel

T, afrohwsrzivenm,

olERSE Tepresen] ITS 100
ate Clade: and T
Sheme, T waperelfoidies, T. reesel
Tepresent ‘.D'r'g"' T. pararesssl [RIGT0 100
the Section Frichaderma, Grachiatum
Sequences were collecied froom T thérmapbilim
the tvpe sirains amd consislently
trimmeed g described in the Harzianum 100
Materials and Mothods and in
Fig. %
T. ospereflum
Trichoderma T. ospereloides BT 100

T. yunnomense JECTERITTES]

rph2 99
Logi-
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brachiatum
T. thermophilum RCEL
T. harzignuim
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T. guirhouense JEIECHME LT
Trichoderma
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nurnbered them and highlighted the most prominent species
within each clade (Fig. 6, Table 2).

Sorting all molecularly defined Trichoderna spacies
according to their approximate phylogenetic position in
Table 2 ("PhyloOrder™) revealed the distribution of other
phylogenctic markers (chil&-F=echdd, coll, aer, aeld 188
rRNA =351, 285 rENA=L5U} along the gerus genealogy,
Thiz demonstrates that the nsability of such loci 15 limited
because none of Trickederma clades have a complele refer-
ence dataset for any of them. Therefore, they can only be
used if the providers of Trichoderma taxonomy will com-

o e R T o, D

plemeiit missing sequenees or if all frichodermis relerence
steains will become available for the research community
{see "Discussions and suggestions™ below]. Consequently,
molecular identification of Trichoderma spp. is only pos-
sible bosed on TS, reff and spb2 that are available in public

databases.

Accuracy, precision, and ambiguity in DNA
Barcoding of Trichoderma

With all the moleeularly defined frchoderme spp, ordered
based on their approximate phylogenetic relation, we can
catimate the potential identifiability of individoal species
ard list warnings that should be considered by the users of
Trichoderma taxonomy (Table 2.

Our analysis suggests that for at least 216 Trichodermia
species (60%), molecular characteristics are sufficient for
accurate and precise species identification based on three
DMNA harcodes (IT8, refl, and #pb2) assuming that the
deposited data are corvect (Table 2) (Ses “Assumptions™),
This group includes the most common species such as I
harziarum (=1, karzlanum s2nsu gricto), T vivens, T gowr-
51, T atrovivide, T, foningiopsis, T hamates, and T citeine-
viride, T, reesei, and around 10D rare species that ave only
known [rom a few or even one isolate (Table 23 Although
these species have mostly complete records in all databases,
some minor deviations should be considered, For example,
T tongipife is deposited in IndexFungarum as T loagipiilis
{orthegraphic variant), £ sxdarpile Chen & Zhuang 2017
was molecularly chavacterized and deposited in MycoBank
under its correct name, but it was deposited in IndexFon-
govim a8 T prdatipileswm, Four species, T pinicola, T.
guizhouwense, T bunigomense, and T fsugarense are absent
in MycoBank, which jeopardizes the validity of these taxa
{Tahle 23,

Molecolar identifiability of 141 Irichedermea species
(4% is compromizsed either by the lack of DNA barcodes
or by the high similarity of wf7 andéor #ph2 sequences to
their sister species. Among 73 species that lack TS, 34
have fefd and rpkl and, therefore, can be potentially identi-
fied if their atteibution to the genus is not i question. This
group includes the very common or even dominant European

species T ewropaenm and T, mediterransnm, while many
odhers are rare ar very rare. Ten species, including Hypa-
creq subeitring, T comu-damae, B, dichromospora, T, aes-
teearivieent, 1. cersbriforme, T, poronioidewm, T densuwm, H.
oriprlliformis, 1 seeronndio, and £ parelloiropiciem, have
ITS but lack either refl or ppd2 sequences and, therefore,
cannct be accurately identified. It alse suggests that these
species were describad without considering the GCPSR con-
cept (see “Discussions and suggestions” below), B mikngi-
mensis 18 only characterized using 285 rfRNA sequence, and
therefore, its molecular identification is not possible.

The following 37 species has been moleculariy and phy-
logenetically characterized, but their taxonomic status was
nat updated in the NCBIL Taxenomy Browser, and they are
nat availalle for sequence similarity search (Table 2): T
tmonivm, T, grande, T prignosum, T, dimorphivs, T, angres-
tm, T gregarivm, T bomiense, Tiridulum, T. pallinicola,
T renue, T purpurenn, T, perdride, T, globoides, T, con-
fertum, T, changbaiense, T viridicollare, T adapranm, T
befjingense, T pamacts, T rardvm, T bifurcarnm, T, vilga-
tene, T, meangshonicum, T, shanguanicum, T cirrinella, T
asrerittenr, T, prendobritdanice, T henorense, T odorarm,
T thermophilum, T, xorthum, T centrosinicum, T, virgin-
ewt, I fruvicola, I medogense, T palidulue, and T ollo-
viride, The reference cultures for these species were mainly
depaosited into the Fungarivm (also as HMAS, Herbariuim
Mycologicum Academiae Sinicae) at the Institute of Micno-
biclagy, Chinese Academy of Sciences, and therefore, they
are mainly available for researchers in China. The insertion
of these species into the NCBI Taxonomy Browser and the
atteibution of respective undefined isolates {which ace cur-
rently depasited as “Irchodarma 5p.7) will allow maolecular
identification of other strains that belong (o these species if
all three DNA barcodes are provided.

For 49 Trichoderma spp., the #pb2 sequences of refer-
ence straing showed high similarity (o neighboring species
(Fig. 7). Each of these species is marked by a respective
warning in Table 2, Most of these specics have sphd similar-
ity = 094 with only one other species, but T wiridescens, T,
viridgriun, T paroviddescens, T iristae, T appalachionse,
T rossicum, T sichuanense, T verricillatum, T, alpinum,
T concentricom, T, alnd, and T, prepdodensym have from
three to eight species that each shares a highly similar spi2
plvlotype (= 99%). T2 cremeoides also has no deposited TS
sequence, and thus, its molecular identification can only be
putative. Cur analysis also shows that wefd of T cremeoides
is= 97% similar to T sivwosin and 1) brevicrassim and
sccurate molecular identification of these three species is
also not possihle. The tvpe strain of T asperellum shares
highly similar phylotypes of ;pd2 with T yennanense and
T° krmingenge (Table 2, Fig, 4), Warnings related to the
identification of all DNA barcoded Trichedernea spp. that
are available to date are listed in Tahle 2.
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Thus, accurate DNA Barcoding of a large portion (405}
of Trichode g species is ot possible based on the provided
melecular characters, and further sampling and an inepraed
analysis of molecular, coophysiological, and bivgeographic
[atures are reguired.

Validation of DNA barcoding results

Albough DNA Barcoding 15 presented as a ool that pro-
vides the final level of precision in microbial identification
(Walentini et al. 2009}, studies cn other fungi (Licking et al.
20200 and this work indicate that verification is required. It
appears w be reasonable to conclude that in silico analysis
miay resullin g puiative idenafication or a foemulation of the
species hypothesis (inchoding the new species hypothesis),
while final idemification can be achieved alter the verifica-
tion step, Following the principle of scientilic falsification,
verification should consist of critical considerations of the
putative idemification result. Verifying of the molecular
identification should mclude the consideration of hiologi-
cal Features such a3 concordan phenotypes, growth profile,
Tifeeyele, and hahitat, However, before this, the correctness
of the molecular identification can also be considered criti-
cally {i.e., it has been validated) because it depends on the
correctness of the deposited reference materials.

The cornectness of relerence materials that are used
10 formulate the species hypathesis should be eriteally
assessed. The curptors of public sequence databases (NCEI
GenBank, EMBL, and DB ke multiple messunes (o ver-
ity the quality of submined materials (Licking et al, 2020,
Schoch et al. 20200, However, verilicanon of species iden-
tification alomg with sequence submission 15 no a cealisic
task. Consequently, public databases contain a high propor-
tion of sequences with incorrect species assignments. More

@ Springer

than a decade ago, we estimated thar 405 of such sequences
were deposited o the NCBI GenBank lor Trichoderma
{Droehining et al, 2008, Atanasova @oal, 2003), Molecular
identification became essentially more complicated dug 1o
the rapid growth of species number, and we envision that
the proportion of ingccurately identified sequence deposi-
liens wall increase dramatically. Another souece of incorrect
species assignment for DNA harcode sequences i5 the com-
miomn practice of taxonomic reclassifications that inlends o
improwve the taxonomy of the group, However, such actions
are nol always reflect in the sequence annotations in public
databases (see also above). Thus, hundreds of seguences
that are available in the NCBI GenBank remain deposited
nndler corrently non-used “Hypocrea i, which has been
maintained sinee the time when this combination was used
fior Trictradersa farzignm sensn lato (Chaverri and Samu-
ele 2003; Druzhining et al. 20100), The latter species has
been divided into a dozen sibling species including a rare
T Fivis, which is known from a single isolate [rom Thai-
land (Chaverri et al. 2005). Thus, most sequences named
“Hvpocrea i imthe NCBI Taxonomy Browser shoold
he considered o be inaceurately identified, Even T, fureci-
ave name that has been assigned o the sequences of the
most frequently deposited species is doubiful {irrespective
ol the DNA harcoding Incus) because 1t may refer o the spe-
cies comcept that existed before the work of Chaverri et al.
{20051, i which T, fuaezignym sensu late was divided into
several newdy defined species form this complex ingluding
T. farzigitim sensu siricte,

To show o quantitative example, we collected the 100
best hits rom the sequence similarity search of the DNA
harcode sequences for ane ol the swrains ({TUCIM 10063,
T, guizhauense) that was nsed for (he online survey earlicr
in this sidy (Supplementary Tahle 513, For ITS, a0 leas
15 hits werg incorrectly labeled as unrelated T, afroviride
and T aurecviricdle or as “Hyvpocrea o™, and 31 were not
identified. The tef? gene sequence can he submited as i
i5 (Supplementary Table 51, see “Materials and methods™)
or it can he irimmed for the length of the diggoostic frag-
ment [see Kopehinskiyv et al, (2005) or Fig, 9 hetow], The
respectivie lists of the best hits for untrimmed and rrimmed
tefl sequences contgined ac least 13 and 27 incorrect spe-
cies names, and seven and 20 were not identified, respec-
tively. We also detected Trichodernur sequences that were
deposited as Dothideomyceles fungi such as Meofesicaconm
spp ARYD24676.1 & KY024614.1) and Lasiodiploidia sp.
(BYUZA6TI 1), 10is likely that in these studies, Trichoderma
parasitized these fungi [refer to the work of Druzhining
et al. (2008]], and its DNA was amplified instead of its
hosis. These sequences werne deposited under wrong names.
Similarly, ar least 27 rpl2 seguences were also imcorcectly
named and six were not identified. This analysis revealed
only the minimum number of incorrect records in the NCBI
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GenBank, but because the species borders in this group are
difficult to establish (Druzhining et al. 20000, the actual
nurnber of incorrect reconds 12 [ikely 1o be higher.

The manmually curated databases of sequences have fewer
incorrect records, but they are nsually outdated. The first
multiloci database of reference Trichederma sequences was
powered by several on-line identification tools that were
available ot www.isth.info (Druzhininag et al. 2003; Kopchin-
skiy el al. 2005, and it is no longer supported (however we
offer some updated tools selow). The new tool, Multiloci
[dentification System for Trichaderma (MIST) is availahle
at hiipsfmmit.china-gete, orgd (Dou ef al. 2020%, and it is
based on the sequential sequence similarity search of ITS,
rpded, or fefd DNA bareode loci for a query strain against a
MIST databases of reference and non-reference sequences.
Although it provided correct identification of the query
sequence in this case (T grizfionense), for many other spe-
cies it also exports numerous false-positive results (many
species assigned at the identification step). When it was
releasad in July 2020, it contained a database of reff and
rpdd seguences for 349 species (out of the corrent 361, Lts
ugability will depend on the frequency of updates. If new
species are not regularly added o the MIST database, it will
lose its identification function but remain a usefu] support
for searching for the spproximale position of 2 query sirain.

The use of the largest fungal database for sequenee identi-
fication, UNITE https:funite,ut.eefindex. phpipanel 3, is ot
stitable for frichoderms species identification because it is
only based on partial ITS {see above). Analvsis of the test
girain of T grizhorense TUCIM 10063 in UNITE resulied
in four species hypotheses, none of which were correct
(T parzianum, T otawa, T o, and T, virens). However,
all these species are closely related to T puizhiosense, and
therefore, this tocl provides identification at the level of the
Harziomm and Virens Clades, Frichoderme spp. ane not vet
included in the collection of MycoBank Polyphasic Identi-
fications Databases (hitpsdfass myeobank. orgDelaulIng
o.aspx TPage=polyphasiclly).

Thaus, the maolecular identification is selely dependent on
sequences that are deposited into public databases (curated
and non-curated), The current diversity of Trichodermig
requires mannal analysis of sequence similarities and phy-
logenetic analyses, but accurate antomated identification
of Trickaderma species 1 not available. However, saveral
Trichoderma-dedicated tools provide nseful supporting
material (www.irichokey.com, wwatrichoderma.info, and
MIST httpedfmmit.china-cote.orgs).

The solution: molecular identification
guideline for Trichoderma spp.

Synopsis of molecular taxonomic inventory
for the genus Trichoderma

* The intradoction of molecular evolutionary analvses
resnlted in exponential growth in the number of fricho-
derma species, up to 3 new species that were described
per each year.

* Among the 371 species with valid names as of Tuly 2020,
361 (96%) are DNA barcoded.

+ IndexFungorum and Mycobank do not contain com-
plete lists of Trichaderma species. The NCRI Taxonomy
Browser includes 90% of the specics, Numerous specics
names that are not currently invse or not legitimate are
listed in IndexFungorum and Mycobank. The NCBI Tax-
anomy Browser contains the fewest such names.

o Ax for July 2020, identification (DNA Barcoding) and
evolutionary analyses of Trichaderma spp. are possible
only based on three phylogenetic markers: ITS, w27,
and rphZ. Cther DNA barcodes (chifS-S=echdl, call,
act, acll 185 rRNA =551, and 285 rRNA=L3U} are
sequenced for less than one-half of the species. and there-
fore. they bave limited or no suitability for molecular
identification.

*  Trichaderma spp. cannot be jdentified by phylogenetic
analysiz without considering the seguence similarity val-
ues,

* TS can be used to identify Trichodersia at the generic
level.

* For the accurate and precise molecular identification of
Trickoderma isolales at the species level, sequencing of
the three TINA barcodes (TS, werd, and rph2 ) is requined.

* Maost closely related species of Irichodermes differ by
1% (approximately cight mutations) of #pb? andior 3%
(approximately 27 mutations incloding gaps) of el
sequences (1f the specified region of each phylogenetic
marker is considered, see Fig, 9 below), Some species
and infrageneric groups share phylotypes of individoal
markers (ITS, reff, or rpb2).

+ Molecular identification can be achieved based on the
analysis of sequence similaritics between the query
steain and the reference strains that are analvaed for refd
(2 97%) and rpb2 (2 99%). I this condition 12 not met,
the identification can he made based on sequence simi-
larities and phylogenetic concordance, ie., analysis of
single loei tree topologies for feff and rpdl,

* Molecular identification must be validated by the criti-
cal evaluation of non-biological aspects (guality and
completeness of the reference taxonomic materials) and
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verified hased on Mological ceiteria (morphology, eco-
physinlogy, hogeography, habitay, and occureence).

o The inventory of DNA harcoding malerials that wene
deposited in public databases revealed that only &60%
of molecolarly characterized Trichoderm species can
potentially be unambipuously identified based on the
reference sequences that were deposned by tasonomy
providers.

o [lentifiahility of #0456 of species is compromised by any
of the follewing factors or their combinations; incom-
plete DNA barceding, incomplete deposition of reference
culteres or reference sequences, or insuflicient polymor-
phism of one or several diagnostic sequences.

o Trichoderma spp, cannot be identified by the automaed
stgquence similarity search (such as BLAST) irrespective
of the referenee database or DNA barcodes that are nsed
as such results require in silico validation and biological
verification.

*  Chi-ling wols for Trichaderma identification can provide
a uselul estmation of te laxonomic (phylogenetic) sur-
romnclings for a piven sieain. However, the wools than ane
currently available do not offer precise identification a1
the speeics level,

+  [demification of Triclderme species is an intricate and
labarious task that requires a hackground in mycology,
molecular biolngical skills, iraining in molecular evo-
Tution, and in-depth knowledge of taxomomic lierane,
For ambiguons cases, d consultation with Teichodermg
taxonomy experts is recommended.

Molecular identification protocol for a single
Trichoderma isolate

The following malecular identification protocel enables a
wser 10 dothe fellowing: (1) identify the genus Trclederna,
i, e exclude fungi other than Trichodernr, (2) identify
Trichoderma species, and (3) verify the ambiguity of the
idenufication. The protocol allows recognition of a puative
new species as a particular case of species identification,
Al steps proposed below reter 1o the @axonomic lindtations
that constrain the molecular diversity of the genos Tricho-
dlerme and recopnized species thal existed as of July 2020,
A Trichoderma species can be identified if its ITS
sequence reaches at least one similarity value > 76% com-
pared to the sequences in the dataset that is attached to
the protecol and the two other DNA barcoding markers
are highly similar 1o the corresponding sequences of the
reference strain from one species, with rph2>99% and
teff > 97%. These conditions can be shortened as shown in
the following scquence similarity standard:
TrichodermalITS, | ~spa!(rph2yy = tefly,),
where “Trichoderma™ means the genus Trichoderma,
“sp” means a species, “~" indicates an agreement between

@ Springer

of reference strains

Palrwise similarity to DMA Barcodes

SPECIES IDENTIFICATION

Unambiguaws or ambigiaus Incl, putatively new species

tn silice validation and biological verification

F|g.3 The flosvchart of the maolecular identilicalion prote] ol
Trichaderma bassd on three DNA barcode sequences. A species of
Trichodermi con be identihed of s 1T sequence reaches a similar-
ity wvaelue 2 T6% (TS compared Lo the sequences in Lhe dalasel thal
is alteched bo the protocol and the tweo other DNA barcoding mark-
ers are highly similar to the cormesponding sequences of the reference
striin of ome species s epBd 2U909 armd gl =975 [rpﬁ?wgrrfiwj;
™ pefiers to the concordence between rpid and il

ITS and other logi, =" refers 1o the concordance belween
“rpl 27 and CeefIT, and T3 indicates the uniqueness of the
condition (only one species can be identified ). Subscripis
show the similarity per locus that is sufficient for the identi-
fication based on the assumpiions of the prowceol helow, A
fiowchart of the protocol is presented in Fig, 8,

The result of molecular identification requires biological
verification (Licking e al. 20200 and consideraticn of the
original taxonomic literamre. The morphology and growth
peodile of the query seain should noc contradict the published
records for the idemificd species. I is recommended w com-
rare the hingeography and occurrence records for the identi-
fiwsd specics with metsdata for the query strain, The observed
lifecyele, ceology (habitar and ineractions with other organ-
isms), and ecophysiclogy of the guery strain should be in
agreement with the descriprion of the idemified species. For
ambiguous cases, it is useful to consult taxonomy experts.

The check-list for materials, toels, and preparation steps.

* JIsolate a single spore (asco- or conidiospore) culture
from the putative Trichoderma sp. strain.

Nete: Although the fast growth on rich nutritional
media, mycoparasilism, resislance (0 xenobiotics, and
greenish conidiation are characteristic features for most
of the Trichoderma cultures, some specics have hyaline
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conidia or do not produce them in vitro (they appear white
in culiure), spme are sensitive to fungicides, and some do
ret parasitize other fungt andfor have slow growth in vitno,
Refer to the diversity of THooderma spp. morphotypes in
mencgraphs by Jaklitsch (2008, 20013 or elsewhere,

Use PCR to amplify and sequence the three DNA bar-
code loc as fellows: the complete fragment of ITS1 and
2 (including the 3.85 rRNAJ of the rRNA gene clusters,
and partial sequences of rpb2 and refl genes.

Nore: PCR protocols incleding the corresponding
primer pairs are provided in Tahle 3, and the structure of
the loci is shown in Fig, %

Nete: The quality of chiained sequences is crucially
impertant for this proteeol. No ambigeity in sequencing
reacticn is accepted. Ideally, sequences should be verified
by sequencing from the 3" and 3' ends.

Conrect to the Internet.

Trim the sequences. Use TricooMARE 2020, which is
available at www.irichokey.com, or use the reference
duragers (Supplementary Datasets and waw. richoderm
a.info) and trim the length of the query sequences such
that they correspond o the length of the reference DNA
barecde loci, as shown in Fig, 9.

Nare: this step is required for the malecular identifica-
ticn prodocal, [f enling toals are ned available, the sequences
can be trimmed manually using Aliview (Larsson 2014 ar
other sequence editors. The technical reguirement to trim
Lhe saquences 15 also explained in Kopehinskiy et al. (200353
Uze a text editar (e.g., Notepad) and put your trimmecd
guery DNA barcode sequences into FASTA format and
save the input Ales separately,

Install Aliview, [Q-TREE (Nguven et al, 20150, and
FigTree (httpfftree, bio.ed.ac.okfsoftware/figireel), or
saftwares with similar functions.

Step 1: ITS

Estimate the pairwise similarity hetween the [TS

sequence of the query strain and the sequences that are given
in the FTS58 dereset as described in Comment 1 st the end

of the protocal.

If the maximum similarity is = 764,

the query strain helongs to the genus Trichoderma spp.
Continne to Step 2.

If the maximum similarity is< 76%,

the gquery strain belongs to a genus other than Treicho-
dermia. Identification of Trichoderma spp. is not possible,

[T the condition 3Wephl,, 2 il 15 met,

Record the identified species and continue Lo Step 4.

[T the condition 3 xphl,, & el 15 nol mel,
Continue to Step 3.

Step 3: phylogenetic analyses of rph2 and refl

Open rpbd and fefd (separately) alignments that are pro-
duced in Step 2 (see Comunent 2.

Record cases of short or missing sequences for reference
straing (if ayh.

Run phylogenetic analyses separately for rpb2 and
refd sequences. Given that the correct parameters
were selected, the maximom likelihood or Bayesian
methods are recommended; however maximal parsi-
meny is also suitable, See details in the “Materials
and methods”,

Visualize the tree files in Figtree and (opticnally) export
the data to a graphics software,

On each tres, locate the query segquence and the most
similar reference sequences: mark the pairwise similari-
fies that wene estimated in Step 2 (examples are shown
an Figs. 10-13).

[nferpret the comcordance of rpb2 and sl phylograms con-
sidering the similarity values that were estimated in Step 2,

Note: Consideration of single-loci phylograms for refl

and rpb2 s required. The concatenated phylogram of the
two loci is optional in addition to analysis of single-locus
Lreses.

Note: For the interpretation of phylogenetic trees, refer to

Comment 3 and practical examples below.

Step 4: Validation of molecular identification

For the validation of the malecular identification and

assignment of ambiguity status, the literature on Tricha-
derma taxonomy should be studied. Table 2 of this study
provides supplementary information.

I some coses, results of phylogenetic analysis (Step 3) can

be used to validate the identification results (Comment 3).

Viglidtarion of spectes idenrificarion
[T all of the following criteria are met:

The identified species is represented by the complete set of
reference DNA barcades (Table 2, taxonomic literatire),
The identifiability of the species iz not compromized
by insufficient palymorphism of teff and spi2, or other
parameters (i.e., none of the warnings from Table 2 are
presant].

F ¢ The identified species was recognized based on the
SO0 dureobe a1t T i GUPSR concepl using a polyphasic approach.
For each locus (rpb2 and ref? ), estimale the pairwise simi-
larities between the query steain and the sequences of closely
related reference strains, as described in Comment 2,
":'3 Springer
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Tablae 3 PCR conditions for the amplificalion of the three Tichaderme INA harcides
Trichoderma DMA barcading lod
ITS phd fefl
T35 iRPB2-51 EF1
GEAAGTAAAAGTCGTAACAAGE GAYGAYMGWGATCAYTTYGEG ATGEGTAAGEARGACALGAT
Primers [§' - 37 ITs4 IRPEZ-Ter EF2
TCCTCOGCTTATTGATATGE CCCATRGITTGTYYROCCAT GEARGTACCAGTSATCATGTT
[White et al, 1590] [Lu exal, 1959 (O Donnell en al. 1538)
PLR recipe [pL]
template DMA, 100 ng 1 1 1
2= Phanta Max Mazter Mix 125 125 125
Forward primar, 100 LB} 1 0]
Reverse primer, 100 pid i1 1 .1
ddH, 0 o025 ta 25 to 25
PLR program 1,°C Time T, "C Time T.°C Time
Fre-danaturatan a5 ¥ ] EN o5 3
i [Cenaturation a5 15" %5 15" 85 15"
-'E.l,' annealing a3 15" Lt 15" 53 15"
A lestensian b i 2 1 ra r
Final extensicn 72 5 12 5 72 &
Fig. 9 Structure of DKA DNA Barcode Structure Alignment

Barcoding Lo rimmed for marker Length
malecular idenfification. Nom- h 51 m ik i
bers below each locus show
the 5% amd 3 posithons on the ITS ca. ?E'ﬂ
trarmmeaed fT;lgrm::rl, fhit weng

auitahle foe moleeular identifi- 1740 T. recsei O Ga AFS 10497 2285

cation vsing sefereace Lozl from

I reesei QM Sa (Druchining

ef al. 200¢ka; Drozghining et al,

2005; Chenthamara et &l 2020} rpb2 ca. 820

= an exam ple

1749 T. recsei OM 63 XM_D06966461 2561
4™ jntron 5™ intron
tefl ca. 920
8444 T. regsel M Ba £23012 94

The identification i unambiguons, precise, and sceurate.  The identification is ambignons; the species name can
Ifany ol the fellowing criteria are met: be assigned as “conler™ or “cl” (e, compared fo) or as
“allinis™ or “all." (i.c., related te) the most closely relaled
#  The wdentified species is represemed by the incomplete  spocies.
sel of reference DNA barcodes (see warnings in Table 2), Note: In this case, the most closely relaed species can
¢ The identifizhiliy of the species is compromised by low  be revealed hased on the resulis of phylogenetic analyses
feft gl rpd2 polymorphism, or the quality of the refiee- ol fef? and rpd2 (Step 3, Comment 3). Note; Precise and
ence sequences is nol sufficient (usually, 1o shorl) (see aecurate identification will usoally require gither taxenomic
warnings in Table 2). revision of relerence materials, additional DNA sequencing,
¢ Theidentificd specics is recognized based on insullicient orfand sampling.
reference material or ambiguous specics crileria.

Fal Springer
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”H!ﬂd? T. craxmars O5A0K 184908
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BYEAVE0 T, caroptron THE 14232

Fig. 10 Molocular identification of genome-sequenced sitbing from
the Flarpicrmen and Vieowy cludes using maxi mom-likelibood (ML)
phylogeny and pairwizse sequence similarity caleolation, The ML ply-
lograms of rpid and weff wene constroeted in IQ-TREE 16,12 (boo-
slrap replicates = LKKY using the awcleotide substtution models of
Tie+ BRI mnd HRY +F+04, Circles ol the nodes indicute ulirafis)
boptstrap values » 80 given by IQ-TREL. Genome sequenced straing
were shaded in green. The reference strains weve provided with the

Nowe: I phylogenctic analyses ol hoth loci point to a
single sister species but it can’t be identificd becanse of
mcomplete reference materials, “aft” can be wsed W specity
the related axon: T, aft, [related spegics nama|, 1f several
sister specics ane proposed, the use of “¢f is more appropri-
dtes T.oefl [one of the related species]. Here, it is suggested
10 point 1o the related specics that is best studicd or has
similar features.

Validatfom of the mew species ypeathesis
I all of the following criteria are mel;

¢ The query sirain belongs 1o the genus Triclode g
(mzels Trichoderma TS, standard).

# The query strain has unique sequences of rpd2 or teff
(does not meet the sp3 b2 o 2 tefTg7) standard Tor
known species).

o The existing closely relaed species have complee ses
of reference DNA barcodes.

GEMGT ATITAT G5 BT

TU Wien Feng Cai Doktorarbeit
Fungal Diversicy
X = g
KJEREIM T, GRS 1T 4 1 |
HBHED T govmure GBS 10051 |
HYEATEEH T, brwwe VLGS Detde oo
FYDEZHTR T busmsanee HUAS 28800 |
1e1]
4o Iz T pleurooicala CB3. 124331
# FR1L218 T plairen G5 128047
] rrnu;n" 30 -
FHAZTTE T, akarwsin CBS 13074241000 0.03
FH442756 T, fhenidarmm DIS 250842000 7]
o0z F\.Hi??ll rwm 1300730 -

ED
‘f-ru-;:uurmm-m a3
P 43430 . inariciin CES 130743
T -pumaﬁ T. sbnmoneil TS 132430

—IERTET
ELDS0023 T erasaun DA 14011

ELZB00 T aovnsie DADR 162974

M TITTEG T, saropton CBE 114712

GenBenk accessions and the strain name, among which, strains with
uneermpleted reference information wene shaded in orange. Besults of
the pairwise sequence similariny were illustrated on the dashed lines
between the query sivain and s closely related species (Broows point
o the referenes atrams). The pairwise sequence sinsilarity eabeulation
wirs performed using the online fool of ClustalOMEGHA (htipsfaue,
chi.ac.ukTool/mesfcluslalal)

o The new species hypothesis is supporied by the wpology
of hoth phylograms (rpf2 and fef ) and is not contra-
dicted by other markers (GCPSE concept).

The new species hypothesis is unambiguons, precise, and
accurate, Record the results as T, sp. strain 1" hefore
the Fermal name is given.

Nate: the formal taxonomic description of @ new fun-
gal species requires the puidelines of Seiferr and Rossman
(2000) to he followed, including naming (see The Code),
registration of the type (May et al, 20097, deposition of the
reference materials inte public darabases, microbiological
investigation, and imaging of microscopic [eatures. It com-
prises the molecular evolutionary analysis {Comment 3)
and comparison of morphological, eco-physiological, and
hiogenpgraphical characierisics hetween e query swainis)
and closely relaed 1axa.

I any of the following criteria me:

Fal Springer
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¢ Attribution of the query strain to the genus Trichoderma
is ambiguous (does not meet the Trichoderma[lTS,;]
standard, in particular if the similarity is < 70%)

¢ (losely related species have incomplete sets of DNA
barcodes, the quality of the reference sequences is not
satisfactory, or related species were recognized based on
insufficient DNA barcoding material.

¢ The position of a new species is not supported by the
topology of both phylograms (rpb2 and #ef7) or is con-
tradicted by other markers (GCPSR concept is not appli-
cable).

The hypothesis of 2 new species remains ambiguous.,

MNore: In this ease, the specics name can be assigned as T
s with the additicn of either “affinis™ or “aff.” [ie., relaied
fo] (if there is only one sister species) or “eonfer” or “ct.”
[i.e., compared te] (if there is 2 geoup of related species) the
mast closely related species (hat can be revealed hased on
the results of phylogenetic analysis (Step 3, Comment 3).
Precise and accorate identification of a new species will wsu-
ally reguire either taxonomic revision of reference materials,
additional sequencing, orfand sampling.

Step 5: Presentation of the identification result and data
archiving

Record the identification results. An example is given in
Table 4.

Archive vour non-trimmed query DNA barcode
sequences aleng with their identification (EASTA format
is snggested).

Comments:

Coroment |, Cofewlaiion of pairwize sinilarifies between the
query and reference sequences using IT8:

+ Download the sequence (U85 deraser from Supplemen-
tary Datasets from this study or www.inchokey.com and
open in the text editor. Add the query [T5 sequence 1o
the datazet.

*  [nsert the sequences in Aliview and use “Realign every-
thing " option in “Align™ meno.

* Ched: whether the length of the query sequence fits the
IT55 daiarer, 1 not, the identification result will be
ambiguous.

+ [Lxport the alignment s a fasta file and save it.

#  [lpload the exported fasta file or paste the sequences nto
the input box of the online ClustalOMECGA tool for pair-
wise similarity caleulation (hitps:wwweblacuk/Tools
Smsafelustaloedy or use other tools for pairwise sequence
simnilarity caleulation.

'-J.i' Springer

+ Select the option of “DNA”, setup your parameters
(“ClustalW?” is recommended), and click the “submit”
button.

¢ Download the .pim file, which contains the results of the
pairwise similarity calculation, from the “results sum-
mary” page.

+ {(Optional) A “guide tree” can also be obtained from the
“results summary” page and visualized in FigTree for
your interest.

+ Open the .pim file using Microsoft Excel or a text editor,
search for the maximum similarity value(s) between your
ey sequence and the references, Make sure you have
excluded the value showing the similacity to the query
sequence {100%].

Note: The [TS56 daroser containg 56 selected relerence
ITS sequences that represent intrageneric polymorphism of
the Trichodermag genus.

Commen! 2, Marual calowlation of pairwize similarilies
berween the guery and reference sequences wiing tefl or
rpl:

* Submit the trimmed spb2 sequence to THchaBLAST
[wwwtrichokey.com] and detect the most closely related
APeCics.

* [lze the most vpdated data in Table 2 (i.e., the latest
updated version is on www.irichokev.com) and taxo-
nomie literature that was published after the release of
this maral, and composs lists of the most closely related
species, =N < 10

*  Find the taxonomically confirmed reference strains (ex-
type, type, vouchered; Table 2) for cach specics and
retrieve rpd2 and refl sequences from public databases,

*  Align ared trim the sequences, and caleulate the pairwise
sequence similarities as described in Conument 1.

Comment 3. Application of pfodegenenc analysis in molecn-
tar idenpificaion and it wee for the validarion of idenrifice-
fien reguelis,

Phylogenetic analysis can contribute to nnambiguous or
ambigeous identification of either a known species or a puta-
live new species, 18 deseribed below.

o [f the seguence similarity standard (whether it is ppb2
andfor ref s indicates several species (e.2., I cf, enda-
phivticum CFAM-421, Tables 1 and 4}, phylogenetic
analysis of hoth loci will reveal the closest species and
allow aceurate but imprecise (ambiguous) identification
as frichoderme of, [closest species]. Thus, this analysis
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will vsnally indicate a need for the taxonomic revision
of the reference group. In this case, phylogeny is used s
an identification step.

# [f the two loci indicate different species (existing or
putatively new), the phylogenetic analysis results can
demonsirate that the loci zre not coneordant (e.g., T sp.
NIAL 4742, Tables 1 and 4), In this case, and consider-
ing that only two markers are currently available, phylog-
eny is wsed as a validation step. With the introduction of
genomic Echnigues in fungal taxonomy, such cases may
b resnlved by the application of phylogenomic analvses
(Galtier and Daubin 2008},

+ [fthe reference sequences are not complete, the results of
phylogenetic analysis will reveal the closest species and
allow accurate but imprecise (anmbignous) dentification
as fichodermn afl. [closest species] or Trichederma of.
[closest species] (e.g., T of. arrobrunnenm [TEM 908,
Tables | and 4]. In this case, phylogeny is nsed as a vali-
dation step.

+ [fanew species is found, phvlogeny is a required as part
of the new species recognition. 1o this ¢ase, the topolo-
aies of both phylograms are expected to be concordant
and pairwise sequence similarities should support the
unambiguons new species hypothesis.

Practical examples of Trichoderma
identification

To verily the suitability of the molecular identification
profocal and to demonstrate how the identification results
can he presented, we list below the detailed identification
diagnoses for the two strains that were used for the on-line
survey (see above) and the 42 WGS Trichode g strains that
were available in public databases as of Tuly 2020,

Nede: Sequences of all phylogenetic markers were
trimmed before the analysis using TrichoMARK 2020,
which is available at www.trichokev.com or the reference
datasess (Supplementary Datassts and woww.irichoderm
a.info}, so that they carrespond to the length of the refer-
ence DNA bareode loch, as shown in Fig. 9,

Identification of strains that were used
in the on-line survey

(1) TOCIM 10063 (ealled “mycoparasite” in the on-line

aurvey]

Identification: The pairwise sequence similarity of 1TS
(MTTO2072) betwesn strain TUCIM 10063 and the refer-
cnees that are given in the f1556 daroser showed several
values > T6%, which indicated that strain TUCIM 10063
belongs to the genus Trichaderma. The similacity of wpbl

(MTE02437) between strain TUCIM 10062 and the mast
closely related species T, guizhonense (strain CBS 131803)
theat is found at this locus was 100000% (Table 2, and the
similarity of tefd (MTREF2E39) between strain TUCIM 10063
and the most closely related species ) puizhonense (strain
CES 131803) that s found at this locus was 1L00% (i.c.,
the condition 3(rpdd,. = eil.,) was met),

Validation: The reference materials are complete, and
identification was precise, accorate, and unambiguous.
Therefore, strain TUCIM 10063 can be identified as T,
puizhonense.

(2) TUCIM 3640 (called “epiphyte™ in the on-line survey)

Identification: The pairwise sequence similarity of IS
(MTT22073) between strain TUCIM 3640 and the refer-
ences that is given in the ST daraser showed several
values = 7%, which indicated that strain TUCIM 3640
belongs o the genus Thokoderma, The similarity of sp62
(MTHO2438) between strain TUCIM 5640 and the most
closely related species including T compacim (strain CRS
121218) and T aggregainm (strain HMAS 248863 that
are found at this locus was 96,.55% and 96.05% (Table 27,
respectively, and the similarity of e (MTEO2440) between
strain TUCIM 3640 and the most closely related species
mcluding T compoctm (strain CBS 121218) and T aggreg-
afum (strain HMAS 248863) that are found at this loons
was 938445 and M .51% (Table 2), respectively, (i.e., the
condition 3(rpb 2y, 2 refl o5} was not met). This indicates
that strain TUCIM 53040 can be recoanized as a putative new
species (Comment 3).

Validaton: The reference materials are complete. The iden-
lification was precise, sacourate, and unambigoous. There-
fore, the strain TUCIN 5640 can he identified as T. sp.
TUCIM 5640

Identification of Trichederma isolates for which
WG5s have been deposited in public databases
before July 2020

Corresponding sequences can be retrieved from public
dalabases. Accessiaon numbers, references for WG5S, and
the initial specics identifications arc listed in Table 1 and
Fig. 2. The dataset includes several ex-tvpe strains that do
not reguire identification (e, they are referance strains).
Mowever, the sequence similarity analyvsis is also described
for these strains.

We deliberately skipped the WGS mutants of 1 reerel
becouse the pedigree for the type strain QM 6a that [eads to
diverse industrial mutants 1s well documented in the litera-
lure (Druzhinims and Kubicek 2006). However, we includsd
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mutants of several other species that are used in agriculture
antd may be confused with the wild-type strains.

(3} NJAU 4742 (Tables 1 and 4; Tig. 1)

Identification: Pairwise sequence similarity of ITS belween
strain NIALU 4742 and the references that are given in the
{1556 datgser showed several values = 76%, which indicated
that strain NJALT 4742 belongs to the genus Trickederna,
The similarity of »pb2 between strain NIALU 4742 and the
mast closely related species T pyromidale (strain CBS
135574 that is found at this locus was 97.79% (Tahle 2;
Fig. 18, while the similarity of refi between strain NIAT
4742 and the most closely related species T, puizhonense
{strain CBS 131803) that is found at this loens was 100,65
(Table Z; Fig. 10} (i.e., the condition 3 1(rpbd., = el ) was
not met). This indicates that strain MIAL 4742 can be ree-
ogznized as a putative new species that has non-concordant
phylogenies of spb and reff (Comment 3.

Validation: The reference materisls are complete. The iden-
lification was precise, accurate, and unambiguous. There-
fore, the strain NJAU 4742 can be identified as a putative
new species 1. sp. NJALU 4742, Due to the value of this
strain for the development of hinfertilizers, we propose
a provisional name to this species as T2 sfiewil nom. prov.
The formal taxenemic description will be presented else-
where upan additional sampling,

{43 M10 {Tables 1 and 4; Fig. 10)

Identification: The pairwise sequence similarity of ITS
between strain M0 and the references that are given in the
ITE58 daraser showedl several values = 76%, which indicated
that strain M10 belongs to the genus Trichederma. The
similarity of ;a2 between strain M 10 and the most closely
related species T bannaense (strain HMAS 248840) that is
found at this locus was 97,79% (Table Z; Fia, 1(0), and the
similarity of refd between strain M10 and the most closely
related species that are found at this locus were all <97%
(Table Z; Fig. 100 (Le., the condition 3{rpbl,, = fefl ) was
nol met). This indicates that strain M10 can be recognized
as a putative new species (Comment 3).

Validation: The reference materials are complste. The iden-
tification was precise, accurate, and unambignous. There-
fore, the strain M 10 can be identified as T sp. MO,

(3) 1. harziongmm CHS 226,95, type strain (Tables 1 and
4; Fig. 10)

Identification: not required for the type strain

The pairwise sequence similarity of ITS between strain
CBS 226,93 and the references that are given in the ITS50
dirfasel showed several values > 76%, which indicated that
strain CHBS 226,93 belongs to the genus Tiichoderma. Strain

ﬂ Springer

CBS 126.93 is the ex-type strain of species T. harzianom
sensu stricto. The similarity of rps2 and tef] between
strain CBS 226.93 and the most closely related species T,
harzigrum {itself} that is found at this locus was 100.00%
(Table 2, Fig. 100, and the similarity of ref? between strain
CBS 216,95 and the most clesely related species T R
zicmunt (itgelf) that is found at this locus was 100.00%
(Table 2; Fig. 100 (Le.. the condition 3irpb2., = fefl ) was
mel].

Validation: The reference materials are complete.

(61 BOT (Tables 1 and 4; Fig. 1)

Identification: The pairwise ssquence similarity of ITS
between strain BY97 and the references that are given in the
IT536 daraser showed several values > 76%, which indi-
cated that sirain BYT belongs to the genus Frichodertg,
The similarity of #pb2 between strain BY97 and the most
closaly related species T. harziannm (strain CRS 326.95)
that i found at this locus was 99.51% (Table 2; Fig. 10),
and the similarity of feff between strain B#Y and the maost
closely related species T2 farzianuem (strain CHS 226.95)
that is found at this locus was 99.60% (Table 2; Fg. 100 (ie.,
the condition 3 eph2.. = il ) was met),

Validation: The reforence materials are complete. The iden-
tification was precise, accurate, and vnambiguouws, There-
fore, the strain B97 can be identified as T, Rorsiomarm,

(7) TR274 (Tables 1 and 4; Fig, 10}

Identification: The pairwise sequence similacity of ITS
batween strain TR274 and the references that were given in
Lhve ITE 38 dataser showedl several values = 76%, which indi-
cated that strain TR274 belongs to the genus Trichoderma,
The similarity of rpéd2 hetween steain TR274 and the most
closely related species T2 Aarzianan (strain CBS 226.95)
that is found at this locus was 99,51% (Table 2; Fig, 10),
and the simalarity of /¥ between sirain TR274 and the mest
closely related species I0 horzianuw (strain CBS 226.93)
that was found at this locus was 1000 (Table 2: Tag, 10)
(i.e., the condition 362y, & tefl o) was met)

Validation: The reference materials are complete. The iden-
lification was precise, acourate, and unambigoous. There-
fore, the strain TR274 can he identified as T. harzianer,

(8) T6776 (Tables | and 4; Fig. 10)

Identification: The pairwise sequence similacity of [TS
between strain T6776 and the references that were given
in the JT556 daraser showed several values > 76%, which
indicated that strain TaT76 belongs to the gems Tricho-
derma, The similarity of rpé2 between strain T6776 and the
most closely related species T afrefarzionum (strain CES
12462 that is found at this locus was $9.88% (Table 2,
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Fig, 100, and the similarity of refl between strain T6776
and the most closely related species T, afrofardantm
{strain CBS 1226200 that is found at this locus was 99061%
{Tahle % Fig. 100 {i.e., the condition 3 {rph,. = refl o) was
met).

Validation: The reference materizls ane complete. The iden-
fification was precise, accurate, and vnambiguous, There-
fore, the strain ToT76 can be identified as T afrofarzi-
emeene. The same conclusion was obained in Kubicek ef al.

{2019,
{9 T22 (Tahles 1 and 4; Fig. 107

Identification: The pairwise sequence similarity of ITS
between strain T22 and the references that were given in
the IT556 davaset showed several values > 76%, which wdi-
cated that strain T22 belongs (o the genos Tichadernia, The
similarity of spb2 between atrain T2 and the most closely
related species T afrefiardans (sieain CBS 1246200 that is
found at this locus was 100.00% (Table 7, Fig. 100, and the
similarity of reff between strain T22 and the most closely
related spacies T afrefarzsianwm (steain CBS 1246207 that
was found at this locos was 98.82% (Table 2; Fig, 100 (La,
the condition b2, & refl o) was met).
Validation: The reference materizls are complete. The iden-
tification was precise, accurate, and unambiguous. There-
fore, the strain T22 can be identified as T’ afroltarsianmm.
Similar cenclusion was obfained in Chaverri et al, (2005).
Mote: This is a laboratory strain that was obtained in vitro
as a UV treated protoplast fusion hybeid of the benomyl-
resistant strain T-93 (ATCC 60850) and T12m (ATCC
20737y {Stasz et al. 1988,

{100 IMY 00454 (Tables 1 and 4; Fig. 14

Identification: The pairwise sequence similarity of I'T5
between steain MY 00434 and the references that are given
in Lhe ITE5E daraser showed several values = 76%, which
indicated that strain IMY (30434 belongs to the genus Ticho-
derma. The similarity of #ph2 betwesn strain IMV 00454
and the most closely related species T simmionsii (strain CHS
1304315 that is found at this locus was 10.00% (Table 2;
Fig. 1, and the similarity of reff between strain IMY
00454 and the most clogely related species T simwmonsii
{strain CBS 120431 thal is fowrsd at this locus was 9969%
(Table I; Fig. 100 (e, the condition 3{xpb,, = refl ) was
met).

Validation: The reference materials are complete, The
identification was precise, accurate, and unamhiguous.
Therefore, the strain IMY 00454 can be identified as T,
sEmonsii.

{11) CFAM-422 (Tables 1 and 4; Fig. 10}

Identification: The pairwise sequence similarity of TS
between strain CFAM-422 and the references that are given
in the 7856 daraser showed several values = 769, which
indicated that strain CEAM-422 helongs to the genus Thicho-
derra, The similarity of rpk2 between strain CEAM-422
and the most closely related species including T afarasin
(strain CBS 130742), T lensforme (strain DIS 3538}, and
T, endephyticom (slrain CBS 1307300 that are found at
this locus was 99.73%, 99.75%, and $51%, respectively
(Table 7; Fig. 103, while the similarity of el between strain
CFAM-427 and the most closely related species inchuding T
aigrasin (sirain UBS 13067420 and 1 endophiviicum (sitain
CBS 120730) that are found at this locus was 98.23% and
SO0, respectively (Table 2; Fig. 107 (ie.. the condition
Alrph2 = 1efl ;) was not met. This indicates that strain
CFAM-422 can be recognized a5 T, afaresin or T, endopiov-
cun (Comment 3).

Validation: The reference materials that were nsed in the
maleenlar identification in this case were pot complete doe
to the lack of sequences from the ex-type strains of sev-
eral related species (the reference sequences nsed in this
coge ware abtained from the published voucher materials,
which may require taxonomic revisiony (Comment 31, The
identification was precise, but inaccurate, and ambiguons,
Therefore, the strain CFAM-422 can be identified as T.
cl. endopliyticnm,

(123 TPhwl {Tables | and 4 Fig. 100

Identification: The pairwise sequence similarity of TS
between strain TPhul and the references that were given
i the FTE56 dataset showed several values = 76%, which
indicated that strain TIPhel belongs to the genus fricho-
derma, The similarity of rpb2 between strain TPhul and
the most closely related species T gwtazonicem (strain CBS
126898 and T pleros {strain CBS 124387} that are found
at this locus were 98 8975 and 98.87%, respectively (Table Z;
Fig. 104, and the similarity of the raff hetween strain TFhul
and the most closely related species T, plewron (strain CRS
124387 that was found at this locus was 98.10% {Table 2;
Fig, 10} (i.e.. the condition 3timpb2q, 2 el ;) was not met),
indicating strain TPhel can be recognized as a putative new
species (Comrment 3},

Validation: The reference malerials are complete. The iden-
tification was precise, aceurate, and unambignous, There-
fore, the strain TPhul can be identified as T. sp. TPhul.

(133 Trl {Tables 1 and 4; Fig. 1)
Identification: The pairwise sequence similarity of ITS

between strain Trl and the references that were given in the
ITE36 dataset showed several valves = 70%, which indicated
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Fig. 11 Maolecular identification of genome-sequenced strains from
thi Section Longitweciatune using maximumelikelihood (ML) phy-
Ingeny and peirwise sequence similority ealealation, The ML phylo-
arams of rpid and reff were constructed in IQ-TREE 1.6.12 (boo-
slrap replicates = IHHKE wsing the nucleotide substitution models of
T+ F4+14 G4 and TH +F+ B2, Circles at the nodes indicate ultra-
fost bootstrap volues = 80 given by 1Q-TREE. Genome sequenced
alraindg were shaded in green. The reference sicalng were provided

that sirain Trl helongs wo the genus Trichodernma, The simi-
larity ol rph2 between sirain Trl and the most closely relaed
species 1. plewroticola (sirain CBS 124383 than is Toumwd a
this locus was 9902% (Table 2; Fig, 103, and the similar-
ity of refl between strain Trl and the most closely related
apecies T pleweoricols (sirain CBS 124383 that is found at
this focns was DOOUOS (Table 2; Fig. 1) (i.c., the conditon
A by 22 tefl 7)) was met ).

Validation: The reference materials are complete. The iden-
tilication was precise, accurate, and unambignous, There-
fore, the strain Trl can be identified as T plenrotical,

(141 ITEM M08 (Tables | and 4; Fig, 10)

Tdentification: The pairwise sequence similarity of ITS
between strain ITEM 908 and 1he references that were
given in the fI536 dataset showed several values = T6%,
which indicated (bl sirain ITEM 908 helongs o the genus
Trichoderma, The similarity of fpb2 hetween strain [ITEM
Q08 and the most closely related species including T2 ato-
Bt (sirain GULS, 98-153) that is found al this Jocus
was L0005 (Table 2; Fig. 11}, while the similarity of
fef! between sirain ITEM 908 and the most closely related

Fal Springer
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with the GenBank sccessions and the straln neme. among which
lhee stricns with uncompleled relerence information were shicded in
orange, Fesults of the pairwise sequence similarity were illustrated
aon the dashed lines between the query sivain and s closely relaved
apecien (arowd poant W the reference strainsh. The pairwise sequence
similority caleulation was performed using the ooline tool Clustal
OMEGA (htips:ifaarwchioe, ukiTool sfmsaiclustalod)

species 12 atredrurenm (strain GUIS. 98- 183) than is Tound
al this locus was 95.55% (Tahle 2; Fig. 1) (i.e., the condi-
tion b2, = tef ) was nol met),

Validation: The relerence materials that were used in the
malecular identification in (his case wene nol complete due
1o the short sequence of fefd [Tom the ex-lype strain of T
alrodrrnrens (Comment 3). The identficaton was precise,
hut inaccurate and ambiguous. Therefore, the strain ITEM
908 can be identified as T. cf. atrobrunneum.

(L5 T, virens Gv29-8, type strain (Tables | and 4; Fig, 10)

Identification: nod required for the type strain

The pairwise sequence similarity of ITS between striin
G298 and 1he references thal were piven in the f1755% dala-
set showed several values = 76%., which indicated har strain
GuZ9-8 helongs o the penus Fricladerma, Sirain Gy29-8 15
the ex-1ype sirain of species 1) viress, The similarity of b
hetwesen sirain Gy29-8 and the most closely related species
T, wvivens (ilsell) that was found at this locus was 10000
(Table 2; Fig. 104, and the similarity of tefl between strain
CivZ4-8 and the most closely refated species 1) virens (ilzell)
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that was found af this locus was 100.00% (Table 2; Fig. 107
{i.e., the condition IWrps .. = refl ) wis met).
Validation: The reference materials are complete.

(16) FT-333 (Tables 1 and 4; Fig, 10}

Identification: The pairwise sequence similarity of TS
betwean strain FT-333 and the references that were given
in the FTS56 daraser showed severs] values = 76%, which
indicated that strain FT=-333 belongs to the genus Tricho-
derma, The similarity of #pb2 between strain FT-333 and the
mest elosely related species I virens (strain Gv2W-E) that is
found at this locus was 100.00% (Table 2; Fig, 100, and the
simmilarity of reff between strain FT-333 and the most closely
related species T wrens (strain Gv29-8) that is found at this
locus was THLD0E (Table 3; Fig. 10 (ie., the condition
Fhrphlss = pefl i) was met).

Validation: The reference materials are complete. The
identification was precise, accurate, and upambigucus,
Therefore, the stradn FT-333 can be identified as T,
VIFENS,

{171 T¥-1511 (Tahles 1 and 4; Fig. 10}

Identification: The pairwise sequence similarity of TS
between strain Tv-1511 and the references that were given
in 1358 datarer showed several values > T6%. which indi-
cated that strain Tv-1311 belongs to the genus Trichederma,
The similarity of sph2 between strain Tv-1511 and the maost
closely related species T virens (strain Gv29-8) that & found
at this locus was 100000% (Table 2: Fig. 109, and the simi-
larity of raff between strain Tv-1511 and the most closely
related species T virens (strain Gy 29-5) that were found at
this locus was 99.80% (Table 2; Fig, 107 (Le., the condition
Slirphdo = il ;) was meth,

Validation: The reflerence materials are complete, The
identification was precise, accurate and unambiguouos.
Therefore, the strain Tv-1511 can be identified as T

VIPERLE,

{187 DML 304061 {Tables 1 and 4; Fig, 11

Identification: The pairwise sequence similarity of ITS
between strain IMI 304061 and the references that were
given in the fTI56 dataret showed several values = T6%,
which indicated that strain IMI 304061 belongs fo the genus
Trichoderma, The similarity of rpb2 hetween strain IMI
34061 and the most closely related species T neccrussum
{strain G.IS, 01-227) that is found at this locus was 99.26%
{Table 2; Fig. 100, while the similarity of refl hetween strain
IMI 304061 and the most closely related species T wrans
{strain Gvw29-8) that is found at this locus wag 97,26%
(Table 2; Fig. 10 (e, the condition 3rphl., & refl ) was
not met). The similarity assessment and phylogeny of the

tefl locns indicated that strain IMI 304061 can be recog-
nized a5 a putative new species ather than T vivens and T
neacrassum (Comment 3).

Validation: The reference materials used in the molecnlar
identification in this case were not complete due to the short
sequence of refl from the ex-type strain of T nescragomn
(strain G 15, 01-227, Convment 31, The identification is
precise and accurate but ambignous, Therefore, the strain
IMT 304061 can be identified as T, sp. all. neocrassim
IMI 304061,

(190 T, reesel OM 6a, type strain (Tahles 1 and 4: Fig. 11)

Identification: not vequired for the type strain

The pairwise sequence similarity of TS between strain
OM 6a and the references that were ziven in the ITE56
dataser showed several values = T6%, which indicated thal
strain QM 6a belongs to the genus Trichoderma, Strain
QM 6a is the ex-type strain of species T reesei. The simi-
larity of rphZ between strain QM 6a and the most closely
related species T weese! (itself) that is found at this locus
was 100D (Table 2; Fig. 113, and the similacity of refd
between strain QM 6a and the most clesely related species
T reeser (sell) that is foundd at this lecus was 100.00%
(Tahle ¥; Fig. 11} (i.e., the condition 3eph 2, = i)
wis mel .
Validation: The reference materials are complote,

(200 CBS 99997 (Tables 1 and 4; Fig, 11}

Identification: The pairwise sequence similarity of ITS
between strain CBS 999,97 and the references that were
given in the fT536 dataset showed several values = 767,
which indicated that strain CHS 99997 belongs to the
genus Trichedermn. The similarity of spb2 hetween strain
CBS 999,97 and the most ¢losely related species ) ree-
sef (strain QM 6a) that is found at this locus was 99.75%
(Table 2; Fig. 11), and the similarity of tf] between sirain
CBS 999.97 and the most closely related species T, ree-
zet (strain QM 6a) that is found at this locus was 99.60%
(Table 2; Fig. 11} (i.e., the condition 3rpdls, = refl )
was meth

Validation: 'The reference materials are complete. The iden-
tification was precise, accurate, and unambizuous, There-
fore, the strain CBS 999,97 can be identified as T, reesed.

(213 1. pararecsei CBS 125925, type sfrain (Tables 1 and
4; Fig. 11)

Identilication: not required for the type strain

The pairwise sequence similarity of ITS between strain
CBS 125975 and the references that were given in the IT556
dataser showed several valves = 76%, which indicated that
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strain QM 6a belongs to the genns Trickederma, Strain CBS
125%25 i the ex-lype strain of species T pararessei. The
similarity of wpb2 betwesn strain CBS 125925 and the most
closely related species T, parareesef (itself) fhat is found at
this locus was 100,00% (Table 2, Fig, 113 and the similar-
ity of refil between strain CBS 125925 and the most closely
related species 1) porareesel {itself) that is found at this
locus was 100,00% (Table I; Fig. 113 (e, the condition
Airphla, = teflp) was met).

Validation: The relerence materials are complete. The
identification was precise, accurate, and unambiguouos.
Therefore, the sirain TBS 125925 can be jdentified as
T. patvareesel,

(221 T longtbraciicrm CBS 816,68, type stain (Tahles |
and 45 Fig. 11

Identification: not reguired for the type strain

The pairwise sequence similarity of ITS between strain
CHS 816.68 and the references that were given in the fT556
datser showed several values = 76%, which indicated that
sirain CES 816,68 belengs to the genus Frichaderma. Strain
CHS 816.08 is the ex-type strain of specics T fongibrachiin-
S, The similacity of #pbZ between strain CBS 816,68 and
the most closely related species T longibrackiamm (iself)
that is found at this locus was 100,00% (Table 2; Fig. 113,
and the similarity of ref] between strain CBS 816,68 and the
most closely related species T, longibraciianm (ilsell) that
is found at this locns was 1000005 (Table 2; Fig. 11} {i.e.
the condition 3 (epb2y, = tefl ;) was met).
Validation: The reference materials are complete. The
identification was precise, accurate, and unambigucus,
Therefore, the strain CBS $16.08 can be identified as T,
Tonzilraciiam.

{231 SMF2 (Tables | and 4; Fig, 11}

Identification: The pairwise sequence similarity of TS
between strain SMF2 and the references thal weee given
in the ITS56 dataser showed several values = 76%, which
indicated that strain 3MFEZ belongs to the genns fricho-
derma. The similarity of rpb2 between strain SMF? and
the most closely related species 1) longibrachianom (strain
CBS 81668 that is found at this locus was 9%.88% (Table 2;
Fig. 11}, and the similarity of tef] hetween steain SMF2 and
the most closely related species T, longibrackiatm (slrain
CBS B16.6%) that is found at this locus was 98 97% (Table 2;
Fig. 11} (i.e., the condition 3rpd2,, 2 tefl ;) was meth,
Validation: The reference materials are complete. The
identification was precise, accurate, and unambiguons.
Therefore, the strain SMF2 can bhe identified as T.
fongifracfiiamm,

Identification: The pairwise sequence similacity of ITS
between strain MET and the references (hal wers given in the
IT536 doraser showed several values = 76%, which indicated
that strain MK1 belongs to the genus Trichoderma, The
similarity of rpi2 between strain ME1 and the most closely
related species T longibrachiaim (strain CBS 816,68 that
i found at this locus was 9. 75% (Table 2; Fig. 11), and the
similarity of rff between strain MEL and the most closely
relaled species T longtbraciianmm (strain CHS 816.68) tha
is found at this locus was 100.00% (Table 2; Fig. 11) di.e.,
the condition 3 eph.. = il ) was met),

Yatidation: The refercnce materials are complete, The
identification was precise, accurate, and unambigu-
s, Therelore, the strain MK1 can be identified as T,
loppibracliatum,

(253 JCM 1883 (Tables 1 and 4 Fig. 11)

Identification: The pairwise sequence similarity of [TS
between strain JOM 1883 and the references that are given
in the FT556 daraser showed several values = 76%, which
incdicated that steain JCM 1BE3 belengs to the genus Fricho-
dermra. The similarity of wpb2 betwesn strain MK and the
most closely related species T longibrachinivm (strain CBS
B16.68) that is found at this locus was 99.73% (Table 2;
Fig. 117, anc the similarity of refl between strain JCM 1883
and the most elosely related species T longibrachiatum
(strain CBS 816.6%) that is found at this locus was 1000005
(Table 2: Fig. 11) (i, the condition 3! (rpb2,, =refl. ;) was
met],

Validation: The reference materials are complete, The
identification was precise. accurate, and vnambignous,
Therefore, the strain JCM 1883 can be identified as T,
longibrachisenm.

(263 TUCTM 6016 (Tables 1 and 4; Fig. 113

Identification: The pairwise sequence similarity of TTS
between strain TUCIM 6016 and the references that are
given in the /TS558 detaser showed several values = 76%,
which indicated that strain TUCIM 6016 belongs to the
genis Trichoderma, The similacity of rpb between strain
TUCIM 6016 and the most closely related species includ-
ing T citrimovivide (strain CBS 238,85} that 15 found af this
locus was MRS (Table 2; Fig. 11} while the similarily
of tefd between strain TUCIM 6016 and the most elosely
related species T citrinoviride (strain CBS 258.83) that is
found at this locus was 99.81% (Table 2; Fig. 11} (i.e., the
condition 3(rph2. & refl ;] was not met).

Validation: The reference materials used in the molecnlar
identification in this case were not complete due to the short
sequenes of wpdd from the ex-tvpe steain (Comment 3), The
identification was precize, but inaceurate and ambiguous.

(24) MK1 (Tables 1 and 4; Fig. 11)
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Therefore, the strain TUCIM 6016 can be identificd as
T. ef. citrinoviride.

(20 T aeroviride 1M 206040, (Tables 1 and 4; Fig. 12)

The pairwise sequence similarity of ITS between strain

IMI 206040 and the references that were siven in the IT854
datazer showed several values = 76%, which indicated that
sirain M 26040 helongs to the genus Trichoderms. Strain
[N 206040 §s not the ex-tvpe strain of species 1) afraviride
butt is considered as a reference strain (Kubicek ef al, 2011,
2009 The similarity of rpb2 between strain IMI 206020
and the most closaly related species T arrodride (itsall) that
is found at this locus was 100,00% (Table 2; Fie, 123, and the
stmilarity of fefl between strain IMI 206040 and the most
closely related species T areovivide (itself) that is found at
this locns was 100.00% (Table 2; Fig, 12) (i.e., the conditicn
3l(rphl., = refl o) was meth,
Validation: The reference materials were complete,
The identification was precise, accurate and ambiguons,
Therefore, the strain IMI 206040 can be identified as T,
alroviride.

{281 P, (Tahles 1 and 4; Fig. 12]

Identification: The pairwise sequence similarity of ITS
between strain P1 and the references that were given in
IT338 dataser showed several values = T6%., which indicated
that strain P1 belongs to the genus Trichodernie. The simi-
larity of spi? betaesn strain P1and the most closely related
species T atrovtelde (strain IMI 2060400 that 18 found at
this locus was 100K (Table 2; Fig. 123, and the similar-
ity of r=f7 between strain P1 and the most clesely related
species I atroviride (strain IMI1 2060440) that s found at
this locus was 99.43% (Table 2; Fig. 12) (e, the condition
Ftirphla, & tefl oy was met).

Validation: The reference materials are complete.

Mate: this is a laboratory strain that was cbtained in vitro
from T harzigwom 1077 (DNA Barcoding was nat avail-
able) by sereening towards increased resistance 1o xenobi-
oties (Tronsmaoe, 1991, The sirain is frequently treated as a
wild-type isolate in research related to plant protection and
grovwth promation {hiocontnol ).

(29 X52015 (Tables | and 4; Fig. 12

Identification: The pairwise sequence similarity of ITS
between strain X5 2005 and the references that were given in
the ITS56 dataser showed several values = T6%, which indi-
cated that strain X52015 belongs to the genus Trichadermio.
The similarity of rph2 between strain X52015 and the most
closely related species T2 atraviride (strain IMT 206040) that

is fonnd at this locus was 100.00% (Table 2: Fig. 123, and
the similarity of refl between strain X521 5 and the most
closely related species T arrewiride (strain ML 2060400 that
is found at this locus was 100.00% (Table 2; Fig. 12) (i.e.,
the condition 3(mpdd.. 2 reila,) was met),

Validation: The referenee materials are complete. The iden-
tification was precise, accurate, and vnambiguous, There-
fore, the strain XS2015 can be identified as T, arroviride.

(300 FT (Tables | and 4; Fag. 12)

Identificatinon: The pairwise sequence similarity of TTS
between strain FT and the references that were given in the
ITE3G dataser showed several values = 76%, which indicated
that strain F7 belongs to the genns Irfchoderma, The simi-
larity of #pi2 between strain F7 and the most closely related
species T, atroviride (strain IMI 2060407 thal is fownd at
this locus was 100.00% (Table 2; Fig. 123, and the similar-
ity of tefl hetween strain FY and the most closely related
species T arrovirdde (strain IMI 2060400 that is found at
this locus was 99.43% (Table 2; Fig, 17) {i.e., the condition
Alirpbl = el was met).

Valkdatlon: The refzrence materials are complete. The iden-
lification is precise, accurate, and unambiguous. Therefore,
the strain F7 can he identified as T. asoviride.

(313 B10 {Tables 1 and 4; Fig, 17}

Identification: The pairwise sequence similacity of [T5
batween strain B10 and the references that were given in
Lhee ITE38 dataser showedl several values = 76%, which indi-
cated that strain B10 belongs to the genus Frichedernmia.
The similarity of #phZ between strain B10 and the most
closely related specics 1 airoviefde (strain IMI 2060400
that is found at this locus was 100.005 (Tahle 3; Fig. 12),
and the similarity of r¢7! between strain B10O and the most
closely related species T, atreviride (strain IMI 2060400 that
i [ound at this locus was 99.43% (Table 2; Fig. 123 iie., the
condition (rps ., = refl,] was met).

Validation: The reference materials are complete. The iden-
tification was precise, accurate and unambiguons. There-
fore, the strain B L0 can be identified as T, atroviride,

(323 JCM 9410 {Takles 1 and 4; Fig, 17)

Identification: The pairwise sequence similarily of [TS
between strain JOM 9410 and the references that were given
in the 556 daraser showed several values = 76%, which
indicated that steain JCM %410 belenas to the genus Fricha-
dermea. The similarity of sph2 betwesn strain JCM 9410 and
the most closely related species T arroviride (strain [MI
2060440 that is found at this locus was 9.02% (Table 2;
Fig. 12}, and the similacity of reff between strain JOM 9410
and the most closaly related species T arrmdride (strain IMI
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206040 that is found at this locus was 100.00% (Table 2;
Fig. 12) (i.e., the condition 3% rpbl., = refly ) was met).
Validation: The reference materials are complete. The
identification was precise, accurate, and unamhiguous.
Therefore, the strain JOM %410 can be identified as 1.
arraviride,

{331 LY357 (Tables | and 4 Fig. 12)

Identification: The pairwise sequence similarity of ITS
between strain LY 357 and the references that were given in
the ITSSE daraset showed several values = T8, which incdi-
cated that strain LY 357 belongs to the genns Trichade i,
The similacity of rpd2 between steain LY 357 and the most
closely related species including I parofroviride (strain
CBS 136489 and T7 atroviride (strain IMI 2060407 that are
found at this locus were 98.65% and %7.79%, respactively
{Tahle 2; Fig. 12), and the similarity of @fl between strain
LY357 and the most clossly related species including T
parafroviride (strain CBS 136489 and T airoviride (strain
M 2060400 that are found at this locus were ¥3,37% and
91.29%, respectively (Table 2: Fig. 123 (i.e., the condition
Slirphly = refl ;) was not met)h This indicates that strain
LY357 can be recognized as a putative new species (Com-
ment 3.d}).

Validation: The reference malerials are complete. The iden-
tification was precise, accurate, and unambignous. There-
fore, the strain LY 357 can be identified as T sp. LY 357,

{341 TA08S (Tables 1 and 4; Fig. 12)

Identification: The pairwise sequence similarity of ITS
between strain TOOES and the references that were given in
the [T556 deraser showed several values = T6%, which indi-
cated that sirain TEOES belongs to the genus Trichoderma.
The similarity of rpbd between strain TEOES and the most
clasely related species T. gamsif (steain GULS, (4-09) that is
found al this locus was 99.38% (Table Z; Fig. 12, and the
similarity of reff between sirain Ta0835 and the most closely
related species 77 panesi (strain GI.5. 04-09) that is found at
this locus was 97.31% (Table 2; Fig, 12) (i.c., the condition
Fllrpb2es 2 tefl o) was meth,

Validation: The reference materials are complete. The iden-
tification was peecise, accurate, and unambiguous. There-
fore, the strain TS5 can be identified as T geodl.

{351 ASMH (Tahles 1 and <; Fig. 12)

Identification: The pairwise sequence similarity of ITS
between strain ASMH and the references that were given in
the ITS56G daraser showed several values = T6%, which indi-
cated that strain ASMH belongs to the genus Trictiadermin.

is found at this locus was 99.63% (Table 2; Fig. 12} and
the similarity of refl between strain ASMH and the most
closely related species T garsts (strain G158, 04-09) that 1=
found at this loons was 95.98% (Table 2; Fig. 12} (i.e., the
eondition 3!rpdds, 2 refl ;) was not met), Thus, ASMH is
a putative new species that is closely related fo T gavesil
(Conument 3),

Validation: The reference materials are complete. The iden-
lification was precise, sacourate, snd unambigoous. There-
fore, the strain ASMH can be identified as T sp. aff, geor-
it ASMH.

(363 POST (Tables 1 and 4; Fig, 12)

Identification: The pairwise sequence similarity of I'TS
betwean strain POST and the references that were given in
Lhee ITE38 dataser showeil several values = 76%, which indi-
cated that strain POST belongs to the genus Trichoderma,
The similarity of mpé2 between strain POST and the most
closely related species T Eopingiopsis (strain CBS 119075)
that is found at this locus was 98,89% (Table 2; Fig. 12),
aned the similarity of refd between strain POST and the most
closely related species T Loningiopsis (strain CBS 119075)
that is found at this locus was 96.71% (Table I; Fag. 12 (e,
the condition 3! (kb = refl 4o ) was not met). This indicates
that strain POST can be recognized as 2 putative new species
closcly related to T koningiopsis (Comment 3).
Validation: The reference materials are complete. The iden-
tification was precise, accurate, and unambignous, There-
fove, the strain POST can be identified as T sp. afl, kos-
ingiopsis POST,

(3T T, asperellnm CBS 433,95, type strain (Tahles 1 and
4; Fig, 12}

Identification: not vequired for the type strain

The pairwise sequence similarity of ITS between strain
CRS 433.95 and the references that were given in the IT554
dataser showead several values > 76%, which indicated that
strain CHS 433,95 belongs o the genos Trchoderma, Strain
CBS 433,95 is the ex-type sirain of species T airpviride. The
similarity of rpl2 between strain CBS 433,93 and the most
closely related species ¥ asperailum (itself) that is found at
thig locus was 100.00% (Table 2; Fig, 17, and the similar-
ity of tef! hetween strain CBS 433,95 amd the most closely
related species T, asperellum (itsell) that is found at this
locus was 10000% (Table 2; Fig. 12 (i.e., the condition
Alpdil = efl ;) was met).
Validation: The reference materials are complete. The
identification was precise, accurate, and unambiguous.
Therefore, the strain CBS 433,95 can he identified as T.
aspeveliim,

The similacity of rpd2 between sirain ASMH and the most
closely related species T, gamsii (strain GI.S. 04-09) that (38} BO5 (Tables 1 and 4; Tig. 12}
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Fig, 12 Maolecular identificatica of genome-sequenced stroins from
the Sectzon Trichoderme naiy maxinm-likellbood (ML) phylogeoy
el pairwise sogquenee similarily caleolation, The ML phylograms of
apbd and reff were comsiteeted in H-TREDR 1612 (holstrup repli-
cates = 1000 using the nuckeotide substiiution moedels of TRe +04
aoel HEY +F+ Gid. Circles an the modes indicate wlirafast bootstmg
values> 80 given by M}TREE, Genome sequenced siains were
shaded in green, The nelerence sirains were provided with the Gen-

Identification: The paicwise sequence similarity of ITS
herween strain BOS and the references that were given in
the FENS6 eleterset showed several values > 76%, which indi-
cated that strain BOS helongs o the genus Trichode rna.
The similarity of rpeb2 between strain BO3 and the most
closely related species including T2 kwmmingense (strain
YMELOZ659) and ¥ asperedfom (sirain CBS 43397 ) that
are found at this locus were 99885 and 9951 %, respec-
tively (Table 2; Fig, 12, and the similarity of feff between
strain BOS anad the most closely related species inchaling 7
Fenmeingense Citrain Y MEL 026590 and 12 asperetium (strain
CHS 43397 that are found at this locos were 91.92% and
9481 %, respectively (Table 2; Fig. 12) (i.e., the condition
A2, 2 tefT o) was non meL).

Validation: The reference materials thar were vsed mthe
molecular identification in this case were not complee doe
10 the short sequences of fefd rom the ex-1ype sirgin of 7
fynmingense (strain YMFLO2659) (Comment 3), indi-
cating that strain BOS can be recognized as T aspereflum
without excluding s possibility of being T knweningense
(Comment 3} Thus, the group of T, asperelinm and the
species closely related 1o it may need a critical taxonomic
revision. The identilication wis precise, but inaccurate and

GUHBE2A) T pinsdnasds CBE 121273
ELESGIZE T beiwiiae 050 133000 ———

Bank accessions and the stvain name, among which the srains with
uneesipleted reference informuion were shaded in orange, Besulis of
e mairwise sequence similarily wene illusiraled onothe dashed lines
betwaren the query sirain and fls closely related species (wrmows point
to the reference strains), The pairwise sequence similarity caleulation
was performed using the online tool ClustalOMEGA {ips:ifawa.
ehi.acukTool/meafc lustala')

anrthiguous, Therefore, the sirain BOS can be identificd as
T, ol asperelim.

[39) TR3S6(Tables 1 and 4; Fig, 123

Identification: The pairwise scquence similarity of [TS
berween strain TR356 and the relerences that were given in
the T34 dataser showed several values > 76%, which jndi-
cated that strain TR356 belongs w the senus Trichodermea.
The similarity of rad2 between siesin TR356 and the most
closely related species ¥, asperelfofdes (sirain G5, 04-111)
that is found a1 this locus was 99 88% (Tahle 2; Fig. 120, and
the similarity of fefd between sirain TR356 and the most
closely related species T asperelloides (sirain GI.5. 04111}
that is found al this locus was LODOME (Table 2; Fig. 12)
(1., the condition 3N rmb2,, = tefly; b was met).
Validation: The reference materials are complete, The
identification was preciss, accorite, and unambiguons,
Therefore, the sirain TR336 can he identified as T,
asperelloides.

(400 Ts%3 (Tables 1 and 4; Fig. 12)
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Identification: The pairwise sequence similarity of ITS
between strain Ts93 and the references that wene given in
the JT856 deraser showed several values = T6%, which indi-
cated that strain Ts%3 belongs to the genus THetodsrma. The
similarity of rpd2 between strain 1593 and the most closely
related species T asperelloides (strain GULS, B4-1117 that
is [ourd at this locus was 99.75% (Table 2; Fig. 123, and the
similarity of rff between strain Te93 and the most closely
related species T asperelloides (strain GULS. 04-111) that
is found at this |oeus was 99.62% (Table 2; Fig. 120 (i.e. the
condition 3 (rpd2.. = tefl o) was met).

Validation: The reforence materials are compiste. The iden-
tification was precise, accurate, and uwnambiguous, There-
fore, the strain Ts93 can be identified as T, asperelloides.

(4171 GDA2 (Tubles 1 and 4; Fig. 12)

Identification: The pairwise sequence similarity of ITS
between strain GI1 2 and the references that were given in
the ITE56 daniset showed several values = T6%, which indi-
cated that strain GD12 belengs to the genus Trichoderm.
The similarity of b2 between steain G132 and the most
clagely related species T, howiasem (strain DAOM 167037}
that is found at this locus was 100,00% (Table 2; Fig. 12},
and the similarity of refl between strain GD12 and the most
closely related species T iomanen (strain DAOM 167057}
that is found at this locos was %9224 (Table 2; Fig. 123 {je.,
the condition I epbZ, = tefl .o was met).

Validation: The reference materials are complete. The iden-
tification was precise, accurate, and vnambiguons, There-
fore, the strain GIMN2 can be identified as T famarunr.

{42) IBT 40837 (Tables 1 and 4; Fig, 13}

Identification: The pairwise sequence similarity of ITS
between sirain [BT 40837 and the references that were
given in the fT356 datarer showed several values = T6%,
which indicated that strain TRT 40837 belongs to the
genus frichederyig, The similarity of rpl2 between strain
[ET 40837 and the most closely related species T arun-
dinacenn (sirain CHS 119575) that is found at this locus
was 10000% (Table 2. Fig. 13} and the similarity of w7
between strain [BT 40837 and the most closely related spe-
cies I arundinacenm (strain CBS 119573} that is found at
this locus was 100.00% (Table 2; Fig. 137 (e, the condilion
Srpldas = pefl o7) was met),

Valldatlon: The reference materials are complete. The
identification was precise, accurate, and upambigucus,
Therefore, the strain IBT 40837 can be identified as T,
armmdinacenmn,

{43) IBT 40841 (Tables 1 and 4; Fig, 13}

ﬂ Springer

Identification: The pairwise sequence similacity of ITS
between strain [BT 40841 and the references that were given
in the 7856 daraser showed several values = 769, which
indicated that sirain IBT 40841 belongs to the genus Tricho-
derrg, The similarity of #ph2 between sirain [BT 40841
and the most closely related species T. brevicompactum
(strain CBS 1097207 that is found at this locos was 100.00%
(Table 2: Tig. 13}, and the similarity of ref] batween strain
IBT 40841 and the most closely related species including
T2 brevicompactum (strain CBS 1097200 that is found at
this locus was 95.67% (Table 2; Fig. 13) {i.e., the condition
il o, = reil p ) was not metj.

Validation: The reference materials that were used in the
molecular identification in this case were not complete due
to the shoet sequences of rf from the ex-type strain of T
brevicompactun (geain CBS 1097200 { Comment 34, The
identification was precise and accurate but ambiguous.
Therefore, the stvain IBT 40841 can be identified as T

cfl. hrevicowmpactup,

(443 TW21990_1 (Tables 1 and 4)

Idenfification: The pairwise sequence similacity of ITS
between strain TW21990_1 and the references that were
given in the IT554 daraser showed several values = 76%,
which indicated that strain CBS 433,95 belongs to the genus
Trichoderma, Strain TW21990_1 is the ex-type strain of spe-
cies T cvanadichotonus. The similarily of rpél hetween
strain TW21990_1 and the most closely related specics
I evanodichoremus (itself) that is found at this locons was
1600005 (Tahle 23, and the similarity of tefd between strain
TwW2195%0_1 and the most closely related species 1) cyaredi-
chatonms (itsell) that 15 found at this locus was 100,00%
(Table 2y iie.. the condition 3%rpbl., & wefl ) was met).
Validation: The reference materials are complete, The
ilentification is precise, accurate and unambiguovs. There-
fore, the strain TW21990_1 can be identified as T.
cyenodichotonus,

Thus, the molecular identificaticn protocol that was
applied to 44 Trickederma straing resulted in unambiguous
ilentification of 38 (B6% ) steaing and allowed assignment of
31 species names (ncluding seven ex-type strains) (0% ) and
the proposa] of eight new species (18%). S5ix (14%) identi-
fications remained ambiguous becanse of either incomplete
reference material or ambiguous taxonomy of the related spe-
cies, Together, this result indicates the urgent need to achieve
an agregment on Lhe genus-wide crileria thal are suitable o
allow recognition of the species in Trichedermg and the
requirement to complete the reference materials based on
these criteria, Furthermore, the recogniticn of a consider-
able amount of putative new species indicates further rapid
growth of Trechederma diversity in the near future.
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Discussion and suggestions

This study shows that identification of species is challenging
for us and for most experts. As shown by the survey, Tricho-
derma researchers spent an average of one hour identifying
the two strains based on three DNA barcodes for each, and
achieved 50% accuracy. The rate of new species descriptions
in the genus of Trichoderma was as high as approximately
50 per year, and this number is expected to increase faster
in the future. Therefore, we selected a white paper format to
present a detailed review on Zrichoderma taxonomy, explor-
ing the problem of moeiecular identification and propasing
a possible selution in a form of an autheritative guideline.
We simed to develop a protocol for the molecular identi-
fication of Trichoderme that shonld reflect the contemporary
taxonomy of the genus. This means that where possikle, we
avaided an option of a taxonomic revision for a particular
group or the entire genus (se2 for example, Houbraken et al,
20205, Instead. we considered Tichadermio (o be 4 genos in
its privileged taxonomic position because most of its spe-
cies have been delimitated after the introduction of DNA-
based methods. Trichoderma has received much altention
from fungal taxonomists, which has resulted in the ample
new species descriptions based on the newest (DNA-based)
technologics and concepts (Seifert and Rossman 2000} that
werg mainly published over the last decade (Fig, 23, The
“recently taxonomically resclved™ state for Trichodermia
taxonomy (that we believe is a correct assessment’) was also
considered to be an argument in support of the indtiation of
the whole-genus genomics project [or Trichaderme (https:
genome.jgi.doe gov/portal/GenwidrichodermalfGenwidrich
oderma.info.himl) as taxonomy underlines all biological
stdies. Thus, our intention was to “measure” genetic simi-
larities and dissimilarifies that have already been used by the
Trichoderna taxcnocmy providers and incorporate them into
the DNA Barcoding protocol. In this manner, we hoped to
balance the contradiction between the ultimate subjectivity
in the species recognition and the peed for the exact species
identification that is crucial for applications, patenting, and
research purpases. The availability of such a protocol should
facilitate the accurate, precise, and unambignons identifica-
tien of frichoderma species and beneficially contribute to
the development of applications and research on these fungi.
We previcusly proposed an automated oligonueleotide
DNA Barcoding tool for Trickoderma (Drozhinina et al.
20045; Kopehinskiy et al. 2005) that was based on ITS for
approzimately 100 species snd was widely appreciated by
the researchers for its vnambigucus resulis and simplicity,
Dz o the insufficient variability of ITS between Trche-
dernn species (see obeve], this tool is no longer functicnal.
The corrent study reveals the following festures and their

combination that impeded the simplicity of the molecular
identification protocol that is presented here:

1. Most Trichoderma species cannot be identified by a
sequence similarity search or by the multiloci phyloge-
netic analysis if it is applied alone.

2. The identification procedure requires three DNA barcod-
ing loci, and sequences have to be prepared (frimmed)
for the analysis.

3. The retrieval of reference materials and the calcula-
tions of the pairwise similarities are tedious and they
freguently iveed o be performed manualiy,

4, Insilice results pequive validation against the availability
of reference materials (Figs, 10-13)

It is now evident for all DNA bareoded fungi that any
molecular identification requires its hiological verification
g a necessary step (Licking et al. 20200, The combina-
tion of severa] in silico methods was already appreciated
by frichoderma experts becanse 27 of the 47 respondents
wha completed our online survey did not rely on any of the
methods alone, and instead, they used all the available tools,
Therefore, the users of Trichaderma taxoncmy are expected
te have skills not cnly in myeology, fungal taxcnomy, basic
DINA techniques, but also sequence analysis,

To date, the sufficient iraining of (axonemy USers is essen-
tial because there is no clear distinction between taxonomy
users and taxonomy providers. The diversity of Trcha-
dernea is such that the initial taxonomy users frequently
detect potentially novel species and start their descriptions,
i.e., become taxcnomy providers, Conversely, taxonomy
providers are usually the most dedicated users of existing
taxanaenry, but the work of taxonomy providers is essentially
more laborions and 15 associated with more responsibality
Because the outeocme (the taxcoomic and nomenclaral acts,
e.2., the formally described taxonomic entities) influences
the development of taxonomic standards that sre applied o
& particular group of organisms. This study demonstrates
how the resulis that were ohtained by a few T chodermag
taxonomy providers in the last decade strongly impact the
ambiguity of Irchoderma species identification and the
application of species recognition criteria.

The transformatiens of the genealogical
concordance species concept in Trichoderma
taxenomy

Regardless of the species recognition criteria that are
nsed, fungal taxonomy allows room for suhjectivity in the
asseasment of species borders. In Trichodersia, this can be
exemplified by many eases when taxenomists observed a
considerable genetic, ecclogical, and phenotvpic poly-
morphism within a particular grougp, but they did no find
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Fig. 13 Molecular identification of genome-sequenced strains from
the Brevicampacnar cledes using maximom-likelihood (ML} phy-
logeny and padrwise sequence similacity calealation. The ML phyle-
grams of rpied and efd were constructed in 1Q-TREE 1.6.12 (booi-
sitap  replicates = [0} wsing the nocleotide substitution models
of TIM2e and HEY +F+ L Curcles ar the nodes wdicate ultralast
bontsitap valnes = 80 given by I)-TRELL Genome sequenced sitains
were shoded in green, The reference strains were provided with the

it sudlicient for the species delimnations [see T2 harzicnmm
sensy Chaverrt and Samuels (2000) or T geichowense sensn
Chaverri et al, (201531, It i5 also possible that the same
researchers chanpe their assessment of specics borders as
more materials are studied [see the revision ol the Feezi-
errer Clade by Chaverri et al. {2013)]. However, numerous
morphologically identical and genetically highly similar
species have heen named and formally described as crypc
tixa hased on subtle penetic distance [¢p., T bissetni was
delimited from T, fowgibraclfiotem (Sandoval-Denis ¢ al,
24y and T2 krsenivegense was separated from T asperellnm
(Chao et al. 20018)].

The ambiguity of taxonomy reflecis the diversity of
species recognition criteria that are applicable Tor fong
[recently reviewed by Licking et sl (20203], However, only
A few could be potentially suitable for the penus Tricho-
dferina (Druzhining and Kubicek 2005), Among them, the
morphological species coneep is no longer suitahle for this
genus hecause even the larpest infrageneric proups, seclions,
are nol always morphologically distingoishable [for exam-
ple, see the transfer of the famous biogonirol strain P from
T, harzignn CTronsmo 19973 (o T2 arrovivide (Mach et al,
1959493 ], The high ambiguity of morphological identifica-
tion of Trichodersa is no longer discussed. The biological
species concept that is verifiable through in vitro mating
is restricted (ooa single species T reesei (Seid] e al, 20005)
because none of the other species that have been Tound
1o date could repeatedly produce froiting badies in vitrn,
Therefore, the gencalogical concordance phylogenetic spe-
cies recognition (GCPSR) concept {Taylor er al. 20007 is
the most widely claimed approach in this genus (see refer-
ences fedmvl, Aller detecting many cryplic species, GCPSR
became the only suitable option for species delimitation in
Trichodermg, Although this concept was shown to b a pow-
criul tool for species delimitation (Druzhinina and Kubicek
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CrenBionk accessions and the strain name, among which, stroins with
uneempleted reference informuzion were shaded in orange, Besults of
the pairwise segaence sinilariy were tlustsated on the dashed lines
bextwen the query simain end it closely relaed species (armows point
1o the reference strains), The pairwise sequence similarity coleulation
wir perfornsed e he onliee wol of ClustalOMEGA (s sy,
ehi.acukTools ms=elusialo’)

2005; Druzhinina e al, 2005; Taklitsch 2009, 20101; Jak-
litsch e al, 200 3; Taklitsch and Voglmayr 2005; Chen and
Fhugng 20073, b, d; Gin and Zhoang 2007}, the two decsdes
ol its application, at least in Trictoderma, rovealed several
shoricomings, GCPSK requires the concordance of phylo-
gram topologics from at least two unlinked Ioci that are not
contradicted by the other Ioci (Taylor et al. 20000 (Fig. 14).
In practice, the application of GCPSE assomes (1) the con-
sideration of individual trees and (331 ses of seversl sirains
per each species, which ultimately include reference maite-
rials for all species in guestions. For example, Druzhining
el al. (2002) studied the evolutionary relationships between
such species as T fowgibrochiatam, T ariemtale, and sev-
eral related sirains (Fig, 14a). They constructed single locus
phylograms for seff, clid8-3 (ech42), and call (Box 1)
The wpelogics and statistical supports for HTLS thypo-
thetical taxonomic units, internal nodes on phylograms] for
tefi and ol d8-5 were highly concordam and revealed Four
monophyletic phylogenetic species (PS [-PS 1V, Fia. 14a).
which weree supported by stanstucally signilicant posterior
probabilitics, The wopology of cald did ni contradict this
conclusion, However, the resolotion in eqld phylogram was
low, Mevertheless, this analysis allowed the application of
GCPSE and the conclusion that individual P3s corresponded
to four phylogenetic species (Druzhinina et al. 2008) tha
were then taxonomically described {Drozhining el al. 2012,
Samuels e al, 20012). Conversely, a similar analysis tha was
pertormed in the Sarzigeen Clade [a “demon™ of Tricho-
erma taxonomy, Druzhining et al, (2000603, which revealed
that GCPSE could not be applied to this group (Fig. 14h)
hecause all sreains “jumped™ from clade w clade in single
loci phvlograms {Fig. 14h). Thos, no clades seen on a com-
haned phylogram (hased on the concatenated three loci ) were
apparent on single-gene phylograms, Based on the specics
delimitation proposal (Taylor ¢t al, 20000, the whole clade
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represented a single species [that was provisionally named
as “psendoharesisnnm matrix,” (Drughinina et al. 2010k)]
because the phylograms of tested loci contradicted each
ather at this level. To explain the cases of concordant phy-
logenies for the analysis of Scetion Lowgibrachiaim and
non-coneordant for the Harzianon Clade, the anthors of
each study performed analyses of genetic recombination,
Thiz showed that T, lengibrackiarm s, 8, i& likely a (clonal}
agamospecies, while T arfentale is most likely holomarphic
(Druzhinina et al, 2008, However, the evidence of mlensive
sexual recombination was abfained for most of the strains
in the Harzignem Clade, except the £ fuirziamim 5. 5 sib-
clade iDruzhinina et al, 20100} explaining “jumping” posi-
ficns of individval strains oo single-loci phylograms, This
result prevented the authors from delimiting the Jarzignomn
Clade in several species because the GCPSR concepl was
not applicable. There were no other species recognition cri-
feria availahle, therefore no taxonomic acts were performed.
Thus, these examples illustrated one frequent shortcoming
when applying for GCPSE in Tichederma, The analvsis of
single loci phylograms is a eritical and eompulsory step in
the application of GCPSE. Additionally, ambiguous cases
can be verified by the in silico tests for sexual recombination
{Rossman et al. 2006} or other analyses.

Unfortunately, in a rapidly increasing number of studies,
the new Trichaderna specics are delineated and deseribed
based on the apalysis of a combined phylogram that was
obtained from a concatepated alignment of several loci
(Chaverri et al, 2001, 2005, Chen and Zhuang 200 7a, b, d;
Chin and Zhuang 201 6c; Taklitsch 2004, 2011; Jauklitsch and
Yoglmavr, 2001 5) without consideration of the single lacus
frees. Such stodies do not rely of genealogical concordance.
Although GCPSR is usually cited and claimed, species anz
delimitated based on the topoleey of a single tree, i.e. basad
on the phylogenetic species eoneept (Box 1) The authars use
such parameters as the branch length, and statistical support
for individual HTT to assign a species rank (o a group of
siraing, or even frequently to a single steain (fee befow). One
example is the delimitation of the Harzianem Clade (men-
fioned above) in a dozen new species based on the combined
phvlegram of gor, fefd, cold, and ITS (Chaverri et al, 20153,
Chur evaluation of the sequences provided by the authors
showed that the taxoncmic act was largely completed based
an the phylogenetic signal mainly obtained from polymar-
phism of &n approximately 230 bp-long fragments of the refl
gene. This is becanse the thres other loci (TS, acr, and cal )
were sampled for ronghly 60% of isolates, and aorf and IT5
were highly conserved. Because individoal phylograms were
not assessed, the strict sense GUPSR was not applied in that
study. Moreover, the monographs of Taklitsch {2004, 2011)
on European species of Hypocreg and the work on Tricho-
derma diversity in Southern Eorope (Taklitsch and Voglmayr
2015) also do not contain single loci trees, but species wens

delimitated mainly (not only) based an the steict consensus
phylogram of wfl and rpé2. Moreover, W JTaklitsch nsed
not the hypervariable fragment of sefl considered above, but
thee sixth exan from the ff gene, although he noted that it
“shows less variability among species than rpi2” (Jaklitsch
2009 [Refer to Fig. 4o and respective teat above deseribes
that rpda2 is already highly conserved and species are delim-
ited based on minor (< 1%) dissimilarity. It means that the
polymorphism of refl exon fragment is neglectable ] This
algorithm based on the concatenated phvlograms of the twa
conserved loci (refl and »pd2) was then sdopted in more
Teenl fAxonemic siudies on frichoderoug (hat assigned = 90
new species (Chen and FZhuang 2006, 200 Ta, b, ¢ d: Qin and
Zhuang 20164, b, ¢, 2017, The drawback of this approach
is the lack of the third marker that is strictly required for
GCPSRE. Morgover, the use of combined phylogeny does
nat allow evaluation of the coneordance between the two
loci and does not reveal their palymorphism. If one of the
combined markers is not sufficiently variable or conserved,
it does not contribute to the structure of the combined trae,
The recombination and incongruences between tree topalo-
gies have become neglected, Thos, despite claims in the
publications, species resolved based on the combined phy-
lograms of the two or sometimes aven several locl were not
recogrized based on the strict sense of the GCPSR concept,
although a phylogenetic specics recognition (PSR} concept
was applied (See Definiticns in Box 1) If we consider that
these are at least 200 speeies described by the groups of
WM. Taklitsch and WY, Zhuang, we can conclude that
GCPSR, the most powerlul and widely accepled species
concept for fungi, have not been applied for the delimitation
of the majority of Tricoderma species. Because the choice
of a species criteria and concepts are not determined in the
Code, we refrained from any evaluation of the rationale for
some of species delimitations. Instead, we wsed this example
to show how the work of taxonomy providers influences the
applicability of species recognition criteria.

For about the first 10 years since its introduction by Tay-
lor et al. (2000), the GCPSE concept in Trichoderma was
implemented in its strictest sense (Atanasova and Druzhining
2010 Drozhinina et al, 2008, 20100, Komen-£elazowska
et al. 2007; Jaklitsch et al. 20084, by Chaverri and Samuels
2003; Lu et al, 20604, Samuels et al, 20080, 2010; Degenkalb
el al. 2008}, which resulted in the deposition of DNA bar-
coding sequences for additional loci such as o 8-5 (ech42),
aetd, call, acr and some athers (Table 21, However, the
shift to the twe loct that was initiated during the last decade
and the massive introduction of new species without con-
sideration for the supplementary harcodes and frequently
also without ITS (Table 23, reduced the usshility of these
supplementary DMNA barcodes almaest to zero,

The second drawback that comes from the non-strict
application of GCPSR appeans when species are recognined
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AFig. 14 Examples of genealogical concordance in the genus Trcko-
derma. & Phylogenetic wees mken from Deuzhining eq al, (2008) that
describe phylogenetic concordunce of the three loci (reff, child-g
wnel e in the Section Lm_gr'imc:‘:l'n.ﬁ.um F5 1-P5 1V i.:cu':uspm;l I8}
phylogenetic species. Colors indicate ztatizteally supported clades of
the concatzmated phylogrmm of e theee loct, Sex Druzldnma el al.
(2008) for detsils, b Phylogenetic trees taken from Diruzhining et el
(20000 describing the lack of phylogenetic concordance of the thies
bowih (refd, chéd -5 and cal Dy in the Havefanen Clade. Coloss indscate
cludes seen on the concatenaled phylogrmm of the (hree loci. See Dro-
whirina ot al, {20087 for detadls

based on a lfew or even a single isolaie. in this case, it is
not possible to distingnish between species and populations.
Therefore, multiple Trichoderma species that were described
based on o single available isclate are ambiguous unless the
unigue ecophysiological or morphological features were
detected.

The lactual retreat in Trchodermag taxonomy from the
application of GCPS R to the less powerful PSE has practical
and theoretical explanations and consequences for precision
and accuraey of taxenomy, First, the genus-wide taxonomic
revisions [such as that performed by (Jaklitsch 2009, 200173]
require the simulianeous analysis of several hundred isolates
and sequences of several hundred reference strains. Ideally,
GUPSE could be applied if tefd and spb2 phvlograms could
be confronted, However, because the intron-containing
reff DN A barcode loos is highly polvmorphic, respective
sequenses cannod be aligned acress the genns, The analvsis
will reguire the construction of numerous smaller separate
phyvlogenetic tregs for individeal seclions (such as those
shown in Figs, 1013 The conserved exon-containing refd
[ragment that was selected by Taklitsch (2009, 201 1) allowed
the svoidance of multiple phylograms becanse it was suif-
ahle for alignment across the genus. However, the poor reso-
Iution of resulting trees was shown before (Chaverri and
Samuels 20037 and also mentioned by this auther, We would
like o warn the researchers who are aiming al identification
of the large collections of Trchodernea straing that the car-
rect application of GCPSRE will reguire the construction and
analysis of numercus phylograms,

Second reason why the GCPSE concept was replaced
by the PSR, is theoretical, GCPSE alone does not allow
a decisicn to be made on the rank of concordant clades.
For eryptic species, even the strict application of GCPSR
cannet distinguish between taxa of different ranks (such as
populations, species, or genera). For this reason, T aggres-
sivaem and 1 coribbgenm consist of ambigonously defined
variefies (Sanuels et al. 2002, 2006} Thus, we can conclode
that although GCPSR is considerad to be the most powerful
corncept (Nguyen et al. 200 3a), it did not yet find its broad
application in frickodermes taxonomy.

Asz it has been already explained above, the revision of
the distribution of DNA barcoding loct revealed that the

currently available material for species identification within
the genus Trichoderma (Table 2) makes DNA Barcoding
limited o the three loct analysis among which, the concond-
ance wpbl = refl should not be contradicted by ITS. Unex-
pectedly, it further raised the taxenomic value of ITS. In
fungi, ITS fragments have numerous features that limit its
taxonomic applicability [reviewed by Licking et al, (Z0200],
but most of them are not known for Trichoderma. To the
bt ol our knowledge, there were no reports on intragen-
omic polymorphism of this locus, However, a high number
of homaoplasions sites was demonstrated (Drughinina et al.
i3 and there was insufficient polymorphism between
many related species (Drozhinina and Kubicek 20033,
Therefore, we do not recommend veing TS for phvlogenetic
analysis, but we sugeast the similarity analysis for this locus
that can he applied for assigning the genus delimitation.

The search for the best phylogenetic markers by Tricha-
derma taxonomy providers resulted in the mosaic and
incomplete distribution of DNA barcoding loci and the genns
phwlogram (Takle 21, These gaps can be filled if taxoncmists
warkdwide have easy aceess to the reference strains’ cultures
for additional sequencing, However, the practice shows that
in some countries where Mungal taxonomy develops very fast
(such as Chinal, the acguisition of reference straing from
culture collections abroad is overly burdensome and costly
such that it cannet be accomplished by most rescarchers.
Conversely, shipment of reference strains, even from the
antherized collections in China to other countries, is also
complicated, expensive, and time-consuming, These non-
scigntific obstacles resull in a battlensck Tor the develop-
ment of Trchoderma taxonomy and lead to the emergence of
amhignous species descriptions and nereass the incomplete
distribution of phylogenstic markers.

The only soluticn that we can propose 18 cooperation
within the eommunity of Trichedermo taxonomists, For
example, a colleague “A” who 18 working on the taxo-
nomic description of a species “X" that is related 1o species
¥, which was described by colleague “B,” can request
the lalter person o provide sequences of additional TINA
harcoding Ioci (Table 2) for species Y. For example, for
I changhaienses in a group of species that are related to
T fertile, providing either four missing ofiid §-F (ech<2) or
three missing acld sequences could allow the application of
the GCPSE concept and unambiguons species recognition.
The current state of T changbaiense specics is ambignous
becanse its description does not correspond fo the recom-
mendaticns for the new fungal species deseription (Seifert
and Rossman 20107, It has been deseribed based on a single
strain and the concatenated analyvsis of the two loci (Chen
and Zhuanyg 201 Ta). Moreover, the morphology of T2 ctang-
Eatense did not correspond to the related morphospecies,
which also suggests the need for further sampling. Thus,
the cooperation hetween taxonomists can aid in the in silico
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amalysis, However, the exchange of sequence data will not
replace the nged o perform the comparative analvsis of phe-
notypes and ecophysiological features will reguire consid-
eration of the reference cultures in vitro, not only in silico.

In summary, sequencing of ITS, refd, and #pb2 is cor-
rently the minimum sufficient set of phylogenetic markers

ﬂ Springer

that is required for the application of the GCPSE concept.
Inn those cases, when these markers are not concardant (see
examples above), consideration of other loci is reguired.
The W55 can provide enough material to resolve evolu-
tionary positions of species with non-concordant phylog-
enies of rpd2 and refd and shared (identical) ITS sequences,
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However, becanse only 10% for Trichoderma species have
been whole genome sequenced o date, the phylogenomic
analysis for Trichaderma will not be available in the
near future. We anticipate many new species that will he
deseribed based only on a fow phylogenetic markers,

Testing the identifiability of every new species using the
currently available materials for related sirains is essential
for species recognition. Comparative analysis of ecophysi-
ological traits along with muliparametric phenotypes of a
putative new species and the closely related taxa along with
the application of the GCPSR concept will resolt in the most
reliabic species delimitation praciics, & polyplissic approact
(Licking et al, 20207,

Comparative ecology aids identification
of Trichederma species

The retiability of species recognition in Trchoderma can
b further aided by the analysis of DNA barcodes that ane
deposited for environmental samples and coreespending
metadata that are recorded in public databases, In almost all
cases, it will include the analysis of ITS. In fortunate cases
where there are unigue [TS sequences [eg., T asperelloides
delimitated from T asperellam, Samuels et al, (2010%], the
seguences of new species can be searched in public data-
hases for their cocurrence in varions hahitats and ecosvstems
worldwide. The sequence similarity search in public data-
bases that is performed with reff and rpd2 can also reveal
other steains of a given new taxon among the poal of nearly
2000 taxonomically undefined records that were depos-
ited as “Trichoderma sp.” in public databases (Tuly 20240
The metadata for such records of the respective sequences
can also serve as & wseful supporting material for species
descripticn. Becavse most THchods rma DNA bareodes were
deposited in public databases within the last fwo decades,
the authors of most sequences can be contacted, and a ool-
laboration can frequently be established. For example, in
our earlier study of Trchoderma diversity in Mediterranean
sponges thal was performed in collaboration with Oded
Yarden's group (Israel), we identified several potentially
new species of Trichoderme (Gal-Hemed et al, 20113 The
sequence similarity search in the NCBI GenBank revealad
that strains with identical or highly similar DNA barcodes
were already deposited by Karin Tacobs’ group (South
Africa). These findings essentially supported cur new spe-
cies hypotheses becanse highly similar strains were found on
the other continent, We contacted Professer Jacobs™ group
and the cooperation batween the three groups and the active
exchange of materials hetween Austria, [srael, and Sonth
Africa resuled in the joint description of five new species
{du Plessis et al, 2008). This cooperation arose from the
analysis of sequences and respective metadata for strains
depaosited in a public database.

Suggestions for Trichederma diversity studies

The popularity of the larze-scale biodiversity surveys among
mycolagists worldwide and the relative ease of Trchoderma
sampling and isolation attract many new researchers in this
arga, Based on our perscnal communications, at least sev-
eral groups throughout the world, in particular, Bt nat cnly,
in China, are possessing collections consisting of several
hundred or even thousands of Trichoderma isolates pend-
ing their taxonomic evaluations. As described shove, the
GCPSE (Taylor et al. 2000) and concept of cryplic fungal
species (Struck et ai. 200 8) fogether with the broad avaii-
ability of basic DNA technigues (PCE amplification and
Sanger sequencing) result in the relative simplicity of the
new species delimitation in this genvs. Our assessments
allow foreseeing the description of a considerable number
of new species in the near Metore and orge us to propose
genus-wide standards 1o discugs at the npeoming nomen-
clatural and taxonomic meetings. The most active provid-
ers of frichedermea syvstematics are a few groups of highly
experienced fungal taxonomists (Fig, 2, Table 23 who are
invited to share their skills and knowledge with the begin-
ners [see also fungi-wide recommendations in Licking et al.
(200205, The Internaticnal Commission on Trichederma
Taxonomy (ICTT, www.irichoderma.info) or regular meet-
ings such as the International Workshop on Triciederna and
Ciliocladium or the Trichodermo Workshop that satellites
the Burcpean Conference on Fongal Genetics (ECFG) offer
cpportunities for such exchanges. In Box 2 and below, we
summarize practical recommendations that arcse from this
study and that can be vsefol for Trchoderma scientists thal
shift their rescarch interest towards & taxonomy and hold
cillections of unidentified solates.

We also propose that genus-wide standardization of
species criteria that can be achieved if every new species
hypothesis s to be first submitted fo the ICTT board for the
review and appreoval before committing (o a taxancmic and
nomenclatural act. In this way, the researchers can effec-
tively communicate, exchange their Triclodsemas experience
and methods, and alse compose the UpToDate global list
of Trichodernin species names that is started in this sfudy,
The regulations and principles of such approvals can be dis-
cussed at the upeoming international meeting in consultation
with the members of the parental International Commission
on Taxoawomy of Fungi (ICTF) fwws fungaltaxoonomy.org ),
and the eonclusions ean be recorded in [CTT statnes.

The responsible curation of deposited material upon
the taxonomic and nomenclatural acts is another essential
recommendation that should be given to the providers of
Trichodervia taxonomy, This practice will result in reciced
ambiguity in Trichodermz taxonomy. Itis strongly suggested
to revise species identifications for all DNA barcoding mate-
rials upon the relense of species numes. As shown above, the
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names of several dozen Trichedemma species have not been
updated in the NCBI Taxonomy Browser {Table 2] There-
fore, they are not visible in a ssquence similarity search and
may he essily overlooked by the beginner users of Tricho-
dermg 1AXOnemy,

Ancther (repeated ) recommendation is the ultimate provi-
sion of I'TS sequences for all Trchodernu species, ineluding
those that have already been deseribed. Although species
can be recognized based on the use of other phylogenetic
markers in some cases, [TS should be provided to record
this taxon in metagenomic studies. Even if the TS phylotype
of a given specics is not unigue, it is essential (o associ-
ate all possible taxoncmic names with each phylotvpe of
IT5. Because the resoluticn of metabarecding is expected
to improve with the integeaticon of new technelogies and
longer reads (Feng et al. 2013; Rhoads and Av 20135), ITS
sequences will gain fuether value in the diversity research
of all fungt, neluding Tickoderma. Furthermore, ITS can
serve as the thind locus, complementing the strict GCPSE
that is applied for refd and rpbd (see above).

Description of & new species that is based on a single
strain is not recommended (Seifert and Kossman 2004,
Excepticnal cases require justification and a clear statement
that genealogical concordance was not accessed (ree albovel,
The need for the nomenclatural act for a single isolate
(assigning of a new name) can be considerad to be convine-
ing if the spacimen was collected in a habitat that cannot be
Turther sampled [as from clinical material {Druehinina et al.
20087, if the strain has some unique and clearly distinguish-
ing ceophysiological properties [ cvanodichoromons, (Li
et al. 200181, if it is particular]ly relevant for applications [T
fasd, (Ahang et al, 20077, or if it has pathological signifi-
cance. Single strains can be assignad as putative new spe-
cies and communicated nsing their strain [T Thues, in this
study, we refrain from describing the steain that was nsed
as an example, T_sp. TUCIM 3640, as a formal new spe-
cies because it meets all but this criterion (see afove). The
formal taxonomic deseription should be completed when
mare samples hecome available. Unfortunately, a formal
taxonomic deseription based on a single isolate is still com-
mon in Trichederma taxonomy (Chen and Zhuang 200 7a;
JTaklitsch 2008, 200 1; Taklitsch and Voglmayr 2015), which
frequently results in ambignous species that can also not be
unambiguously identified. It is recommended that measures
should be taken to perform additional sampling and search
public databases, strain collections, fungaria, and herharia
for the specimens and cultures with matching properties and/
ar DNA barcodes.

Besides the increasing number of the WGS strains in the
Trichoderma spp., the applicakility of WGS in taxonomy
and DNA Barcoding did not reach its potential importance,
Researchers repeatedly select strains that belong to the same
species for WGS (Table 47, Thus, for now, three whole

ﬂ Springer

senomes of T, haorzianem 5. 5., four genomes of T longibna-
clifaitum, and seven genomes of T atrovivide are availahle in
public databases (see references in Tables 1 and 4.

The diversity surveys of Trichoderms are now frequently
based on large samples of several hundred or even thou-
sands of isolates (Migheli et al. 2008; Ma et al. 2020, The
development of the protecol for handling such datasets
requires a bioinformatic approach that will be presented
elsewhere. However, we would like to specily the need to
prerform biological verification of the identification results
that were ohtained in silico. For example, if the soil s not
sampied, e mosi common species in the genus in Europe
are T, surcpoens and its sister species T. mediterronenm
(Jaklitsch and Voglmayr 200153). However, isolaticn-based
surveys and metagenomic diversity studies did not identify
these species or the closely related T mfnudsporm in bulk
soil or rhizesphere (Friedl and Drozhinina 201 2; Hagn et al,
2007; Meincke et al. 2000}, This dees not mean that isola-
tion of thess species from the soil & not expected, bt that
identification of one of these species that is isolated from
bk soil requires critical evaluation. Generally, most of the
infragenerie diversity of the genns Yrichadernia is found in
habitats other than soil (Jaklitsch 200%, Z001; Taklitsch and
Voglmayr 2005; Qin and Zhuang 20016c) and only & limited
number of highly envircamentally cpportunistic Triche-
dermia species can establish in this environment (Friedl and
Druzhinina 2012 Hagn et al. 2007; Meincke et al. 20100

Similarly, T reesed is a common and cosmopalitan spe-
cies with a distribution that is limited to 20° south and
north of the equator (Droghining et al. 2000; Drozhining
and Kubicek, 20163 The abundant detection of this spe-
cies in temperate soils in Austria reported by Hinterdobler!
recuires verification by repeated sampling and consideration
of artifacts.

The aspects of the Trichederma lifecyele can also be
considered 1o verily the in silico identification. Thus, T
tengitirnchiame 5. 5 I8 8 common species with a cosmo-
politan distribution. Its isolates are known from all conti-
nents, including Antarctica, and subjected to several molecu-
lar evolutionary investigations that revealed that this was
most likely a clonal species {agamospecies) (Druzhining
et al. 2008). Consequently, molscular identification of a
teleomorph-derived i2olate as T longibrachiciem should be
questioned and verified.

* The talk of Wolfgang Ilintecdobler who presented W, IHinler
dobler, J. Scholda, G, Li, 5. Bohmdorfer, M. Schmoll " TrHchaderns
spp. impact myeotoxin production of the plamt pathogen Fiearis
grminearen™ on the ECFG13 Saellite Workshop "Trichoderm,
Clemeosracips and other biocontrol fungi™ (February, 2020, Fome,
Daly). The abundant detecton of T rsecsed in a seil sample from
Anstrin was also reported eadier by the same groop, eg. on the
L5th Imternationsal Tfchederma and Ciiecizains Workshop (June,
2008, Salamanca, Spain) A respective peblication s antdeipated |W.
Hinterdobler, personal communication],
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Concluding remarks and cutlooks:
Trichoderma genomics and polyphasic
approach

For two centuries, the identification of Trichedarma (and
other common eultivable fungi} required microscopic
preparations, scientific drawings, and growth observation
on mueltiple nuiritional media, It was 3 laborions practice
that frequently vesulted in ambiguous species assignments
{Fig. 13}, The intraduction of DNA-based techniques first
slightly complicated the process by the nead to equip myco-
iogical iabs with molecuiar bioiogical devices, but then i
resulted in a drastic decrease in the lahor that was required
fior the identification (DNA Barcoding). Inoa few vears, the
commercial kits for DN A extraction, ready PCR mixes, well-
optimized PCE compenents, and the broad availability of
Sanger sequencing service made DNA Barcoding o widely
aceepted technigue, Additicnally, the public databases of
DMNA sequences became powered by automated sequence
analysis tools such as BLAST (Ye et al. 2006). Some online
identification tools also become available for individual gen-
era and fungal groups [TrchoBey, (Druchinina et al. 2005];
MIST, (Dou et al. 220); UNITE, (Nilsson et al. 20197].
Tegether with the GCPSE and PSE concepts, this prepared
a simple methadological framework for the relative case
of species delimitation and triggered the ongoing boost of
Trichoderma taxoncomy (Fig, 3% Within a short time, the
labor that was subsequently required for species identifica-
tion sharply increased (Fig. [5), and the rapid growth of
newly described species also contributed 1o the increased
amhiguity of species diagnosis. Based on our estimation,
V% of Thchoderma species cannaol be unambiguonsly iden-
tified becanse either the respective reference materials are
incomplete or species criteria that were used for the species
delimitation has become ambiguons, The standardization
of species recognition criteria and an agreement between
Trichoderma taxonomy providers will allow us to avoid
reaching the level when unambiguous species diagnosis will
become rane or impossible (Fig. 153

The current diversity of Trichoderma species is mostly
recognized based on el and rpd 2 polymorphisms and sup-
ported by ITS allowing the development of the melecular
identification protocol that will result in the frequent pro-
posal of putative pew species, Thus, we anficipate the future
rapid geowth of Tiickederma species to 1000 in the next
decade, We agree that the particular species delimitation
allows the preciss identification and prediction of nseful
properties. However, we also hope that advances in taxon-
omy will improve rather than hinder our understanding of
fungal biology and evalution.

Faverable opportunity and venture
of the whole-genus genomics

Compared to some ather ubiguitows fungi, the genus Ticho-
dermg is relatively young, Its origin likely coincided with
the Cretaceous—-Paleogene extinction event, which was
ronghly 66 million years aga (mya) (Kobicek et al, 2009, It
was approximately 15 million years after the putative origin
of Aspergiliie (B1.T mya) and about 10 million vears after
the formation of the sncestor of Penicillium. (73,6 mya)
(Steenwyk et al. 20090, However, compared to the evolu-
tion of ather groups, 66 milfion years are tong. It includes
the time passed from the end of the Cretacecus pericd and
the entire Mesozoic Era, which was sufficient for the eva-
lution of Hominidae (humans and ather higher apes) from
the placental mammalians sionilar to a rat-sized Purgalorios
(0 Leary el al. 20013) that hardly had any features of mod-
ern primates. In contrast to mammals, fungal taxoncmy is
complicated by the lack of distinctive features (either pheno-
tvpic or DNA-barcodes) and fossils. However, the immense
evolutionary fime that has passed since the genus’ origin is
reflected in the diversity of Trchoderma genomes (Kubicek
et al. 2011, 2019, In the first comparative genomic study,
syntenic orthologs of Trickederma spp, were evaluated o be
only T0% (1 reerel versus 1) aereviride) to TS (1) reesel
versus I vivens) similar, which is comparable to the similar-
ity between species of other fungal genera [6%% for Agper-
pitfug fumdgates versus A, piger (Galagan et al. 20051] and
Lo those between lish and man (Nadeaw and Taylor 1984,
Fedorova et al. 20083, Our more recent genomic investiga-
tions of a dozen Trickoderma spp, showed that the forma-
tion of the three major infeageneric groups, Secticn Lon-
gilrgeliatum, Section frichodermg (sensu Vikde Clade),
and the Harziamum—Virens Clades started 20230 mya. Thus,
these lineages were already separated by millions of vears of
independent evolution, The divergence between sister spe-
cies, such a8 T reesed and T, pararesset (Section Longibra-
clitarum), cryptic species T harzionumy, T afrofarsiontm,
and 10 guizhopense happencd several myva (4 to ¥ mya)
(Eubicek et al. 2009, Tn that study, Kubicek et al. (2019)
fonnd this evelutionary distancee to be a supportive argument
for delimitation of respective lineages in separate species
(Druzhinina et al, 20010a; Atanascya et al, 2000, Chaverri
et al. 2005}, However. this judgment remained subjective
hecanse no standards on genomic or genetic similarities or
the length of evolutionary distance were proposed that were
sufficient to recognize a species. The number of intraspecific
genomic studies for Trichedermo spp. remains limited. In
the same work, (he divergence between the lwo sirains of
the putative agamospecics T farzianem sensn stricto (Dru-
rhinina ef al. 20100) (the ex-type strain from the UK and &
strain isolated from Brazil) was calculated to have occurred
approximately 460,000 years ago. By all taxonomic means
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described in this study, these strains are not distinguish-
ahle. However, prohably the most taxanomically-relevant
and remarkable finding of the comparative genomics is the
defection of 1699 genes in fhe genome of the ex-type T
Fotrziarumt sirain CBS 226,95 (12% of the entire genome)
fthat were absent from TR247 strain, and 1419 genes that
were present in the latter (10.1%) were absent from the type
strain, Most of these genes encoded arphan proteins for the
species, and a function could only be predicted lor less than
200 of them (Kuobicek et al. 2009, Notably, the lack or pres-
ence of = 1000 entire genes in an individual genome a mone

LR EPER SR S RRr, W o

signiticant distinction that 1-3% dissimilarity between rpid
ar e/ DNA barcoding markers, which was used 1o identify
species above, Thus, the level of taxonomic precision can be
strongly influenced by the resclution of the method, Becanse
the separation of spacies due o the long evolutionary history
can be further powered by the high eesolution of advanced
-omics lechnigues, such as genomics. ranscriplomics, epi-
genomics, metabolomics, or phenomics, the distinetions
between any individual strains will appear deeper as more
such faols hecome available for taxonomic studies, bt the
decision of the boundaries for particular fungal species may
remain suljective,

The availability of the genomes opened an avenue for eco-
logical genetics, which is the study of the role of individual
penes and proteins in fungal finess that was largely impedad
in pre-genomic time. Cai et al. (2020) revealed that a single
pene encoding the amphiphilic surfaee-active protein hydro-
phobin (HFB4 ] that covers Trichodermna conidia conld dras-
fically influcnee specics-specific traits of 1) swizhouesse and
T horzianues that ave related to spore dispersal and stress
resistance. The results of that research peinted to ancther
dimensicn that can be applied to distinguish between the two
species that were previcusly considered o be cryptic and
svimpatric (Drozhining et al, 20000 Li et al. 2003; Chaverri
et al. 2013} The ecophysiolagical profiling of HFB-deletion
mutants suggested that T greizhonense has featores of ane-
mophilous acro-agquatic fungi, while the T furziceu has
evalved towards pluviophilous dispersal (by rain droplets)
and is adapted to habitats that are nat fooded by water {s0il
or plant tissues) (Cai et al, 20207,

Thus, the application of the modern technigues will wli-
mately reveal more differences between individual fungal
faxa (of all ranks) than similarities and, thus, improve cla-
distics (search of clades within clades) and phylogenetic
resolution. Besides the differences, taxonomy also aims to
reveal similarities between the crganisms and, thos, improve
aur understanding of relationships and evolutionary his-
tory. Therefore, we anticipate that Techoderrn taxonomy
and DNA Barcoding will he further challenged by choices

praject for Trickaderma (Witpsfgenome.jgi.doe.goviporia
WGenwidrichoderma/Genwidrichodermainfobtm]), which
aims for whole-genome sequencing of all Tichaderma spp.,
will drastically incresse the precision of strain recognition.
Howewer, it may result in the distineticn on the level of pop-
ulations and even individual isolates rather than species and,
thus, severely jeopardize the identifiability of Trichoderme
species and ecological sindies that are crucial for under-
standing the genomes. The argent task for the THchodema
community is o achieve an agresment on the genus-wide
criteria that are used to recognize species and, thus, prepare

fior the refease of massive genomic data.
Polyphasic approach and the work of John Bissett

Litcking et al. (2020} wrote that “the lack of aceuracy of fun-
gal identifications cannot be excused by the lack of adeguate
toals, and so the availability of tools determines which fungi
can he studied. However, lack of molecolar tools can be par-
tially balanced by expertise: talented and knowledgeahle
mycologists may provide more accurate species identifica-
ticns throngh non-maolecular approaches than unexperienced
users do theough DNA-based identifications.™

We dedicate this work to the distinguished Tricheds rog
taxonomist John Bissett (19482024, Almest immediately
after the introduction of DNA-based technigques in Tricho-
derma diversity studies, he propossed the integration of these
tocls with the advanced semiguantitative phenotypic char-
scterization of individual strains and species. Today, the
urgent need for the comprehensive implementation of such
an approach-—a polyphasic approach in species recognition,
i.e. the combinaticn of molecular phylogeny, phenctyping
and ecology—is highly supporcted by fungal taxonomists
mecluding members of the ICTT [see Licking et al. {20207].

I. Bissett developed a fungal version of the microplate-
based simultanecns characterization of fungi growth on
%5 carbon sources and water (Fhenotype MicroArrays).
For Trichoderma, the system was first applied to the col-
lection of South-East Asian isclates (BEuhicek ef al. 20003,
and then this concept was used for the taxencmic descrip-
tion and characterization of oumerous species (Atanasova
et al. 2000; Ding et al. 2020; Drozhining et al, 2006, 2008,
20103, by Lopez-Quinters et al. 201 3), strain collections
(Komod-Zelazowska et al. 2007; Gal-Hemed et al. 2011;
Hatvani et 21, 201%9; Fried] and Droghinina 2002; Cai et al,
20200, or individual mutants (Fried] et al. 2008; Seidl f al,
2006, 200%; Schuster and Schmoll 2010y Derotl et al, 2007,
Wang and Fhuang 20200, The principle of semiguantitative
phenotype profiling based on spectrophatometric or neph-
elometric measurements (Toubert et al. 200100 is becoming

between the biological accuracy and high precision of  accepted in research on frichaderme and other fungi [see
menetic delimitation of species and possibly subsequent iden-  Atanasova and Dreuzhinina (20100 for the review]. Cai et al.
tification. The results of the on-going whole-genus genomic (20200 introdoeed REPAINT, which is the advanced version
ﬂ Springer
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B 2 Becommendatons related 1o Trichoderma taxonomy

Irrespective on the intention and final goal (cither taxonomy, biclogy or applications), every Trichoderma divemsity rescarch starta from the
Identificaton of sampled specles, 1.e., use of the existng taxoneny. Below, we L a few pracieal recommendations that sdm to provide
angwers to the mest frequent questions that were pddressed fo us in oor practize of molecular identification of TRchaderma and also aid in
the evalwation of THcroderma bodiversity studies by reviewerz, editors, and decizion-makars in organizations financing auch studies.

Key references on fungal taxenmy

Reading of the following lilertire is highly recommended belore approrching Trchodemms lixenomy:

The latest edition of Chapter F by (May et al, 20019} in the Code, (hiipefawwiap-taxon, crgfmomenpagesmainfchapter_£ him1y and the Cods
[htlpssfawwapr-tgen. cogfronenmnphp). Addidonally, beconse familiar with the onging reguecensents cegarding the deposition of
reference materials and bypes in public databases, naming, and imaging, Itis also recommended 10 address the most recent fungal 1axonomy
and fungal DNA Baroding auidelines (Licking et al, 2020; Schoch e al. 2020; Vo e ol. 200%; May @t ol 2009 and the original publication
on the new apeciea description standand in fungi by Saifert and Ressman (20000 Independent of the publication date, taxenomic descripdons
of all relaled spacias, ixonomic revisions of the relared |n|'nLg|.~||E1'i|: Broups, anel non-tkonomic lerslure o he xpﬁ.'iux (T hull.mg 1 e
Eroip of interest should be investgoied,

Consuliing with the experienced oxperts

Specialize in fungal tamoncasy and nomenclaiae can be contacted thoough the International Commditee of Taxonomy of Fung (www.fonga
lzxonomy.info), the Nomenclature Commitiee for Fungi (NCE) (hitps2fawima-mycology. opfmomenclaturamomenclature-commi ltee-
fungi}, the Intermational Mycological Association {100 Chitpssfaessima-mycelogyorg’, or through the regional Member Mycological
Drganizations htipofamwima-mycology orgfaocietymember-mycological -organizations or slso listed in Wikipedia (htps denowikipodia.ong!
wiky'Category:Mycology  onranizaions L

Experis on Trichodemng taxonomy can be contacled through the International Commission of Taxoromy of Tricheders (ICTT) (wwwetrich
oderma.info) (Fig, 16

Trichodorag diverslty surveys and DNA Barcoding

(1 D ned epect high diversaty of Trichoderme an soil 1008 nodasoil Tungus (Frizdl and Deozhing ne 20125 Kobicek etal. 2019

(2} Dooned add furgicides 1o the isclation medinm. The growth of numeros e specics is reduced by such fungicides az Rose Bengal and
others (1.5, Dmzhining, anpublizhed ).

(34 Do rely on phenotypicel or morpholegical similarity for groaping the sireing for INA Banceding. Many Trichodersas spp. ane morpho-
logiendly identical (cryplic) {Jaklitsch J006, 200 1: Tuklitseh snd Voglmayr 200F; Chaverri et o, 20050

(4} Do oncd rely on ITS for the preliminary grouping of isolates for the subzequent DMNA Barcoding, Many sister specics share the same 1TS
phylotype (Cruzldnama et al 2003; Sandoval-Dens et sl 2004; Druzkdnina et al 2005, The probabality 1o tsedate o oc more of swol spa.
cizs from the same habited is considerable becanse seveml relaed Trickedermia species oo-oconr { Komoi-Eelizowskn et al, 2007; Friedl and
Diruzhirdna 20123 ared therefore gannol be distinguished by ITS.

() Sequence of DNA barcoding fragments of ITS, fef), and qple2 for all isclates. Consider selecting primer paira of ref] that will guarentee the
sequencing of the diagnosic region (see exampla i Table 3, Fip 9, nole other primer poars listed in Rabind enal, (20200

(6 Use on-line tools and public databases for the preliminary analysis of the obtained DNA barcodes [such as MIST, (Tiou et al, 2020 or
NCBI BLAST, (Ye e al. Z0061], These analyses will help o reveal genetically unique or common isclates, Consider the results that were
obtained using autonated tools & preliminary o putative molecalar identiGeation,

(7 Follow tle molecular idenlification pml{w,‘-'l o o .-:;iugl: Trichosk rmz isalale ian:lll-:Iillg Elez waliclatson sle P

(8 Use orginal laxonomic lilerature and the metadata for the query straina {morphology, physiology., ecology, biogeography, cocurrence ) for
tha biological verficadon of the identifcanon resalis, Assign ambdgeons ident fication 1f the brological vantcalon fals.

(%) While depositing sequances in pablic databases, axononde accuracey 12 more apprectaed over preciaion. For ambdgoons resulis T ap.
[strain 1] is preferred over the assignment of an ambigeeasly idzntified speeies name. Allermatively, wse T, aff, [closes! species] or T cf,
[ome of several close species] ateain 10 format.

(T3 IF e molecular sdentffeation and subsequant bolopeal veriemion suggest thal o potanive pew spacies hag been daiscred, considar the
followdng requirernenls:

- Check the compliance with the Code.

- Verify Latn grammar for the new species name.

- Uongider intmspecilic palymarphism {mose thin one strin or specimen),

= Apply GUPSE concept (compulsory considertion of single locus trees).

- Aim tonse the polyphasic approach that implies detailed comparative ccophysiclogical characterization of the putotive new species and
clogely related taxa

- Deposil the maximum pumber of DNA bareodes for esch isolate and for mone than s sirgle isolate, Collect and provide the mos) explicit
miatadata,

- Test the identifiability of the strain.

- In ambiguous case, consult with experts.

(11) Obtain the most precise species identification before subjecting a Trichoderma strain for a WGS. Genornics is highly useful for the study
of fungal biology, but its applicability in taxonomy and identification is still limited.

(12) Verify the use of Trichoderma gene nomenclature.

of Phenotype Microarrays that is powered by the artificial ~ quantitative or semiquantitative tools for multiparametric
intelligence algorithm for the semiquantitative assessment  automated phenotyping can rapidly find its applicability in
of the reproductive potential such as production of aerial  the formal taxonomy of Trichoderma and of other fungi.
hyphae and conidiation. We propose that these or similar It will allow the development of standardized phenotypic
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Fumgal Diversity
CHALLENGE FOR
Aot THE EXPERTS
WARD -
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x \
MORPHOLOGY Iow resolution of A\
@ MICROSCORY OMA Barcodes .
£ 5 5| DRAWING %
=} CULTIATION POLYPHASIC
= : biological “Bip data®
S §] ONMULTIPLE MEDA it v 8 APPROACH
-] E OHA BARCODING
E = COMPARATIVE
bt~ ECOPHYSIDLOGY
E "Ij' AND PHEMOTYPING
e

SIMPLE CULTIVATION

DIRECT PCR

QUTDOOR SEQUENCING
PHYLOGENY, AUTOMATED AND
EASY OMLINE SEQUENGE ANALYSIS

XX = XX centuries

XX century

Fig. 15 A schemane disgram showing the changes of laboe related 1w species identification in Trlehode g over = 230 years

datahases that are available for xonomy and idenitication,
andl thus, prepare for the wse of upeoming wave of Tricho-
derma “Big Data™,

Materials and methods
Strains, cultivation conditions, PCR, and sequencing

In this study, the two Trictoderma isolates (TUCIM 5640
and TUCTM 10063} from our collection were nsed 45 test
material for a DNA barcoding excrcisc. For DNA extrac-
tiom, Trichoderna cultures were maintained on potato dex-
trose gpar (PIA; Becton, Dickinson and Company, Franklin
Lakes, BI, USA) plates ar 25 °C in darkness. Fungal straims
wsed for DNA Barcoding were cultivated for 48 b on PDA
plates in darkness, Genomic DNA was extracted using a
Fhire Plant Direct PCR kit {Therma Scientific, Waltham,
Massachusens, USA ) according the manulaciurer’s instrug-
tions, FCR amplification of the phylogenetic markers cor-
responding 1o ITS 1 and 2 of the rRNA pene clusier (ITS,
including the 5.85 rRMNA), the fragments of RNA polymer-
ase I subunit B gene (rph2), and the ranslaion elongation
lactos L-ve Creff ) were e as described in Table 3, Amplicons
were senl [T Sanger sequencing,

Online survey
T estimate the melacular identiliability of Trichaders spp.
Ty thie experts, we performed an on-line survey (e decailed

guestions can be seen in hups:fasew surveymon key.comf
i fsm=hg TrOEKKaUnBr AsTkSSpSw_3D_310) that was

Fal Springer

titled] “Trichoderma 200207, The respondents were shown
two sels 0f DNA harcoding markers (TS, rpd2, and teff)
for two unknown isnlates that had not been deposited into
public dalahases. The questions concerned species identifi-
cition or each strain, time spent, methods and loci used, and
sell=gstimation of the respondent’s experience in the area
ol Trichodermea research and fungal 1axonomy. The survey
conld have been completed anonymonsly or the respond-
ents conlil leave their name and comments, The link to the
sUrvey wis sent o= 200 respondents using the mailing list
from the regular International Workshop on THalode i
and Crliorcleeclivem.

Retrieval of taxonomic data

The information regarding raxonomy of the genns Tricha-
dermea, including species names, publication year, and
author names were exporied from Index Fungorum (hopd!
wwwlindexfungorum.org’), Mycobank (hitpfwaeww. myeob
ank.orgfl, and the Matienal Center for Biotechnology Inlor-
mation (NCRI) Taxonomy Browser (hitps:ifwwwnehi.nlm.
nil.govflasonomy/y. The latter was manually screenad for
all loci that were deposited per each wxonomic name of
Trichoderma, Sequences thay were assigned w undelined
species of Trichadersg were no sampled, [n our survey,
wie pmilted Hyvpocrea names thal were not iranslerred 1o
Trichoderma according 10 Rossman ¢t al, (2013 ) becanse
they do not currently contribute to the moleeular identilica-
tion of Trichoderme.

The reference sequences of each marker locos for each
Ly strain wis retrieved from the NCBT database, which
i hased on the information that was provided by the NCBI
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Fig, 16 www. Trichaderma, info. A snapshot showing the design and content of the website of the Internatienal Subcommission of Taxonomy of

Trichodenna (1CTT)

Rerfeq Tarpeted Loci Project (Robbertse et al. 2007) or from
related publications (Bissert et al. 20050 Overall, 42 Tricho-
e penomes Clisted in Table 13 that were publicly avail-
dhle from the NCBI and the Toint Genome Institute (HGHD
datehases were used as the sequence resources for strain
identification with author’s permissions for yet unpublished
records. The respective sequences of each marker from T
reesel QM ba, T harzicmen CHS 22695, and T, asperel-
fwen CBS 233,97 were vsed in BLAST when gquerying the
LEN0Mes,

Online tools supporting Trichoderma taxonomy

The retricved taxonomic data from the above three resources
were manually confirmed and summiarized in Table 2, which
15 also shown on the oflicial website of the Inlernational
Commission on Trichaderma Taxonomy (ICTT, hups:f
v, Trichoderma,inio (Fig. 16) as well as on hips:fwww,
richokey.com (Fig, 170 The list of Trichoderma specics

conlaing species names thar were valid as of July 2020,
including those that are corrently invalid species than lack
DA Barcoding information,

[ 1o the lack of consistency within the Trichoderma
community 45 to which primers to use for amplifying and
scquencing of marker loci, there is considerable variation in
the length and fragment arca of scquences thial are deposited
into public databases under the same locus name., Addition-
ally, a partial, rather than the whole fragment, of the marker
loens is imfarmative for malecular identification (Drzhin-
ing and Kubicek 2005; Drozhining et al, 2005; Kopchins-
kiy ct al, 2005). Thus, we relessed the updated on-ling ool
TrichoMARK 2020 (hups:trichokey.comfindex.phpftrich
omark}, by which the diagnestic arca of cach phylogenetic
marker (ITS, rpb2, and fef?) with no fanking fragments
can be reirieved. As described in Eopchinskiy e al, (2005),
Trichob ARK is a specifically seript-wrinen ool e detect-
ing and retrieving phylogenetic markers in query sequendss,
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Fig. 17 www. Trichokey.com. A snapshot of the Trichodermn tmxonomy HEMF page containing the digitally searchable and sortable copy of

Table 2 deseribed in this stady

andl it is based om penus specific oligonuelestides both on 5
aml 3 ends of the marker,

Wi alse developed and updated anotber online tool Teick-
aBLAST 2020 (hrpsAfrichokev.comfindex. phptrichobl as
11, which covers a1l 361 currently genctically charactorized
species ol Trichoderma and containg almost comples ses
af the diagnostie ragments of the rph2 locus from these 36l
gpecies anl ITS sequences from the 56 type sirzing of each
species thal were representatively distributed in the whole
penus, TrichoBLAST is a publicly available datgbase that
supporis the similarity scarch (ool e find the “hest hit™ of
the query strain (sequence) within the geous that is based
on a single locus of rpd2 or ITS. With respect 1o [TS as (he
miarker locus barboring the largest datasen for Tungal identili-
cation, TrichoBLAST, with 36 representative [TS sequences,
allowrs estimation of whether & query strain belongs o the
genns of Trichodern (based on the current scope) if the
sibsequent caleulation of the similarity between the gquery
seguence (after trimmed by TrichehTARK) and the “best hic”
is performed afterwards (see below).

Fal Springer

Phylogenetic analysis

Sequences of each marker from the query strains and from
the reference strains were consistently rimmed using
TrichobARE. The processed sequences were then aligned
using Muscle 3 531 (Edgar 2004 ) available Aliview 1.23
(Larsson 20040 Maximum-likelihood (ML) phivlogeny was
performed using IQ-TREE 1.a.12 (Mauyen et al. 2001 5h).
Stanistical hootsirapping support was computed with 1000
replicates, The noclestide substitution model was selecied
by ModelFinder (Kalyaanamoorthy e al, 2007 ) integrated
in I-TREE, based on the Bayesian Information Crite-
rion (BIC). Phylogenetic trees were viswalized in FigTree
w42 and annotated vsing CorelDraw 2017 (Corel, Ouawa,
Omario, Canada).

Pairwise similarity calculation

The multiple scquence alignment mateix of each locns was
submitted to the onling tool, Clustal Omegn (hips:dseww.
chiacukTols'msafclustalod), for pairwise similarity cal-
culation berwoen 1Wo Sequences.
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Statistical analysis

The parrwise similarity data for each locus was illustrated
using heatmaps that were generated by B (v3.6.1). The dis-
fribution of the data matrix was analyzed nsing 3TATIS-
TICA ¢ (StatSelt, Hamburg, Germany), Cme-way analysis of
varianee (ANOVA Y and Tukey honest significance differenes
multiple comparison were et at the significance theeshold
P=0003
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Introduction

Abstract

Aims: Sustainable agriculture requires effective and swfe Rofectilizers amd
biofungicides with low environmental impact. Matural ecosystems that closely
resemble the conditions of Bipsline agriculture may present a resepvoir for
fungal strains that can be vsed as novel broeffectors,

Methods and Hesults: We ssolated a library of fungt from the rhizosphere of
three natural halatolerant plants grown in the emerging tidal salt marshes on
the south-gast coast of China. DMNA barcoding of 116 isolates based on the
rBMA 1T51 and 2 and other markers {ref? or ) revealed 28 fungal species,
including  plant pathogenic (41%6), sprofraphic (24%) and  mycoparasitic
(28%) taxa. The mycoparasitic fungi were mainly species  from  the
hypocrealean genus Trichodermiz, induding at least four novel phyfotypes, Two
of them, representing the taxa Trichadersia arenarinm sp. nov. {described here)
amd T, aeperelioides, showed antagonistic activity against five phyvtopathogenic
fungi, and significant growth promation on tomato seedlings under the
conditions of saline agriculture,

Conclusions: Trichoderma spp. of salt marshes play the role of natoral
biological contrel in young soil ecosystems with a putatively  premature
microbiome.

Significance and lmpact of the Study: The saline soil microbiome is a rich
sonrce of halotalerant Foelfectors that can be used in bissaline agriculture.

members of every soil ecosystem, not only as decom-
posers af arganic (mainly plant] matter but alse as bio-

Sustainable agriculture requires high vields of crops,
which can be achieved if chemical pesticides and sym-
thetic fertilizers are replaced or combined with environ-
mentally  friendly  Mefungicides  and  biofertilizers
{Altomare and Tringovska 2011). In such products
plant-heneficial micro-organiams pesitively influence the
microbial community in the rhizosphere and, therefore,
protect the plants as hiological control agents (BCAs)
and stimulate their growth as plant growth-promoting
microbes (PGPRS] (Vessey 2003], Fungi are the esential

traphic associates af plants or other arganisms {Trillas
and Segarra 2009). Although most fungal-plant interac-
tipns are mutualistic (those involving mycorchizal and
endophytic  fungi), numerous soil-borne  diseases  of
plants are also cavsed by fungt (Redman et wl 2001],
O the other hand, beneficial interactions between plants
and fungl are sensitive to disturbances and reguire
extended perind to establish. To date, our understanding
of these processes in native soil ecosystems remains
incomplete,
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Some envitonmental opportunistic fungi that are cap-
able of efficiently colonizing a variety of substrates can
interact with a broad range of organisms without becom-
ing pathogenic o plants or to hamans. These fungi can
be particularly useful for crop protection (Harman ef al.
2004). They can rapidly establish in the rhizosphere,
compete with plant pathogenic fungi for the resources,
and stimulate plant growth (Trillas and Segarra 2009;
Harman ef al. 2019). Several species of the two hypocre-
alean genera Clonostachys (Nygren et al. 2018) and Tri-
choderma (Ascomycota, Drurhinina ef al. 2018) are
particularly suitable for such purposes because of their
versatile mycoparasitism  coupled with plant-beneficial
properties, induding production of phytehormone-like
components (Vinale ef al 2009; Cai ef al. 2013) and
stimulation of plant systemic resistance (Harman ef al.
2004; Cal et af. 2013). The diversity of these genera is
high, but so far, only a handful of species have been used
as Diveffectors in bivcontrol formulations (Druzhinina
et al. 2011; Kabicek et af. 2019). However, somie of these
species also have potentially adverse effects ke as mush-
room pesis (Komofi-Zelazowska ef al. 2007; Innocenti
et al. 2019) or even as pathogens for Immunocompro-
mised humans (Sandoval-Denis ef al. 2014; Hatvani et al.
2019). Therefore, new and safe biseffectors are required.

Undisturbed ecosystems can be natural sources of low-
input, multitunctional and rencwable microbial Biceffec-
tors. In nature, when plants germinate from their seed
teguments, they associate with the microbes that exist in
the surrounding environment. However, only a select
sibset of this community becomes associated with roots
or established in the rhizosphere (Chaparro et al 2014;
Santhanam ef al. 2015). In agriculture, the soil microbial
cotnnunities are severely disturbed by tilling, culture,
weathering and the introduction of various xenobiotics
{such as pesticides and fertilizers); thus the soil microbial
communities in these ecosystems frequently get reformed
(Santhanam et af. 2015; Szoboszay et al 2017; Zhang
et al. 2017; Hartman et al. 2018). For example, a well-
documented agricultural phenomenon is the high fre-
quency of soil-born disease outbreaks in monocultured
crops, which happens due to the unbalanced micro-
biomes rich in plant pathogenic Invertebrates, fungi or
bacteria {Santhanam ef al. 2015; Hartman ef al. 2018;
Wang e al. 2019). Some newly formed natural ecosys-
tems may resemble such affected agricultural Jands in that
they are young and frequently offer similar adwverse con-
ditions for microbial communities and plants. Among
such ecosystemns, the emerging tidal salt marshes in par-
ticular may resemble the conditions of biosaline agricul-
ture, where saline (sea) water is wsed for irrigation in
arid or coastal areas (Masters et al. 2007; Avyam ef al
2019). Native plants in these conditions may be prone to
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diseases because of the extremely limited vegetation
diversity (equivalent to monoculture), the disturbance
from seawater intrusion, and the salinization of the soil
surface (Li er al. 2018; Ayvam ef al. 2019). Interestingly,
in most of such seemingly simple natural ecosystems,
even single pioneer species of plants stay healthy (Li et al.
2018; Avyam et al. 2019).

Hence, we hypothesize that the wild plants growing in
emerging tidal salt marshes may have queried the seil
microbial community to assist them, namely they may
have recruited some native biveffectors as root associa-
tions in response to challenges, such as biotic (pests) and
ablotic (salinity, oligotrophy and climate) challenges. In
this study, we investigate the possibility of beneficial
mteractions between wild plants and their associated
fungl in an emerging tidal salt marsh screening for native
bioeffectors potentially suitable for agricultural use.

Materials and Methods

The study area and sample collection

The coastal didal flat (33°15'N, 120°45'E) in the Jiangsu
province of China, spread over 6-53 x 10° ha, represents
the largest tidal wetland in eastern Asia (Long ef al. 2016;
Li er al. 2018). The costal mud flat in Dafeng Nature
Reserve is the central part of this area, which keeps grow-
mg by 50-200 m per year towards the Yellow Sea. The
area is under the influence of the northern subtropical
monsoon climate, with a mean annual temperature of
15°C and a mean annual rainfall of 1058 mm (Long
et al. 2016; Li et al. 2018; Tiang et al. 2019). Halophytic
vegetation like Arundo donax (Poaceae) and Suaeda salsa
(Chenopodiaceae) are the pioneer plants on this saline
soil, followed by the common reed Phragmites australis
(Poaceae) mized with cogongrass Imperata cylindrica
{Poaceae), which are the dominant species after the salin-
ity drops (Li et al. 2018). Therefore, for our study, we
selected three plants from three sites to sample their thi-
zasphere soil: P. australis (site A}, S. salsa (site B) and A.
donax (site C). The sampling sites are shown in Fig 1.
Nine rhizosphere soil samples located 200 m apart were
collected for each plant In June 2019, as described by Cai
et al. (2015). Briefly, the whole plant was carefully
removed from the soil, and the bulk of the soil was
removed from the roots by shaking the plant vigorously.
The soil still adhering on the roots was considered as the
rhizosphere soil. The rhizesphere soil samples were then
stored separately in sterilized bags and transported to the
laboratory on ice. Soil chemical properties, including
organic matter (OM) content and available phosphorus
(AP}, were measured as described in our previcus study
(Jiang et af. 2019). Soil pH and electrical conductivity
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{EC) were measured inoa 12 5 (wiv) suspension at 25350
501l mitrate milrogen (NN} and ammoniacal nitrogen
{AN) content was analysed with a cominuous-flow analy-
ser {AutoAnalyzer 3, Bran 4 Luchbbe GmbH, Germany) as
described previously (Cai er al, 2005; Jiang er of. 20090

Estimation of bacterial and fungel abundance and
isalation of Tfungi

The standard 10-fold  dilution  plating  method  was
adopted [or screening and isolation of bacteria and [ungi
from the collected soil samples, Specilically, 5 g of each
soil sample was suspended in 45 ml of sterilived distilied
waler and was serially diluted for another 1000 folds.
Fromn the lust two dilutions, 100 gl of the soil suspension
was spread over the surface of LB plates (Thermo Fisher

Scientific) for bacteria and PDA (B Difco, Becton, Dick-
inson and Company, Franklin Lakes, NI USA) supple-
mented with 400 pg ml ' chloramphenicol plales for
fungi. The coleny-forming units [CFL) on cach plate
were recorded separately for bacteria and fungi. Distine
fungal colenies were purified with the single-cell separa-
tion method {Zeh er al, 201%],

DA harcoding and phylogenetic analysis

All isolated fungi were DINA barcoded using the primary
(ITS1 and 2 rENA; While et @l 19900, and the secondary
(the RNA polymerase 11 subunit B gene, sph2 Lin er al.
1999 and the translation elongation factor 1-alpha, refl;
Samuels et al. 2002) markers were applied when needed,
For this purpose, [ungal genomic DMA was extracted
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using a Phire Plant Direct PCR kit {Thermo Scientific)
according to the manufacturer’s instructions. All the
obtained isolates were sequenced for the ITS1 and 2
rRNA using the ITS1 and ITS4 primers (White ef al.
1990). The Trichoderma strains were farther sequenced
for the rpb2 and tefi with the primer pairs of fRPB2-5f
and fRPB2-7er (Lin ef al. 1999) and EFl and EF2
(O Donnell e al. 1998) respectively.

All sequences were aligned with MUSCLE that inte-
grated in the mecs 5 software for each locus separately
and were grouped to phylotypes (Tamura et al. 2011).
Unique phylotypes were subjected to the sequence similar-
ity search tool BrasT against the NCBI GenBank database
{httpy/ fwww.nebinlm.nih.gov, February 2020). A species
was assigned to the query strain when sequences of ITS1
and 2 rRNA were found to be identical to the type or
published reference strains. Strains with the possibility of
being putatively new species and ambiguous cases were
assigned at the genus level. Fungi identified as Tricho-
derma by means of ITS1 and 2 rRNA were then further
investigated by the analysis of the diagnostic fragment of
tefl and of rpb2 using a sequence similarity search against
the NCBI GenBank and TrichoBLAST (www.isth.info;
Kopchinskiy et al. 2005) databases. The closely related
sequences found in the GenBank database were retrieved.

For phylogenetic analvsis, all the obtained sequences
were aligned using muscie 3.8.31 integrated in AuView
1.23 {Larsson 2014). Isclates from the same soil sample
sharing identical sequences of the three DNA barcode
markers were treated as one fungal haplotype (genet).
The sequence similarity search using NCBI srastv with
the ITS! and 2 and the #pb2 and tefl sequences was per-
formed to retrieve the vouchered sequences of the closely
refated strains and the identified species in the public
database. The corresponding sequences of the type or
published reference strains of the most cosely related
species were also downloaded based on the best BLAST
hits. Alignment files were then generated for each matker,
and the flanking areas were manually trimmed. The Baye-
sian information criterion was used to select the best fit
model with ModelPinder (Kalvaanamoorthy et al. 2017)
implemented in IQ-TREE 1.6.12 (Nguyen er al. 2015).
Maximum likelihood {ML) analysis was computed with
IQ-TREE. ML bootstrap proportions were computed for
1000 replicates. The obtained phylogenetic trees were
viewed in Figlree v1.4.4 and edited in Corel Draw 2018.

Phenotypic assays

For the assessment of macre-morphology, fungi were
inoculated on three different media—PDA, SNA (syn-
thetic low nutrient agar, Mirenberg 1976) and CMD (4%
cornmeal + 29 dextrose; Jaklitsch 2009)—and incubated
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at 25°C with 12 h of fllundnaton and 12 h of darkness
for 7 days. The macre-morphology of the strains was
recorded with a Canon EOS 70D {equipped with a Canon
100 pm macte lens) under white light. The micro-mor-
phology was investigated using a Leica DMi8 microscope
{Leica, Wetzar, Germany) and a cryo-scanning electron
microscope (cryo-SEM, Quorum PP3010T integrated onto
a Hitachi SUBCL0 FE-SEM, Japan). In the cryo-SEM, the
fungal culture was rapidly frozen in liquid nitregen dush,
fractured at —140°C and coated with 5 nm of platinum.
Salinity and pH tolerance assays for fungi were per-
formed in (Costar™96-well microplates, Corning, NY,
USA). Two microlitres of spore suspension (10
spores ml %) of each strain were inoculated into 198 gl
of 30% Murashige Skoog basal salt mixture medium
(MS, Sigma-Aldrich, USA) supplemented with 1% glu-
cose (MSG), and incnbated at 25°C in darkness. The
salinity of the MSG medium was previously adjusted with
NaCl to concentrations at 0, 0-5, 1.0 and 1-5 mol [, In
another assay, the pH gradient was set up as pH values at
5.0, 7.0, 80 and 90. Growth was monitored as
0.D.750 nm of each well every 12 or 24 h using a Spec-
tra Max iD3 microplate reader (Molecular Devices, USA).

Fungal dual confrontation assays

The antagonistic activity of the selected Trichederma iso-
lates was investigated by dual confrontation assays, as
described in Zhang et al. (2019), against the following
fungi. From Ascomycota: Alternaria cf. alternate TUCIM
10217 (Pleosporales), Macrophema sp. TUCIM 10254
(Botryosphaeriales), Pestalotiopsis  fiecd TUCIM 5788
{Xvlariales) (Druzhinina ef al. 2018}, Fusarium odoratissi-
mum TUCIM 4848 {Hypocreales) {named as Fusarium
oxysporum fsp. cubense 4, Focd in Zhang e al. 2019},
and from Basidiomycota: Rhizoctonia solani TUCIM 3753
{Cantharellales) (Dermntl ef al. 2017). Alternaria of. alfer-
nata TUCIM 10217 and Macrephoma sp. TUCIM 10254
were isolated in this study (see below). Briefly, a plug of
fresh cuiture (6 mm) of an opponent fungus was placed
1 cm from the edge of the PDA plate (9 cn diameter)
and incubated at 25°C in darkness for 24 h. Then a simi-
lar culture plug of the Trichoderma sp. was placed on the
opposite edge of the same plate. The fungl were allowed
to grow under the above incubating condition for
14 days, and the fungal combat on each plate was
recorded with a Canon EOS 70D camera.

Plant growth promotion experiment

To analyse the growth promotion effect of the selected
Trichoderma spp. on plant, a pot experiment was cartied
out with tomato seedlings (Solamen Iycepersicum L. cv,
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HEZUO0903)., Three seedlings, all 3 weeks old, were
planted in each pot containing 300 g of a milxture {(w/
w=1:1} of vermiculite (I-3 mm) and pedite {1—
3 mm) at a pH of 60. The salinity of the growth sub-
strate was adjusted by adding NaCl to §-5% and 0-75%,
representing medium and high salinity stress conditions,
respectively, and using a 0% NaCl group as the control.
Three millilitres of Trichoderma spore suspension (10°
spores ml™h) were noculated to the roots in each pot.
Ten millilitres of 10% MS irrigation was applied every
2 weeks, The plants were allowed to grow at 25°C under
cycled illumination conditions (light : darkness = 16 : 8)
for 6 weeks. At the end of the experiment, data regarding
plant growth and health, incduding plant height, fresh
and dry biomass, and the SPAD value for measuring the
leaf chlorophyll content, were recoded for each seedling
(W =12 per each treatment). Root development was
measured using a root scanner (Epson Perfection v700
Photo, Seike Epson, Japan), as described previcusly (Cai
et al. 2013).

Statistical analysis

The means and the standard deviatons of the data were
calculated using PASW 18.0 (IBM Corporation, Chicago,
iL, USaA). Multiple comparisons were performed using
the analysis of varlance (anova) and Duncan’s multiple
range test (P = (:05) integrated in PASW 18.0. The heat-
map was plotted in r v3.2.2.

Results

Study area and sampling sites

The study area, Dafeng Nature Reserve, is located at the
east costal region of China, which faces the Yellow Sea.
The area consists of the emerging salt marshes (Solon-
chak, TUSS Working Group WRB, FAO 2015} that
formed 50 years ago and is still growing towards the sea

Table 1 Soil chemical properties of the sampiing site

Feng Cai

Halotolerant Trichoderma for biesaline agriculture

due to the large amount of sediment carvied by the Yel-
low River and the Yangtze River (Li et al 2018). The
reserve is a typical coastal mud flat, characterized by a
gentle slope formed with successive saline soil. The land
offers a unique opportunity to study hydromorphic soil
development, vegetation succession and microbiome
assembly (Long et al. 2016). The natural vegetation suc-
cession in this area starts with the giant cane A. donax
{Poaceae) close to the sea shore, followed by the highly
halotolerant native red plant S. safsa (Chenopodiaceae),
and the cosmopolitan fire-adapted grass L cylindrica
(Poaceae). In the relatively mature ecosystems several
kilometres inland, the marshes are colonized by the com-
mon reed P. australis (Poaceas). Large colonies of P aws-
trakis, S. salsa and A. donax, occupying several sguare
kilometres, wundisturbed by homan  activities, were
selected as sampling sites A, B and C respectively (Fig. 1).
The comparative analysis of soil properties revealed high
pH (ca. 85) at all three sites, and no difference in
ammoniacal nitrogen (AN) or available phosphate (AP)
between the three sampling sites (P > 0-05, Table 1). The
nitrate nitrogen (NN) and crganic matter (OM) slightly
increased with increased distance from the sea
(P < (-05), but remained comparable. However, the soils
in the three sites had very different salinization and elec-
trical conductivity (EC, an indicator of the total salinity
of soil) values, with the lowest salinity at site A and the
highest at site C (Fig. 1 and Table 1).

Fungal abundance correlates with soil properties

The abundance of cultured bacteria and fungi decreased
significantly from site A to site C (Fig. 2a). The most clo-
sely related soil properties to microbial abundance were
EC, OM and NN; on the other hand, pH values, AN and
AP were not deatdy related to it (Fig 2b). Specifically,
both bacterial and fungal abundances were positively cor-
related with OM and NN, and were negatively correlated
with soil EC values.

Electrical Ammoniacal Avaitable
conductivity Organic mattar nitrogen phosphate
Nitrate nitrogen
pH valua fds m™") fg kg fmg kg™
Sample site Mean 50 Mean 5o Mean 50 Mean 5D Nean 5D Nean 50
Site A .51 0-41 337 1-31 5777 127 4.087 181 7.53° 1.53 &.11° 1-88
Site B 8.39° 0.28 23350 2:26 4.56° 1.07 4.382 2.6¢ 3040 .86 9.54° 12
Site C 848° 024 37.98° 87 2.99° 128 2.64° 104 252 024 10-4° 308

Statistically significantly diffarent vailes are labelled with differant letters (v = 2, ANOVA, P < 0.0G5). The hold font highlights the statistically sig-

nificantly largest values among the sites.
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We isolated 50 fungsl strains from the rhizosphere of
H oqustralis {site A) and 30 from the rhizosphere of 5
sitfsr fsite BY, amd only 16 [rom the rhizosphere of A
domax (site () (Fig. 1, Table 21 DMA barcoding based
on the internal transcribed spacers (0TS and 21 of the
ribnsomal RMNA gene cluster revealed in total 38 fungal
phylotypes. OF these, 65 isolates could be reliably identi-
fied by the sequence similacity 1o the vouchered isolates
deposited in public databases and confirmed by taxo-
nomic literatures (Table 2}, and 20 more isolales were
identified afier segquencing additional DMA - barcoding
markers, such s fragments of el and b2 genes
[Table 2). In total, 85 isolates were thus identified by spe-
cies, but the taxonomic position of 31 additional isolaes
(like fowr Trichedermn spp., Conisthyricn sp. TUCIM
1024, a new hvpocrealean straim TUCIM 10230, and
athers, Table 21 remained vndelmed, suggesting the exis-
tence of putatively new laxa of species that have no cor-
responding DNA barcodes in public databases,

Although all the plints sampled appeared healthy, the
fungi isolated from rhizosphere of 5 sala (site B) were
predominantly species that are known to be plant patho-
genic (Mucrophoma sp, Altermavia spp., Foooguesen, and
others; Tahle 2). Fungi isolated from the twao other sites,
site A and site C, were eoologically equally versatile,
although the habitats differed in salinity. Thus, the rhizo-
sphere of £ australis (site A} was dominated by a puta-
tively new phylotype of Trichedermm, T, sp. TUCIM
10301, followed by four other putatively new Trichderena
spp., 1. asperelioides and 7. coeredescens, but also the two
ather  mycoparasitic fangl  (Cegiotgrien sp. TUCIM

10243 and Paracosiotfyrinm estuarinuss TUCIM 10279),
and a variety of commeon saprotrophic fungi, such as spe-
cies ol Aspergiifes, Perioliiuen (Burotiales), and some
common Mucoromyooting [Mocor spp. Moertierella spp.
Table 2, Fig. 1h Similarly, a mixture of mycoparasitic
and saprotrophic Mngi was recovered from the samples
ol site C. As this site is located near the costal line, we
alzo found a few aquatic or manne fungl there [ Phaco-
sphaerin spartinge from Pleosporales and  hypocrealean
Faracremoniuer dinnowiizendii}, Interestingly, the diversity
recovered [rom the invasive enviconmentally opportunis-
tic plant species, the commaon reed and the giam cane,
was rich in the environmental opportunistic species of
fungi, that are, Trichodermen spp., Aspergillis spp, and
Mucor spp.

Twor Trichoderma straing tolerate high salinity and
alkaline pll

Trichadernen spp. are well-recognized  plant-heneficisl
fungi that are used as biveffectors in brofungicides for
contrelling fungal diseases in crops (biccontrol) and'or
in fwafertibizers for plant growth promotion {(see review in
Drruzhinina et al. 2011} The diversity of the isolated Tri-
chaelernen sleains in this study consisted of seven phylo-
tvpes {Table 23, of which two could he reliably identified
to the specics level (T asperclloides and T2 caerilescens;
see below) and fve were putatively new taxa, Therefore,
in crder 1o select possible Roelfective steains that can he
used wnder the conditions of fissaline agriculiure, we
first tested the tolerance of the strains 10 high salinity
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Sites DNA Barcoding of tha ref. strain wentification
Ecal, GenBank GanBank Similarity  Coverage
N Species graup A B TUCIM Marker  accession Ref. strain accassion (%) (%)
Flecsporalas, Dothideomycates
1 Alternaria f. Herb 4 10217 51 MT217711 JKT131-2 MKE16289 100 0o
afternata and 2
2 A f. chlamydospora  Herb 3 0231 s 1 MTZ217112 CBS 491,72 NR_13603% 100 100
and 2
3 Phoma cf. betae Herb 1 89291 51 MT217113 CBS 111.85 KYS40781 i) 100
and 2
4 Woesterdvkella sapr 10332 51 MT217114 CBS 297.56  NR_111187 100 100
dispersa and 2
5 Stemphviium of. Herb 1 10299 51 MT217115 CBS 122639 NR_155002 100 100
vcapersici and 2
6  Phaeosphasria aguat 5 10286 s 1 MT217116 CBS 25464  AF43950 20 98
spartinae and 2
7 Byrenochaetonsis sapr 2 £9294 51 MT217117 BRC M NR_155636 100 99
tabarestanensis and 2 30051
8  Confathyrium sp. myc 1 10243 51 MT217118 NRRL 66200 KMOD56318 00 100
and 2
] Faraconiothyrivnm e 10275 151 MT217119 CBS 109850 NR_137669 00 56
estuarinum and 2
10 Macrophoma sp. rHerb 20 10254 s 1 MT217120 TXc-4 HQ262514 100 100
and 2
11 Cladosporium cf. sapr 22 10239 s MT217121 CPC 14253 NR_118855 106 100
silenes and 2
Hypocrealas, Sordariomycetes
12 Trickoderms sp. myc 1 fefl MT242380
13 Trichaderma sp. miye 1 taf] MT242307
14 T caerulescens myc 2 10321 s 1 MT217122 CBS 13040711 NR_154432 166 99
and 2
15 Trichoderma sp. mye 7 16328 tafT MT262567
16 T, arenarium sp. nov.  my< 7o 10301 s MT217123
10302 and 2
17 robz MT242310
18 tef! MT242303
15 T. asperefloices myc 10320 rph2 MT242313 GJS 04-111  GU198281
20 tef] MT242304 GU198294
21 Trichoderms sp. myc 10323 tef! MT242305
22 Fusarium . Herh i 10247 s 1 MT2177124 LBS 475.67 NR_ 164424 100 00
falciforme and 2
23 F. cf. proliferatum Herb 2 10248 151 MT217125 ZmH10 MG228407 100 100
and 2
24 F. o equisefi Herb 3 10244 s MT217126 DYLEZ MN589885 106 100
and 2
25 Faracremonium aguat 10280 51 MT217127 CBS 143277 NR_157481 i) 00
hinnewdizendii and 2
26 fecanicilfium carn 10257 151 MT217128 iME 179841 NR_ 111702 o8 100
saksensge and 2
27 Acremonium strictum  sapr 10296 51 MT217129 CBS 34670 NR_111145 100 100
and 2
28 Sarocladium tarricola sapr 1 14297 s MY217130 TBS 13477 HGSE5038 1006 100
and 2
25 Parasarocladium so. 10250 51 MT217131 CBS 142.62 NR_T61112 35 00
and 2
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Halotolerant Trichoderma for biosaline agricuiture M.-Y. Ding et al.
Table 2 {Continued}
Sites DINA Barcoding of the raf. strain Identfication
Ecol. GenBank GenBank Similarity  Coverage
M Species goup A B T TUCIM Marker  accession Ref. strain accession (%) (%)
30 Pumpureocitium sp. sapr 2 10292 ITS 1 MT217132 CBS 284.36 NR_111432 29 91
and 2
31 Scopuariopsis ¢f. carn 1 10298 IT5 1 MT217133 CBS 138128  NR_132858 98 100
cordiae and 2
Eurctiales, Eurotiomycetes
32 Penicilfium . sapr 1 10282 TS 1 MT217134 NRRL787 NR_127232 100 109
oxaticum and 2
33 PR of. citrinum sanr 1 10281 IT5 1 MT217135 NRRL1841 NR_121224 100 100
and 2
34 P oof. steckii sanr 3 10283 751 MT217136 CB5 130380 MH8657%0 100 100
and 2
35 Aspergifius of. sapr 1 1 10234 IT51 MT217137 ATCC 1022 NR_ 1217487 100 100
fusnigatus and 2
36 A o niger sapr 2 10236 TS 1 MT217138 ZroH27 MG228419 100 100
and 2
37 A ol templicola sapr 1 10238 ITS 1 MT2177139 CB5 138181 NR_135456 99 100
and 2
MUCoramycoting
38  mducor of. hiemalis sanr 2 10277 IT5 1 MT217140 CBS 20165  NR_152848 59 89
and 2
39 M. of racemosus sanr 1 0276 751 MT217141 GZ20180123  MNJV26736 100 100
and 2
40 Mortierefta alpina sapr 1 1 10272 IT5 1 MT2177142 ATCC 16266 QU315989 100 109
and 2
41 M. . amoeboidea sapr 2 10274 TS 1 MT217143 CBS 889.72 NR_T11579 S6 o8
and 2

Harh: herhivore; sapr: saprotroph; aquat: aguatic; myc myconarasitism; carm: camivare, Type refarance strains are shown in hold.

and alkaline pH, the parameters that represent or extend
the conditions of their native habitat. One strain per each
of the seven phylotypes was randomly selected for these
tests. Based on the results given in Table 1 {that the
salinity of the three sifes ranged from 0-36 to 2-3%, with
pH consistently around 8-4-8-5), four gradients of each
stress factor were set (Fig. 3).

As shown in Fig. 3, strain TUCIM 10320 grew signifi-
cantly more in the presence of 0-5 mol 17 NaCl (2-9%
NaCl, dose to the nafural salinity of site C) and
1.0 mol 17! Nadl, compared to the other strains and to
itself when grown under nonsaline conditions {anova,
P < 05). Therefore, we assume that this strain is halo-
philic, while the others are halotolerant. Several strains
were sensitive to NaCl (Fig. 3). Furthermore, the growth
of strains T. sp. TUCIM 10301 and T. sp. TUCIM 10329
was significantly greater than the growth of other strains
T. sp. TUCIM 10328, T. sp. TUCIM 10323, T. sp. 10325
and T. eaeruilescens TUCIM 10321 under the condition of

-5 mol 17 NaCl. However, the growth of all the strains
tested declined dramatically when the NaCl concentration
reached 1-5 mal 17 {ca. 8%).

The halophilic stramn T. asperefioides TUCDM 1032
best adapted to alkaline pH values, followed by strains T.
sp. TUCIM 10301 and T. sp. TUCIM 10328. The other
Trichoderma spp. strains, TUCIM 10323, TUCIM 10325,
TUCIM 10329 and T caerudescens TUCIM 10321, showed
comparatively weaker growth than the above three strains
under the test conditions. Based on their adaptability to
the two stress factors tested, strains T. aspereiloides
TUCIM 18320 and. 1. sp. TUCIM 10301 were selected for
subsequent experiments.

Phylogenetic and phenotypic analysis reveals a new
Trichoderma species

To reveal the taxonomic position of the biveffective T. sp.
TUCIM 10301, which by far dominated our culture

3 Joumnal of Applied Microbiclogy © 2020 The Authors. Jounal of Applied Microbiology published by iohn Wiley & Sons Ltd on

~ 104~

ozhall of Society Tor Applied Miceabiniomgy



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

know|

o
i
r

TU Wien Feng Cai Doktorarbeit
ML= Dirg e al. Halotolerant Trichoderma for biasaline agriosliure
Nald cancaniration {mal 1) pH valus
00 05 14 1S Stron TLICRA rmidar 5070 80 90

Tasporolioides TUCIR 10320

T.anasraniat s noy. TUCIM 10501
M G
5 Tosp. TUGIM 10324
04
03 Tosp. TUGIM 10323
(kB

IJI-'I.

T.casndescers TUCIN 10021

Tosp. TUCIM 10329

Tsp. TUCIM 10325

Figure 3 Hiat mag sheawing the fungal grawth (0.0.750 am) oultored in 30% Murashioe Skoean basal sl mioiure medion dindudng 1% gl
coge, WEGH amended with different concentrations of Mal Jeft) or adjusted to dfferent pH values frightl. Murnizers appeared near the colour
intersity bar refer o the growth of the fungus that was measured at 0.0, 750 nm

library from site A, we first performed the sequence simi-
larity scarch wsing the masti tool. The results showed
that TUMCIM 105301 had identical ITS1 and 2 phylotype 1o
atrains TRIZ [GenBank: KFa91740)0 and BREA 65450 {Gen-
Bank: KFa917400, both deposited as Trichedenma vir-
deseens solated  from muolbeery in Ching, No o identical
rphZ ov tefl (the fourth large intron 1o the ffth intron)
records were found in the NCED database, However, 10
virrdeseens cannol be identified by means of the ITSE and
2 DNA barcode (Jaklitsch er 2l 20030 The most similar
sequences were from the strain HEAS of a recently
described species T doratlopsis (deposited as Trichodernm
sp. AA-201%, Tomah er al. 2020), which was also isolated
from soil in China, and which shared a 98.77% mph2
{GenBamk: MH&4T5) and o 97.52% ) (GenBank:
MEAINA2T) phylotype with TUCIM 10301 ( F-value was
equal to zero for both comparisons). The similarity of
streain TUCIM 10301 1o the most closely related defined
specics  Trichadernm  dinglopae and  Trichodermia taiwi-
nowse was, respectively, 97-29 and 97.12% for ph2, and
8553 amd 91-06% for refl, This indicates that TUCIM
10300 helongs to the Triciodernie Section of this genus.
The taxonomy report obiained Trom this search cevealed
that hesides T. dorothopsis, T. dinglepee and T. rainanense,
the query strain was also related 1o T. sp. strain [0} 11
{namely TUCIM 4882 from South Amenca) and T, sp.
TUCIM 5745 from South-cast Asia. The ML phylogram
[Fig. 4a} constructed with rph? sequences demonstrated
than the five iselates, formed a statistically supportad clade
separate from the most closely related genetic neighbours
[T, dorothepsis, T, dinglepae, T tawvanense, T, sp. TUCIM
3745 amd T, sp. TUCIM 4BR2), Similar ree topology sup-
porting the presence of this clade was also obtained for
the ref? phylogenctic marker (Fig. 4al. Thus, the solates

represented by T osp. TUCTM 10301 met the criteria of
the genealogical concordance phylogenetic species recog-
nitton concepl {Tavlor et al. 20080], as they [orm distinet
clades on the phylograms constructed based on the two
unlinked loci (rpb2 and #2f7) and also have a unique 1T51
and 2 rEMA phylotype. Therefore, we recognize it as a
new apecies described below as T, arenarium sp. nov,

Strain TUCIM 10320 was found to be identical 1o the
tvpe strain of T peperelloides GLE, 04-111 (Sarmuels ef ol
20000 when the (i and fef) loci were used, as shown in
Fig. 4b. and thus it was identified as 77 asperellpides.

Trichoderma arenarinsr sp. nov. and T, asperelloides
combat a varicty of plant pathogenic fungi

In order 1o investigate whether the solated Trichodersa
stradns have potential in biocentrol of plant pathogens,
dual confrontation assavs were done hetween the two Tri-
chadermi spp. {TUCIM 10301 and 10320) and five phy-
twopathogenic fungl. We vsed two fungi ssolated in this
study {Altersaria of, alrersta TUCIM 10217 and Mocre-
phanie sp. TUCIM 10254) and three other teported
pithogenic fungl, Foedonetisiees TUCIM 4848, R,
salani TUCIM 3753 and Pessalotiopsiz ficd TUCIM 5788,
The results showed that T. erenarium sp. nov. TUCIM
10301 and T, peperelloides TUCIM 10320 efficiently com-
Bated and overgrew the two sympatric fungi as well as B,
sodigrd TUCIM 3733 (Fig, 3). THowever, these two Triche-
e steaing both showed weaker antagonism against J',
fich TUCIM 5788, T, asperelioides TUCIM 10320 could
not combat £ ficd and remained in g ‘deadlock’ stage
{where the growth of one ungus is limited by ancther;
see more about fungal ‘deadlock’ in Zhang er al. 2019,
T, wrenariwen sp. nov, TUCIM 10301 formed a clear

Jaumal af Appied Kirckiology © 2220 The authars. kaumal of Appled KMarckiology publshe:d by John Wiey & Sare Lid oo 21
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MTEAZ310, TUCIM 10301
BATS4TEEE. TUCIM 10303

MTIATEELTUCIM 10303

(a)

MT347655, TUCIM 10313
MT347E8D, TUCIM 10313 T. arenariem MT347GE6. TUCIM 1031608

MTE4TEI0, TULIM 10376 Sp. Nov, MT347EHT, TUCIM 10302/

MT347691, TUCIM 10302 MT242303, TUCIM 19351 i
MHB47795. HZAS{TY T. dorothopsis MEBSDS2T, K2as (T4
MT242314, TUGIM 4822 T sp. TUCIM 4852 MT242306, TUCIM 4852 — %:
JHT1SBE, CBS 119058 (Th T talwanense poeasoTs, CBS 119058 m}ﬁ
KHESIST. CBE 1180564T) T, dingleya e MTZAZI08, TUGIM 5745 [ae
7 MT242315, TUCIM 6748 T.sp. TUGIM 5745 KJEGS4ET, CES 119056 (T)* i [~
MGIEILET, HMAS 275666 T.5p. HMAS 275665 MIEIHI405, HIAAS 275665 —
P GCA O001TI048, (M 20803046, T T, afroviride GEA_0001T01S, 1M1 206040 (G, T] ———m
b KYE44128, HAIMGCF 01551 KY844722, MAIMGCF 01351
t ] GOA_N04154R25, Te 52 [G) T ESpEi‘EﬂDMES GU18&2M, G.1.8. 34111 (T}
GUISEZEY, G 411 T} WT242234, TUCIM 10220
2l uraaen, Tucia e QA 004154835, Te 3 (8)
= GLUMSE2RE, G.1.E. 04-105 EVUZ4RAEZR, (3.0.9, 14-1015
mbE GuacooTaaces,sos(e) 1. 3SPerelflm  soa comesics o8s 4007 (5, T Lo vy
b GOA I3025105, CES 43307 |6, T) QA COOTII035 A0S (G) L L
GUTERETY. CES1E1218(TE T, WUNhanense GL1EE243, GBS 121218 (T)
2 o FHEITEE G5 0024 (T) N . DIHO9542, G058, 0014 i
H—th T L L e u;.;,s.m-Tr“
. AF 4SS5, DADK 1 ETOST (T) T. hamatum ELIZTHBES, DADIM 1ETOST [T} st

Figuie 4 Phylogenatic sentification of strains TUCIA 10307 {2h and TUCIM 10320 () via the loo of mb2 and e2ff and masimam likelibeod
arabysis. The green Jont highlights the strains first used in this study. The black crcles indicate the nodes supparted by I0-TREE witratast bootstrap
=20, Arnws indicate branches that kead to spedes. GenBank accessions of each locus per strain are given, foloweed by the strain name, T: tyoe
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conidia ring surrounding the P fici colony, As for F
edoratizsimue. TUCIM 4848, T arenarium sp. now,
TUCIM 19301 overgrew on it partially, while T, asperel-
fides TUCIM 10320 completely combatted this fungus
and formed dense conidia above it This respanse 34 rela-
tively rare for Trichoderma spp. (Zhang e al. 20090,

Trichedermia arcwarium sp, nov, and T, asperelloides
promote plant growth in conditions of high salinity

T test whether the obtained T arerarinm sp. now,
and T, aperellpides strains can be used for plan
growth promotion in Fiasaline agriculture, a pot experi-
ment was careied oul with a model plant [tomate, 5,
fycopersicim L) under three different salinity conditions
(0, 05 and 0-75% MNaCll The evaluwation of tomato
sepdlings (Table 31 showed that the inoculuion of T
arenarium sp. nov, TUCIM 10301 and 1. agperelloides
TUCIM 10320 signilicantdy {apova, F< 0050 prometed

the biomass and the height of the seedlings compared
to the control at hoth medivm (+5%) and high
(0-73%0 salinity conditions, as well as at the nonsalin-
ity condition. Specifically, the Trichodersia incculations
increased the dry oweight of the seedlings by 30-81%
under the salty conditions and by 41-107% under the
nonsalinity conditions relative to the Trichoderma-free
control. Mareaver, the effect of the Trichoderma inocu-
latioms on SPAD reads (which measure the relative
chlorophyll content in leaves) suggested that Tricho-
dermig plaved a0 rale in eliminating the chlorophyll
reduction  that pormally caused by high salinity.  As
salinity has a severe negative effect on roots {Ayyvam
el MHRL we also used A oot scanmer o evaluate
oot development in a  detalled way, The results
(Fig. 6} showed that the Trichodersta inoculations sig-
nificantly (anows, P2 04033 promoted the total oot
length and the number of root tips compared to the
contrel, while correspomdingly, the root diameters were
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Figure 5 Dual confrordation assays babwean tha selected Trichoderma strans and five plant pathoganic furgi, Fungl were cultivated on PDA,

ress, The green dashed ne shoees the colormy edoe of Trickodanma,
areler 15 9 o

el Mirsbioiogy © 2020 The futhar, Jaumal of Agpbed Micohichegy publahed by Jobe Wiy & Sore Lid o 11

icrabiclogy

Jaumal of

kehal of

~107 "~



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

know|

o
i
r

TU Wien Feng Cai

Doktorarbeit

Halotolerant Trichoderma for biosaline sgriculture K.Y, Ding ot al.
Table 3 Fant groveth of tomate seadlings with and without Trichoderma inooulation under diffarant salnity conditions
Fresh weight (g Diry weglgi (g
SEAD Fant height (omi per plant) per plant
Hall {%] Strain Mean = 1] fvtean S0 mrRan ik Pean L
4] Control 3545 1.76 3c.zab S | 502" D32 035" 005
T. aremariurn sp. ned. TUCIK 10301 38-88" 112 30.51" 4.7 588" 1-21 041" a7
T. asparaiioids TUCIM 10320 386" 2-18 41.55° 264 944" 1-08 05" o
a5 Control 34-64° 285 518" 2414 4-267 1-12 03" 008
T. arenarium sp. nov. TUCIM 10301 48.3° 3494 2907 2403 529" (+63 a41* 08
T. asperefinides TUCIM 10320 43.477 ER LT 2482 482 {54 0.3 {05
75 Contral 34657 365 21.43* 211 3.207 105 0.z1° .08
T. argrariaen sp. ned. TUCIK 10301 43 48" 489 341" 241 44" 107 038" 312
1. aspersioides TUCIM 10320 4311" 103 22.73° 148 437" G-54 034" a-of

Statistically significardly diffarant vaiues are labelled with differant letters (8 = 12, ANOVA, P = 0.05). The bold fant highlights tha statisticaly sig-

nificardly larcest values armang the reatmanis,

a} (b}

aba

a

OO0 2 a

b

a a

: bl

2l ull |
5

O 0. 5% 0.75%

T.arenarivm sp. nov  T.aspereioides
TUCIM 10301

TUCIM 10320

Flgure & The effect of the two Bioactive Trichodesns strans an tormato rocis cultivated under salne conditons. The bars shown in (@b followed
by the same lefter are nof statistically significanily different (asoa, P 0051 (o) Representative rool scanning wmages of tomata seedings from
each traatmant. Grey bars; seadings without Trichodarma incoulation, the cantral; Light grean bars; seedlings inocdated T, arsranium sp. now.
TUCIKG 10301; Dark green hars; seedlings inooulated with T, asperatiaides TUCIM 10320,

smaller in the Trichaderna treatments than in the con-
trol. The difference between  the two  Trichederma
strains on plant growth was not significant under saline
conditions  {awova, = 0-05), but under  vero-salinity

12 Journg! of Applisd Microbickogy © 2000 The
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comditions, T, asperellaides TUCIM 10320 showed sig-
nificanthy (arova, P < 005) stronger promotion than T,
arerarinr spo nov, TUCIM 10301 on plant growth.
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Taxonomy

Trichoderma  arevarinm Fo Cad, MY, [hng &1L 5.
Druzhinina, sp. nov. (Fig. 7).

Svie Trichodern areneren

MycoBank Mo (MB 835845)

Telromorph: None known

Colony radius on PTIA after 48 h al 23°C in intermit-
tent light: 8083 mm. Mycelia bundled and white. Mo
growih al 353°C. Conidia forming within 96 h on PDA al
25°C., Colonies grown on PDA aL 23°C for | week under
a cycled photoperiod (light:darkness = 12 he12 h) filled
the Petri plate with a continuous lawn of conidia that
were abundant and geseciated with 1-2 mm diam, pus-
tules, On 3MA, the conidia formed 0 concentric mings.
On CMD, the mycelium was Tooses no conidia found. Mo
dulfusing pigment or distinel odour was notced. Conid-
iophores comprised a distinel central axis, 3-0-3-3 ym
wide, fincly warted from which sccondary branches arose,

Feng Cai

Halotolerant Trichoderma for bicsaline agriosliure

mostly unilateral, consisting of one or two oells on the
tig; all Branches terminating in a single phialide, Phislides
were Nask shaped, more or less swollen in the middle.
Conidia were subglobose 1o ellipsoidal; most were dark
green, 1-8-2-5 pm diam (= 30).

Huletype; Chimg, isolated [rom rhizosphere soil of It
aestralis grown in coastal saline land, Dafeng, langsu
provinee, lune 2009, MY, Ding, TUCIM 10301, CGMOC
19611,

Additional culture examined: solated (rom rhizosphere
soil of P oawstralis and 5 salse grown in coastal saline
band, Daleng, Jangse provioce, June 2019, MY, Ding,
TUCIM 10302, TUCIM 10303, TUCIM 10313 and
TUCI 10316,

Etymology: “arenarium” refers to the sandy and muddy
salt marsh coosystem where the fungus was detected.
Towever, “areneren’ was vsed for a patent application
{Patent accession number; 202000377558.7, Chinal.

Figure 7 The morphology of Tichodarma arsmarium sp, nov. The colonies growm on P&, SHA ard ChA media are shown in panels Gal, (b0 and
() respectiety. The fungus was incubated at 2570 with 12 b light and 12 b glarkness for 7 days, (d) Branching phialides and conidiophones, (2)
Comidia, () cryp-5EM of phialides ard conidophaores, g} ono-5EM of byphae and conidia durnps.
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Discussion

Soil arguably harbours the world’s most diverse micro-
biome (Jansson and Hofimockel 2020}, Plants anchor in
the soil by their roots and recruit parficular microbial
taxa from the soil marketplace as potential partners
{Turner er ol 2013; Santhanam ef al. 20153). Our under-
standing on this process and the factors governing behind
is very limited for most microbial taxa. As for fungi,
besides the interactions of plants with mycorrhizal and
phytopathogenic fungi (which have been frequently stud-
ied), the mechanizsms driving the nonpathogenic fungi in
rhizosphere remain unknown (Redman et af. 2601; Har-
man et al. 2019). In this study, by screening the cultured
fungi in the rhizespheres of several pioneer plant species
found in the emerging tidal salt marshes, we inadver-
tently recapitulated a common biological question: why
do some Trichodering species preferentially enrich in rhi-
zosphere, or even colonize on roots? Similarly to what
frequently happens in agriculture (Trillas and Segarra
2009; Szobosday et al. 2017; Hartman ef al. 2018), the
petennation of some Poaceae species colonizing the tidal
salt marshes results in an accumulation of some specific
phyvtopathogenic fungi (e.g. Macrophoma sp., Alfernaria
spp., and Fusarivm spp.) in their rhizosphere. Conse-
quently, Trichoderma spp. as a myeoparasite (Kubicek
et al. 2011; Druzhinina et al. 2018), may trace fungi,
including phytopathogenic ones in such ecosystems, thus
becoming root associated. Although we are not able to
exclude other possible factors attracting Trichoderma spp.
to roots, it could be evidence of bincontrol happening n
nature. Throughout evolutionary history, native wild
plants growing in this ecosysterm may have been querying
their soil micrebial community to assist them in dealing
with potential challenges (like the phytopathogen accu-
mulation here). And this may help us empower crops to
petform the sarme by screening the native biveffectors for
the specific plants or for the established ecosystem.

The results of this study confirm the initial hypotheses
and show that some of the isolated strains can be used as
biveffectors in agricudture, since the Trichoderma spp.
found in the sample area significantly promoted plant
growth under various salinity conditions and were able to
antagonize the sympatric and allopatric plant pathogenic
fungi. Besides, five of the seven Trichoderma phylotypes
found could be putatively recognized as new species, sug-
gesting that there may be a huge potential source of new
microbial taxa hidden in these voung extreme ecosystems.
Similar ohservations were noted in several other studies of
marine Trichoderma (Gal-Hemed et al. 2011; Vacondio
et al. 2015}, which also detected putatively new phylotypes.

The new species 7. aremarium sp. nov., which is
described here having the closest sibling T. dorothopsis

Feng Cai

Doktorarbeit

M.-Y. Ding et al.

(type strain HZA5, not isolated in this study but alsoe
found in the soil of the Yangtze River basin, Tomah et al.
20207, may be a local species associated with the coastal
soils in this region, as ne other strain records were found
in other locations so far. However, as the present sam-
pling land is formed from the large amount of sediment
carried by the Yellow River and the Yangtze River, the
Trichoderma strains may have also been introduced from
wpstream habitats, ke the Gobi Desert or the Loess Pla-
teau, where the massive sediments of the Yellow Sea orig-
inate.

Saline soils are widespread all over the world, account-
ing for 7-8% of the Farth’s surface (Artiola et al. 2019).
Coastal saline soil, such as that found in salt marshes,
represents a subclass of saline soils, and is recognized as
an important potential land resource for agricultural
development (Long et al. 2016; Ayyam ef al. 2019}, How-
ever, crop growth in such areas is usually very limited,
due to the high salinity and low nutrient availability in
the soll (Ayyam et al, 2019). Regardless of breeding salt-
tolerant plant cultivars, in this study, we showed that a
possible alternative is to identify biveffectors from local
or similar ecosvstermns for use in saline soil agriculture.
The work of Hingole and Pathak (2016) also highlighted
the saline soll microbieme as a rich source of halotoler-
ant biveffectors. In our case, the S. salsa rhizosphere was
found to be unsuitable as a source of novel biveffective
strains, as it maintained a very different mycoflora. Com-
pared o the isclates from the P. australis and A. donax
samples, the screening of the 8 salsa rhizosphere yielded
mainly phytopathogenic fungi, suggesting the possibility
of plant-specific selection in fungal enrichment. More-
over, among the fungivorous fungal genera, Trichoderma
is the largest taxon, with many ubiguitously distributed
species (Kabicek er ol 2011; Druzhinina er al 2018;
Kubicek er al 2019). Most species {80%) (Druzhinina
ef al. 2011; Friedl and Druzhinina 2012; Kubicek ef af.
2019) have been found to be relatively rare, but a few
dozens of species are known to be present in soils all over
the world and are considered environmental opportunists
with cosmopolitan distribution. In the present work, the
most frequent Trichoderma species was T. arenarium sp.
nov., followed by several other species within the section
Trichederma, rather than the T. harzianum sensu lato
grotp that frequently found in soil (Druzhinina et al.
2010; Chaverri er al. 2015), indicating that 7. arenarium
sp. nov. is well adapted to the local niche. Therefore, the
study also demonstrates that native biveffectors may be
more effective than the allopatric straing in developing
local biocontrol products. As for coastal saline lands, bie-
saline agriculture offers a solution to the imbaance
between the limited arable land and the growing human
population by using salt-affected soil and water {Ayyam
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et al. 2019). This requires the sefection of suitable halo-
phytes not only for the plants to be grown but also for
the possible associated microorganisms 2020.
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2 Chapter 1

Ecological Genomics and Evolution of Trichoderma reesei

Komal Chenthamara, Irina 5. Druzhinina, Mohammad J. Rahimi,
Marica Grujic, and Feng Gai

Absfract

The filamentous fungus Tricbaderse reered { Hypocreales, Ascomyoota) is an efficient industrial cell factory
for the producton of cellulolytc enzymes used for bicfiel and other applications, Therefore, researches
addressing T weesed ave relatively advanced compared to other Trickedermes spp. because of the significant
bulk of available knowledge, pltiple genomic daca, and gene manipulation cechniques. However, the
established role of T. reesef in industey has cesulted in a frequendy biased undeestanding of the biology of
this fiumgus. Thus, the recent siudies unexpectedly show that che supericr cellulolytic activiny of T reesed and
other Trichadermae species evolved due to multiple laceeal gene teansfer events, while the nnace ability o
parasitize cther fngi (ewooparasitism ) was maintaned o che genues, including T resed, In this chapree, we
will fiollow the concepr of ecological genomics and desceibe the ecclogy, disribution, and evoluticn of
T, reeses, aowell as cnncally discess several commmen misconceptions that originate from the success of this

[PPSR PO S B oaala s aind Lo debamstn
APECIES 131 ] 3 AUIENVER A0 RIS,

Eey words Ankyrins, Cellulalytic enzymes, Gene duplcation, Gene loss, Lateral gene tansier,
Mycoparasinsm, Cephan genes, Phylogenomees, T2 perareaser, Transcripromics

1 Introduction

The genus of filamentons fingl Trichederma { Hypocreales, Asco-
myeota) is best known for T reeeed—the industrial producer of
cellulalytic and hemicellulolytic enzymes tor biofuel and numerous
other manmfactured produces. In snitable industrial fermentation
conditions, genertically improved murants of T, reeset can vield over
L0 g of seereted protein per 1 lwer of broth, making this fungus a
primary  choice  for  numerons  commercial  formulations
[1]. Recently, advances in molecular hiological and synthetic
biological technologies have allowed the development of a
T weerei-Tased microbial cell factory for the production of heteraol-
opons proteins [2-6] and secondary merabalites [7], However, the
established role of T, reewes in the commercial production of celln-
loslytic eneymes has resulied in a frequently biased understanding of

Aztrid A, Mach-Algner and Roland Marlzy [pes), Trchaodama mesal Mattods st Podsced, Methnds in Malecular Siclngy,
wal. 2222, htlps: ool arg 10100447 B-1-07 16-1048-0_1, © Springer Scienco+Business Media, LG, part of Spenger Malurme 2021
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the hinlogy of this fungus, where the valuable applied properties are
extrapolated to the environmental adaptations. In this chapter, we
will follow the concept of ecological genomics, which is an inter-
disciplinary area targeting the understanding of the gene and
genome funetion in the natural eoviconment [B]. We will also
deseribe the ecology and evolution of this species and crtically
discuss several common misconceprions that originare from the
success of T pemed in applied scdences and industry.

2 (0OM@a: Ever Since the Second World War

T, reesei is unique among other model gl becanse all of the
straing used in industey have been derived by wvarions generic
improvement techniques of & single wild: type isolate (for a review,
see pets. 3, 5, 9 The discovery of the serongly cellulolytic Thisbo-
devna strain dares back to the Second World War on Solomon
Islands in Oceania, where it was isolated from rotting cotton fabric
items of the TS Army. The strain was first identified as T, viride and
labeled QMaa by Mary Mandels and Elwyn T, Reese [140] in 1957,
During the firse oil crisis in che 1970s, Reese and Mandels, who
were then both researchers at the US Army  Quartermaster
Bescarch and Development Center at Matick, Massachuscres,
initiared a study roward the commescial production of enzymes
capable of hvdrolyzing plant biomass. It was then thar the (M6a
strain came into lght for its outstanding cellulase Induction proper
tics. They proposed the use of glucose from lignocellnlose for
bioethanol formation [11, 12]. Thus, QMoa became the parental
strain of a pedigree of higher producing mutant strains, Conse-
quently, all strains used in industry roday have been derived from
CM6q, which laid the foundartion for genotype—phenorype stacdies
based on the standardized genomic background.

With the development of Tridhederme taxonomy, the species
name of the QMoa solare changed, Two decades after its initial
naming, in the Second International Mycological Congress ( 1977,
E.G. Simmons presented the distinction between QMh6a serain and
reference taxon for the genus T wivdde [12], He noriced that the
strain's morphology did not it any of the then-described nine
species of the genus known that time and proposed the species
epithet “reesei” (in honor of Elwyn T, Beese) [14]. However, it
was shorely discontimeed becanse ). Bisserr [15] arcribured (3Mi6a
o T fengelvachiatwm, the type species of the Longilrachiatenn
section within the genus Trichodersme. Consequently, several cellu-
ledytic praducts seill contain the “T, fengpifraclio ™ name in their
annocations, However, the early molecular biological technigues—
for example, the restriction fragment length polvmorphism meth-
ads [L6, 17] and combined morphomerric and isozyme analyses
[18, 19]—showed that T. reesed and T fewgilrachinbem ave
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taxonomically separable. Moreover, considerable morphological
and isozyme differences between temperate and eropical collections
of Hypeeres sefpeinitzid (now abandoned teleomorphic name for
T, citvinovivide [20], vide infra) led co the recognition thar the
tropical collections were actually Hypeerew fecorin, the hypocrea-
lean species described based on foiting structures. Thus, the spe-
cies name of T, seered was recovered, and this taxon was proposed o
b more closely relared to MHypacren frcorie than to either of other
species of the section that were known by that time. Ten years later,
the groups of Gary, |, Samuels (USDA, USAL, Christan. I Kubicek
(T Wien, Anseria) and colleagues introduced molecular idencifi-
cation in Trichederma taxonomy (which was then named DNA
barcoding ) and revealed the convincing moleonlar evalutionary
evidence that QMo was a clonal derivative of the holomorphic
ascomycete Hypoeren fecorizie. Since that time, the two names— the
anamorphic specics name T reesed and the teleomorphic name
H. greoving—were applied to QM6a and other similar isolaces,
FHowwever, based on the 359 of the International Code of Botanical
Momendature, which implied that for holomorphic fungi (those
that reproduce sexually and asexnally, such as 70 reesed), the name of
the teleomorph muse be wsed as a single species name, the correct
name for the organism was FL jecoring. It was tollowed in some
publications but largely jgnored in the arex of applied science.
Consequently, the existence of the two names for one organism
was considered Inconvenient. The simation with T reered and
M. jreovine was not unigque but llustrated the global erend in
mycology when molecular methods allowed connections of nuner-
omis anamorph—teleomorph pairs and resulred in cases of two names
per one fngal life cvcle. To solve this raxonomic collision, in 2013
the International Commission on the Taxonomy of Fungi (ICTT,
TUMS) agreed wpon the Amsterdam Declaration on Fungal
Nomendature to use only a single name for @ given Fangus (ie.,
either that of the ana- or teleomorph ) and left it free which name
the subcommitrees for che individual genera would decide with a
suggestion to give priority to the older name [21]. While chis
recommendarion was critficized [22], results rom a poll among
rescarchers working with Trichodersa were in fvor of nsing Tri-
claderana instead of Fypesea (wanwisthoinfoy [23]) Samuels [24]
proposed the conservation of the well-known vounger name,
T vewsed, over H. jecoring. Thus, starting from Januvary 1, 2013,
the only correct species name for the OQMGa swain and other
co-specific isnlares—irrespective of whether they have heen solated
from sexual or asexual stages—is T opeeed [9, 20, 25]. The OMi6a
isolare that is also archived as IMI 192654, CBS 38378, DSM
768, or ATCC 13631 in cultre collections is the type strain of the

species,
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T reesei 15 a member of the secton Desgilrrcbioteesn of the genus
Trichodersna [26, 27 that belongs to the family Hypocreaceze
within the large order Hyvpocreales, which is a member of the
class Sordariomycetes and the phylum Ascomyeota, Hypocrealean
fungi (those belonging to the order Hyvpocreales) share the com-
mon ancestor (monophyletic) approximarely 200 Mya that most
likelv was associared with plants as either a pathogen or 2 namalis-
tie partner [25-30]. Extant members of this onler are mainly
biotrophs on plants {eg., Fusariens spp.), insects (1e., Cordpeeps
spp.l, or mngi (e, Esarogeis spp.), and only some hypocrealean
fungi are saprotrophs [31]. Phylogenetic and early phylogenomic
studies revealed thar the family Hypocresceae combines such
genera a8 Eeovapsis and Flyposmyess that were chavacrerized by a
strictly mycoparasitic lifescyle but also included a doren of other
genera (gm0 MBI Taxonomy browser), Sung er al, [28] proposed
that shifts to fngicolous nuthtion ocourred several times during
the evalurion of hypocrealean fangi, since mycotrophs were present
not only in Hypocreaceae but in Ophiocordyeipitaceae and Bionec-
triaceae. Since the indtial hosts of Hypooreaceae were supposed to
be from the phvlum Basidiomyeora, this jnmp was best explaned by
the host-habirar hypothesis [32] {i.e., that new hosts were acquired
due to their proximity in the environment), becanse arthropods
including insects were often found on basidiocarps [32].

The attribution of the genns Trichodersme o the fungicolous
family Hypocreaceae was confirmed by numerous phylogenetic and
plylogenomic studies [29, 30, 33-35]. We analyzed more than
20 hypocrealean genomes [29, 30, 35] including a dozen of Twi-
chaderma species and revealed thar Tefchederma genus evolved
from an ancestor with mited cellulolyric capabilities thar likely
fed on either fungd or arthropods, These analyses revealed that
Trichodersna shared the last common ancestor with the genus
Frcovopsie and several entomopathogenic families such as Cordye-
pitaceae, Ophiocordycipitaceae, and Clavicipitaceae, The genos
Trichodersma was formed in the tive of the Cretaceons-Paleogene
extinction event &6 (+15) Myva, but the establishment of the Long-
ibrpehintin section that contains T reered occurred in the Oligo
cene, 22 Mya [29, 30].

Thus, the fungicolous nutrition and mycoparasitism of Trial-
devim spp. were described as an innare lifestyle of the genus [33,
36]. This conclusion was in agrecment with a plethora of Tiislo-
deri diversity and taxonomy smdies performed over the last rwo
decades which demonserated that the fruiting bodies of other fungi
ar the dead wood colonized by other fungi were the most common
habitats of Trichederna spp. [36-38], while only a few (L0-153%)
Trichadersm spp. could establish in soil and rhizosphere [39, 407,

~118~



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

now

3
i
r ki

M You

TU Wien

Feng Cai Doktorarbeit

Ecology and Evolution of Trichodenmse reesel 5

In wvitroy, all Tidchodersne species inchuding T seesed and related
species could form abundant growth when fungal biomass was
offered as the only source of nuorients (Fig, 1) However, this
finding did not explain the superior cellulalvtic activity of T, veeses
64 that was shown not to be an exceptional property of a single
strain or a species but reflecred the overall high cellulalytic porential
for the most common  Trichedermes  species such as
T longilraclintua, T, citvinovivide, or T hovsianas (Fig. 1),

4 An Exceptional Genome of T. reesei

The understancing of the superior cellulolytic activity of 10 reese
OMaa was the primary task for the inital genomic smdies of
Trichodersa spp. Owing to the potentiadl mentioned  above,
T peesei QMbBa became the sccond hypocrealean fungns (after
Fusavinwe graminearemy PH-1 [41]) and che first Treichoderma
whose genome was sequenced in 2006 and published in 2008
[42]. A rotal of 8% scaffolds were assembled, generating a genome
with the size of 34 Mbp, and ar chat time, a toral of 9129 genes
were predicted in the genome, It was interesting o note that
despite being the model organism for producing cellulolytc
engymes, the penome of T2 opeerd had fewer cellulases and hemi-
cellnlases encoding genes than the other sequenced plant cell wall
degrading fungi like Maguwaporshe griee 70-15 (Magnaporthales,
Ascomycotz] [43] and F gramincermm PH-1 [41]. Shortly, atter
just 2 months, the genome of the genetically improved mmtant of
T. weeeet QM6a, Ene-C30 strain, that had increased cellulolyric
activity was published, revealing rthe generic differences berween it
and the wild-tvpe isolare [+2]. Before this, only two differences
were described between the two strains: 2 troncared carbon catab-
olite repressor protein CREL making But-C30 catabolite depressed
and an additional frameshift mutation in the glycoprotein proces

sing B-plucosidase 11 gene. The But-C30 genome further revealed
the deletion of a 0,085 Mbp fragmene, including 29 open reading
frames. This comparison also explained the differences berween the
phenorypes of the rwo stains, Later, genome-wide transcriptoiic
smudies were also performed 1o reveal straregics emploved by
T, reesei o degrade lignocellulose in comparison with another
mode] fungd, Aspergillaes wiger ( Burotiaes, Ascomyeota) [45]. In
this study, all the genes indouced in 77 reesed when cxposed 1o wheat
straw were revealed using RNA-sequencng methods. Tr was shown
that approximately 13% of the total mBNA was induced after 24 h
period of exposure to wheat straw, The analvsis revealed that
enzgymes from the same glcoside hyvdrolase families—mainly from
GHIL1, GH7, GHA, GHA{, and GHa1 bur different carbohwdrate
carerase (CELS in 70 reveef and CES and CELZ in A miper)—were
induced, Accessory proteins that had been shown to play a vole in
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Ao
T. parareesei
P

Microcrystalline Xylose
cellulose

: . $
T. reesei T. parareesej T. longi- T. citrinoviride Escovopsis
brachiatum weberi
L
Fungal biomass

Fig. 1 Growth of T, reessf and related speoies on natural substrates (@) Four Trishonenma spp. sirains were
cultivated for & days in darkness at 25 °C on Pefri plates (9 cm diameter) containirg a solid medium plus cne
of the plant bipmass-ralated substrates ard acar or agarose. Images were faken usirg a Miken VO digital
camera in ambient dlumination. (b) Four Tichodsmee spp. strains and a sirain of fungicolous hypecreal gan
fnges Sscovopsis welisr were cullivated on [he agar medium containiog fungal biomass prepared a5
cescribed in [35] The fungi were cullivated in 24-well plates for 8 cays in darkness at 25 °C. Images were
takan using an Cwl camera and a sterecmicroscepe. The scale bar corresponds oS mm
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enhancing carbohydrate deconstruction [46] were also revealed in
the genome of T, peescd (also present in the genome of A wdeer).
Besides, the one-lipase encoding gene ceramidase { Transcripr TD:
64397 1 was indnced similartv as the GH- and CE-encoding genes
in the presence of wheat straw, suggesting a role in plant eell wall
degradation. Two hvdrophobin encodings HFB2 (Transcripr 11
119989 and TTFRAE (Transcript 11: 123967) and three cell wall
proteins—that are, a Q174 orthologue (Transcript 1T 74282, a
cell wall protein containing HsbA conserved domain | Transcript
Iy 1042771, and another one with a CEEM domain [ Transcript
Iy 124295 —all plaved a role in recognition of solid surfaces,
which is an essential step in the fungal response to the plant cell
wall, And they were also nduced during a switch from glicose to
the whear straw, Indncrion of seven transporter genes belonging to
the Major Facilitator Superfamily, one xylose transporter, two
cligo-peptide transporters, and one ron transporter were highly
induced in straw conditions, suggesting degradation of cellulose
and hemicellulose fractions of whear straw for producing simple
sugars tor the fungns. XTLI a gene of the xylose utilization
pathway, and XDHT, a gene of the sylitol dehwdrogenase pathway,
were also upregmlared more than 20 folds when transicioning from
glucose to straw, indicating the internalization of hemicellulosic
sugars sich as xylose by 10 reesd,

With the advancement in genome sequencing rechnologies,
more and more mutanes of T2 reeres were sequenced. Subsequently,
a comparison between the chromosome structures and sequences
of cight cellulase mmrant straing of T, reered [3, $7-51] revealed
more genes of regulatory relevance for cellulase induction, Also, the
genome of one wild-type jsolate—CES 99997 from a salt lake in
French Guiana—was sequenced [52, 53], revealing the locus
responsible for the female sterility of 70 reesed [51], Replacement
of this locus (kemd) in the wild type allele of T reess QM6a
allowed sexuval erossing with the parental strain QMbéa [51].
Thus, today T, reesed s unique among the 16 Trichaderma spp,
whose genome have so far been sequenced and annotated {hrrps; 4
mycocosm.jgl.doe gov mycocosm home, dara retrieved
Seprember 29, 20019} becanse its seven chromosomes and their nr
sequences  are known  [54-58], and is complere  genome
(34,922 8528 bp;, 14,877 genes) has been fully annotated [249, 55],

The breakthrough in the wnderstanding of the ccllulolytic
activity of T peesei and other Trichederma species was achieved
when the evolutionary analysis of all 122 individual genes encoding
the plant cell wall degrading carbohyvdrate-active enzymes and
anxiliary proteins (pewdCAZymes) was performed [30, 35]. In
that soudy, gene treespecies tree reconciliation methods were
nsed to discover the impact of a massive (about 205 lareral gene
transfer (LG of such genes to Tricbederma genomes. Most sur-
prisingly, it revealed thar the donors of these laterally reansferred
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powd CAFyme genes were fungi from different classes of Pexizo-
myecoting fingi but none of the common Trichederme hosts from
the phyfum Basidiomycora, This study showed char the majorite of
transfers ocorred before the formation of the commen ancestor of
extant Trichodersg species—ie. berween 120 and 66 Mya [29,
A0 ]—while several cases, including the transfer of the efld (2ef7a)
gene that encodes the major industrially relevane cellulase CBTTI,
occurred betore the divergence between the ancestor of modern
Trichoedersna and Escovegeis, e, more than 120 Myaz [29, 30, 35].
It was a remarkable finding thar explained the outstanding nueri-
nonal versatility of Tridbederma spp., which s only partially
reflected in the ecophysiological profile of 70 peeses (Fig. 1],

Interestingly, the massive LGT was also restricred 1o powd CA-
FZvmes and  onlv  rarely observed in other gene  familics
(K. Chenthamara, F. Cai, 1. 8. Druzhinina, unpublished). We
believe that the recent evolutionary soquisition of the majority of
pewd CAZymes by Trichoderma spp., including T, reesed, pardally
explaing rhe usability of these fungi in industry, Druzhinina er al,
[ 31}, 35] also showed that all known ethcient cellulase regulatory
proteins (XYR1, ACEZ, and ACE3) [36] evalved vertically along
with the evolution of the genus, Thus, LGT-derved powd CA-
Zymes originating from different fungt were able to be controlled
by a few innate regulatory proteins. We speculate thae this resulred
in 4 relatively simple and controllable regnlation of 70 reeseé cellu-
lases and hemicellulases compared to the regulatory nerwork in the
imnate cellulolytic fungi such as Aspegyilfne spp. and Fusarinss spp.
Alchough the genomes of the larer fungi encode ar least owo folds
more cellulolvtic enzymes compared to T reesed, they were not
selected as suitable cell factories for industnal production, likely
because of @ more evolutionary advanced and sophisticared megn-
latory svstem,

Although most of LGT evenes were shown to occur betore the
formation of the last connmon ancestor of the genus Trichedoma,
iniividual cases were also recorded in the more recent evolutionary
history of species from the section Trishoderina (T, agperelfaens and
T, aoroviride), T. vivens and species rom the Marcionsne clade
(T hargionmem and T geishewense) [30, 35], Interestingly, no
LGT events were recorded o be specific for section Langifvacbia-
tatair, This correlares well with the overall small genome size of fing
fronmy section Lesgpilmacliotan that containg roughly 20% fewer
genes compared to other specics [29, 23], The gene gain—gene
loss analysis at the level of sections and individual species performed
by Fubicek et al. [29] revealed thar the significant loss of genes
accompanicd the formation of the section Lengibeacliatien, which
wias the highest in the whole genns, However, individual species
such as T veesel and irs sister species T. parareew? underwent a fow
single recent gene gain cvents since their divergence approximancly
3 Mya, The gene gain estimared for these species was significantly
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lower compared to the species in other infrageneric groups, such as
section Trichodersr, where ndividual species experienced up to
&) gene gain events, or the Fieene clade, where T, eévens reached
almost one hundred [29],

Interestingly, the loss of genes was a unique feature of the
evolution of the common ancestor of the scorion Lesgilbracliatu
as It was not recorded for other groups: the gene losses were
estimated to be an anticipared event only in the recent evolutionary
history of all spedes except TD wirens. The pene contracton in
section Lengibracliatien took place in nearly all funcrional groups,
which suggests that generic drift {one driving force of genome
contraction [59]) might not be the reason behind such a genome
alterarion, Instead, a more parsimonions litestyle through conser-
vation of energy for groweh and development conld be the driving
foree for genome reduction, since the genome of T2 meed does not
lack genes for specific functons compared to other Trichodernia
spp. [29] but contains anly one or a few of those instead of several
paralogs that are present in other species [35]. Sun and GBlanchard
[59] explained ecological advantages of having a smaller genome
becanse these organisms would need to spend less energy for
growth and development and thus may thrive relatively easier in a
stable environment than their competitors with larger penomes.

Another striking feature in the evolution of Trichodere,
including thar of 10 reesed, is the oconrrence of a high number of
orphan genes (Le., genes thar do not have homologs in speces of
adjacent clades). Orphan genes are theonzed to be onginating
thromgh gene duplication events, rearrangement processes and
subsequent fast divergence or from de nove evolution out of
non-coding genomic regions |60 ], In the case of T. seewee, only a
fifth of its orphan genes are shown to be occurring in cluscers [29],
which is a signal that points toward gene duplications, Only a tiny
portion of orphans (clustered and non-custered ) are near the
telomeres which are comumon area for gene doplication. Finally,
these orphan genes are not preferred targers for repeat-induced
point mutarion (RIF) either, which inactivares duplicated genes,
Theretore, the hypothesis of gene duplication as the principal
mechanism for the emergence of orphan genes is not supported
in this case. TPuoblished wanscriptome dara from T veesed
[61] showed thar approximarely £0% of the orphan genes are
indeed expressed and theretore represent protogencs which are
exposed to namral selection [62]. Chenthaiara [30] verified this
selection pressure in the case of orphan ankyTin genes present in the
core genome by showing these genes evolved under purifving
selection,

The derection of the massive LGT of poad CAZvmes to Triola-
devm spp. fiom a narrow taxonomic group of other fing (Perl-
somycoting) strongly supporred the long evolutionary history of
Trichederma mycoparasitism. It was widely demonstared that all
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studied Trichederma, including 0 reered QMoa, could parasitize
distant species om Basidiomycota [63, 64 ] as well as their dose
neighbors, including the putacive donors of acquired plant cell wall
degrading genes [35]. This sugmests Trichadernna v ability to para-
sitize on taxonomically close neighbors (up to adelphoparasitism,
parasitism on the members of the sune Gmily or the genns) might
be the driving force behind the massive TGT.

5 The Mycoparasitic Vigor of T. reesei An Unpopular Fact

Alrhough an analysis involving the first three available genomes of
Trichodersa (T veesei, T) pivens, and T, atrovivide) suggested thar
mycoparasitism—thar &5 the abilioy o parasitize on fongi—is an
mnate property of Tridhederme [33], only three Tridhoderma spe

cies (le., T atroviride, T, barcianess, and T vivens) have been
extensively investigated for the characterization of genes involved
in fungal-fungal interactions [65-76]. Chenthamara and Druzhi-
nina |77] showed an comprehensive summary of genes studied
over the past two decades involved in mweoparasitism, namely
those Trichodersma genes that have the potential of influencing
the pathogens of the plant. Most of these genes were involved in
signal tansduetion, fungal cell wall degradation, and production of
secondary antifungal merabolives, Mycoparasitism by Trichederme
is unique in the sense that they can parasitize even taxonomically
close species {up to adelphoparasitism in the strice sense), unlike
other myvcoparasitism by species of genus Hyponecer spp. whose
parasicism is rescriceed oo Basidiomycota, Hence, this property of
Trichadersnn 1s primarily applied in the area of hineffectors but also
makes  Iriclhoderme a devastating pest for mushroom  fanms
[F5-80].

Few studies exist presenting T2 veesef as a bioefhector due to ity
overhype 2s an industrial cellulase producer, Aranasova et al. [63],
thromgh comparative transcripromics stdies, revealed interesting
strategy in T, seeeed interactions with other fungi as compared o
T, arvovivide and T. pirens. Dual confrontation assays were set
berween Thamareplories cpcnereeris (Rhizocronia solani, Cantharel-
lales, Basidiomveora) and the three Trichodernie species ar 25 °C,
Tramscriprional responses were observed In all three fungi even
before contact etween hiyphae of two Fungi on the assay plate. In
the case of 1) atrovirife, an array of genes invalved in the produe-
fion of secondary metabolites, GIT16 f-glucanases, varions pro-
teases, and small secreted cysteine nich proteins (S5CPs) were
expressecl. In T wérens, mainly the genes for biosynthesis of glio-
toxin, respective precursors and also glutathione, which is necessary
for gliotowin biosynthesis, were expressed. In contrase, T veeses
increased the expression of genes encoding celiulases and hemicel-
Iulases and af the genes involved in solute transpore. Thos, T reesed
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Fig. 2 Mycoparasitism of GFP-labeled T reesei TUCIM 4817 on Pesiebiogsis s TUCIN 5788 observed oo the
suriace of tha glass shde, as described in [25). The lyphal interaction was observer using a Nikon confecal
lazar scanning microscope (laft) and a white light microscope iright). The scale bar comespords to 10 pm

efficiently competed for resources instead of directly attacking the
host. Drruzhinina and Enbicek [ 9] speculated that exclusively trop-
ieal T. peesed, which has been rarely isolated from soil, was not able
to recognize temperate soil-borne I exewnmeris as its host to prey,
In confrontations with Aleernarie alternate (Pleosporales, Asco-
mycota) and Barryess cimerenl (Helotiales, Ascomyeota), T0 reerer
inhibited their growth, and in the case of B, anersa, the myecelium
was overgrown and killed [64]. Druzhinina et al. [ 23] investigated
interactions between T weered and the lignocellulalytic Pertaloriopsis
iffes (Mylariales, Ascomyeota) which was identified several times as
one of the putative LGT donors. The latter species was also selected
owing to its frequent solation from similar ecosystem as that of
T0 peesed and also becanse they have comparable growth rates.
Endoparasitism  was  revealed  through confocal microscopy,
showing the penetration of F fied hyphae by that of T reeres
{Fig. 2. Dual confrontation assays were also set between T0 reered
and some putative donors friom the Eurotiales order, such as Pesi-
ciliism spp. Although endoparasitisne could not be seen in this case,
T. weesei showed the capahility of attacking these fungi as well [35].

T2 weesei has also been shown to parasitize a fungus-like protist,
Pylisem wltimum (Qomycota) [78]. Although the latter is not a
fungns, this demonstrates the endoparasitic capabilities of T, reessi,
Hence, it 15 essential to note that just like other Thraboderma
species, T reared can exploit a vanety of mycoparasitic strategies
depending on the hosts or interacton partner.
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Because the entire pedigree of industrial strains of T receed is based
ot the single isolate QMO (vide s, the species may be consid-
ered as rare. However, the recent study of Kubicek ecal. [29] lisred
T, veeie among the most common Trichederae species,

For this chapter, we have updared the inventory of T reeses
isolares recorded in the public databases for mucleotide sequences
that was intially performed by Drughining and Kubicek [9]
(Fig. 3). We used the large, tourth intron of the gene encoding
translation elongation factor 1-alpha, #f7 [81], that is & power-
ful DA fragment snicable for molecular identification of Tricho-
devma by DNA barcoding. Maximum likelihood analvsis revealed
records tor at least 48 strains that could be reliably identified as
T, veeed (see Fig, 37 and ar least 14 sceains chat belong to the sister
species T, panmversd, S strains that were monophyletic with
T, parayeesel sensn stricto may represent a soill undiscovered taxon
tinclading TUCIM 524—CIK. 524, GB Accession mumber
GO354349) thar was already evident in Druzhinina et al, [26],
but not recognized by Samuels eral. [27].

The resulting analysis of the blogeographic disoibution of
T, veeret and T, pavareesed sensn lato (including che purative new
taxon) stll confirmed the earlier claims of Druzhininag et al,
[64 ] concerning the most tropical ococurrence of T, reered. TTowever,
its detection in Japan and Argenrina expands its possible oceurrence
to the laticudinal belr of 30-35% around the equator. The more
ecologically versacile T germrecsed (Figs, 1 and 3) was intially
deseribed based on six isolates from soil [9, 64, 82], and the
currently available diversity of this species confirms the sympatric
occurrence with 1. reeisi on a large biogeographic scale. The reason
for the affinity of both fungi to tropics is soll not known [9] We
note, however, that T reesed exhibits a high rare of exchange of
genetic marerial over these vast geographic distances, without evi-
dence for geographic segregation ([64]; Fig. 1); ics hingeographic
restriction can therefore not be doe to a BEmived dispersal. Interes:-
ingly, the single strain of 1) graedle that is known so Far was 1selated
from Malaysia, while the newly recognized T, kefrertis was detected
in a marine sponge in the Mediterranean Sea near Tsrael and in soil
in Sourh Africa [83]. Iris thus possible thar this geographic special-
iwation occurred already ar the ancestor of several species related o
T veeseiand T, pavareesel because T, osgibraciiasen and its neigh-
boding species T erienfale, 10 citrinoviride, and others are highly
cosmaopolitan and found atall latinades [84]. Although T peesei and
T, farwrvesei share the same phylotype of the internal transcribed
spacer 1 and 2 of the rRINA gene cluster (TTS1 and 2 of the rRINA)
[G:d, B2], we checked all ITS1 and 2 rBMNA sequences deposieed for
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these two species in GenBank (referring to an identity of =99%
similarity to the sequence of T2 resed QMGa Z31016 deposited in
CGenBank), Ir revealed 38 sequences, all from tropical habitars over
the world (Oeoober 13, 20019,

The analysis of the habitat of T reesed sense stvicts (Fig. 3)
indicates deadwood or its derivatives (c.g., bark, logs, decorricared
wond ) as the most frequent ecological niche for T, seeeed And at
least six strains were isolated fom soil (Fig. 3) and one (CBS
999.97) from lake sediment. Interestingly, there are still no
T, vegset isolares found on other fungi, and only one strain of
T, pavarvessel is wolated from Lencinala edoder { Agaricales, Basidio-
mycota) in Japan [9]. Tt is inferesting to note a sample of
T parvereeesed from UK air [85], Although it may be an artifact, we
also detected an ITS1 and 2 MOTU of cither T seewd or
T pararecszi in alr samples in Vienna {Austeia [9]). These fincdings
corpespond well to the hypothesis of the efficient long-distance
dispersal of these fangi, However, all attempts to oloivate
T, weesei from those air filters failed (1.5, Diruzhinina, nnpublished).
The imventory of habitars tor the deposited TTS1 and 2 sequences
of T veerd or T pavareesed revealed several sorains isolared from
Bradypes vavieqgaens (sloth] fur [86], several maring isolates trom
Thailand, Brazil, and Malaysia, one clinical sample from H. safismer
in Malavsia. In this survey, we also detected a second record of the
association of 1) reesei=T) parareeied pair with fongs, The seain
SPIT-2010-9-132 was isolated from Ganedersma fonizgense {Foly-
porales,  Basidiomyeota] in Singapore  and  deposited  as
T, mrpenisperssy, However, the ITSL and 2 sequences of this
isodare (FEYD25558) allow irs identification as either T vesees or
T, pavarveeisi.

Thus, 1 reesed is observed in virro as a specics with a relarively
weiker firness compared o T pergreesed ([64, 82], Fig. 1), and at
the same time, it is inherently more common and widespread.
However, as it 3% not known from the whole range of habitats
such as oppormnistic environmencal species (T, Sarsionen,
T, fonagitwachiaewesn, T, asperelfiesn, and some others), it 5 snll
considered to be relatively ecologically specialized. Unforounately,
litele is still known about the oceurrence of the 7. reesed anamorph
in nanral environments, Furcher studies will witimarely reveal eco-
logical niches occupied by all stages of the T, reesed life cvele, which
will open new opportunitics for the further domestication of this
ngcful microorganisin.

7 Conclusions

The superior cellulolvric activity of T, vveses has led to the scientifi-
cally advantageous sitmation for this species compared to other
Trichodersa spp. becanse of a significant bulk of information that

~128~



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

now

3
i
r ki

TU Wien

Feng Cai Doktorarbeit

Ecology and Evolution of Trichodenmse reesel 15

15 available. Thus, in Ocrober 2009, T reesei was cited In more than
2200 PubMed indexed publications, while the by far the most
common Trichedering species—T, farstantan [29]—was referred
inonly 1106 articles, The genome of T, veceed 15 best smdied in the
genus, and the molecnlar toolbox available for this species allows
the broadest range of genctic manipulations | gerefl 5 for a review).
FHowever, ironically, instead of representing the model for Tricho-
derme research, T reeeed i an exception in the genus. Thus,
although T ressed can parasitize other fungl, this important generic
trait is not expressed sutficiently strong for the smdies of fungal-
fungal inreractions, Chnly a limiced number of hose fangd are known
for T0 veesei. Inomany such investigarions, T. sesed is presenced as a
control saprotroph, while its mycoparasitism remains overlooked
[28, 87]. Similarly, alchough T reeced is 2 potent industral cellulase
producer, other Trichodersne species  have  essentially  more
pewd CAZymes encoded genes in their genomes [35] and conse-
quently secrere more efficient cellulolyric cockrails that may find
their way to commercial production [#8-22]. In this chaprer, we
did not review the in vitro mating behavior of T peesed {seeref. 9 for
a review, which is another nnaque feamre of this species nsed for
induserially relevant genetic improvement of the nyitant strains
[52, 92]. Wo other Trichedersma species are known to produce
fertile Buiting bodies in laboratory conditions. It &5 likely that
some or all of T, reesed features positively influenced the establish-
ment of this species as an industrial microorganism, allowing effi-
cient manipulation of its growth and development. However, care
shomld be raken when the advanced technologies available for
T, weeses are nsed tor the investigations of the hiology, physiology,
and evalution of ather Teichederme spedes, the genus Trichederma
and other hypocrealean fungl.

Acknowledgments

The authors are thankful to Christian P. Kabicek for the disoussion
of the topic and useful suggestions 1o the conrent of the chapter.
This work was supported by grants from the Mindstry of Science
and Technology of Jiangsu Provinee (BE20180533), China, the
Mational Mamural Science Foundation of China (KJQRIN1920,
and the Postdoctoral Science Foundation [ 198162, all to F.C. The
waork in Vienna (Austria) was supported by the Austrian Science
Fund (FWF} P25613-B20 and P2R745-B20, to 15170 and the
Vienna Science and Technology Fund (WWTF), LS13-048, 1o 1
5.0

~129~



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

know|

o
i
r

TU Wien

16

Feng Cai

Hamal Chenthamara et al.

References

—

=

_EJJ

10.

1

ot
[ %]

. Sharma A, Choudhary T, Singh 5, Singh B,

Euhad RC, Fumar A, Main L (2009} Cellulose
as potential feedstock for cellulase enzyme pro-
duction: versatility and properties of varicus
cellulosic  bicenasses.  In: Srivastava M,
Srivasrava M, Mishra I'E, Ramreke P'W, Singh
RL {eds) Mew and funwe developments in
mricrobial biovechnology and bioengineering,.
Elsevier, Amsterdam, pp 11-27

L Pentnda MO, Lunon C, Mevalainen H (2004 )

Melecular biology of Twdbedersma and bio-
rechinological  applications.  In: Avora DE
fed) Mycalogy, vol 20, 2nd edn. Marcel Dek-
ker, Mew York, pp 413-427

Seiboth B, Ivanova ©, Seidl-Seiboch W (2011)
Trichoderma veesed: a fungal enzyme producer
for cellulosic biotuels, INTECH Open Access
Publisher, Rijeka

L Perermcn B, Mevalainen H (2002 Trinlodern

vessei RUT-C30—hirty  vears of  strain
improvemnent. Microbiology 158/ 1):58-68

. Diuzhinana 15, FKubicek CF [2017) Generic

engineering of Trickedersn resed cellulases
and thar prodiecton. Microlr Biotecheol 10
(6p1485-1499

. Deenul ©, Mach RL, Mach-Aigner AR (2019}

Fusson cranscniprica Getors for stroag, const-
tutive expression of cellilsses and sylanases in
Treehoderme reeser. Ractechne]  Bioduels
12:231-231

Deendl C,  Eluger B, Bueschl C
Scludunacher R, Mach RL, Mach-Aigner AR
(201 7} Transcription Gotar Xppl s a switch
bepween primary and secondary fangal merab-
alism. Proc Marl Acad Sc 175 A 11404 )
E&S6i-e5069

Ungerer MO, Jolnmson LC, Herman MA
(20081 Ecological genomics: understanding
gene and genome fcrion in the nanreal envi-
reaunent. Hereday 10002178183

. Drueehinana I8, Kulueek CF (2007605 Famnilar

stranger: ecological genomics of the model
saprotroph and indusial enzyme prodocer
Trichoderse resed breaks the stereotypes. Adv
Appl Microluol 95:69-147

Mardels M, Reese ET (195371 Tnduction of
cellulzse in Trichederma wivide as miluenced
by carben sowrces and metals. T Bacreriol 73
(21:269-278

. Reese E (1975} Eneyme systems Tor cellulose,

Biotechned Tioeng Symp 5:77-80

. Mandels M, Evelegh DE (20097 Reflections

on the United Staces milicary 1941-1987 . Bio-
wechnol Biofiels 2(1 320

13.

14,

15.

16,

17.

15,

19,

21.

~130~

Doktorarbeit

Summons EG (1977) Classficaton of soime
cellulase-producing . Teichaderase species. In:
Simimons EG (ed) Second Incernational Myco-
logical Congress. p. G18

Ritini MA {1969 A revision of the genus Tid-
chnderma. Mycological papers, no 116, Coan-
maonwealth Mycological Instinure, Kew

Rassent _T |:"| QREY A revision of the 2ens Treche-
devwpe. [ Section Lowgiieaciig fans So0m. nov.
Can T Bot 62{51:924-931

Morvwere B, Gruber F, Mesiner B, Kubioek
CP (1992 Presensce, tanseription and transla-
toen of cellobichydrolase genes inoseveral Tre-
chuderm specics. Curr Gener 21011:31-36
Mever W, Mosawerz R, Bacner T, Kubicek CTY
(15923 The use of DNA-Ongerpring analyss in
the dassification of seme species of the Tricke-
devape aggregare. Core Gener 2101:27-30
Samuels G, Petring O, Mangun 5 {19943 Mor-
phcdogical ard macrcanedecular charcieriza-
von  of  Hypecree  selspesitsie and s
Trichoderne anamorph. Mycalogia
Bin421-435

Lenchomann A, Petring O, Samuels G {1996}
Dsoeyime subgroups in Treidoderme section
Pomgebrechintron. Mycologia 88(3 p384-394
Bassett [, dzams W, Jaklicsch W, Samuels GJ
(2005} Accepted Trichoderma names in the
year 2005, [MA Pungus 6(2):263-295
Hawksworth DL, Crous PW, Redhead 54,
Reynolds DR, Samson A, Seifers KA, Taylor
%, Wingfield MJ, Abact O, Aime C, Asan A,
Bai B-Y, de Beer £W, Begerow [, Berikten D,
Boekhour T, Buchanan PE, Burgess T,
Buzina W, Ca L, Cannon PP, Crane JL,
Dammm U, Daniel H-M, van Dicpeningen AL,
Dicvzhissic I, Diyver PS, Eberharde U7, Fell TW,
Frsvad JO, Gewer DM, Geml T, Glienke ©,
Grafenhan T, Groenewald T2, Groenewald M,
de Gruyrer [, Guehe- Kellermann B, Guo LD,
Hibbete DS, Hong 5B, de Hoog G5,
Houbraken T, Hubnded SM, Hwde ED
Tamrail A, Tohneton 'R, Eadaifeiler THG, Eick
AL, Eoljalg U, Kurrzman CF, Lagnean P-E,
Lévesque CA, Lin X, Lombard L, Meyer W,
Miller A, Minter DW, Majafzadeh M,
Morvell L, Ozerskaya S0, Ozig B, Pennvoook
SR, Terersen SW, Penerson OV,
Cheaedvleg W, Robent WA, Ruilbal C
Schnitrer T, Scheoers H-J, Shivas R,
Slippers B, Spierenburg H, Takashima M,
Tagkun B, Thines M, Theane U, TTzran AH,
van Raak M, Varpa [, Vasco A, Verkley G,
Videira 5IR, de Viies BT, Weir BS, Yilmaz N,
Turkow A, Zhang N (2011) The Aumsterdam



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

know|

o
i
r

TU Wien

bz
b

CGams W

Feng Cai

Doktorarbeit

Ecology and Evolution of Trichodenmse reesel 17

declararion on fungal nomenclareee. IMA Fan-
gus 2(1):105-112

[ Baral H-0,  Jaklisch WA,
Kirschner R, Stadler M (2012} Claficaticns
needed concerning the new Article 59 dealing
with pleomorphic fungs. IMA Fungus 3
(2):175-177

. Besmsman AY, Sefert KA, Samaeds G, Minrs

AM, Schreoers H-J, Lombard L, Crous W,
Daldinaa B, Cannon PF, Surmenerbell BC, Ged-
ser DM, Zhuang W-Y, Hirocka ¥, Hernera C,
Salgado-Salazar ©, Chavens T (2013) Genera
i Bionecudacese, Hypocoreaceae, and Mecoria-
ceae | Hypocreales) propesed for acceprance ar
rejection. IMA Fungus 4(1 :41-51

- Samuels GF (2004} Proposals 1o conserve the

nammes Tricioderssn caroprvos against Hypocres
catepiven, H. mifirela, and H fevevivess
T, citrinoviride aguost Splveeria selweinitzii
(HL selareinitzi), 5 conterta, H. vepanda, and
L weindnery FH furea againsr Giiockaafens dedi-
guescens | T deliquescens) with a recormmenda-
ton o reiect the proposal (Cf Art, 5720
H. pezizeides (T pesisedils) apainst
T pesizoidensn;  and  T0 reswd apainst
H, jecorima (Ascomycotar  Pegizemycotina:
Sovdaricmycetes: Hypocreales: Hypocreaceae),
Taxcn G3[4 pH36-938

. Druzhinina I8, Kopchinskay AG, Bubicek €T

(240 The firse LOD Triahoderma species char
acterized by melecular data. Mycoscience 47
(215504

. Druzhinina I8, Komon-Zelazowska M, Tseraiel

A Taklitach W, Mullaw T, Samels GT, Eubicek
CP (2012} Molecular phylogeny and species
delimitation in cthe section Lesaibvachiatm
of  Trisboderswe. Fungal Gener Biol 49
(51358368

. Sarnels GT, Tsmaiel A, Mulaw TEB, Szakacs G,

Druzhinina IS, Kubicek CP, Taklitsch WAL
2012) The Lesgitwaciiotan Clade of Triche-
devaia a pevision with oew species. Fungal
Divers 55(1 377108

- Seng G-H, Poinar GO, Spacafosa JW (20083

The oldest fossil evidence of animal parasitsm
by fungi supports a Cretaceous diversification
of fngal-archropod symbicss. Mol Thylo-
memer Evol 5902495502

. Kubicek CP, Steindort A5, Chenthamasa B,

Manganielle G, Hensissar B, Fhang ], Cai F,
Eopchinskiy AG, Kubicek EM, Kuo A, Barca-
celli B, Sarrocco 5, Meronba EF, Vannacc G,
Shen Q, Grigoviev IV, Druzhinina IS (2019)
Evalution and comparative genocmics of the

a0,

3

33.

3.

~131~

mest common  Triddersma species. BMO
Genomics 2001 485

Chenthamare K [2018) Usang comparative
genomics o link phenotypes 1o genotypes af
the mycowophic fungus Twiclederma. TU
Wien

L Zhang N, Castlebury L, Maller A Hobindedd

SM, Schach C, Sedert K, Bossman A, Rogers ],
Eohlmever T, Volnann-Eohlmever B, Sung
G-H (20060 An everview of the systemarics af
the Sordanoimycetes based oo a fowre-gene phy-

logeny. Mycologia 98:1076-1L0ET

. Schigel I (2016} Beetles versus fungi: wophic

interactions in boseal fovests, In, pp 269-278
Eubicek CF, Herrera- Esteella A, Seidl-Seibarh
W, Martnes DA, Diruehinma 15, Than M, Pei-
linger 5, Casas-Floges 5, Horwite BA, Mukher-
iee PR, Mukherjee M, Fredics L, Alcaraz LD,
Aerrs A, Antal F, Aramasova L, Cervanres-
Radillee MG, Challaceanbe J, Chertkay O,
MeCluskey E, Coulpier F, Deshpande I, von
Dohren H, Ebbale T}, Esquivel-INaranjo EU,
Fekere B, Flippha M, Glaser F, Gomez-Rodsi-
guez EY, Gruber 5, Han ©, Henvissar B, Her-
mass B, Hernandez-Onace M, Faraita L, Kosti
I, Le Ceom 5, Lindquist E, Lucas 5, Tubeck A,
Lubeck P%, Margeot A, Merz B, Misra M,
Mevalainen H, Omann M, Packer N, Perrone
G, Uresri-Rivera BE, Salamov A, Schenoll M,
Seiboth B, Shapire H, Sukne 5, Tamavo
Ramaos TA, Tisch D, Wiest A, Wilkinson HH,
Fhang M, Coutinho PM, Fenedey OCM,
Monte B, Baker SE, Grigoriev [V (2011 Com-
parative genome sequence analysis underscores
mycoparasitism as the ancestral life soyle of T
dmderma, Genome Biol 1304 %R0

de Man TJ, Stajich TE, Fubicek CT, Teiling €,
Chenthamara K, Atanasova L, Douzhinina [5,
Levenkova M, Birnbawm 55, Barribean SM,
Baozick BA, Suen G, Currie TR, Gerardo MM
(20016} Small genome of the fungus Eravapsts
weters, a specialized disease agent of ant agn-
admre, Proc Mad fAcad 50 U 5 A 113
(1313567-2572

. Diruzhinira IS, Chenthamara B, Zhang T, Ana-

nasova L, Yang 1y, Miao Y, Rahimi MJ, Grujic
M, Cai F, Pourmehddi 5, Salimn KA, Pretzer O,
Eopchinskiy AG, Henrissar B, Kuo A, Hundley
I, Wang M, Aerss A, Salamov A, Lipzen A,
LaBuitn K, Barry E, Grigoriev IV, Shen O,
Enbicek CP (2018) Massive lateral transfer of
genes encoding plant cell wall-degrading
enzymes oo the mycoparasitic fingus Tricke-
Aerarg from its planc-associated hosts. PLo%
Crenvet 1404 el (7322



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

know|

o
i
r

TU Wien

i
=]

40.

4

=

43,

Feng Cai

Hamal Chenthamara et al.

. Dirnzhining 15, Seidl-Seiboth WV, Hereeea-

Esrrella A, Horwite BA, Fenerley ©OM, Monte
E, Mukherjee TE, Zeilinger 5, Grigoey IV,
Eubicek €T (2011} Trichodenna: dhe geno-
mics of opportunistic success, MNar Rev Micro-
ol 9107457549

. Jaklitsch WM {20011} Buropean speces of

Hypoerea part IT: species with hyaline ascos-
pores. Fungal Divers 48(1):1-250

. Jaklitsch WM (2009} Burcpean spede of

Hypocrss Part 1. The green-spored species.
Smud Mycol 63:1-91

. Friedl MA, & Druzhinina, I. 5 (2012) Taxon-

specific metagenomics of Trickadermae reveals a
BArEOW Communtty of opportunisie species
that regulate each ether’s development, Micro-
biology 138 1p69-83

Druzhining I, Rubicek © {2013) Ecelogical
genoatics of Teielodersma. In: Marcin F (ed)
The Ecologwal Gencanics of Fungi. Jehn
Wiley & Sons, Inc., pp 89-116

Cuome CA, Guldener U, Xar I, Tral F, Tur-

gean BG, Di Plierre A, Walton JD, Ma LI,
Baker SE, Bep M, Adam G, Anteniw ], Bald-
win T, Calve 5, Chang YL, Decaprio 1, Gale
LE, Gnerre 5, Goswami RS, Haunmond-
FKosack K, Harris LT, Hilbawen K, Eennell JC,
Froken 5, Magnuson JE, Mannhaug G, Mau-
celi B, Mewes HW, Mirerbauer B, Muehlbaner
G, Munsterkoreer M, Melson D, O*Donnell E,
Oneeller T, Qi W, Quesneville H, Roncero MI,
Seonp EY, Tetko IV, Urban M, Waalwijk C,
Ward TT, Yao T, Birren BEW, Eitler HOC
(2007 The Fuassrimm gramineares genome
reveals a link berween localized polvmorphism
and  pathwogen  specializadon.  Scence 317
(584314001402

CMardnez D, Berka BM, Hengissar B, Salo-

Bewno M, Arvvae M, Baker SE, Chapenan T,
Chertkov O, Coutinhe PM, Cullen I, Dan-
chin EG, Grigorey IV, Haris T, Tackson M,
Eubicek CT, Han €5, Ho [, Lavrondo LF, de
Leon AL, Magnuson [K, Merino 5, Misra M,
Melsen B, Pumam M, Robbertse B, Salamov
AA, Schmell M, Terry A, Thayer M, Wester-
helm- Parvinen A, Schoch CL, Yae [, Barabote
R, Melson MA, Detrer O, Bruce 1, Kuske CR,
Xie G, Richardson P, Bokhsar DS, Lucas S,
Huhin BEM, Dunn-Caoleman N, Ward M, Bret-
i TS (2008} Genome sequencing and analysis
of the biomass-degrading fungus Trichaderms
reesel {sym. Hlypocrea jerorina). Wat Biotechnaol
25 1E53-560

Song T, Suto M, Tomita F (19937 Host spe-
cics specific repetitive IMMA sequence in the
genome of Magnaperthe grisa, the rice blast

44,

46,

47,

43,

49,

3
—

~132~

Doktorarbeit

fungus.  Biosel  Brorechnol  Biochem 57
(71:1228-1230

Twakerma H, Koyama ¥, Mivacle A, Masukawa
M, Matswmore H, Yano 5, Ogihara T, Fasmi
T (2016 Generation of a glucose de-repressed
metant of Treicloderms reser wsang dispacity
muragenesis. Biosci Biotechnel Biochem 80
(314804582

5. Ries L, Pullan 5T, Delimas 5, Malla 5, Blythe

MI, Archer DR (2013 Genome-wide tean-
seriptioml response of Trivkdersn wererd 1w
lignocellulose using BNA  sequencing  amnd
coppparison with  Aspergillus  niger. BALC
Genormics 14:541

Harrs TV, Welner Iy, McFadand KC, Re E,
Mavareo Poulien JC, Brown K, Salbo R, Ding
H, Vlasenko E, Merino 5, Xu F, Cherry T,
Larsen 5, Lo Leggio L (20107 Stmulaticn af
lignocellulosic biomass hydrolysis by proteins
of glycoside hydrolase family 612 scoucoure and
function of a large, enigrmatc Gunily. Biodwers-
sty 4% 151330533146

Wang T, Lin X, Yu ¢}, Zhang X, Qu ¥, Gao I,
Wang T (2005) Direcred evolution for engi-
neering pH profile of endoglucanase 111 from
Triclodersun  weered. Biomol  Eng 22
(1-380-04

Le Crean 8, Schackwiz W, Pennaceheo L, Mag-
muson JK, Culley DE, Collerr TR, Marrin J,
Druzhininag I8, Machis H, Monor F, Seibarh
B, Cheeey B, Rey M, Berkas B, Kubicek CP,
Baker 5E, Margeot A (2009} Tracking the
roots of cellulase hyperproduction by the fun-
gus Thidhodersa resied using massively parallel
DMA sequencing. Proc Matl Acad 5¢i U S A
106{38 1 16151-16156

Virikainen M, Arvas M, Pakula T, Oja M, Pent-
nla M, Salobeimo M 200100 Avvay comparative
genomie hybsidizarson analyss of Trirboderms
weesed strains with enhanced cellulase produc-
non properies. BAMO Genomics 11:441

. Porciunoula Jde O, Furnbkawa T, Mo B, Shida

Y, Hirakawa H, Tashire K, Fohara 5, Maka-
gawa 5, Mookawa ¥, Ogasawara W (2013}
Single mucleotide polyimorphisey analysis of a
Trivlndermr reesed hyper-cellalolyme  murane
developed in Japan. Bieao Bictechnol Biocherm
TA 3534543

. Lichius A, Bidard F, Buchhelz F, Le Crom 5,

Marrin T, Schackwice W, Austerlive T, Grigoriev
IV, Bakee SE, Margeor A, Saboth B, Knbicek
CI'[2015) Ererantiun to: Crencene sequencing af
the Trichoderma reesed QAMI136 muant iden-
nfies a tnuncation of the ranscipricnal regula-
wor XYR1 as the cause for its cellulase-negative
phenooype. BMC Genomics Lé[1 725



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

know|

o
i
r

TU Wien

b4,

55,

B,

m
=1

58,

b9,

6.

1

—

Feng Cai

Doktorarbeit

Ecology and Evolution of Trichodenmse reesel 19

. Linke B, Thallinger GG, Haarmann T, Eidner

I, Schreiver M, Lovenz I, Seiboth B, Kubicek
CP {2015} Restoration of female ferdlicy in
Tricioderswe reesed OiMGa provides the basis
for inbreeding in chis industrial cellulsse pro-
ducing fangus, Biotechnol Biofiels $:155

. Tisch I, Pemraning KR, Collere TR, Freivag M,

Baker SE, Chen CL, Hsu PW, Chuang YT,
Schusrer A, Dactenbock C, Stappler B, Sulvok
M, Bohmdarfer 5, Oberlerchner I, Wang TF,
Schraoll M (2017) Cmics analvses of Tifcbe-
devaia resed CRE99.97 and Qadoa indicare
the relevance of female ferility to carboby-
drate-active enzvme and wansporter levels,
Appl Envivan Microbic] 83722}

Marie-Welly H, Marboury M, Cowmac A, Flot
TF, Litt G, Pavadi DI, Syan 8, Guillen W, Mar-
geot A, Zimmer C, Koszul B (2014} High
quality genome (rejassembly wsing chromao-
sormal contact dara. Mar Cormimun 5:5695
Diruzhinina I5, Kopchinskiy AG, Enbicek EM,
Fubicek CP (2016} A complete annotaticn of
the chromesomes of the cellulase producer Tri-
chwdernng reesed provides insights in gene clos-
rees, their expression and veveals genes requived
for fitness. Biotechnol Biofiels 9:75

Li W, Huang CH, Chen CL, Chuang Y,
Tung 5Y, Wang TF (2017 ) Trichodering vevied
complere penome sequence, repeat-induced
point mutaton, and partitioning of CAYyme
gene clusters, Bietedhnol Biofiels 10:170

. Tourdier E, Baudey L, Poggi-Paredi D, Vieq Y,

Eoszul B, Margeor A, Marbowry M, Bidard F
(2017 ) Proximity ligacon scaffolding and com-
parison of two Tridkederma veesed strains gen

omes. Biotechnol Biofels 100151

Tourdier E, Baudry L, Pogei-Parodi I, Vieq ¥,
Eeszul B, Margeotr A, Marboury M, Bidard F
(2018} Corvection to: Mroaimiry ligation scal-
folding and comparison of two Trichedermg
yeesef strains genomes, Biotechnel Biofiels
11:163

Sun Z, Blanchard JL (2014} Strong genome-
wide seleciion easly i the evelution of Pro-
chlorococcus resulved in a reduced penome
theough the loss of a large momber of small
cffecr genes. PLaS One 93 e88837

Taure D, Damazer-Loso T (20110 The evaluw-
tonary origin of orphan genes. Mat Fev Gener
12{10):692-702

. Bischot R, Fourris L, Limbeck A, Gamnaal C,

Seiboth B, Kubicck CI' {2013} Comparative
antlyses ol the Treidhodarns ressed transcriplome
during  growth on the cellulase  inducing

63,

64,

s,

67,

63,

69,

71,

~133~

sulssrrares wheat steaw and lacteae. Biorechnel
Bicfuels 611127

- Carvunis AR, Rolland T, Wapinski T, Calder-

wood MA, Yildimm MA, Simonis M, Charlo-
reans B, Hidalgo CA, Barberre ], Santhanan B,
Brar GA, Wetsman J5, Regev A, Thicrey-Mieg
M, Cusick ME, Vidal M (2012) Prote-genes
anid  de mare gene  birth, Namwe 487
(7407 p370-374

Aramasova L, Le Crom 8, Gruber 5, Coulpeer F,
Seidl-Saboth ¥V, Buluock CF, Diroehinma I8
2013 Comparative ranscripromics  reveals
ditferent stearcgies of Tribederme mycopara-
sitism. BAMC Genormes 14:121

Diruzhinira 15, Kamon-Zelazowska M, Arana-
sowa Ly Sendl V, Kubicek O (200400 Evalunion
arvl ecophysiology of the indusnial producer
Hiyporrea fecoring (Anamaorph Treisboders vee
ser) and 2 pew sympatric agamaspecies related
o it PLoS One 52 e?191

5. Gerermia BA, Galdiman GH, Tacobs Dy Ardiles

W, Vila 5B, Van Montagn M, Heerera-Esteella
A 1993 Molecular charscrerization of the
proteinase-encoding gene, pedd, related o
mycoparasitisim by Trivlodsrnn  Sarsianm,
Mol Microbic] 8031603013

Carsolio C, Gurierrez A, Tunencz B, Van Maon-
tagu M, Hervera-Esteella A (1994} Chanetesi-
zation of ecl-43, a Trichodersa barsinssm
cndochitinase gene expressed during mycopar-
asitism. TProc Mal Acad So U 5 A 91
(23 p10%03-10907

dela Crz [, Pintor-Toro TA, Benitez T, Llobell
AC1R95) Puificason and characterization of
art ende-beta- 1 g-glocanase froan Trirboderms
Dnerstencas thal i related to i!i.:l:iyn:ll.liu'.'l:iil.imn.
T Bacresiol 177(7 118641871

de la Crnz T, Pintor-Toro TA, Benitez T, Llobell
A Romero LOC (1995 ) A novel enda-bera-1,3-
glucanase, BGMN13. 1, involved in the mycopar-
asitism of Trichedernn Garsinswn. | Bacreriol
1772369376945

Inbar J, Cher I (1995} The role of recognition
i the inducten of spealic chitinases during
mveoparasitism by Trichedarms Tersiennon,
Microbiology 141{11 :2833-2829

Carmsolio C, Benhamou N, Haran 5, Cortes O,
Guricrres A, Cher 1, Herrera- Bsrrella A [ 1999
Ride of the Tridlwdernn Tersienon endochi-
unase gene, ool in mycoparasitism. Appl
Enwaron Microbiol 650 3)-029-935
Cohen-Kupiee |, Broglie KE, Friesem I3, Bro-
glie BAL, Cher T {1999 Molecular chasacteni-

watiom of a naovel beta- 1 3-exepghcanase related



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

know|

o
i
r

TU Wien

20

7.

|
=]

B0.

Feng Cai

Hamal Chenthamara et al.

o mycopasasitism of Treiboders Tarsiannm.
Gene 226(2):147-154

. Mukberee M, Mukheges PR, Eale 57 (20073

CAMP signalling is imvolved in growth, germi-
mamon, mycaparasitsm and secondary menaba-
lizen iy Triekoderane wirais. Microbiclogy 133
(G 17341742

. Beithner B, Tharm-Laclente E, Mach R, Her-

rera-Bareella A (2011) Tdenofication of myco-
parssipsmn-related  genes  in Trcladernie
sttrapiide. Appl  Environ Microbicl 77
(1343614370

. Eariimi Aghcheh B Dvuzhining TS, Fubicek CF

(2013} The putative protein methyvliransierase
LAEL af Traldarnn arapivide s a key regu-
Iator of asexual development amd myveoparasi-

Bt PLoS One 8(6)e67144

. Gomez-Rodriguez EY, Uscso-Rivera  EE,

Patron-Scberana OA&,  Tshs-Osona MA,
Flores-Martinez A, Riego-Buie L, Rosales-Saa-
vedea MT, Casas-Flores 5 [20018) Histone acer-
vlransferase TGF-1 regulaces  Trivhaderne
sttvapivide secondary metabolism and mycopar-
asitisim. PLoS One 13420193872
Rammiree-Valdespine  CA,  Porms-Troncose
MDDy, Cosvales- Bacabosa AR, Wrobel B, Marri-
nez- Hermandez T, Olmeda-Monfl WV (2018)
Functional charwrenzation of TvCy2, o mem-
ber of the p450 monocxygenases fbom Triebo-
devaea wirens velevant during the asseciation
with plants and mvcoparsitsm. Mel Plang
Microbe Inrerace 3103 2280298

. Chenthamara K, Druzhinina 15 (2016) 12

Ecological genomics of myoorrophic g,
Iri: Druzhinina IS, Kubicek CF {eds) Envicon-
IEII.'HJ:IJ N]IJ. :I:I:Iil.'l."]hiil] lI.'JiIlj(JII!iII.‘ilJZi. stl!i.‘nﬁ(r
[nternational Publishing, Cham, pp 215-246

Eomon-Zelazowska M, Bisserr J, Zafan D,
Harvani L, Manczinger L, Woo 5, Lorito M,
Eredics L, Eubicel CF, Druzhinina IS (2007
Genetically closely relared bur phencoypically
diverpent  Teiclederuiy specics cause  green
erold disease in ovsrer musheoom frmmns world-
wide.  Appl Bawviron  Microbiel 73
(22 :7415-7426

Castle A, Speranzing I, Rehei N, Alm G, Rin-
ker I, Bisserr | (1998 Mesphological and
malecular identification of Trickodsrne wo-
lares on Morth American mushroom farms.
Appl Envivon Micvabic] 6401 ):133-137

Kim 5, Shirouzu T, Makagis A, Sotome K,
Magasawa E, Mackawa N (2012} Trichaderne
sereanne sp. nov., solued romo muoshroom
fares in Tapan., Antenie Van Leewwenhoek
10214629641

81

&3,

4

&6,

&
=1

&3,

&9,

2,

a1,

~ 134~

Doktorarbeit

. Kopehinskiv A, Komon M, Eubicek CT, Diruz-
hirirea I5 (2005 TrichoBLAST: a muldlocus
database for Teiciederse and Hypecren idend-
ficaticns. Mycol Bes 109 Py 66586600

CArnamasova L, Talditsch WA, Komon-Zela-

zowska M, Fubicek CIY Dreonzhinina 15 {2000}

Clonal species Twisbadermar pararesed sp. nov.,

likely reserables the ancestor of the cellulase

producer  Hypoeres fecorinns T weeset. Appl

Ervaron Microbiol 76{21 p7259-7267

iy Plessis I, Dreuwshinina 15, Aranssova L,

Yarden O, Tacchs K (2018) The diversity of

Trivimderae species froan soil in Scudh Afvica,

with five new addinens. Mycologa 110

(3)E59-583

Tang 8, Jang ¥, Kim C-W, Lee H, Hong [-H,

Heo ¥YAL, Lee YA, Lee DA, Lee HE K J-T

(2017} Five new records of soil-devived Tricle

Aevwid in Korea: TD alielwivsvens, T, aspevel-

leiiler, T0 weigntale, T spiewle, amd T

Tapeen fossng. Mycobiology 4501 ):1-8

5. Rubio ME, Quijada MM, Férez E, Domingucz

5, Meate E, Hermesa RO 200145 Tdentifving
benelicial gqualities of Trecdwwlerse prsareeser
tor planrs. Appl Envieon Microbicl 8006 1864
Higginbotham 5, Wong WR, Liningron RG,
Spadafora C, Ineersdo L, Armeld AE (2014}
Sloeh Bair as a nevel searrce of fungs with poten
anti-parcasitic, ant-cancer and anri-bacrerial
bicactving FloS one 9] 1 ne84540-284549

. Montewa VM, Stendorl A5, Almeida FRE,
Lope FAC, Ulhoa CJ, Féix CR, Silva BN
2014} Twelederant  reesd  mycoparasitism
againet Pudiem wlidsem is coordinared by
Gealpha protein GMAL signaling. | Microl
Raeclhern Techne] 7000007

Waryg H, Zhai L, Geng A (20200 Enhanced
cellulase and reducing sugar production by a
now muant sorin Teidoderme Drrsitnues
EUTAZD. T Brosel Bioeng 129 2:243-249
Dielabeana Pida 5, Tarna T, Rebl Ty, Rabelo 5,
Farinas O3, Pradella JG (20067 Enhanced czl-
helase peoduction by Tifdodarmes Darsianums
by cultivatics on glycered fellowed by andoc-
ten on celluloue subsirates, [ Tl Micrabsiel
Biotechnol 43(5 p017-626

Rahnama N, Foo L, Abdol Bahman NA,
Al A, Md Shah UK (2014} Ssccharificarion
of rice straw by cellubase fdom a local Tricke-
Aevac fatrsiwaes SMRESS (or biobatano] pro-

duction. BMC Bictechno] 14:103

Pathak P, Bhardwa) ME, Singh AR (20014} Pro-
duction of crude cellelase and sylanase from
Trivinderms Iersienon PPDONLD NFCCT-
2925 and is application in phortocopier waste



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

know|

o
i
r

TU Wien

Feng Cai

Doktorarbeit

Ecology and Evolution of Trichodenmse reesel 3l

paper recveling. Appl Biochem Biotechnol 172
(8377 6-3797

Q2. Delabona Pda 5, Farinas C8, da Sila ME, Q3.

Azzoni 5F, Pradella JG (20012} Use of a new
Trichodersn Tarsfanmr stain solared fom
the Amazon rainforest with pretreared sugar

~135~

cane bagasse for on-sire cellulase production.
Bicresour Technol 107:517-521
Seidl W, Seibel C, Fobicek CT) Schmall M
2009} Sexual development in the industrial
workhorse Trichodersur reesel. Proc Marl Acad
Boi T8 A Lk 33):13909-13914



Doktorarbeit

Feng Cai

TU Wien

ayiolqig usipn N.L Te uud ul ajge|ieAe si SISay) [B10100p SIY) JO UOISIaA [eulblio panoidde ayl
"regBnpian yay1olqig UsIp\ NL J8p ue 1SI uoneuassiq Jasalp uoisiaAeulblO aponipab ausigoidde aig

qny aSpajmoud| INoA

Slayrolqie

~136"~



Doktorarbeit

Feng Cai

TU Wien

SECTION II

ayiolqig usipn N.L Te uud ul ajge|ieAe si SISay) [B10100p SIY) JO UOISIaA [eulblio panoidde ayl
"regBnpian yay1olqig UsIp\ NL J8p ue 1SI uoneuassiq Jasalp uoisiaAeulblO aponipab ausigoidde aig

qny aSpajmoud| INoA

Slayrolqie

~137~



Doktorarbeit

Feng Cai

TU Wien

ayiolqig usipn N.L Te uud ul ajge|ieAe si SISay) [B10100p SIY) JO UOISIaA [eulblio panoidde ayl
"regBnpian yay1olqig UsIp\ NL J8p ue 1SI uoneuassiq Jasalp uoisiaAeulblO aponipab ausigoidde aig

qny aSpajmoud| INoA

Slayrolqie

~ 138~



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

@ 3ibliothek,
Your knowledge hub

TU Wien

Feng Cai Doktorarbeit

1 Caietal. Trichoderma transformation protocol

Chapter 2

Genetic transformation of Trichodermaspp.
Feng Cai, Christian P. Kubicek. and Irina S. Druzhinina

Abstract

The production of bicfuels 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 T¥ichoderma 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 genctic manipulation of other enzyme-producing Trichoderma species is frequently less cfficient and, therefore,
rarely managed. In this chapter, we therefore describe the two potent methods of Trichoderma transformation mediated by
cither (i) polyethylene glycol (PEG) or (i) Agrodacterium. The methods are optimized for 7" reesei but can also be applied for
such transformation-resilient species as T hargianun and T. guizhouense, which are putative upcoming alternatives for 7. reesei
in this field. The protocols are simple, do not require extensive training or special equipment, and can be further adjusted for
T reesei mutants with particular properties.

Key words Agrobacterium tumefaciens, Cellulolytic fungus, Protoplasts, Plant cell wall degrading enzymes, Rbizobium
radiobacter, RUT-C30, Trichoderma guizhouense, Trichoderma harzianum, Trichoderma reesei, Vector

1  Introduction

The filamentous ascomycete Trichoderma reesei (Hypocrea]es) is the main industrial producer of
lignocellulose degrading enzymes (commonly termed “cellulases and hemicellulases™) thart are used
for the hydrolysis of plant-derived polysaccharides to their monomers — a key step in the production
of biofuels [1-3]. Methods for its genetic manipulation have been known for over 40 years, and
many strategies for genetic improvement and the respective vectors used have been published since
then [4-9]. The genome sequences of the parental strain 77 reese; QM Ga for industrial production
and a pedigree of its mutants with altered abilities to secrete cellulases and hemicellulases have been
obtained, annotated [10-18], and mapped on its seven chromosomes [19,20,15]. This has opened
the door to the efficient improvement of T reeseis enzyme production by genetic engineering, More
recently, several other common Trichoderma spp. such as T harzianum and T guizhosense [21,22)
have also been described as potent cellulase and hemicellulase producers. This and the superior plant-
beneficial properties of the latter species, their efficiency as bieffectors in biofertilizers and
biofungicides, and their common occurrence in a broad range of habitats led to the sequencing of
their genomes [23,24] and fuelled a series of functional genetic investigations [25-27].

‘The introduction of forcign DNA into fungal genomes (artificial horizontal gene transfer frequently
termed “transformation”) is the key step in their genetic manipulation. Several techniques have been
applied to Trichoderma to serve this purpose (reviewed by Malmierca et al. [6]), including
polyethylene glycol (PEG)-mediated transformation of protoplasts [28-30], biolistic transformation

Chhandak Basu (ed.) Biofuels and Bicdiesel: Methads in Molecular Biology, in press © Springer Science+Business Media, LLC, part of
Springer Nature 2021
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Trichoderma transformation protocol

[311, Agrobacterium-mediated transformation [32], electroporation [33], and transformation by the
use of shock waves [34]'.

In this chapter, we provide efficient and detailed protocols for the two most frequently used methods:
PEG-mediated transformation of protoplasts (Figure 1) and Agrobacrerinm-mediated transformation
(see Note 1). Their advantages lie in the fact that they involve exclusively microbiological procedures
that can be performed in any laboratory with basic equipment for aseptic work, do not bear the risk
of damaging cells, and require only general molecular biological instrumentation. In our laboratory,
PEG-mediated protoplast transformation is used as the primary methed for the efficient production
of transgenic Trichoderma spp. strains (I reesei, 1 harzi and T guizh ). The
Agrobacteriwm-mediated  transformation is recommended as an alternative protocol to the
transformation of oligosporic strains or mutants with altered cell-wall biosynthesis (such as I reesei
RUT-C30 [35]), or with other metabolic abnormalities preventing the protoplasting of protoplast
regeneration (see Note 1).

2 Materials

21 Laboratory
emvironment

22 Microorganisms
and blosafely

2.3 Instruments

24 Disposables and
glassware

25 Chemicals and
solutions

26 Mcrobial
cultivation media

The protocols deseribed below can be performed in a standard microbiological and molecular
biological laboratory equipped with the necessary instruments (not listed) for aseptic work,
microbial preservation, and preparation of the microbial cultivation media. All reagents and
cultivation media should be prepared using sterile plastic disposables or chemically dleaned glassware.
All solutions should be made with reagents of analytical grade (ASC Reagents grade [36]) in
ultrapure water treated by the Milli-Q* Ultrapure Water System.

Unless indicated otherwise, all reagents and solutions that do not contain microorganisms can
be stored at room temperature.

o Oneof the Trichoderma reesei or other Trichoderma spp. (I harzianmm, T guizhouense) strains
see Note 2) that is supposed to be transformed
»  (for 3.2) Transgenic Agrobacterium tumefaciens EHAL05 (see Note 3)

Trichoderma spp. and A. rumefaciens are usually classified as microorganisms of a Biosafety Level 1
BSL1) by the most internationally recognized collections of microorganisms (see Note 4).

Two micmbiological gmwth incubators, including at least one with an illumination option
(for 3.1) Hemocytometer

Spectrophotometer such as a microplate reader, 0.D. 600 nm

Temperature-controlled rotary shaker

(for 3.1) Refrigerated centrifuge

(for 3.1) Light microscope

Centrifuge tubes (Falcon, Thermo Fisher Scientific, USA) of 1.5 mL, 15 mL, and 50 mL
Nylon net filters (pore diameter of < 50 um, Millipore, USA) or custom-made 1.5 mL
Eppendorf tube filter filled with glass wool (PYREX™ Glass Wool, Thermo Fisher Scientific, USA)
Round cellophane membranes, 8.5 cm in diameter (Zsllner-Wicthoff GmbH, Germany)
Microbiological needles for aseptic work

Drigalski spatula

Filter paper strips (Whatman No. 1 filter paper, Whatman, UK)

(for 3.2) Filter paper round sheets, 8.5 cm in diameter (Wharman No. 1 filter paper, Whatman,

Petri dishes (9 cm in diameter) unless specified otherwise

Wide mouthed Erlenmeyer shake flasks, 50 mL

Tce box

Ultrapure warer treated by the Milli-Q® Ultrapure Water System

(for 3.1) Donor DNA for transformation, dissolved in ultrapure water (either a custom-made
plasmid or a PCR product)

¢ (for 3.1) Protoplast washing buffer (PWB): 0.1 M KH,POy, pH 5.6, containing 1.2 M sorbitol
o (for 3.1) Protoplast lysing buffer (PLB): 0.1 M KH:PO4, pH 5.6, containing 1.2 M sorbitol
and 7.5 - 10 mg mL~? Glucanex * (Sigma L1412, "lysing enzymes from Trichodersa harzianum’; see
Note 5)

*  (for 3.1) Protoplast buffer (PB): 0.01 M Tris-HCI, pH 7.5, containing 1 M sorbitol and 50
mM CaClz

e ({for 3.1) PEG buffer (PEGB): 0.01 M Tiis-HCI, pH 7.5, containing 50 mM CaClz and 250 g
L' polyethylene glycol (PEG) 6000 (Sigma, USA)

¢ An antifungal compound (sclection markersy: hygromycin B, geneticin (G418), phleomycin,
or the respective oompounds can be used for the selection of auxotmph (sec Note 6)

o (for 3.2) Antibacterial compounds: kanamycin, rifampicin, and cefotaxime {see Note 7)

UK)

ring publications are cited here.
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PDA: Petri dishes containing potato dextrose agar, 2% (w/v) of agar (PDA)

(for 3.1) PDA-cellophane: Petri dishes containing PDA covered with sterile cellophane disks
(for 3.1) PDAS: PDA containing 1 M sucrose

(for 3.1) PDAS-strips: Petri dishes containing PDAS with strips of sterile filter paper located
on the surface of agar as shown in Figure 2

*  DPDAX: Petri dishes containing PDA supplemented with the designated antifungal compound
s (for 3.2) LB medium: 10 g L" trypton, 5 g L' yeast extract, 10 g L' NaCl, pH 7.5, 50 pg mL-
! kanamycin, and 34 pg mL " rifampicin

s (for 3.2) YEPAA: 0.5 g L' MgSO47H:0, 5 g L trypton, 1 g L yeast extract, 5 g L' beef
cextract, and 5 g L' sucrose, pH 7.2, supplemented with 2% (w/v) of agar, 50 ug mL" kanamycin,
and 34 pg mL! rifampicin

¢ (for 3.2) Induction medium (IM): 10 mM KH.POs, 10 mM K:HPOs, 10 mM NaCl, 0.6 ¢
L MgSO47H20, 10 mg L' CaCl:2H:O, 0.5 g L' NHNOs, 5 g L glycerol, 2 g L glucose, 1
mg L' FeSOs, 40 mM 2-(N-Morpholino)ethansulfonic acid (MES, Sigma, USA), 200 uM
acetosyringone (AS, Sigma, USA), and 0.5 mg L! each of ZnSO«+7H:0, CuSQ«5H:0,
MnSOs.H,0, NaMoOs7H,O, and H;BO;

s (for 3.2) Induction agar medium: IM supplemented with 2% (w/v) of agar

o ({for 3.2) Selective medium (SM): PDA supplemented with 300 pg mL* cefotaxime [37] and
the appropriate antifungal compound

3 Methods

31 PEG-mediated
protoplast
transformation

The protocol described below is optimized for 7 reesei and other species that produce green
conidiospores. Species-specific alterations are specified in Notes sections.

Inoculate strains on several (see Note 2) Petri dishes containing 20 mL PDA.
Incubate the cultures at 28 °C with alternate 12 h periods of illumination until green conidia

are formed (Figure 3A) (see Note Z).

2, Collect conidia from each Petri dish by flushing the agar surface with 10 mL sterilized ultrapure
water. Oligosporic strains can require gentle scratching of the culture surface with a sterile
Drigalski spatula.

3. Remove hyphal debris by filtering the conidial suspension through a sterilized nylon net filter
or custom-made tube filter filled with glass wool.

4, Use hemocytometer to adjust conidia concentration to about 107 conidia per mL.

5. Spread 200 pL of the suspension on a Petri dish (asin pt. 3.1.1) with PDA-cellophane medium.

6. Repeat Step 3.1.5 four times to obtain five Petri dishes.

7. Incubate the Parafilm-sealed Petri dishes at 25 °C in darkness for 10-12 h (see Note 7).

8. Collect the germlings by washing the surface of the cellophane sheet with 4 mL of protoplast
lysing buffer (PLB) and transfer the suspension to a 50 mL centrifuge tube.

9. Repeat Step 3.1.8 with remaining Petri dishes and transfer the suspension to the same 50 mL

centrifuge tube. Add PLB to a total yolume of 20 mL.

10. Incubate the resulting germling suspensions in a rotary shaker at 90 rpm at 28 °C in datkness
for 60 min (see Note 7).

11. Monitor protoplast formation every 30 min after incubation for 60 min using a light
microscope (Figure 1B and 1C) (see Note 7).

12. Collect protoplasts by centrifugation at 1200 g and 4 *C for 10 min.

13. Carefully discard the supernatant and gently re-suspend the protoplast pellet in 1 mL protoplast
buffer (PB).

14. (optional) Use a hemocytometer to verify that the protoplast concentration is > 107 per mL (see
Note 7).

15. Gently pipet the suspension in 0.2 mL aliquots in 1.5 mL Eppendorf tubes for storing if used
on the same day; protoplasts can be kept on ice for up to 8 h. Alternatively, protoplasts can be
stored at -80 "C for up to six months.

16, Use one of the protoplast stocks (in 1.5 mL Eppendarf tubes) from Step 3.1.15 to genetically
transform protoplasts by adding = 1 pg of vector DNA solution (see Note 8). Supplement the
suspension with 50 pL of PEG buffer (PEGB) and mix gently by pipetting.
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correctly described as “trans-conjugation”. Transfer of the plasmid from the bacterium into the host
cell is induced by plant metabolites that accumulate in wounded tissue, such as acetosyringone (AS).
The use of this process for genetic transformation was pioneered in 1990 by plant molecular
biologists for the introduction of foreign DNA into plant cells (reviewed by Gelvin [42]). T this
end, they altered the T-plasmid to prevent gall formation and engineered it such that a DNA
fragment could be placed berween two direct repeats of 25 bp (the left and right borders of the
transfer of T-DNA} and, thus, be transformed into the plant. In 1998, it was shown that A
rumefaciens-mediated “transformation” can also be used for DNA transfer into filamentous fungi
[43,44); since then, it has become one of the most widely used fungal transformation systems (for a

review, see [45] and [46G)).

2. Conidiating wild-type strains of any Trichoderma spp. (Figure 3) are suitable for both protocols
if sufficient genetic or genomic information is available. In the absence of conidia, in certain stress
conditions, some strains can produce abundant hyaline (colourless) chlamydospores that may be
suitable for protoplasting (further optimization required). Two or three Petri dishes with conidiating
colenies are usually sufficient for both protocels (Figure 3A). Protocel 3.1 is usually not efficient
for strains that have reduced or abandoned conidiation or impaired cell wall biosynthesis (Figure

3B). In such cases, protocol 3.2 may become more suitable for a case-specific optimization.

To obtain an efficient amount of conidia, cultivation time should be optimized for each strain, e.g.,
seven days for T reesei QM 6a and five days of incubation for T harzianum CBS 22695 T
guizheuense NJAU 4742, Some strains of Trichoderma are highly photosensitive (I guizhouense
NJAU 47472 or ¥ arroviride IMI 206040 [47]). In this case, the alternate 12 h period illumination
with white light (15 w) will speed up the formation of conidia. However, illumination has the minor
effect of the conidiation of such strains as I7 reesei QM 6a and T harzianum CBS 226.95.
Conidiation in the oligosporic mutants or strains that have impaired metabolism can be stimulated
by mechanical injury, starvation, and/or illumination [48]. For this purpose, the fungus can be
cultivated on a minimal medium, scratched by a cold sterile scalpel, and illuminated. Starvation can
also be achieved by extended incubation time. Different strains will have individual responses to

these stressors and their combinations (Figure 3C and 3D).

3. This chapter does not provide a proweol descaibing the preparation of transgenic

Agrebacterium tumefaciens. Refer t [49].

4. I reesei and A, rumefaiciens are usually dlassified as microorganisms of a Biosafery Level 1 (BSL1)
by the American Type Culture Collection (ATCC) or the CBS-KNAW culture collection based on
an assessment of the potential risk using the respective formal guidelines. It implies that such
microorganisms are not known to cause diseases in immunocompetent adult humans. In particular,
T reesei QM 6a and derived mutants have the FDA’s GRAS (Generally Regarded as Safe) status and,

therefore, these fungi are used in the food industry for the production of enzymes [50]. However,

some strains of such species as T longibmchiarwm and T, harz sensu lato [51,52] are assigned
to a Biosafety Level 2 (BLS2), assuming potential moderate hazards to laboratorians and the
environment. It should be considered that several Trichodermu spp. are referred to as infrequent but
emerging pathogens of immunocompromised humans [53] and, therefore, should be handled
following the appropriate standards of microbiological safety. Fortunately, none of these species have

been employed for the production of cellulolytic enzymes so far. For A, sumefaciens, Plant Biosafery
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Level 1 (BSL-1P) is recommended for all experiments with transgenic strains that have limited or
no hazardous potential.

5. The optimal amount of lysing enzyme may require preliminary optimization for every
individual Trichoderma spp. strain and especially for mutant strains with altered spore morphology.
Optimal results can usually be obtained by manipulating the concentration of the lytic enzyme
between 7.5 to 10 mg mL" and changing the incubation time in PLB between 90 and 120 min. For
cxample, at 7.5 mg mL"! of Glucanex, 90 min of lysing is an efficient set up for I reesei QM Ga,
whereas the protoplasts of I harzianum CBS 226.95 and T’ guizhouense NJAU 4742 can be obtained
after 120 min of lysing. If protoplasting does not yield successful results or if the conidiation is
impaired (Figures 3B), the optimization of the Agrobacterium-mediated transformation protocol is
suggested (see 3.2).

6. Antibiotic selection markers suitable for Trichoderma spp. are reviewed in Malmierca et al. [6].
Bricfly, the Ap#h, nee, bar, and ble casscttes assist the transformants with resistance to the fungicides
hygromycin B [54], geneticin [55], phosphinothricin [4], and phleomycin [55], respectively. The
amdS and Hxkl cassettes, respectively, assist the transformants with the ability to utilize acetamide
[56] and mannitol [57] if the parent strain is not able to use these nitrogen/carbon sources.
Additionally, 5-fluorotic acid can be applied to the parent strains (usually mutantsy with pyr4 gene
deficiency. In this case, uridine should be supplemented in the selection medium to support the
uridine prototrophy [4].

7. The incubation time allowing for the germination of conidia at this step is the key starting
point for Trichoderma protoplast preparation. Usually, 10 h of incubation for 7 reesei QM Ga and
12 h for T harzianum CBS 226.95 and T guizhouense NJAU 4742 are recommended. Ideally, a
concentration of 107-10% cells per mL of protoplasts can be obtained following the above procedure.
The morphology of protoplast cells (6-8 um) had a ca. 3-4 fold larger size than the un-lysed conidia
(ca. 2 — 3 pm) and less (green) color. Additionally, the shape of the protoplasts is usually spherical,
while the original conidia range from oval (in I7 reesef) to globose depending on the species and
strain. A typical image of protoplasts distinguished from the original conidia can be scen in Figure
1C.

8. A DNA concentration of > 100 ng pL™" is recommended to reduce the volume of the DNA
solution to < 10 pL. In our experience, the use of linearized vectors will increase the transformation
efficiency. In the case of homologous recombination (e.g;, for gene replacement/deletion), about 10%
of the positive transformants can be subsequently confirmed as harboring the expected correct
construction with the targeted gene removed. In the case of the random insertion of denor DNA to
a Trichoderma genome, a ratio of > 80% of positive mutants can be expected.

9. The use of a selection marker is based on resistance to this antibiotic that is strongly species-
dependent, and no general prediction can be made (see Note 6). We routinely apply 100 pg mL-! of
hygromycin B or 100 pg mL! of geneticin for 7 reesei QM6a, whereas we apply 200 pg mL? of
hygromycin B (Thermo Fisher Scientific, USA) or 300 pg mL"' of geneticin (Thermo Fisher
Scientific, USA) for T harzignurm CBS 226.95 and T guizhonense NJAU 4742.

10. o prepare a negative control, include an A. resmeficiens culture in which acetosyringone (AS),
the virulence inducer, has not been added. This sample will serve as confirmation that the
transformation of the fungal conidia is dependent on the T-DNA transfer.

11. The optimal temperature for growth of the A. sumeficiens strain EHA105 in transformation is

22-25°C.
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Introduction

The filamentous fimgi Frichedemmse spp. (Hypocreales, Ascomycota) have been widely studied for their application m industry, agrienltore,
ansl other aress. For mdustral spphications, the well-known spacies T, reesed has been peed almost exclugvely for producing celluzlolytic
andl hemicellulolytie enzymes and heterologons profeing. Thie is becanee enzymate hydrolyss is considered a more commercially and
enviroimentally beneficial procedure than clendcal lyrdrolyse (Dnzhining wed Eobicek, 2006, Payne af e, 20050, In agrienlfune, laghly
nyeoparasitic straing from eeveral epecies euch ag T, atvesielde, T, weerr, T asperefion, and T, Sovciovims bave boen used a2 bioeffectors
in commezcial formulatiens for the Wological control of fuggad pests (Mocontrol). Soaee of tese species e coleaize tood surfaces
awd elicat a plant defense responge 1o different pathogenic fmgi while stndtarecasly stimmlating plant growth (Harman ef o, 2004,
Drrzhimare eof enf, 200 1) Moreowver, Dricfoderma sppe prolafieal ly produoce hioactive secondary metsbolites, muny of which Tove alrendy
Daesirn wtilezed as faneeides or plant growitb-promoting agents, while others have the potential for application i e pommzeeieal indistry
(Contreras-Comeje ef af, 20016, Keswani et o, 2014; Zeilinger of &, 2016),

Modifving parfienlir genes in Fechodemsa will enhance ther abilites, such ns these deseribed shove, for belfer applicnlion purposes,
Severnl gene modification approaches have been weed in filamentous fiongi o obtain eneyme byper-prodocers (Dinehining and Kobicck,
2005 M or ad, 20090 Bl e o, 2017 For instance, ag reviewed by Dreozhinina and Kubicek (2006), 23 well ag others, almoest all of
the lignocellulelytic ensymes neaded for the hydrelysie step can be produced by fermentation in I reesed. However, the catalytic activity
of some of e enmymes in the cellulaze cockiail iz sl too Low, and dve compogtion of the secreted enzyvine moxhane inay ot be optial
due to goane enymes being presoit in limiting smowts. To evercome this botileeck at the enzymatic hydrolysts sbep of Lgnocellaloee,
i signi Aemt amonnl of work o been divected owards understanding wnd omprovieg the strin by improving the pecfmnamee of the
respective enzymes. Tlhese investigations have tesulbed i industry nsdieg T oreered alinost excusavely o cellulaze production, despite the
firct that ather fimgt alse produce powerfal cellulelvtic mixtures (Druzhining and Kubicek, 2006, Grgie efof, 20150

The gencamic sequencing of muny Trichodrmse sppe s revealed thal the number ol seccontary metabolite bosynibetic gene clisters
{most of which are zilent under laboestory conditions) far exceeds that of the identified compounds, suggesting great potential from a
penetic perepective for drog or agent mining in these fmgi (Kubleeck e af, 2009). Using genetic modfication methods, many of the
Trchodermg genes mvolved in interactions with other fingi have also been functonally characterized, and their activity can be forther
inwestigated for enhanced nycoparaeitic abilities (Clenthansara and Doozhinia, 2006, Duehining ef af, 201100, Research on these aspects
in other flamentous fungi eocl as the genera dspergiliug and Pesleilfiom (Barotiales, Ascomiyeota) can be foand in eeveral reviews
(Heaklage, 2003; Keller, 20019, Macheleidt #faf, 2018

Ienproving the industrially or agriculbwally relevant properties of Frichodemss spo. e closely related 1o the development of inethods
for genetic manipulalion i these fng. Inihs aticle, we will summnmiee and boefly deseribe the metbods that heve been develeped fioo
wemetie modification of Frictaeemr simaing el illusiste some examples nsing ese methods, We wall then summinze sone applicetions
of these promesing new technologies such as the CRISPRATas% sysfem, currently the most powerfidl gene-editing ool svalable, for forther

PrOg e,

Untargeted Genetic Recombination by Classical Mutagenesis

The dassical inethods of matagenesis, inclhuding forced rudom mutagenests, sexual crossing, protoplast fosion, and parmsexuality, were
hevediped o introduce muatatiens withorl prevaons knowledge of e gene or gerome strchare, These methods ae applicalde only when

e alegived menetio alierabion s a readily adentifialle phenotype.

Forced Eandom Mutngenesis Resulted in the Creation of the Indusirial Hy percellulolylic Strains of T, Recosei

The current most commonly used yperceliulolytic strin, T reered RUT C30, was obtained by multiple moonds of mndom mutagenesis
of the parental wild-type strain QM Sa izolated from the Solomon [Hlands (e Peterson aoud Mevalaloen, 2002 for the review), which
masgvely increased ite ecllulase yields. The first attempt te obtain a high cellulsse-producing strain by mutagenesiz was conducted by
Dlamalels e el (19710, who introduced an dradiaton methed to mutabe the wild-type T reased QM fa strain. Conidia foan QM fa were
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susponded in distilled wider and imudiated at 20°C with high coergy electrons rom a 24-nellion dlectron voll, 18low linear aceelerator
{Fig. 1). Afer applyving the 0.05 megarnd dose, n strain designated ns QM 9123 was isolated that produced badce 2 much cellulnse ns the
parental strain, A second mutagenesic was performed usng high-voliage electrons that led to strain QM 9414, Compared to the wild type,
this ctrain had a 2-4 fold inerense in extracellular cellulase amd pratein production, but it was catabolite repressed (Montencoonrt and
Eveleigh, 1977h).

Another imuagenesia was performed on Qb Ga via a three-step nutagewsis procedare teat imvolved botly ulteavioler (V) bradiation
and chemical outagenesis. For tie frst step, OB Ga spores were expoded to UV bradiation e conditions to prodwce o 0.1% survival
mte and plaled oo o catabolite-represson sereenmg medivan, which led 1o the isolation of strain M7, Chemical mutogenesis of this sirain
wais then performed using Mendtroguanadine, lendng to the partialy earbon catabolite-derepressed struin NG14. This strain produced more
extracellular protein wath filter-paper activity than QM 2414 and had 2-5 times higher f-glucosidase activity. Anather round of TV
nmtagenesis (as deseribed above) wis perfarmed, which finally lesd to the hypereellalytic (similar produsgon and activity levels as NG14
in shaking Aasks) amd catalrolite-derepressed strain BUTT CH) (Montenesourt and Eveleigh 1977ab, 1979). This strain is stll ane of the
stirongest cellulase-produdng T reczer straing availalle in dee puldic dormin, A genome-wide analysis revealed that dee swain i3 missing
m B kb genoibe Bagmenl et comtams 29 genes, including primury metabolism eneymes, ranspont profeins, wsd mmserplion fadors.
Tnterestingly, this loss was already present in the srain MG {Fig. 1) md is not assoctated with catabolite-repression genes such as the
cred Toeus (Seldl er af., 2008), However, the mutation of the cred locus was shown to be speeific to BIUT C30,

I the last decode, 1o clindnate die glucose repression related to edlulase and hemicellulase gave expression, The eval (2000 screened
two T. ol recser ATOC G389 {The necurabe and precise molecular identi Reation ol this strin to the species lovel 15 nod possable (Cap and
Dmzhininn, 2020} Based on the [T51 and 2 (NCHI accession FKUT2ZR058) and 38 5 (MCBI accession KUT29141) rRNA DNA barcode
sequences, the strnin can be attributed to a group of closely relmed species that inchwdes 7. reeser, T parereeses, T, gracie, and T, beinertn
{as for Qetoher 20200 (see “Relevant Website seetion™); the came hereafter,) madants that were able to produce eellulases when grown
aft & plecose-containing asal medign (Kaowamord ef af,, 1986). Seeenivasubn er gf, (2014} improved the anfagonism aned earbendazim
toleranes of the T, receer strains TCTA spd TOTLO thaowgh etlnd moethane sulfonate (EMS)-mediated imatagenesis,

A
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Fandem mulsgenesis has also been applied in other Trichederme species. Abbasi of ol (2016) enhanged the antagonistic abality of
7. ef. Firrzimmm 631 agminst several plant-pathegenic fungl by motating the wild type with 2 Gammacell tmadiator at & dose of 250
Gray-e"!. Wang efal {2020 b0 fiurther modifed the mutant T, of, driaree ELU2-77 (2 mutant detived from T, fvziarman NP1 3a" by LTV
irradation, Mapetly]-A-tro-Anitrosogiansdine, wed EME reatrnents, Leading o a muotant (EUAZ00 with eidiameed cellidaze and redsced
sngar produoction,

A sehematic dingrm of the mndom mulageneas precess nang UY and chemical mdogers a5 shown in Fig 1, The best misligens
e those that can amduce bigh mutation e with leide lebality. However, searchmg for the desived stins i laboriows, unless 2 neans
of selecting the desired mdtants is available, Choosing swtable mutgens and optimizing doses for the farget strains can incresse the
mulagenesis elfficiency,

In ¥itro Sexual Crossing, the Dedicated Gift for T. Reesed

Segoual reproducton ie cseential for the long-term popalation persistence of most cukaryoies, though sometim es asexual reprodoction is 8
more effictent meclaniem for disperzal. Sexual croaging, te croseing of the genetic infonnation fom two different parents, can nrake some
progeny poseess unique beneficial characteristics. However, this method can only be nsed to improve the etraine of epecies with a seual
cyile (Seidl and Seiboth, 2000) completad in vio, For a long time, this method was not avalalle for any Drichadorme species. In 1996,
Kubls er af {1996 foud that te celldaze producing T seesed wae an asexual clonal line derived from a population of e ropical and
sescunitl Iy reproducing ¥ reered G that time nemed For s leleomorph Bypecres jecoring, o mane new abandonsl) Howeser, allemyis o
cross T orecser Q0 oo with somally compatble strams isolabed fom e wleomarph repeatedly failed. Resexcl with te QM Ga st
discoversd that it had a MAT1-2 mating-type locus, while 3 MATI-1 mating-type locus was fomnd in an isclate called CBS 995,97,
sugpesting lhese stmins beleng do 2 heterolhallic species (Martines ef al,, 2008), The simin CHS 95997 o be crossed wilh G0 G aml
its mutands (Tisch e g, 2017}, but further analysis has shown that 03 6 and its derived strains can only oct 35 the male mating partner.
When the MATI-2 locus in the Qb Ga was replaced with the MATI-1 lecue, no fruiting bodiee were cheerved during crosges betwoen
the: mransgenic strain and QM Ga, supgesting O Ga wae female stenile. However, after the mating-type locue was arifickally inverted in
the MAT -1 wwolates, dve straing could be sexnally crossed. A genonte amlysis by Linke el (2005) revealed that two genes, encoding
an wiknown C2HYamkyrin protein and the WD-protein HAM3, were eapential for friting body fonmation when OM Ga wae croesed with
CHS 99067, lmpectantly, the sesal cyele provades an dnvadiolide ool for classical genetio analyzes aml Goons o basis that greatly fualitates
wimetic woakt and industiaal swain iinprovernent with this faegns. Unfortunately, thos far thes will only be possible with T reesed, a3 no
olher Trichacdermag species Tave been found thee counld male uder nbomatory condibons (Seidl e al., 2009; Chentimam e ol , 202003

Protoplast Fusion amd Parasexuality, the Cloud of Trichedemie Strain Improvement

Fuigal protoplasts, cells ot protected by a cell wall, are formed by arti fcially temoving due cell wall with lysine engymes, and protoplast
fizsroan is 2 recombanation technigue nzsl to transfer cytoselic organelles from one proteplast o mother Oduralidhar and Panda, 2001,
The: process generally coneists of three slepe; ccll wall breakdown, protoplast fisgion, and protoplast regeneration. The fungal cell wall ie
made up of chitin, glucans, mannans, snd glyeoproteins {(Bowman and Fres, 20061, and its breakdown requires activity of the relevant
enzymes. Frotoplast regeneration is then roquired to obtain viable progeny. The vital part of thie procees is protoplast fasion, which can bo
mudizted by different agents such s a virus (Okada, 1988}, o chemical or electric shock {Wang ef all, 2008). Protoplast fission can be an
appropriate too] fr improving some fimgal etrains (INllon ef af, 2008). To obtain fosante with desdrable characteristics, the ideal approach
ghondd include intra-epecie, inter-epecice, amd inter-genera fusions,

Tl first Trichoderms protoplast fasen wos perlfomed by Tovama er al (1984 uging immatre comidia of the 7 reased mutant OM
S b (they Later also wsed due “smller wocled™, Tovama and Toyaa, 1995 Ly that process, protoplasts derived fron te twvo stratins were
mized al wn equal mtio, polyethylene glyool (FEC) S0 and Calls wers adided 1o mediabe the protophast fusion process, aml the protoplst
Fuspension was plated on s regenemton medium b2 yield the fosion products, The conidia genernted on the fiosant colonies showed diverse
phenotypes: DXNA confent was 1.2-2.0 times figher than that of the parents, colenies developed from a single conidia had 8 lngher mycelia
density. smd their traits were etbly inherited. In another experiment, Ogava ef al, (1987) used d@fferentially pigmented mutants fo conduct
the: protoplsst fission. The conidin (white and brown) of two mutante originating from T reered QM 9404 {green conidin) were wsed fo
penerate the protoplaste, which were then treated with ethylene glyeol and effectvely fueed The heterokanyors had improved cellulase,
aylanase, and P-glucoeidase activities compered to the parental strain (QM 541400 Additionally. the use of pigmented mutantz may aleo
wvonl o depersdence cn auxcedroploe motants, which can have decresed protein production compared to the parental sroon,

Farazesual vecombination, diseeverad by Foatecore wwd Roper (1932 in Axpergitie piddane, 18 recombaration outade of the seeaml
cyele in which neither meiosis nor fertilization ocenrs, Although the steps of the pamseoal eyele ane fundamentally different from thoss
in the eeoual gycle, they ulimately resalt in new genotypes. Classical genetic analyazes of apmmal specice depend on the parssexual
cyele (Chitterbuck, 1906} Pamascomal recombination related to reproduction can result in the recombination of genes fom different
individoals, but it does nog drvalve the fornation of a Zygete by fertilization az in semal reprodwction. Farssennsl ciosses between slrains
witl different beneficial matations for e prodaction of industrially valuable materials can result in the izolation of haploid progeny with
the heneficial mutations frem both perents combined throagh chromosome renssortment {Bawa and Sandh, 1999 Bodie of of, 1989),
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Techniques for heteroknryoss smd dipleid feomabion have alse been ueed o chimn higher yviells of industonl melnbele prodicts m many
Tunead sinxins. In aditizon, he use ol madkers such as diTerent comdin eolors albows one to follow the kploidiznen, diploid beterceygoas,
anid heteroknryoans processes during the eycle (Pantecorvo, 1956)

Ar previously mentioned, in 7 reesed QM %414, the heterokaryone from two differenty colored muotants generabed green conidia,
suggeeting that a parasexnal aycde exieted in the strain (Ogawa e afl, 198T). However, gome steps of the parsseusl process wene patatively
migsiing in I peeredafoningii, Stable haploid and unstable by peshaploid recombiname were recovered from heterokarvems without the
izolation of a diploid (Bagagll ef @, 1995 The progeny straing fiom inter-etrain crossee of T2 fovzbanmry, T Tewmati, T2 beeningid, and
T ovirkfe showed isozynee phenotypes wlentical to ether one oo the ollver of the parental strans, suggestneg they did not coginate fon 2
parazexnal inechanism, bot mather that dee woclear forin foin ove of e pagente had degraded (Barcellos of af, 2001, Sovan ef o, 1900
St amed Hurman, 1990), Therefore, the pamsesial cyele does nol woek inowll the Trichodemms species (hos Gir lested. Meverheless,
parnsex recombimaon b e petentzl to prodoce superior Tngal sirmns Gor medeal, indostiziod, ol agaoaliunl uees by recombining
entire genomes to get numerows patentially usefill properties in a single experiment, which may be better aceepted by the poblic than are
products derved via ransgenesie {Strom and Buslilbey, 2006).

Targeted Genetic Recombination
Recombinmtion Based on Selective markers

Improving s strom by recombination with selective markers requires @ pefent tmmsformation system tat must meet at lesst three
requinements: (1) maliered phenalypes in mudanls compared 1o the wild tvpe; (2) o high mde of homelogous recombination (gene
replagement) events;, (3} and the poesibility for bidirecgonal positive sclection (Grober ef of, 2012; Steiger et af, 2011). A selectable
marker 1= 8 gene introduced inte the genome that confers a trait suitable for arificial selection. Owver the last three decades, mare than ten
specios within the genus Trichaderng have been genetically investigated due to their induetrial and'or agricultural application potertial,
Thus, efficient marker systems have been developed that can be divided into two main groups, doog resistance genes and suxotroph genes
(Talsle 1)

For now, mst Friclioctermae mutints genetically engineered von recombination are produced besed oo the soquistiion of resdstanes 1o
certanit Xenobtolic componrds (Table 13 via inwodiecticn of the respective resstance genes inbo the straing. These marker genes gave the
recipient simns the ahility 1o resist the anfilsotic compeunds. Thus Far, mest resistmes masker genes are denved from baclenn, To be
sncoessully expressed in fune, the genes need 1o be placed into o cssette constnscled with apgroprute logal promoeters and tenminators.
The recipient cells are then plated on selective medinm containing the antibictic, and only the tronstoom ants harborng the marker cassette
survive, and are this idenbified,

Hygromycin B ie an aminoglycoeide anfibictic that inhibite protein symthesis in prokaryotes and enkaryotes by imterfering with
translocntion and cavsing mirreading (Gonzdlez of o, 1978 Mach ef . 19940, The ph gene fom Escherdolay codl, encoding o
pleoeplotransferase that Drctivabes lwprogadn B (Grite and Davies, 1985, iz the selectable madker gene wed predomipanty in
Trichocermme spp., (Table 10 In D00, (Giruber ef wl, 2002} estalleshed e neomyem phosphotrnsfemse [-encoding gene Gyl from
Eoeali, oleo termed pead as aonovel selectable marker S marsfomiation wto T otreviricle o confer geneticn (0418 resistames. This
nptff marker cassette has sincs been efficiently transferned mio other species such as I7 dwpaxydon, T reesed, T, sp. aff. groziowense, and
T, Fereziemmom (Lan e o, 2008, W ey @, 2019, Chenthamars ef al, 20213 The bleomyein resistunce gene (e} from Strepioaliteicies
Niveasdwms hae also boen adapted for mansformation into Four Tofodermes spp, with phleemycin (bleomyycin) veed as the scection
agent. The phosphinothricin resistance gens hor from Stregsomyees windectramagenes has also been introduced into I, reesel for wseae a
selectable marker.

The drawbacks of using antbiotics, including fungicides, for selecton is that they are expensive and can interfere with the regular
fanetion of the targeted gene (Calcineo-Hernander e al, 20200 An altermtive 1o avioid the nse of antibioles 1 to gerermbe snxotoplic
transfommation systems for genetic we. Auxotrophic selectable markers rely on the mitnhonal backgroand of the rezipient strins, The
msstrophie stuins huve either o muBon o & genetic form of 2 gene that makes them deficient in synthesizing an essenbind nutrional
compound. By complementing the straine with a functional copy of the corresponding gene, the swcotrophic strains become protomophic,
obinining the ability o symthesize the specitic compomd. For example, the arg® gene from Aspergiffo mwighdons encodes omithine
transcarbanyylase, which eynthesizes anginie (Pewithld ar wl, 19870 In the T reveed autotropls derived frem UV -mutagenized conidia,
thie gene s functiomally impaived, aed thes they canet grow without exogenous arginine. IF a traneformation in thess straine ie swcceesfil,
the eciprents obtain the ability o syntesze aginine and can grow wathout o divect arginane supply. Similadly, o selectable waker
gyatein employing Duimarnetel ag a selective carbon sonsee and osaeotic stabilizer has been developed based oo thee fokd mere dencoding
hewokinase) in the hexokinase-negative T, roesed strain TU-611. Successfil tnmsfonnation with the okl gene allows the tansfonmants fo
groww on D-mannitol ag the sole carton sonrce (Zhang of ad, 20100,

For now, the most commonly used suxotrophic marker gene in Trchedenna spp. e wead, encoding orotidine-5°-phosphate
decarboogylase, due veast goed omoloz. The gene aeel, which encodes osotate phosphosibosy] transferaze, can also be used as an
awoedrophic marker, Tat it is lese efficient compared fo weed (Bargds and Barseany, 1990 Steiger of ofl, 20010, Dn thiz zelection syeteny, the
pyrimidine maloy F-Nuore-orotic acid (5-FOA) is genemally nsed for the positive selecton ol umal (ending) muotrophic mutants, 5-FOa
1 catnlysed by URAS and UBRAZ o abluan 5-Mieosonndme $-monophosphate and 5-Nueronmal (Boeke e al, 198480, The later product
inhibats thymidylate synthase activity, which consequently reslts in thymine micleotide depletion, aftecting DN A synthesis (Bocke efal,
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Tahle 1 Selectable markers used for Telieadrma ransformations
Maier i .
ariginaiton Incoding gene  Marker gene funciion Plenatype af irangbrmants Reported jpecies References
g Hywh Eicodaing hygromy i Mygroinycin B Trichaderum (et &f al, 1994)
resislanee phasphetranslemse residmce Fse
T, hewsiaaum {Lerilo eraf, 1993,
Bacaml
Eauunsen, 2000,
Cordoea of al,
200, Cad e al,
2020}
T {&inchez-Tomes ef
targihrealuarsm al., 9%
Coridoza ef al.,
i)
T atroririole® {Herrera-estrelln er
af ., 195%0;
Zeilinger, 2004;
Cordoea ef al.,
0]
T aupwredlm {Cardoea & al,
2]
T it [Carpenter ar
2008 Hohmamn
el al., 2017)
T virens {Catalino e,
201}
T, virtde {Herrera-estrelln of
al . 19%0)
T arunclinaceum {Lintho ef al,, 2014H)
T hypoxylion {Lin e al, 2015}
T [ Thjering ef ai.,
Drevfonanpac s 2011}
T giehous e {Zhang et al., 2014;
2005 Meng #
af, 201%; Col er
ail., 20240p; Fang
o al,, 2020)
T wiride &I et al,, 2009
meanpl Encading nesmycin Genelicin (G4 &) T reesd W er all, 2005}
phasphetransferase 1 resistance
T atvorvivicle {Gruber efal,,
012)
b .I'u-mv.ylou {Lim et o, 2015}
T lwsiooum {Cal eral, 2020)
T pelehouen s
b Encading bleamycin TFhlzomycintHeomycin T {Cardoea & ail,
resislance protein resistance longibrrcliatum i)
T fwesiaun
T atrorvivicle
T!auperelivm
Auxairoph s Encoding scetamidase Acetamics prototrophy T rened 1Penikilf er al,
1984; Suominen
of al,, 1993)
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Table 1 (Continued}

Sarker Flhenatype
: Fncoding gene  Marker gere fincion e of

Reported tpecies Boferencer
ol IFARE TS :id

T wirens [Cetalano of ai'.,
2001
T farsionnm IDemingues & ai’,
201461
e Enecuuling Uriliree profotropty T, revre Gl & af.,
fanzd oraliline-3 - meaephesphaie 1591, Rerges
unid (OMF) decaboxylase and Barren,
weiyt 1%41; Hanll and
Sejhoth, 2005;
Steiger st al,,
2001
T ipaoxyion (Ldw et al, 2008)
T mivevirile (Zhou gl 2009)
g liags Encodling the small subunil aof Arginme prololrephy T, reersl (Pentlli of af,
carbamoenyl ;_|||v:|s|:|]|||le 19871
synthelnse
T, wirens (Batk and
Kenerley, 1908;
Pazo e al,
2004)
Ned Encoding hexokinase Mannite] prolotrophy T repgel (Zhang et .,
2001

“Ladentilied = T devzicne (IM] M) in e orginal peblication of Hermer-Estrella e af,, 19590,
Fepequentty uzed with S-Muorasratic acid {3-FOAD For Bidirectional positive-selection syaten and aleas frequenly wsed with Credos? reconibivation sy stem
Fior peissalile inarker s

1oked, Ul cimeo-Hermsmder of @f, D20, Cruber er ol 1990 Therefone, the tosicty of 5-FOA on those wibil-lype or complemented strins
facilitates their selection, wherens muotants deficient in i d o S, esrential for umazil synthesis, cam grew on 3-FOA-containing mediem
supplemented with undineumal (Berpés and Barrean, 1991; Graber ot 2l 1990 Fart] and Seibedh, 2003% Steiger of @, 2011), Ancther
cxnmple iz amidases, which are Iydrobtic enzymes that catalyze the conversion of carboxylic amides to the corresponding earboxylic aeid
and ammorna. As amidaees are present in only a Ffew fungal species (Penttillh of af, 1987, the 4. sidelonr qeedS gene cam be weed o5 o
pelectable marker for successfully transforming Feofoderms epp. The transfoemante carmying the awd® gene can easily be pelocted using
aoetarnide 23 the sole catbon o sibrogen soorce (Pentiilid e al, 1987, Soomanen ¢f af, 1983,

Howenver, the nroat continonly found Trichodormme species, such as T, Tovzfonnny, T, grizliooiee, T vives, T ateavieide, T agperolien,
T brevicomperctam, und T fenatern, wre prololrophic or senstiive o caly one or two of the anfiliotics mentenesd, making ol dafTieuald
Lo perform multiple gene mmsformations. Coe propesed shiategy 38 0 ose e Credec? recombiraiion system (also see below) adapled
from bacteniophoge P1 {Sternberg of al, 1981}, which invelves the excsion of DNA frogments (usizlly the marker gene cassette) flanked
by dec® sitess, which is catalyied Ty the expression of CRE recombinnse (St=iper of af, 20110 In this crenmstanee, Creflox® olfers the
pessibility of senally targeted gene deletions with absolute marker recycling in the fimgus,

Recombination Bazed on Markerless Systems

Marker genes can be removed onee o fmmsfonmabion bas seceseded, md fwe methods have been reported fior removing them by
recombination {Bischof and Scibodh, 20043, The firet method ie homologous recombination-mediated excision. In previous reecarch with
T orevsed OM Ba, e aucotrophic wea? geine (termed pyed in the orginal publication) was used a3 a selective marher gene (Harel aid
Selboth, 2005). The plasmid was constructed by ingerting oot gene between two direct repeats of te 5% e (zeocin resietance) pene.
The ip- mmd downstream regions of the lnrgeting genes were then cloned into the plosmad fo complete the Goal veclor. Afler Inmsfonmtion,
the targeted gene was deleted, and the sned gene wos inserbed. Selection medinm withowt 5-FOA and widiee (usseil) was weed o soeen
for the positive fransfermants, After positive selection, the transformed mutants were plated on mediom containing 5-FOM, and the el
marker gene was excised via recombination smong the drect repeats of the 59 ble fagments,

The ather methaed for matkerles recombination ia the Credon? myatem, a site-epecific recombination eyatem mediated by heteralogoue
gite-gpecific recombinaees {Fig, 2} that requirea the intreduetion of @ site-gpecific recombinape {CRE recombinnze) by transformation. This
e pennats the wdiinited reuse of due same ararker ad has been applied in I reesed QM Ga (Steiger e al, 20017, Fiest, te huinan
LIGA- (NA hgase 4, which joins single-strund breks in e donblestrimnded pelydeaxymnclectide and i essentinl for DNA dowlde-stmnd
break repir via nen-homelogous end Jeining) homoalogons gene g3 wos delefed an QM A o ereate @ non-hamolagens encd
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Fig 2 Bohemrabic diageam of CRIFFRMCasmedisled gene rramipulation. The Cas? proten can be expeesssed invivo inthe hoat el o added 1
witro. The gRIA can éather be smthenzad m vilmo o produced invive wilh an Akdo-based avlonomously replestmg plagmod. Slranes heded under
each method 2re thoze that have already been esoblizhed with the CRISFRACasY system usmg that method

Joiming-deficient strain, which cm lemd to signiBcantly higher honologous recombination effeiency (Ninomiya ef ol 2004). For this
purpese, a delefion cnssette containing the phosphinothricin reststanee (bar) marker wns constructed md ansformed to obtnin a trees 7
deficient strain (OMGaAREz T3, Another cassette containing two Jox P sites fonking the fph and amd eassettes loxPuamd T-fph-loxF)
wac then used to replace the bar pene. At the same time, the prrd gene was replacesd by the or2 gene {ewoding CRE recombinase) wrder
the eovtrol of the el (sneodes xylanase I) promoter, This step yielded the strain QMadivied IAm e, which was resistant to by gronscin
B aund could utize acetandde as & atrogen sowrce. Tlee OMbaArue §7Arpe e steain was then eulivated oi xylan, resulting in excision of
e marker geaes fiph and amad by the Crefoxl systan, meming these two marke gene can be reused repeatedly (o delete any geimes
of inderest. When the mim of the gene deletions was achieved, the cre gene was replaced by the wrz3 gene do obtain the modier free strain
(hbbadtres i3, Mevertheless, this method alwnys retains one l2xF site in the genome nfter each deletion,

Telettoals e ]'I‘I'I:I."mlllﬁng Becombinant TN A Tnto Trdfrode v

Agrobacterivnm tncficiens-medised frangformad forn
Agrobocteriom bemeficien: (yn Fheobrmen modichecter,  Bhivobiales, Prodeobaclemn) i a  palhogeomc  Gram-negative
alphasprotecbacterium that infects plants or fungs by insering DMA into the mecleus of the host cell vin a plosmid (the Ti-plasmid). In
pants, it forees the abnarmal growth of tissues (galls) that are wsed by the hacterium (Baston et al,, 2018; Gelvin, 2003), The Ti plasmid
condains a vimlenee region with the wir genes that encode the vindenee proteins involved in the fermation, transport, and integration of
the T-DNA. The concept of the 4, tumefaeiens-mediated trarsformation (AMT) metliod is based onthe fact that all the T-DNA sequences
can be replased by ather DNA sequences, Thas, an altered T-plaswad offers the oppormunity for @ DA fragment to be placed between
twia 28 bp dircet repeats (the lefi and riglt borders required to transfa the T-DRA) mad dws be tramsfonned mte the host cell {Gelvin
2003). Altwough frequently called “transfonmmation™, this proccss s more commeetly desoribed ns “tnms-conjugalion™ (Cai ef al, 2020k,
The T-DMNA transfer of A, fumefoens reqores indicers such as phenolic compounds, which are often used. After being induced by
neetosyringone, the virlence genes bepin te express, nnd the vinilence protems help genernte single-siranded TNA copies of the T-DNA,
which are then transferred into the recpient (Michielse o af, 2005), If the T-DNA canies a hamolog, lomologens recombination will
oeeur. Otherwise, it will integrate ectopically when the T-DNA does not hamolagowsly recombine, Many factors influenee AMT efficiency
in fugd. ineloding the fungal stafing materials (protoplasts, spores, naeelivmn, or fting Tody fissue), coneentration of the indweer. and
co-culivatio eonditions (rtio between the 4. ronefbcion mul recipiad, lagih of the co-culivation paioed, tanperature, wd pH), making
AMT a complicatesd procedure for fungal transformations,

T rewger was the first species to be tested fo check whether AMT ¢ woak i the fimgus (e Groot er of, 1998), The conidia of T
reeper were co-cultured with ethers from A, romeorens, T-DNA carying dee selectalle marker gene was transformed it T, reczen, and
e resulling sonddia wore then plated on seleolive modinm bo serem for posiive transformmants. The stabilily of the marker regslance was
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confimmed by repentedly replating the tansformamts om fresh selective mediom, Shang e el (2007 suceessfully npplied te AMT methocd
i 1 reesed QM 9148 and established o procedure with o bigher elfaeney AMT. However, o chunclerization of the T-DNA msertion
Junctions supgested that T-DNA miegration cocured st mndem positions in the T reesed genome by 2 process of non-homologous
recombinaticn

Anedher modified AMT method that can generate gene-deleting straine efficiently by homologoue recombination wae catablished and
applied in T0 atrevisde PL to Jelete two genes (Zeilinger, 20040, The respective gene deletion caseettes were constoacted in a plasnid
(pAMNT-1) containing, the £ colf ol pene caseette (zee above). The whole dizroption constroct, flanked by dhe 5 and 3 non-coding
sequences of etk d and fpad genes (the toeetng geres), was inserted between the left and sght bornder repeats of Qe busiry vector
pTASS, The ransformeation was inplenteited by plating the co-cultivations cnto gtesile itrocelhdose meinbrues placed o an indoction
melim, Aller mansfonmation wnd selection, the pestivve tansformants showed highly efficient ikl aml gpod deletion, The AMT method
b also heen adeqeed For trnsformeng dilerent sirmne of T beitawidcanr (slown as T farsiaeer mothe poblication of (Cardosa ef o,
200461, T of, aff gohowense (Zhang of al, 2006), T fbngibrociiaaer (Cordozn o al, 2006), T, arperellum (Cardoza of af, 20046), T,
Brevieampacanr (Tijerino er e, 2001, and 77 anerdvacenns (Lindo el 20083 A detiled AMT procedurs can be found in Cai o af.
(20206,

PEGnediared profoplest transfornation

TProtoplast ansformation i the et widely used smethod for mtrodaciige DNA into a fmgal cell. The frst soccessiul attempt was based on
a PEGCaCl-mediated protoplast transfonmation in I reered, The argd gene fom A, piddaes wae wsed a3 an axotroplde inaker topeter
wilh a comesponding arpf-deficient mulanl (Penltld er af, 1967 Proloplas irmsfommations require the pregantion of profoplasts fom
fareal cells using varnons cell-wall degrading ereyaes, Tle stanting cells cun be gennmatng conidial spoves or young ippeelial frezoments,
The enzymes wsed to degmde the cell walls m T, reesed are nsally from 77 Aarzimnan, while for other fungs, the bysis enzymes genemally
are: from enail stomach and the bacterium Arfrelacier futess (Actinomycetales, Actinobactenia). After hydrolyzation, the profoplasts are
stabilized with sodivm chlonde, magnesinm sulEbe, mannitol, or most commenly, D-gorbital or socrose, They can then be frozen ot —81FC
for later use (eee Blschof and Seibotly, 2014 for a review).

DN A uptake ie mediated by the presence of caleium ions (Ca™) and a high PEG concentration. The calcium ione promote the ealt
previpitation of DNA on de protoplast sarface, smd PEG serves as a glue to keep the protoplasts in close contact with the DNA inolecules,
thereky facilitating DMA uptake. The protoplasts are then regenessted on selective media, where only the transformed celle can grow
(FemiesDiee, 2002 I contrast fo AMT, prodoplast oinsformaton often lemls tooa high copy nomber of DNA msertions. Fecently, a
well-gstablished FEG-mediated protoplast transformation procedare hag been adopted in speciee from the Saezbwnm clade (eg., T
Searziconwer and T of, aff. geeleaseriee) that favors an ouleome witlh genetically modified mutants for several daffevent gemes (Cmoer ad,
20200,k Gao o af, 2020 Meng f ol 2020, Pang o of, 2000, Zhang «f o, 201%), This procedore has been summanized by Cai o al,
{2020k,

RN A Interference

RMA dnterfereice (RMNAD 12 a biclogical process in whicl gene expression s inhibited by targeting the speafic mBNA (Brchol and
Seiboth, 2004). The method iz mediated by doable-stranded RNA {(dsRNAJ aind suecessful anplementation requites tvo components:
RMAsindieeed silenang complex (R15C) amd the emoyme Dhicer, Forsd, dsBMA wath homolopy to the gene of inlenss is expressed m ihe
tamgal host #train, which = then clemved into short imerfering RNA (siIRNA), The double-stranded siRMA is then anwomnd inte two
individusl strande, Ome of the single-stranded RNAs, called the pasrenger strand, 15 degraded, The other, called the guide strand, is
incerporated inte RISC, pairs with ie complementary mEMA, and indaces cleavage, which resulte in the gene being slenced (Meyer,
20048]).

TMAL was applied in T2 receef BUT C30 10 silence expression of the cellobiolydrolaze O-encodmg gene cedfa (Brody and Maiyuran,
20040, which was used as the DNA teinplate o construet the sllencing vector phaildB. The soccessful transforante had lower celd
expresson levels, and an BT PCR evaluntion showed bt the level of cedia-specilic mRENA in the mmsfonmumis wis bower than tha
e wild tyge. Another improved BNAD svstem Gor Frcfoderma was developed by He e ol (2015). This system has dosd proaeders for
efficient RMNA silencing in T, reerei. The 22 (encodes nbosomal protein P2, He of @b, 2003) promoter from T reesed and the e
(encodes a polypeptide involved in oyptophan bosynthesis, Hamer and Timberlake, 1987) promoter from A. sidwlans wene used to
construct the pCAMBLIAL300- L-dual plaemid. To constroct & vector For gene silencing. the tanget gene is directly inserted into a specific
gite in pCAMBLAT300- L <ual. This medified svstem can also be nsed 1o co-gilence mone than cave geme. Unfortmately, this RNAL sysben
iz wiwwontrollable in T reered of only works on certain substrates, Wang er el (2008) developed a copper-controlled RMAL aystaimn in
which the copper-responsive foud promeder was infroduced o T reesed QM 9214, This system was used fo control the expression
of xyrd, which enceules the tmsenptionnl activitor of the cellulise and hemicellulase genes (Ar or af, 20061, md col7, inchulmg he
exeglnemnare-encoding gene cel7a and the endoglucanase-cneoding gene ced7h (Kajisa of af, 2009). The manscoptional levels of these
rwe genes were bath reduced when copper war absent in the mediom, wheress they were restored when copper was added
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Promoter Engineering Approaches

Manipulating the promeder of genes is also an effective strategy to regulate their expression. Promoters are the regulatory regions upstream
of the transcriptional start =ite, and they control gene ranecription. Promoters alee provide infonmation and factore to BNA pelymerasze. In
general. the promotere used for strain enginecring can be claseified into two types: constifative prom oters smd tunable promoeters,

Copstitutive proaoters are expressed bndependentdy and are not affected by enviremnentally twdeced factors. They regulate the
exproseion of basal genes, asawmed to be produced at a constant rate, and thas their activity is not flexible. Numerous constitutive promoters
leave been used sach ag ookl fencodes a bypothetical protesn with a bogh tanecerptiona level, Makari-Setdili and Pentlili, 1995, e
leneedes ranslation elongation factor 1 alple, Nakari-Set@li and Penttili, 19951, eeel (encodes enclase; Li eral, 20110, godd! (encodes
lyoend dehyde-3-phosphale delydrogennse; Li o wl, 2002, el {encodes pymuvate decarbosyhese, Lioer all, 20020, phil (encades
Pyt ke, Wureatkowski of af, 1996), and epd (see sbove), The cebiod s T promseders weee Lsalaled by screemdng cDNA bbres
for genes ughly expressed during growth on Deglucose-containmg mediz, and they have been nesd for overexpresang different genes
under these culture cenditione (Nakari eval, 1993). In T seasef QM S04, the ohi! {encodes cellobichydrolase [) promoter iz repressed by
Elucose (Penttild o o, 1903 Makari-Set@ i and Peneils (1995 used the cafnad and /7 promoters to manipudate Qb 9414, making the
fimgies gecrete active cellobiolprdrolase 1 and the endoglucanaze 1 catalytic core wlwen eultivated on medium containing glucose, The results
ghowed that the cdwal promoter provided the highest yield, accounting for more than bal £ of the total probein secreted by the matant; the
prodibetsea Jevel s ebtained with the s pronoter were much lower, The prosnoters for ened and pefed are aleo well-adapted For cultivation
oul D-ghucese, ag shown when their activities wene compared by expressing xvlansse in T, reesef. The recombinant strains obtained b L
ef al. (20012) were cultivated i glucose-contimmg medn, which bed 10 an extremely high yield of recombinamt gylawse 11000 10
Linger e ai {2015) utilized the ol promoater o contral dee cxgressaon of the celfe gene tna Aced7r strain, sl the puafied CELTA
produced from the mutant grown on glucose showed remarkably consistent actvity, In contrast, ponfisd CELTA from the same stram
o o laetose demonstrated significantly higher varability in its actvity.

Tunable promoters are inducible or repressible depending on the presence o absence of activating of repressing factors, An indueible
promaeter shoubd have mo basal expresaten, but have considerably enhanced expression on the addition of dwe indwcer. Conversely, the
wipreseion of a repressible promoter should be significantly lowered by the sddition of a repreesing substanee. For the musant 7 reesed D7,
which was generated from T peered RUT O30, Li ef al (2007) used the cbfed promoter indoced by cellulose to sepalate e expression of
e, wlhoes expression iz nsnally lower than that of o, The transformant, nanved T, peesed THLE, had the lighest yield when indoced
Ly pre-treated com stove. For T orecsed PO-3-7, the gene encedirez. XYW 1T showed iis highest exgression levels among the sylnase
wimes b response to celllosic carbea. The xynd promoter bag also been fowd o be suitable for expressing specfic genes encoding laglily
fimctional proleins. Hirasaws of wl (2018} hos constrcted sanons chimene oeed premoters by whiliang the omi ds-acheg region, This
eificient chimeric xwd promater wae wsed to control the high-performancs: BGL from Aspergffr acifeaie (AaBGLD in the T reered
FiC=3-7 strain, The transformed strains had mnpreved BGL activity, which also indicates a igh saccharification shility with mdoction
cellaloee.

Given that the non-directional mutatione and DMA combinatione achieved through forced random mutagenesie, soomal croesing,
protoplast Aoy, el parasemality require tme- and labor-mitensve processes, the applicaton of such classical mutageness tecludaoes
lezvie been falling into disuse since the secomd sequencing revolution. Meitler e recombinant methods baged on a limited wamber of
selectible marker genes nor the markerless systems allow For eMcent multiple-gene ediling. Even s, Ty applving the methols desenbed
absove i Tricheokemme biology aml bactechnelogy, greal progress bas been pclueved in onr uderstording and abizaticn of thes Gmgis,
Given that the Trichoderms spp. genomes are largely mexplored, and the genetic bases of domestication traits of interest are poorly
underetood, robuet genetic tools are gtill highly desired.

CRISPIV/Cas9, the Next-Generation Genome Editing Revelution and its Application in Trichoderma

I pecer veass, the tvpe [ clustered regulinly imterspaced short palindromic repeats (CRISPR) amd CRISPR-wsccinted proten (Cag) syetem
has Been applied for gene editing in vanons species of sukaryates, including filamentous fongt, The CRISPR/Cas? system 15 composed
of 0 Cas? meclegse and @ single-gmde RNA (sgRNA)Y, which consists of n tergef-recopnizmg CRISPR RNA (erRNA) and wn wusliary
noneceling trans-activating erBNA (trractRMAY (linek f &f, 2002} The complex that the sgRENA binds to Cas? catalyvees a double-strand
Lueriade i thoe target DMA site (20 bp) tat natcles the seRMNA protospacer ad a dowrstreanm protospacer adjacent motif (PAM) sequence
(Malk er af, 2015 The tareet sibes must lie nunediately at the 2° end of the PAM sequence and matels the caonical fomn 5-NORG (N
represents oy pesgible nucleolide). The Cos muelense cn be directed 1o my DN A sequence of Hee o M -NOG simply by allenng the
first 20 by ol the gRMA comesponding to the tnget DNA sequence (Sander and Joung, 2014

Ome of the first attempts to estsblish the CRISPRA0s% system in filamentous fimgl was performed with T reeser by Lin of af (2015),
In that stdy, a codon-optmized Casd with the 5VA0 meclear localization signal {NLS ) was integrated imto the geromes of I reeses strains
G Ga and RUT C30. Bince knowledge of a confimned EMA polymerase [-baped promoter in T reesed was lacking at that time, the
authers intreduced an in vitro synthetic s RNA to odit the angeting genes by protoplast ransformation. They firat designed the sgRNA fo
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target the wrad gene, which con wndergo selection en minimal medivm confmimng 5-FOA, To fest the incwlence of homologons
recombmation with the CRISPRAas? system, they chose the gene &rel (encodes a putative methyltransfemse; Seiboth of af, 2012} as 2
target and need the eogenone gene povral (encodes URAS from Perdedilfom exvafwcwn) ag the seloctable marker. In this case, the designed
seltMA i the foed donor DXA (ADNAY segment (contaming the 3 and 37 sezions of foed and e gouned cassette) were co-transfosnted.
The results mdicated teat e fved gene wes replaced by the selectable nratker cassette i all wansfonnants. A paic of 200 bp hoenology
wmms wis selficient 1o oblizn bomologoe misgntion in lhe mutsnls, with bomologoes recombination freqrenaes of =93%. In anether
expeniment, the two genes w5 (encodes o putative link hetween gluoose agmalmg aml cobon cotabolite repressae, Xiong o al, 2004)
and cirZ (encodes a transeription facter for cellulase gene expression; Corndetti of o, 2002) were chosen ns targets to test the efficiency
of dismpting meltiple genes. The efficiencies for achieving the simdtainesns komalegors recombinabion of tao (16%-45%, depending on
the: molar ratio of sgRNA to dDMNA) or three (4.2%) genes were relatively low,

Lin et al, {201 5} did mot detect any off-target effeets of the CRISPRACas% syetem. Four years later, howeser, Hao and S (2019 found
an wieecpected off-arget gene dismption in T, eeesed QM 9414 that wae cansed by intracellularly epressed Cas®. Hence, they utilized
the e vitro mesembled nbeanelesprotem (RN P Castia RMA conplex o disngil the offed gene an T reeser TU-8 (e andine suxetrophic
bt of Q& 94147, which was shown o be successMully dismapted, with luge DNA meents in e edibed o8 locug, Thes fransient in
vitra method may prevent the sple effects caused by the in vive expression of Cas®, which may be due either fo the enzyme itsedf or the
trnsgenic procedires, This expenment suppeds using this allematmee gene ediing ool for these flmentons Do in which it s daTeald
to manipulate genes ne well ag for those fing lacking codem-usage databases {(beeaeee the i vive Caed system requires codon optimization
for use in enkaryoaie cells). Interestingly, Rantasalo of af (2019 adapted the ENP-based method for multiple-gene deletions, achieving a
1 2% simultaneone triple deletion efficiency for the o (eneodes cellobiohydrelose 11, egll (encodes endoglucannes [), and egl (encodes
enifoglucsmase [1) genes, More recently, Zon of sl (20200 improved the ransformaton efficiencies of beth homolegous recombination and
gete dizruption without the wse of ary foredgn DRNAL but rather via clemical reagentz. Adding the surfactant Triton X-100 increased the
omnber of BMEF nefommatons by enhamcing BNEF penetration, Furtbermore, e wddition of inodio] or benomy] ieerensed tee fomation
of monokaryotic protoplasts, wlhch aso impeoved te efficiancy of hmnozygows transfonnations.

As bwo new LG promoders [RMA polymenase 11-based promaters) were recently confinmed by W af mi. (2020), the stmoltanecas in
wivo expression of bedh Cast uml sz BN 0 T reesef has also now baen suocessGlly ackieved. Expresang spBENA in v can save Bome an
the experimentsl procedure and guaraniees the sgRMA concentration, thus increasing the efficiency of the CRISRPR/Cas? system. Wang
etid, (2020w 1) have also found that the native 55 rRMA promoler can be used to drve spRNA expression in T reeses (strain P2}, which
wag more efficient than vaing the heterologoue promoter from A, wiger. Fonseea e @l (2020} veed this exogenous promaeter o express
an sgENA in vivo to miroduce six genete modificafions in T reesed BT C30, resulting in a remarkable increase in the profein secrefion
rateg.
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in Fungi

Renwel Gao, Mingyue Ding, Sigi Jiang,® Zheng Zhao® Komal Chenthamara,® Qireng Shen,® O Feng Cal,*oc

©rina 5. Druzhininast

*Furgal Senomics Grou g, Manjng Agrioulturai University, Nanjing, China

blnatibute of Tremacal, Erreironmental and Siesdence Eregineering (KCEBEL, TU Wisn, Wienna, Austria

“liargsu Prosvingal Bey Labaratory of Sl d Organic Wasta Ui zation, Kangs Collaorate Inneyation Center of Sl Groanks Wastes, l:-:h.-:a'.r:nal-'\'inrsln}- Trgiresnng

Centerof Resounce-Saving Fertilizers, Marging Agnoukural University, Manging, China

ABSTRACT  Cerato-plataning (CPs) form a family of fungal small secreted
cysteine-rich proteins [S5CPs) and are of particular interest not only because of
their surface activity but also their abundant secretion by fungi, We performed
an evolutionary analysis of 282 CPs from 157 fungal genomes with the focus on
the envirenmental oppernunistic plant-beneficial  and  mycoparasitic fungus
Trichoderma. Our results revealed a leng evolutionary history of CPs in Dikarya
fungi that have undergone several events of lateral gene transfer and gene du-
plication, Three genes were maintained in the core genome of Trchoderma,
while some species have up to four CP-encoding genes. All Trichederma CPs
evelve under stabilizing natural selection pressure. The functional genomic anal-
ysis of CPs in Trichederma guizhouense and Trichoderma harzignum revealed that
only epl! is active a2t all stages of development but that it plays a minar rale in
intaractions with other fungi and bacteria. The deletion of this gene results in in-
creased colonization of tomato roots by Trichoderma spp. Similarly, bicchemical
tests of EPLT heterclogously produced by Pichia pastoris support the claims de-
scribed above. Based on the results obtained, we conclude that the function of
CPs is probably linked to their surfactant praperties and the ability to madify the
hyphosphere of submerged mycelia and, thus, facilitate the nutritional versatility
of fungi. The effector-like functions do not sufficiently describe the diversity and
evelution of these prateins In fungl, as they zre alse maintained, duplicated, or
laterally transferred in the genemes of nonherbivore fungi.

IMPORTANCE Cerato-plataning (CPs) are surface-active small proteing abundantly se-
creted by filamentaus fungt Consequently, immune systems of plants and ather o
ganisms recognize CPs and activate defense mechanisms. Some CPs are toxic to
plants and act as virulence factars in plant-pathegenic fungl. Our analysis, however,
demonstrates that the interactions with plants do not explain the origin and evolu-
tion of CPs in the fungal kingdom. We revealed 2 long evolutionary history of CFs
with multiple cases of gene duplication and events of interfungal lateral gene trans-
fars. In the mycoparasitic Trichoderma spp, CPs evolve under stabilizing natural s=-
lection and hamper the colenzation of rosts, We propose that the ability to modify
the hydrophaobicity of the fungal hyphaosphere is a key to unlock the evolutionary
and functional paradox of these proteins.

KEYWOoRDS evelution, fungal-bacterial interacticons, fungal-fungal interactions, gene
duplication, lateral gene transfer, natural selection, plant immune response, protein
secretion, rhizasphere colomzation, small secreted cysteine-rich prateins, 350Ps
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irohizl interactions are ubsquitous and versatile, ranging fram mutualism to

Mparas'rtism and campetition. Fungi have numerous mechanisms ta communicate
with ather arganisms, including plants, animals, and other microcrganisms (1) Inter-
estingly, most fungal relations are comgpetitive or combative. For example, fungal-
fungal wars are usually associated with mycoparasitism and the secration of antibiotics,
peptides, and cell wall-degrading enzymas (1-3). Secreted proteins play czntral reles in
the intersctions of fungi, acting as signals, toxins, and effectors (@), For example, small
secreted cysteine-rich proteins (55CFsh are camman in fungal secretomes (51 Some
52CPs have been charscterized as effectars that inhibit plant immune defense, and
same are avirulent and able to elicit immune responses without causing cell death.
Others, such as the suface-active hydrophobins (HFBs) and the relatively new protein
family of cerato-platanins {CPs), still nesd broader investigations [Microascales) (&)

CPs form a family of fungal 55CPs wheose founding member was named after
Ceratocystis plaran (Microascales) (6, 7). CPs have been reported to be universally
present in Cikarya fungi (6, 8) and are abundantly secreted by fungi like Botrvris civerea
(Helotiales) and Trichoderma spp. (Hypocreales) (9, 10). They are known to cause local
and systemic defensa responses in plants; this property attracts most of the research
attention (3, 11, 12). Flant-pathogenic fungi secrete CPs in the host cell where these
proteins act as virulence factors and effectors that suppress the plant's basal defense
(13=15L The functicn of CPs in nenphytopathegenic fungi s less understoad, |n
Newrospora crassa (Sordariales), the CP-encoding Snodprotl s a reported clock-
centralled gene (16} while in Leprosphaena maculans [Leptesphaeriales), it is regulated
by light (17% In a feww cases, these proteins are reported as involved in development,
such as fruiting body formation in Agaricomycatina (B), aligesaccharide recognition {18,
19), spore formation, and hyphal growth {11). Biochemically, CFs are characterized by
the presence af four pasition-conserved cysteine (Cys) residues that form twe disulfide
bridges, resulting in a 3-0 structure with a double eg-barrel fold similar to that of
expansios (18], This structure allonws CFs 1o self-assemble at imerfaces and to alter surface
hydrophobicity like HFEs, which have eight pesition-conserved Cys residues (8 200

The first review of the diversity of OPs in fungal genomes revealed that they are
exclusivaly present in two groups of filamentous Dikarya (such as melds and mush-
raams) and are absent in all lineages cantaining yeast andior dimarphic fungi. It was
cencluded that CPs are expanded in Agaricomycoting {Basidicmycatal, where up to a
dozen individual genes can be present in 2 genome (Ganoderma species o Postia
placenta [Polyporales]), while Pezizonycoting (Ascomycota) genomes wsually contain
either only one ar a few aof these genes (&) This analysis suggested that CFs could be
present in the genome of the commen ancestor of Dikarya fungi, but the genes were
lest in all fungi that form yeasts in Ascomycata and in nonagaricoid Basidiomycata [5)

Interestingly, CPs are reported to be among the most abundantly secreted
proteins nat anly in numeraus phytopathegenic fungi (7, % 15) but alsa in mycs-
parasitic and environmentally opportunistic species of Trichoderma (Hypocreales),
such as Trichoderma atrawinde (21), Trichoderma wirens {100, and T. harzignum (320
Among the thres reported genes of these Trichederma spp., one, epil (=smi) was
expressed under most of the conditions tested, while the ather twe, epl? {=smd) and
epld, were usually transcribed at a very low level or were not detectable (3, 12), These
Trichoderma species are capable of establishing in the rhizasphere, where they bene-
ficially influence plant grewth and immunity and also antagonize other fungi, including
plant pathogens (reviewed in reference 23). Although CPs of Trichodsrma are not
phytotoxic, they also trigger immune defense in plants and are thus termed eliciting
plant response-like proteing (EPLs) (8), which contradicts the described rale in virulence
of their homalags in plant-pathogenic fungi like Botrenis cinerea (2, Sclerctinia sclero-
fiorae (both Helatiales) (1353 and Magraporthe grizea (Magnaporhales) (34).

Trichoderma is a large genus of primary mycoparasitic fungi {22) that are capable of
interacting with plants, amimals, and bacteria (reviewed in references 23 and 25L
Despite the genus being relatively well studied, little is known about how the CP-
enceding genes evalve and their reles in the whale spectrum of Trchoderma intersc-
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tions, Here, we focused on the diversity and evolutionary analysis of CPs in 37
Trichoderma genomes and padformed a functional genetic investigation of the EFLY
proteins in two Trichoderma species, T, guizhowense (i EFLT) and T, harzianum (p,EFLT),
that arz plant growth prometing (25, 27), mycoparasitic 2, 28}, and cellulalytic {29},

RESULTS

Evolutionary analysis of CPs in filamentous fungi reveals a history of lateral
gene transfers and gene duplications, We first performed a broad-scale genorme
mining for CP-encoding genes in genomes (Table 51 in the supplemental material) of
Trichoderma spp. and other fungi. We screened a total of 157 fungal genomes,
including 150 from Ascomycota and 7 from Basidiomycota, deposited in the Mational
Center for Bictechnalogy Infarmation (MCBI) and the Joint Genome Institute (JGI)
databasas, Using three CPs from T. atrevivide strain 1M1 206040 (12) as the starting point,
a total of 283 CP protein sequences were ratrievad (Fig. 1. The maximum-likelihood
(ML) phylogeny in Fig. 1 shows multiple cases of taxonomically incongruent phyloge-
netic pasitions when CF proteins from enrelated fungi formn statistically supparted
clades. Interestingly, tapolagical incongruence was chserved on different taxonamic
lewels. For example, within Asconmcata, CPs frem Capnodiales (Dathideamycetes) and
Hypocreales (Sordariomycetes] occupied the same clade, supported by significant
bootstrap values (Fig, 1), Mare surprisingly, several clades were formad by proteins
from several orders of Agaricemycetas, while one such mixed clade had a hypocraalean
(Ascomycota) protein as the next neighbor (Fig. 1)

To test whether the CPs underwent lateral gene transfer ILGT) events during their
evolution [30-32), we reconciled the protein trees to the multilocus species phylogeny
{Fig. 51} in MOTUNG {33) and T-Rex (34), as was performed for plant call wall-degrading
enzymes of Trichaderma (31). The results showed numercus statistically confirmed LGT
events that putatively occurred at the early stages of Dikarya evolution. Thus, our
analysis revealed that the diversity of CPs in Eurctiomycetes (Eurctiales and Onigene-
ales) passibly erginated after the LGT event, from the hypothetical taxancsmic unit
(HTU) ancestral to the moadern Auriculanales (Agaricomycetes, Basidiamycatal, Inter-
estingly, 3 CP protein from the microascalean Thislaviopsis punciulata (Sordariomycetes,
Ascamycota) appearsd as a sister branch af the Eurctiales-Auriculanzles clade, but the
scenano of a respective LGT event did not get statistical suppart (Fig. 1 Furthernmane,
the diversity of CPs in the three ather classes of Ascomycota (Sordanomycetes, Leatio-
rmiycetes, and Dothideomycetes) originated after another putative LGT event from
Basidicmycota fungi (Fig. 1 In this case, the most likely denor taxon was the ancestor
of Polyporales and Agaricales mushrooms. In addition to these two taxoenomically
broad and ancient transfers, the strict sense NOTUMG and T-Rex analyses revealed
seversl mare recent events that took place between the phyla (from agaricalean
Plevrotus spp. to hypocrealean Hisutella spp.) or within 2ach phylum, Thus, in Basid:-
omycota, Sphaercbolus spp. donated a CP-encoding gene to Punctularia stigosozonata
(Corticiales), while another CP-encoding gens of P strigosczonata was transferred to
Aurlcularia subgfabra (Auriculariales) (Fig. 1). Similarly, ssveral statistically confirmed
transfers were also recorded in Ascomyccta. For example, a CP-enceding gene of
Vertleilium (Hypocreales) was putatively transferred to Magraparthiopsis poge (Magnz-
parthales) and, in ancther case, from Nectria hoematococca to Acremomum chyscge-
num {both Hypocreales). The HTU ancestral to epi2 fram Trichoderma spp. was trans-
ferred ta Coiletotrichusy sublinecla (Glamerellales). Several other cases of taxanomically
incongruent phylogeny af CPs coukld be explained by LGT, but this scenario was nat
supported due to the strict criteria applied in MOTUNG and insufficient genome
sampling. In additian te LGT, aur anzlysis revealed an exceptionally high number of
gene duplication {G0) events that happened moest frequently in Basidiomycota CP-
encoding genes. Thus, up to nine cases of GO were recorded in Sphaercbolus stellatus
and five in Auriceleria subglabre. GOs also occurred frequently in the evolution of
Ascarrycota CPs (Fig. 1)

Iuky 200 voleme B lssie 13 ebliase- e

~ 169~

Doktorarbeit

Applied and Ervircnmendtal dfiachielegy

armasm.org 3

Ausiaaun (einynouby Builuep 18 0207 'OF aunr uo jBio wse waey:dyy Woly papeo|umog



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

now

3
i
r ki

TU Wien Feng Cai

Gao o al,

Trichodsrma spp., EPLE
b, K73 113

FaDsoo,
-'-kmar-mum--vﬂl?ﬁs-l ¥P (0GRS
ATCC HES] KFHESRIN
yehegl mﬁéﬂﬂ rin, ERENEIE

Mwmmﬁ Iﬁl:':ﬂ1'1i'1
Thiieds laceaivia NRAL 8178, XP J00S48G04
PMM:\MINSMP AP L0
mmmmmmmdm XP_DCHEE 6D
Mewopora cebs ORT4A, NP BSHHH
L fofraspevma FESC 2505, XF (00253540

EOan kchall, XF Dm3ATME
Maym&?ﬂ-“ ¥R OCET e
F. verticdiosdas TED, XP_C13T4E90E
F gl (NG SR KPR 02U 30ATE
AZET, WP O1EaliaT

L8
T graminaorum PH-1, P i
£l v CEXS0 P

[ el ]
v hwmnv'ﬂﬂ-}ﬁﬂ'[ﬂwﬁm
m‘?‘ﬂ swndnaniy TRAMER, KDNEISH
p‘l‘ltﬁﬂ.l‘“‘lil:ﬁmmm
L formiza 7, EXFEIFRD
“c.rhc..hul.l.t.er‘-'..':-:z?'l:lz‘sE'

BTy
J.’Pﬂimmp.vﬁmdl"nhﬁ' EOTMERE]
Grosmanna chrigans cu 1407, WP 0141685

Dapocthe ampaten, KEYSTTEE
Madachizim ciies RASEF 207, RIDSSITS
M. anisapiine ARSEF 648, HDT 8T

T Coptg M2 4P
Usiiapnocis wms s Uy HI:IB12I?1

Glares iozoyenss ATCE 20688, X2 _00601307
& boresls F-4 520, ESZ00R11

Pyenop'aord feves | leres -1, EI‘-D&'I:IN-!

# retir-mepantcs PHICEFPR S 001841130

st premiifi | hoeded DH, COUTE1M
Marssonna bumnea . ME_m1, %P (07290067
Erpiphs mb’c.mm
TR oo FF-‘IZI1EH 531, ¥P_[05037052
T wivsicoder FP- 01864 551, XP Q03056158
T vormimaior FR2100864 557, XP (08[580
rersackr FR-BS4 551 AP (0803550
Praweiv cutreate FL15, RDOMI
P otrealas PC1S, KDOMSE
F nargwic P15 KDOGHMH0
A it PGS, KDOO4MD
Aumiciania suby TFE-10046 355, EA4B0M.
Furcheini il HAB-111T 3 855, XP_00T53E5
P catrmales PC1S, HOG4050
F nstwoius P15, HOOM04H
P gatreatis PC1S. KDCO408
FHirsidada i

RIS RIZTE44
Punsielar dedpconniands HHB-11173 BR5 XP 0T 165501
P stspaecacmaty HHL 11T S55, 3P 0P8I

d....

cantin

FlIa 1 (Continued)

July 2020 Velume B8 |mue 13 e00898-20

~170~

var. Snermopheiun D5 1408, NP GdeiaT

Doktorarbeit

Appked and Erveenmentsl Micrebialogy

Combyreps CWT, WP Q0T
Soauryarn farnana RFSER TR, KF 1REDE Hypocreals
PLT
i"-s'rF‘r::I-i:min::‘l'rl|£||5 FFl.-i
= Eﬁ!& Glomereilales
Festre verdclkokdes P10 xp TN
PRI, 1, HEoDarE AZET, K :-1323354:-
F imcsprust [ 4. ieeparse G367, 5 &
e Stachyboins chantam IBT 7141, KEYT2040
S neomyonpn e GO, ECHIA
T T
t gl Hypocreales
op 5 GBS 100030, KNDBEN2
‘i aXakid Vot 102, XP DOG00TECS
¥ ohias Vils 17, X2 003G561TE
e V- el Vs W2 KF DOFSSAETT
! bl Vil s, 17, P RESETS00
mé.a ,-‘i'D:t-un KLUy Mzgnaporthales
ru‘}m fat LCREL Y, EMRZ 70T
E Pasialotionsis fal 'WING-1, XF QOTO40B5T Eylariales
okl neta'le WY, GAFRIEG
F. et T600, XP_01BTRIZ1A
F oxpspoumt 5. 477, AP _016252361 :
; .p-lJ = Sordarinmycetas
grien FH.A, B DH 305838 Hypncmalas WG

Ehinﬁlumnialas

Sordariales
Maghaporthales

Hypocreales

Glomerallales

Botryosphanriales 8 Dothidaamycates

O S orinales

Hypocreales Sordsnomycets2

Capnediales IDmni:laurnyr.ate:s
|8
|

Helotiales| Leotiomycates

Pleosporales|§ Dothidgaomycates

E'HEEEE l Leatiomyctes

Erys
Pnlypnmlalq

Agaricales
Agaricomyceles

Auriculariales
Corticiales

Aparicale

Hypocreales [l Serdariomyceles
Corticiales|l] Agericomycetas

apmasmarg 4

dny wol pepeojuMmac]

fussaaun (edmnouby Builluen 1 0707 ‘07 sunr uo jBio wse waey



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

now

3
i
r ki

TU Wien Feng Cai

Esclutian of Cerala-plataréns in Friciderns

TRAATVTRL i Cobslod s Vo0, CAMA4ES
T epdatus ATCE 10520, ¥P S0C4E31M
T mamnalel KTCC 16224, 3F_D02! 53123
T akadicss. CRGHETI
T, nuenuiad ATCLC R334, AP :.:.-H srp Euratiales
i E M, GRRMTE
T ;‘\,'l'i.n.\s”l:l: mlp‘ {4 ieat b
T andices, TRGE240T
Rasamsones emevzond CBS 3516, ¥P_111125Hm
Friohoahydon iassamss CHE 1MZE18. .ﬁ'ﬂ!‘r_‘:ﬂ]
Karruroa perees GBS 1450, 4P 200169
vesionen s CH TR AT 03714 Onygenales
Lisesnovinpes masi 1704, XP_00GSE1 vﬁ:'
Cooochouss yores S, AP 3012474
EWM)H madH.TOHBIB EEETTEIZ -
Byssochisnys spectabis My, 5, GAEDOOOT Euratiales
Povwofiln ndons Weoonsn 51200 XF_0I25E1568
F: cemeessbeny VD1, CALEEDS
FWM FRI1ES, G:l'.‘l.?:éﬁ
Ll L TR T
P ez P, RIS 3668
Asperalus i CBS 135530, EYEXTTIR
&Mnﬁ%.&!:ﬂ' AP DOZITIE i
A sientcn WAL 1, 37 00137550 Eurotialoz
A mmmrﬁd-im GRDETIE3
A1 WP TSEE35
.‘uﬂ'rr:w: HOEDA, P (N ROEENT
P priadiacan LaBavidi 136, OS081M
P orodizen 154-2, EP228303
A ies FEG0 A, NP_IETT
Avmiany aubgiabe TFO- 13046 555 EJDG 5
A gt TFE- 1006 BES EADGITEE
A, stoiaba TRH- WG B2, EJDeEy
A sbgiasa TFR-00046 555 EIDGI)
A o v TPE-10048 2255, CIDS 15
A subgisbia TFE-1DAE 550 EJDA M40
Tk aoes's AnAYs, KKAZAE Migrozscales
e bremiaiuy Aleur S 16, KLE 36!
5 w55 ?ﬂaf.';ém SERL ML G ]
s 5514, K
& shiodas BET4, KLZATA0 astraley
£ sedane 5E14, HLO SR

centinued

0.3

Auriculariales

5 spinus 5514 MIHTIES
P ek [U101658 551, 5P SoMams Polyporales

% mrlrhu iS04 K

5 shaletas BEL, K MBS Eoastrales
i HHE.911T3 585, 30 007345016 iial

£ stalorys 5514, KLG04IS vartioialas

5. siodotus 55, NUILLN Geastralos

& shalafvs Z514, KLIZ3GT)

Plcatirzpui crirpa P00 8541, Ki4R8T2
sagan FO-1:5 555 KEE
FMNMES 3, 1337

FO-125 553, KIEE3E]
o ——hy Pelyporales

Griropas howias FO-317 R, KRS0
T e FOAIIT WA, KIS
I 5, lanriars FOA117 M1, KINS31ES
G.-'\-:.m'l::_-.sl Wi KHEEIR

AF nnrtats FO-317 1A, RIGE

15 fmracy FOS11F AT MIKSS0E fgaricalas

G hirnass FO-317 B, KIEAETEE
P aides PE1S, KOOI

o . hoavins FORIET kA, KIS00E0

Daccing kvt CES 20X G, PS50
Aetlinbotrys shgasora ATOE 29237, P MH23225
O 1 hegishyia CRS 200 ) SRALEEA

I kagioiyls CAS 200 50, EPSA30T1

Amylocorliciales

Doktorarbeit

Appled and Envirenmental Ao chiclogy

Euratiomycetes

Agarlcomycates

N Sordatamyceios

Agaricomycsles

Halmla]a;1| Leotiomycetes

FIG 1 Evelution of cerate-platanin (CF) proteins in Hypooeales and the representative [ikarga fungl, OP5 obtalned via
sLalistically cortlirmesd latessl aptenve Tramsler [LGTY are annotated with a red arrow Irom the dones lungi red eanches) 1o the
putatee receiver (Fhaded nogray) The Blue font highlights OTUs that cccupy a poastiaon on the tree that is incorgruent with
fungal plylogery (hittpd foteeboorg urgi), B maks the gene duplication events revealed by NOTUNG analysis (see Materlals
anel Methads for detalsy The corresponding Leonomic infermation Gnduding the order, dass, anad phylum] lor each lunges is
given on the right. The dades containing CFs from 37 Trchadionma speaes genomes were collapsed and marked in green font,
The derails are provided in Fioo 2 The magimum-likdinood (400 phylearan of CFs was constiucted wsing 15-TAEE 14,12
ootstrap replicate o = L0000, Ordes at the nodes indicate 1G-TREE ultrafast bootstirap values of =75, Prolen accesson

rurshers are provided for overy OTU cecept those of Trichadermme spedes (see Fig, 20

In surnmary, this analysis reveals that CPs likely eriginated in Basidionycota, but the
maintenance of these genes in the core gename of Dikarya filamentous fungl can be
explained by several ancient events of lateral gene transfer from Basidiomycota to
Ascomycota, The subseguent diversification is best described by birth-and-death evo-
lution {35, 26), as genes frequantly duplicated but many copies were also subsequently
lost,

All four Trichoderma CPs evolve under purifying selection pressure. CFs of 37
Trichoderma genomes formed the four distinet clades that also criginated through
several GO events {Fig. 1 and 2}, Thus, the clade containing the paralogous proteins
EPL1 {GenBank accession number XP_013%37770) and EPLZ {GenBank accession num-
ber ¥P_013044228) of Trichoderma and several proteins from other hypocrealean fungi
1Escovopsis weberl, Cordyceps militaris, and Beauveria bassiana) was paralogous (o 2
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FIG 2 Massmn-ikelilood phylogram groteins and nansal sdecion presaare anabees igenes) of TP in 37 genomes of Trichedeima spe. The plylogram was
comstriscted using IFTAEE 1.6.12 (bootsirap replicate p = 1000}, Cirdes o the nodes inaficale [OTres oltrafast bootstrap suppaort values of =75, The outer
nuenbers represent the ratios of norsynonymous/synonymoas substitution rates (o = @8ds) for the nataral selecion pressure for all beanches rested as
estimated wsing Easyodefil. Mo ather types of natural seection pressore were fourmd lor the testsl genes Irom the Trichodsma genomes induded (a ratio
af 0 < g < 1 indicates purifying nataral selection). The red amow showes the case of LGT (see Fig. 1 for detallsk Protein accession members are provided for

every OTUL Colored lons highlight the same infrageneric groups of Trichoderma 37, 57

clade containing the other two paralogows Trichoderma CPs, EPL3 {GenBank accession
number  XP_013237568) and EPL4 {nem. nov; GenBank accession number
XP_012943830), which only occur in a few Trichoderma species (see below), and
proteins from Fusariim spp. (also paralogous) and Stachybotrys spp. (Fig. 11 Remark-
ably, EFL1, EPL2, and EPL3 were present in all 37 Trichoderma genomes, The NOTUNG
analysis revealed that EPLE originated fram the GD event in the ancestar of the extant
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section Trichodenma. As the gene is absent from the genames of Trchaderma gamsi
iwhich is closely related to T, atrovinde) and Trichoderma hamatum, which s mono-
phyletic with the latter two (37), it was probably then lost in several strains of this
section. Intersstingly, a statistically significant LGT event from the ancestral to this
section HTU to the distantly related T wirens was detected (Fig. 20

A common feature of all the CPs is the characteristic pattern of four cysteine
residues, while most other residues were highly pelymerphic. The low conservatian in
arning acid sequences of CPs raises the question of how the evelutionary mechanism
drove the rapid divergency of CP-encading genes, although gene groups from different
species were statistically supported in terminal branches within Trichoderma, The
natural selecticn pressure analysis (Fig. Z) carmed out using the EasyCodehdl program
13B) for each Trichoderma section/clade gave a ratio of © =« < 1 for all of the linsages
tested indicated that CPs in Trichodenma evolve during a purifying [stabilizing) selection
pressure. Therefore, together with the observation of GO, this suggests that the
Trichoderma CFs also evelve by a birth-and-death mechanism in which new genes are
created by repeated GDs and result in the maintenance of some capies for a consid-
erable evoluticnary time in tha genome while other copies are rapidly lost or converted
to pseudogenes (35).

EPL1 is massively seoreted by Trichoderma spp., and ep!? is the predominant
gene expressed during development. Two species of Trichoderma, T guizhouvense
istrain RUAL 4743 and T, harzianum (strain CBS 226.95, ex-type), frem the Harzianum
clade, were adapted in the functional investigaticn of CPs. T, guizhouense MIAL 4742,
a5 an agroaquatic strain, showed better grawth in and on liguid media than T
harzianum CBS 22696, which hardly arew under aquatic conditions and had & signidf-
icantly shorter life span, Thus, for concisensss, results far T, guizhouense are presented
below, while the cutcome of the parallel experiments with T. harzianum are provided
in the supplemental matearial {sea below). For conzlusions, both species are considered.
Thus, in order to test the secretion of CPs in T. guizhowense, the fungus was grown in
a 30% Murashige and Skoog basal salt micture (Sigma-Aldrich, USA) supplementad with
1% glucose [MEG) and in minimal medium supplemented with 4% glycerc] (MWL The
cellected culture filirates were then analyzed by scdium dodecyl sulfate-polyacryl-
amicle gel electropharesis (SD5-FAGE)L The results shown in Fig. 3 confirm the presence
of 2 small secreted protein with 2 size of ca. 15 kDa in both media. The pratein identity
given by the matrix-assisted laser desorption lenization-tanderm time of Might (MaLDi-
TOFTOF) mass spectrometry [M5) analysis confirmed the same results far these pratein
bands (Fig. 32). A tandem mass spectrometry (M3-M5) ion search baszed on peptide
mass fingerprinting of tha most prominent tryptic peptides offered the enly hit to the
EPL1 protein of T. guizhowense MJAL 4742 when aligned within its genome (MCBI
accessian number GCA_DIZ02IT7E5.1), The semiquantitative analysis of the SD5-PAGE
results revealed that EPLT accounted for 28% amd 21%, respectively, of the whale
protecme of T, guizhovense MIAL 4742 when grown in M3G and MM media, respec-
tively, The data obtained from T. harzianum showed a similar pattern (File 51 in the
supplemental material). Thus, EPL1 was detected as at least one of the major secreted
proteins in T, guizhowense and T harzianum under the conditions tested.

The development of Trichoderma includes interchanges between penetratian into
the substrate for nutritien and growing out of it for repraduction. Therefore, in this
stuely, the asexual life cycle of Trichederma was divided inta three stages, including one
nutritiznal stage (submerged vegetative growth) and two stages related to repreduc-
tion: agrial hypha formation and conidiation. The reverse transcri ption-quantitative PCR
(RT-gPCR) results revealed that the transcription level of epll was highest in the
vegetative stage and decreased significantly (7 < 0.05) later. In contrast, transcription of
epld increased dramatically (= 700-fald) during development and epl3 was expressed
anly minimally at the conidiation stage (Fig. 3L Mare imperantly, it alse shawed that
epll was the predaminant gens expressed during all three develaprmental stages of
fungal growth tested, while epl? and epl? were only detectable at the later time paints
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FIG 2 Transcriptional and protecmic determination of CPs in T, guizhooense BMIAL 4742 (4] Expression
dynamics of el at the three developmental stages of the fungus: submerged vegetative grawth, serial
hypha farmation, and camdiabon. Bowes without a same ketter indicate a significant difference at # =
005 (Tukey multiple-comparnisen testl (B Silver-stwined sodivm dedecy] sulfate polacrylamide gel
electraphoresis [SDE-PAGE) gels with culture Altrates of T, goichovense NIAU 4792 collected from the
B Murashige and Shoog basal salt miture (Sigmn-aldrich, USA) supplemented with 19 glecese (M55)
or the minimal mediom supplesmented with 4% ghycenal (MM,

(Fig. 3}. Hence, epd! was selected as the target gene for the functional genstic
investigation.

Construction of epl! deletion and overexpression Trichoderma mutants, &
fragment containing the two hemelogous arms and 2 selectable marker, the hygre-
mycin B gene (hph), was constructed to replace the entire open reading frame [ORF) of
EPLT as illustrated in File 52, A total of 47 stabde transformants of T, geizhovense and 35
of T, tarzignu were screened for the designed gene disruption, and four of them were
positive for both specias. All vactors and PCR products were confirmed by sequancing,
An expression vector harboring a copy of the epll gene with its terminator under the
control of the constitutive pramaoter P, from T. reesei was constructed (pP,_, .
epliuT, ) to overexpress epl! in T guizhouense and T. harsianum. Among 15 putative
transfermants of 1. guizhavense (and ten of T, havzianum), three (for both species) were
found to have the expected overexpression cassette. Twa strains of each genotype,
namely, Aepll-3 znd Aepll-4 amang the deletion strains and OEep!i-6 and OEepli-8
among the overexpression strains for T. guizhouense, were randomly selected for
further verification by SD3-PAGE analysis, as shown in File 52, and the following
experiments. Strains used in this study are listed in Table 1.

EPL1 plays enly a minor role in Trichederma interactions with other fungi and
bacteria. To determine whether EFL1, as one of the major secreted proteins of
Trichoderma spp., participates in interactions with other organisms, we used RT-qPCR to
analyze the transcription of #pll in responze to the presence of another fungal calony
(T, guizhowense MIAU 4742 itself, Fusariwm oxysporam £ osp. cubense 4 [FOCA], or
Rhizoctonde solani TUCIM 3753 [Cantharzllales, Basidiomycotal), a bacterial colony
(Escherichio coli DH5w, Ralstonia sclonacearum RS1115, or Bacilius amploliguefacizns 9),
and a tomato plant (Sodanuwm lycopersicem oy, HEZUO903). The results shown in Table
2 demonstrate that the expression of epdT was slightly but statistically significantly

el f
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TABLE 1 5trains used in this study

TUCI 1D Strain Comment Reference or source

4742 T, quizhovense BLALY 4747 Wild type Fe:]

G353 fepd] epl ¥ adieketion Thiis #Tucly

G384 Luepll-4 el deletion This sty

G611 QFepil & epld o prission This stucly

G112 OEepii-a epll sverepression Tliis sty

[0 B+ T, Iirainrign CRS F36,05 Wildd type 57

G304 Luepdl1 el T debation This study

[FE R fuepil-2 epll delation This study

AT OFepdl-1 el T o pression This stucdy

i OEepil-2 epll overepression Thils study

aEiz FURTRITT CRFSPOiT FOCS Wil type -}

5319 £, fujikurod Wild type o)

3753 Riwzochonia sadani Wild type o]

L] Botiyhis cnerea Wild type .

- Scharobinta schorationim Wild type o

4076 Athelig roifsii Wild type o)

3737 Altermario aiternota Wild type -

- Escherichin ool [H5x Comrmarcial strain Takara
Bachiivs amgliofquefacens & Wild type 58

- Ralstanin sofanacesum FA1115 Wild type 54

Ghd? Pichin pastaris EFLT presducer This stucy

STUIRA T Wien Colectian of Incussial Micracrganbms, Yienna Urisersity of Technaladgy, Yienna, Susiilal
idemification msmber. - no 1D provided.

induced by the presence of A selanaeeanim and tomato seedlings and was reduced in
the interactions with F, axysporem and E colf (F = QU05),

Therefare, a broader in vitre dual confrontatian test of the Trichoderma mutants
against seven fungi (ncluding FOO4, Fusanim feiicurad B scland, B cleerea, 5 sclero-
ticrum, Athelia rolfsii [Atheliales], and Alternaria alfernata [Plecsparales]) was applied as
shown in Fig, 53. However, no morphological difference was noted due to the deletion
or oversxpressicn of epll, except that beth of the epil deletion and oversxpression
mutants of T, harzignum showed reduced antagonism againgt A, rolfsi compared ta
that of the wild-type strain (File 51). Additionally, no effect af epl? deletion ar aver-
expressian an fungal-bacterial (including E. coli, B. solanaceansm, and B amyloliauefa-
ciens] interaction was found between strains (Fig. 54. The above-described results
indicata that EPL1 played a minor role in bictic interactions for Trichoderma spp.

Removal of epl? from Trichoderma spp. was associated with a reduced JA-
mediated defense response in a tomato plant. To investigate the effect of epll’s
presence in Thchoderma spp. on triggerning plant immune respenses, the expression of
nine defense-related genes in tomate seedlings was analyzed 48 b after inoculation
with ep!! mutants and the wild-type (wit) strain. Seedlings without Trichederma inac-
ulation were used as controls, &s shown by the results in Fig. 4, szedlings inoculated

TABLE 2 Expression pattern of epli in T. guizhowense MIAL 4742 during Interaction with
fungi, bacteria, or tomato seedlings

Exprossion In™
Partner Solo oulture Interacting culture
Sodanun froopersicam ov. HEZUOD03 [tomate) 1.05 = 037 1ah & O
Ralstanin sefanacearsm R51115 L = 04 37 £ 1,35
Bacifus armyloligefacens @ 111 = 0,25 DG £ Q67
Escherichia ool DH5e 1.00 = 047 Dl o
Trichaderma guizhovense HIALL 4742 1. = 08 041 = 45
Fusariim oxyspona FOCD 190 = 023 03 = Qs
Rhizoctania soloni 10 = 015 134 & 020

“Ihe solo-oulmured samiphe was used 25 the conlrel. Gene expression was measared by RT-gPCR 1e? gene
Wk rsed as the intemal conirol. Expression rate of the targel gens & the fld changs relative 1o the value
Ter the contral sample, calculated usng the 22225 methaod (n= 41 % 2 soreficent difesence was found
biebaeen the palred samples at # < 005 calaulated based on f st
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FIG 4 Immune response of lamala seedlmgs to T, guizbowense colanization. JA&, jasmonic acid-mediated

signaling

pathway: ET, ethydene-mediated signaling pathway: and 20, salicylic acic-mediated signaling pathway. Expression
ratio of the immune defense genes is the fold change, caleulated wsing the 27T methed (n = 120, relative o their
expressian in the contral sampde that was not colonized by T guishouense BNIAL 4742, PGK gene was used as the
Intermal housekeaping gene The dashed lines represent the expression rates of the comesponding genes in the
comtral samples grovn witheut T, guirfouerse. Booss without the saine letter indicate a significant difference al

£ <2 (5 {Tukey multiplecomparison test),

with the wt and CEepl] strains upregulated the expression of LOX A and FING genes (up
to &5- and &-feld, respectively, compared to the control], which are invelved in the
jasmonic acid (J8) signaling pathway, while Aepil strains did not show a significant
increase in mANA copies of these genes. Inoculation of T. gulzhouense In tamata
seedlings generated only a weak wave {0.5- to 1.5-fold} of expression of ethylene (ET)
signaling pathway-related genes (ACCO, PR-1k, and TSRFT), and no significant difference
was noticed betwsen the mutants and the wt. Additionally, comparad to its expression
in the wt strain, the expression of one salicylic acid (SA) defense gene, FR-Ja, was
significantly lower in the szedlings incculated with the fAepl? strains. T harzianum
mutants gave similar results (File 51). Therefore, EPLT triggerad the plant immune
response caused by Trichodermma Inoculation, through the Ja-mediated pathway,

Remaval of epl? from Trichoderma spp. Improves root colonlzatlon. As the
plant's immune response directly mediates the calonization precess of fungl in rocts
(13}, tomato reots grown In the hydroponk system were collected for colonization
estimation after incubation with Trichoderma spores for 48 h. The copy number of the
Trichaderma tefl gene on roots was determined using qPCR and was used to calculate
the index of colonization for 2ach strain. The results shown in Fig. 5 demonstrate that
deleticn of epl! significantly (P < 0.05) increased its colonization ameount (to ca, 3-fold)
compared to that of the wit strain, while cverexpression of ep!l had no significant effect
an colonizaticn (¢ = .05 It interestingly suggests that the presence of ( EPLT had 2
negative effect on the celonization of tomate roots by T guizhouense, A similar effect
was found for o EPL1 in T. harzianum (shown in File 57).

Recombinant ; EPL1 reduces surface hydrophobicity of materials. In order to
test the propertias of EPL, the recombinant pPICZalzeplT vecter was transfarmed inta
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FIG 5 Quantitative determination of T, guizhovense colonlzation on tomato roots, (&) Scanned Images of tomato
seedlings calonized by T, awisfaooense Diarmeter of petri plate s & om {B] A box plot showing the quantifcation of
T, quizhovense refl gene coples per gram of reet The values were chtained by RT-qPCR with ANA isalated from
the roots o = 4] Bowes without a same lemer indicate a significant difference ar P << 005 (Tukey multiphe-
comparisan 1estl. (Ch & magnified field of the roots colontred by 1he wild-type strain of T. gaizhowense BIAL 4743

(left] and Hs epfi deletion mutant (rght)

the Fichia pastors KM7TH strain, and 51 zeocin resistance-positive transformants were
abtained and checked for the right construction using PCR and sequencing, One of the
positive transformants was further confirmed for the production of recombinant , EPLT
prateins, As shawn in the SD5-PAGE and Western blatting results (File 52, an extra-
cellular band greater than 15 kDa was faund in the P postods fermentation filtrate,
The ability to modify the surface hydrophabicity of EPLT as a surface-active protein
was illustrated by the results of the water contact angle (WCA) measurement with the
recombinant . EFLT. The data shown in Table 3 demonstrate the potential of recom
hinant ,EPLT 1o change the surface hydrophobicity of materials, Specifically, a coating
af 10 pM recombinant o EPLT on (hwdraphobicl palylethylene terephthalate) (PET)
significantly reduced the surface hydrophobicity, by up to 34%, compared to that of the
control, but the effect on glass (hwdrephilic) was not significant (P = (L05). This result
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TABLE 3 surface-modulating propery of 5 EFLT protein recombinantly produced In Pichia
[Pastais

Maean WCA (7] = 50 fors:

Surface” Centrod rpEPL1
Glass 31.96 = 3.06 3554 £ 278
PET A7.06 = 167 29,64 = 252"

PET, polylethylens terephthalates.

snlace kydraphiobicty was menitamsd by the water conta<t anghe memsuremsnt S0CAL % a sigrificant
dilference was found between the values for the EPL1costed sample and the control at F == 0405,
ealculatesd based am rtest,

assumes the role of EPLT in meodulating the surface hydrophobicity of the host!
Environment

Recombinant . EPL1 in vitro prevents root colonization of 7. guizhouense and
triggers plant immunity. Due to multiple molecular mechanisms, such as bioactive
secondary metabolites, enzymes, and peptides, possibly emplayed by Trichoderma In
interacting with plants (25}, W0 witro tests with the purified protein are necessary to
identify the function of a specific gene/protein. Thus, the recombinant ¢, EPL1 from the
P. pastaris fermentation filtrate was purified as described previously (39). Recombinant
1oEPL1 (Fig. &) significartly {F < 0.05) triggered the 5A- and JA-mediated defense in
tomata seedlings, shown by the upregulation of the related genes PR-1a, PAL, LOX A,
and AQS, whereas no elicitation effect of the recombinant 1 EPLT protein on ET-

A JA

0.1 [

- I

wEPLT M} 005 LoxA  TSRF1 ACCO PAL  PR-1a

ET SA
d Lk

B

g

15000+

10000+

b b

5000 E —

tef1 copies per gram of root

EPLT (M) 0 0.1 1.0

FIG & The impact of recombinant EPLT on the tomato emmune system and on oot colonizaton by 1
quiizbotenie, (AL A heat map of rdative sspression of genes related o immure defense in wmato seedlings reaned
with different concentrations af the protein. The recombinant | EPLT pratein was applied at concentrations of
07 pdd andd 1 M (B) Quantitative determimation of T, gidzbawense NIAU 4742 hyphoe developing en tomato reots
with ar without 5 EPL1 application. Box gplats represent the determination of 1T gene copies per gram af rool,
ahtained by RT-qPCA {n o 4) Bowes without a same ketter endicate a statishcally sionificant difference at P <2 005

(Tukey multiplecomparnizon test).
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rriecliated defense was noted Cermespandingly, the addition of the recombinart ,EPLT
pratein significantly (F - 0L05) prevented the colonization of T, guizhouense on roats to
ca. 30%) compared to its colanization without the addition of recambinant ,EPLY.
Hence, the in vitro test of the purified recombinant 4 EPLT protein supported the
hypothesis that EPL1 causes an immune response in plants, which in turn prevents
further roct celonization by the fungus.

DISCUSSION

Thee evalutionary and functional genetic analysis of Trchaderma CPs further con-
tributed to the so-called "CP paradeox’ in fungi (11): tegether with the previously
publishad stsdies {6 3, 18], our results (Fig. 1) showed that none of the sofar-revesaled
studies of CPs in differant fungi (sither interactions or development and regulation)
sufficiently explained the common features of CPs, such as massive secretion and long
evalutionary history In the core genome af most Alamentaus fungi. For example, the
well-docurmented rele of CPs in plamt pathagenicity (%, 15, 23] will not ke a good
predictar for the diversity and evolution of CPs in genomes of fungi that have no
kmown interactions with living plants but are either carnivores {e.g., Beauveris spp. and
Metarhizium spp.), fungivores (e, Escovepsis spp.), o strict saprotrophs (e.g., Auricu-
laria spp. and Pleurctus spp.). In Trichederma spp., at least three CF proteins (EPL1, EPLZ,
and EPL3) were detected in such species as Trichodernma plevrotl which causes the
green mold disease of Flewrotus spp, 800, or Trchoderma reesel, which is rarely isalated
fromn sail (41} and thus has no known oot endophytic patential. Althaugh further
investigations might reveal herbivorous properties of these Trichoderma spp., the
expansion and multiple gene duplications of CPs in the genomes of wood rot fungi
e, Auricularia spp., Trametes spp. and Fleuratis spp.) and specialized fungal patho-
gens like £ weberl, saprotrophic Sphaerabolus spp., and Aspergilus spp., contradicts
phytotoxicity as the primary function of CPs while supperting the conclusion of plant
virlence factor being a secondary role of CPs in fungl. Because at least one ar several
CPs are massively secreted under a variety of conditions in many fungi i, 10, 42),
including this study, plants may evalve a2 mechanism to respond to the presence of
fungi by detecting these proteins. It is worth mentioning that plants have swclved
several layers of defense strategies to suppress colanization by other organisms,
especially fungi (43), For example, Arabidopsis thaliane uses the plant defensin gene
WPLF) farily, including FOFE, POELZ, POFY 2, and PDF1Z, o inhikit the growth of 2
bread ramge of fungi (44). In another case, plants prevent the penstration of
Trichoderma aspereiivm by depaositing dense materials and synthesizing phenalic com-
pounds to restrict fungal dispersion to the epidermis and outer cortex {45). This
explains why the CPs from nanphytepathogenic fungi also trigger immune defense
responses in plants, as at the early contact stage, plants response to any partner
regardless of whether it is & plant-beneficial or pathogenic ane. The abtained rele in
pathogenicity probably resulted in the evolutionary fization of respactive properties
and the emergence of the effector or effector-like functions. We hypothesize that in
phytopathogenic fungi, the rele in virulence developed as a functional exaptation other
tharn the primary rale, which remains putative {see belaw). The results oltained in this
study (Fig. 4 and & File 51 in the supplemental material) further add to this parados
EPLT of the rhizasphere-competent and plant-beneficial Trichoderma spp. prevents the
root colonization of the fungus but triggers the immuns response of plants.

We also revealed the persistent stabilizing (purifying) natural selection pressure
operating on all CP-encoding genes in Trichaderma (Fig. 2), which highlights their
functianal significance. Mareover, mest CPs evalved over numeraus events of gene
duplization that frequently resulted in the maintenance of several copies in the
genome. The camparisan of CF diversity in Trichoderma spp. and the phylogenamic
chronogram of Hypocreales (37} allows for the conclusion that all paralegous
Trichoderma CPs emerged within the last 200 million years but before the more recent
evolutionary history of the extant species (last 50 million years) (Fig. 11 Howevear, the
recent phylagenetic analysis of plamt cell wall-degrading enzyrmes in Trichodermea
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FIG 7 The rele of CPs in fungal interactions. (&) Shown is & schematic diagram of the involvesment of cerato-
platanin proteing (CPs) ininleractions between Tachoderme hyphae and ather organisms {induding bacteria, fungi,
and plants) (AL Trichoderma modulatas the hyphosphena via the massive secretion of surface-active protains like
CPs and HFES to reedify the surlace hydrophabicing of the hostfaobsirane, which may favor the artachonent ard
nutrtian of the fungus {EL

revealed that the cellulalytic abillity of these fungi 15 a relatively recent evalutlanary
achievement that emerged, along with the formaticn of the ancestors of the genus and
clades (20 to 70 million vears aga), threugh multiple cases of lateral gene transfer af the
respective genes from plant-pathogenic fungi (31). Moreowver, previous ecological
surveys also allowed the conclusion that Trichoderma’s endophytic abilities are present
in the most evolutionarnily advanced species, namely, the oppertunistic ones (23, 37},
meaning Lthat these fungiverous fungi probably evelved toward interacting with plants,
The leng evolutionary histary af CPs In Pezizemyeoting genomes, Incledirg the
Trichodzrma genome, seggests that they alse perform another function that is not
linked to the herbivorows nature of some species,

The results of the present work allow the proposal that the ability of CPs to alter
surface hydrophobicity best explains their massive and almost unconditional {or con-
stitutive] secretion by fungi in submerged cultures (alsa seen in references 43 and 46)
and their leng evolutionary histery, Qur data allow speculation that CPs contribute to
the ability of fungi to modify the substrates where they feed by making surfaces more
hydrophilic and thus accessible far enzymes and, subsequently, for the acquisition of
nutrients [Fig. 7). This function is probably complementary to those of the other
surface-active proteins, namely, HFEBs, which are amphiphilic and mainly associated
with the hydrophobicity of aerial fungal structures reguired for reproduection, such as
aerlal hyphase (47, fruiting bedies (48), and conidial speres. Therefore, it s alse possible
that ather $5CPs play a similar andfor complementary rale in the hyphosphers, making
the substrate more suitable for absorptive nutrition. The activation of CPs in response
to the presence of other organisms (mainly plants but also bacteria and other fungi, as
revealed by the results in Table 2 of this study) may correspend to the requirement to
outhalance surfactants released by the pariner organisms, The recambinant , EPLT
pratein, purified from P, pastods cultures, retained the surface and blalogical activity of
the criginal protein {Fig. 5). This result indicates a rele of EPLT in modulating the surface
hydrophaobicity of the host/environment, which may favor attachment of the fungus
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thar, for example, subsequently helps or prevents an interaction. Due to the presence
of bath hydraphobic and hydrophilic patches, HFEs are amphipathic and, thus, are able
o modulate the hydrophobicity of hydrophobic and hydrophilic surfaces, while EFLs
were anly known to decrease hydrophaobicity and possibly can be described as “hy-
drophilins” (8}, Thus, EPLs are possibly mare related to the trophic growth stage of the
fungus that requires more hydrophilic surfaces. Thus, further investigation may focus
on the role of CPs in the hyphosphere of submerged mycelium and their rales in the
nutritional versatility of same apportunistic or specialized fungi.

Kareover, it s interesting 1o natice that the eveluticnary histary of CP genes in fungi
contains a high frequancy of gene duplication. However, the paralogous copies were

any species. In this case, it suggssts tha
rmechanism {35, 3G). This model of evolution assumes new genes appear by gene
duplization and some of the duplicated genes are maintained in the geneme for a long
teren, while athers could poessibly be lost or become nenfunctional (20, 49). Coinciden-
tally, hittle phenotyiic change can be noticed when epiddim? is removed from T
atreviride and T. virens, respectively, except an influence an the fungal-plant interaction,
as for epli {12). Therafore, different CPs may have overlapping redundant functions for
the fungus and behave similarly. CPs from different Trchodsrma species clusterad into
the zame phylogenetic clade ware found to be statistically similar. Such a long-term
censervation of aming soid sequences of the CP subgreups in Trchaderma spp. can be
supported by the strong purifying selection, which allows for little mutation, leading
the Trichoderma CPs to be recagnized by the plant immune system. Hence, it will be
meaningful to know the regson why CPs are duplicated in some phytopathogenic
and/for some strictly sapratrophic fungi and how CPs evolve in these genomes.

P T T
M=amG-oirin
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MATERIALS AND METHODS

Microblal stralns and plant materials, !, guizhouense sirain KIALL 3742 (28, 31} and 1, faiaram
CRAS 226045 [rype srain of T, hamimwr) were used a5 the wild types throughout this study, Seven ather
funal from the TU Collection of Industrial icoorganizams (TUCIED at TU Wien, Vienna, Austria, namely,
Fusarium apsparem FOCE (TUCIM 28120 F Aghorad (TUC 52190 Rhirectanda saland (TUCIK 3753
gotrgtis cimerea (TUCI 2679, Scleratina sclerotionun, Atfelia roli (foemenly Scleratiimr ralfsl TUCI
A, and Altermaria alternata (TUCM 37370, were used 1o perform the fingal-fungal interaction assay
with Trichnderma (48], Three bacterial sirains rom three dilferent genera, Creheriahia coll DH 5, Sealins
amptaliguefackns O and Aoltonds selaraceansm RE1105, were usod to perform the ungal Bacterial
interaction assay with 7. gquimiooense. All strains fisted in Table 1) were, if not otherwise stated.
maintained on potate destrose agar (PO B Difce, USH) at 2550 Tamato seeds (Safarum deonpersioim
o, HE AJCS05) were purchased from liangsr Academy of Agricdural Sdences, Manjing, China

Cultivation of Trichodering spp. Trichoderma spores wese colected rom P-dag-old FDW oulures
and hltrated. For fermentation in shake fasks, 10 gl of Trichoderma spores (10¢ qpares per mi) was
cultivated in 100 md ol 30% Murashige and Skoog basal st mixtore Ssgaa-fddnch, LSA) supplemeanted
with 1% glucase (053G and in minimal mediom supglemenmed with 43 glycerol G fSee redpes in
reelerence 200 respectively, at 25°C For 48 I Qulture lirates were colledted for SDE-FAGE.

Ter sy thie exgresson pattem of eeds during ungal deveopiment static caltivation was applied,
At of 10 pl of the spores described sbove wers inooalated into 10ml ol MSG. Fungs Boomass was
cellecned ar the stages of (submenged) vegetative growth, seial hypha formation, and conidiatien for
R, traction,

Generation of epll deletion and oversxpression mutants of Trichoderma spp. For comstrsing
thee epdT gene replacement cassette, a 1.2-ko upstream fanking fragment (37 homologows arm) ard a
Vik downsream flanking fragment (37 homologous amd of the el gene were amplified Trom
Trichoderme genomic DA by PCR using the primer palrs @1-upF/el-upft and e1-dnFfel-dnR, respecively
(ol primers used are listed in Table 40 The hygromycin B expression cassette (hph, 2.5 kb)) was PCR
amplfied from the pFodnal plasmid usng the prmer pair el hph-Flelhph-R and was inserned bomseen
the two flanking arms desaibed aboee via overlapping POR with the primers elapfleldnfl, The
amplfied fragment (4,7 k) was then porified and used Tor the standard polyethylene glycol (PEG)-
mediated protoplast wansformation for Trichederma (1), For overespressing epd! in Trichoderme spp.
urider the constitutive promaeter P, the primer par OEel-FAOEel-R owas used 1o amplify a 1.6-kb
fragment, which contains the GAF of epif ard a 1.2-kb terminator region, rom the genomic DRA of the
wl strain, The PCR product was pusiled and fused o the Clal-digested pPodnal plasmid with the
InFusion HO cloning K (TakaRa, Japard, resalting in glasmid pP, s 20T, Proteglast manslonma-
tion ws perlomed usng the Psd-fineanzed plasmid Stable tanslormaents were vesihed by seguencing
arnel maintained on FDN medium contaiving 200w ml=" of lyoamydn B (Thermo Fisher Sdenific
LISA).

Interaction assays between Trichoderans spp, and other organisms, To test the elfect of plams
on e expression, the wild-type srain of Trichaderara was cooultured with theee 15-day-old romaro
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TABLE 4 Primers used in this study
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Primer Sequence [5'-3'] Comment
el-upk CACATTGIGTOATCAATACG Deletion of eplf in T golabomeer HIAU 4742
el-upk CATATTGATGTAAGGTAGITCTCGGATCUCTTGACTATIGTGTAGAGTG
el-dnF TATTCCATCTAAGCCATAGTACCCTCGRGATTGCATTGIGOTATATGGE
el-dnk GOAGATATAATCTGGOAATG
elhptrE GOATCCGAGAGCTACCTTACAT
elhptrdl CTCOAGGETACTATGRCTTAGAT
i 1-UpF TOGGCACTGITTORCACTAR Deletion of end? in T, harzian CBS 13695
e 1-UpR CATATTIGATOTAAGGTAGCTCTCOGATOCATATCAR CGRARGTCOAGGTGAGT
ik 1-dnF TATTCCATCTAAGCCATAGEACCCTCGRGATTGIGOTATATGGCGGGATT
e l-dnf COATETAAGTCATCACCGITCTALT
apellholF Reder 1 e1hph-F
melhah-R Feder 1o e1hph-R
al-F2 GAARGTAAGCCTACCAAGCTACTT Verlfication of ol deletion In 7, guizhouense RIS 4742
wl-f2 AGTACAMCTAACAGITGAGIACG
el-F3 AGATTCCTCGITTCCCATACAT
el-f3 TACATGATGTGGOCGITGTA
al-F4 AGARAGGICOTCGAGCATTGT
el-fd ARGGRAGHITTGAGHTACTTGS
wel-F2 GEATATGCTGGTACA COODGTE Werilicalion of gt deletion in 7. harzlamen CBS Fabh 25
wel-AZ Feder 1o o102
wel-F3 TTCACT TG OCGTTTCTGE
2 l-A3 Feder 1o e1-A3
El-Fa Reder fo g1-F4
wel-Rd CATGTGTAATGACCTOTGECTAC
QEel-F ARCAACTTCTCTCATCOATATGCAATTGT COA GITTOTTC Copatmictian of CEendl vectar far 7, guizhodense RIALY 4742
QEel-R COTGRAGGTOGACATCOATTGOCA GOGGAGAGOSTTAT
nlEel-F ARCARCTTCTCTCATCOATATGCAATIG T COA GO Coralmctiay of CEepit vectar far 7. harstarsen (BS 22695
DEeT-R COTGEAGLTOGATA TCOATOGA TG TAAGTCATCACCGTTCTACT
QFe1-FF ATGCAAGGTCGATTCCARTCAT Werilication of OEepd? in Trichodeome spp
0Ee1-H? Refer 1o £1-R3
qle1-F TACAAGATOGUOTGGTATIGGAAC Cuantficalion of =7 in 7. gushosense KA 4742
arel . fewrkenam CBS 20005
qief1-R AGCTECTCOTGOTOOATCTS
qepl I-F Feder 1o e-F3 CuiantEication o el in 7 guizbotene RUIAL 4742
fqep -k Reder o e1-H3
qeplaF GOTATGATGACCOTTCTOGTTCT Cuantficatlon of sl in 7 quisbouense ML 4742
qepl =R TATAACAGGCTCOGCATTGTG
qepli-F AAGETECCGTTGGCTTCATT Cuantficalion of spl2 in L guisbouense BGL 47542
qepl 2R COATORCARGEAGTGATATAGTTT
ndlepll-F TOARCGTOGTITOCTGITOD Cuantification o el in 7 havzigoom OBS 22695
migepll-f Feder 10 -3
piepldF TTACTGUTGCTA TCCTCTCTG GG Cuantficalion of spl? in ¥ harageom (BS 2895
iepli-R TEGTGATOAGGLCATTGRG
ndjepl3-F AGCAGTTGITGIOCCTGTTACC Cueantication of el in 7, harzimoom OBS 22695
migepl3-f ATGAACCOGATATICTTTCTOMA
Paepd1-F GAAGRAGUGGTATCTCTCGA GAAAAGAGATACCGTCTOGTATGATACCG G Coratuction of ol veclon Tor Mok pastors KM TH
Ppepdl-R GAGITITTGTTCTAGAATAAGACCGCAGTTCTTGACAGE
PpACK]-F2 GACTOGTTCCAATTGACAAGE vierificallon of eni-expressing mutants for Fiohi
Fyrh ] A2 GO TGRCATTCTGACATOC

seedlings on an MEG plate, as desoibed in our previows work (300, using the solo-cultured Trchodema

as the contial.

The hmgal-fungal inlersclion was assessed by dual confrontation assees. Apa plugs ol fresh
Trichoderm ouliure aned the parmes Turus, wich were pregrosn on POS a1 2570 for 72 b, were placed
on opgesile poles of & FOA plate. Inages ol each plate were recorded by a Conon EO5S 700 camera after
incubation ar 25°C in darkness for 14 dags. Fungal Biomass was collected from e intersaing and solo
skles after connection for 24 b (as shown in Flg, 53 in the supplementad materlal)y,
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Three bactenal strains were selected 1o investigate the fungal bacterial inferaction. Am amount of
100 el of each bacterial suspension (ca. 107 cell per ml) was spread on a PDA plate, and twe Tresh culiee
plugs freon one Tricodarmma srain were inoculated onte e same plate, The cooilured plates were
Incubated at 25°C i darkness for 3 days, ared images were recorded, Fungal biomass was collected for
B e action from the interacting (afer cormection for 24 1) and the solo-oulred samples Fig 540,

AMA extraction and RT-qPOR assay. Total BdAs were earacted using the ANeasy plant minikis
[Qiagen Germanyd according te e manufacurer’s insiocions. cOMAE were syntheszed ubng e
Revertfid frst-strand oOWA kit (Therme Sdentific, US&) with the oligoidTh, primes BT-qPCR was
pesforrnad to determine the sgeesson of e genes, with the reacion mixiure comngoised of 1000 of i0
SYER green POR supenmix (Dio-Raxd, USA) 05 ¢l of each primes (10 g8 05 pl of cdDNA (oo 100n0g @770
arnel warer T 25 wl, The teermal proaram was setup in a QTOWER real-tine FOR gystemn Oena Analytics,
Germany) as lollows one cpde of 6min a1 95°C followsed by 40 cpdes ol denaturation for 30 5 at 9570
and anneealing for 40 5 ab S0, with a melting curve from G070 to 95°T,

Root colonization and plant immunity response assays, Twenty-one-day-old tomato seedlings
were aultivated in a hydroponic spstem contaming A0 ml of 25% 845 basal salt mix (pH G5), and 0.4 ml
of spares (105 ml="} fran each Trickoderma strain was inpoulated inbe e hydroponic system. After
incubation at 25 under cyded light conditions (light!dark, 12 B2 by far 4% h, quantification of
Trichodemae fungl celonized an tomano reots was performaed by BT-qPCR with etal s bolated Tom
the interacting organisms & 127bp fragment of the fef) cxon was cloned inte a phild 19T veooar
(Takaka, Lapan) and then used as a ONA standard, Templates for the stardard aurve were made using
T0-lald serial dilutions of the recombinant plasmid harboing one cogy of the el gene fragment, The
amoint of colonized Trichaderara was then calodated hased on the standard caree and described as the
copy numbser of Tef? per gram of roor,

The expression of genes comesponding to different plant defense pathways was examined lor the
toinate roots colonized by mutants wsbng the nencolomized ones as a control, The qPOA was se1 up a5
desoibed abows,

Production of the recombinant . EPLY In Pichia pastoris, The EasySelecn Pielia expression kit
(owvitragen, LUSAY was used to express the  FRLT protein in P pastodis strain BRTTH yeast acoording o
Tl marslaciurers inseuciona. The epd? coding region e the end of the gredioned sonal gegide o
the stop codon was am plied by PCR (Qonedmpe HiFi PR peeming Closiech, USA) from e cDNA of the
wit T, quisanense with the primer pair PPe1-F/PPe 1R, The sional pepaide was exchuded using Signal® 4.1
Bt wweeecbsad o dieserdces SignalPY) (510 The clened Fagment was mserted into the plasmid of
pRCZaf hetween the Xhal and ¥bal sites asing the InFusion HD cloning kit (Clontech, LSAL The
recombinant proten coded by this consiuction harksors the yeast s-factor sional sequence at the N
terminus and a GHis epitope at the © termimes, The resulting plasmid, pPC2 shzep! T, was linearized
with Sac b and then sransformed Into Pichio cells by pused cell ransfomation, and one of the Western
blat podtive ransformants was chiosen to obtain the recombinant T=F_FI_1 protein (soe Midhie fermenta
tlon in reference 38 The protein was pueified via affinity dwomatography using His-Talon cobalt-loaded
resire (Clontech, USA) and redissoheed in high porformance liquad cheomatoaraphy arade (HFLC water,

Protain biochemical and biophysical assays. The protein concentration of the fungal culnes
flrares was quantiied with a Bidncdominie add (BO8) peatein assay ke (Themmo Fisher Sdentific, USA)L
usng boeine serum album [B5A) as the standard, according to the manufacurer's instrscions, Protein
saimples wene loaded into a 15% polyaaylamide gel and o with o comstant weltage @00 W dor 10,
Follpenved by silver staining wsing the SiberCuaest sheer staining k3t (Lile Tedhnologies, Genmany Cuali-
ranive iderification al the proten on SD5-PAGE gel was parformed Ly using the quantification teol of
the softeare bmage Lab 30 wilh default parameters, The proten identilication of the four tageled
protein bands Godicaved by dotted nes in Figo 3) was performed by Luming Bistechnobagy, Inc
(Shanpha, Chine), using MALDETORTOF mass spectrometr, Immunoiogical visualization of the recam-
hirmant 1, FPLT was carried cast by using a mouse anti-His tag hoeseradish. perovidase (HREF) antibordy
(henescnipl, USA) lallowing the protocol supplied with the Onedlow Westem standaed kit (Gensoript,
China} for Western blotting,

The: water contact angle (&C8) measurement for surlace hydroghobidly detemination was per-
foemed by usng a Knliss EasyDrop DEAXE (Knliss GmbH, Germarg), Pueificd proteins and surface
matenials (glass and FET) were prepared as desonbed provlously (525 ¢ EPLY preteln coating was appled
M 3 conceniration of 10 x4,

In witra bipactivity test of recombinant | EPLY. The celenization testwas further performed for the
wstrain with the additien of by cencentrations of pure Piohie preduced EPLT frecombinant  EFUT)L As
desoribed alwowve, tomato seedlings were aultivated in a by deeponic spstem with Frichodersa spores, and
recenbinant EPLT was applied at concentrations of 001 w0 and 1 wbl using water as the conrel, The
calonization rare and elicitation of plant defense response weee then compared by AT-0P A between te
EPLT-treatesd roots ard the nonlrested ones,

Genume mining and phylogenelic analysis. & tatal of 157 fmgal genomes, indwding 150 rom
Ascomycols arml 7 from Basidiony cola, deposited i tee Nationasl Center lor Bioledmology Infenmation
(MRl and the kaint Gename Insitute (8l) databases, was used as the sequence resource, The protein
sequences ol the three reported OFs (GenBank accession numbers XP 013937770, XP 0135804528, and
EP_013957508) from T, arowride A 206040 (12, 42) were wsed in the BLAST query of cach funpal
aenome, Hits with an B valee of <10 were retrleved, Sequences were aigned by using MUSCLE
integrated in Aliview 125 (5% 540 and the CP=specific opsteine sequence pattern of -C-C 8 8O0 (0
regresents any possible aming acidp was marually verlfied durirg alignment, Moand © termink were
trimmed manually when necessany, Mazimum - dikelibood (L) phylogenetic analysis was constmscted by
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uang IFTREE 1.6.12 ino, of iirafast bootstraps, 1L000) {55p with 262 sites of the OF sequences. The aming
acld substimation maodel was selected with ModeFinder, which is intearated inee the 10-TREE praaram,
according to the Bayesian informasion criterion (R,

Matural selection pressure assay and tests for horizontal gene transfer. To identify spedhc
branches swalving under natural positive selecticn pressire, EasyCodell versian 1,27 (38} was used o
caloulate the ratio of nonsyneoaymous/synonymaus subsingion rates (o = AL Inference af lateral
qene transfer, gene loss (GLL and gene duplication (G0} was performed by using ROTLRG (33 as
desaibed in aur previous research (310, with madifications, Briefly, an edos weight threshold of % was
appliesd, with assignesd costs of HGT, GO and GL at rates of 9 3 and 1, respectively. The padicied HGT
events were alsa compared to those revealed wsing TRex (4],

Statistical analysis. The relative expression levels (fodd chanpes) ol genes of inlerest wee calodated
acconding to the cpde thresheld (272257 method, using ref! as the houstkeeping gene (56} Data
reegarding the gene espression and the absolute gene copy number were obtained, il not othenwsiss:
stated, from ar least teee Bological replicanes, The Fie dhart boe plet, and Fest mag representations
of data were chtained by usng R feesion 307, The residls represent the mean values and standard
desiations and were gatisicaly analyzed by mmalyss ol samance (AROWA) and Tubey multiple
comparisan lest o ! est with o ®ealee of <005 ubdng STATISTICA & (StaSolt LS&).

Data availability, The protein sequences of EPLY Dom T, guisgbooerse BIALATAZ and T. badfaram
CES 22695 are avallable in NCEI GenBank under accession numbers OPE34018 aned XP_0297 54373,
regpectively, The genomes ol Trichederna spp, used in this paper Ton in i work wess rerieved rom
the MBI or G darabase with the accession numbers listed in Table 51, Accession mumbers of 275 thar
were wsed for LGT analyss are presented in Fig, 7 and 2,

SUPPLEMENTAL MATERIAL

Supplemental material is available cnline only.
SUPPLEMEMNTAL FILE 1, FOF file, 2.4 ME,
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Evolutionary compromises in fungal fitness: hydrophobins can
hinder the adverse dispersal of conidiospores and challenge
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Abstract

Fungal evelutonary biology 15 inpeded by the scarcity of fossils, irmegular Ife cveles, tmmoality, and frequent asexual
reproduction. Simple and diminutive bodies of fungl develop inside a substrate and have exceptional metabolic and
ccological plasticity, which hinders specics delimitation. However, the unique fungal traits can shed light on evolutionary
forces that shape the envirenmental adaptations of these taxa. Higher filamentous fungi that disperse through acrial spores
produce amphiphilic and highly surface-active proteins called hydrophobins (HFBs), which coat spores and mediate
environmental interactions. We exploited a library of HFB-deficient mutants for two cryptic species of myceparasitic and
saprotrophic fungi from the genus Trichoderma (Hypocreales) and estimated fungal development, reproductive potental,
and stress resistance. HFB4 and HFB1G were found to be relevant for Trichoderma fitness because they could impact the
spore-mediated dispersal processes and control other fitness traits. An analysis in silice revealed purifying selection for all
cases except for HFB4 from 7. hargicnum, which evolved under strong positive selection pressure. Interestingly, the deletion
of the ifb4 gene in T. harzicnum considerably increased its fitness-related traits. Conversely, the deletion of ifb4 in T
guizhouense led to the characteristic phenctypes associated with relatively low fitness. The net contribution of the 564 gene
to fitness was found to result from evolutionary tradecffs between Individual traits. Gur analysis of HFB-dependent fitness
traits has provided an eveclutionary snapshot of the selective pressures and speciation process in closely related fungal
species.

Introduction such as their pleomorphie life cyeles with frequent pre-
valenee of asexual reproduction, prolonged stages of dor-

Ubiquitously spread on land and ocean, fungi form one of
the most diverse eukarvotic kingdoms with millions of
species |1, 2] However, the peculianues of their biology
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mancy, and superior metabolic plasticity impede studies on
fungal evolution amd ecclogy, leaving this group largely
unexplared [3].

Fungal svstematics is challenged by complexes of cryplic
species [4], which are momphologically identical taxa that
can only be distinguished hased on genetic data [5]. Recent
genomic studies point to considerable genetic distances
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between sach species [6, 7], bat the evolutionary forces
driving fungal speciation remain poorly understood [4, 5],
Consequently, fungi are rarely investigated for ecalogical
genetics—i.e., [or genes that ane relevant to their fitness [8].

In asexvally reproducing fungi with a haploid bfe cycle,
fitness can he directly assigned to a haplotype [8, 9], but
there is no consensws on how (o measure the Aimess of these
organisms [9]. Currently, only two aspects of fungal life
cycle are widely accepted as fimess metrics for filamentous
fungi: mycelial growth rate and the amount of produced
spores [8]. However, growth and sporulation do not gear-
antee reproductive success, Mature spores need o be dis-
charged in the cptimal conditions for efficient dispersal
throwgh air and water or by animals [10, 11]. When spoces
are carcied over a long distance, survival is compromized by
exposure 1o diverse abiotic stressors, such as drought,
extreme  temperatuces, and  ulraviolet (UV)  cadiadon
[12, 13]. Thus, ftness con be estimaed wsing not only
developmental parametecs but alse spoce properties that
influence dispersal elficiency in different media and resis-
tance 10 Simess0rs.

Mot Alamentous fungi disperse throngh airbome spores
that can he mansferred by wind over a long distance
[11, 14]. For this resson, [umgal spores usually remsin
dry and hydrophohic [13], The hydrophobicity of spores is
thought to be peovided by hydeophobins (HFBs), which are
small secreted cysteine-rich proteins (wswally <20 kDa) that
are characterized by a conserved pattern of eight cysteines
{Cys) [16], HFBs are only known from higher filamentous
fungi (Dikarva) and repoed to be some of the most
surface-active proteing in nature [15, 17). Previous work
indicates that HFB: are secreted in a soluble form and
spontanecusly localize and sell-organize at hydeophilic-
hydrophobic interfaces, where they assemble inte imsoluble,
amphipathic elastic layers [17, 18], These layers cover
fungal bodies and spores in water-repelling costs [17, 19
antl influence spore dispersal [20], siress resistance, devel-
opment, and hiotic inferactions [21, 221,

In pathogenic fungi such as Aspergillis  fionigans
{Eurptialesy [15], Magnoperthe prisea (Magnaporthales)
[23], and Cladosporiam fidvem {Capnodiales) [20], HFBs
are comsidersd as virnlence factors becavse they reduce
exposuce  of  pathogen-associated  molecular  pattecns
(PAMPs) and antigens to receptors of the imnune system.
This prevents the PAMPs from being recogmized by the
immiune cells of plants and animals, incloding hmans [15].
HFBs are also invalved in symbistic interactions, such as
those between lichens and mycorchizae [24, 25]. HFEs play
arole in development and morphogencsis in the majority of
the filamentous fungl and influence spare propertes (for
reviews, see [26-20]) Thus, we hypothesized that the
respeclive genes could be suitable targets for ecalogical
genetic investigatian,

Maolds from the common mycoparasitic and saprotrophic
gemus Trichoderma (Hypoceeales) have the highest diver-
siy of HIFB-encoding genes in their genomes among
Ascomycota [T, 30, 31]. Some species are aithome [32, 33]
and formm either single or olipospodc clumps of mitotc
spares (conidiay, while miher species form conidiospores in
wel or slimy heads [34, 35] that are thought o be suitable
for dispersal by water or anthropods [39-38]. We selected
oo common morphologically identical (cryplicy species of
the Harzignum Clade: T, harzianum and T, guizhouwense
[3y, 39]. These species diverged approximately 5 Mya [7].
The genome of the reference strain for T bavzionem CRS
22695 [40] contains eleven HFB-encoding genes, while
that of T\ guizhouense MIAU 4742 [40] contains nine such
genes [7]. Although the preferential dispersal made for each
of these species is not defined. strains of the farztmem
Clade can form wet heads [34] ar be aic-beme [33, 37].

In this stdy, we tested the hypothesis that the HFB-
related traits are essential factors for fungal finess, and
therefore, the analysis of such raits in closely related and
cryptic Trichaderma species may reveal evolutionary forces
that drive lungal speciation.

Materials and methods
Strains and culture conditions

Genome-zequenced strains T, harzianwm CBS 226,95 (Th)
[H3] amd T, guizhowense NIAL 4742 (Tg) [40] from the
Hargianwm Clade [7, 36] were used as the wild vpe and
parental steains throughout the stody, Additional strains
used for determining &b gene sequences, strain IDs in other
collections, and the NCBI GenBank accession numbers of
DA burcode Lo, and fith4 and Aff I8 sequences are listed
in Supplementary information Tahle 51,

Fungal static liguid cultivation was perfommed with
SOml flasks by inoculating 13 pL of 10° spores pl™!
suspension o 15 ml of 30% Murashige Skoog basal sall
mixture (Sigma-Aldrich, USA) supplemented with 1%
glucese (MSG). Fangal cultares were incubated at 25 °C in
darkness, and images were recorded by using the Canon
EOS 70D {Cancn, Japan). Trickederma spores were col-
lected from 7-day-old potato dextrose agar (PDA, Sigma-
Aldrich, UUSA) coltuees, and mycelie were Alirated our. All
straing, unless otherwise specitied, were maintained on FI2A
al 25 °C in darkness.

Expression analysis of ifb genes and gene deletion
To study the expression of hfhs during Trichademma
development, fungal blomass comesponding (o the three

stages of the life cyele, namely, (i) the log-phase phase of
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erovwth in the substeate—48 b, {11} the beginning of serial
hivphas formaton - 72 b, and (i) conidiaton - 120h, were
collected from the cellophane-covered liquid coltures (6-cm
Petri dishes) which were filled with 3 mL of MSG medium.
Total RNA was extracted from each fungal biomass sample
uwsing the EMeasy Plant MinikKit {Qiagen, Germany)
according the manufacturer’s protocol. cDINA was synthe-
sized with the Revert Add™ First Strand cDNA Kit (Thermo
Fischer Scientific, USAY using an oligo {dT)'® primer and
calibrated by a ManoDvop spectrophotometer (Thermo
Fischer Scientific, USA) gqPCE was performed using
qTOWER {Jena Analvtics, Germanyy for the gencs of
interest and calculated by the 2752 method [41, 42] using
the tramslation elongation factor 1 alpha (reff) as the
housekeeping gene [43, 44]. Amplification was performed
wsing a total volome of 20 ul. containing 10pl of i) SYRR
Green Supenmix (Bio-Rad, USA), 0.5 pb each primer awd
Sngul ' of ¢DMNA. The progrom was sel s follows:
a thermal cycle for fmin at 95 °C followed by A0 cveles of
A0s an 95°C and 605 at 60°C, and o melting curve from
5340 to 95 “CL All primers used in this sidy are given in
Supplementary information Table 52

Cicne deletion mutants were obtained via gene replace-
ment strategy using the poly-ethylene glyeal {PEG-medi-
atcd protoplast mansformation procedure &5 described in
Zhang et al. [44] with a hygromycin B cassette (hpdy, from
the plazmid pPodnal-hph, [43]) andfor a gencticin cassette
{neo, from the plasmid pPki-Gen, [46]) (Supplementary
information Fig, 51), Single- and double-deletion mutants
were genecated for the two most highly expressed penes
R4 and A0 for cach species, resulting in the following
ittt lbrary:  pdR-3, pARR-LL pANBIO-Z,
Al 0-17, pARBLnANBI0-2T, Al Alb] 0-30
for T. hargamunr, md g A0WBEL, p ARGE, o ARBIOT,
1Bl 0-3, ¢ Al A2 and g Al Al 0-11
for 7. guizhouense.

DNA extraction, PCR amplification and sequencing

For molecular phylogenctic analvsis of Rl genes, fungal
total DNA was extracted from the 48-h-ald PDA cultures
wsing the DMeasy Plant Mini Kit {Qiagen, Germany)
according the manufacturer’s peotocel. DNA fragments
corresponding o Afbd or A were respectively PCR-
amiplified with the primer paics bibdseq-F and hitdzeg-R,
antl hihl Oseq-F, and hibl Oseq-R (Supplementary informa-
tion Tahle 52). The PCR reaction mixture (20 pl.) contained
0.5 uM of each primer, Sng |.ny'l of DNA, 10pl of 2x
Phanta Max Buffer mix and 2 17 Phanta Max Super-Fidelity
DMNA Polymerase (Vazyvime Biotech Co., L, China). The
thermal cycling process wis set with the following program:
Imin at 5 °*C for mitial denatring, 30 cycles of 155 o
93 “C for denaturing, 135 at 3% °C for anncaling and 30 5 at

SPRINGER NATURE

7220, with a final extension at 72 °C for 5 min. Amplicons
were senl for Sanger sequencing.

Molecular evolutionary analyses of natural selection
pressure

The A sequences and their cormesponding amino acid
sequences were refrieved either from the databases of
the National Center for Biotechnology Information {NCEI)
and the DOE Joint Genome [nstitute (G or abtained by
Sanger sequencing, Multiple sequence alignment was done
using Muscle 3,831 [47] imegrated in AliView 1.23 [48].
Maximum likelihood (ML} phylogenetic tee was con-
stcted by using IQ-TREE 16,12 [49, 301 with the
nuclestide substitution model selected based on the Baye-
stan Information Crterion, BIC, by ModelFinder [49] that
imtegrated in I-TREE. Statistical suppart wis inferced by
1000 bootstrapping replicates. ML analyses using Easy-
CodeMI. v1.21 program, a graphical interface for using
CodeML [51, 52], were performed 1o determine the ratio
{t0 = dpglelz} 0of nonsynonymous/synonymauns  suhstitution
rates, bused on the fifh gene tree wpologies constructed by
the ML methad, To evaluate variation in selective pressure
hetween the lineages, CodeML hranch models were applied
under two g priopd assumptions: & onc-tatio model (MOY in
which one o valee was assumed for the entire ree and a
teeo-ratio madel (M2) in which @ values were allowed o
vary between the selected foreground branch amd the
background branch [32] Here, the lineages of T guiz-
howense and T harzionem were used as the foreground
branches, in tum. Besides, branch-site models (3Model A,
which allows @ o vary both among sites and among
branches, were applied w0 determing the contribution of
adaptive evolution of sites in these branches [52]. Positive
selection was assigned if w> 1. Pudlying selection was
assigned if0=wm=<],

Estimation of the fitness-related phenctypes

Determination of fungal growth by Biolog Phenotype
MicroArrays

Crowth was monitored using Biolog FF Microplates, which
include 95 wells with each containing a different carbon
source and one well with water (BIOLOG, Hayward, USA),
as described in [53] with the following modifications.
Spares were harvested from the T-day-old PI2A cultres and
suspended  in milli<0} water. Spore conceniration  was
adjusted using a Biolog twrbidity meter at O 0, 3% nm o
0’ spares ml L Minety pl. of the spore suspension was
dispensed into each well. The assays were carried oot with
al least three replicates per each genotype. The values of O
D.730nm were measured 12, 1%, 24, 36, 48, 60, 72, Y,
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120, 144, and 168 h post inoculation. The plates were
incubated in darkness at 25 °C.

Estimation of spore production potential using the artificial
intelligence algorithm

The ability to reproduce by asexual spores was estimated as
the formation of aerial hyphae and conidiation intensity.
First, it was recorded using the high-resolution images
(5472 x 3648 pixels) of the Biolog FF Microplates obtained
with the Canon EOS 70D (equipped with a Canon 100 um
mizcro lens) T2, 96, 1240, 144, and 168 h post incculation.
Second, guantitative information reganling aedal hyphae
fomation and comidiation dynamics in each well {carbon
source) were analyzed vsing an antificial intelligence algo-
rithm. Specifically, the position of every well was auto-
matically detected by searching for hlohs with a large
saturation in HSV color space [34]. All detected wells were
then cropped and normalized to a fixed size of 236 %256
pixelz, To estimate which regions were covered by hyphae
or comidia, a machine leaming algorithm based on the U-
Met [35] was wsed. The algorithim was wained on a dataset
consisting of 1920 wells of the coltivated Biclog TT
Microplates, and their corresponding grovd-trath annota-
tons were created by the operation staffs, When analyzing
an image, the [-Met classified sach pixel o determine if the
pinel was covered by hyphoe or conidia. Based on the
classification results, the percentage of the area covered by
hyphae or conidia was calculated for each well. Thus, the
above algorithm was used to automatically quantify the
aerial mycelia and conidia abundance (% coverage) on each
carbon source at the different time points measured, and
was labeled as the REproduction Potential Artificial
INTellegence assay (REPAINT) applicable for conidiation.

Spore dispersal assays

We carried out an air dispersal assay to evaluate the role of
HFBs in this trait. Fungal cultures were grown on PDA for
21 days. The areas with roughly equal conidia abundance
were cropped into 1x 1 cm? plugs and placed under con-
stant air flow (0.3 ms™!) through a 30-cm-long pipe
(stainless steel, dia. 9 cm). Dispersed spores were trapped
by a Pocm PDA plate installed on the oppesite end of the
pipe, and coleny forming unites (CFLUY per plate were
counted after incubation for 30h, O, 600nm of spone
suspension, washed from the culture plugs from the same
plate, was vsed to nommalize the conidia andance betwesn
the cultures, The set up for the assay is presented in Sup-
plementary infommation Fig, 52a

The water dispersal assay was perfommed as described by
Whiteford and Spanu [20], with modifications. Specifically,
the amount of spores that could be wansported by water

droplets was measured by releasing 200 uL. of water {con-
taining 0.05% Tween-80) along a 1x2cm’® conidiating
culture plug inclined at an angle of 60 ° (Supplementary
information Fig. S2b). The water that rolled across the
conidia plug was collected at the bottom of the fungal
culture incline. Collected spores were counted using a
hemocytometer and a Biolog turbidity meter (O.D. 590 nm).
The conidia abundance between samples were normalized
as described above.

Spore stress resistance assays

In fumgi, the resilience of spores o abiotic stess fectors is
an mportent component of the ability to pass genes o the
nexl generation {fimessh Therefore, we tested the spore
resistance to adverse environmental fectors such as drought,
freexing temperatures, and UV radiation [12, 13, 56, 57].

Far the measurement of spore resistance to freere,
200 pl. of spare suspension {108 spores ml Y was frozen
in —80°C for 12 h and lvophilized. The dried spores were
re-suspended in 200 pl. water, and 100 pl. of the suspension
was spread (with a standard 10-fold dilutGon  plating
method) on a %cm PDA plate supplemented by 5%
Triton-X 10, The CFUs were then caleulated by quartette
after 48 b of incubation at 25 *C.

Far the measurement of spore resistance o drought, the
spares were exposed 10 desiceation conditions. For this,
200 pL of spore suspension (10% spores mL ™) was dried at
40 °C for 4 days. Subsequently, the standard 10-fold dilu-
tion plating was used. The results were adopted if supported
by at least two dilution series, otherwise a third repeat with
another spore concentration was performed.

For the measurement of spore resistance to UV radiation,
100 pL of spore suspension (10° spores mL ') was spread
on a PDA plate supplemented by 0.5% Triton-X100. Then,
plates were exposed to UV radiation (95 uw cm?, Longpro,
China) for seven min. CFUs were counted per plate after
36 h of incubation at 25 °C.

Spore surface properties and ultrastructure

To determine the link between the presence of HFBs and
properties of the spore surface, we carried out the spore
surface hydeophobicity assay, For this purpose, a drop of
10 pl disolled water was placed on the surface of 2 mature
conidiating colony {0.5% 1 cm®) using & Krilss EasyDeop
DEAZNE (Germany ). The wettability of the spomres was then
expressed by the water contact angle (8 as described in
[34].

Micromorphology of the spore sucface of fungal colonies
(28-tlay oldy was investigated wsing a cryo-scanning elec-
ron micrascaps {cryo-SEM, Quorum PPAOLOT integrated
onto a Hitachi SURBOLR FE-SEM, Japan}.
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H GROWTH [ARLY REPRODUCTION CLIMAX
Humu!ugy mudelmg of HFB4 log-phase aerlal mycellum conidiation g
48k T h 1Z0 h "
To determine the stucture of HEFB4 proteins from ¥ Far- : 4%?;, i
srawmme CBS 22605 aml T guizhonense MNIAU 4742, ..___.,',.:#

homology models were generated with MODELLER 9v15
[59] using the HFB2 structure from 1. reesed (PDB ID:
2HOT) Overull solvent-necessible surface area and hydro-
phobicity were estimated as the toral SASA culeulated by
VMDD with 1.4 Angstrom probe radies [60] or vsing Gravy
caleulator Chupofwww gravy-caleulater.des),

Statistical data analysis

The expression pattern of fifb genes at theee stages of fungal
development was ilusrated by a heatmag that generated in B
(version 36,10, Genes were clustered with the comple
hnkage Euchidean distance algorithm. The nelutive expression
rutio {folds} of cach il gene o the neference house-keeping
gene feff was indicated by the colar intensity. To analyze the
shift of dispersal mode due to IR deletion, a complete
linkage hicrarchical clustering was also performed for the
dispersal data in B, One-way analvsis of vardance (ANOVA)
and Tukey HSD multiple comparison analyses were per-
formed vsing STATISTICA 6 (StatSoft, USA) to test whe-
ther the removal of Jyl genels) significantdy affected the
spore dispersal ability {n 2 6), surface hydrophobicity (o
120, pesistance o different abiotic stressors (2 8)h growth
{Biolog Phenotype MicroArmays, n 2z 288), aml reproductive
efficiency (REPAINT, prduction of senal hypha and con-
idin abundunce) (n 2 2881 The significance threshold was set
at <005, Results were demonstrated using box plots
constructed in B packuge or as scatter plots. The generated
duty sets reganding Biolog Phenotype MicmAmays and
REPAINT, were suhjectad 0 the principal component ana-
Tysis (PCAY using ClustVis online tool Chitps:ihiices ut.eef
clustvis!, [E1]) 1o test whether fgff deletion explains variation
in phenctypic traits, within and befween specics,

Results

To reveal HEBs that are associated with the spomulation of
T2 furrzianm CBS 226,95 (Thy and ¥ grizhowense NIAL
4742 (Tgh, we tested the expression of respective gencs
during the three stages of fungal development (Fig. Tak (i}
active growth {lag-phase) shartly after germination when
the myeclinm is still developing in the substraze and no
spores have formed (48 h), (iid the formation of buoyant
acrial mycelivm shortly before conidiation (72 h), and (iii)
mratiee conidiation durng the climax of the life evele (120
I} {lig. 1b). The results showed that twe genes were highly
expressed during the formation of aenal myeelinm amd
remained highly active during conidiation: PTBS817L /

SPRIMGER NATURE

HFB genes i ﬂ?d
i

_[ PTeamine RFBI0 oPedssos —_—
rrasEite  fpfef  oPEITERS | I]_ ‘
| rresnenl B2 orElesao -

H rmszize pfB3  oemansa Iy

rrsssmes RS wrscue X
rissmsr  fffG  oraiesrs kd

| |Presesss fpfh@lg  OPBMOGLE
d | | eremam hfb9hb oreaaszs

FTEABI1] ORBASITE

PTEGHAR

PTRSEGSE

T. harzianum T. guizhovense

Fig. 1 Expression of HFE-encoding genes during three stages of
Trichederma develapment. (a) Three stages of the asexoal life cyele
al Trvhoderama, (h) A heatmap showing nelaive expression of HIFB-
enciding genes at each life siage 0 ¥ Sl CRS 23694 and
T guichowense MIALU 4742, a5 quartitied by gPCR in relation to the
hanasckecping men: refl, The list of Tyl genes is available Tom Kubicek
el al. [7], wmd numbers isdicate genc aceessions in the NCE] GonBank.

WOPBITS2S (b, (621} and 1 PTB4S2/ OPBA46I6
(assigned as AfS0 throughout this study, Supplementiry
information Tahle 51). Furthermore, ifl2 and fiffed (Fig. 1h)
shovwed low relative expression, while the expression of
other genes was near the deteetion threshoeld level,

Al Tfles showed Tow relative expression vilues during
submicrged growth except RffJ0 of T, lfbd and W0 were
relasively highly expressed durning the reproduction of bath
species but in a different manner. Therefore, we produced &
librry  of mutints Jacking eiher one or hoth highly
expressed fifh penes (b and fifh 130, Our library contined
ut beast two mutant strwins of each genotype per species
(Supplementary information Table 51).

Hydrophobins moedulate the preferential dispersal
maode of Trichederma

We first compared the teo species for their affinity to acrial
and water dispersal modes (zee Materials and Methods and
Supplementary information Fig. 51 for details). Tg spores
were found to have about two-tinees higher affinicy o air flow
than Th (Supplementary information Fig, 523, while Th was
mare efficiently dispersed by water than Tg (Fig. 23 The
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Efficient air dispersal

T. guizhousnge {Tg)

Fig. 2 Switch in the preferential spore dispersal mode mediatod by
hyelrophobing, Cluster analysis of the aenal (n) and water {b) dis-
persal etficiency measured Tor the wild type and Bff-muoane simins of
the v Trachoderma specics. Cincle sizes indicate the relative number
all rnsfermed spores by one ar another medin. Armoews epresent sta-
tstically sygnaficam slafis due o the deletion of one ar veo ifh geness

deletion of fifh4 resulted i an almost complete abolishment
of air dispersal shility of the Ty spores, while deletion of
Tfie 1) showeed a less pronounced loss of air dispersal cap-
ability, albeit 561l statistically signiticant (F = (L0O05),

The double-deletion straing of Tg (y&0fdy, Al (0}
showed a similar phenotype to the pA00d Thus, the
deletion of R severely impacted traits related 1o the aedal
dispersul of Ty mutants. Interestingly, the single deletion of
cither B or b 0 significantly improved the sir dispersal
ability of Th, muking it equal to that of Tg (7 = 0). How-
ever, double deletion strains of Th significantly (# = (LK1)
reduced its abilities for air dispersal, similar to 5, A%y
(g, 2 and Supplementary information Fig. 53, Cryo-SEM
revealed that spores of the R mutant strains that were
weaken inoair dispersal were not aggregated in characteristic
aligozporie  conidial ¢lumps present in these  species,
Instead, they were in large watery packs (Fig. 23 and
appeared as a “dak spore phenctype” of the colony, The
logs of &t genes o Th did not change water dispersal
g, 2 and Supplementary mformation Fig, 53) Con-
versely, Tyt deletion or Jiftd oaml  BRIG deletion

Lindcage destance
b o iseor sueor
— Ty

T. harziamam [Th)

Efficient water dispersal

T. guizhpuense {Tg)

(P05, Red and grey colors of cincles and amrows highlighe
T guizhowense and T feocionnr, wespectively. Insets show the
Tepresenintive cryo-scanning elesiton microscope images {from 197
images) of mabare spores for the three sirains (dushed lines), Bee-
tangles in tee inses show spose clumps.

significantly  (#=1{H increased the number of water-
dispersed spores for T, whils A0 deletion resulied inos
miner but significant improvement (7 = (L34},

The cluster analyscs of air and water dispersal effi-
ciencies (Fig. 23 of hoth specics revealed that the deletion of
BB in Tg possihly switched the prmary dispersal medium
fromm ar o water, In Th, the deletion of any of these Jiffs
resulted in improved aeral dispersal but did noet inluence
the dispersal by water. Taken together, these results allow
us to conclude that HEE4 or HEFB10 in Th prevent spores
from being dispersed by air, and HFBE4 in Tg prevents
spores from being dispersed by water droplets. Such o
strong difference in dispersal strategics was not expected for
cryptic and closcly related specics.

High spore surface hydrophobicity correlates with
the preferential aerial dispersal mode of Tg

Acral dispersal requires spore swiface hydrophobicity,
which iz known o be provided by surface HIBs |83, 64).
Indlezd. messurements of the water contact angle (WCA)

SPRINGER NATURE
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T. queinhairgvse T. harzianum

b i3

S B b !
. : ox

o Hypdepphila

Water contact angle {®)

ﬁ“ﬂg‘ Ahfd SATBED ﬂmﬁ alpﬂ* A4 AhibID ﬂﬁh

Fig. 3 Spore surfiwee hyvdrophebicily «f Trichaderrma wild fvpe and
HFB-mutant sirains, Surface hydrophobiciyy of spores was estimated
by the water comact angle of a water dropler applicd on the fungal
cobeny, as illustirted by e meets, Thfferent letters mepresent statisti-
cally sigmificant differences, P05, Spores with WA < 8P were
considered 1o be hydrophilic.

showeed thut Ty spores were highly hydrophobic (Fig. 3).
but Al and g Adifbd g Al ) strains hed hydrophilie
spores (=0 Remarkably, A0 sirains had only
minor but stafistically significant declines (P =0,01} in
spore surface hydrophobicity, which would be considered
negligible unless the efficiency of air dispersal of these
strains 15 net changed,

Interestingly, cur data show that even a minar reduction
in surface hydrophebicity correlates with the reduced effi-
ciency of acrial dispersal. The hydrophobicity of Th spores
was slightly Iower than that of Tg (F = 0017} but equal 1w
that of ¢ Al (Fig. 3). The absence of b4 or ifhfd in
Th did not affect spore hydrophobicity. The analysis of
spore surface by ervo-SEM did not reveal morphological
changes associated with the species or tested genotypes
(Supplementary information Fig, 54).

Hydrophobins can change the resistance of spores
to abiotic stress factors

We tested whether HFB4 and HFFB1C influence the resis-
tance of spores to the most commeoen abiotic stress factors by
exposing spores 1o desiccation, freezing, and UV radiation
(sce Marerials and Methods for the details). The results
indicate that Ty strains exhibit significantly less desiccation
resistance than Th (#* < 0.03). The deletion of kfh4 or hflz10
significantly increased this vulnerability (P < (.05, Fig. 43,
The effect was stronger for &l than for JyRI0. In Th, the
same alteration was cansed by the deletion of i<, but not
Rffd O (2 =005

The UV resistance experiment revealed o similar trend
for the mutants and species except that Ty spores were
gencrally more UV-resistant, Tg spores also had con-
siderably higher frecze resistance than Th (P ={). Most
surprisingly, the deletion of Jyfhd increased its freeze toler-
ance by more than twaofeld. The effect was reproduced in
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Fig. 4 Stress resistance of spores against desiceation, frecee, and
LW, The survival rawe of spores For cach sirain was measured as CFU
aller spreacing spores an PIA plutes, UV mesistance was given as the
peTCeniape ol CFL wmpcl.rimn between the UVrnemed and non-
tresated ones. Boxes with differemt leters represent a statistically sig-
nificant difference from cach other @ the level of P <0005,

double-deletion straing and not present in pAf@ 0, No
such effect was noticed for Th (Fig. 4.

Hydrophobins can strongly influence the growth
and reproductive potential of Trichoderma

Both b genes can influence the growth and reproduction
of Tg. To avoid possible biases that are rclated to the
medium composition, we investigated the impact of hfb4
and Afb10) genes on the vegetative growth, aerial hypha
formation, and conidiation of Tg and Th (Fig. 3 by vsing
Biolog Phenotype MicreArrays coupled with the REPAINT
algorithim {see Materdals and Methods and Supplementary
information Figs. 535-57 for detals). Our results show that
Ty mutents lacking fifb< or e and A1 had improved
overall growth compared to the wild-type strain and the
T dafB I mutants (P =0), whercas no difference was
detected for Th strains (P =005, However, improved
grevvth on 4 cemain carbon scurce did ned pudrantee a
higher spore  production  potential - since  p a0fbd and
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Fig, 5 Impuct of HFE4 and HFBIEF on fungal growth and repro-
ductive peential, (a) Three swages of the Techodeom Life cvele.
which clude the submerged growth, initial Frmaton o scerial
I1:.'_|'.|'h:u:: wnel comiclition, Inscts show dwn 'n,:[n'l.:s;unlu.livc eases for ench
stape imnged from the Biolog FIF Microplates (well dinmester: & mm),
Seamer ploas show the growtl (b) measured as oprical density at
T3 (OUL) wsing Biolog Fhenotype Mecroarsays and the repro-
dection paertin] (o} estimuted using the EEpnuhuiciive Polential
Anificial INTellipence pssay (REPAINTS of ff-deficient mmants (Y-
axis) compared o thar of the wild-type swrains (X-axiz) on 95 calbon

el AR IO straing showed significandy fewer acrial
hyphee amd lower condie abundance than the wild-type
strain (F — O},

sources and on water, Each marker shows the value caleulabed on an
individual carbon sowrce. Two suaing were analyzed for each deletion
genatype. All data are presented in Supplemcniary infommsion Figs
R8T, Trduset 51, The trend limes demomsinsic the overdl eTea of
Tyits deletion on each mudon, Grey shadows on (b—¢) correspand o the
Ui effect”™ zone, The principal component analysis (dy demonstraes
the groupag pacicr of e mtants and espective wild-ype siaing
hasesd om the datu shown in (b and {c), Comesponding tme pavints For
[h—d] are shown in (a),

The removal of 0 in Tg had a minor effect on the
reproduction potential compared o those without ffbd, bur,
the double deletion of Affd and Rt f0 in Te resulted in o

SPRINGER NATURE

~196 ™~



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

TU Wien Feng Cai Doktorarbeit

2618 F. Cai et al.
Table 1 Log-likelihood values and parameter estimates for the natural selection pressure analysis of Afb4 and hfbI0.

Model np LnL Estimates of parameters Summary
T. harzianum  hfb4 MO (one-ratio) 1 -—1580.24% ©=0.242 Positive selection

M2 (two-ratio) 2 _1588.820 we=0237  @;=0999.0% (57N 95.2%, 73D 60.7%)

Model A null 3 —1517.86% —

(=1}

Model A (wy>1) 4 —1517.409 Site Class 0 py= 0.000 wp=0.045
Site Class 1 py=0.000 =1
Site Class 2a py+ps= =
Site Class 2b 1-000 999.0%

o

10 MO (one-ratio

L

Model A null
(=1)

—1461.437 —

—1501.827 ©=0373

1
M2 (two—ratio) 2 —1504.741 we=0.379
3

Model A (mp>1) 4 —1461.437 Site Class 0  py=0.304 e = 0.039
Site Class 1 p;=0.203 o =1
Site Class 2a p, +p3= o, = 1.000
Site Class 2b 0493

T. guizhouense hfb4 MO (one-ratio) 1 —1590.24% ©=0242
M2 (two-ratio) 2 —1589.197 wy=0.234

Model A null 3 —1520.056 —
(=13

Purifying selection
o = 0.875

Purifying selection

Model A (,>1) 4 —1520.056 Site Class 0 p,=0.675 g =0.046
Site Class 1 p;=0.325 =1
Site Class 2a p, +p3= o, =3.380
Site Class 2b 0-000

Tl W0 Gome ralin

Model A null
(g =1)

—1l464.461 —

1 1504327 w=0373
M2 (two-ratio} 2 —1504.200 wy=10.3%0
3

@y = 0201

Model A (op=1y 4 —1460461 Site Class 0 ppo=0061% @, =006
Hile Class 1 py = 0,381 wy =1
Sate Class 2a py + = ay=1.000
Site Class 2p 0002

np number of pammedsrs in o dismibation, Le L Log-Rkelibeod valoss. Posiive sslzciion sites shown in bmckels are followed by their tespective
posterion probability. %o = 9900 is an abirary member repected by the software EasvCodeM L v1.21 when the denominator (d5) s zero. indicating
the silualion that ael. Sile mmsbering (or HEBD and HFRID refer o the seqeence ol PTRSE1TS and FTHAS206 fom T Juscienor CHE 23595,

respectvely,

superposition effect (Fig. 5). No significant differcnce was
found amaong the Th strains regarding vegetative growth
amd aeeial hypha (P =>0.05). However, the conidial abun-
dance of Th decreased sipmificantly when &fBI0 was
removed {(F =101 PCA {Fig. 5d) also supported the results
thet the deletion of HFEs has 2 more extensive influsnce on
Tg than an Th and has a stronger effect on the fungal
reproduction potential than the effect on vegetative growth,
These assays sugpest that Rfb< can hinder fungal growth
antl development in some conditions as HFB4 affected the
grovwth of Tg, as shown in Fig. 5h

SPRINGER NATURE

HFB4 in T. harzionum evolves under strong positive
selection pressure

The above analyses revealed that the two Bfb genes are
essentizl for at least several fitness-related traits in Trichao-
derma, but the impact of these profeing on predicted ftness
was conradictory. Genes controlling multiple functions
may experience multiple pressurcs of natural selection and
evalve under the operation of the net effect of these forces
[65, 66]. Therefors, we were mlerested in the mode of
selection acting on each of these genes In each species.
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FFor the enalysis of sclection pressure, we sequenced fybd
andl fafb 0 genes for several additional strains available for
Te and Th (Supplementiry information Figs, S8 amd 59).
As shown in Table 1, o was estimated as 0.242 for HEB4
andd 0373 for HEBLO which showed the averge w overall
sites in the protein and all lineages in the trees. These results
indicate the dominuating role of purifying (or stabilizing)
selection in the evolution of the HFE proteins. However,
medel M2 assumes owo different o ratios between the
branches and revealed that the value in HFB4 in the branch
of the Th lineage (o » L was significantly greater than the
ane of the backgrouml branches, indicating a strong positive
selection that drives the evoluticn of KB in the Th species
{Tahle 1} According to the branch-site model (Model A
null va, Maodel A). the sites 57 W (with posterior probabiliny
=550 and T30 of HFE4 in Th were found o be evolving
under pasitive selection pressune. In contrast, the value of o
was =1 when calculuted for HFB4 in Ty and for HFB1(Hin
Tg and Th lineages, indicating o primary puritying sclection
pracess for the preteins in the comrespending lineages,

The constraint of a strong positive sclection pressure in
the branch madel on a protein-cneoding gene s rarcly
detected [67, 68, Thus, we used the advantage of Jifld
being a core gene in Frichoderma spp. [7] and analyzed
sequences of ancther 168 izolates that represent the major
infrageneric clades of of the genus. This revealed that
besides Th, kb4 also evalves under positive selection
pressure in several cther Yrichaderma cludes, such as T
atraviride und 1. aggressivin species complexes. In other
cladkes, it expeniences a mone commonly reported purifying
selection pressure (Supplementary information Fig. S100.
This later phenomenon was desenibed previously for T
choderma hfbs by Kobieek et al. [30]. Because fifh /0 s an
orphan gene that is only found in the Hargiemum Clade of
Trichaderma [T], this type of analysis was not possible for
this genc,

A remarkable finding of this study is the detection of the
positive selection pressure operating on the Afhd gene in Th,
even though the presence of this gene o this species s
detrimental 10 some traits expected o be advantageous in
our experiments. Interestingly, the homology medeling of
HFB4 for cach of the species aguinst HFB2 of T. reesed and
the analysis of its wtal hydrophobicity in silico reveaded that
they differ by sin surface-located amino acids that make
1 HI'B4 slightly more hydrophobic than ., HIB4 (Fig. 6
and Supplementary information g, 51100

Discussion
In this sudy, we revealed that the alerations o a single

HEB-encoding gene may cause changes that recapitulate the
phenotypic  differences  thought  to contribute o

T. harziamum T. guizhowense

MHumber af
arganisms

Calany
marphalegy

Disparsal

Busyant
mycelium

Fig. & FIi4 prowvides un evolutionry smapshed of the specialion in
Trichrdersue, H The homalogy models of HEES Trom T, Sarzianie
(a) and ¥ gazfowense (W were computed based o the 30 suserane of
HEE2 (PDE 1D 2897) from T, reesed, Five of the six polymorphic
siles in HFR4 (1500, NSTD, KAZD, TT3A amd VTEM) between Th und
Ta. respeatively, beate on the surface of the prowein that may have an
effiect on the surface propemses. The puative sies undergoing poaitive
selection are framexl. ¢ Putative dismuptive natural selection and
dircctional shifis in HFB4-related  feamares of T hwerciomam and
T padzhowense. Colony marphologies associaved with prelerential
warler or neral dispemsal stratcgaes are shown in (el) wmed (1) aned (g and
(), respectively, MNommlly guttated drops comaning spores of T,
Terzioroe are shown in (o and (§y, while anificial water drops cov-
cred by air blown spores of T, gidalenente are shown ik and (K
The ability Ky fom buoviant colanics 1% shown in (1) and {m) (diameter:
fam),

ceaphysiological separation of species diverged at least 5
Mya |T|. . farzione sensu lato, the fype specics of the
Harzinum speeics complex, is the most commen taxon of
the genws Telchodersia |7 The first melecular phyloge-
netic studies pointed o considerable genetic polyimorphism
berween morphologically indistinguishable . harzione
straing |34, 36, 39, 69]. However, a broader mulaloct ana-
Ivsis revealed aces of sexwal recombination between
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renetically distant isolates and a continuam of physialogical
raits that point to a lack of consiztent critecia that can be
wied for the reliable delineation of this species aggregate
139,

Later om, T karzienum senso lato was divided into more
than a dozen phylogenstic species that largely comresponded
o the polymorphism of one of the Trichoderma DNA
harcoding markers, a fragment of the reff gene, but also lefi
the issue ol species crileria open for lurther Investigation.
Thus, T. farzianum sensu stricto [36, 39] and T puiz-
Rrowense [30, 70] were formally recognized as putatively
cosmopolitan cryptic specics [34], A subsequent compari-
tive gencanic study supported the genetic distance betwesn
these {amnd other} specics [7, 401 However, it did not
address the evolutonary forces that led to the diversifica-
Gom, leaving species criteria o be exclusively DMNA-based.

Here, we revealed that a set of ecophysiological fitness-
related parometers describing development, dispersal, and
stress mesistance can celiably distinguish these species,
making them mom-cryplic. More surprisingly, most of these
parameters were dependent on the presence of one or twa
HFB-encoding genes, at least in one of the species. Thus,
the Afh+ gene influences fimess-related traits that have
species-specific differences in their manifestation. Figore 6o
depicts & diagram of putative disruptive natural selection
acting on fimess-related teaits of T, guizhowense and T
Frzinum and possibly resulting in the formation of these
twa species. The traits suggest that T, Farzianem 35 likely to
be & preferentially plaviophilows' {dispersed by rain do-
plets), fast-growing fumgus that rapidly produces spoces
when conditions become appropriate. Albeit mone pro-
found, a similac capid life cycle is known for some copro-
philic fimgi such as Pedospora anserima (Svodariales,
Ascomyoeota), which evolved quick reproduction regimes
due 1o the shorl-term availability of suilable subsirate
{thung) [T1]. Interestingly, P angerina iz also one of a fow
senescent filamentows fungi with a Axed doration of the life
cycle [T21. In our study, we also noted & faster and sharter
life spam of T. harziowsm than T geizhouense (Supple-
mentary information Figs, $53-57 and Datasct S1), which
requires further investigation,

T, guizhonense forms a long-lasting buoyvant mycelivm
{Fig. &} that is suitable for the long-tecm production of
stress-resistant anemophilous {air-dispersed) spores [22].

T We avedd nsing a common lemm fydrophifoes {dispersed by water)
because spores of fungi dispersed by waler streams, such as rivers or
aedas, usualy sink 10 the boom, genminate, and then formy buoyst
nerinl mycelia producing spores that may be again dispersed by water
or thmough air, T haeziemor has stronply reduced its ability 4o foom
serial miyeeliom, and iberefore, this species = not typically lydso-
philows. However, our dala poinl te the affinity of T, farziaems spones
fo waler drops onginating either from putlation of snvironmental
msedstare (pain, dew, splashes) Therefore. we use the tem gevfopi-
fews, which refers o such droplets

SPRINGER NATURE

The sum of HFB4-related phenatypes of this species points
tor the similarity of T, gpuizhonense to the group of aero-
aguntic {or amphibious) fungd [73, 74]. Such fungl can grow
well i water and have wlaptations for fomming aerial
reproduetive mycelia, Uswally, spores of agro-aguatic fung
such as Helicodendron spp. [73] have characteristic shapes
or appendages that improve their ability © foat on the
surfece of water. Tn the case of 7. guizhowense, HFHz
(mainly HFE4} can substiinge these morphological struc-
tures because the appearance of this protein on the spore
surface allows the fungus to reduce the surface tension of
water and grow out of the liquid mediom, This makes
sprores hydrophobic and air<disperzsible and increases their
resistance 10 low temperamre and UV radiation,

The microscopic morphelogical featres of T, peiz-
hewense anl T harganum are ddentical [36, 69, and
macenerphologies of their young colonies are similar,
Mevertheless, our results indicate that the mature colonies
have significant differences that appear at the conidial stage.
Thus, after 10-14 days of incobation at 25°C, T guiz-
hougnse remains Auffy and dry, while T2 harzimom
develops characterstic drops over conidiating areas {“dark
spare phenotype™ that may be guttated by the Amgus or
come from condenssd environmental moisture (Fig. o, This
comclates with the affinity of 7. harzigrem to form conidia
in wet ar slime heads that were described by Jaklitsch [34]
and observed in this study, Many spores of common molds
such as Cladespovinm spp., Penfcillivm spp., Allernaria
spp. (Pleosporalesy, and Aspergiflus spp. are gencrated in
dey chains and thus become aichorme becanse this enables
lomg-distance wansfer [15]. Furthermore, falling sposes will
be exposed o a series of wfavorable enviconmental con-
didons, such as UV radiation or emperaiones o low as
—B0°C [12, 13, 36]. In agreement with this, spores aof
preferentislly anemophilous T geizhouense wene resistan
to freezing, Spores of T, hargianume did not survive low-
lemperature trestment. Therelore, our data suggest that this
species (T, harzianwm) cannot be dispersed over long dis-
tances by wind as it is linked to low temperatures, However,
the specics is cosmapalitan and is commonly found in seil
all over the warld [7, 36, 39]. Thus, the mechanism of itz
cflicient dispersal may be associated with arthropods and
remaing o be discovered [37].

The deletion of RES in T guizhoxense resulted in a
drastic increase of water dispersal, while the deletion of the
same gene in T, harzignm resulted in increased ane-
mophily. Remarkably, the colony morphalogies associated
with amemaophilows dispersal sategics {Fig. 6) can be
reversed to pluviophilons if A s deleted in T, puiz-
hewsnse {Supplementary information Fig. 512, [76]). This
beought us to the comparisen of HFB4 in the two species.
The resulis of the caleulated tal surface hydrophobicigy
and the sclection pressure analysis of the two HFEds
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(hfBds) suggest that positive selection at a facton of sies
contributes to the increased rate of amino acid sobstituton
in HID4 along the T. kargiamom branch, while the func-
tional constraint in HFB4 and in HEB1O purifies the
mutation of these proteins along the T, guizhowense branch,
as well as HFB10 in 7. furrzianien. Asexually reproducing
Ineages are expected o evolve relatively apidly becanse
they have a reduced effective population size, and their
genes are more likely w0 experdence selective sweeps that
drive mutations to fixation [3, 77-79], Therefare, as a clanal
species [7, 39] that reproduces mitotically {asexually), T.
hargianem evolves at faster rates than the sexually repro-
ducing species. T. puizhowense 15 a potative holemorphic
specics that reproduces scxwally and asexually [36], which
also supports hat its By could evolve more slowly and that
the operation of directional selection is prolonged, making it
visible in more diverse habitats. Even though we have not
defined the prefemed habitats of T, geighorense and T
Rearzicorem in natare, it is reasonable to conclude they will be
ar least partially distinet and that the distinetion has been
arisen by positive selection for traits associated with HFBA.

The genes undergoing positive selection pressure mpor-
ted &0 far are frequently found in groups involved in the
regulation of reproduction and immunity [68] and mainly
fram the human genome and genomes of some plants. Only
a few fungal genes have been shown to evelve under
positive sclection, such as the proline-rich antigen {FRA)
gene in Cocckliofdes spp. [BO] and the trichothecens
mycotoxin gene in Fusoarfum spp. [81] In our case, the
srong positive selection on m,HFB4  strengthened  the
impartance of reproduction-related genes invalved in the
speciation process, although HFBs do not contol the
reproductivity directly but can affect the Gmess (incloding
dispecsall of the progeny.

To verily our results, we tested the operation of the
natural selection of HFBA in a broad set of 170 Triche-
derma sirains (Supplementary information Fig. 510). This
revealed that HFBA evolves under the operation of pasitive
selection in at least two other clades: one comprising strains
of the palymorphic and common specics T, asroviride and a
clatle consisting of T, aggressiviam, T, sowa, T. adnd, and T,
epimvees. Interestingly, all these clades contain species with
sexual and asexval life cyveles. In sumuavary, our resulls
highlight the strong involvement of HFB4 and other
hydrophobing in the species radiation of Trickoderma and
related fungi that deserve fumure attention.

Thiz study revealed that HEEs comtrol multiple pheno-
typic and fitness-related fraits. Although all features con-
sidered here conld be invelved in fimess, they may either be
i conflict with one another or have a synergistic effect.
This ultimately leads to the development of adaptive com-
promises that meflect the net effect of different selection
pressurcs  [82, B3], Thus, the loss of HFB4 in T

guizhonense abolished the in viteo phenotvpe celated w
aerial dispecsal. but the spores became mare resistant o
freezing emperares. Together, this increases the chances
for survival of these mutants i air remains the only mediom
for dispersal. Cormespondingly, when the amount of waler-
dispersed spores increased becawse of the lack of HFE4 in
T. guizhouense, the survival rato in desiccation stress
decreased, Similar compromising tmait pairs can also be
found in T hargiawwm, whose spores would nol survive
low temperatures if anemophilows  dispersal  becomes
peeferential,

Fhenotypic wvariation plays crucial roles in natural
selection. However, it is difficult to integrate measurements
of different fungal phenotypic traits in in vitro asscssments
of fimess, The measurements of fungal fimess have been
restricted o  development-related  parsmeters. such as
grovwth and the amount of spores [B]. In this study, we offer
a toolkit that is based on eight parameters that can be further
tested for fimess mwasurements o descrbe the develop-
ment, dispersal, andl stress resistance of spores. The novelny
of our approach iz the application of REPAINT assay
assessment of growth amd sporulation which permitted the
rapid integration of multiple waits across different carbon
sources making high-throughput analyses become possible.
Similar multiparametric phenotype assays may he custo-
mized for individual life cyeles of fungi by adding specific
parameters such &s responses to illumination for fungi with
circadian thythms (Newrospora crassa [84]) or growth at
temperatores of the human body for pathegens (decmato-
phivies or Aspergilli [B5]).

We showed that HFBs were essential for phenotypes
associated with spore dispecsal and infloence the resistance
uf spores Lo enviconmental stressors. Thus, multiple wspects
of growth and spore dispersal are expected o be imporant
i fungal ecology. Hence, comparison of HFBs between
closely related and cryptic Trichoderma species may reflect
eralogical adaptations. For example, we can speculate thal
anemophilous dispersal and highly hydrophohic spores
hecame advantageous in aguatic habitats, thus possibly
forcing HFB4 of T guizheusnse towards a more hydro-
phobic state. Facther investigations on the evolation of
HFB4 surface activity and ccology of bath species will
reveal the vector of envircnmental adaptations in these
fungi. Moreover, the application of customized assavs aof
such fimess-related phenotypes as dispersal efficiencies,
stress tesilience, anid competitive vigor in various hahitats
and microcosms may shed light on the evolutionary forces
that shape species radiation in different fungi, as well as
cxplain the genetic polvimorphism in numerous complexes
of covptic species. Combined with advances in fungal
genomics, muld-parametnic Giness assays could bring fungi
m focus for ecological genomic and ecolegical genetic
investigations,
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